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W OE: PR TS R A ) AR TR E I S AT R A R ) B SRR SR AR L AL, B SRR
TP RN TS CUIKER”, (R A AT R AL . TR S5 R DA RN K b SR AT R R B B SR
Mo EWFF LA E LT AR X ONFFFRIX, 3T 2001—2022 ££i% A WS S 2548 . (WM ES S B &A= )
(gross primary productivity, GPP) #(#%, KM FAO-56 1E¥) REGEAE A /NE . EEKAE KR EFHIEMHKE,
¥ A R EAEP K 5 85 #8 50 (crop water deficit index, CWDD) J HAR#HEIL$EEL (standardized crop water deficit index,
SCWDD), &I REER. LK IEXX K% (empirical orthogonal function, EOF) . #H3%4>#7 A1 Copula—Bayesian 2% 14
MR, RGERMIETH KL PHERXRMN THAE ., EWFKE AR LT ERHE T KA THR
KRR GREH: D ARAXELNESFKREAE L EHETF KA 500 mm 5 594 mm, HHEHEEAKA 627 mm,
HE KN 536 mm; F/KERBENIEER, L&E: BHIEEKX 521 mm># 5 R IX 514 mm>H# X 467 mm, 1% &
KRAEHBH X HE (662mm). 2) A XFEFREFEMERN 04~2.0 R/, HHXRIWEFRESE GLES . HNRK.
PRAERCR M BB T BRHIE, s X LA s, T Ro83. 3) EOF - R il 5 M RIHERE 73.7% W7
7, EOF1 Al EOF2 TTHR# 737N 28.6% 1 20.0%, 2 B AL 75 BF 3 A (AL AR B RURE B[R I FAT A X — S A X sk 2
FEAFIE. 4) SCWDI 5 SGPP MR, HEKFE KRR A B AT H. £/hERSH, HEREFBMN
Ja, BEEXK. EERMENERRBT KBRS 5—6 A. 6 AM3—4 A. 5) FEKEE LKA SCWDI—
SGPP L Gaussian Copula & 3R Hef:, %/NFELL Frank Copula Fflt; 7R &M FEEK. B ERME/NEZN P HE™
JIIARAEZR AT LR 63%- 80% FI 44%, BN X AL A1 S B vy Ji X2 T B Bl [ AR 7= 040 2R B A I R Uk 1 B A IX
W HF T TIEMF KK BT —T B FHM—4r ik AR R & T REZE, oAb X pH A /il 1F
W R B RO T 5 AR B 428 $ SRR 3
EEEIR: MR L, EHEK; SCWDL; FFF4F; #4234#4; Copula-Bayesian; GPP 4R X X%
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PURELIS, WA P E ST SCRK BRI K &
B /K 5 B TA) B DL CAR AL, IR 4 ke — 4Rk vh [
BK S P LR B # A 2. CAHE % T EMRR
JEE b DX 37K B8 IR AR R 1 DT TC 2 TR R AR, AHR G R g
R IE S AR M RAH SRR FH R 2R, BRI e vE AR B
VEWIXRT 7K BEUR IR SE bR 75 K 5T FE M sh S 2 /%, XL
FEROUL R b 2 WAt 1 7K 7 il 2 XSy £ 75 1) 22 57 . A
ROCHE “LUKEM” SRERTR R, BFHK P88 R0FAR
R4 DABE R RGN Fi R, DA R E K
BV DR B A 1 AT 4R 0 F 5 VA S A R S R
X0 ENRA B, EEWETARE L, %8
AR AR GREBANS AN, BB P 7 2K
JERRSE R AR 45k RS R . AR /K 73 #8175 1R
% (crop water deficit index, CWDI) & — & JL F 4R k.
FRMEWIEIR, FEAEYK & St R 2fa iz
LAY, P SR AR K A B8 T e BT T =0T
RGP OK G . AR EE AR KA AR K
I3 T I AR . EYIIK A BT T BN BRI
IOV A B2t R BT e B b K P 1 o0 R R AL T A
{BAFELER, 25 AT B DL R B G it 2 7 SO B R 2 R B 12k o
R HLIX CBURERR “db77”) oA T &L
60% MM AR S 7 MRE - E 0, Tk 7 2EY
60% MR B~ &, 1EE R Q2 28k R h RIEE 2
KEER S REEM . b7 LRELR AT, #i
Z R F M. FEAKBIE R WA K E M I R R T
FR AR, SRR b R 86%*Y. i 4ESk, b
TR B EWL K T SR FFERIG N, AR IABE T 7K Bt Y i Ja| 2
LU, Rl g A K IR 38 e R R, WO A
TR FH K ) R 4 5 Rp 5 1 BT I P2 0R Bk R0 b i
ARAb TR PEAEA N SR T R R E KA H AL
T X BT AT REEI f R R, SR X R K
GAEK TR KA R A K LR, £V
FIFH R G7K 5y e AR Ak vT R R A E R AR
ARERAE, W T KB UEA BR AR T S o R R B

Ko

BRI, O 7 B IE 7 oK EPE OC &R, AW Ak
WAL 5 A FEZAXOWF LXK, LL 2001—2022 4 HT
F B, LA T km AEVIRMEG T N EEA M8 oT, RATAR
AEAL IS RIVEPDIK 73 480 75 AR EOOF AL A 1 52 57 I 2 VAR AR ALE
2 G UE IR 5 4 5 IE 52 K % (empirical orthogonal
function, EOF) 2777, Al R H I, 1
I 55 5 BT 45 BRRAE A AL LA fE B EEA B, DI
Copula 5 &, ¥ + B2 Bpig N 2 W %4 5= 71 (gross
primary productivity, GPP) 15 2k ) S5 - BE S B 1Y, i Afr
PRV R BE T K Im ], FEVEAVEY A2 7 0 5 51 i B
KFZR, AT HEHoK L PO R ARG, DUHA
PR X Sl B b A K B YR AT RF SRR, SCHEEAE “DoKsE
My R R TR AK R AL SR B S

1 HERIEMMRTSE A

1.1 ERBKRIR

AT A AL -

1) 2001—2022 Ei% H /K & 5 E R R &, K
VT B K 5 E R s H o0 (http://data.tpde.ac.cn)
e E R H BEK B RS (1901—2022) i [EEZ H 7%
ERBRBIESE (1901—2022), ZE[EIDHEFELIN 1 km.

