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Abstract
As the recent global warming hiatus and the warming on high elevations are attracting worldwide attention, this study
examined the robustness of the warming slowdown over the Tibetan plateau (TP) and its related driving forces. By
integrating multiple-source data from 1982 to 2015 and using trend analysis, we found that the mean temperature
(Tmean), maximum temperature (Tmax) and minimum temperature (Tmin) showed a slowdown of the warming trend around
1998, during the period of the global warming hiatus. This was found over both the growing season (GS) and non-growing
season (NGS) and suggested a robust warming hiatus over the TP. Due to the differences in trends of Tmax and Tmin, the
trend of diurnal temperature range (DTR) also shifted after 1998, especially during the GS temperature. The warming rate
was spatially heterogeneous. The northern TP (NTP) experienced more warming than the southern TP (STP) in all seasons
from 1982 to 1998, while the pattern was reversed in the period from 1998 to 2015. Water vapour was found to be the main
driving force for the trend in Tmean and Tmin by influencing downward long wave radiation. Sunshine duration was the
main driving force behind the trend in Tmax and DTR through a change in downward shortwave radiation that altered the
energy source of daytime temperature. Water vapour was the major driving force for temperature change over the NTP,
while over the STP, sunshine duration dominated the temperature trend.
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1 Introduction

The global mean temperature has increased with approxi-
mately 0.85 K from 1880 to 2012 (IPCC 2013). However,
since Easterling and Wehner demonstrated an absence of
warming of the global averaged surface air temperature
for the period 1998 to 2008 (Easterling and Wehner
2009), the global warming slowdown has been widely
discussed (Fyfe et al. 2013a, 2016; Hedemann et al. 2017;
Kaufmann et al. 2011; Kosaka and Xie 2013; Meehl et al.
2011; Trenberth et al. 2014). Decreased stratospheric water
vapour concentrations have been suggested to slow the global
surface temperature increase by approximately 25% from 2000
to 2009 (Solomon et al. 2010). Several studies consider the
warming hiatus to be a common climate phenomenon caused
by the heat uptake of the deep ocean (Fyfe et al. 2013a;
Guemas et al. 2013; Kosaka and Xie 2013; Meehl et al.
2011). Other possible reasons for the warming hiatus could
be reduced radiative forcing, cloud cooling or observational
errors (Cowtan and Way 2014; Fyfe et al. 2013a, b;
Haywood et al. 2014; Hedemann et al. 2017; Karl et al.
2015; Mauritsen 2016; Mears et al. 2011; Morice et al. 2012;
Santer et al. 2014; Smith et al. 2016; Solomon et al. 2011).

Mounting evidence suggests that the rate of warming in-
creases with elevation, such that high mountains and plateaus
experience greater warming than lower elevations (Pepin et al.
2015). Land surface albedo feedbacks, blackbody emission,
clouds, water vapour and aerosols all change with elevation
and their elevation-dependent patterns can affect the warming
trend along the elevation (Liu et al. 2009; Naud et al. 2012;
Rangwala et al. 2010; Ruckstuhl et al. 2007; Tian et al. 2014;
Yan et al. 2016; Zhou et al. 2007). In addition, most of the
atmospheric loading of aerosol pollutants is located at relative-
ly low elevations, which decreases the flux of shortwave ra-
diation in these regions, known as the surface dimming effect
(Tudoroiu et al. 2016; Zeng et al. 2015). Considering these
differences, it is necessary to explore the climate warming
trend at high elevations and evaluate whether the warming
hiatus exist here as well.

The Tibetan plateau (TP) is the highest and most extensive
plateau in the world and has long been called the ‘roof of the
world’. It covers about 2.5 million km2, of which 1.4
million km2, or 56% of the total area, is at more than 4000 m
above sea level (Zhang et al. 2002). Climate change in this
region plays a key role for both regional and global climate
through thermal and mechanical forcing (An et al. 2001). The
TP is regarded as one of the most sensitive areas for global
change (Piao et al. 2012; Zhang et al. 2013), and the warming
rate in this region has exceeded that of the northern hemisphere
and the region’s latitudinal zone in the recent decades (Zhong
et al. 2011). Several studies reported that the significant
warming is constant and that there is no warming slowdown
over the TP (Cai et al. 2017; Duan and Xiao 2015; You et al.

