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Abstract The rainfall responses over the Indian Ocean (IO) are investigated based on the
Representative Concentration Pathways 4.5 (RCP4.5) experiments of 13 models, in which the experiments
are extended to the year 2300, from the Coupled Model Intercomparison Project Phase 5 (CMIP5). During
the radiative forcing (RF) increase, the rainfall pattern displays northwest-southeast dipole asymmetry.
After RF stabilization, rainfall increases over the southern I0 and decreases over the northern I0 where
is a wet region in climatology. Diagnostic analysis demonstrates that both the changes in atmospheric
circulation (dynamic component) and the moisture increase (thermodynamic component) play a key

role in determining this rainfall dipole during RF increase, but the effect of the latter is reduced after RF
stabilization. The responses of rainfall, sea surface temperature (SST) and atmospheric circulation are well
coupled during the two periods: (a) the anomalous circulation affects the rainfall change by transporting
abundant moisture to maintain the energy balance, with easterlies (northerlies) in RF increase
(stabilization); and (b) in turn, heat released by the SST warming further induces the circulation change.
Furthermore, during RF increase, the attribute of SST pattern is mainly led by ocean dynamics, especially
heat transport due to ocean current changes, while after RF stabilization, it is mainly due to ocean heat
transport leading by temperature changes.

Plain Language Summary Concentrations of greenhouse gases in the atmosphere have been
increasing since the industrial revolution. However, the 2015 Paris Agreement proposed that we should
pursue efforts to limit the global average temperature increase to 1.5°C above pre-industrial levels which
requires the radiative forcing (RF) to decrease or stabilize. Due to the ocean thermal diffusion or other
ocean dynamic processes, heat accumulated in upper layers persistently transmits downward to alter the
oceanic stratification and furthermore, may influence the climatic responses. The present research focuses
on the patterns of rainfall change over the Indian Ocean (IO) during RF increase and stabilization. When
RF increases, the rainfall increases over the tropical northern IO but decreases over the southeastern

IO; after RF stabilization, the rainfall over the IO displays a southwest-northeast dipole. This reversal
asymmetry of rainfall change is determined by the coupling between dynamic circulation and sea

surface temperature (SST), and the SST change is mainly due to the ocean heat transport driven by ocean
temperature change after RF stabilization. These findings indicate that the deeper ocean warming plays an
important role in climatic feedbacks after RF stabilization and we cannot ignore its effect.

1. Introduction

Since the industrial revolution, the concentrations of greenhouse gases in the atmosphere have been in-
creasing as a result of human activities. The increase reduces the outgoing longwave radiation and stores
more energy in the climate system, which has a direct influence on the global climate (Boer et al., 2000;
von Schuckmann et al., 2016; Wang et al., 2020). Because of its large heat capacity, the ocean acts as heat
storage, and approximately 93% of redundant energy is absorbed by the ocean, largely lowering the increase
in the global mean surface temperature (Bryan et al., 1982; Hoffert et al., 1980; IPCC, 2018; Manabe &
Stouffer, 2007; von Schuckmann et al., 2016). Heat absorption by the ocean generally begins at the surface,
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and there are significant warming signals in all ocean basins around the world during 1960-2019 (Cheng
et al., 2020); then, it transmits energy downward by thermal diffusion or other ocean dynamic processes. The
upper ocean warms faster than the deeper ocean during the radiative forcing (RF) increase, which previous
studies have mainly focused on (Chadwick, Boutle, & Martin, 2013; Hwang et al., 2017; Ma et al., 2018; Qu
et al., 2015; Xie et al., 2010).

However, the 2015 Paris Agreement proposed a target “Holding the increase in the global average temper-
ature to well below 2°C above pre-industrial levels and pursuing efforts to limit the temperature increase
to 1.5°C above pre-industrial levels.” Realization of this target requires RF to decrease or stabilize (Sander-
son et al., 2016). Little research has given attention to the climatic response to this RF scenario. After RF
stabilization in the Representative Concentration Pathways 4.5 (RCP4.5) scenario, the warming rate of the
deeper ocean is gradually greater than that of the upper ocean, and obvious warming occurs at 100-2,000 m;
by 2250, the amplitudes of the total temperature increase in the upper 2,000 m are nearly uniform (Long,
Liu, et al., 2020; Long, Xie, et al., 2020; Long et al., 2018). The responses of the ocean to external RF can
be split into two components: fast response and slow response (Dickinson, 1981; Held et al., 2010; Manabe
et al., 1990; Stouffer, 2004). The fast response is the response of the ocean mixed layer to the change in ex-
ternal RF by rapidly exchanging energy with the atmosphere and deep ocean; and the slow response is the
slow evolution of temperature in the deep ocean which has great thermal inertia and leads to the redistri-
bution and adjustment of heat between the upper and deeper ocean (Long et al., 2014). These two process-
es have different climatic responses to oceanic stratification, ocean currents (the meridional overturning
circulation [MOC] in Southern Ocean and North Atlantic Ocean) and sea surface temperature (SST; Long,
Xie, et al., 2020; Long et al., 2014). During RF increase, climatic responses are mainly the effects of the fast
response; after RF stabilization, the effects of the interior of the ocean will be more important (Long, Xie,
et al., 2020).

