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Abstract The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is threatened by potential tsunami hazards from the
Littoral Fault Zone (LFZ) and the Manila subduction zone (MSZ), and may suffer huge damage because of its dense population,
concentrated infrastructure, and low-lying coasts. Previous tsunami studies for the GBA made simple assumptions on the
mechanisms of LFZ earthquakes, and used coarse bathymetry data in tsunami simulation, which limited the prediction of detailed
tsunami hazard characteristics. In this paper, we develop a parallel dispersive tsunami model PCOMCOT to efficiently simulate
dispersive, nonlinear, and breaking tsunami waves. We also construct large-scale and high-resolution bathymetry models for the
GBA by correcting and integrating various data sources. Dynamic rupture simulation is performed for the LFZ to obtain a more
reliable earthquake source model. We propose several representative earthquake scenarios for the LFZ and MSZ, and use
PCOMCOT to calculate the resulting tsunami waves, currents, and inundation in the GBA. Our results indicate that if an M,,7.5
oblique-slip earthquake occurs in the LFZ off the Pearl River Estuary (PRE), the subsequent tsunami will primarily impact Hong
Kong, causing maximum positive and negative waves of around 1 m and —2 m, respectively, along with slightly destructive
currents (=>1.5 m/s). An M,9.0 MSZ megathrust earthquake can lead to widespread inundation with >1 m depth on the outlying
islands of Macao and in the urban areas of Hong Kong around the Victoria Harbour. Besides, it will also cause catastrophic
tsunami currents along the narrow waterways in Hong Kong and Macao, and the spatial distribution of strong currents (=3 m/s)
shows a considerable discrepancy from the areas of serious inundation. Thus, more attention should be paid to the potential
impacts of tsunami currents on the GBA.
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Introduction

(GBA), composed of cities such as Hong Kong, Macao,

The Pearl River Delta (PRD) is the largest alluvial plain in
Southern China, accommodating one of the most extensive
and densely populated urban agglomerations in the world.
The Guangdong-Hong Kong-Macao Greater Bay Area
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Guangzhou, Shenzhen, and Zhuhai, serves as a global hub
for manufacturing, finance, and international trade. The
GBA is potentially threatened by tsunamis from the South
China Sea (SCS), and is highly vulnerable to tsunami ha-
zards because of its dense population, concentrated infra-
structure, and low-lying coasts (Li et al., 2022a). To ensure
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the social security of the GBA, the potential tsunami hazards
have to be considered in urban planning and disaster miti-
gation strategies. Thus, it is imperative to conduct detailed
tsunami hazard assessment for this area, which provides
necessary data for the above purposes.

In the SCS, The Manila subduction zone (MSZ) has the
potential to induce serious regional tsunamis, and has long
been the focus of tsunami hazard assessments and warning
(e.g., Liu et al., 2009; Liu et al., 2015). Megawati et al.
(2009) presented an M,9.0 worst-case rupture model based
on the maximum possible slip deficit along the entire MSZ
since the 1560s, and simulated the triggered tsunami waves.
They showed that the coasts of Guangdong and Fujian pro-
vinces are severely affected due to the focusing effects of
bathymetry, and that Hong Kong could be hit by waves of up
to 6 m. Liu et al. (2009) specified several M,,8.0 earthquake
scenarios, following the segmentation of the MSZ proposed
by the United States Geological Survey (USGS). They
suggested that the distribution of tsunami hazards in the SCS
is sensitive to the rupture location, with ruptures in the
northern segment of the MSZ being the most dangerous to
Southern China. In addition to the scenario-based determi-
nistic hazard assessments, considerable advances have been
made in the methodology of probabilistic tsunami hazard
assessment (PTHA) for the MSZ. PTHA incorporates var-
ious uncertainties in earthquake sources and tsunami pro-
pagation, such as earthquake magnitude and location (Liu et
al., 2007), coseismic slip distribution (Li et al., 2016; Se-
pulveda et al., 2019), climate-driven sea level change (Li et
al., 2018; Sepulveda et al., 2021), etc. The stochastic nature
of tsunami hazards is described as exceeding probabilities of
different wave height or inundation levels.

Beside the MSZ, the GBA is also threatened by earth-
quake-generated tsunamis from the nearby Littoral Fault
Zone (LFZ). The LFZ is a major intraplate deformation zone
stretching over 1000 km along the shoreline of Southern
China (Liu, 1981). Because the LFZ is located in the shallow
water, most researchers focus only on the associated seismic
hazards and ignore the tsunami hazards. In recent years,
several historical tsunami events related to the LFZ were
discovered (Xu, 2007; Peng et al., 2017), and more attention
was paid to its tsunami risk. The LFZ has been included as a
source zone of local tsunamis in some PTHA studies (Wen et
al., 2011; Ren et al., 2017; Yuan et al., 2021). Previous stu-
dies simply assumed the tsunami sources in the LFZ to be
pure thrust earthquakes, resulting in relatively severe tsu-
nami hazards (e.g., Ren et al., 2017; Yuan et al., 2021; Li et
al., 2022b). However, both the tectonics and the earthquake
records of LFZ show that, the fault mechanism changes
gradually from oblique thrust faulting to oblique normal
faulting from the east to west (Chen and Huang, 1989; Xu et
al., 2010; Sun et al., 2012; Peng et al., 2017). Since the
tsunamigenic potential of earthquakes strongly depends on
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their focal mechanisms, more reliable earthquake source
models accounting for the tectonic stress and rupture dy-
namics of LFZ, should be applied in tsunami hazard as-
sessment.

The coastal topography of the GBA is highly complex,
characterized by various natural features including islands,
bays, channels, etc., and numerous artificial structures such
as ports, piers, and breakwaters. As small-scale topographic
features significantly influence tsunami propagation and in-
undation in coastal areas, high-resolution bathymetry data
are necessary for accurate modeling of tsunami hazards in
the GBA. Most previous studies used publicly available
bathymetry data such as the Earth Topography (ETOPO) and
General Bathymetric Chart of the Oceans (GEBCO) for
tsunami simulation (Liu et al., 2007; Liu et al., 2009; Li et al.,
2016; Yuan et al., 2021). These datasets are too coarse (grid
size ~15 arc sec) to resolve the small-scale features. The
importance of high-resolution bathymetry data is illustrated
by Heidarzadeh and Gusman (2021), who simulated the
Mediterranean tsunami triggered by the May 20, 2020 M,,6.6
Crete earthquake. They found that the tsunami waves in two
ports calculated using GEBCO disagreed with the tide gauge
recordings, with the maximum wave height underestimated
by ~60%. In comparison, these waves were satisfactorily
reproduced using the 3-m resolution grids of the local
bathymetry, where the piers and breakwaters are well re-
solved. By far, a few studies have utilized high-resolution
bathymetry data for tsunami inundation modeling in the
GBA, focusing on specific ports or islands (e.g., Li et al.,
2018; Sepulveda et al., 2019). For practical applications such
as urban planning and emergency management, large-scale
and high-resolution bathymetry models need to be con-
structed for the GBA, based on which detailed distribution of
tsunami hazards and city-wide inundation maps can be
computed.

Tsunami hazard assessments typically use the shallow
water equations for tsunami simulation (An, 2021). For ex-
ample, the shallow water model COMCOT (Cornell Multi-
grid Coupled Tsunami Model) (Liu et al., 1998; Wang and
Liu, 2006; An et al., 2014) has been widely adopted in tsu-
nami studies for the SCS (e.g., Liu et al., 2009; Li et al.,
2016; Ren et al., 2017; Sepulveda et al., 2019). Due to the
small fault size of the LFZ and the possible shallow rupture
in the MSZ, earthquakes in these zones can generate shorter
tsunami waves, which may be affected by frequency dis-
persion in long-distance propagation (Glimsdal et al., 2013).
Considering that almost all the previous tsunami simulations
for the GBA used the shallow water equations, it is important
to assess whether the effects of wave dispersion are sig-
nificant. Most commonly used dispersive tsunami models
are based on the Boussinesq-type equations (Peregrine,
1967; Nwogu, 1993; Madsen et al., 1997). Due to the higher-
order derivatives in the dispersive terms, it is challenging to
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numerically solve these equations. Baba et al. (2015) ex-
pressed the dispersive terms for constant water depth with
conserved variables (i.e., volume flux), which improved the
numerical stability. For non-uniform water depth, the higher-
order derivatives of non-conserved variables are unavoid-
able, and complicated schemes such as shock-capturing
schemes and the TVD finite-volume method have to be
employed (Shi et al., 2012; Huang et al., 2023). These
complex schemes are much more time-consuming, and sig-
nificantly reduce the computational efficiency. Another type
of dispersive model called depth-integrated non-hydrostatic
model, has comparable accuracy to the classical Boussinesq
equations, but has no higher-order derivatives in the gov-
erning equations. This model can be solved efficiently and
stably with a semi-implicit scheme (Stelling and Zijlema,
2003; Yamazaki et al., 2009), and has been used in many real
events for modeling dispersive tsunamis (e.g., Lay et al.,
2011; Bai et al., 2014; Aranguiz et al., 2019). Here, we de-
velop our dispersive tsunami numerical model based on the
depth-integrated non-hydrostatic model, and apply it to the
high-resolution tsunami hazard assessment for the GBA.

