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Abstract: Dynamic monitoring of crop growth and yield forecasting at regional scale provide important references for
ensuring food security and formulating agricultural policies. The application of remote sensing data assimilation significantly
enhances the timeliness and accuracy of crop yield estimation. In order to timely and accurately estimate the grain yield at
the county level and improve the accuracy of the yield estimate, Tieling County in Liaoning Province was selected as the
research area. The world food studies (WOFOST) model combined with remote sensing data assimilation was employed to
estimate maize yield in Tieling County. In this study, the extened Fourier amplitude sensitivity test (EFAST) sensitivity
analysis method was utilized to analyze and locate the sensitivity parameters of maize yield estimation. The parameter

estimation (PEST) parameter optimization program was adopted to optimize the parameters. The verification results
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demonstrated that the average error of yield at sampling points was 852.39 kg+hm™, and the accuracy of model simulation
reached 92.82%. To further improve and optimize the yield estimation accuracy of the model, the leaf area index obtained
from remote sensing inversion was assimilated with the leaf area index simulated by the model using the ensemble Kalman
filter algorithm. The average error decreased from 852.39 kg-hm™ before assimilation to 435.01 kg-hm™ after assimilation,
and the yield estimation accuracy increased from 92.82% to 96.33%. The yield estimation accuracy of the WOFOST model
was effectively improved. The results showed that the growth and development of maize were not limited by water, and the
yield was mainly affected by light and temperature, and the parameters related to temperature, light use efficiency and
maximum assimilation rate were highly sensitive. The optimized model can simulate the growth and development of maize
in Tieling county. The yield verification shows that the optimized model has a good simulation effect, but there are still
some errors. The correlation between the ratio vegetation index and the leaf area index was the highest, and the inversion
model was accurate. The inversion results showed that the leaf area index had a large difference in the drawing stage, but
little difference in the mature stage. After assimilation of crop model and remote sensing data, the accuracy of yield
estimation was obviously improved, indicating that assimilation of remote sensing and crop model is an effective method to
improve the accuracy of crop yield estimation and yield prediction.
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(kPa) JXHE (m-s™) BRI (mm) 55, 81 A 0 AR r a5 G 8 A A 20N

n
Rsz(a_‘+b_§ﬁ)l{a (1)
v=22 (2)

T

R, = 37.6dr( w singpcosd + cospsindw,) (3)
dr=1+ 0.33cos(0.0172]) (4)
8 =0.4209sin( 0.017 2] - 1.39) (5)
w, = arccos ( —tangtand) (6)
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Figure 1 Distribution of sampling points in Tieling County
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1.3 ®WRFE
1.3.1 BAGMEF F  ARU5CRH B FAR ST 0 (Center for World Food Studies, CWFES) Flfuf
2R TARK2ETE R I WOFOST (world food studies ) FE 4 A K AR AR AT el B oK AE Kb A, 1
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RO TR AN . BRI E T ZFEY SO AGE T EK, 038 BT KRE /INZ FR 5 4%
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[F] V4 1 7 s A D, R A AR 4 i 38 A o AR WF 58 % ] Python 14 1 WOFOST#2 24 [y PCSE (python crop
simulation environment) M4 , 3 52 SCH 132 U SR HUE D) SO | 38 SO VARG S RNAS B S/ s 1 7
R BHIEY 0 A R A AR, TS 380 7 i B
1.3.2 EFASTHUE M5 H 7 ik BFSEHTE Jo B HOCHE S B T HUS M 20 A, SR T Jre 1 o
P AURME G 56 7 (extened Fourier amplitude sensitivity test, EFAST ) X WOFOSTHR Y 117 2 K BUsk 1
AT 38 I T R D S AR () e A X A S B R L DT A R M S S i g A
bro ZITERIARXN

V=SVt DVt > Vit 4V, (7)

