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ABSTRACT
Waves out al sea, though usually forming a complex patlern, have essentially the same characterislics
aver lurge distances, Upan entering shaliow water, Lhese waves arc Lrans{ormed under theinfiuence of bottem

lealures, and such Lransfarmations may be so marked

that breaker heights may vary greatly over short dis-

tances along the shore. The effect of bottom features upon waves can largely be interpreted in terms of
stple physical process—wave relraction. In tuen, wave relraction iy be responsible Tor alteration of the
baltom features by accumulalion or remoyal of sediments and, in Lhis manier, be an imporlant factor in

beach crosion,

In Lhis report Lhe role of wave refraction is first reviewed in the tight of olher processes alfecling the trans-
formation of waves in shallow water, The mechanism of refraction is ilusirited by means of & fow idealized

exataples, such as the refraction patiern along a straigl
and ridge, and around a headline. Next it is shown ¢

it uniformiy soping beach, over a submarine canyon

hat extreme varialions in breaker height along the

heach north of La Jolla, Californiz, can be computed for Lypical swell condilions, taking the compiex local
battom fopography and the oricntation of the coastiine ity consideration. These changes are computed [rom
refraction diagrams for typical swell conditions, and Lhey compare [avorally with obscrved changes in wave
height, thus indicating that wave refraction is the primary mechanism conlrofiing changes in wave height,
wong a beach, and that friction, diffraction, and other processes can be of secondary importance only.
Finally, it is noted that the transportation of sedimenis ;s dependent upon lengshore currents, Tip currents,
and horizontal diffusion and Lhit ali these faclors arc greatiy influenced by the cxisting refraction patlermn,

INTRODUCTION

Waves may have Lraveled many days
and for thousands of miles before they
approach shore and become transformed
under the influence of the ocean bottom.
By that time the long, low, regular undu-
lations, called “swell,” may be all but
hidden beneath a local chop. As soon as
the swell enters shallow water, it “feels”
hotlom, and a striking  rcjuvenation
takes place, This change occurs in water

' Contribution frem the Seripps Institution of

Oceanography, New Series, No, 307. This work rep-

resents resulls of rescarch carried out for the Hydio-
graphic Ollice, the Office of Navai Research, dng
Lhic Bureau of Ships of the Navy Department under
contract with the University of Caiilornia,

of depth less than one-half the wave
length, where wave length is defined as
the Lorizontal distance between adjacent
erests. The wave velocity and leagth de-
crease while the height usual ly increases,
so that the wave gradually stecpens. As
the waves approach the surf zone, this
process of steepening accelerates sudden-
ly—the crests rise sharply from the water
surface, become peaked, and brealk.

The changes just described are most
noticcable for a swell {rom a distant
storm. Waves formed by a Tncar-by
storm, or by “winds blowing dircctly
toward the coast, have already consider-
ablesteepness out at sea; the transforma-
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tion in shallow water, though similar, is
thercfore much less pronounced.

Only the period, defined as the time
interval hetween the appearance of two
successive crests at a fixed point, remains
constant as waves travel into shallow
water, According to theory, well sub-
stantiated by observation, wave velocity
and lepgth depend almest entirely upon
wave period and depth (see the Appen-
dix). For a regular wave system the
velocity and length will therefore be con-
stant along any given depth contour.

The discussion so far has dealt with
changes in the character of the waves
which are the direct result of changes in
velocity and length. Except under very
special conditions, the wave height will,
however, not be uniform along any given
depth contour, hecause the elfect of re-
fraction over an irregular hottom enters.
This eflect canses waves to bend, and the
bending of the wave crests in turn affects
the wave height. With irregular bottom
topography, waves are bent differently
at different sections of a beach, and the
wave height will vary along the beach.
The present study is concerned prin-
cipally with a discussion of the refraction
cffects.

The refraction of ocean waves and
other problems dealing with the trans-
formation of waves in shallow water
have been studied intensively during the
war in connection with the deveiopment
of 2 method for forccasting surf condi-
tions for amphibious operations.” Prac-
tically all changes in the character of the
waves in shallow water can be accounted
for theoretically by assuming conscrva-
tion of energy and irrotational wave mo-
tion, and it has been shown that the con-

i freakers and Surl, Principles in Torecasting,”
ITvdrovraplic Office, U.S. Nuvy, Ne. 234 {November,
1044).

clusions based on theory are in good
agreement with observations.?

WAVE REFRACTION
PTHE PIYSTCAT NATURI OF WAVI REFRACTION

Wave crests approaching a coastline
at an angle tend to swing parallel to

shore (Fig. 1). This happens because the '

wave velocity decreases as the depth de-
creases, so that the portion of the crest
nearer the shore moves slowly while the
portion of the crest in deeper water races
ahead. To illustrate this, consider two
surfboarders on the same crest, traveling
along the lines A and B (Fig. 1). Surk-
hoarder B always travels faster than A,
and the two tend to become more nearly
aligned with the shoreline as they travel
into shallow water.

“The process is similar to the one caus-
ing the bending of light rays in optical
systems and has therefore been termed
“relraction.” In the case of straight
parallel contours, the analogy can. be
carried further, because the changes in
direction of light waves and ocean waves
are governed by Snell’s law:

sima C

sin ag Co’ )
where a is the angle between the wave
crest and the contours at any depth, €
the wave velocity at the same depth, and
the parameters with subscript o refer
only to deep water where the direction

and velocity are constant.

REFRACTION DIAGRAMS

In the case of a more complicated bot-
tom topography for which the depth
contours arc not straight and parallel,

3T U, Sverdrup and W, T, Munk, “Theoretical
and Empirical Relations in Forecasting Breakers

and Surf)” Trans. Amer, Geoph. Union, Vol XXVII
Na. 6 (December, 1o46), pp. 82836

1 Pp. b7 of Ttn, 2.
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REFRACTION OF

changes in wave direction and height can
be found graphically by constructing a
“refraction diagram,” a term first used
by O'Bricn and Mason s

A refraction diagram 1s onc on which
the position of wave crests at the sca sur-
face is shown by a scrics of lines. These
arc evenly spaced in deep water—that is,
in water of depth greater than half the
wave leagth. Beyoad this depth the cl-
fect of bottom contours on any of the
wave characteristics is negligible. At
shallower depths the relation between
wave velocity and water depth is known
(sce Appendix), and a refraction diagram
can be constructed by advancing vanous
points on a crest through distances de-
termined from any chosen timce interval
and the average depth. The direction of
advance is drawn normal to the crest.
In IMgure ¢, for example, the chosen time
mterval 1s onc wavce period, and the dis-
tance A—A". The distance BB rep-
resents the advance of point B during
the same time interval, but for the aver-
age depth between B, and B'. The lines
A=A and BB are normal to the
wave crests. By locating @ set of points,
A B C, ..., the new crest can be
found with sufficient accuracy by draw-
ing & smooth line through these points.
Advancing one wave length at a time, the
crests may he carried 1nto any depth of
water desired, and the completed dia-
gram shows the continuous change in
the direction of a wave advancing [rom
deep into shallow water.

Description of a practical procedure

for constructing refraction diagrams, to-

gether with the necessary graphs and:

tables, can be found in the forecasting
manual’ The completed diagram can be

PN Summiny of the Theory of Oscillatory
Waves,” Lechnical Repori No. 2, Beach Drosion
Bourd (1940).

S g gi-34 of [, 2.
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interpreted in one of bwo ways: (1) As a
scries of lines representing the positions
of a single wave crest at various times as
the crest advances toward shore, Crest
laterval is then defined as the interval
between these tunes. In Tigure 1 the
crest anterval cquals one wave period.
{(2) As a serics of lines representing the
position of certnin wave crests at a single
instand, a crest mlerval of omne wave
fength means that every crest is repre-

ORTHOGOMALS

WAVE

CONTOURS GRESTS

A
ALONG ENTIRE COAST LINE
AT
E

SLIGHT  DIVERGENCE
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Ire. r—Relraction of waves along beach with
straight parallel depth contours, The wave crest
along the orthogonal B is always in deepdr witer
than along A and therelore moves with grealer
velocity, As a rosult, the waves tend to turn paralbic
to shore.

sented (INg. 1), because the advance of
any point on a crest during one wave
period equals one wave length by defini-
tion. A crest inteeval of fwe wave lengths
means that only every second wave crest
15 shown; a crest interval of one-/falf wave
length, that the position of every crest
and trough is shown.

