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ABSTRACT: Long-term variations in the translation speed of tropical cyclones (TCs) in the South China Sea (SCS) are
examined based on five TC datasets from different institutions. TC translation speed during the TC peak season in the SCS
shows an evident rhythm of interdecadal change throughout 1977-2020. This interdecadal change in TC translation speed
in the SCS can be well reproduced by a newly developed trajectory model. The model results indicate that the interdecadal
change in TC translation speed is primarily due to an interdecadal change in the steering flow in the SCS. Such an interde-
cadal change in the steering flow is closely related to an east—west shift of the subtropical high in the western North Pacific
(WNP) ocean basin, which may be driven by the zonal sea surface temperature (SST) gradient between the north Indian
(NI) and WNP ocean basins. A new index of the zonal SST gradient is proposed, which is shown to be effective for indicat-
ing the interdecadal change in east-west shift of subtropical high, and thus, the TC translation speed in the SCS.

SIGNIFICANCE STATEMENT: Identification of the prevailing trend of tropical cyclone activities due to climate
change has been a challenging subject of scientific studies in recent years. This research focuses on the long-term vari-
ability of the tropical cyclone translation speed in the South China Sea. It is demonstrated that there is evidently an in-
terdecadal rhythm for variation of the tropical cyclone translation speed in the South China Sea, and this variation can
be well reproduced using a newly developed trajectory model. Based on the simulation results, the possible mechanism

for this variation is also elucidated.
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1. Introduction

The South China Sea (SCS) is a good example of marginal
seas, which is surrounded by continents with dense popula-
tions and vulnerable to natural disasters (Liu and Gan 2017;
Gan et al. 2022). Tropical cyclones (TCs) are the most de-
structive natural disasters in the SCS and have caused huge
damage to surrounding regions (Zhang et al. 2009; Peduzzi
et al. 2012; Shan and Yu 2021). A better understanding of the
variability of TC activity in the SCS is important in order to
reduce TC-related losses.

The TCs in the SCS generally show different characteristics
(e.g., genesis, tracks, and intensity) than those in other regions
(Wang et al. 2013; Li et al. 2017; Chang et al. 2020; Wang and
Wang 2021). Previous studies showed that TC genesis fre-
quency in the SCS shows an interdecadal change, with sup-
pressed TC genesis in 1982-93 and 2003-15, but enhanced TC
genesis in 1994-2002 (Wang et al. 2013; Li and Zhou 2014; Ha
and Zhong 2015; Li et al. 2019). A similar interdecadal change
in TC intensity in the SCS was also identified in a recent study

Denotes content that is immediately available upon publica-
tion as open access.

Corresponding author: Xiping Yu, yuxp@sustech.edu.cn

DOI: 10.1175/JCLI-D-22-0704.1

(Zheng and Wang 2022). Along with TC frequency and inten-
sity, TC translation speed is a major concern of the scientific
community (Kim et al. 2020; Wang et al. 2020). TCs with low
translation speed often cause more serious damage because
the slower TCs move, the longer the lingering time, and the
greater the impact of TC-related torrential rainfall as well as
destructive winds (Emanuel 2017; Yamaguchi et al. 2020). For
example, the slow movement of Typhoon Morakot in August
2009 produced 4-day accumulated rainfall of 2965 mm and
killed more than 600 people in southern Taiwan Island (Lee
et al. 2011). Moreover, the slowdown of TC movement in-
creases the total momentum transferred from the TC to the
underlying ocean waters. This leads to deeper vertical mixing
in the upper ocean and enhances sea surface cooling, which
eventually reduces the intensity of heat flux from the ocean to
the TC, thereby inhibiting TC intensification (Lin et al. 2003;
Chang et al. 2020). Long-term variations in TC translation
speed have been investigated on the global and basinwide
scales (Kossin 2018; Chan 2019; Moon et al. 2019; Lanzante
2019; Kim et al. 2020). However, little is known about how
the translation speed of TCs in the SCS has changed.

