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Abstract This study summarized upper-air temperature
change trends based on the monthly datasets of 14 sounding
stations in the arid region of Northwest China during 1960–
2009. Over the investigated period, the change in upper-air
temperature measured at eight standard pressure levels shows
that an obvious warming at 850–400 hPa, which decreases
with altitude, changes to an apparent cooling at 300–50 hPa.
There is a positive correlation between the surface and 850–
300-hPa temperatures, but a negative correlation between the
surface and 200–50-hPa temperatures. Over the full 1960–
2009 record, patterns of statistically significant mid-lower
tropospheric warming and upper tropospheric and mid-lower
stratospheric cooling are clearly evident. Also, the annual
temperature cycle indicates that the peak temperature shifts
from July in the troposphere to February in the mid-lower
stratosphere, suggesting the importance of seasonal trend
analysis. We found that the warming in the mid-lower tropo-
sphere is more pronounced during the summer, autumn, and
winter, whereas the cooling in the upper troposphere and mid-
lower stratosphere is larger during the summer and autumn.
Furthermore, there are also many regional differences in the
upper-air temperature change, regardless of both season and
layer.

1 Introduction

The rise in global mean surface temperatures is considered as
the best-known indicator of climate change, so surface tem-
perature change has become a topic that is increasingly pop-
ular over the recent years and receives broad media coverage
(Brocard et al. 2013; IPCC 2013). However, temperature
changes are not limited to the Earth’s surface, but are extend-
ing to the troposphere and the stratosphere which are impor-
tant components of the Earth’s climate system. Changes oc-
curring at the surface, in the troposphere, and in the strato-
sphere are three complementary components of climate
change (Brocard et al. 2013). Moreover, the IPCC Fifth As-
sessment Report (IPCC 2013) also pronounced that based on
multiple independent analyses of measurements from radio-
sondes and satellite sensors, it is virtually certain that globally
the troposphere has warmed and the stratosphere has cooled
since the mid-twentieth century, which suggests that global
upper-air temperature variation has become an indisputable
fact. As an indispensable foundation for climate-change re-
search, the determination of the change trend of the upper-air
temperature has quickly become one of the most important
directions of climate-change research in recent years (Mears
and Wentz 2005; Free and Seidel 2005; Herman et al. 2010;
Thorne et al. 2011; Seidel et al. 2011).

Due to an apparent mechanism of glaciers and snow cover
melt water acceleration in response to recent climate warming
in the arid region of Northwest China, the glaciers and snow
cover on the high mountains have been losing mass in recent
years (Kang et al. 2002; Wang et al. 2010). Obviously, it is
critical to understand the climate change of the study area.
Previous studies have investigated long-term surface temper-
ature records (Shi et al. 2007; Li et al. 2012, 2013) that are
easily available from weather stations in the arid region of
Northwest China. The impact of upper-air warming on gla-
ciers and snow cover on the high mountains is more important
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than that of surface warming (Zhang et al. 2010a; Chen et al.
2012). However, to date, there is still a lack of research to
detect the long-term change trends of upper-air temperatures
in this area. How deep in the atmosphere the current warming
extends remains unclear. Furthermore, uncertain is the linkage
of surface and upper-air temperatures. This study benefited
from five decades of data to address these questions.

The aim of this paper is to present the radiosonde
time-series data from 1960 to 2009 in the arid region
of Northwest China. In this study, we checked data
temporal homogeneity and then measured temporal
and spatial variation of the upper-air temperatures in
the troposphere and mid-lower stratosphere using the
Mann-Kendall nonparametric trend test and GIS tech-
nique. Moreover, we also ascertained the extent that
surface air temperature variability was linked with
upper-air temperature variation and preliminarily
discussed possible causes of the upper-air temperature
variability.