O VBRI G T 223V, R — B 07 285V, o I D5 285V, R =7 22 . BRI RO 22 B 8 2800
BT 2 AN
1.3.3 PESTHAH AR RHASHEANKERT (parameter estimation, PEST) PRI S B A
Ak, 38 b AR R 04 H b s BSGA B /M IS BI S BRI ROR o M@ WOROSTHE Y Z2 4 1 A8 &
{EL5 S BROMLINAR A5 AR Y de /N e 22 S iR W, 2R3k =00
1 n 2

Wzg;{ki[M(zi)—O(F,ti)] (8)
A PO EIRR RIS A80 M () 5 £ R BN s OCF ) AR Y2 i R AOASEAUARL s b, o 288805 n D WL AFL Y
AL
1.3.4 vHERIEHAIE T & FIFHENVIFIArcGISH PR HEAT I RS B0 2 v, ) i Bas S+ 4345
FIAS [] (AR B B, A TS 8 AT R 45 5K, 045 13— Al 8 45 2L (normalized difference vegetation in-
dex, NDVI) . ZZ{H A 9% 75 % (difference vegetation index, DVI) | HLAEAE #% 75 %X (ratio vegetation index, RVI)
FIER FEAE B 452X (green vegetation index, GVI) X 4FEBE a4, HE B AR

NDVI = (pyy = p) 1 pai + Pr) (9)
DVI =pr = Pa (10)

RVI = pu/pr (11)
GVI=(pyw = pe) (P + Pe) (12)

I 2o w0 T BRI LT AN BE (LT A1 B BN I B 1) U R
FIH ArcGIS HL i $2 B MOD15A2H H 80 /™ SR AF 4 Y LALELHE | 3 1o #5118 1) R A1 RMSE, i %
5 LATMULG B fe b i
135 #EBRHEMEA R E AR EIEFICRHE S R /RS ENE 7% (ensemble Kalman filter,
EnKF), 4 R/RSUEHILETSRRIEMNR/RS IR LI, 7T T m 4E Rt e s RS A5 11
[T S R N7 Wy
A=A+ P (HP,H +R) (D~ HA) (13)
K=PH (HP,H" +R)) (14)
A RPIRAS AR A 1 A W R 5 A A IR S AR AR 45 1 TR B 5 D R O 5 H 2 0 557 5 P,
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2.1 WOFOSTHRE S B MED

AT 5 F) H Simlab 844 54T SUBAE 53 AT, 28 B 42 A 159 2 801 A 808 E o BT 1 s A S50, R
FHES) 3 A5 AT HORE o R T S 8000 B USRS 8088 A2 ma AR /N DR I e B S 800 - R i 3
15% 1F 2 BOBEE Bl (£ 1) o ASFSE 43 532847 WOROST A5 78 78 7K 43 BR il A 77 7K S Ry e A 7= K
SEPIRN AT B RBURE A3 BT, e AT B B OK T R AR B A [A] A 7 KO 1 SRS o i 4
HR(E2),

®1 WOFOST #R S TNBMASH
Table 1 Input parameters of WOFOST sensitivity analysis

ZHek EX B THRME bR
Parameters  Define Unit Lower range value  Upper range value
GRS T 2
Thwl Total dry weight of initial crop kg-hm 425 575
LAIEM T AP T 0.041 106 0.055 614
Leaf area index at emergence ’ ’
RGRLAI A B Bl S o hm?+ (hm?-d)! 0.024 99 0.033 81
Maximum relative increase in leaf area index ’ ’
, 0 0 O 1) HLH- T .
SLATB, Specific leaf area when the growth period is 0 hm?-ke 0.00221 0.00299
R RTI 2 I H TR .
SLATB,, Specific leaf area when the growth period is 2 hm?-kg 0-001 02 0.001 38
7535 “CHf I TR = i Jol 9
SPAN Life cycle of leaf area at 35 C d 28.05 37.93
i F) R it B 1 .
TBASE Low temperature threshold of leaf age ¢ 8.5 115
KDIFTB FTILICHUS T L R 2 0.51 0.69
Visible light scattering extinction coefficient ’ '
=) | R
EFFTB M AROOLRERL R 03825 0.5175

