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The application of spaceborne lidar data to mapping of ecosystem structure is currently limited by the
relatively small fraction of the earth's surface sampled by these sensors; this limitation is likely to remain over
the next generation of lidar missions. Currently planned lidar missions will collect transects of data with
contiguous observations along each transect; transects will be spread over swaths of multiple kilometers, a
sampling pattern that results in high sampling density along track and low sampling density across track. In
this work we demonstrate the advantages of a hybrid spatial sampling approach that combines a single
conventional transect with a systematic grid of observations. We compare this hybrid approach to traditional
lidar sampling that distributes the same number of observations into five transects. We demonstrate that a
hybrid sampling approach achieves benchmarks for the spatial distribution of observations in approximately
1/3 of the time required for transect sampling and results in estimates of ecosystem height that have half the
uncertainty as those from transect sampling. This type of approach is made possible by a suite of technologies,
known together as Electronically Steerable Flash Lidar. A spaceborne sensor with the flexibility of this
technology would produce estimates of ecosystem structure that are more reliable and spatially complete
than a similar number of observations collected in transects and should be considered for future lidar remote
sensing missions.
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1. Introduction

Spaceborne lidar sensors have not yet reached the point where
images (grids of contiguous or overlapping observations) can be
collected over a broad swath. Existing and planned lidar missions
have been limited to collecting either a single transect of non-
contiguous footprints, such as the Shuttle Laser Altimeter missions 1
and 2 (SLA-01, Garvin et al., 1998, SLA-02, Carabajal et al., 1999) and the
Ice, Cloud, and land Elevation Satellite (ICESat, Schutz et al., 2005), or
multiple transects of contiguous footprints spaced approximately 1 km
apart in the across-track direction, such as the Vegetation Canopy Lidar
(VCL, Dubayah et al., 1997) and the Deformation, Ecosystem Structure
and Dynamics of Ice lidar sensor (DESDynI, Donnellan et al., 2008).

The development of lidars for spaceborne remote sensing of the
Earth is challenging, in part, because of the demanding requirements on
the laser in both performance (optical, electrical, and thermal) and
reliability in the space environment. For the current space-qualified
lasers, laser lifetime appears limited by the total number of laser pulses
(or “shots”) that can be reliably generated. For science missions, a
typical planned mission life is for 1 to 3 years. Recent missions have
operated with laser repetition rates of 20–40 Hz, and newer missions
are planned with higher repetition rates but with lower pulse energies
to ensure that they still meet the power limitations imposed by the
spacecraft. The lower pulse energies, however, limit the measurements
that can be made without signal averaging.

The laser options for space are in sharp contrast with lasers used in
aircraft lidar remote sensing where power, heat, and reliability are less
of a concern since parts can be replaced as needed.Whereas lasers used
for airborne lidar sensors can be pulsed hundreds of thousands of times
each second, lasers appropriate for spaceborne lidar sensors yield
repetition rates of at most a few hundred shots per second (e.g. 240 Hz
for the High Output Maximum Efficiency Resonator laser (HOMER),
Coyle & Stysley, 2006), which can produce a single contiguous 25 m
footprint per transect. Lasers appropriate for a spaceborne lidarmission
have logged over 1.9 billion (CALIPSO, Hunt et al., 2009) shots in space
and 4.8 billion shots in simulated space environments (HOMER, Coyle &
Stysley, 2006). While these are large numbers, one billion laser shots
with a footprint diameter of 25 mwill illuminate only 0.1% of the earth's
total surface. If those observations are taken only over the land surface,
that figure rises to 0.33%.

