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OCEAN SURFAC : WAVES :

A BI~~ IOGRA Pff! AND SIJMMARY OF RES i~A~tCH

J. F. T. SAUR

INTRODUCTION

The surface of the ocean has a due.], role in the research and develop~~nt

problema of the Navy Electronics Laboratory~ In most naval problems it is

the lower boundary for electromagnetic radiation and the upper boundary when

one is concerned with underwater acoustics , It is natural, therefore, as

the theories of propagation advance an interest arises as to the detailed

character of the sea surface and the means of describing it mathematically.

Interestingly, or perhaps not to the better informed, the ways lengths of

electromagnetic radiation in air from 10 to 3000 megacycles are nearly the

same as those of underwater sound of frequencies from 50 cycles to 24 Xc,

Thus the information which is useful for the one case is probably applicable

in the other.

This bibliography and brief literature survey was undertaken, specifically,

to furnish information regarding the surface of the ocean , which could be

used in the theory of reflection and scattering of electromagnetic radiation

from the sea surface. It does not pretend to be a complete bib1io~raphy

on ocean waves, Neither is it limited to the most recently published and

accepted ideas. Pesearch in ocean surface waves is a relatively new field,

having received little impetus until World 1~ar II. Even at the present

time deep sea observational data are insufficient for checking the latest

theories on characteristics of ocean waves. ~ Thus it seems that a brief

historical review of research in ocean waves may be of value to the

independent, researcher as well as a sunnnary of the latest results.



The bibliography is limited primarily to those publications which

would have a bearing on the reflection, scattering, and absorption of

radiation ( electromagnetic or acoustic) impinging upon the surface.,

References to many fields of application of ocean waves have bec~n omitted,

such as,

Forces of waves on structures

Internal waves in the ocean

Wave data derived f rom hindoasting techniques

Relation of wave action and inicroseisnis

Transformation of waves from deep to shallow water, breaking

waves, and other shoreline processes

Long period waves—tides, seiches, momentum waves,

Engineering of wave recorders

Ship waves and wave resistance

Included in the bibliography are a few references , mainly observational,

bearing upon the relation between sea states and underwater acoustic

propagation. Conversely, the re are none relating sea states to electro-

magnetic propagation , partially because apparently few exist, but mainly

because unfamiliarity with electromagnetic theory leaves one with a feeling

of inadequacy for sifting and selecting pertinent information .

SEA AND S~~~L

“Sea” and ~t~~~~~].].tI are very broad terms used to differentiate between

two general wave conditions, and the distinction should be noted at this

time. “Sea” is used to describe waves resulting from the direct influence

of the local winds. If the wind is low these may be only small wavelets

as seen in a protected bay, but at higher wind speeds the waves become

noticeably irregular. ~.hite caps appear (at winds over Beaufort Force 4),
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heights vary rapidly, the distance between crests is short , a single crest

cannot be followed parallel to the coast more than a few wavelengths (short

crestedness) , and waves do not appear to be traveling in just one direction

but up to relatively large angles about a mean direction.

As the waves t ravel away from the generating area through a region of

relative calm, they take on a more regular appearance, which is termed “swell”

and is much more familiar to coastal residents of Southern California. With

distance from the storm the waves appear to become longer and lower, and

the heights do not vary rapidly, one wave closely resembling the next .

Whi tecaps arc not a characteristic of swell,

Assuming an adequate knowledge of ocean waves , it is seen that swell

can be pre’Ucted , or extranolate l , f rom known sea conditions. In establishing

characteristics of the sea surface from easily o1’ssrved parameters, we are

therefore interested in the relation between wind and sea. The discussion

to follow will pertain generally to the establishment of the characteristics

of “ sea ” except as noted.

