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Abstract. We describe the capabilities and performance of a terrestrial laser scanning instrument
built for the purpose of recording and retrieving the three-dimensional structure of forest vegetation. The dual-wavelength Echidna® lidar characterizes the forest structure at an angular
resolution as fine as 1 mrad while distinguishing between leaves and trunks by exploiting
their differential reflectances at two wavelengths: 1 and 1.5 μm. The instrument records the
full waveforms of return signals from 5 ns laser pulses at half-nanosecond time resolution;
obtains 117 deg zenith and 360 deg azimuth coverage out to a radius of more than 70 m;
provides single-target range resolution of 4.8 and 2.3 cm for the 1 and 1.5 μm channels, respectively (1σ); and separates adjacent pulse returns in the same waveform at a distance of 52.0 and
63.8 cm apart for the 1 and 1.5 μm channels, respectively. The angular resolution is in part
controlled by user-selectable divergence optics and is shown to be <2 mrad for the instrument’s
standard resolution mode, while the signal-to-noise ratio is 10 at 70 m range for targets with leaflike reflectance for both channels. The portability and target differentiation make the instrument
an ideal ground-based lidar suited for vegetation sensing. © 2015 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.9.095979]
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1 Introduction
For accurate characterization of the storage and dynamics of local, regional, and global forest
carbon stocks, nondestructive methods are needed that rapidly and accurately measure aboveground biomass and other forest structural parameters, such as stand height, trunk diameters and
their size distribution, and leaf area index, in representative forest stands. In the last several years,
terrestrial laser scanners have been shown to acquire these measurements more rapidly and with
similar or better accuracies than conventional plot-level measurements.1–3 This paper documents
the capabilities and performance of a new terrestrial laser scanning instrument built for the purpose of recording and retrieving the three-dimensional (3-D) structure of forest vegetation. The
dual-wavelength Echidna® lidar (DWEL)4,5 characterizes forest structure at an angular resolution
as fine as 1 mrad while distinguishing between leaves and trunks by exploiting their differential
reflectances in two wavelength regions: 1.064 and 1.548 μm (hereafter called 1 and 1.5 μm,
respectively). The instrument uses two pulsing lasers, at 1 and 1.5 μm, combines their pulses
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in a single coaxial beam, and records the full return waveform scattered by objects along the path
of each pulse out to an effective range of 70 m.

1.1 Echidna Validation Instrument Lidar Platform
The DWEL instrument relies upon and extends the design heritage of the Echidna validation
instrument (EVI), conceived and constructed by Australia’s Commonwealth Scientific and
Industrial Research Organization.6 Based on a patented concept for an under-canopy, scanning
lidar termed Echidna®, the EVI used a single horizontal laser emitting 1 μm pulses that were
distributed in a vertical circle by a rotating scan mirror and azimuthally by rotating the instrument
on its base. An important innovation of the EVI as a terrestrial lidar was the digitizing of the full
return waveform along with careful calibration of the instrument, which provided continuous
measurements of return power with range. These, in turn, were expressed as apparent reflectance, which can be defined as the reflectance of a large diffuse target orthogonal to beam propagation that returns the same intensity as the actual target.1,2,4,6,7 With this measure, laser returns
become independent of target properties such as surface roughness, albedo, orientation, or scattering volume. From apparent reflectance, gap probability with zenith angle and height in the
canopy was used to estimate the area of leaves contained in the canopy and the profile of leaf area
with height, both useful quantities in modeling radiative transfer and the photosynthetic capacity
of the forest.1,8,9
A second innovation was the use of a long outgoing pulse, allowing full characterization of
the shape of the pulse returned by each scattering object (each hit) along the ray path. A sharp,
narrow return signal that echoes the shape of the outgoing pulse denotes a hard target, such as a
solid tree trunk or thick branch, whereas an elongated return signal identifies a soft target, such as
a cluster of leaves that scatters the pulse across a finite range. Figure 1 provides examples
observed by the DWEL instrument.
To obtain a quantitative difference between hard and soft returns, a number of methods can be
employed, for example using a threshold on the ratio of apparent reflectance to the full-width
half-max (FWHM) of the waveform.3–6 In this way, leaf hits are separated from hits of branches,
trunks, and ground.4 However, this approach is limited by significant errors of commission for
leaves and omission for trunks and branches, caused when the trunk or branch surface is not
orthogonal to the beam, as for example at the curving edge of a trunk, and the return signal is thus
elongated by the finite range of the scattering surface. A DWEL algorithm that uses both the
return pulse length and spectral information to discriminate leaf hits from woody hits is in
development.

