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The relative roles of upper and lower tropospheric thermal contrasts
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[1] Summer thermal structure and winds over Asia show a larger land-ocean thermal
gradient in the upper than in the lower troposphere, implying a bigger role of the

upper troposphere in driving the Asian summer monsoon circulation. Using data from
atmospheric re-analyses and model simulations, we show that the land-ocean thermal
contrast in the mid-upper (200-500 hPa) troposphere (TCupper) contributes about

three times as much as the thermal contrast in the mid-lower (500—850 hPa) troposphere
(TClower) in determining both the strength and variations of Asian summer monsoon
circulations. Tropical sea surface temperature anomalies associated with the annual cycle,
El Nifio-Southern Oscillation, decadal changes, and global warming all are accompanied
with much larger variations and changes in TCupper than in TClower, partly due to
enhanced latent heating aloft from convection. The variations and changes in TCupper
and TClower are highly correlated with the strength of the South Asian Summer Monsoon
(SASM) and the East Asian Summer Monsoon (EASM) in their respective sectors
during the past 50-60 years. In particular, the weakening of the EASM since the 1950s is
caused by the weakening mainly in TCupper and secondarily in TClower induced
mainly by recent tropical surface warming, although spurious cooling over East Asia
seen in reanalysis data may have enhanced this weakening. However, the strength of

the SASM and EASM monsoons follows TCupper but decouples with TClower in the
global warming case in the 21% century. The results suggest that the TCupper plays a
dominant role and provides an efficient mechanism through which tropical oceans can

influence extratropical monsoons.

Citation: Dai, A., H. Li, Y. Sun, L.-C. Hong, L. Ho, C. Chou, and T. Zhou (2013), The relative roles of upper and lower
tropospheric thermal contrasts and tropical influences in driving Asian summer monsoons, J. Geophys. Res. Atmos., 118,

7024-7045, doi:10.1002/jgrd.50565.

1. Introduction

[2] A basic driver of the Asian monsoons is the differential
heating by the Sun over the Asian continent and the ocean to
the south and east, which creates atmospheric temperature
and pressure gradients that initiate and largely drive the
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monsoon circulation [Webster, 1987; Zeng and Li, 2002;
Holton, 2004; He et al., 2007]. However, classical land-ocean
contrast models with surface temperature gradients can only
generate a shallow circulation [Schneider and Lindzen, 1977]
and cannot explain the deep vertical structure of the South
Asian Summer Monsoon (SASM). Deep tropospheric heating
(e.g., from moist convection) is required for the deep SASM
circulation, and it may be represented by the meridional
temperature gradient in the free troposphere [Webster et al.,
1998; Goswami and Xavier, 2005]. Despite these findings,
previous studies have used different definitions of land-ocean
thermal contrasts to study SASM variations, such as the
land-ocean difference of near-surface temperature [Fu and
Fletcher, 1985], 200-500 hPa thickness [Li and Yanai, 1996;
Kawamura, 1998; Chou, 2003], 200-1000hPa thickness
[Holton, 2004, p.380], and the net energy input into the atmo-
sphere [Chou and Neelin, 2003]. These studies have shown
that the thermal difference at different levels between the
Asian continent, especially the Tibetan Plateau (TP), and the
tropical oceans to the south, is closely linked to the establish-
ment, seasonal evolution, and interannual to interdecadal
variations of the SASM. These studies all show a positive
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correlation between the SASM intensity and the thermal
contrast at different levels in historical records, as expected
from the thermal wind relationship [Holfon, 2004].

[3] However, a recent analysis by Sun ef al. [2010] shows
that the SASM intensity decreases together with the mid-upper
tropospheric (200—-500 hPa) thermal contrast, while the surface
and lower-tropospheric thermal contrasts increase in model-
predicted 21° century climate under increased greenhouse
gases (GHGs). These findings suggest that the land-ocean
thermal contrasts in the upper and lower troposphere can
behave differently in certain cases, and that it is the thermal
contrast in the mid-upper troposphere, not near the surface or
in the lower troposphere, that drives the SASM in the model-
predicted future climate. For the East Asian Summer
Monsoon (EASM), Sun and Ding [2011] showed that future
changes in 850 hPa meridional wind over East Asia are consis-
tent with changes in the low-level zonal temperature gradient.

[4] Given that latent heating is another major driver of
monsoons [Webster, 1987, Holton, 2004; He et al., 2004,
2007] besides the surface-heating induced thermal contrast
and that the latent heating from atmospheric convection is con-
centrated between about 5 and 10 km above the ocean surface at
low latitudes [Yang et al., 2006], it is not surprising that the
land-ocean thermal contrast in the mid-upper troposphere may
play a more important role than the thermal contrast near the
surface or in the lower troposphere in determining the strength
of the SASM and other summer monsoons. Furthermore, as
discussed by Webster [1987], warm air over land during
summer expands upward more than cold air over ocean,
resulting in larger land-ocean pressure gradients in the upper
than in the lower troposphere. This also implies a bigger
role of the upper than the lower troposphere in driving a mon-
soon circulation. This notion, however, has still not been widely
adopted in the literature, as reflected by the use of near-surface
or lower-tropospheric thermal contrasts in previous studies
[e.g., Fu and Fletcher, 1985; Bhaskaran, 2012] and the fact that
many monsoon indices for the EASM are based on low-level
winds or sea-level pressure (SLP) only [Wang et al., 2008].

[s] The importance of the land-ocean thermal contrast
within the whole troposphere in driving the deep monsoon
circulation has been recognized previously [e.g., Schneider
and Lindzen, 1977, Webster et al., 1998; Goswami and
Xavier, 2005], and many studies have shown that the upper
tropospheric thermal (and the associated pressure) gradient
plays an important role in driving the SASM [Webster,
1987] and its onset and interannual variations [e.g., Yanai
and Li, 1994; Li and Yanai, 1996; Kawamura, 1998; He
et al., 2003], as well as for the EASM [Zhang et al., 2006;
Chen et al., 2010]. The land-ocean thermal contrast for the
EASM is, however, more complex than that for the SASM,
with the zonal gradient between the Indochina Peninsula
and the nearby seas in the Bay of Bengal and the South
China Sea during spring and between East China and the
North Pacific during summer being also important besides
the south-north gradient [Ding and Chan, 2005; He et al.,
2007]. The warm air over the TP is advected to over East
China which enhances the summer land-sea thermal contrasts
between East Asia and the oceans to the south and east, and
the monsoon rainfall over East Asia further enhances the
land-ocean thermal contrasts [Duan and Wu, 2005].

[6] In this study, we further quantify the relative roles of
the thermal contrasts in the mid-upper (200-500 hPa) and

mid-lower (500-850 hPa) troposphere in driving both SASM
and EASM circulations by examining their relationships on
seasonal to multidecadal time scales, and apply the results to
propose a mechanism through which remote tropical sea
surface temperature (SST) variations can effectively influence
Asian monsoons and to analyze historical and model-projected
future Asian monsoon changes. Although previous studies
[e.g., Zhou et al., 2009b; Li et al., 2010] have analyzed the
historical changes in Asian summer monsoons, few studies
have done systematic analyses of monsoon changes in the
context of the thermal contrast changes. Our results reinforce
the view that the land-ocean thermal contrasts in the whole
troposphere, especially in the mid-upper troposphere where
latent heating from deep convection is largest, determine the
circulation strength and variations of the SASM and EASM;
whereas land-ocean thermal contrasts near the surface and in
the mid-lower troposphere often play a smaller role.

[7] We realize that latent heating from monsoon rainfall can
affect the land-sea thermal contrast, thus providing a strong
positive feedback for the monsoon circulation. From the
perspective of the thermal wind relation, however, it is the
land-sea temperature gradient, regardless of its causes, that
determines the vertical wind shear that is often used as a
measure of the monsoon circulation strength. Here we focus
on the tropospheric land-sea thermal contrasts and their
relationship with the monsoon circulation intensity, with
only brief discussion of the causes of the thermal gradients (sec-
tion 5). Furthermore, the wind-shear-based monsoon indices
used here are a measure of the monsoon circulation intensity
only; other monsoon characteristics such as monsoon rainfall
are not discussed here. The SASM and EASM also have differ-
ent characteristics in terms of their land-sea thermal contrasts;
however, our results show a common feature among them in
the coupling strength between the monsoon circulation intensity
and the thermal contrasts in the lower and upper troposphere.

2. Definition of Monsoon Indices
and Thermal Contrasts

2.1.

