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Abstract. This study provides a dataset and shows the spa-
tial distribution of tsunami hazard in the South China Sea
sourced from the Manila subduction zone. The plate motion
data around the Manila subduction zone are used to invert
the geodetic locking of the Manila subduction zone, further
used to estimate the maximum possible magnitude and ap-
plied to obtain a more reliable tsunami hazard assessment.
The spatial distribution of tsunami wave height with a 1000-
year return period is shown, and several high-hazard areas
in the South China Sea are pointed out. Uncertainties in the
seismic source are explored, including the slip heterogene-
ity, the upper limit of seismic magnitude and segmentation.
The impact of the locking distribution and randomness of slip
on tsunami hazard assessment demonstrates that the tradi-
tional uniform slip assumption significantly underestimates
the tsunami hazard. Moreover, the assessment results involv-
ing the effect of the locking distribution should be more real-
istic and show a larger tsunami height than when only consid-
ering the stochastic slip in most areas, which should prompt
coastal management agencies to enhance tsunami prevention
awareness.

1 Introduction

The South China Sea and surrounding coastal regions are at
risk of earthquakes and tsunamis from the Manila Trench,
which is the junction of the Philippine Sea plate and the
Sunda plate. There has been an absence of earthquakes with
magnitudes greater than My, 7.6 since 1560 in the Manila
subduction zone, and the convergence rate is approximately
80mma~!, which means that an unresolved strain of up

to approximately 38 m may have accumulated (Terry et al.,
2017). Therefore, the Manila subduction zone is considered a
potential source of tsunamis, which may result in megathrust
rupture affecting the entire South China Sea. Tsunami de-
posits discovered about 1000 years ago on the Xisha Islands
(alternatively the Paracel Islands; Sun et al., 2013), in the
Nan’ao Island coastal zone in Guangdong Province (W. Yang
et al., 2019) and in Dongshan Bay in the northeast of the
South China Sea (Huang et al., 2023) are consistent with the
written records of catastrophic events characterized by giant
waves in 1076, which act as evidence of a large earthquake
in the Manila subduction zone 1000 years ago and a destruc-
tive tsunami in the South China Sea. Different studies have
estimated the maximum possible earthquakes in the Manila
subduction zone, such as by designing a magnitude 9.0 earth-
quake based on the geometric characteristics of the poten-
tial rupture zone (Megawati et al., 2009) or by balancing
the accumulated strain in the Manila subduction zone with
magnitude 8.8-9.2 earthquakes (Hsu et al., 2016), consider-
ing the worst-case scenario of the Manila subduction zone
and assuming a magnitude of 9.35 (Wu and Huang, 2009)
or 9.3 (Nguyen et al., 2014). However, in recent years, re-
search on the north—south differences in the Manila subduc-
tion zone (Lin et al., 2015; Yu et al., 2018; Tan, 2020) seems
to have weakened the possibility of large-scale megathrust
earthquakes occurring in the Manila subduction zone. There-
fore, the maximum possible earthquake in the Manila sub-
duction zone remains a concern.

