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a b s t r a c t
A ground-based, upward-scanning, near-infrared lidar, the Echidna® validation instrument (EVI), built by
CSIRO Australia, retrieves forest stand structural parameters, including mean diameter at breast height (DBH),
stem count density (stems/area), basal area, and above-ground woody biomass with very good accuracy in six
New England hardwood and conifer forest stands. Comparing forest structural parameters retrieved using EVI
data with extensive ground measurements, we found excellent agreement at the site level using ﬁve EVI scans
(plots) per site (R2 = 0.94–0.99); very good agreement at the plot level for stem count density and biomass
(R2 = 0.90–0.85); and good agreement at the plot level for mean DBH and basal area (R2 = 0.48–0.66). The
observed variance at site and plot levels suggest that a sample area of at least 1 ha (104 m2) is required to
estimate these parameters accurately at the stand level using either lidar-based or conventional methods. The
algorithms and procedures used to retrieve these structural parameters are dependent on the unique ability of
the Echidna® lidar to digitize the full waveform of the scattered lidar pulse as it returns to the instrument,
which allows consistent separation of scattering by trunks and large branches from scattering by leaves. This
successful application of ground-based lidar technology opens the door to rapid and accurate measurement of
biomass and timber volume in areal sampling scenarios and as a calibration and validation tool for mapping
biomass using airborne or spaceborne remotely sensed data.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction
Measurement of biomass at global, regional, and local scales is an
increasingly important objective in the study of the Earth's carbon
cycle (Hese et al., 2005). While major reservoirs of carbon exist in the
atmosphere and oceans, vegetation biomass constitutes a signiﬁcant
portion of carbon cycling between the Earth and atmosphere.
Monitoring the ﬂows within the global carbon cycle, then, requires
measuring the changes in biomass that are occurring both slowly and
abruptly in the vegetation cover.
Many studies have explored the use of remote sensing, from both
aircraft and spacecraft, to monitor and map the above-ground
biomass of forests. Measuring forest biomass and mapping forest
⁎ Corresponding author at: Department of Geography and Environment, Boston
University, Boston, MA 02215, USA. Tel.: + 1 617 353 8031.
E-mail address: tianyao@bu.edu (T. Yao).
0034-4257/$ – see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.rse.2010.03.019

structure have been challenging due to limitations with existing
optical and radar sensors, because forest structure contains not only
horizontal but also vertical information. Passive optical systems can
provide vertical information based on multiangle data, but without
resolving individual tree crowns, it is difﬁcult to retrieve and separate
height and cover. Active and passive microwave systems such as SAR
(Synthetic Aperture Radar) and InSAR (Interferometric Synthetic
Aperture Radar) operate at wavelengths that can penetrate cloud
cover, haze, and dust, but they are affected by ground hydrologic
conditions and have saturation limitations (Omasa et al., 2006).
Lidar (light detection and ranging) has the potential to provide
more detailed information on canopy structure because it effectively
adds a third dimension—range—to the data. This allows lidar to
provide both a useful map of the position of the ground surface along
with returns that indicate how the foliage and stems are arranged
vertically above the ground (Jupp et al., 2005). Pulse lidar systems can
also accurately measure the distance between the sensor and a target
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based on the elapsed time between the emission and the return of
laser pulses (Omasa et al., 2006).
Lidar systems have been developed and validated in estimating
forest parameters – such as diameter at breast height (DBH), canopy
height, crown diameter, stem density (trees per unit area), basal area,
vertical foliage proﬁle, and leaf area index – that are used to provide
information about timber volume, biomass, forest growth, and quality
(Dubayah & Blair, 2000; Hyyppä et al., 2008; Lefsky et al., 2002). Both
small-footprint airborne lidar systems (Næsset, 1997; Yu et al., 2007)
and large-footprint systems (Drake et al., 2003; Kotchenova et al., 2004;
Lefsky et al., 2005) such as LVIS (Laser Vegetation Imaging Sensor),
SLICER (Scanning Lidar Imager of Canopies by Echo Recovery) and GLAS
(Geoscience Laser Altimeter System), have demonstrated the ability of
lidar to measure forest height and vertical structure with good accuracy.
NASA's future DESDynI (Deformation, Ecosystem Structure, and
Dynamics of Ice) mission, targeted for launch in the 2012–2014 time
frame, will provide the global observations of terrestrial biomass needed
to model human impact on the carbon cycle at global and regional
scales. DESDynI combines two sensors, including an L-band InSAR with
multiple polarization and a multiple-beam, full-waveform lidar operating at a 1064 nm wavelength (infrared) with 25-m spatial resolution
and 1-m vertical accuracy. DESDynI takes advantage of the precision and
directness of the lidar to calibrate and validate the InSAR, measuring the
live above-ground woody biomass and forest structural attributes such
as volume, basal area, and canopy height (DESDynI Workshop Report,
2007).
Many studies have successfully derived biomass and timber volume
using regression methods that relate some properties of the lidar signal
to on-the-ground measurements of biomass (Drake et al., 2003; Lefsky
et al., 2005; Lim & Treitz, 2004; Popescu, 2007). More recently, some
investigators have used canopy height and crown cover as retrieved by
spaceborne or airborne lidar data (Boudreau et al., 2008; Nelson et al.,
1988; Patenaude et al., 2004) for biomass estimation. However, stem
diameter (DBH) and stem count density are the parameters most
directly related to biomass (Popescu, 2007), and these parameters are
more easily estimated by ground-based, rather than airborne scanning.
Our objective in this paper is to document the ability of a groundbased, scanning near-infrared lidar, the Echidna Validation Instrument
(EVI), to retrieve stem diameter, stem count density, and other useful
forest structural parameters rapidly and accurately. A number of
previous studies have used ground-based lidar for forest structural
assessments. However, they have to date concentrated on the use of
simple lidar rangeﬁnders (Radtke & Bolstad, 2001; Welles & Cohen,
1996) or discrete-return lidar systems (Parker et al., 2004; Van der
Zande et al., 2006; Clawges et al., 2007; Lee and Lucas, 2007; Loudermilk
et al., 2007). The latter have shown the ability to measure bole diameter
and stem count density with reasonable accuracy (Henning & Radtke,
2006; Hopkinson et al., 2004; Watt & Donoghue, 2005). In contrast, the
Echidna lidar digitizes the full return waveform, which provides a new
source of information to aid in parameter retrieval—the shape and
magnitude of the scattered return pulse (Lovell et al., 2011). This
information greatly enhances the automated retrieval of DBH and stem
count density. Digitizing the full return waveform also provides
signiﬁcant information for the retrieval of leaf area index (LAI) and
the foliage proﬁle (foliage area volume density with height) of a stand.
This paper builds on our earlier results using EVI scans and ﬁeld
measurements of forest structure in an Australian eucalypt forest and an
Australian ponderosa pine plantation (Strahler et al., 2008). These
encouraging results showed that the lidar was capable of locating trees
accurately in space around the instrument; measuring tree diameters
with accuracies that decreased with distance; retrieving stand basal
area, mean diameter and stem count density to values within 2% of those
determined using the Relaskop method; and retrieving leaf area index
values and foliage proﬁles that match benchmark data well. This study
uses substantially more ﬁeld measurement data and characterizes six
forest stands that are typical of many New England second-growth