In this paper, we first derive the governing equations of the
depth-integrated non-hydrostatic model through theoretical
analysis. By combining the solution schemes with the shal-
low water model COMCOT, the parallel dispersive tsunami
model PCOMCOT (Parallelized COMCOT) is developed.
Our new model is then validated in a series of numerical
tests. For computation of tsunami hazards in the GBA, we
construct a high-resolution bathymetry dataset for the PRD,
the Hong Kong Special Administrative Region (SAR), and
the Macao SAR. Several representative earthquake source
models for the LFZ and MSZ are proposed based on dynamic
rupture simulation, historical records, and geodetic data.
Finally, the tsunami waves, currents, and inundation in the
GBA are calculated, and the characteristics of tsunami ha-
zards under these representative scenarios are analyzed in
detail.

2. Dispersive tsunami model PCOMCOT

In this section, we first derive the governing equations of the
depth-integrated non-hydrostatic model through theoretical
analysis. Then, the numerical methods we use for tsunami
simulation are described, with a main focus on the semi-
implicit scheme for solving wave dispersion. All the nu-
merical schemes are parallelized with the MPI library for
high-performance computing. The newly developed tsunami
model PCOMCOT can efficiently compute the entire life
span of nonlinear, dispersive, and breaking tsunami waves.
For model validation, we conduct a series of numerical tests,
including the run-up of solitary wave on a circular island and
the 2011 Tohoku earthquake tsunami. The numerical results

agree satisfactorily with analytical solutions, experimental
data, and real tsunami records.

2.1 Governing equations

In a free surface flow, the water pressure can be decomposed
into a hydrostatic part p ,, caused by the gravity, and a non-
hydrostatic part p, , related with vertical motion, that is

p :p(psta +pdyn) :p[g(ﬂfz) +pdyn ]9 (1)
in which # is the surface elevation, g is the gravitational
acceleration, and the pressure components p, ., and p,, are
normalized by the water density p. Based on the pressure

decomposition, the 3D Navier-Stokes equations for inviscid
incompressible flows are expressed as

ow _
V~u+a—270, (2)
ou ou
o TwVutwe=—tgVn+Vp, =0, (3)
ow ow | OPayn
eVttt =0 )

where u and w denote the horizontal and vertical velocity
components, respectively. Note that the gradient operator V
works only in the horizontal direction. The kinematic and
dynamic boundary conditions at the free surface and the
seabed are

g_’z+u.Vn*w:O,z:’7(x,y,t), ®)
WV htw=0,z = hix, ), ©
pdyn = O:Z: ’7(an: t)’ (7)

in which £ is the still water depth. In order to derive the 2D
governing equations for tsunami modeling, we need to
simplify eqs. (2)—(4) based on the characteristics of tsunami
waves and the boundary conditions in eqs. (5)—(7), and then
integrate the simplified equations along the vertical direc-
tion.

In general, tsunamis are weakly nonlinear and moderately
dispersive waves, i.e., the two small parameters ¢ = 4/hand
u = kh satisty the condition O(¢) = O(,uz) < 1, where 4 is
the wave amplitude, /4, is the characteristic water depth, and
k is the wavenumber (Mei, 1989). Here, we consider only the
terms up to O(e, ,uz), which is the same as the classical
Boussinesq equations. By integrating the 3D continuity
equation (eq. (2)) along the z-direction and applying the ki-
nematic boundary conditions (egs. (5) and (6)), the 2D con-
tinuity equation for calculating surface elevation is given as

on _
5 tV-F=o0. (8)

Here F 1is the horizontal volume flux defined as

F= J.:; udz =u(n + ), where u is the depth-averaged hor-
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izontal velocity, i.e., ﬁ:(nJrh)*lJ.;udz. Neglecting the

terms of orders higher than O(e, uz) in eqs. (3)—(4) and in-

tegrating them over total water depth, we obtain the fol-
lowing depth-integrated momentum equations.

Ty |5 +gDV77+V( o ) gVh=0, (9
ow _gq
5 D (10)

where FF is a dyadic tensor (i.e., the outer product of F and
itself), D=n+h is the total water depth, g represents the non-
hydrostatic pressure at the bottom, and Wis the depth-aver-
aged vertical velocity. For moderately dispersive waves, the
vertical velocity w varies linearly along the z-direction
(Peregrine, 1967; Nwogu, 1993), so W is simply the average
value of w at the free surface and the bottom given by egs. (5)
and (6). Note that the Leibniz rule and the dynamic boundary
condition in eq. (7) are used in the integration of V p dyn- LS
(9) and (10) have the same accuracy as the classical Bous-
sinesq equations but cannot be solved yet, because the in-
tegration of p, , is not given. A reasonable approximation of
Payn 18 needed for estimating this integration.

The expression of p, , corresponding to the classical
Boussinesq equations is given by Peregrine (1967) as
Pan — 22V - () +5 2V (i
which shows that p,, is a complex quadratic function of the
z coordinate. To simplify the vertical distribution of py,., eq.
(11) is rewritten as
_|e+w’-D?

2

pdyn -

+1D[(z+h)~D]}V -1, (12)

Here we assume that D = h, which causes negligible differ-
ence in the order of O(x’). The dimensionless parameter ¢ in
eq. (12) is expressed as

_u-Vh Vh

AR (13)

Though 7 is a variable with respect to time and space, its
order can be roughly estimated to be V i/kh, which reflects
the contribution of water depth variation to wave dispersion.
As p,,, mainly exists for short waves in the deep ocean with
a smooth bottom, |V 4| is much less than k4 in most cases
where dispersive effects are significant. Thus, and it is rea-
sonable to assume that 7~ 0. Under this assumption, the
vertical distribution of p,; . is approximated to a pure
quadratic function of z+A (i.e., vertical distance from the
seabed), and the depth-integration of p, , becomes

1 L =
[ pamdz= 5[ 1c+1’ D1V -1z

D i _ _2
=—5-V-u,=3qD (14)
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Substituting eq. (14) into eq. (9) yields the governing
equations of the depth-integrated non-hydrostatic model, that is

a—’7+V~F:o,

OF
a VD

+a[DVq+qV(f7—ﬁh)] =
ow _q

ot D’

+gDVi’[

(15)

in which the values of the coefficients o and f are a=2/3,
£=0.5. Eq. (15) is almost the same as the conservative form
of shallow water equations, except the addition of a vertical
momentum equation and the non-hydrostatic pressure in the
horizontal momentum equation. In the above derivation, we
approximate the complex vertical distribution of p, , with a
simple quadratic function. By doing so, the higher-order
derivatives are avoided, and the horizontal momentum
equation is significantly simplified.

In previous studies about the depth-integrated non-hydro-
static model, the vertical distribution of p, , is simply as-
sumed to be linear, which leads to a horizontal momentum
equation with ¢=0.5, f=1.0 (Stelling and Zijlema, 2003;
Yamazaki et al., 2009). However, it is shown by the Bous-
sinesq equations that p, . varies quadratically instead of
linearly in the vertical direction. In this paper, we propose a
more realistic approximation of the non-hydrostatic pressure
(i.e., a pure quadratic function of the vertical distance from
seabed), and derive a different horizontal momentum equa-
tion with ¢=2/3, #=0.5. This modification slightly improves
the accuracy of the model for smooth bathymetry, and brings
it closer to the classical Boussinesq equations.

Tsunamis are simulated in the Cartesian coordinates or the
spherical coordinates on Earth surface, so the scalar forms of
eq. (15) in both coordinate systems need to be given. In the
Cartesian coordinates, the governing equations with the
bottom friction effects are written as

on oM _ON

o Tty O

oM o (MN o

a_t+a_x[T]+§[T]+ ax

__1n% . om—ph)|_

B “lDEWT o
(16)

ON . 0 (MN) o (N2 o

o ol D )Ty D) TP

_ oq . 0(n—ph)

= Daerq oy fy!

ow _4q

a D

which (M, N) denote the volume fluxes in the x- and y-
directions, and (f;, f,) are the bottom friction terms. The
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bottom friction is usually evaluated with Manning’s em-
pirical formula, which is

7 12
S 257/3M(M2+N )
(17

2 1/2
= DmN(M +N?)

where 7 is the Manning’s roughness coefficient.

