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ABSTRACT

The thermal effect of the Tibetan Plateau (TP) is known to exert substantial impacts on the atmospheric

general circulation, suggesting that itmay also influence the wind-driven circulation in the ocean through air–sea

interactions. Here, several coupled general circulationmodel experiments are performed in order to investigate

the short-term response of the Indian Ocean to the TP surface heat source in late spring (May). The results

indicate that positive TP heating anomalies can induce significant atmospheric circulation responses over the

northern IndianOcean, characterized by easterly anomalies in the upper troposphere due to the enhanced South

Asian high and lower-level southwesterly anomalies from the heat pumping effect. As a result, the surface wind

speed over the northern IndianOcean is reinforced, leading to intensified oceanic evaporation and subsequently

cooler potential temperatures in the mixed layer. Wind-driven currents in the mixed layer are also affected. In

the Bay of Bengal, Ekman transport facilitates water volume movement from west to east. In the Arabian Sea,

water movement is weaker and the southward component is relatively more important. Both these areas show

local meridional circulations with offshore upwelling in the northwest. Moreover, the cross-equatorial current is

also enhanced in the eastern part of the tropical Indian Ocean. Overall, the upper layer in the northern Indian

Ocean is efficiently modulated by the TP thermal forcing within one month.

1. Introduction

The tropical Indian Ocean forms the major part of the

largest warm pool on Earth, and it differs considerably

from other oceans. The Indian Ocean is closed to the

north by the Asian continent, preventing large meridi-

onal heat transfer to higher latitudes in the Northern

Hemisphere, and the relatively stable anti–Walker cir-

culation means that the Indian Ocean lacks steady

equatorial easterlies (Schott and McCreary 2001).

Moreover, the tropical Indian Ocean is a nonnegligible

member of the Asian summer monsoon (ASM) system,

which is the strongest monsoon system on Earth. On the

one hand, the tropical Indian Ocean plays a key role in
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modulating the South Asian summer monsoon (Wang

2006; Yang et al. 2007; Lutsko et al. 2019) and East

Asian summer monsoon (Li et al. 2008; Xie et al. 2009;

Liu and Duan 2017), the two subsystems of the ASM.

On the other hand, the dominant currents of the Indian

Ocean—for example, the Somali Current and the

Southwest/Northeast Monsoon Current—are largely

controlled by the monsoon system and exhibit annual

reversals (Schott et al. 2009).

The relationship of the Indian Ocean’s interannual

variability with the El Niño–Southern Oscillation

(ENSO) cycle and with the ASM has received much

attention. For example, the Indian Ocean is known to

prolong the influence of El Niño into boreal spring and

summer via the capacitor effect and is an important

pathway for ENSO to influence the ASM (Klein et al.

1999; Yang et al. 2007; Li et al. 2008; Du et al. 2009).

Tropical Indian Ocean warming acts as a capacitor,

anchoring atmospheric anomalies over the Indo–

western Pacific Ocean, and its related adiabatic adjust-

ment emanates Kelvin waves into the Pacific Ocean. In

addition, northern Indian Ocean warming is crucial for

maintaining the Kelvin waves and anomalous northwest

Pacific anticyclone in post–El Niño summers (Xie et al.

2009, 2016). Furthermore, since the IndianOcean dipole

phenomenon was proposed (Saji et al. 1999; Webster

et al. 1999; Chang and Li 2000), the role of Indian Ocean

warming is no longer considered to be a passive response

to El Niño, but instead an important self-sustaining

mechanism that involves ocean processes (Li et al. 2003).

Although existing theories cannot explain all historic In-

dian Ocean dipole events (Gualdi et al. 2003; Yamagata

et al. 2004), most tend to consider the strength of the

monsoon circulation and the ocean processes as being

important factors (Saji et al. 1999; Xie et al. 2002; Li et al.

2003). From this point of view, the interaction between

ocean processes in the Indian Ocean and the leading

modes of variability of the atmosphere over the Indian

Ocean basin deserves further study.

The Indian Ocean is closely related to the ASM (Li

et al. 2008); however, as the most complex monsoon sys-

tem in the world, the ASM system is not yet sufficiently

understood (Wang 2006; IPCC 2014). Many existing

studies on the details of the mechanisms involved are

based on linear statistical analysis and process descrip-

tions. The implicated internal processes are diverse and

need to be explored. The lack of knowledge about the

ASM makes it hard to diagnose and tune numerical

models to obtain better simulation performance for ASM

regions. In fact, some state-of-the-art GCMs show a large

bias for circulation and precipitation over ASM areas

(Sperber et al. 2013). Furthermore, the interannual pre-

dictability of the ASM is still low (Wang et al. 2009). A

better understanding of the subprocesseswithin the Indian

Ocean, such as air–sea interactions, is needed to guide the

improvement of simulation results (Lau and Nath 1996;

Alexander et al. 2002; Duan et al. 2008; He et al. 2019).

In addition to air–sea interactions, another factor in the

ASM system that needs to be considered is the thermal

forcing of the Tibetan Plateau (TP). Although many

previous studies have focusedon themechanical effects of

the TP (Bolin 1950; Hoskins and Karoly 1981; Wu 1984;

Rodwell and Hoskins 2001; Boos and Kuang 2010, 2013),

Wu et al. (Wu et al. 2007, 2015; G.Wu et al. 2012) suggest

that the lifting heating effect of theTP is also an important

factor affecting the Asian climate, especially when it acts

as a ‘‘sensible heat pump’’ during spring and summer (Wu

et al. 1997). Here, we focus on thermal effects not only

because of their greater role in altering the TP’s sur-

rounding atmospheric circulations, but also for their

showing significant impact on theASMwith considerable

interannual variability (Ye and Gao 1979; Yanai and Li

1994; Zhao and Chen 2001; Duan and Wu 2005; Wang

et al. 2016; Wu et al. 2016), possibly even from the per-

spective of modulating the effect of ENSO on the ASM

via teleconnection (Z. Wu et al. 2012; Jin et al. 2018).

The early use of general circulation models to study the

impact of Asian topography can be traced back to Hahn

andManabe (1975). By eliminating all land elevations in an

atmospheric general circulation model (AGCM), they

found that the TP is associated with middle- and upper-

atmosphere heating, and that both the South Asian

monsoon and Hadley cell are influenced significantly in

summer. Yasunari et al. (2006), Tang et al. (2013), and

Chen and Bordoni (2014) also explored the role the TP

plays in the ASM, by removing related topography in the

AGCM.Performing globalmountain uplifting experiments

with coupled general circulation models (CGCMs), several

studies (Abe et al. 2003, 2005; Kitoh 2004, 2007; Okajima

and Xie 2007; Kitoh et al. 2010) have shown that global

topography is important in forming the mean climate state

of the ASM and SST over the Indian Ocean and Pacific

Ocean. Focusing more on the impacts of the TP, Abe et al.