As the source of global water vapor, the ocean plays a key role in the global water circulation system. The
tropical Indian Ocean (IO) is an important part of the underlying surface of the Asian-Australian monsoon
region, its air-sea interaction influences the Asian-Australian monsoon and even the global climate. Previ-
ous studies have focused on the rainfall response over the tropical IO during RF increase (Ma et al., 2018;
Qu et al., 2015; Xie et al., 2010), while less attention has been given to its change after RF stabilization.
Therefore, this research focuses on rainfall changes over the tropical IO under global warming and reveals
how fast and slow responses affect rainfall.

Interestingly, the rainfall responses over the tropical IO exhibit large distinctions during RF increase and
stabilization (Figure 1). During RF increase, rainfall is enhanced over the tropical northern IO, the Indian
Peninsula and the Bay of Bengal and decreases over the southeastern IO (Figure 1a; Qu et al., 2015). It also
shows good intermodel consistency among the models (stippling in Figure 1a). After RF stabilization, the
pattern of the rainfall response over the IO is totally different. It is enhanced over the southwestern IO but
reduced over the northern I0 and Maritime Continent (Figure 1b). These different rainfall responses during
the two periods are interesting, and the associated mechanism is revealed in this research. To quantify the
rainfall changes, we select two boxes in each rainfall response that are located at values with larger rainfall
change (Figure 1). An increasing number of countries and regions are taking action to reduce carbon emis-
sions, and the understanding of climatic responses after RF stabilization is an important issue in climate
change research.

The rest of the paper is organized as follows. Section 2 introduces the data and methods used in this study.
Section 3 presents the diagnostic analysis of rainfall and SST patterns and proposes a theoretical framework
for rainfall changes. Section 4 provides the discussion and summary.

2. Data and Methods
2.1. Data

The present study is based on the Coupled Model Intercomparison Project Phase 5 (CMIP5) monthly out-
puts (Table 1). The experiments used are: (a) historical, which is forced by observed anthropogenic and
natural forcing from 1850 to 2005; and (b) the RCP4.5 experiment, in which the RF gradually increases to
4.5 W m~2 until 2100 and then stabilizes during 2100-2300 (Figure 2). In the latter experiment, the output
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Figure 1. The responses of rainfall (units: mm d=%; color shading) during the radiative forcing (RF) increase (a) and stabilization (b). Stippling indicates that
more than 80% of the models (10 out of 13) agree on the sign of the multi-model ensemble (MME) results. The black and blue boxes in panels (a, b) are used for
diagnostic analysis of the sea surface temperature (SST) pattern in Section 3.3 and Figure 11.

after 2100 is also named the Extended Representative Concentration Pathways scenario 4.5 experiment
(ECP4.5, Sniderman et al., 2019). The present study uses the outputs of 13 models in which the entire results
of ECP4.5 are available. Detailed information can be found on the official website: http://cmip-pcmdi.llnl.
gov/cmip5/. As these models have different resolutions, all outputs are interpolated onto 1.0° latitude x 1.0°
longitude. We use the results of multi-model ensembles (MMEs) to reduce the effect of climate internal var-
iability. We only use the first member (r1ilp1) of each model for analysis. Note that, the RCP8.5 simulations
in CMIP5 also have outputs extending to 2300, but the stability phase is only several decades rather than
200 years in the RCP4.5 simulations. Considering that the stability phase is not long enough to be used to
calculate the responses according to the criteria in context behind and that the stability phase is too short to
reveal the ocean slow response, the RCP8.5 simulation is not used in present paper. In addition, as only the
outputs of four models in the Coupled Model Intercomparison Project Phase 6 (CMIP6) are available for the
present study, they are not adopted in the present study, too.

Table 1
List of CMIP5 Models and Their Missing Variables
No.  Model name Institute Missing variables
1 bce-csm1-1 Beijing Climate Center, China Meteorological Administration, China
2 CanESM2 Canadian Centre for Climate Modelling and Analysis, Canada wmo
3 CESM1-CAM5  National Center for Atmospheric Research, USA sfcWind, uas, vas
4 CNRM-CM5 Centre National de Recherches Météorologiques, Centre Européen de Recherche et de Formation Avancée en
Calcul Scientifique, France
5 CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research Organization in collaboration with Queensland Climate
Change Centre of Excellence, Australia
6 FGOALS-s2 LASG, Institute of Atmospheric Physics, China wmo, hurs, thetao
7 GISS-E2-H NASA/GISS Goddard Institute for Space Studies, USA Wwmo
8 GISS-E2-R
9 IPSL-CM5A-LR Institute Pierre Simon Laplace, France
10 IPSL-CM5A-MR
11 MIROC-ESM Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental wmo
Studies, and Japan Agency for MIROC5 Marine-Earth Science and Technology, Japan
12 MPI-ESM-LR Max Planck Institute for Meteorology, Germany hurs
13 NorESM1-M Norwegian Climate Centre, Norway sfcWind
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5.0 The performance of CMIP5 results in simulating rainfall over the north-
ern IO is evaluated against the Global Precipitation Climatology Project
292.0 - (GPCP) monthly rainfall outputs (Adler et al., 2003) in 1979-2005. The
3 - 4.0 ¢ simulation of the mixed layer depth (MLD) from CMIP5 MME is com-
© § pared with the other three reanalysis results, Ocean Mixed Layer Depth
g o ] p= Climatology, ECMWF Ocean Reanalysis System 5 (ORA-S5) opa0 and
5 : - 30 % the Simple Ocean Data Assimilation ocean/sea ice reanalysis Version 3
o 5 (SODA3; Carton et al., 2018), in 1980-2005. In CMIP5, the MLD is de-
% [ 50 L‘; fined as the 0.2°C cooling referenced to the potential temperature at 10 m
© 290.0 - ’ 2 depth. The analysis focuses on the average in boreal summer (June-Au-
g' ' % gust) because ~80% of annual rainfall is in the summer period in IO.
[
= /\r/ - 1.0 C(E“ As 2100 is the RF inflection point when RF changes from increasing to
289.0 stabilizing, we choose 2100 as the center of the period used to separate
_/-/ L the two responses (Figure 2). The climate feedback of RF increase is de-
T T A B I .

