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Abstract: Historical simulation outputs of climate models from the Coupled Model
Inter-comparison Program Phase 6 (CMIP6) together with the GlobSnow monthly snow water
equivalent (SWE) products were used to evaluate the model performance in simulating the
Eurasian SWE of winter. Most models can relatively well reproduce the basic features of the
climatological Eurasian winter SWE. There are great differences in different models for the trend
of SWE, but the multi-model ensembie (MME) can improve the simulation ability. The spatial and
temporal characteristics of winter SWE from CMIP6 model simulations and observations were
analyzed using the Empirical Orthogonal Function (EOF) analysis, and the results suggested that
only a small number of CMIP6 models could reproduce main features of the first eigenvector, but
MME can improve the performance. Furthermore, MME can also reproduce the response of
Eurasian SWE to precipitation and surface air temperature during winter. The projection of
Eurasian winter SWE in the 21st century was estimated by using the CMIP6 MME results under
different emission scenarios of Shared socioeconomic pathways (SSPs). With respect to the
reference period 1995-2014, projections of SWE by the MME under four scenarios (SSP126,
ssp245, ssp370 and ssp585) all shown increasing trend in the northeastern Eurasia continent and
decreasing trend in continental Europe to the west of 90E. There was little difference in SWE
change under four SSPs in the early 21% Century. But the difference became larger in the late 21°
century. The amplitudes of SWE changes and the inter-model uncertainty would become larger
with time. Further analysis shows that the higher temperature and increased precipitation were
conductive to the SWE increase in the northeastern Eurasia.
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2.1 BER

AR SCAS AR 2 00 55 k) 9 BRI 52 A J5) GlobSnow-2 2 2 18 ik 5 7K 24 & k)
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BB AE  (Heetal., 2018; Chenetal., 2020) . A4MASCE#FH T CRU
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BRI T AR BOARSDLRE 77, e Je il i TR T A 0 RECE B T R
T 5AURE R R RIBEALGE 7). VAR Re ) Al b, RSO R RA
FIHERCE R R, 21 RO RRE 42 SWE kT 1 Fifl o

N T 7RSI B LA SR R AR AT, SR A IR R B N P A AR
G RAMIMEAT e —FHEF] 1.0° (L) =<1.0° (R HFRRMg Al b X
25 [ AL A 1 PTAG SR ) Oshima A1 Tanimoto (2009) 8 I ) 25 & PG 8 3L S,
AR AR I AR ST SWE FE A8 R0 2% [ 4RI (AR LM R, BARROR N -

A0 + )"

S =
(0,0, +0,/c.)' A+ R,

Ko, o ABEMNAINIZ K A bR HEZ, 7 bR 22 RAE R S AR
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ASCHF — e e AR RIS AR a % (BRI, 2007) , —Jozkik
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Table 1 Information of the CMIP6 models used in this study

P L4 R FE K Vag i
1 ACCESS-CM2 WORH 1.875°%1.25< 138
2 ACCESS-ESM1 WORH 1.875°%1.25< 138
3 BCC-CESM2-MR a2 1.125°%~1.1 L46
4 CanESM5 TN 2.8125°x~2.8< L49
5 CESM2 2 [H 1.25°%~0.9% 32
6 CESM2-WACCM EH 1.25°%~0.9%L70



