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NEARFIELD TSUNAMIS GENERATED BY 
THREE DIMENSIONAL BED MOTIONS 

J.J. Lee*& J.J. Chang** 

ABSTRACT 

A theoretical and computer simulation has been conducted on near 
field tsunamis generated by three dimensional bed motion. Linear dispersive 
wave theory has been used. Nonlinear effect has been found to be negligible 
for nearfield tsunami generation problem, as nonlinear effect is significant 
primarily for propagation over long distances. The specified bed deformation 
takes into account many possible dipole dislocation patterns with different 
aspect ratio. Three dimensional pictures of the water surface elevation were 
constructed from the array of computer data. 

For the nearfield tsunamis problem, the distance between the generation 
area and the shoreline is relatively short, thus the main generated wave 
quickly interact with the reflected leading wave from the coastal boundary 
to create an even more complicated wave profile. The coastal boundary 
can either focus on diffuse these waves, resulting in large variations in wave 
amplitude in the coastal region. 

(I)   PROBLEM FORMULATION 

Let (x, y, x) constitute a Cartesian coordinate system with z = 0 as 
the undisturbed water surface as shown in Fig. 1. Initially, the fluid is at 
rest with the free surface and solid boundary defined by z = 0 and z — h 
respectively, where h is a constant. For t > 0, the solid boundary is moved 
as prescribed by £(x, y; t). The resulting deformation of the free surface is to 
be determined as z = r)(x,y;t). Assuming irrotational flow and an inviscid 
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fluid, the fluid kinematics can be expressed in terms of a velocity potential 
<p{x, y, z; t). The differential equation and the linearized boundary conditions 
that ip must satisfy can be listed as follows: 

A2<p = 0    0 < t < oo,-oo < x,y < <x,-h < z < 0 (1) 

<Ptt + 9V>M = 0    2 = 0 (2) 

<Pz = Z(x,y,t)    z=-h (3) 

In these equations, the subscripts denote partial derivatives and g de- 
notes the gravitational acceleration. 

The linearized relation between the water surface displacement, r\, and 
the velocity potential, <p, is 

r)(x,y;t) = —<pt(x,y,0;t) (4) 
g 

The solution for <p (and hence, TJ) is obtained by using the Fourier 
transform for the spatial variables x,y and the Laplace transform for the 
time variable t defined by: 

poo /• OO /"OO 

f{K1,K,,a)= e~3t eiK^l     eiK>xf(x,y;t)dxdydt       (5) 
JO J — oo J—oo 

By applying the transformation of equation (5) to the governing equa- 
tion and boundary conditions with the subsequent inversion, one obtains the 
water surface elevation as: 

1       f°°   f°° r  i 

(2*) 

IB,     (S
2
 + w2) cosh y/Kf+K*h 7B,    (s2+u2) cosh JKT+K?h       J 

where w2 = g\/Kl + K\ tanh \JK\ + K\h and /B   = limr-»oo Xf-i'r 's *^e 

Bromwich constant, /j, is a positive constant and T is a real number. 

In order to obtain the specific wave profile as defined in equation (6), 
one must specify the bed deformation history £(x, y; i). The bed deformation 
is assumed to be a rectangular block with a dipole type of deformation in x 
axis, and exponential variation in time: 

t(z,y;t) = T(t)X{x)Y{y) (7) 
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where 
T[t) = &(1 - e~at)    t > 0 

Y(~\ - j Mixe-^x    x>0 
1 '~{M2xe **    x<0 

Y(y)=Ne-^H{A2-y2) 

£o is the maximum amplitude of the vertical displacement, a is the 
time constant defined as l.ll/tc, and tc is the characteristic time defined by 
£/£o = 2/3 at t — tc. Mi, M2, Pi and P2, are real and positive constant, 
A is a half length of the rectangular block. The heavy side step function is 
defined as: 

H(Aa-vi)~i1' A2-y2>0 
H{A      y)~\0,    A2-y2<0. 

The transformation of equation (7) yields: 

\P\-Kl+2iPiKi 
£(KI,K2;S)={MI 

-M2 

iP\+K\)* 
ft - K\ + 2ip2K2 

(Pl + K2)2 
2Ni. 

\ -y2 + K\ [~7 C°S K*A + K* Sin K*Al + ^+KJ J 

(8) 

Co 
s(s + a) 

Substituting equation (8) into equation (6) and solving for the surface 
elevation one obtains: 

p\ - K\ + 2iplKl 

m+K\Y 

e 

M2 

-tK,z 

Pi - K\ + 2ifcKi 
[Pl + K\Y 

--^--—^\-^zo$K2A + K2$va.K2A\ + 
12 + Kl 

. e-iK2V. 

cosh yjK\ + K\h OLi + W 
:{e       — cos ut sin ut) dKi<LK2 

where 

gyJKl + K2 tanh yj' K\ + K\h (9) 

To obtain a simplified solution from equation (9) the bed deformation is 
assumed to be axially symmetrical. A sketch of such specific fluid domain is 
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set in Fig. 1 for the case of Mi = M2 = M, fix = /32 = /?, 7 = 0 and N = 1. 
Thus, equation (9) becomes: 

«-'>-^a:^ #2A ifi 
r2   (/?2 + jRf?)2 

e-«Jfii , e-iK2y, 

coshy/Kf+Klh [a2 + w 
-(e       — cos art sinwt) 

where 

w2 = s^K2 + K| tanh sjK\ + K\h 

dKxdK2 

(10) 

Equation (10) contains poles at K2 = 0.   This singularity can be treated 
easily by L' Hospital's rule. 