Fig. 1 (a) Example of a hard return observed by the dual-wavelength Echidna® lidar (DWEL)
instrument. Note the high peak and narrow width. (b) Example of soft return. Note the low
peak and large width. The solid gray line is digitized photodiode data and the dashed black
line is a fitted Gaussian function. The ratio of peak to width can be used to infer the structure
of the target. See Refs. 3 and 4 for further analysis.
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1.2 Dual-Wavelength Echidna® Lidar Instrument
The DWEL instrument adds to these innovations by providing data from its two coaxial lasers
pulsing simultaneously at near-infrared (NIR) and shortwave infrared (SWIR) wavelengths. The
dual-wavelength capability distinguishes more reliably between leaf and trunk/branch/ground
hits by spectral discrimination, made possible by strong absorption of liquid water in leaves
at the DWEL’s SWIR wavelength of 1.5 μm. That is, branches, trunks, and ground surfaces
are bright in both NIR and SWIR wavelengths, while leaves are bright in the NIR wavelength
and dark in the SWIR wavelength.
Another innovation of the DWEL is to provide higher angular resolution in operational scanning. While the EVI routinely acquired data at 4 mrad angular resolution, the DWEL routinely
operates at 2 mrad resolution given its ability to encode zenith and azimuth angles of each
outgoing pulse with uncertainties of ∼1 mrad. This allows the instrument to survey the forest
with higher spatial precision. Moreover, a finer resolution (1 mrad) setting is also available for
high-resolution applications (see Sec. 2.2.2).
The DWEL also produces more and higher-quality data. Intensity is recorded using 10-bit
digitization, while only 8-bit digitization was available for the heritage EVI scanner. With
increased signal quantization, dual-wavelength operation, and finer resolution, the basic
DWEL data flow is 16 times larger than the EVI data flow, requiring a number of innovations
in the instrument’s data system. In addition, the evolution of hardware for instrument control,
signal processing, and power supply permitted a design that integrated all functions except data
storage in a single case of about 18 kg mass (Fig. 2), thus superseding the two-piece design of the
EVI that coupled the laser-scanner mechanism and the control computer and laser electronics by
multiple cables.
The ability of full-waveform Echidna scanning to measure forest structure, such as mean tree
diameter at breast height, distance, and relative bearing to individual trees, stand height, stem
count density, stand basal area, canopy height, leaf area index, and foliage profile, has been well
documented with EVI.2 Considering the ability of DWEL to scan at a four times finer resolution,
four times better quantization, and DWEL’s fine geometric accuracy (see Sec. 3.1.2), DWEL
may be expected to deliver these structural parameters with significantly higher precision
than EVI. In addition, point clouds of tree crowns will resolve crown size and shape at higher
resolution, providing more potential hits in dense forest canopies. The instrument’s capability to
separate leaf and nonleaf hits may also aid in radiative transfer modeling within surface

Fig. 2 The DWEL instrument in operation at the Harvard Forest in Petersham, Massachusetts.
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vegetation,3,10 and the pathway to correlate ground-based lidar data with airborne lidar measurements of forest structure is well established.1,10,11
It should be noted that although the Echidna lidar design is optimized for forest scanning,
occlusion by the understory will always limit the ability of a terrestrial lidar scanner to infer some
structural parameters. This problem may be particularly intractable in tropical forests with
a dense understory layer.
A description of the DWEL instrument will comprise Sec. 2 along with the design specifications. The analysis of the instrument’s performance will be detailed in Sec. 3, while Sec. 4
will cover preliminary analysis on retrieval capabilities from field deployments, further discussions, and conclusions.

