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ABSTRACT: This study examines the climate response to a sea surface temperature (SST) warming imposed over the
southwest tropical Indian Ocean (TIO) in a coupled ocean—atmosphere model. The results indicate that the southwest TIO
SST warming can remotely modulate the atmospheric circulation over the western North Pacific Ocean (WNP) via in-
terbasin air—sea interaction during early boreal summer. The southwest TIO SST warming induces a “C shaped” wind
response with northeasterly and northwesterly anomalies over the north and south TIO, respectively. The northeasterly
wind anomalies contribute to the north TIO SST warming via a positive wind—evaporation-SST (WES) feedback after the
Asian summer monsoon onset. In June, the easterly wind response extends into the WNP, inducing an SST cooling by WES
feedback on the background trade winds. Both the north TIO SST warming and the WNP SST cooling contribute to an
anomalous anticyclonic circulation (AAC) over the WNP. The north TIO SST warming, WNP SST cooling, and AAC
constitute an interbasin coupled mode called the Indo-western Pacific Ocean capacitor (IPOC), and the southwest TIO SST
warming could be a trigger for IPOC. While the summertime southwest TIO SST warming is often associated with ante-
cedent El Nifio, the warming in 2020 seems to be related to extreme Indian Ocean dipole during the autumn of 2019. The
strong southwest TIO SST warming seems to partly explain the strong summer AAC of 2020 over the WNP even without a
strong antecedent El Nifio.
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1. Introduction over the south TIO force downwelling oceanic Rossby waves
propagating westward. The deepened thermocline causes SST
to rise (e.g., Murtugudde et al. 2000; Behera and Yamagata
2001; Xie et al. 2002; Huang and Kinter 2002).

The TIO warming in the El Nifio decay phase features
considerable regional variations. The southwest TIO warming
persists into boreal summer next year, enhancing deep convec-
tion in situ. The intensified convection induces a “C shaped”
wind anomaly pattern with anomalous northeasterly winds
north and northwesterly winds south of the equator (Wu et al.
2008; Wu and Yeh 2010; Izumo et al. 2008).

After the Asian monsoon onset (in May), the mean low-level
winds change from northeasterly to southwesterly. The clima-
tological SST cools down in the western Arabian Sea, mainly
due to the southwesterly jet-induced Somalia-Oman coastal
upwelling (Findlater 1969; Murtugudde et al. 2007). So, the
northeasterly wind anomalies along the Somalia—Oman coasts
anchored by the southwest TIO warming decrease offshore
Ekman ocean transport, coastal upwelling, and latent heat flux,
and thus warm the mixed layer in the western Arabian Sea
(Izumo et al. 2008). Besides, the northeasterly wind anomalies
on the northern flank of the C-shaped wind anomaly pattern
weaken wind speed and surface latent heat flux loss in the north
TIO, and thus contribute to the second SST warming via positive
wind-evaporation-SST (WES) feedback (Xie and Philander
Corresponding author: Yan Du, duyan@scsio.ac.cn 1994; Xie 1996; Du et al. 2009).

El Nifio-Southern Oscillation (ENSO) is a dominant air-sea
coupled mode in the equatorial Pacific that has profound impacts
on the global climate. Over the TIO, SST warming follows the
positive phase of ENSO (i.e., the El Nifio) at a lag of one season
(Klein et al. 1999; Chiang and Sobel 2002; Lau and Nath 2003;
Alexander et al. 2002). ENSO peaks in boreal winter (November—
January). When ENSO-related SST anomalies decay in the
equatorial Pacific, the TIO SST anomalies remain robust with
profound impacts on Indo-Pacific climate (Annamalai et al. 2005;
Yang et al. 2007; Xie et al. 2009; Du et al. 2011; Wu et al. 2010;
Chowdary et al. 2011; Hu et al. 2011; Zhan et al. 2011; Qu and
Huang 2012; Cao et al. 2013; He et al. 2015; Chen et al. 2016, 2018).

The thermocline in the equatorial Indian Ocean is flat and
deep due to the annual mean weak westerly winds, limiting the
effect of thermocline displacements on SST variability (Schott
et al. 2009). El Nifio—induced surface heat flux change explains
most of the TIO SST warming except for the warming over the
southwest TIO (Klein et al. 1999). In the southwest TIO where
the mean thermocline is shallow, the thermocline feedback on
SST is strong. During a positive Indian Ocean dipole or an El
Niflo event, anticyclonic surface wind stress curl anomalies
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The wind Response to Southwest TIO Warming in CAM4

