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The South China Sea is recognized as an area at high risk of tsunamis. The Manila
Trench has long been considered as the regional source of tsunamis that might affect
Chinese coastal areas, and considerable analysis of the tsunami hazard has been con-
ducted in this area. However, there has been no consideration of other potential local
sources near the coastal area. Thus, the locations of local potential tsunami sources
(PTSs) along the southern coast of China and the evaluation of their impact on tsunami
hazard assessment require investigation. We identified eight local PTSs for given seismic
activity parameters. For the probabilistic tsunami hazard analysis (PTHA), the lower-
limit earthquake magnitude was determined as 7.0, based on numerical simulation of
tsunami scenarios. Six measured sites in the Pearl River Estuary and Taiwan Strait
were selected for PTHA, which were referenced to Macao, Hong Kong, Daya Bay, Shan-
tou, Xiamen, and Quanzhou. The annual rate of tsunami waves exceeding a given height
(h ≥ H) was calculated for each site. The results show that the upper-limit earthquake
magnitude and the relative geographical positions of the measured site of interest and
the PTS are two of the most important factors in the PTHA computation. The proba-
bilities of tsunami waves exceeding a given height (h ≥ H) within 100 years and their
return periods were calculated for each site. The results show that the probability of
h ≥ 0.5m within 100 years is 30–40% in Xiamen and Quanzhou but 5–10% in Macao
and Hong Kong. If the Manila Trench were considered as a regional source, these prob-
abilities would be higher. It is concluded that the tsunami hazard on the southern coast
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of China is very high and that both regional and local PTSs should be included in any
future PTHA.

Keywords: Probabilistic tsunami hazard analysis; potential local tsunami source; zona-
tion map; seismic activity; Monte Carlo technique; numerical simulation; South China
Sea.

1. Introduction

In ancient Chinese literature, the word “haiyi” or “chaoyong” is used to describe
any abnormal rise and fall of sea level. This makes it difficult to distinguish between
tsunami and storm-surge events in historical records, and it can lead to the mis-
apprehension that few tsunamis have affected China in the past [Mak and Chan,
2007; Chau, 2008; Lau et al., 2010; Ren et al., 2014]. Coastal areas of China have
not been affected by any destructive tsunamis during the last 100 years and consid-
eration of the tsunami hazard has been neglected. However, the 2004 Sumatra and
2011 Tohoku earthquakes and tsunamis caused considerable numbers of casualties
and large economic losses, which raised the awareness of the Chinese government
and population to the danger posed by tsunamis.

The Pearl River Delta economic circle in Southeast China, which includes major
cities such as Hong Kong, Macau, and Shenzhen, comprises part of the most eco-
nomically developed area of the country. Coastal areas such as Fuzhou, Quanzhou,
and Xiamen are also developed based on economic exchange with Taiwan. The
increasingly important major infrastructure projects, such as the Hong Kong-
Zhuhai-Macao Bridge, and the Dayawan and Yangjiang nuclear power plants have
been built or are planned to be built along the coastline. Therefore, it is imperative
that a comprehensive evaluation of the tsunami hazard in this area be undertaken.
Assessments of the tsunami hazard in the South China Sea (SCS) have been per-
formed in recent years by both Chinese scientists [Wen and Ren, 2007; Liu et al.,
2007; Pan et al., 2009; Ren et al., 2010, 2014; Wen et al., 2011; Hou et al., 2016]
and international researchers [Dao et al., 2009; Huang et al., 2009; Liu et al., 2009;
Megawati et al., 2009; Wu and Huang 2009; Okal et al., 2011; Suppasri et al.,
2012]. However, these studies have focused mostly on the potential tsunami haz-
ard by considering the regional source as the Manila Trench; the influence from any
other local source along the Chinese coast has been largely overlooked. Some studies
have shown that the seismic tectonics of the Chinese coastal area of the SCS could
trigger a destructive tsunami [Zhang, 1995; Yang and Wei, 2005]. Historical records
have revealed that some destructive earthquakes have occurred within this area,
which then triggered damaging tsunamis [Mak and Chan, 2007; Ren et al., 2014].
For example, an M 7.5 earthquake on December 19, 1604 in Quanzhou (Fujian
Province) and an M 7.3 earthquake on February 13, 1918 in Shantou (Guangdong
Province) both generated tsunami waves.

Given the socioeconomic importance of Southeast China, the locations of local
potential tsunami sources (PTSs) along the southern coast and the evaluation of
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their impact on tsunami hazard require investigation. In this study, we identi-
fied eight local PTSs for given seismic activity parameters, and with reference to
the method of probabilistic seismic hazard analysis, the method of probabilistic
tsunami hazard analysis (PTHA) was used for the investigation. The probabilities
of tsunami waves exceeding a given height were calculated for some typical sites
within the Pearl River Delta and Taiwan Strait regions. The results reported in this
paper provide scientific support for further studies of the effects of local sources on
probabilistic tsunami hazard analyses of the southern coastal area of China.

