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ABSTRACT: The Tibetan Plateau (TP) experienced a rapid warming and wetting in recent decades. The elevation dependence
of warming rate has been established, while the question of trend in precipitation against the elevation gradient remains open.
By using the in situ observation of precipitation, air temperature, and surface specific humidity from 91 stations over and
around the TP, this study investigated how the trends in summer precipitation varied along the elevation gradient over and
around the TP during the period 1970–2014. The major findings are as follows: (1) the trends in summer precipitation from
1970 to 2014 displayed an increasing tendency at a rate of 0.83% decade−1 km−1 with the increased elevation, and the rate
for 1991–2014 (2.23% decade−1 km−1) is even greater and (2) the temporal trends in surface air temperature, surface specific
humidity (surface water vapour) from in situ observations and total column of water vapour from Japanese 55-year reanalysis
(JRA-55) data over most stations consistently display similar elevation dependence, which provides a plausible explanation for
the elevation dependence of the summer precipitation trends based on the Clausius–Clapeyron relationship. The large-scale
atmospheric circulations are other possible factors influencing the elevation dependence of summer precipitation trends, which
needs further investigations.
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1. Introduction

Precipitation is the main sources of water at Earth’s sur-
face, and is essential to life on Earth. The global warm-
ing (Intergovernmental Panel on Climate Change Fifth
Assessment Report (IPCC AR5), 2013) caused a series
of changes, including precipitation and evapotranspira-
tion, especially in the mountainous regions (Yang et al.,
2011a, 2011b; Li et al., 2014). Many studies in the past
have identified and quantified elevation-dependent warm-
ing (EDW), with a strong evidence pointing to more rapid
warming at higher elevations (Qin et al., 2009; Pepin
et al., 2015). While the changes in surface air tempera-
ture would lead to increased water vapour according to the
Clausius–Clapeyron relationship (Dai, 2006; Trenberth,
2011), and have an impact on global precipitation (Wentz
et al., 2007) under the assumption of constant relative
humidity, regional changes in precipitation also depends
on other factors such as atmospheric circulation (Marvel
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and Bonfils, 2013) and air pollution (Gong et al., 2007).
Particularly, how the EDW will affect precipitation at dif-
ferent heights remains to be investigated.

Previous studies mainly focused on the relationship
between the altitudes and precipitation itself in present
and future across the globe (Giorgi et al., 1997; Kang
et al., 1999; Brunsdon et al., 2001; Kim, 2001; Kim et al.,
2002; Gouvas et al., 2009; Kotlarski et al., 2012), espe-
cially in the mountain regions. Generally, these studies
found an increasing amount of precipitation with altitude
up to the highest elevations of the mountain or an eleva-
tion below the top, above which precipitation amounts did
not increase any more. With the amplification of EDW in
high elevations, researchers started to pay more attention
to the precipitation trends along the elevation gradients
around the world (Rowe et al., 2008; Im and Ahn, 2011;
Arakawa and Kitoh, 2012; Beusekom et al., 2015). How-
ever, the current studies based on observations are limited
and some of these studies focused on model simulated
results (Arakawa and Kitoh, 2012).

Evidence for elevation-dependent climate changes has
come from several sources including in situ data, satellite
data, atmospheric reanalysis data, or model (general
circulation model or regional climate model; GCM or
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RCM) outputs. However, these sources all have their
shortcomings. Satellite data have relatively short time
duration (Qin et al., 2009) and their performances are
subjected to a variety of errors and uncertainties in moun-
tain areas (Tong et al., 2014). Atmospheric reanalysis data
sets are generally not suitable for trend analysis due to
their inhomogeneity features (Thorne and Vose, 2010).
GCM or RCM models generally have poor performance
due to coarse spatial resolution and poor performance for
precipitation (Mueller and Seneviratne, 2014), especially
in the high-elevation regions (Duan et al., 2013; Gao
et al., 2015a, 2015b). The in situ observational data from
rain gauges, despite of their limitation such as being
sparse in the high-elevation regions, are still the best and
most reliable source of information for assessment of the
elevation-dependent changes.

