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ABSTRACT: On the basis of mean temperature, maximum temperature and minimum temperature from the updated China
Homogenized Historical Temperature Data Sets, the recent warming in the Tibetan Plateau (TP) during 1961-2005 and
global warming hiatus period are examined. During 1961-2005, the mean temperature, maximum temperature and minimum
temperature in the whole TP show a statistically increasing trend especially after the 1980s, with the annual rates of 0.27,
0.19 and 0.36 °C decade™!, respectively. The performance of 26 general circulation models (GCMs) available in the fifth
phase of the Coupled Model Intercomparison Project (CMIP5) is evaluated in the TP by comparison with the observations
during 1961-2005. Most CMIP5 GCMs can capture the decadal variations of the observed mean temperature, maximum
temperature and minimum temperature, and have significant positive correlations with observations (R > 0.5), with root mean
squared error <1 °C. This suggests that CMIP5 GCMs can reproduce the recent temperature evolution in the TP, but with cold
biases. However, most CMIP5 GCMs underestimate the observed warming rates, especially the CNRM-CMS5, GISS-E2-H
and MRI-CGCM3 models. There are significant positive correlations between the trend magnitudes and the anomaly of the
mean temperature, maximum temperature and minimum temperature, with correlations of 0.85, 0.86 and 0.87, respectively.
The warming from the observations and CMIP5 mean in the TP is significant during the global hiatus period, consistent with
decreasing snow cover and albedo in the region. This study suggests that positive snow/ice-albedo feedback processes may

account for ongoing surface warming in the TP despite the pause in global mean surface warming.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC)
Fifth Assessment Report (ARS) estimated global mean
surface temperature warming of 0.85 °C since 1880 (IPCC,
2013), which is already having substantial ecological, eco-
nomic and societal impacts. The warming rate, however,
has not been homogeneous across the globe (IPCC, 2013).
The fastest rate of warming has occurred in the coastal,
mountain and high-latitude regions (such as the Arctic)
(Screen, 2014). The global mean surface temperature dur-
ing the first decade of the 21st century has been <0.05
°C, much less rapid rise than in the previous few decades.
This slowdown in global mean surface warming has been
termed the global warming hiatus (Fyfe and Gillett, 2014;
Watanabe et al., 2014). The causes and longer term impli-
cations of this global warming hiatus have been exten-
sively debated in recent years (Kaufmann et al., 2011;
Kosaka and Xie, 2013; Meehl et al., 2014; Watanabe et al.,
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2014). The slowdown in the rate of global warming in the
early 2000s is not evident in the multi-model ensemble
average of traditional climate change projection simula-
tions (Fyfe et al., 2013; Fyfe and Gillett, 2014). Therefore,
understanding the causes of the hiatus is important for
assessing the fidelity of current climate models and their
projections of the magnitude of future climate warming
(Hawkins et al., 2014).

The Tibetan Plateau (TP), with an average elevation of
over 4000 m, is the highest and the largest highland in the
world and exerts a great influence on regional and global
climate through its thermal forcing mechanism (Duan
etal.,2012; Wu et al., 2012; Yao et al.,2012). The TP and
its surroundings contain the largest number of glaciers out-
side the polar regions, which are at the headwaters of many
prominent Asian rivers (Yao et al., 2012). In the context of
global warming, climate and cryospheric change in the TP
are well evident, including glacier shrinkage, expansion of
glacier-fed lakes, permafrost degradation, shortened soil
frozen period and thickening of the active layer (Kang
etal., 2010; You et al., 2010; Yang et al., 2011, 2014;
Yao et al., 2012). Moreover, more than 1.4 billion people
depend on water from the Indus, Ganges, Brahmaputra,
Yangtze and Yellow Rivers, and the warming in the TP
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Figure 1. The distribution of 71 stations and the elevation information.

may lead to reduced water resources for the downstream
regions in the future (Immerzeel et al., 2010). Therefore,
climate change in the TP is of societal importance to both
the local and surrounding people (Kang et al., 2010; Yao
etal.,2012; Yang et al., 2014).

