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Dry and wet variation characteristics in Northwest China and Its
Future Prediction
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Abstract Under the background of climate warming, the climate change in Northwest China
has become warmer and wetter in recent decades. Based on various meteorological elements
such as precipitation, soil moisture, runoff and drought index, this paper further
systematically analyzes and studies the evolution of dry and wet characteristics in Northwest
China in the past 60 years, and forecasts the future changes in dry and wet characteristics by
using the latest multi-model simulation results of the phase 6 of the Coupled Model
Intercomparison Project (CMIP6). The results show that the precipitation, soil moisture and
runoff in Northwest China in recent 60 years showed a spatial distribution pattern of
decreasing from southeast to northwest. The precipitation and runoff in the cold season are
significantly lower than that in the warm season, but the differences of soil moisture and
drought index in cold and warm seasons are not significant. The annual precipitation, soil
moisture and drought index in Northwest China showed significant increasing trends, with the
increasing rates of 5.07 mm/10a, 3.89 mm/10a and 0.26 /10a respectively, and especially after
2000, the increasing trends are more obvious. The largest humidification range mainly
occurred in the west of Northwest China. The humidification range in the warm season was
higher than that in the cold season. However, the runoff showed an obvious downward trend
before 2000 and increased significantly after 2000. Under the future climate change scenario,
the northwest region shows a trend of humidification in the middle of the 21st century
(2031~2060) and the later period (2071~2100), and the humidification degree in the later
period of the 21st century is more significant. The humidification under the high emission

scenario (SSP5-8.5) is more obvious than that under the medium emission scenario
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(SSP2-4.5). This study can provide a reference for the impact assessment of climate change in

Northwest China.

Keywords Northwest China, Dry and wet characteristics, CMIP6 model, Future projection
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U] G bt DX J R R it St B, MRS A%, [RI 52 3095 e J K
HO T BOBEEY, KR DARIE, X KA D, ARG, RAERAES RS
P, SRR R SRR PR, 20000 , F3T 7 4F R I I8 B i 1
X iz — (Huangetal, 2017) o HAMRBAREE L Z M X RS, KB
VR 224 [ EAR O AURE, 3 BT [ S T R BT IAT A A 25 O R o B K e
Rito Bk, KIARAK PG AL X AR AL A — B2 [ A AR A OGTE (£R R

P2 fl 2R E PR IL X M 225 kK R B 2R R . RZ TR, H 19 1
RDKFAC X — B R I SIE I TS (FRK, 1991, BAEE, 1999; ¥
SRAAE RS, 2001; EHRMEIEIE, 2002) , B L 20 50 SEARE 80 EAR %X 1,
IR KT R U/ a3 (FRRERNAS, 1991) , B3 ol 11 122 38 s 7 ol b vt Xk ) 1 sk 4
T AN SRR SRR . YR HO AT T AR 2 ek N 2 2k (Z 4%, 2002) o SRTHI,
21 LB YIA TR, TE AL XA AT B I 7E 2 A R T I BRIR AL 2 it XU2%, 2002,
2003) , FHPALTEH H AT e IR CRIEFMIKIER, 2003; TRAEATE, 2003) ,
XA R T RAAMTEE FEN (Lietal, 2016a) o X PHILHL X FE/K AR Tfs 2w,
£ RCP2.6 Al RCP4.5 55t , VHILVGERE /K 236 s, IO 7 m 5 A0 R 1t Bk Bg
IKIGIE B K, T PE AL AR B PE /K 5 R &% (Wang and Chen, 2014; 3% 7245, 2019) . {H
WAL, LA KRR e, FEE—SWR (R,
2021) .

TR T MR K SO AR, R TR AR B R AR . A E T AR,
A 176 1 P 3 2 T (i s, T 7 G AR S U ek 1 B A [ R AR, 2006
FHRAE, 20110, FF H KON 3800 FE R S me g 1, 7 il Rk L B R 1 B I Ay £
28 7KK L 9 P T A0 T I P kT L9 S (¥ 6 08, (Wang et al, 2018) o {HH A A
FLFRM, 20 2l 80 AR LUK FHAL P+ R 5 RIS (%%, 2008; KA %,
2016) , TMEXFhEHARESEIHE CUBRIZE R, 2015) o & SIXfp gl 12 5 1)
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J5 DR AT R AR 7E T P A b X 35830 P Ml 5 R/, 5 5 1 o R AT 2 i e ) L 19
FERE (Rt 045 RAFAE BRI 22 o

i PG AL DX KGR ) S B S oy, o B T K B R 1 85% A b (R 4%,
2014) , FRZMIXTURABRIIHRE R . HFTERY], 1960 fELIK, PHAbH X Pa &R A2
BEIN, R ) AL BT R | SR ANRR  55 J] AE IR 0 M R AR B Y I X (Li et al., 2016b;
He et al., 2019) , 1M PHALAREALFBHIR D> (Qinetal., 20160 o 5Pyt HIARE, ok
H X AR A SRR 2= B TR, KHR A HhIX B2 IR SRR T 10% (Wang et al., 2012;
Guo and Shen, 2016) , R R LI, 7RG ST R, A0 in i X s
T 70% (Zhangetal., 2017)

