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Verifying the Accuracy of the Leaf Area Density Distribution of an Individual Tree Derived from
Terrestrial Laser Scanning while Considering the Penetration of Beams
into the Crown and the Influence of Wind

Haruki Osnio™ and Takashi Asawa™!

Abstract

A terrestrial laser scanner-based method for estimating the leaf area density (LAD) distribution is examined while
considering the degree of penetration of the laser beams into the tree and the influence of wind, which can lead to errors in
outdoor measurements. Two Japanese zelkova (Zlkova serrata) trees of 6 m in height were used. Each tree was scanned
from four positions, each at a distance of 4.5 m from the tree. To evaluate the influence of wind on the estimation accuracy
of the LAD distribution, laser-beam-transparent sheets were installed around one tree to biock the wind. LAD distributions
with a voxel size of 0.3 m X 0.3 mX 0.3 m were estimated based on a previously developed method in which the contact
frequency between laser beams and leaves was calculated. Through these estimations, two different methods for using data
acquired from multiple scanning positions were examined. In the first method, all scanned data and the calculated LAD
were integrated (Integration). In the second, the LAD was calculated for each scanning position, and the maximum LAD
was adopted for each voxel (Selection).. The estimated leaf area was compared with the measured area by stratified
clipping. When the wind was blocked, the difference in the estimation accuracy between the Integration and Selection
methods was small, even though the number of incident laser beams on each voxel in the Selection method was smaller
than that in the Integration method. The estimation errors in determining the leaf area for the upper, middle, and lower
layers of the tree were 10-15 % for both methods. When the wind was not blocked and the wind speed reached 0.5 m/s, the
LAD was overestimated by both methods, but the difference between the LAD estimated with and without the sheets was
within 10 % in the Selection method. Conversely, the LAD estimated by the Integration method was 20 % greater than that
estimated by the Selection method. These results indicate that the Selection method is suitable for estimating the LAD

distribution in outdoor spaces.

Keywords : Leaf area density distribution, terrestrial laser scanner, voxel, urban greening, Zelkova serrata
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Fig. 1 Plan view of the experimental field (left) and elevation view of the measurement method by terrestrial laser scanner (right).

fraction 1230 ¢ HEEY 1V Cid, LAD DA EIRX B S
LIZHEETH B, £ TABIZETIE, BERL—HF—2X
FyFICEET 2, BAMETIE, BECHSEROH
EP OBRO B, WM MBS OB
I T bR TEY, BAROEEERIE~OA A
TR ENTE 72, WIFEHNIEE { v b DD LAD 434 D
S B WAL REh T 519720,
BARTIE, L—F—VC—23Er 2 VEREZ RO T
72, BEHESSFET) AL EhTw
270 —h TR A A S OFHINE, B CHEEAE X &
HEDTF—FDRELLBZVWI EIZL S LAD O ERER
TR D 5. BEMATIEIHIM R EEZTRLE LT
WAHZDRDEEINEVWE R ENBRIEI N TR
2%, WHIRICE K RSN AWK AT X Y B
EZIRTVWEEZOND, T TABETIR, WEND
L—H—E—2DAHKRR L BOMELZER L5, H
FRIV—Y—Z2F ¥ FICL ) LAD i 2 HEE T 5 H IS
DWTHRE L, ZOMEBEEXHL,ITHILEZHNE
T 5,

2. {ERTF—%&EHE

2.1 BIEYA b EXRBIAK

WY A MIBHMEALLTHNICHAS bI & HEYE N A
I - RALWFZERT (35°8'N,137°6'E) DEERES TH 5. #F
TRALICR O N2 — B LBEE RS SOBARLELT, 6
mEBZATYFENRE L, A LAD 54 DI R EE
WCRIZTHECOWTHRET 472012, BAK%2 Y — 1 TH
ATHEZE S 721K (CASE 1) &, ¥ — M LDIKAE (CASE
2) IZBWTL—H—ZXF ¥ FIZ LB ATo 7o AT
BVEHEIRELAEREOW T 2 ETOWETH S
A, AWFIETIR L WV BGEEE L& 2165 720, g
R b—H—¥—2ADERFITBITHEHBITED95.6% D
7 v EBIET 4 VLAY — NTHAZ, 2MED Y %K
AL, 14 % CASE1 OFHIC (XY ¥ 1), 91
&% CASE2 OFHIIICH W (XY ¥2) FYF1 &7

Table 1 Specifications of the laser scanner used.

