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Abstract

This study identifies a significant positive association between tropical North

Atlantic (TNA) sea surface temperature (SST) during preceding spring and the

frequency of intense tropical cyclones (TCs) making landfall over mainland

China during autumn on interannual time scales. Observational analyses show

that a warm SST anomaly in TNA during spring can induce a warm SST anom-

aly in the western part of the western North Pacific (WNP) in subsequent

autumn, through a chain of air-sea coupled processes such as Rossby-wave

response, wind-evaporation-SST feedback, and westward advection of warm

surface water. The physical mechanisms are verified using a suite of coupled

numerical experiments performed by the state-of-the-art Community Earth

System Model. The warm SST anomaly in the western part of WNP is responsi-

ble for the genesis and intensification of intense TCs in situ, and the climato-

logically mean southeasterly steering flow is favourable for the intense TCs to

make landfall over mainland China.
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1 | INTRODUCTION

Landfalling tropical cyclones (TCs) are among the most
destructive natural phenomena in highly-urbanized
coastal regions by leading to torrential rains, flooding,
strong winds, and storm surges (Mendelsohn et al., 2012;
Zhang et al., 2018a), and this is particularly true for
mainland China that is subjected to havoc caused by
landfalling TCs. For example, Super Typhoon Herb,
which made landfall in Fujian Province in 1996, resulted

in economic losses of 73.2 billion yuans and killed 779
people; Super Typhoon Fred, which made landfall in
Zhejiang Province in 1994, was responsible for 1,126
fatalities and 24-billion-yuan economic losses (Zhang
et al., 2009). Thus, a better understanding of the variabil-
ity in landfalling intense TCs in China is of great scien-
tific interest and profound socioeconomic significance.

Previous studies have investigated the trends in
landfalling TCs in China. For example, an abrupt change
in TC occurrence around Taiwan in 2000 was attributed
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to a northward shift of TC track associated with warm
sea surface temperature (SST) anomaly (SSTA) in the
western and central equatorial Pacific (Tu et al., 2009).
Consistent increasing trends in frequency and/or inten-
sity of landfalling TCs in East China were found (Wu
et al., 2005; Park et al., 2014; Li et al., 2017). However,
the reported trends in landfalling TC activity in South
China were divergent. Some studies (Zhang et al., 2012b;
Li et al., 2017; Zhang et al., 2019) showed no significant
trend in landfalling TC intensity or frequency in South
China. Park et al. (2014) suggested no trend in landing
TC frequency but a downward trend in landfalling TC
intensity in South China. Mei and Xie (2016) found
upward trend in landing TC intensity in South China. In
addition, Lok and Chan (2017) projected fewer but stronger
TCs landfalling in South China in the late 21st century.

Interannual variation of landing TCs in China has
also been extensively examined. There is a negative corre-
lation between landfalling TC frequency in China with
the El Niño–Southern Oscillation (ENSO). More (Less)
TCs make landfall in South China during La Niña (El
Niño) years, resulting from the changes in genesis loca-
tion and steering flow associated with anomalous large-
scale circulation (Elsner and Liu, 2003; Liu and Chan,
2003; Wu et al., 2004; Zhang et al., 2012a; Zhang et al.,
2016). Liu and Chan (2018) further showed that the rela-
tionship between La Niña and TC landfalls in South
China changed in 1997, possibly due to the changes in
genesis frequency and location as well as track pattern
associated with the changes in large-scale circulations.
Fogarty et al. (2006) identified a dipole pattern of TC
landfalls in southern and northern provinces and related
it to northwestern Pacific SST and the difference in sea
level pressure between western China and Mongolia. The
SST gradient between the tropical Indian Ocean and the
western Pacific warm pool in boreal spring has a signifi-
cant negative impact on summer TC landfalls in China
(Wang and Chen, 2018a). The onset date of South China
Sea summer monsoon also shows a significant negative
correlation with TC landfalls in China in peak TC season
(Wang and Chen, 2018b). Most recently, Gao et al. (2020)
found a significant impact of the Pacific Meridional Mode
on TC landfalls in China.