TR AR H A R TR TR A . BT, FRAEfL BRI ARitEfLFEK
ZAWEE RN /RERT R AR B O 2 N T R R R L. KRR FIR B, 1T 50
EPEALHL X AR SR ) A, T P G P VR L %S (Huang et al., 2017; Wang et al.,
2017; Yang et al., 2017; #5855, 2018) , HoAFgEIMBEHAEMEZE (7 BsE,
2018) ; JF HFGALHL XX P FIRA8 4 3 R Z BIR PG RS . LR PR s MU T4
RACHR % K R EEFR R T I 52 ( Wang et al., 2017; Z5BH4E, 2021) . 2R, HITA
AT 2B R RAE, 2R —EN 2R, Weiand Wang (2013) T =Ff
T RGO T AL X ) TR ARk, RIS T bRy fb B K HE B 25 R 5 i A 7T —
B T T AR AR K ZE B B0 B RS HE I R ER T B R B AR RO 45 R R AL P i X
A EF R R R, T 2R IR ST 7 R IsE i, X g . At
JET CMIP6 A5 H R HEI/RER T SR BEFR B Tl 45 R o, PEALHIXZE 21 D 2
LI H AR B a4 (Chen et al,, 2023) , {HARIRIE B A AN B PEREK

gi bRTIR, R EAMIAFAESUL, (B RS AT T At 20 3R E vE A6 X S 30
SRR S, TBEE AIRFLLEE, HATra A XX PR IR AR IR 2 Rk
AL ? BRI %2 E . ST, AR R EE T UL LA E TR E (F
KE. HHHEE . RREMTRELD , EXHE AT R BT IS ARBE IR A 5 R A
sty RIS AANEE A EIBOR, RGBT 76 ALt X BRI A PR B 25 SRR s 7R FH fol
KA CMIP6 22 A5 A0 AR R -1 A A AT FiAl 73 4, HETTD D9 78 AL X RS20 =5 A8 Al 2
PSR

2 BRI
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2.1 BRI

IR U AL X L fE, 2T 73.3°E~111.5°E, 31.5°N~48.5°N, ff5HaE4:E /K H
WX, TFEEEAHGX. FilEE. Hlrammgrms (8D, mHRZLN 310.87 V0
AH, b E RS AR 32.38%. BRIk U R EE 9 T 2R KR A, oA X A AR R
IKEUD, AR, B SR RRREE T R Bk . ABTFON T VR T AR AL
HOIX ) TR AR, ARHE & LK P8 JB X 44 X R 777, BL 100°E A5+ (Huang et al,
2017) , 4P AL X R 53 D P TG P F A A AR

45°N |

40°N | el

35°N |

- High ; 7464
-

—
{ Low :-192 i i L

80°E 90°E 100°E 110°E

B WX E R
Fig. 1 Location and elevation of the study area

2.2 HiEHEE

N7 EINASTH R G ML T AL X TR AR RRAE , A SCRE T B K R IR
B B AT R TR AR R TR TE . BRI Bk B RRIE T B R S 55 B
OV R B H BB TR B 7K 0.5°%0.5°8% s dli 48 (v2.0)  (http://data.cma.cn/) , i%EUHE4E
T A 2472 NMEFRL G E A KT R, RAMRAKE, sINBTEREE, &

