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Coherently coupled ocean-atmosphere variability of the tropical Indo-Pacific
Oceans gives rise to the predictability of Asian summer climate. Recent
advances in Indo-western Pacific Ocean capacitor (IPOC) theory and the
relationship with El Nifio-Southern Oscillation (ENSO) are reviewed. The IPOC
features tropical Indian Ocean (TIO) warming and an anomalous anticyclonic
circulation over the western North Pacific (WNPAAC), the latter driving water
vapor transport to East Asia and causing extreme events, e.g., heavy rainfalls
from central China to Japan during the boreal summer. IPOC events often
occur in post-ENSO summers, but the significant TIO warming could sustain
the WNPAAC without a strong El Nifio, forced instead by a strong antecedent
positive Indian Ocean Dipole (IOD). In latter cases, the Indian Ocean and WNP
act as a self-sustaining system, independent of external forcings. El Nifio or
positive IOD induces the oceanic downwelling Rossby waves and thermocline
warming in the southwest TIO, leading to SST warming and a "C-shaped”
wind anomaly during winter and early spring. Furthermore, the southwest TIO
downwelling Rossby waves reflect as oceanic Kelvin waves on the African
coast. In the early summer, the resultant southeast TIO SST warming induces a
second “C-shaped” wind anomaly. Both southwest and southeast TIO warming
contribute to the WNPAAC. The WNPAAC modulates the water vapor pathways
to East Asia in the late spring and summer, which mostly converge over the
South China Sea and adjacent regions before flowing further to the north. More
water vapor is transported from the western Pacific warm pool and less from
the southern hemisphere and the Indian Ocean. The enhanced Asian Summer
monsoon and moisture content lead to extreme rainfalls in central China and
Japan during the boreal summer.
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Introduction

El Nino-Southern Oscillation (ENSO) is the largest
interannual variability in the equatorial Pacific. It has been
widely reported that ENSO affects the neighboring Indian
Ocean (Klein et al., 1999; Alexander et al., 2002; Du et al., 2009;
Yuan et al., 2013; Xie et al., 2016; Chen et al., 2019). The tropical
Indian Ocean (TIO) variability was often viewed as a passive
response to ENSO (Latif and Barnett, 1995). However, recent
studies suggested that TIO could have its intrinsic variability
and evolve independently of ENSO (e.g., Du et al., 2020; Zhang
et al., 2020).

The Asian summer monsoon onset starts in May, with the
strong cross-equatorial flow off Somali Peninsula. After that,
the monsoonal winds eventually prevail in the north TIO and
western North Pacific (WNP) (Wang and LinHo, 2002; Chen
et al., 2021). The Asian monsoon brings a large amount of
moisture to Asian landmass, especially for South Asia, East
Asia, and Southeast Asia. The monsoonal rainfall is essential
for agricultural activity in densely populated Asian landmass
and affects people’s livelihoods. It is of great societal importance
and economic value to accurately predict the Asian summer
monsoon (Ma et al., 2017).

Surface ocean thermal condition in the Indo-Pacific Oceans
modulates large-scale atmospheric circulation and moisture
transport associated with the Asian summer monsoon. The
boreal summer SST warming in the north TIO, the anomalous
anticyclonic circulation (AAC) over the WNP (WNPAAC), and
SST cooling in the WNP during boreal spring and early summer
are essential parts of an inter-basin climate mode called Indo-
western Pacific Ocean capacitor (IPOC, Xie et al., 2016). In
spring, the AAC and local SST coolings are coupled in the WNP
trade winds regime, while in summer, the WNP trade winds
regime collapses, and the AAC and north TIO warming are
coupled in the summer monsoon regime as the AAC further
extends westward toward the north TIO. IPOC is a self-sustained
coupled mode. ENSO could set some favorable conditions, such
as Indian Ocean SST warming or WNP SST cooling, to trigger
this climate mode. Recent studies suggested that IPOC could
be excited independently of ENSO (Kosaka et al., 2013; Takaya
et al,, 2020; Wang et al,, 2020; Chen et al., 2021; Zhou et al,,
2021). Kosaka et al. (2013) used a coupled climate model and
designed an experiment to suppress the model’s SST variability
in the central and eastern Pacific. Their results showed that
the IPOC could be excited by atmospheric/oceanic internal
variability in the absence of Pacific ENSO forcing. Chen et al.
(2021) showed that the southwest TIO SST warming alone could
excite trans-basin coupling within the north TIO and WNP.
As an important participant in the positive phase of IPOC, the
AAC is the southern part of the positive Pacific-Japan/East Asian
Pacific pattern (PJ/EAP; Nitta, 1987; Huang and Wu, 1989) that
plays an essential role in East Asian summer climate. Thus,
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IPOC strongly affects East Asian summer rainfall and surface
temperature (Hu et al., 2011, 2017; Chen et al., 2016, 2018, 2019;
Ma et al., 2017; Cai et al., 2022).

