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Abstract

To improve the quantitative basis of tobacco irrigation decision-making, this study used Xuchang,
Henan Province, as the study area. Field observations and meteorological data were used to cali-
brate and validate the WOFOST model. The calibrated model was then driven by 2024 meteorolog-
ical data to simulate irrigation scenarios under different levels of water stress. The model was cali-
brated using 2021 field data from Xiangcheng and independently validated using data from Xuchang
in 2021 and 2022 and Xiangcheng in 2022. For WLV, WST, TAGP and LA, the calibration results
showed R? values of 0.88~0.98, d values of 0.93~0.98, and NRMSE values of 11.06%~17.75%. The
validation results showed R? values of 0.80~0.99, d values of 0.89~0.99, and NRMSE values of
5.25%~17.04%, indicating that the calibrated model could effectively simulate the growth process
of tobacco in Xuchang. Based on the 2024 simulations, irrigation scenarios were designed according
to the water-stress yield gap (ATWLYV) in different regions and the Dry indicator, and the effects of
irrigation frequency and timing were compared. The results showed that the initial ATWLV in Yan-
ling was 327 kg/ha; after a single irrigation application of 70 mm, the irrigation contribution rate
was 90.21%. The initial ATWLYV values for Xuchang, Xiangcheng, and Yuzhou were 1562, 1441, and
1289 kg/ha, respectively. Under the 90 mm irrigation scenario established in this study, the irriga-
tion contribution rates for three irrigation events reached 93.60%, 87.99%, and 82.47%, respec-
tively, all of which were higher than those under the single-and two-irrigation scenarios in the cor-
responding areas. These results provide a model-based reference for assessing water stress and
designing irrigation schemes for tobacco production in Xuchang.
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1. 5|18

FEAVE N R RE 2 —, P& b E B 81 7.5%. MR SCHE XA A 22 5%
RIRE A PR B BT, HEKN P te)is T B E RS 5A5NE. HRAEKHCE, W
BLA PR BOK 2 AR 50 5 e VEVPAY , FEAR KR B RS HE TGN 5 7K 4345 B 5 Tk Z AL B ) 8 B0 T A,
HK G375 W A PR I B RDAR B 2 5 i JE B T S AR 3 S = e AL, 0P AN R 7K 43 R0 ) e EEE 7 %
T BB TR A K FR AT & b7 o

WOFOST (World Food Studies) & {E¥) 4 KA AL iz B8 H T 48 SR AE = LR R 2 —, #E
WS HERAE YA KA R i 2 R /e R R, e & /E PRI IR A Y DL R 25 B VR Y, T REAS % R IR 2 At (R Mk
. TR R I R 1] [2], B TAGHED SR Gk s, & — Rl B A K 4
FERIBI AR [3]. AEYAE KA AL & ROl AR S A R FR 1Y) 77 171 [4]-[6] -

WOFOST L A! e kS MU EM I AR KIS 7R, FREs & RATURAHED A2 B mhi Al B a5 00
BEFRPR AT E ET[7] 8], HTAFEEMIM KB, P22 BN AEERL 7 R VP . B, AREMESE9)F
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Fl WOFOST R thiR T Z P 77 58, WA Jbag R e i & /N2 RE R REAT T 8 00:  kBHEE[10]81 H
WOFOST AL 4 A48t P8 FOK RN, B FUAEAN R B /K AR A N B 7 SR K= B L, i E &
TOREAMMAEM T B AEA T I REVPAL S5 7 T B S AN D, SRR [4]55 T WOFOST R4 KAS A H] H
MLR $fifH 7 EH AR LI 2B F TR KARZEEM, FEx 2015 FEEF 2T EEM. KBALT
flis MTE=5E[11]FH WOFOST AN T8 F LA T RREGER FILTE R . Rk
2RVl SR 12]FH WOFOST BRI 4 /N2 15 HAE G bR . T A fe St b 52k
Vi, 18 AU T IE AN KBIPA RS, B TR A b S AR ) B AR EE R G L
KNFRFEARAE R . [ AE A KB L 2 W/ oK. KRR EE L AR, Sk,
T E DX A5 X R A S A RS HE 5 K A B P DT AR R 7 F B A, SR, [ A BN R4S S I 40t
VEV AR KA 5 R i HE R AU BB = o SZ IR T HREAE ) B Re R AR B ) M S TR R, 5 EAREH
BREINSH, 2SBUEMmZ R, FPER 2 7RV AR A 7 R v A Rz i BN B . A
I, AHE SR A RS X TR 266 WOFOST #E AL T S 40 i FI S 30, FEit— 5 FI ] 2024
SRR GG S EWE N SORLANL, 2 AT AN 1R K 23 Folh JE R PS8 TS R 0 SR TR B BT 7K 2 i 7 i 22 R s
VEE N X HERE T i E SR it E S .
2. R 5 AE
2.1. R XEER