Scan angle range -40°-60° (Vertical scan)

360° (Horizontal scan)

Angle measurement resolution  0.0005°

Wave length 1550 nm

Beam divergence 0.3 mrad (7 mm in diameter when
leaving the instrument: 8.5 mm@
distance of 5 m.)

Ranging accuracy 5 mm

Repeatability 3 mm

YX 2L HICFA—EETEERICL o TEESI N 1S
SELEOERT, B - WEEZEZENEN 6m - 8.8cm KT
6.4m - 8.0cm Td o7z, Fig. 1 ITHEEAK & BEEARDNMIE
BRERT. F Y21 dEsiziTESND Z L B
LHERETHD, $72, ZOBANS 43m BN 72fLE THb
25 D8 S 4m (2 ZRICHE H R E#E T % 3 E L TRl
HEPE L7z 2 ROMNEBARITIZEMIITHEKRZIT> T
By, EEICEFT LTV,

2.2 L—H¥—XF v FIC&BEHE

BEE - BRE - BERFHISTERL Y -2 F 1+
(VZ-400 (RIEGL)) ZfH L7zo Z DB, W&WHS
OFRFV—F—E—20% Ins TEIZH YTV VI LTK
WAV ADOEEZBBEL, ZIh6VADY -7 2HE
THILTE—ANRE ENMBEOERE ST 5. 1
DOFH LV —F - =AW L THBOE -7 2t s h
THEiE, TR ENONRY O ERHHRZ HIFTRETH
%o BEXTIE, RAERBORE IVAZET 7 =AY
y—, ROGAM) I =V, TENOLOBOREISVA %
FEY =2, E=228 12 F0b0E VTV ¥ —
VLS, Table 1 IS L2V —FF— 2% v F O
AT o

2012 4F 8 A 29 HICEHM 24T 72 o 720 EHIIH O REIZH
h, BEOFHEEL0.9m/s &JAAEFHTHTH -7z, Fig.
LIRS LI, ZREFRONEBAROE 4 Himr 57
HEIToTze ORI —V (BEE 7-9cm, 1E3-4cm )
£ T2V 2mm ORBETL — 9 —E— & 534}
ENBEHC, 002 DHEBTY — 22 RH Lize 2O
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Enlargement
of a leaf

Fig. 2 Laser scanner data of Z. serrata scanned with sheets.
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PR L7 1 R DH72) OFHNERIE 1530 85056 24
BETH-70 BEEL2DDY — FDIEIX45m, L
DEEIF Tm, THOBEIE27m THY (Fig. 1), R
BnWoiRREE L7,

2.3 L—H¥—ZXF¥vFTF—2OFNE

BFLOIZ, FHEOT—F7 ONEEDEE L, Gl
RO REFEICE WSO EHE2SBEE LT, F—
ZuEy 7 b (RiISCAN PRO (RIEGL)) %AV THHHD
F— 5 R IEOEERICER L. RBIETIE, z iz
BEHMEL, x, yHIAZWICRERE LICHIAFROE
REERE Rz, SOLE, FHEOT— 5 HTERME
DREIZH smm DT ARSI, BELEELTHIO
BEOThEZEATVWDLEZONSE, £T—FICIE7 7
AVIRLVEN, TR T—AMRA VMR LTINS
I5—DHE (ERICEIWES R CLEICHFET ST —%)
BaFhowls, COLIET—FR’, ——E—2aD
FEHERFIC R TSV AEDE N A RIS E DAL S E S
NTw2?, 2070, BEHOENERTHETH 5 devia-
tion (V) % — @ 3 RICHEIEME L FRICEEERSINDS) 12
UFDY & —vEELWF—% L LTHIH LA, ZOME
VX BRE 2 H B R DSBUR 22 720, BHRHEZEICE DIREL
1es