When propagating on the surface of Earth, tsunamis are
affected by Earth’s rotation. In the spherical coordinates
defined by the longitude x and the latitude y, the governing
equations are expressed as

on 1
ot " Reosy Rcosy|

o ot 5 ”[@]

8M 0
3 6 =—(Ncosy)| =

0t  Rcosyox| D | Roy
gD on
Rcosy ox

__siny 2MN n
Rcosy D

L p%4 00 _ph)
aRcosy D@x P —f, T2N Qsiny,

o e D) Ry D)

(18)

ot " Reosyax “Ray| D

N siny M2-N?2 gD@n
Rcosy D R@y
11,0q o—ph)|_ . _ -
- aRD5y+q & Sy —2M Qsiny,
w_4q
o D

in which R is the radius of Earth, Q is the angular velocity of
Earth’s rotation, and the corresponding terms represent the
Coriolis forces.

2.2 Numerical methods

As various numerical methods are used in our model for
tsunami simulation, here we mainly describe the semi-im-
plicit scheme for solving wave dispersion. The other nu-
merical methods in PCOMCOT are described in detail in
Appendix Section S1 (https:/link.springer.com), including
the moving boundary technique for tsunami inundation, the
eddy-viscosity scheme for wave breaking, and the grid
nesting algorithm for cross-scale simulation. The variables in
the governing equations (eq. (16) or eq. (18)) are discretized
in the staggered grid shown in Figure 1, and a semi-implicit
finite-difference scheme is adopted to solve the equations. In
such method, the shallow water equations are firstly solved
explicitly to give an intermediate result. Then, the non-hy-
drostatic pressure is implicitly solved from a Poisson-type
equation. Finally, the shallow water solution is corrected by
the non-hydrostatic pressure, and the dispersive solution is
obtained.
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The explicit scheme for the shallow water equations is
similar to the COMCOT model (Liu et al., 1998; Wang,
2009), and the main difference is that we adopt the “flux-
centered” scheme proposed by De Almeida et al. (2012) to
improve numerical stability. This scheme replaces each flux
variable at the previous time step with the weighted average
of itself and the two adjacent ones, which introduces slight
numerical diffusion without changing the equations to be
solved. In model testing, the “flux-centered” scheme effec-
tively eliminates unphysical oscillations near the shore, and
the features of tsunami waveforms are unchanged.

To solve the non-hydrostatic pressure g, we express the
velocity components as functions of ¢, and substitute these
functions into a rewritten form of the continuity equation,
through which an implicit equation of ¢ is constructed. To
distinguish between the non-dispersive intermediate result
and the final dispersive solution, we use F(M,N) and
U(if,v) to represent the volume flux and depth-averaged
horizontal velocity given by the shallow water equations,
while F(M,N) and u(#@,v) for the dispersive counterparts.
According to the horizontal momentum equation in eq. (15),
the dispersive flux at the (n+1)-th time step can be ex-
pressed as
F =" gAMD"V g+ gV (- ). (19)

Dividing both sides of eq. (19) by the total water depth, the
corresponding depth-averaged horizontal velocity is

v (’7 _ﬂh)n-#l
Dn+l :

o' =" aAl|Vgtg (20)

Since the vertical velocity varies linearly in the z-direction,
w, the vertical velocity at the free surface, can be obtained
from the vertical momentum equation in eq. (15) as

W =g w2k, @1

N

in which w; is the vertical velocity at the bottom given by eq.
(6). By substituting the kinematic boundary conditions (egs.
(5) and (6)) into the continuity equation in eq. (15), and
neglecting higher-order dispersive terms, the continuity

equation can be rewritten as
-1 WS_ Wb =
Vout—x 0. (22)

Substituting egs. (20) and (21) into eq. (22), the Poisson-
type equation of ¢q is obtained, that is

Y (n-ph)"" 2At
- 2g+V - +
aAtiVg+V -iq Dl D
n4 _ n+l
- vt wlitwi—2w/ 23)

Dn+l

Discretization of eq. (23) in the staggered grid shown in
Figure 1 yields the linear algebraic equation system of ¢,
which is
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al -yt a2 iyt a3 ij49ij-1

+a4i,jqi1j+1+ asi,/‘qi,/’ =b (24)

iy
In the Cartesian coordinates, the coefficients and forcing
terms in eq. (24) are expressed as

_ aAt [ 1 ] _ aAt [ 1 }
al,; = ——=|-1+5¢,_;|, a2,; = ——=|-1 =50/,
J (Ax)Z 2 17 o (Ax)2 2 J
_ aAt[ 1 ] _ oAt [ 1 ]

al3;; = ——|1+=5y,,,|, a4;; = 15y
o ( Ay)2 2 Fiyj-1 o ( Ay)2 pREN
_ aAt 1 1
as; = (Ax) 1+7‘/’i*1,/]+[1 7(”111‘” (25)
* OCAfz 1+ll//i ‘—1]+[1_ll//i ) + 241 2>
(Ay) 27 AR (Dinjﬂ)
~ntl ~ntl ~ntl ~n+tl
b = Uy Uy Vi T Vi valJ+bel,j_2Wh?J'+l
ij Ax Ay D+

In the spherical coordinates on Earth surface, these terms are
expressed as

alu =

oAt 1
5|1 +7(/’i—1,/]n
(RAxcosy;)

. = L[—l _l(p_ ]
Y (RAxcosyj)2 27p
aAtcosy;
as;; = 2)’/ ~ [71 +%‘//51/—1]a
(RAy) cosy;

aALCOSY;.1/n

: ]
ad. . = —1—35vy. .|,
Y (RAy)zcosy,« [ 2V
2A1 | At (L1 1 (260)
asi/‘: 7t i 2[1+§§0i—1/ + l_j(ﬂi/]]
‘ (Diﬁ}+1) (RAxcosy;) [ ’ ’

aAt 1 1
7 [1+7¢//i1j,1]cosy/,l/2+ lfjwixi}cosyiﬂ/z,
(RAy) cosy;
~ntl ~ntl ~ntl ~ntl
b = Uy TU—; Vi COSYirp TV -1CO8Y 1 0
i RAxcosy; RAycosy;

— +1
W w 2w
+1
D/

In both the Cartesian and the spherical coordinates, the
variables ¢ and y in eqgs. (25) and (26) are defined as

n+1 n+l1
=B (=B
P DiTE}ZJ ’
n+l n+l (27)
=By = (=i
l//i,/' - D n+l °

ij+1/2
The sparse linear system in eq. (24) is solved iteratively
with the Bi-Conjugate Gradient Squared Stabilized (Bi-

CGSTAB) method (Van der Vorst, 1992), and the incomplete
LU (ILU) preconditioning (Barrett et al., 1994) is used for

4 4 4
| | |
j+1=— °® - ° - o -
? AN (i) 1
| | |
n(,3) q(,4), 1. .
Ay-‘ ] — O —— o 1%_&747) ® e d
Ws (/L’j) Wy (Z’])
1 4 4
| | |
j—1=—> o —_ ) —_ o —
4 4 4 4
| | |
i—1 ) 1+1
Az

X

Figure 1 Staggered finite-difference grid used in PCOMCOT. The sur-
face elevation 7, non-hydrostatic pressure ¢, vertical velocity at the surface
w, and that at the seabed w;, are defined at the center of each grid cell, while
the volume flux components M and N are defiend at the edges between
adjacent cells.

speeding up the convergence. After the non-hydrostatic
pressure g is solved, the vertical velocity at the free surface is
calculated from eq. (21), and the dispersive volume flux is
obtained by substituting ¢ into eq. (19).

2.3 Computation of solitary wave run-up on a circular
island

The propagation, transformation, and inundation of solitary
waves around a circular island are influenced by the effects
of wave nonlinearity, dispersion, and breaking. Thus, it is
challenging to accurately simulate the entire process. The
large-scale laboratory experiments of interactions between
solitary waves and a circular island were conducted by
Briggs et al. (1995). These experiments reveal the fact that,
in certain situations, tsunami run-up on the sheltered back-
side of an island can be comparable or even higher than that
on the front side. The collected data have been widely used
for validation of tsunami numerical models (e.g., Liu et al.,
1995; Chen et al., 2000; Yamazaki et al., 2009).

In the physical experiment, a 62.5 cm-high, 7.2 m toe-
diameter, and 2.2 m crest-diameter island, with a 1:4 side
slope was installed in a large basin. A directional spectral
wave generator was used to produce solitary wave-like
profiles. The experiments were carried out at two different
water depths (=32 cm and 42 cm), and solitary waves with
three different wave heights (e=4/h=0.045, 0.096, 0.181)
were tested. In this example, we simulate the cases with the
water depth of 32 cm, and compare the computed results
with the experimental data provided by the National Oceanic
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and Atmospheric Administration (NOAA) Center for Tsu-
nami Research. As shown in Figure 2, we place a truncated
cone of the same size in the center of a 80 m-long, 24 m-wide
computation domain, with 4 m-wide sponge zones applied to
both ends in the x-direction. Four gauges are set up to record
the water surface elevation, and the locations of these gauges
relative to the island are the same as those in the experiment.
The coordinates of wave gauges in the numerical model are
given in Table 1. In the computation, the grid size is set as Ax
=Ay=0.05 m, and the time step is A=0.01 s. The total si-
mulation time is 35 s. A solitary wave profile with the crest at
x=15m is given as the initial condition. The Manning’s
roughness coefficient is set to be 0.013, corresponding to the
smooth concrete surface used in the experiment. As Liu et al.
(1995) reported that the waves broke in the laboratory rea-
lization, the eddy-viscosity scheme is used to capture wave
breaking.