(2013) found that the surrounding air–sea interactions and

SST in adjacent oceans can be influenced by removing the

TP in a CGCM. Fallah et al. (2016) also showed that re-

moving the TP from another CGCM resulted in changes to

the Atlantic meridional overturning circulation and North

Atlantic SST when they are in a balanced state. Recently,

Baldwin et al. (2019) found that SSTs in the western North

Pacific and upwelling in the Arabian Sea (AS) are influ-

enced by removing Asian topography. These results in-

dicate that, to a certain degree, the TP can alter the state of

oceans through air–sea interactions, asmost ocean currents

are so-called wind-driven circulations. Ye et al. (1979)

pointed out that the TP heat source is closely related to the
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local Hadley circulation over the Indian Ocean, and even

remote teleconnections in the Southern Hemisphere.

However, the underlying mechanism is still not clear. Al-

though, commonly, ocean signals influence the atmosphere

in the tropics rather than vice versa (Cayan 1992), the

theory that ENSO signals are stored in the Indian Ocean

basin mode through an atmospheric bridge (Yang et al.

2007) in spring implies the possibility of the Indian Ocean

being affected by the atmosphere.HuandDuan (2015) also

pointed out that Indian Ocean sea surface temperature

(SST) and TP thermal heating are closely related to each

other in summer and are both important to the interannual

variability of the East ASM. In general, both the Indian

Ocean and TP play important roles in shaping the climate

on both regional and global scales, and the Indian Ocean

can be viewed as key for understanding the ASM during

spring and summer. However, only a few studies have at-

tempted to explore the ocean’s response to the TP thermal

effect. Wang et al. (2019) performed several experiments

with a regional model and found that TP heating signifi-

cantly enhances the southwesterly monsoon circulation

over the northern Indian Ocean, and further cools the sea

surface in summer. A clear comparison of these related

studies is provided in Table 1.

Our recent study (Zhao et al. 2018) indicated that the

TP thermal forcing and tropical Indian Ocean SST

anomalies start to act as correlated processes in May.

Here, we attempt to explore the short-term response

(within one month) of the Indian Ocean in terms of

mixed layer and upper-level currents to the TP thermal

TABLE 1. Related studies about large-scale topography and the Indian Ocean. (CCSRUT is Center for Climate SystemResearch at the

University of Tokyo; OMLM is ocean mixed layer model; expansions of other acronyms are available online at https://www.ametsoc.org/

PubsDataPolicy.)

Article Model name Model type Sensitivity experiment Season

Hahn and Manabe

(1975)

M-model AGCM Remove global topography JJA

Kitoh (1997) MRI AGCM coupled with mixed

layer ocean model

Remove global topography JJA

Abe et al. (2003) MRI-CGCM1 CGCM Change global topography to

0%–80% of original elevation

JJA

Kitoh (2004) MRI-CGCM2 CGCM Change global topography to

0%–140% of original elevation

June

Abe et al. (2005) MRI-CGCM1 CGCM Change global topography to

0%–80% of original elevation

All

seasons

Yasunari et al. (2006) CCSR/NIES/FRCGC AGCM Remove and change surface

conditions of Asia topography

JJA

Kitoh (2007) MRI-CGCM2 CGCM Change global topography to

0%–140% of original elevation

All

seasons

Okajima and Xie

(2007)

CCSRUT-MOM CGCM Remove global topography MAMJJ

Boos and Kuang (2010) CAM AGCM Remove main part of Tibetan Plateau

while retaining Himalayas

JJA

Kitoh et al. (2010) MRI-CGCM2 CGCM Change global topography to

0%–140% of original elevation

DJF JJA

G. Wu et al. (2012) FGOALS-s AGCM Change topography and surface

sensible heat over Tibetan Plateau

JJA

Abe et al. (2013) MRI-CGCM2 CGCM Remove Tibetan Plateau MAMJ

Boos and Kuang (2013) CESM AGCM Change topography and surface

sensible heat over Tibetan Plateau

JJA

Tang et al. (2013) COSMO-CLM Regional model Change different parts of Asian

topography

JJA

Chen and Bordoni

(2014)

GFDL AGCM Remove Tibetan Plateau JJA

Fallah et al. (2016) ECHAM5-MPIOM AGCM, CGCM Remove Tibetan Plateau JJAS

Wang et al. (2019) WRF-OMLM Regional model coupled with

mixed layer ocean model

Turn off surface sensible heat over

the Tibetan Plateau

JJA

He et al. (2019) FGOALS-s2 AGCM, CGCM Turn off surface sensible heat over

the Tibetan–Iranian Plateau

JJA

Baldwin et al. (2019) GFDL CGCM Remove Asian topography All

seasons
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forcing. However, the ASM is regarded as a complex

system that includes many nonlinear processes, so linear

statistical models (such as correlation analysis, linear

regression, and the Granger causality paradigm) can be

misleading. Only in a pure linear system or a ‘‘syn-

chrony’’ phenomenon can linear statistical diagnosis be

helpful (Sugihara et al. 2012). Therefore, we opted to

use numerical experiments to support our viewpoint,

providing statistical results only for reference.

Compared to previous work (listed in Table 1), this

study improves existing insights in four aspects. First, we

shedmore light on the changes in the upper ocean and the

related air–sea interactions, rather than SST. This can be

conveniently assessed by performing a series of numerical

experiments with a full land–air–sea coupled model.

Second, instead of reshaping the topography in themodel

when exploring the related issues mentioned above, we

choose to modify the surface heat source anomaly over

the TP only, as it is the dominant component of the total

atmospheric heat source in spring (Ye and Gao 1979;

Yanai et al. 1992). Although modifying the topography

in a model can help us understand the underlying mech-

anisms of large-scale topography, in practical climate

predictions the TP thermal forcing has considerable in-

terannual variability (Zhao and Chen 2001; Zhao et al.

2018), while the change in TP elevation is regarded as

fixed. Third, most previous results have attempted to

understand the ocean response in a balanced state; in

other words, their conclusions are valid only as a mixture

of many nonlinear processes with different time scales

from a climatological perspective. Here, we observe the

short-term ocean response to TP thermal forcing using a

branch-run technique in a CGCM, so that the changes in

two subsystems (the TP and Indian Ocean) in this com-

plex system are relatively independently separated.

Fourth, we choose to discuss the situation in May, a very

special month in the ASM. On the one hand, it is part of

the traditional boreal spring season, during which surface

sensible heat is considered to dominate the atmospheric

heat source over the TP. On the other hand, distinct

differences exist in the background circulation between

March/April and May. Furthermore, the TP surface heat

source and the Indian Ocean are closely related in May

(Zhao et al. 2018).

The rest of the paper is organized as follows. In section 2,

the data and numerical models used in this study are

introduced. The model validation and experimental

design are also described in this section. In section 3, we

analyze the response of the Indian Ocean and possible

mechanisms according to the model results. Finally, a

summary is presented, and the potential limitations of

the present work and avenues for future research are

discussed in section 4.

