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a b s t r a c t
A spaceborne lidar mission could serve multiple scientiﬁc purposes including remote sensing of ecosystem
structure, carbon storage, terrestrial topography and ice sheet monitoring. The measurement requirements of
these different goals will require compromises in sensor design. Footprint diameters that would be larger than
optimal for vegetation studies have been proposed. Some spaceborne lidar mission designs include the
possibility that a lidar sensor would share a platform with another sensor, which might require off-nadir
pointing at angles of up to 16°. To resolve multiple mission goals and sensor requirements, detailed
knowledge of the sensitivity of sensor performance to these aspects of mission design is required.
This research used a radiative transfer model to investigate the sensitivity of forest height estimates to
footprint diameter, off-nadir pointing and their interaction over a range of forest canopy properties. An
individual-based forest model was used to simulate stands of mixed conifer forest in the Tahoe National Forest
(Northern California, USA) and stands of deciduous forests in the Bartlett Experimental Forest (New
Hampshire, USA). Waveforms were simulated for stands generated by a forest succession model using
footprint diameters of 20 m to 70 m. Off-nadir angles of 0 to 16° were considered for a 25 m diameter
footprint diameter.
Footprint diameters in the range of 25 m to 30 m were optimal for estimates of maximum forest height (R2 of
0.95 and RMSE of 3 m). As expected, the contribution of vegetation height to the vertical extent of the
waveform decreased with larger footprints, while the contribution of terrain slope increased. Precision of
estimates decreased with an increasing off-nadir pointing angle, but off-nadir pointing had less impact on
height estimates in deciduous forests than in coniferous forests. When pointing off-nadir, the decrease in
precision was dependent on local incidence angle (the angle between the off-nadir beam and a line normal to
the terrain surface) which is dependent on the off-nadir pointing angle, terrain slope, and the difference
between the laser pointing azimuth and terrain aspect; the effect was larger when the sensor was aligned
with the terrain azimuth but when aspect and azimuth are opposed, there was virtually no effect on R2 or
RMSE. A second effect of off-nadir pointing is that the laser beam will intersect individual crowns and the
canopy as a whole from a different angle which had a distinct effect on the precision of lidar estimates of
height, decreasing R2 and increasing RMSE, although the effect was most pronounced for coniferous crowns.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction
1.1. Spaceborne lidar
Lidar sensors emit a short duration laser pulse and digitize the
reﬂected return signal yielding a waveform that records the range and
intensity of returns from intercepted surfaces (Lefsky et al., 2002; Sun
& Ranson, 2000). Each scatterer in a scene produces a return signal
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which is recorded in a series of bins; the total signal will be the
summation of these signals according to their time delay in the laser
pulse direction. The power of the waveform is a function of the
vertical arrangement and reﬂectance of intercepted surfaces within
the forest canopy and terrain surface and the distribution of energy
within the footprint.
Lidar systems provide a direct measurement of forest canopy
height, the vertical structure of vegetation, and terrain elevations
beneath the canopy. Over the past decade there have been dramatic
improvements in lidar technology and it has been successfully used to
estimate many forest structure parameters. While airborne discrete
return lidar has been used for forest structure estimates since 1984
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1.2. Modeling of lidar waveforms
Sun and Ranson (2000) developed a 3-D model to simulate lidar
waveforms from measured or modeled forest stands. The shape of

simulated waveforms was similar to observed waveforms from an
airborne lidar. Ni-Meister et al. (2001) used the Geometric Optical and
Radiative Transfer (GORT, Li et al., 1995) model to describe lidar
waveforms from forests and analyzed the effect of foliage clumping on
the simulated waveforms. Kotchenova et al. (2003) modeled lidar
waveforms with time-dependent stochastic radiative transfer theory,
which included multiple scattering mechanisms and had better
results over dense forests. Pang and Lefsky (revised) revised the Sun
and Ranson (2000) model, and used it to investigate the effect of
terrain in detail.
These lidar waveform models simulate sensors with nadir pointing.
The geometry of sensor and terrain becomes more complicated when a
laser pulse coming from a given azimuth interacts with a forest on
sloped terrain that can be oriented either towards or away from the
sensor at any angle. Given terrain and lidar pointing described by zenith
and azimuth angles (θo, ϕo) and (θ, ϕ), respectively, the local incidence
angle α, which is the angle between the off-nadir beam and a line
normal to the terrain surface, can be deﬁned as:
cosðαÞ = sinθ0 sinθ cosðϕ0 −ϕÞ + cosθ0 cosθ:

ð1Þ

Fig. 1A illustrates the complexity of combining these effects. The
local incidence angle is the angle between the off-nadir beam and a
line normal to the terrain surface, which can be thought of as the
effective slope as observed relative to the laser beam. The x-axis
indicates the difference between the sensor azimuth and terrain
aspect (Fig. 1B). When the terrain slope is zero, the effect is from offnadir pointing only, i.e. the local incidence angle is equal to the offnadir pointing angle. Similarly, when the off-nadir angle is zero, the
local incidence angle is set by terrain slope alone. When both off-nadir
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(Nelson et al., 1984) in relatively small regions (b1000 km2, Lefsky
et al., 2002), applications of lidar over larger extents have only
recently become possible using large footprint lidar data from the
Shuttle Laser Altimeter missions in 1996 and 1997 (Sun et al., 2003)
and ICESat GLAS sensor operations in 2003 (Lefsky et al., 2005, 2007;
Nelson et al., 2008; Pﬂugmacher et al., 2008; Rosette et al., 2008; Sun
et al., 2008).
Current and planned spaceborne lidar systems collect data from
sparsely distributed transects aligned with the spacecraft orbit, with
either contiguous or noncontiguous footprints; their application is
limited by low spatial density. The spatial density of transects can be
increased by using several lasers as proposed for the Vegetation Canopy
Lidar (VCL, Dubayah et al., 1997) and the Deformation, Ecosystem
Structure and Dynamics of Ice missions (DESDynI, Donnellan et al.,
2008);http://desdyni.jpl.nasa.gov/mission/). Continuous wall-to-wall
mapping of forest structure will require data fusion between lidar
data point samples and other image data sources (Baccini et al., 2008;
Hese et al., 2005; Kimes et al., 2005; Nelson et al., 2008). One possibility
is to mount a sampling lidar sensor and an imaging sensor on the same
platform and use the data together as in the concept of DESDynl in the
National Decadal Survey report (DESDynI Writing Committee, 2008;
http://desdyni.jpl.nasa.gov/mission/). Conﬂicts would exist between
the optimal conﬁgurations for each of DESDynI's sensors. For solid earth
deformation studies, precisely repeated orbits with a high temporal
resolution (e.g. 8–12 days) are required to map abrupt topographic
change through SAR interferometery. Under this scenario, to achieve a
high spatial density of transects at low latitudes, off-nadir laser pointing
would be required to acquire data in the areas between orbits. It is
generally understood that off-nadir pointing introduces a decrease in
the precision of forest structure estimates, but the magnitude of this
effect is unknown.
Off-nadir pointing has two effects on LiDAR waveforms from
forests. Lidar waveforms are distorted by terrain ﬂuctuations within a
footprint (Brenner et al., 2003; Harding & Carabajal, 2005) and these
phenomena become more complicated over forested slopes (Lefsky
et al., 2005, 2007; Rosette et al., 2008). As slope increases, the
vegetation return signals and the ground return signals can occur at
the same elevation (Lefsky et al., 2007). This terrain effect is compounded by footprint diameter, terrain slope, forest height and crown
geometry. With off-nadir pointing the azimuth of terrain and laser
pointing must also be considered.
In addition to the terrain effect, the laser beam will intercept more
vegetation elements with increasing off-nadir angle, which will
increase the power of the vegetation signal and decrease the power
of the ground signal. The laser beam will contain more trees with a
part of the crown within the laser beam while their trunks are out of
the footprint or trees whose trunks are located in the footprint while a
part of their crowns are out of the laser beam. This results in a
deﬁnition problem as forest structure measurements of all kinds use
plots that are deﬁned in the horizontal plane and extend from at or
below the ground towards the zenith angle.
It would be costly and time-consuming to develop a database of
measurements of actual forest stands that would allow us to examine
the full range of these multiple conditions and their interactions. The
combination of a forest succession model (to generate realistic forest
structure for a range of stand ages and composition) and a waveform
simulator (depicting the interactions of a laser pulse with the elements
of vegetation structure generated from the succession model) can be
used to explore the relationship between forest structure and lidar
waveforms for numerous combinations of forest structure, terrain
conditions and mission scenarios.
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Fig. 1. A) Evaluation of the local incidence angle equation to illustrate the combined
effects of terrain slope, off-nadir pointing and the angle between terrain aspect and
sensor point angle. B) Illustration of the angle between terrain aspect and sensor point
angle.
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pointing and terrain slope are present, the resulting local incidence
angle is dependent on both angles and the difference between terrain
aspect and sensor pointing azimuth. When the sensor azimuth and
terrain aspect are aligned (i.e. the difference ϕo − ϕ is 0°) the effect of
off-nadir pointing is purely additive (i.e. local incidence angle= terrain
slope angle + off-nadir angle). When the two angles are perfectly
opposed (i.e. the difference ϕo − ϕ is 180°) then the effect is subtractive
(i.e. local incidence angle = terrain slope− off-nadir angle). Fig. 1A
illustrates the solution for all differences between terrain aspect and
sensor azimuth.
1.3. Objectives
In this work, we develop a spatially explicit 3-D lidar waveform
model for sloped terrain that incorporates off-nadir sampling and
which simulates the interactions of the laser beam, vegetation
elements and terrain parameters. The model is then used to simulate
waveforms from forests of varying structure for different footprint
diameters, terrain slopes, pointing angles, and pointing azimuths. The
effects of these parameters on the precision of forest height estimates
are then analyzed. The study provides a conceptual and quantitative
framework for the consideration of footprint size and off-nadir
pointing for spaceborne vegetation lidar missions.
We address six basic questions:
1) How does the precision of spaceborne lidar estimates of forest
canopy height change as footprint diameter increases from 20 m to
70 m?
2) What is the relative contribution of the vegetation and terrain
signal of waveforms as footprint diameter increases?
3) What is the effect of off-nadir pointing on the illumination of the
forest canopy and how does the precision of spaceborne lidar
estimates of forest canopy height change as off-nadir point
increases from 0° to 16°?
4) What difference is there between the precision of estimates of
canopy height made considering the footprint at either the top or
terrain surface of the forest canopy?
5) What is the effect of increasing pulse length on the precision of
height estimates?
6) How does the effect of off-nadir pointing relate to changes in the
local incidence angle and to changes in the illumination of the
forest canopy.
2. Methods
2.1. Field sites
The Tahoe National Forest in northern California (US) was used as a
representative coniferous forest and the Bartlett Experimental Forest in
New Hampshire (US) was used as a representative deciduous forest site.
2.1.1. Tahoe National Forest
The Tahoe National Forest (TNF) is located in the northern Sierra
Nevada range (centered at 39.62° N, 120.78° W) and extends from the
foothills across the Sierra crest to the California state line. The study
area is in the Yuba district, which is managed to maintain and restore
pre-European settlement forest conditions. This area was harvested
during the mid-1800's and has an existing network of roads and trails
in addition to disturbance from mining activities. TNF has some of the
most productive forest lands in the United States, due to its
geographic location in the north-central Sierra Nevada, which has
wet, cool winters, and warm, dry summers. Common tree species are
coniferous, including white ﬁr (Abies concolor), red ﬁr (Abies
magniﬁca), incense cedar (Calocedrus decurrens), Jeffrey pine (Pinus
jeffreyi), ponderosa pine (Pinus ponderosa), sugar pine (Pinus
lambertiana), western white pine (Pinus monticola) and Douglas ﬁr