In this study, the recent warming in the TP is exam-
ined using a new homogenized observational data set and
the state-of-the-art climate models, which have been made
publicly available through the Coupled Model Intercom-
parison Project phase 5 (CMIP5). It expands on previ-
ous studies (Liu et al., 2006; You et al., 2008a; Rangwala
et al.,2009; Kang et al., 2010; Duan et al., 2012; Su et al.,
2013) through the use of a more reliable observational data
set and by evaluating the performance of the latest CMIP5
model simulations. This study is aimed at answering the
following questions: (1) how much has the TP warmed
in recent decades? (2) how well do the CMIP5 models
reproduce this historical warming in the TP? (3) does the
warming hiatus after 2000 exist in the TP? Our results will
lead to a better understanding of climate change impact
assessments in the TP.

2. Data set and method

Homogenized monthly mean temperature, maximum tem-
perature and minimum temperature from 71 stations are
provided by the National Meteorological Information Cen-
ter, China Meteorological Administration (Figure 1). This
data set is extended from the China Homogenized His-
torical Temperature Data Sets and has been adjusted for
homogeneity and abrupt discontinuities (Li et al., 2004,
2009; Li and Dong, 2009). After carefully assessing the
data quality, reliability and homogeneity, the adjustments
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have improved the reliability of the data and decreased
uncertainties in the study of observed climate change in
China (Li and Dong, 2009; Li et al., 2014).

The selection of the 71 stations (Figure 1) from the
homogenized data set was based on the selection pro-
cedures described in previous studies (You et al., 2008a,
2008b). Most of the stations are situated in the eastern and
central TP, which were installed in the 1950s. The eleva-
tions of these stations are all above 2000 m above sea level
ranging from 2109.5 to 4700 m. In order to obtain compa-
rable length time series, only data during 1961-2012 are
selected for further analysis.

The CMIP5 Project represents the latest and most
ambitious coordinated international climate model inter-
comparison exercise (Taylor et al., 2012). CMIPS includes
a wide range of experiments addressing cloud feedbacks,
carbon cycle feedbacks and palaeoclimate, and focuses on
the ability of the latest generation of climate models to cap-
ture observed trends and features of the physical climate
system (Van Vuuren et al., 2011; Wuebbles et al., 2014).
In this study, simulations from 26 global climate models
(listed in Table 1) were obtained from the CMIP5 data
archive  (http://cmip-pcmdi.llnl.gov/cmip5/index.html).
Specifically, outputs from the ‘historical’ simulations are
used, which cover the period 1901-2005. For compar-
ison with the observation, the period 1961-2005 was
extracted.

The Mann—Kendall test for trend and Sen’s slope esti-
mates is used to detect and estimate trends in the tem-
perature series in this study (Sen, 1968). A trend is con-
sidered to be statistically significant if it is significant at
the 5% level. The Mann—Kendall test has been popularly
used to assess the significance of trend in time series. The
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Table 1. CMIP5 GCMs participating in IPCC-ARS used in this study.

Number Model name Modelling centre

1 bce-csml-1 Beijing Climate Center and China Meteorological Administration, China

2 BNU-ESM Beijing Normal University, China

3 CanESM2 Canadian Centre for Climate Modeling and Analysis, Canada

4 CCSM4 National Center for Atmospheric Research, United States

5 CESM1-CAMS National Center for Atmospheric Research, United States

6 CNRM-CM5 National Centre for Meteorological Research and European Centre for Research and
Advanced Training in Scientific Computation, France

7 CSIRO-Mk3-6-0 Queensland Centre for Climate Change Excellence and Commonwealth Scientific and
Industrial Research Organization, Australia

