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Abstract A striking climate warming over the Ti-
betan Plateau during the last decades has been re-
vealed by many studies, but evidence linking it to
human activity is insufficient. By using historical ob-
servations, here we show that the in situ climate
warming is accompanied by a distinct decreasing
trend of the diurnal range of surface air temperature.
The ERA40 reanalysis further indicates that there
seems to be a coherent warming trend near the tro-

popause but a cooling trend in the lower stratosphere.

Moreover, all these features can be reproduced in
two coupled climate models forced by observed CO,
concentration of the 20th century but cannot be pro-
duced by the fixed external conditions before the
industrial revolution. These suggest that the recent
climate warming over the Tibetan Plateau primarily
results from the increasing anthropogenic green-
house gases emissions, and impacts of the increased
greenhouse gases emissions upon the climate
change in the plateau are probably more serious than
the rest of the world.

Keywords: Tibetan Plateau, climate warming, greenhouse
effect, diurnal range of air temperature.

The Tibetan Plateau (TP, 75— 105°E, 27.5—37.5°N)
is the highest and largest highland in the world with a
variety of climate and ecosystems. The TP exerts pro-
found influences not only on the local climate and en-
vironment but also on the global atmospheric circula-

tion through its thermal and mechanical forcing "=
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Wang et al. 'Y constructed a surface air temperature
series from 1880 to 1996 of the plateau by using mete-
orological observation and tree rings, and found two
obvious warm periods in 20th century with the former
in 1920 to 1960 and the latter in late 1970 to early 1980.
Recently, many observational studies™ % have shown
that a striking climate warming occurred there during
the second half of the century. However, most of them
focus only on the phenomenon of climate warming, and
the intrinsic reason of climate warming is particularly
needed because it will provide us insights to further
understand the ongoing global change.

The daily mean (7ay.), maximum (7p.x), and mini-
mum (7T, air temperatures in the period of January
1961 to December 2003 come from the 740 stations in
China, which are the most complete station dataset in
China processed by the China Meteorological Admini-
stration. In the central and eastern TP (CE-TP), we se-
lect 64 of them with the beginning year no later than
1961 and the continuous absent records no more than 3
months in this study. The geographical location and
height above sea level of these stations are shown in
Fig. 1(a), in which we can see that they spread uni-
formly and hence can depict the real case rationally.

Fig. 1(a) and (b) present the spatial distributions of
the linear variation rate (LVR) of the annual mean Tave
and diurnal temperature range (DTR), respectively. A
universal and strong warming trend over CE-TP can be
seen, and the largest amplitude appears in the north
region where the average elevation is relatively high.
On the other hand, the observed DTR shows a decreas-
ing trend in most areas with almost all the minimum
centres consistent with the warming centres, suggesting
the warming is caused mainly by the increase of Ty,
and especially the strong night and winter warming.
Actually, during the period 1961 —2003, the 64-station
averaged LVR of the annual mean Ty, (0.57°C/10a) is
twice larger than that of the Ty.x (0.27°C/10a), and the
LVR of the T4y, in winter (December, January and Feb-
ruary) is 0.44°C/10a and also nearly twice larger than
the average in the rest three seasons (0.23°C/10a). Zhai
and Pan™! also found an increasing frequency of higher
nocturnal air temperature in most areas of China since
the mid 1980s.

The temporal evolutions of the 64 station-averaged
annual mean T,,. and DTR anomalies are exhibited in
Fig. 2(a). A distinct increasing trend in T,y (0.28°C/10a)

but a decreasing trend in DTR (=0.19°C/10a) over the
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Fig. 1. Spatial distribution over the central and eastern Tibetan Plateau (CE-TP) of the linear variation rate (LVR, in ‘C/10 a) of the station-based
annual mean surface air temperature (a) and the diurnal range of the surface air temperature (DTR) (b) during 1961 —2003. Triangles, open circles, and

solid circles in (a) denote stations equal to or higher than 4000, 3000, and 2000 m, respectively. The cyan area represents the Tibetan Plateau area with
the average altitude higher than 3000 m.
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Fig. 2. Temporal evolutions of the surface air temperature and DTR anomalies in the period of 1960—2003. (a) The CE-TP area; (b) Northern sub-
tropics and Northern Hemisphere. Red, blue, and yellow curves are observed, ERA40-, and NCEP-based temperature anomalies, and the green curve
denotes the observed DTR over the CE-TP; Purple and cyan curves in (b) denote the ERA40-based temperature anomalies over the Northern Subtropics

and the Northern Hemisphere, respectively. Solid and dotted lines represent the linear trends and the chief abrupt change points of the curves with the
same colour.

