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Edge Waves 

on the Continental Shelf 
\\'alter Munk,  F r a n k  Snodgrass, George Car r ie r  

In  1846, Stokes derived a solution for 
Tvave motion over an inclined bank, 
which differs markedly from the conven- 
tional pattern of wavcs coming onto a 
sloping beach. In  Stokes' solution, the 
crrsts arr  normal to the coast line, and 
they travel in a direction parallel to the 
coast. Amplitudes diminish rapidly from 
the shore seaward and are negligible at a 
distance of 1 wavelength. Lamb (I, p. 
447) accordingly calls these waves "edge 
waves'' and states that "it does not ap-
pear that the type of motion here re-
ferred to is very important." But edge 
tvaves appear to be common! Evidence 
comes from a kariety of sources ( 2 ) .  

Gust of 6 January 1954 

At 3:35 (0.335) on F January 
1954, an unusual gust was recorded at 
Scripps pier (Fig. 1) .  Pressure rose by 
2 millibars, and wind speed increased 
abruptly from 3 to 14 miles per hour. 
This gust was followed by pressure and 
wind oscillations of 8-minute period; 
thcse have been attributed to internal 
waves on the atmospheric inversion layer 
(3 .  4 ) .  Sea level at Scripps responded 
to the atmospheric pressure as an in-
verted barorncter. This is shown by the 
trace of the Scripps tsunami recorder 
(5) ,  an instrument that discriminates 
by means of pneumatic devices against 
s~vell and tides and that has a peak re-
sponse for a period of 45 minutes. Our 
attention for the moment is on the 
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sirnultaneously recorded (by radio link) 
signal from the tsunami recorder at 
Oceanside, 38 kilomctcrs along the coast 
to the northwest. Brtween 3:40 A.M. 

(0340) and 4:50 A.M. (0450), it showed 
the familiar features of an impulsively 
generated dispersive wave train. There 
was no mcteorologic disturbance a t  
Oceanside that could account for the 
recorded wave train. 

I t  is not difficult to conipute roughly 
the character of edge waves that are 
caused by an impulsive source. Phase 
vclocity C, wavelength L;: and period T 
of edge tvaves over a beach of constant 
inclination 0 are related by the equations 

C =I ( g T  sin (3) /2a, 
L=(gT2sinfi) /2n ( 1 )  

These are identical with the relation- 
ships for ordinary deepwater waves tvhcn 
gravity g is rcplaced by g sin 0. With this 
modification, the Cauchy-Poisson treat-
ment of impulsively generated waves in 
deep water from a line source is appli- 
cable. The upper curve in Pig. 2 shows 
the solution copied from Lamb (I, p. 
3 8 7 ) .  Time is in units of (21;/g sin 8)  lh, 

and elevation is in units of Q/ay, where 
y is the distance from the disturbance 
and Q is the sectional area of the initi- 
allv elevated fluid. The second curve is 
the recorded Oceanside trace corrected 
roughly for instrument response (on the 
record, the short late waves are sup-
pressed and slightly delayed relative to 
the long early waves) and drawn to scale 
for best agreement with the theoretical 
curve. Zero time is taken at  the first in- 
dication of the disturbance at La Jolla. 
O n  comparison, we find that 

(2y/g sin $)"=582  sec, Q/xy = 0.3 cm 

The mean slope over the continental 
shelf between La Jolla and Oceanside is 
0.02. With this value of sin p, we get 

y z 3 3  km, Q r 3 . 1  X lo'cn~' 

These values are reasonable; y is nearly 
the distance between Scripps and Ocean- 
side, and Q corresponds to an initial dis- 
placement of 3 centimeters over 10 kilo-
meters, The  recorded displacement at  La 
Jolla was about 8 centimeters. 

The wave train is barely discernible on 
a record taken by the Mark IX wave in- 
strument at  Camp Pendleton, 3.5 kilo-
meters northwest of Oceanside. With 
imagination, one can find some traces on 
tide records in the Los Angeles area. 
Rotvever, these records are hardly use-
ful; the wave instrument is tuned to 
higher frequencies, and the tide gage is 
tuned to lower frequencies than the fre- 
quency of the disturbance under con-
sideration. 

We must point out a number of dim- 
culties in the application of the Cauchy- 
Poisson theory to our problem. The con- 
tinental shelf is about 5 kilometers wide, 
and the assumptioli of constant slope is 
tolerable only if L/2sc is less than 5 kilo-
meters. This is true for the wave that ar- 
rived after 4, A.M. (0400), but the first 
arrival must have extended beyond the 
shelf, and the theory does not strictly 
apply.

