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Abstract

After witnessed the destructive power and catastrophic aftermath of 2004
Indian Ocean Tsunami, China started to investigate potential tsunami threat
to the Chinese coast. Consequently, the Chinese East China Sea area, the
most economically developed and densely populated zone in China, is not
an exception of bearing tsunami hazards. Development of atsunami hazard
mitigation solution for the region is a must. However, study about tsunami
inundation along coasts facing East China Sea (ECS) has not been carried
out yet.

For the reason above, this study aims to fill in the gap by performing
numerical simulations of tsunami propagation and inundation in ECS,
regarding the difficulties in conducting laboratory experiments that require
generation of atsunami wave in a scale down ECS topography model. The
objective of this study is to find the worst tsunami scenario for the Chinese
East China Sea coast, and based on this scenario, an inundation map is
made for cities which need to be aware of tsunami hazards.

This study only considers tsunamis generated by earthquakes.
Earthquakes generated in Ryukyu trench and Okinawa trough are both have
possibilities to trigger tsunamis affecting the Chinese coast. To determine
the worst tsunami scenario, based on geomorphology, tectonics, seismic
activities and historical tsunami records in ECS, two Mw8.2 earthquakesin
Okinawa trough and two Mw?9.2 earthquakes in Ryukyu trench are selected.
The four earthquakes are divided into two categories. North and South.
They are set in Tokara strait and Miyako strait respectively. The North
cases are used to assess tsunami hazards for areas around Shangha while
the South cases are for study on hazards in Zhejiang Province.

Tsunami wave in ECS has the characteristics of strong nonlinearity and
weak dispersion effect, hence nonlinear shallow water equations are chosen
as the governing equations. A staggered leap-frog scheme is used to solve
the governing equations numerically for its time sufficiency and
convenience in dealing with sea boundary conditions. For land boundary, a
staircase approximation is applied with adequate accuracy. Since tsunami
wave length decreases largely as it propagates into very shallow water, a
nested grid system is needed to meet stability of the numerical calculation.
Additionally, the calculation should also take bottom friction effect into
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account.

A historical tsunami, 1707 Hoei tsunami which affected the Chinese
coast, is used to validate the numerical model used in this study. The
calculation results are in accordance with previous numerical studies and
records in Chinese literatures. Nevertheless, the results vary with bottom
roughness. ECS has the feature of water depth lower than 200m in its most
parts. The bottom friction effect should be more specifically studied for
ECS.

Four hypothetical cases are conducted after model validation. By
comparing tsunami height along the Chinese coast of each event, South
Ryukyu trench case is spotted as the worst tsunami scenario. The maximum
tsunami height along Zhegjiang province is about 5m, much higher than that
showed in previous studies which was about 2-3m. The inundation distance
IS up to about 800m. South Taizhou, Dongtou district of Wenzhou, Dachen
iIsland can be highly inundated. Their population is over 1 million, 100
thousand, 1 thousand respectively. Without any protection like seawall, it
will easily cause hundreds of life casualties and huge economic loss.

More rigorous study about tsunami run-up should be carried out in the
future study. In addition, incorporation of high resolution data of
bathymetry and topography into the numerical model will also be needed
for asolid foundation for tsunami hazard mitigation plans of coastal cities.



1. Introduction

1.1 Tsunami history

After 2004, we have experienced 13 tsunami events globally. Or in
average, not as rare as people usual expected, a tsunami occurred annually.
Among these events, 2004 India Ocean tsunami triggered by earthquake of
moment magnitude of 9.1-9.3, killed over 230,000 people, making it one of
the deadliest natural disastersin human history. Another significant tsunami
Is 2011 Tohoku tsunami, also induced by earthquake of moment magnitude
over 9.0, the highest run-up height was over 40m. It caused over 15,000 life
casualties and a nuclear meltdown. The economic loss estimated by World
Bank was 235 billion US dollars, let it be the costliest natural disaster in
world history. The most recent tsunami event is the one happened in New
Zealand on November 14, 2016, just afew months before.

According to Chinese literatures [Wang et a. (2005), Chen et a. (2007),
Ren et a. (2014).], there are more than 25 tsunami records along the
Chinese coast throughout last 2000 years of Chinese history, as we can see

it from Table 1.1 and Figure 1.1.