2) 2001—2022 FEA/NEFEKRIED 04, 5 5K
P T E R AE R 0 Chttps://www.nesde.org.cn)
()R E 2 /N2 30 m Ay PEERPE - A B AR (2001—2024)
AP E 2K 30 m 7 HER MR A EE S (2001—2024) &
AHFFH LA 2001—2022 5 K FN/NFE 1) 2 S5 FPAE 43 A5 1)
e R BB VE T T B ) & /N R RV RAE 75 K i 5
Lk,

3) 2001—2022 R KW, KIET H KSR
Kty (https://www.nesdc.org.cn) [ 2001—2020 4ErH[E
TR AR S . R 2021—2022 4F (R4 i Bdis i 2k
BT LA A 78 6 K W04 K FH B K1 2001—2020 0] £
EPME (LE D,

* 1 HELAZIEERIXIEPIZEER

Table 1 The phenological information of maize and wheat of major agricultural regions in Northern China

SERMKE (AD

fi i ki AN B K AR TR the whole growth

Variety Agricultural regions Early growth stage Rapid growth stage Middle growth stage  Late growth stage period (ten-day)
. ARIEX 4 T—s HEm  sAPH—e Ahl e ATA—7 AT 8 HEA—9 LA 14
o i 4 ATFH—s Akt s AFR—6 At 6 A Fl—7 AdH 74 Fi—9 A Ffg 16
maize WEE LKIRLLX s HER—sHTH 6 Akfi—6 AT  7HERN—7 AT 8 HEH—9 HTH 15
PR X 4ATH—S AFH  sSATH—6H+YH 6 ATH—THYH 7THTH—9ATH 16
FEPS BOENE TR X 6 1 bty—e Aty 6 A™w—7 ALbf 7 Atig—8 LA 8 Ahi—9 A LA 10
Summer maize A RX 6 JLfy—6 Aty 6 AF—7A LA 7 Atiy—8 A Lty 8 Adi—9 A Ef 10
RINE BT R X 10 HEfI—10 A 7R 11 A EA—34 4 J B4R 4 AdhA—s AdA 5 H FA—6 H B4 26
Winter HEIX 9 Adfu—10 A LA 10 Bf—384FE 4 A 5 J Efg—6 H Efy 6 Hdhf—7 H 1A 30
wheat W RX 9 A rA—10 A 10 A FA—34F 4 A 4 A -H—s A~ 6 H EA—7 AEH 29

4) KINFEWME, 1E FAO-56 X /N E W10 B BotE
BEER L, 2% (PEEERIEDTKESELEPT) P
R 3-1BIEAE] (IR D,

5) FEAM X KA, SRR E RO X R A
il ChEZE R X R P,

6) 2001— 2022 4 GPP #{ 4 , K Ji T NASA
MODI17A2HGF (Collection 6.1), 1%~ fh & ft 4=k 2000
ERA 500 m FFA P, 8 d I E] 40 R IR S ) 2 A 77

JiHdE, HAL kg /(m*8 d) (BAC i),

7) 2001—2022 I HAAR WM Kt BIEF 1
TREE R FFSEXGH . e B fICAUR DA R K &4,
SRR T 36 [ [ 5 v AR U8 BLR) R B B X S
H A Chttps://www.ncei.noaa.gov) ] Global Historical
Climatology Network — Daily (GHCN-Daily) 4= ¥k JJj 50 S %
M2 i% H S REARE (1942—2024) . N LRUERRE 1) 56 5
PEFIESAE, RAVIRIXA 179 NG R2E8dE,
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AN 3 BRI 2 B R P I 2 3 IR AF 7 923 AT 4 A o

8) 2001—2022 4 £ H /K &2k B B} B b 2R F} 5
5% R HE 5L BT R AR HSWUD  Chttps://figshare.com/) ,
YR R RE K. KB AR, g AK. AE
FA KDY K K &R 1T, B T8] 96 L 1965 4 1 H —2022 4
12 H.

AL U GRS AR S S v XA, Sk AE 4 o0 A
B A5 5 RN E R B A N A Y, SR S AR A RIAE ) 95 1
FIA B AN SRS EIE AT AL, BT A M AT
Fa A 8 B PR CI AN =R AN EED = DANVE- £ (/41 A X o L
1.2 HRXEESEX

I (PEZERX Y, b5 5 A EERX A
FEEEX, HEEEX RIEX. HE X AN &
KR X (B 1) o W7 XS T 38R A IR
ZERVR AR il K 1 S DA e R L B SR S 2 AR
oy, FEKE A VOR AR EEENY, FRKEZFEEN
352 mmo.

70°F 80°E 90°E. 100°E 110°E 120°E 130°E 140°E
T T T T T T T

T
& \
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\

m_—_
) "

50°N

4

- Al

1000 1500 2000 km
]

L I L I
80°F 90°E 100°E 110°E 120°E 130°E

v PR T R B b v e P 5% 0 R AR IS 09 GS (2024)
0650 5 [ bp ittt B HI1E, R EIEE M.

Note: This figure was prepared based on the standard map with approval number
GS(2024)0650, downloaded from the standard map service website of the
Ministry of Natural Resources. The base map was not modified.

A1l FRARREEETER
Fig.1 Geographic location of the study area

TR DERIETRFEENREEY. B (PES
THERD), A677 FOKRFE M AR o 4 [ 2 3% M 1 AR ) B A
P 60 %, /N7 91.5 %. HIE 1 ATkl BRRLIX K
S i A AE AR I X B HEIE X, ZR G ORI BV I X oK
FEMEAR G AT SR AR 74 %s /N A fE
BVER X S HBX, DL EPAS L X /N2 3 i AR 2 A
2 b B AEFRTHART) 90%. BRAN, FIFEY EE AR
FERE T X AL ARG . H B XA N 5% K 46 X
KRR S P R E W DU ER - JE o £ B R R IX
DLE FoKAE, AR &N E—E FOoKEAE.
1.3 fARAE%E
1.3.1 %HERiTHE

AWK H FAO-56 BAEY) R 0L FAEY)# K ET,,
AR

ET. = K.ET, (D

R ET, WBHEMAERE, mm, &K RN,
PR 12 om WHRAEAEY), fEHLTFE /7 70 s/m. R B2
8 0.23 B IZEBUR % . SR BRI R /IMUE T
LR FAM, SEBEWAEKRG TG K . ABEFRH
PE 1 km i AR A RO EEUGE B, ZBIERA

Hargreaves 7775 1H 513 8] . K, ATEM &%, HH#E
KANGIEDRAL, fEVIE KB, W2 R, HhR
BRERE . MR SRAT DL H (AR 258 PR i S5 R R
1.3.2 AEdh 2 %H e

YEW) 2504 5 R R FAO-56 1EW) R 05 124 5 X
ARV BR 28 BUR I SRR, S X8 R B A 7K 431
i B E B o AW TR 5 BB SBE T EAEY
FH.