The Tibetan Plateau (TP) has an average elevation of
over 4000 m ASL (above sea level) and an area of about
2.5× 106 km2, known as ‘the Roof of the world’. As one
of the most elevated regions in the world, the TP has obvi-
ous climate change including cryospheric changes in the
recent years, as well as the significant EDW phenomenon
(Kang et al., 2010; Yang et al., 2011a, 2011b; You et al.,
2014, 2015, 2016). Because global warming brought more
precipitation in the world over the past two decades (Wentz
et al., 2007), it is hypothesized that there would be eleva-
tion dependence of precipitation changes induced by the
EDW found over this region. Studies on elevation depen-
dence of precipitation changes are important for impact
assessments including those on the glaciological dynamics
and hydrological cycles in the high-elevation regions of the
TP. To the best of our knowledge, there are no published
studies that examined the relationship between trends in
summer precipitation and elevations over the TP by using
in situ data, although the elevation dependence of trend
in precipitation were investigated by model simulations
(Arakawa and Kitoh, 2012).

This study focused on exploring the elevation depen-
dence of trends in summer precipitation over and around
the TP for the period 1970–2014, using a database cover-
ing 91 ground based stations from China Meteorological
Administration (CMA). The objective was to determine
whether the elevation-dependent phenomenon in summer
precipitation trends could be detected over and around the
TP against the background of EDW. The paper is struc-
tured as the follows. Section 2 briefly describes the study
region, followed by a description of the data and methodol-
ogy. Section 3 presents the results of elevation dependence
of trend in the summer precipitation and a discussion about
its possible reasons. The conclusion and discussion are
given in Section 4.

2. Materials and methods

The TP in western China (26∘–40∘N, 78∘–105∘E) was
selected as the study region. The study region is the high-
est and largest highland in the world and exerts a great
influence on regional and global climate and environment

(Wu et al., 2005; Wu et al., 2007; Yao et al., 2007, 2012).
The TP has been experiencing an overall rapid wetting and
warming in recent years (Liu and Chen, 2000; Niu et al.,
2004; Yang et al., 2011a, 2011b; Chen et al., 2015) and
an interesting EDW phenomenon (Qin et al., 2009; Pepin
et al., 2015). These phenomena are assumed to influence
the hydrologic cycle and its elements, especially against
the elevation due to a larger span of elevation over and
around the TP (Guo et al., 2015, 2016). The topogra-
phy over and around the TP was described in Figure 1(a)
using the digital elevation model from the shuttle radar
topography mission (http://srtm.usgs.gov), which gener-
ally decreases from northwest to southeast.

The in situ station data from the National Meteorolog-
ical Information Center of the CMA (http://cdc.cma.gov
.cn/) were used in this study, including precipitation, sur-
face specific humidity, and air temperature (2 m). There
are 91 stations which have continuous data over the period
(1970–2014). The selected stations have elevations above
1000 m ASL and the data used include surface air tem-
perature, surface specific humidity, and precipitation in
summer (June-July-August). The spatial distribution of the
91 stations is shown in Figure 1(a). The distribution of
the stations is uneven and very sparse in the western TP
and relatively dense in the eastern TP. The distribution
of the stations against altitude is shown in Figure 1(c).
The total column of water vapour, archived at the National
Center for Atmospheric Research, was derived from the
Japanese 55-year reanalysis data (hereafter JRA-55) pro-
duced by Japan Meteorological Agency/Japan (Kobayashi
et al., 2015). This reanalysis has been proven to have a
good performance over the TP (Chen et al., 2014).

The linear regression method shown below was adopted
in this study to calculate the linear trends for all variables
used in the study,

y = ax + b. (1)

where, y denotes the summer values from air temperature,
surface specific humidity, and precipitation, x represents
the time (here years), a is the slope, i.e. the linear trends,
and b is the intercept. The statistical significance of the
trends determined was evaluated using the Student’s t-test
as follows:

t = r
(
(n − 2) ∕

(
1 − r2

))1∕2
. (2)

