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Abstract Elevation-dependent warming, greater warming at higher elevations, tends to accelerate the
ablation of solid water reserves on the Tibetan Plateau and is thus expected to affect the sustainable water
supply of the plateau. In the context of a global climate that is predicted to continue to warm, whether
elevation-dependent warming exists on the Tibetan Plateau in the future and, if so, what its characteristics and
mechanisms are, are important issues that have not yet been fully assessed. Using six sets of high-resolution
outputs from dynamical downscaling simulations based on regional climate models, we investigated the
future situation regarding the elevation dependency of climate warming on the Tibetan Plateau. The simulated
air temperature trends from the six simulations are validated using meteorological station observations.
The trends from only two simulations are selected for analysis due to their statistically significant correlation
with the observations. The warming rate first increases to a peak and then slightly declines along with
elevation increasing from 2000m to 5600m. The peak of the warming rate is reached at variable elevations
(4400–5200m), which depends on the intensity of the warming. The elevation at which this peak occurs
increases when the warming intensifies. Such elevation-dependent warming is mostly caused by the decrease
in upward short-wave radiation due to the depletion of snow based on surface energy budget analysis. These
results provide some understanding of the future elevation-dependent warming on the Tibetan Plateau, which
will be useful for evaluating the sustainability of water resources of the Tibetan Plateau water-affected area.

1. Introduction

With an average height of more than 4000m and an area of approximately 2.5 × 106 km2, the Tibetan Plateau
is the highest and the most extensive highland in the world and has been nicknamed the “third pole” of the
Earth [Qiu, 2008]. In China, the Tibetan Plateau is also recognized as the “Asian water tower” because glaciers
(approximately 1.0 × 105 km2 [Yao et al., 2012]), snow (approximately 41.9 × 109m3 yr�1 water equivalent
[Li et al., 2008]), and permafrost (approximately 1.5 × 106 km2 [Li and Cheng, 1996; Guo and Wang, 2013])
are extensively present on the Tibetan Plateau. These solid water resources feed the major rivers in
Southeast Asia, including the Indus, Ganges, Brahmaputra, Mekong, Yangtze, and Yellow Rivers, which
provide water to more than 1.4 billion people (more than 20% of the global population) [Immerzeel et al.,
2010; Yao et al., 2012].

Nevertheless, these solid water reserves are mostly distributed in higher-elevation areas with colder climate
conditions on the Tibetan Plateau. A significant climate warming has been observed on the Tibetan Plateau in
recent decades [Liu and Chen, 2000; Guo and Wang, 2012; Yang et al., 2010; Zhou et al., 2016]. For example, an
average warming of 1.3°C occurred on the Tibetan Plateau from 1961 to 2007 [Guo and Wang, 2012]. An
elevation-dependent warming law, greater warming rates at higher elevations, has been observed on the
Tibetan Plateau [Liu and Chen, 2000; Qin et al., 2009; Rangwala et al., 2010]. This law tends to accelerate the
ablation of the solid water reserves because of their distributions at higher elevations and is thus expected
to affect the sustainable water supply of the Tibetan Plateau to the downstream areas [Immerzeel et al.,
2010; Qin et al., 2014; Pepin et al., 2015].

The Tibetan Plateau climate is predicted to continue to warm more seriously in the next 100 years [Guo et al.,
2012; Su et al., 2013; Zhou et al., 2014; Zhang et al., 2015; Hu et al., 2015]. Hu et al. [2015] showed that an
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average warming of 2.7°C will occur on the Tibetan Plateau during 2081–2100 relative to 1986–2005 in the
Representative Concentration Pathway (RCP) 4.5 scenario [Hu et al., 2015; Zhang et al., 2015]. The warming
is more significant relative to nonmountain regions at the same latitude [Rangwala et al., 2013] and is 1.5
times higher than the global mean level of 1.8°C in the same RCP scenario [Intergovernmental Panel on
Climate Change, 2013]. If the elevation dependency law continues in the future warming, the people in the
Tibetan Plateau water-affected areas will face a water scarcity crisis. Therefore, studying the future elevation
dependency of climate warming on the Tibetan Plateau is important for evaluating the sustainability of the
water supply of the Tibetan Plateau and the associated development of appropriate water policies for the
downstream countries.

