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ABSTRACT

This study highlights a significant inter-decadal modulation of the South Asian high (SAH) on the meridional
distribution of western North Pacific (WNP) tropical cyclone genesis frequency (TCGF). There is an obvious inter-
decadal change in the first leading SAH mode, with an abrupt weakening since the early 1990s. During
1979-1993, when there was a stronger SAH, TCs were suppressed over the northern WNP and enhanced over the
southern WNP in response to inter-annual SAH changes. The northern WNP TCGF had a significant negative
correlation with the SAH (r = —0.69), while the southern WNP TCGF had a significant positive correlation with
the SAH (r = 0.78). This north-south seesaw pattern driven by the SAH weakened during 1994-2019.

This inter-decadal modulation of the inter-annual SAH-WNP TC genesis relationship can be explained by
changes in large-scale environmental parameters. There is anomalous ascending (descending) motion and
negative (positive) vorticity centered at 850-hPa as well as less (more) moisture at 600-hPa in the northern WNP
(southern WNP) during 1979-1993. The maintenance of a strong low-level anomalous anticyclone accompanied
by the concurrent influence of the SAH and East Asian upper-tropospheric jet stream decreases northern WNP
TCGF. Linking to an El Nino-like SST pattern, the cyclonic circulation forced by a Gill-type forcing and enhanced
by equatorial low-level westerly anomalies increases southern WNP TCGF. In contrast, we find a relatively weak
inter-annual relationship of large-scale factors to the SAH since 1994. This weakening relationship is largely due
to the inter-decadal weakening of the SAH and East Asian upper-tropospheric jet stream. Inter-decadal changes of
the East Asian summer monsoon and the phase shift of the Atlantic Multi-decadal Oscillation appear to be two
important factors modulating the inter-annual relationship between the SAH and the meridional distribution of
WNP TCGF.

1. Introduction

Yuetal., 2016; Zhang et al., 2016). El Nino-Southern Oscillation (ENSO)
is generally considered to be one of the most important factors modu-

On average, over the western North Pacific (WNP), there are ~27
tropical cyclones (TCs) per year, accounting for almost one-third of the
world’s annual TCs (Schreck III et al., 2014; Chan, 2005). Given the
tremendous damage that TCs cause as well as uncertainty as to how TCs
may change in a warming climate (Zhang et al., 2009; Peduzzi et al.,
2012; Luetal., 2021), a comprehensive understanding of the multi-scale
variability of TCs is critical for both prediction as well as mitigation.

On inter-annual time scales, sea surface temperatures (SSTs) in
various ocean basins can impact WNP TCs (Wang and Chan, 2002; Zhao
et al., 2011, 2020; Zhan et al., 2011; Huo et al., 2015; Cao et al., 2016;

lating WNP TC activity (Wang et al., 2000; Wang and Chan, 2002;
Camargo and Sobel, 2005; Patricola et al., 2018; Zhao and Wang, 2016,
2019; Guo and Tan, 2018, 2021). ENSO has been shown to significantly
modulate where WNP TCs preferentially form and subsequently track as
well as the position of TC rapid intensification. These shifts in genesis
and track lead to changes in TC intensity as well via changes in the large-
scale atmospheric and oceanic environment. Most studies have found no
significant relationship between ENSO and WNP TC frequency, how-
ever. Several studies have found that SST anomalies in both the East
Indian Ocean via Kelvin wave propagation and the North Atlantic Ocean
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via a Gill-type response can significantly impact WNP TCs (Gill, 1980;
Zhan et al., 2011; Ha et al., 2015; Huo et al., 2015; Cao et al., 2016; Yu
et al., 2016). Other studies have highlighted the impact of trans-basin
interactions among Indo-Pacific-Atlantic SST anomalies (SSTAs) on TC
activity over various basins (Wang and Wang, 2019; Chen et al., 2021a;
Chen et al., 2021b).

