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Abstract The summer surface air temperatures over Eurasia exhibit significant
warming trends in recent decades. Based on the ERA5S reanalysis data, this study
investigates the characteristics of the changes in summer surface temperatures over
different Eurasian regions during 1979-2019, reveals the similarities and differences
among the various regions, and explains the contribution factors by adopting a climate

feedback response analysis method. As the highest terrain in the world, the Tibetan
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Plateau (TP) has experienced a remarkable warming trend in the past several decades.
The lower-elevation regions surrounding the TP such as North Africa, southern
Europe, Mongolia, and Northeast Asia also show obvious warming features, while
surface temperature does not change significantly in South Asia to the south of the TP.
The decreased summer surface albedo due to melting snow allows more incoming
shortwave radiation to reach the surface, amplifying the surface warming over the TP.
The warming over North Africa and southern Europe is mainly attributed to the
increase in shortwave radiation due to reduced aerosols. Meanwhile, the increase in
downward longwave radiation caused by increased atmospheric temperature presents
a significant contribution to the warming over North Africa, southern Europe, and
Mongolia. Moreover, the reduction in clouds is the main factor contributing to the
surface warming over Northeast Asia. In South Asia, the warming induced by
increased atmospheric water vapor and decreased surface sensible flux is offset by the
cooling due to increases in clouds and aerosols, leading to small long-term change in
the regional summer surface temperature.

Keywords Tibetan Plateau, Eurasia continent, summer surface warming trend,

attribution analysis
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1 38

iR A SR XA . AP A P BB R, R S RN R RE
STHAUKIEIA N EESH . BT RN, ARMER LM ETHES, £
I b BR v 20 Bt X PRI N, ol R 1 LU v i B R S A T S 2
IR I S i e A XA A TR, 0 DX Il s AR A 1 A A B TR
fEH] (Sch& et al., 2004), XfAaS RGN RAL S 1E O™ B2 (Wahren et al.,
2005), SEAEARIERMBTIT -

e e A Btk s m R, BEAERRE IR, WX T2
BRI R URARAL P AR R (fif G BkEE, 2004; Wu et al., 2007, 2015; ¥ %
4% 2012; Lu et al., 2018, 2019, 2021; Nan et al. 2019, 2021; Liu et al., 2020). 757k
s R R RS XU HEL D) 7 BER (B2 REAE, 2016; 1%, 2020;
Yan etal., 20200, HILFHEMERE & T R X Ty, R0 ST E & 2R T
IR KT, HAME NS (B4, 2003; Duan and Xiao, 2015; VP
55, 2021 R G R PR L 51 T2 A TN 18 IRIK S AR
R v S I I 1) — A R R, G I P M AT AT Ty A T, MR S R AR R,
D BT 2 B R T, O bR 1% (Ghatak et al., 2014; You et al., 2016).
IR, -4 RBUSEE S SR, SRR RE 2N KU LB RS
YR/ 38 PR R ) K A S AR T R A o 4 o 9 i ) 3 (R A P ASE 5 v R <UTR T
7= (Duan et al., 2006; Duan and Xiao, 2015; Yang and Ren, 2017). K5 /KIE& &1
2 LSRR T i m) DA AR S o, A TR G IR (Rangwala et al.,
2009; Su et al., 2017; Gao et al., 2019). JEAh, = TARHEM. EMRAL b LR b
T {7 FH PR 2R A S T DR 5 4 5 30m3 S IE. (Chen et al., 2003 Cui et al., 2006; Jin et
al., 2010; Jiang et al., 2017; Ma et al., 2017, 2019).,