hardwood and conifer forests. In this paper, we report our success in
retrieving mean stem diameter, stem count density, basal area, and
biomass at these locations. In a companion paper (Zhao et al., 2007), we
report on our retrievals of leaf area index and foliage proﬁles at these
sites.
2. About the Echidna lidar
The Echidna validation instrument (EVI), built by CSIRO Australia, is
based on a concept for an under-canopy, multiple-view-angle, scanning
lidar, with variable beam size and waveform digitizing termed Echidna.
The Echidna has been patented in Australia, the United States, New
Zealand, China and Japan, with patents in other countries pending.1 The
EVI, which is the ﬁrst realization of the Echidna concept, utilizes a
horizontally-positioned laser that emits pulses of near-infrared light at a
wavelength of 1064 nm. The pulse is sharply peaked so that most of the
energy is emitted in the middle of the pulse. The time length of the pulse,
measured as the time at which the pulse is at or above half of its
maximum intensity, is 14.9 ns, which corresponds to about 2.4 m in
distance. Pulses are emitted at a rate of 2 kHz. The pulses are directed
toward a rotating mirror that is inclined at a 45-degree angle to the
beam. As the mirror rotates, the beam is directed in a vertical circle,
producing a scanning motion that starts below the horizontal plane of
the instrument, rises to the zenith, and then descends to below the
horizontal plane on the other side of the instrument. Coupled with the
motion of the mirror is the motion of the entire instrument around its
vertical axis, rotating the scanning circle through 180° of azimuth. In this
way, the entire upper hemisphere and a portion of the lower
hemisphere of the instrument is scanned.
Although the laser beam is a parallel ray only 29 mm in width, it
passes through an optical assembly that causes the beam to diverge into
a ﬁxed solid angle. This expansion of the beam with distance allows the
laser pulses to census the entire hemisphere. The size of the solid angle
can be varied from 2–15 mrad. The rotation speeds of the mirror and the
instrument on its mount are also varied so that the hemisphere can be
covered slowly by many ﬁne pulses or rapidly by fewer coarser pulses.
As the light pulse passes through the forest, it may hit an object and
be scattered. The light returning to the instrument is focused on a
detector that measures the intensity of the light it receives as rapidly as 2
gigasamples per second. Since the pulse is traveling at a known speed,
the time between emission of the pulse and its receipt at the detector
indicates the distance to the object. At 2 GS/s the sampling distance is
close to 7.5 cm. However, because the pulse shape is consistent and
stable, it is possible to estimate the range to the peak of the pulse by
interpolation. The accuracy is a function of signal relative to the noise
level but is normally less than half the sample spacing (i.e., 3.75 cm)
with highest accuracy being in the near ﬁeld where peak return signal
power is high. The output of the detector is digitized electronically and
stored by computer to provide a full-waveform return that records the
scattering of the pulse from within a meter or less of the instrument to as
much as 150 m away. More information on the EVI and its early trials
can be found in Jupp et al. (2005, 2009).
Three types of information are provided by a full-waveform
digitizing lidar: range; peak intensity (or amplitude); and the shape of
the reﬂected waveform (Jupp et al., 2005). These depend on the range,
geometry, and reﬂectance properties of the scattering surface (Chauve
et al., 2007). In the case of waveform returns from a lidar scanning a
forest canopy from below, there are at least two classes of waveforms:
(1) hard targets, such as tree trunks and branches; and (2) soft targets,
such as clusters of leaves that do not individually obstruct the entire
lidar beam and are positioned at slightly different distances from the
instrument. These can be separated by the ratio of the height of the
peak to its width, with sharper peaks returned by hard targets (Fig. 1).
1
US patent 7,187,452, Australian Patent 2002227768, New Zealand Patent 527547,
Japanese Patent 4108478.
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Fig. 1. Typical waveforms associated with the interception of the laser beam by a hard
target (trunk) and a soft target (foliage).

