ch E B RS 2 AR BATY ISSN 1000-0933
PERRFRHT CN 11-2031/Q

ch EF S HAT

P ERFRESEEET
cta Ecologica Sinica

P E 60 /220 H B HA T
ERHFIR

2011

PEESFFS —_
AR E R 22 B A SRR R 5T Rl
R N tH AR



R £ 7 ¥R

" (SHENGTAI XUEBAO)
smemmecis B 31 B F4H 2001 F2R8  (FAT)
| R

IR F R EH R B EE G BE LM A LD Z O Hra e F W, EAR%E M #,E (895)
Zk B X9 APALA AR T AR AR I P A S ML) I E (906)
Gtk B I 3 BT AR D E AL e EE]j],F/iﬁ ?y,ﬁ,fﬁ@%ll%,% (914)
FE B E B B R T FE S AP oo ereeerereeeee ettt WA EFE HEE (923)
Ji W B 3 P A B K B AR P F S AR A R AR T e X B, M, AR (933)
BMORT KA RAGS) Py B LEHIFEAE veveveevemenensns AT, BLE, AXF, % (943)
IR R BN R KA RAG B RE 5 A R R ST AR E B AR L e YR, EAER, KD R, %F (954)
A RIS LY KRS A e KA RAB N M RE B MR e WA E M E 2 (964)
B %4 8 F ( Pseudois schaefert) B-18) 47 4 7 AE AR BF 8] 5B weveveeereeesenns X & E, B, ER,F (972)
F T BAL v R A Ao fb T 2 AR PR AR PEAT e eeem e AL IR KEU,E (982)
B F P AR RACE B AR RIRAP T R FETAL s Goat, K=&, 0 HZE, % (989)
AT TM B8 AR TR F & B Ao A TAP 2 P L0 ARARBR E ) S A AEIL ovveeeermnnenne

.......................................................................................... /}://}\ﬁg’gﬁﬁg’ﬁygg’% (998)
L ALTEF AL GIS PR ——VAT R ol B AR A ] ooeeereeneeens EFH,@ %, ERAMK (1009)
AT T ht o K0 T IR RN E F WAL B VAT B IR N T AP o eeeeeees FER N LE A E,%E (1021)
R FHE T AAEAR AM L E AT R A & RS HRF A rh oo REA,E B RWAT (1029)
RO B AE P E R IR BRI e eeee e ene e EHE EEA B .2 (1038)
B RA CO R T D Zafrt A A AR 2T RA Fo ARG o T weeveeeeeees K, TER, B —,% (1046)
B 2T FAEAB AR Frt R P 09 B RAR G T D G ERE KA, EilR, % (1058)
R s S b AR IR 8 8 B B AR PR oo ERN, ERAR,E P, % (1064)
BT i RS AT 2 ARG S iIs TR veeeerrrnnneeernie e % F. 4 #,T 4.4 (1073)
it ABA A EANAR R R B /s ZARSR W A IR AR MER BT R R e EEXF,FRIF, HHFE, % (1085)
CHGRB I K A GAGTE N P JHER veeeeerorrrreeesnmnnnrneee i, kWL OB RIER % (1093)
ST3E AR RARR A A A B R A e & %,1%7Ké,§ﬁﬂj&,% (1101)
HEKRREREE FEHEA T EG IR F v %KWU,JEEQ%,EX%,% (1111)
AR I AE FD AR B e %E?ﬁ,?%/ﬁ,%&f@?,% (1124)
A5 RN LAR AR T A G S rE ] o e v v eereereen e % ﬁg’ﬁﬂ*f’%%ﬁx,% (1130)
K& Brt i ki 55 L) £ FRBAE T TUAAE ooeevvrermmeemnnenees EXZ,EHAN,IEF (1139)
AL T 5 Ao B FRBAI A EAEZ RO TG BOR oo K&, AR, F X, % (1149)
S N LS L SR s U T e R E L T b I B O EWHE,E R, % (1157)
it S5
BB FEWME B EAILFEIR T RIREIE oo & F (1164)
M E A ST A R A LM Fr T BE R B r o vvreeeeernrnrree e e ettt e e e EHEE B (1174)
j]u/;\k#)fijg—%g/])\/&#}bigzﬂ:%ﬁ& ............................................. f%ﬁn%,%#ﬁﬁ?,%}%i ’% (1185)