EFFECT OF REFRACTION ON WAVE IEIGIT
Wave height is defined as the vertical
distance between crest and trough. In
arder to evaluate the effect of refraction
on wave height, a sct ol orthogouals, that
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15, 2 family of lines which arc cvery-
where perpendicular to the wave crests,
must be constructed. The lines 4,—4 and
B85 i Igure 1 are orthogonals; they
may be visualized as the wakes behind
two surlboards which arc continueusly
oriented normal to the crest, that is, in
the direction of wave motion. Assuming
that the wave exnergy is transmitted in the
direction of wave maotion, the total flow
ol energy between two orthogonals must
remain  constant. Thus i orthogonals
converge, the crests are compressed, and
the energy per unit crest length is rela-
tively large; 1f orthogonals diverge, the
crests are sfreiched, and the energy per
unit crest length is relatively small.

FFor practical purposes one must deal
with wave heights rather than with wave
energies, but these are related. In deep
water_the height of oscillatory waves

—yavaries as the square rool of energy, and

this relation holds with good approxima-
tion in shallow water until the waves
“peak” just prier to breaking. The
breaking wayves, with_their sharp_crests
isolated by long flat troughs, have the
appearance of so-called “solitary”” waves,
lor which the height is_proportional to
the enbe root of the encrgy. Let JT desig-
nate the wave height and s the distance
between adjacent orthoponals on the re-
fraction dingram. Parameters with sub-
script o again apply in deep water, those
with subscripts 6 at the breaker point,
and parameters without subscript at any
depth intermediary between deep water
and the breaking-point. Then

I J

w7t
where v and v, have constant values
along a fixed depth contour, and where

s U s - R JJE—— .
Ko=so/5, Ky=~so/5, 3a, 1
may vary along a depth contour and will
he referred to as the ' relraction factors.”

’ijfb' (2(1, b)

et E A o o e = s 1t i o e
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The complete derivation of these equa-
tions is given i the Appendix.

Any variation in wave height along a
fixed depth contour depends only upon
the refraction factor. The variation can
be computed from the change in distance
between orthogonals according to equa-
tions (3), depending upon whether one
deals with conditions in shallow water or
along the hreaker line. Again it should he
stressed that the absolute wave height
depends alse upen séveral other factors
which are impliatly contained in the
parameters v and v, of cquations {2) {sce
Appendix).

Lquations (2) are derived {rom_the
postulates_that the energy flows along

orthogonals_and _that_encrgy is con-
tions: (1) the effect of diffraction (which
would bring about How of energy across
orthogonals [rom region of high waves to
regions of low waves) can be neglected
and (z) the cffect of bottom [riction is
negligible. The validity of these assump-
tions is berne out hy the good agreement
between computed changes in breaker
height according to cquations {z), and
observations along the beach north of
La Jolla, California (Fig. 16). There has,
been a tendency in the literature fo
emphasize the ellect of bottom friction
on wave motion and other wave char-
acteristics. Not only the evidence pre-
sented in this paper, but also studies deal-
ing with the generation of waves by
wind,” and with absolute changes of
wave height in shallow water and the

that wave motion in general is not ap-

preciably affected by [rictional processes.

THL UL Sverdrup and W, T Munk, "Empirical

and Theoretica!l Relations between Wind, Sea and

Swell,V Trans, Awmer. Geopl. Union, Vol, XXVII,
No. 6 (December, 19406}, pp. 82327,

P 8302 of (tn. 3.
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REFRACTION TYIE BEXAMPLES

Beach wilh straight and parallel depth
confowrs—JLor this simple case the
change i wave direction can be ex-
pressed analytically by equation (1}
Ifgure 1 is a schematic drawing of wave
refraction along o straight coasthine
with parallel depth contours. Plate [ 41,

B T S TR O T T e )

N WAVIES g

(3), and (4)

Combining cquations (1),
leads to

. I cos® CL(] i
N = ,
1 — <L~ sin an>
(5a, )
. cost a |
f\ == t
1 —( — sin an>

A SMALL OIVERGENCE

T

SHORE LINE

ORTHOGONALS

116, 2.—Refraction of waves along Lwo scctions of straight beaches with differcnt exposures.

The

divergence along seclion A= is less than along B-C, and the wave height along A-f exceeds therelore

the wave height along 8-C.

is an acrial photograph showing long
waves from the south-southwest coming
into the beach north of Occanside, Cali-
fornia. There s a divergence of the
orthogonals indicated by the values of 5
computed from the equation’

¥ COs a

Sg COS an

{(4)

? Pp.ozo-27 of [ln. 2

where C/C, is Lound [rom cquation (A7)
1 the Appendix.

Waves coming [rom an angle into a
beach with straight and parallel depth
contours are reduced in height according
to cquations (5), but the reduction is
uniform along the entire beach, and no
variaiion in wave helght along the beach
will result, As an example of variation in
wave height, consider a coastline which



O WALTER 1L MUNK AND MTBLVIN A TRAVLOR

forms o sharp bend at point B3 (Mg, 2).
On both sides of point B the coastline
and the depth contours arc straight and
paraliel. Assume that waves of 14-sccond
period come Irom the north-northwest.
The angle o is drawn between the orthog-
snals and the bottom gradient, which 15
consistent with our carlier definition.
Table 1 gives the computed direction and

CONTOURS

CRTHOGONALS

cent higher than along section B-C. This
can adso he seen [rom the fact that the
divergence of orthogonals along A-B s
loss than the divergence along B-C {Tig.
2). '

Syubmarine cawyons.—Lortions of wave
crests over the center of a canyon ate in
decper water and move ahead faster than
the portions on either side (Fig. 3). Con-

WAVE

CONVERGENCE

DIVERGENCE

CONVERGENCE

TTHETThTh: aaOEEEyEEs s

SHORE

Tig. 3.—Refraction of waves by a submuring o

LAYON,

LINE

Wiaves move faster over the eanyon than on

cither side of the cunyon, resulting in divergence {low wuves) aver the mouth of the canyen and con-

vergence (high waves) an cither side.

1o-foot contour,
lic outside the

relative height at the
which is assumed to

TABLE |

Suetion of Coust Eine {Fik. 2} \ A-D n—-C
e e
Wave anele in deep waler (o). .. 22.5° | 07.5
Waveangl satro-footdepth{eqle}? 6.o° | 13.9°
1 efenction factor (eg. lsad).......| ©.97 0,03

TSt
# 'The vatue of CfCs is obtained from *Breskers and Surl)"
op. cit., PLY, and equitls ©.25.

breaker zone. Along the beach section
A=B, which is relatively cxposed to the

incoming swell, waves are about 5o per

sequently, the waves fan out, resulting
in divergence (low waves) over the head
of the canyon and CORVErgenee (high
waves) on cither side. Tishermen take
advantage ol this feature when they
anchor near the head of & submarine
canyon. Plate 11 1s an acrial photograph
of waves over the submarine canyon at
Redondo, California. The approximate
position of the canyon is indicated. The
wave crests hend sharply over the canyon
walls. Variations in wave height can be
cecognized by the prominence ol the
wave crests on either side of the canyon

et e e s ] o P g R At v--‘-:_v_\--—-f/‘fc’-"-l'-'m‘l‘-'-_‘-'}'.‘!';’-‘.’f’_"-‘t“"'ﬁ,
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REFRACTION OF OCEAN WAVES ' .

compared to the crests directly over the
canyon and by the variation in the width
of the surf zone.

Submarine ridges—Underwater ridges
near shore have an clfect opposite to
that of canyons. Waves passing over the
ridge are in shallower water and are
therelore retarded, and on cither side
waves move abead, creating a conver-

Abrupt changes in depth along coral
islands lead to particularly well-defined
refraction patterns. Plate IIT shows two
channels in the coral reef around Guam:
the waves arc scen to bend sharply ahead
over the channels, where they ace lower
than on cither side of the chanocls. The
photograply also shows the {ormaltion of
multiple crests just inside the reef, a

CONTGURS

OIVERGENCE

ORTHOGONALS

CONVERGENCE

DIVERGENCE

\\\\\\\\\\\\\\\\\}\}}\\}\E\\\L\}\}\}\\\\\\\\\\\\%\q\\\\\\\\\

ViG. q.~Relraction of waves by o submarine ridge. Dicectly over the ridge wives Jag behind, and
an cither side waves move ahicad, creating a convergence (high waves) aver the ridge.

gence over the ridge (Fig. 4). Thisis borne
oul by [requent observations of unusual-
ly violent breakers over the shoal por-
tion of uoderwater ridges. An acrial
photograph take over the northern shore
ol Oahu, T.H. (PL I, B), illustrates the
lagging of the wave crests over a sub-
marine ridge and the resulting conver-
gence. Iigure s illustrates the same [ea-
tures over a sand bank opposite the
mouth of Mission Bay, San Dicgo, Cali-
fornia. In the case of Mission Bay the
reflraction pattern is somewhat affected
by the tidal flow through the outlet.

phenomenon often observed in regions of
abrupt depth changes, and one which
has never been properly explained.

