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INTRODUCTION

It is generally known, according to the wave theories, that the wave
patterns in shallow watev react to wr.ter depths and to the bottom configuration.
This faot was recogaized and employed with some success in World War II to evai=
uate water deptha and bottom gradients of inaccessible besches from timed aericl
photographic sescrds of sea surface behavior. Various methods heve been developed;
smong them the wave velocity method seems to be the most prexnising ons.

According to Airy . uriform pericdic waves of swall steepness in water of
sonstant deptk { roughly, weve height < 1/200 wave length) propagate at a ve-
P = 3 /

iocity of
rd
«/ZEE—— tenh —p— - (1)

c
wheres
C = wave velocity
L = wave length
d = depth beneath still-wetsr level
g ® gravitational acceleration

The wave velocity can also be expressed as the wave length divided by the wave
period, T

c-% (2)

In deep water where the water depth is larger thaa cne-half of the weve lerngth,

T 2;rd is nearly unity. We thus have
Vo
c = 0 = 5.12T (3
o~ A/ =5 )
and Lo* 65.12 )

whers the cubscript o rsfsrs to .the desep-water ccnditica. Ia order to mrke are of
these equations for depth determination, there must be no signifioant change in
Pgriod asg waves approach the shore: and this has been FTound o be Lruv.

The fact that the wave velocity in shallow water is dependent on both *he
water depth and the wave length enables the depths of shoals to be deduced with soms
acouracy from the crest lines shown on timed aerial photographs. The wave velocity
is detormiiied Ly memsuring %ne dlsitancs traveled Ly a crest in a known interval of
time. The wave length is defined s being thé distanoe between two crests, and is
associated with the water depth midway botween orests. The wave period is the time
interval between the passage of two successive orests past fixed vertical line,
and is associated with the water depth along this vertical and the meen time
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involved. Values of pericd and wavelength at other times and poeitions ares to be
determined by interpolaticn. Since linsar interpulalion appears to bs quite
accurate for our purposes, this method wiil be employed in the analysis as ds-
scribed later.

Ocean waves are never exuactly liks the ideel waves »° which the wave ve-
locity is given by Bguation (1). indeed, as Jeffrey stated so correctly, their
irregulnr*ty is the conspicuous feature of the sea surface. Even ir the labora-
tory, a wind of constent velccit)” blowing cover the water surfaco generates waves
with a spectrum of heights and periodssll In addition, waves incident to a
beach may be ocoming from wmere than ons area, thus adding tc the complexity. The
apparent wave period; lsngth, height and velocity differ from one wavs to another,
and such a weve pattern is called non=-uniform. In shallcw water, the formula for
Co, slthough derived for uniform pericdic waves, approaches as d—= O, the formula

gd , which has mors gemsral validity., This indicates that fer ncn-unifor
waves, even if there might be some doubt as what should be the proper wave lengih
and period for a csartein wave in a group, depth deterwmination by the wave walocity
method should still give satisfactor, results in shallow water, since the velcoity
a°“e nds 1ittle opn ths wave langth.

The principle cf depth determination by the wave w¥plocity method as
outlined avove is indeed simple, Yet to carry out a process of this nature in-
volves numerous practical difficulties. The stcepness of the waves nay rot be
dherp encugh to allow a clear-cut identification of wave positions in the phote-
graphs, tilting of the airplaue used in the reconnaissance survey may largely
aistort the length scale, and difficulty in ottaining proper light conditions
may deprive one of getting satisfactory photographic records in the first place,
to cite only & few of the common practical limitations. Consequently, agreement
between the measured teach profile and the calculated profile accarding tc the
wave velocity method seems to bs highly erratic. On the one hang, ?8? agroaw
ment between tnh® twe has boen reportsd, notebly thse Bicsfgrsd Survey
World War II, the result of which greatly stimulated the research 1n th'q field,
On the other hand, large discrepa?c§ ? Setween the two have been found by somse
of the mcre recent investigations® Fart of the deviations may be &t~
tributed to the fact that the reconnaissance flights and direct survays of beach
profiles did not take place at the same time, and during the time interval the
beach profile might have veen m? ified to a certa n extent by the action of the
sca. A recent study by Moffitt at Davenport, California indiceted that
agreement comes much closer when the time interval between photographic survey
and beach profile sounding is roslatively small, slthcugh discreparcies still
oxist,

It is the purpose of this study to iake the comnariﬂ under ocatrel-

PRI Tasdic - . o, A 2 D2 VA
isd conditions inm tht laboratory, sc that difficeuliles sacouniarsd Tiaia

surveys are generally eliminated. The result can thus be expected to indicate
the reliability and limitations of the wave velocity method in depth de-
terminatior.

