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The landfalls of the tropical cyclone (TC) along the coast of China have caused
huge economic damages. There are approximately nine TC landfalls in China
every year. It will be beneficial if the landfall frequency can be predicted in
advance. Inspired by the study of Sparks and Toumi (Commun Earth Environ,
30-1-2020), six datasets, including four ocean reanalyses and two object analyses
from 1993 to 2019, are employed to study the consistency in the relationship
between the thermocline temperature anomalies at different longitudes and the
frequency of TC landfalls along the coastal areas of China (South China, East
China, and the whole of China). The thermocline temperature anomalies at
different longitudes are tested in order to confirm our hypothesis that the
eastward and westward transports of ocean heat from the warm pool are the
causes of the significant correlations. The results show some significant
correlations at various longitudes, and the temperature anomalies can predict
the TC landfall frequency for several months or longer. Further study also shows
the close relationship between the ocean heat transport and the sea surface
temperature anomalies at the genesis locations of TC landfalls. The locations of
the western Pacific subtropical high (WPSH) during high-frequency TC landfall
years also show favorable spatial patterns to the TC landfall in South China and
East China, respectively. In years with a high TC frequency in South China, the
westward displacement of the WPSH ridge steers TC toward South China, while
during high-frequency TC landfall years in East China, WPSH is located further
north, and the westward extension of the ridge is in close proximity to the East
China Sea.
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1 Introduction

Tropical cyclones (TCs) can bring destructive and
catastrophic weather events. The powerful winds associated
with TCs can damage or even destroy coastal structures,
bridges, and vehicles. Storm surges reaching several meters
high can lead to tidal inundation, resulting in coastal erosions
and the submergence of towns and farmlands, along with the
salinization of soils. The torrential rainfall not only directly
causes flooding over the land but also triggers secondary
disasters, such as landslide and debris flow (Zandbergen, 2009;
Peduzzi et al., 2012). TC landfall also results in urban
waterlogging, leading to transportation paralysis, ecological
destruction, and the spread of diseases, which disrupts the
normal functioning of cities. The northwestern Pacific Ocean
(WNP), including the South China Sea (SCS), is the region with
the highest frequency of TC activity worldwide (Chan, 2006). The
southeastern coastal areas of China are severely affected by the
highest average number of landfalling TCs. According to
statistics obtained from 1951 to the present, an average of
7–9 TCs make landfall along the southeastern coast of China
each year, often with significant intensity, resulting in substantial
economic losses and casualties in coastal regions (Zhang et al.,
2009; Xiao and Xiao, 2010; Tian and Fan, 2019; Shan and Yu,
2021). Therefore, with rapid urbanization and economic
development in coastal areas, China remains vulnerable to
TCs and associated risks (Zhang et al., 2009; Fischer et al.,
2015). If it is possible to forecast the TC landfall frequency in
China several months or even longer time ahead, it will be of
significant importance in providing early warning services for the
coastal areas prone to TC impacts. It will help enhance coastal
disaster prevention systems and, consequently, reduce casualties
and economic losses.

Due to the limited understanding of the physical mechanisms
underlying TC formation and development, the seasonal
forecasting of TCs has been challenging. Currently, forecast
centers employ various methods, including dynamical methods,
statistical methods, and dynamical–statistical hybrid methods, to
forecast the activities of TCs. Most studies focus on forecasting TC
landfall in East Asia, considering factors such as the cyclone
intensity, landfall frequency, and destructive potential (Camp
et al., 2019). The activity of TCs in WNP and SCS has been a
major area of interest in recent years, and seasonal forecasting in
this region has been a prominent research topic (Fan, 2007; Fan
and Wang, 2009; Zung-Ching Goh and Chan, 2010; Zhan et al.,
2011; Wang et al., 2012; Kim et al., 2017; Wang and Wang, 2019),
but the statistical forecasting method is still the primary method
employed in these regions (Kim et al., 2017; Zhang et al., 2018).
These statistical methods consistently utilize lagged relationships
between the observed TC activity and slowly evolving climate
modes to provide the seasonal forecasts of TC activity (Wu et al.,
2005). Climate modes that influence the TC activity, include the El
Niño–Southern Oscillation (ENSO) (Chan et al., 1998; Camargo
et al., 2010), western Pacific subtropical high (WPSH, Wang and
Wang, 2019), quasi-biennial oscillation (Camargo and Sobel,
2010), North Pacific Oscillation (Wang et al., 2007; Chen et al.,
2015; Zhang et al., 2018), Antarctic Oscillation (Ho et al., 2005;
Wang et al., 2007), Hadley circulation (Zhou and Cui, 2008;

Camargo and Sobel, 2010), and the intertropical convergence
zone (ITCZ) (Liao et al., 2023).