HAFIEARSH.CN 11-2031/Q * 1981 * m * 16 % 300 # zh * P+ ¥70. 00 * 1510 * 32 % 2011-02



A 2 2F 4R 2011,31(4) :1073—1084
Acta Ecologica Sinica

ETERSREBESHZS/MZERTM

53 J;}:l,fri *@1 i&‘lﬁ%’f%l ‘%ﬂil David B. Hannawayz,\ﬂﬂ‘ﬁﬁl’*
(1. FERN K= ATHAE BARN HE ARV R E AT VLM 210095
2. MR SE K 2ERN B2 B E Y S TR R S EARSXI B AT 97331-3002)

A R R 25 M SEEPE S YA AR Y s Rt LB O 35 E b 5 0 A A5RS8O 0 8 7 11
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Predicting winter wheat growth based on integrating remote sensing and crop

growth modeling techniques
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Abstract ; Historically, remote sensing ( RS) and crop growth modeling have been used independently to monitor and
predict crop growth. This paper reports a growth prediction technique for winter wheat ( Triticum aestivum L. ) based on the
integration of ground-based and space-borne remote sensing data and a winter wheat growth model ( WheatGrow ). Leaf area
index (LAI) and leaf nitrogen accumulation ( LNA) of winter wheat were estimated using ASD field spectrometer, HJ-1 A/
B CCD, and Landsat-5 TM data and statistical remote sensing estimation models. This information was integrated with the
WheatGrow model in three different growth stages (jointing, heading, and grain filling) . Management parameters included
sowing date, sowing rate, and nitrogen rate. Parameterization for regionalization of the integrated model was accomplished
using the Shuffled Complex Evolution-University of Arizona ( SCE-UA) optimization algorithm. This integrated technique
was tested on independent datasets acquired from three winter wheat field tests in different years on different winter wheat
varieties and at different treatments of nitrogen rates and sowing densities, and from data obtained from study areas in Haian
and Rugao counties in Jiangsu Province (in central eastern China), both of which are main production areas of high-
quality, low-gluten wheat in China. The results showed that LNA, one of the most sensitive parameters within WheatGrow ,

was better than LAI as an integrated parameter for crop model parameter initialization with the best integration period being
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the heading stage. RMSE values were 5. 32 days, 14.81 kg/hm’ and 14. 11 kg/hm’® for sowing date, sowing rate, and
nitrogen rate based on the ground spectral datasets, and 6.55 days, 13.94 kg/hm” and 84.97 kg/hm’ based on the space-
borne satellite images. The crop model parameterization results were poorest when the grain filling stage was used as the
integration period, probably because crop growth at earlier stages would be more influenced by agronomic management
measures. In addition, predicted results well described the temporal and spatial distribution of winter wheat growth status
and productivity in the study area, with relative error values of 0.13, 0.18 and 0.03 for LAI, LNA and grain yield based
on the ground spectral datasets, and 0.22, 0.23 and 0. 06 based on the satellite images. The error may be due to the
limited simulation ability of the WheatGrow model, or it may have been generated from the process of remote sensing
information extraction and the statistical remote sensing estimating models, all of which need improvement. Nevertheless,
the study has provided an important step toward more routine use of using remote sensing and crop modeling techniques

together to improve our ability of regional monitoring and yield prediction of winter wheat.

Key Words: remote sensing; WheatGrow model ; parameter initialization; growth prediction
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(R,

W1 F2007 411 H—2008 4 6 H7Erg A K 2FTTI A S (V19548 /a5t i 1 1X,32°2'N, 118°37"
E) 47, BESF T 9 5. & 3 ANHEEUKT, 2051 90(N1) (180 ( N3) F1270(N6) kg/hm* , Hrf1 50% fE
N, 50% AR, R AFEHLX A BT, /DX RN 4 m x4 m =16 m* 75 25 em, HE 3 K, FEFM N
79.5 kg/hm’ (D3) ,#&FHAR 2007 4F 11 H 3 H, £ 40#iH 150 kg/hm® P,05 1 150 kg/hm* K, O, f £
SRR | Ao 55 A B e [ 33 ™

