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Abstract

We evaluate reproducibility of seasonal evolution of the
thermal fields associated with the first transition of Asian summer
monsoon (ASM) in atmosphere-ocean coupled general circulation
models (CGCMs) of the Coupled Model Intercomparison Project
phase 3 (CMIP3). Many CGCMs reproduce seasonal evolution
of the thermal fields related to the first transition of ASM well,
though the degree of reproducibility differs to some extent.
Based on this evaluation, weighted multi-model ensembles are
calculated, and the future projections of the ASM onset from the
viewpoint of lower-tropospheric westerlies are conducted. The
onset dates over the Bay of Bengal, the Indochina Peninsula and
the South China Sea are projected to delay by 5 to 10 days in the
end of the 21st century under the A1B scenario of the Special
Report on Emission Scenarios (SRES), compared to those in the
end of the 20th century. This change might be related with delay
of the reversal of upper-tropospheric meridional thermal gradient
between over the Eurasian Continent and the north Indian Ocean.

1. Introduction

The Asian summer monsoon (ASM) is one of the most im-
portant components in the global climate system, providing an
enormous amount of water resources over the most densely popu-
lated regions of the world. The ASM exhibits three-time stepwise
seasonal evolutions occurring in mid-May (the first transition;
Lau et al. 1998), mid-June (mature stage of ITCZ; Murakami and
Matsumoto 1994) and mid-July (convection jump; Ueda et al.
1995). Among these, the physical processes involved in the mid-
May change bear considerable resemblance with the establish-
ment and maintenance of ASM (Li and Yanai 1996). In mid-May,
reversal of meridional thermal gradient in the upper troposphere
between the Asiatic landmass and the tropics takes place, which is
concurrent with acceleration of monsoon westerlies in the lower
troposphere extending over the Bay of Bengal through the western
North Pacific (WNP). Associated with the eastward intrusion of
monsoon westerlies toward WNP, the tropical easterlies to the
east of the Philippines become weak, which is responsible for sea
surface temperature (SST) warming and subsequent enhancement
of ocean convection (Ueda 2005). Given these, the timing of the
castward penetration of low-level monsoon westerlies relevant to
the modulation of the meridional thermal gradient is an important
factor for the understanding of ASM as well as WNP monsoon.
Therefore here arises a question, if such changes could be seen in
transient 21st century experiments.

Recent assessment results for the future projections are
summarized in the Fourth Assessment Report (AR4) of the Inter-
governmental Panel on Climate Change (IPCC), based on multi-
model outputs by atmosphere-ocean coupled general circulation
models (CGCMs) from many climate research centers and insti-
tutes of the world which participate in the World Climate Research
Programme’s Coupled Model Intercomparison Project phase 3
(CMIP3; Meehl et al. 2007). Reproducibility of seasonal evolution
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of ASM in the CMIP3 CGCMs is evaluated by some studies (e.g.,
Inoue and Ueda 2009; Li and Zhang 2009). On the future projec-
tions of the seasonal evolutions of ASM based on these CGCMs,
Kitoh and Uchiyama (2006) examined the changes in onset and
withdrawal of the monsoon based on precipitation data. It is inter-
esting to know how future changes of the monsoon circulation are
associated with the modulation of the seasonal evolutions of ASM
which has been shown by Kitoh and Uchiyama (2006). In the
present study, we evaluate reproducibility of seasonal evolution of
large-scale upper-tropospheric thermal fields associated with the
first transition of ASM in mid-May. Based on the reproducibility,
weighted multi-model ensembles are calculated, and future pro-
jections of ASM onset from the viewpoint of lower-tropospheric
westerlies are examined. Section 2 describes data utilized in the
present study. Results and discussion are shown in Section 3, and
a brief summary is given in Section 4.

2. Data

As listed in Table 1, we analyze daily wind data under the 20th
Century Climate in Coupled Models (20C3M) and Special Report
on Emission Scenarios (SRES) A1B experiments from 19 CMIP3
CGCMs. Among the SRES’s scenarios, the number of available
CGCM outputs is largest under the SRES-A1B scenario, thus we
examine the result of SRES-A1B for future projection. Details of
these CGCMs are documented on the web site (http://www-pcmdi.
lInl.gov/ipcc/about_ipcc.php) at the Program for Climate Model
Diagnosis and Intercomparison (PCMDI). To calculate multi-
model ensembles, data are interpolated into the common 2.5°
by 2.5° horizontal grids. In order to equally treat each CGCM,
only the first member of simulation is used in the present study,
even if multi-member output is available for several CGCMs.
Climatological means for each of the model outputs are defined
as averages for 19-year periods of the end of the 20th and the
21st centuries (i.e., 1981—99 for 20C3M, and 208199 for SRES-
A1B). In order to evaluate each CGCM’s reproducibility, we use
the 40-year Reanalysis from the European Centre for Medium-
Range Weather Forecasts (ERA-40; Uppala et al. 2005). Also in
this dataset, 19-year (1981-99) averages are used for comparison.