Given significant impacts of tropical North Atlantic
(TNA) SST on the western North Pacific (WNP) TC fre-
quency (Huo et al., 2015; Cao et al., 2016; Yu et al., 2016;
Zhang et al., 2018b) and on landfalling TC frequency over
all the countries in East Asia except for the Philippines
(Gao et al., 2018a), one may expect that TNA SST also
exerts a negative effect on the frequency of intense TCs
landfalling in a certain country/region in East Asia. The
objective of this study is thus to examine whether, the
extent to which and how TNA SST affects the frequency

of intense TCs landfalling in China on interannual time
scales, through observational data analysis and numerical
experiments. Section 2 describes data and methods,
results are presented in Section 3, and Section 4 includes
summary and discussion.

2 | DATA AND METHODS

The study period of this paper is 1979–2017. We use the
Joint Typhoon Warning Center (JTWC) TC best-track
data set, which better archives TC intensity than the
other best-track data sets (Chan, 2008; Wu and Zhao,
2012). An intense TC is defined as a category 4–5 TC
(maximum 1-min sustained wind speed ≥58 m�s−1) on
the Saffir-Simpson Scale, following previous studies (e.g.,
Chan, 2007, 2008; Zhang et al., 2015; Gao et al., 2018b). A
detection algorithm (see details in Gao et al., 2018a) is
used to identify the frequency of intense TCs landfalling
in mainland China. TC genesis is defined as occurring
when a TC first reaches the tropical storm strength (i.e.,
maximum sustained wind ≥17 m�s−1). Rapid intensifica-
tion is defined as 24-hr intensity change (ΔV24) ≥
15 m�s−1, slow intensification is defined as 0
m�s−1 < ΔV24 < 15 m�s−1, and decay is defined as
ΔV24 ≤ 0 m�s−1, following Gao et al. (2016, 2017).

Monthly atmospheric variables with 2.5� × 2.5� reso-
lution are obtained from the National Center for Envi-
ronmental Prediction (NCEP)/National Center for
Atmospheric Research (NCAR) reanalysis product
(Kalnay et al., 1996). Monthly precipitation data with
2.5� × 2.5� resolution are attained from the Global Pre-
cipitation Climatology Project (GPCP) analysis product
version 2.3 (Adler et al., 2018). Monthly SST data with
2� × 2� resolution are acquired from the National Oce-
anic and Atmospheric Administration (NOAA) Extended
Reconstructed Sea Surface Temperature (ERSST) version
4 (Huang et al., 2015). These oceanic and atmospheric
variables are detrended first to only examine the inter-
annual variabilities.

Coupled perturbation experiments are performed to
verify the mechanisms governing the effect of spring
(March–May, MAM) TNA SST on large-scale circulation
during subsequent autumn (September–November,
SON), using version 1.2 of the NCAR Community Earth
System Model (CESM, Hurrell et al., 2013) with
T31_gx3v7 horizontal resolution (�3.75� × 3.75� resolu-
tion for atmosphere and nominal 3� resolution for
ocean). This climate model has 26 vertical levels for
atmosphere and 60 vertical levels for ocean. We perform
two experiments: one is prescribed with the monthly SST
climatology during our study period 1979–2017 (CTRL
experiment), and the other with the average monthly SST
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anomaly during six warm TNA SST years (see Section 3)
adding to the monthly SST climatology (TNA experi-
ment). The restoring of SST climatology and anomaly in
the CTRL and TNA experiments are only conducted
in TNA (0�–20�N, 80�–10�W) for each month of MAM
(Figure 1), whereas the model is fully coupled over the
other regions and during the other periods. The fixed pre-
industrial radiative forcing is used in the two experi-
ments. The CESM spins up for 199 years and is integrated
for additional 5 years. We set five ensemble members by
using the resulting fields from the additional 5-year inte-
gration as initial conditions, and then each ensemble
member is integrated for 15 years. To avoid initial shock
(e.g., Chen et al., 1995), we compare the ensemble-mean
differences between the TNA and CTRL experiments dur-
ing the last 10 years, which represent the forced
responses to the warm TNA SSTA during MAM.

