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ABSTRACT

Responses of late spring (21 April–20 May) rainfall to the upper tropospheric cooling over East Asia
are investigated with a regional climate model based on Laboratoire de Météorologie Dynamique Zoom
(LMDZ4-RCM). A control experiment is performed with two runs driven by the mean ERA-40 data during
1958–1977 and 1981–2000, respectively. The model reproduces the major decadal-scale circulation changes
in late spring over East Asia, including a cooling in the upper troposphere and an anomalous meridional cell.
Accordingly, the precipitation decrease is also captured in the southeast of the upper-level cooling region.
To quantify the role of the upper-level cooling in the drought mechanism, a sensitivity experiment is further
conducted with the cooling imposed in the upper troposphere. It is demonstrated that the upper-level
cooling can generate the anomalous meridional cell and consequently the drought to the southeast of the
cooling center. Therefore, upper tropospheric cooling should have played a dominant role in the observed
late spring drought over Southeast China in recent decades.
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1. Introduction

In spring (March–May), the East Asian front
brings abundant precipitation to Southeast China
which accounts for about 35% of the annual total
amount, almost as high as that in summer (Yang and
Lau, 2004). During the last half century, however,
the spring precipitation over Southeast China experi-
enced an inter-decadal decrease in the late 1970s (Hu
et al., 2003; Yang and Lau, 2004; Zhai et al., 2005;

Xin et al., 2006). Possible causes of this phenomenon
have been mentioned in several studies. Yang and
Lau (2004) showed that it is related to the basin-wide
warming of the sea surface temperature (SST) in the
Indian and Pacific Oceans. Xin et al. (2006) explored
the atmospheric circulation changes associated with
the inter-decadal drought occurred in late spring (21
April–20 May), and found that it concurs with a pro-
nounced cooling in the upper troposphere over East
Asia. They hypothesized that the upper-level cooling
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induces anomalous subsidence and a low-level anticy-
clone, which finally led to the drought in Southeast
China. The importance of an upper tropospheric ther-
mal anomaly in explaining the observed precipitation
trend in China was already pointed out in Yu et al.
(2004), who studied the notable “southern flood and
northern drought” trend in summer. However, the
above-mentioned two studies are both based on the
analysis of observation data. The causal relationship
between the cooling anomaly in the upper troposphere
and the change of the precipitation in East Asia needs
further verification. One of the most powerful tools in
this regard is numerical modeling.

As an extension study of Xin et al. (2006), this pa-
per aims to quantify the physical mechanism linking
the late spring drought and the upper tropospheric
cooling over East Asia through a series of numerical
simulations performed with a regionally-oriented cli-
mate model. As in Xin et al. (2006), we will use the
difference between two periods of 1981–2000 and 1958–
1977 to represent the inter-decadal change during the
past half century. The mean atmospheric circulation
data of each period will be used separately, as bound-
ary conditions, in a regional climate model. Results
are consistent with our initial hypothesis that the late
spring drought in Southeast China is largely deter-
mined by the inter-decadal variation of the large-scale
atmospheric circulation in East Asia. A sensitivity ex-
periment will be further performed to quantify the role
of the upper tropospheric cooling in the drought.

The other parts of this paper are organized as fol-
lows. Model description and basic performances of the
model are described in section 2. Section 3 presents
the simulated results about the mechanism of the late
spring drought. Highlights of the findings are summa-
rized in section 4.

2. Model description and basic performance

2.1 Model description

The Laboratoire de Météorologie Dynamique
Zoom (LMDZ) model is a general circulation model de-
veloped at LMD (Sadourny and Laval, 1984; Le Treut
et al., 1994; Li, 1999). A special feature of the model
is that the model grid is stretchable in both longitude
and latitude. Thus the model can be zoomed over
a certain region and used for regional climate studies
(Krinner and Genthon, 1998; Menendez et al., 2001;
Genthon et al., 2002; Zhou and Li, 2002). With the
circulation outside the zoom domain nudged to the
meteorological reanalysis data, the LMDZ model can
perform as a regional climate model (RCM). In this
study, the RCM developed from LMDZ version 4.0 is
used, hereafter referred to as LMDZ4-RCM.