WIZ, BAROEBEEED [ LD T L2, A5
TRFHTHELZ TR o7z, BEORBVWERFICHFELL
BICRZORICELTU—HF—E—2aPHELIZLK,
B OEGEDSHMRE SN2 WD, BRTEDSIHED HH
ZHBTE R WA D o720 FD LD RIFFHFOMIZEC
DLW, FETAHE— 2KV /zD, LAD OEE
BECRIZTEEINSVWEEZONS, HOFEICEL
T, MEBOU—ADORERENEICL 2 HED 2, L
BIZBF A=V OGN — Y DEVEH W
B2 PREINTWE, SO R HENSHBIMELSN
WIHBITOSBENTREE 2B L EZ b5,

Horizontal section
of a layer

Each voxel consists

Point cloud is of numerous s-voxels

divided into voxels
that represent
LAD distribution

M s-voxel in which laser beam
Determined s intercepted

by tracin s-voxel passed by beam
paths of s-voxel not touched by beam
laser beams

Fig. 3 Schematic of method for estimating LAD distribution.

2.4 LAD 2T DHEE

2.4.1 HEFHEDRE

AWFFE TiE, LAD 48 O H#E € 5 # & L T Hosoi and
Omasa D FH O 123 H L7z, Fig 3 122 DFEOHER
KZRTo FLDICL—¥F—5Hll7F—% (H#) ZiHlo
224 REE & RAREED X r — VD voxel (RAFZETIZI N
% s-voxel EIER) 12485, RICV—F—¥E¥—20DN
Bix b L—A LT s-voxel DFEHH (¥ — A& 2K, ¥ —A42%
Wi, C—APEELLRV) ZRET S, £LT, KLV
P FT—MEORBICETE, LV —F—-Y—20%
il SR 2 VT4 voxel D LAD 28345 (R (1))

LAD=——

1 cos(6) X n(k) (1)
AH  G(0) = nlk)+n,k)

ZIZT, AHiZ voxel DEE, 01ZV—¥—¥E—20DKHE
£, G(0) 1Z¥ — &ICTEE 2 FEAOEATEOREDOILH
i, N i voxel NDOBOE (AH+s-voxel DHE), ni(k) &
kRBIZBITBY ¥ — v &E&T s-voxel DI, n,(k) 1T kJEIC
BIFHE— 20588 L7 s-voxel DB TH 5,

2.4.2 MEEICELIHE

Hosoi and Omasa'®'” 13 L —+— ¥ — A2 @A 722 WIS
EROT-DIC, BEbEOT—52HEL-ET, 241
DFBEIENE =L DNH%E ML —ALTLAD 25 L
720 BEVED—R 7 LB W T voxel & 12 LAD DR EMR
HAAT bR TWEA, BRI L W R DT — ¥ 25E %
BRVEAEICE, X (1) O nk) 238N L T LAD O#ER
EIZOBRDVDBRENEDD B, LD X ICHE RO T~
y %A LT LAD A 2 HEE T 5 k%R, AL TR
41 (Integration) EMERT & &L, 2.4 4 1R TEME &M
Db & LAD DHEEEAT % 5720

2.4.3 FBIREKICLDIHERE

Bélandetal.'? 1%, BARZMEDT— 7 IZRE D L —HF—
V-2 DO ABKEAZAETHI LH S, HmEHIC LAD 4
2 HeE L2, & voxel ICBWTHEEMSOF2S 1 #
MO LAD 2 BRT 2 FEx v, TOHETEE
voxel ICOX 1THEDOTF—F 2L 00, A
2RV BEEIHART voxel O L —HF— Y — AD w0k
WHEIRASHEIN L, LAD OEEREEAMET 3 2 Witk
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Fig. 4 Leaf inclination angle distribution of Z. serrata scanned with sheets.

