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Abstract

As a semi-permanent circulation system at the upper troposphere, the South Asian high (SAH) profoundly influences the
Asian climate. However, its impact on the underlying tropical cyclone (TC) genesis in the South China Sea (SCS) remains
unknown. Here we show that the leading mode of eastern-central SAH and TC genesis (TCG) number in the SCS during
July—September are significantly correlated with a correlation coefficient of —0.71 during 1979-2017. During the strong SAH
years, the SAH-related upper-level convergence favors descending motion and low-level divergence in the SCS, decreasing
mid-level humidity and low-level vorticity and thus suppressing TCG in the SCS. We find that the variations in the leading
mode of eastern-central SAH are coupled to the meridional gradient in surface temperature over the western North Pacific.
An enhanced meridional surface temperature gradient can increase the meridional gradient in 200 hPa geopotential height and
thus intensify the SAH. Meanwhile, the intensified SAH and the related descending motion, in turn, re-enforce the meridional
surface temperature gradient through positive SST-cloud-shortwave radiation feedback. The positive feedback between the
SAH and the WNP meridional temperature gradients provides persisting large-scale circulation anomalies that influence the
TCG in the SCS from July through September. These results highlight the importance of the SAH and its interaction with
the WNP meridional temperature gradients for regulating the SCS TCG and suggest that the precursors that are known to
be linked to the SAH intensity can be used to the seasonal prediction of TCG in the SCS.

1 Introduction

About one-third of tropical cyclones (TCs) that influence
China are originated in the South China Sea (SCS) (Wang
et al. 2007). TCs formed in the SCS usually bring mas-
sive disasters to peoples in adjacent countries (Zhang et al.
2009; Peduzzi et al. 2012; Kossin et al. 2016). Therefore, a
comprehensive understanding of the variability of TC gen-
esis (TCG) in the SCS would greatly help improvement of
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TC prediction and disaster mitigation in the surrounding
countries.

TCG in the SCS is tightly linked to the Asian monsoon
circulation. TCs mainly originate in the northern (southern)
SCS during the summer (winter) monsoon regime (Wang
et al. 2007; Zuki and Lupo 2008). On the interannual time
scale, El Nifio—Southern Oscillation (ENSQO) was found to
have a profound impact on TCG in the SCS (Wang and Chan
2002; Zuki and Lupo 2008; Goh and Chan 2010; Chen 2011;
Du et al. 2011; Wang et al. 2014). Generally, there is an
enhanced TCG in the late season during La Nina develop-
ing phase but a suppressed TCG in the late season during El
Nifio developing phase in the SCS (Wang and Chan 2002;
Wang et al. 2007). However, Goh and Chan (2010) pointed
out that TCG frequency in the SCS shows no significant dif-
ference between two phases of ENSO in the summer season.
While these studies mainly focused on the SCS TC activity
in developing phases of ENSO, Du et al. (2011) found that
TCG frequency in the SCS tends to increase in summers
following strong El Nifio events due to the reduced vertical
wind shear. Besides influences of ENSO, sea surface temper-
ature (SST) in the North Indian Ocean also can modulate the
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SCS TCG by changing large-scale conditions (Wang et al.
2013; Li and Zhou 2014). However, variability sources of
the SCS TCG are far from being fully understood because
of the weak relationship between the local large-scale condi-
tions and TCG in the SCS in summer. Particularly, changes
in dynamical environmental parameters usually play an
important role in the interannual variability of SCS TCG,
while variations in thermodynamic ones have little contribu-
tion since the thermodynamic thresholds for TCG are always
satisfied over the SCS in summer (Wang et al. 2007).