D {ED% I 5y

BT Z YRR SME, RO K. &NER
AR NEFA REAEKE. EERHAAEE
TSR 4 AN EL .

2) IR FAO-56 % 12, #if) 3 Fl/E Y 1E br & 1F
(AR e . H R EAR R e/ NHXTIR BE 2T 45%,
2m EERELAN 2 m/s) FAEDIAEKWIIA . SRS 3
MEM R B K,

30 FRAE 2 b ) S A S A FE P v B RAS IEAE ) v 1
YEMARELK g FIEVNEIVEM REL K gy BIEARUWIT:

h 0.3
Krm[d = Kcmid(Tab) + [004 (MZ - 2) - 0004 (RHmin - 45)] (g)

(2)
M K eona = 04585,

Kcend = Kcend(Tab) + [004(u2 - 2) - 0004(RHm1n - 45)](h/3)03

iA,lI{cemI < 045 ETJ" Kcend = Kcend(Tab)
(3

HH Koiarany T Keenaran) 9 FAO-56 % 12 W 45 H [ 1E W)
AR IARCR W EY REG w, NAEK P IHEUS 1
2m &5 HF#RGE#E, m/s; RH,, AEKF G H
BARAHXTREE P, % b ATEY P8R, m.

4) EWAEKPI, IR T K EEOKE
B, AR T Y A RN T R R AR K )
MITED RBK,,r 7137 FAO-56"" 1] 29 54 30 3R,
A P,

Y <1,
—(t=1)Eso (14 i
TEW — (TEW - REW) exp [ = mvme)
Kcini =

1,ET,
M1 =00, Kae=1.15
(4)
Kb E, NIBEERRER, E,~1.15ET,, mm/d; ET, A
AR ST, mm/ds ¢ NFERREE—
B BT 5 BRI R, ds REW R ZE G KRIK,
mm; TEW N-HIEREZE K HEREKE, mm; ¢, HIRIE
TR P2 [l E] B, do
5) RHRFEE M (inverse distance weighting,
IDW) 753, ER 1000 m 25 18] 43 HE R0 Kon Kopg
Kopg WIS AT, JEAERS IR FA5 3 K, 3F H 2k
133 WK SBFTIHTH
I R T 2% %) (GB/T32136—2015) (LAF
IR CARAED ), 1EVI KRBT fETH U~/ 10d A
THEE R R, THEAEYE R A BURE S5 RBK RS &
MM, FLOZEESEBEABEMNIVE, (ENRAR
I K2 BT 4650 SRRAE A 18] AR K 23 85 1
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e
FA)KA BT R B CWDI 5 R
P,;+G-n—ET,

ET,,

X BT, MIEMA B i NEW TR KE, mm; P,
NE R B K R, BOR N A A SRR 13 oo,
mm; G AR H SRR E, ¢ AR EERE R AR
B, BHELHX OKEEARY, CWDIL A i fIKD
TERFEE %o MEMITR KK T A RBLAKES, A i A
K558, CWDL N SEM KN TH &
K N i B IK B4, CWDL NIEE; M{EY
i K SE T8 AP KBS, AN EE i) K a s P i,
CWDI=0.

Hrh, AW ERPEMEZET, BHTHEE
VIZEE TR BRI W, NEFEYEE . MERER
MBREFEDRIX LT 8P KRR A
CROPWAT B THRAG 8EK, Ak

{P(125—0.2P) P<250 mm

CWDI, = x 100% 5

P, = 125 (6)

125+0.1P P > 250 mm

At P AHRIEK, mm; P, AHABEK, mm.
S5 TR A B K G o S 3l A7 A R 1, ELAE RS
LAY 2 5E UK. BRI, SR 4 HT A ST 4 A
7K I 487 TR B IR RBUK I 5 4R A A2 LA
By SRR A 3 HEMERMEE A RPUK 5 1R
CWDI = aCWDI, + bCWDI,_, + cCWDI,_,+
dCWDI,_; + eCWDI,_, (7

X CWDL A RRAEW K 75 & 5 8%, %; CWDI.
CWDI,,. CWDI,,. CWDI,_; fl CWDI,, %> 7 % 7~ %8 i.
i~y -2 i3 M -4 IR B TR, %s as b e
d. e N iv -1 =24 =3 A i—4 A RALE, KYE
R T 259, oulitE R 03, 025, 02, 0.15
0.1, SRR MEETHAZK /> 85 5 2 R
134 FFFHE

1) WAL KT B 7 $8 50 (SCWDD = i R
KBTI EF B X k. Giit T fret:, e
WK BT faE . TR K BT SR ECR AR AE S,
AWK 3 NS Log-logistic 7341 8l & B FE A 1E
YKo e 8Ur A, R R R A AT IEAS bR
k. Log-logistic ME2 74 i) R AN BR HCH

Bg1-1
1+(L)} (8)
x=y
KPS o vy TN RESEL RS EUL LR LG
SR, RS R &3R5 .
Xof PR R 2 P bR vEAL «
B Co+ W+ con?
SCWDI_W_l—d1w+d2w2+d3w3 9)
w = +/-2In(P) (10)
Kb w WK TR, ¢ v ¢, Fdiv dyn dy 9
HAE R, 2 P<05I, P RYEME CWDI {H 8
FIMER; 24 P>0.51f, P=1-F(x), [AiK SCWDI i ZH

F(x)=

Hifl, AR T HMEAPIRAS .
2) SCWDI 23550 Zbnif W2 2.

xR2 WEKDETHERBERGTEFR
Table 2 Grade of drought and waterlogging based on SCWDI

R % T332

Drought and flood grading SCWDI Drought and flood grading

SCWDI

75 Extreme drought <-2.0 %7 Mild waterlogging  >0.5~1.0
H Severe drought  >-2~-1.5 [} Moderate waterlogging >1.0~1.5
o1 2 Moderate drought >-1.5~-1.0 HJ; Severe waterlogging >1.5~2.0
125 Mild drought ~ >-1.0~-0.5| 477 Extreme waterlogging ~ =2.0

J&5 No drought >-0.5~0.5

135 AF#fmbiriFIss

Ui B A T R R R R AR A 20 1 ) B gV
FTHRE SCWDI 741, K = BE A2 E IR H )T 57
HE, FHABETRFEMRTI . SRR 3 MR

Horp, TR RR — KT S R A B 25 1 B
Frapmal, FRBENEZRTRERERGEITEF
SCWDI 1 & i+1H (SCWDI [ 2 i B H: 246 54 {5 AF N
WTREEMHNT R . T 2R Zm 7T BN 4
BT BRI RN,

MIEH N, RIEEW KD Tk, HHAF
SCWDI HELANFFRI A 7] R K AT 5, Hek 28 1 ANl
KPBEE N X=0, 1ENTE 7 6B E I+ T T 5 AR
M b 7 2 SCWDI /MF-0.5 BFRAER R, WU
2 MM BE N Xo=—0.5, FT iR R R UL EF
[FE R A E NS RARNT-0.5 , HEE DL
LA BN RS T—0.5~-0.3 (94 5 B X )47
Al BEE AR B K i A TR R A, WOk 3 4
BWTK50E N X,=-0.3.

