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ABSTRACT

Snow water equivalent (SWE) is a critical parameter for characterizing snowpack, which has a direct
influence on the hydrological cycle, especially over high terrain. In this study, SWE from 18 coupled
model simulations from phase 5 of the Coupled Model Intercomparison Project (CMIP5) is validated
against the Canadian Sea Ice and Snow Evolution Network (CanSISE) SWE. The model simulations
under RCP8.5 and RCP4.5 are employed to investigate projected changes in spring/winter SWE over the
Tibetan Plateau (TP) under global warming of 1.5° and 2°C. Most CMIPS5 models overestimate the
CanSISE SWE. A decrease in mean spring/winter SWE for both RCPs over most regions of the TP is
predicted in the future, with most significant reductions over the western TP, consistent with pronounced
warming in that region. This is supported by strong positive correlations between SWE and mean tem-
perature in the future in both seasons. Compared with the preindustrial period, spring/winter SWE over
the TP under global warming of 1.5° and 2°C will reduce significantly, at faster rates than over China as a
whole and the Northern Hemisphere. SWE changes over the TP do not show a simple elevation depen-
dency under global warming of 1.5° and 2°C, with maximum changes in the elevation band of 4000-4500 m.
Moreover, there are also strong positive correlations between projected SWE and historical mean SWE,
indicating that the initial conditions of SWE are an important parameter of future SWE under specific

global warming scenarios.

1. Introduction

Snow has high reflectance and low thermal conduc-
tivity, and when it melts it absorbs latent heat. All these
properties are of great importance for surface energy
and water budgets, with subsequent impacts on at-
mospheric circulation on global and regional scales
(Barnett et al. 1989; Beniston et al. 2018; Bulygina et al.
2011; Hancock et al. 2013; Kang et al. 2019; Tan et al.
2019; Zhang 2005). For example, the snow cover in the
Northern Hemisphere has decreased on average by al-
most 10% since the 1980s (Brown 2000; Brown and
Mote 2009; Dye 2002; Groisman et al. 1994).
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In recent decades, changes in snow have attracted
widespread attention in both scientific and public com-
munities, particularly because this can be a highly visible
reflection of climate change. However, snow cover
shows large spatial and temporal variabilities and pre-
vious studies on different continental and regional scales
can come to contrasting conclusions. Examples include
studies on the Northern Hemisphere (Brown 2000;
Brown and Mote 2009; Herndndez-Henriquez et al.
2015; Jeong et al. 2017; Kong and Wang 2017; Shi and
Wang 2015; Wang et al. 2018; Zeng et al. 2018), the
Eurasian continent (Brown and Derksen 2013; Bulygina
et al. 2011; Zhong et al. 2018), the pan-Arctic region (Shi
et al. 2011), China (Chen et al. 2016; Ji and Kang 2013;
Tan et al. 2019), Xinjiang province and central Asia
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TABLE 1. The CMIP5 models used in this study.

VOLUME 33

No. Model name

Modeling center (or group)

Atmospheric
resolution (lon X lat)

1 ACCESS1.0

2 BCC_CSM1.1

3 BNU-ESM

4 CanESM2

5 CCSM4

6 CESM1(BGC)
7 CSIRO-MK3.6.0
8 GFDL CM3

9 GFDL-ESM2G
10 GFDL-ESM2M
11 INM-CM4

12 MIROCS

13 MIROC-ESM-CHEM
14 MIROC-ESM

15 MPI-ESM-LR

16 MPI-ESM-MR

17 MRI-CGCM3
18 NorESM1-M

Commonwealth Scientific and Industrial Research Organization and Bureau of
Meteorology, Australia

Beijing Climate Center, China Meteorological Administration, China

College of Global Change and Earth System Science, Beijing Normal
University, China

Canadian Centre for Climate Modeling and Analysis, Canada

National Center for Atmospheric Research, United States

Community Earth System Model contributors, United States

Commonwealth Scientific and Industrial Research Organization/Queensland
Climate Change Centre of Excellence, Australia

Geophysical Fluid Dynamics Laboratory, United States

Geophysical Fluid Dynamics Laboratory, United States

Geophysical Fluid Dynamics Laboratory, United States

Institute for Numerical Mathematics, Russia

National Institute for Environmental Studies, and Japan Agency for Marine-Earth

Science and Technology, Japan

National Institute for Environmental Studies, and Japan Agency for Marine-Earth

Science and Technology, Japan

National Institute for Environmental Studies, and Japan Agency for Marine-Earth

Science and Technology, Japan
Max Planck Institute for Meteorology, Germany
Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan
Norwegian Climate Centre, Norway

1.875° X 1.25°

2.8125° X 2.8125°
2.8125° X 2.8125°

2.8125° X 2.8125°
1.875° X 0.625°
1.875° X 0.625°
1.875° X 1.875°

2.5° % 2°
2.5°X2°
2.5° X 2°
2° X 2.5°
1.4063° X 1.4063°

2.8125° X 2.8125°

2.8125° X 2.8125°
1.875° X 1.875°
1.875° X 1.875°

1.125° X 1.125°
2.5° X 1.875°

(Ke and Liu 2014; Li et al. 2019), the Tibetan Plateau (Li
et al. 2018; Qin et al. 2006; Xu et al. 2017; You et al.