(Pseudotsuga menziesii). There are also several deciduous species such
as bigleaf maple (Acer macrophyllum), California black oak (Quercus
kelloggii), and canyon live oak (Quercus chrysolepis); these account for
a small fraction of stems and biomass in the forest (Waring et al.,
2006).
2.1.2. Bartlett Experimental Forest
The Bartlett Experiment Forest (BEF) is an eastern mixed deciduous
and coniferous forest. BEF is part of the USFS Northeastern Research
Station located in the White Mountains of central New Hampshire
(centered at 44°2′ N, 71°9′ W). The forest extends from the Village of
Bartlett in the Saco River Valley at 207 m to about 915 m elevation at its
upper reaches. There are areas of old-growth northern hardwoods with
American beech (Fagus grandifolia), yellow birch (Betula alleghaniensis),
red maple (Acer rubrum), and eastern hemlock (Tsuga Canadensis) as
dominant species. Even-aged stands of red maple, paper birch (Betula
papyrifera), and aspen occupy sites that were once cleared. Red spruce
(Picea rubens) stands cover the highest slopes, and eastern white pine
(Pinus strobus) is conﬁned to the lowest elevations (USDA Forest Service
Northeastern Research Station, 1998).
2.2. Forest succession model
To generate a forest stand database with a large range of stand
conditions, we used a forest succession model initialized with plot data
and growth rates of typical species from the Forest Inventory and
Analysis (USDA Forest Service, 2007) The Forest Vegetation Simulator
(FVS) is a forest succession model developed by the USDA Forest Service
(USFS) and used extensively throughout the United States to support
forest management decision-making (Crookston & Dixon, 2005).
Geographically speciﬁc versions of the FVS model were used for the
BEF and TNF forests (Dixon, 2002). FVS can either simulate forest stands
from bare ground conditions, or use existing forest inventory data such
as that from the FIA program to initialize the stands at beginning of the
modeling. The FIA data is the most comprehensive dataset of typical
forests in the United States. Stand development in FVS is dependent on
environmental conditions including terrain slope, aspect, elevation,
density, and site potential (Crookston & Dixon, 2005). The key state
variables for each tree in the plot are species, diameter, height, crown
ratio, diameter growth, and height growth.
In addition to the forest stands initialized using data from existing
FIA plots, a second set of forests stands (the bare ground stands) were
simulated from stand initiation using only each sites' main species at
initial stand densities of 1250, 2000, and 2500 trees per hectare. These
stands compensated for the lack of early succession stands at both
sites. The combination of forest stands initialized from bare ground
and those initialized from the FIA stand data gave a comprehensive
database of forest age and stand structure in the TNF (585 stands) and
BEF areas (335 stands). The difference in the number of stands reﬂects
the relative size of the two study areas. Statistics describing the state
of development of simulated stands are listed in Table 1.
2.3. Waveform simulation model
Simulated forest stands were then input to a spatially explicit
model to describe the three-dimensional location and scattering
characteristics of each tree and terrain surface within the ﬁeld-ofview of the sensor. The pencil shape was used to describe coniferous
crowns (Chen & Leblanc, 1997) and the ellipsoid shape was used for
deciduous crowns (Fig. 2). The three-dimensional scene was divided
into voxels with 30 cm horizontal and 15 cm vertical resolution. Each
voxel could be either crown, trunk, air, or terrain. The density and
other properties of the scattering medium were assumed to be
constant within each voxel (Sun & Ranson, 2000). The attenuation and
scattering properties of each crown voxel were estimated from its
foliage area volume density (here, 1.59), a Lambertian foliage phase
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Table 1
Statistics describing development of simulated stands.
Parameters
TNF (585 stands)
Canopy density
Maxh (m)
Avgh (m)
Biomass (tons/ha.)

Mean
0.5
44.0
34.3
317.5

Std dev
0.14
15.9
14.4
157.8
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Table 2
Laser system and environment parameters used in waveform simulation.
Min
0.11
2.7
2.7
2.7

Max

Start

0.96
69.2
58.6
714.7

BEF (1335 stands)
Canopy density
Maxh (m)
Avgh (m)
Biomass (tons/ha.)

0.8
18.7
13.6
271.2

0.2
7.7
5.4
136.6

0.0
0.6
0.3
0.0

1.0
32.3
25.1
618.2

TNF + BEF (1920 stands)
Canopy density
Maxh (m)
Avgh (m)
Biomass (tons/ha.)

0.7
26.4
19.7
285.3

0.24
15.9
13.3
136.6

0.0
0.6
0.3
0.0

1.0
69.2
58.6
714.7

function (0.3) and leaf area projection factor (0.5, Sun & Ranson,
2000). The wavelength of the simulated laser was 1064 nm and the
reﬂectance of the soil surface beneath the canopy was set as 0.29, and
assumed to be Lambertian. Laser system and waveform simulation
parameters are listed in Table 2. Terrain was modeled as a linear slope
at a given azimuth.
2.3.1. Off-nadir pointing
A footprint that is circular on the ground when the lidar is nadir
pointing becomes an ellipsoid in the off-nadir pointing condition
(Fig. 3A). The long axis of the ellipsoid is a/cos θ, where a is the radius
of the footprint and θ is off-nadir pointing angle. The axis Z′ (Fig. 3A)
represents the direction of lidar returns.
Several issues need to be considered in simulation of lidar
waveforms with off-nadir pointing conditions. The ranges of the
ground surfaces within a footprint to the sensor now are no longer the
same as the range of the origin O to the sensor. To calculate these
ranges, a plane passing a point P (X0, Y0) in the footprint and
perpendicular to line OZ′ is
ð X−X0 Þ sin θ cos ϕ + ðY−Y0 Þ sin θ sin ϕ + Z cos θ = 0

ð2Þ

Fig. 2. Illustration of a 3D forest stand model for simulation of lidar waveforms with offnadir pointing.

Footprint diameter simulation
Laser pulse length (ns)
Footprint radius (m)
Terrain slope (degrees)
Off-nadir pointing simulation
Laser pulse length (ns)
Pointing angle (degrees)
Terrain slope (degrees)
Terrain azimuth(degrees)

End

Step

5
10
0

10
35
45

5
5
5

5
0
0
0

10
16
30
180

5
4
10
180

Total
2
7 (12.5 m added)
10

2
5
4
2

Then the additional range due to off-nadir pointing will be
H = X0 sin θ cos ϕ + Y0 sin θ sin ϕ

ð3Þ

which is the distance from O to the plane, i.e. OQ. In tracing the lidar
beam from ground surface to lidar, the shifts in the X and Y directions
(Fig. 3B) need to be calculated so the proper cells are used. The
transmitted laser beam intensity was a 2D circular Gaussian
distribution within a circular footprint. For an ellipsoid the gain for
each cell was calculated according to the distance from the cell to the
center axis (OZ′) of the laser beam. Similar modiﬁcations have been
implemented for cases where the ground surface is on a slope.

