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Winter Wheat Yield Estimation Based on Particle Filter Algorithm
and Weights of Multi-variables

XIE Yi'?  WANG Pengxin'® ZHANG Shuyu’ LI Li'?
(1. College of Information and Electrical Engineering, China Agricultural University, Beijing 100083, China
2. Key Laboratory of Remote Sensing for Agri-Hazards, Ministry of Agriculture, Beijing 100083, China
3. Shaanxi Provincial Meteorological Bureau, Xi’ an 710014, China)

Abstract; To establish a comprehensive index for monitoring the crop growth and estimating the crop
yields accurately, the leaf area index ( LAI), aboveground biomass and soil moisture (0 ~ 20 cm)
simulated by the CERES — Wheat model were assimilated with the state variables retrieved from Landsat
data using the particle filter algorithm, for obtaining daily assimilated LAI, aboveground biomass and soil
moisture values. Then linear regression analyses were performed to examine the relationships between the
assimilated LAI, aboveground biomass or soil moisture and field-measured yields respectively, which
were combined with the combination forecasting of entropy method, for determining the weights of
different variables at the main growth stages of winter wheat. The comprehensive index was established
based on the weights of variables, and the linear correlations between comprehensive index and measured
yields were used for establishing wheat yield estimation model. The results showed that the root mean
square errors ( RMSEs) and mean relative errors (MREs) between the assimilated state variables and the
field-measured ones were lower than the RMSEs and MREs between the simulations and the field-
measurements, respectively. Thus the accuracies of the assimilated LAI, aboveground biomass and soil
moisture time series were improved through the assimilation process. In addition, the correlation
coefficients between the comprehensive index and the yields were higher than those between the individual

variables and the yields at each wheat growth stage. And the accuracy of the yield estimation model
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established based on the comprehensive index ( R® was 0.78 and RMSE was 330 kg/hm’) was
significantly higher than those of the models established based on the LAT (R* was 0. 62 and RMSE was
448 kg/hm’) , aboveground biomass (R* was 0. 64 and RMSE was 431 kg/hm”) and soil moisture (R’
was 0. 67 and RMSE was 442 kg/hm®) respectively. Therefore, the established comprehensive index

fully integrated the advantages of the different variables in estimating crop yields, which can be used for

estimating wheat yields accurately.

Key words: winter wheat; particle filter; data assimilation; remote sensing; entropy method; yield

estimation

51

N RREREEMREEDZ —, H" & 95%
DL EWRFEAER, i EAEY & E/NECEGERH
() B 28 77 ), 5 kR e T B U AR G TR I X 3R
FUBE /NAZ My b A Wyt A0k B3 RE 8 DA F P 7 5 1 A )
R0 0 42 it 7 B A

Wil 5 25 A) A B B2 AR 1 ki, R 3 J e AR AR B
Hi A DY A5 B IR 56 2 880, 38 W B S5 B R T AR
W AR —FEE T AN TR Y R,
328 JEOUL 0 7 B[] 4 9 2R IR 1), S BB XA 4 A R B
AT S W, A A R B R 8 X AR ) R A A
K R EAMSBIEITHAMR TS F BN E R
Fov Al B B2 HEWAEY AR AT IE N
W, R B R4k 5 i P 3 AT O35 B b E D
AR BRG] AR AL 7, R R R T R AR K A
) = A 0 ) AT FR Ak FORS 6 A ) kR B A R
%

B M- A AL, i TR B K (LAT) A 4K
B SRR R UIA OG . o LAL /G SR E Y K
AR BA i 559 10E 47 = 40k filk [) A T 4 ot B 2R Y B
AT L VAo S 1 B EN < = v [ 5 7 5 | 3 £ B
SRR R % UE B S LAL B 8] J5 3 0 28 6] 53 A 15
o Db, MR Z 50 2 T 18 BOW I LAT LLAS I 17E ¥
PR T AN, A ROK Ay B AL DR Y
FE R AR A I 2 DR o A X 3 A K R X
P K 3 0 R A ) T 3 e F 3R INES
U SRR 2RI F b AMSR - E 4
7K 43 .MODIS — LAI f1 CERES — Maize 15 5 f ] 3& [E
TR A 10 B K B 7, G5 SRR A sl T SR L
T, [ i [ 4k LAT 0 A 38 /K 43 Eb B W) £k LAT 5§+
K 4 B I 4 = T 0 RS B 7 [ A O .
B T & /N R TR AR R IR ) A R A
B A O, DA TR B AS A I ) S AR L T
15t 4% A 7 I 300 ) e o 7 A e e e R A i e £
¥ B2 5 1 R Bsf [R) £k LA M b A= 9o F0 4= 380K 40 1Y
Al 770G B AH A 58 R T AL b R R /N R AR R
IS S0 [] 72 5 WD R R AL . AR 4R il

il

Th A 5 /N2 A () A B I3 T 5 7 Y S e AL
M 3 55 m AL 2% 1 A Bl B2 4 % ( Vegetation
temperature condition index, VTCI) , £% % 32 B, Jil 42
VTCI FI/)N 22 87 455 U RH 5, {H R 25 AN ] D 3R 06 o
R SR