In this paper, we are primarily concerned with the use of lidar
remote sensing for observation of ecosystem structure—the height and
vertical distribution of vegetated terrain. Consideration of the spatial
distribution of observations is a central feature of statistical analysis of

http://dx.doi.org/10.1016/j.rse.2011.01.016
mailto:lefsky@cnr.colostate.edu
http://dx.doi.org/10.1016/j.rse.2011.01.016
http://www.sciencedirect.com/science/journal/00344257


1362 M.A. Lefsky et al. / Remote Sensing of Environment 115 (2011) 1361–1368
natural resources (Cochran, 1977). Despite the limited number and rate
of laser pulses available for spaceborne lidar remote sensing, there has
been little consideration of the potential for improving mission
performance using alternative spatial sampling approaches, in part
because of the perceived difficulties in directing the laser and receiver
optics to observe selected parts of the earth surface. An airborne laser
system typically has a galvanometer to direct the outgoing pulse and,
coupledwith awide field-of-view telescope, capture reflected light. The
large aperture (and limited budget) required for space lidar receiver
telescopes limit their field of view relative to airborne platforms. The
large apertures for both transmitter and receiver also make it
challenging to design high speed mechanisms to increase sampling
areas. This coupled with the challenges of makingmechanisms that can
survive launch and operate reliably in the space environment create
severe design constraints and makes impractical moving airborne
designs of lidar scanners to space.

More sophisticated approaches to spatial sampling have been
developed and tested as part of NASA's Earth Science Technology Office
(ESTO) Instrument Incubator Program (IIP) award to Ball Aerospace for
the Electronically Steerable Flash Lidar (ESFL, Weimer & Ramond, 2010).
ESFL is an airborne sensor that demonstrates twoadvances relevant to the
design of spaceborne sensors. Thefirst replacesmechanical scanningwith
an Acousto Optic Beam Deflector (AOBD), a crystal which splits an
incoming beam into multiple deflected beams. A digitally synthesized
radiofrequency (RF) tone generator drives a piezo-electric transducer on
Fig. 1. Spatial sampling patterns compared in this work, overlain on height images captured
horizontally to allow sampling patterns to be placed at any column in the original image (a
the AOBD crystal that creates a set of acoustic waves in the crystal, one at
each tone frequency. Each standingwave acts as a transmissive diffraction
gratingwith a different period. Each grating causes the input beam to split
into a secondarydeflectedbeamwhose angle canbe changedby changing
the frequency of the RF tone. In its current configuration, the AOBD has
beenused to generate from1 to 10 independently pointed beams, aligned
across-track. The configuration (and therefore the transmitted beam
pattern) can be changed for every pulse of the laser up to 30 Hz.

The second technological advance involves the replacement of a
single optical detector with a Focal Plane Array (FPA) capable of
observing multiple waveforms simultaneously (a so-called “Flash”
detector, not to be confused with the flashlamp approach to optically
pump lasers). For each of the 128 by 128 pixels in the ESFL FPA, an
avalanche photodiode detects the backscattered laser light, amplifies
it, and digitizes the resulting signal into 44 bins, which creates a 128
by 128 grid of lidar waveforms (Stettner, 2010). The vertical
resolution of the bins can be controlled by altering the clock speed
of the FPA, it is typically set for a vertical resolution of 75 cm. A single
illuminated footprint on the ground can be associated with more than
one pixel (e.g. a 3×3 grid of pixels) to enable sub-footprint analysis. In
related work we have used this sensor with sliding range gates to
demonstrate technological feasibility; for an actual spaceborne
mission the FPA would be upgraded for increased vertical range.

Combining real-time multi-beam reconfigurability with sub-
footprint imaging provides the ESFL with a unique three-dimensional
by the Laser Vegetation Imaging Sensor (LVIS). Images have been replicated three times
s indicated on the x-axis of the lowest panel).

http://doi:10.1117/12.851831


Table 1
Study area descriptions.