2 Data and methods

2.1 Study area

The arid region of Northwest China refers to inland arid
regions (between 73∼106° E and 35∼50° N) to the north of
the Kunlun Mountains and the Qilian Mountains and to the
west of the Helan Mountains, including the whole territory of
Xinjiang Uygur Autonomous Region, the Hexi Corridor of
Gansu Province, the Alashan Plateau of Inner Mongolia, and
Ningxia Hui Autonomous Region to the west of Ningxia
section along the Yellow River, of which the land area ac-
counts for about one fourth of China’s total area (Fig. 1). The
study area, where the ecosystem is extremely weak and water
resources originate mainly from the glacier melt water, snow
melt water, and direct precipitation on the high mountains, is
one of the most severe arid areas in the world (Shi 1995) and
responds quite intensely to climate change. The glaciers and
permanent snow cover on the high mountains, known as
“solid reservoir,” are important sources of water resources
and are sensitive to changes in temperature, particularly
during the spring and summer, when climate warming will
promote corresponding fluctuations in glacial movement
and snow distribution (Shi et al. 2007; Wang et al. 2010).
At present, changes in the tropospheric temperatures have
greater influences on hydrological processes by promoting
the melting of glaciers and snow cover on the high moun-
tains (Zhang et al. 2010a; Chen et al. 2012). Thus, the
analysis of changes in the upper-air temperatures is par-
ticularly relevant for understanding the accelerated retreat
of the glaciers and snow cover on the high mountains in
the study area.

2.2 Data

Due to the lack of a dense network of sounding stations in the
arid region of Northwest China, we selected only 14 sounding
stations with the most continuous temperature records, and
these stations can cover the entire study area. The distribution
of the chosen sounding stations is shown in Fig. 1. Further-
more, owing to the limitations of radiosonde temperature
records, analyses were made for only the following eight
standard pressure levels in hectopascal units, i.e., 850, 700,
500, 400, 300, 200, 100, and 50.

The primary data set used in this study comes from oper-
ational weather balloon soundings, that is, radiosondes, made
12-hourly during the period of 1960–2009. Data used in this
study were obtained from the National Meteorological Infor-
mation Center. Changing measurement practices, that is, dif-
ferent instruments, operational errors, and their sensitivity to
environmental factors, present potential data homogeneity
problems that can confound identification of climate signals
(Gaffen et al. 2000; Box and Cohen 2006). To ensure data
quality, the extreme decision method was used to amend the
gross errors caused by operational errors in sounding observa-
tions. Moreover, the two-phase regression method was applied
to homogenization on the sounding temperature’s sequences
with NCEP reanalysis data as reference sequences to eliminate
or reduce errors of the observing system. The above revised
method considers all existing historical documentation on in-
struments and methods used in the past and applies corrections
in light of the latest knowledge. The surface air temperature
used in this study is usually measured at 2 m above the ground
and was obtained from the National Meteorological Informa-
tion Center to compare with upper-air temperature.

2.3 Methods

Hypothesis testing for long-term trends of time series is nec-
essary and can help discern the inherent mechanisms of a time
series process. The rank-based Mann-Kendall method is a
nonparametric method, commonly used to assess the signifi-
cance of monotonic trends in the meteorological and hydro-
logic series all over the world (Douglas et al. 2000; Yue et al.
2002; Zhang et al. 2010b; Huang et al. 2013; Chen et al.
2013). In this paper, the Mann-Kendall nonparametric trend
test, which is highly commended for general use by the World
Meteorological Organization (Huang et al. 2013), was used to
characterize the temporal trend slope as well as significant test
statistics for upper-air temperature change.

The procedure of Mann-Kendall nonparametric trend test
adopted in this study is as follows. In the Mann-Kendall test,
there is the null hypothesis H0 that the time series X={x1,
x2,… , xn}, in which n≥8, is a sample of n independent and
identically distributed random variables. The alternative hy-
pothesisH0 of a two-sided test is that the distributions of xi and
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xj are not identical for all i (i=1, 2,… , n−1) and j (j=i+1,… ,
n). The Mann-Kendall test statistic S is estimated using the
following formula (Eq. 1):

S ¼
Xn−1

i¼1

X

j¼iþ1

n

sgn x j−xi
� � ð1Þ

where

sgn x j−xi
� � ¼

þ1; x j > xi
0; x j ¼ xi

−1; x j < xi

8
<

: ð2Þ

The statistic S is approximately normally distributed
when n≥8, with the mean and the variance as formulas
(Eqs. 3 and 4):

E Sð Þ ¼ 0 ð3Þ

Var Sð Þ ¼
n n−1ð Þ 2nþ 5ð Þ−

Xn
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where ti is the number of ties of extent i. The standardized
statistic (Z) for a one-tailed test is formulated as follows:
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S−1ð Þ
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A positive value of Z indicates an increasing trend, and a
negative value of Z indicates a decreasing trend, while a zero
value of Z indicates no trend. When |Z|>Z1−a/2, in which Z1−
a/2 is the standard normal deviate and a is the significance
level of the test, H0 will be rejected. At a 0.05 or 0.01
significance level, the null hypothesis of no trend is rejected
if |Z|>1.96 or |Z|>2.58.