Given that large-scale circulation systems have relatively high pre-
dictability (Ritchie and Holland, 1999; Wang et al., 2013; Wang and Wu,
2018; Wang et al., 2019), more studies in recent years have focused on
understanding TC variability via changes in the large-scale circulation
instead of changes in large-scale parameters (Zhao and Raga, 2014; Liu
et al., 2022; Wu et al., 2022). In the WNP, four large-scale circulation
systems including the tropical upper-tropospheric trough, the South
Asian high (SAH), the low-level monsoon trough and the West Pacific
subtropical high (WPSH) were found to be the main large-scale circu-
lation systems affecting TCs (Briegel and Frank, 1997; Wu et al., 2015;
Wang and Wang, 2019, 2021; Wu et al., 2022). The mutual configura-
tion of these large-scale circulation systems can largely determine TC
genesis frequency (TCGF) location on inter-annual and inter-decadal
time scales (Wu et al., 2012; Wang and Wu, 2016; Zhao and Wang,
2019). Studies have suggested that ~70% of WNP TCs were associated
with the monsoon trough given its strong low-level convergence (Briegel
and Frank, 1997; Ritchie and Holland, 1999; Chen et al., 2004). The
tropical upper-tropospheric trough causes strong westerly vertical wind
shear and can significantly decrease TCs over its southern flank, as well
as exerting a significant impact on longitudinal shifts in TC genesis (Wu
et al., 2015; Wang and Wu, 2016). Changes in the West Pacific sub-
tropical high can be driven by trans-basin SST anomalies. These West
Pacific subtropical high changes can modulate the WNP monsoon cir-
culation and its oceanic environment, consequently modulating WNP TC
activity (Liu and Chan, 2013; Wang et al., 2013; Wang and Wang, 2019).
However, the impact of the SAH on WNP TCs has been relatively less
studied.

The SAH is regarded to be one of the most important large-scale
features in the upper troposphere during the boreal summer, with a
semi-permanent anti-cyclonic circulation covering the entire South
Asian continent (Mason and Anderson, 1963; Tao and Zhu, 1964;
Krishnamurti et al., 1973). Its development and maintenance come from
sensible heating over the Tibetan-Iran Plateau, which is usually associ-
ated with changes of the western North Pacific subtropical high (Flohn,
1957; Tao and Zhu, 1964; Hoskins and Rodwell, 1995). Several prior
studies have suggested that the SAH can significantly affect Asian
weather and climate (Peiqun et al., 2005; Liu et al., 2013; Ren et al.,
2015; Shi and Qian, 2016; Yang and Li, 2016). More recently, Wang and
Wang (2021) showed that the SAH and South China Sea TCGF during
July-September are significantly negatively correlated during
1979-2017. The coupled effect between the SAH, the western North
Pacific subtropical high and WNP TCGF was also investigated in other
studies (Jiang et al., 2011; Ning et al., 2017). Although these studies
have emphasized the possible importance of the SAH on WNP TCs, the
impact of the SAH on WNP TCGF remains unclear.

This manuscript explores the inter-annual and inter-decadal rela-
tionship between WNP TCGF and the SAH. We hypothesize that changes
in climate regimes may be occurring, given the long-term decreasing
trend in SAH strength (Xue et al., 2015, 2017, 2018; Geng et al., 2020;
Zhang et al., 2021). We investigate how this decreasing trend in SAH
strength may modulate the relationship between the SAH and WNP
TCGF. The remainder of the manuscript is organized as follows. Section
2 describes the data and methodology. Section 3 examines the inter-
annual and inter-decadal relationship between the SAH and the merid-
ional distribution of WNP TCGF. Section 4 explores the possible mech-
anisms. Section 5 summarizes the main results of this study.

2. Data and methodology

TC data from 1979 to 2020 are obtained from the Joint Typhoon
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Warning Center (JTWC) best track dataset (Chu et al., 2002). This
dataset includes information on TC location and maximum sustained
wind at 6-h intervals. TCs with an intensity reaching or exceeding 34 kt
(~17.2ms™hH (e.g., named storms) are considered in this study.

Monthly atmospheric fields are obtained from the National Centers
for Environmental Prediction and National Center for Atmospheric
Research (NCEP/NCAR) monthly Reanalysis IT dataset with a 2.5° x 2.5°
horizontal resolution and 17 vertical pressure levels (Kanamitsu et al.,
2002). We also compare the magnitude of the SAH obtained from NCEP/
NCAR Reanalysis II with results calculated from the ECMWF 5th (ERA5)
reanalysis (Hersbach et al., 2020) and the Japanese 55-year (JRA-55)
reanalysis (Kobayashi et al., 2015). Monthly SST are obtained from the
National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstruction SST version 5 (ERSST v5) with a horizontal resolution of
2° x 2° (Huang et al., 2017). Monthly outgoing longwave radiation
(OLR) data from NOAA (Liebmann and Smith, 1996) and monthly pre-
cipitation data from the Global Precipitation Climatology Project (Adler
et al.,, 2018) are also used in this study. The monthly Atlantic multi-
decadal oscillation (AMO) and Nino 3.4 index are obtained from the
NCAR climate data guide (CDG) (Trenberth and National Center for
Atmospheric Research Staff, 2020; Trenberth et al., 2021) (https://clima
tedataguide.ucar.edu/climate-data).

