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Abstract: The intensity data of airborne light detection and ranging (LIDAR) are affected by many factors
during the acquisition process. It is of great significance for the normalization and application of LIDAR
intensity data to study the effective quantification and normalization of the effect from each factor. In this
paper, the LIDAR data were normalized with range, angel of incidence., range and angle of incidence
based on radar equation, respectively. Then two metrics, including canopy intensity sum and ratio of
intensity, were extracted and used to estimate forest LAI, which was aimed at quantifying the effects of
intensity normalization on forest LAl estimation. It was found that the range intensity normalization could
improve the accuracy of forest LAl estimation. While the angle of incidence intensity normalization did not
improve the accuracy and made the results worse. Although the range and incidence angle normalized
intensity data could improve the accuracy, the improvement was less than the result of range intensity
normalization. Meanwhile, the differences between the results of forest LAl estimation from raw intensity
data and normalized intensity data were relatively big for canopy intensity sum metrics. However, the
differences were relatively small for the ratio of intensity metrics. The results demonstrated that the effects
of intensity normalization on forest LAl estimation were depended on the choice of affecting factor, and the
influential level is closely related to the characteristics of metrics used. Therefore, the appropriate method
of intensity normalization should be chosen according to the characteristics of metrics used in the future
research, which could avoid the waste of cost and the reduction of estimation accuracy caused by the
introduction of inappropriate affecting factors into intensity normalization.

Key words: range; angle of incidence; canopy intensity sum; ratio of intensity; leaf area index
Foundation support: The Special Fund for Forest Scientific Research in the Public Welfare (No. 201504319 ;
The Natural Science Foundation of Guangxi Province of China (No. 2017GXNSFDA198016) ; The Foundation
of Guilin University of Technology

i EAEELTELDARBERKEERBRAIBRPZEHA LI . LR Z Y AL ETHLERE
A LIDARBEREANAAEAETEZEL, AXUEFEAFTRALAB. 2HNKAESE ANHARES
Fe NG o 2T LIDAR 5 & 3% F 3474 B, K P 3R ICE B X 3R E A 5% LA B K A, R T AE A ARt &
BIHLAD B BHEH 0 B FRERESRE LB AHAAEMN AR LA 69Fm, EREAW . BEZ

$B B AR EAL IR G AR LAl B9 MR B, MR B2 F SRR A ST A NH A K E ALK 4RI B 45 0



%2 Ju g L 2 LIDAR A [a] i B2 A TE 125 00 4 3-8 1 T AR 38 S0 0 1)) 52 ) 171

JE Bl AR T AEMIAR L, TRJLZFE & o NS A 4R A AR R ALIR 3 ARk LAl 9 & MAF 2 A2 28 RAPIKT
FEB IR EM LR, BRI, EEERELARM T RAERIERN G AN LA ML R 2 F KA
R, At iR A A M E IRERERN G AN LAIEANEREZF AR, B L To, RERERER
EXT AN LAIEMN G Fra R R, AYmRES ALK T XA T ML, B, ARKRBREL R

POERETETAKERRBELSEWRIES X, LB 2 R0 B4 E 2 %60 a AR B R,
KEWR EBEANHARCERRBE ;R WA; T EMRIEHK

FE S ESP237 X ERFRIRAD A

XEHS:1001-1595(2018)02-0170-10

HEETIHE AL # BT LAHERZ%E(201504319); 7 7 A KA £ 4 (2017GXNSFDA198016) 3 4

W I KFHFE AL

B MRAE A R Y S A Ry, AR R T 4
BRI L AERR AT M A BRI A B 45 5 T 34 Kk
R EEMAEN . ARMGEER T MORE iy
Gy A ARG 5 T RS AP R K 4y e i MR R
A T IF ST 22 T AR bR A W ) BEE Bl B E
B R AR ARGE )2 5 AR AR SR
T FR 38 41 (leal area index, LAD & X Jy B (v 3
TR A I e e TR — 2 7R AR AR A K T
WS TV R AR S o AR AR AU A T B R
FEE U RN,

¢t 75 & (light detection and ranging,
LiDAR) AR — g AL A 3 3l i S R . A LT
i AR A5 b ) ) 25 04 15 U2 [R) B L BE 2R A5 M 7 [
PR R . Hobh R AR BAE SR R H
PG AR B8 B S5 M (5 BT LRl m O 3
BE T2 N T 2 Fh AR AR S B AL I B 58
FRRS T 43 25000 s GRS L RR bR L B B A
PEE R MR LAT AR IR bR AR W Al
e A,

SRNT WO T 3K 5k B2 78 4K I 72 v 52 22 [
R, L&A 5 B b4 Z ] 0 BE 25 0 A 8
iR/ NrR I Y N B 3 e S i ob I | TN
B X iR B S e DR R A IE EAT TS IR A 22 KO0 IR S
TAEE RS, . SCRR D12, 18 1) ) B 5 X
LiDAR s 2 5 3 08 JE A7 R 0E , 3 Al I 1 2% bk
LAT, BRTS TN 58 O AG I 235 2R, B 50 oK X o 32 iR
BIRCIEAT G LAT A0 25 58 22 5 47 R A 5T 5 3C
Hk 197 [ RE A FH B X LIDAR 5 2 o 8 R 47 4%
TE o M Hh 3 SRR PRI 9 3 8 HROH] T Ak 0 1 M bR
LAL 4R 2 B B R A RS R* = 0.80, MAD=
0.11, 3 & #5¢ AL Al ) K5 £ R* = 0. 77, RMSE =
0.16 , {H [F] B A XoF 5 B2 A TE R/ S5 Af 0 25 21 19 2 5+
HATRAMESE . 5 LR A Bt AR R, SCER[20]
Xof iR A IR I Ak I 45 R 22 e AT T RS AL