AR SOV HTRL -8 7 ( Particle filter, PF) 53 [A] {6
CERES — Wheat #5215 1) F1 32 85I S i 1) 4 /N 22
LAL i EAE YR (B) PL R 0 ~ 20 em + 3 &7k
(0) LRy REER) LAL.B 1 6 [ Ab{E. 7 #r
INEASTR A T TR LAT B 6 73531 5 S0 547 i
AHOGHE , T ) A0 (R A4 20 & B0 O ¥k 3 O
LAT.B Fl 0 52 Wiy #f KL 7 B A9 ACTE , JE 10 AR i — > g
A O N AERR DL HR 8. T4 G PER 2L
S0 R 7 ) ) A O R S DN 2 B A A A )
PG 550 0T 48 o A 7 R T R R T

1 #REFE

1.1 HEENEE

TE 2007—2014 44 /N A K 2 ERK T 45 56
SPIRFEIR 12 ~ 15 A~ Bl A (i 4 /)N 35 AL X880 S BF
FERE S5, IF 40 M HEBE AR AERE S (I 1) o MU %
S IR A /N SR AR KR B0 T AR A 4
SR T R R R L RN
P K AR 39 R i R S0 B 5 A LATLB R 0 KK
B, IE VI /)N 2 A KD I R 2 P ) A BR
TE/IN 2 S0 3 o T R R R 0 D7 7 S IR R B
P

B Bk oA
Fig. 1  Distribution map of sampling sites
L2 HiEEWK
1.2.1 CERES — Wheat #& 7
CERES — Wheat 1 R GEA% LI K g 5[] 25 (A 41



150 o ML O % R

2017 4

INEREKEE FERIE L RROK P R
H A SHHE AL 3250 H 4 B
Ve e 2 8, R B I 3 o3 A 7 G rh o e
(43 ASSG SO BRAS 5 38 2 501 H [] 45 AR
5 368 5 FH TR] S5 0 R A A A 3 5 0 Ah, R T SN LAT
B0 FHE FURFRL L LA K S BRUSCR H % CERES —
Wheat #5875 W) 35t 1% 2 BIEAT b 5, IF X A & 45
RIATHE
1.2.2  &FEEIE

T = 1 T3 . Landsat — 5 F1 Landsat —7 L&
fil 52 LA M Landsat —8 LR E 2013 4F (1) il 2 & 5, Bif
FEHAURIC T 2013—2014 4R 4 /N 9L 7 0 B
= h O Y Landsat — 7 F1 Landsat —8 5242 (3 1) .

*x1 7 126/036.127/036 F1 128/036 T E 4 iE 3K EXH
Landsat 8 1&
Tab.1 Landsat images obtained on orbits 126/036,
127/036 and 128/036
R AR HETRIN [i]
2014 -03 —25

TE HEYS
126/036 2014 — 03 — 09
Landsat —7 127/036 2014 -03 — 16

128/036 2014-02—-19 2014—-04—-08
126/036 2014-03—17 2014 —05-04
2014 -02—-20 2014—-03-08
2014-04—-09 2014-05—-11
128/036  2014-03—-15 2014—-05-02

2014 —-05—-26
2014 —-05-20
2014 -03 —24

Landsat — 8 127/036

2014 -05-18

Xt Landsat 52 1% 9t 47 FAL PR, B AK 60 45 55 5 &
b RABGEFIUT R E R, 2805, AT 2041 A0
ZIO6 B RO AT 507 — fb 4 1 48 %0 (Normalized
difference vegetation index, NDVI) . % A F 4 25"
Ff " RO LA B J5 ik , IR 45 4k 5 R
(i NDVI F1 H [i] 5200 (9 LAL. B 54, 4 Ji A 2t 1X I
LAL Il B9 A FE A6 700 3% 45 % 3% F 38 S I 3
NDVI #1455 & i ¥ ( Brightness temperature, BT ) [t #(
RO R = DO A R E L, 32 T VTCT |19
SN J7 25 JF R iz T T R B A+
HOK A R . BRI R T R R A N
A F W VICT F1 0 ~20 em - 3855 7Kk 2 [0] 22 4538 1Y
LR VERR SEE M T VITCT 1 @[] g4 [l U 4 Y
A B X35 0,

