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Tsunami and acoustic-gravity waves in water
of constant depth

Gali Hendin and Michael Stiassnie
Faculty of Civil and Environmental Engineering, Technion — Israel institute of technology,
Haifa 32000, Israel

(Received 11 February 2013; accepted 27 July 2013; published online 19 August 2013)

A study of wave radiation by a rather general bottom displacement, in a compress-
ible ocean of otherwise constant depth, is carried out within the framework of a
three-dimensional linear theory. Simple analytic expressions for the flow field, at
large distance from the disturbance, are derived. Realistic numerical examples in-
dicate that the Acoustic-Gravity waves, which significantly precede the Tsunami,
are expected to leave a measurable signature on bottom-pressure records that
should be considered for early detection of Tsunami. © 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4817996]

I. INTRODUCTION

In a series of recent studies, the Russian group lead by Professor M. A. Nosov has demonstrated
the importance of the small compressibility of the ocean in the process of Tsunami generation;
see Nosov!>? and Nosov et al.>~ These studies follow the foundation laid in earlier attempts by
Miyoshi,6 Sells,” and Yamamoto.®

The overwhelming majority of ocean-wave studies ignores the minute compressibility of the
water, which is expected to have, and in most cases has, only a negligible effect on the main physical
processes. However, a rather straightforward analysis of the linearized problem in water of constant
depth reveals that for any wave period (7) smaller than four times the water depth (%) to the speed
of sound (c) ratio (i.e., T < 4h/c), two or more propagating modes are possible.

This state-of-affairs is rather different from the situation in an incompressible ocean, for which
only one propagating mode exists. In the balance of this paper, we shell refer to these modes by their
wave numbers: go > 27/cT > q1 > q2 > ... > qn; Where g represents the mode which also exists in
a incompressible ocean, and will be called the Tsunami mode, whereas ¢qi, ¢», . . . , gy represent the
additional propagating modes, which result from taking the compressibility of water into account,
and will be called the Acoustic-Gravity modes. A disturbance at the ocean floor, such as that caused
by a submarine earthquake, produces many different modes. Most of these modes (gy + 1, gy +2- - -)
are non-propagating (evanescent) and of local importance only. However, the Tsunami go and the
leading Acoustic-Gravity mode ¢, (and of less importance also ¢, . . . , gn) propagate away from the
earthquake site and travel to a great distance. An Acoustic-Gravity wave travels significantly faster
than the Tsunami, and thus, is a possible candidate for an early warning about the approach of the
latter.

This paper is an extension to three dimensions and a generalization to arbitrary bottom motions
of the work in Stiassnie.” Stiassnie” provided results for an infinitely long stripe shaped disturbance,
whereas here we give an analytic solution for the general problem and detailed calculations for
piston type motions of circular and rectangular disturbances.

Il. FORMULATION

Let us consider a layer of an ideal compressible homogenous fluid of constant depth % in the
field of gravity, and assume it is unbounded in the horizontal (x, y) plane. The origin of the coordinate
system oxyz is at the unperturbed free-surface, and the z-axis is oriented upwards. In order to find
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the wave disturbance z = n(x, y, t), that is, excited at the fluid surface by a bottom motion z = —h
+ ¢(x, y, 1), it is necessary to solve for the flow velocity potential ®(x, y, z, f) which is governed by
the wave equation

1
V2o =@, —h=z<0, M
c
and the linear free-surface and bottom boundary conditions
Dy +gP, =0, z=0, (2
(DZ = é‘t! = _h1 (3)

where ¢ = 1500 m/s is the speed of sound in the water and g = 9.81 m/s? is the acceleration due to
gravity. Note that outside the area of the motion ¢, the bottom is assumed to be horizontal and rigid.
The free-surface elevation and the dynamic bottom pressure are given by

1
n=-——-o, z=0, “)
8

py=—pP, z=—h, o)

where p = 1000 kg/m? is the water density.
In Sec. III we present the result for a circular disturbance with radius R, which rises at constant
speed wy during the time interval (0, t) and stops at z = —h + wq7. For such a disturbance,

G =woH (R —x*—y)H(t(r — 1), (©6)

where H is the Heaviside function.

In Sec. IV we apply the limits for R, T — 0, on the solution of Sec. III and divide the result by
wo7r R?T to obtain a Green function and its stationary-phase approximation. The results for circular
and rectangular disturbances are presented in Secs. V and VI, respectively. Some general discussion
about the inverse problem is given in Sec. VII. Some technical mathematical and numerical details
are given in Appendices A—C.

lll. SOLUTION FOR A CIRCULAR DISTURBANCE

The t — w Fourier transform of the velocity potential is defined by

17 A
x,y,z,0) = —— / D (x,y,z,t)-e ' - dr. 7
Sy Nezs Y
Substituting (6) in (3) and taking the Fourier transform of (1)—(3) yields
2
V2f=—w—2f, —-h<z<0, (8)
c
w?
fz—c—2f=0, z=0, ©)
f:=0@H(R*=x*-y*), z=—h, (10a)
where
iwg e 9t —1
fo = —_— (10b)

0 =
V2r ©

Switching to cylindrical coordinates (r, 6, z), defining two regions: an inner region » < R and

an outer region r > R, using the method of separation of variables, applying a boundness condition

on the inner solution and Somerfield’s radiation condition on the outer region, matching the inner
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solution and its r derivative to their counterparts for the outer potential at » = R, and applying the
inverse Fourier transform gives

forr <R

qun(r’ th) =

o . /T
o cosh [g (z + h)] sin (—)
—4w R/ - [
0 .
wqo [sinh 2poh) +2poh]