Headlands ~Since waves are retacded
by shallow water, they will bend around
headlands, points, and jettics. Plate IV,
A, shows an irregular train of waves
turning around Point Loma into San
Dicgo Bay.

Under special conditions, such as por-
trayed in the acrial photograph of the
hook of Cape Cod, Massachusetts (Pl
IV, B), waves may bend 180°, or even
more, before they break. Such extreme

i i e gL R
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relraction is associated with a very large
divergence, which cxplains the shelter
usually provided Dby protruding land
MASSES.

Bays and islands.—Waves will be re-
tarded along the sides of a bay but move
relatively rapidly elsewhere. As o resul,
the crests will bend #nfo the bay (PL V).
The divergence will be largest at the sides
of the bay, Jeast opposite the mouth, es-
becially i waves head divectly into the

ly ncar shore, then drops ofl steeply,
waves may be bent so effectively around
an island that the lec shore offers no pro-
tection whatsoever.’t Some ceral islands
have these characteristics.

WAVE RETRACTION ALONG THE BEACH
NORTI OF LA JOLLA, CALIFORNIA
ORTCIN OF WAVES REACITING LA JOLLA

Tn order to apply the principles of re-
fraction to an actual situation, it is (irst

The. s —Refraction of waves over sand bar outside of Mission Day, San Diego, Californin (cl. iy 4)
The outfowine lide may have further strengtheneed certain features in the existing refraction pattern,

{Official photograph, United States Navy.)

bay. In the case of small islands in the
path of an advancing swell the resulting
refraction pattern is more complicated
(Fig. 6). Offshore in the lee of the island,
wave trains which have bent around both

sides of the island meet and pass through -

each other, and a confused cross-sea re-
sults.”® Where the bottom shoals gradual-

w Pp. 12-18 of {tn. 2,

necessary to determine the periods and
directions of waves that will be cn-
countercd. For that purpose the char-
acter of the waves at La Jolla resulting
from typical meteorological situations
will be tabulated below. The paths and

u Robert S. Arthur, “Reflraction of Water Waves
by Islands and Shoals with Circular Dottom-Con-
tours,” Trans. Amer. Geopl. Union, Vol XNVII

{April, 1940}, pp. 168-77.
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nature ol the generating areas are shown
schematically in Uigure 7; the cor-
responding character of the waves al
La Jolla, in Tligure 7, B. .

Silualion A (winter).—Waves  gen-
crated by cyclones originating at the
cast coast of Asia and moving along the
usual cyclone path into the Guil of
Alaska:

Waves generated in the southern segments of
these cyclones reach La Jolla in 25 days as a

R
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These waves have short periods (5-10 sce-
onds), large heights {4~z2 feet}, and usually
comc from o W to NW direction,

Sttuationn C (swinmer) ~Waves gen-
crated by winds in the northeast pe-
riphery of the Pacific High:

Usaally the period of the waves will vary
from 6 lo g seconds, the height from 2 to 5 foet.
The common direction is from WNW to NW.

Sttuation D (swnpmer)—Waves pen-
crated in the Southern Hemisphere:

Fra. 6 —Relenction of waves hehind a small istand. Ihe portion of the wave passing just to the righit
of the island s refracted to Ui left; Lhe portion passing just Lo the left of the island is relracled Lo the
right. The vesulting crisscross patiern gives rise to wconfused sea in Lhe lee of Uhe istand, and the island may

olfer little or no shelter.

long-period (r1-13 seconds) swell, with heights
varymg between 3-7 {ect; according to the in-
tensity of the cyclone. The wave energy reaching
La Jolla is reduced by the offiying islands, cs-
pecially San Clemente and Santa Catalina (Fig.
7, /). The cyclonces olten stagnate in the Gull of
Alaska, and lhe coasts of Dritish Columbia,
Washington, Oregon, and northern California
will be hit by a heavy swell, wherecas southern
Calilornia will be protected by I'oint Concep-
tion, which cuts off La Jolla {rom waves [rom
divections much north of WNW,

Situation B (winler)—Waves gen-
crated behind cold fronts that come into
the coastal regions:

The so-calicd “southern sweli” comes [rom
S to SSW, is of very long period (13-20 scconds),
and s usually 3-5 feet high. This is the only
direction from which waves can reach La Jolla
without being broken up by offlying islands.=
There is strong cvidence that this swell has been
generated by the winter storms of the Southem
Lemisphere, but, owing to an almost complete
lack of weather whservations, this has not been
verified.

Stlwation I (spring).—Wind waves
generated in local low-pressure regions:

Local low-pressure regions, which are usually
not forccast, give rise to Woor NW winds with

3 Plate T, A, is an acrial photograph of a southern
swell coming inte Oceanside, Calil,
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velocities up to 30 knots. These winds raise
waves of s—7 sccond-periods, ro-15 fect-heights,
-Sueh situntions are likely te occur 2 number of
times cach. spring, oceasionally during winter
snd summer, but rarely during fall.

The character of the waves caused by
these five meteorologic situations 1s sum-
marized in Tigure 7, B. Tach rectangle
shows typical height-period combina-
tions corresponding to situations A-J2.

LOCAL TOPOCRAPIIY

The coast between Peint La Jolla
and the Scripps Institution pier 15 wdeally
suited for a study of changes in wave

are found. Seripps Canyon on the other hand
has extremely steep walls. Numerous places
have been located where the slopes are so steep
that the sounding lead shides down the slope
alter hitting bottom. The steepest measured
stope has a drop of 230 {eet in 2 horizontal dis-
tance ol 3o [eet. The canyon has an inner gorge
which is 50 narrow in places that it was dithicult
to locate. . . .. 1

The coast line, which is oriented
NNIE-SSW between Scripps pler and
the Beach Club, makes an almost right-
angle turn 1,000 [eet south of the Beach
Club and projects about 3,000 feet in a
WNW  dicection. Point La Jella is

TABLE 2

Frevry: No.
1 - 0 10 1t 12
Wave direction. .. ... ... ... WNW WNW W WNW SSwW
Waveperiod. ... Lol 14 12 2 8 . 16
Crest interval/peried ., ... ... . 1 1 T 2 1
Meteorological situntion. . ... .. : A A A B, C, D
or I&

height. Tt is known locally that waves are
usuaily low near the Beach Club, then
increase sharply about 3,000 [eet north of
the Beach Club, and fall off a little in the
vicinity of the Scripps Institution pier
(Pl. VI). Breaker heights at different
scctions of this 1-mile stretch of beach
generally differ by a factor of 3.

Such unusually large variations in
breaker height can be associated with the
complex submarine topography and
coastline in this region. Two submarnne
canyons, La Jella Canyon and its steep-
walled tributary, Scripps Canyon, reach
within 1,000 feet of shore (PL VI). These
canyons have been sounded more exten-
sively than any other submarine can-
yons in the world.

The walls of La Jella Canyon are relatively
“mentle except locally where slopes of 1oo percent

(R e
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located at the end of this break in the
coast line {Pl. VI). Beyond Point La
Jolla the coast continues its NNT-S5W
trend. In the vicinity of the Beach Club
some protection from the usual WNW
and W swell is afforded by Point La
Jolla, and even more by the sheal area off
this point.
REFRACTION DIAGRAMS

The refraction diagrams (Tigs. 8~12)
were drawn as described in the manual
on breaker and surf forecasting. Table 2
gives the assumed wave direction (dirce-
tion from which the wave comes in decp
water), wave period, crest interval, and
the corresponding meteorological situa-
tion for each of the five figures.