The aforementioned forecasting methods primarily focus on
predicting the TC frequency over a large region. The relationship
between the TC activity over the open oceans and large-scale
circulation patterns is highly intertwined, making it challenging
to forecast the TC frequency at specific small-scale regions. Each
sub-region exhibits different TC activities and requires different
forecasting factors (Kim et al., 2010; Wang et al., 2019). In recent
years, with the rapid advancement of computational power and
the technical development of high-resolution atmosphere–ocean
coupled models, the high-resolution coupled atmosphere and
ocean general circulation models (AOGCM) have been employed
for the seasonal forecasts of TC activity in WNP and East Asia
(Huang and Chan, 2014; Camp et al., 2015, 2019b; Manganello
et al., 2016; Kim et al., 2017). These statistical and hybrid
methods are based on atmospheric forecast factors, such as
the wind shear (Camargo et al., 2007; Zhang et al., 2016b),
absolute vorticity (Lin and Chan, 2015), relative humidity
(Camargo et al., 2007), and sea surface temperature (SST)
(Camp et al., 2015; Zhang et al., 2018). These factors often
impact the TC activity due to changes in large-scale
circulation patterns, such as the northward or southward shift
of the monsoon trough (Chen et al., 1998), ENSO (Camargo et al.,
2007; Camp et al., 2015; Zhang et al., 2016b), Atlantic
Multidecadal Oscillation (AMO) (Zhang et al., 2018),
Madden–Julian Oscillation (MJO) (Madden and Julian, 1972;
Klotzbach, 2010), WPSH (Camp et al., 2019; Feng et al., 2019;
Tian and Fan, 2019), Walker circulation (Feng et al., 2019),
Hadley circulation (Guo and Tan, 2018; Feng et al., 2019;
Feng et al., 2021), Pacific Meridional Mode (PMM) (Gao
et al., 2018), and the crucial steering flow (Yang et al., 2015;
Feng et al., 2019). These interannual variations in the large-scale
circulation can be represented by changes in various forecast
factors. Although statistical and hybrid methods have been
trained using observational data and include correlations
between environmental and forecast factors in both
observational and model datasets, they also incorporate
forecast factors related to TC formation, development, and
tracks. Therefore, hybrid methods exhibit better forecast
performance sometimes (Zhan et al., 2013; Zhang et al.,
2016a; Zhang et al., 2016b; Murakami et al., 2016).

Sparks and Toumi (2020) (hereafter, referred to as ST2020)
utilized the subsurface (100–300 m depth) heat content variations
in the WNP warm pool (WP) to forecast the frequency of TC
landfalling in South China between June and November next year.
This subsurface region is referred to as the SubNiño4 region and is
located at 160°E–150°W and 5°S–5°N, underneath the location of
Niño4. Forecast tests using the temperature changes in the
SubNiño4 region on historical data returned a correlation
coefficient of 0.61 with observations. Inspired by the study of
ST2020, the following questions are raised: 1) Can this method be
applied to other datasets to achieve similar results? 2) Considering
the ocean heat transport along the thermocline during the El Niño
cycle, can the ocean temperature anomalies along the thermocline
at other longitudes be used to forecast the frequency of TC
landfalling in South China? 3) Can this method be extended to
forecast the frequency of TC landfalling in East China or the
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whole of China? To answer these questions, four ocean reanalysis
datasets and two objective analyses of ocean temperature have
been employed to conduct further study. The data and methods
are introduced in Section 2, and the results are presented in
Section 3. Section 4 gives the discussion and Section 5 provides
conclusions.

2 Data and methods

TC data used in this study are obtained from the
International Best Track Archive for Climate Stewardship
(IBTrACS, version 4) (Knapp et al., 2010; Knapp et al., 2018).
When calculating the landfalling TC frequency in China, the

TABLE 1 Dataset and brief descriptions (based on the product user manual for the Global Ocean Reanalysis Product GLOBAL-REANALYSIS-PHY-001-031).