2016). Even an accelerated warming has been suggested after
1998 due to snow ice-albedo feedbacks (You et al. 2016) and
cloud-radiation feedbacks (Duan andXiao 2015). Over a longer
time period, a possible recent warming hiatus has been detected
by An et al., based on ice core records over the northwestern TP
(An et al. 2016). Being one of themost sensitive areas for global
change, clarifying whether the warming slowdown or hiatus
happened on the TP has regional and global significance.

Previous related studies mostly relied on surface meteoro-
logical station records, reanalyses data, numerical climate
models and remote sensing products (Cai et al. 2017; Duan
and Xiao 2015; Gao et al. 2015; Tao et al. 2014; You et al.
2016; Zeng et al. 2015). Surface meteorological station re-
cords are the most frequently used and dependable data, cov-
ering a longer time period than, for example, remote sensing
data, but they are limited by their sparse distribution on the
western TP (Cai et al. 2017). Reanalysis data has been widely
used for the last two decades, but it has a known bias com-
pared to station records, mainly because of differences in to-
pographical height and station aspect and slope (You et al.
2013). Remote sensing products are comparable with meteo-
rological station datasets in their accuracy and are more rep-
resentative in mountainous regions, but have the apparent
drawback of their relatively short time span (Cai et al. 2017;
Qin et al. 2009; Tao et al. 2014; Zhang et al. 2016a, b).

In this study, both meteorological records and remotely
sensed products from moderate resolution imaging
spectroradiometer (MODIS) land surface temperature (LST)
with a high spatial resolution were used to explore the climate
warming patterns on the TP. The objective of this study was
twofold: (1) to assess whether there exists a warming slow-
down or hiatus on the Tibetan Plateau in the past decades and
(2) to investigate the potential regional driving forces behind
this phenomenon.

2 Methods

2.1 Data

The period of a ‘year’ was defined from the beginning of the
previous winter (December) till the end of the autumn
(November). Furthermore, the growing season (GS) was set
from May to September, and the non-growing season (NGS)
from the previous October to April.

2.1.1 Meteorological data

The China Meteorological Administration (CMA) main-
tains 106 field stations on the TP. We used the average
daily mean, maximum and minimum air temperature
(Tair) records from 80 stations located on the plateau and
calculated their monthly averages. These stations had no
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missing data between 1981 and 2015 (http://data.cma.cn/).
Other meteorological variables such as wind speed,
precipitation, sunshine duration and vapour pressure,
were also obtained from the CMA data (Fig. 1).

2.1.2 MODIS LST data

The Terra and Aqua MODIS platform provides remote
sensing data for large-scale ecological applications.
Several types of LST products with different temporal (dai-
ly, 8-day and monthly) and spatial (1 km × 1 km, 0.05° ×
0.05° and 5 km × 5 km) resolutions are available (Wan and
Dozier 1996). To temporally match the daytime LST data
with the data of Tair, we chose to use the Aqua platform. Its
passing time is 1330 hours local solar time. We used level
3 data, version-5, MYD13A2, with the 8-day passing time
and a horizontal resolution of 1 km from 2003 to 2015
(https://ladsweb.nascom.nasa.gov/).

2.2 Statistical analyses

The poor-quality data of the MODIS LST products were first
removed using a cloud mask. Afterwards, it was interpolated
using the harmonic analysis algorithm Harmonic Analysis of
Time Series (HANTS) to fill the cloud-affected values (Xu
et al. 2013) and averaged over the growing season. The
HANTS algorithm applies a least squares curve fitting proce-
dure based on harmonic components by considering the most
important frequencies in the time profiles. The fitted curve in
the HANTS transform is described as follows:

y tð Þ ¼ a0 þ ∑N
i¼1aicos ωit−θið Þ ð1Þ

where y(t) is the value of the fitted curve at time t, a0 is the
average value of the time series, N is the number of har-
monics, ai is the amplitude of harmonic i, ωi is the frequen-
cy of harmonic i and θi refers to the phase of harmonic i
(Roerink et al. 2000).
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Fig. 1 Distribution of 80 meteorological stations over the Tibetan Plateau. The height of each column reflects the elevation of each station. The different
colours represent different land cover types
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To calculate the magnitude of the trend of all meteorolog-
ical variables, the time series was smoothed using a 5-year
moving average. We also performed the calculation without
smoothing in the supplementary material (similar results were
obtained). Afterwards, a linear regression model was used to
obtain the warming rate:

y ¼ aþ bxþ e ð2Þ
where y, x, e, a and b denote temperature (near-surface air
temperature or LST), time (in years), error, intercept and slope
(warming rate), respectively. The regression parameters a and
b were determined by least-square fitting. The statistical sig-
nificance of the warming rate was evaluated using the two-
tailed Student’s t test:

t ¼ r n−1ð Þ= 1−r2
� �� �1=2 ð3Þ

where n and r are the total number of years and the correlation
coefficient between x and y, respectively.

The Mann-Kendall trend test (Kendall 1955; Mann
1945), one of the most widely used non-parametric tests
for detecting trends in time series, was applied to analyse
the change in temperature trend. We used the test to eval-
uate whether the temperature trend changed within the 34-
year period on the TP.

To avoid spurious regressions, the detrended original time
series was used to estimate the relationships between changes
in temperature and changes in precipitation, sunshine dura-
tion, and vapour pressure using a multiple linear regression
model. First, a correlation analysis was conducted between the
detrended temperature data and the four other detrended me-
teorological variables to evaluate how the different variables
affect the possible changes in temperature. Then, a multivar-
iate linear regression model was used to identify the primary
factor acting on the trends of Tmin, Tmax, Tmean and diurnal
temperature range (DTR). Finally, the spatial pattern of the
magnitude of the correlation between temperature and this
factor was analysed.

3 Results

3.1 Temperature trends

Annual temperature significantly increased on the TP from
1982 to 2015, based on meteorological station observations
(Fig. 2, Fig. S1, Table S1). During the GS, the night and
daytime temperatures increased significantly, with a mean rate
of 0.05 K/year (Tmin,trend) and 0.043 K/year (Tmax,trend), re-
spectively (Fig. 2b, Table S1). Because Tmin increased more
than Tmax, the DTR during the GS significantly decreased with
a mean rate (DTRtrend) of − 0.007 K/year (Fig. 2b, Table S1).

During the NGS, the DTRtrend was not significant because
Tmin,trend (0.052 K/year, significant) was lower than Tmax,trend

(0.056 K/year, significant) (Fig. 2c, Table S1). The Mann-
Kendall test showed a slowdown of the warming trend from
1998 (p < 0.05) (Fig. 2d–f).

Because of the transition in the trend in 1998 (Fig. 2d–
f), the temperature trend was investigated separately for
periods prior to 1998 and post-1998. During 1982 to
1998, the annual mean, night- and daytime temperature
increased with 0.049 K/year (Tmean,trend), 0.057 K/year
(Tmin,trend) and 0.047 K/year (Tmax,trend), respectively
(Fig. 2a, Table S1). For the same period, the GS mean,
night and daytime temperatures increased with similar
magnitudes of approximate 0.06 K/year (Fig. 2b,
Table S1). The NGS Tmean,trend was 0.028 K/year, which
was mainly caused by nighttime warming with a rate of
0.044 K/year (Tmin,trend). The trend of daytime warming
was 0.015 K/year (Tmax,trend) but not significant (Fig. 2c,
Table S1).

Since 1998, the climate warming slowed down and the
annual trend weakened to 0.021 K/year (Fig. 2a, Table S1).
From 2003 to 2015, both remote sensing and meteorological
station data were available. In their overlapping period, the
remote sensing data showed a significant positive trend of
0.026 K/year (Fig. 2a, Table S1). This slowdown of the annual
warming was primarily a result of both a decreased magnitude
of GS warming (0.036 K/year, significant) and an absence of
trend in the NGS. These results were observed both in the
meteorological station data and in the remote sensing data
(Fig. 2b, c, Table S1). During the GS, the positive daytime
temperature trend (Tmax,trend = 0.047 K/year, significant) was
larger than the trend in nighttime temperature (Tmin,trend =
0.033 K/year, significant), resulting in a significant increasing
DTR (0.014 K/year) (Fig. 2b, Table S1). During the NGS,
DTR decreased significantly with − 0.022 K/year because of
opposite trends in Tmax and Tmin (Fig. 2c, Table S1).