2. Potential Tsunami Sources

The Manila Trench is where the Eurasian Plate is subducting beneath the Philip-
pine Plate and it is a region of frequent earthquakes, which have elevated concern
regarding the tsunami hazard in the SCS. Consequently, most previous studies
have focused on the Manila Trench as the regional PTS, rather than PTSs along
the Chinese coast.

In June 2015, the fifth-generation national “Seismic ground motion parameters
zonation map of China (GB 18306−2015)” was issued. It takes almost five years to
accomplish this map by a big team including many geologists, geophysicists, seis-
mologists, engineers, etc. Totally 1206 potential seismic sources (PSSs) are delin-
eated across the entire country and some neighboring areas (Fig. 1). Supposing

Fig. 1. Potential earthquake sources delineated by the fifth-generation national zonation map of
seismic ground motion parameters of China.
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Fig. 2. Local and regional PTSs affecting the Chinese coastal area of the SCS. Regional PTSs
RM1–RM6 were derived from Ren et al. [2014]. Local PTSs (Nos. 8–15) were determined by Chen
and Zhou [2011] and Ren et al. [2014]. The polygon defines the seismic belt of the southeast coast
of China, which was used for calculating the parameters of seismic activity for each PSS. The six
quadrilaterals delineate the PSSs identified by the seismic ground motion parameter zonation map
of China. The areas of the PSSs are marked in parentheses. The upper limits of the earthquake
magnitudes of the PSSs are indicated by different colors. Numbers 1# to 6# mean the locations
where the PTHA was performed for the case studies in the following text.
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same locations with PTSs, some of these PSSs were used to determine the local
PTSs by Chen and Zhou [2011] and Ren et al. [2014] depending on their upper-
limit earthquake magnitude, seismic tectonic setting, seismic activity, and other
parameters. Consequently 15 local PTSs were delineated, and 8 of them in the SCS
(Nos. 8–15; Fig. 2) were selected for consideration in this study. It should be noted
that only those PSSs located within the Taiwan Strait were selected for this study,
rather than those located to the east of Taiwan. This was because it is believed that
Taiwan protects the Chinese mainland from the effects of tsunamis generated to
the east. Figure 2 also shows the six regional PTSs (Nos. RM1–RM6) in the Manila
Trench, as given by Ren et al. [2014]. Because this study considered only the roles
of local PTSs, the importance of the combination of both local and regional PTSs
to the PTHA will be discussed in further study.

Table 1 presents the geographical locations and earthquake source parameters
of the eight PTSs used for the PTHA. Except the rake angle, other parameters
were estimated by Chen and Zhou [2011] according to a comprehensive analysis on
the investigation on tectonic stress, statistics of historical earthquakes, observation
of geophysical field, and even personal experiences of some seismologist, etc. For
estimating the rake angle, they assumed all PTSs as thrust-type faults that means
rake angle equals to 90◦ for each PTS. Some evidences show a possibility of strike-
slip stress mechanism for some PTSs, such as PTS No. 8 where the 1604 M8.0
Quanzhou earthquake occurred in. The focal mechanism and stress analysis of this
earthquake represent strike-slip mechanism is favorable in this region [Zhou and
Chen, 1983; Zheng et al., 2011]. However, so far there is not any powerful proof
provided by modern instrumental survey or geophysical knowledge to predict an
exact rage angle for the scenario earthquake occurred any fault along the Chinese
coast. For the sake of safety, the worst case supposing all the faults as thrust type is
proposed in the study of Chen and Zhou [2011]. Such kind of proposal is also used
in the study of Wu [2012] which evaluated the potential tsunami hazard in Taiwan
by a deterministic analysis.

For the PTHA, it is necessary to know the other parameters, such as the upper
limit of the earthquake magnitude Mu, constant b in the Gutenberg−Richter law,
and the annual rate of occurrence of an earthquake v, which will be discussed in
the following text.

3. Numerical Simulation of Tsunami Scenarios

Before conducting the PTHA for the local sources, we performed numerical simu-
lations of the propagation processes of two tsunami scenarios to analyze the char-
acteristics of each local source. The two scenarios involved modeling earthquake
magnitudes of Mw7.0 and Mw7.5 at PTS sites Nos. 13–15. The value of Mw7.5 is
the upper-limit earthquake magnitude of these PTSs (see Table 1).

The ruptured length and width of the fault were determined from empirical rela-
tionships given by Wells and Coppersmith [1994], which are scaled according to the
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magnitude. Wells and Coppersmith [1994] also developed an empirical relationship
between the magnitude and average slip, but this correlation coefficient is only 0.1
(see Table 2B of Wells and Coppersmith [1994]). Therefore, the average slip in this
study was estimated using the following equation [Aki, 1966]:

M0 = µLWD , (1)

where M0 is the scalar moment of the earthquake, coefficient µ is the shear rigidity
of the Earth’s crust, L and W represent the length and width of the fault plane,
respectively, and D is the amount of average slip. Parameter µ is related to the
density ρ and shear velocity VS of the Earth’s crust:

VS =
√
µ

ρ
. (2)

Fig. 3. Tsunami wave heights along the Chinese coast when Mw7.0 and Mw7.5 scenario earth-
quakes occur at PTS No. 13. The middle figure presents the distribution of maximum wave height
for the Mw7.5 scenario. Shaded areas indicate the projection of PTS No. 13 at the corresponding
longitude and latitude. Red and blue triangles show the wave heights at the three sites of interest
for which the PTHA was conducted.
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Fig. 4. Tsunami wave heights along the Chinese coast when Mw7.0 and Mw7.5 scenario earth-
quakes occur at PTS No. 14. The middle figure presents the distribution of maximum wave height
for the Mw7.5 scenario.