It is observed that for A/A=0.045 and 0.096, the model
gives a relatively smooth water surface around the island
without significant high-frequency dispersive waves. In the
case of A/h=0.181, the surface becomes steep and rough on
the back side of the island, and evident short dispersive
waves are generated at the collision of the trapped waves
from both sides. After that, high-frequency energy is leaking
continuously from the trapped waves, forming the mesh-like
wave pattern behind the island. Besides, the steep wave
profile in the case of 4/h=0.181 causes breaking all around
the island, reducing the run-up height at the lee side. The
waveforms at the four gauges and the inundation around the
island are shown in Figure 3. For each case, the measured
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Table 1 Coordinates of wave gauges in the numerical model of solitary
wave run-up
Gauge number x (m) y(m)
6 36.4 0.0
9 374 0.0
16 40.0 —2.58
22 42.6 0.0

time series at all gauges are shifted by a uniform time offset,
so that the peak arrival time at gauge 6 is the same as the
computed value. As seen from Figure 3a, the measured
waveforms are well reproduced by the model, except that the
amplitude at gauge 22 is overestimated in the A/A=0.181
case. The troughs after the leading crests are slightly un-
derestimated at all gauges, probably due to the numerical
dissipation of the upwind scheme for nonlinear terms. In all
three cases, the inundation in all directions agree sa-
tisfactorily with the measured data (Figure 3b). It is note-
worthy that for A4/h=0.181, although significant wave
dispersion and breaking occurs, the inundation is still accu-
rately predicted by the numerical model. Overall, the good
agreement with laboratory data demonstrates the accuracy of
the model in computing the propagation, transformation and
run-up of dispersive breaking waves.

2.4 Simulation of the 2011 Tohoku earthquake tsunami

To validate our dispersive model and the grid nesting algo-
rithm in a realistic scenario, we simulate the tsunami waves
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Figure 2 Numerical model of solitary wave run-up on a circular island. (a) and (b) are the top view and side view, respectively. Solid circles in (a) indicate
the base and crest of the island, and dashed circle represents the still shoreline. Locations of wave gauges around the island are indicated with hollow dots.
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Figure 3 Comparison of (a) water surface elevation and (b) inundation around the circular island given by the numerical model and the experiment. The 0°
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triggered by the 2011 9.0 Tohoku earthquake. Extensive
studies have revealed that large coseismic slip extended to
the updip edge of the fault (Fujii et al., 2011; Fujiwara et al.,
2011; Satake et al., 2013). The large shallow slip near the
trench caused steep ocean bottom deformation, making the
dispersive effects of tsunami waves in deep water more
pronounced than in most earthquake tsunami events. Many
tsunami researchers have suggested the importance of dis-
persive models for predicting the tsunami waveforms at
some Deep-ocean Assessment and Reporting of Tsunamis
(DART) stations (e.g., Saito et al., 2011; Glimsdal et al.,
2013; Baba et al., 2015).

We obtain the fault geometry from the USGS focal me-
chanism solution, and estimate a finite-fault source model by
inverting the tsunami data based on the linear shallow water
equations. The seafloor deformation is calculated using
Okada’s elastic half-space model (Okada, 1985), and the
contribution of horizontal motion to seafloor uplift is con-
sidered (Tanioka and Satake, 1996; Hu et al., 2020). The
Kajiura filter (Kajiura, 1963; Glimsdal et al., 2013), which
calculates the low-pass filtering effect of seawater, is applied
to obtain the initial sea surface elevation. Then, two nested
grid layers are used to simulate far-field and near-field tsu-
namis. The outer layer extends from 138°E to 152°E in
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longitude, and from 33°N to 44°N in latitude, with a re-
solution of 1 arc min. The inner layer covers the northeast
coast of Japan (140.5°—142.5°E, 37.5°—41°N) at 15-arc sec
resolution. The bathymetry data of both layers are extracted
from GEBCO02020. Six tsunami stations, including five
coastal GPS tide gauges and one DART station in the deep
ocean, are used for validation of the computed results. The
finite-fault model of the earthquake source, the computa-
tional domains and the locations of tsunami stations are
displayed in Figure 4a. The total simulation time is 6000 s,
and the time steps are set to be 2 s and 1 s for the outer and
inner layer, respectively.

As shown in Figure 4b, the tsunami waves propagate
seamlessly across the boundary of nested grids, without in-
troducing non-physical oscillations. The snapshots of the
outer and inner layer vividly depict how frequency disper-
sion influences the behavior of tsunami waves in the deep
ocean and the shallow water region, respectively. In the deep
sea, a series of trailing waves are generated, and both the
amplitude and steepness of the leading wave are reduced. On
the other hand, when the wavefront approaches the shore and
becomes sufficiently steep due to shoaling, dispersion causes
splitting of the wave. As a result, the leading wave is am-
plified, and multiple short-period waves appear near the
crest.
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slip (m)
40

30
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To analyze the influence of wave dispersion, we also si-
mulate the tsunami waves using the shallow water equations,
and compare both the results of dispersive and non-dis-
persive models with the tsunami recordings. As seen in
Figure 5, The dispersive and non-dispersive models give
almost identical results at the coastal gauges, which agree
well with the observed waveforms. On the other hand, at the
DART station 21418, the dispersive model accurately pre-
dicts the amplitude of the leading wave and several trailing
waves, while the shallow water model cannot reproduce
these features. These results suggest that wave dispersion is
important for distant tsunamis triggered by shallow earth-
quake ruptures, while the shallow water equations are ac-
curate enough for local tsunamis in coastal areas.

In addition to the above examples, we also compute the
propagation of solitary wave on a flat bottom and the water
surface oscillation in a paraboloidal basin. Good agreement
is obtained between the computational results and analytical
solutions (Appendix Section S2). The stability and accuracy
of our model are satisfactory in both small-scale laboratory
scenarios and large-scale realistic scenarios. Furthermore, in
parallel implementation on 40 CPU cores, the time cost of
the dispersive model is only ~2.5 times longer than the
shallow water model, indicating the excellent balance of
PCOMCOT between accuracy and efficiency.
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Figure 5 Comparison of computed and observed tsunami waveforms in the 2011 Tohoku earthquake event.

3. Detailed modeling of tsunami hazards in the
GBA

In this section, we conduct a detailed tsunami hazard as-
sessment for the GBA under representative earthquake sce-
narios. Two seismic zones posing the biggest threat to the
GBA, i.e., the LFZ and the MSZ, are chosen as the potential
tsunami source zones. We start by analyzing the tectonic
settings and the corresponding seismogenic mechanisms of
the source zones. Then, several representative earthquake
source models are proposed based on the results of dynamic
rupture simulation, historical records, and interpretations of
geodetic data. Large-scale, high-resolution bathymetry
models are constructed for the PRD, with special focus on
the Hong Kong SAR and Macao SAR. Based on the high-
resolution bathymetry data and the PCOMCOT model, we
simulate the tsunami waves, currents, and inundation in the
GBA induced by the representative earthquakes.

3.1 Representative earthquake source model of the
LFZ

As shown in Figure 6, the LFZ extends over 1000 km along
the coastline of Southern China, stretching from the Beibu
Gulf in the west to the Niushan Island in the east. To the east

of the LFZ lies the Philippine subduction zone, and to the
west is the Red-River Fault (RRF) system. Thus, the seis-
mogenic mechanisms of the LFZ are mainly controlled by
the complex tectonic stress field between these two features.
Due to compression from the Philippine subduction zone, the
eastern part of the LFZ is under compression-shear stress
state (Xu et al., 2006), and is dominated by right-lateral
thrust faults, as observed in the 1604 M8.0 Quanzhou
earthquake and the 1918 M7.5 Nan’ao earthquake (Peng et
al., 2017). In the western part, the RRF system causes ten-
sile-shear stress and seismicity of right-lateral normal
faulting, such as the 1605 M7.5 Qiongzhou earthquake
(Chen and Huang, 1989).

