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a b s t r a c t

Since the introduction of Terrestrial Laser Scanning (TLS) instruments, there now exists a means of rapidly
digitizing intricate structural details of vegetation canopies using Light Detection and Ranging (LiDAR)
technology. In this investigation, Intelligent Laser Ranging and Imaging System (ILRIS-3D) data was
acquired of individual tree crowns at olive (Olea europaea L.) plantations in Córdoba, Spain. In addition to
conventional tripod-mounted ILRIS-3D scans, the unit was mounted on a platform (12 m above ground)
to provide nadir (top–down) observations of the olive crowns. 24 structurally variable olive trees were
selected for in-depth analysis. From the observed 3D laser pulse returns, quantitative retrievals of tree
crown structure and foliage assemblage were obtained. Robust methodologies were developed to char-
acterize diagnostic architectural parameters, such as tree height (r2 = 0.97, rmse = 0.21 m), crown width

2 2 2 3
(r = 0.97, rmse = 0.13 m), crown height (r = 0.86, rmse = 0.14 m), crown volume (r = 0.99, rmse = 2.6 m ),
and Plant Area Index (PAI) (r2 = 0.76, rmse = 0.26 m2/m2). With the development of such LiDAR-based
methodologies to describe vegetation architecture, the forestry, agriculture, and remote sensing com-
munities are now faced with the possibility of replacing current labour-intensive inventory practices
with, modern TLS systems. This research demonstrates that TLS systems can potentially be the new
observational tool and benchmark for precise characterization of vegetation architecture for improved

nd m
agricultural monitoring a

. Introduction

Current methods for remote detection of plant physiology are
nhibited by limitations in the explicit information about vegetation
tructure. The spatial architecture of plant material, within natural
nd plantation-like environments, plays a pivotal role in controlling
unctional activities like photosynthesis and evapotranspiration. As
uch, recent advancements have addressed this challenge using
ight Detection And Ranging (LiDAR), an active remote sensing
echnology. Traditional remote sensing approaches “indirectly”
etermine plant architecture and physiology using data from pas-
ive optical imaging sensors. These methods rely on variability in

egetation spectral responses from the visible and near-infrared
pectral regions. Widely accepted algorithms such as the Normal-
zed Difference Vegetation Index (NDVI) have been empirically
orrelated to structural parameters such as canopy-level Leaf Area

∗ Corresponding author. Tel.: +1 416 736 2100x40218.
E-mail address: moorthy@eol.esse.yorku.ca (I. Moorthy).

168-1923/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.agrformet.2010.10.005
anagement.
© 2010 Elsevier B.V. All rights reserved.

Index (LAI). Unlike passive optical imaging sensors, which are
only capable of providing detailed measurements of vertically
integrated horizontal distributions in vegetation canopies, LiDAR
systems can yield highly specific information in both the horizon-
tal and vertical (depth) dimensions (Lim et al., 2003). LiDAR-based
instruments from airborne and ground-level platforms provide a
“direct” means of measuring crown-level architecture, previously
unattainable using passive remote sensing imagery. LiDAR units
employ the Time-Of-Flight (TOF) principle or phase-based differ-
ences to measure the distances of objects based on the time interval
between laser pulse exitance and return, upon backscattering from
an object. The acquired LiDAR point cloud of returns yield a 3D dig-
ital representation of the vegetation environment in which each
point is characterized by an XYZ coordinate. The challenge within
the remote sensing community is to now develop robust method-

ologies that utilize such highly specific 3D point cloud data to
directly retrieve canopy structural attributes thereby addressing
the current scientific need for precise in situ measures of vege-
tation biophysical parameters (Maas et al., 2008). Applications of
LiDAR systems from airborne platforms have characterized tree

dx.doi.org/10.1016/j.agrformet.2010.10.005
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
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Fig. 1. Airborne image (550 nm-red, 800 nm-green, 670 nm-blue) of olive (Olea
I. Moorthy et al. / Agricultural and

rown structure from both discrete return recordings (Coops et al.,
004; Donoghue et al., 2007; Jang et al., 2008; Lefsky et al., 1999;
homas et al., 2006) and waveform recordings (Harding et al., 2001;
efsky et al., 2002; Means et al., 1999; Patenaude et al., 2004). The
ackscattered laser pulses from Airborne Laser Scanning (ALS) sys-
ems have been used to extract various dimensional parameters,
uch as tree height (Andersen et al., 2006; Morsdorf et al., 2004;
opkinson, 2007; Yu et al., 2004), crown dimension (Means et
l., 2000; Popescu and Zhao, 2008), and crown volume (Hinsley
t al., 2002; Riaño et al., 2004). Retrievals from discrete airborne
iDAR systems have the advantage of capturing information over a
arge area, but are constrained by their laser pulse return density
pts/m2). Multi-echo reading capabilities of ALS platforms produce
omewhere between 3 and 20 backscattered pulses/m2. Often this
evel of detail is insufficient to provide a detailed profile, espe-
ially in the vertical axis, of the tree crown that is required for
recision 3D radiative transfer modeling. The ability to acquire

aser pulse echoes from the bottom part of vegetation canopies is
onfounded by the ALS system properties (i.e. laser footprint size,
ecording frequency, etc.) as well as the organization of the crown
lements themselves (i.e. closed vs. open canopies). As such, it is
ogical to introduce the use of LiDAR systems at ground level for

uch higher resolution laser pulse densities and thereby enabling
etailed specification of canopy organization and individual tree
rown characterization.