The model LMDZ4-RCM used here incorporates
the same physics configuration as LMDZ4, which was
described in Hourdin et al. (2006) and performed in
the coupled model IPSL-CM4 participating in the
Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC, 2007). The radiation
scheme is the modified version of the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF)
scheme (Fouquart and Bonnel, 1980; Morcrette et al.,
1986). The cumulus convection is parameterized with
Emanuel’s scheme (Emanuel, 1993). The land sur-
face process is represented by ORCHIDEE surface-
vegetation model (de Rosnay et al., 2002; Krinner et
al., 2005).

In this study, LMDZ4-RCM is run with 120 points
in longitude, and 91 points in latitude. The distribu-
tion of model grids over East Asia as well as the model
topography is represented in Fig. 1. The zoom do-
main is centered at (32◦N, 102◦E) covering almost all
of China with the horizontal resolution about 60 km.
There are 19 hybrid layers in the vertical with 4 layers
above 20 km. The 40-yr reanalysis data of the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ERA-40, Uppala et al., 2005) are used to drive the
circulation outside the zoom region. The driving vari-
ables include the zonal wind, meridional wind, temper-
ature, and specific humidity. In all the experiments,
the model is forced by the SST and sea ice cover vary-
ing with a climatologically annual cycle.

2.2 Basic performance

To increase our confidence in the RCM simulation,
LMDZ4-RCM is firstly integrated from 1 March to 31
May in each year during the period 1990–1999. After

Fig. 1. Schematic representation of the model grids with
zoom center at (32◦N, 102◦E). The shaded denotes the
model topography above 1500 m.
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Fig. 2. April–May (AM) mean 200-hPa zonal wind
(shaded, m s−1) and 500-hPa geopotential height (con-
tour, gpm) (a) revealed by ERA-40 and (b) simulated by
LMDZ4-RCM averaged during 1990–1999.

a spin-up of one month, the output averaged during
April and May (AM) can be regarded as the model’s
equilibrium result. The simulated 10-yr mean climate
conditions in AM are validated against the ERA-40
circulation data and the station observed precipitation
data. The precipitation dataset covers 326 stations in
East China, which are provided by the National Me-
teorological Information Center and the China Mete-
orological Administration.

The upper-level jet stream and the East Asian
trough are major circulation systems over East Asia.
Figure 2 compares the 1990–1999 averaged AM-mean
200-hPa zonal wind (shaded) and 500-hPa geopoten-
tial height (contour) between ERA-40 and the simu-
lation. In ERA-40, the jet stream at 200 hPa extends
from East Asia to the North Pacific Ocean, with the
jet core at about 32◦N (Fig. 2a). East China is lo-

cated in the entrance area of the jet stream. As shown
in Fig. 2b, the LMDZ4-RCM model produces similar
characteristics and structure. At 500 hPa, the East
Asian trough dominates over East Asia with the north-
westerly prevailing over East China (Fig. 2a). This is
also well reproduced by the model, although the sim-
ulated geopotential height is a little weaker than that
in ERA-40 (Fig. 2b).

Figure 3 shows the observed and simulated 10-yr
mean precipitation (shaded) and 850-hPa meridional
wind (contour) in AM. The observation exhibits abun-
dant rainfall in Southeast China associated with strong
low-level southerlies. The rainfall decreases gradually
from south to north in East China. Such distribution
of the precipitation is well reproduced by the model
with, however, some discrepancies in intensity. Tem-
poral (pentad mean) evolutions of precipitation along
the longitudes of 107◦–122◦E are plotted in Fig. 4.
Consistent with the observation, the simulation ex-
hibits heavy precipitation in southeastern China dur-
ing Pentad (P) P25 and P28–30. In North China

 

 

  Fig. 3. AM mean precipitation (shaded, mm d−1) and
850-hPa meridional wind (contour, m s−1) (a) depicted
by ERA-40 and (b) simulated by LMDZ4-RCM averaged
during 1990–1999. Dots in (a) indicate geographic lo-
cations of the meteorological station entering into the
precipitation dataset.
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   Fig. 4. Time (pentad)-latitude Hovmöller diagrams
showing the 107◦–122◦E averaged precipitation (mm
d−1) from April to May for (a) station observation and
(b) model simulation averaged during 1990–1999.