7 EC-Earth3 BRI ~0.7°%0.7° L91

8 GFDL-ESM4 FE[H 1.25°%1< 149

9 IPSL-CMBA-LR EHE 25°%~1.3°L79
10 MIROCS6 H A4 ~1.4°x%1.4<181
11 MPI-ESM1-2-LR Tl ] 1.875°x~2< L47
12 MPI-ESM1-2-HR 1 ] ~0.9°%0.9% 195
13 MRI-ESM2-0 H A4 1.125°%~1.1°L80
14 NorESM2-LM B 2.5°%~1,9% 132
15 NorESM2-MM B 1.25°%x~0.9% L32
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3 RS
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IPSL-CMBA-LR ] 0.56 %] MPI-ESM1-2-LR £ 0.80 (¥ 2) , I CMIP6 #i&
18 R 55 7K 24 5 8 8] 2 A R AR B RBOR B o s (AR e Z M BE T 5, 11
ARG T HK SRR AR, 4 MR T TR SRR, 10
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CESM2-WACCM HlI NorESM2-MM NI KK i fili 1 35 7K 4 8 i 7 () AR e, B
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BiF IPSL-CMBA-LR 74 0.36. ZHIAEGHITPE N 0.54, AT F 554k _LK-F
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Fig.1 Winter SWE climatology (unit:mm) of the mid-high latitude Eurasian continent for (a)
GlobSnow observation. (b) ensemble mean of CMIP6 multi-models, (c) bias between simulation

and observation
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Fig.2 Simulated climatology of Winter SWE in CMIP6 models (unit:mm)

# 2 CMIP6 Fi & B xUnt 428 SWE U5 Flia S5 BB 15 v 7

Table 2 Predictive skill for winter SWE climatology and trend of CMIP6 models

SIRZS =k
Fs BB
ZHEEX HELK (0,/0, ) SR 2 PS
1 ACCESS-CM2 0.63 1.13 0.43 0.13
2 ACCESS-ESM1 0.74 1.06 0.57 0.16
3 BCC-CESM2-MR 0.77 1.15 0.61 0.25
4 CanESM5 0.80 0.93 0.65 0.03



5 CESM2 0.70 1.66 0.41 0.26

6 CESM2-WACCM 0.69 1.69 0.40 0.06
7 EC-Earth3 0.65 1.19 0.45 0.23
8 GFDL-ESM4 0.74 0.92 0.56 -0.09
9 IPSL-CMBA-LR 0.56 1.21 0.36 -0.01
10 MIROC6 0.77 0.93 0.60 0.18
11  MPI-ESM1-2-LR 0.80 0.98 0.66 0.23
12 MPI-ESM1-2-HR 0.71 1.03 0.54 0.11
13 MRI-ESM2-0 0.70 1.12 0.52 0.25
14 NorESM2-LM 0.76 1.58 0.49 0.27
15 NorESM2-MM 0.71 1.61 0.43 0.17
16 B 0.73 1.17 0.54 0.28

3.2 FKIAEZRUBEHKIEL

Kl 3 45t CMIP6 £ /MR GlobSnow M I 4 2% SWE 2k 1k i .
PERRBIMEE RKW], 1981-2014 SE (8] PR AL A< KR S AT i ) 40 4 0
o By S A S O B a3, e R RO TR SR PR i 24 SE - 9 B il D
L Imm/4FE . AR TN X3 32 BT UUMZRMIAE AR R AL R 4k 2 iz 2K s
DX, FioEiEE 0.5mm/gE. WEMRIORE, CMIPG A A 8] i 25 2R 2 7 1R
K, ABZHOEARDSE R 5 UL (8] 1) S T AR O¢ RBOVIEE (R 2) . HEI 3 AT,
2 0K AT BE AR HUL HE 2R KT i R S B () N 24 T~ B AR ol e 3 S A 2 i
R AT IG IS . 15 MR R A /2 NorESM2-LM #3251+
RN 0.27. HZEH]7E GFDL-ESMA #1245 00 ZR T R AR T A 3 g AL
Bz . WA E RS WG v 2 A AR T A 34 10 2 [ 70 A1 A7 B R LA
73, BERIN PR BRT- JEURT BT B A g 4L~ B AR T R 2 ka3, B DU /Rl
ABFB AL AMEE Wiz 21 R B i . WIS MME 45 3L 1a] i) 23 [R) A
K 0.28, KW CMIP6 LRSI KRR S hamdi SR Eas Ag
BT P BLRE 77 o (8 2 2 A A A0 i P A R 3t DR AN B, 5 SR
UeAh, MWEERE, BB AW RS . 2RAES MR SCC
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Fig.3 Linear trends of Eurasian winter SWE (unit:mm/year) for GlobSnow and the 15 CMIP6
models during 1981-2014 (MME indicates multi-model ensemble). Spatial correlation coefficients

between simulation and observation are shown at the top right of each panel.
3.3 FHKHER FEARMERIED
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FIFAKIEC K% (EOF) %f 1981~2014 4 GlobSnow %&Z=% /K 4 &t
Grfif, % CMIP6 15 M I T A IR 86 & P 38 25 SRR 84T EOF J3-fif. 1%
it EOF 43 R HT AN E B2 AL S BT JB) R4, k%% CMIPE BLxUx)
1981~2014 4FH[R] KK A fili SWE B 25 8 AR RFAIE Y A48