O SCWDI {E/NF X, B, WHREHE I A R4 5

QX FFE I8 1A AT 254, 43 SCWDI
HRT X, WK A B RAETR, BIHLHER;

@ AHAR 2 YT S R A B e TRl B AN O 1 AN H L H
ZH WK SCWDIE/NT Xy MPEFIX 2 YA AR T S5 72
GIHN T IRTREEMSE, B2 L+ RS, &9
JE TR EANT R AP IR TR A 1, 5
SREEA 2 IRT- R AR 2 A,

1.3.6 2K EX 5

KU EL R R —MET T ESE MM EZ R E
Giitiekri AR, HZOBE 5 ERS 24 (principal
component analysis, PCA) [FlJF, B 7E¥ =4S 537 b4t
O3 R — 2R ELIE A [ 2 B 35 R B CEPARRAE ) B BB
S HLE N ) ) FR T R 5
13.7 FTFAREAMAE = AP KP4

1) GPP 4%

fli A 4 B GPP: T 8 d IR IA] 43 3 1)
MODIS MOD17A2HGF GPP =, &% &AEYFEL T,
XA E BN H GPP AT B, M EhEEYE T
WA B I GPP Bl X TAEE A% &30 A s i,
HoTHRE % A WA E BT SR

L@ NHIBRBEARRIT ., Rk, BREE
FARE R FERMKIES, 28 E T2 SEE),
e R T R KR AE S P 55, AR
HBANALEIH  (locally-weighted regression, LOWESS) 5
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EXHME IO R EER) GPP I (8] 7 5147 2535 a0 38, DL B
JRUG GPP K s . bl b, 28 )E1 GPP
HHm BT hREAL AL B, 13 2R3 GPP $dE Rl SGPP.

2) FEIEFREE

AR AR e K o B 5 SR BB P 51 . X & H B
T RRREUT 5 5% R E B KR AIA /N SGPP 75
(RRE DG B FE HEAT VPAL o« SR FH B A D% SR A7 B AH K
PE, I RIS A R R B ENE (PED .
bEfs, WWEAEMAET NS T REHRE L E RMEX

(|r>0.5 H P <0.05) MIMH#& L. & B S ED &

77 IR e B ) H 34T 5 SR 53T o
1.3.8 Copula-bayesian #tE 4+ 1ES

Copula BRI — Pl H T Hi 18 2 A BEHLAS B 2 A 4R
iR TR, v DK ERS 7040 BR8-S & B LA 5 30 2
SR EUE R K . Copula Big /& SKLARP® 78 1959 4
P, HE KR R ER A& B A E 138 250 A
{EEL G A4 TE Copula B HUEE AR AT LI IE N %2 Jolk
GMEFRD AR ABFFCRH Copula BEEME R E
AL T R RS SGPP IR A . — AN F 40 A
F(x,y) 7] LLH Copula BRER R U0F

F(x,y)=C(u,v) QD)

A w Bl v 73l AN i 2 R, 5000 A0
TE5E X33 [0,17 P o

D RIAZ AR

TERSLERE AT, TREITH SR RMNL LAk
. HTZHAHAT SN, AR AES I Z
B A1 (kernel density estimator, KDE) J5 TUffi i1 %-A4E
Y1 SGPP J¥ 5l i) REA A bk ¥ (CDF) o

2) BRA A

Copula BRI FE T LA N =R, 43l ) Bk 4
AL MR ZYA k%, Clayton. Gumbel. Frank Copula.
Gaussian. t Copula 5 ' Copula & 20 % H T &K %
W5t AIE R AL Copula i 2 B A A A 19 & 3 AH 5%
%, Frank. Gaussian. t Copula AXfFR%, 1M Clayton A
Gumbel AAEXFRME. A 1 G BRI 3 f BE 21 1) A8 5 (] 4 6t
SER11) Copula PR, AHRFFUIEHLLL b 5 FheREUE ek,
K 5 KA SR ¥ (maximum likelihood estimate, MLE)
AR IE R BRI ZE, R RS EEAENNE (akaike
information criterion, AIC) BT\ &L FIN . AIC {H
RN, AR . PRI S R LR 3.

%3 Copula BE& ST RBHERI A

Table 3 Copula joint distribution function model fitting evaluation

{E#) Crops tAr /345 Joint distribution AIC
4 /N3Z Winter wheat Frank -0.247
% %K Spring maize Gaussian —9.846
H £ K Summer maize Gaussian —17.963

& /NF Frank Copula ] AIC 18 &% /)y, & B H b 28
2 [B) A ¢ R %0 B fiL. Rk, KA Frank Copula fE
N & /NFE GPP ORI SCWDI H 7% #: ok #. [FI B, K H
Gaussian Copula /£ 8% K FIE £ 2K GPP #il SCWDI 1
HER R

3) HEREKIERER A

BT YRR A3 A AN DL S B O AR A AR R B

VEWHE F= D145 R I 2 A R A Y, T VA5 A0 1 4
Wik, HFRE, PR, EEMEE 4 FORET 250,
Sy MFEAE T R LT S AEW SR Bk %
R AR

PLRAERETFR (-1<SCWDI<-0.5) N, £k
SGPP #i 2k I 2 A% R
P(SGPP< - 1|—- I<SCWDI< -0.5) =
C (FSCWDI (_05) ) FSCWDI (_ 1)) - C(FSCWDI (_1) ) FSGPP (_ 1))

FSCWDI (_05) - FSCWDI (_ 1)
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3 SGPP 45 2% BIE U -1, Bl SGPP 741 i) it —
bR iE 2 Fscwor 1 Fsaee 43 71 8 SCWDI #1 SGPP 1)1/
%3, C N Copula ER#.