In this study, long-term variations in TC translation speed
in the SCS are investigated. TC translation speed in the SCS
from 1977 to 2020 exhibits an evident interdecadal change
based on five different TC datasets. A TC trajectory model
(Shan and Yu 2020) will be used to compare the simulated
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translation speed with the observed one in the SCS on the in-
terdecadal time scale. The simulation indicates that the inter-
decadal change in TC translation speed is closely related to
changes in steering flows in the SCS, which are associated
with an east-west shift of subtropical high in the western
North Pacific ocean basin. The regulation effect of the zonal
sea surface temperature (SST) gradient between the north
Indian (NI) and the western North Pacific (WNP) ocean basins
is emphasized. A new index of the zonal SST gradient is con-
structed, which has a good performance in indicating the inter-
decadal change in TC translation speed in the SCS. This paper
is organized as follows: there is a description of the data in
section 2, the methodology used is described in section 3, results
are presented in section 4, and the conclusions and discussion
are in section 5.

2. Data

TC data (including 6-hourly TC position and intensity) are
obtained from the Joint Typhoon Warning Center (JTWC),
Japan Meteorological Agency (JMA), China Meteorological
Administration-Shanghai Typhoon Institute (CMA), Hong
Kong Observatory (HKO), and Advanced Dvorak Technique—
Hurricane Satellite dataset (ADT-HURSAT; Kossin et al. 2013,
2020). The first four datasets are extracted from the Interna-
tional Best Track Archive for Climate Stewardship, version 4
(IBTrACSv4.0; Knapp et al. 2010), during 1977-2020 and the
last is a new experimental dataset based on satellite infrared im-
agery analysis during 1981-2017. While using similar data sour-
ces, different institutions derive the TC datasets independently.
The maximum sustained wind speed of TCs has been estimated
with different definitions of the time interval in different datasets
(Song et al. 2010; Wu and Zhao 2012; Zheng and Wang 2022).
For example, JTWC uses 1-min average wind speed, CMA uses
2-min average wind speed, while both JMA and HKO prefer
10-min average wind speed. However, the differences in TC
tracks among these datasets are negligibly small. Since our ob-
jective in this study is to examine whether any interdecadal
change exists in the TC translation speed based on different
datasets, but not in the TC intensity, no adjustment to these
datasets is necessary. In fact, the dataset from JTWC is primarily
used for investigation the long-term variability of TC translation
speed in the SCS in this study, and the other datasets are used to
further confirm the robustness of the phenomenon.

We only studied TCs reaching tropical storm intensity
(maximum sustained wind speed > 34 kt; 1 kt ~ 0.51 m s~ ')
in the SCS (0°-25°N, 105°-120°E). TC translation speed is cal-
culated at each 6-hourly observed position. The translation
speed values along all TC tracks over the SCS are then aver-
aged in the peak TC season (July-September) every year to
produce the time series of TC translation speed. About half
of the TCs occur in the peak TC season, and about 30% of
TCs occur in the late TC season (October-December), which
exhibit distinct characteristics from TCs in the peak TC sea-
son in previous studies (Li et al. 2019; Shi et al. 2020). In con-
trast to the interdecadal change in translation speed for TCs
in the peak TC season, no significant change for TCs in the
late TC season is observed.
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Horizontal winds and geopotential heights are derived from
the National Centers for Environmental Prediction—National
Center for Atmosphere Research (NCEP-NCAR; Kalnay et al.
1996) reanalysis data, with a horizontal resolution of 2.5° X 2.5°
and various pressure levels from 1000 to 10 hPa. Monthly mean
data of SST with a horizontal resolution of 2° X 2° are derived
from the Extended Reconstructed Sea Surface Temperature
(ERSST), version 5 (Huang et al. 2017). The PDO index is ob-
tained from the Joint Institute for the Study of the Atmosphere
and Ocean of the University of Washington (https://www.ncei.
noaa.gov/pub/data/cmb/ersst/vS/index/ersst.vS.pdo.dat).

3. Methods

A statistical changepoint analysis was applied in the time
series of TC records to objectively identify whether there are
pronounced shifts in the TC series (Elsner et al. 2000; Chu
2002). Specifically, a step function is used as an independent
variable and a logarithmic transformation of TC rates is ap-
plied as a dependent variable for detecting abrupt shifts in the
TC time series. As an example, two changepoints are found
to be significant at « = 0.05 level in annual TC frequency over
the central North Pacific for the period of 1966-2000. Details
of the method can be found in Chu (2002). The moving ¢ test
(Karl and Riebsame 1984), which is also a common method
for detecting regime shifts, is used to examine the changepoint
in the time series of SST index (Zhou et al. 2009; Zhao et al.
2018; Zheng and Wang 2022).