This study focuses on the peak TC season from July to September
(JAS), accounting for ~55% of the annual total number of TCs in the
WNP basin (0°-30°N, 120°E-180°E), excluding the South China Sea. To
understand the association between the meridional dipole pattern of
WNP TCGF and the SAH, the WNP basin is divided into two sub-regions:
the northern WNP (NWNP: 17.5°N-30°N) and the southern WNP
(SWNP: 0-17.5°N). We selected 17.5°N as the latitudinal dividing line
mainly based on the observed TCGF seesaw pattern characterized by
more TCs to the south and fewer TCs to the north when the SAH is
stronger (Fig. 3a). To reduce the effect of increasing sea level pressure
due to global warming (Wu and Wang, 2015; Wu et al., 2017), the
leading mode of the SAH is obtained by multivariate empirical orthog-
onal function analysis of 200-hPa U and V following prior studies (Wang,
1992; Wang and Wang, 2021). Composite analysis, regression analysis,
and correlation analysis were performed to explore the relationship
between WNP TCGF and the SAH. Statistical significance is calculated at
the 90% confidence level using a two-tailed Student’s t-test unless spe-
cifically stated. Given the high autocorrelation of several of the variables
investigated, the significance of correlations between two time series are
investigated using effective degrees of freedom (Bretherton et al., 1999).
A climate regime shift for the first leading mode of the SAH is identified
using an 11-year moving t-test (MTT) (Xiao and Li, 2007; Xiao et al.,
2012).

In this study, we adopt the dynamic genesis potential index (DGPI;
Wang and Murakami, 2020) to examine the effect of large-scale
dynamical environmental conditions on TC formation and to diagnose
the relative importance of each term for WNP TCGF. The DGPI shows a
better representation of inter-annual variability of TCs, especially over
the WNP basin, than the widely-used genesis potential index proposed
by Emanuel and Nolan (2004) (Murakami and Wang, 2022). The DGPI is
defined as:

DGPI:(2+O.1VS)’” (5.5—3—;105>2'3(5_200))3'3 (5_5+ | 10511{ )2‘46711,8 1

where V; is the magnitude of vertical wind shear (VWS) between 200
and 850-hPa, du / dy is the meridional gradient of zonal wind at 500-
hPa, o is 500-hPa vertical velocity, and n is 850-hPa absolute vorticity.
3. Recent changes in SAH-WNP TC relationship

3.1. Inter-decadal changes in the SAH leading mode

Fig. 1a shows the first leading EOF mode of 200-hPa winds over the
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Fig. 2. Time series of PC1 and TCGF (a) over the WNP basin excluding the South China Sea [0-30°N,120-180°E], (b) the northern WNP (NWNP) region
[0-17.5°N,120°E-180°E] and (c) the southern WNP (SWNP) region [17.5°N-30°N,120°E-180°E]. Correlations (r) during the whole period of 1979-2019 and the two
sub-periods of 1979-1993 and 1994-2019 are shown, with “**” indicating values that are significant at a 90% confidence level.
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SAH region (10°N-40°N, 90°E-120°E). This mode explains 37% of the
total variance and is characterized by an anomalously strong anticy-
clonic circulation over the northern part of the Indochina Peninsula.
Previous studies have shown that the SAH exhibits a bimodal distribu-
tion between the Tibetan mode and the Iranian mode due to east-west
shifts in its center (Zhang et al., 2002; Zhou et al., 2009; Niitzel et al.,
2016). The first leading mode shown in Fig. 1a reflects the Tibetan mode
given its intensity distribution. When OLR anomalies are regressed onto
the first SAH leading mode principal component (PCl) during
1979-2020 as shown in Fig. 1b, we find a positive area over the WNP
main development region during the peak TC season likely modulating
WNP TCs. It agrees with prior studies on the suppressed convection over
the WNP basin in response to the stronger SAH (Zhao et al., 2009; Jiang
et al., 2011; Wei et al., 2019).

Consistent with prior studies (Zhang et al., 2021), we find an obvious
inter-decadal change in the SAH (Fig. 1c¢), with decreasing SAH intensity
from 1994 to 2019. In 2020, however, the SAH is stronger. The moving
t-test method further confirms the abrupt change point of 1994. We find
a similar change point in the first leading SAH mode using the ERAS or
JRA-55 reanalysis as we do using NCEP2 reanalysis data, indicating that
the change point is not reanalysis dependent. Given the robustness of
inter-decadal changes of the first SAH leading mode, we focus on the two
sub-periods of 1979-1993 and 1994-2019 in this study.

