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HERCS Y iR R K = s TR RS 1A% O iR AT
SOKBIRE BSKFEH], AU SR A B 4K B8
VR, AL T HXKI RIS . AN R 25 RO
VERIZK & VAT R B R0, 23 R AR N AR R X 37k
PR SN SR AR, R B O K RCRN,
TR R T A B K R R A L AR T X e T
PR 2 ALK ORITA X 5, AR 5 S AL I 2K 5 &
K GHIRFESRIFOT 2 5, M3 R ke S3OK
UM B SRR — o A SCIME A BRI A
BT K YR AG B AE 2 Carable land water scarcity index.,
AWSD 5 fERZEE AWSI I 350 Ak S5 (R 2 Al R0
BRI A T JF DL B DX 3R b K B3 95 v R mT 47 82 4
FIAR, IR AR 7K AR 25 )8 47 SR AN 7K % Y5 R Sk 8 P 4 it
T3 HIRTS,  DUYIAE & /K B I A SS B2 BRAR 1 )
I, O XA Y KR 5% 2 ML SR ) i 2 SR 25

1 MRAZESHERIE

1.1 HhKE R RIEE

ARSI T AR ER LA R 1) XK IR S B K

FEFH PRI, AN N B K S U5 RPN 5 A
AWSI=CWF/AWR (D
AP AWSI N#FHK SEJ AT SRS, TEN: CWF NIX
AN R B, m® s AWR XA UK B TR,
RIAT AR B AR A E A P B K RS KOK R R, m .
CWF=CWF+CWF+CWF gy (2
AWR=AWR,+AWR, (3)
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F 1 ET K ERERIEREY K FIRIERERX 5
Table 1 Category of water stress of farmland based on arable land
water scarcity index (AWSI)

R SIS B R IK ARG,

'ﬁ; iﬁ%gﬂ(%'fﬁﬁ[m ’ C\VF‘grey E[/‘] ﬁ‘ﬁﬁ/ﬁ?\j AWSI Water stress level
CWEF grey=0F/(Cmax—Cnat) Y <0.100 Je/KBHEE 7] No water stress
A FRAWIEEHE, kg o HRIEER; cnu NKERK 0.100~<0.200 IREE/KEIEETT Low water stress
BYIRE, kg/m3; cpy HNERKRERE, kg/m*. AWR, 0.200~<0.400 R EEIK BRI /7 Mid water stress
5 AWR, A AT R K CREK BRI FlggK 0.400~0.800 = BEK B R /) High water stress
>0.800 W 7K IR E 7] Very high water stress

TR, HTERG =, % XK RS T A FAT
A rT Rt 2 R, TR AWR, A
AWR,=TWR-AWU/TWU (5
A TWR NXIEFUKFIELSE, m*s TWU 5 AWU
RN B KRS RIHKE, m'.
AWR,=0.14P, 6)
Kb A AFHHTORR, has P, A RBE/K, mm; P, EWEE
Pk P opyssal B DL R, SR AT SOl X R+ 458
R I )32 3 M I i 0,
P(4.17-0.02P)/4.17, P<83
e~ {41.7+0.1P, P=83
FET T RN K B 5 KL IR ERR A E AWSIL, 1l 42
THI 48 71 X33 78 3 A2 AR b A 7= sk R 6 7K 58 R R K R 858 75 ok
LIRSy, SZIXIFER . REMR R B HEKCE. FHER
it S B AR AR . e AWST A B R DX ) A A
FHK AT RR G AN 2, DX 33k (7] B T I 450 7™ 08 1R 7K B 90 S /K A
Bl 7. K AWSI $8AREEAT S0 K 40 AT BW A Wik e (X
S 7K B YR R R AR B AT DX ) bR (4 . Y
AR Z 23 TR A A, RIS RS . 2R AN K /K 2 E (1Y)
DX 3K Y R B AR A A S 25 R4y . Raskin 2P H
FR DA% G2 7K B CRE 7RO ot B2 X el /K & 5k ( water shortage
index, WSD) MIEEZ KI5 77 O AR AT /T2 %
2231, T AWSI 5 WSI M2 (0 J5 FAH E, B R A X
K G5 RS FH 2 5 K BRI T R & 1) bR A
I, S8 WSI, AWSI S50 BIAE S BT 2 ) 7K f s
mFE 1w