In the trajectory model, a TC is treated as a point vortex
that moves from its genesis position at a translation speed,
which is the sum of the large-scale steering flow and the beta
drift. The estimation of the beta drift varies in different stud-
ies (Wu and Wang 2004; Emanuel et al. 2006; Zhao et al.
2009; Colbert and Soden 2012). Shan and Yu (2020) devel-
oped a semiempirical formula for the beta drift that reason-
ably represents the physical mechanism behind the beta drift
and proposed a new trajectory model. To examine the perfor-
mance of the TC trajectory model in the simulation of TC
translation speed in the SCS, the translation speed of each his-
torical TC over the WNP ocean basin is simulated during the
peak TC season (July—September) during 1977-2020 and only
TCs generated within or passing through the SCS are se-
lected. Historical TC genesis locations from the JTWC dataset
and the horizontal wind field from the NCEP-NCAR reanaly-
sis dataset are used to drive the trajectory model. The annual
mean translation speed of TCs in the SCS obtained from the
simulated results is then compared with that derived from ob-
served data.

To assess the relative contributions of the steering flow and
beta drift to the variations in TC translation speed, an experi-
ment based on the trajectory model is conducted by using
the climatological mean of the beta drift during the period of
1977-2020. The climatological mean of the beta drift is calcu-
lated as the difference between the magnitudes of TC transla-
tion speed and steering flow derived from the observed data.

Steering flow is defined as the pressure-weighted tropo-
spheric layer mean flow from the 850 to 300 hPa (Holland
1984; Wu et al. 2005; Chu et al. 2012) over each grid element
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in the WNP ocean basin (0°-30°N, 100°E-180°). The subtropi-
cal high in the WNP is commonly represented by the geopo-
tential height of 500-hPa (Chu et al. 2012; He et al. 2015,
2018; Wu and Wang 2015; Li et al. 2019).

4. Results
a. Interdecadal variation in TC translation speed

Figure 1 shows the time series of TC translation speed in the
SCS in the peak TC season (July-September) during 1977-2020
obtained from the JTWC dataset. A striking interdecadal
change in TC translation speed is observed, with three epochs
being identified. The first and third epochs are characterized by
high translation speed, while a considerable decrease (approxi-
mately 20% below average) is noted in the second epoch, which
runs from the early 1990s to the early 2000s. To further ascertain
this interdecadal change, the time series of TC translation speed
is examined based on other four TC datasets, including the
JMA, CMA, and HKO datasets and ADT-HURSAT (see
methods section). The four datasets consistently show the same
interdecadal change (Fig. 2). While using similar data sources,
different operational institutions derive the TC datasets inde-
pendently. The agreement among all five TC datasets lends cre-
dence to results based on the JTWC dataset.

We use a statistical analysis method by Elsner et al. (2000)
and Chu (2002) to examine the statistical significance of the
interdecadal change in TC translation speed in the SCS. Sup-
ported by all five TC datasets from different institutions, the
first abrupt change year of TC translation speed occurs uni-
versally in 2003, with a significant level at 10% (Fig. 3a). The
second abrupt change year of the TC translation speed occurs
in the early 1990s, with a slight difference in different TC
datasets (Fig. 3b). For example, it occurs in 1991 in JTWC
dataset, in 1990 in JMA dataset and ADT-HURSAT, and in
1993 in HKO dataset. The second abrupt change year is not
significant in CMA dataset. The difference between different
TC datasets may be largely due to discrepancies in the TC es-
timation methodology (Knapp et al. 2010) and changes in the
CMA methodology (Ying et al. 2014). To obtain a consensus
regarding the interdecadal change in TC translation speed,
three epochs are identified, including two high translation speed
epochs (epoch 1: 1977-90; and epoch 3: 2003-20) and a low
translation speed epoch (epoch 2: 1994-2002). The mean values
of TC translation speed are 4.6 m s~ ' in epoch 1,38 m s ' in
epoch 2, and 49 m s™' in epoch 3, respectively (dashed lines
shown in Fig. 1), highlighting the interdecadal change.