Ground-level, Terrestrial Laser Scanning (TLS), conventionally
sed for mining, urban planning and surveying applications, are
ow used to rapidly measure intricate structural details of vege-
ation canopies (Côte et al., 2009; Jupp et al., 2009; Lichti et al.,
002; Omasa et al., 2007; Rosell et al., 2009; Strahler et al., 2008).
he unique perspective of such portable TLS systems allows the
haracterization of the vertical distribution of vegetation structure
Radtke and Bolstad, 2001), potentially replacing current labour-
ntensive, and manual field inventory practices. By mounting a laser
anging system on a pan/tilt platform Lovell et al. (2003) cross-
alidated laser-derived Leaf Area Index (LAI) estimates to those
btained by hemispherical photography to within 8% for mixed
vergreen canopies in Australia. More recently, TLS data has been
sed to estimate other photosynthetically significant parameters,
uch as plant area densities (Takeda et al., 2008; Hosoi and Omasa,
009), and the ratios of woody to total plant areas (Clawges et al.,
007). Additional research that focused on the measurement and
egmentation of tree stem diameters and branching structures has
lso been conducted (Henning and Radtke, 2006; Hopkinson et al.,
004; Thies et al., 2004). Although the delineation of stem diam-
ters is tree specific, the previous retrievals of LAI are spatially
ntegrated for the entire canopy. Appropriate ground LiDAR data
cquisitions also offer the potential of calculating LAI at the individ-
al crown level provided that 3D point cloud data can be acquired
or isolated crowns. Accordingly, this research is focused on esti-

ating critical biophysical parameters that describe tree crown
imensional properties, as well as the foliar assemblage character-

stics, using TLS data for individual tree crowns within an organized
lantation.

. Materials and methods

.1. Field study area

The experiments were conducted at four olive (Olea europaea
.) plantations near the Institute for Sustainable Agriculture (IAS)

n Córdoba, Spain (37.85◦ N; 4.8◦ W) (Fig. 1). The area is defined
y typical Mediterranean climate, with an average annual rainfall
f 600 mm, primarily concentrated outside the 4-month summer
rought period (Moriana and Orgaz, 2003; Pastor et al., 2007). The
verage temperatures during the mild Autumn–Spring months are
europaea L.) discontinuous canopies in Córdoba, Spain. 24 trees were selected from
four olive plantations for detailed structural characterization using the ILRIS-3D (for
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article).

approximately 14–21 ◦C, and decrease to about 5 ◦C in the cold-
est month, January. The soil in the region is a Typic Xerofluvent of
alluvial sandy loam, and low in organic matter. Prior to field data
acquisition a scouting mission was conducted to pre-select 24 sam-
ple trees from four orchards with tree spacing of 6 m× 6 m (277
olive trees ha−1), or 7 m × 7 m (204 olive trees ha−1). The selected
trees were representative of the structure and age conditions exhib-
ited for the plantations in the region.

2.2. Laser scanning of olive trees

Ground-based laser scanning data of the olive trees were
acquired using the Intelligent Laser Ranging and Imaging System
(ILRIS-3D) developed by Optech Incorporated, Toronto, Canada.
The ILRIS-3D is a robustly designed, camera-viewing (40◦ × 40◦

FOV), long-range scanner (3–1000 m) that operates at a scanning
rate of 1500 laser pulses per second. The minimum spot spacing
between laser pulses is 0.026 mm × R, where R is the range dis-
tance in meters. The laser pulse diameter is 12.7 mm at exitance and
degrades at a rate of 0.17 × R. The system has a beam divergence
of 0.00974◦ (0.17 mrad) and a minimum spot step (X- and Y-axis)
of 0.00115◦ (0.02 mrad). A high-speed counter within the ILRIS-3D
measures the time of flight from the start of a laser pulse to the
return of that pulse. Based on that time measurement, the distance
or range of a reflecting object is derived. This TOF approach yields
detailed coordinates (XYZ) of each detected object with the scanned
area. In February, 2007 the ILRIS-3D was deployed to the field study
area in Córdoba, Spain for precision measurements of olive tree
crown architecture, from conventional ground tripod-mounted as
well as nadir perspectives.