1900 2000

Figure 2. Time series of the global mean surface temperature (units:

2100 2200 2300

fined as the mean of 2076-2125 (ECP4.5 experiment) minus the mean
of 1956-2005 (historical experiment); the response during the RF stabi-
lization is the mean of 2251-2300 minus the mean of 2076-2125. These

K; red line, removing 11-year-moving average) and RF pathways three periods are shown as black boxes in Figure 2. The basic states of
(units: W m~2; black line). The light pink shading indicates 1 standard the two periods are defined as the mean of 1956-2005 in the historical
deviation of inter-model variability. The gray vertical dashed line is the experiment and the mean of 2076-2125 in the ECP4.5 experiment. We

turning point of RF. The black boxes are three windows (1956-2005, 2076-
2125, and 2251-2300) used in the present research to analyze climatic
responses during RF increase and stabilization.

also slightly altered the beginning years of the periods and obtained sim-
ilar results.

2.2. The Linear Baroclinic Model Simulation

The linear baroclinic model (LBM) is used in the present study to un-

derstand the atmospheric responses to heating (Ma et al., 2012; Qu
et al., 2015). The model is composed of atmospheric primitive equations (Watanabe & Kimoto, 2000) and
linearizes them to grasp the atmospheric response to forcing. It can analyze the linear dynamics in the
atmosphere by computing steady linear responses to a prescribed forcing, eigenanalysis, and so on. In the
present study, we utilized the steady forcing to study the influence of heating on surface wind and vertical
circulation. The model resolution is T42 in the horizontal direction and 20 sigma (o) in the vertical direc-
tion. The climatology of the model uses the CMIP5 MME in the climatology of the RF increase (1956-2005)
and stabilization (2076-2125) periods. The horizontal diffusion has an e-folding decay time of 6 hr for the
largest wavenumber. The Rayleigh friction and Newtonian damping have a time-scale of 1 day~! for & > 0.9
and o <0.02, 5 days™! for o = 0.9, 15 days™ for o = 0.8 and 30 days™ for 0.02 < o < 0.8. And the vertical
diffusion is set at 1,000 days~" at all levels. The model is integrated for 50 days to gain a steady situation,
and we choose the mean results of 30-50 days as displayed. In addition, as the external forcing after RF
stabilization is too small to counteract the internal perturbations of the model, the forcing multiplied by
10 forces the model to reach its magnitude in the RF increase, and the results are finally divided by 10. The
forcing patterns after RF stabilization are shown in Figure S4 in Supporting Information S1. We also com-
pared the LBM simulation results in which the forcings are multiplied by 1-10, respectively, during the RF
stabilization. It is found that the response pattern is more stable after forcing amplification of 6-10 times.
All of these five experiments show similar responses. The responses in which forcings are multiplied by
1-5 vary greatly due to the noise, so they are not adopted. For convenience, we use the results with forcings
amplification of 10 times in main text.

2.3. Moisture Budget

The rainfall pattern under global warming can be written as, following Qu et al. (2015):

P = ~@0,q) ~ (@0,3) ~(V -Vq) = (V' -Vg) + R, + E ™
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Figure 3. The climatology of rainfall over the Indian Ocean (IO; units: mm d~!; color shading) in 1979-2005. Panel (a) shows the Global Precipitation
Climatology Project (GPCP) monthly rainfall outputs, and panel (b) shows the MME results of the Coupled Model Intercomparison Project Phase 5 (CMIP5)
historical experiment.

where the overbar and prime denote the climatology and change during the RF increase and stabilization,
respectively. Here, P, is the rainfall, @ is the pressure velocity, P is the pressure, g is the specific humidity, 1%
is the horizontal velocity, E is the evaporation, R,Lr is the quadratic terms, and () represents mass integration
from the surface to 100 hPa.

2.4. Anomalous Vertical Velocity Due to Heating

The anomalous vertical velocity due to heating can be written as (Ma et al., 2012):

20 _o00
Bo'— = -Bo— + Q, )
p ap
Rary
c
where B = % =27, p, is the surface pressure, p is the pressure, Ry, is the gas constant for air, and 6

s
is the potential temperature. The apparent heat source Q, is (Yanai et al., 1973):

0 =C,|V-vr+V VT + Ba2L + B2 3)
op op

where C, is the specific heat at constant pressure and 7 is the air temperature. The mean advection of strat-
ification (called “stratification” for short) can be written as (Ma & Xie, 2013; Ma et al., 2012, 2018):
00’

Stratification = —Bo— 4
op

2.5. Performance of the CMIP5 Rainfall Simulation

Before analyzing the changes in rainfall over the IO during RF increase and stabilization, we compared
the climatological rainfall of the GPCP with that of historical experiment in CMIP5. The focused period
is 1979-2005. In boreal summer, the GPCP results exhibit heavy rainfall over South Asia with two major
centers: one is in the Bay of Bengal and Indo-China Peninsula, and the other is on the west coast of the In-
dian Peninsula (Figure 3a). The CMIP5 MME can grasp the spatial distribution, but the amount of rainfall
is slightly weak (Figure 3b). The spatial correlation coefficients of individual model with GPCP all exceed
0.58 (Figure 4). In general, the CMIP5 MME reproduces the rainfall distribution over the tropical IO well in
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Figure 4. Taylor diagram of the rainfall change over the IO from CMIP5
MME simulations compared with the GPCP outputs during 1979-2005.
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model's serial numbers in Table 1, and the last 14 denotes the result of
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climatology, whose pattern correlation coefficient with the observation is
0.88. Thus, the CMIP5 MME is capable of studying the rainfall response
to the RF changes.