Recently, a TC trajectory model was put forward by Shan
and Yu (2020) that did a better job of simulating the spatial
pattern of TC occurrence frequency as well as the prevailing
tracks over the WNP ocean basin when compared with other
models. To verify the performance of this TC trajectory
model in simulating TC translation speed in the SCS, the
translation speed of each historical TC over the WNP ocean
basin is simulated in the prescribed period and only the TCs
generated within or passing through the SCS are selected. For
those TCs originating in WNP and then moving to the SCS,
only the periods when TCs live in the SCS are considered. As
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FIG. 1. Time series (black solid line) of TC translation speed in
the SCS in July-September during 1977-2020 obtained from the
JTWC dataset. The red dashed lines denote the means in the re-
spective epochs.

shown in Fig. 4a, the interdecadal change in TC translation
speed in the SCS is well reproduced based on this trajectory
model. The mean values of TC translation speed obtained
from the simulated results are 47 m' s~ in epoch 1,3.8 m s~ !
in epoch 2, and 4.9 m s™! in epoch 3, which is in agreement
with the relevant ones derived from observed data. Thus, the
application of the TC trajectory model is a suitable tool for
understanding the interdecadal change in TC translation
speed in the SCS.

TC translation speed is mainly governed by the large-scale
steering flow and beta drift (Holland 1984; Chan 2005). The
steering flow is generally calculated as the pressure-weighted
tropospheric layer-mean flows (Holland 1984; Chu et al.
2012), while the beta drift refers to a minor deviation from
the steering flow that arises from nonlinear interactions
among the TC system, planetary vorticity gradient, and large-
scale environmental flow (Fiorino and Elsberry 1989; Chan
2005). The next step is to evaluate the relative contributions
of the steering flow and the beta drift to translation speed. To
do this, a sensitivity experiment based on the TC trajectory
model is performed in which the climatological mean value of
the beta drift during the period of 1977-2020 is used (Fig. 4b).
The difference between the TC translation speeds obtained
from the simulation and the sensitivity experiment can be read-
ily obtained. Only slight changes in the difference of TC transla-
tion speed can be observed, with a mean value of 0.2 m s~ in
epoch 1,03 m s~ in epoch 2, and 0.1 m s~ ' in epoch 3, respec-
tively. It is thus suggested that the interdecadal change in TC
translation speed is mainly related to the changes in steering
flows, while changes in the beta drift play an insignificant role.

b. Physical mechanism

Figure 5 shows the steering flow velocity and its anomaly
relative to the climatological mean during the three epochs.
For epoch 1 (Fig. 5a), southwesterly steering flows are noted
over the southern part (5°-15°N) of the SCS in the peak TC
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FIG. 2. As in Fig. 1, but for the time series of TC translation speed obtained from the (a) JMA, (b) CMA, (c) HKO,
and (d) ADT datasets.

season (July-September), while strong southeasterly steering
flows are found over the northern part (15°-25°N) of the SCS
and the western part of the WNP ocean basin. For the low
translation speed epoch of 1994-2002 (epoch 2; Fig. 5b), the
pattern of the steering flow is similar to that in epochs 1 and 3
(Figs. 5a,c); however, there is a marked decrease in the steer-
ing flows (relative to its climatological mean; blue shading) in
epoch 2. The southeasterly steering flows over the northern
part of the SCS are reduced in strength and turn more south-
erly in epoch 2, because the reduction is mainly concentrated
in its zonal component. Also noticeable in Fig. 5b is the de-
creased southwesterly steering flows over the southern part of
the SCS. In contrast, both the southeasterly steering flows
over the northern part of the SCS and the southwesterly steer-
ing flows over the southern part show are enhanced (red shad-
ing) in epochs 1 and 3. These results suggest that the interdecadal
change in TC translation speed is closely associated with changes

in the large-scale steering flows during the three epochs. The
dominant role of the large-scale steering flow in moderating
TC translation speed is also consistent with previous studies
(Wu et al. 2005; Sun et al. 2015; Wu and Chen 2016; Shan and
Yu 2021).