R VEE, B, FERUTEE R, SRS, R, AWK, IR S E A
Ao FERE 113°0~114°19", Jb4i 33°42'~34° 240 T R4 iR, S FUE 4996 km?. & TAbBRiR 7
ZENAMEX, CRBIEFEE, WER, LHEIK. iR TRREERAE, M2 AR B K. 5%
RRRE. AUEREFHERN: HFFETR, R 2, EFRH, BRESD, KEHM, OREHK, £33
B, WEBD.

2.2. BIERIR

VFE. BIWAE MR 2021~2024 FEHRGHEIERETHFEN. BMELENTRLR, OF
PR B . BRI BRKE. H R, PR ORI . AN RIS B K E R
Kid N 0, HRREGEZRAETN G TPIER S, DARIEIRS) B e L.

1983~2013 “EFEH K 1991~2021 4V 5 MH B A= 5 R B 250 SRR T~ 2 g S8R =OWIN 55 RHAI K
AP . 2021~2024 4, FEVFE L FE IR B G BRI AT R S, S HEEAE I, EME
Fer= Bl o IO PIAE SR S i — 8, W 8 W 4 NEE, I AR E R,
10 RIMGEAEY R GIEGH A 220, ), e &3 B e E IR0 T Ie T 5, FREke . %
FE WA AR RS, WA A AT D

T SR K R K, RS KR IR FLEB AN SR DR I A

23. BTN A E
R R RCR I8 HI LR Gt fapn i T VR, WA (D)~4)-

RZ — i=1 (1)
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RMSE = @)
NRMSE = R“;SE x100% 3)
> (1)
SR = AR @
> (7] -7)

R(D)~@F, R NPGE R RMSE NITTRIRZE, NRMSE NA— I HRIRZE, d LG EZIREL Y,
SV, Y REME, Y SR T, Y BRI T, N RS

P RE R R B HEEL d I WS BRSO R S ME 1 — B0k, BRI 1, REUBEL R R G . 1Y
J7 M 1% % RMSE FA—46 3477 il i 22 NRMSE J Btk B BLA0E A SE PR & w22, B8R/, 3 1) — 3
PERRLT, BUUHER RS . — AN, NRMSE <10%, MR LF; 10%<NRMSE <20%, HHIRCR
s 20% < NRMSE <30%, B4 NRMSE >30%, BASUREZE.

KK e = 825 ATWLV FIEBEDTIREE Cuaer PR HEBETS SR 7K 43 18 7 B0 2R I RMAFE S, 1T
HAXINA(G5)~(6)-

ATWLV = PTWLV - WTWLV (5)

_ ATWLVI-ATWLV2
water ATWLV1

K(5)~(6)F, PTWLV NELE 5, WTWLV AR BRI =&, ATWLV] AR K 5 Pria %, ATWLV2
REBR G K A s 2

VR TR 2R 45 R T 100% 158 B VEERT T R I R AR ORI IS, P2 BN o — A N TTER R
N 100%HT (FEARRAS ), RN G KT Ba 2N 0, ULREBESE TP T TR m; STIRE N 50%
B, MR EEB UL MR T — K 3 i 42k o

158 FH E I 7K R FH R (IWUE) $8 A5 F T A0 57 S 7K & I s SR IR 7= S 3 N8R« TWUE K FH HE IR i
Ji 7K 43 BR )= ) 36 n e 5 K = 2 L 5
WTWLV 2-WTWLV 1

I

Hr WTWLV_1 fl WTWLV_2 4 5l = B AT 5 17K 70 BRI = i, T RoR b .
3. ZBREH
3.1. WOFOST #&8K:

VYT WOFOST B A 7E VT B A X AR A A, AR SO 2R F 2021 47 32 3 F [R) 56 Ao 34T 2 80 i
RAEFR bR AFE T H(WLV), 22T HE(WST). i Ea A Y5 (TAGP) M R Bu(LATD), B4R 55
Mg R Geit-4aks W% 1.

