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Abstract; The UHD185 imaging spectrometer and ASD spectroradiometer were used to acquire imaging
and non-imaging hyperspectral data during three wheat growth stages, including flagging stage, flowering
stage and filling stage. The corresponding ground leaf area index ( LAI) data were also collected. Firstly,
the ASD and the UHD185 spectrometer data were compared and their precision was evaluated. Then, the
correlation analyses were conducted between LAI and seven LAI related spectral parameters, linear
regression and exponential regression were used to select the optimal estimation parameters. Finally, for
each growth stage, multivariate linear regression, partial least squares, random forest, artificial neural
network and support vector machine were used to construct LAI estimation models for winter wheat. The
experimental results showed that UHD185 hyperspectral spectrometer reflectance was highly consistent
with ASD ground hyperspectral spectrometer reflectance in the red-edge region. The coefficients of
determination between them were 0.995 9, 0.999 0 and 0. 996 8 for flagging stage, flowering stage and
filling stages, respectively. The parameters with the highest correlation with LAT were NDVI (r =0. 738)
for flagging stage, SR (r =0.819) for flowering stage, and NDVI x SR (r =0.835) for filling stage.
LAI— MLR was the best estimation model for winter wheat. The highest accuracy for flowering stage with
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R of 0. 678 8, RMSE of 0. 69 and NRMSE of 19. 79% for calibration, and with R* of 0. 8462, RMSE of

0.47 and NRMSE of 16. 04% for validation.

Key words: winter wheat; leaf area index; UAV; imaging spectroscopy; estimation; spectral parameters
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Fig. 1  Location of winter wheat experimental area and experimental design
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Fig.2 Experimental design of winter wheat
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Tab.1 Distribution of leaf area index of winter wheat
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PRy 8.808 1.298  4.879  4.192 1.625
JFAEH 5.886 1.241 3.701 3.295 1.198
MW 3.815 0.352 2,282 1.586  0.891
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Tab.2 Main parameters of UHD185 high imaging

spectrometer
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Fig.3 Processing diagram of high imaging spectrometer

by UHD185 sensor mounted on UAV
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Fig.4 Comparison between UHD185 hyperspectral curve

and ground ASD hyperspectral curve in different stages of

winter wheat
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Tab.4 Correlation analysis between spectral parameters

of different growth stages and LAI of winter wheat

e B FF 1639 T
NDVI 0.738 ** 0.771* 0.824 "
SR 0.720 * 0.819* 0.823*
MSR 0.725* 0.781* 0.812*
MSAVI 0. 654 ** 0.773 0.775"
OSAVI 0. 683 * 0.757* 0.775"
MCARI 0.213 0.398 ** 0.421"
TCARI -0.367 0.123 0.226
NDVI x SR 0.731* 0.816 ** 0.835"
TCARI/OSAVI -0.657"  -0.636" -0.752"*
OSAVI x SR 0.727 " 0.814 " 0.822*
MCARI/OSAVI -0.362 " 0.216 -0.149
EAR VRIS 0. 445 * 0.511* 0. 664 ™*
AR ] 0.579 * 0.766 ** 0. 766 "*
AR UNTITEA 0.562 " 0.751* 0.744 "
Fe /MR R -0.532" -0.217 ~0.404 "
L1 AR 0/ B /N R i 0. 688 ** 0.579 * 0. 809 **

s FR0.01 KFERE,

WA EAR G o AT AR, O3 24 TCART
MCARI/OSAVI F /N E IF 2 JC 2 3 4 5%, TCARL/
OSAVI S 4 fuk 25 70AH 5C , AH 5 Hh o e 19 A1 G R %K
r 4 = 0.636, HoAb 19 2 B B AR B 3 IE MG, HA
KRBT B, e m BRI R B r 0. 819, %)
WY JE 28 SR, H A2 K OSAVI x SR A 56
A, k8 T 0. 814, R Tk 3 e 1 2
B SR, HEH M, 6% S 40 TCARI fil MCARI/OSAVI
T F ARG, AR BRI B AR AR
408 UL ESHEHAL 2 MEFMZ . MM
I OLTE S BUE NDVI x SR, A5 R 8 r 09 0. 835,
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B THRIRSECE R PRI R R
WiE) UHDI8S 't 1% B #4 1 1 O 1% 2 80, 76 & 1>
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BERY AR 173 BEAS (16 4N) MRS RS, 43 A AEAS
) A= B 1R R 6 P RN 250l U5 4 4 /N2 LAT Al
BERY AT B 6] A= 7 300 0 & 1 A0 0 PEAN 45 4
R® .RMSE FI NRMSE, H:Z5 504 5 ~7 Frs.

