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[1] Based on the 6-hourly weather observations at
71 stations across the central and eastern Tibetan Plateau
(TP) during 1961–2003, the change of cloud amount and its
possible connection with recent climate warming on TP
were investigated. The low-level cloud amount exhibits a
significant increasing trend during the nighttimes, leading to
the enhanced atmospheric counterradiation, weakened
effective terrestrial radiation, and the subsequently strong
nocturnal surface warming. On the other hand, both the total
and low-level cloud amounts during daytime display
decreasing trends, resulting in more absorbing of direct
solar radiation at the surface and the associated surface
warming. Since the increase in nocturnal low-level cloud is
more than the decrease of daytime low and total cloud
amounts, such changes in cloud amount contribute to at
least partly of the increased surface air temperature and its
diminished diurnal range on TP. Citation: Duan, A., and

G. Wu (2006), Change of cloud amount and the climate warming

on the Tibetan Plateau, Geophys. Res. Lett., 33, L22704,

doi:10.1029/2006GL027946.

1. Introduction

[2] The Tibetan Plateau (TP) is the highest and largest
highland in the world and exerts profound influences not
only on the local climate and environment but also on the
global atmospheric circulation through its thermal and
mechanical forcing [e.g., Wu, 1984; Manabe and Broccoli,
1990; Yanai et al., 1992; Duan and Wu, 2005; Yanai and
Wu, 2006]. Growing evidence [e.g., Liu and Chen, 2000;
Niu et al., 2004] has demonstrated that a significant climate
warming occurred there during the last half century. Recent
analysis [Duan et al., 2006] has also shown that the climate
warming is featured by strong increase of the nocturnal
surface air temperature. Previous studies [Karl et al., 1991,
1993; Easterling et al., 1997] suggested that the increase of
the global mean surface air temperature during the 20th
century is partly caused by the daily minimum temperature
increasing at a faster rate than the daily maximum. This
imbalanced temperature changing rate also leads to a
decrease in the diurnal temperature range (DTR) in many
parts of the world. However, the changes of cloud amount
and the related radiation flux on TP have not been discussed
in previous studies. This work uses 6-hourly weather
observations at 71 stations located on the central and eastern
TP together with the daily records of surface radiation flux

at Golmud (34�440N, 101�360E, 3501 m above sea level) in
the period 1961–2003 provided by China Meteorological
Administration to investigate the long term trend of cloud
amount and its connection with the recent climate warming
on TP.

2. Results

[3] One prominent feature of the TP climate is the much
larger DTR compared to its adjacent plain regions at the same
latitudes, which is due to its intense daytime solar radiation
heating and nocturnal long wave radiation cooling [Yeh and
Gao, 1979]. However, during the passed decades, the DTR
has diminished remarkably when strong warming happened
(Figure 1). The 71-station averaged warming amplitude in
annual mean surface air temperature is of 0.25�C/decade and
obviously larger than that for the global during 1976–2000
(about 0.15�C/decade [Intergovernmental Panel on Climate
Change, 2001]. Considering the fact that the surface air
temperature on TP is much lower than that in the adjacent
plain regions, TP is therefore one of the most significant
warming areas of the world. Similar result has been
reported in previous papers [Liu and Chen, 2000; Niu et
al., 2004]. Meanwhile, the DTR has decreased at the rate
of �0.12�C/decade, and the largest DTR diminished areas,
such as the north TP and south fringe of the central TP, are
in accordance with the areas of the strongest warming.
Note that for sparse station distribution, the case in the
western TP was not discussed here. But similar results
have been documented by Duan et al. [2006] in term of
observations at three western stations.
[4] Local effects such as urban growth, irrigation, desert-

