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MANUAL 0? AMPHIBIOUS oceanography 

i INTRODUCTION: 

vOfik — 
y 

BY 
M. P. O'BRIEN 

' , - ■nmmarv of the available present knowledge 
This Manual preeente a >uTft^ t , engineering which affect 

of those aspects of octanograp y papare a coordinated and 
amphibious operations. Th ¿ ^'for th# bene?it of officers engaged 
consistent treatment of the ¿ on.rations In eo far as seemed 
i» pi-i"« oj nr .p:r^pr.c^:. t.ch.10.1 

pr...nt tao»l.ig. i. qualitative 

and only a single treatment was justified, y 

The term amphibious "^no^tte^teradle hl7 
as a designation o^ the eübj^ _.holoay fluid mechanics, soil 
upon. Geology, Jeteorology^d many other specialited 
mechanics, structural d e éP1» -.ntrai theme is one of application 
":í^^:rih«tiSrir,»urtr^i^rtK.:.ttitrt.actc.i[ie 

::f th. tana «.phlhiou. oc.^aph, ae 

a compact description of the work. 

P.:rvnh th^ioShíá hackground of th. individual, likely to ua. it. 

th. 

rxLrdaiÄajrth. 

euhstuntiating evidence. 

An important by-product ^“'^“‘^^«¡‘“Ind^h.1?.™”- 

sÂrxs x^ad^dr-^r 
raôrth0. r.„r^uîd ^t b. ^ 
It is essentially a progress report which will require 
extension in the future. 

Security In 
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AMPHIBIOUS OCEAMOORAIHr 

Introduction 

Por many yearsp workers In the field of Amphibious Oceanography 
have needed a standardized definitions of the tenu they used« The 
most complete glossaiy to date Is the "Coast and Beaoh 0io8s«y for 
Amphibious Intelligence Use"« prepared In 1?Í4? hy the U« 3« Naval 
Interpretation Center« This glossary redefined marçr tema0 oolned 
otherSp and used photographs and sketches to illustrate some rtiffi" 
cult concepts« 

The University of California^ Waves Investigation Group pre¬ 
pared the present glossary as a part of their Manual of AEPhiblou* 
Oceanography* The staff used the 191*9 Qlossaiyy but enlarged its 
sci^eTsndtrled to further clarify many of the definitions« They 
studied all relevant literature - Including government reports« basic 
text«« and scientific Journals - and then worked oit the best all. 
round definition fcr each term included« A3 these ds flrdtions are 
combinations of so macy sources, no specific aoknovledgme.vU are made« 
The most useful sources, however, ere included in the Selected list of 
References in ttie ApP«**dlx, 

Suggestions and/or corrections will be appreciated« 
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FOR 

amphibious oceanoœupht 

AGROUND t 

ALLUVIUM» 

APD I 

approach» 

Resting on the botto* of a body of water# 

(1) a deposit of sand, mud, etc, formed by flowing mater. 
(2) Rroslonal material transported by running water. 

High-Speed Transport. 

The zone of the sea which extends indefinitely seaward fcom 
the shoreline at mean low water springs. 

APreOAOH-ASSATOT. Area «her. ^ 
gaged in landing or fire support operations). 

AFFROACH-CONVOr» The area through which the assault oonvoy passes 
during the twelve hours immediately preceding 4X1 
assault, (on its way to the lowering position - which is 
7 nautical miles seaward from the beach unless otherwise 

specified). 

ARCHIPELAGO» A group of islands? a sea (or sheet of water) studded 

with many islands. 

ATOLL» 

AWASH» 

A rlng-llke coral island or islands enclosing a lagoon. 

(1) (Nautical) The condition of an object which is 
nearly flush with the water level. 
(2) (Comnon usage) amrthing tossed about or washed 

waves or tide. 

*jr 

BACKBEACH» 

BACKRUSHt 

BACKSHORE» 

SB BACK SHORE 

The seaward return of the water following the uprush of 

the waves. 

sometimes called BACKBEACH) 
..That portion of the bearh lying between the »ra¬ 
tio re and the coastline, _ 
..It istmually flatter than the foreshore, and is often 
Ivided by low scarps formed by cutting during severe 
torme. « 
..However, it is «tally dry - being acted upon by waves 
inly during exceptionally larga storms, especially when 
hese are combined with very high spring tides. (Figure ii-1) 

BACKWASH* (1) thrown back toy an obstruction such as 

a ship, breakwater, cliff, etc. 

RESTRICTED 
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BARs An offshore bank of sand, gravel, or other material, 
especially at the mouth of a rivep or harbor} or 
lying parallel to, and a short distance from, the 
beach. It itgjr obstruct navigation* (See Figures ii~ 
12, 16, 19) 

BARRIER BEACHi An offshore bar which has been built up ao that its 
crest rises a few feet above high level tide. 
Also called sand reef and offshore barrier. 

BARRI® REEP« A coral reef which liea offshore and ia aeparated from 
the land by a body of water called a lagoon, 

BASIN-BOAT» An artificially enclosed body of water where email craft 
may lie, (See Figure ii*13) 

BAY» A recess or inlet in the shore of a sea or Idee between 
two capes or headlaz'da, not aa large as a gulf but largar 
than a cote. 
See also« BIGHT 
(See Figure 11*15) 

BAYOU* A minor and sluggiah waterway cu «to*rial creek, tribu¬ 
tary to - or 'connecting - other streams or bodies cf 
water. It is generally tidal in character, cr has a 
slow cr imperceptible current. 
Its course is usually through lowlands or awmsps. 

BEACH* (noun) The sona of unconsolidated material which extends lx* 
lam from the waterline to the place where there ia 
marked change in material or physiographic fora,,,or 
to the line of permanent vegetation (usually the effse- 
tire limit cf nomal storm waves). 
The seaward limit of the beach - unless otherwise 
specified - la the mean low water springs, 
A beach includes FORESHORE and BACKSHORE, 
See also LARDING BEACH and LANDING PLACEe 
(Figures il~l, 12, 15) 

BEACH (TO)g To run or drive (as a boat) upon a beach* to strand, 

BEACH FACE* The section of the beach normally exposed to the 
action of the wave uprueh. 

BEACH RIDGE* A continuous mound of sand or gravel, a foot or more 
high, running parallel to the shoreline, 

BEACH WIDTH« The horlsontal dimension of the beach as measured from 
the water*8 edge inland, 

BEACHING AREA* The tone bounded by the line where the largest ships 
touch at lowest tide, and by the line where the smallest 
landing crafts touch at highest tide, 

RESTRICTED 
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9EUCH t 

BEUCH MARI» 

BERK» 

BZRM CRBT« 

BIOOTi 

BlOOVt 

A alopii^ erosion plane inclined seaward« 

A mark «X fixed to a permanent object in tidal ob serra¬ 
tions, or in survey, to furnish a datum level, 

A low, nearly horisontal portion of the beach or 
shore formed by the deposit of material by wave action. 

It ir often joft, _ 
Some beaches have no berms, others have one or several, 

(figures ii-1, 12, Hi) 

The seaward limit, generally the highest point of a bem. 

A slightly receding bay between two headlands, fornad by 
a long curve of a coastline, 
A oend in the coastline, forming an open harbor, or the 
harbor itself, 
(See figure ii-16) 

i »ave. especially a great wave or eurge of water. 

BUI© ROUAS» Relatively heavy and often dar^eroueocean swell as 
it passes over shoals or approaches land. 
See also — GROUND SWELL, 

BLUET» 
A high slope or bank - irregular and abrupt - which is 
a major obstacle to vehicle travel. 

BOIZ) (COAST)» A prominent land mass that rises steeply from the sea. 

BGREt 

BOTTOM» 

) a tidal flood with a high, abrupt front, due to a 
Didly narrowing inlet or channel-. 

Loosely, a very high and rapia tidsl flow, as in 

<* tu-v of Pundv. 

The ground under any body of waterj the bottom of the 

sea. 

BOTTOM (Nature of)» Composition of the bed of an ocean (or other 
BOTTOM, w&£r)? 8uch a8 clgfs corais gravel, mud, ooae, 

pebbles, rock, shells, and shingle. 

BOULDER» Rounded rocks more than 256 millimeters in 
Any detached and rounded or worn mats of rook, larger 

than a cobblestone, 
(See figure 11^17) 

BOW» The forward part or head of a vessel. 

RESTRICTED 
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BRSàKlHl A wave breaking on the ahora, over a reef, ato* 
Breakers may be (roughly) classified ¿nto three kindg, 
although there is much overlapping» 

Spilling breaker« 
pTunglrg breakers 
Surging oreakera 

Spilling breakers break gradually over quite a distanoaj 

plurigir^ breakers tend to curl over and break with a crash; 

and surging breakers peak up, but then instead of spilling 
or plunging they surge up the beach faoe* 
(See Figures iW, 3, 6, 8) 

3RFAKIN0 DEPTH* The «till »rater depth at the point where thu wave breaks, 
(See Figures ii-2, 3) 

BREAKWATER« Anything which breaks the force of waves at a particular 
place, thus forming protection for veseelt, ®tc* 
A solid structure - usually of masonry •* protecting a 
harbor, anchorage, or basin f-'om wind and waves* 
Breakwaters are free-standing structures in contrast to 
seawalls, wh_ah have lateral support on the shore side. 

(See Figures Ü-13* 1U) 

BROACH (TO)» To be thrown broadside on or in surf; or in a seaway. 
(See Figure 1U10) 

BUOY» A float; especially e floating object moored to the 
bottom, to mark a channel, anchor, shoal rock, etc. 

Some Common 
A nun or nu€ buoy is conical in an ape 
A can buoy is truncated or flat 
A spar buoy is a vertical, slender spar anchored at 

A bell buoy - bearing a bell, run mechanically or 
byüKë action of waves, usually maries shoals or 

rooks , , , . 
A whistling buoy, similarly operated, marks shoals 
or chañnex entrances . . .. 
A dan buoy oarrlss a pole with a flag or light on it 

BUOTAHCY« The resultant of upward forces, exerted by the water on an immersed cr 
a floating body squal to the weight of the water dis¬ 
placed by this body* 

CANAL» 

CANTON» 

An artificial watercourse for use in navigation* 

(See Figure ii-19) 

(1. oceanographical) 
form with relatively 
(2, geographical) A 
with a river flowing 

A deep submarine depression of valley 
steep slopes* 
deep gorge or ravine with steep sides, 
at the bottom of it* 

.. - WCSTRICTID 
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a point or extension of land Jutting out into the eeay 
either in the form of a peninsula, or merely as an angle 
or projecting point on the coast, 
(See Figure 11-16) 

CAUSTIC» In refraction of waves, the name given to the curve or 
surface to which orthogonals, reflected or refracted ty 
the bottom surface, are tangents. 

CAT (or KIT)» A low insular bank of sand, coral, etc,, awash or 
drying at low water, 

CHANNEL» That part of a body of water deep enough to be used for 
navigation through an area otherwise too shallow for 

navigation. 

CHARACTERISTIC WATE HEIGHT» See SIGNIFICANT WAVE HEIGHT 

CHART DATUM» Tho datura to which soundings on a chart are referred. 
Usually taken to correspond to a low water stage of 

the tide. 
See alec ? DATUM PUNE and REFStENCE PLANE 

CUFF» Und rising approximately vertically lor a considerable 
distance above water or surrounding land, situated at 
the seaward edge of the Cuast, 
(See Figures ii-1, lU, 15, 17) 

COAST» Generally, a strip of land of indefinite width wnich 
extends from the shore inland 5 to ¿5 miles - to the 
place where there is the first raajcr change in terrain 

features. 

COASTLINE» The line that forms the boundary between the coast and 
the shore, 

COBBLESTONE* Rcunded rocks ranging in diameter from 61» tc 256 milli¬ 
meter s. (See Figures ii-lii, 17) 

CXAYí Soil consisting of inorganic material, the grains of 
which have diameters smaller than ,005 millimeters, 
(U. 3. Bureau of Soils Classification) 

COMBER« A deep water wave whose crest is pushed over forward 
by a strong wind. 
Also a long-period plunging breaker. 

CGWTOUR LINE» ^1) A line connecting the points, on a -and or sea 
bottom surface, that have the same elevation, 
(2) In topographic work, a line connecting all points 
of equal elevation above or below a datum plane, 
(See Figure ii-7) 

RESTRICTED 
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rDIVERGENCE» in refraction phenomena - the decreasing of ^e^tanc* 
CONVERGENCE, orthogSnál. in the direction of wave travel, 

(See Figure ii~7) 

CORAL, 
The calcareous or horn-like skeletons of variou, an- 
thozoans and a few hydrozoana solidifed into a stony 
•fiass. Many tropical iaiands, reefs and atolls are 

formed from coral* 

A small bsy or bay-like recess in the coast, usually 
affordir« anchorage and shelter to smaller craf . 

(See ngures ii-7, l6) 

The enlisted man in charge of a small boat and serving 

as steersman. 

(1) a stream, less prominent than a river in any region, 

land than a cove and is relatively long compared with its 
width¿ It is smaller than a firth, 

CREST lENOTH, The length of a wave along its crest. 

CRIST OF BERM* The seaward limit, generally the highest point of a 
berm. Also* BERM EDGE 

CRIST OF WAVE, See WAVE CREST 

COVE, 

COXSWAIN, 

CREEK, 

CURRENT, 

CUSP, 

(1) The movement of water in a horizontal direction. 
(o\ ocean currents can be classified as, , 
( ’ periodic cúrrente, d* toth. effect of the tides 

aeasonel currents, due to the seasonal «ludo 

permanent flowing currents 
littoral or longshore currents, caused by waves 
breaking at an angïe to the beach 

(3) ocean currents are also classified as either drift 

°r St£5t currents are broad, shallow and slow moving 

Streán currents are narrow, deep I£^n6# 
and gain their unusual velocity and depth from 
constriction in a strait, 

(See Figures ii«6, 10, 18, 39) 

One of a succession of nearly semi-circular cutouts 
occurring along the beach faoe, 
(SeTFigiUs ii-U, 15, 18) 

Otrr (noun), SUtilsr to * c«sl, but shorter, uowlly cot Uhed, 
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CICIODU 

DUU RÏTARDAÎI®, The -"cunt ^ which correspond^ tides grow 

later by day. 

datum-chart> 

DATUM PLANEt 

See CHART DATUM 

A water surface used as a reference from which to reckon 

Ä^iÄd a tidaldaiS vnen defined by a 

oertadii phase of the tide. based upon mean sea le-vel. 

riow"dat» la preferred for Hydrographic work - 
A - r , _<rc tidal oredictions. Por 

sr - ^ %£ oo^that they ,» be rtcowered when needed. 

XsJTal» REFERENCE PIANEt'l 

DEBARK* 
t„ „more to shore from on board a vessel, to land, 

disembark. 

aw H'throe h v* 'oh swell travels after leaving 
DECAI MSTASra» dirts«« ^ 

the generatiag a ea* 
(See Figur?' il-?) 

decai OF WAVES? When “^^^"^gío^fÍíghw^windsj^they urder- 

Äfi —¡rth “eä the significant wave height aecrea-es. 

(gee F'.gure ii-9) 

DEEP(s)s 
(1) An area of the ocean oonalierahly deeper thm rh. 

surroundirig waters. bounded area:ã within the great 
(2) Seccndar/andanaU * £ t; 000 - 6.,000 meters. 
Ooear. basins with depths exoeeamt . 9 

deep water« 
conditions on the ocean bottom. 

(Sea Flg’vire 11-1) 

DELTA« 
(!) An alluvial deposit, usually triangular, at the mouth 

°r 1 fudL delta is a similar deposit at the morth of a 
a «rr"Tu^ ty ti dal ourrents# . . (2) . yv.r>rp fcv tiasu 'TOirvuuao 
irise<w, pu«< nh j j vv i waves vri^ioh 

S - » 
landward side. 
(Sea Figv-ra ii-^) 
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DBPTHi 
Vertical dirt»- from ««*“ ^ ^ 
as specified) to the bottom. 
(See Figur« U-l) 

DIPTH OF BBttKI». See BRÏAKIH0 DEPTH 

DEPTH (eontroUl^j^he «rei. 

DEPTH FACTOR (n)t The tac^r water measured stereos^pio^Y of the 

^ - —oi 
refraction angle« 

DBffiLICTi 
4 vessel rfjandoned on the high seas, and foming a 
menace to navigation. 

DIFFHACi [OH* Wave 
Ph,n0"an0njln.íif lõ«S W a breakwater or sindlar 
haaSl« SÂÆIfe of the otherwise 

regular train of waves. 
(See Figure ii-lU) 

DIKE (DYKE) a ^oausewa^ 

sxea to prevent flooding« 

DTCHHAL TIDE, 0« high and o» low water in a tidal dW. 

In refraction ph.no»na- the spreading of erthogon^ 
in the direction of wave travel. 
(See Figure li-7) 

divergences 

i. ^ --' 

At artificial basin ^4^83^ 
ÂÂÂÂXTrepair. 

^dret¿n¿ at any d.sir«i ^ 

DOCK CÄÄT“4 ^ 88 

DOCK (dry)* 

DOCK (wet)« 

X built-np «coring post or buoy <~ally »»d«., erected 

on shore or in the water« dolphin* 
on wiui o w* — — 

. a +« o to indicate the state 
. a cvi qrai». A series of numbers from 0 to 9 

DOUGLAS SEA 3C^ ^ tion 0f the sea. 
or wont«. RESTRICTED 

Racurity Information 
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DRIFT (noun)» (1) The speed at which a current runs. (Do not confuse 
with "littoral drift".) 
(2) Also, floating material deposited on a beach 

(driftwood^. 

DRUMLIN» 

DUKW» 

DUNES* 

DURATION* 

An unstratified hill of glacial drift. 
It is compact, and either elongate or oval. 

(pronounced duck) Amphibian Truck, 2¾ ton, 6x6. 

Ridges cr mounds of loose, wind-blown material, usually 
sand, 
(See Figures li-13, 19) 

In forecasting waves - the length of time the wind blows. 

DURATION - MINIMUM» The time necessary for steady state conditions to 
develop for a giver, wind velocity over a given fetch 
length. 

CURRENT» The .r- of tr.e tidal current away from shore cr 
do fc ' ' ta., stream. 

EBB TIDE* A f .ling tide. 
(See Figure ii-6) 

EDDI? A current of air or water running contrai*/ to the main 
current, especially one moving in a circle; a whirlpool, 
(See Figure ii-iP) 

EMBANKMENT8 An artificial bank, mound, dike or the like, built to 
hold back water, carry a roadway, etc. 

EMBAYED* Formed into a bay or bays; as ar embayed shore. 

EMBAYMENT* A depression in a shoreline forming a large open bay. 

ESCARPMENT (SCARP;» A more or less continuous line of cliffs or steep 
slopes facing In one general direction which are caused 
by erosion or faulting. 
(See Figura ii-1) 

EUT» 

fairway» 

FATHOM» 

Any natural or artificial feature of the ground by means 
of which troops and/or vehicles can pass from the beaoh 
into the hinterland. 

The parts cf a bay, river, etc. usually traversed by 
shipping. 

A unit of measurement used for soundings on some charts; 
is equal to 1.53 meters or 6 feet. 

FATHOMETER* A special type of sonic depth finder. 
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FEEDER CURRENTi (1) The currents which flow parallel to shore before 
• ' . «J» 1_ - »_^ r - __4> converging and forming the ’’neck" of a surf rip current# 

(2) That portion of a rip current which flows parallel 
to the shore and inside the breakers. 

In forecasting waves, the area of water over whioh the 
wind blows. 
(See Figure ii-9) 

FETCHi 

FETCH LENQTHi In forecasting waves, the horiaontal distance (in a 
fetch) over whioh the wind blows. 

A narrow arm of the seaj also tho opening of a river 
into the eea. 

FIRTH» 

FJORD (FIORD)i A long narrow arm of the sea between high lands, differing from 
an es ;uary in having deep depresaiona along its length. 
The right or left of any command. FLANK» 

FLOOD CURRENT» The * ovament- of the tidal current toward the shore or 
up a liial stream. 

FLOOD TIDE» A rising tide. 
(See Figure ii-6) 

FOAM LINE» The front of a wave as it advances shoreward, after 
it has broken. 
(See Figures ii-2, 3) 

FOLLOWING WIND» A wind blowing the same dirección aa the swells 
are travelling. 

FORESHORE» The part of the shore, lying between the crest of the 
bann and the ordinary low water mark, whioh is ordinarily 
traversed by the upruah and baokrush of the waves as 
the tides rise and fall. 
(See Figure ii-1) 

FRESHETS» An overflowing of a stream. 

FRINGING REKF(e)» Coral reefs that are attached to the land. 

GENERATION OF WAVES* The growth of waves caused by a wind blowing over 
a water surface for a certain period of time. 
The area involved Is called the generating area. 
(See Figures Ü-8, 9) 

GEODESY (or geodetics)* The investigation of any soiantifio questions 
connected with the shape and dimensione of the Earth. 
This is the function of a Geodatio Survey. 
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GRADIENT» The rate of inclination to the horizontal. Usually ex- 
pressed as a ratio, such as 1,25, indicating one unit 
rise in 2$ units of horizontal distance « or in a dec!- 

fraction (.OL)j degrees * 
Is soiastimes expressed by such adjectives as, steep»., 
moaarate..,gentle,..mild...or flat, 

GRADUATION (of instrument), A scale divided to indicate sma.á units 
of measurements, 

GRAVEL, Loose, rounded fzagruents of rock, between 1 and 2 nm, in 
diameter - (U.S. Bureau of Seils Classification). 
(See Figure ii-lh) 

aROTN ÍCS10YNE)» A shore-protection and improvement structure (built 
GROIN (GROYNE),^ ^ pro^ llttoral ^ cr retard erosion of the 

shore). It is narrow in width (measured parallel to the 
snoreline)* and Its length m^y vary from less than one 
hunared to several hundred feet (extending from a point, 
landward of the shoreline out into the water). 
Groins may be classified as permeable or impermeable, 
Impermeable have a solid or nearly solid structure* 
perme'ab"Le Thave openings through them. 
^SeeTTgures il-l5 » 1") 

GROUND (TO), To run a craft ashore, become fast to the bottom. 

nQnTTwn & re'atively heavy ocean swell caused by water in motion 
nu.etir« î.3«r depths a3 it peseee ever sh<'íiifrR“^fheS 
lard. Not usually so high or dangerous as BLIND ROLlBto. 

GROUND WATER? Water within the earth, such as supplies wells and 
springs. 

awwp mûSOT. ia velvet ty wilt «hi* a wave 
In deep water, it is equau to onc-ha-i (the inoxvxauax; 
wave velocity. 

GULFs A relatively laz-ge (as conrared to bay) portion of sea 
IRi*biy enclosed oy land, 

GULLY, V chafiiiei cut by running water; a narrow raïlne. 

QOTf A chanr^l in otherwise oess deep water; generally formed 
by water in motion. 

HEADHHEADLAND), A comparatively high prementory with either a cliff 
or steep face. 
It extends into a large body of water, such as a sea or 
lako. An urn arrie d head is usually called a headland. 
(See Figure ii"HD 

HEAD (RIP), Tne section of surf rip current which has widened cut 
seaward of the breakers. 
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HIQH THJKi HIGH WATHl(HW)t Maximum height reached by each rising tide. 

HIGHER HIGH WATER (HHW)t The higher of the tvo hig^i waters of any tidal day. 

HIGHER LOW WATER (HLW)i The higher of two low waters of any tidal day. 

HIQH WATER LIKE» In striotness, the intersection of the plane of man 
high water with the shore. The shoreline delineated on 
the nautical charts of the Coast and Geodetic Survey is 
an approximation of the high water line. 
(See Figure ii-1) 

HI mR LAND» (1) That tone containing the beach flanks and the area 
ini and from the coastline to a distance of five miles. 
(2) The region lying behind the ooast district. 

HOGBACK» A ridge formed by outcropping edges of tilted strata) 
ary ridge with a sharp summit and steeply sloping sides. 

HOITINO GROUND* The condition bf the bottom of an anchorage area) 
called good or bad according to whether or not the material 
of which the bottom ia composed will prevent a ahip*» 
anchor from dragging. 

HOOK» A spit or narrow cape, turned landward at the outer 
end, resembling a hook in form. 

HYDROGRAPHY» The description and study of seas, lakes, rivers, and 
other waters. 

INDIAN SPRING LOW WATER» An arbitrary tidal datum approximately the 
level of the mean of lower low waters at spring tides. 

INDIAN TIDE PIANE» A convenient way of expressing an approximation 
to the level low water of ordinaxy spring tides, but 
where there is a large diurnal inequality in low waters. 

INIET» An arm of the sea (or other body of water), that is long 
oonpared to its width, and that may extend a considerable 
distance Inland. 
(See Figure Ü-19) 

INSHORE CURRENT» A current located inside the surf «one. 

INSULAR SHELF» The sons of the insular margin extending iron the line 
of permanent inmersión to the depth, usually of about 100 
fathoms (or 200 meters) where there is a marked or rather 
steep descent towards the ocean depth. 

INTERIOR» The country extending indefinitely inland of tho hinder- 
land. 

ISTHMUS» A narrow strip of land, bordered on both sides by water, 
that connects two larger bodies of land. 

18 
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JEHWCr? 

JETTY« 

KELP« 

KEY« 

KNOIXs 

& Lar«) frame which can straddle a snuill boat and re- 
trievT theTran from - orlaur.ch it into - shallaw water 
(as along a beach). Is usually towed ty a tractor. 

m ÍU.f5, usage) Cm open seacoasts, a structure ex¬ 
tending into a body of water to direct and confine the 
stream or tidal flow to a selected channel, 
jetties are built at the mouth of a river or e!Jtr“Jc® 
to a bay oo help deepen and stabilize a channel and thus 
facilitate navigation. nr 
(2) (British usage) Jetty is synonymous with "wharf" or 

"pier". 
(See Figures ti-6, 13) 

The general name for large species of seaw®e^* 
A mass or growth of large seaweed cr any of various 
large brown seaweeds. 
See also SEAWEED 
(See Figures Ü-13» 15) 

See GAY 

n rno-'elv sneaking, a submerged elevation of rounded 
ocean floor, but lees prominent than 

^“KSker «nmd», in a lii* parallel to shore; similar 
to sta intermittent bar. 

,'SvTTfcc’ kt or kts)» The unit of speed used in navigation, 
to Í nantie al mi.> (6.C80.20 feet) per hour. 

* shallow body of water, as a pond or lake, which usual^r 
has a shallow;, restricted outlet to the sea. 
(See Figures 11-12., 16) 

LANDFALL (to make a)* First sighting land from seaward. 

LANDING BEACH» A beach suitable for the landing and deployment of 
LANDING BEACHî JBSalt ^3 and vehicles on a broad front. 

Öse al.se BEACH 

T.wnrwr obitt Ítcl, ill Arff of numerous naval war Tressais especially LANDING CRAFT ^ps or equipment, 

esoecially in anphibious beach assault. ... . . 
i'9? ns Navy usage - this term is generally applied to 

of ^an 150 feet over-all, 
that are designed for landing operations. 
LC designation is therefore used, with «PP^opriate mod: - 
TTcations to indicate particular types of these cr _ • 
(See LSI, LCM3 etc.) 

KNOT* 

LAGOON» 
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UNDING PUCEt Any natural or artificial feature adjacent to the ahorelina- 
that» 
(1) permits the landing cf small partite for reconnaissance 
or other purposes; and 
(2) provides secondai-/ facilities for units of main forces. 
It is unsuitable for the landing and deployment of assault. 
troops and vehicles on a broad front. 

LANDING SHIPS (L3)t U.S. Navy usage - this includes oceangoing vessels 
o7~over ZOO feet over-all, that arts specifically designed 
for landing operations. 
IS designation is therefore used, with appropriate modifi¬ 
cations to Indicate particular types of these ships, 
(See LSU, LSD, etc.) 

LANDING VBilCISS (LV)j U. 8. Navy usage - »all units used in landing 
cperaTions that can be used on land or in water. 
L7 designation is therefore used for these vehicles. 
Tike LVT) 

An area of water enclosed, or nearly enclosed, by land - 
as a harbor, (Thus, protected from the sea.) 

A conspicuous object - natural or man-made - located near 
or on land, which aids in locating a landing beach or 
landing place, and/or fixes a ship*8 position at sea. 

Landing Craft, Infantry 

Landing Craft, Mechanised 

Landing Craft, Vehicle, Personnel 
(See Figure ii-10) 

See ISU 

See SOUNDING LINE 

(1) Shelter, or the part or side sheltered or turned 
away from the wind. 
(2) (Chiefly nautical)* the quarter or region toward 
which the wind blows. 

The direction toward which the prevailing wind is blowing; 
the direction toward which waives are travelling. 

LIMIT OF BACKWASH* The seaward limit of the backwash for any given 
tide stage. 

LITTORAL CURRENT? (Longshore Currents)* generated by waves breaking 
at an angle to the shoreline - which move usually parallel 
to, and adjacent to the shoreline within the surf zone. 
(See Figures ii-10, 15) 

LANDLOCKED* 

LANDMARK* 

LCI» 

LCMt 

LCVPt 

LCT* 

LEAD UNE* 

USE (noun)» 

USEWARDt 

20 
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LITTORAL DEPOSITS: Deposits of littoral drift located between high and 

low water lines, 

LITTORAL DRIFT: The material that moves generally rarallel to the shore 
under the influence of oceanic force:, 

LONGSHORE CURRENT: See LITTORAL CURRENT 

rnw TTTO? (JCM WATER LW): Minimum height reached by each falling tidej 
I™ TIT)E (U?W the^mean value of all low waters over a considerable period. 

LOW TIDE TERRACE? • flat zone of the beach near the low tide level, 

LOW WAVER DATUM? An approximation to the plane of mean lawwater that 
has been adopted as a standard reference plane,. 

LOW WATT® LINE* The position of the still water line at any standard 
low tide datum, 
(See Figure ii-1) 

LOWER HIGH WATER (liJW)* The lower of the two high waters of any tidal 

day. 

LOWER MW WATER (IiW)> It* lower of the two low waters of any tidal 

day, 

LSD: Landing Ship, Dock 

L5M: Land. =? Ship, Medium 

LST: Land.Ix.g Ship, Tank 

ISU, Landing Ship, Utility (previously designated LCT) 

LVT: Landing Vehicle, Tracked 

MANGROVE: A particular kind of tropical tree or shrub, confined to 
MANGROVE, ^SÎlying brackish areas. (Growth is usually dense, 

c ausinfi poor traffic ability) 

MAROINAL ZONE, Tt* niter rldee of a coral reef, generally the highest 
portier of such a reef. 

MiRTUT RAILWAY: A cradle, supported on carriages, tfiieh runa on rails 
MARÍNE RAIIWAT:^ ^ The cradle is run out to 

receive a ship, which it hauls up until clear Ox the 

water. 
Also called PATENT SLIP 

MARSH: ill A tract of soft, wet land. . . . .. 
(2) Salt marsh* flat land periodically flooded by salt water, 

MASS TRANSPORT: Ncn-periodic movement of water in the direction of wave 

travel. 
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OCEANOŒAPHY» That science treating of the oceans, their fome, 
physical features and phenomena« 

OFFSHORE« In beach temlnoXofy* the oomparatively flat »one of 
variable width, ex aiding fronttae shore face to the 

continent *1 shelf0 
It is continually Bubrwrgedo 
(See Figure il-1) 

OFFSHORE CURRENTS« Currents outside the surf eone« 

OFFSHORE WIND« A wind blowing off tne land. 

OPPOSING WIND« A wind blowing in the opposite direction to that in 
which the waves are travellingo 

ORTHOGONAL« Line drawn at right angles to wave crests on e re» 
fraction diagram« 
(See Figure 1JU7) 

OSCILLATION« A periodic movement to and fro,or up and down« 

PASS» (1) A navigable channel, especially at a riveras mouth« 
(2) A passage through or over a mountainous region. 

PATENT SLIP* 

PEBBLES« 

See MARINE RaIIWaY« 

Smooth rounded stones ranging in diameter from 2 to 61* mm, 
(Uo S« Bureau of Soils Classification) 

Or» of a series of parallel Jetties for berthing several 
destroyers, submarines or small craft« 

PENINSULA» An elongated portion of land nearly surrounded by water, 
and connected to a larger body of land, usually by • 
neck or an Isthmus, 

PERMAFROST* 

PIER« 

PILE« 

permanently frozen subsoil« 

A structure built out \nto the water on piles for use as 
a landing place, pleasure resort, etc, 
(See Figures ii»^» 7, 13* 15) 

A long substantial pole of wood, concrete or metal* driven 
into the earth or sea bed to serve as a support or protection. 

PINNACLE« A sharp pyramid or cone-shaped rook tinder water or showing 

above it. 
See also REEF PINNACIE 

PIAINr A low relief region of horiaontal strata. 
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PlAl%COASTAL« A plain fronting the coast and generally representing a 

strip of recently emerged sea bottom« 

(,See Figure ii-19) 

(1) (Geographical)» A relatively large elevation of 

comp ax ative ly flat or level land,* a table land« 

(2) (Oceanographical)g An elevation from the bottom of 

the ocean with a more or less flvt top and steep sides. 

The extreme end of a cape, or the outer end of any land 

area protruding into the water which is less prominent 

than a cape« 

(See Figures ii-5, 12, 15) 

PONTTOON CAUSEWAY« A causeway made of, or supported by pontoons. For 

example, % N. L« pontoon causewsy used for ship-shore 

traffic, espcially between LSTs and the beach. 

PORTs The commercial part of a harbor, where the quays, 

wharves, facilities fcr landing cargo, docks, repair shops, 

etc. are situated« 

PORTSIDE? Left side of a ship looking forward; indicated by a red 

running light at night when underway, 

PROFILE (of beach)8 Intersection of the surface of the beach with 

a vertical piar«» A sectional elevation through the beach 

and surf perpendicular to the shoreline* 

(For profile changes See Figure ii-U) 

PROMONTORY? A high point of land extending into a body of water; 
a headland. 

PROPAGATION OF WAVES« To cause to spread or extend. To carry for¬ 
ward through space. 

QUAY (pronounced Key)» A stretch of paved bank, or a solid artificial 

landing p^ace made beside navigable water, for convenience 

in loading arid unloading -vessels. 

QUICKSAND* Loose, yielding wet sand which offers no support to heavy- 

obi acts. The upward flow of the water has a velocity that 

eliminates contact pressures between the sand grains, and 

causes the sand water mass to behave like a fluid, 

RAMP? (1) A strip of stone or concrete built on a beach to 

facilitate landing, unloading, and/or hauling up of 

small crafl, 

(2) A bulkhead binged at the bottom, which is dropped from 

the bow or"stern of a vessel to discharge passengers and 

cargo on a beach. 

(3) a strip of sand bulldozed to the bow of an LSI or LSU0 
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REgy (noj¿n)i A rocky or coral elevation in the sea dangerous to sur¬ 
face navigation* it may or may not be above the sounding 
datum in elevation« 
A rocky reef is always detached from shore« 
A "fvr tu reef m^ or may not be connected with shore® 

REEFrATOLLs A ring-shaped, coral reef, often carrying low sand 
island, enclosing a body of tjater6 

RESF/*BARRIERt A reef which roughly parallels land but is some distance 
offshore, with deeper water intervening« 

REEF^PINNACIE (noun)» A small coral pinnacle rising within a lagoon, 
often coming close to the water surface« 
See also PINNACLE 

REFERENCE PLANE (DATUM)î The planes to which sounding and tidal data 
are referred« The following reference planes are used* 
MEAN LOW WATER - United States (Atlantic Coast), Argentina, 

SwederT and Norway, 
MEAN LOWER IOW WATER - Pacific Coast, U. S, 
MEAN LOW WATER SPRINGS - Great Britian, Germany, Denmark, 

Italy, Brazil, and Chile« 
LOWEST LOW WATER SPRINGS - Portugal 
LOW WATER INDIAN SfftlNGS - India and Japan (See INDIAN TIDE 

planEo'5 
LOWEST LOW WATER - France, Spain, and Greece, 

REFERENCE POINT* A specified location (in plan and elevation) to which 
measurements are referred« 

REFERENCE STATION* A station for which tidal constants have previously 
been determined and which is used as a standard for the 
comparison of simultaneous observations at a second station, 

REFLECTED WAVE* The wave which is returned seaward when a wave impinges 
upon a very steep beach or cliff« 

REPRACTION* (1) When a train of waves approaches a shoreline at an 
angle, the wave crests are bent because the first portion 
to reach shallow water traveTs more slowly than the portion 
still advancing in the deeper water« This process of 
bending of waves crests is known as refraction, 
(2) Also* the bending of wave crests by currents, 
(See Figures ii-5, H) 

REFRACTION COEFFICIENT* The ratio of the refracted wave height to the 
deep water wave height® 

RETRACTING (RETRACTION)* The act of running or driving (of a landing 
craft, etc,) from a beach to sea« 

RHINO FERRY: A 6 x 30 N« L«pontoon barge, self-propelled« 
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RIa^ A long narrow inlet, with depth gradually diminishing 
inward. 

RIDGE, BEACH* Essentially continuous mound of beach material that has been 
heaped up by wave or other action above the upper limit of 
wave uprush. Ridges may occur singly or as a series of 
approximately parallel ridges behind the beach. 
(See Figures ii-18, 19) 

RTtl MARKS* Tiny drainage channel# in a beach caused by the flow seaward 
of water left in the sands of the upper part of the beach 
after the retreat of the tide or after the dying down of 
storm waves. 

RIPv a body of water made rough by tne meeting of opposing tide# 
or currents. 

RIP, SURF (RIP CURRENT)* Narrow current of water flowing seaward through 
the breaker zone. 
A rip consists of three parts* 
(1) tne "feeder currents" flowing parall«! to the shore 
inside the breakers? 
(¿') the "neok" - where tne feeder currents converge and 
flow through the breakers in a narrow band or "rip"; and 
'3) the "head" - where the current widens and slackens 
outside the breaker line. 
(See Figure ii-lfi) 

HIPPIE HARKS* Small, fairly regular ridges in the sand or silt, 
A3 their fern is normal to the direction of wind and/or 
current direction, they indicate both the presence and the 
direction of winds and/or currents. 

RIPRAP? (1) Broken .stones used for foundations, etc. 
(2) Foundation or wall of stones thrown tegother irregularly. 
(See Figure Ü-1U) 

RIVER* A natural stream of watei larger than a brook or creek. 

ROADSTEAD (ROaD)s (nautical) a sheltered «lea of water near shore where 
valseis may anchor in relative safety. 

ROCKs A ccr.crstea mass of stony maheriai; 
also, broken pieces of such masses. 
(See Figure ii-19) 

ROCKS; AWASH Those exposed at any stage of the tide between mean high 
water and tEe sounding datvm, or exactly awash at these 
planes. 

ROCKS, BARE* Those extending above the plane of mean high water. 

ROCKS, SUNKEN* Those covered at the sounding datum, but potentially 
düigerouõ to navigation. 
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ZU 

ROLLES i Long, high swell«, 

IBBÇtBr 

RUNNEL» 

SAND/ 

SAND BAR» 

Loose, angular, and water-worn stones along a beach, 

A corrugation of the foreshore (or the bottom Just off¬ 
shore), formed by wave and/or tidal action. 

An unconsolidated mixture of inorganic material consisting 
of small but easily distinguishable grains ranging in 
diameter from 0oc£ - UO an,* very fine sand 

0.1 - 0„*5 mm«,* fine sand 
0.25 - 0.5 m*.í indium sand 
0.5 - 1.0 mi.f coarse sand 

(U. 9. Bureau of Soils size classification) 

(See Figure ii-15) 

A bar or ridge of s«d built up to, or near to the surface 
of the water by current# in a river or by vam action in 

coastal waters. 

SCARP* See ESCARPMENT 

SCARP-BEACH* An almost perpendicular slop# along the beach foreshore 
which is eroded by wave action. 

g£A, Waves caused by wind at the place and time of observation, 

SEA (STATE OF)» Description of the state of the ocean surface existing 
in a storm area. 

SEAWALL» An artificial structure built along a portion of a coast 
to prevent erosion by sea water, » * 
Since, on the shoreside, most seawalls are filled in to 
about the top of the wall, they provide resistance to 
wave force by the mass of the wall and also by the back¬ 
fill's pressure resistance. 

(See Figure ii-lU) 

SBAVEOt A characteristics plant growth in sea water. Usually 
indicates the presence of rocks. 
See also KEIP and EELGRASS 

SEICHE (pronounced s'Seh-’^a" as in able)» The periodic surging (or 
rhythmical movement) of water in any body of water. 
(Originally applied only to lakesTout now expanded to 

oceans etc.) 

SEISMIC WAVE» See TSUNAMI 

SEMIDIURNAL TIBES» Two highs and two lows per lunar d#jr, with com¬ 
paratively little diurnal inequality. 

SET (of current)* The direction towards which it flows, 
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SHALLOW WAT53v< Water in which tne depth is less than one-half the 
wave length at the particular tine# 
(See Figure ii-1) 

SHELF* The zone extending from the line of permanent immersion to 
tne depth (usually about 65 fathoms) where there is a marked 
or rather steep descent towards the great depths# 

¿HEIf, CONTINENTAL* A shelf bordering a continent. 

SHELF, INS'liAR* A shelf dorrounling an island# 

SHINGIEs (1) l/cocely and commonly - ary beach gravel coarser than 
ordi nary gravel, especially ary having flat or flattish 
pebbles? 
(2) Strictly and accurately - beacn gravel of smooth, 
well-rounded pebbles that are roughly the same size, The 
spaces between pebbles axe not filled with finer materials 
as th*y are in ordinary gravel# Shingle gives out a musical 
note wnen stepped on, 

SHOAL (noun)* (1) An elevation of the sea bottom which comes within 
six fathoms of the surface. 
(2) A detached area of aiy material except rock or coral# 
The depths over it are a danger to surface navigation# 

SHOAL (verb)? (1) to become shallow gradually, 
(2) to caSÕêTTõ become shallow, 
O) to proceed from a greater to a lesser depth of water, 

SHORE* See BEACH 

SHORE FACEg Th* rather steeply sloping zone between the low tide shore¬ 
line and tne beginning of the comparatively flat zone of 
variable width known as the offshore# 

SHORELINE« ^ne juncture of the sea and land# Unless specifically 
stated as the "high tide»1 shoreline, it refers to the 
juncture at low tide# 

SIGNIFICANT WAVE HEIGHT« Average height of the highest one-third of 
the waves for a given period# 

SIGNIFICANT WAVE PERIOD* Average period of the highest one-third of 
the waves for a given period# 

SILT* A clastic deposit (one that has been transported mechani¬ 
cally and deposited) of an inorganic granular material with 
median diameter between 0#005 nun# and 0#05 mm# 
It is thus between sands and clays in size# 
(U# So Bureau of Soils size classification) 

SLACK TIDE? The intermediate period between tidal currents, during which 
there is nc horizontal motion# 

RESTRICTED 
Security Informât ion 

2Ö 



fPHMiP 

RESTBICTED 
Security Infera’ toi. 

SLIPí A space between two piers for berthing a vessel,, 

SLOPE* See GRADIENT 

SLOUGH (pronounced « slõõ)* (1) A snail muddy marshland or tidal 
waterway which usually connects other tidal areas« 
(2) A tide land or bottom-land creeK«, 
(See Figure ii-15) 

SOLITARY WAVE* A wave consisting of a single elevation which propagates 
without change of form (in two dimensions)« 

SORTING COEFFICIENTi A coefficient used in describing the distribution 
of grain sizes in a oarple of beach material* 

It is defined as S0« /Õi/oí 
where is the grain diameter, having 15% of the sample 
smaller; ana is the grain diameter having 2$% of the 

samnie smaller* 

SOUND« A wide waterway between two sea areas« 
See also STRaIT 

SOUNDING« The depth measured, or the number indicating the depth on 
the chart, usually in fathoms« 

SOUNDING DATUM* The datum (Reference Plane) to which soundings are 
referred« 

SOUNDING LINE« A line, wire, or cord used in soundings« It is weighted 
at one end with a plummet (sounding lead)« 

SPITj a small point of land or narrow shoal running into a body 
of water from tne shore« 
(See Figure il-U*) 

STAND« That period at high or low water which marks the transition 
between tides, during which no vertical change can be 
detected* 

STANDING WAVE (STATIONARY WAVE)« A type of wave in which there are 
nodes, or points of no motion, between which the water 
osciliateso They are the result of two similar waves 
travelling simultaneously, but in opposite directions* 

STERN« The rear end of a ship or boat« 

STILL WATER LEVEL« The surface of the water if all wave - •’on were to 
cease« 
In deep water this level approximates the midpoint of the 
wave height« In shallow water it is nearer to the trough 
than to the crest« 
(See Figure ii-1) 
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STRAIT» 

STREAM» 

SURF* 

STTRF ZOÎÎE» 

SURGE» 

RESTRICTED 

Security Information 

A relatively narrow waterway between two larger bodies of 

water® 

(See also SOUND) 

(1) A course of water flowing along a bed in the earth, 

(2) A current in the sea formed by wind action etc, 

(Gulf Stream), 

The water in the area between the shoreline and the outer¬ 

most limit of breakers, 

(For surf variability See Figures ii-10, 11) 

The area between the outer most breaker and the limit of 

wave uprush, 

(See Figures Li-5» 10, 11) 

(1) The name applied to wave motion with a period inter¬ 

mediate between that of an ordinary wind wave and that of 

the tide; say from one to sixty minutes. 

It isusually of low height; perhaps 0,3 feet, 

(2) Also» long interval variations, in velocity and pressure 

in fluid flow, not necessarily periodic, perheps even trans¬ 

ient In nature. 

See also SEICHE 

SWAMP (noun)j A tract of wet spongy land, frequently inundated by fresh 

or salt water, and characteristically dominated by trees 

and shrubs. 

SWAMP (verb)« To swamp» to overset, sink, or fill up a craft with water, 

SWASH MARK» The thin liave line of fine sand, mica acales, bits of seaweed, 

etc, left by the swash when it recedes from its upward limit 

of movement up the beach face, (For SWASH See UPRUSH) 

SWELL» Wind-generated waves which have advanced into regions of 

weaker winds or calm and are decreasing in height, 

(See Figures ii-2, 8) 

TABLELAND» A lofty plain; a plateau; an elevated area of land of generally 

level surface and considerable extent. 

TERRACE» A horizontal or nearly horizontal natural or artificial 

topographic feature interrupting a steeper slope, usually 

occurring in a series, 

TIDAL CURRENT» Currents caused by the horizontal movement of the rise and 

fall of tide (due in turn chiefly to the attraction of the 

moon and sun). 

TIDAL DATUM» See REFERENCE PLANES, CHAI.T-DATUM, etc. 

TIDAL DAY» The variable interval between two alternate high or low 

waters. 
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TIDAL DELTA? 

TIDAL FLATS* 

TIDAL PERIOD* 

TIDAL POOL* 

TIDAL PRISM* 

TIDAL RANGE* 

TIDAL STAND* 

TIDAL WAVE* 

TIDE* 

rmatiOQ. 

See DELTA 

Areas bordering the oceans which are covered and uncovered 

according to the state of the tide. 

The interval of time from low tide to the next low tide, 

or from high tide to the next high tide. 

A pool of water remaining on a beach or reef after recession 

of the tide. 

The total amount of water that flows into the harbor and out 

again with movement of the tide. 

The difference between the level of water at high tide and 

low tide. 

An interval at high or low water when there is no sensible 
change in the height of the tide«, The water level is 

stationary at high and low water for only an instant; but 

the change in level at these times is so slow that it is 

not usually perceptible. 

See TSUNAMI 

The periodic rise and fall of oceans and bodies of water 
connecting them, caused chiefly by the attraction of the sun 

nivi moon« 

TIDE,DIURNAL* 

TlbEf EBB t 

tide? flood* 

TIDEf MIXED* 

TIDE# HEAP* 

See DIURNAL TIDE 

See EBB TIDE 

See FLOOD TIDE 

See MIXED TIDES 

See NEAP TIDES 

TIDE^MIDIURNAL* See SEMIDIURNAL TIDES 

TIDE^ SLACK* See SLACK TIDE 

TIDE* SPRING: The tides, occurring at new and full moon that rise highest 

and fall lowest from the mean level. 

TOMBOLO» An area of unconsolidated material, deposited by wave action, 

which connects a rock or island to the main shore. 

TOPOGRAPHY* Accurate and detailed description of a locality as regards 

its elevations, etc. 

TRAFFICABILITY* The ability of terrain to sustain the flow of military 

traffic. 
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TROUGH, WAVE t See WAVE TROUGH 

TRUNCATED IANDFORH< (A^ a Truncated Drumlin)-L*ndform out off, especially 
by erosion, and fonning a steep side or cliff# 

TSUNAMIf Wave caused by an underwater seismic disturbance# 
Commonly misnamed "tidal wave", 

TUNDRA: Arctic plain consisting of black, mucky soil and permanently 
frcren subsoil, and covered by dense messes, grasses, etc, 

TUSSOCKi A dense bunch of grass or sedge, 

UDTst Underwater Demolition Teaiio 

UNDERTOWï f1) A current, below water surface, flowing in the opposite 
direction to water on the surface#,#(also) the receding water 
below the surface from waves breaking on a shelving beach, 
(2) Actually "undertow" is largely mythical. As the back¬ 
wash oí each wave flows down the beach, a current is formed 
which flows seaward. However, it is a periodic phenomena. 
The most common phenomena expressed as "undertow" are actually 
the rip currents in v,'.e surf« 

UNDERWATER GRADIENTS The slope of the sea bottom off the beach, 

UNDULATION» A continuously propagated motion to and fro, in any fluid or 
elastic medium, witn no permanent translation of the particles 

themselves«, 

UPRUSH (SWASH)s The ru‘h of water up ontc the beach following the breaking 

of a wave. 

VALLEY? An elongated depression, usually with an outlet, between bluffs 
or between ranges of hills or mountains# 

VARIABIIITYs See WAVE VARIABILITY 

WADI: A permanent intermittent stream bed in an arid region, 

WARPING TUG* A tug outfitted primarily foi moving (a ship, ate) into some 
desired place or position by hauling on a rope or warp which 
has been fasten d to something fixed, as a buoy, anchor, or 

J[ g 

' For examples a No Lo pontoon warping tug used for pulling 
small craft off the beach,, 

WATER UNE» 

WAVE* 

The juncture of land and sea. 
This lire migrates, changing with trie tide0 Where waves 
are present on the beach, this line is also known as the 

limit of baokrush. 

An oscillatory movement in the sea which results in an alter¬ 
nate rise and fall of the surface, 
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WAVE AGEi The ratio of wave velocity to wind velocity (in forecasting 
waves)« 

WAVE CREST» The highest part of a wave« 
(See Figures il-1, 2) 

WAVE-CREST LENGTH* See CREST LENGTH 

WAVE DELTA* See DELTA 

WAVE GROUP* A group of waves In which the distance between successive 
crestSp and the amplitude, vary only slightly. 

WAVE GENERATION* See GENERATION OF WAVE 

WAVE HEIGHT* Vertical distance between crest and preceding trough. 
Usually expressed in feet, 
(See Figure ii-1) 

WAVE LENGTH* Horizontal distance between successive wave crests measured 
perpendicularly to the crest. Usually expressed in feet. 
(See Figure ii-1) 

WAVE PERIOD* The timiP In seconds, for a wave crest to traverse a dis¬ 
tance equal to one wave length. 
Also defined as the time for two successive wave crests to 
pass a fixed point such as a rock or an anchored buoy. 

WAVE REFRACTION* See REFRACTION 

WAVE STEEPNESS* The ratio of the wave’s height to its length. 

WAVE TRAIN* A series of waves0 
(See Figure ii-8) 

WAVE TROUGH* The lowest part between crests. 
(See Figure ii-1) 

WAVE VARIABILITY* (1) Wave trains are not composed of waves of equal 
height and periods, but rather of heights and periods 
which vary in a statistical manner. 
This variation is usually termed »wave variability". 
(2y Also, the variability in direction of wave travel 
when leaving the generating area. 
(3) Note* The variation in height along the crest is 
usually called "variation along the wave". 

WAVE VELOCITY* Speed at which the individual wave form advances across 
the ocean. 

WHARF* A structure builo on the shore of a harbor, river, canal, 
etc., so that vessels may lie alongside to receive and 
discharge cargo, passengers, etc, 
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'.ifaTECAPi 

WINDWARDS 

WIND WAVTîSî 

The White froth on crests of waves in a breeze. 

The direction from whioh the wind is blowing. 

Waves being formed and bu3.lt up by the wind. 
(See Figure ii»8) 

. .... -- 
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GLOSSARY APPENDIX I 

Selected List of References 

A„ PRIMARY SOÜRCES: 

1. University of California, Institute of Engineering Research, 
Waves Research Staff* (synthesis of all sources used, which 
included discussions, and correspondence with others actively 
working in Amphibious Oceanography). 

2. U» S.Naval photographic interpretation Center, B,e.a.Ëi 
Glossary for Amphibious Intelligence g^Report H9/U9, 
Washington, D„ C., Sept. lp 19(rëjntloTEU) 

3. U. S. Marine Corps Amphibious Manual, Terrain, Hydrography and 
Weather, Washington, D. C., 1951 (RESTRICTED). ~__ n 
(See” Glossary of Hydrographic Terms" - Appendix A» pages A i-p; 

Uo U. So Marine Corps Amphibious Manual, EmbarKation and Slilp 

Washington, D, C. 19U9 (RESTRICTED). «, » i 71 
(See "Naval and Stevedoring Terminology", Appendix A, pages A ) 

5» U. S. Naval photographic Interpretation Center, Underwater Depth 
U Determination, Report #i»6, HE ll6»E-12, Oct. I9I4I1, (COnAd^ÍTaL). 

(See "GTõs"sãry of Terms" in Appendix). 

6. Hydrographic Dictionary, International Hydrographic Bureau, 
Special Pud1ication #3?» First edition, Monaco, 19^6. 
(See pages 1-56 lor definitions in English, French, etc.) 

7C Bowditch, Nathaniel, American practical Navigator, An Epitome_of 
Navigation and Nautical Astronomy, published by the U. S. 
Hydrographic office, H. 0. 9p 1943. 
(Se socially "Navigation Definitions" pages 19-21 and 
"Nautical Astronony Definitions" pages 113-120.) 

B. OTHER USEFUL SOURCES? 

U. S. NAVY reports« 

-Office of Naval Intelligence, Allied f*d 
ONI 226, HE II6-B-I3, April 7, 19UU {,, 0, 
—-—also supplement, same name, ONI 226/1, HE 116-B-2U 
(These are best sources for official definitions of landing 
craft, ships, arel vehicles used in naval amphibious operations). 

-Amphibious Training Base, staff report, Skill In the Surf - A 
Landing Boat Manual, HE II6-E-UI, Coronado, California, 

Feb. 19 U5 ( RESTRICTED). 

-Commander in Chief, Surf Manual for Amphibious Operations, 
(Headquarters Report, short title üominuhP-9), Washington, D.C., 
Oct. 8, 1915 (RESTRICTED). Printed report U6 pages. 
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Be OTHER USEFUL SOURCES - sont. 

-Hydrographic Office publications (Washington, D. Co)# 

(1) Breakers and Surf, Principles in Forecasting, Ho0o 
¿34, Nov. im,TPríntéd by t!he Hydrographic Office)« 

(2) Wind Waves and Swell, principles in Forecasting, 
H. Ol .ilsc, 11, 275» Prepared by the Scripp* 
Institution of Oceanography, not dated, 
(Mirwographed report, probably prepared in 19U7), 

(3) Bigelow, H. B« and W. T. Edmondson, Wind Waves at 
Sea, Breakers and Surf, Ho0o 602, 1^1*7, 
fpfinted *by Ö« P. 0.as hi ng ton, D. C«), 

U» S. Irmy Reports# 
Beach Erosion Board, Corps of Engineers, Engineering Notes #2$, 

Washington, D« C., April 1914$ (RESTRICtSTo 
(See alsc other BEB reports), 

Uc S« COMMERCE DEFT, Report# 
■'•Aaam.Sj K» T» (Commander)p Hydrographic Manual, Special Publication 

HO, Coast and Geodetic síSrvey, 19U2, 

UNIVERSITY OF CALIFORNIA EXTENSION, Institute of Coastal Engineering, 
Long Beacho 

Mimeographed Reporta» 

-Ayers, James R0, Seawalls and Breakwaters, Oct, 1950, 

-Hickson^ R, E and F, W. Rodolf, The Design and Construction of 
Jetties, Oct, 1950. 

-Horton, Den aid F., The Design and Construction of Groina, 
Oct, 1950, - — 

-Vanor', Tito A. and John Ho Carr, Harbor Surging, Oct, 1950, 

TEXT AND REFERENCE BOOKS# 

■Field, Richard Montgomery, Outline of the principles of Geology.; 
3ra Ed, revised, Barnes añ2T ïi’otT.Tj Ñ. Y» College Out¬ 
line Series), 

-Havelockj Thomas Henry, The Propagation of Disturbances in Pis- 
persjye Media (half title is# "Cambridge Tracts In Mathematics 
an3 MatWniatical Physics") Cambridge university Press, 19lUo 

•johnson, Douglas Wilson, Shore Processes and Shoreline Develop¬ 
ment, John 'hley & Sons, N, Y,, 19lÿ, 

-J^ikins, James Travis, A Textbook of Oceanography, Constable & 
Co, Ltd, London, 1921. 
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& Sons, N« Y., 19Ulo 

-Shepard, Frames Park«, Sabmarlno Oeolog, H«l»r «“» Brottar., 

N» T., I9U80 

qverdmn Harald Ulrik (with Martin W. Johnson, and Richard H, 
Their P^ice, md 0.,^ 

Biology» Prentice Hall, Inc, N« To* 19UZo 

DICTIONARIESï 

JThe International Hydmeraphlc Bureau (Special publications 
series) Monaco. (In addition to #32 - igdrcsraphlc 
Dictionary* cited under A)» 

#22 - r.lossary of Nautical Terma Çundatea)« 
#28 -r^WTTWcMary Conceñd-nR T|de3> Mar^> 
#29 * Vocabula?rcõncernlnfí 7og ^n^^No^er, ^33. 
J3U „ TZZZ&XZrZr terms occurring NoticeJjo 

#35 - ^^Situ^md^^cabulary Concerning Lights, January, 

-Kerchove, Rene de. International Maritime pictlonag, D. Van 
Nostrand Co», 19U8# 

■“S 2» asm: arggi ä 
not revised)# 

»Webster’s New international Dlctlonagr, 2nd ed. unabridged, 19U8. 

PERIODICAL UTERATUREi 

G1Sr^lckK^,TXpnua p^to°^e^ of'tâ 
interior, 0. P. 0. printed, 10», pages 69-123. 

„ p "The Solitary Wave and periodic Waves in 
Kel_er, Joseph B# - a. « y »cadentv of Scisncesj Special 

Shallow Water" Annals of No T# A—,. ^ a ■ ■ m rjr •» lOljO. 
Issue entitled "Ocean Suri'ace waves«*# Vol. bl. Art. 3, 9«y» 
pages 3U>350# 
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OLOSSAXT AFFBHDIX H 

Flgurea 

(photograph», dLagraw and sketches) 

The following Index of Figure» was prepared to assist In finding 
illustrations for definitions of tenu oonmonly employed in 
discussions of waveeJ surf, and beaches# 

Figure 11-lt Definitions of Tena 

Wave Terminology, Includingt Beach TeraHaology, including» 

Baokshore 
Beach 
Bern 
Cliff 
Bsoarpnsnt (So«p) 
Foreshore 
High Water Un» 
Low Water Line 
Offshore 
Shore 

Deep water 
Depth 
Direction 
plunge point 
Shallow water 
Still water level 
Tide Stage 
Wave crest 
Wave height 
Wave length 
Wave trough 

Figure ii«2g Estero Bay 

Wave Terminology, including« 
General discussion of waves, swell, and breakers 
Breaking point and depth 
Foam line 
Swell 
Wave orest 

Figure 11*3» Breaker Types 

Breaker Terminology,including» 

Breakers» plunging, Spilling and surging 
Breaking point and depth 
Foam line 

Figure Profile Chames by Wave Action 

Includes» 

Discussion of bsaoh profile change due to wars action 
Cusps 
M#L»L#W# 

... ii| 

Figure li*»$» fteffraotion of Wares 

Includes» 

Illustration of varíanos 'in width of surf sons 
Fiar 
Point 
Refraction RESTBICTED 
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Glossary, Appendix II - Index cont. 

Figure 11-6: Refraction of Warnas 

Shows» 

Breaker angle 
Currents 
Currents and waves in shoaling water 
Ebb tide 
Flood tide 
Jetty 

Figure li-7> Refraction of Waves, General 

Shows» 
Contour lines 
Convergence 
Cove 
Divergence 
Orthogonals 
Pier 
Wave fronts 

Figure 11-8» Generation of Waves 

Shows» 
Breakers 
Swell 
Wave train 
Wind waves 

Figure 11-9» Synoptic Weather Map of Northeast Pacific 

Shows» 
Decay distance 
Decay of waves 
Generation of waves and generating area 
Fetch 

Figure 11-10» Surf Zone» Longshore Currents 

Shows» 
broached landing craft - LC7P and Jeep 
Currents and their effects 
Longshore currents (or littoral currents) 

Figure 11-11» Surf Zone? Variability of Surf 

Illustrations and discussions of surf (or wave) variability 
Example of wave record 
Example of wave refraction 
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Q lo s aery, Appendix II - Index oont* 

Figure 11-1?» Lagoon Beeobea 

Inclndeag . . , . 
(Discussion of beech meterieis) 
Bar 
Berm 
Point 

Flftere 11-131 

3hOKSt 

Boet bes In 
Breakwater 
Jetty 
Kelp beds 
pior 
Sand deposit 

figure ilwlUt 

Shows» 
Berma oobble 
Breakwater 
Cliff 
Cobblestones 
Diffraction 
Orevel 
Headland 
Riprap 
Seawall 
Spit 

figure 11-15» 

Shows» 

Causeway 
Cliff 
Cusps 
Groin 
Island 

oormta - («r UUorü oarranta) 
pier 
point 
Sand beach 
Sand deposit 
Slough 
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Figure ii-15: 

Shove; 

Bar 
Bight 
Cape 
Cove 
Lagoon 

Figure il-17- 

Shove; 

Boulders 
Cliff 
Cobblestones 
Erosion 
Groin 

Figure 11-18; 

Shove; 

Cuspe 
Dunes 
Hoilev 
Ridge beach 
Rip current (rip surf) 

Figure li-19: 

Shove; 

Bar ( underwater) 
Canal 
Delta 
Dunes 
Eddy currents 
Inlet 
Plain, coastal 
Ridge - beach 
Rock 

4l 
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DEFINITIONS 

THE FOLLOWING VERTICAL*SECTION SKETCHES ILLUSTRATE TERMS 

COMMONLY EMPLOYED IN DISCUSSIONS OF WAVES, SURF AND BEACHES 

tiiimiuiiÊiiÊiiUBiuuiiliiuaintiiÈfi* T? in)rrni})})fnninr777rninÍ/Jfft/F}i//nii/tüi/li¿t't 

DEFINITIONS OF WAVE CHARACTERISTICS 

«AVE DIRECTION 

h- 

I 

V > 
o 

DIRECTION OF ORBITAL MOVE* 

ll MENT OF WATER PARTICLES IN 

-jf- DIFFERENT PARTS OF A DEEP 

I WATER WAVE 

SMALL MOTION OF WATER 

BELOW THIS LEVEL 

WAVE DIRECTION 

DEEP WATER WAVES 

When the water depth is great, the bottom 

has no effect on the motion of waves; hence 

such waves are called déte water waves 

BEACH GRASS SHOWS DIRECTION OF MOVE¬ 

MENT OF WATER PARTICLES UNDER VARIOUS 

PARTS OF A SHALLOW WATER WAVE 

SHALLOW WATER WAVES 

When the water depth is small, waves 

cause the water to move at the bottom. 
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long period swell at 
breaking POINT-| 

__ FOAM LINE FROM LONG 

PERIOD SWELL 

10032 
May 17, 

Estere Bay. In this photograph long 

= ^TenT/^kl^raoL the hreshing 

Bs;y;rïKSrri: si's-f“T breaking occurs at the surf zone, and no . oas. lines oar y 
.. h6 Thi6 situation gives rise to high currents, and 
tfe otnoue breaking sections conifribute heavily to broaohing 

of landina craft- 

FIGURE ii-2 

43 
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breaker types_ ^^ ^. „, ^1U. 

»>■ »•'»•> “• *'■•“ “ '" ^ ^u. »• ■••"■ ’“ ^111 ““ 
Of t«. rur, « 1» «ío» iurm 6"a^’ 

ladlooM tu» r»Uti» U»»« o< t1» ooourr«w»u. 

PUDKUU tout* 

BE »CM « U»U»U.Y STEEP 

SKETCH SHOWING THE GENERAL CHARACTER 
OF PLUNGING BREAKERS 
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PROFILE CHANGES BY WAVE ACTION 
J,? I , , Vl.Vm-r  _- nxiabla 4.117. —«^1». —ili 

1 Widr •bor.Uo. elwu».. i. profil. »4 pi» »• •a”* «i«!. 

.. 0,0« «p-i. of u. -u-r. c™lr, .. it. M- • "• „ *Z. 
1« 1.« tb. b-".« -f bullí «P iboir b«» « tb. for-bor.. TU. bM.b .lop. U U- —o «« t-4. « «t-P« 

ui tk. b«. t«d'to bMOM 1— pruoouM«!, ofv~ ««if di«pp«ri^. 0. tb. otb« bud. duriH priod. of bi*b .V«P -»•. 1 a lop. 1. tb. --- .0 futu. -11. t- .ffabor. b.r. u- t. -- *«b . 

.«.p« »«ob., oou«. fa.tar te. tb. fUtfr f.b... I«.. o-P.. *"»1 4*po.it* «4 «‘«r for- .pp«r -4 41-pp-x ZZ ^ fr.,bZ. -»« -  -- -ft but b— b^OT 0-p-ti..  .. - ‘tui ~- 

„1100.. b««» «... 1. -4—1-. O, b« r—11, u—«oor, . 41.11-1 .b-.. -, b. . 4iffl«lt b«b — «*•> 

o».rat*. 

Tralo.l B—ob C—p. 

B—ob ouap. —, 'pp—r —4 41—pp—r owioipbt with — abrupt ob—— 
of —TC .«tio», lro.loo of ...p. —, 1—r* • -»1« ot ot.p. «h«. 
tb. or».t of —ob OU.P b.. b—o out —4 —ft —«4 1« o—1, 4. 
po.it— io tb. trouai, of tb. 014 ouap*. ifcur 
Uto tb. bollo— of tb. cap. —4 out to tb. —• —b. it —rl-bl. to 
brio« LVr. —4 Duk— U oo tb. rid*., but ICTP’o —4 I£M'. U — t— 

bollo-,___ 1- 
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REFRACTION of waves 
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Pt. ?inoat Cal lí orou 

w,,i aoTia» orar a aubaariBa rld»« coaoaatrtt» to »1»» lar«» 
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Ir*** Coy, G4lifomU 

Svraadla» of >a»i bj raf-a«tioa producá, lo. «ra bal»kt. at 

\h» piw ___ 

Hü!façon Bar. Californii 

Note th« increasing «idth of th« surf wo« with mreaaing 
t ,|f« of «ipoaur« to the south._ -- 

Puriai— Pt-, Uâlifonai 

a«fraetioD of «atea around a headland produc«» lo« «as«» 
nai rat »q -f ¿one «lir« bao^ipf i» gnat—t. — 
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GENERATION OF WAVES 

—: ri rm: 
** ^ Ivmh .,. I« *f«r --Um» . »U» « U IM »p.» ««». 
Ion», It blow., Mill ttw bi*»r it* t■**<>. tu .,. m . , . . ,K. _n nubM .»or. 

U U.OM 1ÛU4 Ml ■•»lU* at. ttoM — U tM pUV0M.pt ‘.l- (-«“»• ^ "* ZZZ.T 
hr—tiM 00 . bMCb rtiet »U. tu .urf i»fl«»ro«». ta uroloflot. 

patao op »oil ‘Un brota». It 1» «U l»r»«r . ■ blo»tM om tu oouo «ta to»» for»o»»t tu uw» 
nth tu »>d Of «utur curt, .ta !>T<lro«r«ptac curt., eu foru..t tu »>ta 

_• «ta Ku ttktakta ta 1 fui fl 

. . t _. n<i M«».« ib 4 KRIM rut i UK nr«« Itot* to*» ▼•rxability 
l7tb4‘«Te baxftbt, ufe Wh. 4od the Wn *U>*i 

3a.n io tu »leloitr of Oo««uid». C»aforiii» rMultt«* 
fru «tonta thou*nr.I. of «Um to tu »oiith. lot» tho 
rwltaUf of tU *»»11 ouptata to tU 1» » ««»r- 
...__ .. .h~Mt tn th* nhotodcraDh to tb* Uft. 

tariol Photogurt flWTHV ^ *in 

TU ».U «TM oulx fro. tU 0PP»r rt«tt *” tTtalS1*' 
TU loo* lo. «taU fro. tta #PP«r Uft ota Hurta thou»4oa» OI taita 
tnj. «oto tut tU mU 1» «Uo»t UoUita» U dup uUr bot ptak» «p •*! 
to fon, thft prtauin«at brotaor»._______— 
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longshore current 
» c^t,. -........- »«• — “ “ "u ^ 

uor....- b—*r -..,., — -nod. ,.=,-.- .-1. of >r-.r-l>- ..U «- -ob. ^ ^ ^.b 

n-1.— ,u„«.,.~ti-.-.-«f^r“,,6ut*'‘,nU'1^oo“7'u ".Lo- ..,.,1 ..- b-b » — -U -.- --- «f f™ 1/4 " ““ ^ 
la—n curran., .,« .ff-Uw ,0 o.u.,— 1—,— Ob f. «« br—ob. 

Aarul photograph of 1-011 br*»kiü« «t «o tOiU« to th« 
sboroliM. thu» c«uäio4 • loo^ihor« curr«tt io th* dlr- 
•ctioo «ho«. . 

Phrtogr«^h of landio« cr*ft bro«ch»d •• • rooult of th« 
loogsho.e current, _ 

Som diffioulty «aa «DcounUrod wbil« »ttaapUag to dri?« j««p« 
fro» LCVP* «hieb »«ra catroened bj tba »urf, »o««ti*«« tiolooilf, 
•ndeui^erin« poraooMl. An att«»pt «as «ado to «toady and «traight- 
an out the '••aft by Uw»«rs hold by aon on tho botch. (Hotico mq 
standing ^otooon tbo joop and «ido of l£VP.) Icfoobor 25, 1946 

FIGURE Ü-IO 

51 

RESTRICTED 
Security Information 



RESTRICTED 
Security Information 

47. 

VARIABILITY OF SURF 

i«f ,. »txnmlr ~1.*U «U .ilk «i««« “* *“* ““ *" l'‘ 

Í L.I « -U « «TUkl. kcu, .ookili- .1.0. . 0...h, -r «ou uriu «ri.i.o. U U. — 

:.:.-.- •—- r- ri:i^r:r : :r: ”.r.:rr: r:: :r 
- —. -.f rr: :r-“" « ” * « U .itur linotlM, .Our« <u u<om.m of ** .IW"' “• - 

«... O.».« . uri.. of Lu ««LU U««" "» 

ft,, ruord iuoutr.u. tu fnlui of u. old .UL—l tut .«rj u«.U — i. . t‘W — 
u Uud to follu fwIt.UlT nur tu «.Orr«»» of tu.i ugur -..._ 

FumU tiuro^k tu .arf Uoold 

Point Lou, '•oliforot. Itou UodUt, cnifwmU 

uaiAnoii ai au iumb i mai 
Ao .(.prui.lioo of tu priulplu of — «fraction uro't» tu uiutiu of » lumtp ^w. tk. urf 1» r»Utl«Lj to». 
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Symbol 

SECTION 111 

LIST OF STANDARD SYMBOLS 

BY R. L. I/VIEQEL 

Definition 

A 

a 

a* 

av 

B 

B.F. 

b 

Area 

Projected Area of object 

Acceleration 

Alsoi amplitude 

Length of semi-major axis of orbit of water 

particle 

Subscript "av" refers to average 

Breakwater gap width 

Beaufort wind force 

Length of wave crest between orthogonals 
(measured perpendicular to the local direction 

of travel) 

b« Length of semi-minor axis of orbit of water 

particle 

Subscript "b" refers to breaking conditions 

T 
C Wave velocity 

Cd Coefficient of drag 

C_ Group velocity 
o 

Cjj Velocity of waves of finite height 

£ Instrument calibration constant 

Coefficient of mass 

Deep water wave velocity 

c Number of columns in rectangular array of craft 

Cos Cosine 

Cosh Hyperbolic cosine 

D Decay distance 

Also: Diameter 

Units 

feet^ 

feet2 

ft/sec2 
feet 

feet 

feet 

none 

feet 

feet 

ft/sec unless des¬ 

ignated as knots 

none 

ft/sec 

ft/sec 

ft. of water 
chart division 

none 

ft/sec (unless 
specified as knots 

none 

none 

none 

Nautical miles 

feet 
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Symbol 

Ej 

Ek 

F(H) 

F„ 
H 

m 

Fx(x) 

H 

Hl/10 

Hl/3 

Hr 

(Hb), 

H av 

«JCC <-i - - . A • - • - * -'V 

Definition 

Coefficient of shoaling 

Effective decay distance 

Depth of waterj measin-ed from the still water 

level to the bottom 

Mean total energy of wave per unit length of 

crest per wave 

Mean kinetic energy of wave per unit length 

of crest per wave 

Mean potential energy of wave per unit length 

of crest per wave 

f1' o rc c 
Also* a function of one or more variables, as 

F(x, y). 
Also: Fetch length 

Percent of wave heights below the height H. 

Horizontal component of force 

Minimum fetch length 

Vertical component of force 

Prob. (X<x) .- cumulative distribution function 

of the random variable X 

Function of one or more variables, as f(x,y) 

Also * Coriolios parameter (f-2i.lsin<f> ) 

Acceleration of gravity 
Also: Function of. one cr more vari able« as 

g(xvy) 

Tfave height 

Average height of the highest one-tenth of 

the waves for a specified period of time 

Average height of the hignest one-third of 

the waves for a specified period of time 

Units 

none 

nautical miles 

feet unless desig¬ 

nated as fathoms 

Average of the wave heights for a specified 

period of time 

ft-lbs/ft 

of crest 

ft-lbs/ft 

of crest 

ft-lbs/ft 

of crest 

pounds 

none 
nautical miles 

none 

pounds 

nautical miles 

pounds 

none 

none 
radian/sec 

ft/sec2 

none 

feet 

feet 

Significant wave height at ere of decay distance 

Significant wave height at and of letoh 

Critical breaker height (for craft casualties) 

feet 

feet 

feet 

feet 

feet 
KEoTRICTXD 
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Sj»bol 

«» 

Nr 

hl 

J 

K 

*b 

1' 

i 

k 

L 

b 

Lf 

L' 

X 
h 

1' 

M 

% 

uLur 

MSL 

Definition 

Highest »aTe for a specified period of time 

Effective width of craft 

Effective length of craft 

Distance between two underwater contours as 

used in the orthogonal methods of wave refraction 

coefficient determination 

Sub-surf'ce pressure response coefficient 

Refraction coefficient 

Refraction coefficient for breakers 

Diffraction coefficient 

Beach slope, as specified 

Also* V-l 

Vm2 +■ n2, where a = 2 TT/L and n s 2 TT/V 

Wave length (distance between two succeesive 

crests in the direction of propagation 

Wave length at end of decay 

Wave length at end of fetch 

Wave length in the crest direction (short-crested 

theory) 

a length 

Distance from the bottom of an object, or pil*t 

to the elevation at which the total force may be 
applied 

Crest length (the linear distance measured along 

the wave crest between consecutive intersections 

of the crest and the still water level). 

Energy coefficient 

Total moment about the level, S 

Mean lower low water - a datum 

Mean Sea Level - a datum 

2 TT/L 

Number of wave* in the analysis 

Units 

feet 

feet 

feet 

feet 

none 

none 

none 

none 

none 

none 

1/feet 

feet 

feet 

feet 

feet 

feet 

feet 

feet 

none 

ft-lbs 

none 

none 

l/feet 

none 
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NC 

Nr 

n 

"b 

Prob. (A) 

or p(A) 

q' 

B 

Ri 

Be 

r 

Si 

a 

s 

Sin 

Sinh 

S.W.L. 

Security 
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Definition 

NuiT.ber of craft in the operation 

Number of rowa in rectangular array of craft 

Ratio of group velocity to wave velocity 

A3 30.' créât interval in refraction drawings 

Also: 2 ïï/V 

Number of treatere encountered by craft 

Subscript "o" refera to deep water 

Power trar.BOitted by a wave per unit length of 

crest per wave 

Probabl1Ity 
Also: Sub-surface pressure aasociated with 

wave motion 

Aloo Atmospheric preaaure 

The probability of a statement A 

Water particle velo ity in direction of interest 

A dimension 

Reading of a wave recording instrument 

Diatance between contours measured along an 

orthogonal 

Reynolds number 

Radlue 
Also' Coefficient of energy partition 

Also; Distance from end of breakwater to 

point {xfy) in diffraction theory 

Distance from the ocean bottom to a water 

particle 
Also; Real part; of diffraction function 

f(-u):S f Iw 

Chart scale 

Sheltering coefficient 

Subscript 'V refers to surface terms 

Sine 

Hyperbolic sine 

Still (undisturbed) water level. A datum 

RESTRICTED 
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Unit a 

none 

none 

none 

none 

l/feet 

none 

ft-lbe/eec 

per foot 

none 

feet 

as specified 

none 

ft/sec 

feet 

chart division 

feet 

nene 

feet 

none 

feet 

feet, 

none 

none 

l/ft'i 

none 

none 

none 
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Symbol 

T 

Definition 

Wave period 
Alsoi Temperature 

Sirnifican* wave period—the average period 
for the well defined series of highest waves on 

a record 

Units 

seconds 
degrees yscale as 

specified) 

seconds 

Significant wave period at end of decay 

T Significant wave period at end of fetch 
F 

Tan Tangent 

seconds 

seconds 

none 

Tanh Hyperbolic tangent 

t time 

none 

seconds unless 
otherwise specified 

Travel time of waves (from end of fetch to end 

of decay distance) 

Wind duration, interval of time wind blows at 
constant velocity in generating waves 

Modulus of wave decay due to viscosity 

hours 

hours 

hours unless 
otherwise specified 

^min 

U 

Y 

u* 

u 

V 

Minimum duration of wind in fetch area hours 

Velocity of surface wind 
knots, or as 
specified 

Velocity of mass transport 

Horizontal velocity of motion left after wave 
motion has been destroyed (Gerstner Theory). 
Alsot Approximate velocity of surface wind 

Water particle (horizontal component, positive 
in the direction of wave advance) orbital 

velocity 
Alsot Upper limit of integral term in 

solution of diffraction problem 

Velocity, other than wave 

Craft velocity 

ft/sec 

ft/sec 
knots 

ft/sec 

none 

ft/sec 

ft/sec unless 
specified as knots 

V Velocity of storm or fetch front 
F 

V Geostrophic wind velocity 
g 
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Symbol 

8c ? 

Definition 

Volume 

Water particle (vertical comjxjnent) orbital 

velocity 

Weight 
Alec ï Work performed by a wave per unit 

length of crest per wave 

Unit weight of water 
Also* Imaginary part of diffraction function 

f(,-u) .-S* iw 

Extraneous force in x direction 

Horizontal coordinate (arbitrary origin), 

positive in direction of wave advance 

Equilibrium position of particle, hox'izontal 

coordinate 

Horizontal displacement of particles from 

equilibrium position 

Extraneous force in y direction 

y 

z 

Vertical coordinate (arbitrary origin), 

positive when measured upwards 

Equilibrium pcsltion of particle, vertical 

coordinate 

Vertical displacement of particle from 

equilibrium position 

Extraneous force in z direction 

<* 

(alpha) 

Time between successive weather ma¡ i 

Also: Greenwich mean time 

Horizontal coordinate (arbitrary origin) 

measured perpendicular to direction of wave 

advance 

Angle of wave crest to bottom contours 

Also: Angle of wave approach, measured between 

the shoreline and the line of wave 

advan ce 
Also* Angle between gradient and surface 

winds 

klU IU1ÍJ1 jUUi ... . 

... 

ÓC* 
¡3CV, ‘ 

ESBTBiCrED 
• tty IrforttAticÄ 

Units 

ft3 

ft/sec 

pmmds 

ft-lbs/ft of 

crest 

lbs/ft3 

none 

Use appropriate 

unit s 

feet 

feet 

feet 

Use appropriate 

units 

feet 

feet 

Use appropriate 

uni ts 

hours 

hours 

feet 

degrees 

degrees 

degrees 

HXS^ICTZD 
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Symbol 

O 
(alpha) 

oc 

Definition 

Also* Phase difference between axis of "f11 
and **terms in diffraction theory 

Skewness coefficient 

Units 

radians 

none 

3 
(beta) 

Anuglar position of the water particle when 
the maximum horizontal particle velocity occurs. 
Also* Wave age, the ratio of wave velocity to 

the velocity of the generating wind 

degrees 

none 

(gamma) Resistance coefficient applicable to wind 

^ Change 
(Delta) Also» Craft displacement 

^ Wave steepness, H/L 
(delta) 

£ (Rji Rp)/^u 
(epsilon; 

0 
(eta) 

& 
(Theta) 

A 
(lambda) 

Surface elevation 

Angular displacement 

Also: Angle of variability in the direction 
of wave travel 

Horizontal distance from center of gravity of 
craft to the breaker crest center at the 
instant the wave breaks 

none 

as stated 
as stated 

none 

none 

feet 

Radians unless 
specified as degrees 

degrees 

feet 

X Critical; i.e., that distance between the^ 
C center of the breaker crest at the instan* 

the wave breaks and a point shoreward of the 
wave which, if the c.g. of the craft were within 
it at the time of breaking would pitch over, 
providing the breaker were over a critical 
height 

/1 Arithmetic mean 
(mu) Also: Absolute viscosity 

ï) 
(nu) 

TT , 
(pi) 

P 
(rho) 

Kinematic viscosity 

3.1U16 

Correlation coefficient 

JS Density of air 
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none 

none 
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Syrcbol 

6 
(si gma) 

r 
(tau) 

(phi) 

(psi) 

/1 
(orneRa) 

cO 
(oraeRa) 

WBTRICTIP 
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Definition 

Density of water 

Standard deviation 
Also* 2 777? 

Surface tension of water 

Drag force per unit area 

Velocity potential 
Also* Phase of diffracted wave 

Aximuth of direction of wave travel, in 
the direction of travel 
Also* Stream function 
Also* Direction from which the wave comes 

Angular velocity of the earth 

Angular velocity 

Units 

3 slugs/ft 

appropriate units 
1/sec 

ft-lbs/ft2 

lbs/ft2 

ftVsec 
radians, unies» 
otherwise stated 

degrees 
ftVsec 
Compass direction 

(true) 

radians/sec 

radian/aec 

L wa
rn
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MANUAL OF AMPHIBIOUS OCEANOGRAPHY 

SECTION It WAVES, TIDES, AND BEACHES 
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G. Currents in the Surf Zone 
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H. Statistical Properties of Wave Systems . 

SI. Summary of Beaches . 

I. Beaches 

J. Natural Beach Obstacles. . 

SK. Summary of Wind Tides 

K. Wind Tides . 
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SECTION I - WAVES, TIDES AND BEACHES 

A. 'WIND WAVES, SWELL AND SURF - INTRODUCTION 

BY 
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A. WIND WAVES. 3WELL AMD SURF - INTRODUCTION 

The waves which one encountera at sea and which eventually break along beacnea, 

reefs and cliffs are almost always caused by winds. Thore are other types of sur¬ 

face waves in the ocean such as those formed by a ship under way and the tidal 
waves (In reality, seismic waves (Tsunami) caused by earthquakes or landslides on 

the ocean bottom“, and in no way related to the tides) which occur occasionally and 

often cause great damage. The tsunami are very rare and the ship waves are oí little 

significance, except perhaps in harbors. The type which affect amphibious operations 

are the waves generated by winds blowing over the ocean surface. These ara oí 

extreme importance in the open see debarkation phase and are the ones that peak 

up and break on shore, causing the surf through which amphibious craft must operate 

in the ship to shore phases* 

Soon after these wind generated weves leave the storm area their height de¬ 

creases and the small, s+eep chop disappears; they are transformed into tne icng, 

smooth waves known as swell. The swell continue to travei across the ocean, «hen 

they near shor- a id re'SSTrT depth equal to about half their length .hey begin .0 
"feel bottom". They slow down and become shorter. 

If they travel into shoaling water at an angle with the bottom contours, then 

the wave bends in such a manner as to tend to become parallel to the contours. 
(This bending is due to the fact that each part of the wave travels at a vexoci -y 

dependent upon the depth of water under it, in shallow water.) This bending process 

is^nown as refraction. Because of it waves will bend around an isJ and or into a 

bay and hence the sKeTter in the lee is not as great as would be expects. 

When the swell traveling in shoaling water near a beach they begin to peak up 
rapidly. They become unstable, break and then continue to -un onto the b^aoh as 

lines of "foam". It is this surf, the origin of which is usually many mues away, 

that is of such great concern topersonnel engaged in amphibious landing.* 
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MANUAL OF AMPHIBIOUS OCEANOGRAPHY 

SECTION I - WAVES, TIDES AND BEACHES 

B. WIND WAVES AND SWELL IN DEEP WATER 

BY 

R. L. WIEGEL 
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(3) Wave length --------------3 
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(1) Velocity of wave propagation -- -- -- 4 
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(3) Orbital motion 

c. Short Crested Waves 

2. Wave Observations ----------------5 

a. Historical Observations -----------5 

(1) Wave heights --------------6 

(2) Wave lengths --------------9 

(3) Wave steepness ------------ -13 
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B. VflHD WAVES AND SWELL IN DEEP 'WATER 

1. Introduction to Wave Motion* 

The waves created by winds blowing over the ocean surface vary considerably 

in height, length and period. Being created by winds they are very low at first, 

increasing in size as the winds increase, as the fetch length increases and as the 

duration of the storm increases; then diminishing in size as the storms blow 

themselves out. 

a. Simplified Theory for Waves of Small Height: 

In order to arrive at an understanding of the nature of a phenomenon as 

complex as ocftan waves certain simplifications must be made. Accordingly, the 

first step is to determine the behavior of a simple series of waves of stable 
sinusoidal form; uniform height, length and period; and in which all elements of 
wave profile advance with the same velocity relative to the undisturbed water. 

A wave is described by its length L (the horizontal distance from crest to 

crest or trough to trough), its height H (the vertical distance from trough to 

crest) and its period T (the time interval, in seconds, it takes two successive 

crests to pass a Fixed point). See Figure IE-1. 

(l) Orbital motions Anyone who has looked at the ocean or at a 

lake has noticed waves traveling across the water surface. At first it appears 

as if the mass of water forming the waves actually moves across the water surface. 

Closer observation reveals the fact that the water particles, of which the waves 

consist, do not move along continuously. Instead, the particles move in circular 

paths in deep water (or elliptical oaths in shallow water), moving forward as the 

crest of the wave passes and brckwards as the trough passes. This can be seen by 

watching a cork or a small piece of driftwood floating on the ocean when waves are 

present. It moves forward as it rises with the crest and backwards as it descends 

with the trough ending up nearly at its original position, at which time the cycle 

commences again. This process has been indicated schematically in Figure IB-2 

(see also Figure IB-4). Thus, there are two modes of motion of such a wave. One 

is the progressive motion of the wave form and the other is the motion of the 

water particles of which the wave consists. 

Submariners know that if they dive 4eep they are no longer subject to 

motion, no matter how violent the storm. The surface water particles move in 

orbits with diameters the same as the height of the wave (Figure IB-3). At any 
instant all particles underneath the surface particles are moving in the same 

direction as the surface particles, but to lesser degrees. As the distance below 

the surface increases the orbital diameters decrease very rapidly (Figure IB-6a). 

In fact, as the distance below the surface increases in arithematical progression 

the orbital diameters decrease in geometrical progression until at a depth equal 

to half the length of the wave there is ro water motion at all, for practical pur¬ 

poses. This has been shown in Table IB-1, where the depths are shown as percent¬ 

ages of the wave length and orbital diameters as percentages of wave height. 
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TABLE 13-1 

' DECREASE OF ORBITAL W’lUKTER 

WITH DEPTH BELOW WATER SURFACE (IN DEEP WATER). 

Depth 

(£ of Wave Length) 0* % 10* 2Vt> 40* 60* 80* 100* 

Orbit Diameter 

{i of Wave Height) lOOjt lit 53.3* 28.5* 8.1* 2.3* 0.7* 0.2* 

The orbital velocities, V, of the surface water particles depend upon 

the wave height, H (feet), and period T (seconds), in the following manner 

(see Figure IB-5): 

V r it H/T feet per second 

Table IB-2 gives the orbital velocity of the surface particles for 

a wave one foot in height for various wave periods. In order to know the 

velocity of a two-foot high wave these values would be multiplied by 2; 

for a three-foot high wave, by 3; ®tc. 

TABLE IB-2 

SURFACE PARTICLE ORBITAL VELOCITIES 

OF A WAVE OHE FOOT HIGH (IN DEEP WATER). 

T 

(seconds) 4 6 8 10 12 14 16 18 20 

V 

(feet per 

second) 
0.79 0.53 0.39 0.31 0.26 0.23 0.20 0.18 0.16 

The velocity at any depth, z, below the water surface is 

V, : (tTH/t) z/l 
2« 

Table IB-3 shows how the velocity decreases with depth for a ten second 

wave. It can be seen that the velocities decrease as rapidly as do the or¬ 

bital diameters. 

TABLE IB-3 

DECREASE OF ORBITAL VELOCITY 

WITH DEPTH FOR A TEN-SECOND WAVE 

Depth 

(* of Wave-Length) 5* 10* 20* 40* 60* 80* 100* 

Orbital Velocity 

(* of surface 

orbital velocity) 

100* 73* 53.3* 28.5* 8.1* 2.3* 0.7* 0.2* 
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(2) Wave propagation: Once waves have been formed by the vind^they^ 
move across the ocean of theiFown accord rather than being putóed forward by -he 
wind. A person, after throwing a stone into a calm pond, will notice that the 
small waves run out, continued forward away fro. the point of initia! J aturbanc . 
The movement is due to a combination of surface tension «ravity. For waves 
over a foot in length the effect of surface tension i« negUgibl^ tue movement 
is due to gravity. In fact, ocean waves are often called gravity 
move forward across the ocean with a velocity which is much greater than that at 
which the water particles move In their orbits. This velocity of wave propagation, 
C0 , is given by the expression 

C0 : gr/2ir 

r 5.12 T feet per second 

; Vg/Z^^o 
; 2.26 feet per second 

- 3.O3 T knots 

Z 1.3UVL0 knots 

where g le the ecceleretiwa of gravity,* le 3.14, T la meaeured In eeconde and 
L0 in feet. Some values have been given in Table IB-4. 

TABLE IB-4 

VELOCITY OF WAVE PROPAGATION IN DEEP WATER 
WAVE LENGTH IN DEEP WATER 

T 
( seconds) 4 6 8 10 12 14 16 18 20 

ko 
(feet) 82 184 328 512 737 1004 I3IO 1658 2047 

Velocity 
(ft/sec) 20.5 30.7 40.9 51.2 61.4 71.6 81.9 92.1 102.4 

Velocity 
(knots) 12.1 18.2 24.2 30.3 36.4 42.4 48.5 54.5 60.6 

(3) Wave length: The defining relationship between the velocity, C, 
the period, T, and the wave length, L, is 

L i CT 

For deep water the wave length, Lq, is 

L0 : ¿r2/^ 

; 5.12 T2 feet. 

Some values have been given in Table IB-4. 
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b. 'ffave of Appreciable Hei^htt 

More complex theories have been developed for wave motion which 
take into consideration the fact that waves have appreciable height. These 
theories are presented in detail in another section of this Manual. Ex- 
jieriraunts have shown that most equations for waves of small height continue 
to be valid, as far as most practical applications are concerned, for waves 
of appreciable height. Certain of the findings from the theoretical studies 
are of great interest. 

(1) Velocity of wave propagationr Stokes found that the velocity 
of wave propagation was dependent upon the height of the waves as well as 
upon its length. Figure IB-7 shows experimental values compared with 
theoretical values. It appears that the more simple equation, for waves 
of small height, can be used for most practical purposes. 

(2) Wave profilet In the most simple theory the waves are sine- 
shaped, In the more advanced theories the crests are not similar to the 
troughs, but rather the crests are narrower than the troughs and the peak 
of the crest lies a greater distance abov*. the still water level than the 
bottom of the trough lies below. 

(3) Orbital motion: The orbital motion described in the more 
advanced theories are similar to those described in the simplest theory, 
except for one important difference. That is, the particle velocity is 
greater during its forward movement (with the crest) than in its backward 
movement (with the trough). The result of this is that the forward motion 
of the particles are not altogether compensated by the backward motion, 
so, in addition to an orbital motion, there is a small progressive motion 
in the direction of wave propagation. The orbits are open rather than 
closed. This motion, known as mass transport, has been verified exper¬ 
imentally (IB-15). Figure IB-8 shows a diagram of this type of orbit. 

c. Short-crested Waves: 

Previous theories have considered waves which were extremely 
long crested; that is, the crest lengths were many, many times as great 
as the distances between successive crests (the wave length). In nature 
the length along the crests are usually nearly of the same order of mag¬ 
nitude as the distança between crests and the resulting pattern looks 
diamond-shaped from the air (Figure TB-9). 

Recent theoretical woxk (IB-10) nas shown the velocity of short- 
erected waves to be larger than thac for long-crested waves. For waves 
of small height it was found that 

0„ -J eV2"’ ) 

= 2.26 (VI+ã^F ) feet per second 

where Lp is the deep water wave length in feet and L' is the distance 
along the wave crest, in feet. It can be seen that the shorter the wave 
along its crest compared with the wave length the faster it moves. Table 
IB-5 presents some valúes of this increase in wave velocity, compared 
with the long-crested theory, with increasing relative crest length, 
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TABLE IB-5 

VELOCITY OF SHORT CRESTED WAVES ($ OF LONG CRESTED VELOCITY) 

REUTED TO RELATIVE CREST LENGTH (L0/L' ) FOR WAVES IW DEEP WATER 

Relative Crest Length 

(Lo/L') l/l 2/3 1/2 1/3 1/4 1/5 1/6 

Wave Velocity 

(% of long-crested 

velocity) 
——-- 

118.9% 109.6# 105.7# 102.7# 101.5# 101.0# 100.7# 

Ü. Wave Observations;- 

The basis of all theoretical and applied work on the cause and effects of 

waves depends upon observations. Almost all observations, until recent years, have 

been visual, with the inherent errors. Some of the observations, historical and 
contemporary, ara present in this section. 

a. Historical Observations; 

tlost historical observations were made of the maximum wave encountered 
during severe storms at sea and most of these were of the heights of great waves. 

The accuracy of these observations have been discussed by Dr. Vaughan Cornish 
(IB-C) as follows: 

“Measurements of waves at sea by means of the eye are not susceptible 

of great accuracy; but the irregularity of the waves themselv-.s is so con¬ 
siderable, especially in their most important condition, which is during 

storms, that it is more useful to measure many waves somewhat roughly than 

to obtain (even if it be possible) the precise measurement of a few. The 

advantage of the mere number of observations does not, however, apply when 

we pass from rough measurements by careful observers to mere guessing at 

the dimensions of waves as seen on board ship. Measurements of the height 

of waves, for instance, taken in the usual way b^ finding the height above 

the ships water line from which a neighboring wave-crest just intercepts 

the horizon are believed to be accurate to within 1 foot in 10 when made 

by a practiced observer. This was the estimate of the late Lieutenant 

Paris, of the French Navy, for his observations, and the late Lord Kel’.’in 

informed me that he relied upon his own measurements to the same extent. 

Mien, however, an unpracticed observer, judging merely by the look of 
things from the deck of a ship, guesses the height, and length of waves, 

it is possible for him to err much more widely than he would on land, 

where he stands on a firm platform, with objects of known size in the 

neighborhood to afford a scale. The rolling of the ship, in particular, 

alters the apparent direction of the vertical s o as tc mislead the judge¬ 

ment as to height. It is difficult to say how widely these guesses may 

depart from fact, but I do not think it unlikely that waves of 20 feet high 

may, according to the circumstances, be guessed by unpractised or care¬ 

less observers, at anything from 10 to 30 feet. This a range of error 

of 100 percent, as against 10 per cent of the practised observer." 

In regard to the estimation of wave lengths at sea. Dr. Cornish (IB-7) 
states : 
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"tfatchiiig a small tramp steamer as it was raised and lowered 
bodily by the swell, I was struck by the fact that when she was 
on the top of the billow the water lay almost level along her 
side» This at once suggested to me an explanation of the dis¬ 
crepancy which I had often noted between the wave-lengths calculated 
from the period (or interval of time between the passage of the 
crests) and the estímete? from the apparent position of the crests 
along the side of the ship on which I was travelling. My own 
estimates, and also those of navigating officers with whom I com¬ 
pared nctes. were quite out of accord with the calculated length, 
being invariably much less than the latter. It now occurred to 
me that the eye was deceived! that attention was fixed upon the 
steep sholders of the advancing and receding waves, and that the 
considerable part of the wave-length comprised in the greatly fore- 
shorTened, nearly flat, top had escaped observation." 

(l) Wave heights* The wave dimension which has been most often 
noted by observers is the wave height, especially for great waves during 
severe storms. There have been many accounts in the logs of ships during 
the eighteenth century of tremendous waves. However, in the light of more 
reliable observations it is believed that these accounts are in consider¬ 
able error. Although observers have recorded that they have seen waves 
fifty and sixty feet high during severe storms of hurricane force they 
are extremely "rare. Captain D» D, Gaillard, II. S. Army, (IB-Il) collected 
the most reliable obse’-vations in his book. These have been presented 
in Table IB-6. 

TABLE IB-6 

HEIGHT, IENGTH AND PERIOD OF OBSERVED OCEAN WAVES 
ARRANGED ACCORDING TO HEIGHT 

(1) 
)ate 

(2) 
Locality 

North Pacific 

1885 South Pacific 
184( Atlantic 
1894 * 

Wick Bay 
190dNorth Atlantii 
189! South Atlantic 
190( 
190( Peterhead 

South Pacific 
Indian Ocean 

w * 

South Pacific 

(3) 
Force 

of wind 
Beaufort 
Scale) 

10,0 

50-89(b) 

189 
183Í 

(a) Greater than 50 
(b) Miles per hour 

9.C 

(4) 
State 

of sea 

Heavy 

Genfusee 

Confusec 

(5) 

Haight 
(Hq) 
feet 
(a) 

46.0 
43.0 
40. C 
40.0 
40.0 
39.4 
3 7.7 
35.0 
36.0 

33-36 
33.6 
32.8 
32.0 

(6) 
Wave 

Lang th 

(i.) 
feet 

765 
559 

701 

600 

374 
424 
380 

(?) 

Rrioc 
(T) 
secs 

16.5 
11.7 

11.7 

15.0 

7.5 
9.1 
3.7 

(8) 
Ratio oí 

Length 
to fëigh' 

Lo/Ho 

(9) 

Authority 

16.6 
13.0 

17.8 

16.0 

11.1 
12.9 
11.9 

Photographs from Chpt 
Z.L. Tanner, U.S.Nwy 
Abercromby 
Wm. Scoresby 
Officers Nonnania 
Thos. Stevenson 
Vaughn Cornish 
Dr. Schott 
Lt. Paris 
Wm. Schield 
Novara 
Capt. Chuden 
Lt, Paris 
Dr. Schott 
Commodore WiIkes 
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(2) 
883 

1886 

883 

985 

1895 

1895 

1885 
892 

895 

892 

892 

.885 

.886 
1886 
886 
1886 

1896 

1896 

1896 

1895 

1895 

1887 

1885 

1892 

1895 
1892 

1887 

1887 

1892 
1892 

1887 

Pacific 
it 

South Pacific 

Pacific 

South Pacific 
H If 

South Pacific 
North Atlantic 

South Atlantic 

(3) 

N 

N 

ft 
ft 

South Pacific 

Pacific 

Atlantic 
n 

Pacific 

South Atlantic 
n ■ 
n n 
n ■ 
« n 

Caribbean 

Pacific 

Indian Ocean 

South Atlantic 
n « 

Caribbean 

Atlai tic 
North Atlantic 

Indian Ocean 

Caribbean 

6.0 
1.0 
5.0 

4.0 

6.0 
6.0 
2.0 
0.0 
6.0 
5.0 

2.0 
3.0 

1.0 
4.0 

0.1 
1.0 
4.0 
5.0 

5.0 
4.0 

4.0 

3.0 

0.0 
2,0 
6.0 
5.0 

3.0 

4.0 

1.0 
5,0 

3.0 

(4) (5) 

onfusQt 

Swell 
onfuse< 
n 

tegular 

tegular 

lonfuset 

tegular 
n 
h 

n 

n 

tegular 
n 

Confuse( 

tegular 
n 

Confusec 

tegular 

8.0 
8.0 
8.0 
8.0 
7.5 

7 *5 
7.0 

6.6 
6.6 
6.6 
6.6 
6.0 
6.0 
5.0 

5.0 

5.0 

4.9 

4.9 
4.6 

4.6 

4.3 

4.0 

4.0 

4.0 

3.9 
3.6 

3.3 

3.0 

3,0 

2.6 
2.6 
2.0 

(6) 

191 

400 

249 

100 
131 

115 

100 
328 
98 

123 

158 
100 
80 

261 

3lt 
o0 

131 

98 
115 

148 

82 

500 

100 
50 

134 

115 

119 

50 

30 

162 

108 

40 

(7) 
6.1 

10.0 
7.0 

7.0 

6.0 
6.0 
6.0 
7.4 

6.0 
5.0 
6.3 

6.0 
5.0 

7.7 

8.3 

5.0 

5.0 

4.5 

4.8 

5.0 

14.0 

0.0 
8.0 
5.0 
5.0 

5.2 

4.9 

4.0 

3.0 

5.2 

4.6 

4.0 

(8) 
23.9 

50.0 

31.1 

12.5 

17.5 

15.3 

14.3 

49.7 

14.8 

18.6 

23.9 
16.7 

13,,3 

52.2 

62.6 

12.0 
26.7 

20.0 
25.0 

32.2 

19.1 

126.0 

25.0 
12.5 

34.4 

31.9 

36.1 

16.8 

10.0 
62.3 
41.5 

20.0 

(9) 

Officers, U.S.Nav; 
n ft 

Lt. Gassenmayr 
« 

Of ficers.U.S.Navy- 

Dr. Schott 
Lt. Gassenmayr 

Dr. Schott 
Lt. Gassenmayr 
Officers,U.S.Navy 

n 
n 

it. Gassenmayr 
n 

Devere11 
Officer,U.S.Navy 

n n 

Dr. Schott 
Lt, Gassenmayr 

Dr. Schott 
Officers.U.S.Navy 

h « 

Dr. Schott 
n 

Of ficers.U.S.Navy 

Although high waves do occur during severe storms the waves more often en¬ 

countered are very much smaller. These have been tabulated by Bigelow and Edmun- 

son (IE-2) (after Arnold Schumacher) and are shown in Table IB-7. 
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TABLE IB-7 

RELATIVE FREQUENCY OF L'AVES 

OF DIFFERENT HEIGHTS IN DIFFERENT REGIONS 

Region Height of Waves, in Feet 
0-3 

oi /0 

3-4 

of 

4-7 

% 

7-12 
cf /0 

12 - 20 

% 

<. 20 

% 
North Atlantic, between 
Newfoundland and England 

20 20 20 15 10 15 

Mid-equatorial Atlantic 20 30 25 15 5 5 
South Atlantic, latitude 
of southern Argentina 10 20 20 20 15 10 
North Pacific, latitude of 
Oregon and south of Alaskan 
Peninsula 

25 20 20 15 10 10 

East equatorial Pacific 25 35 25 10 5 5 
'.Vest wind belt of South 
Pacific, latitude of 
southern Chile 

5 20 20 20 15 15 

Sorth Indian Õcean, north¬ 
east monsoon season 

55 25 1Ò 5 0 0 

Norata Indian Ocean, south¬ 
west monsoon season 

15 lS ¿5 20 15 10 

Southern Indian Ocean between 
Madagascar and northern 
Australia 

35 25 20 15 5 5 

West wind belt of southern 
Indian Ocean on route between 
Cape of Good Hope and southerr 
Australia 

10 20 20 20 15 15 

(2) Wave lengths t Gaillard (IB-11) compiles two tables in which ob¬ 
served wave lengths were presented. These have been reproduced for this Manual in 
Table IB-6 and IB-8. 

TABLE IB -8 

COMPARISON OF OBSERVED AND COMPUTED VELOCITIES 
OF DEEP-WATER WAVES 

RESTR 
Seeur 

Wave 
Height 

(1) 

Wave 
Length 

(2) 

Wave Velocity (feet per second) 

Computed 

(3) 

Observed 

(4) 

Difference, 
columns 

(3) and (4) 

24.6 
46.0 
36o 1 
37.5 
13.1 
43.0 
25.0 

1,121 
765 
650 
600 
571 
559 
500 

75.8 
62.5 
57.6 
55.4 
54.1 
53.5 
50.6 

77.3 
46.4 
58.0 
40.0 
57.1 
47.7 
38.5 

-1.6 
♦ 16.1 
-0.4 

♦15.4 
-3.0 
♦5.8 

♦12.1 
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TABLE IB-8 (Continued) 

Bigelow and Edmondson (IB-2) (adapted from Krummel) also have tabulated 
some interesting data on wave lengths (see Table IB-9). They state, 

"Anyone who has seen ripples grow to whitecaps under a rising wind and 
wholes watched whitecaps develop into a sea knows that the waves gro 
longer as they gain in height. And the linear distance from crest to 
crest increases much more rapidly than does the absolute height th® 
waves, provided the shape of the latter (i.e., the ratio between its length 
and its height) continues approximately the same, f°r waves are invariably 
many times as long as they are high. If a 5-foot wave, 100 feet long (a 
common proportion of height to length), doubles in size, for example, 
its length increases by 20 times as much (by 100 feet) as its heigh ( y 
only 5 feet). And this ircrease in length of the wave continues not only 
as long as its height is increasing rapidly, but even after it has 
ed the maximum height to which the particular wind in question can raise 

it." 
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Table IB-9, "abbreviated from one already published, gives at least 

a rough picture of the average lengths of the waves to be expected 

out at sea with winds of different strengths." 

TABLE IB-9 

AVERAGE LENGTH OF WAVES, OBSERVED AT SEA, 

ACCORDING TO THE STRENGTH OF THE WIND 
(Adapted from Krummel) 

Wind Waves, 

Average 

length, 

in feet Beaufort Scale Description 

Velocity 

Knots 

2 

4 , 
6 

8 

10 

Light breeze 

Moderate breeze 

Stiff breeze 
Moderate gale 

Strong gale 

11 
20 

30 
42 

56 

52 

124 

261 
383 

827 

"The averages presented in [Table IB-S^.» which were based on a 
large number of observations made 1¾.. different regions, show that 

ocean waves are usually more than 100 feet long from crest to crest, 
unless the wind is very light. A similar tabulation [[Table IB-IOJ, 

based on other published measurements of waves from 4 to 46 feet 

high and more than 60 ,'eet long, also shows that storm waves are 

not ordinarily longer than 450 to 550 feet in the North Atlantic 
or North Pacific, and perhaps a little longer, though not averaging 

so, in high latitudes in the South Atlantic and South Pacific. 

To find really long storm seas, we must turn to the so-called 

•Sou-t-hern Ocean’, on the route from South Africa to Australia, 

r' the seas are commonly as much as 600 to 800 feet long in 

heavy gales. An average of 775 feet has, in fact, been recorded 

there for an entire day, with occasional waves 1,200 to 1,300 feet 

long." 

TABLE IB-10 

LENGTHS OF STORM WAVES OBSERVED IN DIFFERENT OCEANS 
(Adapted from Gaillard) 

Ocean Area Wave Length, in feet Number 

of Cases 

Maximum Minimum Average 

North Atlantic 

South Atlantic 

Pacific 
Southern Indian 

China Sea 

559 

701 

765 

1,121 

261 

115 
82 

80 
108 

160 

303 

226 

242 
360 
197 

15 

32 

14 
23 
3 
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It should be emphasized that these observations were of waves in the stonn 

area and not of swell which may be much longer (and usually very much lower in 

height). 

(3) Wave steepnesst The steepness of a wave is the ratio of the wave 

height to its length (or vice versa). Gaillard (IB-Il) tabulated many observations 

of wave steepnesses of the highest waves observed (Table IB-6). 

(4) Wave velocity: The wave velocity measurements made by Gaillard 

(IB-Il) have been presented in Table IB-8. 

(5) Wave period: A tabulation was made by Gaillard (IB-Il) of the ob¬ 

served periods of the greatest waves by various observers. This has been shown 

in Table IB-6. 

b. Contemporary Observations: 

Within the last twenty years, or so, considerable advances have been 

made in the observation and measurements of waves. Some of the observations have 

been made from lightships, weather ships, etc. Measurements have been made by 

sbereophotogrammetric means, by motion pictures of waves moving past graduated 
poles and spar buoy, by electrica] surface gages and by bottom pressure recorders 
(discussed in another section of this manual). A brief discussion of some of these 

measurements is presented in this section, 

(1) Stereophotogrammetric studies: During the years 1925-27, Dr. 

Arnold Schumacher (lb-18) took a large number of stereophotographs from which he 

made derailed contours of storm waves at sea. These show the complexity of waves 

in the generating area. Figure IB-10 shows one of the wave contours that he 

developed. 

Additional work along these lines was performed by Weinblum and Block (IB-23) 

during 1934 aboard the ship "San Francisco". Figure IB-lla shows the stereogram- 

metric plot of one set of photographs (set 24) and Figure IB-llb shows the wave 

contours through sachions AA, BB and CC of the plot, 

(2) Graduated poles: A few measurements of waves in deep water were 

made by the Waves Investigation Group of the University of California during 

January, 1945 (ID-9). The trip was undertaken in order to test the practicability 

of cu:tain instruments for recording waves in deep water. Two sample records of 
waves passing a graduated pole are shown in Figure IB-12, together with photo¬ 

graphs of the sea at that time. 

(3) Weather and light ships: 

(a) Columbia River Light Vessel: During the period from August 

1933 to August 1936 observations were made twice daily by officers of the Columbia 

River Light Vessel (located several miles off the mouth of the Columbia River in 

the Pacific Northwest). Wave heights and lengths were estimated, using the kn/wn 

dimensions of the ship as a scale; the wave period was measured by counting the 
number of wave crests passing a fixed point on the ship during a constant time 

interval; the wind velocities were estimated in terms of the Beaufort scale; and 

the wave and wind directions were reported to the nearest point of the compass. 

These observations have been collected and summarized by M. P. O'Brien (IB-16). 