I t  has been demonstrated by Ursell (6) 
that the Stokes solution reprrsents only 
the gravest of an infinite number of pos- 
sible modes of edge waves. The  n'th mode 
has 7~ extrema in elevation between shore 
and open sea, and its velocity and length 
arc-: given by 

C':= [gTsin (2nI- I ) P]/Zn, 
L =[gT2sin (272 4- 1)6]/2)r, ( 2 )  

This reduces to Eq. 1 for n = 0. Note that 
the computed values of-y and & for the 
first harmonic are 3 times those for the 
zero mode and that they are inconsistent 
with observations. Suppose that the in- 
itial disturbance is f (?c,y), with x point-
ing seaward and y measured along the 
coayr. If the disturbance is concentrated 
very near y -0, then f (x,y)  can be writ- 
ten g ( x )  S ( y ) , where S is the delta func- 
tion. The  relative amplitudes of the vari- 
ous modes can be found by expanding 
g ( x )  in 1,aguerre polynomials. The  pre- 
dominance of the fundamental mode 
points to an exponential-like (a t  least 



n~onotonic) drop off with distance from 
shore. 

The Cauchy-Poisson theory is derived 
for such a concentrated line source at 
y = 0, but holds reasonably well for a 
finite width provided that the computed 
wavelengths are larger than this width. 
The Oceanside signal ended at 4 :50 A.M. 

(0450) with a period of 10 minutes, 
which corresponds to a wavelength of 
about 10 kilometers. This may be taken 
to mean that the initial disturbance was 
about this wide. 

A search through 3 years of records 
did not reveal any other example of a 
comparable gust, nor did it reveal a 
similar Cauchy-Poisson type of disturb-
ance in sea level. 

Hurricanes and Squalls 

O n  26 August 1954, hurricane Carol 
formed near the Bahamas and was mov- 
ing very slowly northwestward. On the 
morning of 30 August, the hurricane 
started its rapid trip up the East Coast. 
According to weather maps ( 7 ) ,  Carol 
was moving at  32 knots when it passed 
Atlantic City 24 hours later. From the 
arrival times of the water-level disturb-
ance at  various tide gages ( 8 ) ,we obtain 
34 knots. 

Consider the characteristics of edge 

.>....... 


.. . ;.... 
 .....'..I .... 


!raves that might be generated by such 
a traveling disturbance. The prominent 
waves will have a velocity C that just 
equals U ,  the longshore component of 
velocity of the traveling disturbance. 
Precisely the same considerations deter-
mine the period and length of waves be- 
hind a vessel traveling at velocity U . .4c-
cordingly, we replace C by U in Eq. 1 
and obtain 

I ' - 2nU L=- 2;1U2 
g sin B ' g sin fi ( 3 )  

for the period and wavelength of the 
fundamental edge-wave "wake." Off .4t-
lantic City, the 30-fathom line is ap-
proximately 100 kilometers offshore, giv- 
ing a slope of $ = 5 x For U = 32 to 
34 knots, this yields T = 5.8 to 6.1 hr for 
the fundamental mode. A. C. Redfield 
and A. R. Miller have kindlv furnished 
us values of observed minus predicted 
tide level. They indicate four waves 
about 2 feet high with a period of 5.5 
hours (Fig. 3 ) .  Note that these waves do 
not show the progressive shortening in 
period that is so characteristic of im-
pulsive generation (Fig. 2 ) .  

For the first harmonic ( n  = 1), the 
computed period is one-third of the fun- 
damental. The records do not show any 
prominent oscillations of 2-hour period. 

Further north, near Sandy Hook, the 
30-fathom line is more nearly 120 kilo- 
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Fig. 2. The upper curve shows elevation 
against time at a fixed point according to 
the Cauchy-Poisson theory. The lower 
curve is the recorded water level at Ocean- 
side corrected for instrument response. 

meters offshore, and $ = 4.25 x The 
computed periods are then somewhat 
longer, 6.9 to 7.2 hours. The measurcd 
period at Sandy I-Iook was also longer, 
7 hours. But it is not clear whether the 
change in topography actually accounts 
for the change in period, and we ha\.e 
not considered in detail what happens 
when slope varies gradually along the 
travel path. 

