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Estimating LAI Model from UAV Multispectral Remote Sensing
Based on PROSAIL Model and Machine Learning

Zhang Zhitao'® Dong Ning'” Liu Hao'? Bai Xugian'” Chen Junying'”® Ye Sumeng'~’
(1. College of Water Resources and Architectural Engineering, Northwest A&F University, Yangling, Shaanxi 712100, China
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Abstract: Leaf area index (LAI) is a key biophysical parameter that reflects crop canopy structure and
growth status, playing an essential role in ecosystem monitoring and precision agriculture. To improve the
accuracy and robustness of LAl inversion under complex conditions, it generated 114 210 paired samples
of canopy reflectance and LAl using the PROSAIL radiative transfer model. From the simulated spectra,
totally 24 vegetation indices were calculated, and eight with high correlation to LAI were selected through
Pearson analysis as modeling features. Three machine learning algorithms, i. e. , K-nearest neighbors
(KNN) , random forest regression (RFR) , and extreme gradient boosting ( XGBoost) , were then applied
to build LAI inversion models. These models were validated by using UAV-based multispectral
reflectance and LAI observations across four soil moisture content (Tl ~ T4), three growth stages
(jointing, heading, grain filling) , and integrated conditions combining all moisture levels and stages.
Results showed that XGBoost achieved the best performance with strong nonlinear modeling and
generalization ability. RFR performed well under medium-to-high moisture and stable canopy stages.
KNN was more sensitive to soil background and spectral disturbances, with reduced accuracy under low
moisture and early growth stages, but retained moderate stability under integrated conditions. Research
findings demonstrated the feasibility of integrating physical simulation, feature selection, and machine
learning for LAI inversion, providing methodological support for UAV-based multispectral remote sensing
of crop parameters.
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1.1 RIeXER

F5E XA T Hp LR X K AR 5T e (& 1a)
AR T B VE B M B2 R I IX(34° 177 42.17" N,
108°4"20"E , 4K 525 m ) o 1% DX 2 v ] P {7 it
BRI R AR X, Z AR K i 2 635 mm, £ %
A 7—9 H & T ZE KRR A X, it
55 b - A Sy g P H R KR 2 26%
MERL8.6% , LIETHEEL 1.6 ¢/em’, -1
pH {H2 8. 1, HHUR &2 13.3 g/kg, MA T HLY
0.8 g/kg, Hb T K HE AL BR, 10 b kb 45 2 AT Z B
Rit,
1.2 iRIigit

RGBT AR b iR, 2 HE 4 m X T3z
TR Y 28 /NFE R /IMIZ 227 R WFSE 0 42 08 4 Ff
I KRR FE AL T1 ((40% ~50% ) H [a] F5 7K
) T2((50% ~65% ) HIEFKHR) T3 ((65% ~
80% ) HIIA] 4 7k #) 1 T4 ( (80% ~95% ) M ]33 7k
RIS T8 TR R 4
(1) 3 8 A, DAASEJBLAN ] K 43 fR 200 X6 26 /N 22
LAL W52 RRAb3ise 3 ANEE /MK (H -1, -2, -3
Fom) 312 AR/ NX, BN TR 4 m x4 m,
STE BRI BRALN , R/ NX R B E 1.5 m (9T,
LAWK s TR

KN IT 2022 2023 2024 4E 10 H A%
Flt FEADIREE 4 em, ATHH 25 em , AP 200 kg/hm’,
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Fig. 1  Overview of pilot area

HECIRE ERE RS P R 0 ~ 60 em )2 BN K
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Tab.1 Average irrigation water

JGBL T-1 TI-2 T1-3 T2-1 T2-2 T2-3
WkE/m* 0 0 0 0.249 0.253 0.247
bS] -1 T3-2 T3-3 T4-1 T4-2 T4-3
Wk /m® 0.564  0.558 0.566 0.869 0.862 0.854