Table IB-11 is from this report. 
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Percentage of 

January 
February 
March 

TÜ" 

■^"l to 

9.4 

April 
May 
June 
July 
August 
September 
October 
November 
December 

6.6 
8.4 
4.5 
6.2 
5.7 
4.4 
6.1 
6.4 
7.9 
9.9 

10.6 

310 
280 
326 
227 
252 
192 
275 
193 
238 
293 
296 
325 

Hq “ wave height in feet 
crests in seconds 

'"»tal Observations Picure Soeclfln 1 
Ftn r~~~~ 5Ü 

86y 
3.4 
9.5 

10.0 
7.9 
7.6 
9.0 
8.1 
8.1 
9.5 
8.5 
9.2 

«o 

O Q %J 

3.8 
4.4 
2.7 
3.9 
3.3 
2.5 
3.6 
3.8 
4.9 
4.8 
6.3 

107 
130 
242 
112 
172 
125 
178 
168 
180 
210 
223 
239 

7.2 
7.0 
7.5 
7.5 
6.4 
6.0 
6.7 
6.1 
6.5 
6.9 
7.0 
7.2 

Lf; “ wave length in feet 

2.9 
1.9 
2.5 
1.3 
3.1 
1.3 
1.2 
1.6 
1.8 
2.4 
2.7 
4.0 

68 
82 

159 
65 
88 
71 
45 

134 
78 

110 
177 
153 

5.6 
4.8 
6.1 
4.8 
5,0 
4.2 
4.0 
4.1 
4.6 
4.6 
4.3 
5.5 

T = wave period 
between 

«d by trained observers 
least relatively if no^ aW^i SültS are beli0™d to be at 

obtained by onl/a few different observe™0 Ynt£rVtrrd ^ 
at the light vessel is sufficient that all"w^s were YtYd 
type; i.e., depth greater than half the wave length " <i**P-"ater 

O’Brien further states "in consider!™ ^ + 
that any point on the surface nfîï«rig4 &ta* 0ne must rec&11 
than one sot of“eve! Iñd t^t L ^ ^ ÍS USUany dl»tdrb.d by .ore 

between the. unlesl thèv ere IrtedîvTf? “ t0 
Since the waves ere trochoidaT rTt'Hl d;ff8r?nt ^ length and height, 
result in reinforcement of coincident ere Y Y1' suPerPosition will 
coincide, the crest will sti* 1 be ev!d«n+- ,but wbere a crest and trough 

^'th^^anri::: “¡ríFobs—d Ä 

made in deep water, but would have noYfY tí °bservations are 
breakers which would he f!C tíífQct on the period of the 

energy, fc^d erpLt then" ÎtatT^îb °f th6ir 
in deep water would be less thiw tho .tbe averaF:e the period observed 
nation is found to hold true et the ^ 

srSHSrrit mS""“?!“5"1-" 
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superposition would tend to cancel out. However, an observer would probably give 

greater weight to the large waves resulting from reinforcement of wave crests but 

no estimate of this error is possible." 

The observers also notei the directions from which the waves were coming. 

These data have been summarized in Table IB-12. One column lists the percentage 

of observations from various directions while the other column lists the percent¬ 

ages weighted in proportion to the square of the observed wave heights (i.e^, 

according to wave power). 

TABLE IB-12 

Direction 

N 

NE 

E 

SE 

S 

SW 
w 
NT! 
Calm 

Percentage of 

Total Observations 

Percentage Weighted 

in Proportion to Hq^ 

0.73 

1.80 

3.18 

2.38 

15.02 

18.74 

30.03 

16.57 

11.54 

0.57 

1.44 

1.26 

3.30 

25.14 

36.36 

23.70 

8.24 

(b) German Lightship observations in the North and Baltic Seas ï 

During the winter of 1930-37 observations of the staie of the sea were made Toy 

the captains of several German lightships. A summary of their findings (IB-14) 

are presented in this section. Most of the data presented in the reference was 

ootained by experienced captains on anchored lightships and hence are undoubtedly 

more reliable than the great number of observations from moving ships at sea. For 

a time a DVL wave meter was available. Figure IB-13 shows the comparison of the 

observations of one of the ships masters with the recorded dimensions. The com¬ 

parison of other observers were similar. 

Figure IB-14 shows the locations of the observation stations while Figure 

IB-15 presents wave height observations taken from many of these stations. Figure 

IB-16 presents the frequency diagrams for wave heights and state of the sea for 

three of the light ships. Fieure IB-17 presents the comparison of estimated wave 

heights and wave lengths for one of the lightships. 

(4) Wave recorderst During recent years several types of wave recorders 

have been developed and installed in various locations. These all record shallow 

water waves. Deep water conditions have to be computed from these records by 

means of theoretical relationship. These recorders have been built and operated 

by the Admiralty Research Laboratory in Great Britain; and by the University of 

California, Scripps Institution of Oceanography, Beach Erosion Board (Corps of 

Engineers, U. S. Army) and the Woods Hole Oceanographic Institution, in the 

United States. All of these instruments measure, in effect, the height and period 

of the waves. The various instruments used are described in another section of 

this Manual. 

A sample of the data that has been obtained is shown in Figure IB-18. 
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c. ffavo climates: 

Just as the:6 is a weather climate for a region so there must 
le a wave climate. It is even more important, in amphibious op.rations, 
to know the tfave climate than it is to know the weather climate. It is 
necessary to accumulate wave records for many years (or to hindcast wave 
conditions from historical weather maps) to develop the wave climate for 
a region. A typical example of some of the data necessary is shown in 
Figures IE-1S and 19* which is for Camp Pendleton, Oceanside, California, 
(IB-22) 

3. State of the Sea 

Often one hears the term "state of the sea" used by sea-faring men. 
The term "sea" is used to describe the state of the ocean surface existing 
in a storm área (i.e„, in the fetch); "sea" being the waves caused by the 
wind at the place and time of observation. The state of the sea is 
normally reported according to the Dcuglas Sea Scale. This scale, to¬ 
gether with the wind velocities (in knots and according to the Beaufort 
Scale) which probably are associated with the given "sea" have been given 
in Table IB-13*. 

Often the only waves present in a storm area are those being formed 
by the winds in that area; however, there are other times when "swell" 
(waves which were formed by past winds or by winds at a distance from the 
area in which the observation is being made), a relatively low, undulating 
sea surface, is present, perhaps moving in the same direction as the "sea* 
or perhaps in some other direction. Because there may be a combination 
of "sea" and "swell" in a particular storm area the question of how to 
describe the state of the sea has arisen. 

According to "Instructions to Marine Meterological Observers"(IB-21) 
(U.S. Weather Bureau, Circular M, 6th ed„, 1938, pp. 53-55) "The . . . 
scale ^Table jB-13, columns 1, 2 and sj should be used in classifying the 
character of the sea disturbances. In recording observations in accordance 
with this scale, ’sea’ may be considered to be composed of swells, com¬ 
bined with waves produced by the winds at the place of observation," 

However, the following statement is made in the "Admiralty Weather 
Manual" (1939)(IB-5) "Careful distinction should be made between sea and 
swell, sea being the waves caused by the wind at the place and time of 
observation, while swell is the wave motion due to past wind or wind at 
a distance. The direction from which the swell comes should be noted to 
nearest compass point." 

Another scale which is often associated with state of the sea des¬ 
criptions is the Beaufort Wind Scale which describes the deep sea signs 
for each classification of the wind (IB-3), This scale is presented in 
Table IB~14**0 

*Taken from Table III of "Wind, Waves and Swell, Principles of Forecast¬ 
ing", H. 0. Publ. Mise. 11, 275j(Reference IB-19). 

Taken from "American Practical Navigator, p. 52 (Reference IB-3). _ 
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U Generation of Wind Wavea 

19 

Cor.der a calm area of the ocean surface juet at) a breeze bc-gine to blov^ 
The surface remains glassy until the wind increases to a little over three or four 
knots Then small ripples form. As the wind speed increases to aoout six knots 
these ripples are formed over the entire area upon which the wind ie acting. These 
ripples are capillary in nature and unless energy is continually added to them by 
the wind they would soon die out due to damping by the internal viecoelty of the 
water» 

The two mechanisms by which it Is believed that these ripples are increased 
in size to become gravity wa^es are (i) the normal pressure forces (push, and (11) 
the tangential shear stress (drag) of the wind blowing over the surface. 

Consider a wind blowing over the surface of a small wave. Due to the shelter¬ 
ing effect of the surface of the wave there exists an excess cf pressure^on the ^ 
windward side over the lee side. Hence, energy is added to the wave by "pushing 
on It. The amount of sheltering depends upon the shape of the wave and the relative 
velocity of the winds. Also the greater the wind velocity compared to the wave 
velocity the greater the rate at which energy ie added. If the waves are built up 
so that they are moving at the same speed as the wind then no more energy can be 
added by this mechanism. 

The second mechanism by which energy transfer takes place la tangential drag. 
The wind blowing over the surface of the wavelets tends to drag the surface layer 
of water particles along with. it. This layer drags the next layer below it (by 
the mechanism of viscosity) which in turn drags the layer below it and so on, the 
effect decreasing very rapidly with distance below the water surface. The small 
waves, then, are not sinusoidal in shape, but rather the peaks are steeper and the 
troughs flatter than a sine wave; the water particl&u have greater forward vel¬ 
ocity at the crest of their orbital motion than with reverse velocity at the trough. 
Thus energy Is continually added to the wave by tangentla^ drag. 

The first paper on this subject. I.IB-20) stated that the wave velocity could 
exceed the wind velocity because of energy transfer by tangential stress. Other 
Investigators (IB-17) re-examined the theory and found that the original invest¬ 
igation was inconsistent to the degree of approximation used. They concluded that 
their "analysis limits the growth of waves to the region where the wave velocity 
is lese than the wind velocity. Equation (37) of Sverdrup and Munk I IB 20) does 
not limit the wave velocity for positive transfer, and their data show waves being 
generated with wave velocities exceeding the wind velocity. However, the data 
recently gathered by Johnson (IB-12) shows that the majority of waves generated 
are in the region [where the wave velocity is less then or equal to the wind ^ 
velocity] , only a comparatively small number [traveling faster than the wind]. 

"Two such conditions suggest themselves. Waves may be generated in a region 
of substantial velocity gradient; hence, measured wind velocities may be iower 
than the velocity of the undisturbed flow. This would create the impression that 
the waves are moving faster in relation to tne wind than they actually are 
Secondly, short period waves in the generating area may disappear, transferring 
their energy to other waves . Such waves might occasionally exceed the wind 
velocity," 

By means of these two mechanisms energy is continually added to the waves, 
Increasing their slae and velocity. Generally, tie longer the wind blows, the 
faster it blows, and the greater the distance over which it blows (the fetch length), 
the larger the waves grow. This is easy to understand. The faster the wind blows 
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the greater the rate at which it can impart energy to the wave, the longer 

it blows the longer it can add energy to the waves and the greater the 

distance over which it blows, the longer the time it can add energy to the 

wav-s. Figure IB-20 shows the increase in wave height with increasing 

wind velocity for a constant fetch length and steady state conditions (IB- 

13). Figure IB-21 shows the change in height with increasing fetch length 

for a constant wind speed and steady state conditions (IB-4). 

There are certain limiting factors however; hence, even if the wind 

velocity, duration time of the wind, or fetch length increases abrve these 

limits, the waves will not continue to grow# 

In order to understand some of these limitations, consider a steady 

wind blowing over a constant fetch in the ocean. Snail waves will be 

C* 

formed over the entire fetch. As the waves travel across the fetch they 

are continually built up by the wind adding energy to them. Hence, at the 

end of the fetch, CC*, the waves at first increase in sice with time. 

However, after a certain time, and as long as the wind has remained fairly 

constant, the waves at the end of the fetch will reach a steady state 
condition in that they no longer increase with timo. This is because the 

waves initially formed at AA', the start of the fetch, have had the time 

to travel to CC, the end of the fetch; i.e., these waves have been acted 

on for the greatest possible length of time. This time is loaown as the 

"minimum duration" and no matter how long the wind blows (unless it changes 

in velocity) after this time the average height of the waves will no long¬ 

er increase or decrease with time. 

In other words, for a given fetch and wind velocity the height of 

the waves leaving the fetch area will depend upon the length of time the 

’•rind blows until it has blown for the "minimum duration" associated with 

that fetch. For a wind blowing a long time as is often the case in the 

ocean, the miTHmum time is usually exceeded. Hence, the controlling 

factor is usually the length of the fetch. However, for a given wind 
velocity there exists a limiting fetch length. This is because energy is 

added to the wave probably only so long as the wave velocity is less than 

the eeostrophic (not, however, the surface wind) wind velocity. Hence,^ 

a wind b lowing"’over an unlimited fetch will continue to build up the waves 

until this velocity is reached. 

The wind doesn’t remain constant, but continually varies both in 
direction and in magnitude so that waves never build up in a simple manner# 

Instead of a system of regular oscillatory waves leaving the generating 
area, waves, the dimensions of which vary in a statistical manner, are ob¬ 

served. In addition, laboratory experiments (IB-13) have shown that a 

constant wind blowing over a contant fetch produces a spectrum of wave 

heights and periods (Figure IB-22). Because of this the waves must be¡gTBICT1D 
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5. Travel of Swell in Deep Watert 

a. Transformation from "sea11 to 11 ewe 11111 

If the demarkation from the generating area to the calm region were 

sudden, one would observe the same phenomenon as is noticed in the laboratory 

(IB-4). That is, the waves decrease in height very rapidly and become much 

smoother than when in the fetch. In the ocean, however, the waves travel through 

regions of decreasing winds and then finally into a relatively undisturbed area, 

so the change is more gradual. Even so, the major change probably occurs within 

a few miles. The waves have transformed into the relatively smooth "swell". As 

the swell continue to travel through regions of calm they slowly loose energy through 

air reristance and, to some extent, by the mechanisms of viscosity, and eddy vis¬ 

cosity. 

Figure IB-21 shows a series of photographs taken of the formation of waves by 

winds in a wave channel, together with photographs of these same waves transform¬ 

ing after they leave the generating area. It can be s een that at the end of the 

fetch small waves are being created upon the larger waves coming from the begin¬ 

ning of the fetch. It can be seen that these very short waves disappear rapidly 

and that the sea transforms into swell soon after leaving the fetch area. 

b. Wave spectrum» 

An observer stationed high above the area in which wind waves pass from 

the fetch into area of calm (the decay area) would notice that the waves in both 

regions were of a great variety of heights and lengths. If he were to follow a 

particular wave crest he would notice thai it would gradually disappear; he would 

also notice new crests form. 

An observer watching the waves leaving the fetch and measuring the distance 
between the successive crests as well as the heights would have a true picture of 

the surface waves at that particular point without having a true picture of the 

phenomenon. This is because the surface phenomenon is a result of other complex 

phenomena. Because there is a spectrum of lengths and heights present there 

must be some sort of group phenomenon; that is, there are no permanent wave forms. 

Instead, the "humps" (oailed wave crests) gradually appear and disappear. The 

longer waves of the."group", travelling with greater velocities than the shorter 

waves, gradually move ahead, with the shortest waves dropping behind. Hence, a 
spreading of wave train occurs. 

In order to understand what happens in an actual case, where the fetches 
vary in area, the winds vary in speed and direction and storms that last for dif¬ 

ferent lengths of time one must first consider the simplified case of a fetch of 

a constant area and location with winds which immediately spring up to a constant 

velocity and remain at that velocity for a short time (long enough to form a con¬ 

siderable number of waves) and then die down immediately. In addition, the decay 

distance must be long enough for a complete segregation to take place. After the 

storm has ceased, a large group of waves will be travelling across the ocean. An 

observer travelling with the group would notice that the long (high period) waves 

would gradually move in front of the group and the very short waves would be left 

at the rear of the group. The longer the group traveled the greater would be 

this segregation. If the group were to travel many thousands of miles, and were 
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there no other disturbances, this "stretching" of the group due to segre¬ 
gation would become complete. An observer at a fixed distance from the 
fetch would notice a steady decrease in period as the waves passed by. 

» 

Actually, the duration of the storm and the relatively short decay 
distances (evun several thousand miles) are such that complete segregation 
never takes place. In local storms relatively no segregation takes place 
and the lengths (hence, period) between crests of the surface profile are 
always very short, even if the winds were great, the fetch long and the 
duration long. As the "decay" distance increases the amount of segregation 
increases and so the long waves (the so-called "forerunners of storms") reach 
the coast before the main body of the waves. For a particular storm the 
longer the decay distance the greater is the time between the arrival of 
these "forerunners" and the main body of the waves, consisting of the rel¬ 
atively unsegregated section. 

The normal case is even more complicated. For example, suppose the storm 
lasts for three days and that it only takes one day for the medium length 
waves to reach the section of coast that is being observed. The longer waves 
are being continually generated as are all the other wave lengths. Thus, 
even as the first of the shorter waves are arriving at the coast the longer 
waves, which were being formed after the shorter waves have left the gen¬ 
erating area, overtake the shorter waves and arrive at the same time. 

It can be seen then that a section of a coast a considerable distance 
from a storm will be attacked by long, low waves first with the mean period 
of the waves (with period being the time necessary for two "successive" 
crest*to pass a fixed point) decreasing with time but with the spectrum 
width about the mean increasing. The wave heights will be increasing be¬ 
cause the greatest amount of energy is concentrated in these medium waves. 
As the last of the waves reach the coast an abrupt decrease in wave period 
and height will be observed. The average "period" of even these short 
waves, at the coast, will always be longer than the period observed at the 
end of the fetch because of the spreading phenomenon and because the smallest 
wave will have been either "captured" by the large waves or dissapated. 

Actually the phenomenon is even more complex than has been described. 
The winds gradually rise to a maxinum, and then decrease again generating 
longer waves as they increase and shorter waves as they decrease. At the 
same time usually the fetch varies in length and the storm moves. 

As an example consider the wave spectra at Pendeen, England, during 
the neriod 14 to 18 March, 1945, which has been presented in Figure IB-25 
(IB-1). The wave record at tendeen was analyzed by a frequency analyzer 
so that the component period spectra was obtained. It can be seen that 
the "forerunners" of a new storm first appeared at 1300 on 14 March 1946. 
The mean of the periods gradually decreased while at the same time the 
width of the spectra increased. 

o. Group velocityt 

As has been mentioned previously the velocity of a wave in deep 
water depends almost entirely upon its length (wave period). This relation¬ 
ship may be seen in Table IB-4. However, this is the velocity of waves of / ' \ 
permanent form and not the velocity of the group of waves. 
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An observer aboard a ship watching the bow waves fora will notice that as the 

group of waves travel away from the ship the leading waves gradually decrease in 

height while at the same time new waves fora at the rear of the group, the total 

number of waves in the group remaining constant. Hence, the group of waves trav«.s 

at a different velocity than do the wave forms. In deep water this group velocity 

is one half that of thft individual waves. Becaupe of this it takes twice as long 

for a group of waves to travel a given distance than it Would if the group was 

traveling at the velocity f individual waves. 

At the present time evidence indicates that the waves traveling from a storm 

area to the coast travel at a velocity equa’ to the group velocity associated 

with the period of the waves that arrive at ¿he coast. For example, sixteen second 

waves (1310 feet long) travel at a velocity of 48.5 knots; however, the group of 

waves would travel at 24.3 knots. Hence it would take the group 41 hours to travel 

1000 nautical miles. 
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Still Wottf Ltv«l 

b. Advonc« of wave, »howing th« wovo profil« ot th« tim«» 

t«0, t*T/4 and t«T/2. In th« tim« T/2 th« wov« ho» 
advanced on« half wov« l«ngth, L/2. 
-" FIGURE IB'I 

Successive position« of water partiel« os wov form odvonc«». 

FIGURE IB'2 
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FIGURE IB-4 Oirtctiont o( orbital movomtnt of Mttr porticlo* in different portt 
of wind wove* odvoncing in direction of lorge arrow

. Co ^ • Vdlocity with which the
' «Mve form more* forward

FIGURE IB-5

I_L___ :
o d * 2 o' 

L = 3.8'
H = 0.2' 

d/L = 0.53
0 2 5'
L ‘ f .0

H - O 2' 
d/L = 0 36

FIGURE IB'6 Time eipoiure* of orbital motion in the Wove Chonnel, Unlverdty of Californio
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FIGURE IB'8 Orbifol motion 
during two wove periods of o 
water porticle ■ . jeep-water
wove of moderate or greot height, 
tn two wove periods the forword 
disptocement equals 2 u' T

jf'

^^5si^Suvr^ie^^

i,. V. '•■ *■

. ■ ■■ ->

'^V

FIGURE I0'9 Aerial view nf short created waves
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o. Sttreophotegrammctric Plot of Wovo Formation from >«t of photograph!. 

Tht photogroms for tho abovt flgur« «vor« tokon aboard TMt Expedition on 
MS SAN FRANCISCO by Or.-Mg.habil. G«org Welnblum, Prunian Rtatarch Matituto 
for Hydraulics and Shipbuilding. Plottod with aoroeortogroph by Walttr Block, 
Engineer in charge of measurements. Chair of Photogrammetry at tne Techno¬ 
logical Institute, Berlin (Prof. Or.-lng. Lachman). 

b. Wav Profiles from set of photographs. 

FIGURE IB-II 
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(from "Stereophotogrommetrie Wave Photographs" ( St*"ophotoçromm*trische WtHtnoufnoàmtn) by 

Georg Wefnblum and Walter Block, translated by F.A.Raven, PhD) lOU 
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-V.'-f
2230 GCT 
17 Jon 1945

photos of sea surface 1915 GCT 
20 Jon 1945

Svoir
Ha^--4 5ft. T.-------

Wind Wove*:
Hovo-3ft, T«6tte

2230 GCT, 17 Jon 1945

Swell
Hg,,, *6 6ft., T<I28mc 

Wind Waves
Hove’----- T«5.5 sec.

1915 GCT, 20 Jon 1945

FIGURE IB-12
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a Comparison of mootorod and obsorvod wovt hoiçht». Obsorvor I 
of fh« liahtship Frtmartibêlt, Sopfombor 22*30, 1936 

b. Comporison of wovo lonflfht. Obsorvor i of tho lightship 
Fthmambt/t, Ssptembsr 22*30, 1936 

FIGURE IB*I3 
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rifiiiRE 1B-.4 - LOCATION OF NORTH SEA OBSERVATION STATIONS 
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TIME - JANUARY 1937 

FIGURE IB-15 - COMPARISON OF WAVE HEIGHTS 

OBSERVED ON DIFFERENT LIGHTSHIPS IN THE NORTH SEA 
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FIGURE IB*I6 
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i:ar 2

■am
a wind tpetd • 6 3 knoti b. 8 4 knots

C. lO knot! d i: knots

t. 13.4 knots t. 17.0 knots

FIGURE 10-20 - R#iotion»hip betwoen 
Wind Woves and Wind Velocity toi c
Constant Fetch and Steady State Conditions

Photogfopns taken m University or C. 
Wove Cnonnei

g 22.3 knots
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FIGURE IB‘2I ■ Generation ond Decoy of 
Wind Waves. Constant wind velocity in the 
fetch, no wind in the decay area. Steody 
state conditions. Photographs token in the 
University of California Wave Channel.
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7RA> 3? '. BMATION OF WAVES IN SHOALING WATER 

BY 

F. W. IVERSEN 

Ocean ».vea travel from the generativ «teas in the open ocean to reach 

eventualIv a coastline where the energy of the waves is dissipated. The waves 

undergo changes during this travel} the long smooth swells of the °P£n 

become breakers and surf on shelving beaches, or dash afins* 
or cliffs. The history of the waves depends upon the deep water oharaoter 

cf the waves, and angle with which they approach the shoreline, the botana 
contour pattern neaAhe shoreline, and imposed effects such as local winds 

or shore currents from rivers or tidal estuaries. 

An individual wave may be described by a height the ^rtical distance 

from the crest to the preceding trough) and a period (the time between passage 

of successive waves past a fixed point). In a series of identical waves 

travelling through the shoaling water as they near the °oastline» nofc 
change. The height may change due to the proximity of the ocean bottom. In 

addition, the wave has a length (the distance between successive crests), and 

a velocity (the speed of advance of a crest relative to the fixed oce 

hottom)• 

The nature of the transformation of height, length, and velocity ne 

+he shore may be visualised from a consideration of a series of identical, 

long-crested waves that advance over a plane shoaling bottom of constant slop , 

The6wave crests are parallel to the bottom contours. For convenience, three 

regimes in the wave travel are designated. 

(i) Deep water, wherein the proximity of the bottom has no appreciable 
effect upon the wave. The waves in deep water do not change in height, 
or^velooity. IThen the d.pth of w.t.r is fre.t.r than on.-h.lf th. «« length, 

the wave is considered a deep water wave# 

(ii) Shoaling Water, wherein the proximity of the bottom acts to slow 

the wave advance, to shorten the wave length, and to change the wave height 

until the wave becomes a breaker. 

(iii) Very shallow water, wherein the wave velocity depends only upon the 

depth of water and not upon the wave période 

For practical use, the relationships of the wave variables are listed 

below. Magnitudes of the variables for typical ocean conditions are shown 

in Figure SIÇ-1# 

(1) Deep water. . 
Height - H0 K constant (' * determined '’rom forecasts) 

Period » T * constant (as detennined from forecast) 

Length ■ I*, - 5.12 t2 (I* in feet, T in seconds) 

Velocity “Co - 5.12 T (C0 in feet per second, T in seconds) 

(2) 

restricted 

Shoaling waten ______-- 
Height ■ H ■ H0 fI/2)(Vn)(Co/c) 

n - 1/2 [l + (4?rd/L)/Sinh d/l] 

Velocity C ■ C0 (tanh 27rd/L) 
L • L0 (tanh 2'hfd/L) 

d 
Length 

wherej 
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depth of water, feet 
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(3) Very shallow waten 
Height • H ■ no definite relationship 

Velocity- C ■ >Jgcr 
Length • L ■ T 'fgT 
where i g • 32.2 feet per second squared. 

As an ocean wave advances over a shoaling bottom the height decreases to 
approximately at a depth equal to 16$ of the deep water wave length. 
The height then increases until breaking occurs near the shoreline. The 
known transformation relationships in shoaling water are reliable to predict 
the wave transformation to depths of water slightly greater than the depth 
at which the wave breaks. When the wave nears the breaking point the sym¬ 
metrical swell distorts. The front face becomes steep and white water appears 
at the crest or over the front face of the wave. The major portion of the 
energy of the wave is dissipated in the breaking action with the subsequent 
travel of the foam line up to the beach face. 

The wave velocity is a function of the depth in shoaling water. Hence, 
refraction occurs when waves advance over a shoaling bottom when the line 
of the wave crests is not parallel to the bottom contours. The portion of 
the wave nearest the shoreline travels slower than the portion farther off¬ 
shore in deeper water. The wave front becomes curved. The described length 
and velocity relationships do not change, but the wave height is influenced 
by the refraction due to the lateral distribution ofi^the wave energy in 
the curved front. 
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H* W. IVERSEN 

Table of Contente 

Page 
1« Introduction i 

2« Wares of Small Amplitude (irrotational Theory) •••--•>• 1 

3« Wares of Appreciable Amplitude 4 

a* Reduced Troehoidal Theory 4 

b. Irrotational Theory 5 

4« Ware surface Profiles* 6 

5« Ware Velocity and Ware Length - — .... q 

6« Ware Height Transformation 7 

7. Laboratory Studies 7 

8» Bottom Friction on Ocean Beaches g 

9« Refraction »--- - -- o- .- .«..........-, g 

10* References ••><> g 

RESTRICTED 
Security Information 119 

___ ..—. . - .----— ..-.- ■ 



hi iiu 

C» WAVES IN SHOALING WATER 

Introduction* 

As ocean waves approach shallow water in the regions adjacent to the 
coastline„ the proximity of the bottom affects the character of the waves o 
Near the shore,, the wave transforms from the symmetrical offshore swell until 
it finally becomes unstable and breaks® When breaking occurs, the wave crest 
traveis faster than the main body of the wave® The action continues until the 
breaker becomes a complete front of a mixture of agitated entrapped air in the 
water, or a foam line® The foam line proceeds to the shore and up the faoe of 
the beach to the "limit of uprush"« During the course of the wave transformation, 
breakings and the subsequent travel of the foam line, the energy of the wave is 
partially dissipated in internal relative motion of the water and in friction 
along the bottom® 

The wave transformation may be visualized from a consideration of wavt, theory® 
No theory is yet available to explain the complete history of wave motion from 
deep water offsnore of the coastline up to the limit of uprush. However, the 
theory as now known serves to explain many of the features of the transformation 
and oerves as a guide for investigations to relate the variables of the tranS“ 
formation® Confirmation of wave theory has been established by laboratory studies 
for transformation of periodic waves in shoaling water to the region immediately 
seaward of the breaker line® The theory was checked for a regular periodic 
system of waves on a plane bottom of constant slope in which each wave was 
identical as it passed the same locale® 

Natural wave systems in the ocean are never composed of identical waves® 
Theory on variable wave systems has not been developed to the extent of praotio» 
ally describing the history of a single wave in a group of mixed waves® Until 
such information becomes available the assumption is made that each wave acus 
as an entity with the transformation characteristics as described and is not 
influenced by preceding or succeeding waves (the results of this assumption 
appear to be serious)® A further simplification is made in that a group of 
waves of variable height and period may be described by an average height and 
period® The transformations then apply to the average as being representative 
of the group® 

The idealized system under consideration is one in which a series of long» 
crested deep-water oscillatory waves approaches a shoaling bottom® The bottom 
contour-' are parallel to the direction of ravel of the wave front® A vertical 
section perpendicular to the wave front is diagrammed in Figure IC"!® In deep 
water the bottom is far enough removed from tne surface motion of the wave ttiat 
tne motion is independent of the proximity oi the bottom® The wave is character =- 
izei by a wave height, H , a wave length, Loi) and a wave period, T® As the wave 
proceeds shoreward into the region of smaller depths, the wave motion and geometry 
is affected by the proximity of the bottom® The wave height, velocity, and length 
change and the surface shape transforms® The number of waves passing a fixed 
point in a given length of time does not change® Hence, the period remains constant® 

2 o Waves of Small Amplitude (irrotational Theory)* 

The manner in which the changes in heigh*-., length, and velocity take place 
may be developed from a simiple wave theory® While not exact for all wa-se con¬ 
ditions, the results show the physical nature of the process, and the trinds in 
the defining characteristics® The assumptions which are made in order to eval¬ 
uate relationships from the mathematical formulation of wave motion are as 
follows g 
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(i) i'he wave height is small as compared to wave 
length and the water depth} 

(ii) The motion is friotionless end irrotationalj 

(ill) The surface profile of the progressive wave is 
of a single cosine function form* 

(iv) The gradient of the bottom slope is small such 
that, at a given depth, the wave character is the same 
as that which would result if the wave were in a region 
of the same constant depth* 

The solution for the system then gives the following results (Reference IC-3) 

The velocity, C, becomes a function of the depth alone* All waves approach 
the same velocity in the shallow water near the shoreline» 

The change in the wave height as a function of the water depth results 
from the consideration of the energy contained in a wave* The energy is of 
two foms, kinetic and potential. The kinetic energy is that whioh is present 
in a wave by virtue of the movement of the water. The potential energy results 
from the surface displacement from the mean sea surface. This theory shows 
that the total energy of a wave is made up of equal parts of kinetic and 
potential energies. Thus, the wave height is related to the potential energy 
of the wave and can be determined by considering the energy rate in the move¬ 
ment of the wave along a shoaling bottom. The wave energy per wave length 
per unit crest length, E, is (see Figure IC-4) 
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y/k = cos (STTs/L) (IC-2.1) 

Wave velocity, C « (gT/ZTT) tanh 2 'Ît'à./'L 
Wave length, L B (gTV2 If') tanh 2fTd/L 

(lC-2«2j- 
(102,8). 

velocity, length. 

(102.4) 

the depth, d, 

(102.5) 
(102.6) 

where T is measured in seconds. The minimum value at which tanh 2lï*H/L is unity, 
for most practical purposes, results in d/L approximately equal to 0,5, Thus, 
deep water, wherein the bottom proximity has no appreciable effect upon the 
wave characteristics, may be assigned to depths greater than one half the wave 
length. When the depth becomes small as compared to the wave length (about 
one-twenty fifth of the wave length), tanh 2frd/L approaches 2flrd/L, and 
equations (102.2) and (102.5) reduce to (see Figures 102 and 3) 

C B Vg d (102,7) 
L ■ T yi’cT (102.8) 

A fundamental relationship of any periodic motion relates the 
and period. 

L - CT 

In deep water, with the wave length, L0, small as compared to 
tanh 2^rd/L approaches unity and 

C B 5.12T feet per second 
l£ ■ gtf/ZVz 5.12T2 feet 

ÉÊmm wumm 

^
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n
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3. îSTBTCTED 

E s|° g H2 l/8 (IC-2.9) 

ale the energy rate per unit orest length, P* past a fixed point is 

p ** n E/t (IC-2o10) 

where n is the fraction of the energy that ¿.rooeeds with the wave. Under tiie 

assumption of no kinetic or potential energy loss due to frictional effects, 

the energy rates at two different locations in the path of the wave travel 

must be equal. The energy rate in deep water is equal to that in water at 

any depth in the wave pathj hence. 

Po - p (10-2,11) 

Combining equations (IC-2.11. 2,10, 2.9, and 2,4) results in the wave height 

relationship 

H/a0 (IC-2.12) 

\ 

The factor, n, is introduced since the theory shows that the wave energy 

travels, not with the wave velocity but with the group velooityj this ratio 

of the group velocity to the wave velocity is 

Cg/C « n = *|(4*rd/L)/sinh 41Tcl/i^ (lC-2.13) 

(n - ¿ in deep water, where d/L^0,5) 

A simplified picture of the group velocity as contrasted to the wave 

velocity may be visualised by considering a wave train of a fixed number of 

parallel waves of constant height and length being emitted by a wave generator. 

The total number of waves may be considered as a group. Quoting O’Brien 

(Reference 10-5)¾ 

•As the first wave in the group advances one wave length, its 

tor'-, induces corresponding velocities in the previously undisturbed 
water and the kinetic energy corresponding to these velocities must 

be di’awn from the energy flowing ahead with the form. If there ii 
equipartition of energy in the wave, half of the potential energy 

which advances with the wave must be given over to the kinetic form 

and the wave loses height. Advancing another wave length another 

half of the potential energy is used to supply kinetic energy to 

the undisturbed liquid. The process continues until the first wave 

is too small to identify. The second, third, and subsequent waves move 

into water already disturbed and the rate at which they lose height is 

less than for the first wave. At the rear of the group, the potential 

energy migjit be imagined as moving ahead, leaving a flat surface and half 

of the total energy behind as kinetic •'aergy» But the velocity pattern 

is such that flow converges toward one section thus developing a crest 

and diverges from another section forming a trough. Thus the kinetic 

energy is converted into potential and a wave develops in the rear of 

the group.” 

It is desirable to relate all the defining wave characteristics to the deep 

water wave characteristics. From equations (lC-2,2) and (lC-2,5), 

C/Co £ tanh 2^Td/L 

from equations (IC-2,3) and (lC-2,5), 
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:rnri“S:l?l'dA: °7c0bf.C! ‘^."¡rrir^ïn vt. 5/c0.rd 
(i/Lo)(d/L) “ VLq " , Lilcewiae since hÆ ia a function of n and C/pot 

r; ir«iri.s. 2.1S.,.-) 
are shown on Figure IC-5o 

b. ln»« hæâi 

rrrjerr„rrnorn;^J.,r^/c,o-^o2L^re«„i*in.o^- 

s.Ä«r“" r.s^’ïâo ïrÆ 
ooouri 

to inoreaae the wave height» 

3* Waves of Appreciable Amplitude» 

Th. .mall amplitud, lrrot.tlon.1 «« «-«ry «Jf ÍLÍh,’1ÍS”?.í*aÍÍy0n" 
.hip. .ir«, to illustrât, th. oh.nf. in ^^J.^fd'.C ft. Õon5 
as a wave moves along a snoaling _* lv ^ve^eight small as compared 
ditions under which it was developed, "“„tatio^l 
to the wave However, observations of waves approach- 
rnTaVaS ««14* «»ich 1. not .inu.oi-1. t»t Jftift ^ ««f 
th!t are pealced with relatively long flat troughs between the crests. 

a0 Reduced Troohoidal Theory» 

should be discarded# 

Th. surfao. profil. 1. Ei»*" »7 «"rfao. ooordinat.. in t.rm. of .n 
arsumont », «hloh vari., from 0 to Z-Tover on. ma». lenE • 

vAL • 008 Ö/2 , a 
x/L = (0/2V) - (H/2L tanli 2trd/l) sin«* 

(1C-5.1) 

Th. war. length and «looity that 
profil, ar. tho sam. a. t 0.« ®v» op 2 ls The war. haight transformation, 
theory, equations IC-2.2rf 2.5» anQ 
as a function of depth^beoomes^ 

■/ j (l/n)(Co/c) fl " (r2/2)(5o/L</) 

^ [l - M (H/L)2 

(IC-S.2) 

re* w -^2/^ tanh2 2lTd/L). The wave height transformation becomes the 
aï thTt of th. .mall «plltud. irrotati«..! th.ory for war., of «mH 

height as compared to the wave length and ept • RESTRICTED 

123 



; 

¿•^TRICTED 
C.‘*curit7 iTifom&tion 

b. Irrotational Theory» 

5. 

The irrotational theory for naves of appreciable height in nater of 
. nform depth nas drwloped by Stokes (Refsrenoe JC-10), Rayleigh (Reference 
xC-9), and Levi-Civita (Referenoe IC-4)* Ixperinental evidence substantiates 
the conclusion that this is the theory nhioh most nearly represents actual 
wave motion. The theory predicts a small mass transport of mater in the 
direction of nave motion» the nater partióle paths are open ellipses in shallow 
water rather than closed ellipses as needed in both the reduced troohoidal and 
the small amplitude irrotational theory. In nature, the partióle paths are 
open and there is a mass transport. 

The surface profile, to the third approaimation of the irrotational theory 
analysis, becomes 

£ _ /08 (cos 4fhc 'J (F) -I- 'll2 g COS (G) 

(IC-3.3) 

nhere. 

F s 

G = 

(cosh (¡¡»h ^ 

a /«nh 4 

Cosh HJCL + 14 Cosh f 19 Cosh 16 

(sinh 32 

The velocity of nave propagation becomes a function of the nave height 
in addition to the depth of the nater and wave length. 

= (g T/2fT)(tanh Z'ft'd/L) [l + B(tfVL)î| 

where» B = 2(cosh 4TTd/L)2 4 2(cosh jlTd/L) 6 
8 (sinh 2'n'd/L)4 

(IC-3.4) 

Combining equations (lC-3,4 and 2.4) will give the nave length in te 
*. »hv 

of the 
wave period, height, and depth of water. When the nater depth is large as com¬ 
pared to the wave length, the factor B becomes unity, and tanh 2lTd/L becomes 
unity. Combining equations (IC-3,4) and (IC-2.4), the following ratios are 
obtained? 

c/c0 = 1/L0 = (tanh 2lTd/L)(l -If« H2 b/L2)/(1 VU2 H0 Vi*2) 

(IC-3.6) 

It should be noted that this analysis reduces to the small amplitude irrotational 
theory when the waves are of small height compared to the nave length. 

The complexity of the resulting equations prohibits a reasonable development 
for a wave height transformation function of the type shewn in equation (IC-2.12) 
for the small amplitude irrotational theory. 
RESTRX7OTB 
ÎScûrîiy ïafoxmati», 124 

ny,., ttiwadMaAki 



SÄBPWSWMÄHBPH’» 

60 RESTRICTED 
Security Infonration 

The fore/.oing r-esr .s of the theoretical analyaea may be comparad to note 

the orders of mfcgnitude of the refinements in the analyses* Measurement of 

wave charaoteristios in the laboratory and on ocean waves are used to confirm 

the analytical results* Some conclusions are then reached as to the practical 

application of the results* 

The theories indicate the variables, and combinations of the variables, 

by which correlations and comparisons may be made* From the equations which 

have been presented, the prime variables are the wave period, the wave height, 

and the depth of water at the wave location* The wave lengtti and velocity are 

uniquely defined in terms of these variables* 

4* Wave Surface Profiles8 

Comparisons of the wave surface profiles of equations (IC-2*1) and 

(10-5.1} are shown in Figure IC-6* The troohoidal wave shape of equation 

(IC-5*1) is steeper near the crest and flatter near the trough than the 

sine wave, equation (IC-2.1). Equation (lC-3.3) is in the form of a series 

of cosine harmonics* More terms should be included in the approximation in 

order to make reasonable comparisons of the wave shape of equation (lC-3.3) 

as compared to equation (IC-3*1). Interpretation of the equation reveals that 

the wave shape is steeper near the crest and flatter near the trough when 

compared to the trochoid* 

One point should be noted in that the foregoing is based upon waves which 

are symmetrical about the crest* That is, the foreward half of the wave from 

the crest to the preceding trough is identical in shape tc the rear half of 

the wave from the crest to the following trough* waves which advance into 

shoaling water eventually reach a condition of instability and break* Obser¬ 

vations show that the symmetrical shape of ihe wave is not maintained close 

to the breaker point, but that the front face of the wave tends to become 

steeper than the rear face (Figure IC-7b)* Thus, the theories do not explain 

the wave action near and at breaking* Figures IC-7a and 7b are included as 

representative examples of measured wave shapes* The sine wave shape does not 

differ appreciably from the troohoidal wave shape to the limit of applicability 

of the assumption of a symmetrical wave* 

A limiting deep-water stable wave height does result from the irrotational 

theory* A crest angle of less than 120° cannot be maintained* Under these 

conditions the limiting wave is shown to have a height-length ratio of 0*142« 

5* Wave Velocity and Wave Lengths 

Equations (10-2*2) and (2*3) represent the wave velocity and wave length 

as developed from the small amplitudo irrotational theory* They also apply to 

the reduced troohoidal wave* Equations (lC-5«4) and (lG»-2«4) 

result in the wave velocity and wave length from the irrotational theory for 

waves of appreciable amplitude. In deep water, with the depth i-. as com¬ 

pared to the wave length the equations reduce to. 

Small amplitude irrotational theory and reduced trochoid theory* 

C ■ gT/Z'ir t L0 “ gT2/2^ (IC-2.6 and 
2*6) 

Irrotational theory for waves of appreciable amplitude* 
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According to the irrotationai theory for waves of appreciable height a wave 
travels faster than expected from the small amplitude theory. The velocity 
depends upon the wave steepness in addition to the period» For a 60 foot wave 
height with a period of 10 seconds* the two re'ults differ by 9.4Jio This 
corresponds to an extreme wave condition that is seldom encountered except in 
the inmediato region of a great storm« For waves of smaller height, with the 
same period, the differences are not significant« 

The length and velocity ratios as described by equations (TC-2.14) and 
(IC-2.16) from the sine theory, and by equation (lC-3.5) from the irrotationai 
theory for waves of appreciable amplitude, are the most useful for wave travel 
prediction from known deep water conditions to conditions at shallower depths* 
These are shown in Figure IC-8 as computed from the respective equations. 
"height" correction to the irrotationai theory becomes increasingly larger as the 
depth into wnioh the wave moves becomes smaller. However, the non-synnetry of a 
wave as it approaches the breaking stage, the real effets of bottom ^at 
tend to retard the wave, and the greater inexactness of the series approximation a I VI Vs 1*0 VfClVOp - - ' 

of the irrotationai theory at the smaller depths precludes comparing tiie theories 
minimum relative depth» beyond some 

6, Wave Height Transformations 

The sine wave theory predicts the change in wave height as a wave advances 
over a shoaling bottom, equation (lC-2.12)« The more complicated theories of the 
trochoidal wave shipe and irrotationai motion for waves of appreciable amplitude 
show that the wave height transformation depends upon the original wave height 
in addition bo the water depth. No direct analysis has been made for this con¬ 
dition. However, a reasonable approximation of the wave height influence may 
be obtained by including the velocity ratio of equation (IC-3.6) with the 
trochoidal wave height relationship of equation (10-3.2). The result Is 

e/Bq - £ (l/n)( tanh 21Td/L) I 1 + B(sth/L) 
^rfv^ 

i2-] fi - (frV^MHo/Lo)2 

l_i ~ M Tñ/iW 
(10-6.1) 

where B and M are defined in equations (IC-3.4) and (10-3.2), 

The deep water wave steepness is a parameter to modify the small amplitude 
irrotationai theory wave height transformation. Figure IC-9. The small amplitude 
irrotationai theory relationship is an asymptotic condition and applies when the 
deep water wave steepness is small or when the depth is large. 

7• Laboratory Studiess 

The relationships of wave neigjrt, length, and velocity with the wave height 
parameter. Figure IC*£* are shown over the actual range of applicability of the 
theories. This limit is imposed by the deviation of the wave shape from the 
symmetrical shape upon which the theories are based« 

limits and usefulness of the preceding have been determined by measurements 
of wave characteristics. The ultimate application is to predict the behavior of 
ocean waves advancing over a shoaling bottom from a region of known wave character. 
The ocean is a difficult medium with which to operate to obtain precise ß®6? 
water conditions are usually far offshore at depths of water -that prohibit 
platforms. Measurement of wave heights, lengths, and velocities are difficult. 
In addition, the wave pattern in the ocean is never regular. Reliable formu¬ 
lation of any phenoiwna necessitates fixing certain variables and control over 
others. Thus, laboratory controlled experiments over wide ranges of the vari- 
ables are the best n»ans by which to obtain confirmation of the developed theories. 
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Velocity measurers >s in the laboratory are shotm in Figure IC-9 as 

compared to the small amplitude irrotational theory computations (Reference 

IC-11). On the average, the measured and confuted results agree* Some 

experimental scatter may be noted which is attributed mainly to minor surface 

irregularities such as ripples superimposed on the main wave shape that makes 

detection of the true wave crest somewhat difficult* 

Wave height transformations have been obtained as a function of depth 

for different initial wave conditions (Reference IC-2 and 7)* When damping 

due to side wall and bottom friction are included in the measured results, the 

comparisons of measured and predicted results show the sine theory to be valid. 

Figure IC-10* 

In addition, the measured results show the limiting depth to which 

the theory is applicable to predict wave heights. The measured wave height 

transformation shows a sharp increase in wave height as the wave nears the 

breaking point* The ratio of increase is larger than that predicted by the 

theories* Observation of the wave shape shows that the mve profile at depths 

close to the breaking point is no longer symmetrical. Hence, the theory does 

not apply for depths lower than those indicated by the marked deviation from 

the theoretical relationships* 

These minimum depths are a function of the initial wave steepness. 

They have been established from the laboratory measurements and are shown 

on Figure IC-11. The results of Figure IC-11 have been included as cut-off 

points on Figure IC-6* 

The use of the sine theory relationships are further substantiated for 

wave transformation as a function of depth as shown by the limits on Figure 

IC-8. The deviations from sine theory in the range where any practical 

theory now known is applicable are not of practical significance for ocean 

wave predictions* 

All preceding relationships of length, velocity, and wave height trans¬ 

formation have been confirmed to the limiting depth as determined from the 

experiments. Within practical accuracies of usage the sine theories are 

adequate at depths greater than the minimum specified depth. At depths less 

than the established minimae no present theory is valid. 

Thus, the important relationships may be summarised, for depths greater 

than the minimae as shown on Figure IC-11. 

Eq. (IC-2.4} 
Eq. (IC-2.2) 

Eq. (IC-2.3) 

L b c T 
C ■ (gT/27T)tanh 2'TTd/L 
L = (gl3/2fr)thnh 2'TTd/L 

c/cn = l/L. ■ tanh 2fî*d/L 

iyk0 8 (1/0)(0,/0) 

Eq. (IC-2.14), Eq.(IC-2.15) 

Eq. (IC-2.12) 

For depths less than those specified on Figure IC-11, reliable experimental 

evidence on wave height transformations, particularly of height, are not pre¬ 

dictable by theory and have not been obtained. Some laboratory evidence is 

available, but frictional effects become increasingly important in the limited 

sise channels in ahioh the measurements were made. Corrections are possible, 

as shown in Figure IC-11 to the limiting depth. At smaller depths, the cor¬ 

rections cannot be made to the desired accuracy and interpretation of the 

results does not lead to reliable results. 
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The assumption has been made that the transformations are independent of 

b^aoh slope. The evidence shoim on Figure IC-10 includes two beach slopes. 

Within the mensuration accuracies beaoh slope has no effect. Since the theories 

should apply best for the shallower slopes, with small depth gradients, the 

conclusion is reached that for slopes shallower than 1»16 the small amplitude 
irrotational theory is adequate. 

Confirmation has been established for wave transformations in shoaling water 

for a regular periodic system of waves in which each wave is identical in character 

as it passes the same locale. Natural wave systems in the ocean are never com¬ 

posed of identical waves. A typical ocean surface profile is shown in Figure 

ÏC-12. Information on variable wave systems has not been developed to the extent 

of describing the history of a single wave in a group of mixed waves. Until such 

information becomes available the assumption is made that each wave acts as an 

entity with the transformation characteristics as described and is not influenced 

by preceding or succeeding waves. A further simplification is made in that a 

group of waves may be described by an average height and period. The transfer- 

mations then apply to the average as being representative of the group. 

8. Bottom Friction on Ocean Beaches; 

Frictional effects due to the relative motion of the water and the station¬ 

ary bottom as a wave moves toward the shore can be analyzed to obtain the order 

of magnitude of the damping effect particularly on the wave height transformation. 

Another effect which occurs when wave action is present over permeable bottoms 

such as sand beaches also produces a damping action. Part of the energy of a 

wave is dissipated due to both causes with a consequent effect upon the wave 
height. 

The decrease of wave height due to the absorption of part of the wave energy 

in bottom friction and movement of the water in the permeable bed of the beaoh 

has been analyzed (References IC--6 and 8). The type of bottom roughness has a 

large influence on the frictional effects| wave movement over a bed of rooks will 

decrease the wave heights to a greater degree as contrasted to movement over fine 

sand. To the limit of the depths for which the transfonnation results in Figure 

IC-8 apply, the maximum effect of the dissipation on sand beaches d*; not expected 

to exceed 5 percent on flat beaches with slopes on the order of lg300. The com¬ 
bined effects are less than on steeper slopes. 

9. Refractiom 

The foregoing has been presented for waves which approach a plane shoaling 

bottom wherein the bottom contours are parallel to the orests of the waves' 

travel. When waves approach a sloping shoreline which is. at an angle to the 

wave crests, the part of the wave closest to the shore is in shallower water. 

The velocity of this portion of the wave is slower than the more seaward portions 

of the wave. The wave ores-', thus becomes curved with the wave in shallow water 

near the shore tending to become parallel to the shoreline. This phenomena of 

refraction can be handled from a consideration of the lateral distribution of 

energy contained in a wave. The influence of refraction on the wave height, 

length, and velocity thus is amenable to analysis. Detailed coverage of this 

phenomenon is presented in Section I-D (Refraction) of this Manual. 
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Shop«« of wav# profil## : d/L * 0.10, H/L ■ 0.05 

FI6. IC-6 * COMPARISON OF WAVE SURFACE PROFILES 
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x/L 
H/L* 0.0263 

d/L *0.193 

Period * 1.16 mcs. 

Water depth * C.99 ft. 

a. Symetrical wove shape 

d/L*O.II8 

b. Wave shape near breaking 

Water depth *0.51 ft. 

FIG. IC-7 - COMPARISON OF MEASURED & PREDICTED WAVE SHAPES 
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02 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

THEORETICAL WAVE VELOCITY RATIO, C/C0 

Hq/Lq from 0.01 to 0.04 

d/L® from 0.01 to 0.60 

Theoretical velocItlH from sine theory 

FIO. IC-9 - COMPARISON OF MEASURED AND THEORETICAL 

WAVE VELOCITIES FROM LABORATORY EXPERIMENTS 
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DEEP WATER WAVE STEEPNESS, Hq/Lq 
dM - Minimum depth H0 - Deep woter wove height 

L0 • Deep water wave length 

FIG. IC-II * MINIMUM DEPTH TO WHICH WAVE THEORIES APPLY 
FOR WAVE HEIGHT TRANSFORMATIONS IN SHOALING WATER 
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o. Stereophotogrommetric Plot of Wove Formation from set of photographs. 
The photograms for ths above figure were token aboard Test Expedition on 

MS SAN FRANCISCO by Dr.-ing.habll. Georg Weinblum, Prussian Research Institute 
for Hydraulics and Shipbuilding. Plotted with aerocartograph by Walter Block, * 
Engineer in charge of measurements. Chair of Photogrommetry at the Techno¬ 
logical Institute, Berlin (Prof. Or.-lng. Lachman). 

FIGURE XC-12 

(from "Stereophotogrommetric Wove Photographs" ( StfophofoçnmiMtrltct* mUnoutnoámiñ) by 
Georg Weinblum and Walter Block, translated by F.A. Raven, PhD) 
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SUMTART OF SECTION I-D 

REFRACTION 

BY 

R. L. WIEGEL 

Refraction - Generlal Disc’ssion: 

In shallow water the velocity of a wave de ends upon the depth of water 
in which it is travelling. Wien a wave is travelling over a shoaling bottom 

at an angle to -'le contours different parto of the waves vail be travelling 

at different velocities; hence the wave bends. This bending process is 

known as refraction. (Refraction is also caused by currents such as near 

the entrances to rivers, bays, etc,). 

The phenomenon of wave refraction causes variations in wave and breaker 

heights on different beaches and over different areas of the seine beach. 

Ocean wave refraction is analogous to light wave refraction (as through a 

prism). Examples are given in Figures SID - 1 through 4. 

Significance of Refraction 

Consider first the case of waves approaching a straight shore over 

straight parallel contours. It can be seen 

nr Is 

a I 
At this locatio i 

the wave height I 

is 11, 
b 

At this location 

the wave height 

is E Wave Crests 

in the sketch that the wave crests do not bend. Because of this there is 

no divergenoe or convergence of the orthogonale (a line drawn at right angles 

to the wave crests). Since it is assumed (apparently a correct assumption 

for most conditions) that there is no flow of energy across orthogonals, the 

power being transmitted past bb* is the same as past aa*. Hence, the wave 

height of the wave as it assumes position B is given by the equation 

H , 1 1 1 ~ 

HS** I 7 n c/c0 

Now. consider another simplified case, w* ere the waves are approaching 

the same beach at an a 
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As the distance between the orthogonais has increased from bQ (distance 
y otvreen a and a* ) to b (distance between b and V) the energy per foot of 

•rave crest has decreased and hence the power transmitted per foot of wave 

„rest has decreased. Hence, the wave height, considering refraction alone 

iras decreased by an amount. 

H - KH0 

where K (the ^efraotion coefficient) is given by 

Thus, the wave height along bb1 is given by 

H “ Ho K 
v|T 1 1 
17 ñ 7 CTfcc 

Certain typer of underwater contours cause a focusing effect - similar 

to light being ^ocused through a lens. In these cases the orthogonais con¬ 

verge and the wave heights increase. 

There is another effect of refraction. It is the change of angle between the 
waves and the , bore line. Since tícelo city of littoral cur-ents (currents set 

up parallel to shore d”e to waves breaking at an angle to the beach) is pro¬ 

portional to the anglo the breakers We with the beach refraction drawings 

must be made so that this angleCX, may be determined. 

Determination of the Effects of Refraction» 

Qualitative effects of refraction may be estimated by experienced persons 

from inspection of hydrographic charts or aerial photos. Such estimation 
by inspection is seldom sufficiently accurate, quantitatively, for practical 

purposes. The best estimates of effects of refraction involve constniotion 

of refraction diagrams as in Figure SID-5* Under certain ideal conditions 

these diagrams may be constructed from aerial photos but they are usually 
constructed from hydrographic charts. The diagrams should be constructed 
under the supervision of a person who has had experience in this fie*ä« 
The construction of these diagrams is laborious and time-consuming, but the 

results usually justify the effort expended. In general, waves of about 
five different periods from about seven different directions may require 

examinations for refraction effects on a particular section of coast, which 

would require some *hirty-five refraction diagrams. From these diagrams 

refraction coefficients may be determined which express the relationship 

between deep^Avater wave height and shallow water wave height (specifically, 

breaker height) as affected by refraction as in Figure SID-6. In some cases, 

if the coast is partially sheltered by offshore islands orhcadlands, the 

number of diagrams required may be reduced by inspection of the factors 

involved. The refraction coefficients are used in conjunction with wave 

forecasts or offshore observations to help determine breaker conditions 

near the beach. 
* 

Reliability of Refraction Coefficientss 

The methods for construction of refraction diagrams presented in 

this manual are reasonably accurate, but their limitations must be 
nized. If the hydrographic charts are up-to-date and have been plotted from 

a large number of soundings, if the hydrography is fairly regular without 

sharp discontinuities, and if the construction of the diagrams has been done 

with care, refraction coefficients may be expected to be accurate within the 
order of five or ten per cent. A complete refraction picture ahouid be de-_ 

veloped even on the basis of limited information. Security Information 



KiSTRICTED Security Inforaation

FIG. sio-i
glPilwTlO* or rfillS

4b aavet KPVe lato eiAiioe mt^r wd «p^ro*e& tb« eoor* «t «b to IM bottos jotou^e. 'be mvm «r« beat. 1ti» )• kspm M
refrecikoo Tb* t«aitag of wie* m; caoe* • cootergme or difarsise of tfi* croet* dep«*d»a* layca U» Aydji^npky w.U • sa^ 
Mqimt inrreeM or daeroM* is «••• or taraakar bei^t. Aaotaar affaet <rf aaaaa epproacbtac • baaat at aaftla ii t© isAaaa a
loogatora cur*»Bt luida tta t.xaabar tuaa. 1bi» eurraat *• affaetite it traaaportiaf aaad a;oat tba abora aad la a)ae a teiard 
to lasdibg craft operati&g t&roa^ tb« aorf tooa

OBI

T- M
rt. iiuua. -e^.: riia

Vaasa acaiag caar a eubcar^Le i'wtoattrate tc lejgs 
aete aei^ta on a poitt._________ ___^ _________

■1:%,V> '■
■ :#S:

Rote tt* increaaiQg SidU jf tba eurf UM aitt ictraaaio* 
daerae of aipoaura tc the aouU._________________________

iras' Coat, Jali'*.;-Bia

Spraadiae sa*»« by rarraet;'>o ;iroduoaa loa aavs balRbit at 
tbs siar. _____

'^V.'v'Vv

ft., c«iUM«i«

RESTEIOTSD Security Inforaation



restrict iiD Security Infomatlon

Ot^aaa*id«. ->»l>forM«
*>•• t4»j to bMow iiMmlUl to t» b^a>

FIG. SID-2

sko^m i>ti«
(CoaliaMi)

Ui«M la •teal lag tniar rvfraat u ttek • tamm teat 
tter t«te to baaoM parallal U tte aaterMter »«aio«g 
«<««Mi«ally. tte ttera. lowter. ttey teiwlly tr«ak 
tefoia bocoaiag tyiu par«li«I to tte tea**.

Curraat*

»« to. —. b«k . o^r..., « .i-. .L., n« .n .bb Ui> b.«>» ,i^
iToT. cbo,„ ^ .»d, r^mctl,. b.«tor.. —• «. «u . .»nM. » i. fK»4 ~r~l .t . b«b.r
bKOW !<»««' uA low.

Jl|te^4^J|U^_Csiifo£5i«
nOODTIOl _____

RESTRICTEL Security Ixrfor»tion



K,
%£■m

RiwTRi:.TED Security Informationm
¥:i

Jv tm^
' .it.
,,, Bn
.'. , '7
/

.-■naaBBBirfaaite^ i



RESTRICTED jedurity Information

FIG. S1D~4 * Refraction and diffraction of both swell and wind waves
of Forollon Island, Californio Note reflection from smoll 
island of lower left
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FIG. SID"5 " Typlcol example of conttruction of a wave refraction 
diagram 
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n. REFRACTION 

1. Introduction 

In shallow water (defined as having a depth less than one-haif the length 
of the wave) the velocity of a wave depends upon the water depth as well as 
^pon itrïeigth! When a'wave travels over a shoaling botton at an angle 

contours each part of the nave travels at a velocity which depends upon 
the depth under it; hence, the wave bends. This bending J* 
refraction (Figure ID-1). Changes in wave height and in direction of travel 

result from refraction. Waves are also refracted by currents. 

The height, period and direction of waves in deep water may be forecast 
either from synoptic or prognostic weather maps or by direct measurements with 
suitable instruments. Landing amphibious vehicles and craft successfully 
depends upon breaker heights and the angle between the breaker ^e andWch. 
In order to forecast their quantities the effect of refraction must be taken 
Sto account. Some simplified cases which were solved anaiyticaily gave very 
accurate results, but unfortunately were not applicable to most natural 
situations. The changes due to refraction are best estimated by use of 
r.pfr.fli.tion diagrams. Such diagrams can be prepared entirely from aerial 
photographs, aswas done in Figure ID-2, but are generally constructed graph¬ 

ically. 

Refraction diagrams are constructed in two ways. The first, known as 
the WPVA-front method, is essentially a map showing the wave crests at a 
given time, or the successive positions of a particular wave crest as 
moves shoreward. A second set of lines, everywhere perpendicular to the 
"wave crests" are then constructed on the "map" (Figure 33)-2). These ne 
lines are known as aÜÜfimâlâ- As the wave energy 
constant between any two orthogonals, it is possible to estimate variations 
in wave height due to refraction. In the second method, known as the SXSSlr 
Igsig^nig^hgdj the orthogonals are drawn directly. 

Sometimes the hydrography is such that adjacent orthogonals cross. 
There are two general types of crossing. The simpler of the two occurs when 
the wave crest is severed and the severedsectionsiater croaseachother. 
A simplified example of this situation, shown ^ Figure f“U' P“8*”1*® , 
the case of a wave train passing over a corner-shaped ledge, where its speed 
is reduced to one-half its deep water speed. As a result, the wave train 
breaks into two trains which cross each other. The more complex situation 
occurs where the orthogonals form a caustic envelope. 
in Figure ID-3 (Reference ID-9). The convergence of adjacent orthogonals 
would indicate on the basis of the simple theory that the waves 
infinitely high which, of course, is not the actual case. Refraction the iy 
is based upon a gradual change in depth and so is not expected to hold .o 
such cases. However, in nature, conditions similar to these (bars at rive 
mouths with gently sloping areas to the seaward, for example) do occur. 
The waves sometimes peak up and break; often a chaotic sea surface results. 

Even though the refraction techniques discussed in this section are 
not applicable for all conditions they are usually valuable in obtaining 
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!• ■ j _ -Por larce oortions of the area under study 
Ä ^^^“rauon abo5t ?h. ccplax area.. 

2. Theory 

a. General 

The power transmitted by a train of sinusoidal wares Is, 

P - Cg bH* ( w/8 ) (II>-2.1) 

Here, Cg Is the velocity of transmisse of 
weight of water per unit volume, b 8 height (from trough to 
to the local direction «'travel) is S«?Iíd tíSir departure from 
crest). Ocean TOves the condition of breaking! however, 
this form Incrsases as they approach eBttaatlng «ave height in many 
this formula is ’«"'«'«"tiy preci f re^ts in the vicinity of the line 

iTT-r s - rs s<Sr£2»‘s as.ûs-.'r? IZZ T^e^ioñf Indicating the condition. In deep water by the 

subscript zero, 

H y Cgo/Cg ybo/b] 

(H>-2.2) 

(ID-2.3) 

The quantity VïTr 18 
be designated as Kd* The quant y>/ go/ g coefficient). It will be 

ÄudlsV S «V* heisht in depth of water then may be 

written as, 

H « Ho • Dd • Kd (ID-2.U) 

Methods for determining Kd, ^.^g^line coefficient’, Dd! which 
sented in this section. Values of ^ "^^'wn tabulited in the 
depends on the water depth and “T* ]¡®”gh ’ ^desïgœted as H/H0 ' 
section of tables “ ^ values of Dd are presented in 

SÍUIÍ“ ^'r^ewÄMoflhTäLi Empirical 
SesPm^t5br:fedTtinicgity of the ^ers. These value, 
have been presented in the section on breakers. 

* Taken largely from Reference ID-5« 
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The graphical or analytical determination of ^ve refraction coef- 
ficients assume (i) that the velocity of the wave crest depends only 

lion the wave length and the still water depth under the crest at each 
noint (ii) that the elements of the wave crest advance in a direction 

perpendicular to the crest line, and (iii) that the -av. eneraj is con- 
fined between orthogonals, (iv) that the waves are long-crested and 

(v) that the period is constant. 

b. T? a fra, tit. Ion Along A Straight Shore Line Witji Parallel Contours 

When the shore line and offshore contours are straight the 

parallel refraction may be treated analytically by utilizing what is 

known as Snell's Laws 

• C/Cc (ID-2.5) Sino< /Sin«* 0 

Where** is the angle between the wave crest and li^’ 
is the anele between the deep water wave ana the shoreline, C is the 

vsSny and Co Is the deep »ater «are velocity. The charge in 
angle determines the increase in crest length, and ^ 
is fixed by the depth («hich determines C for a particular C0) and ex 0, 
th.^angle in deep «ter. Referring to Figure ID-5, the value of Kd may 

be computed from the relationship, 

bo/Cos«*o - bs - b/Cos<* (ID-2.6) 

Kd -y/bo/b • /Cos¿*o/ CoscK UD-2-7) 

* ■ Sin"1 (C Sin*o/Co) (ID-2.8) 

For example, if«* 0 * U5° and the depth and period at the point 
for which Kd is to be computed, are such that C/Co “ U‘-J> 

o< • sin"1 (0.5 X 0.71) • 20.8 deg. 

Cosö< » 0.935 and Cos»< 0 ■ 0.707 

Kd - 0.87 

or 

where 

BBSTRICTED 
Security Information 151 



’’’"CT innilliiRIIHIIHinWHIiinPiliPWHiiiVPiWWMHRiHMPVniM 

a1 
RESTRICTED 

Sec’irity Inforaat ior 

For convenience, the relationships betweeno< depth, period, and 

have been summarized in Figure H>-6. 

A thorough understanding of the nature and magnitude of refraction 

effects alone straight coast lines is helpful in constructing refraction 

diagrams fo/complex hydrography. The beginner should study Figure ID-6 

in order to develop Judgment in regara to determining which hydrographe 

conditions require graphical analysis as well as developing a basis for 

checking, approximately, the numerical values of Kd resulting from a 

graphical determination. • 

It is noteworthy that, along a straight shore lii^the reduction in 

wave height by refraction is less than 1Ü percent when the initial angle 

in deep water is less than degrees. 

c. refraction AnilTl and Shoals With GWlggntriC Cirgttl&T 

Contours 

(1) Theory 

An analytical solution for the refraction of waves around 

an island with concentric circular contours may be obtained bytheappli- 

cation of Fermat1 s principle OD-1) 1..., £n£- 
oath such that the travel time is a minimum (Reference Conse 
quently the problem is one of determining the path between two points for 

which the following integral hae a minimum value; igra-L lid- a » 

f (Cq/C) >J r2 ♦ (dr/dO)2 dO (ID-2.9) 

where the initial conditions to be satisfied ares 

(i) C * C0 for r » r0 

(ii) A given orthogonal passes through point (r©» ®o) 

( in) A given orthogonal is parallel to the polar axis of the 

polar coordinate system at point (r0, ô0) 

Application of the method of the calculus of variation led to the 

Euler~Lagrange condition winch Dr. Arthur solved for this case. The 

solution was 

dR 

R 
ÍJ ~ dÔ 

C^/Cq 

(ID-2.10) 

where R * r/r0 and where the region 0 - R •- 1 was considered. ^Solution 

of this canbe obtained when the function C - C(R is known, .ertain 

simolified solutions were obtained (such as assuming that R - C/C0, «jo*/. 
The^different profiles of the «islands« studied are shown in Figure ID-10. 

L5¿ 

RESTRICTED 

Security Informática 



RESTRICTED 
Security lüfcxu-atioii 

Point Island 

5 

(2) Case 1A: 

Assume R * C/Cq» where 0 - R ^ 1 

R . 1/e - 9o) Ctn 9o 

The solution is 

(ID-2.11) 

This is the equation of a logarithmic spiral and hence, all ortho- 

gonals converge towards the center, R * 0. This case has been shown in 

Figure ID-8 with only the orthogonals entering one quadrant shown. 

This is the limiting case between an island and a shoal and is known 

as a point island. There is extreme convergence at the center and at the 

time there are no refracted waves in the lee beyond the contour d ■ 0.5l»o« 

(3) Case IBs Circular Island 

Assume (R-n)/(l-n) - C/C0i where 0<n<l and n ^ R 1 

The diagram in Figure ID-9 shows the results for one quadrant. All 

orthogonals meet the shore of the island (R * n, in this case n ■ 0.2)• 
In addition to the orthogonals, the refraction coefficient, K, has been 

plotted for d * 0. Actually the waves would break just offshore} however, 

the actual value of K would be nearly as given in the sketch. The zone in 

the lee of the island, beyond d - 0.5 L0> is free of refracted waves. The 
curve of K shows that the minimum value is 0.6} however, interference 

between wave trains refracted around each side of the island would produce 

waves higher th-'n the incident waves all along the shore. Hence, such an 

island would have no wlee shore" as far as protection is concerned. 

(U) Case ICt Shoal 

Assume (1-n) R + n ■ C/C0 where 0^n<l and 0 - R ^ 1 

The diagram in Figure ID-11, for n ■ O.U, shows the results for one 
quadrant. This represents a shoal, with the wave velocity at the most 
shallow point being C - O.U C0 and the depth at this point being d - 0.028Lo 

Arthur discusses this condition as follows: 

"There has been considerable discussion about the possibility of 

orthogonals associated with an undivided wave train intersecting, and this 

case clearly shows that orthogonals can intersect. Beyond the center of 

the shoal, two crests exist as shown in ^Figure ID-1]3« Crest AB' is 

associated with the solid portion of the orthogonals, and crest AB2 i» 
associated with the dashed portion. Point A is located on what is known 

as the envelope of the orthogonals. The envelope is not drawn, but it may 

be visualized as a curve tangent to each of the orthogonals corresponding 

to values of 0o from zero up to a certain value. The orthogonal is drawn 

as a solid line to the point of tangency.with the envelope. Thereafter, 

the orthogonal is drawn as a dashed line. At a point of intersection 

between two orthogonals, each of the orthogonals is associated with a 

different wave-crest. Consequently at such an intersection point there 

is not what might \>e called a complete 'focusing' effect and K is there¬ 

fore not infinite. 
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nK is also never infinite along tne envelope, since no two orthogonals 

\ntersect at a point on the envelope. However, (Figure ID-11) shows that 

a region of convergence exists along the envelope. The maxiTium value of K 

along any wave-crest occurs at a point on the envelope such as point A. 
Computation of the value of K at point 0 gives the approximate magnitude 

of the convergence occurring along the envelope. It can be shown that the 

value of K at point 0 is approximately 1.6." 

It can be seen that if waves are refracted about both sides of the 

island, a very confused sea would exist in the lee due to the intersection 

of four sets of crests. 

(6) Case 2: Point Island 

Assume R - (C/C0)2> where 0 - R ^ 1. The cross section in 
Figure ID-10 snows a moderate bottom-slope changing to a steep slope near 
d ® 0.5 Lq* Figure ID-13 shows orthogonals and a curve showing the varia¬ 

tion in K along a circle of 5 r0. This curve shows that the height of the 

refracted curves is greatest for that portion of the wave-crest turned 

through the largest angle. 

(6) Case 3s Point Island 

Assume R (2-R) - (C/C0)2, where 0 ^ R ^ 1. As is shown in 
Figure ID-10 the bottom slope is nearly linear. The curve of K shows a 
decrease in height of refracted waves for increasing and hence the decrease 

in wave-height is rapid in the lee of the island (Figure ID-1U). 

(7) Conclusions of Arthur 

"Type 1, bottom-slope — Very steep slope near contour d ■ 0.5 Lq and 
very gentle slope in more shallow water (Cases 1A and IB). Refraction 

effect: No refracted waves in lee of island beyond contour d •« 0.5 Lo»n 

"Type 2, bottom-slope — Steep slope near contour d * 0.5 Lq 
moderate slope in more shallow water (Case 2). Refraction effect: At a 
large distance refracted wave height is very low at edge of lee but 

increases towards center of lee. ffaves refracted through greater angles 

are higher." 

"Type 3» bottom-slope — Approximately linear bottom-slope (Case 3). 

Refraction effects At a large distance refracted wave-height rapidly 

decreases from incident wave-height at edge of lee to lower values towards 

center of lee. Yaves refracted through greater angles are lower." 

"Islands where the bottom slope resembles Type 1 have waves on the 

lee shore as high as the incident waves if the radius of the contour 
d » Lq is large compared to the island radius. This type of bottom slope 

is characteristic of coral islands and volcanic islands with a shelf cut 

by wave-erosion. It is probable that a refraction effect of this type 

rather than diffraction explains the high breakers known to be frequent 

on tne lee shore of certain islands." 

I '1 
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wghoals Vpth a steep slope near the contour d - 0.5 L0 are 
ized by intersecting orthogonals which indicate that a single inciden v - 
crest is divided into two crests. Shoals of this type exist in reg 
where -lacial erosion has occurred The associated convergence and inters 
SrS- «y expïâîn the confhsed sea and breaking waves frequently observed 

over such shoals." 

d. Caustic 

Analytical and 

shoal*studiedly6Arthur, was examined in detail. Although the two were not 
identical it was thought possible to represent the orthogonal pattern over 
the submerged clock glass (shoal) in a ripple tank schematically from 
Arthur's theoretical considerations. 

Figure ID-15 shows the orthogonal pattern over the clock glass. The 
wave crests shown beyond the caustic are not as 
constructed after the method of Arthur. Figure H>-16 shows the pattern 
of wave-crest positions as found by the geometric optics approximation 
which^predicts^3phase shift through the caustic. Figure ID-17 shows the 
actual crest-orthogonal pattern for waves passing over a clock glass. 
This illustration was drawn from the shadowgraph (a Photograph of the 
liffht and dark shadows on a screen, caused by the focusing effect of the 
wave crests on a light shining up through the bottom of a transparent 

ripple tank) shown in Figure ID-18. 

A+ dresent no quantitative information may be obtained for the area 

beyond the caustic. +-he fart t.hflt, one THAT ^ 

Portant .Ttoía^ircertain known fflEÍñCgrj,r)P 1 j W 9fl tilg. 

problem. 

3. Graphical Construction of Refraction Diagrams by the Wave-Front Method* 

a. General 

Ideally, waves in deep water move forward with their crests 
parallel while^n shallow water the reduction in wave velocity causes -he 
crest to*swing around in the direction which will decrease the angle 
. + n +ue erest and the bottom contour. A quantitative definition of 
ïhat is meant by "deep water" and by "shallow water" is usually given as 

L0 ■ gT2/2*- 5.12T2 
deep water, d>Lo/2 

shallow water, d<L0/2 

Ti»here d and L0 are in feet and T in seconds. 

The meaning of these terms may be examined in the light of refractive 
effects in shallow water by considering the velocities and angle involve . 
The^velocit^and length of a wave decreases in shallow water as is she« 
in the following tables 

it ^TrÄ^^trcrirDr-Graphlcal Construction 

ofh Wave'Refraction Diagrams- U. S. Navy Hydrographic Office Publication 
No. 605, January 19U8.) 155 
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d/Lc 0.5 O.U 0.3 0.2 0.1 

L/^Lqi, C/C0 0*996 0.98 0.96 0.89 0.71 

Tue angle through which a wave crest will turn between deep water and 
value of d/Lc may be obtained from Figure ID-6. By selecting a few values 

to represent the effect, Table ID-2 showb that the limits of «shallow water« 
depend upen the angle * 0 and the accuracy to which the diagram is to be 

constructed. If^o * 7°0 and if the construction is at an accuracy of * 1 
degree, the diagram should start in depths even greater than d - 0.5Lo» but 

if*. 0 is only 10 degrees, a negligible error is introduced if the diagram 

is started from d * 0.3 L0. 

As a working rule, which should be modified as circumstances indicate, 

refraction diagrams should start from straight wave-crests in a depth equal 

to half the deep water wave length or at d * 0.5 x 5«12T^ feet. 

TABLE ID-2 
Values of as a function of d/L0 and 

0.5 O.U 0.3 0.2 0.3 

70 69 68 61* 57 Li 

50 U9.5 U8 U6 U2 32 

30 30 29 28 26 21 

10 10 10 9.95 8.5 7 

The velocity of a wave in deep water is 5*12T feet per second, where 

T is in seconds. As the wave moves into shallow water, its velocity de¬ 

creases and, if the crest makes an angle with the bottom contours, the 
wave velocity will vary from point to point along the crest. Graphical 

construction of a refraction diagram consists simply in moving each point 

of the crest in a direction perpendicular to the crest by a distance 

equal to the wave velocity times the time interval selected. The initial 

form of the wave is a straight line in the deep water area, as previously 

defined. Figure ID~19a shows scales constructed in such a manner as to 

give the advance of the wave crest at any value of d/L0 on a chart any 
scale S. (These scales should be printed on thin paper and made available 

for distribution.) See Section ID-3c for methods of construction of the 

scales. The two scales of Figure ID—19& differ only in that scale A gives 

the wave advance during an interval which is twice that of scale B. 

To construct a refraction diagram, the hydrographic chart first is 

contoured with an interval which will represent accurately the details of 

the bottom topography. Each contour on the map is converted to mean sea 

level—or any other desired stage of the tide—adding the proper constant 

to the chart soundings. The most reliable chart having the most hydro- 

graphic detail should be used. For many areas, the work sheets from 
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which the navigation charts were prepared are available (USC&GS work sheets.) 

Those sheets are generally larger scale and more detailed than the charts. 

For the wave period selected» the deep water wave length is computed from the 

relationship, L0 - 5.12 T2. The contour values, in depth in feet below the 

tide stage selected, are then divided by L0 (in feet) to give contours in 

terms of d/Lo* ^hxis> in ^>"20, f°r example, the contours in fathoms 
have been re-labeled in terms of values of d/L0» Additional contours of 
d/Lo may be added if considered desirable. In Figure ID-20, for exanple, 

contours of d/L0 of 0.5 and O.U have been added. 

Generally, it is sufficient to draw everv nth crest, where the value 

of the crest interval, n, depends upon the scale of the chart and the com¬ 

plexity of the bottom topography. The crest interval is determined by the 

scales used and may be expressed as n, a multiple value of wave length, or 

as a time interval, t. The crest interval does not have to be an even value, 

nor does it have to be the same for the entire chart, since more crests 

should be drawn where the bottom topography is particularly complex. The 

two transparent scales (Figure ID-19) for plotting the wave advance are 

provided so that the crest interval in one scale (scale A) is just twice 

that for the second scale (scale B). These scales are applicable to charts 

of any scale and of any wave period. The only variable between refraction 

diagrams prepared by the use of the scales is the crest interval, this 

interval being a function of the scale of the hydrographic chart. Formulas 

are provided fo»* computation of the crest interval n, or time interval, t, 

for any particular refraction diagram (Figure ID-09*) • 

It is sometimes necessary and often helpful to draw a refraction dia¬ 

gram for a particualr locality, in several steps: First, the over-all 

pattern for a long stretch of coast line is drawn on a relatively small 

scale chart, following the waves from deep water to within a few thousand 

feet from shore; then the results are transferred to larger scale charts, 

and a detailed pattern is constructed of the waves close to shore in bays, 

harbors, and other areas of particualr importance. If the refraction dia¬ 

gram is drawn for the purpose of determining the local angle between the 

shore line and the breaking crest, then it is obviously necessary to con¬ 

tinue the diagram to the depth in which the wave breaks. This refinement 

is unnecessary in determining wave heights, but is necessary in estimating 

the strength of the littoral current (which depends upon the angle between 

the breaking crests and the snore line). 

If the tidal range is large, it may be necessary to construct several 

diagrams for different stages of the tide. On the California coast, where 

the range of tide is approximately 5 feet, diagrams prepared for an average 

stage of tide will usually suffice. 

b. Example-Refraction Diagram, Monterey Bay, California 

A refraction diagram for Monterey Bay is constructed in this section 

as an example. Then values of Kd are determined for points along the coast 

from Monterey to Santa Cruz. The diagram is prepared for a mean tide 

condition of 2 feet above M.L.-L.W. (Mean Lower Low Water), direction of 

advance in deep water from W.N.W., and T ■ lb secs. Thus, Lq * 5*12 T 

■ 5.12 (lb)^ * 1,000 feet, and the depth which is the dividing contour 
between deep and shallow water is Lq/ 2-500 feet. 
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The avallahle U.3.0.&0.S. charts that show bottom topography are No. 
402, scale ls2lU,000 and No. 5U03, scale ls50»000* 

The contours appearing on these charts are in fathoms. The equivalent 
values in terms of d/Lo are as follows» 

. . d * (6) (100) * 2 » n.fio? 
100 fathoms ï jr- v ' - u* 

d (6) (50) * 2 m n.™? 
50 fathoms; ~ ' T7550 

, d , (6) (UP) * g . 0.2U2 
UO fathoms; ^ —*"T7Œ50 

d _ (6) (30) * 2 m n.ifl? 
30 fathoms; j- “ 1 

d (6) (20) + 2 « n.l?? 
20 fathoms; ^ f i^qö'5- 

15 fathoms; r- 
uo 
d . (6) (15) + 2 

TTõõcT 
0.092 

10 fathoms ¡ j- " ~ ~ ’ 0’°62 

5 fathoms, i- - — ■ °-032 

For accuracy in preparing the refraction diagram, it is necessary to 

«tenftfde^Lrlt^in "eyl'fdepth“’SOo'ÎeJtl^hencrctart No. 

feÂ r^onlrX^-Ä^T - hy^ographic 
chart; however, for illustrative purposes in this report, the diagrams 
drawn directly on the charts.) 

.,rriI?:wieo”r:,rrn»oínud^«rer.â0L’^arrrtrr:St 

H“’ tT i^raVS/ï1 to« values g^atÄn"?.?’?.“"^ 5i.tJ¿s 

U the Jesuit that the disttoces 

Ä s: r a 
Ärae Ä '“ThTpSr^atr/b" ^0^0:1°. B in Bigur. 1^19, 
*lÄ been cut out and placed on the refraction diagramas rllustrated 
in Figure ID-20. For example, to locate point c on crest 2 

(i) Lay the scale on the chart so that the dashed center Une and 
the line of d/L0 * 0.302 on the scale intersect with the contour d/L0 
on the chart (point a)• 

) 
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(ii) Move the scale so that condition (1) remains satisfied and 

the lower side of the scale is tangent to crest 11 on the diagram at the end 
of the d/L0 ■ 0.302 line on the scale (point b). 

(iii) Mark point c where the d/L0 - 0.302 line on the scale reaches 
the upper side of the scale. 

(iv) Thus, other points as d, e, and f are found by making use of 
the d/L0 contours of 0.2U2, 0.182, and 0.122, respectively. The process is 

repeated until a sufficient number of points are found to determine the 
position of crest 12. 

In a simlar manner to that outlined in items 1-U, above, other crests 

are located until the diagram is carried into a locality which is within 

the limits of a larger scale chart. On Figure ID-20 it is noted that crest 

1U is within the limits of the area shown on chart 5U03. This crest is then 

transferred from chart 5U02 by taking offsets from a convenient longitude 

(122°)j correcting for scale ratio, and replotting on chart 5U03 (Figure 
ID-21)t Thus, the offsets in inches at each minute of latitude on chart 

5U02 are multiplied by the ratio 2lU,000/-50,000 « U.28 and are shown plotted 

on chart 5U03 with a smooth curve drawn to give the position of crest liu 

(Note that charts 5U02 and 5U03 have been reduced by photostat for inclusion 

in this report.) Changing from one chart to another must be done with 

special care as slight errors here may cause large errors in K(j. 

Starting with wave crest Hi on chart 5U03, crests 15 to 23 are plotted 

by the method illustrated in steps 1 to U above. Because the bottom slope 

in the area covered by this chart is relatively uniform, crests can be 

plotted using a larger interval between crests| thus, crests 15 to 23 were 

plotted using scale A of Figure ID-19« 

On chart 5U02 the spacing between crests was determined by means of 

scale B and the corresponding values of n and t are: 

n - 0.0163 likaM - 17.8 wave lengths 
(1U) 

t - 0.0163 (21^000) - 2h9 seconds 

Similarly, on chart 5U03 scale A was used, and the values of n and t 
are: 

n - 0.0326 (5°.0Q°) ■ 6.3 wave lengths 
(1U) 

t - 0.0326 (¾000) . 117 seconds 

lii 

At a few localities where the bottom configurations are irregular, 

intermediate crests on chart 5U03 (Figure ID-21) have been added by the use 

of scale B. These localities are between crests 16 and 17 near a side 

canyon of the Monterey Canyon and shoreward from crests 21, 22, and 23. 

Even this spacing is inadequate to describe the refraction which probably 

occurs at such locations as Santa Cruz Harbor, Monterey Harbor, and at the 
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.ad of Monterey Canyon at Moss Landing. For greater detail in these areas, 

narts with a larger scale should be used. Photostat enlargements could be 

nade of the areas from chart No. 5U03, but for more accuracy the original 

USC&GS work sheets should be used. Thus, Figure ID-22, shows contours from 

Hydrographic Chart 5Ul5> which covers Monterey Harbor and vicinity with a 

scale of Is$000. Chart No. $U1$ shows that the bottom contours extend sea¬ 

ward only to the 17-fathom contour, which is about the location of crest 23 
on chart $U03. Consequently, crest 23 has been transferred to chart 5U10 

by the offset method described above. Crests 2L to 33 have been constructed 
by the use of scale A. The crest interval on this diagram is as follows* 

n - 0.0326 - O.83 wave lengths 
(1U)2 

t = 0.0326 (5?000). - 11.7 seconds 
1U 

Further detail near the Monterey breakwater and within the harbor could 

be obtained by enlarging that area from chart 5Ul$. 

Upon completion of a plot showing the wave-crests, the orthogonale are 

drawn on the diagrams. The orthogonals are started at the shore, or at 

some specified depth contour, and carried seaward as perpendiculars to the 

wave-crests until deep water is reached. Orthogonals are curves in shallow 

water and straight lines in deep water. 

In constructing the orthogonals, a small triangle and a short straight 

edge are convenient. The triangle is adjusted so as to be tangent to a 

wave crest (Figure ID-23a) where the orthogonal is to be started (crest 1). 

The straight edge is held against the triangle and the triangle is then 

slid along the straight edge so that a perpendicular can be drawn through 

point a and to point b half way to crest 2. The process is repeated for 

crest 2 with the perpendicular drawn shoreward to point b and then extended 
seaward bo a point c midway between crests 2 and 3. The procedure is re¬ 

peated until the wave crest in deep water is reached. If desired a smooth 

curve could be drawn through the points where the perpendiculars cross the 

crests. 

Another method of constructing orthogonals is to cut about a four 

inch square from acetate or other thin transparent drafting plastic (Figure 

ID~23b). A straight line is then drawn diagonally across the square and 

two narrow slots cut perpendicular to the line to accommodate a pencil 

point. Then the line is held tangent to the first wave front and a light 

line drawn in the forward slot from a point halfway to the next wave front, 

back toward the first wave front. The square is then moved foreward so that 

the inked line is tangent to the second wave front with the pencil line 

from the first wave front terminating in the rear slot. A light line is 
then drawn from a point halfway to the third wave front and back through 

the rear slot to the first line. The positions of these light lines are 
usually satisfactory foi orthogonals. If the wave front curvature is great 

the orthogonals can be drawn through their intersections with wave fronts 

just as in the triangle method. This method has been found to be a more 

rapid method than the triangle method. 
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In Figure ID-21 orthogonale have been drawn ever/ two nautical miles 
starting at the Monterey Municipal Pier. With the exception of the vicinity 
of Moss Landing and northward, this spacing appears suitable for most of the 
coast between the orthogonals À-F. As mentioned above, if the refraction 
coefficients are desired for the Moss Landing shore line, a refraction dia¬ 
gram should be prepared on a larger scale map, and the orthogonals then be 
drawn with smaller spacings. Additional orthogonals should be constructed 
northward from Moss Landing to better define the refraction coefficients in 
this area. 

The orthogonals shown on chart 5U03 (Figure ID-21) ended at crest 1U, 
and then had to be transferred to chart 5U02 (Figure ID-20). In all prob¬ 
ability, not all the orthogonals can be carried to deep mater on the 
smailer scale chart. Actually, only a few of the orthogonals are required 
to give a measure of refraction between deep water and crest 1U. (Thus, 
the points on crest lii which are midway between orthogonals A-L (Figure 
ID-21) have been transferred to Figure ID-20.) It has not been necessary 
to carry orthogonal I, seaward from crest 1U as orthogonals H and J give 
a measure of the refraction for this portion of the wave. 

Consider one exanple of the computation of the refraction coefficient, 
K., it is desired to obtain K¿ for a point on the 5-fathom contour midway 
between orthogonals K and L. The procedure is as followst 

On chart 5U03 (Figure ID-21) the distance between orthogonals 
K and L at the 5-fathom line is 2.9 inches and at crest 1L the 
distance is 1.72 inches. 

On Figure ID-20 (chart 5U02) the distance between orthogonals 
K* and L' is 0.U9 inches at crest 1U and 0.12 inches at crest 1. 
Therefore, the refraction coefficient for the point midway be¬ 
tween orthogonals K and L at the 5-fathom line isi 

sf¥. 72 37T 
0.12 0.38 

Computations for refraction coefficients at other points along 
the 5 fathom contour are summarized in Table ID-3. To obtain a 
refraction coefficient from a point nearer to the Municipal Pier 
than obtained by orthogonals A and B, additional orthogonals have 
been drawn on charts 5U03 and 5U15 (Figure ID-22). Point M on 
crest 23 was selected as a starting point. On chart 5U03 two 
orthogonals (0.3 inch on either.side of point M) have been 
carried seaward to crest 17 in deep water, where the distance 
between orthogonals is 0.13 inch. On chart 5U15 the two ortho¬ 
gonals (1 1/2 inch on either side of point M) have been carried 
to the 5 fathom contour, where the distance between orthogonals 
is L.72 inches. The value of Kd at this location of the 5 
fathom contour, which ia 0.8 nautical mile from the Municipal Pier 
is 

'Jfc 
13 

ÏÏX 11772 
0.37 

(On some refraction diagrams, as in Figure ID-36, the crests may 
divide and intermingle shoreward of an offshore island or shoal, 
or underwater ridge, etc. The problem should then be considered 
as one of two separate wave trains.) 

RESTRICTED 
Security information l6l 

.L ...... . .....I 



"'«•''"'WE::-’.. .!;: .SüvrT 

BESTRICTÏD 
Sec’irity lafomation 

Pr^awntation of Réfrar*-'»" Hoefficlents 

Refraction diagrams should be p^®Pa^tg0gh^¿°^e sunmariMd1 In con- 
:,Mp water wave direction*. The ».d. for only on. point 
vendent table or graph form. » wav8 direction and period is sufficient, 
on shore p a plot of Kd as a lex refraction coefficient pattern is 
One of the easiest ways to pi P . --1.4- maps from spot elevations, 
similar to drawing logical contours “.^^d a^ngH” «fier«* dirwe- 
A range of periods may be tested as ordinate, and^ng^ ^ th, dll. 

:,ion5 as abscissas. ,ontours drawn by linear interpolation and 

^.CUÄÄ refraction diagrams. (So. Fi^r. 

This information may also be t0 some people) with the 
tangularly (which may be a lit variouS waVe periods as concentric circles 
origin at the point on shore, the variou Phi t directions (Figure 
and the different directions as radial ^nea in tneir if fQre_ 

m-2Ub). Contours are inte^aat*8Íntafalo^ a coastfa convenient means of 
casts are being made for several p° h factors plotted versus dis- 
sunmarising the data is a grap w o.rioda (Figure H)-2Ua). A separate 
tano. al jng the coast for various w.v.^«iod^(M*ur. of ^ 

sSiîTda-îfi^ f^£:=i- Är- 

rCro:"e¿26Asroís”us:,ohbi *s pr‘p*”d irom th' refr‘c' 
tiS diagrams shown in Figures ID-20 and ID-21. 

It is usually necessary, where t*» tidal range ia t0 note 
separate diagrams for dlff.rent jUges of «» tld.; doe ct 
that the assumption of constant wave en gy ^ submerged reef, It is nec- 
apply after a wav. breaks. “ t0 d,termlM rt.th.r the waves break 
essary to examine ^his +14- Should breaking occur, wave heights 
at some, or all, stages of the tide. j-.^rmined by use of Kd factors 
beyond ihe reef would be lower tban that^determlned ^ or not 

breaking*occurs^Hthe^crest m^^ break ¿to s.v.ral crests. Thus, tH ^rther 

refraction of the wave may not be linçle. 

The refraction coefficient, Fd, is aj^h^preceding^xamples, repre- 
of the initial angle of ^«^ve crest,, L thegCOefficient of re- 
sentation of the results was p .. s eiiminating one variable, 
fraction at a constant deptho 5 itu4e of the difference in this co- 
The question now arises as to the m g , th gav iq feet. For this 
efficient if the wave breaks in a to the shore line 
purpose, the 30-foot contour may Figure II>-6. Using the 
and the effect worked out sewnds a¡d waves from W.N.W., 
example of lionterey Bay, with a period of 1U ar0und 0.60 at d/L0 
Se refraction coefficient between ^inefficient and 
» 0.03. On a straight shore line,o ¡V « 0.01,^- 13° 
depth would correspond to<* p . o?03°and d/L0« 0.01 would be 

rgb,*r:".^ieu°t"i3s 

K30 ^0/^30 

K10/K30 “^bjo/bio" 

K10 "Vv^io 

. y Cos c* 30/ Cos^iõ * °*97 

o 
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With the change in angle from 2h degrees at d - 30 feet to 13 degrees 
at d !\o feet, the value of Kd at the 10-foot contour is ^ £7 percent 
of the value at the 30-foot contour. Evidently, the «act depth to ehich 
the refraction diagram is carried does not greatly affect the value. 
working rule (to be modified as special circumstances indicate) carry refrac 
tien diagrams' shoreward to the depth of water in which the wave breaks. 

d. Thworv and Plotting Data for Refraction Scales 

The theory involved in the construction of the scales 
ID-19a for plotting refraction diagrams by the wave-advance method is briefly 
as followst 

It is necessary to plot values of wave advance as a °f J:h!h”ti0 
d/L Bv proper spacing of values of d/Ln, the upper plott 8 ® 6 
scaïe caí be mde a straight line, hence ît can be constructed with consider¬ 
able accuracy. 

Refering to the sketch (Figure ID-19b) x represents the base length of 
the scale, and the ordinate at the ri*t hand side 
vanee in deep water5 that is, the advance is some multiple n of the deep 
water wave length, Lo* 

For any particular value of the depth-length ratio, such as dnAo» the 
distance £« the left hand end of the scale to the point where the wave 
advance is nLn is, by similar triangles, given by the relationship, 

XnA * nlrnMo 
or 

Xn * XLn/Lo (ID-3.1) 

For any chosen length of seal. (8 Inch., for scale. A and B . Figure 
ID-19b), values of In. for various aasuiasd «lues of i/L0, are calculated 
by the following procedure? 

For shallow water, the wave velocity is 

q2 • (gL/a'T) tanh (2*rd/L) (ID-3.2) 

and 
C • L/T 

or equation (ID-3.3) ®ay b® written 
(ID-3.3) 

C2 . (l2/T2)-[(L2/(Lo/5.12) )] (ID-3.U) 

hence, a combination of equations (ID-3.2) and (ID-3.U) gives 

L/L0 - tanh (2^ti/L) (ID-3.5) 

Table ID-U gives the steps in computing values of Xn by use ®Ju8^on 
\\ .«d ÍID-3.5). Column (1) shows various values of d/Lo* From the 

tablas i^another sectionof the manual, values of L/Lo have been obtained 
““S.^cSiSdS «lus. of dA. and tabulatsd in column (2 . Coin», 

shows values of d/L which were obtained by dividing column (1) by 
*_/i.\ 4. 4-ka rv-rtrtn/•+. nt 9 ir and the values in columr 

for «hows values of d/L which were obtained by dividing cox««u 
ioluT«). Ôoluœ (U) 1. th. product of 2 fr and th. valus. If coin« O). oSS (s5 is th. hypsrtolic Ung.nt of th. vain., in colu» (U). Colunn 
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(6) gives values of Xn In inches and is obtained by multiplying values in 
column (5) by 8 inches, the base length of the scale. 

In plotting the scales, the ordinate at the right hand side (where 
d/L0 ■ 0.5) can be constructed with any convenient scale. Scale A was 
made with a height of 2 inches, whereas, scale B was made only 1 inch. 
This selection of heights seems suitable for the usual hydrographic charts. 

The equations for determining the time interval, t, between wave 
crests or the number of wave lengths, n, between crests are detennined 
as followss 

If the chart scale is in the form 1/S and y represents the ordinate 
in inches where d/Lo ■ 0.5, then 

y/12 - nL0/S 

n * y3/l2L0 - yS/l2(5.12T2) - yS/ól.WiT2 (ID-3.6) 

The time interval, t, between crests is the distance advanced by the 
wave divided by the wave velocity; that is, at d/Lo ■ 0.5 

or 

Thus, 

and 

t * vLq/Co ■ nL0/(I*o/T) ■ nT 

t ■ yS/6l.UUT 

for scale A (Figure ID-19), where y ■ 12 inches 

n - (0.0326) S/T2 

t « (0.0326) S/T 

For scale B (Figure ID-19), where y ■ 1 inch 

n - (0.0163) S/T2 

t - (0.0163) S/T 

U. Construçtion of iMpa^tion Diagrams from Aef^l Pn9l9JaiaPiig* 

a. Method 

(ID-3.7) 

(ID-3.ÉÍ) 

(ID-3.9) 

(ID-3.10) 

and 
(ID-3.11) 

(ID-3.12) 

The graphical method of preparing refraction diagrams may be replaced 
by a purely photographic method, using accurately timed aerial photographs. 
Various components of the method have been described in other reports and 
the procedure will be summarized only briefly here. Steps in the analysis 
are? 

(i) Obtain aerial photographs of the shore line and offshore 
area, preferably verticals, taken at an accurately timed interval of ap¬ 
proximately 3 seconds and with about 85 percent overlap. 

Taken largely from Reference ID-5« 
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(ii) Check photographs for altitude and tilt and determine ground 
scale. Enlargements corrected for tilt are desirable. 

(iii) Trace crest of major wave train from selected photographs in 
the set and transfer to overlay of hydrographic chart. As the set of photo¬ 
graphs will show different crest angles at the same position, averaged 
curves should be drawn. 

(iv) Draw the orthogonals and from the spacing of the orthogonals 
determine K¿ at a selected depth contour. 

(v) Deteraine the average wave period of the major wave train by 
(a) measuring from the photographs the time interval between breakers or 
between the instants at which crests pass identifiable points such as rocks 
or small patches of foam or (b) measuring the wave length at points where 
the depth is known and compute the period (or obtain it from available 
graphs). 

Except for (vb), this procedure may be followed even when the hydro¬ 
graphy is unknown. 

b. Advantages 

This aerial method of preparing a refraction diagram has the practical 
advantage that it deals with real waves, which vary in period and direction, 
and it truly represents the effect of local irregularities in the bottom. 

c. Disadvantages 

The method has a number of disadvantages among which may be mentioned« 

(i) Obtaining photographs representing a range of periods and 
directions, and possible low and high tide, will require considerable 
flying time and, almost invariably, a long period of waiting for the de¬ 
sired wave conditions to occur in good photographic weather. 

(ii) Swells, which dominate the breaker zone, are frequently ob¬ 
scured at a relatively short distance from shore by small steep waves and 
it is usually the long period waves which are of interest. 

If the refractive effect occurs in a limited area (as in a small bay 
or near a harbor entrance) direct use of aerial photographs as outlined 
here is feasible. If the refractive effect tales place gradually over large 
areas, the aerial photographs become difficult to analyze because of the 
problem of ground control. A judicious combination of the graphical method 
with measurements of aerial photographs will yield the most reliable 
results at reasonable cost. 

5. Graphical Construction of Refraction Diagrams Directly by Orthógbnale» 

a. lateadagtegn 

A system has been devised whereby orthogonals may be constructed 

' Taken, from reference ID-5. 
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Erectly without first drawing the wave fronts. This method has the advan¬ 
tage of eliminating an entire graphical step and its attendant inaccuracies. 
In trained hands, a refraction diagram can be constructed by this method in 
much less time than is required for its construction by the wave front 
method. Personnel with a higher degree of training are necessary if this 
method is used, however, and the operation does not become so nearly auto¬ 
matic as does the wave front method. The method is thus suitable for use 
by specialist draftsmen or engineers. 

Physically the method is carried out by a special protractor whic» in¬ 
corporates the requisite scales. The protractor is manipulated in steps 
from contour to contour and at each step indicates the direction of the or¬ 
thogonal. One orthogonal is drawn from deep water to shore in each series 
of operations. The device has been made in the form of a protractor so 
that it would be entirely adequate for the construction of refraction dia¬ 
grams. A drafting machine can be employed to advantage, however, and the 
protractor used merely for the graph and tables on it, for obtaining the 
required values for the manipulation of the drafting machine. 

b. PsvsipBmakgf the Motlwd 

A detailed description of the development of the method and its appli¬ 
cation follows8 

(1) Assumptions 

(i) Contours can be drawn at every abrupt change in slope 
of the chart. 

(ii) The depth at a point between contours in a linear 
function of its distance from the contours. 

(iii) Between contours, wave length and velocity may be 
considered to vary linearly (the usual assumption). 

(iv) The radius of curvature of the orthogonal between 
contours may be considered constant (a circular arc). 

(v) The angle of the arc is equal to the change of angle 
of the orthogonal. 

(vi) That the undulations of small magnitude extant in 
most contours are more likely to be a measure of observational inaccur¬ 
acies magnified by rigorous drafting than an indication of the direction 
of level bottom. Also that bottom features with dimensions small com¬ 
pared with the wave length do not influence the motion of the wave to 
any appreciable extent. If the contours are smoothed out and only those 
features preserved that are nbtiously characteristics of the hydrography, 
the result is more nearly accurate. 

(vii) That the angle of convergence or divergence of or- 
thogonals at differential intervals is small compared to the angle of re¬ 
fraction. ( Please note that convergence or divergence is not considered 
non existent.) 
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(viii) That a line drawn through any point midway between 
two contours and making equal angles with the adjacent contours is approxi- 
mtely the direction of a level line at that point (provided the require¬ 
ment inplied in assumption (i) is acconplished)• 

(2) Derivation 

(See Figure ID-27) 

considering^ 13° for two-place accuracy, 
or A* < 6° for three-place accuracy, tan^*t • sin^ ck* . (Rcg-Rc^) 
/3B'. AA' - OO' -BB' »d(a differential distance). 

Assumption No. U. 

Lst^be the^Slociî^from A to B (effective) 
let 0’' be the velocity from A’ to B' (effective) 
let t be the time required for wave front to move from AA' to BB* 
Rçg - C^tj - C’tj then(C’t)/d 

G» » 0’ ♦ and^i C/(Ci-C2) - d tano*/(J/Cos»< ) » d sin^/J 

C» ■ C’ Qci - C2)/j] d sino< 

then ¿y* - (t sin#<) (0^2)/J i but t - ^/0* 

and C ■ (C^*C2^/2 

- (R^/J) (C1-C2) sino</ [(01+02)/05 ^m (Hc/J^^^ave)®111^ 

(ID-5.1) 

or2l<^ - (Rq/J) (AL/I*ave) 

but for the general case Rq/J ■ seco«- 

therefore A«^* (ülL/Lave) taño«» (ID-5.2) 

(3) Utilization 

These two equations are thus seen to be independent of the scale 
of the chart, and they have been made independent of the wave period by the 
reduction of this factor to the dimensionless ratio ^L/Lave* 

Equation (ID-5.1) is applicable to all cases where A#*» is less than 
some predetermined limit, depending upon the accuracy desired. In general, 
good results are obtained when Ao« is less than 13 • In practice 
rarely approaches this limit. 

Equation (ID-5.2) is more readily applied under ordinary conditions 
than is equation (ID-5.1). The limitation of equation (ID-5.2) stems from 
the fact that as«** approaches 90°, tan ©A.becomes infinite. Physically 
this situation may occur but is instantaneously altered by refraction so 
that ^ becomes less than 90°. However, the application of equation (ID-5.2} 
normally necessitates crossing an entire contour interval at each step. 
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The value of A changes very rapidly in the region whenc/- approaches 90°. 
Thus the instantaneous refraction over a small distance results in a great 

change in the rate of refraction, and the interval must be crossed in a 

series of shorter steps. It is therefore desirable to employ equation 

(ID-5.1} wheneverc* exceeds about 80°. Equation (ID-5.1) readily lends 
itself to crossing a contour interval in partial steps, by the Judicious 

select-on of Rq (the distance of wave advance). 

The protractor has thus been constructed with graphs for equation 

(ID-5.2) and a special table for use whenexceeds 80°, which adapts 

equation (ID-5.1) to the graph of equation (ID-5.2). 

The use of the graph suffices for the great majority of diagrama and, 

for all ordinary cases, there is never ary necessity to refer to this 

table. The table therefore has been made very simple. The graph requires 

the measurement of one factor only ( ) and thus is much faster to use 

than the table, which requires the measurement of three factors (c4“» Rq 

and J). 

The uses of these two component operations are summarized in the 

followings 

TABLE ID-5 

Equation Measured 

Quantities 

Use 

Graph A o*' “ (a L/Lave)t*n 

Table A - (Rq/J) (AL/Lave) 

sincA 

or 
* (£L/Lave)tanc* 

where 
* tan"^(RQ*/j) 

cA ----- 

, R and J 

For values of^less than 80°. 

For values ofsgreater than 

800. 

Where the angle made by the orthogonal and the contours is greater than 
80°, the graph is still used by crossing the contour interval in a series 

of steps and progressing a distance Rq which has some definite relation to 

J such as 1, 0.5, etc. Equivalent«^ for such cases comprise the tabla. 

Here c*.c (equivalents) - tan-l^/j) sins, but, asSis between 80° anc 

90°for these cases, sin Smay be given the value of 1 and the equation 

becomes , , , 
0^ m tan-1 (rc/j) (ID-5.3) 
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Figure ID-28 is a reproduction of the type I protractor, showing tne 
component scales and their functions« The protractor is 1U inches in 
diameter. 

Figure ID-35 shows the type II protractor. This protractor has a 
moveable ana. When this arm is aligned along the direction of level bottom, 

is read directly along the pointer at the appropriate values of^L/Lave* 
and are entered on the graphs in their actual dimensions. It is 

thus unnecessary to determine their numerical values. The factors Rq/J ar® 
entered on a circular scale. In this way«^ is indicated directly on the 
graph for a value of Rq/J. The type II protractor facilitates the opera¬ 
tion but is more difficult to construct. 

C» Application 

(1) Preparation 

Contours are drawn upon the chart at intervals that will 
adequately represent the details of the bottom topography and which are 
consistent with assumption (i) above. Normally (a rule of thumb) about 
as many contours will be required as the period in seconds of the longest 
period wave expected. These contours must extend to a condition of deep 
water for the longest period wave. That is, to d • 2.56Tz, where d is the 
depth of the deepest contour required and T is the period of the longest 
period wave to be studied. A table is then prepared for each wave period 
to be studied as shown in Table ID—6 followings 

TABLE ID-6 

Computation for use of protractor in example 

Periods 10 seconds ^o " 

1 2 3 h 5 6 7 

d 
fathom 

d 
feet 

d/L0 L/L0 AL/Lq (L/L0)ave L/Lave 

1 

2 

5 

10 

20 

30 

50 

6 

12 

30 

60 

120 

180 

300 

0.0117 

.0235 

.0587 

.117 

.235 

.352 

.587 

0.26 

.37 

.57 

.75 

.93 

.98 

1.00 

0.11 

.20 

.18 

.18 

-.05 

.02 

0.31 

•L7 

.66 

•81* 

.95 

.99 

• 

0.35 

.1*3 

.27 

.21 

.05 

.02 
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EXPLANATION OF TABLE 

The first colum, d, f.thom, is a list of the contours on the chart. 

Should the chart be in feet, this column naturally j.s eliminated. In 

practical problems, it would be advisable to have contours at 3, U, and 7 

fathom, as the values of A L/Lave should not exceed about 0.20. For bre¬ 
vity in the following figures, however, fewer contour intervals have been 

used. 

Column 2, d, feet, is the result of multiplying column 1 by the factor 

6 If a stage of tide is used other than that of the datum of the Chart, a 
certain constant must be added or subtracted from this column. 

Column 3 d/Ln is the ratio of the depth to the deep water wave length 
for Äs Ä in this case (i... 10-s.cond p.ri?d) th. «« l«gth 
is 512 feet and is computed from the equation L0 » T 1 * 
period in seconds, and L0 is the deep water wave length in feet. 

Column U, L/L0, is taken from a graph of this function which is on the 

tables section of this manual, or they can be obtained by interpolatio 

in Table ID-U. 

Column 5, ¿i L/L0, is the change in the L/L0 ratio and is written 
between the lines of the depths between which the change occurred. 

Column 6, (L/L0)ave, is the average of the L/Lq ratio between any 
two depths» 

This is also written between the lines. This figure can be obtained 

simply by adding one-half of the A(L/L0) figure to the previous value for 

L/L0. 

Column 7.AL/Lav., is obtained by dividing column 5 by column 6. 

The general method of drawing a refraction diagram by use 

of Type I protractor is shown below for a case where contours are simple 

and «Tis always less than 80°. The steps are fully explained under each 

drawing in Figures ID-29 and 30« 

(3) Special Procedure 

A special method is shown for two difficult cases. First, 

«turn the angle of approach is greater than 80» to the contours and, second, 

»here complex hydrography is encountered. The steps are again explained 

under each drawing in Figure ID-31. 

6. mscussioq pf t-he Methods. 

Explanations of two graphical methods, the wave front and the ortho¬ 

gonal, for constructing refraction diagrams have been presented. A^so, 

several methods of summarizing the refraction coefficients have been illus¬ 

trated. The presentation for a particular circumstance is lai-gely a choice 

based upon several factors. If time pemits, the supervisor should try 

o 
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both methods to determine ehich is preferable. In any case a few diagrams 

should be checked by both methods to see if they are in reasonable agree¬ 

ment. As an aid in the choosing of the basic method to be used for the 

refraction study the comparative advantages and disadvantages of each method 

are presented, although as stated before, circumstances of the specific job 

will dictate the final choice. 

a* fane Front Method 

(1) Advantages 

(i) Contours need not be drawn over the base hydrography, 

but they a-c desirable as an aid to visual interpreUtion of the results. 

The wave fronts may be drawn by knowing only the average depth over which 

the front passes and this depth can be determined from the plotted soundings. 

(ii) Wave crests are shown. Thus the action of the wave in 

the ocean becomes easier to visualize. In certain cases they may be corre¬ 

lated directly with aerial photographs. 

(iii) The method is easy to understand and apply. A person 

need not understand the complicated wave theory and mathematics involved in 

the development of the wave front method to be able to draw the wave fronts 

as it can be done by following normal drafting and graphical construction 

methods. 

(iv) When wave fronts are properly drawn crossed orthogonals 

are easier to interpret. In fact they can usually be predicted on the basis 

of the wave fronts. 

(v) The method is easy to supervise. A trained supervisor, 

by close scrutiny of the wave fronts and hydrography, can usually perform 

a satisfactory detailed visual check of the diagram. If any irregularities 

are indicated, he can then easily check them with the scales. 

(vi) Wave front refraction diagrams are easy to explain to 

non-technical people. Progressive positions of a wave front have been in¬ 

dicated and from their shape and curvature most people can visualize 

whether they are converging or diverging. 

(vii) In certain cases insignificant wave trains may be el¬ 

iminated before the wave fronts are carried all the way to shore. 

(2) Disadvantages 

(i) Wave crests are often smoothed in cases when the crest 

should be severed to indicate crossed orthogonals. Many published reports 

show that even experienced people have not severed the crests on the re¬ 

fraction diagrams when the hydrography clearly indicated such severance 

and aeiial photos have shown that such severance existed. Nothing in the 

foregoing presentation of the wave front method has been said which would 

prohibit the drawing of severed crests. In fact one example of severed 

crests has been shown, (Figure ID-36). 
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(ii) Different scales or different chart markings must be 

used for each wave period considered. Because the scales are not readily 

changeable, an unreasonable scale might be used. Thus regardless of the 

scale of the chart, if the hydrography is regualr and slopes are gradual, 

larger wave advances are permissable than if the hydrography is irregular 

or slopes are steep. 

b. Orthogonal Method 

(1) Advantages 

(i) Orthogonals are constructed in a single operation in 

much shorter time. For the majority of cases only the refraction coeffi¬ 

cients are desired and so only orthogonals would be needed. 

(ii) The dimensionless protractor which is ujed is independ¬ 

ent of the scale of the chart and the period of the wave. Thus only one 

scale need be used for an entire series of refraction diagrams and the rate 

of advance of the orthogonals may be adjusted to suit the hydrography. 

(iii) Wave fronts may be drawn if needed. Since by defi¬ 

nition orthogonals are everywhere perpendicular to wave fronts, the fronts 

may be easily drawn in wherever needed for illustration. 

(2) Disadvantages 

(i) A higher degree of training is required. This method 

is less straightforward in the graphical stages and requires not only a 

draftsman to apply it, but also someone with a woricing knowledge of fund¬ 

amental mathematics. 