Introducing K\ = — 2%k\ and K2 = — 2irki, equation (10) can be rewrit- 
ten as: 

/oo     /»oo 

/      ei"kl'eiawkaVf{k1,ka)dk1dka        (11) 
-oo J — OO 

where 

f(ki,k2) = 
-2TTA;I sin27r&2.A 

\/32 + (2nk1)
2}2        2%k2        cosh^(2nk1)

2 + {2nk2)2h 

(e  at — cos wt sin u)i) 
a2 + w2 

and 

u2 = gf\/(2^A;i)2 + (27rJk2)
2tanh y/{2nk1)

2 + (2irk2)
2h 

It should be recognized that equation (11) is a two dimensional Fourier 
transform of f(k\, K2), and can be computed by using the fast Fourier trans- 
form (FFT). 

(II)   NUMERICAL IMPLEMENTATION 

Suppose that f{k\,k2) is defined in the interval of —T/2 < ki,k2,^ 
and is zero for \ki\, \k2\ > T/2, equation (11) can then be written as: 

ri{xly,t) = 80M{l 
y_z y_r 

2K1CIX  ilitkvy j{kuk2)dkxdk2        (12) 
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It should be noted that the advantageous procedure of computing 
r)(x,y;t) in equation (12) is to fix a time t = ti and evaluate all possi- 
ble x and y by recognizing equation (12) as a double Fourier transform of 
f{k2,k2;t). 

The integral in equation (12) can be approximated by Reimann sum. 
Thus, equation (12) became as two-dimensional discrete Fourier Transform 
form: 

Ni/1 N,/2 

»?(*!, *2;*)=8)8MeoAfciA*a      £ J2      /(ni,n2)w*lB,wSan9 

"l    i  « N2   i  i 

N2 

where 

for-^-+ 1 < fci < —,     -^- + 1<A;2<— (13) 

. . _ — 27m1Afci sin27rn2Afc2yl 
/lni'na) = [/?2 + (27rn1Ait1)

2]2 '     2•2Afc2 

1 

cosh >/(27rn1AA;i)2 + (27rn2Afc2)
2/i 

-(e-"' — cosw£ smut) 

and 

or + w4 a 

w2 = sv/(27rriiAfci)2 + (27rn2Afc2)2 

tanh y/(2im1Aki)2 + (2irn2Ak2)
2h 

JVi and JV2 are the number of discrete points which correspond to the 
x and y axis, respectively; nt- = — ^ + 1, —^ + 2, ^ for «' = 1,2. The 
constant length, Afcj = 2T/JV,- for t = 1,2,. This definition of Afc,-, implies 
that Ax = Ay = ^, and x = k\ • Ax, y = k2- Ay. 

It should be noted that wx = e21•/^ an(j W2 _ e2?rt/iv2 introduced in 
equation (13) are 7^! — th and iV2 — tfo roots of unity in the complex number 
field, respectively. 

An array of 256 X 256 points was used to compute equation (13), i.e. 
Ni = N2 = 256 and m = 8. To avoid the spurious short-period oscillations, 
Afc should be kept small. However, a small Afc implies that the region of 
computation is also correspondingly limited. All numerical results presented 
in this study are obtained for Afc = 0.03. This value was arrived at through 
a series of numerical experiments. 

In order to obtain the wave profile as defined in equation (13), one 
must specify the parameters M and /?, for the comparison study, the results 
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obtained for the water wave generated by equation (13) will be compared 
with the previously published half-sine type dipole dislocation results (Chang 
(1981)). It should be noted that the bed deformation of half-sine type dipole 
dislocation is also assumed to be rectangular block with a dipole type of 
deformation in z-axis and exponential variation in time. This is specified as 
follows: 

t(x,V,t) = 6,(1 - e-at)(sm^)[H(B2 - x2)H(A2 - y2)}.       (14) 

In order to set the resulting bed deformation specified by equation (7) and 
(14) to have the the same deformation energy as well as the same displace- 
ment volume the parameter M is equal to 5.8 and 0 is equal to 2.134. 