As an alternative to understanding TCG in terms of large-
scale parameters, some large-scale circulations can provide
a more comprehensive perspective to interpret variabilities
in TCG (Briegel and Frank 1997; Wu et al. 2015; Wang and
Wu 2016, 2018a, b; Wang and Wang 2019). Most of TCG
in the SCS occurs to the southern flank of the upper-level
South Asian high (SAH), which is a semi-permanent anti-
cyclonic circulation at the upper troposphere covering the
entire South Asian continent in boreal summer (Mason and
Anderson 1963; Tao and Zhu 1964; Krishnamurti et al. 1973).
SAH is maintained by sensible heating over the Tibetan Pla-
teau and the surrounding monsoonal heating (Flohn 1957;
Hoskins and Rodwell 1995; Duan and Wu 2005; Boos and
Kuang 2010). Its variations were closely related to climate
variabilities across the Indo-Pacific Ocean. Particularly, SAH
tends to intensify following El Nifio events (Zhao et al. 2009).
During the El Nifio decaying summer, positive sea surface
temperature (SST) anomalies in the tropical Indian Ocean
increase condensation heating, warm troposphere temperature
and thus intensify the SAH (Huang et al. 2011; Qu and Huang
2012). Previous studies found that movements of the SAH
and the subtropical high are closely tied to each other (Mason
and Anderson 1963; Tao and Zhu 1964; Krishnamurti et al.
1973). This coupling of the subtropical high and the SAH
further modulates the corresponding circulation patterns and
thus the Asian climate and extreme events (Tao and Zhu 1964,
Zhang et al. 2002, 2005; Wu et al. 2007; Wang et al. 2008;
Jiang et al. 2011; Liu et al. 2013; Wei et al. 2015; Ning et al.
2017). Meanwhile, notable tropical and subtropical surface
temperature contrast usually occurs in the western Pacific dur-
ing different SAH phases(Zhang et al. 2005; Xue et al. 2018),
indicating a possible linkage between variations in the SAH
and the Pacific meridional temperature gradient. Wang et al.
(2019) found the SAH is closely linked to TCG frequency in
the SCS, but the related mechanism has not been revealed.
Up to now, it is still unknown how the SAH modulates the
underlying TCG in the SCS. It motivates us to investigate their
possible relationship and to explore the related mechanism,
which would enrich the understanding of variability in the
SCS TCG during summer (July—September).

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data and methods used in this study.
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Section 3 presents the leading mode of interannual variability
in the SAH. Section 4 investigates impacts of the SAH on
TCG frequency in the SCS and the corresponding large-scale
condition anomalies. How the SAH modulates large-scale
environmental parameters in the SCS is presented in Sect. 5.
A summary and a discussion about possible variability source
of the SAH are presented in Sect. 6.

2 Data and method

Best track data from the Joint Typhoon Warming Center
(JTWC) were used to obtain TC information (Chu et al.
2002). TCs in this study were defined as tropical storms
whose maximum wind speed reach or exceeds 17.2 m s~
The monthly and daily atmospheric data were obtained from
the National Centers for Environmental Prediction (NCEP)
Reanalysis (Kalnay et al. 1996). Sea surface temperature from
National Oceanic and Atmospheric Administration Extended
Reconstructed SST version 4 (ERSST v4) (Huang et al. 2015)
was adopted to present the SST pattern linked to variations
in the SAH. Monthly outgoing longwave radiation (OLR)
data from NOAA (Liebmann and Smith 1996) and monthly
precipitation data from the Global Precipitation Climatology
Project (Adler et al. 2018) were used.

The analysis period ranges from 1979 to 2017, and we
focused on the summer season (July—September, JAS) of TC
activity over the SCS (0°-25° N, 100° E-120° E). Note that
the results when June—September or May—September was
considered were similar to those for July—September. An
8-year high-pass Fourier filter was first applied to all obser-
vational data to isolate interannual variability. Because the
conventional definition of SAH using geopotential height
cannot eliminate the effect of the global warming-induced
pressure level rising (Wu and Wang 2015; Wu et al. 2017),
here we used 200 hPa wind field to perform multivariate
Empirical Orthogonal Function (EOF) analysis (Wang 1992)
to obtain the leading mode of SAH. Composite, regression,
and correlation analyses were employed to present the results
and statistical significance was assessed using the two-tailed
Student’s ¢ test (Wilks 2006).

The vorticity tendency equation was adopted using daily
data to diagnose the main contributor to low-level vorticity
anomalies associated with variation in the SAH (Holton 1973).
The vorticity tendency is balanced by four terms: the horizon-
tal advection of the absolute vorticity (HADV), the vertical
advection of the relative vorticity (VADV), the divergence
(DIV) term and the tiling term (TILT):
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where £ and f represent the relative vorticity and the Corio-
lis parameter, u,v and w represent the zonal wind, meridional
wind and vertical p-velocity, respectively.

