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HAT, & B Y ALY I £ 2R
3R BT UERHIE SSRGS T
T BB 55 1 W A AR TR ) Ak A% AL B TR 3 T
JEHEF A HLH B VLA R (Du s, 2015;
Kross %, 2015) . 2B BRI £ vk £ 438 A B 45
Ol ST AT R, B T R SR AN 5
PEAERE L, W B A R BOR 13 — 1k Bl dE L
(NDVI, Rouse %, 1974) . HW{HHI#iF6%0 (RVI,
Pearson #1 Miller, 1972) . Z{HAL#+8%C (DVI,
Richardson fil Wiegand, 1977) %5, SR iXLEAE B
P HORE /N A e IO A kAR A, (RS EY
TR Y G i AR AR ) e AR A — A f )
(Yue 5§, 2019); #F—BIF R0 Z AMa w641,
U Four—band GnyLi—VI, ek T /N 22 A= ) i bt
BRI (Gnyp 5, 2014). B4k, —#B4-BFSE
ARl B 0 A B 4 ORI ML 27 20 Sk AT 4
Ho YueZ5 (2018) FIH 54 Fho w5 B A T 44
ZeM2% (ANN) ., JESRMEIE (DT . fhfe/h —3f
[IH (PLSR) . SCHpmI&HLIRIE (SVM) 45 8 Filal
IHFER AN, TR 45 R EM, PLSR
I MLR 76K BE FRa e oy 11 R AR 4. X A% %5
(2021) Z5-GHapFeEC S dR s 5 B 3 A Il 57
TSR A Y R, ARIXRP 5 125 B R S A AR A
Bl HAREASEYAERKE TSRO EIE . 7
WA KA S5y 208 T A Bt R . AR
NAE IR R ESEY A KA, (Ve A KA
BT ERM AR Z S8, 1IN 32 8] — 2 i5g
M, Huang 5% (2022) ¥4 FJ5 A9 MODIS i 1
B8 IR AE 21] WOFOST A5 B rb 45 H il A= 49 1 5L
P 5 & R AP Yue (2021) %424 T
— M IC AL (UAV) 5218 F1 AquaCrop B 7E
VEYISCAR G SV E Y AR Py i R = 1 D7 o Tewes
% (2020) #f Sentinel-2 17 4E 1y it M AT 2L (LAIL)
B4 A1 Soil Grids JRy B +- HERFAE B AR LS &, HKHE
SIKPLACE HEARAE 48 52t LINTULS A5 5 Sfe A5 3514 /N
FAay A, Jind: (2016) ff BB 785
PSO (Particle Swarm Optimization) # I [0] Y % %4
i [ A 2] AquaCrop FBE Y Hhy | & = A [7) A A 11 A1 8
AP T A/NEAE YRS EREE .
VE W HE KA v ) 1 22 2 80 3o 18 R R T A 5]
{15 35 T 3 B O VR 4 A KR R M A )
B RN T RE, AT AR 2 2 8RR AE— 2 72
JE 1 BRI T AR AR AR AR B XN

F LA SR P A4 R i) 2 LA
R, BERIfRT A, i AR A SR, e
oA A BRI LB (FPAR), AT LA 2o 38 J8K
BE AL FEARAT o X BIRY S AT DL L vh A R
P ARAHIT HABOR LB fa o, i T AT KR A=
Y ® . Du®E (2015) f#JH HJ CCD A1 MODIS
G256 G R HACRBIR il F§ MODIS £ 45 4
B e R E RS (R 042, i HJ CCD
BARAL S A8 R 0.51, FangZE (2021) FI
Xof B P A 2R AR AR AR B A A 40 R B ek e T
CASA R AT A& /N F1 B K M, E AR Al )
HES (2017) T HI-1A/B % K H CASA £ 7Y
XFRIFGT [X A /N2 A ) s R AT A B FTORS B 30T, &
JINZE S A e 5 T A R S s ) UK
FR081. FAh, FETFAEY A KA 2
A AR A A B A, T U 3 3 S
TR ) RO A A R . i (2022) & i A—
AN B I A i SR R AR A A R
TR AL RLAE, EIMEE S, T 24 A N A
5 fili B K CBA-Wheat (Crop Biomass Algorithm
for Wheat), CBA-Wheat 55 BUAR U Hh il B T 2 /N A7
AN TR A= B B 300 A o 5 A R 3 A R
[l IR ) R A S ZS I R . (H R A4
AR, Db SE I B O F2 SRR R S
iR AR AT AR K B A
) AR MR TR R RS R A,
G S E e r g, i, AR5 EILLA
INFERBRFEXT 4, FIJH Sentinel-2, Landsat 7 ETM+
H1 Landsat 8 OLLi& B2 5 80, 2230 R FR AL 1
L5 73 GA (Genetic Algorithm) 5 i, CBA-Wheat
R A SR ek, 57 22 U5 R IR s 3K 3 1Y
CBA-Wheat 5251, LI 0 F FH 1% 1B 42 &4 B i
Wk A/ N2 AR AR S B R %