Table 1.1 Chinese tsunami catalogue

No. | Time Longitude | Latitude | Mw

1 47BC 120.0°E | 38.0°N

2 | 173/7 1204°E | 38.4°N 7.5

3 | 1046/4/24 121.5°E | 36.5°N 5.5

4 |1076/11 117.0°E | 23.0°N

5 |1498/7/9 131.8°E | 34.0°N 8.3

6 | 1509/6 121.0°E | 31.5°N

7 | 1548/9/12 121.0°E | 38.0°N 7

8 | 1597/10/6 120.0°E | 38.5°N 7

9 | 1604/12/28 119.0°E | 24.7°N 7.5
10 | 1605/7/13 110.5°E | 20.0°N 7.5
11 | 1640/9 116.5°E | 23.5°N 5.75
12 | 1661/2/15 120.2°E | 23.0°N 6.5
13 | 1668/7/25 118.5°E | 34.8°N 8.5
14 | 1670/8/19 1225°E | 33.0°N 6.75
15 | 1707/10/28 135.9°E | 33.2°N 8.4
16 | 1721/9-10 120.2°E | 23.0°N 6




17 | 1781/4 121.0°E | 24.0°N 7
18 | 1792/8/9 120.6°E | 23.6°N 7
19 | 1854/12/24 135.6°E | 33.2°N 8.4
20 | 1867/12/18 121.8°E | 25.3°N 7
21 | 1917/1/25 1194°E | 24.5°N 6.5
22 | 1917/7/4 123.0°E | 25.0°N 7.3
23 | 1918/2/13 117.3°E | 23.6°N 7.3
24 | 1923/7/13 130.5°E | 31.0°N 1.2
25 | 1948/5/23 121.9°E | 37.6°N 6
26 | 1986/11/1 121.7°E | 24.1°N 7.6
27 | 1994/9/16 118.5°E | 23°N 7.3

Figure 1.1 Epicenters of Chinese historical tsunami




Although some of these may be documented incorrectly because of people
could not distinguish the difference of tsunami and storm surges in ancient
time. Nevertheless, most events are confirmed, for mainland China, 1707
Hoei tsunami and 1854 Ansal tsunami which was triggered in Japan Nankal
trough has impact to the Chinese East China Sea coast, especially Zhgjiang
Province and Shanghai. In the case of South China Sea, tsunamis induced
by magnitude > 7.0 earthquakes on 1604 and 1918 affected Quanzhou,
Fujian Province and Nanao, Guangdong Province, respectively. For Taiwan
island, the most devastating tsunami is the one occurred on 1781. It killed
more than 40 thousand people in Taiwan. And on 1867, the only instance in
China, earthquake and undersea vol cano eruption occurred at the same time,
the tsunami they generated drown hundreds of people, wrecked countless
ships.

Hatori(1988) investigated tsunamis generated from Okinawa trough and
Ryukyu trench, indicating that it is an earthquake high-incidence region.

The epicenters are showed in Figure 1.2.



Figure 1.2 Tsunami recordsin Ryukyu region
These tsunamis caused severe damage in Japan, especialy 1771 Great
Yaeyama tsunami, killed over 13,000 people. The run-up height on Ishigaki
island was over 30m. Due to low earthquake magnitude and long distance
to the Chinese coast, there are no records in Chinese literatures, but Ryukyu
region deserves our high attention when we consider tsunami threat to the

Chinese coast.

1.2 East China Sea
East China Sea locate at northwest of Pacific Ocean, extend from
21°54'N, 117°05'E to 33°17'N, 131°03'E, about 1300 km in length and 740

km in width, covering an area of approximately 770,000km? with 370 m



average water depth. It mainly consists of two parts. the continent shelf and
Okinawa trough.

The continent shelf is very abroad, occupies about 2/3 area of East
China Sea. Generally, it is wider in north than it in south and the longest
distance reaches 560 km. Its slope is very mild which between 1/100,000 —
1/1000. And water depth contour is amost in parallel with the Chinese
coast. Then shelf break at 160 m water depth. After that is the continent
slope zone with 35 km average width. Its slope ranges from 1% to 25%.
Earthquake records are rare in the continent shelf region

Okinawa trough, together with Ryukyu island-chain and Ryukyu
trench, is a typical trench-arc-back-arc system, induced by Philippine Sea
plate subducting Eurasian plate with arate of 5-7cm/yr. [Wang (2014)]. It is
a high earthquake risk region. The mechanism of most earthquake eventsin
Okinawa trough is norma fault or landslide [Liu (2012)] while the
common mechanism of earthquake events in Ryukyu trench is reverse fault.
Li (2006) analyzed earthquake risks based on the repeatability and ana ogy
of seismic activities in Okinawa trough and Ryukyu trench-arc. He divided

Okinawa trough into three potential earthquake regions with magnitude up



limit of 8.0: North, Middle and South. Similar division aso was done for
Ryukyu trench with exception of maximum magnitude changed to 8.5.
However, the two principles used in his analysis are developed from
researches of tectonics and seismic activities in plate, it has doubts in its
applicability for island region. Moreover, the remoteness of this region and
small number of seismometers enlarge the probability of underestimation

of seismic activities and magnitude up limit.