3.2 Spatial heterogeneity of temperature trends

Spatial patterns of the temperature trends were generated
from the 80 stations and MODIS LST product for all sea-
sons (Figs. 3 and 4). Most of the stations showed signifi-
cant warming in each season from 1982 to 2015. The
warming rates displayed spatial heterogeneity between
the northern TP (NTP) and the southern TP (STP), espe-
cially during the GS (the north and south are divided by
Tanggula Mountains in this study). In the north, the
warming rate of Tmean was generally higher than 0.04 K/
year, while it was less than 0.04 K/year in the south. A
common feature of the warming rate for each season was
that the warming rate for Tmax was less than that of Tmin on
the western TP, and greater than Tmin on the eastern side.
This resulted in a decreased DTRtrend from east to west.
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Consistent with the regional average, the spatial patterns
of the temperature trends were locational exchange in
north-south around 1998, especially during the GS. From
1982 to 1998, the annual, GS and NGS Tmean,trend patterns
were similar to 1982–2015, but more warming (more than
0.08 K/year) happened on the NTP in the first period. The
DTRtrend pattern from 1982 to 1998, showing an increasing
trend in the first period in the north and a decreasing trend
on the STP, differed from that of 1982 to 2015. Both the
remote sensing data (2003–2015) and the meteorological
station data (1999–2015) showed however that the STP
was still warming more than the NTP during the second
period, especially for the daytime temperatures during the
GS. The nighttime warming did not show any obvious
spatial pattern, so that the DTRtrend was determined by
daytime warming, increasing in the south and decreasing
in the north during the GS.

3.3 Possible reasons for the temperature trends

Besides the change in temperature, other meteorological var-
iables such as precipitation, sunshine duration, vapour pres-
sure and wind speed, were also found to change (Fig. 5). On
the TP, precipitation mainly falls during the GS, with an in-
creasing but non-significant trend from 1982 to 2015. In the
period before 1998, precipitation slightly increased, but a non-
significant decrease was found after 1998. Sunshine duration,
which was highly correlated with cloud amount, showed a
significant decreasing trend from 1982 to 2015 (− 0.006 h/
year) and before 1998 (− 0.018 h/year). However, the trend

slightly increased afterwards. Vapour pressure, the absolute
content of water vapour in the air, showed a slightly increasing
trend over the whole study period. This was composed of a
steady rising trend (0.29 Pa/year) before 1998 and a signifi-
cant declining trend (− 0.278 Pa/year) after 1998. The average
wind speed decreased significantly over the entire period (−
0.13 m/s/year) from 1982 to 2015. This was due to a decrease
before 1998 (− 0.294 m/s/year) while it increased afterwards
(0.095 m/s/year). All these results were found for the annual,
GS and NGS periods.

Statistical analyses showed that there was no significant
correlation between wind speed and temperature after
detrending the original time series. The multivariate linear
regression model (Table 1) showed that Tmean, Tmin and Tmax

were all mostly affected by vapour pressure in all seasons.
Sunshine duration was the second most important factor to
act on temperature and mainly impacted Tmax and DTR during
the GS. The effect of precipitation on temperature was
smallest among these three factors and mainly influenced
DTR and Tmin during the NGS.

For both the annual and GS periods, most areas showed
a significant positive correlation between Tmin and vapour
pressure (Fig. 6). Several stations on the STP showed a
negative correlation. The correlation between Tmax and
sunshine duration was significantly positive and was stron-
ger in the south than in the north. The correlation between
Tmean and vapour pressure had an obvious north-south pat-
tern, being positive in the north and negative in the south.
The correlation between DTR and sunshine duration was
uniformly positive.
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4 Discussion

4.1 The warming slowdown (or hiatus) over the TP

The first study that detected a warming hiatus at a global scale
covered a period of 34 years from 1975 to 2008. The breaking
pointwas found to be close to 1998 (Easterling andWehner 2009).
Follow-up research mainly used temperature records starting
around 1980 (Gao et al. 2014; Santer et al. 2014; Solomon et al.
2010), around 1970 (Ding et al. 2014; Trenberth et al. 2014), or
even earlier (Kosaka and Xie 2013), but all ended around 2010.