2.4. Lidar system parameters
The duration of the transmitted pulses used in the simulation were
5 ns and 10 ns (pulse length of 75 and 150 cm), by convention this is
the duration or distance between the two points of half peak energy in
a Gaussian pulse. The return signal was digitized in 1 ns (15 cm) range
bins. The relative illumination intensity across the lidar footprint had
a Gaussian distribution, following convention the footprint radius was
deﬁned as the distance at which the relative intensity has decreased
to e− 2 (Blair & Hofton, 1999). Footprint diameters of 20 m to 70 m
were simulated at 10 m increments; in addition a 25 m diameter was
simulated to match a potential DESDynI footprint diameter. For the
case of a 25 m footprint diameter, off-nadir angles were simulated
from 0 to 16° in 4-degree steps.

Fig. 3. (A) Lidar footprint at ﬂat surface when lidar is off-nadir pointing. The (θ, φ)
represent the zenith and azimuth angles of the lidar pointing direction. (B) Tracing cells
from ground to sensor along lidar pointing direction.
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2.5. Waveform processing and forest parameter estimation

Table 3
Waveform metrics used for forest parameter estimation.
Waveform
indices

Calculation method

The difference between the ﬁrst and last elevations at
which the waveform energy exceeds a threshold level.
The difference between the elevation of the signal end
and the elevation at which the signal strength of the
trailing edge is half of the maximum signal above the
background noise value.
Leading edge The difference between the elevation of the signal
extent
start and the elevation at which the signal strength of
the leading edge is half of the maximum signal above
the background noise value.
Waveform
extent
Trailing edge
extent

Reference
Lefsky et al.
(2005)
Lefsky et al.
(2007)

Lefsky et al.
(2007)

On sloped terrain, energy returned from the canopy can occur at
the same elevation as energy returned from the terrain, and it is
difﬁcult or impossible to identify the ground peak from waveforms.
This limits the accuracy of the estimates of total canopy height,
quartile-based height indices and their derivatives. We adopted a
method (Lefsky et al., 2007) that uses three simple waveform indices
(waveform, leading edge and trailing edge extent, Table 3) to
compensate for terrain effects. This method was used with the lidar
waveforms generated for the various scenarios. Simulated waveform
metrics were used in regression models to predict maximum tree
height calculated from the FVS simulations. Note that while the

Fig. 4. The effect of footprint diameter on the precision of estimates of maximum forest height: (a, b) R2 and RMSE for Bartlett Experimental Forest (BEF), (c, d) R2 and RMSE for Tahoe
National Forest (TNF), (e, f) R2 and RMSE for combined TNF and BEF.
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method follows Lefsky et al. (2007), new regression coefﬁcient were
generated for every set of waveforms, so that the correction method is
optimal for each set even if all three indices aren't used in every
equation. Waveforms with a trailing edge extent 5 times greater or
less than the leading edge extent were treated as outliers and weren't
included in the analyses. No noise was added to the simulated
waveforms in this study.
2.6. Simulations
For simulation of the effect of footprint diameter, a total of 140
waveforms were simulated for each forest stand (7 footprint
diameters, 10 slopes, and 2 laser pulse lengths). In off-nadir pointing
simulation, there were 80 simulated waveforms for each forest stand
(5 pointing angles, 4 slopes, 2 azimuth directions, and 2 laser pulse
length). There were 268,800 simulated waveforms in the footprint
diameter simulation database and 153,600 simulated waveforms in
the off-nadir pointing simulation database.

Fig. 5. The correlation (R2) between maximum forest height and waveform extent decreases
with increasing footprint diameter while the contribution of terrain slope increases.

3. Results
3.1. Effects of footprint diameter

3.2. Off-nadir pointing effects

There were three separate effects that contributed to the overall
impact of footprint diameter (Fig. 4). In general, the coefﬁcients of
correlation (R2) for estimation of maximum height decreased with
increasing footprint diameter and RMSE increased (in all of the
following cases the reciprocal effect of r2 and RMSE holds true, both
are included for those who are more familiar with one or the other) .
The same trends were shown for the coniferous forest site (TNF),
deciduous forest site (BEF) and the combination of these two sites in
Fig. 4 respectively. The second effect was related to the range of slopes
considered in an analysis; the effect of footprint diameter increased in
magnitude as the range of elevation sampled increased both with
slope and footprint diameter. The third effect pertained to low slope
conditions (e.g. slopes of 0–15°) where the increase in RMSE (or
decrease in R2) plateaued above a footprint diameter of 40 m. For low
slope conditions, an increase in footprint diameter didn't add more
terrain slope, and did improve relationships by averaging conditions
over larger footprints. For the BEF site, R2 was highest when footprint
diameter was between 25 m and 40 m while the RMSE was lowest at
these two footprint diameters. For the TNF site, a footprint between 20
and 30 m provided the best results. When both sites were considered
together, the optimal footprint diameter for all plots was 25–30 m,
although for low slope conditions a footprint size of 40 m would be
acceptable.
At the range of slopes considered was increased from 0–15° to 0–
45°, the RMSE of the equations increased, and the effect of footprint
diameter increased as well. In the range of optimal footprint
diameters (25–30 m), the expected precision of an equation estimating maximum height was 2 m, if only slopes between 0–15° were
considered. This increases to over 3 m when slopes from 0 to 30° were
considered and to 4.5 when all slopes between 0 and 45° were
considered.
As footprint diameter increases the variance in waveform extent
explained by the contribution of vegetation height decreased, while
the contribution of terrain slope increased (Fig. 5). For footprint
diameters less than 30 m, the variance in waveform extent was
mainly determined by the vegetation height (near 80%) and the
terrain contribution was only about 20%. When footprint diameter
reaches 50 m, the contributions from vegetation height and slope
were almost equal. The terrain contribution became dominant when
footprint diameter was larger than 50 m. These results were from all
the simulated waveforms from 0 to 45° terrain slopes. When only
slopes less than 10° were considered, the vegetation contribution was
dominant for all footprint diameters.