WAVE RESEA RCH THROUGH ~:ORLU ~;;~R II

Classical studies of ocean waves are due primarily to Airy, Stokes, and

Geretner. Solutions to the wave e u  Ltion were found for various types of

waves, such as , infinitely low waves, waves of finite height, irrotational,

and rotational , all involving a surface boundary condition of a simplified

wave pat tern of infinitely long crested oscillatory waves. Details are

to be found in Lamb ’s HYDRODYN~MICS and a sunr~ary of the theories of

oscillatory waves was published by the ~.1ar Department , Beach drosion

Board (Reference ii) at the beginning of World .ar II.

Early visual observations of sea state were reported by one of two

very crude coding systems numbe ring from zero to nine. The f irst system
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combined lengths of short , average, or long with a height description of

low, medium, or high , e g .  high swell average. The second scale which

is still widely used classifies the waves according to height ranges, The

inadequacy of this type of ooserv ttion for detailed analytical work is

apparent .

A notable exception to the subjective observations was the work of

German scientists in making stereophotographs of the sea surface. The

thirty plates due to Schumacher (Reference 4.2) showing contours of height

at one—hal f meter intervals over an area about 150 by 250 meters is one

of the notable early cont ributions in presenting “3-D” data on the ocean

surface. Ten nlates were taken later by Weinbium and alock (Reference 43)

using Schumacher’s equipment. One plate from this paper is reproduced

in figure 1. From this it is easy to rec~~nize the scope of the problem of

characterizing the sea surface.

During World War II wave research received a large impetus because

of the problems of mine w~rrare ari d amphibious landings. The research into

the whole field of ocean ‘i~wes f rom generation by wind , throuj~h propagation,

to transformation and breaking iri shallow water culminated in the Sverdrup—

Idunk procedures for forecasting sea , swell, breakers and surf (Refe rence 9,

53, 54, 57) Here the concept of “significant waves” was adopted. The

“significant height and period” were defined as the average height and period

of the one— third highest waves, and were those waves which an observer

tended to record. imperical relationships were established between the

significant wave and wind speed , duration time of the wind, length of

generating area (fetch) , distance from storm, travel time, and decrease

in wave height during travel for the purpose of forecasting sea, swell,

breakers, and surf conditions,
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Although it is recogniz ed as irsufficient in itself, the “significant

wave” is still used as one or the parameters to describe waves, along with

other averages, such as, the a’erage of the highest one—tenth waves,

especially in dealing with operational problems, The use of the above

procedures and the attempts to refine them, with the aid of studies f rom

the field of random noise, have led to the presently accepted concepts and

methods of characterizing the sea surface,

CURR~~T MVE RE .\RCIf (POST 1949)

It is only within the past several years that methods of measurement

arid analyses for describing the surface have accounted for its great

variability. It is now agreed that at least two other parame~.ers besides

some average of wave height and period ar~ necessary to describe the

surface of the sea, The first is the frequency distribution of wave

heights wP hin a ti re sample and the second is tb ’  wave spect rum, ener~ ’

distribution versur frequency (most often expre~~.ed as pe riod in wave

studies). Ot’~~r prope rties of waves that have yet to be investigated fully

are the slope, curv ature , and beam width (di rectior.ility) .

Under a given wind condition, when t.he time record of the sea surface

at a fixed peint is ana~ zed, it is found (1) there exist both a frequency

distribution of wave heights and a continuous spectrum of periods and (2)

there is no unique relationship between the het~j~t and period (or wave

length).

Distribution of wave height s.

Longuet—Higgins ( Reference 5) has investigated analytically the case

of a single narrow freeuency band of waves assumed to have originated at

TTh.Slly places over a wide area and having random phase , so that the probability

distribution of wave amplitudes can be given by the Rayleigh “ random walic”
5
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number of waves are ex~ressed by