Study area Year Latitude Longitude Mean
height
(m)

Standard
deviation of
height (m)

Duke Forest, NC October 1, 1999 35.305 −83.6442 27.3 9.0
Harvard Forest, MA July 20, 2003 42.539 −72.177 20.8 6.3
La Selva Biological
Research Station,
Costa Rica

March 20, 1998 10.235 −83.973 26.3 11.3

Sierra Nevada, CA October 9, 1999 36.696 −119.899 23.4 16
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variable-sampling imaging capability not seen in other lidars,
including the capability for a push-broom (i.e. non-scanning) design
for lidar sensors. Its reconfigurability also provides it with flexibility,
enabling it to adaptively change the number, power, and spatial
distribution of laser illumination and waveform sampling. This has
now been demonstrated through laboratory testing and aircraft
flights over a variety of forest scenes. These capabilities make possible
the spatial sampling approaches discussed in this work. They also
allow adaptive beam steering to avoid clouds, a potential being
examined in related work.

To evaluate the potential utility of an ESFL-like capability for
spaceborne lidar, we use simulated satellite ground tracks to compare
the performance of the standard spatial sampling pattern of transects
to one that uses the same number of observations to create both a
single central transect and a surrounding grid of observations with
164 m spacing across and along-track (the hybrid sampling approach
based on ESFL). The two sampling approaches are then compared
with respect to (1) their ability to efficiently cover large landscapes
with observations and (2) the density of near-coincident observations
collected over time. Existing datasets of Laser Vegetation Image
Sensors (LVIS, Blair et al., 1999) observations are then used to evaluate
Fig. 2. (A) Original Laser Vegetation Imaging Sensor (LVIS) image. (B) Image rotated so the l
the effect of sampling patterns on the statistical uncertainty as-
sociated with local estimates of landscape height.

2. Methods

2.1. Orbit simulation

We used five years of simulated ground tracks for a satellite with
an altitude of 400 km in a 91 day randomly processing orbit with 97°
inclination (Scott Lutchke, personal communication), similar to the
orbit we expect for a satellite primarily focused on lidar remote
sensing of vegetation, such as DESDynI. A random uniform error of up
to 25 m was added into the easting component of each orbit, so that
analyses weren't influenced by aliasing of the simulated orbits. For all
sampling approaches, we assumed a sensor configuration with one or
more lasers capable in total of generating enough laser shots to trace
five contiguous transects of 25 m footprints, a total of 1375 shots per
second. Three sampling scenarios were evaluated. The transect
scenario represents the configuration assumed by spaceborne lidar
missions for vegetation sampling from VCL though DESDynI, i.e.
multiple transects of footprints that are contiguous in the along-track
direction and spaced approximately 1 km apart in the across-track
direction. Here we assumed 850 m spacing between transects instead
(Fig. 1A), and considered that they sample a swath of 425 m on either
side, for a total swath width of 4250 m. The “hybrid” sampling
scenario retains a single central transect but distributes the remaining
80% of observations in a grid to create a systematic sample of the
landscape (Fig. 1B) with 26 footprints across track, spaced every
164 m, for a total swath width of 4264 m. In this context, the term
hybrid refers to the combination of a grid of points and the central
transect. A third scenario (random) distributes all observations
randomly across a 5000 m wide swath. This scenario is included
solely to evaluate themeasurement precision of the other scenarios; it
is not considered a desirable approach. All sampling approaches use
ong axis was parallel to an image “x” dimension. (C) Small gaps in the image removed.

image of Fig.�2


Fig. 3. Results of transect and hybrid sampling for four latitudes after 130 and 260 days of orbit.

Fig. 4. The 96th percentile distance associated with transect and hybrid sampling as a function of mission weeks. The 96th percentile distances indicate that 96% of all 25 m pixels are
within that distance from an observation.
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Table 2
Weeks required to reach 96th percentile distance of 150 m.

Latitude Hybrid Transect Ratio

0 76 221 2.9
33 67 197 2.9
60 30 107 3.5
75 31 63 2.0
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the same number of observations; only their spatial distribution
changes.

