218 E 41
2023 4F 8 H

P 7K b 5 KRB B Cor e 30)
South-to-North Water Transfers and Water Science & Technology

Vol. 21 No. 4
Aug. 2023

TRER, BT, BT, S5 KR I A N PG 5 DRP AR 45 A4 B ) IR (0. R K AL IR Sk AR (th3E30), 2023, 21(4): 751-760.
ZHANG J X, HUANG H P, HAN Y P, et al. Synergistic adjustment of planting structure in terms of water footprint in arid area of northwest
China[J]. South-to-North Water Transfers and Water Science & Technology, 2023, 21(4): 751-760. (in Chinese)

KEITBAR A T L B X FiE &1t E] F &
KRR, ZATFLHFR, R4 miE

(L AT R AR SOK BEIREABE, B At 2100985 2. JATHE A2 /K SOR BT T RERY 7 [ 52 Fh s S 062, 1 i 2100985 3. 7 i e

BIXK GRS 4 KR TS thuls, B8 AK5F 830000; 4. fdt K FlzK B KK B IR 2B, F5H 450046)

FEE: IV R IX R ], SR A /K R iR, 4301 32 BEARAE Y M AE KRR 2, FE LUK RTEAE = /N L AR & s
S es i RAR R H bR, M8 LUBRB Y IR K S IR & 4 R AR SRR 22 H bR R RIS R X Rl 45 i 0B AT Ak . 4
RFH: 2000—2020 4E PG R X FEAEY =R 8K 2.41 £, PO AU K 1.24 £5, BB TEY A2 5 1EY) A FPAf L
BilE 2:1 1) 1:1 5678, Bl 4584 t & — 1k 200 & B2 s 1R A 7= /K 2 08 5 it A 838.70 42 m* 1 %5 1 109.05 /2 m’,
HrAp K R 5 HREE 79.09 %, Al AR =T I 25 B K SRR R A7 5 TR VE AR 454, 18 20 8% 08 L AT
FE M T AR 140.593 J7 hm®, 1.863 J7 hm® 1 0.340 J7 hm’, 7K BE V5 I #E42 l 082> 107.25 12 m’, AR 2550045 T 2
T 2747 A0, TR REE PT AR 470.74 4270 0 BHFFE 45 XA 1 PG Ak 552 DX A b 45 # O00Ah 18 28 K B 05 ] 2 ) L

AEERNSHNME.

KR : PUAL 5K AR A M AL AL; K2 4 dE S T 4y B A

FESES: TV213 XHEkFRERD: A

PEIL R XA V2 FE B AR AE 7= X, ) an g
oy “PHACHAR” BT PG LR . PR “%E FVLR” 1Y
TR LA SRR R “FEAMRRAS” e 5 R
2016 FPUILHEIXFIH] T 42 8.5 % MK BEIEA 16.1 %
R RE AR, A= T 4 13.7 % MOt N,
Jb 3l XA Al A= 77 o T AR B AT A RO
G HAAREEEMWY, SR, P05 XK 9 AL
Fir e, A i 42 Y 5.7 %, Alb K & 3113 H X 7K
KR 80 %, PRI, BRI PE L B X AR AEY) A K
TR B 3 A K G R KRR | OB X I ) &
SHAREEZE L,

K TR R PR K R A A () BT
H2Z 10 Afelh K Rk e K 38 H BT L 5 e K Y
T4, e A6 BR 25 Tl A AR 2K R 8 LA K R 3,
LA SR — 5 I 30 01X I8 P R A A 7 R 2 i
i Hp BT T RE AR IR K i, SR TR AR 5 Al K 9 R
FER R ZHEAR . H AT, OCF KR A 5T KA

iR HEA: 2022-12-28 & [E H#A: 2023-05-09

DOI: 10.13476/j.cnki.nsbdqk.2023.0073

LRAER . EIK . B BRI A AN R 2 ) RUBE, DA™= i
72 R 9% 25 S5 S TR R A 1) KR 328 AR, i X T
KR SRR AR T 4 I B Al 285 4 R R A SR U R
L

A SCHE 2000—2020 4FEPEIE R X R4 Rk AE
7T P SR (3R, AR K R K 2
T FNER KR I ) 1 AR AL RRAE, #4222 B AR Ak i 4%
B, R 7K B8 5 A 24915 20 R FH B AR B B ) 28 4 ffy
BET IR K A%, Ry 2 i va b 5 XK B 7
VALY AR P s (A R 25 R PR AL B SRR, AT
HEZ XA AT FRLE K