R O - T A T O A 25 2R R F 5 DX
Rl 73 Ry R FH b S AR b K AR bR (B 2R ) A
ZNEH . 153 A LAy AN ERARE W, N
1 R (S RV 7 E SO S VNN 1 35 = i (15 T A £
Landsat OLL AR bk E AR (8 1R B2 5 00 24 /)
MM XEGE3 A MRS H Ea), Z/NELE TR
REEUEE ikt & MU RS N i S

M ATEAEAR B X 7E 6 A b A), & /N AL T Y
13 S A O I o T I S L N R E 0 o o (1 I A 4
OLI S AR MR 0 K8 145 ) IX 3 4 /N 22 b FUAR b
A SCHE FH W o Ak i B KALBR VL IF 45 5 Z B A
i Landsat OLI ?ﬁf?ﬁxd‘ﬂéqjqzﬁﬂ:ﬁ?ﬁ\%m , P2 HL
2N TR X I, 43 S 45 RS 2 351, Kappa R 50N
0.9,
1.2.3 RFug oAk

I FH 5% 25 R R R T U8 I 55 7k [Rl b CERES —
Wheat 5 R4 1 T Landsat $§ 8% 2 8 1) 4 /N 22
FEAF M LALB DL K o Bd , b1 %0k 200,
R4 NAGARAJAN 281 Fn BT 28177 pihs 1 g ik b
T 43 Sy 000 0 B B B

FOO < A AT 3 43 A 04 BE AL 7 XS kR 2
BRUR A AR 5 (o ) AT IR B, A BORE F 8 o, (i = 1,
2,---,200) 2R J5 , 8 200 A FACAJE L PERBLR 2
FTASE b+ 1 b %0, 15 20 B8 FIR 45 ), o

W Rk o+ B2 a,, 3B O
(ypo) PARIIR BB R EE (q(x,,, 12, 7,,,))
HEA R T B EMEAE (w0,,,) o A q(x,, |
Xy ) =p(a,, ) Hid p(x, 1x) R JE 50 HE
O A R . ARG, ABOE TN e 2508 0 i A AR
S e N o (T D 1 SN A T O T G
wi
w,.,=1/(200,/270, ) exp(= (2., ~7,,,)*/(20,.,))

(1)

X 0, ——WIAE A9 A5 1fE 22

WFFE HHoRE 12 JZOULIN TAT B 1 6 (AR v 22 53 31l 1
N 13% 11% 1 8% .
1.3 Z/phZFHF=EN
1.3.1 ZEE MR

X R AT 0 — A AL 388 A NN A B
) LAL fe KA (LAL, ) B T K1E (B,..) X 6 e K1H
(e, )&H7T m>/m’ 16 000 kg/hm2 F10.4 mm’/mm’,
FHXF LAI( Ly ) FEXT B(Br) FIAHXS 0(6y) B iH5E I ik
w:L, =LAI/LAIL,, By =B/B.. T 6, =6/0,... K5,
SN EE AR Ly By F 6, 43 5 S H
PRI SRR e M, I 3 A TR AR B R L [) A A G
P, R 45 5 05 18 19 48 & #000 J7 3% 43 3 E 5 Ly By
F 6 52 FF L™ B AR . 3 T (R Y 45 T
iR iR RUE S R

(1) A5 T 55 j RSB 7 o5 58 ¢ 2201 T
D), 3 38 1 A8 R S A 90 A 22 R] ) AE X iR 22
(e ), NI 353 0000 AH X 3R 22 Y L EE (P,)



5510

M3 A TR IR P A 28 B #Y & /DA TS 151

N
P,,=ejt/ Z e, (t=1,2, N;j=1,2,-,m)
t=1

(2)
(2) FFRLES R 20050 T 97 35 19 TS0 A X 452 22
O Ch,)

N
h=-kY PP, (k>0) (3)
t=1

(3) 55 j M B X00BEIN J5 3 A AL (L) it 3
S

ll.z(l—hj)/ 2 (1-h;) (4)

(4 ) HR F5 £ BT F500 v FU0 3% 22 1 31 1) A S e
JEE A, U A 2 T e X I ASC R /N P SO f
WA HEAT 7 e

wjz(l/lj)/ 2 (1/1) (5)

HAE Ly (B F 0 14 T 2 1 AN T A= 0 BE 6% S ik
VEYIK 340 25 6 PR 46 5, BIVAE B A2 9 & 0K 43 46 4L
(Vegetation biomass moisture index, VBMI) , H§ V £
7N

Vi=w, Ly +wyBr + 1,0y, (i=1,2,3,4) (6)
Hh wu+wﬁi+w9i:l (7)
AP i FEAEF Y, AR E W R -

T I 01 0 3L 2
Wy W W, ——Ly B Oy HIFLE
1.3.2 fl7= il i A

I3 BT A /N2 A% A BT VR S B ] Y

LR AR O | i 5 A 7 I S B A A A

Y, =a,V, +b, (8)