In the Mann-Kendall test, another very useful index is the
Kendall slope, which is the magnitude of the monotonic
change (Xu et al. 2003) and is given as follows:

β ¼ Median
x j−xi
j−i

� �
;∀ j < i ð6Þ

where 1<i<j<n. The estimator β is the median overall com-
bination of record pairs for the whole data. A positive value of
β indicates an “upward trend,” whereas a negative value of β
indicates a “downward trend.”

Furthermore, the correlation analysis method was used to
identify a correlation between the surface temperature and
upper-air temperature at each standard pressure level. The
temperatures at eight standard pressure levels were compared
with the surface temperature to establish the vertical profile of
the correlations between the surface temperature and upper-air
temperatures at eight standard pressure levels.

In this paper, we arbitrarily chose 0.05 as a reasonably high
“statistical significance” threshold for the Mann-Kendall non-
parametric trend test and correlation analysis method. The
temperature change over the examined period is here defined
as the Kendall slope β (°C/a) multiplied by the time-span in
years (e.g., 10 years), leaving temperature units. The aim in
trend analysis is to identify significant first-order changes in
mean temperature over the studied period, i.e., trends.

3 Results and discussion

3.1 Change trends of temperature at eight standard pressure
levels

3.1.1 Annual change trends

Table 1 quantifies the upper-air temperature change
trends during the period of 1960–2009 shown in

Fig. 1 The sketch map of the arid
region of Northwest China and
the distribution of radiosonde
stations
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Fig. 2. For the period 1960–2009, 850–400-hPa
warming and 300–50-hPa cooling are a dominant fea-
ture of the entire 50-year upper-air temperature re-
cord. Thereinto, 100–50-hPa cooling is more signifi-
cant than 300–200-hPa cooling; warming is similar
and highly significant from 850 to 400 hPa, but
500-hPa warming is the most significant. The temper-
ature change difference at eight standard pressure
levels shown in Table 1 for the period from 1960 to
2009 reaches up to 0.2 °C/10a. The upper-air temper-
ature change in our study area is not really coherent
with that of other regions (Box and Cohen 2006;
Brocard et al. 2013). Over the 50 years, 850–400-
hPa and surface temperatures showed similar trends
in the arid region of Northwest China (not shown),
which is consistent with other regions, such as Green-
land (Box and Cohen 2006) and Switzerland (Brocard
et al. 2013). When looking at shorter periods (not
shown), it is apparent that the 50 and 300 hPa cool
and the 700 hPa warms, but not evident that the 100,
200, and 400 hPa cool and the 500 and 850 hPa
warm in the period 1960–1980; 850–300 hPa shows
a strong warming in the period 1981–2000, followed
by an insignificant warming in the period 2001–2009,
and 100 and 50 hPa present a significant cooling in
the period 1981–2000, followed by a slight cooling in
the period 2001–2009, whereas 200 hPa presents an
unimportant warming in the period 1981–2000,
followed by an obvious warming in the period
2001–2009. We could conclude that except for 50
and 100 hPa, the earliest cooling period (1960–1980)
appears to have dominated the long-term (1960–2009)
yearly temperature decrease at 200 and 300 hPa; the
warming period (1981–2000), however, has unques-
tionably contributed to the long-term (1960–2009)
annual temperature increase from 850 to 400 hPa.