3. Study area and data collection
To test the ability of the EVI ground-based lidar to retrieve forest
structural parameters, we acquired lidar scans and manual tree
measurements at three classic New England locations (Fig. 2):
Harvard Forest, Petersham, Massachusetts; Howland Experimental
Forest, Howland, Maine; and Bartlett Experimental Forest, Bartlett,
New Hampshire. At each location, two sites (stands) were selected for
measurement. At Harvard, we selected a stand of young hardwoods
and an older hemlock stand that had originally been a plantation. At
Howland, the two stands were a young spruce stand near the
Howland ﬂux tower and a shelterwood stand dominated by conifers.
The shelterwood consisted of a stand in which clusters of trees had
been harvested about 10 years earlier, leaving somewhat regularlyspaced crown openings of 10–20 m diameter. At Bartlett, we located
our sites within two large stands of mature hardwoods presently
under study by the North American Carbon Program. These were
designated as sites “B2” and “C2” following the notation of the NACP.
Data were acquired in the period August 1–11, 2007.
Our experimental design was to characterize a 100 m by 100 m
square (1 ha) of forest at each site by scanning at the center point of the
square and at the center points of four 50 m by 50 m squares nested
within it (Fig. 3). At each point, we also acquired measurements of forest
structure using conventional techniques. We laid out a circular plot
around the scan point of either 20- or 25-m range,2 numbering each tree
and noting its species. We then recorded the distance from the center
point to the tree using a sonar or laser rangeﬁnder, the azimuth of the
tree from the center point using a sighting compass, and the tree's
diameter (DBH) at breast height (1.3 m) using a diameter tape. We
included all trees of DBH greater than 3 cm within 10 m of the plot
center, and all trees of DBH greater than 10 cm beyond that distance. We
also noted the extent to which each tree would be visible to the EVI
while scanning from the center point by tallying it as visible, partly
occluded by intervening trunks or foliage, or fully occluded. (These data
were used to validate the occlusion correction to the EVI data, discussed
in a later section.) In addition, we selected 10 individual trees, taken as
the ﬁrst tree at or beyond an azimuth increment of 36°, and measured
the height, the height at which the crown began, and the crown
diameter of each.

2

Plots were 20 m in radius except for the Harvard Forest hardwood plots, which
were 25 m in radius. Only three plots were acquired at the Howland tower (spruce)
site due to time constraints.

Fig. 2. Location of study areas in New England.

Center points for scans and tree measurements were not sited
exactly at speciﬁed locations, but were shifted to allow room for the
EVI to operate. We maintained a distance of several meters from the
instrument to the nearest large tree or shrub. Exact locations were
recorded using a GPS receiver.
Before or after the tree measurements, we positioned the EVI at the
center point and acquired two lidar scans using neutral density ﬁlters
positioned at the transmit aperture with ﬁlter factors of 0.15 and 1.0.

Fig. 3. Plot layout. At each one-hectare site, we acquired ﬁve ground-based lidar scans at
the approximate locations shown. Placements of the instrument were sometimes
shifted by a few meters from the plan shown in order to avoid larger, nearby trunks or
shrub crowns. Circles of 20-m radius show the areas around the scan points in which
stems were mapped and measured as described within the text.
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Because the lidar return signal is diminished by the square of the distance
to the target, it has a large dynamic range. The smaller ﬁlter factor allows
the recording of a stronger signal at far distance, while the larger ﬁlter
factor limits saturation close to the instrument. After analysis, we
determined that the data acquired with the neutral density ﬁlter of 1.0
were more suitable for processing and so were used for all sites. Scanning
used a beam divergence setting of 5 mrad and mirror and base rotation
rates were set to acquire samples every 4 mrad at the horizon. Thus, the
space around the instrument was fully sampled, with a slight overlap at
the horizon and increasing overlap toward the zenith.
4. Methods
4.1. Lidar data processing
During a scan, each sample within each recorded waveform is located
unambiguously in space relative to the instrument location using the
parameters range (R), zenith angle (θ), and azimuth angle (φ). These are
derived from scan encoders recording the exact position of the
instrument and mirror at each pulse and from a detector that identiﬁes
the start time of each pulse. Base processing of the raw data (Level 0)
ﬁlters the waveforms to remove and correct minor detector effects and
slight variations in pulse timing. Using the lidar equation, the returns are
converted to apparent reﬂectance, deﬁned as the reﬂectance a partlyreﬂecting Lambertian target would provide at the recorded range (Jupp
et al., 2005). Because individual scans converge toward the zenith, there
is considerable redundancy in the data. To reduce the redundancy, the
apparent reﬂectance data are resampled in Level 1 processing into an
equal-angle projection (plat careé), referred as an “Andrieu” projection,
after its use by Andrieu et al. (1994), in which all waveforms falling into
an equal-angle grid box of 5 mrad width are averaged. The result is a
three-dimensional format in which apparent reﬂectance values are
stored according to their zenith angle, azimuth angle, and range (Fig. 4).
For some processing procedures, the Andrieu projection is
converted to a cylindrical projection, in which range is replaced by
horizontal distance from the instrument. Slices through the cylindrical
projection in different directions then provide horizontal planes
through the data ﬁeld or unwrapped vertical cylinders of apparent
reﬂectance at a uniform horizontal distance. Fig. 5 provides an example
of a horizontal slice through the data cube at a constant height of 0.5 m
above the instrument.

trunks” algorithm to identify trunks and output their diameter and
location. The algorithm ﬁrst selects the returns that are likely to be from
trees, using a threshold of apparent reﬂectance. Due to calibration issues
in the near ﬁeld, the threshold is made lower for ranges greater than
about 10 m from the instrument. The initial (conservatively-generated)
group of possible tree returns is then ﬁltered by a number of decision
criteria. Moving by azimuth angle, the algorithm identiﬁes trunks by
their hard returns, circular shape, change in reﬂectance strength from
center to edges, and, by consulting adjacent horizontal slices, their
vertical continuity. Fig. 6 shows a stem map for one of the plots,
comparing the trees identiﬁed by the algorithm to those observed
directly.
Diameter is obtained by observing the angular distance between
the trunk's edges. Where one side of the trunk is obscured by leaves or
another trunk, the algorithm determines the trunk center (closest
point with greatest reﬂectance) and doubles the span between the
clear edge and the center. If both sides are obscured, it outputs the
visible span along with a ﬂag. In this case, the tree adds to the tree
count, but does not contribute to the mean DBH computation. Range is
measured as the distance to the center of the tree, computed by
adding half the retrieved DBH to the distance of the nearest point on
the tree stem. As output, the algorithm provides a ﬁle of center
locations and diameters of trunks located.
The relationship between the range, angular width and DBH is
expressed by the geometry in the following expression (denoted t)
and inverted to obtain an expression for DBH in terms of range and
angular width:


t = sin ϕspan = 2 =

D=2
R + D=2

D=

2Rt
1−t

ð1Þ

4.2. Trunk identiﬁcation and diameter retrieval

In this expression, ϕspan is the angular width of the trunk, D is the
trunk diameter, and R is the horizontal range to the trunk. The
accuracy with which a tree diameter is retrieved depends directly on
the size of the diameter and inversely on distance from the tree to the
instrument. In general, trees farther away have smaller angular spans
and thus provide a less accurate estimate. However, diameter retrieval
for large trees close to the instrument is more sensitive to range errors
and can also be less accurate.
Accordingly, the calculation of the mean DBH D of trees identiﬁed by
the ﬁnd trunks algorithm weights each retrieved diameter inversely by
its variance, which is a function of both its size and distance. That is,

The horizontal planes from the cylindrical projection at or near the
height of the instrument are used in Level 2 processing by the “ﬁnd

D = ∑j

N

= 1 Wj Dj

ð2Þ

Fig. 4. Mean waveform using an “Andrieu” projection of the data cube, which displays the data by azimuth angle in x-axis and zenith angle in y-axis, recorded at the Harvard Forest
Hemlock NW plot.
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Fig. 5. A horizontal slice through the data cube at a constant height of 0.5 m above the instrument, Harvard Forest Hemlock NW plot. In this presentation, the x-axis is azimuth, from
0°–360°, and the y-axis is horizontal distance from the instrument. The elongated returns are created by the length of the pulse, which is about 2.4 m long at half-maximum intensity.
Note the effect of shadowing by large trees near the instrument, such as the tree about one-fourth of the distance in from the left.

where Dj is the diameter of tree j of N trees and weight Wj is
1 = σD2j

Wj =

ð3Þ

∑Nk = 1 1 = σD2k

Here, σD2j is the variance of the diameter measurement of tree j.
This quantity can be written as

2

σD =

j

∂D
∂ϕspan

j

2
2

j j

σϕspan + Ê

∂D
∂R

2

ð4Þ

ð5Þ

Nðλ;DE ;RÞ = N0 ðλ;RÞF ðt Þ
i
2h
−t
F ðt Þ = 2 1−e ð1 + t Þ
t

where


R cos ϕspan = 2
∂D
=
∂ϕspan
ð1−t Þ2
∂D
t
=2
1−t
∂R

4.3. Stem count density retrieval
The “ﬁnd trunks” algorithm locates each trunk by distance and
azimuth angle, so it is possible to count all trunks within a given
radius of the scan point. This count then provides an estimate of stem
count density (trees/ha). However, not every tree is visible in the EVI
scan because of occlusion of far trunks by near ones, and the count
must be adjusted for this occlusion effect. Our recent paper (Strahler
et al., 2008) provides the following model for the occlusion effect:

2

σR

will select against large trees close to the instrument and all trees at a far
distance. From the point of view of accuracy, there can be times when
this weighting may cause bias, such as when some very small trees or
very large trees are unusually close to the instrument.

The quantities σϕspan and σR are hardware-dependent, and we use
values of 2.5 mrad and 0.04 m, respectively, based on the instrument's
beam divergence setting and range resolution. Note that these weights

t = λDE R

ð6Þ

2

N0 ðλ;RÞ = λπR

In these expressions, N(λ, DE; R) is the number of trees
“apparently”
R; λ is the count density of trees (m−2);
 within
1 =radius
2
and DE ≈D 1 + CV2
, where CV is the coefﬁcient of variation of trunk
diameters, is an “effective” diameter of trunks.
4.4. Biomass estimation
Using EVI retrievals of tree diameters and stem count density,
above-ground woody biomass can be estimated with allometric
equations. The main difﬁculty is the inability of the EVI to distinguish
among tree species, each of which has a somewhat different growth
habit and therefore a different allometric equation linking diameter
and biomass.
To solve this problem, we investigated a simple scenario in which
the two dominant tree species at the scan site are identiﬁed and the
parameters of their allometric equations are averaged. Allometric
equations are normally of the form (Smith & Brand, 1983):
lnðM Þ = a + b lnðDÞ

Fig. 6. A stem map for the Harvard Forest Hemlock stand, Northwest plot. Stems found
by the “ﬁnd trunks” algorithm are in green, and ﬁeld measurements are shown in other
colors according to their apparent visibility from the scan point.

ð7Þ

where M is the biomass in tons/ha, D is the diameter (DBH), and a and
b are constants. Thus, we averaged values of a and b, as provided by
Tritton and Hornbeck (1982), for the two species in at each site with
the largest basal areas. (At the Howland Tower site, nearly all trees
were of one species, red spruce, so the red spruce allometric equation
was used alone.) To ﬁnd the biomass, we evaluated the pooled
allometric equation for the mean diameter and multiplied by the
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mean stem count density. For the mean diameter of the trees in each
plot, we noted that in an equation of the form above, biomass is
directly proportional to Db. Therefore, the appropriate mean diameter,
D, is determined as