The wavelengths are of the order of 
400 kilometers. Edge waves are essen-
tially confined to a strip within a distance 
L/2n from shore; for this reason, we have 
based our calculations on average slopes 
over the first 100 kilometers. Beyond the 
continental shelf, the slope is far larger. 
To  estimate the effect of this increased 
slope, we have worked out the theory 
(not given here) for an inclination $, to 
a distance x,, followed by 8, beyond x,. 
Setting 

XI= 200 km, fll = 4.25 x lo-&,f12 = 5.9 x 10F 

for the bottom OR Sandv Hook leads 
to a decrease in computed period by 
roughly 2 percent. The approximation 
of a constant slope is adequate. 

The sea-level disturbance at Atlantic 
City and Sandy Hook consisted of four 
waves and lasted until about 24 hours 
after the passage of the hurricane. A 
rough calculation of the expected dura- 
tion of an edge-wave wake is as follows. 
Hurricane Carol started its rapid trip up 
thc east coast on the morning of 30 Au- 

. . . . . . . .  ..... a : '  
.. .. .. .. . . : ...... .. ..... gust from about latitude 31 ON. The hur- . . . . . . .*. :: ricane arrived at Atlantic City about 24 

Fig. 1. Meteorologic and sea-level records of 6 January 1954. The Scripps and Oceanside 
tsunami recorders are peaked for sea-level oscillations of 45-minute period. The scale for 
oscillations of 30-minute and 10-minute periods is indicated. A gust recorded at Scripps 
at  3:35 A.M. (0335) is followed by a dispersive sea-level oscillation at Oceanside, 38 
kilometers to the northwest. 

hours later. The front of the water dis- 
turbance arrives with the hurricane; the 
rear travels with group velocity, which is 
one-half the phase velocity for edge 
waves. Hence the rear will take twice 24 
hours, and the duration is 24 hours, as 
observed. For the general case, let D be 
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travel t ime and Y travel distance at a 
velocity o f  U .  T h e  duration t o f  the  dis- 
turbance is given by  

These  expressions are equivalent for con- 
stant U ,  as assumed. For Carol we  set 
D=24 hr ,  Y = 5 4 0  naut. mi., U=33 knots; 
the two  expressions give t = 24 hr and 
t = 16 hr.  T h e  numerical values are sum- 
marized i n  Table  1, together w i th  similar 
calculations for three other hurricanes 
( 9 ) .  T h e  values for Edna are similar t o  
those for Carol. T h e  hurricanes o f  1938 
and 1944 had similar paths and were far- 
ther out at sea than the  1954 hurricanes. 
IVe have taken  their starting t ime when  
the storms' centers came over the shelf 
just south o f  Cape Hatteras. Th i s  yields 
durations that  are considerably shorter 
than the  observed values. T o  obtain 
agreement, one must  take the  starting 
t ime 12 hours earlier, when the hurricane 
centers were about 250 miles f rom shore. 

I t  is known that the rise i n  water level 
is o f  the same order as that given by  the 
inverse barometer rule: the  water level 
rises 1 centimeter for each millibar o f  
pressure drop. T h e  measured rise is o f t en  
larger, and the  dif ference is attributed t o  
winds. Here we  l imit  ourselves to the  
question whether a traveling pressure 
spot o f  reasonable dimension could gen- 
erate edge waves w i th  amplitudes o f  the  
order o f  the inverted barometer. Con-  
sider a pressure spot 

travcling f rom y = - x ,  t =- with  ve- 
locity U parallel to the coast. T h e  re-
semblance t o  actual hurricanes is poor, 
but  the  Fourier transform is simple. T h e  
isobars are nonconcentric circles. T h e  
pressure deficiency is po at x = 0 ,  y = Ut,  
and % P o  on  a circle o f  radius a centered 
at x = 0 ,  y = Ut. I t  can be shown that t he  
elevation o f  the sea surface is given t o  
good approximation b y  

2kn(po/pg)e-M'"+"cos k ( y  - U t )  

~\.hcrek = g sin (3/U2 is the wave number 
(2 ; c /L )  o f  the  fundamental  mode  o f  edge 

waves traveling w i th  a velocity C = U.  
On ly  the fundamental  mode  is generated 
to the  present approximation. T h i s  is, o f  
course, a consequence o f  the  assumed 
pressure pattern, but  it is doubtful  
whether any monotone (nonwiggly)  
pressure pattern resembling surface iso- 
bars o f  hurricanes would be an  effective 
generator o f  harmonics. T h e  crest height 
at the  coast line dif fers f rom that given 
b y  the inverted barometer rule by  a 
factor o f  2 ka  e-"=. T h i s  has a m a x i m u m  
value o f  2 / e  for ka  = 1. Thus ,  wi th  wave- 
length having been determined by  the  
speed o f  the  hurricane, its effectiveness 
dcpends on  the  hurricane's dimension. 
T h e  waves are largest when  the  radius o f  
the half-pressure isobar equals 

k' = L / 2 z  = U 2 / ( g  sin (3) 