8 EC-EARTH EC-Earth consortium, Europe

9 FGOALS-g2 LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences

10 FIO-ESM The First Institute of Oceanography, SOA, China

11 GFDL-CM3 National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics
Laboratory, United States

12 GFDL-ESM2G National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics
Laboratory, United States

13 GFDL-ESM2M National Oceanic and Atmospheric Administration Geophysical Fluid Dynamics
Laboratory, United States

14 GISS-E2-H National Aeronautics and Space Administration Goddard Institute for Space Studies,
United States

15 GISS-E2-R National Aeronautics and Space Administration Goddard Institute for Space Studies,
United States

16 HadGEM2-AO Met Office Hadley Centre, UK

17 HadGEM2-ES Met Office Hadley Centre, UK

18 IPSL-CM5A-LR Institute Pierre Simon Laplace, France

19 IPSL-CM5A-MR Institute Pierre Simon Laplace, France

20 MIROCS University of Tokyo, National Institute for Environmental Studies and Japan Agency
for Marine-Earth Science and Technology, Japan

21 MIROC-ESM-CHEM University of Tokyo, National Institute for Environmental Studies and Japan Agency
for Marine-Earth Science and Technology, Japan

22 MIROC-ESM University of Tokyo, National Institute for Environmental Studies and Japan Agency
for Marine-Earth Science and Technology, Japan

23 MPI-ESM-LR Max Planck Institute for Meteorology, Germany

24 MPI-ESM-MR Max Planck Institute for Meteorology, Germany

25 MRI-CGCM3 Meteorological Research Institute, Japan

26 NorESM1-M Norwegian Climate Centre, Norway

purpose of the Mann—Kendall test is to statistically assess
if there is a monotonic upward or downward trend of the
variable of interest over time. A monotonic upward (down-
ward) trend means that the variable consistently increases
(decreases) through time, but the trend may or may not be
linear. An advantage over the linear regression is that the
Mann—-Kendall test is a nonparametric (distribution-free)
test, whereas a linear regression assumes residuals from
the fitted regression line being normally distributed (Sen,
1968).

3. Results

3.1.
series

Time evolution and trends of observed temperature

Figure 2 shows the spatial patterns of trends of annual
mean temperature, maximum temperature and minimum
temperature calculated by the Mann—Kendal method and
Sen’s slope estimate for the 71 stations in the TP. It is clear
that the mean temperature, maximum temperature and
minimum temperature in the TP have significant warming
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trends, with the rates (the average values over the 71
stations) of 0.27, 0.19 and 0.36 °C decade™!, respectively.
The overall warming in the TP has been unequivocal
since the 1960s, which is in line with the global warming
reported by the IPCC ARS (IPCC, 2013). The observed
changes of temperature are unprecedented in the TP, coin-
cided with both the concentrations of greenhouse gases
have increased and the amounts of glacier/snow/ice have
diminished (Kang et al., 2010; IPCC, 2013). Furthermore,
the rapid warming of temperature has been revealed in pre-
vious studies (You et al., 2008a, 2010; Kang et al., 2010).
Meanwhile, the warming in the northern TP has larger
trend magnitudes of temperature, which is consistent with
the patterns of temperature extremes (You et al., 2008a).
Minimum temperatures have warming almost twice as
fast as maximum temperature in the TP. This observed
phenomenon is similar to the previous studies in the TP
(Liu et al., 2006; You et al., 2010, 2014). Liu et al. (2006)
revealed that both maximum temperature and minimum
temperature during 1961-2003 in the TP display warm-
ing trends, and the warming trends in minimum tempera-
ture (0.41 °C decade™") are greater than that in maximum

Int. J. Climatol. 36: 2660-2670 (2016)
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Figure 2. Spatial patterns of trends (7)) of annual mean temperature (7,.,,), maximum temperature (7',,,) and minimum temperature (7',;,)
calculated by the Mann—Kendal method and Sen’s slope estimation based on the 71 stations in the TP during 1961-2005. The unit is °C decade™!.

temperature (0.18 °C decade™'). The phenomenon is also
similar to that on the global scale, which can be influenced
by cloud cover, precipitation, soil moisture and atmo-
spheric circulation (Vose et al., 2005).

