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[1] A strong cooling trend (�0.62�C per decade) in the
upper troposphere and lower stratosphere (UTLS) over
China is detected based on the records of 109 radiosonde
stations during the period from 1980 to 2004. In contrast,
the underlying mid and lower troposphere (MLT) exhibits a
relatively weak warming trend (0.17�C per decade) with the
largest magnitude at the surface. Accompanying these
changes in air temperature, large-scale circulation
associated with the monsoon activity in East Asia declines
remarkably in both winter and summer. Meanwhile,
decreasing trend of the total ozone amount has also been
found in the same period. Numerical simulations using two
global coupled climate models further suggest that the
ozone depletion and enhanced anthropogenic greenhouse
effect play an important role in the cooling of UTLS and
warming of MLT. Citation: Duan, A. (2007), Cooling trend in

the upper troposphere and lower stratosphere over China,

Geophys. Res. Lett., 34, L15708, doi:10.1029/2007GL029667.

1. Introduction

[2] Surface climate change in China during recent deca-
des has been reported by many studies [e.g., Chen et al.,
2004; Ding et al., 2004]. The basic feature may be summa-
rized as the widespread increasing of surface air temperature
and a southward withdrawal of summer monsoon rainfall.
Due to the large continental area and widely varying
topography, there are some distinct local features in climate
change in China. For example, the significant decreasing
trends of the diurnal temperature range in the surface
atmosphere and total cloud cover have been associated with
warming signal over the Tibetan Plateau (TP) since the late
1970s [Duan et al., 2006, Duan and Wu, 2006].
[3] The upper troposphere and lower stratosphere

(UTLS) is a region where the stratosphere and troposphere
are coupled on various time scales through transport pro-
cesses. Multiphase chemistry and cloud microphysical pro-
cesses in the UTLS influence the variability of ozone and
water vapor, and hence affect long-term climate change.
Previous study has shown that the stratosphere could play
an important role in determining the memory of the climate
system [Baldwin et al., 2003]. However, compared with
many studies investigating the long-term trend at the sur-
face, the change in the upper atmosphere particularly in the
UTLS over China receives less attention due to the lack of

reliable observations. Most recent studies [Zhou and Zhang,
2005; Duan et al., 2006] indicate that a strong cooling trend
occurring in the stratosphere over TP is closely connected
with the local ozone depletion and enhanced greenhouse
effects. Whereas a more widespread picture of upper atmo-
spheric change over China and the possible mechanism
remain unclear. Here we focus on the trends of air temper-
ature and the corresponding circulation over China during
the last 25 years and their association with enhanced
greenhouse effect.

2. Data and Methods

[4] Records of 109 radiosonde stations in China from
1980 to 2004 are used in this paper provided by the China
Meteorological Administration (CMA). Variables include
monthly mean air temperature, wind speed, and geopoten-
tial height at 16 standard pressure levels.
[5] European Centre forMedium-rangeWeather Forecasts

(ECMWF) reanalysis data (http:/www.ecmwf.int/research/
era/Project/Plan/Project_plan_TOC.html) during 1980–
2001 and climate simulations during 1860–2000 for the
Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment given by two coupled global climate models
(i.e., MIROC_3.2 in moderate resolution and GFDL_2.1,
see http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php for
more information about the models) are employed to aid
in the diagnosis of the observations. These two models can
successfully reproduce the interdecadal variation of the air
temperature in China [Zhou and Yu, 2006; Duan et al.,
2006] in experiments based on the climate of the 20th
century with historical forcing. These model runs will be
referred to as A1 and A2 in MIROC_3.2 and GFDL_CM2.1
respectively. The forcing of ozone in the troposphere and
stratosphere is included in both A1 and A2. A1 and A2 are
compared with pre-industrial control experiments (referred
to B1 and B2 for MIROC_3.2 and GFDL_CM2.1 respec-
tively), in which CO2 and ozone concentrations keep
unchanged since 1860. The impacts of greenhouse gases
(GHGs) including ozone on recent climate change can be
quantified through comparison between A1 (A2) and
B1 (B2).
[6] Monthly ozone data comes from the merged satellite

column ozone data at the NASA Goddard Space Flight
Center (GSFC) (http://code916.gsfc.nasa.gov./Data_seveices/
indes.html). It covers the period from 1979 to 2006 with a
horizontal resolution of 5� latitude and 10� longitude.
Simple linear regression is used to calculate trends in
temperature, geopotential height, wind speed, and total
ozone. The average of 1000, 850, 700, 600, 500, and
400 hPa is used to describe the mid and lower troposphere
(MLT), while the average of 200, 150, 100, 70, 50, 30, and
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20 hPa represents UTLS. A domain of 75–125�E and 25–
55�N is chosen to represent China in ECMWF reanalysis
dataset and modelling results.