3 | RESULTS

Figure 2 indicates the normalized time series of the Niño
3.4 index in preceding winter (December–February, DJF)
and detrended TNA (0�–20�N, 80�–10�W) SSTA in MAM
without ENSO signal (the linear regression onto Niño 3.4
index in preceding winter is subtracted) as well as the
time series of frequency of intense TCs landfalling in
mainland China in SON during the study period. The

mean SON frequency of intense TCs landfalling in main-
land China is 0.6, although it is a small number, it repre-
sents one third of the mean SON frequency of all TCs
landfalling in mainland China (i.e., 1.8) and each landfall
of intense TCs can cause tremendous damage. Based on

  80°W   60°W   40°W   20°W 

   0°  

  10°N 

  20°N 

(a) Mar SST Climatology

  80°W   60°W   40°W   20°W 

   0°  

  10°N 

  20°N 

(b) Apr SST Climatology

  80°W   60°W   40°W   20°W 

   0°  

  10°N 

  20°N 

(c) May SST Climatology

10 14 18 22 26 30

  80°W   60°W   40°W   20°W 

   0°  

  10°N 

  20°N 

(d) Mar SST Anomaly

  80°W   60°W   40°W   20°W 

   0°  

  10°N 

  20°N 

(e) Apr SST Anomaly

  80°W   60°W   40°W   20°W 

   0°  

  10°N 

  20°N 

(f) May SST Anomaly

-0.3 -0.1 0.1 0.3 0.5 0.7

FIGURE 1 The prescribed SST climatology in

(a) March, (b) April, and (c) May for the CTRL

experiment and the prescribed SST anomaly in (d)

March, (e) April, and (f) May for the TNA

experiment

Landfalling frequency

EN

EN

EN

EN

EN

EN

LN

LN
LN

LN LN

1980 1985 1990 1995 2000 2005 2010 2015

Year

-3

-2

-1

0

1

2

3

N
o

rm
al

iz
ed

 T
N

A
 S

S
T

A
 &

 N
in

o
 3

.4

0

1

2

3

4

N
o

. 
o

f 
in

te
n

se
 T

C
 l

an
d

fa
ll

s 
in

 C
h

in
a

Detrended TNA SSTA w/o ENSO Nino 3.4

FIGURE 2 Time series of the frequency of intense TCs

landfalling in mainland China during SON (line with squares) and

normalized time series of Niño 3.4 index during preceding DJF

(grey bar) and detrended TNA SSTA during MAM without ENSO

signal (line with circles). EN and LN denote typical El Niño and La

Niña years, respectively

GAO ET AL. 3



one standard deviations of the above SST indices, six
warm TNA SST years (1979, 1980, 1981, 1996, 2005, and
2013) and six cold TNA SST years (1985, 1986, 1991,
1994, 2009, and 2015) are selected after excluding 11 typi-
cal ENSO events (El Niño years: 1983, 1987, 1992, 1998,
2010, and 2016; La Niña years: 1989, 1999, 2000, 2008,
and 2011), due to the close association of intense TC
landfalls in mainland China during SON with the ENSO
signal during preceding winter (their correlation is 0.48,
p < .01). During the remaining 29 neutral-ENSO years,
SON frequency of intense TCs landfalling in mainland
China has a correlation of 0.39 with MAM TNA SSTA,
their partial correlation is 0.41 if further controlling the
Niño 3.4 index in preceding DJF. Both correlations are
significant above the 95% confidence level, suggesting a
strong association of MAM TNA SSTA with the SON fre-
quency of intense TCs landfalling in mainland China,
which is independent of ENSO effects. This seasonal lag
chain between TNA SSTA in MAM and landfalling TCs
in China in SON is unique, since we do not find any
other significant correlations of intense TC landfalls in
China with TNA SSTA in other seasons.