Dataset Production center Model version References

ORAS5 ECMWF NEMO 3.4.1 LIM2 Zuo et al. (2019)

GLORYS2-V4 (GLORYS) Mercator Ocean NEMO 3.1 LIM2 Lellouehe et al. (2013)

FOAM-GLOSEA5-v13
(GLOSEA)

UK Met Office NEMO 3.4 CICE 4.1 Non-linear
free surface

MacLachlan et al. (2015), and description of FOAM:
Blockley et al. (2014)

CGLORS (CGLORS) CMCC NEMO 3.4 LIM2 Storto and Masina, (2016)

EN4 UK Met Office Version 4.2.2 Good et al. (2013)

IAP Institute of Atmospheric Physics, Chinese
Academy of Sciences

— Cheng and Zhu, (2016), Cheng et al. (2017)

ERA5 ECMWF — Hersbach et al. (2020)

FIGURE 1
Hovmöller diagram showing the correlation coefficients between the TC landfall frequency in South China and the thermocline temperature
anomaly at different longitudes and leading months. Stippling represents the significant correlation coefficients at 95% CI. The dataset name is displayed
for (A) ORAS5, (B) CGLORS, (C) GLORY, (D) FOAM, (E) EN4 and (F) IAP.
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TABLE 2 Selected correlation coefficients. Different colors represent the significance level of 90% (black), 95% (blue), and 99% (orange).

South China

Time Longitude ORAS5 CGLORS GLORY FOAM EN4 IAP

JUN (−2) 52°E 0.56 0.53 0.60 0.49 0.39 0.53

53°E 0.54 0.57 0.53 0.48 0.40 0.66

78°W 0.62 0.6 0.6 0.53 0.35 0.46

JUL (−2) 52°E 0.48 0.40 0.46 0.60 0.55 0.57

53°E 0.45 0.38 0.41 0.58 0.54 0.49

OCT (−2) 61°E 0.56 0.51 0.41 0.54 0.47 0.40

65°E 0.46 0.51 0.52 0.43 0.51 0.37

JUN (−1) 68°E 0.53 0.48 0.39 0.41 0.50 0.41

AUG (−1) 173°E −0.58 −0.51 −0.47 −0.55 −0.48 −0.52

174°E −0.58 −0.54 −0.46 −0.54 −0.5 −0.53

175°E −0.56 −0.55 −0.46 −0.52 −0.52 −0.53

176°E −0.52 −0.54 −0.45 −0.55 −0.53 −0.52

178°W −0.38 −0.54 −0.44 −0.51 −0.60 −0.45

177°W −0.34 −0.50 −0.43 −0.48 −0.61 −0.44

176°W −0.33 −0.48 −0.44 −0.44 −0.62 −0.42

175°W −0.34 −0.48 −0.46 −0.46 −0.61 −0.41

174°W −0.36 −0.50 −0.48 −0.49 −0.59 −0.41

173°W −0.40 −0.51 −0.48 −0.53 −0.56 −0.41

NOV (−1) 169°W −0.59 −0.60 −0.53 −0.50 −0.50 −0.38

168°W −0.56 −0.61 −0.52 −0.52 −0.49 −0.38

APR (0) 42°E −0.49 −0.33 −0.41 −0.34 −0.34 −0.42

East China

Time Longitude ORAS5 CGLORS GLORY FOAM EN4 IAP

MAR (−2) 165°E −0.54 −0.54 −0.50 −0.57 −0.49 −0.48

166°E −0.55 −0.55 −0.52 −0.54 −0.50 −0.49
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TABLE 2 (Continued) Selected correlation coefficients. Different colors represent the significance level of 90% (black), 95% (blue), and 99% (orange).

