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[1] Forced with increased greenhouse gases, the South
Asian summer monsoon (SASM) circulation weakens in
climate models, which appears inconsistent with the
projected increases in near-surface land-sea thermal
contrasts during the 21st century. Our analysis shows that
the SASM intensity positively correlates with the land-sea
thermal contrast in both the lower- and upper-troposphere
before year 2000; thereafter a reduced upper-tropospheric
thermal contrast leads to a weakened SASM circulation,
despite an increasing lower-tropospheric thermal contrast.
The decrease in the upper-tropospheric thermal contrast
mainly results from enhanced upper-tropospheric warming
over the tropical Indian Ocean due to increased latent
heating. The results suggest a crucial role of enhanced
tropical convection in the weakening of SASM circulation
and a weak influence of lower-tropospheric thermal contrast
on the SASM under global warming. They also imply a less
important role of near-surface processes over the Tibetan
Plateau in the long-term SASM change during the 21st
century. Citation: Sun, Y., Y. Ding, and A. Dai (2010),
Changing links between South Asian summer monsoon
circulation and tropospheric land-sea thermal contrasts under a
warming scenario, Geophys. Res. Lett., 37, L02704, doi:10.1029/
2009GL041662.

1. Introduction

[2] The response of the South Asian summer monsoon
(SASM) to increased atmospheric CO, and other green-
house gases (GHGs) has received considerable attention
[e.g., Kripalani et al., 2007a; Meehl et al., 2007a]. As
GHGs increase, most models suggest larger surface warm-
ing over the Asian continent than over the tropical oceans,
with the near-surface land-sea thermal contrast becoming
larger in summer [Meehl et al., 2007a]. Since the SASM is
traditionally thought to be driven by the land-sea thermal
contrast between the Asian continent and its adjacent oceans
to the south [Fu and Fletcher, 1985; Li and Yanai, 1996],
the increased land-sea thermal contrast would imply an
enhanced SASM circulation. Although a few early studies
reported enhanced [Zhao and Kellogg, 1988] or little
changed [Ashrit et al., 2003] SASM circulation in response
to increased GHGs in some individual models, most recent
coupled global climate models (CGCMs) project a weak-
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ened SASM circulation under various scenarios of increased
GHGs [Ueda et al., 2006; Kripalani et al., 2007a; Meehl et
al., 2007a]. This presents an apparent paradox between the
increased near-surface land-sea thermal contrast and weak-
ened SASM circulation in projected future climates. The
monsoon over East Asia is, however, projected to strength-
en as evidenced by the projected intensification of the North
Pacific Subtropical High [Kripalani et al., 2007b].

[3] Previous studies have used different definitions of the
land-sea thermal contrast to study SASM variations, such as
the land-sea differences of near-surface temperature [Fu and
Fletcher, 1985], 200—500 hPa thickness [Li and Yanai,
1996; Ueda et al., 2006], and 200—1000 hPa thickness
[Holton, 2004]. These studies have shown that the thermal
difference at different levels between the Asian continent,
especially the Tibetan Plateau (TP), and the tropical oceans
is closely linked to the establishment, seasonal evolution,
and interannual to interdecadal variations of the SASM. The
dominant controlling factors include the sea surface tem-
perature (SST) in the Pacific (remote) and Indian (local)
Oceans and the land-surface processes over Asia. They
influence the SASM by changing the land-sea thermal
contrast through atmospheric large-scale circulation, sensi-
ble and latent heating, and other processes [Yang and Lau,
2006]. Ueda et al. [2006] suggested that the model-projected
weakening of the SASM circulation may result from a
reduction in the upper-tropospheric meridional thermal
gradient between the Asian continent and the oceans to
the south.

[4] These previous studies all show a positive correlation
between the SASM intensity and the thermal contrast at
different levels in historical records. This relationship
appears to have changed in model-projected warmer cli-
mates, because a weakened SASM is accompanied by
enhanced near-surface thermal contrast. However, it is
unclear why this could happen in the models. This suggests
that the SASM’s relationship with the land-sea thermal
contrast may change with increasing GHGs. This study
aims to address these issues and investigate what processes
control the SASM circulation change under GHGs-induced
global warming.

