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ABSTRACT: This study finds that the observed decrease in winter—spring Tibetan Plateau snow depth since 2000 has
played an important role in weakening the correlation between rapidly intensifying tropical cyclones over the western
North Pacific and tropical Indian Ocean sea surface temperatures (SSTs). Tibetan Plateau snow depth modulates convec-
tive activity through changes in the South Asian high. Increased Tibetan Plateau snow depth promotes basinwide tropical
Indian Ocean cooling in spring through a Gill-type response. In the following seasons, downward latent heat flux anomalies
associated with a weaker monsoon circulation contributes to warm SST anomalies over the western tropical Indian Ocean,
thus favoring a positive phase of the Indian Ocean dipole. This evolution of tropical Indian Ocean SSTs associated with
anomalously high Tibetan Plateau snow depth potentially weakens the relationship between rapidly intensifying tropical
cyclone frequency and spring tropical Indian Ocean SSTs. When the effect of Tibetan Plateau snow depth is removed via
partial correlation analysis, we find a significant relationship between spring tropical Indian Ocean SSTs and rapidly inten-
sifying tropical cyclones as well as corresponding large-scale environmental factors. The results of this study enhance un-
derstanding of changes in tropical cyclone intensity and have implications for seasonal forecasting of tropical cyclone
intensity over the western North Pacific basin. This study also emphasizes the importance of Tibetan Plateau thermal forc-
ing in atmosphere—ocean coupling.
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1. Introduction (Rappaport et al. 2009; DeMaria et al. 2014; Elsberry et al.
2007; Gray 1975; Craig and Gray 1996; Kaplan and DeMaria
2003; Hendricks et al. 2010; Kaplan et al. 2015; Lee et al.
2016). Improved understanding of RI may lead to improved
mitigation of TC-related disasters.

Several studies have focused on rapidly intensifying TC
(RITC) frequency in response to climate variability on vari-
ous time scales (Wang and Zhou 2008; Chunzai Wang et al.
2017; Zhao et al. 2018; Gao et al. 2020; Cai et al. 2022). In gen-
eral, RITCs over the WNP basin are more prevalent during
late boreal summer (hereafter, summer) through boreal au-
tumn (hereafter, autumn), with a peak in September (Wang
and Zhou 2008; Shi et al. 2019). On interannual time scales,
RITC frequency over the WNP basin has a strong negative re-
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On average, the western North Pacific (WNP) is the most
active basin for tropical cyclogenesis, resulting in approxi-
mately one-third of the total number of global tropical cyclo-
nes (TCs) per year (Schreck et al. 2014). These TCs often
bring large economic loss and numbers of casualties for
coastal regions in East Asia (Zhang et al. 2009; Lu et al.
2021). Over the past decades, while considerable progress
has been made in TC track forecasting, prediction of TC in-
tensity change, in particular where TC intensity increases rap-
idly [e.g., rapid intensification (RI)], still remains a challenge
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RI occurrence tends to shift westward due to an eastward
advection of ocean heat content during short-duration
El Nifio—decaying years compared to during long-duration
El Nifio—decaying years. In addition to ENSO, other studies
have focused on how WNP RITC activity is modulated by
subtropical Pacific SSTs as well as SSTs in other basins. A
positive phase of the Pacific meridional mode (PMM) was
shown to trigger a westward Gill-type Rossby wave pattern
(Gill 1980) favoring both stronger TCs as well as RI occur-
rence (Gao et al. 2018).

On decadal or longer time scales, changes in tropical Pacific
climate and shifting ENSO conditions have been observed. El
Niflo events have tended to have their maximum amplitude in
the central equatorial Pacific in recent years, and a cool
Pacific decadal oscillation (PDO) phase has predominated
since the 1990s. Central Pacific El Nifio events tend to impact
RI duration, while eastern Pacific El Nifio events impact RI
occurrence (Guo and Tan 2021). Correspondingly, there is a
significant decadal change in the ratio of RITCs (Zhao et al.
2018) and an increase in RI events since the late 1990s over
the WNP basin (Wang et al. 2015; Song et al. 2020). Decadal
to interdecadal changes have also been observed in the inter-
annual correlation between RI and ENSO (Wang and Liu
2016). Changes in RI activity are found to be consistent with
phase shifts in the PDO, with increased RI activity in the cool
phase of the PDO.

The Tibetan Plateau, referred to as “Earth’s third pole,” ex-
erts a profound effect on local and global climate and weather
events via thermal forcing (Ding 1992; Yanai et al. 1992; Wu
et al. 1997, 2007, 2012b; Wang et al. 2008; Lu et al. 2018;
Y. Liu et al. 2020). Snow cover over the Tibetan Plateau alters
the spatial pattern of diabatic heating through changes in al-
bedo and via hydrological effects (Barnett et al. 1989; Shinoda
et al. 2003). These changes then lead to local and remote im-
pacts on climate and weather events, including TCs (Yasunari
et al. 1991; Ose 1996; Zhang and Tao 2001; Zhang et al. 2004;
Zhu et al. 2015; Li et al. 2018; S. Liu et al. 2020). For example,
changes in Tibetan Plateau snow cover during the prior boreal
winter (hereafter, winter) and boreal spring (hereafter, spring)
can affect the Asian summer monsoon circulation by altering
the land-sea thermal contrast and thus rainfall over East Asia
(Blanford 1884; Zhang and Tao 2001; Yu and Hu 2008; Si and
Ding 2013; Turner and Slingo 2011; Xiao and Duan 2016).
Tibetan Plateau snow cover can also trigger a wave train cross-
ing the Pacific, thus impacting surface temperatures in North
America (Lin and Wu 2011; Qian et al. 2019; Wang et al.
2020). Several studies have also suggested that Tibetan Plateau
snow forcing can affect WNP TC activity via changing atmo-
spheric—oceanic conditions (Xie et al. 2005; Xie and Yan 2007,
Zhan et al. 2016; Han et al. 2021; Cai et al. 2022).

Both observational and numerical studies have revealed
that SSTAs over various basins can interact with the thermal
effects of the Tibetan Plateau (Sun et al. 2019; Liu et al. 2014;
He et al. 2018; Wang et al. 2019; Y. Liu et al. 2020; Wang et al.
2020; Zhao et al. 2021). Wang et al. (2019) indicated that
Tibetan Plateau thermal forcing could anomalously cool SSTs
over the tropical Indian Ocean (TIO) via modulation of the mon-
soon circulation. Monsoonal convection is, in turn, suppressed by
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cold TIO SSTs. As a capacitor, TIO SST warming typically fol-
lows a mature El Nifio event through an “atmospheric bridge”
mechanism (Klein et al. 1999; Xie et al. 2002), subsequently
exciting a Kelvin wave propagating into the western Pacific
and a so-called discharging process (Xie et al. 2009). This pro-
cess can significantly decrease WNP TC genesis frequency by
enhancing an anticyclonic circulation, suppressing convection,
and increasing vertical wind shear (Du et al. 2011; Zhan et al.
2011a,b; Wang et al. 2021; Liu et al. 2021). Nevertheless, the
extent of the influence of TIO SST on WNP TC activity varies
due to other forcing sources. As suggested by previous studies
(Ha et al. 2014; Zhan et al. 2014; Huangfu et al. 2019; Liu et al.
2019), the limited impact of TIO SST on WNP TC activity
may depend on the specific configuration of Pacific SSTAs.