3. The Change in Rainfall Response Over the 10

During RF increase, the change in rainfall pattern displays a north-
west-southeast dipole over the IO, while it changes into a southwest-north-
east dipole after RF stabilization. These two different rainfall responses
during RF increase and stabilization, as mentioned in the Section 1, are
associated with their underlying SST patterns, which agrees with the
“warmer-get-wetter” mechanism (Long et al., 2014; Xie et al., 2010). Dur-
ing RF stabilization, much heat is absorbed by the deep ocean, especially
in the Southern Ocean, where warming expands from 500 m to the bot-
tom and varies the SST pattern (Figure 5; Long, Liu, et al., 2020; Long,
Xie, et al., 2020). The warming in the Southern Hemisphere is greater
than that in the Northern Hemisphere, and the most apparent warming
is found over the Southern Ocean. This change in the warming pattern
may lead to different rainfall responses from the past, and the increasing
rainfall ceases over the northern IO after RF stabilization. Besides, the
SST responses of individual model simulations are shown in Figures S1
and S2 in Supporting Information S1, and the pattern correlation coeffi-
cients of SST change in individual model results with those in the CMIP5
MME are all reaching the 95% significance level over the 10 (30°S-28°N,

90°E

135°E 180° 135°W

Figure 5. The responses of the SST pattern (units: K; color shading) during the RF increase and stabilization. Panel (a) shows the pattern during RF increase
and panel (b) shows the pattern after RF stabilization. All results are based on the CMIP5 MME. The model consistency is not shown for clarity.
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Figure 6. Distributions of the mass integration of the vertical transport and evaporation change of the moisture budget (units: mm d-!; color shading). Panels
(a, d) are the results of the vertical gradient of humidity change transported by climatological vertical velocity, @0 ,¢'; panels (b, e) are the results of the vertical
gradient of climatological humidity transported by vertical velocity change, 0 ,q; and panels (c, ) are the evaporation responses. Panels (ac) are the results
during RF increase, and panels (d-f) are the results during RF stabilization. All of them are based on the CMIP5 MME, and stippling indicates that more than
80% of the models (10 out of 13) agree on the sign of the CMIP5 MME results.

30°-120°E) during RF increase and stabilization. The attributions of rainfall change are revealed in the
following section.

3.1. Rainfall and Atmospheric Circulation

The terms of the diagnostic equation of rainfall changes, as shown in Equation 1, are analyzed to under-
stand the rainfall responses during RF increase and stabilization. Figure 6 displays the contributions of the
two vertical terms and the evaporation change during RF increase and stabilization; because of the small
contributions, the horizontal terms and the quadratic terms are not displayed. During RF increase, the ver-
tical gradient of climatological humidity transported by vertical velocity change, »'0 ¢, over the 10 features
a northwest-southeast dipole response, while after RF stabilization, the term displays a southwest-northeast
dipole structure (Figures 6b and 6e). The term of the vertical gradient of humidity change transported by
climatological vertical velocity, @0 ,¢', shows a similar northeast-southwest asymmetry during the two peri-
ods, but it becomes weaker after RF stabilization (Figures 6a and 6d). Evaporation is slightly enhanced over
the tropical IO during both RF increase and stabilization (Figures 6¢ and 6f). By comparing the diagnostic
results, it is found that the patterns of rainfall change are mainly due to the term of the vertical gradient
of climatological humidity transported by vertical velocity change, »'0 g (Figures 6b and 6e). That is, the
changes in vertical motion mainly lead to the two kinds of rainfall responses over the I0.

The attributions contributing to rainfall patterns display some discrepancies depending on region. During
RF increase, the moisture response increases more in the lower troposphere than in the upper troposphere
(Figure S3 in Supporting Information S1; Richter & Xie, 2008). The rainfall increases over the northern 10
which is mainly due to thermodynamic (moisture) changes (Figure 6a); the increase change over the east
coast of Africa and the decrease over the southeastern IO are mainly the results of dynamic circulation
(Figure 6b). Both effects are important to the pattern of rainfall change during this period. However, after
RF stabilization, the contributions are different. Because of the tiny change in atmospheric humidity, the
effect of dynamic circulation contributes more. This southwest-northeast dipole of rainfall change is mainly
led by dynamic circulation changes (Figure 6e). In general, the pattern of rainfall change is mainly due to a
dynamic circulation response rather than an increase in thermodynamic moisture. This result is consistent
with the “warmer-get-wetter” mechanism (Bony et al., 2013; Chadwick, Boutle, & Martin, 2013; Richardson
et al., 2016; Ma et al., 2018; Seager et al., 2010).
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Figure 7. The responses of the anomalous vertical circulation (a, d), surface wind (b, e), and thermocline depth (c, f) over the IO (40°S-28°N, 40°-120°E)
during RF increase (a—c) and stabilization (d-f). (a, d) The color shading indicates the vertical velocity changes (units: 1.0~ Pa s7!), the pressure velocity is

multiplied by —200, and the wind ano:

malies at 80% model consistency are displayed with vectors. (b, e) The scalar surface wind is shown in color shading

(units: m s71), and stippling indicates that more than 80% of the models (10 out of 13) agree on the sign of the CMIP5 MME results. The thermocline depth
is defined as the depth of the isothermal surface at 20°C. In addition, only the surface wind vector changes exceeding 80% model consistency are shown. All

results are based on the CMIP5 MME.