CE-TP exist in this period with the largest amplitude  stations are included in the data assimilation scheme™?!,

appearing in 1990 s. The CE-TP grid-averaged (85—
105°E, 27.5—37.5°N) Ty in ERA40"2 is consistent
with the observation fairly well, and the correlation
coefficient between them is 0.89 and above 99% confi-
dence level. But the warming amplitude reaches only
0.10°C/10a and is much lower than observation. It may
be associated with the fact that fewer meteorological

www.scichina.com  www.springerlink.com

Nevertheless, the rapid change of T,y in both ERA40
and observation happened roughly in 1986 (all the cli-
mate rapid changes in this work have passed 95% con-
fidence level test by using moving t-test). In NCEP re-
analysis data [ﬂl’ however, the interannual variability of
Tave is different from the observation (the correlation
coefficient is only 0.21 and under 90% confidence
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level), and the T,y in the whole period even presents a
cooling trend. Thus the NCEP reanalysis seems to be
inferior to the ERA40 at least in the TP area.

In addition, the evolution of ERA40 annual mean
T,ve and the corresponding linear trend in the Northern
Subtropics (20—40°N) exhibit similar features to those
over the CE-TP with the significant rapid warming oc-
curring in mid 1980s (Fig. 2(b)). But for the T, aver-
aged over the whole Northern Hemisphere, the rapid
warming appears in 1976, about 10 years earlier than
that in the Northern Subtropics and the CE-TP. These
results imply that besides the large regional differences
in the surface T,y changew, there also exist significant
differences in temporal evolution with varying lati-
tudes.

As for the western TP, only Shiquanhe Station
(80°05'E, 32°30'N, and 4278 m above sea level) has the
comparable record length, and thus it is used to roughly
represent the case in the western TP. There exists a
pronounced warming trend (0.30°C/10a) accompanied
by a decreased DTR (—0.30°C/10a) as well. Hence cli-
mate warming is a widespread phenomenon over most
of the TP.

Although the ERA40 reanalysis is highly dependent
on data assimilation scheme and data coverage, there is
no comparable observation records at the upper levels
over the TP, and considering the good agreement be-
tween the ERA40-based and observed interannual
variation and interdecadal trend of surface air tempera-
ture over the CE-TP, we use ERA40 to detect the sig-
nals of climate rapid change in the upper atmosphere.

As can be seen from Fig. 3, the climate warming
over the CE-TP since the mid 1980s can also be de-
tected near the tropopause (150 hPa) over the CE-TP
and even the entire Northern subtropics. On the other
hand, the in situ lower stratosphere (50 hPa) is charac-
terized by a reversed cooling trend. As for the connec-
tion between the strong surface warming and higher
temperature at tropopause as well as the lower strato-
sphere cooling, it may be interpreted by the strong
boundary layer heating over the plateau "% and the re-
sultant atmospheric thermal adaptation and overshoot-
ing .

The decreased DTR, warmed upper troposphere, as
well as the cooled lower stratosphere have been re-
garded as the signals of the greenhouse gases (GHGs)-
induced climate warming "2, Zhao ez al.™® pointed out
that the climate warming in 20th century, especially in
the second half of the century, is very likely induced by
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Fig. 3. Temporal evolution of the ERA40 standardized air temperature
in the upper atmosphere in the period of 1961—2001. Solid and dash
curves denote air temperatures at 150 hPa and 50 hPa, respectively, and
tilting lines are the linear trends of the corresponding curves.

the enhanced greenhouse effect. Chen et al."™ argued
that the increased CO, will lead to cloud amount in-
creased (decreased) at lower (higher) elevations over
the relatively flat eastern TP for the winter half year,
and the net effect of the changes in radiation fluxes will
enhance warming in both areas. This could explain why
there is a decreasing trend of the observed annual mean
total cloud amount over the eastern TP since the mid
1980s M.