3.2. Recent weakening of the SAH modulation of the meridional
distribution of TCGF

During the full period from 1979 to 2019, there is no significant
association between WNP TCGF and the SAH first leading mode (Fig. 2).
PC1 has a similar insignificant correlation with both SWNP TCGF (r =
0.28) and NWNP TCGF (r = —0.23). Additionally, we compute the inter-
annual relationship between TCGF and PC1 for the two sub-periods and
found no significant correlation (Fig. 2a). However, the inter-annual
relationship between the meridional distribution of TCGF and PC1
shows an apparent climate regime shift. During 1979-1993, there is a
significant negative (r = —0.69) inter-annual correlation between PC1
and NWNP TCGF. In contrast, there is a significant positive correlation
(r=0.78) between PC1 and SWNP TCGF (Fig. 2b, c). However, this close
association between the meridional distribution of WNP TCs and the
SAH does not occur during the more recent sub-period from 1994 to
2019 (Fig. 2b, c). In summary, the SAH-driven north-south dipole
pattern of WNP TCGF was present from 1979 to 1993 but has weakened
from 1994 to 2019.

To further understand the meridional dipole pattern of TC distribu-
tion over the WNP basin in response to inter-annual changes in the SAH
for different inter-decadal sub-periods, we select the five strongest and
five weakest SAH years based on the normalized PC1 for the two sub-
periods. We then perform composite analysis (Fig. 3). At first glance,
there is an obvious north-south seesaw pattern during 1979-1993, while
this see-saw pattern is relatively weak during 1994-2019. During
1979-1993, 43 TCs formed over the SWNP region, and 18 TCs formed
over the NWNP region during strong SAH years. The opposite case can
be found for weak SAH years during the period of 1979-1993, with more
TCs over the NWNP (40 TCs) and fewer TCs over the SWNP (24 TCs).
The difference in TCs between the SWNP and NWNP regions are sig-
nificant for both strong SAH and weak SAH years. However, as shown in
Fig. 3b, the latitudinal difference in TCs between the NWNP and the
SWNP regions for strong SAH and weak SAH years during the period of
1994-2019 becomes weak and insignificant.

3.3. Recent changes in the large-scale environment associated with inter-
annual SAH variability

To understand a climate regime shift in the inter-annual association
between the meridional distribution of TCs over the WNP basin and the
SAH, corresponding inter-decadal changes in the large-scale
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Fig. 3. Composite July-September TCGF distribution difference for the period
of (a) 1979-1993 and (b) 1994-2019 in the WNP basin (0-30°N, 120°E-180°E)
between strong and weak SAH years. The years selected and the total number of
TCs for each composite set are also displayed. The values in (a) and (b) with
black dots are significant at the 90% confidence level.

environment are examined in this section. Vertical wind shear, low-level
vorticity, mid-level vertical velocity and mid-level moisture are
regressed onto PC1 for both sub-periods (Fig. 4). There is a north-south
seesaw regression pattern for all four large-scale factors during
1979-1993, favoring the SAH-driven meridional dipole pattern of TCs
over the WNP basin (Fig. 4a-d). In contrast, these north-south seesaw
regression patterns still exist from 1994 to 2019 but become relatively
weak (Fig. 4e-h), likely causing the weakening of the inter-annual
relationship between the SAH and the meridional distribution of WNP
TCs.

The DGPI is adopted to further confirm the importance of large-scale
factors in response to the SAH. As shown in Fig. 5, DGPI regressions onto
PC1 show a clear north-south seesaw pattern during 1979-1993 but
become relatively weak during 1994-2019, consistent with the TCGF
regression onto PC1 shown in Fig. 2. We next examine the role of large-
scale factors in the climate regime shift of the meridional dipole pattern
based upon a budget analysis of the DGPI (Fig. 5c-d). During
1979-1993, the main DGPI contributors to the TC modulation over the
NWNP basin come from the meridional gradient of the zonal wind at
500-hPa and 500-hPa vertical velocity, while the main contributors for
TCs over the SWNP are the meridional gradient of zonal wind at 500-hPa
and 850-hPa absolute vorticity (Fig. 5c). These results indicate that the
factors affecting TCs in the SWNP and NWNP are different, with vertical
motion dominating the NWNP and the low- and mid-level circulation
dominating the SWNP. Additionally, vertical wind shear in the WNP
plays a role in TC formation for both sub-regions (Fig. 5c-d). During
1994-2019, the out-of-phase DGPI relationship in the NWNP and SWNP
disappear; with anomalies reduced for both sub-regions but especially
for the NWNP (Fig. 5d). The reduction of changes in 500-hPa vertical
velocity likely play the largest role in reducing DGPI over the WNP
basin.



