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Abstract

Based on the multimodel ensemble of 22 models in Coupled Model

Intercomparison Project Phase 6 (CMIP6), the present manuscript found that

in response to increasing CO2, the South Asian high (SAH) displays the oppo-

site response over its southern region in the upper troposphere: an anticyclonic

response at 100 hPa and a weak (insignificant) cyclonic response at 200 hPa.

This opposite response is a product of tropospheric warming. In response to

increasing CO2, the troposphere warms, with the potential temperatures

peaking at 150–200 hPa over the northern Indian Ocean (IO). With transporta-

tion by local vertical motion (ascendance over the northeastern IO and

descendance over the northwestern IO), various changes in vertical tempera-

ture advection with height form at 100 and 200 hPa. Finally, the changes con-

tribute to a decrease in the ω response with pressures at 100 hPa but an

increase in the ω response with pressures at 200 hPa over the northwestern

IO. Over the northwestern IO, ω change is inversely related to pressure. At

100 hPa, the sign of ω changes with pressure, which yields distinct vorticity

forcing over the northeastern and northwestern IO. This causes an anticyclonic

response, which may generate zonal vorticity advection and balance the vortic-

ity forcing. At 200 hPa, the contribution is roughly opposite to that at 100 hPa.

In addition, although diabatic heating contributes to the vertical profile of ω, it

yields the same-sign vorticity response at 100 and 200 hPa.
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1 | INTRODUCTION

The South Asian high (SAH; also called the South Asian
monsoon anticyclone) is a zonally-elongate anticyclone
in the upper troposphere and lower stratosphere during
the boreal summer (Figure 1a,b). It stretches zonally
from North Africa to the North Pacific and longitudinally
spans from the equator to approximately 50�N. Its center
resides over South Asia and the Tibetan Plateau. It forms
mainly due to the topographic heating of the Tibetan Pla-
teau and the latent heating released by South Asian mon-
soon rainfall (Boos & Kuang, 2010; Flohn, 1960; Wu
et al., 2012). The southern component of the SAH is the
tropical easterlies, which are tightly associated with
underlying tropical storms (Rao et al., 2008); the north-
ern component, the Asian subtropical westerlies, is an
important environmental factor that forces downstream
rainfall (Kosaka et al., 2011; Liang & Wang, 1998;
Sampe & Xie, 2010). In addition, the SAH is strongly
coupled with the underlying convection, which forms a
pathway for the transport of pollutants emitted at the sur-
face to the upper troposphere and lower stratosphere and

affects the vertical distribution of these pollutants (Bian
et al., 2020; Park et al., 2009).

Since the mid-19th century, the concentration of car-
bon dioxide (CO2) in the atmosphere has been increasing,
leading to profound influences on the climate (Stocker
et al., 2013). However, the SAH responses to increasing
CO2 are height-dependent (Qu et al., 2015; Qu &
Huang, 2016). Figure 1e,f display the responses of hori-
zontal wind and vorticity to CO2 increases at 100 hPa
and 200 hPa, respectively. At 100 hPa, the tropical com-
ponent of the anticyclone is enhanced, and its center gen-
erally moves southwards (Figure 1e); meanwhile, at
200 hPa, the component displays a weak opposite-sign
vorticity response (Figure 1f). In previous studies on the
SAH, circulation changes at a single level were frequently
used to quantify SAH changes, especially the variability
on interannual timescales (Huang et al., 2011; Wei
et al., 2015; Zhang et al., 2002). However, the current
understanding implies that under global warming, it is
insufficient to quantify the SAH change based on circula-
tion at a single pressure level and that one should be
aware of how its responses differ with height.