t. ~
= -

~~~ e 
Eo , (1)

where a ru~i ampli ~ude

p proportio of ~. s which exceed ~

vaL” of ~2i ~ive s of er~~litud e :.reater than Y

P~ ~r a -~h of versus is shown i~-~ fi~ure 2

~it~ ot 1i ~er!’.’ ci f~~ a 5ii.~1e narrow frequency t~~i ;J , the ratios found

by Lo ve~ -di~~~i i s  ~grcY f i i ~ .I~ well with th~ 3e ‘ htaii~ d front observed wave

~~c~ r~is~ ~~i<- h ~~~ ~er-t: in1y ~c t limited ~~ ~~~~ meeting these restricticns .

3owe of t~e3e are c~ ~t~~d i~ fable I. Probably the ~io~t satisfacto~~

c r ~~~ i~ür with ~~~~ theoreti~~ I val~ e: is Lt ~ine~ t~ien the waves originate

from ~ ~~~~ dista it ~~~~~

ioc in ~~~~~~ m ( ) \  t }~~~~ as 
,~ appr iche~ ~~ro ~~~~~ approaches

in fir ty 10 ‘arith~ni fly, so ~h .-it ‘f ~~ i~I~~ ~r:~1i~3 .~~~ of this re~u1t it. is

~ t hat ~ ‘w ;~~ ~~~ cont~~
; -iui ~

.; ~~V c~ve amplitudes sh.~~l not be tot

~,-~1l, ” (~: ~~~~ t u ~ t~ t,i 2 . n ‘t’cr of wa’~ in ~~~ record) The z e1ation.~

ship cf the e ~~ Le i  ~~~~~~~ aT~ 1 t’2~~ ~r~d most ~i’obo~ ie maximun a~iplituds

to tht rris ~mai it’ d is t rea’.ed fu rther by Lon~ u ot—ti ~~ 4rs , ~:ith special

reference t : 3~1~~p n t on .

Pecause other neasures )f wa’re h3ight ma:r be reU ably related to the

rma amplitud e ~he problem of foreca3tinf the s~ condition becomes a problem

of relating this ~~rametor to the wind speed , duration time , and fetch.
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TALE I

Comparison of Analytical and Obeerved* hlave Amp litude Ave rages .

~4i~ ~~~~ ~~~~~
‘

Author Source ~~ 4~
) ,4’(iJ /~

Longuet..Higgins (1952) Analytical 1.77 1.27 1.60 0.886
J~ef.5(Also Swann and Barber (1950)
Ret, 10)

Seiwell (1948) Ref. 20 Bermuda and Cuttyhunk 1.57
W~~gel (1949), Ref. 23 Pt, Sur, Calif . 1.85 1.27

Hecate Head, Ore , 1.91 1.30
Pt. Arguello, Calif~1.85 1.30
Average 1.87 1.29
Range of Individual

Values ~~20% ± 10%

Jo~~son (1950) Ref . 15 Abbott ’s Lagoon 1,25

Darbyshire (1952) Ref. 27 Pendeen arid Perranporth,
England 1.49 1.~~. 0.83

Puts (1952) Ref. 32 ~vcrare for ~~ records~*~ 1.62
Range in ~~ records 1.50—1.83

“Observed data are from pressure record s corrected for depth of recorder.

~‘* = Nax1~nnnn amplitude, ‘Z~~a~average amplitude of highest one—tenth ,
average amplitud e of highest one—third , ~~~~ average amplitude ,

= rus amplitude.

***Record s from Oceanside , C lifornia (4) ; Pt. ~ur , California (15) ;
Hecat e Head , Ore . (2) ; Guam , LI. (3) ; Pt. Arguello (1) .
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Wave Spectrum

Periodogram analyses of wave records, firs t initiated by the British

in 1945 (Reference 34), indicate that ocean waves from a single source

area can be considered as ha~ring a continuous fre< uency spectrum with a

single maximum. A spectrum analysis of waves with both swell and a local

wind sea p~esent is more complex and may show a double energy maximum, see

figure 3. The continuous spectrum is considered to be the resultant of

the gene ration at different points r the storm area of a large number of

small waves of random phase,

For predicting wind waves Neumann (Reference 6) using visually observed

data and dimen~jonal considerations has proposed a spectrum of waves for a

fully developed sea, as follows

4

- (~~ ; Eq. (2)

wh ere ~V~~r the relative er’ier~y distribution

frequency

v~ wind velocity

The Neumann wave spectrum is shown in fi , ure 4 for three different wind

speeds .

Ttc . oroperties of the Neumann spectrum should be noted , (1) the

product of the frequency of the energy maximum, ‘i m a x , and the wind

velocity is a constant

Eq. (3)
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and (2) by integration t~i~ toi~ l energy accumulated in the composite wave