A great earthquake under the seabed may trigger a destruc-
tive tsunami that reaches the coastal area. Accurately assess-
ing the tsunami hazard is helpful for effective response mea-
sures. However, the tsunami hazard assessment is complex.
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On the one hand, many uncertain factors have an impact on
the results of tsunami hazard assessment. In the entire pro-
cess of tsunami hazard assessment, there are varying degrees
of uncertainty in the physical characteristics of the source,
the hydrodynamic characteristics of tsunami propagation and
the inundation process (Behrens et al., 2021). Some tradi-
tional tsunami research has assumed that earthquake rup-
ture was uniform. However, the seismic slip inversion of the
2004 Sumatra—Andaman tsunami (Lorito et al., 2010) and the
2011 Tohoku tsunami (Ozawa et al., 2011) showed signifi-
cant spatial variability in the slip of large-magnitude earth-
quakes. Therefore, the current description of earthquake rup-
ture is generally based on the stochastic slip model. Due to
the randomness of the earthquake source, a large number of
tsunami scenarios are often required to quantify the tsunami
threat through probabilistic tsunami hazard assessment. For
example, Li et al. (2016) studied the impact of a uniform
and heterogeneous slip distribution on tsunami hazard as-
sessment and found the tsunami wave height with a 1000-
year return period of Hong Kong SAR (Hong Kong here-
after) to be about 2.0m. Li et al. (2017) studied the role of
upper magnitude limits in probabilistic tsunami hazard as-
sessment, and the tsunami wave height of Hong Kong at a
return period of 1000 years is about 0.5-3.5 m. Septilveda et
al. (2019) conducted probabilistic tsunami hazard assessment
focusing on the sensitivity to earthquake recurrence relation-
ships, finding the maximum tsunami amplitude of 0.18 m to
be exceeded in Hong Kong with a mean return period of
100 years. Liu et al. (2021) considered the local and regional
tsunami sources and found the tsunami wave height of Hong
Kong to be 0.32 m for a 475-year return period and 0.50 m for
a 975-year return period. Yuan et al. (2021) considered the
tsunami source from both the South China Sea and the north-
west Pacific Ocean and found the maximum wave amplitude
of Hong Kong to be about 2.5 m for a 2000-year return pe-
riod and 1.5 m for a 500-year return period. In some proba-
bilistic tsunami hazard assessment (PTHA) work, unit source
or sub-fault methods are used to convert tsunami simulation
into the linear superposition of unit sources based on the lin-
ear characteristics of tsunami waves in deep water, thereby
reducing computational complexity. On the other hand, the
largest source of uncertainty is seismic activity, including the
maximum possible magnitude and rupture characteristics (Li
et al., 2022). The maximum possible magnitude determines
the upper limit of the magnitude for the tsunami scenarios in
PTHA and has an impact on the magnitude frequency curve,
thereby affecting the probability distribution of tsunami mag-
nitude. The maximum possible magnitude of an earthquake
source is closely related to the cumulative rate of the seis-
mic moment, which can be estimated through the geodetic
locking model.

With the rapid development of global navigation satellite
systems (GNSSs), the method of using surface GPS horizon-
tal velocity field data to invert fault locking and slip deficit
has been widely used (Fletcher et al., 2001; Banerjee and
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Biirgmann, 2002; Moreno et al., 2010; Ozawa et al., 2011;
Ader et al., 2012; Li and Freymueller, 2018). So far, there
have already been some studies on locking inversion in the
Manila subduction zone. Galgana et al. (2007) showed that
the locking degree of the Manila subduction zone is very low,
with a locking coefficient of 0.01. Hsu et al. (2012) suggested
that the Manila subduction zone is partially locked between
14.5-17.0° N, with an average locking coefficient of 0.4. Hsu
et al. (2016) estimated that the locking coefficient of the
Manila Trench at 15.0-19.0°N is 0.34-0.48. Those works
are good references for the present study, but further analysis
is still needed for deeply integrating the effect of the locking
distribution into PTHA. Fault locking can be used to evalu-
ate the cumulative rate of the seismic moment and thereby
estimate the moment magnitude of an earthquake over a cer-
tain period of time. At the same time, studies have shown
that in faults with a higher degree of locking and accumu-
lating slip deficit at a faster speed, the accumulated seismic
moment of faults is greater and the likelihood of earthquakes
is greater (Ozawa et al., 2011; Lamb et al., 2018). When an
earthquake occurs, the area with the highest slip may be re-
lated to asperities with high locking and slip deficit (Konca
et al., 2008; Moreno et al., 2010, 2011). Therefore, the distri-
bution of locking and slip deficit can also be used to describe
the characteristics of slip distribution in an earthquake. How-
ever, the relationship between fault locking and slip in the
next earthquake event is not absolute. The method of Small
and Melgar (2021) is used to correct the probability of high
slip in the high-locking area.