PRSIV TALEE . = BRI E T R . 30 R VR 5% [ [ S AR AU
A (NOAA) STty (CPCO $RHEH) 43K 0.5°x0.5° H -3 it 2 11 7K SO A3
#5 (Yun et al., 2004; https://psl.noaa.gov/data/gridded/data.cpcsoil.ntml) , I} a]5E g 1948
F1HRS, ZEIEECT 2N T E XA T (s F#HEE, 2015) o FTR
B4R B8 Bl A 7 A BRAR VLI 0 kA — 2538 ok WL 38 27 o) G 1 A BR 22 38 F o AT
B EHE (Ghiggi et al., 2019,2021) , HETCS 2R AT /KB (40: Zhao et al.,


https://psl.noaa.gov/data/gridded/data.cpcsoil.html），时间范围为1948年1月至今。
https://psl.noaa.gov/data/gridded/data.cpcsoil.html），时间范围为1948年1月至今。
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2021) , BRI R # bk https:/figshare.com/articles/dataset/G-RUN_ENSEMBLE/1279407
5. T RIRHCE M2 AR HEN/RENT 2484 (sePDSD , S5HURERTF4584 (PDSD
ML, scPDSI EL A7 5 4 (125 [A) /] EL AP (Dai, 2011) , %5088 (25 18] 20 HER N 0.5°%0.5°,
IS IE] S Dl 1901 4E 1 H &4

AR SCR FH B R A I 5 7S B Bl A LA &I (CMITP6) 2 A5y i 46 SR 5
RATIRRAEHAT TG 7. AHECT CMIPS B3, CMIPG 63 EAT 5 RS 40 1) 23 18] 40 %
R, HEHK W RSN TT R UK FEE R EFHER R4 FE (Eyring et al., 2019).
FEARRAEFTTH, CMIP6 #1 xR AL 2 & U 1 M AU 6 SR 4 S OB iEZE . AR
CMIP6 H T HEUE 5t T 4R 5538 (SSPs) 5 CMIPS f#i R % #5642 (RCPs) 1Bl
{H CO2 Ak CO2 HIHFBURAR AR & HE B4R ANF], B SSPs i st 0 2015 )15
Tall, 1f7 RCPs &G 1] 2006 4F o 2% FEAR BRI A) F AT S8 B 1, AR S 2 B L
T 25 4~ CMIP6 B 2 b it % (SSP2-4.5) Al ZefE it i ia f5 5t (SSP5-8.5)
PR HERURE 5 T ARG R (Riahi etal., 2017) . A XBGRIG I IEAE BiE 2%
1, HAER A2 https://esgf-node.llnl. gov/.

£1 CMIP6 ZERBEMERFER
Table 1 Basic information of CMIP6 models

B WAL/ B X PR
ACCESS-CM2 Australian Research Council Centre/Australia 192x144
Commonwealth Scientific and Industrial Research
ACCESS-ESM1-5 o i 192x144
Organisation/Australia
AWI-CM-1-1-MR  Helmbholtz Centre for Polar and Marine Research/Germany 192x96
BCC-CSM2-MR Beijing Climate Center/China 320%x160
CanESMS5 Canadian Centre for Climate Modelling and Analysis/Canada 128x64
CESM2 National Center for Atmospheric Research/USA 288x%192
CESM2-WACCM  National Center for Atmospheric Research/USA 144x96
CMCC-CM2-SR5  Centro Euro-Mediterraneo sui Cambiamenti Climatici/Italy 288%192
EC-Earth3 EC-Earth consortium/Europe 512%256
EC-Earth3-Veg EC-Earth consortium/Europe 512x%256
Institute of Atmospheric Physics, Chinese Academy of
FGOALS-f3-L . ) 288x180
Sciences/China

FGOALS-g3 Institute of Atmospheric Physics, Chinese Academy of 180%80


https://figshare.com/articles/dataset/G-RUN_ENSEMBLE/12794075
https://figshare.com/articles/dataset/G-RUN_ENSEMBLE/12794075
https://esgf-node.llnl.gov/.
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Sciences/China

GFDL-CM4 National Oceanic and Atmospheric Administration/USA 288x%180
GFDL-ESM4 National Oceanic and Atmospheric Administration/USA 288x180
INM-CM4-8 Institute for Numerical Mathematics/Russia 180x120
INM-CM35-0 Institute for Numerical Mathematics/Russia 180x120
IPSL-CM6A-LR Institut Pierre Simon Laplace/France 144x143
KACE-1-0-G National Institute of Meteorological Sciences/South Korea 192x144
MIROC6 Japan Agency for Marine-Earth Science and Technology/Japan 256x128
MPI-ESM1-2-HR  Max Planck Institute for Meteorology/Germany 384%192
MPI-ESM1-2-LR  Max Planck Institute for Meteorology/Germany 192x96

MRI-ESM2-0 Meteorological Research Institute/Japan 320x160
NorESM2-LM NorESM Climate modeling Consortium/Norway 14496

NorESM2-MM NorESM Climate modeling Consortium/Norway 288x%192
UKESM1-0-LL Met Office Hadley Centre/UK 192x144