1.3 Current study

Only few studies have been conducted for tsunami propagation in East
China Sea. Basically, it can be divided into three groups based on source
region, that is, Nankai trough, Okinawa trough and Ryukyu trench. They

are summarized in Table 1.2.



Table 1.2 Current study of tsunami propagation in East China Sea

Source Nankai
Coast Wen et al.(2014) 9.1 Mao et al.(2015) 9.1
Jiangsu North Im 1lhrs
Shanghai 2-3m 8hrs
North Im+ 8hrs
Zhejiang  Middle 1-2m 6hrs  2m+ 6hrs
South Im+ 5hrs
Fujian North

Guangdong North

a. Nankai trough

TTresL_ sQurce Oikinawa
|Coorast “"‘"n%h Moo et ali2015) 3.0 Luctal {20120 (L 3.0
Jigrigsu Ml
{3hangnal

Mot N5-1m  Ghrs

7 ejiang M didle 1 S !r.:uhrs F=2m e
. South 3hrs
|Fjiar Marth

[Gudrgrong Narle)

b. Okinawatrough

w Ryukyu
Coast Mao et al.(2015) 8.7 Lin(2012) 8.8 Wen et al.(2016) 9.0

Jiangsu North
Shanghai Im 8hrs
North Im 5hrs 2m 5hrs
Zhejiang  Middle 192-2m 5hrs
South 3hrs 1-2m 3-4hrs
Fujian North 2m 4.5hrs
Guangdong North 0.5m 5hrs

c. Ryukyu trench
Basically, the maximum tsunami height along the Chinese coast is 2-3m,

and no study talk about tsunami inundation has been published yet.
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1.4 Research Objectives

Since previous studies never do tsunami inundation in East China Sea
and usually study for one source region only. This study aims to study
potential tsunamis in all of three source regions. Determine the worst
tsunami scenario by compare their tsunami heights along the Chinese coast.
Then use the worst tsunami scenario to obtain inundation map for city

planning of seawall construction and others.
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2. Governing equations and numerical scheme

2.1 Governing equations

Tsunami is extreme long wave with wave length of tens to hundreds of
kilometers. Water depth of the continent shelf, most part of East China Sea,
is less than 160m. For Okinawa trough, the less part, water depth varies
from 1000 to 2300m. Average water depth of East China Seais about 370m.
The ratio of water depth to wavelength is less than 1/100, clearly smaller
than the up limit of shallow water definition 1/20. Thus, we can consider
tsunami in East China Sea as longwave or shallow water wave with strong
nonlinearity, also confirmed by Liu et a. (2009). Furthermore, we use a
parameter & proposed by Mei (1989) to determine the importance of

dispersion effect. The parameter is defined as

l l !
=) (%) (21)
where [ standsfor distance from source region to the leading wave, h and
w are water depth and width of fault, respectively. In this case, it is

obvious that 6 is smaller than one which means dispersion effect is not

significant in East China Sea. Also, Ren et al. (2015) suggest that
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dispersion effect is neglectable in South China Sea. By using the
parameter d above, we can get the result that dispersion effect issmaller in
East China Sea than it in South China Sea. Without high-order derivative
terms, as contained in Boussinesgue-type equations or Navier-Stokes
eguation, simulation model will be more efficient.

It can be concluded that it is adequate to use nonlinear shallow water
eguation as governing equations in East China Sea for tsunami propagation

and inundation.

2.1.1 Nonlinear shallow water equations
In this study, nonlinear shallow water equations are used in its

conservative form. In Cartesian coordinates, they are expressed as

e R &2
%+MV}+%@%+w%+H=“ 23)
5 tar (o) taylp) HEDS +1y =0 @9

Where t stands for time, x and y are horizontal coordinates, n is water

surface elevation, D represents total water depth, M and N are discharge
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fluxes (products of depth averaged velocities and total water depth), g is the
gravitational acceleration. And bottom friction terms 7, and 7, are

evaluated via Manning’s formula

1, = 5 M(M? + N2): (2.5)
ba
T, = I N(M? + N2): (2.6)

Dj

in which nis the Manning’s roughness coefficient.

In spherical coordinates, nonlinear shallow water equations are expressed

as
5t +eosy Loy + g (COSPN)} =0 @7)
_5;_? ¥ Rf;sw%{%&} % :e aE:a {M*‘i‘] & th:.j«;qu j_:; hag =4 (2.8)
% * Hffllsqﬂ ??% {%ﬁi} + %%{FE’.} ;s %2_1 +17, =0 (2.9)

Where ¢ and i are the latitude and longitude of the Earth, R is the

radius of the Earth.