2 RS

21 RImXER

98 X0 [ FRG EAOML B G Ry 3, 7Tk
ST ESFEIX AR, 40°00'N—40°21'N, 116°34'E—
117°00'E, ¥R B RE K 36 mo 12 X s b Y 25 X
DX, B A Bl ZE KU . AR H R 5K
2684 h, 4EFHSIR11.8 °C, FFHIFE/KE 580 mm
KAy o BRGEIK AL B BAEA SR ILIE 1, BFFEIX
WA /NFE— e 9 H RK—10 A 9111 4&#h, AR
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3ARBAAWIRT, 16 A% Basgmilih, R
PE S PRAC/INFZ 43 A 43 SR 2015 AE R L 27 N REAS 45
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390N 1 1
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L EERER Hifm
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(a) Location of study area

2019 4FBER A1 AR, AR BT I BT 4
PN URE RIS
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Fig. 1 Location of study area and distribution of sample sites

22 HIEXR&E

221 ZFNEHFUEEHRB

16 AR R R 00 AR v, Zadoks 45
(1974) il 7 i) [ B 38 R A BHE ) A= 7 B 50
Hih% ZS (Zadoks Stage) HYIE AR Xt /N By K &
B BT RIA . ZS 1 RN E A A K Y B
R0 R 10 KA KB B o A6 3% R 87 4 7 =X
W, BUCEIEE 7 RN /N E S E F I, B
5 A RN AE /N A AR AE B I I AR K B
Brrp ik — 25 g /N R K B B . &/ N B
FEAFNY (ZS) FIRWE 2R, Zadoks E4L
FURAS I S R A — P AR i S 5 AN A
HRE AL T AT RENE . ZS(E AR NEMAI R T
SRR ZS PRkt 1, ARWFSE 1 2015 4R A1
2019 4FAE /N L GRS HEA b 7 318 5 R A7 7 4
INZER I SEE, Z&/NZ AR E W ZS (5 B ¥ o
NG, B T 28 Bl (e 8 R i i
AR

HEH I 80—89
FF1EH 60—69
IR 50—59
Bl 40—49
PHATHE 30—39

00 |
A KA AR B A 0 B K5 1 Wy B AR 15 2 S BRI 5 3 4401
W14 DRIENT; 5 AL 2256 TP AR 7. FLAVR & W58 T 1 K B 159 1L
U B KRR L KB B 10 AN AE KB B X RS
K /N2 W RERN I AR HE A AR 7 B BEAE T 00 21 99 B9 100 4> % 7ok
FRs

K2 KRR BRI E I (ZS) /R E K
Fig. 2 Schematic diagram of digital growth period (ZS)

in winter wheat
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FESR I AT N T, A/ N FEAR S FE AR
HREIWFE L, BRI wik, JEAHREL/N
1 mx617 (F7HE 15 em) [EEFE T AOBEIR S,
T XN NERKBBAE —, TR ESS)
B b 7 0 Sk 3 YR BRE R 6 17, iR R
PERY 20 FE/INAZ | B ARBR A& /INZZ i 2 S 4R
b, IR TR AR 105 CAYH 30 ming RS,
75 °C fEIR 48 hJF M E A T8 . AR IriAS A
A T S FIAE A B AR SR T R A /N A | A
Y, iHEAXWT