3. Results and discussion

Observational studies (Li and Yanai 1996; Ueda and Yasunari
1998) have revealed that the first transition of ASM occurs in mid-

Table 1. List of CGCMs used in the present study.

1D Model acronym 1D Model acronym
A BCCR-CM2.0 K FGOALS-gl1.0

B CGCM3.1 (T47) L INGV-ECHAM4
C CGCM3.1 (T63) M INM-CM3.0

D CNRM-CM3 N IPSL-CM4

E CSIRO-MK3.0 (0) MIROC3.2 (hires)
F CSIRO-MK3.5 P MIROC3.2 (medres)
G GFDL-CM2.0 Q ECHO-G

H GFDL-CM2.1 R ECHAMS/MPI-OM
I GISS-AOM S MRI-CGCM2.3.2
J GISS-ER
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May, when upper-tropospheric meridional thermal gradient be-
tween over the northern Indian Ocean and the Eurasian Continent
reversed. Thus in the present study, we compare reproducibility
of the seasonal evolution of upper-tropospheric thermal fields
between observation and each model. Lower-tropospheric wind
is not directly compared here, since there are some difficulties
such as treatment of topography due to different original grid
spacing in the CGCMs. Previous studies such as Kawamura
(1998) compared thickness between 200 hPa and 500 hPa as the
thermal fields, but daily data of geopotential height are not avail-
able in most of the CMIP3 CGCMs. Instead, we analyze 300 hPa
temperature fields. Spatial patterns of the 300 hPa temperature
changes at mid-May (30-day average from 16-May to 14-June
minus that from 16-April to 15-May) in observations and 20C3M
experiment (climatological means of 1981-99) of the CMIP3
CGCMs are presented in a supplement figure (Fig. S1). In obser-
vation, a center of the temperature increase is observed over the
southern periphery of the Tibetan Plateau and its vicinity. Many
CGCMs reproduce this pattern well in general, but the center of
the temperature increase is not consistent with observations in
some CGCMs.

In order to quantitatively evaluate the reproducibility, we
calculate Taylor’s skill score about the upper-tropospheric pat-
terns over a large-area of ASM region (30°E—140°E, 0°N—50°N).
Taylor (2001) proposed the following skill score (S) for evalua-
tion:

o 4(1+R)

Y , (1)
[SDR+ﬁ] (1+R,)

where R is a spatial correlation coefficient between each CGCM
and the observations (ERA-40 in the present study), SDR is a ratio
of spatial standard deviations for each model against observations,
and R, is a maximum correlation coefficient attainable between
intra-ensemble members in the same model. We assume R, as
unity, since only the first member of simulation is used in the pres-
ent study. Table 2 shows the skill scores (S) of the seasonal change
patterns. The scores range from 0.26 to 0.85. To visualize the
performances of the respective CGCMs clearly, a Taylor diagram
(Taylor 2001) for the spatial patterns of the seasonal temperature
change is shown in Fig. 1. This diagram is widely used for evalu-
ation of models’ performance with respect to observations. In this
diagram, a reference dataset (Obs.) is plotted along the abscissa.
The spatial correlation between each CGCM and observation is
related to the azimuthal angle, and the radial distance from the
origin indicates the standard deviation. The distance between each
CGCM and a reference dataset is proportional to the root-mean-
square error after the removal of the spatial average. In many
CGCMs, radial distances from the origin are close to those of the
observations, and correlation coefficients range 0.7-0.9. But there
are some CGCMs whose scores are not so high. For example,
score of model N is low because the temperature increase over the
Eurasian Continent is not obvious (see Fig. S1). Since the repro-
ducibility of the seasonal temperature fields differ from model to
model, we calculate weighted multi-model ensembles (w-MME
hereafter) of 19-year mean daily 850 hPa zonal wind in 20C3M
and SRES-A1B, where weighting factors of the CGCMs are pro-

Table 2. Taylor’s skill scores (S) for the seasonal change of 300 hPa tem-
perature in middle May (30-day average from 16-May to 14-June minus
that from 16-April to 15-May) over the ASM region (30°E—140°E, ON°—
50°N) for the period 1981-99 (20C3M) in each CGCM. Model IDs are
listed in Table 1.