J1(qoR)sin (wt_%r) — Y1 (qoR) cos (wt—%fﬂ

-Jo (gor)dw

00 Ty €08 [ty (z-+h)] sin (%)
—4woR
o / @y (510 21tnh) +201,]

~[J1 (gnR) sin (wt— %T) —Y1(gnR) cos (wt—%f)]

n=1
wxll

Jo(gnr)dw

o . /T
8Rwy ~— f”uncosmn (z + h)]sin (7)

wT
: t— 5 Ky @R - 1o (qur)d
gy [5i0 Cpoalt) + 2pgh] (“’ 2 ) 1(qnR) - Io (gar)de

n=1 0

00 . w w

2w oT T ¢ @c-sin (—z) + g - cos (—z)
+— / cos <a)t — —) sin (—) = wc g) dw, (11a)

T . 2 27 o g.gin (—h) + wc - cos (—h)

c c

and forr > R
CI>()Ltt (r7 2, t) =

. T
T 1o cosh [g (z 4 )] sin (%)
—4Rw0/

- - Ji(goR) - [.10 (gor) sin (a)t — E)
wqo [sinh uoh) + 2poh] )

—Yo (qor) cos (a)t — %)] dw

wT
_4Rw02/« My COS [ Uy (Z Sll’l( ) )

J(R)[J( )'(r m)
. ZR) - o) sin (wt — —
oy [5i0 Qutnh) + 2ph] 0 2

n=1
Wsn

—Yo (gu1) cos (a)t - %)] dw

wT
2
wqy [sin Cu,h) + 2, h]

8Rwy [ Hn €08 [ (z + h)] sin ( ) T
_ f . cos (a)t _ 7) 1 (guR) - Ko (gur)de. (11b)
T n=1 0
In (11a)and (11b) J, Y are Bessel functions of the first and second kind, and I, K are modified
Bessel functions of the first and second kind.
The Eigenvalues u = pp and u = i, n =1, 2, ... (where all 1y, 1, are real and positive) are
solutions of the dispersion equation:
2
4 - tanh (uh) = < (12)
8

and

a)z 1/2
qo = (ué + C—2> : (13a)

5 1/2
@ 2
qn = <_ - Mn> ) w = Wy, (13b)
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w2\ 2
qn = <l’l’i21 - C_2> s W = Wsp, (13¢)
where wy, are given by the roots of
(O
M (@gn) = én, n=12.... (14)

Good approximated solutions of (12) and (14) are
e
s = (2n — 1) —, =1,2,.... 15
wsn = 2n — 1) T (15)

In (11b) the first, second, and third lines represent the Tsunami, the Acoustic-Gravity waves,
and the evanescent modes, respectively. For further details about the mathematical procedure, see
Appendix B, as well as Hendin.'”

IV. SOLUTION FOR A GENERAL DISTURBANCE

Taking the outer region solution (11b), letting R, T — 0, and dividing by wom R%t gives

G(r.z.t)= / pocoshlpo @ HM 1y o8 (@) — Jo (qor) sin (D) ]dao

7 [sinh 2uoh) + 2uoh]

X cos [ (2 + )] .
+n21/ = [5in Q) + 2] - Ji1(gnR) - [Yo (gnr) cos (wt) — Jo (g,7) sin (wt) —]dw

wS n

© 008 [ (2 + B
—22;f L G F 0 - Ko (gnr) - cos (wt)dw. (16)
=10

In terms of the above Green function the outer solution for a general disturbance is given by

@(x,y,z,t):///;‘,(X,Y,T)~G<\/(x—X)2+(y—Y)2,Z,(t—T))dXdeT.

A7)
For large distances, i.e., r — 00, one can use the following asymptotic expansion of the Bessel

functions:
2 T
Jo(gr)= | —— -cos (qr — —) , (18a)
Tqr 4

[ 2
Yo(gqr) = wqr sin (qr - %) , (18b)

Ko (qr) = (18c)

and simplify (16) for » > h:

oo
2 h h
G (r,z,1) = /_3 . / 1/5«0 coshfpo(z+Hm)] i (qor ot — z)da)
TS g, [sinh 2poh) + 2poh] 4

2 > n n h .
N / 3 Z/ 1/5 cos [, (z + h)] ~s1n<an—a)l_z)dw~ (19)
mr qn'” [sin 2pinh) + 240,h] 4

n=1
w:/!
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The oscillation in time of the integrands for the Acoustic-Gravity waves (second line in (19)) is
much faster than that of the Tsunami (first line in (19)), and causes substantial difficulties when one
tries to apply standard Quadrature routines. However, the Green function G(r, z, f) can be further
simplified by applying the Stationary-Phase method to the second line, which will limit its validity
to t > r/c. Note that the stationary points and the appropriate wave numbers are given by

o,C

Oy = — (20a)
hJ[1 = (r/ct)]
. o, (r/ct)
Gn = —F——= (20b)
hyJ[1 = (r/ct)?]
where
an:(2n—l)%, n=1,2 ... (20¢)

Following Carrier et al., Ref. 11 Sec. 6-4, we obtain for #/h > 1 and t > r/c
2 7 h h
Ga(rz, )=/ ==~ / l/lgo (.tos [oz+hm)] sin (qor ot — z)dw
T s 4o [sinh 2uoh) + 2uoh] 4

+ Y cos [t (14 2/ h)] - €08 (Gur — Gut) . (21a)

c 1
wrh fet/r? —1 o

where

. oy g
L= — 14+ ==). 21b
2 <+hd)ﬁ> (21b)

V. RESULTS FOR A CIRCULAR DISTURBANCE

In all our calculations here, and elsewhere in this paper, we take 10 Acoustic-Gravity modes.
This choice was demonstrated to be adequate in Stiassnie.’

