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Temporal and spatial characteristics of drought based on SPEI
in northern China from 1981 to 2017

SHI Shang-yu'*, WANG Fei*?* | JIN Kai®, DING Wen-bing’
(1. Institute of Soil and Water Conservation, Chinese Academy of Science & Ministry of Water Resources,
Yangling , Shaanxi 712100, China ;2. University of Chinese Academy of Science, Beijing 100049, China;
3. College of Resources and Environment, Northwest A&F University, Yangling, Shannxi 712100, China;)

Abstract; Based on the measured daily precipitation and calculated the potential evapotranspiration, using
Penman—Monteith formula, the standardized precipitation evapotranspiration index ( SPEI) from 1981 to 2017 in
northern China was established. The Mann—Kendall test ( MK) and rotating empirical orthogonal matrix ( REOF)
method were used to explore the temporal and spatial characteristics ofdrought in this region over 37 years. The re-
sults showed that: (1) About 74% of the whole region had decreasing SPEI from 1981 to 2017, and about 43% of
area of whole region had a significant decrease trend. The average SPEI trend rate was —0.015 - a”'( P<0.01). Mo-
reover, the turning point of SPEI change occurred in1994; (2) The area that the frequency of slightly arid (—1.2<
SPEI<-0.5) and moderately arid (=2<SPEI<-1.2) in northern China increased over 37 years indicating that the
aridificationwas slight and moderate; (3) Themost severe aridification was in spring and the least in winter. (4)
The northern China can be divided into three arid characteristic zones using REOF: Northern China arid area,
northeastern China arid area, and northwestern arid area. There wasno obvious trend change in the northern China
arid area. The northeastern China arid area had experienced a reversal of aridification to humidification. The aridifi-

cation in the northwestern arid area was the most severe.
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Fig.2 Spatial distribution of the trends in (a) annual, (b) spring, (¢) summer, (d) autumn, and (e) winter SPEI

in Northern China ( Areas with vertical bars indicate that the trend of SPEI is significant at the 0.05 significance level )
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Table 2  Statistics of the trends in SPEI and drought categories
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Fig.3 Spatial distribution of thetrendsinannual mean frequency for (a) slightly, (b) moderately, and (c¢) extremelyarid

in northern China. ( Areas withvertical bars indicate that the trend of SPEI is significant at the 0.05 significance level)

1.0r
0.5 B
— 3 ]
m 2 =
0 5] 2
—0.5
—1.0
1980 1990 2000 2010 1980 1990 2000 2010
H 4} Year 4y Year
1.0
2 0.5 -
2 5 ) 3
- v
%] M
= —0.5 s
—1.0
1980 1990 2000 2010 1980 1990 2000 2010
E 4y Year FA Year
SPEI (a)# Year rate=—0.015 R’=0.180"
o SPEL# 42 (D) Spring  rate=—0.021 R*=0.151"
= 2 T Trend of SPEI ()% 2% Summer rate=—0.012 R*=0.045
@ § —— SPEI.UF (c) ¥ Autumn rate=—0.016 R’=0.070
— = SPEI.UB (d)%Z Winter  rate=—0.002 R*=0.001
1980 1990 2000 2010
.4} Year

TE: o Al = = 23 BIHE7E 0.05 F10.01 R MK 1 B35 UF A UB 235l 157 A% A i th £k

Note: * and * * mean significant at the 0.05 and 0.01 level; “UF” and “UB” mean positive and negative curres of “MK-—test”.

B 4 SPEI TAL#EBEE MK I8 # £

Fig.4 Variation trends and MK test curves of SPEI



220 T b KA B

o537 &

HEIEPZE SPEL Jd/ N5 R B B 2R
HFEH-0.021 - a”'(P<0.05) , ZHEETRILER
ZE s e E (B Sh) o S5 A Bl Sh bl A, R 2
SPEI A fb a4 S AR B AR b B AR LR 45— 3, 7 1993 48
ZJE R N R GEAE SR HEAE 1995 4,