Usually the mean values of ρ and VS of the shallow crust are estimated
as 2.7 g/cm3 and 3.6 km/s, respectively, for the Chinese mainland [Pei et al., 2004].
Consequently, µ is equal to 35Gpa based on the above formulas.

The value of M0 can be determined using the following equation [Hanks and
Kanamori, 1979]:

Mw =
2
3
logM0 − 10.7, (3)

where Mw is the moment magnitude of an earthquake; here, given as 7.0 and 7.5.
The open-source Cornell Multi-grid Coupled Tsunami Model is commonly used

for simulations. Here, the linear shallow-water wave equation was employed rather
than the nonlinear model. The linear treatment can serve our purposes sufficiently,
as has been verified already by Liu et al. [2007]. A run-up stage was not included
in this study. More than 1200 measured sites were selected from the 10-m isobath
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Fig. 5. Tsunami wave heights along the Chinese coast when Mw7.0 and Mw7.5 scenario earth-
quakes occur at PTS No. 15. The middle figure presents the distribution of maximum wave height
for the Mw7.5 scenario.

along the Chinese coast. Figures 3–5 show the distribution of simulated wave height
associated with each tsunami scenario for PTS Nos. 13–15, respectively.

The maximum wave height at the measured sites is estimated to be about 1.2m
for an Mw7.5 earthquake at PTS No. 13 (Fig. 3), 3 m for an earthquake at PTS
No. 14 (Fig. 4), and 1.6m for an earthquake at PTS No. 15 (Fig. 5). Although
the wave height is lower, PTS No. 13 affects a much wider region than the other
two PTSs, not only in the Pearl River Estuary (where sites 1#, 2#, and 3# are
located; see Fig. 2) but also in the Taiwan Strait (where sites 4#, 5#, and 6# are
located; see Fig. 2). For tsunamis generated at PTS Nos. 14 and 15, the large wave
heights only appear in those regions perpendicular to the faults (see Figs. 4 and 5).
The reasonable explanation for this is that the fault strike for PTS Nos. 14 and 15
is parallel to the coastline, whereas it is oblique to the coastline for PTS No. 13.
Thus, PTS Nos. 14 and 15 were selected for the PTHA as case studies for sites 1#,
2#, and 3#, PTS Nos. 8–12 were considered for sites 4#, 5#, and 6#, and PTS
No. 13 was considered for all of the sites.

1740001-9
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Figures 3–5 show that for an Mw7.0 earthquake occurring at PTS Nos. 13–15,
the resulting tsunami wave heights at all sites are very small, i.e. mostly <0.2 m.
Therefore, the lower-limit earthquake magnitude for each PTS is suggested to be
7.0 in the following PTHA.

4. PTHA Method

The concept and computational procedure of PTHA generally follows the method of
probabilistic seismic hazard analysis developed originally by Cornell [1968]. Hous-
ton et al. [1977] evaluated the tsunami hazard for the Hawaiian Islands using this
method, and it has been used subsequently in other countries, including Japan
[Rikitake and Aida, 1988], Italy [Tinti, 1991], New Zealand [Kelvin, 2005], and
Peru [Kulikov et al., 2005]. The principles and method of PTHA have been sys-
temically rearranged and proposed by Geist and Parsons [2006] for the evaluation
of the tsunami hazards in Acapulco (Mexico) and Cascadia (USA) using both his-
torical data and numerical simulation results. The logic-tree approach was applied
to PTHA by Annaka et al. [2007] and an improved PTHA method using Bayesian
theory was proposed by Grezio et al. [2010]. Subsequently, PTHA has been adopted
for many other studies in various locations, such as Thailand [Suppasri et al., 2012],
Western Australia [Burbidge et al., 2008], Southeast China [Liu et al., 2007], South-
east Asia [Thio et al., 2007], Oregon (USA) [González et al., 2009], California (USA)
[Thio et al., 2010], and the Mediterranean Sea [Papadopoulos et al., 2010].

The procedure of probabilistic seismic hazard analysis has been used in China for
the compilation of the zonation map of seismic ground motion parameters [Gao,
2015]. With reference to this procedure, we proposed the following method for
PTHA in China.