(ii) Orthogonals can not be drawn from shore seaward for 

a given deep water direction. On cursory examination this limitation 

may not appear to be a drawback since in the wave front method the wave 

fronts must first be drawn. In sane cases (over a particularly deceiving 

hydrography) not ¡nly will the first pair of orthogonals miss the desired 

area, but the first five or six may miss the area. 

7. Examples of Refraction 

Various aerial photographs and refraction diagrams are of interest in 

providing typical examples. Figure ID-36A shows a refraction diagram for 

Little Placentia Harbor, Newfoundland, for waves of 10 second period from 

NW carried from deep water, on Hydrographic Chart 2376, to the mouth of 

the harbor. Wave fronts then were transferred to a larger scale chart 

(Chart 5621) and carried into the harbor as shown in Figure ID-36B. 

Aerial photographs which show exançles of wave refraction often are 

of value in the preparation of refraction diagrams. With the exception 

of Figure IB 38B such examples are shown in Figures ID-37-UU. 

Figure ID-37 shows a mosaic prepared from aerial photographs of re¬ 

fraction effects at Half Moon Bay, California. Note that the waves are 

breaking over a submerged reef offshore. 
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Figure ID-38A shows waves which have passed through the entrance of 

Huaboldt Bay into the bay. Note that waves are breaking ^ide the 
This breakine is probably the result of a combination of sho 

water'and a tidal current running opposite to the direction of wave trave 

Verv often in the preparation of a refraction diagram, when waves are 

carried over a shoal of limited area, the wave crests appear to cross each 

other That such a condition can occur is illustrated in the upper right 

ÍÍÜr^orSr orFig^re ÎD-38A where the waves do cross. That a shoal area 

eSsts at this locality is shown by the hydrographic chart in Figure ID^38B 

Sich covers the section of the bay appearing in Figure ID-39A. Note that 

where the waves cross, they augment each other and breaking result . 

The important features of refraction illustrated by the photos in 

Figures ID-37-UU inclusive, are indicated in the caption under each photo. 

8. Refraction bv Currents* 

When waves moving through still water encounter a current, “o^g with, 

against, or at an angle with the wave direction, the waves undergoa change 

in length and steepness. In the case where the waves meet a ^ 
an anele the waves also change their direction. In the forecasting of wave 

conditions there are two situations in which the refraction of waves by 
currents may be of practical importance. At tidal entrances, ebb currents 

^counter to the waves and increase the wave height and steepness, there- 
r.dC/to thf h.Trd= Ô? navigation, -til. flood orront, flatten out 

tL «vSs Large scale ocean currents, such as the Gulf Stream, may tav. 
a gr“rêffect on the height, length, and direction of waves .ppr»cm 

+>!• current discontinuity. In some instances almost complete reflection oi 
ÜveHf certiií peSds^ll occur. In other instances the wave, have been 

“iced by refraction to exceed their critical steepness «d then to break. 

The principal application of refraction methods is to predict the 

occurence and height of breakers around a tidal entrance. The directio , 

hmiaht and period of the waves in deep water are variable, the bottom 
contours usually are irregular and the currents are variabie throughout 

the tidal cycle. Under such conditions quantitative forecasting by 
nîrelyuialyticâl upprouch probably is not reliable, but a combination of 

and observation would be adequate for making forecasts of probable 
^„ñdítloñs lt h^rtiôrentrances. In other instances the engineer might 

use the general principles of refraction by currents to design the shape o 

dredged tidal channels such that wave action within the channel will be 

reduced in magnitude (Reference ID-U). 

Surface waves in deep or shallow water are refracted by currents to an 

extent which depends upon the initial wave velocity and direction and the 

strength of the current. Two common conditions ar8 ^8^ beloW9 
for simplicity sake are concerned with only deep-water wave . 

a. lifting nr Following a Currant. 

Tkhen waves proceed from still, deep water into a deep sound "here 
X -un« directly with or against the advancing waves, the wave P«ri d 

r.Äo™L.?Ä. «ï. 1.4tb, velocity, sod height chenges (Refer«,« 

Taken from Reference H>-7. 
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II>-10)o Thus, (see Figure ID-U5) if L0 and C0 represent the deep water wave 
length and velocity, the wave length in the sound will be changed to a new 
value L. The wave velocity (relative to the water) corresponding to this 
wave length is C2 * g L/2fTj thus, 

L/L0 “ (C/C0)2 (ID-7.1) 

The wave velocity over the ground is equal to (C ♦ U), where U is the 
velocity of the current in the sound. For constant period 

From the above equations 
T - Lo/Co - L/(C+U) (ID-7.2) 

C/Co » 1/2 [ï ±/L ♦ ii (U/Co)] (ID-7.3) 

Here the plus sign must be taken since C must equal Cq where U ■ 0. Thus if, 

./i ♦ U (U/Cq) - a 

C/C0 - (1/2) (1 ♦ a) 

L/L0 - (1 ♦ a/2)2 (ID-7.U) 
and 

Considering equations (ID-7.1) and (ID-7.3) it is seen that the effect of 
a following current is to increase the wave length, whereas the opposite 
effect results from an opposing current. 

From a consideration of the advance of wave energy it can be shown that 
the ratio of the wave heights is 

H/h0 -J2/5 (1+aQ (ID-7.5) 

A plot of this equation to show the change in wave height in an opposing or 
following current is presented in Figure ID-U7. The effect on the wave 
steepness is obtained from a combination of equations (ID-7.U) and (ID-7.5)> 
thus 

H/L - Hq/Lqv/2/[a (1+aO . ^/l+aj. 2 (ID-7.6) 

where the wave steepness H/L in the sound is seen to depend upon the initial 
steepness Ho/L0 and upon the ratio U/Cq. The waves in the sound will break 
when the value of H/L reaches the critical value of 1/7. As is apparent from 
Figure ID-U? this condition takes place only when the waves meat an opposing 
current5 that is, it is in this type of current that the height in the sound 
is increased over the deep-wat,er height H0. 

b. Waves at an Angle to a Current 

Referring to Figure ID-U6, when a wave crest progresses from the 
position A B C in deep-still water across a current discontinuity to a 
position A' 5' C changes in the wave length, height and steepness occur. 
This refraction by curx'snts has two effects on the wave steepness. One 
effect is on the change in the wave length and the other is on the stretch¬ 
ing of compressing of the wave crest. These effects may oppose or add 
depending on whether the current direction is plus or minus. A treatment 
(Reference ID-6) of the general conditions sketched in Figure ID-li6 shows 
that the effect on wave length is 

t 

A 
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LAo - l/(l-U/C0 sin«<)2 (ID-7.7) 

and the effect on wave steepness 

HA - HoAo 

or 
HA • HqAo («) 

This can be rewritten in the form 

H/H0 • (LAo) m 

This combination of equations ID-7.7 end ID-7.8 pewit the prepar¬ 
ation of a diagram (Figure ID-U8) which gives the change in wave height as 
a function of the strength and direction of the current canpared to that 
of the incident wave. The most interesting feature of the curves presented 
in Figure ID-U8 is that whether the waves enter an oncoming or a following 
current they may increase in height (and therefore steepness) and then break. 
As an example, examination of Figure ID—U8 shows that when the value of U/Cq 
■ +0.1 (a following current) all waves will rapidly increase in height (and 
therefore break) for which the incident angle is larger then about 58 degrees 
For higher plus values of U/C0, the waves will break at much smaller inci¬ 
dent angles. 

The above analyses for waves meeting a current either directly or at 
an angle apply to deep water conditions, A similar but more tedious analysis 
would result from an analysis of waves refracted by currents in shallow 

water. 

9. Difficulties Encountered in the Construction of Refraction Diagrams 

One should constantly refer to the basic assunptioni in the methods 
for constructing refraction diagrams to see if they agree reasonably with 
the practical factors. One shoua-d also use every means to check the re¬ 
fraction picture which has been developed graphically. Aerial photos and 
visual observations are two of the best practical checks of the diagrams. 
Some of the irregularities which may be encountered are discussed below. 

a. Short Crested Waves 

Refraction theory is based upon the assumption that waves are long 
crested. If the waves are short crested, velocities are up to DP% higher 
than predicted, the refraction effect is larger and if the angle of inci¬ 
dence of the wave to the contours is large, the refraction coefficients will 
likely be too small for extreme cases of diverging orthogonals or too 
large for similarly extreme cases of convergence. 

b. Theoretical Wave Velocity! 

Wave velocities are computed using the formula based on the irro- 
tational theory for waves of infinitely small height as follows! 

C2 - (gju/ïfï) tanh (2f7“dA) (ID-6.1) 

KBSTRICTKD 
Security Information 179 

... .' A 

/ Cos (1 - U/Co sin**)^ 

J Cos ß (1 ♦ U/Co sim*) _ (ID-7.8) 



WUPfPI! 

32. 
HI8TRICTXD 

Security Information 

These velocities are somewhat too small for waves of finite height and 
the formula to the third approximation should be as. follows* 

C2 ■ (gL/2^) tanh (2'fTaA*) (tftyL)2 

(ID-6.2) 

These two formulae are seen to be the same except for the ter“-i;_b”°ket8 
in the latter. In general, the greater the deep water steepness of the 
wave and the shallower the depth, the greater the variation of velocities 
computed from the two formulae. Thus if the wave front is convex and 
orthogonals are diverging, the measured refraction coefficient will be t 
small} if the wave front is concave (convergence), the refraction coeffi¬ 

cient will be too large. 

c. Wave Period 

Refraction diagrams are drawn for wave tra^J °f co“8^ PeriJ¡¡» 
while in nature the period of the waves vary in a statistical manner. Thus 
if the refraction picture changes markedly for some of the periods invest- 
igated from a given direction, some doubt might arise as to the validity 

of the coefficients. 

d. Variation of Wave Direction 

Refraction diagrams are drawn for waves in deep water from spec¬ 
ific directions. Small changes in direction from the directions insti¬ 
gated should be examined visually to determine if more diagrams are re¬ 
quired from slightly different direction in the case of say, offshore 

islands (Reference ID-3)* 

e. Refraction bv Unknown Currents 

Refraction by unknown currents of transverse set may occur in the 
case of a train of -aves progressing into a current at an angle. Very few 
ocean currents are known which have stable boundaries and known velocity 
distributions across them. Idealized theoretical studies have been made 
of the additional refraction effect of currents and many 0b8*™tions of 
the effect of currents on waves have been made (References ID-2 and o)• 

f. Diffraction 

Diffraction along the wave crest may occur. An extreme convergence 
of orthogonals indicates an excessive wave height in that area, but 1* *<*• 
of the wave energy flows laterally along the west, the wave h«ight will not 
be as high as indicated by the refraction study. Similarly a zone of ex¬ 
treme divergence may indicate wave heights lower than actual. 

(, 
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g. ftrogaad Q^-hogonals 

Crossed orthogonsls are a phenomemon ^ilch have occupied much 

r.ri:rÄ”ÄsÄp^ ^ 

S-iÄ“ ää« ErirS-r- 
äs r - îfufÂ 
to the size of the waves is not now available and these fac ore re 
present largely a matter of reasonable judgment. 

b. Hydrography mav not be as Indicafrefl. 

The hydrographic charts must of course be examined carefully to 
rt»+*mine their reliability. One should be suspicious of each chart until 

reconnaisance or ^ * M rivers are dumping sediments into the 
^ rapidiy In -uch . -nn.r .. to ohm8. 

the hydrography. 

The irreguUrities in the developed refraction patterns which have 

^ nr not thev are known or suggested by the conditions in 
PiÔS^'cïU cln holp ^ «ûbS îh. «liability of th. rofraction 

picture» Tbçy •^V^/^TcîorÂi^ 
poeeible. ^Bran ^ lf hydrographie infometion le scant, A EEIBAC- 

TION PICTURE OF*SOME SORT SHOULD ALWAYS BE DEVELOPED. 
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FIG.IO-1 AERIAL PHOTOGRAPH OF SWELL, BREAKERS AND SURF NORTH 
OF OCEANSIDE. CALIF, 17 AUG 1945 (UTILITY SQUADRON 12)

FIG ID-2 WAVE PATTERN FROM AERIAL PHOTOGRAPH. FIG ID-1

PESTPK^TED 
Security Information



WF'.,Ni.fjf.ii'wi.i.H-! . vr ! '! 'i-!' ^BWPW!k.íl£yBHIÍt..Ww,".l-i “l1 u" •’rrrTriW1!T¥7m 

RESTRICTED Security Information 

FIGURE ID-3. WAVE CREST -ORTHOGONAL PATTERN 

FOR THE EXAMPLE OF A CAUSTIC CURVE 

FIGURE ID-4. EXAMPLE OF 

CROSSED WAVE TRAINS 
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WAVE FRONTS 

ORTHOGONALS 

C,- Deep Water Wove Velocity 

L.* « » « Length 

d « Water Depth 

P * Wove Power 

H = « Height 

BOTTOM CONTOURS 

SHORELINE 

FIG. ID-5** Wave refraction assuming a gradual change in wave velocity. 

FIG.ID‘6*‘Change in wave direction and height due to refraction on beaches 
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DEPTH *0.5 L,-^ 

ô.*0* 10* 45* •OPTS* 

ORTHOGONAtS 

Fifl.XD*ft Orthoflonol« ond K-woriotlon ot 
short for o circulor itlond off which 
tht slop# change* from vtry gtntlt 

to vtry tfttPt Cot* IB. 

0,*0,IO* 4ST«0r75* 

ORTHOGONALS 

FigJD'BOrthogonol* for o “point itlond“ 
off which the tlopt chango* 
from vtry gtntlt to vtry itttp« 

Cott I A. 

Fig.XD~lQCrost *tcettont of bottom- 
slope* for 5 cost*. 
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Fig.ID- Intersecting orthogonale associated Fig.ID- Oiagram for deterieinatien of K at a 
with wave-crests passing over a 12 distance from an Island (inset illus¬ 

trates meaning of term "lee") 

linear* Case 3. 
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FIG. ID-15 theoretical wave CREST - ORTHOGONAL 
PATTERN FOR WAVES PASSING OVER A 
CLOCK GLASS. NO PHASE SHIFT.

RESTRICTED - Security InfoiTiiatIon

FIG ID-16 THEORETICAL WAVE CREST - ORTHOGONAL 
PATTERN FOR WAVES PASSING OVER A 
CLOCK GLASS PHASE SHIFT

J

FIG ID-17 actual wave crest - orthogonal pattern 
FOR WAVES passing over a clock GLASS.

188

FIG. ID-18, shadowgraph FOR WAVES OF MOOERATE 
LENGTH PASSING OVER A CLOCK GLASS
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WAVE CREST5 - 

TO DEEP WATEP \ 

FINAL 

POSITION 

INITIAL POSITION 

FIG. ID-23a 

RESTRICTED S«ouri^f Infoxmtlotl 

.JPB 



I ! I ! I'! f »Ilf pip yii| ! 1.1 ! 1,1 m 'ip^'  .. H1 ' i^WCWFr" 1 

1 “ 
i| 1^« |'ii||| f r--'!fTwwn-pwfff^ 

Ml'■' '**wM 

RESTRICTED 
Security Information 

194 

Q * ® * * ^ * *4 
X1N3IDUJ300 K^'LOVMjab 

fO N »< O 

z 
0 

H 
< 

Z 
UJ 
CO 
Ui 
o: 
a. 

H- 
Z 
UJ 

u. 
UJ 
0 
0 

z 
0 

0 
«Í 
oc 

UJ 
QC 

U. 
O 

(0 
UJ 

a. 
s 
< 
X 
UJ 

<*■ 
CM 
I 
0 

0 
u. 

RESTRICTED 
Security Information 

« 

T»ggrrr:rr-:.:,,,.., UdúàuuáiJ 



I'M»'"''"WW ..-.Ff.. 

EEüTRIJTBD Security Infoimtion 

^ M O 
oj esi M 

Q0IH3d 

195 
RESTRICTED Security Infonaation ( ( 1 

■“—•"TIT ijùdbdltlv. ..-il'un- .- ■„.i;' I'." 



? :í 

I 

) 

¿ «1 T .g.*!T?SX -’ .jdH 



RESTRICTED Security Information 

o 
' A«C S ••0* 

0 • 

FIO. 10-28 

197 

imsji 

eC ■ X«* 

e. ■ 0.0T 

Û oc a 1,1* 

(ImAAK f»r of 0.1 

ud 41tU* tgr A)* 

RESTRICTED Security Xnfoimtioo 

.. 



RESTRICTED Security Information 

Strp /.—The chart has t)ecn checked carefuily ior 

chatiRe* in »lope and the requisite contours drawn in 

heavily in ink smoothintt them off as is consistent with 

assumption No. 3. 
This chiirt is then used for all periods and directions 

without further work. 

Step t.—A tracing paper overlay is placed on the con¬ 

tour map and the p ^ is written between each of the 

contours as computed in Table II. This overlay is then 
good for all directions of approach for a particular period, 
and can be prepared in a very few minutes. All further 
work is performed on the overlay. 

S'.tp 3.—* water wave front (WW') la drawn In for 
the direction to be studied. A suitable interval for orthog¬ 
onale la stepped off and the directions of the deep water 
orthogonale are drawn In. These are all straight linea, of 
course. The direction selected was from the NW. Deep 
water refers to depths greater than £,/3 as described In the 
text, in this case 50 fathoms. 

Cass 1.—Regular, simple hydrography, no angles in eacess 
of tor 

Stop 4,—The diagram is started on any orthogonal. If 
the K value is required for a parttular point on the beach, 
orthogonale can be selected which will reach the point. 

Where the valuee are small, two contour Intervals 

can be crossed simultaneously. Thus, the first point select¬ 
ed is Pi, where the orthogonal Intersects the second con¬ 
tour. a is measured to an estimated line P\Pt‘ which is the 
direction of level bottom at the point Pi. In this case it 
is a line tangent to d|di’. 

FIG. 10*29 198 
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s,,, , ., .,<1, |,rolrarUi, pl»».A •' F- 
A. U tun,«! In,» .1« «■« ^ 
scale. When a <lra(ting machine la used, «, 1» measure 

with an ordinary protractor. 

SUv 5 — Am at P, i» determined from the graph on the 
protractor. Zee two contour interval, are being crosaed, 

the f - value, for the two are added (1. e., 0.07). An ». 

turned'a‘ P, to the right or .0 I hat a, i, d'creau^ The 

at the intersection of P.O,’, and the contour ^ . 

Step 5,—Measuring An. with protractor pinned at P„ 
the line PjO,' is the new direction of the orthogonal. 

Vhen . drafting machine is used, An is turned on the 
protractor head. A- is always turned m a ‘ .rection so 
that « is decreased except in the rar,- case when the wave 
is ,,regressing from shallow to deeper water. In tins case 
An i. turned so that n is increased 

•5(ep g—At Pj, n. is measured in n-spict to a line P,P1' 
which is drawn in by eye. P2P1' has a direction midway 
between the directions of the contours rfjd. and del, at the 
points where they intersect the line P.0. An¡ is turned 

off at Pj and Ps is estai,lished hi the same mànner as Pi. 
This is continued to the tieach. In the example An at 
Pj was greater than 13°. Thus P:' and Pj were estab¬ 
lish,-d using the line P.P,' as an intermediate contour with 

£ 1 values of 10.8 on -act. side. This step is rarely neces- 

sarv in practice. The true orthogonal corre8,H,nds with 
the line P, . . . Pi only at the. intersections with con¬ 
tours. For all ordinary pur [toses, however, the line 
P, . . . Pj is an orthogonal. 

FIG. ID-30 
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Catt //. a greater than 80°. ,. p , 
SUP 4 —(Step* 1 to 3 are the same as in t ase 1). i 

established along the deep water orthogonal at a d.sUnce 
from C, equal to half of one of the proportions of J shown 
on the protractor. In this case R was selected equal to J. 

The A. for R/-r-l and £¿=0.02 is 1.15». Thus P,P„ 

etc can be established by turning 1.15» at each ,«int and 
progressing a distance R„ K, • • • etc., equa to 
j J, J, until a becomes less than 80 . . Any other 
proportion of RtJ can 1« selected at any time. It is to 
1« remembered that the angle turned at any P carries th 
orthogonal a disUnce of MR beyond the peint. 

Cose ///.—Contours are not simple. 
Stop 4-(Steps 1 to 3 are flic same as for Cate I) » 

a, and «, are sero no refraction occurs between d,d, and 
<W. Pi i can be established on the line OiOi »- the o 

of no refraction. -,, and '"»^TTp^S 
P., and P, « are drawn in using R /-0.5. At Pin 
ditions change and P,.. is established as though a contour 

existed at Pi. with a f¿ lictwcen it ai d of SX 

0.21 “0.13. 
That is, £- is reduced by a simple proportion to estab¬ 

lish an intermediate contour interval. The diagram then 

progresses as usual to P,. P,. el®- 

FIG. 10*31 
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Fig. ID'38. Wave refroction inside Humboldt Boy Note wove fronts crossing ot shoo! in upper 
right-hand comer. At tnis point the woves augment eoch other ond breok.

?07

RSSTHI tTED Security Information



R3'>TRI'7TED Security Information

■ ’ ' V , i
V ■wm.
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\

FIG. ID-39.

ri'

mM
Aeriol photograph showing refraction of waves at Purisima Point, Calif. 
The waves shown here ore from winds blowing directly on to the const. 
Note that the woves in the upper portion of the picture ore olmost 
parollel to the shore line as a result of refroction. The deep water 
wave length is about 600 feet; the wave height 6 feet; ond the 
breaker height 9 feet.
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FIG. ID-40

O

Aerial phofognph of surf or Oceonside, Calif Two wave systems are present 
in this picture There ore small wind waves coming from the upper right, and 
0 long, low swell from the upper left. The swell is olmost invisible in deep water, 
but peoks up neof the shore to form the predominote breakers. Note how the waves 
breok in short segments, where crests of the wind waves aie superimposed on the 
crest of the swell. The wmd woves hove a deep water wave length of obout 50 
feet and a height of I to 2 feet. The swell has o deep woter wave length of about 
1,000 feet, with a height of 2 to 3 feet. The breaker height is about 5 feet

209
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h':-40M
f m irM

FIG 10*41 Wave refroction ot Moss Lending Note the "flot“ woter of the end of the
pier where the Monterey Conyon opprooches the shore. Compore complicated 
refraction pattern with hydrography in Fig. 10*21.
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FIG. ID" 42 Refraction ond diffraction of both swell and wind waves at Farallon Island, Colif. 

Note reflection from small ifcland Ot lower left.
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FIG ID'43 Wove refraction in inlet to Morro Boy Note reflections from Morro RocK
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FIG. ID"44. Wove refraction at Duxbury reef near Bollnas, Calif. Note waves i.reaking on rsef
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Fig. ID-45. Chang« in wava langth and valocity ovar 
ground whan wavat antar a daap aound with 
a following currant. 

Fig. ID*46. Ralativa positions of positions of wava crasta 
bafora and aftar rafraction by a currant. 

RESTRICTED Security Inforwation 

_ _ 
•¡niiilillhn lititemlitii 



RSjTRICTED Security Inforeetixm 

215 

ÉllUbúUjUÉÉMii*É««lliilÉÉHIlÉÉ . mdiüÉMi^É. 

F
IG

U
R

E
 1

0
-4

7
 



r kc^rHlJTED S»curitjr Information

D



TiüCTSD 
urity Information 

aUÏÏAAHY OF SECTION I~E 

WAVE DIFFPi-CTICN 

BY 
J. W. JOHNSON 

Introduction, diffraction is tt, J^^Uar'barítor 
propneaxed Tnto a sholtorod region fo^s ^ (ngur. SIE-1). The prin- 
whieh interrupts a portion or a «ai aoolication in connection 
oiplos of diffraction have ooneiderable Practical application alffr8otlon 

nlth the design of breakwt«.. Th. of diffraction 
of light, aound, and 9l99tr9”“|7t^"aX*P.nãge ôf«:v.f.round the and of 
problems usuell} ere encounter© * 9 , the nässere of waves through I semi-infinite' impermeable breaker. “^' '“"^„^'^" Sve been found 4 
. gap in a breaker. In S«99«!. ^ bhecr.tU.l^oluti^ ^ ^ 

apply with consarvativo T”"“9' **9M”*y„ * tlmn the height of waves that 
of a brealmauer are found to be slip y g the diffraction theory in 
may be expected under actual conditions* diagram with curves of 
breakwater design is made convenient in which the 
„„.1 value, of diffraction coefficients on a coordiriato^ey^ir^ siï_2) or 

origin of the system is at the tip of ^egdiffrftction coefficient in this 

î^n.nn.nnêd» Ä! Of t ^fraotod wav. h.ight to th. inoidont 
wave height and usually is designated by the symbol K • 

Semi-infinite Breakwaters 

Th. generalised diffraction . 
to a particular breakwater P^1®™ ° , iod and direotion of the incident 
has been selected} that iS# the height, p examole. Figure SIE-3 shows 
wave from which protection is to ^ P^^-^/^Tspicifie^ reach of the 
a map of a harbor for ^ich Prot!ctÍ°^Scdriticaí direotion! For the given 
shoreline for waves approaching from _ pi SIE.2 is plotted on trans¬ 
wave period (or length) a diagram similar^ Figure SIE ^isj This 

parent paper to the same length (keeping the geometric shadow 
transparent overlay then is moved over the map ^e®P^ | of protection 
parallel to the direction of travel) until ^®ta^^edT^SlocatioJ of tip 

ÄSÜSÄ l. bh. finei location of 

the overlay shown in Figure SIE-3* 

Diffraction at a Breakwater Gaji; 

The treatment of diffraction problems, as diaoussod above, is 00“99™d 
1th wave, moving pa.t 9 ^^^â^/^^^Tova^hrough a ÄrS^r^-b^rr^ Ration 

fhl ’Çjp.ninga« 

"rf Sir S, ,¾ i: fÆ dd:^b-.n^nt.r- 
natural harbors, however, rareiy 4« which case the waves are 
,d.. Instead a stealing bottom ueually .mists - in ‘ T t0 
not only diffraotod but r.fraotion«lao «suits a. tha wave lt 

th. la. of th. struoturo. At a 99«id9r9^9 ““^'^"„Tdiffraotion off.ots. 
1« probable that the refraction effects predominate over 
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As an illustration of a generalised diagram which gives diffraction 
coefficients to the lee of a breakwater gap» Figure SIE-4 shows a diagram 
for the case where the gap is two wave lengths in width» The method of making 
the necessary computations of these diffraction coefficients as well as the 
computations for the position of the wave fronts is shown in the technical 
section* These generalized diagrams, when used as transparent overlays* 
can be moved over a map of an area to obtain the most desirable protection* 
similar to the procedure described above for the single breakwater« 

Generalized diagrams may be prepared for other gap widths» The 
diagrams which have been prepared for the technical manual* cover a wide 
range of gap openings with a sufficiently small spacing of values that 
one of the diagrams can be selected and applied with reasonable accuracy 
to a specific problem. For some specific gap width it may be desirable to 
obtain the diffraction pattern by interpolation between two diagramsj however* 
the accuracy with which the design wave data are known usually does not 
justify such a refinement« 

The diffraction diagrams for the breakwater gap problem were arbitrarily 
'terminated at a distance of 20 wave lengths in the lee of a gap». It is be¬ 
lieved that in most applications the effects of refraction, as discussed 
above* would predominate by the time the waves had traveled a distance of 
20 wave lengths beyond a breakwater? therefore* the extension of the dif¬ 
fraction patterns to greater distances is unnecessary» 

Tfhen a gap width is in excess of about five wave lengths, the dif¬ 
fraction patterns at each side of the opening are more or less independent 
of each other» In such oases the pattern given by Figure SIE-2 for a 
semi-infinite breakwater can be used te estimate the height and direction 
of waves on the leeward side. For these relatively large gap openings the 
direction of the incident waves with respect to the breakwater alignment 
can lie anywhere within the zone indicated in Figure SIE-2 without the 
diffraction pattern being appreciably affected« For relatively narrow 
gaps (gap openings of about 2 wave lengths' and less) the diffraction 
pattern can be computed easily for almost any angle between the incident 
wave and the breakwater. For wider gap openings where oblique approaches 
make computations of diffraction patterns relatively difficult useful 
approximations can be made by drawing a line through the gap center and 
normal to the incident wave direction, and then computing diffraction, 
coefficients as though the breakwater were along this line—the end of the 
imaginary gap being at the projections on this line of the true gap ends« 
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V ' -
• '.breakwater

REFRACTION 
OVER shoals 0>^ . ,.

yj <*'o<

r*

DH-FRACTEO WAVFClAVFC*^;?^ f(^>^.XVBREAK'VATER

r-% }-ii ■ »?>

Wwt-iAA

■ -^m
FIG. SIE-I - DIFFRACTION OF WAVES AT A BREAKWATER.
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SBCTION I - WAVES, TIDES AND BEACHES 

E. WAVE DIFFRACTION 

Table of Contents 

1, Introduction - -- -- -- 

2, Semi-infinite Breakwater - 

3, Diffraction at a Breakwater Gap - 

Generalized Diagrams - -- -- -- -- -- 

5# Computations for Diffraction Diagrams - - 

a* Diffraction by a Vertical Impermeable 

Semi-infinite Breakwater - 

b. Diffraction at a Breakwater Gap - 

(1) Theory - --- 

(2) Numerical Example - 
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Eo WAVE DIFFRACTION 

1. Introductioni 

Wave diffraction is the phenomenon in which water waves are propagated into 
a sheltered region formed by a breakwater or similar barrier which interrupts a 
portion of a regular wave train (Figure Ilirl)o The principles of diftraction 
have considerable practical application in connection with the design of break¬ 
waters. The phenomenon is analagous to the diffraction of light, sound, an 
electromagnetic waves. Two general types of diffraction problems usually are 
encountered; one, the passage of waves around the end of a semi-infinite imper¬ 
meable breakwater, and, second, the passage of waves througn a gap in a break¬ 
water. In general, the theoretical solutions have been found to apply with con¬ 
servative results, that is, the predicted wave heights in the lee of a breakwater 
are found to be slightly larger than the height of waves that may be expected 
under actual conditions. The use of the diffraction theory in breakwater design 
ia made convenient when summarized in a diagram with curves of equal values of 
diffraction coefficients on a coordinate system in which the origin of the sys.em 
is at the tip of a single breakwater (Figure IE-2) or at the center of a gap 
(Figure IE-4). The diffraction coefficient in this instance is definid as the 
ratio of the diffracted wave height to the incident wave height and usually is 
designated by the symbol K’. The procedure in preparing diffraction diagrams 
appears below. 

2. Semi-infinite Breakwaters 

The generalized diffraction diagram shown in Figure IE-2 can be applied to 
a particular breakwater problem once the characteristics of the design wave ave 
been selected; that is, the height, period and direction of the incident wave 
from which protection is to be provided. For example. Figure IE-3 shows a map of 
a harbor for which protection is desired for a specified reach of the shoreline for 
waves approaching from the critical direction. For the given-wave period (or 
length) a diagram similar to Figure IE-2 is plotted on transparent paper to the 
same length scale as the map of the harbor area. This transparent overlay is 
then moved over the map (keeping the geometric shadow parallel to the direction 
of travel) until the desired degree of protection for the selected reach 
shoreline is obtained. The location of the tip of the breakwater thus is obtained 
as illustrated by the final location of the overlay shown in Figure IE-3. 

3. Diffraction at a Breakwater Gaps 

The treatment of diffraction problems, as discussed above, is concerned with 
waves moving past a breakwater tip with an infinite expanse of water existing 
away from the tip. In many harbors, however, waves move through a relatively 
narro, gap in a breakwaterj hence, diffraction occurs at the two sides of the gap 
and changes in wave height in the lee of the breakuater »111 be different than if 
a single tip existed, A theory for this condition also has been developed. An 
experimental study has verified the general form of the theoretical expressions 
for breakwater gap openings as small as a half wave length. As long as the water 
depth in the lee of the structure remains constant the diffraction pattern is 
independent of the actual depth. In natural harbors, however, rarely is this 
condition of uniform depth encountered. Instead a shoaling bottom usually 
exists - in which case the waves are not only diffracted but refraction also 
results as the waves move further to the lee of the structure. At a considerable 
distance from the breakwater, it is probable that the refraction effects 
predominate over the diffraction effects. 
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As an illustration of a generalized diagram which gives diffraction 
coefficients to the lee of a breakwater gap, FigureIÜ-4 shows a diagram 
for the case where the gap is two wave lengths in width. The method of 
making the necessary computation of these diffraction coefficients as well 
as the computations for the position of the wave fronts is presented 
below. These generalized diagrams, when used as transparent overlays, can 
be moved over a map of an area to obtain the most desirable protection, 
similar to the procedure described above for the single breakwater* 

4. Generalized Diagramsa 

For semi-infinite breakwaters the single diagram shown in Figure lEt-2 
is sufficient for all such breakwaters with waves approaching from any 
direction within the limits indicated* In the case of breakwater 
however, a different diagram is required for each combination of gap width 
and direction of wave approach. A number of representative generalized 
diagrams for gaps are shown in Figures IB-4 to 12, inclusive, and Figure 19* 
These diagrams pertain to gaps which range in width from ¿ to 5 wave lengths 
with the direction of wave approach being normal to the gap. These diagrams 
cover a wide range of gap openings with a sufficiently small spacing of 
values that one of the diagrams can be selected and applied with reasonable 
accuracy to a specific problem. For some specific gap width it may be 
desirable to obtain the diffraction pattern by interpolation between two 
diagrams: however, the accuracy with which the design wave data are known 
usually does not justify such a refinement. It is to be noted that in 
Figures IB-4-12, inclusive, the diffraction diagrams have been terminated 
arbitrarily at a distance of 20 wave lengths in the lee of a gap. It is 
believed that in most applications the effects of refraction, as discussed 
above, would predominate by the time the waves had travelled a distance of 
20 wave lengths beyond a breakwater; therefore, the extension of the 
diffraction patterns to greater distances is unnecessary. 

When a gap width is in excess of about five wave lengths, the diffraction 
patterns at each side of the opening are more or less independent of each 
other. In such cases the pattern given by Figure IE-2 for a semi-infinite 
breakwater can be used to estimate the height and direction of waves on 
the leeward side. For these relatively large gap openings the direction of 
the incident waves with respect to the breakwater alignment can lie anywhere 
within the zone indicated in Figure IE-2 without the diffraction pattern 
being appreciably affected. For relatively narrow gaps (gap openings of 
about 2 wave lengths and less) the diffraction pattern can be computed 
easily for almost any angle between the incident wave and the breakwater. As 
an example, Figures IE-13-19, inclusive, show diffraction patterns for waves 
approaching a breakwater gap with a width of one wave length from directions 
which range from 0 to 90 degrees. 

For wider gap openings where oblique approaches make computations of 
diffraction patterns relatively difficult useful approximations can be 
made by drawing a line through the gap center and normal to theincident 
wave direction, and then computing diffraction coefficients as though the 
breakwater were along this line—the end of the imaginary gap being at the 
projections on this Une of the true gap ends (Figure IE-20). 
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5. Computations for Diffraction Diagrama: 

Th* basic theory of diffraction has been presented elsewhere (References 
IE-2} IE-4) and need not be discussed in detail in this section« Basically 
the theory assumes (i) that the waves are of small amplitude compared to the 
wave length and (ii) that the water is of uniform depth. The first assumption 
covers the range of wave steepness up to that of storm waves; that is, 

H<Ao * °'03* 

a. Diffraction by a Vertical Impermeable Semi-infinite Breakwater? 

As mentioned above,the diffraction coefficient is defined as follows: 

The value of K* is a function of position with respect to the breakwater, that 

is 

K’ = f (¾) 

or 

(IE-5.2) 

Referring to Figure IB-21 the plus sign in equation (IE-5.2) applies to the regi. n 
of —(x/l) and the minus sign applies to the +(x/L) region. The evaluation of 
K' ■ f(ui) is obtained from a projection of the Cornu spiral. The values of 

for various values of K' are given in the following table: 

TABLE IE-1 

Values of the term u¿ 

Crest Lag 

0.1 
0.15 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.17 
1.0 
0.88 
1.0 

l.AL 
0.60L 
0.33L 
0.13L 
0.06L 
0.0OL 
-0.03L 
-0.05L 
—O.O6L 
-0.05L 
-0.05L 
0.00L 
0.00L 

0.18£\ 
0.341 
0.486 
0.631 
0.779 V . X 
1.2181 L 
1•610 \ (Unsheltered) 
1.878 
2.124 

-0.03L • 
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Equation (IE-5.2), used in conjunction with Table IE-1, permits the construc¬ 
tion of a diffraction diagram which shows parabolas of constant K'. For 
example, to plot the curve of K' • 0.2, the following calculations are made* 

From Table IE-1 

= -1.02 

and from equation (IE-5.2) 

x/L « (-) (0.707) (-1.02) y(y/L)+(0.125) (-1.02)2 

0.722/y/L+0.13" 

The plus sign indicates the region in the lee of the breakwater. The values 
of x/L now can be computed for various assumed values of relative distance 
(y/L)i thus, the computation form iss 

TABLE IE-2 

Computation Form for Diffraction Coefficients 

K« - 0.2 

(y/D (y/L+ 0.13) 7(7/1,+0.13) x/L 

5 

10 

15 

etc. 

5.13 

10.13 

15.13 

2.27 

3.16 

3.69 

1,6U 

2.30 

2.60 

Complete plotting data for various constant values of diffraction 
coefficients are summarized in Table IE-3* A plot of these data are shown 
in Figure IE-2, As previously discussed this figure is a generalized diagram 
which shows curves of equal values of diffraction coefficients on a coordinate 
system in which the origin is at the breakwater tip. It is of interest to 
note on this diagram that along the geometric shadow the wave heights are 
one-half of the height of the incident waves, and that waves slightly 
greater in height than the incident waves are possible beyond the breakwater. 
This diagram is applicable for a uniform depth with either deep-water or 
shallow-water waves, provided that the proper wave length is used in the 
particular case. It also applies for conditions where the angle between the 
incident wave and the breakwater is other than 90 degrees as shown by 

Figure IE-2. 
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TABLE IE-3 

5. 

Dimensionless Coordinates of Curves of Constant K1 
for Diffraction at the end of a Semi-infinite Breakwater 

Values of x/L 

Lee or + values Geometric 
Shadow 

Unsheltered or - values 

y/i* Diffraction Coefficients h' 

0.1 0.2 0.5 0.8 1.0 1.17 1.0 

5 

10 

15 

20 

30 

40 

50 

60 

70 

do 

90 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

3.78 

5.19 

6.29 

7.23 

8.81 

10.13 

11.31 

12.38 

13.37 

14.28 

15.14 

15.91 

17.43 

18.83 

20.13 

21.35 

22.50 

23.59 

24.64 ' 

25.66 

26.62 

27.56 

I. 64 

2.30 

2.80 

3.23 

3.95 

4.56 

5.10 

5.59 

6.04 

6.46 

6.85 

7.22 

7.90 

8.53 

9.13 

9.68 

10.20 

10.70 

II. 18 

11.63 

12.07 

12.50 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.77 

1.09 

1.33 

1.54 

1.88 

2.17 

2.43 

2.66 

2.87 

3.07 

3.26 

3.44 

3.76 

4.07 

4.34 

4.61 

4*86 

5.10 

5.32 

5.54 

5.75 

5.95 

1.24 

1.75 

2.14 

2.47 

3.02 

3.49 

3.90 

4.27 

4.61 

4.93 

5.23 

5.51 

6.04 

6.52 

6.97 

7.40 

7.80 

8.18 

8.54 

8.89 

9.23 

9.55 

1.96 

2.75 

3.36 

3.87 

4.74 

5.46 

6.11 

6.68 

7.22 

7.71 

8.18 

8.62 

9.44 

10.20 

10.90 

11.55 

12.18 

12.78 

13.34 

13.89 

14.42 

14.92 

3.54 

4.89 

5.93 

6.82 

8.31 

9.58 

10.68 

11.70 

12.62 

13.48 

14.30 

15.03 

16.47 

17.79 

19.03 

20.16 

21.24 

22.27 

23.27 

24.21 

25.13 

26.01 
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In addition to the plot of diffraction coefficients shown in 
Figure IB-2, a plot of wave patterns is desirable in certain investigations. 
Data for plotting wave patterns are presented in the last column of Table 
IE-1 where the lag, or lead, of the wave front is given. Thus, along 
the parabola K* ** constant, at the corresponding value of (y/L) and wLJ 
the wave front will lag (or lead) by the given fraction of the wave-length 
that portion of the front of the same wave which is at the geometric _ 
shadow. It should be recognized that the wave patterns plotted by this 
method apply only if the water is of uniform depth. Should these waves, 
after passing the breakwater, move into shoaling water where the bottom 
contours are not normal to the wave direction, refraction as well as 
diffraction must be considered} in fact, after a few wave lengths beyond 
the barrier, refraction may be more important than diffraction if the 
depth is changing rapidly. 

b. Diffraction at a Breakwater Gaps 

(1) Theory; The complete theory for this problem has been dis¬ 
cussed elsewhere^References IE-1 and IB-2) and only a summary and an 
illustrated example need be presented herein. 

There are two theoretical methods by which the general 
problem of water wave diffraction through a breakwater gap may be most 
directly approached. The first mode of attack (Reference IEr4) involves a 
solution for diffraction of light waves by a semi-infinite screen, or a 
half plane. The procedure is extended by superposition to a breakwater 
with a gap. The resulting solution is reasonably accurate, however, only 
for gap widths of over two wave lengths. 

The second method of approach may be credited largely to 
Morse and Rubenstein (Reference IB-3). This analysis, based on eUiptic- 
cylinder coordinates and the associated Mathieu functions, was originally 
developed for the diffraction of sound and electromagnetic waves. 

The latter method of calculation is presented first. This 
theory is an exact solution for small gaps and possesses the feature of 
leading to direct expressions for angular distribution of energy trans¬ 
mission through the opening, and for the total of such transmitted energy. 
The diffraction coefficient K' at any radius, r, from the center of the 
gap is given by the expression 

r ■h,r ? (IE-5.3) 

whew L is the wave length and Ir> is the intensity factor. Polar plots 
of this intensity factor for varidus gap openings and directions of wave 
aoprcach are shown in Figure IB-22. The diffraction coefficient at any 
point (r,6) located at a relative distance L/r in the lee of a gap 
(Figure IE-23a) can be calculated by first determining the value of Ir,$ 
as illustrated in Figure IE-23b) and then substituting in equation 

ÏE-5.3. Systematic calculation of other points in the lee of the break¬ 
water w*11 permit contours of equal diffraction coefficients to be 
drawn, thus yielding a generalized diffraction diagram, for the particular 
gap opening and approach direction. 
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For relatively wide gaps the method of computation is mch more 
complicated and laborious than that described above for the narrow jjps. Por 
any position (x, y) illustrated in Figure IE-24 the diffraction coefii 
is given by the expression: 

r [f (x, yjj (ISr5.4) 

and the phase difference is, 

phase difference = arg (F for diffracted wave) - ky 

In these expressions 

F(x,y) s •"^-fl4 «1 4 for X “ B/2 

x à b/2 

F(x,y) s fi+ 61 “ *24 «2 ror < . 
y = 0 

At x * B/2 (geometric shadow) these expressions of course are identical.The 
terms i4 equations IB-5.6 and IE-5.7 are computed in terms of real and imaginary 
components? each of which are adaed arithmetically and combined Lato a resultant 
F (x,y). The terms f and g in equations IB-5.6 and IE-5.7 are defined a 
follows: 

(IB-5.5) 

(IE-5.6) 

(IB-5.7) 

and 

f r f (r,y) - f(-u) 

g * f (r,-y) ■ s1117 • f(“u) 

(IE-5.8) 

(IE-5.9) 

where 

f(-u) = S+ iw 

in which S and w are the real and imaginary components of f (-u). The term u is 
defined by the expression 

u -Ju(r-y)/L (IE-5.10) 

Values of S and w as functions of the quantity u2 are shown in Figures IE-25 and 

26. 
The diffraction coefficient and phase difference at any point (x,y) 

for a particular breakwater gap of width B are computed ^.^f^^t^btained 

of the system shown in Figure IB-24. 

ri »J y2* (* - B/2)2 

ai'd 

il SJ 3^+-(3/2 - x)2 

r2 »J y2 + (x + B/2)2 

x ^ B/2 

x * B/2 

(IB-5.11) 

(IE-5.12) 

23O 

RESTRICTED Security Information 

ÉUHÉÉMÉIttMÉIáMÉtt 



^T::!'T'vJ 'îecnrity Information 

Values of r! and r2 fron these e^ationa are^in ^uatio^ 

IB-5.10 to determine values of ui ^ corresponding to u2, aext are obtained 
M afe used in dliensinin, fx and 

Í2 by equation IB-5«8• 

a einrUar prooedure is used in detemining the value of gj. 
t! tÍ ÍP0 Por a given value of x and y values of uj 

and g2 from equation IB75o^0fT£°r„nufrion 3^2.8 in which the value of 

s aÄi£ "uirs-, a« » s r™™ 
•Ä ï“ ï t« - 
26. 

In adding the components, fp J2> 
in phase between fx and f2 (as given by equation IÊ-5.8), and gl an g2 
(given by equation 1^-5.9) has to be considered, thus, 

f, “ _-iky 0 f(-ui) 

and 
[7-iky . £(.up] 

gl . . f(-u2) = e21^ _ _ 

That is, there is a diffères oor^n^ng^he^or^^or^. 

Therefore, in obtaining . fi+¾ - tonents of f( -u2) must be rotated 
and f(-u2), the real and ima^nary c0^^^01 ^ 

through the angle 2ky " aid ¿aginafy components of 1(-¾) before 
components parallel to the real +td through the same angle #< . 
addition» Similarly, f(-¾) coU and -s& are 
To perform this operation nume y, re5Dectively, of f(-u2) and 1(-¾), 
applied to the re^ and Äed to tL real 
which then are added to obtain x,ne F ^ co8 ^ are 
parts of t 1(-¾) and -f(-Uo); whi f(-uo) and f(-Ui ) to obtain the 
applied to the r^l and jWn»2 P^, ¿ti of t slid f(-u3). In 
components to be added to th^imagdnary P s ^ th8 components 
the same manner. the term 

rsTi, s-- 
[FU?yI is obtained from 

the imagina: 
K' 

S2 
(Ifi-5.13) 

(IBf-5«14) 
and the phase difference due to diffraction is, 

phase difference æ tan ^ w/S 

In the practical case, the diffraction c°eí^“t'iS<Í 
phase differenc«are calculated^for^a^breakwater^gap^ofjiiidth 

r^gTiÄni fS specific valuee of B^^-^oflh. 

¿Ät ^»ÄÄ^fici«^ r. 

faSrufr^etÄ ^d y/L in Ihe lee of the breaheater. For 
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convenience in computations, equations IE-5«11 and IB-5»12 aie writtens 

r^/L = TCy/L)2* (x/L - B/2L)2 

for X ^ B/2 

ra/L -y(y/L)2+ (x/L+B/2L)2 

P 2 2 2 
Values u^» Uj , u^ and u, therefore are computed for various values of x/L and 

y/L from equations (IE-5olO transformed as follows; 

ux2 s 4 (^/L - y/L) 

u22 = 4 (r2/L - y/L) 

U32 z 4 (r^/L *-y/L) 

u42 = 4 (r^L + y/L) 

From Figures IE-25 and 26 values of S and w are obtained and the diffraction 

coefficients and phase differences then computed. The mechanics of performing 

the above computations are illustrated 6y the following numerical example. 

(2) Numerical Example; Required; a generalized diagram for diffraction 

at a breakwater gap whose width is two wave lengths. Thus 

B/L a 2 

As an illustration, diffraction coefficients and phase differences are calculated 

in Table IB-4 at various positions y/L along x/L ranges 0, 1, 2, and 3 from the 

gap. The positions y/L have been arbitrarily assumed to be multiples nnn of an 
initial values of y/L 3 0.6. It is believed that the sequence of the steps in 

the calculation process in Table IE-4 is self-explanatory. A plot of the 

diffraction coefficients can be made directly from the data shown in Table IE-4; 

for which contours of equal diffraction coefficients then can be constructed as 

shown in Figure IE-4. A plot of the wave patterns in the lee of the break¬ 

water gap involves additional computations, to those presented in Table IE-4; 

and are discussed as follows. 

The "phase difference" as computed in Table IE-4 is that of 

equation IE-5.5 of the appendix with complete cycles omitted. To express this 

phase difference in terms of complete cycles, it must be divided by 360°. To 
obtain the complete phase the phase of the incident wave must be added to the 

phase difference. The phase of the incident wave also is expressed in cycles, 

that is -y/L^-m, where m is an integer. The whole cycles are omitted (both 

phases are expressed as negative angles, thus indicating a decrease in phase 

as y increases). In the computations for complete phase for various positions 

(x/L, y/L) it is usually convenient to make a plot of the phase, (f> , against 

values of y/L as shown in Figure IE-27. Since the curve for x/L = 0 rises at 
slightly less than 45°, a 45° line is first drawn lightly on the plot, thus 
making clear the value of the integer m (or the whole number of cycles) to be 

added to the phase difference. The computation procedure in arriving at the 

complete phase is illustrated in Table IE-5. Thus, for various values of y/L 

and x/L the corresponding values of phase difference (PD), as computed and 

shown in the last line of Table IE-4; were first tabulated (minus values of 

phase difference were subtracted from 360° before tabulation in Table IE-5). 
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ft... ,1u.s of PD .or.n«t ^.VX( 

säv;: Ä s s. ■>• 
'Ä2 •«% " 2¾?-2Ír “““■ ■' “ *”■ y/L, -m, for each value of x/L as follow . 

II« 

-PRx 1 - 
55Õ+ I* 

m complete phase 

^ /. _ eonatant now may be drawn in (Figure IB-27) 
The remaining curves shaken from Table IB-5, due allowance being 
by starting at x/L - 0 with ph cycles. Each curve of x/L - constant 
îf.: áS,rjaÍppÂSy parallel to the preching curve ae higher valu.e 

of y/L are used. 
ni ♦■for the wave pattern are computed by noting from the 
Points for the y»v i» . which the phases for 

curves shown in Figure IE-27, the values y/ tabulated in Table 
x/L = constant reached integral values, ^hes^points^ ^ having ^ 

IEr-6. wave patterns ^ for the gap width of 2L is shown in Figure 
^ÄÄ'cohtour. of equal diffraction coefficients. 
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TARLI., IK-6 

Breakviater Diffraction 
Tabulation for Wave Patterns 

Gap Width B/L = 2 

Values of y/L 

\ y/L | T 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

0 
1.00 
2.05 
3.10 
4.05 
5.05 
6.10 
7.10 
8.10 
9.10 

10.10 
11.10 
12.10 
13.10 
14.10 
15.10 
16.10 
17.10 

0 
1.00 
2.05 
3.10 
4.05 
5.05 
6.10 
7.10 
6,10 
9.10 

10.10 
11.10 
12.10 
13.10 
14.10 
15.10 
16.10 
17.10 

0 
0.95 
I. 95 
3.00 
4.00 
5.00 
6.00 
7.00 
8.05 
9.05 

10.05 
II. 05 
12.05 
13.05 
14.05 
15.05 
16.05 
17.05 

0.75 
1.90 
2.90 
3.90 
4.85 
5.90 
6.95 
7.95 
8.95 

10.00 
11.00 
12. CO 
13.00 
14.00 
15.00 
16.05 
17.05 

I. 65 
2.75 
3.75 
4.75 
5# 80 
6.85 
7.85 
8.90 
9.90 

10.95 
II. 95 
12.95 
13.95 
15.00 
16.00 
17.00 
18.00 

1.10 
2.50 
3.65 
4.70 
5.70 
6.70 
7.75 
8.80 
9.80 

10.85 
11.85 
12.90 
13.90 
14.90 
15.95 
16.95 
17.95 

2.05 
3.35 
4.50 
5.50 
6.55 
7.60 
8.65 
9.70 

10.75 
11.75 
12.80 
13.80 
14.80 
15.85 
16.85 
17.85 

I. 30 
3.00 
4.25 
5.35 
6.40 
7.45 
8.50 
9.55 

10.60 
II. 60 
12.65 
13.70 
14.70 
15.75 
16.75 
17.75 

mm 

2.45 
3.85 
5.05 
6.20 
7.20 
8.25 
9.30 

10.40 
11.45 
12.50 
13.55 
14.60 
15.60 
16.65 
17.65 
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FIGURE IE-20 

t DIRECTION OF MCIOCNT 
WAVE TRAVEL 

Pin ie-21- Nomtnclotur« for wovo diffraction 
analysis at breakwater tip 
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FI6. IE-23 - NOMENCLATURE FOR NARROW BREAKWATER GAPS 

fig. IE'24 - Nomenclature for breakwater-gap problem 
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BY 
H. W. IVERSEN 

, v,f,4J-nm th6 7/0VO oc.nos un- 
VIhen o. vn.vo ^ ^or® The'smooth undulation of tho sen 

stehle at some critical transforme into a highly turbulent muss 
surface offshore of the u Tve breaker continues to advance 

°te Âo^fa O Tine ¿ dissipate the major portion of the v.ve energy 
in the turbulent motion of the advancing foam line. 

Breakers are classified into three 
appearance and action of the onse ^rpe and the surface profile 
shows a representative picture or 
change as the breaker is formed. 

0f the breaker. The breaking action is mild. 

(2) Plunging Breakers The v^ve crest a^vances faste^than^he b^ 

«- «« r «,fco^^e froit face. Hr v.t.Ue -.»ter !. 
•water appears almost i nut anti,, o 
highly agitated. 

mi uv.«»f4- ^nrirlcí to advance faster than the 
(3) Surging 3roake_rs_t The wa’ra , ‘x ^r breaker. However, the 

base of the wave to suggest the forma, ^ . ls arrested, and 
./reve base then Avences f»»t.r th.n .h. « *. “ ^terEw^oh ,»y, or lay r.ot, 
tl.e breaker aur6es up tne beach face '-f- 

be white Tiater. 
The beach .lop. and the lrcid«nt d.ep^ter^Te^teeime«e,^^ha^ra 

the fleop «‘ïy;"",eTh^^“0^^ table aervea to illustrate the relative rnjor 
Srerencîf c? ireàker^as a^Lotien of beach slope an, of inclient ,ava 

steepness. 

Deep Water Wave Poric 
Wave Height 

Feet Seconds 

Deep Water 
Wave length 

Feet 

8 
12 
12 

. 328 
740 
740 

Beach 
Hope 

1 
1*50 
Is 50 
i *10 

Breaker 
Height 
Feet 

Depth at 
Breaking 
Feet 

5.9 
7.3 
9.1 

Backwash 
Depth 
Feet 

e.7 
9 »4 
9.4 

Backwash 
Velocity 

Ft,per sec 

5.6 
7.3 
4.5 

2 .8 
3.0 

11.7 

Vor the sane deep vreter vreve 
longer periods produce higher -°‘_s wes a(lv>nolnc on a lilo beach elope 
of beach slope is pronounced. .e viirVisr breakers with a smaller 
as contracted to a 1*50 beach r1oP® ^°^C®Weaker. ‘ Tiv- seaward velocity 
depth of water in the trough shoreward of the breaker. oomptvri8on of 
inPt’,e trough is also higher on the fteeper jlope.^A^u ^ ^ 

slope effect is shown, on Figure SIF" * breakers on flatter slopes, 
or surge on the steeper slope as contrasted to breaker. 

HlMlÉllWl-l .'.■n. ... ■ . ... 
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, o. J 4. 4-v« hBnVwaah depth and the backwash velocity 

rkiz-T^tz ävää ä - u. to..... 
Other related characteristics °f ¿a^es^ith^ronTface and back face 

No detailed ^“^^o^siopríecornef ïesr^porîan^C“^1^ 
are flatter than 1:50. The effect ^ friotion becomes increasingly 

ÄÄÄncing over flatter d^th.. The net effect, have yet 

toPbe reconciled into a working set of criteria. 
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FIG SIF-I
3 U a F Z 0 i I

(o) Br—air TFpm

kth pbotovapfe* and diacnu of Uw Urw tfpoo of braokoro «ro proMstod boloo. Tbm oboUbM count of > urioo of profilo* 
of tbo OOTO foi» u It •ppooro boforo b.-ookUc, dor tot tbo bnokioc. ood ofur bruaioc. tbo ojaboro oppooiU too ppofllo Uooo 
todiooto tbo raUtkoo tuu of tbo oooorroDOOo.

JPI1L3B bUAU SKETCH SHOWING the GENERAL CHARACTER 
OF SPILLING breakers

I'lJUGIkC an-.lKjBt
OF PLUNGING BREAKERS

aottun auum
-------------------- OF SURGING BREAKERS
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F. T^^AIGRS AND 3UTIF 

1. Introduction 

„„c^-mna is in oart dissipated in the 
The energy of a wave nearing a ¡¡tline and in part reflected. 

actions which occur on, or near‘ breaker and the subsequent movement 

Mostly, the dissipation major portion of the wave 
of the broken wave up to the ahora Une beaches a noticeable 
energy is absorbed in the breaking procea-. is not iffiportant. 
reflection may take place. Oniia^oeacx 

Ih. breaking of a «are is “ 
of the wave travels faster than theJJ P the cre3t into a ma8s of unsupport- 
surface profile of theJ^/afitated A^r is trapped in the agitated mass to 

giv^the appearanc^of ÍSí. »atar, iba wave energy is dissipated aa the 

agitation moves shoreward as a foam line. 

The wave velocity in tha brealier ^n®J;8e^ga®0^r^aftSanother objects, 
water. Yet the breaker zone is .® m breaking from a relatively smooth 
The wave shape changes in the regí . breaker zone to a non-symmetrical 
undulation of the sea surface seaward f wave appears to tip 
profile with a steep front face.andAafÍoSing object cannot move vertically 
In the direction of its movement. A floating^je ^ broaking waV9. Hence, 

upward rapidly enough to ride up ^ 8 P ^ The resulting motion of 
the wave impacts on objects ^th , maas distribution, the 

relativeCveloeity*between°the^object°and t^ breaker, the size of the breaker 

and the shape of the breaker. 

Banker sh.p»s may be divided into three nain cles.ifio.tion., (i) spilling, 

(ii) plunging, and (iii) surging. See Figure IF-1. 

(i) Spilling ^»^"^^^rehÔrewaÍd^he^hitê-^ater 

^al ITtK ïr r/îhe nils fashion. 

(ii) Plunging breakers are^characterised by ». jest 

the body of the »ave a. a sheet^of r ^ i3 steap 6ni con(;av9. 

StTtiÄ! Sr/ronrofTe'-ave beoor.es a »all of »hite »ater. 

(iii) Surging breakers appear a^ste^p "“«^‘^ien "pear, 

the complete front face becomes un.» base of the waves. At first the 
to be a race between the breaker o ' formation of a plunging breaker, 

crest moves faster than the base Instead of the crest 
Then the base surges ahead to remain u the beach 
either spilling or curling over, the entire wall ol waxe 

face. 
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2. Breaker Characteristicst 

a. Discussions 

The important features of breakers are determined by tne 

incident wave, the wave action previous to a particular wave un er 

consideration, the beach slope, the refraction of the wave and me 

bottom topography. Breaker action has not been explained by 
analytical Approaches, Experimental evidence must be re.ied upon to 

present the important characteristics of breakers. 

The incident wave has been shown to be defined by the wave 

height and oeriod. The breaker which results from an incident wave, 

of a series of identical waves, should then be characterized by - e 

incident wave. The beach configuration, upon which the breaker is 

formed ’will introduce a parameter that will influence the resulting 

breaker. Thus, the breaker height (and other geometric and kinematic 

features of the breaker) will depend upon the incident wave and bottom 

slope as the two main variables. 

Hb/Ho = 01 (Hq/T2, yA) 
(IF.-2.1) 

The representation of Equation (IF-2.1) is obtained irom 

measured values of the variables. Two approaches are possible, 

labora+orv controlled experiments, and measurements of ocean waves 
Somation Is availatls from both source, Referenoes 

TF-i 2 and 3). Compilation of all results into single valued, 
functions of the parameters is complicated by the manner in wnich 

the results were obtained, and by the limitations of the facilities 

which were available. Measurements of ocean waves were Uom 
Piers which in themselves affect the waves. In addition the incident 

deep water wave was of necessity computed from measurements oí wave 
heights seaward of the breaker in depths less than.that corresponding 

to «deeo water”. As has been noted in the discussion of wave trans- 

fo mations on a sloping botton. (Section ^’aTpec^Íth 
at which the wave measurement is made must be g obtain deep 
minimum in order for the theory to oe used successfully to obtain deep 

water-wave heights. The majority of the reported ocean wave measure¬ 

ments do not comply with the requirements. 

Laboratory measurements on model waves generated in wave 

tanks give comclete control over the desired range of variables. Ho - 

ever frictional effects due to the wave channel side walls and bot 

introduce factors that must be taken into consideration. 
analyses are available to reduce the laboratory results to reliable 

conclusions. 

The breaker is characterized by its shape and kinematics. 
Since breakers assume a variety of shapes with corresponding.kinematics, 

a simple representation to describe all breakers completely is ^ficult 
to make Certain features of breakers can be obtained to note the 

„tioi details of breaker shapes and kinematics with their relation 

tHncilt »veknd b«ch slope'. The iapor^t defiráis events of 

breakers are defined as follows and diagrammed in figure IF— 

7 
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(i) Breaker height: the vertical distance from the tip of the 

wave crest at breaking to the trough line. (The trough 

line is essentially at the same elevation as the trough 

immediately preceding the breaking crest.) 

(ii) Depth at breaking: the vertical distance from the still 

water line to the beach bottom at the breaker point. 

(iii) Crest elevation* the vertical distance from the crest 

tip to the' bbH'om at the breaker point. 

(iv) Backwash depth: the vertical distance from the trough 

preceding the breaker crest to the beach bottom. The 
trough position is taken at the intersection of the 

trough envelope and the surface profile. 

(v) Front face angle* the angle between the vertical and a . 
line I'rom the forward part of the crest to the intersection 

of the front face profile with the still water line. 

(vi) Back face angle: the angle between the vertical and a 

tangent to the back face. 

(vii) Forward stagnation position* the location of a region 
between the breaker crest and the preceding trough at 

which the water has no horizontal movement. 

(viii) Velocity field» the motion ^f each water particle at the 

instant a wave breaks. The velocity field includes many 

different velocities in magnitude and direction. Those 

which can be specified easily are 

(a) Breaker velocity - velocity of the wave crest 

at breaking 

(b) Backwash velocity - the average velocity of the 

backwash in the trough preceding the breaker 

The information which is available on the above-listed breaker character¬ 

istics has been obtained from laboratory investigations. 'Hie quantitative 

results are presented to show the nature of breaker formation, the effect of 

beach slope on breaker formation, and the orders of magnitude of the character¬ 

istics as a function of beach slope and incident wave. The available reliabxe 

results are meager and do not cover all conditions of the important variaoles 

that occur on natural beaches. The results which are presented are for limited 

ranges of the variables of incident deep water waves and beach slope. Limita¬ 

tions of the laboratory wave channel size limited the scope of the variables. 

Extrapolations are made beyond the range of the measured results to cover expect 

natural ocean conditions. However, the results are usable for forecasting 

breaker conditions from known deep water waves and beach configurations, 

within the accuracy of establishing the deep water wave conditions. 

The various features of breakers are shown in a series of dimensionless 

relationships in Figures IF-3 to 10. The forecast or measured deep water 

wave variables are the height and period. The deep water wave is characterized 

8 
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by the dees water wave steepness, hVL . The length is related to the 
period by L * (g/2lT)A Since g Is Constant, the deep water wave 
steepness is also characterised in terms of the prime variables by 
Ho/A The measured relationships of Figures IF-3 to 10 are shown as 
functions of Hq/T^ for ease in use. 

The geometric relationships of breaker crest height, backwash 
depth, depth at breaking, and forward stagnation position are formed 
as geometric ratios in terms of both the breaker height, and also the 
deep water wave height. Measured values are shown only with the ratio 
with the breaker height. This technique was followed due to the scatter 
of results in relating the breaker height to the deep water height. 
Figure IF-3. The best curve has been located for each beach slope on 
Figure IF-3. Data for the other geometric features, when related to 
the breaker height, resulted in reasonable trends with a minimum of 
scatter. The curves of Figure IF-3 were then used with the geometric 
relationshipc related to breaker height to eliminate the breaker heig 
and to form the relationship with the deep water wave height. For example. 

(d*/Hb) (Hb/Ho) = db/Ho 

Results are presented for-beaches with slopes of ItlO to l*5*?« 
The results of the 1*50 beach slope should be used for beaches winch 
are flatter than 1«50 until reliable results become available for the 

flatter beaches. 

An example of two waves of the same deep water height, but of 
different period is carried through the following discussion to 
emphasize comparative effects of initial wave steepness and of beach 
slope on the geometry and kinematics of the resulting breakers. Jhe 
beach slope is assumed to be plane with contours that are parallel 
to the waves. The deep water waves for the example have a height of 
5 feet and periods of 8 and 12 seconds. Corresponding initial, or 
deep water wave indeces, are - 0.078, and 0.035, respectively. 

b. Breaker Height, Figure TF-3t 

Wave Period 

T - Seconds 

8 

12 

Breaker Height, - feet 

1*50 Slope 1*10 Slope from H.O. 

5.9 7.8 6.3 

7.3 9.1 7.8 

Deep Water 
Wave Height 

Hjj - Feet 

5.0 

5.0 

The same deep water wave produces higher breakers on the steeper 
beaches* The extraplo includes'breaker heights from the previously 
accepted forecasting curye (Eeference IF-3). The results as now available 
indicate that the previously used curve, is approximately valid for bea h 
slopes of 1*50. For steeper beaches, the beach slope effect becomes 
important and must be considered. 

9 
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Depth at Breaking. Figure IF-4t 

Deep Water 
Wave Height 

Hq - Feet 

5.0 

5.0 

Wave Period 

T - seconds 

8 

12 

Depth at Breaking, dß - Feet 

Slope lt50 Slope ItlO 

6.7 

9.4 

6.7 

9.4 

- ^ the breaker occurs at greater depths 
For the same deep water w*Jve bleakinK is independent of the beach 

as the period inoreases. The ^ ‘t‘w ls found from the be.oh 
slope. The distance from the shoreline 

contours at breaker depths as found. 

d. Crest Height, Figure IF-5t 

Deep Weber 
Wave Height 

Hq - Feet 

5.0 

5.0 

Wave Period 

T - seconds 

8 

12 

Cn.-t Height, Yg - Feet 

Slope 1¿50 Slope ItlO 

11.5 

15.5 

13.0 

15.7 

ihs elevation of the crest of the bre«her 
wBve oeriod increases. Beach slope has a small six 

cô ns is tent* in* trend but is a function of the »eve period. 

e„ Backwash Depth, Figure IF-6t 

Deep Water 
Wave Height 

Ho - Feet 

5.0 

5.0 

Wave Period 

T - seconds 

8 

12 

Backwash Depth, D__ - F««t 

Slope lt60 slope'ItlO 

5.6 

7.3 

3.5 

4.5 

The backwash depth increases with wave ^0b®achCis°considerably 

slope is pronounced. The backwash dept ^ breaker height results 

less than on the flat b®ac^* e ^ ^ breaker crest on flat and steep beaches 

from this backwash depth effecJ* ^ incident wave. The smaller backwash 

is approximately the same or b Q ker trough elevation at the point of 

Ân"“- Â -e h.i6ht is grsater on 

the steep beach. 

f. 
Forward Stagnation Position, Figure IF-7t 

Deep Water 
Wave Height 

H - Feet 
o 

5 

5 

Wave Period 

T - seconds 

8 

Forward Stagnation Position, X - Fe0t 

Slope lr50 sloPe 1,"° 

10 

10.5 

13.5 

9.2 

11.0 
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The forward etagnation poaitioa ia aa indication of 

face ateepneaa. The small diatancea from the breaker créât forward 

stamation poaition on the ItlO slope aa compared to those on the i*50 

slo^ indicate steeper front facea of the breaker with a conaequent greater 

tendency to plunge on the 1*10 slope* 

g. Breaker Face Angles, Figure I?-8t 

Deep Water 
Wave Height 

Hq - Feet 

5 

5 

Wave Period 

T - seconds 

8 

12 

Front Face Angle, Back Face Angle, 

Slope 1*50 Slope 1*10 Slope 1*50 Slope 1*10 

,60 

60 

42 

42 

74 

75 

80 

83 

The breaker face angles are indications only of the 
at the time of breaking. The angles show the front face to Gesteeper than 

the buck face to support the conclusions of the crest movinf 
h««« of the wave. The breakers on the 1*10 slope are steeper on the 

front fac. than those on th. H60 «lop.. Th. action of th«” la tire more- 

Of the crest and the base of the wave is more pronounced on the steep 

slope. Thus, breakers on the steep slope show a greater tendency to plunge 

than do those on the flat slope. 

h. Breaker Velocities, Figure IF-9* 

Deep Water 
Ware Height 

Hq - Feet 

Wave Period Breaker Crest Velocity 

T - seconds Per *eC0I1<* 
Slope Ij50 Slope 1*10 

8 

12 

17.6 

12.6 

18.0 

21,0 

Backwash Vplocity 

Vmj - Ft.' per second 

Slope 1*50 Slope 1*10 

2.8 8.3 

3.0 11.7 

Th. moat striking .ff.ct of h.aoh slop, is 
rrninMtv as the slooe becomes flatter. This contributes to the smaller bacK 

wash depth and the net effect of an increase in the retardation of the base 

of the breaker to promote plunging tendencies. i 

i. Breaker Type, Figure IF-10* 

Figure IF-10 is a block diagram on which the breaker type has been 

classified as a function of deep water wave and beach slope. JpUling 
breakers occur on all beaches at the larger wave indeces, or wave steepness. 

The ranze of spilling breakers is greater for the shallower slopes. 
^rff th. ¿ni.l W.T. 3t.apn.ss, th. tr.ak.rs .„ piunging or surging. 

Tti lino of demarcation batman th. eataloguod tjrp.s of tr.«kars is not 

definite. In the example carried through the previous sections, the 8 

second wave on the 1*50 slope is a plunging breaker, but »ota viole 

olunging breaker since the index is near the demarcation between tte plung 
ine Ld spilling types. The 12 second wave on the 1*50 slope is definit ly 

twng. The 8 sefond wave on the 1*10 slope is definitely pW^g. 

12 second wave on the 1*10 slope is surging with some plunging tendenc . 

11 
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Breaker Velocity Fields, figure IF-3.lt 

The complete velocity field in the water of a breaker cannot be 

generalized due to the multitude of variables upon which it depends. Figure 

IP-11 include« velocity field« for two initial wave conditions and for beach 

slopes of 1*50 and 1»10. Low velocities, parallel to the bottom except in 

the forward stagnation region, occur near the bottom. Maximum velocities 

occur in the front face of the breaker near the crest. 

The various comparative features of the geometry and kinematics of 

the breakers of approximately the characteristic of these which hove been 

discussed in the example are shown in Figure IF-11. 

Croas-sections through breakers for given ir._tialwave conditions, 

and given slopes may be prepared from the various geometrical relationships 
of Figures IF-3 through 11. The shape will be approximate since the curvatures 

of the front face and back face are not amenable to simple descriptions. 

Figure IF-11 may be used as a pattern to produce faired surface profiles of 

the approximate natural character. The face angles may be taken from e 
crest tip to the still water line. The backwash depth location is approximately 

two breaker heights shoreward of the crest. The resulting breaker shape is no 

as wide aero«« the crest as an actual breaker due to the face angles being taken 

from the crest position. 

The geometric and kinematic features of the breakers as described 

were obtained from laboratory studies of regular periodic series of generated 

waves each of identical character. In all cases the beaches were plane slopes 

with incident waves parallel to the beach contours. Wave conditions, and 

breaker conditions in the ocean and on natural beaches are not regular. The 

assumption is made that an individual wave described by a height and period 
exhibits the geometrical transformation as described regardless of the preceding 

and proceeding wave history. This assumption is open to question in view of the 

marked effect of the backwash on the wave character. The backwash character 

will depend upon the history of waves preceding an individual wave. For example, 

a series of small waves preceding a large wave will produce smaller backwash 

velocities than those expected from a regular series of the higher wave, ihus, 

the higher incident wave will tend to break closer to the beach with a smaller 

breaker height and tend to be more of a spilling breaker than a corresponding 

wave of a series of identical waves. The converse will be noted for a low 

incident wave preceded by a group of higher waves. 

3. Bars t 

All results of Figures IF-3 through 11 were obtained from waves on plane 

beaches. The slope was constant in the length over which the symmetrical wave 

transformed into the breaker. Slopes of natural beaches are variable. Some 

beaches approximate a constant slope, others show bars with depths that increase 

shoreward of the bar. 

Breakers occur at the bar if the depths of water over the bar are equal 

to or less than the values of Figure IF-4. At water depths over the bar 

approximately those that result from Figure IF-4, the breaker occurs on, or 

a distance of four to five times the bar depth., inshore of, the bar. The 

effects are dependent upon the bar profile and have not been generalized. 

12 
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After paeaing the her, a breaker .hich S”'.0“ 

into two or »or. smaller “J™”’ “^Tha^acSr of this trane- 
new wave breaking on the bea°Î“- ^ich do not break on the 

bar^proceed^horewar^t^break^in tie nom.l manner on the shoaling 

beach inshore of the bar. 

4. Bottom Frictional Effects» 

The motion of the water ad¿ac®^c^o^0 The passage”1 of the wave 
dissipation of the wave energy y bottom also tends to set up 
and resulting ohang. in ¿“tom! Thi. result, 
circulations in the perasable be s the^ combln8ä tend to 

in an additional dissipation magnitudes of the reductions 
reduce the wave height. An T?aJ ., ^ been made (References IF«4 
in height due to the energy d^ssJ;Pa 1. d upon the bottom roughness 
and s)! The amount of the ^f^^^^rag^ conditions on sand 
and upon the permeability of the bo * t ifioant6on beaches with slopes 
beaches, the reduction ^vh9^ht is not significan^^^ ^ height 

ff ^0r;xiI:Ä\:i^T^ :-:30f the Sise carried through in the 

previous example* 

«o generalisation is ^ 

onerai beaohe. 

checked by measurement. Since * result in breaker heights 
breaker height the use of ^“.af. side in for.ca.tlng 
that will tend to be high, ^he error 
for expected breaker conditions. 

e 
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FI6. IF-2 - WAVE AND BREAKER TERMINOLOGY 
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FIG. IF-7 - FORWARD STAGNATION POSITION INDEX 
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BACKWASH VELOCITY INDEX 

CREST VELOCITY INDEX 

FIG. IF-9 
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FIG. IF-10 * BREAKER TYPE INDEX 
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MANUAL 07 AMPHIBIOUS OCEANOGRAPHY 

SECTION I. WAVES, TIDES AND BEACHES 

Gf CURRENTS IN TEE SURF ZONE 
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G, CURRENTS IN THE SURF ZONE 

!• Introduction« 

Ion* th»t adT.no. or.r . plan. 

or..t. 2*11.1 to th. bottom "^“„^ t^í l'. po^ndloul.r 
th.t .» v.rl.bl. In maenltudo, bnt wl«> dlrootlon. tn.^ ^ und.r 

ÏÂW Z£». oî fo«. Un... «d .«y fro. th. b..oh ln 

the crater under the troughs* 

„jrs ÄSL"H-r rSri33^rr 
•Äsr-aSäitBsa »“rÄ'S™ 
ront ha. a dlrMtlon p.*ll.l to th. boaoh lao.^no^ ,iwlng ooor 
ourronta (aurf rlpa) a* gonorato ^ advanolnz orar auoh oontoura ar. 
non-par.11.1 botto. oontoura. fc* front. adTanolng orw Ih, 
rafríotl to oaua. oonrargono. ordtTorE.noo.of ând lowr 
raault la Mth.r navaa and bro -Mf Althoudi moat of tha um anargy 
nava, and braalcra ln a wglon of dlvarsano.. Al«»«*»^ Un„ to shor,, 

HsîfrœsrÆâ s^r.-ra rSÄ 
sustaining stability tendencye 

lrr.aul.rltl.. ln th. b..oh fao. ln th. ton. of upruah alao tond to promot. 
.„,r Th. notion la almllar to that du. to th. oonTarg.no. or «™rg.no. 

upruah^^tonda ÏTpÎodïS ^^^SdHiSgÎ« SÍ«“o2 Tâ.. 

~B. rC-HSsaar—“ “ 
.• 4„d.ftTn-4.i0n is available to predict littoral currents in magnitude 

and dl*otl2. Bip ourwnta a* pradlotlbl. no to po.albl. origination, but 
magnitudes have not been generalised* 

2. Littoral Currents« 

Khan »tm aduane, orar a ahoallng bottom nlth th. »» oro.t. at «o» 

“S ^gT* A »*.. 

of “r-Ä’Är^pr fhjrÄ» 
fToSoí: Z ri^Ä »aultln* 2tlon ha. b..n mad. (B.f.»no. 10-1). 
The expression for the average littoral current velocity is* 

£a[j 1 e (4 Cb finV») 
(IG-2.1) 

eheret V • Average littoral current • feet per second 

a • 2*61 m Hb oos^A1 
26 

RESTRICTED Security Information 

. . . ..:.... ....di. ihl lillift', I ii;tnWnA .'■ . ..afc-j:.,, . '..i. . . t ... ,, .. .. ,, 



2. RESTRICT ;U Security Informatior. 

Velocity of breaker crest - feet per second 

= Breaker angle with bottom contours, 

m » Beach slope expressed as a decimal fraction 

11^ B Breaker height - feet 

T = Wave period - seconds 

k “ Bottom friction coefficient 

The reliability of this expression has been checked in the field on 

ocean beaches and in the laboratory (Figure 1G“2)0 Use of the expression 

necessitates knowledge of the breaker height, velocity, period, and crest 

line angle with the bottom contours# In addition the average beach slope 

in locale of the breaker must be known. In forecasting of the breakers 

from a deep water wave condition the needed variables are known from the 

forecast. The one remaining variable, that of the bottom friction coefficient, 

has been determined for natural sand beaches as approximately equal to 0.008. 

The friction coefficient depends upon the bottom roughness. Hence, pebble 

beaches or rock beaches will have k values higher than 0.008. The magnitudes 
have not been determined. 

The order of magnitvde of littoral currents on an ocean beach may be 

seen from Figure IG*«2. As a further example consider an 3 foot breaker 

with a period of 12 seconds and with a cresx angle of 30 degrees on a beach 

with a 1*50 slope. From Section U-F of this manual the breaker velocity is 

found to be 23 feet per second. Solution of Equation (IG-2.1) results in a 

littoral current of 5.0 feet per second. The direction of the littoral 

current will be in the direction of the breaker velocity component parallel 

to the beach. 

Equation (IG-2.1) was developed for plane beaches with regular bottom 

contours. When the beach contours are irregular, different littoral currents 

may result at different locations along the surf zone. Equation (lG-2.1) 

applies only to the region immediately shoreward of the breaker line or break¬ 

ing point. The foam lines inshore of the breaker continue to refract to become 

more nearly parallel to the bottom contours. In addition the wave energy is 
dissipated in the movement of the foam lino to the shore. The littoral 

current decreases from a maximum given by Equation (1G~2.1) for the region 

immediately shoreward of the breaker, to a negligible amount near the shore¬ 
line. 

One feature of 1-ittoral currents should be stressed. The velocity 

of the littoral current is considerably lass than the breaker velocity. 

Equation (IG-2.1) permits evaluation of the average littoral current. 

The instantaneous current is in the order of magnitude of the generating 

breaker velocity component. 

The broaching tendency of craft in the breaker zone has been attributed 

to the littoral current. The relative magnitudes of the breaker velocity 

and the backwash velocity in the trough preceding the breaker, have a much 

greater effect upon broaching than the effect of the littoral current. A 
craft handled by a competent operator should maintain a course which is 

perpendicular to the wave or breaker crest* In this relative position, the 

craft motion is in the direction of the wave motion. The littoral current 

effect is essentially negated since the craft also has a similar component 
parallel to the shore* 

Broaching is due mainly to the longitudinal craft axis deviating from 

a perpendicular to the wave or breaker crest line. As the wave or breaker 

passes a craft which is proceding shoreward, the bow is in the region of 

backrush and the stern in the forward motion of the wave crest. The 
27 
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resultant on a non-pe rpendi ou Ur oraft i. a turning couple Prod¡"0* by the 
irapingenent of the opposing velooities on opposite sides and ends of the 

If the craft control mechanisms cannot compensate for the turning couple the 

oraft will broaoh# 

3. Circulating Currents at the Shoreline» 

Near the shore line the longshore currents are usually irregular depending 

upon the beach contours in the region of the uprush or baokrush. The final 

action of foam line as it rushes up the beach depends upon the shoreline con- 

figuration. A cusp will allow a greater uprush distance, and usually a delayed 

return of the baokrush, than the adjacent higher beach faces. The next incoming 
foam line is retarded at the cusp. Circulations are initiated, towards the sides 

of the cusp during the uprush in the ousp, and towards the center of the cusp 

during the baokrush in the cusp,- (Figure IG-3)» 

A beached craft in the circulation areas will tend to swing on the grounded 

bow with the stern following the circulating currents. The next incoming foam 

line will accent the swing as tiie forward velocity of the water impinges on the 

exposed side of the oraft. Unless the craft retracts from the beach the craft 

will continue to swing until it is parallel to the beach and grounded over its 

total length (Figure IG»4). 

The action of the circulation adjacent to the shore line may be erratic. 

An irregular series of incident waves and breakers will produce circulations 

that will change from time to tine at any particular location on the beach. 

On flat beaches, with slopes on the order of It50 or flatter, the uprush and 

baokrush velocities are usually small in magnitude. Consequently the 

lating currents are small. On steep beaches, with slopes greater than 1*50, 
the circulating currents are serious and should be considered with respect to 

beached craft. 

4. Rip Currents (Surf Rips)| 

Surf rips are currents that move seaward in a direction essentially Per"* 

pendicular to the beach face and the orest line of the w^ves, A typical surf 

rip is shown in Figure IG-6. The appearance of the rip is marked by a channel 

of discolored water from the turbulent motion of-the water which carries beach 

sand and intrapped air in suspension. The breakers in a rip are usually lower 

than those in the undisturbed breaker on either side of the rip. The current 

of the rip, together with the irregular eddying currents in the rip, tends to 

dissipate the energy of the oncoming wave and breaker. 

A strict definition o* rip currents could include any current between 

the breaker line and the b<aoh face that has an offshore component. However, 

the term is arbitrarilly restricted to a sustained seaward moving current 

that is plainly visible as a Figure IG»6# 

A rip current is divided into three components, the feeder currents, 

the main rip current, and the head,(Figure 16-5(a))(Reference 10-2). 

The generation of surf rips results from feeder circulating currents 

in the foam line area that become stable due to the beach configuration 

and the incident wave system. Typical situations that' are conducive to 

the formation of rips are shown in Figure IG-6. 

The main surf rip that results from the feeder currents is a narrow 

band of water that moves seaward in a general direction perpendicular to the 

beach face. Beyond the breaker line the rip current broadens to the head 

28 
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irith reduced velocities viherein the energy of the current is dissipated in 
internal eddies* 

A seaward current, once initiated, tends to become stable until a change 
in the incident wave train or the bottom contours takes place* The seawaid 
current opposes the incoming wave velocity to retard the wave in the rip ®rea« 
Thus, the wave on both sides of the rip advances faster than tiie wave in the 
rip* At the edges of the rip, particularly in the shallow water of the surf 
tone, stable feeder currents result from the wave fronts on the sides of the 
rip to continue an inflow to the rip. 

A rip may seem advantageous in regard to craft operation in the surf in 
that the breaker action in the rip appears to be less violent than that re¬ 
moved from the rip. however, a craft moving shoreward must buck the rip 
current and is thus in the breaker tone for a longer period of time than 
one proceeding through the normal breaker tone. In addition, while the 
direction of the rip current is predominately seaward, the currents in the 
rip are composed of numerous eddies and whirls that make craft control 
difficult* A craft proceeding seaward in a rip will experience the same 
control difficulties• 

Large craft or, craft with adequate control, such as the IDlis and IXJVP’s, 
can use a rip to advantage. The breaker action is less than in the breaker 
adiacent to the rip. In addition, the outward current of a rip cuts channels 
through offshore bars to provide passages through the bars with a greater depJi 
of water than on the normal beach* 

Strong swimmers in the surf can use a rip current to advantage to swim 
from the beach to beyond the breaker line. Weak swimmers in the surf should 
avoid rip currents since the current will carry them seaward for distances 
beyond their ability to return to the beach. A swimmer should not attempt 
to swim against the current of the rip to try to regain shore. The rip 
current is normally a narrow band* By swimming parallel to the beach face, a 
swimmer will, within a few feet, get out of the influence of the rip and 
will be able to swim shoreward in the normal surf rone. 

5• References: 
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Longshore Currents" •» Transactions American Geophysical Union, 
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IG-2: Shepard, F. P., Emery, K* 0. and La Fond, E. C. - "Rip Currents, 
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0 Aerial photograph of swell breaking 
of OP angle to the shoreline, thus 
causing a longshore current in the 
direction shown.

b. Schematic dingram for tndrgy and mo­
mentum considerations of>longshort 
currents. *

FIG. IG-I ' LITTORAL CURRENT
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FIG. IG‘2 * Cor.Tporison botwoen observed and 
calculated velocities of longshore currents
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FIG IG*3 - Vertical oeriol photograph of surf rips on o steep beach.

FIG. IG"4 - Broached landing craft
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a. Surf rip* from depression in bottom 

in surf zone. 

b. Surf rip from wave train approaching the 

beach at on angle. 

c. Surf rips from cusp on beach in uprush 
zone. Rips may become stable in center 

of cusps or on sides, depending on wove 

height and period. 

FIG. IG~6 ■ Wav« and boach configurations conducive to 

the formation of surf rips. 
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SlllUARY CF SECTION I-H 

STATISTICAL PROPERTIES OF OCEAN WAVES 

BY 
R. R. PUTZ 

The well-known variability of successive ocean waves has been found to 

exhibit certain statistical regularities wliich can be used for prediction 

as well as for the simplification of vrave system description and analysis# 

A knowledge of the average wave height (or period) of a wave system 

observed over a short interval of tine at a given location appears sufficient 

to determine quite closely the percent of waves whose height (or period) falls 

within an arbitrary range of values. The basis for this conclusion is suggested 

by Figures SIH-Ia and SIH-lb# which show the frequency distribution of in¬ 

dividual vrave height for each of two typical vrave systems, representing# respec¬ 

tively# high and low mean wave-heights# Both distributions have the same approxim¬ 

ate shape, and it will be seen that the waves of the distribution with the higher 

mean value show a proportionately high degree of dispersion, or scatter, about 

their mean. The facts are much the s^iae for individual wave periods# wliich show 
in most cases, nearly the same amount’of stn+istical regularity# 

It appears impossible to predict with any accuracy the height (or period) 

of a given wave from a knowledge of its period (or height), or indeed, from a 

knowledge of the heights and periods of all wives occurring immediately before 

tho wave in question. Such a state of affairs does not preclude the possibility 

of the propagation from one location to another of wave groups whose individual 

waves maintain# relative to each other# at least, their characteristics# Data 
are lacking on such transformations of wave systems# 

A statistical estimation of the average vrave height (or period) for an 

entire wave system may be made with an accuracy which depends on how many 

waves of the system are observed# For a given desired aoouracy an approximate 

number of vraves can be specified to correspond to any desired probability of 
attaining this accuracy# 
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MANUAL OF AMPHIBIOUS OCEANOGRAPHY 

PAHÍ I » NAVES, TIDES, AND 3EACEBS 

H. STATISTICAL PROPERTIES OF WAVE SYSTEMS 

BY 

R, R. PUTZ 
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H. STATISTICAL PROPERTIES OF OCEAU WAVES 

!• Introduction« 

The variability of ocean wave« ia well known. While nave ayatema may appear 
quite regular on caaual inspection, they are usually composed of waves that vary 
both in height and in period. Data about the statistical properties of wavs 
systems have been obtained by observing waves at a fixed point over a short 1m» 
tsrval of time. The conclusions regarding statistical properties of waves pre¬ 
sented here are based primarily on records made by Pacific Oeean underwater 
pressure reoordsrs located offshore. 

These subsurface pressure recorders were placed at locations corresponding 
most nearly to systems of swell in shoaling water* rather than to systems in tbs 
surf tone or in deep water, (figuré ÍH-Í shows à 5 minute section of a typical 
pressure record made by waves in shallow water)« While these systems do not 
necessarily approximate other wave systems of interest (e.g* systems of breaksrec 
of swell in deep water, or of wind waves), the indications are that - once sufficient 
data is obtained for these other systems - it will be possible to analyse them and 
obtain results analogous to those presented below« e 

Since • statistical property is defined relative to a variable observed 
under definite oenditions, it is obvious that wave systems have a large number 
of statistical properties that can be investigated. Re rearch into somip of 
these properties.has indicated that there are some definite regularities in 
wave systems, and that these regularities promise to tb of some .valu# for 
predicting the heighta and periods of waves« 

Tarions diffsrent problsms of prsdiotion may arias, dspsnding upon what 
is assumsd to be known about the wave system. It is impossible, of oourst, to 
predict the height of on individuel wave occurring in a specified poeition in 
the system, beoauae of the large "number of physioal variables that would have 
to be identified and measured. However, as methods of utilising meteorological 
information for wave forecasting are improved, much can be said about the average 
value of the wave height. Moreover, when the latter is known, a reasonably 
adequate prediction can be made about the probability of an arbitrary wave height 
falling between two given magnitudes. 

2« Individual Waves« 

m. Wave Heights« 

Subsurface pressure record data indicate that the relative frequencies at 
waves of given heights observed to pass by a fixed point follow a rather de¬ 
finite pattern suoh as shown in Figure I -2. This graph shows, for example, 
that 10.6# of the waves have heights between one and three-eighthsfeet and one 
and five-eighths feet.- The graph also shows, when the frequencies are cumulated, 
that 81# of the waves are below 3.1 feet in height. The average or arithmetic 
meaiy/<of the wave heights is indicated at 2.20 feet by the dotted line. 

For many purposes the cumulative frequency distribution is useful, particular¬ 
ly, when the horizontal scale is transformed to render tVie plotted distribution 
an approximate straight line. The result of this transformation and the corres¬ 
ponding plot of the distribution function shown in Figuro IH-3. 

Several observations may be made about the typical distribution represented 
in these Figures. One is the fact that waves of nearly all heights occur from 
the highest observed height down to aero height*, Another is* that store waves 
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occur with hei hts bolow the n,eun then with hairJ’-ts ebovo tho man, elTî.au^li 
wave hei. htc above fro i eau r.*y cevicfo relatively noro frow t.io tvorate trun 
rr.v those below the moan. This asmxetrio, or ehewed, quality is character" 
istio of wave-height distributions, 

The n; -n 1 r-i oant wave rciS-t Hi/s, defined as the arithmetic mean of the 
heirhts of the waves which arc in f .e upper one-third of 
tribution, hes also been indicated in Picure IK-2 by the dotted line t 
3 EC foe+-. It va^ be seen that Iii/3 occurs at approximately the 86,. point 
iñ vmve-fiirht dLiribution. bailable data (Seiwell, 1949, IH-5, meCel, 
1949, IH-7) show that the ratio between K /, and the overall mean wave-heipht 
M, is relatively constant - averaging 

Present evidence (Putz, 1950, IH-1) indicates that the height distribution« 
of all wave systems are nearly constant in shape, witn practically the son 
•dwgreo of skeimess for all systems. Furthermore, the relative variability of the 
distribution remains nearly invariatít fr'om otísf waVe-.«ystem to-anotherf xffhese 
So fSs 0? regularity pemit the use of a rather simple approximate model 
to represent the statistical distribution of tie heights of thewaves com¬ 
posing an arbitrary wave system. Figure III-4 may used to read off the 
aonro^mate wave height below which any given percentage of waves will fall 
when SrlLn of «/system has a given value. Thus, on 
in,: to a «oar. of 5.0 fiat, v. find that SO* of th. «va. wlU b. h.lw 8.4 
feet in height. 

b. Wave Periodst 

The distribution of the periods of waves Vim erred from «^surface 
pressure records taken at a given location) ehow certain r®E'il!lrltl®*,_.* , 
distribution of wave periods with average ^ l9frZ 
IH-6 and IH-6, the separate Figure* oorresponding to tho two mode* or repre 
sentation employed in the preceding aeotion. Note that the pr«eure reoorder. 
unse waves of all period* fron about 6 seconds up to 21 aeoond«. Woioo , 

1 he wave periods are scattered in approminate ejmanetry about their mean, 
(«.hat is j the distribution is not materially skewed toward either and). 

individual wave systems aro likely to have wave-period distributions 
that are slightly skewed toward either.th»-low oh the high'periods. Present 
evidonoo indi cutos that for wave systems of average long-period waves, the 
period distribution tends to bo skewed toward the shorter P®rî;°d8, 
for systems of average short-period wavae the period distribution tends 
to be skewed toward the longer periods. 

Available data (Putz, 1961, IH-2) suggest the approximate model of 
Firure IH-7 to represent the statistical distribution of tho periods of 
the waves oomooeing an arbitrary wave system for which the mean period -.a 
known. Reading the curve for a mean period of 13.0 seconds, we •««that 
the indicated percent of waves with period below 16.0 seconds is 81>* 

o. Wave Height and Wave Periodi 

Present evidence (Putz, 1951, IH-3) indicates no material degree of 
statistical relationship between the height and the period of an individu 
wave. Thus, the fact that a wave has a long period (or a short period) does 
not increase our knowledge of its probable height, and inversely, knowledge 
about its height does not add to our knowledge of its probable period, A 
plot of wave height versus wave period for the waves of a typical wave 
system is shown in Figure IK-8. It may be seen that height and period for 
an individual wave aheTvirtually Independent in the statistical sense. 
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Likewise* when wave systems are compared, no significant statistical re¬ 
lationship was found between mean wave height and mean wave period# Thus a 
prediction of the nean wave period for a system of waves gives us no additional 
information about its mean wave height# 

3# Successive UTaves Within a Wave Systems 

a# Wave Heights« 

While for the average wave system a small degree of statistical relation¬ 
ship has been found between the heights of two successive waves passing a given 
point, this relationship is not sufficient to predict one wave height from a 
knowledge of the preceding wave height# (Puts,1951, IShI) • ( Higher- 
than-average waves tend to be followed by higher-thau-average waves, and lower- 
than-average waves tend to be followed by lower-than-average waves# Figure IH-9 
shows the plot of the height of a given wave in relation to the height of the 
following wave# It may be seen that relatively little Information about the 
following wave is obtained, on the average, from a knowledge of thn given wave# 
For waves farther distant (e.g. waves separated by one, two or mor* waves) the 
heights rapidly become less related# Even if the heights of all the waves in 
the immediate vicinity, were known, it still seems impossible to accurately pre¬ 
dict the height of a given wave# 

Certain wave systems exhibit a somewhat greater degree of relationship 
between successive wave heights than that shown in Figure IH-9, while otiiers 
exhibit somewhat less. No relation has been found between the degree of this 
relationship between successive wave heights and any other wave-system character¬ 
istic. At present, therefore, no way is known of predicting those systems in 
which the degree of relationship is most pronounced (hence approaching atdegree 
useful for purposes of individual wave-height prediction'^ 

b. Wave Periodsi 

The periods of a pair of consecutive waves paseing a given point show 
(Putz, 1951, IH-4) on the average a small degree of statistical relationship 
to each other. As with wave heights, this relationship is too small to pree 
diet the period of a given wave from those of other waves# A typical plot 
of the periods of two successive waves is shown in Figure IH-10. As with the 
heights, the periods of waves separated by other waves show a rapidly decreas¬ 
ing degree of relationship to each other. . Ho way Is known of predicting which 
wave systems will exhibit higher-than-everage reUtionships between the periods 
of the waves composing it# 

o. The Grouping of Wavest 

The waves of a wave system have often been classified by observers according 
to a more or less definite structure in which groups of waves appear# The 
characteristics defining such groups are related to the heights and periods of 
the waves within them. Much remains to be said about the properties of such 
groups of waves, but the extent to which such a group is propagated from one 
location to another is one of the most important aspects of such wave groups# 
Some distance offshore, in a moderately irregular system, tiiere are always ad¬ 
jacent successive waves of nearly the same height and period. However, if one 
considera the wave system a short time later at a location nearer to shore, 
data is lacking upon which to base sound prediotions as to the probability that 
a high wave, for example* will that» ha «fallowed ba^ejao ther high wave# 

39 
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If a group of •waves be defined by the existence of a high wave within 
the set of waves taken as making up the group, then the pattern in which 
suoh high waves occur might be used to describe, in part, the ocourrenoe of 
wave groups, however, the data available indicate that within a wave system 
ths spacings between waves above a given height show little teMency toward 
regularity and, in particular, do not seem to be predictable from other wave 
system characteristics. 
4. Applications of Statistical Properties of Wave Systems* 
» . i.1»1, ijj«, ■ ■ .-i*-> ' i 

fc. * Estimatlòn of Meati Helfeht^Wavt from Observed Waves » 
Estimation -of thsf mean wave height which may be expected to prevail at 

a given location for the waves in the immediate future is a matter on which 
statistical analysis can only arrive at probabilities for given sises of 
error! in the estimated value. If the intervening time interval is suffic¬ 
iently short so that the average wave-system properties may. be assumed to re¬ 
main constant, the expected mean wave height at a later time may be taken as 
the average of a set of n consecutive wave heights observed at the present 
time. The maximum relative error (in percent) to be expected with various 
given probabilities under these conditions may be read from the curves in 
Figure IH-11, which has been drawn for a typical wave system. For example, 
we see that if n ■ 10 consecutive waves' are observed to have a mean height 
of'4.0 feet, 80?o of the time our error will be at most 20^ in assuming the 
expected mean value a short time later to be 4.0 feet. If we wish to expect 
10^ to be our maximum error 80$ of the time, we must observe 40 consecutive 
wave heights. ‘ : ; 

b• Estimation of Kean Wave Period from Observed Waves» 

As with mean wave height, the estimation of mean wave period depends 
upon a knowledge of the mode of oliange of the wave System as time passes. 
If we assume, as before, a short enough time interval to give an effective¬ 
ly steady-state wave system, the curves in Figure IH-12 apply for a typical 
wave system. We see that in order to expect a 10$ maximum relative error with 
a probability of 80$ it is.necessary to observe the période of 10 consecutive 
waves. 

o. Analysis of Wave Records* 

Certain features of the regularities found in wave systems show promiss 
for the simplifioation of the routine day-by-day analysis of wave records 
token regularly over long periods of time. iFor example, the constant form of 
the etatistioal distribution of wave heightáü (mentioned above) indicated that 
one oan use relatively few points of the distribution curve to the 
entire distribution exactly enough for many purposes. At the same time a 
theoretical statistical model based upon a constant distribution form serves 
to explain the persistence of values for certain ratios of wave-height statis- 
tioa computed by Wiegel and Seiwell. A summary by Snodgrass (i960, IH-6) 
shows a comparison of various reported ratios of the quantities (the : 
highest observed wave height), Hi/io (the mean of the .highest one-tenth of 
the wave heights), H]/*, and H_ (the mean of all of the observed wave * 
heights). Snodgrass»'table, slightly modified, is reproduced below. 
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TABLE IH-I 

Comparison of Wava-lifight Ratios 

for Various Pressure Recorders 

and a Theoretical Frequency Function Model 

Basis of Calculations 

Point Arguello, California 

■wave recorder 

Point Sur, California 

wave recorder 

Computed Ratios 

ave Vs 

Heoeta Head, Oregon 

wave recorder 

Cuttyhunk, Massachusetts 

wave recorder 

Bermuda 

wave recorder 

Average of wave record values 

Theoretical statistical 

frequency function MODEL 

1.57 

1,67 

1,57 

1.57 

1.30 

1.27 

1.30 

1.29 

1.29 

^nax 

1.85 

1.85 

1.91 

1.87 

1.81 

1/10 

Remarks 

1.42 3 months of 

data 

1.46 

1.47 

1.46 

1.41 

14 months of 

data 

14 months of 

data 

10 months of 

data 

4 months of 

data 

Model based 

upon 25 wave 

records: 

tending ovar a 

i3r^«ar ipe/iadj) 

5. 

IH-li Putz, R. R. (1950), "Wave Height Variability; Prediction of the 

Distribution Function", Technical Report No. I1E-116-31B, Institute 
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California, December 1950. 

IH-2 ¡ Putz, R. R. (1951), "Wave Period Variability; Prediction of the 
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FIG. IH-e - TYPICAL FREQUENCY DISTRIBUTION OF HEIGHT 

AND PERIOD OF INDIVIDUAL WAVES 
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Geneial Features? 

Beaches are of four main types» Rocky, sandy, muddy, and coral. Each of 
these types affects landing operations in different ways. Ho single one of 
these types has the same charreteristics throughout the world. Individual 
beaches' also may. differ materially in properties within short distances or even 
in short intervals of time, particularly when subjected to strong wave action. 
The characteristics of beaches and of the processes that influence them are 
described in detail in the section which follows. The relationship of beach 
oha recteristies to trafficabiltiy are described in another section. For 
strategic and tactical planning of operations on particular beaches, reference 
should be made to intelligence reports. A few remarks of the general nature 
of the four types of beaches, however, should help in a better understanding 
of the problems of landing operations. 

Amphibious operations on beaches consist of three main phases» (i) Land¬ 
ing the water-borne craft on the beach; (ii) Getting the vehicles, equipment 
and men on and up the beach; and (iii) moving off the beach and onto the ad¬ 
jacent land terrain • These three maneuvers are closely related to the three 
principle parts of the beach» (i) the offshore, or shallow water area sea¬ 
ward from the shore line at low tide; (TTJ ïKë beach proper, or ttie part cf 
the beach exposed between high and low tides and wet with water from wave 
action at high tide, commonly more or less steep in slope; and (iii) the back- 
shore, or flat area behind the sloping part of thet/beach, generally composed of 
’HTose sand. The wind blows this sand about, and in many places forms dunes at 
the rear, which may or may not be covered with vegetation» The different parts 
of the beach are illustrated in Figure 1-I-Iof the detailed report on beaches , 
which follows. 

SU1XAKY CF BEACH CHARACTERISTICS 

BY 
PARKER D. TRASK 

That part of the offshore extending from the vrater line to a depth of 
about 30 feet is calleiT.ITi“Ffshore slope. The place where plunging waves 
strike the sand is called the^plunge lineV The level of the plunge line is 
very close to the mean water level seaward from shore. A small furrow* con¬ 
taining sand or fine gravel, coarser than tho sand on the beach proper marks 
the position of the plunge line. This furrow occasionally is so abrupt as to 
hamper the movement of landing vehicles. 

The offshore slope deepens more or less uniformly away from shore. If 
the gradient of the bottom is uniform landing operations are relatively simple, 
unless the slope is very gentle. On many beaches, however, one or more bars 
are built upon the offshore slope. These bars are the result of wave and long¬ 
shore current action. They shift their position and change in size, particular¬ 
ly during storms. The channels between bars differ in depth and width on 
different beaches, and they vary in depth on individual beaches from place to 
place and from time to time. 

Of particular concern to landing operations is the development of moderate 
or strong waves, striking obliquely upon the beach. These oblique waves set 
up longshore currents, which may -,cour the channels behind the bars, sometimes 
to such an extent as to interfere seriously with landing operations, particular¬ 
ly if the landing craft cannot cross the bar and the land vehicles must pass 
through unexpectedly deep water between the bar and the shore. Intelligence 
reports should carry warnings as to whether or not particular beaches are 
subject to scouring of this sort. 

RESTHICTEP Security Infomation 



The sloping part of the^eaoii0alo^^^^.de^ea°nk adjacent to the 
water line is called the foresKore slope» The upper part of the foreshore 
slope generally is softur than the lóv¡e? part, and hence, may cause traffic- 
ability problems» On many beaches the foreshore slope merges at its upward 
end into a flat or nearly flab bench, or varying width, end commonly a foot 
or more below the flat btokshore# On some beaches the bench merges imper¬ 
ceptibly in^o the backshore. TKese flat parts of the beach, ars called berms. 
The berm adjacent tc the foreshore slope is called the summer berm, and the 
berm that forms the backshore in front of the dunes is called the winter berm» 

The he mis are formed by overflow of ths highest waves at high tide» 
Such waves rush up the foreshore slope and slop over the crest depositing 
their load of sand upon the ?lat berm as the water sinks into the sand. 
Strong waves at high tide tend to wash away the front part of the berm. 
The strong stoma of winter cut the summer berm back and may remove it 
entirely, forming a winter berm at a higher level than the summer berm. 
Extreme storms may even cut back the winter berm that forms the normal 
backshore of the beach. 

As the waves of lesser storms do not mse above the crest of the winter 
berm, the winter hem in the course of years may build seaward until such a 
time as it is again out back by a severe storm. The smaller waves of summer 
result in the fomation of the summer berm. In the course of the summer the 
summer berm may advance a few hundred feet, only to be cut back again in the 
following winter. Moreover the width of the s\tinner borm varies from day to 
day and from full moon to full moon, some times so much as to cause problems 
in landing operations. 

It, therefore, should be borne in mind that sandy beaches are not stable. 
They usually are more stable where the tidal range is low than where it is 
high. Landing mats may be buried beneath sand from one tide to another, or 
sand beneath them may be scoured. Burial of landing mats is more likely to 
occur when the height of high tide decreases from day to day than when it 
increases. Intelligence reports should carry information as to ths stability 
of beaches in particular areas. 

All types of beaohes possess the above-mentioned characteristics though 
in varying degree, depending upon the extent to which the waves move the rook, 
sand, mud, or coral particles that form the beach. 

Rocky Beaches 

Rocky beaohes generally are found on coasts off hilly and mountainous 
areas, though on almost all rooky coast lines. Some or all the coves between 
promontories possess sandy beaches on which it is possible tc land. If wave 
action is strong and the offshore slope is so steep that it will not support 
masses of cobbles or of sand, bed rock alone is exposed along the shore, with 
the result that landing operations are hazardous, waves are not reduced in 
force as they approach the beach, and both the offshore and foreshore slopes 
are rough. Furthermore, the approach from the beach to adjacent land terrain 
is likely to be steep and rough. 

Rocky coasts generally have beaches of cobbles or sand between some 
or many of the promontories, and little or no beach around the ends of the 
promontories. In areas of strong wave action the beaohes generally consist 
of cobbles, unless the offshore slope is gentle, as along the coast of 
Washington or Oregon, or where a plentiful supply of sand is brought into 
the streams by the rivers. In such places the beach generally consists of 
sand. However, if wave action on the beach is strong and rocks are supplied 
the beach by the rivers or waves, the beach will consist of cobbles. Cobble 
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beached have steep .lepes, i» «'«y Place, as^a. 
from cobble beaches deepens rapid y. P leSenine the friction or nodelng 
di rectly. War. aotlon round, the .obbl.s. thu.^tr^^^ l8 llk.ly t0 be poor - 

^°^r.noHy»or The approaoh fro; Ä b...h to the advent 

terrain may be difficult because of roughness af th 

Volcanic Island, may hare rooky beaches composed ^ 
They also may have beaches oonairtingo J°,°p”or traffioabllity. looal In- 

rX-e report^^.nd '.Ä P^ograph. should give Information on th. 

presence of volcanic ash* 

J * „«Valeri are found in some places along gently sloping 
Beaches composed of cobbles are loun £ «here the rocks that 

or low coasts, in areas where f1®01®', 1 ®P/ ^ er6hes) The beaches in such 
crop out along tha coast ^ during th. «intar, .spatially 
ureas may be sandy during and wave action upon the beach is 
in places «hare the offshore a sïeep high oobbl. 
strong, tha sand may be renovad from ^ to olimb and during 

ÂTÆuf.: rrir^Vh.’ raer of tha s*er h,™. 

Sandy Beaches 

Meat ^a^hs^ ^g^d^beachesfdapands^upon^the c^le^of^ 

S“ o^Slf0f^ore Slo e ZILT.Z 
decrease in force as they approao fo(.iii4-ate the development of bars 
However, tto^rs! *ioh My interfere with landing operations. 

r. offeliore slop/is gentle and 

refracted, íave action accordingly differ» along such 
::rhes0. * : in areas of oo^rgeno. ^.r. waves 
^ro“: different part, of the beach at different angles. 

I_ landine „n sandy beaches where the waves approach the beach at an 
in landing o y mlnd the poasihility of longahoro ourreirta 

between the beach and the bar* 

The beach proper varies in height and slope from one beach to another. 
The angle of slope ranges between_l to 100 and 1 to 5. As • depend8 
coarser the sand, the steeper is the slope. ^ height ^ 
upon the height of Jh^tide^^6^6^1^61 plus 1#5 timea the wave height, 
the elevation of t _ .,, . niaf.ea where refraction causes the 
Thus, beaches will be ¿°^r fn the headlands. Wave action on the beach 

EÍESã 
The angle of slope of the beach also varies with the grain s^e* 

^reÄnZsÄ 

Ä/gUt 
rh/y,/: Ä Ä.t.1, after strong store, th. angle may h. la... 5k 
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The foreshore slope is gentle near low tide level and increases pro- 
j i. -4 4.1J- __ hirVi-tide level and then is constant almost eressively upward to mid-tide or hign-tiae lev.x »xiu w 

to th. edge of the berm «here it round» off to conform to the flat slop, of 

the hem. Th. lo»er part of the foreslope, «htch is contirually mb, I fi™ 
and affords better traffioabiltiy than the upper part, which is alternately 

^ and°dry, and hence is softer! The hem, except after «ins or extreme 

high tides or stomy periods, usually is dry and ai fords poo “ 

Approach to land depends upon width of herm and sand dune ''»“f' 
ness 0? boundary between baokshor. and land areas, vegetation, and wetness 

of soil. The sandy parts of the approach to land ore more traffioable whe 

wet than when dry» 

Sandy beaches are more or less unstable. They change in width frtm 

year to year and from storm to storm. Some beaches tend oontinually to 

progress seaward, with the result that a series of ridges called b.aoh ridges 

are formed behind the beach. Commonly these ridges are T0”“*“" ^‘arty 
and form obstacles In the approach to the adjacent land 
since the soil in the swales between the ridges may be soft. In some are 

the ridges approach the shore line at an angle. In such places access to 

adjacent high land may feasibly be attained by using the rear ridge. ! 

this way vehicles can proceed from tne beach along the ri ge, 1 
composed of sand, rather than going up and down across a series of ridges 

and swales. Such a situation was found at Leyte. 

Some beaches are receding. The land areas are eroded during times 

of severe storms, and cliffs are out into the adjacent terraine, thus caus 

inc difficulty in getting from the beach to adjacent higher land 
Beaches in such areas are likely to be narrow, though in summer monihs when 

?hê s«Ír bëm is growing seJ,rd the upper flat part of the beach may be 

100 or more feet in width. 

The tidal range affects landing on beaches where the offshore slope is 

gentl. ând the forlshor, slope is steep. At low «de l^i^raft c.nnot 

approach the shore closely and may hang up on bars. Landing vehicles then 

must traverse channels between the bars and the beach. At high tide the _ 
water over the gently inclined offshore slope is deep enough to permit craft 

to land directly upon the beach. At such times waves may cause more trouble 

then than at low tide. 

In many areas where longshore currents are strong, barrier 

build uo in front of bays, harbors, and river mouths. !n some places where 

tidal currents are weak, the bars may completely cross the ^ayorriver, in 

" which case, access may be had to land areas at either end of the bar. 

Muddy Beaches 

Areas of quiet water, such as inland seas and bays, may have soft muddy 

beaches. Wave action is not strong enough to wash the mud particles ***? 
from th¡ sand particles on the beach, with the result that the sediment on 

the beach consists of a mixture of mud und sand, which when wet is soft and 

hïs low trafficabil ity. In many inland bays, shifUng tidal currents may 

develop bars and troughs. The position of these features changes from time 

to time in response to the changing currents. The bars conten varying amounts 

of sand and they vary in firmness. The more sand they contain the more tr f 

floable they are when wet. 
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The beaches in inland bays generally are flat and gently sloping. If the 

adjacent terrain is sandy and it supplies sand to the bay the beaches are sandy. 

If the water increases in depth seacard at a sufficient rate to allow ^ge "aves 

to reach the shore before breaking, steep beaches may develop. Such a condition 

is particularly true of areas of high tidal range and "here wave fetch is several 

miles in length. Beaches of this type may be soft and muddy at low tide level 

and sandy and firm at high tide levels. Rocky beaches are found in some inland 

bays, where wave action is strong and a supply of rook material exists. 