2.2 Numerical scheme
We can implement different numerical schemes into nonlinear shallow
water equation. Take some existing models for example, TUNAMI model,

COMCOT model and MOST model use finite difference scheme whereas

14



GeoClaw model uses finite volume scheme. And finite element method and
other numerical methods are also applicable. This study chooses COMCOT
model to conduct numerical studies. Liu et al. (1995) and Wang and Liu.
(2006) use it to study 1960 Chile tsunami and 2004 Indian Ocean tsunami

respectively, the ssmulation results are satisfied.

2.2.1 L eap-frog scheme

COMCOT model which developed by Cornell University uses an
explicit staggered leap-frog finite difference scheme. More specifically,
centra difference scheme for linear terms and upwind scheme for nonlinear
terms. Because if we applied centra difference scheme to nonlinear terms,
it will introduce a negative diffusion error which leads to instability. So, the
accuracy of numerical calculation goes down to 1% order if we include
nonlinear terms. Arrangement of computation points are shown in Figure
21 aand b. n is set at the center of a computation cell, it has half
computation step difference from discharge flux M and N in both time and

space. This special arrangement eases boundary conditions setting.
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A5

b

Figure 2.1 Arrangement of computation grids

Therefore, discretized equations use central difference scheme for linear

termsin Cartestan coordinates is given as

1 1
“ff_, =z oM™, -M", N -N" ,
”f.j 'h-.f + “'E'-'l .'—?Jl + [,_,l-l-—; Li=z = O
At Ax Ly
n+1 T ! 1
MU M i Rl At
it5f 5] + s Miaq " iy -0
Al i-i—gr_;' Ax
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N+l _pen atE nde

L e 1 1 Fl
ijts itz nt M~
—Z 24D == (2.12)
At i+ Ay

and its counterpart in spherical coordinates are expressed as

1 1
L aid o il m
n+ mn ¥ —M [

2 ] 5
Mij "M +{ 1 } s 4
AL Reospl; i Ay

cosp. 1 INT —|cose@. 1 |NT
{ 1 } ( “’i-ﬁé) u%( ‘Dw-%) Li~g

T
= = 0 (2.13)
1
4= 1 1
M?H]I_-Mn i gD 11. ; N3 - fits
ity 43 el Moy My _ (2.14)
AL Rcosg . 1 & .
r+z.j
1
NTFL _ IJH+E ne ndt
ity Lt L i
At R Aip . @)

Since we use upwind scheme for nonlinear terms in the momentum

equations, in Cartesian coordinates they are discretized as

2 2 2
a (M) 1 (Mig-') (Mfi—i-') (M;L'-')
_{'_‘}="_ 1111__—'2_1'_+}112_——"2—{"_+1113_—_‘21—L_ (216)

ax\D Ax D", o™ p"
+5 43 (=50
8 (MN | {Mm:—‘m {Mm:—',. {MN}:—Ef—i
a_{_ﬂ } =gt A (2.17)
¥ ¥ 1 | e
X 1+E,;+J 1+E,_f 4= /=1
[ (MT (MN)T (M) 4
d MN} 1 i~1,f+3 LS i—1,)+:
— it =g ——LF AL fg——— = 2.18
ﬂ:r{ D ﬁxl 3l pn 32 pn | 33 pn ( )
1. f+5 Lt =Ljts
2 2 2
M-"-l- 3 MI‘I 1 MI‘I 1
8 ME] 1 ( f.}+') ( f,j 4 bj=3
RAMY X da N g N g AR 2.19
ﬁ}'{ﬂ Ay e p" 4 i p" M p" ( )
[J+§ [J+§ [J_E

Where A, depend on flow direction, are determined from
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Mi=0, ;=1 Az=-1  ifM],. 20
a 2.2
Mi=1  Ap=-1  Ay=0 ifM], <O (2.20)
3
A1 =0, =1 Ay=-1 ifN: =0
_ _— _ W, (2.21)
.3.3-1 = Iv A.zz - 1, A’ZE - U, I.fN!..*l; {: 0
:
’13] = [}, 3-32 =1, 1‘133 = =], lfM;rz+l =0
o 2.22
=1, Ap=-1  Ag5=0, ifM] <0 (2.22)

I (2.23)
}141 = l, 1142 = _1, 1143 = U, LfNI,_J“I—; <0

{141 =0, A2=1 A3=-1, ifN, 120

Additionally, the bottom frictional terms are discretized as

_ n+1 n
Yo (MH%J +M }) (2.24)
— n+1 n
F, =v, (Nu% + N{.J%) (2.25)
Where v, and v, are given as
1 gn’ n 2 n % %
Ve == = M" 1. + N 1, (226)
2 3 ""E-J' i'-l—?,_j'
) -
H‘E.j
1 gn’ n % n % %
U}, -- 7 (Mr,;-l—;) + (Né,j+%) (227)