[8] Various monsoon indices have been used to measure the
strength of Asian monsoons, especially for the EASM [Wang
et al., 2008], for which the zonal land-sea gradient in SLP
[Guo, 1983; Zhou et al., 2009b] is often used in the EASM
community. For the SASM, the 850-200 hPa wind shear used
by Webster and Yang [1992] is a popular index, because it is
directly linked to the land-ocean thermal contrasts through
the thermal wind equations (see Appendix A). Wang et al.
[2008] showed that, even for the EASM, the wind-shear-based
indices are among the better performing ones for measuring
EASM’s intensity. Here we adopted this index because of its
close link to the thermal contrast in the whole free troposphere
and also because of our focus on both the lower and upper
branches of a monsoon circulation.

[o] Webster and Yang [1992] defined a SASM index
(SASMI) as the zonal wind difference between 850 hPa and
200 hPa (Ugsg — Uygg) averaged over approximately 0°—20°
N and 60°-110°E (Figure 1). This SASMI reflects the com-
bined strength in both the lower- and upper-level winds within
a monsoon circulation; thus, it provides a more complete
depiction than using low-level winds (e.g., Ugso) alone.
Because (—U,q) is larger than Ugsy over Asia, the SASMI

Common Monsoon Indices
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(a) 500-700 hPa Thickness Anomaly (gpm) and 850 hPa Winds
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Figure 1. (a) Long-term (1971-2000) mean of JJA 500-
700 hPa thickness anomalies (relative to the mean of the whole
domain, colors, in gpm) and 850 hPa winds (arrows, the lon-
gest arrows are for 18.8ms™") from ERA-40 reanalysis. (b)
Same as Figure 1a but for 200-500 hPa thickness anomalies
and 200hPa winds (the longest arrows are for 32.6ms ).
The rectangular boxes with solid lines in Figure 1b indicate
the averaging areas for the south-north thermal contrasts (solid
line) for SASM (60°-100°E) and EASM (105°-125°E), while
the rectangular boxes with dashed blue lines denote the areas
over which the SASMI and EASMIu are averaged. The boxes
in Figure 1a are for the west-east contrast and EASMIv averag-
ing areas. The thickness anomalies for 500-850 hPa are similar
to Figure 1a over areas outside the Tibetan Plateau.

is often influenced more by U,y than Ugsy [Webster et al.,
1998; Wang et al., 2008]. Thus, a SASMI change may not
reflect changes in low-level monsoon winds, which are the
focus of many studies on the EASM [Wang et al., 2008].
However, as shown in Figures 1-3 the Ugs is non-negligible
compared with the U,y over the SASM and EASM sectors,
and the V component is comparable at the two levels over
the EASM sector. Thus, the wind-shear-based monsoon indi-
ces used in this paper include significant contributions from
the low-level winds. We will examine both Ugsg and U,
when the wind-shear-based index shows a long-term trend.

2.2. Link to Thermal Gradients
[10] From equation (A1) in Appendix A, the SASMI is linked
to the south-north gradient of the geopotential difference: SASMI

=Usso — Usgo =+ & ( @ao — Psso) =+ 5 ( Pao — Pso)
+7 %( D500 — Dgso)=+ (TCupper+TClower). Here we de-
fine the mid-upper tropospheric south-north thermal contrast
(TCupper) as % (Z200 — Zs00) and the mid-lower tropospheric
south-north thermal contrast (TClower) as % (Zsoo — Zsso)-

Here @, and Z, denote the geopotential and geopotential height
at a given level x, respectively. The climatological winds over
South Asia at the 200, 500, and 850 hPa levels (Figures 1 and

2) imply that the mean TCupper {: gL (Uspp — U zoo)] should

be larger than the mean TClower {: g-,L (Usso — U 500)} , as

(=Usg) is considerably larger than Usy, and Ugsg, both of
which are positive over 60°—100°E and 0°-20°N. The layer
thickness for the upper and lower troposphere over the
Asian sector (Figure 1) confirms that the mean TCupper is
larger than TClower, as it should be based on thermal wind
relation. Thus, one should expect a bigger role by the upper
troposphere than the lower troposphere in driving the mean
summer monsoon circulation for both SASM and EASM.
Despite this, the notion that the TCupper dominates over
TClower for SASM (and EASM) circulations is still not
well accepted in the literature.

[11] A TCupper with a larger mean does not necessarily
warrant a bigger role in explaining variations and long-
term changes in the SASM and EASM, because it is the
changes and variations in TCupper and TClower that matter.
Here we quantify the variations and changes in the TCupper
and TClower to examine their contributions to the variance of
the SASM and EASM.

[12] Although we found that TCupper and its variations play
a bigger role than TClower for driving the SASM and EASM
circulations and their variations and changes, the lower tropo-
sphere is important in the sense that it can affect TCupper by
providing moisture and sensible heat fluxes to the upper tropo-
sphere. Here we emphasize the role of TCupper mainly to cor-
rect the notion that Asian summer monsoons (especially
EASM) are controlled by land-ocean temperature differences
near the surface or in the lower troposphere, as this thinking
is incorrect and causes an apparent paradox in interpreting
model-projected future monsoon changes [Sun et al., 2010;
Bhaskaran, 2012].

2.3. Monsoon Indices and Thermal Contrasts Used
in This Study

[13] To estimate the south-north gradient, the geopotential
height thickness is first averaged over the rectangular boxes
with solid lines in Figure 1 and then the north-minus-south
box-mean values are used as the south-north contrast for
comparison with the SAMSI averaged over the rectangular
box with dashed lines and located between the two boxes
with solid lines (Figure 1). That is, for the SASM,

TCupper =~ Z(200 — 500 hPa, 60° — 100°E, 20° — 40°N)
—Z(200 — 500 hPa, 60°— 100°E, 10°S — 10°N)
TClower ~Z(500 — 700 hPa, 60°E — 100°E, 20°N — 40°N)
—Z(500 — 700 hPa, 60°E — 100E, 10°S — 10°N)
SASMI = U(850 hPa, 60° — 100°E, 0° — 20°N)
— U(200 hPa, 60° — 100E, 0° — 20°N).
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Figure 2. Long-term (1971-2000) mean of JJA geopotential height anomalies (shading in gpm, relative
to the mean of the whole domain) and winds (arrows) at (a) 200, (b) 500, and (c¢) 700 hPa based on ERA-40
reanalysis for the Asian domain (40°—160°E and 10°S—45°N).

[14] For the EASM, the south-north contrasts and zonal TEupper=Z(200 — 500 hPa, 105° — 120°E, 20 — 40°N)
wind index are defined as: —Z(200 — 500 hPa,135° — 150°E, 20°— 40°N)

TElower = Z(500 — 850 hPa, 105° — 120°E,20° — 40°N)

TCupper = Z(200 — 500 hPa, 105° — 125°E,20° — 40°N) —Z7(500 — 850 hPa, 135°— 150°E, 20°— 40°N)

—Z(200 — 500 hPa, 105° — 125°E, 10°S — 10°N)

EASMIv = V(850 hPa, 110°— 130°E, 20°— 40°N)

TClower = Z(500 — 850 hPa, 105° — 125°E, 20° — 40°N) —V(200 hPa, 110°— 130°E, 20° — 40°N)

—Z(500 — 850 hPa, 105° — 125°E, 10°S — 10°N)

[15] For SASM, we will only examine the south-north

EASMIu = U(850 hPa, 105° — 125°E, 10° — 30°N) gradient and the zonal wind following most previous studies

—U(200 hPa, 105° — 125°E, 10° — 30°N), [e.g., Webster and Yang, 1992; Wang et al., 2008], although

the thermal gradient in the west-east direction was also found

and the west-east contrasts and meridional wind index, which  to be important for the monsoon rainfall in southern India and
are important for the EASM, are defined as the Bay of Bengal [Kucharski et al., 2011].

7027



DAI ET AL.: THERMAL CONTRASTS AND ASIAN MONSOONS

(a) SASM sector (60E-100E)
50 : : :

: : . N
0
\
\
\\
5|\
o A S T S N O O e et \

250 -

200

(RS R N A

Pt Sy -- \
T

SARRENI \N \
ettt

crrrrrrt

R
REREENEE
850 = =777
—-/v/v/,-//_._.//

300 =

400 -

Pressure (hPa)

500 -

700 -

1000

108 0 10N 20N 30N 40N 50N -10.0 10.0

(b) EASM sector (105E-125E)

. 3 : .
51\
4 NSNS S

o mﬁ“me@\

150

200

250

Pressure (hPa)

500 -

/-t t} 2.70.—>- [\
REEENEY N JI27) T '.“
700 f V7 ; ]/ 280\ '.‘

850 -
1000

R R~
N~—r—~r ¥ —

108 0 10N 20N 30N 40N 50N -5.0 5.0

(c) EASM sector (20N-40N)
150 -pt e S

51 \
N

]
8

T
V2222253 >y
250 —
Nl O e e T o
WVpmr i gr Arm g A AN

WAL bttt

V77 7= B
VARl A A S

)
)
=]

&

Pressure (hPa)

700 |

850 -

.....

