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Quantification of Solar Shading Effect of Urban Trees Using Multi-Return Airborne LiDAR Data
and a Radiative Transfer Model of Vegetation

Haruki Osnio™, Takashi Asawa™', Akira Hoyano™ and Satoshi Miyasaka™

Abstract

In this study, we demonstrate a method for quantifying the solar shading effect of urban trees. Leaf area density (LAD)
distribution is estimated using multi-return airborne light detection and ranging (LiDAR); then, the estimated distribution
is applied to a radiative transfer model of vegetation to calculate the direct photosynthetically active radiation (PAR)
transmittance. When first and single returns are used to estimate the LAD distribution, which is the same as the previously
developed methods by other researchers, LAD is estimated with a large error in the lower part of the crown. The estimation
error is an obstacle for an accurate calculation of direct PAR transmittance. Therefore, a method using the last and
intermediate returns in addition to the first and single returns was examined. We verified the estimation accuracy of the
LAD distribution using the terrestrial LIDAR data of a single Japanese zelkova (Zelkova serrata) tree. We confirmed that
using the last and intermediate returns improves the estimation accuracy of the entire crown area, especially in the lower
part of the crown. Improvement of the spatial resolution of the external crown geometry and correction of the LAD for the
voxels where there are no airborne LIDAR returns from the leaves were also conducted. Subsequently, the estimated LAD
distribution was applied to a radiative transfer model, and then, the direct PAR transmittance was calculated. The PAR
under the Z. serrata tree was measured using a device with a 1-m probe in which PAR sensors are embedded. We obtained
PAR distribution by moving the device in the direction perpendicular to the probe, and the calculated transmittance was
then compared with the measured one. The comparison showed that when the estimated LAD distribution with the LAD
correction is used, direct PAR transmittance is accurately calculated, regardless of solar altitude.

Keywords : Airborne LiDAR, Leaf area density distribution, Solar shading, Terrestrial LIDAR, Radiative transfer model of vegetation
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Table 1 Airborne LiDAR observation specifications.

Date: 2010.9.6 Observation system: SAKURA

Altitude: 350 m (Heliborne system, Nakanihon Air Service)
Point spacing on the ground under the flight course:

0.25 m (scan direction), 0.2 m (flight direction)

Scanner: LMS-Q560 (RIEGL) Wave length: 1550 nm

Ranging accuracy: 20 mm  Laser beam divergence: 0.5 mrad
Range resolution: 0.5 m

Number of targets per pulse: unlimited

Incident zenith angle of
,j airborne laser beam on the
“ treeis 7.5°

Target

O Terrestrial LIDAR
scanning position

0 40 80 m

Fig. 1 Aerial photograph of the study site (acquired simulta-
neously with LiDAR), airborne LiDAR observation
flight path, location of the zelkova tree used in the
analysis, and terrestrial LIDAR scanning positions.
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Fig. 2 Airborne LiDAR data (left : study site, right : Z.
serrata used in the analysis).

Table 2 Terrestrial LIDAR observation specifications.

Date: 2010.9.2 Scanner:VZ-400 (RIEGL)
Scan angle range: -40-60° (vertical), 360° (horizontal)
Interval between consecutive laser shots: 0.04°

Point spacing: 7 mm (vertical plane at 10 m ahead)
Wave length: 1550 nm Ranging accuracy: 5 mm
Laser beam divergence: 0.3 mrad

10cm

Enlargement
of a leaf

0 4.5 9
Height from ground [m]

Fig. 3 Terrestrial LIDAR data of the used Z. serrata.
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Direction 227755 Sniap

14° altitude 40°
Solar

Solar altitude 63°

altitude 55°

Fig. 4 Solar altitude, solar direction, and incident angle of
airborne laser beam.
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(1) and (3) were used in verification.
. {(2), (4), (7), and (8) were neglected)

Rl
"

\'_‘/Shadmg board for measuring incident PAR

from outside crown ((5) and (8))

to obtain (1)~(4), (7), and (8).

(1) (2) Direct and diffuse PAR passing through gaps

(3) (4) Direct and diffuse PAR scattered at leaves and branches
(5) Diffuse PAR from outside crown

{8) PAR scatiered at adjaceni tree

{7) PAR scatlered at adjacent free and larget tree

{8) PAR scattered at ground and target tree

Fig. 5 Components of incident PAR on the sensors.
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Relationship between movement of shaded area and

direction of measurement
-~ Shading board
(@nly for PAR
Sharoutside crof\EE})

64 PAR sensors are
embedded in the probe

Movement of area shaded by the crown
(Start — 15 minutes — 30 minutes)

Method for comparing the calculated
and measured result

Calculations were
made for each area

o g

O Measurement point of diffuse
PAR from outside crown

Fig. 6 Measurement method of PAR distribution under a single tree.
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,(3) Laser beam interceptions and passes
— ——’ al'€ counted for each layer

___/Z /(2) Path of laser beam is traced from return
location to corresponding return location

— (1) Tracing direction is determined by
-—.‘E location of corresponding return
(this case (})

O First return @ Last return
) C Intermediate return @ Single return

k [ Voxel for representing LAD distribution
(Only two voxels are displayed as example)

Fig. 7 Schematic of the present method for estimating LAD
distribution.
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Fig. 8 Schematic of relationship between contact frequency
in the order of leaves and airborne LiDAR data.
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(@ Shaded area reconstruction @ Rays are traced from the
(0.5mx0.5m X 0.5m voxel) shaded area to LAD distribution
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.__>

Fig. 9 Method for improving spatial resolution of external
geometry of the crown.