motion of a fully arisen sea increases in proportion to the fifth power of

the wind speed.”

The rtns amplitude, L , is rolated to the total energy, U, by

2
J4~

’i J~~ Eq. (4. )

From observations of wave height the constant in the total energy equation

is determined by Neumann, so that both the spectrum and the wave heights

of a fully developed sea are expressable as functions of the wind velocity.

It follows from the total energy equation and was verified experimentally

by observations of Neumann that the heigh~ parameter is proportional to

the 2~5 power of the wind speed.

In recent literature by Pierson et a]. ~Ref erences 7, 8 , 61) on wave

theory and analysis an’~ forec-isting procedures the rms amplitude is

designated as ‘i~. The wave forecas~.ind procedures involve prediction of

a point on a “co—cumulative spectrum” which establishes the. range of wave

periods and the quant ity, .~Ti, from the wind velocity, fetch , and durat~n n

time, These procedures are described fully in reference 61, along with

~rn~~ rica]. modifications which are made when wind conditions do not generate

a fully develope d sean

That there is not full agreement on the forecasting 6.t wave spectra is

evidenced by the fact that Darbyshire (Reference 27) proposes a sharply

peaked spectrum comnosed of two intersecting curves with the tot al energy

proportiniwi]. to onl :r the third power of the wind speed , as opposed to the

fifth power due to Neumann. Darbyshire ‘ s results agree with Ne~niHnn in

that the period of the maximum amplitude is a constant times the wind

speed for a fully developed sea
9 



.‘-7; = il - ) ~ (5)

where T~ is the period of t~e highest waves in seconds, U is th e gradient

wind in knots, and ~~~. is the fetch lengt h in nautical miles , so that the

exponential term is neglible when ,<i~~lOO ~~~, miles ,

Autocorrelat ion

A third type of presentations, the autocorrelation function of a wave

record, deserves mentionin~ although it has not been widely used. One

may argue that the s~me .~.“fcrr.at ici~ is available through the more easil y

obtained srectrian . On the other hand , some physical properties of the

record may be more readily recognized from the autocorrelation function

(Tukey , Ref~r~r.ce 65) .  In j~ rticu].ar, the repeatability or forecastability

can be measured by the autocorrelation function. This application is

discussed by Seiwell (Reference 40) who conside rs that th e fluctuations

of the ocean surface nay often he represented as having two general parts,

(1) one or more cyclic c~ r r ~onent s related to swell from distant storms

and (2) an autoregressive component , due to the action of local winds 0

Slope of th e nea Surface

By using photographs of the sun ’s glitter on the sea surface Ccx

and ~1unk (References 25, 26) have determined that the m s  slope is linearly

re lated to the wind speed . The maximum rms slope found over the range of

wind speeds encountered (up to 30 knots) was about 15°. The slopes app ear

normall y distri buted crosswind with a slight skewness appearing in the

distribution parallel to the wind , the greater slopes being more frequent

on the downwind side of the waves , It can be inferred from the Neumann

spectrum that the period of these wave s is about 2 to 3 seconds . Howe ver ,

10
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this should be con~ id~ .r~ d with caution ut~t~] fu rther evidence is obtained ,

because it is suspected that the Neumann spectru~n is deficient in the high

frequency region, particularly. re çio~ of low fr equenc 7 capillary

waves, Reoe ~rch antici;.~ te~ by .o x  and Munk o~ the curvature of ~he l m.ve s

will assist in ans~!er1n~ ~~~~ ~u~ stion~