At last, solutions of discretized equations are given as

nts n—
o o n _ pgn n Ny
it =M =T (M_ 1= M 2) +1, ( Nmé Nilj*l) (2.28)

1 ns L A
n+l - n -— 2 e 2 1L _
MH—;,}' 1+ v, At {(1 vxﬂﬂMH%.j rxgﬂn_‘? i (’?EHJ M j )}
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2 2 2
M" s M", | M"
Tx }1 I+_§Jj + }1 vF+'?:JJ + }1 'F__z_.lj
T = Dl = phy
f+i,j t+s.] 1—-Ej
5 {MN)HH (MM 3 {MN}:_EH]
a ‘5 P
—_— et A+ Ay ——— 2.29)
21 Z2 n 23
14w, AL | 14 DH ¥ DH £o3
NH-H 1 1 ﬂt)Nn n+% n+% n-l—%
=—A(1-w -7 Ll —p -
Lﬁ—é 1+ v,At ( 4 ij+ % -”’g +§ Mij+1 ™ Wi
n n n
% (MN}HI T (MN):',H% (MN);'—I,H%
1+ v,he )" r A=~ tAs -
b4 i+1,j+5 LIty 1,45
2 2 2
a (Mf‘l*a) (qu.+1) (M:‘Ij 1)
Y i T SAE) b3
e T S P A4z o (2.30)
[J4_2 LJ+§ L"I_E

Where 1, = At/Ax and r, = At/Ay. Some simple approximations are

also used in the above equations:

n o afent omtoal gl

fy = 5 Day Dyt D 4 D (2.33)
T | (e L O R
Dz =5 Dy, * + Dy +1)UH +D; 2 (2.34)
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n _1 n " n
M:‘,;+1_4(Mi 21+M +M:+ J,-I-M£+ ;+1) (2.35)
N, (N“ +N" +N ot N 1) (2.36)
HE'J ;—— i+1.j— + i+1 -'H_z

In spherical coordinates, the solutions are written as

n+ ﬂ—- 1 At 1 4t
N2 =n, My —M'; J]—=—(N" i—N" i
Ly LJ Hmscpi,_, ﬂq'.i r+51 t— R Ag L+ L=

1
D H+E ﬂt 1 1
MM = 14 (1 - v AOM" ;_[ 8 } —( s ’”?) _

H—z Rcosg ié—%“; Ay Miv1,; ~ M
2 2 2
7t 7t n
Ji At (”Hz--f) (”H%J (”f-%f)
Reosgy, dp ) D, thepn o theTw o
LI l+§_,f i+i"’ E—% I
(MN) " 4 (MN)" 1 (MN)Y" 4
Jy it + i i
:E 21 n . + ’122 n ¥ ‘123 1 . (") 38)
i+ j+1 i+%.;' i+=i-1
n+%

n+1 A 8 U+ At n+% n+%
Nm_—Jy (1- vyﬂr)M”%— R ap\Tn Ty )

(MN)” (MN)" 1 (MN)”

RIPE 4 - a
jy At i+1,j+5 Lf+5 i—1,j +§

(2.39)
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they are used in Cartesian coordinates.

2.2.2 Nested Grid

As tsunami propagating toward shoreline, water depth decrease
gradually as well as tsunami wavelength. In numerical computation, on one
hand, at least 20 grids should be covered in one local tsunami wavelength
[Shuto et al. (1986)]. On the other hand, we cannot set infinite grids regard
of Courant number or stability analysis, otherwise it will take enormous
computation time which is unnecessary and unfordable economically. An
effective solution is to adopt nested grid system that alows the usage of
relatively coarse grid in deegp ocean and finer gird in coastal regions. Both
time efficiency and calculation accuracy will be quite satisfying if we use
nested grid ingenioudly.

