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ABSTRACT

Hurricanss (typhoons) have an intense low pressure asrsa which oftan
..'mow:r.'es rapidly over the surface of the ocsan. The coupled waber gravity waves
gen’é_rated by such a moving low pressure area have been studied in a bowing
. tank. It was found that the waves generated in this manner had a phase ve-
loelty identical to the velocity of the moving low pressure areas, When the
low pressure area was moving at velocities less than the shallow water wave
velocity ( Ygh), the waves wers of nearly constant period--the period being
that which when considered with tha water depth would providse a weve phaess
ﬁeldcity identical to ‘velocity of the moviang low pressure area. As ths
“group veloelty of waver gravity waves 1s less than the phase velcelty the
wave groups were formed behind the moving disturbancs. If the low pressure
ares is considered to be a gust it providss a mechanism for generating ™wind
waves™ of the period observed in the osean if the forward speed of the gush
is -ta'ken as the mean speed of the wird. When the vslocity of the moving low
pressure srea approached @ the cheracterisiics of the waves changed (ah
"ﬂgT phase and group velocitles becoms identisal in the linear theory)e

E The wave disturbance consisted of a largs wave followed by a few sSmaller waves.

; ﬁfl_;er the pressure area movement was stopped, the first wave would move

é};eé.d of the tail of the disburbance, the distance betwesn the two fhenomem

| iﬁéféasimé with increasing distancs travellsd by the waves. For ceritain
.._j':.___;_z.'o_r.qbinatj.o'ns of initial conditions several waves were formed with thi.s_.

T f?cf:li;érs;cteristiéo These waves had the appearance of the rescrds on the
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tide gages at certain locations of the Bast Coast of the U, S. during E[u.rricane
Carol (and other hurricsnes). A study of Hurricane Carol with respect to its
speed of forward movement and the water depth over which it moved showed that
it should have generated waves of the type obbtained in the laboratory and
which were sacbually recorded,

IN RODUC TION

A hurricane (byphoon) is a small, roughly ecircular tropical disturb-
anoe containing poor weather, heavy rains, a very low pressure area, end shrong
counterclockwise winds. The low pressure area in the cenbter is often 2 %o 3
inches {of mercury) lower than the surrounding air. Maximum wind often excesd
100 knots. The speed of advanes of a hurricane and its path vary considerablys
however, the speed m:iy exceed thirty knots in the more northern latitudes, es
caﬁ be seen in Table I (UoS. Dephte. of Commerce, Weather Bureau, 1957).

TABIE Ia. Aversge forwsrd speed (knots) 2 hours before and afber
antering the coast, by regions. (United States Hurricanes with central pressures

below 29,00 inches)

Toxas Mid~Gulf Florida Florida  Atlantiec (¥, of Atlantic (Caps
1900~1949 18871985 Peninsula Keys Fla, = 8. of Het. and north-
S _ Hatteras) ward)
_ 1893-1958 1893 -~ 1958
z 6 3 8 7 18
8 7 8 8 9 ' 18
8 7 7 9 2 22
8 9 8 10 12 23
e 10 8 10 14 24
10 10 8 1l 15 29
11 11 10 13 i 30
11 il 10 13 is 33
1t 14 10 16 i7 40
11 18 11 18 47
12 i8 11 1
13 16 11 22
14 gl 11 28
15 23 11
16 25 12
28 13
13
14
14
- Mean 17

11 14 11 11 16 28
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There is evidense (Dunn, 195%g Unokl and Nakane, 1955; Harris, 1956)
that lorg water graviby waves are assoolaked with soms hurrisanes. It was
suggested by D. Lee Harris of the Us. S. Weather Rursau that it might be
possible %o modsl the moving pressurs area of a hurrisans using 2 suchticn
fen and a btowing carriags. A prelimimary tesh chowsd results which wera
interesting enough %o warrant a mors debailed sbudy.

NO attempt was made to model exachly the shape of the pressure patb-
tern within & hurricene. No attempht wes mads to include +the high winds and
the associated wind wavesy it was believed bhat thess waves would mask the
phenomenon being studisd--the coupled wave,

& study of a similar type phkenomenon had bsen mads by Press and Olive:
(1955): they studied the flsxural waves inducsd in a thin plate of aluminum
by pressure pulse gensrated by 2 spark sourca, The sxperimenial seb-up was
such that three phsnomesna sould bs studisds (L) the equivelent of a M ground
shot™s 1090, only flexural waves in the aluminum; (2) a combination ground
wave in the aluminuwm and the wavs induced by the air pressurs wave travelling
along the plates and, (3} only the air pulss induesd flsmural wave in the
aluminum piate. The lash phenomens was analagous bo the study described here=
in. Press and Oliver found that the inducsd wave had a peried susk that the
phass velosity assosiabed with bhis peried was tho same as ﬁhe volosiby of
the air pulse. I was found that the group of waves bravelled wikh the group
velocity associatbed with the memsured wave periocd and thak the growp Gomns
sigbed primarily of waves of consbant psriod rather than a dispersive group

of the type associatsed with the ground blash waves.