(a) Apr, TS & Surface Wind

(¢) Jun, TS & Surface Wind

45N 45N
30N 30N
15N 15N
0 0 NS I
15S AR : : 1158 : : = : : :
60E 90E 120E 150E 180 150W 120W 90W 60E 90E 120E 150E 180 150W 120W 90W
(b) May, TS & Surface Wind (d) Jul, TS & Surface Win
45N {7 ﬁ{g{i o 45N =
30N = 30N
15N 1 N 115N
0 - Nt ) . x - 0
158 22, R W T SRS 158
60E 90E 120E 150E 180 150W 120W 90W 60E 90E 120E 150E 180 150W 120W 90W
-0.5 -0.3 -0.1 —O.|05 0.1)5 O|.1 0.3 0.5

FIG. 1. The impacts of southwest TIO warming in an AGCM experiment designed in Chen et al. (2019). The shading is the ideal SST
anomalies used to force CAM4 and in our current CESM sensitivity experiment. The center of the southwest TIO SST warming is
located at 6.5°S and 65°E, with its maximum warming reaching 0.8°C, and the area-mean amplitude of southwest TIO SST warming is

about 0.4°C.

A recent study found that the southeast TIO SST warming
always follows the southwest TIO SST warming during strong El
Nifio events, and oceanic wave reflection plays a role in linking
the southwest and southeast TIO warming (Chen et al. 2019).
The westward propagation of oceanic downwelling Rossby
waves contributes to the SST warming in the southwest TIO.
The Rossby waves arrive at the western boundary and are re-
flected as oceanic Kelvin waves. The downwelling Kelvin waves
propagate along the equator, deepening the thermocline off the
Sumatra and Java Islands and suppressing the monsoon-induced
coastal upwelling, setting a favorable condition for the southeast
TIO warming (Chen et al. 2019).

South TIO variability can affect the north TIO (e.g., Wu et al.
2008; Chen et al. 2018). It is still unclear whether its influence
extends all the way to climate over East Asia. To explore the
climatic impact of the southwest TIO warming, Chen et al.
(2019) conducted two numerical experiments using Community
Atmosphere Model, version 4 (CAM4), at a horizontal resolu-
tion equivalent to 0.9° X 1.25°. The control run was forced by the
climatological mean annual cycle of SSTs. In the sensitivity run,
idealized southwest TIO SST anomalies (Fig. 1) were added to
the control-run-used SSTs to force the model. Each run was a 35-
yr continuous simulation. The ensemble mean difference be-
tween these two experiments indicates the direct atmospheric
response to the southwest TIO warming (Chen et al. 2019).
Figure 1 shows the low-level wind (i.e., 925-hPa wind) response
to southwest TIO warming in an atmospheric general circulation
model (AGCM) experiment as in Chen et al. (2019). The
AGCM result suggested that the direct effect of southwest TIO
warming does not extend far enough to modulate the atmo-
spheric circulation over the western North Pacific (WNP). This
does not rule out a southwest TIO effect on the WNP through

the air-sea interaction processes. Indeed, observational analysis
indicates that southwest TIO warming is followed by anomalous
easterly winds across the north Indian Ocean and WNP as part
of the anticyclonic circulation over WNP (Fig. 2). The apparent
contradiction between the observational analysis and AGCM
simulation motivates us to reexamine the role of southwest TIO
warming in modulating the atmospheric circulation over the
WNP using the Community Earth System Model, version 1.0.4
(CESM1.0.4). The coupled modeling results show that the
southwest TIO warming has a trans-basin influence on the WNP.
Specifically, the southwest TIO warming induces SST cooling
east of the Philippine islands through interbasin air-sea inter-
action, which, in turn, induces the anticyclonic circulation over
the WNP.

The rest of the paper is organized as follows. Section 2 de-
scribes the data and methods used in this study. Section 3
evaluates the model performance and examines the trans-basin
response to southwest TIO SST warming in CESM simula-
tions. Section 4 discusses the role of southwest TIO SST
warming in contributing to heavy rainfall in southern China in
June 2020. Section 5 presents the summary and conclusions.

2. Data and model experiments
a. Data

In this study, we use monthly National Oceanic and
Atmospheric Administration (NOAA) Optimum Interpolation
SST V2 (OISST, Reynolds et al. 2002) on a 1.0° X 1.0° global grid
(https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html);
monthly precipitation data on a 2.5° X 2.5° grid from the Global
Precipitation Climatology Project (GPCP; Adler et al. 2003)
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Regressions with Normalized SWTIO SST Index

(a) MJJ, SST (Shading), 10m Wind (Vector)

(c) MJJ, Rainfall (Shading), 925-hPa Wind (Vector)
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FIG. 2. SST, rainfall, and surface wind regressed onto May—July (MJJ) southwest TIO SST index. Only the regressed anomalies that are
significant at the 95% confidence level according to a two-tailed Student’s ¢ test are plotted. The southwest TIO SST index is defined as the
SST anomalies averaged in the region inside the red-outlined box in (a).