W2 F 2008 4F 10 H—2009 4F 6 H #EifE4 B84 (32°30'N,120°23'E) #47, HHL A T3 13,
W3 A E K, 43900 150 (N2) 210 (N4) F1 270 (N6 ) kg/hm? , Hivh 409% VEFEAE ,40% VE B AT, 20% VE3K 35
B, &R A 67.5 kg/hm® (D2) , #&FY] 4 2008 4F 10 A 27 H ., BEHLIXH T, /DX E KT 90 m x90 m
=8100 m*, F 4 2 K, AALFHEH 120 kg/hm® P,O, 1 190 kg/hm® K, O, B4 HE 0 MR AT | Hoqth 1 3% 45 P 4%
Jit [73) 38538 e ™ 1

Y3 T 2008 4F 11 H—2009 4F 6 H AR5 R AP (TLI54 i i K ILE ,32°3'N, 120°35'E ) #£17,
B A A 13, B3 MiEUKT, 43512 225 (N5) (292.5(N7) F1360 ( N8) kg/hm” , ZUIE it FH 17 B0 7] i 56
2, &2 MEEEALEE,60.8(D1) Fl1 82.5( D4) kg/hm?  H&F11HI2 2008 4F 11 A 13 H., FEHLIX I, B LG
FAAR B IRIR S 2 , oAt e 158 B il 1) 3538 o2 7= H

WFFEIX AR 2 3 Fr e VLo 48 6 28 EL AN S 11, 7 L 71 b A VTP SR AR e o I K [ 55 Al /N 22 32
X, US4 R 1 m 224 B AL 020 5,16 J7 hm® A1 7.92 J5 hm®, F 2007 4F 2008 4F GPS &4
TR B BN A PP AERE A 25 RN 44 A

x1 HENXEHE
Table 1 Data of field experiments

. BTy Tt AR . EHE R AR H
o SR R (m-d) : A OB L () e
. . . /(kg/hm”) /(kg/hm*) . (m-d)
Experiment Variety Sowing date - . Sampling date .
Sowing rate Nitrogen rate Spectra sampling date
90(N1) 03-11, 03-19, 03-25,
. 03-19, 03-25,
1 THT 11-03 79.5(D3) 180(N3) 04-18,0 4-25, 05-06, 04-18 . 04-25
270(N6) 05-20, 06-01 ’
150(N2)
. 04-05, 04-21, 04-05, 04-21,
2 T 13 10-27 67.5(D2) 210(N4) 05-05. 05-30 05-05
270( N6) et )
225(N5)
- 60.75(D1) 04-06, 04-22
3 W3 13 11-13 292.5(N7) ’ ’ 04-06, 4-22, 05-06
80.50( D4 05-06, 05-31
(D4) 360(N8) ’
1.2 Bk

1.2.1 #EGEIRIRI

A3 I BURFFE X 4 /N2 BE I 1 (2008-05-02 ) Landsat-5 TM 544 1 5, #5151 (2009-04-06 ) 45 (2009-
04-22) I (2009-05-05) HI-1A/B 5244 3 5cFI4K 15 11 (2009-04-01 ) SPOT-5 HRV 44 1 5%, HJ-1 A/B ¢
G HR R IR T IS F 0 3 T 4%, Landsat-5 TM Il SPOT-5 HRV S50 i Bt A BTG 3575
1.2.2 @it

INFE T 2 R 5% [ Analytical Spectral Device ( ASD) 23 7] 72 iy FieldSpec Pro FR2500 %475 +: 5 BF 40 i
AR FHAGHEA T I A . ST I e B AR KA B T Rl KGR AR /N AT, e B] 5 B R 11:00—13:00, i
A RIS R B R L M ok 250, 5 H bR b T S 20 1.0 m, MU TR AR B2 0 0. 44 m,
BRI T30 5% 5 UCRAEIETE | LA S5 (EAE Az o0l 5 e S S E . I i Ja Y A AR AL IE
1.2.3  RFESHE