One recent study (Cai et al. 2022) showed that air—sea feed-
back over the subtropical eastern Pacific, that is, the feedback
of a PMM-like SST mode, provides a bridge connecting inter-
annual variability in Tibetan Plateau snow depth with WNP
RITC frequency. Anomalous Tibetan Plateau snow depth can
trigger PMM-like SSTAs in the following seasons, thus en-
hancing the correlation between summer—-autumn WNP
RITC frequency and prior winter—spring Tibetan Plateau
snow depth after 2000 (Fig. 2 and Fig. S2 in the online
supplemental material) (Cai et al. 2022; Gao et al. 2018).
However, the seasonal TIO SST evolution associated with
Tibetan Plateau snow depth and its influence on WNP RITCs
remain unclear. A statistical analysis by Gao et al. (2020) indi-
cated that warm SSTAs over the TIO can significantly in-
crease the proportion of RITCs to the total TCs number over
the WNP, due to a local large ocean heat content. However,
they found no significant change in RITC frequency.

Given the aforementioned feedback between Tibetan Pla-
teau thermal forcing and TIO SST, we focus on the impact of
Tibetan Plateau snow depth on the evolution of TIO SST and
its subsequent impact on WNP RITC frequency. We also at-
tempt to provide a plausible reason for why spring TIO SST
anomalies are not significantly related to RITC frequency
since 2000. The remainder of this study is arranged as follows.
Section 2 describes the data and methodology used. Section 3
presents the statistical relationship between Tibetan Plateau
snow depth and RITC frequency and the evolution of Indo-
Pacific SSTAs. The role of Tibetan Plateau snow depth in
weakening the relationship between TIO SST and RITC fre-
quency is examined in section 4, while section 5 discusses the
physical mechanism of TIO SST evolution in response to
higher Tibetan Plateau snow depth. A summary and discus-
sion are given in section 6.

2. Data and methods
a. TC and atmospheric and oceanic data

TC best-track data are derived from the Joint Typhoon
Warning Center (JTWC; Chu et al. 2002). All TCs = 34 kt
(~172m s ! 1 kt =~ 0.51 m s™') during the peak season from
July to November in the WNP are considered in this study.
July-November TC frequency over the WNP basin shows
striking interannual variability and a significant decreasing
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FIG. 1. Time series of (a) the normalized Tibetan Plateau
snow depth index (bars) from January to March of 1979-2014,
(b) July-November TC genesis frequency (blue line), and RITC
frequency (red line) from 1979 to 2014. The correlation coefficient
(r) between Tibetan Plateau snow depth in (a) and TC genesis fre-
quency (blue text) and RITC frequency (red text) during the first
subperiod (left) and second subperiod (right) are shown at the top
of (b). The asterisk denotes statistical significance at the 90% confi-
dence level.

trend since the late 1990s (Fig. 1b), as also shown in previous
studies (Liu and Chan 2013; Hsu et al. 2014; Zhao and Wang
2016; Zhao et al. 2018).

Monthly atmospheric fields are obtained from the NCEP-
Department of Energy AMIP-II reanalysis, with a 2.5° X 2.5°
horizontal resolution and 17 vertical pressure levels (Kanamitsu
et al. 2002). Monthly SSTs are obtained from the National
Oceanic and Atmospheric Administration’s Extended Recon-
structed Sea Surface Temperature, version 5, with a horizontal
resolution of 2.0° X 2.0° (Huang et al. 2017). Monthly outgoing
longwave radiation (OLR) data are derived from NOAA
(Liebmann and Smith 1996), and monthly precipitation data
are obtained from the Global Precipitation Climatology Project
(Adler et al. 2018).

b. Definition of rapidly intensifying tropical cyclones

Rapid intensification has been defined in several studies to
be an increase in maximum sustained surface wind speed of
=30 kt or a decrease in minimum sea level pressure of at
least 42 hPa over a 24-h period (Kaplan and DeMaria 2003;
Holliday and Thompson 1979; Brand 1973; Ventham and
Wang 2007; Wang and Zhou 2008). In this study, we adopt
the definition of RITCs used by Wang and Zhou (2008). The
following criteria for RI must be satisfied: 1) an increase of at
least 5 kt in the first 6 hours; 2) an increase of at least 10 kt in
the first 12 hours; and 3) an increase of at least 30 kt in the
first 24 hours. A TC is considered an RITC if it undergoes RI
at least once during its lifetime.

Given our RI and TC definitions, a total of 923 TCs, includ-
ing 373 RITCs, occurred over the WNP during July-November
from 1979 to 2014. The genesis locations of all WNP TCs
are displayed in Fig. Sla. Tropical cyclones typically form
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near the monsoon trough, that is, the convergent zone be-
tween southwesterly flow and easterly trade wind flow. Con-
sistent with Zhao et al. (2018), the formation location of
WNP RITCs tends to occur more southward and eastward
compared to non-RITCs. Moreover, RI occurrence tends to
concentrate in the latitudinal zone from 7° to 20°N, where
weak vertical wind shear, high midlevel humidity, and high
TCHP are favorable for TC intensification (Fig. S1b). Hence,
following Cai et al. (2022), we classify the off-equatorial WNP
(7°-20°N, 120°-170°E) as the TC main development region,
where ~76% of RITCs and ~72% of RITCs experiencing at
least one RI episode form (Fig. S1b). Throughout the remainder
of the paper, we calculate WNP RITC frequency during July—
November (i.e., the peak TC season) unless otherwise noted.

c¢. Tibetan Plateau snow depth index

Monthly snow depth data are obtained from the Global
Land Data Assimilation System (GLDAS; Rodell et al. 2004).
These data are available at a 1° X 1° horizontal resolution and
cover the region bounded by 60°S-90°N, 0°-360°. The thermal
effect of snow is characterized by its regional dependence
over the Tibetan Plateau (Li et al. 2001; Chenghai Wang et al.
2017; Wang et al. 2019). In this study, we examine the impact
of snow depth over the eastern part of the Tibetan Plateau on
both TIO SST evolution and WNP RITC frequency. The
thermal effect of snow over the eastern Tibetan Plateau on
global and local climate has been widely investigated (Lin and
Wu 2011; Lyu et al. 2018; Wang et al. 2020; Han et al. 2021;
Cai et al. 2022). Following our previous work (Cai et al.
2022), the Tibetan Plateau snow depth index is defined to
be the area-averaged snow depth from the GLDAS over the
eastern Tibetan Plateau (28°-40°N, 90°~105°E). We evaluate
changes in snow depth over the Tibetan Plateau during the latter
part of the winter and the early part of the spring [January—
March (JFM)]. The time series of JFM Tibetan Plateau snow
depth extends from 1979 to 2014 and shows an enhanced correla-
tion with RITC frequency since 2000 (Fig. S2). Also, in agree-
ment with previous studies (Si and Ding 2013; Zhu et al. 2015;
Chu et al. 2018; You et al. 2020; Cai et al. 2022), the Tibetan
Plateau snow depth index shows a strong downward trend since
2000 (Fig. 1a). Unless otherwise noted, when we discuss Tibetan
Plateau snow depth, we are referring to eastern Tibetan Plateau
snow depth during JEM.