BB A KO SR LIDAR 5 2 3 B o 47
1 IE 5 DN HP B IO 2 37 18 B0 TG T AR AR LAT,
S5 R IR R IE J5 AR AR LAT BIAG RS 2 R* =
0.825,RMSE=0.165, &4 J it 5 T 5 J& K % 1E 1)
HIAG I 25 5 (R? =0.726 , RMSE =0.258) , {H X1 ok
XiF BN PR A IE A IS WS EA TR A BT . 45 1
A3 AT AT B PR 2R i B A IE AR AR LAT Al I 52 g 25
TR AT AN RE 2 B 8 B RO A BT X R R OE , £33
Ao R g Vi vl o & Y (NNIL 7 IR E
PO — E TR ARG IUORS B PRI, 4% 52 Wil
PRI 2% 5 B A TE 5% el 1Y) B AR F O W A 0 O
Xof i R B R I SO AR AR S B RS B B

JERT R FHLER LiIDAR A5 2= $048 ZR K LAT A
DRI 5 22 DL LG 7R B 2 3 oy B A, 3 3k X i = 4
P AT 53 A B T LU S8 L O 5
8% (laser penetration index, LPD, i T Ik
IR I N P AR ARL B BE o |h LU AE S 5000 M o
AJAT, LPT 38 2 W 2500 28 5 b s A 3
T 7 LU AR 32 50 0 2o 2 v 2 0 B3040 ) g i o 2 e
A — 5 R ), PR T S B R AR OE I A
XS AT REAAE—EM AR . I TH LPI
SHOE T AT ST R 51T — A4 5 A9 28
Z 8, B | )2 B3 ¥ (canopy intensity sum,
CIS) . 2 X R #R ARG )2 340 T A B LIDAR s
P | RN i = = I S| BT =B S
HO5 RO 2 1 5 B A G, R, B e B R AS
TN O M f W R RE A TE RE AR AR LAT Al I Y
AL

PRI S AR 9 3 1) R PRI 8 L A S5 B S
A5 X ALER LIDAR A5 2 58 & JE 1741, rp
PRI 5eE S22 B i B R A R L 7 RS ) 2K 0 ) 2
A, F T AR AR LAT (A5 0 AFF 5% . DT 52 30 4% 52
M) PR 2% 5 B AR I % AN ] 268 78 2 504 I R AR LA



172 February 2018 Vol.47 No.2 AGCS

http: // xb.sinomaps.com

B2 W AT Ak, DA A RSk HL 3 LIDAR 58 B
B AR N FH R S X P AR IE 2 LS L,

1 WX S EdE

1.1 #HRXHER

ABIFSE LUK A 4 TR AR AR A e (125°21'E,
43°52'N) W 5E X . %A B F K B T AR
MR R AR L e BE = AR A 220 ~406.5 m, 6B
PRI e HLAZ AR AR, i U s AR A AR AR /N
AR X AL T by 248 D A ok 38 DX, R T A s 2 1 AH
X A X AR T R N A T AR
ik 80 km® , RARAL 5 R AE 96 00 LA b, Hiorp 4%
FH (pinus sylvestris) /E 5 0F 5% X i) 35 2 21 A0 A
T W o3 A TSI
1.2 #l# LiDAR B# S = #1FE

2012 4F 5 H 31 HXF#E9E IX #E17HL#E LiDAR
s R A L WF T X RIS 9 2R U AT 1] A S H A
=BG P T AR AR 2 IR B S AR 400 /8
Fio AW LIDAR 0¥ R 4L r F AL 45 0 Leica
ALS70, 48 % fifi 7 4 560 m. BO6 Bk wh ik K N
1064 nm, 1§ M1 78 + 20° L N, $1 3 5 R
40.3 Hz, 6BEH 44 0.28 m., LiDAR 4% 45 1
THWIH XY Z A bR B A I R B AT
W B R B T ) RO R 1 4 AR A
1.3 EFophEiE

2014 4F 7 H 7E W 5T X RE T A AR 4 P B AL 1
BT 308 E R 10m WEET ., HRMHAXE
GeoXH 6000 GPS FIEJ7 NTS 312B 4 ufi (LI &
FET7 vl s AR AR e AR S R AR L TRl s A
=B NV3 MR EEL7E B By b a4 A F
Ty I BE A0 A 5 m A £ R — KRR B IR AR
LN R N e A NI R D RN % B
1.5 m LAR, O 7 0/ BT A B X 2 BR B2 AR Ak
S5 RS T8 R A 2 BRGEAR IR 0 IR 5 Sk A
JEBEE TR LA I 1.5 m, [RI o T R4k 2 Ak 2R
A BRGAGFOHR B 0 48 ] 1 b 1), HL 3k e K BH ELAY
ZJ5F ] WinSCANOPY 2010 %4 % 5% 42 5] 1% 2k
BRECAR R AT Ak PR, g5 28 BOH S (B A Sy FF T 520
LAIL, BFAMEHLIEA G T Aliik DLk 1.

2 WEsEJTIk

2.1 #12%; LiDAR & = # B WA 12
FAEALE LiDAR s 8 W 2 603 M A 4,
IR I TE HE AT 5 2 B Ak B 2 wip S R R ARy o5 Bk