2. Methods

a. Data

The data used in this study are as follows.

1) Six-hourly meteorological observations at 73 stations

across the TP collected by the China Meteorological

Administration. Variables include surface air tem-

perature, ground surface temperature, and wind

speed at 10m above the surface. Quality control

procedures have been applied to eliminate erroneous

data and ensure homogeneity (Duan et al. 2011).

2) NCEP Global Ocean Data Assimilation System

(GODAS) data. These data provide a detailed pen-

tad proxy of sea currents and temperature states

(Behringer and Xue 2004). To diagnose the mixed

layer, potential temperature and current speed are

used with a resolution of 0.3338 3 1.08. More details

can be found at https://www.esrl.noaa.gov/psd/data/

gridded/data.godas.html.

3) Monthly SSTs from theHadley Center Global Sea Ice

and Sea Surface Temperature dataset, version 1.1

(Rayner et al. 2003), with a resolution of 1.08 3 1.08.
More details can be found at https://climatedataguide.

ucar.edu/climate-data/sst-data-hadisst-v11.

4) Wind speeds and radiation flux from the Japanese 55-

yr Reanalysis (JRA-55) project conducted by the

Japan Meteorological Agency (Ebita et al. 2011;

Kobayashi et al. 2015), with a resolution of 1.258 3
1.258. These data are employed to support the anal-

ysis of air–sea interactions and surface heat flux

exchange in the heat budget equation.

5) NCEP–DOE Reanalysis-2 data, as Zhong et al.

(2013) showed that the vertical distributions of heat

sources in the NCEP reanalysis datasets are reason-

ably similar to observations. The vertical diffusion

heating rate, with a T62 Gaussian grid resolution and

28 sigma levels, is used to evaluate the vertical dif-

fusion profile. More details can be found at https://

www.cpc.ncep.noaa.gov/products/wesley/reanalysis2/

index.html.

The period for all the above datasets used in this study

is 1980–2014, to cover the observation period and

available GODAS datasets.

Following Duan and Wu (2008), the sensible heat

(SH) is estimated using the bulk aerodynamic method:

SH5C
p
rC

DH
V

0
(T

s
2T

a
) , (1)

where Cp is the specific heat of dry air at constant

pressure; r is the air density, which decreases exponen-

tially with increasing elevation; CDH is the drag co-

efficient for heat;V0 is themean wind speedmeasured at
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10m above the ground; and Ts 2 Ta is the difference

between surface temperature and air temperature. Here

we assume Cp 5 1005 J kg21K21; r 5 0.8 kgm23 fol-

lowing Duan and Wu (2008). A drag coefficient of

CDH5 43 1023 is chosen for the central and eastern TP

(Li and Yanai 1996), and CDH 5 4.75 3 1023 for the

western TP (Wang et al. 2012). Since the surface con-

ditions in the central-eastern TP differ greatly from

those in the western TP (i.e., abundant vegetation in the

east, but more snow and desert in the west), different

values of CDH are estimated with in situ observations.

b. Model

The CGCM employed in this study is the Community

Earth SystemModel (CESM), version 1.2.0. This model

is widely used in climate variability studies and hasmade

significant contributions to regional and global assess-

ments of climate changes (see http://www.cesm.ucar.

edu/models/cesm1.2/ for more details). With the help

of a finite-volume dynamical core, the capability of

simulating the climate mean in the Community Atmo-

sphere Model, version 4.0 (CAM4), is greatly improved,

especially when it is used in a CGCM (Gent et al. 2011;

Neale et al. 2013; Kay et al. 2015). The ocean component

is based on the Parallel Ocean Program, version 2.1

(POP2), of the Los Alamos National Laboratory, and is

commonly used in CGCMs. In addition, the Commu-

nity Land Model, version 4.0, is the land model for

the CESM.

c. Model evaluations

As the performance of CAM4 has been well docu-

mented by Neale et al. (2013), we evaluate only the

air–sea interface and the ocean performance in our

experiment. The mean climate state inMay during 1980–

2014 for SSTs provided by the Hadley Center and the

mean climate state of the surface wind from JRA-55 are

adopted as observations in our evaluation. We find that

surface winds are well simulated both in direction and

magnitude in our control run. The southeasterly wind

over the southern Indian Ocean and the southwesterly

wind over the AS and the Bay of Bengal (BOB) are all

well simulated (Fig. 1b). Themodel produces a pattern of

warm pools similar to that in the Hadley SST dataset

(Fig. 1a).

The output of POP2 is also compared with its coun-

terpart in GODAS. As we focus on the simultaneous

response within one month in this study, the deep levels

in the ocean do not have enough time to respond sig-

nificantly, so we evaluate only the upper level. The po-

tential temperature and sea current averaged for the top

45m are shown in Figs. 1c and 1d. It can be seen that the

model results capture the southward current in the

subsurface layer in both theAS andBOB; the equatorial

eastward current appears broader in the simulation, and

Wyrtki jets (Wyrtki 1973) are also well simulated.

Hence, POP2 can reasonably reproduce the sea currents

and temperature patterns in the upper Indian Ocean.

d. Experimental design

As we focus on the short-term response of the ocean

to the TP thermal forcing in May, we perform an en-

semble of short-term integrations of the CGCM, rather

than running long simulations and comparing the

equilibrated states. Owing to the short memory of

the atmosphere, the experiment’s atmospheric signal

dampens within several months and does not last

through a year. This means that if we set a forcing in

spring for each year and integrate for 15 years, the at-

mospheric state will be random every winter, which

means that the continuous integration of the AGCM for

the remaining years can be considered as multiple re-

peated sampling, because the SST boundary conditions

remain climatological for each year and only a random

beginning condition is set by random signals from the

last year. Therefore, 15 years of integration can be re-

garded as 15 independently identical instances. How-

ever, for a CGCM, if we set an atmospheric forcing in

spring for a certain year, the response observed in the

following years or even decades is the direct response to

not only the original atmospheric forcing, but also the

sea temperature and ocean process anomalies caused by

the atmospheric forcing. The corresponding ocean re-

sponse can last until the second year, and thus can even

change the circulation for the following several years or

decades. This kind of nonlinear response accumulates

for years, which makes the following years not in-

dependently identical. So, the average of the 15 years

can only be viewed as one instance of the climate state.

In other words, this mean climate state includes many

nonlinear processes and some time-delayed effects from

the past several years, which prevents us from investi-

gating a more separable and independent mechanism

in a complex system. Therefore, in this study, we choose

to use the branch-run technique to avoid this situation,

by starting from each 1 May in the 15 years after the

CGCM spinup and integrating for only 30 days, with

each year as an ensemble member, to observe the short-

term response in each year; each set of individual sen-

sitivity experiments includes 15 ensemble members with

different initial states as a random sampling process.