2.2.1. Tripod-mounted ILRIS-3D data collection
For the horizontal perspectives of the olive trees, the ILRIS-3D

unit was mounted on a tripod and positioned so that there was a
clear line of sight between the scanner and the target tree. Specific
locations were chosen to minimize the influence of obstructing ele-
ments, mainly branches from neighboring trees. Such obstructing
elements can lead to improper estimation of crown attributes, due

to the shadowing effect that they impose on the selected individual
tree. In addition, due to the intrinsic long-range scanning proper-
ties of the ILRIS-3D, the system had to be positioned at a distance
greater than 3 m from the tree. First-return laser XYZ point clouds
were acquired for all 24 trees with a resolution of 5 mm at 10 m. If
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ig. 2. An example of an ILRIS-3D point cloud of an olive tree from (a) tripod-moun
er individual tree crown.

he tree spacing of the orchard was large enough, the same tree was
canned from two diametrically opposing viewpoints. Whenever
ossible, the distance between the tree and the scanner for oppos-

ng scans was kept consistent. However, due to the geometry and
rganization of the plantations, acquiring multiple tripod-mounted
erspectives was not always feasible. Opposing perspective scans
ere acquired for 17 of the 24 sample olive trees. Prior to scan

cquisition, various targets, in the form of wooden stakes, were
laced both in the foreground and background, surrounding the
ree. The positional locations of the stakes were acquired with a
otal station using standard survey methodology. These stakes were
sed as ground control points to co-register the XYZ point clouds
rom multiple viewpoints to generate a more complete 3D repre-
entation of the crown. TLS observations of the olive trees in the
tudy area yield XYZ point clouds with greater than 100,000 indi-
idual return laser pulses per tree, thereby describing in detail the
ide range of structural conditions with the olive orchards (Fig. 2a).

.2.2. Nadir ILRIS-3D data collection
The nadir-perspective data was obtained by mounting the ILRIS-

D sensor onto the platform of a mobile cherry picker. The platform
as elevated to approximately 10–15 m above the ground, with a
inimum distance of 3 m between the sensor and the top of the tree
rown. Positioned directly overtop the crown, this approach offers a
iewpoint that is similar to an Airborne Laser Scanning (ALS) instru-
ent, but provides a much higher number of laser pulse echoes as
result of the close proximity to the tree crown (Fig. 2b). The den-

ity of returned pulses from the TLS system is greater than ALS by
d (b) nadir perspective. Such measurements yield over 100,000 laser pulse returns

3–4 orders of magnitude. The resolution, or spacing between laser
pulses, of the nadir scans was 5 mm at 10 m. All ILRIS-3D data was
obtained under calm conditions to limit the noise/errors caused by
wind gusts moving the leaves and branches of the crowns.

2.3. Field mensuration data of olive trees

Furthermore, additional ground-level efforts have been made to
collect in situ measurements of crown structure using traditional
methods as well as using the LAI-2000 Plant Canopy Analyzer (PCA).
Validated protocols for olive tree structural parameter measure-
ments have been established in previous works by scientists at
the IAS (Villalobos et al., 1995). Dimensional properties, namely
crown height and crown width, are measured at multiple points
within a given olive tree using transects. Each crown is divided
into eight sections using four equal-angle spaced transects. Seven
points along each transect are selected and, using a ruler, the top
and bottom extents of the crown at each position is recorded. This
approach effectively yields a low-resolution 3D point cloud that
represents the dimensional extents of the olive tree crown. In addi-
tion to in situ measurements of crown dimensions, the LAI-2000
Plant Canopy Analyzer (PCA) was used to estimate leaf area index
at the individual crown level. Diffuse radiation readings above and

below the tree crown at five zenith angles were recorded with the
PCA. From these readings the gap fraction as a function of plant area
density is determined. PCA estimates the surface area of all the phy-
toelements in the field of view, thus including green and non-green
elements. PCA measurements under the influence of direct sunlight



Forest

c
d
(
s
s
m
i
m
l
(
i
t
b
a
o
d
f
s
T

2

2

s
l
a
n
n
h
h
d
a
t
T
e
2
t
a
e
i
h
r
t
c
c

p
3
w
b
t
t
p
a
c
t
p
s
m
p
t
(
l
l
g
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an lead to an underestimation of LAI (Welles and Norman, 1991),
ue to increased scattering of diffuse radiation beneath the canopy
Villalobos et al., 1995). Accordingly, PCA data was acquired before
unrise or after sunset to limit the confounding effect of direct
unlight. The Plant Area Density (PAD) was calculated using four
easurements of the PCA positioned beneath the canopy point-

ng at the four cardinal directions using the 90◦ viewing cup. The
easured PAD values are then used to calculate LAI based on path

engths for each crown using the protocol from Villalobos et al.
1995). As a result of intensive management practices at the exper-
mental olive plantations near the IAS, some of the selected olive
rees were pruned after LiDAR data was obtained and unfortunately
efore the possibility of field measurements. The pruning process
ltered the structural properties of some target trees after the time
f TLS observations, rendering these trees an ineffective validation
ata source. As a result, usable mensuration data was only acquired
or 11 of the 24 trees originally selected for detailed study. This
ubset of the complete data source was used to assess/validate the
LS-based retrievals.