1000 -
100E

110E

T T T
140E 2.0 20

Figure 3. (a) (left panel) Latitude-height cross section of
long-term (1971-2000) mean of JJA temperature (contours,
K) and winds (arrows, m s ') averaged over the SASM
sector (60°—100°E), and (right panel) vertical profiles of
the mean zonal wind component U (dashed line, m s ') aver-
aged over (0°-20°N, 60°-110°E) and the north (20°—40°N,
60°-100°E) minus south (10°S-10°N, 60°-100°E) tem-
perature difference (solid line, K) from ERA-40. (b) Same
as Figure 3a but for the EASM sector (105°-125°E)
and the U is averaged over (10°-30°N, 105°-125°E). (c)
Same as Figure 3a but for longitude-height cross section
averaged over 20°—40°N and the vertical profiles are for the
mean meridional wind component V (dashed line, m s 1)
averaged over (20°—40°N, 110°N-130°E) and the west
(20°-40°N, 105°—120°E) minus east (20°-40°N, 135°-150°E)
temperature difference (solid line, K). See Figure 1 for
the averaging the boxes. The black areas are the sector-
averaged mean terrain.

[16] Our EASMIu is very similar to that used by Webster
and Yang [1992], which is the fifth EASM index listed in

Table 1 of Wang et al. [2008]. Also, the above TCupper for

SASM is very similar to the monsoon index used by

Kawamura [1998]. The EASMIv, TEupper, and TElower

are analogues to the EASMIu, TCupper, and TClower, but

are based on the thermal wind equation for the meridional wind
component (equation (A2) in Appendix A). Thus, they have
the same theoretical consideration as for EASMIu, TCupper,
and TClower. To our knowledge, they have not been used in
the literature, although 850 hPa v winds and east-west gradients
of SLP, surface temperature, and 500 hPa geopotential have
been used previously to quantify the EASM [Wang et al.,

2008; Sun and Ding, 2011]. One major difference between

the EASM and SASM is that the EASM is influenced by the

land-sea thermal contrasts in both the south-north and west-east
directions. Thus, we use both EASMIu (TCupper and

TClower) and EASMIv (TEupper and TElower) to quantify

the EASM. These two components (and their thermal con-
trasts) are independent to each other, although the vector winds
over East Asia will be influenced by both of them.
[17] Note that we used 500-700hPa thickness for
TClower for the SASM case since the mean surface for the
TP (60°-100°E, 20°—40°N) is around 700 hPa and the thickness
anomalies (relative to the domain mean) (Figure 1) are very sim-
ilar outside the TP between the 500-700 hPa and 500-850 hPa
cases. We chose 105°-125°E as the EASM longitudinal
sector, but results for a wider sector (e.g., 110°-140°E) were
similar. For TEupper and TElower, we used the west-minus-
east thickness difference, so that they are positively related
to EASMIv according to equation (A2) in Appendix A.
Also, we did not include the TP region explicitly in the thermal
contrast definitions for the EASM, since the TP is west of the
EASM domain and above the lower branch of the EASM
circulation. However, the elevated heating over the TP affects
the temperature and layer thickness over a much larger region
around the TP, including East China (Figure 1); thus, it can
still affect the EASM in the above definitions. Tests with
slightly different boxes in Figure 1 (e.g., moving the northern
boundary from 40°N to 35°N) showed that the results are not
sensitive to the definitions of the averaging boxes.

[18] Here we used the layer thickness (AZ), instead of the
layer-mean temperature 7, in defining the thermal contrasts in
the north-south and west-east directions. The AZ and T differ
by a factor: AZ = T R/g, [In(po/p1)], where In(po/p;)= In(500/
200)=0.9163 for the 200-500hPa layer and=In(850/
500)=0.5306 for the 500-850hPa layer (or 0.3365 for the
500-700 hPa layer for the SASM case). Thus, for the same
temperature gradient, the 200-500 hPa layer contributes 73%
more than the 500-850hPa layer to the Ugsy— U,y wind
shear based on equation (Al), despite the fact that the
500-850hPa layer is 50hPa (17%) thicker than the
200-500 hPa layer in terms of air mass. For the SASM
case, the 200-500 hPa layer contributes 2.7 times that from
the 500-700hPa layer to the U,py — Upgg wind shear for
similar temperature gradients. These estimates illustrate the
importance of using AZ in computing the land-ocean thermal
contrasts and imply that the mid-upper troposphere may play
a bigger role in determining the strength of the monsoon circu-
lation. This result is also consistent with the larger land-ocean
pressure gradient in the upper than in the lower troposphere
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Figure 4. (a) Latitude-month cross section of long-term
(1971-2000) mean anomalies (with annual mean removed)
of 60°-100°E averaged 200-500 hPa mean temperature (K,
left panel) and mean seasonal evolution (right panel) of
normalized anomalies (relative to annual mean) of SASMI
(black line), TCupper (red) and TClower (blue, normalized
with the s.d. of TCupper based on ERA-40. (b) Same as
Figure 4a but for the cross section over 105°—125°E and
EASMIu (black), TCupper (red), and TClower (blue,
normalized with the s.d. of TCupper). (¢) Same as
Figure 4a but for longitude-month cross section of
200-500 hPa mean temperature (K) averaged over 20°—40°N
(left panel) and EASMIv, TEupper, and TElower (right panel).
See section 3 for details.

derived based on air’s compressibility as a function of temper-
ature by Webster [1987].

3. Data and Model Simulations

[19] To compute the SASMI, EASMIu, EASMIv, TCupper,
TClower, TEupper, and TElower defined in section 2, we used
monthly data of atmospheric temperature, geopotential height,
and winds from the ERA-40 (1957-2002 [Uppala et al., 2005])
and NCEP/NCAR (1948-present [Kalnay et al., 1996])
reanalyses. These reanalysis data were used to quantify the
relationship between the monsoon indices and the correspond-
ing thermal contrasts on seasonal, interannual, decadal, and
longer time scales, and the relative roles played by the
TCupper and TEupper relative to TClower and TElower,
respectively. Although the reanalysis data are known to have
various biases and inhomogeneity problems [e.g., Wu et al.,
2005] and thus are best used for examining spatial and short-
term (seasonal to multiyear) variations, our focus here is on
the relationship between the monsoon indices and the thermal
contrasts, not the long-term changes, although decadal
changes relevant to the SASM and EASM and common in
both reanalyses are also discussed and critically evaluated.

[20] Model ensemble simulations using the NCAR (CAM3)
and GFDL (AM2.1) atmospheric general circulation models
(AGCMs) forced with observed SSTs from 1950 to 1999 were
also analyzed and compared with the reanalysis data. These
historical model simulations were described and used in Li
et al. [2010], who did not analyze tropospheric thermal con-
trasts. We recognize that SST-forced AGCM runs are best used
for examining tropical atmospheric responses to surface forc-
ing, while their usefulness may be limited for mid- and high-
latitudes where two-way air-sea interactions are important
[Zhou et al., 2009¢]. To examine the relationship between
Asian monsoon indices and their corresponding thermal con-
trasts under global warming, we also analyzed model data from
seven models selected from all the models participated in the
IPCC Fourth Assessment Report (AR4) based on their ability
in simulating the present-day SASM. We used one simulation
from each of the seven models for the 20" century climate
under observed GHG and other forcing and the 21% century
climate under the A1B (an intermediate) emissions scenario.
These simulations are described and used by Sun et al. [2010].

4. Results

4.1. Relationship on Seasonal, Interannual,
and Decadal Time Scales

[21] Inthis subsection, we examine the relationship between
the monsoon indices (SASMI, EASMIu, EASMIv) and their
corresponding thermal contrasts in the mid-upper and mid-
lower troposphere on different time scales. From this, we
further demonstrate that the thermal contrast in the mid-upper
troposphere plays a bigger role than that in the mid-lower
troposphere in explaining variations and changes in the mon-
soon circulation intensity, although the thermal contrasts in
the upper and lower troposphere are often positively correlated
in historical data.