2011), Canada (Brown

et al. 2016), the United States (Dawson et al. 2018; Zeng
et al. 2018), Bulgaria (Brown and Petkova 2007), North

(Laternser and Schneebeli 2003).
and Goodison 1996; Snauffer

America (Ge and Gong 2009), and the Swiss Alps

Snow water equivalent (SWE) is the amount of water
(mm) that would be obtained if the entire snowpack was
to be melted. SWE depends on both snow depth and
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FIG. 1. Taylor diagrams showing correlation coefficients, standard deviation, and root-mean-square difference between observed and

simulated mean snow water equivalent (SWE) in (a) spring and (b) winter over the Tibetan Plateau during 1981-2005. The numbers 1-18
refer to the model names in Table 1. The multimodel ensemble mean (MMEM) refers to a combination of the 18 models listed in Table 1.
The REF indicates the CanSISE SWE dataset. The vertical axis indicates the standard deviation ratios, and the numbers along the arc are
the spatial correlation. The horizontal axis represents RMSE.



15 JUNE 2020

density, which is a key parameter with direct influence
on hydrological cycles (Jeong et al. 2017; Shi and Wang
2015; Zhang and Ma 2018). It has been reported that
spring SWE in the Northern Hemisphere has shrunk by
1.6% per decade during 1967-2012 (IPCC 2013; Jeong
etal.2017). Meanwhile, SWE is projected to decrease by
the end of the twenty-first century under representative
concentration pathways (RCPs) 8.5, 4.5, and 2.6, and
spring SWE has the largest decreases (Shi and Wang
2015). For the most part, SWE is also projected to de-
crease over lower elevations in North America due
to rapid warming and reduced snow season length
(Maloney et al. 2014). However, SWE may increase
at higher elevations and colder regions of the middle
and high latitudes because of increased winter snow-
fall (Mote et al. 2005; Riisdnen 2008; Riisdnen and
Eklund 2012).

The Tibetan Plateau (TP), with an average elevation
of over 4000 m above mean sea level, is surrounded by
even higher mountain ranges (Kang et al. 2010; You
et al. 2019). The TP contains the largest cryospheric
extent (such as snow, ice, glacier, and permafrost) out-
side the polar region and mountain snowpack over
the TP is a critical source for all the large rivers in
Asia, including the Yellow River, Yangtze River, and
Yuarlung Zangbo River (Kang et al. 2019, 2010; Yang
et al. 2019; Yao et al. 2019; You et al. 2019). Much at-
tention has traditionally been given to study snow
characteristics including SWE over the TP, since this is
seen as a good indicator of climate change and can in-
fluence Asian monsoon systems (Bamzai and Shukla
1999; Ji and Kang 2013; Kang et al. 2010; You et al. 2011,
2020; Zhang and Ma 2018; Zhang et al. 2004; Zhao and
Moore 2004). Based on phase 5 of the Coupled Model
Intercomparison Project (CMIPS; Taylor et al. 2012),
it is found that future warming usually leads to decrease
of snow cover, snow depth, and SWE over the TP (IPCC
2013; Ji and Kang 2013; Kong and Wang 2017; Wei and
Dong 2015; You et al. 2016). Moreover, SWE over the
TP provides an important measure of the availability
of water resources, the runoff flow of rivers, and changes
in groundwater levels (Kang et al. 2019, 2010; You
et al. 2020). However, there are limited studies on future
changes of SWE over the TP under specific global
warming scenarios of 1.5° and 2°C above preindustrial
levels.

In this study, SWE over the TP is studied from the
18 CMIP5 models (Table 1) under global warming of
1.5° and 2°C above preindustrial levels (Moss et al.
2010; Taylor et al. 2012). After describing the datasets
and methodological details in section 2, we analyze
the fidelity of CMIP5 SWE simulations in section 3a
and define the corresponding year over the TP under
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FIG. 2. The average of the observed and simulated mean snow
water equivalent (SWE) in (a) spring and (b) winter over the
Tibetan Plateau during 1981-2005. Numbers 19 and 20 are the
multimodel ensemble mean (MMEM) of the 18 CMIP5 models
and the CanSISE SWE dataset, respectively; the others are as
in Fig. 1.

global warming of 1.5° and 2°C in section 3b. In
sections 3c and 3d, we investigate trends in SWE and
the elevation dependency of these changes for the two
scenarios. The relationship between SWE and tem-
perature over the TP in the future is also examined in
section 3e. A summary with discussion is provided in
section 4.