.4. Analysis of LiDAR data for tree crown structure

.4.1. Defining crown shape primitive
The ILRIS-3D point cloud data was processed using a cross-

ectional slicing algorithm that was developed and tested in
aboratory trials with an artificial tree (Moorthy et al., 2008). The
lgorithm separates the XYZ laser pulse returns into a user-specified
umber of cross sections, as a function of distance from the scan-
er. The flexibility of this approach allows the interrogation of both
orizontal and nadir perspectives of the TLS data. Thus for the
orizontal perspective, TLS data can be evaluated as a function of
istance into the crown and for the nadir viewpoint, the XYZ points
re evaluated with a top/down approach, where the first slice is the
op of the tree crown. There are several previous inventory-based
LS studies that focus on the accurate retrieval of the stem prop-
rties, such as diameter-breast-height (DBH) (Henning and Radtke,
006; Hopkinson et al., 2004; Thies et al., 2004). In this investiga-
ion, however, the focus was to estimate the physical dimensions
nd the spatial distribution of the foliage architecture within the
nvelope of the crown. Consequently, in the analysis of the hor-
zontal XYZ scans, a stem threshold value (i.e. bottom of crown
eight) was incorporated into the algorithm, thereby excluding all
eturned laser pulses below that limit. Inclusion of the returns from
he trunk, although pertinent to stem attributes, would compli-
ate the extraction of crown shape physical properties, as well as
onfound the methods of foliage distribution estimation.

In this investigation, the first focus was to estimate the crown
hysical dimensions of the targeted olive crowns. As such, the ILRIS-
D point cloud of each tree was analyzed using a slicing algorithm,
hich separated the data into 100 cross-sectional slices. The num-

er of pulse returns that fall within each slice was tabulated. This
abulation along with the total number of pulse reflections from
he entire tree are used to calculate the fractional pulse return to
rofile crown architectural shape and variability. This level of detail
nd type of analysis illustrates the intra-crown foliage variations at
m-scale resolutions. The flexibility of the slicing algorithm allows
he LiDAR point cloud to be analyzed (i.e. sliced) both along and
erpendicular to the viewing axis. The returned laser pulses are
eparated with slices parallel (XY plane) to the ground to deter-
ine tree height H, and crown width Ex (Fig. 3a and c). The same

oint cloud can be evaluated with slices perpendicular (XZ plane) to

he ground to determine the effective crown height dimension Ez

Fig. 3b and d). Tree height H, was estimated using the difference in
aser pulse reflection from the top of the crown and the ground. The
aser pulse returns and their spatial distribution within are used to
enerate an irregular polygon outline or convex hull for each indi-
Meteorology 151 (2011) 204–214 207

vidual slice. Using a triangulation approach, the area of the outlined
polygon of each slice is calculated (Moorthy et al., 2008). Determi-
nation of the number of pulses per slice and the areal coverage
of each slice provides a retrieval of the laser pulse return density
(pts/m2), an indicator of within-crown foliage density and distri-
bution. The calculated area is then used to determine the radius of a
circle with an area equivalent to the irregular polygon. This radius is
a measure of the crown width (Ex) at a specific range distance which
can then be profiled for each individual crown (Fig. 3c). This pro-
cess of delineating the crown dimension is repeated for the other
principal axis of the shape primitive by slicing the original point
cloud with cross sections that are normal (XZ plane) to the ground.
The resultant profiles define the crown height (Ez), as a function of
distance into the crown, from the first reflected laser pulse to the
last for each tree crown (Fig. 3d). From these profiles, the maximum
values of Ex and Ez are acquired and used to draw a representative
spheroid of the tree crown (Fig. 3e). The derived spheroid is not
intended to surround all foliage/branch elements, but rather effec-
tively represent the crown by an equivalent primitive 3D object,
based on the laser pulse reflections. The relative proportions of Ex

and Ez indicate whether the spheroid is prolate (Ez > Ex) or oblate
(Ez < Ex). Since one of the objectives of the investigation was to
compare the retrievals from the horizontal perspective versus the
nadir perspective, a similar analysis was needed for the nadir obser-
vations. Ex and Ez profiles were calculated with slices along the
XZ and YZ planes, respectively. Maximum Ex and Ez were recorded
and subsequently compared with the retrievals from the horizontal
viewpoints. The different perspectives produce different occlusion
effects, thereby influencing the estimates of the crown physical
dimensions. The acquisition of TLS data from both the nadir and
tripod-mounted perspectives allows an assessment of the bene-
fits and limitations of such scans for operational monitoring for
precision orchard management.

2.4.2. Defining foliage assemblage: PAI and clumping index
Once the crown dimensional properties were extracted, the

focus of the analysis shifted to describing the assemblage of foliage
material within individual crowns. The scattering elements within
the real olive crown can be represented with a few parameters,
namely Leaf Area Index (LAI) and clumping index (˝), within the
representative spheroid as defined in Fig. 3. Following the method-
ology developed in Moorthy et al., 2008, gap fraction (P), or the
probability of a pulse being transmitted through the crown without
encountering any objects was calculated. In other words, the return
of an emitted laser pulse means 0% gap (i.e. encountered an object
with sufficient backscattering energy), and lack of return for a given
pulse means 100% gap (i.e. insufficient backscattering energy). All
points recorded by the ILRIS-3D, both within and outside of the
derived crown envelope are used to calculate gap fraction. The pulse
return density is integrated for all the cross sections and compared
to the theoretical solid object density at the equivalent range dis-
tance and area. This methodology uses the spatial distribution of
all the detected elements of the complex tree structure to calcu-
late a gap fraction and the simplified representative crown shape
primitive. The theoretical backscattered pulse density is controlled
by the ranging distance and the user-controlled spatial resolution.
These two factors along with the sensor’s intrinsic degradation
of the resolution (i.e. decay of spot spacing with range) are suf-
ficient variables that can be used to model the maximum possible
return density at any given distance from the scanner. Such a laser
pulse return model was developed for the ILRIS-3D from labora-

