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BB EEEY T RE L, A THERE
o bl E 8, AR AT 2R

LG I VEDAG 7= ik BB TR EHMRG
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1972 4F, LRI A G T 5% — Bl ek 5T I8 T
BUSK, @BIEREARR R, I 2 TS T
DB 2B, BN E oA T A, Al E
W FE P K FAPAL K= AL B AE (Doraiswamy,
2004; Nilsson, 1995; Pachavo fll Murwira, 2014;
TatsumiZF, 2015; WestZE, 2019; Yang%, 2015),
T RER DU WL 2 WL 0 K I P 2 AR 3
TEAEYA P b s BRI 1. A R/ Al
7231 H LACIE (Large Area Crop Inventory Experiment )
(Erickson, 1984) JRshliok, 28Rl ™ AR 20t
U A0 AF AU, JOIB R I B o i 2 R i
AL BIAE ST ARG T KR gD . HARY
WF ST IR ZR A N7 ISR G R AT A B 48 iR ™ i 2
A4 ETAEAY (Rasmussen, 1992; Tennakoon
ZE 0 1992; Thenkabail ¢, 1994; Wiegand S
1989) . WFFE 4R KU = SIEY/ERKIEZER
NDVI (Normalized Difference Vegetation Index) H
AWM M (Lewis %, 19985 Maselli 45,
2000), fH NDVI 41 FilRr 25 5 3507 ik il 55 285
FATEDR 22 . HUAL, IR ZR SR i I 25 2 fh e
e, AR A X Il AR A5 07 ] A AR 1 o 2 B
AR, RS b, R RO O S T R A
ZREIRDL, AR SRS (7)) A KrY &
Hiksr. WL, ERMMAEEY T RE R, K5
MG H S EY R SR Z B be i o &2 (WO s
BO ORIFR T REECATRE. B TIZEM, AR
3 SR E AT G A S8R S I W L FAPAR
(the Fraction of Absorbed Photosynthetically Active
Radiation) A%, JfKe H A0 A AW 06 REH IR
LUE (Light Use Efficiency) #%, F T 7=l H
(Lobell 45, 2003; Xin %, 2013; #® L 4%,
2020; XEE 4, 2017). MKIERAEY AR
AR, SR, MRS E R, 153
TR AR JE . AR, AR R R T R
T AE. MEWE RN H RS AR 2R R 2R
BEAMER, 6% 8 LR RN EAEY
PR EOCH B MY AR KA BE U8 B I 0 b
REEREFEEY —LE—RIARETH
HESE. MEFEYREEBEBRI H A
(Holzworth &5, 2015), £ 5 i JE K 1 23 ] i 22
PE 5 VR Az AT ) i (1] 32 2 v EA TV 7 Al
S M BIUE I R B B ) A S Y JE iR T
B, Bl A T B R TR A Y [ A ok

BHE . SRR E Y A KRR, ARG B S
77 45 5 (Dorigo 45, 2007; JinZ%, 2018; %
RIS AkAE, 20155 BEER F, 2015). HAT
F B A A A AT PO 4E 2% 53 [A] Ak 4D-Var (Four-
Dimensional Variational Assimilation) . & F /RS
VeV EnKF (Ensemble Kalman Filter) . 77 JE)¢ PF
(Particle Filter) £ (De Wit fl Van Diepen, 2007;
Ines %%, 2013; ZE&AH %, 2012; EWH 4,
2016) . BRICZAL, A BETEA AR AR X X
SRR 7Y B AR A TR, AR R B AR
o AU RE ROV R, 245 2N W] I AH 20 5
R B A SRR | O 2 I i AR L rh R AT
DCHREA AR5 . B Al S 4 2R 5 b T A A A R Y
FGHEAE 0.38—0.76 (Lobell 5, 2015), #W] 1%
JERATATY, (HHEHATA R, 2
—AZ I A E

