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Abstract: Exploring the potential of global ecosystem dynamics investigation ( GEDI) multi-beam LiDAR data to estimate

regional forest canopy closure (FCC) plays an important role in assessing forest ecosystem status and stand environment.
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The typically ecologically fragile area, Shangri-la, was selected as the study area in the northwestern Yunnan. GEDI
waveform data was used as the information source to extract 46245 forest footprints parameters. The empirical Bayesian
kriging (EBK) method was used to obtain the continuous distribution of footprints parameters in the unknown space of the
study area. Then, combined with 54 measured samples data, the recursive feature elimination method of support vector
machine (SVM-RFE) , random forest ( RF) and Pearson analysis were chosen to optimize the characteristic variables,
respectively. The best estimation model of forest canopy closure was studied and constructed by Bayesian optimal random
forest regression model ( BO-RFR), Bayesian optimal gradient regression model ( BO-GBRT), and partial least square
method ( PLSR). The results showed that; (1) The EBK method had high prediction accuracy and reliable estimation
results. Tts R* was 0.20—0.92, RMSE was 0.004—2812.912, MAE was 0.003—1996.258, and MRE was 0.007—4.423.
(2) There were slight differences in the method selection of characteristic variables and number based on different
characteristic optimization methods. Among the three methods, the SVM-RFE method selected six parameters ( cover, pai,
sensitivity, rv_al, rv_ad, rg_a4) with an average cross-validation accuracy of 0.84. The RF method selected five
parameters ( cover, pai, pgap_theta_error, modis_treecover, modis_nonvegetated) with a contribution of 5% as the
threshold. The Pearson method significantly selected five parameters ( cover, pai, rv_a5, rg_a5, pgap_theta_error) with a
correlation greater than 0.3 and at the 0.01 level. (3) The modeling parameters selected by different characteristic variable
optimization methods had great differences in the prediction accuracy of the estimation model. Among them, the accuracy of
the estimation models constructed from the parameters selected by the SVM-RFE and RF methods was better, while the
accuracy of the estimation models based on the optimization parameters of SVM-RFE method was relatively stable. The BO-
GBRT model in the RF method was the best FCC estimation model (R*=0.85, RMSE=0.069, P=86.5%). (4) The BO-
GBRT model was used to estimate the forest canopy closure and spatial mapping in the study area, which had high spatial
correlation with the FCC predicted by the GEDI pai parameter of 0.53, and the mean values of the FCC were 0.58 and
0.61, which were mainly distributed in the range of 0.4—0.7, accounting for 65.45% and 51.79% , respectively. The forest
canopy closure in the study area was mainly in moderate canopy closure, and the northern area was mainly in high canopy
closure area, which was consistent with the spatial distribution of vegetation coverage in the study area. It indicated that the
method of estimating forest canopy closure using GEDI data in this study was feasible and the results were very reliable. Our
research laid a foundation for the efficient, timely and low-cost estimation of forest horizontal structural parameters at large

spatial scales based on GEDI data.

Key Words; global ecosystem dynamics investigation; Bayesian optimization algorithm; machine learning method;

characteristic variable optimization; empirical Bayesian kriging; large spatial scale
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11 WFFE XA
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FEBREFE N PG R ARRIE TRARX R 2215 4042 m  FIIER 3459 m, AP T 4.7—16.5C  4FF
KR i 649.4 mm, J8 1L ISR Z R TR IT XA T 25 48 W 3T 5 S ] I MR 4 X5 95 0 s D
FERADY DX, AR o JiE 1) b B A A FC R AU AR DI A 2 TB) o A Bl B B S AR, SR W B ¥ A2 (Abies
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H TR 83.3% , FRATHE 56 33K 76% , & 23 F 4 F A RAPOR DX 050 T Je M PAT 3 A 9 0 IR 2 B i Y3
i DA R AR A 55 KR B S B M0 A,
1.2 PR
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AT [T MRS TRl TS5 SR3 (Pro fiL) 22 735 L ACAS I 5 A 5 vl 22 405 B AR R (3 %A1 ) R FE 45
B ARUETRZETE 2% PR TE 5% 5 5o R S S0k AR 54 SRR AR E(E (R 1) .