tory studies (Moorthy et al., 2008) and follows a similar approach
for other ground-based laser scanners (Danson et al., 2007). The uti-
lized model includes the assumptions that there are no pulse losses
due to environmental factors such as the atmosphere. Infrared light
propagation can be attenuated by water vapor, dust particles and
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ig. 3. Methodology for estimating crown extents involves scanning the tripod-m
irection. This technique yields specific contours of (c) crown width, Ex, and (d) crown
pheroid.

moke thereby reducing detection range and accuracy. However,
LRIS-3D scans were acquired on dry, clear days to minimize this
ffect. Furthermore, the effects of atmospheric attenuation of the
aser beam were negligible due to the relatively short range (<20 m)
etween the ILRIS-3D unit and the tree. This investigation employs
n approach where indirect estimates of leaf area index (LAI) are
etermined through direct measurements of gap fraction (Moorthy
t al., 2008). The calculated gap fraction (P) for each crown can then
e inverted to retrieve LAI values using equation (1):
(�) = e−G(�)˝LAI/ cos(�), (1)

here G(�) = G function (mean projection of unit foliage area) and
= clumping index (non-randomness factor).
d scans with (a) a top–down approach, followed by (b) a front-to-back of crown
t, Ez, from which maximum values are extracted to define a (e) crown representative

The geometry function G(�) is used to represent the mean pro-
jection of a unit foliage area in the direction � and is characterized by
the Leaf Angle Distribution (LAD). LAD values were calculated based
on manual experiments conducted at the Institute of Sustainable
Agriculture from olive crowns at the selected study sites (Suarez
et al., 2009). The measured distributions of leaf angles within typ-
ical olive tree crowns yielded G function values of 0.70 and 0.36
for nadir and horizontal view directions, which were used in equa-
tion (1). With an empirical measurement of G(�) and gap fraction

P determined from the laser point cloud, we can invert equation
(1) to retrieve LAI provided the clumping index (˝) is known. In
this investigation leaf and woody material were not distinguished
from one another in the LiDAR point clouds. As such, the term
Plant Area Index (PAI) rather than LAI is a more appropriate label
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ig. 4. Measured XYZ ILRIS-3D point cloud (green points) superimposed with redis
live crown with a clumped architecture shows a pulse density profile (c) that is s
rown with near random foliage distribution shows similar profiles (d) for measu
nterpretation of the references to color in this figure legend, the reader is referred

or the measure of the foliage assemblage. Separation of leaf and
oody material using the ILRIS-3D remains a challenging issue that

equires further calibration and validation of the currently radio-
etrically invalidated LiDAR measured radiances. Nonetheless, PAI

s directly related to LAI, which is a critical determinant of forest
tatus. Such measures of foliage assemblage are usually spatially
ntegrated across the canopy rather than considered on an individ-
al crown basis. However, the high density of XYZ coordinates for

ndividual trees allowed the calculation of PAI at a crown-specific
evel, a measure unique to this study. Such an approach can now be
sed to provide crown-level management of structural conditions

n plantations and orchards for precision agricultural needs.
Furthermore, the XYZ point cloud dataset was used to calcu-

ate the clumping index, or degree of randomness of the crown
tructure. The clumping index (˝), is a correction factor of the
AI calculations that accounts for the spatial organization of foliar
lements, and its deviation from a random arrangement. Since
lumping index is evaluated as a deviation from randomness, simu-
ations were conducted to generate randomly distributed elements

ithin the crown. The developed methodology utilizes the cumula-
ive number of measured laser pulses for the tree and re-distributes

hem within the boundary space as defined by the limits of the

easured crown dimensions. The boundary space for the random
rown has the same individual slice areas as the clumped tree
rown. These simulated crowns were then analyzed with the slicing
lgorithm and it was observed that the laser average pulse return
ed random (white points) for (a) highly clumped and (b) near random olive crown.
antly different than the simulated exponential decay of a random crown. Another
nd simulated cases, illustrating and confirming a clumping index near unity (for
web version of the article).

densities of the simulated random crowns have an exponential
decay as a function of distance, which can be theoretically described
using Beer’s law of extinction (Moorthy, 2009). Comparing the mea-
sured pulse densities of real clumped crowns versus the simulated
densities of random foliage distribution crowns yields clues to the
degree of clumping for the olive crowns, which in turn will help
understand radiation interception within olive plantations (Fig. 4).
Crowns with randomly distributed elements within the crown vol-
ume exhibit an exponential decrease in backscattered pulse density
as a function of distance into the crown. Clumped crowns are dis-
tinguished by more variable density profiles deviating from the
exponential trend (Fig. 4c). Comparing the ratio of the gap fraction
between the actual measured crown and the randomly organized
simulated crown is an indicator of the clumping index (Chen and
Cihlar, 1995). The clumping index is calculated by equation (2):

˝ = ln[Pm(�)]
ln[Po(�)]

, (2)
where Pm(�) = measured gap fraction and Po(�) = imaginary gap
fraction of randomly organized crown.