For the  hurricanes under consideration 
here, this equals 30 to 40 miles. T h e  ob- 
served half-pressure radius is more  like 
100 miles, too large for op t imum genera- 
tion. T h e  afore-mentioned values give 
ka  = 2.5 t o  3.0, and 2 ka  e-k" 00.1 t o  
0.30. Thus ,  the inverted barometer rule 
yields the correct order o f  magnitude.  

T h e  over-all agreement for the  four 
East Coast hurricanes is eood. T h e  ob- u 

served and computed periods agree, and 
the longest period is associated wi th  the  
fastest hurricane. Duration and ampli-
tude  cause no  narticular difficulties. T h e  
outstanding feature is that the periods 
are large, and this is attributed t o  the 
very gentle bot tom slope. 

For contrast. w e  consider verv brieflv 
the  disturbance caused by  a traveling 
squall over Osaka Ray, Japan, on  29 Au-  
gust 1953 ( 1 0 ) .Coming f rom the  south- 
west at a speed o f  very roughly 30 knots, 
it gave rise to a pressure drop o f  3 milli- 
bars at Wakayama.  I n  this region, the  
coast tends north-south, and the long-
shore projection o f  the  velocity was o f  
the  order o f  40 knots. T h e  offshore to- 
pography is irregular. W e  replace it by  
an  idealized profile consisting o f  a con-
stant s l o ~ e  t o  t he  30- fa thom line 4 miles 
offshore, and constant depth  seaward. 
T h e  theory for this geometry (no t  in-  
cluded here)  gives a period o f  31 m in -  

Fig. 3. Observed minus predicted tide-gage 
level at Atlantic City (lower curve) and 
Sandy Hook (upper curve) during hurri- 
cane Carol. Arrows indicate time o f  pas- 
sage o f  storm center. 

utes for a phase velocity o f  40 knots. 
I f  one assumes the  slope t o  extend in-
definitely, Eq.  3 applies, and the period 
is 29 minutes. T h e  observed periods along 
this stretch o f  coast line were 20 minutes 
at Shimatsu, 30 minutes at Kainan, and 
25 minutes at Wakayama .  

O n  comparison wi th  Tab le  1, w e  find 
the velocities o f  the  disturbance t o  be  
commensurate, but  the  bot tom slope o f  
Osaka Bay is 15 times larger than that 
o f f  Atlantic Citv.  I n  accordance w i th  
edge-wave theory, the  excited periods 
should be one-f i f teenth as large, and t hey  
are. I n  most  regions o f  the world,  the  
slope is even larger than it is o f f  W a k a -  
yama, and the  observed open-sea seiche 
periods are shorter. Typical values are 
(3=  0.015 and T = 10 min ;  this requires 
a longshore component o f  velocity o f  27 
knots for the  traveling disturbance. 

Redfield and Miller ( 8 )  discussed the  
oscillatory wake under the  heading "re- 
surgences." T h e y  stated "these phenom- 
ena are o f  particular importance  because 
they tend to catch one unaware, coming 
as they do  a f ter  the  storm appears t o  be 
subsiding. . . . Should a storm pass 
along the  coast at low t ide the  accom-
panying rise i n  water level might be in- 
consequential, but  the  resurgence occur-

Table 1 .  Periods and durations o f  sea-level disturbances caused by four hurricanes. 
-

Wave  period T ( h r )  Duration ( h r )  

Velocity Path Y Travel Computed Observed Computed Observed
Hurricane (knots)  (naut .  time D __ --

m i )  ( h r )  sin f i= sin (3 = Atlantic Sandy Atlantic Sandy 
5.0 X 10.' 4.2 X 10' City Hook City Hook 

30 .Aug.-1 Sept. 
1954 (Carol )  32-34 540 24 5.8-6.1 6.9-7.2 5.5 7.0 16-24 20 2 6 

11-12 Sept. 
1954 ( E d n a )  3 2 530 24 5.8 6.9 6.0 7.0 17-24 23 ? 