Bays may be bordered by marshes. The sediment in front of tte marsh is 

likely to be soft, and the marsh is apt to be cut up.by sloughs with torturous 

channels. Airplane photographs should give information on this question. 

Access from bays and inland seas to the adjacent land varies greatly 

from one bay to another. Local intelligence reports should be consulted. 

Co’-al Beaches s 

in tropical areas off low lying coasts many beaches are composed of aggregates 

cf ground-up coral and shell material. This material commonly is of sand size 

and is similar in character to ordinary beach sand. In some areas, particularly 

where wave and current action is strong, tiie beach proper may consist of o^ren 

coral rock, which is more or less rough and steep. In a few places, especially 

in sheltered areas, where wave action is weak, the material on the beach may 

consist of limy clay and be soft. Although coral beaches are restricted to 

tropical or near tropical waters, not all beaches in the tropics consist.of 

coral material. In many places especially where the adjacent iand terrain is 

hilly, the beaches are composed of sandy or volcanic material, just as y 
in temperate latitudes. Conditions on coral beaches vary so much iremone beach 

to another that where ever possible local intelligence reports should be consulted. 

The principal characteristic of many coral beaches is a low flat area in 

front of the beach, - the so-called coral reef. The water on this fla area 

is shallow, generally only a few feet deep. In many places it 18 
low tide. Though the reef in general is remarkably flat, its surface is like y 

to be somewhat irregular. The low places commonly are covered with masses of 

corei sand. Here and there they contain masses of living or dead coral, which 

rise varying distances above the reef floor and may interfere with navigation. 

The high places on most reefs ara rough and rooky, though on some reefs, they 

consist of soft limy mud. In either case they are hazards to navigation. 

Wind can change the level of water on reefs sufficiently to interfere with 
landing operations. Sustained on-shore winds tend to pile water up, making i 

deepers off-shore winds tend to blow it away making it shallower. The water on 

the^eaward side of most reefs is deep. In the South Pacific, sea-gt.’ g vessels 

commonly can approach within a few hundred feet of the edge of the reef, us 

water several hundred feet deep is found within 100 feet of the reef. 

The reefs vary in width from a few feet to more than one mile. As a rule 

the reef is wider on the windward than on the leeward side of islands. The 

outer edge of the reef commonly is higher than the adjacent fiat 
reef. This outer fringe is irregular in shape, height and width. Ordinarily 

it is less than 100 feet wide and 10 feet high. It definitely is a hazard 

in landing operations. Openings or passages across it commonly are a con- 

eiderabie distance apart. They are irregular in shape, depth, and course. 

Masses of coral commonly protrude above the bottom of the channels or extern* 

outward from the sides. Many of these protruding masses are composed of living 

coral. This living coral can grow at a rapid rate, in places as much as a loot 

a year. As growth is a function of food supply, changes in size of coral masses 

are more likely to be rapid near the outer edge of the reef than near shore. 
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In many plaoM in the south Pacific, coral atolls are found. Atolls 

.r. mor. or iL. circular mocees of reef materiel «oloelng 

They may be as little as one mile in diameter or as much as 100 »i1®8* The 

water within the atoll ordinarily ranges in depth from 20 to 200 J®^* 
it may be several hundred feet deep. The reefs that form the outer edge of 

the atoll are similar to reefs that border-islands. The flat part of the 

reef may be many hundred feet wide and crossed by only a few channels deep 

enough for navigation by sea-going vessels, losses of coral material “ 
ing above the sea floor sufficiently to interfere with navigation may be found 

at any place within an atoll. In places the ring-lita» reef that 
the atoll rises above sea level to form islands. The passages between many 

islands are sufficiently shallow to permit landing chicles to cross them at 

low tide. The beaches on the inside of the islands generally are similar 

to the beaches on the seaward side, except that the sise of constituent par¬ 

ticles may be smaller, because of the generally lesser wave action. Some 

atolls have islands of volcanic rock rising within them. The beaches on 

such islands correspond with the type of rock found on the island. 
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I. BEACH CHARACTERISTICS 

1. Introduction 

a. Definition and Scope 

"A beach la a deposit of material which is in transit either along 
shore or off- and on-shore." This definition by Johnson (ï-I-37) and Gilbert 
(I-1-21) seems to best express the concept of a deposit of unconsolidated 
material which is subject to movement by wind and waves) it will be used as 
the basis for this discussion. "In transit" is extended to mean, subject to 
movement by the storms of a decide or so rather than movements measured in 
geologic time or due to abnormalities such as tsunamis. 

A definition which is in more general use is worded as follows in a U. S. 
Naval Photographic Interpretation Center report: "A beach is the tone con¬ 
taining unconsolidated material extending inland from the waterline (shoreline) 
to the effective limit of normal storm waves." As Johnson has pointed out, 
the interest is really in the deposit rather than in the zone and historically 
beach has always meant the material rather than its location. Moreover, a 
discussion of beaches whose seaward limit is placed at the low waterline 
would necessarily omit important underwater features such as bars and rip 
channels. 

Figure I-I-l illustrates beach terminology by means of a "typical" 
profile) since there is not full agreement between authorities on terminology, 
the reader may notice small differences between this diagram and others pre¬ 
viously published. It is, however, consistent with the thoughts expressed in 
the text. Such a diagram seems to be more satisfactory than a series of 
descriptions and no attempt will be made to further define the parts shown. 

b. Waves and Surf 

Beaches are dependent on wave action for their origin, existence, 
configuration, and a short review of the important aspects of wave behavior 
may be worth while. Unquestionably, beaches are somewhat affected by waves 
of all sizes from ripples to tsunamis) however, it is swell, and particularly 
the swell from great storms, which produces the greatest and most important 
effects on a shoreline. 

Storm winds at sea generate great waves. Waves radiating outward from 
a generating area are called swell) as they approach a coast and feel bottom 
in the shoaling water, they bend to approximately the shape of the underwater 
contour linas. As the depth gets small these waves peak up, and in water 
about equal to 1.3 their height, they break. Until breaking takes place, 
these waves are oscillâtory and there is but small forward transport of the 
water particles) after breaking, if the water becomes continually shallower, 
the waves continue as foam lines or waves of translation and the water 
particles move shoreward with the wave form. 

On reaching the beach face, this horizontally moving water is diverted 
upwards along the face in what is known as the uprush) when the uprush slows 
and thins out to a layer of water about half an inch thick, it is referred to 
as the swash. At its maximum landward limit on sandy beaches the swash 
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riannni'ba a thin line of sand grains which are usually of a larger size than 
thrift ôf those on the beach. This line is called a swash mark and on raced- 

S 
ttfwh0" ïr/ûc" »eabS pL¿^ relation.0Are right (neunlly 
^‘..ch third to flTOT«^ the ^uehlng «ter meet. 
fnlrly .tin horleont.1 «ter or. ng . -Hng hre^er^ - ^ 

r" Ä O^t —retro ughe ?° the hre^.r rone. 

Ä ÄÄ"rtÄ°Ä;r^ 
both horizontally and vertically. 

Sometí... bechru.hlng -ter fora, dlraond .hoped P^t«™ “ 
do— the beech fee. Th... ere o.lled ^.11 m^rto end ere r ^dl„nt 
inch., in their longe.t dlm.n.ion K.d are or low relief Th 

oerried ^ mart.. After 

pÂmïâ r^tftcÏlh the^relocity diminishes “J^ptly ^d thl. 

coar.e*material depo.it. in a low.e^rd-faclng ^íí£.‘ , ^ the oí” gèpolnt. 
reach the beach face, break over *hi“ the water at lhis^polhr~ 

of the turbulence caused by the breaking, xne wa^ei »v 
Because .... a.\.~ la-rra oanií ^articles are continually Because of the turbulence causea «y .A^^ides are continually 

carrted^up Ü! dowî'thî t.ch face. Thi. i. thought to be ^ Important wmy 
îi ihich ware, sort out large particle. Mid abrade them to unifora .1». 

Wnre. trjnemit Ifg. -cunt.^f^nergy which^retorled at^th. coast 

H^^rLuIÍTrortôntrràcÂ.^^ra^l^r0,”“^. u'o’f"^ 

hTä 
«vHL-r-Ä ÄtrÄ.. 

ää^ä-VcUä în r :ï.â°:iÆ 
tt* Mt SítoúdTiefrartiÒn by the bittern i. eff.ctire in bending ware, to 
forms. Although reír acción y . completed and the waves may 
fit the , ho re line, the proc... set. up a littoral 

rrfntraranS î “eThïra trarei If ware. 
araïrafram the .«e dlreot^n tto^rt tl» ....on -r.?t ^11^ 

Ä°=."rf ihoraUriÄlra. are the re.ult of 
to«ïfîrt4 Wiethe littoral migration of .and along a ooa.t. 

t äurf of war, in .hoa^-ter^pa^ ^ 

belaid S ««. plus beach equal, aurfi in «iy .rent the 
^ ^. irâîîarlbi. ¡nd the beach ahape. the «re. a. much aa ware, shape 
tH îlîch ^ principal beach change, take place within th. breaker son.! 
Suerai It Ihiuld be Iticed that moat of the «re energy goes into »^ing 
thã*«ter turbulent «d only a minor part goes into influencing the beach. 
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When beach material is supported by (suspended in) turbulent water, very small 

net forces can move it; this is the key to the understanding of sand move¬ 

ments. It is not necessary to have alongshore currents which themselves ex¬ 

ceed the threshold velocity of the material so long as wave currents with no 

net movement keep the material in suspension. 

It is generally appreciated that the high waves can do more damage than 

small ones to shoreline structures. The effect of waves on beaches are 

governed by another factors the rapidity of delivery of the energy to the 

beach. This is known as the wave steepness or Hq/Lq ar>d it undoubtedly is 

the largest single factor in determining the characteristics of a beach at any 

one time. Because 1¾ is a function of the period (5.12T2) it can be seen that 

the value of H/L increases either with height or with the reduction of the 

period. Therefore short periods as well as high waves contribute to the ability 

of waves to damage a beach (move the material offshore). 

Waves are highly variable. Although it is convenient to think of any 

wave as being a part of a great train of similar waves all of the same height 

and period like those in a model tank, such is not the case in nature. The 

rather remarkable changes in waves from minute to minute may well account for 

some of the beach changes which are not otherwise readily explainable. 

2. Geological Background 

It is necessary in describing shorelines and coasts to speak of their 

origins in terms of major earth movements and widespread coastal and physio¬ 

graphic changes involving great areas over thousands of years. Our most 

reliable means of discovering the trends which are shaping the world's coasts 

is to examine the evidences of past changes that are indicated by a study of 

today's shoreline features; by extension, the shape of future shorelines can 

be prognosticated. A study of beaches therefore involves some consideration 

of long term geological trends. A brief account of the influence of the major 

geological processes, erosion, deposition, and diastrophism will perhaps assist 

some readers to understand these long term trends a little better. 

a. Erosion, Deposition, and Diastrophism 

Erosion is the wearing away and removal of rock material at the 

earth's surface; its principal agent is water, which in the form of rain, 

streams, ice, and waves, is constantly at work lowering the level of the 

land masses. Chemicals of the atmosphere, bacteria and large animals, roots, 

ice, temperature changes, and winds all assist in the erosional process but 

the effects of water are by far the most important. About 1/3 of the water 

that falls as rain or snow on the land masses runs off in the form of streams; 

as it goes it dislodges small particles, dissolves soluble constituents, under¬ 

mines and abrades the larger rocks, and carries the finer particles in sus¬ 

pension. The ultimate destination of the water and the rock material it moves 

is the sea. Usually only fine materials reach the sea from larger rivers and 

the coarse materials which form beach deposits must be supplied from short 

* H0 ■ Deep water wave height 
Lq * Deep water wave length 
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steep streams which drain near-coast mountains or from "“í” 

Z\T'Zr S7toh9se?^”further out i^. of less«: turhu- 
lence, particularly on sandy beaches (see Figure I-I 3U). 

(Many samples of offshore bottom sediment haye ^o-n the existence 
of coarse material in deep water, -often in Ptc^auilty to fine material^ 

=’ r ^if PÄ rfor rfeprs^M Äether 
as tîeat leîelers by cutting down the high lands and depositing them in 
ÏÂr.£* Ihree-f^rths of the wth^s s^ac. 1»^« coywed^ 

With water which has an average depth of gea level a0 

thâtSífhthehéarth7becameasmooth^the9Eeanwõuld^coy.r^it 

cOTetantlyWand^effectiyely attacking the l“d “d '?“r’ 

Äsr“ -à rÂpr/bÂ 
process. 

Great flexing of the earth's crust called diastrophism °cc”s 

wK "d Äth. 

of sediment eroded from pre-existing land areas. 

Tremendous lateral ^^d^c^S^ 

=¾%¾ ». 
configmation^of^earth's^crust can produce -hat ., regard as great changes 

in the ocean basins. 

„d ároÂÂ^a^tÂr-^ 
+V(a+ ,---1- renresent a sea one-half mile deep, ir ^ne sur¿»^o «x 

Ä. SFÄfÄl 

r”ce fer») at any 

“l“ ï" the relative ^^"ll^^ oSr 
result in raised coastal terraces and beaches, drowneo vaxiey* 

features. 

Mastrophic moyements take pUce very aiTsI^S' 
but they have left abundant evidence as to their direction and mag 
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We are just now beginning to get a direct record that is long enough to show 
these movements in the few areas of the world where accurate measurements 
have been made. Warmer (I-I-5D of the United States Coast «id iteodetic Survey 
(USC&GS) has compared accurate overland level lines with tide gauge r 
for the last fifty years to show that the Alaskan coast is rising a^ the ra 
of about one foot in fifty years. 

The U. S. Coast and Geodetic Survey was one of the first organizations in 
the world to appreciate the necessity for taking great care comparison 
of sea level with the land} serious doubts have been cast on the methods used 
bv foreign surveys before about 1930 and their records are still too short to 
be of much value. Of much greater immediate importance ^ 
magnitude geologically, are the changes in shorelines due to the erosion and 
deposition caused by wave action (Keunen (I-I-U6) estimates that the yearly 
contribution of sediments by rivers is 12 cubic kilometers hundred times 
that supplied by marine erosion)» Shorelines cannot be regarded as being fixed 
features and even within the short span of man’s observation very substantial 
changes have taken place. For example, at Lydd, England, the Dungeness Hea - 
land has grown at the rate of 25 feet a year for the last two centuries while 
at Southwold, England, Matthews (I-I-53) estimated the annual rate of erosion 
at from 15 to U5 feet. The volumes involved in erosion and deposition seem o 
be about the same on the English coast because the shores which are retreating 
stand high while those which are building are limited by the height ofwiiv* 
action. A report of the Royal Commission to study erosion indicates that in 
a 30 year period England, Wales, and Scotland lost 5,507 acres of ground but 
at the same time gained u0,l5l acres. The very short torn fthat bea^e 
undergo with individual s-orms and seasons will be discussed at length later on. 

b. Shoreline Features 

Geologists are primarily concerned with the erosion and retreat of 
the coastal rocks and a number of terms have come into general use which are 
used to describe the seacoast features* which are carved by erosion and built 
by deposition (Figure I-I-2). When the sea surface comes to rest fgalnst a 
land area at a new level, the attack of waves almost immediately starts to 
remove the coastal rock just above the water line. As this notch grows and 
the support of the rock above is removed, caving and landslides occur and a 
seacliff is formed. Differential erosion of soft rocks at water level an 
differential wave energy (vertically) sometimes forms sea caves or arches and 
unusually resistant rocks survive for f. time in the shallow inshore water s 
stacks or outliers. The flat, seaward sloping rock area whxch has been ex- 

These features develop cavated by the waves is known as a way,-cut bench. - _ - 
rapidly at first for the waves are able to attack the rock with full force 
since they have been moving in deep water and have retained most of their 
energy. The material eroded is of relatively small volume and has but a 
short way to travel. As the process continues, however, the beacn widens 
and slows the waves, causing them to break and expend their energy beiore 
reaching the coast. The photograph of the Washington coast shown in Figure 
I-I-Ù0 is an example of a denuded wave cut bench with numerous outliers. 
The block diagram (Figure I-1-2) which illustrates the retreating seacliff 
might be from a photograph of the California Menducino coastj actially it is 
a modification of a drawing by Kuenen who probably intended it to represent 
the French or Danish coasts. 

* These features .re not always found} their development depends on the 
hardness, jointing, structure, and other qualities of the coastal rock. 
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Concepts of the means by which shorelines are modified by ware action 

are rapidly changing as geologists are tending to rely on field observations 

more than on the old theoretical concepts. Generalizations can often be 

shown to be untrue; however a knowledge of the most probable conditions is 

frequently helpful« It is to be noted that these processes are generally* 
but not always»valid. 

c* Processes Operating on Submerging Coasts 

When the sea rises with respect to the land, the newly-formed shore¬ 

line is likely to be most irregular. Rocky ridges of the old terrain become 

peninsulas, river valleys become elongated embayments and the sea bottom is 

as rough as the old land surface. Waves begin shaping the shoreline, and 

refraction causes them to attack the promontories first; the deep water off¬ 

shore allows the full wave energy to be spent directly against the new coast. 

Streams bring rock debris from the land mass to fill in the deep quiet water 

of their now-submerged valleys and the inshore sea bottom is likely to 

become increasingly smooth. The tendency of marine erosion is to straighten 
the new shoreline and cliffs, and wave cut benches are formed at exposed 

headlands while the quiet embayments lili in with river sediment and head¬ 

land debris. Eventually the combination of wave and stream erosion creates 

a supply of beach material and bay mouth beaches, spits, and other deposi- 

ticnal features may develop. Figure I-I-U shows a possible progression of 

events, stage 3 of which is illustrated by the photographs of Nestucca Bay, 

Oregon (Figure I-1-5). If the cycle of erosion continues undisturbed for 

long periods of time, the entire shoreline will retreat, both rocky ridges 

and lagoons will disappear, and the mature coast will be quite straight with 

low cliffs bordered with a wide sand beach and topography both underwater 
and ashore will have gentle slopes. 

d. Shoreline Processes on Emerging Coasts 

land which has risen from beneath the sea also exhibits certain 
definite features. The sea bottom is likely to be smooth compared to land 

surfaces since wave action erodes to a selective depth while stream erosion 

sculptures bold land forms. When uplifted by diastrophism, wave cut cliffs 

and benches appear as terraces. Figure I-1-7 illustrates two terraces which 
were carved by wave action and now are well above the sea; on much of the 

California coast, terraces can be seen which have heights that vary indicat¬ 

ing the magnitude of the uplift. Each rise of the coast requires the waves 

to start over again; soon a seacliff forms, beach material is created, and 

eventually a straight shoreline with a continuous sandy beach much like that 

of the mature shoreline of submergence will develop. Although wave refrac¬ 

tion is helpful in keeping the differential erosion of coastal rock to a 

minimum, in areas where the currents are removing the eroded material from 

the coast, the soft rocks will retreat as rapidly as the hard ones even 

though the latter forms headlands and is exposed to greater wave action. 

This is probably a situation that is eventually rectified when the offshore 

slopes become moderate and detritus is allowed to remain in the coves and 

re-entrant areas. The present shoreHne of the little River area (Figure 

I-1-7) is formed in a metamorphie rock and seems to be more irregular than 

the older (raised) shorelines. Some of the East coast of the Ü. S. shows 

evidence of emergence, but it is a much older area and is quite different 

from that just described—probably because of the wide and gently sloping 
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continental shelf. Storm waves, approaching this shore have created dis¬ 
tinctive features, the most important of which are the offshore bar and the 
associated lagoon which are described later. With increasing age, the lagoons 
fill in and the offshore bar migrates landward until at maturity the coast 
will be a straight low cliff with a wide sand beach-very much like that of 
the submergent coast. 

3. Classification of Beaches 

a. Introduction 

The observation of differences and similarities of groups of objects 
and the clear labeling of each group is a basic part of the scientific method. 
In order to deal scientifically with any large or complex group of individuals 
(such as beaches) it is therefore necessary to have a scheme of classifica- 
tion. The classes must be logical and mutually exclusive for the object is to 
clarify the subject and accent the differences and similarities of the indi¬ 
viduals. Once the subdivisions are understood and accepted there "ill be a 
meeting of the minds on the characteristics of any particular group. The ob¬ 
jective, then, is to clarify the nature of any particular beach and show its 
relationship to the other beaches of the world using information which might 
be available from casual sources and from standard hydrographic and weather 
charts. This classification gives a reasonable basis for the comparison of 
little known beaches with those which have been studied extensively. 

A number of ways of classifying beaches Ixave been suggested at various 
times, none of which appear to be either comprehensive or practical for general 
use. They have depended on the location of the beach, its origin, slope, or 
beach material. Neither is the number of bars that a beach possesses a satis¬ 
factory basis although this, at first, any seem to be a rather obvious charac¬ 
teristic. This is oecause the wave characteristics determine the number of 
bars at any one time and bar conditions change, and bars are frequently so 
irregular that it is impossible to know how many there are (Figure I-I-lb) 
without surveys or aerial photos taken under special conditions. 

The classification presented here is logical and simple but will define 
a beach within rather close Units because it is based on the abiUties of 
waves to create and maintain beaches from whatever materials are available 
at the particular shoreUne. Since waves are governed in size by the size 
of the body of water and are modified by the configuration of the shoreline 
and the inshore hydrography, it is evident that there are three basic items 
which control the nature of any beach. These are (i) deep water dimensions, 
(ii) wave refraction (amount of wave energy reaching the beach under con¬ 
sideration), and (iii) beach material. This classification is therefore based 
on the exposure of beach material to the prevaiUng storm "aves. It is evi¬ 
dent thatthis is a simplification to keep the variables within practicable 
limits and it is based on several assumptions» (i) that there are prevailing 
storm waves, and (ii) that these storms are the principal factor in shaping 
beaches. 

There are regular patterns of winds on the earth which are referred to 
as the "general circulation of the atmosphere." Within these patterns there 
is of course much variability with both season and location but recognizable 
storm tracks exist. Oceanic storms frequently originate within areas which 
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are limited enough so that for most coasts a "iraTe climate" can be established 

for each season. This means that most of the storm waves arriving at any 

point will be from a certain small sector of the compass (direction is the 

most important factor in refraction). It is evident that an "unusual" storm 

may iniluence the beach at any particular time but it seems probable that the 

normal beach condition will be produced by the predominant waves. Moreover, 

it will be noticed that the beach clacsification may change with the season. 

This is as it should be, for beaches change character with the season, a 
matter particularly noticeable in small open bays in which the sand shifts 

from end to end depending on the wave direction. 

Whether the storm waves which exist over a relatively few days of the 

year are more predominantly the cause of beach shape than the light waves 

which exist the rest of the year is less certain. There is some impressive 

evidence to indicate that they aret 

(i) Wave energy is proportional to the square of the wave height 

and so the ability of waves to do work increases rapidly with their size. At 

Santa Barbara, California, the rate of longshore transport in usual calm seas 

(1.5 ft. breakers) is about 250 cubic yards per day; a three fold increase in 

the wave height (h.5 ft.) has run the daily rate to over 1,000 cubic yards 

which is on the order of the square of the wave height. 

(ii) Only the storm waves (often accompanied by storm tides) 

remove the protective beach to deeper water and then attack the back-beach 

or seacliff directly. This is demonstrated by the presence of the large 

beach debris, usually cobbles, evenly piled in a filet at the back of the 

beach along the base of the cliff. These large rock pieces can only be 

moved by the largest storm waves; it is obvious that when they are, the 

forward part of the beach has been removed and that tho cliff is being 

attacked at the same time. 

(iii) The beach material is distributed along the inshore bottom 

by these large waves opposite its eventual location; the small waves which 

exist between storms can only move it ashore and make minor changes in its 

location. In other words, although the smaller waves build the above-water 

beach, they have little chance to shift the material alongshore. In fact, 

occasional large storms move the sand to such deep water that small w-ives 

are unable to return it at all. 

(iv) Tambólos are usually aligned with storm wave direction and 

beaches on islands are likely to have more sand on their lee side. 

(v) Long beaches which have varying protection from the swells 

show marked differences which depend directly upon the amount of wave energy 

reaching each part (discussed at length later on). 

Because beaches often exhibit marked changes within short distances it 
is advisable to apply this classification by considering the beach as a 
series of short segments of perhaps 200 yards long. Figure 1-1-38 illus¬ 
trates the necessity for this where protection is variable; on long straight 
beaches of equal exposure this detail is unnecessary. 
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b. Outline of Beach CIaaaiflection 

(1) Wave size 

(a) Oceans 
(b) Large seas 
(c) Small seas 
(d) Lakes 

(2) Types of beach orientation 

(a) Convex 
(b) Straight 
(c) Oblique 
(d) Headland-protected 
(e) Embayed (open, tight) 
(f) Reef-protected 
(g) Lee 

(3) Size of beach materials 

(a) Mud 
(b) Pine sand 
(c) Coarse sand 
(d) Gravel and granules 
(e) Pebbles and shingle 
(f) Cobbles 

c. Wave Size 

The size of the body of water principally determines the size of the 
waves on its coasts because fetch and decay distances are major factors in 
determining wave height and period. The problems oívariability of waves 
from season to season, day to day, and wave to wave have already been men¬ 
tioned} here we are concerned only with long range statistics. The larger 
the water area, the bigger the waves; some useful generalizations can be made 
on this basis. The type of storm, slope of the basin, depth of water, lati¬ 
tude and direction of storm tracks with respect to the coasts are of secondary 
importance. The water areas of the world on which waves are capable of form¬ 
ing beaches can be classified by size into four groups* oceans, large seas, 
small seas, and lakes. This classification group is based on probable wave 
size and its geographical connotations are inadvertent; it is the intention 
to keep as far away as possible from location groupings which would describe 
beaches as "Pacific Types" or "Baltic Types." 

d. Type of Orientation (of beach with respect to the prevailing storm seas) 

There is much evidence that beach location and configuration is con¬ 
trolled by the size of prevailing storm waves which iapinge upon the shoreline. 
The previous paragraphs have established the probable deep water wave condi¬ 
tions and it now remains to determine simple means of stating how much of the 
storm energy actually reaches the section of beach that is to be classified. 
Beaches are protected from waves in a number of ways* 

I 
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(i) They may be shielded from direct wave attack by some direct 

barrier such as an offshore island, a promontory, etc. 

(ii) They may be protected by refraction which spreads the deep 

water wave energy thinly along the shore; this may take the form of diver¬ 

gence in an embayment or may result simply because the beach does not face 

into the prevailing swell. 

(iii) Protection will vary somewhat with the depth of the in¬ 

shore water; 'this is not taken into account by the classification. The 

depth of water close inshore might be great which would not allow the waves 

to refract as might be expected or it might be so shallow that the waves 

would break prematurely and lose most of their energy before reaching the 

shore. 

These possibilities have been incorporated into seven subdivisions 

which will individually, or in combination., be applicable to any beach. 

(Underwater contours are presumed to approximately parallel the shoreline.; 

(I) Convex beaches: Beaches which arch outward 

directly into the swell. Such beaches would 
have refraction coefficients of greater than • 

one and would be subject to very severe 

erosion because of the convergence of energy 

at such a place. Sandy beaches of this con¬ 

figuration are necessarily quite rare but on 

sandy coasts, rounded points may have cobble 

beaches. Cape Cod is an example of a convex 

beach on a huge scale; its size makes it 

effectively a straight beach, however. 

(II) Straight beach: Beach facing directly into 

the waves. Beaches which are completely 

exposed ara likely to be rough, steep, and 

irregular. Slight variations in storm 

direction serve only to make complex hydrog¬ 

raphy (irregular bars) and no protection is 

possible. Table Bluff or Pt. Reyes beaches 

in California typify this situation. 

(Ill) Oblique beach: Straight beach facing 
obliquely into the prevailing seas gave some 

protection because of the spread of energy 

by wave refraction. This "protection11 is 

of doubtful value for, although the effec¬ 

tive energy that reaches the shoreline is 

reduced, littoral currents are set up which 

may do more damage than the waves. The 

ocean beaches of Long Island, New York are 

of this type. 
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(XV) Headland protected beach» Beach with a headland 
at the windward end which protects the lee side 
from oblique waves. Such a barrier stops some 
of the wave energy directly} the part of the 
wave that passes the headland is spread by dif¬ 
fraction and refraction. Protection decreases 
as the distance from the headland increases; 
where it becomes negligible, the beach may 
become a member of the previous group. The 
beaches south of Cape Lookout, Oregon or Pillar 
Point, California demonstrate this type of 
protection. 

(V) Bnbayed beacht Beaches in bays which face 
directly into the swell are protected by the 
divergence of wave energy in the bay. If the 
bay does not face directly into the swell 
either of the previous groups may also be 
applicable. Bays are regarded as being open 
(width of mouth greater than depth of embayment) 
or tight (width of mouth less than depth of 
embayment). Carmel Beach is an open bay, 
Caspar Creek, California (see Figure I-I-8a) 
is a tight bay beach. 

(VI) Reef protected beacht Beach protected by 
offshore barrier, frequently offshore coral 
reefs, chains of islands, or shallow bars 
and reefs offer considerable protection to 
beaches in their lee. The degree of the 
protection depends on size, spacings, distance 
from the beach, depth and other factors. 
Beaches protected by man-made breakwaters or 
other structures belong in this group. 
Madagascar, for example, protects the mainland 
in its lee from Indian Ocean storms. 

(VII) Lee beacht Beach facing directly away from 
the swell like those on the lee side of islands 
or headlands. These beaches are almost com¬ 
pletely protected from the storm seas of the 
major water area but are, of course, subject 
to the waves of the sea that they face directly. 
The beaches on western Japan aie protected 
from the Pacific but face into the Sea of 
Japan. 

e. Size of Beach Material 

In order to form an intelligent opinion of the nature of a beach it 
is essential that one know the approximate size of the beach forming material. 
The first two steps in this classification dealt with the energy available to 
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work the beach material; this step is concerned with the J^atare 
present. Waves do not make beach material (although they do continually 
reduce the particle size); they must work with what is available and their 
primary job is sorting it by size which they do very well. This means that 
onany^ one beach, the range of material sizes is likely to be quite small 

and that when a beach is described as being composed co"*® ^ if finer 
example) one can be sure that there will be a very small 
andcoarser material mixed in with it. If a second 8iJ®CT1_e 
present in large qualtities, it will be neatly segregated as shown in Figur 
I-I-31C. (In a later section material sizes are discussed at length and dis¬ 
tribution of sizes along and across a beach are given.) ^ f 
relation between size of material, exposure to wave action, and beach fac 
slope (Fieure I-I-39) so that if the beach is properly classified the slope 
and^the probable trafficability are known. For the purpose of theclassifi 
cation beach material sizes have been divided into six groups arbitrarily 
defined in millimeters which should be easy to identify from «men the most 
vagued escript!ons. The size limits are not intended to be used rigorously. 

TABLE I-I-l 

Size Groups 

Mud 

Fine sand 

Coarse sand 

Gravel and granules 

Pebbles and shingle 

Cobbles 

Less than .0$ mm 

.05 to .25 mm 

.25 to 1.0 am 

1.0 to U.O am 

U.O to 6U. am 

Greater than 6U. mm 

f. Examples 

In order to use this classification it is necessary to know the 
body of water and the orientation of the beach (relative amount 0f Pro“ 

the approximate size of the beach material, and the season. The 

Äi'ÄÄÄÄ cEÆuon. 

winter) 

(1) "Fine sand beach oblique to the North Sea" (Skallingen, Denmark, 

(i) Breakers 9-10 feet high 

(ii) Flat beach (beach face slope about 1/50) 

(iii) Strong littoral currents 

(iv) Probably one or two bars (depending on tide range) 
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(y) Jeeps and U X U trucks can probably use the beach 

(vi) Beach forms (berms, bars) of loe relief 

(2) "Coarse sand open embayed beach with some reef protection on 
the Uosambique Channel" (Courrier Bay, Mada«escar~any season) 

(i) Well protected beach, breakers rarely over 5 feet 

(ii) Steep beach (face probably 1/12 or steeper) 

(iii) Doubtful if any bars present 

(1y) High relief beach forms 

(v) Probably even Jeeps would have hard time getting about 

(3) "Straight shingle beach on South Atlantic" (near Cape Tres 

Puntos, Argentina—summer) 

(i) Exposed beach but stunner (November to March) surf rarely 

over 5 feet high—breaking on beach face. 

(ii) Very steep beach face slopes ItU 

(iii) No vehicles can move anywhere on beach 

(iv) Large and regular berms, well developed 

(v) Probably no bars are present in the sumner (maybe deep 

bar not breaking from previous year) 

(U) "Fine sand beach slightly oblique to the North Pacific" 

(Clatsop Spit, Oregoh—winter) 

(i) Exposed beach with surf from the larger storms breaking 

(ii) Very flat beach face 1*70 

(iii) Probably two or three bars present 

(iv) Usable by most types of vehicles (especially after 

(v) Low relief beach forms 

(vi) Strong littoral currents 

(5) "Sand beach slightly oblique to Pacific Ocean storm c«^®J*s 
(fine sand with many shell fragments) protected by offshore islands and y 
a promontory" (Coronado, California—winter) 

(i) Fairly well protected, breakers rarely over 8 feet high 
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(ii) Intermediate slope It25 

(iii) probably not usable by vehicles without four wheel drive 

or by heavily loaded vehicles 

(iv) Distinct beach forma 

(v) Strong littoral currents 

It cannot to erp.ct.d that thin claaaiflcation mil 

a beach because there are other factors which are 
such as tide range, ice In water, amount of sand and local wind! natural y 

these will be added to any description when they are known. 

U. Beach Environments 

The classification of beaches was designed to describe jaches as 

SS- äs^ä rÂÂfÂ U • 

SnSiSrltr^ properly1 is^the ^rÄ^ 
sea and Und areas must be considered. The sea environment is fairly e 

,,, +. j ni> +y.e bodv of water and the bottom contours which 

SiSs-ÂÂTÆÆnÂÂ« Tt is not alwavs easy to decide where the transit ends; it is realized 

tht boSndSv mav be vague at times, particularly where dunes are 
that the k.^each,, is USed to mean the transition zone between 

SÄ. Z Ï^TomÂ »«on no dofinlte choroward boundary. 

Beaches mav end shoreward against (i) the main landmass (plain or 

cliff) or (ii) against water (lagoon, bay or marsh), and tne 
Sll be divided along those lines. The picture of the lagoon beach (Figure 

T T-'î} illustrates four different back-beach conditions in a short di6 . 

ai+hmiffh it is evident that the continuous beach is everywhere the same. 

At the extreme right is a walled pocketbeach ending »«f ^ C“f¿t\h9 
is a bay-mouth beach ending against a Ugoon; then a sea cmi, 

left the back beach is a flat river bottom area. 

In outline form, back-beaches are divided thuss 

I. Beaches ending landward against the main coast 

A. Land which is the same level as the beach or slopes gently upwards 

1. Flood plains and river mouths 

2. Streams at bayhead beaches 
3. Shore intersecting undulating terrain at a low point 

U. Dunes which make a smooth transition 

5. Low islands 
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B. Beaches which end against cliffs of any height 

1. Beaches which have exits along the beach 
2. Pocket beaches 

II. Beaches which end landward against water 

A. Barrier beaches 

B. Bay-mouth bars 

C. Spits and hooks 

D. Tombolos 

(It is evident that for purposes of amphibious warfare with present equipment, 
only beaches in section (A) of the first group are of importance.) 

a. Beaches Ending. Landward Against the Main Coast 

A logical division of back beach types can be based on the height of 
the land shoreward of the beach. We will consider two groupât 

(1) Land above the sea level which is on about the same level as 
the beach or slopes gently upwards from the beach. 

(2) Cliffs of any height. 

The principal means the land has of being graded to sea level is by 

stream action--either erosion or deposition. For this reason most beaches 

in the group will be found where river valleys meet the ocean. Where a 

valley reaches the sea between cliffs, the back beach will be of the first 
type opposite the valley mouth, the second on either side. 

(l) Land Which Is the Same Level as the Beach or Slopes Gently 

Upwardsi There are several types of the back beaches which are nearly level 
with the beach. 

(a) Flood Plains and River Mouths: The most important, 

already briefly mentioned, is that of the river flood plain which intersects 

the open coast. Valley bottoms may be as narrow as a few yards or maybe a 

score of miles wide; often they will offer the only reasonable access to 

the interior. Since the river supplies the waves with a large amount of 

debris, the beach across the valley mouth is likely to be more straight and 

regular than similar areas not so supplied. 

(b) Streams at Bay-head Beachesi A special case of the low 

back beach at a stream mouth is found at some bay-head beachesj most bays 

exist because the land there is lower than the surrounding terrain and a 

stream is likely to be present; if so, the back beach usually has gentle 

slopes. Bay-head beaches are generally formed by debris which is contributed 

by the stream but some may be brought from the headlands by the process shown jn 
Figure PI-4« From many such beaches there may be gentle inland gradients. 

(c) Shore Intersections Undulating Terrace at a Low Pointt 
By pure chance some back beach areas will be low simply because waves have 

cut into undulating terrain. Such a low place will drain some of the land 
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behind it but *111 not .^°»T ttebeach proper at its 

^TeveÎ'irMui; distance as at Orenuille Bay (n*ure 1-1-15)- 

(a) Tjnnes Vlhich th^beacf 

terral^beh^d^and^occasionally^unes have covered serious obstacles -hich 

existed previously» 

(e) Lo. islands, lo. islands, such as Baciric ^ 
have never existed hihh eno^Tabove the eater to rom, a cliff may 

placed in this group. 
„1 Beaches Which End Against Clifts, Of the beaches which end 

landward against'cliffs ihere are Uo simple divisions. 

/ t n V, o wí+h Rxitss Beaches from which some exit can 
Beaches with Ex1.,-- beach in the other type» 

be found by moving along the ^ cliff exits at the Santa 
(The back beach at Oceanside, Caliiornia 
Marguerite River and Aliso Canyon.) 

(b) pocket Beaches, Beaches from which 

Beach ends laterally and o/other low land to their rear are 
which do not have a stream floodplai M at hirh tide 

bu^have^sid^exits*past'rocky^oints at low tide. Bigures I-L5 and 
I-I-8b illustrate these conditions. 

b. 
Which End Landward AgainstJjater 

. . +4 4-10 Hpcicribes a relatively common 
This apparently ambiguous titl co¡gtal ^ghes, lagoons, and 

situation since beaches frequently builds natural sand embankments 
bays from the sea. Wave and current action builds na ^ and torabolos 
which are called barrier beaches,^its, make unusual com^ 
Local conditions and larg q given special names; the laws sa ic. 

^ - fhl basic fcrms can be recognitcd 

through these complexities 

(1) Barrier Beag^, A beach^s^etlmsa^all ^ ^ 

actio^and'^lyin^par^lel^^ But^ome^distance^from^the a 

Between this distinctive san y _ Barrier beaches or barrier islands 
shallow tidal lagoon or ^h area. the raay almost touch the coast 
vary greatly in dimensions and features, y range from a hundred 

or they may be as ™choaLd the sand may rise from 1$ to 50 feet above 
yards to a mile or more ^ the sand y ^ an iinportant feature since 
sea level. The spacing of the tidal 1J; it varies from an average 
it determines the lengths of the bar se^tio j tQ thQ 100 ^.ies of 

im 
-Sirbars "hich S0K indication of their permanence and stability^ 
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. tort,,, taaoh i> a pwmanent feature phjWlographlcall^ W l» rather 

temporary ee0¿°fc.níXe¡ for this reason 

sr Æ -trcóf.r.a ât. 
many hundreds of severe ?tor®8* JJ¡ a considerable distance 
offshore slopes gentle, ^g®h^°™.^^e^by Beaumont in 18U5 (l-I-ll) 
out from the shore. In the y cu/into the sea bottom and, 
and still generally accepted^ d ^ to deeper water, another part is 
while part of the debris is mibmarine cut to form a submarine 
thrown upon the landward edge of . ,, e action builds the bar 
bar roughly parallel to 
above the surface of the w^ ^ movesPthe sand shoreward into the 
from the ocean. The bar widens as wino Eventually large dune areas 
lagoon and new s“d “SorthCarolina) and the lagoon fills enough 

to^beco^marih land. The aotual P0^1“" "LJ^Íy^Ml^ta^rok«. 

s --rrîÆ âss- ~ » 
many serious "erosion" problems. 

Barrier beaches make up a consldorable portlon of th^shor^ln^of^ 

Holland, Brasil, PoUndand the Ea,t ^ ^ of the WOrld's coaet- 

Ss!° tîe^ch features found thereon are like 

those found on mainland beaches. 

(2) Bay-mouth Bars, These are Caches ^fX^ch“^ 
to headland across bay entrances creating a quiet lagoon o y^ excellent 

or ^ "otX^Xîr-Â^-b^S« oCf“n^rn Caîlforni. 

typify6the closed ^nd (although ^ ^ the 

Sä SsSpSnd ^s H-bor are Udal^epjratjd 

from the ocean by ba^mouth bars (Figure 1-1-10}. 
a combination of two processes* 

(i) The embayed area shoals gradually as the headlands 
, +t(0L; until the bay mouth bottom is shallow enough to be 

seriously Ä ^ ÆiÆÂ^ÂÎ« 

Puerto ab^e'the’sSfac" (This process is much like that described 

under offshore bars.) 

(Ü) At the same time, coastal currents transport materia! 

alongshore. They “^^.’’SditlS.l Und is added 

UHecoLs” relatively panent feature, «XÂÎSfaÂ Udal 
has an appreciable source of fresh «t«, a tid£ bay d^exop ^ ^ ^ 

currents keep a only bTthe river entrance (Figures 
^^ïT/aSdtSîo) SiscSnuoS Sr. of this nature are call* 
spits * although their origin is soswhat different from the spits which 
about to be described. 
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(3) Spits and Hooks? Shore debris, carried out into open water 

by current action, frequently deposits in the form of a long narrow embank¬ 

ment. As long as the free end of the embankment is surrounded by water, 

this ridge of sand is called a spit. Spits require a supply of sand and a 

dominant current for their growth} as the sand is transported alongshore, 

any slackening of the current such as may be caused by rapid deepening of 

the water allows the sand to deposit. Spits usually build fast at the 

beginning where the water is likely to be shallow, and slower as the increas¬ 

ingly deeper water requires more sand. 

Since abrupt deepening of the water caused the current slackening which 

allows spit building, it may be expected that they will generally form at 

irregularities in the coast which alter the course of coastal currents. 

This is true; spits often form on the down-current side of a deflection. 

The current which supplies the sand, controls the direction in the beginning} 

as the spit progresses, however, other forces may act to change the direc¬ 

tion. This results in recurving. Spits which are sharply curved at the 

end are called hooks, and those which show alternating changes of direction 

are called recurved spits. 

The growth of Sandy Hook (Figure I-I-11), a spit at the entrance of 

New York Harbor (an extension of the New Jersey offshore bar) indicates 

the nature of spit growth. Cape Cod, another famous spit, is undergoing 

similar changes. 

i 

Spits will sometimes be limited in extent by strong transverse currents 

which remove new sand as. rapidly as it is deposited. This is particularly 

true of the spits which create tidal bays (bay-mouth bars)} the tidal currents 

are dominant and the channel shifts at the expense of either boundary spit 

(Figure I-I-10). This shift of channel between sand spits creates a need 

for structures which will maintain a fixed channel suitable for navigation} 

for this reason jetties (rock structures which confine the tidal flow) are 

usually built on spits. Since the longshore currents which originally built 

the spit are still operative, jetties frequently act as groins and stop the 

flow of sand along the coast. This of course results in beach widening on 

the up-current side and retreat on the lee side. 

The size of the bay enclosed by a spit governs the tidal currents and 

the width of the entrance because the volume of water which passes through 
the entrance on each change of tide is controlled by the size of the tidal 

prism and in turn controls the size (vertical section) of the entrance. 

This means that there is a minimum size of tidal entrance (a maximum size 

of spit) for any confined body of tidal water. This would apply most fre¬ 

quently to the bay-mouth bar type of spit although spits like that which 

creates Presque Isle Bay on Lake Erie do occasionally form the complete 

enclosure. 

(U) Tombolos: A tombolo is a bar which ties an island to another 

island or to the mainland} it is literally a ’’connecting bar." These bars 

are quiet water features which form (typically) on the lee side of near shore 

islands where wave action is a minimum. Waves striking the island are partly 

reflected} the remainder of the wave refracts around the perimeter, the 

energy being spread thinner and thinner as the wave front is extended. On 

the lee side, the fronts from the same wave arrive from opposite sides and 

7? 
RESTRICTED Security Information 



'’'H'irrw-Tl-'T™ 

RESTHICTED Security Information 19. 

„eet h.aa on, at ^1. point ^ nat ^aportin* "^h 

"Co/thrní^d US th. widening of th. boaoh at tho poin^of^aataat 

protection of the mainland, ^^'w^*v,h^ventSilly riaea abowe water and then 
with an underwater nidge «idea of the tombolo are amooth cureed 
widens along the^inl^d »^„^““"^t formed them, they exhibit all 

?h:"ef oí other cureed bMche. protect^fro» th^aUing^U^^ 

waSï1andid^o8ifintâl^prot«tId°water such as an island’s lee. 

The city of Santa Monica, California has a would-be tombolo h“*01* 

resulting from an artificial 
protect small craft from wave actionj^igur ) projecting above the 

ZJ* Sa^r.n XofÄ Shoreward of the ob^ruction. 

Streams entering the ocean are opposed by the »tM“1 ‘ÍLSfto^ek 

will frequently dam them 4 5.^. 0^0^, ^. 

atreãm^ll^àlmos^invariebly enter the ocean in »he lee of th* no0* ’*,re 11 
carTsaintain a channel with the l«.t .ffort ^i. l. At 
through which the stream must pass, is lower where jhe of 

^Topiîr^r^l fi^nT-aft that Settle, were built «xi th. rimer wa, 

dredged. 

«îhltis which run aground and are broached (nearly parallel to the beach) 
are eZgeied by th. formation of a togolo^attp. «d "S^t 

thVtheSbôttiei pU^ôver'thê tõmbolo fall in compression and the ship's Ä ï. broken." »hen the Kenkoku Ito ground^ broadside » to^olojorm. 
us 3ust de.crib.dtat tta ship ^tagsthe- ^the^fi^ ^ *T 
Src^uCrXmed^Æ n„ location in spit, of the fact that 

the sea was fairly calm. 

5. Beach Features 

a. Longshore Bars 

Longshore or beach bars are ridges in th. fragmtated «ab«1»^ 
which the inshore bottom is composed. They are the £ttam ^Sents 
tiens which create steep waves^and consequent seaward-flortng boUom current. 

that remove material from the beach face and c y . . + _oort »und 
currents encounter the normal landward moving currents which transports 
4S”e thS net current is aero and th. sand deposits to form a B'£Mn 
ba5s aid between the innermost bar and the beach are fan 
called troughs which «•. really a part of th. tar since they ertginatefrom 

5h. same currents, these trough, tand to tacóme ^^„^f^taTo 

nÍ45fl5Í28Str5Ío4hita ST^ofl’a^ °f beaches and show tars and 
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troughs as they exist on vaTÍ,0USn^fn ;enns are sometimes encountered 

by the British and the trou^’ on a beach depends on the tide range, 

in the literature. The "u^®r ° lope. thev may be found in materials 
the size of the waves and the bottom slope, . y 

ranging in size from fine sand to cobbles. 

^ ^ «ron «slrminp bottom (barless beach profile) 
Consider a b®ac . action; sand is moved slowly ashore by the 

which is subject to light wave action; grains and higher wave 

waves because of differential P^®3 travel! A storm arises and the 
current velocities in the direc on ■* increase and more bottom is 

waves become much higher; bo v® sooner Sand continues to move 
affected decauee the Äle tranaUtcry the 

ashore from deep water. When t niies uo on the beach face; the 
water moves forward with the wave form p~ ^ seaward-flowing bottom 
returning backrush carries sand with ^ ^ becomes a^e^ Thig geaw&rd_ 

current which transports sand erodedfrom h breakers (where 

moving sand meets the shoreward-moving ^^^y^ves Ukes place); at 

the transformation from oscillatory , ther ancj the sand deposits 
this point the opposing currents neutralize ^ressive. The 

to form a bar. Once the Pj-ocess s.ar s tQ br^akgsince it is shallower; 

rising mound of sand (the bar) causes varvw height (which formerly 
it hlso concentrates the toeakere of SSing io^rd the har 
broke in their respective depths) _n o P thQ reducti0n 

fron either direction ’Sy thos£ less th.n sons 

in current velocity. Waves breaking—when these reach some appro- 
critical height pass across without bre^ing^wnen ^ ^ bar 

priate depth, they aisobreak andanin^g b^ J tg well above the Eur_ 

formation has progressed sufficien y> de frequently wide and 

rounding sand and the troug o ent since broken waves are now pro¬ 
deep. This results in a further adj ,, shoaiing water. The transia- 
gressing in deeper «“r tather J, ^r d^l y^ reror^into osciliatory waves 

tory waves created by enercv has been lost in the original 
again and although a great deal ^ of the smaller ones which 

breaking, the reformed wave is as 1 8 J break again on the inner 

passed over the bar ^hout break tlcally ali wa,es break on the 

bar (Figure 1-1-17)- ior -_a-i-iQr than those on trie outer 

Kr “,s. »s *«••; y.s'ss.ii.Ä'sr " r-sru-“ »ï ÄnrÄ- - ~— 
of the energy.) 

a bar is the result of a storm condition since the steep waves required 

for seaward^ransport of sand frOT a ^-ch exist^nly 

Johnson (I-I-39) has related wave sÎ?Xîf the sSêpn.« is greater than .03 
stndies and reached the fe™. These 

a bar will always form if X ocean beaches bat the 
figures have not been shown to be entirely valid lor^oc 
general relationship is probably the correct one. barge w 

* Wave steepness 

section. 

Hq/Lq or Ho/5-12T2 is discussed in more detail in a later 
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periods are seen to increase the steepness values and thus increase the likeli¬ 

hood of bars forming. The smaller waves are not able to remove deep bars since 

they do not affect the bottom sufficiently? however, as already mentioned, 

they do move sand ashore from shallow water and thus will tend to plane off 

bar tops and fill in troughs. This is abetted by the absence of scouring rip 

currents in light surf. The modification of the inner bar and the filling of 

the trough between it and the beach face often results in a nearly flat surface 

which is called a low-tide terrace. As might be expected, these low-tide 

terraces are generally found on partly protected beaches or on exposed beaches 

which have experienced a long period of small waves. This makes them a summer¬ 

time feature in most localities? a sudden storm will cause rips to develop in 

these terraces perpendicular to the beach face which have no appreciable 

feeder currents (Figure I-1-19). 

Thus, a large storm may create a deep bar which will remain largely 

unchanged through months of calmer weather (until another group of large waves 

exists to change it) although at the same time there may be considerable 

change in shallower bars and the beach inshore. This means that the depths 

of the several bars are not necessarily related except immediately after a 

large storm and that valid comparisons of bars and waves require continued 

observation of the beach before, during and after changes. Little is known 

about the movement of ocean sand below Mean Low Watei* because direct measure¬ 

ments are difficult to obtain. Experiments by the Beach Erosion Board with 

artificial bars at Long Branch, New Jersey and Santa Barbara in the past 

decade gave negative information. In the hope of nourishing these sand- 

starved beaches, underwater sand ridges were placed in 38 and 18 feet of 
water respectively, the idea being that the wave action would bring the sand 

onto the beach. According to Hjulstom'k formula (1-1-2^) for threshold 

velocity, the sand should have been moved by thirwaves that existed; however, 

the sand did not move appreciably and the mounds are still there. It should 

be noted, however, that no bars are known to exist even on the most exposed 

beaches on the U. S. Pacific Coast which have crests more than 20 feet below 

mean lower low water. Brgures obtained from averaging tabulated data from 

29 surveys of exposed U. S. Pacific Coast beaches with two or more bars have 

turned up some interesting factsî 

Bar depths 

\ Depth of inner bar - 1.0 ft. 

Depth of second bar - 7.5 

Depth of third bar - 13<0 ft, 

Beacn slopes (measured between MLLW and »30 ft. or 3000 ft. offshore) 

Less than 1/75 three or more bars 

1/75 to 1/50 tffo bars 

Greater than 1/50 one bar 

Note: All exposed beaches had at least one bar. 

No individual beach varied greatly. 
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The phrase "exposed beach" was discussed previously and the importance 

of exposure has been emphasized; however, the specific application of this 

to bars is of interest. Like other beach features, bars have lower relief 

and are composed of smaller particles as protection is reached. Where pro¬ 

tection is at a maximum, no bars exist because waves never get steep enough 

to form them. Figure I-I-15 which ehows the bars at Grenville Bay illustrates 

this well. At the left of the picture where protection is greatest, the waves 

break on the beach face; as the beach becomes less protected, bars form and 

at right two well developed bars can be seen. It is emphasized that the 

waves in the picture are not necessarily the ones which formed the bars. 
Attempts to correlate bar spacing Trith wave length or other characteristics 

have been unsuccessful to date but there is a relationship between uar depth 

and wave height as already indicated. This cannot yet be stated quantita¬ 

tively because of the large number of variables involved. Kueligan (I—I—ul) 

compared bar depths with trough depths and decided that the depth of bars to 

the depth of troughs was a fairly constant relation; i.e., the depth of the 

bar divided by the depth of the trough (both measured from still water level) 

is approximately 1.69. Shepard (I-I-62) measured additional profiles and 

found that the ratio was generally less (1.16 to 1.63). The author is 

skeptical about the value of such data, having observed extreme variability 

in short distances and, in one instance, a trough twenty feet deeper than a 

bar whose crest was at about minus three feet. 

Since bars appear on tideless seas, obviously no tides are required for 

their formation; however, the previous statistics show that the difference 

in elevation between pairs of bars is nearly the same; this happens to be 

about the same as the tide range at those beaches. Water level is contin¬ 

uously changing because of the tide’s surface but for about an ho'ir before 

and after high and low tides, the water level is fairly constant. This means 

that there is considerable time for a bar to develop at a particular eleva¬ 

tion during the high and low periods; in the transition period, the level 

changes too faut for the sand to follow. Because of this, the waves are 

able to form bars which are in use at both high and low tide;, the outer bar 

at low tide will be the inner bar at high tide (Figure I-1-17) - At inter¬ 

mediate stages of the tide, unusually large waves will break three or more 

times, on each of the bars and the beach face. At lowest, tide, the inner 

bar may be exposed, or nearly so, and occasionally a ridge of sand appears 

on the seaward side of this bar (Figure I-1-29); this profile may be a 

vestigal remnant of a berm which started to form at extreme low tide. The 

tide range probably influences the number of bars that can exist since a 

large range would bring the water level into contact with widely separated 

bottom areas. Steep beaches exposed to the same wave action as flat ones 

have fewer bars because even at lower tides the rapidly deepening bottom is 

below the limit of wave, action except on the flanks of the existing bars. 

The remarks about the depth of water in which waves influence the bottom 

must also be modified to take into account the usual rise in actual water 

level during a storm above that predicted. Although the average depth of 

the third bar is given as 13.0 feet below MLDtf, the waves that cause that 

bar may only exist during a storm tide and the effective depth of that bar 

may be several feet more. Moreover, the slope of the bottom influences the 

depth of breaking and a bar obviously offers a steeper slope than the barless 

profile. These conments are based on information obtained by making detailed 

soundings of bars before, during and after heavy surf conditions on a 

variety of beach types. 
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A great deal of valuable information about bars can be taken fromaerial 

photos and from observation of the surf from a high vantage point. Generally 
me two opposites of surf conditions are best for making these observations. 

Very calm leather may allow the suspended material ^ 

clear so that one can actually see the bars on the botto® 
This is a rather rare condition on most beaches? a more likely possibility 

is high surf. The large waves break on the bars which show up as lines o 

white water; rip channels and troughs are usually dark. The description 

bars which suggests that they are regular ridges parallel to the shore is 
considerable oversimplification; although this occurs frequently, it is by no 

means the rule. Bars are created and modified by waves and currents which 
are highly variable in direction, velocity, height, and period; there may even 

be6 concur rent storm from two directions. As a result, there ar.^W Regu¬ 

lar mounds of sand formed which are complex variations of bars (Figurei I löb) 
These bars shift about, migrate landward or seaward, and often intersect the 

shore at an angle. Occasionally bars appear to be a series of mounds at 

regular intervals which are called "knolls"; at other times bars assume forms 

something like huge underwater cusps. 

Bars have been observed on beaches ranging in size, and subject to the 

wave action of, model tanks, lakes, seas and oceans. Many types and sizes 
have been described; Hagen who first suggested the.r origin in !^3 

saw five on a single beach; Gilbert (I-1-21) mentions bars on the shores of 

lake Michigan* that could be traced for "hundreds of ^®8" 
not mean that these bars were continuous, but even so, it is""“ÍL '' 
Substantially unbroken bars 20 rales long have been seen on the »»«-ngon 
Prvxît fIsaacs I-1-32). It i? hard to say just what the length of a bar is, 

since bars are most easily judged by the breakers on them; breakers are highly 
variable in height along the crests and a large number 
be observed in order to say whether a low point was in the bar or in the waves. 

The word bar also has a more specific usage for a similar bottom feature 

of about the same origin as the longshore bars in the surf zone.River ot 

tidal-entrance currents transport sand seaward until they 
moving wave currents or until they are dissipated through widening of the 

channel; in either event, they drop their sand. The result is the harbw 
bar-much like those in the surf but usually further offshore and of limi 

Srtent Like longshore bars, harbor bars are subject to shifting as the 

currents change and so must be frequently charted ^C°r^eSing 
Only the largest waves break on this bar (usually at low tide), a breaking 

bar is therefore much feared by navigators and often stops allahipmove^nt. 

Channels are maintained in the bar by dredging and Bar ^88°°^0^..^ 

exists for the principal purpose of navigating strip 
of dangerous water. At the Columbia River, the pilot boat (I-I-U9) has 

observed breakers UO feet high (spilling) on the bar 8 .n^ 
at Coos Bay, Oregon in 1900 a destroyer was damaged and two men killed b 

bar breaker. 

* The level of Lake Michigan varies as much as seven feet because of rainfall, 

evaporation, seiching and wind tides; these bars therefore are not neces- 
. . . a « __*1 MM MVvSAVtVrArl 

sarily related to the water level as observed. 

82 

RESTRICTED Security Information 

. 
i ,..,^,1* .Enl iiy¡ : .-i..: iJil.i-,, , . ....i-iir,iÁiiiiiiliiniihiÉflltfi'Ériii 'ä 

—....— > ■ ... 



RESTRICTED Security I ufo mat ion ill. 

Great banks of sand exist off the U. S. New England Coast near Cape Cod 

and Martha’s Vineyard which shift so rapidly that surveys cannot be kept up 

to date; these were formerly a great hazard to larger shipping but now are 

fairly well marked. The sand assumes the various forms described in this 

book and spits of all descriptions, giant ripples and longshore bars appear 

in complex profusion because of the abundance of sand. 

b. Rip Channels 

Surf rips (or rip currents) are narrow currents of water that flow 

about in the surf zone scouring channels as they go. Their ultimate destina¬ 

tion is the open sea but they are influenced by existing sand forms and thoir 

routes are often very devious. Rip channels are cut in bars by currents which 

are caused by the same steep waves that form the bar; for this reason they 

exist only on exposed beaches. Like other streams of water, rip currents 

follow the line of least resistance; they flow in existing channels whenever 

possible, altering and modifying them as necessary. Because practically all 

bars are a modification of some previous bar which had its own system of 

channels, probably no definite time of origin can be assigned to a rip 

channel; it starts its cycle half-built and, when the storm waves calm, 

leaves a channel which remains virtually intact until another storm. 

The three major parts of a rip current have been assigned names by 

Shepard et al. (I-I-6U), i.e., feeder, neck and head. The feeders are 
currents which flow parallel to the beach inside the breakers and gather the 

water which flows out through the neck. The neck is the part of greatest 

interest for there the current is fast and the channel narrow and deep where 

the breaker zone is traversed. Once beyond the breakers the current widens 

and the water spreads and diffuses, sometimes in eddies, as shown in the 

photos. 

Storm waves, after having broken on a beach, become masses of water in 

the form of foam lines which move landward above the still water level. 

Since this action results in a bottom return of water which scours sand 

from the beach face, a bar is formed as described in the previous section. 

As the bar grows in height it becomes a sort of dam whose hydraulic damping 

effect, assisted by newly oncoming waves, supports the water between the bar 

and the beach face at a higher level than that of the average sea level out¬ 

side the bar. This higher water inside (estimated to be as much as two feet 

higher in a heavy surf) escapes by means of breaches in the dam (old rip 

channels in the bar). Once started, these currents gain momentum and become 

systematic; the troughs between the bars become feeders or tributar4os end 

water is brought to the rip channel from a considerable area, somet. oig like 

a watershed. The current through the bar is now powerful enough to reshape 

the channel to its needs and it can modify the route with surprising rapidity. 

Rip channels are readily observed from the air or from nearby high 

points, but from the sea or the beach they may not be discernable. They 

usually can be recognized by the following characteristics! 

(i) The water appears dark since it is deeper than its surroundings 

(ii) Waves are generally lower ove.* the channel than on either side 

and there is much less likelihood of breaWs. 
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(iii) The movement of driftwood or the water itself may frequently 

be seen (since the current flowing seaward opposes the oncoming waves, the 

surface may appear choppy). 

(iv) Outside the breakers there are large muddy areas of suspended 

material carried out by the currents; these occasionally show vortex lines. 

(v) "Feeder" currents flow alongshore and may be more noticeable 

than the main current. 

Rip current velocities up to about four knots have been measured in high 

surf and it is quite possible that much higher velocities existed in inacces¬ 

sible areas of the same surf zone. Generally currents are likely to vary from 

one-half to one and one-half knots changing with variability of the waves that 

create bhem. Rip currents occasionally exist in protected areas or 

less oeaches but are most likely to be found on exposed beaches where there is 

considerable irregularity in the wave action; although surf irregular 
and sometimes hard to see, they may be the on^ possible route through a heapr 
surf for small craft, since they create a breakerless path of deep water--the 

rip channel. At low tide in any surf, the rip channel may be the only path 

to the beach through the bar which may be either out of water or have too 

little water on it to pass a boat. For these reasons, it may be well for 

persons working in the surf to locate the rip channels before attempting a 

passage. 

A popular misconception of the nature of surf has led to a general 

belief in a mysterious current called undertow that "sucks the swimmer out 

along the bottom." As has been pointed out, the bottom currents are °f such 

small magnitude as to transport sand only under favorable conditions. Swimme 

are much more likely to be affected by "rip currents" and they can save them¬ 

selves by swimming across and out of the stream, which is frequently rather 

narrow, rather than heading straight for shore. 

Some confusion has arisen as to whether all narrow currents in the surf 

should be called rips. While this usage is acceptable, it is the author s 

feeling that up-currents should particularly apply to currents generated by 

a difference in head, as described, and that currents caused by waves strik¬ 

ing the beach at an angle should be known as littoral currents regardless of 

their dimensions. 

Berms 

A berm is a nearly horizontal formation of beach material brought 

ashore by the waves. Berms may be said to be the opposite of bars since they 

are the deposit!onal sand form and bars are the erosional sand form; 
described before, the wave steepness appears to control which of the two will 

form. There is no general agreement as to the criteria for determining 

whether any beach has a berm, for on some beacnes berms are difficult to recog¬ 

nize. If it is necessary to have a flat surface or a well-defined crest, 

many beaches will never have a recognizable berm. On the other hand, if the 

accretion of sand by the beach is to be the standard, obviously every beach 

must have a berm part of the time in order to exist. The berm is the beach, 

or at least is its essential sand replenishment. There appears to be nJ 

basic difference between the sand deposits that waves leave on very flat 
C1 
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beaches (which are said by some to have no berms) and tne sand deposits on 

intermediate slope beaches which have well-defined beras by any standard. 

On beach areas which have varying protection from wave action, this is 

readily observed. On the most exposed portion, the beach may have a defi¬ 

nite berm with a rather ill-defined crest (coarse grained beaches rarely 

have clean-cut berms); on the part of the beach where the sand is inter¬ 

mediate in size and exposure is moderate, there will be a sharp crest and 

a flat berm top; as the most protected area is approached, this berm fades 

into a fairly flat beach and is no longer discernable.- It will be noted 

that each of these areas falls within the definition and has a "nearly 
horizontal formation of beach material brought ashore by the waves"--the 

point is that on the beach which is always "nearly horizontal" the berm is 

difficult to see. 

Since berms are formed by wave action, height of the crest of the berm 

is a function of the height of the forming waves above the sea level at the 

time of formation. Experiments in a wave channel by Bagnold (I-I-2) indicate 

that the height of the berm is 1.3 x H0 of the waves tnat formed it. Although 

this research has not been extended to include ocean beaches as yet, it is 

the author’s opinion that such a relationsldp will eventually be shown in 

which some factor (possibly 1.3) ^ refrt^ÍOnF^ÍMa reason 
will give the height of the crest of the berm at any point. For this reason, 

the berm formed by any one set of waves is lower in protected areas than on 

exposed beaches. This effect has been observed at a number of places includ¬ 

ing yonterey Bay, California where, on occasion, the crest of the berm xS 

found to be 16 feet above MLOT at Fort Ord, decreasing to 10 feet at Del 

Monte Creek and disappearing near the harbor. 

Berms are depositional features placed above water by wave uprushes. 

The action of the wave is something like this* Great turbulence exists in 

the surf zone, particularly at the line of breakers, which churns up the 

bottom sand and maintains it in suspension. After a ^ve 
rushes forward up the beach carrying the suspended sand, losing velocity 

it goerbecause it is opposed by both gravity and friction, and at some 

point stops completely. Wien the velocity drops below the threshold of 

transport, the suspended material deposits. Since beaches are permeable, 

some of the water sinks down through the sand leaving a lesser amount to 

return along the surface as backrush. The water that does return 
surface must start from zero velocity; consequently a large part of the sus¬ 

pended sand which was carried up the beach remains near the termination 
the uprush. The backrush reaches a high enough velocity to remove some sano 

from the lower part of the beach but the balance is in favor of deposition. 

The saturation of the beach face largely controls the relationship between 

the volumes of uprush and backrush water and it is readily seen that the 
ihnrt, period waves keep the beach wetted best because^ the intervals betw^gq 

saturations are smalleï." As already noted, iRe^h^r period waves ^increase 

the H/L values whicOFe the criteria for erosion or deposition. It may 

be reasoned then that a most important erosional characteristic of waves is 

their ability to keep the beach wetted face saturated; by the same token, 

berms build more readily on »dry» beaches since there is less «ter return- 

ing along the surface to transport the sand seaward again. 

As this process continues, the sand builds seaward; since the height ^ 

of the waves above sea level controls the height of the berm crest, the ide 
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has a considerable influence on beim height. If ocean waves were all of the 

same height, a rapidly growing berm surface might show undulations in response 

to the tides. However, berms grow evenly because of the variation in the 

heights of waves and although the seaward growth depends largely upon the 

average waves, the upward growth depends only on the largest waves. Where 

the berm crest is well developed, the upmshes of these largest waves pass 

completely over the crest and deposit the bulk of their sand load on the land¬ 

ward side. Since this can only occur on the highest tides, the crest grows 

higher as it builds seaward and the shoreward side of the crest sloped inland. 

This has two effects on the growth of the berm. 

(i) The water rushing shoreward down the inside of the berm levels 

off irregularities by depositing new sand and scouring off high points with 

the result that the berm may be quite flat (Figure I-I-23a). 

(ii) This water eventually saturates the beach completely and then 

stands in large puddlesj eventually, when enough water gathers it is able to 

breach the crest of the berm in some weak point and flow back out to sea. 

Future uprushes crossing the crest deepen this cut and the result is a 

drainage channel, something like a "rip channel" in a bar but forming on the 

upper Beach (Figure I-I-23b). 

This vertical growth of the berm caused by large waves creates an inter¬ 

esting paradox. Storm waves which erode a beach also build a berm during the 

erosion. The uprushes of the large waves carry sand up and deposit it on top 

of the berm, adding to its top, and when the storm condition subsides, a 

narrow but higher berm remains. Since large storms frequently occur in the 

winter when the beach is narrow, these higher berms are called winter berms 

and are found near the back part of the beach. They will survive until pro- 

gressive erosion or a larger storm removes them. A prograding beach may have 

a series of abondoned berms at its landward side. 

Since a berm is a depositional feature, its width is dependent on the 

sand supply and the length of time that waves exist which are capable of 

moving sand shoreward. Because of the effects just described the most recent 

addition will frequently cover and obliterate traces of the previous berm 

limits. The example of the growth of the berm at Carmel Beach, California 

(Figure I-I-22) illustrates this point. This particular berm disappears 

completely in the winter time and builds out as much as 300 feet by the end 

of summer. The growth suffers set-backs with each storm and technically 

each additional deposit might be termed a "new berm"} however, the total 

fiat surface area is generally referred to as "the berm." 

Erosion frequently results in the formation of steep scarps on the 

seaward side of the berm which may be as much as five feet high (Figure 

I-I-U). This is particularly true if the erosion takes place during the 

neap tides and the effect is one of undercutting. Berms with ill-defined 

crests may not even be recognised until this scarp forms. Since the berm 

"is the beach," it is evident that berms can be formed in any sort of 

material that may compose the beach. The impressive cobble berms of Baja 

California, Mexico (Figure I-I-31c) are as much as three or four tiers 

high, 30 feet above MLLW, and extend unbroken for at least ten miles. At 

Fort Bragg, California the city dumps its waste into the ocean and a very 

regular berm of old tin cans exists nearby. 
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Frequently benne have a rather soft surface when conpared to recently 
eroded beach areas of about the same slope! this can be used £ 
decide whether the beach is eroding or building. At 
a very flat beach where 

plac^the preyiousVday¡ although no beach changes were aident, a surrey 
Ä tLt IS a fSt of new sand had cone ashore during the night. 

The Growth and Retreat of a Beach (Figur. I-I-22) 

i^uorss s is^tiM^of tac. 
(i) The berm built gradually seaward at the rate of about forty 

feet a month during most of the summer whe" t^^¿t ^eySeíere made until 
wll ^rtoS/retreated alnost 

to the cliff. 

(ii) The winter berm crests, formed as the beach retreated before 
high storm seas, were several feet higher than the summer berm crests. 

(iii) The growth of the berm from 20 August 19U6 to ^..¾ 
was upward and outward partly because the height of high t * 
that period (until the 26th) and partly because the waves were slightly 

higher. 

(iv) Each successive addition to the berm was higher so that the 
surface sloped landward to a drainage channel. 

d. Beach Ridges 

soft ground between them (caused by a rising , . „v„rv nr- 
\^y_, T T oi,> ai thnnffh thev are found on practically every pro- sand) (Figure I-I-2U). Althougn uney rareshoreline feature. Some 

Äs(ÄLlIÄ - bSIdlng and7cxMbit well 
lidgls are Cape Carneyeral, Florida-, Dai-ss and Swinenrande, Germany, Sand 
hammaren, Sweden; and Dungeness, England. 

Since the existence of a series of ridges is evidence of b®^h 
it is evident that the ridges require that sand be supplied 0 ., |bl 

r^iorSe^ Sea:8 Beach ridges 

SSkÄ 
ILHI cl sand to extend the beach, it is evident that every Peat storm 

ment bv future storms—as shown by the iacu undi. uoirrh+fl 
?hfs a ridge might be the work of several storms or of one. The heights of 
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the ridges are related to the heights of the waves (plus the tide) which formed 
them; the crests of the highest ridges having been formed by the highest waves 
although many of the ridges are low enough to have been formed by something 
less than a "great" storm. The survival of the ridge depends more on the length 
of the relatively quiet period after its formation than on the exceptional 
magnitude of the storm which built it, the basic question being whether the 
longshore currents can put more sand on the beach than can be eroded by the 
next large storm. Ridges are often marked by lines of similar vegetation 
which make them easier to see from the air than on the ground. 

To quote Douglas Johnson, "A ridge beach plain is a very inperfect record 
of a complex history." However, ridge counts seem to be such a good way of 
obtaining data on rates of beach growth that many investigators have worked 
on the problem, particularly at Dungeness, England where the records go back 
hundreds of years. There the average rate of ridge formation is about one 
each 20-UO years. At Rockaway Spit (New York Harbor entrance) five ridges 
were formed in 23 years and the rate of growth varied from one ridge in 8 years 
to one ridge in 2 years. Studies by Solger ( 1-1-6?) on the Sirinemunde tombolo 
indicate that ridges form there at the rate of about one every 35 years, and 
he attempted to correlate this with Bruckner's climatic cycle (now thought to 
be invalid). Although there is variation in these figures, each may be quite 
correct for the specific locality} they point out that there is no worldwide 
growth rate. The question of whether a coast is rising or subsiding, a comnon 
geologic problem, may be resolved sometimes by the relation between the 
heights of a succession of these ridges. 

e. Cusps 

Cusps are a series of regular depressions, concave to seaward, which 
occur in the upper part of the tidal zone of beaches. The nomenclature, shape 
variation and characteristic wave action is illustrated in Figure I-1-25* 
The distance from apex to apex along the beach is called the intercusp «Pac¬ 
ing or length; the distance from the apex to the back of the bay is the width; 
and the vertical distance from the apex to the lowest point on line with the 
next apex is the depth. Cusps may vary greatly in both size and shape. 
Johnson (I-I-37) made cusps three to nine inches long in the laboratory and 
described them as frequently being eight to ten inches long at like George. 
The author (I-1-3 and -10) has observed cusps varying from six to one hundred 
feet long at Carmel beach at various times and has mapped cusps ninety feet 
long at Fort Ord and one hundred fifty feet long at Seacliff (see Figure 
I-I-23b). On one occasion at Table Bluff, California nine regular cusplike 
indentations in the beach were measured with a DUKW milometer and found to 
have an average length of 1,180 feet. Cusps can apparently form in any beach 
material; cusps in very coarse sand and pebbles have been seen at Cambria and 
Pebble Beach, California and Isaacs (I-I-30) reports the existence of cusps 
in large cobbles on Mexican beaches which have steep sides and depths of as 
much as six feet. The unusually well developed cusps of San Simeon Bay are 
in fine sand. There the lengths and widths are about equal; however, extremes 
of variation have been observed elsewhere as shown in Figure I-I-26a. Like 
other beach features, cusps have more striking relief, and are less regular, 
on coarse exposed beaches than on the apex points compared with that in the 
bay; investigators are not yet agreed whether this is a cause or a result of 

cusp building. 
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beach features to be described 
Although cusps "ere among investigators have considered 

(by Palmer, I-I-58» in 193h) still no general agreement a^ 
the problem of their origin, there ¿veral factors that seem to con- 
their meaning or toe«», are ioted by rarious inTeetigatore. 
tribute to cusp formation 

_ortri Vlfi TinCOnfU 
CUS? lOX luawJ.«**- i* J V, 

(i) Waves must strike the the prevalence 
local wind waves or other has filtered out all wave, 
of cusps in protected bays undisturbed and breaks in ev 
but the swell which reaches the shore uno 
plunging breakers. breajcers. 

(ii) The width of the intercusp "P^^^iight breeze on a 
of the waves According to D. W. i jert high mike cusps 30-60 
£„d m.” cusp, about a or mire apart. Oeliberat. 
feet long and storm waves build OU“P* ™lnf, and arbitrary emoavation, 

"slirssfr^el Äa the cusps at appropriate intervals. 

. _«.+carl that an origin 
íX6S5j ono j 4 "1 
(ill) A of r^earohero hSnSug|e.teed “,t. 

SÂe.î-rr.f^ni-Â). sealed. pressions, ' 

(iv) There is apparently oo signlfioan=' ousps is 
part of tit cusps, ^ri-nt. ^ve sh^ tb^^^ CUsps of the 

ÄtrÄ fo“ no regard to tbe location of pr. 

vious cusps« 

(i, sTl^Â-r WsTeiloCHoII« the 

«IIS'S a linger time to shape tbe beach B a longer ^ . 

(vi) The direction of f® ^»if^^fiuenc^o^P ^ma- 
stage of the tide appear ™t little^^ ^ c r9auU of 

ÂerlIiroÆ sets Of waves of translation on the beach. 
. L «__: ... « ^QomCT.r 

ence 01 two a+.iv 

(vii ) Although none of the P^o^^ed how ^ave action 

refer t0 the dOT 
at the bottom of Figure 1-1-2$.) ie bottom 01 ngu+e . ., 

The cusp cycle starts with a straight foam line rushing up :usp cyt+o o-*- . j 
, +v,_ anax noints and deflected 

along the Ä -ICsp/nb or » -, the water 

from the opposite side; opposite siu«3, 
, .d it is influenced solely by gravity and returne 

(ii) once stopped, it is imxuo 
by the steepest path ¡teepesu paim 

(iil) Which lead, it to the chapel in the center of the bay. 
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(iv) The rather considerable velocity of the water down this channel 
moves bottom material and a submarine delta is formed at the seaward end of 
the channel. The next wave meets this jet of water and is largely stopped by 
a combination of this concentrated backrush and the steep slope of the apex 
face, 

(v) but a part of the water goes through a similar, but smaller, 
motion which ends in a relatively even backrush as shown in I-I-6. 

This two-wave cycle does not repeat every time because variability in 
wave height and period causes the waves to get out of phase—which is prob¬ 
ably the reason that the most regular cusps are formed by the most regular and 
even waves. It should be pointed out that the high backrush velocities which 
are associated with the removal of sand from the beach exist only in the 
channel, which is consequently flat, whereas the highest uprush velocities and 
least saturation are found at the apex, which is steep and depositional. 

f. Ripple Marks 

Sand subject to the action of moving water frequently forms parallel 
ridges and troughs called ripple marks. There are two distinct types, each 
due to a particular sort of water motion (Figure I-I-27b). 

(1) Current Ripples: These are asymmetrical and are formed by 
water flowing in a single direction; they have a long, gentle slope on the 
side from which the current comes and a steep, short slope on the lee side. 
According to Owens (I-I-57) and Cornish (I-I-lU), they migrate slowly with 
the current when water velocities range from .85 to 2.2 feet per second and 
against the current when velocities are from 2.2 to 2.5 feet per second. 
Above this upper velocity the ripple marks are swept away completely. Kindle 
(I-I-U2) has concluded that the length of the ripples (crest to crest) varies 
with the velocity of the current, the volume of material in suspension, and 
possibly the water depth. Generally ripples are likely to be o' the order of 
a few inches to a foot from crest to crest and less than an inch in depth, 
but "giant" ripples have been described from several localities which may be 
as much as 50 feet long and h feet deep (Figure I-I-27c). At Carmel Beach 
in 19U6 ripples in shallow water five feet long and over a foot in depth 
were sufficient to temporarily "stick" a DUKW being used to survey the beach. 

(2) Oscillation Hippiest These are created by the bottom currents 
under oscillatory waves which move in either direction with equal force. Corn 
sequently symmetrical ripple marks are built, the shape of which is thought 
to be related to the length of the waves, the depth of the water and the 
coarseness of the sand. These are relatively minor features and are rarely 
seen above water. 

The currents in the surf zone are many and complex, and either type of 
ripple may be formed with any orientation. There is as yet no sure way of 
determining the position of the shoreline from the direction of the ripple 
marks although geologists have repeatedly tried to do this, using the fossil 
ripple marks which are commonly seen in sedimentary rocks. 
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6. Beach Profiles 

A beach profile is a line representing the intersection of a vertical 

plane perpendicular to the water line with the surface of the beach. It 

may be extended as far as its use requires or as conditions allow; however, 

experience has shown that the zone from -30 feet (below MLLÜT) to the stert 
of the back beach is likely to include all the significant features. 
Although little is known about sand movements in water deeper than ¿U test, 
it is evident that changes do take place because submarine cables, era 

traps and other objects on the bottom are alternately covered and bared. 

These changes are of small vertical magnitude compared to those m shallow 

water since relatively few waves influence the deeper bottom, but they may 

be very important in explaining sand migrations. The physical problems of 

locating an exact spot and getting depths below a fluctuating water surface, 

so that successive soundings can be compared, are difficult; a more accurate 

way is to measure an object buried in the sand. Variations in average wa er 

level as shown by tide gauges indicate that water level changes within very 

short periods of time are of the same order of magnitude as the probable 

sand changes. At protected Carmel Beach sand changes deeper than -22 feet 
are relatively minor; at exposed Table Bluff, UO feet seems to be the linn . 

It is to be emphasized that the absence of elevation changes m the sand 

surface is not a criteria as to whether the sand is moving at or past the 
point. It has been already pointed out that underwater beach features may 

be highly irregular and therefore any one profile may not give enough infor¬ 

mation about the actual conditions there; it is usually desirable to take 

series of profiles at equal arbitrary distances in accordance with 
sampling procedure. If the intention is to actually make a detailed under¬ 

water chart, a i-ather large number of profiles may be required; only a few 

are necessary to indicate the slope of the bottom or the character of the 

bars . Surveys made for the purpose of studying beach er osion or acere Aon 

generally require that the elevations of underwater points be known with 

the greatest possible accuracy, since small errors quickly multiply cUt 

into many thousands of yards. 

Accurate hydrographic profiling is largely a matter of care and tech¬ 

nique; the details of how a lead line is used, now the position of the 

sounding is located, how the true elevation of the sea sur lace .s estab¬ 

lished and how the land and sea profiles are matched are all important in 

determining the final accuracy. The use of a recording echo sounder ha, 

been tried and is useful in quiet water; however, in any sur.£ 
over about four feet hign, these instruments create more problems .nan they 

solve. An experienced survey crew can be expected to make a bottom profile 

with an accuracy of about 1# of the breaker height +th®. P™!"1®1" °xt. 
how to use the sea surface as a datum is largely related to the size of the 

waves. Other errors are introduced because it is necessary to regard • 

sea surface as a level plane; actually it may surge (rise and fall m the 

surf zone with periods of several minutes); may slope upward towards the 

beach“ or may not have the level, with respect to land, uhat is predicted 
in the tide tables. As a whole, the profile of a beach will change very 

little but the berms, bars, and channels migrate along it qui'.e T‘aPid*y 
(sometimes changing appreciably before the survey work is even Plotted); 

therefore, the use to which the profiles are to be put most be considered 

carefully. ,3-.1 
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Shepard (I-I-62) has been able to establish a continuing program of pro¬ 

file surveys at short intervals by the simple means of sounding from piers 

that project out into the water; this gives accurate results even in heavy 

weather, but the piers influence the waves and the sand, do not extend to 

very deep water and rarely exist where a profile is needed. Hydrographic 

surveys of inshore waters have been made with swimmers and with rubber boats 

(using range markers and a distance line) on many Pacific islands; with 

lobster boats on the New Jersey coast; and with all sorts of small craft 

willing to venture into shoal water in other parts of the world (most of 
which obtained their sounding position from sextant bearings of shore points 

in the manner of a ship). These craft all have the disadvantage of having 

to work on days when the sea is fairly calm and the breakers are very small 

or nonexistent. The need for information about the storm profiles of the 

northern U. S. Pacific Coast beaches lead Isaacs and Bascom (I-I-3U) to 

develop techniques for operating in all but the most violent surf using 

amphibian vehicles (DUKWS) which operated off the beach. Surveys were re¬ 

peatedly made on beaches with two or more bars through breakers as high as 

fourteen feet. The DUKW's position was triangulated by transit as it moved 

slowly in on a marked range; soundings were estimated from probable still 

water level and transmitted by radio to the beach. Although the estimation 

of probable still water level (l/3 of the wave height above the trough) is 

an apparently inaccurate process (especially if the leadsman is about to 

be hit by a large breaker) profiles which were repeated as a check were 

found to be surprisingly similar. Variations of a foot were not unconmon, 

but the magnitude of the underwater features and the necessary scale of 

plotting made these seem insignificant. 

Beaches are not readily classified on the basis of their underwater 

slope, because of the difficulties encountered in determining where and how 

to make measurements on an undulating and irregular surface. The simplest 

possible classification is used here as a means of convenient presentation 

in which beaches are divided into steep, intermediate, and flat groups using 

the following arbitrary criterias 

Steep beaches — over 30 feet deep 1,000 feet seaward of HUQF 

Flat beaches — less than 15 feet deep 1,000 feet seaward of IHUT 

Intermediate — between the above two 

The reader is discouraged from trying to use such a classification rigor¬ 
ously. Note particularly that the steep beach profiles shown are plotted 

on a scale which reduces their vertical exaggeration by half. 

Unfortunately, it is difficult to obtain good profiles of foreign 
beaches so only a few are presented here which were obtained from declassi¬ 

fied military surveys of World War II. These beaches are, of course, much 

like some of our own and it is reasonable to believe that a thorough knowl¬ 

edge of U. S. beaches and processes will allow one to form accurate mentil 

pictures of foreign beaches from limited information. The profiles of the 

U. S. beaches were made by Bascom (I-I-3li) using DUKW's and the method 
described. It is believed that these profiles represent very nearly the 

complete range of beach slopes that exist throughout the world on major 

bodijes of water. cp 
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In a following section it will be shown that, at the reference point, 

the beach face slope is easily measured. There is undoubtedly a relation¬ 

ship between the underwater slope and the beach face slope, but it has not 

been definitely established? the flat beaches of this grouping would gen¬ 

erally have face slopes of less than 1:60 and the steep beaches, slopes 

greater than lili>. 

7. Beach Materials 

a. Introduction 

Shorelines and beaches are composed of materials of a wide range 

of sizes, shapes and compositions. Comprehensive treatment does not seem 

to be required here and these paragraphs will deal with the subject in 

general terms. 

Beaches are composed of fragmental rock debris and of coral, foramin- 

ifera, and shell fragments which may be formed in place by the encroachment 

of the sea upon the land or may be carried to the sea by streams. It is 

often difficult to determine the origin of any particular sand since most 

beaches have materials derived by both processes and a classification on 

this basis is therefore impracticable. 

The work of the waves in reducing materials to smaller sizes is of 

greatest importance. Waves may attack the seacliff directly; they may 

agitate and abrade the materials brought by streams thus creating smaller 

particles; they may attack the underwater rock, subjecting it to high 

currents and pressures; and they continually eliminate the smaller size 

materials that might act to reduce the inter-grain impact. All of this is 

carried out in the presence of highly corrosive salt spray and is aided by 

the other factors that cause erosion and decomposition inland (temperature 

changes, etc.). The nature of the rock being attacked is very important. 

Hard, homogeneous rocks (granite, basalt, quartzite) which have no natural 

planes of weakness and are likely to form rounded cobbles which abrade each 

other into small sand. 

Bedded (hard) sedimentary rocks, schists, and slates break naturally 

into tabular shapes which eventually wear to flattened pebbles (shingles) 

that have a hydrofoil upper surface and are particularly susceptible to 

transport. Even small particles from these rocks may retain the flattened 

appearance until the individual grains are freed. This stage is actually 

the return of a rock to its original constituents (in some cases the rocks 

may be old beach deposits) and is probably common in places where sedimen¬ 

tary beds make up the seacliffs. A similar situation occurs when unconsoli¬ 

dated material is eroded by waves; the very fine components go into sus¬ 
pension and the larger materials stay on the beach and are ''reworked." 

Figure I-I-31a of the Mexican beaches illustrates the erosion of an alluvial 

plain. Underwater rock is attacked in several ways besides the actual 

pressures caused by waves. For exannle, many Pacific beaches are composed 

of coral sand eroded from below the water surface; large storms break off 

coral heads and roll them around on the reef—grinding sand as they go. 

Other beaches have cobbles on them which are brought ashore by kelp; the 

kelp grips the rock firmly and in storms it is not unusual for the rock to 

give way and be floated ashore by the kelp. 
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Streams have a somewhat more prosaic job in transporting material to the 

sea from its inland origin; bedrock decomposed under physical and chemical 
weathering and the resulting pieces migrate seaward in brooks, streams, and 
riverso As the pieces move, they are abraded, rounded and segregated: the 
smaller pieces move faster than the large ones, and they may be quite small 
and well rounded when the river finally spews them into the sea. Only excep- 
tional floods are likely to bring any of the larger particles (cobbles) to 
where the waves can reach them, 

b„ Size 

I 
[ 

Beach materials may Include all sizes from microscopic particles to 
arge boulders; a description of these sizes is given in the accompanying 

table» Two fortunate circumstances simplify the problem greatly. 

(i) M°st beaches are composed of materials which fall within a 
rather limited size range and it is not necessary to give detailed considera¬ 
tion to the extreme sizes (Boulders, silt and clay can be neglected as beach 
materials although they may be found in exceptional circumstances.) 

(tt) At any beach the size range is usually small as a result of 
the excellent sorting by the waves» On some beaches like those of western 
Mexico jFigure I-I~31c) there is good sorting on two levels; these beaches 
have well sorted fine sand (»20 mm median diameter) below MLDT and cobbles 
U00 mm median diameter) which compose the berms and the part of the beach 
above water» 

Practically all the beaches of the United States are sand beaches; this 
has led to the general impression in this country that sand is synonymous 
with beaches; originally, however, the word beach actually meant shingles or 
pebbies when it was created in England. Quite probably there are Alaskans 
who think that most beaches are cobbles and Koreans who thirk they are 
usually muddy. The size of the beach materials, as well as the degree of 
rounding, may be a clue as to the distance that the material has traveled 
to reach the beach. Since transport connotes abrasion and rough treatment, 
and since the conditions for moving large pieces rarely exist, it can be 
generalized that the large rough pieces are likely to be nearer their point 
of origin than smaller smooth ones. 

Krumbein (1-1-1:5) has pointed out that the emphasis on statistical 
summation of mechanical analysis data has the disadvantage that there is no 
general agreement among investigators as to which statistical parameters 
need to be used or are most satisfactory. Generally it has been found that 
geometric and logarithmic measures are more useful in interpreting sediments 
-han arithmetic ones. He has listed seven measures that are in common use; 
median diameter in millimeters (mm); sorting coefficient; modal diameter, 
geometric mean diameter; logarithmic standard deviation; quartile skewness 
and the logaritnmic skewness. Beach sands seem to be best described by the 
first two and the others will not be considered here. The median diameter, 
in millimeters, is the average grain size at the middlemost diameter of the 
distribution. The sorting coefficient 
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is the measure of the geometric spread ^ ^« central ^®tri' 

button. These two figures are most easily .. tJ ^ith^ smooth 
distribution of 
curve, and taking the figures airee y _ • 0f «reatlv vary- 
shows typical distribution curves ^«n ref^®n°® obtlining th7 

ing sandy beach types. The "standard** method is in 
size distribution of a sand in a ZL “ rid and is best de¬ 
general use in Resting iaborator «» g Briefly, it consists of drying 
scribed in the A.S.T.M. handbook ( . + f vi^ating screens for 

‘1i»SroÆ “^cuMuîltiv. P.r ent r.tain.d on ..ch scr..n 
is calculated and used to plot a distribution curve. 

In recent ,eer. e*peri,»nt. ^ 
more simple and accurate have been a Lïïl sampl. 
(I-1-52). Their methods use long vertical tubes and allow aw» f 
Oi sand to settle through .ater much as It wo^d In it, „„ 
intervals the pressure or the amount °f s d accurate and is 

Ä ^Mng small counter- 

currents in the tube which seem to confuse the results. 

Typical beach sands oí three varying size, are shorn, in Figure 1-1-33- 

TABLE I-1-2 

Size in Millimeters and Corresponding 
Names of Beach Materials 

British (T^rell) 

Boulder >256 mm 

Cobble 
Pebble 
Granule 
Sand 

Silt 
Clay 

6U - 256 
U - 6U 
2 - U 
2 - O.O62 

.062 - .0037 
Below «.0037 

Gravel 
Coarse sand 
Medium sand 
Fine sand 

2.0 * 1*0 
1.0 - 0.5 
0.5 - -25 
.25 - *10 

Very fine sand .10 - .05 

Silt 
Clay 

.05 - *005 
Below .005 

«nt 
0 

Both tables are given ^“' ^'’iberZic 
that are found on many beaches. There 1.3 

naming is rather arbitrary. ^ 
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3/8 inch 

U mesh 
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Screen Sizes in General Use in Size Analysis 

1*8 mesh 

65 mesh 

80 mesh 

100 mesh 

150 mesh 

200 mesh 

12.70 inn 
9.53 nm 
li.699 ran 

2.362 mm 
I.I68 ran 

.589 ran 

0.295 mm 
.208 mm 
.175 mm 
.11*7 mm 
.101* mm 
.071* mm 

The shapes of particles change as they are subjected to rough 

treatment by moving water for long periods of time} their tendency is to 

get smoother and more spherical. For purposes of comparison these two 

characteristics are called roundness and sphericity and they are most easily 

determined for any specimen by comparison with the charts of Figure 1-1-32} 

for a group of fragments, the figures are averaged. 

Roundness is the ratio of the average radius of curvature of the sev¬ 

eral corners or edges of a particle to the radius of curvature of the 

maximum inscribed sphere. In describing roundness the following words or 

numbers are used: 

Angular 0. 

Subangular 

Subrounded 

Rounded 

Well rounded 

Sphericity is the ratio of the surface area of a sphere with the same 

volume as the fragment in question to the actual surface area of the frag¬ 

ment (written s/S). For a perfect sphere the ratio is 1.00} for all other 

solids, the ratio is less than one. 

The shape of the particles which compose a beach may be of considerable 

importance to the investigator in several ways. Particle shape makes a 

considerable difference in the trafficability of a beach} generally highly 

rounded, spherical grains are difficult to traverse since they shear easily. 

Coral sands are likely to be highly rounoed because they are soft and easily 

polished. Grain shape may be a clue to the distance that a sand has traveled 

from its source and to the length of time that it has been "worked" by the 

waves. 

Grain shape is a help in identifying the minerals (through their 

cleavage) and it may give an indication of the nature of the parent rock. 

Mineral character governs particle shape in the small sizes as rock charac¬ 

ter does the large sizes. Minerals with good cleavage in one or more direc¬ 

tions are likely to be platy or tabular (mica or feldspar) and those that 

have no cleavage—and homogeneous rocks—are likely to be well rounded 

(quartz or coral). Shape also influences the settling velocity of the 

particles and thus determines the susceptibility to transport by waves and 

currents—-the roundest particles settle fastest. 
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d. Composition 

There are a large number of minerals and rocks that are fou™J 
occasionally on b.ach.s (in fact, probably »11 at 
but a rather »»11 group is thought to »St is 
material of the world. The accompanying list Peinai 
estimated to be thrir relative iworUnce. Sand grain. »Weh«. ortgi»l 
rock pieces (lithic fragments are of course present to an extent co 
surate with the volume Ind proximity of the 
work with whatever material is supplied . beach materials are* 
istics of minerals which determine their suitability as beacn maten x 

/-i \ Hardnefis t Soft minerals are easily abraded and are not 
n fmind irTSTOTT larse percentage of hard minerals although they usually found in with a Iw-ge peicen g example, with a hardness 

exist by themselves very nicely. Coral sano, ior » volcanic sand 
of only 2.5 would probably be quickly ground up if mixed with volcanic sana 
of hardness of 5 or 6. 

(2) Cleavage« Some minerals have the property 
perfect planes parallfî to some possible crystal . 
cîïaîage and is obviously of great importance in determining how » 
mineral will break, and into what ehape. The decompoaitiOTof a grani , 
for axamnle (which is composed of nearly equal amounts of quarts and 

hava about the same hardness because tne xeiaspar n»» 
“LC in t^ dli^icnÜ («.d breuks «tóly), th. ,»rt. non.. 

Ml Soodflc Oruvityi T«l.tlon. In th. ^ioiflc 
cl.. r..uU® in iho" b«.vl.r ..nd working It. w»y to <» sand particles results in une ne*T*« —------- ' , -intmr. or 

prindpi. l«g uMd^U th« ¡¡^.^¡ïï'bî.n r«cv.d, th. h«vi«' dn.r.1. 

‘¿Ho^o.. . uyur rtopoftb. und^lying rodk 

ï sä sssss-Äp äs- » - 
in graphite areas, monasite or magnetite may be found. 

(U) Cbanrf-cal Composition« OccasionaUy bjaches hare been of 

Ä CoquillerRiver^&0^gon"Ihromite ^d*zL*con J^s ^.d 

ST. number of pl»o.. at both pr.a.nt day and fo.dl b.ach».. 

(5) Colon B«cha. rang, in color fre bright whit, to 
nearly bUcki aSriW.li.ation. about .1«. .lop* « ccmpodtlon bawd 
upon color alone are probably valueless. ^ 
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TABLE I-I-3 

Common Beach Sand Minerala* 

Name Formula Hardness Gravity 

Quartz SÍO2 7 »0 2.6 

Qrthoclaae KAISÍ3O8 6.0 - 6.^ 2.U - 2.6 

Plagiociase NaAlSÍ3C6CWál2Si208 5*0 - 6.5 2.5 - 2.7 

ilagnetite Fe30li 5*5 “ 6.5 5«2 
Biotite K(Mg,Fe)3SÍ3AIO10(OH)2 2.5 - 3.0 2.7 - 3.1 

iornblende Ca2Nao-l(Mg,Fe)l|(Al,Fe) 
(Amphibole) (Si,Al)8O22(0H)2 5*° ’ 6*° 2*3 " 3*U 
Augite (Pyroxene) Ca(Mg,Fe,Al)(Si,Al)2C6 5.0 - 6.0 3*3 

Garnet (Ca,Mh,Mg)3Al2(Si01*)3 6.5 - 7.5 3*1 - U.3 

Olivine (MgjFe^SiO^ 6.5 - 7.0 3.3 

Hmenite FeTi03 5*5 ~ 6.0 U.5 “ 5*0 

Rutile TÍO2 6.0 - 6.5 U.2 

luscovite H2KAl3(SiO^)3 2.0 - 2.5 2.7 - 3*0 

Epidote Ca2(Al,Fe)3Si30i2(0H) 6,0 - 7.0 3.2 - 3.5 

iypersthene (Fe,Mg)Si03 5*0 - 6.0 3*5 

Tourmaline Nelig3B3Al3(Al3Si2027)(0H)lj 7*0 - 7*5 3*0 - 3*2 

Sphene Ca0Ti02Si02 5.0 - 5.5 3«5 

Zircon Zr02Si02 7*5 ~ 8.0 U.7 

(yanite Al2SiO^ 5*0 - 7*0 3*6 

Actinolite-Tremolite Ca2Mgc;Si8022(0H)2 5*0 - 6.0 2.9 - 3»U 

Monazite (Ce,La,Di,Th) POj^ 5*0 - 5*5 5*0 - 5*5 

Cassiterite Sn02 6.0 - 7*0 6.8 - 7*1 

fematite Fe203 1.0 - U.O 5*0 

jlauconite FeKSi206H20 2.2 - 2.8 

Slaucophane Na2Mg3Al2Si8022(®i»F)2 6.0 - 6.5 3*1 

* From Dana's "Textbook of Mineralogy" (I-I-I6) 
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8. The Relation of Sand Size to Beach Face Slope 

There is a definite relationship between the size of the sand, the slope 

of the beach face, and the intensity of the wave action. Although this has 

been recognized for some time, only recently has a method of measurement been 

reduced to simple terms so that the conditions are readily comparable 
(Reference I-I-8). The whole matter revolves about where and how to take the 

sand sample and make the slope measurement, and the relation of wave condi¬ 

tions to the beach slope (sand sizes vary greatly along a profile as do 

slopes, and waves steepen or flatten a beach according to their characteris¬ 

tics) . 

a. Reference Point 

In order to standardize beach measuring procedures, a “reference 

point" is used; sand samples taken there and slope measurements made at that 

point can be used in making comparisons of beaches across time and distance. 

The reference zone is the part of the beach face subject to wave action at 

the mid-tide stage. Any point in this zone is presumed to have approximately 

the same characteristics (even slope and same sand size). The dimensions 

are deliberately somewhat flexible since the technique would be impracticable 

if it were necessary to locate some exact elevation. Mid-tide refers to a 

level halfway between the previous high tide and the succeeding low; since 

the backrush is only slightly below and the uprush may be considerably above 

average sea level, the reference zone will be largely above the mid-tide 

level. It is not difficult to locate since the width ranges from twenty 

feet on a steep beach to as much as a hundred on a very flat beach. The use 

of the reference point has certain advantages: 

(i) A lone investigator with single equipment can take measure¬ 

ments rapidly and easily. 

(ii) The variables being sampled are those of the present time 

(existing waves placed the sand sampled on the slope measured). 

(iii) Inter-tidal beach face slope is a major criterion for the 

potential use of the beach. 

(iv) Other beach characteristics can be determined indirectly from 

this information. 

Reference point measurements are most conveniently made and samples 
taken at a low tide stage. Slopes are measured perpendicular to ^ejrater 

line using simple instruments (a clinometer or Brunton compass). Sand samples 

are. of course, taken at the same time and place. It is good practice to 

scrape away the upper cm. of sand and then take the sample from the top 

10 cm. A 1,000 cc sample is ample and no special sampling or quartering 

methods are necessary; quart cardboard cartons are satisfactory as sample 

containers. Slope, location, and other data can be written directly on the 

carton, thus insuring a correct combination of data. 

b. Size Distribution Across a Beach 

A glance at Figure I-I-3U will serve as an ample explanation of 

why a definite point of sand sampling is necessary if beaches are to be com- 

oared on the basis of sand size. 
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It is quite evident that there is a wide size distribution along a pro¬ 

file and it makes a FTeat deal of difference where a sample ij ^en. Fi^f 
I-X-3U shows the relationship of percentage variations from the ^dian diameter 

of the reference sample with a stylized profile which represents a!l beaches. 

A number of beaches which were systematically sampled and ^v^^ are piotted 

and they show unmistakable trends which are apparently c^cteristic of 

sorting on ocean beaches. Several important points should be noted: 

(i) The largest sands have the widest range of variation along the 

profile and the finest sands show the least variation. 

(ii) The coarsest sand is always found at the plunge sea¬ 

ward of the backrush, which observation indicates is the point 

bulence. The other group of large particles is that on ^°P 

entlv, these are churned up at the plunge point and swept d 
across the top of the berm, from where they cannot return (those on the seaward 

face are carried back to the plunge point by the backrush). 

(iii) The sand becomes increasingly finer to the seaward; above water 

the finest sand is in the dunes. 

c. Size and Slope Variations 

The range of possible sizes of beach materials is * large one as 

has been already pointed out; however, if we consider only the beach face^nd 

+hP nartides subiect to systematic motion by the waves the field is narrowed 
"fAhe largest eobblesfov.rlSO-) , 

that they need not be considered; sand less than.15 mm rarely exists even in 

Se mosAroScted locations. These figures refer to 
amounts of larger and smaller particles are present in each »*mple, but do 

not appear to be significant. (As has already been ^Ais.a 

llkely'to^beTencountered^there is^ttle data on pebble and cobble beach 
slopes and sizes available but there is no reason to believe that it would 

be basically different. Slopes of sandy beach faces ^ 

“l^asíoÂa;e‘sí^fas9s^ Il l.ll It ic to be p^ticularly 

^sthÄ ÄunÄ Arre*íerenecePfone, Ach Ay Asilt in 

a vertical scarp. 

d. Slope Changes at a Point 

The slope of a beach face will change, even though the »“»d 

unchanged! if waïe conditions change. The rule is 
as they erode and steepen as they build. This means that beach fac P 

can be rêuted to the H/l values of the «aves. As explained 
these H/L values appear to control the movement of sand from berm^to^bar^ 

vice versa. When the values are low, the sand moves ashore the beach 

face steepens; when values are high, the sand moves off the beach to the 
Lh the face flattens. Figure I-I-37 shows short term changes on two beaches 

which were under close observation during periods of erosion subsequent 

deposition. At Carmel, storm seas cut the beach back, flatten g 
reference zone and causing it tc steepen near the crest of the berm. This 

ICK.» 
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erosion lasted for about one day; by the following day, wave conditions had 
changed to one favorable to deposition and the beach had steepened and 
widened. A week after the storm the beach was wider than ever and consid¬ 
erably steeper. Twenty profiles made of this àtátiori during the summer 
of 19U6 showed that there were no greater variations in beach slope than 
those caused by this storm. 

The Santa Barbara example in Figure I-1-37 shows the cumulative effect 
of two storms on a beach. The uppor, original, profile is typical of the 
summer (depositional) conditions; two severe storms in quick succession cut 
the beach back to the much gentler slopes. 

These bits of information indicate that a relation exists between the 
slope of a beach (for any given sand size) and the waves impinging upon it. 
Moreover, it appears that limits can be put on the amount of change that 
can be expected for any beach. 

The appearance of a beach after a storm emphasizes the need for a 
definite point at which to make measurements. For example, if a berm was 
formed during spring tides and waves causing erosion occurred during the 
lower neap tides, undercutting and a steep scarp may result (Figure I-I-Ul). 
The beach will then appear to be steeper although it has actually flattened 
in the reference zone. 

e. Size and Slope Variation With Protection 

As mentioned previously, there is a very definite relationship 
between beach characteristics and their exposure to the prevailing storm 
seas. The diminution in size of berms, bars and channels with protection 
has been discussed. Two other items are now seen to be responsive to pro¬ 
tection: (i) the sand size gets smaller as protection increases and (ii) 
the beach flattens out. 

Laterally, the coarsest material is concentrated at the point of maximum 
turbulence; this seems to be true longitudinally also. The coarsest sand 
stays on the most exposed beaches and the fines migrate to the quiet waters. 
Figure I-I-38 of Half Moon Bay, California shows how slopes and sizes vary 
with protection. The prevailing swell is from the northwest and considerable 
protection is afforded to the harbor area (between profiles one and two) by 
Pillar Point. South along the beach the protection gradually disappears 
until at profile four, the beach is exposed to nearly the full effect of the 
prevailing seas. The beach, which is continuous and unbroken, has reacted 
to fit itself to this environment. At profile one where wave action is at a 
minimum, the beach is fine grained (.17 mm) andTTat (l:Iil). As the exposure 
increases, the beach responds characteristically and at profile four the 
sand is coarsest (.65 mm) and the face is steep (1:8). 

This alongshore sorting is typical of the response of sand to wave 
action and is partially the basis for the classification of beaches on the 
basis of exposure. The classification could be used to describe the beaches 
at the four profiles as follows: Profile 1—group VII (the beach facing 
directly away from the swell); Profiles 2 and 3—groups 37 or V (protection 
by headland and by refraction); Profile U—group II (straight beach facing 
the seas obliquely). It was previously said that storm seas caused the beach 
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to flatten} here it is shown that greater exposure to prevailing or average 
storm seas results in a steeper beach. This may appear to be a contradiction 
at first, but it is really the best evidence that the sand sise controls the 
beach slope. The size of the sand at any reference point is a sort of inte¬ 
grated value that represents long term average conditions} it rarely changes 
appreciably. The slope, on the other hand, changes frequently in response 
to wave conditions of short duration-conditions that are only a small com¬ 
ponent of the long term average. Equilibrium therefore exists when the wave 
conditions of the moment are exactly equal to the long term average. Because 
of this difference in time required for adjustment, the sand sise exhibits 
no short term response} for this size there is a corresponding slope value 
for the average wave conditions and that slope is the one referred to when 
it is said that exposure to prevailing storm seas results in a steep beach. 
Any one storm, however, gets direct response from the slope (but great !ag 
from the size) and so it can be said that storm seas cause the beach to flatten. 
The profile of changes at Carmel (Figure I-I-37) already discussed shows this} 
probably one of the intermediate slopes could be said to be the equilibrium 

condition. 

f. Size-Slope Relationships 

The elements of the problem of relating size to slope have each been 
dealt with individually} the final step is clear. If these relations ?s are 
all true, it should be possible to combine the three major parameter^ -nto a 
single statement which shows the relationship for any beach at any time. 
Figure I-I-39 is an attempt to do this with rather incomplete data and its 
curves will doubtless need to be modified as additional information becomes 
available. Because beach slopes change considerably, it is evident that eac 
point should be a horizontal line indicating the range of slopes experienced 
by any beach—then, from a knowledge of the percentage of time that each 
slope existed, the average slope could be worked out. pds would requir 
exceedingly detailed study of each beach} in lieu of this, the author has 
rather arbitrarily divided beaches into three classes based on their estimated 
average exposure and the relative conditions that existed during the time of 
sampling. The upper line represents average slopes of completely exposed 
beaches—ones which might have refraction coefficients of around L.°} the 
lowest line represents the almost completely protected beaches} and the middle 
line is an intermediate stage mid-way between the two. These lines are 
guesses and they represent an ideal, rarely achieved condition. Si^e * 
beach is seldom in equilibrium, the slope point can be expected to deviate 
one way and then the other from the average as indicated by the four hori 
zontal lines. For exanple, the beaches at Point Reyes, Gold Bluffs, ^ » 
Raft River, Manzanita and Oysterville are all exposed in about the same degree 
to Pacific storms and their equilibrium slopes should fall close *-0 the upper 
line. It will be noticed that they fall on each side of the ^1116 
siderable spread} this is because the conditions were not those of equilib¬ 
rium at the time of sampling. The four Half Moon Bay points, details of 
which are shown in Figure I-1-38 demonstrate how the slope-size relationship 
changes with the exposure on a beach of varying protection. 
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a. Sumnary of the Causes of Beach Changes 

Geological processes along seacoasts have been described and the 
mechanics by which waves shape shorelines, erode cliffs and grind material 

were stated briefly. These are long-term processes and were discovered by 

matching old charts or pictures with recent ones to determine trends and 

by considering the possible causes. Beaches, however, exhibit very impor¬ 

tant changes from day to day and from season to season which are readily 

recognized even by untrained people. It is not unusual to go to a beach on 

successive days and find that overnight a new berm has formed, a scarp has 

been cut in the beach face, or a large rip channel has developed. In the 

sections on bars and berms this was mentioned, but a detailed explanation 

and summary may be worthwhile. 

Beaches respond readily to small changes in the characteristics of the 
waves striking the beach at any point. These characteristics, length (L), 

height (H) and period (T) are measured in deep water (deeper than one-half 

the wave length) and are combined into a single figure called "wave steep¬ 

ness." (The actual slope of the wave front is of no importance in this 
usage.) Wave steepness or the ratio of height to length is written* 

H0 H0 

Lq or £.12T2 

The height used is the height of the waves at the beach corrected for re¬ 
fraction back to the deep water condition; the length is calculated from the 

period. It will be seen that the steepness increases either with an increase 

in wave height at the beach or with a decrease in period. Investigators 

generally agree that steep waves erode the beach face and build longshore 

bars and that less steep waves move the sand ashore, usually building the 

beach face at the expense of the bar. Unfortunately, there has not been 

enough work done on the establishment of limiting conditions so that it can 

definitely be said which wave conditions cause erosion of the beach face and 

which cause deposition. However, experimental work in wave channels by 
J. W. Johnson (I-I-39) and others indicates that waves with H/L values of 

greater than 0.03 cause beach face erosion and the formation of a "storm 

profile" (a bar) while waves with H/L values of less than 0.025 create an 

"ordinary" profile (no bar) and they add material to the beach face. The 

corresponding response of the beach slope in the "reference zone" has al¬ 

ready been described. The question of whether models of beach changes are 

directly comparable with actual shoreline changes has never been decided 

and objections to model studies have been raised on two important counts. 

(i) Sand grains small enough to give a true scale have entirely 

different properties; as a result the smallest sand* used in models is about 

equivalent to cobbles on a real beach. 

(ii) Waves in nature are highly variable in both period and height 
and none of the present types of wave generators produce wave groups or 
variable waves (model wave records are not at all like actual ocean wave 

records). In an attempt to define "taach equilibrium," the Beach Erosion 

Board (I-1-52) has kept wave generators in their channels operating 
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continuously at fixed conditions for many days at a time without ever achiev¬ 
ing a "steady state" of the sand. For these reasons many investigators prefer 
to rely on their own observations of the movement of material on ocean beaches 
and, as a result, there are differences of opinion as to the mechanisms that 
cause beach changes. 

The following is a series of statements which it is hoped will clarify 
the relationship between wave changes and beach changes. 

(i) Short term beach changes largely consist of the transfer of 
sand from the berm (beach face) to the bar or vice versa. At the point of 
MLLW the changes are usually quite small. 

(ii) Although waves of various periods have greatly varying veloc¬ 
ities in deep water, in shallow inshore water (where the sand transfer takes 
place) the velocities are about equal. This is especially true of broken 
waves inside the bar (translatory waves or foam lines). 

(iii) Observations indicate that for any one wave the shoreward 
velocity of the water particles is slightly greater at the time of passage 
of the wave front than at any other time in the cycle. (On the bottom the 
vertical component of the orbital motion is zero and the particles follow a 
reciprocating path.) 