T LAHT 2021 S ERCEIRE AR AL RS HESE . 4 TURFRE R? N 0.88~0.98, d N 0.93~0.98, NRMSE
N 11.06%~17.75%. WLV ] R* 54 0.92, d 5 0.98, NRMSE } 11.06%, &G 5 S2iE HA B
—IFEE . WST [ R2 N 0.88, d N 0.97, NRMSE N 12.50%, A5 RE WLV ML E—E %7,
B EAARRZ AT BARAK T & 1 A p EIKT 0.05, 1 BHZE T %40 50 AS 86 40 A0 N1 6 2.2 5 R 8

x100%" (6)

IWUE =

(7
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¥, FIEANEERE p>0.05 AR oM A o] S5 1 (93IF 4 . TAGP 9 R2°5 0.98, d 4 0.96, NRMSE 4 16.31%.
B R, {5 TAGP () RMSE #1 AE 7E 4 T4aFR H K, Ui BH A0 R Z 15 AN v] 2088 . LAT (19 R? 4 0.91,
d N 0.93, NRMSE N 17.75%, FHERGEGEEITHAEIA LAT ARt 5.

Table 1. Comparative analysis of model calibration statistical metrics

1. RERGESIHER L iR

Guitfets 2021 FFEI WLV 2021 3k WST 2021 3k TAGP 2021 4k LAT
R2(1:1) 0.92 0.88 0.98 0.91
RMSE (kg/ha, m*m?) 337.00 440.70 1064.40 0.60
NRMSE (100%) 11.06 12.50 16.31 17.75
AE 214.63 298.68 818.52 0.47
d 0.98 0.97 0.96 0.93
BEMRR p E 0.11 0.06 0.19 0.51

LG 4 DifabR, RHESS KB WOFOST HEAL e B i B4l 2021 4F I EL ) WLV, WST. TAGP
1 LAL. o TAGP R Z = T A br, A EREFE—ERZE. W& 1 TLEH,
KAEIG 4 SRR R2 IIAMET 0.88, d HIAMLT 0.93, NRMSE KT 20%. X L6545 50 B R S 407
2021 FFIIRIE A N REVS B MR IR R 5 2 B A K AR AR AR (b, (B R 45 FORIE T S50 il 5, A
A B T 4 AR TR LA 4 3 R X2 AR E FT . DRI, AR SCit— BRI R 2 5 SRR HE BRI R
HNTIGAIE o
3.2. WOFOST #&Z185iF

B SR AR T 2021 4 FE A . DRI 2 307 A RV 00 A0 DX IR AR 1 B P A, A SC I RE AL
AR ZH 20N 2021 FEVF 5 12022 SR7F B R 2022 48 FEI K G 5 AR Y Ay N HGH HEA T A4,
TSN S5 L 5 0 7 FH ] S P B R 4T EE# . B0iE WOFOST BB PP Fit b 48 R I 4 2:

Table 2. Comparative analysis of statistical metrics for model validation

2. BEIFGIHERREE SR

R2(1:1) RMSE (kg/ha, m*m?) NRMSE (100%)  AE (kg/ha) d

2021 T & 0.80 357.36 13.80 242.68 0.89

WLV 2022 EVFE 0.95 218.3 8.56 183.84 0.98
2022 - I 0.83 296.07 13.52 23791 0.91

2021 5 0.94 185.49 7.65 158.73 0.97

WST 2022 EHE 0.95 556.35 15.75 387.56 0.97
2022 G 0.91 265.6 10.06 190.62 0.95

2021 FHE 0.81 1002.07 17.04 562.80 0.90

TAGP 2022 FHE 0.99 391.91 5.25 306.92 0.99
2022 FFE Ik 0.84 848.03 14.42 459.83 0.92

2021 T & 0.96 0.15 8.30 0.12 0.98

LAI 2022 FHE 0.95 0.32 13.38 0.25 0.97

2022 FF IR 0.89 0.26 16.14 0.20 0.94
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2021 FVF B MRS R EIR, LAL R* 5 0.96, d 4 0.98, NRMSE & 8.30%; WST [f] R> 4 0.94,
d 4 0.97, NRMSE N 7.65%. WLV ] R> 4 0.80, d /4 0.89, NRMSE 4 13.80%; TAGP [ R*> N 0.81,
d 5 0.90, NRMSE N 17.04%. Kk, FANG LA WST Bl — 2w, X WLV il TAGP 4L
RZEEFXTECK

2022 FFFE 1 4 DUE AR R I H B = 1 — 3, Hd WLV, WST. TAGP #1 LAI 1] R? 43514 0.95.
0.95. 0.99 1 0.95, d 4354 0.98. 0.97. 0.99 F10.97. %F% NRMSE 4 A 8.56%- 15.75%- 5.25%F!
13.38%. LH TAGP 1) R* 1 d fit;, H NRMSE N 5.25%, B4 S A1) & R0 25 S 5 Sl 45
BN

2022 FFEHA WST. LAI. WLV Al TAGP ¥ R* 7514 0.91. 0.89. 0.83 F1 0.84, d 437N 0.95.
0.94. 0.91 F10.92, A WST Al LAT (AL —FHEAI 5, WLV I TAGP R Z M 8K . AN
3 R DX 3 2 [) R ASEADURS FEAFAE 25 7, DL 2 B4 B0 ) 55 B 2 AR AR A ) 2 i

ZEE 3 T IR RE, WLV, WST. TAGP #1 LAI ) R25E N 0.80~0.99, d A 0.89~0.99,
NRMSE 764 5.25%~17.04%. ANFEAZSEFAESEA . XSRS A2 R, (Hafk AR iR
U IV B AR KR AR AR 5 . REE RN, ASCRIERAERS % A &5 Rt T 50—
AT, DA B AU p (AW R MERE . A, 2022 4EVF B BRI B i T ARG UE A, LR
R AT BB MR R A E S LI R 22 B ()8 B2 AR A 00, (R Bd AN J2 DA e AR SRR
3.3. WOFOST #&8I7k 45K

FERERYIGUE ) FEAl b, AT — DRI H 2024 V0 & I, BN FISERE 1SR B TT F R 7oA
ho 2 3VCE T HT AN AIVE NS 2 (A RIS KRE FE REBE U7 58 13]0 AR SCANKE A 3 v (1 e R 2 A0 & 113
ELERL I RN, A2 45 G 2024 4% XIR MK 5 BHEFEFEAT Dry fabs 1 B B ARG 5, 7 B A
R BRI IR E A R B AL 45
Table 3. Commonly optimal irrigation schemes for tobacco-growing areas in Xuchang
=3 FERRLTEREERSR

HRIK S VR G

BAYRHEWE 50~70 mm
& 1 150~160 d
BRAER: 90 mm
& L3 140~160d

BEEHOKOK T NEZ <100 kg/ha)

A EEBR K (K 43 BB 2 100~500 kg/ha)

ZRFER(E D 2 K, 90mm/iR)

HEHUKOKS A Z > 500 kg/ha) e .

AR 2021 4F F IR AT 2K WOFOST #4Y, X 2024 4 & X IR AR KA AT AL, FFH)
FARE A 4 () R AR AR(Dry) IR A K 7y 5 i fE . FERRIERE |, AL A Dry FRE0d FEM ATWLY &5
WA 5t BEEHUKE SR %4 3 K Dry=1, R HIK 50~70 mm #E8E; S EEHOKE ST Hi%E4: 5 K Dry
=1, RABKHER, HEGENE D REERE; EEHUKESR T %S 7 K Dry=1, KHZ K 90mm
FEBE, FELCEAFENE A G . BT A CERASE R T EFERA 70 mm SFOGER, I 07 2 NAL A E
X 2024 FFEERRE SEPRIE SR E RIS, AR H K" S BT [ I E