XFHHEAT M AP, 2 X R BRI S B A s B
AT & BB EAE, LU BR AR SR AL 55 m &
XF R 23 % B S IR R = A A AE £ 10°
A . ZJ5 IS B8 D0 = £ 10 a0 g 8 12 59 0 o T
A5 KA B THT A 43 25 A 3 IR R AN BN = A
A7 (B 50 12 15 1) 10 b TR 47 24 U807 vy A A A8
(digital elevation model, DEM) , # 1 5¢ A AF Hb
MBI, RZ%% 1.5 m P E By EE i g3
P A B 5 1.5 mo LR A9 3 Ml i 5 0 b 17
BEFR Ny ML T A

x1 FiMEMERGEITERMIE
Tab.1 Descriptive statistics of the field sample plots

- ¥l /M I=ON[|
& /m 16.0 12.1 19.7

LAI 2.56 2.03 3.61
B /m 293 244 358
W/ () 9 1 30

2.2 LIiDAR EEHIERKIE
2.2.1 HEIH
PL# LiDAR R4 0 TAERH 5%k RS AM
L, B LIDAR 2R &6 0 45 (9 58 5 50080 (] 4 228 706
IR =X (D PR
p— P.D?
- 74KR,lﬁgvsysvmm6
X, P, o LIDAR & @& ds oy s B2 {8 P, N
LiDAR f£J&48 & S B 5 AA : D, W& 45 6 1
M EAR s R AL B AR B B bW K 2 18] 1 B 55 B,
S OG K ) K B 5 . 0 LIDAR RGEH R &G
R D AR WL R B0 B G P R 1
Ji ) HAC S A 4 T
f 20 (D AT, LIDAR & 48130 5% /Y o 7% {5 2
LiDAR & B B & 250 KAUE i N B8 1k s
PR SE I AR A BRSO AR A AR
S I B AR SRR B BB B 5 cos o BLIE L,
JIT L B8 Sk K 1) 0 T SR A AR TR AT DL SRR
cos a [ pREL, B AR (2) frostt =
o =mnpR*pi cos a (2)
Kb, o HHE RS YR R R e WA
PR b HAR R 4 KR 2 5 IR 35 AR 2 B AR
B A S5 AEL PR 4y 4 3% T 0 L A 2 5 R PR R )
AT, R B T AT AR L AR AR SR AR
AR g% . =02 5RO & I3F . 2D
A LLFRIE A3

@Y



%2 Ju5 M55 LIDAR A (] 3 B2 A IE 15 00 A6 5 A - 7T AR 2500 000 ) 52 i 173
_P.Dp Z W SCHRL27 ], A SR R TR HE 5 72 2 WL S

Priwrisys.’]mmCOSa (3)

RIAF 55 IX /) LiDAR 086 ¥ 2 78 — K R AT
55 3R BT LA (3) w8 4 2 B0 R 2 A [
9301 Py oDy gy T 9 o [F] S PR AR R 2 2 5T 1
J 5 R HAE AN TR A PR I 220 S B R 5 L B
—H B3RS BROR R B C (CHR[25,27 D),
K 3 A LA A A = (D

C
P,.:I?cosa 4

PRI, AW 5% HOx A% &g 5 H b P 14 ) 79 1R
B RS XE LIDAR 58 3 5008 72 2 00 52 i it £
KAEAFSR .
2.2.2 HERIE

2 () AT, LIDAR 4 86 25 32 Wi Y 5 5
S IRAS A B AR R ] A BE B R A A .
T AT 5 B R B BB S RS OE X AR AR LAT Ak
AR R L E IS B A AR R R R S
B IE 28 30T 8 4k 20 (5) A (6)

R?

IR:ImWITzC( (5)
er_R/
R= (6)
cos 0

Ao, T BCIE S 5R FE R 5 1. o T 00 Y 588 2
Bl i = B E 3RS RO AR G B H AR
PR Z R BEES s R IS H I, IUH 1500 mj;
R 8 2 B0 1 v A b a2 B T 4K A 5 0
N B A R s s R

IR B R IE 7 B E Y AT £ R L 4R
LiDAR 38 B 50808 (9 162 1E 55 o FHWF 5 e o072
223 ASHABIE

A1 RE SCRBOE A T 10 5 Wy A4 3R T 12 2
ZIE g fh . HE AT LA H, A A AU %
DGR FH A A O T HLIE 5 30O Wikl ik 2% T Y
M CHERE R ) ) A7 6, 24 3R 1 58 2K, A
S5 H0 S T A 5 2 W SR T A A R N A A
JE A A BRE AN ) AL ) A R A 2R TR
L= () R

a=arccos[ cos fcos ¢+ sin fsin pcos(f—0,) ]
D)

Ko WA @ R DEM 477 4 45 3 (14
WP £ SR T RA )5 B S B, BT DEM 74 15
B 3 ) R AR B0, K HE A,
i i B 6 AT A S W) S A B, A

Bk[270. AGHAA R IE 5 10 B R E A AL, B 2 %
RS ESRE RN/ RN RIS IR RS QRSN g v U
JE AN A B 2 X AE R L A= (8) B

COS Q f

I,=1,..X

(8)

COS a
K Iy MAS AR IE R SR a0 WS H A
L HUE 0,

PR BEAT AR B LiDAR 58 & A S A 4% 1E 7
KA AR A LLT 3 . O Z 0 1 IE (15 1 L 5¢
SRR O F EWIE M, R DEM 5
45 7 e ) A A2 A5 B0 G A5 O 25 18 M I R bt
FH B, R DEM F $5 fa A7 A4 15 3 H i
SR A ) R o 2 TR R R 451 4 A A A
SRR S A ST A, NHENE B EL S 3 B A ST
15 I T A5 24 SR 5 Sk o 0 (E DR R MR 2
P53 2% (45 500 5 2 THT B L SR A5 19 A S5 A R R A
PR 2 N 191 R U 5 1 SR (1 11 03
TS A /N T 150, 431 AR o A OE X &
AR W A KL B E T L Z s R R
i T e S W I 0 i R 0 I
DEM #1434t 1 It [ fi7 A= 15 21 09 A 5 #A Xt AL 3%
LiDAR £ 2 5 B $0408 1547 82 1F 38 1 A 0 2% 25
FSHC ) AR AR 2% & i DEM #E #ff ff 3E
[F) 475 25 75 21 A 5 0T 2R MR B A 2 08 B A T 1Y)
WM O T AR A S A RO R
e IE B 2 0 L 1 10 O S5 2 1F 5% 2 AL 6 A A O
UL I, A 5T AU B DEM A4 3 £ 3[R
AT HEAS B 0 A AT RIS
2.2.4  BRERILAGHfBE