(iv) Since the higher velocities are most likely to exceed the 
threshold of movement of the sand or rock particles and since all waves have 
substantially the same velocities in the area of interest, sand probably 
tends t'. move shoreward with all waves. This establishes one major shoreward 
force that exists during päribds Of aVi.'frut thé very smallest waves. 

(v) This force is always counterbalanced by the effect of gravity 
which tends to make the particles move downhill (away from the shore). In 
addition, any shoreward movement must overcome inertia and friction against 

other sand grains. 

(vi) It is perfectly plain that under wave action the sand always 
moves shoreward except when waves with large H/L values exist. 

(vii) Wave energy in the surf zone is largely expended in turbulence 
rather than in moving sand directly. It is the unbalance of forces in the 
turbulent area that results in net currents (and sand movement, since sub¬ 
merged objects tend to do what the water is doing). The actual energy 
expended on moving sand may be minuscule. This is evidenced by the fact 
that waves move only ashore and the sand may move in either direction. This 
raises the question: What is the cause of the reversal of sand movement 
direction when the H/L values get large? 

(viii) The following answers to that question are theories since 
means of measuring small changes in the surf zone to get direct proof have 
not yet been devised. 

(a) High waves and short periods pile'water up at or near 
the beach face; the high waves raise the surface abovW mean sea level, the 
short periods(high frequency) maintain it there by replenishing the supply 
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rapidly. Water from broken varee ia hurled shoreward as foam lines on the 
surface. This creates an inshore head which must naturally flow downhill 
towards the sea; because more water is arriving on the surface, this inshore 
water returns along the bottom, moving sand as it goes* This generally 
accepted theory was first stated in the most general terms by D. W. Johnson 
and V. Cornish, who do not agree on the relative importance of the factors 
involved. 

(b) The high waves end in long uprushes which occur in rapid 
succession because of the short period. This keeps the beach face saturated 
with water so that the uprush water must return along the surface. This 
means that a greater volume of water rushes down the beach face, removing 
material as it goes, than if the beach face were not saturated and a large 
part of the uprush disappeared into the sand. (This also may account for 
the increase in beach steepness with permeability.) This suggestion is from 
a discussion with M. P. O'Brien; it is not known whether it has been published. 

(c) Wave heights and periods are most variable and it is diffi¬ 
cult to assign definite values to a train of waves outside the laboratory. 
For this reason the technique of referring to the "average of the upper third" 
as the "significant height" has developed. This variability may be Important 
in causing seaward forces which move sand offshore. Generally large waves 
exhibit a larger variation in height and a lesser variation in period than 
do smaller waves. This is significant because wave energy is proportional 
to the square of the height and the actual difference in energy between 
maximum and minimum waves of a train of large waves is much greater than 
for a train of small waves. This variation between maximums and minimums 
suggests that the waves may support a head of water for a short while and 
then release it abruptly. The sudden release of this inshore mass of water 
may cause sand motion far in excess of that that would result from a con¬ 
tinuing head. If this is true, sand may move seaward in pulses correspond¬ 
ing to the times between maximum arrivals. If the release occurred when the 
waves were at a minimum—as they often are (the large waves seem to "capture" 
the small ones and are thus followed by extreme quiescence), there would be 
no landward forces to oppose the movement. The smaller waves, of course, 
return some sand to the beach. (From an unpublished paper by Bascom.) 

(ix) In the light of the above explanation of wave variability and 
sand movement, beach equilibrium can be regarded in a new light. Beach 
equilibrium (not yet achieved in a wave channel) may actually mean balance 
between the maximum and minimum waves of a train in such a manner that the 
maximums move exactly as much sand off the beach face as the average and 
minimum waves put on the beach in between maximum waves. 

b. littoral Processes and Problems 

The means by which waves move sand off and on beaches and cause 
certain local beach changes have been considered. This previous discussion 
treated with "closed systems" of sand movements in which there was no flow 
of sand in or out of the area under discussion. Such is not always the case, 
however. When waves strike the beach face at an angle as shown in Figure 
I-I-h2b, they set up an alongshore littoral current which flows close to 
the beach in the longshore component of wave direction. Even though this 
current may be of very low velocity it is able to transport sand along the 
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beach because it need not move the bottom sand but only that already in sus¬ 
pension—churned up by breaking waves. In the discussion of relative H/L 
values it was pointed out that the shorter period waves are more likely to 
cause sand to move off the beach face. They are also more likely to set up 
littoral currents si»oe they refract less and strike th® beach at » greater 
anrle than long period waves from the same direction. High waves affect the 
bottom in deeper water and keep sand in suspension over a wider area t^n cto 
small ones. It is evident, then, that rates of sand flow along a coast are 
related to the direction, height and period of the waves and these factors 
have been correlated with the flow to some extent. Wien storm waves*rike a 
beach at an angle, the sand inside the breakers is put into suspension by 
the turbulent water and swept along by the longshore current. It is »athough 
the upper few millimeters of sand throughout the surf were raised everywhere 
and carried along with a motion like that of sand in a stream bed. Professor 
Munch-Petersen (I-I-58) has likened this littoral process to a conveyor belt 
the width of the surf zone whose belt speed is the current velocity. As ^ 
indicated by the beach classification, many shores have a constant longshore 
current because they are oriented at an angle to the prevailing 
means that there is a fairly continuous flow of sand alonf. ÎJ®?® 
of course, erosion and deposition problems. Because man attaches great value 
to seacoast property, he resents changes made in the configuration of 
coast by wave action. Moreover he likes to build structures 
the ocean and then expects the ocean not to react. Shoreline pro ms, , 
are largely caused by man's reluctance to accept the continuation of the 
natural geological processes which formed the shore. These processes go on 
with surprising speed and the retreat of a coastline can probably not oe 
delayed for long by the works of man. Coastal retreat or erosion means that 
therris a supply of beach material being formed and that there are currents 
to carry it away. These prevailing littoral currents that move the sand 
along coasts are readily upset by shoreline structures such as jetties, 
groins and breakwaters which often act to interrupt the flow. Usually the 
moving sediments will bo stopped on the upstream side of a structure «■ in 
the zone of quiet water that it creates. Jie waves which se* 
currents also act on the downstream side of the obstruction and a new curr 
is formed which continues down the coast} because the structure has stopped 
all or part of the sand from passing, the downstream beach is deprived of 
its natural resupply and rapidly erodes. The typical problem is likely 
be a dual one: first, the sand moving up to the structure may require 
changes and additions or may spoil its usefulness} second, the downstream 
beaches need to be replenished. Various schemes for by-passing the beach 
material have been tried, their function being to duplicate the ^toral 
movement mechanically. Finally, the sand arrives at its ^imste destina 
tion: a prograding sand structure, usually a spit. Here it is deposited 
with what is sometimes astonishing rapidity for a geological process. ^ _ 
Rockaway Spit, at the entrance to New York Harbor, is receiving sand which 
moves southwest along the Long Island coast. This spit grew at the rate 
of over 200 feet per year for long period (one mile in twenty-three years;. 
Such changes are less likely to be damaging than erosion but the new land 
is often nearly valueless; problems such as the moving of lighthouses to 
keep up with the sand exist even on sparsely populated coasts. 

The littoral flow of material is seen to link the place of erosion ^ 
with the site of deposition} in order to reach any useful conclus!onsabout 
it the rate of flow must be known. No satisfactory instruments now exist 
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for moasuring sand flow or currents in the surf zone although numerous sand 
traps and other devices have been tried. Neither is repeated profiling o 
any value (the method used to determine offshore-onshore movements) since 
a great quantity of sand may pass a profile without altering it in 
slightest. The most satisfactory rate data to date has been obtained y 
accurate measurement of the size of the terminal deposit at ^sely spaced^ 
intervals. To some extent these can be correlated with the wave character 
istics which determine rates of flow. 

Santa Barbara, California is subject to a nearly continuous littoral 

current and corresponding sand flow} 8inc® ^.has. jersey 
of the southern California shoreline and similar to those of tbeNew Jersy 
and Danish coasts, a description of the situation there may be illuminating. 
Throughout most of the year, waves strike the nearby coast ft a consider 
angle; these maintain a current which transports sand 
west At Santa Barbara harbor a breakwater was built to shelter small craft 
from these^weste^y w.y«s. A. shorn, in Figure I-I-U3, th. »nd »^ng «W 
the coast in the turbulent shallow water of the "conveyor belt is suddenly 
dropped into the thirty foot deep, quiet water of the harbor whereat builds 
a spit. The beach just east of the harbor is subject to the same ^e action 

and contributes its sand to the new current} , Td^sition-er^ioi 
erodes rapidly. The U. S. Engineer's solution to this deposition erosion 
problem is to dredge the spit from the harbor and place its sandon the 
eroded beach at two year intervals. There is much evidence to show that 
all the littoral drift is deposited in the harbor in a relatively small 
area. Measurements by Baseei (I-I-7) of the changingsizeofthespithave 
iriven some definite figures on rates of flow of sand for short increme 
of time. On days when the breakers were less than two f®«* the sand 
at the rate of around 250 cubic yards per day; on days of storm uith break 
over four feet high the rate ms over. 1,000 cubic yards P«r day. to a longer 
term basis, the yearly rates seem to follow long period cycles (P'rhaPS 
eleTen ye^.JwlS daily averages varying from 250 cubic yards to 600 cubic 

yards. 

A littoral problem on the Oregon coast is illustrated by Figure I-I-U2a 
in which southward moving sand was stopped by the groin-like single jetty 

Tillamook Bay entrance. When the »and filled aiJd Pas?^.^af^ff^ccumu- 
original jetty, the solution was to extend the jetty (which is still a 
latine sand). No attempt was made to nourish the beach on the lee s 
it^rapidly^retreated j Valuable prop.rU.. including 
were undermined and lost to the sea many years ago and the retreat is still 

going on. 

At Santa Monica, California, which is subject to about the same littoral 
transport as Santa Barbara, a slightly different structure tried in the^ 
hone that the littoral movement would not be interrupted. An offshore b.eak 
!X ». bUli (Figur. I-I-13.) th. int.ntion of -^ch». to .h.ltjr small 
craft but allow the sand to freely pass behind at the same time. TMs 
not successful because the current was not strong enough to carr^ ^® d 
the length of the breakwater without the assistance of the wave action and 
the beach in the lee built out rapidly as shown. 

On the sandy west Danish coast a number of artificial harbors h 
built. These mostly consist of pairs of curving breakwaters built out from 
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th. b..ch to shelter . «11 of 
drift and these strncteres Morete e«d on «»ir P- ^ hare also 
downstream coast retreats CMunc - j, t a cau8Wlay a considerable 
tried the offshore type of structure and ha^^^ breakwater# ^3 technique 

tTZ betfalrlytsatisfactory beoanso of the relative di-neion. hut the 

tombolo effect has been observed. 

/ 
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L
FIG. 1*1*5 * The entrance to the Nestucca River on the Oregon coast illustrates 

the condition sketched m Figure 1*1*4 An eccess of fine debris has 
filled in the bay and built the spit ; seacliff at the right is protected 
by a sandy beach and the coast is fairly straight.
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Fig. I-I-ll - Development of Sandy Hooks spit. As the 
original shore between Seabright and Long Branch was 
out back by wave attack, the zone of spit formation 
north of Navesink Highlands advanced toward the north¬ 
east. The fulcrum point, dividing the zone of retro- 

■ ‘ * — * *— shoreline, grading shoreline from that of prograding shorelii 
shifted progressively from fl to F*. West of the 
letters "oo^in "Hook" is a small southward-pointj ___ 1-pointing 
spit built of waves from the northwest out of material 
eroded from the recurved points of the main spit. 
(After J. W. Johnson) 124 
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FIG. 1-1-12 - Spits in the Straits of Juon de Fuca
125
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FIG. I-I-I30 - Tne Sonta Monica, Californio, breakwoier has caused a tombola to slort
forming Send, migrating olong the coast from the left, deposits in the 
quiescent zone behind the breokwater Beaches beyond the structure are 
deprived of their naturol supply of sand and retreat

b * Tombolo on the Washington coast. James Island protects coast from the prevailing 
westerly seas. The Quillayute River, which olso supplies much of the sand, takes od- 
vantage of this easy outlet to the sea ond is now maintained in a perrnonent position 
there by jetties - not visible at this high tide. A smaller tornboia has formed on 
the flonk of the large one.
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FIG I‘M6o ' Bor at Carmel Beach is awash at low tide. Since there is no 
return of water seaward acoss the bar under these conditions, 
all of the white water seen must flow through the feeder trough 
in the foreground and thence out to sea by a rip channel which 

is off the picture to the left. 

b ■ An extreme low tide has exposed this classic example of a longshore bar 
and rip channel on the flat beach at Cape Mears, Oregon. The steeper 
beach face can be seen just to the left of the flooded trough. 
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FIG I'l*i8a • Occasionally, when the sea is calm, the suspended material in the 
surf settles out and the bottom is plainly visible. The shapes of 

irregular bars and rip channels can be seen in this photo of a 
beach near Fort Bragg, California. Notice the cusps at the right 
and the creek that forms a moat at the dune line. 

b " Bars are not always even ridges of sand that parallel the shore, as shown in these 
of complex bars on widely separated beaches (Salmas River, California, left, and Ne 
tarts Bay, Oregon, right). Photographs like these which "look along the coast" are 
often helpful in illustrating the relationships between coastal features. 
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Rip chonreis in a low t de terrace at Fort Ord, California. Deep 
channels such as these allow access to beach face by small craft 

even at the low tide stage shown. 
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FIG I'I" 23a ■ An uprush crossing the crest of the berm. In this monner the berm 
grows vertically ond traces of previous berm crests ore eliminated. 
Excess water returns to sea through the run-off channel at the right.

b - A new berm (under DUKW) has widened the beach ot Seacliff, California. The old 
"winter" shoreline with its large cusps is now abandoned at the back of the beach. 
Run-off channel is just over of the right hand tree

L36
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FIG I"i-24a - Beoch ndges ol Gray's Harbor, Washington, are marked 
by lines o< vorying vegetation Beach is widening more ropidly in 
the foreground and the ndges converge m the distance Note the 
remarkable simiiantybetween this beach and the one below, which 
IS on the opposit«*’oTthe U.S.

b ■ Beach ndges at Porromore Beach, Viriginio. Eoch ridge marks on old 
beach line - probably o berm formed by o lorge storm. If the building 
of a berm is followed by a long period of deposition, the ridge is likely 
to remain.
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FIG ri-26o - Cusps m protected Son Simeon Boy, Colifomio

'3

IkM

b • Cusps on the exposed beoch at Fort Ord, Californio, ore bold in contrast to the 
gentle ones shown obove. The wove stoge is comporoble to 6 in the diooram 
(Figure I-I-25).

■ ^ ^ • ~z . eriiina _ •

I ;

: V“.
m

'■ ---------------------------------

_ ■
.■»■“ ■- ■-»'

c - The some cusp os above Situation is now comparable to stage 4.
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FIG I-l-27b - Smoll current ripples ot Copolis, Washington, ore
about 0 15 feet from crest to crest. Current flowed 
from right to left

FIG I-1-27C - "Giont" ripples m Netorts Bay, Oregon, os seen from
the oir Those at the lower left ore probably 50 feet 
from cr’st to crest ond severol feet deep

lUO i \
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FIG. I’l'3lo • Double cobble berms neor El Rosoro, Mexico. The soft olluvium 
Clift to the right appears ta be the source of the cobbles on the beach 
after the fine motenal is tronsported to seo.

■ •- .-I ^

> /*

^ ^ . w»

FIG I'l*3lb ■ Cobble bar exposed of low tide on the beoch ot Kmcheloe, Oregon.
All of the motor beoch feotures form on cobble beaches os well
os on those of sond ___

-I  ̂^

FIG. I-I-3IC Cobble berms, sometimes colled ramparts, neor Santo Domingo, 
Mexico, form impressive borriers, such os this 25-foot dam at 
the stream mouth Two lower berms moy be distinguished; ot 
about MLLW fine sond intersects the cobbles The upper berm 
may be of mony yeors stonding since if supports plant life, only 
another greot storm will change it.
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FIGURE I-I-37- SLOPE CHANGES WITH EROSION 8 DEPOSITION 
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FIG. ri-4la - Berm at Sand Lake, Oregon, has been eroded by storm waves 
which have left a vertical scarp about 5 feet high. 

FiG. I'l-4lb - Same location as above, two weeks later. Co'm seas have 
replaced the eroded sand and the scarp is now only about a 

foot high. 
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M-43
Sonto Barbara Californio, hos a serious sond ond beach problem created 
by the construction of o breakwater Sand which moves eastward along 
the coast (left to right) under the influence of the prevoilmg westerly 
waves is unoble to pass the breokwater and deposits m its quiet lee^ be­
sides bucking the horbor, this storves the beoches ot the right of the picture, 
which retreot rapidly. The upper diagrom shows successive stoges 
growth of the r jnd Spit. The sewoge, lower right, shows that currents ex s
CVfcf. L'r tfi'. Jjy

>
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MANUAL OP AMPHIBIOUS OCBANOGRAPIT 

SECTION I. WAVES, TIDES AND BEACHES 

J. NATURAL BEACH OBSTRUCTIONS 
BY 

W. N. BASCQU 
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J. NATIRAL LEACH OBSTRUCTIONS 

The word obstruction sungests interference with movement and raises the 
question of what is coing to move and when. Obviously men, wheeled vehicles, 
boats and tractors are each retarded to a different degree by varying types 
and sizes of obstacles. The reader can best judge for himself the degree of 
hindrance constituted by each obstacle mentioned. It must be pointed out that 
elmo-rt every one of these so-called obstructions may have its advantages as 
well as its disadvantages. For example, at Iwo Jima the steep berm faces 
which stopped all wheeíed vehicles also furnished the only possible shelter 
from enemy fire. Only natural beach obstacles will be considered here; most 
of them are unusual and are presented for the sake of completeness. 

l. Driftwood* 

Most free floating objects eventually find their way to a beach, where, 
after much tossing about in the surf, they are stranded at the high water mark. 
While in the surf, even small objects can be a great hazard to craft and swimmers 
because of their high velocities when hurled by a breaker; on the beach, larger 
drift wood may be a considerable obstacle to vehicles. Most beaches of the 
world are relatively free of driftwood, either because the land nearby does not 
support largo vegetation or because the natives gather it up for use as fuei, 
but on some beaches it is a serious obstruction. The large drift, if undisturbed, 
marks the lire of highest water and it may be surprisingly far inland} it serves 
as a warning (not alv/ays heeded) not to build to its seaward. Drift frequently 
becomes buried in the beach by wind-blown sand or by the action of the waves in 
flinging the beach material on top of it and even when buried it may still be a 
hazard to vehicles or to tractors which have been known to throw a track on much 
lesser obstacles. The erosion of ta beach may expose a bristling ridge of drift 
(Figure IJ-la) or it may release buried logs to the surf where they thrash about. 
During a storm in 1948 a large log was observed to dig up a buried armored sub¬ 
marine cable and snap it like a string with a single lunge — a cable with a 
breaking strength, of 18,000 pounds. The possible importance of driftwood as a 
barrier to military operations is indicated by the size and quantity of the 
material found on our own Washington coast where single logs as much as 8 feet 
in diameter and ISO feet long have been seen. (Figure IJ-lc) 

?• Stumps and Trees* 

Mangrove trees are about as serious a beach obstruction as can be en¬ 
countered. Long looping roots and branches meet indistinguishably at the waters 
edge and the effect is of a perforated and springy (but exceedingly tough) 
barrier. The "alligator" was invented by Roobling for the express purpose of 
crossing swampy mangrove covered land and beaches and it did so quite well, as 
does the present form of LVT. No other vehicle can operate in them. Rooted 
stumps are sometimes seen on beachesj these might be a considerable hazard to 
either craft or vehicles but like mangroves, are quite rare. 

3• Ices 

It may be presumed that on many far-northern beaches it is not unusual to 
have large blocks of floe ice cast upon the beach which vculd offer a consider¬ 
able obstacle to any sort of movement although this is not within the writers 
experience. There is evidence that such ice, driven by gales, has made extensive 
and steep sandy ridges on the shores of Prince Edward Island and near the 
Columbia River mouth. These ridges are high, long and steep and would them¬ 
selves be a considerable impediment to movement on the back beach. 
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Another likely possibility is that very oold offshore winds would cause extensive 

tresting of the beach surface and materially alter the beach characteristics - 
probobxy for the worse* 

4. Sand Forms» 

Almost any of the beach forms or conditions mentioned previously would, under 
iorne circumstances, constitute an obstruction. A steep beach slope, a series of 

lerae, a hem face eroded into a steep scarp, beach ridges, or dunes each create 

problems, host of the problems will probably be those of trafficability caused 
by steep slopes and loose material. The reader is referred to sections I-I and 
V of this 1’anual for more complete information. 

5o Beach raterialj 

Generally fine damp sand ( .17 to .25 mm) is best for vehicle operation. 
Movement problems increase as materials get finer and coarser until at the two 

oxtfernes, flat mud and steep cobbles, no present types of vehicles will move 

and men find progress very difficult. Recent experiments on the Laborador 

uoast indicate that not even tractor type machines can move up steep oobble 

slopes such as may be encountered on a beach face. (Figure IJ-2) Muds have 

caused perplexing mobility problems to every army; however, they are not usually 

found on beaches. At Inchon, Korea the area between tides was muddy with the 

result that all vehicle unloading, took place at higher tides against a narrow 

sand strip. A condition more likely to be encountered is that found in-between 

sand dunes at many beaches. Wind-blown fine sand fills in the hollows and the 

water -table rises to within a few inches of the surface; often there are grasses 

and plants growing there. This ground may feel perfectly solid to a scout and. 

indeed, may support several vehicle sorties before giving away. When the surface 
co*lapses, the area becomes virtually bottomless "quicksand". 

Reafs, Bedrock; 

Oflshore rocks in beach approaches are called reefs if they are not exposed 

at ^ow water, rocks if they are; either may be dangerous to craft or amphibious 

vehicles. Because of difference in the hardness, strike, or protection, the bed 

rook which underlie all beachas has a rough irregular surface. Sand, created by 

the rock’s destruction, covers most of the rock and makes up the beach; often 

though, there is insufficient sand to cover the highest, most resistant rooks 

and tnese project above the sand. Since the sand is responsive to waves which 

are seasonal, the amount of sand available to cover the bedrock varies, and 

rocks or objects exposed at a beaoh one time are covered at another. 

(Figure IJ-3) Thus many beaches exist only after periods of calm weather and 

reach their maximum in late summer. Some shores have only a narrow sandy beach 

above mean sea level and are completely composed of ragged barren rock under¬ 

water (wave out bench). When examined at high tide, they are difficult to 

distinguish from beaches which have ample sand. It will often take ground 

receñíaissanee scale aerial photography at low tide to determii» this 
poin,. Generally though, this condition is more likely to exist in front of 

rocky cliffs. (Many French beaches are like this.) Underwater rocks (reefs) 

may often be located by the changes they produce in the surface wave pattern, 

keflections which appear as radiating ripples, peaked up waves with direction 
altered, or actual breakers in heavy weather, are readily seen from the air. 

Goral reefs frequently border tropical shores at some distance from the beaoh 

and often appear very similiar to the wave out benches just described. (Figure IJ-4) 
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Beaches often end alongshore against rooky ^joints; sometimes it is possible to 

go around these points at low tide to the next beach if the sand is continuous. 

This is a frequently encountered situation which onoe more points to the need 

for the correlation of tidal data with beach reconnaissance. As the tide recedes, 

it will be found that rocks projecting through the sand have mounds of sand in 

their lee and channels around the rook formed by runoff water. These result in 

soft areas near the rook in which vehicles may become stuck. 

7. Streams i 

Streams flowing across a beach frequently create an obstacle to along¬ 

shore movement in several ways. Larger streams may simply be too deep to ford 

and therefore terminate the usable beach; at low tides however it may be 

possible to cross them at the seaward extremity where the water is likely to 

flow in a wide and shallow channel. An streams are best crossed as far to 

seaward as practicable because generally the sand is harder, the banks lower 

and there is a smaller probability of mud. Even small tr.okles readily cut a 

channel a foot deep as they cross a beach. (Enough to stop a heavily loaded 

vehicle.) Wave action frequently dams up a stream mouth, in which case the 

stream will flow along behind the beach until it finds an easier place to cross 

the beach (usually a low point in the berm); this may make a very effective 

moat along the back edge of the beach (O'Conner Creek in Washington flows along 

the back of the beach for over a mile). 

8. 

Large areas of seaweed, or kelp, may be an obstacle to some amphibious 

vehicles although the rough bottomed DUKW is able to go through beds of it that 

are not too dense. Wide beds at low tide would certainly slow all present types 

of craft and vehicles. (Kelp beds 2000 feet wide exist at Elwood, California) 

Kelp grows only on rock and it is of some value in marking reefs and showing 

bottom conditions. Since some plants grow to be 100 feet long, it is of use 

in determining depth. Large storms tear the kelp loose from its moorings; the 

kelp may part or a piece of the rook may come loose. In this manner, rocks 

(some of which are S" in diameter) are transported to the beach. The kelp is 

buoyant and floats the rock ashore where it eventually comes to rest at a 

relatively protected zone. Piles of kelp four feet deep, 20 yards wide, and 

100 yards long have been left on Carmel “each by a large storm. 

O 
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FIG IJ-la - Back beach at Coos Bay, Oregon, consists of an erosiona! scarp about 
10 feet high studded with buried logs. This, or a similar oarrier, ex- 

tonHoH nimnci unbroken for at least 3 miles. 

b - A view of the top and back of the barrier shown above (note pole in both 
pictures). Evidently ancient berms have been modified by wind erosion re¬ 

sulting in these steep dune ridges. 

Large logs on the beach at Quilliyute River, Washington The butt of the 
log in the center is about 10 feet in diameter. At least half of the Wash 

ington beaches have c log barrier. 
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FIGURE IJ-4 ' Coral reef 
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SUMMARY OF SECTION I-K 

WIND TIDES 

BY 
DAVID K. TODD 

Introduction 

Wind blowing over a rmter surface generates oscillatory waves and at the 
.an« Ume indues a surface current in the general diraotion of the ^d --- 
men+ . These phenomena result from tangential stresses at the water »^face 
between the wind and water and from differences in wind pressures 

ward and leeward sides of waves. In an ocean 8^®°U"eïe^rPïevel 
a piling up of the water at the leeward side and a lowering of tha water leve^ 
arPthe windward side with a return flow of equal volume along the bottom. The 
deviations from the still-water level caused by wind-driven currents havej>® 
defined as wind tides. For practical purposes the more 
those wind tide« which raise the water level. In limited bodies of water such 
af llJs rivers, bays, and seas, wind tides have been measured and found to^ 
”r/ I f- inohes*for lieht Kinds to s-oral f«t in -trem. =a,e3 intol^e 
hurricane winds. In general, wind tides produced in fa1^ 
than those in deep water because of the greater resistance encountered b. the 

return flow currents. 

Changes in water levels can also be caused by seiches and ^ differences 
in atmospheric pressure. There should be no confusion, however, between the.a 
effects and wind tides, since the continued action °f wind on ^ewatersurfo 
is not involved. Only wind tides are caused by direotwindaction so that a ^ 
long as the wind continues to blow over a water surface, there will be 

port of water by the surface currents. 

in connection with shore installations or landing operations, wind tides 
are capable of vast destruction. This is particularly true in ex¬ 
periencing storms with high wind velocities, such as hurricanes or typhoons. 
Lout the only beneficial purpose that wind tides can f^ve is that of 
maintenance of harbor channels. This action results when wind tides develop 
in harbors or inlets and are followed by a change’in wind direction or in- 
tensitv. A large mass of water is then released triiioh flushes or scours 
the$entrance'wa^and thus helps to maintain the channel depth. This con¬ 
tribution, however, is not particularly effective since ordinary small wind 
tides caused by coastal storms would not be sufficiently strong to have.much 
scouring action, and large wind tides occur so irregularly to be of any value 

as a reliable aid in channel maintenance. 

Relation of Wind to Surface Currents 

The surface drag of wind on an ocean surface induces a in 
upper layers of the ocean. Because of the deflecting force of the earth 
rotation^ the current direotion differs from that of the wind direction. 
In the open ocean it has been found that the surface current will be 'ea 
45° to the right of the wind velocity in the Northern Hemisphere and 450 to the 
ílft in the Southern Hemisphere. With increasing aepth, the ^gle beco^. 
lareer and the curront velocity decreases. Below a depth of from 50 ®«^ers 
to 150 meters, depending upon the wind velocity and latitude, *;h® 
surface current becomes negligible. Because of this turning o 
direotion with depth, it has been found that the resultant transport of water 
byThl entlr« surface currsnt is dlrsotsd 90“ to th. right of th. wind dirsotion 

165 

RESTRICTED Security Iníoraation 



mmm 

2. RtiiTRIGTiiD Security Ini'ormation 

This phenomenon has important applications in the upwelling of cold i/rater 
along the coast of California and certain other coastal regions. 

In the case of a completely enclosed sea, it has been found that the 
slope of the water surface dite to the wind tidal section very nearly coin¬ 
cides with the wind direction, regardless of tho sea depth. Thus, although the 

currents may deviate considerably from the wind direction, the earth’s rotation 
has only a small influence on the direction of the gradient in an enclosed sea. 

Wind Tidp Stu&ffl, 

Based on several theoretloal studies, tho slope of the water surface due 
to the wind action has been found to be directly proportional to the stress 
of the wind on the water surface and inversely proportional to the water depth* 
Therefore, since the wind stress is a function of the wind velocity, the strong 
est wind in the shallowest water would create the greatest slope and consequent 
ly the highest wind tide. 

Numerous observations of surface currents resulting from winds have 
shown that the ratio of the surface current speed to the wind speed is about 
.02 to .03, or in other words, the surface current equals 2-3$ of the wind 
speed. 

In recent years laboratory studies have been made of wind tides using 
long, covered glass channels. A shallow depth of water is placed in the 
channel and a fan is connected at one end. The air moving through the 
channel over the water acts the same as wind blowing over tho ocean sur¬ 
face. The change of the water surface due to the air movement can he 
measured accurately at various points along the channel., so that curves 
can be drawn of the water surface profile. By varying the air speed the 
different effects on the water surface elevations can be determined. In 
general, those laboratory studies have verified previous theoretical studies 

, of wind tides and also actual observations of wind tides in lakes and seas. 

Wind Tide Observations 

Wind tide observations have been made at various localities over the 
world. These observations include the measurement of water levels at or 
near the shore and measurement of wind velocities over the water surface 
area. Such observations have been made in the following water arenas 
Lake Erie* Lake Geneva, Switzerland} Lake Hornborga, Sweden; Lake Okeechobee, 
Florida; North Sea* Baltic Sea; and Gulf of Bothnia. Figures SIK-1, 2, 
and 3 illustrate the results of some of these observations for three of 
the localities. Figure SIK-1 shows a map of Lake Erie, a profile of the 
bottom, and profiles of the water surface under the action of 10 meter per 
second winds from the east and west. The wind tidal action is clearly 
shown by these two water surface profiles, indicating the lowering of the 
water surface at the windward end of the lake and the raising of the water 
surface at the leeward end in each case. Figure SIK-2 shows a similar 
effect on Lake Okeechobee, Florida, during a hurricane ï" JVotember 1928. 
The bottom and water surface profiles are both illustrated in this north- 
south cross-section. The various dots on the figure are high water marks, 
left on trees, ridges, and levees at the southern end of the lake. The 
computed wind-modified water surface curve, which closely follows the high 
water marks, was determined from computations based on estimates of the wind 
during the hurricane. At the northern end of the lake the curve indicates 
a wide area of exposed bottom. This is verified by reports of people 
walldng more than half a mile out on the lake bottom and picking up fish. 
This curve thus indicates how accurately it is now possible to forecast wind 
tides for a given location for a given wind velocity. Figure SIK-3 isa 
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slxgmJy different illustration of a wind tide on the Gulf of Bothnia in the 
Baltic Sea. The solid lir.es are contours of the water surface, measured in 
centimeters, and the dashed lines are isobars, measured in millibars, showing 
the distribution of atmospheric pressure at a given time during a storm. 
Since surface winds blow in a counter-clockwise direction and slightly to the 
left of the direction of the isobars, it can he seen that the water surface 
contours are perpendicular to the surface wind with the higher elevations on 
the leeward side. Thus the water surface slope is parallel to the wind direction. 
The wind tide values below the normal water surface on the windward side are 
considerably greater than the wind tide rises on the leeward side because of the 
general orientation of the storm. The surface currents have transported large 
masses of water into the open Baltic Sea to the southwest of the area shown in 
Figure SIK-3. 

Lake Okeechobee Wind Tide Project 

The Corps of Engineers, Department of the Amy, has initiated an'ertensivw 
investigational project at I*ke Okeechobee, Florida, for the measurement and 
study of wind tides. Present plans call for the design and construction of 
many miles of levees around the lake for flood control and protection purposes, 
so that this project will govern design features representing manj millions of 
dollars. Lake Okeechobee is a shallow, saucer-shaped lake with a bottom 
eleva lion of zero nenn sea level. It is 25 miles wide and 30 miles lorig, but 
the maximum depth is only 12 to 15 feet. The land surrounding the lake is 
relatively flat, and levees have been built in the pest around the north and 
south shores to an elevation of 32.5 feet. Instrument stations for measuring 
wind tides have been established at several points along the shore and in the 
lake itself. Figure SIK-4 shows an outline map of the lake and the location 
of the shore and lake instrament stations. Each shore station includes an 
anemograph, barograph, and water-stage recorder, for recording wind velocity, 
atmospheric pressure, and water level, respectively. The lake stations, built 
on steel-girder pylons, also include wave-height recorders. All instruments 
are battery operated and are visited weekly for servicing and collecting records¿ 

Lake Okeechobee is an ideal body of water for detailed wind tide investiga¬ 
tions. It is large enough and unprotected by surrounding terrain to be fully 
exposed to surface winds. Its geographic location places it in the center of 
the hurricane belt, so that it is frequently exposed to high winds. Its extreme 
shallowness makes' it subject to wind tides of greater magnitude than would be 
experienced by lakes of comparable size but of greater depth. During the period 
1947-1943 the lake experienced three major hurricanes, one in each of the three 
years. With the instrumentation or. the lake during this period, detailed measure¬ 
ments were made of wird tides and meteorological conditions. The records of 
these measurements constitute probably the most precise and complete data ever 
available on the subject. To illustrate the results of some of these measure¬ 
ments, a typical collection of data is shown in Figure SIK-5. This figure 
represents conditions at 0100EST, August 27, 1949, during a hurribane. The 
dashed arrows indicate the wind direction over the lake, and the short dashed 
lines are lines of constant wind speed over a 10-minute period. The solid 
lines are water surface contours. It can be seen that a portion of the lake 
in the west has been exposed by the wind action. Reports at this hour also 
indicate a large overflow from the lake occurred in the flat area along the 
northwest side. A maximum difference in elevation of 11.5 feet in a distance of 
only 20 miles existed between the western lake station and the shore station 
at the northern end of the lake. 

For the design of levees and shore protection installations, wave heights 
must be computed for maximum v.inds and added to wind tidal elevations. F0r 
example, using standard wave forecasting procedures, it has been estimated that 
a hurricane on Lake Okeechobee could develop waves 8 feet high. For coastal 
areas bordering an open ocean, this value would be even larger. 
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Both theoretical and observational studies of wind tides today are 

^11 agf«*n*nt. Although some discrepancies still exist, further 

!^*"ba;eJ.on Lake Okeechobee data and model studies should tend to elimin- 

to estimate °f thiS r®aoaroh* oi> course, is to be able 
be i r Í 1® ! any Eiven location for d«*i6n purposes, and also to 
be able to forecast wind tides for military and oivilian needs, 

areas^^bíí^s *1*°î a°m damaf.inE effects along open coastal 
rraduén ^ is PBrti®ularly in regions where the ocean bottom slopes 

ft SeitTyTfr0m tíe 00Û8t* The m08t disastrous ^ind tide known occurred 
at Gaiyeston, Texas, in connection with the hurricane of September 8, 1900. 

Sexnîïêd S!! I0”6* l0W Sand island Parall®ling the Texas coast, 
was exposed to the full force of the wind tide. It was inundated to a deoth 
of from 15 to 20 feet by the. high water and some 6000 persons lost their 

tScífl Î Cliy °f ??,00° P°Pulation« A similar occurrence happened during 

thl oïrÎÎrne 8ïrck tha Conneoticut coaat. «Ithough fortunately^ 
the loss of life was considerably less. Recently, during a cyclonic dis/ 

turbance along the Atlantic Coast, wind tides flooded many loï-lying areas 

iindlidir r i°rk- /i6Ure SIK-6 illu8trataa graphically thí emot õf 
It the end oî in ooastal »ones. This New York storm occurred 

the end of November and was not a hurricane, hence the damage there could 
have occurred at many other coastal cities just as well. 

in +bIhd«íWÍnd Z?al ®if°0t8 have b«®n mentioned to stress their importance 
Í6S and_looation shor® installations and in the protection of 

date « d Work8* F.°l amPhibious landing operations, adequate meteorological 
oesfilf Jl n/fïT1 I0* d®t®otion «P "®Jor storms which might cause ex- 

tíuõtil«^ dd Í?!8 i00“® ®ssentia1' The probability of occurrence of a des- 
truotive wind tide at any given location, other than in the common hurricane 

rÜÍÍij/ sma11» but this does not justify ignoring it. The damage 
esuiting from Urge wind tides is considerably larger than the small invest¬ 

ment required for providing warnings and protection against wind tides. 
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■ Water Surf act 
Contours 

FIG. SIK-3 - Mop of Gulf of Bothnia showing 
isobars, mb, and water surface contours, 

cm, at l400h, 4 October 1936 (after Palmen) 
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list of symbols 

(i) 

A rather «11 daflnad eat of .**01. ha. l^Tf th. 
wind tid... H.no., the following .y»hol. for th, „at of th. 
Manual, an distinguiahed from the list of stanaara 

Manual* 

watar pressure a a constant 

A a constant 

B a constant 
r- 

a constant 

C2 a constant 

Cj a constant 

d a constant 

D depth of frictional influence 

E energy required for steady 
motion of surface current 

E» actual energy of surface current 

f Coriolis parameter, 2a» sin^ 

F shear stress of water 

F F , F external forces parallel 
x* y * to coordinate axe* 

h depth of drift current 

H height of the gradient wind 

1c wind «tress coefficient 

]c a constant 
r 

mixing length 

t length of basin 

m coefficient of water surface 
roughness 

R bed reaction to weight of water 

s wind tide height 

3 mass transport of water in 
^ the coordinate directions 

t time 

T time required for actual energy 
to reach energy of steady motion 

u, V, w welocity components along 
the coordinate axes 

V water velocity 

Vas wind velocity at the watèr surface 

7¾ mean velocity at channel bottom 

7 gradient wind velocity 
6 
ya average channel wind velocity 

V formula characteristic velocity 
o 

7^ surface water velocity 

If weight of water volume 

X, y, s coordinate axes 

s0 water depth 

sog still water depth 

ordinate to bottom of basin 

jj« angle between surface and 
gradient wind directions 

n a constant 

Oy, n8 direction cosines 

ß angle of slope of basin botte» 

3f specific gravity of water 
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aj specific gravity of water at bottom 

specific gravity of water at surface 

^ mean specific gravity of water 

a constant s 
e average height of surface 

roughness elements 

ß a constant 

jU coefficient of viscosity 

-¾) coefficient of eddy viscosity 

& *lr density 

water density 

frictional force between water 

^ and bed 

tangential stress of wind on water 

surface 

components ofZj along coordinad. 

' ^ axes 

(p latitude 

^ a constant 

angular velocity of earth,s rotation 
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K. TOID TIDES 

1. Introduction! 
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The free surface of an undisturbed body of water will form a level 
surface. This assumes the only forces acting are uniform atmospheric 
pressure, a constant gravity field, and the rotation of the earth. 
Several factors may cause a water surface to depart from this level 
position, including tides, seiches, changes in atmospheric pressure, 
rain, and winds. The last named factor is the one of interest in this 
section. It has long been known that wind blowing over a water surface 
is capable of generating oscillatory waves and at the same time of 
inducing a surface current in the general direction of the wiru move¬ 
ment. These phenomena result from tangential stresses at the water 
surface between the wind and water and from differences in wind pressures 
on the windward and leeward sides of waves. A uniform wind force of 
constant direction acting over a homogeneous water volume of infinite 
extent and finite depth on a non-rotating earth would eventually reach a 
state of equilibrium in which the wind force at the water surface would 
be balanced by the frictional drag produced at the bottom by the currents 
moving in the same direction as the wind. However, in the more realistic 
case of finite extent and depth, the surface current would produce a piling 
up of water at the leeward side causing a return flow along the bottom. 
This return flow would result from the hydraulic gradient existing between 
the leeward and windward sides and, in a steady state condition, would 
volumetrically equal the surface current transport. The deviations from 
a still-water level surface elevation caused by the transport of surface 
water and the consequent greater head developed to overcome the resistance 
to return currents in the lower layers have been designated wind tides. 
Strictly speaking, then, wind tides are deviatiom> of water level above 
or below the normal or still-water level; however, for practical purposes 
the more important are those wind tides which raise the water level. In 
limited bodies of water such as lakes, rivers, bays, and seas, wind tides 
have been measured and found to vary from a few inches for light winds to 
several feet in extreme cases involving hurricane winds. In general, wind 
tides produced in shallow water will be higher than those in deep water 
because of the greater resistance encountered by the return flow currents. 

The distinction between variations in water levels caused by seiches 
and by wind tides should be emphasized. Seiches are standing waves having 
free oscillations of a period depending upon the horizontal and vertical 
dimensions of a closed or partially enclosed body of water (Sverdrup et al, 
1942, IK-47). These long waves may be caused by variations of wind forces 
acting over.a water surface, by differences in atmospheric pressure, and 
possibly by impact forces due to rain. Having once been generated by an 
external force, seiches may continue for a considerable period of time, 
being acted upon only by gravity and frictional forces. Seiches become 
most pronounced in deep bodies of water with uniform bottom contours, 
where frictional forces of the oscillatory motion are minimum. Amplitudes 
of seiches have been measured from a few inches to several feet and have 
been found to occur in practically all lakes (Hellstrom, 1941,, IK-22). 
Periods vary from little more than one minute to several hours. Two 
early papers containing descriptions of seiches and numerous observational 
data are those of Harris (1907, pp. 467-482, IK-19) and Honda et al 
(1908, IK-25). Defant (1929, IK-ll) developed a method for computing 
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periods,, ■vertical dis placements t and nodal line positions of seiches in 
lakes and bays of any shape« Patton and Manner (1932« IK-38) reported 
seiches occurring even along the open coast of New Jersey« apparently 
due to the bay—like shape of the Atlantic Coast in this general region« 
®hile seiches may be induced by winds« it should be realised that they 
are a rhythmic« oscillatory motion« whereas wind tides result from a 
direct piling up of water along a shoreline ahead of a wind and continue 
as long as the wind force exists« Both phenomena may occur together« 
causing the water level to be either higher or lower than that produced 
by the wind tide alone« depending upon the orientation and period of the 
seiohe. 

To avoid possible confusion a distinction should be made also between 
water level variations due to'atmospheric pressure and wind tides« Normal 
atmospheric sea level pressure is approximately tB«92 inches of Mercury* 
while over any given expanse of water this pressure will deviate from 
this value as a result of the* cyolonlo and anticyelonic systems existing 
in the atmosphere. If we assume a static condition of pressure distribution 
over a given area, that portion having a greater pressure than the mean of 
the area will cause the water surface to be depressed, while that portion 
having a lower pressure than the mean will be elevated« The total pressure 
above any given submarine level will be constant and will be composed of 
the water and atmospherio components above that level« Under ordinary 
meteorological oonditions, atmospheric pressure varies by only a small 
fraction of an inch Hg, so that the variation of water level is usually 
a small amount« Even with extreme pressure gradients, as are sometimes 
found in hurricanes, the gradient may equal only one inch Hg in 100 miles. 
Thir would correspond to a water surface difference in elevation of only 
13,5 inches, Actual storm oonditlone would tend to reduce even this 
figure because of storm movements and frictional effects, Hayford 
(1922, H»20} has studied this effect on the öreat Lakes and Ogura 
(1926, IX»32} on the western part of the North Pacifie Ocean, The problem 
of a lag between pressure changes and sea levai changes was treated math¬ 
ematically by Proudman and Doodson (1926, IK-41), and recently Uhokl 
(1960, Ifr-61) showed that variation of sea level lags behind that of 
atmospheric pressure on aoeftunt of resistance notion on sea water, 
Hellstrom (1941, pp. 18-21, IK-22) presented a straightforward analysis 
of the static case. In relation to wind tides the water variatic# due 
to atmospherio pressure is generally of a smaller order of magnitude. 
Where situations are discussed hereinafter involving pressure differences 
over a body of water, corrections.have first been applied to eliminate 
this effect before computing wind tidal heights, 

Xa connection with shore installations or landing operations, wind 
tides are capable of vast destruction, This is particularly true in 
regions experiencing storms with high wind velocities, suoh as hurricanes 
or typhoons. Specific examples will be included later. About the only 
beneficial purpose that wind tides can serve is that of maintenance of 
harbor channels. Brown (1928, IK-8) mentions this point when he says, 
"into bays or lagoons connected with the sea by inlets the waters driven 
by the wind penetrate and accumulate, They then escape, when the wind 
has changed in intensity or direction, This prqduees in the inlets a 
powerful flushing effect or scour, which is very beneficial in the mai.i- 
tenanoe of depth", It is dubious, however, whether small wind tides, 
occurring frequently with ordinary coastal stoma (Todd and Wiegel, 1951, 
IK-60), are effective in this action, The effectiveness of large wind 
tidal action on the ether hand is overshadowed by its relative infrequency 
of occurrence, ^ 
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2. Theoretical Studies of Wind Tidest 

Any analysis of the subject of wind tides involves several different 
varables. These include wind velocity, water depth, energy transfer 
wind to water, and stratification of the water volume. In con£j°tion with 
these factors, assumptions must be made regarding the ilow conditions and 
viscosities ai and near the air-water boundary. Although investi¬ 
gators have studied this subject or problems closely a s 

the relation between winds and surface currents, only Hellstrom (1911. la / 
«p.”î to ï.™Tl*.n ais attrition to all of the phase. InTolwed. frequsnt 
reference will be mad. to Hsllstrom's work! n.T.rth.l..s. o.rt.ln lnT«tl- 
gators with a more limited scope have gone more into detail oa 
the subject and therefore their contributions are important, m this section 
an attempt will be made to summarise the approaches and results of the 1 . 
ing theoretical studies relating to wind tides. 

Relation of Winds to Surface Currents 

The surface drag exerted by wind on an ocean aurfaJe , 
surface current in the upper layers of the ocean. Because of the deflecting 
force of the earth»s rotation, however,.the ^^ ¡Jirection diners from 
that of the wind direction. Ekman (1905, IK-M, 1906, IK-15, 1928, IK-16) 
was the first to analyse this problem, and his contributions to the knowle g 
of surface drift currents are still the basis of present-day studies. 

If u and V are the horisontal velocity components of the water current 
parallel to the x- and y-axes, taken with the y-axis 90 left of ^ 
and the s-axis is taken positive downward from the water surface; then the 
tangential stress of the wind on the water surface may be defined as 

s”o \ seo 
s 0 (IK-2.1) 

where-J is the "virtual ooofficient of viscosity", as defined by Ekman. 
This coefficient corresponds to the presently 
viscosity. Taking the simplest case of wind and earth rotationa! forces ^ 
only, *nd starting from the equations of motion for an incompressible flui , 

Ekman found 

V w e "R* cos (46° - as.) pW 

= Vsw e “ftz sin (45° - as) (IK-2.2) 

Ts 

yäV^w U)sin^ 
where V is the absolute velocity of the water at the surface, /w is the 
water dlïsity, u) is the angular velocity of the earth, and ÿ? is the latitude, 
»Pu-s • Am A a 4* A Afl The quantity, a, is defined as 

* a + rrffy, (IK-2.5) 

If the wind velocity and hence the tangential stress of the wind, is 
directed along the y-axis as is indicated by equations (IK-2.1), then it 
follows from equations (IK-2.2) that the drift current at the surface will 
be directed 45° to the right of the wind velocity in the Northern Hemisphere 
and 45° uo the left 5n the Southern Hemisphere. Actually the angle is 

180 

RESTRICTED Security Information 



Itwiniiwiiiiiwwiiiiwwr 

4. 
t*n*,..uu— RESTRICTED Security Information 

slightly less than 45° between the surfaco current direction and that of 

the absolute wind velocity, but since the water Telocity is generally 

much smaller than that of the wind (of the order of 2%), the error can 

be neglected. With increasing depth it can be seen that the angle 

increases uniformly and the Telocity decreases# This combination can 

be thought of as foraing a spiral staircase downward of smaller and 

smaller width and presents, in horiiontal projection, the familiar 

Elman spiral. This is shown in Figure IK-1, where the Telocity arnaws 

represent increasing depths, t • 0,^T/l0a, 3^/10a, ——, nT/*» 

Since the depth of the surface current continues indefinitely 

based on equations (IK-2.2), it is difficult to determine the exact 

extent of the wind on the ocean drift currents. However, because the 

current velocities decrease exponentially, ©man defined the depth at 

which the water velocity direction is exactly opposite to that at the 

surface, which has a magnitv Î# of only about 4% of that at the surface, 

as the depth of frictional influence, D. Thus, 

d = -Ç- =ir 
(IK-2.4) 

a> &N (fi 
One other important result’of Ekman's work was that integration 

of the currents with depth gives q* 

sx * 
£ (IK-2.5) 

where Sx and Sv are the mass transports of water in the two coordinate 

directions. tKus the resultant transport of water in oceans of depths 
greater than D is directed 9QO to the right of the wind direction. 

This phenomenon has important applications In the upwelling of col 
water along the coasts of California, Peru, Morocco, and Southwest 

Africa (Sverdrup et al, 1942, IK-47). 

©«man further treated the case of currents caused by a horiiontal 

pressure gradient in water and the earth's rotation. This involves the 

more practical case of a wind current encountering a continent 

causing a slope in the ocean surface to be created. The vertical com¬ 

ponent of the slope measured from the normal water S^._Vl+. 
the wind tide. The current near the bottom is directed 45 to the right 

of the gradient, and above this the angle of deviation and velocity 
increase with height. This bottom current is limited to the diatanoe 

from the bottom in which friction is effective, similar to the depth of 

frictional influence below the surface. Above the bottom current, 
water flows with almost constant velocity and at right angles to the 

gradient. In depths greater than 2D, it is therefore ooss^ble to 
distinguish three different currentb. a bottom current (assumed to be 

of depth D), a midwater current of uniform velocity, and a surface 

drift current of depth D. 

In the case of an enclosed sea, the total flow in any direction 

must be tero providing a steady state has been established. Ekman 
computed the directions and velocities of currents for various depths, 

assuming the depth of frictional influence at the bottom to be the 

same as that at the surface. Letting t0 equal the total water depth. 

Figure IK-2 shows the currents for three different depths* 2.5D, 

1.26D, and 0.5D. Only the end points of the currents are shown and 
connected by a curve. In each case point 1 is at the water surface, 
point 2 is O.U0 below the surface, point 3 is 0.2to below * 
etc. The current vector for any given depth would consist of an a 
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from the origin to the numbered end point on the ounre. It should be 

noted how nearly the slope of the water surface coincides with the wind 

direction, regardless of depth. Thus, although the currents may deviate 

considerably from the wind direction, the earth’s rotation has only a 

small influence on the direction of tho gradient in an enclosed sea. 

Similarly, its influence on the magnitude of the water rise is not 

large, tending to reduce it only 0«02 for iQ • 0.5D, 0.23 for z0 ** 

1.25D, 0.29 for z0 • 2.5D, and 0,33 for zQ infinite. 

Of importance in the subject of wind tides, is the depth of friction¬ 

al influence as defined by Ekman. It can be seen from Equation (IK-2.4) 

that D varies with latitude. Based on the previous derivations, Ekman 

shows that the slope of the water surface with the wind velocity now 

parallel to the x-axis is 

Jls. _ J- 
dl £ 

where g is the acceleration due to gravity. Using this equation and 

observational data from a storm on the Baltic Sea during November 1872 

(Golding, 1881, IK-ô), Ekman found that 

^ - .032 Vas2 (IK-2.7) 

where Vas is the surface wind velocity in mps and is expressed in gm 

per cm per sec2. Using this equation and certain approximations, the 

relationship between D and Vas results as 

where D will be in meters. From this equation the following approximate 

values of D may be obtained> 150 m at latitude 45° with Vas » 17 mps, 

60-70 m for Vas 7 mps, and 40 m for V ■ 4.5 mps. Although information 

as to the bottom friction layer is lacking, it may be assumed that its 

thickness is of the same order #f magnitude as the surface layer. 

b. Wind Tides Assuming Laminar Motion» 

Equation (IK-2.6) can be derived from another approach using 

an assumption of laminar flow conditions. This assumption does not agree 

with observed flow conditions, however, the results will be compared later 

with derivations assuming turbulent conditions. This derivation, from 

Hellstrom (1941, IK-22), is based on an analysis of acting forces. 

Consider a vertical element of length dx and unit width resting on a 

horizontal bottom with an origin located as shown in Figure IK-3. The 

wind and current directions are taken along the positive x-axis. The 
forces acting on the element (see Figure IK-3) include W, the weight of 

the water;'C dx, the wind force on the surface; water pressures, p. and 

p2; shearing stresses F. and Fg; the reaction at the bottom, Rj end the 
bed friction, dx. The sum of components parallel to the x-axis gives 

dX + Pl - p2 + ^ dx = 0 (IK-2.9) Q 

(IK-2.6) 
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By replacing and p£ with 

g Zg2 and p£ -(1/2V# e (*0 4- d»0)2 (H-2.10) 

and disregarding higher order terms, we get 

(IK-2.11) * /# g *o !r ’£• 

If the gradient of the water surface is small, then P. ■ F,; and thus, as 
a corollary, it follows that W = R. Taking moments aoout the origin gives 

£. dx (zQ 4- d!o ) w ^ p dx , z0 « â/V, ■ 0 ir- ) ^ W T R T ^ P1 -T" “ P2 0 1° 0 - F2 dx= 0 
3 

(IK-2.12) 

From this expression the surface gradient can be obtained, which results 

in the following, neglecting higher order terms. 

dzn » 2^, *0 S 
cGc" 

2 
^2 (IK-2.13) 

Now only the side shear F, remains to be evaluated. Considering forces 

F_, Fv, and F parallel to the coordinate axes acting on a small plane * *y-f MUVA JC WU Vilw VAX&XOl WO «-A.V» ù Mil a amcxxx pxouxv 

surface with direction cosines n^, ny, and n^, we have for viscous incom¬ 

pressible flow at constant temperature 

Fy * -pny Ïtï -vly ^ +15] ] 

«-¡«r (¾ +|r ] t^”y ^ +K] + ^|r I 
(IK-2.14) 

where^^ is the coefficient of viscosity. Following the previous assumptions 

of flow direction, v = w s 0. If the plane is considered as a vertical side 
parallel to the yz-plane, then the direction cosines are n^ ■ 1, « n^ ■ 0. 
And finally, since u is independent of x and y, we have that 

* 0 and 
aO 

ay (IK-2.15) 

Equations (IK-2.14) now reduce to 

F_ = -p 

F.,, 

F, 
) 

(IK-2.16) 

’/«Sr ] 
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Hence F2 becomee the integral of F^, and 

■ 
(IK-2.17) 

Since u is independent of x and y» 

- du 
ïïz 

(IK-2.18) 

so that equation (IK-2.17) reduces to 

F- s v2 s ^ ïaw 
(IK-2.19) 

where V is the surface water velocity. Substituting this value for F2 
in equation (IK-2.13), we get 

2 V» dz0 « ¿ÜL rn 2 Jj vsw 
/ZÇg^o ^tz^- 

(IK-2.20) 

To expre.a th, surr.« «»t.r .l.p. in ten», of the wind*«,., dopth, it 
L nocoaswy to obtain an aipreasion for VJW in term, of rtn a 
¿“.tro. doe. this baaed on th. aaanmptlon that the 
exactly in the wind direction—which cloaely approximatea tha dy^ 

by Btaan, particularly where «> la ««U («. Fig-are IÏ-2). Ih. 
result is an expression identical with equation (IK-2. ), 

dlo „3 'C B 
7 

and Ü2. 
rgio 

t( IK-2.21) 

having previously derived the velocity components in the fora 

u - <£& i!° ( ii - 'o a) + % 
// ST ) 

V a /^6 ago Í 
Jt d* ( 

* ) 
) (IK-2.22) 

Î - 8° 0 ) 
) 

Where z is measured positive upward from the bottom; Hellstrcm inserts the 
Ilope values from (IK-2.21) in the equations (IK-2.22) with the resu 

u ■ 8<^s — i2 - a 
Z/< (IK-2.23) 

V s 0 ) 

It can be seen that the velocity is greatest at the surface (z = zQ), and 
equals 

V - & *? (IK-2.24) 
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Por z 
of 

a o and z = 2/3 zQ the Telocity is zero and has a minimum value 

(IK-2.25) 

for z s l/Z z0. The curve of velocity distribution with depth is 
parabolic and is shown in Figure IK-4« Using the value of VaW found ¿¿ax a uu x ¿.is nuvx xo - » --o - - gw 

in equation (IK-2.24), the surface slope in general terms becomes 

dz. 
3T 'Vftii— (IK-2.26) 

where is a constant equal to 3/2 for this laminar case. 

It is worth noting that if the slope of (lK-2.26)be introduced 
in equation (IK-2.11), then 

B (IK-2.27) 

This means that the bed friction in this idealized case would equal 
one-half of the wind stress at the water surface. 

It is well to emphasize that the equations presented here by 
Hellstrom are based on laminar flow. No account has been taken of 
turbulent motion, which In fact exists in almost all cases. Thus 
equations (IK-2.22) show the velocity components as directly 
proportional to the gradient, whereas it is well known that the 
velocity varies as the square root of the gradient. Because of 
this no close agreement can be expected between theoretical results 
and empirical data, hence the case of turbulent motion must next be 
considered. 

c. Wind Tjdes 'Assuming Turbulent Motion 

The previous laminar case treated the coefficient of 
viscosity as a constant for any given fluidj it being a molecular 
property of the fluid. This may be replaced by the eddy viscosity, 

■j) t •which combines the molecular and turbulent motions of the fluid. 
This term agrees with Ekman’s virtual coefficient of viscosity. The 
eddy viscosity may vary with the motion and is not a physical property 
of the fluid. No exact values have been computed; only the order of 
magnitude is known (Sverdrup et al, 1942, IK-47), Using this eddy 
viscosity and following Elman's definition, we may define the wind 
stress as 

m) dV 
(IK-2.28) 

where dV/dz represents the shear of the observed velocities. It is 
evident that the eddy viscosity will be a variable and depend upon 
the size and intensities of the eddies in the turbulent motion. 
Because of the greater motion and transfer of momentum Involved, the 
eddy viscosity is normally many times larger than the coefficient 
of viscosity. 
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Taylor (1915, IK-48; 1916, IK-49) studied the problem of wind stresses 
with turbulent motion in the lower layers of the atmosphere, -e reasoned 
chat the wind blowing over the earth's surface is dynamically similar to 
that of a fluid flowing over a small, slightly roughened pla*e in a labora¬ 
tory experiment. Using this idea he suggests the empirical relation 

V* V' as 
(IK-2.29) 

wher. «„ is the surface sheering stresa per unit ere.j k Is e nind stress 
coefficient!A, the air density, “ija..'«« . 
rfrth the componente off, designated and along the horizontal are. 
and the gradient wind b lowing elong the x-eils, toylor expressed equation 
JK-2.28) as 

sx «J ( du ) 
^ ( ïïz )s«0 

and sy |t-0 (IK-2.30) 

where z is measured positive upward from the surface end with the assumption 
that V is constant with height above the surface. Substituting these 
expressions in the equations 

i£! z»0 
2tnn#<. 
1+han 6 yip 

1 S’ ]z» 
2tan 

(IK-2.31) 

® “ 14- tan^* 

which are derived from the equations of motion (Lamb, 1932) where •< ^ 
is the angle between the surface and g radient winds, Vg is the gradient 
wind speed, and H is the height of the gradient wind ISvel; the result is 

= 2%) V, sin* 3/4^gj 
(IK-2.32) 

Replacing by its value in equation (IK-229), the constant k becomes 

k.J^iL am* »Affy* 1L 
^as' V«-2 

(IK-2.33) 

Using this expression and pilot balloon data obtained by Dobson 
(1914, IK-.2) on Salisbury Plain, Taylor computed the k-values shown 
in Table IK-1 for three different wind speeds, taken at an elevation 
of 30 meters. 
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Table IK-1—Values of the wind etress coefficient, k, for various 
wind velocities- (after Taylor). 

Winds Vas 

m/s00 

Tt 
nv/sec 

craps' 
l^pn-sec 

#4 

Deg. 

H 

m. 

k 

lion - dimens i onal 

Light i.3 4.6 28x10s is 600 0*0023 

Moderate 5.9 9.1 60x10s 21.5 800 0.0032_ 

9.5 15.6 62xlOS 20 900 0.0022 

The k-values of labl. U-l appaar to haoono «I«*1“ 

of th. wind speed, appear, to be «rifled by the,a empirioal data. 

Other inveatlgators ha« computed mind .trea.a. 
their results should be gi«n for oompjr.ti« purposes. Palmen 
Laurila (1938, IK-37) found the wind stress to be 

(IK-2.34) 
8 -0024 Vas2 

while Sverdrup et al (1942,IK-47), give 

.0026 ft 'as (IK-2.35) 

(IK-2.36) 

and Hela (1948, IK-21) found in the (talf of Bothnia 

# a - -0019 /¾ Vas2 

These .results all agree well with Taylor’s filings, so that a reliable 
expression for wind stress on water appears to be known. 

One of the chief limitations of the previous work by T^1^ Js that 

the eddy viscosity is assumed uniform with height. +i.a water 
^rticulallv important in the zones immediately above and below the water 
surface where the eddy viscosities must change by definition as the 
boundary is approached. Fjeldstad (1929, IK-17) investigated thevari- 

eddy Si.co.ity with water depth. He suggests a decreasing eddy 

viscosity with depth expressed by the relationship 

V . V0 I 8 + * I n (IK-2,37) 

whT. V is the eddy viscosity at the surface, d is a very small PO»^iv® 
nrmatant °n is a positive number less than one, and i is measured positive 
upward fkm th. bottom. S«rdrup (1929, IK-46) found «>1. • 
g^î sgr.ms.nt with obs.rTatlcns wh.u n - 0.5 ;nd d 1, so small ttat th. 
fddy viscosity at the bottom becomes at least 100 times smaller than at 

2 m above the bottom* 
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Several studies of wind tides have been made by Palmen (1952a, TK-34j 

1932b, IK-35î 1936, IK-36), some of thon concerning equation (IK-2.Ó.;. 

Using tliis relationship he found the water surface slope approximates 

dz0 
7BT 

(S-n)rB 
2^gt0 (IK-2,38) 

This corresponds to slope equation (IK-2.26), based on laminar flow 

conditions, if n = 0, leaving the constant f - 3/2. 
(V ■ 1.25, It can be seen that the surface slope here depends only 

upon the variation with depth of V and not upon its absolute value. 

Prandtl (1932, IK-40) and von Karman (1930, IK-55) developed an 

entirely different solution to the problem of a variable eddy ^ 
based upon the idea of a very thin skin friction layer iranidUteiy above 

the surface. This frictional layer was taken to be so thin that motion 

within it would be controlled entirely by frictional drag. Thus, the 
horizontal forces of pressure gradient and deflecting forces could be 
neglected and the frictional drag per unit horitontal area within this 

layer would be constant in intensity and the direction must coincide 

with that of the. surface wind. Within this layer Prandtl assumed a 
mixing length,¿ , which has a finite value at the jurface and is a 

function of the distance from the surface. Expressing this relation as 

^ ■ A (s +& ) (IK-2.39) 

where A is a non-dimensional constant, z is the distance from the water 

surface, and <f is another constant. -H the surface then, 

S "U (IK-2.40) 

and A. according to Prandtl and von Kantian, has a value of 0.38. Based 

on channel tests of Mid grains for surface roughness, Prandtl gives 

¿ = 4r (IK-2.41) 

wheie d is the average height of the roughness elements. 

Using these theoretical concepts, Rossby (1932, IK-43) and Rossby 

and Montgomery (1935, IK-44; 1936, IK-46) applied them to the problem 

of wind tides. The wind stress may be given as 

«.■&/* [tH 2 
Introducing equation (IK-2.39) for^ , we obtain 

*,./% a* (, -hf)2\*£i)2 

(IK-2,42) 

(IK-2,43) 

which when integrated yields 

'as ¿Hr -MyH 
188 
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Solving this forí'g giT** 

¢. * a l/np: I * T“ 
Ihi. result comp«, with that of Itylor’«. »I»»«“ (IK-2«29), if hi. 

"brisci“ 
Roesby «.d Jfont6om.ry (19S6, IMS) “‘i 

^oX.ñd ÎSr.o0Æ' «s r equation (^2.«) 
they found the depth of the drift current, h, to be 

h ■ 3 k. Tí V 
(H-2.47) 

where k i. a non-dim.n.ion.1 oon.tB.t, f 1. the Oorioli. ,^4 V f ^ surface ^current reloolt^a. ^ ^e« the - 7,. 1. ïhe surface current relo^ty» ^ ^ ~ theory, 

^ÄÄ(a4t^£o Ä -face drift enlooity to 
the wind velocity, known as the wind factor, to ho 

'sw 
rçj 

.IE. (IK-2.48) 

where all aymboleara ai 5"^'fJ1J1j5ÎJjJd(M.*Irtl.ï^î), 1¾ « 0.12, 
l^ri‘X>w - 1*026' equation^(r¿-2.48) five, a -iSfactor 

of 0.0119. 

This value for a wind factor m^y 
rS&w^Är^Ä^-in tonna of latitude. 

.,,.y ..... , ... .■ a ..A...,...^..,u.h- 
.. . -c. ...: .„Ú.,.^¿3^- :. n : o^iiLA,,.. : 



rmation 
Investigator Wind 

factor 

How or where 

determinjd 
Source 

Ekman 

Durst 

Palmen 

von Arx 

Chatley 

.0178 

.0112 

.0171 

.03 

.035 

Theory 

Meteorological 

charts 

Gulf of Bothnia 

Bikini Lagoon 

Theory 

Ekman (1905) 

Durst (1924) 

Palmen (1931) 

von Arx (1948) 

Chatley (1950) 

Although the values agree reasonably well, Kosaby and Montgomery 
expressed the opinion that the values they presented agree largely by 

coincidence. They based this on the fact that the results come from 

many different sources and methods of observation, as indicated in 

Table IK-2. Nevertheless, for practical purposes, these results indi¬ 

cate that surface current velocities generally equal one to three 
percent of the average surface wind speed. 

Hellstrom (1941, IK-22) derived an expression for the slope of the 
water surface similar to that for laminar flow, equation (IK-2.26), but 

bàsed on turbulent motion conditions. Beginning with the Euler-Navier 

equations and introducing the eddy viscosity, V , in place of the 

coefficient of viscosity, , the first equation takes the fom 

(IK-2.49) 

where is the component of the extraneous force along the x-axis. The 
bottom “friction may be expressed in a form first suggested by Boussinesq 
(1877, IK-lî 1897, IK-2) as -fafa jr H 

B 
a Vb2 (IK-2.50) 

where B is a constant depending upon the nature of the bottom surface 

(Boussinesq dealt with wide, open channels of constant depth and gradient) 

and Vb is the mean velocity at the bottom of the channel. Then putting 
the eddy viscosity equal to (also from Boussinesq) 

^ S TB Zo Vb (IK-2.61) 

where ¿9 is a constant depending upon the nature of the fluid. At the 
water surface, where z * z0, the shear becomes 

d? (IK-2.62) 
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Equation (lK-2«49) can then be reduced to 

(IK-2,53) 

where 

Although Q and B may vary over a wide range, it can be seen that V' remains 

nearly constant. For example, as O' —^ 1 and as 1 and as S'fî—*'**» 

y—> 3/2. Equation (IK-2,53), based on turbulent flow conditions, expresses 

the slope of the water surface in the same form as equation (IK-2.26) does 
for laminar motion. Therefore, the derivations based on laminar and turbulent 

flow conditions give very nearly the some results for the wind tidal water 

surface slope. 

Having developed equations for water surface slope due to wind stresses, 

Hellstrom applied these to idealized basins of given shapes. He first con¬ 

sidered a basin with a plane, horizontal bottom of length, L. Introducing 

a system of coordinates to represent the equation'of the water surface in 

cross-section, let the x-axis parallel the wind direction and let the z-axis 

be positive upward (see Figure IK-5). Designating the ordinate to the water 

surface as zQ, equation (lK-2,63) then expresses the slope of the water 

surface. Integrating, we get 

(IK-2.55) 

where C-, is an integration constant. The water surface thus has a parabolic 

shape as shown in Figure IK-5. If the calm water depth is z03, then the v;ind 

tide may be represented by s, where 

Substituting this value in equation (IK-3.55), we get 

If the depth is large in relation to the wind tide, m may regard the depth 

as a constant under the influence of wind and equation (IK-2.53) becomes 

‘o • - * + C2 

f w 6 *os 
(IK-2.58) 

where Cg is another constant. From this we get 

IPI 
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and 

"fjfer K-^ (IK-2.60) 

In thia case the water surface assumes a straight line and the wind tide 
at the ends of the hasin has the walue 

• *±»>Ci_L 
vh* 

(IK-2.61) 

os 

where the slpi depends upon the windward (-) or leeward (4-) ends of 

the basin« 

The second basin that Hsllstron analysed was one having a pi“«» 
sloping bottom. The coordinate system and symbols previously used will 
Ta repeated, and s,, the ordinate to the bottom of the basin, will be 

added. let 

tany£ • Ü 
(IK-2.62) 

so that equation (IK-2.55) becomes 

ds. 
t. a 0/¾_ 

** ’ figt (so-3rta^/) 
Integration gives the following equation for the water surface 

(IK-2.63) 

4- 05 » 
(IK-2.64) 

where Ce is a constant that can be solved for by a trial-and-error 
. .. ® va>a(i -n the faot that the water volume remains constant. 

For C, ■ 0, it oan be seen that the surface becomes plane and Parailel 
. ..5 v_**ani Wh«w c» S 0 the surface is convex upward, and when 

Figur. rX-6 illu*trates a typical 

case of Cg^O. 

rw,, of the more recent theoretical studies of wind tides has been 
. Tmwa—Vaai. (1949, IK-29). He derived wind tidal expressions by 

methode similar to those of Hellstrom and applied them to specific 
^t^odif. H^tan^lar and elliptical lakes and converging channel. 

^ “Slud.d that wind tld.. ar. of almoat .,u.l magnl- 

tudes in the »^otadgular and elliptical cases. 

The discussion heretofore has neglected two factors ^ 
.«ir« of oomoleteness, should be mentioned. These are the effect of 

pi homogeneous water body and the time relationships in developing 
non-homogeneous wawwcytor ^ ^tiare water exist, in 

stratified* layers due to temperature and/or salinity variatiQns.whie 
««r if“«!. int.r.at.d in for.oa.tlng wind tld.. 

or is dealing with a variable wind force. 
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Hellstr<n h« lOT..U6.t.d ^ 
Unee .1.11« to ths ÏTf™"'Â Sited eppUc.tlon. 
of the Complexity of the derivati 8pecifiC Ere.vity proportional 
thereof, only hi. result, for the ca.eo ^ t 3 pacific gravity 

^’fo «d1 VÂrindSÎS «loel respectively, then 

tf-Ti - .¾¾;.tk (IK-2.65) 

represents the directly ^^“S/S^StteSteSurfwe become, 
measured ujsrard from the bottom. he slope 

d£( 

w (IK-2.66) 

where 7^m i» the _aV8raE* 8p®°^Í°o^the^g oftht water 
the parentheses is greater than ' _ oua ca8e. This statement is true 

r~s ä r » ¡.iSSmr 
sLväk ä r.Trx-Ä —- 
he higher in stratified water. 

’“•Vf” ‘b'tÎTw STimfÄ" SX’.“ 
Xa^XXoflcSirby - = X, /. SO thet for 

(IK-2.67) 

(IK-2.68) 

E ■ E , t 

Then the actuel enersy could be expressed by the fora 

E' • (1 - «f t’rjj 

:“ríyVo\XTheT™SlXStfoSrern:S™crfSá^roíion. 

îhisSm. may b. eiten 1» i^S™1 f0™ M 
C“ ^ H 

¿ J J ^dxdt^ T s2dx / (IK-2.69) 
6 « (D i J 

0 . .. . ..m. . a constant 

(IK-2.70) 

X s« :r«d L^X/,rx.4iS »-oX 
reduced to 

ra - i*fR *OS Vsw .A_ 3 7« Id 2_ 

ilgf. +îî Wv 
Usine this equation and '^“^“““S^iStSwSped at tíme» 
approximately 9c^ of the steady t f«,8tim.tes of time required 

f« »iS uSs'“ rUc“ e6.X state i/o deep ocean 200 ra lone. 
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H. calculated, for axampla, that hufrloana »lad, orar •“‘J" 

S*adTÄ « Ä 
water ln on^ 4 5 ^. »ae^tioaal.dat. t. 

b!*LÎÎÎ í I flíit app?oSStlon, particularly ln rclatlraly «hnllc» 
w.t“ .r;..f» »y 5. «.u».d that «ind tlda. rary directly .. th. 
wind force generating them. 

5. laboratory Inveatigationai 

THmrm aoDoar to be only two published results on laboratory Kiere appear uo oe o xy j * la fouIld ia Hellstrom's 
experiment, of wind tides. The^fi^ ^ ^ i#eoBd in a recent study 

¡^iKnwIn (1951 IK-27) o/the U.S. Hational Bureau of Standards. 
So 'aboratoS eqii^ent and result, will be briefly sunnarised since 
tòlse studied constitute the only controlled measurement, available 

on wind tides. 

Hellstrom used a covered glass channel 3 meters loy# 0.5 meter, 
high, and 0.12 meters wide connected to a fan at one •J'1* 
thf fan varying wind speed, could be created through the 
ranging from5 meters per second to 16 meters per second. The water- 
depth in the channel was kept between 7 and ïn 
levels were measured at different points by observing waterlevels in 
-lass tubes connected by rubber tubing to holes in the bo^°® 
channel. The pressure drop of the air current was "ensured wi^water 
level manometers and the air velocity by tneans of » small 
located halfway between the top and bottom of the channel. Before 
W^nfiSnteî the ~t.r c.Ubr.^d ^ th. .clccity 
distribution within the channel was determined, ioeperiments_ er 
performed with «Tying w»t.r d.pthc f 0ir„ 
Ing th. w.t*r eurfac. profil, »r. plotted end then fitted hy a curw 
«Ing equation (ir-2.26) with V, « >• «■'l*1'1* “4 t.J/tllJ 
•xnarimental ooints in almost all cares followed the theoretioal 
Äe'curS. v.ry clo.ely, Indlcrtlng .ro.Uent agremMnt. Fr» 
the values of T* found, Hellstrom wav able to relate this wind str 
to the air speed? measured In meters per second, by the equation 

tu - * ^as3 
(IK-3.1) 

I Cl) I 

U 1 

where m U a coefficient depending upon th. roughn.e. of the ater eurfoce. 
He found that m varied linearly with the still water depth, tog, as 

m 1.42 X 10-6 *og ♦ 0.7 X 10 *6 (IK-3.2) 

«V,«« . i. measured in millimeters. Thus as the depth approaches 
?hÍ rtad íír... ^nde to a conat«t «lu. a. th. «ter .urf.o. 

becomes a üLoth surface. H.ll.trjm>. experlaent. in general confirm 
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^ P-iou. 

“SuT(U-ll) 1. not ln agroomont «Ith jrartou. r.a.onlng-aquatlon. 
(lK-2*7) and (IK-2*29)» 

<K:rÄ r.^tWÄroüi « 
SS'Tnd ™ “Ä to .“ï^ir .t"oÄ and . Tanturl notai, at 

by simultaneous readings with an anemom .xj j Keulecan 
^jTtalnThia^ÂÂ ¿X 

îteM îîthSrt waves/ He^ound that by adding soap or a detergent to 
tte water^that waves would not fora in the channel no matter how high 
the wind speed* 

In the non-wave ease Keulegan found the wind tide slope could be 
represented by 

d*0 
TT 

• 3*50 X 10 -6 7m‘ 
g*os 

(IK-3.3) 

-w V is the averaee channel wind velocity. Keulegan also investigated 
the xttíb^àf surface current velocity to wind speed, previously e me as 
the wind factor, and found that the equation 

8ir s 7*6 X 10 "4 (Ysw zos| 
np 

(IK-3.4) 

,, , ., jn4.« wail for a Äevnolds number below 1000. Above that the 

» M.rfÄ 

J*g'= 0.00185 fa Tm 2 (IK—3.5) 

wv»<nh ia onlv slichtly lower than values found by Taylor ^916* IK“49^ 
Tsee^Tabl^re-l) and other investigators. These experiments, therefore, 
^ïfiîd thTprivSu. theoretical premises that the wind stress is 
independent of the depth and eddy viscosity of the water and are n 
agreement with fluid flow experiments over roughened plates. 

In the second case studied by Keulegan, wind tides in the presence 
of waves, the slope was found to fit the equation 

£ . ,.,0 - 10-6 ÿ, ♦ 1.00 X 10-6 §g>) M 1/2 
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whore V is a velocity defined as the "formula characteristic velocity". 

Keulegan discussed this velocity in relation to a minimum critical^ 

velocity for the formation of waves. That is, below a certain small 

wind speed tbo water surface is relatively unbroken by waves. Munk 
(1947, IK-30) also investigated this phenomenon. Keulegan found that 

the formula characteristic velocity to be independent of the channel 

length and related to the eddy viscosity by 

7° '21,0 rfrn ^ (um.o 

4, Wind Tide Observations» 

In an effort to determine empirically the relationship between 

wind stress and wind velocity, Hellstrom collected several sets of 

observations of actual wind tides. These observations, together with 

their source and persons responsible for them, are mentioned in the 

following paragraphs. From each set of observations Hellstrom computed 

a wind stress, using equation (IK-2.26) with ^ » 3/2, and obtained a 

wind velocity value which existed over the water surface at the time 

of the wind tide. He expressed the wind stress in units of kg per sq m 

as compared with gm per cm per sec2 used in results given by equations 

(IK-2.7, 2.29, 2.34, 2.35 and 2.36) of other investigators. 

a. lake Eriet 

In 1911 the Carnegie Institution of Washington began an 

extensive study of evaporation on the Great Lakes, ^n connection 

with this study Hayford (1922, IK-20) investigated water level 

variation phenomena, including barometric pressure effects, seiches, 

and wind tides. He not only collected and analyzed wind and water 

level data for wind tides, but also developed a formula for computing 

wind tides based on Chezy’s open channel flow formula. His derivation 

and results are not incorporated herein because of the marked disagree¬ 

ment with other investigators. Hayford assumed the transport of water 

due to wind stresses to be proportional to the wind velocity only, 

regardless of depth, which is contrary to the original concepts of 

Ekman. Hellstrom discussed Hayford»s trork and pointed out tho various 

discrepancies in Hayford^ reasoning as compared with his own. 

Of more interest are some of the wind and water level data curing 
storms on Lake ¡¡¡rie collected by Henry (1900, IK-23ï 1902, IK-24). 

Hellstrom analyzed these data and computed wind tides for the same 

periods. He compared wind tides at Anherstburg and Buffalo, on the 

west and east ends of the lake, respectively, to show the contrasting 

differences in elevation. Figure IK-7 ¿hows water surface profiles 

under the influence of east and west winds of 10 mps and ta “ °»02 
kg per sq m, the bottom profile, and an outline map of lAke arie. 

In Table IK-3 are listed the observed and computed maximum wind 

tides for several storms during 1899 and 1900. It should be noted 

that the sums of maximum wind tides observed at the two stations do 

not necessarily equal the maximum differences observed. This is due 

to a time lag effect, particularly at Amherstburg, which is located 

in a relatively sheltered position on the lake (see Figure IK-7). 

The wind stresses are computed for the maximum wind tides at the two 

stations and for the maximum difference between the two. The average 

of these three values is shown in the far right column of Table IK-3. 
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Table K-3-Wlnd tld., on W» Erl. durln6 atom, of 1899 and 
1900 (after Hellitrom). 

Date of Storm 

March 5, 1900 

March 6, 1900 

March 26-26,1900 

Dec. 12, 1899 

Sept.12, 1900 

Hoy. 21, 1900 

Peb. 24-26,1900 

Bind tide 
it Buff .ja 

0.43 

0,61 

0.37 

1.58 

1.72 

2.10 

0.36 

ind tide at 
Anherst.,m 

0.38 

0.66 

0.32 

1.49 

1.64 

1.99 

0. 32 

0.33 

0.43 

0.36 

0.92 

0.68 

1.90 

0.40 

Max.- 
Ln elev..m 

0.30 

0,39 

0.32 

0.86 

0.54 

1.81 

0.38 

rtiffforoTB Ay.whJ Wind 
▼el. latreM 

. YtJ*L 
0.71 

1.02 

0.71 

2.38 

1.82 

3.98 

0.76 

0.63 

0.92 

0.63 

2.22 

1.69 

3.78 

0.70 

JBBBj 

8.7 

12.5 

6.2 

11.8 

14.2 

18.4 

11-12 

0.021 

0.0S1 

0.021 

(0.074) 

(0.064) 

(0.122) 

0.023 

b. Lake Genevat 

Wind tid. <,b..rTation. wîli.^ën! “ 
Uto Q.n.Ta, dí£ ^dacómput.d rtnl .trae... of 0.030 1¾ ; 

ô^incraaaing . 

Ä^aln^d. «Tar. only apîroninat. b.o.ua. of th. rath.r 

crude Kind data available. 

», Hornborgat 

E.tim.t.a of wind atr... 'TJTT*' 
in aouthweatern Sweden by Hells ^ m. Because of its 
end 2-3 km wide and has a depth ?^^iyfl°?^eU;ronoynoed. It is not 
extreme end of the lake, while at 
uncommon to ^ ^ J th; botton i8 exposed. According to 
the other end a large area 01 -+raas 0f 0.05 kg per sq. 
rSu¿ maaauramanta, Hallatron found a wind atr... of o.oo 6 P” 
m to b. d.Tolopad with a wind of 18 npa. 

d. North Sea» 

! rough ..ttn.t. of wind 

Âi‘l^‘.r.îï*n«rïh.*«rf.°.! h. oaloulat.d a «lu. of 0.0083 

leg per aq m with a wind velocity of 5 mpa. 
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•« Baltic Seat 

One of the earliest investigations of wind tides was that made 
by Colding (1881, IE-6) on the Baltic Sea. He collected observations 
from a large storm over the area during November 12-14, 1872. Hellstrom 
examined his comprehensive data of winds, wind tides, and atmospheric 
pressures and computed wind stresses of 0.115 kg per so m with an average 
wind of 28.5 mps and 0.07 with an 18.5 mps wind. 

f. Lake Okeechobee 

Probably some of the largest wind tides in the world occur 
during the passage of hurricanes over Lake Okeechobee, Florida. The 
impórtanos of this lake and the observational program now in progress 
liiere are discussed in a later section of this report; however, to 
complete the material of wind tide observations and wind stresses, the 
observations during two early hurricanes will be included here. 

Bellstrom collected information on the hurricanes of September 18, 
1926 and September 16, 1928, which passed over the lake. Exact data 
are scarce because of the destructive natures of the storms, particularly 
the 1926 storm. Water level measurements were obtained after the storms 
iron high water marks on trees, ridges, and levees. Figure IE-8 shows a 
cross-section of the lake and the water surface profile under the influence 
of a northerly wind during the first phase of the 1928 hurricane as 
computed by Hellstrom. The observed high water marks confina his computed 
surface curve at the south end of the lake. At the northern end the 
computations indicate an area several miles wide of exposed bottom. To 
verify this Hellstrom quoted from a letter by a resident engineer of the 
area as follows, "in reference to the bottoms of Lake Okeechobee on the 
windward wide of the storm which were exposed by wind effect, I have no 
accurate data. The duration of the first phase of the storm, which was 
from the northward, was much longer than that of the second phase, which 
was from the southward. People from Okeechobee City told me that persons 
had walked out on the bottoms of the lake a half mile or more and picked 
up fish which had been stranded by the recession of the water". This 
statement appears to confirm, at least qualitatively, the surface curve 
by Hellstrom. 

O 

Wind stress values of 0.24 and 0.28 kg per sq m at wind velocities 
of 87 and 39 mps, respectively, were found from the 1928 hurricane 
data, and a value of 0.17 kg per sq m at 31 mps from the 1926 storm. 

g. Summary of a-ft 

The various wind stresses mentioned in the preceding paragraphs 
are sunmarised in Table IK-4 together with the locations where the data 
were obtained and the corresponding wind velocities. In Figure IK-9 the 
wind stresses have been plotted against wind speed. The numbered points 
refer to the listing in Table IK-4. Hellstrom has drawn a curve through 
these points which has the equation 

Vn ■ 0.00037 vas 1#8 (IK-4.1) 
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based, as in all of his previous computations, on P ■ 3/2. This 
equation provides an empirical relation covering many localities 
and conditions between wind stress and speed. It can be noted th* 
this equation differs slightly from the original parabolic conception 
of the relation, namely 

r. « * f. V. (IK-4.2) 

However, 
empirical 
one. 

only further wind tidal data can determine whether the 
relation should more closely conform to the theoretical 

Table IK-4—Svmiaary of wind stress and wind velocity values 
from various locations (after Hellstrom). 

Location 
lefbrence 
Humber 

Wind velocity 
mps 

Wind stress 
g/m^ 

TOST 

0,031 

0.021 

0,023 

0.116 

0.07 

0.030 

0.048 

0.084 

0.06 

0,006 

0.24 

0,28 

0.17 

Lake Erie 

lake Erie 

lake Erie 

Lake Erie 

Baltic Sea 

Baltic Sea 

lake Geneva 

lake Geneva 

Lake Geneva 

Lake Bombo rga 

North Sea 

lake Okeechobee 

Lake Okeechobee 

Lake Okeechobee 

1 

2 

3 

4 

6 

6 

7 

8 

9 

10 

11 

12 

13 

14 

TT 
12.6 

6.2 

U. 6 

23.6 

18.5 

10 

18.6 

25 

18 

5 

37 

39 

31 

h. Gulf of Bothnia» 

Palmen and Laurila (1938, IK-37) collected extensive data on 
water levels in the Gulf of Bothnia of the Baltic Sea. xhe most 
illustrative features of their study were maps showing the contours 
of the sea surface together with the isobaric pattern of atmospheric 
pressure during a atom over the area. <kie of these maps, for 1400h, 
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r/.lîÂ:d ä ^ bsan corractad for variation« du« to atr.osphoric ?r««iura. A Z tZ Tt thi. map. . low prataur. cantar «a Ic^ad ovar th.^ 
Baltic Stataa Imnadlataly couth of th» map an» • , 5 30o ^ th, 
war. blowing roughly from waat to ajat at «angla 

i8ft «ï« «“"“’oit^ linea aw avarywhara abao.t 
n0.™nÂ?tô ï" surface wind direction. Thus. Etom'a original 
hvnothesis that the surface drift current and the water surface 
gradien^closely parallel the surface wind direction in- enclcsed 
shallow sea (which the Gulf of Bothnia approximates) is verified by 
these observations» 

23. 

5. Okeechobee Project» 

Tte Corns of Engineers, Department of the Army, has initiated an 

•xtonaive 
ment and study of wind tides, inis proj » „ authorised for 

ïî^’u^oM^obtîîS^1^^^»“ the intar-ralatlonahlpa batwaan 
ÍtadP™ltc*tia. . iind^da«. «d laia bottom topograplw tn ral.tlvely 
fallow inland laiaa" (Corpa of EnElnaara. D.S. Army, 
Pncant plan, cadi for tha « 

that^thl«0projact will gctann^aa^sn^faaiur.a^raproaantlngjai^y^nljl^“ 
* jniiArR in addition, data obtained from this project will pp 

fablf to rilaSd ^na^lng problems at Lai. Pontch.rtr.ln. loulalana. 
and to numerous other small lakes and coastal areas. 

Lake Okeechobee, situated in south-central Florida, has ^ »f•* 
of ™ a, mi.' It 1. a .hallow. •“Ä^n’1« 

S“ Äfl“ i^ri'north-aouth diradti«. «xlm- 

- -Id ^Ivaïr^« lal lullt 
in the naît around the entire south shore to a crown elevation of 32.5 
feet msl and for a portion of the way around the 
same height. A map of Lake Okeechobee is shown in Figure IK 11. 

The instrumentation setup on the lake in 1949 consisted of 
shore stations and three lake stations. locations of these are indi 
cated in Figure (IK-11). Th* typical shore station includes “ 
anemograph,^barograph, and water-stage recorder, for r®cordiug wi^ 
velocity, atmospheric pressure, and water ievei, reapeotively. 
lake stations, built on steel-girder pylons, include an jnemegraph, 
wave-height recorder, and water-stage recorder. All instrumen s 
battery operated and are visited weekly for servicing and collecting _ 
records, ^ince 1949 additional instrument stations have been installe . 

lAke Okeechobee is an ideal body of water for detailed wind tide 
investigations• It is large enough and unprotected by ,urrounding 
airain to be fully exposed to surface winds. Its geographic location 
ÎÎ«» « in tta «m^cf th. hurrlc«. bait. a. that It - 
Pl +.« winds. Its extreme shallowness makes it subject to 

of graatar maghltuda »«^would b. «parlancod by l^cc. 
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of comparable aise but of greater depth. During the period 1947-1949 

the lake experienced three major hurricanes, one in each of the three 

years. With the instrumentation on the lake during this period, 

detailed measurements were made of wind tides and meteorological 

conditions. The records of these measurements constitute probably 

the most precise and complete data ever available on the subject. 

Because of the interest in and importance of these data, the Corps 

of Engineers has published the results of these measurements for 

the three hurricanes in three project bulletins (Corps of Engineers, 

Ü.S. Army, 1950b, IK-8* 1951a, IK-9; 1951b, IK-10). Thus, the 

detailed measurements of wind tides and winds during these three 

major storms are available to all interested investigators. It is 

believed that when these data have been analysed, important new 

contributions will be made to the subject of wind tides. 

To illustrate the results of the measurements, a typical 

collection of data is shown in Figure IK-12. The water level 

elevations and water surface contours have been taken from Project 

Bulletin No. 2 (Corps of Engineers, U.S. Army, 1950b, IK-8), while 

the wind directions and velocities are from a special wind study 
published as Hydrometeorological Report No, 26 by the U.S. Weather 

Bureau (1951, IK-53). This figure represents conditions at 0100EST, 

August 27, 1949. The dashed arrows indicate the wind direction 

over the lake, and the short dashed lines are isotachs, lines of 
constant 10-minute-average wind speeds. The solid lines are water 

surface contours. The conditions shown in Figure IK-12 existed 

during the height of the hurricane and it can be seen that a portion 

of the lake in the west, which is marshy and very shallow, has been 

exposed by the wind action. Reports at this hour also indicate a 

large overflow from the lake occurred in the flat areas along the 

northwest side. A maximum difference in elevation of 11.5 feet in 

a distance of 20 miles existed between the western lake station 

and the shore station at the northern end of the lake. 

For the design of levees and shore protection installations, 

wave heights must be computed for maximum winds and added to wind 

tidal elevations. For example, using standard wave forecasting 

procedures (U. S. Navy Hydrographic Office, 1951, IK-52), O’Brien 

(1949, IK-31) has estimated a hurricane on Lake Okeechobee could 

develop waves 8 feet high. For coastal areas bordering an open 

ocean, this value irould be even larger. 

6. Conclusions t 

The various theoretical aspects of wind tides seem to be fairly 

well defined. Studies based on turbulent flow conditions, as out¬ 

lined previously, have indicated the relationships between winds and 

the water surface. Balloon ascents, model studies, and observations 

on water bodies have contributed empirical data for applying the 

theoretical results. Although discrepancies still exist between 

theory and observation, further studies should tend to eliminate 

many of these. Analyses of the Lake Okeechobee data and contemplated 

model studies hold promise for the future. The end result of this 

research, of course, is to be able to estimate wind tides at any 

given location for design purposes, and also to be able to forecast 

wind tides for military and civilian needs. 
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». u -H - pot- 

r/ÄTn.0!«.* "4í r..r* 
of observation or larger magnitude . j a heights along 

wind «a« *" .«hi«i^ ^ ,lopM 
coastal sones as well, particularly wn» trou§ tid, 

gr.da.lly »™y ieJ[S m com.otion with th. hurriaw. to,« ooourrwd ** S*l".ton, J.»., in^ ^ ^ ^ 

of S.pt«mb«r , . T cooat end was sxpoaad to tha full 
ialana paralleling the TaMa so a imm4at,d to a d.pth of from 
force of the wind tide. ^Tru«« 1900 IK-5) some 6000 
i* 90 f*et bv the high water (Cima, 190U, ia / . «ímíiar 15 to 20 feet oy b ^ of 38i000 population. A similar 
persons lost their J-iv«* J hurricane that struck the occurrence happened during the ISS^hurric^ ^ ^ uf# ^ 

‘~.dÄd ä-“«-r 
^Âlor“*^ Ä 
of wind tid.. on .ir h...a lo;nt.d ln ooastal son a hurri<¡tM> 

^ ^’^^tSTr.'ôoaîd h.« occurred at many other coaat.l 

cities or locations• 
j have been mentioned to stress their 

These wind tide! effect« “ ^ shore ins^.allations and 
importance in the d®8^ worka# For amphibious landing 
in the protection of existi 6 ja+B »nd personnel for the 
operations, adequate meteoro ogica ^ excessive wind tides 
detection of major storms ^ occurrence of a destructive 
become essential. The pro than in the common hurrioane 
wind tid. .t m Sîï notàiâtify ignoring it. 
belts, is usuaUy small, but tMs^d ^ cori8iderably larger 

SLÄriÄtmant ra^lrad for providing "minga »d 

protection against wind tides. 
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wind blowing along the positivo y-axis 
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FIG. IK*2 * Currant velocity curves for enclosed seos of different depths (after Ekman) 
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FIG. IK-7 Map of Lake Erie, showing bottom profile and wind 
tides with east and west winds (after Hellstrom) 
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HORIZONTAL 

• High Water Mark ? ^ 

VERTICAL 

FIG. IK-8 - Profil« of Lok« Okeechobee from north-to eouth during firet 
half of September, 1928, hurricane (after Helletrom) 
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FIG. IK"9 “ Relation between wind stress and 

velocity (after Hellstrom) 
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FIG. IK"lO “ Mop of Gulf of Bothnia thowinç 
isobars, mb, and water surface, contours, 

cm, at 1400h, 4 October 1936 (crfter Palmen) 
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OKEECHOBEE 
City 

LAKE 

OKEECHOBEE 

• Shore station 

k Lake station 

■ Mop of LoKe OHeechobee, showing locotions of shore and lake instrument 

stations for measuring wind tides. 
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L. TIDES 

1. Introductloot 

The matter of our planet morsa in response to the gravitational attraction 
of the other mambera of the solar system, principally the sur and moon. The 
atmosphere, the waters, and eran the solid earth itself are each subject to 
constantly forces as the earth spins through space. Barth and 
atmospheric tides however, are scarcely measurable and have been so over- 
shadowed by the import- .ce of the tides of the seas as to have been practically 
forgotten. This discussion will follow that example. 

On all seacoasta there is a rhythmic rise and fall of the water which 
is called the tide; associated with this vertical movement of the water surface 
are horisontaTmottons of the water called tidal currents. Together these are 
known as the tides. Little is known or cared about tidal changes in the deep 
water which niEs“up most of the Earth's surface. However, in shallow water 
near land where small differences in water depth are of importance to navigation, 
man's knowledge of the tides has reached a high state of development. Tides 
can now be accurately predicted long in advance for most of the navigable ports 
and entrances of the world. These predictions can be made because the water 
changes its position as the relationships in space between earth, sun, and moon 
changes relationships which are well known. A study of the tides therefore 
requires a knowledge of the motions of these three bodies in space which result 
in the tide-producing forces. A detailed study of these farces requires long 
and complicated mathematics which are beyond the scope of this writing, but an 
attempt will be made here to explain simply the major forcee which produce tides. 
For the complete mathematical treatment the reader is referred to the bibliography, 
particularly the work of Schurenan (Reference IL-11). The height of the tide is 
measured vertically from some fixed datum or arbitrary reference mark - usually 
the plane below which depths are given on charts of the area and usually reUted 
to mean sea level. Mean eea level is a plane about which the tide oscillates and 
ia determined by averaging- the tabulated hourly heights of the water over a 
period of eeveral years. A rising tide is said to be flood tidei at high-water 
the height of the tide remains constant for a short period of time and the 
horizontal water motions are small; this is high slack. After the tide has 
passed its peak, the water recedes and the level lowers as the tide ebbs; at low 
tide there is a low slack. The helaftt of the tide is the vertical distance 
between the water level and the datum plane. The range of tide is the difference 
in level between successive high and low water; it varies fron tide to tide. 
High and low waters usually occur about twice a day, the intervals between the 
successive high water being about 12½ hours; such tides are semi-diurnal (half 
daily). If the two high or low waters are unequal in heightTthis is referred 
to as diurnal inequality. For several days during every fortnight the high 
waters are much higher and the low waters lower than usual; these are called 
spring tides and occur a few days after the moon is either full or new. Also spring Ttioes witt —- . . : : ^ 
for a fëwlîiys in each fortnight when the moon is in the first and last quarters 
the high waters ere lower and the low waters higher than usual; these are the 
neap tides. Since the times of high (or low) waters falls 50 minutes later 
every day, it follows that they may occur at any time of day, however, for any 
given place the highest spring tide is at approximately the same time of day. 
The intervals between springs and neaps is lu.3 days; this is called the fort¬ 
nightly periodicity of the tides. Twice a year there are extra high spring tides 
at the times of the vernal and autumnal equinoxes called the equinoctial spring 
tides. All the regular, predictable changes in sea level are caused by the 
gravitational influences of the elements of the solar system; there ere also 
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rhanMs in ma Iay«! caused by atoospheric condition« idiich ara callad 
«MtaÔrologîcal tidaa« or UU>rm tidaa«. Although often of conaidargbla hazard 
to aan and hia works, these will not be conaidered hare. 
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2. History of Tidal Knowledge: 

The existence of the tides was probably known to the earliest rnn and it 
seeas reasonable that coastal dwellers who undoubtedly got some of their food from 
the inter-tidal zone realized vaguely that a connection existed between the moon 
and the tides. The first written record of which we know, that connected the 
tides with thr phases of the moon, was made by Pytheas of Masilla in 32i> BC after 
he had ventured beyond the Gates of Hercules into the Atlantic and sailed to 
England where the tides are large. The civilizations whose histories we know 
best, the Greeks, Egyptians, Hebrews, lived on the shores of the Mediterranean 
where the tides are small; consequently there are few references to the tides in 
their writings. 

In 77 A.D. Pliny's »Natural History* appeared in which the relation between 
the phases of the mooi and the height of tiietideswas descritWSiUMthe Influence of 
the sun was recognized. Virtually no changes in mans thinking about the tides 
occurred for the next 1500 years, although, Johan Kepler did suggest a magnetic 
attraction of some sort between the moon and the earths waters; Galileo called 
this preposterous. 

In 1687, Isaac Newton published »Principia* and, for the first time, the 
connection between moon and tide received a rational explanation. Newton 
showed that the tides are a necessary consequence of the law of gravitation which 
states that two bodies attract each other with a force directly proportional to 
their masses and inversely proportional to the square of the distance between them 
Newton described the principal action of the tides in his "Equilibrium Theory", 
which, although and over simplification, is the foundation on which all subsequent 
tidal work is based. 

In 177U Pierre S. Laplace tood up the work and in "Mechanique Celeste”; he 
formulated the equations of continuity and the dynamical equations; he also 
established the principle of forced oscillations which is basis of the harmonic 
methods. 

The connection between the moon, sun and tides was so obvious that tidal 
predictions founded on empirical methods were regularly made and published long 
before mathematicians devoted their attention to the subject. Holden's Tide 
Tables for Liverpool, based on twenty years of observation by the harbormaster 
there was in use around 1800 and the first automatic tide gauge came into use 
about 1830. Since then, many well known physicists and mathematicians 
(including Airy, Lord Kelvin, and R. A. Harris) have worked on the problem of 
reducing the errors in prediction by adding new components te the calculation. 
Tides can now be predicted for most places to within a few hundredths of a 
foot and tide tables and tidal current tables are available for all of the 
world's ports. 
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3, Astronomical Background * 

Tha study of the tides requires some knowledge of the motions of the sun and 
Boon with respect to the earth for it is the movement and changes of these three 
bodies which creates the tides. The principal motions to be considered are the 
rotation of the earth on its axis, the revolution of the moon around the earth, 
and the revolution of the earth around the sun (or the apparent revolution of 
the sun around the earth)« 

The earth rotates on its axis once each day. There are, however, several 
kinds of days - the sidereal day, the solar day, and the lunar day - dePe^g 
upon the object used as a reference for the rotation. Since the 8t"f 
most nearly fixed objects we have for comparison, the sidereal day, which is th 
t-j— between two successive passages of the same star across any given meridia 
the earth, is usually considered as the true period of the earth's rotation. The 
solar and lunar days are the time between two successive transits of the sun and 
moon respectively over a given meridian; they vary a little in length because of 
the lackof uniform notion of the earth and moon in their orbits and so the average 
value of each is taken as the unit of measure. The mean solar day is the one 
which is used for the ordinary calendar day; each day is divided into 2U equal, 
parts called hours. For convenience we describe the lunar day as being 24.81* 
solar hours« * 

The moon revolves around the earth with a eliptical orbit. Its changes in 
position with respect to the sun and earth are called phases; these are 
described and diagrammed later« 

The period of revolution of the moon around the earth is called a month, 
month is designated as sidereal, tropical, anomalistic, nodical »ynodica 
according to whether the revolution is relative to a fixed star, the jornal 
equinox, the perigee, the ascending node, or the sun. The calendar month is a 
rough approximation of the synodical month. 

The 

It is customary to refer to the revolution of the earth around the sun, 
although, it may be more accurately stated that they both revolve around their 

of grimy, tat if on. Wne. th. .«rth as fixai, th. .un will tasorita 
« apparent path around the earth which is exactly the same size and form as that 
of the earth around the sun, and the effect upon the tides would be just the 
sane. The period of the earth around the sun is one year and, of course, there 
are several kinds of years - however since, the declination of the sun, and 
consequently its seasons, depend upon its relation to the equinox, the tropical 
year with which the calendar must agree« 

* Abstracted from Schureraan (Reference IL-11) 
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5. 
4, Tide-Producing Forces # 

is the son and moon are similar In their action In the production of the 
Hde,Athe force of either may be considered by Uaelf, and the reeultlng 
cf expression may then be readily adapted to the other. 

The Ude-produdng force of the moon la that 

£r.S«ti™ £« U’tï»" ÄÄ«Tn the^attraction for th, e^th as 

Erèrce^Â^^ 
th* canter of the earth and is therefore more strongly attracted s^n.ce.^he 
fncc* of err a vi tv varies inversely as the square of the distance. For the same 
reason thfcenter of the earth is more strongly attracted by the moon than is 
that part of the earth's surface which is turned away from the moon. 

The purpose of the following discussion is to iUustrate directions and 

relative magnitudes of the tide ^ Ä rSom’points on 
0 represents the earth s œnter^the d£e*tion of the attractive force 
the surface of the earth. The line “ allowed represent the magnitude of 

PQ can be allowed to represent the magnitude of th.mo|ns attraction 

) 

r 4 call ww - - T* r\ DP 
particle at 0 if it is selected so that F Q s r C 

The direction of P Q is of course, parallel to the direction of the attraction 

force at P which tends tn move P away from 0. 

. svamoie using P1 on the opposite side of the earth from the moon 

vT^ÍÂ^t« *fro?.r t£*Ä S 
for Pi (on a different scale from the prerloue 9 
is laid off on a scale commensurate with that of P1 C (is. so that 
pi nl ! Pic - plot Pi Ql) parallel with the direction of the attraction for 0 

“ «alÄ ?>» 
and direction of the force on Pi. 

When laid off at pi it shows the tide producing force to be directed awv 
from on theUL eld. of the eerth. Although this “ff1 
o+ ^.»1«+ it will be noted that the moon tends to sspsrate 0 from P . . 
is the point of reference the resulting force is considered as oeing applied a 

pl oa1-*-. 
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Th« resultant* which represent the total tide producing forces at the 
respective locations can be further resolved into vertical components which tend 
to raise the water and horiaontal components which tend to move the water 
horisontally• Schureman has derived expressions for the value of the tide pro¬ 
ducing forces at any point in or on the earth (dependent on the cube of the moons 
parallax) 

Vertical component s 

Horizontal component s 

Where» u : 

M S 

r * 

d « 

u Mr (3 co*2 ® ) 
"53 
3/2 u Mr sin 2 0 

33- 

attraction of gravitation between unit masses 
at unit distance apart 

mass of the moon 

distance of the point from the center of the earth 

distance from the center of the earth to the 
center of the moon 

• s angle at the center of the earth between a line 
to the point and a line to the center of the moon 

Expressed in tenu of gravity the forces become 

Vertical component 5*6 x 10“® ( 3 cos ^ 0-1 ) 

Horizontal component 8.U x 10“® (sin 2 0)g 

g 

Figure IL-lb indicates the directions and relative magnitudes of the tide 
producing forces} it is evident from this pattern that the tides are bulges of 
the freely-moving ocean waters which form on either side of the earth along the 
Urm of the direction of the moon's attraction. The heaping up of water by 
these forces on an ideal earth uniformly covered with an ocean such as we have 
considered in this example would amount to a foot or two at most. In other 
words, the shape of the ocean basins and the configuration of the coast line 
account for the great tides that will be discussed a little later. Figure 
Il^lia illustrates these bulges (greatly exaggerated) for a time when the moon 
is not on the equator. Suppose that the earth rotates (very slowly and without 
friction) around its N-s axis. The tidal bulges will remain where they are and 
the earth slips around beneath them so that a wave will appear to travel around 
the earth with a period of half a day (because there are two bulges). An 
observer at point A would notice that the two tide waves that passed him in a 
day were of unequal height because the generating farces are not at right angles 
to the earths axis. This is the explanation of the diurnal inequality. For 
simplicity this discussion has been confined to the moons tide producing forces} 
the action of the sun is the same, only the magnitudes differ. 
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Th« Tmluea of the t,ide producing farc«« of the «un can b« obtained by th« 
us« of th« «am« expression« by simply substituting the values of the sun's mass 
and distance. Tide producing farces are very small in comparison with the total 
attraction because they represent differences in attraction of particles which 
are relatively near together. If the forces acting on each particle were equal 
and parallel, there would be no tendency to change their relative positions and 
no tide producing force. The sun forces are readily seen to be much closer to 

■ this situation than the moon forces. Although the attraction of the sun for 
the earth is 200 times that of the moon its tide producing force is less than 
half as great, 

mass of sun (mean distance to Boon)3 B s o.ltó 
mass of moon (mean distance to sun y 

By similar reasoning it can be shown that none of the other heavenly bodies can 
produce signii';.cant tides on earth $ the closest planets are too small, the 
large ones are too far away. 
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5. Variations in the Tide-Producing Forces 

The sun, the earth, and the moon are continuously changing their relative 
positions and this of course changes the directions and^magnitudes of the tide 
producing forces. There are three principal types of changes which ar t 
alignment (phase), distance from the earth and angle with t5*_!*rth# 
«miinoctial olane (declination), k short discussion of each of these types 
should serve to explain the changes in the height of tides caused by the moons 
phase and by the season. 

Phases 

It has been shown that the effect of either the sun's or moon's 
gravitational attraction is to raise tide bulges on either side of the earth 
Song the line of attraction. It is evident then that when the sun, earth, 
and^oon are aligned, the independant bulges of th* ^ 
imposed. This condition is called syzvgy and is illustrated in Figure IL^» 
where the horizontal line represents tiw plane of the eliptic of the earth 
orbit around the sun. Then, neglecting declination, the moon is shown in 
opposition and conjunction, the conditions that exist at the times of the 
full and new moon respectively. This situation causes sgring tides. 
(see Figure IL»Uc) 

In Figure IL~2b the three bodies form nearly a right angle and the 
_ j _ «oíd to be in Quadrature, a condition that exists in the first and 

Urt ÄVth^rfn be seen that t^ sun will tend to pr^iuc. 
high tides at a place on the earth where the moon produces low tides and 
visa versa. Because the moon* s tide producing power is so much 
than that of the sun its forces dominate and the high tides are due to the 
moon alone? these are naturally much lower than the combined tides and are 
called neaps, (see Figure IL-Ub) 

b. Distances 

The forces acting on the water particles are proportional to their 
distance from the mass which causes the attraction. Because the orbits of 
the moon about the earth and the earth about the 
distance between their centers is always changing and wiJb 
producing forces. At; the point where the moon is nearest the earth it ííj 
said to be in perigee and the tide force* are a maximum; when it is furthest 
aîav it is Äsfei. Perigee or apogee may occur at any time relative to 
the^phases cf tKTmSSn or to the times of greatest or least declination of 
the moon. 

The corresponding positions of the sun and earth are known as perhelion 
(sun nearest the earth) and aphilion (furthest away). The major axis of the 
elipse is a line that passes through the points of maximum and minimum 
distances and is called the line of apisides. 

c. peclinations 

The angle that the sun and moon make with the plane of the earths 
equator (equinoctial plane) is calls d the declination and ^ <Jescribes the 
alignment of the three bodies in a plane perpendicular to that considered 
before. At the time of the solstice, the sun reaches its maximum 
declination (23¾0) and the plane of the moon's orbit around earth is 
inclined at an angle of 5° to the ecliptic. At such a time, when the moon 
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or equinoctial springtides occur* 

d* Summary t 

Tidal Period 

Motions Causing the Various Tidal Forces * 

Associated jotronomical Phenomena 

Semi diurnal 
Rotation of the earth 

Rotation of the earth and 

declination of the sun and moon 

Revolution of the moon in its 

orbit; syzygy and quadrature; 

declination of the moon 

Revolution of the moon; apogee 

and perigee 

Revolution of the earth in its 

orbit; suns varying declination 

Revolution of the earth; perihelion 

and aphelion 

Rotation of the line of nodes 

Absolute maxima in the potential 

force 

Ui, 9, 19, 8U to 93 y«ars Subsidiary maxima 

* Johnstone (Reference (IL-7) 

ff: 
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Moat Important Components of the Tide-Producing Forcea *• 

Partial tide Symbol Period in houra 

Semi-diurnal 
Principal lunar 
Principal solar 
Larger lunar eliptic 
Luni-solar 

Diurnal 
Luni solar 
Principal lunar 
Principal solar 

Long period 
Lunar fortnightly 
Lunar monthly 
Solar semi-annual 

#* Sverdrupetal (Reference IL-12) 

M2 
% 

Kg 

*1 
Ol 
Pi 

Mf 
Mm 
Sea 

12.U2 
12.00 
12.66 
11.97 

23.93 
25.82 
21.07 

327.86 
661.30 

2191.I43 

U 
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Types of Tides* 

Tides Yarr considerably from place to place although the previous discussion 

showed1that there are rather small differences between the tide producing forces. 

It might be expected that the semi-diurnal forces «ou“ I* at th* 

‘Är^^s of”ïïf o^'^S^Tce^TSuon 
o"the tidal waters so greatly that the tides differ markedly 
fftr latitude For example, off the Northeast coast of the U0 5,, witnin tne 
soace of a ^w hund^^ilé. are places on the Bay of Fundy with tides of forty 

feet and Nantucket Island with tides of about a foot. Within Chesapeake Bay, 

the tide at different places varies in time by as much as 12 hours. 

Tides may be divided irto three general classes on the basis of the 

appearance of their daily tide curves. See Figure JL_Ò, 

( i.) Semi diurnal* Two tides a day of about equal heights. This 

type prevails in the Atlantic Ocean and on the East coast of the 

United States. 