AGB,....=m X N/(20 x A) X 10 (1)
K, AGB,.... BSEMA /N FAEYE, vh';
m R EINEREARTE, o5 NRWRAERETT NI/
& RERG ARFEAERT R, o, KR
0.9 m*, BAHE M 4 45 B {5 B8 i Trimble RTK
AT B RE A

1 ARRPLENEREBBENEEES

Table 1 Sample sites data and images in this study

RAERED EEH 7S MG e Eg
2015-04-15 #HA9W] 31 2015-4-16  Landsat 8 OLI 27
2015-04-27 PEHE 47 2015-5-02  Landsat 8 OLI 27
2015-05-15 FF{Ed] 65  2015-5-18  Landsat 8 OLI 27
2015-05-26 #EHIH 75  2015-5-26  Landsat 7 ETM+ 27
2019-04-17 &5 35 2019-4-15 Sentinel-2A 41
2019-04-28 Pk 47 2019-4-25 Sentinel-2A 41
2019-05-15 FF4EH 67  2019-5-13 Sentinel-2A 41
2019-06-04 HEIKIH 83  2019-6-02 Sentinel-2B 41

223 ERGEIE

A5 Ad Y Landsat 7 ETM+£1 Landsat 8 OLI
1 JEGE AR B 25 [ 54 = (hittps < //www.gscloud.
en/home[2023-03-22 1 F 4, AT ENVI5.3 (Exelis
Visual Information Solutions 23 &), A 4 JE Y
KD BATHRE RS R TLIE (RRA5IK, 2010).
Sentinel 5215 M AT K 5B 7 G ( https : //scihub.
copernicus. eu/dhus/#/home[ 2023-03-22]) T # )
LIC/™ i, LICZU™ M e &Gl JUMARLIE S IE G
IEALEE, i Sen2cor B HFAT RAKIE . Tk
SLAGI TGS T S SR AL I [R] B 00, [ g %o 51X
PTG T 8. RIS T 2015 4512019 4F
WFFE XA /N R SRCTT . PRI . T AE A AE
B, MR REA SURAE M ], AR T ST IX 4 5

Sentinel-2A/2B 18 5 4 5t Landsat 348 ] THF5E IX
MR HE BRI, o, 2015 4R A Al 1Y)
42 L) Landsat 7 ETM+1d 55 H 15 R #E H 1488
WG, I H AR 2kl BRI 52 e B 5 IX X
B, TCRMEAR TS T, BIREARER
W22, Landsat 7 ETM+., Landsat 8 OLI il Sentinel-2
S AG AR BRI AR TG L DG o i e
AT AR ZR GEE B D 22, 7 22l 1 P 48 0 R X
LG BORIT LN Beti AT RGEMELIE, LIRS 4L
Pu2Z A1 A —E 0, Bf Sentinel-2 SEARAE bnife, LAInl
575 FIE 4] 1E 5 Landsat 8 OLI# Landsat 7 ETM+2Z
] 22, BAREIE DT 22 % £ 2 (Chastain 4%,
2019).
*2 ERIGREENERRE
Table 2 Equation for correcting deviations

between images

AR flidE EES i
Landsat 8 OLI Red 1.0524 -0.0015
Landsat 8 OLI NIR-8 0.8954 0.0033
Landsat 7 ETM+ Red 1.0568 -0.0024
Landsat 7 ETM+ NIR-8 1.0045 -0.0076

23 WARFE

2.3.1 HEHIEH

HR A A& /INAZ 1) 568 23 6 1 R A1 DA K N A3 B
SRR B BOE AR WP 5L (EVI2) . 2 (HAE W e 4k
(DVD) . HEABEEEC (RVD) | BIEL 3 HE IR 5L
(MSR) HF4/N AW it . B BT
RN WIE KN

fd FH ENVIS.3 204 Y Band Math T H % 8 5%
5C AL B S (W 5E XS AR IEAT I B s 5, 1A
4 FPAE P FE %, 43 %) EVI2, DVI. RVIFIMSR.
THR A A R B2 AR, 15 2015 4R 12019 48
WFSE X SEIMREAS 55 A AreMap H, 42 B AH I Y
REWEFEBUE , HF HAE N CBA-Wheat A5 5 Al 548 /)N
A AR A A AR RS SRR