This study aims to clarify the spatial distribution of
tsunami hazard in the South China Sea through PTHA con-
sidering geodetic locking. The effects of different heteroge-
neous slip distributions on PTHA results are investigated, as
well as the impact of other source uncertainties such as upper
magnitude limits and source segmentation.

2 Methods
2.1 Inversion method

Fault locking models are obtained from inversion of GPS
velocities using inversion model TDEFNODE (McCaffrey,
2009). TDEFNODE is used to model elastic lithospheric
block rotations and internal strains, locking on block-
bounding faults and so on. The model decomposes the rela-
tive displacement of blocks into the movement of the blocks
on the spherical surface and the deformation of the block
boundary (McCaffrey, 2002). Generally, the locking distribu-
tion along the dip profile is assumed to have similarity, and
parameterized functions are used as a primary guess of the
locking distribution. The Gaussian function and the gamma
function are widely used in the locking inversion. The Gaus-
sian type refers to the distribution of locking coefficients
along the dip profile as a Gaussian function; the gamma type
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refers to the exponential distribution of locking coefficients
along the dip profile. The goal of inversion is to find the op-
timal parameters of the assumed function that minimizes the
%2 value between the observed data and the model data.

The blocks involved include the Sunda plate, the Philip-
pine Sea plate, and the Philippine mobile zone formed
by the convergence of the Sunda plate and the Philippine
Sea plate at the Philippines (Barrier et al., 1991; Aurelio,
2000). Referring to a previous study (Hsu et al., 2016),
nine blocks are divided around the Manila subduction zone.
The Manila Trench subduction zone is located at the junc-
tion of the Sunda plate and the Philippine Sea plate in the
western part of the island of Luzon. The geometry of the
Manila Trench subduction zone is interpolated using the
Slab2 model (Hayes et al., 2018). In this study, only fault
planes within a depth of 120 km are considered, and a total of
13 isobaths are set along the trend of the Manila Trench, with
depths of 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and
120 km. Nodes are set at an interval of 0.5° on each bathy-
metric line, and there are 21 nodes on each bathymetric line.

GPS velocity field data were selected (Kreemer et al.,
2014) and converted to the ITRFO8 reference framework.
The database contains observation data from about 80 GPS
stations near the Manila Trench. In addition, about 50 GPS
stations located in surrounding areas have been selected to
limit the movement of the Sunda plate and the Philippine Sea
plate. In the model, data with great uncertainty (velocity data
uncertainty greater than 3.3mma~!) were eliminated, and
ultimately data of 144 GPS stations were used in the inver-
sion.

2.2 Stochastic slip distribution with locking
distribution as constraints

The Manila fault plane is divided into grids with a length and
width of 0.1°, and there are 90 x 20 = 1800 sub-faults in to-
tal. The longitude and latitude, depth, strike angle, dip angle,
and rake angle of the center of each sub-fault are interpolated
from the data of Slab2. In each earthquake rupture event, the
spatial distribution of rupture slip is projected onto the cor-
responding sub-faults. On each sub-fault, the slip is uniform,
obtained by high-resolution slip generated from the stochas-
tic slip model averaging.

Subsequently, the size of rupture needs to be determined.
The size of rupture is calculated using the scaling relation-
ship (Blaser et al., 2010). We did not use the same rupture
size for the same magnitude. Instead, the variability in rup-
ture length and width was preserved through random sam-
pling.

In order to consider the locking distribution to be con-
straints on heterogeneous slip on ruptures, the Code for
Earthquake Rupture and ground-motion Simulation (CRES)
(Mai and Beroza, 2002) is used in the study, and part of
the slip distribution calculation is modified to consider the
geodetic locking model to be constraints. In CRES, the final
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slip distribution consists of two parts: one is the stochastic
slip calculated by the spatial random field model mentioned
above, and the other is the deterministic slip, which is uni-
formly distributed on the rupture. The value is the average
slip  calculated based on the seismic scaling relationship. In
order to consider the impact of the geodetic locking model,
we did not change the stochastic slip part but scaled the de-
terministic part according to the locking distribution. Sub-
sequently, the deterministic slip was superimposed onto the
stochastic slip to obtain the final heterogeneous slip distri-
bution. In the generated slip distribution, positions with high
locking may not necessarily have high slip but have a high
probability of high slip. On average, the spatial distribution
characteristics of slip are the same as the locking distribution.

