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Abstract

Aims Accurately obtaining forest structural attributes is important for forest ecosystem research and protection.
As a key data source, satellite remote sensing data are used to derive various regional and global products of forest
structure and conditions, which are widely used in forest condition evaluation, forest biomass estimation, and
forest disturbance and biodiversity monitoring. However, these products derived from satellite remote sensing
data lack verification for China’s forested areas, and their accuracy and uncertainty under different forest structure
and terrain conditions is not clear. Light detection and ranging (LiDAR) has the advantage of acquiring
high-precision three-dimensional information. It has been widely used in monitoring forest ecosystems and
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validating various datasets of forest structure derived from remote sensing data. This study focused on evaluating
the accuracy of Global Land Surface Satellite Products System-Leaf Area Index (GLASS LAI), Global Land
Cover Facility-Tree Canopy Cover (GLCF TCC), and Global Forest Canopy Height (GFCH) products in China
based on massive unmanned aerial vehicle (UAV) LiDAR data.

Methods We collected nationwide LiDAR point cloud data at 114 sites in China’s forested areas to build the
benchmark validation dataset including canopy cover, canopy height and LAI. The corresponding pixel values of
the above three products were extracted using the geolocation from UAV LiDAR data. The coefficient of
determination (Rz) and root mean square error (RMSE) were used to evaluate the accuracy and uncertainty of the
three products. The uncertainty under different forest types, canopy cover and terrain conditions were also
analyzed.

Important findings The results indicate that compared to the LAI, canopy cover and canopy height derived from
UAV LiDAR data, GLASS LAI (R* = 0.29, RMSE = 2.1 m**m %), GLCF TCC (R*= 0.47, RMSE = 31%), GFCH
(R*= 0.37, RMSE = 5 m) all exhibit large uncertainties and suffer from saturation problems in China’s forested
areas, and their accuracy varies significantly across forest types, canopy cover and terrain conditions. In general,
the GLASS LAI and GLCF TCC are mainly influenced by forest types and canopy cover, respectively. In contrast,
both slope and canopy cover have large influences on the accuracy of GFCH.

Key words validation; UAV lidar; leaf area index; canopy cover; canopy height
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Fig. 1 Spatial distribution of unmanned aerial vehicle (UAV) LiDAR data used in this study, and examples of 3D point cloud
rendered by elevation. A, Tazigou Forest Farm, Jilin Province. B, Tianma Forest Farm, Shandong Province. C, Diaoluo Mountain

National Forest Park, Hainan Province.
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Table1l Parameters of unmanned aerial vehicle (UAV) LiDAR system

VNI i R MERERE MM B
WotE AR P Measurement Field of Number
kA% Laser Maximum accuracy view of returns
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LiDAR frequency (kHz)
system
LiAir 220 HESAI 720 +20 360° 29k
Pandar40 Dual returns
LiAir Pro Riegl 550 +10 360° £k
VUX-1 Multi-returns
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Table2 Basic information of satellite remote sensing products
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Analysis  and

77 i WA EaE HRM B W PEE
Product Version  Spatial coverage Time period Spatiotemporal

LTS W Esd 2
Coordinate system and projection Data source
resolution datum

GLASS LAI V50 43k Global 2017 8d, 500 m
GLCFTCC V4 4=¥K Global 2015 l1a,30m
GFCH - 423k Global 2019 1a,30m

IE5%#%5% Sinusoidal projection
UTM#5#% UTM projection
UTM#5 UTM projection

http://glass-product.bnu.edu.cn/
https://lpdaac.usgs.gov/products/gfcc30tcv003/
https://glad.umd.edu/dataset/gedi/

GFCH, 4:BRji)z w7 dh; GLASS LAI, £ERMH IR fh; GLCF TCC, 4B % 27 ih; UTM, Bis:Rit.
GFCH, Global Forest Canopy Height; GLASS LAI, Global Land Surface Satellite Products System-Leaf Area Index; GLCF TCC, Global Land Cover