Y. Zang et al. Atmospheric Research 281 (2023) 106491
. 1979-1993 — 1994-2019
30°N
20°N 1
10°N 1 3
0 A — — 2.5
105°E  120°E  135°E 150°E 165°E 180 105°E  120°E 135°E  150°E 165°E 180
40°N - — 40°N 7 - — — 2
1(b)850-hPa Relative vorticity 1(f)850-hPa Relative vorticity
0 N 0 . o
30°N 30°N ’ - "
20°N {(r N 2N = & . & .
] @\ — 1
10°N 1 / 10°N 1 /38
] 2 e
0 - ('\,/'/Eiea' (?' T T T T ) T T ' ' 1 0 ;&J' & T ! B 05
105°E  120°E  135°E 150°E 165°E 180 105°E  120°E  135°E  150°E 165°E 180
40°N 40°N 0
1(c)500-hPa Omega 1(9)500-hPa Omega |
30°N 30°N ,“ S —-0.5
20°N 1 20°N (& I
10°N 1 10°N
] ] —-1.5
0 : T L L] 1 0 .
105°E  120°E  135°E 150°E 165°E 180 105°E  120°E  135°E 150°E 165°E 180/~ -2
(] (o]
40°N - — 40°N 7 - —
1(d)600-hPa Relative humidity 1(h)600-hPa Relative humidity | s
30°N 5 30°N 1 %
20°N 1 cooN JRE S -3
10°N 10°N 55
0°N 0 Vi =)
0 0 ('\/'Efml' (‘2' T T 'IA
105°E  120°E  135°E 150°E 165°E 180 105°E  120°E 135°E  150°E 165°E 180

Fig. 4. Regressed (a, e) vertical wind shear (shading, units: m s™1), (b, f) 850-hPa relative vorticity (shading, units: 10°° s, (c, g) 500-hPa vertical velocity
(shading, 3 x 1072 units: Pa s 1), and (d, h) 600-hPa relative humidity (shading, units: %) against SAH PC1 during July-September from 1979 to 1993 (left panels)
and 1994-2019 (right panels). The values with dots are significant at the 90% confidence level. The 17.5°N latitude line used as the boundary between the NWNP
and SWNP regions is highlighted with a green dashed line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

4. Physical discussion

4.1. Role of the climate regime shift in the inter-annual SAH-WNP TCGF
relationship

How does the SAH at 200-hPa affect the large-scale low- and mid-
level circulation over the WNP basin? Fig. 6 shows regressed patterns
of winds, relative vorticity and height onto SAH PC1 for both sub-
periods. During 1979-1993, the SAH appears stronger and tends to
move southward. The strong negative vorticity in the SAH can reach
lower levels via descending motion (Fig. 6a, c) (Wei et al., 2019),
resulting in an anomalous low-level anticyclone over the NWNP region
(Fig. 6b). However, the negative vorticity transport from the SAH is not
enough to affect the whole WNP as shown in Fig. 6b and c. Other large-

scale circulation systems likely contribute to this anomalous anticyclone
over the NWNP region. During 1979-1993, the East Asian upper-
tropospheric jet stream (EAJS), that is located in the northern part of
the SAH, tends to move southward and intensity (Kwon, 2005), which
would also concurrently enhance the upper-level subtropical North Pa-
cific anomalous anticyclone (15°N-35°N, 140°E-170°W). The region is
located south of the EAJS and would be influenced by anticyclonic
shear, thus ultimately suppressing NWNP TCGF (Fig. 6a, b, c). In
contrast, both the SAH and the EAJS become relatively weak in
1994-2019 compared to 1979-1993, weakening negative vorticity
conveyance to the NWNP sub-region (Fig. 6e, g). This also results in a
weaker anticyclone (Fig. 6f), leading to only a weak modulation of TCGF
over the NWNP.

We next investigate changes in the large-scale environment over the
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(a)DGPI regressed onto SAH PC1 1979-1993
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(b)DGPI regressed onto SAH PC1 1994-2019
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Fig. 5. Regressed DGPI against the SAH PC1 during July—September from (a) 1979-1993 and (b) 1994-2019. Budget analyses of the DGPI for the NWNP and SWNP
during (c) 1979-1993 and (d) 1994-2019. Total, VWS, MGU, OME and AVR refer to the total DGP]I, the role of vertical wind shear between 200 and 850-hPa, the role
of the meridional gradient of zonal wind at 500-hPa, the role of 500-hPa vertical velocity, and the role of 850-hPa absolute vorticity, respectively. The values in (a)

and (b) with black dots are significant at the 90% confidence level.