1.3 SXiLEHGERESLHE

2 5 14 R F K88 Matrice600Pro %Y JG AL
(& 2a) ##k MS600V2 R Z Y% AHBL (& 2b) FREL
AL S 6 AU B, D I 43 5 o 490,555
680,720,800 900 nm, KA 5 BE K 20 m, HbIf 43
HER A 0. 014 m/ AR Z, SEAR R 0] 500 1) 2 5 B 35y
80% . FAFEET ] [ E 7F 12.:45—13 .15 Z ] Fe KR
JEEU /0 A BH v B A AR A R A SR 22

RATHIA Y 7 A A (& Lh) L fd A Hi -
TargetiRTK3 #2243 GNSS % 4% (I 2¢) RAE il 54
MR SR PHE SIS 3 Pixd Dmapper B4 58 1%,
RSP U SR AR ME S S Z AR (1] 2d) , 7E ENVI
5.3 FAFTERL 6 B B AR A S R, SR BUE)E R
SARAE

K2 BliRELH

Fig.2 Data acquisition equipment
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i A% R AR T, 75 58 /N X P B AL BE B
3 *%Eﬁﬁ%%riéﬁd\zt{ﬁ%, HEAT ZE 043 85 Ab 3
MR, KIS AL P i Matlab R2022b 5231, ) FH B
B (& 3) $FRHU B D, 3 Bk A
2585 T (R REAS R A R A 00 B A7 1 AR B 25 40, T
/X LAL, e R 42 SR A 348 241, 1 35 1

KRR SR F BB, B/ X AR B0
A2y
pL,
LAl = S (1)

At LA B
L —$$E$HEH+E L m’ /b
/NXHIER,
P—ﬁ/‘/ \E*EH@& VS
1.5 #EiHENE
SR FI PROSATL #6750 A= 1 5 J2 8 e i S 5 %
3, BB K A 400 ~ 2 500 nm, YEIE B K 1 nm,
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ARG T i R 2 A PROSPECT 5 ek )22 4
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Tab.2 PROSAIL model parameters

S8 Bl
IS S (LAT) / (m? »m ™) 1~8
M4 ZE R (Cab)/(pgrem ™) 30 ~70
M S S E(N) 1~3
SR (ALA)/(°) 20 ~ 60
T F & E(Cm)/(g-cm™2) 0.005 ~0.01
+ 5 1% (psoil ) 0~1
A% N E &R (Car)/(pug-em™?) Cab/6
FROKIEE (Cw)/em 0.2
AR B (hspot) 0.3
ARX 5 LA (psi) / (°) 0
ki) 5% 1 ( Chrown) 0
KBARTUA (us)/(°) 0
IR T (o) /(°) 0

1.6 RigHtik

I8 N AIL3R B 2 % I B &2 6 S A%, i
PROSAIL #EAIASE 4 (14 568 J22 V6 385 5 58 RS2 7E 400 ~
2500 nm N LL 1 nm jﬂlmﬁ%%ﬁﬁ%%ﬁ%ﬁ%,:%
FEAE IR ) RUBE RSO, T B AL 1 % I 5 SR Ak 4
MS600V2 #4255 AH AL e Ny ek 4R (&1 4 ) AT i B
VCFE, 554005 iR AU 20, et A 20k

Amm
[ £ () Rungsanda
R = Amin

(2)
e
Arf R—HH MS600V2 23 AHL Y % B
PR
NG 2E3T NN
ENE2=35UNEN
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prosan,——PROSATL 5 B 455 48] 1Y) 3% 252 5 't
U e
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Fig.4 Spectral response function curves of MS600V2

multispectral camera
1.7 HEEEHHMESTRE

FET A PEIE Y 6 B3 T 24 Flvig L
MR R (35 3) ,Wid A —FLIE(NDVI GNDVI) (22
fEJ5(DVI,GWDVI) | - 3EJH45 5 (SAVI MSAVI) %
ANRIZEARY X SEFE R Bz Bk i T AR B AR K
WA LALAESEREE % IEE] MS600V2 %1 £
TEARPLEL & 2 D ITLLAME B (800,900 nm) |, BT A 45
BRI NIRT 5 NIR2 2 FIE X, A 58 AR AR iF
8 = PR

o R R b A O M 4 A 7 ¥ ( Pearson
correlation analysis) , i ¥E tH 5 LAI #1CME 2805 T
0.7 AR B0, T I SaR B Fifiay A\ A2
1.8 #EEHESEETMN
1.8.1 Ay