A. Comparison with previous work

Nosov? uses a Hankel transform in space r, and a Laplace transform in time ¢, to obtain
an analytical solution equivalent to (11a)and (11b). We believe that our expressions are not only
physically more transparent but also easier in their numerical realization. In Figure 1 we display
our results for the free surface elevation n(r = 0, ¢) of a circular disturbance with the same input
parameters that were used by Nosov?: & = 3.6 km, R = 36 km, and 7 = 12 s. This figure should be
compared with Figure 2(a) in Nosov.> The agreement between both calculations is satisfactory, for
the Tsunami (given by the dashed line) as well as for the Acoustic-Gravity wave superposed on the
Tsunami (given by the solid line).

In Tsunami calculations it is quite often assumed that the initial free-surface elevation is very
similar to the initial rise of the ground, see Tobias and Stiassnie.'? This assumption is strengthened
by the results in Figure 2, where we present 7(r, f), for r < Rand t = 7, t = 107, and t = 1007. Note
that at = t the free-surface elevation is almost constant and equal to wt. From this figure one can
also see that the surface elevation amplitudes of the Acoustic-Gravity waves are much smaller than
that of the Tsunami.

It is important to note that the development of the Tsunami wave is almost insensitive to the
rising time of the bottom, 7; in contrast to the strong dependence of the Acoustic-Gravity waves on
this parameter. From Figure 1 one can see that the dominant wave-period of the Acoustic-Gravity
waves is roughly t. Moreover, no propagating Acoustic-Gravity waves will exist for t larger than
about 4h/c.
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FIG. 1. The free surface elevation at the origin, originated by a circular disturbance, for comparison with Nosov (2000). ()
at observation point » = 0 for depth 2 = 3.6 km, radius R = 36 km, and duration 7 = 12s. Acoustic-Gravity + Tsunami
(solid line), Tsunami only (dashed line).

05F T -
7]/w0r [ S R D [ e Nemermeeneaes rreee— reeasenreenaa. .r.
05F -
Ak ]

1 1 1 1 1 1 1 1 1
u] 1 2 3 4 5 B 7 8 =] 10

r/h
D.DS T T T T T T T T ] §

n/wz 0O

[ e e -
ikl T PR

-0.05 .
1]

r/h

FIG. 2. The free-surface elevation n(r, ¢t) originated by a circular disturbance, in the inner region r < R, where depth
h = 4 km, radius R = 40 km, duration = 10s, and speed wo = 0.1 m/s. Upper: Total elevation. Lower: 10 modes of
Acoustic Gravity waves combined with 10 modes of evanescent waves. t = t (solid), = 10t (dashed), t = 1007 (dotted).
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FIG. 3. The free-surface elevation 7(¢) of the Tsunami, originated by a circular disturbance, as observed at radial distance
r = 1000 km from epicenter. n(f) was calculated by the first lines of the full solution (11b) (solid line) and of the Green function
approach (21a) (asteriks) total overlapping, for depth 7 = 4 km, radius R = 40 km, t = 10, and speed woy = 0.1 m/s. The
original disturbance was divided into 5041 equal elements, each with an area of 1 km?. The time interval is (4600 s—6600s).

B. Validation of the Green function and of the Stationary-Phase approaches

The validity of the Green Function approach and the usefulness of the Stationary-Phase method

are demonstrated in Figures 3 and 4. Figure 3 gives the results for the Tsunami, whereas Figure 4
focuses on the Acoustic-Gravity waves.

~

_2 1 1 1 1 1 1 1 i 1
340 341 342 343 344 345 346 347 348 349 350
{ g/ h

FIG. 4. The free surface elevation caused by 10 modes of Acoustic-Gravity waves that originated by a circular disturbance.
Observation was made at radial distance » = 1000 km from epicenter. The Acoustic-Gravity waves at 1000 km, as calculated
by the second line of the full solution (11b) using the Stationary-Phase approach (solid line) and by the Green function
approach (21a) (dashed line), for depth 7 = 4 km, radius R = 40 km, duration 7 = 10s, and speed wy = 0.1 m/s. Upper: for
the time interval (1000 s—1200s) one sees some differences. Lower: for the time interval (6800 s—=7000 s) total overlapping.

For the Green function calculations the original disturbance was divided into 5041 equal elements, each with an area of
1 km?.
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At this stage it is worthwhile to point out that the validity of the Green Function can be proven
analytically, but the graphic results strengthen our confidence also in its numerical implementation.
In Sec. VI we apply the Green Function approach to rectangular disturbances.

Experiments with different element sizes in the Green Function method confirm that element
area of 1 km? provides reasonable description of the radiation field. Figure 3 shows a full agreement
between both methods in the case of the Tsunami. For the Acoustic-Gravity waves, a small incompat-
ibility appears in the short time interval, very close to the initial arrival time of the Acoustic-Gravity
waves, but fades out with time, until total overlap is reached. Note that the overall agreement, as
demonstrated in Figures 3 and 4, is rather satisfactory and strengthen our trust in the method and
approximations proposed in Sec. I'V.