3 The dominant mode of interannual
variability in the eastern-central SAH

Figure la shows the leading multivariate EOF mode of
200 hPa winds over the region (10° N—40° N, 90° E-120° E),
which features an anomalous anti-cyclonic circulation
over the south Asian continent and explained 33.7% of
the total variance. We also examined the leading mode of
200 hPa wind covering the region of climatological SAH
(10° N-40° N, 60° E-120° E). It was found that the leading
modes and the corresponding principal components (PCs)
were generally similar. Here we focused on the variability of
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Fig.1 a The leading mode obtained by multivariate EOF analy-
sis on the July-September mean 200 hPa wind (vectors, m s~') over
10° N—40° N, 90° E-140° E during 1979-2017, b the regressed OLR
anomalies (shadings, W m™?) against the PC1 of the central eastern
SAH during 1979-2017. The percentage of variance explained by
the leading mode is shown on the top-right of a, hatched regions in b
denote area that OLR anomalies are significant at the 90% confidence
level

SAH in the vicinity of SCS to explore its influence on TCG
in the SCS. In its positive phases, the leading mode serves to
intensify SAH to its eastern part (Fig. 1a). Previous studies
found that zonal locations of SAH experience distinct bimo-
dality (i.e., the Tibetan mode and the Iranian mode) (Zhang
et al. 2002; Wei et al. 2014; Wu et al. 2017). The leading
mode actually reflects the intensity variation in the SAH
Tibetan mode. Rainfall pattern over China is closely related
to the zonal position of SAH (Zhang et al. 2002; Wei et al.
2014). Particularly, a strong SAH Tibetan mode is usually
concurrent with enhanced rainfall in the Yangtze-Huai River
valley but suppressed precipitation in South China (Zhang
et al. 2002; Wei et al. 2014) due to the westward exten-
sion of subtropical high (Tao and Zhu 1964; Yang and Sun
2003; Wei et al. 2019; Krishnamurti et al. 1973). Figure 1b
further shows the regressed OLR anomalies against the first
PC of the eastern-central SAH (PC1) during 1979-2017.
The OLR anomalies feature two zonally elongated band with
negative anomalies to the north 25° N and positive anoma-
lies to the south 25° N, which indicate enhanced rainfall in
the Yangtze-Huai River valley but suppressed precipitation
in South China. The suppressed precipitation in the south
China hints the possible linkage between the SAH and TCG
in the SCS due to the geographic proximity between the SCS
and South China.

4 Impacts on tropical cyclogeneses
and the corresponding large-scale
conditions

Interannual variability in the SCS TCG frequency is tightly
related to that in the leading mode of SAH variability. Par-
ticularly, the time series of PC1 and the SCS TCG frequency
are significantly anti-correlated with a correlation coefficient
of — 0.71 (p<0.01) during 1979-2017 (Fig. 2), suggest-
ing about half of the interannual variance in the SCS TCG

PC1
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Fig.2 Time series of PC1 of the eastern-central SAH (bars) and TCG
frequency (green line) in the SCS in July-September over 1979-
2017. The correlation coefficient (R) is shown in the down left of
panel. Red (blue) bars highlight six extreme positive (negative) values
of PC1
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frequency can be explained by the variabilities in the leading
mode. In other words, TCG in the SCS is generally enhanced
(suppressed) during negative (positive) phases of the SAH
leading mode.