East China

Time Longitude ORAS5 CGLORS GLORY FOAM EN4 IAP

APR (−2) 176°W −0.52 −0.48 −0.51 −0.55 −0.45 −0.47

171°W −0.51 −0.52 −0.54 −0.41 −0.46 −0.40

JUN (−2) 85°W −0.51 −0.52 −0.55 −0.6 −0.44 −0.47

84°W −0.52 −0.56 −0.56 −0.61 −0.44 −0.47

82°W −0.52 −0.59 −0.58 −0.64 −0.48 −0.47

81°W −0.54 −0.57 −0.61 −0.67 −0.49 −0.46

80°W −0.52 −0.52 −0.60 −0.73 −0.45 −0.46

79°W −0.56 −0.58 −0.63 −0.73 −0.43 −0.43

JUL (−2) 84°W −0.51 −0.54 −0.51 −0.6 −0.49 −0.52

83°W −0.50 −0.54 −0.52 −0.6 −0.5 −0.49

AUG (−2) 88°W −0.5 −0.46 −0.46 −0.53 −0.46 −0.47

87°W −0.48 −0.47 −0.46 −0.53 −0.44 −0.47

SEP (−2) 95°E 0.42 0.46 0.51 0.54 0.47 0.45

98°E 0.40 0.48 0.51 0.54 0.45 0.45

100°E 0.40 0.45 0.50 0.58 0.44 0.49

JUN (−1) 28°W 0.37 0.42 0.46 0.53 0.47 0.55

27°W 0.37 0.46 0.46 0.55 0.48 0.55

APR (0) 95°W −0.42 −0.41 −0.44 −0.43 −0.44 −0.38

94°W −0.42 −0.38 −0.44 −0.43 −0.44 −0.40

China

Time Longitude ORAS5 CGLORS GLORY FOAM EN4 IAP

MAR (0) 108°W −0.49 −0.45 −0.46 −0.48 −0.39 −0.38

107°W −0.49 −0.43 −0.45 −0.46 −0.39 −0.39
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TABLE 2 (Continued) Selected correlation coefficients. Different colors represent the significance level of 90% (black), 95% (blue), and 99% (orange).

China

Time Longitude ORAS5 CGLORS GLORY FOAM EN4 IAP

APR (0) 97°W −0.46 −0.49 −0.44 −0.49 −0.49 −0.55

96°W −0.50 −0.50 −0.46 −0.49 −0.51 −0.56

95°W −0.53 −0.53 −0.5 −0.52 −0.53 −0.53

94°W −0.54 −0.57 −0.53 −0.54 −0.55 −0.54

93°W −0.56 −0.59 −0.56 −0.52 −0.57 −0.54

92°W −0.56 −0.59 −0.56 −0.47 −0.58 −0.53

91°W −0.53 −0.59 −0.59 −0.46 −0.60 −0.51

90°W −0.52 −0.58 −0.61 −0.49 −0.61 −0.53

89°W −0.5 −0.56 −0.61 −0.52 −0.62 −0.57

88°W −0.52 −0.55 −0.59 −0.57 −0.63 −0.58

87°W −0.54 −0.55 −0.58 −0.58 −0.63 −0.57

86°W −0.55 −0.54 −0.59 −0.58 −0.63 −0.57

85°W −0.57 −0.57 −0.59 −0.56 −0.63 −0.56

84°W −0.58 −0.61 −0.59 −0.56 −0.62 −0.55

83°W −0.57 −0.61 −0.61 −0.56 −0.62 −0.54

82°W −0.57 −0.62 −0.59 −0.56 −0.61 −0.51

81°W −0.57 −0.61 −0.58 −0.55 −0.62 −0.45

80°W −0.6 −0.62 −0.58 −0.55 −0.62 −0.45

79°W −0.56 −0.62 −0.58 −0.52 −0.59 −0.45
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southern coastal region (South China) includes Guangdong,
Guangxi Zhuang Autonomous Region, Hong Kong, Fujian,
and Hainan. East China includes Taiwan, Zhejiang, Shanghai,
Jiangsu, and Shandong. For the calculation of equatorial
thermocline temperature anomalies, four ocean reanalysis
datasets provided by CMEMS are utilized: the ECMWF
ORAS5 (Ocean Reanalysis System 5, Zuo et al., 2019), CMCC
global ocean reanalysis system (CMCC CGLORS, Storto and
Masina, 2016), Mercator Ocean’s GLORYS2V4 ocean analysis
system (Lellouche et al., 2018), and Forecast Ocean Assimilation
Model (FOAM, Blockley et al., 2014). These four datasets are,
hereafter, referred to as ORAS5, CGLORS, GLORYS, and
FOAM, respectively. They have the spatial resolution of
0.25° × 0.25° and 75 vertical levels. Additionally, the two
objective analysis datasets, namely, EN4 (version 4.2.2) from
the Hadley Centre of the UK Met Office and IAP from the
Institute of Atmospheric Physics of Chinese Academy of
Sciences, are also employed. The EN4 dataset is constructed
based on the following four data sources: the Argo (since 2000),
Arctic Synoptic Basin-wide Oceanography (ASBO), Global

Temperature and Salinity Profile Program (GTSPP),
and World Ocean Database (WOD13) (Good et al., 2013).
The IAP dataset has used all available raw observations,
including the eXpendable BathyThermograph (XBT),
conductivity–temperature–depth (CTD) profiler, and Argo,
and has undergone calibrations (including depth, temperature
errors, and instrument types), in order to eliminate errors
caused by various sources. The spatial resolution of EN4 data
is 1° × 1°, with 42 vertical levels, while the spatial resolution of
IAP data is 0.5° × 0.5°, with 41 vertical levels. All datasets used in
this study are monthly data. The atmospheric reanalysis data
from ERA5 (the fifth-generation ECMWF reanalysis, Hersbach
et al., 2020), including the daily sea surface temperature and
500 hPa geopotential height, are employed to investigate the
influences of environmental factors on TC formation and
landfall in China. All datasets and brief descriptions are listed
in Table 1.