(to the north of 35◦N), the precipitation increases
abruptly in early May, which is also captured by the
model. But the simulated rainfall in North China is
generally larger than the observed. This deficiency
may be partially attributed to the model’s biases in re-
producing the atmospheric circulation. As can be seen
in Fig. 3, the model overestimates the strength of the
low-level southerly over southeastern China, indicating
more water vapor being transported to the mainland of
China from the ocean. On the other hand, the model
generates stronger northerlies in North China. This
implies that there are stronger interactions between
the mid-latitude and the subtropics in the simulation,
which also favors for excessive precipitation in North
China.

Through the above comparisons, the LMDZ4-RCM
is demonstrated to be capable of reproducing main
circulation systems in East Asia and the distribution
of the precipitation in East China. Then the model
will be used in the following to investigate the physi-
cal mechanism of the late spring drought in Southeast
China.

3. Mechanism of the late spring drought

3.1 Impact of large-scale circulation changes

With the LMDZ4-RCM validated, a first control
experiment is performed to reproduce the inter-

Fig. 5. Late spring temperature changes at 300 hPa (a)
in ERA-40 (1981–2000 minus 1958–1977), and (b) in the
control experiment (CNT2 minus CNT1). The shading
in (a) represents changes of the temperature lower than
−0.8◦C. The shading in (b) represents changes of the
temperature lower than −1.5◦C.

decadal changes of late-spring atmospheric circulation
related to the drought in Southeast China. Our exper-
imental protocol is a simplified one, since the lateral
boundary conditions entering into the LMDZ4-RCM
are averaged across different years from March to May
for the two periods (1981–2000 and 1958–1977, cho-
sen as in Xin et al., 2006). This permits us to easily
conduct further sensitivity experiments and to isolate
the contribution of the inter-decadal variations in the
large-scale mean circulation. A recent verification us-
ing the realistic 6-hour-interval lateral boundary forc-
ing from 1958 to 2000 shows similar results for both
the mean climate and the inter-decadal variation (Xin,
2007).
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Table 1. Configuration of the control experiment and the sensitivity experiment.

Control experiment Sensitivity experiment

CNT1 CNT2 SNT1 SNT2

Lateral boundary conditions 1958–1977 1981–2000 1958–1977 1958–1977
averaged fields averaged fields averaged fields averaged fields

Temperature in the middle-upper No constraint No constraint Restoration to CNT1 Restoration to CNT2
troposphere (about 750–200 hPa)

 

 
  Fig. 6. Latitude-height (pressure, hPa) cross sections

along the longitudes from 110◦–125◦E showing the atmo-
spheric changes in late spring simulated in the control ex-
periment (CNT2 minus CNT1). The upper panel shows
the temperature (shaded, ◦C) and geopotential height
(contour, gpm). The lower panel shows the vertical veloc-
ity (contour and shaded, m s−1) and wind vectors com-
posed of vertical velocity and meridional wind.

As shown in Table 1, the control experiment con-
sists of two runs, referred to as CNT1 and CNT2, with
the averaged large-scale forcing during 1958–1977 and
1981–2000, respectively. Both runs are initiated from a
state of 1 March and integrated for three months. Dif-
ferences of the simulations between CNT2 and CNT1
are considered as the results of the control experi-
ment, designed to show whether the inter-decadal cli-
mate changes in East Asia could be reproduced by the
model through the forcing in large-scale mean circula-
tion variation.

Inter-decadal changes of the late-spring 300-hPa
temperature for both observation and simulation are
shown in Fig. 5. We can see that the observed

inter-decadal cooling over central China is captured
by the model, though with a stronger intensity. The
simulated cooling extends from west to east in cen-
tral China, while the observed cooling center is tilted
from Southwest China to Northeast China spanning
over a broader region. Such discrepancy between
the observation and the simulation can be partly at-
tributed to the experimental design of the control ex-
periment, which employs mean atmospheric fields as
lateral boundary forcing, without taking into account
any atmospheric transient eddies. The latter can be
important for the realism of the model simulations.
These biases do not affect our further exploration,
since we mainly focus on the climate effects of the up-
per tropospheric cooling.