(a)

(c) (d)

(e) (f)

(b)

FIGURE 1 The June–august climatology (a–d) and responses (e and f) of horizontal wind (vectors) and vorticity (color shading; unit:

S�1) in the upper troposphere. The left column shows the results at 100 hPa, and the right column shows the results at 200 hPa. (a and b)

The climatological results of the NCEP reanalysis; (c and d) the climatological results of the CMIP6 MME in the historical experiment. The

climatology is the average during 1980–2010. (e and f) The responses in the CMIP6 1%CO2 experiment (the response is the difference in

climatology between years 121–140 and years 1–20). The lattice patterns indicate that the response of vorticity reaches the 95% significance

level; in (e and f), only vectors at the 95% significance level are displayed. All the results are multimodel ensemble results
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The above contrary responses in the upper tropo-
sphere indicate that the SAH undergoes an elevation
change during an increase in CO2. Simultaneously, some
other climate phenomena also display similar responses.
For instance, as CO2 increases, the global atmosphere
warms, leading to the rising of the tropopause elevation
(Hu & Vallis, 2019; Santer et al., 2003); as tropical con-
vective anvil clouds form at a relatively fixed tempera-
ture, the height of high clouds rises in response to global
warming (Hartmann & Larson, 2002). Correspondingly,
tropical convection deepens; for instance, in climatologi-
cal ascendance regions, the ascendance is enhanced in
the upper troposphere but weakens in the mid- and
lower-troposphere (Chou et al., 2009). Among these phe-
nomena, the SAH response seems to be one component
of the troposphere deepening under global warming.

In addition, the tropical troposphere warms in
response to CO2-induced global warming, with a maxi-
mum temperature increase in the upper troposphere (Ma
et al., 2012); over the IO sector, the warming maximum
resides at approximately 200 hPa (Knutson & Manabe,
1995). This may lead to different stratification effects in
the vertical direction. Does it affect the contrary
responses of the SAH in the upper troposphere? The rest
of this paper attempts to address the above question.

2 | DATA AND METHODS

2.1 | Data and model performances

The present study used the monthly outputs of 22 models
in CMIP6 (Eyring et al., 2016), the information of which
is provided in Table S1. The experiments used were
(1) 1% CO2 experiments (the CO2 concentration in the
models increased 1% per year until the concentration had
quadrupled) and (2) historical experiments (observed
forcings, such as anthropogenic and natural forcings,
from the mid-19th century to 2014 were used to force the
models). The present study used only the “r1i1p1f1” runs
in each model. The multimodel ensemble (MME) method
was used to assess the overall performance and sequen-
tial response of the models. The data were interpolated
onto a 1.0� � 1.0� grid.

To evaluate the model performance, the following obser-
vational and reanalysis data were used: (1) the Global Precip-
itation Climatology Project (GPCP) monthly precipitation
analysis (Adler et al., 2003) and (2) the NCEP reanalysis
(Kalnay et al., 1996). When evaluating the model perfor-
mance, we focused on the period from 1980 to 2010 in the
historical simulations, observational data and reanalysis data.
Evaluation shows that the CMIP6 MME reasonably repro-
duces the climatology of the upper-tropospheric circulation,

temperature and the rainfall associated with the SAH
(Figures 1a–d, S1a,b and S2a,b).

The response to increasing CO2 was defined to be the
difference in climatology between years 121–140 and
years 1–20 in the 1% CO2 experiments. The significance
level of the response (Figure 1e,f) is based on Student's
t test, performed furtherly based on the intermodel stan-
dard deviation of climatologies of years 121–140 and
years 1–20, respectively. The significance level of diagnos-
tic results (Figure 2) is based on the confidence interval.
For a grid, if the values in confidence interval of the diag-
nostic results of all the models do not contain 0, the diag-
nostic result is significant.

2.2 | The diagnostic methods

The SAH featured a prominent vorticity, so the vorticity
budget was diagnosed. Under increasing CO2, the linear-
ized equation of the vorticity budget is written as follows:

f
∂ω0

∂p
�V �rζ0 �V � ζ�βv0 ¼ 0 ð1Þ

where the overbars and primes represent climatology and
response, respectively. f, ω, V, ζ, ß, and v are the Coriolis
parameter, pressure velocity, horizontal wind, vorticity,
and variation in the Coriolis parameter with latitude and
meridional wind, respectively. The first term on the
right-hand side of Equation (1) is vorticity forcing.