14-15 Sept. 1944 33 360 12 6.0 7.1 5.6 7.2 11-1 2 23 30 
21-22 Sept. 1938 40 360 9 7.3 8.6 8 0 9 16 
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ring six hours later would arrive at  high effect of coupling the atmospheric dis- 
tide, and might thus prove more destruc- turbance to the relatively flat areas near 
tive than the original rise in water level." the lake bottom rather than to the 

The prediction of the resurgences is steeper edges. Edge-wave theory is not 
then a matter of practical importance, applicable to this situation, but it might 
and our calculations for four hurricanes be profitable to look for a normal mode 
must be extended to other cases. The re- solution that is. 
sults shown in Table 1 give some hope 
that the arrival time of resurgent crests 
can be predicted on the basis of Eq. 3 and Edge-Wave "Noise" 

that the number of such crests can be 
estimated from Eq. 4. The amplitude will The causes discussed so far have dealt 
be more difficult to predict; it is of the with clear-cut and exceptional meteoro- 
order given by the inverted barometer logical disturbances. But the Scripps and 
rule. M'e expect resurgences only if the Oceanside tsunami recorders show some 
hurricane travels over the shelf for a time activity at  all times. The root-mean-
exceeding T [= 2z U j ( g  sin B) ,  Eq. 31. square height ranges from less than 1 
Hurricane Hazel came over the shelf at centimeter on quiet days to more than 5 
40° incidence and quichly traveled in- centimeters on noisy days. There is a cor- 
land. There were no resurgences. relation between the general level of ac-

I n  closing this discussion, we should tivity at  Scripps and Oceanside, but there 
point out the connection between our is no col~erence between individual waves 
treatment and previous investigations. at the two stations, The records are ir-
Redfield and Miller (8)  contoured the regular and quite similar in appearance 
depth h" for which (gh'>)'/" equals the to ordinary wave records, but the periods 
speed of the disturbance. They correctly are about 100 timcs longer. M. J. Tuclier 
emphasized that effective generation of of the National Irlstitute of Oceanogra- 
the water-level disturbance takes place phy, Great Eritain, has kindly made a 
only where the shelf depth is less than frequency analysis of some of the rec-
h*. Our interpretation of 12% (for con- ords. The spectra sho~v a band of activity 
stant slope) is the depth at  a distance between periods of 10 and 30 minutes. 
L/2x from shore, the rnean distance of If this activity is the result of edge 
the wave elevation. E~ving, Press, and waves, then it should diminish with dis- 
Donn i11) drew similar contours to ex- tance from shore in the predicted man-

\ , 

plain the disturbance caused by a squall ner. T o  test this, we have made simulta- 
line over Lake Michigan. They attrib- neous recordings from a shore-based and 
uted the disastrous wave to the unusually a ship-based recorder. The portable shore 
high velocity of the squall. This has the unit was placed on the bottom in about 

'Table 2. Comparison between selected portions of wave records df ship-based recorder at 
stated distances and depths and wave records of shore-based recorder at 1200-foot distance 
from the beach and 22-foot depth beneath mean lower low water; r is the ratio of offshore 
to near-shore amplitude, and At is the offshore minus near-shore arrival time of a coherent 
feature. For comparison, the values based on edge-wave theory and ordinary shallow- 
water propagation are also tabulated. 

~- - -

Observed Edge wave Shallow water 

Station Distance Depth Period r At 'r 

( i t )  ( f t )  (min) fi = 0.02 8 = 0.03 'r 
A t  

.- - . 	 --

.4 1,450 35 	 2 1.0 * 0.39 0.49 0.89 8S 
12.5 0.81 )e 0.97 0.98 

B 4,700 135 2 0.65 30% 0.00 0.00 0.64 lm15s 
3.5 0.65 - 40s 	 0.01 0.04 
4.0 0.70 - 12" 0.02 0.08 

16 0 .85 (? )  * 0.79 0.86 
C 	 6,500 155 3.5 0.56 2m 0.00 0.00 0.61 lm50s 

'1 0.62 - 30" 0.00 0.02 
5 0.50 * 	 0.03 0.09 

10.5 0.80 * 0.15 0.56 
22.5 0.84 1'" 0.83 0.88 

D 10,200 295 2 0.37 2"(?) 0.00 0.00 0.52 2m15S 
13.7 0.50 * 0.44 0.58 

E 22,900 275 2 0.40 I 0.00 0.00 0.53 3"4OS 
12 0.18 )e 0.07 0.18 
15 0.40 * 0.19 0.33 
22 0.43 * 0.47 0.60 
25 0.58 * 0.55 0.67 

* T h e  phabe lag Xvas too ~ ~ n a i l  t i\'ot o  be measurable. coherence. 