3.2. Temperature series from CMIP5 models and
comparison with observations

Figures 3—-5 show the time series of annual mean tem-
perature, annual mean maximum temperature and annual
mean minimum temperature from observations and the
26 CMIP5 general circulation models (GCMs) in the
TP during 1961-2005. The corresponding trend esti-
mates are provided in Table 2 and are calculated by the
Mann-Kendal method with trends significant at the 90 and
95% levels highlighted.

The simulated mean temperature, maximum temper-
ature and minimum temperature from the 26 CMIP5
GCMs can reproduce the warming trends in the TP during
1961-2005, with the CMIP5 mean rates of 0.21, 0.19 and
0.23 °C decade™", respectively. For the mean temperature,
all the CMIP5 models simulate the warming trends in the
TP, ranging from 0.07 °C decade™! (CNRM-CMS5) to 0.34
°C decade™! (IPSL-CMSA-MR and MPI-ESM-MR).
There are four GCMs with warming trends <0.1
°C decade™!, which are CNRM-CMS5, GISS-E2-H,
HadGEM2-ES and MRI-CGCM3, respectively.

Similar to the mean temperature, most CMIP5 models
correctly simulate the warming trend of the maximum
temperature in the TP. There are five GCMs with warming
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trends <0.1 °C decade™!, which are CNRM-CMS5,
HadGEM2-ES, MIROCS5, MIROC-ESM-CHEM and
MRI-CGCM3, respectively. There are two GCMs
(IPSL-CM5A-MR and MPI-ESM-MR) with warming
trends >0.3 °C decade™!, which are the same models that
display the fastest rates of the mean temperature warming.

For the minimum temperature, the simulated trends from
CMIPS5 models are larger than these for the mean tempera-
ture and maximum temperature, consistent with the obser-
vations. There are six GCMs with warming trends >0.3
°C decade™!, which are CanESM2 (0.33 °C decade™!),
CESM1-CAM5 (0.36 °C decade™!), FGOALS-g2 (0.3
°C decade™!), IPSL-CMSA-LR (0.32 °C decade™!),
IPSL-CM3A-MR (0.35 °C decade™!) and MPI-ESM-
MR (0.36 °C decade™"), respectively. There are only three
GCMs (GISS-E2-H, GISS-E2-R and HadGEM2-ES) with
warming trends <0.1 °C decade™".

Table 2 provides the correlation coefficients between
the 5-year running mean of observed and simulated
temperature time series in the TP during 1961-2005,
and the corresponding root mean squared error (RMSE).
In most cases, the correlation coefficients of the mean
temperature, maximum temperature and minimum tem-
perature between observations and CMIP5 models are
significantly positive, leading to a multi-model mean
correlation coefficient of 0.96, 0.87 and 0.95, respectively.
This indicates that the CMIP5 models can capture the
mean temperature, maximum temperature and minimum
temperature evolution in recent decades. The RMSE of the

Int. J. Climatol. 36: 2660-2670 (2016)
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Figure 3. Time series of annual mean temperature (7',.,,) from observations and 26 CMIP5 GCMs in the TP during 1961-2005.

mean temperature, maximum temperature and minimum
temperature between observations and CMIP5 models are
0.45,0.23 and 0.53 °C, respectively. Among the 26 CMIP5
models, there are three GCMs (CNRM-CMS5, GISS-E2-H
and MRI-CGCM3) with the RMSE >1 °C (for mean
temperature).