2. Dataset and method
a. CMIP5 models

Monthly SWE from the 18 CMIP5 models under
historical and two RCP scenarios (RCP8.5 and RCP4.5)
are used (Moss et al. 2010; Taylor et al. 2012). To com-
pare SWE between different CMIP5 models, all CMIP5
simulations are linearly interpolated to a horizontal
grid resolution of 1° X 1° for the winter (December—
February) and spring (March-May) seasons. Meanwhile,
monthly mean, maximum, and minimum temperatures
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TABLE 2. The corresponding year in the 18 CMIP5 models and
the multimodel ensemble mean (MMEM) of the 18 CMIP5 models
when global mean surface temperature rises by 1.5° and 2°C rela-
tive to the preindustrial levels (1850-1900 period) under RCP4.5

JOURNAL OF CLIMATE

and RCPS.5.

1.5°C 2°C
Model name RCP45 RCP85 RCP4.5 RCP8.5
ACCESS1.0 2031 2026 2051 2040
BCC_CSM1.1 2024 2023 2041 2037
BNU-ESM 2017 2016 2026 2023
CanESM2 2020 2015 2031 2030
CCSM4 2022 2019 2040 2031
CESM1(BGC) 2021 2017 2043 2033
CSIRO-Mk3.6.0 2034 2030 2049 2045
GFDL CM3 2033 2028 2046 2039
GFDL-ESM2G 2048 2034 2072 2054
GFDL-ESM2M 2049 2038 2073 2053
INM-CM4 2056 2042 2084 2059
MIROCS 2051 2033 2068 2051
MIROC-ESM-CHEM 2024 2019 2038 2030
MIROC-ESM 2021 2021 2034 2031
MPI-ESM-LR 2028 2020 2045 2038
MPI-ESM-MR 2023 2021 2047 2040
MRI-CGCM3 2053 2041 2077 2054
NorESM1-M 2048 2033 2065 2049
MMEM 2027 2025 2049 2040

from the 18 CMIP5 models are selected in spring and
winter over the TP during 2010-2100 under two RCPs.

b. CanSISE SWE dataset

The fidelity of SWE simulations is evaluated using
monthly data from the Canadian Sea Ice and Snow
Evolution Network (CanSISE) Observation-Based
Ensemble of Northern Hemisphere Terrestrial SWE
(Mudryk and Derksen 2017; Mudryk et al. 2015). The
CanSISE SWE dataset is composed of five products:
1) GlobSnow retrieved from passive microwave data
and weather stations (Takala et al. 2011); 2) Modern-
Era Retrospective Analysis for Research and Applications
data (MERRA) (Rienecker et al. 2011); 3) ECMWF
interim reanalysis (ERA-Interim) (Dee et al. 2011); 4)
the Crocus snowpack model driven by ERA-Interim
(Brun et al. 2013); and 5) the Global Land Data
Assimilation System version 2 (GLDAS-2) (Rodell
et al. 2004). The final CanSISE SWE dataset (1981-
2010), referred to as observed SWE in this study, is an
equally weighted mean of the five datasets (although
GlobSnow is not included in mountainous grid cells) and
has a spatial resolution of 1° X 1° (Mudryk and Derksen
2017; Mudryk et al. 2015).

c. Taylor diagrams

Taylor diagrams are used to show correlation coefficients,
standard deviation, and root-mean-square difference
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FIG. 3. Projected relative change of regionally averaged snow
water equivalent (SWE) (relative to 1850-1900) in (a) spring and
(b) winter over the Tibetan Plateau during 2010-2100 under two
RCPs from the 18 CMIP5 models and the multimodel ensemble
mean (MMEM) of the 18 CMIP5 models listed in Table 1.

between model simulated SWE and observed (CanSISE)
SWE in both spring and winter (Taylor 2001).

d. Global warming of 1.5° and 2°C

Global warming of 1.5° and 2°C is defined using the
global average surface temperature anomaly based on
the multimodel ensemble mean (MMEM) (18 original
models). Well-established definitions of 1.5° and 2°C
global warming levels are used (King et al. 2017). The
1.5°C period (arrival year) is determined to be the time
at which the 30-yr running mean is 1.3°-1.7°C (crossing
the 1.5°C global warming level) warmer than the pre-
industrial period. The 2°C period is defined similarly
(Wu et al. 2019; Zhang et al. 2019).