The study period is over 1993–2019 since the four ocean
reanalysis datasets from CMEMS can only be publically available
over this period. The correlation analysis, composite analysis,

FIGURE 2
Correlation coefficient (r) variation with longitude in (A) APR(0), (B)NOV(-1), and (C) JUN(-2). r is between the thermocline temperature anomaly and
TC landfall frequency in South China.
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and the Student’s t-test have been employed in this study. The
thermocline temperature anomaly is calculated based on the
mean depth location of the 20°C isotherm at each longitude from
5°S to 5°N over 1993–2019. For the statistical analysis of the
relationship between the landfall TC frequency and the

thermocline temperature anomaly, a lead–lag correlation
calculation is conducted. The ST2020 method has been
extended to use the thermocline temperature anomaly at
different longitudes and applied to East China and the whole
of China. Similar to ST2020, the landfall TC frequency is the

FIGURE 3
Time series of thermocline temperature anomalies and landfall TC frequency in South China for all datasets. (A) In APR(0) at 42°E, (C) in AUG(-1) at
178°W, and (E) in JUN(-2) at 78°W. The corresponding scatter plots between the multi-dataset mean thermocline temperature anomalies and the landfall
TC frequency are in the right column (B,D,F), and the correlation coefficients are also displayed.
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accumulation over the TC season from May to November each
year. January in the preceding year is noted as JAN(-1), and it is
noted as JAN(-2) when it is 2 years earlier.

The ocean heat content tendency (OHCT) is calculated using
the ocean heat content (OHC) by the central difference:

OHCTi � OHCi+1 − OHCi−1
ti+1 − ti−1

, (1)

where i denotes a particular month and ti−1 and ti+1 denote the time
1 month before and after the month i, respectively. The ocean heat
content can be computed by

OHC � A∫
z2

z1
ρCpT′dz, (2)

where A is the horizontal area of the grid box, ρ is the density of sea
water, and Cp is the specific heat of sea water. T′ is the sea water
potential temperature anomaly relative to the reference period of
1993–2019. z1 and z2 are the lower and upper layer boundaries of the
integration, respectively. Since the changes in the density and
specific heat of sea water are small and have little effect on our
study, they are selected as constants with the values of
ρ =1,027 kgm−3 and Cp = 3,985 Jkg−1K−1, respectively. OHC
integrated in a domain is divided by the domain area to have the
unit of Jm−2.

3 Results

3.1 Correlation with the TC landfall
frequency in South China

The Hovmöller diagram in Figure 1 shows the correlation
coefficients between the TC landfall frequency in South China
and the thermocline temperature anomaly at different longitudes
and leading months. There are several consistent places between
datasets showing significant correlation coefficients, such as the
region between 173°E–173°W and the time is approximately August
in the preceding year [AUG(-1)], and the region between 45°E and
60°E and the time is approximately OCT(-2). There is another one at
approximately 160°W in NOV(-1) and the one at approximately
42°E in APR(0). More cases can be found in Table 2, where the
leading time by the thermocline temperature anomaly and the
longitude for consistent significant correlation coefficients are
listed. The stippling area shown in Figure 1 means the
correlation coefficients are significant at the 95% confidence level.

The significant r-value occurs at different longitudes and leading
times (Figure 1; Table 2), particularly in AUG(-1) between
173°E–173°W, where r is consistently high across datasets, and
the maximum r = −0.62 from the EN4 dataset. The variations of
r with longitude in APR(0), AUG(-1), and JUN(-2) are shown in

FIGURE 4
Similar to Figure 1 but for East China.
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Figure 2 where the significant correlations are shown across the
datasets at specified longitudes. APR(0) is close to the TC season.
Although there are a couple of locations having significant
correlations, the absolute correlation coefficients are generally less
than 0.5. However, in AUG(-1), the correlation coefficient r is
approximately −0.6 over a large area.

Table 2 shows that in NOV(-1) at approximately 169°W, all
correlation coefficients are greater than or equal to 0.5 except
r = −0.38 for the IAP dataset. The minimum r = −0.60 from the
CGLORS dataset. In AUG(-1), there are more than half of the
selected locations having correlation coefficients less than −0.5, with
the minimum of r = −0.62 from EN4 at 176°W. All correlation
coefficients at approximately 174°E are significant at 95% CI. These
regions are around the SubNiño4 region, and the results are
consistent with ST2020. It is also noted in Table 2 that the
groups of JUN(-1) at 68°E, OCT(-2) at 61°E, and JUL(-2) at 53°E
all show significant correlations, and the EN4 dataset has more
locations with high correlations. In OCT(-2) and JUN(-2) with a
lead time of approximately 2 years, the significantly positive
correlations are observed between thermocline temperature

anomalies and the number of TC landfalls in South China within
the range of 51–65°E. At two specific longitudes of 61°E and 65°E in
OCT(-2), at least three datasets have correlation coefficients
above 0.5.