This index is obtained for all the olive crowns, and used as a
correction factor when comparing the ILRIS-3D-derived PAI values
with the ground measurements.
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Table 1
ILRIS-3D retrievals for tree height and crown dimensions for 24 olive trees.

Minimum Maximum Mean Standard deviation

Tree height Nadir 1.88 5.81 4.14 0.96
Horizontal 1.89 5.46 3.93 0.88
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Crown width Nadir 0.76
Horizontal 0.68

Crown height Nadir 0.61
Horizontal 0.58

. Results and discussion

.1. Olive crown dimensional properties

Tree height (H), crown width (Ex), and crown height (Ez) were
he primary tree structure parameters that were extracted from the
LS point clouds. Since the investigation was able to acquire data
rom multiple perspectives, it was feasible to estimate these crown
imensions from both the nadir and the horizontal observations for

nter-comparison. The ILRIS-3D point clouds were first processed
o generate profiles of pulse retrievals for individual crowns show-
ng the fraction of returned laser pulses as a function of distance
rom the TLS unit. From the laser pulse return profiles, tree heights,
rown widths and crown heights were determined to illustrate the
ariability of the selected crowns in the plantations (Table 1). The
stimates from the nadir perspectives are similar to the horizon-
al perspectives. The mean values for tree height, crown width and
rown height from the nadir observations were 4.14 m, 1.93 m and
.56 m, respectively. From the horizontal measurements the mean
stimates were 3.93 m, 1.72 m, and 1.71 m, respectively. Such initial
greements were more extensively evaluated, by comparing indi-
idual retrievals, as a way of assessing the consistency of the crown
arameters (tree height, crown width, crown height) retrieved for
orizontal versus nadir scans. Tree height from the horizontal scans
as obtained based on the highest and lowest return for a given
oint cloud. From the nadir scans, tree height was determined by
he difference between a ground laser pulse return and highest
op of the crown return. The inter-comparison revealed a strong
orrelation (r2 = 0.97) with a near 1:1 relationship (Fig. 5a). The
onsistent findings for tree height retrievals are in part due to the
apability of the experiment to acquire specific data for individ-
al olive trees. In a complex forest environment with overlapping
rowns, however, the challenge of isolating the laser pulse returns
o individual trees would inhibit the ability to inter-compare struc-
ural parameter estimates, such as tree height, between horizontal

nd downward-viewing LiDAR data.

Similar consistent results were achieved for crown width assess-
ents between tripod-mounted scans and nadir observations

Fig. 5b). There is a slight underestimation from the horizon-
al perspective, especially for larger crowns widths (>2.0 m). This
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ig. 5. Cross-validation between horizontal and nadir-based retrievals from ground LiDAR
c) crown height.
3.02 1.93 0.67
2.58 1.72 0.55
2.28 1.56 0.42
2.72 1.71 0.56

underestimation could be attributed to the effect of shadowing,
where the largest extents of the crown width are not captured, due
to obstructing elements in the foreground. The shadowing effect
does not influence the retrievals of crown width for the nadir scans,
because the largest extents of the crown will be captured from the
planar perspective. However, the estimates of crown height from
the nadir observations will be biased due to the occlusions in the
bottom part of the crown. As a result, the cross-validation of the
crown heights show that there is an underestimation in Ez from
nadir scans (Fig. 5c). The linear correlation is still relatively strong
(r2 = 0.86), but the bias in the slope of the regression indicates that
crown height estimates from nadir scans must be carefully con-
sidered. The analysis of the two different perspectives of TLS data
collected in this study revealed some critical findings that must
be considered for future TLS-based crown structure studies. The
tripod-mounted scans capture crown height Ez effectively because
along the height (Z-axis), shadowing effects are minimized. How-
ever, the influence of laser pulse shadowing is captured in the range
(Y-axis), thereby inhibiting an accurate estimation of the crown
width. The opposite is true for the nadir perspective data, where the
determination of crown width is more accurate than the retrieval
of crown height, due to the confounding impact of laser pulse shad-
owing. Consequently, the redundancy (varying perspective) in TLS
data collection for each crown illustrated the advantages and dis-
advantages of each viewpoint for the estimation of crown physical
dimensions.