2.3 T

RICIEHL 1961~2020 FE1E A J7 S BUEAT 00T, 3l bLEC T 24 W gE (11 &R
3 MBEE (S HE 9 A WUAFIRAR S M AR R AE . T DTG I A F <
(BB BRI 22 ] 3 28, A R XAV RS B oK CMIPe 22 485 2k i 45 SR 48— 4 (5 5
0.5°x0.5° R kg b o W 7T o i Y AR AR T 17 SRR HERT 3] (1961~1990 4) 15
ISR, AR EITE 21 8 dh ] (2031~2060 4£) FIKW (2071~2100 46D B4
AFEE B TR & HET R G IR e, %75 T e E M
MABEIEZ (Street et al., 1988) .

3 R0

3.1 RAETFHE

AICE e EE T 60 SEIRE P AL X DU THRATE M- T2 (B 2) o FRK
TR AT R P AL ) A TR A, R R R A2 B KRS, K RE R T
800 mm VAL, 328 8 1V AR B v 335 VD3 XA /K B WA A2 100 mm; 4R
T KB (B A AN, (HA R K & B AR TR, U A K T BRI TR 2.
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BT FK R mE DIREE N 2D, BRI FH R E o Ak RAREL, e A
R PG R HR A 2] 400 mm P L, M0 HT 5 R A ER 0 X /N T 40 mm; {H5 BROKEAF K
&, LRV IR T I 0 AT IO 22 5, IX AT REE H T & AL X R I R
TIEEKBEEAR BN RER . RUN, RiRERESBKESEVIMER, —FHNE R0 Ah
WEON—2; MREE iR nE, KERELK)IEE, SEEEEE. Be Mg
HE S IX RS R AR BT T 200 mm; B TAFEROKED . WK)IRS, S8R
MEWRARTIRS, Nt X S EE 30 mm LU T . T F2484009 25 18] 70 A 5 A i
AR EIFAEL REVEACRER X BRI TR RE L, H s b b
AR P A5 U X (T R A2 (sePDSI<-1.5) & FHARMX, #HimAmES. 0%
L ZR A B AN B 0 g S D O X ORI (sePDSI>1) 5 JF AR TR E= 7
AR, IR A 2 Vo IR T AR 2
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Fig. 2 Climatic distribution of precipitation (mm), soil moisture (mm), runoff (mm) and drought index
(dimensionless) in Northwest China from 1961 to 2020 (from left to right: year, warm season and cold season)

3.2 BB

Kl 3 SR ) YA TR A B 1991~2020 FEAHELT 1961~1990 4F (A8 4K, . BE/K B AEDE
JEP S B RN AR Ak, R RS . FE A AR X i i, 4
RS 7 60 mm; 17 7E P AL AR 3 O 43 4 DX U A2 el fT, 0GR B P P R R R D T 70
mm i A5; FFHBEREN RS R TA S, L e R IE v AL Hh X 2
WA, U ARAE B ERALEE . T U R A AR A AL v e X s e A R (>
40mm) , THZEHNZR B EE . Bt a1 X W2 8 (> 30mm) 5 555 P
L, ORI RAEA T LR E ER . FRRER T IET IR X 2
BG4 AE A IR 230 DX U A k2D 1, R T 2 £ T A G AT B O L DX sk D B . (>
30mm) ; BEZEMIARMERFEL BURTTIRECK, AR LE/N . X T TREHINE,
PEALZR B X 2 IR AR AR, LR TR B R IR AR S A X 2 ), 1 b T K
G 1A DX )2 HE ) R T 8 R i S B B T 25 AU RS AR,
TR BN BT I M F LR EZ . 1961~2020 fEPYAS TR A8 B M 3
s A RE (B 4) 5 3 Bl CREEE) .«
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Fig. 3 The changes of precipitation (mm), soil moisture (mm), runoff (mm) and drought index (dimensionless) in
Northwest China from 1991 to 2020 compared with 1961~1990 (from left to right: year, warm season and cold
season), and the shaded area indicates that the statistical results have passed the 95% significance test.
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Fig. 4 The linear trend of precipitation (mm/10a), soil moisture (mm/10a), runoff (mm/10a) and drought index
(/10a) in Northwest China from 1991 to 2020 (from left to right: year, warm season and cold season). The shaded
area indicates that the statistical results have passed the 95% significance test

