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Abstract

The winter and spring snow depths on the eastern Tibetan Plateau (TP) are
characterized by interdecadal variability, with a significantly increased trend
approximately before 1990 and a decreased trend after 1990. In this paper, we first
analyze trends of winter and spring snow depth over the eastern TP in 1960-1989 and
1990-2014, and its relationships with the trends of temperature, precipitation and other
atmospheric circulation conditions. Three sets of outputs from the Community Earth
System Model Version 2 (CESM2) model, including (1) total external radiative forcing,
(2) well-mixed greenhouse gas radiative forcing, and (3) anthropogenic aerosol
radiative forcing, are then used to assess the respective contributions of radiative
forcing and North Atlantic Oscillation (NAO) to the trends of snow depth in the eastern
TP during the winter-spring period of 1960-1989 and 1990-2014. Observational
analyses indicate that the post-1990 snow reduction was mainly caused by increasing
surface air temperature and decreasing snowfall, while spring snow depth was mainly
caused by increasing surface air temperature. During 1960-1989, all radiative forcing,
greenhouse-gas forcing only, or aerosol forcing only contributed little to increased
trends of winter and spring snow depth over the eastern TP. The NAO instead
contributed about 49% of increased trends of winter snow depth over the eastern TP,
but little of increased trends of spring snow depth over the eastern TP. Comparison of
observed and modelled trends in other atmospheric variables suggests that all radiative
forcing led to significant warming and reduced snowfall on the eastern TP from 1990-
2014, and contributed significantly to the continued reduction in both winter and spring
snow depths in the later period, explaining 29% and 82% of the observed winter snow
depth reduction in the later period. Both greenhouse gas forcing and aerosol radiative
forcing contribute significantly to plateau warming and together contribute to the
reduction in snow depth in the eastern TP in winter and spring during 1990-2014. The
decreasing trend in the NAO index can explain 22% of the reduction in snow depth in
the eastern TP in winter from 1990-2014, but contributes slightly to the reduction in
snow depth in spring. With future increases in anthropogenic greenhouse gases and
decreases in aerosol emissions, warming in the eastern TP is expected to intensify
further and snow depth in this area will continue to decrease.

Keywords: Tibetan Plateau, Snow depth, Decadal variations, Radiative forcing, North
Atlantic Oscillation
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Fig. 1 1960-2019 Winter (left column) and spring (right column) averaged (thin) and filtered (thick) indices of: (a, f) station

observed snow depth, (b, g) station observed surface air temperature, (c, h) station observed rainfall, (d, i) ERA5 reanalyzed

snowfall of the eastern TP, and (e, j) NAO index. The correlation coefficients between the index and the snow depth/NAO
indices (Rsnd and Rnao) are shown in brackets. ** and * denote correlations significant at the 95% and 90% confidence

level, respectively.
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& 21960-1989 £ (Z51) #11990-2014 FF (£7]) XFSRFHNELEEF N (a,b) WHRANRER
B, (c,d) #R=IR, (e,f) FEMWE, (gh) ERAS IZ% S8, (i,j) 500nPa B EE, (k1) 200hPa Kz,
Ea-f R, EeghhiTm, EBik HRZABE SS%EFEEKETHEZMEREBNXE.
Fig. 2 1960-1989 (left) and 1990-2014 (right) winter trends of: (a, b) observed snow depth, (c, d) surface air temperature, (e, f)
precipitation, (g, h) ERAS5 snowfall, (i, j) 2500, (k, ) UV200 of the Tibetan Plateau and surrounding areas. Solid points (a-f),

dotted (g-h) and shaded (i-k) denote values significant at the 95% confidence level.

1. LWH CESM2 &R AR Fielm RREDFY 1960-1989 £ (P1) K 1990-2014 £ (P2) FMEREZER
EIRE (SND, E{[: mm/mon/dec), HZFREE (SAT, Ef: °C/dec), FE7K (Pr, BA{I: mm/mon/dec) FI
FEEEY (SNF, B mm/mon/dec) KEH NAO @Uﬂﬁﬁﬂﬁ (BT 704 YUNME, Hist-ALL H&HlE,
Hist-GHG #&#I1{E, Hist-AA RHUE) . **F*D 3 AET 95%K 0% EFEHKF TRE MRS,

i

Table 1. Observations and CESM2 model simulations of winter snow depth (SND in mm/mon/dec), surface temperature (SAT
in <C/dec), precipitation (Pr in mm/mon/dec) and snowfall trends (SNF in mm/mon/dec) and their NAO regression contributions
(rows are: observations, Hist-ALL simulations, Hist-GHG simulations, Hist-AA simulations, respectively) for the eastern Tibetan

Plateau averaged over 1960-1989 (P1) and 1990-2014 (P2). ** and * denote trends significant at the 95% and 90% confidence

level, respectively.