YD)

1.2 =ZEBAMXNRERN_FE

4 Ry 2 ) A G AT AR IR 5 B g 11 A B X
(D BZSERHE, FEH e %R A2 8] FR R M
RAEFHE. Bfd@d 54/ Moran’s 1 R38R AWSI
A SR 23 () SR IR B 22 SRR AIE » R 25 78 2 357K (0.01)
# Moran’s [ {H T3 (Bl Z-score KT 2.58) NIE, FIR
AWST AH 18 XAET A 3R A, 3 )& 44 [X 5 o] a2 4l [X
AWSI S fh b2 P,

TE AL 2 (A R I Sk b, £ B O B /s — e [l )5
(partial least-squares regression, PLSR) KT AWSI f]
IXAN ML - PLSR 7 47 DA 4% 5 ) [ A% 5 1 0] )5 g A
RE 8 A5 250 Hh i e 22 76 0] VA 23 f b () 7 B 22 B L 2R 1 1)
AR, SR A RE T, A BULA A TR R AR
RIEAMARZHE, LA G IHTRIR AR SRR A
R R B 5 BRI R A &R 7 . PLSR AUE 2
JR UGS 5 BT e S B R R A, e AT T R IR T
A PLSR F A Z BRI EERR . ST ER P HEE
PE$5 45 (variable importance for the projection, VIP) A LA
FH >k 2R B 78 5 o0k DR AR e Tl 7 B AR B, AR AR E K
PR RIEMRE AWSE BFAESCHER R . RIS, R [EE R
HOREAL PLSR BB rh &N KRN AWSI SEMAR) 7 [0 5
SRIE. JERE 11 AN FRAE )y PLSR 2% 8] 43 47 (1 e 3 A &,
FE AT BB K D 30 R R EAT W ARG A0, 45 2%
W& 2.

R2  AWSI RFHE T RIHEKFE S
Table 2 Correlation matrix of selected driving factors of AWSI

A% Factor AT P SH CF PP MP IR 1IE GA GP
RH 0.642%* 0.747%* -0.820%* 0.327 0.470** -0.259 -0.083 0.056 -0.145 0.041
AT 1 0.766** -0.513%* 0.686** 0.630%* -0.084 0.352 -0.111 -0.401* 0.261

P 1 -0.582%* 0.387* 0.682%* -0.299 0.155 -0.254 -0.479%* 0.057
SH 1 -0.184 -0.259 0.257 0.102 0.003 0.135 0.030
CF 1 0.641%* 0.304 0.549** 0.299 -0.348 0.570**
PP 1 0.130 0.493%* 0.085 -0.407* 0.483%*
MP 1 0.445% 0.270 0.056 0.428%*
IR 1 0.152 -0.465%* 0.610%*
1IE 1 0.133 0.468**
GA 1 -0.211

T FRIRTE 0.01 AP LEFEMDG #FRIRAE 005 ACF LEE: MXHEE (RHD . PSR (AT . BKE (P) . HEE% (SHD . #3HIE (CP |
R (PP)  HUGHUMAESI ) (MP) | A (IRD . BEMALE (B . AWM (GA) YR A GDP (GP) , .

Note: **Correlation is significant at 1%, *Correlation is significant at 5%. Abbreviations: relative humidity (RH), average temperature (AT), precipitation (P), sunshine
hours (SH), chemical fertilizer per area (CF), pesticides per area (PP), power of machinery per area (MP), irrigation rate (IR), irrigation efficiency (IE), proportion of
grain area (GA) and per capita GDP (GP), the same as below.
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AT B AT X 3O R R 31 ANMESATIBUR T, B
FURT BN 1999—2014 . &8 X KRS K
S RO K ESR 1999 —2014 10 (R EK BEIR A
) s BEXEMHITR RAED MR
At AN, GDP. A ZGEBR A Al LA =
HEHEKRE (PESTHEE) « $EX FEIR
HPARRHEERBTEHAIRHEE TS
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Fig.1 National generalized agricultural water resources balance
and AWSI in 1999 - 2014
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FEK AR AT B 772 SR K BT RTER T, AR A 7= BB (1)
37 kIR 2354 () DA e CWF BB 1 K ) £ R Eh /7 .
15 a I8, RAEYSEFMEAE 1.56x10° hm®* K F
1.65x10° hm*, 5 [FEN mFEKOREED >~ EHY
5.08x10° t K F] 6.07x10° t £ 4. AWR 5 CWF HI%fi
K AR AL F e AWSE IR IL: BT 4 a FAEAE 0.320
G T P K BEYR K 77, 2003 £E 2 )G 4k T, 2006