5 F, P, Shepard and K. O Emery, “Submarine
Topbgraphy ofl the Calilornia Coast,” Geol. Soc.
Aamer., Special Papers, No. 3r {Muy 28, 1941},
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"The thin dashed lines on the figures arc
bottom contours in [athoms; the heavy
solid lines arc wave crests; and the light
solid Iines with arrowhcads arc orthog-
onals drawn alb arbitrary intervals. Ior
waves with periods more than 1o scconds
every single crest has been drawn; for
waves with periods less than 1o scconds
only cvery second crest has been drawn,

The arca offshore has been divided
into divergent, normal, and convergent
zones, according to whether the relrac-
tion factor K (eq. {3a]) is less than 0.7,
0.75-1.25 inclusive, or Jarger than 1.25.
Divergent zones are dotled, convergent
zones crosshatched, and normal zones
left blank.

The value of &, (eq. [3b]) at various
stations is proportional to the length of
the rectangles at those stations and can
be read off from the scale given in the
legend of each refraction diagram. In
order to emphasize changes in 45, the
columns have been shaded in the same
manner used for the ollshore arca. Col-
umns ending in a dotted section designate
divergence (K less than o.75); thosc
ending 1n a crosshatched scction desig-
nate convergence (&, larger than 1.23).
It should be kept in mind that values of
A are proportional to the square root and
values of &7, to the cube root of the rela-
tive spacing of the orthogonals. The
stations where observations were made
are numbered r—rz. Other stations,
designated by the letters A~ have been
selected because of their representative
location.

Waves from WNW, period 14 scconds
(frig. 8).—A small region of relatively
high waves, or convergence, is found just
north of Station A. An area of intense
convergence, which cxtends approxi-
mately northward from the Cove (Sta-
tion B), is caused by the steep south wall
of La Jolla Canyon. This wall is particu-

larly eficetive because it lies parallel to
the dircction of wave travel for ball a
mile. The prolonged cffect of the steep
bottom slope caused the waves to tun
sharply to the right and converge into
the Cove. This probably explains the oc-
currcnce of unusually high waves at the
Cove on days when waves are low along
other scctors of the beach. It 1s well
known in La Jolla that these high wavces,
on days when they occur, come into the
Cove at intervals of 15 minutes to scv-
cral hours. Perhaps the cffect of LaJolla
Canyon 1s particularly marked for cer-
tain critical combinations of wave period
and direction. Although both period and
direction arc ncarly constant for any
wave train, they do show continual small
variations, and certain combinations of
these perieds and directions may be the
cause of intermittent high waves at the
Cove.

The submarine casyon offers protee-
tion along the beach from Station C to
Station 5 by creating a divergence. This
divergence is particularly marked in the
vicinity of the Beach Club, where K,
cquals 0.3. A slight convergence 1n the
vicinity of Station 6 is the result of waves
turned Jelt. by the north bank of La Jolla
Canyon and is analogous to the cou-
vergence ncar the Cove, caused by the
south bank of the canyon. The diver-
gence between Stations 8 and T is caused
by the Scripps Canyon. It 1s less intense
than the divergence due to the La Jolle
Canyon because for the direction as-
sumed waves do not travel in a linc
parallel to the walls of the Scripps Can-
yon. To the north of the Scripps Canyon,
between Stations I and J, a small but
sharp convergence 1s found.

The variation of K, along the beach is
also shown in Figure r5. The lower por-
tion of the figure gives the location of the
stations and the two submarine canyons.

PRI
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‘The upper fgure contains a curve for K
[or cach of the refraction diagrams. Low
wave heights near the head ol the two
canyens and high waves to either side arc
clearly shown.

Wazes from WN W period 12 seconds
(Fig. ) —The general features are simi-
lar to those caused by the 14-sccond
WNW waves, but the divergence s iess
intense and covers @ crnaller area. Wave
heights  between the two submaring
canyons (Stations 4-0) Are relatively
higher than for the 14-second Wave. This
dilference is chielly due to the fact that
fhe t2-second wave 15 shorter than the
y-second WAVE and that canyons and
other bottom features do not affect the
¢2-gecond waves 1o the same degree that
they aflect the 14-second WAVES.

Waves from W, period 12 seconds (Iig.
ro).—7The main features arc similar to
the ones atready discussed, except that
regions of divergence and convergence
nave been shifted due to the difference
of wave direction. Thus the convergence
on the south edgt of La Jolla Canyon
has shifted from ihe Cove to Stafion C,
and the convergence between the can-
yons from Station 0 to Sration 8. The con-
vergence near Qtation A 1s more pro-
nounced than for 2 west-northwesterly
gwell, Scripps Canyon gives rise to morc
pxtreme divergencet between Statiens 1%
and I
travel in deep water i more nearly
parallch to the walls of the canyon.

Wawves [rom WNW, period S seconds
(IMig. 71} —TLhe Jength of thest waves in
deep water is only one-third that of the
14-sccond gwell, and the effect of refrac-
tion is reduced cven more than it was for
the 12-second  Waves. Tn particuiar,
regions of diverpgence have pecome much
¢maller, and only about 3,000 fect of
beach are protected py the La Jolla

Canyon. The region of divergence OpPo-

because the direction of wave

site the Scripps Canyon hos disappeared
altogether. The convergence on the sou th
side of La Jolla Canyon has moved to
Qration D, thus eliminating the caust of
relatively high waves ot or near the
Cove. Nevertheless, it can be seen irom
Tigure 15 that the refraction pattern
typical of a submarine canyon has not
disappeared: Wwaves are relatively low
opposite the mouth of the canyons and
high on either side. ,

Waves from SSW, period 16 seconds
(Fig. r2).—A lew selected orthogonals
between deep water and shore have been
eptered in an inset on & gmaller scale in
order to show that for this particular
case the effect of refraction outside the
limits of the mamn {igure cannot he neg-
lected. By far the larger portion of
Tigure 12 shows values of K less than
o.75. This divergence 1s duc to the shoal
area off Point Lo Jolla, At only twe
localities in the vicinity of La Jolla can
a convergence of a southern swell be
round, opposite the Casa de Mahana
Hotel (Station A) and to the north be-
fween Stations ] and A dvergence
ollowed by @ convergence s caused by
the ridge between the submarine Cn-
yons. [£18 believed that this explains the
sceasional occurrence of relatively high,
long-perod Waves petween Stations 7
and g during the summer. The refraction
diagram explains also why, during the
qummer, waves art relatively low ot the
Scripps [nstitution while they arc high
at localities with gouthern exposure,
such as near Occansice and the Coronado
Strand.

OTHER MEII0DS OTF PRESENTING
REEFRACTION DIAGRANS

10 an intensive siudy is made of a
piven 1ocality, it may be of advantage to
construct & single graph from which the
refraction factor K, and the breaker
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angle ap can be read off directly. In gen-
eral, £, and a; depend upon three vari-
ables—the wave dircction in deep water,
the wave peried, and the depth of break-
mg—but &, and ay vary slowly with the
depth of breaking, and an averape value
lor thebreaking depth may beintroduced.

A convenient form of presentation is a
polar-coordinate graph with its center

OCEAN WAVLES L3

placed on an cutline map at the pesition
to which the graph applies (Fig. 13). The
radial lines give the direction from which
the waves come in deep water; the ciccles
give the wave period. The solid curves
arc lincs of equal K, the dashed curves
lines of equal ay. The “L=1Ert” and
“r=ricut” refer to an ohscrver on the
beach looking straight out to sca.

L& JOLLA

WAVE REFRACTION AT SCRIPPS PIER

., CALIFORNIA

GRID

CIRCLES . WAVE PERIOG IN SEGONOS
RADIAL LINES - WAYE DIRECTION |N
DELP WATER

GURVES

LIKES OF [auaL Ky AT 10FGOT DEPTH ——

LINES OF CQUAL T AT 0F0OT DEPTH — —

DEFIMTION GF =
o, AMGLE IN DEGREES BETWEEM CREST
AMD SHORE  LINE

R = RIGHT L= LEFT

NEFCAS TO DIRECTION OF  WAVE TRAVELL
RELATIVE TO OBSERVEA OH DBEAGH
LOGKING  STRAIGHRT QUT TO SEA

RINEGTION
OF WAVE TRAVEL

Fra, 13.—Values of Ky and w, at a depth of 10 leet along Scripps Instilution picr. The polar-
coordlinale presentalion brings oul the relative protection of the designated location {rom the waves

coming from SSW to WSW, and the relalive exposure

to waves from Lhe wesl.
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Tigure 1z is drawn for an assumed
breaking depth of 1o {ect along the
Scripps Institution pier. The figure ap-
plies with good approximations te break-
ers anywhere between shore and a depth
of 2o feet. The curves were drawn by
interpolating between values read off
Figures 8-12 and a number of dther re-
fraction diagrams drawn specially for
the region in the immediate vicinity of
the pler. The curve aw=o rclers to
hreakers coming straight into shore, that

is, from o WNW direction, The other
dashed curves are drawn relative to this
direction.