Thermodynamic processes may contribute to changes
in vertical motion. Thus, the associated diagnosis is
employed. Its linearized equation is written as follows:

Cp V �rTð Þ0 þ p
p0

� �k

ω0 ∂θ
∂p

þω
∂θ0

∂p

� �" #
¼Q1 ð2Þ

where Cp, T, p, θ and Q1 represent the specific heat at
constant pressure, temperature, pressure, potential tem-
perature and diabatic heating, respectively. k = R/Cp. p0
= 1000 hpa.

Assuming B¼ p
p0

� �k
, then:

V �rTð Þ0 þB ω0 ∂θ
∂p

þω
∂θ0

∂p

� �
¼Q1

Cp
ð3Þ

Then:

ω0 ¼ Q1

BCp
∂θ
∂p

�ω
∂θ
∂p

∂θ0

∂p
� V �rTð Þ0

B ∂θ
∂p

ð4Þ
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For convenience, we named the first to third terms on
the right-hand side of Equation (4) the contributions of
diabatic heating, stratification and horizontal tempera-
ture advection, respectively.

3 | RESULTS

As displayed in Section 1, the SAH is a large anticy-
clone mainly located over subtropical Asia, with its lati-
tude spanning from the equator to approximately 50�N
(Figure 1a,b); in the CMIP6 MME results, the SAH dis-
played the same features (Figure 1c,d). In response to
increasing CO2, the behaviors of the SAH are roughly
reversed south of 30�N in the upper troposphere
(Figure 1e,f). At 100 hPa, there is an intensified anticy-
clonic response, with its maximum over the northern
IO. It corresponds to a southward movement of the
SAH. At 200 hPa, from 20� to 100�E, responses of sig-
nificant westerlies and weak cyclones are found. These

nearly divergent responses indicate an elevation of
the SAH.

To understand the vorticity response associated with
the SAH, we diagnosed the vorticity budget. Figure 2 dis-
plays the terms of Equation (1) at 100 and 200 hPa. The
advection terms are divided into advection in zonal and
meridional directions. The equation is mainly balanced
by two terms: f ∂ω0

∂p and �u ∂ζ0

∂p

� �
(Figure 2a,b,g,h). At

100 hPa, the vorticity response, where it is transported by
climatological westerlies, yields positive vorticity advec-
tion east of 70�E and negative advection west of 70�E
(Figure 2b). This advection is generally offset by the effect
of divergence change or the response of vertical motion
with height (f ∂ω0

∂p ) (Figure 2a). That is, in response to
increasing CO2, at 100hPa east of 70�E, ω0 decreases with
pressure. It favors the vorticity degeneration (Figure 2a).
To balance the degeneration, a negative vorticity response
occurs over the northern IO, with a maximum near 70�E
(Figure 1e). With the transportation of climatological
westerlies, positive vorticity advection exists east of 70�E,

(a)

(d)

(g)

(j) (k) (l)

(h) (i)

(e) (f)

(b) (c)

FIGURE 2 The terms (color shading) of the vorticity budget (based on Equation (1)) at 100 hPa (a–f) and 200 hPa (g–l). The units are
s�2. The lattice patterns indicate the terms reaching the 95% significance level
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offsetting the vorticity degeneration led by the change in
pressure velocity with height (Figure 2b). At 100hPa west
of 70�E, the processes are opposite (Figures 1e and 2a,b).
The 100 hPa forms a steady vorticity response structure
over the northern IO, and thus, the anomalous anticy-
clone is maintained. At 200hPa over the northeastern IO,
the responses are roughly opposite to those at 100hPa
(Figures 1f and 2g,h). Thus, the vertical velocity response
with height leads to the opposite change in the SAH at
100hPa and 200hPa.

The contribution of the thermodynamic processes to
the pressure velocity change was also investigated. Figure
3 displays the ω response of the CMIP6 MME, the
response of diagnosed ω and the contribution of the
terms in Equation (4). The ω response (as well as its vari-
ation with height) calculated based on Equation (4) is
close to that of the CMIP6 MME (Figure 3a,b,f,g), indicat-
ing that the ω response to increasing CO2 is likely the
result of changes in diabatic heating, vertical temperature
advection (stratification effect) and horizontal tempera-
ture advection.