3.1.2 Correlations between upper-air temperatures
and surface air temperature

To identify the linkage of upper-air temperatures and surface
temperature discussed elsewhere (Li et al. 2012, 2013), we
made a correlation analysis for the two. Figure 3 shows that a
negative trend in the correlation between the surface and
upper-air temperatures with standard pressure level decreasing
is obvious. The maximum correlation is found at 850 hPa.
There is a positive correlation from 850 to 300 hPa on a yearly
basis, but the positive correlation remains statistically signif-
icant only up to 400 hPa. However, the correlation becomes
negative at about 200 hPa upward and shows statistical sig-
nificance at 50 hPa. The above asymmetry has earlier been
noted (Liu and Schuurmans 1990;Wong andWang 2000; Box
and Cohen 2006). This phenomenon is linked to the heat

sources of different pressure levels. The main heat source of
the troposphere is the surface longwave radiation, and the
upper troposphere further away from the surface will get less
heat because of energy loss in the heat-transfer process, so the
temperatures in the upper troposphere are hardly dominated
by the surface longwave radiation. Nevertheless, the strato-
sphere, far from the surface, directly receives heat from the
sun’s radiation, and so the temperatures at every level are not
controlled by the ground longwave radiation. Therefore, we
confirmed that the negative correlation between stratospheric
temperature and surface temperature suggests only a statistical
relationship.

3.1.3 Annual cycle

Over the course of the year, we observed seasonal variations
in temperature at eight standard pressure levels. Figure 4
presents a selection of our levels illustrating the annual tem-
perature cycle. The amplitude of the cycle is not really homo-
geneous at eight standard pressure levels. From 850 to
300 hPa, seasonal variation in temperature shows an evident
unimodal pattern, and the peak appears in July. However,
seasonal variation in temperature is a bimodal pattern at 200
and 50 hPa, and the main difference is that the peaks appear in
February and July at 200 hPa, but in January and August at
50 hPa. In fact, 50 hPa can be regarded as a transition layer
because of the inconspicuous seasonal variation in tempera-
ture. The seasonal variation in temperature also shows a
unimodal pattern at 100 hPa, and the peak appears in Febru-
ary. Compared with 850–200 hPa, seasonal variation in tem-
perature shows an opposite phase at 100 hPa, which suggests
a different atmosphere structure between the troposphere and
mid-lower stratosphere (Xie et al. 2013). Seasonal variation in
upper-air temperature above the arid region of Northwest
China is basically consistent with that of Eastern China (Xue
et al. 2007; Xie et al. 2013).

3.2 Change trends of temperature in three layers

3.2.1 Annual change trends

To analyze further the change trend of upper-air temperature,
we defined three layers according to previous studies on
Xinjiang of Northwest China (Zhang et al. 2008) and Eastern
China (Xie et al. 2013), one in the stratosphere and two in the
troposphere. Figure 5 graphically displays the results for the
period of 1960–2009. The lowest layer represents the mid-
lower troposphere that is the average of five standard pressure
levels (850, 700, 500, 400, and 300 hPa). The second layer is
the upper troposphere encompassing three standard pressure
levels (300, 200, and 100 hPa). The uppermost layer, namely
the mid-lower stratosphere, consists of two standard pressure
levels (100 and 50 hPa). The above classification results may
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not be very accurate, but it will help us to analyze clearly the
upper-air temperature change. The yearly trend in the mid-
lower troposphere layer (Fig. 5) is consistent with the trend of
surface temperature (not shown), as expected. The mid-lower
tropospheric temperature exhibits an obvious increasing trend
with a rate of +0.1 °C/10a. Above the mid-lower troposphere
layer, Fig. 5 indicates a consistency in the upper troposphere
and mid-lower stratosphere. The temperature trend is negative
from approximately −0.1 °C/10a in the upper troposphere up

to about −0.2 °C/10a in the mid-lower stratosphere, and their
decreasing trend is statistically significant, but the mid-lower
stratosphere is slightly stronger than the upper troposphere.