Figure 14 applies to the case of a beach
with straight and parallel depth centours
but is otherwise analogous to IMigure 13.
Tor this idealized case the curves lor K,
and a, are given analytically by equa-
tions {1} and {sb). From a comparison
between IMigures 13 and 14, and assum-
ing T= 14 seconds, the special effects of
the bottom topography and of the con-

WAVE REFRACTION ALONG STRAIGHT COAST LINE
WITH STRAIGHT AND PARALLEL DEPTH CONTOURS

Fro, 1q—Values of K and ap at o depth of ro leet for-a beach with straight and parallel depth con-
tours (cgs. {1} and [sb]}. The special effect of the coastline and the holtom topography at Lo Joila can
be estimated from a comparison hetween Figs, 13 and 14,
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REFRACUION OF

figuration of the coastline upon the
breakers near the Scripps pier canbe
cvaluated (Table 3).

Thus the beach slong the pier is par-
ticularly well sheltered [rom southerly
waves due te the protection afforded by
Point La Jolla and is most cxposed to
waves directly {rom the west. This type
ol presentation gives, therelore, an over-
all picture of the protection from, or the
expostre to, waves of various directions
and periods. The disadvantage of this
presentation is that its limited to a rcla-
tively small arca. Il the emphasis s to be
placed upon the changes in wave char-

OCEAN WAVLES 15
all these waves came from WINW. Obscr-
vations arc simmarized in Table 4. For
cach of the bwelve stations Table 4 gives
the height of the breakers in feet, the
height of the breakers as pereentage of
the average for all stations, and the wave
petiod in scconds. Uhe value for I, at
Station 6 on January 5 appears Lo be too
high, but otherwise observations are fair-
ly consistent.

For cach station obscrvations madce on
the 7 days under consideration awere
averaged and eatered in the last column
ol Table 4. Tor cach day obscrvations
made at the twelve stations were aver-

TABLLE 3
hreeTion Fros Woicit Waves Cown v Dixr Waren
i

55W 3w WEW W WNW MW
Relraction {actor Ky ... [r3 .5t 045 ©.57 .79 0. 6o 945
' V14 6.712 0.90 G.97 1.00 0.7 0.90
o g |55 TR 2L "R 2"IR 4R AN
Brewker angle an. .. ... I s i~ oL L o L e

acteristics along a beach for a given wave
situation, the presenlation shown 1n
Figure 15 will be more practical.

OBSERVATIONS

Naval officers under instruction at the
Scripps Lastitution, alter having been
trained [or ouc week in a uniform pro-
cedure of ohserving waves, occupied Sla-
tions 1—-12 along the beach and made
simultancous observations lor 15 min-
ules. [hese ohscrvations were averaged
to obtain observed values. To minimize
differences due to personal judgment, ob-
servers were shifted regularly from one
station to another. I'rom about scventy
complete scis of observations, 7 days
were sclected during which the swell
period was well defined and 1 agreement
with forccasts. According lo [orccasts,

aged and entered at the bottom ol the
table, togcther with the forccast values.
On the 7 days under consideration the
average periods vary between 11,5 and
13.8 scconds. The over-all average Jor
obscrved periods is 12.5 scconds, and for
the forccast periods 14 seconds. The
{orecast direction is WNW. Iigurcs 8
and g should therclore apply o all seven
CasCs.

COMPARISON OF TILLORY AND
OBSERVATIONS

The compuled refraction factor K0, for
waves of 14- and zz-sccond periods [rom
the WNW was reac olf at cach ol the
twelve stations. In the case of the 14-
sccond wave, the average value for all
stations was o.62; in the casc of the
1 2-sccond wave, 0.9z, At cach station the
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individual values of Ky were then ex-
pressed as percentages of these averapge
values and plotted in Figure 16 {solid
and dashed curves).

The dots in Figure 16 give the aver-
age observed Dbreaker height and the
crosses the average observed wave periods,
both expressed as percentages of the

luted to a shifting sand bank about 2,zo0
feet south of the pier.

According to theory, the wave pertods
should remain constant. Obscrvations
plotted in Iigure 16 show that this is
nearly the case, the lowest value being
05, and the highest xog, per cont of the
average. It happens that these small

5006 5000 1008 3500 2000 1000 o 1000 2000 3000 45300 5000
1 I T 1 T 4 1 H i I H W
16 j A Y
e W B W B —_— W e b )
Y. —— Ww 2 —— W1 E!: “ —a
----- WoN W 4 -T-- SSW W

COLFFIQIENT
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o

e 3 . ‘
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SN LA A D (D (DT W / v ,
,/// e S R I S N
..//,f,,//:/ /'/”//for 9 *@°%”§///§;f'7¢%’é//ff'f’;)?‘¢;??/ /// . / : ///// v
’ ’ / ¢ SO N . 3 "
S .17./, 4/}"/:’//[7///4 e i I VA, !

Ehdtle) LU0 ELVe) 3Qu0 coul oot 4] [fe1E14} EQOY 20U REE ) Ll

aISTANCYE FROM SCRIPPS  FiER il FEET

Fro. rs—Variations of Ky alony the coastline according to the refraction dingrams. The lower sce-
tion of the hipure shows the locations alony the beach to which values of A, in the upper sechion reler.
Far all bat the southern swell, waves are generally lower near the head of the canyon than on cither side.
Short wave periods give smaller variations in wave helght than lenger perieds. Changes in wave direction
shift the location of the zones of convergence and divergenee, but Lhey have Httle clfect upon the ampli-

tude of the variation 1n K.

over-all average for all days and stalions.
These values were taken from the last
column of Table 4. In view ol the inac-
curacies of the observations and the
difficulty in drawing exact refraction dia-
grams, the agreement between theoryand
ohservation s satisfactory. The only
noticeable discrepancy occurs near Sta-
tion 7, where the computed wave height
exceeds the observed height by about 10
per cenf. This discrepancy may he re-

e bt B

variations in period are in phase with the
variations in wave height.

The refraction diagrams can alse be
compared directly to aeriai phetographs,
Plate VIT was seiected for an example,
because it shows an unusually reguiar,
well-defined swell. The area covered in
the phetograph extends between Station
5 and Statien G.

The swell shown on the photograph
was generated in a low-pressure area
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1700 miles WNW of San Diego. The
wind hlew at 35 knots overa [etch of 8oo
miles, This situation persisted without
much change [rom May 1 to May 3,
1044. Applying the forecasting method,™
one ohtains 6-Toot breakers ol 15.5
second peried near the Scripps Institu-
tion pier at the time the photograph was
tuken. The height and period, computed
from the photograph according to the

nooWind Waves and Swell, Trinciples in Fere-

easting,” Hydrogre plic Office, U.S. Navy, Misc.
rraps {rgaq). CL [to. 2

method given in the surl {orecasling
manual,’s cqual 7 feet and 14 seconds,
respectively. The breaker characteristics
computed [rom weather maps agree with
those obtained Irom “the photograph,
and the refraction diagram [or a-second
waves {rom the WNW (Fig. §), should
be applicable.

A comparison between Figure § and
Plate VII shows good agreement he-
tween the orientation and spacing ol -
computed and photographed crests. Ta

i Pp. g2-s2 of ftn. 2.

I 1 { i

AEFRACTION OIAGRAM
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Tic. 16.~—Observed versus computed chunges in wave height along the beach {see text)
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facilitate the comparison, some of the
crests have been transferred [rom Ligure
8 to Plate VII, where they are shown by
the inked lines. Near the left edge of
Plate VII the photographed crests lag,
indicating a shallow bank. On a photo-
graph taken s months later a similar fag
occurred about soo fcet larther south.
This evidence iudicates the existence
of a shifting sand ridge. The depth con-
tours on Ligurc 8, which are based on
soundings taken prior to 1928, cannot
take into account such temporary fea-
fures. It is quite possible that the dis-
crepancy | between observed and com-
puted wave heights ncar Station 7 is
also related to this shufting sand bank,

CROSSING OF WAVE TRAINS NORTI[ OF
SCRIPES CANYON
At the time the refraction diagrams
(Iigs. 8-12) were drawn, it was expected
that they could give only the basic fca-
tures regarding the positions of crests
and the variations in wave height. Ac-

cordingly, small-scale features in the

hottom topography and sharp beads in
the crests or orthogonals were smoothed
out, and the smwothed crest was used as
a basis for the construction of the next
crest. This crest was also smoothed,
when necessary, “and this smoothiog
process was continued [rom crest fo
crest as the waves were carred foward
shore. In this manner a cumulative crror
15 introduced into the refraction diagram.