LRGN XA AR ERE i 4 MR x5 50, MRS 7E 105°C A% T5 20 min FF17E 80°C FHET

http : //www. ecologica. en



1076 A % R 314

SR EITEAR RS E T E A LI-3000C 5455 X - T AR A SO i SR A AT R it T AR T 11550 LAL B A i
FYRE)E , R FH LI 2 A A 2o i TN ), 45 /INK A 5 5 4B 0. 4 m*/NEE R S AR T T
Ly
HRAREE(g/m’) = MHASTE(%) x A TYE(g/m’)

1.2.4  BOAYE AGERE IR

SRR H B SIR(C) HRARRIE(C)  HBBIE((h) | H R & (mm) |, #5086 W h E S 4
FRAROE LS/ 55 R 3%, 15 22 A S50 0 N B <5 R 3R B, R HEBER A . 2R (em) (W EHE
FRi (%) HE(g/em’) HEFKE (em’/em’) ZERE (em®/em®) MMEKE (em’/em®) SR E
K (em™/em’) MAIFKE (mm/d) FEY S @, NAPT (g/ke) 2R (g/ke) MEAE (mg/ke) EEE
(mg/kg) AR (mg/ke) SRR (mg/ke) &5, 43 B8 3 BF 5 X HERCE R AL 2 o 4k As T B L4 4ir
B 15 5 122 Trimble 235775 GPS Pathfinder 754H:30 GPS 2ICHL3RHR
1.3 Aot 5FH
1.3.1 FdEmiab B /205 B L

ASCRH ENVIE i (RSL,2006) ST TR RGBT, & S6HIH 40 A~Hu T GPS i A4 SPOT-5 1%
PEAT JUAAB EIE , SR LIRS IE SR 1Y SPOT-5 BAR 4% 1E HJ-1A/B 1 Landsat-5 4%, SPOT-5  Landsat-5 S22
IAREFIR T ENVI 579 FLAASH BERGHEAT ; AR B2 MERL T 52 HI- 1A/B AR IR TIIE . 4555
HNE AT LS BRI DGR | %) Landsat-5 SPOT-5 S5 BEAT W B A3 25 F0 S S A B R 43070 3R A /N
FAE ARG S, LA Landsat-5 4328 45 F0H S 32 ARE A THEAR B SPOT-5 43 2845 R H KA 30 m x 30 m &
TER/NEXRT HI-1A/B sEAQ A THEBEAL PR, 75 B 5T X A& /INAE I S 3 85 i
1.3.2  REASHGRIR NN

SR FF) P %) 5 T v DY T A 5 ) 8 T o 1 8 R A T A TR £ B8 /N A2 LAT R LNAY™™) - [lB 4 1 nm
W Bt B ASD 562 I B R B0E 4> BIBL4 3 HI-1 A/B CCD Ml Landsat-5 TM FUFARE 4 17 4SS50 B0 Jf
P AR B0 7 5 S LAT A LNA ARSI > SR IS A B A5 2145 B A9 LAT A1 LNA {8, BASEOTA
AW 2,

®2 RESEHERAK
Table 2 Agronomic parameters calculation formula

WEESH HBIAE $ [n] AL

Agronomic parameter Vegetation index Regression model R
ASD LAI'] RVI (810, 560) y=0.5613x +0. 1833 0.767
LNA[®] RVI[ Average(810,870,950,1100) ,560 ] y=0.927x - 1.37 0.817
Landsat-5 LAI RVI (4,3) y=0.216x -0. 356 0.778
LNA RVI (4,2) y =0.458x 0. 347 0. 682
HJ-1 LAI RVI (4,3) y =0.292x - 0. 093 0. 699
LNA RVI (4,2) y=0.748x - 1. 170 0. 639

LA FR T B EC, LNA 3R i AR B RV F0R A TS L, Average /R F-24(H

1.3.3  BlEAH 5500

B 1 BT WheatGrow A5 81 2 U BURE 3 BT | B0 iE 28 SRS RUR 5 5 2 A A P 5 1y 1—3 (% Mty i
T FNA A FH TG 50 18 S AR AU 5 B AR W 451k WheatGrow 28500 1B 4 TRl A5 T B4R 76 oL 000 52, AF
5 XA 2 TRV B3R P A 50 0 DX 85 RUBE 7 s i R TG 32

