Remote Seng014 6, 26012627 doi:10.3390/rs682601

remote sensing

ISSN 20724292
www.mdpi.com/journal/remotesensing

Article

Retrieval of Gap Fraction and Effective Plant Area Index from
PhaseShift Terrestrial Laser Scans

Pyare Pueschet*, Glenn Newnham? and Joachim Hil *

! Department of Environmental Remote Sensing and Geoinformatics, University of Trier,

D-54286Trier, Germany; EMail: hillj@uni-trier.de
CSIRO Land and Water, Private Bag 10, Clayton South, VIC 3169, Australia;
E-Mail: glenn.newnham@csiro.au

* Author to whom correspondence should be addressBthiE p.pueschel@uririer.de;
Tel.: +49651-201-4593; Fax: +4951-201-3815.

Received19 December 2013n revised form11 March 2014 / Accepted17 March 2014 /
Published:24 March 2014

Abstract: The characterization of canopy structure is crucial for modelingkygsiological
processes. Two commonly used metrics for characterizing canopy structure are the gap
fraction and the effective Plant Area Index (BABoth have been successfully retridve

with terrestrial laser scanning. However, a systematic assessment of the influence of the
laser scan properties on the retrieval of these metrics is still lacking. Thisrstedtigated

the effects of resolution, measurement speed, and noise compr@ssie retrieval of gap
fraction and PAd from phaseshift FARO Photon 120 laser scans. We demonstrate that
FAROG& noise compression yields gap fractions and. Bi#dt deviate significantly from

those based on scans without noise compression and stomegéstimate Leaf Area Index

(LAI) estimates based on litter trap measurements. Scan resolution and measurement speed
were also shown to impact gap fraction and £But this depended on leaf development
phase, stand structure, and LAI calculation metinelertheless, PAkestimates based on
various scan parameter combinations without noise compression proved to be quite stable.

Keywords: forestry; LAI; LIDAR; laser scanning; phashift




Remote Seng014 6 2602

1. Introduction

Information about forest canopy structure isctal for understanding the significant role forest
canopies play in global processes such as water and carbon cycling. Parker [1] gives a genera
definition of canopy structure dshe organization in space and time, including the position, extent,
guantiy, type and connectivity, of the abegeound components of vegetatmin addition tosimple
forest stanebased descriptorsuch as stem density or mean tree height, descriptors related to the
amount, distribution, and orientation of foliage within the canopy are vitally important for
understanding plant physiology and growth [1]. These foliage metrics include the Leaf Aesxa In
(LAI), commonly defined for flat leaves as half the total leaf area per unit ground surface area [2], and
the foliage area volume density (FAVD), defined as the volume density function of foliage area [3].

Groundbased methods for the estimation of Laké usually grouped into two categories; direct and
indirect methods [4]. The direct methods include destructive sampling and litterfall collection [4]. The
indirect methods include methods based on leaf cqraach as the inclined point quadrat [5]dan
passive optical methodsuch as hemispherical photography orAQORG Plant Canopy Analyzer
(PCA) [4]. As the direct methods are costly, labor intensive and-taresuming [4,6], indirect LA
methods are more commonly applied.

Indirect optical estimatesf LAl are all based on a common theoretical framework that uses
the probability of nofinterception of light passing through the forest canopy to infer structural
characteristics. They also rely on a number of theoretical assumptions about the caraipse st
specifically that the foliage elements are planar and distributed randomly within the canopy volume
(according to a Poisson point process) [4,7]. In reality, the structure of forest canopies deviates from
these assumptions. Forest canopies arellaction of foliage, twigsand branches that are often
clumped around branches and into discrete crown. Various researchers have proposed modifications c
the Monsi and Saeki equations relating gap probability to LAl using correction factors that docount
leaf and needle clumping or the contribution of woody vegetation components (see [8] for a detailed
review). As these correction factors are difficult to measure directly, they are usually inferred from the
indirect passive optical measurements. Adddlly, passive optical methods are susceptible to specific
hemispherical sky illumination conditions, in particular direct sunlight, that can impact apparent gap
probability for a given canopy structure (e[§1 12]).

Light Detection and Ranging (LIDAR)sometimes referred to as laser scanning, has received
increased attention in forestry in recent years as a means of overcoming the limitations of conventional
indirect structural measurements. Depending on the platform that the scanner operates drom, las
scanning is commonly categorized into airborne laser scanning (ALS), and terrestrial laser scanning
(TLS) or terrestrial LIDAR (TLIDAR). LiDAR is based on the emission of a highly collimated laser
pulse and registering its reflected signal from objeEtkss yields not only explicit -® information
(range and location relative to the scanner position) but also information about the magnitude of the
reflected signal in relation to the magnitude of the emitted puksgté apparent reflectance [3]).