( ii,) Diurnal* Only one tide per tidal day of 2h hours and $0 
minutes. Such tides are uncommon out exist in certain regions of 

the Gulf of Mexico, Alaska and the Phillipine Islands. 

(iii.) Mixed* Two high and two low waters each day of differing 
heiehts. Most of the Indian and Pacific Oceans have mixed tides. 

The inequality may take several forms* (a) the high waters may be 
unequal in height (Honolulu).3 (b) the low waters may be unequal in 

heieht (See Figure IL-5 of Seattle).¾ (c) the inequality may ^ ^ 
about evenly'divided between the high and low water (San Francisco). 

Because the diurnal inequality varies principally in response 

to the varying declination of the moon, when the moon is on the 

equator the mixed tides are about equal like those of the semi¬ 

diurnal type. When the declination of the moon is large the in®“ 

quality may become so large that a high tide is actual!/ lower than 

the proceeding low and the tide curve appears to be diurnal. 

■ 
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7, Tidal Currentss 
, . . are important horizontal motions of 

Accompanying the rise and fall of vertical changes, they have very little 
the water known as tidal currentSoLiketh water8^ straights, harbors and 
significance in the open sea or offsharej in " cUcal ^p^unce. On the rising 
estuaries, however, they iloodJig.Pen the falling tide, they ebb| maximum 
tide, tidal currente are said when there is n0 flow, tHTcurrent 
flow in either direction is ca ~vaii«d~the set of the current« "The relation of 
i. slack. The direction of flow ^TStes^^Uce to place and the time of 
curréñTto tide is not constant, but varies from pi ^ v ^ ^ water nor doa8 
slack water does not generally co ith the time of the most rapid change 
the maximum velocity of the current coincidejith^^ ^ ^ ^ riyer ^ 

in the vertical height of the tide. 1 three hours from the time of high or 
the time of slack water may differT^^% curr9nts vary upwards to as much 
low water« (Quoted from Reference ^ d shipping channels like that at the 
as 12 knots (Seymour Narrows) and in m ^ unusuaie (See Figure IL-8) 
Golden Gate (San Francisco), a greatly in direction and velocity 

areSobviously8a^onsiderable8hazard to --Is and - - ^ 

sä1»» . - 

paragraph on tidal prism. 

Tidal currents are caused ^ 
rise and fall of the tide. I s those used for the tide and with slight modifi- 
by harmonic expressions similar ^ uged to predict the tidal currents. 
cation, the tide predict ng "‘f ebb ^ flood directions show as negative and 
(Amplitudes are expressed in kn tvnes of tidal currents known as the 
positive numbers.) There are two general types^of tidai^ ^ ^ which i3 

reversing type and the rotary in~estuarles, tidal bays, and harbor areasj 
of greatest interest since it is ^™d ^\® t ^ ^ type is found offshore and 
it flows alternately in opposite directi • HTcfrection continually, and 
the velocities are likely t0.b®ns^1L^ctionfo currents may be likened to the 

^TtrÄi^theT ÄCiaurnn£ inequality0in 

STiSt“eUed:i th^e Slî be about the same inequality in the velocity 

of the currents, TO VIA* * w* •• w-F w 

There are other 
tidal currentsi currents off the raou^ * currents. The actual current 
Stream, and wind currents may occur ^ combination of these forces. On open 

ÄSefaid ïne^r.outhed enba,»nts, tidal cuenta are ueua.ly of 

negligible magnitude .gXWefcW - 

Reversing currents or -ordinary. UdTu“. 
channels through which tte rising a^ famg^l velocity at the restricted 
moving up an estuary or into a ^ „ the ^annei where the water is deep. The 
entrance, particularly in t e - d ribes the importance to commerce of bodies of 
«rÄ^cu^r^^Ä'pU even the great .*een Mary- 

slack tide to come to her pier in New York. 
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from the immediate influence of 

Rotary ua.X curr.nt. - ^ »«Ä ““ - 

t in 12.U hours they set in a taicen in lightship • intervals through- 
to of t« rot^ norren«^. and ..1.=¾¾¾ 
ector repre sentir ithecurr be0n conneCtedwi a reiative to the 
the day) the points of the rays fi es indicate the ti^es iower low 

; £etaryyU» of ^ 2SiX. tM =^ ^ «^’of .1.=1 «fr 
km of the tide, i* ««» "“¿V, of rotary currents is i examples given in 
ter. i characteristic f curVe touching the center. ^ny. When the 

^ f - - -— 
des are equatorial V® 
11 be about the same. 
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8. Tidal Theories» 

a. Equilibrium Theory 

The Equilibrium Theory of tides was first developed by Newton and 
deale with the situation on an ideal earth which has no continental 
barriers and is uniformly covered with water of considerable depth. It 
further assumes that these waters respond instantly to the tide producing 
farces of the sun and moon and move around the earth without viscosity or 
friction. Of course, the movement of the tidal bulges cannot take place 
without the water masses changing position but the water motion is com¬ 
pletely disregarded. The actual conditions that exist on the earth 
differ greatly ftora the ideal conditions assumed for the equilibrium 
theory, that the tides predicted by its use can be expected o differ 
from observed tides, Schureman (Reference IL-ll) has noted some of the 
agreements and difference between the predicted and observed tides* 

( i.) ■Generally two high waters and two low waters occur 
during each day, but the high waters do not necessarily occur 
lidien the moon and sun are on the meridian. The interval be¬ 
tween a transit of the moon and the occurrence of a high 
water varies in different parts of the earth without any 
apparent regard for the equilibrium theory, and high «-«er 
may occur at any hour between successive transits of the 
moon* but far any particular place the interval between the 
time of transit and the time of high water remains approxi¬ 
mately constant," 

( ii.) "Usually the alternate high waters or the alternate 
low waters are nearly equal in height when the moon is near 
the Equator and have an increasing diurnal inequality as 
the moon's declination increases north or south of the 
Equator. According to the equilibrium theory there should 
be a diurnal inequality in the high waters only, and with 
any given declination this inequality should depend upon 
the latitude. As an actual fact we find that at many 
places there is much larger inequality in the low water 
heights than in the high water heights, and that the magni¬ 
tude of the inequality apparently has no direct relation to 
the latitude of the place." 

nti#) *Ey the equilibrium theory the diurnal tides would 
be expected only in latitudes near the poles, but obser¬ 
vations show that stations near the Equator as well as 
those near the poles have diurnal tides. 

Although it is recognized that any calculations 
of the tide based solely upon this theory may give results 
entirely at variance with the real tide, because the actual 
conditions on the earth differ so much from the assumed 
ideal conditions, yet such a formula is very useful, 
inasmuch as we may introduce into it certain factors and 
differences determined from actual observations of the tide 
at any place and obtain a corrected formula which will 
generally represent very satisfactorily the true height of 
the tide at that place for any desired time." 
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b. The Dynamic Theory? 

The following is quoted from Sverdrup, et. al. (Reference IL-12) 

•The dynamic theory is based on the fact that only the horizontal tide- 
producing forces are of importance to the movement of the water. The 
vertical tide-producing forces are unimportant because they can be considered 
as consisting of small periodical variations in the acceleration of gravity. 
Where the depth of water is about 5,000 meters the variations in gravity due 
to the tide-producing forces cause a, maximum variation of only 0.85 cmj this 
is far too small to be considered. The problem then consists in determining 
what types of motions in the oceans arise under the influence of the periodi¬ 
cally varying horizontal forces that are distributed over the ocean in a 
given manner. From this point of view the tides must be considered as waves 
that are induced in rhythmical forces and therefore have the same periods 
as the forces,* 

•The general equations of the dynamic theory, which were developed by 
Lagrange, lead to problems mathematically so difficult that they have not 
yet been solved so far as the tides of the oceans are concerned. Instead, 
the application of the dynamic concept has followed two different lines. 
In the first place, the theory of tides in basins of defined geometrical 
shape has been developed, particularly by Proudman and Doodson? in the 
second place, tides in natural basins have been studies mainly ty Sterneck 
and Defant by methods of numerical integration of the hydrodynamic 
equations. Both methods have helped toward an understanding of the 
observed phenomena, but here only the latter approach will be dealt with, 
because it leads to direct comparisons between theoretical results and 
observed conditions, and because it does not require any lengthly mathe¬ 
matical presentation»* 

•Tides in relatively small bodies of water that are in communication 
with the open sea have much in common with seiches, and can therefore be 
discussed in much the same manner. The tides, however, differ from the 
seiches in the respect that they are forced oscillations of periods which 
must coincide with the periods of the impulses by which they are maintained, 
whereas the periods of the free oscillations depend only upon the geometri¬ 
cal shape of the bay.* 

■The similarities and differences between tides and seiches are 
brought out by considering the oscillations in a long, rectangular bay of 
constant depth. Any wave in such a bay must fulfill the equations of 
motion and continuity. 

These equations must always hold, and in addition, certain boundary 
conditions must be satisfied. These conoitions depend upon whether one 
considers a free oscillation of the bay, or the co-oscillation in which 
the bay osciUäEes with the same period as that of the body of water with 
which it communicates. These equations show that if the ratio between 
the periods of the free and tidal oscillations, has the values 1, 3, 5, 

, the amplitudes of the co-oscillating tide become infinite and 
resonance occurs." 

•For the independent tide which is produced directly by the tidal 
forces, it is necessary to add a periodic force to the equation of motionj 
again resonance occurs at the same values. In all cases the character 
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of the forced oscillation depends on the relation of the period of the forced 
oscillation to that of the free*" 

■The preceding remarks apply to the simplest case, a rectangular bay of 
uniform depth whose long axis is parrallel to the tide-producing forces« The 
difficulty of applying the theory to basins of irregular shape, orientation 
and depth is readily visualized« Moreover, several other major complications 
must be considered! principally the effect of friction and the rotation of 
the earth. The effect of friction may be so great that the amplitude at the 
closed end is zero and the co-oscillating tide has the character of a pro¬ 
gressive wave subject to extreme damping. The effect of the rotation of the 
earth (which is even more serious than the friction effect) let Lord Kelvin 
to define a wave, the Kelvin wave, which proceeds along a channel in such 
a manner that the amplitudes on the right hand side are much greater than 
those on the left (in the Northern Hemisphere), At high water when the 
current flows in the direction of progress, the wave crest slopes down from 
right to left, and the component of gravity acting down slope is exactly 
balanced by the deflecting force of the earths rotation acting in the 
opposite direction. On the ebb the directions of slope and current are 
reversed and the forces again balance each other. 

These considerations have been applied to the Atlantic and to 
■adjacent seas* such as the Adriatic Sea, the Red Sea, and the Nrrth Sea? 
in the other oceans, applications of the dynamic theories presents enormous 
difficulties and has not been attempted,* 

See the section on tides in the open ocean for the »Progressive wave" 
theory and a discussion of cotidal diagrams. 
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17. 

9. Harmonic Analysis * 

Harmonie analysis as applied to the tides is a process by which the actual 
observed tide at any place is separated into a number of partial or constituent 
tides of which it is composed, the rise and fall of each partial tide being a 
simple harmonic function of time. 

Harmonic prediction of the tides consists in reuniting the partial tides 
in accordance with the relations which will prevail at the time for which the 
predictions are to be made. 

The partial tides are calls d components and are usually represented by 
letters either with or without subscripts, as Mj Ki Mm, and Sa. Theoretically 
the tides consist of innumerable components of various magnitudes, but only 
a comparatively few are of sufficient size to be of practical importance in 
the prediction of the tides. The prediction machine used by the Coast and 
Geodetic Survey is designed to take account of a maximum of 37 components. 

Each component represents an elementary periodic cause producing or 
affecting the tide. The principal component, designated as M2, represents the 
mean effect of the moon. Another component S2, represents the mean effect of 
the sun. Other components take account of the various inequalities in the 
motions of the moon and the sun, such as changes in parallax and declination, 
and also inequalities resulting from shallow water and seasonal meteorological 
changes. 

A simple harmonic function is a quantity that varies as the cosine of an 
angle that increases uniformily with time. In the equation ¡£ n A cos at,y is 
an harmonic function of the angle at, in which a is a constant and t represents 
time as measured from any initial epoch. "" ” 

The harmonic constants are the numerical values of the amplitudes and 
epochs of the components for any place. The determination of these constants 
from the records of tidal observations is the purpose of the harmonic analysis. 

The rise and fall of the tide may be graphically represented by a curve, 
with the ordinates representing the height of the tide and the abscissas the 
time. The tidal record as traced by an automatic tidf gauge is such a curve. 
The general equation of this curve, giving the height of the tide as a function 
of time, is usually written in the form 

y - H0 * a cos (at * a) * B cos (bt ♦ /3) * C cos (ct f) 

in which y is the height of the tide at any time t, Kq is a constant depending 
upon the datum from which the heights are reckons?, and each cosine term 
represents the height of a component tide. 

* Abstracted from Sohureman (Reference IL*ll) 
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10* Tide Predicting Machiness 

The invention of the tide predicting machine has nade simple the solution 
of two basic formulas which were formerly worked out laboriously* The first 
tide-predicting machine was designed by Sir William Thomson (afterwards Lord 
Kelvin) and was made in 1873 under the auspices of the British Asso ciation for 
the Advanceaent of Science. This was an integrating machine designed to com¬ 
pute the height of the tide. It provided for the summation of ten of the 
principal components^ and the resulting predicted heights were registered by 
a curve automatically traced by the machine. This machine is described in 
Part 1 of Thomson and Tait's Natural Philosophy, edition of 1879. Several 
other tide-predicting machines designed upon the same general principles, but 
providing for an increased number of components were afterwards constructed* 

The first tide-predicting machine used in the United States was designed 
by William Ferrel, of the U. S. Coast and Geodetic Survey. This machine, which 
was completed in 1882, was based upon modified formulas and differed somewhat 
in design from any other machine that has ever been constructed. No curve was 
traced, but both the times and heights of the high and low waters were indi¬ 
cated directly by scales on the machine. The intermediate heights of the tide 
could be obtained only indirectly* 

Another machine designed by the U. S. Coast and Geodetic Survey is known 
as the tide-predicting machine No. 2. This machine not only sums simultane¬ 
ously the terms of the tide formulas but register the successive heights of 
the tide graphically and indicates the time of high and low water. It has 
been continuously used since 1912 to make prediction for the U. S. Tide 
Tables and takes into account 32 short period and five long perle»1 component** 
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Datum Planess 

A datum is a plane from which heights and depths are reckoned* it has 
zero elevation and zero depth. Every nautical chart has its datum clearly 
marked and tides are calculated and shown in the tide tables as being 
heights above that plane, (The datum is marked at the bottom of every page 
in the USC and OS Tide Tables) Because tide types and local customs vary 
from place to place there are a number of datum planes •'n use. Since the 
purpose of charts and of tide tables is to assist the navigation of ships 
it is reasonable that the principal datum planes in use are some average of 
the low water elevations* as a result, the depth of water is nearly always 
greater than that shown on the chart (except during minus tides). For 
example. Mean Lower Low Water, the datum which is used extensively on the 
west coast of North America, is the average of the lower of the two low 
waters of the day (Figure IL-75), Other similar reference planes are Mean 
Low Water, Mean Low Indian Springs, Mean Low Water Springs, Tropic Lower 
Low Water* these are generally abbreviated by the use of their capital 
initials. 

Sea level is the height that the surface of the sea would assume if 
undisturbed by the rise and fall of the tides or the influences of waves 
and weather. Because these disturbances do exist, the concept of sea 
level applies only to an instant and in order to have a satisfactory reference 
plane, the technique of averaging all the sea levels has been adopted. The 
result is mean sea level. Usually it is calculated on a long term basis (19 
years) in order to include changes in the general level caused by the rotation 
of the moon’s mode. Mean Sea Level is generally used in surveys ashore and 
the low water datums are used for nautical charts* this means that the 
relation between the two must be known. At Santa Barbara, California for 
example, MSL is 2,i>6 feet above MLLW. In England the original tide datum was 
the level of the Old Dock sill at Liverpool* the sill is long since gone but 
the Ordinance datura used throughout Britain is taken to be U,67 feet above 
this oH mark. In the U, S,, the Coast and Geodetic Survey maintains an 
overland network of level lines which continually checks on the relationships 
between sea and land at the various tidal stations. In this manner, it is 
possible to tell whether the land is sinking or rising with respect to the 
sea. 
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¿pedal Situations g 

a# Tides In the Open Oceang 

There is no direct evidence as to tho action of the tide away 
from land because there are nc definite points from which measure¬ 
ments can be referenced. The real data that exists are the heights 
and times of tides along the ocean shores and on an occasional 
island. Since it is evident that the shoal waters near shore in¬ 
fluence the moving water considerablys the factual foundation is a 
bit shaky* Since these data can be combined in more than one way 
there are several theories, each of which try to give a consistent 
interpretation« Most of the work has been done on the semidiurnal 
tides of the Atlantic Ocean by Whewell, Airy, Sterneck and Defant 
who have attacked the problem mathematically, Defant*s solution 
indicates that the semidiurnal tide of the Atlantic is composed of 
two standing oscillations having a phase difference of three lunar 
hours (l/U period). The observed values which he used were obtained 
at Tristan da Cunha and the Azores and the theory has been checked 
by comparison with the tides at other islands and with the results 
of the current studies made by the Meteor expedition. No com¬ 
parable work has been done in tho Pacific where the free tides are 
probably of much greater Importance but there are more complexities. 

The most favored method of indicating tides in the open ocean 
is a map of cotidal lines. Cotidal lines join points having high 
water at the same time, referred to Greenwich or some other standard 
meridian. Figure 10 is a cotidal map of the Atlantic for a partial 
(semi“diurnal) tide. Notice that just south of Greenland there is 
an amphidromic point which is a theoretical point where the tide 
vanishes (location not certain). It may be caused by the effect of 
the earth's rotation or by the interference of two tidal waves. 
Cotidal diagrams of the total tide appear in certain Hydrographic 
Office publications but are principally intended to indicate the 
times of tide along the oceanic borders. In the example shown of 
the cotidal lines in the Atlantic, it can be seen that the time of 
high tide moves from south to north. The observation of this 
phenomena led to the "progressive wave** or "southern ocean theory" 
which, although no longer in favor, contained the beginnings of the 
Dynamic Theory. According to Johnstone IL-v it goes like this. 

The Antarctic Ocean is a belt of water which extends completely 
around the earth 600 miles wide at its narrowest point. This seems 
to be sufficient water for a tidal wave and was seized upon as a 
practical solution to the limitations of the equilibrium theory, A 
tidal wave sweeps around the "Southern Ocean" as a forced oscillation 
kept going by the tide-prcducing forcesj its main constituents have 
periods of 12.U and 2ii08 hours. The Atlantic, Pacific, and Indian 
Oceans may be regarded as gulfs opening out from the Southern Ocean; 
at the equator in the Atlantic there is an obstruction (the con¬ 
figuration of South American and Africa) which does not exist in the 
other two oceans. The forced wave, then, which sweeps around the 
earth in the Southern Ocean initiates free waves as It passes the 
mouths of the oceanic gulfs. These waves travel up the Pacific and 
Indian Oceans; in the Atlantic they travel as far as the obstruction 
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and then initiate a new free wave in the North Atlantic. These waves 
are not quite "free" because of the tide waves already in these oceans; 
they do, however, give periodic impetus to the waves already there and 
modify them considerably. The cotidal diagram, all types of which agree 
to some extent, is regarded as a chart of the wave advance at the times 
indicated. Discrepancies are plausibly explained by attributing them 
to land outlines or bottom complexities—an argument that is hard to 
refute. 

Harris Narmer has mapped open ocean tides as "oceanic oscillatory 
systems" and developed the "stationary wave" theory. It states that 
the tide producing forces of the sun and moon sweep over the oceans 
and maintain a stationary wave oscillation in the open ocean systems, 
the rise and fall being greatest at the ends and least at the nodal 
lines. These oscillations give rise to the dominant semi-diurnal tides 
of the world; openings in the coast line and irregularities in the 
depth cause the stationary waves generated in these ocean basins to 
send off progressive waves into coastal tidal waters or other parts of 
the sea. Although there has been considerable criticism of this 
theory it explains very nicely several puzzling tidal features which 
are not well understood (such as the large range of tide on the 
Atlantic Coast compared to that at the Bahamas and Puerto Rico)« The 
Dynamic Theory is generally accepted today, however. 

k* Tides in La' eg and Seas? 

Even the largest lakes are much too small to have appreciable 
tides; in Lake Superior for example, the tide range is only about 5 
cm ( two inches ). Seiching, or the free oscillation of standing waves 
in a partly enclosed body of water is fairly common. If the dimensions 
of the lake are such that its natural period is in resonance with the 
tidal period, the measured range of the tide may be much larger than 
that predicted from astronomical data. This is particularly true if 
the lake is long in the east-west dimension. A comparative water 
motion may be observed of one tries to carry water in a shallow tray. 
According to Kronen (Reference IL-8), forced oscillations of seiches by 
the tidal forces cause "tides" of 8 cm in Lake Erie as compared with 
larger Lake Baikal where the tides are only 1.5 cm. This is because the 
natural period of Erie is lli hours (not far from the tidal period) and 
that of Baikal is U.6 hours« In the Baltic Sea the tidal range is about 
2 cm, in the Black Sea, 8 cm ( a circulating tidal wave ) and in the 
Mediterranean the maximum is about 30 cm (one foot ). 

Fairly large seas which have an appreciable opening to the ocean 
often have complex tides. In the Red Sea a tidal wave inters from the 
Indian Ocean, passes the full length, and is reflected from the other 
end. The tides at the ends of the sea have a range of about two feet 
but Port Sudan in the center is at a nodal point and there the water 
level remains constant. Accurate and detailed studies of the tides in 
the former Zuider Zee by Lorenz showed that there the Coriolis force 
alone raised the water 20-30 cm« 
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c. Tides in the Bay of Fundy* * 

The Bay of Fundy lies between Nova Scotia and New arunswick in 
southeast Canada; its tides are legendary and their astonishing 
dimensions are worth reviewing. The bay is some 80 miles wide at 
the mouth and is about 150 miles long, tapering considerably in the 
upper reaches. Into its area of about 6000 square miles the average 
flood tide ( 22 feet ) brings trillion cubic feet of water. 

The range of tide increases toward the head of the bay varying 
from 10 feet at Bass Harbor, Maine to IiO feet at Folly Point on the 
north west shore; while on the south east shore the range is IluO 
feet at Yarmouth and hh feet at Noel Bay. The greater heights on 
the south or right hand (with respect to the flood) shore are 
accounted for by the fact that moving bodies in the Northern hemi¬ 
sphere are deflected to the righv The ebb tide is deflected to 
the west (its right hand shore) /id consequently the low tide on 
that shore is relatively high. This phenomena sometimes called 
the “Kelvin Wave“. On spring tides the rise of tide is about lU 
per cent greater than the average figures Just given. 

The tremendous amount of water flowing in and out every 12 
hours suggests that the currents at the mouth are very swift; 
however, calculations checked by measurements show that the velocity 
of the tidal current in the center of the entrance is only If knots. 

At Noel Bay in the northernmost part of Fundy, the rate of rise 
of the tide was measured and found to reach a maximum of 11.2 feet 
per hour where the total range was U9.7 feet. The reason that tides 
are so large in the Bay of Fundy is that it has a natural period of 
oscillation of about 11½ hours which is very near that of the tidal 
period. The tide wave arrives Just in time to reinforce the natural 
oscillation. In addition, there is some effect of construction and 
of shoaling which gives the very high tides at the upper end. 

d. Tides in Estuaries and Rivers^ 

Tidal estuaries are arms of the sea which usually consist of a 
river which opens near* its mouth to an embayment that is partly 
separated from the sea by a rocky barrier or sand spit. Its important 
characteristic is that the tidal waters of the sea move in and out of 
the enclosed waters through a relatively narrow tidal entrance. Many 
of the world's great ports (New York, Philadelphia, San Francisco, 
Liverpool, Antwerp, Bordeaux) are located in estuaries and as a 
result, the times and heights of the tide and the direction and 
velocities of the tidal currents are generally better known there than 
on the open coast. London, for example, is SO miles from the mouth of 
the Thames; Hamburg is 75 miles up the Elbe. Usually tide gauges are 
located in estuaries where there is natural damping of the water sur¬ 
face fluctuations; these give a continual record of the actual water 
level which may vary from the predicted level because of unusual 
fresh-water or other reasons. Tide tables may give the time and 

»Abstracted from Marmer (Reference IL-10) 
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height, of tides »t many locations h^g'stïict 100^" 

There are several features of tidal flow in estuaries “Achare 
worth^onsiderlng briefly. The tide wave “d^.»nAí 
narrow opening; this requires time^md polnt6 up- 
tween the arrival of the tide crest ebbing tide, the 

JS’e.^Tidelafls »Äentrance'krst so that low tide is 

rchtd ÏZI ^le jts.tide ^ “ “ 
result in the tide flooding at , th Qf the estuary and the duration 
ebbing upstream (depending on the l«gth of the « » th, 

ÄÄsÄ ITn long1"estuaries eventually goes to sere. 

(1) Tidal Prisms 

shr 

S B'SeSÍiS^luSio^ for^ar^Ur 
h^sSled to many ill-advised channel dredging projects* because 

ESS HSr concern of the vessels using the entrance, it is often necessary 

rÄlÄÄ Ciñ saber than 

widen the channel). 

In long river channels where the bottom slopes 
ward from the sea and there is some fresh water flow, there i 

S^Tor^eïe^he difference is markedly greater when the fresh 
water flow increases in the spring. 

(2) Bores* 

In some rivers or narrow estuaries the changeofthe tide 
. .. +n fi0£yi is cuite spectacular. Instead of the calm 
change in direction of low velocity currents such as0^C¡^?1°"f 
mo«i+gof the U S. coast, the flooding tide arrives as a wall of 
most of the U. > wall 0f water, which is much like a 

Eélaa^ rush^s^Ä ^ ^ 
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of a distant train or of breakers on a beach«, 

There are two principal requirements for the existence of a 

bore* (i) there roust be a lerge range of tidej (ii) there must 

be a considerable area of shoal water near the estuary f>u„h 

which holds the flooding water back for a while at the turn of 

the tide. Bores usually arrive about roidway between low and high 

water (when the rise of tide is taking place at its maximum rate- 

about three hours before high water) and move with speeds up to 

13 knots. According to Carson (Reference IL-l) the bore in the 

Amazon travels as much as 200 miles upstream and as many as five 

bows may be present in the river at one time. Near the entrance, 

the Amazon bore has been observed as much as 5 meters high, in 

the Tsientan Kiang which empties into the South China Sea, bores 

ten feet high are seen daily and during spring tides heights of 

2$ feet are said to occur. 

The importance of the shape of the entrance shoal is indi¬ 

cated by the fact that the French riven Siena and Gironde both 

had impressive bores until the intrances were dredged. The 
Tsientan bore apparently has varied considerably in the last few 

hundred years as the shoals have shifted. 

The effect of bottom friction and river current is to in¬ 

crease the period of falling tide and decrease that of rising 

tide making the tide curve quite assymetrical. ^«records of 

bores show an instantaneous increase in water level followed by 
a very rapid smooth rise of the tide. 

(3) Tides at Inchons Korea* 

Although Inchon (or Jinsen Ko as the Japanese called it) 

is one of the regular tidal reference stations for the Yellow 

Sea«, certain difficulties were experienced in obtaining tidal 

information for the planning of the amphibious operation there. 

As is now well known, a U. S. amphibious fleet ventured up the 

narrow and crooked estuary and landed against Wolmi Island and 

Inchon Harbor. The tides in the area have a spring range oi 

over 30 feet and the only suitable landing zones could be 
by boat or ship at th. highest tide. It »as therefor, 

necessary to kno» the height and time of the high flood tide 

very accurately. Three tide tables (U. S.s Japanese, a™* Korea ) 

existed for the port and each was different in both height and 

times little information could be found about the dstails of how 

the tidal currents behaved although the U. S. had used the pOTt 

until the previous summer. The questioning of refugees who knew 

the harbor well disclosed the fact that occasionally offshore 

winds of about 30 knots blew and reduced the height of the water 

over two feet below the predicted level. This made the total 

possible error as much as three and half feet • en°u^ t0 
seriously impair the operation if the luck was bad on both 

counts. As it turned out all went well, but the 
offices had some bad hoursS landings were scheduled for a little 

ahead of the flood so that if the times were wrong the croft wou.d 
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eventually have water enough to beach and unload. On the ebb 
the water disappeared so rapidly that many vessels were trapped 
in embarrassing positions; LSTs were left high and dry on 
wharves, and and LCM was balanced on the side of an overturned 
merchant ship 2D feet above the mud flats; and one ship actually 
was caught grounded when the high spring tide receded and was 
held in the mud for ten days until the next spring tides floated 
it off again. The worst hazard was the lack of fire-fighting 
water on the landing ships which were high and dry during the 
low tide stages. 

21*6 
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e. Tides on Besehest 

Although the tide tables give the times and heights of tides 
at various points on the open coast (compared to the main reference 
stations which are inside estuaries) There is sane evidence that on 
ocean beaches the actual average water level deviates from the pre¬ 
dicted value. (Tide tables are intended for the use of mariners 
whose object is to avoid shoals and beaches.) These differences in 
water level are not easy to see or measure because tl*e water surface 
is roughened by wave action* however, instruments which measure 
average water level or craft which alternately float and touch bottom, 
prove they exist. There are several types of causes of water level 
change which may or may not be truly tidal - - 4- 
etune. The most obvious disturbing force is that of the wind which is 
particularly effective if the nearshore water ie shallow. It actually 
drags the water along by friction tending to raise the water Isvel if 
the wind is onshore, decrease it if offshore (see discussion of wind 
tides). The other causes are more difficult to assign, (i) The varia¬ 
bility of the surf which often consists of a series of maximum waves 
arriving on the beach with low waves inbetween, tends to raise and « 
lower the water level at regular intervals of perhaps 2 - U minutes. 
(ii) There is some seiching even in fairly ot*n WAter, Since the periods 
of s it nha i „depends length and deplihamí * , 
it is sometimes difficult to determine exactly what part of the ocean 
basin is causing them. Although the amplitude of these waves is 
generally small in moderately deep water, the horizontal motion may 
be rather large and in very shallow water on a sloping beach the 
vertical changes may be appreciable. Mariner ( IL-10 Î has 
seiches of a foot or more and periods of 1$ minutes at Atlantic City, 
New Jersey. (This may be the oscillation of the basin between Cape 
Natteras and Nantucket brought about by wind and barometric pressure 
variations.) The author has often observed »surging« or seiching 
in the harbor at Monterey which has a peHod of about three minutes* 
on a flat beach inside the harbor the vertical change in water level 
seems to be about five to ten centimeters. (Presumably this is the 
natural period of Monterey Bay and is caused by forces other than 
wind.) (iii) Experiments at Carmel Beach in the summer of 19U6 by 
the Waves Investigation Qroup of the University of California, dis¬ 
closed that the elevation of the water level in a pair of open but 
heavily damped tubes in the surf zone (compared to USC «e GS bench 
marks) was nearly always 0.5 ft. higher than the predicted tide 
level and on two occasions was 1.5 ft. above the predicted level. A 
time lag or lead was also apparent in these studies. 

It can be seen that the water level on the bsach is not a 
satisfactory reference elevatio»'- nor can it be regarded as being 
the same height as the average water level in deeper water. Re-, 
poated attempts to natch land surveys with hydrographic surveys have 
Sown this to be so. It is evident that an unfortunate combination 
of these long-period waves and variations in the height of sea level 
may cause an error in depths of water inshore which are obtained by 
measuring below the water surface. In order to make accurate aur- 

■vsys to determine the elevation of subsurface features near a beach, 
it is necesswy to carry the alavatAcn sea by leveling from land 
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at frequent intervale* 

The amphibious implications are fairly obvious* Depths determined 
by aerial photographic methods (especially the waterline method or the 
wave methods in heavy surf) should be adjusted to take into aoooimt 
possible variations in the datum plane whioh oan only be determined from 
the tide tables* The seiohing or surging whioh causes a variation in 
the water level is often helpful to the smaller landing oraft which oan 
be "bumped” in and out aoross longshore bars on the orests of surges even 
after the tide has fallen too low for them to (theoretically) make the 
transit* 

(1) Tides at Tarawai • 

"The question of tides and absence of sufficient water 
over the reef to float landing oraft at Tarawa will probably 
never be resolved satisfactorily*-—Tarawa was attacked in the 
neap tide period* and (since the assault for logistical reasons 
and because of taotioal commitments in the South Pacific oould 
not be delivered earlier than it was) the question arisest why 
not wait seven days and land with a spring tidef The answer is 
that — during late November 19U3» the spring tide was coming 
either in darkness or relatively late in the day* Tactically* a 
landing at either of these times was unacceptable*—While tidal 
and reef data for Tarawa was the best that oould be complied* it 
was full of inaccuracies*—The calculation of water over the reef 
turned out to be faulty* and according to the estimate of eye¬ 
witness* low water increased casualties fifty percent*—On the 
basis of the best oaloulation posdble, the most favorably timed 
neap tide for late November would begin to flood rapidly at 
roughly half-past eight o'clock on the morning of November 20* 
The entire operation was planned around that moment* Most of the 
British acquainted with the Gilberts premised five feet of water 
over the reef by the time the non-amphibian oraft were wanted on 
the beach* Since four feet would be adequate to float the 
landing oraft* then there would be (if the data and the over¬ 
whelming majority of the people experienced in navigating the 
waters of the Gilberts were right) twelve extra inohes of 
depth over the reef, and the assault would carry through with 
sustained momentum*" 

"One British officer who stood out against his compatriots* 
however* happened to be right* He pas Major F*L*G* Holland of 
the New Zealand Army who had lived on Tarawa for fifteen years* 
He predicted something he called a "dodging tide" for around 
November 20* The United States Coast and Geodetic Survey* how¬ 
ever* is unfamiliar with the term "dodging tide." Holland had 
been around Tarawa long enough to have sensed* at least* that 
the tidal and reef data being used was unreliable) but he bad at 
his disposal none that was better* Him cminous prediction for 
November 20 created grave doubts in the minds of Julian Smith 
and others* and caused them to drill the marines in what to do 
in case of low water* As far as men oan ever be mentally prepared* 
they were 

•Quoted from Isely and Growl (Reference IL-6) 
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prepared for the contingency that the boats would ground at the edge of 
the reef and some of them would have to wade in. But there was no 
other choice than to plan the time of the landing on the most highly 
scientific basif possible, and to hope that it was correct. Had the 
accurate hydrographic dati complied after the capture of Tarawa been 
available, it would have been obvious that there would not be enough 
water over the reef at high neap tide to allow non-amphibian landing 
craft to reach the beach,* 

(2) Tide Predicting Fish» 

Numerous marine animals have adapted themselves to take ad¬ 
vantage of the tides. Among these are the Qrunion which spawn on 
sandy southern California beaches between March and August. Somehow 
these fish are able to predict the highest tides of the month and 
time their arrival on the beach so that just after the turn of the 
highest tide they lay their eggs in the sand. The eggs require two 
weeks to incúbate and during this time they are out of reach of the 
waves. Then, just as the eggs are ready to hatch, the next spring 
tide arrives and frees the little grunion which swim out to sea. 
(From Carson, Reference IL-1). 

f. Tides on Islands g 

Generally tides on Pacific island shares are lowj this may be be¬ 
cause the island positions are near nodal points in the deep ocean or it 
may be that islands, which often rise abruptly from deep water, are 
unable to modify the masses of water moved by the tide. According to 
Kuenen (Reference IL-8) the tides throughout the Indonesia range from 
one-half to one meter and the curves are exceedingly complex because of 
the interference of the many islands. 

The Island groups of Hawaii, Tuamotu, Society, and the Mariannas 
all have tide ranges of less than 2 feet. It is said that at Tahiti 
where the tide seems to be entirely solar and semi-diurnal, one can tell 
the time by looking at the beachj high tides occur at noon and midnight, 

g. Tides at the Panama Canals 

The Atlantic and Pacific ends of the Panama Canal are only about 30 
airline miles apart but there is a greac difference in the tides at the 
two terminals. At Colon on the Atlantic side the tide is generally 
diurnal and the range averages about a foot. At Balboa on the Bay of 
Panama tides are semi-diurnal with an average range of lii feet and the 
locks are built to withstand spring tides reaching as much as 21 feet. 
The original proposal for the Canal (in 1879) was that it be at sea 
level — a scheme that has been reconsidered again and again. In view 
of the possible wartime destruction of the very vulnerable dams (which 
would drain the canal) the matter is still under study, for a sea level 
canal, even if the tide locks were badly damaged, could be operated for 
about a third of each day. 
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h. Large Tides of the Worldt * 

(Average Range) 

Bay of Fundy, Canada UU feet 

Port Callages, Argentina 36 feet 

Frobisher Bay, Davis Straight 35 feet 

England, West Coast 33 feet 

Koksoak River, Hudson Straight 30 feet 

Cook Inlet, Alaska 30 feet 

Magellan Straight, Chile 30 feet 

France, North Coast 28 feet 

Ashe Inlet, Hudson Bay 23 feet 

Collier Bay, Western Australia 23 feet 

Arabian Sea, India 23 feet 

Colorado River, Mexico 22 feet 

Chemulpo, Korea 21 feet 

St. Croix River, Maine 20 feet 

The spring tides are as much as 20£ considerable higher. 

• (From Manser, Reference IL~9) 

29. 
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13. Tide Gaugea> 

In order to examine tides as they really are so that the actual 
height of water can be compared with the predicted height it is necessary 
to make a continuous measurements of the level of the water surface. As 
shown by many of the illustrations herein, the most convenient way of 
describing a tide is to show it as a curve in which the height of the 
water is plotted against time. Most of the tide gauges in use today 
automatically plot such a curve. Clockwork runs graph paper through the 
machine at a fixed speedj at the same time a float in a well (arranged to 
damp out wave action) rises and falls on the tide and through * suitable 
arrangement of wires and pulleys causes the proportional movement of a 
stylus which traces a lins on the paper. The product of the machine is a 
continuous curve which is not exactly like the predicted curve because it 
records changes in the water surface due to winds, barometric pressure, 
seiching, and other non-astronomical causes. 

Although practically all gauges now in use operate on such a 
mechanical float system, it is possible to make a pressure actuated guage, 
in which the weight of the water over a bottom-located pressure head could 
be used to unbalance a bridge or otherwise alter an electrical flow in a 
cable leading ashore. This intelligence could then be recorded on paper 
much as in the present gauges. No such instrument is now owned by th» ^ 
U. S. C. St 0« S. although the method has been considered} present types of 
wave recorders can be damped to operate this way. The advantage of such 
a device would be that it could be used to record tides where the necessary 
structure for a mechanical gauge could not be maintained. 
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Tide and Current Tablea» • 

Tide Tables for the use of mariner, have been ^ 
United State. Coast and Geodetic Surrey since 1853* F°r a numberor 

UbH. appearad .. appandl». ‘^ 
superintendent of the surrey, end oonsl.ted of more or lee. eleoor 
“X. for enabling the mariner to make hi. om predlotlon of tide. a. 
occasion arose« 

The flr.t table, to giro the predloted tide, for «oh day mere 
tho.e for the year 1867. They gar. the time, andhelght. of high 
•ntere onlv and were published in two separate parts, one for the 
*î«îl° “her for the Paolfl. oo..t of the United 
State.. Together th.y oonWln.d dally predl.MoM for W .t t ^n. 

Z S. th.^1.. 
were extended to include the entire maritime world, with ^11 Pre¬ 
dictions for all tides at ?0 ports *“d tidal differences J^.^ition 
3000 stations. Present tide table publications contain, in additi n 
to the time, and heights of high and low tides and direction, fer 
determining the height of the tide at any time, a 
table. uMful to mariners. These table. inciude, Ijoal oivil time 
of sunrlee and sunseti reduction of civil txme to «t^derd timej 
moonrise and moonaett Oreeimich civil time of the 
apogee, perigee, sero and the greatest north and south deolination, 
and the time of the solar equinoxes and solstioes. 

The British Admiralty, London and the Deutsche Seewarte, 
Hamburg also prepare tables for the use of mariner, by £ J1“11" 
machines. In some ports, particularly °“ BU8t 
tables are still in use at harbor, where the *Jdes are large. It 
be remembered that in the preparation of the tide . 
available material is used, but the predictions and tidal difference, 
are necessarily of unequal merit for different part, of «ie globe, 
owing to a lack of properly distributed observation, upon joli to 
bftse8oonclu8ionso Because tide recorders are more easily maintained 
i^8protected waters, the times «d heights given for reference 
stations may be considerably out-of-phase with nearby point.onthe 
open coast. For example, the tide on the San Francisco bar leads 
that at the tide station in the bay by 1*0 minutes. °*lcu~ 
lating the time of tides at coastal points and the height of the 
tide at any time from the data given for the reference station are 
carefully explained in the tide tables and need not be reiterated 
here. 

Abstracted from USC è GS Tide Tables (Reference IL-B) 
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Current tables for tbe ub« ^"îbb“^ S^tii^thÍ^slaok begins 

have-been published by the c°*"* *n ^d# of the Currents for each 
Generally a number of "eg# are together with oalou- 
of the various stages of the * ««•»»»« velocity of the current 
Ufd .T.«*, «lu., ‘»„“.r^ «i«ttr 
at any looation« Inasauch M Y ^14-^pnftÄii tha currants 
«ri.* con.ldtr*bly ov.r .hort bort.ont.ldlJ««... «>. 

K.7i.frn:irr«^r 
ä rä. ^ "*• “ 
efficiently as possible 

a. Approximate Method for Drawing Tide Curves» • 

If the height of the tide is required for a number oximes 

r, s - ».rra4. 
( i.) On orosa section paper, plot the high and low water 

pointa I« the order of their occurrence forth«day»_Ä 
measuring time horitontally and height vertically. Th 

are tnw basic points for the curve. 

( ii.) Draw light straight lines connecting the points 

representing successive high and low maters. 

(iii.) Divide each of these straight lines into four equal 

parts. The halfway point of each line gives another point 

for the curve. 

( iv„) At the quarter point adjacent to high water draw a 

vartioal line above the point and at the quarter poi 
adjacent to low water draw a vertical line ^eiow the P°int, 

making the length of these lines equal tocne^enth ofthe 

range^between the high and low waters used. IJe P®*“*» 
marking the ends of these vertical lines give two addition 1 

intermediate points for the curve. 

( V.) Draw a smooth curve through the points 
low waters and the intemediate points, making the ourve well 

«d 1« Thl. our,, rill o£..ly 

approximate the actual tide curve, and heights for any time 

of the day may be readily scaled from it. 

Abstracted from Tide Tables, USC & OS (Reference II^B) 
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b. Tidal Illaaiiniticp DiaptattI *' 

Figure IL-2, a typical tidal illvnination diagrea, is a means 

of representing the relationships between the eharaoter of the tide 

and the state of illinination. They were first prepared for the use 

of the forces landing saphibiously against northern ifrioa in 1%4 

and hare now become a standard piece of intelligence presentation* 

An office of the unit which devised these diagrams describes them 
thus« "The upper part of the diagram shows the amount of rise and 

fall of successive tides as well as daily range variations. The 

times of ooourrenoe of high and low tides are shown by a series of 

connected points in order that the user might visualise the sequenoe 

throughout the month. Days of the month are represented by vertical 

lines covering the period from noon through midnight to noon of the 

next day. 

In the diagrams the daily times of the three types of twilight 

are indicated so as to bring out the graduation in light from 
sundown through darkness, as well as from darkness to sunrise. Thus, 

in the evening. Civil Twilight begins with sunset and ends when the 

sun is 6° below the horison. During this period objeots can be 
readily distinguished and a newspaper oan be read without the aid 

of artificial light. At the end of Civil Twilight the brightness of 

the sky is approximately twenty times that of the full moon at its 
lenith. The following period of Hautioal Twilight ends when the sun 

is 12° below the horizon. During this time all the brighter stars 

are visible, the horizon is generally indistinct but general outlines 

of objeots not too distant oan be distinguished. Astronomical 

Twilight follows next and ends when the sun is 18° below the horizon. 

During this period the «mount of illumination is still distinctly 

brighter than during complete solar darkness. 

Variations of moonlight are illustrated by periods of bright 

and dim moonlight. Thus, during moonlight, taken as the period 

four days before and after the appearance of full moon, the in¬ 

tensity of light varies between the brightness of the full moon 

at its zenith and about one-third of this value. The period of 

dim moonlight which includes four days before the beginning of 

moonlight and four days after its end, marks those nights during 
which the illmination intensity varies from about one-third to 

about one-tenth of the brightness of the full moon at zenith. 
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lî?c Tidiil Friction» * 

The moeament of the tide obYioualy is accompanied by friction, 

arising chiefly from the movement of the water over the beds of the 

oceans, seas and riverso This friction consumes energy, “d 
demonstrated that this energy must come from the rotational energy o 

the earth. That is, tidal friction acts as a sort of brak* 
tating earth tending to reduce its velocity of rotation. It 
therefore, that tidal friction tends to make the day longer. The los 

of energy due to tidal friction, however, is so small when compared 
with the earth's stook of energy, that it is °nly by a minute quantity 

that the day is lengthened by this cause - - something like the 

thousandth part of a second in a oentury. 

On investigating the matter mathematically it is found that the 

effect of tidal friction is not confined to the earth, but makes 

itself felt also on the moon. Besides decreasing the rotational 

velocity of the earth, tidal friction also tends to make the moon 

reoede from the earth and at the same time to lengthen the period 

of the lunar month. These changes, like the increase in the length 

of the day, are at an exceedingly slow rate, but they havebeen 
operating over such a long period of time that the cumulative effects 

must by this time be of relatively large magnitude. 

The consideration of the effects of tidal friction makes in¬ 

escapable the conclusion that if we travel backward in time, the 

day must become shorter and the moon come nearer the earth. But 

when the moon was nearer the earth the tides must have been of 
greater range than at the present time, for we have found that the 

tide-producing power of a heavenly body varies inversely as the 

cube of its distanoe. And quite apart from the increased friction 

due to greater tides, tidal friction also varies as the cube of the 

moon's distanoe from the earth. Hence the efficiency of "tidal 
friction in increasing the length of the day and the distance be¬ 

tween moon and earth varies inversely as the sixth power of the 

distanoe. Thus, when the moon was one-quarter her present dif™“®* 

from the earth the effects of tidal friction were at a rate • U09à 
times as great as now. 

Starting with these considerations. Sir George Derwin developed 

an exceedingly interesting theory of the evolution of the earth-moon 

system, fro* which it appears probable that the moon was at one time 

part of our earth. And since the effects of tidal friction are still 

continuing, it follows that the gradual change in the lengths of the 

day and month will continue until they have the same period, while 

the tides will become smaller because of the increasing distanoo of 

the moon. Hhen day and month become equal, the lunar tide will 
cease completely, since the earth will no longer rotate relatively to 

the moon. 

* Abstracted from Marmer (Reference IL-10) 
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l6o Glossary of Tidal Termsü 

Ape of the Tides the average interval in days between new or full Moon 

and the next following spring tide 

Amphidromio Points a point where cotidal lines meet and where the tide 

vanishes« (no rise and fall of the sea level) 

Apogees condition when the moon is furthest from the earth 

Bores the front of flooding tide as it races up an estuary* bores 

üiíiãlly have a steep front and are succeeded by a general rise in 

water level« (also called mascaret) 

Cotidal Lines a line connecting points which have high or low water 

at the same time 

Datuns a plane or level used as a basis for reckoning heights and 

deptTTs0 A number of tidal datums are in use, some of which are Mean 

Low Water, Mean Lower Low Water, Mean Low Indian Springs, Mean Low 

Water Springs, Tropic Lower low Water. 

Diurnalg daily 

Diurnal Inequalitys two high and two low tides daily, each of which 

are unequal in Weight 

Ebbs the movement of tidal water away from shore or out of an estuary i 

Equatorial Tides when the moon is on the equator (declination nearly 

zero) the heights of successives highs and lows are nearly equal and 

the tides are said to be equaltorial 

Equinoctials the plane of the earth"s equator prolonged out into 

space 

Equinoctial Spring Tidess when the declinations of the sun and moon 

are both nearly zero (near the equinoxes) their combined gravitational 

field when the moon is in syzygy gives unusually high spring tides. 

Establishment of the Ports the average value of the lunitidal interval 

oñ“the days of the new and full moon for any specific location. 

Floods the movement of tiddl water towards shore or up an estuary 

Half Tide Levels exactly half way between mean high water and mean 

low water* it usually differs from mean sea level 

Height of the Tides the difference between the datum plane and the 

water level - - - a continuously changing figure 

High Water Intervals see lunitidal interval 

Low Water Intervals the length of time between the moons crossing the ( ) 

meri'dfan and the next low water at the same place. 
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Lunitidal Interval« the time between the moon oroaaing of the meridian 

at any point and the next high water at that point. 

Maelatrom (Malstrom)t a whirlpool or eddy often oauaed by atrong tidal 

currents passing between ialand* 

Mean High Water» average of the height of all high tidea 

Mean Low Water« average height of all low tides 

Mean Lower Low Waters average height of the lower of the two low tides 

caused by diurnal iñequality 

Mean Sea Levels the average level of the sea at any point referred^to 

some datum. This figure is usually the average of a great nuaber of 
measurements over a period of at least 18.6 years 

Meteorological Tides changes in sea level caused by a meteorological 

factors, such as wind or barometric pressure. These tides are 

independent of gravitational forces and cannot be predicted 

Keap Tides minimum tides which ooour when the moon is in quadrature 

Overfallss obstructions to the tidal current, principally by the 

bo-tioa "configuration in narrow channels, diverts the tidal stream up¬ 

ward; these show as up-boiling water called overfalls 

Partial Tides tide waves can be broken down into periodic constituents 

or harmonic” oscillations« each of these is a partial tide 

Peri gee s condition when the moon is nearest the earth 

Quadratures situation when the lines joining the centers of earth, 

sun and moon form a nearly right angle 

Range of the Tides the difference in level between successive high 

ani low waters 

Rip Tides see tide rip 

Slacks a state of rest of the water when the tidal currents are nearly 

tero. The time of slack does not always coincide with the time of high 

or low water 

Spring Tides maximum tides which occur at full or new moon (moon in 

syzygy) 

Syzygys situation when the lines joining the centers of earth, sun 

and ^on from nearly a straight line 

Tidal Currents« horizontal motions of water which accompany the rise 

and fall oTTKe tide; these usually flow in the same direction as the 

tidal wave itself 
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Tidal Entrance* the mouth of an eetuary or bay through mhieh the water 

must ebb an'dTiow with the changing tide 

Tidal Wave* th. «d. 1. a tru. «T. *0.. ««rt^a 
earth b'y“the gravitational pull of the moon. 7VV 
rarely used in connection with tidea becauae of the oonfuaion adth 

or earthquake generated wave, which are referred to a. tidal 

waves" by the preas and public 

Tide* the alternating vertical motion, of the water of the .ea in 

7ëapon«e to the gravitational pull of the .un and moon 

Tide Curve* a plot of the height of the water agninat the time of day 

Tide Gauge* a device for automatically «d recording the 

height ofiheVd^ti re.peot to tüe. k tide 
form of gauge which consists of a graduat^ scale set at some datum 

from which the height of the water can be read directly 

Tide Race, very bold headlands which divert the coastal tidalcurrents 

and cause narr<i swift tidal streams. If the stream is opposed by a 

strong wind, a very choppy sea may result 

Tide Rip* a fast and narrow tidal current or the boundary between two 

currents with different direction. 

Tide Tables* tables of data published in advance by variou, maritime 
contain prediction, of th. h.ljht. and tl... of high and 

low tides 

Tropio Tidal the groatoot diurnal Inequality le 
aoona deollnatlon la at a north or aouth maxima»i thaae tidea ara 

oalled tropic tide. 

VernishinK Tide* when the diurnal inequality bscomsssogreatthat^ 

a high tide is actually lower than the previous low tide there is * 

period of several hours on an out going tide when the 
mains nearly constant before ebb resumes. A high aid low tide have 

vanished from the day and the semi-diurnal tide apperts diurnal 
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a. Th« differential attraction of the moon for the point« P, P‘ a tf, shown os vector«. The 

heavy dashed lines are the forces that tend to move P b P' relative to 0. (from Schureman) 

« 

b. Direction and relative magnitude of the tide-producing forces 

(from Encyclopedia Britannica ) 

FIGURE IL-' 
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A Apogee E Moon on equator 

Kinta the riiiirnnl tide at Dutch Harbor 

FIG. IL-7 - TYPICAL TIDE CURVES 

(from US.C &G.S. Tide Tables) 
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MAY 10 12 13 14 15 17 18 10 20 

E Moon on equator 

FIG. IL-8 - TYPICAL CURRENT CURVES 

‘ (from US.CSG.S. Current Tables) 
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FIG. IL-13 - DIAGRAMS OF TIDAL POWER SCHEMES 
(from Encyclopedia Brittanica)
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1. Inti eduction; 

Aside from the earliest qualitative observations of sea waves the first studies 

of wave ujtion on water were theoretical. It was only after the estaolishiaent 

of rather accurate theoretical descriptions of wave motion that controlled experi¬ 

ments were run mere for the salie of verification of tne existing theory than to 

predict new event:.. Many of the qualitative phenomena associated with wave 

motions were known to Leonardo da Vinci (1/+51-1^19), some of whose information 

was of an even earlier origin (see Avicenna, 9E0-1037)» 

In a certain sense the first wave theory was given by Newton (1687). although 

it was little more than a crude analogy. Assuming that oscillations of the water 

behaved like that of water in a U-tube, he deduced that the wave velocity of 

periodic progressive waves must, be proportional to the square root of their 

length. It was of course known to Newton as well as nis predecessors that the 

orbits of the water particles were nearly circular, at least in relatively deep 

water. 

The fii'st real theoretical treatment of wave motion after the establishment 

by Euler (1755) of tne equations of fluid dynamics was due to Laplace (1776). 

His solution is today recognized as the periodic solution of the exact linear 

theory of waves in water of arbitrary constant depth. It is an approximate 

theory in the sense that terms of the order of (H/L)^ are neglected in comparison 

with those of order (H/l) thus leading to use of the term "waves of infinitesimal 

amplitude". T;ds .olution will be discussed in detail later. Suffice it to 

say, however, that for many practical purposes, Laplace's solution with only 

slight adaptations is quite adequate. 

A particularly convenient approximate theory for shallow water waves was 

discovered by Lagrange (1781). The pressure was assumed to be entirely hydrostatic, 

and the Horizontal velocity component to be independent of the depth coordinate. 

The surface elevation was found to satisfy the classical wave equation 

Tygr. ~ (da)\se f>r waves of permanent form moving with velocity c = >fgd. This 
theory cen be thought, of as a limiting case of Laplace's theory for c^L -^0. 

An exact solution of the problem was first proposed by Gerstner (1802). The 

principal objection to it was first raised by Stokes (184.5) who pointed out that 

the motion was rotational and hence according to a result of ¡¿.grange (1781) and 

C*uchy(1815) could not be produced in a liquid at rest by the action of conserva¬ 

tive forces. Moreover, in order to generate such waves it was necessary to have 

imposed initially in the water- a velocity distribution opposite in direction to the 

direction of wave motion and decreasing exponentially with depth. 

The initial value problem of waves generated by a localized initial distur¬ 

bance at the surface of deep water was first treated by Cauchy (1815) and Poisson 

(1815). Apart from the obvious practical importance, this problem is of considerable 

interest for the notion of dispersive media and the propagation of wave groups 

in such media had their origin in its study. The essentials of the two papers 

of Cauchy and Poisson are concealed in reams of analysis and the details of the 

calculations are seldom carried out. As a consequence, they were often regarded 

as obscure and in the words of Scott Russell, who contributed much to the 

experimental side of wave problems, "mathematical exercises". 
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Stokes can to consider «d ^ be the fuunaer 

Ä^rÄTr Äce cÄ - 
«in the sij.ull" Since the surface xl acsuiuei to depart only siibnuij xrom 

,,, ij rifikloi’eo'vei'« iie succoeUeii xii detunuinin^ tue the originai undicturbeu i^Uu. kOieovci, ion. His metnods 
periodic wave motions to a rattier nigii ordei o ,r^ t'i ti along the same 
have inspired and continue to inspire numerous investigations along une 

or similar lines. 

T -it rf tv« fact that tne equations of motion of perfect fluids have 
bee„ tuero are -UUvet, fe^co^etel, 

r-p ^4-r.r.i ortnttons of the protleuis of wave motion. The prooiems oi 
“rtturSt8^», the {joint of vie, oi application, ‘«th-invoiv^ 

EíSíSSãS ï.=ç rû 
Cauchy and Poisson. Inis analysis as »ell as most others is based on -he 
approximate linear t:„ „n for roves oi i.,.mtt< .s»a ampnee-e. 

2. I*'l ’r r El. [tHöiitnl liquations of FlnM Dynamics i 

g ^ t t *î ^ ^ ft Hou H 0.1OTÎi"* 

we shall tiaul xn general witn continuous and hoacgeneous distributions 
of matter called1fluids, wtdch are characterized by the property that when 
?hey a^e riot fe moU^ribe force on any surface in the continuum is normal 
a. + -urface More particularly we shall be almost exclusively con 
cerned rita fluids called "perfect” w.lch are incompressible and non-viscous, 
the latter implyint, that the tantential force on an interior surface is 
zero even thougn the fluid is in motion. 

It will be convenient in the derivations to follow,not to restrict our- 
selves tf Ly one coordinate system and we shall therefore use the methods 
of vector analysis. The fluid motion can be described from either of tw 
different mints of view, both due to Euler. The Lagrangean representation 
considers the pathof the individual fluid particles describing them as 
func+ions of time. In the Euler representation attention is confine 
particular fixed point in’ space and the velocity components are given as 

^ropratfsÄ 
from the Eulerean to the Lagrangean representation is effected by soivi g 
the equations for the velocity components along the path. 

The fundamental equations of fluid dynamics are based on the principle 
of the conservation of mass, and on Newton's second law of motion. We 
shall assume that we are dealing with continuous motions, that J-s> "e , 
acsime that the velocity components vary continuously throughout the f 
and their space derivatives are finite. If we consider a closed surfa 
drawn within the fluid, then in continued, motion the 
fluid within the surface within any time interval Jt mast be s^ual 
the excess of mass flowing in over the mass flowing out. Now for a 
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closed surface S bounding a volume V: 

^tjil/ f d = ^crease in ^nss inside a in time %t 
V J 

— excess oi flow in over flow out across 5 
in time f t 

; ‘ J j f \ “s îfc 
■ ‘ ili (ftj d ViKby Green's theorem) 

whereis the vector particle velocity and cn is its component normal to the 
surface S. If this is to hold for all V the integrands of the volume integrations 
must ..■q equal and hence since f*is constant 

div ~ 0 (II A-2.1) 

Trds restricts tue arbitrariness of the velocity components. In rectangular 
coordinates tiiis continuity equation is 

uxtVy+wz * 0 (II A-2.2) 

bupi)0Se novv tiie fluid is subjected to an external body force,per 
unit mass. The total force acting on a portion of the fluid occupying a 
volume V bounded by a closed surface S is 6 

ÍÍJ f ■? <1 y-t- - p "? dS 

where^ is the outward normal to S. Tue total momentum of the fluid within V 
is on tne other hand, equal to 

If d 

Bj’ Newton's law the time rate of change of momentum in V is equal to the total 
force acting on the fluid within V; that is 

Tt Uj t"« d T ° jj_[ v + j J - i t? d S 
V V 

Now according to Gaus,'» theorem 

JJp TNs- \IJ grad p d V 

vdiere grad p is a vector having rectangular components p*, p , and p . Substituting 
RESTRICTED 7 rz 6 
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we find 

- grad p) d V 

V V 

For arbitrar} V the continuit} implies that the integrands must be equal, 
that is 

(II A-2.3) 

or in rectangular coordinates 

(II A-2.4) 

where X, Y, Z are the components of the external body force. These are 
Euler*s dynamical equations. We notice immediately the non-linearity of 
Euler’s equations, arising from the convective terms 

The presence of these terms makes it impossible to use the principle of 
superposition of solutions according to which more general solutions are 
found by linear addition of elementary solutions. We shall be interested 
later in approximate solutions which result from dropping the non-linear 
tenas. 

Only in the case of a special type of flow, called irrotational, is it 
possible to find a first integral of Euler's equations which greatly simplifies 
the solutions. 

b. Irrotntional Flow 

A particularly important result of the fluid dynamic equations 
due to Kelvin (1869) is the conservation of circulation. ..If we let C be 
an arbitrar} clocad curve r.^vii.^ v.itu tau fluid then the circulation 
associée ; with C is defined by the following line integral of the projec¬ 
tion q coso< , of the fluid velocity in the direction of the path 
mulu-^xied by the line element of the path d S. 

P = q cose^d S 

c c c 
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Kelvin succeeded in showing that for a perfect fluid the circulation reuiain 
constant as the contour C Kleves. A flow for which P is identicaliy zero ior 
all such curves in the lie,, region ic rtiln 

closed path it is necessary that Tf . d S be the exact differential of sone 
function ^ , called the velocity ¡potential., i.fcvi 

d^ = q* . d'? - u d xe-v d y-».w d d (II A-2.6) 

In this case the velocity cognants u, v, w, can be written as space deriva¬ 
tives of the single function^ , i.e. 

u fx. 
(n A-2.7) 

In general the cognent of velocity in soc.e direcUon is the space derivative in générai une 
of ¿ in that direction. 

A streamline of the flow is by definition a curve in the : luid at an 
instant of time whose tangent at each point is in tne direction oi tne resultant 
fluid velocity at this time and these points. A path line is by ^ 
acïual trajectory of a fluid particle. If the motion is in a steady state, so 
that the velocity components at each position areindependentof time, the 
streamlinec have a permanent form and moreover coincide with the path lines, in 
frícase the velocity is simply the derivative of + along the streamline i.e., 
a . £à- . The stream function'// for two-dimensional flows is defined in such a 
4 £ S . ,. fhg» i-ir,«- 4* « constant. The continuity equation way that the streamline.s are whe Hriej y 
for two-dimensional flow is 

^ u -_ rnJtim ■ iiw ^ - 
d * ^ y 

(II A-2.Ö) 

This is however, the condition that the quantity - v dx4 u dy be the exact 
ÏÏffcrâAtiïïTcome function, »dich in tide case is the stream function f , i.e. 

= -V dx+u dy (II A-2.9) 

It is readily shown that 

fU,y) = J (x,y) 
(—v dx + u dy) (II A-2.10) 

(a,b) 

represents the anount of fluid crossing, per unit time, any curve joining (a,b) 
with (x,y). Thus we can write 

. 
v * .Hl 

y ' d X 
(n A-2.11) 

10 
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and henee ÿ and ^ satisfy the celebrated Caucliy-Rieuaxui equations 

If-If’-If ■•S- 
One can regard <j> and f as the real and imaginary parts, respectively, of 
scie analytic function f (x+iy), that is 

f U+iy) = t U^ti^y) 
' ^ ^ -J^T The study of analytic functions is one of the most mpor- 

ÄaptVl In ShStios and it is for «do r^son that the studj. of t„o 
dimensional irrotational flows has been cultivated so ^g^tly ^ 
mathematicians. These problems are essentially those ^ 
functions which satisfy certain boundary conditions. Tue continuity 
equation is the celebrated Laplace's equation 

lli+lli. =0 
i X2 2) y2 

(II Á-2.13) 

wtiich occurs in many branches of applied mathematics. 

The equations of motion acUrdt of an important first Integral 
for irrotational flow called Bernoulli's equation. Vie note that for a 
particular velocity component, «ay u 

-||+|^(u2i.y2) 

(II A-2.14) 

Multiplying the two equations of motion by dx, dy, respectively, and adding 
we find on integrating the result that 

f+v4+B+Ä =i(t> 
(II A-2.15) 

where f (t) is an arbitraiy function of t and the body forces per unit mass 
are ascaaed to be derivable from a potential U, so that its components are 

» ÜL y s - -èü- 
"“TT * 1 TF 

’ Bernoulli's ecuatiun can similarly be shown to hold for three- 
dimensional fl ..a. Bernoulli's (1738) original derivation of this equation 
wS based on energy considerations along a stream tube of flow (Lamb, p.2l, 

1945). u 
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conrie-r;- cnV +n •.ólutiwii oi' a boundary wlue problem for wave trains 

which* are infinite in extent and of permanent form. We shall assume that the 

only external body force acting is that of gravity. The terminology used is 

indicated in Figure II x-1. 

The differential equation describing the irrotational flow of fluid is the 

equation for the conservation of mass, namely 

(II A-3.1) 

(II A-3.3) 

V2* zK'tyy + t™*0 
at bo’indary conditions we require that 

(1) at the rigid bottom the normal velocity be zero, i.e., 

= 0 for y = -d (II A-3»2) 

(2) the pressure be zero at the free surface, i.e., 

? = -sy-$^-§ (<f>x2-*4y*ih2) =0 

(3) a particle originaUy on the surface s+aya on the surface, i.e., 

p+tu p +v pv*».w pz *ü ony = *K (^ a_3*4) 
X y 

In the linear theorj' wo consistently neglect terns of the square of the 

ratio. H/L of wave-height to wave-length, in the velocity potential. Since the 

velocity potential^ must begin with terms of the order of H/Lwe shall neglect 

terms of. the order of f 2. Applying Bernoulli's equation to the free surface 

we find by (IIA-3.3) 

_g^ = <f>t (x, o, z, t)t <j>ty U, 0, z, tty*- - 

« 

where the right hand side represents the Taylor series expansion of z>t) 

about y s 0. Neglecting second order terms we find 

- - ¿ (x, o, z, t) (II A-3.5) 

By (II A-3.3) and (II A-3.4) 

^tty + c ^ 

where all derivatives are to be evaluated at y = 0. In the linear theory this 

furrlche? the surface condition 

(II A-3.6) 
8 + , = - + tt 0n!, = ° 
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boundary conditions t'iven on straigiit lines y * 0 and y "“d» 

We assume that the ■waves travel with a constant velocity c in the positive 
x-direction so that the wave motion reduces to a steady state in a coordinate 
system moving in the positive x-direction with thic velocity. In this new 
system, related to the original b; x' ■ x - ct, e(¿uations (II A-3*l) and 
(XI A-3.2) remain unchan,* ed in foru. while eejuations (II A—3»3) and (II A-3»oJ 
become 

(II A-3.7) 

(n A-3.8) S 4 y *-o24 x-x- ony = 0 

Separating; variables in equation (II A-3 •!) we find typical solutions 
of physical interest of the form 

where 

A typical solution satisfying (II A-3»2) is of the form 

Then by (II A-3.7) and (II A-3.8) 

(II A-3.9) 
m 

In terras of the wave amplitude a V 
aim cosh r d 

g 

Z a sin m (x - ct) cos na (II A-3.10) 

j. _ £_* cosh r (d+yl C08 m (x - ct) cos na (II a-3.U) 
? * cosh r d cosh r d 

J.2 s n2 (II A-3* 12) 

The quantities m and n are relat • 1 ■ ' ngths L and L1 in the 
x and z-directions respectively by m 

(II A-3.12) 
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V 

Furtuermore 

-■ *~ y -f- y» Ç.'-i;-_LAÜîLl 
*1 Gor1; r d 

_ Jj - £..ii sosi. r (d-fy) sia Ju (x _ ct) cos nz 
u - T a “ c cos;, r d 

V " 
j 

> = 4 .: “ 

•.im 

Ü •‘»•Ut-i r (d^y). cog m (¿4, _ ct) cos nz 
cosa r d 

r a n oos>; " (d^vj. cos Ja ct) gin nz 
-1¾ co sii r d 

(II A-3.U) 

(II A-3.15) 

(II a-3.16) 

(II h-3.17) 

Waves for Widen L end id are ap^roxi^atei, equel are called snort-crested, a 
term first employed tr Jeffreys (17x4). Waves for wiacu L» is much larger than L 
are called lon¿:~civsted. ûuen wav-;s nave relatively long straight crests cxiarac- 
teristic of swell wnich has travelled a leng distar.ee. It has been observed that 
waves in deep water are most frooeently short-crested but that as they aove u? 

£ sloping beaci they tend to align tliemselves into long-crested waves. _ The 
formulas for ion, 'rosUd waves can conveniently bo obtained from tnose given 
above by simply s b titutirig n « 0. 

The velocity of propagation of cylindrical waves (n * 0» L =oO) is given by 

- '2 » iá tana ma ^ ¿i; t arai ¿JT d 
ryl ™ sn L 

bince 

m 

ec = tanh rd ^ ^ tanh md 
SiT * 

2]T 
(II A-3.1Ü) 

(II À-3.19) 

v;e see that the cylindrical wave propagates more slowly than a a >ort-crested wave 
1 laving the same wave lengtii L in aeptn d. In terms of wave lengtns 

o¿ - D tanh D 
¿T L 

(II A-3.20) 

where 

D = 1 

The relation between wave velocity, period and depth is plotted in Figure II A-2. 
using the form-ala L = CT. Note that the wave lengths are measured through lines 
of equal phase and not through successive lines of crests, the two being tns same 
only in the limit as L1 becomes infinite. 

The orbital paths of ‘‘he water particles are obtained from the velocity 
components (II A-3.15, 3.1 ó, 3.17) by integration and,subsequent expansion about 
a position of equilibrium. One finds that the orbits are ellipses with one axis 
in the direction of wave p .pagation and the plane of the ellipse making with 
a vertical plane an <• rigle ß given by 

tan P “ p tan nz co^ r (dfy) (H A-3.21) 
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For any particular vertical plane ^ui‘alit.1 to tiie direction of v^ave propa¬ 
gation the ellipses have their omullast inclination to the vertical at tlie 
still water level and tecuc.e Qi.uxi'ely noriaontal at tne bottom. Typical 
ellipses are shown in Figure II A-3« One finds tliat the length of the semi- 
ay:es of the ellipses in the x-direction is 

(d+y) 
sinh rd cos nz (II A-3.22) 

while the semi-length of the inclined axis is 

B « a sl^di r (d4»y) cos l¡2 seC a 
sinh r d r 

(II A-3.23) 

If the waves are long-crested the ellipses will all be in vertical planes 
parallel to the direction of wave motion^ ellipses at the same depth being 
congruent. The;,- became more eccentric as one approaches the bottom reducing 
there to a straight Une. The particles move in such a way that they are 
going forward in the direction of wave motion when the crest passes and in 
the opposite direction when the trough passes. The ratios 

a 

O mam 

cosh (d»y) D 

sinh ¿X Dd 
L 

and 

B0 _ cosh 2£I(d+y) D 

a sinh ¿JE D d 

which are eoual respectively’ to - sec nz D and § sec nz cosf are shown in 
&L C* 

Figures II A-4 and II A-5. These ratios essentially furnish the ratios of 
the horizontal and vertial amplitudes of particle oscillation to the wave 
amplitude. For L' =*0 t D 3 0 and these plotted quantités are equal to the 
ratios of amplitudes of particle oscillations to wave amplitude. 

A quantity of considerable interest in interpretation of readings of 
underwater pressure recorders is the bottom pressure variation beneath a 
regular periodic wave train. We find from equation II A-3.14 that this pres¬ 
sure variation & p is given by 

Ar = (II A-3.24) 
fg cosh rd 

Knowing the pressure response factor K - sech —-o and Ap the surface 
height of such an ideal wave train can be computed. Since, however, one can 
only obtain L from a single record one would expect to obtain different 
results depending on the value chosen for L'• This is illustrated in 
Figure II A-6, where K is plotted versus d/l for several typical values of 
I/L'. Since D * 1. cosh 2V g cosh and we see from equation 

' Ju L 2t d 
II A-3.24 that if the usual pressure response factor K^yUnH ■ 8e°h ¿ 1 
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is applied to a record resulting fro«, a train of short-crested «aves the «ave 
height will bo underestirnated. The wave heights of ocean waves are usua^ « 
underestimated from underwater pressure records although there are many con¬ 
tributing factors such as those due to the combination of wave trains of 
dxfÄ frequencies. We shall return to this question in ^ later section 

As an example, suppose d/L « 0.25, then the actual surface elevation will be 
4/3 of its estimated value if L» is approximately equal to 1.5L, a not un¬ 

reasonable condition for ocean waves. 

In deep water, for which d/L is large usually ior purposes^of wave 
velocities d/L>l/2) the formulas simplify considerably. We find for examp , 

that 

t* = -y+\ 

ry 

u — Q ^sin m (x - ct) cos nz 
o 

= „ á a í. e ^ cos m (x - ct) cos nz 
c m (II A-3.25) 

w _ g a n e ry C0B m (x - ct) sin nz 
cm 

=2 - 

The oressure and particle velocities decrease very rapidly with depth, the 
me prepare aau pai kj-v 2Trr n mu,j «. HAorenRe is much more rapid 
dependence on depth oeing given by e + r P* , . 0„ r 
for short-crested waves than for long-crfested waves having the same L. The 

orbits are only' circular for long-crested waves. 

The mean potential energy per unit surface area is 

L L' 

-.-U± j J, 
0 o 

L L* 
2 dx dz 

= |gf a2 (II A-3.26) 

For ornfli i oscillations the kinetic energy is equal to the potential energy and 
consequently the total energy is 

B-l—2 
4gf 

a (II A-3.27) 

The corresponding total energy of cylindrical waves is twice as great, namely 

^cyl = 2 S f a 
RESTRICTED Security Information 
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The theory of progressive weve motions in heterogeneous heavy fluids 
has béen investiga oui 1¾ Love (lo91) and Burnside (löi9) 

. Under tne assumption that tne equilibrium Voxue of tue density 
is a fuhctiwa of the vertical depth coordinate only it can be shown that 

(see Lamb, 1^45, p. 37b) 

^ 2 _ äL = 6 k or o - (II A-3.29) 

which is the sauie relation betv»oen period and wave length found to hold for 
homogeneous liquids of infinite depth. 

b standing Wavest 

Standing waves can bo obtained by superimposing two progressive 
waves having the same characteristics but travelling in opposite directions! 
The surface profile is of the form 

Tfy s a cos mx. cos nz cos Ct (II A-3.30) 

It owes its name to the feet L. -t tne wave profile does not progress horizonteilyj 
for example, the nodal Lines are fixed. 

The pressure variations on the bottom beneath standing waves can be 
estimated using a simple device due to Longuet-Higgins and Ursell (1948). 
Consider one of the regions bounded by vertical planes through successive 
mnvimft and minima, parallel and perpendicular to the x and y axes. The 
mass of water in this region always contains the same particles since there 
is no flow across these vertical planes, bumming the equations of motion 
for each particle of mase, m, in this region and cancelling internal 
forces we find that the vertical component of tue total external force 
acting on the nass is 

F ■Z-ê 1 d^E 

«1? 
(II A-3.31) 

The forces across the vertical boundaries contribute nothing to Fj the pressure 
p at the free surface contributes a downwards force of L L' p0 and gravity 
a constant force L L' f g d. Hence F - L L' (p - P0 - f g <*)* where p is the 
mean pressure on the bottom. 

Now 
L L' 

h’l *f j ¡vv dx dz 
o o 

_ 1 _ n2 ¡lÍ' —2 
- 2 6t 

COS £ t 

17 
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By equation II A-3.1 we find 

Po - = g d - coe ¿fit 

f " 

(II A-3.33) 

This differs fro, the fomula ^ ^et-Hi^s "laïeS p™ 
1/2 in the last term. This result sho^ that one^as^ ^ of twice that 
on the bottom beneath st anding wayeo * ‘ the cause of microseisms and 
of the surface *aves. Tais has been advanced as the ^ Experi- 

directions the unattenuated pressure variation is given y 

A p - 2 f al a2 
cos ¿ (Il A-3.3A) 

-»ich agrees «ith the previous result f* ? 
Cooper and Longuet-Higars ^ous objects including a eloping beach by 
^sïï“cf'A p! Ä t’™ of the a„.pmude,a, of Ute incident »ave one 

can write 

Ap r 2^Ra¿ e"- cos 2«t 
(II A-3.35) 

They find „peritnentaU, that the -flection o^fficien^is^Wt^for^ 

vertical plane reftectors, and docreaoo- , q Qj! for ^o. These experimental 

ÄfÄnÄn establlsliing thejaukty 

«vls^e'XsSve;“: energy°beirtt"dissipated at the *.r. in breaking 

and friction. 

través at the Comuon Gurf aoo 

S^fiSÄ^Llhe upTer aiicl le wOindted. Taking the origin 

in the mean level of the interface we have 

Aftt 
(II A-3.36) 

¢-- A -,08h k (dty)#cos kx 

,/ w À** 
À - A' e-Ky3°s kx e 

fluid. If the free surface profile has the the primes referring to the upper 
equation 

ÀCi 
V = a cos k X e 

18 
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v.tí find, usiiig the free surface condition ~ ^ 

k A jirui ki = -k A* ■ iCu 

y« o , that 

Cn *-3.3Ö) 

Coiitinuxtj of pre3*-Ui'c at t*.o interlace iiuAjiic^ tixut 

Substitutil 

<-%-->)-4 

;n_, for and c^«vi find 

at y * 0 

f ^-íéTa cosa kü - ¿ú) * f^-iCA* - 6“) (II A-3.39) 

JáliiuiiiatiriÉ; A u.u. A* . -ans of eo^uatio. I,II A“3»3) the wave velocity is 
found to be 

c ■( tanh kl e- j7 
ç + rt'anh kl_ 

(II A-3.40) 

The effect of the uiver fluiu is to decru.n.e tue ii»uve velocity of waves of 
given lengtu in .vator of given constant deptii in the ratio 

1-4 

1 ^ tanli kd 
(II A-3.41) 

wiiich increases as the water bocoi..eo shallower» It is interesting to notice 
that the tangential velocity changes sign at tiie interface} in other words 
the interface is a vortex sheet. The decay of the discontinuity due to 
viscosity is discussed by Harrison (1VU¿)} tue vortex sheet is replaced by 
a vorticity filw. 

bhen the two fluids are ..ovinc par sale i to oacn otner with velocities 
of b and Ü' Vi a can treot tne luotion appx'oxi.. ateiy as one oi símil oscilla- 
tions about a steady ct^te (Lamb, l'y!5, p» 373)» writing the velocity 
potentials in the fore, f ■ -UxV^ , 4' » -U« x+^', a solution can be found 
in a manner siiiiilar to tluit previously discussed. The velocity of propa¬ 
gation is 

fB*>' u' - a£.-.tl -Cd.— (u . ui 
c f*Y' '1 p f+f' Tr»r73iu 

): (II *-3.«) 

The interface is unstable for 

& 
k (U - u«)2 > £ (II A-3.43) 

19 
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which includes that of verj email wave ier%tn3. Iri sucii a case s.ij.£ht distui’bances 
would cause waves to form and grow. The case ^ = { 1, l) = l)' requires a separate 
investigation. Tais latter situation is of interest in connection with tne 
flapping of sails and flags. A slight disturbance will grow with amplitude 
increasing proportionally to the time. For a complete discussion see Rayieign 
(187V), 

à. Linear Superposition of a Finite humbcr of haves, biiupie Groups: 

For waves of infinitesimal steepness velocity potentials ana wave 
heights can be simply added due to the approbate linearity of the equations 
of motion. As an example consider two sinusoidal waves having the same ampli¬ 
tude and slightly different wave lengths and phase angles. For such waves we 
write 

= a cos (kjx -ôjtfôg) 

= a cos (k^x -6 
(II A-3.44) 

and assume that ki * k^, ^being constant phase 
angles. If we let kj_ * k - o< , k2 " k , =6- p >6*2 " ® ^ P * 

aÔ - Çí we find tne resultant surface elevation is 

^ =^1^2 - 2 a cos (o(x - )cos (kx - C 11$) (II A-3.45) 

If the wave lengths are nearly equal oCand P are amall and tiie first factor 
2a cos (*x- * t*S) can be considered to be a slowly varying amplitude function. 
Tiie surface profile has the appearance of a rapidly varying sinusoidal function 
with a slowly varying amplitude alternating betweenÎ2a and 0. Since the succes¬ 
sive groups are separated by bands of nearly still water the consecutive groups 
can be considered to be nearly independent of each other. Tne group velocity 
of the combination is equal to the wave velocity of the amplitude function, namely. 

= L 
~k 

if 0( and J& are small.. (II A-3.46) 

Since 

s2 - £ tanh k d 

6" = g k tanh k d 

we find 

g 
_ 1 

(It 
2 ki 

sinhSk d ï (II A-3.47) 

In deep water r‘o ~ 2 c 30 b^at the individual elevations waking up the group are 
observe., to run-through the group with twice the group velocity increasing in 
height until the maximum amplitude 2a is attained and then dying out in front 
of the disturbance. Thus, since one always has a range of wave lengths present 
in nature one must calculate the time of arrival of a particular narrow frequency 
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band of swell as if it travelled not witn the wave velocity appropriate to 
its period, but with exactly 1/2 of this velocity. This explanation seems 
to have originated with Stokes (1876) after the occurrence of the phenomenon 
was pointed out to him a few years earlier by Froude (1873)» The group 
velocity appears then to be of particular importance and even in acoustic# 
and optics the wave velocity is of importance chiefly because it coincide# 
with the group velocity. 

The simple group is generated by superimposing two sinusoidal 
wave trains of neighboring wave lengths and frequencies and of the same 
amplitude. For short-crested waves wë have 

s a cos (m]X -tfjt) cos nja+a cos (mgX c°® »2* 

which can be written in the form 

= 2 cos (otfx-pt) cos (mx-ft) cos f z cos nz+2 sin (•( x-^t) 

sin (mx -tft) sin^z sin nz 

where 

m^ = m -e(, mj - m*o(, =^- P 

ni = n - y', n23n + y' 

The amplitude factors 2 a cos (¢( x - ß t) cos t z ^ a ein Wx- ât) 
sinYz are slowly varying functions of x anrf * oiwino rise to a two dii&an- 
sional beat pattern. As an example take 
Figure II A-7 illustrates a typical set of 
surface. 

Two waves with different lengths travel with different group 
velocities and therefore separate from each other more and more as time 
goes on. Since the intermediate wave lengths remain the same the number of 
waves increases with time. The waves produced by a distant storm of small 
duration and observed at a distant point should be rather regular in height 
and period over a small time interval, such as 20 minutes, with a period 
slowly decreasing throughout a longer interval. The waves appear to run 
through the group gradually disappearing at the front of the group while 
fresh waves arise in the rear. The particular situation is not. general but 
depends upon the condition that the velocity increases with wave length. 
That other conditions can occur will become evident if one considers 
capillary waves, where surface tension rather th§n gravity is the controlling 
factor. The wave velocity of capillary waves as given by Lamb (1945, p»457) 
is 

oi/|2hJ4 L4 (II A-3.48) 

where Ti is the stress between two adjacent portions of the surface per ur*it 
boundary length. The group velocity is then 

g = c -i’f =1° 
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in général, for combined capillary and gravity ».vee, Re group r^ocity 

is greater or “ca ^ the wave velocity, according a. L 

(II A-3.50) 

I * i (wxy/i in ahowinii that only for small ripples "ill 
For a water Caves. A situation in which both gravity and 
the group outrun the ^^^^aneoCsly is found when a small object, such 
capillary type waves occur simultaneously ^ ^ upstream side the wave 
as a fish line., is moved thrcug • ^ t while on the downstream side 
length is small and capillary waves P ^ ^ order for both sets of waves 
the waves are longer and gravi-y . . ^ th ’0vj^ect they must move with the sauie 
to maintain a fixed position waves have in addition to a 
velocity relative to the ^ter. Due Thus for a ring-shaped 
minimum wave velocity also a ua g oriidn. The minimum wave velocity on 

“r3 äs “ä w-. - c^^n. 
mv^velocity being .8 «/.«, c.d the wave length 4.6 cm. 

Consider now a enrface 

when two wave trains are adde^" , , i%5). If one simply adds two sinu- 
relative sice of the fanother cinusoidel wave 
soi dal wave forms having the same pe saíne it "i s of interest 
of the same period. Wien the separate cases where the periods 
and of considerable different. The first :ar,e corres- 
are nearly the same and ^er® ^ ‘ ' nearly separated out into its 
ponds to almost pure swell which ha ^ tho stom. The second 

sitnation ’ISs.. S datively cnort period local wavea are superimpoa«* 

on a long swell. 

When the frequencies of 
phenomenon of beating takes piaca { wl. h a' slowly varying 

—4 “d 
analyzed by using the rule (Manley, 1940 that. 

»The resultant wave has the same apparent frequency of 
, a. f¿ n that wilt! íy?>jtit/6r amplitudJ the major component (XoO.., that v/iyi — hr mffprence 

and its amplitude varies between the sum and -he diff • 
of the component aoplitudea, the be* frequency being t s 
2fiïeÂJw«iu« frequencies of the ccmpcnentc." 

To determine whether the minor component ia of higher or lower fro- 

quency we have the rulesî 

(1) If the minor component is of higher^ frequency than the 
^ ; major, the distance between successive peaks at the bulge 

is less than the corresponding distance at the waist. 

(2) If the minor component is of lower frequency 
K } it,cr the distance between .successive peaks at the bulge 

i8Jgre&cer than the corresponding distance at aie wais.. 
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When there are only two components the envelope of the crests is 

the mirror image in the center line of the envelope of the troughs. 

When the frequency of one wave is much greater than that of the 

other a new type of wave form results. The characteristics of this type 

are: 

(1) The hi$i frequency components appears-in the resultant 

wave as a "ripple" superimposed on the low frequency 

component. 

(2) Both envelopes represent, in amplitude and phase, the 

low frequency component. 

(3) The width of the envelope strip is equal to the amplitude 

of the high frequency component. 

The rules in more general situations are too complicated to be of much prac¬ 

tical use. 

The rules may prove convenient in the interpretation of those 

underwater pressure instrument records which seem to consist of only two 

harmonic components. As a check of some existing methods of determining 

surface profiles suppose we start from a surface profile formed by adding 

two sine waves of given amplitude. The theoretical pressure response 

curve is then easily obtained. This curve can be analyzed by existing 

methods to obtain a surface profile which can then be compared with the 

correct profile in order to assess the errors involved in the methods. 

Consider then a time history of the surface at a particular point which 

is given by 

'Vy s a costf^ t-t b cos€2 t (II A-3.51) 

The pressure response on the bottom in water of depth d is 

4e-.= 
PS 

a 
cosh kj_d 

cosí 
cosh k^d 

C°s£2t (II A-3.52) 

By the rules given above one could compute£2 •* a/cosh £l?> b/cosh k2d 
and hence a and b thus determining the originai Surface profile. However, 

if this procedure were not followed the methods used for example, by Putz, 

(1950) and Snodgrass and Stiling (1950) for the given underwater pressure 

record would lead to errors. As a numerical example, 
the case in which d - 50 ft., Li = 250 ft., L2 * 150 ft. and a and b are 
both unity. The surface profiles and the underwater pressure recoru are 

shown in Figure II A-8. The methods of Putz and Snodgrass lead to quite 

erroneous surface histories. For example, one of the known crests is not 

predicted by either approximate method. The method used by Snodgrass in 

employing an average pressure response factor for the entire record leads 

to an underestimate of the wave heights. 

a. Energy’ Transmission: 

This subject was first considered by Reynolds (1677). Progressing 

waves usually transmit energy as in the wave moving along a rope one end 
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of which is fixed and the other is rapidly wiggled, in which case all of the energy 
is transmitted. Waves caused by wind on a wheat field, on the other hand, trans¬ 
mit no energy. Reynolds concluded that for waves of permanent form in which the 
particles revolve in circles kinetic energy cannot be transmitted since the wave 
velocity is constant. The potential energy is transmitted for the particles 
move forward when they are above their, mean position and backward when they are 
below. 

For a travelling disturbance having the form of a wave packet the group 
velocity must be equal to the rate of energy transmission so that the group 
may be maintained, for in an elementary wave the energy is proportional to H • 
If we assume that the energy density at any position and time is proportional 
to the square of the surface height we see that by squaring the surface height 
for a wave pocket and taking the mean value v«e obtain a result equal to the square 
of the amplitude function. The work, dW done at a surface element dy.l in time 
dt is simply 

dW “ p u dy dt si. 
3-x. 

dy dt 

The work performed at the cross-section x s 0 during one period T represents the 
flow of energy through this cross-section in time T. Now this is 

= |dtj p ^z d‘4 (II A-3.53) 

The terms y+ const omitted in the expression for p when multiplied by the 
period factor vanish when the integration with respect to t is carried out. 

Now for a simple long-crested wave train in water of constant depth 

. = C05? .Ct.) 
j £ cosh kd £ ' ' (li a- ;w4) 

ÍH\ 2\ Since cosh k (d-f-*^) “ cosh kd*töf(r) jwe fina on consistently neglecting tenas ci 

order (H/L)^ 

(e'cosh^kd 
- (* [ 
:d J J 

cosh^k(dfy) sinket dy 

^ a2 k IT / k¿ 4. sinh 2 kd \ 

¿coslAd «k V 2 4 ] 

r6 ?a21( 
1 + 2 kd 

sinh 2 kd ) (II a-3.55) 

The total energy per unit wave length and unit crest distance has 
already been shown to be 

. 1 E = 2 g f a L 
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Thus 

2 = 1 f 
Ê 2^ 

1-t- 
2 kd 

sinh 2 kd ■) 
(II a-3.56) 

From previous work tills is also equal to _£• The rate of energy transmission 

is then equal to the group velocity. 

This identification of the rate of energy transmission with the 

group velocity is generally valid for a group of waves (Lamb, p.363)« Let 

P be the center of a group, and H that of the relatively quiet region ahead 
of P. During a time 7* which extends over several pei’iods, but which is 

small compared to the transit time of a group, the center of the group will 

have moted to P such that P P1 ~ c T* and the space betv/een P and Q will 
have gained a corresponding amount oT energy. 

of aJI is 

The energy flux between neighboring orthogonals a distance apart 

iklíí* 2 kd 

\rJ\ sinh 2 kd ■) 
ùi (II A-3.57) 

For conservation of energy flux we m^st nave 

- I C° n° 
N 

H 

ÏÏ 

(II a-3.58) 

Kr 

n s 

where K¡) 

by refract!' 

K1 

». 2kd \ 

w+ãmzFd ) 
indicates the extent to which the wave height is luodified 

and where ÍL. indicates the ratio of wave heights for waves 
H 

approaching at right angles to the depth contours. Tni 

is plotted in Figure II a~9 vs. d/LQ together with the ratio c. 
(11*7) has discovered by plotting a/a0 anu Cg/vs. y the < 

that a minimum of a/aQ corresponds to a maximum of 

latter quantity 

c/c0. Suquet 

curious fact 

cc< 

f, Energy1 Transmission oirer a Submerged Rectangular Breakwater: 

The energy transmitted forward in a wave incident ou a submerged 
barrier is partially transmitted and partially reflected. The transmitted 

energy is reformed into a wave motion subject to shoaling over the barrier. 

The wave length will decrease over the barrier and lengthen to the original 

value after leaving the barrier if the period is assumed to be constant. 

We exclude the cases of non-regular transition where the period changes 

abruptly at the edge of the barrier. 

The energy transmitted forward with the incident wave motion per 

unit time and below a depth d-h is (Lamb, 1915,., p. 383) 
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a, 

dy 

where 

f- 

k= 

¢-- SL - «Y 

Substituting and carrying out tho integration we find for the time average of Eft 

_ 1 d sinh 2 kh , j. 2_kh_ ^ 
%"irefH c. sinh 2 "kd ainh 2 kh J 

The total avurage energ,/ transmitted per unit tia-e in the incident wave is ob“ 
tained b¿ setting h ■ d or 

Í vEefH=2 c(^;¿h-is kd \ sinh 2 kd' 

The average energy transmitted per unit time over the barrier is 

-P- i u 2 /,, 2 ki_\L s 
^ gf Hs C^A+ siiil 2 kdjj1 ” 1 

^2 kh_ 
sinh 2 kb. sinh 2 kh. 
sinh 2 kd ^ 2 k'd 

• sixüi 2 kd 

(n a-3.59) 

There are two cases to be considered here., if the wave period is assumed 
to remain constant. The wave length and wave velocity depend upon the depth 
according to the relations 

- ,éiL. coth Kd 

(II A-3.60) 
c * & t anh kd 

€ 

Case 1. The transmitted wave Is measured in water of depth d shoreward of the 
barrier. In this case k and c are equal to their original values for the incident 
wave. Since Ej> must have the same form as Ej_ the transmission coefficient is 

- [ , sinh 2 kh n (h) 
n;Jd 1 - .iShiM rnt (Il A-.1.6I) 
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For shallow water and for deep water in case the barrier ie near toe _ 
surface, the transmission coefficients are the same as if ^ ^ly 
that a fixed fraction of the total energy associated with the incident wave is 

reflect ed. 

A comparison of the transmission coefficient with experimental data 
is given in Figure II A-10 as taken from a report by Johnson, Fuchs and # 

Morison (1951)« 

4. Waves of Finite Height; 
a. periodic Waves , , 
When the wave steepness, h/L, is no longer very small the approximations 

made in the preceding section are poor representations of the wave motion. This 
of particular significance for waves in shallow water. The lowness of con- 

vercence of the Stokes* senes approximations has lead to the use oi other 
methods of approximation discussed in la^r sections. The determination of the 
higher Stokes approximations is straightforward but tedious. One continues t 
expansion of the velocity potential about the still-water level y - 0« ^sing 
nreviouslv stated conditions one obtains a non-linear surface condition for tne 
notantial^on *he plan® y “ 0, consisting of an infinite series containing partial 

OÍ I resolution of this squtóion subject to the bottom condutuon, 
proceeds p, «icïessiv. apprccdmations. 0ns additional epprorbaation hae be« 
carried out for short-crested waves in a recent report by Fuchs (1951)- T ■ 
calculations show that ^ has the form 

^ ~ A cosh r (d4 y) cos m (x ct.) cos nt 

+ B cosh 2r (dty) sin 2m (x - ct) cos 2 nz 

4. D cosh 2m (d+y) sin 2m (x - ct) (II A-4.1) 

where 

n .. A2 an2 cosh2 rd - jr2 _ 
D ^ - , m s inh 2 md 

• -n 2 cosh 2 md - --tlSrîd“" 

B “ - 
3 A" 
lb cm sxnb^ rd 

The wave profile has the equation 

^ - a sin m (x - ct) cos nz 

J 

) 

.2^ / ? . .,3 cosn 2 rd\ 
- fJ--- , ---( 2 sinh i i - ^ - 

4 sirii 2 rd\ sirh- rd / 
* / 

cos 2m (x - ct) cos 2 nz - ¿LLtíW2. ir£gÍLi-£¿i cos 2 nz 

a t2 |(3r2 ’4n2 cosh rd) 
4 r sinh 2 rd C03h2md-^ m sirsh 2 rad. 

tainh md 

« m2cosh2rd4*3r2sinb2rd*fr n- ccsb2 rd cos 2ni (x - et) (II A-4.2) 
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A cüjüCarisen is given in Figure II À-11 betreu the coefiicients of tne 
second harmonic ter^s in the surface profile of lon0 ^ ^ 
waves in terns of the same initial steepness m deep water, the transf r 
mation being given in Section j. Tide figure snows that for a ^ure of 
^ng and si^rt-crested waves having the same steepness in dep water the 
long-crested wave will be predominant in shallow water. Tne predominant 
second liarmonic term for short-crested waves is proportional to 
cos 2 lux. cos 2 nz. 

Tuis exures^ion (II A-4.--) reduces essentially to Sookes’ classical 
aeoond orteí ^miía for tto sirfoce olovation when n - 0. ^ ¿ 
not possible to express this surface elevation a so.,iple superposition 
of two cylinarical waves of second oruer meeting at an angle even tnoi gl 
this ms possible to the first order. A pictorial sketcn of f™6* 
face is given in Figure IU-2 for conditions made clearer in Section 3. 

ssa%sTW asa« «- ~îBH:ï ? oscillatory motion the par vieles are propagated in the direction of t e 
w&vQ motion mta 3. voXociAy 

- a2 Cm¿ soth^ 
- o 

4r¿ 
■ ^2(tanh2rd +1 

2 2 2 
)^. cos 2 nz (r tanh rd+m 

(n A-4.3) 

Thus U is a maximum for lines in the direction of propagation passing 
toàleiîàfîîd troughs and a «ialw for Unss idd-aybetwosn these. 
Tnese irrnximum i.ass transport velocities coupled with the large transla¬ 
tional velocities of the short-crested waves breaking on these lanes gi 
Sse to eddy cells in the near shore circulation, 
that the separation between lanes of maximum current would vary with th 
crest wave length being large for long-crested wavei and s..iall foi s.^ 
crested waves. Tais behavior has been noted by ohepard and Inman (1^50) 
in their studies of rip currents. 

The recognition of a regular short-crested system of waves should be 
Of in'-ortance for operators of small craft traversing a suri zone. 
ÏL« c^ft which keep to lanes parallel to the direction of wave motion 
and iiádway between crests will encounter the smallest wave action. 

The approximations have been carried out even farther for cylindrical 
waves in water of constant finite depth. Stokes proceeded to a tia.d 
approximation, neglecting terms of tne order of (H/1>. 
ofthe crests and broadening of the troughs becomes more pronounced 
than that indicated previously especially in shallow ™^cr. The P - 
cioal difference between this approximation and that givaii earf.er, 
reflecting (H/L)2, is that the wave velocity, in a system of reforexice 
S wSch the mean horizontal wave velocity is zero, depends upon the 
wave stee ness according to the formula 

¡2 «. £ tanh i Ç- m i* +..-J 

m “{1+(5r)2 " cosh22 md^ 2 cosh 2 nid 
8 sinh ^in.d 

(II A-4.4) 
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The correction to the first order result increases rapidly as d/L-^C. For 
deep water 

25» 

e5 ** cdeep 

For shallow water 

«2 P(1 
'shallow ~ 6 

* s[**(Ff] 

["fe *] 

(II A-4.5) 

(n a-4.6) ■ 

Stokes (1846) pointed out that it is possible to have any value for th*> 
wave velocity depending on one's reference system.» In deriving fonnuls. IIA»*4#4 
Stokes assumed that the velocity is that with, which the profil" propagates in 
a system of referencein which the mean horizontal velocity in time of the water 
particles xs zero at every point. The second definition of velocity suggested 
by Stokes involves a reference system in which the horizontal projection of the 
velocity of the center of gravity of the mass of fluid contained between two 
sufficiently distant planes, normal to the direction of propagation, is zero 
in the mean with respect to time. This latter definition has been employed by 
Biesel (1951) who finds that in this system of reference. 

¿ tanh md 
m [^(fj sitfl cosh 4 md'fS cosh 2 mdt 6 

8 sinh* md 

2 sinh2 md 

coth md 
md )] (II A-4.7) 

This definition ;.s of importance for waves propagating in a United canal, the 
center of gravity of the fluid ua-s contained in this canal being fixed in the 
mean. 

Rayleigh (1876) was the first one to show cn genera], principles that a mass 
transport is necessarily associated with a two-dimension«’1. irrotational. met ion. 
Tiis question has been investigated rigorously by Levi-Ci ita (1922) with the 
same conclusions. He has shown moreover that the mass transport velocity is 
of the order (H/L)^ but that it car: nevertheless be computed from the formulas 
of the well-known linear theory. Ha finds that the mean transport velocity, ¢, 
averaged over the depth of water, is given by 

JL -l^y (II A-4.8) 

The mass transport is assumed to vanish for the lower layers. In connection with, 
this Biesel (1949) has shown that for such permanent periodic swell the mean value 
of the rotation is equal to the derivative of the mean velocity in the lower 
layers with respect to depth. If the motion is irrotational it follows that 
the mean velocity is a constant which can. be taker, to be zero by appropriate 
choice of the reference system. Conversely it can be shown that if this 
mean velocity is zero, the movement is irrotational. 
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For long-crested waves the series approximations used by Stokes have 
been continued in order to determine surface profiles in shallow water. 
Following Stokes (1880) we choose 4 rjIid t a3 independent variables 
rather than x and y. In the i^ew cocrdiriate system the region of interest is 
bounded by two straight lines constant. Expanding x and y in series 
we have 

x = Ai cosh i (^+- k) sin i 

i=l 

Ai sinh i (t*- k) coa 

(II A-A.9) 

1¾ 

where the surface streamline is Ÿ“ 0 and the :cil‘ strem.line is Ÿ® -k. 
Bernoulli's equation bocornes 

^ = -g (j’+C ) ~ ~ 
t . ^ 

where C is an arbitrary constant and 

Vr (¾ 

(II A-A.10) 

(n A-4-11) 

Substituting from (1) anu (2) and setting p " t " 1 cbtai.*s ou 
collecting tenis of the form c-3 a systa,. -i equations from which 

«V 

the coefficients C , At., Apt-> Cau"be calculate-. The ü-lntion of these 
equations is facilitated bj choosing related cc-va . toieuvt -. suet; u way that 
these coefficients are separated» i.e.» the coefficients c.u; be determined 
successively from succeeding equations. The cc.e ficients hove been ca_.- 
culated numerically in certain cises neglecting temas of t *o oraer oi Vh/W 
and higher. A comparison of surf—e profiles, as determinei by various 
orders of approximation, is given in Figure II A-Li,for 
tions and id,.h relative steepness. It appears that for d/L tue 
wave is ver; near its limiting steepness U*«*t \x>¿orA tuas we.a wave will 
break at the crept) when H/L is approximately U0u*X>4. tia3 VüiUfc o1 
d/L iiichefs (1944) approximate formula for the limit in,, steepness ^ 
(H/L)m»v s 0.142 tanh kd gives (H/L)^ " 0.144. numerioax Calcu¬ 
lations have been carried out to the tth order for inf irately deep ..a .or. 
The surface profiles given in Figure II A-13 indicate that a parameter 
value of a/L = C.l is toe large ror a reasonable wave using this order of 
approximation, a secondait crest appearing in the trough. For the value 
of a/L = 1/14;.. H/L = 0.154. The approximations we used here give a 
reasonable wave although other investigations indicate that in deep water 
the limiting wave should have a ratio closer to H/L ** 0.14#* 

Since the calculations are simpler to perform and the convergence of 
the series approximations is most rapid for water of infinite depth many 
investigations have been concerned with long -crested cylindrical waves of 
appreciable steepness for which the bottom effects can be neglected. Tne 
earliest such investigations appear to be due to Stokes (IbtO) who found 
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^ = a cos mx' - |^ma24 ^ J ooa 2 mx» 

+ I m2a4 008 3 Mt* - ^ m'3a/* ®os 4 mx» t- 

2? > 

(H A-4.12) 

r 

= ä 1 m2aV I 

Platzmann (1947) has given a new method of performing the successive 
approximations for deep water* He finds that the wave velocity, c, is given by 

(H A-4.13) 

»diere o( = H/L. Since the maximum value of H/L in deep water is (0.1418), 
according to Havelock (19l8ltne extreme partial sums of the series are 1.000, 
1.198, 1.218, 1.220, 1.219,=-- the proper value being 1.22012/ the steepest wave. 
Thus the error in c in using the approximate formula c = is a maximum 
of nearly 10^ for the steepest waves. The error in using the formula 

■JIM (f)2 ) 
is less than 1% for the steepest waves. 

Platzmann (1947) also investigates the energy partition for deep water waves 
He finds for the kinetic energy 

(II A-4.14) 

2 
where It ^2 = and for the potential energy 

(II A-4.15 ) 

Thus the result that the total energy is equally divided between kinetic and poten¬ 
tial is only approximately true for the difference between them is of the fourth 
order in the wave steepness, i.e.. 

^ -- K4 K* (II a-4.18) 

For the steepest waves the partial sums of the series in II A-4.16 are 9.93#, 
10.925?, 11.375?, 11.59^. Hence although the convergence of this series is quite 
slow it appears that the maximum value of jílC“!! is about 1/8. 

Jr 

The energy transmitted by waves of fiauce height in deep water has been in¬ 
vestigated 1¾2 Starr and Platzmann (1948). They find that the transmitted energy 
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Ej. is related to the total energy E^+Ep by 

(II Ä-4.17) 

we aave 

The ratio is 1/2 if terms such as (H/I> ai-e iiü^lacted. 

For waves of appreciable steepness the series appro-ximations converge 

very slowly. One is naturally led to inquire as to tiie isaãdiuum. value of H/L 

for which the series converges and so represents a possible wave motion. 

This is a difficult problem: to solve since wie calculation of successive 

series terms, though straightforward, is very tedious. Observers on the 

other hand frequently voiced their skepticism that anything similar to 

a periodic sjste- of waves of permanent form, with constant height ana period 

could exist, especially in shallow w^-ter. 

The question of the convergence and validity of tue series approximations 

seems to first have been raised l; Burnside (1916). Rayleigh (191?) 

attempted to answer the question by carrying out calculations for water of 

infinite depth to a 6th approximation. He concludes that it is very 

probable tnat tue series does in fact converge by showing that if all other 

conditions are satisfied the condition of constant pressure at tne free sur¬ 

face can be satisfied to a ver;/ ¿.ood degree of accuracy by taking sufficiently 

small values of Ií/L. Investigations of the limiting value of H/L beyond 

which the basic assumptions of irrotationai flow und constant pressure at 

tne surface are no longer valid have been made by 'Hilton (1913), Michell 

(1693), Gwyther (1900), Havelock (1918), Miche (1944), and Jeffreys (1945)* 
for infirdte depth. They found tnat the limiting steepness is given by 

H/L = 0.141. 

Levi-Civita (1905) has rigorously established the existence of the 

periodic irrotationai wave in tue case of infinite depth. He utilizes a 

method of confonaal representation in transforming tne original problem 

into ti of determining, in a circle of unit radius, an analytic function 

¿0 = 9 ♦ >7 which satisfies the condition 

4.7.. z p e“^ sin 9 (II A-4.16) 

on the circumference of the circle. The solution is obtained by a develop¬ 

ment of the unknowns in powers of a small parameter,/*, and the convergence 

is demonstrated by the method of majorants* A similar method has been 

employed by Struik (1926) in generalizing tue previous existence proof 

to the case of finite depth. 

Ono fieus ^ u' tne height of a crest above the still water level 
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and for the depth of a trough 

a 

from vdiich 

a' 

he depth oi a orougn 

" ■ ‘ t^2+1'*'" ‘ ~ ) 
(II A-4.20) 

- •• ■ ) (II A-4.2I) 

Thus the height of t^e crest is always greater than the depth of a trough by terns 
beginning vd.tn ë IT— since, 

2L 

H = if/ 
L TV ) (II A-4.22) 

The numerical calculations given try Stroik contain errors which have been 
corrected by Wolff (1944). The existence proof has been given by Kotchine U927 ) 
for irrotational Waves at the surface separating two different fluids, flae .ype 
of calculation is not the only method of proving existence as has been shown 
bv Neumann (1930) and Lichtenstein (1931) who applied a.method of successive 
approximations to a system of non-linear integral equations describing the 
problem. 

According to Stokes (1680) it appears that the series will remain convergen, 
until a singularity appears at the boundary of the fluid. He discusses .me 
occurrence of a singular point at which two branches meet at a firu.e an6.r_e 2 c* . 
Introducing polar coordinates witn origin at the crest and “ j 

downwards we have 

V|/ s C r111 cos m £ (II A-4.23) 

Since the surface is the streamline f « 0, the limiting angle there as given by 
m s JC . The particle velocity there is 

q = - i 4L = - m C r“-1 (II A-4.20 

Since the particle velocity vanishes at a crest its value at a neighboring point 
on the surface is 

qA a 2 gy “ 2 gr cos « (II A-4.25) 

Compari the exponents of r in the two expressions for q we find m = -. This 
implies 0< ^ JÇ- or that the angle between the limiting branches is . 

The ex.i erne form of a radially symmetric elevation can be investigated in a 
manner similar to Stokes1 discussion for plane wave motions. The corresponding 
stream function for the radial motion is 

* -JL- rafl(i - aÒ $£ , M u cos g. (II A-4.26) 
1 ui*l ' diA r 
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p buiriji the Legendre ;x>lyuomaI of Older n# At -he free 
The particle velocity is 

surface d % = 0. 

q = -1 Ü- = - n r1-1 p. gw). (a A-ia'7) 
q a/» " ^ 

Applying Berr oulli1 & theorem to the free surface 

q2 ■= 2 S' ■■ 2 gr fen (0 ) (a A*4"2ii) 

Oo,:pnring ^nnenU of r gives ao Ut** n = 3/2. The Hating angle is 
therefore deterniined by the condition 

d P2/2 = o (II a-4.29) 
d A** -o 

The crest angle is found to be 13C.> • 
Tne surface particle velocities can be described by use of Eernouxli's 

theorem in a steady state flov,. On the surface of the fluid 

q2 ^ 2 gyj^ ■ const. ** (II A-4«30) 

where is the fluiu velocity at the points where the surface meets the 
mean6vía?er level. Since y. is measured positively upwards we see that , he 
minimum speed of the surface particles occurs at tin/ crest and the maxiüum. 
at a trough. Now by definition -f 1..0 i.»an surface level 

dx ■ 0 (II A-4.31) 

Therefore by II A-4.30 and II 

i. J q2 dx = Hó2 L 
(II A-4.32) 

w 

Consider the fluid bounded by vertical planes tlirough two successive 
crests, the free surface and a noricontal pluae at depth -h ^ Ja- 
the velocity is essentialli horizontal and . uul to c. Ihe tota^ Vortic— 
mass acceleration is zero, since the flux 01 vertical ußmentum acrowS ue 
boundaries is zero. Letting ps, Pv be the .rassures at the surface und a- 
depth h r-spectively, we find 

L h J (Fh “ Ps) d* = df f(b+ dx a ëf b L 

o o 

Compering the pressures in the same vertical 

(II A-4.33) 

ph - ps = gf Oi+aHlfU2 - 
(II «-4.34) 
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Therefore 

L> 

I dx - L 
(Il A~4.3i>) 

, ./0\ î*'_ j ^ - - i e. the velocity at points where the 
surface^profile intersects t^e mein watir level is equal to the wave velocity, c. 

b, Non-linear Superposition of Vifaves^ 

In analyzing the motion of the sea one is obliged to decompose the 
"onp"’ ex wave records currently being obtained into a spectrum, P1?^^ 

of amplitudes and frequencies« Such an analysis Presumably depends 
unon a theoryfor the law of combination of two or more swells of different 
wive lengths^and amplitudes. If the individual, waves and their r®su1'^ 
are of i^finitesiS steepness the individual motions can be s^ply added since 

linear theory which applies to this case allows simple addition. However, 
^ên are oï flX neisht, the ease oí ,«oet interest .imple addition 
of wave heights is not valid and one must investigaos the dependence of -he 
resultant surfaceSfonu on height by proceeding to higher order terms in the 
series approximations for combinations of waves. The same basic assumptions wi 
be made as for the single wave train with irrotational laow. 

For simplicity we consider only the case of the motion of long- 
crested waves iTdeep iter. Calculations have in addition been carried out, for 
water of finite depth but the results are nc., as ,ractabxe. 

The wave is not now of permanent form so that we cannot reduce the wave 
motion to a steady state « before. The calculation. c“ 
carried out by a similar method of successive approximations without eliminating 
,, _ Joninrtanca on ti”ie. It is readily shown that the protaem for the second 
apprSion rSucee to the aolutlon of Laplace', action mith the boundary 

condition 
. . A. 0 j 1 ^ t^ttz, ù À (II A->4.36) 

-•g ^y " " 2 rxt*^ ^ Ty ryt g ' ^ ^ 

on the .till »ater level y = 0. Having detamined f the surface elevation is 

given by 

-V = -Ktli - +~fr <*Mr2> 111 M 
\ 6 g* 

lie consider no» the simplest case »here w. have to a first approximation t»o 
sinusoidal waves whose velocity potentials can be sasply added, i.we a.sum 

J) = a e cos (kx. e cos (mx - Yt) (II A-4.3-3) 
T o 

where K gk, Y “ 0^» 

Substituting into the non linear terms of (1) we find +hat 

..g ^ y -jtt s 2 AB tak (6 "If ) ain^ (k - m) x-(C - Y) ^ (H A-4.39) 
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For k = nil we have essentially a single wave and our formula continus a 
result given by Stokes that a first orucr velocity potential for a single 
wave train in deep water is also exact to the second order ana involves 
only neglecting terms of order (H/Lp* The surface profile, however, does 
contain second order terms as. has been shown. ’We find after some calcula¬ 
tion 

A =4-+ 2 .in n..) X - (• - jh tl (II A-t.40) 
T T (« - y)2-g{k-m) L J 

for k > m and in the particular care in which the first order amplitudes 

and an 
g 

are ecual the surface elevation is of the fom 

a 
- sin (kx -<5t)+3.in (imt (ka) cos 2 (k*x. - Ct) 

_ ¿ (ma) cos 2 (m ^ (k4m)a cos^"(k-fm)x - 

|Tk - m)x - (tf - y) rj (k - m)c cos (II A-4.U) 

Representative surface profiles are plotted in Figures II A-14 and II A-15 
for H/L - 0.1 and two different ratios of wave lengths. In Figure II A-U+ 
the wave lengths have a relative difference of 0.1 which would lead in a 
first approximation to a simple group or beat pattern. In this casa the non¬ 
linear last term in II A-4C41 has a negligible Influerco on the valuer ofIn 
Figure II A-15 the Lu. _vior is more compIe.v,tne surface rapidly changing 
form with Ti*e maxima appear to xaeve in this latter case with a velocity ith time. 