Ak, W AR ST 0.8 XTRI SCWDI EAE NAH
A Rl RME (LR RO T 2R R

2 HBREFH

2.1 MHREXERIEDEKENTZTIFHE
WFFLIX BRI E LT EYM T KE L FEE
Pz (B A W 2 Fis . BEFEIX &N 2R B EY &
KEZFELME N 500 mm. HAr, FHERX. & mEKX
AHHIX & E ERIEITR/KEHN 521 « 514 F1467 mm.
MAX ERELEEFWUIEDTKEZ EHMEN
594 mm, %+ E R XAEY AKX ZERE
N 558 mm. MG, HEERAEEFTBHEYTFKES
AR E KA, #5058 627 mm Al 536 mm.
HEEKREVTFKERESMEHTX, XHNZEWEN
662mm; KMEHAEELEHEX, XNEZELHHEN
586 mm. B EKAAEFH AEY T /K E SE X A6 7E vk
WX, ZEWMN 541 mm; (KA XEPAERE LR,
ZAEYIE N 530 mm. B b RS TEE, ERAEFH
B, mEY T K EMmAK. Mann—Kendall #3546 56 44
BEH (£ 4), 2001—2022 FEWF 5% X E K 7K EEBE
B ETHEREARE, BIXS5HEIERX LTHas R,
HEASPXARE ., XNEEFRXBEEEEARE, H
hE L ERX 2 EE R
2.2 ETHEHIL S SCWDI I F24HES 4
TR IR A 2000—2022 4E AL 75 T S FH4k,
RIS R AT R R T RN FRmE. T8
S g T B ORAESRRE . T R R A A A 1A
A (B3 T, AR BRI, db TR RAEMER
B/MEA 0.4, i Alik 2.0 Ra. EHERT LI E M
TRREMRX, TREEMRXBMEL 1.2 Wa; MK
TR R R R AR AL, XIMEL 1.0 K/a; B
FIX TR ETE 1.7~2.3 N H 20, MWK BRI
2, H#X (23 7MH) . WERKHIFLKX (204
A o RIEXAFELEFHEKX (194N H) . R
(174MHD .
FHXAFRERTEEHF S (B4, RIEKX.
X URERESHREHEGRE, Hd, RIEXBERESF
5 2 35%. HHERZ29%, TiHFRZ) 14%. SEHERIX
BEEMEGIY 33%. FRL 27%, FFREL 21%. FHX
Mg, HHXTRHEAFLUEERERNE, Y 45%, BE
e A T 20 23% A1 18%.
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{E¥) 75 7K it Cropwater requirement/mm
.
1000

500 10001500 2000km
| e— m—

a. FRIEMTKE

a. Crop water requirement of maize

c. HEARAEMFKE

c. Crop water requirement of summer maize

|
400 40
o
=
FEOUPI” /
& - HA
%

b. FI R TR E

b. Crop water requirement of spring maize

d. KN

d. Crop water requirement of winter wheat

B2 20012022 F 3 FF k&K EZ R oA

Fig.2 The spatial distribution of multi-year average crop water requirement over 2001—2022

ZZ 4 Mann-Kendall #834618
Table 4 Mann—Kendall trend test

X It K Maize X /N Winter wheat
ReA {on Sen’s slope 7 Sen’s slope 7
& (mm-a’') (mm-a™')
WFLIX 0.88 1.69 0.25 0.74
HRALIX 0.15 0.37
5 AR 2R X 0.41 0.53
HiEnX 1.84 3.01%* 0.85 1.74
HEE X 1.71 2.27% -0.37 -0.53
R EX 1.20 1.70 1.29 2.32%
A
2N N
i
(VJ X j— (V// K — N
\‘\ T TN
L~
5L it Lt Drought month proportion/%
36

s

a TRHAL

a. Proportion of drought months

221 FFZEEAHHFEFIE

it — B4R R T ST X 2001—2022 EF 5 (SCWDD)
SEBRARAR I 23 (B L ZURFAE, ASCULH RE CWDI % 7
TSR AT SE RIER A, R XH4ERE CWDI #EH4T
Ptk SCWDI, H-7E s 37l - JF E EOF /3. 45
K, AT SMMERE RIFTTERE A 73.7% (£ 5, H
A 2 MBS (1 TTRR 43 501N 28.6% 1 20.0%, R IHER:
48.6% M7 2%, RS RAEHE 7 X T R4 1) £ T 1

b. TR
b. Drought intensity

B3 FFFHREA

Fig.3 Analysis of drought event characteristics

BF 98 X 5 0 4% ) b BB G m ARARARRAE, P
UL 3.6, Hbh T RORE R HBTX (49);
HIRRNZERKIIFAX (27, HREXTRmEZE
FAK, IR (2.3),

DASFE 2 5 I 5 4 28 5 e A AR (1 SR R R AL W
F A SER TR AR [ 3a NI XES T2 H L
22 a3 A o BETEIX 5 5 LESME O 17%, RlE 4R
L2 2AAERTTRRE. 2XXHRE, TRA
b BN B LR X, 2 15%:; B HHIX, 29 18%.

J
- ¢

J . ,_/f
‘i',,‘:r/j 131 \‘\—-\_\ _‘/__2 n il

.
— 146

i1

Jit Average drought duration/Months

c. TR

c. Average drought duration

BEER s HARBA TR RA RN, B2 R HhEk
TR FFAE

M3 (5), EOF 4 —fAIFIELX —
oA, MR CAZRAE . PSR R M X AR E N I
v X s LA v VA T s R e T R 8 S A7 A )
(V23 (A% SR, R AR 78 X T IR 58 R 4R bR R b
Bk HL A — 5 RV L W (R AR AR AE ,  ABA7 7 2 1 Xk
Z5. B RE PCl I B MFERLER: 2001 447
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fli, 2010 4 N IFEAH, 2012—2013 EFF4: N IE{E: 2014
FEFN 2017 4E 9 AE, 2020—2021 4E 9 1EAE, 2022 4E
UL AR, 3R WA A BT S i 1) X 3k 9 57 5 7E S B
U _EAFTE BB IE (ke e

1.5~ ™ 225 Mild drought = i Severe drought
= f1 2 Moderate drought = §F 5 Extreme drought

1.0 -
| I I l
0
A B C D E

[X i Region

M A~E 73RN NSl BRI X . RAEIX L b RIX . SOk
DRI HT X

=

-
i

Drought events frequency/(events.a')

Note: A-E denote Inner Mongolia and the Great Wall region, Northeast China,
the Loess Plateau, the Huang—Huai-Hai Plain, and the Gansu—Xinjiang region,

respectively.