N TR REE IR, AT T A TR B AR P HIX
AR PGS X B (a2 A (B 5) DURKIEHmaita R (Ko » BickE, Filk
Ho X AR K B R B SN BT (5.07 mm/10a) , H551 2000 £E )5 E T+ N &
%, FFEIGINE E BRI T PEAC P, X K BT 1961~2020 4 B2 36 0 (1
Al (6.39 mm/10a) , XATRER BT KA H FEH (Lietal, 2016a) ; 1M PEdL
IREBHIBE K FEAE 1961~2000 4 IR/ #a Sy, TAE 2000 4F J5 B R 8Ghn, Bk p) g
BN (0.76 mm/10a) , FEHEAET 95% M) B E AL WARIRETRE, BEEFERK
B AR A FE B SR K T4 . P AL DX RN P AL G 35 ) R 38R FEAE 1961~2000 AR AEH A
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BE, MAE 2000 5 RFW M, AN E2IH 2 EE A& (3.89 mm/10a Fl
4.29 mm/10a) , T PALZR SR IR RELE 2000 2 /T 2HLH B N RS, mE 2000
SESEHNI S, BARIEIEECN (2.54 mm/10a) , JfHEE B BEERK, AEET
THER R AN B EREZERIEIEAE N TR AR IR R I RIS A B R AR
(2006) MIBFFL LG HEA—S, HHAFFERH, 20 e 80 FFARLIRIG Ib 7 -3
FE RIS (5, 2008; 5k, 2016) , MiX R AR M E il
FIZEKIGE, 2015) o I B Fhah B 25 5 (1 iR R ] e E T P A b [X b 39838 B2 W0l £
/b, 5 BT R IR RS e 1) N A (I A AR R R R . S5 R
HARFRE, Fadbih X EARE A E R I %, D -0.91 mm/10a CR
I 95% R ER D 5 JF HIX M b 3 32 AR th e ph b ph Ak IX. (-1.08 mm/10a,
IS T 95%M MRS , AU i 1 3 B R R A R IR 5 Bk TR E A >
(RoREEE, 2007) , 4k, T ANFIES) TG 8RR AR U8 A R RERE IR 5 A 1
BT (WA, 2021) 5 MHf, FEVEALARMN I INFES (0.71 mm/10a, &K
T 95% M E L) ¢ WAREBORE, PHALH X FIEIRE=TE 2000 42 1 2 5L
RIS, M 2000 5 R ERN: H5RKERU, SRR LGSR
KFAZE, TR S, Erdb DORPE AL G 3038 200 — SR E s (g
4514 0.26 /10a A1 0.35 /10a) , MTEFEALZREAE 2000 42 /T & E 9/, 7F 2000 £E2
JE RIIE IS, S5EEaRERAL, W T RREIN R I E RS E R . ki
R R R e s P L7 N1 o 7o) I N2 R 7 1 Ny e X Y AT, 0 7 9 NN -3
A FIm (Wang et al., 2017; ZE8H%E, 2021) . ZE R HREWH T HIEH X S
16 IEAE MR T M BRIR R AL (A XS, 2002, 2003) .
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Fig. 7 The precipitation (mm), soil moisture (mm), runoff (mm) and drought index (dimensionless) predicted by
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Table 2 Trend statistics of four dry and wet variables from 2021 to 2100
Rk & TR RE FEREH
(mm/dec) (mm/dec) (mm/dec) (/dec)
6.86 0.01 2.20 0.04
S5P2-4.5 (0.86-16.31) (-0.15-0.16) (-0.38-8.83) (-0.03-0.22)
LK . . . . . . . .
12.49 0.01 3.99 0.03
SSP5-8.5
(1.47-25.66) (-0.17-0.25) (-0.86-10.96) (-0.28-0.19)
5.46 0.01 1.66 0.04
SSP2-4.5
N (1.19-11.73) (-0.14-0.23) (-0.51-6.24) (-0.03-0.22)
[iig|riig=d
10.70 0.01 3.17 0.03
SSP5-8.5
(0.57-21.92) (-0.19-0.29) (-1.01-9.43) (-0.35-0.20)
11.98 0.02 4.25 0.02
SSP2-4.5
N (-0.09-32.33) (-0.20-0.13) (-1.61-18.73) (-0.07-0.17)
[N
19.55 -0.05 6.97 0.02
SSP5-8.5
(-1.54-44.44) (-0.45-0.12) (-1.30-17.27) (-0.15-0.21)

E: HSEAERNAZRANBESETEE
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Fig. 9 The time series of precipitation (mm), soil moisture (mm), runoff (mm) and drought index (dimensionless)
anomalies predicted by CMIP6 models (from left to right: the whole of Northwest China, western of Northwest
China and eastern of Northwest China), and the shaded area indicates the standard deviation of the multi-models.
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