To understand this out-phase relationship, six strong
(weak) years with maximum (minimum) PC1 anomalies
were picked to composite the corresponding large-scale
circulation and environmental parameters. The six strong
years are 1987, 1993, 1998, 2003, 2009 and 2015, and the
six weak years are 1981, 1994, 2002, 2010, 2013 and 2016
(Fig. 2). The SAH experiences a significant eastward exten-
sion in strong years (Fig. 3a). The most eastward point of
the 12,500-gpm contour in the strong years can extend to
140° E, which is 10° longitude more eastward than that in
the weak years (Fig. 3b). As a result, their difference shows
a zonally elongated anti-cyclonic circulation over the Asian
continent and the western North Pacific (WNP, Fig. 3c). At
the lower troposphere, the cyclonic curve associated with
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Fig.3 Composite mean 200 hPa winds (vectors, m s™!), geopotential
height (contours, m) and the corresponding TCG locations (red sym-
bols) in a the strong SAH years and b the weak SAH years. ¢ Com-
posite difference in 200 hPa wind (vectors, m s~!) between the strong
SAH years and the weak SAH years. The thick green lines in a and b
show the corresponding zero contours of 200 hPa zonal wind speed,
while the purple vectors in ¢ denote the wind differences that are sig-
nificant at the 90% confidence level
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monsoon trough in the SCS is much weaker in the strong
years than that in the weak years (Fig. 4a, b). Meanwhile,
the subtropical high ridge in the strong SAH years is more
southward than that in the weak SAH years (Fig. 4a, b).
The southward displacement in the subtropical high ridge
indicates the westward extension and intensification of the
subtropical high in the strong SAH years (Fig. 4c), which is
consistent with previous studies (Tao and Zhu 1964; Yang
and Sun 2003; Krishnamurti et al. 1973; Wei et al. 2019).
Accompanied by these changes in large-scale circulations,
TCG frequency in the SCS experiences distinctive features.
In the SCS, on average, only 1.3 TCs form in the strong SAH
years; while, the number is 3.7 in the weak years, about 3
times of those in strong years (Figs. 3, 4). The difference in
TCG frequency is statistically significant at the 95% confi-
dence level, probably indicating the important role of SAH
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Fig.4 Composite 850 hPa winds (vectors, m s~!) and the correspond-
ing TCG locations (red symbols) during a the strong SAH years and
b the weak SAH years. ¢ Composite difference in 850 hPa wind (vec-
tors, m s™!) between the strong and the weak SAH years. The thick
green lines in a and b show the corresponding zero contours of
850 hPa zonal wind speed, while the purple vectors in ¢ denote the
wind differences that are significant at the 90% confidence level
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in affecting the interannual variability in TCG frequency in
the SCS.

Large-scale environmental parameters play a crucial
role in the processes of TCG (Gray 1968, 1979). Here we
compared the differences in vertical shear of zonal wind
(defined as the difference in zonal wind between 200 and
850 hPa), 850 hPa vorticity, 500 hPa vertical velocity and
600 hPa relative humidity between the strong and weak SAH
years (Fig. 5). During the strong SAH years, anomalous anti-
cyclonic circulation at the upper level is consistent with the
enhanced subtropical westerly wind shear and tropical east-
erly wind shear (Fig. 5a). However, no significant difference
in vertical wind shear can be identified in the SCS, which
indicates the indistinctive role of vertical wind shear in the
SCS TCG during different phases of SAH. At 850 hPa, an
anomalous anti-cyclonic circulation and the associated nega-
tive vorticity anomalies occur in the SCS (Fig. 5b), which
are unfavorable to TCG in the SCS. Moreover, vertical
motion in the SCS is greatly suppressed, which can inhibit
moisture transportation from low-level to the middle tropo-
sphere in strong SAH years (Fig. 5c, d). The anti-cyclonic
vorticity, suppressed vertical motion, and dry middle tropo-
sphere are consistent with the suppressed TCG in the SCS
during the strong SAH years. This consistency indicates
changes in large-scale environments (relative vorticity, ver-
tical motion, and mid-level humidity) are responsible for the
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Fig.5 Composite differences in a U200-U850 (shadings, m s~!) and
200 hPa wind (vectors, m s~!), b 850 hPa relative vorticity (shading,
107% s~!) and 850 hPa wind (vectors, m s™!), ¢ 500 hPa vertical veloc-
ity (shadings, 10 Pa s™!), and d 600 hPa relative humidity (shad-

distinct TCG in the SCS during the two phases of the SAH
leading mode.