R 3G T RGN EOF BT 3220 5 2 RIS S RN ) R A A AU 15
TR, BE AN B I (SCC i 0.3) , il
ACCESS-CM2 . CanESM5 . CESM2. CESM2-WACCM . NorESM2-LM Al
NOrESM2-MM . o - 55 — 525 X W7 (R i 18] R 04k, A v % TR AH O R A
B, CESM2 fl CESM2-WACCM i [EJAH G K T 0.3, el 2 3 i,
R IL P KT SWE [¥55 — 7 [l A58 S L R4k B — @ R RE 7). X
ZRAEG R, B—BA SR AT SCC 0.3, A RECL B
I3 TCC 4 0.33, @ T REHAMERER, RHZEAES IR E
O RS I 2 AR R AR AR RE A7 o St T30 RS AR 00 A, 240 CMIPE X
B AE AR RN 22, A 4 MR SCC KT 0.3, HH CESM2-WACCM %t 4
TR A R B IR N ER A, SCC o 0.58. X T+ 55 A I 1] R AR 1k,
(% NorESM2-MM 4t, FrfiBEiil+3y TCC ARl B& L. 2R
AN B A A R AT B O ERAE, SCC 2 0.56, {EX I (A AR LA HAN 1
HAH, TCC AV 4 0.06, fHIXAEERWE T KB BRL R Bkt
Toiex EOF 35—, @M A, UG HREEE Ml & B0 R S I 25 3
ARAEAE R AS UL

%3 OB EOF RIS I BLRS S0t I ] 2R 5 Bl 3 75
Table 3 Simulation skill of coupled models for the first two EOF modes and principal

components (PC) time series

EOF1 EOF2
F& BREBH
Z2 Al Mk GRS ZEE R LREEEES
1 ACCESS-CM2 0.47 0.08 0.02 -0.10
2 ACCESS-ESM1 0.16 -0.03 0.13 0.08
3  BCC-CESM2-MR  0.04 -0.24 0.05 0.03
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4 CanESM5 0.31 0.12 0.57 -0.35

5 CESM2 0.56 0.40 0.27 -0.08
6 CESM2-WACCM 0.37 0.31 0.58 -0.14
7 EC-Earth3 0.18 -0.07 0.11 -0.00
8 GFDL-ESM4 0.03 -0.17 0.12 0.10
9 IPSL-CMGBA-LR 0.06 -0.03 0.38 -0.11
10 MIROC6 0.01 -0.25 0.15 -0.01
11 MPI-ESM1-2-LR 0.08 -0.08 0.19 0.11
12 MPI-ESM1-2-HR 0.08 0.03 0.04 0.03
13 MRI-ESM2-0 0.23 0.01 0.38 0.04
14 NorESM2-LM 0.56 0.20 0.11 -0.05
15 NorESM2-MM 0.52 0.13 0.08 0.38
16 ZHAES 0.30 0.33 0.56 0.06