®1 MAELIHERERESH

Table 1 Descriptive analysis of canopy closure statistics

FEA KL ISPN] e/ ME FHE brifE2 E EREITR ¢
Statistical value Maximum value Minimum value Mean value Standard deviation Variance Median
54 0.83 0.20 0.50 0.176 0.031 0.5
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Fig.1 Location, forest distribution area and plot diagram of the study area
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1.3 GEDI $#g 3Rl S fiideh #
1.3.1 GEDI =i

SRR R G 8h 1A 5T TR — Pl i 22 0 R A R OG TR aA R RS 0 R e 96 [ [ B
23]k (1SS) |, 25 [ B M R M2 5 (NASA) T 2018 4E 12 A 5 F 7 28 E 5 Je i K e Jli3h & 5, il 5t
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RGiH 3 MNMEOCERAU, TAEMRN 242 HZ, WUH A 1064 nm , H b — 0 70 15590 Rk 2 45055 1 30 , 3t
RST 8 A M A TE X M UL (4 % D3O 4 S5 500 JEHLIIEE 22 600 m, WEILER 1] (R BE 244 735
m, R HENYERERIEE 290 60 m, BIENSEBEREI LR 25 m, AR AL R 0.06 km® , b HH AR bR 2 F e 72
FEMETIH A WGS84!'S 575! | GEDI Level 2 2472 A Level 2A F1 Level 2B B2, Level 2A BdiE r= i =2 $2 44t
b T R B SR AR X S R A A BT Level 2B ¥ B HL AL ARARAS M 2 REEFE AR, Ak
TERERE RS A T ) AR A AR SRR ST G AR AR A B, R 1 4% GEDI Level 2B
Version 2 ¢ 7= i B8, PR B0HE & 8 A &7, 4 #5 BEAMO000O ., BEAMO0001 , BEAM0010, BEAMOO11 .
BEAMO101 .BEAMO110 . BEAM1000 X BEAM1011, % #i M\ Earthdata Search %% 4k HX ( https ://www. earthdata.
nasa) 2% SNl GEDI B¥s ¥ 51 S5 AT X, 8 NASA AL AOHEDE T 5 LAFRA% B i SR B 78 X
2021 4E 4 H—2021 4E 12 A Z A A ) GEDI Level 2B it , & 54 58030 ,216 458138 ,432 SHE DR
1.3.2  GEDI ZHURRy& I I 1k S A PRI CEE S 1

AHEFEAHH Python 175 $2 HUFIALFE LiDAR il 48, H42 43 D28 R , S8 /1 DL3E 2 F1 GEDI ]
FHEE Y B e ESE shot_number B8 B ENFR S & 5], FIH lon_lowestmod Fl lat_lowestmode 411 &
BEM LR R SCOURSHEE AL, VR TERITSE X N BRI AR S BE AR iR BT (R0 40 2 EIGBE PN A B Bt ki
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AV, WS HEE quality_flag  degrade_flag Fl sensitivity — PZE0VE A Tl v e bn ik s Bi /L EDEBE ),
H, quality_flag FH 0 Fil 1 F/R 1 /R R EDEBEBTRAEMREE 0 WIMMER ; degrade_flag 4L 0 Fll 1 R, 1 FoR LA
AATERE b B T RE 22 UINIER 0 DI B 5 sensitivity DU 55 3R w5 AU OC  JEHITE 0—1, 82T 1 B9
R TR R AT X AR 2 3 B R sensitivity =0.95, B m AR 1 5 BR U 402
EGEE 49469 A, PR 2021 AF ARG TR D AR T XA MR (AR B2 K T 0.2 19 A AR, /T 0.2 SRR
") R P A A BB T TR B AT, IRASHIF 5T XA ARG 46245 4~ ([ 2) , ARMRHBOGEE 3224 4,

B2 Aiesis 7 ENE R I E

Fig.2 Effective forest land footprints distribution map and forest class map

%2 GEDIL2B ¥ N4
Table 2 Parameters introduction of GEDI L2B

28 Eiipus ZH filiik

Parameters Descriptions Parameters Descriptions

lon_lowestmod S A L I 22 lat_lowestmode S AR bl 5 2
quality_flag JEBRE U A TR R modis_nonvegetated  modis ¥4 YARREHL T3 1L
degrade_flag TREGAE R I A5 S modis_treecover modis ZCHE AR A 16 %
shot_number JEBE I EVARS pgap_theta_aN AR J2= ] AR
rx_energy_aN BRI R BRI R S RE B pgap_theta_error RG22 ] B A S 1) B i 22
v_aN WO A B th100 U 5 T IR A B o 2
rg_aN I I 4 height_lastbin AR ARG )2 ] B 15 22 ) b T 7
leaf_on_doy AR BB thd_normal LR 208 R