The time series of the thermocline temperature anomalies in
APR(0) at 42°E, AUG(-1) at 178°W, and JUN(-2) at 78°W, as well as
the TC landfall frequency in South China, are plotted in Figure 3 to
show their co-variability. There is a good agreement in the variations
in general, but the peaks in 2008 and 2012 are not captured well in
both AUG(-1) and JUN(-2), respectively. The scatter plot between
the dataset mean thermocline temperature anomalies and the
frequency of landfall TCs in South China is shown in the right
column, and the correlation coefficients are also displayed.

3.2 Correlation with the TC landfall
frequency in East China

The above method has been extended to East China, and the
Hovmöller diagram is plotted in Figure 4. There are more consistent

FIGURE 5
Similar to Figure 2 but for East China. In (A) APR(0), (B) JUN(-1), and (C) JUN(-2).
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locations and times with significant correlations compared with
Figure 1, but most of them have a leading time of more than 1 year
(Table 2). The obvious eastward propagation of the significantly
negative correlation coefficient from JAN(-2) to OCT(-2) in Pacific

implies the eastward propagation of the ocean heat along the
thermocline.

Table 2 shows that there are significant correlations from the
FOAM dataset in different leading times and longitudinal

FIGURE 6
Similar to Figure 3 but for East China. Time series of the thermocline temperature anomalies and landfall TC frequency, as well as the corresponding
correlation coefficients in (A) APR(0) at 94°W, (C) JUN(-1) at 27°W, and (E) JUN(-2) at 79°W. The corresponding scatter plot between the multi-dataset mean
thermocline temperature anomalies and the landfall TC frequency is shown in the right column (B,D,F). The correlation coefficients are also displayed.
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locations, such as the positive correlation coefficient r reaches
0.55 in JUN(-1) at 27°W and 0.58 in SEP(-2) at 100°E, as well as
the negative correlation coefficient r = −0.73 in JUN(-2) at
80°W. In APR(0), just before the TC season, the correlation
coefficients from all datasets at 94°W and 95°W are significantly
negative at 95% CI. In JUN(-1) at 27°W and 28°W, the
correlation coefficients are significantly positive, and the
maximum r reaches 0.55 from FOAM and IAP datasets.

The variations of the correlation coefficient with longitude in
APR(0), JUN(-1), and JUN(-2) are plotted in Figure 5. The
correlation coefficients in APR(0) are approximately −0.5 over
59–66°E (−0.46 at 66°E for ORAS5, −0.28 at 60°E for
GLORY, −0.49 at 62°E for CGLORS, −0.52 at 64°E for
FOAM, −0.50 at 62°E for EN4, and −0.36 at 59°E for IAP) and
80–95°W (−0.46 at 80°W for ORAS5, −0.44 at 94°W for
GLORY, −0.41 at 95°W for CGLORS, −0.44 at 85°W for
FOAM, −0.47 at 85°W for EN4, and −0.46 at 86°W for IAP),
and the significantly positive correlation is at approximately
23°W. In JUN(-1), the correlation coefficients are
approximately 0.5 at 28°W and −0.5 at 0°. The correlation
coefficients in JUN(-2) are relatively higher than those in
APR(0) and JUN(-1), and they can be over −0.6 at
approximately 47°E (−0.60 at 48°E for ORAS5, −0.57 at 47°E
for GLORY, −0.46 at 48°E for CGLORS, −0.67 at 49°E for

FOAM, −0.39 at 48°E for EN4, and −0.46 at 45°E for IAP) and
even reach −0.73 at approximately 80°W (−0.56 at 78°W for
ORAS5, −0.63 at 79°W for GLORY, −0.63 at 78°W for
CGLORS, −0.73 at 80°W for FOAM, −0.53 at 72°W for EN4,
and −0.53 at 92°W for IAP).

The time series of the thermocline temperature anomalies at
specific longitudes and lead time, as well as the frequency of landfall
TCs in East China, are plotted in the left column of Figure 6, and the
corresponding scatter plots between the multi-dataset mean
thermocline temperature anomalies and TC landfall frequency
are in the right column. The correlation coefficients are
r = −0.43 in APR(0) at 94°W, r = 0.51 in JUN(-1) at 27°W, and
r = −0.61 in JUN(-2) at 79°W.