.785 rr. if one simply assumed that the maximum would i-ova with l/2 
the wave velocity associated with tne average wave length instead of 0.785 
one would have 0.613. As an example of the effects occurring because of 
the non-linearity of the superposition wo have compared in Figure II A-16, 
the surface profiles assuming that the surface elevation to the second order 
of approximation of the two individual waves could be simply added with the 
correct superposition given in Figures II A-14 and II A-15. 

«» The Solitary Wave; 

We have seen that for anall values of d/L the periodic irrotu- 
tional waves approach the form of a succession of sharply peaked crests 
separated by relatively broad flat troughs. This suggests an investiga¬ 
tion to determine if it is possible to have a wave motion consisting of a 
single elevation propagating without change of form and with constant 
velocity in water of constant depth. 

Scott Russell made-extensive observations of waves cf this type 
which he called "solitary waves". Since tne form of approximations used by 
Stokes fur periodic waves are unsuitable the theory of solitary waves lias 
proceeded independently along somewhat different lines. Up to the present 
tl.,e it lias been found impossible to treat these waves rigorously as was 
the case for periodic waves. 

The first approximate theories were given independently by 
Boussinesu (1871) and Rayleigh (1876). In Rayleigh’s method the velocity 

RESTRICTED Security Information 

—.“ - —..- mm* 
,.1' , <• . i— V . . i r . iifi'i iiilhii r 'intiMrrih*!! i' i i • àiirlir'* ''' ;,, u — 

' " .... J 



-K, , Tirtifrm-tt " I >!*•;,. ,.1, 'T- l-t** 

lîJRSTRrCTFD 
Secwitj Ibfomatijü 

33. 

components are «cpanded In powers of the distance y above the >»«““• 
conditions that the flow is irrotational and incompressible he finds the 
following series expansions for the functions ^and y s 

Usxng the¬ 

in A-4.42) 

where F is an arbitrary function of x and the priii.es denote differentiation with 
respect to x. The function F is determined by successive approximations from 
the free surface condition 

I (u24 V2) -rgy = I (n A~4Jv^ 

Rayleigh finds that 

C2^g (¿4%) 
wherer. is the maximun surface height above the ’undisturbed water level y J d. 
Sis formula was earlier adopted by Russell as fitting his observational data. 
The surface profile above 7 3 d ^ given by 

ss^ sech 2 1 x 
2 b 

m2 

(II A-Á.4A) 

The extent of the wave if the crest is located on the y-axis and b‘ 

can be estimated 
a velocity - c in 

bolic^rc^witif'vertical ^axis and concave downwards. The height and length of the 
solitary wave are not Independent, as was the case for the periodic wave motion? 
previously considered but one finds that the height decreases as the leng.h 
increases. The approxiantions consist In neglecting the fourth power of 

d 4% 
2b "* 

kcCowan (1B91) found it convenient to assume that 

2n.4 1 i 
oO 
r- 

^ 4- i<J) “ -C (y+lxk y R?r^ l tal1 " iaiy-f ix) (U k-k.Ut ) 

with my<Tr. This satisfies all but the free surface condition, wh.ich •.•ne 
Ses to determine ai- a3. -- . As a first approximation, involving neglect of 
terms of the order ïf V\ 04 and higher; he found that in the progressive wave 
motion 

I-feos my cosh mx 
u - c ma Trrc’r"—. ___ TToT ny-f cosh troTP 
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sin mv sirüi me 
V ï c wa "■ ■ 

(cos my +• cosh wxj 

c2 - Ü tan md 
m 

where m and a are determined from the equations 

m a ■ I sin2 m (d+|l\0) 

= a tar i m (d*V\0) 
o ¿ 

The surface profile is given by 

_ sin a (df^ ). 
= a coF m (d4^)4-cosh ant 

(H A-4.47) 

(II A-4.4Ö) 

d sin^ md 

(II A-4.49) 

o+ — _ «4 y, . a u &J.U iUU _« 

» frl-»"+^ns— + ã lor iTös md-^osh E)2 

A particle starting -voc. the level } returns to the same level after attaining 

a maximum elevation h given by 

(II A 4.50) 
j» •- a tan ^ m (y + ï0) 

The maximum displacement of a particle is 

l sin iit-v ~ i.iy my 
^ = 2a I 1+ ma-^. 

«'aaFu-^ 

sin' my 

(II A-4.51) 

The path of the particle is approximately that section of the parabola 

- a)V 2afscct my « a2 ^11 A“4* 

Ivinr above the level y where t and Jr are the displacement in the x and y 
directions respectively of a particle initially at the point (x, y). 

The total energy, fif is approximately equally divided between kinetic 

and potential and one finds 

(II A-4.53) 
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For the extreme wave we have approximately 

, m^O.9 md‘Vl.1 

The calculations involving McGowan's solitary wave theory *r«facilitated by 
the use of table n A-i for S and md vs ^ as given by Bagncld (1946). 

For solitary waves near the lifting form McGowan (1894) finds that 

the maximum wave height is^0 = 0.78d, which agrees with the experimental 

c^-ejrÂ Tórr»““r frrc» surfac.; 

is approxiiuately 

-x/d nii ^ 
= 1.Ü4 e * 0.44 e -t 

(H A-4.54) 

The corresponding velocity components are approjoimately 

u = -1-1-1.24 cos y/d 

V = 1.24 e’ ^ sin y/d 

(n a-4.55) 

Th« r-ri-st is fornied by two surfaces, equally inclined to the bottom., meeting 
S 0? S2. Tir.-arf.c. profile » given by UoConan i. -M» « 

Figure II A-17. 

The solitary wave problem has been studied by Weinstein (1926) employing 
,, ., , f t «vi—Civita (1925). Writing the complex velocity in the form 
w vT- iv « c eT ë “i® ('r ,0 real) the problem reduces to the determination 
Of recular functioi s ¿0 ” ©ti ^ m the band of the deplane lifted ,>y 

sÄt lines vf - C and vf » i which satisfy the conditions 

6 !" 0 , for ^ .b " 0 

±31+ p e“3Y sin© » 0 , for f = 1 
n 

(II A-4.56) 

d <j> 

vihere 

As an approximate solution Weinstein finis 

p2 /Jk 21 V ^ 
- gdf l+^î" ” 2.0 J J 

(II A-4.57) 

which differs from, the formula of Äaylsigh by lese than i& in ordinary oases 

(assuming ^Ng/d ^ l/5) 

nwvther (1900) has examined the direct reflection of a solitary wave by 
a vertical wall. He finds that tha incident wave is reflected nearly' une..ange* 

in form for waves of moderate size. 
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cL Cnoidal navei 

The term cnoidai (in analogy wita sinusoidal waves) was coined by 
Kortweg and de Vriet (1655) to describa certain periodic waves of permanent 
form in shallow water. The} resemble the Stoke*s waves in shallow water 
but the analysis is carried out independently in a different fashion. Their 
analysis begins, following Rayleigh, with an expansion of the velocity com¬ 
ponents in power series in the coordinate y measured from the bottom. 
Having satisfied all the other conditions the free surface condition is 
satisfied by successive approxi^n.tiens. Tne ec^uativns of tne first approxi¬ 
mation are those oi the shallow w^tcr theory. In this approximation pro¬ 
gressive waves of arHtrary for., travel uncin 

jÖl and 
in comparison 

w-- -XWl 
approximation term* such aag**\ 

comparison with n-S and ik 
3x2^t 

mately steady state Kortvfeg and de Vries have shown that 

iu form. In a second 
are neglected in 

In an appro.d- 

•Tt 
à (II A-4.58) 

vihere o( is a small but arbitrary constant, widen is closely connected with 
tóe exact velocity of the uniform motion given to the liquid, and where 
® a 1/3 d3 (more generally 6 ■ 1/3 d3 - Td/pg vdiere T is the capillary 

Possible stationary waves, whicn do not ciiange fom, are solutioiiS 
of the equation S1’/®! a 0. If we take d as the smallest depth of the 
fluid the surface profile is found to be given by 

m a cn2 (mod. M “ (II A-4.59) 

where cn is the Jacobian elliptic function of modulus K. Tids type of wave 
is called cnoidal« These waves are periodic with a wave length which 
increases as k decreases. For k Ä 0 this wave lengtn becomes infinite, 
and the equation reduces to 

a sech^ (II A-4.60) 

which we have seen represents the solitary wave. These waves are of 
positive elevation, the case of negative 'waves arising only' when surface 
tension becomes predominant. For water at ¿0° C, it is shown that these 
negative waves occur only for water which is less than 0.4? cm. in depth 
and thus are not practically important. 

4l 
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The velocity coxaponenta ere 

tt ï (k *l) ^[l* 'kÄl+ ^ 

v s y 

(II A-4.61) 

The wave velocity of the solitary wave is found to be 

c 
(II A-4.62) 

*ioh .a. firet d^v., ^ 
essentially adopt Stok.“' »cond d.^ti^ of «v. 
the velocity of propagation of tue wave xorm w a uni£ona motion. 

^t^ÄÄ^Ä IZ^lT^ä «lA .a, and* they find tnat 

(II A-4.63) 

The wave length is given by 

r - 2 K \T? 
L‘ 

If «e let Xo. ïo »• th* ^tial o»0^« o£ 4 1J4rtl01* ‘ 
y i • y04 ^ its coordinates at time t then 

(II A-4.64) 

*o+ t' » 

y . . SjL. Ten2 (v-P *> %£ - “* ] 

(n A-4.65 

«here «íu) = (1 - ^) - U2 jV udu. 

toe. all fluid partidles eon‘rU“t ^ 
these formulae may be simplified by supposing Xo 

42 

RESTRICTED Security Information 

. ..■. 

) 

UaauúáMi -"" . 



mm 

36. 
/ ». 

RESTRICTED 
Security Information 

Several casts of the defonuxtion of stationary waves are discussed. 
For a solitary type wave wnose surface is tiven by 

(II A-4.66) 

it is found thatt 

(i) the wave is stationary if a * which is the 
solitary wave discussed pi,eviou..*yi 

(ii) the wave becomes steeper in front if 

(ill) the wave becomes steeper in the rear if a<n#P • 

Now as we have seen earlier in connection with the solitary wave ¿he Meiiec— 
the condition that /a s 0.1, is tive" wave length, as given by 

(II A-4.67) 

The approximate condition that this wave plunges would then be that 

or (II A-4.Ó0) 

We see that a solitary wave which is less steep than the ct tionarj solitary' 
wave of the same height will tend to plunge. Moreover a w-ve peaking up 
more rapidly than waves wiiich are stable in that condition will tend to 
plunge. For a cnoidal wave of the form 

s a cn^ p X 

the waves are stationary for a 

(II A-4.69) 

steeper in front. Here p is inversely proportional to .he height and one 
finds that for a given height and modulus, the wave tends to plunge if 
its wave length is.larger than that required for the stationary wave of 
this modulus and height. For sinusoidal waves n * 0, so that these waves 
will always plunge. 

For a train of sine waves of the form 

^ = a sin ^L- X 

it is found explicitly that 

RESTRICTED Security Information 



RESTRICT el) 
Security Inforaation 

39, 

Stok« (1948) bas ahovn on the basis of tbs non-linear shall«« ¡»ter thsorj that 
sine nuises »ould plunge in water oí constant depth. This solution together 

an approximate ïrSatment is given in the section on the rf»Uo» water 
theory. 

Carrying out the calculations to a liigher order of approximation 
Kortvreg and de Vries (1895) find 

'H :[l-îii4rd3,,ll+*3',ll2'h ' ' ' 

a cn* 1 (l - «PfST (II 4-4.71) 

* * (1 - 

For the solitary wave, when k = 0 

V (1 - ^ 

V - a sech“ 

(II a-4.72) 

A systematic search for stationary waves in shallow water has been pre- 
seated by Keller (1948). The solution depends upon an expansion, due to 
Friedrichs (1948), of the solution of Euler's equations for irrotatlonal flow 
in nower series in ô'" (¢/¾)2 * R being the radius of curvature at some point 
™ th^fre^aurface. Inser^ngtheceserie. into the equation, and boundary 
conditions, various orders of approximation are obtained by «9^^* 
nf «uppassive Dowers of C to zero. The zero order terms are the equations of 
non-linear shallow water theory. The only solutions of these equations^hich are 
of stationary form are the piecewise constant (shock type) solutions. The 
equations of the second approximation (coefficients of € ) 3^®ld lN^®sfVpill8 
nermanent form the result being quite similar to those of Kortweg and de Vries. 

the differences is that the velocity component M> is found to depend upon 
X and y. The pressure is found to be given by the hydrostatic formula. The 
surface profile of a periodic wave, as given by Keller, is shown ^ 
II A-18. This profile is unfortunately somewhat, misleading since it is sh wn 
for VL * 0.5 although the theory only applies to qqite shaüow water. Th 
considerable difficùlties in actually computing a single wave -. 
given characteristics H, L, d precludes presenting any 
surface profile of a soUtary wave, as given by Keller, is presented in f^ure 
II A-19. For the actual equations of the state of motion the reader is referred 
to Keller's original report. 

o» Qerstner's Trochoidal Waves: 

In 1802 Gerstner determined the only steady state wave motion in which 
the lines of constant pressure coincide with the streamlines of the flow. An 
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alternative derivation due tu U&ikine (16ÓA) and Froude (1862) is baseu on 
tiie a sumption tint tiie water rticles revolve in circular orbits witn 
constant an¿ i<lar v^locit; • Tais luttwi acsui...jtion le^ds to a single deri¬ 
vation of the velocity of propagation of auci* waves* In a reference system 
in Yihich the motion is reduced to cteaiiy state we assume tiiat the circular 
orbit of radius r is described with frequency 6“ • Tne s^eed of the water 
particle e' the wave crest is Ui ■ c - rtf* and at tiie trou^^ie Uj ■ «4 r# . 
Ben oalli's equation applied to the free surface at which p s 0 results in 
U22 - U]2 ■ 2 gH * 4 0P» Thus the wave velocity is 

(II A-4.73) 

Gorstncr's original derivation iias been presented in a more com¬ 
pact form by Lamb (1C95, p. 416). A somewhat different version is obtained 
by finding the horizontal and vertical components of the acceleration of a 
water particle* Suppose for convenience that we choose the origin of 
coordinates at a minlmuai of <i streamline at which point the velocity is cjq * 
In terms of the differential of arc length dS and normal dn we find 

X" = i «aí* olá 
Ä f du dS 

I ÈL 
^vdn dt 

(II a-4.74) 

the primes indicating differentiation with rer act tp time. For integration 
along a streamline the quantity 6 = - dp/f df where q a#Y /3 n, is by 
iiypothesis a constant. Therefore the equatio can be written in the 
following formi 

(II A-4.75) 

Integrating we find that 

x.iti-pen* y ■ ^ (1 - cosôt) (II A-4.76) 

where ß a qo€ - &/G ^ 9 constant assuming t * 0 as the particles pass the 
origin. 

We now attempt to satisfy the equation of continuity with the 
equations 

x«|t 4.^sin Ct, y = b - ßcos g t (II h-4.77) 

obtained by a shift of the origin of y. 
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vieler two pointa p and p» on adjacent streaialines TÉiich are in the 
' notion# The projection* of PP on the coordinate axes are 

S ^aintft ana Jb - J^coeCt 

The flu. .cross c fixed ee^xnt parallel.to the inatuiitaneoue poaition of 777 ic 

S f = - I î b ^ - CP SÍJoo» « *t (n A-4.78) 
I 
/ 

Tilia is independent of time if 

-f5 u 

f * 

so that psKe t - 2TT/L 

Thus we finally have 

(II A-4.79( 

X s ct^K e^ ainfit, y = t - K eK cos f t (h A-4.ec) 

/k ■ r/ä ■ ißL/2r • Since b is merely a constant, fixing t.ie 
wh?r" c " *A.. . f* far th« li.iitinc cycloidal path b ■ 0, whic origin0of y, we nay suppose that for the Umiting^cycloidal Pjtii b ■ 0, which 
implies that K - For a more general origin for t we write ct * a for 

. « . _ «     M 4 a A r\n In n ftoopdljliit»© 
i: olies that K m J»/Aie ror a iuwxo —- 
ct, wiiere a is arbitrary. A progressive wave motion in a coordinate cyst in¬ 
fixed in space is obtained by superimposing a velocity c in tue negative x 
direction. Tiie particle paths are given then by 

■ a+i ekt> sin (ka«ttft) 
k 

(II h-A.CI) 

y s b - ^ ekb 008 (ka 4®t) 

whore a and b chax'acterize the individual particles. 

These paths can be generated by rolling circles of radius lA on tne 
under side of the lines b+l/k, the distances of the travelling points from 
the centers is e*b/k. The lines of constant pressure are the streamlines b 
constant which are shown in Figure II A-20 by solid lines. The 
represent the position of particles which lay in a vertical line when the creot 
or trough of the wave passes. Since the particles revolve in circles the mass 
transport velocity is zero. Any one of the streamlines can be chosen as the 
surface profile since they are all lines of constant pressure. 

According to Gorstner the wave was considared to break when the rota¬ 
tional motion of the water particles becomes great or than the 
The extreme cycloidal wave, corresponding to b - °fh^T Vw^ ia much l^gor 
an included angle of 0°. The limiting steepness of H/L ■ VIT is much larger 
than the value for irrotutionai flow and also larger than any observea value. 
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The rotation or vorticity is found to be 

, 2 kb 
(II A-4.32) 

which is greatest at the aurface, anu diudniehes rapidly vdth depth. The 
sense of the rotation is opposite to that of the revolution of the partióles 
in their circular orbits. If two suppooo that by a properly applied system 
of pressures applied to the free surface, tae flow can be reduced to flow in 
horisontal lines then the velocity of this flow is 

M ' =o .2** (II A-A.83) 

Thus, if these wõvus can be generated froj¡. real by a system of conservative 
forces it is necessary that the water be moving horizontally in the direction 
opposite to the direction of propagation of the wave action with a rapidly 
decreasing magnitude as given by equation II A-4.Ö3 where b is a function of 
ths vertical coordinate y1 at which AX1 is calculated given by 

. . 1 2 kb T< zb (II A-4.tí4) 

These waves when established h^ve zero momentum. The total energy £ associated 
with the trochoidal wave notion is found to be equally divided between kine¬ 
tic and potential and to be given by 

£ = L i? (i- ■) *5?Ihs (II A-4.85) 

The superposition of two trochoidal waves of equal length has 
been discussed geometrically by Itankine (1864). If the waves are travelling 
in the same direction, the amplitude a of the resulting wave is given by 

a * al2+ a22+ 2al a2 cc* 
(II A-4.86) 

where D is the distance between the crests of the component waves. The 
resulting wave has the same length and velocity as the component waves, 
and the particles move in circular orbits. If the component waves are 
running in opposite directions, the orbits of the resultant wave are elliptical* 
When the crests coincide with each other the major axes of the ellipses 
are vertical and when a trough and crest coincide the major axes are hori¬ 
zontal. The resultant wave travels in the direction of the consonant 
wave of greatest amplitude. 
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recent investigation by Urseil «,«11 Ir. addition to t’re coneer- 
rotation on the theoretical^for^o^^oc^^^ ^ ñon-conaervative Coriolis' 
vative ’o ce vÄiicli generate taken into account. It is a..jwn that 
force on a rotating earth iuat be taken int ^ .tate laotion Ü not 
if a n. ss wranaport is preaenu ij ^e ^ave In the general 
possible. The effect of tne earth^ curvatura “ lately in a hori.ontl 
^aae Urseil indicates that each ^ Mtion; the 
circle of inertia aa well as in the nearly erti^ wher, it may be 
diameter of the inertia circles revoiution is half a pendulum day 

«•.. utitud»,. 

¿ore uenei oj. — 

BotatlonaX wav. MtioM W^v-U^ 
and Vergne (19U). The existence of an e depth, the wave of Geratner, 
ticular case the irrotational wa » . Th0 fluid domain ia transformed into 
was established by Dubreil-Jacotin U933) ^ depth. The method of 
a circle for infinite depth ™ . . ta and Struik for these problema 
conformal representation ^ applicable for the rotational flows. The 

-c^iv. app^Uc. ci a 

integr0-differential equations. 
„. ir«ivin's theorem show that the wave motion in 

Lagrange's theorem and (1944) has investigated the wave 
water should be nearly ^«Utional. «date is hori.or.tal »d 
motions in which the current of J*®® £runKu we 8hau suppose there are no 
of the second order in the ^ve ^time auCh as those occurring when waves 
large scale currents independen first order solution is then irro- 
£f. tidal curr«.ts or oí Lagrangeen coordinate, 
tational and the previous equations apply. 

! ? 

I 

+ -- 

oa cosh m (¡d*fyl gin (mat -fit) 
C cosh ml 

X = 
x-oonponent of particle di.plac««t 

a cosh m (d+yo) ..n (me- -<t) 
- *0 sinh rad 

. y-componont of particle displacement 

a sinh m (d^ypi Cos (0¾ - « t) 
= ^oT airJn md 

r« 
- _ » - 2a sinh ra yp cos (jm^ -#t) 
~ ~ *0 sinh 2 rad 

(II A-4»87) 

jU 
= x-component of particle velocity 

__ ¿a cosh m (dtyQ) C08 -fit) 
- R cosh md c. cosh md 
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V s y-component of particle velocity 

. j¡a .inh x{áp0) 8in , _tt) 
c coah md ^ 

y\Z & coa (üocq -#t) 

Note that one could replace the Lagrange variables Xq» y0 (the equilibrium 
coordinates of the particle) by the coordinates x, y and atill obtain the 
eolutionj to the approximation which involves neglecting the terms of order 
ft2. It ia rather remarkable to note that these equations describe exactly 
a possible wave motion in deep water namely the Gkrstner rotational wave 
motion. Gaillard supposed erroneously that these equations were exact 
for an arbitrary constant depth. This case of mistaken identity continues 
to be known in some circles as the "reduced trochoidal theory". 

Miche (1944) carries the approximations one step further admitting 
a second order rotation proportional to (H/L)2 with an arbitrary depth 
dependence. He finds that the pressure is given by 

fg 
= -Jo - mo 

cos (mx0 - ft) 

- ¿ a 3 co, j (Mt£, .ftlfcoah m . 2 °o«h °(<hyo)*| 
4 sinh^ md ^ I sinh2 md cosli md I 

2 cosh m (d^yp) *) 
cosh md I (n a-4.$3) 

The mean rotation is 

(0 = i (vx - 11,) = - SH-.r£(y°V ^Ui2!LiSill+2sri 
¿ * L,* yo sinh2 md I 

(II A-4.89) 

where a2y(y0) is an arbitrary function f y0 representing the velocity of 
mass transport. For irrotational swell Ü)1" 0 and we find on determining 
the constant so that the mean mass tram.8, rt across a vertical plane is 
zero 

i2V(ïo) ¿ta ] (II A-4.90) 

This behavior ia represented in Figure II A-21. 
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Xi. ..uter 

^ / V - 2 * . «irW\2 c e'^’u (ILi-4.Vl) 
•* a *T \P) c * 

•r¡,e W..^.au Value of the tmieport current i. »wroeduitelï c/5, c bei..0 
tae u-ve volocitj. 

«iche hes iutrcuuceu S 

For Lee ereciel ueve *tion= ... sot. 

60 (y0) 
a 2. 

ÄiL 

i2 V(y0)= 

2 sinh2 wd 

.2 

sinh 2m (d^yo) 

UI A-4.92) 

i) a2^* M — jcosn 2i4ci^yo) 
^ 2 sinh2 Md L 

- 
2 i^d 

2 ¿id J 

“ J 

nt Tor ii = 0 the rotation Ukcs ^iuce in the saite sense is tuat 
theAlite. lt coua ^ o^einec phjeUeU, a 

vieAwK.d Uoai.. in toe Erection of .eve -tiotoja. 

oi-fc ubti.inea by setting A1 p* füi ,orMn u but is of less juitensitj. 
juiss traie^ort current has the saiae sens® asiorM tr^ie- 

« îiUTÆE ;rÄ‘nÄ s «-«- •*•«*• 
to the «ave motion• 

The e«a.. surface level is found to he at a distance atuve t... still 

w< tdr level of 

iraiootil 2iri_\ 
L L 2 sinh¿ ud / 

(Il A-4.V3) 
L l- 2 sinh 

as coloured with the. value usually given of 

coth 2Td (II A-4.V4) 

V U f-itnas the old value as Tor example when L/úK 0, The nein value may ba severoi times tne oj-u v-xuo 
the value is tripled. 

g. Standing Wavest 

Miche has also treated the case of standing waves in the 
r* v«Tnrit-v is taken to be zero in order to represent for example the 

‘.ÄcnÄ verticU Tatars. He no. fluís tost for . .tending 

v/ave of amplitude 2a 

.diSTiUCTED Security Information 
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p 3 _v _ 4a aitüt iu yQ sin m. Xq sintft 

Ÿ& 0 sinh2 ud 

- «2 “ fü yof cosi, „ (satyjp08 f U »ia2« 
b •] 

2 sinh2 md ^ |^cosh2 iad 

4 4 tanii ii4 sinh m (2d^y0) [* - 3 Sln2«t] 

Pcoah lu yo 2 cosn m (d4 yo) 1 

+ 3 00= 2m X. 00= 2«t - oosh a 

(II A-4.95) 

One finds that tne pressure does not decrease eivponentially nith depth in deep 
water as was the case for progressive waves• The mean value oi the pressure 
on the bottom for a complete oscillation is 

Pfr - ¿ f £_ dxsd4 2iaa^ taiüi iod cos 2« t (II A-4«V6) Pg rJof* 

whicii has been essentially derived earlier for deep water# One finds 
moreover, that for deep water 

£-4*70 * 2m *2 (1 - ^°) cos 2« t (II A-4.V7) 
Ps 

6. Wavs Generated by Looallted Initial Disturbances 

a* Jhe Cauchy-Polsson Wave Problemsi Wave Groups 

Vie snail consider disturbances in water which ure at aui^e initial 
instant of time in a definite state and are acted upon henceforth only by 
the force of gravity in a basin of effectively infinite horizontal extent. 
Such a disturbance we believe will represent a simple storm of small extent 
and short duration. It should be possible to approximately represent a 
storm of wide extent and long duration as the superposition of appropriate 
simple stems. According to the simplest view as given by Stokes (1870)» 
the ¡action in a storm area though complicated, nay be regarded as made up 
of different series of regular waves superimposed with different amplitudes 
and wave lengths. Since the long waves outrun the shorter they should arrive 
first at a distant shore and one ought to observe a slow decrease of the 
mean period. Such on effect was noticed by Stokes (1870)2 and has been 
reported on mere recently by Barber ana Ursel! (1^48). 

By superimposing ¡acre and more sine waves in an appropriate way, we 
can approximate an arbitrary reasonable initial disturbance in a given 
finite interval as closely as we please. Since the individual terms of the 
resulting series are periodic the result cannot be used to represent a 
localized disturbance for there is always a disturbance at t,reat distances 
no matter how many terms of a series are taken although the approximation 
becomes better as the number of terms increases. In the limit we must 
consider waves with infinite wave lengths and the separated harmonio fre¬ 
quencies become a continuous sequence. ^ 
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VH« consider then the infinite euperpoaition of eieiaentuzyjolutions with 
continuously vexing amplitudes, i.e., for propagation in one direction 

\U,-) * I loo o1 (k" ’* 

•VO 

t) ok (II A-5.1) 

ùx.'< the real p-rt of the ii.t^.r.e io to W cuinicoroa. <U) represents tue 
y,,.vj number spuotruia of t»io ái.-.turo.jn.;e« 

If A(k) » C for k outsido of ai interv 1 of width 2 /1 k about k^ as cantor 
ue say that\ represents a nave packet. Such a packet contains only a snail 
r nige of wave lengtus. In this case 

ku k 

^(x,t) ■ ( A(k) e 

ku k 

i (kx -€t) uk (II *-¿.2) 

Tue evaluation of a wave packet is carried out ty■ expansion of the quantities in- 
volv ..u about k ■ k0. Thus v.o l;ave 

<SM (k> k“ki 
(n - k0)t- 

ti» cbTtuitioii that high« «raw tomo shall ta MóUóiU. «W raotrictlau 
Oii ^ If. til ¿it» 

« 1 

wi*fwi (II «-5.3) 

(A k)4 
dk /k-k0 

«i 

Tiierefore 

kx -tft = V-Cot+Ck-kojj"*-^^ tj ■f'' « 

and 

luiere 

•no. rikpk) .i(,t - -(&U, 3 
(II A-5.Í*) 

die 

ky -Ak 
52 

RESTRICTED Security Information 

' ..a.‘ I* Of-q. 



rj&taai'lyraBETTT: 

41« RESTRICT SD 
Security Information 

víliich may be calleù tlie packet aiuijlitucie. Tuui» amplitude is constant over 
the surfaces 

X - 
h"k. 

t a coruit. (n Ü-5.5) 

vhiich r..eaiis that the '..-ve , ■oc^ut propagates uita the j_,roup velocity 

c L 
(n A-S6) 

a result derived c^.lier for the special case oi two wav-a of slightly 
different wave iei.^ius having tne saii.^ ajuplituues« The particular wave 
length associated witu the stationary point iius u constant value« 

The ¿roup velocity can be constructed for a ¿iven wave velocity from 
the dispersion curve by noting that 

= .=+*£. .c-l£ (uw.?) 

dc 
as shown in Figure II A-22, where tan0( “¿¿JJ * 

The above expression for the group velocity dependo only ^n the fact 
that the waves travelling with different velocities ore „raauaxiy sorted out 
and that in the neighborhood of a point travelling with tue group velocity 
the wave lengtn is stationary. Since L is a function oi x and t 

dL = 0 
dt 

for a point ¿i.ovin¿ witn tun group velocity, i.o.. 

Now for a point ¿iioving with the waves 

= t dc = L 
dL 

1M 
^ X 

(n A-5.8) 

(Il X-5.9) 

Combining II A-5.C und II A«*5.9 we are led again to formula II A-5.7 

According to Fourier’s integral theorem, if the initial conditions ars 

tnen 

°^(x,o) * f(x) 

A(k) 1 j fU )«_lk* d,« 

53 
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In order to study the diffusion of a Halted initial disturbance üiioh hei 
an apparently constant wave length consider tile case of a finite sine wave 
given by 

f(x) = 0 forlx|>! 

f(x) = coa k0 X for I 

(II A^5.12) 

) 

Then we find 

A(k) 1 

T 
sinr V 

(n A-5.13) 

which is an oscillating function with a mximm value at 
with zeros at ko - k - ¿I n for n . wa 

” a a I __A. __X « l «MlVaCl 

k0 of A(k0) = WZT and 
see that as w is 

increased thereby increasing the extent of the disturbance, the packet is de- 
TZllTt width about k On the other hand if the initial disturbance 
represented by f(x) is relatively confined then the disturbance at a i¿ter^ • 
wi£l be considerably diffused and cannot be considered to be represented as a 
wave packet. The group velocity, in this case, will lose the significance as 
a velocity of the disturbance as a whole. 

For given initial conditions the rate of diffusion will be determined by 
the behavior of ÄTk). If Ö*(k) is a slowly varying function of k then in 
the immediate neighborhood of the values of k actually present the packet wiU 
diffuse cuite slowly. This situation occurs for shallow water. Actually the 

analyses of this 

The width of the wave paoket can be estimated by noting that for a slowly 
varying quantity >|o one has constructive interference at a fixed time for 

|k - k0|&x < 1 (IIA-5.14) 

but for large: values of k destructive interference. Now A(k) is large only 
for fk - k0| < ¿k. Thus destructive interference is important for 

&x &*>1 (I1 A“5*15) 

The width of the pocket can be estimated roughly from the condition 

' 
< 

Ax¿.k * 1 (IIA-5.16) 

Thu. u localized disturbance ie associated with a wide range of wave lengths and 
periods• 

To show how the derivative I0L. affects the spread of the paoket. 
consider 

i(kx-*t) 
f (k - k0) e dk 

„ 54 
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Now 
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«■oo *«;+ 'g (k - (k • ko)2* 

where 
e0 ae(k0) » C6 =(¾2) 

k-ko 

J&Ù 

W /k-k lko 

k boing th« value of k for «liioh the phaae le stationary. Wltii k - k0 • K 

"*flnd , r mU-cgtjJ^ 

-r\ - eapí i (ko*-«o*)] f ««• 8 <* 

Zt <*. 0 the pulse Luid not chengTlhape. Such a situation takes place in 

shallow waters Consider now 

f(K) - e 
-K2/2(AK)2 (II A-5.19) 

then 
( XU\Ä—Wp 

y^Z exp i (V -^) J e 

Completing the square in the exponential we find 

I 2^(4102 

i (ko* ie»io< (AK)" ^ 

iKix-Cpt) - 
dK 

s e 
(U A-5.20) 

(¿Klk U-c„t)^ laLiliOi ^^ii: . .„-r 
-i¥/- g-tn(iK)^ ^ i^maw 

The amplitude factor is proportional to 
\4 

k)2 - ^¿y 

i - • 
(n A-5.21) 

l+t2UK)V‘ 

which is a Gaussian distribution centex^cd at x = c t in 
calculation of a group velocity. The mean width or une ux« 
I falls to e”1 of its maximum value) is 

(II A-5.22) 

■■-"k.. afeai* ill'liiritimllldtr^“- - ..JMMiMIIj 
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•o short that a2 *2 (A k)^4C 1 wo hayo approximatoly Íx-^^íx. 
is the spread at t • 0. The peokst begins to spread appreciably 

For times 
where Xq is the . 

For initial conditions V\(x,o) • íW»(t§)(x 0j “ «(*) » sol“«*» «« *>• ob_ 
tained by superimposing plane wave solutions in t&e form 

(N costft*! ein«t) dk X; 
er's i 

N “ it f* f(«<) r1 

d/ 

(U A-5.23) 

and applying Fourier's integral theorem. Thus we find 

-iks( 
a * ^ i tv* ; • 

and 

H 

(n A-5.2A) 

For convenience we shall assume that f(x) is an even function of x and g(x) ■ 0* 
Then we can write 

V\ = i ^(k) cos (kx -ft) dk+^ j ^(k) còi(k **t) dk 

' B f TT A. (II A-5.25) 

where M 

4 w * f f (IA ) cos kM d AX 

The first integral in M represents a disturbance travelling in the positive x- 
direction, while the second integral represents a disturbance travelling in the 
negative direction. After a sufficient time the two disturbances will have 
separated. Since we shall be interested only in the single disturbance travelling 
in one direction we shall confine our attention to the- first integral. Initially 
the waves making up the localized disturbance are in phase near the origin and 
one has appreciable elevations while at points removed from the origin the phase 
differences cause destructive interference and zero surface displacesient. Sub¬ 
sequently each component wave moves ahead with the wave velocity appropriate to 
the wave length and period. The waves at later times do not have the same phase 
at any point and so one finds smaller surface heights. The waves having longer 
wave lengths travel most rapidly while those with shorter wave lengths drop 
behind. • 

A case of considerable interest is that for which 

cos k'x for J ^ ^ (2n+jj) J, 
(x,o) 

s f(x) 8 
elsewhere 

(II A-5.26) 

This case, first discussed by Havelock (1914)» represents a limited train of 
harmonic waves extending over a region whose length is equal to(2n+ ¿) wave 
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lengths atout the origin. For this f(x) v<e find 

(2n-V "ßi- 

^U) • 2 J cos kVU cos IwU dM = 003 T*“ 

Thus 

^(x.t) 
cos (ünt a)^7 

"n2— 

(n h-5.27) 

cos (k*. t) dk 
k'' 

Aa « observei previous!, there is no ^t 'or t>0 “^¡,es 
„ent «ve. are in .„.aso tut «-are ®5 be a poin^io^doh^ ^ 

are ir* phase, oucu a ilnedi^te noighborhood of the poiaut 
SlïÂr^c^ecW rented bj the losthod of stationary phase 

remains to be seen. 

X 
ï 

The pliase kx -fft is stationary for k - 

«/d£\ . aince ^ k tanii kd v,e find c¿ 
v^k y^úQ 

i 
(II Ä-5.2ß) 

The value of)) is evaluted / vhi °h satisfies IIA-6#2E 

nàve^'iaîï iJtna tron.«uü«tal HW.» brt in the 
particular caf.es of de^p or shallow i.ater the work SxmpUfies. For deep 

water 
..4.2 

k0 = ^ 
Ax' 2 

Now 

kx -£t 
-..(k-ko)2 £. (kx-fft)| * k0x-<r0t+i__- -2 i k.ko 

. §73 ‘) 
- gt2 t(k - U2 X3 

" ^ gt2 

(U À-5.2V) 

It k deviates froo k„ b, an anount 6 and f 00 in this interval renoine 
approximately’ eo'uaL to 4 'kg> t*1011 

.2 f 4 
. cos (2n-ri)'“7'^ 

U = k* _¿k« x* 

k*2-^2 
r2y k0-1 

j 2 (k - kp)2 X 
¿£- 
Ax gt 

fjdk . 
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Let 

- k|) i*3 , then dk 
JTt 
^7T 

Since one gets deatmotive interference outside of the region of integration on 
can approximate to the integral by taking the UmúXb of integration from to 

gfÇ , Expanding the integrand and noting that 

we find 

- p 
Jw 

k* jr t 

• (5Ï 
Introducing T* ijfr | thia becomes 

^ 4*~" co# (2n+à)VT 4 m*(^ - i) (II A-5.32) 

The *A m<> history of the wave envelope at a fixed point is given by the plot in 
Figure II A-23 of the amplitude factor 

kM* ** r coa 
7 1 - Y4 

(n A-5.33) 

vo.y . Surface profiles for selected values of t are given in Figure II A-24. 
One easily shows that A ( T ) has ite value 1 

^ a(-r ) * <s*-à) 
Thus the maximum of the disturbance moves with a group velocity associated with 
the original wave length 2T/k'. Moreover the wave is approximately sinusoidal in 
the neighborhood of T* =1 for 

ry. / Y s i) ■ (2n^ cos (k^x ** -i* ). 
' JITk* x” 

(U A-5.34) 

Jeffreys (1934) has remarked that a ahort-crested wave may be considered as 
the resultant of two long-crested waves moving in different directions. Waves 
in a storm area will consist largely of short-crested waves and as these waves 
leave the storm area they will tend to separate into long-crested components. As 
we have seen this is true to a first approximation for infinite wave trains since 
a product of the form cos mx cos *1 can always be written in the form of a 
sum of simple cosines. A fundamental question then is to what extent does this 
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separation take place for localized disturbancea. This is by no 

In order to attempt to answer this question we shall solve the initial 
value problem for which the surface displacement has the form 

(II a-5.35) ¡f (*, *,o) » f (x, z) 

by superposition of plane waves using Fourier«s integral theorem. One finds 

jJ#i(]a+l*)(M cos#tt| ■!»«*) ^ ^ 

#-i(kx* 1 »Jdx ds (jj a_5,36) 

we consider for convenience the case g(x,z) - 0 and we suppose the water 

Thus i can be represented as a variety of plane waves moving in opposite 

the phase about these stationary points one finds on making the 

usual approximations that 
RESTRICTED Security Informat io» 
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(H Ar5.39) 

where A, B, C are the derivatives «vaiuated at 10. ^As a 
particularly important case consider that of an initial elevation of the form 
cos ax cos az for a square region of length 2n+ à wave-lengths about the origin 
and zero outside. This generalizes Havelock's (1914) model for cylindrical waves. 

Then 

N(k,l) 

^ (*- S) F S) 
(II A-5.A0) 

Substituting} one finds 

j» . 4 (?* co.*)f (T2 ««(^) 

= V?'r2^('r2co*d)^(T2 *in#) (u A-5. 

where 

^(r2) = 
cos I (^4)Tr2j 

1-T* 

and (II A-5.42) 

2 gt^ 

These ere wavee sovlng redially outeard from the origin «ith . yariable amplitude 
fn/yfor L ( (^ ^ COS Q )4 ® ) r* SiliCS ^ 
is proportional to t, A ( ? , f ) gives essentially the time history of the 
motion. 

The wave length and period are 

L = -**/$* -2^ 

t 

o( z phase angle = ~- 

(II A-5.43) 

Hence 

group velocity = ¿ wave velocity = (H A-5.44) 
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In general one finds that the group velocity for any depth d is 

- i (wave velocity) ^1+ ^ 

The wave length at the point of maximum amplitude is easily determined 

for Ô = 0,t i*-* For ^ = °)A ^ ^ 18 a tnaii:imuni ior 
gt2 = a orL» ¿X The of the disturbance for d = 0 propagates 

¡^2 a 2vr 
with a group velocity associated with the original wave length -A. Por 

$ ■ 1T/4 the maxintum amplitude occurs when T2 * which implies LT/4 ■ 
L o/JT. This is the wave length of a long-crested component of an 

infinite train of the snort-crested waves given initially* After a fixed 

time the distances travelled by the maximum disburbance will be in the 

ratio of the corcaaponding group velocities w^chimuiiesthatthe distance 
along Ô" 0 is 2 times the distance along ♦ * TA» The maximum di 

turbance occurs along \t~/4 and one finds for fixed r 

maximum amplitude at 6 s TTA zj?” (2n+¿) JC (II A-5.46) 
mAn-imuni amplitude at ft * 0 ^ 

which is quite large for a large number of initial waves. 

The amplitude factors A (T * Ô ) 6 * 0i ^ .. 
Figure II A-25 for 4¿ complete wave-lengths of the initial disturbance about 

the origin. The principal effect occurs in the group moving with the group 

velocities corresponding to the initial wave lengths. In advance of these 

oscillations, however, are several other groups of aoureciable amplitude 

with wave lengthlof 9/2Lo* 9/^1©» 9/6Loc * * Q$ 17/8»w**where L0 
is the initial wave length 2 'ir/a. These groups moving with the corres¬ 

ponding group velocities will arrive first at a given place* After the 

arrival of the maximum disturbance one will find smaller disturbances 

having wave lengths of 9/12 L- o> 9/14 l-o» 9/16 L o» . • • * 
T/2, * • . . In any particular group the period decreases with time 

at a given position like l/t. This leads to a broadening of the fre¬ 

quency spectrum toward shorter wave lengths as observed by Barber and 

Ursell (1948). 

The behavior of the amplitude factor should be regarded only as 

indicating the trend of the amplitude as a function of time. Inherent 

in the use of the group approximation is the condition that at large dis¬ 

tances the waves appear to be due to a concentrated point displacement 

of infinite amplitude. In order to secure amplitudes which are of the 

same order of magnitude as the assumed initial amplitude one mist go to 

distances large compared with the dimensions of the initial disturbance. 

This may be neither convenient nor possible in actual situations. The 
solution of these difficulties requires a more refined asymptotic treat¬ 
ment of integrals such as II A-5*36* 

One should note that the last factor of , in H A-5»34í namely 

cos/gt2 - T\ Is independent of th* initial displaMBpatj depending mkf on 
the validity*of the method of etationary phase and the assumption that tho 
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water is infinitely deep. Assuming that the amplitude factor ** ¡^y ß 
over the region of several oscillations of the last factor we find Jhat^iQ 
state of thfmotion is approximately reproduced when the increment in ÍL- equals 
2 IT . At a fixed point we have with At * T, the period of the oscillation. 

T s kX. £ 
g t 

(H A-5.47) 

At a fixed instant of time we have with x • -L, L being the wave length, 

L ■ Í3-^ 
8 t2 

The wave velocity is, therefore 

(XX A-5.48) 

(II A-5.49) 

sunoose we have a localised storm whose distance from the point at which 
the wave8°are recorded is D and the time it takes the first “oj-iceable waves 
to reach the recorder is t0. Although the method adopted implies that the 
disturbance should propagate instantaneously, the first waves 
have a definite period which is approximately the same as the fviod within 
the storm area. If one had a single disturbance the observed P«*od would 
decrease like l/t and when the maximum disturbance occurs the period would 
ha aaual to its original value in the etom area. For disturbances of equal 
EtÄ« th. ISÄTpSSd »V« ar. «««atad tótiülj;. “ «¡•¿f““41“" 
to set up disturbances for a length of time ¿t the observed periods will 
limited and 

4- (HA-5.50) 
g S^ît 8 

The upper limit thua is fixed and the lower limit increases as the storm con¬ 
tinues. The width of the period spectrum increases like 

8 
DM (II A-5.5I) 

»At. Thus we are led to conclude that as long as the stem lasts the 
width of^the period spectrum increases approximately linearly with time, has a 
fixed upper limit and the mean period decreases. Since the mean period is 

7=l? D(t;+w) 
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^ X * - 2 î 

I 2 T0 - 2 T (U A-5.53) 

Plotting the period range 4 T, or the standard deviation which is propor¬ 
tional to it, vs. the mean uave period we get a family of straight line 
segments of small extent^since A t is small, and of negative slope* The inter¬ 
cepts are proportional to the upper limit ox the period spectrum and depend 
upon D, t0 and hence indirectly to some extent on the wind velocity in the 
storm area. This trend is clearly visible in the data presented by Putz 
(1951) for the wave period variability of twenty five records if one connects 
successive points computed for a particular location. This trend does not 
show up in Putz's analysis since no account is taken of the possible depen¬ 
dence of the results on parameters of interest such as D, wind velocity, 
etc. 

The approximation used in the standard formula in the method of sta- 
iry phase depends on (kx -^t) being large enough so that ' 

dk2 
can be replaced by 

tionary 

KkoX-tfot) * ‘ Ot-V1 
*0 

until it is small compared with 
possible for t sufficiently large 

the value at the saddle point. This is 
;e if (kx -Öt)Jj, is not equal to z 

dk2 
zero. 

If this second derivative is zero the behavior will depend on the third 
derivative terms. Even if k is near the value for which the second deriva¬ 
tive is zero one would need a much larger value of t than would be necessary 
to secure a good approximation elsewhere. 

bance 
As an example Jeffreys and Jeffreys (1950) treat the initial distur- 

>\ M 

for - h < X < h 

otherwise 
(II A-5.54) 

They fi^^that at point s1 ^ere x * </g3 t, the amplitude decreases with time 
ft# like t"-L/-J instead of t”"^^ as in deep water. 

"The front of the gravity wave therefore becomes more and 
more the most prominent feature of the disturbance. The dis¬ 
turbance for x>Jg3 t falls off rapidly and smoothly. The 
maximum elevation is a little behind the place «here 
x t, and is followed by a train of waves becoming 
smaller and shorter." 
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W Frontal Velocities of Sami-infinite Wave Trains: 

Since the Fourier integral of a nonterminating wave train has no meaning 
the case of a wave motion which is at rest up to a certain time and then consists 
of a uniform sequence of sinusoidal vibrations of unlimited duration requires 
spécial consideration. The convergence difficulties associated with the Fourier 
representation of such wave motions, called signals, have been avoided by 
Sonmerfeld (1914) by deforming the path of integration in the complex plane. 
This integral has been put into the usual form of a Laplace transform and dis¬ 
cussed by Stratton (1941). The signal velocity with which the principal part 
of the wave motion propagates must be distinguished from the frontal velocity of 
the initial disturbance. It is shown that the signal does not preserve its form 
but that «fee distance the first effect is a very weak wave motion, the forerunner, 
which gradually builds up to its full intensity. It is an essential result of 
Brillouin*s work (1914) that this signal velocity practically coincides with the 
group velocity and exactly so if there is no strong absorption. The frontal 
velocity is shown to be identical with the phase velocity. Though an indivi¬ 
dual wave has a velocity appropriate to its length, the waves do not travel with 
constant velocity. 

A similar investigation was made independently by Jeffreys (1945). He 
considers the propagation of a train of waves initially of semi-infinite extent. 
He finds that the extent of the smudged front due to dispersion is effectively 
confined to a distance of the order of the geometric mean of the distance 
travelled and the wave-length which is quite small in most cases of practical 
interest. 

'oà; Ring Waves: 

We consider the disturbance radiated from an initial elevation at rest 
having circular symmetry about some point on the still water surface. The 
typical solution for this case in deep water is 

¢, - , ky Jo (kr) (n A_5>55) 

a cos t J0 (kr) 

where 
f(r), 

By superposition the most 
0 is 

general solution for which7|(xgi,o) ■ 

00 

4 * g I A(k) 2à£21 Jw J0 (kr) k d k (II A-5.56) 

0 

(k) cos &t J0 (kr) k d k (II A-5.57) 

where A (k) is detennined by the Fourier-Bessel integral theorem 

A (k) = Ct (.el 
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The treatment of this essentially one-dimensional problem is similar to that 
for propagation along a straight line« For large kr the function J0V 
has the approximate asymptotic representation 

J0(kr) (n A-5.59) 

Replacing J (kr) in II A-5.55 and II A-5.56 by this asymptotic representa¬ 
tion are havl a problem treated earlier. 

For a stationary phase ^ 

k o 
(II A-5.60) 

The interpretation of this result is exactly the same as for straight line 
propagation since the form of k0 is the same in both cases. 

6. Waves on Sloping Beaches: 

For vave motion in a .region of unlimited extent the superposition of 
two star.' ng wave solutions, obtained by separation of variables j which are 
900 out ot phase leads to a progressive wave. Introducing a sloping plane 
barrier, representing a sloping beach, complicates the situation for it is 
no longer evident how two such standing waves can be obtained. As an 
example consider a vertical barrier at x = 0. One standing wave solution 
of the linearized problem is a cos mx cos nz cosfft. A second standing 
wave solution which is 90° out of phase with the first one is difficult to 
visualize unless perhaps this second solution has a singularity at the 
barrier which is what actually happens. 

The one type of regular standing wave was first investigated by Hanson 
(1926) for cases in which the bottom slopes at angles Tr/2n, with n a 
positive integer.. Two types of standing wave solutions were first con¬ 
structed by Bondi (1943) and Miche (1944) again for bottom slope angles 
of Tf/2n. For the pure standing wave of regular form Miche has shown 
that the ratio of the amplitude at the shore to the amplitude in deep 

water is 

(II A-6.1) 

where dis the angle the beach makes with the horizontal. In the case of a 
beach for which <A< 90° the amplitude at the shore is always greater than 
the amplitude in deep water and increases rapidly with decreasing beach 
«lopes. The situation is reversed for an overhanging cliff the ratio 
being a minimum equal to JT / 2 for a dock. 

The vertical component of particle velocity at the shore is 

’'.hon, *C0,,rt 
(II A-6.2) 
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the amplitude of the standing wave in deep water being 2a* This velocity compo¬ 
nent ia zero at points of extreme elevations and a maximum when the fluid passee 
through the equilibrium position. A similar situation exists for the quantity u. 
The velocity parallel to the bottom at the shore line is 

w * vshore 
sin 4 

(II A-6.3) 

which increases rapidly with decreasing o( tnus leading to increased frictional 
losses. 

In order to form a standing wave on a beach the limiting steepness of the 

generating wave must be 

(II A-6.4) 

possible on a beach of small slope. 
« 

A new method of treating progressive wave motions was presented by Lewy 
(1946) and used later by Stoker (1947) and others. A differential equation for 
the vele- ity potential is derived using the given boundary conditions. This 
equation permits explicit integrations for cases where 0( ■ in which p is 

any odd integer and n is any integer such that 2n ^ p the problem being two dimen¬ 
sional. In all case« there are two types of standing waves* the one type has 
finite amplitude all the way to shore, the other type has an amplitude which 
becomes logarithmicaUy infinite at the shore. The solution is uniquely deter¬ 
mined if one prescribes the wave length and amplitude in deep water and requires 
that the wave is entirely progressive with no reflection at the shore back to 
deep water. The results appear to be described with remarkable accuracy by 
an approximate theory described later for which the height and wave length are 
essentially the quantities predicted by the well-known theory assuming conser¬ 
vation of power and constancy of period. 

A combination of a reduction method, similar to that used by Stoker, and the 
method of separation of variables or eigenvalue method has been employed by 
Weinstein (1949) in treating quite simply progressive wave motion in deep water 
bounded on one side by a vertical cliff. Since the solution is rather typical 
of more genera!', applications we shall indicate here how the method applies for 
wave crests which are initially parallel to the cliff. The case, treated by 
Weinstein, of wave crests which at large distances make an arbitrary angle with 
the shore line requires only minor modifications. We assume that the motion is 
periodic so that the velocity potential can be written in the form 

The boundary value problem has the form: 
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differential equation ^ ^ “ 0 *or y< 0 

boundary conditions $fsñr* for y*0, x>0 

for xpO, y< 0 

(II A-6.5) 

Note that the quantity 

(II A-6.6) 

vanishes for both boundaries according to(II A-6.5). In terms of the new 
variable X the boundary value problem has the following form in polar coor¬ 

dinates: 

o 2 
differential equation 3 % 4. 1 4- - 4 ^ ■ n 

ar2 r^T? r2^j4 

(n A-6.7) 

boundary conditions % " 0 for 0 s 0» “ 

Separating variables, by assuming Jtr, ♦) *R(r)0(# )» we find 

0 " + X e =0 

R"4- i E' - ^ R s 0 

(n A-6.0) 

the prime denoting differentiation with respect to the appropriate variable. 
The boundary conditions 0*0 for • = 0, implies that a particular 

solution is 

0 = sin 2n# , ^ = 4n2 
n 

2n -2n 
Rn = An r 4-¾ r 

(n A-6.9) 

vdth arbitrary real constants, An and The only solution regular every¬ 
where is *X ■ 0 while a function which is regular at oO is of the form 

1-2 sin 29 , the weakest singularity being taken to somewhat mitigate 
uhe contradiction to the original assumption of small amplitudes. Integrating 
the resulting differential equation for ^ one obtains two standing waves 
90° out of phase which can be combined into a standing wave. The velocity 
potentials of the two standing waves are of the form 
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Thalr surface behavior ie Uluot rated in figure H *-2& « 

»sä«'-Blr*- 
i^ding surface el«-atione orü/by a phase shift and a constant sultiplier. 

If we assume that the power transmitted with the waves is conserved and the 
wave period remains constant we find as shown in ¡section 3 tha 

kzi 2n c/oc 

(II A-6.11) 
n * ¿ (1*^ ■ iw 

sinh 2md 

s tanh 

Since these quantities are continuous functions of depth it is natural to take as 

the equation of the wave profile 

s a sin (X C I» )+ ff*) 
(II A-6.12) 

where the ocal wave length I * 2 IT/ & (\<>- )) 1»« 
if W I ) were nropoa -ional to x u.i the wave accordingly was purely 

tT in Steiesting to note that this formula for ^ has been derived 
^Rvîidriêhs fl9AÖ) as an asymptotic form for small slope antJ.es of the solution 
Sv^Äierf Í •c^pSiaris: giren- in Friedrich«* .paper between the profile, 
calculated using ths'asymptotic formula.tod.those fron the exact linear theory as 

ot <P.Tm tPPto^tion 1. qon. adéquats thar. 

for bottom, slopes of less than about 

The quantity X ( L ) Is found to be 

X( L) *271-]^ • 
"A 

y " i « 

(II A-6.13) 
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The surface elevation relative to the amplitude iu deep water is plotted 
in Figures II A-2?a and 27t for t = 0. The curves show that to this approxi¬ 
mation! vii ici i is really only the first order e-ipreseion for waves on 
sloping beaches, the waves do not change appreciably in height or simpe until, 
they enter very shallow water. Figure II A-27b indicates that in ver; shal¬ 
low water the waves increase in height ana tecoi.io steeper on the forward 
face than on the rear face. Tiàs is the type of behavior one observes for 
waves which eventually break by plunging, ^.uite recently Biesel (1951)^ 
has claimed to have carried the expansions in powers of steepness and bsach 
slope one step farther and snowu that the waves actually plunge and break 
as has been observed. 

ïoshida (1V51)^ has derived these lomuias for low waves provided the 
depth varies gradually witiiin the liiuits of u .nve length. His method pro¬ 
ceeds directly from the linearize^ equations of the probleia and involves 
expansion of the potential in a power scries in the deptn coordinate. 

In adMtopMr 4» ' -tà« f«miHar femulas tß find« that the aacnltuda of the 
3»rlK«É%0 ymlocity of the water particles at the batten 1« 

bottom 
fiJL*_ 
(J’cosu kd 

(II A-6.14) 

This result is exactly that for unifoni. waves in constant depth where now 
however, a is a slowly varying function whose behavior has been described 
previously. 

7» Shallow Water Waves 
» !'i ' ' m 

a. ■ Linear Theory; Approximate Resulte for Wares of Finite Height 
hhen the wave lengtii is long coiqjared to the depth of water it is fre¬ 

quently possible to make approximations which greatly simplify the mathe¬ 
matical analysis. The resulting theories fonu the basis of description of 
tidal waves and tsunamis in addition to the shorter period wind waves in 
very shallow water. Beginning with the exact equation describing the 
vertical motion 

(II a-7.1) 

we find on integration with respect to y 

Vq+\ 

P - P0 • 6f <yo^ - y>f '1 dv 
dt 

dy (II A-7.2) 

Mow the integral involved is surely less than pd, where pis the ¿maximum 
value of the vertical particle acceleration^. The time taken for the., 
portion of a wave betv¿een two consecutive nodes to pass a particle is 

c 
and hence if the steepness is small the vertical velocity will be of the 
order of and the vertical acceleration of the ordermß \ 2 where 

1ft is the maximum deviation or depression. Thus ßd will be small compared 
with gt\ # provided (d/b)2 is small. Since the horizontal velocity will 
be shown to be of the order of the ratio of vertical to horizontal 

velocity components is of th« order of d/L. 
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Assuming then that the pressure is hydrostatic, i*e*. 

p - Po = g f (y0+VJ) (n A-7.3) 

we find 

(II A-7.4) 

It follows from this that the horizontal velocity u depends only on x and t. 
The equation of horizontal motion for infinitely small motions becomes 

This assunption is distinct from the initial one, wÿ.ch may be .fairly good even 
if the moti n is not small. In a progressive wave ^ * ! c and hence 

neglecting in comparison with implies that u« c. Since “ ^ this 

latter ratio must be small. From the equation of continuity we have 

(II A-7.6) 

taking for the moment the origin at the bottom. At the free surface we have 
y - d+^ , V = /¾ t and thus neglecting small quantities of higher order 

TT (II A-7.7) 

By II A-7.5 and n A-7.6 

(II A-7.Ö) 
3 t2 3 x2 

V/hen d is no longer constant the equation can be written generally in the form 

- aiifijüu 
T?' 

(n *-7.9) 

Equation (II A-7.8) is the well-known wave equation in one dimension describing 
disturbances propagating with a velocity c =^gd. For two dimensional propagation 

we have 

(II A-7.10) 
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If d is constant it is easily shown that the waves propagate without change 

of fom, the general solution being 

= f (x - et)-*- g (x^ct) (11 A-7.11) 

in two dimensions, where f and g are arbitrary twice differentiable functione. 

Thi. .elution .«gge.t. t^témeere. for,the 
constant at points for which * - ct * const., i.e., for 
a velocity - c. Tho function g (x-**ct) represents a wave travelling in 

the negative^x-direction with a constant velocity c. 

The initial value problem for tue wave equation is readily solved by 
elementary means. For exaijple, suppose the surface elevation at t - ü is 
riven by M(x,o) * f (x) and the vertical surface velocity is zero. Then 
it is easily shown that the surface elevation at any later txme is repre¬ 

sented by 

Y\(x,t) = i [f(x - ct)t f (X + Ct7) (II A-7.12) 

We see that the disturbance splits into two equal fftrt« mica travel in 
opposite directions with tiie same velocity, c, as shown in the isometric 

drawing of Figure II a-28. 

Certain approximate relations can be obtained independently lor shallow 
water. Let us assume that the horizontal velocity component is independent 
of the depth coordinate and approximately equal to the particle veiocity q. 
For surface profiles which approscn a constant elevation above the bott m 
equal to the strea depth d, the continuity equation becomes 

%(d^) s c d (II A-7.I3) 

where c is the veloc ..., in the steady motion, for 0. Bernoulli's 
equation furnishes tne relation 

g d (1-f V) - - ¿ c2 ( 1+^.) l-2 (II A-7.1A) 

For »man *yy/d we find an approximate wave velocity 

c=jsr 
By II A-7.15 an approxiiiiate particle velocity is 

(n A-7.15) 

q ■ c u - ^.) 
(n a-7.16) 

Relative to the undisturbed water the particle velocity is c in the 

direction of wave motion. Carrying the approximation for c one step further 

vie find 

c «¡Vjgd (1+! ^ ) (II A-7.17) 

a formula due essentially to Airy (1645). This result can be applied^* 
trace the progress of a single sinusoidal pulse whose elevation at x 
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given by 

A ein tf t (II A-7.1Ö) 
^(Ojt) 

for t B 0 and x> 0 ,Y\= 0 and the particle velocity «o ia «matant. We Wnd that 
thé diatance =¾ «hi<á> the wave traveUed in atill water ontil it hae a vertical 

•VN 

xt, = j.°4- 
b TTÃtf- 

(II A-7.19) 

the corresponding time being 
2 

th * ï C2— 
b 3 g A <r 

(n a-7.20) 

These formulae have been derived by Stoker (1948) employing the methods of gas 
dynamics, the phenomenon of breaking being analogous to the development ^ J 
continuous shock wave in a compressible gas. It also follows that the amplitude 
of the waves does not change but they become more and more eaymoetric. This 
extension of the theory to include the height dependence of such waves i not 
strictly valid, however, for if one considers higher order teriM in Tj/a J.n 
the approximation one violates the initial assumptions upon which the t..jory is 
based. The more exact theory to be given later predicts that initial pulses should 
not break but should continue indefinitely as a rapidly diffusing wave group. 
Qualitatively our above results state that a wave breaks because th®. 
of the wave nove with greater velocities than the lower portions until event ally 
the wave has a vertical face, at which time it is assumed to break. This 
qualitative explanation occurs quite frequently in the literature^for example 
in an appendix witten by Jeffreys (1934) to a book by Cornish. Presumablya 
similar method could be applied to sloping beaches if one uses in addition the 
principle of conservation of the (transmitted) power. The above formulasare 
interpreted by Stoker to indicate that the phenomena of breaking depends upon the 
quantity a/T,T being the period in deep water. The usual scatter of Points, in the 
curves given in H. 0. 234, Breakers and Surf (1944) where one plots H^/Hq vs. 
u'/Ln and db/H0« vs. HoVLQ is attributed to the fact that the ampUtude 
ratios should be relatively independent of the initial steepness especially for 

the smaller beach slopes. 

Underwater Obstacles in Shallow Water: 

For sufficiently low waves simple wave solutions may be added in order 
to represent more complex situations. Thus for a vertical barrier one can secure 
the condition of zero horizontal velocity at the barrier by superimposing the 
wave travelling towards the barrier with its image in the barrier. The wave profile 

is of the general form 

A 
» F (t -2)4-F (M-f) (H A-7.21) 

For a wave travelling in one direction the horiaontal particle velocity ia 

the ♦ sign being associated with waves of the fom V\ s f (t - jj), travelling in th. 
positive X - direction with velocity c and the - sign for waves of th. fom 
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s g (t4> ï), travailing in the negative x-direction. 

Wavto travelling over a ahelf are partially reflected and par¬ 
tially tranamitted (Lamb, p.262). Taking the origin of the dieoontinuity 
ee have for ** 0 eorreeponding to the aeaward side of the barrier 

“i * fi. ? (t ‘ f1) ' fi x ( fi> (II A-7.22) 

and for x.> 0 
(II A-7.23) 

where ® -TST» and c2 =>|ßd8« 

For two mfnnionai motions we have for continuity of mass flow 
across the plane x ■ 0 

(II A-7.24) 
*1 «1 ■ *2 U2 At X “ 0 

For continuity of the wave surface 

(II A-7.25) 

These conditions reduce to 

F(t)ff(t) ■ ^(t) 
(il A-7.26) 

Solving for the transmission coefficient T a ^ /F the reflection 
coefficient R • f/F we find 

¿ - 2 °1- 
r cn- c2 

(II A-7.27) 

H-f -fillip 
R ? cl °2 
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Since T¿ -f* R* 1 the energy in the incident wave ie equal to the sum of energies 
in the rv^ected and transmitted waves. These quantities are plotted in Figure 
II A-29 and compared with results obtained in Section 3 by energy transmission 
methods. The basic assumption in the derivation of the shallow water theory is 
that the vertical acceleration of the water particles is negligible. This con¬ 
dition is clearly violated at the barrier itself but may hold for cross sections 
some distance from the barrier. The connection formulae may then be expected to 
relate the variables at two cross sections on opposite sides of the barrier at 
distances from it which are small compared to the wave length and moderate mul¬ 
tiples of the depth. 

The extension of this analysis to the case of a simple rectangular 
bar of width W, and height h is easily carried out (see for example, Jeffreys, 
1944). The transmission coefficient is found to be 

■W „in* a* 
M) 

(II A-7.28) 

the subscripts s and b referring to conditions seaward of the barrier and over 
the barrier respectively. Since the waves have constant period 

4 Ls N1 " 3 ^ 

Hie see that 

and thus if the waves are initially of the shallow water type they always are. 
The numerical values of T are plotted in Figure II A-30. 

Minimum transmission occurs for 

20L- s (ni-J)T n » 0, 1, 2,-(Il *-7.29) 

^ -1 

or 

ï- = (■>.*) i Jl-| 

and complete transmission occurs when 

JL = £ fiT 
K 2n 

h 
0, 1, 2, -- - (II A7.30) 
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For “T * ^ one finds mln''1111111 transmission for 

_i-^-_ X___»4no-inn inr* +.hft intermediate valu< oompl^.e\r«namiMton for tl» intomodiat. rali.» ^ * °- I' 

The transmission coefficient for minimum transmission is 

l 
H- 

. and 
6 
3* ' 

Amin Ca 4. £b 

cJT c- 
'¿TTT 

(n A-7.31) 

OtzHTT . The tranamiBsion ia quite unUL th. barrier 

approach., verj Jloaei, to th. aurface. For e»»pl. if 0J. « f 
d - h * -L . SO that if d « AO ft. the bar would be 0.1 ft. below the a 

ADO. , one has a type of resonance phenomenon 
face. For barriers near the surface one nas a typ« increases. The 

SteÄ tlJiaSSS “qui^criticali, on th. valu, of | 

in this region. Actually th. theory becomes insalid here. 

The theory has been discussed for th. ease of a continuou, ahelf 

of the form 

d+(d - h) • 
h (x) = , n* 

nx 
(U A-7.32) 

by ïoshida (1948) (.« Figur. II A-3U). It is ea.üy_w« ^ ^J’32 
ttat as n -H« the shelf approaches a - 31 measures th. 

Ä5Ätr*of“ÄÄ’i0n?Ä ¿nd. thatnth. tr^ 

mission as defined previously is given by 

(II A-7.33) 

where A = f— , B * IT "a» -d -.. 
d - h respectively. The reflection coefficient is 

t2 , U «inh 2TA sinhZTB 

^ [sinhlT (A^Bj2 

¿J and La> Lfe are the wave lengths in depths d and 
B = 

The simple discontinuity is approached for n 

(II A-7.34) 

and one finds 

F 
'a 

R 

1 «»- 

La -J-b 

(II A-7.35) 

which are the same as those given earlier for this case. For the gr 
transition, A»>1 and BS>1, we find 
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R 
2 £ a-2TA _ e-2TB^ Q 

(H A-7.36) 

T *ÍTs (1 - !rV4 

the reflection nearly vaniehing and the tranandeeion foUowing Oreen'a la*. 

y 
nx 

Yoahida (1948) treats the case of a bank and trench by choosing 

w/ X .P . " (H A-7.37) 
h(y) «hi-Tiÿ (1^)2 

the profiles being shown in Figure II A-31b. In terms of the indicated variables 

-1 

b s 
cl+ A1 

d= i- 

ci ^ 

1 
TÃITOP 

4¾ 

The type of reflecUon and transmission depends on the quantity 

S = 

»here 1¾ * (1 - 3* )• f'or Bl>0' S ls “1*“5,s imagihary “0 

ever: for the t!Lcn, B^O. § may be imginary y the trench i»^allc» or 
narrow, or if the wave period is longer, so that | k Bx|< ^ • Howe Ò 

real if |k bJ^t , which corresponds to the case of the deep ox broad 

trench or the shorter period wave. Then if $ is imaginary 

p2 . cosh 
K cosh 

2TT(A - B) + COS (2T Ijj ) 
2TU-h B)4*cos (2TVI ) 

(II A-7.38) 

If £ is real 

2 . cosh 2ir(A - B)t-cosh 2T£_ 
“ “ cosh 2TÍA 4B) + cosh ¿Yi 

(II A-7.39) 

Yoahida (1950) has also considered the case of a finite depth change completed 
within an interval small compared with the wave length, while outside of this 
region the depth is constant. 
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Dean (1944) treated the motion of shallow water sinusoidal waves 
over a small bar of the form 

H 
) (II a-7.40) h = d (1 

as shown in figure II A-31c, For small H a first approximation furnishes the 
reflection coeixlcient at a great distance from the bar of 

(II Â-7.41) 

The reflection process is seen to depend upon the barrier height relative 
to depth, H/d, and the effective barrier width relative to the incident 
wave length, 2A/L. We see that R-^0 as Ä/L-#0 and as In 
the former case the wave does not "feel the barrier" and in the latter 
case the change is so gradual that there is no reflection. The assump¬ 
tion implicit in the shallow water theory that the vertical acceleration 
is negligible is invalid, however, if X/l* is too small. R is a maximum, 
for given H/d, if £ = L/iflT and - fT H/4 d e * 0.29 H/d which is 
small. The wave length decreases as the ’wave moves over the bar and one 
finds in the case of maximum reflection« where A » UUT» that the cnang 
in wave length is approximately 0.15 1 Tills makes it appear that the 
presence of a bar will be difficult to detect from the air by measuring 
the change of wave length. 

The velocity of a wave crest is 

the elevation due to an incident and reflected wave being 

s cos(kx -#t)f r cos(kx+tf tt ♦ ), 0< r ^ 1 

(II À-7.43) 

For large negative values of x, €- =^"/2, r = R. The crest velocity lies 
in the range 

0< I ~ ^ gd ^ ccrest ^ r 4gd_ A-7.44) 

so that over part of the wave period the velocity will be exceeded by 
a wide margin if r is nearly 1. If a mean velocity is taken over an 
interval several wave periods in length reflection will not play a large 
part. These results indicate that if r is large and the time interval is 
substantially less than the wave period the calculated mean velocities should 
vary considerably. As an extreme example, consider the case of a bar at 
Clatsop Spit forj which d - 30 ft., H * 23 ft., X - 170 ft. For maximum 
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reflection L ■ 2140 ft., a value outaide the realm of wind waves. For L “ 300 ft. 
we find R • 0.0035 indicating a negligible reflected wave far from the bar. 

For oblique incidence on a simple shelf (see Figure II A-32) the 
preceding methods apply with little alteration (see Arthur,1950 ). The 
reflection and transmission coefficients are 

cos£i - C2 cos ^>2 

c¿ cos^^4 C2 cos^2 

T = 
2 Cj cos^ i 
ci cos 6 i+ c2 cos 0 2 

(II A-7.45) 

Together with Snell's law 

sin ê i . sin Ô 2 
(n A-7.46) 

these equations describe the process completely. For di * 0, the waves are 
normally incident, and R and T reduce to the expressions previously found for 
this case. 

oí Shallow Water Waves on a Beach of Constant Slopet 

The motion of shallow water waves has been investigated for a rec¬ 
tangular canal of gradually varying cross-section by Green (1837) (see Lamb, 
p. 273). The approximation involved in this theory is that the transverse 
dimensions of the canal as well as their derivatives db/dx and dh/dx vary 
slowly over the region of one wave-length. Under these conditions, the surface 
profile is represented by 

^1 £7r?7r[F <• - ^ ^ (II A-7.47) 

where 6 is defined by dx/d# - Jgd. The wave velocity is then^gd* The 
quantities F(4- t) and f(#^- t) represent waves travelling in the positive and 
negative x-directions, respectively. The problem of transition over a section 
whose cross-section changes continuously has been studied by Rayleigh (1880). 
It was shown that if the transition was completed over a space which is a 
moderate multiple of one wave length there is practically no reflection; while 
when the cross section changes abruptly the reflection is considerable depending 
on the actual change in dimensions. 

\llhen the waves crests are parallel to a be h of constant slope the 
general solution is still possible (see Lamb, p. 274 , Hirono (1946), Stoker 
(1947)^ Suppose the depth uniformly increases from w..e end x s 0. Then putting 
d = dnX/a, K ■ tf^a/gdo, we obtain for a simple harmonic motion 
1f|* Z(x) cos (O't+ 4) 

dx fi)+KZ = 0 (II a-7.47) 
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The general solution of this equation is 

z(x) « a j0 (sJkT )+B Y0 (2 JET) (U A-7.49) 

valere J» anú Y0 are the regular and singular Besael functions of zero order 
respectively i Y0 has a logarithi;dc singularity at x ■ 0. The asymptotic 
approxiiüations to Y0 and J0 for large x are 

J0(2jE) <i - f) 

and (II A-7.50) 

i (i/E)'* an (2jE - f) 

^IT/kT 

This would show that this approximate theory requires the waves to have zero 
amplitude at x = *0 , but one should realize that the shallow water theory 
would not apply for large x so that oi.e must begin with given wave condi¬ 
tions in shallow water. The wave length L for large x is given by the 
relation 

^x- 2JÏÛ 

or for constant period one has L oe^x*so that the wave length increases 
indefinitely. 

The surface profile of a wave progressing toward shore is 

^ = Ajcostft Y0 U^KxJfsintf-t J0 A-7.51) 

For waves a sufficient distance from shore so that the asymptotic form can 
be used 

Y ^ sin tepCx + *t ♦ 3L) 

fïïW 

(II a-7.52) 

In general we have 

J02 (2$ 

where 

tan -1 Y.gJil^l 
¿o (2^) 
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The wave velocity of these waves ie 

c m 7T<rx(J024 ^0¿) ■TfST/toT (õ02+l02) & a-7.54) 

The wave crests and troughs are found from the solution of the equation 

= A^sct ï0'+sinet jJJ " 0 

If X is the coordinate of a wave crest then 
0 

dXo j-^ Jt2 (2^E) + II2 (2JEQ 

Z'g Jo^l-Jl^o • 

(n A-7.55) 

“3b 

gd (Ji24-Ii2) 

The elevation of the top of the viave is 

A 1 - (II A-7.56) 

The error in velocity is approximately determined by expanding the Bessel func¬ 

tions about the origin. We find 

^ 0.00435 «V j (H A-7.57) 

For all but the smallest values of d/L the error is quite 50§/t 
example, if the slope q - l/lO the error is less than 1* if d/L> 0.00435. 

8. Wave Refractions 

When the quantity d/L is small, generally if d/L is approximately 1/2 or 
smaller, the bottom effects modify the wave motion. As a wave train moves into 
shoaling water one finds in addition to a change in heigit and wave longt-ri, 
discussed previously, a refraction tending to align the wave crests with th 
beach contours. This effect can be explained by means of Huyghen s principle, 
well known in geometrical optics. Each small section of a wave crest can be 
regarded as the source of a secondary disturbance which propagates radially 
outwards with a velocity associated with the wave length and depth at this 
section. The envelope of the disturbances after a small time incrementisthenew 
wave front. Since the wave velocity decreases with depth the crest tends to swing 
around becoming parallel to the contours. If we assume that the refraction does not 
take place so rapidly that the crest does not have time to level out then the 
total energy transmitted between neighboring orthogonals must remain constant. The 
wave height changes with the orthogonal spacing according to Equation II A-J.bi. 
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A particularly u.eiul tool, .Ida lyu^in 

problem is Fermat's VT*JiCiplQJ¡?ic t0 the wave crests in such a wave Lve velocity over the true orthogonal to the wa^cr^ ^ ^ ^ 

that the time taken between two ***** P01!. is equivalent to stating that 
other path Joining the same two points. This is equxvai. 
overihe true orthogonal having arc length s 

j ¥■ 
is stationary (II A-Ô.1) 

equation 

d 
’S. («•) - $ = 0 

(II A-8.2) 

where 

In our treatment c is a function of dand J¿0”‘toJJ¡j*j^(’th, depth 

î^eÂSn-ÄÄ/^the y-dir«tion. thin a firet int^ratioh 

is possible with the result that 

ï ML .«.const. 
dy' 

Substituting and rewriting this reduces to 

«in = 2- 
sino(o co 

ITaT. ^as Sn.ll.elaw. «"tSTp^S d«p 
MsrdiÄÄÄth. 

Er-ErSSs."^ ä ï ssrra*- 

(II A-8.4) 
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The spacing of orthogonale is of il, iote^neOb, conjidaring -fraction at 
a single depth discontinuity as in Figure II A-35. One finds 

1 COSO( o cos Ok 
— — ^ jf""" - “ 1 ¿ 
K 

(II A-8.5) 

For a continuous variation of depth ono has such a law holding for each infinite- 
variation and hence in general 

(II À-8.6) 

If the contours are no longer parallel, the commonly used appwximatlon, is 
the application of Snell's law, proceeding ofthese methods 
straight Une and using an average, depth. The Practical use ^ ^ 
ha. been described b, Johnen, ^S^hVr.Jectorie. 
sas» problem encountered here occurs in the determination or elKtron^^j 
through given eiectrostatic fields CsM Uetsiann.^WSOj^F^ ^ jMob av38)j 
problem the graphical application noeition of the trajectory 

V CmaTl 5« UÓLS il Tt :re option thSÄ poe^e graphic^ 
^toôdrthe ap^iation of Snell-e law is the simplest and quickest, but on 
the whole the least accurate. 

i similar investigation is possible for parallel circular contours, 
easily finds a "Snell's law" which is 

One 

r sin = _c__ (II A-8.7) 
r0 sin ot0 

where .Us the -gle between the o^og^l^the^adi^ 

S%’ 
integration of the associated second order 

ordinary differential equation. 

Qnoniq law can also be interpreted for waves generated in shallow water 

conditions in shallow water then 

(II A-8.8) sin g< s Sm. 
sin# i ®i 

for a bwh with straight parallel contours, to orthogonal diracted toward deep 
water will be refracted back to shore if 
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at some point (U A-8.9) 

The point at which the orthogonal turns back is. In extreme cases, nearly 
in deep water so that the limiting condition reads 

L *m— 
0 sin2 o( i 

(II A-8.10) 

d being the initial depth in shallow water. 

The refraction of a wave group has been treated by , v 
j ctonelav (1935) (see also an earlier paper of Stoneley1s, 1935, Monthly S.^2t^5Lo" iA Jjiirj,.. Wtry. 

the simple case of refraction at a depth discontinuity. An orthogonal 
originating at 0 is refracted at Q and observed at p 

(II A-8.11) 

The time factor of the disturbance at p is 

exp i (( t - ^isi “ ^*2^ 

where k^, k£ are the wave numbers associated with 6 in thé two media* We 

let s be the distance of Q from some fixed point on the boundary. The prin¬ 

ciple disturbance occurs for a stationary value of II A-*.ll with respect 

toóands. This gives 

t - ^^1 _ 
•24^- 

: o 

These can be written in the form 

i_!4i+2^l2 =0 
c, da” On d s 

*5 
= t 

'81 82 
83 
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The first of these is simplj Snell's la» for the refraction of an orthogonal 
»hich is i'OverneU by the wave velocity as for a regular wave train. The 
second equation corresponde to £ - og showing that the principle period is 

hv the eroup velocities. In general the disturbance at p can be 
rfnr^ed by a FoSer integral type solution. The usual method of treating 
such integrals by the method of stationary phase leads to the discussion given 
above of the exponential factor given in II A-8.11. 

9. waves in Running Water: 

when the water has a constant horizontal velocity the Partiel« netion is 
¿.vento the first order in a/L by siaply adding cf1Pon#I1J. 
velocity reoains unchanged. The velocity potential describing a flow with 
constant velocity U in the positive x-direction is 

**-U*t^ -«> (U 

This is only an approximation since the actual flow will not be irrotational in 

general. 

The more eeneral situation of a current whose velocity varies with depth 
ha. bSn considered by Biesel (19503) to a first approximation. In a ooordinat. 
anted for which the wave motion is stationary and the mean current velocity is 
t(y) the stream function is taken in the form 

Ÿ * Y(y) - c0 a sin ^ 
(n A-9.2) 

idle re 

. d y • c(o) 

Since the surface amplitude is a, we fina f(o) 
Substituting ^ into the equation of motion 

di tl =0 

- 1. For a rigid bottom f(-d) " 0 

(II A-9.3) 

it is found that 

fn _ 2, c" 
r 

(II A-9.4) 

For constant pressure on the free surface Bernoulli's equation yields the 

condition 

(II A-9.5) C0 rÕ0 f (o) - O' (oTj = g 

where terms of the order (a/L)2 are neglected. 

8k 
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= C0 (14 Ky) (II a-9.6) 

one finds 

f(y) = sl‘,h k 
sinh kd 

(II a-9.7) 
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We see fro,, H A-9.2 and II A-9.3 that to this approximation the velooi- 
ties of propagation of waves in running water is independent of their ampli 

tude. 

For a linear velocity distribution 

and II A-9.$ be cor os 

cotii kd ” 

This equation onl^ has solutions for k, assuming K ^ 0, if 

co2 
di A-v.e) 

c0 cj 
(II a-9.9) 

where Cn is the velocity at the bottom = c0 (1 - Kd). In this case the 
wave length of possible stationary waves is smaller than in a uniform 

current of the same mean velocity. 

The absolute velocity of waves running with or against the current is 

found to be 

Uo “ ^1 tanh k d 

ca 83 U° --2-kd 

U0 - Ul tanh kd| „ tanh kd 

^£“2 kd J + 8 (II A-9.10) 

For deep water one has ca - U0íIéA, indicating a simple algebraic addition 
of the surface velocity and the velocity of propagation of this wave in 

still water. For shallow water 

c * Uo+ 
a 2 

+ ßd (II À-9.11) 

differing only slightly from the classical formula since U0 - Ui is smaU 

in these circumstances. 

Abdullah (19A7) ti’eats the deep water case in which the current velo¬ 

city decreases exponentially with depth. The current is assumed to pro¬ 

duce a perturbation in the original flow which will be so small that the 

square o/the perturbation velocity can be neglected. The resulting 

analysis leads to an ordinary differential equation which is solved in 

RESTRICTED Security Information 

I : 
■ 

. .......,,. li^i^,.iuAylliiÉÉÉÉidliklU 



PWW- ... • . ,■ „ . -w'..- 

RESTRICTED 
Socurity Information 

tíl. 

series form. The resulting equations are difficult to discuss so that the 
author gives only a few numerical values bused on successive approximations^ o 
the solutions. For u current distribution of the form U = V0 e he commutes 
values fori Vn = 15 cn/sec, X = 10“3 c.g.s and V0 s cn/sec* X s 1° c.g.i 
Plotting c vs. L one finds that in these cases the values of c as computed from 

the simple approximate formula 

(c - ,0)2 - £ (II A-9.12) 

are somewhat too nigh. The first approximation as given by Abdullah, namely 

m ■ g - «Vg (c - To), 
(c - Vc)^ 

(n A-9.13) 

seems to be sufficiently accurate for most purposes, the exact values of m 
being only slirhtly higher. The above situation applies when Vq/c Is small. 
Some discussion is also given by Abd\xllah for the case when Vq/c is approxima ely 

unity. 

The pertubation method has been employed by Thomson (1949) to discuss wave 
motion in weak currents. He finds that the physically possible values of phase 

speed lie in the range 

(II A-9.14) 

Moreover 

umax*J"F" 
(II A-9.15) 

The motion of waves on streams whose velocities vary with time is important 
in oceanography in connection with waves crossing tidal streams. The velocity 
changes considerably during the time taken for swell waves to cross the stream. 
The problem was treated as one of relative motion by Barber (1949) assuming 
the current did not vary with depth. The velocity difference between the first 
and last crests of a set of N waves of wave length L is 

This must also be equal to the rate of change of N L with respect to time, i.e., 

(nA-9,u) 

Since 

3 c - d c 3 L 
tu “ ti yx 
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Vie find 

(II Á-9.17) 

The right side of this equation measures the rate of expansion of the wr.ter 
surface which is produced by the streaming motion while the left side is 
the fractional rate of increase of the wave length with time» This means 
that an observer following a given wave group through moving water, will 
find that the average wave length in the group expands or contracts at the 
same rate as the surface covered by the group. Knowing the latter quantity 
the wave length and thus velocity and period can be determined. 

The change of wave length for a flow in the same or opposite direction 

to that of the wave motion is obtained by equating periods in a steady state. 

Letting L, Î, c be variables describing the waves in a current U and those 
with subscript o those in the undisturbed region, then 

(II A-9.1Ö) Cq c ^ U 

where 

This is a transcendental equation for L in terms of c0, Lq, d, U. For deep 

wat ex' one can solve explicitly for L/L0 and one finds 

(II A-9.19) 

Approximate values for the change in wave height can be obtained by calcu¬ 
lating the amount of energy transmitted relative to a fixed coordinate 

system both inside and outside of the current. In deep water the latter 
is 

&0 Co 

2 

and the former 

Hence 

(II A-9.20) 

2 
and since E is proportional to H 
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which can be computed from II A-^.19. 

83. 

When a wave meets a current discontinuity at an angle Johnson (1947) finds 
the appropriate connection formulas by requiring the wave to be continuous 
across the discontinuity as shown in Figure II A-36. One sees that 

4°. = U+-S— 
sïïïÂ sin^ 

Jb_ 
sinOl 

(II A-9.22) 

o - L 
sxn 

from which one can find ß and L/Lq given the other variables c0> 0(, U, d. The 
energy transmitted is now 

co bo „ 2 _ Cb ^2^ „ u „2 
«o2 - ~ U sinß b H: (II A-9.23) 

Solving for H/L we find that for deep water 

— sin i (ï) cos 

deep water . l)zi 
COS (H A-9.24) 

1 4> sin 0( 
co 

The refraction can be calculated more generally when currents and under¬ 
water topography both play a role by employing a method given by Zermelo (1931) 
for determining the best path of an airplane travelling between two given 
points in a region of variable winds (see also Arthur, (19P0)) in the sense, 
that the travel time is a minimum, with the notation indicated in Figure II A-37. 
Zermelo finds that for the minimal path and constant c 

d 8 = 3ux 
d t -57- sin4 cosft-^ sin2$ (n A-9.25) 

while if the velocity o ia variable De Mira Fernandes (1932) finds that 

= . ain 4 (II Ap-9.26) 

where Vc is the component of U in the c-direction. Together with the velocity 
equations 

d * = u + c cos A 
d t X 

(n A-9.27) 

¡Li ■ Uy tc sin 4 
d t- * 

we have a set of three first order ordinary differential equations which can be 
solved for x, y,# as functions of t thus determining the orthogonale. 
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Deep Water tjaves: 

a. »ave Diffraction: 

In analoFV with the use of the wc -d diffrar ion in electro- 

extending from the bottom to a ix>int well ubo _ k(y^d) 
the dependence of $ on the depth coordinate s given y j 
4 (^#îf) we find that must satisfy the equation 

Vk2^ 
(II A-10.X) 

The analogy with sound waves arises when one notices that the wave equation 

. * 1 ¿ (HA-10.2) 

4xx^ 4¾¾^ ** 'i 
tt 

assumes the for» of equation ^ *-10.1 for a ha^ri« 
As a result one can take over the solutions of water wave prooie™ 
directXy from corresponding solutions of the «ave equation in th. theories 
of electromagnetics and sound. 

One of the earliest solutions of a diffraction problem «as ob- 

£rH£:S?Si - - 
Sommerfeld's diffraction problem has been 8olyJ? e^v^Um 
/ime «s inline parabolic coordinates. This coordinate eysiem 
ÜÄ this problemsinc. it is «ob thaton. of th. 
^rabouc coordin^lines corre^nds Uth. 

Lli^nt rfÄsx%WLfÄt-vH“u,fï 
Si the conditions of the proU.«« incld«t plane «ave, sero normal 
velocity on the screen. 

The first discussion of this solution in connection with water 
waves appears to be due to Larras (1942). It was also discovered by 
p«nnv and Price (1944). More recent discussions with experimental Tsri- 

are those of Putnam and Arthur (1948), Blue and Johnson (1949), 
ÄTÜwÄ/aS Chapu. (1951). Since the solution h„ bssn dls- 
cuseed*in detail^in the above references and in another section of this 
Manual a repetition is unnecessary» 

w« consider in more detail the diffraction of a cylindrical wave 
train in water of constant depth by a vertical circular cy^d« resting on 
the^bottom and projecting from the «atar. ^VfíSX'T.TfSt 
.«„«h wave diffraction is given in Morse's book (1948;. It was lire* 
adapted by Havelock (19/P) to the treatment of diffraction °J J*J^Jtî ars 
waves by a vertical cylinder intended to represent a ship. The resows are 
readily modified to the case of water of an arbitrary 
Îpeciaï application is the determination of the pressure distribution on 
cylindrical piles. 89 
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The velocity potential of the motion has the form 

A = g a cosh k (d-til a 1 ^*et\ 
T " •‘J cosh kd C03n Ka « 

(II A-10.3) 

SI?” 

r*:-waSïU."Ë^a“- ".d " Z iifinït. .In.. Of th. B.»Ä function. 
í1^?! N ! - t v!¿jy The scattered waves can be represented by a more 
Jn Ur), r “'•y* K ' +Arma 0f viliich are those indicated by the separation 

^¾¾¾ »r ^ “-.rÄuLÄ • 
refer to Havelock'« paper (1940). 

ll.6L.otln* term, of th. order of (HA)2 »» find th.t th. pr...ur. 
distribution on the cylinder is given by 

P(?) = 8 gf“ A(k.)oo.(*t-i) 
(n A-10.4) 

f. \ A a •xnressible in terms of Bessel function«, are plotted in *«• A (A .) md *, «pr...lti. rn U tiM „iVtory of th. re where A (k a; and »»,,XP^BÖXU'L'’:r:“"Qf'a7£/>he time hiVtory of the «ur- 

th. cintre of th. cylindre i. V | ^J.C9ÿ-ouf áf^.with*th. w«. profil. 
r^thÂïsnri.fms:.0“« .v. .* ..«» «» 
îSîent of the resulting force about the bottom is 

m(d) = z^- D (kd) A (ka) cos (0t - 0 ) (n A-10.5) 

rrJÄä ffioÄ-d Î- therefore^0 

: k0 D (kd) 
(II A-10.6) 

k ■ ¿X is the deep water wave number. 
0 Lo 

Simple approximate fórmalas are available for oyUnder. »hos. diameter 
is ■"“■n compared to the wave length. One finds that 

A (k a)*-f (k »)2 'f3(r)2 
(II A-10.7) 
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For qmaii cylinders, and only for these, we find that the pressure and moment 
are proportional to the cross-sectional, area of the pile. 

In very shallow water we find approximately 

D (kd) * ¿ (kd)2 - 2 ’Mí? (H À-10.8) 

In particular this implies that % * as one would expect. Combining the 
two approximations one finds that for small diameter piles in very shallow 
water 

m (d) ^ TT^pg a2 d2 cos^t (II A-10.9) 

V 

It is not our intention to compare these theoretical results with 
experimental data; this will be done in a forthcoming report. Suffice it 
to say that the agreement with experiments in both model and full scale is 
quite good. Other effects if they occur must be quite small for waves of 
moderate steepness* One is led to conclude that an empirical formula used 
by Morison (1950 ) which contains a multitude of experimentally determined 
coefficients and arbitrary assumptions must be used with extreme caution 
since its dependence on physical parameters is quite different from that 
deduced theoretically. The effect of skin friction in the periodic flows 
considered has been shown theoretically to have a negligible influence on 
the moment. Worte is continuing on the theoretical determination of the 
wake drag in such flows. 

In general a useful method of solving simple diffraction problems 
is to find a coordinate system in which the projected perimeter of the 
obstacle forms a coordinate line. For the cylinder one naturally uses 
polar coordinates the surface of the obstacle being r ■ a. For Sommerfeld s 
diffraction problem the natural coordinate system is parabolic, the semi¬ 
infinite line coinciding with the degenerate parabola forming one of the 
coordinate axes. The incident and reflected waves are represented in terms 
of infinite series obtained by separation of variables in equation II A—10.1 
written in terms of the new variables. The boundary condition of zero 
normal velocity on the coordinate line leads to the determination of the 
coefficients of a generalized Fourier series which is a relatively simple 
matter in many cases. Such a method can be applied to the diffraction 
through a breakwater gap by use of confocal elliptic cylindrical coor¬ 
dinates. This was first employed by Morse and Hubenstein (1938) for the 
diffraction of electromagnetic and sound waves and adapted to the corres¬ 
ponding water wave problem by Carrand Stelzriede (1951). 

b. Underwater Obstacles; 
* ^ 

Dean (1945; has treated the reflection of surface waves by a 
submerged circular cylinder with horizontal axis parallel to the wave 
crests. He shows quite generally that the reflection coefficient at great 
distances from the cylinder is zero, so that the only effect of the cylinder 
at great distances is to produce a phase shift between the incident and 
transmitted waves, their amplitudes being the same. It has been shown that 
the reflection coefficient for shallow water waves incident on a submarine 
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bar is non-zero though it is usually small. This theory applies to the case 
whore the lower boundary of the water extends on each side of the bar an 
indefinite distance. The result of Dean's analysis in deep water is to 
suggest that the existence of water of moderate or small depth is a necessary 
condition for the existence of a reilected wave at large distances from a 
symmetrical submerged obstacle. 

Ursell (1919) has used a different method for solving the same problem 
of a submerged cylinder which is also permitted to execute small harmonic 
oscillations. The reflection from a fixed cylinder of radius r whose axis ia 
submerged to a depth f has been computed for 

a case also treated by Dean. There is no reflected wave as was first shown by 
Dean. The velocity potential of the resultant wave motion is 

4>*1r * iky .996 sin (kxt-tft)+0.061 sin (kxitft^ (II A-1Q.10) 

For a pulsating cylinder of radius r = r0 (1+^cos t) where 6 is small the 
surface amplitude is given by 

2Tr0 e © "kf (k r0 - Ai k3 r03)+0 (k5 r06) (II A-10.ll) 

where 

2 e -2kf 
2 kf u 

I •' - 
M 

1 
2 kf 

Dean (1915) treats the reflection of surface waves by a plane vertical 
barrier submerged to a depth f below the still water level. He finds if f/L 
is sufficiently small that 

R = 

4*i 
T 

T = (II A-10.12) 

V+ *3 

- 0.577 where ^ * Jn — 

I3* -IT 
por SXÃ. • ¿ and £ numerical methods give values of T of 0*968 and 0.902 
respectively while the approximate formula above gives corresponding values 
of 0.964 and 0.900. Selected values of R and T as computed from the approximate 
formulas are given in Figure H A-U as taken from Dean's report. 

Thus one would expect a height reduction of 10$ for a wave passing 
over such a barrier submerged to a depth f « T2/5, T being the wave period in 
seconds. It seems reasonable to suppose that for a given f other types of 
synmetrlcal barriers, such as two inclined planes meeting in a horizontal ^ 
line, will give higher transmission coefficients and lower reflection coefficients 
since the transition is more gradual. 92 
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Ursell (1947) has treated wave motion past a vertical barrier 
extending from the surface to a depth h1. The transmission and reflection 
coefficients are given in Figure II A-42. 

11. The Effect of Viscosity on »ater naves: 

The first treatment of the effect of ordinary viscosity on the motion 
of surface waves in deep water was given by Stokes (1845)» He computed 
the mean rate at which the surface forces necessary to preserve the 
sinusoidal motion with viscosity do work equating this to the energy dissi* 
pated in the free motion (see Lamb, p. 624)» In the absence of surface 
forces, such as tangential drag due to wind 

& ( § fk c2‘2) --V“3 c2 a2 

or 

d a 
Tt 

I - 2 V k*6 a 

(h A-n.i) 

and therefore 

a = a. . -2Vk2 t (II A-11.2) 

u being the coefficient of viscosity and V the kinematic coefficient of 
viscosity. This type of calculation is intended to apply to all but the 
smallest waves. The modulus of decay, which is the time necessary for the 
amplitude to drop to ¿ if 0.368 of its initial value is in the case of water 

0.184 L* hours (II Á-11.3) 

if L is expressed in feet. For waves of the size one has in the ocean the 
rfmnping is very small, fox example, if L = 10 ft., ~ 18.4 hours, 
while if L * 100 ft., T - 77 days. 

A more complete investigation has been made by Basset (1888) and Lamb 
(1930, p. 625). They solve the Ka ier-Stokes equations for the motion of 
viscous fluids neglecting terms of order (H/L) . Except for very small 
wave lengths the motion is shown to be irrotational with a velocity potential 
of 

<f> r A .-2^2 t+k3,+i (k*ttft) (H A-11.4) 

leading to a surface amplitude as given by the approximate treatment of 
Stokes. An approximate value of the vorticity is 

W=^2tfk a e_2yk ^^cos^kxlU t+^y)^ (II A-11.5) 

where p 3 I jt- . The variations due to viscosity diffuse rapidly being 
quite analogous to those of the temperature variations in thermal conduction. 
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or of density in tho theory of diffusion. The oscillatory wave motion has 
the effect of reversing the sign of tho vorticity, so that for depth« 

com pa rabio with 2-rr/^ (b0.0129 ^ ft. for water) the vorticity is 
practically zero. 

The effect of finite depth on such calculations has been investigated 
by Basset (1888)/ Hough (1896) and Biesel (19492). The latter author 
corrects some approximations of Basset’s and deduces formulas different from 
any previous ones. Biesel finds that 

. . — 't 

a ao 9 

oxesex ixxiusauai. _ _ 
f 1 nZj t2kV w«h 4 Mtcff 2 

" I sinh 2 kd H 20- & cosh 4 kd - 1 J 

(II Á-11.6) 

The first term i.i the exponent will be the largest for moderate depth and fluids 
of «"»11 viscosity such as water. For larger depths one finds again the deep 
water formula (II A-ll.l). When the amplitude is constant at a given point 
as a function of time but varies with position one has 

1 + 
2Ü 

sinh 

r 1 
k^V J.2 k2^ cosh 4kd+cosh 2kd - 1 

1 sinh 2 kd > Z j ' cosh 4 kd - ï 
kx 

a = ao 
(II A-11.7) 

For the time dependent amplitude one finds that relative difference between the 
moduli of decay in general and in deep water is 

T Ÿ deep - cosh2kd_ 
7* 2 sinh4 2 kd 2 k sinh 2 kd 

For a wave 40 c®» long with d/L ■ 0.5 this is 0.626. 

(II A-11.8) 

The damping of ocean waves by eddy viscosity has been recently considered by 
Bowden (1950). He proposed a coefficient of eddy viscosity N - K c a, where 
K ■ constant. This form is indicated on dimensional grounds and is shown to be 
in conformity with van Karman’s similarity hypothesis for shearing flow. For 
waves of a single period we consider the quasi-stationary state of wave energy varying'with 
distance but constant in' time at any given point. The rate of energy dissipation 
due to eddy viscosity is 

c d E = 2f K k3 c3 
? d X 

3 aJ = w (II A-11.9) 

Assuming that the energy is propagated with the appropriate group velocity - 
E s ¿ ^g a2» k c2 = g and herice 

1 .1k 
*0 g2 t4 

(h A-n.io) 

9^ 
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The corresponding formla of Sverdrup end ^ U%7) attri^e the 
decay solely to air resistance is 

a = a°“p[' 
(n A-ii.ii) 

associated with the maximum amplitude toward higher val . 

In general T and c increase with x so that one has 

1 
2 

/„ dE » » d C\ - 
(c r^4E tv 

(U A-U.12) 

and hence 

-2a2 d a - 1 ¿ d c _ 4 ^ £ 
Tx ’"2c dx ¡4 

Assuming =0^(a constant) one finds 

4. 128^ K x / ^ _ 

7 g^CT-T^) ^ To1^ 

(II A-11.13) 

aT1^ ajo 
?7r) Ti/r 

(Il A-U.14) 

The corresponding solution for dlssipaUon by air resistance is 

a r ̂ /2 = a0 T0ly/2 exp 

[ 

- 4TLk«l 
fg T0 i' ■] 

7,qS1\ is about the same and both are quite large so tnax. one cwmw 
^ther th. deL, law for eddy viscosity or air resistance fit. the 
observations better. 

Keulegan (19Í.8) has treated the gradual damping of solitary wavss by 

laainar^boundary for 
unit channel width this rate of energy dissipation 

d Ei _ _ -3/2 
d t = 4TT tí tv 

i 5/4 U 7/4 
g h. (n A-11.15) 

u + elevation of the crest above the mean level, and VJ is the 
^ V^ÍSt of viscosity. Denoting the initial value of th. creet 
height by h]_o the value at a distance is given by 

K 
(II A-11.I6) 

jja .n 
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where 

K 
= iH1+ar ), Fd372 

B is the channel width and s is the distance travelled. 

The extinction of a limited wave takes place in a different way. 
rectangular wave of elevation h and length L Keulegan finds 

For a 

\ = h10 6 
-*3 (n A-11.17) 

where 

1 & (^)(¾ * (77¾4 
The relative damping is independent of the initial height in this case. For ^ 
solitary wave the effective wave length depends on the height and hence so do s 
the logarithmic decrement of the wave height. 

12. Generation of Waves tor Wind_t 

Kelvin (1Ö71) first treated the irrotational motion of air over a 
sinusoidal wave profile. Equating the difference in pressure between *ir and 
water to the pressure due to surface tension at the water's surface one finds 
the following expression for the wave velocity 

c02- <T 
(i+¿T2 

(h A-12.1) 

e being the ratio of the density of air to that of water, c0 the wave velocity 
in still air and V the horizontal wind velocity far from the water s surface. 

The wave velocity 

c = o 
1 -.6-( & + T' k £) (II A-12.2) 

has a minimum value, cm given by cm 

is the surface tension. The plane surfa 
all wave lengths if 

2 = 1 iS- 2 Jê T'> ^ being pTc«' 
irface \s then stable for pròpãga 

where T 

propagation of 

V< m 

but for larger wind velocities instability causes waves to form and grow, 
factor e*® * in the wave amplitude can be written in this case as 
ei«t*i#t, where _ 

(II A-12.3) 

The 

{1+9)2 

2 2 
V -c0 , 

96 
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indicating the possibility of an amplitude increasing exponentially with 

time for á> 0. For air over water«**- 0.00129 and the maximum value of 

V for stable waves is roughly 12.5 nautical miles per hour. For larger 

wind velocities waves will be formed on an originally calm water surface 

with the smallest possible wave length Lcap = 0.68 in. being that of 

capillary waves. T1e rate of travel of the first waves formed is 0.31 

in/sec. 

This theory lias been extended by Jeffreys (1925) to the case of short- 

crested waves. He finds that 

62 * ík*'K ' $573 
(II À-12.4) 

where 

®1 * 

If the waves are long-crested n - 0 and c^ is equal to the expression of 

Kelvin's. In order for a wave to develop and grow 

V2^ 
» ii-<r 

Cl 

^ J7 

(II A-12.5) 

> 1 

J? 
m 

Thus we see that a long-crested wave is the first to be generated with the 

lightest winds which are capable of generating any waves at all. 

The stability of surface waves has been investigated by Abdullah (1949) 

for small perturbations from the undisturbed state in which the wind velocity 

ni i- constant. The current distribution is assumed to decay exponentially 
U ab -- - A. -<r _ . j _ j.! »4 4 sa «44 1 ta a 4n 
with depth, i.e., U = V0 e^y. The stability is difficult to discuss in Wl/wii aepun, X#«* * u »Q « • . X, j 
general since the square root portion of the phase velocity is a complicated 

function of the wave length. If Ct* 0 the phase velocity reduces to that 

for two fluids flowing one above the other with constant velocities, in 

this simpler case the condition for stability was found to be 

2T 
g (f-{ ') (f+p' T 

(C A-12.6) 

where Au = U' - V0 and f, P ' are the densities of water and air respec¬ 

tively. For a first approximation Abdullah finds that the stability 

condition for a general 0i>0 is 
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(II A-12.7) 

/ ft , ft . - T O x 10“3 o( a 1er3 C.g.s units the critical 
For U' = 10 Vsec., Ç - J ¿J3* Í 100 ob/««, are 8.1¾ cm and 9.683 cm. 
wave lengths for V0 15 „ ia tt a-12 1 cives corresponding values of 
respectively while the simpler formula II A-12.1 gives co * e 

8.1 cm# and 6.25 enu 

Jeffreys (1925) pointed out that 
of potential flow are ^.v ror wave formation is about 3.61 ft/sec., 
observation that the sinimum j t0 3 in., and the velocity 
the wave length of waves d raise a deep »at« 

" ^«“peSfd LÄ a^velocity of atTeast 1*25 fV-C » 

impossible situation. 

The error, were attrltoited 
Since it appeared that the waves ^™rb^ce in the water were unimportant, 
assumed that the discontinuit - ., . fiqws £imoothly over the 
Kelvin's theory on the other h«d “^‘^^arSî” “n.rSy trie., 
wave profile while one knows ^ Surface! The main part of the airstreaa 
place in air flow over an obstacle ^u^;rdT^est Jd being deflected 
njets" over the crest striking the + turninc ooint» The leeward side 
upwards, thus produces high P«”"“„^her^ bf« .d* producin* a 
is sheltered to a certain ““-^^‘‘^Æ.^ce^h. pressure ie acting 
flow opposite in direction to .h_ moves faster than the wave 
in the direction of the Particleveloci on possible ^ve lengths for 
the wave tends to grow. This imp inclined plat« Jjh« 

* ^Sn^VuSr.fs T. p»me proportional to f Jû • 
reaction is supposed nornax f nevertheless be axpresM 

r/Ä ÄÄfrÄ Ä änrLÄT 

«âfe"6^ force^er^unit area on a wave of unit width is then of 

the form 

f - s g (V - c)2A"12,8) 

S ^,aaSoÄ"hÄ “ÄÄ'SÄonÄr® ïn a 

wave per unit surface area is 
(II A-J.2.9) 

R = /Urtf^ a? coth rd 

i -îr». f Vinf* 'i previous result for infinitely 
deep^Ser^ir^trlfwhÄ'axr pressure does worn on the surface is 

f f the average value of which is 

1 s 0' (V - c)2«“k a2 
c ' 

(II A-12.10) 

The energy equation becomes 

a2 2 
OJ ~ A 

í.(i»sL* coth rd\ = i s (V - c)Vk a2 -^rtf2 a2 coth rd 

dt V4 r I (II A-12.U) 
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if one neglects tangential stress. A necessary condition for wave growth is 
therefore that the right hand side of this equation be positive# i.e., 

ly-. gr >itüü. 
0 ^ s p' 

or neglecting surface tension 
tanh kd (n A-12.12) 

(V . c)2 o* £! nkM&S. 
S Û 1 . 2 sa» 
“f ? »f 

(n A-12.13) 

For a given wind this is least for c * ¿ V; the smallest wind which could 
maintain waves being 

^min (II A-12«14) 

This v*Lcci£v,-is siaallest for long-crested waves. For V= 0.018 ca^/sec. 
Vmin “ 73s for long-crested waves and then for long-crested waves and then 

k3 = 5 s2 (II A-12.15) 

Measurements by Jeffreys of the critical wind velocity Vm^n of 3.4, 3.6 
and 3.8 ft/sec. leads to values of s of 0.318, 0.269, 0.229 and wave-lengths 
of 8.0, 8.8 and 9.8 cm. 

■When a mixture of waves of different lengths are present the problem 
is complicated by their non-linear mode of combinatioi as well ar by the 
calculation of the resultant stress components which v n general no longer 
have the wave length of the principal wave under cons, ieration. Physically 
it is supposed that a short wave superimposed on a longer one wouxd soon 
decay for it will in general be of smaller height and will thus be sheltered 
by the larger wave for much of its travel, while its trough will be filled 
vd.th water from the splashing crest of the longer wave as it passes over 
the crest. Thus, the waves in a storm area will presumably consist of 
many large short-crested waves combined with a low amplitude long-crested 
swell which has not had sufficient time to build up to its mavi mum size. 

Jeffreys has estimated the total thrust of the wind in a horizontal 
direction to be equal to the skin friction determined by other means. For 
a wave surface in the fonn of circular arcs with a crest angle of 120° he 
finds that for waves on the verge of formation the skin friction coefficient 
is s* ■ 0.013, the thrust per unit area being s' f» where V is the 
velocity of wind relative to water. Taking a value of s’ ■ 0.002 from ex¬ 
periments for flow over solids it is found for this circular arc profile 
that the largest waves should travel with about 3/4 of the wind velocity. 
With this condition it is found for short-cretted waves that 

V^6.7 X 10“9 v3 (e.g.s. units) 

Attributing the damping in mid-ocean mainly to eddy viscosity experimental 
values for yare obtained of the order of Va 8 x 10"4 V2. This incon¬ 
sistency is not satisfactorily accounted for. 
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,. /-.o, hacs ovtpnded Jeffrey's results in shallow water by considering 
the It is 3,0^, that Jeffreys1 inequality 

must be replaced by 

(y - 
c 

: »air fv 

3? L 
y r coth rd-f 

4 sinh¿ rd a (II Ä-12.16) 

S:pftSrTe^^UU SeíJcSÂI^Â 
^qSÍ“ “SÄ Sd°erdra^ °eï de^.^» did Jeffrey., arrived 
at an approximate s value of 0.25. 

Stanton (1937) «de a hannonic entrei. °f the^re..«. ‘ 

far^from^eing^epresentable ii ter« of . .in*l. harmonic tern only. 

Sverdrup and Munk (1947) modified Jeffreys' theory for deep mater ^ keeping 
hi. valued/ Se IS. of noi«l tranter of enerpbut Including elec a Urn 
representing the tangential energy transfer, which ia 

*t4J TMo ^ 
(II A-12.17) 

where U0 = horteonijal .urfaoe velocity end I* l^the .hearRetribution, '¡hey 
assume °that Ta if2 f whe 
_t+ /nar>. or ffreatei 

ace velocity and Tis une anear Z '¿ 
-^-0.. . d**s y2 o I u“ where y 2 a 2.6 x 10-3 for wind velocities of the 
assume that T f f l ter> For waves of infinitesimal steepness the 

integral Rm is zero. For waves of finite height Rj is calculated hy ijoljjding 
the Lss Sansport term in* which is inconsistent with the notion that the 
tangential stress should be parallel to the wave surface. 

for 

The inconsistency has been removed by Schaaf and dauer (1950) who find that 

(II A-12.18) 
r = -|- cD (u*c -V)2 

la'TTDf t(f) 
Cn being an undetermined coefficient of drag and <j> (*) a periodic function 

of i »that 

ftt= f 0D T2 (£)2 2^U - C>] (H 1-12.19) 

L ) 

1 

) 

j u 4-VVO+ n ^ 0 for r >0. and thus contrary to the conclusion °f ,.. 

r: SSèsrrd 
of PÄ v-SÄÄS Ä Johnaon 

and Rice (1951). 
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(b) ANAMALOUS DISPERSION («X. CAPILLARY WAVES) 
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FIG. EA-23 - TIME HISTORY OF WAVE ENVELOPE FOR GROUP RESULTING 

FROM AN INITIALLY FINITE WAVE’TRAIN 
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F16. nA-24 - SURFACE PROFILES OF WAVE ENVELOPE 

FOR GROUP RESULTING FROM AN INITIALLY FINITE WAVE* TRAIN 
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F». BA-27 • PROGRESSIVE WAVE PROFILES ON A BEACH OF l/K» SLOPE 

1¾ 
RESTRICTED Security Information O 

a .,,lu. k... *_ i :,Lu j<i. i i i > ir' .M». AtilÉÍÉIÉÉtÉUíl 



RESTRICTED Security Information 

133 

RESTRICTED Security Information 

FI
G

. 
H

A
*2

8
 

* 
IS

O
M

E
T

R
IC
 

D
R

A
W

IN
G
 

O
F
 

T
H

E
 

S
U

R
F

A
C

E
. 