AR FIAE P A A R B ' RE A R A5 Y
PEATAE P LB S0, (HAE R AT BT ey RE
A7 IS0 FH O T W5 3/ 22 DRIHE i AR ) A A TR A
IR . A S £, LUE B8 52 FR % RE R
FHA . WORAEHOE LU E 55 o I APk SE A0 1 ]
TAERITECE R, 7E R DA S I ORI
LS PRI, (] s 5 A Al R A VR ) 0 A1 B 3
Fio ST BIREE, X T E gy pm A, M
P T2 A LAY, i RE G T A A T Uk
G5 Z B 1Y 2 S A AU L m] Sk 5 m] AR
U, TSR 2 AT B R — 2 INFR] Y A T % .
PSR AR L AR RS DL R AR A B A
R SE RIS 2R, TR ORI L, ME LI B
AR AT E W, A HOR T B a8 U
HEFLEAOGE (W H e, CFRIRS),
KRGy ClnpgKE . HIEMEESE) FUEY Y 531 L
PR (2@ i ARE R, HEE
188055 ) . P2 R &R gt 5060 iU
R PR BRI, Bk ES T T H 5
B, BUS T AHEE A (Balaghi %5, 2008; Kogan
4, 20135 R A, 2018), (HAE L IRERE Gk
550307 6 A AT RGERIE S . A, AT
FE 2 IR NE W B A o e v A P RBEAAR A 32 Rl 2
2y AL 23 X 7 O s R (B B IR A
2020) . FEEHRFE L, AT DHE AR i 5o As
Jafa bRk RALXLLAF B, IA M5B = X% 4R
FREFIHE o W, H AT A = w8 it 2
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R L5 A 7 50 b 25 TR [B] 77 5 RRAE X VE DA 7 11
W, EERRE I, R 2R A s — i)
BEHAFRARIAE R (Bolton A Friedl, 2013 ;4T &5 45,
2015; £ &g 4%, 2020), MRz XGRS IT,
{825 2% A HL A IS TR 4R F1F 1T B 2 AR A = ARORG JE

ABE GRS AT 5 T AR U A FRAE 5 I AE D
KBGFE . IRBERAE . AR B SOUAFIE 32, 2B 0F
i T A N RRAE DL B 7= 1 98 1 S B A X 44 /N
iR, BRI — T AR
SEAREY B AR LR ST B R A/
Zre R AN WY EEELE LT 34 A
(1) SrHTVEYIAL 7= 1Y BRI s (2) TRAN BRI AR
TER R VEDAG = By 520 5 (3) 43 Hr AR 5 WLARRAIE
XIVEYAL = AR SEVE o S5 A S P B A RTRRAE
) JEE ity b AT AR S G 08 0 BT A R R AR AR, S
LG FE A /N B A B

2 SEE X5 R

2.1 EIHXHELR

ARBFFEAET A TR SIS, WAt As & /N A Fh
M XA T T R AR X, 2R
T AR 81459 km®, i BT FR Y 43% . S5 X Hi 3
L, MERIIAE] 100 mo b4 2 E S AR
B (2E3RNEER X Z—), EPEE
BEG AR R . KRG E A /NE—H £
KECAVER R T, A WE/NE R L, S ™
2y 9 4 [ 9.87% 1 10.87% (K BT S
2015), 7EfRBEAERE 22 HA EZ
D7 o TAGAS 7R e 0 D T s 2= KU,
W o ARST S8R VAR R K B F R ) b Rl 2 R
O, TR 12—13°C, 2R
W1 200—210 d. 4F H BEEFHCH 1900—2300 h, £
AR B K B O 490—550 mm, K AR N 2 Al A
¥y, AR EEENE— T, B aFRE
KB 70% GBARS %5, 2020), &&/NAE T EAFY
ARG 10 A R AIRE AN . 11 A b A)iE A S BE
. A TaE—12 A LA A )R
2HFAaI—3 H bt AR . 3 A a—4 A
TR SEY . 4 A Ta—S5 H LAz
FEFh AR . S H B aIgrAE . S AR R RIVER |
5 HIE—6 A LA hi#k.

ARG TR G N B R, AT XN
2014 F—2018 A LR i 4 /N Y BTl IE% IR

FENBIR S TR FEE AR BUE O, B8 A
A I (] 1 S AR, e B 93 S E TR AR S
AIBIFE XS 52 . S XA B AN I&T 1 B

114°E LT75E 120°E

/m
High: 2690 B

Bl S XA

Fig. 1 Overview of the study area
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CIimr e 7+
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2.2 EEBE