MRS ~7 /L1783 NMEF B ER il gt iy
BERY R BE AR 200 T LR, HIRTEAR R A F
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Tab.5 Regression analysis of spectral parameters and LAI in flagging stage
LR ER
S8 feiyi g B R4 jeiyi g I UESE
R? RMSE NRMSE/% R? RMSE NRMSE/% R? RMSE NRMSE/% R? RMSE NRMSE/%
NDVI 0.5426 1.12 24. 62 0.7185 1.12 18.17 0.6195 1.13 24.77 0.768 1 0.63 18.13
SR 0.489 1 1. 19 26.02 0.7349 0.61 17.63 0.5301 1.21 26. 44 0.7509  0.63 18.03
MSR 0.4984 1.18 25.78 0.7449 0.60 17.29 0.5470 1.19 26. 05 0.7711 0.59 17.01
OSAVI 0.4113 1.28 27.93 0.7322 0.61 17.72 0.5054 1.31 28.70 0.7808 0.56 16. 34
NDVI x SR 0.5117 1. 16 25.58 0.7342 0.61 17. 65 0.5452 1.19 26.01 0.7479 0.64 18.73
OSAVI x SR 0.4833 1.19 26. 16 0.7803 0.55 16. 05 0.5303 1.22 26. 69 0.7920 0.55 15.93
L PENE/ f/MENE 0.514 1 1. 16 25.37 0.5374 0.80 23.29 0.5569 1.24 27.21 0.5733 0.86 25.02
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Tab.6 Regression analysis of spectral parameters and LAI in flowering stage
LR ER
ZH L B E L B E A
R? RMSE NRMSE/% R? RMSE NRMSE/% R? RMSE NRMSE/% R? RMSE NRMSE/%
NDVI 0.5905 0.78 22.34 0.6570 0.59 20. 43 0.6349 0.77 22.12 0.7129  0.55 18.77
SR 0.6317 0.74 21. 19 0.7622 0.50 17.01 0.6408 0.74 21.30 0.7841 0.45 15.52
MSR 0.5805 0.79 22.61 0.673 1 0.58 19. 95 0.5969 0.78 22.38 0.7032 0.53 18.29
MSAVI 0.5613 0.81 23.12 0.6670 0.59 20. 13 0.5987 0.83 23. 80 0.7083 0.56 19.22
NDVI x SR 0.6257 0.74 21.36 0.7568 0.50 17.21 0.6334 0.75 21.43 0.7776  0.46 15. 65
OSAVI x SR 0.6232 0.75 21.43 0.7503 0.51 17.43 0.6339 0.75 21.54 0.7707  0.46 15.92
FARUER ) 0.5485 0.82 23.46 0.6774 0.58 19. 81 0.5938 0.85 24. 45 0.7232 0.55 19. 06
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Tab.7 Regression analysis of spectral parameters and LAI in filling stage
LR ER
ZH R LRl S R LT S
R? RMSE NRMSE/% R? RMSE NRMSE/% R? RMSE NRMSE/% R? RMSE NRMSE/%
NDVI 0.6585 0.54 31.29 0.7441 0.37 28. 18 0.6721 0.53 31.13 0.7930 0.33 24.61
SR 0.6232 0.56 32.86 0.7856 0.34 25. 80 0.6364 0.62 36. 18 0.7918 0.35 26. 66
MSR 0.6026 0.58 33.75 0.7756  0.35 26.39 0.6164 0.61 35.84 0.8079 0.11 33.54
MSAVI 0.5827 0.59 34.58 0.6117 0.46 34.71 0.5746 0.59 34.38 0.6816 0.48 35.73
NDVI x SR 0.6443 0.55 31.93 0.8059 0.33 24.54 0.6517 0.6l 35.35 0.8123 0.34 25.89
OSAVI x SR 0.6270 0.56 32.70 0.7674 0.36 26. 87 0.6320 0.60 34.92 0.7886 0.38 28.67
LN IR IE/ i/ MIRIE 0. 6629 0.53 31.09 0.5798 0.48 36. 11 0.6616 0.60 35.11 0.576 0 0.52 38.72