Maximum light energy utilization rate of single blade
A F W 0BT LRtk CO, ) fh i

AMAXTB, The maximum CO, assimilation rate of single leaf when the  kg+ (hm?-h)! 59.5 80.5
growth period is 0
AF B 1.5 IR CO, Rl

AMAXTB,;  The maximum CO, assimilation rate of single leaf when the  kg+ (hm?-h)™! 53.55 72.45
growth period is 1.5

AT R 175 B B K CO, [R5
The maximum CO, assimilation rate of single leaf when the  kg+ (hm?-h)™! 41.65 56.35
growth period is 1.75

AH I 20 Bt iR O, Rk R
AMAXTB,, The maximum CO, assimilation rate of single leaf when the kg+ (hm?-h)™! 17.85 24.15
growth period is 2

BIOLAERIE 0 CRHRIER T

AMAXT
B1.75

TMPETB, The maximum photosynthetic rate was adjusted at 0 °C 0.008 5 0.0115
TMPFTB B e RS CHERIE T 0.0425 0.057 5
o The maximum photosynthetic rate was adjusted at 9 C ’ ’
TMPRTR..  DRIEEHFEAE 6 CRABIENT 0.68 0.92
16 The maximum photosynthetic rate was adjusted at 16 C ’ ’
BIAOEE HARLE 30 CRAIER T
TMPFTB;, The maximum photosynthetic rate was adjusted at 30 C 0-85 115
TvNFTR AR R A E 0.85 L15
Total assimilation rate low temperature correction factor ’ ’
CVL - F R AR 0578 0782
Leaf assimilate conversion efficiency ’ ’
cvo it 7 B AL AR BOR 0.570 35 0771 65
Storage organ assimilation conversion efficiency ' ’
CVR HRIF LAl 0.586 5 0.793 5
Root assimilate conversion efficiency
B MRl R
cvs =P 0.559 3 0.756 7

Stem assimilate conversion efficiency
TEEEHEAN 10 °C, WP A X B

Qi When the temperature increases by 10 °C, the respiratory 1.7 2.3
rate changes relative




% 2 BRAE T WOFOST AR A 5 1% B A R AL BB R 2 R AE ZHE R -143-

s
SHRATR EX B3 TR BRAH
Parameters  Define Unit Lower range value ~ Upper range value
Ir Yk T 5 22
RML T SRS IPI A A \ kg (kged)! 0.0255 0.0345
Maintenance respiration rate of leaves
RMO A B B R R I kR ke-(kg-d)! 0.008 5 0.0115
Maintenance respiration rate of the storage organ ’ ’
A Y25 I g 1ok 3R
RMR )FEE/JJEHT”? o4 - kg-(kg-d)! 0.012 75 0.017 25
Root maintenance respiration rate
S5 AT R
RMS EEJ/IFH.T I - kg-(kg-d)™! 0.012 75 0.017 25
Stem maintenance respiration rate
A1 O AR T4 B 43 BT 7 5
FRTB, Fraction of total dry matter increase partitioned to roots as a 0.34 0.46

function of development stage in growth 0

AEH WA 0.4 AR T4 5073 B 5 4L
FRTB,, Fraction of total dry matter increase partitioned to roots as a 0.229 5 03105
function of development stage in growth 0.4

A B WIS 0.7 IR T #5431 R 5L
FRTB,, Fraction of total dry matter increase partitioned to roots as a 0.1275 0.1725
function of development stage in growth 0.7

A E I 0.9 AR T4 B 43 7 2
FRTB,, Fraction of total dry matter increase partitioned to roots as a 0.051 0.069
function of development stage in growth 0.9