K 7% SPEL Jai/NE AR T4F 34 SPEL /M
HEFFEN-0.012 - a” (K 5¢) . B 7= SPEI i MK £
U2 REKW]  TE 1999 4EZ 1, H 2= SPEL 2 {ka sl
N, 1999 4EZ Je Ak A i/, HAE 2010 4F A
FHET 0.05 I %4k, UF Al UB 46 7E 1996-1998 4F
DL I 2010 4FEZJ5 Z IR AHAS, Hif % 52 SPET /) 34
(M55 T & UEHATE 2010 4R 2 )5, B 25 SPEI A 14
Tk L 2010 4F 2 )5, b X A R 4L
e,

FkZE SPEI 18/ )N 0% = T4F-4) SPEL 80/ M
PEFAEF-0.016 - a”' (K 5d) . 73 HrEkZE SPEL

70°E 80°E 90°E100°E110° E120°E 130°E 140°E

REOF-1(17%
50° NF (a) (17%)
»
40° NF [
30° N
70°E 80°E 90°E100°E110°E120°E 130°E 140°E
(¢)REOF-2(16%)
50° N[
40° N[
30°N|
70°E 80°E 90°E100°E110° E120°E 130°E 140°E
REOF-3(14%
s0°NF (e) (14%)
"
40° N
30°N|
A {EL
Scores

0 0.02 0.04 0.06 0.08 0.10 0.12

B9 MK A6 56 45 S 0] 0, 37 4E R Bk 2= 1K) SPEI A2 fk #4
P RN, FEAE 2006—2016 4 [8] , Ui/ Bk i
T0.05 Il A 2k, Bk Z= SPEI #4 ¥ %8 728 5k A= 1F
1983 4,

22 SPEIL I/ NE R DU ZE i /MY | fa AR
F1-0.002 - a”', FHAL 5 X & 2= 1) SPEI ¢ N
Fa (I 5e) ., ZrHr4Z= SPEI B MK A6 56 45 5 ] 41
R ZE AR E S I IO AL, UF A UB ZR IR AE
O {ELRFHIE , B A/ N RIS A 1T 0.05 I FHEk
23 dbAHMEXFREEEESHFES

i 1 22 96 1E A AR T SPET AY4FAE [ 5, AR 4
North 25" H H A A1 AR A9 152 22 30 R A 7 Bk 35 kA
B, e i E R A A T AR, SRS TR
T 2L TIERS 45201 3 4> REOF HRAE [ 5 2 51
BRI R 17% ,16% 1 14% , B I5 22 50k 47%
Xof IO A ARRAIE [r] 3 (R 40 Af AR (] RO S

- (OREOF-1 1590 01—06

iif 6] £ %7 Time coefficient

rate=—2.7X10""
R'=12X10"

<—1999-01-03

1980 1990 2000 2010
4 Year

[ (DREOF-2 5415 08—2013-04—>

| Before 2001-09: rate= —8.5X 10 *
R*=0.04"

After 2001-09: rate=2.7X10 "
R'=0.10"

iif 1] £ % Time coefficient
(=]

—0.5
<« 2001-08-11
—1.0k L L L I
1980 1990 2000 2010
£} Year

~ (HREOF-3
® <—1988-02—06

El | rate=—1.6X10"
i§ 0.5 R*=0.29"
&
L]
(=}
Q
) 0F
£
P
W—0.5
=
=
2009-01-05
—1.0 1 L L L |
1980 1990 2000 2010

4} Year

T a, 0 Hl e 0BRSS — A RS =4FIERIEE b, d 00205048 X0 B DXk 42 SPEL S L4 # rate $§

AR, « o+ F87E 0.01 WEMIKF LW,

Note: a, c, e and corresponding trends of the regional average SPEI (b, d, f) in Northern China. *rate’

means the linear trend of SPEI during 1981-2017. * * means significant at the 0.01 significance level.