For an earthquake occurring within a region, the cumulative distribution func-
tion (CDF) F (M) and probability density function (PDF) f(M) of its magnitude
M can be expressed as:

F (M) =
1 − exp[−β(M −Mmin)]

1 − exp[−β(Mmax −Mmin)]
, Mmin ≤M ≤Mmax, (4)

f(M) =
β exp[−β(M −Mmin)]

1 − exp[−β(Mmax −Mmin)]
, Mmin ≤M ≤Mmax, (5)

where Mmax and Mmin are the possible maximum and minimum magnitudes for an
earthquake occurring within this region, β = b · ln 10, and b is a statistical constant
of the Gutenberg−Richter recurrence law.

Suppose Ni earthquakes happen at the ith PTS. Their spatial locations and
magnitudes can be produced randomly using the Monte Carlo technique. The
Ni magnitudes should meet the PDF (Eq. (5)) of this PTS. The value of M i

max

should be the upper-limit earthquake magnitude Mui of this PTS, i.e. 7.5 or 8.0 in
this study (see Fig. 2), and the value of M i

min (7.0) is the lower-limit earthquake
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magnitude proposed previously. Here, we use M i
1 and M i

2 instead of M i
min and

M i
max, respectively.
For the site of interest, Ni values of maximum wave height can be obtained by

numerical simulation of the tsunami generation and propagation processes trigged
by these Ni earthquakes. The length, width, and average slip of the fault plane
for each earthquake occurring within the local PTSs were determined as discussed
above. For an earthquake occurring in a regional PTS, e.g. the Manila Trench, it
is suggested that these parameters be determined by empirical relationships given
by Papazachos et al. [2004], which are suitable for a subduction earthquake.

Based on the statistics of historical data, Choi et al. [2002, 2012] found that
tsunami wave heights follow a lognormal distribution. The PDF of tsunami wave
height can be expressed as

fi(h) =
1√

2πhσ
exp

(
− [ln(h) − µ]2

2σ2

)
, (6)

where h is wave height, and µ and σ are the mean value and standard deviation of
ln(h), respectively, which can be calculated using the Ni values of maximum wave
height. Then, we can compute the CDF of the tsunami wave exceeding a given
height H by taking the integral of the PDF:

Fi(h ≥ H) =
∫ ∞

H

fi(h)dh =
1√
2πσ

∫ ∞

H

exp
(
− [ln(h) − µ]2

2σ2

)
dh

h
. (7)

If the annual rate of occurrence of earthquakes greater than M i
1 and less than

M i
2 at the ith PTS, i.e. vi(M i

1 ≤M ≤M i
2), is known, the annual rate of occurrence

of tsunami waves from the ith PTS that exceed a given height H , i.e. vi(h ≥ H),
can be calculated as

vi(h ≥ H) = Fi(h ≥ H) · vi(M i
1 ≤M ≤M i

2). (8)

The procedure to compute vi(M i
1 ≤M ≤M i

2) is presented in the following text.
For sites of interest affected by multiple PTSs, the contributions from each PTS

should be considered in combination:

v(h ≥ H) = 1 −
NT∏
i=1

[1 − vi(h ≥ H)], (9)

where NT is the total number of PTSs and v(h ≥ H) is the total result of the
annual rate of h ≥ H .

Therefore, the return period is

R(h ≥ H) =
1

v(h ≥ H)
. (10)

Under the assumption of the Poissonian occurrence of earthquakes, the proba-
bility of observing at least one event h ≥ H within period T is equal to

P (h ≥ H, t = T ) = 1 − exp(−v(h ≥ H) · T ). (11)
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5. Seismic Activity Parameters for PTHA

For PTHA, three input parameters must be known for each PTS: bi, Mui, and
vi(M i

1 ≤M ≤M i
2). These three parameters characterize the seismic activity within

the region of each individual PTS and therefore, their values for a specific PTS are
identical to those of the collocated PSS. Figure 2 shows that the locations of the
eight PTSs match the six PSSs expressed by the six quadrilaterals and marked by
the Roman numerals. The areas of the delineated regions of each individual PSS
are also presented in Fig. 2.

The upper-limit earthquake magnitudes for all 1206 PSSs are given in the Chi-
nese national zonation map (Fig. 1) and Table 2 lists those for the six PSSs used
in this study. Usually, the region of a single PSS is too small to collect adequate
data on historical earthquake events for the analysis of seismicity; therefore, 29
seismic belts are delineated across China within this zonation map. Each seismic
belt includes dozens of PSSs but with the same values of bbelt (value of b of the
Gutenberg−Richter recurrence law within this belt) and vbelt (annual rate of occur-
rence of earthquakes M ≥ 4.0 within this belt). The six PSSs used in this study are
all located within the seismic belt along the southeast coast of China (see Fig. 2),
for which the values of bbelt = 0.87 and vbelt = 5.6 have been assigned [Gao, 2015].