3. Results
a. Accuracy of CMIP5 SWE simulations

The accuracy of model-simulated mean SWE in
spring/winter in comparison with observed (CanSISE)
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FIG. 4. Boxplots of relative change of regionally averaged snow water equivalent (SWE) relative to the prein-
dustrial levels (1850-1900 period) in (left) spring and (right) winter over the Tibetan Plateau during 2010-2100
under two RCPs from the multimodel ensemble mean (MMEM) of the 18 CMIP5 models listed in Table 1.

SWE is analyzed by constructing a Taylor diagram
containing each model during 1981-2005 (Fig. 1). This
shows that the CMIPS models perform relatively well
and have higher correlations with CanSISE [e.g., CCSM4,
CESM1(BGC), and MRI-CGCM3]. All CMIP5 models
exhibit statistically significant correlations with observed
SWE but results show a wide range in model perfor-
mance. The MMEM (number 19 in Fig. 1) provided
better agreement than most individual models. During
1981-2005, most CMIP5 models overestimated the
CanSISE SWE, and four models (BCC_CSM1.1, GFDL
CM3, MIROC-ESM-CHEM, and MIROC-ESM) are
particularly poor (Fig. 2). On the other hand, ACCESS1.0,
CSIRO-Mk3.6.0, MPI-ESM-LR, and MPI-ESM-MR
agree closely with the CanSISE SWE. As a result of a
dominance of overestimation in most models, the MMEM
is larger than the CanSISE SWE.

b. Estimation of the corresponding year

Based on the summary of the corresponding year for
the 18 CMIP5 models and their MMEM rising by 1.5°
and 2°C above preindustrial levels (Table 2), the RCP8.5
scenario results in earlier 1.5° and 2°C warming than
RCP4.5, especially for 2°C. The RCP4.5 scenario proj-
ects that the 1.5°C period will be reached by 2027, which
is slightly later than the date of 2025 projected under
RCP8.5. Similarly for the MMEM, the RCP4.5 scenario

projects that 2°C warming will occur by 2048, nearly 9
years later than under RCP8.5 (2040), similar to previ-
ous predictions (Wu et al. 2019; You et al. 2019). The TP
is being influenced by global warming 15 years earlier
than in seen at the global scale (You et al. 2019).

c. Changes of SWE over the TP

Figure 3 shows the projected change of regionally
averaged spring/winter SWE (relative to 1850-1900)
over the TP during 2010-2100 under two RCPs for each
CMIP5 model and their MMEM. In both spring and
winter, there are large differences between individual
models but the biggest percentage decrease is usually in
spring. The MMEM of spring/winter SWE over the TP
continues to decrease under RCP8.5 until 2100, but the
decrease slows after 2050 under RCP4.5, and there is
relatively little difference between the two scenarios
before 2050 (Fig. 3). Compared with preindustrial levels
under RCP8.5 and RCP4.5, the MMEM of spring SWE
over the TP is projected to decrease by more than 20%
by the 2050s under both RCPs and under RCP8.5 the
decrease is well in excess of 50% by 2100 (Fig. 3). The
MMEM of spring SWE over the TP decreases around
20.3% and 20% under global warming of 1.5°C and 26.4%
and 27.9% under global warming of 2°C for RCP8.5 and
RCP4.5, respectively (Fig. 4 and Table 3). There is rel-
atively little difference in this spatial signature in winter,
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TABLE 3. Relative change of regionally averaged snow water equivalent in spring over the Tibetan Plateau under global warming of 1.5°
and 2°C relative to the preindustrial levels (1850-1900 period) under RCP4.5 and RCP8.5 from the 18 CMIP5 models and the multimodel
ensemble mean (MMEM) (%). The changes exceeding the 5% and 10% significance level under a ¢ test are indicated by ** and *,
respectively.

RCP4.5 RCP8.5
Difference in two Difference in two
Model name 1.5°C 2°C warming scenarios 1.5°C 2°C warming scenarios