Two common range measurement methods are used in commercial TLS instrumentshifthase
and timeof-flight [13]. Phaseshift scanners use the difference in phase between the emitted and
received continuous laser beam with its power modulated at a serieqeéncies. Tim®f-flight
scanners are based on a measurement of the time difference between the emission of a laser pulse a
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the registering of a reflected return pulse. While plss# scanners record only a single range per
measurement directionpte-of-flight scanners may record more than one range or even continuously
record the return intensities as a waveform [14]. Range measurement methods can influence the
resulting data properties (e.giaximum range, ranging error and noise, measuremest¥pin turn,

these may influence the retrieval of vegetation structural metrics.

While phaseshift scanners are characterized by extremely high measurement speeds, their
maximum range tends to be more restrictive than-tifriight scanners [15]. Bothphaseshift and
time-of-flight scannershave been successfully used for the retrieval of structural and biophysical
forest metrics. These include tree positions (§1€,17]), tree height (e.g[18,19]), diameter at breast
height (e.g.[20,21]), stemvolume (e.g.[22,23]), biomass (e.g[24i 26]).

Terrestrial laser scanning has been shown to be particularly usehd retrieval of gap fraction
and LAI. This is due to the low sensitivity to variable sky illumination conditions, and the enhanced
information content captured within theDB data [27].In particular the possibility of explicitly
characterizing thredimensional canopy structure is widely acknowledged as the major benefit of TLS
(e.g, [3,7,2829]). This is fundamental in the characteti@a of the orientation and-B distribution
of vegetative elements (leaves, branches, stems) within the forest canopy (as defined by [1]), but alsc
allows detailed analysis of the size aneD 3distribution of canopy gaps, leading to increased
understandig of radiative transfer through the canopy ,B]. The ability to measure the-[3
distributions of canopy gaps and vegetative elements also allows explicit analysis of clumping,
which can only be indirectly inferred from passatical measurementsuch as hemispherical
photography [3,7,32].

Another advantage of the[3 data provided by TLS is the possibility to more accurately measure
leaf area [28,33,34]. Two general methods of estimating LAl using TLS have been identified [11]:
gap fraction and val based methods. The voxel approach [27328536] divides the @ scanner
environment into cubic volume elements (voxeishich are populated by canopy elements based
upon raytracing of the scan data. Leaf area can then be estimated based onlike amuiocation of
voxels which are shown to contain vegetation. More sophisticatBdapproaches have also been
demonstrated, such as the tree reconstructiodtg et al. [37], or the geometrical crown depth
method of Huang and Pretzsch [38].

By comparison, the gap fraction approach uses the numbers of laser returns in given zenith angle
ranges to an estimate of gap probability. These gap probability measurements are subsequently used
determine LAI, in a similar manner to methods well knamvhemispherical photography [6,1Q,39 42].
However, the @ information from the scanner can be further utilized to determine the vertical
distribution of this LAl in the form of vertical foliage profiles [3,9,12,32].

The gap fraction methods that sglekly on the angular gap fraction information (2D methods)
have two main disadvantages: (1) they lose HieiBformation [10] and (2) they are limited in their
application to single scans. This is in contrast to tHe @ethods which are mostly based ap
merged scan point clouds from multiple scans acquired at different locations. Although the merging of
scansfrom different viewpoints is associated with higher computational demasdsvell as a
time-consuming scan data acquisition and registratiois, thus far, the most effective method for
reducing the effect of occlusion.
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Both 3D and 2D based LAl estimation methods are influenced by theafled edge effect [28],
where partial interception of the beam occurs at the edge of objects, andhéneing pulse travels
further to hit other objects or travel through canopy gaps. While the intensity information recorded by
full waveform scanners allows an accurate assessment of the proportion of the beam intercepted, an
thus the true within beam gdgaction [12], complete interception or gap must be assumed with the
discrete return timef-flight and phaseshift scanners. Partial interceptions in phsisiét scanner data
may also produce artifacts caused by range averaging which can confuse gag #id result in the
total disregard of partial interceptions in gap probability calculations [39].