1 B SR SRR

1.1 AR

Pi b 5L X (73°E ~ 120°E, 30°N ~ 50°N) £, 45
9L HE. HOR . TR PN 6 M (HIR
XA 60 AT D), EHIAZY 370 T3 km?, o5 3

[ £& HH R 18] : 2023-07-10
) £& H Rk - https://link.cnki.net/urlid/13.1430.TV.20230707.1642.008

EE&WH: P E TRBCA 5 H : PHI0E X ROl S UHK 5 RS IR S DRI SR (2022-XZ-26); 1] 48 BB = R 581141 (222400410118)
EE BT KKK (1997—), Lo, BRI PE LN, WA-0F50E, FENFR OKFIE T HATSE . E-mail: 18309294517@163.com
IS ABERIT.(1960—), T, WIS FH, o TREBe e 1, 181, BN TR IXK BT 5K R TR B4 m A5 . E-mail:

xjdmj@163.com

KX KRE R +T5]


https://doi.org/10.13476/j.cnki.nsbdqk.2023.0073
mailto:18309294517@163.com
mailto:xjdmj@163.com

F20% F A4 BAAE S ARBECFE) 2023 4 8 A

TR 38.52 %, J& T T FE T RAME, 24T
R K /T 400 mm, Z4E S E AR L RN
927.69 mm, Z4E - /K B AU 1.59x10" m’,
A e AR 5.7 %, Je TR I A il K A i X
SR, X 1, SERAGHRF 5, s K E E %
R A M A 7 DX R 1l A T i i, e R 6D
B4, R, XIS X A A 7= i A K B UR
FIFH BUCRBE 2 PF e mT SR a2z b DX AR N ]R3 252 e 4
PEHIS S
1.2 #¥ERR

KRG BT b B R E = Rk 55
¥ (http://data.cma.cn/) , FLFE PG IL R X P ) 205 NS
Sl 2000—2020 4% H i VLI B, A0 45 FEK
AR EE . KU . H RE B EL, e AR A i R
FEAEYAE T AEY RES A B R 42
(FAO) FEMEHEK (55 56 7)) el . (b E R ZAEYTH
K5 HEE ) . (b Oy b IX 3 B A 1R W B B K
SER ) MARESCIRY Y AT R EAREY e R
A N H SRR T ES % 448 (AR
X)) GE i 4F % £ () G 3T 4F 46 Fn K %% U8
% (2000—2020 4F ) o BRI USRS A A SR
U5 T (4 B AR ™ i il AS I 25 9 BHI 4 ) (2000—
2020 4F) .

2 WARAZE

2.1 AR FR R T AL

YED A 77 7K 2 305 H 1 7K 300 I 4 7K R 300 2 L

FAF R W A = KRB R, TR AR

We = Webiue + W green (D

e W VR TR KR I, m/kgs W geen WAVEYIE

7R OK R, m/kg; W 0 VE W AR 7 W K R 3
m’/kg.

VEI A 77K | 7K R 53 Sl VR A 75 4 s
RETPREEIK . SOKFR 5 EY SR RS, T
HAXN

10X ET o

We piue = 1% (2)
10X ET green
WF,green = Tg (3)

R ETyen ET oo 27 BRI AE KR IIR WK L 20K
5 i, mm; 10 47 SLAEHE FHC, 46KV (mm) $e e
Sy B TR, m/hm’s Y A R R TR
kg/hm’,

FEMIAE KA K | Sk R TR S Sy

* 752+ KX KK R

ET yreen = Min(ET ., Pegr) (4)
ET e = max(0,ET, — P.g) (5)
Lo ET, YT K", mm; P A AEY) A &
JI I P 4 28R 7K 2, mm, )T 3 Rl 3 - 4 1
R HEAE I USDASCS J7 kit g,
22 oAb S R
Z H bR AR Ak 5] R0 48 75 22 [R] B 00 £k 75 4 5
AL R A ), 33k 26 H AR AT BE AR B G
A FELL 2020 4F S HLRLAE | R ] MATLAB £ H
P 388 A2 B 0 PG A 52 X1 1 9 o vl 225 4 1A T4 b
sReft,
221 HARE K
K BEVEAN B bR KGRI AL R/
VER K PRI FE S 5/, TR AN

6 10
minUy,e = Z Z x%;4i;C, jblue (6)

K2 Uye HFFEET BE N BVEY) A2 7= 7K R 3700 0 &
m’; Cype A XK i VW) j 1026 72 5 K L 508, m/kgs i
RPGACFIX 6 B (HIRX) ;) A IAIVEY); x, b X 35k
i YEY) j IR TET AR, hm's g, b DX i VR j 7 i
kg/hm’,