In COMCOQOT, computation cells are assumed as squared, or say Ax =
Ay. In each grid layer of nested grid system, space step should be uniform.
However, time step can be different for different layers, depends on the grid
size and maximum water depth of each layer, to satisfy

Courant-Friedrichs-Lewy (CFL) condition. Just to illustrate nested grid,

21



Figure 2.3 gives us a simple two layers of nested grid as an example. Dots
represent water surface elevation n, while arrows denote discharge fluxes
M and N. In Figure 2.3, the grid ratio of the outer layer and the inner layer
Is 1:3, so discharge fluxes in the outer layer are interpolated into the inner
layer at the boundary of two layers for further calculation. In fact, we can
set any integer ratio to the system, but since there is a “true” value in the
middle of the boundary, it prefers to use odd number ratio. Furthermore,

regarding of stability and accuracy, ratio of 3 is aways recommended.

e o ow [ L R
SR S A 5 M

e & - [ B L |i...-..1. 3
R S

s m o = ook o mba ol
& . . s & . -
i [ -I'l-- o o W ow
—a—T— Tt

b L ] ek LEE XN X N LN
P P P P S S

LA e W & P ]

Iy = LT. 'iTJ e
] = Y . ;

+ & P e« P+ e

Figure 2.2 Two layers of nested grid

2.2.3 Boundary conditions
It is not easy to describe moving boundary (land boundary) by equations

in the Eulerian description. In COMCOT, it approximates real bathymetry
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and topography by staircase of computation cells and the result is adequate.
Take one-dimensional case shown in Figure 2.3 as an example. After
getting the latest water surface elevation value from the continuity equation,
we can focus on the nearest land cell to determine the position of shoreline.
Based on the assumption of D; > 0, the algorithm of determine shoreline
Is summarized as follows:

If Diyy =0 and hjyy +1; < 0. then the computation cell i+1 is not

inundated, the discharge flux M, . keeps have azero value.
2

If Djyy =0 and h;y; +1; > 0. then the computation cel i+l is

inundated, and the discharge flux M, . becomes nonzero. The inundation
2

depth is determined by Hy = hiyq +1;.

If D;,, > 0, then the computation cell i+1 is inundated, and the discharge

flux M, 1 becomes nonzero. The inundation depth is determined by H, =

max(hi-ﬂ + i hivq + ”Hl]*

23



VL

Figure 2.3 Moving boundary scheme

For sea boundary, COMCOT provides three options. open boundary
condition, sponge boundary condition and input boundary condition. Open
boundary condition is used in this study. It allows water waves to travel
outward through the boundaries without any barrier. The centers of
boundary computation cells where water surface elevation n located are
defined as sea boundaries. Therefore, at every time step, n at the boundary
cells which are not able to be computed need to be given by another way.
Thisis done by using linear shallow water theory as follows

n= o (2.40)

where h is the till water depth and i, M, N and g are defined same as

above.
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3. Numerical experiment

Governing equations used in this study are nonlinear shallow water
eguations in spherical coordinates. Bathymetry and topography data of all
numerical experiments are given by Etopol 1-min data (available for
download at https://maps.ngdc.noaa.gov/viewers'wcs-client/). For inner
layers of nested grid, their data are al interpolated from Etopol 1-min data
The outmost layer of nested grid adopts 1 arc-min bathymetry and
topography resolution and the ratio of two adjacent layers is fixed at 3.
Computation time step is 1sin all numerical experiments. Without special
explanation, tidal level is always zero for initial water level setting. The
source model of earthquake induced tsunamis is Okada’s model[Okada
(1985)]. Bathymetry data of East China Seais shown in Figure 3.1.
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Figure 3.1 Bathymetry of East China Sea
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3.1 Validation test
3.1.1 1707 Hoei tsunami

Same as Ryukyu trench, Nankai trough formed by Philippine Sea plate
subducting Eurasian plate. A great earthquake of magnitude 8.4 happened
on October 28,1707. This great earthquake was the biggest earthquake in
the history of Japan before the 2011 Tohoku earthquake. It caused a
destructive tsunami and over 5000 casualties in Japan. Some Chinese
documents record that on the same breezeless day the water level rose
suddenly and rapidly in Qiantang river and other places of Zhegiang
province [Wang et al. (2005)]. In this study, this tsunami event is used for
validation test of COMCOT model.

The test adopts two layers of nested grid. Domain of the outer layer is
22°N~38°N, 118°E~142°E. It covers from the Chinese East China Sea
coast to the whole Nankal trough. Domain of the inner layer is 27°N~33°N,
119°E~124°E. It focuses on the Chinese coast and its near sea. The nested

grid setting and initial waveis shown in Figure 3.2.
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Figure 3.2 Initial wave surface profile of 1707 Hoeal tsunami (Aida,1981)
Fault parameters of the earthquake are based on Aida (1981). It divided
Nankai trough into five segments as we can see from Table 3.1.