Bl5 JtFAMX SPEI WERLEL I 32 48P (REOF) R4 R & XIEF 14 SPEI T
Fig.5 Spatial distribution of first three REOF model and trends of regional average SPEI



55 4 39

A LT SPEL 1Y 1981—2017 4F 0 [E b J5 b X 5 Bf 23 43 A5 - AF 221

3 ARRIE ] 1 7 25 TURRR B H, KWL
J7 HiIX. SPEI {8 28 fb 78 25 o] I A3 % B o3 A 25 5
g G oA E AR AL Ty e AR AL T R X R AL T
X IR 3 AT REAEX, 425 X ER
AR 3 A B 38 A3 A v DR DX, SRR X Y
i ) R AR TC W] 0 a5 7E 2005 4F 2 ) i (3] 2R 4
TR, AR Sl s LA B A TE 1991 4R
1-3 H, 8RR & A 7E 1990 4F 1-6 H ., ZRIbT5
XALFE AR =48 DL R St AR AU % IX B A - 5
KA 2001 4 8-11 A, f/ME H #LAE 2001 4 9
A OMLAZE ] S o B R T R XOEA T R
TR, R T AR Oy R Ak, A
T RAAE 2012 4E 8 H-2013 4E 6 A, Wit TFHEKX
LA BB G A P A6 S A DX, % b X A Y
B BLPY SPET AR R A0 N, RIZ X T 210 H
25T HUR LG AR AR 2009 4F 1-5 A BRI
KAAE 1988 4F2-6 H

3 3 @

AHIFFE A B FR A6 T M DX R K i N Y
HE IR T B AR 3 R VO b M DX 3G 1 AR b X
WD X SRR IEAE DY R — 8 AT, &
ZEpHE NG O 2, J T KOV AR 2R HOR B 2
BERIMBEE IR T 1.69 mm - a”', & T Gao
DY FP R B 1.07 mm - a7t AR AEAE
A5 TR B BE G T TR 28 HIUR B9 RR 220, J6 J7 b
XA T R U R ™

VIFERFFE 2 B A6 T 3 X 3% R 2 30 Ak i 3
XEA SR 45 R — 5 W AR I R, AR
At AR AL X AR A R A T e A X — 4
WA — e 3 A B ST 45 S o8 A 42 i X il
PG SRR Ry — 2 R AT A 28 1Ok B I il
P EARTR], Do [ 45 ZE A 78 Hh 448 ] Thorth-
waite 7RISR TEZS 0L /2 2OTE R IR TR
JEE XV A 25 0K i I 52 M B 45 SR O /) D 1BV
Jo , SEBRE U 228K, A PM A 2
PSSR 0 s A L LT 271 B X0 S R
FA 2207, MK 6d AT, LT R IXAE 2001 4F
ZJaA TR Rk e, PR b el R R 1 B ) AR
[F) 2 o o8 2 IR K AR A i 1 i IR 22— T 22 1 4
VR A X AT R A AR X T
BMEE A a2 AL ERL dedr i
DORR 25 T 5 22 0 0 98 R B 2= rp 5 2
TRk 3 2, 3 5 0 B 45 B g 4 AR — 3K
EJEA 50 F Tl A0 S A e T rh A5 A L 2k

T AL BRI 5 AT BE 2 T AR AR
ol Z 388 SP1 O R T 248 R, X N8 bR
PR T ROK RIS R0, A % 775 1L
& I AT 9 T8 SPET BRFFT4s 3 TAEE KA
) 454 T TR ST (8] SPEL 1 SPT AYZS SR ) £
Fr 7 —20 BiAb )y o X b F R T R
R FE 5, H o B 50 Sy ™ 8 a5
KR ARR R AL S AR RO ke e H 2 T AN
EP

AR RS T 54845 SPEI /& Vicente—
Serrano 2 7E SPI f{JERN 42 H WY SPEL Byt
S I R 7K 5000 R0 {68 P P8 50 A0 A ) v A 2%
WU A3, SPEL AH AR T R 468 br 1 5 A 18
20N AR T SR AT R AT R T 2R R
BE BT 5 2 AE H AT T S5 RO AR
KT 54T M4 i Begueria 25 B 7F 1Y
SPEI i ] PM A HR W EZR 0O i, MY T
THA SPEL A B A5 18T [ 7K R 558
[T AR X B O KU H R S 4
W TR A R INAF A PRGBS L SR, SPEI
BTN K A= 38 /K 43 FAR A0 o 55, T S B o 9 1
FIEEEW T REK AR SEPR AT R K AR T
LPRFE K R RN AN, SPET J& 3 T4 E 4
PR HEAC S 1S B 45 2R A [R] IX B 45 28 TR S
R I AR S A 6] 1, 5 S PR AT, B 5T 4
R Ege 2 L BT I, anferis H
R T FHER K T AE R b S S B T A O, 75 7E
AT