Because of growing concerns about these important implications, research efforts have concentrated on
investigating elevation-dependent warming and the mechanisms on the Tibetan Plateau [Liu and Chen,
2000; You et al., 2008; Qin et al., 2009; Liu et al., 2009; Rangwala et al., 2010; Rangwala and Miller, 2012;
Yang et al., 2014; Pepin et al., 2015]. Using monthly surface air temperature data from meteorological
stations, Liu and Chen [2000] found that significant warming has occurred on the Tibetan Plateau since
the mid-1950s, with an average warming rate of 0.16°C decade�1 from 1955 to 1996. Furthermore, the
warming rates increase with rising elevations. With an offset of weakness in the station observation studies
due to sparse observation stations in the western Tibetan Plateau, the Moderate Resolution Imaging
Spectroradiometer (MODIS)-derived land surface temperature was used to explore the elevation-dependent
warming on the Tibetan Plateau [Qin et al., 2009]. The results show that the warming rate first increases
with elevation rising from 3000 to 4800m and then becomes stable, with a slight decline near the highest
elevations. Numerical simulation was also used to reproduce the elevation dependency of climate warming
from 1961 to 1990 on the Tibetan Plateau [Rangwala et al., 2010]. Furthermore, elevation-dependent
increase in downward long-wave radiation influenced by surface specific humidity and absorbed solar
radiation influenced by snow cover and atmospheric aerosols are responsible for the elevation-dependent
warming [Rangwala et al., 2010].

These studies mentioned above provide key insights into the elevation dependency of climate warming and
the mechanisms on the Tibetan Plateau during the recent decades. Nevertheless, the future elevation-
dependent warming on the Tibetan Plateau has not been fully assessed. Although Rangwala et al. [2010]
referred to a projection with respect to the Tibetan Plateau warming’s relationship with elevation from
1960 to 2100 based on the output from Goddard Institute for Space Studies Atmosphere-Ocean Model
(GISS-AOM), the results are less detailed due to the coarse model resolution of 3° longitude × 4° latitude.

The objectives of the present study are to assess the future elevation-dependent warming situation and
mechanisms on the Tibetan Plateau using the high-resolution outputs from multiple dynamical downscaling
simulations. A validation of the simulation results is performed based on meteorological station observations
before assessing. The data and methods are described in section 2. The results and discussion are presented
in section 3, followed by a summary of the key findings of this study in section 4.

2. Model, Data, and Methods

The four data sets from dynamical downscaling simulations are obtained from the Coordinated Regional
Climate Downscaling Experiment (CORDEX) in East Asia [Giorgi et al., 2009]. They include the data archived
from Hadley Centre Global Environmental Model version 3 regional climate model (HadGEM3-RA)
[Martin et al., 2006], regional climate model version 4 (RegCM4) [Giorgi et al., 2012], mesoscale model
version 5 (MM5) [Lee et al., 2004], and Weather Research and Forecasting version 3.2 (WRF3.2)
[Skamarock et al., 2008] nested within the same model of the Hadley Centre Global Environment Model
version 2 Atmosphere-Ocean (HadGEM2-AO) Model [Baek et al., 2013], which are named as HadGEM2-
AO/HadGEM3-RA, HadGEM2-AO/RegCM4, HadGEM2-AO/MM5, and HadGEM2-AO/WRF, respectively
(Table 1). All four simulations have similar model domains, including East Asia, India, the western Pacific
Ocean, and the northern part of Australia and the same horizontal resolution of 50 km following the
protocol of the CORDEX for Asia [Giorgi et al., 2009]. The HadGEM2-AO/HadGEM3-RA simulation is
conducted from 1950 to 2100, which includes the historical simulation (1950–2005) and the future
simulation (2006–2100) under the RCP4.5 and RCP8.5 scenarios. The HadGEM2-AO/RegCM4 simulation is
conducted from 1979 to 2049, including the historical simulation (1979–2005) and the future simulation
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(2006–2050) under the RCP4.5 and RCP8.5 scenarios, and the HadGEM2-AO/MM5 and HadGEM2-AO/WRF
simulations are conducted from 1979 to 2049, including the historical simulation (1979–2005) and the
future simulation (2006–2049) under the RCP4.5 and RCP8.5 scenarios. The physical schemes and more
details regarding each simulation can be found at the website (https://cordex-ea.climate.go.kr/main/
mainPage.do).