I 0.400 T S FEK BEUR IR 7 X R FET 2011 ARk F|
W FCI B (B 0.534; 52 4 [H /K %I s & I 8 5 5L
AWR . SBR[, 3T 5 a AWSI LL 0.476 A3
B H IO R B PR 30y, AN BH b [ Bt 7 e o
AR 7~ H AN MEAE IS 5

2.2 AWS| HIBtZ= %

Kl 2 A AWSI 44 /& Moran’s I M54l Z-Score.
A LIEH, Moran’s I FEFTH KEM I KT 0, FHE
AHRL) Z-Score fH KT R EI/KFN 0.01 B I F1H
(2.58) o Tt BH Hp B b /K B8 5T SR B R I I E AR
KA, MMEZ A 7E 2 ) B 2 A0 B R AR I AR =
AWSI [k 5E R 20 J B AR S5 K SRR AL FR DL R RO AR
FERIESE SEY)-/K BIR K RAHBC R I8 2 . bl b
% DRI AE I ) _E R B TE S AR I G 1) [B) I AE B B A |
PR e 3 X I (R B 28290, 33k 7 4% A2 g 4 A K
GRS R e S ) R R R B E A .
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Fig.2 Global Moran’s I of AWSI and its test during 1999 - 2014
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A KN FEAR RS e, 25 IA) b A SRR AEAE I R) R
KA . TRIIZE 1 1999, 2004, 2009 }% 2014 4F 4
ANMFEARIT AWST 23 E) o0 A B, DOV AE 23 0] 1 4y
A RAERE, WK 3 . B, HEE&EX AWSI
PR IIME . 2. ez, FHTIFE LB R RZ
LERFEGHE, VAT DX B K 5 R R A I )
BN, ERYVITFE 3.

3 BoR, AFEL AWST SRS A 0 A ks 5 5
A2 R A3 () FAE S I TE S RARTE, RN B B i A e 1
IERENR . AWST B RE X RETHERTIR, J-hf
& I [ HE RS AT 1) 7 A6 AN R A6 7 1) 2B o (1 34 5 5 7R 3 [X
KHFHDMTE A X2 AWST BRI XK, KiTA 2
548 A b 7K JE SRR B A F A [ b R 4 Bt R IR
) AR TR 34 . AWST 78 JR3 30 2 1] 1) 43 A R 0 B 2 Hh K
PR BT 5 AR L AR PR AR R, X AR R M R AR
2T B A A Bk L SR 38 2R 4 5 AU J= ) DR IR o 5
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W, ROl A 7= B KGOS R T I B KBk R . 10 M IX )
AWSI /T 0.400~0.800 2 [a], T Ifs &5 5 /K B YLK 77
TX A4 X 43 A 7E R R 7K SRR R 7 DX 38 130 % 5 R IR
FE 7K B2 IR AR BE K BEIRE /7 (0.100<AWSI<0.400)

0 1000 km
1

N

1148 X A7 T KT DA 5 75 3 A0 PG 3k 3 41 3 4k T e K
JEEJTIRAS, AWSI A 5379 0.036 F1 0.004.
T IR G R 1 R R K SRR e TR Mk A
TN ARAE P 7K 2 08 S B/, TR T B b 7K 5% IR R R 4 £
fiK. 4, VHE AWR [ EEE 400 Gm?, 1 CWF
HIEBEA Z 2.00 Gm?s