3. Results

[7] Figure 1a shows a widespread strong cooling trend in
the UTLS over China during the period from 1980 to 2004.
The 109-station-averaged trend is about �0.62�C per
decade. This is a stronger cooling than the �0.5�C per
decade seen in the global mean from 1979 to 2000 [IPCC,
2001]. Within the 95 to 115�E sector, stations around 40�N
and 20�N and two stations in southeastern TP shows a
stronger cooling trend of more than �0.8�C per decade. In
contrast to the cooling in the UTLS, Figure 1b presents
warming trends in the MLT at the most of 109 stations, with
the exception of some stations in the southeastern TP and
Yunan-Guizhou Plateau. The average warming trend in 109
stations is about 0.17�C per decade, which is much weaker
than the magnitude of the cooling trend in the UTLS. The
opposite cooling signal in MLT in the downstream of TP is
argued to be related to the change in circulation caused by
an increase in stratus cloud over TP [Yu et al., 2004a].
[8] Seasonally, the most significant changes in tempera-

ture in the UTLS and MLT occur in the late winter
(February), with a striking �1.5�C per decade cooling trend
at 50 hPa and a 0.6�C per decade warming centre at 850 hPa
(Figure 2a). The other substantial change happens in
September, with around half of the amplitudes in February
in both UTLS and MLT. The cooling in the UTLS results in
the pressure decrease shown in Figure 2b. The changes in
pressure are still seasonal dependent, and centered at a
slightly higher altitude. Furthermore, similar to the change
in air temperature, the negative trend in pressure in the
UTLS with a decrease of more than 3 dagpm per decade
near 50 hPa is notable compared with the increase of up to
1 dagpm per decade in the average of MTL. The pressure
drop in the UTLS increases the poleward pressure gradient
force to the south of the cooling region, which in turn
enhances the 50 hPa westerly winds through geostrophic
balance between the Coriolis force and pressure gradient
force. This mechanism has been discussed by Yu et al.
[2004b] to explain the intensified 200 hPa subtropical jet
over China in summer. Accompanying the changes in air
temperature and pressure, an evident strengthening trend of

Figure 1. Trends of air temperature in the (a) UTLS and (b) MLT over China during 1980–2004 (unit: 0.1 � �C per
decade). Shaded area denotes the Tibetan Plateau with height above 3000 m.

Figure 2. Time-altitude section of the 109 station mean
trends of (a) air temperature (unit: �C per decade),
(b) geopotential height (unit: dagpm per decade), and
(c) wind speed (unit: m s�1 per decade).
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wind speed occurs in UTLS, with the centre near 50 hPa. In
MLT, however, wind speed exhibits a clear decreasing trend
in February and the whole summer season from June to
September, implying the depressed winter and summer
monsoon (Figure 2c). It is notable that the negative trend
of wind speed in summer is much stronger than other
seasons. For instance, at 200 hPa the wind speed decreases
by a strong linear trend of more than �0.6 m s�1 per decade
in June, July and September.
[9] Ozone accumulates in UTLS with the largest centre

generally appearing at 50 hPa. Ozone depletion will result
in less solar radiation absorbed in UTLS but more in MLT,
causing a resultant cooling in UTLS and warming in MLT.
Hence the climate change in upper atmosphere may be
directly related to the change of ozone amount. To clarify
this point, Figure 3 presents the climatological annual cycle
and the trend of total ozone during the same period over
China. By comparing it with Figure 2a, it is clear that there
is a correlation between the air temperature and the total

ozone in UTLS. Although the ozone depletion occurs in all
seasons, the signal is more evident in winter over China.
The largest deceasing trend of �8.3 Dobson Units (DU) per
decade in February agrees well with the in situ largest
UTLS cooling trend. During the summer, the other decreas-
ing trend centre is found in September with �0.22 DU per
decade and corresponds to the other strong cooling trend in
the UTLS.
[10] According to the annual cycle, there is a maximum