Off-nadir pointing effects fell into two categories, those due to the
local incidence angle between the laser beam and the terrain surface
and those due to changes in the illumination of tree crowns and the
forest canopy. Fig. 6 illustrates the canopy illumination effect by
changing the difference between terrain aspects and pointing
azimuth angles for an off-nadir pointing angle of 16° and a terrain
slope 30°.
When the sensor azimuth was opposed to the slope aspect (as in
Fig. 6a), the laser beam had a shorter path from the top of the canopy
to the low edge of the terrain within the footprint, which minimized
the probability of the laser beam intercepting a tree crown whose
trunk was located out of the footprint. This explains why the
waveform started earlier in Fig. 6b and c than in Fig. 6a.
In general, as the off-nadir pointing angle increased, the R2 of
estimation of maximum height decreased and the RMSE increased
(Fig. 7). For the aligned case, the trend was true for the coniferous
forest site (TNF), deciduous forest site (BEF) and the combination of
both sites. In this case, the R2 fell from 0.96 to 0.92 as RMSE increased
from 2.8 m to 4.1 m. When aspect and azimuth were opposed, a
similar pattern held for the TNF site, but for both the BEF and
combined datasets, there was only a small effect on R2 or RMSE.
3.3. Effect of footprint deﬁnition
The effect of footprint deﬁnition depended on whether the
terrain aspect and sensor azimuth were aligned or opposed (Fig. 8).
In the opposing case, there was little difference whether the
footprint was deﬁned at the canopy top or terrain surface. This
was also true for the aligned case at BEF. However, at TNF, the
uncertainty in the height estimates was very sensitive to the choice
of footprint deﬁnition; R2 decreased and RMSE increased dramatically when the footprint is deﬁned at ground level. Therefore, even
though there was sensitivity for only this one case, using the canopy top deﬁnition of the footprint should be considered for offnadir pointing, to avoid this problem while maintaining uniform
methods.
3.4. Laser pulse length effect
Fig. 9 shows the precision of canopy height estimates as a function
of footprint diameter when modeled using transmitted pulse lengths
of 5 ns and 10 ns. When TNF and BEF were considered together, the
results indicated that using a 5 ns pulse is generally better but the
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a) Terrain aspect and sensor angle in opposition (TA=180°, SA=0°)

b) Terrain aspect and sensor angle aligned (TA=180°, SA=180°)

c) Terrain aspect and sensor angle aligned but reverse of (b) (TA=0°, SA=0°)

d) Terrain aspect and sensor angle perpendicular (TA=0°, SA=90°)
Fig. 6. Azimuth angle effects with off-nadir pointing. The left column displays the voxels used in the waveform simulation color-coded into foliage (green), stem (brown) and terrain
surfaces (gray). The middle column displays the relative illumination intensity for same voxels, with green representing high illumination intensity and red representing low
intensity. The right column shows the total waveform for the same scene along with the waveforms for just the terrain and foliage components separately. Terrain slope is 30°. Sensor
pointing angle is 16°. TA is terrain aspect. SA is sensor azimuth.

differences were slight. Similar results pertain to the analysis of offnadir pointing angles, but these are not presented. As a waveform
from a forest stand was a convolution of the emitted laser pulse with
forest and terrain elements within the beam, a wider transmitted
pulse resulted in smoother waveforms and a greater frequency of
mixture between canopy signals and terrain signals.

3.5. Local incidence angle analysis
As previously discussed, the local incidence angle represents the
effective slope between the beam and the terrain surface, taking into
account the effects of terrain slope, off-nadir pointing and the difference
in terrain aspect and pointing azimuth. The RMSE values for the points in
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Fig. 7. The effects of pointing angles on the precision of estimates of maximum forest height: (a,b) R2 and RMSE for Bartlett Experimental Forest (BEF), (c,d) R2 and RMSE for Tahoe
National Forest (TNF), (e,f) R2 and RMSE for combined TNF and BEF. Terrain slopes include 0 through 30°.

Fig. 7 were plotted as a function of their local incidence angle and with
each study area presented separately (Fig. 10). When terrain aspect and
sensor pointing azimuth were opposed, local incidence angle was a good
predictor of RMSE at both Bartlett and Tahoe study areas (R2 of 72% and
76% respectively for predicting RMSE). However, when aspect and
pointing angle were aligned, the ability of local incidence angle to
predict the quality of ﬁt statistics was reduced, dramatically so at the
Tahoe National Forest site. At both sites, the results for the “Azimuths
Opposed” condition acted as a lower bound for the results from the
“Azimuths Aligned” condition.
4. Discussion
4.1. Height estimate precision
Uncertainty in individual lidar measurements of forest height on
sloped terrain is due to an uneven spatial distribution of returns from

the terrain surface (Lefsky et al., 2007). When canopy cover is high only
a small portion of the terrain surface is sampled and, for a waveform
recording device, it isn't known if that sample of terrain represents a
high or low elevation within the footprint. To estimate forest height at a
global scale, equations that relate height to waveform metrics are
required, and these necessarily combine forests with different terrain
slope and aspect conditions into a small number of equations. Along
with the inherent error due to the uneven spatial sampling of the terrain,
the combination of different stand structure and terrain conditions
introduces more error into height estimation equations.
Height estimate precisions are consistent with those found in
Lefsky et al. (2007). Increasing uncertainty in height estimates as a
function of footprint diameter is expected, as is the increasing effect of
footprint diameter as the range of slopes considered becomes larger
(Fig. 4). The current study does not examine footprint diameters
below 20 m as they are not currently being considered for spaceborne
lidar applications. We expect that the precision of the estimates would
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Fig. 8. For off-nadir pointing angles, the effect of deﬁning footprints at the top of the canopy or at the terrain surface on the precision of estimates of maximum forest height: (a,b) R2
and RMSE for Bartlett Experimental Forest (BEF), (c,d) R2 and RMSE for Tahoe National Forest (TNF). Terrain slopes considered include 0 through 30°.