B B R ERIOISE, ASC P R #ER
(% MODIS [ifi b b5 4 7 it o 248 o [a) Y0 ] 2 55
2014 4F—2018 4T JL 4 /)N 22 Wik 75 93 310 il 3 1)
ARG, BDMAES 49 RIFIR B 177 K. N
IFRFEA IR BHIE 5 i C &R, A6
Bt 16 MRIES 5467, 4 — b hE vl
% (NDVD) | 3% 5 280 K 4 4 20 EVI (Enhanced
Vegetation Index) . 1R LST_DAY (Day-
time Land Surface Temperature) . & W M 5% i
LST_NIGHT (Night-time Land Surface Temperature) .
WEAEZE B PET (Potential Evapotranspiration) . SRR
ZZ HL ET (Evapotranspiration) . M 1] £ 48 %0 LAI
(Leaf Area Index) . G548 SA BN (FPAR) |
B 77 1 GPP (Gross Primary Productivity) A
T FE 2 57 % SR (Surface Reflectance ), A iR
TR T AP B, MR IEERE R IR 1.
BEAh, LAMODI3A2 in g bnife, A5 HoAt B a5
FORFER] KM, FEA K 16 d & Rl fh . fiea Al
LN A B AT IR . 1B SRR R R A LN
ARBTTEHEARAR B R
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%1 MODISFREZEFEER
Table 1 MODIS product information

Bt AR T Z5 [ 3 B /m ] 53 HE 4/ d Li¥a
MOD13A2.006 NDVI,EVI 1000 16 —
MOD11A2.006 LST_DAY,LST_NIGHT 1000 8 Kelvin
MOD16A2.006 ET,PET 500 8 kg/m?/8 day

MOD15A2H.006 LAI, FPAR 500 8 m*/m?, Percent
MOD17A2H.006 GPP 500 8 kg C/m?
Surface Reflectance , SR —
Band 1 (620—670 nm),B1
Band 2 (841—876 nm), B2
Band 3 (459—479 nm) , B3 —
MODO09A1.006 500 8

Band 4 (545—565 nm) ,B4

Band 5 (1230—1250 nm) ,B5

Band 6 (1628—1652 nm) ,B6

Band 7 (2105—2155 nm) , B7

23 SHREE

ARSCAH M B EIR B EREKE . HR
WA, AR s AR BRR L FREK
KRN AR ER (BRI LR =5 O,
http://data.cma.cn/[ 2021-01-111) . 7] 3 61 2
5 2014 4F—2018 4E B AR5 49 RIF IR 255 193 K.
R UER RAE B A B0 BARS RGN, B
WAL B RIEAS B HREKE. 5N
FETEZ AU B, BEPRIE B 4 /N F2 7 K B ln 1
4wl . L MODI13A2 i) g br v %< 4 508 1F
16 d A, HphFEKEREPE, HihZHH
FHIH.

2.4 SitEE

AR ST GE T E s S U T o R L ek e A
(B (HERGiHmA&RNt ST AR,
2020), QUL NS, AR kglha; &/NERE
PR, BN K ha; BFHBIAL, P07 hao Hp
2014 4F-—2017 FE 54 R I 2R, 2018 4F £k 4s H >k

Bk
25 ZINEHHHE

2014 FE—2018 4 & /N F A I L B A 4 /N A2
BRI . AR KW Landsat T2 FIMGOh 8850
PR, AR AL A AN Y i FDE RS R, R

FHBENLAR PRI TE X & /N 25 ) oy A AT 4R L, 5
% Google Earth 57> #F 5% DR A%, HLEHIZx
FEAR GIUEREA . 2R 30 m & /NE 23 ] 43 A
GER(E2), MRS EEITE90% L |, 7E LA
e, O A /N PR TR AT 80% 1 48 HE I A%
B X MODIS 77 i A THE FE

2.6 KHE=MNHIE

AR SC AP B4 A T S UL A B AR 4 . 4200
B % E ED (Edge Density) . 2% /)NAZ 35 Ff i
Bl (AREA) Fi&/N2 S#FHb AL (PROP). H:
i) %% T Ok FRAE H AR X IRAC /N 27 B4 A 19
e REAL B, 87N m/ha, BEARIHE I (1) Fr
ANy AN R T AR R S R h AN
T T BRI DA b T AR A B, SRR AL/
2 PR R

ED = ﬁfiff(10000) (1)
X, e, EBEHRERU Y i (SO 2 B K, B
7R m; ARSI, H7hm’; L 10000
545 R ha.