The steering flow in the SCS is largely controlled by the
subtropical high in the WNP. Stronger steering flows would
be induced by larger pressure gradient to the southwest of the
subtropical high, which is closely related to the westward ex-
tension of the subtropical high, and vice versa (Chan and
Gray 1982; Ho et al. 2004; Wu et al. 2005; Chu et al. 2012). To
investigate the effect of the subtropical high, the distributions
of the 500-hPa subtropical high pressure in the three epochs
are shown in Fig. 6. Relative to epochs 1 and 3, there is an
eastward retreat of the subtropical high pressure region over
the WNP in epoch 2. The western edge of the subtropical
high, as represented by the 5865-gpm contour (Li et al. 2019),
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FIG. 3. Significance index (ratio) of TC translation speed for
(a) the first changepoint and (b) the second changepoint. The five
solid lines represent the five TC datasets. The horizontal dashed
lines indicate the 10% significant level of changepoint analysis.

shifts from approximately 105°E in epoch 1 to 115°E in epoch 2.
As the subtropical high in the WNP becomes weak and with-
draws eastward away from the SCS in epoch 2, the pressure
gradient to the southwestern side of the subtropical high
becomes small, thereby inducing weaker steering flows. In
epoch 3, the subtropical high pressure region extends west-
ward again (the western edge is near 95°E) and leads to
stronger steering flows. Noticeably, the westward extension
of the subtropical high in the WNP corresponds to the strong
subtropical high, and vice visa (Tu et al. 2009; Chu et al. 2012;
Li and Zhou 2014).

The above analysis suggests that the interdecadal variation
in TC translation speed is accompanied by remarkable
changes in the steering flow in the SCS, which are associated
with the subtropical high in the WNP during the three epochs.
The next question we need to address is what is responsible
for the interdecadal variation of the subtropical high pressure.
Many recent studies emphasize the dominance of the zonal
SST gradient between the NI and the WNP ocean basins on
TC activity in the SCS by regulating the subtropical high (Li
and Zhou 2014; Li et al. 2019; Zheng and Wang 2022). The
zonal SST gradient between the NI and the WNP largely con-
trols the east-west shift of the subtropical high in the WNP on
the interdecadal scale, with the positive (negative) zonal SST
gradient corresponding to the westward (eastward) shift of
the subtropical high pressure system. In contrast, the relationship
between TC activity and the local SST over the SCS or the SST
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FIG. 4. (a) Time series of TC translation speed in the SCS ob-
tained from the trajectory model simulation (blue solid line); red
dashed lines denote the means in the respective epochs; gray solid
line denotes the time series of TC translation speed obtained from
the JTWC dataset (Fig. 1). (b) Time series of TC translation speed
in the SCS obtained from the sensitivity experiment (blue solid
line); red dashed lines denote the means in the respective epochs.

2010 2020

over each individual ocean is weak (Chan and Liu 2004; Li and
Zhou 2014).

The SST anomaly over the NI and WNP during the peak
TC season in epoch 1 is shown in Fig. 7a, with cooler SST rel-
ative to its climatological mean over both the NI and the
WNP ocean basins. Noticeably, the NI ocean basin is
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FIG. 5. Steering flow velocity (vectors; m s~ ') and its anomaly rel-
ative to the climatological mean (shading; m s~ ') in July-September
during the (a) epoch 1 (1977-90), (b) epoch 2 (1994-2002), and
(c) epoch 3 (2003-20). The green box is the region of SCS (0°-25°N,
105°-120°E).
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generally warmer than the WNP in July-September. As a
consequence, the zonal SST gradient between the NI and the
WNP ocean basins in epoch 1 is positive. The SST over the
WNP became warmer in epoch 2 (Fig. 7b) and a negative
zonal SST gradient between the NI and the WNP ocean ba-
sins was observed. The zonal SST gradient turns to be positive
in epoch 3 (Fig. 7c), as the SST anomaly becomes positive over
the NI ocean basin. The pattern of a warmer NI ocean and cooler
WNP ocean may lead to the eastward retreat of subtropical high
(Fig. 6b) by suppressing the wind—evaporation/entrainment-SST
(WES) feedback and inducing relatively low-pressure anomalies
at the western edge region of the subtropical high (Wu et al.
2009; Xie et al. 2009; Li et al. 2019). Furthermore, a recent study
has indicated that the warming NI ocean could induce anomalous
anticyclone and strengthens the subtropical high over WNP by
forcing the atmospheric Kelvin wave to propagate into the equa-
torial western Pacific (Kim and Kug 2021).

