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Abstract Based on the remote sensing data from National Snow and ICE Data Center (NSIDC), the performance of
CMIP5 (Coupled Model Inter-comparison Project) models in reproducing the winter snow water equivalent (SWE) in the
Eurasian continent during 1981-2005 was evaluated first, and the multi-model ensemble (MME) technique was then
applied to project the SWE changes over Eurasian continent in the 21st century under the conditions of two different
representative concentration pathways (RCP4.5 and RCP8.5) using eight good CMIP models out of total 26 models. The
results show that the models were able to reproduce the spatial pattern of winter mean SWE in the Eurasia, i.e. the 25-year
average of SWE increased from south to north and SWE in the Tibetan Plateau was much higher than those in other
regions of the same latitude. However, some errors still existed in the models. For example, almost all models
underestimated the maximum SWE in central Siberia, and SWE in northeastern China was also underestimated. It was
found that SWE to the west of Ural Mountains and over northern part of China and Mongolia was overestimated when
compared with observation. Meanwhile, only a subset of the models could produce the maximum SWE on the eastern
Tibetan Plateau, and the spurious maximum SWE could be found on the western Tibetan Plateau in most CMIP5 models.
The spatial and temporal characteristics of winter SWE from CMIP5 model simulations and observations were further
analyzed using the Empirical Orthogonal Function (EOF) analysis, and the results suggested that only a small number of
CMIPS5 models could reproduce main features of the first eigenvector that reflects the decadal variation of SWE over the
whole Eurasia. The second mode reflects the annual variation of SWE over the Eurasia, and only a few models (e.g.,
INMCM4) could reproduce the spatial and temporal characteristics of the second mode to some extent. With respect to the
reference period 19812005, projection of SWE by the MME under the RCP4.5 shows that SWE in the northeastern
Eurasia continent would increase significantly with an increase of 4.1 mm for the 25-year averaged winter SWE in the
early stage of the 21st century, followed by 5.4-mm and 6.8-mm increases in the middle and late 21st century, respectively.
In contrast, there would exist a decrease of SWE in continental Europe to the west of 90°E and over the Tibetan Plateau
and the decrease would become more severe with time. In terms of percentage change of SWE, the region with large
magnitudes was found in the northeastern Eurasian continent, where the increase of SWE could be around 5%—10%.
However, no maximum centers were found in the Tibetan Plateau, Scandinavian Peninsula and East European Plain
possibly because of the large values of winter SWE in these regions. Projection of SWE changes by the MME under the
high emission scenario RCP8.5 shows a similar pattern with results under the emission scenario RCP4.5, but with larger
amplitudes of changes in snow water equivalence.

Keywords CMIP5 models, Snow water equivalent, Model evaluation, Climate projection
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Table 1 Description of the 26 CMIPS climate models used
in this study
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Fig. 1 Winter mean SWE (Snow Water Equivalent) from remote sensing data (Obs) and the 26 CMIP5 (Coupled Model Inter-comparison Project) models

during 1981-2005 over the Eurasian continent (MME indicates multi-model ensemble)
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Percentage biases and pattern correlation

Eurasian continent between the 26 CMIP5 models and
remote sensing data, and the ratio of the spatial standard
deviations of the 26 CMIPS models against that of remote
sensing data, and the skill scores (S) of the CMIP models

i 22 71 WA AEbRE gEarEhe

B AR & KEM EZW LARCEGE
ACCESS1.0 —30.76% 0.62 0.66 0.37
ACCESS1.3 —33.43% 0.61 0.72 0.38
BCC =1.75% 0.60 0.77 0.39
BCC-m 1.04% 0.64 1.00 0.45
CanESM2 —18.73% 0.66 0.67 0.41
CCSM4 —2.28% 0.65 1.00 0.46
CESM1-BGC —2.67% 0.66 1.02 0.47
CSIRO-Mk3.6.0 —35.18% 0.62 0.59 0.33
FGOALS-g2 37.3% 0.64 0.96 0.45
FIO-ESM 45.09% 0.56 0.72 0.33
GFDL-CM3 4.32% 0.26 1.34 0.15
GFDL-ESM2G —17.19% 0.40 1.21 0.23
GFDL-ESM2M —18.19% 0.42 1.09 0.25
GISS-E2-H 39.08% 0.25 1.89 0.10
GISS-E2-R 16.74% 0.39 1.19 0.23
GISS-E2-H-CC 33.08% 0.26 1.72 0.12
GISS-E2-R-CC 17.93% 0.38 1.22 0.22
HadGEM2-AO —31.88% 0.64 0.66 0.39
INMCM4 —4.83% 0.66 0.82 0.46
MIROC5 —6.48% 0.63 0.77 0.41
MIROC-ESM 13.48% 0.58 0.89 0.39
MIROC-ESM-CHEM 12.63% 0.59 0.86 0.39
MPI-ESM-LR —27.76% 0.71 0.74 0.49
MPI-ESM-MR —30.34% 0.69 0.73 0.47
MRI-CGCM3 8.08% 0.54 1.12 0.35
NorESM1-ME —4.72% 0.63 1.07 0.44
MME(26) —4.39% 0.60 0.95 0.41