As the GLDAS dataset of Tibetan Plateau snow depth
ends in 2014, we extend the length of the Tibetan Plateau
snow depth time series using other reanalysis datasets. The
significantly increased interannual relationship between RITC
frequency and Tibetan Plateau snow depth using GLDAS can
also be found using Tibetan Plateau snow depth from ERA-
Interim (Dee et al. 2011) and JRA-55 Reanalysis (Kobayashi
et al. 2015) datasets when extending these datasets to 2018
(Fig. S2) (Cai et al. 2022). However, when Tibetan Plateau
snow depth from ERAS (Hersbach et al. 2020) is examined,
we find a weak increase in the interannual relationship be-
tween RITC frequency and Tibetan Plateau snow depth since
the late 1990s (Fig. S2). This lack of relationship using ERAS
snow depth data may be due to the fact that ERAS does not
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assimilate Interactive Multisensor Snow and Ice Mapping Sys-
tem snow data at high altitudes (Orsolini et al. 2019). More im-
portantly, Tibetan Plateau snow depth derived from GLDAS
compares well with changes in 2-m temperature over the east-
ern Tibetan Plateau from ERA-Interim and JRA-55 Reanaly-
sis datasets (Fig. S3), which enhances our confidence in their
representation of Tibetan Plateau snow depth. To further en-
hance the reliability of the Tibetan Plateau snow depth index
from GLDAS, we also use observed snow depth data from
1979 to 2013 as recorded by 102 meteorological stations. The
observation snow depth dataset, provided by the National
Meteorological Information Center and Tibet Meteorological
Bureau (2018) can be downloaded from the National Tibetan
Plateau Data Center (https://data.tpdc.ac.cn/en/data/72d6dadf-
8elc-458b-b24e-91539042dfe6/). In this study, we only select
station data located in our eastern Tibetan Plateau region to
derive the Tibetan Plateau snow depth index. As expected,
there is a significantly increased relationship around 2000 when us-
ing in situ data calculated using a sliding correlation (red line in
Fig. S2). The Tibetan Plateau snow depth index from in situ obser-
vational snow data shows a poorer correlation with 2-m tempera-
ture over the eastern Tibetan Plateau than that from GLDAS
(Fig. S3d). Consequently, we choose to use the GLDAS dataset
as a direct extension of our previous study (Cai et al. 2022).

d. Oceanic indices

Both the tropical Indian Ocean basin mode (TIOB) and
Indian Ocean dipole (IOD) mode’s influence on RITC fre-
quency over the WNP basin are considered in this study. The
TIOB index is defined as SSTAs averaged over the tropical
Indian Ocean (20°S-20°N, 40°~110°E), following the definition
used in Xie et al. (2009). The IOD is defined as the SSTA dif-
ference between the eastern Indian Ocean (10°S-0°, 90°-110°E)
and the western Indian Ocean (10°S-10°N, 50°-70°E) [dipole
mode index (DMI)] (Saji et al. 1999).

Both the Nifio-3.4 index and the El Niflo Modoki index
(EMI; Ashok et al. 2007) are used in this study. The Nifio-3.4
index is calculated using the three months that typically char-
acterize the mature phase of ENSO (December-February).
The EMI is calculated following Ashok et al. (2007):

EMI = SSTA_ — 0.5 X SSTA, — 0.5 X SSTA,,,

where SSTA¢, SSTAg, and SSTA,y represent the area-mean SST
anomaly averaged over the central Pacific (SSTA10°S-10°N,
165°E~140°W), the eastern Pacific (SSTA£:15°S-5°N, 110°-70°W),
and the western Pacific (SSTAy:10°S-20°N, 125°-145°E),
respectively.

The PMM SST index describes the SSTA gradient between
the subtropical and equatorial eastern Pacific (Chiang and
Vimont 2004). All oceanic indices other than the Nifio-3.4 in-
dex are evaluated from JFM through the TC season to exam-
ine the SST evolution in response to changes in JFM Tibetan
Plateau snow depth.

e. Significance test

We use a two-tailed Student’s test to examine statistical sig-
nificance of correlation and regression coefficients as well as
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composites. Unless stated otherwise, significance is evaluated
at the 90% confidence level (p = 0.10).

f- Numerical experiments

We use the NCAR Community Earth System Model, version
122 (CESM1.2.2), to verify the physical mechanism of how
Tibetan Plateau snow depth-related SSTAs over the TIO mod-
ulate the atmospheric circulation. CESM is a state-of-the-art
Earth system model, with interactive atmosphere, ocean, sea ice,
and land components (Hurrell et al. 2013; Neale et al. 2010).
The model experiments in this study are implemented with the
F2000_CAMS component set at a resolution of 1.9° X 2.5° with
26 hybrid vertical levels. All carbon dioxide, aerosol, solar, and
ozone forcings are fixed at their year 2000 values.

We conducted one control experiment and two sensitivity
experiments. The control run (CTRL) was forced by the ob-
served climatological mean seasonal cycle of global SSTs.
Two other sensitivity experiments (referred to as EXP1 and
EXP2) are the same as CTRL but with different SSTA states de-
rived from partial regression analyses (see Table 4), added to cli-
matological mean SSTs in the Indo-Pacific region (15°S-15°N,
60°~150°E). All experiments were run for 30 years, and outputs
of the last 20 years are analyzed.

3. Tibetan Plateau snow depth, RITC frequency, and
evolution of Indo-Pacific SSTAs

As can be seen in Fig. 1b (blue line), preceding winter—
spring Tibetan Plateau snow depth does not correlate signifi-
cantly with the following peak-season TC genesis frequency
over the full period (1979-2014) or for either of the two sub-
periods (1979-99 and 2000-14). However, the correlation be-
tween preceding winter-spring Tibetan Plateau snow depth
and the following peak-season RITC frequency since 2000 shows
an abrupt increase in significance (red text in Fig. 1b). Tibetan
Plateau snow depth insignificantly correlated ( = 0.05) with
RITC frequency during 1979-99, while the correlation was signifi-
cant (r = —0.65) during 2000-14 (Fig. 1b). These results are con-
sistent with an analysis of the relationship between RITCs and
several different snow depth datasets by Cai et al. (2022) (Fig. S2).

In response to higher Tibetan Plateau snow depth during
the subperiod from 2000 to 2014, the SSTA pattern (Fig. 2a)
is characterized by a negative phase of the PMM and a central
Pacific ENSO-like SST pattern. The response to higher Tibetan
Plateau snow depth during the 1979-99 subperiod reflects more
of an eastern Pacific (EP) ENSO-like SST pattern (Fig. 2b).
The Tibetan Plateau snow depth—forced development of the
PMM-like and central Pacific ENSO-like SST pattern is further
confirmed in Fig. 3c. Cai et al. (2022) highlighted the role of
PMM-like SSTAs as being an important connective link be-
tween Tibetan Plateau snow depth and boreal summer—autumn
WNP RITC frequency. From 2000 to 2014, the synergistic effect
of the prevailing jet and the low-frequency SST mode combined
with the thermal forcing of the Tibetan Plateau snow depth pro-
moted barotropic gyres responsible for the occurrence of a cold
PMM-like SST pattern. Then the cold PMM-like SST pattern
triggers anticyclonic flow in the WNP as a Gill-type Rossby
wave response, favoring a strong negative correlation between
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FIG. 2. Regression of 850-hPa wind anomalies (vectors; m s~ 1)
and SSTAs (shading; °C) in the peak season on the Tibetan Plateau
snow depth index during (a) 2000-14 and (b) 1979-99. White dots
and black arrows indicate that regression coefficients are significant
at the 90% confidence level.

Tibetan Plateau snow depth and RITC frequency (Fig. 1b) (Cai
et al. 2022; Gao et al. 2018).