B4 FEFAmE

Fig.4 Event frequencies per year

EOF 2 “ LA 22 (8] 70 A R DN S IX . 3

500 1500 2000 km

a. EOFJE T 55— 2% AR T o ] 22 35
a. The first spatial mode of EOF and
temporal coefficients

b. EOF R JT 45 — 2 (A4 e Inf 1] 22 %
b. The second spatial mode of EOF and
temporal coefficients

R R B AR PE AL X I LI 3, T ARAE AR AR IR
A FE RO I s, S TR AT XA R DXk 2 T ) S 1)
BARHIE. 24 PC2 NIERS, BEUEREX . 35 e i me 3 A
Sy VE AL XA RS, T ARIE AR A RS 2 PC2 A
T NAR S« S5 I REmT WL, 2003 44 1EME, 2007—
2010 4E £ A FME, 2015—2016 4F & 2020—2021 4F )9 1F
i, 2017—2019 A1 2022 F N FfH, FRIHIZHE TR
WP DX 308 e [1) 9% RAEAN I B R AR T B R e 4

%5 WRX4E SCWDI K EOF $HiE(E
Table 5 EOF eigenvalues of annual SCWDI in the study area

HE(E (051 HEAE A Tk Rt ST
Eigenvalue sequence Eigenvalue Contribution rate/% Cumulative
contribution rate/%

1 4013.4 28.6 28.6

2 27458 20.0 48.6

3 1579.5 11.2 59.8

4 11273 8.0 67.8

5 827.8 5.9 73.7

RS, WEFC T AR RHIE 2 PR 2 X0 52
H# X DA K DR (23 H)D) 5808 T 50
(4.9) BTFFAEN T, 1B v DX AR R I I
L7 BEARGRE (2.3) KFFRNE,

— IfE] ZEPC1 — i E] R EPC2

S = N oW
—

|
W
—

1 5] Z % Temporal coefficients

2000 2005 2010 2015 2020 2025
A4 Year
c. EOF Bl PASLASIN 7] 2 %
c.Temporal coefficients of the first
two EOF modes

B 5 A X EOF RAALS BT & £

Fig.5 EOF spatial modes and temporal coefficients in the study area

222 YWEKIERIRA G T FEAFIE AT
HE 6 i, FEKFE LK SCWDI 5 SGPP & 3%
SR AF A o LE B BT L B 58 7 B, e AE 5
N 62% F 64%.
70

——# £ KSpring maize
—— & £ KSummer maize
65 | —%/IE&Winter wheat
A

60 |

S5

Significant pixel proportion/%

50 — . , . . . .
3 4 5 6 7 8 9
J 3 Month
B o6 A RAEWME KGR
Fig.6 Identification of crop critical water-requirement periods

1T SCWDI Jy il i) RBGE w0, 45 RERWIHF LK
fImsKim Ay 5—6 Ay HERT KA N6 H. &
FK 5—6 At Tk -k, EEK 6 HabT .
ZERETY], BARERKATHIK S A NG EEMERKE

BA R, AT/, WEAE BT R A
5H, BHA 58% M I 2B 3 5% (P<0.05),
KT KGN 3—4 A, % AL/ N b T3 35— A
W, P BEOK B AR B SRR .
SAEMTF KM ISR (WD, HEEKH
KIS R AT 21 31.8%, HAfrsE
HARLE T KR AN & AE e e, o SR R R
40.9%, BEREHMH 35.0%, RKPEF T KT KM BT
O SR N A U . B R K TR KR S (6 D
FTEHM LY 285%, BT HEENK, HphRE,
ORIy B SRR T K SN & BG40 31.4%.
30.0% F1 28.6%. Z&/NEFKIEFI (5 A TRFM4L
FE2) 19.8%, BERMKT FoK, (HAFFH AR 8 T KM
B s, HaR R EN 26.6%. IXKRE,
R AT AKIG TR E 4 AN SR K& X
s, A 33.0%, HKNARIEX (31.3%), 7R &l
XA, N 22.5%, Ui B FOK OB 7 K B BOx T 2
HREMEUEREAERREXIERES . EERER LHEEKX
5B X (1 7 K S 2 34 o5 L 40 27.6% F
27.2%, X307 S AR /N . A /N2 ISR I HA B B I X
Wy, HFKEFHT 2R SHAERT X &S, A
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28.6%, E W T EMEREIX (21.6%) ML EEX HEE, HH XA LR X EAL, EEEX SN S
(15.6%), R\HBIXZNEZRBEFTBHBESZAT  BEIRIBEX BREA B, 22 8 H T 5 i 5 58U
LNSER-A N
2.3 1E¥) GPP LR ST EHEEN T

#T Copula B8, THEAFSEH T FHiE T SGPP
PR ER () AIFEEE (K9, gREmW, b
FHX R R, ERE. PRAREPIET, FIK SGPP
()7 240 450 5 WE 3 50 ) 2108 63% 41%- 27% F1 18%,
FEART 15 fo 00 O H BB 2.0 AP IXORAE, HEIX.

OA OB 0C @D OF

WS MR & X B m R X, B XA AR L IX B7 ARFATFFHEL
A AR ) N —2.8 —1.7. —2.2. —1.8 f1-1.9. M Fig.7 Proportions of drought events across severity classes

AT AR T 5 A AEIGPPA R I 3
Probability of crop GPP loss under different drought conditions/%
I .

100 75 50 25 0

T
Extreme
drought

HE
Severe
drought

GELISiET

s
Moderate
drought

BE
Mild
drought

% K KSpring maize 3 KK Summer maize A /NF Winter wheat

B8 AFFF44T 51444 GPP Bk eyt %k
Fig.8 Probability of crop GPP loss under different drought conditions

SCWDI

— | 0.2

w50 0.1

k48 _S:_:I B 38 g a8

a. F AT K FHASCWDI fil & R b. E FK TR K FHHSCWDI fi & 3 £ . £/ KIE SHHSCWDI filh & B

a. SCWDI triggering threshold for spring b. SCWDI triggering threshold for summer c. SCWDI triggering threshold for winter
maize during its critical water-requirement stage maize during its critical water-requirement stage wheat during its critical water-requirement stage

B9 AE4sKiE R4 SCWDI fik & BIEAR K 491 %
Fig.9 SCWDI triggering thresholds for crop productivity loss during crop-specific critical water-demand periods
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GG, FEKIRMRSEX EEEF
TARIEX A S LKL AR, HH ki de &
WA, RFZXIREFEEKREARERTEEGTES
HELIE A S k. filok RE 2 T A At R0, AR
JE DX K PR 52 vt AR S A R R AR G e i, 0 P AR AR e
ST R4 FRITTREf R SGPP ik,

BEERERRE, &5, FRAREE TP
RAER AL 80%- 56% 35% Al 20%, HE AR 15 it
RBMEN-1.5. 53X KE, 8L mRXSEMERX KT
il 2 BR{E-1.5. WFURMERE, 78 1 & i XA B X
SR ESEZE TR B SHRAEME, WHEE
K o B R B RO U