To maintain the surface energy balance process, the

experiments in this study did not modify the surface

temperature or the sensible heat directly. Instead, the

vertical diffusion was changed to indirectly control the

surface heating over the TP, following Wu et al. (2007).
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FIG. 1. (a) Climatological mean of Hadley SST (shaded; 8C) and surface wind (vectors; m s21) in JRA-55 during

1980–2013 in May. (b) As in (a), but produced by the CESM control run. (c) The 0–45-m averaged potential

temperature (shaded; 8C) and sea currents (vectors; cm s21) from GODAS. (d) As in (c), but produced by the

CESM control run. (e) Vertical diffusion profile in the NCEP–DOE Reanaysis-2 dataset, averaged over the TP

areas with elevations greater than 1500m. Black represents the climate mean; red and blue denote its range from

the strongest and weakest years, respectively. (f) Vertical diffusion profile from CESM averaged over the TP areas

with elevations greater than 1500m. Black represents the control run; red, the TP_S ensembles; and blue, the TP_W

ensembles.
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In other words, we modified the process of land heating

the atmosphere by changing the parameter k in the k›u/›z

term, leaving ›u/›z to vary freely. This is basically rea-

sonable because the sensible heat in this model is

obtained by integrating the vertical diffusion in the at-

mospheric column. This method is the same as that used

in G. Wu et al. (2012) and He et al. (2015). The domain-

averaged observed vertical diffusion profiles over the TP

range approximately from 0.5 to 1.5 times the mean

climate state (Fig. 1e). The interannual variability esti-

mated by standard deviation reaches 23.9% of the mean

state. These results provide a reference when we use

numerical experiments for further investigations. The

details of the experimental design are as follows. Using

CAM4 coupledwith POP2 andCLM to integrate for 115

years, we take the first 100 years as the spinup and the

last 15 years as the control run and start the branch runs

from 1 May in these 15 years as 15 ensemble members

for each sensitivity experiment. Allowing free feedback

in air–land interactions, the vertical diffusion is ampli-

fied to 1.5 times its original value during each 30-day

branch run in the strong TP heating experiment (TP_S

cases; vertical diffusion is shown as the red curve in

Fig. 1f). Correspondingly, the vertical diffusion is re-

duced to 0.5 times its original values in the weak TP

heating experiment (TP_W cases; vertical diffusion is

shown as the blue curve in Fig. 1f). As the surface

thermal forcing is not forced to be 1.5 or 0.5 times the

fixed state, the related processes can change accord-

ingly with the corresponding feedback boundary layer

processes.

In summary, the model was run 15 times from 15

years, with each ensemble member differing in its initial

conditions in an experiment. Each year, the simulation

in different experiments was branched in May with the

same initial conditions, and month-long simulations

were run with strong and weak thermal diffusion. Ulti-

mately, there were three sets of ensembles, with normal,

strong, and weak TP thermal conditions, each with

15 months of May. We compare the ocean’s change in

the strong and weak cases in the following sections.

3. Results

a. Response of SST and related atmospheric
circulations

To investigate the ocean response to the TP thermal

effect, we need to first observe the changes at the air–sea

interface. SST is considered an important indicator of

thermal forcing for many weather and climate systems

(Cayan 1992; Hastenrath 2012). Considering that ocean

processes are much slower than atmospheric processes,

the upper layers in the northern Indian Ocean may take

approximately 15 days to respond (see section 3c for

details); therefore, we observe the SST difference during

the second half of May between TP_S and TP_W

(Fig. 2). In the northern Indian Ocean, SST is signifi-

cantly colder in the TP_S cases compared with in the

TP_W cases. This SST response is similar to the result

from a regional model in summer (Wang et al. 2019).

Observing the changes in the atmosphere will im-

prove our understanding of the cooling response in

the northern Indian Ocean. Difference fields of geo-

potential height and circulation show that a stronger TP

surface heat source enhances the anticyclonic circula-

tion or so-called South Asian high at 200hPa (Fig. 3a).

At 850 hPa, however, it is present as a cyclonic circula-

tion anomaly around the TP, with northerly wind to its

west and westerly wind to its south over the Indian

Ocean (Fig. 3b). In the transition from 200 to 850 hPa,

the circulation anomaly at 500 hPa behaves more like

the one at 200hPa (figure not shown here). All these

responses are basically consistent with the findings from

previous work (Wu et al. 2007; G. Wu et al. 2012) and

can be well explained by potential vorticity theory and

the atmospheric thermal adaptation paradigm (Hoskins

et al. 1985; Liu and Wu 2000; Liu et al. 2017).

The overall meridional circulation along the TP also

shows a monsoonal-type circulation response, with an

ascending branch located over the top of the TP and a

descending one over the tropical Indian Ocean (Fig. 3c).

This is easily explained, as the air mass continuity

equation shows that where there is an ascending branch

there must be a descending branch. In addition, the so-

called anti–Walker circulation along the equatorial In-

dian Ocean is impacted. The anti–Walker circulation

FIG. 2. Difference fields of SST between the TP_S and TP_W

experiments. Dotted areas indicate statistical significance at the

90% confidence level.
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FIG. 3. Difference fields of circulation (vectors; m s21) and geopotential height (shaded; gpm) between the TP_S

and TP_W experiments at (a) 200 and (b) 850 hPa. Dotted areas and black vectors indicate statistical significance

at the 90% confidence level according to the t test. Red dashed lines denote the TP’s topography. (c) Difference of

zonally averaged (758–1108E) meridional circulation (vectors; y in m s21, 2v in 1022 Pa s21) between the TP_S

and TP_W experiments. (d) Difference fields of meridionally averaged (108S–108N) zonal circulation between the

TP_S and TP_Wexperiments. Red vectors denote the difference passed the 90% significance level in a two-sided t

test. Difference fields of (e) precipitation (mm s21) and (f) surface temperature (8C) between the TP_S and TP_W

experiments.
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usually manifests as an ascending branch over the

Maritime Continent, a descending branch on the east

coast of Africa, east winds at high levels, and westerly

winds at low levels. Such a vertical circulation is closely

coupled with the Walker circulation over the Pacific

Ocean (Bjerknes 1969). The anti–Walker circulation is

located to the south of the stationary wave excited by the

TP heat source, so it is accelerated by the high-level

easterlies and low-level westerlies (Fig. 3d). However,

the equatorial westerly response below 700hPa is not

significant, so it does not cause significant changes di-

rectly in the equatorial thermocline (figure not shown).

The eastern part of the TP shows an increase in pre-

cipitation, together with significant precipitation re-

ductions in the western TP, the Indian peninsula, the

southern Arabian Peninsula, and Somalia (Fig. 3e).