The review of Xie et al. (2016) summarized recent progress
in studying how the Indo-Pacific Oceans respond to remote
ENSO forcing and affect climate over surrounding continents.
Since then, new findings suggest that the intrinsic variability of
the TIO could be essential in driving the Indo-Pacific climate
even without ENSO. Complementary to the review by Xie et al.
(2016), this paper updates recent studies on IPOC.

The paper is organized as follows. Section Summer
conditions of the Indo-western Pacific describes the summer
mean state of the Indo-western Pacific. Section ENSO-triggered
IPOC shows the Indian Ocean Rossby wave dynamics and
Indian Ocean basin-wide warming mode (IOB). Section
IOD events without significant ENSO presents the Indian
Ocean Dipole (I0D) events without significant ENSO. Section
Influence on East Asia shows the influence of IPOC on East Asia.
The final section is a summary and discussion.

Summer conditions of the
Indo-western Pacific

The Indo-Pacific warm pool is characterized by sea surface
temperature (SST) warmer than 28°C (Figure 1A). It is an
important region to fuel the global hydrologic cycle: Intense
atmospheric convection and tremendous latent heat release
drive global atmospheric circulation (Yoneyama and Zhang,
2020). The Indo-Pacific warm pool changes seasonally in size,
area, and location (Hu et al., 2015). In summer, most of the
TIO is a part of the Indo-Pacific warm pool (Figure 1A). SST
variability in the TIO could affect the climatic condition in situ
and even in the western Pacific and East Asia (Chen et al,
2019; Basconcillo et al., 2021). The Walker Cell in the TIO
features a strong westward pressure gradient that results in low-
level westerlies with opposing high-level easterlies, ascending
movement in the eastern TIO, and large-scale descending
movement in the west near the East African coastline (Hirons
and Turner, 2018).

There is a unique area in the southwest TIO where its
thermocline is shallow, called the Seychelles dome (Figure 1C),
facilitating in-situ surface warming/cooling via efficient
thermocline feedback (Huang and Kinter, 2002; Xie et al., 2002;
Izumo et al., 2008; Du et al., 2009; Chen et al., 2021). It is one
of the regions in the TIO with large interannual variability and
strong air-sea coupling. It is documented that the interannual
variability within the southwest TIO could be attributed to
oceanic Rossby waves originating from the eastern IO associated
with ENSO (Izumo et al., 2008). Besides, the local effects, such
as IOD, also play a role (Tozuka et al., 2010; Zhang et al., 2018).
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FIGURE 1

The boreal early summer (May-Jun-July) climatology in the
Indo-Pacific region during 1981-2020: (A) for SST (shading, °C)
from HadISST (Rayner et al., 2003) and 10 meter wind (vector, m
s~1) from ERAS (Hersbach et al., 2020), (B) for rainfall (shading,
mm day~?!) from GPCP (Adler et al., 2003) and vertical integral of
zonal and meridional water vapor flux (abbreviated as IVT,
vector, kg m~! s71) from ERA5, and (C) for thermocline depth
calculated as the depth of 20°C isotherm of sea water
temperature (D20, shading, m) from GODAS reanalysis
(Behringer et al., 1998).

The thermocline in the equatorial Indian ocean is flat and
deep (Figure 1C). The influence of thermocline displacement on
SST may be weak (Schott et al., 2009). However, TIO is strongly
affected by the Asian monsoon (Figure 1A). The low-level wind
direction changes seasonally over TIO. For example, the low-
level winds change from northeasterly winds to southwesterly
winds in the north TIO in May. As part of the Indo-Pacific
warm pool, the mean SST in the southeast TIO is high during
boreal early summer (Figure 1A), with small SST perturbation
allowing to induce anomalous convection (Chen et al., 2018,
2019). In the monsoon seasons, the cross-equatorial winds near
Sumatra and Java cause coastal upwelling and cool the SST in
the southeast TIO (Figure 1A). It also shallows the thermocline
in the eastern Indian Ocean and sets a favorable condition for
the thermocline-SST feedback (Zheng et al., 2010).