WK IR 15 B Arable land water scarcity index (AWSI)
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d. 20144

b. 20044 ¢. 20094
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Fig.3 Spatial distribution of AWSI in selected years
K3 BERX AWSI7E 1999—2014 £ [8 AWSI I E BRI E
Table 3 Provincial statistics of AWSI during 1999—2014
X3 EHME W% PRz A2 R RSB
Region Annual mean Range Standard deviation  Coefficient of variation Change rate/%
1% Shandong 2.056 1.380 0.390 0.190 5.0
L Hebei 1.978 1279 0.297 0.150 3.7
T Ningxia 1.833 1.597 0.635 0.347 3.1
Jb5{ Beijing 1.791 1.170 0.361 0.201 0.4
Ji/# Henan 1.766 1.434 0.462 0.262 5.9
K Tianjin 1.462 0.981 0.254 0.174 3.5
i Shanghai 1.381 0.893 0.269 0.194 33
{5 Jangsu 1.052 0.538 0.125 0.119 22
JLF Liaoning 0.967 0.854 0218 0.225 8.6
FHE Jilin 0.731 0.559 0.144 0.196 6.0
P4 Shanxi 0.709 0.696 0.206 0.291 7.6
HF Gansu 0.708 0.329 0.109 0.154 32
2 Anhui 0.705 0.363 0.111 0.158 5.9
W51 Neimenggu 0.634 0.504 0.169 0.266 5.7
HJEIT Heilongjiang 0.599 0.567 0.149 0.249 6.3
Pt Shaanxi 0.566 0.529 0.150 0.266 6.5
19t Hubei 0.506 0.339 0.092 0.182 49
#JK Chongging 0.483 0.231 0.067 0.139 3.6
il Xinjiang 0.472 0.822 0.240 0.508 26.9
Wil Zhejiang 0.313 0.303 0.079 0.254 10.5
#iF Hunan 0.270 0.293 0.066 0.246 7.0
P4l Sichuan 0.267 0.126 0.035 0.132 2.7
J7PE Guangxi 0.250 0.247 0.070 0.280 7.1
J"% Guangdong 0.246 0.184 0.051 0.208 5.7
% Fujian 0.242 0.234 0.074 0.305 11.1
M Guizhou 0.210 0.265 0.060 0.284 8.9
YLPY Jiangxi 0.195 0.173 0.050 0.255 10.7
#3F4 Hainan 0.181 0.199 0.058 0.320 10.0
ZF§ Yunnan 0.171 0.161 0.052 0.305 102
4§ Qinghai 0.036 0.037 0.008 0.227 5.0
P Xizang 0.004 0.001 0.000 0.063 0.2
i China 0.413 0.220 0.070 0.169 4.0
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ANFAEA (R AR AL TG T, A 22 5 A 22 () 25 18] 3 A
Ept K IR SR RO, A FRBA AWST {EH
KA XAEBRE 40 RO, AR, b, 752, b
SR ZEEE 1.000, THEES50EEAKT 0.100;
PUGEARHEZE JLT- N 0, SEWME . RZEILFERIZX AL
AWSIK, HEEFRgERefae; L X s =N T
0.008 (i) ~0.635 (‘T°E) ], ZREK; AIXIH
1) AWSI {8 LA BRI R, SR bR v S5 T
BAh, BRRZBEALEANT 0.100~0.300 28], Fhxl
IR E T . TS T2 1 AWSL RIAFEF I
il K5 43 44 X R p K B IR R Ol A R R AE R E
M. BESRPEHL A 2K EAE 400 mm, {H T )]
RWEK, TUEFEL AWR A3 T 400 Gn®, ATHA
X 2 fs SRTT T A A = ]S, PUFR 35 CWE A
1.55 Gm?, 4E#/N: FitE CWF (5 AWR (I LB R )N,
XAE AWSI /N HEEshiEsmEi R . T2 K> 5
A b 7K BRI K 3 ™ R K SRR R R, R,
AWR FIERRZALAT CWF [ KigH KL F kg T AWSI
HIERR A AR 5 BB K. 2 3 IEER, FTHEH X AWSI
AR b5 S GRS, BEEHIE 15 a T E B K
FEE AT, ARl F K R SR T 2w TH I B R K
B A A =R TR T U AR ED K R 2R K (B 1) =2
AWSI B[] 3K = BBl 77 . KA X AWSI 4
B KR AT 10.0%, BB rEE S T 26.9%,
m T HAA X . BriE AWR REFTE 100 Gm®, T B4Rk
@, M CWE i 21.51 Gm*—% FTH5 2014 4E1 75.75
Gm?® o 3X 5 75357 58 FR ARG ~ m B /K R R g e X 4
1R P~ W K R g X
2.3 AWS| IREhEZRRIT