Figure 6 demonstrates the relationship between trends
and anomaly of annual mean temperature, maximum
temperature and minimum temperature from observations
and 26 CMIP5 GCMs in the TP during 1961-2005. The
anomaly means the difference between the averages of the
period 1961-2005 and the period 1961-1990. It is clear
that the majority of CMIP5 models underestimate the
warming rates of observations for the mean temperature,
maximum temperature and minimum temperature, which
confirmed the previous results based on what models
and what observations (Su et al., 2013; Fyfe and Gillett,
2014). Moreover, there are significant positive correla-
tions between the trend magnitudes and the anomaly of the
mean temperature, maximum temperature and minimum
temperature, with the correlation of 0.85, 0.86 and 0.87,
respectively. This suggests that both the larger anomaly
of temperature and the internal variability result in larger
trend magnitudes of warming.

3.3.

As the historical experiments of CMIP5 stop in 2005,
the comparison between observations and CMIP5 models
has so far focused on the period 1961-2005. However,
observed trend since 2005 are of great interest, especially
in light of the recent global warming hiatus (Fyfe ef al.,

Rapid warming in the TP during the hiatus period

© 2015 Royal Meteorological Society

2013; Meehl et al., 2014). Figure 7 shows the time series
of annual mean temperature, maximum temperature and
minimum temperature from five stations (Naqu, Tuotuohe,
Wudaoliang, Zhenzha and Bangge) with elevation over
4500m in the TP during 1961-2012, 1961-1998 and
1999-2012, respectively. The green lines show the trends
over the hiatus period, defined here as 1999-2012. It is
obvious that the mean temperature, maximum temperature
and minimum temperature in the TP show rapid warming
during 1999-2012, which is larger than in the previous
periods. Thus, the TP has continued to warm rapidly
post-2000 in contrast to the global mean temperature
over this period. Both the observations and models can
reproduce the rapid warming in the latest decade. This phe-
nomenon in the TP is unlike the global mean temperature.
It is found that the observed global warming is signifi-
cantly less than that simulated by CMIP5 models over a
global hiatus period, which might be explained by some
combination of errors in external forcing, model response
and internal climate variability (Fyfe et al., 2013).

4. Discussion and conclusions

In this study, the annual mean temperature, annual mean
daily maximum temperature and annual mean daily min-
imum temperature in the TP have been analysed dur-
ing 1961-2005, based on the updated version of China
Homogenized Historical Temperature Data Sets (Li et al.,
2004, 2009; Li and Dong, 2009). The temporal vari-
ations in the mean temperature, maximum temperature

Int. J. Climatol. 36: 2660-2670 (2016)
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Figure 4. Time series of annual maximum temperature (7,

and minimum temperature for the TP show a statistically
increasing trend since the 1960s, especially after the 1980s,
with the annual rates of 0.27, 0.19 and 0.36 °C decade™"',
respectively. The asymmetrical pattern of greater warming
trends in minimum temperature than in maximum temper-
ature in the TP confirms the findings on the global scale
(Vose et al., 2005) and over high latitudes (Screen, 2014).
The annual mean rapid warming in the TP is greater than
that observed at other longitude within the same latitudi-
nal zone (Liu and Chen, 2000), especially in winter and
autumn (You et al., 2010). Spatially, the largest trend mag-
nitudes occur in the northern TP, consistent with previ-
ous studies by means of temperature extremes and EOF
sub-regional analysis (You et al., 2008a, 2010). To sum-
marize, the warming in the TP revealed in this study is in
phase with the characteristics on the global scale before
the hiatus period, but the warming trend is more sensi-
tive and accelerated (Liu and Chen, 2000; Liu et al., 2006;
You et al.,2008a, 2010; Rangwala et al., 2009; Kang et al.,
2010; Duan et al., 2012).