2.3 Probabilistic tsunami hazard assessment

In probabilistic tsunami hazard assessment, the probability
that the tsunami heights H caused by all earthquake scenar-
ios in a certain region within a certain period of time exceeds
a critical value A is

N
p(H>=h) =) pi-p(H=>helE), )
i=1

where N is the total number of possible earthquake scenar-
i0s, p; is the probability of an earthquake event E; occurring
and p(H > h¢|E;) is the probability that the tsunami height
in the target area exceeds /. when an earthquake event E; oc-
curs. p; is estimated statistically using historical earthquake
data. The historical earthquake data from 1900 to 2022 of the
United States Geological Survey (USGS) are used to calcu-
late the coefficients in the Gutenberg—Richter relationship.

The potential earthquake tsunami scenario set is a set
that considers all earthquake magnitudes and epicenter po-
sitions. For each earthquake tsunami scenario, 100 stochastic
slip distributions are considered. Due to the large number of
earthquake tsunami scenarios, this study adopts a simplified
and efficient solution (Miranda et al., 2014; Molinari et al.,
2016; Zhang and Niu, 2020). Based on the linear assumption
of tsunami waves in the deep-sea region, the simulation pro-
cesses of earthquake-induced water surface disturbances and
tsunami wave propagation are separated. The tsunami wave
process is presented through the superposition of fluctuations
generated by unit point source water level disturbances, and
a large number of earthquake tsunami scenarios are analyzed
using the propagation of water level disturbances of limited
unit sources.

The study used an analytical model (Okada, 1985) to gen-
erate the initial disturbance of the water surface during earth-
quakes. Unit sources with intervals of 0.1° are uniformly dis-
tributed in the region (12-23°N, 116.5-123.5°E), and the
same Gaussian distribution initial water level is set for each
point source. Gaussian distribution has the characteristics of
symmetry and smoothness, which can effectively approx-
imate complex initial water level fields. The initial water
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level distribution of unit sources will be stacked according
to certain proportion coefficients to obtain the initial water
level field of tsunami event calculated by the Okada model.
The propagation of initial water surface disturbances of unit
sources is simulated using the ocean hydrodynamic model
FVCOM (Chen et al., 2022).

It should be noted that due to the limitation of the superpo-
sition method, this study did not determine tsunami heights
in coastal regions and the water depths of target points are all
greater than 100 m. Tsunami waves propagating in shallow
water will show complex non-linear behaviors, which can
be simulated using non-linear models. The tsunami height
in shallow water can be obtained approximately from the
tsunami wave height at an offshore point such as 100m
depth through multiplying the nearshore amplification fac-
tors (Glimsdal et al., 2019; Gao et al., 2022). Generally, the
tsunami dataset in this study can be adopted as the boundary
condition for detailed nearshore hazard analysis.

3 Results
3.1 Seismic potential of the Manila subduction zone

Fault locking is related to seismic potential in the subduction
zone. Generally, in higher-locking patches, faults accumulate
slip deficit at a faster rate, thereby accumulating more stress,
and are more likely to become the start of rupture or generate
greater slip in the next earthquake event (Ozawa et al., 2011;
Lamb et al., 2018). Fault locking and slip deficit are obtained
from inversion of GPS velocities using the inversion program
TDEFNODE (McCaftrey, 2009). The observed GPS veloci-
ties distributed on the Philippine Sea plate, the Sunda plate
and surrounding areas are used (Fig. 1a). Two widely used
locking distributions are considered in the inversion, includ-
ing the gamma distribution and Gaussian distribution, which
have both been used to describe fault locking in relevant re-
search (McCaffrey et al., 2013; Schmalzle et al., 2014). The
fault locking and slip deficit of the two distributions are cal-
culated (Fig. 1c and d). The X2 value of the gamma and
Gaussian distribution is 3.4 and 4.4, respectively, which in-
dicates good inversion results. Limited data on fault locking
cannot determine which distribution is better.