VI. RESULTS FOR RECTANGULAR DISTURBANCE

Note that the following examples for rectangular disturbances are limited to constant disturbance
velocity wy, for simplicity. For a rectangular disturbance Eq. (6) is replaced by

G=wo-HOD —x*) H(a>—y*) -Ht(t —1)]. (22)

In Figures 6-11 the time, surface elevation, and bottom pressure are presented in dimensional
variables.

A. Comparison with previous work

In Figure 5 we compare the results for a slender rectangular disturbance with those for an
infinitely long stripe given in Stiassnie.” The good compatibility between the 2 models demonstrates
the strength of the Green Function method for handling general-shape disturbances. Some extent of
inconsistency between the models is caused by the fact that the disturbances are rather similar but
not identical.

0.01 T T AT P ) ! 3 ; 3 T
nfwe 1
0.01 S AL #oF ¥ &8 % N9 F 8 N
280 281 282 283 284 285 286 27 288 289 290

tJg/h

FIG. 5. The free surface elevation caused by 10 modes of Acoustic-Gravity waves, originated by a rectangular disturbance
of 80 km x 4000 km (solid line) and an infinitely long stripe of 80 km width (dashed line). For both cases h =4 km,t = 10s,
and speed wo = 0.1 m/s. Observations were taken at x = 1000 km and y = O for two time-intervals: upper (2200 s—24005s)
and lower (56005s-5800s). For the Green Function calculations the original disturbance was divided into 320000 equal
elements, each with an area of 1 km?. Time steps was chosen to be 0.1 s.
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FIG. 6. The free-surface elevation of the Tsunami, originated by a rectangular disturbance of size 40 km x 800 km, depth:
h = 4 km, duration 7 = 10s, and speed wo = 0.1 m/s. Observations were taken at x = r-cos (), y = r-sin (6), where
r= 1000 km and 6 = 0 (a), 6 = /4 (b), 0 = /2 (c). The figure in the bottom right corner illustrates the locations of each
observation point with respect to the rectangular disturbance, centered at the origin. For the Green Function calculations the
original disturbance was divided into 32000 equal elements, each with an area of 1 km?.

B. New results for one rising slab

The free-surface elevations at three different locations and different time intervals, caused by a
rectangular disturbance with a = 400 km and b = 20 km, are shown in Figure 6 for the Tsunami.
Figures 7 and 8 show the bottom-pressure caused by the Acoustic-Gravity waves of the same
rectangular disturbance.

From Figure 6, it is evident that the Tsunami surface elevation amplitude is decreasing when
the angle of observation changes from 0° to 90°. On the other hand, the initial arrival time of the
Tsunami to the observation point at radial distance r is r//gh. Thus, for a depth of 4 km the
Tsunami is expected to arrive to an observation point a after 4800 s, as shown in Figure 6(a). The
arrival time decreases when the angle of observation changes from 0° to 90°, since the distance to
the observation point is shorter for the upper half of the rectangle. It is smallest at observation point
¢, which is rather close to the minor face of the rectangular disturbance.

Figure 7 shows the bottom pressure oscillation due to the Acoustic-Gravity waves, originated by
arectangular disturbance, at 3 different observation points. The arrival times of the Acoustic-Gravity
waves from the nearest/farthest element are marked by asterisk, and are (670, 7205s), (520's, 880s),
and (400s, 940 s) for points a, b, c, respectively. Note that the fact that the results in Figure 7 are
drawn only for times larger than 720 s, 880 s, and 940 s for points a, b, c respectively, is a shortcoming
of the approximation that we are using.

Figure 8 shows the time evolution of the same Acoustic-Gravity waves as in Figure 7 for the
same observation points. Note that the amplitudes have stabilized at this stage and that they decrease
with the increase of 0, just as with the Tsunami in Figure 6.
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FIG. 7. The bottom pressure caused by 10 modes of Acoustic-Gravity waves, originating from a rectangular disturbance of
size 40 km x 800 km, depth 7 = 4 km, duration 7 = 10, and speed wo = 0.1 m/s. Observations were taken at x = r- cos
(), y = r-sin (8), where r = 1000 km and 6 = 0 (upper), 6 = n/4 (middle), 8 = 7/2 (bottom), as illustrated in the right
bottom corner of Fig. 6. In each figure, the first asteriks indicate the theoretical arrival time of the wave, and the second
asteriks indicate the instant prior to which the Stationary Phase approximation is meaningless.

C. New results for two adjacent slabs, one rising and the other descending

Figures 9-11 feature equivalent results as in Figures 6-8; only this time the rectangular distur-
bance is split lengthwise into 2 identical rectangles, each of a = 400 km b = 10 km, where the right
one is moving upward and the left one is moving downward.

The observation points in Figures 9—-11 were chosen to be in symmetry, so that one can see the
upside down symmetry in the signals that were observed in point a (at an angle of 0°) and at point b
(at angle of 180°), as well as between signals at point ¢ (at an angle of 45°) and point d (at an angle
of 135°). Figures 10 and 11 display the Acoustic-Gravity waves for the above 2 plates configuration,
for short and long time intervals.

It is interesting to note that at the observation points with » = 1000 km the Tsunami amplitudes
for one rising slab are larger than those for the two slabs (one rising and one descending); in contrast
to the Acoustic-Gravity waves, for which this trend is reversed.