(https://psl.noaa.gov/data/gridded/data.gpcp.html); and monthly
zonal and meridional wind from the fifth generation of
the European Centre for Medium-Range Weather Forecasts
(ECMWF) atmospheric reanalysis (ERAS; Hersbach et al.
2020). The ERAS data were produced using 4D-Var data as-
similation and cover Earth on a 30-km grid, with 137 hybrid
sigma/pressure levels from the surface up to a height of 80 km.
Here, we use the interpolated version of ERAS data that has a
1.0° X 1.0° horizontal resolution, with 37 pressure levels and one
surface level (https:/climate.copernicus.eu/climate-reanalysis).
All datasets are available from January 1982 to September 2020.
The monthly anomalies are calculated by subtracting the annual
cycle and removing the linear trend. The confidence level of
correlation and regression analysis is evaluated by two-tailed
Student’s ¢ test. The Nifio-3.4 SST index is defined as the SST
anomalies averaged in the Nifio-3.4 region (i.e., 5°S-5°N, 170°-
120°W). The southwest TIO SST index is defined as the SST
anomalies averaged in the southwest TIO (i.e., 12.5°-2.5°S, 50°-
80°E). The Indian Ocean dipole mode index (DMI; Saji et al.
1999) is defined as the SST anomalies difference between the
western (10°S-10°N, 50°~70°E) and eastern (0°-10°S, 90°-110°E)
parts of the Indian Ocean.

b. Model experiments

The CESM, version 1, released by the National Center for
Atmospheric Research (NCAR) is used in this study. Using
the “B2000” component setting, the CESM is a fully coupled
global climate model, with interacting components of the
atmosphere (CAM4), ocean (POP2), land (CLM4), and sea
ice (CICE4), equivalent to using the Community Climate
System Model, version 4 (CCSM4, Gent et al. 2011). The
values of solar forcing, carbon dioxide, aerosol, and ozone
concentration are fixed at their levels of the year 2000. In the

coupled run, the atmosphere model was run at a 1.9° X 2.5°
horizontal resolution and 26 vertical levels, the ocean model
was run at an approximate 1° horizontal resolution on dis-
placed dipole coordinates and 60 levels.

We implemented a control run (referred to as the CTRL run)
with 300-yr integration. The model reached a quasi-equilibrium
after 250-yr spinup, and we choose the last 50-yr output for
analysis. To isolate the impacts of southwest TIO warming, a
sensitivity experiment is conducted, branching from the CTRL
run on 1 January of simulated year 251. The sensitivity experi-
ment is 50 years long, where we prescribed the SST in the
southwest TIO. The model is fully coupled in the rest of the
globe. We called this sensitivity experiment the southwest TIO
pacemaker experiment (SWTIO-P run). The prescribed SST
forcing in the southwest TIO is constructed by adding an ide-
alized SST anomaly pattern to the climatological SST derived
from the last 50-yr CTRL run output. Following Chen et al.
(2019), the SST anomaly pattern is time-invariant from February
to September, with its maximum intensity reaching 0.8°C at
6.5°S, 65°E. The area average SST anomaly in the southwest TIO
(2.5°-12.5°S, 50°-80°E) is about 0.4°C (Fig. 1). A two-tailed
Student’s ¢ test is used to evaluate the confidence level of the
differences between sensitivity run and CTRL run.

3. Numerical model results
a. Model performance

We compared the climatology of simulated rainfall, zonal
wind at 925 hPa, and SST in the CESM control run with ob-
servations. Figure 3 illustrates the Taylor diagram (Taylor
2001) displaying a statistical comparison of CESM control run
with observations in 17.5°S—40°N, 40°E-80°W. For SST, the

Brought to you by UNIVERSITY OF CALIFORNIA San Diego - SIO LIBRARY 0219 SERIALS | Authenticated pczhang@ucsd.edu | Downloaded 06/30/22 02:09 AM UTC


https://psl.noaa.gov/data/gridded/data.gpcp.html
https://climate.copernicus.eu/climate-reanalysis

9682

0.0
0.1

Precip

1.50

1.256

1.00

0.75

0.50

Standardized Deviations (Normalized)

0.25

0.00
025 050 075 REF 125 150
FIG. 3. Taylor diagram displaying a statistical comparison of the
CESM control run with observations. Here, we selected three
variables (i.e., rainfall, zonal wind at 925 hPa, and SST), and
compared the simulated spatial pattern of their climatology for
every month with observations.