continue to improve although the methods used for height estimation
would differ from those in this study. Given the magnitude of the
slope effect, it is important to consider the appropriate range of slopes
when interpreting these results. Analysis of slope maps derived from
the SRTM 90 m DEM indicates that, within the latitudes sampled by
that sensor (60° N to 56° S), 17% of forested areas have slopes between
15 and 30° and 4% have slopes above 30°. These slope values are likely
underestimated, as the highly smoothed 90 m data will remove
higher slope areas. As a consequence, results calculated using the 0–30°
slope simulations can be considered most indicative of the actual
performance of a spaceborne lidar system. Using this assumption, we

can identify an uncertainty of 3 m as the probable performance of a
spaceborne lidar system with a 25–30 m footprint diameter and nearnadir pointing, with slightly better performance for forests similar to
Tahoe National Forest (2.4 m).
Simulations for off-nadir pointing were performed for footprints
25 m in diameter and using slopes between 0 and 30°. Added
uncertainty in height estimates is dependent on the degree of
alignment (or opposition) of terrain aspect and pointing azimuth
(Fig. 7). When these were opposed, the tendency of each slope was to
cancel the other out, and smaller effects are noted. When aligned, the
slopes were additive and there is a much larger effect. When both

Fig. 9. Laser pulse length impacts on the precision of the estimates of maximum forest height for TNF and BEF combined: (a) Coefﬁcient of determination (R2) from different footprint
diameters, (b) RMSE from different footprint diameters.
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Fig. 10. Relationship between inclination angle and the precision of estimates of maximum forest height for TNF and BEF, split into aligned and opposed azimuths.

aligned and opposed conditions are considered together the results
are similar to those of the aligned slopes. When considering both
study areas together, uncertainty increases from 3 m to 4 m as the
pointing angle increases from 0 to 16°, but reaches as high as 5 m for
the Tahoe site alone. In this work, we limit the off-nadir analysis to the
25 m footprint size. Given the other results in this work, we would
expect that there would be a strong interaction between off-nadir
pointing and slope with larger footprints, with uncertainty increasing
beyond a simple additive effect.
The DESDynI lidar as described in the National Decadal Survey
report requires 1 m accuracy for the measurement of maximum
height (DESDynI Writing Committee, 2008; http://desdyni.jpl.nasa.
gov/mission/). As indicated by these results, this is very challenging
for individual observations, especially for forests in mountainous
areas. To achieve the stated goal, multiple observations must be
averaged in order to drive down statistical uncertainty. Given an
RMSE uncertainty of 3 m, nine observations need to be averaged to
achieve the 1 m goal. For a sensor with contiguous 25 m footprints,
this represents a 225 m long segment of transect.
Personal communications with researchers involved in similar but
as yet unpublished studies of the performance of lidar sensors indicate
that other researchers can meet a 1 m level of accuracy using ﬁeld
data, airborne lidar data and/or models. Those studies compare sets of
waveforms simulated or observed under different slope and off-nadir
pointing angles with one another, which is a measure of the
repeatability of the waveform measurement under varying observation conditions. This study differs in that it considers the repeatability
of an estimate of a height index that is measured in the ﬁeld, rather
than an index of height deﬁned by the lidar measurements
themselves. Examples of the later include height as deﬁned as the
difference between the maximum elevation of a waveform and modal
elevation of a feature identiﬁed as the ground peak. A spaceborne lidar
mission requires repeatability of measurements but also requires

some way of relating those measurements to a ground based standard
and therefore the uncertainty involved in estimating forest stand
height must also be considered in this type of study.

4.2. Canopy structure analysis
In addition to the incidence angle effect, off-nadir pointing
changes the parts of the canopy that are illuminated (Fig. 6). In
forests with an upper canopy of uniform height, changes in
illumination have little effect, but in forests with canopies that are
non-uniform, there are complex changes in illumination. These
include more sampling of the sides of crowns and fewer observations
of the forest ﬂoor. Examples of these canopies include tropical
broadleaf forests with emergent canopies as well as most needleleaf
canopies.
For a bare surface or a homogenous forest canopy with no canopy
surface variability, the local incidence angle should explain decreases
in the precision of terrain elevation or forest height estimates due to
slope, off-nadir pointing and terrain orientation. However, it is only
the cases where the aspect and azimuth are opposed where there is a
high correlation between RMSE uncertainty and local incidence angle
(Fig. 10). When the aspect and azimuth are aligned, there is only a
poor relationship. Given that the local incidence angle should take out
all of the terrain geometry effects, the remaining variability must be
related to canopy structure itself. For instance, a tree with the
maximum height may be surrounded by similar trees, or may be the
only tree with that height. For a given local incidence angle, we expect
that the RMSE of our equations will be larger for the second case, as
the waveform returned to the sensor is highly dependent on the
placement of the tree within the footprint, due to variations in the
illumination of its crown and the position of the tree with respect to
terrain variation.

Fig. 11. Illustration of the enhanced ability of an off-nadir lidar to observe the terrain surface when terrain aspect and off-nadir pointing azimuth are opposed (left side) and aligned
(right side).
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When aspect and azimuth are opposed (Fig. 6a) the sampling of
the upper canopy remains closer to an at-nadir orientation in
comparison to when they are aligned. In addition, when the two
angles are opposed, the probability of observing the ground is higher
than when the two angles are aligned (Fig. 11). When the angles are
opposed the trees towards the far edge of the footprint are upslope
and less likely to block the incoming illumination. Greater sampling of
the terrain surface results in better deﬁnition of the trailing edge of
the waveform and more accurate estimates of the height of the forest
canopy. The importance of this effect is underscored by the lack of
signiﬁcant correlation (r2 = 0.02) between inclination angle and
RMSE for the aligned case at Tahoe National Forest (Fig. 11), which
is much worse than for the same case at Bartlett Experimental forest
(r2 = 0.53), associated with the greater canopy variability at Tahoe.
Lidar sensors cannot adjust their orientation to maintain a constant
geometry relative to the terrain surface and we do not intend to
suggest that these results could improve the retrieval of canopy height.
However, the dependence of height estimate precision on the speciﬁcs
of pointing geometry indicates that studies of sensor performance
must consider the particulars of the sampling geometry they use. If the
goal is to provide realistic estimates of performance on sloped terrain,
data collections and simulations should address both aligned and
opposed sensor geometry.

on the global distribution of random error values is given, a map of
random error (expressed as the 90% percentile of the error
distribution) shows that much of the high slope forested regions
have random errors between 5 and 12 m. Converting to RMS error (by
dividing by 1.64) and calculating the slope associated with these
height errors, this translates into RMS slope errors of between 5.8 and
13.7°, with these errors concentrated in high slope errors. Given an
SRTM-like DEM, it is unclear whether estimates of slope can
contribute to effective correction of slope effects. Another possibility
for slope correction would be to compare the elevations of
consecutive contiguous footprints, although the elevation error in
heavily forested landscapes may not be much better than for SRTM
(Duong et al., 2009).
While the pointing angle of the sensor will be known, there will be
difﬁculty in determining terrain aspect. To investigate the ability of
coarse resolution DEMs to estimate the terrain aspect within
individual footprints, we calculated the average aspect within 25 m
cells using high resolution (1 m) DEMs at the two study areas. We also
calculated aspect for the same DEMs after their resolution had been
degraded to 25 m. The RMSE of the difference between the two was
43°, which demonstrates that aspect varies considerably at scales ﬁner
than 25 m. Given this uncertainty, using terrain aspect as one aspect of
a height estimation strategy will be difﬁcult.