bo —H, HEM voxel & F2WTRENLRZITZRA DR
BRI BRVWETEMEAONS, EFEED X 512 voxel T &
21 HE 0 LAD % 8IR$ 5 k%, RIFZECTIEERE
(Selection) EFERZ & &L, MABITMA TEINEICL S
HeE 2 4T 70 o 720 MBI D LAD 545 OHEEITIZ 2.4.1 D
k% H 72, Béland et al.'” 13 1 31 5 0EIUC voxel ~
DL —HF— ¥ — A0 REED? %\ 7225 voxel ~D
L—HF—E— b DAFHEIELTD, FRIOBEIESN
HZ L Tvoxel NOEICY —2ABY-500nESLH 5L
£z, ABETIRIASETIE % L LAD O EMITRAD
A IR L 72

2.4.4 EtHEEH

s-voxel DH 4 X3V —HF— ¥ — 2 DREHBEEZEELT
2mmX2mmX2mm & L7z voxel ¥4 XIZBJ L T Béland
etal?® X, (1) voxel 4 LAVNET XL LEDOKE LD
T2DWZRT Y VGARRR Y /2% BT L, (2) voxel
AZXDBKRETEDLLEOHHFOARY—H (75 V)
DWEPELLZE, /2 3) L—F—¥—2EriRn
HEBEZHFETHE V) BENS, WY 7% voxel 14 X 0HF
ETHLEHL TS, HERDOLHITTu—TEH /R
AV aFI—METIRINLDEEINESVEEZ LN
BA, L—H—=Z2AFxFE2HNVEAICIZE -2 @E
WEEIBAYH 572012 (1)-(3) OMEIEZ I RD AN
b0 Tebb, FIZIER (1) ITBVwTiX, ¥—a2Enr%k
WIS BT A BEL ¥ — A OBRESRIE, FRIUBHROY —
AR HEIBICBI AMEREFMERZEINEZ L IT%
D, EDVHIBE—RCHMTELEND L LREENS,
F72, (1) & (2) @ voxel ¥4 XDFEEIX LAD 554i % F v
THEHEERE TR IOBRICDERIC R EE 2 5N b,
F ZTABZETIE, voxel D 1 ORI BEDTED 10 f5
FDJ/LLECHE WROTFYXFOELFAREDOR T —
VTHHEE 10cm, E4cm OABOEZETLYTD
ROBEIEFK 03m) I EFE (1) 2) OEEINSL DL
W) Y B F 2, voxel M4 X% 03mX03mX03m
L7z STTTEDTHEER, BPESOYY, $4bb
BEEFmMERR L EIC, ZOFHELEOMA ZMEOHE
WO EZHULIEZOFEYTH S, 3) FEHIEHIZL 5
TRELER B0, AR TOMRFAEB L Lz (BEN
DV —HF—V — 2D AFIKRI) o

BEAD L —F— ¥ — 2D A RROFELRANL 20

2, WEICHEHTAIHEREEZ CHEEEIT R/ Th
bh, 1 EDOF—F 2 HWEE 1, a2, #s
3, WE4), 2HBEOTF—F ZHCLEE (WE 13, HE
2+4), 3MEEHC/AEE (he1-2-3, #R2-3-4, HE
3-4-1, WH4-1-2), 4METERNEES (BE1-2-3-
4), TRENIZODVWTHEEZTR -7 (HaFE5 T Fig 1
ZH), 1 EDTF— 5 2 HWBEIE, R EIRED
FUHEZIT R o TWAZ LD D, DT T 1 HA
DE AT BIGEICED 2,

KRA) DGO 2KDBDITHELREOMEB AL, UL
TOEHICV—HF—ZAFxFT—F»OHF L. 7YX F
1 oWEE L, e, TR (Fig.1) 240, #hfho
B LEHZ R, FEHILAMOERL T V¥ AI1H
HL7ze TRENDOEIZONWT, HETEORKEZRD L
CEIITEZ 1 EDOTF— 7 2R, EOHOBEN-fLE
WCHB32D) Y —VEFHTHERRLT, 203 HE2ED
FHOEROKTEA X EOMBFAL Lze €L T, EBIC
BT 10 ERBOBES M 2RO T (Fig.4), GO 0%
HIZHW 2o A% ¥ FOWEEREEL Smm TdH 525, 10cm
DREAT—NVOEOEEZOHBIITETHLLEZ LN
%o BEAERFZEOY Tid, WREOHLBICAST S L —
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2.5 L—¥—E—LOASFRROFMISE