When the shear modulus y =4 x 1010 Nm~2, the cumu-
lative rate of seismic moments along the entire fault plane
of the Manila Trench is 2.20 x 10°° Nm~!a~! in the Gaus-
sian distribution and 1.63 x 102 Nm~'a~! in the gamma
distribution. According to the historical earthquake database
of the United States Geological Survey (USGS) from 1900
to 2022, the annual seismic moment release rate is esti-
mated as 3.68 x 10" Nm~'a~! in the last 123 years. As-
suming that the future seismic moment accumulation rate
and release rate remain unchanged, the actual seismic mo-
ment accumulation rate in the two models is 1.83 x 10?° and
1.26 x 102°Nm~'a~!, respectively. By accumulating seis-
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mic moments at this rate, the maximum earthquake magni-
tudes that can be induced by accumulated seismic moments
in 200 years are 9.0 and 8.9, and the maximum earthquake
magnitudes in 500 years are 9.3 and 9.2.

However, many studies have shown that the Manila fault
is unlikely to fully rupture in one earthquake event. The plate
tearing at 17°N (Bautista et al., 2001), the drastic changes
in dip and strike angles near 16 to 17°N (Yu et al., 2018),
the sharp bend of the Manila Trench between 14 and 14.5° N
(Zhu et al., 2023), or the Huangyan (Scarborough) seamount
near 15° N (Hsu et al., 2012; Zhu et al., 2023) may inhibit the
propagation of rupture. Therefore, referring to the aforemen-
tioned studies, the Manila subduction zone is divided into
two segments with a boundary at 14.5°N. The range of the
north segment is 14.5 to 22° N, and that of the south segment
is 13 to 14.5°N.

In addition, the static cumulative seismic moment esti-
mated by the locking may only be released by about 40 %-—
50 %, which is caused by the non-uniformity of faults (H.
Yang et al., 2019; Yao and Yang, 2022). Therefore, the re-
lease rate of 40 % of the static cumulative seismic moment is
considered when evaluating the seismic potential. The seis-
mic moment accumulation rate and maximum earthquake
magnitudes for each segment for 200 and 500 years are esti-
mated as shown in Table 1. The Manila subduction zone has
had no record of large earthquake for over 400 years. The
maximum earthquake magnitude in the Manila subduction
zone is estimated to be M, 8.0 in 1619 (Bautista and Oike,
2000). This study takes the maximum magnitude of 8.9 for
500 years as an example for the tsunami hazard assessment.
The impact of different magnitude limits corresponding to
different recurrence periods on PTHA is discussed in the fol-
lowing section.

3.2 Spatial distribution of tsunami hazard in the South
China Sea

Tsunamis generated by possible earthquake scenarios have
been obtained by a numerical model to show the spatial
distribution of tsunami hazard. Considering the uncertainty
in the earthquake magnitude and epicenter, 20073 possi-
ble combinations of magnitude and epicenter were adopted,
and the maximum magnitude of the Manila subduction zone
has been evaluated as 8.9. For each combination, 302 dif-
ferent heterogeneous slip distributions and 1 uniform slip
distribution scenario were considered. A total of 6082119
tsunami scenarios were simulated using the unit source
method (Zhang and Niu, 2020). The observation points in
the South China Sea were selected at an interval of 0.1°, with
a total of 23 754 observation points. The tsunami wave height
of each observation point with a return period of 1000 years
can be obtained through the PTHA method (Fig. 2a).