2 Motivation
2.1 Brief Description of the Dual-Wavelength Echidna® Lidar Instrument
DWEL uses two infrared lasers with output energy of 0.6 μJ and pulse repetition frequency
(PRF) of 2 kHz, along with a green <5 mW marker laser to visually locate the beam. The
total combined outgoing power allows for a laser safety classification of 3R/IIIa, meaning
no eye injury is sustained when viewing with the unaided eye during scanning. Both IR
beams are 6 mm in diameter at the aperture, have selectable divergences of 1.25, 2.5, or
5 mrad, and propagate with a Gaussian beam profile. The PRF and beam divergence produce
a slight shot-to-shot overlap at the horizon, providing full-sphere effective angular scanning resolutions of 1, 2, and 4 mrad, respectively.
To scan over the zenith angle, the IR beams are first aligned coaxially with high-efficiency
dichroic filters and then reflected into a vertical circle by a rotating scan mirror inclined at a
45 deg angle to the horizontal exit beam (Fig. 4). The mirror rotates at a constant angular velocity
about the horizontal axis resulting in the beams sweeping out a great circle in the vertical plane
with a period dependent upon the scanning resolution. The instrument also rotates slowly in the
azimuthal plane to capture 4π steradian, full-sphere angular information. These two motions
allow for effective environmental vertical and horizontal fields of view of 117 and
360 deg, respectively (Fig. 3). As the scan sweeps through the casing, the laser beam views
an internal Lambertian surface (Spectralon disk), providing a consistent signal to monitor
slow changes in laser power and pulse timing. Brushless motors with ceramic gear heads ensure
smooth scanning motion. After reflection from vegetation targets, the return signals are collected
by the scan mirror into an f/4.35 Nasmyth–Newtonian telescope where the beams are chromatically separated and out-of-band wavelengths are eliminated using narrow bandpass interference
filters (Fig. 4).

Fig. 3 Principle of scanning by the DWEL instrument. The effective field of view spans 360 deg in
azimuth angle and 117 deg in elevation angle. The vertical arrow illustrates the revolution of the
scan mirror about the horizontal axis, while the horizontal arrow describes the slow azimuthal rotation of the instrument on the tripod. The instrument completes a full-hemisphere scan by rotating
180 deg in azimuth in ∼36 min in its standard resolution mode (2 mrad). See Ref. 5 for a detailed
description of instrument components.
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Fig. 4 (a) External view of operation. The outgoing beams (shown as arrows) are shown separated in the diagram for illustrative purposes when, in fact, they are coaxially aligned. The reflected
light detected by the instrument is shown as a shaded area. (b) Internal view of operation.
Reflected light paths are shown as shaded areas. The dimensions are not to scale.

Return signals from each laser are detected by a pair of detector–amplifiers using indium
gallium arsenide photodiodes with a 0.2 mm2 active area and a 150 MHz linear amplifier circuit.
A pair of 10-bit, 2-GHz digitizers records the channels separately; a single external timing circuit
triggers lasers and digitizers together. Python and C scripts running on a 2.53 GHz i7 on-board
computer capture and transmit the data to a separate field laptop connected to the instrument via
Ethernet. DWEL forest scans were acquired in 2013 during field campaigns in the Sierra
National Forest (near Fresno, California) and the Harvard Forest, Petersham, Massachusetts.
Preliminary results from these campaigns will be described in Sec. 3.

2.2 Design Goals
DWEL was designed to meet the following instrument performance goals.

2.2.1 Interimage alignment
Simultaneous sampling of a target at both wavelengths is essential for determining the nature of
the target since any short timescale variations (e.g., wind motion of the canopy) would change
the return profile and confound the differential reflectance of the target. Coaxial alignment guarantees that both wavelengths record the same target at the same time. To ensure both beams are
intercepted by the same target, the maximum functional coaxial deviation is 1 mrad. With a beam
divergence of 2.5 mrad, the outgoing beams will have a diameter of 25 cm at 100 m range. A
coaxial deviation of 1 mrad would displace the beams’ centroids by 10 cm at this range, allowing
for an overlap of over 50% using

Aoverlap ¼ 2R2 cos−1

EQ-TARGET;temp:intralink-;e001;116;143


ﬃ
d
d pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
−
4R2 − d2 ;
2R
2

(1)

where R is the beam radius and d is the centroid separation. This value provides a benchmark
against which the actual performance of the DWEL instrument can be evaluated (see Sec. 3.1.1).
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2.2.2 Angular resolution and precision
The instrument is designed to operate in three different angular resolution modes: 1, 2, and
4 mrad, paired with divergences of 1.25, 2.5, and 5.0 mrad, respectively, to provide gapless
coverage of the spherical field of view. Since each pulse is located on a zenith–azimuth
grid, the positional encoding of each waveform must have a resolution and uncertainty
below the scanning resolution.