ification, and variation in local land use can affect the DTR
[Karl et al., 1993], but these effects are minimal here
because TP is a highly elevated large area with small
population. Satellite data indicate that the change of land-
scape in TP is not so obviously compared to other parts of
China [Liu et al., 2005]. However, effects of urbanization
may be felt immediately in the eastern rather than western
TP for relatively more population. Large-scale climatic
effects on the DTR include increases in cloud cover, surface
evaporative cooling from precipitation, greenhouse gases,
and tropospheric aerosols. Studies indicated that there is a
strong relation between trends of the DTR and decreases in
pan evaporation over the former Soviet Union and the
United States [Peterson et al., 1995], suggesting that the
DTR decrease in these areas is influenced by increase of
cloud amount and reduced insolation. However, in Figure 2
we can see that the total cloud amount (0–10 tenths of sky
cover) at all times decreased rapidly over the central and
eastern TP when the surface warming occurred. Its relative
changing rates (RCR, defined as (Be � Bb)/Bb of a time
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series, Be and Bb are the ending and beginning values of its
linear trend line, respectively) at 0000, 0600, 1200, and
1800 Lhasa Time (LT) are �9.4%, �5.5%, �5.9%, and
�4.7%. This is consistent with the overall case in China
[Kaiser, 1998, 2000] but is opposite to the former Soviet
Union [Kaiser and Razuvaev, 1995], United States [Angell,
1990], Europe [Henderson-Sellers, 1986], and Australia
[Jones and Henderson-Sellers, 1992]. On the other hand,
the trend of low-level cloud was totally different between
day and night with a decreasing trend at noon in the RCR of
�4.5% and an increasing trend in other periods especially at
dawn (the RCRs are 4.5% for 0000 LT, 7.6% for 0600 LT,
and 1.8% for 1800 LT, respectively).
[5] During the nighttimes, the low-level cloud is in

favour of the surface warming through enhancing the
atmospheric counterradiation and weakening the effective
terrestrial radiation [Peixoto and Oort, 1992]. Specifically,
the low-level cloud amount accounts for nearly 60% of the
nocturnal total cloud amount on the plateau. The role of
low-level cloud in affecting the surface air temperature,
therefore, is more significant. Actually, a significant nega-
tive correlation between the air temperature and total cloud
amount exists during daytime over the TP, whereas the
correlation between the surface air temperature and low-
level cloud is of strongly positive during night and negative
at noon (Table 1).
[6] For long-term trend, change of cloud amount plays a

key role in influencing the climate change although clouds
remain a dominant source of uncertainty [Intergovernmental
Panel on Climate Change, 2001]. Over the central and
eastern TP, the decreased total and low-level cloud amounts
during daytime are propitious to receive more solar radia-
tion and the resultant surface warming. On the other hand,
the increased nocturnal low-level cloud amount can result in
the surface warming during nighttime. Furthermore, the
larger amplitude of the increasing of nocturnal low-level
cloud amount compared to the decreasing of daytime total
and low-level cloud amount is in favour of the stronger
warming during night than that during day. Difference in
warming amplitude between day and night provides support
for this hypothesis. In the period 1961–2003, the linear
warming rates at four times (0000, 0600, 1200, and 1800 LT)
are 0.29, 0.29, 0.18, and 0.27�C/decade corresponding to
RCRs of 85%, 181%, 8%, and 16%, respectively. Appar-

ently, the warming at both midnight (0000 LT) and dawn
(0600 LT) is much larger than that at noon (1200 LT).
[7] Whether the increased nocturnal low-level cloud

amount is the major contribution to such a striking nocturnal
warming still need further investigation, nevertheless it
certainly acts as an important factor in inducing the noctur-
nal climate warming on TP. Usually, the maximum and
minimum surface air temperature occurs respectively near
the noon and dawn. The largest increase of low-level cloud
amount at dawn and remarkable decrease of both total and
low-level cloud amounts at noon can therefore affect the

Figure 1. Linear variation rates of (a) annual mean surface air temperature and (b) diurnal range of the surface air
temperature (DTR) during 1961–2003 in units of �C/decade. Triangles, open circles, and solid circles 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 2500 m. The station of Golmud is located at 34�440N, 101�360E with the height of 3501 m above sea
level.