To quantify the effect of the zonal SST gradient between
the NI and WNP ocean basins, a zonal SST gradient index is
constructed. This index is calculated based on the SST differ-
ence between the NI (0°-20°N, 50°-100°E) and the WNP
(0°—40°N, 120°~150°E) ocean basins. As shown in Fig. 7d, the
zonal SST gradient index serves as a good indicator for the in-
terdecadal change in TC translation speed in the SCS. The
moving ¢ test (Zhou et al. 2009; Zhao et al. 2018) is employed
to detect whether the new zonal SST gradient index under-
goes an interdecadal change (Fig. 8). It is clear that the new
zonal SST gradient index has a significant interdecadal
change, with the abrupt change years in 1994 and 2002. Such
an interdecadal change in the new zonal SST gradient index is
consistent with the interdecadal variation of east-west shift of
subtropical high. In epoch 2, the negative zonal SST gradient
between the NI and the WNP is associated with the low TC
translation speed in the SCS due to an eastward retreat of
subtropical high and weakened steering flows. In contrast, the
positive zonal SST gradient during epochs 1 and 3 is generally
favorable for high TC translation speed in the SCS. These re-
sults are consistent with previous studies, which focused on
the interdecadal variations in TC number (Wang et al. 2013; Li
and Zhou 2014; Ha and Zhong 2015; Li et al. 2019) and TC in-
tensity (Zheng and Wang 2022) in the SCS. The abrupt change
years in our study are the same as in those previous studies.

5. Conclusions and discussion

This study focused on the interdecadal variation in TC
translation speed in the SCS and its relation with the relevant
environmental factors. It is clearly shown that TC translation
speed in the SCS from 1977 to 2020 exhibits an evident inter-
decadal change, with three different epochs being identified.
The first and third epochs are marked by high translation
speeds, while an abrupt decrease in translation speed is noted
in the second epoch from the early 1990s to the early 2000s
(approximately 20% below average). The robustness of the
interdecadal change in TC translation speed is confirmed by
the other four TC datasets. Based on a newly developed tra-
jectory model, the interdecadal change in TC translation
speed in the SCS can be well reproduced. Furthermore, the
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and (c) epoch 3 (2003-20). The black solid line represents the
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SHAN ET AL.

4537

sensitivity experiment indicates that the interdecadal change
in TC translation speed results primarily from changes in the
steering flow in the SCS. Both the southeasterly steering flow
over the northern part of the SCS and southwesterly steering
flow over the southern part are reduced in strength in epoch 2,
while the steering flow is relatively stronger in epoch 1 and 3.
The interdecadal change in the steering flow in the SCS can be
largely attributed to the east-west shift of the subtropical high in
the WNP. When the subtropical high in the WNP becomes
weak and withdraws eastward away from the SCS, the pressure
gradient around the southwestern side of the subtropical high is
small, thereby inducing weak steering flows, and vice versa.
These variations are found to be driven by the zonal SST gradi-
ent between the NI and WNP ocean basins. A new index of the
zonal SST gradient is proposed that does a good job of indicat-
ing the interdecadal variation of east-west shift of subtropical
high, and thus, the TC translation speed in the SCS.

Figure 6¢ shows an extraordinarily strong subtropical high
in the WNP during epoch 3. Relative to the subtropical high
in epoch 1 (Fig. 6a), the westward extension of the subtropical
high is obvious, with the western edge shifting from 105°E in
epoch 1 to 95°E in epoch 3. Such a westward extension of the
subtropical high may be related to global warming (He et al.
2015, 2018; Wu and Wang 2015; Li et al. 2019), which induces
a global-scale rise in the geopotential height. To remove this
effect, the 500-hPa geopotential height after subtracting the
zonal mean averaged over 0°-40°N is calculated (Fig. 9), using
the approach proposed by Wu and Wang (2015). For clarity,
the 0-gpm contour is highlighted, indicating the position
of the subtropical high pressure region after subtracting the
zonal mean. The 0-gpm contour in epoch 1 (Fig. 8a) is close
to the position of the 5865-gpm contour of the subtropical
high in the same epoch (Fig. 6a), while the 0-gpm contour in
epochs 2 and 3 (Figs. 8b,c) is located to the east of the 5865-gpm
contour. The westward extension of the subtropical high shown
in Fig. 6 disappears. It is worth noting that the east-west shift of
subtropical high in the WNP is still evident when subtracting the
zonal mean of geopotential height, with the eastward retreat of
subtropical high in epoch 2 and the westward extension in
epochs 1 and 3. Our results suggest that an index that removes
the global-scale rise of the geopotential height in response to
global warming may be more appropriate to characterize the
east—west shift of the subtropical high in the WNP.