One data set is archived from RegCM4 nested within Beijing Climate Center Climate SystemModel version 1.1
(BCC-CSM1.1) [Wu et al., 2010], which is named as BCC-CSM1.1/RegCM4 (Table 1). The period of simulation is
from 1950 to 2099 (the first year is considered as the spin-up period), with the historical simulation of
1950–2005 and the future simulation of 2006–2099 under the RCP4.5 and RCP8.5 scenarios. The model
domain covers 160 grids (west-east) × 109 grids (north-south), with the center at (35°N, 105°E), with horizon-
tal and vertical resolutions of 50 km and 18 sigma layers from the surface up to a model top at 10 hPa. The
physical schemes and additional details can be found in the works of Gao et al. [2013], Ji and Kang [2013],
and Yu and Xiang [2015].

One data set is archived from WRF3.4 driven by the initial and boundary conditions from Model
for Interdisciplinary Research on Climate version 5 (MIROC5) [Watanabe et al., 2010] and is named
MIROC5/WRF (Table 1). The microphysics is the Single-Moment 6-Class Microphysics scheme [Hong and
Lim, 2006]. The radiation transfer scheme is calculated by Community Atmosphere Model version 3.0
[Collins et al., 2004]. The cumulus convective precipitation is the Kain-Fritsch scheme [Kain, 2004], and the plane-
tary boundary layer is the Yonsei University scheme [Hong et al., 2006]. The land surfacemodel employs the Noah
land surface model [Niu et al., 2011]. The simulation was conducted from 1946 to 2100, and the first year of the
period was taken as the spin-up period. The historical simulation is from 1946 to 2005, and the future simulation
is from 2006 to 2100 under the RCP6.0 scenario. The horizontal resolution of the simulation is 30 km, with 35
vertical sigma layers. The model domain covers 255 grids (west-east) × 205 grids (north-south), with the
center at (35°N, 103°E). More detailed information can be found in Yu et al. [2014]. Notably, because this study
focuses on yearly climate warming’s relationship with elevation, the annual mean data sets from these
simulations are used.

Meteorological stations that observed yearly surface air temperatures are provided by the China
Meteorological Administration and are used to validate the model simulations. Stations with elevation above
2000m are selected, and they cover a total elevation range from 2032m to 4700m. These stations are mostly
distributed at the central and eastern Tibetan Plateau (Figure 1). The data period is from 1961 to 2007. Data
quality control is based on a basic logic test and a spatial consistency test. In addition, themultiple analyses of
series for homogenization method [Li and Yan, 2009] and the Easterling-Peterson techniques are used to
assess the homogeneity of the data [Easterling and Peterson, 1995; Li et al., 2004]. These data are reliable
and have been widely used to study climate change during the past decades [You et al., 2008; Wang and
Sun, 2009; Guo and Wang, 2012; Wang et al., 2012; Guo and Wang, 2014; Wu et al., 2015].

The surface elevation data used are the global digital elevation data, GTOPO30, which are developed by the
U.S. Geological Survey’s Center for Earth Resources Observation and Science (http://eros.usgs.gov/, 12
January 2016). The data have a horizontal resolution of approximately 1 km. In addition, together with all
six sets of simulation data, the surface elevation data were interpolated into the horizontal resolution of
30 km of the MIROC5/WRF simulation for homogenous comparison. The trends of various variables are
computed as the slope of the linear fit derived by ordinary least squares regression.