2. Data and Methods

[s] The model data for the period from 1951 to 2099 were
extracted from the Intergovernmental Panel on Climate
Change (IPCC) simulations for the 20th century (20C3M)
and the 21st century under the SRES AIB (a medium)
emissions scenario using CGCMs for the Fourth Assessment
(AR4) [Meehl et al., 2007b] (also see http://www-pcmdi.
linl.gov/ipcc/about_ipcc.php). Here monthly data from seven

1of5


http://dx.doi.org/10.1029/2009GL041662

L02704

45N
40N
35N S
30Ny u
25N LI AN s
20N

15N : ; :
10N 7 7 - e W Ay e 4 aea —50
= > AAagy -60

AA Ay
5N
)')"1-, ¢4¢fi‘.,., —80

ro 4 TN, e i e L:ff\&“’:::
55 *‘ =

<vrvA4..§~u- 1’:»
IEE TR

10S e ‘-“‘-r-‘-'-‘?‘m
30E 40E 50E 60E 70E B8OE 90E 100E 110E 120E 130E 140E

—_
20

(b)

TCupper TClower MI

1401 28
130 15827

261
1201 45,64 254

1101 ]
154124

100 231
901 15.24 224
80+ 15'2:
70_ 14.8' 19-

604 14.64 187
17

1960 1965 1970 1975 1980 1985 1990 1995 2000
Year

Figure 1. (a) Long-term (1979-2000) mean of June-July-
August-September (JJAS) 850 hPa winds (arrows, inm s~ ')
and 200—500 hPa thickness anomaly (colors, in geopoten-
tial meter [gpm]) relative to the mean of the domain (10°S—
45°N, 30°- 140°E) (b) Temporal evolution of the JJAS MI
(black, m s~ "), T Cuppe, (red, gpm), and TCj,,,., (blue, gpm)
from 1958 to 2002 in the ERA-40 reanalysis. See text for
the details.

models were used after evaluating 19 AR4 models’ perfor-
mance in simulating the SASM circulation. These seven
models reasonably reproduce the SASM circulation intensity
and its relationship with the tropospheric land-sea thermal
contrasts during the later half of the 20th century. They
include: CGCM3.1(T63), GFDL-CM2.1, INM-CM3.0,
ECHAMS5/MPI-OM, MRI-CGCM2.3.2, PCM, and
UKMO_HadGEMI. We also used the ERA-40 reanalysis
monthly data for 19582002 [Uppala et al., 2005]. All the
data were linearly interpolated onto a 2.5° x 2.5° grid.

[6] The SASM index (MI) defined by Webster and Yang
[1992] was chosen as a proxy for changes in the SASM
circulation intensity (SASM intensity hereafter). This M is
defined as the difference of zonal winds at 850 (Uysg) and
200 hPa (U,gg) levels (i.e., MI = Ugsy — U,gg) averaged
over 0°-20°N and 40°-110°E. This dynamical index
depicts the thermally-driven nature of the SASM and thus
recognizes the importance of horizontal thermal differ-
ence. The land-sea thermal contrast for June-July-August-
September (JJAS) between the TP region (20°—40°N, 60°—
100°E) and the tropical Indian Ocean (TIO, 10°S—10°N,
60°—100°E) (see the black boxes in Figure la) was com-
puted for both the upper and lower troposphere using
TC = Thickness (200-500 hPa, TP) — Thickness

upper
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(200-500 hPa, TIO) and TC,,,., = Temperature (near-
surface [2m], TP) — Temperature (500—850 hPa, TIO).
The 500—-850 hPa temperature over the TIO is used as a
proxy of near-surface temperature after height adjustment
for comparison with 2 m air temperature over the TP, which
i1s 2—5 km above the mean sea level. For convenience, the
near-surface (i.e., 2 m) air temperature over the TP and
500—850 hPa temperature over the TIO are referred to as
lower-tropospheric temperature and the 200—500 hPa thick-
ness is referred to as upper-tropospheric thickness hereafter.
Since the focus of this paper is on the SASM circulation
change, SASM hereafter refers to SASM circulation unless
stated otherwise.