FIH PLSR Xt AWSI f 3242 [RlF 340 51 F4) 43 B &5 S AL
F4, KB4 KE 5. &4 FUR, PLSR BIAFRELH ) 2 4
it f /0> 3 [m] VA = 14y 43 A RE ASWIT 25 [R] A% 7 (1)
58.9%F0 13.8%, T80T 2 B 531 ASWI fh e /> — 3¢ [r]
BRI, RAEIR ST ASWI F A1 R TR E. & 4
B, 51 TR S 71 (MP) X ASWI K/
HIEER, BoKE (P) X ASWI K/NEGEH . 552 i
SR ETH LS (GA) X ASWI K/NE IE R, H
HEET 2L (SH) X ASWI A fasgmi, RN,

%4 ASWI BJ PLSR 42
Table 4 PLSR model of ASWI

AWSI 28 54 AWSI AR S5 i
TRRE T 3 B B0 RAR 0 b

Percent of Cumulative 2 R 0
Component  explained explained o
variability in  variability in
AWSI/% AWSI/%
1 58.9 58.9 0.511 0.73 0.53
2 13.8 72.7 0.533

— RO, VIP AEAE 1 2 B4R B o R A8 B ) 2 2
oA K3 . AWSI ) PLSR A (& 5) 3 MR VIP
KT 1, SRR ES) /) (MP, VIP=1.761, [A]
4 & $=0.457) , F&/KE (P, VIP=1.192, [0]JH &%

=-0.312), A GDP (GP, VIP=1.170, [0] )9 £ %7=0.030) .
HoA gl MU R 3 7181 N34 GDP 3 K2 S8 ASWI
K, BEKENF ASWI 2EE Ak, SbMxt, VIP
BN R WM E (RH, VIP=0.729) . “F¥SIE
(AT, VIP=0.321) . Hut5{bE (CF, VIP=0.822) M1}
4% (PP, VIP=0.458) .

0.6r

*¢GA
o MP
0.4F
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g 02}
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B4 AWSHafg b ZRABEF —. ZRHRE
Fig.4 Weight of 1% and 2™ PLSR components for AWSI
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Fig.5 Variable importance for projection (VIP) and regression
coefficients (RC) for each predictor of ASWI
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VAT 2y g fo E L A3 A T AR BB TR HE HEBL
B 3 R X AR b FH AR V9 55 5 A T 1D 7] N 52
DX Bt AR R SRR DL . BHENLIEH F1 AN BRI 1X
BORZ L EIRT R RV IR e ¥, WA T K BT
VAR BB X B R AET s T 3 Z AR A A R K
AR, Xl DAY Az 7 6 L 7K B HERED UG 4 75 SR
K, wntede A i AU S B0 ik 10 kW/hm?, T
VLA A 77 X AR 3 kW/hm? 2247 s AL A F



18 M BEHS:

TR AL 53 e B I K R R 2 =) S AR L) 99

ARl A= 77 2850 T v 2 (I A8 VR T RRURI A L A = R [
R, AT R B R PR A AR 0 7K R 32 A o P2 06 ) B b 7K
FEE . BT AR B VR K S A AL T K R I Y T
HADEYD, AR E TR E R K R AE YK R 728 e S A
TR, 3 S EOR K R YR SRR AU OR . A
GDP iy i X IR E0 5 2 e e 3 A1 000 T sz e A M FH 7K 45 4 9
SN FE L KRS SR B s BT T R AR B5 oLl R R KA
KPR TSR, AN GDP K 48 X A%k I 7K BG4
ARG, I 238 Rl 22 b 43 e 4 b A3 Fr) w0 7K % 9
EUN,  HETOCHE K SR s . AR B R AN
W (RH) 5FHSIE (AT) BSSHEYFE K R
KT, (HRSEMHRK LT L AWR JTEHE#KEE,
XATREE = VIP EHBARR B . ROl AE = H35 1k
JE (CH) Jethdbfe 2y (PP) 1 X8 ] {22 5 A i At 44
ST, H R0 KK R Al SR rh e DL e
DX 35 1) A0 AT 2R FRE FE I 22 0 o 32 At AT D 23 i) b xet
AWSI FIEEMAR /N FE B RN . thhh, IR T
WA KRR G, T AT RERCA AWST IBRB)EE R . (K
BAERIRERRE, 1% RKIE PLSR TR THE, XEKRK
DX 3 AR Ml K B R IR AL 43T Hh 7 S R 1 )