[22] Atmospheric temperature does not vary much season-
ally within about 15°S—15°N, but has a strong annual cycle
outside this zone (Figure 4). Thus, the large annual cycle in the
thermal contrasts (color lines in Figure 4) results mainly from
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Figure 5. Same as Figure 4 but for departures from the 1958-2001 mean annual cycle during El Nifio
years (1965, 1972, 1982, 1986, 1991, 1994, and 1997; left column) and La Nifia years (1970, 1973,

1975, 1984, 1988, and 1998; right column). Green
region (5°S—5°N, 120°-170°W).

seasonal variations over the Asian continent. Furthermore, both
the SASMI and EASMIu covary closely with their respective
TCupper and TClower during the annual cycle; however,
TCupper has a larger seasonal amplitude than TClower (albeit
only slightly for EASM, Figure 4b), which suggests a larger
role by TCupper for the seasonal variations in the monsoon
indices. This also applies to the EASMIv, TEupper, and
TElower, with TEupper playing a bigger role than TElower
in forcing the meridional wind shear of the EASM
(Figure 4c). The TElower appears to lead the TEupper and

line is the SST anomaly averaged over the Nifio3.4

EASMIv by about 0.5-1 month. It is unclear what causes
this phase difference.

[23] On multiyear (27 years) time scales, El Nifio-Southern
Oscillation (ENSO) is the dominant mode at low latitudes.
Figure 5 shows that the 200-500 hPa mean temperature in the
spring and summer following a typical El Nifio event exhibits
warm anomalies up to 0.6°C around 10°S—20°N and cold
anomalies around 20°-45°N in both the SASM and EASM
sectors, resulting in smaller thermal contrasts and thus weaker
SASM (as shown by Kawamura [1998]) and EASM in the
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following the ENSO year) temperature anomalies (relative to 1958-2001 mean) during the El Nifio (left
column) and La Nifia years as shown in Figures 5 averaged over 10°S—10°N and four different longitudinal
sectors based on ERA-40 reanalysis data. Plots using the NCEP/NCAR reanalysis are similar, except for
panel (c) in which the NCEP/NCAR does not show the local maximum around 850 hPa.

summer following an El Niflo (Figures Sa—b). The situation is
roughly reversed during a typical La Nifia event, except that
during the summer following a La Nifia, 200500 hPa temper-
ature becomes colder than normal over both the tropics and
subtropics, as noticed previously [e.g., Chou et al., 2003], lead-
ing to small changes to the composite mean thermal contrasts
and monsoon indices during the summer (Figures 5d and 5e¢).
We notice that the thermal contrasts also change during the
winter and other months (Figure 5) and the SASMI and
EASMIu closely follow the TCupper (and TClower) during
these months as well, and that TCupper has larger amplitudes
than TClower for the ENSO-induced variations. The relation-
ship between EASMIv and TEupper or TElower (Figures Sc
and 5f) is weaker than that in the south-north direction. This
is expected because ENSO’s influence in the northern
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subtropics is weaker than in the tropics, which directly affects
the south-north gradients. The weak relationship for the com-
posite El Niflo case (Figure 5c), which includes 1965 and
1972 events, may be also partly due to the spurious cooling
over East Asia in the reanalysis data (see Appendix B).

[24] For ENSO-induced variations during ENSO mature
phase DJF and the following JJA, both the ERA-40
(Figure 6) and NCEP/NCAR (not shown) reanalysis data
show enhanced temperature responses in the mid-upper
(500200 hPa) troposphere compared with near-surface
temperature changes over the equatorial region (10°S—10°N)
in the central and eastern Pacific Ocean, which is consistent
with previous analyses [e.g., Trenberth and Smith, 2009].
Over the SASM and EASM sectors, this enhancement is
evident only in the JJA following the ENSO year but not in
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Figure 7. (a) Time series of the JJA SASMI (black), upper (200-500 hPa, TCupper, in gpm, red) and

lower (500-700 hPa, TClower, in gpm, blue) tropospheric south-north thermal contrast based on ERA-
40 data. (b) same as Figure 7a but for EASMIu (black) and the south-north thermal contrast over the
EASM sector (105°-125°E) and TClower of 500-850 hPa. (c) Time series of the JJA EASMIv (black)
and the upper (200-500 hPa, TEupper, in gpm, red) and lower (500-850 hPa, TElower, in gpm, blue) tro-
pospheric west-east thermal contrast. The r values are, from left to right, the correlation coefficient between
the black and red lines, the black and blue lines, and the red and blue lines. See section 2 for more details.

the ENSO mature phase DJF (Figure 6), due to tropical wave
dynamics interacting with convection [Chiang and Sobel,
2002; Su and Neelin, 2002]. This suggests that ENSO-induced
tropical SST variations can affect the Asian summer monsoons
more effectively through their influences on the mid-upper
tropospheric thermal contrast TCupper than through the
mid-lower tropospheric thermal contrast TClower.

[25] Figure 7 shows the time series of JJA SASMI,
EASMIu, and EASMIv and their corresponding thermal con-
trasts from 1958 to 2001 based on the ERA-40 data. First,
the scales for TClower (TElower) are about a factor of three
smaller than TCupper (TElower) for both SASM and

EASM, suggesting that the mean and variations of TClower
(TElower) are about one third of those of TCupper
(TEupper). Thus, the mid-upper tropospheric thermal
gradients are three times more important than the mid-lower
tropospheric thermal contrasts in explaining the variations
in the monsoon circulation intensity (cf. Figure 3). Second,
TCupper (TEupper) and TClower (TElower) are highly corre-
lated on interannual to longer time scales. Finally, the mon-
soon indices are highly correlated with both the mid-upper
and mid-lower tropospheric thermal contrasts, although the
correlation with the TCupper (TEupper) is stronger (see the »
values in Figure 7).
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Figure 8. Time series of (normalized) JJA anomalies of the East Asian summer monsoon U index
(EASMIu, bars) and the associated north-south thermal contrast in the mid-upper (TCupper, solid line)
and mid-lower (TClower, dashed line) troposphere. The panels from top to bottom are for (a) ERA-40
and (b) NCEP/NCAR reanalysis, (¢) GFDL AM2.1 GOGA runs, (d) NCAR CAM3 GOGA runs, and (e)
NCAR CAM3 TOGA runs. The values are in units of standard deviation (s.d.) and TClower is in units
of TCupper’s s.d. The values of the s.d. are listed at the lower-left corner of each panel from left to right,
respectively, for EASMIu, TCupper and TClower. The correlation coefficient (r) values are for, from left
to right, EASMIu vs. TCupper, EASMIu, vs. TClower, TCupper vs. TClower, and for the bars between
ERA-40 and NCEP/NCAR reanalysis (top two panels), or for the bars between ERA-40 and the simulated,
and NCEP/NCAR and the simulated (lower three panels). See section 2 for definitions for the EASMIu,
TCupper, and TClower. Note that the bar charts for a slightly different version of the EASMIu in
Figures 8b and 8c were shown previously Li et al. [2010].

[26] Figures 7b and 7c also show decreasing trends since the
late 1950s in the thermal contrasts in both the south-north and
west-east directions and in both the upper and lower tropo-
sphere for the EASM. As a result, both the zonal (EASMIu)
and meridional (EASMIv) monsoon wind shears have
weakened since the late 1950s. These decreasing trends are
also evident in the longer NCEP/NCAR reanalysis data
(Figures 8b and 9b), and are consistent with other evidence
of EASM weakening [Yu et al., 2004; Yu and Zhou, 2007,
Zhou et al., 2009a], thus providing increased confidence in
these trends. However, much of the decreases occurred around
the middle 1960s and these downward trends may be
enhanced by a spurious cooling over East Asia in the
reanalysis data (see Appendix B). For the SASM

(Figure 7a), there are some decreases from 1958 to 1970;
thereafter, the SASMI, TCupper, and TClower are quite stable.

[27] The weakening in the south-north thermal contrast
over the EASM sector and in EASMIu is broadly captured
by both the NCAR (CAM3) and GFDL (AM2.1) AGCMs
forced with observed SSTs over the global oceans (referred
to as GOGA runs) (Figures 8c and 8d). Furthermore, most
of these downward trends are reproduced by the CAM3
forced with observed SSTs only in the tropics (i.e., no year-
to-year SST changes in the extratropics, referred to as
TOGA runs) (Figure 8c). These results show that the recent
warming in the tropical Indian and Pacific Ocean plays a ma-
jor role in the weakening of the south-north thermal contrasts
that lead to the weakening of the EASMIu reported
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Figure 9. Same as Figure 8 but for the East Asian summer monsoon V index (EASMIv, bars) and the
associated thermal contrasts TEupper and TElower over 20°—40°N.

previously [Li et al., 2010; Yang et al., 2008; Ding et al.,
2009]. However, some studies [e.g., Ding et al., 2009;
Zhao et al., 2010] also suggest an important role of reduced
sensible heating over the TP in the weakening of the
EASM in the past 50 years (see Appendix B for more on
this). Besides the downward trends, many of the year-to-year
variations in the reanalysis TCupper, TClower, and EASMIu
are also captured by the models, especially in the CAM3
runs, in which the reanalysis and simulated EASMIu have a
correlation of 0.52 or higher (Figures 8d and 8e).