For an observation point at distance of the order of 1000 km the Acoustic-Gravity waves precede
the Tsunami by the order of 4000 s. which can provide a Tsunami warning of more than 1 h.

A typical value for the free-surface amplitude of the Acoustic-Gravity wavesis A; =5 x 107> m
for wor =1 m. The corresponding order of magnitude of the bottom pressure amplitude is
A, = 5000 Pa =~ 0.05 atm which is considered as measurable.
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FIG. 8. The bottom pressure caused by 10 modes of Acoustic-Gravity waves, originating from a rectangular disturbance of
size 40 km x 800 km, depth 7 = 4 km, duration 7 = 10, and speed wy = 0.1 m/s. Observations were taken at x = r- cos
(), y = r-sin (8), where r = 1000 km and 6 = 0 (upper), 6 = n/4 (middle), 6 = 7/2 (bottom), as illustrated in the right
bottom corner of Fig. 6.

VIl. DISCUSSION AND OUTLINE OF THE INVERSE PROBLEM TREATMENT

In this paper we have demonstrated how one can calculate the Tsunami, as well as the Acoustic-
Gravity waves, that radiate from a rather general bottom disturbance generated by an underwater
earthquake in an ocean of otherwise constant depth.

We have also shown that the Acoustic-Gravity waves, which propagate about seven times
faster than the Tsunami, generate a significant pressure signal at the bottom, which could be used
for early Tsunami detection. Such a procedure requires the development of an approach to solve
the inverse problem, namely, the specifying of the earthquake parameters from measured bottom
pressure records.

In the sequel we outline one possible, rather simplified, procedure.

Assuming a circular disturbance of radius R, duration 7, and vertical velocity wy, according to
Egs. (11b) and (5), after application of the Stationary-Phase method (Carrier ef al.,'' Sec. 6-4), the
leading Acoustic-Gravity mode of the bottom pressure gives

_ 8pcRwy

P -sin(@17/2) - Jy (RGy) - cos (Gir — dnt) . (23)

Tr

Denoting the unknown epicenter coordinates by (xg, o), the unknown instant of the earthquake
occurrence time by fy, and assuming a circular disturbance, yields a set of six unknown earthquake
parameters: xg, Yo, ty, R, wg, and t. These can be retrieved from measurements in two stations: A
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FIG. 9. The surface elevation caused by the Tsunami originating from a rectangular disturbance composed of 2 rectangles
each of size 20 km x 800 km, where the right one moves upward and the left one moves downward. Depth 47 = 4 km, duration
v = 10s, and speed wy = £0.1 m/s. The results are shown at x = r- cos (f), y = r- sin (f), where r = 1000 km and 6 = 0 (a),
0 =m (b),0 =n/4(c), 0 =3m/4(d).

and B located at coordinates (x4, y4) and (xp, yg). Two measurements are performed in each station
at 2 instances, denoted as t4; and 4, for station A, and g, and tp, for station B. The measured data
include the bottom pressure amplitudes and frequencies as summarized in Table 1.

We suggest the following procedure, split into 2 steps, for extracting the earthquake parameters.

Step 1: determination of epicenter location and time of occurrence

The time instances (#4), t42) and the appropriate frequencies (w4, w42) are substituted into
(20a) to provide a system of two linear equations for the time of earthquake occurrence that was
intercepted by station A, z40, and for the radial distance of station A from the epicenter, r4:

TC

d)Al = N (2421)
hy/1 = [ra/c(tar — tao)P?

Bar i (24b)

B h/T=T[ra/c(tn — ta)

Performing the above procedure also to station B yields the following set of values: 49, 50, 74,
and rp. To find the location of the epicenter one has to find the appropriate intersection point of the

TABLE I. Measured data notations.

Location Time Amplitude Frequency

A 1=1a1 aal WA]
t=1a2 asn wWA2

B t=1p api wp1
I=1Ip ag [27:7)
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FIG. 10. The bottom pressure caused by 10 modes of Acoustic-Gravity waves originating from a rectangular disturbance
composed of 2 rectangles each of size 20 km x 800 km, where the right one moves upward and the left one moves downward.
Depth & = 4 km, duration 7 = 105, and speed wy = 0.1 m/s. The results are shown at x = r- cos (f), y = r- sin (), where

r=1000kmand 6 =0 (a), = m (b), 0 =n/4(c), 0 =3n/4 (d).

following two circles:

(xa —x0)* + (ya — y0)* =13, (25a)

(xg — x0)* + (yp — Y0)* = rj. (25b)

Although the solution of (25a) and (25b) yields 2 sets of values for (xg, yo), it is most likely that
practically one of the solutions can be discarded, based on geographical considerations.