ACCESS1.0 —24.6%* —39.2%%* —14.6%* —23.6%* —35.2%% —11.6%*
BCC_CSM1.1 —13.0%* —18.8%* —5.8%* —13.6%* —22.5%* —8.8%*
BNU-ESM —16.1* —14.5% 1.6 —24.1%%* —33.2%%* —0.1%*
CanESM2 —4.6 —18.7%* —14.1%* —-14.9 —-12.4 2.5
CCSM4 —27.8%* —38.1%* —10.3%%* —29.9%%* —35.1%* —5.2%%
CESM1(BGC) —27.8%* —29.9%* -2.1 —31.0%* —33.4%* -24
CSIRO-MK3.6.0 —39.4%* —34.0%* 5.4%* —28.1%%* —22.1%%* 6.0%*
GFDL CM3 —19.8%* —39.3%* —19.5%* —12.7%* —32.7%* —20.0%*
GFDL-ESM2G —12.4%* —24.0%* —11.6%* —18.9%* —23.2%% —4.3%*
GFDL-ESM2M —14.1%* —25.6%* —11.5%* —29.6%* —32.4%* —2.8%*
INM-CM4 —17.4%* —31.5%* —14.2%%* —19.8%%* —17.0%* 2.9%%
MIROCS —12.0%* —27.9%* —15.9%* =5.0 —25.6%* —20.7%*
MIROC-ESM-CHEM —19.8%* —25.2%* —5.5%:% —21.4%%* —28.3%%* —6.9%*
MIROC-ESM —20.6%* —25.7%* —5.2%% —16.5%* —30.1%* —13.5%*
MPI-ESM-LR —26.9%* —42.8%* —16.0%* —18.9%%* —33.2%% —14.3%%*
MPI-ESM-MR —22.6%* —20.4%* 22 —14.8%* —13.3* 1.6
MRI-CGCM3 2.3 —15.8%* —13.6%* —11.1* —11.0* 0.1
NorESM1-M —38.3%* —30.7%* 7.6%% —31.6%* —35.0%* —3.4%
MMEM —20.0%* —27.9%* —7.9%* —20.3%%* —26.4%* —6.1%*

but percentage changes in SWE are smaller. The The spatial distribution of the MMEM of spring/
MMEM of winter SWE decreases approximately 13.9%  winter SWE over the TP under global warming of 1.5°
and 14.5% under a global warming of 1.5°C and 19.7% and 2°C relative to 1850-1900 period shows that the
and 21.8% under global warming of 2°C for RCP8.5 and  western TP which shows the largest reduction in all cases
RCP4.5, respectively (Fig. 4 and Table 4 ). (Fig. 5), because there are more rapid increases in

TABLE 4. As in Table 3, but for winter.

RCP4.5 RCP8.5
Difference in two Difference in two
Model name 1.5°C 2°C warming scenarios 1.5°C 2°C warming scenarios

ACCESS1.0 —21.4%* —30.2%* —8.7%* —13.8* —16.9* -3.1
BCC_CSM1.1 -6.0 —9.8%* —3.8%* =75 —16.7%* —9.2%*
BNU-ESM -5.6 =72 -1.6 —16.3%* —20.3%* —4.0
CanESM2 6.9 —19.0%** —26.0%* -6.2 —6.2 0.0
CCSM4 —20.9%* —28.7%* —7.7%* —19.6%* —22.4%* —2.8%
CESM1(BGC) —17.5%* —17.4%* 0.1 —19.6%* —22.2%* -2.6
CSIRO-Mk3.6.0 -9.5 =51 44 -2.6 -33 -0.7
GFDL CM3 —24.7%* —49.8%** —25.1%%* —17.6%* —43.0%* —25.4%%
GFDL-ESM2G —22.0%* —28.5%* —6.6%* —23.5%% —28.0%* —4.4%*
GFDL-ESM2M —20.7%* —34.4%* —13.7%* —33.2%* —38.6%* —5.4%*
INM-CM4 -7.9 —25.1%% —17.3%* —16.6%* —5.8 10.7%*
MIROCS —8.4%* —22.0%* —13.6%* —4.4 —21.9%* —17.6%*
MIROC-ESM-CHEM —13.9%* —20.9%* —7.0%* —17.9%* —22.5%* —4.6%*
MIROC-ESM —16.6%* —21.6%* —4.9%* —12.0%* —26.5%* —14.5%*
MPI-ESM-LR —28.8%* —38.5%* —9.7%* -13.3 —28.2%* —14.9%*
MPI-ESM-MR —19.6%* —13.5%* 6.1%* —-4.3 -9.1 —4.8%*
MRI-CGCM3 -2.1 -33 -1.2 -7.8 —6.5 1.3
NorESM1-M —21.7%* —17.7%* 4.0%* —14.3%* —16.6%* -2.2

MMEM —14.5%* —21.8%* —7.3%* —13.9%* —19.7%* —5.8%*
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FIG. 5. Spatial distribution of snow water equivalent (SWE) in spring and winter over the Tibetan Plateau from the multimodel
ensemble mean (MMEM) of the 18 CMIP5 models under two RCPs under global warming of 1.5° and 2°C above the preindustrial levels
(1850-1900 period). These situations under the difference of warming 0.5°C (2° minus 1.5°C) are also shown. The values with a significance
level greater than 5% are highlighted with the black dot.