Frontiersin Climate

03

10.3389/fclim.2022.1014138

After the Asian monsoon onset, the southwesterly
monsoonal winds prevail in the north TIO around May,
gradually establishing in the South China Sea and WNP (Chen
et al., 2019). In June, the Pacific trade winds still reign the
WNP region. The southwesterly winds substitute the trade
winds in the late boreal summer. The monsoonal westerly
winds and easterly trades meet over the WNP (Figure 1A).
The prevailing westerly winds are thought to be a necessary
condition of Indo-Pacific inter-basin coupling (Kosaka et al,
2013; Xie et al., 2016). Besides, Hu et al. (2019) investigated
the effect of meanflow on the AAC via energetics analysis.
Their results showed that the mean flow over the WNP plays
a role in the AAC development in the post-El Nifio summer.
The conversion of kinetic energy from the confluent flow to
perturbations contributes to the amplification of easterly wind
anomalies in WNP, which in turn provide positive feedback
onto the AAC through inducing surface Ekman divergence
and suppressing in-situ convection (Hu et al, 2019). Based
on the energetic perspective, a recent paper further points out
the importance of mean flow to the intensification and north
extension of WNPAAC in El Nifo decaying mid-summer (Tang
et al.,, 2022). The remarkable feature of the East Asian summer
climate is a rainband extending from eastern China to Japan,
called the Meiyu/Baiu (Sampe and Xie, 2010; Takaya et al,
2020). The moisture supporting Meiyu/Baiu rains comes from
the Asian summer monsoon (Figure 1B). The following sections
show that the SST variability in Indo-Pacific Oceans modulates
large-scale monsoonal circulation and moisture transport.

ENSO-triggered IPOC

ENSO is recognized as the most significant interannual
variability of the climate system, which has a profound
impact on the global climate through atmospheric and oceanic
teleconnections throughout its lifetime (e.g., Alexander et al,
2002; Liu and Alexander, 2007; Yeh et al., 2018; Wang, 2019;
Taschetto et al., 2020). ENSO strongly influences the interannual
variability of the tropical Indian Ocean (TIO) (Figure 2; Klein
etal., 1999; Guo et al., 2018).

The ENSO-induced Walker Circulation anomalies can
directly affect the SST of the TIO through cloud-radiation-
SST and wind-evaporation-SST (WES) feedback. During El
Nifio events, the eastward shift of Walker Circulation leads to
subsidence over the Indian Ocean, causing reduced cloudiness
and anomalous anticyclone that enhance the downward
shortwave radiation and reduce the upward latent heat flux, thus
contributing to increasing SST in the TTIO (Klein et al., 1999; Lau
and Nath, 2003; Tokinaga and Tanimoto, 2004).

After the mature phase of El Nifio, the TIO displays a basin-
wide SST warming in the spring (Figure 2), referred to as the
Indian Ocean basin mode (IOB). The IOB peaks in spring and
persists into summer (Figure 2), extending the ENSO effect on
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FIGURE 2
Correlations with Nino3.4 SST in November-December-January Mar(0)
(NDJ) for 1982/83-2020/21 from OISST (Reynolds et al., 2002)
after removing linear trend and seasonal cycle. Thickened lines Jan(0) . . . . . . - &
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Ocean Monthly SSHa (shading, cm) and SSTa (contour, °C) averaged
’ over 5°5—15°S regressed onto NDJ Nifio 3.4 SST for

East Asia through the IPOC effect, despite the dissipation of
ENSO (Yang et al., 2007, 2010; Xie et al., 2009, 2016; Chowdary
etal., 2011; Wang et al., 2018; Kosaka et al., 2021).

Rossby waves and SST warming in the
southwest TIO

Over the southwest TIO (SWTIO), the climatological
thermocline is shallow. Thus thermocline variability can
strongly affect SST (Huang and Kinter, 2002; Xie et al., 2002;
Vialard et al., 2009; Chen et al., 2021; Du et al., 2021). Previous
studies found that ocean dynamics rather than surface heat
fluxes dominate the SST variations on an interannual time
scale (Chambers et al., 1999; Murtugudde and Busalacchi, 1999;
Huang and Kinter, 2002; Xie et al., 2002; Vialard et al., 2009).
In climatology, the SWTIO thermocline dome is maintained
by the upwelling induced by negative wind stress curl between
the weak equatorial westerlies and the southeasterly trades
over the TIO (Hermes and Reason, 2008; Yokoi et al,
2008, 2012). The thermocline depth exhibits large variability,
associated with the anomalous wind stress curl induced by
ENSO (Masumoto and Meyers, 1998; Jury and Huang, 2004;
Tozuka et al., 2010; Yang et al., 2019; Eabry et al,, 2021;
Wu et al,, 2021). During the developing and mature phase of
El Nifo, the anomalous anticyclonic wind stress curls force
downwelling oceanic Rossby waves in the southeast TIO, which
propagate slowly westward and reach the SWTIO within one
or two seasons (Figure 3). These planetary waves deepen the

Frontiersin Climate

04

1993/94-2019/20. Stippling indicates confidence level >95% for
SSHa based on students’ t-test. Based on CMEMS SSH from
1993-2020 and OISST from 1982-2021, after removing the
linear trend and seasonal cycle.

thermocline and warm the subsurface, causing SST warming
through thermocline-SST feedback in the SWTIO (Figure 4;
Xie et al., 2002). The slow-propagating oceanic Rossby waves
sustain the SWTIO SST warming till the El Nifio decaying
summer (Huang and Kinter, 2002; Xie et al., 2002; Annamalai
et al., 2005; Du et al., 2009; Guo et al., 2018; Chen et al., 2019;
Figures 3, 4).