2.2. Spatial distribution of observations

At each of four latitudes (0, 33, 60, and 75°) we gridded the
simulated location of individual observations at 25 m spatial resolu-
tion. We then calculated the distribution of distances between all un-
observed 25 m cells and their closest observed cell and recalculated as
transects were added over 5 years of simulated cloud free sampling.
We used the 96th percentile distance as a metric for expressing the
size of the largest gaps between transects, i.e. 96% of all 25 m pixels
are within that distance from an observation. This metric was chosen
for direct comparison with other DESDynI mission studies (Scott
Lutchke, personal communication).

2.3. Sampling patterns and measurement precision

Maximum canopy height data for four landscapes were retrieved
from the LVIS Archive (lvis.gsfc.nasa.gov) and gridded at 25 m
resolution (Table 1). LVIS data is commonly collected along long
transects which can have small gaps between them and are oriented
at azimuths that need not correspond to one of the cardinal directions
(Fig. 2A). To simplify analysis, grids were rotated as needed so the
long axis was parallel to an image “x” dimension (Fig. 2B). To remove
small gaps in the grids, any column or row with more than 25%
missing data was removed from the image (Fig. 2C). A single row of
pixels was used to calculate the correlation between pixels at lag
distances of 0 through 1000 m as a measure of spatial autocorrelation.

To test how representative of the landscape each sampling pattern
would be, individual 5×5 km tiles were considered separately and
sampled using all three of the sampling patterns (Fig. 1). Image tiles
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Fig. 5. Distribution of height residuals for 100 iterations of sampling of a 5×5 km tile of
percentiles and center line indicates the median of the distribution. The whiskers extend
computed as the relevant quartile plus 1.5 times the interquartile range.
were replicated three times in the x-dimension so that sampling
patterns could be centered at any column in the original image
(Fig. 1C). The height of all the points in a sampling pattern was
averaged and the residual of the average height and the known mean
height of the tile was recorded. This was repeated 100 times for each
5×5 km tile with horizontal positions drawn from a uniform random
distribution. For the hybrid sampling approach, only grid points are
used to calculate statistics; the points that belonged only to the
central transect were ignored.

2.4. Near-coincident observations

Near coincident observations frommultiple time periods have been
used to calibrate relationships between sensor performance over time
(Miller et al., 2011) as well as for change detection (Duong et al., 2008).
For the purposes of this analysis, two observations closer than 12.5 m
(center to center) are considered to be near-coincident and useful for
these analyses. IfN is thenumber of transectswith contiguous footprints
along-track then at least N2 near-coincident observations occur at every
crossover of those transects. Under some geometric conditions, more
than N2 observations can result; the potential for this is accounted for in
this analysis. When two hybrid sampling patterns cross, there is a small
possibility that there will be only one near-coincident observation
(where the two central transects intersect) but more typically the
number of near-coincident observations is higher, and is a function of
theposition and inclination angle of each transect.Weuse the simulated
orbit datawith the transect andhybrid samplingpatterns and tallied the
number of individual near-coincident observations over the entire
5 year mission as a function of latitude from 0 to 75° (degrees north or
south of the equator are equivalent for these and subsequent analyses).

3. Results

3.1. Spatial distribution of observations

Images of simulated orbits for subsets of the four latitude ranges
are shown in Fig. 3 for the transect and hybrid scenarios at day 130
and day 260. Fig. 4 illustrates the 96th percentile distance for each
latitude range as a function of the number of elapsed mission weeks.
The graphs show long periods of constant values, punctuated by sharp
drops in the distance metric. These drops are due to the addition of
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transects within previously unsampled areas. When these areas are
filled, the tail of the distribution of distances can change dramatically.
The mean ratio of the number of weeks required to reach a 96th
percentile distance of 150 m for the transect and hybrid approaches is
2.8 (Table 2), indicating that it takes almost three times as long to
reach this level of coverage using the transect scenario as compared
with the hybrid approach.