SND SAT Pr SNF
P1 P2 P1 P2 P1 P2 P1 P2
OBS 35.52"  -40.39" 0.47" 0.61" 1.13" -0.49 0.20 -2.00™
Hist-ALL -2.26 -11.53" 0.13 0.78" 0.02 0.53 -0.06 0.22
Hist-GHG 0.92 -4.67 0.23" 0.39" 0.11 -1.45 -0.02 -1.28
Hist-AA 3.97 -12.22° -0.09 0.42™ 0.46 -0.11 0.35 -0.08
NAO 17.30™ -8.86 0.06™ -0.03 0.43" -0.22 0.76" -0.39

2. YLIF CESM2 iSRS EES B, HibE% L.

Table 2. Same as Table 1 except for spring trends in observations and CESM2 simulations.

SND SAT Pr SNF
P1 P2 P1 P2 P1 P2 P1 P2
OBS 9.82"  -12.50" -0.07 0.46™ 3.52" 0.64 3.1 -0.78
Hist-ALL -3.13 -10.22™ 0.11" 0.56" 0.68 3.24™ 0.16 -0.30
Hist-GHG -2.97 -9.86™ 0.19* 0.30" 0.99 1.10 -0.50 -0.60
Hist-AA -0.12 -5.60 -0.05 0.18 0.89 -3.20 0.17 0.20
NAO 0.22 -0.22 0.01 -0.01 -0.11 0.11 0.24™ -0.23
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Fig. 3 Same as Fig. 2 except for spring trends.
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3.2 iEgiiEasm

AFIFHCESM2 = ZHAPNRIRZ5 B, i s 75 DA BB B 35 7 SR
KEZETZRAAHRIAEAEN . BaE st =4 il5mia s R, £451960-2014
EABRFRRRITFHEER. 2050 BFKAFES R FH] . LPSATES
BFBREY-HEW EFHES, BTN R R T e iR ) 5 R
(Duan et al., 2006; Xu etal., 2016) . K&|5-6%5 tHHist-ALLFEHL I Bt &/ E=EH
R HAD KSR B i @A RS R 6. ESER, fEPIM B4 2R, Hist-ALL#H
0L A R S B AR R e AR SIS IR A5, Z5007 A B LRI P
RIS, 78T R P b 2 PG R XA AR Oy, 7E AR SRV L XA
XN o T SR AL T 5 SOOI I AR M, v JEUAR 9 i B v 4 R AR B X
B, BoKMES RN 2 ER, EAEE. EP2M A, S EIUEA
SR FI IR, XN Z5008 E kA . FIPLAHLL, M 2T IR A AN T
PHHLIX, Z50038 hna o34 AR FL A 50, RAB XA 175 78 e J v 50 A T2 6 20 3
X, B m JF AL T R A b, AE EOUI S e HHh Ol PR R 2
35S AU 1y 5L AR 0 R 2R i AR AR 5y B 38 0, AL 52 v SR R A G R s
e R 2R AN By e L 2 R R L e A . R, EI5HR AR PI T
B3R 80K 7y 31 90,1310, 78 <T/10yr (J5 & 1M1 95% & 15 & B AR IR), /KE
& % 4y 9 4 0.02 A1 0.53mm/mon/10yr , F& T & i % 4 il o -0.06 AT 0.22
mm/mon/10yr, =5 i 45 & bk A S A N B R, BRI N -2.26 F1-11.53
mm/mon/10yr ()& & iEid 95% B A5 [ B E A e) . LA b&5 AR WIPLI B i siig
B 6} 35 IR B 52 M AR /N, 1T P2 B BB HOL R T OE I 3 3 A R A
(0.61<T/10yr) , {HI%A - ILAL M ) F =5 & ¥k 25 I/ e 34 (-2.00 mm/mon/10yr) .
AT SHb 2 S 5 ) i 39 3 B A A R T T b =5, 0 = R S S R D —
TR, HSRIEE S A I 29% .