FE WY K i 75 7R v R o I AR R A X, R 2= e TRt R L B
T, IR T RZFE T BTARTIEERY], RO E 2= PR & AR5
UGZAERAN (Barriopedro et al., 2011; Hoerling et al., 2012; Stainforth et al., 2013),
7 98 e R LACIE ) AR B ST 1 DX, S TRK S PR VIR S 1 B RF41E (Trenberth and Fasullo,
2012; Lee et al., 2018; Fang and Lu, 2020). KPGFEZEMIRRY (AMO) #il N
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o WP s [X 3 R AR AR PR R 45 B 2 51k (Sutton and Dong, 2012; Kamae et al.,
2014, AMO —J5 il = il o &R 2L L /R JE Vi BTk B3R R, 28501 5 RV K
ili A B IR AR AR S AR AL 5 3 (Zhou and Wu, 2016); 55— 5 it
VR ) 22 90 2 3B AH S Y (R AR AR AR Ak, AT 3 i 7 R IV DKty £ [l 2 1 2 1 AN 2
)M (Hong et al., 2017). BE4b, i = SRR A AR 0t 231 Bl 12 2 TR e 4
% (Stott et al., 2000; Kamae et al., 2014), JLHAETERKI LA AR ILIEHIX (Dong
etal., 2016, 2017). T ABAR A% WO K i PR 384 e B L AT 35 (R sy, i, A
FUIE 2 Z 2R AL Wb R 1 R 2 0 He g R 2 [ K BN ARG A2 . (Chen and Lu,
2014).

DA RIF 70 32 4 v 78 366 ol T K i 32 25 19 I 1) &7 08 5 2 R P 28 22 F) F 9
T R R B R R ) B AR AN R B & B E B TR IS A AR
WHFt. [RIEE, RO K i Ak i) R X3 (s J ) -5 3 8 I AR X I3
DX R R VARG iy 3R] 2 Xt — ME AT R i e BRI, ASORKRIER
g e SR S L S AR R X AR T 26 DU AR 1 B Z= s e R AR a3, /i
Jl G E AR AR B 34 1) B i B B AR DUk, iR 75 s e SR B HL JE A BT
K il B 24 3 R AR A 35 S VA DR B A

2 HRITT I
2.1 Bl vin

AL FERA 1979-2019 4F K H 3 R A 4 140 (European Centre for
Medium-range Weather Forecasts, ECMWF) 24t ERA5 [K)iZ H 7 #r %k
(Hershach et al., 2020). ZERHEAKFRIME 3 HE%N 194 EETT A 37 2
(1000~1 hPa) #rfEss k)= 2 5T HEMNA RS R EEY, KPR, &
FE, Wik, mKIzKEE, &, ARG, 2 KERRE, ESE 25
g RAGOL N BB 0] N R i Am I &, 2 25 R R I B0 T R ) A
KPARGHEE, KRS KBHEESS, RiEEAGEEMREEEE. H,
AT A H 8RB RO B E ¥ ok H T MEERA-2 (Modem-Era
Retrospective Analysis for Research and Applications) F/-#r % kl. ok, —% 4k
B (CO2) S Mt K 3 [E [ S 5 KU BER R 3 G F 70 SI2 06 = X s
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(https://www.esrl.noaa.gov/gmd/ccgg/trends/ ) .
2.2 XM TR

WA 5 57 -BOR 25 2, RIIIRE € 1 AR ) EACHAR ST, BRI JA TR
FH 1 3 K I8k 0 S 1) AR A R R AIE 2 IR 0 AR Ak o T AR 4 3 A R S 1E T RR
(Huang et al. 2017), 15 [n] FAC AR AT LAk — 24 70 fif -

RT=SL-ST+RL-LHT—SHT—GO T, (1)

HAs (SRR T ([ k) KHMEEENERE, RLRDIHERT (FH
B KpdmiEaE, LHT A SH 1485 LR SIS0 10 7 Huil = 1Sl &
GO TAYMR ZMREREEE, WHOHERMIERE (Ground Heat Flux). GO T7ERE
Hy B AR, RTLARBE AT, TR S BRI T LB Rt ERAD BB ELER
(CEP

TATE X 1979-1988 E (4T3 B AERIRAS, JF HAEH 1980-2019 %k
BE—P R T 31 MELLBM T, FONBRARES, 4070 1980-1989 4R
P, 1981-1990 HEH4EF#%, —HEF 2010-2019 FEHEFH. H “A” X
AT BRRAS R R HERE I 5, IAIX 31 MESLAR I ERRR 2 5707 LA
NFE 1979-2019 “EHE AR . FHM A 1 AT LS k.

