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Highlights: Dual-wavelength point clouds of apparent reflectance from the Dual-Wavelength
Echidna® Lidar (DWEL) offer direct, three-dimensional classification of leaves and woody materials.
Two DWEL scans under a deciduous forest in spring (leaf-off) and summer (leaf-on) demonstrate
seasonal change in height profiles of effective leaf and woody areas and area volume densities.
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Introduction
Forest structure interrelates with forest function and plays a critical role in regulating the exchange of energy,
water, and carbon between the land surface and the atmosphere. Terrestrial laser scanners can characterize
detailed forest structure rapidly and easily, providing ground truth for validation of airborne and spaceborne
measurements of forest structure over large areas. This study uses scans from the Dual-Wavelength Echidna®
Lidar (DWEL) to discriminate between leaves and woody materials directly in three-dimensional space using the
spectral information from two simultaneously-pulsed infrared lasers. The direct discrimination of leaves, which
constitute the carbon-fixing apparatus of the forest ecosystem, from other objects in forests, mainly woody
materials in which carbon is stored, can improve the calibration of ecophysiological models of the carbon cycle.
DWEL scans acquired at a temperate deciduous forest site in spring and late summer provide this discrimination
and seasonal changes of effective leaf and woody areas and area volume density profiles with canopy height.

Instrument and Study Area
DWEL acquires full-waveform scans at both near-infrared (NIR, 1064 nm) and shortwave infrared (SWIR,
1548 nm) wavelengths with simultaneous laser pulses [1]. At the SWIR wavelength, laser power returned from
leaves is much lower than from woody materials, such as trunks and branches, due to absorption by liquid water
in leaves. In contrast, returned power from leaves and woody materials is similar at the NIR wavelength.
We scanned a deciduous forest site at Harvard Forest in central Massachusetts, USA, with the DWEL in both
leaf-off (May 3rd 2014) and leaf-on (Sept 19th 2014) seasons. This 1-ha forest site is dominated by red maple
(Acer rubrum), red oak (Quercus rubra) and white birch (Betula papyrifera), with an understory of these species
accompanied by American beech (Fagus grandifolia), American chestnut (Castanea dentata) and others. We
used two scans from the center plot of the site at the two seasonal dates to demonstrate the classification of
leaves and woody materials in 3-D and seasonal change in proportions of leaf and woody area.

Methods
We first generated two calibrated point clouds of apparent reflectance at the two wavelengths (𝜌!"# and
𝜌!"#$ ) from each DWEL scan. This measure represents the reflectance of a diffuse scattering surface filling the
laser beam that would return the observed power at the observed range. After merging the point clouds to obtain
a single point cloud with dual-wavelength apparent reflectance values at each point, we classified the merged
points into leaves and woody materials in two steps, firstly using spectral information, given by apparent
reflectance, and secondly by spatial context information, given by 3-D distribution patterns of each point and its
near neighbours. Our unsupervised classifier, the K-means clustering algorithm implemented in Scikit-learn
package [2], first divided all points into 100 clusters using three variables: apparent reflectance values in the two
wavelengths and a normalized difference index value (𝑁𝐷𝐼 = (𝜌!"# − 𝜌!"#$   )/(𝜌!"# + 𝜌!"#$ )). Where clusters
included both leafy and woody hits, a supervised classification method using spatial context based on multiscale
dimensionality criteria [3]labelled points into canopy hits (taken as leaf hits) and surface hits of trunks/coarse
branches/ground materials.
We derived gap probabilities along canopy height 𝑧 at multiple zenith angles 𝜃, 𝑃!"# (𝜃, 𝑧) from apparent
reflectance of points at both wavelengths respectively using the method of Jupp et al. [4]. However, in the case

of these Harvard Forest scans, laser power was insufficient for full coverage of the canopy; as a result, we
excluded zenith rings at angles beyond 35°, where shots were not able to exit the top of the canopy (denoted 𝐻)
and proper estimates of gap probability with height could not be obtained. We also excluded zenith rings from 0°
– 10°, as these rings are biased by instrument placement away from large trunks and thick shrubs. As a result of
these necessary omissions, we were unable to produce good estimates of the total leaf and woody area index and
thus derived normalized leaf/woody area volume density (L/WAVD) profiles  𝑓 ! 𝑧 and 𝑓 ! 𝑧 using the ratio
between effective woody area index (WAI) and leaf area index (LAI), 𝜆, as
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Here, 𝜃 indicates that 𝜆, 𝑓 ! 𝑧 and 𝑓 ! 𝑧 are average ratio values weighted by the solid angle of each zenith
ring, rather than a mean angle [4]. It should also be noted that these are effective values because clumping or
dispersion of leaves and branches may alter the observed gap probabilities.