NSEIAC /N A I TR (LAL) ok R S
HEHL K 24K 715 ( K-nearest neighbors, KNN) | Ffi#l
FEMRH ( Random forest regression, RFR) Fl v
FE 42 T+ 7] )5 ( Extreme gradient boosting, XGBoost )
3 B B HLAS 2% 2] Bk AT A, DL PROSAIL
BAUREA) 70% VR ZR4E 30% 1 S iE4E , i
BEHTXT T A RRAE A7 v Ak Ak B, Y1 2R R R
Optuna HEZRFIATHS BN R JFEE BT 3 WHCE
BE, DAS ok B SRR e T

(1)K ITARMIH (KNN)

KNN J& T2 TS0 3RS0 R 75 3% il 1 1E
FEAEAS [A] NIRRT TN A AS 55 Y11 2R A R B 8 B
TR b AR FEREAS K5 4 BN AP S 4 13
MZER, R BIA] RIEIE R (p =2, BIMK R E)
UBS)-S i

O SEHGAR R AL kPR A J7 =X (354
ol R EON R ) M R B E (AN ball-tree 5%, kd-
tree) , 1S Optuna ZEYIZREE I A FH 28 I8 UEAf
RIS EAA IR TTXTRE ST Z-score FRifE
M LA 8 JUE 22 S B R
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Tab.3 Vegetation index calculation formulas

LIEEIEiER AR SCHR T
JA—fEAH AR ZL(NDVI) NDVI = ( NIR - Red)) / ( NIR + Red) [24]
HRAPE B (EVI2) EVIL, =2.5(NIR - Red) /( NIR +2. 4Red + 1) [25]
WA EL(EVI) EVI=2.5(NIR - Red)/(NIR +6Red —7. 5Blue +1) [26]
MR R BEEL(GCVI) GCVI = NIR/ Green — 1 [27]
BT R FR 2 (SAVI) SAVI = (NIR = Red) (1 +L)/(NIR + Red + L) [28]
S HE R b SR A S B (MSA V) MSAVI =[2NIR +1 - /(2NIR +1)? =8(NIR - Red) 1 /2 [29]
ZERBEAEE(DVI) DVI = NIR - Red [30]
e AR EL(CVT) CVI = NIR/Red [31]
Ak 250 4 3E R 5 MBI FE 4 ( OSA VL) OSAVI = ( NIR - Red)) / ( NIR + Red +0. 16) [32]
53 ) — LA B FE B (GNDVI) GNDVI = ( NIR - Green) / ( NIR + Green,) [33]
I B ASAE WS B WDRVI) WDRVI = (aNIR - Red) / (aNIR + Red) [34]
ghta ) B AEBAE S (GWDRVI) GWDRVI = (aNIR - Green) / (aNIR + Green) [34]

T : Blue Green \Red NIR 53 3/~ M G LI LLAMEBOGIE RAPR , L FoR HHESE T RE,H0. 550 R NIR JEBOINBCGRE IR0 1,

(2) FEHLARARIETUT (RFR)

RFR /&2 — # 3& T Bagging ( Bootstrap
aggregating ) AR 57 2] J5 ik 3l aob A4 8 22 BR U SRR
FEXF T 45 S BT S (B R AR O 22 4 THZ 1L RE
g PR A5 I 25 DA IR BCH TP R AT BB R RE
(Bootstrap ) , JF-7E i 73 2L BEAL VL £ 70 K fE S
54157,