D=

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N
b 1
∑ ðDi Þb
N i=1

ð8Þ

where Di is the diameter of the ithtree as retrieved by the “ﬁnd trunks”
algorithm.
5. Results
Using the “ﬁnd trunks” algorithm and the math models of the prior
section, we retrieved values of mean DBH, stem density, basal area, and
above-ground woody biomass at each of the 30 scan points (plots)
located within the 6 forest stands and compared them to values
obtained from direct ﬁeld measurements at 28 of the 30 plots. We also
averaged the data from the plots at each site to provide site-level values
using both EVI and direct-measurement methods. In comparing
retrievals, we used reduced major axis regression rather than
conventional linear regression. This technique minimizes the sum of
squared residuals in both x- and y-directions, which is appropriate since
both variables are measured with error (Curran & Hay, 1986). It provides
better estimates of slopes and intercepts; coefﬁcients of determination
(R2 values) are the same with either regression method.
5.1. Diameter at breast height
Tree diameter at breast height is a fundamental measurement in
forest inventory and an important predictor of the height and biomass
of individual trees. Mean DBH also predicts stand height and stand
above-ground biomass well, since trees with larger diameters are
generally taller and have more biomass.
Fig. 7 plots the success of the “ﬁnd trunks” algorithm at estimating
the DBH of individual trees. Although the algorithm only ﬁnds about 42%
of all trees within 20 m of the scan point, and individual diameters are
only retrieved with an R2 value of 0.62 overall, the slopes of regressions
between measured and estimated diameter are very close to 1 for
conifers, broadleaf trees, and all trees taken together. Moreover, the
intercepts have only a small, but very consistent value of about
−0.02 m. The consistent value of the intercept suggests that the EVI's
underestimation of diameters is an instrument or processing effect that
could be eliminated in the next round of processing software
development. Thus, mean diameters will be estimated very closely,
although with a small additive bias.
The pattern of scatter points within radius ranges, shown within
individual graphs, also conﬁrms the expectation that the diameters of
trees nearer to the instrument are retrieved more accurately. R2 values
for trees in the four distance ranges shown in Fig. 7c (0–5, 5–10, 10–
15, and 15–20 m) are 0.85, 0.73, 0.56, and 0.34 respectively,
conﬁrming this observation.
Table 1 summarizes site-level retrievals of mean DBH, taken as
averages of the retrievals for the plots within each site. Differences
between EVI-retrieved and ﬁeld-measured mean DBH range from
−0.014 to 0.009 m, with a regression R2 of 0.936. Fig. 8 shows a
scatter plot of DBH retrievals at the plot level. The value of R2 is 0.479
for the 28 plots, which is signiﬁcant at the 5% level. However, the slope
and intercept are not signiﬁcantly different from 1 and 0, respectively,
suggesting that the plot mean DBH values are unbiased estimators.
The contrast between these site-level and plot-level results shows
that a single scan is not sufﬁcient to characterize the mean DBH within
a plot with conﬁdence, but averages of ﬁve scans at ﬁve plots within
the same hectare match the ﬁeld measurements quite closely. We also
tested the difference between EVI and measured mean DBH values for

Fig. 7. Comparisons of ﬁeld measurements and EVI retrievals of diameter at breast
height (DBH) for individual trees at New England sites. (a) All conifers; (b) all broadleaf
trees; and (c) all trees.

each plot. Except for Bartlett C2, none were signiﬁcantly different at
the 95% level. At this site, signiﬁcant topographic slope and an
understory of abundant shrubs reduced the ability of the EVI to
identify larger trees beyond a 10-m range.
5.2. Stem count density
Fig. 9 compares plot-level retrievals of stem count density using
the EVI with measured value. The plot-level retrievals are very
accurate, with an R2 value of 0.902. Part of the high correlation is due
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Table 1
Summary of stand attributes at New England forest sites.
Parametera

Source

Mean DBH, (m)
Stem count density, (trees/ha)
2

Basal area, (m /ha)
Biomass, (t/ha)
Dominant species
a
b

Field
EVI
Field
EVI
Field
EVI
Field
EVI

Harvard forest

Howland forest

Bartlett forest

Hemlock

Hardwood

Towerb

Shelterwood

B2

C2

0.198 ± 0.006
0.200 ± 0.002
1284 ± 98
1331 ± 130
55.5 ± 1.96
55.4 ± 3.65
234 ± 7.0
233 ± 9.7
Hemlock,
white pine

0.168 ± 0.008
0.170 ± 0.016
1020 ± 72
1105 ± 71
37.5 ± 1.7
38.8 ± 3.3
249 ± 9
264 ± 26
Red oak,
red maple

0.127 ± 0.009
0.118 ± 0.009
3281 ± 353
3341 ± 494
55.4 ± 3.1
49.8 ± 4.5
162 ± 12
161 ± 6
Red spruce

0.156 ± 0.015
0.165 ± 0.011
1017 ± 179
1042 ± 179
26.5 ± 0.9
29.4 ± 4.0
94.4 ± 3.3
101 ± 6
Hemlock,
red spruce

0.166 ± 0.007
0.161 ± 0.014
1432 ± 67
1467 ± 73
45.0 ± 1.6
45.5 ± 2.41
254 ± 14
240 ± 9
Red maple,
yellow birch

0.148 ± 0.007
0.134 ± 0.011
1485 ± 27
1549 ± 84
40.7 ± 3.2
38.1 ± 5.2
216 ± 14
211 ± 9
Beech,
red maple

Site
R2

Plot
R2

0.936

0.479

0.999

0.902

0.938

0.656

0.975

0.854

Standard errors based on values of plots, n = 5.
Based on 3 ground plots but 5 scans.

to three plots at the Howland Tower site, which had 2–3 times as
many stems as the other plots and anchored the high end of the
regression line. However, inspection of the remaining points still
shows a strong linear relationship. At the site level, R2 value is larger
than 0.9 (Table 1). Looking at individual sites, EVI estimates tend to be
a few percent larger, although an analysis of variance did not ﬁnd a
signiﬁcant difference between mean stem count densities obtained by
the two methods.

Fig. 10 shows the plot-level regression of ﬁeld-measured basal
area with EVI-retrieved basal area. The R2 value of 0.656 is signiﬁcant
at the 5% level and the regression line ﬁts the 1:1 line very well. Since
the basal area is taken as the product of two retrieved variables, each
subject to independent error, the R2 value lies between those of mean
diameter (0.479) and stem count density (0.902). At the site level
(Table 1), the R2 value rises to 0.938, indicating quite accurate
retrieval of basal area.