4 25 ig

ARG HEET 5 H R K &S00 s UL AR 5 PM
ISR R RO =, T T R E e T X
1981-2017 4E#4 SPEL, J-H8 #8113 37 452k AL 5
XA B A AR E . EELSIIT

1) 1981-2017 4FF& [E b J7 Hi X SPEI #& {4 2 T %
G, KT B, o, T B A A EA
74% , B3 TSR ECY 43% ; SPEL B4 AN DA 4
PRAEFR R A CH DX RN AR U DX AR R4,

DARRFERTRRAEMKEREE, PET
5 (—2<SPEI<—1.2) & AEATUR 52 I3 e 35 1) T AR
9 81% ¥k i B ., BT 5 (- 1.2<SPEI
<-0.5) & AR S 38 nEa n R 78% , B i
T-5 (SPEL< -2) KA AR AR Al Sy 15 hima 34, 14
HITHFRA 69% , {H 2 i T ARAUN 4% , HAr i3
i, R\ X BT R BRI P E T



222 TRIB XA AT

o537 &

PR,
3) At J5 Hi X 4E 4 SPEL £F 1995 4F Z R4 M fa

FE, Z R ISR, AR B N B ROR N
-0.015 - a”', JE X T AL AY R AR A R 1994

i, BEMTRLENZE ™ E  SPEL E#H%
H1-0.021 - a”'(P<0.05) ; &Y #EHR F-0.002 -
oAU R AR R

4) il it REOF AJ LB J5 oo X &l 4 42k 2R
JEFPGAE T AR X, et 1 5 R To A I
AAEREE R T R IX AN T T 2k g m
F Bt s PHAL T 5 DX ] 3R 80 52 i e, R
TR,

5 % 3 W

[1] Trenberth K E, Dai A, Schrier G V D, et al. Global warming and
changes in drought[J]. Nature Climate Change, 2014, 4(1) :17-22.

[2] Golnaraghi M, Etienne C, Sapir D G, et al. Atlas of mortality and eco-
nomic losses from weather, climate and water extremes (1970-2012)
[R]. Geneva, Switzerland; World Meteorological Organization, 2014.

[3] MFiA, EZRIE 2016 SF2E SR XHTRATEELLLT]. PEEBTTR
Y5, 2017,(1) :30-33.

(4] BF:E, FF 1951~2004 AFrp R TSR EACR 2 1], B
iz, 2006, 51(20) :2429-2439.

[5] Ebfs, s T E Ay 50 48 T A8 RRIE [ ] b B 2 4,
2003,58(sl) ;61-68.

(6] XUsEHe LTS WL, A0l T R o ki 5 JREE [T ] 3t
HI44E,2015,70(11) 1 1835-1848.

(7] WARAL, 45, E 2, 25 KT B8Rt e
RHKIL,2013,44(07) :11-15.

[8] ZHICV 2N ST R4 P I W3 NPT R (1] T2
K4 ,2017,35(05) :709-723.

[9] M. Svoboda, B A Fuchs, et al. Handbook of Drought Indicators and

ZER[T] A

Indices[ M]. Geneva, Switzerland; World Meteorological Organization,
2017:11-25.

[10] Wilhite, D. A., Drought as a natural hazard; Concepts and
definitions[ M]. London; ROUTLEDGE, 2000( 1) :3-18.

[11] Palmer W C. Meteorological Drought. Weather Bureau Res. Paper 45.
U.S. Department of Commerce: Washington, DC, 1965. 58.

[12] Mckee T B, Doesken N J, Kleist J. The relationship of drought fre-
quency and duration to time scales: Proceeding of the Eighth Confer-
ence on Applied Climatology[ C]. USA; American Meteorological SO-
CIETY,1993:179-184.

[13] WA, JREE, SRR, 4. rPEHE R R T 8
FEIE[T]. AEZSFR, 2018, 38(6) :1908-1919.