4.1.3 LAD O#IE

MEOHEERRIIBOTIE, E2ESLICHEDLLFHZE
B LIDAR D) ¥ — ¥ % & F %\ voxel (HiZ2H LiDAR (2
X DRI D voxel) DFEL TS, MEELLDOL —
H—& HEDOAGHHEIEVIEEICIE, KM D voxel 12
FHED AFTLIC S Wiz, Kl D voxel 25EE PAR &
BEOHERHEIRIZTREINEVEEZ LD, 22
T, AFHAPRLZHEICONIET 72D LAD O
WIEZ 4T o 720 Hls voxel & [/ —& S D 8 ILfE voxel D
I BbEEEZ & voxel D E, HUL voxel IZBENE TN
LHEEOMBEE, W ER LIDAR ¥ — % 2 W TH# L7z
MEPL, UTOL) RMEFEZ AW, A—EE0S8
FofE voxel D9 B 5 MELL LD voxel THLIZERE LIDAR 12X 5
LAD 250 X ) K& WIEAIZ, IO ZER LIDAR OV
¥ —aREE R\ voxel 12, FEBH® voxel D LAD #EZEfED
R G R 720

4.1.4 HBIRSABOSHHEEEL

HEBERDEOFMIC BV TIE, BEORETMOEID
BHEL LD, voxel T4 AHBKEL 25 EBEORZED
BEMERETT 54, 50 ORFHEY L,
voxel ' 4 X230.5m LT ChHhNIEHFE MO BHIRMEEDOE
LISV, 72, KBIFEOMZERE LIDAR 7— # 12K L
T, 0.5mX0.5mX0.5m ® voxel Z 5 &, Ko
voxel DSHENN$ 5 72912 LAD 445 D2 X Wk TdH 5 43,
BEORPE I EHEECHERT A LM TELY, 2&
T, Fig.9 DFEEZ AT, BEOHEED A D voxel H 4
A% ImX1mX0.5m 2*5 0.5mX0.5m X 0.5m & &5 #FE
L L7z BHE DM ZEHE LIDAR Mi#E% 0.5m X0.5mX0.5m
D voxel IZHEIL, HAKEEE - FiLzEE L CHREH
ZEE L. FOHRPMHEIC412 THEELZ ImX1mX
0.5mvoxel ® LAD 53 fi # iLi& L, &% (Fig. 9 O THIE
D voxel PRFEENTz Ay Y 2aDHLE) 2S5 KRBEDOHM
ANV B PMLV—=AL7%s £L T, ImX1mX0.5m voxel &
420 0.5mX0.5mX0.5m voxel IZ5E L, FOFTLA
253838 L 72 voxel I 1mX 1mX0.5m voxel N DIETRE %

66,
ccfsez (1 = fair) exp(—viT(6s, 05))

APAR,: Absorption amount of direct PAR,
8, @ Solar zenith, azimuth angle,

= I, Incident PAR, u: LAD, G(6,): Projection
] area of a unit leaf on a plane perpendicular
to the solar radiation, f;: Fraction of
diffuse radiation, p: Absorptance of a leaf,
1(9,, ¢,): optical depth to the direction

of the sun

(05, 5) = Z Gi(65) 5:(8s, ps)u;

- m
Small Large G{6,), s{6s, ¢J), u; G(8,), path length,
LAD LAD of voxel on beam path

APAR 47 (85) = Iou

1T

Fig. 10 Schematic of the radiative transfer model used in
this study (FLiESvox>'?).
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Table 3 Input parameters for radiative transfer model.

Parameter

Source Value

LAD Airborne LiDAR
Leaf reflectance and transmittance of PAR
Leaf inclination angle distribution

‘Woody area dcns1ty and woody reflectance leaf points.

Incident PAR

Fraction of diffuse PAR

Solar zenith and azimuth angle

Reflectance and transmittance spectral by spectral radiometer and
solar spectral model (Birdzs))

Elliptical distribution acquired by terrestrial LIDAR

This parameter did not affect results because transmittance was used
for the verification. However, measured value was used.

Calculation using latitude and longitude of the target tree

Estimated LAD for each voxel
0.07,0.10

£=0984,60,=444°

No woody area was assigned. All airborne LiDAR points are usedas

Measured value

Direct PAR was used for the verification. 0

Shown in Fig. 4
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Fig. 11 Ratio of voxels used in the validation (terrestrial laser
beam incident ratio = 0.8) to all voxels at each height.
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Fig. 12 Distribution of leaf inclination angle of the used Z.
serrata derived from terrestrial LIDAR data and its
approximation by elliptical distribution used in
radiative transfer model.
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Fig. 13 Scatter plot of LAD estimated by airborne LiDAR
and that calculated by terrestrial LIDAR.
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Fig. 14 Variation of LAD estimation error according to
number of incident laser beams on a voxel.
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Fig. 15 Calculated and measured direct PAR transmittance.
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