IR 2 H00 4 AR L S R B e i ™ 5 B A TR B R (R R it SRR ) 5 S Y 22 5 oR T AR
%% RE(Relative error) kg s AR AR DL 5 S (B A0 22 55 R FH 44 5 22 RMSE ( Root mean square error ) 1
RE R
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W

SHUURIE = B (L B U L
> (5-0)
RMSE = J N ,

S, -0,
0,

3

RE =

K, 0, ESAH S, AREADME , N HEAEL,
1.4 /NEAERKA (WheatGrow)

ARSI H/INZZ HE R R A 3 i 52 95 % A 1) WheatGrow B, WheatGrow 38 i A7« 5 - 1 4%-
FARFE " 5 /N A A S B AL G R DA R & B 0] ( PDT) SN2 R AR A o RUBE ST T /)
F AR SRR AR (] 1), FEIREE SR B F S DR A S
YT S8 B A PR S RO KA ISR (NP K) AT A AR R G LA sk i LB
FOTIME AR S AR /NE R Rl R S 0 K B, 308 3o oAt vk 2 X gt A ARl Rt o 2 25 S R A O
ST IR AR AL BE R AF B AT 5 X A/ N2 R KR B IR it fe . Hoh 5 i85 R R & R 5
RUFY) LAL FI LNA SRS 5, AL R BTEY Gy A 850 4 S it b A R R0 35 A A6

REVEEN LSRG A S RO BT

..................... : e H
S = — g5 Bl AL | D/ﬂfﬁﬂﬁéi‘ﬁéﬂ’ﬁ}ﬁ
B Se [ ] | ————
SRR eS¢
3 § TH)Fc53BE(C/N) A
I> < PO A G Ll
) R ; ......................................................... P
\ B / He it R RAL P
pre— T o i
: \ 4
H KRR (s
E .
K4 Wil B NZEMEEF  Dececreercvnrerccnseccncencencenn
A A il
KT < LIS T L@-eeereereeernesnsasnansanaas

1 INEEREE(WheatGrow) 5
Fig.1 Modular structure of WheatGrow model

2 HRESW
2.1 JERE R 5/NE A KEARG MR iH 1L SRR

A SCR HRIR AL SRR NS A T8 B E B 5 /N E AR KR RORE G (1 2) o B A Wk A ) 5 A Ay
AR FERh A A | YA AU G ) IR A B (LATL LNA ) {5 [ B (5] AF R 32 Ja s (8 =2 2
WSSO TR 9 B, BV s RS AR B (B R B S B o o SRR S T RIS AR AR R A1 o ) 179 2 4 Qod
PR ARACSTE AT AR SO S AT R IE 45 R0 1 k30 RE A AR el 2 ke 24 SR S Ak e ) 4 Ja £ Ak 5
% 2 ARG 1AL E ¥ (Shuffled Complex Evolution-University of Arizona, SCE-UA)#1T (9]
2.2 TS ES RS SAEE

AR SR BCHT AT 40 221 B LAY Ah, iR e T BERE S BRI R AR RS 5 R, ) S eIk
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TR | e,
;........................................................-...-.............‘; .......................... ﬁﬂﬁ)\
7 R S Bt » BEALP= 2 B R >
: A
.............................. SOOI e
BB 50 BB M ko

> W HFReR %L1 /n XX [Mi-Oj|

v P
SCE-UA® 34k | RS %
H A
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~ =
& R W2 = .

