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Abstract

Under the context of global climate change, the increasing frequency of extreme droughts poses a se-
rious challenge to regional water security. Traditional static allocation models are inadequate to cap-
ture the nonlinear co-evolution characteristics of water supply capacity and water demand stress dur-
ing the development of extreme droughts. This study adopts the historically rare extreme drought
event that occurred in 2001 in Northern Henan as a driving scenario to evaluate the bidirectional dy-
namic supply-demand adaptation of the current water supply infrastructure (including the Middle
Route of the South to North Water Diversion Project) under such extreme conditions. The drought
process is divided into four stages (onset, duration, peak, and recovery) based on the Meteorological
Drought Composite Index (MCI), and the convergent cross-mapping method is introduced to identify
the asymmetric characteristics of supply-demand coupling strength at each stage. The results show
that during the onset and recovery stages, the supply side has stronger explanatory power over the
demand side in terms of coupling. In contrast, during the duration and peak stages, the demand side
exerts a stronger feedback effect on the supply side. Based on these findings, key response relation-
ships between supply and demand are distilled for each stage: the coupling strength between domes-
tic water and groundwater remains consistently high, indicating that emergency support should focus
on groundwater resources; agricultural water demand is most closely coupled with reservoir supply,
suggesting thatreservoir regulation should target critical irrigation periods; industrial water demand
shows a gradually increasing coupling with external transferred water, implying that external water
can be enhanced to support industry; and ecological water demand is closely linked to Yellow River
diversion water, highlighting the latter as a core source for ecological restoration. These identified
relationships can provide scientific references for regional drought emergency management and wa-
ter resources resilience enhancement.
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Figure 1. Location map of the study area
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Table 1. Classification criteria for drought grades

1. TREFRTRIRER

377 eyt MCT 5 {# 35 ] TR0 AR A
1 T2 MCI > -0.5 E#
2 LEE -1.0<MCI<-0.5 Rk b, ARl SR
3 R -1.5<MCI<-1.0 R K BA Rl I — 2 B 18
4 HE —2.0<MCI<-1.5 FeKPEEA R, BIERE
5 R MCI<-2.0 FeAKRER =, BAERCh ™ E

3.2. TEMBIKSEIFEHE NN E 53X R R
FEM T FIE T SR, KR IRHET 7 G A BBOK, 3 6 R BB B S ki £ A
FHE T YRS USSR, 5 B AR (L 55 UM 2 [R] P 455 BV 1] S5 R 45 SR BE AN X RS AE, 4878 3 W30S
FHORIR AR IFVEAR B0, LA A DX 3 7 o R iy = 57 ) 3 5 0 s 1 R B i 825 2R R e SR DR T
SR AE WL AR (CCM) & B George Sugihara T~ 2012 F B IRE& [ 7] 1% 7775 LLRES 2 1A) S A £ i
A1 Takens H} N GE B A HER, 38 AH 25 18] 2 1] FR9 A L T00000 SR e A A 1) <l 2 P 5 i 22 e FUAR SR Ut v A
PRPE, & E TR E AR RGP — %t 55— B SRR S AR 1 (8] BRI L = 109
K ox 6 HHIRT AT 51 X ALY, Gl 051 40VEH € BTG HI4EREN E = 4, BRI FRFERIR N « =
1, BEAERECN k=5, 7E ¢ I ZIEMTIE I G A br R BN A RGB-1). B-2)fi7:
x(t):<x[t],x[t—r],---,x[t—(E—1)T]> (3-1)
y(O) = fe=ele s e=(E-1)r]) G2
Kef ce[l+(E-1)r, L] A, HREARG-DMARGE-2), WHEIM, ={x(0)] M, ={y()} -
R4 Takens RN EHE, WK Moo My 25 FIER . 58 CNRTE M, 8158 XM 2] 2[d)M, , iF
B VI A 3(3-3)-
R(e)M, =X wxlt] i=12,E+1

m

W":Zr;aj i=1,2,, E+1
—ex _d[y(t),y(tl.)] )
e p{ d[y(t)ay(tl)]} )

DOI: 10.12677/gser.2026.153041 440 PRI


https://doi.org/10.12677/gser.2026.153041

(P& I

d[ (1), v () ] IRFAIG L p(¢) By (1) ZIVABRERBEES, FHSE {2(0)| M, | R AR RAL 1,
FHR R EL e TR A TE WA (3-4).
1 - R
> ([ ]-x[r]) (el o, 5[], |
r=—= (3-4)