spatial correlation between the simulation and observations is
high (0.95 or above). The simulated low-level zonal wind (i.e.,
zonal wind at 925 hPa) also resemble the observations, with a
spatial correlation of around 0.9. For rainfall, the spatial cor-
relation varies from around 0.5 in May to 0.85 in January. In
comparison with observations, the CESM simulation under-
estimates the spatial variation of SST but overestimates those
of rainfall and low-level zonal wind. Overall, the CESM control
run can reasonably capture the major spatial features of cli-
matology for every month.
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Figure 4 shows the simulated mean SST, low-level wind, and
rainfall in June. The CESM control run can reasonably capture
the main observational spatial features of the June climate. The
ITCZ over the tropical Indian Ocean and Pacific, the monsoon
circulation with westerly winds blowing in the north Indian
Ocean and the South China Sea (SCS), and the Indo-Pacific
warm pool resemble the observations (Fig. 4). There are some
deficiencies in the CESM control run. For example, the intensity
of the mei-yu/baiu/changma rainband is weaker than observa-
tions, and the rainfall intensity over the ITCZ region is stronger
than observations. The spatial correlation between the simulated
rainfall and GPCP precipitation in June is 0.65 (Fig. 3). Note that
the wind response in the CESM seems to be more reliable when
compared with the rainfall response (Figs. 3 and 4).

Figures 5a and 5b compare the seasonal evolution of surface
wind (i.e., 10-m wind) averaged over 10°-20°N for observations
and the CESM CTRL run. In observations, the monsoonal
southwesterly winds are well established in the north Indian
Ocean around May and gradually extend eastward into the
SCS and WNP (Fig. 5a). The CESM CTRL run well simulates
the seasonal migration of the summer monsoon and the sea-
sonal transition of easterly wind into the westerly wind over the
WNP (Fig. 5b). We also compared the composite result of six
strong southwest TIO warming events during early boreal
summer in the CESM CTRL run and observations. The CTRL
run is capable of simulating the key processes related to the
southwest TIO SST warming in the observations, such as the
“C-shaped” wind response in the TIO and anticyclonic wind
response in the WNP (figures not shown).

b. Trans-basin influence of the southwest TIO warming

The impacts of the southwest TIO warming can be evaluated
by analyzing the differences between the SWTIO-P and CTRL
runs. Figure 6 shows the simulated rainfall and low-level wind
differences between SWTIO-P run and CTRL run. In response
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FIG. 4. The climatology of (a),(b) rainfall, horizontal wind at 925 hPa, and (c),(d) SST during June in the (top) observations and
(bottom) CESM CTRL run. The climatologies in the observations and CESM CTRL run are computed during the periods of 1982-2019
and 251-300, respectively.
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FI1G. 5. Seasonal evolution of surface wind averaged over 10°-
20°N (a) For the observations, (b) for the CESM CTRL run, and
(c) for the differences between the SWTIO-P run and CTRL run.
Red and blue arrows in (c) indicate that the corresponding mean
wind speed in SWTIO-P run is greater than and less than those in
CTRL run, respectively. The shading in (a) and (b) is the zonal
wind speed, and the shading in (c) is SST.

to the southwest TIO warming, atmospheric circulation changes
obviously over the TIO. The southwest TIO warming enhances
in situ convection and induces northerly wind response across
the equator (Fig. 6a). A C-shaped wind response pattern over
TIO gradually forms in springtime mainly due to the Coriolis
effect (Fig. 6b). From May to July, the C-shaped wind response
pattern is antisymmetric along the equator with northeasterly
wind response in the north and northwesterly wind response in
the south (Figs. 6¢,d).
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Over the TIO, the CESM-simulated wind response to
southwest TIO warming is quite similar to the CAM4 results,
even though the intensity of the C-shaped wind response over
the TIO is slightly weaker (Figs. 1 and 6). Over the WNP, the
AGCM response to the southwest TIO warming is weak
without an obvious anomalous anticyclonic circulation (AAC)
(Fig. 1). However, in the SWTIO-P run, the southwest TIO
warming induces a strong AAC over the WNP (Fig. 6).