Meanwhile, we find an out-of-phase relationship between
Tibetan Plateau snow depth and SSTAs over the TIO in the
peak season from 2000 to 2014 (Fig. 2a). During 200014, sig-
nificant cold anomalies develop with high Tibetan Plateau
snow depth over the eastern Indian Ocean and the South
China Sea (SCS) while warm anomalies develop over the
western Indian Ocean in the peak season. These SST patterns
imply that Tibetan Plateau snow depth potentially impacts
10D development during the peak season. Additionally, when
Tibetan Plateau snow depth is higher than normal, basinwide
cold anomalies over the TIO occur during the spring (Fig. 3a).
The evolution of TIO SSTAs during 2000-14 can also be
seen when examining lag correlations between Tibetan
Plateau snow depth and the TIOB and DMI indices (Fig. 3b).
We find significant negative correlations between preceding
winter—spring Tibetan Plateau snow depth and the TIOB
index from January to April that become insignificant by
summer, with significant positive correlations between pre-
ceding winter—spring Tibetan Plateau snow depth and the
DMI from May to September.

4. Tibetan Plateau snow depth’s role in weakening the
TIOB SST-RITC relationship since 2000

a. TIO SST-RITC frequency relationship

Gao et al. (2020) suggested that TIO SSTAs significantly
correlate with the proportion of RITCs but do not significantly
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correlate with RITC frequency in the simultaneous season.
We find a similar result, with RITC frequency insignificantly
correlating with the prior season’s TIOB index (Table 1).
There is also an insignificant correlation between the spring
TIOB index and TC frequency during 2000-14. However, we
do find that the correlation over a longer period (1979-2014)
is significant. These results are somewhat different from those
of Zhan et al. (2011a, 2014), potentially due to interdecadal
changes in seasonal TC activity (Choi et al. 2019; Zhao and
Wang 2019; Wu et al. 2021). As shown in Table 2, the fre-
quency of TCs and RITCs are both weakly correlated with the
January-September (JAS) DMI when the mature IOD typi-
cally occurs. These insignificant correlations also exist when
using any three-month averaging period of the DMI from
May—July to September—November. Most previous studies
have focused on the impact of the IOD on TC activity over
the TIO (Yuan and Cao 2013; Wahiduzzaman and Yeasmin
2019; Wahiduzzaman et al. 2022), while its impact on WNP
TC activity has been less studied (Zhou et al. 2019). Note that
the IOD modulation of basinwide WNP TC frequency in the
aforementioned studies did not purely reflect its individual ef-
fect but, rather, the synergetic effect of IOD and concurrent
ENSO conditions (Pradhan et al. 2011; Liu et al. 2019). The
weak correlation between WNP TC frequency and the DMI
agree well with the results of Wu et al. (2020) (see their
Fig. 4), suggesting a limited role of the IOD in controlling
WNP TC frequency.

To understand the cause of the weak correlation between
the spring TIOB and RITC frequency, we focus on changes
in SSTAs and the low-level circulation regressed onto the
negative spring TIOB index (with indices multiplied by —1).
As shown in Fig. 4, the basinwide TIO SSTA pattern
observed in MAM does not typically persist into the peak
season. Cold SSTAs occur over the Indo-Pacific in MAM
and May-July (MJJ) (Figs. 4a,b), along with latitudinally
alternating easterlies and westerlies over the SCS and
Maritime Continent when the spring TIOB index is below
normal. However, during JAS, significant warm SSTAs be-
gin to cover the western TIO, with the large region of cold
SSTAs shrinking and becoming confined to the eastern
TIO, SCS, and to the east of the Philippines in JAS and
SON (Figs. 4c,d). Only weak anomalous changes are ob-
served in the WNP circulation (Fig. 4d), hinting that there
may only be small changes in WNP RITCs. The existence of
the SST dipole mode over the TIO and the wind fields (Fig. 4d)
over the WNP during autumn indicate a weak correlation
between RITC frequency and the DMI from boreal summer
to autumn.

b. Role of Tibetan Plateau snow depth on the evolution
of TIO SSTAs

As noted above, the seasonal evolution of TIO SST from a
spring SST pattern characterized by basinwide anomalies of
the same sign to an IOD-like SST mode are likely responsible
for the weak correlation between spring TIOB and RITC fre-
quency during the peak season from 2000 to 2014. This rela-
tionship is likely related to the recent interdecadal decrease in
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level.

Tibetan Plateau snow depth (Fig. 3). Here, we hypothesize
that the insignificant correlation between TIO SSTAs and
WNP RITC frequency is largely attributed to Tibetan Plateau
snow depth forcing. To justify this hypothesis, we calculate
the partial correlation coefficient between the TIOB index
and RITC counts by linearly removing the Tibetan Plateau
snow depth index (Table 3) to investigate the role of Tibetan
Plateau snow depth. As expected, the spring TIOB index cor-
relates significantly with the number of RITCs (r = —0.68)
after linearly removing the Tibetan Plateau snow depth index.
The weak correlation with TC genesis frequency also becomes

TABLE 1. Correlations of July-November WNP TCs and
RITC frequency with the TIOB index in March-May and in
June-August for 1979-99, 2000-14, and 1979-2014, respectively.
An asterisk indicates that the correlation is significant at the
90% confidence level.

significant when removing the Tibetan Plateau snow depth
index (Table 3).

To understand the correlation changes between spring
TIOB and RITC frequency after removing Tibetan Plateau
snow depth, we linearly remove the Tibetan Plateau snow
depth index from all variables via subtraction of the least
squares linear fit to the Tibetan Plateau snow depth index.
Figures 4e-h display partial regression maps of SSTAs and
wind anomalies over the Indo-Pacific onto the negative spring
TIOB index with the Tibetan Plateau snow depth linearly re-
moved during 2000-14. Compared with the raw regression
maps (Figs. 4a—d), we find an overall similar spatial SST distri-
bution with anomalously cool SSTs predominating over the
Indo-Pacific in MAM and MJJ (Figs. 4a,b,e,f). Nevertheless,
we do find that cold SSTAs still occupy the western TIO in
JAS extending through to SON, with small, insignificant

TC RITC TABLE 2. As in Table 1, but for JAS DMI.
TIOB index MAM JIA MAM JJA DMI TC RITC
1979-99 -0.27 -0.27 —0.11 —0.07  1979-99 -0.11 -0.14
2000-14 -0.41 —0.64* 0.04 -0.32  2000-14 0.00 -0.24
1979-2014 —0.41* —0.51* -0.03 -0.07 1979-2014 —0.08 —0.16
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FIG. 4. Regression of (a) MAM, (b) MJJ, (c) JAS, and (d) SON 850-hPa wind anomalies (vectors; m s~ !) and
SSTAs (shading; °C) on the spring TIOB index (multiplied by —1) during 2000-14. (e)-(h) As in (a)—(d), but for the
partial regression with the Tibetan Plateau snow depth index linearly removed. Gray dots indicate values that are sig-
nificant at the 90% confidence level. Only black vectors at the 90% confidence level are shown.

warm SSTAs occurring over the western TIO (Figs. 4g,h). An
anomalous low-level cyclonic circulation develops over the
WNP main development region, concurrent with significant
cold SSTAs over the eastern TIO and western Pacific (Fig. 4h).
The low-level cyclonic circulation over the WNP significantly
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affects RITCs, thus resulting in a strong relationship between
spring TIOB and RITC frequency (Table 3).