Surface temperature shows a positive anomaly centered

in the western part of the TP and the Indian peninsula,

and the eastern part of the Mediterranean region

shows a significant increase. Besides, this result is con-

sistent with Rodwell and Hoskins (1996), in that the

Mediterranean and the Sahara area are affected by

thermal forcing from Asia. The change in land surface

temperature (Fig. 3f) is also closely related with pre-

cipitation, in that where precipitation is less, the land

surface will be drier and the temperature higher. The

response of the land andocean surface temperature to the

south of the TP is completely opposite. Enhanced evap-

oration cools the SST, while drier land becomes warmer,

intensifying the land–sea thermal contrast between the

eastern Indian peninsula and the BOB. However, due to

the enhanced westerly, the cold advection from the AS

cools the western Indian peninsula surface.

b. Mixed layer sea temperature diagnosis

Although it is impossible for all levels in the ocean to

respond to the atmospheric changes in less than one

month, the upper layer that interacts with the atmo-

sphere in a more direct way might show significant

changes. In this section, we investigate the correspond-

ing adjustments in the mixed layer.

The diagnosis of temperature changes in the mixed

layer is based on the thermal heat budget equation,

following Qiu (2000) and He et al. (2019):
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in which u is the zonal current, y is the meridional cur-

rent, w is the current vertical speed, T is the average

mixed layer temperature, Qnet is the net surface heat

flux, Qpen is the shortwave flux that penetrates through

the mixed layer,H is the mixed layer depth, and « is the

residual term. All the overbars in the equation designate

average over the mixed layer. The seawater density is

chosen as a constant, r0 5 1.029 3 103 kgm23, and its

specific heat is cp 5 3996 J kg21K21. Also, Qnet is the

sum of surface sensible heat fluxQsh, latent heat fluxQlh,

shortwave radiation flux Qsw, and longwave radiation

flux Qlw:

Q
net

5Q
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1Q

lh
1Q
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1Q
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Following Paulson and Simpson (1977), Qpen is calcu-

lated under an empirical parameterization scheme:

Q
pen

5Q
sw
[Re2H/L1 1 (12R)e2H/L2 ] , (4)

where Qsw is the downward shortwave radiation at the

sea surface, R 5 0.58, L1 5 0.35m, and L2 5 23m. Be-

cause the vertical layers are uniformly set in the top

100m in POP2, the averages over the depth H are used

as vertical means of the oceanic terms. Here, we calcu-

late the penetrated shortwave radiation flux at the bot-

tom of the mixed layer to minimize the residual term,

but we do not show it because its magnitude is much

smaller than those of the other terms.

Obviously, the difference in the temperature ten-

dency of the mixed layer is very close to that of SST.

Because of the signal change coming from the atmo-

sphere, the mixed layer of the ocean is influenced from

the top down, starting from the surface, and the rela-

tively uniform overall change of the mixed layer tem-

perature is consistent with that at the surface. As the

starting points in each pair of experiments in TP_W and

TP_S are the same, the difference in the temperature

tendency can also reflect the final temperature changes.

The left-hand side of Eq. (2) denotes the rate of local

temperature change. The difference in this term be-

tween TP_S and TP_W is shown in Fig. 4a. This differ-

ence is consistent with the SST difference in Fig. 2, in

which the northern Indian Ocean shows a significant

negative SST difference and the southern Indian Ocean

presents a positive SST anomaly. To further understand

the reason for this change, we calculate the difference

fields of the five terms on the right-hand side of Eq. (2)

successively (Figs. 4b–f). The results show that the heat

flux term (Fig. 4e) dominates this kind of temperature

difference. In addition, the vertical mixing effect also

contributes to temperature changes in the BOB, with

cooling effects over the northwestern coast and warming

effects over the northeastern coast (Fig. 4d). This phe-

nomenon can be explained by the surface wind–induced

vertical motion anomaly discussed in section 3c. Note

that the residual term is small enough to be neglected,

which justifies our diagnosis.
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To further understand the underlying reason for the

heat flux changes in Fig. 4e, the four components of

the sea surface heat flux are diagnosed (Fig. 5). It is

clear that the latent heat flux (Fig. 5a) and solar radia-

tion flux (Fig. 5d) are responsible for the mixed layer

temperature change. However, the difference field of

latent heat flux is more important as it imitates the

pattern and center values of the total heat flux dif-

ferences (Fig. 4e), which exhibit negative values in

the northern Indian Ocean. Although not sufficiently

FIG. 4. Difference fields of the (a) time tendency term of the mixed layer potential temperature, (b) zonal

temperature advection, (c) meridional temperature advection, (d) vertical entrainment term, (e) heat flux ex-

change, and (f) residual (K s21) between TP_S and TP_W. Dotted areas indicate the difference passed the 90%

significance level in a two-sided t test.
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significant compared with the latent heat flux changes,

the solar radiation flux (Fig. 5d) is more important than

the sensible heat flux (Fig. 5b) and longwave radiation

flux (Fig. 5c), especially in the northern AS. According

to the discussion about wind stress in section 3d, the

surface wind response are significant and consistent with

the mean climate state in the northern Indian Ocean

(Figs. 1a,b). Therefore, accelerated surface wind leads to

more evaporation, which enables the ocean to release

more energy to the atmosphere, cooling the water. A

greater surface wind speed also enhances the mixed

layer entrainment and makes the mixed layer deeper (as

shown in the following section).

After the BOB summer monsoon onset, the surface

wind is as being southwesterly duringMay (Mao andWu

2007). Meanwhile, a stronger TP surface heat source

tends to enhance the cyclonic circulation in the lower

level of the atmosphere (Fig. 3b), which results in the

westerly wind anomaly to the south of the TP and ac-

celerates the southwesterly wind on the sea surface in

the northern Indian Ocean, consistent with the result

from Wu et al. (2007).

In the observational data, we also find some evidence

that supports the above findings. First, a TP surface heat

source index is defined as the average for 73 stations

across the TP (Duan et al. 2008). A composite analysis of

each term in the heat equation is performed according to

the TP surface heat source index in May. The strong

(weak) years are defined as years in which the TP sur-

face heat source index is greater (less) than 0.7 times its

standard deviation. To exclude the interference of

ENSO, which has strong interannual variability, the

ENSO years are omitted, as they can greatly alter the

SST in the Indian Ocean and interfere with the effect of

the TP surface heat source. Strong TP heating years are

1986, 2004, 2012, and 2014; weak years are 1981, 1984,

FIG. 5. Difference fields of the (a) surface latent heat flux, (b) surface sensible heat flux, (c) surface longwave

radiation flux, and (d) surface shortwave radiation flux (K s21) between TP_S and TP_W. The downward direction

is chosen as the positive direction. Dotted areas indicate the difference passed the 90% significance level in a two-

sided t test.
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1990, and 2013. The composite analysis result shows that

the northernAS andBOB tend to be colder in the strong

TP surface heat source years (Fig. 6a), which is basically

similar to our model result (Fig. 4a). We also notice that

the warm anomaly area in the AS from the composite

(Fig. 6a) is not consistent with that in Fig. 4a. The

residual term provides some clues to this phenomenon

(Figs. 4f and 6f). It may be that some other signals as well

as TP thermal forcing are captured, or the pentad

GODAS dataset is unable to rule out the errors as we

did with a daily output from the model. However, we

think that overall the observed results support themodel

FIG. 6. As in Fig. 4, but for the composite differences between the TP sensible heat strong years and weak years

calculated using GODAS and JRA-55. Dotted areas indicate the difference passed the 90% significance level in a

two-sided t test.
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results, not only because of the small residual term,

which comes from the daily output, but also because of

the reasonable radiation flux term, which shows a similar

result both in the composite analysis (Fig. 6e) andmodel

difference field (Fig. 4e)—negative patterns in the

eastern side of the AS and BOB. For horizontal advec-

tion and vertical entrainment, the differences between

strong years and weak years seem to be scattered and

trivial near the equator (Figs. 6b–d). Given the large

residual in the observations, perhaps more data samples

and higher data resolutions are needed.