4.3. Footprint deﬁnition and pulse length

4.5. Limitations of modeling approach

When off-nadir pointing occurs, the laser beam intercepts more
trees whose crown is partly or completely within the laser beam while
their trunks are out of the footprint or trees whose trunks are located
within the footprint while their canopy is partly or completely out of
laser beam. While smaller footprint size is usually associated with
increased precision, when off-nadir pointing a small footprint has less
overlap between the beam's interception with the canopy top and its
interception with the terrain surface. In this case, large height
estimation errors occur for these waveforms because the trees within
the footprint on the ground do not include these big trees when
calculating reference height. This creates confusion when trying to
relate the illuminated trees to those used for reference. There are
three possible cases: (i) stems within the footprint at the top of
canopy layer; (ii) stems within the footprint on the ground; and (iii)
stems within the laser beam. These three sets contain different trees
for most cases of off-nadir pointing and none of them includes all the
trees that contribute to the waveform. All of them have the risk of
missing tall trees whose crowns contribute to the laser waveform or
including tall trees whose crown do not contribute to the waveform.
This explains why some waveforms have large extents but low
reference tree heights and those waveforms with small extents but
high reference tree heights.
Lasers with short pulse lengths are considered a requirement for
lidar sensors designed for topographic observations and this requirement has been adopted for systems designed for vegetation
applications. The results of our simulations indicate that there is
very little difference in the precision of height estimates when
modeled using 5 or 10 ns pulses. Further study is needed to verify this
observation but if conﬁrmed lidar sensors designed for vegetation
analysis may have more ﬂexible requirements than currently thought.

The FVS model produces a reasonable representation of forest
structure in the TNF and BEF sites but other forest types such as boreal
needleleaf or tropical broadleaf forests are unexplored here. The
reﬂectance of soil and vegetation is ﬁxed in this study, although we
know that they often change with species, season, elevations, plant
phenology and successional stage, and environmental parameters
such as rain or snow. These variations change the ratio of signals from
vegetation and terrain surface.
System noise and multiple scattering mechanisms are not
considered in the current waveform simulation model. The background noise in waveforms increases uncertainty in waveform indices
estimation. Multiple scattering is expected to delay the decrease in
power of understory and terrain waveform bins as shown in
Kotchenova et al. (2003). Future modiﬁcations to the model will
include system and detector's noise, and multiple scattering mechanisms in order to better understand lidar performance.

4.4. Use of ancillary data
It has been suggested that equations for the prediction of height
could incorporate off-nadir angle and azimuth information from the
sensor itself and estimates of terrain slope and aspect from a Digital
Elevation Model (DEM). For the Shuttle Radar Topography Mission
(SRTM) dataset, errors in slope are related to “random errors (i.e.
zero-mean errors with very short spatial correlation lengths)” in
elevation (Rodríguez et al., 2006). While no quantitative information

5. Conclusions
This study used forest simulation and three dimensional waveform
models to investigate the sensitivity of forest height estimate
uncertainty to a range of potential design parameters for spaceborne
lidar systems. The following conceptual and quantitative guidelines
were developed:
1) For forest height estimation, the optimal footprint diameters are
25 and 30 m. The contribution of vegetation height to waveform
extent decreases with increasing footprint diameter, while the
contribution of terrain slope increases; terrain effects are minimized at diameters of 25 and 30 m.
2) Predictions of sensor performance are highly dependent on the
range of slopes that are considered in generating equations. Future
studies should simulate a suite of stands with realistic distributions of slope for multiple physiognomic types to improve
predictions of sensor performance.
3) Off-nadir pointing has two distinct effects, one related to the
details of the sensor and terrain pointing geometries and the
second related to differences in the illumination of the canopy. For
equal terrain slopes and off-nadir pointing angles, height estimate
precision is better when the sensor azimuth opposes the terrain
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aspect. The effect of off-nadir pointing on deciduous forests is less
dramatic than on coniferous forests, due to the more homogenous
surface of deciduous canopies.
4) Rather than presenting the separate and combined effects of
terrain slope and off-nadir pointing on lidar accuracy, similar
studies of lidar sensor performance should present incidence
angles which combine both effects. Use of incidence angles
reduces a two-dimensional state space to a single variable and
serves to make the interaction between these two effects clear. The
effect of aligned or opposed azimuths should be considered when
lidar sensor performance is being studied. Outwardly similar
designs for data collection or simulation modeling may result in
very different results depending on the speciﬁc geometry used.
5) When off-nadir pointing, height estimate precision improves if the
waveform is compared to the height of trees within a footprint
deﬁned at the top of the canopy rather than one deﬁned at the
terrain surface. Pulse length had only a small effect on height
estimate precision.
References
Baccini, A., Laporte, N., Goetz, S. J., Sun, M., & Dong, H. (2008, October-Decemberr). A
ﬁrst map of tropical Africa's above-ground biomass derived from satellite imagery.
Environmental Research Letters, 3, 045011.
Blair, J. B., & Hofton, M. A. (1999). Modeling laser altimeter return waveforms over
complex vegetation using high-resolution elevation data. Geophysical Research
Letters, 26(16), 2509–2512.
Brenner, A. C., Zwally, H. J., Bentley, C. R., Csatho, B. M., Harding, D. J., Hofton, M. A., et al.
(2003). Derivation of range and range distributions from laser pulse waveform
analysis for surface elevations, roughness, slope, and vegetation heights. GLAS
algorithm theoretical basis document version 4.1.
Chen, J. M., & Leblanc, S. G. (1997). A four-scale bidirectional reﬂectance model based
on canopy architecture. IEEE Transactions on Geoscience and Remote Sensing, 35(5),
1316–1337.
Crookston, N. L., & Dixon, G. E. (2005). The forest vegetation simulator: A review of its
structure, content, and applications. Computers and Electronics in Agriculture, 49,
60–80.
DESDynI Writing Committee (2008). Report of the July 16–19, 2007 Orlando, Florida.
Workshop to assess the national research council decadal survey recommendation
for the DESDynI radar/Lidar space mission.
Dixon, G. E. (2002). Essential FVS: A user's guide to the forest vegetation simulator.
Internal Rep. Fort Collins, CO: U. S. Department of Agriculture, Forest Service, Forest
Management Service Center 209 pp. (Last Revised: April 2007).
Donnellan, A., Ranson, K. J., & Zebker, H. (2008). Radar and lidar measurement of
terrestrial processes. EOS, Transactions American Geophysical Union, 89(No. 38). doi:
10.1029/2008EO380002.
Dubayah, R., Blair, J. B., Bufton, J. L., Clark, D. B., JaJa, J., Knox, R., et al. (1997). The
vegetation canopy lidar mission. Proceedings of the American Society for Photogrammetry and Remote Sensing, Land Satellite Information in the Next Decade II:
Sources and applications (pp. 100–112).
Duong, H. V., Lindenbergh, R., Pfeifer, N., & Vosselman, G. (2009). ICESat full waveform
altimetry compared to airborne laser altimetry over The Netherlands. IEEE
Transactions on Geoscience and Remote Sensing, 47(10), 3365–3378.