The segment of the LFZ off the Pearl River Estuary (PRE)
is the closet to the GBA, and thus a potential large earth-
quake in this segment could be the most dangerous to the
area of interest. The possible high risk of large earthquakes in
this segment is suggested by two facts: (1) The onshore-
offshore seismic experiments in the PRE reveal a conjugate
fault system at the depth of 10—18 km, where a low velocity
zone within the lower crust intersects with the LFZ. Such
structure could be related with dynamic nucleation of large
earthquakes (Xu et al., 2010; Cao et al., 2014; Cao et al.,
2018). (2) The historical seismic activity in this segment is
much lower than the eastern and western parts, with no re-
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Figure 6 Main tectonic features and historical tsunami records in the SCS. Yellow dots indicate the historical tsunami records in the northeast of SCS (Lau
et al., 2010). The locations of the LFZ and RRF are based on the studies of Cao et al. (2014) and Xu et al. (2010), respectively. Red dots are the locations of
major cities around the SCS. The rectangular boxes outline the domains of nested grids used in tsunami simulation.

cord of M>6 earthquakes, making it a gap of strong earth-
quakes (Sun et al., 2012). In addition, because of its inter-
mediate location between the Philippine subduction zone and
the RRF system, earthquakes in this segment may very likely
contain substantial strike-slip components (Sun et al., 2012).
Such inference is supported by the recent microseismic ac-
tivity in the surrounding area (Chen et al., 2021).

To obtain a reliable earthquake source model for the PRE
segment of LFZ, we simulate the spontaneous dynamic
rupture process based on the curved-grid finite-difference
method (CG-FDM) (Zhang and Chen, 2006; Zhang et al.,
2014). This method uses curvilinear grids to construct
complex fault models in the presence of surface topography,
and the Traction Image method is adopted to accurately
implement boundary conditions on the free surface (Zhang
and Chen, 2006). Besides, Zhang et al. (2014) introduced the
split-node model to treat the discontinuous conditions across
the fault, which enables computation of spontaneous rupture
on the fault, and has been validated by comparison with the

Southern California Earthquake Center (SCEC) benchmarks
(Harris et al., 2018). CG-FDM is now an important numer-
ical method for computing spontaneous rupture processes,
and has been widely adopted in simulations of real earth-
quake events (Zhang et al., 2008; Zhang et al., 2019), po-
tential earthquake scenarios (Zhang et al., 2017), and
theoretical earthquake models (Hu et al., 2016).

Four elements are generally required to perform dynamic
rupture simulation: the fault geometry, the velocity structure
around the fault zone, the stress state on the fault surface, and
the friction laws describing the relation between frictional
strength and fault slip. The fault geometry for the PRE
segment of LFZ is provided by Cao et al. (2014) and Wang et
al. (2021). As shown in Figure 7a, this part of LFZ consists
of three fault segments denoted as F1, F2, and F3 from the
west to east, with lengths of around 79, 30, and 55 km, re-
spectively. All the fault segments are southeastward dipping
at an angle of 75°, and the width of each segment is ~28 km
(Cao et al., 2014). These three fault segments form two step
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Figure 7 Representative earthquake source model for the LFZ off the PRE. (a) Fault lines of the LFZ off the PRE. (b) M,,7.5 finite-fault model obtained
through dynamic rupture simulation. Arrows represent the vectors of coseismic slip, and magenta star indicates the location of nucleation. As rupture is
limited to the easternmost F3 segment, only the slip distribution in this segment is displayed here.

overs, which are ~3 km between F1 and F2, and ~4 km be-
tween F2 and F3. The velocity structure around the fault zone
is obtained from the study of Wang et al. (2021). To de-
termine the stress distribution on the fault planes, we project
the triaxial stresses in the surrounding area onto the fault
planes. In terms of the principal stresses, 6,, > 6, > G, is set
to introduce normal dip-slip components to the simulation
result (Anderson, 1951). 6, is the maximum compressive
stress set to be 0.8pgh, o, is the intermediate compressive
stress (0.76,), and o, is the minimum compressive stress
(0.45 ). The relative magnitudes of principal stresses and the
direction of the maximum horizontal stress (110°) is esti-
mated based on the stress field in the surrounding area in-
ferred by Kang et al. (2008). In addition, we assume that the
maximum compressive stress increases with depth first, and
then remain constant below 5 km. The slip-weakening fric-
tion law (Ida, 1972) is used to control the slip on the fault
plane, where the static and dynamic friction coefficients u_
and g are set to be 0.38 and 0.23, respectively. The critical
slip distance is defined as a function of depth following
Zhang et al. (2017). The distributions of initial normal stress,
initial shear stress, and dynamic stress drop are displayed in
Appendix Figure S6.

In the simulation, the grid size is set to be 100 m to ensure
computational accuracy. The initiation of fault rupture is
controlled by the nucleation zone, which is a circular region
with a radius of 2.5 km located on the fault plane of F3 at the
depth of ~18 km (Figure 7b). The initial shear stress within
the nucleation zone is slightly (1.005 times) larger than the
initial strength of the fault plane. The simulation results in-
dicate that after initiation in the F3 segment, the rupture
reaches the western boundary of F3 after 16 s. Impeded by
the step overs, once the rupture propagates to the F2 and F1
segments, it can only spread near the surface. This result is

consistent with the conclusions of Wesnousky (2006) and Hu
et al. (2016) that earthquakes are less likely to jump across
step overs above 4 km. Detailed results of our dynamic
rupture simulation are provided in Appendix Figure S7. A
finite-fault model is obtained by downsampling the slip
distribution on the fault plane of F3 segment, which will be
used as the input source model for tsunami simulation. As
shown in Figure 7b, the rupture area is ~50 km long and
~20 km wide, with an equivalent magnitude of M,7.5.
Controlled by the regional tectonic stress field, the focal
mechanism is right-lateral normal faulting with a rake angle
of approximately —143°. The maximum slip is ~6 m, oc-
curring at the depth of ~8 km.

3.2 Representative earthquake source models of MSZ

Along the Manila Trench, the Sunda/Eurasian Plate con-
verges obliquely with the Philippine Sea Plate at a rate of
~7 cm/yr (Bautista et al., 2001), making the MSZ one of the
fastest subduction zones in the world. Despite the fast con-
vergence rate, large earthquakes are infrequent in the MSZ,
with the maximum magnitude of 7.8 in the historical records
(Repetti, 1946). An average coupling ratio of ~0.4 is esti-
mated for the MSZ, by inverting a combined dataset of GPS
velocities, gravity anomalies, and seafloor bathymetry (Hsu
et al., 2012; Hsu et al., 2016). These three characteristics of
the MSZ, i.e., the fast convergence rate, lack of large
earthquakes, and moderate plate coupling, indicate that the
subduction fault is probably accumulating strain energy to-
ward rapid release in a future megathrust event. Because
there is transition between the oceanic and continental crust
to the south of 14°N and north of 20°N (Yang et al., 1996;
Bautista et al., 2001), where the subduction transforms into
collision process (Rangin et al., 1988; Kao et al., 2000), we
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focus on the middle portion of the MSZ (15°N—19°N) in this
study. The middle portion hosted the largest earthquake in
history near the Manila Trench (M,,7.5, 1934) (Gutenberg
and Richter, 1954; Okal et al., 2011). Using block models
constrained by GPS velocities in Luzon and Southern Tai-
wan, Hsu et al. (2016) inferred that the accumulated strain
along the MSZ between 15°N and 19°N in a period of
500-1000 years could be equivalent to an M, ~9.0 ecarth-
quake.

Due to the limited spatial-temporal coverage of GPS ob-
servations, there is still considerable uncertainty in the in-
terseismic coupling and slip deficit along the MSZ.
Therefore, multiple representative earthquake scenarios are
defined for tsunami hazard assessment. Assuming a magni-
tude range between the maximum magnitude in history
(M,,7.5) and the maximum potential magnitude (4£,9.0), four
earthquake source models of M,7.5, M,8.0, M,8.5, and
M,9.0 are proposed. The epicenter of the M, 7.5 earthquake
is set to be the same as that of the largest historical earth-
quake provided by the USGS catalog. All the other earth-
quake scenarios occur in the middle portion of the MSZ, and
the depth of the rupture is placed as shallow as possible to
maximize the tsunami hazards. The focal mechanisms of all
the earthquake sources are assumed to be pure thrust. The
Slab2.0 model is used to estimate the fault geometry (Hayes
et al., 2018). Since the GBA is relatively far from the Manila
Trench, tsunami waves at such distance are not sensitive to
detailed rupture processes (An et al., 2018; Ren et al., 2022).
Therefore, we use uniform slip models to simplify the
earthquake sources, and the rupture size is estimated based
on the scaling relation of An et al. (2018). By analyzing the
similarities among the optimum uniform slip models for the
2011 Tohoku, 2014 Iquique, and 2015 Illapel tsunamis, An et
al. (2018) derived the following empirical relation between
seismic moment and rupture size:

§=2.89x10"M,*", (28)

in which S is rupture size in km’, M, is seismic moment in
N-m, and the ratio of rupture length to width is 1:1. Instead of
the entire rupture area, the scaling relation in eq. (28) focuses
on the major slip area which plays a leading role in tsunami
generation, and thus is more suitable for predicting tsunamis
triggered by thrust earthquakes. After the rupture size is
estimated, the uniform slip is determined using the definition

Table 2 Parameters of representative earthquake source models of the MSZ

of seismic moment, M, = x-S slip, in which the crustal
rigidity u is assumed to be 40 GPa. The parameters of four
representative earthquake sources are given in Table 2. Be-
cause an M, 9.0 megathrust earthquake ruptures the entire
seismogenic zone in the down-dip direction, its rupture width
is limited by the fault size.