North TIO SST warming and 10B

The persistent SWTIO SST warming induces northerly
wind anomalies across the equator. The anomalous northerly
winds shift to northeasterly north and northwesterly south
of the equator (Figure 5) due to the reverse of the Coriolis
force. During winter and early spring, the “C-shaped” wind
anomalies strengthen the mean northeasterly monsoon north
and weaken the southeasterly wind south of the equator,
enhancing the north-south SST gradient, which further
the
precipitation patterns (Figures 5B,C,F,G, 6B,C,F,G; Kawamura
et al.,, 2001; Wu et al.,, 2008; Du et al., 2009, 2013b, 2021;
Wu and Yeh, 2010; Chakravorty et al., 2013). Following the
summer monsoon onset, the “C-shaped” wind anomalies

induces equatorially-antisymmetric  convection and

counteract the climatological southwesterly monsoon in
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Regression of IAP potential temperature anomalies (shading, °C) averaged meridionally in 55°-155° in SON(0) (A), D(0)JF(1) (B), MAM(1) (C), and
JJA(1) (D) upon the NDJ Nifio3.4 SST from 1982-2021. Solid back lines show the climatological mean potential temperature for every 2°C with a
thickened 20°C line. Gray dashed line indicates the mixed-layer depth. Stippling indicates confidence level >95% in students’ t-test. Linear

trends and seasonal cycles are removed.

the north TIO, reduce surface evaporation and latent heat
flux, and increase the SST, following wind-evaporation-SST
(WES) feedback (Figures 5C,D,G,H, 6C,D,G,H; Xie
Philander, 1994; Xie, 1996; Du et al., 2009). The north TIO
SST warming results in more moisture convergence and

and

consequent rainfall over the windward side of the Western

Ghats and south of Himalaya (Izumo et al., 2008; Chowdary

et al., 2019).
Furthermore, the

the western boundary, turn into coastal-trapped waves

downwelling Rossby waves reach
toward the equator, and transform into the equatorial
downwelling Kelvin waves, propagating eastward (Jensen,
1993; Le and Boulanger, 2001; al.,
2019; Zhang and Du, 2022). The downwelling Kelvin
waves induce thermocline and SST warming in the east
(Figures 5E-H).

Blanc Chen et

Frontiersin Climate

05

WNPAAC and IPOC

The WNPAAC connects ENSO and the East Asian climate,
usually forms before the EI Nifio mature phase and persists into
the post-El Nifio summer (Wang et al., 2000; Li and Wang,
2005; Zhou et al., 2014; Li et al,, 2017). Several theories have
been proposed to explain the formation and maintenance of the
WNPAAC during different phases of ENSO (Wang et al., 2000,
2013; Wu et al., 2009, 2017a,b; Xie et al., 2009; Xiang et al., 2013;
Stuecker et al,, 2015). Wang et al. (2000) suggested that the local
atmosphere-ocean interaction is the responsible mechanism
before El Nifio peak winter. They extended this theory to a self-
sustained inter-basin coupled mode in the Indo-western Pacific
to explain the maintenance of the WNPAAC during the decay
phase of the El Nifio event (Wang et al., 2013). Another theory
named combination mode emphasizes non-linear interactions
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FIGURE 5

Anomalies of monthly SST (shading, °C) and precipitation (contour, mm day~!) (A=D), and monthly SSH (shading, cm) and wind (vector, m s~1)
(E—H) regressed onto NDJ Nifio 3.4 SST. Red circle with arrows denotes WNP AAC in (F—H). Stippling indicates confidence level >95% for SSTa
and SSHa based on students’ t-test. Based on OISST from 1982-2021, GPCP precipitation from 1982-2021, CMEMS SSH from 1993-2020, and
CCMP wind from 1988-2021. Linear trends and seasonal cycles are removed.

of atmospheric response to the slow evolution of equatorial
central and eastern Pacific SST anomalies with the seasonal
climatology in the rapid growth of WNPAAC (Stuecker et al.,
2013, 2015). Another theory highlighted the importance of the
moist enthalpy advection/Rossby wave modulation during the
initial development of WNPAAC during the El Nifio developing
year fall season (Wu et al., 2017a,b). When the El Nifo turns
to the decay phase, the AAC is sustained by the TIO warming
to summer (Figures 5E-H), based on a Kelvin-wave induced
Ekman divergence mechanism (Wu et al, 2009; Xie et al,
2009). The TIO warming forces a Matsuno-Gill response in
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the troposphere (Matsuno, 1966; Gill, 1980), accompanied by
an eastward-propagating atmospheric Kelvin wave extending
into the western Pacific. Off the equators, the Kelvin wave
induces low-level Ekman divergence through the wind shear
between the anticyclonic wind and easterly wind anomalies
over the WNP, suppressing deep convection over the WNP and
contributing to the development of AAC (Terao and Kubota,
2005; Xie et al., 2009, 2016; Yuan et al., 2012; Li et al., 2017;
He et al, 2019). The WNPAAC establishes internal positive
feedback between the TIO and WNP. In spring, the anomalous
northeasterly on the south flank of the AAC strengthens the
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students’ t-test. Linear trends and seasonal cycles are removed.