\/i(x[i] ) g(;‘c[iHMy ~3[m,)

i=1

BN K I E LB, (R[] M | BT x[, B RE - S T — KT 0 A

HRH 500 B HARI PP AR R E r VR ZNEACT, ATGETHEWT— A o) — A B A SR ) 5l
SIRERETT -

3.3. BHIERFESHIRENS X

3.3.1. RAMERRE

AT B AL TG R AL X BUIR K TR AR 85 FHARIE IR 2001 480 (AR i <5 5N A0 3t 5 i 2
RIE, BIMCRA “Dr s S8 mRkah + R TRERES” AL A HIUNESE . ZMEZE AR O s 1

(1) [RBRIWHNFAF7E2EI 2001 4F 3~6 HHPZEH K. RRSFER, WTRRRRBE. FFEENK
A 25 70 Aji 16 =) 5 g S St — 8

() FRMERABUR TRERE I e, B35 2014 FEE KM RKAL I 2 TR, BUE &K E. 51
K TR LS T vt K BE 1S 5505

(3) FRMERHA] 2001 FALL TR, UL RRFMRFN T B, BRBIRREH 2 kR
R 7 KGR AN E P

FIRHEZERE B M BLRAEK R GE DR ORI s i AR R RS N R R T R — A
AR SCHY IR A (HEL R BRVER R Ui W 35—, PPASSMRATR “ RO SRR KFHF” 67T, THERK
SURASALTS T T 50 L5 P TR B SEARAE S s B, B TR T IEH BTG, RAE
A T B S BN S N R R ISR B =, R KR NAL LB R TN, 4518 A B B
DS AR RE S BRI 75 1A 5

3.3.2. HRE®KHESEWN
R M T RS SRR E, AR PR KON 2 R IR AR P RE[9], TERFEH REFRKEE
FER PRI RIS N, B RAENAME RS N 7, I8 i = e oR B 7 KRS B SRR SE R, M
MR H R CRCE, A SERH R KR H R E SRR, AUGERUT R T 40t R EA
%, AU BARTE TSR B B R AR RSG50, T AERS 40 %1 5 H 75 K 240t A F
e B B AL A 2(3-5):
@, = exp{——(Tm’d _7;)) J

a)m,d
Zzzl Oyy.a
KXhy @, , A m I d N REER KE 7 Al R bouf B BE R AR s 7, AR m H d HERFEY
Rl TARESE m IS AT, o REYAEHTYRBIEEE, G, N8 m ANEKE: G,,
REmH d HRFRKE.

G,.=G,- (3-5)

DOI: 10.12677/gser.2026.153041 441 PRI


https://doi.org/10.12677/gser.2026.153041

4. RS54
4.1. TEBRIAMNER

BT BACHIX 2001 FJ7 TR 800, HATERAXEHIRTRLEEHEHMC), DUERT 2
HI SR BRI SRR . RS (R T-R54%) (GB/T20481-2017)FE iR, 4 MCI $83UNTF45F-0.5 I,
MRNTRRA . IR, g6 T REENINBERE, B TR —S R0 i k. FrEl.
U] 5 S A DU B (4], BRI bRaEan s .

M MCIEAET-1.0 £-0.5 Z [0, & SCHEESKI, RIETFEVIIL. K76k A E; 24 MCI{H
T —1.5 1.0 Z AN, 58 SONRREE, RPTRiE—PRE, Kag8mEl; 24 MCHENT%T-1.5
B, 8 SONEIER], RBCT S ™ E R B e 2 S IR, A MCLA RIFHE R 58 & s+ 2
RAEMCI<-0.5), WA AZME, £RPIEEDHRETITFR R

TR RIGHUT 5 W] e R AR BB R AR S B BRI A ok, At RS SRR B T RS
T RAR AT T A 38 A5 — I B () MICT (B 8 SRBH A iy o B IR, (R G/ N B35k T i A Y
LY, M2 Bt N R B, AT kil 4. TR0 5B BLRI 4 e 2 fos

Table 2. Stage division of the extreme drought event in 2001 in Northern Henan Province
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Table 3. Forecasted water demand under extreme drought scenarios in six cities of Northern Henan (Unit: 10* m?)
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Table 4. Available water supply under extreme drought scenarios in six cities of Northern Henan (Unit: 10* m?)
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R UK, AR K AT KSR R R T 2 A T R, IR ARUISUR T T R e R )
ARG I SEPRal KR . RSl T A6 5b, KIRX 8 BT R EAFRE N TR TR, N
TR AT MK B SEPR A e ). BRI, AW T 51K AT UK E R T “IRImTKE” R Tk
PRAt T, SEBR 5 2 2 v AT R K R AT REAIR T4