When looking at shorter time scales (not shown), the mid-
lower tropospheric temperature shows a slight decreasing
trend until the early 1980s, followed by an obvious increasing
trend until 2000, with a following and fairly stable situation
until 2009 apart from 2006 and 2007. In the upper tropo-
sphere, we divided the time series into two subperiods as

Table 1 Temperature trend test at eight standard pressure levels

Index 50 hPa 100 hPa 200 hPa 300 hPa 400 hPa 500 hPa 700 hPa 850 hPa

Z −3.38a −2.02a −1.54b −1.71b 3.73a 4.85a 4.78a 4.27a

Trend (°C/10a) −0.27 −0.11 −0.08 −0.07 0.13 0.18 0.23 0.21

a Statistically significant over the 95 % level
b Statistically significant below the 95 % level

Fig. 2 Change trends of annual
temperatures at eight standard
pressure levels during the period
of 1960–2009. The dashed line
means the linear trend for this
period
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follows: from 1960 to 2000 and from 2001 to 2009. The upper
tropospheric slight cooling until 2000 is well observed,
followed by an obvious warming until 2009. In the mid-
lower stratosphere, we divided the time series into three sub-
periods as follows: from 1960 to 1978, from 1979 to 1983,
and from 1984 to 2009. The mid-lower stratospheric signifi-
cant cooling until 1978 is well observed, with a cooling rate of
−0.7 °C/10a, followed by a short-lived warming until 1983,
with an obvious cooling at a rate of −0.5 °C/10a until 2009.
The above asymmetry was detected in other works, such as
Cohen et al. (2012) and Brocard et al. (2013). In the mid-lower
stratosphere, the period of 1979–1983 stands out as a warmer
period compared to the previous and subsequent periods, but
the mid-lower stratospheric cooling trend does not come to a
halt. This result indicates that the mid-lower stratospheric
temperature during the period of 1960–2009 has a greater
period-to-period variability, implying a greater uncertainty of
the mid-lower stratospheric temperature change trend.

The mechanisms of upper-air temperature change are quite
a difference in the mid-lower stratosphere, upper troposphere,
and mid-lower troposphere (Wang et al. 2005). In the mid-
lower troposphere, the surface temperature increase can

transport heat to the mid-lower troposphere by convection
activities, on the one hand, and the higher content of CO2

and water vapor, on the other hand, can absorb a large number
of longwave radiations from the ground, so the surface tem-
perature rise will inevitably lead to a temperature increase in
the mid-lower troposphere. The situation, however, is differ-
ent in both the upper troposphere and mid-lower stratosphere.
Owing tomore longwave radiation absorbed by the mid-lower
troposphere, the upper troposphere will receive less longwave
radiation. Meanwhile, CO2 and water vapor increase will also
transport more heat to the cosmic space in the form of infrared
radiation energy. Thus, the upper tropospheric temperature
will drop to some extent. In the mid-lower stratosphere, there
are no convection activities because of the temperature rise
with the increasing height, which means that the vertical heat
transfer does not happen. The heat of the mid-lower strato-
sphere mainly comes from solar shortwave radiation absorbed
by ozone. Generally, the ozone decreases or increases can lead
to significant cooling or warming not only in the stratosphere,
but also in the upper troposphere (Forster et al. 2007). In this
study, we can only hope to provide a possible explanation for
the mid-lower stratospheric cooling although the correlation
between the mid-lower stratospheric temperature and ozone
was not detected because of the lack of reliable historical
ozone data.

3.2.2 Seasonal change trends

Figure 6 shows an annual temperature cycle in the mid-lower
stratosphere, upper troposphere, and mid-lower troposphere.
Over the course of the year, we observed large temperature
variations in the troposphere. The amplitude of the cycle in the
upper and mid-lower troposphere is rather homogeneous, in
the order of 10 and 22 °C, respectively, and their peaks appear
in July. Compared with the troposphere, the annual tempera-
ture cycle, however, shows a different pattern in the mid-lower
stratosphere, and the peak appears in February. In the mid-
lower stratosphere, the temperature in autumn is lower than

Fig. 3 Annual correlations (R) between upper-air temperatures and sur-
face air temperature

Fig. 4 Annual temperature cycle at eight standard pressure levels

Fig. 5 Change trends of annual temperatures in three layers during the
period of 1960–2009. The dashed line means the linear trend for this
period
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that of any other season, as seen in Fig. 6. The large yearly
tropospheric temperature cycle and the special annual strato-
spheric temperature cycle suggest that a seasonal trend anal-
ysis is very critical. It should provide some valuable informa-
tion in addition to annual trends.