T B EEE B KA G AR LR AR I X AR
LAT A I () 5% i, A F 5 78 BE 25 FA G F 20 A
E Al 1 25 A 25 08 =3 S W) A% O 1 52 ), i
A I i AR = (9) fir R
(R.i—R")* 1 COS @ f

R, ) (cos 0)° " cosa
S, s SRy I B RS i SR [0 AG IE 5 1 5 5 B
AR R TR E X L,

2.3 SRESHIRN

AR Sy I BT RS TR 20 A S 500 TR
IE LiDAR 58 B A& OE 1 J5 X R Ak LAT Al U i 52
M) o e — o Ay 5 23 R B S — b Ol SR LA
2.3.1 Sil)2 R0 S E I

SEE J2 R B S AR R el SOk [ 22 ] AR B 42

Ija =1,

(9



174 February 2018 Vol.47 No.2 AGCS

http: / xb.sinomaps.com

WOt BRGE 8, Z )5 Sk [33]5] A
PLE LiDAR B 2 $0HE 276k 25 1 2 50 Ak 0
. W CIS & XAl H1, fE AL LiDAR B # A =
N e 2 SR B SRS Z R R R A OGN A
T n AR R T IR A s R A
B CIS tHE S5 R iy sz, A 5T 72 115 CIS /Y
IR R4 T ORE T R B SRR T B ) 2
S BRI R A =8 (10) fR

DI
CIS=—— L Lo (10)
nri/cos @ dyn
Ao, CIS i &b 7 1 BRI 55 2= %5 8 A% OE I 1Y ek

JRESRIERA D017 R S L o RE 7 TR

SRS IE S 1 8 5 B TSRS 25 Oy BE AR T 1
SRFER AR BUME 10 ms o N EE T BB E AL
DEM #7415 51 (4 3 B & 8 T 315 805 d e N
WFIE XT38 08 = %% B B I 5 DX 0T A 0 = B
5058 K BT BAF B s d o FEE DT 1Y 0
H AR T N T A = B SR i B AR 3
2.3.2 FHES R

h T 5 5 2 R 2 U R L AR BIF 5T )
Ak SR R 8 B LU A S 80, BN O o B 1R k. LPL #&
TR 3 B v 38 40 25 T8 T OGAE BR AR E 2 N Y
&ty BT T2 O T AR ARAR P R K A% AR T AR
T B A BT ZE 0 L A O I A A T A i R DL
SCHRE35 ], HH A AR =l (1D PR

Z I ground

LPI= an

D Lot + 2 Tocgernton

Ao, LPT S piy i B 500 5515 21 19 30O 28 i 48
$Us D0 T ouna 9 RE 7 ML TET R BE oy RF 7 M AT 25
7 JFIA R TE R B AR E] s D) Tegerion HREDT
5ok J22 G B PR RE O A S 2 AR SR GE R B T
AR,
2.4 FHFHLAI RBRFBEEH

ST R B AR R A 2 R RS OE X R AR
LAT A8 g 52 ma o A8 BF 53 R FH — o0 2 M [l )3 X %
MLAT A7 A, B an= (12) froR

y=ax+b (12

A,y MMM LALe LA B8 B CIS
w-In(LPD ;6 % 200, [A B bR B 2 ]
AL LAT 5-In(LPD £ VAR G, ilf LAZE H] LPT X 2R AR
LAT PEA7 A5 0 Bf 7 S % FE R A7 X g A A0

PRI 5 It R AR i AH R 0 R T 1A FR
FEA RN AR AT B A2 T 5 B AR bR LAT A5
SR ARG R B — 38 LB ] T AR AR LAT Al
DAY 1) 8 S B RS BE AT AN Hevh B e AR
(coefficient of determination,R*) Fl¥ 7 #R % 2=
(root mean square error, RMSE) i {E i i £ %U
K REPEH 8998 H5

3 #gRuobrSiie

3 ETHEBREBESHAM LALHNER
3.1.1 R RRE SR I gs R

FF B R B R OE BT S CIS 280 AR AR LAT £l i
SERANE 1 Fros, Gl ad xR 1 BT R ZR AR LAT A
285 BEFEAT 20 B vl A, X CIS S 800M &, 9 i iR
BIRIE A% 1 v AR AR LAT BUA5 RS B2, ARt
B 1Ca) T 7, 5 R B A I AR PR LAT (9 4k K
JE R*=0.646,RMSE=0.226 , 3 Ji £ If5 85 £ 1F &
FEAR LAT A4S MRS BE R? =0.714 ,RMSE=0.203
(B 1 (b)), A ok B BE 2 /2 IE AT R 39 m T
0.068,RMSE /> T 0.023,

3.5
R*=0.646
32+ RMSE=0226 @ °
<29 o ®
g °
=26 °
z MK
wn
523 o?® o
2.0 |
1.7 1 1 1 1 1
1.7 2.0 23 26 29 32 35
B3 A0 AL AL
(a) GISZAZ &
3.5
R*=0.714
3.2 F RMSE=0.203 o
= ®
é 29 F o @
z °
= 26 ¢ °
S ® o®
223t %%
SH ° ®
2.0 ()
1.7 1 1 1 1 1
1.7 20 23 26 29 32 35
B A & B L AL
(b) CIS A8 &