K 4 2t 7N AN 2 AU SRR HK 2 & EOF 72— 4 (Al A2 Al
B[] P30 o FTEAARER, WM EOF 28— MIASTEZRER-F Ji . PH AR R o G 1
NIEAE, DUIZRACON . ARG X R (20 iz 2R 38 0 L IX O BqiL, o — A i
BT 22 21.1%: MR 4c MmFE P50, W] DUA BRSNS [a] SR 42 T
R RS S . A R G W SR 20y 48.1%, A0 AifE
B A RSP Jir AT 8 A R I 7 0 ) I, DUBRZR B O . ARAB T [X R A% Hirize A<
WX A E AT, R PR RS 57 H 5 GlowSnow AH . A TE] %
Y, CMIP6 A AL & [ 45 AR AE A DU WAL =5 B IX Al 55 %5 .
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34 EKLBESRE. FAKRRKEN
R A 52 il FEK RS2 T LB 5 o DAL, ASAIE Tt =5 82 1 0%t SWE
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EHEK TR IAIA S A =, K2R KRS 5 K S A 2R
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WHERFREWE, FRERE . B3E FOH XA F RGP R MR
B IX 3. 60N AL PUAR A I XL AR & 5 R LLIEAR G N 320 & 2= P11
I DX AR 57 A TR SR W A B TE UK S BT, BEK R LARE ST AS tH B
CAWFRY, MR X IR &, SRk S 'R TSN, M
N (Diro and Lin, 2020; Davisetal., 1999; Krastingetal., 2013) , it~
IS5 E 2IIEMHK KR,

15 > CMIP6 B HIAE G 45 RAR W], RO KR s 25 S 5 B /K 55 &t A
IEFR T o (H WA R R, 482 A NI KRG (0 2R B 38 0 42 2 1 IR A 5%
DX, LI R BRI 2 X3 A, AR R3S, AR DB i i 1 BRI K ik AR L
S SRR IEAR K R doh, B R WA RS 5 KA 7 75 A )T
IR IEAHOCOC R . X WO KRG Hh s A T 5 RIS E R, CMIPE £
AR S S R ER T ALIER AU AL . 60N LB REA S AR, BEM
KA FRECE R PERIZRICE X, BRI 4E Y 2 4h, 60N LAIEFA
FHRRALEAR, HEX 130€ PR X, BASER5WMNEERERBOR, #ial
FARIRSRE R IEAR, ERMFPHRAEE. SHKE, CMIP6 A4S
X AR KRR S S5 FK . R C R BAT IR FHILRE ) o

AR R, 2B T TR AL X A AR A s 2 (WL
3) , FETE SRURMBEKKIRR, TATS AT T2 B b 4558 3E0,
A AT X IR S 5 R R LR IR R G & (&l Bb) 5 1T 1981-2014 £ Hhpy
BRI R IR A (IR, BRI R T X0 AR =5 (9885 . B =X
REASADLH o PEAE R XA T 5 R IEA DR R (B 5d) , (EREURLIZIX
AR IS CEIRGD ARSI R T AR S RN, X 5% XA
F DA B R AL, RS0 r A AR S DX AR AR A 5 I )
A ERE ERE T 2 X R T AR = .
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Fig.5 Observed and simulated correlation coefficients between winter SWE and precipitation

(upper) and surface air temperature (lower) during 1981-2014. (a) and (b) for observation, (c) and

(d) for simulation. Regions above 90% confidence level are dotted.
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KA X AE AR BRI T P AP R I 76 35 S T B R g 40 2 & o (H B I T O RS, AR
306 2 s R A RGN . 21 22 f5 1] SSP370 i ssp585 HEATE Ft T
WK i PU AR 5 ek 40mm BB, ZRAGESIX AR = fx 22 Ae 3G in 40mm BA L, i
TEHT I X A E AR 2 /N T 20mm 1. th4h, AE 6 AT LUE 2, PUMHER
5 P AREARAAE 21 A BRI ZE A K, HE] 7 21 AR ZEREKR, T
HHE O = 1% S TR S R IR R

(a) _ b) _

70N 1 70N 70N 1

Ggu-w EON-M 60N 1 3
50N 1 "] 50N4 " 50N
oIS R 5 onERER G T o N8 S o

0 30E 60E 9OE 120E 150E 180 O 30E BOE O9OE 120E 150E 180 O 30E G6OE 9OE 120E 150E 180

(d ) e

70N - 70N+ N 70N 1

BON-;;;‘ y f EON-;;E‘ . y, f 60N
50N 4 - Y| 50N i BANE- T
N8 T o oIR8 T o 4N

0 30E 60E O0E 120E 150E 1B0 O 30E 60E OOE 120E 150E 180 O 30E G6OF QOE 120E 150E 180

q) h) i)