[28] There are, however, substantial differences between
the reanalysis and simulated time series shown in Figure 8.
For example, the magnitudes of the trends and variations
for the three curves are much larger in both the ERA-40
and NCEP/NCAR reanalyses than in the model runs, as
reflected by the differences in the standard deviation (s.d.,
Figure 8). For instance, the s.d. of the EASMIu in the two
GOGA runs (TOGA run) is only about 73% (56%) of those
in the reanalyses. Furthermore, the s.d. of the TClower is
about 53% of the s.d. for TCupper in the reanalyses, com-
pared with the 42-45% in the model runs. The timing of
the largest decreases also differs noticeably: from the early

to late 1960s in the two reanalyses vs. from the late 1960s
to the early 1970s in the models.

[29] The downward trends and year-to-year variations in
TEupper, TElower, and EASMIv (Figure 9) in the reanalysis
data are not captured as well as those in Figure 8. In fact, the
AM2.1 model shows upward trends in these time series
(Figure 9c). The CAM3 shows very small trends in both
the GOGA and TOGA runs (Figures 9d and 9¢). The models’
low skill in simulating the zonal thermal contrasts and
EASMIv has been noticed previously and attributed to failure
to capture the zonal land-sea temperature gradient [Zhou
et al.,2009c; Zhou and Zou, 2010]. This failure partly results
from the inherent limitations of SST-forced model runs over
the North Pacific and other regions where two-way air-sea
interactions are important. The discrepancies between the
reanalyses and the model runs shown in Figure 9 are also
likely enhanced by the spurious cooling before the early
1970s in the reanalysis data (see Appendix B). Despite the
apparent discrepancies, however, both Figures 8 and 9 show
strong correlations between the monsoon indices for the
EASM and the corresponding thermal contrasts in both
the upper and lower troposphere in all the simulations, and
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Figure 10. Same as Figure 8 but for the South Asian summer monsoon index (SASMI) and the associated
thermal contrasts TCupper (solid line) and TClower (dashed line, in units of TCupper’s s.d.) for the sector

60°—100°E.

the correlations are comparable to those in the reanalysis
data. Furthermore, the TCupper (TEupper) shows larger
variations and changes than TClower (TElower) in both
the reanalyses and model simulations. Thus, the wind-
shear-based monsoon indices for the EASM are highly corre-
lated with the thermal contrasts in both the upper and lower
troposphere, with the mid-upper tropospheric thermal con-
trast being larger and contributing more than the thermal con-
trast in the mid-lower troposphere during 1950-2000 in both
the reanalyses and model runs.

[30] For the SASM, both the ERA-40 and NCEP/NCAR
reanalyses show only slight weakening since the 1950s in
the TCupper, TClower, and SASMI (Figure 10). The model
simulations also do not show significant trends in these
variables. Nevertheless, the model-simulated TCupper
variations are larger than TClower, and both are correlated
with the simulated SASMI, as in the two reanalyses.
However, the correlation between the reanalysis and
simulated SASMI is weak and statistically significant only
for the CAM3 GOGA case. This weak correlation with
reanalysis SASMI is also evident in other SST-forced model

simulations and is attributed to a weakening ENSO-monsoon
connection (a major basis for the correlation between
simulated and reanalysis SASMI) in recent decades [Zhou
et al., 2009c¢].

[31] Figure 11 shows the latitude-height cross section of
the decadal difference of JJA temperature and wind averaged
over the EASM sector from the NCEP/NCAR reanalysis and
the model runs. It shows that the models broadly reproduce
the reanalysis patterns of the decadal temperature and wind
changes in both the GOGA and TOGA runs, with warming
at low latitudes and cooling at northern higher latitudes.
However, the models show only a small cooling (0.2-0.4°C)
from about 40°—50°N, in contrast to a large cooling (up to
2°C) north of about 35°N in the NCEP/NCAR reanalysis
(Figure 11). Thus, a large portion of the reduction in the
north-south temperature gradient throughout the troposphere
over East Asia (left panels in Figure 1la) and thus in
TCupper and TClower for EASM (Figure 8) in the reanalysis
result from the cooling north of about 35°N, while the weak-
ening in north-south thermal contrasts in the models mainly
comes from the warming in the tropical troposphere. In
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105°-125°E averaged JJA temperature (contours, K, the interval is 0.5 K for Figure 11a and 0.2K for
Figures 11b—11d) and winds (arrows) from (a) NCEP/NCAR reanalysis, (b) GFDL AM2.1 GOGA runs,
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right panel. ERA-40 data show changes similar to Figure 11a. Decadal changes are small for the South
Asian summer monsoon sector (60°—~100°E) and thus not shown.
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Figure 12. Longitude-height cross section of the decadal difference (1977-2000 minus 1951-1976) for
20°—40°N averaged JJA temperature (contours, K) and winds (arrows) from (a) NCEP/NCAR reanlaysis,
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temperature change is shown in the right panel. ERA-40 data show changes similar to Figure 12a.
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Figure 13. Seven-model ensemble-mean time series of JJA (a) SASMI (black) and the associated mid-
upper (200-500hPa, TCupper, in gpm, red) and mid-lower (500-700 hPa, TClower, in gpm, blue)
tropospheric south-north thermal contrasts. (b) Same as Figure 13a but for EASMIu and its associated
TCupper and TClower (for 500—850 hPa). (c) Same as Figure 13a but for EASMIv and its associated upper
(TEupper, red) and lower (TElower, blue) tropospheric west-east thermal contrasts. Also shown are the
correlation coefficients between the lines with (r1) and without (r2) the long-term trends; they are, from left
to right, for black vs. red, black vs. blue, and red vs. blue lines. See section 2 for details of the definition for

these terms. The A1B scenario was used.

Appendix B, we show that the cooling over East Asia in the
reanalysis may be spurious. The model runs also show
enhanced warming in the tropical mid-upper troposphere
(500-200hPa), in contrast to both the NCEP/NCAR
(Figure 11a) and ERA-40 (not shown) reanalysis data, whose
lack of the enhanced upper tropospheric response might be
related to problems in radiosonde data [Santer et al., 2005].

[32] Consistent with Figure 9, Figure 12 shows that the
model runs fail to capture the land-ocean thermal contrast
in the west-east direction for EASM seen in the reanalysis.
In fact, the GFDL AM2.1 produces increased land-ocean
temperature differences above ~600 hPa in its GOGA runs
(Figure 12b), resulting in an upward trend in TEupper and
EASMIv (Figure 9¢). As mentioned above, this discrepancy
may be due to models’ inability to capture the zonal land-
sea temperature contrasts in SST-forced experiments and
errors in the reanalysis data.

4.2. Relationship Under a Global Warming Scenario
[33] Using thermal contracts based on temperature differ-
ences for TClower (in contrast to the thickness-based
TClower used here) and thickness difference for TCupper,
Sun et al. [2010] examined the relationship between SASMI
and the thermal contrasts in the lower and mid-upper tropo-
sphere under a global warming scenario. They found that
the long-term trend in SASMI in the 21" century follows only
with the thermal contrast change in the mid-upper troposphere
and is the opposite to the thermal contrast trend in the lower
troposphere. Using their definitions of the thermal contrasts
and an EASMI as the mean meridional wind at 850 hPa
(Vgso) over East Asia, Sun and Ding [2011] extended the
analysis to include the EASM. They found that the changes
in the Vgso-based EASMI are consistent with the changes in
the lower-tropospheric thermal contrast in the 215 century.
Here we examine the relationship using our definitions for
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Figure 14. Same as Figure 13 but for the time series of monsoon indices (black) and their corresponding
wind components at 850 hPa (blue) and 200 hPa (red) levels. Note the 200 hPa winds are multiplied by —1,
and shifted by +1 for (—V200) in order to be separated from the other lines. Also shown are the correlation
coefficients between the lines with (r1) and without (r2) the long-term trends; they are, from left to right, for
black vs. red, black vs. blue, and red vs. blue lines. See section 3 for details of the definition for these terms.