How does the southwest TIO warming drive the winds over
the WNP? Since the southwest TIO warming induces a
northeasterly or easterly response in the north TIO, this wind
response weakens the wind speed when the southwesterly
monsoon prevails in the north TIO (Fig. 5), and thus the north
TIO losses less heat and warms up (Figs. 7 and 8). Besides, it
looks like the easterly wind response can expand into the WNP
(Fig. 7). In early summer, as the easterly winds prevail over the
WNP (Fig. 5b), and so the easterly wind response induced by
the southwest TIO warming enhances the wind speed over the
WNP (Figs. 5c and 8) and cools the ocean via WES feedback
(Figs. 7 and 8). The easterly wind response over the WNP may
be induced by the atmospheric Kelvin wave response to the
southwest TIO SST warming. Figure 9 shows the differences in
streamfunction and wind at 850 hPa between SWTIO-P run
and CTRL run. To the east of the southwest TIO warming, the
wind response features easterlies spanning from the central
Indian Ocean to the Maritime Continent, with positive and
negative streamfunction response north and south of the
equator, respectively (Fig. 9a). Then, this pair of stream-
function responses slightly move eastward, indicative of the
atmospheric Kelvin response to the southwest TIO warming
(Fig. 9b). After that, anticyclonic wind anomalies form and
persist in the SCS and WNP (Figs. 9b—d). Figure 10 shows the
tropospheric thickness (TT) response to the southwest TIO
warming; TT is defined as the geopotential height difference
between 200 and 850 hPa. In April, a positive TT response
appears in the TIO, featuring a Matsuno—Gill-type response
(Matsuno 1966; Gill 1980). The Kelvin—Rossby wave re-
sponse in the TIO is nearly symmetric along the equator. At
that time, a weak low-level northerly wind response appears in
the western part of TIO, and the C-shaped wind response is
not quite obvious but starts to form. A wedge-like TT response
in the east Indian Ocean indicates atmospheric Kelvin wave
response to southwest TIO warming (Fig. 10a). In May, the
wedge-like TT response extends eastward along with a low-
level easterly wind response in the Maritime Continent. At
that time, the anticyclonic wind response develops in the
WNP. Then, in June, the anticyclonic wind response is well-
developed (Figs. 10c,d). Besides, a negative TT response appears
over the WNP, indicating atmospheric Rossby wave response
to the SST cooling in situ. So, on one hand, the TIO warming
excites atmospheric Kelvin waves propagating into the WNP
(Figs. 9 and 10). The convection east of the Philippines is
suppressed owing to the Kelvin wave—induced Ekman diver-
gence mechanism (Xie et al. 2009), in favor of the development
or maintenance of AAC there. On the other hand, the WNP
cooling suppresses the in situ deep convection and induces an
anticyclonic circulation to its west via atmospheric Rossby
wave response (Figs. 7 and 10).
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FIG. 6. The simulated rainfall (mm day
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CTRL run. Wind differences with magnitude greater than 0.3ms™!

; vectors) differences between SWTIO-P run and the
are plotted. The black vectors denote that the wind response is

significant at the 90% confidence level according to the Student’s ¢ test.

As the easterly wind response induces negative SST
anomalies under the trade wind regime but induces positive
SST anomalies in the westerly monsoon regime, due to WES
feedback (Figs. 5c, 7, and 8), the seasonal variation in the
background wind over the WNP changes the type of feed-
back (Chou et al. 2009). Our numerical results show that the
southwest TIO warming induces upward and downward

The Differences between

motion responses in the southwest TIO and north Indian
Ocean, respectively. There is a meridional circulation re-
sponse across the Indian Ocean, linking the north Indian
Ocean warming to the southwest TIO forcing (figures not
shown). The southwest TIO warming induces a C-shaped
wind response with easterly wind response in the north Indian
Ocean. In May, under the background of the Asian summer
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(a) Apr, TS & 925hPa Wlnd
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FIG. 7. As in Fig. 6, but for the results of simulated surface temperature (°C; shading) and low-level wind [m s

~1; vectors (identical to

those in Fig. 6)]. The stippling denotes that the surface temperature response is significant at the 90% confidence level according to the

Student’s ¢ test.
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FIG. 8. As in Fig. 6, but for the results of simulated surface latent heat flux (W m~2; shading) and surface wind (m s~ 1 vectors). Red
and blue arrows indicate where the wind speeds in SWTIO-P run are greater than and less than those in the CTRL run, respectively.
The stippling denotes that the latent heat flux response is significant at the 90% confidence level according to the Student’s ¢ test.

monsoon, the easterly response in the north Indian Ocean in-
duces positive WES feedback and warms the north Indian
Ocean. In short, the southwest TIO could play a role in forcing
the north Indian Ocean due to WES feedback. Besides, the
southwest TIO warming induces atmospheric Kelvin wave
response near the Maritime Continent, triggering the anticy-
clonic wind response over the WNP (Figs. 9 and 10). In June,

The Differences between
(a) Apr, 850hPa SF & Wind
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15S
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(b) May, 850hPa SF & Wind
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the anticyclonic wind response is well established with a sig-
nificant easterly response in its southern part. At that time, the
subtropical WNP is still controlled by trade winds (Fig. 5c).
Thus, the easterly wind response induces positive WES
feedback and cools the local SST, which in turn maintains
the anticyclonic wind response. (Figs. 7c and 8c). The WNP
SST cooling and TIO warming mutually contribute to the