temperature modeled in this region probably caused by  over the TP under two RCPs, and the Himalayan region
the snow-albedo feedback between cryosphere and at- has the largest changes consistent with the severe de-
mosphere (Wu et al. 2019; You et al. 2019). To estimate  glaciation and rapid warming. This is a possible indicator
to what degree regions will become snow free in the for an upcoming critical tipping point with respect to
future, the spatial distribution of the relative spring/ water supply and total deglaciation over the TP.

winter SWE changes over the TP under global warming For the differences in the MMEM of spring/winter
of 1.5° and 2°C with respect to relative to 1981-2005 SWE over the TP comparing projected 2°C minus pro-
period is shown in Fig. 6, the negative changes occur jected 1.5°C changes (Fig. 5), the regionally averaged

Winter
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FIG. 6. Spatial distribution of relative changes in spring/winter snow water equivalent (SWE) (relative to 1981-2005 reference period)
over the Tibetan Plateau from the multimodel ensemble mean (MMEM) of the 18 CMIP5 models under two RCPs under global warming
of (a)-(d) 1.5° and (e)—(f) 2°C. The areas exceeding the 5% significance level under a ¢ test are indicated by dots.
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MMEM of spring/winter SWE for this difference dem-
onstrates the extra snow loss that would be experienced
at the higher level of warming. This excess is clear,
indicating the enhanced sensitivity of snowpack to
warming in this region (You et al. 2019). Compared with
preindustrial levels under RCP4.5 (RCP8.5), the extra
snow loss for the higher level of warming for the
MMEM in spring and winter SWE is 7.9% (6.1%) and
7.3% (5.8%), respectively (Tables 3 and 4). Mountain
ranges over western TP such as the Karakorum—Kunlun
show the largest differences between the two scenar-
ios, indicating that the reduction of SWE will be
spatially variable in response to the extra global
warming of 0.5°C.

d. Elevation dependency of SWE over the TP

Recent warming has often been elevation dependency
both on global and regional scales (Pepin et al. 2015,
2019; You et al. 2016, 2019). Elevation dependency may
be exemplified by high warming rates over the TP as a
whole (compared with other regions) or manifest as el-
evational gradients of change within the plateau itself.
Figure 7 shows projected relative change of regionally
averaged spring/winter SWE relative to preindustrial
levels during 2010-2100 over the Northern Hemisphere,
China, and the TP. The MMEM of the 18 CMIP5 models
shows more rapid reduction in SWE for the TP under
RCP 8.5 and RCP4.5 than for China or the whole
Northern Hemisphere, indicating that the TP is a sen-
sitive region to climate change.

To investigate elevation dependency within the TP,
Fig. 8 shows changes in SWE in spring/winter for dif-
ferent elevation ranges under two RCPs from the
MMEM under global warming of 1.5° and 2°C. The
number of grid cells in each elevation range is listed on
the x axis. It is clear that the strongest SWE decline is
observed between 4000 and 4500 m in both spring and
winter, with smaller declines above this and much less
below this. This suggests that the relationship between
the elevation and SWE change is complex, due to mul-
tiple controlling factors such as precipitation, tempera-
ture, and solar radiation. Other research has shown
that a negative correlation between the SWE trend and
elevation exists in regions of highest snow-water storage
during 1987-2009, indicating that mean SWE is in-
creasing (decreasing) at low (high) elevation (Smith and
Bookhagen 2018).

e. Relationship between future SWE changes and
temperature over the TP

Correlation coefficients for annual SWE values rela-
tive to the preindustrial (1850-1900) in spring/winter for
each CMIP5 model versus those for the MMEM under
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FIG. 7. Projected relative change of regionally averaged snow
water equivalent (SWE) relative to the preindustrial levels (1850-
1900 period) in (a) spring and (b) winter during 2010-2100 over the
Northern Hemisphere, China, and the Tibetan Plateau under two
RCPs from the multimodel ensemble mean (MMEM) of the 18
CMIPS5 models. The curve is based on the 9-yr running average.

two RCPs are summarized in Table 5. As shown in
Table 5, there are differences between individual
models in their predictions of future SWE change.
NorESM1-M in particular shows low correlation with
the MMEM, particularly under RCP4.5, and CSIRO-
Mk3.6.0 is an outlier with negative correlations under
the same scenario.