30 fect of water. The fluctuating pressure 
acts on a systern of capillaries and air 
volumes that discriminate against swell 
and tides and give peak response for 10- 
~liinute periods. A strain-gage transducer 
comerts the filtered pressure fluctuations 
into fluctuating voltages, which are trans- 
mitted by cable to a bank of shore-bascd 
resistance-capacitance filters of very long 
time constant. Their output is recorded 
in two broad frequency bands, one ccn- 
tered at  13-minute period, the other at 
22-minute period. 

This kind of instrument is not readily 
adapted to great depth. I t  is hard to pro- 
vide for an adequate volume of com-
pressed air, and even if one does, one is 
apt to have a thermometer on one's hand 
instead of a pressure recorder. lVe have 
accordingly abandoned any compliance 
and prefiltering at depth for the ship- 
based instrument. XVibrotron transducrr 
on the sea bottom consists essentially of 
a stretched wire oscillating at 15,000 to 
30,000 cycles per second. The 'Yaw" ples- 
sure fluctuations modulate this frequent), 
and the oscillations are counted and 
printed on shipboard. The instrumcnt 
has been used up to depths of 2300 fect. 
For 1-minute counts, we can detect 
changes in pressure by 1 millimetcr of 
water. 

The Vibrotron output includes the ef- 
fects of swell and tides as well as the 
effects of the intermediary flequencics 
that are under consideration here. For 
comparison of records ~v i th  thosc of the 
shore-based recorder it is ncccssary to 
subject the Vibrotron output to cqui\,l- 
lent frequency filters. This has been done 
numerically by forming a convolution of 
the record with the Fourier transform of 
the impedance of the 	 shore-based re-
corder. Details are elaborate and rvill be 
submitted for publication else~vhere. 

The observed values in Table 2 h ~ v e  
been obtained by the crude method of 
selecting portions of the record for I\ hi( h 
some frequency predominates for a few 
cycles, and then comparing amplitudes 
and phases, The last columns give tlico- 
retical values. The computed ratios in 
the column headrd "edge waves" are 
exp(-2n h x / L ) , whcre Ax is the distance 
bet~veen the recorders projected along a 
line normal to shore and L is the TvaLr- 
length of the fundamental mode, TZ - 0, 
for slopes of 0.02 and 0.03, respcctivclv. 
The  shallow-water values are co~nputcd 
on the assumption that wave heights arc 
proportional to h-% and that the phase 
velocity equals dg.hy 

For ncarby stations, the coherence was 
suficiently good to permit positive iden- 
tification of detailed features on both 
records, but for shorter periods at distant 
stations, one ought to compare spectra. 
The complex submarine topography off 
La Jolla, Calif. (Fig. 4 )  is as much a 
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liability to us as it is an asset to the sub- 
marine geologists. The recorded distances 
in Table 2 are referred to the beach at 
Scripps; had we measured them from the 
nearest land, the values would have been 
appreciably smaller. \Ye are planning a 
series of measurements in regions wit11 
simpler topography, as well as an analy- 
sis involving co- and quadrature spectra 
of the two records. But even so. certain 
results stand out clearly from the present 
crude analysis. 

1 )  There is a marked distinction be- 
tween waves of period less than 5 min- 
utes and those of period more than 10 
minutes. 

2 )  The 2- to 5-minute waves have 
been called surf beat 112-14). Their 
spectrum is related to the spectrum of 
the eizvelope of the incoming swell, and 
their energy just outside the surf zone is 
1 pcrcent of the wave energy. According 
to edge-wave theory, these waves should 
be all but eliminated at stations R, C, D, 
and E; according to the conventional 
shallow water theory, the amplitude 
should be reduced only by a factor of 
two at the farthest stations. The observed 
values are certainly not in accord with 
edge-wave theory. There is rough agree- 
ment with regard to amplitudes (but not 
with regard to phase) with shallow water 
theory. 