EXPERIMENTAL APPARATUS .

Tho experiment was conducted in a ripple tank(e) four feet wide,
twenty feet long and five ioches deep. A 45% x 72" x 3/8" glats plate was

“(]) Refers to reference number under REFERENCES at end of the report.
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installed at the middle of the tank bottom for the passing of the light rays. Om
one end of the tank a water-supply line and drain were provided for the control
n? lne water depth. A plunger type wave gensrator supplerted by a movable freme
was located on the ovther end of the tark. The wave periond was controlled by
chenging the speed of the motor. and the wave heijzht adjinstment was provided by
a pair of eccentrios of equal eccentricities . The nght source was located in
an snclosed compartment undernaath the tank. The light rays reflected from a
45° mirror, passed through in turn & wire grid, the glass ssction of the tank
bottom, ths transparent beach and the water in the tank and projected the images
on a 42" x 42" screen supported directly over the glass section and three fest
above the water rurface. A system of strings and pulleys was provided tc facili-
tetv raising and lowering the scoreem. Light, while passing through a disturbsad
water surface, will not bt® uniform in intensity, dus to the varying angle of re-
fraction at the surface. According to the principle of 11ght refracliion, the
images of the wave forms will be reprocduced on tha soreen and thereby racorded
by 2 35 mm. movie camera with 25 mm. lens at & spsed of 23 {ramss per second and
et a fooal distance of 5 feet.

The beach was made of 1/4 inch transpsrent lucite plate. It had a

1:40 ard =zs iF feei wide oushore . and extsndsd 2 feae® 10 snsher soa-
rd mis slops was chosen in order to facilitate comparison of model data with
fie;u %’t& taken at Davouport, California on a beach having nearly the same
slope “/s) The beach was oriented at aa aungie, @,, with the wave generator, with
two sides parallel to the side-walls of the ripple tank. A thin guide wall was
installed along each side of the beach to eliminate shook waves generated by

an abrupt charge cf water depth. The sharp-edged toe of thu beach plate was
taped down on tte bottom of the ripple tank. Black tapes were also fastened on
the back slide of the beach plate to indicate the base-lins, range-line, and
contrcl points used in the measurements.

‘

(J
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EYPERTXENTAL PROCEDURES AND METHOD OF ANALYSIS

The beacn was first installed in the ripple tank and then wator was run
into the tank to cover the entire beach plate. The water surface and the beach
profile along the range line were measured to 0.001 ft. by a movable point gege.
Part of the water was then drained to maintain a still-water depth of 0.0€69 feet
in the tank. Th3 beach under still water and an electric clock ir motion were
then filmed separately, this allowed one to determine the length and time-scale
of the films, respectively., The wave generator we:s put in action, starting at
the lowest speed (or the longest wave period). After the wave pattern became
steady, its images on the screen were recorded by the camera for & length of
time ~f about siz secouads. The motor spesd cf the wave generator was then
chunged to = shorter wave period, and movies of the wave forms over the beach
were taken again. A total of four different wave periods, varying from (.22
to 0.83 seconds were studisd., The beach was constructed on an length ecele ratio
of 1350C, and this gave corresponding wave periods of 4.9 to 18.5 seconds in the

prototype.

Next, non-uniform waves were generatad by continuously erd quickly in-
oreasing and reducing the speed of the wave generator motor. Photographs
(about 50 feet of film) of the non-uniform wave patterns were taken, and this
completed one run. Ths water was drained and the beach pnlate was re-oriented
to another angle with respect tc the wave machine. The whole process as



desoribed above was then repeated.
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the waves and the beach for each run.

