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Regional Winter Wheat Maturity Date Prediction Based on
MODIS and WOFOST Model Data Assimilation

HUANG Jianxi'? GAO Xinran' HUANG Hai' MA Hongyuan' SU Wei'> ZHU Dehai'?
(1. College of Land Science and Technology, China Agricultural University, Beijing 100083, China
2. Key Laboratory of Remote Sensing for Agri-Hazards, Ministry of Agriculture and Rural Affairs, Beijing 100083, China)

Abstract; Crop harvest time has an important impact on crop yield and quality. The development and
wide application of remote sensing technology provides an effective method for large-area and real-time
monitoring of crop growth. However, remote sensing cannot capture changes in its intrinsic mechanism
characteristics. Therefore, a framework that assimilated leaf area index ( LAI) derived from remote
sensing data into crop growth mode was presented to predict the maturity of crops. LAI was used as the
coupling variable, moderate resolution imaging spectroradiometer ( MODIS) LAI was used as the remote
sensing data source, meteorological data and meteorological forecast data of 2017—2018 were used as
weather input of world food studies (WOFOST) crop growth model, May 1st as the predicting date. By
means of shuffled complex evolution method developed by the University of Arizona ( SCE — UA)
algorithm, it was simulated in each pixel in the study area and retrieved the optimal parameters set of this
pixel. Then the WOFOST was run by the optimal parameter set to simulate the growth and development of
winter wheat and retrieve the maturity prediction. Verified by the observation data of the
agrometeorological sites in the study area, it was demonstrated that the method had substantial accuracy
in predicting regional anthesis and maturity date with the root mean square error (RMSE) as 2. 10 d and
2.48 d. The method provided a reference for the maturity prediction of other crops at a regional scale.

Key words: winter wheat; WOFOST model; data assimilation; maturity date prediction; leaf area index
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59

BOAERER 4F . JET MODIS 5 WOFOST 52 [a] £ Y IX 3 4 /1N 22 jl #3035 00 191

PR IG  Z B AT REAF A — 2 1R 22 .
3.3 FRHBERABEESH

K56 23 5 o [R] A i T A8 399 L3 300 1Y 23 1]
el . MNIELS AT, i T RS2 R i A B 1 B
Wi, [a] A4 T T A8 304 00 £ 5 0 W ) DX R A
FHAB IR T IF AL I 18]+ 23 430 o P4 AL R 2R 0
DX H 28 /N 22 4% bl i ] 5 R HL AU L, DY e T A
W A AR R IR TR R A P R TR B L AL
R BE B, R AR A X AR, T A e o TR Ak
Ja BT AE U] G A 38 4 DAy A Y g B 1) AR L T 5% 4
Jev VU e AR M AT IR Fe o [ AL R T AE U Y
23 0] o3 A1 A8 Ak 32 B 3R BUAE - D[R] AR 5 BF 52 IX 74 e A
TTAE 391 B PR & T W5 DX PG AL FR R 7R R W AT 2E )5, it
P S Pr iy IDEM  TSUML %6 5 45 &€ A H R 4=
TRRAAL , S5 BUR AL Ja A D DX O A8 393 0 A )
s 4R T . @FEMLE R ITAEI R B T SR A0 1 25 ]
AR SR FE R B T AE B IR S AT i T, W U
AR B A N ZE AR TT I T AE AT AE — 2 22 5+, U W ]
MODIS LAT fft b WOFOST #& 84 ¥§ 2 ¥ ) n] AAE —
FE AR e B A s 1) RUE b A o b 45 077 THT Y
Z5to

Xt LB Sa K 6a m] LA, BF 58 X A &R 2R

111°0'0"E 114°0’0"E
z N e z
o FEo - =)
[} A o= 4 b el =)
2 A ;"/ 2
j &
=
=1 g S
o b e
DOY Rt
NQOoONOWnD b
#8822847 %
—— |y ’
0 80 160
111°0'0"E 114°0'0"E
(a) [l fbAT
111°0'0"E 114°0'0"E
=3 o
S E
=3 Nl
oA e
N
& i &
=) 5 =)
=% =
[an} o
DOY
T T I |
o ——— |y
0 80 160
111°0'0'E 114°0'0"E
) FfbsE