VERIEE K 3T 5 ok, AR N

6 10
: z xffqij Cij,green

i=1 j=1
6 10

Z Z %i14i;Cij

K2 Uyeen AFFERT B BIVEY) A 77 K R 30 S
M5 Cpeen N XK i VEH) j 1O HE P2 5K B, kg/hm's
C; I3k i VEW j B A 7= K 2 3 o

RS B ARG R, IHREAKCN

maxM.., :4.0126:iejx,-,- (8

K M, WA AR, J0; 4.01 B AES MRS A
1Y 5 R, 430 B A7 (0.85) L SR RN
(0.40) . K BEWEAEL (0.02) . ST (0.67) . S fi
AT (0.36) . LB (0.10) . K SCIHFY (0.27) . +
BEORFE(1.03) | HE4 IR IR 3R (0.12) . W) ZFEHE
(0.13) | $2#EE2EFMM(0.06) 11 Fl 2S5 F2Z A5 e
H—AAEERS M E S E TS E N E,
JG/hm’,
2% A bR: YEW s ok, TR A

P

maxUeen =


http://data.cma.cn/

KEK, %

KR AL F TV A X AR A 25 A B R R

maxM:iixijq,«j (P;-D,;;) D)

K M EW GRS, JG; Py o KB VR j &
W, Jo/kg; Dy XK VR AR AR, JT/kg.
222 HEREAE

Prb AR 2o B T Al PR R R, IR
VEY) A 0 ARG — 20 3 B0 1 80N, SOPE ) By
TR AR L PR R SR AR (AR Py AP A T AR 2 A, it
Hh, B IE2 30 %o HYAC PRI 5 52 FhAE 45 Fe) 1) ] B ,
W AR R T AR Y BRICE R BUIRAERY 70 %, 1
/N

6
Xij < Z Xij2020 (10)

10
T0%;0020 < Xij < Z Xi7,2020 (1D
J=1

2 0000 IR 7 VEY) j BURAE AR AR, hm

AV KA. FIrRRELAE 9 A 28 8 FH 7K
AN BB I A B BT RE S L B E e ALK 19 B,
N

i

10

Zﬁl Z Xi;qiiCijpie < B (12)
-4 £

i=l j=1

A B O P b 52 DX A A7 ] 4 {3 9 JE TR K A S

=)

3
H,Mm o

BYEEAR ., BYZEARITE AN

6 10 6 10
PR IED IS (13)

=1 j=1 =1 j=1

Ao oy X BN B &, JT N\ D o AR
J TR, kgo ARIE T EJE REEE T8RS 2021 AT
SEANBIRYOKFE . NEREAR) , B RE B,
AR L GIORE S W 232 4% 40 % SR80 4300
91.25. 36.50 . 9.10 . 109.50 . 73.00. 9.13 kg"'"; 2020
AENIHRAE A R 4.2 kg

Ao . B A AR W i B T AR AR AN N A
TR, RN

0<x;,i,j(i=1,2,3,---,6;j=1,2,3,---,10) (14)

3 HR59H

3.1 HAFRAEY AT IR AT
311 fE4 - EE R AT
PUAL 5 DX T B ™ A I 8] 757 22 B

hn#a e, B 2000 4F () 6976.83 1 t 11 & 2020 4F Y
16 827.79 Ji t, # K FHh 141.20 %. Bk FE .
2000—2003 4%, FEZAEY B = RAL, HECH
7051.84 J7 t, B B B S AE AL FFP AR Y 2548 1 4
R, N2 PG b 5 DGR B bR TR 1 S il S0 fe A
T FERE /D LA R WA 5 R T e e s 14) S it 2 5 3 LA |
Tl Ak o, 4l 55 30 I 258 JE, AT 52 il
TR FZAEY 07 5 2004—2016 4F, FEAE
Py i SE T 13 AR RS, IF DA 2008 AT IR JE A
B, 2016 Ak 3 e (18 447.82 J7 t), X Bt bl
HIRE RN AR BRI &, Itk B
BIHT . M A v AR A O S it AT RO 3h
T A P RO R 5 2017—2020 4, X R AP A 45
F IR EAT T A R, EY ST RS RN, T
RN 274 %, WA 1,

0 o mmt
16 000 E%Z&-E’%X
EmFEA 3 ek
é 1‘2‘383 B ROk O
ﬂgj 10 000
S 8000
£ 6000 ==l=lE====
4000 ===
2000
0
2000 2005 2010 2015 2020
(=