TABLE I
CHARACTERISTICS OP THE WAVES AND THE BEACH

In Table I are shown the characteristiocs of

_ Beech Waves _

"ol still Wave length in deep
Run | Water | Orieu- Descrip- Weve period in sec. water in feet.
¥o. | Dopth | tats £l +1

° ;p,t . on | Profile ! on 5ds1 | Prototype®| Modsl Prototype®*
1-A ) 0.83 18.5 3,495 1750
1-B slightly uniforn 0.60 13.4 1.843 920
1-C {0.0868 50° concave | waves 0.40 8.8 i 0.8G0 400
1=-D upward: n, 28 £.8 b Ga0i8 150
1<8 non~unifc:m 0. 25— 8.6~ 0,220~ 160-

waves 0.35 7.7 0.610 305
2-A essenti- c.81 18.1 3.360 1680
2-B . ally et | ,irorm 0.60 13.5 1.855 930
2-C |0.069 | 34° | 1; 40} uves 0.39 8.7 0.770 385
2-D glope" G.22 5.0 0.250 125
2-B P -uniform 0¢30- 6.6= 0. 446~ 225~
mofmuntto 0.53 11.7 1.420 710
© 3eh essentially 0.77 17.2 3.030 1515
$-B | 0.069 16° | at 1:40) uniform 0.59 13.1 1.762 880
3~C slope waves 0.39 3.8 0.787 395
*

Scale ratios of the model teach
length scale 1 to 500
time scale 1 to 22.4

Analiysis of the photographic records involved the following stepss

l. The film taken of ths bdeach under still-water was projected on the working
teble and The base-line, range-iine and oontpol points were drawn on a large

shset of peper. This determined tae length scele of the projected film.

The time scale of the records was determined by examining the movies of the
clock in motion.

20

3. The films of wave patterns over the bsach were then projested on the table

and the sheet of paper was oriented until th® base-line, range-line and
control points drawn on the paper in etep (1) coincided with the corres-
ponding ones on the images.

[
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From the first few projecticns a line orthogonal to the wave arests was drawn
near the range-line. All further measuremsnts were made along this refsrencs
orthogonal-line. Tie locations of the bass~lins, the range-line and the rs-
ference crihogonal-lins are shown in Plate 1, which is one of the photos in-
dicating the pattern of 0.396-8ece waves uver & 1340 beach oriented at an
angle of 50° with the wave generator.

Starting with one of the projections as time zero, each wave was identified
with an appropriate number. In all subsequent projesctions these waves were
identified by the same number.

She distance from btase-line and along the reference orthogonal-lino'to each
wave orest v:zs measured.

In this manner every third frame was analyzed, and the {ime of each projeotion
and distance alcng the c¢rthognonal-lins from the base-line to ench wave was
tabulated. The results wsere plotted in terms of distance froa the base-line of
each wavs and the time of its advuncement. Fig. 1 is a typical example of such

B

& plet for non-uniform wmaves,

The wave pericd, T, was determined by averaging the time interval bvetween suc-
cessive waves in the time-distance plot for uniform waves. For non-uniform
waves, the time intervals at either side of the wave, Ty and Tp, were mea-
sured, and the period T of the given wave was determined by interpolation as
follows -

T T2

T (%)
——

The siope of the time-distance curvs geve the wave velocity C. FPor each
wave, the wave vslocity C was measured along the reference orthogonal-line
at a spacing of 0.1 ft.

=
From the wave period, the wave charasteristics in deep water were determired
according to Bguations (3) and (4).

Por each wave ths wvalues of the ratio C/co wers ccmputed from the data ob-
tained above. Then the values of d/Lo, oorigsponding to the above values of
C/co, were determined from published tables‘' ‘. Knowing the value of L,
the water depths aiong the referenss orthogonal-line were computed. REack
wave in the distance-time curve gave a beach profile, and the average of
these profiles was txken as ths representative beach profile along the
reféreacs orthcgorral-line, as determined by the wave velosity mathod.