Step 2: determination of disturbance duration, radius, and vertical velocity
In order to avoid an implicit expression for the disturbance duration 7, we let R — 0 in (23) to

obtain

2pcR?
Py = — P Gin(@17/2) - cos (Gir — ant). (26)

C T et =1

Provided the data measurements from both stations A and B and the calculations from step 1
for t49, tgo, 74, and rp, one can write the following system of 2 equations for each station, for the
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FIG. 11. The bottom pressure caused by 10 modes of Acoustic-Gravity waves originating from a rectangular disturbance
composed of 2 rectangles each of size 20 km x 800 km, where one is moving upward and the other moves downward. Depth
h = 4 km, duration t = 10, and speed wg = £0.1 m/s. The results shown at x = r- cos (f), y = r- sin (), where r = 1000

kmand 6§ =0(a),0 =n (b), 0 =m/4(c), 0 =3n/4(d).

earthquake duration t:

2 R?
da = O sin(wnTa/2). (27a)
hrav/c (tay — toa)/ral® — 1
2 R?
™ pe¥o - sin (wa27a/2). (27b)

hrav/lc(tas — toa)/ral? — 1
T4 is calculated numerically from the quotient of (27a) and (27b). T4 is then substituted in (23) to
obtain the disturbance radius R4 from the quotient of the set

8pcRAw .
an = —22 sin(warta/2) - Ji (Ragar) (28a)
TTrp
8pcR w .
apr = =2 sin(@arta/2) - i (Ragao) (28b)
A

Once t4 and Ry are determined, the vertical velocity wy is calculated from (28a) and (28b) to
obtain 2 values: woa1, Woa2. A similar procedure applied to the data of point B will give t, Rg and
wop1, Wop2- Generally speaking, one would expect all values of 7y, T, R, wy to be equal for both
points A and B. For practical applications one could take fy = (fo4 + top)/2, T = (T4 + Tp)/2,
R = (R + Rp)/2, and wy = (woa1 + Woa2 + wop1 + wop2)/4.
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TABLE II. Comparison between model input parameters and inverse calculation results.

Input parameters Inverse process parameters

Distance between epicenter and station A TA 1000 km 1084 km
Distance between epicenter and station B B 1500 km 1548 km
Epicenter location X0, Y0 0,0 0,0
Earthquake occurrence time to 0s —81.24 s
Disturbance radius R 40000 m 40547 m
Disturbance duration T 10s 10.82's
Disturbance vertical velocity wo 0.1 m/s 0.107 m/s

A numerical example based on the above procedure demonstrates a reasonable recovery of the
earthquake parameters. We have chosen a circular disturbance as the input to the model to produce
an artificial data. The inverse process results are summarized in Table II.

To recover more general disturbances we intend to extend the proposed approach from circular
to elliptical earthquakes. As a first step in this direction the counterpart of Egs. (11a)and (11b) for
an elliptical disturbance is given in Appendix A.
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APPENDIX A: SOLUTION FOR AN ELLIPTICAL DISTURBANCE

The inverse problem solution that was outlined in Sec. VII is limited to a circular disturbance
only. In order to provide a more general solution for future work, we suggest a new model, where
the circular shaped disturbance of radius R is replaced by an elliptical shaped disturbance with semi-
major axis R; and semi-minor axis Ry, so that Ry = a-cosh (R), R, = a-sinh (R), where a is half
of the inter-focal distance. By solving Eq. (1) and boundary conditions (2) and (3) for the elliptical
model, the expressions for the potential field in the inner region (above the elliptical disturbance) and
the outer region (outside the elliptical disturbance) are derived, where the parameter R is the radial
coordinate of the elliptical boundary. Note that the potential of the elliptical disturbance is given in
terms of the elliptic cylindrical coordinates (7, 6, z) and Mathieu functions cey,,, Cezy, Feyry,, and
Feky,,, see McLachlan:!3

Diy (Z, r,0, t) =
2w

o [Feyém (R, qo) cos (wt - %) — Cé, (R, qo)sin (a)t — %)] . /ceZm @, qo0)do

24wy Z 0

n? o Cé,,, (R, qo) Feyam (R, qo) — Cean (R, qo) Fey}, (R, qo)

/ot
o cosh jao (z + ] -sin ()
.C . ] 0, d
g0 [2/10]1 T sinh (Z/Loh)] e (. q0) cex ( 110) @
2
ot . ot
P [Feyém (R, qn) coOs (wt - 7) —Cé,, (R, qy)sin (wt - 7)] . / ceun (0, qn)do
2a”wy Z Z 0
o Cé,, (R, qn) Feyun (R, qn) — Cea (R, q) Fey)y,, (R, qn)

wT

n €0s [y (z 4 )] - sin ( ) )
@qn [2pnh + sin 2, h)]

. CeZm (r, qn) cem (6’ qn) dw
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2
, T 4
FekZm (R, qn) - COs (wt - 7) . /ceZm (CA CIn)dG

Wsn

SE Yy : .
7?2 =0} Ce/zm (R, (In) FekZm (R~ qn) — Cean (R, (In) Fekém (R» qn)

. /ot
1 COS [J1n (z + )] - sin (7)
w(qn [2U4nh + sin (Z[th)]

Cey (r, qn) cem (0, qn) dw

[0 1 w
2w, r Tt 0T\ g s (72) + ® cos (;Z)
+—0/sin (7> cos (a)t— 7) 8 5 dw, (A1)
T
0 2 sin(Zhy+ < cos(Lhy+
c c g c
Dour (z,1,0,1) =
27
Cé,, (R t]o)'/cez (0, q0)do
. /0T 2 , m (0,
> o cosh (o (2 + )] - sin () 4 )

o0 o0
2a”wo Z[
mr = J o [2uoh + sinh (2410/)] Ce),, (R, qo) Feyan (R, o) — Ceanm (R, qo) Fey,,, (R, qo)
wT ) wT
: [F eyam (1, qo) €OS (wt - 7) — Ceap (1, qo) sin (wt - 7)] cean (0, q0)dow

2w

Ce, (R,q )‘/cez ©, q,)do
N oo Oo,u,,cos[/t,,(z—O—h)]-sin(aj%") 2m ! ; " !