The bi value of each PSS was set to bbelt (0.87). The annual rate of occurrence of
earthquakes associated with different levels of magnitude vi(Mj) can be calculated
using the following equation [Gao, 2015]:

vi(Mj) = vbelt(Mj) · γi(Mj), (12)

whereMj means the jth level of discrete magnitudes ordered byM0+(j−1)·∆M ≤
Mj ≤ M0 + j · ∆M , M0 = 4.0 (lower-limit earthquake magnitude for the seismic
belt or each PSS), j equals an integer (here, expressed by Roman numerals), 1 ≤
j ≤ (Mui−M0)/∆M , ∆M is the discrete interval given as 0.5 for small earthquakes
and 0.3 or 0.2 for moderate and large earthquakes in the national zonation map,
and γi(Mj) is the weighting of the ith PSS covering its attributed seismic belt,
following the principle:

NSj∑
i=1

γi(Mj) = 1, (13)

where NSj means the number of PSSs at which earthquakes greater than Mj can
occur. Determining the value of γi(Mj) is complex, requiring eight factors that
are both subjective and objective [Gao, 2015]. The seismic source area is one of the
most important factors and therefore, we consider only this factor in the calculation
of γi(Mj) using the following equation:

γi(Mj) =
Ai(Mj)∑NSj

i=1 Ai(Mj)
, (14)

where Ai(Mj) means the area of the ith PSS.
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In this study, ∆M = 0.5 was set equal to the interval value of Mui (see Fig. 1).
Because M i

1 is determined as 7.0 and M i
2 is 7.5 or 8.0, there are only two levels

for Mj within the range of M i
1 to M i

2. Therefore, there are two levels (MVII and
MVIII ) for PSS Nos. I and II because of the upper-limit earthquake magnitude of
8.0 (see Fig. 2), and only one level (MVII ) for the other four PSSs (Mu = 7.5). The
values of γi(MVII ) and γi(MVIII ) for the six PSSs in this study can be calculated
using Eq. (14), as shown in Table 2.

For calculating vi(M i
1 ≤M ≤M i

2), it is necessary to know the value of vbelt(Mj)
in Eq. (12), i.e. vbelt(MVII ) and vbelt(MVIII ). From Eq. (4), the probabilities of
occurrence of magnitudes of MVII and MVIII are calculated as:

Fbelt(MVII ) = Fbelt(M = 7.5) − Fbelt(M = 7.0), (15)

Fbelt(MVIII ) = Fbelt(M = 8.0) − Fbelt(M = 7.5), (16)

where βbelt = bbelt × ln 10 = 2.003,Mmax = Mu = 7.5 or 8.0, and Mmin = 4.0.
As a result, Fbelt(MVII ) = 1.554 × 10−3 and Fbelt(MVIII ) = 5.706 × 10−4. Then,
vbelt(MVII ) can be calculated by

vbelt(MVII ) = Fbelt(MVII ) · vbelt(M ≥ 4.0). (17)

As a result, vbelt(MVII ) = 8.7×10−3. In the same way, vbelt(MVIII ) = 3.196×10−3.
From Eq. (12), vi(MVII ) and vi(MVIII ) can be calculated, as shown in Table 2.
Finally, the value of vi(M i

1 ≤ M ≤ M i
2) can be calculated using the following

equation:

vi(M i
1 ≤M ≤M i

2) =

{
vi(MVII ), Mui = 7.5;

vi(MVII ) + vi(MVIII ), Mui = 8.0.
(18)

All of the results of vi(M i
1 ≤M ≤M i

2) for each PSS are given in Table 2. Noting
that since only one factor, the area of PSS is used in this study rather than all
eight factors to determine the weighting function γi(Mj), the caculated vi(MVIII )
is therefore lager than vi(MVII ) for PSSs No. both I and II. It dose not make sense
based on the assumption of the Gutenberg–Richter recurrence law. If some other
factors can be used for determining γi(Mj), the values of vi(MVIII ) and vi(MVII )
can be adjusted to make sure vi(MVIII ) is smaller than vi(MVII ). However, we
believe the values of vi(M i

1 ≤ M ≤ M i
2) for each PSS will not be affected too

much. A more comprehensive analysis on determination of these parameters will
be conducted in further studies.

6. Case Studies of the PTHA

Six typical measured sites were selected from more than 1200 ones mentioned in pre-
vious numerical simulation of tsunami scenarios. Three were located in the coastal
area of the Pearl River Estuary and the others were in the Taiwan Strait.
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6.1. Pearl river estuary

The three measured sites selected in the Pearl River Estuary at a bathymetric
depth of 10 m are numbered 1#, 2#, and 3#. We randomly produced 50 scenario
earthquakes for PTS Nos. 13–15 using the Monte Carlo technique. The epicenters
were spaced randomly along the entire length of the fault. The magnitudes followed
the theoretical PDFs (Eq. (4)) of the individual PTSs.

Figure 6 shows the spatial distribution of the epicenters and CDF of the mag-
nitudes associated with the 50 scenario earthquakes for PTS No. 15. It can be seen
that the epicenters are distributed almost uniformly along the fault and that the
magnitude distribution is almost consistent with the theoretical CDF curve. This
indicates that the processes of Monte Carlo sampling for both epicenter and magni-
tude are reasonable, and the results are acceptable for PTS No. 15. It may infer that
the results for other PTSs are also probably acceptable. Generally speaking, with a
greater number of scenarios, higher accuracy could be achieved; however, because
of the limited capacity for the computation, only 50 simulations were conducted.