F5  BFSE X Rl AR S JT A8 391 25 18] 40 A % LE
Fig.5 Comparison of anthesis date distribution

before and after assimilation in study area

4 i

11V i 78 3t DX S IO A X B i (2 T IR 5 DX A Y 5
JE M), i I 3o 4 i [X 24 4F )8 B2 2 < A, OB TR
oA, NI AE TR R A A A 6 nT LA i, [l fk
Jev BRI 11 5 18] 3 A B 1 48 Jn 2 TR 401 2 5 i n]
DAt bt DX e S ), BF 51X P i
SRR A H 0 DA VY T S 1) AR L i A AR 3
PR LA E 19 TSUM2 (JF 46391 2= i #4300 A 2 B
RTFR@EME, EAT % X RSB 00, 32 i 7 AR

FIRy T 00 A
111°0'0"E 114°0'0"E
z N I
¢ {x =}
S <
g N "4 il’: f\?\
g 7= ' s R
T gy -
S b
z g
=} S c >
= E
e DOY
CEIINETE
e —— )
0 80 160
111°0'0"E 114°0'0"E
(a) RILAT
111°0'0"E 114°0'0"E
£ N e Z
=) [ )
s A ; =
& z
2 )
=3 R=]
e en
e e

114°0'0"E
(b) FfeR

B6 WS IX [ AL i S5 R Y 2 8] 23 A %) bE
Fig.6 Comparison of maturity date distribution

before and after assimilation in study area

-l
o3

3 B8040 () A0 2R 2 SRS AN R i R KA
BI85 G SR IR B S B0 X 30RBE 1 1
(TR , ELAR SRS B 85 i (LTI A7 A — R 22,
R 2E A PR (D T4 4 e 9 <5 9K Bl Bl 7
fERZ T 5 J1 16 H (DOY136) Ji5 i) L R 546 2
18 g st AR BLAE 03 1 TR B R B B R, Rtk 5
LR ILEBIEA — W2, LT L2k KRk
TN KRR S L Bl b KRS PR
Fk, @A EAAL T WOFOST #6551y 3 4> i
ASH, A S BOREAERF 58 X AR A, 76— R
et B R AR (g T ORG B, AT LS PR X LAT



192 1 R | = SR

201094

BUBYE B R AR T AN TR B B s BOR 1 S B
WAL 250, I AMAXTB (M H % K CO, [ 4k 3
#) SLATB (it 1) 45

AN 2 T A8 ) AL UK T 2 T4 R R G A
Y CLAT BEADLIRORS JEE |, 1R 22 3 I B 28 22 S LAT A
LR RO TR bt ok 2540 ) 1 07 3 A ik WOFOST A%
T2 R 10T B 12 T A€ SR ALIRS B2 X s 3 ot ) .
AEE R o WA SO A9 MODIS LAT %48 A7 7£
RA BRI H A 5 32 B 2 1952 Wi, (0 g 5 9 J7
5P MODIS LAT 2 80— iR 22, [N it o i
— A i e R TUIORG B, AT L P e oy B R
18 JE A B AR e o 18 SRS (40 SAR i) 2EAT
RSB R AL o e Ak, AT LA B8R AL T AE 3 AR U
(AN E PR AL, (2 T R IR PDLER 5 A R A 1 4T
L, doal UM AAE Y 2 8 8l 2 R 4R B 5
g o3 IR R AR 41T B AR S A B T R AL
A RGER A0 E T, T Ry R R 4RI 2 4 2 Y

(EPSE
5 it

(1) 500005 HE 46 L, [ 4k J5 WOFOST #5174 5
PLHFF LR RMSE 2 2. 10 d, B0l i 5 24 RMSE
2,48 d, TN RS BE B, Ul B L T MODIS LAT 1
WOFOST #5 5 [] 4k, 1) 75325 8 K X388 A= 47 st 9 T i)
J5 T AT AT

(2) BT —fb B84 g LAT A sR %L, 2
oAk WOFOST #7 f) IDEM , TSUM1 . TSUM2 % %{(,
PRALJG 1 LAT B[R] J5 51 il 48 RBE AN 22 MODIS LAT
B ROBEBARM )

(3) & /NZETFAC I BB 25 25 1% 38 3] L 0
AR 0L FRr DAL I 7 3T A o e A 01 X B B 1
P TIO EL A R R S, Oy TR v TOORG B R
P 0 B E AT R AL B0 T SAR B4l 45 kAT
A B840 7] 4k 2 7T R ) i e i 148