Based on the time series of the SWE, mean temper-
ature, maximum temperature, and minimum tempera-
ture in spring and winter over the TP during 2010-2100
under two RCPs from the MMEM (Fig. 9), the tem-
peratures under RCP4.5 tend to stabilize around 2080.
SWE in spring and winter continues to decrease until
2100, but there has much interannual variability. For the
RCPS8.5 scenario there is a more consistent decrease in
SWE until 2100 coupled with an increase in all tempera-
tures. Thus the correlations between SWE and tempera-
ture tend to be higher under RCP8.5 (Table 6). Significant
negative correlations also exist between projected
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FIG. 8. Snow water equivalent (SWE) in spring and winter in
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RCPs from the multimodel ensemble mean (MMEM) of the 18
CMIP5 models under global warming of (a) 1.5° and (b) 2°C above
the preindustrial levels (1850-1900 period). The number of grids in
difference elevation ranges is also shown.

SWE and mean temperature, maximum temperature,
and minimum temperature in spring and winter over the
TP, and most CMIP5 models are significant. This indi-
cates that SWE over the TP appears to experience a
decrease in response to global warming.

The relationship between mean SWE during 1850-
1900 (historical period) and mean SWE under global
warming of 1.5° and 2°C in spring/winter over the TP
under two RCPs for the 18 CMIP5 models shows that
there is a very strong positive relationship between a
model’s future SWE prediction and its historical
mean SWE, indicating that the initial conditions of
SWE in each CMIP5 model are a vital control of their
future projection (Fig. 10). It should be noted that
the initial conditions are simply the values the pro-
jection is started with, and the transient boundary
conditions (e.g., trace gases) together with the in-
ternal dynamics of the system finally determine the
projected SWE.
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TABLE 5. Correlation coefficient between each CMIP5 model
and the multimodel ensemble mean (MMEM) of regionally aver-
aged snow water equivalent during 2010-2100 in spring and winter
over the Tibetan Plateau under two RCPs. The correlations ex-
ceeding the 5% significance level under a ¢ test are indicated by **.

Spring Winter

Model name RCP4.5 RCP85 RCP45 RCP85S
ACCESS1.0 0.85%*  0.97** 0.83%%* 0.97%*
BCC_CSM1.1 0.68**  (0.83** 0.29%%* 0.78**
BNU-ESM 0.64**  (0.93%* 0.55%%* 0.90%*
CanESM2 0.77%%  0.86%* 0.65%%* 0.67**
CCSM4 0.35%*  0.91%* 0.35%%* 0.73%%*
CESM1(BGC) 0.48**  (.88** 0.48*%* 0.90%*
CSIRO-MKk3.6.0 —0.49%*  0.46%*  —0.49%* —0.35%*
GFDL CM3 0.91*%*  0.98** 0.93%%* 0.96%*
GFDL-ESM2G 0.79%%  0.93%%* 0.91%%* 0.927%*
GFDL-ESM2M 0.88**  (0.91%* 0.92%%* 0.92%*
INM-CM4 0.77*%*%  0.95%* 0.45%%* 0.82%%*
MIROCS5 0.91*%*  0.92%* 0.87%%* 0.91%*
MIROC-ESM-CHEM 0.87#%  0.98%%* 0.86%* 0.97%*
MIROC-ESM 0.79%*  0.97** 0.65%%* 0.98**
MPI-ESM-LR 0.86**  0.96%* 0.65%* 0.94%%*
MPI-ESM-MR 0.26%*  0.93** 0.17 0.90%*
MRI-CGCM3 0.46**  (0.80%* 0.29%%* 0.60%*
NorESM1-M 0.15 0.85%%* 0.44%*%* 0.83**

4. Discussion and conclusions

In this study, the 18 CMIPS models are employed to
investigate projected changes in SWE in spring/winter
over the TP under global warming of 1.5° and 2°C under
RCP8.5 and RCP4.5. Compared with the CanSISE
(observed) SWE, four CMIP5 models (ACCESSI1.0,
CSIRO-Mk3.6.0, MPI-ESM-LR, and MPI-ESM-MR)
are recognized as relatively good models for predicting
SWE over the TP. These are not the same models
(CCSM4, MIROCS, MRI-CGCM3, and FGOALS-g2)
that were selected as relatively good models for pre-
dicting snow cover over the TP (Wei and Dong 2015).
This is caused by a large intermodel variability in the
time scales extracted from the CMIPS models (Agarwal
and Wettlaufer 2018). Unsurprisingly, our results pre-
dict a decrease in mean SWE in both spring and winter
under two RCPs over most regions of the TP. The most
significant reductions occur over the western TP, con-
sistent with the greater warming in the same region
(Wu et al. 2019; You et al. 2019). The MMEM suggests
that the magnitude of reductions in SWE is strongly
dependent on the future emissions pathway, with neg-
ative trends in SWE under two RCPs before the 2050s,
but negative (positive) trends in SWE under RCP8.5
(RCP4.5) after the 2050s. The spatial pattern of pro-
jected mean SWE change shows a clear west-east
gradient with the largest relative reductions over the
western TP. Spring SWE shows larger losses than winter
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FIG. 9. Time series of snow water equivalent (SWE), mean temperature (Tmean), maximum temperature
(Tmax), and minimum temperature (Tmin) in spring and winter over the Tibetan Plateau during 2010-2100 under
two RCPs from the multimodel ensemble mean (MMEM) of the 18 CMIP5 models. The curve is based on the 9-yr

running average.