Figure 3 shows the tracks of all intense TCs during
SON of selected warm and cold TNA SST years as well as
their difference in genesis density. There are 22 and 24
intense TCs during SON of six warm and six cold TNA
SST years, respectively. Intense TCs tend to generate in
the western part of the WNP (WWNP) and six of them
make landfall in mainland China during SON of warm
TNA SST years, while intense TCs tend to form over the
southeastern part of the WNP and only one of them
make landfall in mainland China during SON of cold
TNA SST years. The mean frequency of intense TCs
landfalling in mainland China (1 vs. 1/6) during SON is
significantly different at the 5% level between warm and
cold TNA SST years. This is consistent with the signifi-
cant positive correlation between MAM TNA SSTA and
SON frequency of intense TC landfalls in mainland
China.

Track map of intense TCs landfalling in mainland
China during SON of selected warm and cold TNA SST
years (Figure 4) indicates that all of intense TCs
landfalling in mainland China take northwestward
tracks. Compared with cold TNA SST years, the larger
number of intense TCs landfalling in mainland China
during warm TNA SST years generate over the WWNP
(10�–20�N, 130�–145�E), which corresponds to the area
with higher genesis frequency of intense TCs (Figure 3c)
and higher genesis frequency of all TCs (Gao et al.,
2018a, their Figure 3c). Rapid/slow intensification events
of these intense TCs mainly occur in the region (10�–
25�N, 125�–145�E), which is called key development
region. Large-scale environmental conditions possibly

related to TC genesis and intensification are then
examined. Figure 5 shows the composite differences in
850-hPa relative vorticity, 600-hPa relative humidity,
maximum potential intensity (MPI, which is in close
association with SST; Emanuel, 1988), and 200–850-
hPa vertical wind shear between SON of warm and cold
TNA SST years. Significantly higher MPI (Figure 5c) is
observed over the WWNP during warm TNA SST years,
suggesting its crucial role in the genesis and intensifica-
tion of intense TCs landfalling in China. However, low-
level relative vorticity (Figure 5a) and vertical wind
shear (Figure 5d) are responsible for the genesis of a
larger number of intense TCs over the southeastern
WNP during cold TNA SST years.
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Figure 6 indicates the composite difference in steering
flow (i.e., 500-hPa wind field) between SON of warm and
cold TNA SST years. The mean locations of WNP

subtropical high shown as 5,880-gpm contours are nearly
identical during SON of warm and cold TNA SST years,
and the associated steering flow surrounding those
intense TCs landfalling in mainland China (Figure 4)
shows no significant difference. It is widely accepted that
TC landfalls are mainly determined by genesis location
and steering flow (e.g., Liu and Chan, 2003; Goh and
Chan, 2010; Zhang et al., 2012a). The results therefore
suggest that the higher frequency of intense TCs
landfalling in mainland China during SON of warm TNA
SST years is mainly attributed to the higher genesis fre-
quency of intense TCs over the WWNP, they merely
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follow the climatologically mean southeasterly steering
flow and make landfall in mainland China. This is con-
sistent with Gao et al. (2018b) who showed an important
role of genesis location/frequency anomalies and a minor
role of steering flow anomalies in regulating TC landfalls
in East Asia during anomalous TNA SST years.

Possible mechanisms of the impact of MAM TNA
SSTA on large-scale circulation over the WNP in the fol-
lowing SON are illustrated in Figure 7, which shows the
regressions of SST, 850-hPa wind, and precipitation dur-
ing MAM, June to August (JJA), and SON onto MAM
TNA SSTA based on observation data, after removing the
linear effects of ENSO in preceding DJF. Climatologically
mean 850-hPa winds in three seasons during 1979–2017
are shown in Figure 8. During MAM (Figures 7a and 8a),
a warm TNA SSTA in MAM induces anomalous low-level
cyclonic flow over the subtropical eastern North Pacific
as a Gill-type Rossby wave response (Gill, 1980). North-
erly anomalies on the west flank of this anomalous
cyclonic flow give rise to subtropical surface cooling
through the wind-evaporation-SST feedback (Xie and
Philander, 1994) and therefore suppress precipitation.
During JJA (Figures 7b and 8b), the negative precipita-
tion anomaly over the off-equatorial eastern North
Pacific generates low-level anticyclonic flow anomaly
and thus enhances northerly anomalies on its east flank,
which reinforces surface cooling and the negative precipi-
tation anomaly. The strongly coupled processes among