3 & i

1) KRR, HihK YRR EFE 2L (arable land
water scarcity index, AWSD) R84 [ &4k X I XK 5%
VAT RFSE R HFRE . 15 a (M4 [E AWSI 24 0.413, flkE
7 AUk — Ak T R TRD A0 R 0 v R K B IR R R
2, WE R SR TH G PR (1) B YR AT IR B R 5 TR 5 B K RE R

2) At 7K T Y R SR AR AR N A7 A B )R 2 A A
P, HEARSP R B R AR B 1) 8 S Y X
AT DARG AN ZR b AR £ 2 7 X T I A 2 DA oK B YR
77, PEABE X B 7K 5 R el 3 s A B X

3) KRR AWSI M A BRI 1, Tk
MRS T RRE TR 51 DL 2 A 35 GDP X AWSI %
B TR B RIRO . FEA BT R AR AR PR K
AV RR A 2 7 XN 3 T 4 X3 A 7 i ™ H DR B A 7K A2 328
SRR AT O K TR B RS i e, DASEIK BE
PR AT RS A .

(& £ x #

(1] 2=8kAEF, FAEEL, £, F ETREFEREGRKS

PGB RS PAN ARA[T]. ARk TREZ4R, 2017, 33(12):
136—143.
Jiang Qiuxiang, Zhou Zhimei, Wang Zilong, et al. Risk
assessment and optimization of water resources shortage
based on water and land resources coupling[J]. Transactions
of the Chinese Society of Agricultural Engineering
(Transactions of the CSAE), 2017, 33(12): 136—143. (in
Chinese with English abstract)

[2] Cao X, Wu M, Zheng Y, et al. Can China achieve food
security through the development of irrigation?[J]. Regional
Environmental Change, 2018, 18(2): 465—475.

[3] Velasco M, Aznar S, Belmonte U, et al. Advances in water
use efficiency in agriculture: A bibliometric analysis[J].
Water, 2018, 10(4): 377.

[4] Wang Y, Zhang Y, Zhang R, et al. Reduced irrigation

[5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[19]

[20]

increases the water use efficiency and productivity of winter
wheat-summer maize rotation on the North China Plain[J].
Science of the Total Environment, 2018, 618: 112—120.
B, AgER, EPE, S iR K - BRI &K
AN, A TR, 2016, 32(5): 156—162.

Li Hui, Zhou Weibo, Zhuang Yan, et al. Agricultural water
and soil resources matching patterns and carrying capacity in
Yan’an City[J]. Transactions of the Chinese Society of
Agricultural Engineering (Transactions of the CSAE), 2016,
32(5): 156—162. (in Chinese with English abstract)

Pedro M, Solera A, Ferrer J, et al. A review of water scarcity
and drought indexes in water resources planning and
management[J]. Journal of Hydrology, 2015, 527: 482 —493.
Li J, Liu Z, He C, et al. Water shortages raised a legitimate
concern over the sustainable development of the drylands of
northern China: Evidence from the water stress index[J].
Science of The Total Environment, 2017, 590: 739—750.
Sun S, Wang Y, Engel B, et al. Effects of virtual water flow
on regional water resource stress: A case study of grain in
China[J]. Science of the Total Environment, 2016, 550:
871—2879.

Hoekstra A. Water footprint assessment: Evolvement of a
new research field[J]. Water Resources Management, 2017,
31(10): 3061 —3081.