Of significant concern in vegetation structure assessment is also the inability eEpliaseanners
to unambiguously record nenterception of the kmm. This results in randomly distributed points
within canopy gaps that need to be addressed through firmware filtering or post processing. Both the
artifacts caused by range averaging and the bearmtenceptions need to be filtered. Traditionally in
TLS, filtering is applied to reduce noise, which usually refers to the ranging noise defined as the
standard deviation of the distances about thefiigstane of the points on a planar target [43]. This
type of noise depends on a number of factors inctuthe targereflectivity and can be minimized
by noise compression.€., increase the signab-noise ratio usually achieved by averaging of multiple
returns within a pulse window) [43]. In vegetation structure assessment noise is important as it
contains information about the size and distribution of gaps within the camomany cases, filtering
is based on both the inferred location and intensity of laser returns. As return intensities are the resuli
of complex interactions of a number of factors including scanner properties such as beam divergence
beam spot size, rangeturn response threshold [29], and target properties such as orientation, surface
texture, and bidirectional reflectance characteristics [27,37,40], the estimation of gap fraction and LAl
from phaseshift scanner data is heavily influenced by the filtgmmethods applied.

This paper investigates the effects of scanner and scan properties on the retrieval of gap fractior
and PAL derived from phasshift scanner data. The application of phskit scanners for the
retrieval of gap fraction and related tmes has not been investigated when compared to discrete return
time-of-flight scanners (e.g[10,11,28,2931,33,3742]) and timeof-flight full waveform scanners
(e.g, [3,9,12,33,34,44]). This study tries to bridge this gap by investigatingfteets of the main
phaseshift scan properties of scan resoluti@mgular step size) and measurement speed (pulses per
second),as well as a scannsgpecific noise compression and firmware based data filtering using a
phaseshift FARO Photon 120 terrestrial &sscans.

2. Materials and Methods
2.1. Study Site

The study site (491@®, 748 I§j) is located in the BAzerwaldforest near Kaiserslautern, Germany.
The study was carried out at two test plots within stands where permanent forest monitoring is carried
out. This monitoring has produced a large pooinositu biophysical and structural measurements
including litterfall. One test plot was established at a pure beBagus sylvatica stand, which is
characterized by a distinct overstorey of dominant trees ardiydas old and a layer of emerging
trees younger than 5@as. The other test plot was establidhe a mixed stand &00-yea-old oak
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(Quercuspetraeg trees in the overstorey and young be@edgus sylvaticatrees in the understorey.
Mean diameter at breast height (DBH) and73nean
and 1 8=5%7).irhe éteém density of the beech stand was 1032 trees per ha. Mean DBH and mean
tree height fortheoak eec h st and =wel) and 3DF m¢too fev height measurements
available for reliable standard deviation for tree height). The stenitylefshe oakbeech stand was

283 trees per ha. Both stands were characterized by consistent slopes (~3) and mean elevations o
around 522 m.

2.2. Data Acquisition and Scanner Characteristics

Terrestrial Laser Scanning was carried out with a FARO Photon 120 phase shift instrument [43].
This scanner operates at a wavelength of 785 nm, with measurement speeds of up to 976,000 point
per second, and with variable angular step sizes. The beamtaigaeexit) is 3.3 mm and beam
divergence is 0.16 mrad [43]. The height above ground of the instruments beam emission point was se
to 1.75 m and scans were performed at single locations with aofieiéw of 360°horizontal and
310¢ertical, providing an almost complete spherical capture of the scéaerroundings.

Table 1. FARO Photon 120 scanner parameter sets used at each of the two study plots
(modified fromtablein [43]). Resolution refers to the ratio of the maximum resolution of
40,000 pt&360°for each rotation of the scan head. Noise compression factors 2x and 4x
refer to the averaging of ranges within two by two and four by four laser pulse windows
respectively. Durations of the hardware filtering are approximate.

Resolution Angular Step Point Spacing  ScanSpeed Noise Scanning Filtering
Size () (cm/10 m (kpt/s) Compression  Time (min)  Time (min)
976 - 03:24 03:25
1/2 0.018 0.3 488 - 06:49 03:15
244 - 13:39 02:30
488 - 01:42 01:06
244 - 03:24 01.01
1/4 0.036 0.6
122 - 06:49 01.01
244 2% 13:39 16:02
244 - 00:51 00:30
122 - 01:42 00:26
1/8 0.072 1.3 244 2% 03:24 04:16
122 2% 06:49 04:18
244 4x 13:39 14:20
244 2% 00:51 01:15
1/16 0.144 2.5 122 2% 01:42 01:10
244 4x 03:24 03:45

To assess the effects on gap fraction andPétrieval, scans were performed with different
angular step size, measurement speed, and noise compression (Tabén arameters were chosen
to provide comparable datasets at each plot while not exceschnging times of 15 mifcach scan
setting was tested at the centre points of the two test plots and on four different déipsl (2013,
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2 May 2013, 10May 2013, 7 June 2013). Dates were chosen to cover the phenoloigyeaf
development. Leaf development took place predominantly between the second and third measuremer
dates. As such, the first two dates can be characterized asf|leahile the latter two dates can be
characterized as leah.