1 BpAhsci LAT S CIS A8 UM LAI % &
Fig.1 The relationships between the field-measured
LAT and CIS predicted LAI



el

Ju5 M55 LIDAR A (] 3 B2 A IE 15 00 A6 5 A - 7T AR 2500 000 ) 52 i 175

3.1.2  SPEE LA S EE I ES R

PR B SR ML BTG LPT 280 A Ak LAT A )
g 2 pron ., s X E 2 B LPT S 808
T IE Wi J5 ARAR LAT Al DU &5 S 847 X e 4 B & B
XFLPT S400M 5 o 3 248 1 B A% I B X AR AR LA
FA Ak &5 SR A R, H R K. W 2 Ca) i
7N, 5 B IE HT LPT ZR AR LAT 5 25 2R R* =
0.794,RMSE=0.172; W& 2 (b) P75, 58 BE AL IE
J& LPI ZR#K LAT A 25 5% R* =0.795, RMSE=
0.172, AH % 5if FE A IE 1/ A DAS 2 R” AU m T
0.001,RMSE N {# A5,

3.5
R?*=0.794
3.2 F RMSE=0.172 o
—_ ) °®
< 29} »’
—
g
= 26 P °®
= C)
= ()
& 23f s o
e
2.0 F [}
17 . . . . .
1.7 20 23 26 29 32 35
BF A 2 L AT
(a) LPAE &
3.5
R*=0.795
32 RMSE=0.172 °
— o [ )
S 29+ o
=)
= 26F
= ; ....
o
= 23F o o
o= )
2.0F ®
1.7

1.7 20 23 26 29 32 35
YF AN B AL AL
(b) LPI A8 &

F2 SFARSEIN ALY LPIAE R LAT X &
Fig.2 The relationships between the field-measured
LAI and LPI predicted LAI

P 1 FTE 2 PR A5 R AEAT 2R A B ml A,
Tt CIS 2Rk 2 LPI B8, 5 = 08 I B
IERE 4R R AR LAT AR IR B2, HOR K i b
R 22 5%, B CIS 50k i 45 L 1% 5 i F
LPL A& I 25 08 6, 25 LR W, 9 B F B A% IF R
g 4 AR AR LAT AGINHE BE , HLm L 2 80—
AE TR R 55 TR B IR B AR E X AR PR LAT Ak U
M5, X — 25 RS e AT R e A X E R

—EE L SRR ST A R AL R S B bR 2 [ BE
JE T A S RE RO S e TR 3R v ek E A R L BE
g L S e o G i = I (L[S
R EEDS
32 EFASHARERBESHAFK LAL &N
GHR

el )2 S ol 5 3 A % 2R
AR B RSIE S CIS, 2 50 Ak LAT A0
ERWE 3 Fran, X CISEZHI S, mEL AR
FARIE J5 AR AR LAT A S 80K B 9E (0 3% 6B 45 31 42
s R T — R E N N K 3 TR L5
FEZE A S ROE JE B Al I RS B2 RY = 0. 610,
RMSE=0.237, %% 5 & £ 1E 5 £ 00 25 28 R B&
X7 0.036 ,RMSE #4411 7 0.011,

3.2.1

3.5

R*=0.610 ()

32 1 RMSE=0.237

29 b Py

°
26 F ‘Q‘

23

CIS, Tl AL AL

2.0 F

].7 1 1 1 1 1
1.7 20 23 26 29 32 35

YA B L AL
Bl 3 EFAMSEIN LAT Y CIS, Bl LAI K&
Fig.3  The relationships between the field-measured
LAI and CIS, predicted LLAI

3.2.2 SR LRAE S EAE A5 R

NG SR A IE S LPL, S8k LAT A5
GESRNE 4 P, X LPT S 500 5 . A S f 5 i
W IEAE—FhRE BE L REAR T AR AR LAT B Al RS 2
HEE R 2Z AR E, WA 4 FoR, 502 A
KEIE R LAT B4l I 45 5 R* =0.793, RMSE =
0.173 , FH A5 2 A TE |/ AR AR LAT Al 0 45 530 5
R? B&A% T 0.001,RMSE K T 0.001,

i xf /3 MR 4 s g R TR A S pr el
LT E CIS 2404 2 LP1I S50, i 4 A 4
FAREIE X ZRAR LAT A% (4 52 0 ¥ ok 671, B CIS
BRI 25 S B R AR R T LPT 2 80k I 25 R
MR . 45 LW, h DEM MM # 4
F A AN T4 48 5 2 8 B 5 AL IE [
B3 3 LA S 407E — 2 B s T A G AR iR



176 February 2018 Vol.47 No.2 AGCS

http: / xb.sinomaps.com

R IE X AR AR AT Al 07 A B 5200

3.5
3, | R=0.793
: RMSE=0.173 P
— ® ®
< 29 F Y
—
£ °
= 2.6 ®
" '. °
= 23f ° o
o®
20 F o

1.7

1.7 20 23 26 29 32 35
SF NI L AL

B4 BEAMSEIN LAL S LPL B LAI &
Fig.4  The relationships between the field-measured
LAI and LPI, predicted LAI

ARSI FE AT A 5 B A IE 52 SRy B, AT LM DA
T AN T TR i R

(1) BF 5% P R HT i B2 BCOE A5 A 3 02 W
DEM F14 4 ff1 4t [5] 777 A 45 21, 171 oK % 2% AR [H]
MW E A AR IE ST 22 A B, AT
S RPN R B ROR R 5 3R T 23 T8 B — A i 2k
1) 25 DEM [ 1 , FR oy 805 2 T 15 A (digital
surface model, DSM) , X~ DSM 5 #k K 58 4= K
AR BARAGHE 28 AR % VI A ¢ . B DEM A 4
£ TR0 A= 15 30 09 A A 3 FH T AR bR L TET A5 B
REIE s ZANE T AR MR 2 AR 4 A A 5 B A IE ,
FERREATER — XY 4, DEM 1 DSM fit 4: 1%
S 1) 3k B B 1) B e 25 S AR K BRI B DSM
RS A AT R4S B0 A f R BB 55 8] i DEM. A1
4 3 1R A7 A= 45 200 A5, B LU i DEM
RV AR 2 R A7 2R 45 210 9 A MO EE 2 05 =
5 P AR A TR IEAF AR — B R AL