3.3 High-resolution bathymetry dataset for the PRD

We construct a high-resolution bathymetry dataset for the
PRD based on various independent topo-bathymetry data
sources. The dataset includes a 100-m resolution bathymetry
model of the PRD, a 25-m resolution model of the entire
Hong Kong SAR, and a 10-m resolution model of the Macao
SAR. The land elevation data sources for the PRD and Hong
Kong include: (1) a 5-m resolution digital terrain model of
Hong Kong provided by the Lands Department of Hong
Kong SAR; (2) a 1:50,000 topographic map of Hong Kong;
(3) the 3-arc sec Shuttle Radar Topography Mission (SRTM)
data for covering the PRD. The ocean bathymetry data
sources include: (1) dozens of nautical charts covering the
coast of Southern China and Hong Kong with scales ranging
from 1:4000 to 1:250,000 and (2) the 15-arc sec GEB-
C02020 data. The bathymetry model of Macao is provided
by Li et al. (2018).

For data correction and integration, the precise locations of
shorelines are delineated according to the nautical charts and
the topographic map, with the major land reclamation areas
under construction extended to their proposed limits. Then, a
significant amount of manual process is carried out to re-
move bridges, elevated roads, etc., from the terrain model to
avoid artificial blockages to flood propagation. Furthermore,
the elevation of coastal facilities and inland lakes, which are
missing from the data sources, are inferred based on the
satellite images and street view pictures in Google Earth.
Finally, all the corrected and newly added data are uniformly
resampled and combined to generate the high-resolution
bathymetry models shown in Figure 8. In our bathymetry
models of Hong Kong (Figure 8b) and Macao (Figure 8c¢),
the small-scale natural and artificial features such as bays,
reefs, ports and dams are clearly recognizable.

To emphasize the importance of high-resolution bathy-
metry data for tsunami hazard assessment, our newly con-
structed bathymetry models are compared with GEBC02020

Magnitude (M,,) Epicenter Depth (km) Length (km) Width (km) Slip (m)
7.5 17.5°N, 119.4°E 4 33 33 5.3
8.0 17.1°N, 119.8°E 12 60 60 8.5
8.5 17.1°N, 120.0°E 19 105 105 16
9.0 17.6°N, 120.0°E 25 300 110 30
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Figure 8 High-resolution bathymetry dataset for the PRD. (a), (b), (c) are the 100-m resolution model of the PRD, the 25-m resolution model of Hong
Kong, and the 10-m resolution model of Macao, respectively. Black triangles in (a) denote the virtual gauges used to record tsunami waves, which are in
southern offshore of Macao, PRE, eastern offshore of the Hong Kong Island, and Mirs Bay, from the west to east.

for two local areas in Hong Kong—the Victoria Harbour and
the bay to the southwest of Sai Kung Peninsula. As seen in
Figure 9, both areas have highly complex topography. The
water channel of the Victoria Harbour has sudden expansions
and contractions, with many piers and ports on both sides.
The bay to the southwest of Sai Kung Peninsula is dotted
with islands of varying sizes, forming narrow channels, and a
large number of coves are distributed along the coastline.
None of these features are resolved in GEBC02020. For
example, the southeastern entrance to Victoria Harbour is
filled with land in GEBCO2020, so tsunamis would be
blocked out if GEBC02020 is used for tsunami simulation.
In brief, large-scale and high-resolution bathymetry data
where shorelines and coastal facilities can be clearly re-
cognized, are essential for accurate modeling of tsunami
hazards in the GBA.

3.4 Tsunami simulation

The high-resolution bathymetry models are nested into the
part of GEBCO2020 data covering the SCS, forming a
system of nested grids. The PCOMCOT model is applied to
simulate the tsunami hazards induced by the representative
earthquakes in the MSZ and LFZ. After an earthquake oc-
curs, coseismic rupture propagates outward from the hy-
pocenter at a finite speed, causing different parts of the fault
surface to rupture at different moments. Since the rupture

velocity (~2 km/s) is much faster than that of tsunami
waves (typically ~0.2 km/s), the rupture duration is usually
much shorter than tsunami periods. So, the effects of ki-
nematic rupture process on tsunami generation are negli-
gible in most cases. For example, Satake et al. (2013)
proposed a kinematic source with a rise time of up to 2 min
for the 2011 M,9.0 Tohoku earthquake through tsunami
data inversion. It was found that the tsunami waveforms
generated by the kinematic source are similar to those by
the instant rupture model, with just a slight delay in arrival
time. In some extreme cases, such as the 2004 M,9.3 Su-
matra earthquake, where the rupture extended over
1000 km along the trench, the kinematic rupture process
may have significant influence on tsunami waves (Fujii and
Satake, 2007; Williamson et al., 2019). In this study, the
representative earthquake sources in the LFZ and MSZ
have relatively short rupture durations, so the rupture can be
treated as instantaneous. A comparison of tsunami waves
generated by instant and kinematic rupture sources in the
LFZ and MSZ is presented in Appendix Section S3. The
coseismic seafloor deformation is calculated using Okada’s
elastic half-space model (Okada, 1985). Under the as-
sumptions of shallow water and instantaneous rupture, the
initial sea surface elevation is equal to the vertical seafloor
displacement plus the contribution of horizontal motion
(Tanioka and Satake, 1996).

As tsunami waves show different physical characteristics
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Figure 9 Comparison of the high-resolution bathymetry model of Hong Kong and the GEBC0O2020 data. Small panel on the right top of each subfigure

denotes the location of the compared area in the corresponding model.

in the deep ocean and the coastal area, different tsunami
models are solved in the nested grids to enhance computa-
tional efficiency and stability. In the SCS basin, tsunamis
behave as linear waves, and the short-wavelength compo-
nents may be affected by frequency dispersion. Therefore,
the linear dispersive model is used to calculate tsunami
propagation in the SCS. In the coastal zone, tsunamis are
nonlinear shallow waves, and the steep wavefronts may
break, so the nonlinear shallow water equations are solved
with wave breaking captured by the eddy-viscosity scheme.
A total of five grid layers, with nesting levels up to 4, are

used in our simulations. The outermost layer covers the en-
tire SCS shown in Figure 6, while the innermost layers
correspond to the high-resolution bathymetry models of
Hong Kong (Figure 8b) and Macao (Figure 8c). Table 3 lists
the basic parameters of the nested grids and the tsunami
model solved in each layer. The duration time of simulation
is 25,000 s, and the Manning’s coefficient for bottom friction
is set as 0.03. Four virtual gauges are set up to record the
tsunami waves in the PRE, the southern offshore of Macao,
the eastern offshore of Hong Kong Island, and the Mirs Bay.
All gauges are located on the 10-m isobath.
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Table 3 Parameters of nested grids and the tsunami model solved in each layer

Layer ID Domain Resolution Tsunami model
01 SCS (Figure 6) 1 arc min linear, dispersive
02 Northern SCS (Figure 6) 15 arc sec nonlinear, dispersive
03 PRD (Figure 8a) 3 arc sec (100 m) nonlinear, dispersive
04 Hong Kong (Figure 8b) 0.8 arc sec (25 m) nonlinear, breaking
05 Macao (Figure 8c) 0.33 arc sec (10 m) nonlinear, breaking

4. Result analysis and tsunami hazard assess-
ment

4.1 Characteristics of tsunami waves induced by the
M,1.5 LFZ earthquake

The sea surface deformation and tsunami waves induced by
the M,7.5 LFZ earthquake off the PRE are displayed in
Figure 10. As shown in Figure 10a, the right-lateral normal-
faulting earthquake causes coseismic uplift on the nearshore
side and subsidence on the offshore side. The maximum
uplift and subsidence are approximately 1.5 m and —2.5 m,
respectively. As the direction of tsunami propagation is
nearly perpendicular to the fault strike and the earthquake
source is close to the coastline, the tsunami energy mainly
impacts the Hong Kong SAR, which is directly facing the
earthquake source. As seen in Figure 10b, the tsunami waves
are higher than 0.5 m in the southeastern coast of Hong
Kong, reaching to the maximum of ~1 m in several bays and
narrow channels. The tsunami waves decease rapidly to the
west and east of Hong Kong, with a maximum height of
~0.3 m in Macao and the Mirs Bay.

For potential LFZ earthquakes off the PRE, special atten-
tion should be given to the hazards from negative tsunami
waves. As the initial subsidence is larger than the uplift and
occurs in the area with deeper water, the resulting negative
waves could be more dangerous. As shown in Figure 10c,
compared to the positive waves, the energy of negative waves
is more concentrated on the coastline of Hong Kong. The
maximum negative waves in the southeastern coast of Hong
Kong are lower than —1 m, reaching —2 m in some small bays.
The rapid subsidence of seawater could lead to grounding of
vessels in the harbors and huge losses in marine fisheries.
Thus, effective measures need to be taken in the GBA to
reduce the potential hazards from negative tsunami waves.