1D S 1D S 1D S 1D S
A 0.755 F 0.798 K 0.636 P 0.751
B 0.773 G 0.718 L 0.619 Q 0.507
C 0.833 H 0.748 M 0.655 R 0.804
D 0.655 1 0.526 N 0.260 S 0.591
E 0.457 ] 0.508 O 0.847

0 05 1 15 2 25 3
Standard Deviation (K)

Fig. 1. Taylor diagram for the seasonal change of 300 hPa temperature in
middle May (30-day average from 16-May to 14-June minus that from
16-April to 15-May) over the ASM region (30°E—140°E, 0°N—50°N) for
the period 1981-99 (20C3M) in each CGCM. Letters indicate model IDs
shown in Table 1.

portional to S. Then, onset dates of w-MME of both 20C3M and
SRES-A1B are determined as the first days when 850 hPa zonal
wind of w-MME changes from easterly to westerly at each 2.5° by
2.5° horizontal grid in March—July.

Figure 2 shows the onset dates of ASM in observations, and
20C3M based on w-MME. The onset dates based on w-MME cor-
respond well with those in observations over the northern Indian
Ocean and the South China Sea, where onset occurs prior to mid-
May. After mid-May, on the other hand, there is discrepancy of
castward advance of lower-tropospheric westerlies between ob-
servations and w-MME. In observations, two stepwise expansions
of onset (early June around 5°N, 125°E and middle July around
12.5°N, 135°E) are recognized, whereas the eastward expansions
are contiguous rather than stepwise in w-MME. This tendency
is similar to our previous study (Inoue and Ueda 2009) based on
precipitation data.

Figure 3 shows differences of ASM onset dates and their inter-
model consistency between 20C3M (1981-99) and SRES-A1B
(2081-99) based on w-MME. The most obvious change is a delay
of the onset by 5—10 days in the Bay of Bengal, the vicinity of the
Malay Peninsula, and the South China Sea, where the climatologi-
cal onset occurs in late April to May (Fig. 2). Especially, the onset
dates are projected to delay by more than 10 days in the southern
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Fig. 2. Climatological onset dates of 850 hPa westerlies in (a) observa-
tional dataset (ERA-40) and (b) w-MME of 20C3M. Color shading (white)
area denotes that the onset dates can (cannot) be defined (i.e., climato-
logical 850 hPa zonal wind changes from easterlies to westerlies during
March—July).
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Fig. 3. Differences of the onset dates of 850 hPa westerlies between
20C3M (1981-99) and SRES-A1B (2081-99) based on w-MME (SRES-
A1B minus 20C3M). Blue (Red) grids indicate that the onset dates become
earlier (later). The onset dates in both 20C3M and SRES-A1B can be de-
fined on the inside of the black solid lines. Open (Filled) circles means that
the change is consistent in more than two-thirds (66.7%) of the CGCMs.

part of the South China Sea. Inter-model consistency is high over
the Bay of Bengal and its vicinity. Over the western Arabian Sea,
many CGCMs project that the westerlies will start earlier, though
the differences of dates are not large. Over the WNP to the east
of the Philippines, positive and negative grids are mixed, exhibit-
ing spatially inhomogeneous features. This implies that, in the
CGCMs, the monsoon onset over WNP is not directly influenced
by the delay of the first transition in mid-May. In many CGCMs,
however, convections over the WNP tend to start under a lower
in situ SST than that in observations (Inoue and Ueda 2009), sug-
gesting that the reproduction of the seasonal evolution of the WNP
monsoon is still fundamental challenging topic in the state-of-the-
art CGCMs (Wang et al. 2005).

The delay of the onset over the Bay of Bengal and the South
China Sea might be associated with change in large-scale circula-
tions and thermal fields under global warming situations. Also in
w-MME, seasonal temperature increase in mid-May of 20C3M
is most obvious over the Eurasian Continent (Fig. 4a). Figure
4b shows differences of 300 hPa temperature in May between
20C3M (1981-99) and SRES-A1B (2081-99) based on w-MME.
Upper tropospheric temperature is projected to rise larger over the
equatorial Indian Ocean, compared with that over the Eurasian
Continent. This tendency is similar to the result in JJA mean field
by Ueda et al. (2006). Figure 5a compares seasonal evolutions of
upper-tropospheric MTG in 20C3M and SRES-A1B. Here, MTG
is defined as area-averaged 300 hPa temperature differences be-
tween over the continent (20°N—40°N, 50°E—100°E) and northern
Indian Ocean (0°N—20°N, 50°E—100°E), which is similar to an
index by Kawamura (1998). In both periods, the northward nega-
tive MTG values change into positive as the season advances from
boreal winter to summer. However, the MTG values in SRES-A1B
are lower than those in 20C3M throughout the period. From a
viewpoint of the seasonal changes, the MTG in SRES-A1B delays
by 5—10 days compared with that in 20C3M. As expected from
thermal wind relationship, development of the upper tropospheric
easterlies over the tropics also delay (figure not shown). Figure 5b
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Fig. 4. (a) Seasonal change (16May—14Jun. minus 16Apr.—15May) of
300 hPa temperature in 20C3M based on w-MME. Temperature increase
more than 4.5 K is shaded. (b) Difference of 300 hPa temperature in May
between 20C3M (1981-99) and SRES-A1B (2081-99) based on w-MME
(SRES-A1B minus 20C3M). Shading denotes regions where the warming
is more than 5.5 K.
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Fig. 5. Seasonal evolutions of (a) 300 hPa temperature differences ([aver-
age of 20°N—40°N, 50°E—100°E] minus [average of 0°N—20°N, 50°E—
100°E]), and (b) 850 hPa zonal wind averaged over 2.5°N—12.5°N, 90°E—
125°E, in 20C3M (open circles) and SRES-AI1B (filled red circles) based
on w-MME.