The A1B scenario was used.

the thermal contrasts and monsoon indices, which are very
different for EASM (see section 2) from the Vgso-based
EASMI used by Sun and Ding [2011]. We perform this
analysis also from a different perspective, namely, to quantify
the relative roles of TCupper and TClower under a
global warming scenario, which is hard to do using the
TCupper and TClower of Sun et al. [2010] since they have
different units.

[34] Figure 13a shows that the model-simulated SASMI
weakens in the 21 century, together with a decreasing mid-
upper tropospheric thermal contrast TCupper, but the thermal
contrast in the mid-lower troposphere (TClower) strengthens.
This result confirms the findings of Sun et al. [2010], and the
weakening SASMI is consistent with Kripalani et al.
[2007a]. Without the opposite trends, TClower still is signifi-
cantly correlated with TCupper (r=0.66) and with SASMI
(r=0.66), but with smaller variations than those of TCupper
(Figure 13a, note the different scales). This suggests that dif-
ferent physical processes are behind the long-term trend and
year-to-year variations in TClower.

[35] Forthe EASM, EASMIu and TCupper are highly corre-
lated (r=0.84), and both show small downward trends mostly
from the 1990s to the 2030s, while TClower shows a slight in-
crease in the late half of the 21% century (Figure 13b). As a
result, EASMIu correlates significantly with both TCupper
and TClower, although TClower has much smaller mean and
variations than TCupper. For EASMIv, a steady downward
trend from 1950 to 2099 is accompanied by a similar down-
ward trend in TEupper, while TElower shows no trend
(Figure 13c). EASMIv correlates strongly with TEupper and,
to a lesser extent, with TElower also, although the downward
trend in EASMIv weakens the correlation slightly.

[36] The decrease in SASMI results mainly from a down-
ward trend in the mean —U200 averaged over 0°-20°N and
60°—100°E, while the mean U850 only shows small changes
(Figure 14a). These wind trends are consistent (through
equation (A1) in Appendix A) with the temperature changes
over the SASM sector (Figure 15a), which show a maximum
warming in the tropical upper troposphere and similar
warming from the tropics to midlatitudes below about
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Figure 15. (a) Seven-model ensemble mean latitude-height
cross-section of JJA temperature change (°C) from 1980-1999
to 2080-2099 under SRES A1B emissions scenario and
the mean topography (dark shading) averaged between 60°
E and 100°E. (b) Same as Figure 15a but for the EASM sector
(105°-125°E). (c) Same as Figure 15a but for longitude-
height cross section of the temperature changes averaged over
20°—40°N.

500 hPa. For the EASM sector, the upper tropospheric max-
imum warming extends farther into the northern subtropics
(Figure 15b), thus reducing the changes in the meridional
temperature gradient in the upper troposphere. In the lower
troposphere, the warming over the East Asian continent is
slightly higher than over the tropics on the same pressure
level (Figure 15b). These warming patterns result in slight
decreases in the mean —U200 and small increases in the
mean U850 averaged over 10°-30°N and 105°-125°E
(Figure 14b), again through equation (A1).

[37] The maximum warming in the tropical upper tropo-
sphere is a common feature in all climate models that result
from enhanced latent heating from deep convection [Dai
etal.,2001; Santer et al., 2005]. This warming maximum also
appears in the upper troposphere over the North Pacific Ocean
in the 20°—40°N zone (Figure 15c), which reduces the west-
east thermal contrast TEupper and thus weakens the mean
—V200 in Figure 14c. In the lower troposphere, the zonal
gradient of the temperature changes is small (Figure 15c¢),
resulting in small changes in the mean V850 (Figure 14c¢).

[38] Thus, the weakening of the monsoon indices SASMI
and EASMIv are mainly due to weakening upper-level winds
at 200 hPa, while the low-level winds at 850 hPa change
little. This is consistent with the studies by Sun and Ding

[2010, 2011], who show a weak increasing trend in an
EASM index based on 850hPa meridional winds. The
weakening in upper-level winds results from reduced land-
ocean thermal contrasts due to a warming maximum in the
upper troposphere over the tropical oceans and the North
Pacific Ocean as a result of enhanced convective latent
heating. These circulation changes are consistent with
model-simulated increases in summer monsoon precipitation
over South and East Asia [Kitoh, 2006; Kripalani et al.,
2007a, 2007b; Sun and Ding, 2010; Bhaskaran, 2012],
which result primarily from higher specific humidity in
the lower troposphere over the regions, similar to the rich-
get-richer mechanism under global warming for the tropics
[Chou et al., 2009]. However, we noticed that current models
have difficulties in simulating historical changes in EASMIv
and the zonal thermal gradients (Figures 9 and 12), and the
changes in the EASM winds under a warming scenario can
be model dependent. This suggests that the model-predicted
future changes for EASMIv and the zonal thermal gradients
need to be interpreted cautiously.

5. Causes of the Land-Sea Thermal Contrasts
in the Free Troposphere

[39] There are many causes for the changes in the tropo-
spheric land-sea thermal contrasts on different time scales.
Here we discuss some of these causes. For the annual cycle
(Figure 4), the large seasonal variations of mid-upper tropo-
spheric temperatures over the Asian continent and thus the sea-
sonal variations in TCupper and TClower are caused mainly
by solar heating (largely through the sensible heating released
by the TP) and further enhanced by latent heating from mon-
soon rainfall for TCupper, as the seasonal variations over the
tropical oceans are comparatively small (Figure 4). This also
applies to TEupper and TElower for the EASM in the west-
east direction, as the seasonal variations of tropospheric tem-
peratures are larger over the East Asian continent than the
North Pacific Ocean (Figure 4). For ENSO-induced multiyear
variations (Figure 5), it is evident that the mid-upper tropo-
spheric temperature responses to ENSO SST anomalies over
both the tropical Indian Ocean and the Asian continent are
responsible for the TCupper (and possibly TClower) variations
associated with ENSO. This is consistent with the findings of
Zhang and Zhou [2012], who showed that the two leading
modes of the upper tropospheric temperature multiyear
variability over East Asia result from remote tropospheric
response to ENSO SST anomalies and local moist processes.

[40] On decadal and longer time scales, changes in
tropospheric temperatures over both the tropical oceans and
the extratropical Asian land can contribute to the changes in
the TCupper and TClower, although we have emphasized that
the tropical oceans can effectively influence Asian monsoons
through their impacts on TCupper. For example, both the
warming in tropical troposphere associated with higher SSTs
in the Indian Ocean and the extratropical cooling over the
Asian continent (Figure 11) have contributed to the weakening
in TCupper and TClower over the EASM sector (Figure 8), al-
though some of the tropospheric cooling over Asia may be spu-
rious. For the global warming scenario in the 21st century, the
changes in the tropospheric land-sea thermal contrasts depend
critically on the temperature change patterns in the troposphere
(Figure 15). For the SASM sector, the latent heating-enhanced
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warming is concentrated in the upper tropical troposphere
(Figure 15a), leading to a decline in TCupper for SASM. In
the EASM sector, the enhanced upper tropospheric warming
spreads over to the Asian continent (Figure 15b), leading to
small changes in TCupper (Figure 13b). In the west-east direc-
tion, the enhanced warming in the upper troposphere over the
North Pacific Ocean (Figure 15c) due to enhanced latent
heating again leads to a decline in TEupper (Figure 13c). In
all these cases, the tropical and extratropical warming in the
mid-lower troposphere are comparable, leading to small
changes in TClower and TElower.

[41] Thus, the model-predicted TCupper and TEupper
changes and thus SASM and EASM responses to future
GHG forcing depend critically on the enhanced warming in
the upper troposphere. Although it is generally accepted that
enhanced latent heating from more vigorous convection
under warmer climates is the main cause for the enhanced
warming in the upper troposphere at low latitudes [Dai
et al., 2001; Santer et al., 2005], more investigation is
needed on the exact processes leading to the enhanced
warming giving its importance to Asian land-sea thermal
contrasts and monsoon circulations. Similarly, further analy-
ses are needed to quantify the contribution to TCupper and
TEupper from the latent heating released during monsoon
rainfall over the Asian continent, e.g., by examining the
relationship between monsoon rainfall and TCupper or
TEupper. The latter will also help us understand the relation-
ship between the monsoon circulation indices (SASMu,
EASMu, EASMv) and monsoon rainfall. These issues need
to be addressed in future studies.