If these diagrams are drawn with
rreater precision, and without smooth-
ing, it is found that the steep walls on
the northern side of Scripps Canyon
cause a scction of the crest to be bent
through go”. This scction will travel
north along the coast and intersect the
repular wave train in a crisscross patteni.

The crisscross pattern s illustrated in
Figure 17, which showsalarge-scale graph

S S T RSP AU P S SU U PR P S P PSR DU BTN NP U W SN
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ol the relraction of tg-sccond waves [rom
the WNW over Scripps Canyon between
Stations 1z and J. The cutermost crest
Lias been transferred {rom Igure 8. The
remaining crests were carried forward
with a crest interval of one-cighth the
wave period and without smoothing, but
only one out of cight computed crest
positions is shown on the figure (crest
interval=onc period). The actual con-
struction of the refraction diagram was
carried out on a detailed chart, but only
two depth contours are shown on the
Agurc.

It should be kept in mind that the
shading tu Figure 17 designates bottom
topography and not convergence  or
divergence. Inorder to picture the degree
ol divergeace or convergence, the widih
of the crest lines has been drawn propoc-
tional to the refraction factor A accord-
ing to the scale i the legend. Wherever
the relracted crests interscct the main
wave train, a huwp on the sca surfacc 1s
formed, the height of which equals the
sum of the height of the two intersecting
Waves.

Plate VIII, 4, shows a photograph of
this wave pattern, taken [rom the top of
the cliffs al a position indicated on
Uigure 17. The wave crests in the photo-
graph have been slightly retouched to
make them appear more cleacly in print.
The pattern on the photograph resembles
closcly the pattcrn on the rciraction
diagrai.

DISCUSSION AND CONCLUSIONS
METEOROLOGY AND WAVE REFRACTION
In order to draw a relraction diagram,
it is neccessary to know (1) the wave
period and divection in deep water and
(2} the bottom topography between deep
water and the shoreline. The determina-
tion of Lypical wave periods and deep-
water directions for a given locality will
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be discussed first, and the bottom Le-
pography and its effectwill be taken up i
the following section.

Tn the experience of the authors, exast-
ing observational data on wave char-
acteristics are almeost always inadequate
{or determining typical deep-water wave
divections and periods for a given local-
ity. Data on deep-water wave direction
are usually lacking entirely, because they
require the scrvices ef a boat ora nlane.
Wave peried, since it remains constant,
can be measured {rom shore, but the
methods of measuring have been for the
most part inconsistent and inadequate.

A Detter procedure is to obtain the
wave characteristics from a knowledge ol
metearological conditions and the rela-
tionships between wind, sea, and swell.
Weather maps are examined to deter-
mine all wind areas where waves affect-
ing the locality of interest could he gen-
erated. The characteristics of the waves
upen reaching the given locality are then
computed by the relationships men-
tioned.

This method has been cmployed n 4
study for the United States Navy ol the
offect of wave conditiens upon scd-
plancs. Metcorologists at the Scripps
Institution carried out a day-by-day
“[arecast”’ for specified localities on the
hasis of historical weather maps,’? the
forecasts extending over 3 years. This
method required considerable work and
highly trained personnel. Fortunately,
only a small number of localitics have to
be considered, since offshore conditions
are sufficiently uniform to make the com-
puted wave conditions applicable over
long stretehes ol coastline.

16 See {tn. 7.

A compicte set of Northern Temisphere
weather maps, dating back to 1929, wert prepared
during the war under the auspices of the Joint

Meteorological Commitlee of the Army, Navy, and
Weather Bureau.

The procedure described above con-
sists essentially of computing wave chir-
acteristics from synoplic weather data
and then applying statistical methods to
the computed wave data for deriving
climalological wave conditions. In this
report a somewhat less accurale pro-
cedure has been {ollowed by making use
of average wind data obtained [from
climatological charts for the different
seasons. An exceptionally complete sct of
wave observations at La Jolla, dating
hack to 1938, has made it possible to
check the soundness of this procedure.
Lven so, it has been necessary to depend
entirely upon local observations for in-
formation regarding the southern swell
which originates in an area of the Seuth
Pacific for which weather data are
lacking.

ROTTOM TOPOCRALIIY AND WAVE REFRACTION

Detailed hydrographic charts are re-
quired for an accurate construction ol re-
[raction” diagrams. However, the man
features in the relraction pattern can be
associated with certain types ol under-
water topography without the need of
claporate computations (Iigs. -6 and
Pls. I-V). Quite gencrally it can be
shown that the wave refraction pattern
for any bottom topography follows o
single law, according to which waves
change direction and are bent in such
a manner that they (end to assume the
shape of the depth contours. Thus
the wave crests on an aerial photograph
draw a quasi-depth chart. This circum-
stance has found application during the
war in determining underwater topog-
raphy over enemy beaches.

Associated with the distortion ol {he
waves arce local convergences and diver-
gences of wave energy, Itis important to
make a distinction: between an area ol
divergence and what might be called 2
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*: complete wave shadow zone. Waves be- therelore at a depth of 00 fect; for a
'f hind a headland or to the lee of an island  short 7-second wind wave, at r25 lect.
h@ are usually very low Dbecausc of the Since modification of waves occurs only
“ divergence of wave energy, yeb the pro- . in shallow water, a shoal at an average
r tected region docs not lic in a wave  depth of goo fect would alfect the sweil

i a manier simiar to that in which
shoal at 125 fect would alfect the short-
period sea. An lnteresting application of
this principle s the separation of a short-
peried sca from a long-period swell by
spectal types of bottom features. The
hottom  topography. itscli can be com-
parcd Lo an cnormous lens, scpaanrf
waves of differen! i

¢ shadow zoue. Indecd, seasitive instru-
. meats have shown that waves can reach
any scction of a coastline, no matter
{ how well protected, unless that section s

¢ completely cut off from communication
. with the open sca. By the time the waves
have turned through a large angle, they
g A usually too low to be noticeable to
‘ the naked cye, but in some instances

3

ﬁ local convergences in so-called protected  lens l)acLLl\s up gl - component
Li{ zoncs have led to surprising resuits.™ colors. A famous illustration of this fea-
!r o o ture is provided by the surl at Waikiki
i _ T w“ﬁ“‘“ oF RELj”I.”" DEFLI beach in the Hawalian Tslands, which
[t should be cmphasized that the ef-  usually results [rom a NIZ swell relract-

[cct of bottom [eatures upon waves de-
pends not upen the absolute depth of
water but upon the relative depil, that is,
the ratio of depth over deep- \V’LLCL wave
length (h/Ls). Let I and Lo be given in
ILCL, and the wave period T in scconds.
Setting g.= 32.2 [t/sec® in Appendix
cquations (‘\5[}) and (AGa), one oblains

approximately L, =.5 I’ and
o
- . fi it /
Relalive depth : Tk (0}

By-delinition shallow water has a rela-
tive depth of less than onc-hall. T'or a
long 14-sccond swell shallow water starts

# An interesting application of the effccl of re-
fraction on wave height was made in conncction
with the liberation of the Philippine Islands. During
the plnning stage refvaction diagrams were pre-
pared Tor waves catering the Lingayen Gulf [rom
Lhe north, and Lhey showed a convergence {or the
landing beaches, but a divergence cast of the town
of Lingayen. Consequently, an allernale plan was
made Lo provide {or Lhe conlingency of high waves
fram a typhoon. Shortly alter the initial landings,
high breakers preveated unloading at the main
heachhcad, but the hreakers remained low to Lhe
east of Lingayen as indicaled on the refraction dia-
gram. A sccond beachhead was established according
to the alternate plan, and the unloading of supplics
continued withoul nterruplion.

ing around Nakapuu Point and Diamond
Ifcad. Qut at sca a short NI chop will
usually be present in addition to the
swell, but the chop is too short to be re-
[racted elfectively and thus passes on
without bending into the beach.