As anomalous vertical velocity is crucial in determining rainfall patterns, we further explored the causes of
changes in vertical velocity. Anomalous atmospheric ascent exists where SST warming exceeds the tropical
mean and leads to the enhancement of convective rainfall, and anomalous descent occurs where SST warm-
ing is less than the tropical mean (Figures 5 and 7a,7d; Long et al., 2014; Ma et al., 2018; Qu et al., 2015; Xie
et al., 2010). During RF gradual increase, the greater warming of SST is accompanied by anomalous easter-
lies over the northern and equatorial IO (Figure 7b). It reduces the southwesterly monsoon over the tropical
northern IO and enhances the easterly trade winds over the tropical southern IO (Qu et al., 2015). Reduced
scalar surface wind leads to the suppressed evaporation of the tropical northern IO, which favors SST warm-
ing, and vice versa to the south (Figures 6¢c and 7b). Anomalous easterly winds also contribute to the water
pile up to the west and deepen the thermocline, forming an east-west gradient of the equatorial thermocline
(Figure 7c). As RF increases, the zonal average of the vertical velocity over the IO features an apparent de-
scent south of the equator. This wind-evaporation-SST (WES) feedback is a vital positive feedback that may
amplify the initial disturbance (Qu et al., 2015; Xie et al., 2010). After RF stabilization, the SST warming
is relatively slow over the northeastern IO but faster over the western I0; this zonal SST gradient leads to
the northerlies response over the northern IO (Figures 5b and 7e). The thermocline south of 10°S deepens
(Figure 7f), and the reason for this phenomenon will be analyzed in Section 3.3. The atmosphere features
an overturning circulation with anomalous ascent over the warmer ocean and anomalous descent north
of equator (Figure 7d). Although the thermodynamic effect (the effect of atmospheric moisture) plays an
important role in regional rainfall change, the circulation response contributes increasingly to the patterns
of rainfall change and partly offsets the thermodynamic effects (Chadwick, Boutle, & Martin, 2013; Ma
et al., 2018; Seth et al., 2019; Wang et al., 2014). In the next section, the mechanism about how SST warming
influence atmospheric movement is studied.

3.2. The Effects of Stratification and Diabatic Heating on Atmospheric Circulation

The SST influences the anomalous vertical velocity mainly by two processes based on Equation 2: the appar-
ent heat source (Q,) and the mean advection of stratification (called “stratification” for short). The uniform
warming of the ocean can warm the atmosphere above and lead to changes in atmospheric stratification;
inhomogeneous SST warming causes anomalous ascent and descent according to the “warmer-get-wetter”
mechanism. Stratification more recently revealed the role of atmospheric warming in circulation slowdown
(Ma & Xie, 2013; Ma et al., 2012, 2018). The upper troposphere warms more than the lower troposphere in
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Figure 8. The zonal average of the temperature response between 40°-120°E (units: K; color shading) and the mass integration of the mean advection of
stratification patterns and the apparent heat source patterns from surface to 300 hPa (units: K kg s~ m~2; color shading) during the RF increase (a-c) and
stabilization (d-f). Panels (a, d) show temperature responses, panels (b, ) show the mean advection of the stratification patterns, and panels (c, f) show the
apparent heat source patterns. All results are based on the CMIP5 MME. Stippling in panels (b, c, e, f) indicates that more than 80% of the models (10 out of 13)
agree on the sign of the CMIP5 MME results. The model consistency is not shown in panels (a, d) for clarity.

the tropics under global warming (Knutson & Manabe, 1995; Wang et al., 2014), resulting in an anomalous
sinking motion (Figures 8a and 8d). The effect of stratification acting as a forcing opposes the climatolog-
ical circulation and slows atmospheric circulation (Ma et al., 2018). It displays anomalous cooling over
the northern I0 and warming over the southern IO (Figures 8b and 8e). The changes in stratification are
weaker between the two periods. Stratification predicts a drying trend of rainfall over regions with strong
climatological ascent, which opposes the effects of the thermodynamic (humidity) effect (Ma et al., 2018).

The patterns of Q, are similar to rainfall responses during the two periods (Figures 8c and 8f). It displays
northwest-southeast asymmetry during RF increase but a southwest-northeast dipole structure after RF
stabilization. Next, we use the spatial distribution of the stratification and Q, in the CMIP5 MME to force the
LBM and analyze their effects on atmospheric circulation. As displayed in the former section, anomalous
atmospheric movement is sensitive to the SST response. In this section, we analyze the causes of atmos-
pheric circulation change by forcing the LBM. Ma et al. (2012) noted that both the stratification effect and
diabatic heating should be considered in a fully coupled model to reproduce the responses of atmospheric
circulation under global warming, while this stratification effect is not included by default. We used both
effects to force the LBM.