The predominant low-level circulation anomaly over the
WNP may determine the discrepancy in the relationship be-
tween spring TIOB and RITC frequency. When linearly
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TABLE 3. Partial correlations of WNP TC and RITC frequency
during the peak season with MAM and JJA values of the TIOB
index and JAS values of the DMI, respectively, with the Tibetan
Plateau snow depth index linearly removed for the period of
2000-14. An asterisk indicates that the correlation is significant at
a 90% confidence level.

TIOB index DMI

MAM JIA JAS
TC —0.48* —0.64* —0.05
RITC —0.68* —0.68* 0.18

removing the Tibetan Plateau snow depth signal, cold SSTAs
cover a large region from the eastern TIO to the western
Pacific (Figs. 4g,h). Over the equatorial western Pacific,
cold SSTAs induce local sinking motion in JAS (Fig. 5¢). Cor-
respondingly, significant upward motion occurs in the sub-
tropical WNP, resulting in an anomalous reverse Hadley
circulation along with anomalous northerlies in the upper tro-
posphere and southerlies in the lower troposphere. Subse-
quently, the meridional vertical circulation shrinks north of
the equator, while anomalous upward motion is maintained in
the subtropical WNP, largely covering the TC main develop-
ment region (Fig. 5d). The upward motion strengthens the
low-level cyclonic flow. These circulation changes together
affect RITC activity (Fig. 4h).

Reg: Neg.TIOB-V&0Omega
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Results shown in Figs. 5c and 5d are similar to previous
studies (Chen et al. 2018, 2019), which examined how SSTAs
over the western Pacific contribute to changes in the Hadley
circulation. Additionally, cold eastern TIO SSTAs can also
enhance cyclonic flow via eastward propagation of Kelvin
waves (Zhan et al. 2011a,b, 2014). When considering the
Tibetan Plateau snow depth signal (Figs. 5a,b), although there
is a significant inverse Hadley circulation anomaly in JAS, the
meridional vertical circulation is weaker than that obtained
using partial regression. The anomalous upward motion and
anomalous cyclonic flow also disappear in the TC main devel-
opment region during autumn (Figs. 4c,d). These circulation
changes may be caused by anomalous warming of SSTAs in
the western TIO (Figs. 4c,d). The impact of warm SSTAs in
the western TIO would counteract the cyclonic anomalies in-
duced by cold SSTAs via excitation of easterly Kelvin waves
(Gao et al. 2020), leading to a reduction of wind anomalies
over the WNP and an insignificant relationship between spring
TIOB and RITC frequency (Table 2). Cold SSTAs over the east-
ern TIO-western Pacific do have an effect, since the warm SSTAs
over the western TIO are mostly removed when linearly remov-
ing the Tibetan Plateau snow depth signal, contributing to an
anomalous cyclonic circulation (Fig. 4h) and thus a strong rela-
tionship between spring TIOB and RITC frequency (Table 3).

Regression analyses with and without the Tibetan Plateau
snow depth signal indicate that the occurrence of WNP wind

Reg: Neg.TIOB-V&0Omega rm TPSD
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FIG. 5. Regression of the (a) JAS and (b) SON meridional and vertical circulation anomalies (vectors; m s~ * for
horizontal velocity and —107% Pa s ! for omega) on the spring TIOB index over the western Pacific (averaged from
125° to 150°E). Shading indicates vertical velocity (107> Pa s '). (c), (d) As in (a) and (b), but for the partial regres-
sion with the Tibetan Plateau snow depth index linearly removed. Purple vectors denote values significant at a 90%

confidence level.
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TABLE 4. Design of CESM experiments.

CAIT ET AL.

40N A

Expt Design

CTRL 30-yr control run forced by observed climatological
SST and sea ice concentration

EXP1 Global climatological SST plus Indo-Pacific monthly
SSTAs regressed on a negative spring TIOB index

EXP2 Global climatological SST plus Indo-Pacific monthly

SSTAs partially regressed on a negative spring
TIOB index while linearly removing Tibetan
Plateau snow depth

anomalies may be determined by the amplitude of warm
SSTAs over the western TIO (Figs. 4c,d,g,h). To further ver-
ify this, we designed two sensitivity experiments listed in
Table 4. One (EXP1) is prescribed with regressed August—
October (ASO) SSTAs over the Indo-Pacific (15°S-15°N,
60°-150°E) onto negative spring TIOB added to the observed
monthly climatological global SST, and the other (EXP2)
is the same as EXP1 but for partially regressed SST while
linearly removing the Tibetan Plateau snow depth signal.
Monthly regressed SSTAs for the two sensitivity experiments
are shown in Fig. S4. Consistent with Fig. 4, as expected,
EXP1 features a rapid transformation to a positive 10D,
while EXP2 shows a slow SST transition. In EXP2, cold
SSTAs occur over the Indo-Pacific during August-September,
with weak warm SSTAs in the western TIO during October.

Relative to the CTRL experiment, both sensitivity experi-
ments (Figs. 6a,b) have enhanced TIO easterlies, primarily
due to the zonal SST gradient (Lindzen and Nigam 1987). In
EXP1, western TIO warm SSTs are associated with relatively
weak, low-level circulations in the WNP (Fig. 6a). While in re-
sponse to EXP2, where there is a slow transition to weak,
warm SSTAs in the western TIO, an anomalous cyclone is
simulated in the subtropical WNP (Fig. 6b), resembling the
partial regression pattern shown in Fig. 4h. As expected, a
large, anomalous WNP anticyclone occurs in the EXP1 minus
EXP2 experiment (Fig. 6¢c), likely due to warm western TIO
SSTAs (Figs. S4b,c). The anticyclone in the EXP1 and EXP2
difference experiment is responsible for offsetting the cyclonic
circulation (Fig. 6b), thus leading to disorganized wind field
anomalies as shown in Fig. 6a. The model output largely veri-
fies the regression results.

Cold SSTAs from spring through the TC peak season can
impact the atmospheric circulation, and thus RITC activity,
by exciting Kelvin waves and modulating the Hadley circula-
tion. However, given the close connection between Tibetan
Plateau snow depth and basinwide TIO SSTAs in the spring
and IOD-like SSTAs in JAS, warm SSTAs begin to develop
during late summer, rapidly transitioning into an IOD-like
SSTA mode. These anomalies likely reduce the cyclonic flow
over the TC main development region, thus weakening the
modulation of RITCs by the spring TIO SST during 2000-14.
Also, higher Tibetan Plateau snow depth potentially leads to
an anticyclonic circulation anomaly over the WNP during the
following peak season via negative PMM-like SSTAs (Fig. 2a).
The anticyclonic circulation anomaly not only suppresses RITC
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FIG. 6. Simulated atmospheric responses to Indo-Pacific SSTAs
forcing. (a) Differences in SON 850-hPa winds (vectors; m s~ ') be-
tween EXP1 and the CTRL experiment. (b), (c) As in (a), but for
differences between EXP2 and the CTRL experiment, and EXP1
and EXP2, respectively.

activity (Cai et al. 2022) but also strongly offsets the impact of
cold TIO SSTAs on the WNP circulation.