BEHNO L —F— Y —AD AR Z M Ai5EL L
T, V==Y -4 A5EE LIR (Laser beam Incident Ratio)
&, NRERS VL —F - =207y + 7Y ¥ MEDR
BLEEITHT BI8ETSH 5 Q (laser beam coverage index)”
B, MEBELBEREZREFRICIOWT, FRL K
RETEIIhsoRELTER L2,

LIR L —HF—¥ — AP FE L7z s-voxel DEETH Y,
K(Q2) TRENDo Nyvorer 13 voxel D s-voxel DB TH 5o

N

LIR=(Z‘inf(k)-l-np(k))/Ns-wz @
QizxX 3) THEHHZEh FRBIZLrOBERhZL—
F e ADURE STV DB

£2=-’4bzam><I\rexp(_I{'LI4Icum) (3)

Apeam & N1Z, WBBEBICAFT I L EDO L —F -V —
LDT7y b TY) Y POHE (BTRBICAFTRZLEDL—
F—C—L0KREWHERE) L 1m®H72 )V DASHE— 2
THbo exp (—K-LAL,,) 1, FHOBKETELNLI L
WEBE—-2HOBALERLTBY, KIZHBBRE
LALyp & Q %55 T 58 £ TOD LAI (Leaf Area Index) D&
BETH D, Hosoietal® 1, QAKX 2 BIELELAD O
WEBREFRAL, QT 2RE0EiITH L —F—
FHU D ML —F—-FHbEBTH L LR LT,

L—F—E—APETHOAHTLHAICL, Qidds
BBV T Im 0L —F—E—LEDbIhALH
BWThbH. LELEYD, L—¥F—-Y—Aa2gd» 5 A5
THRHEICE, Y—-20K%HE L4, 3H T YV EBRF L
Vi, FZTARMETIE, voxel HDZB T dpeam & N & %
RBIEEL, NI Nugyer CBEBZ 720 Nitayer 13BN
BWIRETMNLV—ZX2fTohk E0AN Y -1 (1’
H72Y) ThbH, LT, RB) Dexp (—K-LAl,,) &
Notayer/Netayer VCEB E B X 720 Nyptyer BB B~DEBED A
HE—2HTH2, T42bb, BRBIZBVT dpeam X
Notaper 25D QEEH LT ZLTEBO Q OFHESE
voxel D Q DfE L L7,

2.6 NMWEYICLZEEREDOES

V—F—2AF ¥ FIZLBFHOH%, F Y ¥ 1 2RREL,
RO L (LR, T8, TR (Fig1) K&TOEEN
DEo7ze FOBE, YUY NELTERIOERLY 10T
DEIRL, MOV oAEET7 Ty PRy FAF v 5 CTHE
LU CEmBEHE L. LB, 1 TRICBITA% Y
TVOEDEERITENEN, 50.6g 91.3g 604g, £T
DEDOHERIL 3.22kg, 1.78kg, 0.71kg THholz, TDH
ETOELER I, CRESEZEE L2, EHk L g
BEEOWRIIBELBRECTENLVWIEZHALLLET
RXM@ REIYVERBOEREEZ KD,

LA sampte* DW iayer
LA [ayer= Dp;mep[e 1o (4)

Z 2T, LAiger & LAsampie A ERBICBT 5 EEHBE L
YINVDOERE, DWier & DWoampte EZNENEBIZH
JAETHOELFVTVOEREETH S,

2.7 9HFk

LAD D#EREICHELT, KO3 R[ICOWTHT AT
ol OBMBHROL —HF - —ADAFRE (LR, Q)
& LAD O EFEORR, @ SO EA LAD OH#E
BECRIZTEE @ E—APAH LI WEHRIZBITS
LAD D3R DRI o

D D7DIZ, CASE1IZBWT, HEHBEICLVEERLE
EEBEOBIRECLVHEELAEEREZA VD IZLS
EREE B, RBEERE (B8 TR TR (Fig
D)) BV TiThot BILOERBBOREMIX, &
voxel DEME D EME (LAD [m*/m’]X0.3° [m®]) %F&HE
LTRD7z,