3 )  The 10- to 30-minute waves are be- 
lieved to be a quite different phenome- 
non. Certainly their general level of ac-
tivity is found to be unrelated to that of 
the surf beat. Table 2 shows that the ob- 
served amplitude ratios are in general 
agreement with those given by edge-
wave theory. Particularly at  station E, a 
shift toward the longer periods was no- 
ticeable. The shift with distance from 
shore is analogous to a similar shift with 
depth in the case of ordinary surface 
waves. 

4 )  Results were similar at stations B 
and C, ivhich were located at opposite 
sidcs of the Scripps submarine canyon 
(Fie. 4 ) .  

Hoxv is the edge-wave noise generated? 
One is tempted to look again for some 
coupling between atmosphere ant1 ocean. 
This. t i m ~  lye do not look for a single im- 
pulse or a ~tcll-defined traveling disturb- 
ance, but for the random superposition 
of many such disturbances. A possible 
source is the microbarographic oscilla-
tions. The rnicrobarograph at Scrippi. 
traces a noisy record containing frequ&- 
cies of the same order as those on the 
sea-level record. About ten times a year, 
these oscillations show rathrr well-defined 
patterns with amplitudes of as much as 
1 millibar. One such case is shown by 
the pressure and wind direction traces on 
Fig. 1. There is quite good evidence 
( 3 , 4)  that these oscillations are the sur- 
face (actually bottom) manifestation of 
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Fig. 4. Depth contours in fathoms off La Jolla, California. Positions of ship-based tsunami 
stations, A to F.  Thc permanent shore-based recorder is located near station A, aq shown. 

internal waves traveling on the atmos- 
pheric inversion layer with the "shallow 
water" velocity 

Cn = (ghnAIn 8 ) '/" ( 5) 
whcre h, is the height of the inversion 
layer, and A In 0 is the logarithmic 
change in potential temperature across 
this layer. Ultimately, these waves may 
be caused by a variety of meteorologic 
events such. as cyclogeneses offshore or 
break-throughs of marine air ( 4 ) .  

We now suppose, without evidence, 
that the usual microbarographic noise in 
this area is also the result of internal 
waves on the inversion layer. Let u bc 
their direction relative to a normal with 
the coast line. There is coupling with 
edge waves, provided that C, csc a = C, 
nr in view of Eqs. 2 and 5, if 

?(ghilA ln 0 )  'h 
g sin rx sin ( 2 n  -I 1 )fi ( 6 )  

Typical values are h, = 400 m, A In 0 
= 0.075, sin 8 = 0.02. For the funda-
mental mode, these give a 90° (glanc- 
ing), T = 8.7 min; u - 60°, T = 10.0 min; 
a =  30°, T = 17.4 min; a =  15O, T =33.5 
min. 

The observed values of T are 10 to 30 
minutes. The short-period limit of the 
spectrum is determined by the speed of 
the atmospheric waves. Longer periods 
are the results of the "scissors effect" be- 
tween atmospheric wave crests and the 
coast line for other than glancing inci- 
dence. The computed periods can be 
made arbitrarily ljrge for-near-normal in- 
cidence: but for eaual wrobabilitv of 

A . 


wave direction. the snectral densities of 
very long periods are then very small. 
IVithout further measurements, the pe- 

culiar mechanism proposed here---that of 
coupling the atmospheric inversion to 
the continental shelf-must be regarded 
as speculation. 

Tsunamis 

So far, we have dealt with edge waves 
generated by atmospheric disturbances 
over the shelf. The reader mav have 
lvondered whether tsunamis recorded on 
coastal tide gages are, a t  least in part, 
edge waves excited by long waves from 
the open sea. 

\lie have considered in some detail the 
problem of waves from the open sea 
(depth H,)impinging on a coastal ledge 
of sorne specified width D and depth HI. 
T'his geometry makes the algebra simple 
and the comparison with observed con-
ditions dificult. '4 detailed treatment is 
out of place here, but we shall sketch our 
result?. Suppose a regular wave train ar- 
rives from the open sea with a velocity 
C,= (gH,) ' A  floin a direction rl. rrla-
tivc to the coast normal. After a time 
interval of several wave periods, a dis-
turbance is built up over the shelf. The 
disturbance is dlivcn along the coast line 
xvith a speed C csc a that is far greater 
than the speed of free edge waves of 
comparative length. 