All scans were perfoned with the FARO Photon 120 hardware filtefislear sky and ficlear
contoup, activated. Theiclear sky filter removes scan points with low intensity, which result from
intercepting no objecti.e,, mainly when the scanner views open sky. Tkear comouro filter
removes scan points with large separation to surrounding points, which can be the result of
intercepting multiple objects, mainly at the edges of foreground objects Iid3ddition to these
hardware filters, three different levels of noisempression can be set prior to scanning with the
FARO Photon 120: no compression, noise compression by averaging neighboring scan points in a
two by two window, and noise compression by averaging scan points in a four by four window [43].

LAl measurementebtained by collection of leaf litter were used as reference. As litterfall LAl for the
year laser scans were recorded (2013) were not yet availabldégtomg@verages for the test sites [45]
were used in this study. As the beech stand was thinnedysbeitire the last scan date, the ldagn
average for the beech stand was not included.

2.3. Scan Data PrProcessing

The scan data was collected in the proprietary FARO format and exported to PTX, arbAS£|
format that orders the scan poir(tSartesian coordinates relative to the instrument opticalecent
and laser return intensities) according to measurement time while recordinngtmans as zero for
all Cartesian axes. Spherical coordinates (zenith, azjnamith range) are then computédm the
Cartesian coordinates. In cases where a zero range was redads@y( points) zenith and azimuth
angles were interpolated from valid (Rpero) neighboring returns. The coordinate system conversion
allows projecting the scan data as 2D rasterges with azimuth and zenith representing x and y. The
original Cartesian coordinateas well as the range and intensity informatiere stored as separate
image bands. Figure 1 shows a subset of range images for the different scan parametdiedets app
this study. The difference in the visual appearance of these subsets demonstrates the influence of th
scan parameters, particularly apparent in the level of noise within the canopy gaps.

2.4. Scan Data Filtering

Phase shift scannesuch as the ARO Photon 120 are known to suffer from noise (see Section 1).
While for traditional applications of terrestrial laser scanning noise is mostly treated as unwanted data
and simply removed from the point cloud, noise is important in vegetation structatgsiaras it
contains information about the size and distribution of gaps within the canopy.

To develop a data processing scheme for a consistent and accurate detection of canopy gaps, tr
effects of FAR@s hardware filtering were studied in detail basedweo sets of test scans: The first set
included scans performed with and without flokear sky filter and with ficlear contour activated in
both cases. The second set includes scans performed with and withdidetire contous filter
and with ficlear skyo activated in both cases. Constant intensity thresholds were used to separate
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sky returns from théclear skyp andficlear contous filtered scan returngn addition the sensitivity of
the gap fraction and PAéstimates to threshold changes wasssgskby varying the threshold by #$5%.

Figure 1. Scan range images based on the different scan parameter sets applied in
this study. Legend: Scan resolution is displayed as the fraction of the full resolution
(40,000 points per 360). Scan speed is displhyn kilo-points per second. The single
asterisk denotes scans performed with 2x noise compression and the double asterisk
denotes scans performed with 4xnoise compression.

b

Scan parameters for images
‘ (resolution - scan speed *noise compression)

1/2-976 |1/2-488 [1/2-244
fd|1/4-488 [1/4-244 [1/4-122 |1/4-244"
t“ 1/8-244 |[1/8-122 |[1/8-244" |1/8 - 122*
M[1/8 - 244** |1/16 - 244*|1/16 - 122*|1/16 - 244**

To deal with the noise that results from beam-marceptions (see Section 1 and Figurewlg,
applied a kernebased majority filter (kernel of 3 x3 pixels) to the 2D scan images,each image
pixel which is not classified as sky is checked for its 8 surrounding pixels. If the majority of these are
classified as sky, the centre pixel is assumed to be noise and consequently reclassified as sky
To assess the effect of this type of swion the retrieval of gap fraction and BAhe scan data was
analyzed both with and without applying the majority filtering.