AT O o Iy S 23 S 2R K
FLTB, Fraction of above ground dry matter increase partitioned to 0.527 0.713
leaves as a function of development stage in growth 0

PRI 0.88 i -y 5 3 i AR B
FLTB 44 Fraction of above ground dry matter increase partitioned to 0.127 5 0.1725
leaves as a function of development stage in growth 0.88

ATEIIN 11 e O3 R AR
FLTB,, Fraction of above ground dry matter increase partitioned to 0.085 0.115
leaves as a function of development stage in growth 1.1

K3 BRI 7 B AR XS FE T

oo (koed)!
PERDL Relative mortality of leaves under water restriction kg (kg d) 00255 0.0345
AEE W LSRR FE TR .
RDRRTB, 5 The mortality rate at 1.5 reproductive period k- (kg-d) 0.017 0.023
R 2.0 AR FYFE T .
RDRRTB,, The mortality rate at 2.0 reproductive period k- (kg-d) 0-017 0.023
AEE N L5 R AT .
RDRSTB, 5 Stem mortality at 1.5 growth period kg (kg d) 0.017 0.023
- A F IR 2.0 R FET % o
RDRSTB,, Stem mortality at 2.0 growth period ke (kg-d) 0.017 0.023
NN
RDI PUERR em 8.5 115
Initial rooting depth at emergence
RRI HRIRH Rt Ko cm-d™! 1.87 2.53
Daily increase in rooting depth ’ ’
RomMcR MR em 85 115

Daily increase in rooting depth

SHEOCAMRLER K SEEURPES éﬁzjtjfdz%—%?owﬁﬁﬁm}_%ﬁﬂﬁ TS H BRI e HUK
FEAET 0.1 S EUE W BUESE . 7E WOFOST £ 5Y v , 356 F 4 Jy R Pk 8 Bk A7 4 Bt (181 2) , e K
A3 BRI A P AR SR, E%ﬁﬁm S804 9 4 SLATB, . SPAN . EFFTB AMAXTBW\TMNFTB CVL,
FLTB, . FLTB, 4 11 RDI, H: iP5 £ 1 19 4 TMNFTB, 4 SR U MEFE $0°0 0.62. TMNFTB 2671 L A%
TJ@E@Hﬂ’E%?%F%Vﬁ?E’J&IE%é& ZRBUWRIR A T AEY) T SRR R R T B AR L
Ry BB RRG, SEOZS BRI TEA T KCE T US4 SLATB, .SPAN \EFF-
TB.AMAXTB, ,; . TMNFTB ,CVL . FLTB, #l FLTB,,, H: oS08 B 51 (19 S 800598y TMNFTB, Hi 4 J5 i
JEPEFR RN 0.78 0 47K 433 I BOK 43 e B/ NI VR B ) 3222 32 IR S ), PRI 7 PR 8 v U
TR R RO AR TR b 3 38 A A e P R o X AR RS WOF OST BB 7 15 78 A= = K-
FIK 53 BRI A 77 KPR B BSUERAE S BHEAT LU o0 AT 2 B, SV A 72 KA L, K 43 BRI 254 kg
— P RDIZHL. RDIFIGR KR RIEYR R WIRE ML EWHO, 2R BAEYR AL BTSN EES
0, RDIS5 Ve 3R ORI FH /K 438 1 B8 DDA G, DRI AE 7K 43 BR 1 2% 14 T RDI A R R B o, AR U S
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S HIRETE) 22 FAR ] BE T3 WOFOST AL AU EURS B0 A8 AL , I U B T 7R RR e BB PR EE T s Ay
Z AT T AU S BT ) B A

0.7 a. 7K 43 BRI A= 72 7K F- Moisture limits production levels . 2UURPEFE AL Parameter sensitivity index
0.6
0.5 N s .