leaf_off_doy BEATREBLAE B A B sensitivity R

pai Tl A TR AR £ cover AR T TR

GEDI; ©BRAEBRLE s J12¢4; _aN(N=1—6) XI)i GEDI #J 6 FhEL 4% which means 6 algorithms for GEDI
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PARIE TR 2E fe/ N POIDAS B o i , SR (L5 SRR AR ) O TR ST AS )RR AE A8 2 0 18 T 2 A A AL X FCC
S EE S B2, 7B E8E SVM-RFE (Gl i3 3225 I 25 AR B BR AR 45 20 e IR P R AR AR 5, LGk 21 AR I
THIB AR AR AR i 22 fr Lt i B i) P07 RF (Gl K D A5 SRR AR AR 5t R 1 1 2R
HETLEATEAY R EAR IR EL T BRI 40HEF ) 1) Pearson (126 BB A XHEAE 0—1, B EET 1 138 I K 26 P b
SR, L2, RS ) 0O AR AR AR AR N AR SR, BT PLSR™, BO-RFR'™ ) BO-GBRT'** &
IR B AR FCC 3B IBAG RS MHRTY GEDI S8 H $5 22 i IX 35U RS ZRAMAR A1 5 B0 ), AR FSE 3T HU R &2
L felt FH ZR AR P B 5 T AR B0 (LAY AOBEE s B R g A (1) 2R FCe,

LAI =93% x PAI

0(6)LAI

p(0) =e P wim (1)
FCC =1 - p(6)
Ao, PAL FRAE G H IR 2L p(0) SAOULIN K IO AR A 0° B ) AR ARGEE 2 [ BRAE 3 s G (0) i 45 R 4L, i
H 4 0.5; Q(0) HREFRREBER 1,

WFF A IRER DU LA R LA 7 > O ik A4 FHBE T, L RFR F1 GBRT BEAUAE Ry JEm A, 4%
PR RFSAL I 38t % B3 R 2 43 Bk, DL S0 O A B30 RE 8 7R AR A0 B9 PR AR AR T 45 31— A 42 Jmy i D e 1
figet 2 DR AR ARG AR ASTHL YR B30 7 A A0 5z B 3 B R LR A DA S LA 0 2 fi A R A
AOARERIF LG DA AR A e B 09 52 2 F A e 4500 5 (0 AR BEASE R 1) 15 00 15 A i 2 2 ik 0 SR e, B SR 42 bR
BT O ol A AR SRR R R T o b T SR R AT R, A R D T R B SRR RS AR
TR 2SR 4 R A DAL/ MR8 O Ak E BR AR 28 48 s R A RS B . BO Bk 2
PL DU B (5K 2) IR A AW A it

e :pw;(;)il))p(f) o
X, fRRIMETI P RIRZEG D, = {(x,y) , (6,5,) L0, (x,,y,) 3 FREMMES, «, Fonifm
oy, =f(x,) +e, FRMIMIE , &, FARMMIRE; p(D, | f) FmRy BIRER 3 p(f) Fom fHISCIARR 1
p(D,,,) FRBBRA £ BHBRAUER oA A DU A b E A TR SEG p(F1 D,,) T f IR0 1

DU AR S i R A g3 6 25 (181 3) , A 3 MO AP IR (1) iR B R R B RBGE SR IR T — DR AW
JI7 VAL B %, = argmax, _yo(x | Dy ,_) 5 (2) MRIEPFAL AL «, THE BARREUE y, =f(x,) + &, 5 (3) ¥HiR1GHY
AN WLAERS {x,,y, b ABI S D, v AW EHT A A ALy AR AL A A . AT
FEXF RFR Y 5 AN EEZEA GBRT #Y 6 NEESH0( 55 3) #E4T 1000 UG B N AIBLULIL AL , LA -4k 3 f LR

i

v |

PIAALR PR R BB | | BRI R AL, " .
FHif || (RFR GBRT [l BB, BACERUN (o Wb b (o BEIEH L MIREESEE
H) — A Bk B R BSR4 i Y

3 LB HTA L BEAL AR AR E A4 E (BO-RFR) | DU H7 A 4L 4% BE B V345 2 ( BO-GBRT) ME £ R 2 B
Fig.3 Bayesian optimal random forest regression model ( BO-RFR) and Bayesian optimal gradient regression model ( BO-GBRT) algorithm
flow chart

RFR : FEALARAR ] )T Random forest regression model ; GBRT ; 6 BE [l 98 Gradient regression model
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PO AN foe AT S B T A

#3 FEHFRMEVI(RFR) F#EEEE YT (GBRT) 2B S5 AF

Table 3 Description of random forest regression (RFR) and gradient boosting regression tree (GBRT) model parameters

HEiAY 2 ik Al

Model types Parameters Descriptions Types

FEBLAR AR B2 RFR max_depth LRV fyie]

A6 [ 9B HY GBRT n_estimators YR H L2 e
min_samples_split 9 AT 53 1 S IVRE AR B BT Y
min_samples_leaf P T B i D REA RO R

BEHLARARE TR RFR max_features ey de A ASE TR 25 S A B KRR IR B TR B

A [ AR GBRT subsample FHF R S e ASE R Bl i S (04 SR AR AR L A3 pegii
learning_rate R 2 3] R el