In addition to inter-comparing ILRIS-3D retrievals based on
perspective, it is critical to assess the findings against traditional
ground-based forest inventory measurements. Tree height esti-
mates from the nadir and horizontal ILRIS-3D data agreed with
ground measurements, with root mean square errors (rmse) of
0.43 m and 0.21 m, respectively, for a height range of 2.7–5.3 m
for targeted trees (Fig. 6a). A bias in the offset of 0.28 m was
observed for the nadir-based estimates. This offset could be due
to the TLS detecting small leaf/branch elements at the uppermost

parts of the tree crown, that are not considered in the ground-based
observations with the ruler. The high spatial resolution and the
close proximity of the TLS unit to the top of tree crown allow the
detection of these protruding vegetative components. For the hori-
zontal retrievals, however, this offset is not present. The horizontal
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measurements yielded strong agreements for (a) tree height, (b) crown width and
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ig. 6. High accuracies and correlations were observed when TLS-based retrievals f
alidation metrics of (a) tree height, (b) crown width and (c) crown height.

pproach mimics the perspective of the in situ ground methods,
hereby leading to a strong agreement. Nonetheless, the cm-scale
iscrepancies indicate that TLS data from both tripod-mounted
nd nadir viewpoints are feasible methods for estimating individ-
al tree crown height. The advantage of the TLS approach is that
uch tree height measurements are made much more quickly than
ime-consuming repetitive ground methods, and can be executed
ithout potential systematic observer bias.

TLS-based estimates of crown width and crown height were
valuated against ground observations (Fig. 6b and c). Crown width
etrievals from the TLS data strongly correlated with the validation
ata, with r2 of 0.97 and 0.96 for nadir and tripod-mounted obser-
ations, respectively. Crown height assessments revealed good
etermination of coefficients of 0.86 and 0.91 for nadir and horizon-
al scans, respectively. Although not illustrated here, using merged

ultiple horizontal scans improved retrieval accuracies for both
rown width (rmse from 0.21 to 0.12) and crown height (rmse
rom 0.20 to 0.11). In general, RMSE values were less than 0.21 m in
ll situations of crown dimension retrievals, where width ranged
rom 0.97 to 2.6 m and height from 1.05 to 2.25 m. As a result of
he strong agreement between TLS-based estimations and ground-
ased measurements, the assumptions made in the slicing of the
iDAR data are considered valid for this crown type.

The TLS-based retrievals were subsequently used to calculate
ree crown volumes, which were evaluated against ground-based

ethods. Using a technique employed in Villalobos et al. (1995),
he coordinates of the tree silhouette obtained from the ground

ata are used to calculate tree volume. In this methodology, the
rojection of the tree is divided into trapezoids and the volume
orresponding to each trapezoid is determined based on the sec-
nd Pappus–Guldinus theorem (Villalobos et al., 1995). This process
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ig. 7. Tree volume estimates from ILRIS-3D data were calculated in one case (a) using th
asured (m) Nadir Horizontal

orizontal (open circles) and nadir (filled circles) scans were compared with ground

is somewhat time-consuming and can easily be replaced by TLS
data. From the TLS-based definition of the shape primitives for
individual crowns and the detailed profiles of crown complexity,
we can obtain a detailed calculation of tree crown volume. Tree
crown volume was calculated using two approaches and com-
pared to the well-validated ground-based approach (Fig. 7). In
the first approach, the Ex and Ez retrievals of the shape primi-
tive (Fig. 3) were used to calculate the volume of the spheroid.
This approximation of the spheroid volume was compared to the
ground measurements and an rmse of 7.5 m3 was determined.
Although this yields a reasonable error for a tree volume range
of 4.1–57.3 m3 (Fig. 7a), a secondary technique of volume calcula-
tions was developed. The second method does not assume that the
crown is a spheroid, but rather integrates the detailed TLS-profiles
of the crown radius and height to estimate individual crown vol-
ume. In other words, the slicing-based approach yields not only
the crown radius and crown height but also the thickness of the
slice. These three values can then be used to calculate the volume
of each slice and repeating this process for all subsequent slices
generates a more accurate measure of total crown volume. Due to
the captured detail in the TLS data, the structural complexities and
variations of foliage distribution are inherently accounted for in this
slice by slice-based volume calculation. The TLS-derived estimates
strongly agreed with the ground-based measurements yielding
an rmse of 2.6 m3 (Fig. 7b). In this study we used a simple and
efficient approach to determining crown dimensions and volume,
which can replace laborious ground-based methods. Such precise

and rapid retrievals of crown dimensions and volume are critical
for the assessment of radiation interception and evapotranspira-
tion, which in turn yields information about tree photosynthetic
efficiency.
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e estimated spheroid primitive and (b) integration of the crown radius profile.
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ig. 8. Crown-level PAI retrievals from TLS data for (a) nadir and (b) horizontal per
f 1.17–2.54 m2/m2.