2.5. Gap Fraction and PAle Calculation

The indirect optical methods of estimating gap fraction and Leaf Area Index are maaty dra
modeling the radiation transmission through the canopy (see [46]). Assuming a random azimuthal
foliage distribution and using Bd®srLaw, this gap probability is modeled as a function of foliage
projection function G dpatiwlangtdthraughzhe nandpyh(theacosmd & d ,
such that:
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The clumping of canopy elements, particularly into individual tree crows can lead to an increase
in the gap probability for a given LAI. In this case, the term affedtAl is often used in the above
equation [47].In addition since the distinction between foliage and woody material can often not be
made with the passivaptical instruments, the estimated leaf area is truly a Plant Area Index (PAl).
Hence in thisstudy the term effective Plant Area Index (BA$ usedFor activeoptical instruments
such as TLS, various approaches to the estimation of gap fraction and LAI exist (see Section 1). In this
study the gap fraction based approach was followed. In thi®agh gap fraction is inferred from the
number of laser pulses with no returns from the canopy within some zenith angleldghgg,) as a
proportion of the total number of pulses emitted by the instrument vlth{Nuised. Note that this is
the compement to fractional cover based on canopy higsdy

OCAH . Aj. N p . A . AN 2)
Miller [48] proposed the following solution for Equati¢h):
T
1) g 1 TOCADAIOEA (3)

Based on gap fractions averageer zenith angle rangest, e.g, LI-COR PCA measurements [49],
Equation(3) can be integrated numerically by summing the weighted logarithms of the individual
zenith angle rangégap fractions (Equatiof®)).

)G lloCcAD AlJOEW (4)

With the LFCOR PCA, five zenith angle ranges$ (3 1671287 321435 47158} 611 74) are used.
The weight®) § I are based on the centre angles of these ranges. The weights are then normalized
to sum to one [49]Sometimes only range$4 with a strongeweighting of the fourth range are used
in the calculation of LAI to reduce the effects of multiple scattering which is strongest in the higher
zenith angles resulting in a frequent underestimation of LAl [50]. Leblanc and Chen [51] also showed
that while te fifth range is least sensitive to changes in canopy LAl the third and fourth ranges are
most stable in case of variable sky radiation. The strong weighting of the fourth range is based on the
theory that for an idealized random foliage distribution andiew angle of 57.57 the projection
coefficient G (~0.5) is independent of the mean leaf angle [52]. This is used to determine LAI directly
from gap fraction measurements at this angle [3]:

, 1) el 10 CABRI (5)

In this study, in order to assess the effects of resolution, measurement speed, and noise compressic
on the retrieval of gap fraction, and hence their influence on the calculation gftR&humerical
integration of Equation4) based on rangesi4 andbased on rangesi 3 was used. These are
hereafterreferred to as PAI(0i 58) and PAl (Oi 74. In addition, the gap fraction retrieved from a
small zenith range (£.5) centered on 57.5°was used in accordance withation (5) to calculate
PAlg, hereater referred to as the PAB7.5).
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3. Results and Discussion
3.1. Data Filtering

One of the key challenges in the use of ptssf laser scanners for vegetation structural
assessment is the correct and unambiguous identification of canopy gaps. This requires different
filtering methods to those employed for application in built $tm&s such as engineering and mining.
Figure 2 depicts the intensity and range images of the set of test scans filtered (hereafter referred to a
the filtered scan) and unfiltered (hereafter referred to as the raw scan) with the fiefdRO sky
filter. To analyze the range and intensity distribution of sky points, scan regions visually identified as
sky were subset and statistics calculated. The corresponding histograms are depicted in Figure 3
While the range values of the sky points from the raw scaw shuniform random distribution, the
intensity distribution shows a distinct bimodal pattern which spans almost the full value range. From
these observations it is obvious that for raw scans, sky points cannot be separated fs&ynpoints
based on theange and intensity distributions alomne.( a simple thresholding is not applicable).

Figure 2. Range and intensity images of the test scans witfidear sky filtering (Left)

and with Aclear sky filtering (Right). Intensity images are displayed &botheir
respective range image. The ima@yjgeyscales were stretched to maximize the contrast
between sky and canopy, with black and white corresponding to minimum and maximum
values respectively.

As mentioned, scan points identified by fiear sky filter are assigned zero range (Figure 3b).
The presence of a number of rpero values in Figure 3b reveals that fiockear sky filter does not
detect all sky points. These also show in Figure 3d as the small number of high intensities protruding
from an otherwise normal distributioAs the histograms are based on sky points retrieved from the