Seasonal trends have been calculated (Table 2). The sea-
sons show a year-to-year variability. However, the seasonal
results also show that there are some differences from season
to season, even though we have acknowledged that trend
differences between some seasons are of rather low statistical
significance. For instance, in the mid-lower troposphere, the
trend is close to zero in spring, whereas tendencies are stron-
ger in summer, autumn, and winter, reaching values of +0.12,
+0.19, and +0.25 °C/10a, respectively. In the upper tropo-
sphere, there are considerable seasonal differences; trends are
close to zero in spring and winter, but the summer and autumn
trends are stronger with values reaching −0.22 and −0.10 °C/
10a, respectively. In the mid-lower stratosphere, the spring
trend is close to zero, and the winter trend is −0.11 °C/10a, but
not a significant cooling trend compared with the summer and
autumn trends with values of −0.29 and −0.27 °C/10a, respec-
tively. The above results clearly suggest that the mid-lower
stratospheric cooling is stronger in summer and autumn than
in spring and winter. Similarly, the upper tropospheric cooling
is lustier in summer and autumn than in spring. However, the
winter has a different behavior of reversing into a nonsignif-
icant warm trend, which suggests a larger annual temperature
cycle in the upper troposphere. Conversely, the mid-lower
troposphere shows a warming trend and the spring trend is
similar to other seasons, although with a fewer pronounced
trend. These results also point at a smaller annual temperature
cycle in the mid-lower stratosphere and mid-lower tropo-
sphere compared with the upper troposphere. Perhaps our
results are uncertain due to the definitions of fixed season
dates and three layers, which are not necessarily representing
the reality of upper-air temperature variation, but these results

may help us to understand deeply the condition of upper-air
temperature change.

3.2.3 Distribution of change trends

Figure 7 shows that there are many regional differences in the
upper-air temperature change, regardless of both season and
layer. The overall average temperature in the mid-lower tro-
posphere exhibits an increasing trend, but a decreasing trend
in some regions; the upper tropospheric and mid-lower strato-
spheric temperatures are given priority to decline, but there are
also individual regions with a rising trend. Moreover, the
amplitude of temperature change is not consistent. In the
mid-lower troposphere, for example, in the recent 50 years,
the overall annual mean temperature presents a rising trend,
but there exists a declining trend in some regions, such as the
southwest of the study area; there is a stronger warming trend
in the northern Xinjiang and Hexi Corridor. In the spring, the
temperature shows an overall weak upward trend, except for
three regions that have a significant rising trend, whereas the
temperature is given priority to falling in the southern
Xinjiang, where the temperature shows an obvious drop trend
in Hotan. In the summer, the temperature presents a dramatic
rising trend; the notable upward trend appears primarily in
Altay, Tacheng, TianshanMountains, and west-middle section
of the Qilian Mountains; the cooling trend is mainly concen-
trated in the southwest of the study area. In the autumn, the
temperature shows an obvious increasing trend; the pro-
nounced warming trend is mainly concentrated in the northern
Xinjiang, west-middle section of the QilianMountains.Mean-
while, Hotan shows a weak downward trend. In the winter, all
regions show a warming trend, and among them, there is a
significant increasing trend in the Altay, Tianshan Mountains,
and Hexi Corridor.

Fig. 6 Annual temperature cycle in three layers. For layers 300–100 and
100–50 hPa, a 20 °C offset is added for better visibility

Table 2 Temperature trends in three layers for different seasons

Layer Season Z Trend (°C/10a)