The key responses of atmospheric circulation during RF increase and stabilization are well reproduced by
the LBM forced by the two effects. During RF increase, the two forcings reproduce the following respons-
es in the CMIP5 MME: anomalous descent near the equator 10 and south of 30°S in the mid- and lower
troposphere, the descent anomaly over the southern IO in the upper troposphere, the anomaly weak ascent
over the northern IO in the upper troposphere and 30°-20°S (Figures 7a and 9c), and the anomalous sur-
face easterlies over the IO (Figures 7b and 10c). During RF stabilization, the key responses of atmospheric
circulation in the CMIP5 MME are all captured by the LBM forced by the two effects. The key responses
include anomalous ascent (descent) over the southern (northern) IO in the lower troposphere, anomalous
overturning over the tropical southern IO and equatorial IO in the upper troposphere (Figures 7d and 9f),
and anomalous surface northerlies (Figures 7e and 10f). Thus, it is trustworthy to use the LBM to investigate
the individual effects of apparent heating and stratification.

During RF increase, the apparent heating yields anomalous ascent over the northern 10 and anomalous de-
scent south of the equator (Figure 9a); however, it does not reproduce the anomalous ascent over 30°-20°S
in the CMIP5 MME. Easterlies exist over the northern IO (Figure 10a). The results forced by the stratifica-
tion effect display totally different patterns; there is anomalous ascent over the southern I0 but descent over
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Figure 9. Asin Figures 7a and 7d, but for the responses in the linear baroclinic model (LBM) forced by the apparent heat source and the mean advection of
stratification pattern and both of them during the RF increase (a-c) and stabilization (d-f). Panels (a, d) are the results of apparent heat source, panels (b, e) are
the results of the mean advection of stratification, and panels (c, f) are the results considering both of them.

the northern IO (Figure 9b) and anomalous northerlies over the northern IO (Figure 10b), which offsets the
influence of diabatic heating. This phenomenon indicates that the effects of diabatic heating and stratifica-
tion are both crucial to atmospheric circulation, and the stratification on behalf of the circulation slowdown
counteracts the wetter trend over the northern IO.

After RF stabilization, the roles of diabatic heating and the stratification effect are similar. Both of them
yield anomalous ascent south of the equator, anomalous descent north of the equator (Figures 9d and 9e),
and surface northerlies across the IO (Figures 10d and 10e). The effects of both are consistent during this
period, very different from those during RF increase, in which the effects of stratification partly offset those
of diabatic heating on atmospheric wind.

The SST response may lead to changes in atmospheric circulation, diabatic heating and stratification; the
changes in diabatic heating and stratification may modify the atmospheric circulation and the underlying
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Figure 11. Diagnostic results of the formation of SST asymmetry (units: K) during RF increase (a, b) and stabilization (c, d) using a fixed MLD, 50 m.
Anomalous SST asymmetry in the northern IO is the SST response in the black box (5°S-3°N, 50°-65°E) minus the blue box (13-5°S, 85°~100°E)

during RF increase; after RF stabilization, it is the black box (13°-5°S, 50°-65°) minus the blue box (5°-13°N, 80°-95°E). See Equations S1-S16 in

Supporting Information S1 for details of calculations and the definition of each term. (a, c) The SST changes (7") and the attributions to the SST patterns are
the changes in net shortwave radiation (7,,,), the changes in net longwave radiation (7},), the changes in net latent heat flux due to surface wind (7}, ,,), relative
hqmidity (T,}L re) and surface stability (T,'h. a7)» the changes in net sensible heat flux (T;h), the quadratic term of the evaporation ;hange (Té)’ and ocean dynamics
(T, 0). (b, d) The contribution of ocean dynamics to the formation of the SST pattern is further divided into changes in zonal (TDO ) and meridional ocean heat
transport (Tll,o_v), and both of them include changes in ocean currents (7}, o1 A0d T, 1) and changes in ocean temperature gradients (TL',OM2 and T,')OJ,Z).

SST. Thus, the responses of the SST, atmospheric circulation, diabatic heating, and stratification over the
IO are well coupled.

3.3. The Formation of the SST Pattern

In the former sections, we revealed that the differences in SST patterns favor anomalous atmospheric move-
ment to display diverse patterns of rainfall change during RF increase and stabilization. There is a north-
west-southeast SST gradient over the northern IO when the RF gradually increases (Figure 5a), while, it
warms more in the southwestern IO than in the northeastern IO after RF stabilization, it looks like the
letter C (following called “C-type warming asymmetry”; Figure 5b). To further evaluate the SST responses,
a diagnostic analysis of the ocean mixed layer energy budget is conducted. The mixed layer energy budget
can be written as:

oo

? = t DVO (5)

where C = 2,C,H is the heat capacity of the mixed layer, H is the MLD, here, we define the MLD as the
fixed 50 m and also compare the results between the fixed and varying MLD (Figure 11 and S7 in Sup-
porting Information S1). Q;m is net surface flux into the ocean (downward is positive), Do is the ocean
dynamics effect due to advection, diffusion and mixing, 7" is SST change, and the term on the left side of
the equation is close to 0 in a long-term mean (Deser et al., 2010; Hwang et al., 2017; Kang et al., 2020; Xie
et al., 2010; Ying et al., 2016). A more detailed derivation can be found in the Supporting Information S1.
The climatological states of MLD simulated from the individual model and MME are shown in Figure S6
in Supporting Information S1, and we also compare the results of CMIP5 MME with the other three rea-
nalysis (Ocean Mixed Layer Depth Climatology, ECMWF ORA-S5, and SODA3) in 1980-2005 (Figure S5 in
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Supporting Information S1). The MLD is shallower in northern IO and deeper in the southern IO (Figures
S5b-S5d in Supporting Information S1), which is reproduced by CMIP5 MME (Figure S5a in Supporting In-
formation S1). But the CMIP5 MME result display shallow bias in northern IO.