5 Mechanism by which the SAH affects TC
genesis in the SCS

How can the upper-level SAH modulate the low-level large-
scale conditions in the SCS? Upper-level convergence/diver-
gence associated with the SAH usually plays a vital role in
modulating low-level circulation (Zhang et al. 2002; Wei
et al. 2014,2019; Ning et al. 2017). Figure 6a shows the
composite 200 hPa geopotential height, wind and divergence
anomalies between the strong and weak SAH years. Elon-
gated positive geopotential height anomalies occur in the
20° N-30° N and thus anomalous convergence is found in
the 20° N-30° N zonal band. The anomalous convergence
zone further extends southward to the northern SCS, which
is found to be linked to the two maximum geopotential
height centers in 100° E-110° E and 125° E-140° E. Due
to the relatively high geopotential height (i.e., great pres-
sure gradient) over 125° E-140° E, easterlies to the south
of the high geopotential center are generally greater than
those over 110° E-125° E. As a result, air masses converge
at the upper-level to the west of 125° E, which is favorable
for anomalous descending motion due to the continuity of
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Fig.6 a Composite differences in 200 hPa geopotential height
(green contours, m), wind (vectors, m s71) and divergence (shadings,
1078 s71) between the strong SAH years and the weak SAH years.
b Longitude-height cross section of composite 20° N-30° N mean
geopotential height anomalies between the strong SAH years and
the weak SAH years in geopotential height (color shadings, gpm),
17.5° N=22.5° N mean zonal wind (green contours, m s~') and ver-
tical velocity (black contours, 1072 Pa s‘l). ¢ Composite differences
in the horizontal advection term (HAVD, 1072 s72), divergence term
(DIV, 1072 s72), vertical advection term (VADV, 107'? s72), and tilt-
ing term (TILT, 107'2 s72) in the vorticity equation averaged over
15° N-25° N, 110° E-120° E at 850 hPa between the strong SAH
years and the weak SAH years. Contributions of three sub-terms of
the divergence term (anomalous absolute vorticity multiplied by cli-
matological convergence, climatological absolute vorticity multiplied
by anomalous convergence and anomalous absolute vorticity multi-
plied by anomalous convergence) are shown by light blue bar, green
bar and orange bar, respectively
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atmosphere. Such a linkage can be also found in the longi-
tude-height cross-section of geopotential height and vertical
motion anomalies (Fig. 6b). In the strong SAH years, two
maximums in geopotential height are found in the upper
troposphere and two maximum centers of upper-level east-
erly occur to its south. Accordingly, zonal winds converge
between the two maximum centers, leading to the anoma-
lous descending motion in the SCS. The descending motion
and the related weakened moisture transportation from
low-level to middle troposphere serve to suppress TCG in
the SCS during strong SAH years. Meanwhile, the west-
erly trough in the East Asia (north of the SAH) favors the
anomalous convergence to its east and thus may contrib-
ute to the anomalous vertical motion in the SCS. However,
the base of the anomalous westerly trough can only extend
to about 25° N, thus its related upper-level convergence is
generally confined to north to 20° N, which may play a sec-
ondary role in variation in vertical motion in the SCS. The
results suggest that the spatial structure of the SAH-related
geopotential height or the wind anomalies is the key factor
modulating the vertical motion in the SCS. It means that
the unique spatial structure of the SAH leading mode plays
a crucial role in large-scale environmental parameters in the
SCS and thus the corresponding TCG. One may query about
the relative importance of two anti-cyclonic centers to the
anomalous large-scale environment and TCG in the SCS.
We further examined the leading mode of 200 hPa wind over
10° N—40° N, 120° E-140° E (western Pacific (WP) leading
mode), which shows an anti-cyclonic circulation (figure not
shown) and is consistent with the composite results based
on the SAH leading mode (Figs. 5a, 6a). The correspond-
ing PC is significantly correlated with the PC1 of the SAH
leading mode (r=0.78), indicating an in-phase variation in
the two modes. However, correlation coefficient between the
PC1 of the WP leading mode and the SCS TCG frequency
(r=-0.47) is much lower than that of PC1 of the SAH lead-
ing mode (r=—0.71). The weaker correlation is consistent
with the weaker composite large-scale environment anoma-
lies between the strong and the weak WP years in the SCS.
Thus, the WP anti-cyclone and its related large-scale condi-
tion anomalies are less influential than the SAH in affecting
the SCS TCG.