c¢. Changes in large-scale environmental factors

We find a large increase in the correlation of RITC fre-
quency associated with the TIOB index after linearly remov-
ing the Tibetan Plateau snow depth signal. To further show
the impact of the spring TIOB on the large-scale environ-
ment, we now compare four large-scale environmental factors
(low-level vorticity, vertical wind shear, midlevel vertical ve-
locity, and relative humidity) when considering and removing
Tibetan Plateau snow depth modulation. Figure 7 shows the
regression fields of four environmental factors onto the spring
TIOB index with (left column) and without (right column)
the Tibetan Plateau snow depth signal. Negative low-level
vorticity and an accompanying anomalous anticyclonic circu-
lation corresponding to warm TIO SSTAs extend southward
into the TC main development region. Anomalous easterlies
and suppressed convection cover most of the TC main devel-
opment region after removing the Tibetan Plateau snow
depth signal (Figs. 7a,c.e,g). The stronger easterly anomalies
primarily occur in the southern half of the main development
region, leading to an eastward withdrawal of the monsoon
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FIG. 7. Regression of several large-scale environment factors during the peak season on the spring TIOB index
during 2000-14: (a) 850-hPa relative vorticity (107> s~ 1) and winds (vectors); (b) vertical wind shear between 200 and
850 hPa (m s~ '); (c) 500-hPa vertical velocity (Pa s~); (d) 600-hPa relative humidity (%). (e)—(h) As in (a)-(d), but
for partial regression with the Tibetan Plateau snow depth index linearly removed. Purple boxes denote the TC main
development region. White dots indicate values significant at a 90% confidence level. Black vectors in (a) and

(b) denote significance at the 90% confidence level.

trough and weakened convection. All of these conditions are
unfavorable for RITCs.

Similar analyses are now performed for the other two fac-
tors. Other than negative SCS vertical wind shear anomalies,
no significant anomalies are detected in the WNP correspond-
ing to warm spring TIO SSTAs for the raw regression fields
(Figs. 7b). After removing the Tibetan Plateau snow depth
signal, vertical wind shear anomalies exhibit a remarkable
contrast between the eastern and western portions of the TC
main development region, with increased positive vertical
wind shear east of 150°E (Fig. 7f), mainly contributing to de-
creased RITC frequency. Negative humidity anomalies in-
crease over the main development region east of 140°E after
removing the Tibetan Plateau snow depth signal (Figs. 7d,h).
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We also examine the regression of tropical cyclone heat
potential (TCHP) to identify the oceanic thermal response
(Fig. S5). Both regression maps display negative anomalies
over the northeastern portion of the main development re-
gion, but their magnitudes in the partial regression map (i.e.,
filtering the Tibetan Plateau snow depth signal) are smaller
than that in the raw regression map, implying that TCHP
plays a limited role in supporting the relationship between
spring TIO SST and RITC frequency. The significant positive
TCHP anomalies related to warm TIO SSTAs tend to in-
crease but are confined within the SCS after removing the
Tibetan Plateau snow depth signal. Anomalously high TCHP
combined with negative vertical wind shear anomalies indicate
that spring TIO SSTAs may favor RITCs in the SCS.
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FIG. 8. Spatial patterns of the first seasonal EOF (SEOF) mode of SSTAs over the Indo-Pacific. SSTAs in (a) MAM, (b) MJJ, and
(c) JAS while removing the linear fit of the Nifio-3.4 index are merged into a sequence matrix over the Indo-Pacific during 2000-14. This
mode is well separated from other modes (North et al. 1982). The percentage in parentheses denotes the explained variance. The correla-
tion displayed is between the corresponding PC1 and the JFM TPSD index during 2000-14.

5. Physical mechanism of TIO SST evolution in response
to changes in Tibetan Plateau snow depth

In section 4, boreal spring, basinwide cold SSTAs showed
limited impact on RITCs possibly due to the development of
warm SSTAs over the western TIO during the following sea-
son during 2000-14. This evolution of TIO SST has been
noted in a recent study (M. Zhang et al. 2022), suggesting
a transition from the preceding winter negative TIOB mode
to a positive IOD mode in the following peak season. We
next conducted season-reliant empirical orthogonal function
(SEOF; Wang and An 2005) analysis to capture TIO SST evo-
lution focusing on the period from 2000 to 2014, following
M. Zhang et al. (2022). As shown in Fig. 8, the first leading
SEOF mode shows a basinwide anomaly pattern in spring
that transitions into a dipole mode during the summer, ac-
counting for ~32% of the variance. The spatial pattern of the
first SEOF mode resembles the pattern shown in Figs. 4a—d,
confirming the greater importance of warming in the western
TIO in the spring to summer SST evolution. The principal
component series of the first SEOF mode and the Tibetan
Plateau snow depth index correlates significantly (r = 0.53),
but the first SEOF mode correlates insignificantly with RITC
frequency (r = 0.1). This indicates that the TIO SST evolution
pattern and its weak connection with RITC frequency are as-
sociated with changes in Tibetan Plateau snow depth forcing.

In this section, we focus on the potential mechanism re-
sponsible for TIO SST evolution given Tibetan Plateau snow
depth changes. We begin our analysis by excluding the ENSO
teleconnection (Klein et al. 1999; Xie et al. 2002; Zhao et al.
2022), due to the significant negative correlation between Tibetan
Plateau snow depth and the Nifio-3.4 index after 2000 (Wang
et al. 2020, 2022). The partial correlation time series of the DMI
(removing the Tibetan Plateau snow depth signal) resembles the
raw correlation evolution, and the relationship between JFM
Tibetan Plateau snow depth and the TIOB index remains sig-
nificant during the spring. There are slightly reduced magni-
tudes in lag partial correlations and larger reduced magnitudes
in simultaneous partial correlations compared with raw corre-
lations (Figs. 3b,c). These results support the relaying effect of
Tibetan Plateau snow depth on TIO SST independent of
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ENSO. In the next section, all variables have the linear fit to
the Nifio-3.4 index removed.

In agreement with Fig. 3, SSTAs corresponding to higher
Tibetan Plateau snow depth exhibit a transition from a basin-
scale TIO cooling during spring to a positive IOD-like SST
mode during summer and early autumn in 2000-14 (Fig. 9).
A linear regression of low-level winds on Tibetan Plateau
snow depth highlights TIO SSTA forced by the atmosphere
(Fig. 9a). Associated with higher Tibetan Plateau snow depth
is a significant cyclonic circulation in the western TIO in
February-April (FMA). Anomalous easterlies occurring over
the Maritime Continent converge with anomalous westerlies
over the equatorial Indian Ocean (Fig. 9a). The observed
wind distribution resembles a Gill-type response (Gill 1980),
with westward propagation of a Rossby wave over the TIO
and eastward propagation of a Kelvin wave over the Maritime
Continent. The cyclonic circulations together with equatorial
easterlies promote cold water upwelling over the TIO SST via
Ekman pumping. During MAM, TIO SSTAs remain nega-
tive, although SSTAs begin to decay in the western TIO. Cold
SSTAs play an active role in suppressing atmospheric convec-
tion, which decreases convective heating response, thus reduc-
ing wind anomalies (Fig. 9b).

We infer that the low-level Gill-type circulation shown in
Fig. 8a is associated with diabatic heating in the central-eastern
TIO, where the highest SSTs are located (>28°C). Correspond-
ing to higher Tibetan Plateau snow depth, negative OLR and
positive precipitation anomalies occur over the central-eastern
TIO at lags of one and two months (Fig. 10), indicating enhanced
convection and release of latent heating. This convective-related
latent heating is the likely driver of the Gill-type circulation fa-
vorable for cold SSTAs over the TIO, suggesting a passive re-
sponse of TIO SSTAs to atmospheric convection. Significantly
suppressed convection and negative precipitation anomalies also
cover most of the western Pacific (Fig. 10). These atmospheric
responses are consistent with a previous study by Lyu et al.
(2018), who noted a possible linkage between convective ac-
tivity over the Indo-Pacific and snow cover over the Tibetan
Plateau.