Following Hwang et al. (2017) and Ying et al. (2016), the changes in SST can be written as:

T'=T,, + T, +Tpw + Tpgru + Tpoar + Ty +Tg + TDo,ul

(6)

Tpou2 ¥ Togut ¥ Togw2 + Tog i + Tpgwz + To

The change in SST is decomposed into the effects of shortwave radiation, longwave radiation, and latent
heating due to the changes in surface wind, surface relative humidity and ocean-atmosphere stability, sen-
sible heat flux, and ocean heat transport in three dimensions. To quantify the enhanced warming, the SST
changes over the northern IO are computed as the greater warming area (black box) minus the suppressed
warming area (blue box) during RF increase and stabilization in Figure 1. Figure 11 displays the differences
of each term in Equation 6 and the SST change between the greater warming area and weaker warming
area (positive values represent greater warming in the defined “warming area”). The vertical heat transport
term and residual ocean heat transport term have less contribution; therefore, they are not displayed. As
the results between the fixed and spatially nonuniformed MLD are similar, here a fixed depth of 50 m of
MLD is used (Figure 11 and S7 in Supporting Information S1). Besides, a fixed depth of MLD (50 m) can
simplify the calculation as the MLD among the models is different (Figure S6 in Supporting Information S1;
Ng et al., 2015). Note that the term net shortwave radiation TS'W is associated with cloud change, which is a
complicated process, thus, we do not discuss it here.

During RF increase, there is greater warming over the northwestern IO but less warming over the southeast-
ern 10 (Figure 5a). The changes in longwave RF, 7, , and ocean dynamics, T}, > Which are mainly led by ocean
heat transport due to ocean current changes in zonal and meridional directions, 7}, 0.t AN T o.v1» Mainly
contribute to this northwest-southeast SST asymmetry (Figure 11b). Ocean currents are the result of ocean
surface wind stress and atmospheric circulation (Vecchi & Soden, 2007; Ying et al., 2016), and they feature
northerlies over the northern IO in climatology (vectors in Figure S8a in Supporting Information S1). In
the northern tropical 10, anomalous southeasterly currents transport heat westward and enhance warming
here; in addition, in the southeastern IO, anomalous easterly currents cool the ocean surface (shading in
Figure S8a and vectors in Figure S8b in Supporting Information S1). The zonal ocean heat transport due to
the temperature change, TAO u2» 18 also in favor of this northwest-southeast asymmetry in which northerly
currents over the northern IO in climatology with warmer temperatures lead to greater warming over the
northwestern IO (vectors in Figure S8a and shading in Figure S8b in Supporting Information S1).

After RF stabilization, the ocean in the southwestern IO warms more than that in the northeastern IO, sim-
ilar to C-type warming (Figure 5b), which is a result of deeper ocean influence. This southwest-northeast
SST asymmetry is mainly due to changes in ocean dynamics (T[') 0’ mainly led by ocean heat transport due
to temperature changes in the zonal and meridional direction, 7}, w2 and T o.v2» Fespectively). The north-
easterly currents over the northern IO and southwesterly currents over the Southern Ocean in climatology
lead to heat convergence over the southwestern IO while cooling the sea surface over the northeastern 10
(vectors in Figure S8a and color shading in Figure S8c in Supporting Information S1).

This heat transport can link regional atmospheric responses over the northern IO to the Southern Ocean
where the deep/bottom water forms. In climatology, strong westerly winds in the Southern Ocean drive
Ekman transport equatorward, leading to a strong divergence south of 50°S at the surface and forming
strong upwelling. The colder water in the deeper ocean reaches the sea surface and suppresses its warm-
ing even when the atmosphere continues to warm. This is called the MOC (also called Deacon cell; Long,
Liu, et al., 2020; Morrison et al., 2016). After RF stabilization, apparent warming occurs over the Southern
Ocean, which displays obvious weakening of the heat absorption above 2000 m with the MOC and atmos-
pheric westerlies weakening (Long, Liu, et al., 2020). Because weakening upwelling leads to more heat stor-
age over the deeper ocean and the temperature of the internal ocean becomes warmer over the upwelling
zone, the ocean surface shows greater warming (Long, Liu, et al., 2020; Long, Xie, et al., 2020). This process
can bring the warming signal of the deep ocean upward, and then the currents transmit energy northwards
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with southwesterly currents in climatology (vectors in Figure S8a in Supporting Information S1). This is
an important process associated with the regional climatic response over the northern IO with a warming
signal of the deeper ocean over the Southern Ocean (Xie et al., 2010). It acts as a window contacting the
warming information of the ocean with atmospheric responses.

4. Summary and Discussion

We have investigated the different patterns of rainfall change over the northern IO during RF increase and
stabilization based on 13 models of CMIP5. When RF gradually increases, the rainfall increases over the
tropical northern IO but decreases over the southeastern I0. The diagnose of the moisture budget reveals
that the thermodynamic and dynamic components display opposite sign contributions to the rainfall re-
sponse: the thermodynamic effect leads to increased (decreased) rainfall over the northern (southern) IO,
while the dynamic effect contributes to a northwest-southeast dipole of rainfall change. However, after RF
stabilization, the rainfall over the IO displays a totally different response, with the rainfall increasing over
the southern IO but decreasing over the northern IO. A similar diagnose shows that this south-north rain-
fall gradient is mainly due to the effects of the atmospheric circulation response.