The main high-tsunami-risk regions in the South China
Sea include the southeast coast of China and the southern
part of the island of Taiwan, the western coast of Luzon in the
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Figure 1. Basic data and inversion results. (a) The GPS velocity data around the Manila subduction zone used for inversion. (b) The residual
between inversion results and observed GPS velocity. (¢) The coupling rate of the Manila subduction zone as the result of inversion. (d) The
slip deficit rate of the Manila subduction zone as the result of inversion.

Table 1. Seismic moment accumulation rate and maximum magnitude for each segment.

Gaussian Gamma

South segment  Seismic moment accumulation rate (N m~! a_l) 3.08 x 1019 0.34 x 1019
13-14.5°N Maximum magnitude for 200 years 8.2 7.6
Maximum magnitude for 500 years 8.5 7.9

North segment ~ Seismic moment accumulation rate (N m™! a_]) 1522 x 101°  12.23 x 1019
14.5-22°N Maximum magnitude for 200 years 8.7 8.6
Maximum magnitude for 500 years 8.9 8.9

Philippines, and some islands and reefs in the South China
Sea include the Xisha Islands and the Dongsha Islands (al-
ternatively the Pratas Islands). The tsunami wave heights in
these regions are generally greater than 4 m with a return pe-
riod of 1000 years. Luzon faces a high tsunami risk due to its
proximity to the source area. As the continental shelf outside
the southeast coast of China becomes shallower, the tsunami
waves gradually increase. The tsunami wave height on the
east side of the southeast coast is significantly higher than
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that on the west side. The steep terrain of the island of Taiwan
and Xisha Islands also makes these areas face a high tsunami
risk. However, these islands only have a high tsunami risk on
the side facing the source area.

Compared with a previous study on the spatial distribution
of tsunami hazard in the South China Sea (Ma et al., 2022),
the spatial distribution pattern here is similar and the loca-
tion of high-risk areas is the same. The spatial distribution
map has important reference significance for hazard preven-
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Figure 2. Spatial distribution of tsunami hazard with a return period of 1000 years in the South China Sea. (a) Mean tsunami wave height
with a return period of 1000 years. (b) Tsunami wave height with a return period of 1000 years in the gamma model. (¢) Tsunami wave
height with a return period of 1000 years in Gaussian model. (d) The difference in tsunami wave height with a return period of 1000 years

between the gamma model and Gaussian model.

tion and mitigation, as well as the design and construction
of offshore engineering in the South China Sea. The tsunami
wave height with a return period of 1000 years in the South
China Sea obtained in this study is slightly smaller, and pos-
sible reasons for this include the selection of the upper mag-
nitude limit and fault segmentation, which will be discussed
in detail in the following section.

3.3 The impact of source uncertainty in PTHA

The heterogeneous slip is the sum of stochastic slip and the
deterministic slip scaled by the locking distribution. Con-
sidering the locking distribution to be the gamma model or

Nat. Hazards Earth Syst. Sci., 24, 2303-2313, 2024

Gaussian model does not make much difference (Fig. 2b
and c¢). The main differences are concentrated on the west
coast of the Philippines (Fig. 2d). In the gamma model, slip
tends to concentrate in shallower areas, resulting in larger
tsunami hazard. In the north segment with the same maxi-
mum magnitude, there is larger tsunami hazard in the gamma
model. However, in the south segment of the source area, the
upper limit of the magnitude of the gamma model is signif-
icantly lower than that of the Gaussian model. Therefore, in
the Gaussian model, the islands of Palawan and Mindoro to
the southwest of Luzon also have a high tsunami risk, while
the gamma model does not.

https://doi.org/10.5194/nhess-24-2303-2024
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limits of magnitude and segmentation.

Whether it is stochastic slip or deterministic slip scaled by
the locking distribution, slip is more concentrated in a certain
area, making the slip in that area much larger than the average
slip. Compared with the uniform slip model, the influence of
slip heterogeneity on tsunami wave height is analyzed, tak-
ing observation points of Sanya and Hong Kong as examples
(Fig. 3a and b).