Since ordinary waves rarcly have
periods much longer than 14 seconds, the
effect of underwater bathymetry on these
waves iy virtually limited to the conti-
nental shell. But sea and swell arc not
the ouly wavces of the sca refracted by the
pcean bottom. Fault movements assoct-
ated with submarine carthquakes gener-
ale very long waves, “tsunamis,” popu-
larly called tidal waves (although they
are not related to tides), and thesc have
periods ranging between 1o minutes and
an hour. In accordance with equation
{6), these waves arc always in shallow
water, cven over the deepest portion of
the occans. Preliminary results of an in-
vestipation by Shepard and others™ show -
a good corrclation between the variations

2 (o AL MacDonald, T, 7. Shepard, and D. C.
Cax, “The Tsunamiof April r, 1940, in the Hawaiian
Islands {Prcliminary Reporl),” Lacific Sei., Vol. 1
No. 1 (January, 1947), pi. 2037,
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in the height of the April, 1946, tsunami
in the Hawatian Tslands and the offshore
topography and promise an interesting
application of the principles discussed in
this paper. A similar effect, but of cven
targer order of magnitude, must result
[rom the refraction of tsunamis by large-
scale  bathymetric leatures, such as
ocean basing and troughs. This might ex-
plain the curious fact that waves of the
April, 1940, tsunami were recorded about
twice as high ot South American stations
as they were at stations along Calilornia,
although they had originated near the
Aleutian trough and traveled more than
twice as [ar to the South American sta-
tions.

WAVE REFRACTION AND BEACII EROSION

Krumbein® in his study of Hall Moon
Bay, California, was probably the ligst to
consider the cffect of wave refraction on
sediment transpert. e states that o re-
{raction diagram indicated at least the
order of change in wave energy along the
coast. In the present paper it is shown
that refraction diagrams also give this
change quantitatively, This conclusion is
of particular significance becouse the
unusually complex bottom topography
off La Tolla provides a critical test of the
application ol relraction theory to occan
waves. [t also appears that wave refrac-
tion can he depended upon o give not
only the simple main features regarding
wave height and dircction but also more
complicated sccondary cllccts, such as
the crisscross pattern north of Seripps
Canyon.

Refraction diagrams, if properly usced,
can become a powerlul tool in the study
of beach erosion. Although several proc-
psses are involved, two must be of par-
ticular importance in the effect of refrac-

20 Ghore Processes and Beach Characteristics,”

Techmical Memorandine No. 3, Beack Forosion Bourd

{(Muy, 1044)-

WALTER 1L MUNK AND MELVIN A TRAYLOR

tion upen beach crosion: (1) transport of
sediments by_adveglion_associated with
the_secondary current system sef up by

by diffusion associated with the turbu-
lence st up by the breakers. The former
process _depends critically upon_the
divection of the waves, the latter upo: n the
variation in_height of the waves, The two
processes depend, therefore, upen the
two clements of the refraction pattern.

The term “advection’ has been bor-
rowed from meteorology or oceanog-
raphy, where it denotes a transport due
to o current dowing from a region of high

concentration to a region of low concen-

fration. Mathematically the effects of
diffusion_and eenvection are both con-
tained in the vector cquation

ds

VS g A—V.5V
atVA V-5V,

(7)

where s is any concentration, A the
vector coefficient of kinematic cddy
dilfusivity, and V, the vector velocity.
Tquation (7) states that the local time
change of any concentration equals the
efoct of diffusion minug the effect of ad-
vection. For further discussion reler te
chapter v of Sverdrup el al™

Of the currents set up by the waves,
the most important are probably long-
shorc_currents, or litforal currents, and
rip currents.® The lon pshore currents are
set up by the transport of waves break-
ing at an angle with the shoreline. They

arc directed, therefore, with the longshore

component of the wave motion—ior ex-
ample, from left to_right in Figure 1. In
the case of hish waves and breakers

forming an angle of more than 1¢” with

the waves and (2) transport of sediments

M. U Sverdeup, M. W. Johnson, and R H.
Fleming, The Occons, Their Physies, Chemistry and
General Biology (New York: Prentice-Hall, 1042).

=¥, P. Shepard, K. 0. Emery, and E. C. La
Tond, “Rip Currents: A Process of Geologicul Im-
vorlance,” Jour. Geol, Vol. XLIX, No. 4 {May~
June, 1941}, pp- 337-69-
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the coastling, i iy
allain velocitics of several knots. 17 i€
were not for the fact that breaker angles
are greatly reduced by refraction, long-
shore currents would attain such 11iL;31
velocitics that the rate of beach erosion
would be many tumes its actual valuce.
The reflraction pattern for submacine
canyons causes the longshore currents Lo
diverge Irom the cenler of the canyon
toward hoth sides, leading to a removal
of sediment from the canyon hecad. In
Lh(: casc of submarine riddges, the Imw
shore curreats and the scediments con-
verge upon the ndge. Submarine canyons
and ridges arc associated, therelore, with
a relraction pattern which scis up a cur-
rent system that tends to perpctquc
Lh(:‘l (\HLLHCC RENS
ixlp currents are directed from shore
out o sca. Along a straight coastlinc
they are most pronounced when the
waves  come  straight  toward  shore.
Usuaily the location ol rip currents is
closely associated with the relraction
pattern. In the casc of submarine can-
yons, rip currents tend to form at the

longshare curr

o K rl Sy A

ol
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degree ol turbulence, and low hreakers
only little turbulence, sand may
1 suspension on the sides of t nyons

while it has o chance to settle over (,hL
canyon. In the casc of submarine udgcz,
similar reasoning leads to the conclusion
that the ridges tend to be chmnm ed by
ditfusion. Thus the elfect of diltusion is
opposite to the clfect of advection. Since
it is kuown that the heads of submarince
canyons arc kept fairly clean of sedi-
ments™ and that ridges may exist for
long times, it appears that the advective
processes must balance the cffects of
diffusion and slumping.

Tridal currents are ravcly of much im-
portance along open coastlines exposced
to severe wave action. The change in
tide level may, however, be Important,
SiCe iL;__g:_{L__‘L}S_.(;_S_._ELMb'LCk and-forth shift of
lh(, smf ZON¢, whicl in tum wﬂi h:wc an

mnta np Cur lC}lLb and Lhc /ones o[ maxi-
mum turbutence. The rise and fall ol the
mean_sea-level makes 1L n*npozasﬂ le for
any. beach ever to reach a state of com-
plete equilibrium.

zongs of convergence at cither side of the
canyon, although [requently they turn
and flow divectly gver the canyon just
outside the breaker zone. In the case of
ridges, rip currents tend to form in the
convergence above the ridges. IExcep-
Lions to all these rules ave, however, [re-
quently found. The cffectiveness ol rip
currents 1n transporting sand can be
gauged by the fact that they have been
ohscrved to erode a channel several feet
deep within a short time interval.*?

Transportation of scdiments by dif-
Susion must result [rom the variation of
wave heights along the beacli, Wave
heights are low opposite the mouth of the
sibhmarine canyons and high oo cither
sicde. Since high breakers cause a heavy

W0, pp. 350-52.

It should be mehdblf,bd that the man-
ner in which sediment 1s transported by
wave aclion is not properly understood
and that many exceptions have been
found to the foregoing statements. Con-
ditions, as they cxist along a beach at
any given tuue, approach a sensitive
balance betwecn crosion and deposition.
The balance 1s profoundly disturbed by
any changes wn the wave and weather
conditions or by the bullding of jettics
and breakwaters. Tor similar reasons the
manner in which the sands along a beach
arc shifted back aund forth by wave ac-
tion must depend greatly upon the re-
fraction pattern. The resulting sedument
transport may cause changes in depth
which in turn affect the refraction. pat-

24 Shepard and Lmery, pp. g4-103 of [ln, 13.
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tern (PL V1L, B). This interplay between
waves and bottom makes the predichion
of changes in the bottem profiles ex-
tremely difficult. But by analyzing the
effects of wave action from the point of
view of fluid mechanics, making usc also
of relraction diagrams, it seems likely
that a Detter understanding ol the
nrocesses involved in beach erosion will
result.

Another point of view we have tried
to_introduce into this report is the im-
portance of_metecrology Lo studics _of
heach erosion. A season which is unusual
from_the_point_of view of heach condi-

tions_must, in_the final analysis, be_the

result_of unusual meteorological condi-
tions over the ocean. This does not
necessartly  mean that local weather
conditions have been unseasonal. We
have noted, for example, that some of the
swell reaching southern California in the
summer depends upon weather condi-
tions in the Southern Hemisphere, per-
haps 5,000 miles away. The ever chang-
ing beaches along the shorelines are
reflection ol the infinite number of pos-
sible combinations and variations of
storms over widely spread arcas of the
ocean.