3. Changes in the MI, TC,,,., and TC,,,,.,

[7]1 Figure 1a shows the 1979—2000 mean JJAS 850 hPa
winds (arrows), and 200—500 hPa thickness anomalies
(colors; relative to the mean of the domain: 10°S—45°N,
30°-140°E) from the ERA-40 reanalysis. The thickness
anomalies centered over the TP and the TIO form a large
meridional thermal gradient between Asia and the TIO,
which drives the low-level southwesterly winds from the
northern Indian Ocean through the Bay of Bengal to the
South China Sea (Figure la) and high-level northeasterly
winds from Asia to the Southern Hemisphere (not shown).
The maintenance, internannual, and interdecadal variations
of the SASM circulation is closely linked this meridional
land-sea thermal gradient, which has been defined differ-
ently either using temperature or layer-thickness differences
in lower or upper troposphere [e.g., Fu and Fletcher, 1985;
Li and Yanai, 1996]. Figure 1b clearly shows the close links
between the TP-TIO thermal contrast and the SASM inten-
sity. All three series show a rapid decrease from 1960 to
1980 and thereafter a slight increase. The temporal varia-
tions are significantly correlated among the JJAS MI
(black), TC,,pe(red), and TCy,,,., (blue), with the correla-
tion coefficient » = 0.84 between M/ and 7C,,,.,, and 0.51
between MI and TC,,,,., during 1958—-2002 in the ERA-40.
These positive correlations suggest that a strong (weak)
monsoon is accompanied by large (small) lower- and upper-
tropospheric TP-TIO thermal contrasts in the ERA-40
reanalysis. Another important feature is that over both the
TP and TIO, there exists significant correlation (» = 0.59 for
the TP and 0.59 for the TIO) between the lower-layer
temperature and upper-layer thickness, which leads to
significant correlation (r = 0.54) between the 7Cy,,,., and
TC,pper shown in Figure 1b. This consistent evolution
indicates tight coupling between the upper- and lower-layer
thermal variables over the SASM regions. It explains why
the SASM variations can be related to the land-sea thermal
contrast defined at both lower and upper tropospheric levels
in previous studies. On the other hand, the correlation
between the SASM precipitation (averaged over 5°N—
35°N, 60°E—100°E, not shown) and the MI, TC,,,., and
TCyyer are relatively weak, with » = 0.38, 0.51 and 0.27
during 1958-2002, respectively. This indicates that the
dynamic MI index is not a very good measure of surface
rainfall in the whole SASM region. This also applies to the
21st century model results discussed below.

[s] The model-simulated JJAS MI (black), TC,,,(red),
and TCy,,e- (blue) from 1951-2099 are shown in Figure 2a
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Figure 2. Temporal evolution of (a) JJAS MI (black, in
m s~ '), T Cupper (red, gpm), and TCy,,,., (blue, gpm), and
(b) JJAS -Usyo (black, m s™") and Ugso (green, m s )
anomalies (relative to 1980—1999 mean) averaged over 0°—
20°N and 40°-110°E, and TC,,,,., (red, gpm), and TCp,.,
(blue, gpm) from 1951 to 2099 based on IPCC AR4 7-model
arithmetic mean under observation-based forcing during
1951-2000 and the AI1B scenario for 2001-2099. U,
anomalies in Figure 2b were multiplied by —1 to show the
weakening of 200 hPa easterly winds.

using the 7-model arithmetic mean. As in the ERA-40, the
simulated inter-annual to multi-year variations are correlated
among these indices from 1951-2000, with » = 0.80
between MI and TC,,,,.,, and 0.48 between MI and TCy,,,-
The models generally reproduce the positive influence of
near-surface temperature on the upper-layer thickness dur-
ing 1951-2000. However, during the 21st century, the
TCjpver increases whereas both the MI and 7C,,,,, decrease,
leading to a correlation of 0.88 between MI and TC,,,,,., and
—0.10 (mainly due to opposite trends) between MI and
TCpyer (r = 0.85 and 0.34, respectively, after removing the
trends and low-frequency variations). Figure 2b compares
the time series of 850 hPa (Ugsy, black) and 200 hPa
(—U,po, green) zonal winds anomalies averaged over 0°—
20°N and 40°-110°E with the 7C,,,., (red) and TCy,.,
(blue) indices. It is clear that —U,, decreases rapidly since
the late 20th century whereas Usgs, stays relatively stable.
This indicates that the decreasing trend in MI(= Ugsy —
Usgp) results mainly from the large decreases in 200 hPa
easterly winds. The rapid decrease in — U, is accompanied
by the decreasing TC,,,. (r = 0.89 and 0.84 for variations
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with and without 9-year running mean), suggesting that the
weakening of the upper-level zonal winds is related to the
decreasing upper-layer thermal contrast (i.e., 7C,pp.r;) in
the 21st century. On the other hand, the correlation
between the 7Cy,,,.,- and Ugs, changes from » = 0.47 from
1951-2000 to » = 0.25 during the 21st century, indicating
a weakened relationship between TCy,,., and Ugs.