In general, the tsunami wave height will increase by an av-
erage of 5 % when considering the slip heterogeneous. This
value may be underestimated because in the gamma lock-
ing model, the upper magnitude limit of the south segment
was reduced, resulting in a decrease in the tsunami hazard
level. This is also why the tsunami hazard is relatively low
in the results of considering the gamma locking distribution
with the return period of 100 years. When the return period
is 100 years, the scenarios with the largest tsunami wave
heights are those where only the Gaussian locking distribu-
tion is considered without the stochastic slip, with an increase
of 21 % for Hong Kong compared to uniform slip scenar-
ios. When the return period is 1000 years, the scenarios with
the largest tsunami wave heights are those where only the
gamma locking distribution is considered, with an increase
of 60 % for Hong Kong compared to uniform slip scenar-
ios. In the gamma locking distribution, slip is assumed to be
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mainly concentrated in shallow areas of the subduction zone,
which will increase the tsunami hazard when the range of
earthquake rupture includes shallow areas of the subduction
zone. For small-magnitude earthquakes, only a small number
of potential earthquakes are affected due to the small range of
earthquake rupture extents. For earthquakes with large mag-
nitude, most potential earthquakes are affected due to the
large rupture range. When the recurrence period is short, the
tsunami hazard level is mainly affected by small-magnitude
earthquakes, and the gamma locking distribution produces a
lower level of tsunami hazard due to the lower upper limit
of magnitude in the south segment. When the recurrence pe-
riod is long, the tsunami hazard level is affected by earth-
quakes with large magnitude, and the gamma locking distri-
bution that considers fault slip to occur in the shallower area
of the subduction zone may result in large tsunami waves.
Meanwhile, the impacts of heterogeneous slip do not have a
consistent trend at different locations. This is related to the
propagation characteristics of tsunami waves. Different het-
erogeneous slip distributions cause the initial water field of
the tsunami to concentrate in different regions, thereby af-
fecting the propagation of the tsunami wave. At specific lo-
cations, the amplitude of tsunami waves generated by highly
concentrated slip may not necessarily be large. However, by
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comparing the tsunami hazard in the overall sea area, similar
patterns can still be obtained.

Whether the gamma locking distribution or the Gaussian
locking distribution is used for heterogeneous slip, slip al-
ways tends to concentrate in the shallow part of the fault,
which leads to large tsunami hazard. Compared to uniform
slip with the same upper limit of magnitude of north and
south segments, considering only stochastic slip will lead to
an average increase of 8 % in tsunami hazard. Considering
only the Gaussian locking distribution will lead to an aver-
age increase of 13 %, but considering both types will lead to
an increase of 6 %. This may be because the high-slip regions
are not always the same, so the peak of slip is weakened after
the two distributions are stacked and scaled to meet the same
seismic moment.

Although the increase in tsunami hazard caused by
stochastic slip is not as significant as the locking distribution,
stochastic slip has strong randomness and may cause signifi-
cant differences in different regions. The maximum increase
in stochastic slip at a single target point is 36 %, which is
greater than 25 % considering only the locking distribution
when the return period is 100 years. Therefore, for a single
observation point, the influence of slip heterogeneity cannot
be ignored.

There is still significant uncertainty in the upper limit of
magnitude and segmentation methods. Although the mag-
nitude formed by the seismic moment accumulation of 500
years is selected as the maximum possible magnitude in this
study, the selection is subjective, and there is still large un-
certainty in the locking distribution itself. Therefore, there
is also large uncertainty in the estimated maximum magni-
tude. At the same time, there are different suggestions for
fault segmentation methods in different studies. The upper
limit of magnitude and the segmentation affect the size and
possible location of the largest earthquake. Taking the Hong
Kong observation point along the southeast coast of China as
an example, hazard curves were made for different scenarios
(Fig. 3c).