2024 FAEPLERFH, 5. BIRME MK Dry HE 58 53 55 152 d, BIFEA 23 do AR#E#R
4, YFE. EIWME MK ATWLV 25508 1562, 1441 F1 1289 kg/ha, It 500 kg/ha, w4 i 5E ¥
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KA F

RNE KT g S BB ATWLV N 327 kg/ha, J&F 100~500 kg/ha Yl . 75 ZERMZ, Dry & HE
LS Dry = 1 (FFSEN R R —Fa bR, R 38 NSl o A SCHRYE %% X3 Dry i Fi ik 98 ik
HIH, JEEREEHUKXIER LR 1R 2 ORI 3 IRBERETS = .

RAEE 3 WAL R, 90 mm wI{ERVEE X i BEBROKIE 1S % B IGEB R, H UK &=
TSR 2 Ik 90 mm EWE . AHFIE 2024 FFRIUZE R EIR, VFE . BINA B MK ATWLV 730504 1562, 1441
A1 1289 kg/ha, ¥ 500 kg/ha, IR 90 mm 7Ey ik 3 AN XIS L A 52, FFiE— P He R 1 IR
2 URAN 3 RHERR AR . BEBR I ATWLV A 327 kg/ha, J& T /K56, B35 ERH Dry 2K
IR HA XA AE 2 5, AT 70 mm BB B GBS 5, JFIEREES 159 d HHTRLRL. BRI,
70 mm FFE AR K S5 G B R HE S A 3 1 [ e E R, RN 2024 AEERRE K 43 7 B AR B E 1) B
BEAOME 5t o ASORK 70 mm A TE BRI 1) B URERR &, FLAG BRI ATS 75 10 A (3] VR BR P 17 S5 A 400 i FH 1]
TR — I .

Table 4. Yield difference under water stress in the tobacco-growing areas of Xuchang in 2024

42024 FIFERXKSIHBEE

£ =] Bk M

TETE= & P-TWLV (kg/ha) 2917 2925 3065 2936
KAy BR i 72 2 W-TWLV (kg/ha) 1476 1363 2738 1647
KA iEF=EZATWLV (kg/ha) 1441 1562 327 1289

Table S. Irrigation scheme for the tobacco-growing areas of Xuchang in 2024 and comparison of yield before and after irrigation

®5.2024 FHFERKER S REERRIE~EXILH

e
X5,

BREE
T
E3
£ 3
L3
I
A
A
Rl
PNl
Al
FE
FE
E
A

v,

W TT % FEBRTT WS
HEBEHY  #EBEE PTWLV WTWLVI  Dryl  ATWLVI WTWLV2 Dry2 ATWLV2 Cwater IWUE
159 70 3065 2738 23 327 3033 8 32 90.21 421
132 90 2917 1476 55 1441 2371 35 546 62.11 9.94
149 90 2917 1476 55 1441 2189 54 728 49.48 7.92
159 90 2917 1476 55 1441 2392 45 525 63.57  10.18
132, 149 90 2917 1476 55 1441 2641 39 276 80.85 6.47
132,149,159 90 2917 1476 55 1441 2744 28 173 87.99 4.70
132 90 2936 1647 52 1289 2164 25 772 40.11 5.74
149 90 2936 1647 52 1289 2146 30 790 38.71 5.54
159 90 2936 1647 52 1289 2511 28 425 67.03 9.60
132, 149 90 2936 1647 52 1289 2216 23 720 44.14 3.16
132,149,159 90 2936 1647 52 1289 2710 13 226 82.47 3.94
134 90 2925 1363 53 1562 2375 21 550 6479 1124
149 90 2925 1363 53 1562 2135 45 790 49.42 8.58
159 90 2925 1363 53 1562 2450 29 475 69.59  12.08
134, 149 90 2925 1363 53 1562 2232 23 693 55.63 4.83
134,149,159 90 2925 1363 53 1562 2825 3 100 93.60 5.41
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2024 FE4% X I HE BRI A LE L2 5, PTWLYV (kg/ha) £ R fEr &, WTWLV1. Dryl Al ATWLV1
I3 SRR BERE AT (7K 3 BRI = 5. Dry HECRUK > i =& 2 ; WTWLV2. Dry2 fl ATWLV2 4R
FEBL G K BRI P2 8. Dry HERUK /3 i 7= 8 2% . Cwater RoREBLG ATWLV AR L A1 1 PR
el