6. Summary and Concluding Remarks

[42] Previous analyses [e.g., Webster, 1987] and the mean
thermal structure and wind fields over the Asian
sector show a larger mean land-ocean thermal gradient
in the mid-upper (200-500 hPa, TCupper) than in the lower
(500-850 hPa, TClower) troposphere during summer. Since
a TCupper with a larger mean does not necessarily play a
bigger role in explaining variations and changes in the
SASM and EASM circulations, we have compared the
variations in TCupper and TClower and their relationship
with the corresponding Asian monsoon indices on seasonal
to decadal time scales to further quantify their relative roles
in driving the SASM and EASM circulations. Using the
TCupper and TClower, we also examined the historical
changes in the intensity of the EASM and SASM, and
analyzed model-projected future changes for them. We
adopted Webster and Yang’s [1992] approach and defined
the monsoon indices for the SASM and EASM using the
regionally averaged wind shear between 850hPa and
200hPa levels as a measure of the monsoon circulation
intensity. The gradient in layer geopotential height thickness
(AZ) was used to define the land-ocean thermal contrasts in
the atmosphere.

[43] It is found that the mean and variations of TCupper
(TEupper) over the SASM and EASM sectors are about
three times larger and thus three times more important than
TClower (TElower) in driving the mean SASM and EASM
circulations and explaining their variations. This is partly
due to larger land-ocean temperature gradients in the
mid-upper troposphere than in the mid-lower troposphere

resulting from convective latent heating over land. As
expected from the thermal wind relation, the regionally
averaged monsoon indices SASMI, EASMIu, and EASMIv
are highly correlated with their respective TCupper and
TClower, or TEupper and TElower for EASMIv (as defined
in section 2), from seasonal to multidecadal time scales.
Although the thermal contrasts in the upper and lower
troposphere are usually correlated with each other, the
monsoon indices have a stronger correlation with the land-
ocean thermal contrast in the mid-upper troposphere
than in the mid-lower troposphere because of their
different roles in determining the strength of the Asian
summer monsoon circulations.

[44] Both the ERA-40 and NCEP/NCAR reanalysis data
show a weakening trend in the U (EASMIu) and V
(EASMIv) indices for the EASM since the 1950s, especially
around the middle 1960s, and this apparent weakening is
caused by a reduction in both TCupper and TClower for
EASMIu and TEupper and TElower for EASMIv. A portion
of the EASM weakening seen in the two reanalyses is likely
real resulting from the warming in the tropical troposphere.
Further examination shows that some of the weakening may
result from a large spurious cooling over East Asia that
occurred primarily from the 1950s to the early 1970s and is
centered northeast of the TP with a maximum around 300 hPa.

[45] Forced with observed SST changes since 1950,
especially in the tropics, both the NCAR CAM3 and GFDL
AM2.1 models were able to capture the downward trends
and many of the year-to-year variations in EASMIu,
TCupper, and TClower seen in the reanalysis data, and
reproduced the warming in the tropical troposphere.
However, the models show only a small cooling (0.2-0.4°C)
from about 40°-50°N, in contrast to a large cooling (up to
2°C) north of about 35°N in the NCEP/NCAR reanalysis.
The models also do not show the downward trends in
EASMlv, TEupper, and TElower over the East Asia to
North Pacific region seen in the reanalyses, which are
strongly influenced by the spurious cooling over East
Asia. For the SASM, its circulation index SASMI and the
associated thermal contrasts TCupper and TClower only
show very weak downward trends in both the two
reanalyses and SST-forced model simulations.

[46] Under the A1B scenario in the 21% century, results from
seven selected models that simulate the present-day SASM
relatively well show a robust weakening in the SASM circula-
tion resulting primarily from a weakening in upper-level winds
(=U200). This weakening in (—U200) is caused by a reduc-
tion in TCupper resulting from enhanced warming in the
tropical upper troposphere due to increased convective latent
heating. These results confirm the findings of Sun et al.
[2010]. Over the EASM sector, the enhanced warming in the
tropical upper troposphere extends farther to the northern
subtropics, resulting in small decreases in TCupper, —U200,
and EASMIu; whereas the mid-lower tropospheric thermal
contrast and low-level zonal wind U850 increase slightly.
Along the 20°—40°N latitude zone, the models predict a max-
imum warming in the upper troposphere over the North Pacific
Ocean. This results in a reduction in the summer East Asia to
North Pacific thermal contrast in the mid-upper troposphere
(TEupper), which leads to a weakening in upper-level winds
(—V200) and the V index EASMIv for the EASM. For both
the SAMS and EASM, changes in low-level monsoon winds
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Figure Al.
ridional direction.

are relatively small. Combined with increased specific humid-
ity under higher temperatures, this would suggest increased
summer monsoon rainfall over South and East Asia, consistent
with previous analyses of monsoon rainfall changes over
Asia [Kripalani et al., 2007a, 2007b; Sun and Ding, 2010;
Bhaskaran, 2012].

[47] Our results demonstrate that the thermal contrast
in the mid-upper troposphere plays a more dominate
role than the contrast in the mid-lower troposphere
in determining the strength and variations of the Asian
summer monsoon circulations, and that there are cases where
the thermal contrasts in the upper and lower troposphere may
be decoupled, such as in the 21 century global warming case
where TCupper and TClower for the SASM and TEupper
and TElower for the EASM show opposite trends.

[48] The above results also show that variations and changes
in tropical SSTs, such as those associated with ENSO and
global warming, can affect extratropical monsoons more
effectively through their influences on the land-ocean
thermal contrast in the upper troposphere than in the lower
troposphere. This is expected given the enhanced temperature
response to tropical SST anomalies in the tropical upper tropo-
sphere due to convective latent heating and the rapid zonal
advection in tropical free troposphere. Thus, the mid-upper
tropospheric thermal contrast provides an effective mechanism
through which tropical SSTs can influence extratropical
monsoons over Asia and possibly other regions. Our findings
also stress the need to use the tropospheric, especially mid-
upper tropospheric, thermal contrast, rather than the near-surface
temperature gradients, in studying monsoons and in inter-
preting model-simulated monsoon changes.

Appendix A: Monsoon and Thermal Winds

[49] We review the following thermal wind equations
on a pressure surface [Holton, 2004] for understanding the
role of thermal contrasts in determining the intensity of a
monsoon circulation:

Vo) = V) =7 (g) ln(f_f—‘l’) :}W (A2)

where p; and p, denote two pressure levels; U and V are,

Schematic diagram for temperature gradient-induced thermal winds in (a) zonal and (b) me-

respectively, zonal (x-direction) and meridional (y-direction)
wind components; 7 = Ing dInp/In (po /p,) s the (log-
pressure weighted) mean temperature between levels p,
and p;; ®; and @, are the geopotential at levels p; and p,,, re-
spectively; R is the gas constant of air; and f'is the Coriolis
parameter. Note that here we use geopotential height Z,
which equals to ®/g,, where g,=9.80665ms™ [Holton,
2004]. These equations and the schematic diagrams of
Figure A1 show that it is the horizontal gradient of the mean
temperature (7)) within the whole layer from p,, to p; that
determines the vertical wind shear between the levels p,
and p;, and that the zonal wind shear is determined by the
meridional (south-north) temperature gradient while the
meridional wind shear is determine by the zonal (west-east)
temperature gradient. For the SASM, the south-north temper-
ature gradient (07 /dy) between the tropical Indian Ocean
(TIO) and the TP is the driving force for its mostly zonal
winds (Figure 1). For the EASM, it is more complicated as
it is influenced by both the south-north and west-east temper-
ature gradients (Figure A1, Figure 1).

[s0] For monsoon intensity, low-level (e.g., 850hPa)
winds are most relevant as they are close to people living
on Earth. Based on equations (A1) and (A2), one might think
that only low-level thermal gradients are important for low-
level monsoon winds. This is not entirely true because the
upper- and lower-level winds are coupled to form a complete
monsoon circulation [Holton, 2004]. That is, the low-level
convergent winds are dynamically coupled with the upper-
level divergent winds in a monsoon circulation. Suppose
there is no horizontal temperature gradient in the lower-
troposphere (up to 700hPa) and thus the zonal wind
at 700 hPa (Uqqg) is the same as that at 850 hPa (Ugsg).
If the layer between 700 hPa and 200 hPa contains a large
south-north temperature gradient, then, according to
equation (Al), Uyyy should equal to the zonal wind at
200 hPa (U,go) plus the thermal wind in the upper layer,
1 9( ®r00— Do)

1.e., Ugso=U700=Upzp0 + 7
850~ U700~ U200 T 7 oy

thermal contrasts within the whole troposphere can affect the
low-level monsoon winds because of their vertical coupling.
Also note that the thermal contrast only affects the vertical
wind shear; other factors (e.g., large-scale synoptic systems)
can also affect the winds at a given level.

[51] Forthe SASM, most of the TP is above 850 hPa. Thus,
it does not make sense to compare the near-surface or lower-

. In other words,
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Figure B1.