Facility-Tree Canopy Cover; UTM, Universal Transverse Mercatol.
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Fig. 2 Histograms of three forest structural attributes derived from unmanned aerial vehicle (UAV) LiDAR data. LAI, leaf arca

index.
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Fig. 3 Scatter plots of canopy cover estimated from unmanned aerial vehicle (UAV) LiDAR data and Global Land Cover
Facility-Tree Canopy Cover (GLCF TCC) under different uncertainty levels provided by GLCL TCC. The dotted lines are 1:1 lines,
the solid lines are fitted lines, and color bars represent the probability density of observations with dark blue for low density and
yellow for high density. A, Uncertainty: 0-5%. B, Uncertainty: 5%—10%. C, Uncertainty: 10%—15%. D, Uncertainty: above 15%. R,

determinant coefficient; RMSE, root mean square error.
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Fig. 4 Accuracy of three satellite remote sensing products
against unmanned aerial vehicle (UAV) LiDAR observations.
The dotted line is the 1:1 line, the solid line is the fitted line,
and the color bar represents the probability density of
observations. GFCH, Global Forest Canopy Height; GLASS
LAI Global Land Surface Satellite Products System-Leaf Area
Index; GLCF TCC, Global Land Cover Facility-Tree Canopy
Cover.
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i) @, X 5 Sexton%%(2013) F1Montesano %5 (2016) 71
JeSEH X AL T AR- B TR X, R O B A E s 58
HEGLCF TCCr™ fin 1 45 A AL . Hi GLCF TCCHE /5
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b v 7 P DR IS A B, 78 26 R X S A 1)
FEFEARXT 855, XA AESGLCF TCCr= b X AH 4%
B 5 X R A G, (ER I AR 5 AT BR1Z 1A
o XA HE AR ORAE 7 o X B IEFE - E R
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Z—Maetal.,2017).

RISR UL, AT AR RN B, M el A PR
XGLCF TCCr= i fEEE e EfEH . BEEE S
FE (3G N, GLCF TCCHS B 2 3L (G H, X3
B LS B R S 8 (Sexton et al., 2013).
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Table3 Influences of different factors on the accuracy of three satellite remote sensing products

7 il I Forest type W FE Slope (°) 2 # #E Canopy cover (%)
Product a b c 0-10 1020 2030 =30 030 3060 6080 =80
GLCFTCC R 0.64 0.29 0.60 0.39 0.54 048 0.52 0.10 0.03 002 0.05
Bias (%) 18.13 1996 2137 2281 2172 1954 1449  -478 1155 2539 3335
RMSE (%) 2840 3416 2945 3170 3117 3163 2869  17.02 2572 3257 3687
BUHE N 15584 37167 51969 39301 23792 23441 18186 21231 16446 23837 43206
GLASSLAI R’ 0.73 0.15 0.36 0.29 0.38 0.28 0.34 0.17 0.3 004 0.1
Bias(m™m®) 146 139 —186 181  -198  -1.63 072 122  -1.68 205 145
RMSE (m*m™®) | 7¢ 2.01 223 2.16 2.30 2.11 1.62 1.44 2.12 235 2.03
BocHE N 52 196 204 136 87 162 67 24 64 112 252
GFCH R 0.35 0.40 0.34 0.45 0.37 0.31 0.37 0.09 0.14 027 025
Bias (m) 0.64 2.87 1.23 1.67 0.79 2.09 322 -1.73 0.20 136 272
RMSE (m) 391 6.29 422 4.10 4.40 5.84 6.72 5.16 483 440 5.6l
BIEHIE N 16794 85571 74047 58565 34454 41776 41617 9291 19420 32156 115545

GFCH, 4R 25 7 fh; GLASS LAIL AR AL HE 50 ih; GLCF TCC, 4BRE /28 i /S 7 Mo a, BFHHAK; b, FIMHK; ¢, IATHK. Bias, WZ; R?, ik