Tho beach proiile along the reference orthogonal-line was then converted
into the beach profile perpendicular to the bass line, and this ocalculated
profile was ocompared with the measured beach profile along the range-lins.
The error of the wave-velcocity method in depth determination was given by the

equations
Peroentage error = '23 o

x 100 ()

-

where dj and d; were the measured- and caloulated-depth, respectively.
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EXPERIMENTAL RESULTS .
The measured beach profile and the caloculated beach profile, besed on the
wave velooity method, were plotted in Figs. 2 to 4 for the three differezt runs,
The percentage errors for all the ruus were plotied irn Fig. 6 by using d/i.o es
the abscissa. Fig. 5 was construoted to detect any treand caused by the defeots of
wive theory. It should not be used to judge the relimnbility of depth determina-
tion by the wave velocitiy method, as a small absolute error in depth determination
aenr the shore-line where the water is 8h§1&0"m&y result in large relative error
percentage-wise, yet it has little affeot ou the practiocal applicability of the
method as a whole.

Discussior of the Experimental Rssults g The agreement betweeh the measﬁred beach

profile and the caloculatsd beach profile based on the wave velocity method was con-
sidered teo he fairly good tor all the runs, although errers in local depth deter-
mination of ns much as 24 percent were notiged. These errors could have beea caused
pitker by the defects of the wave velccity methed, or by srrors in measurements,

The wavae velocity method of depih determinaticn is based sclely ou Ruuation (i)
whioh indicates the relationship. between wave velocity, wave lengih anc water depth.
Bguation (1) was developed for wave motion over & horizontal bottam in water of
conata?t deptk and for very low waves, having a steepness of less than 1,/200.

Munk'8) found that the veloolty at a specifisd depth on a sloping bottom was essen-
tially the sams as that over a horizontal bed of the corresponding constaad depth,
but there was some indication that the measured velocity over a sloping beach was
sbout 6 percent less than that given by Equation (1). Because of this effsot, there
is a €endency to under-estimate the depth; although quantitatively it is believed
to bs negligible in the results presented in this repcrt, as the chanze of depth

is small with respect to the wave length over a l¢ 40 =lope dheech,

When waves ars traveling in shoaling water, the wewe orests tend to be
steeper and narrower while the troughs become flatter. Close to the breaking zone,
waves begin to defora rapidly by increasing the front slope and reducing the rear
slope, leading in the limiting ocase of a breaking wave, to a front slope whioch
goes beyond the vertical. 1In.the ripple tank this part of ths wave .diverges the
light and results-in a black band immediately at the front of the white ocrest line,
es shown in Piate 1. After the brsakiag of a wave into a bore of foam, it still
has energy, and this energy can be transmitted forward. Plate 1 indicates that
over the flat beach there is ample room between the shore-line and the breaking zone
for a wave to reform, and the bore actually reforms into several grests, each
maintaining its identity until the depth is further reduced sufficiently to oauso(g)
the wave to break again. S8imilar phenomenon have been observed va actual beaches:

For & given wave length. a stesp wave travels fastar than a flat cne. A
s 1l error is thus introduced in using Equation (1) to compute the velooity,
sinoce waves becoms progrossively steeper when approaching shore-line. For the
stespest '?vys, this may result in the computed depth being too great by about
10 perocernt 1), The wave stéepnoss was not measured in this study, and its ef-
fect cn the depth determination could only be studied qualitatively from the
experimental results.

It is generally known that the inorease in height of waves as they run
into shallow water is a funotion of d/to., The wave height is also affected by
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the wave refraction phenomebon whea waves approech the shore line at an angle.
Refraction comcnly tencs tc iucrease the length of the wave orest and thus
reduse. the wave height. In this respect, over the same Leach, waves coming
from & larger angle of approach tend te be flatter. This is also trus from
the wave reflection pvint of view, Waves are reflected whenever they move into
a8 region where their speed of propagation changes. Against a shoaling bottom
some of the wave energy is reflected and thereby,augments the incident wave
height. The effect is largest when waves move direztl* toward the beacsh in-
stead »f approaching it at an angle. However, Munk 10) has shown that the ef=
feot of wave vTeflection on a camparatively flat beach was probably amsll.