Xinchun C, Mengyang W, Rui S, et al. Water footprint
assessment for crop production based on field measurements:
A case study of irrigated paddy rice in East China[J]. Science
of the Total Environment, 2018, 610: 84 —93.

Chu Y, Shen Y, Yuan Z. Water footprint of crop production
for different crop structures in the Hebei southern plain,
North China[J]. Hydrology and Earth System Sciences, 2017,
21(6): 3061 —3069.

Zhang Y, Huang K, Yu Y, et al. Mapping of water footprint
research: A bibliometric analysis during 2006 — 2015[J].
Journal of Cleaner Production, 2017, 149: 70—79.

Chukalla A, Krol M, Hoekstra A. Grey water footprint
reduction in irrigated crop production: Effect of nitrogen
application rate, nitrogen form, tillage practice and irrigation
strategy[J]. Hydrology and Earth System Sciences, 2018,
22(6): 3245—3259.

Dambrosio E, Degirolamo A M, Rulli M C. Assessing
sustainability of agriculture through water footprint analysis
and in-stream monitoring activities[J]. Journal of Cleaner
Production, 2018, 200: 454—470.

Zhuo L, Mekonnen M, Hoekstra A, et al. Inter-and
intra-annual variation of water footprint of crops and blue
water scarcity in the Yellow River basin (1961 —2009)[J].
Advances in Water Resources, 2016, 87: 29—41.

Veettil A, Mishra A. Water security assessment using blue
and green water footprint concepts[J]. Journal of Hydrology,
2016, 542: 589—602.

BEE, OA, REWE, & ETARRZER A EL K
RORVFN ], A TR, 2018, 34(5): 1—8.

Cao Xinchun, Ren Jie, Wu Mengyang, et al. Assessing
agricultural water use effect of China based on water
footprint framework[J]. Transactions of the Chinese Society
of Agricultural Engineering (Transactions of the CSAE),
2018, 34(5): 1—8. (in Chinese with English abstract)

Liu J, Liu Q, Yang H. Assessing water scarcity by
simultaneously considering environmental flow requirements,
water quantity, and water quality[J]. Ecological Indicators,
2016, 60: 434—441.

Cao X, Huang X, Huang H, et al. Changes and driving
mechanism of water footprint scarcity in crop production: A
study of Jiangsu Province, China[J]. Ecological Indicators,
2018, 95: 444—454.

AR, 2O, TA%E, & P EARL SOKBHER M



100 Lk TREZH (http://www.tcsae.org) 2019 &

RYTIS B R T[I]. AKEFERERE, 2017, 28(1): 14— [25] Ye X, Wu Z, Wang Z, et al. Seasonal prediction of the
21. Yangtze River runoff using a partial least squares regression
Cao Xinchun, Shao Guangcheng, Wang Xiaojun, et al. Model[J]. Atmosphere-Ocean, 2018, 56(2): 117—128.
Generalized water efficiency and strategic implications for [26] BEER, FREN, E) %, & PEIEZEYRKESE
food security and water management: A case study of grain WM. dext: B EACH HL T H AL, 1995.

production in China[J]. Advances in Water Science, 2017, [27] BXBHE, PhEA, XUEE, 25 JbJy X 3 5k (R e
28(1): 14—21. (in Chinese with English abstract) 7K'E§ﬁ[M] Jbmt. s E ORI AR BB, 2004,

[21] Raskin P, Gleick P, Kirshen P, et al. Water Futures: (28] AL, BEWNE, XIEE. opERIEWEK b s
Assessment of long-range patterns and prospects[R]. Stockholm,

Sweden: Stockholm Environment Institute, 1997. &Né%%ﬁ%ﬁ [J1. ,7J(, ﬂil&@’ 2010, 2 1(5): 637—643.
[22] Munia H, Guillaume J, Mirumachi N, et al. Water stress in Sun Caizhi, Chen Lixin, Liu Yuyu. Spatial and temporal

global transboundary river basins: Significance of upstream variation Otj crops green water occupancy index in China[J].
water use on downstream stress[J]. Environmental Research Advances in Water Science, 2010, 21(5): 637 —643. (in

Letters, 2016, 1(1): 014002. Chinese with English abstract)