c. Vertical structure of changes in the northern Indian
Ocean

In the above sections, we discuss the horizontal pat-

terns of the changes in the mixed layer and notice that

the northern Indian Ocean is significantly colder in the

strong TP surface heat source years. Since TP thermal

heating can affect the ASM, we further consider the

response within the Indian Ocean. Next, we investigate

the vertical structure of temperature and sea current

changes.

Considering that the AS and BOB are at nearly

identical latitudes, we take the average over latitudes

108–208N and find that the longitude–depth profile

provides more information about the vertical structure

of the ocean response. As discussed above, the SST

tends to be colder in the northern Indian Ocean when

the TP surface heat source is stronger than normal. In

fact, the cold response can penetrate 30m in the upper

ocean (Fig. 7a). In addition, the cooling zone is located

in the eastern part of the AS, while in the BOB it

is limited to the western part of the basin. At depths of

40–50m, a mass of warm water is squeezed by the upper

cold water. This depth is exactly the depth of the mixed

layer bottom where the colder subsurface water is sep-

arated from the uniformly mixed layer. When sea sur-

face wind speed increases, the oceanic mixed layer

becomes deeper as a result of wind-induced mixing;

thus, the original subsurface cold water can now mix

with the upper warm water and exhibit warm anomalies

beneath the cooling SST. In addition, it is unsurprising

that this part of the warm anomaly fails to pass the 90%

confidence level, because the variance of the potential

FIG. 7. Difference fields of the (a) potential temperature (K), (b) verticalmotion (cm s21), (c) zonal ocean current

velocity (cm s21), and (d) meridional ocean current velocity (cm s21) averaged across 108–208N between the TP_S

and TP_W experiments. Dotted areas indicate the difference passed the 90% significance level in a two-sided t test.
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temperature at the bottom of the mixed layer is very

large as it changes with the mixed layer depth and varies

between two different layers.

Regarding the vertical motion, the response in the AS

is similar to that in the BOB, in that the western part is

an upwelling anomaly and the eastern part is a down-

welling anomaly. However, the magnitude in the AS is

not as large as that in the BOB. This difference can

be explained by the strength and direction of Ekman

transport. First, the surface wind anomaly in the BOB

is much larger than that in the AS (Figs. 8a,b), which

results in a larger Ekman transport in the BOB

(Figs. 7c,d). Second, although the corresponding sur-

face wind anomaly is southerly, the direction is slightly

FIG. 8. Surface wind speed (red vector; m s21) and ocean current (black vector; cm s21) differences betweenTP_S

andTP_Waveraged (a) in theAS (averaged over 108–208N, 558–758E; land excluded) and (b) in theBOB (averaged

over 108–208N, 808–1008E; land excluded). (c) The 5-m temperature evolution (8C) in the AS (red) and BOB (blue)

in May, where dashed lines represent TP_W and solid lines TP_S. Shaded periods passed the two-sided t test at the

90% confidence level.
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different between the AS and the BOB. Typically, the

surface wind anomaly over the BOB is southwesterly,

but the southerly component is more dominant than that

in the AS (Figs. 8a,b). This situation also results in water

mass transport from northwest to southeast, with an

eastward component more significant in the upper layer

of the BOB (Fig. 7c) and a relatively significant south-

ward transport in the eastern AS (Fig. 7d).

Themeridional current changes over theAS andBOB

are further compared in Fig. 9. In general, both basins

exhibit similar meridional current anomalies: there is

upwelling in the north and southward drifting in the

upper levels, and cold water anomalies appear at depths

of 0–30m to the north of 58N. However, the penetration

of the cold water anomaly is slightly deeper in the AS

than in the BOB. This contrast is caused by a deeper

climatological mixed layer over the AS. In the AS, up-

welling is limited to north of 208N, and southward water

transport is most significant at approximately 25m. The

upper southward water transport anomaly mainly re-

sults from Ekman transport, as the surface wind anom-

aly over the AS tends to be westerly. In the BOB,

however, the upwelling anomaly is observed from 58 to
208N. Considering that the surface wind stress anomaly

is much larger in the BOB and that the southeastern

BOB is closed by theMalay Peninsula and Sumatra, it is

unsurprising that the shape of the coast leads the water

in the BOB to the south and even to merge with a

southeastward sea current to cross the equator, as we

describe in section 3d. In both the AS and BOB, the

downwelling branch of the meridional anomaly circu-

lation near the equator is not significant as it is just a

compensating motion subjected to the mass continuity

equation. We also observe that at depths of 60–110m

over the eastern equator, a maximum center of potential

temperature is accompanied by downwelling motions

(Fig. 9b), but in the western equatorial Indian Ocean

this temperature increase is very limited (Fig. 9a). This

phenomenon is mainly related to the thermocline depth

change across the equator. In fact, the thermocline tends

to be much deeper in the eastern tropical Indian Ocean

than in the western part (figure not shown).

We attribute these differences between two basins in

large part to their different positions relative to the TP.