The amplitude at the coast line cle- 
pends on u and thc lelativc dimensions 
of the shelf and waLes. For our simple 
geometry, Rrervster's angle 

arc tan ( Co/CI)= arc tan (Ha/HL)% 

enters in a critical manner. For incidence 
more nearly glancing than Brewster's 
angle, the coastal amplitude is always 



smaller than the deep-sea amplitude. For 
incidence more nearly normal, it is al- 
mays larger. The maximum amplification 
is (H,H,) '% This occurs for normal in- 
cidence if the wavelengths are such as to 
give an antinode at the coast and a node 
at  the outer edge of the shelf, in close 
analogy with the open organ pipe for-
mula. 

\Ye must therefore expect that only the 
first few waves can give some indication 
of the deep-sea disturbance. Thereafter, 
selective amplifications of those particu- 
lar frequencies that are in resonance with 
local topography should dominate the 
record. This is more or less what one ob- 
serves. For example, the measured time 
interval between the first and second crest 
usually shows a systematic increase with 
travel time (15) in accordance with what 
is to be expected for slightly dispersive 
waves (16).  But the frequencies in the 
interior of the record differ erratically 
from station to station. A spectrum analy- 
sis by M. J. Tucker of the La Jolla and 
Oceanside tsunami records for the Japa- 
nese tsunami of 4 March 1952 (17)  re-
vealed sharp peaks at periods of 30 and 
21 minutes. Application of the open organ 
pipe formula yields resonance amplifica-
tion of the continental borderland 
( N o= 3000 m, HI = 1000 m, D = 260 km) 
for periods of 1.2 hr, 2.5 hr, and so forth; 
the continental shelf ( N o =  1000 m, 
H ,  = 100 m, D = 1 5 km) is resonant for 
periods of 3 minutes or less. The former 
periods are larger, and the latter are 
smaller than the periods believed to be 
effectively generated by tsunamis, and 
this may explain why the average ampli- 
tudes in the California region are only a 
fraction of those at I-Iawaii. There is no 
clue here for the observed spectral peaks 
of 30 and 21 minutes. Our interpretation 
is that the continental waves are due to 

off-resonance coupling and that the spec- 
tral peaks were already inherent in the 
offshore disturbance. 

The important point is this: the cus- 
tomary procedure is to estimate deep-sea 
amplitudes by assuming a coastal ampli- 
fication of (H,/H,)X according to Green's 
law, or some equivalent rule based on ray 
optics. Since we find that the amplifica- 
tion may be much larger or much smaller, 
the usual estimates of deep-sea ampli-
tudes may be off by orders of magnitude. 
Useful estimates can perhaps be made 
from stations on isolated small islands 
because the wave height observed there 
~vould be nearly that of the open sea. 

One more point needs to be made. Ir- 
regularities in the coast line such as bays 
and headlands will scatter the waves on 
the shelf and convert some of their energy 
into free edge waves. In this manner, the 
deep-sea disturbance is trapped into low- 
velocity propagation along the edges 
113) .  A curvature in the coast line that , 	 , 
is concave shoreward ( a  bay) should be 
effective in trapping; convex curvature 
would lead to a loss of trapped energy 
by radiation back to the open sea. Major 
tsunamis are followed by something like 
5 days of enhanced activity, whereas the 
sea-level disturbance in an infinite ocean 
of constant depth should be a matter of 
hours, at most. Some of the prolongation 
is undoubtedly associated with reflection 
from continental borders, as shown by 
Cochrane and Arthur ( 1 8 ) ;  some may be 
the result of scatter from oceanic islands 
and sea mounts. We suggest that some 
of the afterglow, at least on continental 
margins, results from a conversion by 
coastal irregularities of fast open-sea 
waves into slow edge waves. There is a 
close analogy here with the experimental 
demonstration by Tatel (19) that some 
of the complcxity of seismic records can 

be traced to a conversion by surface 
irregularities of fast body waves into 
slow surface (Rayleighj waves. But 
there are difficulties with this suggestion. 
Travel times between La Jolla and 
Oceanside for tsunami waves do not 
check out well; and how is one to ac-
count for the afterglow at Hawaii? 
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Expeiiments  haoe two great uses-a use in discovery and verification, and a use in tui- 
tion. T h e y  were long ago defined as the investigatol's language addressed to Nature,  to 
which she sends intelligible replies. These  replies, however, usually reach the questioner in 
whispers too feeble 'for the  public ear. But after the  discoverel comes the teacher, whose 
function is so to exalt and modify  the expel iments  of his predecessor as to render t h e m  fit 
for public plesentation.-JOHX TYNDALL,  Lectures on Lzght, Lecture 1 .in S ~ X  

SCIENCE, VOE. 123 