3.2. Measurement precision

Fig. 5 illustrates the distribution of height residuals from 100
iterations of sampling of a single 5×5 km image tile. The residuals for
the random and hybrid sampling approaches are smaller than those
for transect sampling. The distribution of residuals for each 5×5 km
tile was summarized as a standard error. Fig. 6 illustrates the
distribution of standard errors for all 5×5 km tiles by sampling
pattern. When the transect sampling pattern is used, the average
standard error is between 1.84 and 2.29 times higher than with the
hybrid sampling pattern (Table 3), indicating increased uncertainty in
each 5×5 km tile's mean height, due solely to the uneven sampling of
the transect pattern. Fig. 7 presents the spatial autocorrelation of LVIS
image height as a function of the distance between observations (i.e.
the lag distance).

3.3. Near-coincident observations

The number of near-coincident observations was highly variable
as a function of latitude, due to the potential for moire-like grid
Table 3
Standard deviation of height (in meters) at four study areas.

Study area Transect Hybrid Random Ratio of transect
to hybrid

Sierra Nevada, CA 1.09 0.59 0.66 1.84
La Selva, CR 0.69 0.31 0.39 2.20
Harvard Forest, MA 0.54 0.24 0.30 2.29
Duke Forest, NC 0.95 0.43 0.54 2.20
alignments at certain latitudes (Fig. 8). At most latitudes there are
more near-coincident observations with the hybrid method; 81% of
latitudes have more observation in the hybrid case than the transect
cases (on average, 45% more observations). In the remaining 19% of
latitudes, there are 21% fewer near-coincident observations. There are
1

1.5R
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0.5
0 10 20 30 40 50 60 70 80

Latitude

Fig. 8. Ratio of the number of near-coincident observations obtained with hybrid
sampling to the number obtained with transect sampling as a function of latitude.
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33% more near-coincident observations for the hybrid sampling
pattern as tallied over all latitudes.

4. Discussion

This study is the first to directly estimate the potential for
improvement in spaceborne lidar mission performance using flexible
spatial sampling patterns. It assumes the use of technologies that have
already advanced to NASA's technology readiness level 5 and have
been demonstrated in airborne studies (Weimer & Ramond, 2010).
Technology Readiness Level (TRL) is a metric used by NASA to judge
when technologies are suitable for spaceflight missions. Technologies
must be space-qualified by completing analyses and environmental
testing that demonstrates that the technology can meet the program
requirements for performance and lifetime. Each program decides
what TRL level is acceptable based on its level of accepted risk but as a
general rule, the technology must be at TRL 6 prior to launch.

The technology is embedded within the context of a realistic
mission design derived directly from the DESDynI project as defined
by the NRC Decadal Survey for Earth Science (Anthes et al., 2007) and
subsequently refined by the DESDynI Science Study Group (Donnellan
et al., 2008). Using the sampling approach made possible by the ESFL
technology, we reach a given sampling density three times as quickly
as we would using transect sampling. Large spaces between transects
are a key source of uncertainty in mapping ecosystem structure using
a spaceborne lidar device. In the diverse set of study areas in this
analysis, it is generally true that there is high spatial autocorrelation of
ecosystem structure between points within ~200 m of each other
(Fig. 7) but that extrapolation beyond this distance is uncertain. The
ability to have an observation within 150 m of most points on the
earth would dramatically decrease this uncertainty, because areas
between observations are likely to be highly correlated to their most
proximate observed locations.

The ability to more rapidly reach a given spatial coverage milestone
would mitigate the impact of a premature end to a mission. For instance,
after 76 weeks of cloud free sampling, the hybrid sampling approach will
have achieved a 96th percentile distance of 150 mat the equatorwhile an
additional 135 weeks would be required using transect sampling. In the
event of amalfunctionduring those additional twoandone-half years, the
data collected with the hybrid approach will be of greater utility.

Distributing observations on a grid results in estimates that aremore
representative of the local landscape, with one half the uncertainty of
the same number of observations obtained using transect sampling
(average of 0.39 mvs. 0.82 m). Again, this is due to the pattern of spatial
autocorrelation observed in Fig. 7. This underlines the primarymessage
of this analysis: estimating ecosystem structure using contiguous 25 m
footprints results in observations that are highly autocorrelated, at the
expense of observations of the relatively unknown conditions between
transects.