43. FEZEHBEKFERBEEINMEIREN

HRAE K BRI RS RS, Wl 2 P, RO SARR TR KD SR M A RERE R, T4
LKA F KM APRERE L, W LA SR TR g R, KBTI B A BB TG R

Horp, EESKHIAN, Wl 2R, f& AR BRI A2 XU AR 5C R 5 r IS 0.86, SRR &
AT WS 0.92, PRI T MRS G AR DA SE R . X PRI, 1B B 3L DG A5 (KK IR
(IRT F BE 70 S HR K B SCHERE 70, P R AR B01E S ) b BRI oK M 3K ) o

FERFBN, A 2(0) R, TR BEK M - Sk T 0.94, BEAKMS T KME » s T 0.89, &
IR PR RSB A BAT SR R S R J1 . X PEoR, 120 BURG R PR O B e ) 5 /Ko, 3 UM
A P /@R a5 224, ARy Bk LA i/ BE i e i A A5

FERVEIIA, AP 2(c)FTs s F KOTSRS~ s T 0.82, SIS F AR M ~ 8T 0.74, &
IR G AR /0 e, (R R SR SR I R BN 7 K 9K 5] -

FEGERRI, W& 2(d) P, KM BRI -~ 8T 0.79, BRI RR KM » Wesh T 0.90, fitok
RS & R BB G 5, PR AR ID U A [l VA (K I 350

GEKRE, Ao T REIELRET, HOKMS TR IR G MR 22 B RS, JRItaTiRmA
[FIB BUA B s R Sk 3015 00 s DA K I 0 DRI BE 77, R80T 5 v e T D 745 5 7 o F) 25440
BRSO ALIETIPS i R

DOI: 10.12677/gser.2026.153041 443 PRI


https://doi.org/10.12677/gser.2026.153041

1.0

— @kE o fukE

&
®
o
©
o

— @KE > k&

T

0.4 0.6 0.8
I L

0.2

o o
© T T T T T © T T T T
20 40 60 80 100 20 40 60 80
L L
(a) &L (b) Frz:i
o ] 1)
- — @KE > ok - — FTKE > fkE

0.8
L
0.8

0.6
L
0.6
L

— k& — FAKE \/MW

T T T T T T T T T T T T
0 50 100 150 200 250 300 350 20 40 60 80

0.4
0.4

0.2
1
0.2

0.0
L
0.0

(c) Uy (d) ZEfsy]

Figure 2. Results of supply-demand interaction during the drought development stage in Northern Henan
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Table 5. Coupling strength between water supply from various sources and water demand of various water users
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TEEENE KR TS Tk Al ES
TKPEK 0.9997 0.4339 0.9633 0.9465
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DS ] i
REZKALIIK 0.985 0.2845 0.9577
R 7K 0.9963 0.5558 0.9162
KK 0.6136 0.4019 0.6277 0.3961
B 5] 3K 0.3749 0.3862 0.4026
R ‘
FE/KAL K 0.9934 0.1324 0.7444
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Table 6. Ranking of response intensity of various water users under supply-side driving during the drought onset period
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Table 7. Ranking of response intensity of various water users under supply-side driving during the drought recovery period
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Fo B FKEN B ARIRHOKERS G 2RI 8.

Table 8. Coupling strength of water demand from various water users on water supply from various sources

F 8. BRPHEKENZKRHKERSBELERSE

TRAEHE P FKALTEK 5] # K IKJEIK K
ARG 0.9567 0.9755 0.9964
R 0.7109 0.8013 0.8747
FrL i
Tk 0.5934 0.6815 0.5598 0.4442
b4 0.7839 0.9488 0.9
R 0.7877 0.862 0.9427
N A& 0.5495 0.8978 0.7765
i g
Tk 0.5526 0.4572 0.4211 0.4896
Ak 0.7541 0.8625 0.725

VE: R T O AR 5% R B S

GaRAE, AR RKIERA R A Y RO B350 Ak R, O ) Xt K A S e m
FRHp 2R e AR B SR B ) 22 U R VR R R B A AR . AT S, CCM 2 #8735 Hh BAR SR Bty
AE T KGR K KK AR & SR RS i, B N DA 7K B2 PR B A K 126 1 28 D 2 i AT K
W% 4 AR RR K SRR R 7K RN DR R I O R, SR /K P 8 3 AT R 7K ARl E R 1R 5%
BEARFE; TR SAMRKFEARILEAK S SO IR G IZ D58, 7= ATIIR AN R AR Tl AR 1T i 54