20, B EK SGPP i kMR mfi X F EEF T
BN X S IR AR, AR L. R
Mo, pEETRESWTE, REXEEE MY E, H
o AR E 0 A T ER X3

RONFERERE, BER, P RAREEHEE NP5
KRR WL 44% 29%. 21% F1 17%, H#EIX. &
v TR XA A U X T 2 e R BRI 43 0 3.8 —2.8
A-2.5, Hrp, #E4AEEXMEERXENFRSS T2
TR B R MR R, R X ik R A,
A& /N TR HOBT X AR A 75 B R i R e A S S i R
BRI I X R E R R, RIS 5
AR B AT BE H B P2 0 N

gh B AR ] Hl, 4 /NEE SGPP i R (E X
FESAMAEEMENX, AL PRI B NEE
FRORPE X N R, SRR X R E AR R, A
INEAER BT R4 E N R AT B B AE PR N i H
X BB A, RIZ X A /N 0w BT 5 i 5
AL R B R K

RMARRE, HF KX ME Rk v s, Hix
REEK, KNFEHMNETE. NbRBEEE, &t ERX
S X AR FORAA /N RIS S U, 45
B S il R RE AL, 5 7 R DXORD S v X AT B
VERAEWD 52 AR B 478 B 1 7K 38 2000 it 1) 2 A v X 3o
3 %

AT B K Pl &, FRE™ R R L
() FH ) P /K B 1, T A VR 0 Rl AR A5 T b R K —
WEIE & 7K 2510 T Bt /K 00 5 46 0 75 7K 2 8] 1 B 25 G i
FERE R HAETE R R 5T HARBEKKK S 5 8E
HEFHEE, 9N N TEE )5 15 3 1) CWDI B 43T b 5 S2 Ak
A r= 5, AR S A [ X S e N A KR T R
FXT Ko e A% SR . UL R, Jb7 FEREEY
ELEBFWTFHTFARKERMNANELK (627mm) >H EXK
(536 mm) >&/NFE (500 mm), HFEFEWHEXIEZER.
X B AL T7 Bkt K S e RAVML S S Ak AR LR SR 4,
S AT WK X IR A ) BF S BE kb 45
YIS, B, 78 “DKEH” AR E S5 M1k
BT, AREAUKYEHEHL I AR 8k 2 47 3 BR K KA B
PEW, TR 25 A AN RE YD () 75 7K 5 B A DX 48 16 7K £ e
FTHAT o X 3

SCWDI 5 SGPP HJAHE MR B, FHFEAME £K
RN AN TH, /8NS5 A #—5F%E
TR BN G, FBEK. BEERMENER 4 EH

KB mIx N 5—6 A 6 Hf13—4 A. X5CHWH
FOR T ERANA/INZ2 A0 AR B AR KT R 7K 73 Py 3 e 0 &
AR FE A — P70, 5 B T B A /N 32 B T R B %
HEWE NN R g, HEZMAER 75 %43
[FIE & H 55 5 — /K43 F8 0% GPP AH=R M, 5 90t 7 2
WA R T 25 &auREEw it — P
ALK, 677 BT R AEAGR IO AL B R, iR
BUONART RS KA Frak 2 A DL SR 15 T A8 75 K 53 B 1)
DEZES. BHXLKAR. SRE TR R8E, RBH
T 5 X R ARAS 2 A P A B R i S B0 R AR
FROE; SRV DX R Iy 1 5k AR 0 B AH s A g
B, Ul BAZ DR I K S ) R 2 R IR R T KN S
B I S AR R T 5.t mr L, Jb 7 Bk K 4
17 Al BLAG B R 1 Xt 2

R T OCAEMAZERAETRHARLE. T 24
KT R RS, A2 T K S
HAR) SCWDI 5 GPP #ii 2k RS AHER &, midE 7 1 #FHh
IR ST S AT A R] m) A2 = D R e . AR SCIE IS Copula—
Bayesian 2k MERAETY, SEAE T 252 N GPP #ik
R il B AT T &k, SRERW, FEKS5EE
K] SCWDI—SGPP X % LA Gaussian Copula 5 %0 3 %
f£, % /NFZ2 UL Frank Copula 5L, WA FRIEMET R
oI AEL T R AR G 2 A R 8 S e B AR A A AE R s 22 e SR
Bon, FRREAMTFEER. HERMENENFHE
TR MER T HLIN 80%- 63% Al 44%, i I K Kxt
o 58 P T Pl A e B i, R R OKIR 2, AN ARG
5. A A MR RE S AT A, SRR X
At Fp R B v S DXCE S 0 VR b R M B s R 40 e R
R BUR P BB AFE, 2T T a5 A ik
AL E A X R X AR T R AR B B g AR
RN, (R IEA DL IRXT B 5 i R AR = D R AR . xR
B, Bk K TP O R RS R R T R o
KRG, EZREMAERE T LIESEKEM 1WA R &
DX Sl o i ) P 5 22 L PR R 3 R 52 o

EOF 73 ff 2k B, b7 #9848 b 78 4F b R L[]
A B AR R M S B X k. /T S MRS R
filRE 73.7% W7 %, o EOF1 1 EOF2 1 ik % 43 il A
28.6% #120.0%. EOF1 J Bt 1 75 X K [l [R] 45 i 5 5L
PRiE ) = A, U B IE 7 B K P 08 R 2 KR
FEAMEE sl S BOFR2 MR T ARIEX 5 HAKX
BB H) S R AR ASAE, B KR 2 . 7R B R
I, R AT ORI N KT, {H B
52 H R EER& = s R 80R FH R BCR FH X 34t 1
SR, MRS Z AN FEY) A R X AN AR EE IR 1
M fa] sEBrfitKid 2, [FIRS, SCWDI k& LS /KE.
MR KNS PO EE B  OC B R . DRk, AR AT B O
FH 487 DX 3k RBE B /K —E R 1G5 AL /K 28 A4 R IR AR XS 7K
oy W B SR B FLAE P AR, TR 58 4% I JiE H R R (1
HSKE AR, Fomamd—0He IERE.
Hu R KR AR AL REBE B B 2, AR X AL U7 Bk b
IR AT L S FL R 42 B AR I fAE R RE T

4 2 B

AW LR E I T 5 A FEERN X A RIX, &T
2001—2022 4Fi& H i S g 885 . VB 70 A £ A1 GPP
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BiE, LA UEKEGEBRANA AT, WEED
TR B 57— T FF A FE— A7 J35 2 KUK ) 4
2, RGHT T AbT EE K T O R RIS AR AE,
BRI 4518