2809

Harding, D. J., & Carabajal, C. C. (2005). ICESat waveform measurements of withinfootprint topographic relief and vegetation vertical structure. Geophysical Research
Letters, 32, L21S10. doi:10.1029/2005GL023471.
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, 94–104.
Kimes, D. S., Ranson, K. J., Sun, G., & Blair, J. B. (2005). Predicting lidar measured forest
vertical structure from multi-angle spectral data. Remote Sensing of Environment,
28, 503–511.
Kotchenova, S. Y., Shabanov, Nikolay, V., Knyazikhin, Y., Davis, A. B., Dubayah, R., et al.
(2003). Modeling lidar waveforms with time-dependent stochastic radiative
transfer theory for remote estimations of forest biomass. Journal of Geophysical
Research, 108-D15, 4484.
Lefsky, M. A., Cohen, W. B., Parker, G. G., & Harding, D. J. (2002). Lidar remote sensing for
ecosystem studies. Bioscience, 52, 19–30.
Lefsky, M. A., Harding, D. J., Keller, M., Cohen, W. B., Carabajal, C. C., Espirito-Santo, F. D.,
et al. (2005). Estimates of forest canopy height and aboveground biomass using
ICESat. Geophysical Research Letters, 32, L22S02.
Lefsky, M. A., Keller, M., Pang, Y., de Camargo, P., & Hunter, M. O. (2007). Revised
method for forest canopy height estimation from the Geoscience Laser Altimeter
System waveforms. Journal of Applied Remote Sensing, 1, 013537.
Li, X., Strahler, A. H., & Woodcock, C. E. (1995). A hybrid geometric optical-radiative
transfer approach for modeling albedo and directional reﬂectance of discontinuous
canopies. IEEE Transactions on Geoscience and Remote Sensing, 33, 466–480.
Nelson, R. F., Krabill, W. B., & Maclean, G. A. (1984). Determining forest canopy
characteristics using airborne laser data. Remote Sensing of Environment, 15,
201–212.
Nelson, R., Ranson, K., Sun, G., Kimes, D. S., Kharuk, V., & Montesano, P. (2008).
Estimating Siberian timber volume using MODIS and ICESat/GLAS. Remote Sensing
of Environment, 113(3), 691–701.
Ni-Meister, W., Jupp, D. L. B., & Dubayah, R. (2001). Modeling lidar waveforms in
heterogeneous and discrete canopies. IEEE Transactions on Geoscience and Remote
Sensing, 39(9), 1943–1958.
Pang, Y., & Lefsky, M. (revised). Terrain Effects Simulation and Model based Height
Correction for Large Footprint LiDAR Waveforms from Coniferous Forests. Remote
Sensing of Environment.
Pﬂugmacher, D., Cohen, W. B., Kennedy, R. E., & Lefsky, M. A. (2008). Regional
applicability of forest height and aboveground biomass models for the Geoscience
Laser Altimeter System. Forest Science, 54(6), 647–657.
Rodríguez, E., Morris, C. S., & Belz, J. Eric (2006). Global assessment of the SRTM
performance. Photogrammetric Engineering & Remote Sensing, 72(3), 249–260.
Rosette, J., North, P., & Suárez, J. (2008). Vegetation height estimates for a mixed
temperate forest using satellite laser altimetry. International Journal of Remote
Sensing, 29(5), 1475–1493.
Sun, G., & Ranson, K. J. (2000). Modeling lidar returns from forest canopies. IEEE
Transactions on Geoscience and Remote Sensing, 38(6), 2617–2626.
Sun, G., Ranson, K. J., Kharuk, V. I., & Kovacs, K. (2003). Validation of surface height from
shuttle radar topography mission. Remote Sensing of Environment, 75, 188–200.
Sun, G., Ranson, K. J., Kimes, D. S., Blair, J. B., & Kovacs, K. (2008). Forest vertical structure
from GLAS: An evaluation using LVIS and SRTM data. Remote Sensing of
Environment, 112(1), 107–117.
USDA Forest Service (2007). Forest inventory and analysis national core ﬁeld guide,
volume 1: Field data collection procedures for phase 2 plots, version 4.0. U.S.
Department of Agriculture, Forest Service, Washington Ofﬁce Internal report. On
ﬁle with: U.S. Department of Agriculture, Forest Service, Forest Inventory and
Analysis, Rosslyn Plaza, 1620 North Kent Street, Arlington, VA 22209.
USDA Forest Service Northeastern Research Station (1998). Bartlett experimental forest.
Waring, K. M., Battles, J. J., & Gonzalez, P. (2006). Forest carbon and climate change in the
Sierra Nevada Mountains of California. Report to the U.S. Department of Energy.
Berkeley, CA: University of California.