5.3. Basal area
5.4. Biomass
The EVI also retrieves basal area quite well. To estimate plot-level
basal area, we used the simple formula

where Dq is the quadratic weighted mean tree diameter for the plot
and λh is the stem count density, expressed as stems per hectare (ha).
The quadratic mean is chosen since basal area is proportional to D2
rather than D.

Above-ground standing biomas is an important forest parameter
for many carbon balance studies, and accurate, automated retrieval of
this parameter would be valuable for many research needs. We
investigated the ability of the EVI to retrieve above-ground standing
biomass from allometric equations at our New England sites based on
its successful retrieval of tree diameter and stem count density.
Fig. 11 compares biomass values for the plots using the approach
described in Section 4.4 and biomass values from individual tree
measurements. Here, the ﬁeld biomass values are determined for each
plot using allometric equations by species applied to each measured

Fig. 8. Comparison of mean DBH values in plots as determined by ﬁeld measurements
and by EVI scanning and processing. Regression line ﬁtted using reduced major axis
regression (RMA).

Fig. 9. Comparison of stem density values in plots as determined by ﬁeld measurements
and by EVI scanning and processing.

BA = π

Dq
2

!2
λh

ð9Þ
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Fig. 10. Comparison of basal area in plots as determined by ﬁeld measurements and by
EVI scanning and processing.

stem in the plot. At the plot level, the R2 value is 0.854, with slopes and
intercepts not signiﬁcantly different from 1 and 0, respectively. At the
site level (Table 1), the ﬁeld and EVI-derived values are very close,
with R2 = 0.975 for the six-point regression.
Thus, we conclude that using EVI retrievals of tree diameters and
stem count densities with a pooled allometric equation for the two most
dominant species in a plot provides estimates of above-ground woody
biomass at a site that are very similar to those derived from direct
measurements of tree diameters by species.
6. Discussion
Although the structure retrievals using the EVI are quite accurate,
there are still some outliers in our data. The algorithms and procedures
will be improved in future research. In Fig. 8, which compares mean
diameter retrievals at the plot level, there are two obvious outliers above

Fig. 11. Comparison of biomass in plots as determined by ﬁeld measurements and by
EVI scanning and processing.

the regression line. In both of these, the EVI results are signiﬁcantly
higher. Looking at these cases, the broadleaf point is the Harvard
hardwood northeast plot, which has some shrubs close to the scan point
that affect about one-third of the view at instrument level. The leaves
evidently confused the algorithm, generating some diameters that were
signiﬁcantly larger than they should have been. The conifer outlier is the
Howland shelterwood southeast plot, which also has an extensive shrub
layer due to its recent selective cutting. Below the regression line at the
bottom is another outlier, the Bartlett C2 center plot, which includes a
low hill and a signiﬁcant slope. The result was a preponderance of
downhill stems measured well above the standard diameter height of
1.6 m while uphill stems were occluded. As an example of the impact of
these outliers, the R2 value jumps from 0.48 to 0.68 and the RMSE drops
by about 25% when they are omitted.
In Fig. 10, which compares basal area values at sites, the two obvious
outliers stem directly from two of the diameter outliers. The conifer
outlier is again the Howland shelterwood southeast plot, in which
diameter was overestimated by about 37%. The hardwood outlier is the
Bartlett C2 center plot, in which diameter was underestimated by about
30%. Removing the outliers, R2 increases from 0.66 to 0.73 and the RMSE
drops slightly. In Fig. 11, which compares biomass, the broadleaf outlier
at the top is again the Harvard hardwood northeast plot. With this value
removed, R2 increases from 0.85 to 0.88, the slope changes slightly and
the RMSE drops by about 35%.
These observations emphasize that scan points need to be clear of
nearby shrubs, as well as other large occluding objects, such as very
close trunks. Although we moved the scan point away from the
planned location at some of our plots, signiﬁcant occlusion remained
at the two plots identiﬁed above. Moving the scan point does not bias
either diameter or density retrievals unduly, as they are derived from
a large area. The overlap between two circles of radius 25 m shifted by
3 m is still about 92%. It is also possible to improve the site by
removing nearby shrubs occluding the ﬁeld of view, and a brush hook
and loping shears are now part of our standard ﬁeld equipment.
Another approach is to modify the processing procedures to omit
problematic azimuthal sectors (e.g. quadrants), such as those
obscured by shrubs or local landforms. Some early trials of modiﬁed
software have shown that this method is effective, and it has the
advantage of providing regressions that are less biased than those
obtained by removing outliers a posteriori.
It is also clear that topographic effects may be quite important in
some plots. A simple way to correct for slope would be to use a sample