€ Z B RMSE, BT

GFCH, Global Forest Canopy Height; GLASS LAI, Global Land Surface Satellite Products System-Leaf Area Index; GLCF TCC, Global Land Cover
Facility-Tree Canopy Cover. a, coniferous forest; b, broad-leaved forest; ¢, mixed forest. N, number of pixels; Rz, determinant coefficient; RMSE, root mean

square error.
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I ZE 57 ATiK15%-50% (Gonsamo & Chen, 2011).
GLASS LA™ il H I i ik 1R 7T 5e /2 B T-MODIS +
L 78 AP A VA A o T 3 R M R R 2 SR (R SR
2, 2010; REFIEE, 2012). NZEHFEMODIS [ %
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LALKE FE LU RIS, 28 o R AN HETf, i — P 4a I
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FEML T HADARAL, 7T G2 BT AR AR X ER—
HAER N —5, ITE RELAI A2 AR 5%
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SR LA 6 A8 4 3 B A5 M0, Rl 5T
MR e 2, Wik S EGLASS LAIERAS M A
BRI, s R UK. I T GLASS LA™
i HERE 9500 m, TE ANLEOE E IR TR I LATL G
ANFHE FEAE 55 FE R o0 I, B0 T 38k 148
JCARD, S ETE TR B3 5 2 W] 521 GLASS

DOI: 10.17521/cjpe.2022.0158

©U 00000 Chinese Journal of Plant Ecology



1314 HEHWEZS IR Chinese Journal of Plant Ecology 2022, 46 (10): 1305-1316

LA iiAG FE o
33 GFCHAMEMRFMEZ S

GFCH/™ fiy 7 Hp [ X S5l R RS A T b 36 55 X 5k,
1% 5 GFCH ™ i %A 1R K11 5% R (Potapov et al.,
2021). GFCH/™” iy >R FH A2 0 A% A T, A
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Supplement Basic information of unmanned aerial vehicle (UAV) LiDAR data used in the benchmark validation dataset of

China forest

FE g = 213 i KRS (] AR A R
Plot ID Longitude (E) Latitude (N) Acquisition time  Forest types Area (m?) Point density (point m2)
1 119.96 48.10 2018 c 8232219 59
2 120.04 48.09 2018 c 11773 603 80
3 121.35 49.94 2018 c 531512 193
4 121.43 49.93 2018 c 486 917 26
5 128.41 44.89 2016 c 192 386 47
6 128.41 44.85 2016 c 860 063 73
7 128.44 44.84 2016 a 884 127 73
8 128.47 45.14 2016 c 1985510 65
9 128.49 45.10 2016 a 423 352 54
10 128.51 45.08 2016 a 304 695 74
11 128.31 45.09 2016 c 440 851 83
12 101.73 36.92 2018 c 1840578 52
13 101.56 36.63 2018 c 1260 568 50
14 101.54 36.63 2018 a 1561 736 90
15 101.73 36.62 2018 a 2993 442 60
16 101.69 36.63 2018 c 1054 061 54
17 101.79 36.58 2018 c 1682 415 54
18 101.82 36.63 2018 a 908 622 72
19 101.61 36.50 2018 c 1137 126 56
20 101.66 36.64 2018 a 1070 259 39
21 101.77 36.60 2018 c 1053 364 96
22 101.64 36.64 2018 c 777 165 41
23 101.71 36.60 2018 c 1714 558 73
24 101.80 36.64 2018 a 3305301 54
25 101.02 24.54 2018 b 6 537 167 28
26 101.571 21.61 2018 b 3304 030 26
27 100.90 25.31 2017 a 71049 356
28 100.90 25.32 2017 a 97 116 343
29 118.33 41.65 2017 a 720 705 75
30 118.31 41.65 2017 a 681 782 62
31 118.22 41.73 2017 a 888 564 62
32 118.20 41.72 2017 a 582 367 60
33 118.46 41.68 2017 a 475 291 63
34 109.86 18.73 2018 b 1162 140 55
35 109.87 18.72 2018 b 1649 839 115
36 112.54 23.17 2017 b 4285314 73
37 130.38 43.31 2018 c 1034 844 62
38 130.47 43.35 2018 a 962 612 48
39 130.48 43.38 2018 c 1095 210 53
40 130.60 42.94 2018 c 696 160 78
41 130.26 43.37 2018 c 1059 628 70
42 130.02 43.41 2018 c 853 050 90
43 130.64 43.30 2018 a 959 387 79
44 129.37 43.36 2018 c 1113 245 111
45 130.71 43.52 2018 c 1629 654 77
46 130.82 43.44 2018 a 1146 751 51
47 130.82 43.42 2018 c 1117537 56
48 130.37 43.28 2018 a 677 634 59
49 129.49 43.41 2018 a 213 492 57



https://www.plant-ecology.com/CN/10.17521/cjpe.2022.0158

10.17521/cjpe.2022.0158-S1

M5 (4% Supplement (Continued)