(Ill)   RESULTS AND DISCUSSION 

Numerical results obtained from equation (13) for a general case dipole 
dislocation of a rectangular block have been obtained. A series of three- 
dimensional pictures of the wave surface elevation are presented in figure 
2 for different dimensionless time parameters, ty/g/h. The dimensionless 
parameters for this case are: tcy/gh/B = 0.069, B/h = 12,2 (B is the 
effective half width of a rectangular block, let B = ^W = 2.0 as shown 
in Fig. 1), io/h = 0.2. The time history of bed motion is an exponential 
form as seen in Equation (7) with a characteristic time parameter, a = 
18.46. These three-dimensional pictures were constructed from 256 X 256 
pixel using image processing technique, and represent the overall pictorial 
view of the wave profile at ts/gjh = 4.20, 12.61, 21.02 and 29.43. The 
vertical viewing angle for these pictures is 60° and the horizontal angle is 60°. 
The wave amplitude, r), has been normalized by the total bed displacement, 
fo- By inspecting these three-dimensional pictures the wave along the x- 
axis are transformed from the original exponential form into waves of two 
opposite directions outward from the generation region. The waves along 
the j/-axis disperse from the original wave form as time increase. Due to 
radiation of wave in every direction, the extent of the generated regions are 
presented as approximately elliptic region. The complex nature of generated 
wave patterns due to three-dimensional bottom dislocation is shown in these 
pictures. 

In order to demonstrate the transformation of wave profile as a function 
of time, the water surface profile along any arbitrarily chosen coordinates by 
a generalized digital mathematical plantom is also obtained. Figure 3 show 
the water surface profile along x axis (y = 0 for x > 0). For convenient 
comparison of the results for the two different bed motion. 
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Figure 2. Three Dimensional Pictures Due to General Case Dipole 
Dislocation Bed Motion Showing the Wave Pattern Near 
the Generation Region for Specified Time Parameters 
(Viewing Angle: 6h = 60°, 6V = 60°) 



1180 COASTAL ENGINEERING - 1990 

The water profiles for a half-sine type dipole dislocation are also super- 
imposed in Figures 3. These profiles are obtained by cutting the three- 
dimensional pictures such that shown in Figure 2. This series of water surface 
profiles shows how detailed waves are propagated from the origin of distur- 
bance towards the surrounding region. By studying these wave profiles at 
different time parameters for both types of bed motion as shown in Figures 
3, a number of observations can be made: 

(a) The limit of undisturbed water surface is consistent for all time param- 
eters, even when the bottom disturbances differ. 

(b) The water surface profiles for both dipole bed motions obtained, show 
an asymmetric behavior due to the asymmetric bottom deformation. 
The wave amplitude along the j/-axis is also zero at all the time. It 
should be noted that the present theoretical analysis does not treat the 
nonlinear effect, although the dispersive effect is allowed. Using these 
wave profiles, the propagation speed is also computed as 2.2 ft/sec, this 
is very close to the longwave celerity c = \/gh = 2.3 ft/sec. 

(c) At a small time parameter, t\fg/h = 8.41, the wave profiles due to 
general case dipole dislocation differ from the wave patterns due to the 
half-sine type dipole dislocation. This has provided an aspect show- 
ing the end effect of the generation region arriving at the x-axis. The 
generated wave profiles are dependent upon the shape of bed motion. 

(d) For the general type dipole dislocation, the wave amplitude decay 
rapidly in arbitrary direction (see Figures 3) the rate of decay is faster 
than the case of half-sine dipole dislocation the wave profiles exhibited 
larger negative wave trailing the positive leading wave. 

The water surface profiles for two different bed deformations as a func- 
tion of time at three locations away from the generated region are shown in 
Figure 4. The three locations are chosen along the minor axis (y = 0) at 
x = 1.5B, 2.05 and 2.5B. It is seen that the wave profiles in these three lo- 
cations shows the same time of arrival for different bed motion. The negative 
leading wave trailing the positive wave propagates away from the generation 
region, and oscillates in a manner which appears to be approaching the still 
water surface level as time increase. For the case of general dipole dislocation 
the negative leading wave trailing the positive wave occurs at a smaller value 
of t\fg/h, than that for the case of half-sine bed motion. 

To demonstrate the effect of coastal boundary on the nearfield tsunamis 
generated by the current bed motion models eight computer graphics are pre- 
sented in Figure 5. These computer graphics show wave patterns for various 
time after the start of the bed motion as they approach the coastal bound- 
ary. The orientation of the coastal boundary is inserted in Figure 5. The 
computer graphics are generated by different viewing angles providing the 
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Figure 4.   Water Surface Profiles for Two Different Bed Deformation 
Models at x = 1.5B, 2.05, and 2.55; y = 0 
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wave pattern from different perspective. From these, one can readily see the 
effect of the reflecting boundary and realize the varition of the transient wave 
amplitudes along the coastal boundary associated with nearfield tsunamis. 
This feature confirms the field experience which showed a great variation 
in wave amplitudes at nearby locations along the coastline. It should be 
noted that the water depth throughout the computational domain has been 
assumed constant. The resulting water surface profile for variable depth 
medium would even be more complicated than those shown. 
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