3 W5k
ARG THE B . BRI GH5R
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R RIAED LG BB, JH¥ R
YEP R BARAE | RBEARAE (LR 7K 41 5O iR
FRAE) DA R H SRR 3 4280 (2 2) . TR
I H NDVI il £k %1 43 i 5 A~ s af A (P1—P5) ,
SRIG LR o W A R B AR AS ] 288 B8 B SRR AR 2 i iR A 7

BTG R AL, T £ SR RS B O3 A R AR
TN [RI 2 BRI AR AR B Al 7= By o
e th R R E A, AR LR RR b AT RRAE AL
e, BIBRITRAL R, W@ R MR T LA/
A MG . HAREOR AR AN 3 R

= 2A
5

- HRFE

T HRFUE

s g [k e | S i e e e | T P o PV S Y P I
RINE 517 36 553 93.49 KN 457 49 506 90.32 BN 429 61 490 87.55
JexNE 48 399 | 447 | 89.26 EENE 19 475 494 | 96.15 exhE 31 479 | 510 | 9392
L& 565 435 1000 L& 476 524 1000 L& 460 540 1000

FIEREE% | 9150 | 91.72 il ERE /% 96.01 | 90.65 HIEFEREY% | 9326 | 88.70
SBARKEE % 91.60 SR % 93.20 SRR % 90.80

(a) 2014 4F LA A/ N A2 A3 ]

(a) Distribution map of winter wheat in
Hebei Province in 2014
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(d) Distribution map of winter wheat in
Hebei Province in 2017
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(b) Distribution map of winter wheat in
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(e) Distribution map of winter wheat in
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Fig. 2 Distribution map of wheat in Hebei Province
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®2 TEXRINS

Table 2 Classification of independent variables

AR R Hdh
FEPIHK 3 NDVI,EVI,LAL FPAR,GPP,SR
FEIE(C) (Band1—Band7)
Koy S (M) ET,PET, K&, SFEHK IR E
PREERHIE

LST_DAY,LST_NIGHT, H f&m}
(ENV) HESET) . .
T B TR R R A SOR

A< H SR
T (LAND) ED,AREA,PROP
Gt S ] TR EH ] [ SERBHE
) [ ]
v
4 [SEERIE h
CFI FAIND VI R E R 4354
\ KEEHAHIL A : P1—PS) )
Y
( A RATR h
I e
| YE¥I4F1E: VI, SR, LAI, FPAR, GPP:
\
Y _:__::::__:__::::::__:
. \
2014420174 1% Kob: ET, PET, Bk,
P B R |
| J4iR: LST DAY, LST_NIGHT, I
I HEEEL AR, BERE,
: IR :
jmmmm——mmm————————
| REFOWASE: ED, AREA, PROP :
> J

*Ei{ﬁﬁ
(N—HJET?FH*DEE%EJH )

#*F%ﬁﬁ (20184F)
R2&RMSE&MRE

| |
| |

v

[ A B i % J
v

{ B AR }

K3 BgiAG S B I ig
Fig. 3 Overview of methods for estimating county—level

wheat yield

3.1 EHERS

R T R B AR AE T VR A P R e, R ER
2 SRRy & /N 22 B HEf 2E 5 R B9 T L 75
B o E R PRl AR B S0 00 0 5040 e A v A A BB 1
UL, NDVIHHZRHIE T REAE AR 47 1Y S i A /N2

ARARGL, Eaw) Iz H TR &N E AT W
(ZEfnARRIXI], 20055 Bk % 45, 20125 AU
g 4, 2015) 0 R T kG R A T (] 22 5 02
AR SCE 3 45 B AN AR K ZE MODIS 16 d A A
NDVI () iR FRAE SR U 5 A SR A (4, id
JP1—P5 (5 (1)), L3RR 2018 4- i b4
FeEL AN NDVIZARLE, B[R] FE AL 2018-02-18
F]2018-06-26, P1—P5 KK A 2018 4F5% 81, 97,
113, 129, 145K, X5 CHAERKE BT T4
/N DGR T BB At R, AR X ™ R
I RHE R B (REESC 45, 2014), Hrp P34
J%ikﬁﬂiﬁ%ﬂ;ﬁ FENDVT il 26 |- 5 80 A i (i 557
P2y BRI A W ZE BN 557, P4 PS%jﬂJ
%ﬁﬁMWEWAﬁMO

P3
6000 | P4

5000 |

'S
S
=)
S

NDVIx10000

3000 |

2000 |

049 065 081 097 113 129 145 161 177
DOY

B4 /NG R Bl s i E

Fig. 4 Division of key growth periods of winter wheat

P,=i+16-(k-23) )

A, k=1, 2, 3, 4, 5. (2 EHNDVIBHZ&AES
65 K 255 145 K N ND VI KA BT 9 DOY .
3.2 RIEigit

AR SCEF X ST B BRI 3 AN, A B
5, Hod b KA A B LR 3.