The anomalous vertical velocity is crucial in determining the rainfall patterns. Anomalous ascent exists
where SST warming exceeds the tropical mean and leads to enhanced convective rainfall, and anomalous
descent occurs where SST change is less than the tropical mean (the “warmer-get-wetter” mechanism).
During RF increase, there is northwest-southeast SST asymmetry over the northern IO, the greater warming
SST favors more water vapor, and anomalous ascent can transport more humidity upward over the northern
IO, resulting in humidity convergence in the atmosphere, while the suppressed warming over the south-
eastern IO leads to anomalous descent bringing abundant humidity downward to reach the energy balance.
Simultaneously, the surface easterlies transport energy to connect these ascent and descent regions. This
anomalous surface wind decreases the southwesterly monsoon over the northern IO but enhances the east-
erly trade winds over the southern IO, which further induces changes in the SST pattern via WES feedback.
The SST pattern effect is attained by adjusting the atmospheric circulation and connecting surface wind. In
addition, the SST also affects the distribution of diabatic heating and stratification through homogeneous
and inhomogeneous warming. The LBM outputs show that the effects of the two are partly offset, and we
must consider the effects of both.

After RF stabilization, an anomalous overturning circulation occurs over the IO: it ascends over the south-
ern IO, sinks over the northern IO and exhibits surface northerlies over the tropical IO. Similar to the
situation during RF increase, this connection between SST and atmospheric circulation is well coupled to
maintain this southwest-northeast SST structure. The LBM outputs show that the effects of the diabatic
heating and stratification on atmospheric circulation are consistent.

Over the IO, the SST pattern is an important component of the coupled processes among atmospheric circu-
lation, atmospheric heating and SST. To explore the formation mechanism of SST patterns, we analyzed the
ocean mixed layer energy budget. After RF stabilization, ocean dynamics, especially heat transport due to
temperature changes in the zonal and meridional directions, are important to display this southwest-north-
east SST asymmetry. Due to the influence of deeper ocean, greater warming occurs over the southern IO,
while suppressed warming resides over the northern I0. Over the Southern Ocean, the MOC slowdown
leads to more heat accumulated locally and apparent warming in the deeper ocean. This dynamic circu-
lation links the deeper ocean to the ocean surface and brings the warming signal upward. Furthermore,
ocean currents transport abundant surface energy over the Southern Ocean northward to influence the
IO climate. The Southern Ocean acts as a window contacting the warming signal of the deeper ocean with
atmospheric circulation because there are ventilation processes to exchange matter and energy. Anomalous
energy in the extratropical may cause climate change over the tropics (Kang et al., 2020).

Before we mainly focus on the total rainfall pattern over the IO, including ocean and land, but livelihood
is directly impacted by rainfall over land. Through the diagnosis of the moisture budget, the patterns of
rainfall change over the Indian subcontinent are mainly due to the moisture increase (thermodynamic
component), but the effect of the dynamic component increases after RF stabilization (Figures 6a and 6d).
The effect of ocean rainfall change is analyzed by individual apparent heat source forcing the LBM (Figures
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S9 and S10 in Supporting Information S1). During RF increase, the anomalous surface southwesterlies over
the northern IO are forced by the cooling over the southeastern IO and over the southern 10 (Figures S9c
and S9d in Supporting Information S1), which may increase water vapor transport over the Indian Penin-
sula. After RF stabilization, the anomalous surface northerlies over the norther IO are forced by the cooling
over the northern IO (Figure S10a in Supporting Information S1), which may reduce water vapor transport
over the Indian Peninsula. The influences of the other two heating are smaller (Figures S10b and S10c
in Supporting Information S1). By affecting the response of atmospheric circulation, rainfall over ocean
changes the water vapor transport over land, and in turn influences rainfall over land.

During RF increase, the deeper ocean accumulates heat. Its effect on the atmosphere cannot be ignored after
RF stabilization, especially when the climate system is to achieve carbon neutrality. The slow response of the
deeper ocean plays an important role in climate feedbacks when the carbon dioxide concentration decreases
or stabilizes after the carbon neutrality (Chadwick, Wu, et al., 2013; Long et al., 2014). Our study reveals the
relationship between the deeper ocean and surface atmospheric circulation, and elaborates this mechanism.
Further research needs to focus on atmospheric circulation changes in greater detail. Note that, one can't ignore
other potential factors for the changes of rainfall pattern over IO, like IOD (Cai et al., 2013) and Indian- Pacific
relationship (Samanta et al., 2020). The different SST asymmetry pattern during RF stabilization is a special sce-
nario that is different from the historical climate in which greater warming occurs in the Northern Hemisphere.
The study of this different rainfall asymmetry patterns may provide some new findings of global warming.

Data Availability Statement

The GPCP data are available online at http://psl.noaa.gov/data/gridded/data.gpcp.html. The LBM code is
available online at https://ccsr.aori.u-tokyo.ac.jp/~lbm/sub/lbm_4.html. The CMIP5 outputs are available
online at https://esgf-data.dkrz.de/search/esgf-dkrz/. The related model simulations in LBM are availa-
ble online at https://data.mendeley.com/datasets/hvzky7z99p/2 (https://doi.org/10.17632/hvzky7z99p.2).
The mixed layer depth reanalysis data are downloaded from the Asia-Pacific Data-Research Center web-
site (http://apdrc.soest.hawaii.edu/index.php). The radiative forcing data is from the RCP database website
(https://tntcat.iiasa.ac.at/RcpDb/dsd?Action=htmlpage&page=compare).
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