.2. Olive foliage assemblage properties

Crown-level PAI values were estimated from gap fraction pro-
les for the targeted olive trees. The approach of comparing the

aser pulse return density with a theoretical maximum density
rovides an estimate of crown fractional cover. This value of frac-
ional cover is inversely proportional to gap fraction, which can
n turn be related to plant/leaf area index, a pertinent biologi-
al indicator of tree health condition. Appropriate acquisition and
nalysis of the TLS data collected in this study allows the detailed
alculation of LAI at the crown-specific level. Retrievals of LAI
re confounded by the influence of two factors: (a) the contribu-
ion of non-leaf material (i.e. branches, stems) and (b) the spatial
rganization of the foliage elements. Laboratory trials have sys-
ematically accounted for these confounding variables using an
rtificial tree via the calculation of the woody material index and
he clumping index (Moorthy et al., 2008). In the field setting,
he quantification of these parameters is more complicated. The
oordinates of the laser pulse reflections do not distinguish the dif-
erence between woody and non-woody material. The intensity of
he returned pulses was also carefully examined, and no system-
tic discernable differences between branch and foliage material
ere observed. The ILRIS-3D sensor is not radiometrically cali-
rated which thereby limited the usage of the of recorded pulse
ntensity as a discriminating factor. As a result, the cumulative laser
ulse return density of all recorded pulses was considered a product
f all tree materials made of both green and non-green components.
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ves. Relatively large errors of 0.27 and 0.51 m2/m2 were observed for a small range

Therefore, an alternative term, such as plant area index (PAI) is a
more appropriate label for the derived indices from TLS data. Ini-
tial PAI retrievals from ILRIS-3D scans were compared to estimates
from the ground-based PCA for both nadir and tripod-mounted
scans (Fig. 8). PAI estimates from the nadir scans were in better
agreement (rmse = 0.27) with PCA measurements as opposed to
horizontal scans (rmse = 0.51), for an observed range of 1.17–2.54.
The nadir observations also indicated a stronger linear agree-
ment (r2 = 0.76) versus the horizontal measures (r2 = 0.63). Woody
material correction from TLS data was not feasible due to the radio-
metrically inaccurate ILRIS-3D recorded intensities. Nonetheless,
a technique was developed to determine the clumping index to
account for the spatial organization of foliar elements, and its devi-
ation from a random arrangement. Using the measured laser pulse
return counts for each crown, a randomly distributed crown within
the defined crown primitive was artificially simulated. Comparing
the ratio of the gap fraction between the actual measured crown
and the randomly organized simulated crown is an indicator of
the clumping index, ˝. This index is calculated for all the olive
crowns, and used as a correction factor in the retrieved PAI esti-
mates. Assessment of the clumping-corrected PAI retrievals shows
marked improvements, where rmse values improved from 0.51 to
0.26 for the horizontal scans (Fig. 9a). For the nadir scans, how-

ever, there was a marginal increase in the rmse from 0.27 to 0.28
(Fig. 9b). Both the nadir and horizontal scans revealed improved lin-
ear regression statistics when the clumping index correction was
applied.
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Forest

4

c
a
c
s
t
t
t
y
o
c
h
w
h
t
s
a
s
b
c
r
M
t
l
i
i
s
o
i
a
t
d
T
b
T
r
m
t
e
c
s
p
r
p
m

A

a
t
p
n
I

R

A

C

C

I. Moorthy et al. / Agricultural and

. Conclusions

In this study we have demonstrated TLS data can be used to
haracterize the structural properties of individual trees provided
ppropriate data acquisition and analysis strategies. 24 olive tree
rowns, from plantations in southern Spain, that exhibit variable
tructural organization, were scanned not only from a traditional
ripod-mounted perspective but also from a nadir viewpoint using
he ILRIS-3D. A slicing-based algorithm was developed and tested
o be an efficient and effective approach for quantitative anal-
sis and visualization of the laser pulse returns as a function
f range distance, to extract dimensional variables (tree height,
rown width/height, crown volume). Cross-validation between the
orizontal and nadir perspectives showed consistent retrievals,
ith determination coefficients of 0.97, 0.96, and 0.86, for tree
eight, crown width and crown height, respectively. Furthermore,
he TLS-based estimates were well validated with traditional in
itu mensuration data. For crown volume cross-validation showed

determination coefficient of 0.99, with RMSE 2.6 m3. In this
tudy a unique approach was employed to estimate foliage assem-
lage parameters (crown-level gap fraction, plant area index, and
lumping index) at an individual tree crown-scale unlike previous
esearch, which often consider these factors at plot/canopy-scales.
etrics such as PAI and clumping are often integrated for a vege-

ation canopy and considered in 3D radiative transfer models at
arger spatial scales. Plant area index estimates correlated well
n situ measurements, when foliage clumping indices were taken
nto consideration (rmse of 0.28 and 0.26 for nadir and horizontal
cans, respectively). The development of such robust method-
logies to describe single tree crown architecture proposes the
dea that perhaps TLS systems should replace current laborious
nd time-consuming manual approaches. It is important to note
hat the algorithms and techniques demonstrated here are not
irectly transferrable to complex forest environments. For instance,
LS data acquired in a complex, natural forest is confounded
y the effect of overlapping crowns and understorey vegetation.
o develop methods of robust tree crown structural parameter
etrieval in such cases will first involve modification of the seg-
entation of the data into individual crowns, which is not a

rivial process. Furthermore, understorey vegetation, if substantial
nough, will cause shadowing effects that inhibit accurate crown
haracterization. This case of the organized plantation provides a
implified environment, but one that is worthwhile examining, for
recision agriculture management. The TLS system offers a more
apid and systematic means of measuring tree crown structural
roperties, which are not easily obtained with traditional in situ
ethods, for agricultural monitoring and management.
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