RIS (a) FETVEYHK SRR RIS RRAE 0 i
I AT AN B AR B ) O RET AR AL G . E ST
TS BE A PG PR RE A SR b X XU A
A L R A SRR 2H A BEA TR BE A B Sk HR T e
et AL A

RIS (b) EMEWRIRRER LR I, &8N
ARG (M), Ol (T) FEAEERHE (ENV),
FFEAS [ PR BT RRAE XAy =4 82 1) 5 i R

KK () H—LIMABLEE (ED) . &/
F G A (AREA) | & /N5 B b A e
(PROP) A R MARIE , IRA S HTAS [l B 5

SR I AR A 7 A B 52
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R3 FEFTHEE
Table 3 Data combination of random forest input
e As K

Pl PURARAYYER ISR AR FIR B R

P2 P2APAHAAE YR SR IE FI AR AR

P3  P3MPAHAEYR AR IE FIEASE R

P4 PARPAHIEY R BRRIE FIERSE R

P5  P5HMAHAEY K SERFIEFI AT RHIE

P23 P2, P3WS ARSI SR IE AR IR AR E

P24 P2, P4 RARAYAE R SRR AE PR SRR

P34 P3, PAIHAYVEY IS AE IR B RAAIE
P234  P2,P3, PARHIYEY R BRFAE FIFREE A
C_ENV  FrA A0 AR AR R AP R R AR

C AR EE AR SRR

C_M  JIAT AR LR SRR RIK 53 AT

C_T At B/ AR AR RRIE
C_ENV  JrA7 i AH_E AR SRR e PR A

C  FAHE BRI BRI

C_ED  JirA B AR AR SARAE il 22 2

(¢) C_AREA JIrA AR EAEPHR SRR R4S /N2 Bl A

C_PROP Fr A I AH AR AREAIA /N i B T AR
C_LAND JrA5 A AR SRR AEFIAR SRR

(a)

A5 HE T A [R] S6 BYARAE LA K o AH B9 20 5 44
AEREALAPR AR, S B LR 1 B A B
FEHLARFR (Breiman, 2001) J&—FhA WiE i 4E A
P RE, SRR T, 2
H il A A BB 22— BEDLAR AR ] 5 5500k 7Y 2
JAERIN AR T AR A LA R 3240

(1) FEALERESE . TEFEAES .

D= {xil,xm ""xismyi} (Gell, N])HH A B
% (Bootstrap 55.35) 2 HEATA M A BEH LA AL,
TIK 4T REARSEAE N REA , RRAEE KRS
& [m I CART (Classification And Regression Tree ) .

(2) CART A, fERE— 42 E M CART 1L
e, M MASFHAEFBENLE R P A m AR (m<
M) AR AELE «

d;={x, %0 5%, v} (Cell,n]), 8
T R AE 4 Ok ZE B CART. i FH 35 J7 2% MSE
(Mean Squared Error, =X (3)) 15 54024 4E N
KA E T A3 FEAFAE 388 VA FE AT R i 40
R R, B LKA CART 2 RLAR K

MSE = S/~ 3)’ 3)
Kb, n BHEANEL, R CARTHIINER, y 2R
SAH

(3) FEAIRYFM . T4 B K4 CART Z [H]
SEAHE MR, HEEEEASER, BICE %
B EATRAE , 8 A Bk CART % i 19 °F- 3
28 B A Sy i 1 T 2 SR (Everinghamfff,
2016),

B AL R (0] 3 5500 1 2 A0 DL TR LA
A R DO TR R O s AT, mER; )
DL FOR SR AE O 45 R AR R 4 2R
AR B RE ST, R AR i ] L PR U AT
IR FHASOMEA XA g B AT S EIPRAN, B
HEATAE SCRAE R H] B i e AR AT 3R . s
HIBIFE C 2l I BEALARARAE ST TG/ N2 L E0K
M (Jeong %5, 20165 XIRAH 25, 2019; E
WS 25, 2019) TEWN Y ZFPRIEYI ™ &

3.3 TEEIWIE

A5 2 R B R (Coefficient of
Determination) , ] J7 R i% 22 RMSE (Root Mean
Squared Error) , X% 22 MRE (Mean Relative
Error) A — {177 1% 22 NRMSE  (Normalized
Root Mean Squared Error) 4 4845 PEN BAH G
AR ASE B FHOIORG 2, DA 3 A 28 e A 2 6 XAl 7 1
o, HEAR I (4)—==(7).