The elevation-dependent phenomenon was revealed
not only in the whole period 1970–2014, but also in
1970–1990 and 1991–2014, supported by an abrupt
change point detection method. Figure S1(a), Supporting
information, shows the summer mean air temperature
and its linear trend in two periods (1970–1990 and
1991–2014). It was found that the temperature was
significantly increased around and after 1990s (with a
trend of 0.49 ∘C decade−1), and kept stable variations
with a small trend value (0.09 ∘C decade−1) before 1990.
The abrupt point detection method also finds that the
cumulative anomaly value reaches the lowest point around
1990s (Figure S1(b)). So, in our study we selected two
periods (1970–1990 and 1991–2014) to compare the
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Figure 1. Spatial distribution of long-term (1970–2014) trends in per-
centage of precipitation changes (% decade−1) (a), scatter plot of trends
(% decade−1) against elevation (km) (b), and elevation dependence of
trends (% decade−1) over three time periods (1970–1990, 1991–2014,
and 1970–2014) (c) in summer over and around the TP. The numbers in
horizontal axis in (c) represent the stations in each elevation band. R and
P represent the correlation coefficient between trends and elevations and

the confidence level, respectively.

elevation-dependent phenomenon over the TP. The similar
classification method was also used by Pepin et al. (2015).

3. Results

Since the beginning of the 1980s, the TP has experi-
enced an overall surface air warming and moistening
(Yang et al., 2011a, 2011b, 2014; Chen et al., 2015). The
relative trends, better to describe the relative changes
of precipitation, were calculated by calculating the lin-
ear trends divided by the mean precipitation during the
period 1971–2000. Figure 1(a) shows the long-term
(1970–2014) relative trends of the summer precipitation

during the period 1970–2014. It was found that most of
the stations experienced obvious increasing trends, while
some stations in the northwest and southern part of TP
had decreasing trends, which is consistent with previous
studies (Yang et al., 2011a, 2011b, 2014). Interestingly, it
is noted that stations in the high-elevation ranges showed
faster increase of the summer precipitation than those
in the low-elevation ranges and some stations in the low
elevations had decreasing trends in the summer precipita-
tion. The scatter plot (Figure 1(b)) of the relative trends
against elevations reveals strong elevation dependence, as
indicated by a high correlation coefficient of 0.39 which
is statistically significant at the 99% confidence level.

To investigate the sensitivity of elevation dependence to
different periods, the variations of the trends in the summer
precipitation (% decade−1) with the increases of elevation
in 500-m wide altitudinal bands starting at 1000 m ASL
were explored for the period 1970–1990, 1991–2014,
and 1970–2014, respectively (shown in Figure 1(c)). It
is found that the summer precipitation trends present dif-
ferent characteristics with the increasing of elevation dur-
ing the three periods. The trends in the summer precipi-
tation had an obvious increasing tendency along the ele-
vation gradient for 1970–2014. However, there was no
elevation dependence found for 1970–1990, while a dis-
tinct increasing trend against elevation gradient appeared
in the period 1991–2014, with a significant rate of 2.23%
decade−1 km−1 at the 95% confidence level along with
elevation. This dependence is much larger than that for
1970–2014 (0.83% decade−1 km−1).

According to the Clausius–Clapeyron relationship,
higher temperature could produce higher evaporation,
hold more water vapour, and lead to more precipitation.
If other conditions are the same, air temperature can
act as a driving factor for precipitation changes. The
winter warming rate over the TP is the largest, fall has
the next highest warming rate, while the summer and
spring show relatively less warming (Liu and Chen, 2000;
You et al., 2007; Liu et al., 2009; Qin et al., 2009; Pepin
et al., 2015). During the period 1970–2014, nearly all the
stations experienced warming in summer (Figure 2(a)),
especially in the northeast and central parts of TP, where
the elevations are relatively high. Furthermore, the strong
elevation dependence in warming appeared in summer
with a correlation efficient of 0.56 which is statistically
significant at the 99% confidence level (Figure 2(b)). Con-
sistent increases of the warming rates along an elevation
gradient were found (Figure 2(c)) during the three periods
(1970–2014, 1970–1990, and 1991–2014), although the
strengths of the elevation dependence differ in different
periods. During the period 1991–2014, the elevation
dependence (with a rate of 0.15 ∘C decade−1 km−1) is
stronger than those in 1970–2014 and 1970–1990. The
results are consistent with the previous research (Pepin
et al., 2015).