SWNP. Fig. 7 displays the regression pattern of 200-hPa and 850-hPa
wind and SSTAs onto SAH PC1 for the two sub-periods. During the
sub-period from 1979 to 1993, SSTA during strong SAH years shows an
El Nino-like coupling pattern characterized by warm SSTAs in the
equatorial eastern Pacific and the tropical northern Indian Ocean, with
cold SSTAs in the equatorial western Pacific (Fig. 7a). A cyclonic cir-
culation and equatorial westerly flow were generated to the northwest/
west of the tropical Pacific heating source via a Gill-type response (Gill,
1980). Together with enhancement of anomalous westerly flow by the
zonal SST gradient and Gill-type response, this circulation pattern
enhanced cyclonic shear in the SWNP that consequently favored a
cyclonic circulation over this region (Fig. 7a, c). In response to cyclonic
circulation anomalies, there is anomalous ascending motion and in-
creases in mid-level moisture over the SWNP, favoring more TCs over
the SWNP sub-region (Fig. 6f). During 1994-2019, the weakening of
warm SSTAs in the central-eastern Pacific and the disappearance of cold
SSTAs in the western Pacific weakened the anomalous Walker circula-
tion. These changes lead to weak equatorial westerly wind anomalies
that thus only weakly affect TCGF over the SWNP basin (Figs. 6h, 7b, d).

When El Nino is in phase with the Pacific decadal oscillation (PDO)
(e.g., a positive phase of the PDO), El Nino is strongly tied to anoma-
lously warm Indian Ocean SSTAs, thus heating the troposphere and
strengthening the SAH through a Gill-type response (Huang et al., 2011;
Qu and Huang, 2012; Xue et al., 2018). Given that regressed SSTAs
against SAH PC1 exhibited an El Nino-like coupling patterns during
1979-1993 with typical warm PDO features, we speculate that ENSO
would also enhance the SAH. To further clarify this, we also compute
correlations of the SAH with the Nino 3.4 index and North Indian Ocean
(NIO, 15°N-25°N, 40°E-100°E) SSTAs during 1979-2019 (Fig. 8a).
During 1979-2019, there are no significant simultaneous correlations
between SAH PC1 and either the Nino 3.4 index or NIO SSTAs. However,
SAH PC1 significantly correlates with the May—July Nino 3.4 index (r =
0.57) and with June-August NIO SSTAs up to 0.67 for 1979-1993. We
further calculated the partial correlation coefficients of SAH PC1 with
both the May-July Nino3.4 index (r = 0.48) and June-August NIO
SSTAs (r = 0.61). After removing the correlation between the Nino3.4
index and NIO SSTAs, the only correlation that remains significant is
between SAH PC1 and June-August NIO SSTAs. Additionally, regression
patterns of the wind, surface temperature and tropospheric thickness

against SAH PC1 also indicate the occurrence of a Gill-type response in
the Indian Ocean basin, thus enhancing the SAH in 1979-1993 (figure
not shown). This observational evidence suggests that late spring ENSO
can indirectly the affect SAH via summer SSTAs in the Indian Ocean.
When Indian Ocean SSTAs anomalously warm, it can favor suppression
of NWNP TCGF.

In contrast, during 1994-2019, the effect of the coupled El Nino-like
SST pattern on the inter-annual variability of SAH appears to be
reduced, given the weakening of the coupled El Nino-like SST pattern.
Although the combined effect of the in phase relationship between PDO
and ENSO may play a role, the timing of the PDO phase shift does not
coincide with the weakening of the SST pattern. To some extent, other
factors likely cause the regime shift in the inter-annual relationship
between the SAH and WNP TCGF. We intend to investigate these in
future research.

4.2. Role of inter-decadal change of EASM in SAH

Prior studies have suggested that the EAJS is closely associated with
the SAH (Wei et al., 2017). Due to a barotropic response driven by
increased precipitation in southeastern China, Kwon (2005) suggested
that there has been an inter-decadal weakening of the EAJS since 1994.
Inter-decadal changes in the EASM that began in the early 1990s have
been widely documented (Ding et al., 2008, 2009; Wu et al., 2008).
Consistent with inter-decadal changes in the EASM, a significant
weakening of the EAJS and its associated north-south temperature
gradient in the troposphere have been observed (Zhang and Zhou,
2015). During this time, there has also been a significant increase of
summer precipitation in southeastern China (Wu et al., 2010). We hy-
pothesize that inter-decadal changes of the SAH are mainly associated
with the EAJS and associated summer rainfall over southern China.