4)
()
4@-@
MRE = Z ax 0% 100% (6)
NRMSE = R%SE x 100% (7)

K, EFORE i N BRL/NERERE, 0.3F
7 DR B 2 O BRGNP R SETHEL,
O FR PG HANFIE, n FoREARE

4 HERHr
41 BRI B X R I S
MR I FZL A 46 1 (5% (a)
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Ak (a)) KA, MFERRIEL/NE K™
MM, P1—PSTTRREE AT, {HP2. P3. P4HTAH
B ARG PR B B TP, PSRN AR, T P2,
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Fig. 5 Validation results of random forest with

different combinations
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Table 4 Random forest analysis results

iR 4h R

RMSE/(kg/ha) NRMSE/% MRE/%

P1 0.44 413.92 6.68 5.52

P2 0.68 336.01 5.42 4.15

P3 0.66 341.51 5.51 4.24

P4 0.68 336.32 5.43 4.15

P5 0.3 475.19 7.67 6.56

w P23 0.67 339.27 5.48 42
P24 0.74 293.43 4.74 3.26

P34 0.71 305.95 4.94 3.31

P234 0.72 301.64 4.87 3.24

C_ENV 0.74 290.44 4.69 3.28

C 0.73 295.95 4.78 3.25

_ 0.75 288.21 4.65 3.24

) C_T 0.73 296.18 4.78 3.29
C_ENV 0.74 290.44 4.69 3.28

C 0.73 295.95 4.78 3.25

C_ED 0.79 274.99 4.44 3.05

(¢) C_AREA  0.76 296.8 4.79 3.21
C_PROP 0.82 261.33 4.22 2.8
C_LAND 0.84 247.79 4 2.74
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Fig. 7 Cumulative analysis results of random forest variables
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features on the accuracy of county—level winter wheat yield estimation in
Hebei Province
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Abstract: Accurate and rapid regional-scale crop yield estimation can provide effective data support for the formulation of national food
security policies. Compared with complex mechanism models, sampling statistical surveys and empirical models based on multi-source data
have better reliability and operability for county-level or city-level yield estimation. Previous studies have proposed many factors related to
winter wheat yield, but systematic research on the selection and analysis of multi-source factors is lacking. On the basis of remote sensing,
meteorological, and statistical data, this study systematically explored the influence of key-phase growth-environment-landscape features on
winter wheat yield estimation at the county-level and determined the best time phase and characteristic parameters.

The considered features included crop condition, environmental forcing (e. g., precipitation, light, and temperature), and farmland
landscape. The key phases were the key periods of winter wheat yield formation (P1—P5), which were extracted from the NDVI curve of
the crop growth process. Random Forest (RF) regression models were developed using different combinations of phases and features to
simulate statistical wheat yield data and evaluate the importance of different combinations via an accuracy assessment. The performance of
the models built from each layer combination was compared using the Mean Relative Error (MRE), Root Mean-Squared Error (RMSE),
Normalized Root Mean-Squared Error (NRMSE), and coefficient of determination (R*). Data on years 2014—2017 were used to build the
models, and 2018 data were utilized for validation.

Results showed that P2, P3, and P4 resulted in higher accuracy than P1 and PS5 in terms of single phases. The model accuracy using
multi-phase features was higher than that of using single phases, and the combination of P2 and P4 was the best. Among all the features,
crop growth features had the greatest impact on yield estimation accuracy, whereas the addition of environmental forcing factors (e.g., water,
light, and temperature) did not significantly improve the accuracy. The addition of farmland landscape features could effectively improve the
accuracy of yield estimation. Moreover, five important features (PROP, NDVI P2, B2 P2, ED, and B1 P4) were selected, and a yield
estimation model was established to obtain the county-level yield of winter wheat in Hebei Province. The MRE of wheat yield estimation at
the county level in 2018 was as low as 2.85%, and the RMSE, NRMSE, and R*were 253.25 kg/ha, 4.09%, and 0.83, respectively.

Conclusion Multi-phase performance is better than single-phase performance. Combining crop growth features with farmland
landscape features (RMSE of 247.79 kg/ha) provides more accurate estimates than using crop growth features alone (RMSE of 295.95 kg/
ha). Furthermore, the RF model produces good yield estimation results. This study provides insights into and new methods for nationwide
estimation of winter wheat yield at the county level.
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