KI6E N, TEHZE, Hist-ALLIEILT 4304 S o 1 F 6 PR BRI 1 4%
55, P2/ B IR AE P R8s, & B AR A R g . R BB, 45 31 2
R 2 43 71 0,11 F10.56 T/10yr, 43 71l i 90% F195% & 17 & i & PG 3G (R
2) , P2 BRI AT PRI T WL 3G IR B . PARY B A 2 v iR Z 5003 i 4 45
Bl mSE, & UV200 2 etk Hiiiasy, S8 BRI S 252,
BEAREE, WEFRMEZMMNETT. R2ER, PINEARI MK, BEMSE
IR 7 Z1550.68, 0.16F1-3.13 mm/mon/10yr, £E90% & 15 & /K R A %,
P2Br Bt 35 Z=Z 50038 i1k 347 i i = AL AN R B A6 7 M AR B I dm ok, e ik T
R T SOSRBITE RS, J5L o 2R AR KX I i, YT B SRk (7K
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VRIGNN, e S R AR R K B A v D P B P S B G, (R S SR PR R SR B SR L
B 5 kb, AR I R . P2BY B R AR P 3 B K R B G e
IR T E IR, FEFE I 14 N3.2451-10.22 mm/mon/10yr, H RIS IR
AJ AR Z182% W e /b % (-12.50 mm/mon/10yr) , {H %% &#3:°5-0.30
mm/mon/10yr, FCERASZZ/N. DL b i AR KM RS BB A3, Ui
19904F J5 1 FHEFREPUE T &, KAREAIE T 2 LIRS KB, #m T
Bk &, B LAERTE I, BES Emas s, [ i i B2 T s iR As =5
1, DTS R . G55 E W], CESM2 Hist-ALLKEL T Ji & 5 7 25 55 VR i
B, 7E19904 LA 2 I AL — BRI i 5, 3 B0 i T i 2 AR 3 0
FNFE T b 5] .

K72 1095 545 Y Bt A =R 2 ORI = ARG IE (GHG) &S
B (AA) B s iE S 8 A . BT8R, PIBYEX%4ZE, GHGE R A
RIGERIAEAEA, EAEZE. Z500 BNt AE m E e EE, B AR b X A
PE AR /1N, UV 2007E B A vy iR P 30 b SO MR i a4 A, 78 v Ji G 3 A
HHRHELEK BEMBRGEMES, fEmEREEK. FEHENSRES
PSS = R AR I F IR & AR /N HEANE 2 (29°50.92 mm/mon/10yr)
KO IR, TEPIM Bt &2E, AATE 15 PH 3 N s S A A, = 30 R B A - 2500
1 e J5 7 30 2 [ G R DU R X R e a3, S R AR R IR N S
5 R L AR 8 B A BT L B B AR [ S B G 0, 5 VR AE 1 S R R R O B &
B, RALERANARES . AT, PLMERAAX A ERE T IRA M e,
B R EHN3.97mm/mon/10yr, (EAEE, FFHim/NFUiEA . R1F R
SRR, PLMY B R AR R T 5 2 GHG R 5o i A, /K A PR3 iniea
HZFE N NALL. GHGHIAATREFE N B4R I o8 2/, R AT e F 2%
FI AR REF (Xinetal., 2010) . 7E3.3F AT EILNAOKI AT GETTHR

F7AE9E R, P2 BEGHGFIAA it X v JR & Z 9 im 1 FH 45 BH B 4 5,
¥ 123 %4 N0.39H10.42°C/10yr. GHGHIH 11Z5007 4 34 M 7 S SRR, Rl
NFSEAHIX, SR AR BN R, SRR, BEEMTHR
FEXH 2L - GHG R 51 S i i JR AR BB T P K o S5 B AN 55 TR 38 7 il 9-1.45.
-1.2811-4.67 mm/mon/10yr, XL AN G E . AARE 5| Z500 1A AE
5L e SR S AL O IR S, RONELEE, (EEBEAN BN FEVE NS s, i
B R AT IR AR R A, BT ARAEEAN, R A K RS A
BRI S . AASRIA FI R ECTRIRR K L S B S I 43 7 4-0.11. -0.08
F1-12.22 mm/mon/10yr, M HAA SR E A DL RS AR P2I T BLAAXT 7R
WD TTER K T-GHGIIAE . {H ALLFTAA 4R 5 i 6 #a 340 /N T Il e 34 (-
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40.39mm/mon/10yr) , FREIFLIR AT REARAY T ELHE AATE N AR 5T 5818 5 = R AR
A RIS I TR, B F A AR FG I 5 R ek B3 TR

