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Table 1 Descriptive statistical analysis of winter wheat LAI

BB Dataset  %UE Number 4:§F Range fix KME Max. fix/ME Min. “FYJ{E Average #rifEZE SD /% Z%L Skewness U5 Kurtosis
SARREA All set 230 8.067 9.867 5.800 2.026 -0.129 -1.209
K 1IE4E Calibration set 154 8.067 9.867 5.785 2.041 -0.129 -1.197
I&AE4E Validation set 76 7.133 9.433 5.829 2.008 -0.129 -1.241
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Fig.2 Multi-angle canopy spectral curves of winter wheat at different growth stages
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Fig.3 Correlation analysis between multi-angle
canopy spectrum and LAI of winter wheat
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Fig.4 Correlation analysis between sym8 wavelet energy coefficient and LAI of winter wheat
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Table 2 Correlation coefficients between sym8 wavelet energy coefficients
and LAI at different decomposition scales from different observation angles

L £ FE 53 fif# R Decomposition scale
Observation angle 1 2 3 4 5 6 7 8 9 10
0°, 0° 0.047 -0.076 -0.202 -0.345 -0.377 0.420 0.747 0.788 0.793 0.794
0°, 30° 0.106 0.102 0.121 -0.100 -0.230 -0.346 -0.617 -0.677 -0.682 -0.683
0°, 60° 0.093 0.102 0.134 0.059 -0.199 -0.218 -0.488 -0.636 -0.654 -0.656
90°, 30° 0.150 0.118 0.145 -0.050 -0.150 -0.156 0.346 -0.444 -0.460 -0.461
90°, 60° 0.110 0.092 0.106 -0.103 -0.242 -0.310 -0.568 -0.656 -0.662 -0.663
180°, 30° 0.102 0.103 0.135 -0.084 -0.168 -0.290 -0.554 -0.630 -0.636 -0.637
180°, 60° 0.087 0.088 0.170 0.118 0.148 0.183 0.401 -0.532 -0.557 -0.559
x3 ZNE LAl ZHESNHIEENERR]
Table 3 Performance of multi-angle hyperspectral monitoring models for LAI of winter wheat
5 it IS 1 RF BPNN
Variable Observation angle R RMSE RPD R2 RMSE RPD
JRUEHHE Original spectrum 0°, 0° 0.647 1.225 1.684 0.608 1.249 1.597
0°, 30° 0.655 1.172 1.702 0.619 1.230 1.621
0°, 60° 0.639 1.239 1.665 0.576 1.343 1.536
90°, 30° 0.477 1.491 1.383 0.406 1.590 1.297
90°, 60° 0.633 1.249 1.652 0.569 1.355 1.522
180°, 30° 0.550 1.379 1.490 0.527 1.418 1.454
180°, 60° 0.591 1.320 1.563 0.533 1.404 1.463
AN e B R 0°, 0° 0.731 1.069 1.930 0.708 1.078 1.851
Wavelet energy coefficient 0°,30° 0.790 0.913 2.184 0.737 1.024 1.948
0°, 60° 0.751 0.994 2.006 0.690 1.149 1.795
90°, 30° 0.679 1.168 1.766 0.628 1.258 1.640
90°, 60° 0.727 1.078 1.913 0.676 1.175 1.756
180°, 30° 0.693 1.106 1.804 0.675 1.176 1.754
180°, 60° 0.687 1.115 1.789 0.652 1.217 1.695

FEET RE A1 BPNN #JRI R4F, Horp RF B

femft (R>=0.790, RMSE=0.913, RPD=2.184) .
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Fig.5 The 1:1 verification diagram of 30° backscatter predicted value and measured value of winter wheat LAl monitoring model
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Monitoring Winter Wheat LAI Based on Multi-Angle
Hyperspectral Data and Wavelet Transform

Bai Yan, Ji Jiaxing, Yan Xiaobin, Bai Juan, Qiao Xingxing, Zhao Yu, Wang Chao,
Feng Meichen, Xiao Lujie, Song Xiaoyan, Zhang Meijun, Yang Wude, Li Guangxin

(College of Agronomy, Shanxi Agricultural University, Taigu 030801, Shanxi, China)

Abstract The rapid development of hyperspectral remote sensing provides technical support for real-time and
accurate monitoring of crop growth. Vertical observation angles have limitations in extracting vegetation canopy
structure, while multi-angle remote sensing possesses technical advantages in detecting plant canopy structure
and information from the middle and lower layers, which provides the possibility for precise monitoring of
winter wheat growth. Continuous wavelet transform possesses a detailed and rich scale space, and its
combination with multi-angle hyperspectral data allows for obtaining richer characteristic information of crop
canopy structure. Taking winter wheat under drought stress as the research object, this study analyzed the
multi-angle canopy hyperspectral reflectance characteristics of winter wheat and determined the optimal
decomposition scale of the continuous wavelet transform. Based on the original spectra and the wavelet energy
coefficients of the optimal decomposition scale, monitoring models for the winter wheat leaf area index (LAI)
were constructed using BP neural networks (BPNN) and random forests (RF). The results showed that among all
observation angles, the canopy spectral reflectance from backward scattering observations was higher than that
from forward scattering and vertical main plane observations, and the canopy spectral reflectance of winter wheat
was highest at a backward scattering angle of 30°. After sym8 wavelet decomposition of multi-angle canopy
spectra, the correlations between spectral data from all angles and winter wheat LAI were improved. When the
observation angle was 30° backward scattering and the decomposition scale was 10, the RF model based on
continuous wavelet transform performed best (coefficient of determination=0.790, root mean square error=0.913,
relative percent difference=2.184).

Key words Multi-angle canopy spectral characteristics; Winter wheat; Leaf area index; Continuous wavelet

transform
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