grid of ground point elevations, derived from the EVI scan, to ﬁt a plane
to the prevailing slope and aspect. The cylindrical projection read by the
ﬁnd trunks algorithm is then itself reprojected into a coordinate space in
which the z-axis is now vertical but no longer orthogonal to the x–y
plane. A more elegant solution would be to project the data into a point
cloud in Cartesian coordinates, then shift the vertical columns of the
point cloud space up and down individually to a common horizontal
baseline. We are presently exploring both approaches.
Looking at the variance in diameter and density retrievals from
plot to plot for both ﬁeld measurements and EVI retrievals, it seems
clear that individual plots of 20- or 25-m radius are not large enough
to characterize a stand. The chance variation in the number and size of
trees is still large enough at that scale to create signiﬁcant variance.
However, the good agreement in the means at the plot level suggests
that, at least for New England hardwood and softwood second
growth, an average of 5 plots is sufﬁcient. That is, about a hectare
(104 m2) is needed, whether exact ﬁeld measurements are made or
EVI retrievals are used.
Finally, because the EVI scans to 100 m horizontally and beyond, it
is possible to merge nearby scans into a common point cloud of
scattering events stored in an x, y, z-space. In this simple application of
tomography, the forest is thus reconstructed in three dimensions. It is
easy to visualize how such a 3-D reconstruction could be used to
measure wood and leaf volume directly, freeing the biomass
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calculation from allometric equations, and we are now working to do
so. Because the form of each tree is determined exactly, the
measurement should be more precise. The reconstruction would
also enable measurement of the size and volume of within- and
between-crown gaps, as well as the accumulation of statistics about
photon free path lengths—parameters that could increase the
accuracy of models of light scattering by vegetation canopies that
would have many applications. We expect our future work to explore
this area more fully.
In closing, it is clear that the current generation of software does
not fully exploit the capacity of the lidar data to retrieve forest
structure. Terrain effects will be evident in many forest stands, and we
need to continue to pursue the accommodation of surface elevation in
parameter retrievals. Also, some precision is lost in multiple
reprojections, so algorithms that extract information, wherever
possible, in the r, θ-space of the original scan will be advantageous.
Lastly, merging multiple scans, as described above, opens the door to
quite different approaches to the retrieval of parameters, including
isolating, visualizing, and measuring individual trees using computerbased, virtual ﬁeld methods.
7. Conclusion
Our analysis shows that the Echidna lidar provides a major advance
in our ability to make automated measurements of forest structure that
can replace tedious and time-consuming manual measurements. It has
proven its worth in both deciduous hardwood and evergreen conifer
stands over a range of stand conditions typical of the American
northeast. Much of the credit is due to the “ﬁnd trunks” algorithm,
which identiﬁes trunks in each EVI scan and measures their diameters.
Although the uncertainty in diameter retrievals increases with distance
due to the angular scanning nature of the EVI, the algorithm produces
unbiased estimates that converge to the same means in plots and sites
that are observed with hand measurements.
Our correction for random occlusion based on mean trunk diameter
also works well to provide stem count densities that are very close to
those measured by conventional methods. And, not surprisingly, the
basal area retrievals, which are functions of mean diameter and stem
count density, also ﬁt the ﬁeld measurements very well. Moreover,
simple biomass calculations based on pooled allometric equations for
the two leading dominant species at each site also match the ﬁeld
measurements nicely.
In short, the properties of the Echidna lidar system, which include
a near-infrared wavelength for strong scattering and beam penetration; a full census of the upper hemisphere that extends below the
horizontal as well; and the digitizing of the full waveform of the
return pulse; all contribute to provide an instrument with the ability
to make fast and highly accurate measurements of forest structure,
including DBH, stem count density, basal area, and biomass.
Acknowledgments
This research was supported by NASA under grants NNG06GI92G,
NNX08AE94A and National Key Basic Research Development Program
of China (2007CB714400). The support is gratefully acknowledged. The
authors acknowledge the assistance of John Lee at Howland Experimental Forest, Audrey Barkey Plotkin at Harvard Forest, Andrew
Richardson at Bartlett Experimental Forest in the ﬁeld work, the
assistance of Miguel Roman, Mitchell Schull and Shihyan Lee in
collecting ﬁeld and EVI data.
References
Andrieu, B., Sohbi, Y., & Ivanov, N. (1994). A direct method to measure bidirectional gap
fraction in vegetation canopies. Remote Sensing of Environment, 50(1), 61–66.