THEORY

Lord Kelvin (1906) dsveloped a theory for a diffused line pressure

source moving over a bedy of ianfinitely desp water. Havelock (1909, 1922,



1925-26), working along similar lines developed the theory for water of anmy
depth, with the same assumptions being made as in the development of the
linear theory.

Relvin and Havelock found that the moving pressure source would gen-
erate transverse waves with phase velocities equael to the weloeity of the
moving pressure sourc@e The wave periods woulci be the period assocciated
with the particular wave velocity and water depth. The g;rou;p of waves would
form to the rear of the disturbance as the group velociby of water gravity
waves is less than the phase velocitye

Haveloeck (1909) studied a diffused line pressure of the followi ng

sorbs 2

P _ﬁ a
po= T = T i+ a®

whare
[
P = f f (x) ox = constant
w0

with x being measured in the direction of motion, p being the pressurs and
@ expressing the degres of diffusion (it has the dimension of lengbth, the
"width" of the pressure line) and should be small compared with the normal

wave dimensions. The amplitude of the waves formed by such & system is given

by
2ma
c- ZT"'T P e x
g = (I,_ T AT X )
sinh 4T A/ A
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where A=wave length, h = water depth and ¢ is a constant (probably %}

- 47 ht
where Y is the specific weight of water). The term (Ie-dmlzwb}‘) expresses

the offect of the difference between group veloecity and éhase velocity upon
the accumulatiorn of energy in the wavese

The relationship between the wave helght (twice the wave emplitude, a)
and the wave velocity has been plotted in Figures 1 for a box two feet long
travelling over water 1,08 ft. in depth, taking a equal to one-half the length

of the box which represents the "hurricans®™ in our series of tests. On the
same graph the experimental points of wave height versus velocity of the pres-
sure arss have been plotted, It is apparent that the solubion, which depends
upon linear wave theory, becomes invalid as the wave celerity approaches N/QE
because the wave amplitude becomes very largs, which viclates the assumpbion
of the linear theory.

Havelock (1922) developed = more useful theory for a moving diffused
pressure point which relates the wave resistancs to the rafio of the wave
calarity to .vﬂle where [ is the radius of the pressure disburbanss.
Havelock!s cwrves have been reproduced im Figure 2, and although they are not

directly applicable to the diffused line source they do indicate the general

relationship observed in our tests.

EXPERIMENTAL EQUIPMENT

The experimental equipment consisted primarily of a suction fan mounted
et the top eenter of e plywood box (bothom side open) mounted beneath a towing
carriage on the wave-towing tank (Figure 3). The box extended o within aboud
an inch of the tank walls and %o within about one inch of the water surfacs.
Three box lengths were useds 2 ft., 4 £t., and 6 f5» Some data on the pressurses
Vwithin the boxes are shown in Figure 4.

A number of parallel wire resisbance wave meters (Wiegel, 1956) were



mounted on the structure. These meters were mounted as shown in Figure 5
for the tests in water depths of 1,06, 2,28, 3,08 and 4,07 feet. The meters
wore mounted in slightly different positions for the tests in water depth of
0,50 and 0,17 fest; in addition, wave mebers were mounted at ea.eh end of the
fowing tank for the latter tests.

A flood 1light was installed within the box to light the waber surfacs.
A 35 mm Boll & Howell movie camera was installed in the camera pit (at about
the center of the tank) to photograph the box and the water gravity waves as
they passed the glass wall section of the tank., The camera cperation was syn=
chronized with the records from the wave meters by means of an event marker

on the Brush penmotor which was used to record the output of the wave meterse

L4 BORA TORY FROCEDURE

e automatic carrisge control unit was set for a chosen carriage
speed and the motor starbed. As soon as the carriage had come up to its stoady
speed the fan was started. The wabter—-surface recorders were sharted prior %o
starting the fan so that a complete water surface time history would be avail-
able. MAs the carriage moved past the camera pib, 35 mm moving pictures werse
taken. A sweep second-hand clock was in the field of vision of the camerss.
The starting and stopping. of the camera was regorded on the we.terwsurfaaa e
corder chart by means of the event marker. When the carriage had run a suffi-
cient dishtance the carriage and fan were stépped simultaneously. 4&n eleotric
braking system was used so that the eaivri.é.ge eould be shtopped within a dis-
tance of two or three feeb, The regorders wers left running until the wavs
_syst;em had reflected from the far end of the taﬁk and passed ¥he recording
.systemo