A remaining issue is how the upper-level SAH induces
changes in the low-level vorticity (Fig. 5b). Figure 6¢
shows the composite differences in the four terms that con-
tribute to the negative 850 hPa vorticity anomalies in the
northern SCS (15° N-25° N, 110° E-120° E) between the
strong SAH years and the weak SAH years. It can be seen
that the divergence term is the major contributor to the
negative vorticity anomalies in the northern SCS (Fig. 6¢).
We further decomposed the anomalous divergence term
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into (1) anomalous absolute vorticity multiplied by clima-
tological convergence; (2) climatological absolute vorticity
multiplied by anomalous convergence, and (3) anomalous
absolute vorticity multiplied by anomalous convergence.
It can be seen that the climatological absolute vorticity
multiplied by anomalous low-level convergence is the
main driver of the low-level negative vorticity anoma-
lies (Fig. 6¢). During the strong SAH years, prominent
convergence that occurs in the upper-level is concurrent
with low-level divergence in the SCS. Because cyclonic
vorticity prevails in the SCS in summer, the anomalous
low-level divergence acts to increase the anti-cyclonic
vorticity. In summary, during the strong (weak) SAH
years, the SAH-related upper-level convergence (diver-
gence) is conducive to anomalous descending (ascend-
ing) motion and low-level divergence (convergence) in the
SCS, decreasing (increasing) the mid-level humidity and
low-level vorticity and thus suppressing (enhancing) TCG
in the SCS. How can the central-eastern SAH anomaly
maintain itself through the entire summer? An anomalous
signal in atmospheric circulation, by itself, cannot persist
for months, while anomalous signals in lower boundary
(e.g., land and ocean) can induce atmospheric deviations
persisting for months to years (Shukla 1998; Wang et al.
2005). Here we found that variations in the leading mode
of SAH are closely linked to the meridional surface tem-
perature gradient across the WNP (Fig. 7a). The surface
warming in the tropical WNP tends to warm the tropical
tropospheric temperature and increase the tropospheric
thickness between 200 and 850 hPa, while the surface
cooling in the subtropical WNP cools the subtropical
troposphere and decreases the tropospheric thickness
(Fig. 7b). As a result, positive geopotential height anoma-
lies occur to the south of 35° N and negative geopotential
height anomalies occur to the north of 35° N at 200 hPa
(Fig. 7c), enhancing the anti-cyclonic circulation to the
south of 35° N at upper-level and thus intensify the SAH.
The enhanced SAH is conducive to anomalous descending
motion, which is favorable for the low-level anti-cyclonic
circulation and thus decrease TCG in the SCS (Fig. 7a).
On the other hand, the suppressed convection in the SCS
can reduce cloudiness and increase the downward solar
radiation at the surface (Fig. 8a), re-enforcing the surface
warming through a positive SST-cloud-shortwave radia-
tion feedback (Philander et al. 1996). Hence the meridi-
onal temperature gradient over the WNP is enhanced. The
positive feedback between the SAH and the WNP meridi-
onal temperature gradients can maintain both the enhanced
meridional temperature gradients and SAH through sum-
mer. In summary, the increased meridional surface tem-
perature gradient, the intensified upper-level SAH and the
low-level anticyclonic circulation act as an interactive
system, collectively suppressing TCG in the SCS during
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Fig.7 Regressed a surface temperature (shadings, ‘C) and 850 hPa
wind (vectors, m s~'), b 850-200 hPa tropospheric geopotential
thickness (shadings, m), ¢ 200 hPa geopotential height (shadings,
gpm) and wind (vectors, m s~!) anomalies with respect to the PC1 of
the eastern-central SAH during 1979-2017. The green lines in b and
¢ denotes the zero contour of climatological mean zonal wind. Stip-
pling marks the region where the differences are statistically signifi-
cant at the 90% confidence level

the strong SAH years. Opposite processes are in function
during the weak SAH years.