K8 10 il 45 HA P Y B B R GHG R AATK 5 I8 K Hopth K< AR & I 98
#. TEPLMY B, GHGYE i J5 Z: Ph 0350 Hh i 3R AE A, Z5007E 7 EN Ve .
v JER RISIZ I X 259 O &2 255 19 Ik 7, (LA vy it 7 505 R B2 b 3 e X 388 hiEa S5 880
X NS S S S o S R PN E DR B K R nE S, SRR IR
0, (HE R AR FE L IX BRI PR S R IR Y RIS, RESERE K. BE
MEFREBIIALEZE, 725°50.99. -0.50F1-2.97 mm/mon/10yr. AAXT I 5518
A A AE 75 9 e 7 S 0 G T DX TG, AR PR S, HIAA R, mE
IREBT- 30 $5H-0.05°C/10yr.  Z5007E H1 M i [X A Wit 28 fhda 3%, 76 75 i JiR P 350
SSRGS, T FAt s X 3 g5 1) o Hy o 75 SR T AR AL T S5 I R
Rz H, SRR, BEEMSRENFEILR RN . AATRIE AR
BRI, BEHEMEFEREHBIYAEE, 750790.89. 0.1741-0.12 mm/mon/10yr.
I, GHGHIAAXPLHZ= i Ji I IR IG I sk /) .

P81 ] 10 55 7 P2 BL 5 2 GHG AT AA I 1 ThT 189 35 FH 25 W S5t v TP LR B,
1M HGHG HIEIREAEH R TAA, R FHE 73 7l 90.30°C/10yr GEit95% i %
PEREEE ) F10.18°C/10yr. GHGHH:IE Z5007 $4 48 i e RAEAE O HLIX,  DUIn 2R i
X BG A AR LN, T8 R AR AL AL TSt PR B b, v AR e U Ak
F ARG T, AR B A R b L X A B R R A, X
87 B 7N ORH 2 5 B S 0 st 3 o A [ ARG o DX 3 Py i b 1 ) P8 KRR o 5 o e 3
R IR 2D R REAETE IR, BT EMEHRES 5 58110, -0.60
#1-9.86 mm/mon/10yr, A HAAFHFMNEE &S . AAGRIE Z500F1FT— B
IR o, Sk A s R AR PR IX, HoAd I8 e AR iR AE Foin bz EAR /N
DX 35k, g S P 0 % JH ] L g T XAy 553 P A7 3, XoF I T 8 o2k AR I 25 3 a4
o JER P 2R R L R R I R 3 b X A A AR 59 1 SR AR S B K RN [ 5 s A AN
B, TIREIAX B &S . REEFFHREK BEEMSERES SN
-3.20. 0.20#1-5.60mm/mon/10yr, IXLEEaHINAE 2, DL A RE, GHGHI AA
X P2RY B 2 T TR Yol /D YA DTk, 2 b T PRI 1) Rl 5 ST i iR R D
Hkd 3 FEH
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(a) DJF SND Indices (e) MAM SND Indices
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Fig. 4 CESM2 Hist-ALL (yellow), Hist-AA (red), Hist-GHG (blue) simulations of annual averaged indices of: snow depth (a, e),
surface air temperature (b, f), rainfall (c, g), and snowfall (d, h) in the eastern TP for winter (a-d) and spring (f-h) of 1960-2014.
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(a) Model 1960-1989 DJF SAT Trend (b) Model 1990-2014 DJF SAT Trend
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Fig. 5 CESM2 Hist-ALL simulated winter trends of: (a, b) surface air temperature, (c, d) 500hPa geopotential height, (e, f)
200hPa horizontal wind, (g, h) rainfall, (i, j) snowfall, (k, I) snow depth on the Tibetan Plateau in 1960-1989 (left) and 1990-2014

mﬂi ||m||n

(right). Shaded areas (c-f) and punctured areas denotes values significant at the 95% confidence level.
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(a) Model 1960-1989 MAM SAT Trend