BOSESER i (n_estimators ) | e A T

JE( max_depth) VI B INGT SRR AR ( min_samples_

split) \uf%,ﬁfid\ﬁzﬁﬁ( min_samples_leaf) KK
FHIEEL ( max_features) . FIH Optuna 7EYIZR4E I H
YR RS I A, LA PR IERS B A [ B 42 il 45
TSR,

(3) e B ST 21U (XGBoost )

XGBoost & F # & # 7 ( Gradient boosting ) &

A R AIE SR A G 5 22 , il £
SEHLPCE WS, T AE NI Ll U A

B ZE G- 21 R (eta) e KW IR IE (max_
depth) F5e/NHAT AL (min_child_weight) TR AE
He Al ( subsample ) FRAESRAE A7 ( colsample_bytree )
JOE WAk 2 % (lambda | alpha) , i3 Optuna 7E Il
St FI RS EL, IF R TR SR SRt i U0
1.8.2 I

BERD M R R P8 REC(R?) V3 T MR ik 22
(RMSE) P45 25 (MAE ) #1H — 1635 77 #id 1%
25 (NRMSE )4 WUSFRFEATPFHr . Ho  R? A A
AT, RMSE i & & {& 1% 22K 7, MAE {4 3
FITIN (i 22 , NRMSE fEA 20 BR 49 520, 18 A
()17 55 T 1 22 B R ] LU 35S, D 3 2 S I A A g i
AEJ,

AR, Ry i — 2B DA T 25 R g R
FHBCXS ¢ R 13 B 5 S ez [ i) P A, JF

TERLA B AT B PR T (P < 0.05 FRidh =+,
P <0.01 #rick = ,P=0.05 i N ns) ,

2 ER5HH

2.1 ETF Pearson XS A iERE RIS ST IE

Pearson FICPEMTEE R (R 4) K ZH0H—
AR R T A AR S LAT EA B0 IEAH G
P, JoHE GWDVI,GNDVI,GVI Fl GCVI, ZE L1 i
EAEASCHE . o PR A BILER 2 > 455 30 1) RR A X
LAI A #5558 B9 R AERE 71, PEHL Pearson #H¢ RECK T
0. 7 FHBEH8 BUE A BBy A RRAE, T 2209 LAL
B i @5 4y 5 5 GWDRVI _NIR2 . GCVI _NIR2 .
GWDRVI_NIR1 ,GCVI_NIR1 .GNDVI_NIR2 .GNDVI_
NIR1 \MSAVI_NIR1 .EVI2_NIRI,

%4 Pearson HHXMENSTER

Tab.4 Pearson correlation analysis results

WS Peason |l e Pearson
MR MR

GWDRVI_NIR2 0. 781 OSAVI_NIRI 0. 692
GCVI_NIR2 0.775 CVI_NIR1 0.691
GWDRVI_NIRI1 0.770 DVI_NIR1 0. 691
GCVI_NIR1 0. 766 OSAVI_NIR2 0. 690
GNDVI_NIR2 0. 765 MSAVI_NIR2 0. 690
GNDVI_NIR1 0.751 SAVI_NIR2 0. 682
MSAVI_NIR1 0. 705 EVI2_NIR2 0. 680
EVI2_NIR1 0.701 EVI_NIR1 0.675
SAVI_NIR1 0. 699 NDVI_NIR2 0. 667
WDRYVI_NIR2 0. 698 NDVI_NIR1 0. 659
CVI_NIR2 0. 696 EVI_NIR2 0. 651
WDRVI_NIRI1 0. 694 DVI_NIR2 0. 646

2.2 AETEEKET LAI RiEHR
TEANTE FHE S KR (T ~T4) &0 F, R
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Fig.5 Measured and inversion LAI values using KNN, RFR, and XGBoost models under different soil moisture gradients
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