B
E

H
A

V
IO

R
 

P
U

E
 

T
O
 

A
 

L
O

C
A

L
IZ

E
D
 

D
IS

T
U

R
B

A
N

C
E
 

IN
 

S
H

A
L

L
O

W
 

W
A

T
E

R
 



T
R

A
N

S
M

IS
S

IO
N
 

A
N

D
 

R
E

F
LE

C
T

IO
N
 

C
O

E
F

F
IC

IE
N

T
S

 

RESTRICTED Security Information 

¡BMBfór.wiX; u,ym:wií&í 

FIG. HA-29—THEORETICAL REFLECTION AND TRANSMISSION 
COEFFICIENTS FOR WAVE ACTION ON A VERTICAL REEF. 
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FIO. nA-30 - THEORETICAL TRANSMISSION COEFFICIENTS 

OBTAINED BY JEFFERYS FOR WAVE ACTION 

OVER A RECTANGULAR BARRIER 
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FI6. HA-31 - VARIOUS TYPES OF UNDERWATER BARRIERS IN ) 

SHALLOW WATER 
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FIS. nA‘32 - OBLIQUE WAVE INCIDENCE ON A REEF IN 
SHALLOW WATER 

PIG. lIA-33 “ CHANGE IN WAVE DIRECTION AND HEIGHT DUE TO REFRACTION 

ON BEACHES WITH STRAIGHT, PARALLEL DEPTH CONTOURS. 

LONG-CRESTED WAVES (L'«-o) 
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FIG. HA-35 - REFRACTION AT A DEPTH DISCONTINUITY 
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FIG. nA-37 • REFRACTION 

DUE TO CURRENTS 

AND DEPTH CHANGES 
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FIG. nA-39 * PHASE ANGLE OF PRESSURE DISTRIBUTION 
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FIG. IIA-41 - REFLECTION AND TRANSMISSION COEFFICIENTS 

FOR WAVE ACTION OVER A SUBMERGED VERTICAL PLANE BARRIER 

FIG. HA-42 - REFLECTION AND TRANSMISSION COEFFICIENTS 

FOR WAVE ACTION OVER A VERTICAL PLANE BARRIER 

EXTENDING FROM THE SURFACE TO A DEPTH h' 
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FIG. IB-14 ‘ BREAKER DEPTH INDEX 
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* SiuCTlUli II. WAVE THEDxlY 

C. TABLES OF FUNCTIONS 
BY 

R. L. WIEGEL 
Table of Contents 

Page 
1. Introduction - -- — -- - l 

2. Functiona of d/L0 Tabulated in Table II C-l - 1 

a. 2lTd/L, Sinh 2fTd/L and Cosh 21Td/L-1 

b. l/L0, C/C0 and Tanh 21Td/L-1 

c. Pressure Response Factor-1 

d. AWL, Sinh LirdA* and Cosh 41>*d/L-2 

e. fraction of Baergy Advancing with the Wave-2 

f. Ratio of Group Velocity to Deep Water ^ 
Wave Velocity-2 

g. Ratio of Wave Height to Unrefracted ^ 
Deep Water Wave Height - 2 

h. Energy Coefficient - 2 

3. Table IIC-2..  3 

4. Accuracy of Tables- 3 

Table 11 C-l 

Table II C-2 
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1. Introduction: 

The purpose of this tabulation is to assemble, for easy accessibility, 
«orno of the functions that used most frequently in investigations involving 
various surface wave phenomena* 

Lost of the relationships involve the independent variables d/L, where d 
is the depth of water and L is the wave length in that depth of water* As the 
most easily measured wave dimension is its period T, it is more convenient to 
use d/Lo as the independent relationanip since Lq = , where Lq is the 
"deep water" wave length. It was possible to develop the tables with d/Lo as 
Urn independent vailable, in even incremente, by successive approximations using 
tne relationsimp 

d/L X tanh 21Td/L - d/Lo (n C-l.l) 

Values of d/L as a function of d/L0 have been tabulated (column 2)* 

2. Functions of d/Lp Tabulated in Table II C-lt 

a. 2ÍT d/L, Sinh ¿If d/L and Cosh 2IT d/L: 

Values of 2U*d/L, sinh 2 it d/L and cosh 2^ d/L have been tabulated as 
functions of d/Z*. (columns 3» 4 and 5)« 

b. L/Lq, C/C0> and Tanh 2ftd/L: 

The equation for wave velocity (of a small amplitude wave) 

C - /(61/200 tanh 2 ftd/L 

in any depth of water. In deep water tanh 2ft d/T.-^l and hence 

0o = f&JOrr 
So 

(C/C0) " yã/Lo) tanh 2ftd/L 

as 

L * C T 

(C/CoJd/D/iLo/T) * (L/Lq) tanh 2ftd/Lt 

C/C0 s tanh 2lTd/L ■ L/Lq (II C-2.3) 

Values of tanh 2ftd/L (hence, C/C0 and L/Lq) have been tabulated as a 
function of cI/Lq (column 3)* 

c. Pressure Response Factor: 

In order to utilize underwater pressure instruments, it is necessary to know 
v/hat height wave gives a particular pressure at some depth below the still water 
level. The simple relationship is ¿ven by 

RESTRICTED Security Information 
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K = %/H - P/P0 * g£|& 
Cosh C2fT<VL 

1 - 2/di] 
(n C-2.4) 

where K is the sub-surface pressure response coefficient, H is the wave height, 
Hi is the equivalent "height" at the inetniKient at depth Z below the water 
surface. These values of K have not been tabulated. 

For the case of an instruisent placed on the bottom, this equation 
simplifies to 

K s l/cosh S/ft d/L 

Inis is the column which has been tabulated (column ?)• 

d. Ultd/L, Sinh Ultd/L and Cosh 41Td/Lt 

(n C-2.5) 

Values of Uffd/L, sinh 4fJbi/L and cosh Uitd/L have been tabulated 
as functions of d/I^ (columns 6, 9 and 1Û). 

Fraction of ÜherKV Advancing with the Wave.* 

According to the irrotational wave theory for waves of small amplitude 
only a fraction of the energy advances with tiie wave form (i.e., with the 
wave velocity Ç, rather than the group velocity Cg. The equation for this 
fraction, n, is ' 

n s ¿ Q.+ Oiitd/L)/ sinh Uftd/'h} (II C-2.6) 

Values of n have been tabulated as functions of d/LQ (column 11). 

J 

f. Ratio of Group Velocity to Deep Water Wave Velocity: 

Cg/Co = ^CHC/C0) = n tanh 2lTd/L (n C-2.7) 

Values of Cg/CQ have been tabulated as a function of d/Lg (column 12)» 

g. Ratio of Wave Height to Unrefracted Deep Water Wave Height» 

A wave entering shoaling water changes in height because of the effect 
of shoaling and because of refraction. The effect due to shoaling alone 
for small amplitude waves is 

Dd = H/Hq* ^l/îXl/nXcpO (II ¢-2.8) 

where H0' is the unrefracted deep water wave height. Values of H/Hq' have 
been tabulated as a function of d/Lg (column 13)* 

h. Energy Coefficientt 

In the Gerstner theory of waves the energy coefficient M is an impor¬ 
tant factor. The equation for this is 

M *1T2/2 tanh2 21T4/L (II C-2.9) 

which is used in the equation 

E = (wLH2/8)(1 - MH2/L2) 
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Values of U have been tabulated as a function of d/LQ (colman 14)» 

3. 

3. Table II C-2: 

Values of 0o and Lq a.u tabulated for v.iluas of T (wave period) from 
3.0 to 26.9 seconds. Vr-luou of C (the deep ’..ater wave velocity) are tabulated 
both in feut per second and knots ¿ind values of Lq (deep water wave length) 

aie tabulated in feet. 

4. Accuracy of Tables: 

The values were coir.puted using 5 place figures. The last figure was 
dropped and the tables prepared using 4 figures. 

In practice it has been found that 3 figures are all that are usually 
needed to give the desired accuracy. However, when dealing with differences 
it is necessary to use all 4 figures. 

] 
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Security Information 

TABLE HC - 

3.0 

3.1 
3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 
4.0 

4.1 
4.2 

4.3 

4.4 

4.5 

4.6 

4.7 

4.8 

4.9 
5.0 

5.1 

5.2 

5.3 

5.4 

6.5 

5.6 

5.7 

5.8 

5.9 

6.0 
6.1 
6.2 
6.3 
6.4 

6.5 

6.6 
6.7 

6.8 
6.9 

TABLE OP THE DEEP WATER -ÏAVE LENGTH (1^) 

AND VELOCITY (Ce) AS A FUNCTION OF THE WAVE 

g PERIOD (T) AS OBTAIN^ FROM 

Lo = T&T2 r saisi2 AND C0 - = 5.118T 

WHERE T IS IN SECONDSt IS IN FEET MD 

Co IS IN FE. THE WAVE VELOCITY 

FROM C, 
IS ALSO GIVEN IN KNOTS, AS OBTAINED 

: hr 
T s 3.030T WHERE T IS IN SECONDS 

T 

Sec. 

'■'o 

Ft/Sec 

15.4 

15.9 

16.4 

16.9 
17.4 

17.9 
18.4 

18.9 

19.4 

20.0 
20.5 

21.0 
21.5 

22.0 
22.5 

23.0 

23.5 

24.0 

24.6 

25.1 
25.6 

26.1 

26.6 

27.1 

27.6 

28.1 

28.7 

29.2 

29.7 

30.2 

30.7 

31.2 

31.7 

32.2 
32.8 

33.3 

33.8 

34. 3 

34.8 
35.3 

'o 

Knots 

9.1 

9.4 

9.7 

10.0 
10.3 

10.6 
10.9 

11.2 
11.5 

11.8 
12.1 
12.4 

12.7 

13.0 

13.3 

13.6 

13.9 

14.2 

14.5 

14.8 
15.2 

15.5 

15.8 

16.1 

16.4 

16.7 

17.0 

17.3 

17.6 

17.9 
18.2 

18.5 

16.8 
19.1 
19.4 

19.7 

20.0 
20.3 

20.6 
20.9 

h> 

Ft. 

46.1 

49.2 

52.4 

55.8 

59.2 

62.7 

66.4 

70.1 

73.9 

77.9 

81.9 

86.1 
90.3 

94.7 

99.1 

104 

108 

113 

118 

123 
128 

133 

138 

144 

149 

155 

161 

166 

172 

178 , 

184 

191 
3 Q7 

203 

210 
216 

223 

230 

237 
244 

T 

Sec. 

7.0 

7.1 

7.2 

7.3 

7.4 

7.6 

7.6 

7.7 

7.8 

7.9 

8.0 
8.1 
8.2 
8.3 

8.4 

8.5 

8.6 
8.7 

8.8 
8.9 

9.0 

,9.1 

9.2 

9.3 

9.4 

9.6 

9.6 

9.7 

9.8 

9.9 

10.0 

10.1 
10.2 

10.3 

10.4 

10.5 

10.6 
10.7 

10.8 
HlO.9 

'■'o 
Ft/Seo 

35.8 

36.3 

36.8 

37.4 

37.9 

38.4 

38.9 

39.4 

39.9 

40.4 

40.9 

41.4 

42.0 

4?.5 

43.0 

43.5 

44.0 

44.5 

46.0 

45.6 
46.1 

.46.6 

47.1 

47.6 

48.1 

48.6 

49.1 

49.6 

50.2 

60.7 

51.2 

61.7 

62.2 

62.7 
63.2 

53.7. 

54.2 

64.8 

55.3 
66.8 
TfiT 

Co 

Knots 

21.2 
21.6 
21.8 
22.1 
22.4 

22.7 

23.0 

23.3 

23.6 

23.9 
24.2 

24.5 

24.8 

25.1 

25.4 

25.7 

26.1 

26.4 
26.7 

27.0 

27.3 

27. o 

27.9 

28.2 
28.5 

28.8 
29.1 

29.4 

29.7 

30.0 

30.3 

30.6 

30.9 

31.2 

31.5 

31.8 

32.1 

32.4 

32.7 
33.0 

o 
Ft. 

261 

258 

265 

273 

280 

288 

296 

304 

33.2 

320 

328 

336 

344 

363 

361 

370 
379 

388 

397 

406 
415 

424 

433 

442 

452 

461 

471 

481 

491 

502 

512 

522 

533 

543 

654 

564 

675 

586 

597 
608 

T 

Sec. Vs 

n.o 
11.1 
11.2 
11.3 

11.4 

n.5 

31.6 

11.7 

11.8 
11.9 

12.0 
12.1 
12.2 
12.3 

12.4 
12.5 

12.6 
12.7 

12.8 
12.9 
13.0 

13.1 

13.2 

13.3 

13.4 

13.5 

13.6 

13.7 

13.8 

13.9 

14.0 

14.1 

14.2 

14.3 

14.4 

14.5 

14.6 

14.7 

14.8 
14.9 

ec 

56.3 
56.8 

67.3 

67.8 

58.3 

58.9 

59.4 

59.9 

60.4 

60.9 

61.4 

61.9 

62.4 

63.0 

63.5 
64.0 

64.5 

65.0 

65.5 

66.0 
66.6 
67.0 
67.6 

68.1 
68.6 
69.1 
69.6 

70.1 

70.6 

71.1 

71.6 

72.2 

72.7 

73.2 

73.7 

74.2 

74.7 

75.2 

76.7 
76.2 

vo 

Knots 

33.3 
33.6 

33.9 

34.2 

34.5 

34.8 

35.1 

35.4 

35.8 

36.1 

36.4 
36.7 

37.0 

37.3 

37.6 
37.9 

38.2 

38.5 

38.8 

39.1 

39.4 
39.7 

40.0 

40.3 

40.6 
40.9 

41.2 

41.5 

41.8 

42.1 

42.4 

42.7 

43.0 

43.3 

43.5 

43.9 

44.2 

44.5 

44.8 
45.1 

Ft. 

620 
631 

642 

654 

665 

677 

689 

701 

713 

725 

737 

750 

762 

775 

787 
800 

813 

826 

839 

852 

865 

879 
892 

906 

919 
933 

947 

961 

976 

989 

3.004 

1018 

1032 

1047 

1062 

1076 

1091 

1106 

1121 
1137 
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T 

Sec. 
o 

Ft/Sec 
o 

Knots 
1¾ 

Ft. 

T 

Sec. Ft/Sec 
o 

Knots Ft. 

T 

Sec. 
o 

Ft/Sec 
o 

Knots 
o 

Ft. 

15.0 
15.1 
15.2 
15.3 
15.4 
15.5 
16.6 
15.7 
15.8 
15.9 
16.0 
16.1 
16.2 
16.3 
16.4 
16.5 
16.6 
16.7 
16.8 
16.9 
17.0 
17.1 
17.2 
17.3 
17.4 
17.5 
17.6 
17.7 
17.8 
17.9 
18.0 
18.1 
18.2 
18.3 
T8.4 
18.5 
18.6 
18.7 
18.8 
18.9 

76.8 
77.3 
77.8 
78.3 
78.8 
79.3 
79.8 
80.4 
80.9 
81.4 
81.9 
82.4 
82.9 
83.4 
83.9 
84.4 
85.0 
85.5 
86.0 
86.5 
87.0 
87.5 
88.0 
88.5 
89.0 
89.6 
90.1 
90.6 
91.1 
91.6 
92.1 
92.6 
93.1 
93.6 
94.2 
94.7 
95.2 
95.7 
96.2 
96.7 

45.4 
45.8 
46.1 
46.4 
46.7 
47.0 
47.3 
47.6 
47.9 
48.2 
48.5 
48.8 
49.1 
49.4 
49.7 
50.0 
50.3 
50.6 
50.9 
51.2 
51.6 
51.8 
52.1 
52.4 
52.7 
53,0 
53.3 
53.6 
53.9 
54.2 
54.5 
54.8 
55.1 
55.4 
55.8 
56.1 
56.4 
56.7 
57.0 
57.3 

1152 
1167 
1183 
1199 
1214 
1230 
1246 
1262 
1277 
1293 
1310 
1326 
1343 
1359 
1376 
1393 
1410 
1427 
1444 
1461 
1479 
1496 
1514 
1531 
1549 
1667 
1685 
L603 
L621 
1639 
1668 
1677 
1695 
1714 
1732 
1761 
1770 
1789 
1809 
1828 

19.0 
19.1 
19.2 
19.3 
19.4 
19.5 
19.6 
19.7 
19.8 
19.9 
20.0 
20.1 
20.2 
20.3 
20.4 
20.6 
20.6 
20.7 
20.8 
20.9 
21.0 
21.1 
21.2 
21.3 
21.4 
21.5 
21.6 
21.7 
21.8 
21.9 
22.0 
22.1 
22.2 
22.3 
22.4 
22.5 
22.6 
22.7 
22.8 
22.9 

97.2 
97.8 
98.3 
98.8 
99.3 
99.8 

100.3 
100.8 
101.3 
101.8 
L02.4 
L02.9 
L03.4 
L03.9 
04.4 
.04.9 
.05.4 
05.9 

1.06.4 
07.0 
07.5 

108,0 
¡LOS .5 
09.0 
09.5 
10 
10.5 
11.1 
111.6 
112.1 
112.6 
113.1 
113.6 
114.1 
114.6 
115.2 
115.7 
116.2 
116.7 
117.2 

57.6 
57.9 
58.2 
58.5 
58.8 
59.1 
59.4 
59.7 
60.0 
60.3 
60.6 
60.9 
61.2 
61.5 
61.8 
62.1 
62.4 
62.7 
63.0 
63.3 
63.6 
63.9 
64.2 
64.5 
64.8 
65.1 
65.4 
65.8 
66.0 
66.4 
66.7 
67.0 
67.3 
67.6 
67.9 
68.2 
68.5 
68.8 
69.1 
69.4 

1847 
1867 
1886 
1906 
1926 
1946 
1966 
1986 
2006 
2027 
2047 
2068 
2088 
2109 
2130 
2151 
2172 
2193 
2214 
2235 
225? 
2278 
2300 
2322 
2344 
2366 
2388 
2410 
2432 
2455 
24?7 
2500 
2522 
2545 
2568 
2591 
Ï614 
2637 
2661 
2684 

23.0 
23.1 
23.2 
23.3 
23.4 
23.5 
23.6 
23.7 
23.8 
23.9 
24.0 
24.1 
24.2 
24.3 
24.4 
24.5 
24.6 
24.7 
24.8 
24.9 
26.0 
25.1 
25.2 
25.3 
25.4 
25.5 
25.6 
25.7 
25.8 
25.9 
26.0 
26.1 
26.2 
26.3 
26.4 
26.5 
26.6 
26.7 
26.8 
26.9 

117.7 
118.2 
118.7 
119.2 
119.8 
120.3 
120.8 
121.3 
121.8 
122.3 
122.8 
123.3 
123.8 
124.4 
124.9 
125.4 
125.9 
126.4 
126.9 
127.4 
128.0 
128.5 
129.0 
129.5 
130.0 
130.5 
131.0 
131.5 
132.0 
132.6 
133.1 
133.6 
134.1 
134.6 
135.1 
135.6 
136.1 
136.6 
137.2 
137.7 

69.7 
70.0 
70.3 
70.6 
70.9 
71.2 
71.5 
71.8 
72.1 
72.4 
72.7 
/3.0 
73.3 
73.6 
i 3.9 
74.2 
74.5 
74.8 
75.1 
75.4 
75.7 
76.0 
76.4 
76.7 
77.0 
77.3 
'77.6 
77.9 
78.2 
78.5 
78.8 
79.1 
79.4 
79.7 
80.0 
80.3 
80.6 
80.9 
81.2 
81.5 

2707 
2731 
2755 
2779 
2803 
2827 
2851 
?675 

2899 
2924 
2948 
2973 
2997 
3022 
3047 
3072 
3097 
3123 
3148 
3173 
3199 
3225 
3250 
3276 
3302 
3326 
3354 
3380 
3407 
3433 
3460 
3486 
3613 
3540 
3567 
3594 
3621 
3649 
3676 
3703 
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A. INTRODUCTION* 

1, Introduction: 

Aa a result of wartime research on ocean surface waves a method 

has teen f" ^ ÄÄ^th. ' 
ratios. The initial stimulus ^ ^ „d the methods 

operations. The s ; eTercises and in problems connected 

is in wide use. 

The wind-generated waves in the ocean are conveniently ^Jed 
into the three categories sea, swell, and surf. e e™ se 
to waves under the direct influence of generating winds, ^ sweU 
t waves ^ich have left the generating area and are travelling 

irsL^s an?foam linos, is known as the surf sons. 

Sverdrup and Hunk (Reference III A-4) hlve 
ship, for the growth and decay of 
transfer from wind to waves durl"E E b utilised 

Recently. Bretschn.ider (Reference. Ill^J^dJ^develcp.^ 

forecasting curves, making “ duration time of the wind, 
of waves depends upon wind velocity, ., , fetch.}. 
and the distance over which the ^ over a limited fetch. 
Observations have shown that as —«„j n*rt of the fetch reaches 
th%TOr nraSerT^üirrunÄr^ViTe U«. tH. 
a steady state after a 11m fetch. The wave height 
steady state region expands ov^tc^ ^ aner8d by ,ir resistance a. 

“e Sve. délayé ^ “»anges in height end period ^ the travel 
tîmeTqûired Lpend upon the period «md the decay distance. 

The basic data required for sea and swell forecasts »re wind 

velocity and duration, fetch, and d9t:y.^““•„.^'“carts mad. 
obtained fr-s'^^^cärt^ theory usum,s that the wind 

Tel°tue “hn^ondíÚ^i^new^Urtned! ^kiU^d' judgment 
practice, this conditio duration time, md average value. 

í“n forecasting. During ».rid War I! 

* Taken"largely from Reference HIA"1 
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a number of meteorologists in the armed services were trained to use 
the .jverdrup-íúunk methods. 

The waves in the sea are extremely complex in the sense that 
wave height, period, and length vary widely with respect to space 
and time in an apparently irregular fashion. This complexity and 
irregularity have made it essential to introduce statistical measures 
in order that wave records and observations may be characterized in 
a meaningful manner and the significance of the forecast be 
lished. In many applications, only the heights and periods of the 
higher waves in a wave train are of practical significance. For 
this reason, the average height and period of the highest one-third 
of the waves are useful statistical measures. These averages have 
been called significant wave height and significant wave period. 

2. Referencest 

III A-l. Arthur, R.S. - "Wave Forecasting and Hindcasting" - 
Institute of Coastal Engineering, long Beach, 
California, October 1950, University of California. 

Ill A-2. Bretschneider, C.L. - "The Generation and Decay of 
Wind Waves in Deep Water" - Series 29, Issue 46 - 
Institute of Engineering Research, University of 
California, Berkeley, California, August 1951, 
(unpublished). RESTRICTED. 

Ill A-3. Bretschneider, C.L. - "Revised Wave Forecasting Curves 
and Procedures" - Series 29, Issue 47. Institute of 
Engineering Research, University of California, 
Berkeley, California, September 1950 (unpublished). 
RESTRICTED. 

Ill A-4. Sverdrup, H. U. and liunk, ïï. H. - "Wind, Sea and Swell* 
Theory of Relations for Forecasting" - U.S. Navy Hydro- 
graphic Office, Publication No. 601, Washington D.C. 
1947. 
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B. SEA AND SWELL FORECASTING* 
J 

1. The Growth and Decay of Wind Waves - A Short Summary t 

The vertical distance between a trough of a wave to the following 

crest is called the wave height (H). The time taken for two successive 

crests (or troughs) to pass a point is known as the period (T)# and the 

distance between successive crests is called the wave length (L)« A 

group of waves, all of the same period, will travel with a velocity 

known as the group velocity (0^ • 1.52T knots)« 

A distance of se* which wind tot» teen blariág le. known es e 
fetch. The growth of waves within a fetch is governed by three things, 

tTÆ"speed of the wind (u),the length of time this wind has been blowing, 

known as the duration (1<j), and the length of the fetch (f). In a non¬ 

growing fetch” a constant wind speed will develop waves limited in 

height and period at first by the duration of the wind, then by tha 

length of the fetch. 

At an early stage of development of the waves, their heights and 

periods at various points within the fetch will be distributed aa in 

Sketch a. 

Skc-fch a 

At a later stage of development, the distribution of wave heights 

and periods will appear as in Sketch b. 

a Taken entirely from References IIIB-3a and 4. 
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This second will be a steady state condition. That is, at any 

'later tiire, if the wind speed remains constant, and the fetch length 

doesn’t change, the same distribution of wave heights and periods 

will be found. A length of fetch for which a given wind speed will 

develop this steady-state condition regardless of how long the wind 

has been blowing is known as a minimum fetch Similarly the 
length of time it takes a given wind blowing over a definite fetch 

length to cause a steady-state condition is known as the minimum 

duration (tmin). 

In Sketch a that portion of the fetch from 0 to Fm has reached 

a steady state condition. If the wind has been blowing for t hours, 

the minimum duration for that portion of the fetch from OtoFm is t 

hours. Conversely the minimum fetch for a minimum duration of t hours 

would be F long. Note, in this case, the measured fetch F is longer 

than the minimum fetch (Fm) corresponding to the minimum duration t. 

In Sketch b, the least time taken to develop the distribution 

shown would be the minimum duration corresponding to a minimum fetch 

of length F. Note that the measured duration of wind may be longer 

than this minimum duration. 

In actuality the distributions shown in Sketches a and b are 

simplifi3d distributions, since a spectrum of wave heights and 

periods are generated in 0 fetch. Tiese simpliJled distributions 

really refer to what is known as significant wave3, a statistical 

term which is used to describe the average of tlie heights and periods 

of the highest one-third of the waves in a group. 

After leaving the fetch these waves travel to a point some 

distance away—a coast for example—with speeds proportional to their 

periods, (1.52 T knots, where T is in seconds). In this decay distance 

D (nautical miles), the longer period waves will move faster than 

those with shorter periods, and will arrive at the end of the decay 

distance before them. An observer at this point would see a group of 

waves whose significant period, called Tj), is longer than Tp. The 

period of a decaying wave, then, seems to increase. 

The heights of waves do decrease after leaving a fetch, and at 

the end of the decay distance, the observed significant wave height, 

Hp, will be smaller than Hp. 

The time for this group of waves to travel over the decay 

distance is approximately the ratio of D to the group velocity 

of wages with a period Tp, and is known as the travel time 

tD “ïTSS Td. 

It is likely, in practice, that the maximum waves of a fetch 

will not bo at tue head of the measured fetch. That is, the distance 

of these maximum waves to a point P, for which forecasts are being 

made is not equal to D, the distance between P and the front of the 

fetch. VTo will cull bhis new **decay disbauce'* (to bha maximum waves) 

Dm- 9 
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I„ thi. section ». ere concerned »1th the ctoge. 
in a time Zt between two weather charts. In this time' * 
the first map in which waves have been generated may change in fom 

^d position^ end the wind may Cheng, speed. In order te forecest 
it is necessary to categorise these changes of fetch and wind char 

acteristics. We do this by measuring* 

(i) the change in the positions of the front and rear of the 

fetch, 

(ii) The change in fetch length, 

(iii) the change in wind speed, 

(iv) and the advance of the energy f ront of the maximum wave 

in the time between charts. 

Let us call the point for which forecasts are being nade, P;j 

If we then use the subscript-a for the parameters to be measured 

on the first chart, they are 

D1 * the distance between the front of the fetch and P. 

■ the measured length of fetch. 

- Dx + Fx - the distance beo-ween the rear of the fetch and P. 

D t - the distance between the maximum waves of the fetch and P, 
ml 

Cgl - the group velocity of the maximum waves 

C q Zt - the advance of these waves between charts 

Fmi - the minimum fetch needed for these maximum waves, with 

* the wind speed in the fetch. 

Using subscript_o for the parameters of the second chart, it will 

be necessary to measure, Do, F2, R2, and U?. The technique, for fore¬ 

casting presented in this Manual permit calculation of D^, Cg , ana 

*m2* 

For additional forecasting with a third chart, these last measured 

and calculated parameters take on the subscript-1 and a whole new set 

of parameters with subscript-g are determined from the third chart. 

2. Growth of Wind Waves 

The growth of wind waves depends upon the net energy transfer 

from wind to waves. This energy transfer depends upon the wind 
velocity, the duration of the wind, and the distance over which tha 

wind is blowing. The generation or growth of wind waves in deep 

. 10 
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,vater- Mr, be represented conveniently by dimensionless relationships 

which take into consideration the variables promoting wave Erowth. 

In Firure III B-l (the Fetch Graph the relationship between C/U 

versie gF/u2, gü/B2 versus gF/u5, h/L versus gF/B2, and tB/F versus 

gF/u^ are presented. 

Because the growth of the waves is not apparent from ^Eur® 

III B-l, Figure III B-2 was prepared as a special case to illus 
this effect. It is assumed that a 30-knot wind of constant speed and 

direction developed over an undisturbed water surface of unlimited 

extent blowing from a boundary surface, such as a coastline. 

III B-2 shows the height and the period °^th®°lg^^Ca^oth 30th and 
functions of distance from the coast for the 5th, 10th, 20th, 30th 
40th hour after the wind started. It can be seen that the wave heights 

and periods increase with distance as the waves receive energy from the 

wind. As an example, when the wind has blown for 5 hours the 
height has increased from 0 at the coast line to 9.5 feet at a distance 

of 36 or more nautical miles from the coast, and the period has increase 

from 0 at the coast line to 6.6 seconds at a distance °f 36^01* 

nautical miles. After the wind has blown for 20 hours the signif 

wave" is 17.9 feet high and has a 10.7 second period at a distance of 

245 nautical miles from the coast. It should be noted that for a fetch 

of 36 nautical miles the significant wave height and period do not 

change even though the wind continues more than 5 hours. It takes U 

hours to reach .steady state tor « fetch of 245 nautical mies, whereas 

it takes only 5 hours to reach a steady state for a 36 nautical mile 

fetch. 

The fetch distance in Figure III B-2 can be limited by either the 

presence of a coast line or by the shape of the wind systems over the 

open ocean. It can be seen that for a given wind velocity, the time 

needed to establish a steady state depends only upon the length of the 

fetch- For a given fetch this time depends upon the wind velocity ane 

is longer for weak winds than for strong winds. This time is called 
the minimum duration, tm, and is measured in hours. It can also be seen 

that, for a given wincTvelocity, the fetch length behind which a steady 

state is reached depends only upon the wind duration. For a given 

duration of wind this steady state fetch depends on the wind velocity 

and is shorter for weak winds than for strong winds._ This fetch length 

mav be called the minimum fetch Fm, and is measured in nautical miles. 
For a given wind velocity amTsignificant wave there is only one minimum 

duration, tm, and only one corresponding minimum fetch, F^. 

The minimum duration, as related to the minimum fetch, Fm, 

describes the limiting values of the generation of significant wayfs* 

For any wind velocity fie time necessary for the energyfront of the 
g ï c-ni -HTTant waves to advance with group velocity over the steady state 
distance the end oT ^.e minimum is equal -Co tne 

minimum duration. This'must be true, since tor any shorter duration^ 

the waves Tn the generating area have not reached a steady state over 
the entire area; they will have a lower group velocity, and the time 

for the waves to advance with lower group velocity would be greater 

than the minimum durât:on. ^ 
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Figure III B~2 is merely an example and does not^hold.^ru® 
any vrind velocity except 30 knots. (Similar figures or o er 
'X™ as caa be conabruatad). It ia ™ra oonbranlant to ha« on. 
graph representing all the wind velocities generating waves over 
different fetch lengths and with different wind durations. Plate 1, 
Forecasting Curves for Wave Generation, has been prepared 
Figure III B-l for use in forecasting the growth of waves under the 
action of any wind velocity between 8 and 65 knots. 

Similar to Figur. Ill B-2, Figur. Ill B-3 was 
show tha incraasa in significant wav« anars- (IIT) • 
will be discussed later under the heading Wind Duration and 

Minimum Duration". 

3. Decay of Waves 

When waves leave a generating area (fetch) and pass tiirough ft 
calm, or regions of lighter winds, they undergo a sig¬ 
nificant period of the train of waves increases and the significant 
height decreases. The change in the significant wave depends upon 
the significant wave at the end of the fetch and the decay distance. 
In order that the data on the decay of waves could be presented in ft 
logical manner, a concept, based on the following observations, has 

been introduceds 

(i) Individual waves do not maintain their identity in deep 

water. 

(ii) A spectrum of lengths and heights is present in both the 
fetch and decay areas. 

(iii) At any particular decay discance the significant period 
decreases with time. 

(iv) The significant period increases with decay distance 
in a manner different than that assumed by Sverdrup and 
Munk for their decay relationship. 

(v) The travel time depends upon the group velocity associ¬ 
ated with the period as measured at the end of the decay 
distance. 

For any particular wave period there are a number of different sig¬ 
nificant wave heights which can be presenb, depending on the wind velocity 
in the fetch and the minimum fetch (or the minimum duration). This is 
shown as a special case in Figure III B-4 for a significant wave period 
of 10 seconds, (for which there are a number of different values 
the significant wave height). It can bo seen that a 10-second significant 
wave generated by a 60-knot wind blowing for 4 hours over ft 45 nautical 
mile fetch will be 22 feet high; also a 10-second wave generated by a 
25-knot wind blowing over 320 nautical miles for 26 hours will be 14 
feet high. Although these two different significant wave heights have 
the same sirnifícaní^periõJ, the increase of the significant wave period 
over equal decay distances, wTTTTe different. 

1 o 
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Ficu« III 3-5 presents another special case. The relationship topeen 
wend ^!o”tî and minim» fetch is shown for a 20-foot 0 

Tutúa miles;«! 

Z rSíicÂe d.lU,,,,1. and the decrease m si;CTIçant 
^^^Sni^Sr^TaT^-c-SFTCnnces will be drl'l'eieul..- 
wave 

It has been determined (Reference III 3-3) that the decay ^ 

?X and decay distance. Increase of .tgnlficj.tw.J.^rx.d « 

^^Õ^t^l-.^lhfdnrre^f he^ 

^i=etS^ha^^es^Ä t, 
i/S, where g is the acceleration of gravity. InordertosmgliüL^ 

ZSca^lel:) l^eriTr^ -d ni B-7 eh« these r^ationahips. 

_ TTT R o /a special solution of Figure III B-6)shows the 

increasf of period ^th^ecay distance ^ a f ^fTerent11 signifie ant 

:!v^t;f4: vtff^oft ^ 

Fu“e mayB-f (aTeofaï ToluMon of Figure HI 3-7) .how. the decrease 

in height of a 20-foot significant wave generate ^iod, TF, at 

nZÏlsl« that the height at any decay distance 

for eacn. of the four cases is different. 

TT a set of forecasting curves for the decay of waves, has 
Plate ïï» ^ g j wjT g_7 Standard decay curves 

been prepared from Figures III B-6 and III er.erated at the end of 

¡utk a- 
B and D in Plate II, are correction curves to teW for 

wave period Tjj/Tp between 50 and 1000 nautical miles. That is, 
any value of minimum fetch bcy;,re^p0' lationship between the relative 
Figure B of Plate II repreeents^tWelation^J ^ ^ 

viave period, Tp/ip, 10'_ fm ° , inf)0 nautical miles for the same 
period, t/tf, ff .^fTSd S, "he 1 s trS of Figure D for the 
corresponding values of Tp ana u, 
relative wave height. 

Example of the use of Plate I and Plate II: 

Given 
U 

F 

23.5 knots 

600 nautical miles 15 
liRSTS .ICTKD Security Informtion 

.¡T..7“ ' * in«".. 



...—-..——.... I — mnppppnwppifpi 

RESTRICriD 
Security Information 

7. 

33 hours 
) 

D * 2000 nautical miles 

from Plate I 

Hp ■* 13 feet 

Tp » 10 seconds 

Fm ■ 400 nautical miles 

t = 33 hours 

from Plate II 

enter Figure A at TF equal to 10 seconds, and proceed to D 

equals 2000 nautical miles (this gives TP/T-, at D = 2000 nautical 
miles for a significant wave period, T_, or 10-seconds at the end 

of minimum fetch of 200 nautical miles}. Proceed horiiontally 

to Figure B to F equals 410 nautical miles and read Tj/Tp » 1.28; 

TD ■ 10 X 1,28 ■ 12.8 seconds. 

To determine the wave height, > at the end of the decay enter 

Figure C at HF ■ 13 feet and proceed to D = 2000 nautical miles. 
Proceed to Figure D until F ■ 400 nautical miles is reached and 
read H[j/Hp ■ .25, Hq « .25 x 13 » 3.3 feet. 

Knowing the significant wave height, it is possible to determine 

the maximum wave height from Figure III B-12. This figure is based 

on a statistical study (Reference III B-6) of wave distribution 

versus significant wave height. 

The travel time of the swell is based on the average group 

velocity of the significant waves at the end of decay distance. 

That is. 

d/c 

and if 

g 

Tp • seconds 

nautical miles 

then 

tp ■ hours 

tD - 0.66 d/Td 

The solution of this equation is found in Figure III B-13. 

the preceding example tp * 103 hours. 

14 
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4. Wind Direction and Wind Velocity: 

In making sea and swell forecasts it is important to determine 
the average surface wind velocity over a generating area. The geo- 
strophic wind velocity is that velocity which results from a balance 
between the Coriolis force (deflecting force caused by the rotation 
of the earth) and the pressure gradient force (force established by 
horizontal distribution of mass in the atmosphere). The geostrophic 
wind occurs only with straight parallel isobars above the layer of 
air having a frictional drag on the earth, and is given by the equation 

’where 

2 V sin jè - l/zojA f/A n I = 0 

V • geostrophic wind speed 
b 

JT « angular velocity of the earth * .729 x 1CT4 rad/sec 

- latitude, in degrees 

\A?/Aii absolute value of the pressure gradient 

The direction of the flow is determined from Buy Ballot's law: "With 
your back to the wind the low pressure is to your left and the high 
pressure to your right in the Northern Hemisphere; the low pressure 
to the right and the high pressure to the left in the Southern Hemi¬ 
sphere". Figure III B-10 gives the solution of the geostrophic wind 
equation for 3-millibar and 5-millibar isobar spacing. For 1-millibar 
isobar spacing use 1/5 of the values given by the 5-millibar isobar 
spacing. 

Since the geostrophic wind equation is for straight parallel 
isobars, which seldom occur, one has to take into consideration the 
curvature of the air flow, which is not necessarily the same as the 
curvature of the isobars. For stationary or slowly moving pressure 
systems, the curvature of the flow is about the same as the curvature 
of the isobars. For rapidly moving systems the curvature is greatest 
in the forward part of the storm, least on the right side of the path 
of low centers and left side of high centers. Other sections of high 
and low systems have a curvature of flow between these extreme values. 

In addition to the forces involved in geostrophic flow, a centri¬ 
fugal force due to the curvature in the air-flow pattern must be 
considered. For high pressure centers the zentrifugal force acts 
in the same direction as the pressure gradient force, and in low 
pressure centers the centrifugal force acts against the pressure^ 
gradient. For equilibrium above the frictional air layer, the wind 
velocity is such that a balance exists among all the forces. 

The surface wind does not blow parallel to tho isobars and is 
reduced in speed from that at the geostrophic level. Because of 

hvjTFJCTKD Security Information 
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the lower levels (i.e., below about 1500 feet) the wind 

anrlo to the isobars (toward lower pressure). A 

relationship between the wind at geostrophic level and 

is discussed in most textbooks (Bef. *11 B*8) on aotooiwlogy. 

found that surface winds over the ocean make an angle 

and 30° to the left of the isobars in the Northern 

so that the geostrophic wind is reduced by a factor of 

0.8 to 0.5. An average value commonly used is Z/3. 

Such a reduction in wind speed from the geostrophic wind level 

to the surface depends upon the stability of the air, ^he iapse 

rate If the air tomnerature T TR is subtracted from the sea surface 

temperature TSTS, the resulting difference, ^lle^ ^utvaofUtheCIir 
temperature difference, is an indication of the 

in the lower layers. A relationship between the wind ratio (ratio 

of approximate surface wind U' to the geostrophic 

sea air temperature difference was obtained from a statiltical study 

ofheoen weather reports «10 »„„ly.ee. The result, ere »-».r aed lo 

Table III B-l, Stebllity F.otor., Table III B-l i. b.s.d on moderet, 
to straight isobar., .nd Table I1IB-2, 

prepared to allow for curvature. Figure III B-ll, Surface Win 

Scale, was prepared from Reference III B-l. 

TABLL III B-l 

STABILITY FACTORS 

. —- 
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TABLE III B-2 

CURVATURE CORRECTICU 

Curvature of Isobars 1 Great Cyclonic Moderat« or. 
Straight 

Great anti» 
cyclonic 

Stable air 

Indifferent 

Unstable 

U « .85 U» 

U - .90 U* 

U - .95 U' 

U - U» 

U * U' 

u * u* 

U » 1.05 Ur 

u = 1.1 u* 

U - 1.15 U* 

- 

The following io suggootod for curvature Identification. 

If the radiua of cyclonic curvature lo S° - 5 degrees of latitude It 1. great 
, ” .J no . 10 degrees is mild cyclonic! if the radius of anticyolonic 

curvTturo if# - 10 degrees of latitude it is great anticyolonic and R - 20 

degress is mild anticyolonic« 

Example: 

Given: Latitude • 35 degrees 

^ n ■ 1.0 degrees 

^ P • 3 millibar (isobar spacing) 

Curvature ■ great cyclonic (iP* 5° Latitude) 

TT ~TT »4-5 degrees 

Solutions 

from Figure III B-10 

V ■ 48 knots 
ë 

from Figure IITB—11 

U/Vg = .62 

U» ■ 30 knots 

5. Wind Duration and Minimum Duration: 

The total energy per significant wave per foot °f *rjgt Jn ^ ^ 
Vs. vssnrA«anted bv E =^° eHZL/8 which r educes to E ■ kB“ T , wnore 

can be ^ * £, (jjjjZ, defined as the significant wave 
«y mfniZ Nation and minim™ fetch there i= a certain 
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value of (HT)2 produced by /unctilTof* diitanoe from 
shows the significant wave 40 h m.a ^fter a wind of 30 knots 
the coast at intervals from 5 hours to ^^/^ústurbed water 
and 20 knots, respectively, parted to blow ^ taot- th. 
surface. Thig figure •^ ^Wor ‘ ^d velooi ^ 5 ^ ^ 
value of (HT)Z is equal to 60 a«er t^4n ^ ^ ^ 
equals 38 nautical miles. In °rder f wouid take 16 hours, and 
blowing over an undisturbed water A 20-knot wind 
the minimum fetch necessary woul miles of undisturbed water surface 
blowing for 40 hours over 600 nautical miles of undisxur * that ft 

would produce the same o • 8“ hours over 65 nautical miles of 
30-knot wind would when ^low^6 f“o-k^^wind blows for 40 hours over 
undisturbed water surface. If » immediately to 30 knots in the 
500 nautical miles and then increas the total significant wave 
same direction and lasts for, jay iZ ho , th blowing for 
ene rev would be equivalent to that impartea oy a ou 
12 +6.5 - 18.5 hours (from the preceding statement). 

Wind, do not U.U.UW î^-iy 

wf.tä“X“’fouôwins ■k.t.h (Skotoh o) lUrntmt.. how a wind my 

vary between two 12-hourly weather maps. 

5k.e+ch c 

-. nw,« rrvtm a to e mieht represent the actual wind change 
Wi7d (2S knit. d.t.min.d from th. fir.t w..th.r 

between the IZ-nour perxou v<.v ^ > - daahed line a-c-e 

Zw amr.S ^nd h.*»« 

r î«t l lo“2 S thl «fthfr map.' Ih. duration of th. S0-knot w nd 
then1will be 6 hours (half the map time) plus the time that It take 

30 knot wind to generate the same amount of significant wave 
Imr^SS .^20-knot*wind would durln6 it. original duration plu. 

6 additional hours. ^ 

tiTTQTíj T f.TF.n fianuritv Infomation 
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Example j 

Given t 

F ■ 800 nautical miles 

U = 20 knots 

td = 34 hours 

next 12-honrly map shows 

F = 500 nautical miles (same location as before) 

U ■ 30 knots (in the s&nis direction as before) 

from the above sketch is seen that for 

U = 20 knots 

duration - 34 + 6 = 40 hours 

from Figure III B-3 it is seen that this gives 

(HT)2 ■ 852 

which would take a 30-knot wind only 6.5 hours to develop. Consequently, 

Sí d^îion “ th» 30-taot wind would bo 6.5 + 6 • 12.5 houro. 

The lines of constant (Elis on Plate I may be used to convert from 

one wind velocity and duration to another. In thia particular .w»pl., 
enter Plate I at U = 20 knots and proceed until td * 34 + 6 * 40 
or F = 800 nautical miles, is first reached (since the fetch may IJ*1* 

the amount of significant energy), follow the dotted line back to X* • 

knots and read, td ■ 6.5 hours. The duration of the 30-knot wind will 

then be 6.5 + 6 . 12.5 hours. In case the wind changes in direction 

use the component of the wind velocity on the previous map which is 

parallel to the existing wind velocity on the current map. 

Plate I can be used for decreasing winds as well as increasing 

winds. However, if the decreasing winds are so great, that when follow¬ 

ing a line of constant (HT)2 it is not possible to reach the new wind 

velocity, then the following is suggested: 

(i) use td 60 hours; this will give reliable heights, but 

not necessarily reliable periods and 

(ii) analyze the previous map as diminutive swell (Reference 
III B-2) discussed later. This will give more 

reliable periods than (i). 

6. Fetch: 

The fetch is the horizontal length of the generating area in the 

direction of the wind, that is, the distance between the rear and the 

19 
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front boundaries of the generating area. In general the fetch 

boundaries are determined by the following limitations* 

(i) the coast line 

(ii) meteorological fronts 

(iii) curvature of the isobars 

(iv) spreading of the isobars 

The following steps are proposed as a guide in selecting a 

generating area of fetch* 

m The fetch front can be located approximately by rotating a 

straight edge hinged at the forecasting location, and where the slight 

edge cuts the isobars at the front of the storm by approximately 10° to 

15° connect a line. This locates the front of the fetch. Siace the 

wind blows between 15° and 30° to the left of the isobars in the north- 

ern hemisphere, the winds generating the waves will be within 25 to 
45° of a direct line to the forecasting location. Swing the straight 

edge back cutting the isobars at aporoximately 45° to 60°. This 
the rear of the fetch. The winds cutting the isobars will now be between 
(45° to 60°) minus (15° to 30°) on the opnosite side of the direct line 

to the forecasting location. On most weather maps a straight line if 

not too far extended represents nearly a great circle. In case a 
weather map, such as the Northern or Southern Hemisphere polar stero- 

graphic maps, are used in making wave forecasts, in which a straight 

line deviates greatly from a great circle, a curved edge representing 

a great circle should be used. 

The above procedure will not necessarily give the fetch of 

maximum intensity that will generate waves arriving later as »well . 
at the forecasting location. One must also consider the area ofmaximua 
average wind velocity behind the fetch front. Usually the shortest 

distance to the fetch front will determine the decay distance and 

the extended line across the fetch will determine the fetch length. 

(ii) When the decay distance is 500 or more nautical miles, 

that portion of the generating area with winds of Beaufort Force 4 

or less can be neglected, and when the decay distance is 1000 nautical 

miles or more, that ijortion of the generating area with winds of 

Beaufort Force 5 or less can be neglected. This practice is allow¬ 

able because waves raised under the above conditions will be reduce 
to small values when travelling through the respective decay distances. 

Only that portion of the fetch with stronger winds need be considered. 

If the winds are greatly different in different parts of the generating 

area, two fetches should be selected. 

(iii) When cyclonic storms of great intensity are found, waves 

will be generated in different directions. In this case the isobars 

in the generating area will have larger curvature, and two fetches 

or more should be selected. ^ 
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7. Chsnging Fetch and ^ind Speed 

Various forecasting situations may be classified by recording 

the possible changes the measured fetch of the first chart F1# can undergo 

in the time between charts. These changes may be determined by noting* 

whet; er the rear of Fg is behind, even with, or ahead of 

energy front; and if behind, 

whether the rear of Fg is behind, even with or ahead of the 

position of the front of F^j and in either case, 

whether the front of Fg is behind, even with or ahead of the 

energy front. 

In certain cases we must also determine whether the front of F^ is ahead 

of or behind the rear of F^, and whether the measured fetch F^ is less 

than, equal to, or greater than the minimum fetch 

On the following pages, the eight possible forecasting situations 

will bo analyzed. In sections a through e these situations are dealt 

with by considering; that the wind speed does not change in the time 

Z-g between weather charts; and that the maximum significant waves are 

at the head of the letch 1^. A summary of the criteria of fetch changes 

for each situation precedes oach analysis. These derivations are extendi 

to the case in which these maximum waves are within or at the roar of 

in section f, and in seebion g they are further generalized to the case 

in which the wind speed changes between weather maps. Section h deals 

with the decay of these waves• 

a. Forecasting Situation (l)j 

I. fhe rear of F2 is behind the energy front . ,B2>nml"CglZt 

A. The rear of Fg is even with the rear of F^ or 

is ahead of it. R2 * *1 

1. The front of Fg is behind the energy front or 

is abreast of it ^ =Dml“cglZt 

a. The measured fetch F^ is equal to or less 

than the minimum fetch Fml 

These criteria encompass eight cessible caces. 

21 
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(1) Hg ■ R1 , Dg s IVl“cgzt • Fi * Fml 

This is a case in which all waves formerly in have 

in the time continually been acted upon by the wind. These waves 

will advance approximately a distance Cg^Z^.. Their minimum fetch will be 

C .Zt or (D^-Dg) longer than F ., and tneir minimum duration will be Z^ 

larger than t^. That ist 

Pma = f2 = Fml+ CglZt - Fml^ 

^ *m2 ■ ^1 ^ zt 

(2) Rg « , Dg •> Dml-CgiZt , Fj a Fml 

This is a similar case, in which only part of the waves formerly in F. 

have in a time Z. been acted upon by the wind. The maximum wave will be at 

the head of F?, for those in front of this point will already be waves of 

decay. Therefore Fm2 ■ Fg ■ Fml -4» (D^-Dg) which will be less than Fi+Cg]Zt. 

Note tjji+Z-t, for if this were the minimum duration, the minimum fetch 

would be larger than Fmg above. 

(3) R2< Ri , Dg - Dral-CglZt , Fj» Fml 

& 

(4) R2<R1 , Di7Dml-Cg1Zt , Fi- Fml 

22 
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These wave distributions may be accounted for by noting that all 
waves in have continually been acted on by the wind in the time Z^. 
They therefore will grow an amount proportional to the additional 
length of time that the wind has been blowing (situation 3), if not 
limited by the fetch available to them (situation 4), We have then* 

(3) F m2 Fml4CglZt Fml*(Dl-D2) 

(4) Fm2 " Fml^0!-1^) 

The cases for which F^ arc analogous, 

(la) R2 ■ Ri , D2 ■ Dml-GglZt » Fl^ Fml 

This case is analogous to (1) in t' at the whole wave pattern of 
F-, lias continually been acted upon by wind in the time .'hid in 
this case also the limitation imposed on the effective fetch is 

Fm2 * Fml * (D1‘D2) 8 Fml * CglZt 

(2a) Rg ■ R^ « D2 ^ Dm], - GglZt » Fl^~ F ml 

D* 

This case is analogous to 2, end F ^ ■ Fml 4- (Dj^ - Fg) 

(3a) » D2 a Jmi ^rt ' '1^ ml - d Z , F < F 

cLSTRJCTED Se$:rity Information 

■ LiiKIiU.itfti-li.plluihiòtfül ühJj.hM1 ¡uji ¡,¡ 'l'l’'11 1 .h .juMii.iiirlmiinliM iilHIMhii HIUI UliÉHf - mlllililáil'mllllri ‘ oUidiUi 



jpijwuj.iwwww.ai'.-baii5írn-. ‘"^Tgüf 

iiZSTRlGTSD 
Security Information 

This case is similar to 3, and r (D^ - Ü2)« Fm^ 

(4a) , D2> VVt ’ ^ ^ 

In all cases above, D 
head of the fetch Fg» 

m2 
Dg since the maximum waves will occur at the 

Summarizing we have: 

(1) 4 (la) Fm2 » Fml4- (CrD2) 

(2) 4(2.) » Fnl+ (D1”R2) 

(3) 4 (3.) Fm2 . F^-t-fBj-Dj) 

(4) 4 (4.) F„2 • Fml4- (Dí-Dj.) 

and 

Fml4*CglZt ^ 
) 
) 

Fml+CglZt ) 
i Fm2 = Fml ^ ^1^2) 

1 

Dm2 “ °2 

For subsequent forecasts note that the F-g & ^ calculated for 
the second chart becomes the Fm, & D . for a third chart, unless the 
wind speed changes between charts 1 and 2 (see page 32 ). 

2^ 
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b. Forecasting Situation (2)t 

This situation is similar in every way to situation (1) except 

that tiie measured fetch F1 is greater than the minimum fetch Fml. he 

criteria are s 

I. The rear of F2 is behind the energy front .... R2>Dml4’CglZt 

A. The rear of F2 is even with or ahead of the 

rear ofF^ .. 

1. The front of Fg is behind or is abreast of 

the energy front.D2 * Dml”®glZt 

2. The measured F^ is greater than the minimum 

F F 
fetch Fm^ .1 ^ ml 

(1) a Rj , V^ml-Vt ' F1 > rml 

k 

- P, 

I 

I 

z////a ^ , — 
777~\*— 

This case represents the condition in which all waves in F have 

been continually acted on by the wind in a time Zt. The maximurt wave in 

F2 is a distance CglZt ahead of its former position. The limiting 

parameter in this case is F^ . F^ + Cg1Zt* 

(2) R.,«»! , D2?Dml-CglZt F1 y Fml 

—p, 
c»z* 

I —‘——/, 

! ' 

Or 

25 
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This case is similar except that only part of the wave« of 

F. have been acted upon by the wind in the time Z^. However 

-1 still holds. 
m2 = F, ml CglZt 

(3) R2 s R1 » D2> Dmr C6lZt » Fl> ml 

1^= i i*- 

-|v 

I 

■a 

c,rt 

In this case the fetch has shrunk so that the front of Fg 

determines the position of the maximum waves. F - is equal to 

Fg which we shall write as F^ -f (D^-Dg) or - fig. 

The three cases following, in which the rear of Fg is ahead 

of the rear of F. are analogous except that the area between the 

backs of F and F2 is no longer a wave generation area. 

(4) R2¿. Rx D2 8 Dal‘CglZt » 
F 
ml 

Fm2 = Fml + CglZt 

(5) R24. Rx » Dzy Dml - CglZt , F1-^Fnl 
i 

2C 
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C ,Z F > F 
gl t 1 ^ ml 

Fm2 = F1 ^ (W " R1 - D2^F2 

Summarizing! 

(1) 4 (4) Fm2 a Fml 

(2) 4 (5) " " " " M 

(3) 4 (6) Fm2 S R]. " D2 

and in all the above cases D « * Dg since the maximum waves are at 
the head of F^, m 

Therefore for forecasting situation (2) 

( F_2 ** F i + ^ 
( 51 ^ or ) whichever is smaller 

( Fm2 = R1 - B2 > 

“í Dm2 = °2 

For subsequent forecasts note that the F^g 4 D^g calculated 
above for the second chart become the F - 4 IL^ for a third chart, 
unless the wind speed changes between charts T and 2 (see page 32 ). 

c. Forecasting Situation (3)t 

I. The rear of F^ is behind the energy front. . . . 

A. The rear of F^ is even with the rear of F^ 

or is ahead of it.. 

B. The front of Fg is ahead of the energy front. I^i-C 

In these cases two wave trains will bo present, one ahead of and 
one behind the energy front. That one behind the energy front will in 
all cases contain the higher waves. This is bemuse the area behind 
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The above analysis holds, that is* 

Fm2 " Fml + CglZt 

Dm2 * Dml " CglZt 

Note that a forecast made with condition (b) as a starting point 

on the first weather chart will be analysed by (c). 

Where F,F 
1> ml 

(d) R2 = % 

The foregoing analysis holds, that is* 

F - F 4* C .Z. 
m2 ml S1 ^ 

D « - D , - C -Zj. 
m2 ~ ml gl t 

Therefore, in ail cases 

Fm2 8 Fml *4’CglZt 

\2 = Dmi ” CgiZt 

Note for subsequent forecasts F^g & D 2 above become g. D ^ 

for a third chart, unless the wind speed changes between charts 1 

and 2 (see page 32 ). 
29 
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Also note that if any of the above conditions after Z ie 

the starting point for a subsequent forecast, the maximum waves 

will not be at the head of Fg. In this case y (see 

page 31 ). 

d. Forecasting Situations (4), (5), (6), and (7)t 

In general* 

I. The rear of Fg is behind the energy 

..R2^Dml-CglZt 

II. The rear of F2 is behind the rear 

of F1.. Rg-^ 

1 

A r. \ 

A 
F* 

Wind has been blowing over point B for a time t ^ and 

over point A for zero time. As an approximation, consider wind to 

have blown over AB a time ¿ • This will give rise to a wave train 
** t 

in AB with a minimum duration 7, and a minimum fetch corresponding 

to this minimum duration. This secondary feuch is one in which the 

fetch available to the secondary winds extends to the front of F, 

(since there is no break of winds at B}. However the growth of the 

waves in this fetch will be limited by the minimum duration ^ 

This secondary fetch will ordinarily be of little importance 

since its minimum duration Í will be smaller than t^j. It will be 

important,however, if the front of Fg is behind the rear of F^. 

When this happens, the waves formerly in F. will all be waves of 

decay, and the only new waves being generated are those in Fg, 

JO 
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The three cases considered aret 

1. The front of F2 is ahead of the energy front (situation 4). 

2. The front of F, is ahead of the rear of ^ hut behind the 

energy front 6(situations 5 and 6). 

3. The front of ?2 is behind the rear of F1 (3itufttion 

1. (Situation 4) The front of Fg is ahead of the energy 

front.®ml”^gl^t 

If the front of F0 moves ahead of the energy front, theonly 
oh^ute o^r situation 5 will be that the wav. train will be lengthened 

at the rear. The maximum wave will still be a distance a ea 0 ' 

the front of F^ 

Therefore we have t 

-m2 pml -t-CglZt 

um2 D1 " CglZt 

2. (Situations 5 and 6) The front of Fg is ahead of the rear 

of Fi hut behind or abreast of the energy 

front. 

=2 ? “ml^g^t 
31 
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X 

I 

Da 

In these situations the only changes of wave distribution 

over those of situations 1 and 2 are to lengthen the wave traina 

at the rear. Therefore, as with situations 1 and-2, these above 

are classified accordinf to whether the measured fetch ie 

equal to, greater than, or less than the minimum fetch ^1 * 

2a. (Situation 5) where ^ Fml 

we have: Fm2 . Fml 4-(D^) 

DrnS - D2 

2b. (Situation 6) where F^F^ 

we have 

pm2 
_ ( Fml+06lZt or j 
" ( Si - D2 

DmS * D2 

) 
whichever is smaller 

3. (Situation 7) The front of Fg is behind the rear 

°r ri.d2-? *i 

The wind has been blowing over point C a time t, where 

4. _ F2 

R2 - % 
32 
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and over point A for tero time. Then as an approximation we will 

consider AC to be a fetch with a minimum duration of 

t - F2 * Zt 

^ (Rg-^l) x 2 

Here 

For subsequent forecasts note that 

above in situations 4, 5, 6, and 7$ for 

%i. V * v,f<,r*thlrd 
charts 1 and 2. (see pages 32 and 36; 

the F 2, tm2 & D _ calculated 

the second chart oecome the 

the wind speed changed between 

e. Forecasting Situation (6): 

IX. The rear of F moves ahead of the energy ^ c • 

¿ front.¾ =^11- glzt 

In thi. situation, tro ..to trains -rill be pras.ntl one behind, 

and one ahead of the energy front. The euve train behind the energy 

front will be one of decay entirely, since as soon as the rear of F2 

passes the energy front, these maximum waves, and those behind, 

Sill no longer be in a generating area. The wave train jhe jdof «xe 

energy front, is within a generating area, but one of ‘ 
type than encountered before. In this advanced generating area, 

the maximum waves will be at the rear of the fetch. 

A. 

..,.....i.; .:.1., -:1.: s*»dl-..,1 ,.Li... 

The wave train behind the generating area. 

35 
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The traTCs In this .re. »Ul =®»° *° 6r0,,(.“ î^ïS.^n 
„or of F posses ths position of the onerar front. This »ill 
rear ox 9 ^ .. f the 3econd weather chart, 

S“tTes^^ 
grown to their maximum size. Immediately xne 
decay. 

The minimum duration of these morimum »*«» J1» bJ 
t+f where f is the time needed for the back of the fe ten 
to pass the energy front# JaSS ViiC 5JT — ¥ 

i.e. Cglt* t’-Fl or CSlt,"(-lb'H,,"Fml(Íf 

( yL) i8 the speed of the fetch rear.) 
“ZT 

solving for t*, 

t«- FlZt or . FP.^-_ when 
(Rl-R2)-CglZt (lil-%)-CglZt 

and since the minimum duration tm2 * tml 4-t' 

FmlZt_when Fml<Fi 

(R1R2)-Cgizt 
+. _■ t . + Fl^t 
n2 ml 

or hml-*- 

nor, the minimum fetch Fm2 “ Fm^ + Cgl* 

therefore 

,.F„, or Fml+ ^ (C.^ 
m2 ml 

(Rl“R2)“CglZt (Rl-Rgi-GglZt 

Note that the decay distance for these maximum waves is 

V = Dml - Cglt« 

end the time for the start of this decay ie the map time of the 
first chart plus t’, i.e. t 

& 
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B. The wave train ahead of the energy front. 

This wave train must be analyzed in a more roundabout fashion 
than used before. 

v/////aa r* 

Consider a fetch of constant size, moving to the right at 
some velocity V« past a point A representing a point at which waves 
are alvreiys of zero height, (a coastline for example). The position 
of the fetch Fg is its final position after a time (say) Z^t and the 
position Fa is its position just as the rear passes over point A. 
Mien the fetch is at position Fa# the wind vdil have been blowing 
over A for a time tm • F x ^ (where V- ■ JÍLLÜÍL) 

f zt ' 

represents the velocity of the fetch, MLth the fetch at position Fa 
the wave distribution would be as shown below. 

TTTT/TTTTTTTA 
A 

Note, Fm is the minimum fetch corresponding to a minimum 
duration t™. The maximum vfaves in the fetch will have (3 , t & H 

i 1 j. j. gra m m also corresponding to tm. 

Both the fetch roar and the waves within the fetch are moving 
und at sono tine later tho "etch rear will pass the internal 
"energy front". At that time, the waves at tho roar of tho fetch 
ere the maximum waves, and will remain so long as the fetch moves 
with valo-ity Vp. The time /u t is found by eouating 
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Once the rear of the fetch passes point B we have a condi- 
xión similar to that of the forecasting situation under discussion, 
i.e, a fetch is advancing into calm water. In the generalcase, 
the fetch size may change but the analysis of the problem is 
unnecessarily complicated by introducing this changing size. 
The approximation of constant fetch size may be partially 
justified on the basis of inaccuracies inherent in the construc¬ 
tion of weather maps. 

To find the waves at the rear of the fetch (the maximum 
waves) we reverse the procedure above. That is, at the time oi 
thu second chart, the wave distribution will be the final one 
of the foregoing process. The magnitude of these waves may be 
determined by finding how far back an imaginary "point A is. 

If t F & C are the minimum duration, minimum fetch, and 
group velocity of^he waves when the fetch is at F , a time At 
before the condition F«, the "point A" will be a distance 
Y„ ^ t behind A*. The wind will have blown over "point A a 
tune tju necessary for the front of the fetch to move from A to B, 
or a time £ . Then in the additional time A t, the fetch moves 

"f 
to position JÍB’ (the final position). (At is defined by 

Fm 
" r:-T~ ). At this position, the minimum duration of 

Vf - Cgm 
the waves at the rear of the fetch is 

■ F Zt + Fm Zt_ 
R1 " r2 (Ri-R2)-CgmZt 

and Fm2 ^Fm +C6m ^ 

The decay distance is Dm2 s Dg +F2 s Rg 
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Kote tl.«t for subsequent forecaitß» Fî§fs2thîraU^t 

o&rt!1! ana 2 (see p^.«). 

Bote too that for subsequent foreoasts the ^ximum ™e. 

«re at the rear of the fetch, i.e. Dm2 ■ D2 +PS ^ 2 
*1 ^ 

f. wximm Kayes of the First Chart Are Within or »t the 

Of all the foregoing situatione only Wo will BÍ-™ >■ is. 

:? r =-:3= 
fete^^inco.^es^wa^noted^^hese situations 
points for subsequent forecasts, they xn turn musx 

falling within situation 2 are stated and symbolized as folio 

I. The rear of F2 is behind the energy front* R2? ^ - CglZt 

Hote that Dml represents the "decay distance" of the 

maximum wave! in this case within the fetch. (In the 

previous analysis D,^ * D^.) 

A. The rear of F2 is even with the rear of Fj^t Rg-Rl 

(The position of the maximum wave does not enter.) 

1. The front of Fg is abreast of the energy front* 

Dml " CglZt 

(See I above) 

2. The measured F1 is greater than the minimum fetch F^t 

Fl7 Fml 

The solutions already presented for situation 2 still hold 

if the end point of either situations 3 or 8 are the starting 
points for a forecast whose criteria fit those stated, 
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Case 1. The wave distribution of the first chart is that of 
situation 3« 

) 

In this case C-tZa ilv represents the advance of the maximum 
waves. All waves iii_FÎ have been acted on continually lay the 
wind in the time between charts» The internal maximum, 
therefore, will grow in this time, and advance a distance 
CglZt. By I.A.l, (D2-Dml“CglZt) ^ ^11 »PPew ** th® head of 

2» 
as before* 

Case 2. The wave distribution of the first chart is that of 
situation 8. 

It is true that the waves back of the rear of F. are waves 
of decay; but (to the degree of approximation that tne advance 
of the maximum waves* energy front equals C Z.) these waves 
will be as large as the maximum waves, and II advance into the 
fetch and grow under the influence of the wind within the fetch. 
The analysis for case 1 will then hold, and the wave pattern will 
be as shown. 

Similar analyses may be performed for the other forecasting 
situations. The results however will be the same; i.e.. 

the statements of the criteria in the preceding sections 
include situations in which waves are within or at the 
rear of the fetch F. ' 1# JS 
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Vünda Change From Weather Chart 1 to Weather Chart 2 t 

There are two general cases to consider» 

1. where U 3 is greater than Up or U 2 is less thai1 

U n but not so much less that U ¿ may not supply 
enough energy to continue generation of waves. 

2, U 9 is very much smaller than U 
M 

A simple method of determining whether case 1 or case 2 is to be 
used (when U2¿_ U j.) is Siven at the 0nd °f th® discusslon of 
case I* 

Situations 1 through 6 

is larger than U 1, or is smaller but not enough 

so to stop generation of waves. 
Case 1. U 

Bretschneider has shown that for a non-moving fetch F (with l 
minimum duration V, and minimum fetch Fml) if, in a time ¿i t the 
wind speed changes from U, to U 2. for purposes of computation 

F to occur instantaneously after a time we may consider the change 
At/2. 

(The purpose of this device is to permit calculation of the 
energy imparted to the waves by U 1 with a minimum duration 
Q-p + ^ At * This energy is used to calculate the minimum 
duration necessary for a wind U2 to i®Part thif 
to Lhc waves, and to this new minimum duration is added — 
tc account for the growth-of waves after the wind has changed. 
Note, that in this time if the wind speed had not changed. 
Fmi wou^d have grown to ^ ^^r 'tbe influence of 
U1 alone.) 

Similarly if the wind speed changes from D1 U 2 in a time 
Zt between weather charts, we may for purposes of computation assume 
•hViBh the change occurs instantaneously after a time ^ . If in this 

time the change in Fml is Fml 4-C ^ we hove the same condition as 
above and the effect of the changing wind may be readily calculated. 
This is the case in only part of the forecasting situations analyzed, 
but the rest of the situations may be treated in a similar manner. 
That is, if in a time Zt the minimum fetch changes to 

Fm2 « Fmi 4- A F Z. Fmi +■ CglZt 

we assume that Ui will continue to blow over the changing fetch 
for a time Z-t/2. In that time the minimum fetch would change to 
P . AF _ ^ CGlZt 
Fml + -- ' v -- —- ml The energy imparted to the waves 

RESTRICTED Gecu^iPty Information 

•émilM ÉÉrti 1^11 ti lÉiiiiiii m.. ...■■■. '--^í 





... 

34. 
RESTRICTED 

Security Information 

Case 2« V¿U1 

If U is very much smaller than Ü 1 (or at least so much smaller 
that Uo cannot supply the same amount of enerp to the water as is 

supplied by U ! with a minimum fetch Fml +4^-) the wave generated 

bv Ui in Ft decays in the time Zt, i.e. energy has been lost. If we 

hold to the1aasumption that the wind changes from to U2 

after a time^15 , in this case the waves actually existing after this 

time will be smaller than those predicted by Uj^ with a minimum fetch 

Fml +-AF/2. To balance this, the predicted decay of these waves in 

the additional time Z^fi should be greater than the actual decay in 
this time. 

Energy is transferred to waves in two ways» By the "normal stress" 

of the wind blowing against the wave form, ^ "X. - 

and by the "tangential stress" of the wind pulling at water particles. 

if the wind speed equals the wave speed, the 
tt*.**- 

normal stress is zero, but energy is still transferred by tangential 

stress. This comes about because the water particle speed is less 

than the wave form speed. If we neglect this energy transfer by 

tangential stress in calculating the wave decay in the case at hand, 

the decay so predicted will be larger than the actual decay. 

Thus we find an "equivalent decay distance" dependent only on the 

relative wind and wave speeds. This distance is 

(4nl - 4ri2 
-'eq ■r (1.¾ ) 

i c’} 

D1 (1- Hi 
C* 

where C» is the speed of an individual wave in the group whose period 

T» is determined by with a minimum fetch of F*= Fmi + • In 

situations 3 and 4, where the maximum significant waves of F1 are con¬ 

tinually under the influence of winds in the time between charts, 

this reduces to DQ_ ■ Zt (C»-U2)# and in situations 1, 2, 5, and 6, 

where the maximum significant waves of Fi are at the head of Fg, this 

becomes Deq = Zjïïî-I—§_(l-^2)# 

For these situations, 1 through 6, (7 and 8 arefdiscussed on pp. 35 4 36) 

the waves determined from plate II with the use of T , H , F’ and Deq 

are the maximum significant waves within or at the head of the fetch, 

i.e. with period Tf9 and height Hf2. Their distance from the coast 

will be, for situations 0 and 4 approximately ■ IVl“cglzt» 
for situations 1, 2, 5, and 6 = D2. ^ 
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nsual the Tf2, Hf2 and so determined become the 

Tvi, ".'i, and for subsequent fortc:.sting with a third chart 

For additional forecasting with a tldrd chart vriien t.ie 

uind either remains the same or again drops off, a similar 

procedure is followed. To find an additional equivalent 

djoay distance", it is of sufficient accuracy to average the 

.rind" speed of the two charts ¡ nd calculate either 

avi-Bz) o- ^ 

or 
D’* C azt 

Ißs). . 
^1 ) 

whichever is smaller 

“(Cl“’avg) 

'C, is the speed of on individual wave in the grouo whose period^ 

and height are determined by the above method, i.e. «..04 lF1; 

To tills is added the Deo calculated above Doq (for the third 

chart)* D"+D .. (for the 2nd chart). The distance ,so determined, 

D. , is the total equivalent decay distance for the waves whose 

neriod and h”i*'r ere T» and h'above. Tue actual distance of 

these waves from the cãast aftho time of the third chart is 

either 

\ZX = Dml-CclZt ■ Dml“^“ C1 

or 
D « b d ■'.vhichovor is larger 
m2 2 

In other words, in the tine between the first and third 

charts, though the maximum significant waves are at a distance 

4 , (of the first chart) - D 2‘ (of the t ird chart) sway from 

the coast, their significant1periods end wave heights bave ^ 

changed as tloough the waves wd moved a distance Deq 4-D with 

no wind blowing. (Rote: De„ for a 4th chart is the sum of Deq 

of the third chart and a D" determined as above.) 

Situation 3 

In situation 3 for the first wave train (that one which 

becomeo a decaying wave train os soon as the rear of Fg passes ( ) 

the onergy front) these seme methods may be used if certain 

substitutions are mode for U2 and Zt. For U2 we substitute U2’ 

. equal to the wind speed at the moment the rear of Fg passes the 
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_ 't'* 6GU&I to the time needed 
the energy front. Th.ee «lue. 

ere * 

V. or ni + Ö^t 

It Fl 

*' '(Ri-SÕ-CglZt 
or ^ml 

rti-WgP? 

For the second wave train (that one ahead of the energy Wont), 

r^nÄ ^«^Älin^orÄÄ 

izz r^Ä^r 
correct to the degree of the approximate solution. 

Situation 7 

For situation 7, a similar degree of approximation holds. The 
maximum time that the .rind has been blowing over any point in F2 is 

F2 Zt 

*■ (Br-SÏT 

(/ ^ f F2 )”| 
The \vind at this point is at first, ü2 - |^2 (r2 - Ri )j 

and at the final position of F2 is Ug 

We may us 
average 

se an average wind for forecasting in conjunction w^th^the 

tavg ,?iven* rhis averaS® * Uavg * U2 " 

Note that this is a straightforward forecast, using average 

values of wind speed and duration. 

h. Decayt 

The ultimate goal of the foregoing procedures is to fore¬ 
cast (or hindcast) waves for a particular coastal area. So far the 

method^oresorvted make possible merely 
values for sirnificant wave height and period within or at the heao. 
oí some fetch6area at sea. To complete these forecasting 

methods must be demised to predict the '’yy^ristic. of 

after they have left the generating area and have arrived at 
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(l) Fetch is Imparting Energy to the Waves: If a fetch 

being analyzed i3 one in which tne wind is imparting more energy 

to the waves than is being lost by these waves, the problem of 

wave decay need not be discussed for forecasting situations 3 and 

4, and the second wave train of situation 8. In these c“e®» 
maximum significant waves determined by use of the metnods Pr®“® 

in the preceding sections are wholly within an area .waI® S®n®^ion 
and will not become decaying waves until they leave this fetch area. 

In situations 1, 2, 5, and 6 if D^D^, and in situation 7, the 
maximum significant waves are, at the tili« of the second weath 

chart, at the head of Fo. However the fetch front in these cases 

did not keep pace with the energy front of those »aves 6®n®rated 
in F-,. That is, these waves leave the fetch area immediately af 

the time of the first chart and, staying continually ahead of the 

fetch front, decay. Therefore if further prognostic or synoptic 

charts indicate that these waves remain outside the influence oí 

the wind (the fetch area) these waves may be decayed to the coast 

immediately by use of plate II, their decay distance, period, 

and height as determined from the first synoptic chart. In situ¬ 

ations 1, 2, 5, and 6 if D2<D ,, the above procedure may be 

followed, and in addition waves decayed from a distance Dmi"0 » 

whose periods and heights are T' and H» (found with F* and Uj) 

may also be determined. The time of the start of decay of these 

waves is 2^/2 after the time of the first weather chart. Note 

that the maximum waves at sea (or those waves with maximum energy) 

are at the head of F„ and if subsequent charts permit, may in turn 

be decayed to the co£st. The firstJaveF^in of situation 8 

(R1-R2)-CglZt 
becomes a train of decay at a time or 

*ml^t 

(Rl“%^”CglZt 

(If Fml C F,) 

after the first chart, with a decay distance of ^^ml^gl*' . 

(2) Wind Decreases so that Energy is Lost by the Wavest 

If the fetch being analyzed is one in which more energy is being 

lost by the waves than is being imparted to them by the wind, -the 

process of decay has already started. The procedures for finding 

the characteristics of those waves which are still under the 

influence of wind has already been described, and, indeed, for 
situations 3 and 4 and the second wave train of situation 8, these 

are the only waves of interest. However, in situations 1, 2, 5, 

and 6 if D« D . and in situation 8 (the first wave train), the 

maximum waves present at the head of ?2 are of academic interest 
only, for waves larger than these have already started to decay. 

The characteristics of one set of decayed waves may be determined 

for situations 1, 2, 5, and 6 with Dg< Dml by noting that those 

waves a distance I^i from the coast at the time of the first chart 

outrun the fetch inmediately. These then, may be decayed to the 

coast by use of Plate II with TF1, HF1 Fm, and Dm,. The character 

istics of another greater set of decayed waves, but one arriving 
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ia toi' than tnoso above may be determined as follows, otill assuming 

that the wind speed between charts changes abruptly in a time Z^/2 

after the time of the first chart, for situations 1, 2, 5, and 6 

with D24C D , and situation 0, first wave train, the maximum wave 

generated by U, will be at some ooint approximately D .-D' from the 

coast after a time (this is the position of íetcn front alter 

that time). The wave so generated will be that whose maximum fetch 

is F» s Fml-t-4j£ under the influence of Up i.e. it will have 

period and height of T« and K* respectively. In an additional time 

Zi/z this wave will move completely outside the fetch a distance 
approximately ^ ^ under the influence of no wind, (simple decay). 

These waves may be decayed to the coast, (including in this decay 

the effect of following or opposing winds is usually outside the 

limits of accuracy of the synoptic charts themselves, and certainly 

sc for a prognostic chart.) The waves still under the influence of 

the fetch (the maximum waves being at the head of Fg) must have 

similar procedures applied to them for subsequent charts. Note 

that these waves at the head of Fg will always be waves whose 

periods and heights have changed as though they moved through a 

decay distance D through still air from the point a distance 

Dml-^ from the coast, in calculating Tpi&Hp the total equivalent 

decay distance should be used, but in computing the travel time tjj, 

the actual distance from the coast of these waves must be used. 

For situation 7 and situations 1, 2, 5, and G where ?ml. „ 
those waves originally at F. will begin to decay turough "still air 

immediately after the time of the first weather chart. The character¬ 

istics of these waves may be determined by the use of plate II and 

F1» hfi* Fml' à D ml* 

(3) Wind Speed is Negligible in the Fetcht If the fetch 

being analyzed is one in which the winds of a second chart are 

negligible, the characteristics of decayed waves may still be 

determined by holding to the assumption of wind speed changing 

abruptly between the first and second charts. If we continue the 

generation (or decay under the influence of U^) going on at the 

time of the first chart, for an additional time Z^/2» and "then decay 

these waves to the coast, the heights and periods so determined may 

be somewhat larger thar they should, but the difference will be small. 

For the case in which F is a generating fetch, this decay 

should take place a time Z^/2 after the first chart time, for a distance 

^nl"^gl^t/2, and with maximum waves of T* & IT*. 

For the case in which F^ is a decaying fetch (waves losing 

energy) the decay of period and 'wave height should be continued for 

an additional time Z't using for the new equivalent decay distance 
T 

C„iZ-t, f Ui 
Deq’ ^glzt 

-T“ "f Deql (of lst chart) 

Zt (20^-¾) •fUeqi (of 1st chart) 
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8, Diminution of Swellt 

Wienever it becomes necessary to determine when SW0^ 
first fall below a certain heiSht, the problem may be solved by 
considering the relation between wave height at any point in 
fetch, the length of the fetch, and the actual duration tmo. 
If thé minimum fetch is smaller than the measured fetch, waves 
within the area of constant wave height and period differ fr m 
the'waves at the head of the fete, only by their distance from 
the coast. If the wind within the fetch QUdd®nly 
tha variation of these waves in height, period and time 
arrival at the end of decay may be determined by merely changing 
the decay distance through which these waves move. 

like manner, the variation with decay of "^s 
between the rear of the fetch and a point Fmin ahead of the 
KSh rear may be determined by varying the diatance through 
^ the hares in any particular part of this area ™.t mo« 

in do caving. These waves however will also vary in height and 
pòríod StMn the fetch area, that is. they will vary in height 
and neriod with their position in relation to the fetch rear. 
To determine the waves within the fetch a distance (s y) 
behind the head of the minimum fetch, it is only necossa y 
t ecr ase the magnitude of the ^imum ^ch by an çmount d. 
and use this fetch length and the wind within the fetch to 

X"°tie ^oâr~ i. 
the aiTof d and the diatance to the head of the minimu» fetch. 

9. Forecasting Methods and Procedures: 

The procedures outlined on the following pages are for the 
moat part p“ely mechanical graph reading and tabulating atepa. 
For^each forecasting situation, tabulation iamada of^^halsht^ 
noriod and position cf the maximum significant wave within or 
?he heh of the measured fetch F In order to make foraoaata 
for specific coastal area, the changes these waves '»dergo i 
mortng from tl o fetch to the coastal areas must also be calculated. 

To do this, the time that waves leave a fetch 
n thQ decav distance to this point of leaving must both be known. 

A hindcaster always has this infomation at hand, 3‘n“ h” ‘ 
with historical weather situations , A f,t ^t ths 
hand must often mess a knowing guess, to be sure) at what xne 
weather pattem will be subsequent to the last synoptic chart at 

hand. 

m cither case, when this information is obtained, charaotar- 

isr ^ToÄ rÂ:”if^:hofÆ:ri.*”iStr.t.d 
bÿ «repicai example on the Plate¿ and the procedures of Section 
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Table III B-3 

Dofinitiona of Symbols 

first chart 

first chart 

T,i 

-FI 

'1 
^1 

0- 

.find speed 

Measured fetch 

" diatonce fron front of fetch to const 

Maximum significant wave poriod in vstnh ?l 

it •« " height ” M *1 

1,52 X Tpp * ijroup velocity of ti.eso v/oves 

3,04 X Top s individual wave vel. of these waves 

And the above with subscript 2 for the second c nrt 

Time between charts 1 & 2 

, ,. „ first chart 
Minv.iun duration 

«i 

h 

L'ml 

ml 

um2 

cm2 

Fm2 

** D c.irr ' i s c c ** of the max. sicnific-'nt waves 

,, h h « « w second chart 

Minimum duration second chart if * 1¾ 

M n » N 
" fetch '' 

W = 
dur-tion 

n it 

im2 
If /» 

Up V tJ2 

Il II « II '» 

= Ti“ 3 on '-=cs; 

= F un : i -V c ?û of .'.eery 

./ave .., i| tf V« 

t = a minimum duration 
^•b ) 

'OVf 

IJ av£ 

2(R.,-:qr ) 
ftlo-uOFo ^ S®® Procedures 

.Mnd velocity ■ “ —f ■ — ) situation 7 

2(R2-Rl) ) 

HT 
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a certain time to use instead of iMrr 
)first wave 

V s 
n N wind speed ” it « 

*2 V (U2“U1)F1 ) train 

(Rl«*R2)“C6l2tj 

Fi4-F2 
2— 

) 

m 
a certain mini7n\m duration 

F Zt 
) 
) see procedures 

m 

gm 

At 

(Rl-R2) 

the minimum fetch corresponding to Uj & tm 

group velocity of waves n 

) 

) 
situation 8 

i second wave train 

it N 

■ a certain time used in situation 8* 
FmZt 

T* 

H» 

« intermediate value of wave period ) see procedur„ 

„ * »• it i height ) situations 1-6. 

a. General» 

(i) Calculate or bring from chart 1 and tabulate 

Vl» Fl» Dl» Dml» Fml* ^1» TF1* HF1* Cgl 

(Notet these values are the preceding chart's 

U2, F2, Dg, Dm2, F;a2') 

(ii) From chart 2, calculate and tabulate Ug, Fg, Dg, 

(iii) Always compute R^«D^+F^ , ^2*^2 ^^2 » ^nl"^gl2t 

(iv) Classify the situation by the "genealogical chart* 

on page 42 

(v) Note, calculate, and record the forecasting parameters 

as given on pages 43 and 44 

(vi) Follow the procedures as outlined on pages 

45 through 49 
48 
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Tab!# III B-4 (continuad) 
RF.^TiüCTHD 

nforr .ation 

for the second use 

Fml - 0 

Fm2 " Fm ^ C6“At 
(See definition of terns for definition 

of yin.Cpn *4^ 

lui- litlrtiilirHl ■ . ... : muaiJ, ¡li.,1 ¡..UBI, fil 11H1 1 - illlllili 'll i liSltf* IÉ ,!,: ,U.. . ..iULi ■ atk», II li.,,, kilul: ..«Lts • lllltflllliityilifallf irf^ __ .. ■-i-.;... 



li-! HiBJSJfJÜ'B H "IW-íf"'1        N HH 

45. 

....T-: 
Security Information 

b. Situations 1 through 6t 

Parameters ara presented as Fw? & Use one of the follow¬ 
ing methods of foreoasting. 

A. Generation. 

If U2 y U1 or U2 < Uj (see below B. and C.) 

1. Find A F • F^ - Fml 

2. Enter Plate I with Uj and move along to F'»?^-^-^F/2 

5. From this point follow a constant energy line to its 
interseotion with U2. (If it doesn't intersect, see 
below.) 

4. Moving along U2 add to the value of fetch at this 
point a length A F/2. 

5. Read off at this point and tabulate W* F«2'* 

6. For situations 1, 2, 5 and 6, tabulate T', H', F* & 

D» ■ — and see page 46, Decay, Case I. 
2 

B. Generation 

If in step 3 above, the constant energy line does not 
intersect with Ug, follow the procedure below (if U2»0 
see page 47,Decay, Case Ilia.) 

3» Using T» from step 2 above and Plate I, tabulate 

T», H', F», C* & D'» - 
2 

4' Calculate and tabulate D#q ■ D' (l- U2/C) 

6» With DSq, T», H», A F', from Plate n find Td/Tf 

ft Hd/Hp 

6' Multiply these values by T' ft H' respectively and 
tabulate the period and height so determined as 

TF2 4 hF2 oalculat# cg2 

7» For situations 1, 2, 5, and 6 see page 46, 
Decay, Case I 

52 
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For additional forecasting with subsequent charts, if the 
remains the same or again drops off in an additional time Zj, but 
not to zero (if U2-0 or is negligible, see page 48, Decay, Case 

IIIb.)t 

1. Re tabulate R-, H-, F'f C 1 D' of etep B.3', tabulate 
Tf2. Hr, c 2 4 of .top B.6* aa Tn. 0^, 

and Deq 0f step B.4* as Deqi 

2. Calculate UaVg ■ ÜÍÍÍ? * either Dm^^ or CglZt 

whichever is smaller 

3. Calculate and tabulate as D",. (Dmi^) (1- ) 

or cglzt (1- ) whichever is smaller. 

4. Add and tabulate as Deq, D" + Deql 

5. With this value and T«, K*. & F» from Plate II find 

Td/TF * Hl/% 

6. Multiply these values by T* 4 H* respectively and 
tabulate the period and height so determined as 
TF2 4 Hpg , and calculate Cg2. 

7. Calculate and tabulate as Da2» or 
whichever is larger. 

8. If, in .top 7, D2 rD^-C ^t • •” F*6* 
C. n. R.p**t this proSoduro if wind ^ln r^.in. 
the same or drops off in an additional time Zt on a 
subsequent chart. 

C. Decay. 

Case I. U adds energy to waves, or waves lose energy, 

but U2 H ” aituations 1, 2, 5 and 6. 

. . 1. Using Tn. Hyj, Fm, 4 ont.r Plat. II ttd 

read off Td/Tf 4 HD/HF 

2. Multiply these values by Tn 4 Bpj respectively 
and tabulate the period and height so deterained 

as Td 4 Hp. 
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3. Figur* III B43 using td 4 Db1 find *<1 

4. Çy adding to calculate and tabulate 

the time of arrival. 

In addition, if D2¿Dmi find 11110ther ¿«csy®«1 train as followst 

b - 1. Using T', II», F», & Di,2 ■ Dml"D' #nter 11 
and read off Tjy^Tp, Hjy^Hy 

2. (as above) 

3. (as above) 

4. Calculate the time of arrival by adding td (step 3) 
to Zj^ ♦ Z-fc/2 

Case II. For additional forecasting; waves already decaying 
1>2 * ^1 - Cgl^t 

a - 1. and 2. With T», H», F», & (Di(2-I>eal) *• d®c*y 
distance find Tjjà % as in Cas* I, steps 
a - 1. and 2. 

3. From Fig. Ill B-13 calculate the travel time td 
by use of Dm^ as decay distance, and Tp above. 

4. Calculate the time of arrival by adding the td 
so found to Zl 

In addition, if Dg^. Dml find another decayed train as 
follows* 

b - 1. and 2. With T», H», F» à Jdi2 -(D«qX 

as decay distance find Td» H¿, * td as 
above, steps 1 and 2. 

3. From Fig. Ill B-13 calculate the travel time by us* 

of as decay distance and Tq above. 
2 

4. Calculate the time of arrival by adding the td 
so found to Zj ^ Z-fc/2. 

Case III. U2 is negligible. 

a. is a generating fetch 
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0 \ 

I. .nd 2. Using I'. If, F' ‘ Dl,2 ■(’’ml ' “ d*0*y 

dist&ncô find 1¾ 4 Hp «. in step, a-1 and 2, Oaaa I 

J. With th. dacay distança and ID abcce, calculate td 

4. Find the time of arrimai by adding td to 

b. ia a decaying fetch. 

1. Find Deq' a (2^1-¾) + Deqi 

2 ^d 3. With !■. H-. F- 4 D1>2-Deq- as decay distsnce, find 
_ ... » _ _ j—. . and 2.. Case I. Tjj i Hj) as in steps a-1. and 2., Case I. 

Dml 

CglZ-fc 
4. From Fig. Ill B-13 use TD above and D - - 

decay distance to find td 

5. Find th. tine of arrimai by adding td .bo« to Z^H/t 

Situation 7 

Generation. 

1. Calculate U ■ Ü2 arg 
(P2-Cn Fg_ «d t • V- 
¿(Ej.Rj) ,r6 ™ 2^-¾) 

2. With these malues of wind speed and minimum duration read 

from Plate I Tp2» Hp2# ' 

B. Decay. 

„ , tr p & D , enter Plate II and read off 
1. Using Tf1, Hf1, Fml» « 

th/Tf & %/HF 

2-4. (same as Case I 2-4.) 

ituation 8 

First Wave Train - Generation F ¥or F1 
(U2-Ul)Fml 1 ., ZtFml 

1. Calculate Ü2* = Ux -f glZt " (Rl-R2^glZt 
(Rl-R2)-Ggizt 

(use the smaller value of 4 Fml) 

REüTRICThD Security Information 
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B. Decay. 

1. Uilng Tpj. Hpj. F^. 4 d.t.rmin.d .ko«, find 

Ip, Bp & td from Plate II and Fig. Ill B-13. 

2. Find the time of arrival by adding the td so 

determined to -ft' 

C. Second Wave Train - Generation. 

1. Calculate F . !i±£S. and = 

2. From Plate I, at the intersection of ^ with 

Z+F, 

read off Fm & Tm. 

3. Calculate • 1.52 Tm *nd A t = — 

4. From this find Fm2 " ^m + ^ ^ 

5. Using F,,,; • 0 and F^ from step 4, follow the procedures 

outlined for situation 3. 

D. Decay* 

As with situation 3, decay is no problem. 
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I , 
10, Applioation - Step-by»»tep Poreoeit of See and Swejl t 

Th« follow!zuc exemple le gi^en to illuetrate the procedure ueed in 
forecîiîlîî lîTîîd Süll. The foreoaet (or hindcaet) le baeed on a 

Instou, D.O., for fM.lnllo tMMmlMlon. flproii ra ®*J* 
.2?«prodnition. of portion, of ïorth P.oifio Ow« »4th.r «.p. fr« 
which tho portloulu* .torn wm ..i.ot.4. Ih. f«”"“* Í , ÎÎ„f?î 
irsu.Uo, Onlifornl», wh.r. . ww. r.oord.r (Muk ^ J*“*” 

nn «ï u. * 
«^uly »Period of 1250 MT 25 Oct. 1850 to 1250 MT 27 Oct. 1860. 

-rv- frtTiAMt 1« made by a electing the »tom shown in Figure III B-16 • 

ipw afi Got 1960 This atom hae suddenly inteiuiified from that shown 1230Z, 26 Oct. 1960. TW.» ewm « ^ about so that there is an 

Sfírtl^fitoh îith his^wlnd. for ft. Arsuollc. Th. .tom gmdunlly 
decreases in intensity until, as is shown in Figure III B-18, winde 
the fetch area are negligible. 

The resulting wits forecasts made from this series of 
, , »4-«-* th b-20 together with the recorded way» heights and 

SSEdi! TîîfîStî« cSiuti«. h.T. toon applied to th. fomout- 

ways heights. 
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Step I 

Weather chart of 26 Oct. 12S0Z (Pig. Ill B-16) 

Fetoh § 

An 

R° 

Ut 

BP 

A T sa 

e 
»A, 

2 

65° of latitude 

7° cyclonic 

38° 

8.10 

♦Io P 

70 knots 

0.59 

41 knots ) The Fetoh became effective 
1 sometime between 0030 & 

660 RM ) 1230 26 Oct.« say at 0630, 
) hence the 6 hr. duration 

360 UM ) 

6 hr. dur. ) 

TF2 

^2 

C62 

660 

58 

6 

8.9 

17 

13.5 

) 
) The Fetoh is assumed to be 
) non-moving; therefore, plate 
1 I immediately gives these 
; values. Note that the sub- 
) script -2 is used for the 
) current chart. 
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st»p n 

Weather chart of 27 Oct. 0030Z 

Fetch # 

A n 

R° 

Lat 

BF 

AT 
aa 

g 

uAo 

2 

®2 

^2 

»1 

P, 

^nl 

pml 

*F1 

»Fl 

#gl 

Cgl*t 

.70° lat. 

10° oyc. 

57° 

9 

*1°F 

67 kn. 

0.60 

40 kn. 

450 

470 

41 

660 

560 

660 

56 

6 

8.9 

17 

15,5 

These values are 
retabulated fron 
■tep I. in which 
their eubecript 

was 2< 

12 hr. the time between charte 

162 BW 59 
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Step II (continued) 

900 ) 

nm1'Cg1Zt 498 

tl 1020 ) 

R, 

R 

) 

S 
situation 

A 

The relative values of 
these parameters determine 
the forecasting situation, 
see chart p* 42, 

220 
Determined in accordance 

with table III B-4 

AF/2 

F* 

Dm2' 

8! ) 

139 ) 

498 ) 
) 

230 ) 
) 

17 ) 
) 

27 ) 

19.0 ] 
) 

See procedures 
situation 1 through 6, 
paragraph A. 

Step III 

Werther chart of 27 Oct* 0630S 

Fetch # 2 

A n 

R° 

Lat 

AT8ä 

uAt 

1.0 

straight 

36.6° 

OP 

47 

0*62 
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0 

54. 

FZ 

29 

420 

460 

r.SoTRICTED 
Security Information 

D 1 

Fl 

J\al 

rml 

tpi 

%1 

cgl*t 

R2 

^nl“CgI*t 

»1 

40 

430 

470 

498 

230 1 

17 

12.5 

27 ) 

19.0 ] 

6 

114 

880 

384 

900 

See Step II 

Decay with Hp# 

VTr ^29 

0.41 

16.2 

11« 

20 hra. 

y% 
T, D 

¾ 

t 

i 

d 

date 

time 

27 Oct. 

1230 PST Note the 8 hr 
difference between 
GMT 4 PST 

situ¬ 
ation f (2) 

Decay with T« H« etc# 

AF/2 459 

P« 

T* 

H* 

C« 

D* 

Deq 

t/tf 

Because the wind speed 
between charts dropped 
from 40 kn. to 29 kn. 
the procedures of sit. 
1 through 6, paragraph 
B must be followed. 
Step #7' of this para¬ 
graph oalla for the cal¬ 
culation of two sets of 
▼alues for decay; one using 
subscriptparameters, and 
one with pruned parameters 

Tj/Tp 1.25 

%/Ep 0.47 

Vote that 
D-l^i-D» 

16.2 

% 13.6 

18.5 hrs. 

date 27 Oct. 

Time 1400 PST 

m2 

*F2 

®F2 

CS2 
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65. 

Step IV 

Weather chart of 125QZ 

The winds in the fetch area under 
consideration have become negligible. 
No map reductions need be performed. 
The procedure to be followed is that 
of Case III b. 

D , 420 ) 
1111 i The preceding 
Cgl 19.8 ) otep*s & Cg2 

39.6 

Deq* 48 

T» 13 

H* 29 

pt 287 

D(for TèH) 372 

Tj/Tp 1.21 

0.48 

Td 15.8 

hd i3*9 
D(for td) 360 

td 16 

Date 27 Oct. 

time 1630 

Step V 

Diminution of Swell 
(Section b-ö; 

The procedure is a step-by-step decrease of the minimum 
fetch available to the last generating wind (in this case 
40 knots) %nd an increase by the same amount of both the 

62 
RESTRICTED Security Information 

. 2 ctl 

s.e ou. Ill 1>1 

Dni-Deq» 

Note D for change 
in T & E is not the 
samo as D for travel 
time td 

D - CgiZt - 
Dml* “*2 



■ügîwp»! s. ! f :-i ajræsiiB. yrii'TJK¡ r-¡ ! 1 ' ' ... . /.. 1 1 ; ' ’ 

56. RKSTRlCTiD 
Security Information 

effective decay distance for periods 4 heights 

(D for T 4 H) and the actual decay distance. 

U 

NptN 

T» 

H* 

DT,H 

(1) 

40 

187 

11.8 

25 

472 

Tu/Tp l»-3! 

Hj/Hp 0.38 

T 
lD 

% 

15.5 

9.5 

(2) 

40 

87 

9.8 

20 

572 

1.41 

0.29 

13.8 

5.8 

(3) 

40 

50 

8.3 

15 

609 

1.49 

0.21 

12.4 

3.2 

*d 

Date 

460 

19.5 

597 

32 

time 

560 

27 

27 Oct. 28 Oct. 28 Oct. 

2100PST 0430PST 0930 

Step VI 

A secondary fetch 

After the main storm has been dealt with the weather 

charts must be reviewed for secondary fetches. One is 

noted as Fo* on Fig. Ill B-18. It has its beginnings in 
the upper part of the preceding charts F2. This generation 

area is analysed in a maimer similar to that applied to the 

major storm. Hap reductions will not be tabulated. For 

lack of information, the decay in column (4) is computed 

with D = 750. 
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(D 

Date 27 Oot. 

tim 

u2 

P2 

**2' 

^2’ 

T, ln 
hP2 

cg2 

(2) 

Date 27 Oet. 

00302 

86 

700 

200 

20 

8 

6.2 

9 

9.4 

tine 

°2 

8 hr. 
duration 
700 

U*1 

'»1 

*n 
Hpi 

c. 
rf«i 

*t 

°ii*t 

K. 

0630Z 

38.6 

600 

300 

85 

700 

200 

700 

20 

8 

6.2 

9 

9.4 

6 

66 

900 

0*r^l*t844 

^ 900 

■i tu¬ 
ât ion# (8) 

y«l 

4»A 

76 

88 

48 

(3) 

Date 27 Oot. 

time 

2 

®2 

r2 

7 
ml 

J7l 

Hn 
o. 

12302 

32.6 

760 

420 

38,6 

600 

300 

644 

70 

7 

9 

17 

13,7 C 

’ml 
760 

220 

6 ■ u, 2i 
'll 

*t 

CH*t ^ 

X| 1170 

Oal-Cgít 682 
^ 900 

ml 

V18 

ï« “.S 

*n 18 
g2 1®** 

6 

Ogfc 82 

situ¬ 
ât ion# 

AT/t 

F» 

(6) 

160 

40 

110 

64 

67. 

(4) 

(27 Oot) 

(18302) 

neglig. 

Diminution 
of smell 

(6) 
) 

H 
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O 
(1) 

( ) 

(2) 

**2' 

**2' 

tk 

Hr 

c_„ 

644 

70 

7 

9 

17 

13.7 

í'v.;vt;íictüü 
Security Information 

(») (4) 

750 

220 

18 

10.8 

19 

16.4 

644 D 

(5) 

^21 

^raZ' 

TP2 

«w 

Cg2 

D 750 850 

V^P^n)1*88 td/tp 1*50 Vt í*40 

Hj^Ep (Hpi)°. 30 Hj/Hp 0.32 Hj/h 0.25 

% 

date 

tina 

12.0 Td 

6.1 Hu 

36 

14.1 Tr 13.2 

6.1 Hq 4.2 

35 td 42.5 

28 Oot.dabe 29 Oot.date 29 Oct. 

093OZ time 0130 time 0900 

Step Til 

Secondary Fetch 

Another fetch, that one 
may alec be analysed. 

Date 26 Oct. Date 

Time 1230Z time 

U2 56 Ü2 

D2 400 D2 

F2 426 F2 

3 hr. U. 
* dur. 

marked *eecondary fetch" on Fig. HI B 16 & 17 

27 Oct. Date 27 Oct. 

0030Z time 0630 

30 U2 0 

150 

350 

36 

0^2' 400 D1 400 

65 
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59 

^2’ 

aF2 

C 
e2 

20 

3 

6.4 

9 

9.7 

uml 

pml 

''ml 

Tpi 

HF1 

C 

425 

400 

20 

3 

6.4 

9 

9.7 

12 

117 

R2 600 

^1-¾¾ 283 

R1 

sit.# 

F. 

gl 

CglZt 

'm2 

AF/2 

F* 

825 

(3) 

137 

58 

78 

Dm2’ 

Fm2' 

283 

180 

^2’ I6 

Tt^» 10 

17 

15.2 

lF2 

%2 

C 
£2 

ml 

ml 

''ml 

aF1 

Hpi 

C 
gl 

GglZt 

4F/2 

F» 

T» 

H» 

D 

W 

V8? 

283 

180 

16 

10 

10 

15.2 

6 

91 

45 

225 

10.6 

17.6 

238 

1,21 

0.61 
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Date 27 Oct. 

Time PST 0800 

Td 12.7 

¾ 9 

Direction HlVlilf 

Date 

time PST 

Tr LD 

¾ 

Direct 

28 Oct. 

0930 

12.0 

5.1 

NW 

F.E:. TíílCTíD 
Security Infom-ition 

SUMMARY OF FORECAST 

27 Oct. 

1230 

16.2 

11 

29 Oct. 

0130 

14.1 

6.1 

NW 

27 Oct. 

1400 

16.2 

13.6 

27 Oct. 

1630 

15.8 

13.9 

27 Oct. 28 Oct. 

2100 0430 

15.5 13.8 

9.5 5,8 

28 Oct. 

0930 

12.4 

3.2 

29 Oct. 

0900 

13.2 

4.2 

NW 

6? 
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C. SURF FORECASTING 

!. Refraction Diffraction Effect. 

Aa waves approach shore fro» deep 
tend to conform to the bottom * • d<,oreaseB. The phenomenon le 
reduction of wave velocity as the P iX it to the refraction 
known as wave refraction cussed in Section I-D 
of light and sound. This ®u^®° £ ¿he energy of waves converges 
of this Manual. Because of r . aae or decrease in wave height, 
or diverges, with a corr«sPorlJf"| w ^he refraction coefficient. In 
The amount of change isdescribedy ^ ^ constructed to determine 

::rra“:Si correct deep-water heights to shallow- 

water heights. 

Wave diffraction is that P^TbtrrCrfsúcÍ'á.Thre^.tar. 
propagated into a shelters reg .se regUiar wave train. A 
which interrupts a portion of imp0rt^t applications in the 
knowledge of diffraction ¡»havi £rhoTa and in determining 
design and location of br««*«w*e * £ beaches located in the lee of 
SÄÄ-sS: This subject is fully discussed in 

Section I-E of this Manual. 

2. Breaker Charac^risties and Effects, 

The classic description^ 
that as a depth equal and |3 retarded (Reference III U-2). 
the wave begins to fee noticeable effect is a bending or 
To an observer probably ^e first q of the wave crest, 
refraction of the wave, ciosely folic ^ ^ peftk8 up rapidly, and 

Aw tho «ave ”omldi whil. the trough appears long and 
the crest appears .no+ahle and breaks. 
flat. Finally, it becomes unstable and 

'The wave changes Tons radlcally -hen^reeh.. ^apparentlyt 

regardless of Its Pr^r Up the beach. The recession 
small tidal bore as It rushes fo ^ on the resembles 

simple re/n»» «ave characteristics. o - 

The theory of wave 
for wave travel from deep «.ter to a po n s ^ h(llght. It is 

necessary^1 to^rely*upon ÏÂhîpî established by laboratory 

experiment. 
, , /o-farenee III C-l) has resulted in a simple 

A recent study * heights from known deep-water 
procedure for determini g the^asic forecàiting method 

rCf^en« in=-the effect^ beach slope. ^ » 
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fullv discussed in Section I-F of this Manual. The data used are 
Wd nl=-3n« rn:d 

«^pî?ôf "in - ='"ied -¾11 in det,u 
illustrate the various steps involved. 

Information that is «« 

Sn r^aot .»d tid. 

stage, and the refraction diagrams of the area. 

a. Example t 

Assume: 

n . 9 0 feet, T - 1? seconds. Beach Slope - l/20 ■ 0.05. 
H a 9,0 ie » V_«-Vsa^ Uo^D-Vvfc is made by success!1 Tie ordure to oít;i¡ the breaker height is made by sucoessim. 

The procedure to _ uaed in this presentation 

approximations. Tj is obtained from the forecast. 

The^conversion^to n is' .Uminated to simplify the oomputationa. 

The details are as follows« 

(i) Evaluate H /T2 « 9.0/(12)2 - 0.0625 

This value, uncorrected for refraction, is as * 
( first approximation to determine the depth of breaking. 

At hVt^P- 0.0625, enter Figure III C-l to obtain: 

^ d^/Ho - 1.55 

(iii) Since Hq ■ 9.0 feet, then: db « H0 x 1.46 - (9.0) 

(1.46) - 13.1 feet. 

(iT) From the refraction diagrams for the given 
(1'" 0f wave period and Bi«etion the value of K fo this 

water depth is found. Assume: K - O.BU lor xms h 

U) The effective deep-water wave height is: V KHo 

(0.80) (9.0) - 7.2 feet d 

(vi'I The revised value of H A2 is then H0'/T2. 

Ho'A2 " 7*2/J12J ty"./T2° enter Figure III C-l to obtain: 
(vii) With this revised ly/TS enter igur« 

db'/V ■1*60* 
(viii) Since H0* - 7.2 feet, then: db* ■ 1¾ x 1.60 - (7.2) 

(1.60) • 11.5 feet. 

(in) From the refraction víü. 

that originally used. If the t»o K values differ by 

mor. than 5 percent, a third approximation should he 

made by repeating steps iv through viii. 
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(x) For this example, the assumption is made that the K 
values differ by less than 5 percent and hence K will 
be taken as 0.80. 

(xi) From the beach contours and the tide stage, locate the 
point of breaking at (In this example, at d.' ■ 
11.5 feet). Determine an average slope of the beach 
in this region, ^his determination of the average 
beach slope is a matter of judgment to establish an 
effective slope to correct the breaker height for a 
slope effect. In this example, assume the average 
slope in the region of breaking is 1/20 (0.05). 

(xii) The effective deep-water wave height is then 7.2 feet 
(from step (v)). ^he effective wave characteristic 
ist H'/r^ » 7.2/(12)2 » .050, as in step (vi). 
Enter Figure III C-2 with * «050 to obtaint 

* 1,62 from the lt20 beach slope wave. Hencet 

1¾ - (H ») (1.62) - (7.2) (1.62) - 11.7 feet, where 1¾ 
is the breaker height, corrected for refraction and 
shoaling effects. 

b. Diacussion of Limitations: 

(l) Effective Beach Slope: Figures III C-l and 2 were 
obtained from experiments in the laboratory on plane beaches. 
The effect of large scale irregularities in the beach profile is 
as yet undetermined. In step (xi) of the example, the effective 
beach slope was determined. An example of three beach profiles 
is shown to illustrate the determination of the effective slope. 

Slope = y/x 

NOTE: Waves may break at 
dfe as shown, reform after 
passing the bar, and break 
again nearer the shore. If 

into the shore and break in the region 
A. 
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(2) A, 
Y 

to Beach Slopes Greater than ItlO or Less 
lt50t TFe investigaiions on which Vigures IÚ C-l 

and 2 were bajed have not been extended to slopes steeper 
than 1*10 or flatter than 1*50. Until information is 
obtained in these ranges, it is suggested that, for 
beaches with a slope greater than 1*10, the breaker 
curve for this 1*10 slope be used, and, for beaches 
with a slope less than 1*50, the 1*50 breaker curve be 
vueda 

3. References* 
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D, EFFECT OF WAVE VARIABILITY 
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1. Discussion» 

Because of the irregularity of oce^n^e.^heleht^d^ 

period, it is necessary o are^ .[M b8an fully discussed in 
forecasting purposes. (This J already Been made of 
Section I-H of this significant wave period, these 
the significant wave heightan G the highest one- 

Sfrt rSVarer Àu”ara fofeca“s Le ordinarily »ade for 

sigdifiaant »ave heights and periods- 

A sunmary of the relations between W ^ 
and other etatistical wave meaaures The rotlo of the 

Section I-H), whl°h.average »a^e height is 1.57. Th. 
significant »ave height to *h | percent of the wave height, 
ratio of the average of the igi.e V ^ ratlo of the 
to the significant wave height is^l^^ mlnuta perlod to the 
maximum wave height occurri g 0f these figures have been 
significant wave height is 1.87. Al^oi^ ^ 
obtained from many norths of wa to hold reaaonably 

and Pacific Coaata. ^“^"^“^Itigatlon, so that having a 
constant at different poi“ , considerable other information is 
líTrLÂÂout Ihe’wave distribution ^ variability 

from knowing these ratios. 

The significant ^ period^es^ot d^cribe 

rtei^ - h- distribution even though arnvi g distribution if more than 

rgÂnfa™ Sr/ Additional inflation is needed to 

adequately describe wave periods. 

2. References : 

EngineeriïïTResearch, University of California, 

Berkeley, 13 pp. 
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E. LIMITATIONS AND CONCLUSIONS 

lastl5lCSyears^ahasllbaen^reduced^uc0a^Iarge^ext©ntVto0purely mechwiical 

including sjmoptic weather maps and bottom contour configurations, 

available. 

To one not familiar with wave forecasting procedurea. the rather^ 
rnmnlex oreanization of the wave cuces presented in Sections IIIB 7 an 

mayPseem r It her confusing. However, it will be 8®en 
familiar with the terminology and symbols » forecasting 
ation once classified lends itself to straightforward^orecasting 
n-rnradures. In learning wave forecasting, some time will b® mvoi 
in becoming acquainted with the various situations and learJ^| 0 
recognize them! After this initial period, however, the method 

is rapid and easy to apply. 

„ r.„- •its.rs.iÄ 
observations^ay6 occaslonally^e^rathe^lftrget^However# with experience 

are not complete and certainly are not foolproof. “tudies 
indicate revisione -tinually^eo that a. ^^on theae^^ 

lesa ^considering the development of the sub ^XÍe^rk 

wil^niak^only^inor^improvement^ Tr ^efin^ñtsin the basic procedures 

now in use. 

^ mentioned 
forecasting waves at the bea , v00^i.n<, one of the limitations 

ia the of large scale irregularities 

in the y80 °f th®!® Caches that have large ridges or steps in 
theireprofile8^modify^both^the^breaker^hei|ht^and^the^point^of^ 

d”1he6íreakers will not be changed ^ ^J^ereTay^e 

such an extent that the depxn is 1 a - °ih studies of these 
partial breaking at more than on^ int ~r»^n thtt 

special cases are needed. “ included. For 

beach slopes ff» V ° theSe values, no definite information 
slopes greater or n suggested, however, that for 
on breaker heights is 8 correction factor for the 
beaches slopes greater than 1/10, thQ 3/50 
l/lO slope be used, and for slopes -ess ' . •. incurred 
correction factor be used. Certain errors may also be incu.r.u 



, ^«jii w mn ...un uu ...nmrv^mv^ .,., .i, : rrp' IPW» f 

^ a/ 

10- 

in breaker height* ueing Figure. Ill 0-1 end 2 becau.. bott« friction 
and percolation in the porous bottom of natural beaches havethe 
tendency to reduce the wave amplitude as it travels shoreward. Hence, 
“iVr^r height, .ould b. «pectecl to be lower than tho.e on 
an impervious, smooth bottom as used in the laboratory investigations. 