70N 70N 1 -y = 70N .
60N - ; 6oN{ G 5" 60N 1

50N Yy - Y| son . J Y| s

oI E T o oIR8 T o WN-MG

0 30E G6OE 90E 120E 150E 180 0 30E 60E OOE 120E 150E 180 30€ SOE W T 19 T

i k) (I)
70N 4 70N & 70N -
BON 1 A > 60N 4 Y, GON  /
50N 1 \ 50N §° < B 50N 1

s IR R T SN N EIRERS = L g

0 30E 60E 90E 120E 150E 180 O 30E 60E 90E 120E 150E 180 O 30E G6OE 90E 120E 150E 180

'J'

-

1 1
-40 =30 =20 =10 =5 [ 5 10 20 3C 40

] 6 ssp126(a-c). ssp245(d-f). ssp370(g-i)All ssp585(j-I) PUFHiE 5t & 21 t40 =AM B T A}

P SLi AL CRRAZ: mmD . AHRS SN 1995~2014 4F. /2517y 2020~2040 4F-45
i, 4751559 2040~2060 4. 2080~2099 4T 14
Fig.6 Changes in Eurasian winter SWE (unit:mm) projected by CMIP6 MME: (a-c) ssp 126, (d-f)
ssp245, (g-i) ssp370 and (j-1) ssp585. The left panels for early 21* century (2020~ 2040), middle
panels for middle 21 * century (2040~2060), and right panels for late 21 * century (2080~ 2099),
respectively. The reference period is 1995-2014.
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45-72N) FIHEZ [X (90-160E, 62-72N) XI-FI A Z B FIbRIEZE (R 4) .
HIR AT L, XX IS XA AR S AR AL, ARFRUE 5T =AM B4 RE R A ZIR
Ko X G 5, = AP B S RER R IR, ssp585 FFIUE 5t T Pu
T Yl X7 20 20 B A S ek >-5.3mm, 21 20 f5 98 2>-26.9, AL
T2 XN HF AR 6.4mm 32 2] 15.6mm. BhAh, 5K 6 &5 1A, PURHER
5 TSR 21 LRI ZER AR, HE 7 21 L )E =R EA K.
XA AL 2 BT, AR e 1, 7R 21 A RIRAT A, AFEE R T ERA
K, 21 A FL S VYA HRTBONG S BRE A e 46 74 3 DX bR 4 22 20 791 0 6.3~7.0mm,
10y 7.9~8.9mm: AT L B ARACX XA,  DUAPHRRUE 58 5 IR #EZE 7 7
7.6~8.8mm, 7y 8.3~9.0mm. | 21 LS, ANIEE B ARAEZE (E 2 R
IR, HAHEBoEGE, ANHfE EBOR, PUEIX Ik sspl26. ssp245. ssp370 £ ssp585
U S N AR UEZEAE 20 A 8.3 9.61 11.5 A1 13.7, ZALHE Xt bn v 248 2 A
8.2, 10.1. 11.3 M1 13.0; BtAh, XXM, DURHERBCR 5 T b= b
IS (R 3 00, 5 B it ] 880, AR5 AR A T, AN 2 P48 K, AP fE ssp585
(LB RS SN

£ 4 MXT 1995~2014 4F, sspl26. ssp245. ssp370 F ssp585 PUFIH 5t K 21 40 &
11(2020~2040). 1 1 (2040~ 2060) F1 Ji5 1 (2080 ~2099) FA 5 AR Ak, () [X 15 - )41 S A 2 A 4%

RIAN & 1
Table 4 Regionally averaged SWE changes under the ssp126, ssp245, ssp370 and ssp585
scenarios in the 21 century (2020~2040), middle 21 century (2040~2060), and late 21 *

century (2080~2099) relative to 1995-2014. The regionally averaged inter-model uncertainty of

the projected SWE changes among the models is listed in the brackets.