The performance of mean temperature, maximum tem-
perature and minimum temperature from 26 GCMs avail-
able in the CMIP5 (Taylor et al., 2012) is evaluated by
comparing with observations in the TP during 1961-2005.
Most CMIP5 models can capture the temporal variations
of the observed mean temperature, maximum temperature

© 2015 Royal Meteorological Society

1990 1995 2000 2005

) from observations and 26 CMIP5 GCMs in the TP during 1961-2005.

and minimum temperature, and have significant positive
correlations with observations (R > 0.5) with RMSE <1
°C. Previous study also reveals that most CMIP5 mod-
els are able to detect the summer monsoon signals in
the southeastern TP and western wind system in win-
ter and spring (Su et al., 2013). Su et al. (2013) demon-
strates that the CMIP5 models have cold biases (largest
cold bias in winter) in comparison with the observations.
This underestimate is inconsistent with studies in Northern
Eurasia, Arctic region and Northern Hemisphere (Miao
et al., 2014), which shows that the CMIP5 models over-
estimate the observations, due to overestimation of the
responses to the anthropogenic forcing (IPCC, 2013).
However, most CMIP5 models tend to underestimate the
observed temperature increase rate. Thus, it is concluded
that the majority of CMIP5 models can reproduce the his-
torical warming in the TP, many of them underestimate the
observed warming rates.

It is reported that the inaccurate way that CMIPS model
operating cloud covers and stratospheric water vapour
is the main reason for the discrepancy between CMIPS
models and observations (Solomon et al., 2010; Fyfe
et al., 2013; Miao et al., 2014; Santer et al., 2014), which
influence the energy budget and positive feedbacks on
the planet during the simulation (Fyfe et al., 2013; Fyfe
and Gillett, 2014; Miao et al., 2014). Other factors are

Int. J. Climatol. 36: 2660-2670 (2016)
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min

not excluded. For example, the stratospheric aerosol
concentration has increased during recent decades due
to the volcanic eruptions, while none of the CMIP5
models take eruption-specific properties of volcanic
aerosols into account (Solomon et al., 2010, 2011; Santer
etal.,2014).

Global mean surface temperature warming has
decreased in recent decade, although the causes of the
global warming hiatus are still under debate (IPCC,
2013; Fyfe and Gillett, 2014; Meehl eral., 2014;
Watanabe efal., 2014). The principal drivers of the
hiatus are categorized into as follows: the minimum in the
11-year solar cycle (Kaufmann et al., 2011), the increase
in stratospheric aerosols (Solomon et al., 2011), decrease
in stratospheric water vapour (Solomon et al., 2010),
accumulation from minor volcanic eruptions (Santer
et al., 2014), little increase in the sum of anthropogenic
and natural forcing (Kaufmann er al., 2011), a cyclical
change from an EI Nino to a La Nina period (Kaufmann
etal., 2011), La-Nifa-like decadal cooling (Kosaka and
Xie, 2013), intake of ocean heat content (OHC) at depths
above approximately 700 (Levitus et al., 2009), the natu-
ral transition of Pacific Decadal Oscillation from positive
to negative phase (Trenberth er al., 2014), interdecadal
Pacific Oscillation (Meehl et al., 2014) and the net top
of atmosphere energy imbalance (Watanabe et al., 2014).
For example, the radiative forcing by greenhouse gases

© 2015 Royal Meteorological Society
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) from observations and 26 CMIP5 GCMs in the TP during 1961-2005.

has never stopped being in effect and heat remaining
in the system does not result in a rise of global mean
surface temperature (Levitus et al., 2009). Observations
of OHC and of sea level have shown that this additional
heat has been absorbed in the ocean, and changes in the
heat transports from the upper to the deep ocean and vice
versa appear to be at least partly responsible for the pause
in surface warming (Levitus ef al., 2009; Watanabe ef al.,
2014), and observations suggest that the Pacific Ocean
may play a key role (Meehl and Teng, 2014; Trenberth
etal., 2014).