Anomalies of ERA5 monthly Qnet (sum of latent heat flux, sensible heat flux, shortwave radiation and longwave radiation, shading, W m~2) and
shortwave plus longwave radiation (contour, W m~2) (A=D), and monthly latent heat flux (shading, W m~2) (E-H) regressed onto NDJ Nifio 3.4
SST from 1982-2021. Positive means heat into the ocean. Stippling indicates a confidence level >95% for Qnet and latent heat flux based on
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prevailing northeast winds and cools the WNP SST via the
positive WES feedback (Figures 5G, 6G). Namely, the SST
cooling enhances the AAC with an atmospheric Rossby wave
response by suppressing local convection (Wang et al., 2003,
2017; Li et al.,, 2017). When the Pacific northeast trade winds
retreat eastward, and the north TIO monsoon westerlies expand
eastward into the WNP in summer, the AAC is coupled with
TIO SST (Figure 5H). The anomalous easterly on the south flank
of the AAC extends to the Bay of Bengal, reinforcing the north
TIO SST warming (Figures 5H, 6H; Kosaka et al.,, 2013; Xie
etal, 2016). The coupled ocean-atmosphere processes described
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above are referred to as the IPOC effect, which can influence East
Asian (e.g., Chang et al,, 2000a,b; Wang et al., 2000; Wang and
Li, 2004; Park et al., 2010; Kosaka, 2021) and Indian summer
monsoons (Izumo et al.,, 2008; Huang et al., 2018; Chowdary
et al.,, 2019; Du et al., 2021; Darshana et al., 2022) and their
water vapor transport (Zhou et al., 2021; Cai et al,, 2022), as
well as typhoon activity (Du et al., 2011; Zhan et al., 2011; Wang
and Wang, 2019), leading to a series of extreme weather events
in Asia, such as heat waves, heavy rainfalls, and severe floods
(e.g., Wu et al., 2009, 2010; Hu et al,, 2011, 2017; Yuan et al.,
2019).
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IOD events without significant ENSO

IOD characteristics

IOD, featuring an SST contrast along the equatorial Indian
Ocean, is another major climate mode that can affect weather
and climate over the surrounding regions and even the globe
(Saji et al., 1999; Webster et al., 1999). The IOD is tied with
the Indian Ocean summer monsoon evolution, featuring a
significant seasonal phase lock (Yang et al., 2015; Zhang et al.,
2021a). A typical IOD event tends to develop in boreal summer,
peak in fall, and rapidly decay during winter. In the positive
IOD phase, the SST shows west warming and east cooling, which
further changes the sea level pressure gradient and induces
anomalous surface easterly winds along the equator (Behera
et al., 2021). Wind anomalies force oceanic adjustments that
shoal the thermocline and favor the upwelling in the east pole
of IOD, enhancing local SST cooling. As such, atmospheric
convection is suppressed, resulting in drought and bushfires over
the Maritime Continent and Australia (Wang and Cai, 2020;
Zhang et al., 2021c). On the other side, warm water piles up
in the west, strengthening local convection, leading to severe
rainfall and flood over East Africa (Saji and Yamagata, 2003;
Vinayachandran et al., 2009). The IOD also affects the rainfall
variability in South and East Asia (Guan and Yamagata, 2003;
Anil et al.,, 2016; Heng et al., 2019; Xiao et al., 2020; Ratna et al.,
2021).

These anomalies are associated with adjustments of the
Walker Circulation due to the Bjerknes feedback (Annamalai
et al,, 2003). Any perturbation in this loop may drive the IOD
onset. Consequently, ENSO is one of the drivers of the IOD
(Alexander et al., 2002). During the development of an El Nifio
event, the Indo-Pacific Walker Circulation interacts as a pair of
gear wheels, in which the SST warming in the central-eastern
Pacific induces eastward movement of the ascending branch of
the Walker Circulation, while anomalous descending branch
forms over the Maritime Continent, leading to higher sea level
pressure. Correspondingly, easterly wind anomalies appear in
the tropical 10, which could trigger positive IOD. The 1997
positive IOD is one of the typical cases of the ENSO-IOD
connection, which directly promotes the IOD concept (Saji et al.,
1999).

Strong IOD without ENSO

Whether the IOD can develop independently from ENSO
or not has been discussed since 20 years ago (Allan et al., 2001;
Dommenget and Latif, 2002; Yamagata et al., 2003; Stuecker
et al., 2017; Le et al., 2020). Lately, observations and coupled
climate models experiments show that the IOD is an intrinsic
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mode in the Indian Ocean (Fischer et al., 2005; Behera et al,,
2006; Luo et al., 2008; Du et al., 2013a; Guo et al., 2015; Crétat
etal., 2018; Zhang et al., 2020).