Table 1. Details of Six Dynamical Downscaling Simulations

Model Name Horizontal Resolution Model Domain
Historical

Simulation Period
Future

Simulation Period Scenario

HadGEM2-AO/HadGEM3-RA 50 km CORDEX-East Asia domain 1950–2005 2006–2100 RCP 4.5 and RCP 8.5
HadGEM2-AO/RegCM4 50 km CORDEX-East Asia domain 1979–2005 2006–2050 RCP 4.5 and RCP 8.5
HadGEM2-AO/MM5 50 km CORDEX-East Asia domain 1979–2005 2006–2049 RCP 4.5 and RCP 8.5
HadGEM2-AO/WRF 50 km CORDEX-East Asia domain 1979–2005 2006–2049 RCP 4.5 and RCP 8.5
BCC-CSM1.1/RegCM4 50 km 160 (west-east) × 109 (north-south)

grids, centering at 35°N, 105°E
1950–2005 2006–2099 RCP 4.5 and RCP 8.5

MIROC5/WRF 30 km 255 (west-east) × 205 (north-south)
grids, centering at 35°N, 103°E

1946–2005 2006–2100 RCP 6.0
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3. Results and Discussion
3.1. Validation of the Model

A validation of the dynamical downscaling simulations is first performed using station observations before
they are used for the analysis. As shown in Figure 2, different simulations present large differences in agree-
ment levels between simulated and observed trends from 1979 to 2005—the longest period shared by all six
simulations. The correlation coefficients between simulations and observations range from �0.30 to 0.83
among the six dynamical downscaling simulations. Relative to the corresponding global circulation models
(GCMs), the simulated results have been improved using dynamical downscaling method. For example, the
correlation coefficient between simulated and observed trends becomes 0.41 (HadGEM2-AO/RegCM4) from
original 0.04 (HadGEM2-AO). But, bias still exists (Figure 2). The simulation that presents the best correlation is
HadGEM2-AO/RegCM4, and the simulation that presents the worst correlation is HadGEM2-AO/HadGEM3-RA.
Simulations with higher correlation coefficients show more clearly the elevation-dependent warming that is
displayed in the station observations. Notably, in the validation of HadGEM2-AO/RegCM4 (Figure 2f), there is
a mark (blue 7) that has large trend but relatively low elevation, which is true for both simulated and observed
results. The mark is generated by regional particularities. Major stations included in the mark are located in
the northern Tibetan Plateau, where the warming violates the law of elevation-dependent warming on the
Tibetan Plateau [Guo and Wang, 2012].

The disagreement in the simulated and observed results is partially derived from the corresponding GCM
simulations that provide the driving data (not shown). In addition, model domain, physical schemes, and less
accurate surface data used in the simulations may be responsible for the disagreement [Qu et al., 2009; Gao
et al., 2013; Han et al., 2015; Guo and Wang, 2016]. The simulated results are more reasonable when only the
Tibetan Plateau region is selected as model domain instead of China and its adjacent regions [Qu et al., 2009].
When a set of land cover data that include more observations was used, Han et al. [2015] found that the
simulated bias in air temperature reduced on the Tibetan Plateau. Besides, scale mismatch in the compari-
sons could be one of the sources that result in the disagreement. The comparisons are based on grid-mean
simulated results and individual station observations. An individual site may not fully represent the situation
in a grid area of 30 × 30 km [Lawrence et al., 2012; Guo and Wang, 2013]. This could be particularly significant
on the Tibetan Plateau, where the topography is very rugged and varied.

Despite these reasons, a statistical significance level of above 95% for the correlation coefficient is considered as
a criterion to select the “reliable” simulations for future analysis. The statistical significance is assessed using
the Student’s t test method, with a degree of freedom of 12 [14 (sample number)� 2]. Accordingly, only the
HadGEM2-AO/RegCM4 and MIROC5/WRF simulations are appropriate, which suggests that a larger propor-
tion of dynamical downscaling simulations cannot be directly used to study climate warming’s relationship
with elevation on the Tibetan Plateau, and validation with respect to model performance is necessary.