ART=AS | —-AST+AR ! —-ALHT —ASH T, (2)

i s BATR A BT O % T AR AR T Pl A R THIFEACRR

k. T
AS | —AS T +AR I~ -&Qaibedo + ﬂ‘Qci!r:lua! + ﬂ‘Qlwv + "iQTa + '&QCOZ + AQsoEar +
ﬁQoB + '&Qﬂero
» (3)

HrAQR /R AR MR AR M AE SR b R AR I8 s, KRN
WERBR, =, KK, KREE, COKE, KAZETNG KRS, RAWK
JER BN o AQrouq T AL 5 ERAS HHE(EH = o IAHEDL T Y
RS R 2 25 H, B HACRERIR, REESSHIRMERERGIEN
TSRO, B T A SRS I E RS N LU L BTk S 5 m AR
T SR M IRIERR M RN o BRACRE AL, S50 (3D AT 10 48 T0HR i 7] — @ S 1%
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F38 (Fuand Liou, 1992, 1993) FIPH UGB ZELA H, B— K E R AR MRS
iR, UM ERA S - EMRERAZ R, R FARRERNE
EYENRREPAEEY . FERNUHIR, ERIOTEERES, A%
AREEISY 0, B A5 TH 1 I 2 H A 20

BT, MEREEDMETETRIRN:

AR ng &Qalbedo—clr + ACRE + ﬂ'Qwv'—ci!?” + '&QTa—ci!r + ﬁQCOZ—cIr + ﬂQsoIar’—cIr +
ﬂQoB—cIr + AQAQT’O —ALHT —-ASHT

, (D)

Horb, clr RoRIEE4MT, BIFRATTHR 12 & B S A AN . it A=

(4), FRATTAT LUK 12 1) b A PR S 78 Ak 43 0 B Ahsiia A8 4E, (CO2 R BN
RS ULRAUE RGN R (B8 RE, R, RRRE, KA =,
EAFIE AR FEREEILS). A R E BRSO R R S R
b X SRR A B TTRR G H 1o R IR TR AT T S i B U M
30 1 Ji A ) 1 ki X g b 2 A& 95, 7E Lu and Cai (2009) BA K Cai and Lu (2009)
3 R PR S S Bt S 2 A 7 i b — 2 REERAG B (0, e A S Bt 23 AT ik
¥ 55— PR IE T 2

3 ZRGT
3.1 9L % R X M e R 3

1R T RO AR HBIX 1979-2019 4E B FHb R IR, LB,
AL AR I RO R R B2 LT . Forh, A W o
Loy 43 TG R LG AL AR X, L% e SR LA 5 X,
BE XL 0.6 K - (10a) Lo gLAh, a5 A PO X 4 4 T T 45 3 R AL
Ao RIS, 7 AR O R 0 X At 3 g 35 (U R R 3, X B P R 1
WG EEHRT 0.2 K - (10a) 1, T 7E s SRR DR W K b 3R Hh L 35 1
Hath . ETRASIETS 5 R, B AR Hb 32 R 38 o 2 DU 4R 7746 T 5 IX
2, T e IR X SR R P T S KA X 4 ) 14 B Pt 5
22 5 DRI RA TR B 7 70 LA 7 A LR R X . DAL 2 4 M (X S A 2
AR, UK R DUZR A 2 LT X DR R T X3 A 53 (i
DX A 90 DX 4 S BT 4% 1 A 22 DO T4 (R 22 A B e 5 758 e g
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IR (1 35 ) DA SR R

B 2 J 7R T BRATI SRV ¥ L M X ) X3P 3 2 Ul (LD Esigl) | k) 1
Kikfmihm e CGRESIZ) KHETHFEEETE CRERL) TP E IR
Blo T JE EAHEREIEE N 0.30 K- (10) *, M e JE LA PG A9kl e R X 45 24 3
PRI BN 35 Y A 5, DXCHelP- 2 S R i P08 1) 0.56 K - (10a)
Hyo T mim R LA St X, FOMBRIRIE A 0.46 K- (102) 1, SuklEm,
o R AR 25 AL e X B A 0.35 K- (10a) %, 11 7 9k e JER g 00 B0 38 ok kG P
e £ WP R R A B E R (0.14 K- (10a) ™).