@ IZ2WT, A X Y EEIENLHE, voxel AT
NBEEL voxel # T2V TENLGEEND 5, BIRFEIX
12D voxel T2 & 1 EOF—F %) 72, voxel & &
W THEPENLEBOREZITDEHAONDG, 22T
T, DT LI L TREMRIREIC L D LAD 5374 D
WERECRIZTHELAN, BVEY) 2200HHD
LAD ¥EME DY %, CASE 1 & CASE 2 THBL /2,
i CASE THBEMSZIL L ZithiE, BB IREOKEIC
BRiZTHBINIVEEZIONDE, ZOLE, L—F—
Y= A DASHIRIROE NI H D LAD OHEERE
DEZNELTEHDI, 28EO QL BT 14 LR
D, HMEBDOQDEN2LTD voxel ZMEH LA, 205
BEWBZLTHTD, FHTL—F—E—A2ERSh,
HHWED S BBRFTEIEIBEOBEOT— & TIIERHE
TELRVIEERH o272, Z0 L 5 % voxel I3 FE CF
Wb, BIREN voxel F2HEDPS L —F—
C— AR AT HRBEONEBIUEL T5720,
BOEEZZIRTVEEZONE, FH—Hris SN -
BEORL 5L CRHNEAIT) C BB ED, A
DRy — PORELR EMOEEORBKR L, FHURBIIHIR
Bd ol oBEHMELSOFHIEZERLL, T2 TIRER
D& LHEEHAV.

WIZ, CASE2IBWTC, MAEBICID#EEL-EHR
CERECIVHEEL-BEEEEZ LB TAZ LT, voxel
NTHEIFBENLIFEEL SO CROEBEER L,

B FE DR S ARIZH L CEFREEIC LAD 5 iz #ET
ELLTh, LOREBZHATEIV—F—E—2
WK WIBFTAH 2, HEBEMET T2 Wil H 5, €
T, V=W —Ax ¥y FILLBHEFEEZ L) BB LE
HICEETES XS, @ D701, CASE 1 IZBWTIEM
ROMERE L RERE L OBRICOWTHH L7
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3. WREEE

3.1 REE-HEHICBTIMAEICLIHERE

Fig. 512 CASE1 IZBF 57 ¥ ¥ 1 OFEmEOFEHfE &
el (HEERVEIE) 2577, b0 @-@ 3%
BICX AR (R LA 2-4), O-O LEEICX
LiER (A L7-#m% 1-4) TH S, Fig 6 ICIIHETE
X ZERMBOMEERE, Q LR Z5RT, Q & LIR IFESR
&t voxel DFHETH B, T/, FHLZBEETEIC
WROMAEDEWEEFLET S B X2z HAL
A, HsT 1.3 & HU 2-4) 25, Fig.5,6 1325 % F
ﬁttﬁ%%ibfwéoﬁMﬁwv—b®%®$ﬁmﬁ
304m/s TH Y, EFTHAGHTHo7 ¥— PRHIC
WC, FHllL 28T — 2261, #Enor— &%ﬁ
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Fig. 5 Leaf area of Z. serrata scanned with sheets derived by
actual measurement, Integration, and Selection.
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Fig. 6 Relative error in leaf area, 2, and LIR derived by Integration for Z. serrata scanned with sheets.
Results are plotted for each number of scanning position according to layer of the crown.
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Fig. 7 Relative error in leaf area, €2, and LIR derived by Selection for Z. serrata scanned with sheets.
Results are plotted for each number of scanning position according to layer of the crown.
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Fig. 8 Scatter plot of LAD derived from a scanning position
and that derived from the adjacent position, separately
depicted for Z. serrata scanned with and without sheets.
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Fig. 9 Leaf area for each layer of Z. serrata scanned without
sheets estimated by Integration and Selection.
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Fig. 10 Relative error in leaf area plotted against Q for Z.
serrata scanned with sheets, derived by Selection.
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