Table 3.1 Fault parameters of 1707 Hoel earthquake(Aida, 1981)
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Figure 3.3 shows us the maximum tsunami coastal heights along the
Chinese coast. The maximum coastal height of the model calculated is in
accordance with previous numerical studies’ 0.7m (Harada and Satake 2014;

Kim et a. 2016).
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Figure 3.3 Tsunami coastal heights along the Chinese coast

3.2 Hypothetical tsunami
3.2.1 Interested area and source selection

Most part of Fujian province is protected by Taiwan island from tsunami
in East China Sea. Regarding of the purpose of this study, Zhgiang
province, Shangha and Jiangsu province, namely Yangtze river delta
region, are the research interesting areas in this study. More specificaly,
Zhgjiang coasts are in the innermost layer of nested grid for tsunami
generated in south Okinawa trough and Ryukyu trench while Yangtze river
mouth and Hangzhou bay region are the main study area for tsunami
generated in north Okinawa trough and Ryukyu trench.

Since the fina goa is to determine the worst tsunami scenario,
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earthquakes with big magnitude, “good” location and short distance to the
Chinese coast are what we are looking for.

Li (2006) set up limit magnitude 8.0 for Okinawa trough and 8.5 for
Ryukyu trench. However, his method has uncertainties. To avoid this, Rong
et a. (2014) replace maximum earthquake magnitude by add a time period
of interest. Most of the circum-Pacific subduction zones will have a
magnitude > 9.0 earthquake over a 10,000-year interval. Moreover, Lin et
a. (2014) suggest that geodynamic contexts are similar between the
Sumatra and Ryukyu subduction zones, a potential magnitude > 9.0
earthquake may occur in the fore-arc area of the Ryukyu subduction zone.
Thus, magnitude 8.2 and 9.2 earthquake are set in Okinawa trough and
Ryukyu trench, respectively. In terms of epicenter location, Tokara strait
and Miyako strait are two candidates for our simulation. This setting is to
minimize the function of islands in East China Sea as “natural breakwater”.
For earthquakes in Okinawa trough, they are set near the end of the
continent shelf since there are few islands in the continent shelf area and
the distance between tsunami source to the Chinese coast can be an

important factor.
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3.2.2 Okinawa trough

Earthguake magnitude in Okinawa trough is set as Mw 8.2 and by using
ascaling law of Utsu (2001) we can get fault length and width. Because in
this source region the major factor of tsunami impacts to the Chinese coast
IS the distance from source to coast, two experiments marked as ON.n and
ON.s (ON stands for Okinawa trough, n means north and s means south),
referred from Harvard CMT catalog 1977-1998, are set near the east end of
the continent shelf from north to south. Epicenter locations and fault
parameters are listed in Table 3.2.

Table 3.2 Fault parameters of two experiments in Okinawa trough
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The range of three nested grid layers of case ON.n is 21°N~35°N,
118°E~140°E, 27°N~33°N, 119°E~124°E, 28.8°N~32.8°N,
120°E~123.5°E from outmost layer to innermost layer respectively. For
case ON.s, the outmost layer narrows down to 21°N~35°N, 118°E~132°E,
the second layer is same as case ON.n, and since it generated tsunami from

south Okinawa trough, the third layer that focus on Zhegjiang coasts ranges

from 27.7°N~30.2°N, 120.5°E~123°E. Grid setting and initia wave
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profiles of case ON.n and ON.s are shown in Figure 3.4 a and b. the two

experiments both ran for 15 hours which assures tsunami waves impact the

Chinese coast completely.
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Figure 3.4 Nested grid and initial wave profiles of case ON.a and ON.b.
Pink dashed lines represent plate boundary between Eurasian Plate and
Philippine Sea Plate (Bird 2003).

After running 15 hours, their maximum wave amplitude distributions are

shown in Figure 3.5.
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Figure 3.5 Maximum wave amplitude distributions of ON cases

3.2.3 Ryukyu trench

Seismic magnitude of Ryukyu trench is set as Mw 9.2. Same procedure
as above, length and width of fault are calculated by using scaling law. Two
experiments, RK.a and RK.b (RK stands for Ryukyu trench), are set in
Tokara Strait and Miyako Strait respectively. The reason why these two
straits are chosen is that among the whole Ryukyu region, the role of
islands play as natura breakwater goes down to minimum in the two wide
gaps. Additionally, the degree of tsunami wave attenuation varies with
tsunami propagating direction [Murata et al. (2009)], so directions of the

earthquakes are specially set to maximize tsunami threat to the major cities
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along the Chinese coast. Historically, 1911 Kika Island Earthquake with
seismic magnitude of Mw 8.0 happened near case RK.a, and 1771 Yaeyama
Great Earthquake probably accompanied with landslide generated close to
case RK.b. Table 3.3 shows locations and fault parameters of the two
hypothetical events.

Table 3.3 Fault parameters of two numerical experiments in Ryukyu trench
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For nested grid setting, case RK.n and RK.s are as same as case ON.n
and On.s, respectively. Their initial wave profiles are shown in Figure 3.6 a

and b. The two experiments also ran for 15 hours.
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Figure 3.6 Nested grid and initial wave of case RK.n and RK.s.