[9] These results suggest that the lower-tropospheric
thermal contrast is no longer a good indicator of the SASM
intensity in the 21st century, although the two still correlate
on multi-year time scales ( = 0.34). Also note the correla-
tion between 7C,,per and TCjg,,. changes from r = 0.32 for
1951-2000 to » = —0.27 for 2001-2099 (» = 0.31 and 0.25
after long-term trends removed), indicating a weakened
coupling between T'Cy,,. and TC,,,. and thus a smaller
influence of lower-layer thermal conditions on the SASM in
a warmer climate.

[10] In the models, the linear trends of upper-layer
thickness from 2001-2099 are 12.24 geopotential meter
(gpm)/10yr over the TP and 13.73 gpm/10yr over the TIO,
whereas the trend of lower-tropospheric temperature is
0.36 K/10yr over the TP and 0.32 K/10yr over the TIO,
respectively. Thus, it is the slower warming in the upper
troposphere over the TP than over the TIO that leads to the
decrease of TC,,,., whereas it is the larger increase of
lower-layer temperature over the TP than over the TIO that
results in the increase of 7C,,,.,~ The models also under-
estimate mean M/ and the two thermal contrasts consider-
ably during 1951-2000 compared with the ERA-40
reanalysis (Figure 1b and 2), which suggests that the land-
sea thermal contrasts and the associated SASM circulation
are too weak in the model mean climate. Further analysis
revealed that this is mainly caused by the smaller 200—
500 hPa thickness over the TP in the models, which may
reflect the models’ deficiency in resolving the complex
terrain over the TP.

[11] To help understand the above changes, Figure 3a
shows tropospheric temperature changes as a function of
height averaged over the TIO region from 1951-2099. The
vertical structure of the temperature anomalies changes
around year 2000 from a vertically-uniform pattern to more
rapid warming in the upper troposphere, which indicates
reduced influence of near-surface temperature on the upper-
layer thermal condition in the 21st century. A similar change
is also found over the TP (not shown), but with less
enhanced warming in the upper troposphere in the 21st
century. Thus, in a GHG-induced warmer climate, the
enhanced upper-tropospheric warming over the TIO out-
paces the warming over the TP, which is consistent with
the maximum warming around 200 hPa over the tropics
(Figure 3b) that primarily results from enhanced latent
heating from increased tropical precipitation [Dai et al.,
2001]. As a result of the differential warming, there is a
maximum decrease in the meridional temperature gradient
(temperature changes averaged from 20°—40°N minus that
from 10°S—10°N) around 500—150 hPa in the longitudinal
belt of 40°—100°E, along with the increased gradients at the
lower troposphere there (Figure 3c). From 19511999, the
200—500 hPa thickness over the TP and TIO increase at
similar rates (Figure 3d). However, in the 21st century the
increase of 200—500 hPa thickness over the TIO becomes
much faster than that over the TP, resulting in a difference of
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Figure 3. IPCC 7-model averaged (a) time-height cross-section of JJAS temperature departures (K, from 1980—1999
mean) averaged over the TIO during 1951-2099. (b) Latitude-height cross-section of JJAS temperature change (K) from
1980—1999 to 2080—2099 averaged between 60°E and 100°E. The topography along 90°E is shown by the black areas.
(c) Longitude-height cross-section of change (K, from 1980-1999 mean) in JJAS meridional temperature gradient
(temperature changes averaged from 20°—40°N minus that from 10°S—10°N) for 2080—2099. The topography along 35°N
is shown by the black areas. (d) Time series of JJAS 200—500 hPa thickness anomalies (gpm, from 1980—1999 mean) over

the TP (solid line) and TIO (dashed line) during 1951-2099.

~30gpm by 2099 (Figure 3d). Further analysis revealed that
the reduced TP-TIO upper-tropospheric thermal contrast is a
common feature among the individual models (not shown),
which indicates the robustness of the weakening of the
SASM circulation in GHG-induced warmer climates.