2.3.2 CBA-Wheat #&%!

YE ¥ A= W) 5t BE ) CBA-Wheat (Crop Biomass
Algorithm for Wheat) HLiZE (2022) 202244 H,
Je— I A A B I B AN 2 R R G
BT, AT LA G i i R R 22 S0 A W T A TR AL
RETE A /N A B — A 3 Il 48 i 1) LA 2R 7 30
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1A, CBA-Wheat #5580 78 B34 A= & B 4
VIFI AGB £ A Y (4 R S At & 3L 43 2% J)
BORL, MRS — 20 AGB I VI LR PRI, T
/A R AN [ AR B 8 Y AGB Ze A [ 15

i /NG w1

AGB, o =k X VI + k, (2)
K, &,k ACFR AGBBIRY Y R AEE ; VIR
RAEPFREL

®3 FAARNEAHERBBRITEAR

Table 3 The vegetation index and calculation formula used in this study

HIHFEEL AR E=BUN
Ho 3R R DR B EVI2 25% (R, - R (R, +24%xR _ +1) Jiang 45,2008
Z M PEEDVI R, -R. Richardson il Wiegand, 1977
LA AT B TR A RV R,/R ., Pearson fil Miller, 1972

BIELT 3 HAEFE B MSR

(R /R, = Disart(R, /R, + 1)

Chen %, 1996

TE: R, FIR, I3RS T LLANRIEL P B S

TEMCEEAT b, R E— 0 AGBEA R
7S ARGy e LA, Horp, 55— 2880 Rt
F (k) SZSHIEEMA, #E (k) S5ZSHh4&
PERLAE . HARAKT .

k, = ae"” (3)

ky=0,78 - b, (4)
K, ZS MA/NEX R B FAAE B a .
ay. b\ b, CBA-Wheat A1) 4 280, LIIEAY
HTLLZS 5 VI AR EH T4 4 &0 AGB
TR

233 Z=EEXESHMAMK

T CBA-Wheat 5 75 (it b4 2 L A% I3k B Hb 1 72
FEREHE N, L 22 A 22 A b T S AR R T4
G135, TREZGABIR R 57 B b 1w S0
SRR, 243Dl CBA-Wheat fBIHESR Jp 4 5, 4R
5 2015 4 F1 2019 4F AR B T2 000 5 b 1 W80 45
i, 8 I 0SB T 9 CBA-Wheat £ 7 2
B o ABF T 1k B R A2 7% GA (Genetic
Algorithm) 7F 2 CBA-Wheat #2751 28 1 AL 3412
GA &L [ SR e £ At A5 BRI R 3Eal, WAtk
ok AR 3 2 A A R U] R P S g A 1 B B
BAHALHIAZS A W mace )/ SR R A . GA
Wt TG R Ik, A R A A Y kb
FE, SR Ttk 0 )y ot B Ar s [ 217 B ALAL
8% (DB FH %, 2018), F LB LT R%L
AR T A5 5 1k i 2 U I, X — 2k
Ltk 2R ZHARIREEIR R, BT
FH st A% 5k AR 20 B0 A S AR R . At
¢ PR ) CBA-Wheat 525 285 1) S B Ak A B
UL 3, BALERMT

(1) Gea kgt 55 . B CBA-Wheat 15175
HANFE A ZEE (a,. ay. by by) fHH[E
B RE I I g i R AR AR R AR, B R
BEAR T 25 AU 350 43 A1 1 BE FLEIOR A2 1
BERVAE {1 A% ik T SRR, PR S 4
BV B 1 B AR R DGR, 0 4 3 1R 3 B A AN ] 25
Xt AR AR P A — B, T S ) 21
BEMWCEE . S8R 6 Y AR P8 5 A5
CBA-Wheat 284 I F %51 30% KHfE (%4) (L%,
2019, 2022).