Tosts wtith all three boxes were made with water depbhs of 4,07 fta.,

3,08 fta, 2066 s and 1,06 £t In addition, tests with the 6 ft. box were
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made with water depiths of 0.50 £t. and 0.17 £He

RBSUL T8 AND DISCUSSION

One series of teshs was run with the fan bturned on when the carriags
was stationary. The only waves formed by the stationary low pressure area
and the asgsoeciasted “winds™ were of a very small amplitude and length: com=
pared with the waves formed by the moving system they were considered to bs
"noise™, The effect of sbarting and stopping the fan was unnoticeable.
Another series of test comsisted of running the carriage withoubt the fan
operating, Records taken of the waber surface again showad onrly "noise®™,
lF'.rom the two sebts of +ests it was evident that the waves discussed in this
report were associated only with a moving low pressure aref.

Using the moving pilctures taken of the experiments, together with the
rocords of the wave recorders, it was possible to obbain the water=-surface
profiles under moving boxes. These profiles were not always constent with timeg
however, their general characteristics with respect to box veloelty can be
seen in Figure 6e

The main feabure of the water gravity waves gensrated by the pressure
ares moving over the water surface was that the weves were essentially of con=
stant period, except im very shallow water (Figure 7). Thus the wave group
did ﬁot resemble the group associated with an impulsive source. The wave group
.wa.s dispersive as can be seen in the sample records on the right hand side of
Figure 7 which shows the wave trains after they have travelled about two
hundred feet from the point at which the moving pressire area had been stopped.
Tae group of waves, where there was a group, travelled with group velociby.

&s the group velocity is less than its phase velocity for gravity waves the
group followed the low pressure area. The phenomenon was similar %o that re-

porked by Press and Oliver (1955)e




In Figure 8 the measured wave periods have been plotted as a funstior
of the ratio of the low pressure area veloclty to \/E and compared with the
theoretieal relationship between wave period and velocity for freely running
waves. Bxecept for relatively shallow water the period of the waves wag such
that the phase velocity was the same as the velocity of the moving low pressurs

aros where the phase veloolty is given by the set of equations

97 27nh
o = o tanh ~
A= CT

(where ¢-= phase wvelosiby, g ® acceleration of gravity, T = wave

gl
2w/”

period, h = water depth, A = wave length computed from A= (

tanh _Z_EQ There was no apparent effect of the length of low pressure arsea on the
wave velocitys

One trend was evident. The smaller the water depth the greater was the
value of ﬂ/ﬁh for which measured values of the foreed waves compared closely
with theorye When considering relatively shallow water it appesrs that a
forced wave moving with & given wveloeity has a smaller pericd than a freely
running wave with the same welocitye

When the wvelocity of the moving low pressure area was in the immediate
vieinity of ﬁ a differan-b phenomenon was observad. Thé first wave in the
series was of a “s.olitary“ (actually, probably a Menoidal™) nature: this wave
was followed by a series of waves which were dispersive (Figures 9 and 10).
After the pressure area movement was stopped the first wave would move ahead
of the tail of the disburbance, the distance bebtwaen the +two phenomenon in-
ereasing with increasing distance travelled by the waves. It can bs seen in
several of the sample wave records that the ftrough preceding +The major cresk

disappears after the waves have travslled a ways, It appears that this



"negative wave™ becomes a part of the dispersive train to the rear of the
first orest (ses Run 2-3, Figure 9 for example)e

For cerbain combinations of initial conditions several waves were
formed which had the superficial appearance, at least, of cnoidal waves
{see Run 2-34 and 2~37 of Figure 10).