Strong IOD usually co-occurs with strong ENSO, but there
are exceptions. These IOD events are facilitated by the regional
ocean-atmosphere interaction, independent of ENSO, e.g., in
1994, 2006, and 2019 (Figure 7), with the dipole mode index
(DMI) over two times the standard deviation (STD) (Doi et al.,
2020; Wang and Cai, 2020; Ratna et al., 2021; Shi and Wang,
2021; Zhang et al., 2021c). Only weak SST warming signatures
in those three events have been identified in the central or
eastern equatorial Pacific (Chiang and Vimont, 2004; Kao and
Yu, 2009), implying the ENSO condition in the Pacific does
not always determine IOD strength. Furthermore, some positive
IOD events concur with the La Nifa, e.g., in 2007 and 2008 (Luo
et al., 2008; Cai et al., 2009).

Despite the difference in the SST pattern (Jiang et al,
2022), all three events (1994, 2006, and 2019) show a
significant anomalous reduction of precipitation and
anticyclonic wind over the southeast TIO (Figure 7). Such
anomalous anticyclonic winds directly force the downwelling
Rossby waves that propagate westward in the southern
TIO along 10°S (Figure 8). Among those three events, the
2019 positive IOD is the strongest, of which the strength
of wind stress curl and sea level anomaly is close to that
of the 1997 event (Zhang and Du, 2021; Zhang et al,

2021b).

IOD-induced IOB

Since the positive IOD-related wind anomalies could force
the downwelling Rossby waves, the impacts of strong IOD
could persist into the next year via the IPOC effect, for
example, the 2019 positive IOD event (Takaya et al., 2020;
Ratna et al,, 2021). The 2019 wintertime impacts are due to
the meander of a subtropical jet associated with the warming
of the IOD western pole (Doi et al., 2020), while the following
summer climate variation in East Asia is tied to IPOC triggered
by IOD without significant ENSO influence (Zhou et al,
2021). Southwest TIO SST warming persisted to the 2020
summer, sustained by the deepening of thermocline associated
with the Rossby wave, inducing north TIO and basin-wide
warming in the 2020 spring (Figures 8, 9; Zhang and Du,
2021). Consequently, the 2020 IOB impacted the WNPAAC
and caused excessive rainfall in East Asia (Chen et al., 2021;
Zhou et al.,, 2021). Further investigation showed that the TIO
regional warming could exert influence on the WNP. Chen et al.
(2019) suggested that the southwest or the southeast tropical
Indian Ocean SST warming could impact WNPAAC during
early summer.
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(A) Time series of standardized SST indices of Nino3.4, DMI, IOB, SETIO and SWTIO from 1982-2021. (B—E) SST (shading, °C), precipitation
(contour, mm/day), and wind anomalies (vectors, m/s) of IOD peak season (Aug-Nov) for strong positive events in 1997, 1994, 2006, and 2019,
respectively. The DM is defined by the difference of area-mean SST anomalies between the western tropical Indian Ocean (WTIO,
50°-70°E,10°N—10°S) and the southeastern tropical Indian Ocean (SETIO, 90°-110°E, Eq.-10°S). Data are based on OISST from 1982-2021,
CCMP wind from 1988-2021, CMAP precipitation from 1979-2021. Linear trends and seasonal cycle are removed based on each period

coverage.
Influence on EaSt ASia 2010; Wang et al., 2013; Chen et al.,, 2017, 2019; Zhang et al.,
) 2017).
Influence of WNPAAC on East Asian
climate _ o N
WNPAAC without significant El Nifio
The WNPAAC is an important low-level circulation system. influence
Previous studies indicated that the WNPAAC could modulate
East Asia summer climate (Chang et al.,, 2000a,b; Wang and The above theories mentioned in Section WNPAAC and

Li, 2004; Li and Wang, 2005; Yang et al., 2007; Li et al., 2008; TIPOC emphasized the effect of external forcing of ENSO.
Wu et al,, 2009, 2010; Xie et al., 2009; Du et al., 2011; Wang To quantify the intensity of the AAC, Huang et al. (2010)
et al., 2013; Chen et al., 2016; He et al., 2016). The WNPAAC define a WNPAAC index, the 850hPa zonal wind difference

largely influences the East Asia summer monsoon (Chang et al., between a southern region (100°E-130°E, 5°N-15°N) and a
2000a,b; Wang and Li, 2004; Li and Wang, 2005; Yang et al., northern region (110°E-140°E, 20°N-30°N) during June-July
2007; Li et al., 2008; Wang et al., 2013) and have a significant (J]7) months. A positive (negative) WNPAAC index indicates
impact on the rainfall variability in East Asia (Wu et al., 2009, an anomalous anticyclone (cyclone). Generally, the WNPAAC
2010; Du et al., 2011; Chen et al., 2016; He et al., 2016). Typically, index is highly correlated with Nifio 3.4 index, the correlation
due to the anomalous southwesterly winds on the northwestern coeflicient reaching 0.55 with a lag of 6 months (Figure 10). In
flank, the AAC supplies abundant water vapor to China and most El Nino events, a significant WNPAAC carries excess water
Japan during summer (Ding, 1992; Chang et al., 2000a; Zhang vapor to East Asia.