(2) AMAIE N7 W DU AT - A FH 35 0 B R %k
XA HEAT RGN BE VAN, AR SR A LS
TNAEL-55 Fou I (L 1) 32 7 MR 15 25 SR TPAk A4 199 2k 1
5N R R AN (5), AR EIA S AR B
BCIE Fb (4 A okt 4 i A A v 25 AR st 1 )
T—REHA T LS 2 RS AR N R A
JE A AT IR LA S e i B b S S AR s R
T 1R

/EM%@pA%W
]_ i=1

" (5)

Ao, TSRS BB s n U R R AR A S
AGBga, WHA S AW RATEAE; AGB, AFEA A
Yyt S

(3) AL . XA AR — 3 i 2 )
AT . 2 SO AEHRAE, 3P ERAERERAR YA~
AT I BE K/ IN R E

(4) SRR ACE N B TE I 21k (<0.001) &%
RBNERRBUE (RFFEEARRECH 5000, 45
FOEACERAE, XK BEAT A5, 153 2405 f A
RIZHH.,
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AGB=k,xVI+k,
k=a,e~"s
k=b,7S-b,

1 B R
2 FERHRL
3. &R SHE

AGB-Wheat
SR In] B 24

FhEF1 <

¥
TS L

&
j > (AGB,,~AGB)?
| A
J= n

Pt

L]
X > e
TR T
FhEE2

v
> fiRAS

AL R
3 SEF 50 CBA-Wheat AL S AL T2 A
Fig. 3 Flow chart of CBA~Wheat model parameters optimizing

based on genetic algorithm

R/ _FEHE X

R T VAl CBA-Wheat £ 1 76 A 4 2t Ak 3 1 4
BE R R e e, AR Al A d5e /s — 3 [l A Bk
PLSR (Partial Least Squares Regression) (Wold 4,
2001) 4 g3 %) A= Wy s Al A Y R A A TR (%) X L o

2.34

PLSR J&—Fh Z e ge it 4l 7 s, BoA E 4
Gy A . BUHLARR OC 43 B 22 T [ A 43 B 3 Fh oy B Oy
PP, R 2 A oA R R M A DG I
1 D e /N — S A B 2%, AWFSE v, M T
PIFP A /N A ) B ) PLSR B AL . JEF 4/ HE B 45
o RSB R A AR (PLSR,,) FET
4 AEWEAR B 78 S B 7 B AR ) Ak OR R Y
(PLSR,6.s) o
24 BEIBEEN

R TR AR HEAT VT A O R AT RS I IE
BEHLEEI =72 = (1824%) FEA S TEAL, H
PR =02 — (901) FEA JUHEATHRS BEIEE o
AR E ZEBR (coefficient of determination )
AR %2 RMSE  (Root Mean Squared Error) fE
g Ak SRR 5 6 MRS (A BE PPN AR

SOX - X -V

R? = (6)

YOS ST oL

(7)

K, n AHEAREE; X RS X RS (A ;
Y, R WA ;Y O (. — R U R
RMSE B, 7 MBIADRG BBk R s ez, BIAUKS
FERERA

%*4 CBA-Wheat RIS HUIGTEE RS HMALE

Table 4 Initial parameters range and value after optimization

) Z¥a, ZHMa, ZH0b, 2R,
*Ew*gﬁ [T S 3 N TS S - N S, e ) -, " [T S . "
e SEIUE ekl SEdE wieE SHdeE wilaisE SEdiE
EVI2 0.88—1.64 0.881 0.02—0.05 0.044 0.01—0.03 0.028 0.34—0.64 0.571
DVI 1.28—2.39 1.300 0.02—0.05 0.046 0.01—0.03 0.027 0.16—0.30 0.299
RVI 0.01—0.02 0.012 0.03—0.06 0.060 0.06—0.11 0.109 0.75—1.40 1.398
MSR 0.11—0.21 0.113 0.02—0.05 0.048 0.05—0.09 0.089 0.84—1.56 1.559

3 gER 50T
31 AREERPEREIEHTH

i FH 3 AR T B A5 B 5% X 4528 3 WA b
BEOLE 4, B4R SR, M
AR R, EVI2, DVI, RVIFIMSR ¥kE#
A F B R, PR U R I, %
A F B B AR R K AR S R B R B KA L R

IEAASC . BRI = IT AR, M b AR A i Ak 2
R, AMEPHEBO AL, BT PR ;
TSR AP kS R, T 2Ok A& /N R R E
AN, SA/NEHAME TR, s
BT EEES, ZAEF BRI KA S
PR KA R A N, ARG EY Y
AL SRR BT, AU R B R
Bl A B I I 00 A i S BT — S R R PR
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Fig. 4 Vegetation index of winter wheat at different growth stages