SWTIO-P run and CTRL run
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FIG. 9. The simulated streamfunction (m*s~!; shading) and wind (m s™!; vectors) differences at 850 hPa between the SWTIO-P run
and the CTRL run. The stippling denotes that the streamfunction response is significant at the 90% confidence level according to the

Student’s ¢ test.
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FIG. 10. Asin Fig. 9, but for the results of simulated tropospheric thickness and low-level wind. The stippling denotes that the tropospheric
thickness response is significant at the 90% confidence level according to the Student’s ¢ test.

development of ACC over the WNP (Wu et al. 2014). When
the climatological winds over the WNP change from easterly
to westerly (Fig. 5b), the positive WES feedback over the
WNP turns negative, and thus the cold SST anomalies east
of the Philippines decay (Figs. 7d and 8d).

The north TIO SST warming, WNP SST cooling, and AAC
constitute an interbasin coupled mode called the Indo-western
Pacific Ocean capacitor (IPOC; Xie et al. 2016). The prevailing
monsoon westerlies are a necessary condition for the Indo-
western Pacific interbasin coupling (Kosaka et al. 2013). In
spring, an AAC and WNP SST cooling are coupled in the
presence of trade winds. In summer, the AAC and north Indian
Ocean warming are coupled in the Asian monsoon season as
the easterly wind anomalies in the southern flank of AAC
extend westward to the north Indian Ocean. IPOC is a concept
combining the western North Pacific air-sea interaction (Wang
et al. 2000) and the Indian Ocean capacitor effect (Xie et al.
2009). IPOC does not require ENSO forcing, but ENSO can
induce initial perturbations to excite this mode, such as in-
ducing Indian Ocean warming and WNP cooling (Kosaka et al.
2013). In our SWTIO-P experiment, we find that the southwest
TIO warming can induce easterly wind response. This easterly
response is well established around June, prevailing over the
north Indian Ocean, SCS, and WNP. To some extent, it induces
north TIO warming and WNP cooling. Thus, the southwest
TIO warming could be a trigger to IPOC mode.

4. The role of southwest TIO warming in 2020

In June 2020, the WNP subtropical high was abnormally
strong and stable, the atmospheric circulation over the WNP
featured an AAC (Fig. 11). Southern China, especially the
Yangtze River Valley, received more rainfall (Fig. 11). The
excessive rainfall caused flooding in the Yangtze River Valley.

One intriguing feature is that there is no strong AAC over the
WNP during the boreal winter of 2019 (Fig. 12b). The AAC
appeared near the Philippine Sea during the boreal spring of
2020 (Fig. 12c) and reached its maximum intensity in the fol-
lowing summer (Fig. 12d). In the northwestern flank of the
AAC, the southwesterly wind anomalies brought more mois-
ture from the South China Sea and the north Indian Ocean into
southern China, thus southern China received excessive rain-
fall (Fig. 12d).

El Nifio can affect the East Asian climate (e.g., Huang and
Sun 1992; Zhang et al. 1996; Chen 2002; Chen et al. 2017). Note
that only a weak El Nifio occurred in the tropical central Pacific
during the previous winter. If we use Nifio-3.4 index to quantify
this El Nifio event, its magnitude is about 0.4°C (Fig. 12b). And
this weak El Nifio appears like a central Pacific El Nifio with its
maximum positive SST anomalies located near the interna-
tional date line (Fig. 12b). Previous studies have documented
that the influence of central Pacific El Nifio on southern
China’s rainfall seems weak in its decaying summer. In addi-
tion, the anticyclonic circulation in the WNP appears weak in
CP El Nino decaying phase (e.g., Yuan and Yang 2012; Yuan
et al. 2012). So, the strong summertime AAC in the year 2020 is
quite a confusing phenomenon.

Some factors may explain why the AAC was abnormally
strong in 2020, such as TIO warming (Takaya et al. 2020; Zhou
et al. 2021), Atlantic warming (Zheng and Wang 2021), and
high latitude wave train activity (Ding et al. 2021). Here, we
highlight the trans-basin impact of the southwest TIO SST
warming. The southwest TIO warming could remotely influ-
ence the Indo-Pacific atmospheric circulation and rainfall, as
indicated by the regression results on the southwest TIO SST
index (Fig. 2). Southwest TIO SST warming is significantly
associated with a north TIO SST warming, WNP SST cooling,
C-shaped wind anomalies pattern in the TIO and AAC over
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the WNP (Fig. 2). Such observational results are also con-
firmed by the CESM SWTIO-P run (Fig. 7). Considering the
close relationship between the southwest TIO SST index and
Nifio-3.4 index in early boreal summer (Fig. 2a), the regressed
results associated with the southwest TIO SST warming may be
blurred by the simultaneous impacts of ENSO, and we may
overstate the impacts of the southwest TIO warming. To re-
move the simultaneous impacts of ENSO, we also computed
the partial regression onto the southwest TIO SST index after
excluding the regressed field onto the Nifo-3.4 index in May-
June-July (Figs. 2¢,d). The regressed signals associated with
the southwest TIO warming largely disappear in the central to
eastern Pacific, whereas the signals are still clear in the TIO and
WNP. This suggests that the southwest TIO SST warming itself
could have a significant influence on the WNP region, mainly
through affecting the intensity of the AAC over the WNP
(Figs. 2¢,d). Note that in June 2020, the southwest TIO SST
warming is abnormally strong (Fig. 11), and the atmospheric
anomaly pattern over TIO and WNP resembles the SWTIO-P
simulation (Figs. 6, 7, and 11). The resemblance also gives us
confidence that the southwest TIO warming can remotely af-
fect the climate over East Asia and WNP.