Hb R 17 b i St 2 AR I R A TE AN XIS TR B Y — Bk, DR
b 1) b I R S 17 SR AT 1 2 A (T AR A TT R 1 o ) R R A S
PR AN RRFE 9T 70 Ry it 2 1] K i S TR R S 9T o A 2.2 5 T BT R 1 U i
FRAT A Hh 2 1) _E AU A SR I B 4 R 2 A AN RIS R AR A S B 3R ) b KUk
HRsh M. & 3 2 31 AMNELARAL I T AR 1979-1988 [ AEF R
DX 45k 1 1) 3 e e 2 A P L DR a FE o RA TR AE B R ORI = AN R A AR
[RLIE AR A Xtk 3 1] b A R A H AR A IR DTk, e 5 e A D K H T
DX S Bt 1, 1T AL A T R DX 52 oy b DX AR Ry i 4 B Y Bt b X, 5 P A
X CZRABMZ i X AT R X ) HEAT 70 2H 8
3.2 T ok e R A s I PR 43 B

K 3a KW, e R R A B e I 2 D R RO B BN BT
#, SHRAIREE B 1R R A AR SN (R R R
oD R EA R R BERERE, DRRARERFKRE R, &R E g
IIGRAE LV H4EZHN (B 4, X5mEZEREEML, SLAmE%
(Shen et al., 2014; Xu et al., 2017), [Fi 1wy J5 5= 2= b AR A3 roxes s 26 e J 5 gk
A TTER (EHEZN, 2014; Zhong et al. 2019). J8/NHIHLZR I IR R 15 =
J5Hh Fe USRI B 22 (M ONSR BH T s, MR AE I N, B OK T m R R
BERE . 1 R KR IB AR/ (Kang et al., 2016; Zhu et al., 2019) #Eifikds 1
XK BHER S AR SCRTEC, HERAIRAR TE 2 Re . tbAh, mEE I 2 0 A
NEERKIREEA G (B 5b), KAKKSERMN, TR,
B R R, R T HIFRIGIE . FIRE, BN AUKIER T =R (B 5a),
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m R S B IN 2 PR NS R R S, AR TR G IR . A, MR GE R
whn (Bl 6b), KSR T EEMRRR, W RA FRIRER .

Wu et al. (2020) 7EMT 5T 7 i = J b R AP AR B 1 Ui b 48 H MR R il B O AR AR
BRUBSS R S R SRR N AR AR B G vt B2 2 v SR AR AR PR IG I A EE 2 ot
Bko MASSCHE S ) o SR M ARG TR 5, TR T B MR SRR AR S &
XF e G E A R E AR, MR ERRGEE AR, F5C b, HiR A
TEETE 1998 FFHT N T RS, 7E 1998 45 L& (Zhuetal. 2017), A
TEA T RTE MR B (1979-2019 4F) a3 AR AR, Moo & JR i
W% a5 DTk O A B
3.3 Ty R LAV L LA b X s 359 IR 43 A

Bt R LAV AL FE R R X (& 3b), FLHbFR A b e i 7R 25 DU -4
AR BTS2 m] EAER o, FRATT A I b A R I X
1) A AR S G N ) 32 B R R TR AURIE IR AR A A SR R AR AL, T i
IR ) EAC AR > (AR MR SRR ) 1) 32 B R R M 3R B 7R,
TE DT R A B0 Tk M8 2 528 5 T A7 D ki R i ol P Pk iR R P52, A1 b b = g R A
X 2 R AT DY AR R BN B35 ) T e 3