6 Summary and discussion

While the linkages between the SAH and Asian climate are
extensively studied, impacts of the SAH on the underlying
TCG in the SCS remain unexplored. Here we found that the
leading mode of eastern-central SAH and TCG number in
the SCS during July—September are significantly correlated
with a correlation coefficient of —0.71 during 1979-2017.
Six strong and six weak SAH years were contrasted. In the
SCS, on average, only 1.3 TCs form in the strong SAH years;
while, the number is 3.7 in the weak years, about 3 times of
those in strong years. The suppressed TCG in the SCS dur-
ing strong SAH years is in accordance with the unfavorable
large-scale conditions, including reduced vertical motion,
mid-level humidity, and low-level vorticity. During the
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Fig.8 a Regressed downward solar radiation flux at surface anoma-
lies (shadings, W m~2) and total cloud cover (green contours, %)
against the PC1 of the eastern-central SAH during 1979-2017. b Cor-
relation map between the JAS mean SST and precipitation. Stippling
marks the region where the regressed anomalies (a) or the correlation
coefficients (b) are statistically significant at the 90% confidence level

strong SAH years, the upper-level convergence, the related
descending motion and low-level divergence occur in the
SCS, decreasing mid-level humidity and low-level vorticity
and thus suppressing TCG in the SCS. During the opposite
phase of SAH, the processes that enhance SCS TCG are just
opposite. We find that the variations in the leading mode of
eastern-central SAH are coupled to the meridional gradi-
ent in surface temperature over the western North Pacific.
An enhanced meridional surface temperature gradient can
increase the meridional gradient in 200 hPa geopotential
height and thus intensify the SAH. Meanwhile, the intensi-
fied SAH and the related descending motion, in turn, re-
enforce the meridional surface temperature gradient through
positive SST-cloud-shortwave radiation feedback. The posi-
tive feedback between the SAH and the WNP meridional
temperature gradients provides persisting large-scale circu-
lation anomalies that influence the TCG in the SCS from
July through September. The present results suggest that the
precursors that are known to be linked to the SAH intensity
variation can be used for the seasonal prediction of TCG in
the SCS.

One may concern the role of the pre-winter ENSO
condition in variations of the SAH leading mode due to
the similar low-level circulation anomalies (Wang et al.
2000; Xie et al. 2009; Huang et al. 2011). It indicates

@ Springer

a possibility that El Nino leads to changes in the SAH,
WNP SST gradient and SCS TCG together, which results
in good relationship among the three. Here we found that
time series of the December—February Nifio index is insig-
nificantly correlated with the SAH leading mode (r=0.16)
and the July—September TC genesis frequency in the SCS
(r=-0.13). It is suggested that variations in the leading
SAH mode and the July—September TC genesis frequency
in the SCS are statistically independent of the pre-winter
ENSO condition. Another possible concern is why the sur-
face temperature anomalies cannot directly modulate TCG
in the SCS via changing the lower-level circulation as the
surface temperature anomalies may stimulate significant
change in large-scale circulation via changing convective
heating (Gill 1980). However, the surface temperature
anomalies in the WNP cannot be simply treated as a forc-
ing due to the notable air-sea interaction in this region
(Wang et al. 2005). Figure 8b further shows the correlation
map between the JAS mean SST and precipitation over
the WNP. Consistently negative correlation can be found
across the WNP, which indicates that it is the atmosphere
(reduced cloudiness) affects SST through increasing the
downward solar radiation, rather than the SST affects the
atmosphere in this region (Wang et al. 2005). The passive
role of SST in this region cannot be considered as forcing
to the atmospheric large-scale circulation and thus to the
variations of the TCG in the SCS. It should be noted that
the passive role of ocean temperature mainly refers to the
negative relationship between SST and the local precipita-
tion (Fig. 8b). However, in term of tropospheric tempera-
ture, ocean warming can increase the equivalent potential
temperature in the atmospheric boundary layer (Emanuel
et al. 1994), which can further heat the atmospheric col-
umn, elevate the pressure level and ultimately strengthen
the upper-level SAH. The results show that upper-tropo-
spheric circulation associated with SAH variability plays
an important role in low-level circulation over the SCS
by modulating vertical motions. On the other hand, the
anomalous low-level circulation and the related convective
heating anomalies can also modulate vertical motions over
the SCS and thus the SCS TCG. Both the aforementioned
upper-level and low-level processes can contribute to the
anomalous large-scale conditions that are important for
TCG in the SCS. The relative importance of the upper-
level and low-level processes needs further examination.
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