Figure 3.7 shows maximum wave amplitude distributions of cases in
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Ryukyu trench after the model running 15 hours,

case RK.g

P B i e L
ng o St
o E e R
S B aen U
i ey

Latbtudot *M)
A
[n:r]

[d
[v1]
'

120 12% 120 135 140 120

125 130
Langibude(*E] Lowyilile" E)
aRK.n b)RK.s

Figure 3.7 Maximum wave amplitude distributions of RK cases

3.3 Comparison

Because the domain of the third layer is different for north and south
cases. We compare the maximum tsunami coastal heights separately, that is,
north cases are used to study about coasts around Shanghai while south
cases are focus on Zhgjiang coasts.
3.3.1 Shanghai coasts

We use case ON.n and RK.n to compare the maximum tsunami coastal
heights of coasts around Shanghai. The comparison result is shown in

Figure 3.8.
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Figure 3.8 The maximum tsunami coastal heights comparison (North cases)
As a result, case RK.n is more threatening than ON.n in the case of the
Chinese coast.

3.3.2 Zhgjiang coasts

Case ON.s and RK.s are used to compare the maximum tsunami coastal

heights of Zhejiang coasts. The comparison result is shown in Figure 3.9.
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Figure 3.9 The maximum tsunami coastal heights comparison (South cases)
Consequently, same as the north cases, the tsunami in case RK.s has higher

coastal heights than it in case ON.sin terms of the Chinese coast.
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4. |nundation map of the wor st scenario

Generdlly, tsunami generated in Ryukyu trench will cause more severe
tsunami hazard to the Chinese coast than it generated in Okinawa trough.
Moreover, if we take a close ook at North cases, we will find that most of
high coastal waves are around small islands or uninhabited areas. Therefore,
the tsunami generated in south Ryukyu trench is selected as the worst
tsunami scenario for the Chinese coast. The maximum coastal heights
aong Zhgiang province is about 5m, much higher than it showed in
previous studies which is about 2-3m. So it is used to make inundation map

for coastal cities.

4.1 Inundation map

At first, inundation map is made without consideration of tide effect.
Among the Zhegjiang coast, there are three major cities bearing tsunami
risks in East China Sea: Zhoushan, Taizhou and Wenzhou. For the case
RK.s, Zhoushan is fortunately protected from tsunami hazard by the islands
located in front of it. Wenzhou is aso protected by islands, but one of the

islands, Dongtou district of Wenzhou with large population is highly
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inundated. The only protection of Taizhou is Dachen island. However, both
Taizhou and Dachen island cannot escape from the claws of tsunami

inundation. The inundation maps are shown in Figure 4.1 aand b.
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b) Inundation map of Dongtou District
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Figure 4.1 Inundation map of the worst tsunami scenario
In addition, tidal difference along the Zhegjiang coast is aways above 4m
(Cai et a. 2013). It is necessary to take tidal effect into account. Inundation

map of Taizhou after 2m tide added is shown in Figure 4.2.
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Figure 4.2 Inundation map of Taizhou (2m tide added)
The bathymetry and topography data used in this study is 1 arc-min
resolution, even they are interpolated into about 200m in the third layer of
nested grid, they differ from the actual situation due to the existence of
small islands. Although Figure 7 shows inundation area increased largely
after 2m tide added, actual inundated area could be less after

high-resolution bathymetry and topography data are employed.
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5. Conclusion

The conclusion of this study is summarized as follows:

1.In this study, we have conducted four hypothetical tsunami simulations.
Tsunamis generated in Ryukyu trench are more threatening than that
generated in a paralel position of Okinawa trough.

2. We have found a tsunami source (case RK.s) which can possibly be the
worst tsunami scenario for the Chinese coast. The maximum coastal height
aong Zhgiang province is about 5m, much higher than that showed in
previous studies which is about 2-3m.

3. The worst tsunami scenario (case RK.s) is used for tsunami inundation
calculation. Taizhou, Dongtou district of Wenzhou, Dachen island are
highly inundated. Their populations are over 1 million, 100 thousand, 1
thousand respectively. Without any protection like seawall, it will easily
cause hundreds of life casualties and huge economic loss. The inundation
distance is up to about 800m.

4. Inundation area will be largely increased if tide level is added into the
calculation. But it may be exaggerated due to the coarse resolution of

bathymetry and topography data used in this study.
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6. Futurestudy

More rigorous study about tsunami run-up should be carried out in the
future study. In addition, incorporate high resolution of bathymetry and
topography data into the numerical model will aso be needed for a solid

foundation for tsunami hazard mitigation plan of coasta cities.
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