RFR : BEHLARAK [F I %] Random forest regression model ; GBRT ; 5 B [ G457 Gradient regression model

1.5 AN

AT AE FH H 0 T2 v 4 28 SUIRHIE SR TPATT 2836 DL i By o B 4 47 (RS TR P 0L 0 8 AR R 25 SR vt 1k
ZIRTERARAE TP BR—A> A0, A FH TR 1 T A At o500k F00I0 A o A A 67 8 8 TR0 5 SIS 6 A 7 LR 2, 9
A IR B e TS S s T A o ) ARG SR B — 28 SUIRAIEYE (LOOCY ) SRS TIE FCC 28 J Ak i A5
R FHINRS B2 Z5 2R LOOCY X T/ MEAREE R HIE —Z SN GRS, i e 7 A5 FRE A A
[Fi) 9 [ 30, A AR T DL B s B SRy A e A T R0 | 5 K 3 58 SUIRIE AR L, SR 45 SR EL A nT & il ok HLAS
SZBEHLIR B BRI, PG SR A R T A A A D AR AR e DA s LA A IR, e, DLk R B
(R?) iR 2E (RMSE) P48 X5 1% 22 (MAE) P34 4HXS 12 22 (MRE) /£ 28 EBK B IFAL Fa 455 L R

RMSE FILEWRTRINE B (P) 1 FCC ﬁﬁg{ﬁ%ﬂﬂéﬂ%%ﬁﬁﬁ?&ﬁo R E AT
(3)
(4)
(5)
(6)
(7)

Ao, y, HRPAEE S 5 y, AR EA BE AR ; y A RERLEINF- 3446 5 NV AR A BE S AEAEL
2 HIREGER5HH

2.1 GEDI S5 nIhH(ELS
AMWFFE R EBK :3f{E ) GEDI ZEUEMF 5T X B AR FI 25 [0 0 A0 AR PE 1 4,38 NS5l 1 EBK 7732 #t il
K5 BE R27E 0.20—0.92 , RMSE 7E 0.004—2812.912, MAE 7£ 0.003—1996.258 ,MRE 7 0.007—4.423 , R* il RMSE

http ; //www.ecologica.cn



3532 xR 44 %

W B K  MAE F1 RMSE ZF{b 4 # A — 2 Hr , modis_treecover Fll modis_nonvegetated SRR E S R 5
£, rx_energy FRINSEA TS B 43 | sensitivity  pai ,cover .th100 S5 LS HU % rv rg .pgap 55 RIS E0 094k kS
JEE 1 leaf_off_do Al leaf_on_doy S TN BE e IK . MRS B H | AN [ 2 B0 iy il 000K 132 A 00 245 5 22 57 1k
R T RIS BY S Al 28 SRR — B EAARRI: | R EBK VA 47 /2 51 Ji 4 5 D B340 1L 179 J il Jag 1, AN
[F) 248 250 [0 () 50406 43 A AR RS 5 080, T 1) 2 R0 A DG AR o, s PR 1 8080 A 1y e sl b

1.0 - —O— R  —A— PHARE —E— PHAIHEE —e— BHRIRE -5
4 3000
4 2000
_4 - b
3 g 5 4 2500 §
£ 5 5 5
£ 24 1500 g 2
o 43 = S {2000 F
gL o - 5
=T & H g
B3 >4 1000 S { 1500 3
% E 12 4 2
M 3 B i 4
g 2 oK oK M
E & & 4 1000 &
k5 2] 50 § 2
£ aa T4 500
. 4 0
0 10
00 O T T Y T T Y Y T B A
SHRTE8ERTANSERRTIRAIAST L2 2B S E-IRITRICEESEES
Il el deded DB E=E dlelaaa 22 ES &3
hRpnpprEozen PRERRY JISOESISE885c888 ©
5555585 5598 gssEsS£SpU58
EEE8g8 ;‘_“‘4—1‘>g m“\“\“l“\“\“lb‘i‘:’ Q
] S$8E= Q%%%%%%ﬂ%"ﬁ
=SEe  RERERECS
Za &
=]
S

GEDIZ##a47 Index of parameters by GEDI
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Fig.4 Relevant parameters and evaluation indexes based on empirical Bayesian kriging interpolation
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Fig.5 The correlation coefficient matrix of GEDI parameters and canopy closure
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Fig.6 The characteristic importance contribution ratio of GEDI parameters
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elimination method of support vector machine
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Table 4 The results of the initial estimation model of canopy closure
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Fig.8 The results of the estimation model based on different characteristic variable optimization methods
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Fig.9 The spatial distribution of forest canopy density and forest vegetation coverage in the study area was predicted based on
different methods
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AT R ) RUBE A 25 R G A R ZS PG A A= ) 2 R RE 5T, S I 24T GEDIL ECHiE A i ok X
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