The TP is the highest and the largest highland in the
world, and has its unique characteristics of climate change.
In this study, it is found that the mean temperature,
maximum temperature and minimum temperature in the
TP show rapid warming during 1999-2012, indicating
that there is no hiatus of warming in the TP, in con-
trast to the global mean surface temperature (IPCC, 2013;
Trenberth ez al., 2014; Watanabe et al., 2014). One possi-
ble reason for the continued (and accelerated) warming in
the TP is positive feedbacks associated with a diminish-
ing cryosphere. You et al. (2010) summarized the factors
determining the recent climate warming in the TP: anthro-
pogenic greenhouse gas emissions, the snow/ice-albedo
feedback and changes of environmental elements (such as
cloud amount, specific humidity, Asian brown clouds and
land use changes). Furthermore, although it is currently

Int. J. Climatol. 36: 2660-2670 (2016)
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Table 2. Trends (7'), correlation coefficients of the 5-year running mean of temperature time series (R) and RMSE of annual mean

temperature (7',.,,), maximum temperature (7., ) and minimum temperature (7,,;,) from observations and 26 CMIP5 GCMs in the

TP during 1961-2005. The trend is calculated by the Mann—Kendal method, and the trend with a significance level greater than 95
and 90% is highlighted with the mark. The unit is °C decade™".

Model number T ean T e T in
T R RMSE T R RMSE T R RMSE

Observation 0.27%%* - - 0.19%* - - 0.36%* - -
CMIP5 mean 0.21%* 0.96 0.45 0.19%* 0.87 0.23 0.23%%* 0.95 0.53
bee-csml-1 0.17%* 0.80 0.67 0.18%* 0.72 0.35 0.18%* 0.77 0.81
BNU-ESM 0.19%* 0.85 0.50 0.17%%* 0.68 0.13 0.23%* 0.88 0.63
CanESM2 0.25%* 0.85 0.12 0.21%* 0.75 0.25 0.33%* 0.90 0.25
CCSM4 0.28%* 0.91 0.41 0.27%%* 0.80 0.16 0.28%* 0.92 0.51
CESM1-CAMS5 0.28%* 0.82 0.39 0.23%%* 0.69 0.37 0.36%* 0.86 0.24
CNRM-CMS5 0.07* 0.63 1.08 0 0.35 1.08 0.12%* 0.76 1.02
CSIRO-Mk3-6-0 0.14%* 0.80 0.83 0.127%%* 0.68 0.62 0.15%%* 0.78 0.93
EC-EARTH 0.22%% 0.83 0.25 0.21%* 0.71 0.01 0.24%%* 0.84 0.29
FGOALS-g2 0.26%* 0.88 0.20 0.23%%* 0.77 0.04 0.30%* 0.89 0.22
FIO-ESM 0.22%* 0.82 0.02 0.18%* 0.73 0.20 0.26%* 0.82 0.00
GFDL-CM3 0.18%* 0.66 0.04 0.20%* 0.61 0.49 0.18%* 0.62 0.22
GFDL-ESM2G 0.22%%* 0.93 0.44 0.21%%* 0.82 0.12 0.21%%* 0.90 0.67
GFDL-ESM2M 0.21%%* 0.88 0.32 0.21%* 0.86 0.09 0.20%* 0.83 0.63
GISS-E2-H 0.08 0.54 1.26 0.12%%* 0.63 0.79 0.04 0.27 1.65
GISS-E2-R 0.12%%* 0.63 0.81 0.17%%* 0.64 0.19 0.07 0.43 1.28
HadGEM2-AO 0.21%* 0.81 0.59 0.16%* 0.80 0.38 0.24%%* 0.81 0.59
HadGEM2-ES 0.02 0.46 1.07 -0.06 0.02 1.15 0.08** 0.68 0.94
IPSL-CM5A-LR 0.28%* 0.87 0.30 0.26%* 0.80 0.49 0.327%%* 0.84 0.41
IPSL-CM5A-MR 0.34%%* 0.84 0.10 0.33%* 0.65 0.09 0.35%%* 0.81 0.32
MIROCS5 0.12% 0.57 0.97 0.10% 0.45 0.79 0.13% 0.63 1.05
MIROC-ESM-CHEM 0.15%%* 0.67 0.76 0.07 0.33 0.88 0.19%* 0.77 0.62
MIROC-ESM 0.20%* 0.70 0.29 0.16%* 0.48 0.29 0.24%%* 0.71 0.32
MPI-ESM-LR 0.25%%* 0.93 0.11 0.25%%* 0.84 0.23 0.27%%* 0.94 0.31
MPI-ESM-MR 0.34%%* 0.94 0.16 0.34%%* 0.85 0.44 0.36%* 0.94 0.03
MRI-CGCM3 0.09%* 0.49 1.14 0.06 0.23 1.02 0.15%%* 0.65 1.15
NorESM1-M 0.22%%* 0.75 0.09 0.19%* 0.55 0.07 0.26%* 0.78 0.05