B 1 2000—2020 FFEILEXEMTETLEE

Fig. 1 Temporal variations of crop yield in arid area of northwest China
from 2000 to 2020
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Fig.2 Temporal variations of crop planting area in arid area of
northwest China from 2000 to 2020
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Fig.3 Temporal variations of total water footprint of crop production
in arid area of northwest China from 2000 to 2020
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Fig. 4 Temporal variations of total blue and green water footprints of specific crop production in arid area of northwest China from 2000 to 2020
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Fig. 5 Comparison before and after the optimization of crop planting

area in arid area of northwest China in 2020
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Fig. 6 Water safety objective function value before and after

optimization in arid area of northwest China in 2020
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Synergistic adjustment of planting structure
in terms of water footprint in arid area of northwest China

ZHANG Jiaxin'?, HUANG Huiping’, HAN Yuping', DENG Mingjiang"®, YANG Tao'”

(1. College of Hydrology and Water Resources, Hohai University, Nanjing 210098, China; 2. State Key Laboratory of Hydrology Water Resources
and Hydraulic Engineering, Hohai University, Nanjing, 210098, China; 3. Engineering Research Center of Water Resources and Ecological Water
Conservancy in Cold and Arid Area of Xinjiang, Urumqi 830000, China; 4. College of Water Resources, North China University of

Water Resources and Electric Power, Zhengzhou 450046, China )

Abstract: Northwest China is a strategic reserve area for China’s agriculture production. There are many key
agricultural production areas like “the northwest breadbasket ( Hexi Corridor ) ",  “the abundant place outside
the Great Wall (Ningxia Plain)” , and “the granary beyond the Great Wall ( Hetao Plain ) 7, produce 12 % of the
country's grain with 10 % of the country's water resources and 15 % of the grain planting area. With the rapid
growth of urbanization and regional trade, the pattern of grain transpotation from the north to the south has gradually
changed, and thus northwest China's role in ensuring national food security has become increasingly prominent.
However, northwest China is the most water-scarce place. The total amount of water resources in this region only
accounts for 5.7 % of the national total, and the amount of water resources per unit area is only 15 % of the national
average. But agricultural irrigation water in this area accounts for more than 80% of total local water consumption,
which is 1.23 times that of China. The shortage and waste of water resources in the region seriously restrict the
sustainable development of agriculture. Therefore, optimizing water allocation, adjusting crop planting structure,
and maximizing economic and ecological benefits have important practical significance for promoting the efficient
use of water resources and sustainable development of agriculture in this region. Based on the climate data of 205
stations in northwest China from 2000 to 2020, the water footprint model was used to analyze the evolution
characteristics of water consumption of main crops in northwest China. A multi-objective planning model with
constraints of cultivated land resources, water resources, and food security is constructed to optimize the planting
structure to minimize water consumption, ecological security, and economic benefits maximization. Results showed
that (1) from 2000 to 2020, the yield of main crops increased by 1.40 times (from 70 million tons in 2000 to 168
million tons in 2020) and the planting area increased by 0.24 times (from 14.49 million hm’ in 2000 to 17.98 million
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hm’ in 2020) in northwest China. The planting structure developed from specialization to diversification, and the
planting proportion of food crops and cash crops changed from 2 : 1 to 1 : 1. (2) The total water footprint of crop
production increased from 83.87 billion m’ to 110.91 billion m’. The total blue water footprint increased by about
1.31 times, and the total green water footprint increased by 5.94 billion m’. (3) Although global warming has
increased precipitation in the arid northwest region and alleviated agricultural water consumption in the region.
However, the proportion of the total blue water footprint to the total water footprint of crop production remains
between 72.94 % and 81.55 %, which reflects that agricultural production in northwest China faced huge pressure
on water resources. (4) By adjusting the crop planting structure, appropriately increase the planting area of
vegetables, potatoes, and beans by 1 405.93 x10° hm’, 18.63x10° hm >, and 3.40x10° hm’, and reduce the planting
area of other crops. To effectively alleviate the pressure of the current agricultural water shortage while ensuring
economic benefits, to ensure regional water security and ecological security, 10.73 billion m’ of blue water resources
could be saved, the ecological benefits could be increased by 4.25 % and the economic benefits could be increased
by 47.074 billion yuan. The research conclusion could provide technical and decision-making support for the green
and high-quality development of agriculture in the northwest arid area.aking support for the green and high-quality
development of agriculture in the northwest arid area.

Key words: northwest China; water footprint; optimization of agricultural planting structure; water security;

ecological security; food security
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