The water vapour has a positive feedback on surface tem-
perature (Hansen et al., 1984; Dai, 2006; You et al., 2015).
Thus, it is expected that a significant EDW can cause an
elevation dependence of water vapour changes. Figure 3(a)
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Figure 2. Similar to Figure 1, but for air temperature (∘C decade−1).

shows the spatial distribution of long-term (1970–2014)
trends in surface specific humidity in summer season. Sur-
face specific humidity was increased at nearly all stations
of the TP, especially in the higher elevations. The scatter
plot (Figure 3(b)) between the trends of surface specific
humidity and elevations displays strong elevation depen-
dence with a correlation coefficient of 0.57 which is sta-
tistically significant at the 99% confidence level, and in
1991–2014 the trends of surface specific humidity have
stronger elevation dependence than those in the other two
periods (1970–2014, and 1970–1990) (Figure 3(c)). The
similar phenomena were observed for surface water vapour
pressure (not shown here), due to a significant correlation
between water vapour pressure and specific humidity with
a correlation coefficient of 0.95 which is significant at the
99% confidence level. The results above showed that the
trends of temperature, surface specific humidity displayed
a consistent elevation-dependent phenomenon as with pre-
cipitation. In other words, the elevation dependence of
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Figure 3. Similar to Figure 1, but for surface specific humidity
(g kg−1 decade−1).

warming has most likely induced the elevation dependence
of increasing trend in surface water vapour through a pos-
itive feedback mechanism, because the changes of surface
specific humidity are largely controlled by surface temper-
ature (Dai, 2006).

In order to reveal the changes of total water vapour in
the column, the total water vapour in the column from
JRA-55 reanalysis data was used. The JRA-55 reanaly-
sis data used an operational data assimilation system to
produce a high-quality homogeneous data set. As many
observations as possible are collected, including those
used in past operational systems and delayed observa-
tions as well as digitized observations. In particular, the
JRA-55 also assimilated all observations (e.g. Global Posi-
tioning System (GPS) water vapour measurements) from
the JICA (Japan International Cooperation Agency) pro-
gramme, which makes the JRA-55 reanalysis most fit to
our study. It was found that the total water vapour in the
column from JRA-55 are consistently increasing over and
around the TP, especially in the northern part of the TP
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Figure 4. Similar to Figure 1, but for the percentage of total water vapour
changes from JRA-55 reanalysis data. The point values are derived from
the gridded JRA-55 reanalysis data based on 91 stations. The unit of trend

is % decade−1.

(Figure 4(a)), well corresponding to the regions with larger
warming rate. The trends in station values derived from
the gridded JRA-55 reanalysis data have elevation depen-
dence with a correlation coefficient of 0.20, being signifi-
cant at the 95% confidence level (Figure 4(b)). Similarly,
stronger elevation dependence is also found in the period
1991–2014, followed by a rate of 0.410% decade−1 km−1

against elevation (Figure 4(c)). The elevation dependence
of precipitable water trends is at least one of the main
influencing factors for the elevation dependence of precip-
itation trends over and around the TP.

Over all, most of the stations over the TP experienced
warming and wetting, especially with larger temporal vari-
ability in the central-east parts of TP, where higher eleva-
tions exist. According to the Clausius–Clapeyron relation-
ship, the EDW could have caused the elevation dependence
of surface water vapour and total water vapour in the col-
umn, which gave rise to an elevation dependence of sum-
mer precipitation during the period 1970–2014, especially
significantly for 1991–2014. In other words, the changes
in summer precipitation can be accounted for by changes
in summer temperature based on the Clausius–Clapeyron
relationship, which is different from the results by Rang-
wala et al. (2009).

In addition, the precipitation can be influenced by the
large-scale atmospheric circulation systems. The TP in
summer is mainly influenced by the Indian monsoon and
East Asian monsoon (Yao et al., 2012), especially for
low-elevation stations at the eastern and southern margins
of TP. Both of the monsoons have become weaker over
the last decades (Cowan and Cai, 2011; Yao et al., 2012),
and higher-elevation environments experienced greater
changes in surface wind speed than lower-elevation
regions (Guo et al., 2016). Therefore, low-elevation
stations at the eastern and southern margins of the TP
experience smaller changes of precipitation in 1991–2014
than in 1970–1990. However, higher-elevation sta-
tions in the interior of TP, dominated by greater wind
reductions (Guo et al., 2016), have less moisture loss,
which possibly caused larger changes of precipitation
in high-elevation stations than in low-elevation stations.
All these lead to more significant elevation dependence
for summer precipitation changes in 1991–2014 than in
1970–1990.