Figure 1. Location of the study area (75–105°E, 25–41°N; shown as black rectangle), the related basin boundaries and river
courses (Indus, Ganges, Brahmaputra, Mekong, Yangtze, and Yellow Rivers; based on a data set (http://freegisdata.rtwilson.
com/), 12 January 2016) in Southeast Asian, and meteorological observation stations (green dots).
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3.2. Elevation-Dependent Warming in the Future

As shown in Figure 3a, the warming rates from the HadGEM2-AO/RegCM4 simulation first increase as the ele-
vation increases from 2000m to 4400m and then declines as the elevation continues to raise from 4400 to
5600 under the RCP4.5 scenario. The elevation at which the warming rates reach the peak is 4200–4400m.
Similar change characteristics in warming rates can be found under the RCP8.5 scenario (Figure 3b).
However, the elevation at which the warming rate reaches the peak increases to a height of 4400–4600m,
which indicates that the elevation-dependent warming law can expand to higher elevation when encountering
more serious warming from a higher greenhouse gas emission scenario.

For the MIROC5/WRF simulation, similarly, the warming rates first increase and then decrease along with
increasing elevation for both periods from 2006 to 2050 and from 2006 to 2099 under the RCP6.0 scenario
(Figures 4a and 4b). The elevations at which the warming rates reach the peak are 4600–4800m and
5000–5200m for the period from 2006 to 2050 and from 2006 to 2099, respectively, which also indicates
an expansion of the elevation-dependent warming law to higher elevations when continuously more serious
warming occurs.

Figure 2. Comparison between simulated gridded temperature trends and corresponding station observations with the indi-
vidual elevation bin mean from (a) HadGEM2-AO/HadGEM3-RA, (b) MIROC5/WRF, (c) HadGEM2-AO/MM5, (d) HadGEM2-AO/
WRF, (e) BCC-CSM1.1/RegCM4, and (f) HadGEM2-AO/RegCM4 for the period from 1979 to 2005. The number in each circle
represents the number of stations in each elevation bin. R denotes the correlation coefficient between the simulated and
observed values.
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Using the nighttime MODIS land surface temperature, Qin et al. [2009] found that the warming rate first
increases along with elevation increasing from 3000 to 5200m and then declines from 5200m to 5600m
during the period from 2000 to 2006. The future characteristics regarding elevation-dependent warming
from the present study are consistent with their current situations, which may suggest that the future
estimates are reasonable to some extent.

This study shows that elevation-dependent warming does not expand to 4800m, except for the case of
MIROC5/WRF (2006–2099; RCP6.0). It could not affect most of the glaciers and snow surfaces that are located

Figure 4. Temperature trend change along with increasing elevation for (a) MIROC5/WRF from 2006 to 2050 and
(b) MIROC5/WRF from 2006 to 2099 under the RCP6.0 scenario. The trends are the means over individual elevation bins.
The number above each bar is the number of simulation grids in each elevation bin.

Figure 3. Temperature trend change along with increasing elevation for (a) HadGEM2-AO/RegCM4 from 2006 to 2050 under
the RCP4.5 scenario and (b) HadGEM2-AO/RegCM4 from 2006 to 2050 under the RCP8.5 scenario. The trends are the means
over individual elevation bins. The number above each bar is the number of simulation grids in each elevation bin.
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in the areas with elevation above 4800m. However, the warming rate has already increased with a high level
at 4800m, which could still result in the ablation of those solid water reserves. In addition, this study shows
that elevation-dependent warming can expand to higher elevations when more serious warming occurs.
Thus, large implications for those solid water reserves are expected to be caused by elevation-dependent
warming if the warming further intensifies.