The processes of tsunami generation and propagation were simulated numeri-
cally for 50 scenario earthquakes for each PTS. Some parameters of fault geometry
for each scenario earthquake, including the rupture length, width, and average slip,
are estimated by some empirical relationships as same as the process described in
Sec. 3. Same values are given for earthquakes with same magnitudes. Some other
parameters, including the strike, dip and rake angles and focal depth are deter-
mined by the values given in Table 1. It implies that the earthquakes occurred in
the same PTS have the same values of these parameters. As we know, earthquake is
stochastic, that means each above-mentioned parameter may be possibly different

Fig. 6. Locations of 50 earthquakes produced randomly using the Monte Carlo technique for
PTS No. 15 (Left panel) and CDF of the magnitudes of these earthquakes (Right panel).
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for each earthquake, even occurred in a same fault with a same magnitude. Actu-
ally how to accurately predict these parameters is extremely difficult. Therefore,
one have to use empirical relationships to determine the fault length, width, and
average slip scaling to the size of earthquake magnitude. The strike, dip angles can
be determined as fixed values for each PTS by geologists according to the fault
tectonics (i.e. Chen and Zhou [2011]), as shown in Table 1. The focal depth is of
great importance, assumed to be an average value of 20 km (see Table 1) for each
scenario earthquake. Therefore, the uncertainty analysis on the estimation of these
parameters should be included in the PTHA computation, which will be conducted
in the future work.

Using Eq. (6), the PDFs of the wave height at each site were regressed for the 50
simulations for each PTS, as shown in Fig. 7. The regressed µ and σ are also shown
in Fig. 7. The acceptable goodness of fit confirms the assumption that tsunami
wave heights follow a lognormal distribution.

Using Eq. (8), the annual rates of occurrence of tsunami waves from PTS
Nos. 13–15 exceeding a given height H were calculated for sites 1#, 2#, and 3#,
respectively, and the total rate of the combined contributions from the three PTSs
were calculated using Eq. (9), as shown in Fig. 8.

Fig. 7. Regressed PDFs of the 50 maximum tsunami wave heights for sites 1#, 2#, and 3#
induced by the 50 scenario earthquakes at PTS Nos. 13–15. Thick curves represent the regressed
PDFs. Gray bars represent discrete PDFs calculated using the regressed µ and σ.
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(a)

(b)

(c)

Fig. 8. Annual rate of occurrence of tsunami waves exceeding a given height at sites 1#, 2#,
and 3# (Left panels) and contribution of each PTS to the computation of the total rate (Right

panels).
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The contribution rate of each PTS ψi(h≥H) can be calculated using the fol-
lowing equation:

ψi(h ≥ H) =
vi(h ≥ H)

∑NT−1
J=0

{∑C(NT−1,J)
l=1

1
J+1

∏J
j=1 vj,l

∏NT−J−1
k=1 (1 − vk,l)

}
vtotal(h ≥ H)

,

(19)

where vtotal(h ≥ H) and vi(h ≥ H) mean the total rate and individual rate
attributed to ith PTS of tsunami waves exceeding a given height H at the site
of interest. C(NT − 1, J) indicates the maximum number of times, when taking J
samples from (NT − 1) PTSs, for which the ith PTS is not included. The result of
each sampling is different and J = 0, 1, 2, . . . , NT−1. The parameter vj,l means the
annual rate of the jth PTS of J PTSs when taking the lth time of the sampling.
The parameter vk,l means the annual rate of the other PTS, except for the ith and
jth PTSs. Parameter NT is the total number of PTSs. As shown in Fig. 8, any
value of vi(h ≥ H) � 1 and therefore, ψi(h ≥ H) can be approximately equal to
the value calculated for J = 0 or 1.

Figure 8 shows the total rate of occurrence at sites 1#, 2#, and 3# is predom-
inantly attributed to PTS No. 15, No. 14, and No. 13, respectively. It is dependent
on the relative geographical position between the measured site of interest and the
PTS (see Fig. 2). It is noted that for the annual rate of occurrence at site 2#,
when wave height is >1.0 m, the contribution from PTS No. 14 is decreased, while
that from PTS No. 15 is increased. In fact, the wave height at site 2# is <1.0 m
if the tsunami is generated at PTS No. 15 (see Fig. 7). The PDFs of wave height
>1.0 m were estimated by extrapolation of the data <1.0 m. Future work will con-
firm whether this is correct; it might be better to have a truncation at a wave height
of 1.0m.

The annual rate of occurrence of tsunami waves exceeding 0.5 m is 5 × 10−4 at
site 1#, 8× 10−4 at site 2#, and 1.5× 10−4 at site 3#. Site 2# is located between
PTS Nos. 13 and 15 (see Fig. 2); thus, it could be affected by tsunamis generated
from either. This is why site 2# has the highest risk. Furthermore, PTS No. 13 is
aligned obliquely to the coastline, while PTS Nos. 14 and 15 are aligned parallel to
the coastline; therefore, the risk at site 3# is lower than at the other two sites. A
similar phenomenon can be observed when the wave height is >1.0 m (see Fig. 8).