Another possible factor for precipitation changes is from
the influence of aerosols, which is helpful to condense of
water vapour and to promote occurrence of precipitation
over the TP (Lau et al., 2006, 2010). Recent studies found
that higher concentration of aerosols in the Himalayas
and the northern parts around the Qaidam Basin (Bona-
soni et al., 2010; Xu et al., 2015). However, because of
few observations and short time-coverage, there has been
little systematic investigation of the elevation signal of
aerosols (including anthropogenic pollutants) in mountain
regions (Pepin et al., 2015), including the TP. The rela-
tionship between aerosols and elevations and the influ-
ence of aerosols on precipitation over the TP needs further
investigations.

4. Conclusions and discussions

Monthly in situ precipitation data from 91 stations were
used to identify the elevation dependence of trend in sum-
mer precipitation over and around the TP during the period
1970–2014. The majority of the stations showed increas-
ing trends except for the stations in the northeastern and
southern parts. A significant elevation dependence of the
summer precipitation trends, which shows an increasing
precipitation trend with elevation, was found over and

© 2017 Royal Meteorological Society Int. J. Climatol. (2017)
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around the TP during the period 1970–2014. The depen-
dence became stronger during the period 1991–2014 com-
pared with that during the period 1970–1990.

The identified elevation dependence of the summer
precipitation trends is in line with the increasing trends
of temperature with elevation. It was shown that the
temperature dependence also got stronger during the
period 1991–2014 compared with that during the period
1970–1990. The warmer air can hold more water vapour
on the basis of the Clausius–Clapeyron relationship,
which makes it more likely to generate more precipitation.
The surface water vapour (surface specific humidity)
from the 91 stations and the total water vapour in the
atmosphere over and around the TP from the JRA-55
reanalysis data did show a consistent increasing trend
and stronger elevation dependence in 1991–2014 than
previous period. The temperature, water vapour, and
precipitation in summer displayed consistent increasing
trends and elevation dependences over most stations of
the TP, especially after 1990s. In addition, the large-scale
atmospheric circulations may also influence the elevation
dependence of summer precipitation trend, which needs
further investigation.

All stations used in the study are located over and
around the TP above 1000 m. In order to test the sensi-
tivity of elevation dependence to selections of station, the
comparisons are shown between stations above 2000 m
and those above 3000 m (shown in Figure S2). The trends
in air temperature have significant elevation dependence
consistently for stations from 2000 to 3000 m. This phe-
nomenon happens for trends in summer precipitation and
surface specific humidity, but not significant for stations
above 3000 m. For the total water vapour in the column,
the elevation dependence appeared for stations above
2000 and 3000 m, although not significant at the 95%
confidence level. The possible reason is the total water
vapour data from JRA with a low resolution (1.25∘) cannot
describe the actual variation of total water vapour along
with the elevation over this complex terrain.

The findings of this study come with a number of caveats.
Firstly, the stations used are sparse and some parts of the
TP such as western part were not represented by the exist-
ing observational network, which limited the quality of
the estimations. Although, there are several other sources
of information available from gridded data sets, satellite
measurement, and reanalysis products, rain gauge data as
used in this study is still considered the most reliable and
relevant source of information for this study. Secondly,
only few in situ observations were available above the
5000 m. Given the higher elevation of many mountain tops
in the TP, the validity of our results for high elevations
needs to be further investigated. Thirdly, there were sev-
eral stations where the temperature, surface water vapour,
and precipitation in summer displayed different variability
compared with the majority of the stations. Most of these
stations were distributed at the margin of the TP. Thus, the
Clausius–Clapeyron relationship alone could not explain
all these different changes and relationship, which was
consistent with the results by Rangwala et al. (2009). In

other words, the changes in surface specific humidity could
not be accounted for entirely by changes in temperature
based on the Clausius–Clapeyron relationship, and future
studies should examine other relevant physical processes.
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of summer air temperature (∘C) in the period 1970–2014
(b). The summer mean air temperature is averaged from 91
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specific humidity (g kg−1 decade−1) and total water vapour
(% decade−1) for the period of 1970–2014 over and around
the TP based on 74 stations over 2000 m (a)–(d) and 49
stations over 3000 m (e)–(h).
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