APTENDIX
THEORY OF WAVE RETRACTION

Let & denote the mean energy per unit sur-
face area, n the [raction of this energy advanc-
ing with the wave crest at velocity G and ¥
the distance between adjncent orthegonais.
Then, if energy is conserved between orthog-
onals,

BandCo sy =FnCs = LanCy sy, (A1)

where the subseript “of refers to deep-water
conditions, Lo, water whose depth exceuds one-
hail the wave length, and the subscript & Lo the
breaker point. The expression without sub-
scripts holds generally in shallow water, inter-
mediary between decp water and the breaks
ing-point. -

Tn deep water the wave energy is propor-

tionai to the sguare of the wave height Iy e
carding to the equation

gravity. The same relationship holds with good
approximation in shallow water:

Ee=1lppl?. (A20) .

However, just_outside the breaking-point, the
shape of the ’wz‘xycs.approuchgs that of “solitary,
waves,” with sharp isolated crests, separated by
long_Nat_troughs, For sohifary waves the wave
encrgy is proportional to the cube of the wave

AT TT N2
L,=t% (i]ifi,gﬁ L (A2e)
7, \ 3

Combining the first two cxpressions of
equations {Ax) and (Az2), we get the follewing
veneral relationship for the wave height in shul-
low wilter:

¥ <';1 Cosn W
IR b . A3
I e Co $o (A3)

Ty deep water only hall the_energy, the

polentint_cnergy, advances with the wave

form s

)

Ty = % . : {Ada)

Tn the breaker zone both potential and kinctic
enerey fravel with the waves,

=1, (A4 b
while for shallow water in general
dr ft
1 L ’
n= 1+ __MH_,___,_MJ LA

Equation (Aq¢) reduces properly to cquations
(Aqa) or (A4d), depending upon whether the
ratio /L has a large or small value.

Gy e e
'jgtfuuﬂ} waves of

The velocity of sinusoidal iry
low amplitude is given by the classical Stokes's
equation ‘ '

oL 2ol -
{r= 7{’4 anl - ASa
2 L { )

s 71, U, Sverdrup and W. T Munk, “Wind, Sen
and Swell: Theory of Relations lor Ferecasting,”’
Uydrograpiic Qfice, Technical Reporl in Oceanog-
ruply Mo, 1 (in press).
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which {or deep waler reduces to the form

- oL
€2 = l, i

87 Fr

(AST)

Since wave perivd ) dehned as the ratio of
1

wave- length over wave velocity, romains
consinnt
SR R P ,
P -, = i (MG a)
C() C C»h
or
C L .
e B {AOD)
Co La

Dividing {Asa) by (Ash) aond making use of

(AOS), we get
C L 27l

o= o= Ll

Co Ly L

Fquation (A7) can also be written

L it /L
— = Lu 29 e | o J AT’
I tanh { TFLU (Lu> ) (AT

which s an cquation of the form

L f )
Ly Lo

(AT)

— = function (AS)
The rabio #/Lq s termed “relative depth?” 1t
follows [rom cquations {A7) and {A8) that LhL
ratio C/C, 15 a function ol L_ho_rclatwc de JLh
only. Ina simijar manner it can be shown that
the ratio /g 15w {unction of the relative depth.
Thus cguation (A3), which can be writlen

i[— (r..a C

—171

\/ D)

Lw(,,_ hClthl.
, : seeond part,
L’i‘.E.L_[Eﬂ.f;HQE.‘_-_{E_Q.U.J.J} z_t.__ccm'dl.ng_ to which any
varialion in wave height along o beach oulsile
the breaker zone, must he praportional Lo the
squaze root of 5./, S

To find the corresponding expression for the
hreakers, combine the fest and thivd term of
cruaions {Az) and (Az)

C-() z v Ih ‘i'/ﬁhII(; ¥4
1 [irl " 2(-7——-) 5o,
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where use has been made of cquations (Agu)
and {Aq4h). In view of (AGe), this can be
writlen

hodly = & () 2 (T2, (“‘) (A10)

Accordling Lo theory substantiated by ox-
periments with solitary waves,

fu= 1.281, (A1 1)
and equation (Ao} bhecomes
iy | M5
B AlZ
0=, m,\/ i
Ll) ]

Any warietion in breaker height mu‘sL be pro-
portional to the cube root of so/s. The ratio
/Lo 15 called the wave steepness i deep
water. Equation- (A12) and the foregoing dis-
cussion hold strictly only for waves of steepness
{o/Laless than 1 per cent (e, for swell) but is
approximately truc for all but the steepest
storm waves.

The gencral cquation (Ag) {or wave heights
in shallow water neglecting relraction was first
derived by Green in 1839 and extended hy
O'Brien and Mason® to include the relraction
clfect. The cxistence of solitary waves was first
noticed by Russcil, and their theory way do-
veloped by Boussinesque in s study ol tide
waves and related phenemena. The application
of the solitary-wave theory to surl problems and
the derivation of equation (Arz) are believed to
he new.
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PLATE [

A, Long waves from the southern hemisphere
approaching the coast north of  Qeeansile,
California, Compare refraction pattern with
schematic drawing in Fig. T {Ofticial pholo-
iraph, United States Navy.)

B, Refraction ol waves over ridge aleng the

northern shore of Oahu, T (cf. ¥ig. 4). Over

- the ridge waves lag bohing and are higher than

on cither side. (Oflicial photograph, United
States Army.)

PLATE

Relmction of waves over submanine canyon
at Redondo, Californin (ef. Fig. 3). Waves bend
sharply forward over canyon. Waves are higher
just outside the canyon than over the canyon,
and the surl zone is narrow opposite the mouth
of the canyon. {Dhotograph by Spence Alr
Thotos, Los Angeles.)

PLATE IIT

elraction of waves over the coral reel at
Guam. Wave crests move ahead over the chan-
nels and g behind over the shouals, Wave
heights are low over channels and large over
shoals. Compare with schematic drawings in
Tigs. 3 and 4. (DiNicial photograph, United
States Navy.)

PLATE 1V

A, Refraction of waves around Teint Loma,
San Diewo, Californin. Solud orthogonal shows
main refraction around  the noint; dashed
orthogonal  designates secondury  refraction
arovnd a shoxl directly off the end of Doint
Loma. Notice variation in width of surf zone.
(Oflicial photograph, United States Navy.)

B, Waves turn th rough 180 around the hook
of Cape Cod but, in doing so, lose most ol

their height because of the very large diver-
pence. Notice variation i width of gurl zone.
(Ofcial photograph, United States Navy )

PLATE V

Waves bend toward the {amous Waikiki
Beach on Oahu, T.H. (Official photograph,
United States Navy.) v

PLATE VI
Photegraph ol @ three-dimensional model of
(he hottom topography off La Tolla, California.
Twe submarine canyons, La Jolla Canyon and
its stecp-walled  tributary, Seripps Canyon,
reach within a thousand feet from ghore.

TLATE VII

Ohserved versus computed arientation and
spacing of wave crests. The computed positions
(inked tines) are parallel to the positions ol the
crests on the photograph, exeept for o small

‘diserepancy on the ieft side of the hgure (see

rext).

VLATE VI

A, Photograph of waves north of Scripps Can-
yon shows the presence of the crisscross pab-
tern which appears in the relvaction diagram
(Fig. 17). Peaks oceur where the relracted
crests mtersect the crests of the main wave
frain.

B, Refraction of waves al Loat basin, Ocean-
side, Culifornin. Tongshore currents set up by
waves have widened the beach on both sides of
jetties (see also Pl 11). This in turn has caused
refraction of waves near jetties, The resulting
refraction pattern tends io further strengthen
the convergence of longshore currents upon the
jetties and may lead to accelerated deposition.
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¥16. 1o—Similar Lo Fig. g, but, since the waves are assumed to come from the west rather than from the west-northwest, the entire refraction pattern is rotated counterclockwise
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F16. 7—Origin of waves reaching La Jolla, California. T
La Jolla to waves of heights and periods shown in Figure 7,
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Fis. 8.—Refraction diagram for 14-second waves from the west-northwest, Heavy solid lines show positions of wave crests, the solid lines with arrowheads give orthogonals, and dashed lines are depth contours. The crosshatche
fcate zones of convergence (K > 1.23); the datted regions indicate zones of divergence (K < c.75). The lengths of the rectangles opposite the shore stations are proportional to Ky and thus indicate the variation of breaker heights
wh. The genera! refraction patiern conforms with the schematic drawing of Fig. 3.