6.2. Taiwan strait

The selected sites 4#, 5#, and 6# are located in the Taiwan Strait, as shown
in Fig. 2. As PTS Nos. 14 and 15 have only a minor impact on these three sites
(see Figs. 4 and 5), PTS Nos. 8–13 were used for the PTHA. The procedures to
determine the epicenter locations and magnitude sizes of scenario earthquakes and
to estimate their source parameters are same with those operated in the Pearl River
Estuary. The PDFs of simulated tsunami wave height at each site attributed to the
individual PTSs are shown in Fig. 9.
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Fig. 9. Regressed PDFs of the 50 maximum tsunami wave heights for sites 4#, 5#, and 6#
induced by the 50 scenario earthquakes at PTS Nos. 8–13. Thick curves represent the regressed
PDFs. Gray bars represent discrete PDFs calculated using the regressed µ and σ.
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(a)

(b)

(c)

Fig. 10. Annual rate of occurrence of tsunami waves exceeding a given height for sites 4#, 5#,
and 6# (Left panels) and contribution of each PTS to the computation of the total rate (Right
panels).

Figure 10 shows the annual rate of occurrence of tsunami waves exceeding a
given height H at sites 4#, 5#, and 6#, including the results attributed to the
individual PTSs and a synthesis of all the PTSs. The contributions of each PTS
were calculated using Eq. (19) and these are also shown in Fig. 10. It can be seen
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that when the wave height ranges from 0.3 to 3.0m, the total rate of occurrence at
site 4# is predominantly attributed to PTS No. 12, which is because of the short
distance between the source and the measured site (see Fig. 2). However, when wave
height is <0.3 m, the contribution of PTS No. 12 becomes minimal because of its
low annual rate of occurrence of earthquakes (see Table 2). When the wave height
is >3.0 m, the contributions of PTS Nos. 9 and 13 become larger than PTS No. 12.
In fact, the wave heights at site 4# are <3.0 m whether they are generated by PTS
Nos. 9, 12, or 13 (see Fig. 9). The PDFs of wave height >3.0 m were estimated by
extrapolation of the data <3.0 m. A similar phenomenon to that mentioned above
can also be seen at site 2#.

Figure 10 shows that the total rate of occurrence at site 5# and site 6# is
predominantly attributed to PTS Nos. 9–11 and PTS Nos. 8 and 9, respectively.
For waves <0.2m, the annual rate at site 4# is close to the rate at sites 5# and
6#, while it is much smaller for waves >0.5m, and even smaller by one order
of magnitude for waves >1.0 m. The curves of annual rate at sites 5# and 6#
are almost the same. A possible reason for this is that the upper-limit earthquake
magnitude at PTS No. 12 is 7.5, which is the major contributor for site 4#, whereas
it is 8.0 for PTS Nos. 9–11 (site 5#) and 8.0 for PTS No. 8 (site 6#).

6.3. Discussion

For each site, we calculated both the return period of the occurrence of tsunami
waves exceeding a given height using Eq. (10) and the probability of exceeding a
given tsunami wave height within 100 years using Eq. (11) the results are presented
in Fig. 11. For a wave height <0.1m, the probabilities for sites 1#, 2#, and 3#
are all 35%, smaller than the value of about 75% for sites 4#, 5#, and 6#. This is
because only three PTSs were considered in the hazard analysis for sites 1#, 2#,
and 3# (see Fig. 8), whereas six PTSs were considered in the analysis for sites 4#,
5#, and 6# (see Fig. 10).

The probabilities of sites 5# and 6# are higher than the other sites, especially
for waves >1.0 m, i.e. higher than sites 1# and 4# by one order of magnitude
and higher than sites 2# and 3# by two orders of magnitude. The upper-limit
earthquake magnitude of PTS Nos. 8–11 is 8.0 and these sources have the greatest
impact on sites 4# and 5#. The upper-limit earthquake magnitude of PTS Nos. 12–
15 is 7.5 and these sources have the greatest impact on sites 1# to 4#. This shows
that the upper-limit earthquake magnitude of the PTS plays an important role
when assessing the tsunami hazard.

Figure 11 shows that the probability of site 3# is almost the lowest because the
strike of the fault at PTS No. 12 (the closest PTS to site 3#) is aligned obliquely
to the coastline, whereas the faults of the other PTSs are aligned almost parallel to
the coastline. This shows that the relative geographical position of the source and
the site is an important factor in assessing the tsunami hazard.
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Fig. 11. Probabilities of at least one occurrence of exceedance of tsunami wave height within 100
years for sites 1# to 6# (solid lines). Dashed lines show the return period for sites from 1# to
6# where tsunami waves reach any level of tsunami wave height.