Figure 2. Annual mean times series of the 71-station
averaged (a) surface air temperature, (b) low-level cloud
amount, and (c) total cloud amount in the period of 1961–
2003. Temperature is in units of �C. Cloud amount varies
from 0 to 10 tenths of sky cover. Red, yellow, blue, and green
curves denote 0000 LT, 0600 LT, 1200 LT, and 1800 LT,
respectively. Heavy lines denote linear trend.
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temperature diurnal cycle significantly. This is why there is
a clear diminished DTR when the surface warming occurs.
Moreover, abrupt increases (all the abrupt changes in this
work are above the 95% confidence level by using moving
t-test) of low-level cloud amount at 0000 and 0600 LT
occurred in mid 1980s, in agreement with the rapid noctur-
nal surface warming.
[8] The spatial distributions of changes in temperature

and cloud amounts at both dawn and noon and their differ-
ences are shown in Figure 3. Corresponding to the overall
warming, there is a widespread decreased trend of total
cloud amount. On the other hand, the low-level cloud
amount at dawn has increased in most areas especially over
the northern and eastern TP, whereas the low-level cloud
amount at noon has decreased over most TP except for the
areas in Caidam Basin located in the northeastern TP and
few other regions. It is worthy of noting that the increase of
low-level cloud at dawn is larger than the decrease of total
cloud at noon. The change of cloud amount, therefore,
brought on not only the recent climate warming but also
the diminished DTR on the plateau to a considerable degree.
Meanwhile, compared to the overall increasing trend of air
temperature at dawn, a few regions in the southern central
TP present a decreasing trend in low-level cloud at dawn.
Climate warming in these areas may then be ascribed to the
decreased total cloud amount or other unknown reasons.

3. Further Analysis

[9] Measurements of solar radiation at the surface have
great importance for the evaluations of climate change and

global warming [Ramanathan et al., 2001], and radiative
forcing caused by clouds, greenhouse gases, and aerosols
have become a major topic of concern for the IPCC [2001].
Observation of surface solar radiation fluxes is available at 6
weather stations across the central and eastern TP. But only
the Golmud station had continuous observations of the
global radiation flux, diffuse radiation flux, as well as
horizontal direct radiation flux throughout the period
1961–2003. This station was then used as an example to
investigate the long-term temperature trend in relation to the
changes in cloud and radiation flux. Due to the radiation is
based on daily total amount, the temperature and cloud
amount were therefore correspondingly calculated as daily
means averaged of four time values. Previous study [Che et
al., 2005] based on the same database has indicated that
global radiation and direct radiation had exhibited decreas-
ing trends in 1961–2000 for many other parts of China.
[10] The short wave heating rate and long wave cooling

rate of cloud over the TP are larger than those over the plain
areas, especially for the low-level clouds [Liu and Ye, 1991].
At Golmud, a significant positive correlation exists among
the surface air temperature, low-level cloud amount, and
direct radiation. But the correlation between the surface air
temperature and diffuse radiation is strongly negative. The
correlation coefficients between the annual mean surface air
temperature and the low-level cloud amount, total cloud
amount, horizontal direct radiation flux, diffuse radiation
flux, and global radiation flux are 0.53 (above 99.9%
confidence level), �0.1, 0.34, �0.44 (above 99% confi-
dence level), and �0.01, respectively. Therefore, the low-
level cloud amount is very important in influencing the
surface air temperature but the total cloud amount seems
nonsignificant at this station. Although the surface air
temperature is strongly positive and negative correlations
with the horizontal direct solar radiation flux and diffuse
solar radiation flux, respectively, their combination effect in
influencing surface air temperature tends to counteract each
other.
[11] Figure 4 shows the evolution of annual mean surface

air temperature, DTR, low-level cloud amount, total cloud

Table 1. Simultaneous Correlation Coefficients at Four Different

Times Between the 71-Station Averaged Annual Mean Surface Air

Temperature and Cloud Amount in 1961–2003a

0000 LT 0600 LT 1200 LT 1800 LT

Total cloud amount �0.32 �0.23 �0.69 �0.58
Low cloud amount 0.45 0.56 �0.37 0.04

aHere 0.26, 0.30, and 0.39 represent significant at the 90%, 95%, and
99% confidence level, respectively.