Over the northeastern IO [5�–25�N, 70�–100�E], the
ascendance features an enhancement in the upper tropo-
sphere, with a maximum at 150 hPa (Figure 3a). The ω

response decreases with pressure at 100 hPa and
increases with pressure at 200 hPa. This overall profile of
the ω response is mainly led by the competing effects of
diabatic heating and stratification (Figure 3b,c,d). To
measure the difference in the ω response with pressure
(hereafter DWP), we defined it as follows:

DWP¼ ∂ω0

∂p

� �
100 hPa

� ∂ω0

∂p

� �
200 hPa

ð5Þ

The DWP of direct output of CMIP6 MME is �1.5 � 10�6

s�1. The DWP of diagnosed ω0, based on Equation (4), is
�1.1 � 10�6 s�1. The DWPs contributed by diabatic
heating, stratification and horizontal temperature
advection are 2.1 � 10�6 s�1, �1.9 � 10�6 s�1, and
�0.5 � 10�6 s�1, respectively (Figure 3c,d,e). Thus, in the
upper troposphere, the difference in the ω response with
height (pressure) over the northeastern IO is mostly con-
tributed by the stratification effect.

The impact of global warming on the tropics results in
oceanic warming and moist adiabatic adjustment, leading
to tropospheric warming (Knutson & Manabe, 1995; Ma
et al., 2012). The associated potential temperature peaks

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

FIGURE 3 The area-averaged response of ω (unit: Pa s�1) with height. (a and f) The results of the model output. (b and g) The results

of diagnosed ω, based on Equation (4). (c and h) The ω responses due to diabatic heating. (d and i) The ω responses due to stratification.

(c and h) The ω responses due to changes in horizontal temperature advection. The top row (a–e) is the result over the area [5�–25�N,
70�–100�E], and the bottom row (f–j) is the result over the area [5�–25�N, 50�–60�E]. The values are the results of ∂ω0

∂p at the pressure level of

the dashed lines
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at 150–200 hPa over the northeastern IO (Figure 4). This
leads to different stratification patterns at 100 hPa and
200 hPa. The climatologically local ascendance causes
warm vertical advection at and above 150 hPa but cold
vertical advection at and below 200 hPa (Figure 4). At
and above 150 hPa, the warm advection leads to a com-
pensation of upwards motion. As heights of 70 and
100 hPa are near the tropopause, the ascendance is wea-
ker than that at 150 hPa. This leads to weaker warm verti-
cal advection and thus a weakened compensation of
upwards motion. The ω response with pressure is nega-
tive. At and below 200 hPa, the magnitude of cold vertical
advection increases with pressure, which leads to the ω
response with pressure being positive. Thus, the stratifica-
tion effect induces a different ω response with pressure
(height) over the northeastern IO.

Over the northwestern IO [5�–25�N, 50�–60�E], the
descendance features an intensification at 100–150 hPa
and a decline at and below 200 hPa (Figure 3f). This pro-
file of ω response with height (pressure) is the competing
effects of the diabatic heating, stratification effect and hor-
izontal temperature advection (Figure 3h,i,j). The DWP of
the direct output of CMIP6 MME is 0.5 � 10�6 s�1. That
based on Equation (4) is 0.6 � 10�6 s�1. The DWPs con-
tributed by diabatic heating, stratification and horizontal
temperature advection are 0 s�1, 0.5 � 10�6 s�1, and
0.1 � 10�6 s�1, respectively (Figure 3h,i,j). Thus, over
the northwestern IO, the difference in the ω response
with height (pressure) is also the contribution of the
stratification effect.