2.2.3 Range stability and resolution
DWEL was primarily designed to measure forest structural properties, including the locations of
leaves, branches, and other targets with its field of view. In addition to accurate angular placement of each pulse path, this requires accurate measurement of the range to scattering events.
For these purposes, the instrument was designed to have a range precision of 7.5 cm for singletarget localization and 75.0 cm for multiple-target differentiation.

2.2.4 Scan time
Portability and ease of use were primary motivators of the instrument design. Two operators are
expected to complete multiple scans and to validate the data in a single day. To allow for multiple
daily scans while also utilizing the same capture and processing methods of EVI, DWEL uses
a PRF of 2 kHz. This enables a 2 mrad scan to be completed in ∼40 min. Five scans per day are
normally acquired at a field location.

2.2.5 Signal-to-noise ratio
Target differentiation requires a signal-to-noise ratio (SNR) of at least 3 for both wavelengths at
the maximum range of 100 m, a range that allows good reconstruction of a 1-ha square forest plot
from five scans.

3 Performance Results
3.1 Comparison to Science Goals
The following will summarize the results of the measured instrument parameters from field
deployments and calibration scans. The calibration panels are Lambertian in nature and thus
reflect diffusely. Differences between the ideal Lambertian reflection and real target roughness
can be mitigated via use of the apparent reflectance of the target (defined in Sec. 1.1). Each
instrument parameter will be quantitatively compared to the design goals.

3.1.1 Interimage alignment
In order to determine the channel-to-channel misalignment, interpolated encoder and waveform
data were used to produce a pair of two-dimensional, equal-angle (2 mrad) images of a given
full-sphere scan from data of the two wavelengths recorded at the Harvard Forest. For each input
waveform, the maximum returned intensity was recorded; the image then was constructed as the
mean of these values for all waveforms found in each equal-angle bin. Subset images of 1400
(x-direction) by 150, 200, 250, . . . , 800 pixels (y-direction) in each band were then cross-correlated using shifts of 1/16 of a pixel in the x-direction and then y-direction; the offset providing
the best correlation was recorded (Fig. 5). Maximum offsets were 2/16ths (0.25 mrad) in the
x-direction and 6/16ths (0.75 mrad) in the y-direction, providing a root mean square maximum
offset of 0.79  0.06 mrad. Using Eq. (1), the overlapping area of the two beams is calculated to
be >60%. This is well above the minimum specified overlap of 50% as shown in Sec. 2.2.1.
Note that this value, based on maximum offsets, is a lower limit.
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Fig. 5 Measured pixel offset (in bins of 1/16 pixel) versus width of image slice. In (a), the x -offset is
maximally 2/16 pixels, or 0.25 mrad, while in (b), the y -offset is maximally 6/16 pixels, or
0.75 mrad. The total (x , y ) offset magnitude is, therefore, maximally 0.79  0.06 mrad.

3.1.2 Angular resolution
Angular resolution was measured by azimuthal scanning across the sharp edge of a calibration
panel with zenithal rotation disabled. The intensity falloff was recorded and fitted with a cumulative distribution function for a normal distribution.
The IR beams have a Gaussian profile governed by the function
fðxÞ ¼ a0 e

EQ-TARGET;temp:intralink-;e002;116;433

ðθ−θ0 Þ2
2σ 2

;

and the associated cumulative distribution function (CDF) is given by



1
θ − θ0
pﬃﬃﬃ
CDF ¼ 1 þ erf
;
2
σ 2
EQ-TARGET;temp:intralink-;e003;116;384

(2)

(3)

where a0 is the magnitude (height), θ0 is the angular Gaussian centroid, and σ is the standard
deviation.
The intensity falloff with angle is shown in Fig. 6. The CDF was fitted using chi-squared
minimization, and the measured intensity is shown as crosses, while the fitted CDF is shown as a
solid line. In the normal operational configuration of 2 mrad resolution, the calculated values for

Fig. 6 Cumulative distribution function fitted to beam falloff at a sharp boundary. Crosses indicate
magnitude and location of laser pulse, while the solid line is the cumulative distribution function
fitted to the data. The full-width half-max of the instrument’s point response function is calculated to
be (a) 1.28  0.17 mrad for the 1-μm channel and (b) 1.51  0.42 mrad for the 1.5-μm channel.
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the FWHM of the instrument’s point response function, given by the measured σ, are 1.28  0.17
and 1.51  0.42 mrad for the 1 and 1.5 μm channels, respectively. Angular precision was measured by the repetitive altitudinal scanning of the instrument’s sharp edge casing. The angular
locations of these easily identifiable casing hits were recorded and fitted with a Gaussian as
shown in Fig. 7, yielding an angular precision of 1.51  0.06 mrad.