Here we describe what happens when we keep the upper
limit of magnitude for the south segment unchanged and in-
crease the upper limit of magnitude for the north segment
from 8.9 to 9.2, which is the magnitude used in previous
study (Zhang and Niu, 2020). On average, by raising the up-
per limit of magnitude, the tsunami wave height with a return
period of 100 years increases by 4.01 % and by 8.23 % for
tsunami wave height with a return period of 1000 years. The
impact of increasing the upper limit of magnitude on tsunami
wave height is not significant. Possible reasons for this in-
clude only changing the upper limit of the north section; the
probability of large-magnitude earthquakes occurring is very
low, which has a relatively small impact on overall PTHA. It
should be noted that the increase in the upper limit of mag-
nitude has a higher impact on the tsunami wave height of
the longer return period. This is because the tsunami wave
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heights with a longer return period are usually caused by
earthquakes with larger magnitude.

Here we describe what happens when we cancel the north—
south segmentation and limit the magnitude of the Manila
subduction zone to 9.2 compared to the scenarios where the
upper limit of magnitude of the north segment is 9.2. On aver-
age, by canceling the north—south segmentation, the tsunami
wave height with a return period of 100 years increases by
45.60 % and by 87.01 % for tsunami wave height with a re-
turn period of 1000 years. The impact of segmentation meth-
ods on tsunami hazard is significant. After segmentation, due
to the different maximum magnitudes on different segments,
the probability of earthquakes with the maximum magnitude
changes significantly, which in turn has a huge impact on the
level of tsunami hazard. Therefore, it is necessary to carefully
consider the segmentation in future research.

4 Discussion and conclusions

The study provides the spatial distribution of tsunami hazard
in the South China Sea through PTHA. By introducing the
geodetic locking model, possible solutions have been pro-
posed for two key issues in PTHA: how large the upper limit
of the magnitude is and how the slip distribution should be
constrained. By inverting the GPS horizontal velocity data,
the locking distribution and slip deficit distribution of the
Manila subduction zone are obtained. The cumulative rate
of the seismic moment is calculated according to the distri-
bution of slip deficit, and then the maximum possible mag-
nitude is estimated. At the same time, using the distribution
of slip deficit as a constraint on stochastic slip increases the
likelihood of larger slip in higher-locking areas. In addition,
the impact of uncertainty sources on PTHA was explored, in-
cluding the slip heterogeneity, upper limit of magnitude and
segmentation.

Existing studies rarely consider the influence of geodetic
locking on the distribution of slip. Geodetic locking reflects
the location of high-slip regions on the earthquake rupture.
In traditional stochastic slip models, the high-slip regions are
usually randomly generated on the fault plane, which is in-
dependent of the stress accumulation on the fault plane. In
the improved heterogeneous slip model, the high-locking re-
gion has more margin to produce larger slip, which means
a higher probability of producing larger slip. Research has
found that the locking distribution significantly concentrates
the fault slip, and its amplification effect on tsunami wave
height is more significant than stochastic slip. This empha-
sizes the importance of considering the locking distribution
in future PTHA research. The geodetic locking results used
in this study still have great uncertainty, which is a limitation
of this study. In the future, we should deploy more observa-
tion stations near deep-sea trenches to improve the accuracy
of the locking inversion.
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In addition, the study found that segmentation has a signif-
icant impact on tsunami hazard assessment, which has rarely
been discussed in previous studies. The geological structure
of the Manila subduction zone has significant north—south
differences, with the central seamount region as the bound-
ary. However, there is significant uncertainty about the spe-
cific subduction location of the seamount, and there is uncer-
tainty about whether it can block the propagation of earth-
quake rupture along the trench. Therefore, segmentation af-
fects the seismogenic mechanism of the Manila subduction
zone and directly determines the magnitude of the largest
earthquake it can produce. Therefore, the accuracy of seg-
mentation determines the accuracy of tsunami hazard as-
sessment. In the future, the work of seismicity and tsunami
hazard assessment of the Manila subduction zone should be
combined with seismology and geology, focusing on detect-
ing the fine structure of the shallow part of the subduction
zone, providing scientific data constraints for studying the
seismogenic mechanism and segmentation characteristics of
the fault.
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