The decadal changes (1977-2000 minus 1950-1976) in the JJA layer thickness (in gpm) for

(left) 500-700 hPa and (right) 200—500 hPa layers from (a, ¢) NCEP/NCAR reanalysis, (b, f) GFDL AM2.1
GOGA runs, (c, g) NCAR CAM3 GOGA runs, and (d, h) NCAR CAM3 TOGA runs.

tropospheric (below about 700 hPa) temperatures or Z over
the TP and TIO, since they are either not on the same pressure
level, or does not exist for the TP.

Appendix B: The Apparent Tropospheric Cooling
Over East Asia

[52] To further examine the tropospheric thermal response
to observed SST forcing, Figure B1 compares the decadal
changes (1977-2000 minus 1950-1976) in the JJA thickness
of the 500—700 hPa and 200-500 hPa layers from AM2.1 and
CAMS3 runs and the NCEP/NCAR reanalysis. The ERA-40
(not shown) exhibits patterns broadly comparable to
the NCEP/NCAR reanalysis, although the magnitude of
the cooling over East Asia is reduced in the ERA-40. In
both the models, the tropical troposphere, especially for
200-500 hPa, has the largest thickening or warming in
response to recent SST increases. Although the NCEP/
NCAR reanalysis also shows a large warming response in
the tropical troposphere, especially for 200-500 hPa, the
largest warming appears to be over the Southern Oceans in
the NCEP/NCAR (and ERA-40) reanalysis. Another unusual

feature is the large cooling over East Asia centered around
(43°N, 106°E) in the NCEP/NCAR (Figure Ble) reanalysis
and around (40°N, 102°E) in the ERA-40 (not shown). This
tropospheric cooling is very weak in the AM2.1 and CAM3
runs (Figure B1b—-B1h). The large cooling over East Asia
in both the NCEP/NCAR and ERA-40 reanalyses contributes
significantly to the downward trends in the land-ocean
thermal contrasts and EASMIu and EASMIv for the EASM
in the reanalyses, especially in the west-east direction (cf.
Figures 8 and 9), but not so much in the model runs in which
the thermal responses over the oceans play a more important
role. This helps partly explain why the models failed to
simulate the TEupper, TElower, and EASMIv from the
reanalyses (cf. Figure 9), although inherent limitations of
the SST-forced runs is also part of the reason.

[53] Many studies [e.g., Yu et al., 2004; Yu and Zhou, 2007,
Zhou and Zhang, 2009] have investigated the large cooling
over East Asia in the reanalysis data, which peaks around
300 hPa and in April and July—August [Yu and Zhou, 2007]
and occurred primarily from the 1950s to the early 1970s
[Zhou and Zhang, 2009]. The atmospheric fields from the
reanalyses before the modern satellite era (since 1979) are
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Figure B2. Time series of monthly temperature anomalies at 300 hPa computed using raw (black) and
homogenized (gray, shifted downward by 4°C) 00 and 12UTC radiosonde reports at all five stations that
have data since the late 1950s and are around the cooling center over East Asia of Figure Ble.There are
only three Mongolia stations in the cooling area that had some reports back to around 1966, and their
records contain some discontinuities around the late 1960s that may also have contributed to the cooling

shown in Figure Ble.

constrained primarily by radiosonde observations from a
sparse network over land, as there were no or very few
upper-air observations over the oceans before around 1979.
Note that surface observations have not been assimilated by
most reanalysis systems so far. Figure B2 (black line) shows
that the temperature records from all the Chinese radiosonde
stations around the cooling center with data back to the
1950s show many stepwise drops at 300 hPa (and other levels,
not shown) from the 1950s to the early 1970s. In particular, all
the stations exhibit a discontinuity around 19661970, which
is the peak period of the Cultural Revolution that disrupted
most activities within China. An examination of the updated
(but still vastly incomplete) metadata from the IGRA website

(http://www1.ncdc.noaa.gov/pub/data/igra/igra-metadata.txt)

revealed a number of instrumental and observational changes
such as those associated with radiation corrections from the
1950s to the early 1970s. Both the NCEP/NCAR and ERA-
40 reanalyses used the unhomogenized radiosonde data and
had no built-in homogenization procedures to remove the spu-
rious changes. Thus, all the discontinuities shown in Figure B2
(and at other Chinese stations) were assimilated into the
reanalysis data and therefore have contributed to the cooling
trends seen in the reanalysis data. This was confirmed by the
fact that the temperature time series from the NCEP/NCAR
and ERA-40 reanalyses (figures not shown) for the
collocated boxes containing the stations of Figure B2 show
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temporal evolutions similar to the unhomogenized series
shown in Figure B2.

[s4] Examinations of a few homogenized radiosonde
temperature data sets over China [Guo et al., 2008; Guo
and Ding, 2009] still show the tropospheric cooling, albeit
at reduced magnitudes. These studies assumed homogeneity
of a reference series derived either from the NCEP/NCAR
reanalysis data or from unhomogenized radiosonde data from
nearby stations. Given that similar discontinuities exist in the
reanalysis data and in nearby station records around the
cooling center, it is likely that the reference series and thus
the homogenized data in these studies contain a significant
portion of the discontinuities shown by the black line in
Figure B2. Our examination of another homogenized radio-
sonde temperature data set from Haimberger et al. [2008]
revealed that most of the inhomogeneities before the early
1970s for the stations shown in Figure B2 still exist in their
homogenized data (figure not shown). Haimberger et al.
[2008] used ERA-40 background forecast temperature fields
as the reference series, which is likely affected by the mean
biases in the radiosonde data that determine the initial
conditions used for the short-term forecast.

[s5] Adapting the homogenization approach for daily
radiosonde humidity data described by Dai et al. [2011],
we performed a new homogenization of the Chinese
radiosonde daily temperature data using the Kolmogorov-
Smirnov (K-S) test to detect abrupt change points and a
quantile-matching algorithm to adjust the histograms of the
daily temperature data for each segments at each level and
each observation time. We used the high-passed NCEP/
NCAR reanalysis daily temperature (with variations >1 year
time scales being removed) and the 20" century reanalysis
(20CR [Compo et al., 2011]) daily temperature to remove
most natural variations in the radiosonde daily temperature.
Unlike other reanalyses, the 20CR was forced only by
observed SST and SLP, which are fairly homogeneous since
the 1950s (Xiaolan Wang, personal comm. 2011). Thus, it is
reasonable to assume that the 20CR data are homogeneous.
The results of our homogenization (gray line in Figure B2)
suggest that most of the tropospheric cooling from the
1950s to the early 1970s over East Asia may be due to instru-
mental or observational changes.

[s6] The errors in the reanalysis data likely have enhanced the
downward trends in the reanalysis thermal contrasts, EASMIu,
and EASMIv shown in Figures 8 and 9, especially for the west-
east direction, leading to larger trend magnitudes than in the
models. A portion of the downward trends in the north-south
direction (Figure 8) results from the warming in the tropical
troposphere, and this portion is roughly captured by the
SST-forced AM2.1 and CAM3 model runs (Figure B1). In
the models, the tropical tropospheric warming occurred
mainly around the late 1960s, while in both reanalyses it
occurred around the middle 1960s (Figure 8). This phase
difference may also have resulted from the spurious cooling
over East Asia.

[57] Some studies [e.g., Duan and Wu, 2008; Ding et al.,
2009; Zhao et al., 2010] have suggested that reduced sensible
heating over the TP resulting from increased winter and spring
snow cover over the TP since around 1977 may have contrib-
uted significantly to the weakening in the land-ocean thermal
contrasts and thus in the EASMIu and EASMIv. However,
even if the apparent cooling in the reanalysis data is real, it

occurred before 1977 (Figures 9 and 10) [Zhou and Zhang,
2009], and it is centered to the northeast of the TP with a max-
imum around 300 hPa (Figure 11) [Yu and Zhou, 2007], rather
than at the height of the TP (around 700 hPa). Furthermore, a
heating change over the TP would have a direct impact on
the SASM, yet Figures 10a—b show much weaker trends than
those for the EASM (Figures 8 and 9). We therefore conclude
that the increased snow cover over the TP since around 1977 is
not a major cause for the apparent large decreases in the land-
ocean thermal contrasts and the weakening of the EASM seen
in reanalysis data, which occurred mostly from the 1950s to
the early 1970s (Figures 9 and 10). A large part of this weak-
ening may have resulted from errors in the radiosonde data
assimilated into the reanalyses. The remaining part may be real
resulting from tropical tropospheric warming (Figure B1).
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