(2) WFFE R 0 535 7 BB OE A G #0452 il
I 49 42 2 T A AR %) B AR S 5 TR e
A 5 58 B A cos a0 B — 5 1Y GBI TS A
SR I 48 K 22 500 1R T AN 58 4 1A B AP AR
SR AR R ST AR EE — E R b
2 1 R IR 85 B R HE R PR . ZF LTI fE R
Femkoll LIDAR 5% B A% 1EWF 58 oh, B oR FH B b &
T IR TE B R AR (] 6 2 0 8 Sl AT 2
AL TE , 2 17T $2 1 AR AR G5 A S B AR MRS 1

SR FBE R T X6 T A (] 288 R 2 A 0 2 2R Y
S0 AR B DR BRI B AT 22 5% . TRE R B

FIA SR A 15 TE o8 e )2 6 58 B2 25 ) 532 Wi A ) 452
IR T X 58 B B {2 A 5 R A X /N o A i
i, R LA 2 B0 o b T A R R R R D7 B R
Zoad WA 3], W H s B — R B b s
TR A IE XS BRAR LAT Al I 7 A= 64 52 0 5 1 ek )2
B JIE 2 O SR B BT ROINR A — 5 TR ¥ AR
G AR B TSR RCE RIS . SCRIR(21 ] A 2k
MLA5IE I MR J7 25 Z 8] B9 LU AR 128 55 B8 % 7 B
Je AR YRR R 2 AR R 2R I,
oK R AR B 5T H B9 B R [ 3k T 3 B S

=X
AR,

33 ETHEBEMASAKERESHAM LAL
CRUEES
3.3.1 bR RGBT SR I gE R
S RIS 3 A I CISka 2 50FR PR LAT
M gE A& 5 froR ., X CIS Z280M & . ¥ 4
IR RS £ 1 E BE 85 B2 R AR AR LAT By Al RS
BE . AN 5 FrR o B 2 R B A BT AR A OE S 7R
ALAT f 45 A5 R? =0.681, RMSE =0.214,
RO B RS IE BT AR AR LA A5 I 45 5 R* 48w T
0.035,RMSE F#fIk T 0.012,

35
R?=0.681 A
32 RMSE=0214 @
E 29+t y, [ 4
% 26 F ° .
% * e°’
5237 o‘ e
2.0 F ®
1.7 ' ! ! ! !

1.7 2.0 23 26 29 32 35
B AN E L AT
5 WA LAT S CISpa BN LAI X F
Fig.5 The relationships between the field-measured

LAT and CISgs predicted LAI

LERXTH M 1 R 3 R 5 s 25 ]
1 R BE 28 IR B G A A IE CISra AR AR LAT 1Y
Al RS B2 AR 56 B 26 M B AR O I 45 R A R TR
BEZ A ARE SR, R IL R R R 32 B B A
TE X ARAR LAT Ak 0 A 1 B4 52 0, A S A A% I X6
AR LAT (450 4 671 8 82 ), JF DL =38 25 5 2O
R 235 R B A (ELA A B2 AR T SR 0k B B A TE
PR A IDORG BE . 25 SR BH L XA R T L R B R



el

Ju5 M55 LIDAR A (] 3 B2 A IE 15 00 A6 5 A - 7T AR 2500 000 ) 52 i 177

REE AR LAT Al 45 5 5 00, A9 1 iy 51 AdEH
VBB i 45 RGBT R AR T A UK
3.3.2  SBIE LA S Bk g R

5B A 3 A IE LPLea S8R AR LAT
fEIZE R E 6 frs, X LPT S 80m 5 . i &
FEBS RIS AR R IR X AR AR LAT Al 00K B2 1 52 il
AR ARBEAREN R I R A FE . Q& 6 s, 5k
JIE 28 B B AR A TE AR AR LAT AR 45 R R* =
0.794, RMSE=0.173, 8 5 & £ IF 1 £ Ak LAT £l
MiZE B AL LE RMSE 3K T 0.001, R? T 4 4%

A

35
R*=0.794

3.2 r RMSE=0.173 PY
= [ ] ®
S 29+ o’
£
= 26t Y o
B 7 g °
Y % <
Ay 23 F °

2.0 F )

1.7 1 1 1 1 1
1.7 20 23 26 29 32 35

5 S B AL AL
Kl 6 HFARSSI LAT Y5 LPIe BU LAT G &
Fig.6  The relationships between the field-measured

LAI and LPIgas predicted LAI

X 2 B4 FIE 6 BT R a5 R IEFT SRS
Oy AT A B L 6 R 2 R RS AR A IE LPTea AR K
LAT Al 0 5 SR AR T 5 82 B 26 A DAk 0 4 2 A A
T EE SR AR R TE A DN 5 A SRR B A T A
bl 151 DS A 0 - Y S N 6 IR L N
SEAAIE S50 BE R BOE LPT Z 80 R bR LAT Al )
LERZFRARHEETLUZBAI.

TR

AR SCAY 50 R R N S A R A B A
S35 AL LiIDAR A5 2 5 B 8088 UE 17 8 1E ., A
PP IS J2 R S B R R BE LG (E R AR O R 2 R S
B, 43 T Ak 45 DR 3R 5 BE RS IE X AR A LAT
A0 fe 5 ) A5 LR 4598

(1) ASTa) PR 58 B A8 1 X #R AR LAT Akl 28
(5 AN [R] . LR T L I A I RE % 1 i AR AR
LAT A9 45 0K B2, (5 (1 DEM F4 4 £ 2[5 775 4F
1520 A 1 OE AE HA B8 45 3 AR AR LAT 1Al

TUPOKG B, BT R I T A IUORG BE . AR 7, R 4
PR B AT A 28 6 A% IF B RE 32 5 AR AR LAT A9 45
TUPOKG B, H 45 S AR T BE 29 sl A IE A 25 2L .