(b) Model 1990-2014 MAM SAT Trend
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Fig. 6. Same as Fig. 5 except for springtime trends famulated in the CESM2 Hist-ALL experiment.
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(a) Model 1960-1989 DJF SAT Trend (b) Model 1990-2014 DJF SAT Trend

60E 90E
0.6 -0.5 -0.4 -0.3 0.2 01 0 01 02 03 04 05 06 °Crioyr
(¢) Model 1960-1989 DJF Z500 Trend (d) Model 1990-2014 DJF 2500 Trend

e o

(f) Model 1990-2014 DJF UV200 Trend
P iT / f’ (e

kv\ 1—4——./‘/‘//‘(

5 2 1 05 02 07 01 02 05 1 2 5 foyr
(i) Model 1960-1989 DJF SNF Trend

——
~

s

X =
o] T T T T
B0E 90E 1206 60E 80E 120
T T T T T I 10yr
5 2 -1 -5 -02 -01 01 02 05 1 2 5 Y
(k) Model 1960-1989 DJF SND Trend (1) Model 1990-2014 DJF SND Trend

: g

son -

3 L

== 2 90 5 5 T 1 2 5 10 20 o mmmonioyr
& 7 CESM2 Hist-GHG &R L Z MM RiESE, HRFEE S,
Fig. 7. Same as Fig. 5 except for winter trends famulated in the CESM2 Hist-GHG experiment.
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(a) Model 1960-1989 MAM SAT Trend

(b) Model 1990-2014 MAM SAT Trend
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Fig. 8. Same as Fig. 5 except for spring trends famulated in the CESM2 Hist-GHG experiment.
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(a) Model 1960-1989 MAM SAT Trend (b) Model 1990-2014 MAM SAT Trend
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Fig. 9. Same as Fig. 5 except for winter trends simulated in the CESM2 Hist-AA experiment.
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(a) Model 1960-1989 MAM SAT Trend (b) Model 1990-2014 MAM SAT Trend
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Fig. 10. Same as Fig. 5 except for spring trends simulated in the CESM2 Hist-AA experiment.
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3.3 NAO &l

i E RN, SNAOKH I I KR E IR S 6 75 78 = SR AR 5 I 4R B AR A
HHEEmM (Xinetal.,, 2010) . 1960-20194 (7] A & F FHNAOKEH 55
Ji 2R 2 B R B IR B AR B — B, AH SR R E5 00 00,44 400,38 (B 1),
41303 95% B 15 LK P T BB AT G, (H 5 B /K AN M 3R SR HE B G T AN 3
IXFH, IEAAHNAOARL AT LA iy J5 b2 KA, B i AR s S &, A
MSPMEATEHRMZ . 4 ZENAOTEE M 201H 2060418 1 147 A1 2] 20 tH 2190 F:4%
IERIAH I R e 4, R ZLE20H 20 904F ARWT AL B IEALAH B KA (El1e) |, 7EPL
FP2F M BENAO FEE IR & 1) F A1 R a3, T & i H iR A A H 2
TR N 1B EAUNAOKT & R R A B T AR AL 52, AT 58
BEAREALTINAOTE Z 9] U5 21 = JR AR S Hh T 2K <l . BRI IR, LK ERASH
Z500. UV500F1SNF. 117 %1 55 7nNAO K IE AL AR X 3 5 5L _E 4% 500hPa i fi 3
e AN BE Y7y, DRI T A5 R o e s B P 0 e R i, IR r M ER 2 A, AR
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Fig. 11 Regression patterns of 1960-2019 winter observed snow depth (a-b), surface air temperature (c-d), precipitation (e-f),

snowfall (g-h), 500hPa geopotential height (i-j), 200hPa horizontal wind (k-1) anomalies on the standardized NAO index in the

Tibetan Plateau and adjacent areas. Solid points (a-f), punctured areas (g-h), shaded areas (i-k) denote values significant at the

95% confidence level.
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