FEALAER B IX, SRR A B E WIS (& 7T, XH5RIFE RS
JEFRIRATA B (P 7h)o BRI A st ) P B S, fthRaeEEn,
AT RIGIE . #eAh, AGARR R X R AR K PLD 2 T BRI (Gu et
al., 2012; Varga 2020; Wang et al., 2020, K7 i 23 S 5 R i oA B 3 B e
i i 45 (Kaiser and Qian, 2002; Zheng et al., 2008). AT VY4 KA
OGBS FoRE, SRR RCH X AR B> (B 8), AR
FRE N St R0 93 P RO R STtk 3557 B 25 NS5 R e et BTk R, R B 3
R, ALIERE IO IX KSR S B = B0 DU 4R AAE — 2 R ka3
(B 5), HEXBFHHBMIEEAKR, bR ARG R mEN, HiftiE
FE AR TRt/ o BG I 1) 1h R 3 B DUR R 7 X m KUk e 2 (& 6D,
iR R Rt B, B R PRI . SR, BT IR D i R RN S
SR R JOT RV K8 e 12 1 b R N SR U 38, 45 e g B M [X bt 2 7E 3 25 Y
TR R YL B IR
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fEm R LA S X (B 3c), Hhgkrm) BRI ARSHB A B B TR,
FAEFE H I LR ) 2 IR . RAURE, IR B R = &2l 2 it 36 m) F
I A S 0 o = S JER R o T PR ) 2 = S o R AT R R [ DRk e
&, EAT ARG 2 T Tk, Bl 7Ta FTLUE Y, KR BEIG BRI A
T E AR DX, G0 KA s ) N KA KBRS T S B R R . 4t
SR S FEAE  J5 AR 43 DX 3 1 a3y, 343 X3 a3 (151 8),
T EATTXS 4 S S M) ) 3 ] 3 B g o6 s e 1 1
3.4 Hi R LA AR . LARE b X Fa AT K 43 Hr

i JR UR B ZR A G M X Ao 26 DU -+ 4E A BON I R THR S (& 3d). &
PRI 1] b A Y A G 1 0 ) 3 B R R = AR, KSR E AR — Y
DUER, [ v PG AR AR DT AE 21 ARG HIE .. TR IR B
DA R RS IR PR A A -t 2 265 T 0k /D AT B o ARG M X 2= 7 i 25 D 1+
AU RS (B Ba), M55 21k TG B i . KR AR 2R
ABTE B R s i sh (B 7a), SR HIRERE . A DR B AR L Tt
X AERE 2 P-4 ORI IR B E g (& 8), AR T AR 3G I

7 e J5 DL AR BB OR Bl L X, bR v K Jpt o R AE 30 DO AR i R RS 2
FH 2 R o AR 5 P 20 3 9 0 55 7 P RNt 382 S A 12 A8 A0, 51 A P 2 S5 48
Fr-PATH) o BNREOCR R KRR, AR DY B R A KPS (& sb), 39
) N KBRS, s BTSN (B 5a), Wb T HER A R . 1S
VIR (L 8) {45 Hh 3R e i 38 A/ e T T AR ) AR 4E (L ) R FY T B8
ZHRERAEME . BT S, EIEICORM BT SRR, %A R
3 PR M IR AR A
35 ik

BATEAAE TR 1 576k e S A FL A 1 b [X A 3 25 DU 4 F) i 5 AR 4K A K.
I8 R AR A ) 32 B R, T R LA B IR BT A A A A 1) i R A AR R [ [
9 B4 T &N BN A B X I R IR AR E A TTEk, P A B R R iz B
A3 DX T T ey, I8 G F Rz B A 2 DR G PR gy .
BRI, ERATIEMAIBR N, 23K CO2 IREAF I EJ, X R <R Tt
B A DR SR, X TERATCER LA R 3, CO2 ¥k L F A B FEU Hh
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AURARIZ G T 25 /KIR S MR S IR AR 4R Jmy i AR A SRk B R IR AR L« [RIRE 3,
RAUZ TN IR R H 4 88 5 SR 3 AT 53 1 J L mT LA RS AN, BRI ] 9 ik
41t CO2 i Solar 1.

e 5 DA PRI AR R R X 5 i DAL P 5 ot b X B AL T o 4 B A Bl s X, 7E
A 25 DY s A A X 3 T I PR AR A AR . o, W b R RR
JEA AR BB R S, O R G W B IETTIR . LR, W AR
AR T H R AR . I R E W 2 & SR HBON I RS A
(Kl 5a), (HSERRIABELLE N, SR A R .