2a“wq
2 : o : - 7 :
7 — @qn [21nh + sin 2punh)] Ce,,, (R, qn) Feyom (R, qn) — Ceam (R, qn) Fey,, (R, qn)

wT . wT
[Feyzm (7, gn) cos (wt - 7) — Cegp (1, gn) sin (wt - 7)] cean (0, qn) dw

2

ce, (R.q )~/C€2 ©, gn)do
. T
00 ws"unCOS[Mn(Z-i-h)]'Sln(%) 2m n J m n

2a“wg Z Z /
w2 —0} @qn [2pnh + sin 2, h)] Ce/zm (R, qn) Fekyn (R, qn) — Ceam (R, qn) F€kém (R, gn)

Fekoy, (r, gn) cos (a)t — %r) ceyn (0, qn)dw. (A2)

Note that Ce’, Fey', and Fek’ are the derivatives with respect to r of these functions. Also note
that the ¢,s in (A1) and (A2) are (a*/4) times the squares of the g,s in (13a)—(13c).

APPENDIX B: OUTLINE OF THE MATHEMATICAL PROCEDURE FOR THE SOLUTION
OF THE CIRCULAR DISTURBANCE PROBLEM

In order to obtain the velocity potential field described in (11a) and (11b), a second order partial
equation must be solved. Starting with a cylindrical wave equation model, the method of separation
of variables will be used for separating its radial and depth dimensions. The velocity potential is then
obtained from its independent components for the inner and outer regions separately. The solution
is first obtained in the frequency domain using Inverse Fourier Transform. Then, by using circular
symmetry the full solution is obtained for inner and outer regions. The significance of this stage is
the ability to obtain the spatial and temporal velocity potential field later being used for deriving the
expressions for water surface elevation and bottom pressure.

The Fourier transform of the velocity potential in cylindrical coordinates is defined by

d(r,z,0) = @ (r, z, )" dr. (B1)

el
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Taking the Fourier transform of the governing Eq. (1), as well as of the linear boundary
conditions (2) and (3), reduces to the Helmholtz equation with the following boundary conditions:

V2o = -2, (B2)
C
2
A (B3)
8 z=0
b, =wo(r, o) __,, (B4)

where ®, W, denotes the Fourier transform of ®, wy, respectively, and

o0 .
1 s lé'() 2 2 e 't — 1
—— [ wo(r,)e '“dt = H(R —r®) ——. (B5)
V2 / 0 T/ 21 ( ) w

Wy (r, w) =

Assuming independency of spatial variables r and z the transformed potential ® can be written
as a product of 2 functions R and Z:

d(rz,0)=R(r,0)Z(z,0). (B6)
Differentiation of (B6) and substituting into (B2) yields a set of 2 ordinary differential equations:
_ a)z _
Z,. + <c_2 + oz3> Z =0, B7)
_ 1 - _
R, + —-R, —a3R =0. (B8)
r

The lower index refers to the partial derivative with respect to index. 3 is the separation constant
between r and z.

The solution in the vertical direction z depends on the separation constant «3. According to
Moon and Spencer (1961) when choosing a3 = ¢?, the general solution to (B7) becomes

Z = Cysin[puz] + Cycos [uz], (B9)

w2
w=4— +q* (B10)
C

Application of the boundary conditions (B3) and (B4) for (B9) results in the dispersion equation:

(,()2
[ - tan (uh) = ——. (B11)
g

A comprehensive examination of the numerical (or graphical) solutions of (B11) reveals one
imaginary root, designated as (., and an infinite set of real roots designated as w,, which are divided
into 2 types. The complete set of roots, known as wave modes, is summarized in Table III. The
interpretation as progressive or evanescent wave modes evolves from the analysis of the solution in
the radial direction.

TABLE III. Wave mode types according to dispersion equation roots.

Mode index Mode’s wave number Modes type
n=20 q0 = i\/(w/c)* + p,(z) Imaginary p and g, propagating gravity wave (Tsunami)
n=1,...,N gn =i/ (@/c)? — u2 Real p and imaginary ¢, propagating acoustic-gravity waves

n=N+1,...,00 Gn =\ 12 — (w/c)? Real p and ¢, non-propagating (evanescent) waves
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For the outer (or inner region) these Eigenfunctions are as follows:
For the outer region:

cosh [wo (z + h)] cos [, (z + h)]
o : , (B12)
cosh (oh) cos (unh) |21, 00
For the inner region:
cosh [po (z + h)]; B, [in (z + )] (B13)
cosh (poh) cos (unh) |21 00
For the inner region one also has to add the following particular solution:
. @ w
icwy e et _—1 @€ st (?Z) t8-cos (;Z>
8(2) = (B9

v2r ®? g -sin (9;1) + wc - cos (eh) .
c c

The solution in the radial direction r is established in the inner and outer regions, according to
the particular boundary conditions. In addition, the parameter g determines whether a specific mode
is progressive or evanescent. The general solution for the radial ordinary differential equation (BS),
as suggested by Moon and Spencer,'* is a linear combination of Bessel functions Jy and Yy:

R = FiJy(igr) + F>Yo (iqr). (B15)

F1, F, are general coefficients. For the Tsunami and Acoustic-Gravity modes, whenn =0, ...,
N, g, is pure imaginary, thus the argument of the Bessel functions is real, resulting in oscillatory
progressive modes. For the evanescent modes, when n = N + 1, ..., oo, g, is real, the Bessel
functions become Modified Bessel functions, resulting in non-progressing modes:

Jo (ian) =1Iy (an) s
Yo (igar) = Ko (qut) -

(B16)

The transformed potential ® is constructed from its independent parts for the inner region and
for the outer region separately.
In the inner region the assembled potential is

N
@i, (1, 2, @) = AoJo (qor) cosh [o (2 + M) + ) Audo (gur) cos [, (z + h)]
o n=1 (B17)
+ Y Audo(gurycos [, G+ )]+ g ().

n=N+1

In the outer region the assembled potential is

Boue (1, 2, ) = BoHL TN (gory cosh [0 (z + )] +

al [1.5+0.5sen(®)] > (B18)
> B, Hj (gur)cos[iun z + M1+ Y ByKo(gar)cos [y (z + )],
n=1 n=N+1
[1.54+0.55gn(w)]
where H;j
to

represents the Hankel function as a function of propagation direction according

HY (gar) = Jo (qur) + Yo (gar)
(B19)

HP (gur) = Jo (qur) — 1Yo (qur) .



086103-19 G. Hendin and M. Stiassnie Phys. Fluids 25, 086103 (2013)

The set of coefficients Ay, A, and By, B, are computed by applying the continuity conditions on
the boundary that separates the outer region from the inner region, i.e., r = R:

q)in|r=R = &)m’”|r:R > (B20)
d&)in — dd)uut (B21)
dr r=R dr r=R '

In order to calculate the coefficients, ®@;,, ®,,; need to be multiplied by the vertical Eigen func-
tions (B12) and (B13) and integrated for the interval of orthogonality [—#, 0]. Thus, the expressions
for the transformed potential in the inner and outer regions are obtained:

pocosh o (z + )]
qo [sinh (2uoh) + 2uoh]

&Dm (r,z,w) = =27 Rwy -

: —let _ 1 sgn(w
sgn (w) (afj ) o (qor) - H1[1.5+o.5‘g )] (@oR)
_3m Rwo Z Mn €08 [y (2 + )]

qn [sin Quph) + 2,k ] (B22)

sgn (w) - (77 — 1) [1.5+0.55gn(w)]
® ) : H1 (Qn R)

: JO (Qnr

Jr4Rwoi N M €OS [y (2 + )]
v2n n=N+1 Gn [sin 2pnh) + 2pnh]

—iot __

~1Io(gnr) K1 (¢aR) + g (2),

e

where g(z) is given in (B14):

h h
V37 Rwy - o cosh [ug (z + h)]

q~)out (V, Z, (1)) = - . :
qo [sinh (2uoh) + 2puoh]

sgn(w) - (e77 — 1) [1.54+0.55gn(w)]
-J R)H
» 1(qoR) H, (qor)

Mn €OS [y (2 + h)]
— R
Var Ry Z g (50 (2ptnh) + 2005h] 23

—iwt __

sgn (w) - (

1.540.5sgn(w
)-J1<an)HO[ sl )y

_ 4Rwoi i I €08 [tn (z +H)]
V2 S an [sin Quah) + 2u,h]

e~ it _

: Il (QnR) KO (an) .

Finally, the inverse Fourier transform is applied to obtain the potential field in inner and outer
regions, as given in (11a) and (11b):

o0
1 < .
Dz, 1) = — / D (r, z, w)e'“"dw. (B24)
V2
Note that for each mode n = 1, ...., oo, the threshold frequency w,, separates between
propagating and evanescent modes, and is given by
2
Wsp = = -(2n —1). (B25)

Tm 2h
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APPENDIX C: CPU TIME
1. Technical information

¢ All calculations for the above examples were carried out on Windows 7, 64-bit operating system
running on a Dual Core, Quad Thread 64bit Intel i3-2100 processor running at 3.10 HGz per
core, and 3MB smart Cache machine.

¢ For the circular and the general shape disturbance models, Matlab R2007b software package
7.5.0.342 was used.

2. Measurements

Most of the examples in this study are based on 2 elementary calculation time-increments, such
that for a constant observation point r, a time series is calculated from #,, t0 fmax, Using constant At
time step, usually taken as Az = 1 min for Tsunami wave and At = 1s for Acoustic-Gravity waves.
These elementary calculation time-increments are

* dt| - Tsunami wave of a circular disturbance, calculated with Quadrature numerical integration
method. The measured elapsed real-time for a single time step was dt; ~ 0.035s (averaged
over 6000 time-steps).

* dt, - 10 modes of Acoustic-Gravity waves of a circular disturbance, calculated with Stationary-
Phase approximation. The measured elapsed real-time for a single time step was df, ~ 0.001 s
(averaged over 6000 time-steps).

Hence, the general calculation times for a fixed distance r from a circular disturbance are

e Tsunami wave: dt; - (tmax — Imin)/ AL,
* Acoustic-Gravity wave: dt; - (fmax — fmin)/ AL

For the rectangular disturbance, the application of the Green function method determines that
the CPU time depends also on the spatial size of the disturbance and m, the number of elements,
where each element is calculated according to the basic estimations above. Therefore, the calculation
times for a fixed distance from a rectangular disturbance are

e Tsunami wave: m - dt; - (tmax — tmin)/ AL,
* 10 modes of Acoustic-Gravity waves: m - dt; - (fmax — tmin)/ AL
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