Journal of Food

 RIATT . HET TR BB AR Y B R AT AT T (] SBIREOR 5, 2013, 28(2) 1165 - 173.
MENG Jihua, WU Bingfang. The feasibility analysis on satellite data based crop mature data prediction[ J]. Remote Sensing

SETIYONO T D, WEISS A, SPECHT ], et al. Understanding and modeling the effect of temperature and daylength on soybean
PERRY K B, BLANKENSHIP S M, UNRATH C R. Predicting harvest date of ‘ delicious’ and ‘ golden delicious’ apples using

B, AUBRAZE X BlE AR X A /N2 G ) R e S50 ESGR R [T ). T XREBESE , 2007, 25(1) 158 - 161.

DUAN Jinsheng. Effect of climate warming on mature date of winter wheat and forecast of harvest in Eastern Gansu Province

Evaluation of downscaled DEMETER multi-model ensemble seasonal
hindcasts in a northern Ttaly location by means of a model of wheat growth and soil water balance[ J]. Tellus, Series A

SAKAMOTO T, YOKOZAWA M, TORITANI H, et al. A crop phenology detection method using time-series MODIS data[ J].
B, XAR, WA, 5. FET MODIS NDVI #45 i9 1L T4 B X KW W AT [T]. A&l K= ~# 4, 2018,
GONG Zhaojian, LIU Limin, CHEN Jie, et al. Phenophase extraction of spring maize in Liaoning Province based on MODIS
DALL’ OLMO G, KARNIELI A. Monitoring phenological cycles of desert ecosystems using NDVI and LST data derived from
VILLEGAS D, ROYO C. Biomass accumulation and main stem elongation of durum wheat grown under Mediterranean
SCHWARTZ M D, REED B C, WHITE M A. Assessing satellite-derived start-of-season measures in the conterminous USA
HAN-YA I, ISHII K, NOGUCHI N. Acquisition and analysis of wheat growth information using satellite and aerial vehicle

SRR R MNT AR SF R T HY — LA/ IB B 4/ N2 AR I [ 1] Al TR 24, 2011, 27(3) :225 - 230.
MENG Jihua, WU Bingfang, DU Xin, et al. Predicting mature date of winter wheat with H] —1A/1B data[ J]. Transactions of

FRANCOIS 1'J C, MARIEN E, BRIJS K, et al. The use of vis/NIR spectroscopy to predict the optimal root harvesting date of

SARANWONG S, SORNSRIVICHAI J, KAWANO S. Prediction of ripe-stage eating quality of mango fruit from its harvest
quality measured nondestructively by near infrared spectroscopy[J]. Postharvest Biology & Technology, 2004, 31(2) :137 - 145.
R, HEE, R, % PEEERMEDEEFATHLEALESBENXARIT]. B EESRL 2R,

CUI Yaoping, XIAO Dengpan, LIU Sujie, et al. Growth periods variation of summer maize and winter wheat and their
Chinese Journal of Eco-Agriculture, 2018, 26 (3) .

2 £ X W
[1] ANITA 1. Influence of harvest date on nitrate contents of three potato varieties for off-season production|[ J].
Composition & Analysis, 2009, 22(6) ;551 —555.
[2] Z4k4E
Technology and Application, 2013, 28(2) :165 — 173. (in Chinese)
[3]
phenology under high-yield conditions[ J]. Field Crops Research, 2007, 100(2 -3) :257 - 271.
[4]
heat unit accumulations. [ J]. Agricultural & Forest Meteorology, 1987, 39(1) :81 - 88.
[5]
[J]. Agricultural Research in the Arid Areas, 2007, 25(1) :158 —161. (in Chinese)
[6] MARLETTO V, ZINONI F, CRISCUOLO L, et al.
(Dynamic Meteorology and Oceanography) , 2005, 57(3) :488 —497.
[7]
Remote Sensing of Environment, 2005, 96(3) :366 —374.
[8]
49(3):257 -265.
NDVI data[ J]. Journal of Shenyang Agricultural University, 2018, 49(3) :257 —265. (in Chinese)
[9]
NOAA — AVHRR imagery[ J]. International Journal of Remote Sensing, 2002, 23(19) :4055 —4071.
[10]
conditions[ J]. Annals of Botany, 2001, 88(4) :617 —627.
[11]
[J]. International Journal of Climatology, 2002, 22(14) :1793 - 1805.
[12]
imageries[ C] // The Sth International Symposium on Intelligent Information Technology in Agriculture, 2009.
[13]
the CSAE, 2011, 27(3) :225 —230. (in Chinese)
[14]
chicory ( Chicorium intybus L. ) []J]. Postharvest Biology & Technology, 2009, 53(1) :77 - 83.
[15]
[16]
2018, 26(3) :388 —396.
correlations with hydrothermal conditions in recent years in China[J].
388 —396. (in Chinese)
[17]