1) 2001—2022 £, WHFRXE/NESEREEEH
ZAESE T KA 94 500 mm F1 594 mm, H#HEE KN
627 mm. H T KA 536 mm, FFHFEXEBES, KNE
FOYEHEIX 521 mm>3E L5 R X 514 mm>H #7 X 467 mm;
FEEKEENHHIX 662 mm, ASFEEWIAS[H X 35 (1) 7% 8
ZER ST KER,

2) 2001—2022 4F, WX TR HMFR B AR
0.4~2.0 K/a, TFEIFERIE RS\ 5. HHX A
FRR H . IR, R KR BT 2N E,
WOV X N RIS, R T R . R XEY
T2 A G LN 17%, U867 B K P A7 2 5 AN
RO RERAERE L, WAIETRERENR, FFs
B 1] B X 32 A RFAE L

3) EOF 7rfR Mt /i X T 5 (SCWDD 4FEFrAE{L
AT R S MRS RUFTTERE RN 73.7%, H
EOF1 Fll EOF2 1k % 45 5l 4 28.6% F1 20.0%, EOF1 1Y,
KRB B0 E SEBUALE, EOF2 M ARILX 5
HAh X 3k 2 8] e o) 22 5, 0 B b O B K 5P 45 55 &R
BES2 KR EAARTS Seigm, L EA B R A A X 0 7.

4) oK SR 45 RERY, FERMEEKN
7H, &S5 A #E—D%E SCWDI [ BN,
FEARBEHTIEES—6H, EEKE6H, XNE
16 3—4 H. HFEKTFEKIGFIATEEMG SRR, U
HAK > T R, B RKIRZ, K/NERHHG .
HHER I, A/NFEA = 70 T 5 B 5 B HAh (R 3
S, YA EOK S AN E ST T R UK EANE .

5) Copula—Bayesian Bt & 7 il & X WH K5 E
& K ) 5% 1 B8 BN Gaussian Copula, %/ Z N Frank
Copula, VT FYE GPP X RIEAEVEFFAEAMIE, FrF
KT, BEK. BEEKRRMENER AR iR
T RNLIH 63%. 80% Fil 44%, 3¢ B B K0 i o o 1
s O BUR . 25 R R 5 ek BRI 2 R) AR R
fE, SR X AL A o R X 2 T R a5 A
FE AR R AL B S EUKX, N AL R R S
IR (AR S i X 4

ASCHHHK EPE R, & BRI 5B S
M N A R K S T K 2 18] i 23 UG S fe A2 7= )
A S5 S BRI AEYD 75 /K i T 3 A0 ey IR SRR X TT 2 2y
X232 ds, R RETAL 7 B B 5 AT RS R AE AR
W R EE T A,
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Analysis of the spatiotemporal characteristics of water and cultivated land
resources balance in Northern China

DONG Chun’?, ZHAO Yuhan'?, YANG Yan** , HE Chaoying® , ZHAO Rong? , ZHAO Wei®,
KANG Fengguang? , KANG Xiaochen? , QIAN Xinglong?

(1. School of Mapping and Geographical Science, Liaoning Technical University, Fuxin 123000, China; 2. Chinese Academy of Surveying
and Mapping, Beijing 100036, China; 3. Department of Natural Resources Survey and Monitoring, Ministry of Natural Resources, Beijing
100812, China)

Abstract: Cropland water—land balance relationship can be regulated to maintain the cropland productivity, ecological stability,
and sustainable land use. It is often required to optimize cropland spatial layout and crop planting structure in sustainable water
and land resources, according to “Determining Land Use by Water Availability” . In this study, an integrated analytical
framework was developed to explore the spatiotemporal characteristics of the balance between water and cultivated land
resources. There was also a close relationship between crop water requirement, water deficit and surplus, drought events, and
productivity loss. The research area was taken as the five major agricultural regions in northern China. Meteorological, crop
planting structure, and gross primary productivity (GPP) were monthly collected from 2001 to 2022. The full-growing-season
crop water requirements of winter wheat, spring maize, and summer maize were estimated using the FAO-56 crop coefficient.
A decadal Crop Water Deficit and Surplus Index (CWDI) and its standardized form, the Standardized Crop Water Deficit and
Surplus Index (SCWDI), were then constructed to integrate run theory. Empirical orthogonal function (EOF) analysis,
correlation analysis, and a Copula—Bayesian conditional probability model were used to systematically identify the
Spatiotemporal evolution of cropland water—land balance relationships, crop critical water-demand periods, and productivity
loss risks under drought stress. The results showed that (1) multi-year mean full-growing-season water requirements of winter
wheat and maize were 500 and 594 mm, respectively, particularly with 627 and 536 mm for spring and summer maize,
respectively. Crop water requirements shared significant regional differences. In winter wheat, the water requirement followed
the descending order of Huang—Huai—Hai Plain (521 mm) > Loess Plateau (514 mm) > Gansu—Xinjiang Region (467 mm),
while spring maize shared the highest water requirement in the Gansu—Xinjiang Region (662 mm). (2) Average drought-event
frequency ranged from 0.4 to 2.0 events per year. The Gansu—Xinjiang Region was characterized by a high proportion of
extreme drought events, long duration, and high intensity, indicating a cumulative drought pattern, whereas the
Huang—Huai—Hai Plain was dominated by high-frequency but short-duration drought events. (3) EOF decomposition showed
that the first five modes cumulatively explained 73.7% of the total variance, with EOF1 and EOF2 accounting for 28.6% and
20.0%, respectively, indicating region-wide consistency and regional heterogeneity in interannual dry—wet variations of
cropland. (4) Correlation analysis between SCWDI and standardized GPP (SGPP) showed that the key months were identified
as July for spring and summer maize, while May for winter wheat. According to the cumulative effect, the water-demand stages
of spring maize, summer maize, and winter wheat corresponded to May—June, June, and March—April, respectively. (5)
SCWDI-SGPP dependence structures of spring maize and summer maize were best fitted by the Gaussian Copula, while the
Frank Copula performed best for winter wheat. The average probabilities of productivity loss were 63%, 80%, and 44%,
respectively, for spring maize, summer maize, and winter wheat under extreme drought conditions. The north-central
Huang—Huai—Hai Plain and the Loess Plateau were identified as the drought stress conversion into productivity loss. The
finding can provide a scientific basis for the optimal cropland layout and crop structure during drought risk prevention in
northern China.

Keywords: water-cultivated land balance; crop water requirement; SCWDI; drought event; run theory; Copula—Bayesian; GPP
loss risk
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