Table 3. Probabilities of at least one occurrence within 100 years and return
periods of tsunami waves >0.5 and >1.0m at the reference cities and bay of the
SCS.

Measured
site

Reference
site

P (h ≥ H, t = 100 years)
(%)

R(h ≥ H)
(year)

H = 0.5m H = 1.0m H = 0.5m H = 1.0m
1# Macao 5.17 1.57 1884 6304
2# HongKong 8.66 0.53 1103 18,682
3# Daya Bay 1.74 0.17 5712 60,463
4# Shantou 14.85 3.16 622 3119
5# Xiamen 42.60 21.81 180 407
6# Quanzhou 31.06 15.47 269 595

Table 3 displays the return periods of the occurrence of tsunami waves >0.5
and >1.0 m, and the probabilities of at least one occurrence within 100 years for
each site. The reference cities and bay that are closest to sites 1# to 6# are also
presented. The probabilities of tsunami waves>0.5 and >1.0 m occurring at Xiamen
and Quanzhou are 42.60% and 31.06%, and 21.81% and 15.47%, respectively. This
means the tsunami hazard for these two cities is high. As mentioned above, the
locations of the six measured sites have bathymetric depths of 10 m (see Fig. 2). If
the sites were located within the bay or nearer land, the tsunami hazard would be
much more serious because of the effects of wave convergence or run up.

Compared with Xiamen and Quanzhou in the Taiwan Strait, the tsunami hazard
at Macao and Hong Kong in the Pearl River Estuary is much lower. The return
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period of tsunami waves>0.5m is >1000 years for Macao and Hong Kong, and even
> 5000 years for Daya Bay. It should be noted that only local PTSs were considered
in this study. If the impact of the Manila Trench were also considered, the return
periods calculated in this study for sites 1# to 4# would be shortened significantly
and the probabilities would be greatly increased. Liu et al. [2007] performed a
PTHA for the Chinese coastal area using only the Manila Trench as the regional
PTS. The results showed that the probability of at least one occurrence of tsunami
waves >1.0m within 100 years was 43.99% for Shantou, 27.31% for both Hong
Kong and Macao, and 0.00% for Xiamen. This means both the Manila Trench and
the local PTSs are of relevance to the Chinese coastal area south of Taiwan, but
only the local PTSs are of relevance to the area within the Taiwan Strait.

7. Conclusions

To apply a PTHA to the Southern coast of China we delineated some local PTSs,
determined some parameters of seismic activity for each source, and selected six
typical measured sites for case studies to demonstrate the proposed Chinese PTHA.
Based on the results, the following conclusions were drawn:

(1) Using the data from the latest issued national “Seismic ground motion param-
eters zonation map of China (GB 18306-2015)”, eight PTSs, Nos. 8–15, were
delineated and the parameters of their seismic activity were determined, includ-
ing the upper-limit earthquake magnitude Mu, the value of constant b of
the Gutenberg−Richter recurrence law, and the annual rate of earthquake
occurrence v.

(2) The tsunami scenarios triggered by earthquake magnitudes of 7.0 and 7.5 for
PTS Nos. 13–15 show that the areas affected by the tsunami waves generated
by the local PTSs are not very large. For the PTHA, PTS Nos. 13–15 were
considered for the Pearl River Estuary and PTS Nos. 8–13 were considered for
the Taiwan Strait. The lower-limit earthquake magnitude was set at 7.0.

(3) Six measured sites were selected in the Pearl River Estuary and the Taiwan
Strait for use as PTHA case studies. They were referenced to Macao, Hong
Kong, Shantou, Xiamen, Quanzhou, and Daya Bay, which are located close to
these sites. For each site, the annual rate of occurrence of tsunami waves exceed-
ing a given height was calculated, including that attributed to the individual
PTSs and to a synthesis of all the PTSs. The comparison between the different
sites and between different PTSs showed that the upper-limit earthquake mag-
nitude of the PTSs and the relative spatial geographical position between the
measured site of interest and the PTS were two important factors that affect
the PTHA.

(4) Finally, the probabilities of at least one occurrence within 100 years and the
return periods of tsunami waves exceeding a given height were calculated for
each site. The results showed that the probabilities were 5–10% in Macao and
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Hong Kong, but 30–40% in Xiamen and Quanzhou for tsunami waves >0.5m.
The return periods were only 400–600 years in Xiamen and Quanzhou for
tsunami waves >1.0 m. If the Manila Trench were also considered as a regional
source, the return periods would be shortened and the probabilities increased.
It is concluded that the tsunami hazard for the southern coast of China is very
high, and that both local and regional PTSs should be included in any future
PTHA.

Since the worst case was considered in this study that all PTSs were assumed
as thrust type, we believe the estimated tsunami hazard for the southern coast of
China may be probably higher than the real situation. As a result, caution should
be exercised when the PTHA results of this study are used for further studies or
engineering practice, especially for policy-making of disaster mitigation. If in-depth
investigation on the source mechanism and parameters of each PTS could be done,
and the uncertainty analysis also could be included, the PTHA results will become
more accurate and valuable.
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