——== 0.1 Z%%; 0.1 reference line

HUBNEFE B Sensitivity index
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S e Rt R EREEOOO0CEEE R ERREonEnmmR R ES
Ex<E<tcunazgEsxEcERzEEEZ CEEEEfdRAEkREEEE =
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Crop parameters
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Figure 2 Sensitivity analysis results of maize parameters

2.2 WOFOSTHRE A Mk K SH A

RESE A AL 1 ZER) R RIS B G i SR (0 JE R R , 3 TSR AR BT 3 () XU 7K 7 AR B
TSR L SHEIE, LR G EE A H AL 5 358 S B0 Ak 3= 530 2o ke B 80 4~ R HERAE AT
S 3 AT AR, K S ERE A ARSI S IUAS WAk 5 190 2 8500 A b Ak K 01k 38 3 A 6 STk DA S 328 4R
P 5 BRIME S BV E Y S 500 A Ak, B PEST AR AL BRI B 75 B R E S84 WA . L FRR .
F @ Z A9 T3 b dl i PEST A 8 SRR 2RI G 1R 21 S 80A (£ 2) .

DAL 1 S BB TE B k0 B 6K 0 LS O, b oA 2R S B e AR i A S
SEFRIEZ, TSUMT BUE A 820 °C-d™, TSUM2 HUE 4 780 “C-d™'; SLATB, A A= B 1k 0 i () Fe P T L, I
M B A7 TR 7 ) P R, R AR R TR N AR b, MER U B T R AR ARG
AT A3 AL BUE 4 0.002 9 hm?- kg™ s SPAN Jy 35 “CH i 1 R A= iy JE1 401, 78 35 °CF ALy M i AR &
B, Refd s s e, A A R 246 00, AR TF ST IUE A 42 d; EFFTB A Bt | e KRG REF
FHE B W B AR E | CO MR IS B4 T & 1, BB R B I 2 A S8z
— AR EUE R 0.45; AMAXTB, s A F 124 1.75 B BL 5 K CO, R4k 2R 28, RIAE ) B i i
KAAVEHHCR, R AEY B AR K& B T e R, R EGDEAEHM EZE S,
ARG I BUE A 48 kg -+ (hm?«h)™" s TMNFTB 2671 15 % T 5L 18 BHE Y 140 B AR Bk R A 1 IE &
B, LS BUE A 15 CVL R i[RI A P B 3 A0 38, 2 — 00k B i) o7 o 5, FH SR AR HA L X it A
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Table 2 Parameter values of main crops after WOFOST model optimization

SR TE L L&A B
Parameters Define Unit Value
TBASEM LRI B 5 I IEJE Lower threshold temperature for emergence C 10
TEFFMX PRUE H B AR TR Maximum effective temperature for emergence C 35
TSUMEM - P A9 SO Maximum effective temperature for emergence C-d! 84
TSUM1 H - TFAE A 3B Temperature sum from emergence to anthesis ‘C-d! 820
TSUM2 FF A6 - LAY A SRR Temperature sum from anthesis to maturity C-d! 780
SLATB, HEH WA OB Y LE T Specific leaf area when the growth period is O hm?-kg™! 0.002 9
SPAN TE 35 CH M- AR ) A= i JE 3 Life cycle of leaf area at 35 “C d 42
EFFTB B A K OGHEF A% Maximum light energy utilization rate of single blade 0.45
HEH IR 175 1 B K CO, IRl fE % v
AMAXTB, 75 The maximum CO, assimilation rate of single leaf when the growth period is 1.75 kg (hun+h) 48
TMNFTB B )AL Z AR IE Rl F Total assimilation rate low temperature correction factor 1
CVL i F R ) 55453508 Leaf assimilate conversion efficiency 0.68
CVO fE A7 2% B R B8R Storage organ assimilation conversion efficiency 0.7
CVR TR [FEE P 455 Root assimilate conversion efficiency 0.69
CVS ZEFALP AR Stem assimilate conversion efficiency 0.64
A H IR O B T4 5T 43 it R 2L Fraction of above ground dry matter increase parti-
FLTB, : / ; 0.62
tioned to leaves as a function of development stage in growth 0
A H W R 0.88 B I T4 5t 4 B R X Fraction of above ground dry matter increase
FLTB, 4 I ’ ! 0.15
- partitioned to leaves as a function of development stage in growth 0.88
RDI WILHHRIK Initial rooting depth at emergence cm 10
RGRLAI - T AR TR B /9K 2 Maximum relative increase in leaf area index hm?+(hm?-d)™! 0.029 4
TDWI WIEVEY) 3T TE Total dry weight of initial crop kg-hm™ 50
LAIEM H P A B T BB 2L Leaf area index at emergence 0.006 2
RRI MR H e K384 2R Daily increase in rooting depth em-d™! 22
RML M F A ZEREIT IR 3 2% Maintenance respiration rate of leaves kg« (kg-d)! 0.03
RMO GEAE4 B B 4EFR PRI 3 % Maintenance respiration rate of the storage organ kg-(kg-d)! 0.01
RMR MR ZEFFIFIZE 2R Root maintenance respiration rate kg« (kg-d)™! 0.015
RMS L LEFREIE L 3 2 Stem maintenance respiration rate kg+(kg-d)! 0.015