B2 ETVHRL/SEUERNERERSNEERERBERE

Fig. 2 Integration flowchart of remote sensing information and wheat growth model based on parameter initialization method

T EERHAE , B 7= B YA 1 LNA 1R R S VR A KBORAR A 0, LU T P FET IR AL B i A 5
R BRI AR ) IR AR . BT T LALLLNA X 4% REOL A0 S 8500 st | U 2 BT 1
SHIUETE ] KPR L3R 3, LUAES 1 SR (N3) Bt o B A T Bl AT, 25 SRR B (18 3) , LAL XI5 F
) 3% A At R P BUR 73901 M 138.2% 47.8% 7. 8% ,LNA BUBE 4353k R 153.7% [73.7% .10.5%
A] I, WheatGrow 48l LNA XF 25 BUBHEAL T LAL,

R3 SHHEBMESN

Table 3 Parameters sensitivity analysis

FE&FI Sowing date & Fh e Sowing rate Jifi % & Nitrogen rate
/d /(kg/hm?) /(kg/hm?)
JuH Range [10/10, 11/30] [50, 150] [100, 500]
#4K Step 5 15 50

2.3 EETEIRAY WheatGrow SE00) 5L 7 v At
2.3.1 IEMMERIE

W0 S Y S EE A WheatGrow FEEIIHE1T  BEHUAS 21) LAL LNA BLHUE T F1E 0 T 1R 22 1) « 3 ik
MEIME” SHATRI R A S804k, DA B2 i ERPE . I 5 > BAR R4 XHE Z 22/ T 0. 001 & SCE-UA
SRR B SR . B SEG ETT 10 YORTEY 3 MRS E (R R T 48P it UL ) 19 5 1
5 LS 1R 25 W3 4, DL LAT A0ALRE & A5, =% RMSE {53514 3. 68 d 8. 42 kg/hm® Fl 14.81 kg/hm’;
PLLNA ARG &, = RMSE fA20 514 3.56 d.7.79 kg/hm® Fl 11.36 kg/hm®, B 243 UL {F 15 22
e/ NI, BT AR AL WheatGrow A5 76 75 2] (1) 45 A JU) 455 22k R it 260 1 RE A8 28 B 6 3o 110 S 0 52, TR b, AR S ST 1Y
BRI U A 7 g R TE AR AT 5200, LA LNA AL & S 5T LATL
2.3.2 SN

(1) F5TF Ml G S ) S 49100k

DIt T 2 G REAR I ) LAT LNA JPH3E1T WheatGrow BRI S EwI Gtk b, 45 R R, 3 MEIb S5
(RERP I 36 Al ) (9 SO (181 4) 5 BRI 1Y RMSE {B 4397124 6. 04 d(13.75 kg/hm® F117. 28 kg/
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Table 4 Error analysis of parameter inversion based on simulated LAI/LNA series

R FEFEE AR X 5 22 it A AR X 15 22
B Sowing date RE of sowing rate/% RE of nitrogen rate/%
Experiment
LAI LNA LAI LNA LAI LNA
1 N1D3 -1 -2 -2.08 -2.99 -6 -1.04
N3D3 -2 2 -1.71 2.94 -3.25 -0.57
N6D3 -2 -1 1.97 -2.78 0.58 0.62
2 N2D2 2 -1 -0.97 0.35 2.59 1.31
N4D2 1 -1 0.21 0.22 6.72 4.38
N6D2 4 0 -1.86 1.04 1.89 1.15
3 N5D1 -1 -1 1.94 5.6 4.9 2.3
N7D1 -2 1 -4.06 -3.88 -1.33 -0.9
N8D1 -2 1 4.24 7.59 -3.48 -2.6
N5D4 -1 1 -3.77 -1.86 -1.9 -1.84
N7D4 1 2 5.24 5.09 5.2 1.81
N8D4 -1 2 2.43 1.14 2.16 0.91

x5 TRBEMNSHMBUREIRE

Table 5 RMSE values of parameter inversion based on remote sensed LAL/LNA in different growth stages

P Jointing AL Heading FEL ) Filling 3 A 3 Periods
LAI LNA LAI LNA LAI LNA LAI LNA
FEF ] Sowing date/d 6.34 5.78 6.51 5.32 7.77 9.82 6.04 5.88
FEFPEE Sowing rate/ (kg/hm?) 15.21 15.13 15.40 14.81 15.62 17.64 13.75 13.11
Jiti 5 Nitrogen rate/ ( kg/hm? ) 14.89 14.53 14.76 14.11 16.28 17.44 17.28 14.72

(2) FET 2SI B S Bl
DAPHAR TR B2 AR GO I ) DX LAT LNA Bl AT 75 DB Pl U] 4 - Rt 20 ) 0 i b S
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