SWE. It is recorded that SWE in midwinter over the
Northern Hemisphere is expected to increase in high-
latitude colder regions because of increased winter
snowfall in the future (Maloney et al. 2014) but this does
not extend to the TP as a whole in our study.
Compared with the preindustrial period, SWE in
spring/winter over the TP under global warming of 1.5°
and 2°C will reduce significantly. Moreover, reduction
rates are faster than for China as a whole and the
Northern Hemisphere, again probably caused by rapid
warming over the TP (You et al. 2016, 2019). According
to the Fifth Assessment Report of the Intergovernmental
Panel on Climate (IPCC 2013), the TP has demonstrated
rapid warming within higher elevations, and this

elevation dependency is expected to continue in the fu-
ture (Pepin et al. 2015, 2019; You et al. 2016, 2019). For
example, under global warming of 1.5° and 2°C the mean
temperature over the TP under RCP4.5 (RCP8.5) will
increase by 2.11°C (2.10°C) and 2.89°C (2.77°C), re-
spectively (Wu et al. 2019; You et al. 2019).

The TP is widely recognized to be the driving force for
amplification of environmental changes on a regional
and global scale (Kang et al. 2010; You et al. 2020).
Rapid cryospheric change over the TP is in phase with
global trends but is occurring at a higher magnitude
(Kang et al. 2019, 2010; Yao et al. 2019, 2020). This is
also consistent with previous work that has shown that
central Asia will experience warmer and wetter winters

TABLE 6. Correlation coefficient between the snow water equivalent (SWE), mean temperature (Tmean), maximum temperature
(Tmax), and minimum temperature (Tmin) of the multimodel ensemble mean (MMEM) of the 18 CMIP5 models in spring and winter
over the Tibetan Plateau during 2010-2100 under two RCPs. The changes exceeding the 5% significance level under a ¢ test are indicated

by **.

Tmean (RCP4.5/8.5)

Tmax (RCP4.5/8.5) Tmin (RCP4.5/8.5)

—0.946%*/—0.997**
—0.933**/—0.992%*

Spring SWE
Winter SWE

—0.939%*/—0.996**
—0.929%%*/—0.992%**

—0.935%*/—0.997**
—0.923%%/—0.991**
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FIG. 10. Relationship between mean snow water equivalent (SWE) during 1850-1900 and mean SWE under
global warming of 1.5° and 2°C above the preindustrial levels (1850-1900 period) in spring and winter over the
Tibetan Plateau under two RCPs in the 18 CMIPS models. The numbers 1-18 refer to the model names in Table 1.

under global warming of 1.5° and 2°C (Li et al. 2019).
Thus, SWE over the TP will continue to decline as a
response to rapid warming in the future.

Strong correlations between projected SWE and mean
temperature indicate that reduction in SWE can be
primarily attributed to increasing temperatures. The
SWE-temperature response is also reflected by with the
position of the snow line where snow cover is relatively
shallow and albedo feedback is large (Brown 2000;
Brown and Mote 2009). In addition, an increased ratio of
rainfall to snowfall and therefore increased melt effi-
ciency are also important factors contributing to the
decrease in SWE over the TP. Since SWE is also depen-
dent on snowfall, influences such as changing moisture
sources and atmospheric circulation patterns will also ac-
count for SWE change in the future (Deng et al. 2017).

It was found that the future SWE trend does not
have a simple elevation dependency, but has maximum
projected SWE loss in the elevation band of 4000-
4500 m. This is broadly similar to, but perhaps slightly
lower than, projections in warming rates over the TP,
which are strongest at a slightly higher elevations in
most studies, around 4500-5500 m (Gao et al. 2018; Guo
et al. 2016; Pepin et al. 2015, 2019; Qin et al. 2009). This
suggests that surface albedo feedbacks, cloud, water
vapor, and aerosols and their elevation-dependent pat-
terns and so on contributed to the elevation dependency
of SWE trends to some extent (Pepin et al. 2015, 2019;
You et al. 2016, 2019). There are limited studies on the
elevation dependency of SWE trends and more inves-
tigation is needed to explore the implications of this
phenomenon in the future.
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