Figure 3. Relative change rate (RCR) in percentage of (a–c) the surface air temperature, (d–f) total cloud amount, and
(g–i) low-level cloud amount in the period of 1961–2003 for 0600 LT (Figures 3a, 3d, and 3g), for 1200 LT (Figures 3b,
3e, and 3h), and representing the difference between 0600 LT and 1200 LT (Figures 3c, 3f, and 3i). Triangles, open circles,
and solid circles are the same as in Figure 1.
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amount, horizontal direct solar radiation flux, diffuse solar
radiation flux, as well as global radiation flux at Golmud
during 1961–2003. The annual mean surface air tempera-
ture has increased substantially at a rate of 0.58�C/decade
with the RCR of nearly 50%, listed in the most significant
warming stations on TP. The surface warming is accompa-
nied by a diminished DTR with the RCR of �20%.
Meanwhile, the low-level cloud amount has increased
remarkably with the RCR of 181% but the total cloud
amount has reduced with the RCR of �6.3%. Consequently,
the horizontal direct radiation flux received by land surface
has increased 6.1%, and the diffuse radiation has decreased
14%. Because the intensity of the direct radiation flux is
generally lager than that of diffuse radiation flux, the global
radiation flux, which is the sum of them, has decreased only
slightly with the RCR of �2.3%. The increased direct
radiation flux and decreased diffuse radiation flux coincide
with the reduced total and low-level cloud amount during
daytime. Thus the change of cloud amount and the resultant

change in radiation flux are fundamental in the surface
warming on the TP.

4. Concluding Remarks

[12] Based on historical records at 71 meteorological
stations across the central and eastern TP, this research
revealed that during the past decades a significant change
happened on the cloud amount and it is closely related to the
recent climate warming and the diminished DTR over the
TP. The increased low-level cloud amount during nighttime
especially at dawn efficiently enhances the atmospheric
counterradiation and weakens the effective terrestrial radi-
ation, resulting nocturnal warming in large part. On the
other hand, the decreased daytime total cloud amount is in
favour of receiving more direct radiation in the surface layer
and the resultant daytime surface warming. Moreover, the
larger increase of nocturnal low-level cloud amount than the
decrease of daytime total cloud amount further induce a
diminished DTR to a considerable degree over the central
and eastern TP.
[13] The formation of cloud and the feedback mechanism

between the surface air temperature and cloud amount are
rather complicated and the reason why the nocturnal low-
level cloud amount increased but the daytime low and total
cloud amounts decreased requires further studies. Regional
climate model results [Chen et al., 2003] have shown that
the doubled global CO2 concentration could lead to the
prominent winter cloud amount decreases at higher eleva-
tions on the eastern TP, and the associated net effect of the
change of radiation fluxes was in favour of an enhanced
surface warming. Moreover, some features of the climate
warming on TP such as the large warming amplitude,
diminished DTR, warmed upper troposphere and cooled
lower stratosphere, as well as the significant climate change
after the mid 1980s, have been reproduced by two coupled
climate models forced by observed CO2 concentration of
the 20th century as designed for the IPCC Fourth
Assessment. The simulation results imply that the recent
climate warming over the TP primarily results from the
increasing anthropogenic greenhouse gases emissions
[Duan et al., 2006]. However, the simulated surface
warming and diminished DTR amplitudes on the central
and eastern TP in these two models are no more than
0.16 and �0.13�C/decade, respectively, much weaker than
the observations. It is probably due to the poor perfor-
mance of the existing climate models in representing the
clouds and radiation processes and suggests that there
should be more factors also contributing to the recent
climate warming on the TP.
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