[12] The above analyses show that the differential
increases of the upper-tropospheric temperature over the
TIO and TP lead to the changed relationship between
the SASM intensity and tropospheric thermal contrasts over
the SASM regions in a GHG-induced warmer climate. The
weakening of the SASM circulation is directly related to the
decrease of upper-tropospheric TP-TIO thermal contrast,
which in turn is caused by the larger upper-tropospheric
warming over the TIO than over the TP. The fact that the
SASM weakens as the lower-tropospheric thermal contrast
increases in the 21st century implies a smaller role of this

thermal contrast in determining the SASM intensity than
suggested by previous studies for the 20th century.

[13] The enhanced upper-tropospheric warming in the
Tropics and midlatitudes is a typical feature in global
climate models forced by increased GHGs [Dai et al.,
2001; Santer et al., 2005]. As the climate warms, atmo-
spheric water vapor content increases exponentially with
temperature following the Clausius-Clapeyron equation. In
the Tropics, the increased water vapor leads to enhanced
latent heating during convection and thus larger warming in
the middle-upper troposphere than in the lower levels [Xu
and Emanuel, 1989]. The enhanced tropical convection also
leads to increased high clouds over the low and middle
latitudes, which absorb more longwave radiation from the
warmer surface and lower layers and thus further enhance
the upper-tropospheric warming [Dai et al., 2001]. We
found that over the TP areas, most AR4 models also show
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an amplification (~1.42 times) of surface warming in the
upper troposphere. This enhanced upper-level warming
outside the Tropics results from advection of warmer air
from the Tropics and enhanced longwave radiative heating
due to increased water vapor and clouds at these levels [Dai
et al., 2001].

4. Summary and Concluding Remarks

[14] We have analyzed 20th and 21st century simulations
by seven selected models participated in the IPCC AR4
under the SRES A1B emissions scenario to investigate the
relationship between the SASM circulation intensity and the
land-sea thermal contrast in the troposphere over the SASM
regions. The results show that for 1951-2000, the SASM
intensity (MI) is significantly correlated with the TP-TIO
thermal contrast in both the lower and upper troposphere
(r = 0.48 and 0.80, respectively). In the 21st century,
however, the upper tropospheric thermal contrast decreases
due to enhanced warming in the tropical upper troposphere,
while the lower tropospheric thermal gradient increases
because of larger near-surface warming over the TP. The
decreasing upper-tropospheric thermal contrast leads to a
rapid decline in 200 hPa easterly winds over the SASM
region, which in turn results in a decreasing trend in the SASM
intensity (MI), despite the increasing lower-tropospheric
thermal contrast. The downward trend in 7C,,,,., dominates
over the influence of the increasing trend in 7Cy,,,., on the
SASM circulation change on decadal to longer time scale
because of the strong dependence of MI on TC,,,.. On
multi-year time scales, both TC,,,. and TCy,,., are still
positively correlated with MTI in the 21st century.

[15] Atmospheric latent heating plays an important role in
enhancing the land-sea thermal contrast and thus the SASM
circulation. Without the latent heating, the SASM circula-
tion would be much weaker than observed [ Webster, 1987].
However, in a GHG-induced warmer climate, large latent
heating over the Tropics increases 200—500 hPa thickness
more over the TIO than over the TP. This reduces the land-
sea pressure gradient and thus weakens the monsoon
circulation intensity.

[16] This study suggests that the enhanced upper-
tropospheric warming over the TIO plays a key role in
model-projected SASM circulation change. The influence
of near-surface temperature on the upper layer thermal
condition may weaken over both the TP and TIO in a
warming climate. The lower tropospheric thermal contrast
and thus the near-surface temperature change over the TP do
not control the SASM circulation intensity as GHGs increase.
Thus, one should be cautious in using the near-surface or
lower-tropospheric fields, such as the snow cover over the
TP, to infer future SASM changes.

[17] Because the enhanced upper-tropospheric warming
results primarily from increased latent heating from tropical
convection, this study implies a crucial role of increased
water vapor in SASM’s response to increased GHGs.
Furthermore, despite the weakened monsoon winds, sum-
mer monsoon precipitation in South Asia still increases in
most GCMs because of the increased water vapor content
and convergence over the SASM region [e.g., Ueda et al.,
2006]. Therefore, in the selected seven AR4 models both
the increased monsoon precipitation and the decreased
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monsoon winds in South Asia are mainly caused by the
increased water vapor and enhanced tropical convection in a
GHG-induced warmer climate.
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