(2) 3 R IE XF ZR AR LAT A5 0 2% 55 5% i 72 2
5 AR & SRR IR OG . XT3 (28
T 7 o 5 B2 A I BT X AR AR LAT Al i) 25 5 1 52 e
AN 5 R ek )2 S iR BE S BT 5 L 9 B AR B IS AR
LAY A D25 50 22 S A B I,

ARSI S JIT A5 5 1 S 7F i 45 44 AH X SF- 3., A
P2 ¥ 55 A B — X A9 L 2 F M B B 2% IX 4k &5
WIS HYEA R e — LI UE . PRI, 7E R OR 19 iF
FEHP LB RSN L DL IR R S5 B TE M
TE 235 K8 R 6T 52 2% PR 20 B 22 B DX 08 ) 35 FH 42

5% 3CHK -

[1] SUMNALL M J, FOX TR, WYNNE R H, et al. Estimating
Leaf Area Index at Multiple Heights within the Understory
Component of Loblolly Pine Forests from Airborne
Discrete-return LiDAR[J]. International Journal of remote
Sensing, 2016, 37(1): 78-99.

[2] BREDA N ] J. Ground-based Measurements of Leaf Area
Index: A Review of Methods, Instruments and Current
Controversies[ J]. Journal of Experimental Botany, 2003,
54(392): 2403-2417.

[3] GATZIOLIS D. Dynamic Range-Based Intensity Normali-
zation for Airborne, Discrete Return LiDAR Data of
Forest Canopies [ ] ]. Photogrammetric Engineering &
Remote Sensing, 2011, 77(3): 251-259.

[4] CHEN]J M, BLACK T A. Measuring Leaf Area Index of
Plant Canopies with Branch Architecture[ J]. Agricultural
and Forest Meteorology, 1991, 57(1-3): 1-12.

[5] CHEN ] M, PAVLIC G, BROWN L, et al. Derivation and
Validation of Canada-wide Coarse-resolution Leal Area
Index Maps Using High-resolution Satellite Imagery and
Ground Measurements [ ] ]. Remote Sensing of Environment,
2002, 80(1): 165-184.

[6] Ju5H, MR, E&, 55 A LIDAR & HUR 2 Al £

b T AR R BT ). PO AL AR A BE AR 4, 2014, 29 (3D
41-47.
YOU Haotian, XING Yangiu, WANG Zheng, et al. Esti-
mation of the Leal Area Index of Coniferous Forests Using
LiDAR Discrete Point Cloud[J]. Journal of Northwest
Forestry University, 2014, 29(3); 41-47.

[7] WOODGATE W, DISNEY M, ARMSTON ] D, et al.

An Improved Theoretical Model of Canopy Gap Probability



178

February 2018 Vol.47 No.2 AGCS

http: / xb.sinomaps.com

L8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

for Leaf Area Index Estimation in Woody Ecosystems[]].
Forest Ecology and Management, 2015, 358 303-320.
FINNEY M A. FARSITE: Fire Area Simulator-model
Development and Evaluation [ R]. RMRS-RP-4, USDA
Forest Service, 1998.

MORSDORF F, KOTZ B, MEIER E, et al. Estimation of
LLAT and Fractional Cover from Small Footprint Airborne
Laser Scanning Data Based on Gap Fraction[ J]. Remote
Sensing of Environment, 2006, 104(1): 50-61.

WANG Cheng, GLENN N F. Integrating LiDAR Intensity
and Elevation Data for Terrain Characterization in A
Forested Area[J]. IEEE Geoscience and Remote Sensing
Letters, 2009, 6(3): 463-466.

KIM S, MCGAUGHEY R J, ANDERSEN H E, et al. Tree
Species Differentiation Using Intensity Data Derived from
Leaf-on and Leaf-off Airborne Laser Scanner Data[ ] ]. Re-
mote Sensing of Environment, 2009, 113(8): 1575-1586.
HOPKINSON C, CHASMER L. Testing LIDAR Models
of Fractional Cover Across Multiple Forest Ecozones[ ]].
Remote Sensing of Environment, 2009, 113(1) . 275-288.
ZHAO Kaiguang, POPESCU S. LiDAR-based Mapping of
Leal Area Index and Its Use for Validating GLOBCARBON
Satellite LAI Product in a Temperate Forest of the Southern
USAL[J]. Remote Sensing of Environment, 2009, 113(8) ;
1628-1645.

B W, WA, 5, 4 BT LiIDAR S RERHE B
TR AR P BE S 7 v L) . e stboll R4, 2014, 36
(6): 30-35.

YOU Haotian, XING Yanqgiu» RAN Hui, et al. Inversion
Method for the Crown Density of Mongolian Scotch Pine
from Point Cloud Data of Small-footprint LiDAR[]]. Jour-
nal of Beijing Forestry University, 2014, 36(6): 30-35.
LOVELL J L, JUPP D L B, CULVENOR D S, et al. Using
Airborne and Ground-based Ranging LiDAR to Measure
Canopy Structure in Australian Forests[ ] ]. Canadian Journal
of Remote Sensing, 2003, 29(5): 607-622.

SOLBERG S. Comparing Discrete Echoes Counts and Intensity
Sums from ALS for Estimating Forest LAl and Gap Fraction
[C1// Proceedings of the Silvilaser 2008; the 8th International
Conference on LIDAR Applications in Forest Assessment
and Inventory. Edinburgh: Heriot-Watt University,
2008: 301-304.

GARCIA M, RIANO D, CHUVIECO E, et al. Estimating
Biomass Carbon Stocks for a Mediterranean Forest in

Central Spain Using LiDAR Height and Intensity Datal J].