BN, R, AR, 4F. 2T CF -1 WEFV S iy TOK 5 R S A I ARSE BOMk [T ol TR 224R , 2017,33(7) .



BOEER 4F: JET MODIS 5 WOFOST #7 [a] £ Ay X 3 4 /N 22 il 2401 3500 193

[20]

[21]

[24]

[25]

[26]

[27]

[32]
[33]

[34]

[35]

171 - 177.
HUANG Jianxi, HOU Yuzhuo, SU Wei, et al. Mapping corn and soybean cropped area with GF — 1 WFV data[]J].
Transactions of the CSAE, 2017,33(7) :171 = 177. (iin Chinese)
HUANG Jianxi, MA Hongyuan, FERNANDO S, et al. Evaluation of regional estimates of winter wheat yield by assimilating
three remotely sensed reflectance datasets into the coupled WOFOST — PROSAIL model[ J]. European Journal of Agronomy,
2019,102:1 - 13.
BRER, A3CEE, Sgon, S, TLE B RGRBUR 4R S AR B O X AN E B [T]. Rl TAR 4R, 2016, 32(7) .
152 - 157.
HUANG Jianxi, NIU Wenhao, MA Hongyuan, et al. Predicting maturity period for winter wheat using remote sensing and
effective accumulated temperature-solar radiation model [ J]. Transactions of the CSAE, 2016, 32 (7):152 - 157. (in
Chinese)
HUANG J, MA H, SU W, et al. Jointly assimilating MODIS LAI and ET products into the SWAP model for winter wheat yield
estimation[ J]. IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 2015, 8(8) :1 - 12.
EIT, WEER, Wi, . BT R AR WOFOST REEL iy X 38 7= it 88 G TR [J/OL]. K BLBE = 4R , 2018,
49(9) :257 -266.
MA Hongyuan, HUANG Jianxi, HUANG Hai, et al. Ensemble forecasting of regional yield of winter wheat based on WOFOST
model using historical metrological dataset[ J/OL]. Transactions of the Chinese Society for Agricultural Machinery, 2018,
49(9) ;257 —266. http; // www. j-csam. org/jcsam/ ch/reader/view_abstract. aspx? flag = 1&file_no =20180930&journal_id =
jesam. DOI;10. 6041/j. issn. 1000-1298.2018.09. 030. (in Chinese)
DIEPEN C A, WOLF J, KEULEN H, et al. WOFOST: a simulation model of crop production[ J]. Soil Use & Management,
1989, 5(1) . 16 —24.
KRG, AW, S, %, WOFOST #RITE 45 B E oKk " KR ES WAIE[J]. R Rk, 2014, 43(8) .
152 - 156.
ZHANG Suqing, ZHANG Jiantao, LI Jirui, et al. Calibration and validation of WOFOST in main maize-producing regions in
Henan[ J]. Journal of Henan Agricultural Sciences, 2014, 43(8) :152 - 156. (in Chinese)
Phits, dbbk, ZMEAf. WOFOST #4675 f bom] it 3 i3 PRI S [T ] BEMEHEK 2441, 2017, 36(3) :7 - 13.
CHEN Hao, HONG Lin, LUO Dewei. Application research of crop growth model WOFOST in Lalin River basin[ J]. Journal of
Irrigation and Drainage, 2017, 36(3) :7 = 13. (in Chinese)
MM, HE, A S, EYAKERTIRGRT]. EY ¥4, 2003, 29(5) :750 -758.
LIN Zhonghui, MO Xingguo, XIANG Yueqin. Research advances on crop growth models[ J]. Acta Agronomica Sinica, 2003,
29(5) :750 —=758. (in Chinese)
KEULEN H V, WOLF J. Modelling of agricultural production: weather, soils and crops[J]. Agriculture Ecosystems &
Environment, 1986, 30(1) ;142 - 143.
MA H, HUANG J, ZHU D, et al. Estimating regional winter wheat yield by assimilation of time series of H —1 CCD NDVI
into WOFOST — ACRM model with ensemble Kalman filter[ J]. Mathematical & Computer Modelling, 2013, 58 (3 -4) .
753 -764.
HUANG J, TIAN L, LIANG S, et al. Improving winter wheat yield estimation by assimilation of the leaf area index from
Landsat TM and MODIS data into the WOFOST model[ J]. Agricultural & Forest Meteorology, 2015, 204 .106 — 121.
WEER, TIHR, BoC, 5. T WOFOST BBy b B £ KA /NEA KSR SHRILT]. Rl TRAAIR, 2017,
33(10) :222 -228.
HUANG Jianxi, JIA Shiling, MA Hongyuan, et al. Dynamic simulation of growth process of winter wheat in main production
areas of China based on WOFOST model[ J]. Transactions of the CSAE, 2017, 33(10) :222 —228. (iin Chinese)
HUANG J, SEDANO F, HUANG Y, et al. Assimilating a synthetic Kalman filter leaf area index series into the WOFOST
model to improve regional winter wheat yield estimation[ J]. Agricultural & Forest Meteorology, 2016, 216:188 —202.
s, GRICTT, A, %, T 4 R SURE 2 AT A DL 5 vk ) WOFOST fE M BRI 2 i [T ], Rl LR,
2016, 32(2):169 - 179.
HE Liang, HOU Yingyu, ZHAO Gang, et al. Parameters optimization of WOFOST model by integration of global sensitivity
analysis and Bayesian calibration method[ J]. Transactions of the CSAE, 2016, 32(2): 169 - 179. (iin Chinese)
DUAN Q Y, GUPTA V K, SOROOSHIAN S. Shuffled complex evolution approach for effective and efficient global
minimization[ J]. Journal of Optimization Theory & Applications, 1993, 76(3) :501 - 521.
DUAN Q Y, SOROOSHIAN S, GUPTA V K. Optimal use of the SCE — UA global optimization method for calibrating
watershed models[ J]. Journal of Hydrology, 1994, 158(3 —4) :265 —284.
B BEELSEYAERERS ST EMR LM AID]. bt ek, 2005,
ZHAO Yanxia. Research and preliminary application of combination method of remote sensing information and crop growth
model[ D]. Beijing: Peking University, 2005. (in Chinese)