Following Kwon (2005), we next use 200-hPa JAS-mean zonal wind
during July-September for the region spanning 35°N-40°N, 90°E-130°E
to represent the EAJS. Agreeing well with prior studies (Wei et al.,
2017), we find an extreme high correlation between the EAJS and the
SAH (r = 0.94) during the whole period from 1979 to 2019 (Fig. 8b),
indicating concurrent changes between the EAJS and SAH. The corre-
lation between SAH PC1 and summer precipitation in southern China
(20°N-25°N, 110°E-120°E) during June-August is significant (r =
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—0.60), indicating that there is a significant negative correlation be-
tween southern China precipitation and SAH PC1 (Fig. 8b). We hy-
pothesize that changes in the EASM since the early 1990s increased
precipitation in southern China (Fig. 9a). As shown in Fig. 9b-d, the
barotropic response of increased precipitation in southern China was
accompanied by an increase in low-level cyclonic circulation and wind
convergence, mid-level ascending motion and upper-level cyclonic cir-
culation and wind divergence. These could be largely considered as a
barotropic response to steady forcing from anomalous precipitation. The
easterly winds to the north of the upper-level cyclone weaken the EAJS
that had been located to the north of the upper-level cyclone (Fig. 9e).

Correspondingly, the SAH also weakens (Fig. 9d). Therefore, by
changing the local circulation in East Asia, inter-decadal changes in the
EASM likely caused the observed inter-decadal weakening of the east-
central SAH. The causes of the inter-decadal shift in the EASM in the
early 1990s are still debated and warrant further investigations.

4.3. Role of inter-decadal changes of the oceanic thermal state

Given the large impact of oceanic thermal inertia in maintaining
atmospheric circulations (Shukla, 1998; Wang et al., 2005; Wang and
Wang, 2021), we speculated that significant changes in the ocean
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thermal state that occurred in the mid-1990s (Fig. 9f) may play an
important role in shaping the regime shift of the SAH and its association
with TCF over WNP basin. As shown in Fig. 9f, there is an apparent
phase shift of the AMO in the early to mid-1990s from its cool phase to
its warm phase. Here, we focus on the role of the AMO phase shift in the
interdecadal variability of the SAH.

During 1979-2019, the correlation between the AMO index and SAH
PC1 is —0.48, significant at a 99% confidence level using effective de-
grees of freedom. Regressed 200-hPa wind and eddy geopotential height
during June-August against the AMO index show cyclonic and anticy-
clonic wave trains excited by the Atlantic SST anomaly (Fig. 10a). The
eddy geopotential height refers to the departure of geopotential height
from the zonal mean following Gao et al. (2021). Positive 200-hPa eddy
geopotential height anomalies were located in the northwest Atlantic,
central Europe and southwest Lake Baikal, while negative anomalies
were located in the eastern-central Atlantic and western Asia. These
results are consistent with prior studies of Atlantic SST anomalies
affecting subtropical jet streams (Zhou et al., 2019; Sun et al., 2020; Gao
et al., 2021). The wind and eddy geopotential height during July—Sep-
tember also show a similar wave train structure, with an anomalous
anticyclone remaining over the Baikal region (Fig. 10b). Therefore, since
the early to mid-1990s, the anomalous warming of the Atlantic Ocean
associated with the AMO phase shift, has excited an eastward propa-
gating Rossby wave over Eurasia, resulting in an anomalous anticyclone
at 200-hPa over the Lake Baikal region, where easterly winds at the base
of the anomalous anticyclone directly weakened the EAJS and SAH. In
addition, the AMO phase shift also affects changes in the Pacific oceanic
thermal state (McGregor et al., 2014; Kucharski et al., 2016; Sun et al.,
2017). As shown by Fig. of and Fig. 10c-d, there has been a large and
significant warming in the western tropical Pacific since 1994, while
there has not been a significant change in SSTAs in the tropical central-
eastern Pacific. The change of SSTAs in the tropical Pacific weakens
zonal SST gradient in an El Nino event (Fig. 7a), leading to a weakening
of the low-level anomalous westerly winds that enhanced the SWNP
TCGF as mentioned in Fig. 7c¢ (McGregor et al., 2014). In summary,
changes of both the local large-scale circulation and oceanic thermal
state cause an interdecadal weakening of the SAH and the reduction of
the SAH-TC relationship during recent decades.
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d) are significant at the 90% confidence level.
5. Summary and discussion

Studies have emphasized the importance of large-scale circulation
systems in modulating WNP TC activity (Briegel and Frank, 1997; Wu
et al., 2015; Wang and Wang, 2019, 2021; Wu et al., 2022), while inter-
annual changes in the SAH and how those affect WNP TCs on inter-
decadal time scales have been less studied. This study suggests that
the relationship between the first SAH leading mode and the meridional
TC distribution has experienced a significant climate regime shift. These
changes are likely due to inter-decadal changes of the first SAH leading
mode with a stronger SAH during 1979-1993 and a weakened SAH
during 1994-2019.