X} 80 A RAE i BEMLAHEL 10 4 RAE S A TIREUE ST, T R an = 3. th 3 3 T, AL 5 i WOFOST 5%
RURE NS B b M AR 0 B FOR AR B I . AR AE B LA B 10 4N SRAE 551 T A6 300 R0 A S 30 1 A o
REBAML 3 d, AR TR 250 0.9 d, KPR 22 R KIS 155 21 5 150 5 R FE i IR ZEH R
2d, BUEAAEYIRZE N 1.4 d, PR E R KR 15 521 S RFEE IREH I3 d. 405173 5%
FE BT AR B A 22 25880 0, U8 BH 3 AN SRAE R AR o NS IR AT U H |, I
WZER TR . X R, WA BB E Y A K SRR R, B 22 L AE R

AR PNRE NS FEERL T mAIRMIRE i — D RS R AL A 25 5, 77 i 45 SRR HE R S A

R3 RELIFEIE AR EIE

Table 3 Verification of anthesis date and maturie data of sampling points

FREAE  TFAEF B mmodd BEUIFEH Bmm-dd  TEAE R R ) /mm—dd P H I mm=dd o g

Simulated maturity

Sampling point  Anthesis date  Simulated anthesis date Anthesis date error ~ Maturity date date Maturity date error
2 07-21 07-21 0 09-25 09-25 1
7 07-21 07-20 -1 09-25 09-24 -1
15 07-21 07-19 -2 09-25 09-22 -3
21 07-21 07-23 2 09-24 09-27 3
34 07-20 07-20 0 09-24 09-23 -1
40 07-21 07-21 0 09-25 09-25 0
50 07-20 07-22 2 09-24 09-26 2
69 07-20 07-21 1 09-24 09-25 1
73 07-21 07-21 0 09-25 09-25 0
77 07-19 07-20 -1 09-23 09-25 2
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Figure 3 Yield calibration result
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Figure 4 Yield verification result
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Figure 5 Linear regression results of different vegetation index and leaf area index
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Table 4 Optimal models for tasseling and silking period and maturity period of maize
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a. FoKHhHEN: 22 H Maize tasseling and silking period N b. KM Maize maturity period

>z

A

[ 151] Legen;i & 1] Legen.d o

ﬁValliei{ 10 e e A - fEVag_xe N
- f= High: ﬁ. e f=r High:6.1 G -
i Low:0.2 0 5 10 20 30 40 - -.1E§Low:0.2 0 5 10 20 30 40k
[ == —_—— m

E8 MERIEHLT

Figure 8 Leaf area index distribution
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Figure 9 Leaf area index assimilation results
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Figure 10 Yield verification results

after assimilation
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