[14] Heim R J. A Review of Twentieth-Century Drought Indices Used in
the United States [ J ]. Bull. Amer. Meteor. Soc, 2002, 83 (8):
1149-1165.

[15] Zou X, Zhai P, Zhang Q. Variations in droughts over China; 1951—
2003[ J]. Geophysical Research Letters, 2005, 32(4) :353-368.

[16]  Vicenteserrano S M, Begueria S, Lopezmoreno J 1. A Multiscalar

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Drought Index Sensitive to Global Warming: The Standardized Pre-
cipitation Evapotranspiration Index[J]. Journal of Climate, 2010, 23
(7) :1696-1718.

R, BRSC AR KA e ECrE S I S A
[J]. BRI, 2014, 33(2) :423-431.

B, HE, B . FET R K ZE s e P s 15

%‘ﬁﬁﬁ[J 1. AR, 2012, 20(5) :643-649.

XWede, ZEErh, ERRBL JURME TR I S R 2815
ﬁvﬁﬂ@ﬁm[l ]. Al AR, 2006, 22(6) :12-18.

Pereira A R, Pruitt W O. Adaptation of the Thornthwaite scheme for
estimating daily reference evapotranspiration[ J]. Agricultural Water
Management, 2004, 66(3) :251-257.

Begueria S, Vicenteserrano S M, Reig F, et al. Standardized precipi-
tation evapotranspiration index (SPEI) revisited: parameter fitting,
evapotranspiration models, tools, datasets and drought monitoring[ J ].
International Journal of Climatology, 2014, 34(10) :3001-3023.
XU, FERIE. FET PIRMEAEZE AU SRR SPEL X b ik
WAL T]. KRR, 2015, 39(1) :23-36.

LUFEE, AT/INE 1951-2006 45 r RS SARARFAEL ) ] R4S
FERIFERERE , 2007, 3(4):195-201.

RiEEAR, EIEERR, RAEH 5%, T 50 4Rk TSRS AT ) ).
IKFPKAEAR, 2010, 41(3) :78-82.

Allan R G, Pereira L. S, Raes D, et al. Crop Evapotranspiration :
Guidelines for Computing Crop Water Requirements [ M ]. Rome:
FAO Irrigation and Drainage,1998.

FESEBEAIRIERE, ISR G, PSSR s .
GB/T20481-2006 ‘TR T-4F44[ S ] AL st ARHfEH A, 2006,
XIFRLL, Mevicar T R, Niel V2.4 40 = R AR 1
ANUSPLIN B HBI[)]. A4, 2008, 34(2) :92-100.

ks, BURZE, sRHIZT. LT ANUSPLIN #F0i% H SR 2 #

TREDFEN S PG ]. SR SHEER, 2010, 26(2) :7-15.
Yue S, Pilon P, Cavadias G. Power of the Mann —Kendall and

Spearman’s rho tests for detecting monotonic trends in hydrological se-

ries[ J]. Journal of Hydrology, 2002, 259(1) :254-271.

Pearson K. On lines and planes of closest fit to systems of points in

space [J]. Philos. Mag.,1992,2(6) : 559-572.

BRI, RG2S HEIE AR [ M]. JEat: Gt
1999.128-134.

North G R, Bell T L, Cahalan R F, et al. Sampling errors in the esti-

mation of empirical orthogonal functions [ J ]. Monthly Weather

Review, 1982,110(7) : 699-706.
Bl e, skfl— o EAE R K R 25 AR R ARAE S L S R ] 2

JURSER[T]. SEULRFE, 2013, 33(1) :97-107.
Gao G, Chen D, Xu C Y, et al. Trend of estimated actual evapo-
transpiration over China during 1960~2002[ J . Journal of Geophysical
Research Atmospheres, 2007, 112(D11) . D1120.

THRUR, AR, 2500, 45 3K 50 ARARdb XS L T R4
PORFRESMTL D ]. 52, 2014, 40(09) :1097-1105.
D’ Odorico P, Porporato A. Preferential states in soil moisture and
climate dynamics [ J ]. Proceedings of the National Academy of

Sciences of the United States of America, 2004, 101(24) .8848-51.