Located south of the TP, the BOB has a northward

component of the surface wind that is larger than the

eastward component. However, for the AS, which is

located southwest of the TP, the surface wind has a

larger eastward component. Being closer to the center of

the TP heating-related atmospheric circulation re-

sponse, the surface wind anomaly in the BOB is stronger

than that in theAS (red vectors in Figs. 8a and 8b). Their

different directions also contribute to the difference in

the direction of water mass transport. Both the areal

averages of the AS and BOB ocean current anomalies

exhibit classic Ekman spirals (black arrows in Figs. 8a

and 8b). In the AS, the surface wind anomaly is almost

westerly; thus, the meridional component of Ekman

transport is more significant because the mixed layer is a

little deeper so the spiral can penetrate to 35m.Meanwhile,

in theBOB, the surfacewind anomaly ismore southerly, so

the zonal Ekman transport is more significant. As the

mixed layer is a little shallower, the Ekman spiral is limited

to 0–25m. We also note that the climatological south-

western monsoon current in the ocean along the western

Indian peninsula [latest description by Schott et al. (2009)]

is enhanced (along the western side of the Indian penin-

sula) even at a depth of 65m (Fig. 7d; 708–758E).
Indeed, the significant responses in the two basins do

not appear from the beginning, as ocean processes have

FIG. 9. Difference fields of the potential temperature (shaded; K) and meridional circulation (vectors; cm s21,

with the vertical velocity multiplied by 500 for convenient visualization) between the TP_S and TP_W experiments

in (a) the AS and (b) the BOB. Dotted areas and black vectors indicate the difference passed the 90% significance

level in a two-sided t test.
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large thermal and mass inertia and are relatively slow

compared with atmospheric processes. We observed

that the 5-m temperature in the BOB is higher than that

in the AS in both experiments, and they all maintain a

positive tendency in May (Fig. 8c). It takes only 15 days

for the AS to exhibit a significant difference, but for the

BOB it takes approximately 25 days. This is one of the

reasons that we chose to analyze the difference field

averaged from 15 to 31 May.

d. Cross-equatorial water transport

In a report by Godfrey and Meyers (1995), the fol-

lowing specific question was asked: ‘‘Is there a cross-

equatorial transport?’’ Schott et al. (2002) reviewed

observational evidence for such a cross-equatorial cell

and found cross-equatorial Ekman transport to be part

of its mechanism. Jensen (2003) tracked water floats in a

model and found that the AS transports more water

from the Northern Hemisphere to the Southern Hemi-

sphere than the BOB in the model. Lutsko et al. (2019)

discussed the relation between cross-equator ocean

heat transport and the monsoonal circulation, and

find that the atmosphere’s cross-equatorial meridional

overturning circulation is weakened by the presence of

southward heat transport in the Indian Ocean. We have

explored the upper-layer response in the northern In-

dian Ocean to the TP thermal forcing. Now, let us con-

sider whether this kind of response further impacts the

tropical and the southern Indian Ocean through an

‘‘oceanic bridge’’ (Broecker 1991; Zhang et al. 1998).

The difference field along the equatorial cross section

(Fig. 10) shows that there is significant southward water

mass transport across the equator at depths of 30–75m

in the eastern Indian Ocean. This movement is the only

horizontal water mass transport area that passes the

90% confidence level of a t test along the equator. As

shown before, the Ekman transport in the AS is south-

eastward, which travels along the western coast of the

Indian Peninsula and is directed toward this transport

area. Meanwhile, limited by the Malay Peninsula and

Sumatra, the water transport anomaly in the BOB also

turns south in themixed layer and is directed toward this

area. These phenomena can be clearly observed at 45-m

depth in Fig. 11a. As the mixed layer is deeper near the

equator (Fig. 11d) and the southward transport occurs at

the downwelling branch of the meridional circulation

(Fig. 9b), the significant southward transport is not

present at 0–30-m depth; instead, it is located at the

FIG. 10. Difference fields of (a) zonal and (b) meridional current speed (cm s21), and (c) atmospheric and

(d) oceanic heat transport (Wm22), across the equator. Dotted areas indicate the difference passed the 90%

significance level in a two-sided t test.
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depth of the bottom of the mixed layer at the equator. In

addition, although a nonnegligible enhanced offshore

current exists along the equator (Fig. 10a), it is just a

peripheral motion of Ekman transport in the AS. Fur-

ther, although the zonal sea current along 608–908E ex-

hibits westward speed, all the zonal current changes

along the equator are not significant at the 90% level,

according to the Student’s t test.

Together with changes of atmospheric and oceanic

circulation across the equator, interhemispheric energy

transports are also affected. Here, we calculate the en-

ergy transports across the equator in the atmosphere

and ocean according to the following formulas:

E
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in which density r05 1.29kgm23 for air and 1029kgm23

for seawater, specific heat cp5 1012Jkg21K21 for air and

3996 Jkg21K21 for seawater, latent heat L 5 2.501 3
106 Jkg21, q is the specific humidity, V is meridional ve-

locity, and T is potential temperature. The results show

that there is a positive heat transfer from south to north

below 700hPa between 808 and 908E, with the largest

value reaching 33 103Wm22 (Fig. 10c). This is consistent

with Fig. 3b, which shows a southwesterly anomaly across

the equator at 850hPa between 808 and 908E. Besides,
another northward heat transfer is observed near 250hPa,

corresponding to the southeasterly anomaly in Fig. 3a.

Because of the higher water vapor content, the lower-

level wind anomaly carries more latent heat. Therefore,

the heat transfer at lower levels is larger than that of dry

air at higher levels. The energy transport in the ocean is

much larger than that in the atmosphere, and is highly

consistent with the cross-equatorial flow anomaly men-

tioned above. The southward flow at 45–85-m depth

brings heat from the Northern Hemisphere to the

Southern Hemisphere, and the intensity can reach 2.43
107Wm22 (Fig. 10d). Because the relative changes of T

are very small (DT/T’ 0.5/300K), the difference ofEocn

(Fig. 10d) is mainly determined by V, with nearly the

same significant areas (Fig. 10b), according to the t test.

In summary, the impact of the TP on cross-equatorial

energy transport over the Indian Ocean is mainly con-

centrated in the east, roughly between 808 and 908E.
Heat comes from the Southern Hemisphere at 250 and

850 hPa in the atmosphere, but flows back much more in

the ocean.

So far, we have explored the kinematics and heat

budget changes in the upper layers of the northern In-

dian Ocean. To further observe the changes in the entire

FIG. 11. (a) Difference fields of potential temperature (shaded; K) and ocean current (vectors; cm s21) at 45-m

depth. (b) Difference fields of surface wind stress (vectors; dyne cm22) and Sverdrup transport (shaded; t m21 s21).

(c) Difference field of mixed layer depth (m). (d)Mean climate state of themixed layer depth (m).Dotted areas and

red vectors indicate the difference passed the 90% significance level in a two-sided t test.
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wind-driven circulation, we choose to introduce the

Sverdrup balance relation. The Sverdrupmodel assumes

that the friction dissipation term can be neglected, which

is not true when westward intensification occurs. So the

estimate of the zonal transport commonly starts in-

tegration from the eastern side where the sea currents

are weak, but integrating along the whole basin is still

inaccurate; thus, we calculate only the meridional

transport, according to Stewart (2008):

M
y
5

1

b
curl

z
t , (7)

where b denotes the gradient of planetary vorticity and t

is the surface wind stress. The term My can be used to

infer the meridional water mass transport in the wind-

driven circulation layer. In the northern Indian Ocean,

the Sverdrup transport turns out to be negative in most

areas (Fig. 11b). This result indicates a significant

southward water mass transport if we integrate from the

depth of no motion to the sea surface. We also note that

the southward water mass transport from the north in-

tersects with the northward transport near the equator.