In Run 2=-44 of Figure 10 another phenomenon can be observed. This
is a large negative wave which is dispersive, but vhich travels at a welocity
considerably in excess of the dispersive "periodic™ wave train which followss
It is believed that this wave was associabed with the displacement of the
water surface under the moving pressure ares and is related to the dimensions
of the pressure area,

The amplitudes of the waves were plotted in various menners. The
most signifieant was found to be in the mannsr of Havelook (1922). This con-
sisted of plotting the wave height as a function of the ratio of the veloecity
of the moving low presswure area to N/“é_-f_?rz-?where [ 18 the length of the low
prossurs area (iee, 2 fhoy 4 fta, or 6 ft.) (Figure 2)s Tese data have been
shown in Figures 11 and 12. As Havelock predicted; in shallow water the effech
of N/E;Z?E becomes small compered with the effeeb of «/E£} This can be seen
for the water depths of 050 and 017 feet for the & ft. boxe

Data for the 2 ft. box moving over water 1,068 ft. deep have been
plotted in another manner in Figure 1 for comparisons with Havelock's theory of
the waves generated by & moving diffuse linse pressure ares (Haveloek,1909).
The theory compares rather ﬁell with the data until a wvalue of the ratio of
moving pressure area welocity to N/Eﬁ_of 0u86 is reached, at which point the
measured height starts to decrease and continues bo deorease with inereasing

pressure area veloclty, as was expecteds
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) APPLECATION TO HURRICANE WAVES

Tt is evident from thess tests that waves can be formed in shoal
water with relatively long periocds. It is necessary %o debermine whether
nurricanes do move with the necessary velocity over shoal water bo generate
such waves,

In Figure 13 is a reproduction in reduced size of & section of Us Be
0&GS Chert No. 1000 (Cape Sable to Oape Hatteras) showing the water depths
of fshore ‘the Bast Coast of the U. 8. The path of the senber of Hu}rioane
Carol (30, 31 August 1954 is plotted on this chart. It twavels over shallow
water for an appreciable distance with a forward speed of approximately thirty
to thirty-five knobs (betwsen Cepe Hatteras, North Caroline and Long Isliand,
Ne Ye)s The shallow water wave velooities ( jéﬁiassociated'wi%h.water depths
of 5, 10, 15, 20 and 25 fathoms are 18.4, 26.1, 3109, 38,8 and 41.2 knotse It
is evident that Hurricans @arol should have been able to generate the type of
long wave that would be known as a surge, especially in the vieinity of Long
Island, This is in agresment with the data pressnted by Harris (1956 ) which
has beon shown in Figure 1l4e

The forward speed of Hurricane Carol was not unusually great for the

comssal area norbth of Cape Hatteras as canbe seen from Table I.

' APPLICATION TO WIND GENERATED WAVES

The moving low pressure area which was studied can be sonsidered to
be a part of a gust of low pressurs in a wind blowing over the surfase of
deep water. The gush mey last only for a minute or so at the aireses

.boundaryg howaver, it would bs abls %to gensrate a train of waves with perieds
associated with the wave velocity idsntical so the forward veloclby of’ths
gusto Thus the mechanism assumed by Eckart (1953) hes been shown to raise

weves of the periods observed in the ocean. If, as Bekart assumss, the gusts




] Lo

on the average move with the mean wind speed this mechanism would explein

the trend of increase of maximum wave period in a spectral analysis of a
wave record with increassing wind speed as observed by Barber and Ursell
(1948). The fact that the speeds of such gusts {being large scale turbu-
lence) have a spechrum about the mesan value would explain the s pechrum

of wave pariods about a mean valus, If the speed of advance of low pressurs
area is plotted as a function of the generated wave period in deep water one
gebs nearly the identical curve drawn by Darbyshire (1952) 1n his plot of ob=

served maximum wave periods in the ocean versus maximum wind spoaed,

CONCIISIONS

Water grevity waves,:which were not edge waves nor wind waves, wers
generated by a low pressure area moving over & water surface in a towing bank,

In the deeper wabter many of the characheristies, such as wave period,
smpiitude and group velocity, sould be predicted from & theory presented by
Havelock (1909, 1922). If one considers the moving low pressurs ares as parb
of & gust, bthen a mechenism for producing "wind waves™ of the periods observed
in the ocean has been demonstrated.

In shellow water, defined as the case of the low pressurs ares moving
at approximately 7Yzh, the characteristies of the long waves were similar toc
those observed in conjunction with ceritain hurricsnes. An examination of the
path of Hurricane Carol (30, 31 August 1954) in relatien to the water depth
along the Bast Coast of the U, S. indicated that the hurricane moved with &
sufficient speed over wabter whieh was shallow enough that the type of wave ob-

gerved could ba predicted from these studies.
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Hourly storm surge height (observed minus predicted sea level),
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