Due to both albedo and hydrological effects (Yasunari et al.
1991), higher Tibetan Plateau snow depth can cool the air
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FIG. 9. Partial regression of (a) FMA, (b) MAM, (c) MJJ, and (d) JAS 850-hPa wind anomalies (vectors; m s ')
and SSTAs (shading; °C) on the Tibetan Plateau snow depth index during 2000-14 with the Nifio-3.4 index linearly re-
moved. White dots and black arrows indicate regression coefficients that are significant at the 90% confidence level.

column from the surface throughout the troposphere, causing
subsidence of isobaric surfaces over the Tibetan Plateau
(Figs. 11c,d). With higher Tibetan Plateau snow depth, pre-
dominately negative geopotential height anomalies are located
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FI1G. 10. Partial regression of (a) JFM and (b) FMA outgoing
longwave radiation (shading; W m™~2) on the Tibetan Plateau snow
depth index during 2000-14 with the Nifio-3.4 index linearly re-
moved. Black dots indicate regression coefficients that are signifi-
cant at the 90% confidence level. Green (orange) triangles repre-
sent positive (negative) precipitation anomalies significant at the
90% confidence level.
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in the eastern Tibetan Plateau and propagate eastward in
FMA (Figs. 11c,d). Consistent negative geopotential height
anomalies and a corresponding anomalous cyclonic circulation
at 200 hPa are found over the Tibetan Plateau, although JFM
anomalies are not significant. Significant negative anomalies
occur off of the coast of East Asia in FMA (Figs. 11a,b). Clima-
tologically, the South Asia high is located in the western Pacific
during winter-spring (Fig. 12) and shifts gradually westward
while intensifying. The South Asia high remains over the Tibetan
Plateau during the following summer due to sensible and mon-
soonal heating (Flohn 1957; Duan and Wu 2005). The eastward
extension of geopotential height anomalies acts to displace the
South Asia high.

As illustrated by Fig. 12, during increased Tibetan Plateau
snow depth years (2005, 2008, 2012; values greater than 0.6),
the center of the South Asia high (represented by the 12470 gpm
contour) is similar to climatology. However, the western
ridge of the South Asia high extends westward near the
Philippines during reduced Tibetan Plateau snow depth years
(2001, 2009, 2013, 2014; values less than —0.6). In FMA, the
ridge extends farther westward in reduced Tibetan Plateau
snow depth years due to positive height anomalies to its west.
The large extent of the South Asia high in FMA is favorable
for anomalous convection through enhanced upper-level di-
vergence. In contrast, suppressed convection is favored over
the western Pacific during increased Tibetan Plateau snow
depth years, further enhancing convection to its west via a
compensatory effect, as suggested by Lyu et al. (2018) (Fig. 10).
An anomalous zonal vertical circulation ultimately forms over
the Indo-Pacific and releases anomalous latent heating driving a
Gill-type circulation over the TIO. These atmospheric fields re-
gressed against the Tibetan Plateau snow depth index are in
agreement with the physical mechanism presented by Lyu et al.
(2018).
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FIG. 11. Anomalies of 200-hPa geopotential height (shading; gpm) and wind (vector; m s™') in (a) JFM and
(b) FMA obtained by partial regression onto the Tibetan Plateau snow depth index with the Nifio-3.4 index linearly
removed during 2000-14. (c), (d) As in (a) and (b), but for longitude—pressure cross sections of geopotential height
along 35°N. White dots indicate values significant at the 90% confidence level. The gray shading represents

topography.

Climatologically, the onset of the southwestern monsoon
over the Bay of Bengal occurs in early May (Wu and Zhang
1998; Wang and LinHo 2002; Wu et al. 2012a; Shin and Huang
2016). Increased Tibetan Plateau snow can weaken the Asian
monsoon through changes in Tibetan Plateau thermodynamic
processes that decrease the land-sea thermal contrast (Zhang
and Tao 2001; Kripalani et al. 2003; Zhao et al. 2007; You et al.
2020; Han et al. 2021). As shown in Fig. 9c, easterly anomalies

12470 gpm Composite

2000-2014

90E 150E 180

F1G. 12. Composite contours of 12470 gpm at 200 hPa for high
Tibetan Plateau snow depth years (red line), low Tibetan Plateau
snow depth years (blue line), and average (yellow line) for 200014,
overlying the averaged 200-hPa winds during 2000-14. Dashed
(solid) lines denote contours in JFM (FMA). High (low) years refer
to the standard deviation of the Tibetan Plateau snow depth index
greater (lower) than 0.6 (—0.6).
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over South Asia correspond to decreased monsoon intensity
during the early monsoon season (MJJ) during 2000-14. When
Tibetan Plateau snow depth is above normal, regressed wind
anomalies oppose the prevailing southwest monsoon, reducing
latent heating extracted from the ocean (Fig. S6), thus resulting
in anomalous western TIO SST warming (Figs. 9c,d) due to the
wind-evaporation-SST mechanism (Xie and Philander 1994).
Western TIO warm SSTAs gradually develop from MJJ
through JAS (Figs. 9¢c,d). As noted by previous studies (Wu
et al. 2008; Du et al. 2009), changes in latent heat fluxes are a
key process in the TIO SST evolution. Downward latent heat
fluxes cover the northern TIO in MJJ, extending south of the
equator in JAS (Figs. S6a,b), largely due to a weakened mon-
soon circulation (Figs. 9c,d). The monsoon circulation is
weakened by higher snow depth over the Tibetan Plateau due
to changes in the land-sea thermal contrast. The zonal SST
gradient over the TIO increases, thus driving low-level easter-
lies off of the coast of Sumatra (Lindzen and Nigam 1987)
(Fig. 9¢). The offshore winds near Sumatra further amplify
the SST difference between the eastern and western TIO
through both eastward transport of warm water and oceanic
downwelling of a westward-propagating oceanic Rossby wave
(Webster et al. 1999; Xie et al. 2002). Both processes strengthen
warm western TIO SSTAs, especially south of the equator, con-
sistent with prior studies (Xie et al. 2002; Du et al. 2009). The
warming SSTAs have an asymmetric cross-equatorial distribu-
tion (Figs. 9¢c,d). As suggested by previous studies, asymmetric
warm SSTAs favor a reversal in the Asian monsoon (Wu et al.
2008) and the occurrence of cyclonic anomalies over the
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southwestern TIO (Fig. S6c) (Xie et al. 2002; Du et al. 2009).
Corresponding to high snow depth over the Tibetan Plateau,
negative summer precipitation anomalies occur in the north-
eastern Bay of Bengal (Fig. S6c), a key region for summer mon-
soon precipitation (He et al. 2023; T. Zhang et al. 2022), further
confirming the weakened monsoon circulation response to
higher Tibetan Plateau snow depth. Additionally, positive pre-
cipitation anomalies appear in the southwestern TIO, concur-
rent with anomalous cyclonic anomalies (Fig. S6c), highlighting
the atmospheric response to convective heating (Gill 1980; Xie
et al. 2002; Du et al. 2009). We do find northwesterly anomalies
northeast of the anomalous cyclonic circulation, reducing low-
level wind speeds and helping to persist warm SSTAs over the
western TIO (Fig. S6).