F R 4L & B 5 ki AR A E W Y,
WAL R B (w, ~w,)  HEST AL Al - B

Y=wY +w,Y, +w,Y, +w,Y, (9)

I 2013—2014 4F 4 /NG R BA F B LR H
RUBER) LALB F1 6 [A) AL 204 A= i VBMI B 1] )5 471 4k
i, R 5 45 G SEMRF L B 7™ | AL A /N2 LA
TR o 3T VBMI Al =457 (14 4l 0K JE 43 53] Al
T LALLO VL K B Al 77 B8 WK BE E A7 %0 b, AR
BRI VBMI St 2 i 4k 7= 4 B 1 5
1.3.3 DX BB i

#E57 Landsat £04% [ LALB LA K 0 il [R] 1 i
LALB DL} 6 5] 4k {6 8] i S 1 1] U BE 78 ) AT B
ARG LALB 6 7] 4k K 3 e 2 X SN
FET I —AL T M Ly By B 0, TE4S A F WY AL
RAAR X3 VBMI 5045 , 98 J5 K HAR AR (20(9))
I8 B 2 S T A i ) FE 2SR P A A 5 X8R /N
L

2 HRE5SM

2.1 BEWESHMEHUETEMXTEL

¥ CERES — Wheat 45 Y 4% 48 1) 1 3£ F Landsat
Bl RO g LAT B0 AU PF B3k, SR/ A 8
A F W LA B 1 6 [A AL %4, LA 2013—2014 43
WRE AR KEL B R B AR R SR B A A 2 i TRl A
G5 (E 2) o B B JCIR SRR L 2 R
LAT.B #1 6 [ 1k il 2 24 £ 45 T840 LAT. B 1 6 76 A

- 4 - — — D)
[ —— L0 e . 7 0.5 ﬁﬁé{%
T A 1ax10'F "7 IR & 7 ] - o
AF o EBREWIE .-l T o BRI . dogal | EEEEH
— | o+ WA £ 100 4 gy " £° o+ L
B30 £ sox10°f K
E i % 03
=, K 6.0x10°f 42
= # ="
1] 4.0x10°F H 0ah A 3
1+ = g X L \‘, u
= 2.0x10°F = . '
ol
2
0 L | | L L L L | | | 0 | 1 1 L L L | | 1 | = 0.1 | 1 I L L L | 1 | |
143 153 163 173 183 193 203 213 223 233 243 143 153 163 173 183 193 203 213 223 233 243 143 153 163 173 183 193 203 213 223 233 243
FERhE R EUd FfhE REud ST EPR AU
(a) PREL B R
= 4 i . - N
T — s A0 — g T 057 —mmin
T el Lax1ot " ML E T FE
4r e ERUT L < o GERUZHE %4 oak ® TR A (5 b
o | s e e, 2 LOXI0% i ECN T g
2o ] %, Z gox10° ¥
£ & = 03f
= 6.0x10° T
2 $ K
1) 4.0x10° H o2l
= g .
= 2.0x10° S
ol
S 04
o R R W o
143 153 163 173 183 193 203 213 223 233 243 143 153 163 173 183 193 203 213 223 233 243 143 153 163 173 183 193 203 213 223 233 243
RS R EUd ARG KEUd RIS R Hud
OFi2-¥eE

B2 /N FEAE WA LAT 3 b A Py 0 38 5 Kk AR [l 1k ith 46

Fig.2 Variation curves of assimilated LAI, aboveground biomass and soil moisture at main growth stages of winter wheat
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RH W Y (V) =18367V, +2 190 0.60 429 0.21
WA Y, (V,) =12943V, +2 031 0.68 " 383 0.27
T EE—UE S Y3(V3) =11716V; +1195 0.73*** 348 0.32
FLE Y, (V,) =8357V, +1690 0.53** 461 0.20
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Tab.4 Combined yield estimation models based on different variables

20 Al R R RMSE/ (kg-hm %) MRE/%
Y(VBMI) =0.21Y,(V,) +0.27Y,(V,) +0.32Y,(V;) +0.20Y,(V,) 0.78 *** 330 4.49
Y(LAI) =0.19Y, (L, ) +0.25Y, (Ly,) +0.35Y;(Lyy) +0.21Y,( Ly, ) 0. 62 *** 448 6. 09
Y(B) =0.14Y,(Bg;) +0.23Y,(Br,) +0.28Y;(Brs) +0.35Y,(Bry) 0. 64 *** 431 5.75
Y(0) =0.25Y,(6g;) +0.33Y,( 0y, ) +0.27Y;(0g3) +0.15Y,(60p,) 0. 67 *** 442 5.90
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Fig.3 Results of land-use types and estimated wheat yields in Guanzhong Plain
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