. IR Al 7 B R R AL BOR BT [ D] JEaTp AR R4 B, 2012.
JIANG Zhiwei. Study of the remote sensing data assimilation technology for regional winter wheat yield estimation[ D ].
Beijing: Chinese Academy of Agricultural Sciences, 2012. (in Chinese)
TFEE, KT E . WERIE R (LAD) B8 EOE 87 R [T]. B L BT iRaE R, 2003, 15(3) ;58 -62.
FANG Xiuqin, ZHANG Wanchang. The application of remotely sensed data to the estimation of the leaf area index[J].
Remote Sensing for Land & Resources, 2003, 15(3) :58 - 62. (in Chinese)
MARLETTO V, VENTURA F, FONTANA G, et al. Wheat growth simulation and yield prediction with seasonal forecasts and
a numerical model[ J]. Agricultural and Forest Meteorology, 2007, 147(1 -2): 71 =79.
LV Z, LIU X, CAO W, et al. Climate change impacts on regional winter wheat production in main wheat production regions of
China[ J]. Agricultural & Forest Meteorology, 2013, 171 —172(3) :234 —-248.
BATTISTI R, SENTELHAS P C, BOOTE K J. Inter-comparison of performance of soybean crop simulation models and their
ensemble in southern Brazil[ J]. Field Crops Research, 2017, 20028 - 37.
TAO F, ZHANG Z, LIU J, et al. Modelling the impacts of weather and climate variability on crop productivity over a large
area: a new super-ensemble-based probabilistic projection[ J]. Agricultural and Forest Meteorology, 2009, 149(8): 1266 —
1278.