While focusing on the interdecadal change in SCS TC fre-
quency, Li and Zhou (2014) found that the positive zonal SST
gradient between the NI and WNP ocean basins in summer
(June-August) tends to suppress TC genesis in the SCS in
1979-93 and 2003-10, whereas the negative zonal SST gradi-
ent is favorable for SCS TC formation in 1994-2002. Li and
Zhou (2014) also suggested a zonal SST gradient index, which
is defined as the summer SST difference between the NI and
WNP at low latitudes (5°-20°N); however, this index is not in
good agreement with the interdecadal change in the TC trans-
lation speed in our study. Consequently, we propose a new
zonal SST gradient index, which does a better job of indicat-
ing the interdecadal change of TC translation speed in the
SCS. Note that the SST gradient is examined during the peak
TC season (July-September) rather than the conventional
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FIG. 7. Sea surface temperature anomaly relative to its climatologi-
cal mean (shading; °C) in July-September during the (a) epoch 1
(1977-90), (b) epoch 2 (1994-2002), and (c) epoch 3 (2003-20). The
green box is the region of SCS (0°-25°N, 105°~120°E). (d) Time se-
ries of the zonal SST gradient index (bars) between the north Indian
Ocean (0°-20°N, 50°~100°E) and the western North Pacific (0°—40°N,
120°-150°E) in July-September during 1977-2020. The black solid
line represents the 9-yr running mean.
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of 10% in moving ¢ test.

summertime. The definition of the WNP in the new index is
extended to higher latitudes (0°-40°N), given the key role of
ocean temperature in heating the atmospheric column, elevat-
ing the pressure level, and ultimately strengthening the sub-
tropical high in the WNP (Emanuel et al. 1994).

There exist possible contributions from global warming and
natural variability to the new zonal SST gradient index. To verify
such a possibility, variations of SST in the two ocean basins and
of the Pacific decadal oscillation (PDO) index are studied. The
linear trends of SST in the two ocean basins during 1977-2020
are found to be almost the same, with the rate of 0.17°C decade !
in NI and 0.18°C decade " in WNP. Combined with the fact that
the global-scale rise of the geopotential height in response to
global warming contributes little to the east-west shift of the sub-
tropical high as shown in Fig. 9, the similar trends of SST over
NI and WNP suggest that global warming may have little effect
on the interdecadal change in TC translation speed in the SCS
during the period of study.

The relationship between the new zonal SST gradient index
and the PDO index is examined by extending the period of
study to 1950 (Fig. 10). The zonal SST gradient index shows an
abrupt decrease in the early 1990s followed by an abrupt in-
crease in the early 2000s, while the PDO index shifts to its nega-
tive phase near the 2000s. The correlation coefficients of the two
times series reach the peak with a time lag of —10 years, suggest-
ing that the zonal SST gradient index may lead the PDO index
by approximately 10 years. This phase lead of the zonal SST
gradient index to the PDO index may be associated with the
air-sea interaction between NI and WNP ocean basins. Previous
studies have claimed that the SST changes in NI could induce a
subsequent phase shift of the SST mode in WNP through mod-
erating the Walker circulation (Zhou et al. 2009; Wang 2019).

Variablity of TC translation speed in the SCS in the late TC
season (October-December) is also investigated. No significant
change in translation speed for TCs in the late TC season is ob-
served as its mean value is 42 m s~ ' in epoch 1,41 m s 'in
epoch 2,and 4.2 m s lin epoch 3. In the late TC season, unlike in
the peak TC season discussed before, the subtropical high
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FIG. 9. As in Fig. 6, but for the 500-hPa geopotential height after
the zonal mean averaged over 0°—40°N is subtracted. The black
solid line represents the 0-gpm contour. The gray dashed line is the
same as the 5865-gpm contour in Fig. 6.
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FIG. 10. (a) Time series of the zonal SST gradient index (bars)
in July-September during 1950-2020. The black solid line repre-
sents the 9-yr running mean. (b) As in (a), but for the PDO index.
(c) The correlation coefficients of the two times series based on
cross-correlation analysis.

becomes stronger and extends more westward to the SCS during
all three epochs (Tu et al. 2009; Li et al. 2019). A strong and steady
subtropical high does not cause any significant change in the steer-
ing flow, which may be the possible reason for the lack of signifi-
cant change in translation speed of TCs in the late TC season.
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