Considering the arguments given above (since the initial wave heignt
was the same for all the rune) one would expect the depth to be over-estimated
to a larger extent for;

1. the same run with smaller values of 4/L, ,

2. the same initial angle of approach, @ ., wiih iarger wave
‘ S
periods (and theraefore, larger wave lengths}and

3o the

7]

ame wave period with smaller initial angles of approach,

providing the errors in depth dstermination by'the wave velocity method are
caused by wave steepness alone.

As can be ssen in Pigs.2 to 5 these trends, il they exist, are not re-
cognizable with the possible exception of Item (3). In Run 3 (which had the
smallest initial angle of approach) the wave velooity methcd tended to over=-
estimate the depth to a greater degree than in Runs 1 and 2.

It is not surprising that the above-mentioned itrends were complstsiy cor-
cealed by the errors in measurement, which had & much larger order of magnitude,
In spite of caution in conducting the experiments. <.perimen%al error still ex-
isted and affected the results to a great extent. Among these experimental
errors wereg

l. Difficulty in identifying crest-lines. As the wave length shortened when
the wave approached shore, the crssts becams more sherply defined.
Bowever, desper water wave crests were difficult to identify. This was
especialily true for waves with longer periods. For instance, consider
the measured beach profiles for Runs 2-A and 2-D in Fig, 3. Rup 2-A
had & pericd of 0,810 s56. JThe orest lines of fshors were so faint that
no waves could be identified seaward of 0.85 feet from the baseline.
Within the interval of from 0,70 to 0.85 feet seaward of the base-line
the positions of the waves were so uncertain that large errors resulted
when determiming the deptiic - Ga the other hand, Run 2-D had a wave period
of 0.221 sec., and in thet run waves could be idertified as far as 1.5
feet from the base~line. Although large deviations were ohtained when
more then 1.0 feet seaward of the bage-line, the agreement was fairly
good- in the interval of from 0.70 to 0.85 feet.

2. In most of the films (Plave 1 was one of the excoptions) the base-~lins
was not clesr and its allooation depended on the control points. How-
ever, the positions of the control points were affected, to a certain
degree, by the relative positions of the waves. Light refraction due
to the water surface undulation may have shifted the images of the
control points on the screen from their true positions. In other words,
the sem® wave in subsequent projections may not have bLeen orisnted with
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respect to the sswe base lins,

3. The actual beach vofils and the still water surface were msasured by
a point gags read to 0.001 f%t., i.e, there was & possible error of plus
or mirus 0.001 ft. in these measuremepts. Cleose to the shoreline where
the w=ter depth was small, the possible errcr of actual depth measure-
ment became important and might have accounted fgr the local apparent
large errors, psrcentagewise,in depth determination by the wavo velocity
msthod,as shown in Pig. 5. Purthermore, with the mensured beach profile
referred to the still-water surfece, an error of plus or minus 0.001 ft.
in the measurement of ths latter might result in a beach profile 0,001
ft. too high or too low. Referring to Fig. 4, if i$ heppened that the
measured beach prvfile was 0,001 ft. too high; then the agreement between
the actual beach profile and the calculated beach profile became much
closer. If this was the case, the trend that Jepth tended tc be more
over-estimated for small initial angles of approach was somewhat upset;
although this was to be expected from theoretical deductions.

The non-uniform waves soemed to give resullic comparsble With tThosse
gdver by uniform waves. Hewsver, one must rsalize that the speclrum of the
non=-unifsrm waves gemeratsd in the riprle tank was asrrower than that gemerally
existing in the ccesns. Or, in other words, the result might be different

for waves with higher non-uniformity.

CORCLUSIONS

This study indicated that the dstermination of water depth in the labora-
tory by the wave velccity method from timed verticel photographs was satisfactory.
This wes true for both uniform and non-uniform waves. Any errors resulting from
the application of this method wcre mainly due to errors in measurement, not
to inherent def'scts of ths theory upon which the method was based. The con-
ciusion may need to be modified for extreme cases, such as beeches with very
steep slopes.
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