2973

Boudreau, J., Nelson, R. F., Margolis, H. A., Beaudoin, A., Guindon, L., & Kimes, D. S.
(2008). Regional aboveground forest biomass using airborne and spaceborne
LiDAR in Québec. Remote Sensing of Environment, 112(10), 3876–3890.
Chauve, A., Mallet, C., Bretar, F., Durrieu, S., Deseilligny, M., & Puech, W. (2007).
Processing full-waveform LIDAR data: modeling raw signals. International Archives
of Photogrammetry. Remote Sensing and Spatial Information Sciences, 39 (Part 3/W52.
(pp. 102–107) Espoo, Finland.
Clawges, R., Vierling, L., Calhoon, M., & Toomey, M. (2007). Use of a ground-based
scanning lidar for estimate of biophysical properties of western larch (Larix
occidentalis). International Journal of Remote Sensing, 28(19), 4331–4344.
Curran, P., & Hay, A. (1986). The importance of measurement error for certain
procedures in remote sensing at optical wavelengths. Photogrammetric Engineering
and Remote Sensing, 52(2), 229–241.
2007 DESDynI workshop report. July 16–19, 2007 Orlando, Florida. http://desdyni.jpl.
nasa.gov/.
Drake, J. B., Knox, R., Dubayah, R., Clark, D. B., Condit, R., Blair, J. B., et al. (2003). Aboveground biomass estimation in closed canopy Neotropical forests using lidar remote
sensing: factors affecting the generality of relationships. Global Ecology and
Biogeography, 12(2), 147–159.
Dubayah, R., & Blair, J. (2000). Lidar remote sensing for forestry applications. Journal of
Forest, 98(6), 44–46.
Henning, J. G., & Radtke, P. J. (2006). Detailed stem measuurements of standing trees
from ground-based scanning lidar. Forest Science, 52(1), 67–80.
Hese, S., Lucht, W., Schmullius, C., Barnsley, M., Dubayah, R., Knorr, D., et al. (2005).
Global biomass mapping for an improved understanding of the CO2 balance—the
Earth observation mission Carbon-3D. Remote Sensing of Environment, 94(1),
94–104.
Hopkinson, C., Chasmer, L., Young-Pow, C., & Treitz, P. (2004). Assessing forest metrics
with a ground-based scanning lidar. Canadian Journal of Forest Research, 34(3),
573–583.
Hyyppä, J., Hyyppä, H., Leckie, D., Gougeon, F., Yu, X., & Maltamo, M. (2008). Review of
methods of small-footprint airborne laser scanning for extracting forest inventory
data in boreal forests. International Journal of Remote Sensing, 29(5), 1339–1366.
Jupp, D. L. B., Culvenor, D., Lovell, J., & Newnham, G. (2005). Evaluation and Validation of
Canopy Laser Radar (Lidar) Systems for Native and Plantation Forest Inventory
Final Report. : CSIRO EOC & FFP.
Jupp, D. L. B., Culvenor, D. S., Lovell, J. L., Newnham, G. J., Strahler, A. H., & Woodcock, C. E.
(2009). Estimating forest LAI proﬁles and structural parameters using a groundbased laser called 'Echidna®'. Tree Physiology, 29(2), 171–181.
Kotchenova, S. Y., Song, X. D., Shabanov, N. V., Potter, C. S., Knyazikhin, Y., & Myneni, R. B.
(2004). Lidar remote sensing for modeling gross primary production of deciduous
forests. Remote Sensing of Environment, 92(2), 158–172.
Lee, A. C., & Lucas, R. M. (2007). A Lidar-derived canopy density model for tree stem and
crown mapping in Australian forests. Remote Sensing of Environment, 111(4), 493–518.
Lefsky, M. A., Cohen, W. B., Harding, D. J., Parkers, G. G., Acker, S. A., & Gower, T. S.
(2002). Lidar remote sensing of above-ground biomass in three biomes. Global
Ecology and Biogeography, 11(5), 393–399.
Lefsky, M. A., Harding, D. J., Keller, M., Cohen, W. B., Carabajal, C. C., Espirito-Santo, F. D. B.,
et al. (2005). Estimates of forest canopy height and aboveground biomass using
ICESat. Geophysical Research Letters, 32(22), 1–4.
Lim, K. S., & Treitz, P. M. (2004). Estimation of above ground forest biomass from
airborne discrete return laser scanner data using canopy-based quantile estimators.
Scandinavian Journal of Forest Research, 19(6), 558–570.
Loudermilk, E. L., Singhania, A., Fernandez, J. C., Hiers, J. K., O'Brien, J. J., Cropper, W. P.,
et al. (2007). Application of Ground-based LIDAR for Fine-scale Forest Fuel
Modeling. USDA Forest Service Processing RMRS-P-46CD.
Lovell, J. L., Jupp, D. L. B., Newnham, G. J., & Culvenor, D. S. (2011). Measuring tree stem
diameters using intensity proﬁles from ground-based scanning lidar from a ﬁxed
viewpoint. Journal of Photogrammetry and Remote Sensing, 66(1), 46–55.
Næsset, E. (1997). Determination of mean tree height of forest stands using airborne
laser scanner data. ISPRS Journal of Photogrammetry and Remote Sensing, 52, 49–56.
Nelson, R. F., Krabill, W., & Tonelli, J. (1988). Estimating forest biomass and volume
using airborne laser data. Remote Sensing of Environment, 24(2), 247–267.
Omasa, K., Hosoi, F., & Konishi, A. (2006). 3D lidar imaging for detecting and
understanding plant responses and canopy structure. Journal of Experimental
Botany, 58(4), 881–898.
Parker, G., Harding, D., & Berger, M. (2004). A portable lidar system for rapid
determination of forest canopy structure. Journal of Applied Ecology, 41(4),
755–767.
Patenaude, G., Hill, R. A., Milne, R., Gaveau, D. L. A., Briggs, B. B. J., & Dawson, T. P. (2004).
Quantifying forest above ground carbon content using LiDAR remote sensing.
Remote Sensing of Environment, 93(3), 368–380.
Popescu, S. C. (2007). Estimating biomass of individual pine trees using airborne lidar.
Biomass and Bioenergy, 31(9), 646–655.
Radtke, P. J., & Bolstad, P. V. (2001). Laser point-quadrat sampling for estimating
foliage-height proﬁles in broad-leaved forests. Canadian Journal of Forest Research,
31(3), 410–418.
Smith, W. B., & Brand, G. J. (1983). Allomteric biomass equations for 98 species of herbs,
shrubs, and small trees. Research Note NC-299. : North Central Forest Experiment
Station, Forest Service, USDA.
Strahler, A., Jupp, D. L. B., Woodcock, C. E., Schaaf, C., Yao, T., Zhao, F., et al. (2008).
Retrieval of forest structural parameters using a ground-based lidar instrument
(Echidna). Canadian Journal of Remote Sensing, 34(2), S426–S440.
Tritton, L. M., & Hornbeck, J. W. (1982). Biomass Equations for Major Tree Species of
the Northeast. : USDA Forest Service, Northeastern Forest Experiment Station,
GTR NE-69.

2974

T. Yao et al. / Remote Sensing of Environment 115 (2011) 2965–2974

Van der Zande, D., Hoet, W., Jonckheere, I., van Aardt, J., & Coppin, P. (2006). Inﬂuence of
measurement set-up of ground-based lidar for derivation of tree structure.
Agricultural and Forest Meteorology, 141, 147–160.
Watt, P. J., & Donoghue, D. N. M. (2005). Measuring forest structure with terrestrial laser
scanning. International Journal of Remote Sensing, 26(7), 1437–1446.
Welles, J. M., & Cohen, S. (1996). Canopy structure measurement by gap fraction
analysis using commercial instrumentation. Journal of Experimental Botany, 47,
1335–1342.

Yu, X., Hyyppä, J., Kaartinen, H., Maltamo, M., & Hyyppä, H. (2007). Obtaining plotwise
mean height and volume growth in boreal forests using multitemporal laser
surveys and various change detection techniques. International Journal of Remote
Sensing, 29(5), 1367–1386.
Zhao, F., Yang, X., Schull, M., Roman-Colon, M., Yao, T., Wang, Z., et al. (2007). Measuring
effective leaf area index, foliage proﬁle, and stand height in New England forest
stands using Echidna® Validation Instrument (EVI) ground-Based lidar. Remote
Sensing of Environment. doi:10.1016/j.rse.2010.08.030.