DOI: 10.12677/gser.2026.153041 446 PRI


https://doi.org/10.12677/gser.2026.153041

(P& I

RUEs AEETAKE I HIK KK BT B T, 3278 51 SR AN K P 5 0 AR 32 B A EE B AR
FEFFEIIN, R /K MIBREN T 25 F A B IR BE HE PP VR LA 0 FE I IN, RE/K ISR 3h F 2%
K KI5 B HE PP L 10,

Table 9. Ranking of dependency intensity of various water sources under demand-side driving during the drought duration

ggkﬁﬁmﬁmmmﬂT%*ﬁmﬁﬁEmﬁﬁﬁﬁ
R A K Gl FA7KAL A Hh R K
s 2 - 3 1
AR 1 2 3
Talk 3 1 2 4
gl 1 3 - 2

e RAHF AR R Y, BRI A R B

Table 10. Ranking of dependency intensity of various water sources under demand-side driving during the drought peak period

= 10. SIEHRFRMIEE T ZKRABEREHIFSRE

HAKF K Gl mZKALA HiRIK
TS 2 3 1
A 2 1 3

Tk 4 3 1 2
gk 1 2 - 3

T R ET AR R L HE T, BRI A R B -

g, R HT B CCM BEARLRA (RS & o 22 5, IFIRZEXT KRR . Hi |
FETIORHE S AR AT EEFRIVEREBERIL FRIATIR T, N G REMREL KR - F KR
AR ALsE A, 9 R 2 KR A T SR AR 2 TR A

4.6. BRSEER T

(1) FIZEET MCI R8N 70 P S ah W RS . 456 MCL e I SRR G mEE S, &k
WA B R R 5K IR TIE s FreR iyl s “IMUE 7 WIPRE B, 38t S e 18 K mT i o

(2) SERAGHL R KTERR ST 2 I R & F AL . CCM 23 TR, e W A 0% 5 K 5 1 T /KR A 58
R, $EmH R KR YUK Z AR HEAKIT. BUCHRE RN, ik L R S H,
Tl R AR i 7 T 8 L U L R

(3) A2 KRG T B O e i R KL K S Tk R K AT TR G B2, B UCE fp
il 1) AV AR BRI ATV 530K S AR TR AR, NM7en RELAESHKIIEE, BT ik
ARSI o

(4) HEBAO T KA FI LB S KU FEH o e AL 75 K 57K BE KRR & fcii, W58 51 5 Ik
EFERTEYIERE, AR E A HER R R o)t A B 1), IFE AR PRI SENLH 7 4HAR 7 T2k

ERFRIET CCM BRI OGN S R, BARIE BET 7 45 & e K 5 TRERE I ZR WA

5. &t
ASCUAFZALHIIX 2001 4F 77 s TS 3 9050, R 7 T TR S A e R A K R YR A U O
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ANTR] B P 18 42 00 2 557

(3) £ MCI 8504 T 7 L ATE I A (—1 < MCI < —0.5) 80 e B (g 2 5 H—1.5 < MCI < —0.5)H,
P E R MIRSNBY B 7KUE - F P e SR FEFE P #a R 7 LA R OCEOC R B3k, KK S A
AT A R, PR N E SO KB AEIE A S ARSI, KEKS R, EIEFH KRS
R, $ORKEEE N REL RS SR R KSEE. R EERAMBE R, #TR
HoR LR R B KR

7E MCI FRE0AE T8, mig i Bl N (MCT < —1.0)8, 5 ik N7 /KBRS I B, i, ZE0%
TR T K KPEKFE G e, SR SR 6 OROX PR SRR IR0 AR V8 B SCHE s R FRK 5K EE ALK&
BOARM, PR E MR T FHKSrKACTRK G 5%, 3R n IR aMEK X T
WSCHE: ASTKES B ERMR, a5 EKEESBEMZOKE.

(4) WNITEREEME, CCM YE NS TH n R BIA R T 5B B #E G 5 B A FRRHIE 5 O f e 5
KFRo IREAE BATHE— P IR ANCASEHE LS, A R G 9 B2 HF 7 R N B B2 25 BRI R RS e 4% e e
2 R Bl B NS o] B b R B BRI B AR TS, 1T JEIAT 1) ) i B e 2 e O T o B0 214 %7 DA AR 7K
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