The special topography around the PRE has strong influ-
ence on the propagation of tsunami waves, leading to the
complex tsunami waveforms shown in Figure 10d. After the
leading crest and trough, each location is impacted by mul-
tiple waves of comparable heights. Moreover, the sea surface
around Hong Kong experiences persistent large oscillations.
These phenomena are closely related with the effects of the
Dangan Islands, the coastlines, and the continental slope on

tsunami waves. Because the Dangan Islands are located right
in front of the earthquake source, part of tsunami waves
diffracts around the islands. The direct waves, and the dif-
fracted waves from both sides of the islands, together cause a
leading crest of ~0.5 m and a trough of about —2 m near the
Hong Kong Island. Then, the tsunami waves reflect back and
forth between the coastline of Hong Kong and the Dangan
Islands, leading to the subsequent oscillations. Some trapped
waves behind the Dangan Islands radiate in the offshore
direction through the gaps between the islands. Due to the
rapid increase in water depth, these waves are refracted
eastward and westward, forming the second peak and trough
in Macao. Additionally, tsunami waves reflected from the
eastern side of the PRE could also affect the surrounding
areas. For example, the highest wave crests in the southern
offshore of Macao and the Mirs Bay (both ~0.2 m) are ac-
tually reflected waves from the Lantau Island and the Sai
Kung Peninsula in Hong Kong, respectively.

4.2 Characteristics of tsunami waves induced by re-
presentative MSZ earthquakes

The sea surface elevation and tsunami wave height induced
by representative MSZ earthquakes (M,,7.5-9.0) are dis-
played in Figure 11. The M, 7.5, M,8.0, M,8.5, and M,9.0
earthquakes cause maximum sea surface uplifts of approxi-
mately 2, 3, 6, and 12 m, respectively (Figure 11a—11d).
Because the coseismic rupture extends to the up-dip edge of
the fault, steep sea surface deformation similar to that caused
by the 2011 Tohoku earthquake appears near the trench, re-
sulting in short-wavelength components of tsunami waves.
The tsunamis generated by MSZ earthquakes arrive in the
Hong Kong Island ~3 h later, and enters the PRE ~3.5 h later.
The M,7.5, M 8.0, M,8.5, and M,9.0 earthquakes induce
tsunami waves of approximately 5 cm, 0.5 m, 1.5 m, and 6 m
in the PRE, respectively (Figure 11e—11h). Due to the re-
fraction caused by the topography of the northern SCS,
tsunami energy around the PRE is directed towards the west.
Comparison of Figure lle—11h reveals that the tsunami
waves induced by the M, 7.5 MSZ earthquakes are almost
completely focused on the western side of PRE. Nonetheless,
with increase in magnitude, the impacts on both sides be-
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come more and more comparable. This can be explained with
the tsunami radiation patterns and the local topography. On
one hand, tsunami energy initially radiates in the direction
perpendicular to the trench. When far-field tsunamis reach
the shore, they would impact the coastline at nearly normal
incidence due to the strong refraction at the continental
break. As the rupture length of an £,,9.0 earthquake is much
longer than that of an M,,7.5 earthquake, the tsunami waves
generated by an M,9.0 megathrust event would impact a
broader area along the coastline. On the other hand, tsunami
waves generated by moderate earthquakes have shorter wa-
velengths, and are more likely to directly pass through the
gaps between the Wanshan Islands on the western side of
PRE (Figure 11e). In contrast, the longer waves generated by
megathrust earthquakes undergo strong diffraction when
passing through these islands. As a result, the energy
reaching the coastline behind these islands is dispersed.

4.3 Tsunami inundation hazards from great MSZ
earthquakes

As tsunamis triggered by representative LFZ earthquakes
and M, ~8.0 MSZ earthquakes could hardly inundate the land
in the GBA, here we focus on the potential inundation ha-
zards from the M, 9.0 MSZ megathrust event. The compu-
tational results indicate that in the Macao SAR, tsunami
inundation mainly occurs on the outlying islands. Although
the coastline of Macao Peninsula is impacted by the tsunami
waves, the extent of inland inundation is quite limited. As
shown in Figure 12a, in the M,9.0 MSZ megathrust event,
the maximum inundation depth on the outlying islands of
Macao is up to ~5 m, occurring at the southernmost tip of
Coloane (i.e., the Hac Sa Beach). The inundation distance at
the Hac Sa Beach is ~200 m. Besides, the eastern coast of
Cotai undergoes moderate inundation, with a depth of ~1 m.

Compared with the Macao SAR, the Hong Kong SAR has
a much larger land area and more complicated coastal to-
pography. Tsunami inundation in Hong Kong would pri-
marily occur in the ports and bays on the southeastern coast.
These locations are directly facing the incident tsunami
waves, and the semi-enclosed coastal structures prevent the
leaking of tsunami energy. In contrast, tsunami impacts on
the northwestern coast are relatively moderate. The Tai Long
Wan, on the southeastern tip of Sai Kung Peninsula, is the
most susceptible to tsunami inundation in Hong Kong. In the
M,9.0 MSZ megathrust event, the inundation depth and
distance at this location reach up to ~6 m and ~400 m, re-
spectively. In addition to the suburban areas like the Tai Long
Wan, the urban areas along the shorelines between the Hong
Kong Island and the Kowloon Peninsula, are also sig-
nificantly inundated. Despite the smaller inundation extent,
the dense population and infrastructure in these areas could
lead to much heavier property damage and casualties.

Sci China Earth Sci  July (2024) Vol.67 No.7

Therefore, more attention should be paid to these areas when
considering potential inundation hazards in the Hong Kong
SAR.

The distribution of inundation along the ~10 km-long
water channel between the Hong Kong Island and the
Kowloon Peninsula, caused by the 9.0 MSZ earthquake,
is depicted in Figure 12b—12d. The depicted area is centered
at the Victoria Harbour, with the Junk Bay and Chai Wan to
the southeast and the Kwai Tsing Container Terminals to the
northwest. As shown in Figure 12b, severe inundation occurs
at the Junk Bay and Chai Wan. On the east of Junk Bay and
around the Chai Wan, the tsunami reaches a distance of
>300 m inland, with a maximum inundation depth of ~2 m.
The Chai Wan breakwater fails to stop huge tsunamis gen-
erated by MSZ megathrust earthquakes. The severe in-
undation at the Junk Bay and Chai Wan is closely related to
the geographical location and the local topography. To the
southeast, this area is connected with the broader Tathong
Channel. While to the northwest, the outlet narrows suddenly
due to the presence of mountains. When tsunamis enter this
area from the southeast, the waves become higher due to
contraction of the channel, and then could hardly pass
through the narrow outlet. Beside the inundation hazards,
this enclosed area is prone to undergo serious harbor oscil-
lations. Thus, the Junk Bay and the Chai Wan should be one
of the top priorities of investments in tsunami mitigation and
preparedness in Hong Kong.

Along the shorelines of Victoria Harbour (Figure 12c),
there are relatively narrow inundation zones with depths
between 1-2 m, and most piers are flooded. Although the
inundation distance seems limited, the businesses, transpor-
tation facilities, and the residences close to the shorelines
could be seriously damaged. To the northwest of Victoria
Harbour, the Kwai Tsing Container Terminals (Figure 12d)
undergoes moderate inundation at its southern end, caused
by the tsunami waves coming from the PRE. Considering
that the Kwai Tsing Terminals is one of the most crucial port
facilities in Hong Kong, ranking eighth globally in container
throughput, inundation at this location could significantly
impact the trade in East and Southeast Asia.

Compared to the M, 9.0 megathrust earthquake, the M, 8.5
MSZ earthquake induces relatively minor inundation in the
GBA (Figure 12e—12h). Along the coasts of Hong Kong and
Macao, the inundation depths are mostly lower than 1 m, and
the flooded areas are small. So, risk assessments for onshore
facilities should focus on the largest potential earthquakes in
the MSZ, and build detailed inundation maps under extreme
scenarios.

4.4 Tsunami current hazards from LFZ and MSZ
earthquakes

Tsunami disasters are not limited to sea surface oscillations
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and coastal inundation. The powerful tsunami currents can
be highly destructive to maritime facilities (Lynett et al.,
2014; Wang et al., 2016). In earthquake tsunami events, even
if the tsunamis cause no flooding in far-field areas, the tsu-
nami currents could be strong enough to destroy docks and
terminals (Borrero et al., 2013; Lynett et al., 2013; Wilson et
al., 2013). Additionally, localized high-speed flows can ea-
sily break the mooring lines securing vessels and pull them
out of terminals, leading to serious accidents (Okal et al.,
2006a, 2006b). Despite the large number of destructive
events caused by tsunami currents, the potential hazards
from strong currents still remainunderappreciated in tsunami
hazard assessments around the SCS. As nearshore tsunami
currents are governed by nonlinear physics and have much
larger spatial and temporal variability than tsunami waves,
reliable tsunami current modeling is highly challenging. In
this study, the refined hydrodynamic model we build allows
us to perform reasonably accurate simulations of tsunami
currents in the GBA.