value of 337 DU in March and a minimum value of 280 DU
in October, and the ozone amount in the first half of the year
(from January to June) has roughly 30 DU more than that in
the second half of the year (from July to December). Hence
the most significant ozone depletion in UTLS happens in the
peak of annual cycle. A similar annual cycle also exists for
the whole Northern Hemisphere [Zhou and Zhang, 2005],
whereas the total ozone concentration over China exceeds
the average of Northern Hemispheric by about 20 DU.
Therefore the impacts of ozone on the upper atmospheric air
temperature could be more important in China than other
regions.
[11] The ECMWF reanalysis data can also reflect the

observed climate change in the upper atmosphere over
China to a certain degree [Yu et al., 2004b; Duan et al.,
2006]. However, the UTLS cooling trend and MLT warm-
ing trend during recent decades over China in the
ECMWF reanalysis (shown in Figure 4a) are obviously
weaker than in observations. During 1979 to 2000, the
cooling trend in the UTLS is about �0.49�C per decade
and the warming trend in MLT is 0.25�C per decade in
ECMWF reanalysis. It implies that care must be taken
when using reanalysis data to investigate climate change
because of this limitation.

Figure 3. Annual cycle (line, unit: DU) and trend (bars,
unit: DU per decade) of total ozone amount over China
domain (75–125�E, 25–55�N) for the period 1980 to 2004.

Figure 4. Evolution (solid lines) and linear trends (dashed lines) of air temperature anomaly (unit: �C) in UTLS and MLT
for (a) observations (109 station mean) and ECMWF reanalysis (China domain) from 1980 to 2004; (b) simulated results in
A1 and A2 from 1860 to 2000 (the linear trends are calculated from 1979 to 2000 for comparison with Figure 4a); and
(c) simulated results in B1 and B2 over the 140-year integration. Only 70 years results are available in the simulation B1.
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[12] More and more evidence supports the notion that
enhanced greenhouse effect plays a key role in determining
the recent global warming. Figure 4b shows the simulation
results of temperature evolution during 1861 to 2000 in both
UTLS and MLT over the domain of China in two coupled
climate models (A1 and A2). The cooling trend in UTLS
and warming trend in MSL since late 1970s reproduced by
these two models are similar to that in nature, whereas the
temperature in upper atmosphere evolves smoothly during a
long period from the 1860s to the mid 1970s. Note that the
cooling trends in UTLS during 1979–2000 in A1 and A2
(�0.23 and �0.28�C per decade respectively) are substan-
tially weaker than the observations. It suggests that other
contributors could be involved in these processes. On the
other hand, the warming trends in MLT during the same
period in A1 and A2 are 0.28 and 0.43�C per decade,
respectively. The values are much closer to the observa-
tions. A sudden change in late 1970s also happens in
surface air temperature as shown by other researches [e.g.,
Ding et al., 2004].
[13] In the simulations of B1 and B2 (Figure 4c), there is

no evident trend in the upper atmospheric temperature
throughout the whole simulation period. It seems a reason-
able result because there is no change with time in forcing
such as CO2 and ozone in B1 and B2. Therefore, the
differences between B1 (B2) and A1 (A2) strongly suggest
that the UTLS cooling trend during last two decades over
China should be closely connected with ozone depletion
and increase of CO2 through increasing greenhouse effects.
[14] As for the reason of the depressed monsoons in

China, some other mechanisms must exist because the most
significant decreasing trend of wind speed in MLT occurs in
summer rather than in winter. Further investigations to
clarify this point are of special importance in understanding
the climate change.

4. Summary and Discussion

[15] This research revealed that there is a strong cooling
trend in UTLS and a relatively weak warming trend in the
underlying MLT over China during recent decades. The
largest magnitudes of trends occur in late winter and
summer. The corresponding change in the circulation is
characterised by the depressed monsoon activity in both
winter and summer. Two coupled climate models success-
fully reproduce the cooling trend in UTLS and warming
trend in MLT since late 1970s when the models are forced
by historical CO2 and total ozone data. It implies that the
ozone depletion and enhanced anthropogenic greenhouse
effect play an important role in the cooling of UTLS and
warming of MLT.

[16] Duan and Wu [2006] has shown that the change in
cloud amount acts to warm the surface atmosphere and
diminishing the diurnal air temperature range in TP, whereas
almost none of existing climate models can simulate well
the cloud change during the last half century. Moreover, the
relative importance of different components of GHGs and
their interaction need further investigations.
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