[23] Xinchun C, Mengyang W, Xiangping G, et al. Assessing 29] #fEHR, RER, EEF, % PEEXKSETFE R
water scarcity in agricultural production system based on the B2 22 o (0], AR LR, 2012, 28(13): 1—7.
generalized water resources and water footprint framework[J]. Cao Xinchun, Wu Pute, Wang Yubao, et al. Analysis on
Science of the Total Environment, 2017, 609: 587 —597. temporal and spatial differences of water productivity in

[24] Xia J, Wang L, Yu J, et al. Impact of environmental factors irrigation districts in China[J]. Transactions of the Chinese
on water quality at multiple spatial scales and its spatial Society of Agricultural Engineering (Transactions of the
variation in Huai River Basin, China[J]. Science China Earth CSAE), 2012, 28(13): 1 —7. (in Chinese with English
Sciences, 2018, 61(1): 82—92. abstract)

Temporal-spatial distribution and driving mechanism of arable land
water scarcity index in China from water footprint perspective

Cao Xinchun™?, Liu Zhe?, Wu Mengyang?, Guo Xiangping?, Wang Weiguang*
(1. State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University, Nanjing 210098, China; 2. College
of Agricultural Engineering, Hohai University, Nanjing 210098, China)

Abstract: Efficient water use in agriculture production system is widely accepted as an important foundation of regional water
resources management, water shortage alleviation and environmental sustainability. The arable land water scarcity index
(AWSI) to describe relationship between crop production and potentially water resources was established based on water
footprint framework in current study. AWSI was defined as the ratio of total water footprint in regional crops cultivation to
available agricultural water resources, including blue and green water. AWSI in 31 provinces, municipalities and autonomous
regions of China from 1999 to 2014 was calculated. Then, the spatial-temporal pattern and driving mechanism in the observed
period were explored with the help of the methods of spatial autocorrelation analysis. A total of 10 potential factors such as
relative humidity (RH), average temperature (AT), precipitation (P), sunshine hours (SH), chemical fertilizer per area (CF),
pesticides per area (PP), power of machinery per area (MP), irrigation rate (IR), irrigation efficiency (IE), proportion of grain
area (GA) and per capita GDP (GP) were selected in driving mechanism assessment. Given that the high co-dependence of
these potential factors, partial least squares regression (PLSR) was used to elucidate the linkages between the ASWI and the
selected factors. The results showed that, annual value of AWSI in China was estimated about 0.413, and the country faced
high water stress during the studied period; AWSI in almost all of the provinces, municipalities and autonomous regions
increased over time, indicating that water scarcity in agricultural production system of China was intensifying. Spatial
autocorrelation analysis showed that the global Moran’s I was higher than 0 in all the calculated years, implying provinces,
municipalities and autonomous regions with similar AWSI presented an obvious aggregation characteristic in agriculture
production of China. Provinces with high AWSI was in the North China Plain and all the regions facing extremely high water
stress (AWSI>0.800) were distributed in the north of China; most of the provinces located in south of the Yangtze River were
classified as moderate water stress (0.100<AWSI<0.400); and with a value of AWSI below 0.100, only the Qinghai and Tibet
were in the provinces and autonomous regions with no water stress. The controlling factors for ASWI were identified by
calculating the variable importance for the projection (VIP) in PLSR model. PLSR revealed that the 1% and 2™ components
could explain 58.9% and 13.8% of the variation in the ASWI. The dominant 1-order factors affecting the changes in sediment
yield in our study were: MP (with VIP and regression coefficient (RC) were 1.761 and 0.457, respectively), P (with the VIP
and RC were 1.192 and -0.312, respectively) and GDP (with the VIP and RC were 1.170 and 0.030, respectively). The
development of social economy was an important reason for provincial water scarcity intensification in agricultural production
of China. The PLSR approach proposed in this paper was useful in that it eliminated the interdependence between variables to
some extent and quantitatively calculated contribution of driving factors to changes in ASWI. The evaluation of water scarcity
in arable land and the results of current study can be used for decision-making in agricultural water use efficiency
improvement and total water appropriation control.

Keywords: water resources; partial least-squares regression (PLSR); agriculture; efficient water use; blue and green water;
grey water footprint; evaluating indicator