The vertical cross section along the longitudes
110◦–125◦E reveals that the simulated late-spring
cooling is prominent in the upper troposphere, with
the maximum centered at 300 hPa (Fig. 6a). This
is in agreement with the vertical distribution of the
observed inter-decadal cooling (Fig. 4a in Xin et al.,
2006). The cyclonic anomaly over the cooling region
in the upper troposphere also agrees well with the ob-
served inter-decadal change (Fig. 6a).

Figure 6b shows that the air descends from the
upper troposphere where the cooling exists. The de-
scending air flows southward in the lower troposphere
and then rises in the latitudes 13◦–18◦N, which finally
goes back and compensates the sinking air in the up-
per troposphere. Thus, the anomalous meridional cell
is reproduced in the control experiment. As indicated
in Xin et al. (2006), the anomalous meridional cell is
closely related to the rainfall anomaly. The descend-
ing motions suppress the convective activity, while the
anomalous low-level northerlies reduce the water vapor
being transported to China. Thus the precipitation de-
creases in the region 28◦–33◦N, 108◦–128◦E, covering
the southeastern part of the upper-cooling region (Fig.
7). It should be noted that the simulated inter-decadal
dry zone locates slightly to the north of the observed
one, which is in the latitudes of 26◦–31◦N (Fig. 1b in
Xin et al., 2006). This may be attributed to the bias of
the model’s precipitation climatology itself which has
a small northward shift (Figs. 3 and 4).

In summary, by using observed large-scale mean
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   Fig. 7. Changes of the upper tropospheric tempera-
ture (500–250 hPa) (contour, ◦C) and the precipitation
(shaded, mm d−1) in late spring simulated in the control
experiment (CNT2 minus CNT1).

 

   Fig. 8. Same as in Fig. 6, but from the sensitivity ex-
periment (SNT2 minus SNT1).

atmospheric fields as lateral boundary conditions in
LMDZ4-RCM, we can reproduce successfully the ma-
jor characteristics of climate variations in East Asia
during the past half century. They include a cooling
in the upper troposphere, an anomalous meridional

overturning cell, and the associated rainfall decrease
located in the southeastern of the upper tropospheric
cooling region. Therefore, changes in large-scale mean
atmospheric circulation seem to be responsible for the
drought occurred in East China. We have carried out
similar experiments with different initial states (not
shown), which confirm the above results.

3.2 Role of the upper tropospheric cooling

The upper tropospheric cooling was considered as a
main ingredient in Xin et al. (2006) for the late-spring
drought in Southeast China, although we do not know
precisely how it is induced by the large-scale boundary
forcing, neither any feedback between this upper tro-
pospheric cooling and the precipitation anomalies. We
will take a further step toward understanding its role
through a sensitivity experiment with the LMDZ4-
RCM. The sensitivity experiment includes two runs
(SNT1 and SNT2). They share the same initial state
and lateral boundary conditions as those in CNT1, but
the simulated temperature in the middle-upper tropo-
sphere (about 750 hPa–200 hPa) of SNT1 and SNT2
are restored to those of CNT1 and CNT2, respectively
(Table 1). Through this procedure, the upper-level
cooling simulated in the control experiment is imposed
in the sensitivity experiment (Fig. 8a). The simulated
differences between SNT2 and SNT1 can be considered
as responses to the upper tropospheric cooling, which
serve as the results of the sensitivity experiment. The
contribution of the upper tropospheric cooling to the
drought can thus be quantified.

As shown in Fig. 8a, in response to the imposed
upper-level cooling, cyclonic anomalies and anticy-
clonic anomalies are generated, respectively, above and
below the cooling center, as expected from the ther-
mal wind relationship. The upper-level cyclonic and
low-level anticyclonic anomalies imply, in the south-
east flank of the cooling region, anomalous souther-
lies in the upper troposphere and northerlies in the
lower troposphere (Fig. 8b). Moreover, the cool air
descends from the upper troposphere and thus pro-
vokes an anomalous meridional cell. The meridional
cell bears remarkable resemblance with that in the
control experiment (Fig. 6b). This implies that the
occurrence of anomalous meridional circulation could
be attributed to the cooling in the upper troposphere.