All studies found a hiatus or temperature slowdown around 1998.
The present study targeted the period from 1982 to 2015 and also
found a temperature hiatus around 1998 (Fig. 2, Fig. S1).

Interestingly, the first study detecting a hiatus over the TP
suggested an absence of such a hiatus from 1998 to 2013. This
was based on meteorological records (Duan and Xiao 2015).
Two other studies, from 1999 to 2012 and from 2001 to 2015,
neither suggested a warming hiatus (Cai et al. 2017; You et al.
2016). The contrasting findings may be due to the slightly
different periods used. The starting and ending years may
have been of great importance.
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Besides the study period, the dataset seemed to have an
influence on the results as well. You et al. found no hiatus
over the TP, but only used the data of five meteorological
stations at an elevation higher than 4500 m (You et al.
2016). The research of Cai et al. and Duan and Xiao both
included several meteorological stations in the southern
Hengduan Mountain region (Cai et al. 2017; Duan and Xiao
2015), which were not used in our study. The same studies
also excluded the southern part of the Xinjiang Autonomous
Region from the TP, and figured out the result based on the
only two stations data over the vast west TP (Cai et al. 2017;

Duan and Xiao 2015). Consequently, their findings are differ-
ent from the present study.

Furthermore, satellite-derived LST data from both Terra
(Cai et al. 2017; Qin et al. 2009) and Aqua (Tao et al. 2014;
Xu et al. 2013; Zhang et al. 2016a, b) can be used. Terra has a
slightly longer duration of 2 years staring from 2001 instead of
2003. However, compared to Terra, Aqua had a more ade-
quate overpass time of 0130 hours and 1330 hours, close to
the daily Tmin and Tmax. Moreover, remotely sensed tempera-
ture data is strongly affected by clouds, especially on the TP
(Xu et al. 2013; Zhang et al. 2016b). To obtain reliable results,
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we used the HANTS algorithm (Section 2.2), interpolating the
satellite-derived LST data (Xu et al. 2013).

The method of calculating the warming rates may also have
played a role in the different results. We used the Mann-
Kendall trend test, as in Ding et al., rather than an artificially
based decision (Cai et al. 2017; Ding et al. 2014; Duan and
Xiao 2015). The Mann-Kendall test is a non-parametric test

that requires the data to be independent but it does not need to
be normally distributed (Kendall 1955; Mann 1945).
Furthermore, we used a linear regression after applying a 5-
year moving average to reduce the effects of interannual fluc-
tuations. Other studies used a simple linear regression model
without pretreatment of the data (Cai et al. 2017) or a Sen’s
slope after Mann-Kendall test (You et al. 2016).

4.2 Possible reasons for the warming slowdown (or
hiatus) and its spatial pattern

The global warming hiatus is extensively studied and different
factors have been found to play a role, such as water vapour
(Solomon et al. 2010), clouds (Mauritsen 2016), aerosols
(Santer et al. 2014), an imbalance of energy at the top of the
atmosphere (Hedemann et al. 2017) and effects of the ocean
(Guemas et al. 2013). Over China, this warming hiatus has
also been observed in, for example, a homogenized meteoro-
logical dataset and reanalyses data (Li et al. 2015; Xie et al.
2017). Possible reasons for the warming slowdown here have
been suggested to be decreasing downward shortwave radia-
tion (Li et al. 2015) and changes in the large-scale circulation
(Xie et al. 2017). We showed that over the TP, as in (Duan and
Xiao 2015), wind speed, sunshine duration, vapour pressure
and precipitation, all variables related to temperature, reversed
their trends in 1998.