During the whole period from 1979 to 2019 and both sub-periods,
there are no significant associations between WNP TCGF and SAH
PC1. However, during 1979-1993, when the SAH is stronger, we find a

meridional dipole pattern of WNP TCGF with suppressed TCGF over the
northern WNP (NWNP) and enhanced TCGF over the southern WNP
(SWNP) in response to inter-annual changes of the SAH. The NWNP
TCGF has a significant negative correlation with the SAH (r = —0.69),
while the SWNP TCGF has a significant positive correlation with the
SAH (r = 0.78). This north-south seesaw pattern in TCGF has dis-
appeared from 1994 to 2019. Additional composite analysis of the dis-
tribution of TCs confirms this result. Changes in large-scale
environmental parameters during 1979-1993 can explain the inter-
decadal modulation of the meridional variation of WNP TC generation
by the SAH. The decrease (increase) of TCGF in the NWNP (SWNP) is
consistent with large-scale environmental conditions of descending
(ascending) motion, negative (positive) low-level vorticity, and sup-
pressed (enhanced) moisture during 1979-1993. In contrast, changes in
large-scale factors related to inter-annual SAH variability during
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1994-2019 are relatively weak. A budget analysis of the DGPI reveals
that different large-scale factors influenced TCGF in the two sub-regions,
with the NWNP dominated by mid-level vertical motion and the SWNP
dominated by low-level absolute vorticity.

Inter-decadal changes in large-scale factors are associated with inter-
decadal changes of the SAH and EAJS. During 1979-1993, when the
SAH shifted southward and was relatively strong, the SAH and EAJS
concurrently produced low-level negative vorticity, leading to the
maintenance of a strong anticyclonic circulation at low levels that sup-
pressed TC formation over the NWNP. Meanwhile, via a Gill-type
response, a cyclonic circulation occurs in the SWNP basin, with anom-
alous equatorial westerly winds driven by anomalously warm SSTAs in
the eastern central tropical Pacific as well as easterly winds on the
southern end of the anomalous anticyclone over the NWNP. Both of
these wind patterns are forced by cyclonic shear, favoring TC formation
in the SWNP. Moreover, the El Nino-like SST coupling pattern also can
enhance the SAH via a Gill-type response in the Indian Ocean, thereby
suppressing NWNP TCGF. We also show that the inter-decadal weak-
ening of the leading mode of the SAH occurred in the early to mid-1990s,
weakening the relationship between the SAH and TCGF.

These observed inter-decadal changes in the SAH and EAJS are
possibly due to inter-decadal changes of the EASM and AMO that
occurred in the early to mid-1990s. The inter-decadal variability of the
EASM in the early 1990s increased precipitation over southern China.
Increased low-level convergence, mid-level ascending motion and
upper-level divergence occurred over southern China due to the baro-
tropic response to increased precipitation. This barotropic response also
reduced westerly winds to the north of the anomalous cyclone, causing
an interdecadal weakening of the SAH and EAJS. Meanwhile, the AMO
phase shift from its cool to its warm phase significantly increased North
Atlantic SST anomalies. The positive SST anomaly in the northwest
Atlantic induced an eastward propagating Rossby wave train in the
upper troposphere (Zhou et al., 2019; Sun et al., 2020; Gao et al., 2021),
which crosses Eurasia and eventually formed an anticyclonic circulation
in the Baikal region. The easterly winds to the south of the anticyclonic
circulation also weakened the westerly winds to the north of the EAJS
and SAH. Additionally, the western Pacific SST anomaly associated with
the AMO phase shift decreases the zonal SST gradient, leading to the
weakening of the low-level anomalous westerly winds and thus
enhancing the SWNP TCGF. Wang et al. (2017) suggested that the
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enhanced Atlantic-Pacific capacitance effect and the weakened Pacific-
Indian Ocean capacitance effect since the early-1990s is consistent
with the AMO phase shift. To some degree, the phase shift of the AMO
potentially plays a considerable role in causing the interdecadal weak-
ening of the SAH and EAJS and the disappearance of the SAH-TC rela-
tionship. We intend to investigate these relationships in more detail in
future work.
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