3.1.3 Range stability and resolution
Range resolution calibration scans were conducted using stationary calibration panels of known
reflectance in the 1 and 1.5 μm wavelengths. The scan direction was held stationary with the
outgoing beams orthogonal to the calibration panels. The return intensity as a function of time
was fitted with Gaussian profiles for both the outgoing and incoming waveform. The difference
in time for these two profiles was plotted in a histogram and again fitted with a Gaussian profile.
The 1- and 1.5-μm lasers show 1σ to be 4.752  0.006 and 2.333  0.001 cm, respectively, for
single-target range determination (Fig. 8).
The return signal in the waveform has a nearly Gaussian profile and the width of the fitted
function determines the effective range confusion limit. The histograms of return signal widths

Fig. 7 Angular precision of the instrument. Multiple altitudinal scans record the angular location of
casing returns, which yield an angular precision of 1.51  0.06 mrad.

Fig. 8 Single-target distance resolution for both lasers at 70 m. The standard deviation is (a) 4.752
 0.006 cm for the 1-μm laser and (b) 2.333  0.001 cm for the 1.5-μm laser, consistent over
the full range from 0 to 70 m.
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Fig. 9 Instrument’s multiple-target distance resolution (range confusion limit) displayed as histograms of return signal width. (a) The 1-μm channel shows a range confusion limit of 52.0  1.0 cm,
while (b) the 1.5-μm channel shows a range confusion limit of 63.8  1.2 cm.

for the 1 and 1.5 μm beams are shown in Fig. 9, showing 1σ to be 52.0  1.0 and 63.8  1.2 cm,
respectively.

3.1.4 Scan time
The measured PRF is 2180 Hz resulting in a full-sphere scan time of 36 min and 40 s.

3.1.5 Signal-to-noise ratio
Figure 10 shows the instrument’s SNR as a function of distance. Each data point represents the
average SNR recorded from a calibrated target. Data from ranges <20 m are omitted due to
nonlinear near-field telescopic effects. Maximum SNR values are near 100 at this range,
while the SNR decreases to ∼10 for both wavelengths at 70 m. Due to laboratory testing constraints, the SNR past 70 m is estimated by fitting an empirical power function of the form
fðxÞ ¼ axb þ c to the trailing end of the existing data. According to Lambert’s law, the intensity
or power will decrease as the inverse square of the power for a perfectly diffuse scattering surface. Thus, we chose a power law for the fit. Note that due to instrument characteristics and the
imperfect nature of the targets, the exponent will be different from 2. For example, very fine
surface roughness of the target panels may cause a slight specularity. Table 1 lists the fitting
coefficients. This extrapolation estimates the SNR to be slightly under 5 at 100 m. This

Fig. 10 Signal-to-noise ratio (SNR) versus distance for both lasers. Near-field effects distort the
SNR at close range while laboratory testing constraints limited data collection to 70 m. Estimates
of long-range SNR are shown as dotted lines. The different reflectivities of the calibration panels
are shown in the legend.
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Table 1 Signal-to-noise ratio (SNR) fitting coefficients for the empirical power function. The left
and right tables show information for the 1.0- and 1.5-μm channels, respectively.
Reflectivity of panels at 1.0 μm

a

b

c

0.990

62,096.5

−1.72063

−8.34626

0.524

26,638.1

−1.71208

−5.04413

0.431

34,236.7

−1.90481

−0.241792

a

b

c

0.980

25,965.9

−1.66726

−4.55032

0.447

32,430.8

−1.95855

1.40597

0.239

51,953.2

−2.23395

4.50572

Reflectivity of panels at 1.5 μm

preliminary analysis does not include deconvolution of pulse shape or other filtering techniques.
Such methods will enable potentially substantial (factor of 3) gains in SNR at large distances.
A summary of all measurements can be found in Table 2.