shows seasonal changes of 850 hPa zonal wind over the southern
part of the Bay of Bengal and the South China Sea (2.5°N—12.5°N,
90°E—125°E) where the delay is most obvious in Fig. 3. As with
MTG, development of lower tropospheric westerlies also delays
by 5-10 days.

Richter and Xie (2008) showed that the larger warming in the
upper troposphere over the tropics are also recognized in annual
mean field, and mentioned that this is a result from the fact that
the tropical atmosphere tends to maintain a moist adiabatic lapse
rate (Xu and Emanuel 1989), even under global warming (Santer
et al. 2005). The first transition of ASM in mid-May occurs con-
currently with the upper-tropospheric change in thermal condition
(e.g., Li and Yanai 1996), which is associated with the upper-
tropospheric tropical easterlies to the south of the center of tem-
perature increase (Fig. 4a). Since the upper-tropospheric easterlies
are well correlated with low-level monsoon westerlies (Webster
and Yang 1992), the delayed development of upper-tropospheric
easterlies under global warming situation might be related with
the delay of the onset of the lower-tropospheric westerlies over
the Bay of Bengal and the South China Sea.

In order to investigate robustness of these changes among the
CGCMs, Fig. 6 shows differences (SRES-A1B minus 20C3M) of
MTG and 850 hPa zonal wind over the southern part of the Bay
of Bengal and the South China Sea in May by each CGCM and
w-MME. Negative MTG values are recognized in all CGCMs.
The difference between 20C3M and SRES-A1B is statistically
significant at 95% level according to the Student’s t-test, when
the 19-year mean value of the CGCMs is regarded as independent
each other. Lower-tropospheric westerlies are projected to become
weak in 14 out of the 19 CGCMs, though the difference is not
statistically significant according to the Student’s t-test. Even in
the CGCMs which show stronger westerlies after global warming,
the absolute difference values are small, thus the westerlies will
become weak in w-MME. From this result, the delay of the onset
is considerably robust.

Kitoh and Uchiyama (2006) investigated future projection of
ASM onset based on precipitation data. They showed the onset
date over the Indochina Peninsula and its vicinity is projected to
delay (in their Fig. 4). The present results are consistent with the
result by Kitoh and Uchiyama (2006), and the delay of the first
transition of large-scale ASM circulations might cause delayed
start of rainfall over there. Meanwhile, delay of monsoon wester-
lies is also recognized where the onset occurs before the first tran-
sition in mid-May (Figs. 2 and 3). The start of low-level westerlies
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Fig. 6. Differences (SRES-A1B minus 20C3M) of (a) 300 hPa temperature
differences (average of 20°N—40°N, S0°E—100°E minus average of 0°N
—20°N, 50°E—100°E), and (b) 850 hPa zonal wind averaged over 2.5°N—
12.5°N, 90°E—125°E in May. Alphabet letters indicate model IDs in Table
1, and rightmost bars are based on w-MME.

near the equator over the Indian Ocean does not seem to be related
with the upper-tropospheric change, and further studies might be
needed in order to explain the reason for the delay.

4. Summary

Reproducibility of seasonal evolution of the thermal fields in
the first transition of ASM in the CMIP3 CGCMs is evaluated.
Many CGCMs reproduce seasonal evolution of the thermal fields
related to the first transition of ASM well, though the degree of
reproducibility differs to some extent. Based on this evaluation
result, weighted multi-model ensembles are calculated, and the
future projections of the ASM onset from the viewpoint of lower-
tropospheric westerlies are conducted. As a result, the onset dates
over the Bay of Bengal, the Indochina Peninsula and the South
China Sea are projected to delay by 5 to 10 days in the end of the
21st century under SRES-A1B scenario compared to those in the
end of the last century. This change might be related with delay
of the reversal of upper-tropospheric meridional thermal gradient
between over the Eurasian Continent and the north Indian Ocean.
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Supplement

Figure S1 shows spatial patterns of seasonal change in mid-
May (16May—14June minus 16April-15May) of 300 hPa tem-
perature in observation (ERA-40) and the respective CGCMs.
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