Results and discussion
Classification of points
Comparison between equal-angle projection images of composite color and classification showed very good
discrimination of leaves from woody materials. Spectral information classified most points well into leaves and
woody materials in K-means clustering. Some mixed clusters occurred for two major reasons. First, some fine
branches and small stems shared similar spectra with leaves, possibly because juvenile bark may have a higher
water content than older woody materials. Second, a slight laser misalignment likely may have caused the
simultaneous pulses of the two lasers to intercept different amounts of fine branches at far range, reducing the
SWIR return. The points in these mixed clusters were then classified by spatial context information as noted
above. Inspection of the images showed that many fine branches in the canopy were readily distinguished from
leaves in both leaf-off and leaf-on scans, although leaf-off scans appeared to include more fine canopy branches
misclassified into leaves. Fine branches of shrubs in the near range were largely classified correctly.

Normalized profiles of effective leaf and woody area
Figure 1 shows normalized effective leaf area and woody area indexes (L/WAI) and normalized effective leaf
area and woody area volume density (L/WAVD) for the leaf-off and leaf-on scans; curves are derived from gap
probabilities, which are independent of wavelength but dependent on proper calibration. Profiles are shown for
both wavelengths; in most cases the NIR and SWIR curves are too close to distinguish clearly, indicating very
good calibration of intensities to apparent reflectance values.

Figure 1 Normalized profile of leaf/woody area index (L/WAI, left column) and area volume density
(L/WAVD, right column). Note x-axis values are proportions of leaves and woody materials, not absolute area
index or area volume density. Upper row is the leaf-off scan and the lower row is the leaf-on scan. Red: woody
materials; Green: leaves; Black: total. Solid lines are from NIR scans and dashed lines are from SWIR.

The LAI/WAI profiles (left column) are cumulative with height from the ground up. The leaf-off profile
actually shows a significant proportion of leaf points (about 23 percent) for at least three reasons. First, there are
several large white pines in the stand that provide a leaf signal while the deciduous trees are leafless. Secondly,
the restricted range of zenith angles, coupled with the location of the scan centers as apart from nearby large
trees, may bias the results against woody points of trunks and upper stems beyond the excluded 0–10° zenith
rings. Lastly, the spatial similarity between fine branches and leaves in mixed spectrtal clusters leads to the
classification of more points in the upper canopy as leaf hits than as branch hits. The leaf-on profile shows a
much greater proportion of leaf area (about 91 percent) to woody area (about 9 percent), which is expected, but
again, the leaf area may be overestimated.
The area volume density profiles show how the proportions of leaf and woody area change with height. The
curves are scaled so that the integral of the total area volume density integrates to 1. In the leaf-off scan, the
woody value is 2–3 times the leaf value; all three volume density profiles follow similar relative trends with
height. After increasing as leaf and woody area is encountered directly above the instrument, volume densities
peak at about 6 and 8 m, due to nearby understory crowns. Above this height, the three profiles remain relatively
constant (with some variation), then decrease above about 18 m.
In the leaf-on scan, the woody area volume density is nearly constant with height, at about one-tenth of the
total. The leaf and total curves follow each other closely, peaking in the lower canopy and then descending more
or less uniformly from about 6–25 m. Some of this decrease may be due to weak or lacking leaf returns at higher
zenith angles produced by insufficient laser power.

Conclusion
Spectral information, as calibrated apparent reflectance at NIR and SWIR wavelengths from DWEL scans,
classifies leaves and woody materials including fine branches well in three-dimensional space. Some fine
branches and small stems share similar spectra with leaves and can be further classified with shape information
from point clouds, demonstrating the value of integrating bispectral information with 3-D spatial information.
The discrimination of leaves and woody materials in space shows how leaf and woody area proportions change
with height in the canopy, providing a clear picture of canopy structure.
Future work, planned to be completed and reported at SilviLaser 2015, will examine new scans made with
higher laser power that will permit characterization of gap probability with height for zenith angles to 60° and
beyond, allowing retrieval of leaf and woody plant areas, rather than proportions, as well as profiles that better
sample the woody area of stand trunks and lower branches. This work was supported by the US National Science
Foundation, under grant number MRI-0923389.
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