Wind stilling was thought to be responsible for the rapid
warming over the TP since the 1980s (Yang et al. 2014).
However, we did not find a significant correlation between
wind speed and temperature after detrending the time series.
The reduced wind speed may have been caused by a weaken-
ing surface pressure gradient between high and low latitudinal
regions due to a latitudinal difference of global warming
(Yang et al. 2012) and may have been a coincidence rather
than a driving factor behind the regional warming. The prom-
inent trend in winter warming over the TP could be a result of
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Table 1 Statistical relationships between changes in temperature
and changes in precipitation, sunshine duration, and vapour pressure
over the TP

Period Y Y = β0 + β1P + β2S + β3V + β4 time + ε

R2 β1 β2 β3

Annual Tmean 0.256 0.001 0.968 0.107**

Tmin 0.317 0.002 0.125 0.082*

Tmax 0.272 0.001 1.952* 0.13**

DTR 0.644 −0 .001 1.864** 0.051*

GS Tmean 0.475 0 0.861** 0.092**

Tmin 0.461 0.001 0.238 0.083**

Tmax 0.526 0 1.445** 0.1**

DTR 0.783 − 0.003^ 1.052** 0.02

NGS Tmean 0.371 0.008 2.363** 0.162**

Tmin 0.352 0.017* 1.498* 0.13**

Tmax 0.468 0.001 3.607** 0.198**

DTR 0.684 − 0.016** 2.036** 0.072*

Regression coefficients, β0 (not shown), β1, β2, β3 and linear time trends,
β4 (shown in Fig. 2), with ^, * and ** are statistically significant at the 90,
95 and 99% level, respectively. A two-tailed Student’s t test was used to
test whether β1 or β2 or β3 or β4 differs significantly from zero. To avoid
spurious regressions, detrending the original time series was used to esti-
mate relationships between changes in temperature and changes in pre-
cipitation, sunshine duration and vapour pressure

P precipitation (mm/year), S sunshine duration (hour/day), V vapour pres-
sure (Pa), Tmean mean temperature (K), Tmax maximum temperature (K),
Tmin minimum temperature (K), DTR diurnal temperature range (K)
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enhanced downward long wave radiation caused by increased
surface water vapour (Rangwala et al. 2009). This was con-
firmed by our study, especially for nighttime temperature.
Increased sunshine duration can also contribute to temper-
ature increase (Wang et al. 2014). Also, this finding was
supported by our study and was especially clear for Tmax.
The variation of incoming solar radiation shows a decadal
variability similar to sunshine duration (Yang et al. 2014).
It has been suggested that enhanced precipitation in the
STP accompanied by higher low-cloud cover may have
slowed the warming by decreasing the incoming shortwave

radiation and increasing the latent heat flux (Duan et al.
2015). We found a positive relation between precipitation
and nighttime temperature during the NGS, which may
have been due to the increasing downward long wave ra-
diation from low-level clouds that are capable of producing
precipitation.

The warming trend over the TP showed spatial heterogene-
ity. We found more warming in the north than the south, espe-
cially in the GS, from 1982 to 2015. The largest difference in
the warming between the north and the south was 0.70 ± 0.11K
during the summer (June–August), while the smallest
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Fig. 6 Spatial pattern of the correlation between temperature and its driving force; ± 0.287, ± 0.339 and ± 0.44 are statistically significant at the 90, 95,
and 99% level, respectively
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difference was 0.27 ± 0.14 K during the cold season
(November–April) from 1984 to 2013 (Duan et al. 2015).
This stems from a larger warming rate at stations in the central
TP during the dry (cold) season than in the wet (warm) season
(Gao et al. 2015). This north-south difference could also be due
to pollution emissions from industrial processes (i.e. brown
clouds) and urbanization. The dominant weakening of the zonal
wind speed over the TP resulted from global warming and
ozone depletion ratios (Guo andWang 2012;Wang et al. 2014).

Interestingly, the north-south spatial pattern of temperature
change also reversed in 1998. This was also found by previous
studies (Cai et al. 2017; Tao et al. 2014). Water vapour and
sunshine duration, two major driving factors, had a trade-off
effect on temperature. Water vapour enhanced the downward
long wave radiation at nighttime and thereby the nighttime
warming, while sunshine duration increased the downward
shortwave radiation at daytime, causing daytime warming.
So, the mean effect seems to be the consequence of water
vapour and sunshine duration together. Over the NTP, the
nighttime warming caused by water vapour was larger than
the daytime cooling induced by decreasing sunshine dura-
tion, resulting in a positive correlation between Tmean and
water vapour. Over the STP, the magnitude of the daytime
warming caused by increased sunshine duration was larger
than the magnitude of the nighttime cooling caused by
decreasing water vapour. Thus, water vapour and sunshine
duration were the main reasons for Tmean warming in the
NTP and STP, respectively.
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