BRREHIUR ATWLV 2N 327 kg/ha, H1UK 70 mm LG % % 32 kg/ha, Cwater A 90.21%, 6 W 1ZAR AU
15 S AE S I 5 PR 0 Bl = B2 . VR E . FEURT B N E BK 90 mm JEBETS 5 R Cwater 43 N
49.42%~69.59%- 49.48%~63.57%F1 38.71%~67.03%, /N[FEIERE H 2 MAF/E 0 B2 5%, BB G, 3 4
X 35k [ 85 =7 Cwater 23 5M 55.63%- 80.85%A11 44.14%; 3 YRIEME G 70 ik F] 93.60%- 87.99%F1 82.47%.
AT BB ISR E, 3 IEE RS TR Cwater,  FLs TAHRLX 380 1 ORI 2 DRIEEIG 5%
B3 YREERE RIS 0 7 E K B, DR AR BEAAR 3 Cwater 58 HONAE P2 bR BAR J5 58, 30 N 45 4 E K &
7K 3R FF R0 26 R0 S B HE W A HEAT 455 VR

NSNS [ EE 5 R I P K 8RR SCHE Cwater (935S E38 1 IWUE $645. 51 HEE Cwater
AHEL, TWUE BEH%5 Js AN [R] JEEIE Y E5ORT I B2 1A K 80K

RIGHA BNLE B, BRFE B YR 70 mm ¥EWEE WTWLV H 2738 kg/ha #h01% 3033 kg/ha, IWUE N
4.21 kg/ha/mm. ¥ & 3 X 90 mm FEME /G WTWLV Hi 1363 kg/ha 39111 % 2825 kg/ha, IWUE A 5.41 kg/ha/mm..
HE ] WL, Cwater 1 IWUE S B2 #EE 7 RN E 5 1, BRMCR A Cwater ASRE4s VPN #EWME T % .

LA KA, Cwater AEMS ML HEBEXT K 20 il 7= i 2 R AR AR RS, TWUE BB S e A B /K i ok
=B A . P A5 E T LA K G0 i 2 gk A EE R K ) 803 A 7 TN VE R 7 5%

4. &g

AR 2021 4F FE 30 H [ARIE 208 X WOFOST #3417 S50k, FHAIH 2021 FH4E. 2022 4
VEEFN 2022 SF FEIRACHE AT ML I0AE . R HESE B WLV, WST. TAGP fl LAI 1] R? ¥ 0.88~0.98, d A
0.93~0.98, NRMSE & 11.06%~17.75%; MRS R R2 24 0.80~0.99, d 4 0.89~0.99, NRMSE A
5.25%~17.04%. 45K H, BHEJGH WOFOST B2 RE 68 A i i 0LV B M 5 3 A K AR bR, (HAS RIS 43 FH
X3 (B AT AR AE — E R P 22 5o

BT RAE G IR, A SCRIH 2024 SR EHRI R T A EK 5 8% 5t R 7 ZR. . BRI
BHHIR 70 mm RS, Cwater IAE] 90.21%; ¥FE . FIHA T MLE 90 mm/IXIT 3 RIEBETE 5, Cwater
3B E] 93.60%- 87.99%F1 82.47%, 5] T-AH N DX 355 (1) FR IR P IR BE RS . LIRS R B, FEAWHIT
WE 1) 2024 AN, ERE E SR K 22 S R K 2 Wl B 2 IR BRI FE

CE TR Y], WOFOST B Af LA T A FIZK /0 508 I HE L 77 A . 38 %5535 T WOFOST
BEAIRIEFE T VR B IX AN [F) K SCAE AL (R HETE 7 28, L8 B3 W S ) G/ RE B S 1 e v B R i B F A AE 25
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