75 ) AH 2% AR B AR SR 35 7K 24 H 25 [8] 73 A1
FRAE RS Sy, K 2 ATRLRIE, MPI-ESM-LR
A UL L5 U PR 2 TR AR O R Bt i, ATIE 0.71
GISS-E2-H xRN ) 2 [ A G B A1, (HLH O 0.25,
PR T 95% 5 BEAGI S s 2 A SREAUL 10 2% ) A
KAEKN 0.60, ATk Xl CMIPS f#
2ORF R A Joi 428 5 7K 22 8 2 ) 2 AT R I AT 2 R
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3.2 R THFERIERL
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FEA T K Y TR BV VR AT o, I )
CMIP5 455 1 i S U G P 34 1 25 AL kAT [+
FEALEE, JF-HL EOF 73 fift (R i PA A 22 (Al AsE s S
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2005 AF P F) BRI K i 25 7K 24 8 1) B2 () B 25 e
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23 26 1 CMIPS &3 5iEREETH 1981~2005 FERIE X
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Table 3 Spatial and temporal correlation coefficients for
first two EOF principal components of winter mean SWE
during 1981-2005 over the Eurasian continent between
CMIPS models and remote sensing data. ACC1 and ACC2
indicate the spatial correlation coefficients for the first and
second EOF principal components, respectively. TCC1 and
TCC2 labels the temporal correlation coefficients for the

first and second principal components, respectively

EOF1 EOF2
ML A4 TR ACCI TCCI ACC2  TCC2
ACCESS1.0 0.07 —0.48%* 020  —0.29
ACCESSI1.3 0.32 0.12 015  —0.14
BCC 0.05 0.03 0.18  —0.04
BCC-m 0.05 0.08 005  —0.07
CanESM2 0.24 -0.08 0.10 0.05
CCSM4 0.06 -0.03 021  —0.05
CESMI1-BGC 0.13 041" 0.21 -0.05
CSIRO-Mk3.6.0 0.35 041" 007  —0.19
FGOALS-g2 0.29 0.08 -0.10  —0.05
FIO-ESM 0.01 -0.29 0.05 0.32
GFDL-CM3 0.22 0.48" 0.02  —0.03
GFDL-ESM2G 0.15 0.00 0.08 0.23
GFDL-ESM2M 0.20 -0.41" 0.21 -0.22
GISS-E2-H 0.00 -0.75" 0.10  —0.08
GISS-E2-R 0.01 0.38" 0.15 0.15
GISS-E2-H-CC -0.04 -0.72" 0.19 0.17
GISS-E2-R-CC 0.03 -0.64" 0.14 0.00
HadGEM2-AO 0.19 -0.09 022  —0.10
INMCM4 0.22 0.02 0.26 0.10
MIROCS 0.02 -0.19 -0.06 0.21
MIROC-ESM 0.10 0.15 0.14  —022
MIROC-ESM-CHEM 0.07 -0.27 0.06  —0.10
MPI-ESM-LR 0.07 -0.14 0.10 0.07
MPI-ESM-MR 0.08 0.05 0.13 0.17
MRI-CGCM3 0.32 -0.09 0.15 0.01
NorESM1-ME 0.08 -0.14 -0.06 0.03
MME(26) 0.03 0.56™ 0.01 0.15

A MR T 90%. 95%(F K .

G K 3 LUK 3 BT LUK IR, CMIPS £
SRR 1) IR P K ki W =5 7K > 5 (1) 38 — A s 5 0
MIAFAE— w2, HEBl—Em Xz, L
o o3 ) B A4S d o AHBLE) 5 CSIRO-MK3.6.0
ACCESS1.3. MRI-CGCM3 #53X, AH N )25 0] FH 2
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GFDL-CM3. INMCM4 FEL i) 2= A AH ¢ R AR 7E
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Fig. 3 The first EOF mode of winter SWE from remote sensing data and the 26 CMIP5 models during 1981-2005 over the Eurasian continent. The variances

explained by first EOF principal component are shown at the top left of each panel
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Fig. 4 The time series of first EOF mode of winter SWE from remote sensing data and CMIP5 models during 19812005 over the Eurasian continent. The

variances explained by first EOF principal component are shown at the top left of each panel
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Fig. 6 The time series of second EOF mode of winter SWE from remote sensing data and the 26 CMIP5 models during 1981-2005 over the Eurasian

continent. The variances explained by the second EOF principal component are shown at the top left of each panel
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