100–50 hPa MAM −0.85b −0.08
JJA −4.07a −0.29
SON −4.93a −0.27
DJF −0.82b −0.11

300–100 hPa MAM −0.94b −0.05
JJA −5.05a −0.22
SON −2.93a −0.10
DJF 0.70b 0.06

850–300 hPa MAM 0.72b 0.06

JJA 2.11a 0.12

SON 3.61a 0.19

DJF 2.91a 0.25

a Statistically significant over the 95 % level
b Statistically significant below the 95 % level
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There are many factors that affect the above regional dif-
ferences in upper-air temperature change. Firstly, since the
upper-air temperature change can reflect the circulation vari-
ations of the cold air mass and warm air mass in the high
atmosphere, the unique circulation characteristics in different
regions are also bound to affect greatly the changes in the
upper-air temperature. Secondly, elevation is an indispensable
factor, and different elevation locations correspond to different
change degrees in the upper-air temperature change. Thirdly,
the underlying surface also has a certain impact on changes in
the upper-air temperature by affecting longwave radiation
from the surface to upper-air. Additionally, the types and
intensity of human activities are different in each area; mean-
while, land use/cover is also different, so greenhouse gases
and aerosols from human activities will contribute to the
individual upper-air temperature change in the locality. We
also noted that southwest of the study area, especially in
Hotan, the upper-air temperature change showed a unique
regional feature. The southwest of the study area is located
in the northwestern edge of the Qinghai-Tibet Plateau, where

the upper-air temperature change may be related to changes in
thermal effects of the Qinghai-Tibet Plateau. Ye et al. (1957)
and Flohn (1957) found that the Qinghai-Tibet Plateau not
only played a dynamic role in forcing large-scale air flow
around or climbing with its huge mountains, but also was
the heat source uplifted to the middle layer of the troposphere
to heat directly the atmosphere there. With thermic effects to
change the upper atmospheric thermal conditions, the
Qinghai-Tibet Plateau can affect the atmospheric circulation
and climate in the surrounding and adjacent areas.

4 Conclusions

This paper shows a summary of 50 years of radiosonde
temperature measurements at the 14 sounding stations in the
arid region of Northwest China. The data set used is the result
of a high-quality revision of the original radiosonde data. The
revisedmethod considers all existing historical documentation

Fig. 7 Distribution of the trend changes in the upper-air temperature in three layers on different time scales
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on instruments and methods used in the past and applies
corrections in light of the latest knowledge.

Temperature trends measured at eight standard pressure
levels over the investigated period are not entirely consistent
with the trends shown in the existing literature. An obvious
warming at 850–400 hPa, which decreases with altitude,
changes to a clear cooling at 300–50 hPa during the period
1960–2009. Thereinto, 100–50 hPa cooling is more signifi-
cant than 300–200 hPa cooling, and 500 hPa warming is the
most remarkable. It is clear that the earliest cooling period
(1960–1980) has dominated the long-term (1960–2009) an-
nual temperature decrease at 200 and 300 hPa, whereas the
warming period (1981–2000) has unquestionably contributed
to the long-term (1960–2009) yearly temperature increase
from 850 to 400 hPa. Meanwhile, the asymmetry is also
clearly evident in the vertical profile of correlation between
surface and upper-air annual temperature variability.

The three layers were defined according to previous stud-
ies, namely mid-lower troposphere, upper troposphere, and
mid-lower stratosphere. Systematic patterns of tropospheric
and mid-lower stratospheric temperature change above the
arid region of Northwest China were evident in radiosonde
data spanning the 1950–2009 period. The current 50-year
period is marked by statistically significant mid-lower tropo-
spheric warming and upper tropospheric and mid-lower
stratospheric cooling. It is clearly evident in the asymmetry
between mid-lower tropospheric and upper tropospheric, mid-
lower stratospheric temperature variability. The large annual
tropospheric temperature cycle and the special annual strato-
spheric temperature cycle suggest that a seasonal trend anal-
ysis is very important. We concluded that the warming in the
mid-lower troposphere is more pronounced during the sum-
mer, autumn, and winter, whereas the cooling in the upper
troposphere and mid-lower stratosphere is greater during the
summer and autumn. Furthermore, the upper tropospheric
temperature has a different behavior of reversing into a non-
significant warm trend in winter. Due to numerous existing
influencing factors, such as local topography, atmospheric
circulation, and human activities, there are many regional
differences in the upper-air temperature change, regardless
of both season and layer.

The current study reveals that the variations of annual and
seasonal temperatures in the mid-lower troposphere and in the
upper troposphere, mid-lower stratosphere are very different
and often opposite, which suggests that temperature changes
in the three layers are disconnected and driven by different
physical phenomena. However, the physical phenomena af-
fecting upper-air temperature change were not discussed in an
in depth manner in this paper and need further dissecting in a
future study.
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