In response to increasing CO2, the potential tempera-
ture associated with tropospheric warming peaks at 150–
200 hPa over the northwestern IO (Figure 4). This leads
to a distinction in vertical temperature advection at
100 and 200 hPa. The climatologically local descendance
causes warm vertical advection at 100 and 250 hPa but

cold vertical advection at 150 hPa (Figure 4). As the cli-
matological vertical motion is weak at 70 hPa, the verti-
cal temperature advection is miniscule. Correspondingly,
an anomalous contribution of upwards motion occurs at
100 and 250 hPa, an anomalous contribution of down-
wards motion occurs at 150 hPa, and a nonsignificant
contribution of vertical motion takes place at 70 hPa.
According to the centered finite difference, the ω
response with pressure is positive at 100 hPa and nega-
tive at 200 hPa. Thus, similar to the situation over the
northeastern IO, the stratification effect also leads to a
different ω response with pressure (height) over the
northwestern IO.

4 | SUMMARY AND DISCUSSION

Using the historical CMIP6 experiment, we found that
the CMIP6 MME is capable of reproducing the climatol-
ogy of the SAH and the underlying rainfall during sum-
mer (June–August). Therefore, the present study has
focused mainly on the SAH changes during summer.

The output of the 1% CO2 experiment suggests that,
in response to increasing CO2, the SAH behaves oppo-
sitely south of 30�N in the upper troposphere: at 100 hPa,
there is an intensified anticyclonic response, with its
maximum over the northern IO; at 200 hPa, from 20� to
100�E, responses of significant westerlies and weak
cyclones are found. This nearly opposite response sug-
gests an elevation rise of the SAH.

The vorticity budget suggests that over the northern
IO at 100 and 200 hPa, the major terms are as follows:
(1) the climatological vorticity transported by zonal wind
and (2) the vertical gradient of anomalous pressure veloc-
ity (ω) multiplied by the Coriolis parameter (f ). These
two terms generally cancel each other out. This result

FIGURE 4 The response of

potential temperature (color shading,

unit: K), climatological wind (vectors)

and anomalous potential temperature

transported by climatological vertical

motion (contours, unit: K s�1). The

results are the average between 5� and
25�N. only contours for ±0.2 � 10�5,

±0.6 � 10�5, ±1.0 � 10�5, ±1.4 � 10�5,

±1.8 � 10�5, and ± 2.2 � 10�5 K s�1 are

displayed. When displaying the vectors,

the pressure velocity is multiplied by

�500 for clarity
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indicates that the vorticity change is the result of changes
in the ω response with height (pressure).

Further diagnosis shows that the vertical profile of
the changes in ω is mainly the result of diabatic heating
and the stratification effect. Among these two contribu-
tors, the former leads to the same sign contribution to the
changes in ω with height (pressure), while the latter
mainly leads to the opposite-sign ω change with height
(pressure).

The stratification effect, or the changes in tempera-
ture transported by climatological vertical motion, is
mainly the result of tropospheric warming. The response
to increasing CO2 in the tropics results in oceanic
warming and moist adiabatic adjustment, which lead to
tropospheric warming. The associated potential tempera-
ture peaks at 150–200 hPa. Over the northeastern IO, the
climatological ascendance peaks in the mid-troposphere
and vanishes near 100 hPa. It interacts with changes in
potential temperature and finally contributes to a
decrease in the ω response with pressure at 100 hPa but
an increase in the ω response with pressure at 200 hPa.
In contrast, over the northwestern IO, the above atmo-
sphere is dominated by descendance. Finally, the interac-
tion of changes in potential temperature with the
descendance results in an increase in the ω response with
pressure at 100 hPa but a decrease in the ω response with
pressure at 200 hPa.

The above results provide some implications for the
changes under global warming. First, the changes in the
upper troposphere may be nonuniform. In previous stud-
ies, circulation changes at a single level were frequently
used to represent changes in upper/mid- troposphere,
especially the variability on interannual timescales
(Huang et al., 2011; Wei et al., 2015; Zhang et al., 2002).
Present study implies that multilevel changes, rather
than single-level changes, should be considered. Second,
one should be aware of the height changes of some cli-
matic phenomena. Especially under global warming, the
increased height of tropopause may lead to the elevation
of other climatic phenomenas. Finally, the stratification
effect is also crucial under global warming, at least when
studying the changes in the upper troposphere.
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