Studies showed that an extreme IOD event occurred during
boreal autumn of 2019, the SST cooling in its eastern pole
suppressed deep convection off Sumatra and Java, the Walker
circulation slowed down, and anomalously strong easterly
winds appeared over the equatorial Indian Ocean (e.g., Wang
et al. 2020; Du et al. 2020). In the 2019 extreme IOD event, the
easterlies were particularly strong along the equator, and an

11. SST(°C), rainfall (mm day '), and surface and low-level wind (m s ') anomalies from May to July in 2020. Wind speeds greater

than 0.5ms ™! are plotted.

anticyclonic surface wind anomaly pattern appeared in the
south Indian Ocean (Fig. 10a). Such wind stress curl anomalies
could induce Ekman pumping and force westward propagating
oceanic Rossby waves (e.g., Huang and Kinter 2002; Xie et al.
2002; Zhou et al. 2021). This may partly explain the SST
warming in the southwest TIO. It still needs more studies to
quantify why there is a strong southwest TIO SST warming in
early boreal summer, a topic beyond the scope of present work.

5. Summary and discussion

In this study, we have revisited the role of southwest TIO
SST warming in modulating the Indo-Pacific climate by using
coupled model simulations. The model results show that the
southwest TIO SST warming exerts a trans-basin influence on
the Indo-Pacific region. In response to the southwest TIO SST
warming, the local convection intensifies with an enhanced
upward motion. This induces anomalous downward motion in
the north TIO and low-level northerly wind response across the
equator. The Coriolis force off the equator acts on this north-
erly wind response, resulting in a C-shaped wind response
pattern with northeasterly and northwesterly wind response
over the north and south TIO, respectively.

After the Asian summer monsoon onset, the southwesterly
winds are established in the background over the North TIO
in May, marching eastward into the WNP around July. The
easterly wind response over the North TIO weakens the mon-
soonal winds, reduces the latent heat flux loss from the ocean,
and thus warms the north TIO. In early boreal summer, the
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FIG. 12. SST and surface wind anomalies from boreal autumn in
2019 to summer in 2020. Wind speeds greater than 0.5ms ! are
plotted.

easterly wind response extends into the SCS and WNP. In
June, the trade winds still prevail in the WNP, and so the
easterly wind response in the WNP enhances local wind speed
and latent heat flux loss from the ocean, and thus contributes to
the SST cooling in the WNP.

In early boreal summer, both the SST warming in the TIO
and SST cooling in the WNP contribute to an AAC over the
east of the Philippine Sea. The TIO SST warming forces at-
mospheric Kelvin waves penetrating to the western Pacific,
and thus induces or maintains the AAC in the WNP through
the Ekman divergence mechanism (Xie et al. 2009). Besides,
the WNP SST cooling suppresses the deep convection locally
and is in favor of the development of the AAC through at-
mospheric Rossby wave response. The North TIO SST
warming, WNP SST cooling, and AAC constituted an inter-
basin coupled mode known as [POC. The observational re-
gression results onto the southwest TIO SST index imply, and
the CESM simulations confirm, that the southwest TIO
warming could trigger the IPOC. In this paper, we focus on
the trans-basin influence of the southwest TIO SST warming.
In the SWTIO-P experiment, an idealized SST forcing is
prescribed in the southwest TIO. This SST forcing can result
from either IOD or El Nifno, or both, or other external
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forcings. We also compared the composite results of four
strong El Nifio and four IOD events associated with following
southwest TIO SST warming (figures not shown). Overall,
they show a similar pattern, although there are some slight
differences. There is no dramatic difference in the trans-basin
influence of the southwest TIO warming whether it is forced
by antecedent El Niflo or not.