R 5 25 HiE AR 7] PRI i R
Plot ID Longitude (E) Latitude (N) Acquisition time  Forest types Area (m?) Point density (point m2)
50 130.32 43.02 2018 c 1306 832 107
51 128.05 42.38 2018 c 4639700 108
52 130.25 43.38 2018 a 824 856 323
53 130.23 43.47 2018 c 288 004 541
54 130.15 43.43 2018 a 368 196 394
55 130.11 43.45 2018 a 1196 944 163
56 118.81 37.90 2017 b 4094 438 40
57 118.11 29.25 2016 c 2684 749 26
58 106.71 29.57 2017 a 4 066 466 76
59 111.22 41.13 2016 b 302 143 90
60 108.90 18.74 2018 b 2996 606 57
61 117.91 29.12 2018 b 1 060 745 53
62 109.59 19.24 2018 b 742 692 281
63 109.38 19.67 2018 b 103 396 730
64 109.55 19.28 2018 b 654 745 139
65 109.60 19.23 2018 b 183 022 368
66 118.06 36.32 2017 b 110 314 219
67 118.37 36.00 2017 c 175 096 59
68 117.86 35.60 2017 c 166 912 253
69 108.16 22.86 2018 b 1167915 103
70 108.30 22.93 2018 b 1143762 120
71 108.30 22.96 2018 b 1268 631 83
72 108.31 22.94 2018 b 1164 610 92
73 108.32 22.96 2018 b 891 725 120
74 108.33 22.97 2018 b 1216 083 92
75 108.36 22.95 2018 b 664 729 143
76 108.35 22.97 2018 b 1030 839 103
77 108.37 22.97 2018 b 2030975 91
78 108.16 22.88 2018 b 885711 131
79 108.38 22.98 2018 b 2450 893 82
80 108.44 23.02 2018 b 1093124 91
81 108.40 22.98 2018 b 285 808 208
82 108.40 22.99 2018 b 309 348 225
83 108.16 22.90 2018 b 1119 386 100
84 108.47 23.02 2018 b 1004 631 116
85 108.51 22.99 2018 b 1 095 956 106
86 108.17 22.88 2018 b 1023 746 114
87 108.20 22.90 2018 b 1035726 113
88 108.21 22.92 2018 b 1374284 80
89 108.23 22.92 2018 b 1497279 92
90 108.25 22.93 2018 b 2050976 106
91 109.61 36.36 2018 b 100 714 688
92 108.83 21.90 2018 b 911 046 97
93 124.93 41.85 2018 c 3000 168 57
94 117.23 42.42 2018 a 144 464 939
95 117.22 4241 2018 a 415154 226
96 100.94 22.74 2017 b 3314504 45
97 101.15 22.60 2017 b 4 606 123 60
98 100.95 22.85 2017 b 4752 323 38
99 117.12 36.33 2017 b 217 375 163
100 110.08 21.10 2017 b 78 210 647
101 110.07 21.15 2017 b 20 008 919
102 110.08 21.11 2017 b 25631 1427
103 110.10 21.00 2017 b 70747 721
104 109.97 21.07 2017 b 97 146 541
105 109.98 21.10 2017 b 96 033 476
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Mis%(%%) Supplement (Continued)

R 5 25 HiE AR 7] PRI i MR
Plot ID Longitude (E) Latitude (N) Acquisition time  Forest types Area (m?) Point density (point m2)
106 109.96 21.12 2017 b 86 566 524
107 110.08 21.11 2017 b 63 567 802
108 118.19 35.58 2017 b 284 369 62
109 118.16 35.80 2017 b 1493 430 125
110 118.14 35.72 2017 c 1243753 103
111 118.06 35.68 2017 c 301552 95
112 118.21 35.56 2017 b 261 506 106
113 118.21 35.56 2017 b 33535 109
114 117.86 35.60 2017 c 166 912 253

a, FHIAR; b, A ¢, TRAHR.

a, coniferous forest; b, broad-leaved forest; ¢, mixed forest.