We should caution that the evolution of TIO SST docu-
mented above only appears in the period from 2000 to 2014.
During 1979-99, the responses of SSTAs and low-level wind
anomalies in winter—spring to changes in Tibetan Plateau
snow depth are weaker than during 2000-14 (Fig. S7). The ob-
served significant OLR and precipitation anomalies associ-
ated with Tibetan Plateau snow depth generally occur over
the Indo-Pacific in JFM during 1979-99 (Fig. S8). This re-
sponse for the period from 1979 to 1999 almost disappears
with a one-month lag, while the response intensifies with a
one-month lag in 2000-14. Correspondingly, we find that the
location of the convective pattern in 1979-99 is farther south-
ward than in 2000-14 (Fig. S8a). The westward extension of
the South Asia high in the Northern Hemisphere plays a
lesser role in modulating convection south of the equator,
leading to convective anomalies that tend to disappear quickly.
Changes in the location of convection are possibly attributed to
latitudinal shifts in the intertropical convergence zone (Fig. 13).

6. Summary and discussion

This study explores why there is a weak correlation be-
tween spring TIO SST and RITC frequency during the peak
season from 2000 to 2014. During 2000-14, basinwide cold
TIO SSTAs in spring are found to be closely associated with a
Gill-type circulation that is excited by local convective-related
latent heating, in response to higher Tibetan Plateau snow
depth. Higher Tibetan Plateau snow depth results in a colder
column of air along with negative geopotential heights in the
troposphere over the Tibetan Plateau. This height pattern im-
pacts the displacement of the upper-tropospheric South Asia
high, with a weaker intensity and a smaller westward exten-
sion. This results in an anomalous zonal vertical circulation
over the Indo-Pacific region and accompanying anomalous
TIO ascent (Lyu et al. 2018). The released latent heating fur-
ther excites a Gill-type circulation that cools SSTAs over the
TIO via Ekman pumping (Fig. 14a).

During the following seasons, downward latent heating
fluxes induced by the reversed monsoon circulation facilitate
persistently warming SSTAs over the western TIO. Higher
Tibetan Plateau snow depth tends to decrease monsoon inten-
sity, leading to initially warming SSTAs in the western TIO
through downward latent heat fluxes over the TIO (Xie and
Philander 1994) during early summer. As the direct effect of
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FIG. 13. Difference in outgoing longwave radiation (shading;
W m™?) in FMA between 2000-14 and 1979-99. The black con-
tours indicate the climatological outgoing longwave radiation dis-
tribution averaged from 1979 to 2014. The plus signs indicate that
the difference is significant at the 90% confidence level.

the snow decays, the maintenance of downward latent heat
fluxes is then supported by convective heating and a corre-
sponding anomalous cyclone in the southwestern TIO (Fig. S6).
Local air-sea interaction further extends the response of
Tibetan Plateau snow depth, thus facilitating the formation of a
positive IOD-like SST mode in JAS (right panel of Figs. 14b
and 9d).

The warm SSTAs developing from spring through the peak
season in the western TIO are closely related to Tibetan Pla-
teau snow depth and determine the relationship between
spring TIOB and RITC frequency. Local cold SSTAs can act
to generate an anomalous cyclonic circulation via both an east-
ward-propagating Kelvin wave and an associated meridional-
vertical circulation. Due to the strong impact of anomalously
high Tibetan Plateau snow depth, significant warming SSTAs
develop in the western TIO, generating a positive IOD-like
SST mode during the TC peak season (right panel of Fig. 14b).
The warm pool of SSTAs can excite an opposing Kelvin wave—
related circulation that largely offsets the effect of the SSTA
cold pool. On the other hand, higher Tibetan Plateau snow
depth induces an anticyclonic circulation via the PMM over the
WNP (Fig. 2a), possibly diminishing the cyclonic circulation ex-
cited by cold SSTAs in the eastern TIO and western Pacific.
When the impact of Tibetan Plateau snow depth is linearly re-
moved, warm SSTAs develop slowly and are smaller in magni-
tude compared with the impact of Tibetan Plateau snow
depth included, likely indicating a limited role in modulat-
ing the WNP atmospheric circulation. We deduce that only
cold SSTAs over the eastern TIO and western Pacific can
act to excite a low-level cyclonic circulation that significantly
increases RITC frequency (left panel of Fig. 14b). Large-scale
factors (e.g., low-level relative vorticity, vertical motion) associ-
ated with the spring TIOB index support changes in RITC
frequency.

In this study, we have explored the causes of the weak cor-
relation between TIO SST and RITC frequency during the
peak season of 2000-14 from the perspective of changes in
Tibetan Plateau snow depth. However, during 1979-99, gen-
erally characterized by a positive PDO phase, there was an in-
significant relationship between Tibetan Plateau snow depth
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FIG. 14. Schematic diagram presenting the effect of winter-spring Tibetan Plateau snow depth thermal forcing on the
evolution of Indo-Pacific SSTA and the circulation anomaly from spring to the peak season.

and RITCs (Fig. 1b) (Cai et al. 2022). Anomalous convection
generally trended southward during this time period (Fig. S8,
Fig. 12), likely resulting in little impact on spring TIO SST. After
2000, prevailing equatorial convection shifted northward.

We also note that the weak correlation between peak sea-
son TC genesis and spring TIO SST during 2000-14 becomes
significant when the Tibetan Plateau snow depth signal is line-
arly removed. This indicates that changes in Tibetan Plateau
snow depth should be considered when preseason TIO SST is
employed as a predictor for peak-season TC counts. Never-
theless, we note that there are some discrepancies with results
from previous studies on the simultaneous impact of TIO SST
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on WNP TCs (Zhan et al. 2011a, 2014), possibly due to
changes in TC seasonality and changes on interdecadal time
scales (Choi et al. 2019; Zhao and Wang 2019; Wu et al.
2021). The winter-spring atmospheric response to spring
Tibetan Plateau snow depth (Figs. 9-11) is largely consistent
with the simultaneous winter atmospheric response to Tibetan
Plateau snow cover as shown by Lyu et al. (2018), but the
one-month lagged response to winter-spring (JFM) Tibetan
Plateau snow depth appears to be stronger. These results im-
ply different climatic effects of snow cover and snow depth.
The quantitative impacts of the snow cover and snow depth
impacts on the large-scale circulation deserve an additional
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study. The correlation between Tibetan Plateau snow depth
and the principal component of SEOF indicates that there are
additional climate variables contributing to the seasonal evolu-
tion of TIO SSTAs (Figs. 3 and 8), suggesting that the Tibetan
Plateau snow depth is only one of many factors that influence
the TIOB. Also, the specific physical mechanism on the evolu-
tion of TIO SST is not clearly identified due to the limitation
of regression analysis, although we obtain a consistent atmo-
spheric response to snow forcing over the Tibetan Plateau.
Further investigations should be performed by using fully cou-
pled (i.e., land-ocean-atmosphere) numerical model experi-
ments to directly verify the response of TIO SSTAs to Tibetan
Plateau snow depth.

This study has primarily focused on air-sea interactions
over the Indo-Pacific region. The results of this study on the
joint effect of Tibetan Plateau snow depth and TIO SST on
RITCs may have important implications for seasonal forecast-
ing of WNP RITCs. Although our study and several prior
studies have highlighted the impact of Tibetan Plateau snow
on the atmospheric and oceanic circulation, more detailed
studies are needed to further investigate the proposed physi-
cal processes.
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