the anomalies of negative SST, negative precipitation,
and northerly flow result in a westward extension of the
negative precipitation anomaly and the anomalous anti-
cyclonic flow, and the impacts of TNA SSTA are there-
fore relayed to the western Pacific. The easterly
anomalies associated with the anomalous subtropical
anticyclonic flow trigger the equatorial central Pacific
cooling through the wind-evaporation-SST feedback.
During SON (Figures 7c and 8c), the equatorial central
Pacific cooling is amplified and the equatorial easterlies
are boosted through the Bjerknes feedback (Bjerknes,
1969). The SST warming in the WWNP arises due to the
anomalous westward advection of warm surface water by
the equatorial easterly anomalies. A La Niña-like condi-
tion during SON, which is plausibly forced by the warm
TNA SSTA during MAM, has therefore developed. This is
generally consistent with the findings by Ham et al.
(2013a, 2013b) and Cai et al. (2019).

To verify the modulation of MAM TNA SSTA on large-
scale circulation in the Pacific, we perform the CTRL and
TNA experiments using the CESM (see Section 2). The
ensemble-mean differences in 850-hPa wind and SST
between the two experiments (TNA minus CTRL) are
shown in Figure 9. The forced responses to MAM TNA
SSTA during three seasons strongly resemble to the
regressed patterns onto MAM TNA SSTA based on observa-
tions (Figure 7), although the northerly anomalies over the
subtropical eastern North Pacific during MAM (Figure 9a)
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are slightly weaker than observations (Figure 7a). This con-
firms that the warm TNA SSTA during MAM can trigger
the warm WWNP SSTA (i.e., a La Niña-like condition)

during SON, the associated higher MPI (Figure 5c) is
favourable for the genesis and intensification of those
intense TCs landfalling in mainland China.
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4 | SUMMARY AND DISCUSSION

Different from the significant negative relationship of
WNP TC frequency and landfalling TC frequency with
TNA SST reported in previous studies (Huo et al., 2015;
Cao et al., 2016; Yu et al., 2016; Zhang et al., 2017; Gao
et al., 2018a), we have found a significant positive correla-
tion between TNA SST during preceding MAM and fre-
quency of intense TCs landfalling in mainland China
during SON. Based on the observational analyses, we have
examined the impacts of MAM TNA SSTA on SON large-
scale circulation over the WNP after minimizing the ENSO
effects. Through a chain of Gill-type Rossby wave response,
wind-evaporation-SST feedback, and warm water advec-
tion, a warm TNA SSTA during MAM can induce a warm
SSTA in the WWNP (i.e., a La Niña-like condition) during
subsequent SON. Such physical mechanisms are well
reproduced by a suite of coupled experiments with the
state-of-the-art NCAR CESM. The warmer SST (i.e., the
higher MPI) is favourable for the genesis of intense TCs
over the WWNP and their subsequent intensification, and
those intense TCs tend to make landfall in mainland China
by following the climatological mean steering flow. The
sign differences between the correlations of TC genesis fre-
quency over the entire WNP and over the WWNP with the
same TNA SST forcing can be attributed to different envi-
ronmental factors responsible for TC genesis in different
subregions of the WNP. In other words, it is the higher
MPI that leads to more TC geneses over the WWNP during
warm TNA SSTA years, and it is the larger vorticity, the
weaker vertical shear and/or the higher mid-level humidity
that result in more TC geneses over the other regions of
WNP during cold TNA SSTA years.

Our findings pave the way for seasonal forecasts of
intense TCs landfalling over the Chinese coast with high
population density and booming infrastructures. The
SSTA in the TNA during spring can be used as a physi-
cally-based predictor for next-season intense TC landfalls
in China. Given the increasing trend in TNA SST (e.g.,
Knutson et al., 2010), we also perform the observational
analyses using the original data and find similar results,
suggesting that TNA SST may influence large-scale circu-
lation and therefore intense TC activity over the WNP on
time scales longer than the interannual periodicity
reported here. This is worthy to be further explored in
future studies.
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