3.3 Correlation with the TC landfall
frequency in the coastal areas of China

From the above analysis of the correlation coefficients
between the thermocline temperature anomalies and landfall
TC frequency in South China and East China, respectively, it
is found that they vary in locations and leading months with
study areas. Therefore, it is expected that the correlation
coefficients will become weak if this method is applied to the

FIGURE 7
Similar to Figure 1 but for the entire coastal areas of China.
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whole coastal areas of China, and this is confirmed in Figure 7,
which shows less patches of high correlation coefficients than
Figures 1, 4.

High correlation coefficients are mainly concentrated between
FEB(0) and APR(0) over 80–135°W. Table 2 shows that most
correlation coefficients in APR(0) over 80–90°W are less
than −0.50 and significant at 99% CI across datasets, and the
minimum reaches −0.63. In MAR(0), there are also some high
correlation coefficients at several locations, and the minimum can
reach −0.49 at 107–108°W from ORAS5. These high correlations in
MAR(0) and APR(0) are very useful in the mid-range forecast of the
landfall TC frequency, but they are not seen in the correlations when
South China and East China are considered separately, meriting a
further investigation.

The variations of the correlation coefficients with longitude in
APR(0), MAR(0), and JUN(-1) are plotted in Figure 8. Table 2 shows
that there is a notable negative correlation location at approximately
90°W, with all r < −0.5 across datasets and r < −0.6 for GLORY and
EN4 datasets. The correlation coefficients are also
approximately −0.5 at the location at approximately 48°E. In
MAR(0), the correlation coefficients can reach −0.5 at the

location around 42°E, 90°W, and 43°W. Unlike for East China,
where there are quite a few locations and leading times showing
high correlation coefficients for a long-range prediction (between
1 and 2 years), only the correlation coefficients in JUN(-1) are
approximately 0.5 at 80°E.

The corresponding time series of the thermocline temperature
anomalies and landfall TC frequency in the coastal areas of China
are plotted in Figure 9. It can be seen that in APR(0) at 83°W, the
correlation coefficient r = −0.57 for ORAS5, −0.61 for GLORY and
CGLORS, −0.56 for FOAM, and −0.62 for EN4 and −0.54 for IAP.
The correlation from the multi-dataset mean is r = −0.61. Compared
with MAR(0) and JUN(-1), APR(0) has the best correlation.

4 Discussion

The method developed by ST2020 has been tested using
different datasets, and consistent high correlation coefficients
between thermocline temperature anomalies and landfall TC
frequencies in South China, East China, and the entire coastal
areas of China are found, with different leading months and at

FIGURE 8
Simialr to Figure 2 but for the entire coastal areas of China. In (A) APR(0), (B) MAR(0), and (C) JUN(-1).
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different longitudinal locations. This confirms our hypothesis that
the eastward and westward ocean heat transport may play a role
since it will affect SST, and hence the environmental conditions at
TC genesis locations and the WPSH location, which will influence
the TC landfall frequency and location.

4.1 Influence of the OHCT transport on SST
at TC genesis locations

To further check our hypothesis, the relationship between
OHCT and SST at TC genesis locations has been investigated.

FIGURE 9
Similar to Figure 3 but for the entire coastal areas of China. Time series of the thermocline temperature anomalies and landfall TC frequency, as well
as the corresponding correlation coefficients in (A) APR(0) at 83°W, (C)MAR(0) at 119°W, and (E) JUN(-1) at 69°E. The corresponding scatter plot between
the multi-dataset mean thermocline temperature anomalies and the landfall TC frequency are shown in the right column (B,D,F). The correlation
coefficients are also displayed.
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The genesis locations of TC landfalling in South China and East
China over 1993–2019 are plotted in Figure 10A. Similar to Cheng
et al. (2019), OHCT is calculated using the ORAS5 dataset by

averaging OHC over 10°S–10°N and integrating from 0 to
2,000 m, and the Hovmöller diagram is plotted in Figure 10B,
which shows the westward and eastward propagation of OHCT

FIGURE 10
(A) Genesis locations of TC landfalling in South China (blue dots) and East China (red crosses). (B) Hovmöller diagram of the OHCT integrated over
10°S–10°N and 0–2,000 m from the ORAS5 dataset. Time series of the OHCT at specified locations, together with the SST averaged from the TC genesis
locations in (C) South China, (D) East China, and (E) the entire coastal areas of China. The correlation coefficients betweenOHCT and SST are also displayed.
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from the warm pool region. The ocean heat transported toWNP and
SCS areas can provide favorable SST conditions for TC genesis. The
time series of OHCT from six datasets at specified locations, together
with SST averaged from the TC genesis locations, are plotted in
Figures 10C–E for South China, East China, and the entire coastal
areas of China. The correlation coefficients between OHCT from
different datasets at 144°E and SST are generally greater than
0.50 except that for IAP where r = 0.39 in South China and the
maximum r = 0.64 from EN4. The selected longitude for OHCT
time series is 65°E for East China and 127°E for the whole coastal
areas of China, and the results are similar to that in South China.