X 1 (0-90F, 45-72N) XI# 2 (90-160FE, 62-72N)
SWE Z&4k/mm  CRHfE PE/mm) SWE 28 4k/mm CARHSE M /mm)
i Hh J5i 1 i 3 Jei 1
ssp126 53(63) -7.2(7.9)  -6.9(8.3) 50(7.6) 55(83) 57(8.2)
ssp245 46(64) 8282  -12.6(9.6) 52(75) 82(86) 10.8(10.1)
ssp370 51(6.9) -93(7.8) -20.7(11.5) 56(78) 9.9(89) 16.3(11.3)
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ssp585 5.3(7.0) -10.9(8.9) -26.9(13.7) 6.4(8.8) 10.2(9.0) 15.6(13.0)

HI TR P SR 2 R A LR, AR KA =5 AR A 32 il B 7K Y
LR . ARRHEE =N, WO KRR S 2 5 R E R A R R anfe, X
TN R PR AR FEE, A BT HE— P BB, LA ssp370 155y
B, K7 gy 21 s = AR FEF BRI R P SR AR A, WTRUE
PIE 20 AL P BE=ANErBL RO KRR B R A 1 0 K B K g .
ETAFRTEHRUL. FOKIIMHRKR, B 8 ML RRY], 21 8RR R
B I AT E 5 K EIIER S, X5 P75 Rt a5 R Hu s —
B Ron R AN B K S 2 AR IR S G 2 o 1 AR IECT B AR
FHREZRE AR, HEKOARES TR, RURMEN TS 7iX—
AR > 21 0 RIS RS B, (&%

60N h
50N /4 4
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Fig.7 Changes in Eurasian winter near-surface air temperature (left panels, unit: °C) and
precipitation (right panels,unit:mm/day) projected by CMIP6 MME for ssp370 scenario. (a, d) for
the early 21% century (2020~2040); (b, e) for the middle 21* century (2040~2060) and (c, )

for the late 21* century (2080~2099).
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PP R, BB e AR % 7, (H 2B S RE IR m AR S
— ML I 2 AR AE AR i

(2) WL R BR O K Rl 4 2% SWE 5 U5 K1 U AH ISk RAR IR S 5 Bk A&
AREIIEMIRK R, AT R e S 26 B2 AN R 22 5 1 5, 7€ 60N BAb
FACKHIEMZ, 60N LR AMMI. CMIP6 LA & 45 xtiXFl SWE 5%
K RO R A B FRILRE -

(3) RHZHEAEA P T7IETUE CMIP6 KoK 4 FiARITE =T 21 LRk
KRGS KB AR . 5 R, WO R il 48 A6 R840 X ) 25 7K 24 B 35
FHRAEN], T 90F LLPG IR KRG SWE Rk - 2P ks, BEE 18 1
R, PUAHERCG 5t AR T AR 22 R A AR K, i HL AR 0ER vy 8 A PR i B2 K
B AN E PE B OR o 3 BRI K Bl AN [R] 4 X SWE 240 22 7 5 2 BRI 5t H
R IR PRI EE UIAE G o FERRO R Z AL X, I8 T ey 2 38 kiR
ARFRKRA, FERIERIN: e e XA R THE 50T B i

TEGH I, HWHE L CMIP6 245 R fh 7 IR KR4k 130E
PAZR X35k SWE 5Bk, AR IEMICR R, PRI X i Tt 45 R B AT — 2 1Y
e . BUEBE R RS RS E T RETRE A — VA IR K Sk
JHaE[E], Freh CMIPE #Z [A] )45 R Z ARRR IR . R TFREL, BIgxS
AT b ROV 88 S 2 i 0 1 22 Pk 1tk X HE R, R ab AN [ 080 7 ot 2 R 1)

ZRR K. HAh, %T GlowSnow 1 3% ¥ k25 675 v 35-85N 2 ], A&
BT 58 AL 5 5 R v Jo X A5 o G e ) FH 7 9 v iR 6 s UL AR 55 Bk AN FoAth 1 R T 2
B TERE, X AN AT PP A AT, N b TR S Yl R

Bogt: WU R CMIPE 2445 IR H https:/fesgf-node.lInl.gov/search/cmip6/.
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