and Sumi, 2002; Wu et al., 2003, 2017¢; Zhou and Yu, 2005; Ding In 1995, 2007, and 2020, an anomalous strong WNPAAC
and Wang, 2008; Liu et al., 2008; Xie et al., 2009; Sampe and Xie, was sustained in early summer without strong antecedent El
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FIGURE 8

Longitude-time diagram for sea level anomaly (shading, meter) and anomalous winds (vector, m/s) and SST anomaly (contour, °C) along the
equator [(A-D), Eq.I0] and 10°S [(E,F), STIO] in the Indian Ocean for four positive IOD events in 1997 (A,E), 1994 (B,F), 2006 (C,G), and 2019
(D,H). Data are based on OISST from 1982-2021, CCMP wind from 1988-2021, CMEMS SLA from 1993-2020. Linear trends and seasonal cycles

Nifo. Instead, strong positive IOD seems to act as forcing
(Figures 7, 10). In these cases, the Western Pacific Subtropical
High (WPSH) center is stronger and more southward than
its climatology. Enhanced and westward extending WNPAAC
supplies water vapor to East Asia through its northwestern flank.
The 2020 rainfall event was extreme, making a historical record
since the 1960s (Figure 11; Ding et al., 2021). Due to the position
of the anomalous anticyclone, the positive rainfall regions are
slightly different among the three cases (1995, 2007, and 2020)
(Figure 11).

IPOC effect on extreme rainfall without
significant El Nifio influence

IPOC theory could explain the relationship between TIO
warming and the WNPAAC. The TIO warming follows the El
Nino event, peaks in the boreal spring, and persists through
boreal summer (Xie et al., 2016), sustaining the WNPAAC after
El Nifio decay (e.g., Yang et al., 2007; Wu et al., 2009; Xie et al.,
2009, 2016; Chen et al., 2018).

For years without significant El Nifo, like 1995, 2007,
and 2020, the IPOC effect still works. The intensified and
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southward extending WNPAAC is sustained in response to the
TIO warming. As a result, rainfall increases over the TIO and
East Asia and decreases in the WNP and South Asia (Figures 11,
12). The rainfall pattern in 1995, 2007, and 2020 is similar to that
in summer following a strong El Nifo, e.g., 1998.
Climatologically, monsoonal winds from the TIO and trade
winds from the western Pacific warm pool meet over the South
China Sea, forming East Asia’s three main water vapor sources
in summer. The northwestern flank of the WNPAAC changes
the proportions of the three water vapor sources in the late
spring and summer. To quantify the water vapor transport, we
integrate the water vapor flux across boundaries following the
method in Richter and Xie (2010). In the above four IPOC
events, water vapor transport decreased by about 0.16Sv (1998),
0.09Sv (1995), 0.08Sv (2007), and 0.24Sv (2020) from the north
TIO but increased by about 0.26Sv (1998), 0.13Sv (1995), 0.15Sv
(2007) and 0.28Sv (2020) from the western Pacific (Figure 13).
More water vapor is transported from the western Pacific warm
pool, which has the highest moisture in the tropics. Note that in
1995, 2007, and 2020, the significant TIO warming sustained the
anomalous WNPAAC without concurrent strong El Nifio but
with leading strong positive IOD. As a result, the WNPAAC is
sustained by the SWTIO and SETIO warming, and rainfall is
decreased in the WNP and increased over the TIO basin and
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FIGURE 10

Standardized Nino 3.4 index and WNPAAC index (move 6
months ahead), a 13-month running smoother is applied. Gary
shadings represent the strong ENSO events. SST is from OISST.
Wind is from ERAS. The anomalies are relative to 1982-2021.

East Asia. In conclusion, IPOC could be established without
significant ENSO influence (Figure 14).

Those processes have been tested in model experiments.
Chen et al. (2021) confirmed that southwest TIO SST warming
could induce easterly winds response in the north TIO and
WNP (Figures 15A,B) in a coupled model experiment. The
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easterly wind response favors the north TIO SST warming and
the WNP SST cooling with the different background winds
via WES feedback in boreal early summer (Figures 15A,B).
Both the positive north TIO SST and negative WNP SST
anomalies facilitate the development of IPOC. Note that the
atmospheric model only experiment cannot reproduce the
observed characteristics due to southwest TIO SST warming
(Figures 15C,D). Such a result, in turn, indicates the importance
of both southwest TIO warming and the resultant air-sea
coupling processes contributing to the IPOC in the coupled
model experiment. The southwest TIO SST warming could
result from strong antecedent positive IOD (Takaya et al., 2020;
Chen et al., 2021; Zhou et al., 2021).