Since the anomalous meridional cell exerts domi-
nant influences on the rainfall, it is anticipated that the
rainfall anomaly in the sensitivity experiment bears
similar characteristics to that in the control experi-
ment. This is verified in Fig. 9, which shows that the
precipitation decreases in the southeast of the upper
cooling region. Such a configuration of the drought
and the upper-level cooling agrees well with that in
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Fig. 9. Same as in Fig. 7, but from the sensitivity ex-
periment (SNT2 minus SNT1).

the control experiment (Fig. 7). This confirms that
the upper-level cooling plays an essential role in the
formation of the anomalous meridional cell, and con-
sequently the drought to the southeast of the cooling
center. These results provide a numerical demonstra-
tion to the hypothesis of Xin et al. (2006) that the
inter-decadal drought over Southeast China in late
spring should be caused by the cooling in the upper
troposphere in the past half century.

Although we have shown that the late spring
drought in Southeast China could result from East
Asian upper tropospheric cooling, the cause of the
cooling remains elusive. Some recent studies suggested
that this cooling may be related to the inter-decadal
change of winter NAO (Yu and Zhou, 2004; Li et al.,
2005; Xin et al., 2006). A detailed discussion on the
mechanism governing the upper tropospheric cooling
is beyond the scope of the present paper and remains
to be an open problem demanding further studies.

4. Conclusions

A regional climate model LMDZ4-RCM was used
to study the regional climate behavior in spring over
East Asia. Its performance in this regard was eval-
uated with integrations carried out from March to
May during each year of 1990 to 1999. Results show
that the model reproduces the main features of the
10-yr mean atmospheric circulation over East Asia in
AM, including the upper-level jet stream, the East
Asian trough and the low-level southerlies over south-
ern China. Spatial distribution and seasonal evolution
of AM precipitation in East China are also captured
by the model. But in a general manner, the simulated

rainfall in North China is larger than the observed,
due to partly a stronger low-level convergence in the
simulation.

After a general validation of the model LMDZ4-
RCM, two experiments were performed to assess the
mechanism linking the upper tropospheric cooling
with the inter-decadal decrease of the rainfall observed
in Southeast China in late spring. The control exper-
iment consists of two runs (CNT1 and CNT2), which
used the mean atmospheric circulation of two sepa-
rate periods of 1958–1977 and 1981–2000 as lateral-
boundary conditions. Another sensitivity experiment
was carried out with two runs (SNT1 and SNT2) bear-
ing identical lateral boundary conditions but differ-
ent restoring terms. Through the restoring procedure,
the upper-level atmospheric temperature of SNT1 and
SNT2 are restored to that of CNT1 and CNT2, re-
spectively. The following conclusions can be drawn
through analysis of the two experiments:

(1) Changes of large-scale mean atmospheric cir-
culation during the past half century can induce and
explain the main regional circulation changes observed
in East Asia in late spring. The regional circulation
changes are found to be responsible for the rainfall
decrease in Southeast China. We need to mention
that similar results were also obtained with another
regional climate model RegCM3 (Pal et al., 2007),
developed at the International Centre for Theoreti-
cal Physics, when it is run in the configuration of our
present study. The results are not shown here. This
increases the confidence in our results.

(2) Main characteristics of the regional climate
change in East Asia can be obtained through restoring
the upper troposphere to a cold state in the simulation.
It is confirmed that upper tropospheric cooling in East
Asia is a causal factor important for the drought in the
southeastern of the upper cooling region, although we
do not know precisely how it is formed. This conclu-
sion is in agreement with the hypothesis formulated in
Xin et al., 2006) through an analysis of the observation
data.

Finally, it should be pointed out that, due to
the particular experimental design which employs the
mean atmospheric fields as lateral-boundary forcing,
we did not take into account the effects of atmospheric
transient eddies which may play a certain role in our
studied phenomenon. This is an issue that we will
pursue in the future.
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