*Significant at the 0.01 level. **Significant at the 0.05 level.

difficult to determine the relative contribution of each
of these factors, the anthropogenic greenhouse gas emis-
sion is regarded as the main cause of the climate warm-
ing in the TP, and impacts there are probably more seri-
ous than the rest of the world (Kang et al., 2010; You
et al., 2010). The TP has the largest cryospheric extent
(glaciers and ice caps, snow, river and lake ice and frozen
ground) outside the polar region (Kang et al., 2010). The
glaciers have exhibited a rapid shrinkage in both length
and area in recent decades (Yao et al., 2012), coincid-
ing with the rapid warming in the TP. An important fea-
ture related to high-elevation climatic warning is eleva-
tion dependency, i.e. more pronounced warming occurs at
higher elevations (Giorgi et al., 1997; Chen et al., 2003;
Liu et al., 2009). Some researchers put forward to that the
effects of snow/ice feedback can be used to explain the
altitude dependence of climate change. Under the back-
ground of climate warming, the snow/ice on the surface is
reduced and the surface absorption of solar radiation will
be improved, strengthening to warming at higher altitude
(Giorgi et al., 1997; Chen et al., 2003; Berthier and Toutin,
2008; Liu et al., 2009).

In order to substantiate this conjecture, more profound
changes occur in surface stations with higher elevation,

© 2015 Royal Meteorological Society

which support evidences for the possible mechanism. Dur-
ing the study period, the rapid warming is consistent with
decreasing snow cover and albedo in the same stations
(Figure 8). This coincides with the widespread albedo
decreasing and induced melting of Himalayan snow/ice
since 2000 (Ming et al., 2015). It is proposed that the
global warming tends to decrease snow/ice cover and
hence the albedo, increasing both the snow line posi-
tion and the amount of solar energy absorbed, lead-
ing to more warming (Figure 9). Therefore, the positive
snow/ice-albedo feedbacks may account for the recent
warming, and the feedbacks deserve special concerns due
to limited observation in the high terrain region in the
TP. This effect has served to amplify the summer ice
retreat in terms of the recent trend of declining Arctic
Sea ice (Deser et al., 2000). It is also possible that defi-
ciencies in simulated cryospheric changes and/or feed-
back processes in the CMIP5 models may account for
the discrepancies in the warming rates between obser-
vations and models. Due to the limited observation and
snow/ice/albedo from reanalysis, there may have uncer-
tainties for explaining the intensified warming in TP during
the hiatus, and further study is required to confirm this
hypothesis.

Int. J. Climatol. 36: 2660-2670 (2016)
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Figure 6. Relationship between trends and anomaly of annual mean temperature (7',,.,,), maximum temperature (7'
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min) from observations and 26 CMIP5 GCMs in the TP during 1961-2005. The colour and the serial number are 26 CMIP5 GCMs provided in

Table 1. The trend is calculated by the Mann—Kendal method, and the unit is °C decade™". The anomaly is relative to the period 1961—1990.
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Figure 7. Time series of annual mean temperature (7',,.,,

), maximum temperature (7', ) and minimum temperature (7';,) from observations (Naqu,

Tuotuohe, Wudaoliang, Zhenzha and Bangge) with elevation over 4500 m in the TP during 1961-2012 (solid line), 1961-1998 (dash line) and
1999-2012 (dot line). The unit is °C.
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