Summary and discussion

TPOC is an intrinsic ocean-atmosphere coupled mode that
could occur with or without ENSO forcing (Kosaka et al,
2013, 2021; Wang et al, 2018), featuring the coupling of
the TIO SST warming and the WNPAAC in summer. The
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May to July, 850hPa wind anomalies (vectors, m/s), vertically integrated moisture divergence anomalies (shading, kg m~=, negative values mean
convergence) and the center of WPSH (the 5880 gpm, mean and anomalies, red contour lines) of 1998 (A), 1995 (B), 2007 (C) and 2020 (D). The
data were from ERAS. The anomalies are relative to 1979-2021.
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are relative to 1982-2021. SST is from OISST, and Rainfall is from CMAP (Xie and Arkin, 1997).
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TIO SST warming interacts with the WNPAAC through a
warm atmospheric equatorial Kelvin wave wedge penetrating
the western Pacific and a cold atmospheric Rossby wave
caused by the anomalous diabatic cooling in the tropical
WNP westwards to the north TIO (Xie et al., 2009, 2016).
The IPOC mode influences the atmospheric circulation and
water vapor transport into East Asia, resulting in extreme
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weather events (Yang et al, 2007, 2010), e.g., heat waves,
heavy rainfalls, and severe floods in South, Southeast, and
East Asia.

ENSO had been considered the main driver responsible
for IPOC. ENSO impacts TIO through an atmospheric bridge
that directly causes surface heat flux changes in the sub-basins
and excites thermocline-SST feedback in the SWTIO (Lau and
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Nath, 1996; Klein et al., 1999; Huang and Kinter, 2002; Xie
et al,, 2002). However, in 1995, 2007, and 2020, the TIO SST
warmed up without concurrent strong El Nifio but rather with
strong positive IOD (Zhang and Du, 2021), which maintained
the WNPAAC (Chen et al., 2021). These cases suggest that IPOC
is an intrinsic mode in the Indo-western Pacific Ocean. The

40°E 80°E 120°E 160°E
increased rainfall @ SST warming € WNPAAC
decreased rainfall { 22 228 enhanced atmospheric convection

03

FIGURE 14

Schematic representation of IPOC effect. Green arrow denotes
the WNPAAC; red circles and vertical wavy lines denote SST
warming and enhanced atmospheric convection, respectively;
blue (yellow) shading as well as cloud symbols denote increased
(decreased) rainfall there.

10.3389/fclim.2022.1014138

TIO SST warming and WNPAAC act as a self-sustaining system,
independent of external forcings, such as ENSO.

The TIO warming induces marked climate anomalies
The south TIO is
the key. The oceanic downwelling Rossby waves propagate

in Asia and the Indo-western Pacific.

westward from the southeast TIO, deepen the thermocline,
and warm the subsurface in the SWTIO, leading to SST
warming via thermocline-SST feedback from winter to summer,
associated with El Nifio or positive IOD. The SWTIO SST
warming enhances local convection and induces “C-shaped”
wind anomalies during winter and early spring, resulting in
basin-wide SST warming via WES feedback (Chen et al., 2021).
Furthermore, the SWTIO downwelling Rossby waves propagate
westward to the west boundary and reflect as eastward-
propagating oceanic Kelvin waves in the following spring. The
equatorial Kelvin waves eventually reach the east boundary
and contribute to the southeast TIO SST warming in the early
summer. The southeast TIO warming enhances local convection
and forces second “C-shaped” wind anomalies over the east TIO
(Chen et al., 2019). Both southwest and southeast TIO warming
contributes to the WNPAAC and affect its extension/location in
the late spring and summer.

Changes in extension and location of WNPAAC influence

the East Asian and Indian summer monsoons and their water
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FIGURE 15

Responses to southwest TIO SST warming in CESM1 using a partial coupling framework: (A) for precipitation (shading, mm day~!) and low-level
(i.e., 925-hPa) wind (vector, m s~1) response, (B) for SST (°C) and 10 meter wind (vector, m s~!) response. (C,D) showing the responses to
southwest TIO SST warming in CAM4 (Atmospheric component of CESM1). The shading in (D) denotes the southwest TIO SST anomaly forcing
using in CESM1 and CAM4. The shading in (A,C), the stippling in (B), and the black vector in (A—D) denote the response is significant at an 80%
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vapor transport over the Indo-western Pacific. The northwestern
flank of WNPAAC alters water vapor transport to East Asia
in late spring and summer, which mostly converge over the
South China Sea and adjacent regions before flowing further
north. Most water vapor is transported over the western Pacific
warm pool with the highest moisture in the tropics and less
from the southern hemisphere and the Indian Ocean (Cai et al.,
2022). The enhanced Asian Summer monsoon and water vapor
transport contribute to extreme rainfalls in central China and
Japan during the boreal summer, leading to extreme weather
disaster events and influencing millions of people’s lives.
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