For all the representative earthquake scenarios considered
in this paper, the distribution patterns of tsunami currents are
similar, with the local maximum current velocities occurring
in the narrow water bodies directly facing the incident tsu-
namis. As shown in Figure 13, the Macao SAR (left), the
Victoria Harbour (middle), and the bay to the southwest of
Sai Kung Peninsula (right) in Hong Kong, are chosen to
show the detailed distributions of tsunami currents. The
Victoria Harbour has a long narrow channel with numerous
costal facilities along the shorelines, and thus may be the
most vulnerable to tsunami currents. The bay to the south-
west of Sai Kung Peninsula is the place with the strongest
tsunami currents in Hong Kong.

The tsunami currents in the above three areas, induced by
the M, 7.5 LFZ earthquake off the PRE, are presented in
Figure 13a—13c. The tsunami currents in Macao are rela-
tively mild (Figure 13a), exceeding 1.5 m/s only in the
narrowest areas between the southwestern end of Coloane
and the Great Hengqin Island, as well as between the air-
port and Coloane. In Hong Kong, extensive tsunami cur-
rents of ~1.5 m/s occur in the Victoria Harbour (Figure
13b), with the maximum speed reaching 2 m/s at the
southeastern entrance. In the bay to the southwest of Sai
Kung Peninsula (Figure 13c), slightly destructive currents
of ~3 m/s appear between Kau Sai Chau and the Sai Kung
Peninsula, as well as between the small islands in the Inner
Port Shelter.

As the tsunami current speeds induced by the A£,8.0
MSZ earthquake are less than 1 m/s in most areas of the
PRD, only the tsunami current hazards from the 44,9.0 and
M,8.5 MSZ earthquakes are discussed here. As shown in
Figure 13d, in the M,9.0 MSZ megathrust event, the out-
lying islands of Macao are impacted by extensive tsunami
currents of 2—3 m/s from the east. In the narrowest areas

Sci China Earth Sci  July (2024) Vol.67 No.7

mentioned above, the maximum current speed reaches up
to 6 m/s. Strong currents with speed of >2.5 m/s occur
throughout the Victoria Harbour (Figure 13¢), and the local
speed suddenly rises to 5 m/s at the southeastern entrance.
In the bay to the southwest of Sai Kung Peninsula (Figure
13f), the maximum current speeds in many narrow water-
ways exceed 5 m/s. Between Kau Sai Chau and the Sai
Kung Peninsula, the entire ~10 km waterway from the
Rocky Harbour to Tsam Chuk Wan are swept by powerful
tsunami currents. The tsunami currents in Hong Kong in-
duced by the M,,8.5 MSZ earthquake are comparable to that
by the M, 7.5 LFZ earthquake (Figure 13h, 13i). In Macao,
the M, 8.5 MSZ earthquake could also induce extensive
dangerous currents to the east of the outlying islands
(Figure 13g).

According to the relationship between tsunami current
speed and harbor damage compiled by Lynett et al. (2014),
there is a threshold for damage initiation at 1.5 m/s, and the
damage transitions from moderate to major when 3 m/s is
exceeded. Tsunami currents of >4.5 m/s could cause extreme
damage in historical events, where over 50% of docks and
vessels were damaged. Therefore, an M,,7.5 LFZ earthquake
could cause minor damage at several locations and affect
maritime transportation in the near-field area. An M,9.0
MSZ megathrust earthquake is capable of generating cata-
strophic tsunami currents in the GBA, causing extreme da-
mage to coastal facilities and vessels, and disrupting
maritime activities across the entire region. By comparing
the tsunami currents and coastal inundation induced by the
M,9.0 MSZ earthquake, we observe a considerable dis-
crepancy between the spatial distributions of current and
inundation hazards. For example, the extent of tsunami in-
undation on the outlying islands of Macao and in the Victoria
Harbour (Hong Kong) seem to be relatively limited. How-
ever, these areas are actually severely impacted by localized
high-speed tsunami currents. Such discrepancy indicates that
a tsunami hazard assessment result without considering the
risk of tsunami currents may be incomplete, especially when
it is used to make mitigation strategies or evaluate the po-
tential losses.

4.5 Influence of wave dispersion on tsunami hazards

To assess the influence of wave dispersion on potential tsu-
nami hazards in the GBA, we calculate the tsunami waves
using the shallow water equations. Both the dispersive and
non-dispersive simulations are performed in the same nested
grids. The tsunami waveforms given by dispersive and non-
dispersive models are plotted in Figure 14. The M, 7.5 LFZ
earthquake involves a small rupture size and oblique-slip
motion, which leads to short-wavelength components of
tsunami waves. However, the computed waveforms show
that because the source area is near the coastline and the
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Figure 13 Tsunami currents in Macao and Hong Kong, caused by representative LFZ and MSZ earthquakes. The left, middle, and right columns are for
Macao, the Victoria Harbour (Hong Kong), and the bay to the southwest of Sai Kung Peninsula (Hong Kong).

water depth along the tsunami propagation path is as shallow
as ~100 m, the dispersive effects are negligible. This is si-
milar to the tsunami from the 2018 collapse of Anak Kra-
katau volcano. Despite that the tsunami source was only a
few kilometers in size, little wave dispersion was observed
because of the shallow water in the Sunda Straits (Zhu et al.,

2021). As for the tsunami triggered by the M,7.5 MSZ
earthquake, frequency dispersion slightly reduces the leading
peak and trough. In the M,9.0 MSZ megathrust event, the
large rupture area generates longer tsunami waves, and the
results given by the dispersive and non-dispersive models are
almost identical.
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5. Conclusions

In this study, we develop the parallel dispersive tsunami
model PCOMCOT, which can efficiently simulate the entire
life span of nonlinear, dispersive and breaking tsunami
waves. This model is validated in a series of numerical tests,
and shows satisfactory accuracy, stability and efficiency. For
accurate modeling of tsunami hazards in the Greater Bay
Area, we construct a high-resolution bathymetry dataset for
the PRD, with special focus on Hong Kong and Macao. We
then select two seismic zones—the LFZ and MSZ, as the
potential tsunami source zones, and propose several pre-
sentative earthquake source models based on the results of
dynamic rupture simulation, historical records and geodetic
data. Subsequent tsunami propagation, transformation and
run-up are accurately simulated, and the detailed character-
istics of tsunami waves, currents and inundation in the GBA
are analyzed. Our main conclusions about the potential tsu-
nami hazards in the GBA are summarized as follows:

(1) Under control of the regional tectonic stress, the focal
mechanisms of earthquakes in the PRE segment of LFZ may
be right-lateral normal faulting. The tsunami generated by an
M,7.5 earthquake off the PRE would primarily impact the
coast of Hong Kong, with maximum positive and negative
waves of approximately 1 m and —2 m, respectively. Due to
the complex effects of the Dangan Islands, the coastline and
the continental slope on tsunami waves, there will be per-
sistent sea surface oscillations of ~0.5 m around Hong Kong,
while the area to the east and west will experience multiple
long-period tsunami waves of less than 0.3 m. Besides, tsu-
nami currents of >1.5 m/s, which are slightly destructive,
will appear in several narrow waterways.

(2) The M,9.0 MSZ megathrust event can generate tsu-
nami waves of ~6 m in the PRE. The tsunami waves decay
rapidly after entering the estuary, and inundation hazards
mainly occur in Macao and Hong Kong on both sides of the
PRE. The coastlines of Macao’s outlying islands are flooded
to a variable extent, with the inundation depth reaching up to
5 m at the southernmost tip of Coloane. In Hong Kong, the
maximum inundation depth of ~6 m occurs in the Tai Long
Wan. The dense urban areas around the Victoria Harbour are
also significantly inundated, particularly at the Junk Bay and
Chai Wan, where extensive inundation with depth of 1-2 m
occurs.

(3) In addition to inundation hazards, MSZ megathrust
earthquakes can induce catastrophic tsunami currents in the
GBA. Extensive tsunami currents of >3 m/s will occur to the
east of Macao’s outlying islands. In the narrowest areas be-
tween Coloane and the Great Hengqin Island, as well as
between the airport and Coloane, the localized currents are as
fast as 6 m/s. In Hong Kong, strong currents of >2 m/s occur
throughout the Victoria Harbour, with the local speed ex-
ceeding 5 m/s at the southeastern entrance. Moreover, a
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considerable discrepancy is observed between the spatial
distributions of tsunami currents and inundated areas, sug-
gesting the necessity to consider the risk of tsunami currents
in tsunami hazard assessment.
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