3.3. Analysis of the Mechanisms

Pepin et al. [2015] suggested that a detailed analysis of regional energy budgets is a feasible way to poten-
tially determine the mechanisms for elevation-dependent warming. As shown in Figure 5, among surface
net radiation budget, net short-wave radiation appears to be dominant in terms of amount and variation
pattern against the distinctly weak net long-wave radiation (Figures 5c and 5d). This indicates that net
short-wave radiation is most responsible for elevation-dependent warming. Among the net short-wave
radiation budget, upward short-wave radiation appears to be dominant in terms of the amount and variation
pattern compared to the distinctly weak downward short-wave radiation (Figures 5a–5d). In addition, upward
short-wave radiation variations have a statistically significant correlation with snow, with correlation coeffi-
cients of 0.94 and 0.97 for the MIROC5/WRF (2006–2050; RCP6.0) and MIROC5/WRF (2006–2099; RCP6.0)

Figure 5. Radiation fluxes and snow depth trend changes along with increasing elevation for (a) HadGEM2-AO/RegCM4
from 2006 to 2050 under the RCP4.5 scenario, (b) HadGEM2-AO/RegCM4 from 2006 to 2050 under the RCP8.5 scenario,
(c) MIROC5/WRF from 2006 to 2050 under the RCP6.0 scenario, and (d) MIROC5/WRF from 2006 to 2099 under the RCP6.0
scenario. All trends are the means over individual elevation bins. Net short-wave radiation, net long-wave radiation, and
upward short-wave radiation are not shown in Figures 5a and 5b due to the lack of data.
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simulations, respectively (Figures 5c and 5d). This correlation indicates that snow variation is mostly respon-
sible for the net short-wave radiation budget. The correlation coefficients between the snow and air tempera-
ture trend changes along with increasing elevation are�0.72,�0.72,�0.85, and�0.91 for the HadGEM2-AO/
RegCM4 (2006–2050; RCP4.5), HadGEM2-AO/RegCM4 (2006–2050; RCP8.5), MIROC5/WRF (2006–2050;
RCP6.0), andMIROC5/WRF (2006–2099; RCP6.0) simulations, respectively, all with statistically significant levels
above 95% (Table 1). These analyses indicate that snow-albedo feedback is most responsible for elevation-
dependent warming in the future. Previous studies suggested that increase in surface water vapor was
responsible for the elevation-dependent warming by increasing downward long-wave radiation [Rangwala
et al., 2010]. This study shows that net long-wave radiation is weak, meaning that long-wave radiation has
relatively small contributions to the elevation-dependent warming (Table 2).

The elevation-dependent warming is absent when the elevation reaches a certain height (e.g., 4600–4800m
for MIROC5/WRF from 2006 to 2050), which is closely related to snow changes with elevation. Because the
present-day (1986–2005) mean air temperatures are much lower than the freezing point when elevations
are higher than that height (not shown), the elevation-dependent warming cannot increase them to
approach the freezing point and further melt the snow. When snow loss is relatively low, there is a decrease
in the warming. This explanation is consistent with the aforementioned phenomenon that elevation-
dependent warming tends to expand to higher elevation when more serious warming occurs because the
more serious warming has greater chances to increase the present-day mean air temperature state to
approach the freezing point. Some other interpretations may also be reasons for the absence of elevation-
dependent warming. For example, Yang et al. [2014] mentioned that the Tibetan Plateau land surfaces at
the higher elevation protrude into the middle-high troposphere; thus, warming at these land surfaces is
affected by the midtroposphere’s warming situation, which decreases with respect to increasing elevation.

4. Concluding Remarks

Statistically and dynamically downscaling model simulations could be useful to identify and quantify the
historical and future elevation-dependent warming and its causes [Pepin et al., 2015]. This study used data
sets from multiple dynamically downscaling simulations to investigate the future elevation-dependent
warming and the mechanisms. The validation shows that only two out of six simulations have statistically
significant correlations with station observations, indicating that caution is needed when using model simu-
lations to study elevation-dependent warming on the Tibetan Plateau.