4.2 Influence of the WPSH location on the
TC landfall

Previous studies have shown the significant influences of the
WPSH location on the TC landfall in East Asia on interannual and
decadal timescales (Wang et al., 2012; Camp et al., 2019). In order to
check the relations between the WPSH location and TC landfall, the
high-frequency TC seasons are defined as thosemonths with landfall
TC frequencies exceeding 6 in South China and 4 in East China.
Based on this classification, the high-frequency years in South China
are 1993, 1994, 1995, 1999, 2009, 2010, 2013, 2016, and 2017, while
the high-frequency years in East China are 1994, 2001, 2004, 2005,
2007, and 2018, as shown in Figure 11A. The locations of WPSH are
determined using the 587-dagpm and 588-dagpm geopotential
height contours.

The mean geopotential height contours from the high frequency
years are plotted in Figure 11B. As expected, during the high-
frequency years in South China, the 587- and 588-dagpm
geopotential height contours are more westward than the
climatology over TC seasons from 1993–2019, and the 587-
dagpm contour can reach the coast line of China; however, those
contours in East China are more northward than the climatology
and that in South China. These contour spatial distribution patterns
determine the steering flow directions of TCs, leading them to move
toward the coastal areas of China.

5 Conclusion

Several datasets, including four ocean reanalyses and two object
ocean analyses, have been employed to check the robustness of the
ST2020 results, and the ST2020 method has also been extended for
application to East China and the entire coastal areas of China. The
main conclusions are given as follows:

(1) There are significant correlations between the thermocline
temperature anomalies at different longitudes and the
frequency of landfall TCs in South China, East China, and
the entire coastal areas of China across datasets, such as in
APR(0) at 42°E, AUG(-1) at 178°W, and JUN(-2) at 78°W in
South China; in APR(0) at 94°W, JUN(-1) at 27°W, and JUN(-2)
at 79°W in East China; and in APR(0) at 83°W, MAR(0) at
119°W, and JUN(-1) at 69°E for the entire coastal areas of China.

(2) The results confirmed our hypothesis, to some extent, that the
temperature anomaly at different longitudes along the
thermocline can have good correlations with the frequency of
landfall TCs in South China and other coastal regions, due to the
eastward and westward oceanic heat transport along the
thermocline. Therefore, this method has the predictive power
since it precedes surface ENSO conditions during the TC
season, which, in turn, influences the TC steering toward
landfall along the coastal areas of China.

(3) There are significantly positive and negative correlations due to
the time delay of the ocean heat transport along the thermocline.

(4) The significant correlation between OHCT at specific longitudes
and the mean SST averaged over the genesis location of landfall
TCs may be due to the ocean heat transport influences on the
environmental conditions of TC genesis, meriting further
investigation.

These findings can not only be used to predict the TC landfall
frequency in South China, East China, and the entire coastal areas of
China but also these predictions using thermocline temperature
anomalies at different longitudes can be checked with each other to
ensure the quality of the prediction. This work is inspired by the study of
ST2020 and only provides a framework for the underlyingmechanisms,
and it will stimulate the investigations on the physical processes linking
the thermocline temperature anomaly and TC landfall frequency in
China or other regions. The progress in this study will improve the
disaster prevention against TCs. There is still much work to be done to
fully understand the underlying physical processes, such as the eastward
and westward ocean heat transport (Cheng et al., 2019; Xu et al., 2020),
the alternative positive and negative correlations, and the ocean heat

FIGURE 11
(A) Time series of frequencies of landfall TCs in South China and
East China. The frequency marked by the green dot is equal to or
greater than 7, and that marked by the green cross is equal to or
greater than 5. (B) 587- and 588-dagpm geopotential height
contours averaged over high-frequency years of landfall TC for South
China (blue) and East China (purple), together with climatology
(brown).
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transport influences on the WPSH position and SST at the TC genesis
location. This method can also be combined with the study provided by
Feng et al. (2022) to check the robustness of each other.
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