~~~~~ deficiencies in tL~ kno ;.T~ dge of ocean waves :r :.ch are yet to

be overcome , ~~~ re~eivimg : c ~~~~ e~i attention of investigators~ the

directional properties, e~ pi.iica.1 data f~:orn gene rating areas , irid t :~~ory

of generation of waves 0

Directional_Prooe rLies

With the exception of one recent unpublished set of ~~er ;  ~

exc1~ dir~ the siope investi ~!t i c ~~ whieh pertain to ue r od s, all

record s of ocean w~vr~ or r~a~ll have he~ n ~~~~~~ith a r ec .’~r . o c  at a sin~ .e

point ‘~~r~”~ tirre , or along a ij ie as ~:ith a radio altimeter rccor din~ from

rci~ft ,  Thus , t~ e di:~~cL~ J properties of the various compo nents of

the waves are not consi~iar ed . ~side Lion t~’e ‘he ~n ~ hit~~’ if sea from a

viven storm , the r~a:~ ional properties of wave s at a r ,oir .. arriv~ri~’ from

two or more distinct n rat~ n~ ~r~~ s may be ~n important factor in under—

iat~~ acoustic scattor ~r and refleetirp, rroperties of the sea surface.

Enipe nical data

Good observational data on the height distribution and spect~~m~ of

ocean waver in the generating areas are still lacking , especially for

higher wind speeds . These are required to verify the theoretical

spectra and establish the constants in them. The need for these ~s

apparent when one considers that operationally the sea surface character

U
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must be established from ce~d:J y a~ iil~ih~e p.~~ar~et~ rs , such as rie cic rolo ’ical

charts and weather obsei~ratIons, as opposed to t~’.e difficult observation

and lengthy ana1:y~~.s of di rect wave measurements.,

~~~~ ry on the Gene iat ion of Wave s

There remains the need for a theory relating the physical forces

generating the waves to the observable physical properties (~ ckart,

Reference ].), The internretation cr dependent or related events, such as

scattering from t~ c surface, may lie in a full understanding of the basic

phenomenon.

C~~ i I A T i C ~ OF BI~~IOGR~P~W

Ih~ ~:ih 1ic- ~r~iphy ~~ich follows has been divided into several sections

according to subjeci. r~a~.rri~J .

I. General T~eor~,’ ~a~-~er~ on the solution of ~ vi ec~uations under differing

boundary conditions , t eory of c~erieratior , theoretical distrihutions and

spect—~t .

I i ,  Observational Data ~nd . al -, s i o ,

A , ~ir~p J i f i ’~ i Pacancter s: Dat~ waich are presented in the form of

average or significant hei ,~h t3 and periods , as opposed to

distributional .

B. Distributions: fre~ u”ncy distributions of wave heights , periods ,

and slopes, for individual waves” within a given ohserv .tional

or sampling period.

C, Spectra and Autocorrelation: Wave spectra , and autocorrelations

for a given wave record.

D. Stereophotor~ramir!etry: Contour chart s of the sea surface from

stereophotos.

12
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III. Ocean ~ ‘wes and UncIer .~ater Acoustics

A , Obs.~rvations : Observed phenomena in underi~iater acoustics related

to sea state , correlation between propagation and sea states ,

reflection cot “ t’icient s..

B. Theoretical and exoerimental: Theories and laboratory experinent s

relating under~ater acoustic scattering or reflect ion to sea

state,

IV~ Mtscellaneous : Summa ries of wave research , model studies of waves,

analytical procedure s , recording and analysis sy~ten~~, wave forecasting

procedures,

Not all papers , of course , are limited to a single subject . It is

attempted to show those papers ~hich contain a significant amount of

information in more than ~ ie subject by listing them under the primary

subject and making a notation under the : iondiry subject.

4 f O ~ 1~~;DG mPri

Appreciation is exr~’oosed to Drs~ R. S. i~rthur and ~. H. Munk ,

~c~~irms Instituti on of Oceanography for reading the sun~~ry. The author,

however, must assure full responsibility for the choice of material to

be inciud.- d and to be omi.tted,
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