Together with the negative gradient of the Sverdrup

transport amount from themaximum center at 58N, 908E
to the equator, the water mass that accumulates near the

equator results in an increase in the local sea surface

elevation and a deeper mixed layer depth (Fig. 11c).

4. Conclusions and discussion

By conducting two groups of experiments based on

an atmosphere–ocean coupled global climate model

(CESM1.2.0) and data diagnosis, our research indicates

that the influence of the TP surface heating is not limited

to the atmosphere. The air–sea interaction processes are

influenced in May so that the surface and subsurface

of the Indian Ocean also exhibit significant responses

within a month. Somemain conclusions are summarized

as follows:

1) Easterly anomalies appear in the upper troposphere

due to the enhanced South Asian high. Precipitation is

reduced and surface temperature increased in the

Indian peninsula. At lower levels, the heat pumping

effect of the TP surface heating produces a southwest-

erly anomaly that reinforces the background airflow,

accelerates the sea surface evaporation process, and

lowers the temperature of the mixed layer. Also, the

vertical advection anomaly plays a significant cooling

role along the western coast in the AS and BOB.

2) Ekman transport induced by sea surface wind stress

anomalies causes the northern Indian Ocean mixed

layer seawater to be transported toward the southeast.

Specifically, as the AS and BOB are located in dif-

ferent positions relative to the TP thermal forcing,

the water mass transport is similar but also shows

some differences. In the AS, the surface wind

anomaly is weaker than that in the BOB, and the

eastward component is larger than the northward

component, so the southward transport dominates

the transport in the mixed layer. In addition, the

transport magnitude in the AS is smaller than that

in the BOB. In the BOB, the transport is more sig-

nificant and is mainly from west to east, which

leads to stronger upwelling in the northwestern BOB

compared to the northwestern AS, and onshore

downwellings in the southeastern BOB. The so-

called southwest monsoon current in the northern

Indian Ocean is also enhanced.

3) The response of meridional water mass transport to

the TP thermal forcing is estimated using the

Sverdrup relationship, and the results show that the

northern Indian Ocean has significant enhancement

of southward transport due to TP thermal forcing.

We also note a ‘‘water leak’’ across the equator at

depths of 45–85m in the eastern Indian Ocean, to-

gether with significant heat transport from the

Northern Hemisphere to the Southern Hemisphere.

Compared with the most closely related recent re-

search (Table 1), this study focuses more on the thermal

effects of the TP in May and its impacts on the mixed

layer temperature and ocean currents in the Indian

Ocean. So far, this is the only research using a ‘‘branch-

run’’ technique to separate more direct, instantaneous,

short-term influences from those in a state of equilib-

rium. Wang et al. (2019) and He et al. (2019) used re-

gional models and global climate models, respectively,

to study the relationship between summer plateau

thermodynamic interactions and sea–air interactions in

the Indian Ocean region, pointing out that sea–air cou-

pling weakens the influence of TP thermal effects. At the

same time, their conclusion echoes our finding that the

SST cools down in the AS and BOB. The difference in

this paper is that we use a fully coupled climate model

and the starting point of each ensemble member is an-

chored (to compare the difference between strong and

weak TP sensible heat situations in the same year). This

allows the initial impulse of the atmosphere on the

ocean to be examined before reaching equilibrium—

later on in the simulation, separating the influence of the

atmosphere from that of the ocean is harder to discern.

The advantage of this scheme is to better control vari-

ates and avoid the interference of other factors in dif-

ferent years in the continuous integration process (i.e.,

after several years of integration, the control and the
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sensitivity experiments are located in the positive and

negative phases of ENSO respectively, meaning the

results will contain signals of ENSO). In addition, this

experimental design allows for amore detailed diagnosis

of the temperature equations. Since the temperature

tendency corresponds to the difference between the two

sets of experiments, the diagnosis is more convenient

and the residual term is smaller. Although the seasons

we investigated and the experimental design are differ-

ent from those inWang et al. (2019) andHe et al. (2019),

the final results have certain similarities, which implies

that the situation in May may be closer to that in sum-

mer, and to some extent it shows that the short-term

response has a certain consistency with the equilibrium

response. Another difference is that they pay more at-

tention to the feedback effects of air–sea coupling on the

atmosphere, while we focus more on the direct response

in the ocean. With an SST nudging technique in a

CGCM, Baldwin et al. (2019) explored the response of

Asian climate to Asian orography in the prebalanced

state. They used a 5-day restoring time scale, effectively

removing the influence of flattening Asian topography

on climatological SSTs, and found that the AS and the

BOB exhibit offshore upwellings during April–June

because of the effects of Asian topography—a phe-

nomenon very similar to that seen in Fig. 4d in this pa-

per. Meanwhile, our branch-run results give a more

detailed and continuous description to the evolution of

this prebalanced state, which can barely be observed

with the 5-day nudging.

Wang et al. (2009) pointed out that the interannual

predictability of the ASM is still low, which may be due

to the lack of insight and comprehension of interactions

between its components. Therefore, the results of this

study can be helpful insofar as, if we observe strong TP

heating in May, we can infer that the northern Indian

Oceanmay be colder in less than onemonth and that the

related ocean current may change the evolution of the

Indian Ocean basin mode or Indian Ocean dipole mode,

thus providing a better comprehension of the ASM in

that year. However, the details of applying and vali-

dating this proposal deserve further study.

In this study, we discuss only the changes in sea tem-

perature and currents. The thermohaline circulation,

which is driven by global seawater density gradients, is a

very slow process, so it is difficult to see a significant

response to short-term atmospheric change. We note

that the results of the CGCM may have large biases

when the ocean is involved, but the short-term integra-

tion involves less nonlinear magnification of simulation

error, reflecting a more direct response. Furthermore, to

rule out being misled by random noises in the experi-

ments as much as possible, all the results in this paper

are accompanied by statistical tests. Although themodel

dependency problem cannot be completely excluded,

the interference of uncertainty is minimized to some

extent. In addition, we only focus on the TP surface heat

source in May, during which it has the largest intensity

and variance. The role it plays in the premonsoon

background and the delayed effect of TP thermal forc-

ing and the related ocean response in the following

summer are also worthy of further exploration.

When exploring the relationship between the Indian

Ocean SST and ENSO, not only the ‘‘atmospheric

bridge’’ (Alexander et al. 2002; Behera et al. 2006) but

also the related ocean processes and their persistence

need to be considered. In addition, although the Indian

Ocean basin mode behaves as a uniformly varying basin,

it also has a certain northward SST gradient in the

northern Indian Ocean. Whether this phenomenon is

related to the process described in this study deserves

further discussion. In addition, although we already

know that ENSO can affect the ASM via the Indian

Ocean basin mode’s capacitor effect across different

seasons, in years without a strong ENSO signal, the

process described in this paper might be helpful

when investigating the interannual variability of the

ASM system.
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