The southwest TIO warming during boreal summer is closely
related to the El Nifio in the previous winter. The correlation
between the November(—1)-December(—1)-January(0) Nifio-
3.4 index and the May(0)-June(0)-July(0) southwest TIO SST
index is high, reaching 0.71 (Fig. 13a). During 1982-2010, six
strong El Nifo events (i.e., 1982/83,1991/92, 1997/98, 2002/2003,
2009/10, and 2015/16) are followed by the southwest TIO SST
warming in the subsequent early summer. Of six years (i.e.,
1983, 1987, 1991, 1998, 2015, and 2020) with strong or extreme
southwest TIO SST warming during early boreal summer, four
(1983, 1987, 1998, and 2015) are preceded by El Nifio and two
(1991 and 2020) are preceded by weak El Nifio or neutral con-
ditions (Fig. 13a). Thus, the southwest TIO warming is often re-
lated to El Nifio events, but the strong southwest SST warming of
early 2020 was a notable exception. The southwest TIO warming
could be induced by the internal variability in the TIO. Especially,
an extreme Indian Ocean dipole took place in boreal autumn of
2019. The SST cooling in the eastern Indian Ocean suppressed
deep convection and slowed down the Walker circulation. The
anticyclonic wind stress anomalies in the central to the eastern
part of south TIO forced downwelling oceanic Rossby waves,
which propagated slowly westward, deepened the thermocline,
and contributed to the SST warming in the southwest TIO (e.g.,
Huang and Kinter 2002; Xie et al. 2002; Zhou et al. 2021). We
note that four strong IOD events (i.e., 1994, 1997, 2006, and
2019) are all followed by the southwest TIO SST warming in
the subsequent early summer (Fig. 13b). The correlation coeffi-
cient between the September(—1)-October(—1)-November(—1)
DMI and the May(0)-June(0)-July(0) southwest TIO SST
index is significant (around 0.45; Fig. 13b), supporting that the
Indian Ocean dipole could modulate the SST variability in the
southwest TIO.

In early boreal summer 2020, southern China suffered
severe rainfall and flooding. A strong AAC over the WNP
intensified the moisture transport from the tropical oceans
into southern China. Unlike the El Nifio—-induced AAC, the
summer AAC did not evolve from an AAC in wintertime.
In 2020, the AAC first appeared in boreal spring and was
well established in boreal summer. This AAC was associ-
ated with a TIO SST warming and WNP SST cooling from
boreal spring to summer in 2020. In particular, the south-
west TIO warming was strong. The observational wind and
SST anomalies in early boreal summer 2020 resemble the
response to southwest TIO warming in our CESM experi-
ments. The similarity between the observations and nu-
merical model results gives us the confidence in that the
southwest TIO SST warming could have a remote influence
on East Asia and the WNP climate via interbasin air-sea
interaction. Our results suggest that the strong southwest
TIO SST warming caused the strong AAC in the WNP
during the boreal summer of 2020.
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warming in the early boreal summer.

This study shows that the southwest TIO SST warming
could remotely modulate the atmospheric circulation over
the western North Pacific. But we do not rule out the role of
other regions in the TIO in modulating the atmospheric cir-
culation over the western North Pacific. Indeed, we also find
that the summer SST variability off the Sumatra is related to
the change of atmospheric circulation over the WNP (Chen
et al. 2018, 2019). So, it is hard to simply conclude that the
southwest TIO is more effective to remotely modulate the
atmospheric circulation over the WNP than any other region
in the TIO. We think it depends on the specific case.

We also conducted a series of LBM experiments to show
that southwest TIO heating can induce atmospheric Kelvin
wave response in the Indo-Pacific region. The LBM model was
run at a horizontal resolution using a T42 spectral truncation,
roughly equivalent to 2.8 latitude X 2.8 longitude, with 20
vertical levels using a sigma coordinate system (Watanabe and
Kimoto 2000). We use a time integration method to obtain the
steady response, and the model integration is continued up to
30 days. The results of the 5-day average from day 20 to day
25 are shown as the steady response to prescribed diabatic
heating. To explore the role of diabatic heating over the
southwest TIO, an elliptic heat source (centered at 6.5°S,
65°E) was prescribed over the southwest TIO during the in-
tegration. The maximum heating rate is about 1.7 K day ! at
370 hPa, and it is approximately equivalent to heating asso-
ciated with a rainfall of 2.5mm day !, which is consistent
with the rainfall response in the SWTIO-P run. We also
change the mean state used in the LBM model. However,
the modeling results seem very similar. The TT response
features a Kelvin wave response pattern. In the lower

troposphere, easterly wind response appears over the north
Indian Ocean and western Pacific. Even though the anticy-
clonic wind response over the western North Pacific is weak in
comparison with the observations or SWTIO-P run (figures not
shown), this study suggests that it can initiate the IPOC.
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