4 Discussion, Conclusions, and Future Work
The most important science objective of the DWEL instrument is to separate leaves from bark
and other surfaces in lidar returns using its dual-wavelength capability. Preliminary analysis of
the data documents this separation using the normalized difference index (NDI).
NDI ¼

EQ-TARGET;temp:intralink-;e004;116;415

I 1.0 − I 1.5
;
I 1.0 þ I 1.5

(4)

where I 1.0 and I 1.5 are the normalized intensities of the 1.0 and 1.5 μm channels, respectively.
An example of an NDI image can be found in Fig. 11, which shows an image of a stand of red
fir trees in the Sierra Nevada near Fresno, California, as scanned by DWEL. The image was
produced by using an equal-angle projection of waveform mean intensity after preprocessing
steps. These values were used to calculate the NDI values of each pixel, which were binned
into a histogram, shown in Fig. 12. Both the NDI values and frequency were normalized

Table 2 Measured parameters of the dual-wavelength Echidna® lidar instrument. All measurements were taken in the standard resolution mode of 2 mrad. Due to laboratory testing constraints,
the SNR was recorded at a maximum distance of 70 m, a distance for which there was no quantitative specification. Values for SNR at 100 m were estimated using fitted curves extrapolated to
100 m.
Measurement

Goal

1 μm

1.5 μm

Interimage alignment

≤1.00 mrad

0.79 0.06 mrad

Angular precision

≤2.00 mrad

1.51 0.06 mrad

Angular resolution

≤2.00 mrad

1.28 0.17 mrad

1.51 0.42 mrad

Single target range resolution

≤7.5 cm

4.752 0.006 cm

2.333 0.001 cm

Multitarget range resolution

≤75.0 cm

52.0 1.0 cm

63.8 1.2 cm

≥3 (—)

4 (10)

3 (10)

Leaf-like SNR at 100 m (70 m)
Scan time
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Fig. 11 An example normalized difference index (NDI) image of a stand of large red fir trees in the
Sierra National Forest. Pixels were classified as leaf (light gray) or trunk/ground (dark gray) by
thresholding the magnitude of NDI calculated from Andrieu transpose projections of mean waveform intensity. Clearly seen is the contrast between leaf matter and bark matter.

Fig. 12 A bimodal histogram of normalized NDI values fitted with two Gaussian functions via
chi-squared minimization. The solid brown curve is centered around 0.5, illustrating similar intensity in both channels, while the dashed green curve is centered around 0.7, corresponding to lower
1.5 μm intensities. The dotted black curve is the sum of the two. The intersection of the two
Gaussian profiles at around 0.6 provides a threshold for pixel values in the bimodal image
shown in Fig. 11.

and fitted with a pair of Gaussian profiles using chi-squared minimization techniques. The two
fitted profiles illustrate significant bimodal behavior of the NDI values. The crossing point of the
profiles, at ∼0.6, was used to threshold pixel values for the reconstructed bimodal image
(Fig. 11). It is worthwhile to note that the large number of returns with a normalized value
of 0.5 corresponds to a raw NDI value of 0, signifying equal return intensity in both channels.
Furthermore, the significant contribution of >0.5 normalized NDI values is a consequence of the
1.5-m channel measuring lower intensities than the 1.0-m channel for some targets (i.e., leaves).
This paper has demonstrated that the DWEL instrument significantly advances the unique
capabilities of the full-waveform EVI terrestrial lidar forest scanner by simultaneous scanning in
NIR and SWIR wavelengths to separate leaves from other targets. The higher operational angular
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resolution (4×) and enhanced quantization (2×) of DWEL provide an eightfold greater precision
in received signals. With a range resolution of under 5 cm and high precision zenith and azimuth
angle encoding, each scattering event is located precisely in 3-D space, providing point clouds
that can be readily merged with point clouds from adjoining scans to create 3-D reconstructions
of forest stands. Future work will focus on extending the instrument range by pulse fitting and
match filtering to identify more far-target hits and discard noise signals, as well as calibrating the
instrument to provide apparent reflectance of scattering events and apparent reflectance-based
NDI values. These improvements may be expected to enhance the accuracy and precision of
forest structural retrievals in new and significant ways.
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