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Remote Sensing of Environment, 2010, 114(4);: 816-830.
HEISKANEN J, KORHONEN L, HIETANEN J, et al.
Use of Airborne LiDAR for Estimating Canopy Gap Frac-
tion and Leaf Area Index of Tropical Montane Forests[]].
International Journal of Remote Sensing, 2015, 36(10):
2569-2583.

TRHak, Bk, LB M, % T HLE LIDAR PAACHOL %
BRI AR LATAG LT, B AR 25 2% 4z, 2016, 27
(11): 3469-3478.

XING Yangiu, HUO Da, YOU Haotian, et al. Estimation of
Birch Forest LAI Based on Single Laser Penetration Index
of Airborne LiDAR Data[ J]. Chinese Journal of Applied
Ecology. 2016, 27(11); 3469-3478.

BEALR, E R, sk, SF. MLEOE T A AR AR T AL
RORHRTFEL) ], HUBR Y B 24, 2013, 56(5) . 1467-1475.
LUO Shezhou, WANG Cheng, ZHANG Guibin, et al.
Forest Leaf Area Index (LLAD) Inversion Using Airborne
LiDAR Data[J]. Chinese Journal of Geophysics, 2013, 56
(5): 1467-1475.

SONG C. Estimating Tree Crown Size with Spatial Information
of High Resolution Optical Remotely Sensed Imagery[]].
International Journal of Remote Sensing., 2007, 28(15):
3305-3322.

MEANSJ E, ACKER S A, HARDING D J, et al. Use of
Large-footprint Scanning Airborne LiDAR to Estimate Forest
Stand Characteristics in the Western Cascades of Oregon
[J]. Remote Sensing of Environment, 1999, 67 (3):
298-308.

JELALIAN A V. Laser Radar Systems[ M]. Boston: Artech
House, 1992. 3-10.

JUTZI B, STILLA U. Range Determination with Waveform
Recording Laser Systems Using a Wiener Filter[ J]. ISPRS
Journal of Photogrammetry and Remote Sensing, 2006,
61(2): 95-107.

HOFLE B, PFEIFER N. Correction of Laser Scanning Intensity
Data; Data and Model-driven Approaches[J]. ISPRS Jour-
nal of Photogrammetry and Remote Sensing, 2007, 62
(6): 415-433.

RONCAT A, BERGAUER G, PFEIFER N. B-spline
Deconvolution for Differential Target Cross-section Deter-
mination in Full-waveform Laser Scanning Data [ ] ].
ISPRS Journal of Photogrammetry and Remote Sensing,
2011, 66(4): 418-428.

YAN W Y, SHAKER A. Radiometric Correction and

Normalization of Airborne LiDAR Intensity Data for



%2

]

Ju5 M55 LIDAR A (] 3 B2 A IE 15 00 A6 5 A - 7T AR 2500 000 ) 52 i

179

[28]

[29]

[30]

[31]

[32]

[33]

Improving Land-cover Classification[ J]. IEEE Transactions

on Geoscience and Remote Sensing, 2014, 52 (12):
7658-7673.

KORPELA I, JRKA H O, HYYPPA J, et al. Range
and AGC Normalization in Airborne Discrete-return
LiDAR Intensity Data for Forest Canopies[J]. ISPRS
Journal of Photogrammetry and Remote Sensing, 2010,
65(4): 369-379.

KAASALAINEN S, JAAKKOLA A, KAASALAINEN M,
et al. Analysis of Incidence Angle and Distance Effects on
Terrestrial Laser Scanner Intensity: Search for Correction
Methods[ J]. Remote Sensing, 2011, 3(10); 2207-2221.
COREN F, STERZAI P. Radiometric Correction in Laser
Scanning [ ] ]. International Journal of Remote Sensing,
2006, 27(15): 3097-3104.

KUKKO A, KAASALAINEN S, LITKEY P. Effect of
Incidence Angle on Laser Scanner Intensity and Surface
Data[J]. Applied Optics, 2008, 47(7): 986-992.
MORSDORF F, FREY O, MEIER E. et al. Assessment
of the Influence of Flying Altitude and Scan Angle on
Biophysical Vegetation Products Derived from Airborne
Laser Scanning[ J]. International Journal of Remote Sensing,
2008, 29(5): 1387-1406.

HALL S A, BURKE I C, BOX D O, et al. Estimating Stand
Structure Using Discrete-return LiDAR: An Example
from Low Density, Fire Prone Ponderosa Pine Forests[ ] ].
2005,

Forest Ecology and Management, 208 (1-3):

189-209.

[34]

[35]

[36]

JENSEN J L R, HUMES K S, VIERLING L A, et al.
Discrete Return LiDAR-based Prediction of Leaf Area
Index in Two Conifer Forests ] ]. Remote Sensing of Environ-
ment, 2008, 112(10): 3947-3957.
PEDUZZI A, WYNNE R H, FOX T R, et al. Estimating
Leaf Area Index in Intensively Managed Pine Plantations
Using Airborne Laser Scanner Data[]]. Forest Ecology
and Management, 2012, 270 54-65.
HOPKINSON C. The Influence of Flying Altitude, Beam
Divergence, and Pulse Repetition Frequency on Laser
Pulse Return Intensity and Canopy Frequency Distribution
[J]. Canadian Journal of Remote Sensing, 2007, 33(4):
312-324.

(AR 4 R 8

Y EHE . 2017-09-11

fEEBH: 2017-12-11

E—EEEN. LS MA98—) . B L Yhm, B s o7
I A Mol 2 5503 I8k LT AR .

First author: YOU Haotian (1985—), male, PhD, lecturer,

majors in forestry parameters quantitative research

with remote sensing technology.

E-mail: wuliu2007_02@hotmail.com
BIE1EE . TRHEK
Corresponding author: XING Yangiu

E-mail: yangiuxing@ nefu.edu.cn