1.13.24.77% 1 0.768 1.0.63 ,18.13% . i 1+ LR
FER St 25 S 0] DU ), 25 A 4R RN 00 UE 45 1Y
P8 FR R \RMSE \NRMSE , NDVI 2 #k jift 399 ) 5 1)t
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Tab.8 Estimation of winter wheat LAI modeling by spectral parameters in different growth stages
. £29/118:4] AL THE )
R? RMSE NRMSE/ % R? RMSE NRMSE/ % R? RMSE NRMSE/ %
LAI-MLR 0.6315 1.01 22.09 0.678 8 0. 69 19.79 0.766 1 0.44 25.90
LAI-PLSR 0.5355 1.13 24. 81 0.6523 0.72 20. 59 0.688 8 0.51 29.87
LAI-RF 0.3617 1.35 29.61 0.5197 0.85 24.31 0.546 1 0.62 36.31
LAI—- ANN 0.5927 1.08 23.69 0.601 4 0. 84 24.06 0. 666 4 0.54 31.34
LAI-SVM 0.5332 1. 18 25. 80 0.603 8 0.82 20.99 0.654 1 0.55 32.33
MLR ,LAI — PLSR LAl — RF LAl — SVM #J NRMSE NRMSE 5 s 5 A $2 30, Ut I A R R e AR 4. PhE

AH LA A 2 F 1, NRMSE fe 1%, 158 W3 76 TF 16 1]
FFA4 # 9 LAI — MLR . LAI — PLSR . LAI — RF LAl —
SVM 4 /N2 Al AR TR 82 vo , A 2 ) £l 000 A 78 8 SR
B, PR LAT — MLR 5 00K B f 5, @A R
RMSE FI NRMSE 43 %] 4 0.678 8 .0.69 .19.79%
VHE SR U1 0 ASE R (Y R B 45 K, {HL45 AR ) NRMSE
A B TAL IO R T A 300 O e, G R SRR B A o 1
RI{E8K Fy LAL — MLR, 3 R’ RMSE 1 NRMSE 43 3
J£0.766 1.0.44 25.90% .

RIS Fh g5 0 % A4 A= B 30 90 UE A AR 19 55 T A
55 A8 A HEAT X L 4 AT, B8 IE 44 /N2 LAT A A 7
ke v, TR g L mE 6 ~ 10 s, MEH A A,
I A A% (¥ S 0 AF 5 % 0 B R ¥ R® L RMSE Al

9, B 5iF B B LAT — MLR 09 2 58 1 I i (R =
0.637 6 ,RMSE iy 1.31), %5 fiE 25 1 5 @ 455 45 R A1
T, AH PG A A 9% TE R A, A LAL — RF A £20E M
2% (R =0.778 4 ,RMSE 3} 0.94) . FF 4630, 5 4iF
R RY vp i O G E 1 a2 LAT — MLR, Jf H. 1 56 ik 45 7Y
N3 ANEE W PO B B 9, H R RMSE \NRMSE
A3 51H 0. 846 2.0. 47 16, 04% , Ay f 3 (1 4l ) A5 760 |
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Fig.6 Results of LAl — MLR analysis of sample for validating models for different growth stages
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Fig. 8 Results of LAl — RF analysis of sample for validating models for different growth stages
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Fig.9 Results of LAl — ANN analysis of sample for validating models for different growth stages
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Fig. 10 Results of LAI — SVM analysis of sample for validating models for different growth stages
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Fig. 11  Spatial distribution map of LAI in winter wheat

flagging stage and flowering stage
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