32 EFCBA-Wheat ERIHZ/NEZEYMEHE

RGP AL B E X CBA-Wheat £55 81 S 830474
G, 183 7 49 LLEVI2. DVIL, RVI A MSR X
4 TR B 8 A S B A g AR £ B Y CBA-Wheat
IRL, EISATIL, EA 13X 4 Ff CBA-Wheat 157
R AR h Y B RAF ARG B, BRI /INEE
AWy i 5 S A ) i B B — Bk, RPITE
0.8 LA Lo DA EVI2FE Mk A ZZE it ) CBA-Wheat 15
A (CBA-Wheat,,,) R F1 RMSE 43 %4 0.88 t/hm’
F11.69 thm*, LA DVIAE M fif A48 5 ) CBA-Wheat
iRl (CBA-Wheat,,,) R*F1RMSE 7344 0.89 t/hm’
A1 1.63 thm®, PIFEIEAE SR AR Bl v SR AL AT,
BIn] DU MRS A /N A i o SR 45 R 3R W
CBA-Wheaty,, fili 5 (4 & /N 22 A W ik 3 UG 32 A 4
(R’=0.92, RMSE=1.37 t/hm®), FEL/NE&NHF
WEA R EAERCR, HARX A, 7E

AR RS O, AR AR, B B A
LG, BEME A /N M b A Wy 4R ARG o 3t DE A
BT .

3.3 ZFNEEYEBBEEBIXIERITM

VERFEHE T PLSR A Al (Bl6) M T Ik
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Estimating winter wheat biomass by coupling the CBA-Wheat model and
multispectral remote sensing
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Abstract: Biomass is an important indicator that reflects the growth status of crops. Timely and accurate estimation of aboveground
biomass of winter wheat is crucial for yield prediction and field management decision-making. The crop biomass model (CBA-Wheat)
developed using the remote sensing spectral index (VI) and digital Growth Stage (ZS) is suitable for the estimation of winter wheat biomass
in the whole growth period. The first layer of this model is a linear model of AGB and VI, and it constructs linear regression models between
AGB and VI in different growth periods. The AGB model coefficients of each period have a good evolutionary law with ZS. However, the
model parameters are based on ground hyperspectral data in a previous study, and the satellite data need extensive ground-measured data to
calibrate the model parameters, thus limiting popularization at the regional scale. In this study, the Genetic Algorithm (GA) is used to
optimize the parameters of CBA-Wheat model globally. GA combines the survival rules of the fittest in biological evolution with the random
information exchange system of the chromosome within the population and has an efficient global optimization effect on some nonlinear,
multimodel, multiobjective function optimization problems. The two input variables of CBA-Wheat are field-recorded ZS data and VI from
high-resolution remote sensing images. Four VI-based CBA-Wheat models, namely, enhanced vegetation index 2 (CBA-Wheaty,,,), difference
vegetation index (CBA-Wheat,,,,), ratio vegetation index (CBA-Wheaty,,), and modified simple ratio vegetation index (CBA-Wheat,,s;), are
constructed. The best model is used for AGB mapping. Meanwhile, partial least squares regression (PLSR) is adopted to compare the
accuarcy of CBA-Wheat models. Results showed that all four CBA-Wheat models have good accuracy, and the simulated winter wheat
biomass is consistent with the measured biomass. Among the models, CBA-Wheat,,, has the highest determination coefficient (R*) and root
mean square error (RMSE) of 0.92 and 1.37 t/ha, respectively. Compared with the machine learning method, the accuracy of biomass
estimation based on CBA-Wheat model is better than that of biomass estimation based on the PLSR method (R*=0.85, RMSE=1.87 t/hm?).
The CBA-Wheat model has good biomass estimation performance at the various growth stages of winter wheat and performs well in high-biomass
situations without considerable underestimation. The CBA-Wheat model optimized by GA in this study has high inversion accuracy and is
suitable for the inversion of winter wheat at multiple growth stages, and has good application potential in using satellite remote sensing data
to predict large-area biomass.
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