By using the climate simulations for the IPCC
Fourth Assessment given by two coupled global climate
models, we attempt to investigate the relationship be-
tween the TP warming and enhanced greenhouse effect
due to increased CO,. The first model MIROC 3.2 is
jointly developed by the Center for Climate System
Research, the National Institute for Environmental
Studies, and the Frontier Research Center for Global
Change of Japan. The second is GFDL _CM2.1 devel-
oped by NOAA GFDL (Geophysical Fluid Dynamics
Laboratory, National Oceanic Atmospheric Administra-
tion of USA). These two models can successfully re-
produce the large-scale interannual variation of the
surface air temperature in the experiments based on the
20th century climate (referred to as 20C3M, in which
all the forcing conditions were changed by following
the historical data during the 20th century). The annual
mean global surface air temperature correlation coeffi-
cient from 1961 to 1999 between the MIROC 3.2 and
ERA40 is 0.37, and that between GFDL _CM2.1 and
ERAA40 is 0.35, both above the 95% confidence level.
By comparing the pre-industrial control experiment
(referred to as PICNTRL, in which CO, concentration
keeps unchanged since 1860) with the climate change
scenario experiment, the role of the GHGs in the recent
climate warming over the CE-TP can be qualitatively
evaluated.
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Fig. 4. Temporal evolution of the standardized annual mean surface air temperature and DTR over the CE-TP in the period of 1961 —2000 simulated

by the coupled climate model MIROC 3.2 ((a), (¢)) and by the GFDL_CM2.1 ((b), (d)). (a) and (b) for the PICNTRL scenario; (c¢) and (d) for 20C3M
scenario. Solid and dash curves represent the surface air temperature and the DTR.

In 20C3M scenario experiment, the LVRs of T, in
1961 — 1999 on TP given by MIROC 3.2 and
GFDL_CM2.1 are 0.16 and 0.11°C/10 a, respectively,
and the correlation coefficients between them and the
observation are 0.43 (above 99% confidence level)
and 0.30 (above 95% confidence level). The LVRs of
DTR in MIROC 3.2 and GFDL_CM2.1 are —0.13 and
0.01°C/10a, respectively. The correlation coefficients
between them and observation are 0.35 and 0.19. Fig. 4
shows the standardized surface air temperature and
DTR over the CE-TP during the aforementioned period
in the PICNTRL (Fig. 4(a), (b)) and 20C3M (Fig. 4(c),
(d)) experiments given by these two models. The dif-
ference between these two scenarios is obvious. In the
PICNTRL simulations, it is characterized by a flat or
slightly decreasing linear trend for these two variables.
On the contrary, in the 20C3M simulations, there is a
pronounced warming trend accompanied by a de-
creased DTR over the CE-TP after 1980s just as the
case shown in Figs. 2 and 3.

According to these results, we can infer that the hu-
man-activity-induced GHGs emissions should be
mainly responsible for the recent climate warming over
the CE-TP through changing the local radiative forcing.
This is consistent with the numerical modelling results
given by Chen er al™ with a regional model. They
further pointed out that doubling CO, will weaken the
winter monsoon and hence the fewer cold air intrusion.

We have investigated the main features of the recent
climate warming over the TP by using both observa-
tions and reanalysis data. It is found that the evident
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climate warming since the mid 1980 s is accompanied
by the decreasing trends of the surface air DTR and the
lower stratospheric air temperature, and the increasing
trend of air temperature in tropopause. Moreover,
simulation results of two climate models for the IPCC
Fourth Assessment further suggest that as a part of the
global change, the recent climate warming over the
CE-TP is likely induced by the anthropogenic CO,
emissions.

The increase of GHGs is believed to be responsible
not only for the global warming 22! but also for the
change of year-to-year climate variability 24 Its im-
pacts are obviously larger than urbanization for large-
scale warming 2. Since the TP is located in a remote
region and relatively free from the influences due to
local urbanization and the change in land use, the re-
cent climate warming over the TP and other high eleva-
tion sites is more closely connected with the increase of
GHGs than the rest of the world.
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