Elevation-dependent warming is present at relatively low-elevation ranges but absent when the elevation
continues to rise. The watershed with respect to elevation is variable and increases when climate warming
intensifies. Energy budget-based analysis shows that snow-albedo feedback is mostly responsible for
elevation-dependent warming on the Tibetan Plateau in the future.

Although elevation-dependent warming is absent at high elevation (above 4400–5200m in this study), which
means that there is less impact onmost glaciers and snowpack located at elevations above 4800m, more atten-
tion is needed due to the large warming rate that has been increased by elevation-dependent warming in the
low-elevation range, as well as the raisingwatershedwith respect to elevationwhen climate warming intensifies.

The elevation-dependent warming has important implications for solid water reserves on the Tibetan
Plateau, which thus has been studied based on meteorological station observations [Liu and Chen, 2000;

Table 2. Correlation Coefficients Between the Radiation Fluxes and Snow Depth and Air Temperature Trend Changes Along with Increasing Elevation for
HadGEM2-AO/RegCM4 from 2006 to 2050 Under the RCP4.5 Scenario, HadGEM2-AO/RegCM4 from 2006 to 2050 Under the RCP8.5 Scenario, MIROC5/WRF from
2006 to 2050 Under the RCP6.0 Scenario, and MIROC5/WRF from 2006 to 2099 Under the RCP6.0 Scenarioa

Model Name
Net Short-Wave

Radiation
Net Long-Wave

Radiation
Downward Short-Wave

Radiation
Upward Short-Wave

Radiation
Snow
Depth

HadGEM2-AO/RegCM4 (2006–2050, RCP4.5) 0.20 �0.72b

HadGEM2-AO/RegCM4 (2006–205, RCP8.5) 0.15 �0.72
MIROC5/WRF (2006–2050, RCP6.0) 0.95 �0.95 0.22 �0.87 �0.85
MIROC5/WRF (2006–2099, RCP6.0) 0.97 �0.94 �0.69 �0.87 �0.91

aAll trends are the means over individual elevation bins.
bBold type represents a statistical significance >95%.
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Yan and Liu, 2014], satellite remote sensing data [Qin et al., 2009], and numerical simulation method [Liu et al.,
2009; Rangwala et al., 2010; Yan et al., 2016]. The major mechanisms are related to snow depletion [Liu et al.,
2009; Rangwala et al., 2010; Yan et al., 2016], increase in surface water vapor [Rangwala et al., 2010], and
decrease in total cloud [Liu et al., 2009; Yan et al., 2016]. Using the data from the annual 1% CO2 increase
experiment for 100 simulation years by Community Climate System Model version 3 (CCSM3), Liu et al.
[2009] found that the increase in downward short-wave radiation (influenced by decrease in total cloud
amount) and the decrease in upward short-wave radiation (influenced by decrease in snow depth) were
responsible for the elevation-dependent warming. Using the output from GISS-AOM model, Rangwala
et al. [2010] showed that the increase in downward long-wave radiation (influenced by increase in surface
specific humidity) and the decrease in upward short-wave radiation (influenced by decrease in snow depth)
appeared to affect the elevation-dependent warming from 1960 to 2100. Recently, based on the data from
the 1990 control and 4 ×CO2 runs by CCSM3 with horizontal resolutions of 1.4° and 3.75°, Yan et al. [2016]
showed that the increase in surface net radiation (influenced by the combined effects of decreases in total
cloud and snow depth) resulted in elevation-dependent warming on the Tibetan Plateau. This study investi-
gated the future situation of elevation-dependent warming on the Tibetan Plateau using six data sets from
dynamical downscaling simulation. A validation of models was taken into account. The results show that
decrease in upward short-wave radiation (influenced by decrease in snow depth) is the most responsible
for elevation-dependent warming in the future, a conclusion that is supported by significant elevation-based
change in upward short-wave radiation but distinctly weak elevation-based change in downward short-wave
radiation and net long-wave radiation. For continued study, we can concentrate on investigating and
quantifying the historical situation regarding elevation-dependent warming and the associated mechanisms
using the multiple dynamical downscaling simulation ensemble and performing sensitivity experiments.
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