UEAl, 3 AR AL X 5 R T X E T DY 4 R B i AR R AR A AE
FAUE . A SRR, HAGRART, 8+, KA S BIRHER
TR 1 DXt LR B R A AR TR I o I LB AR A N R X, A 2RIE B)
SRR AL 2 DU EA B E &S, KRG R T R MER .

T e AR N BRI T, RRAEFRAT SV I X I M — A E AR (1)
i, R UK S i AR DA B e S RELARE 18 0 5 Py b 382 e R 3 AR A e e S it 25
VU4 (0 14 iz 5 1) B K DR A o o SR AR I 2 DU 4 R AUKVR & B = B 3T
BEAN, 43 R R I IRAT IR DTHRAN 0TI, SR X 8, X AT Re S E R
TR ARG T, KIS o BB — S 5.

4 G

ASCM IR 7] B BER A A SR TR A 2 (M I HELR R &, (Bt
R ENCOITRE LR AR ST Be EAL Y 5, AT AU DY R R 1) AR I AL
PR SR 5 o 7 5 v Do B e 20 b [X A 5 25 DO -4 1) 5B 2= 3R R AR A 3k 4T 1 ]
T TS T e e S A A b XA [ [X et R SR S AR A i 32 EE vt
FERCEATRI A o 5 A AR (K, SR UK S Rl DA R It R AR 5 1
TN R 2R P 3 e 3 BRI R L It MR 1) A, [ A R G MR X R 1 i
A TR £ e AP AL AR R B S v SR AR St 3 X, DA B AT
BN, 1 G IR R — T3 TR E IR I 3 BN S R R A S
W, — T EDR BRI SR R A N KBRS . Ak, B Z BT
WFEY, (AR, HES RN AP . 17 & B PR 1 28 A6 DORT =y R
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320

321
322

CARS MR T, N BE R, BT R AU e i 25 DU TR A 3 3, %
R A HER . LI KR = B AR i B Ak . (H AR AL
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Trends in JJA-mean column-integrated (surface to 300 hPa) atmospheric water vapor
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flux (vectors, units: Kg m™? s decade?) and its divergence (shading, units: 10 Kg
m2 s decade) from 1979 to 2019. The dotted areas indicate the shaded fields that
exceed the 95% confidence level of statistical significance. Vectors in (b) pass the test

of significance at the 95% confidence level
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Fig. 6 Trends in JJA-mean (a) surface sensible heat flux and (b) surface latent heat
flux from 1979 to 2019 (units: W m decade™). The dotted areas indicate the shaded

fields that exceed the 95% confidence level of statistical significance
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Fig. 7 (a) Trends in JJA-mean column-averaged air temperature from 1979 to 2019

(units: K decade™). (b) Trends in JJA-mean geopotential height (units: m? s decade™)
and wind field (units: m s decade™) at 500 hPa from 1979 to 2019. The dotted areas
indicate the shaded fields that exceed the 95% confidence level of statistical

significance. Vectors in (b) pass the test of significance at the 95% confidence level
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Fig. 8 Trends in JJA-mean aerosol optical depth from 1980 to 2019 (units: decade™).
The dotted areas indicate the shaded fields that exceed the 95% confidence level of

statistical significance
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Fig. 9 Summary of attribution analysis. Red shading indicates the processes that

contribute to increased surface upward longwave radiation, and blue shading indicates

the processes that contribute to decreased surface upward longwave radiation
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