Planning for the DESDynI mission incorporates the use of data
fusion to combine the individual lidar observations of canopy height
with spatially complete images to create a wall-to-wall map of height
and derived products such as biomass. Given the spatial autocorre-
lation of landscapes, the ability to have an observation every 164 m
greatly reduces the complexity of the data fusion and simple
segmentation of optical images may prove sufficient to complete
this task. A more robust solution would involve the combination of
multi-polarization synthetic aperture radar (SAR) with localized
relationships between spatial and spectral covariance between the
SAR and lidar data. It is very likely that any data fusion technique will
benefit from better spatial distribution of lidar samples.

One advantage of the transect sampling approach is that, although it is
inefficient from the perspective of biomass estimation, it does allow
spatial analysis at sampling intervals of 25 m and the hybrid sampling
approach as described herewill have only one transect of that type, rather
than five. However, it is arguable that the presence of the single transect
will be sufficient toallowthe typesof spatial analysis thatwill bebeneficial
to some communities (e.g. the biodiversity community) which may then
be appliedmore generally to all of the data. For instance, local patterns of
spatial autocorrelation could be derived from the single transect and then
applied to analyses of themore generally available grid data (e.g. through
kriging or co-kriging). Another advantage of transect sampling is the
ability to use adjacent observations to improve the accuracy of terrain
identification in areas of high foliage cover.

These potential losses must be considered in the context of the
overall gain in samplingflexibility allowedby theESFL technologies. The
ability to change the spatial pattern of sampling up to 30 times per
secondwould support a variety of sampling strategies that could change
over time. For instance, early in the mission hybrid sampling could be
employed until an adequate spatial density of observations was
available. Later in the mission, the sampling strategy could change to
transects to meet the needs of the biodiversity community. Those
transects could be spaced at 850 m across-track, or could be used to
create a single swath, five footprints (125 m) in width. Furthermore,
adaptive algorithms could determine the type of sampling to be used for
individual regions, based on the progress of cloud-free sampling. Areas
with low cloud cover might achieve sampling density benchmarks and
could be advanced to more detailed sampling patterns before those of
more overcast areas. If there were inadequate numbers of near
coincident observations, they could be supplemented and used for
calibration or targeted change detection analyses. Regions of potentially
high foliage cover (e.g. evergreen broadleaf forests) can be identified
and spatial sampling can be adjusted, perhaps by organizing observa-
tions into clusters to improve terrain identification.

One aspect of the ESFL technology we have not addressed in this
paper is the potential to associate one footprint on the ground with
more than one pixel to enable spatial analysis within each illuminated
footprint. One configuration would assign a 25 m wide footprint to a
3×3 grid of pixels, each with a spatial resolution of 8.33 m. For
isolated footprints in a grid this might increase the precision of height
estimates through improved geo-location of the lowest terrain and
highest canopy returns. If transects were brought together to create a
single swath, they could create a continuous swath of 15 pixels, each
8.33 m wide for high resolution spatial analysis. Detailed analysis of
the radiometry of specific sampling approaches will be needed to
ensure that any trade-offs between signal-to-noise ratio and spatial
resolution result in improved accuracy.

We have demonstrated the utility of a hybrid spatial sampling
pattern using two separate analyses: orbit analysis to quantify how
quickly landscapeswould be covered and analysis of LVIS height images
to determine the uncertainty associated with each sampling approach.
Further analysis of alternate spatial sampling approaches will require
that these two approaches be combined so that the cumulative benefit
of a hybrid approach can be evaluated in an integratedmanner. Thiswill
also require that an appropriate data fusion approach be used, which
may indicate that even coarser spatial sampling approaches might be
most appropriate for general mapping of ecosystem structure globally.
5. Conclusion

In this work we demonstrate direct science returns from adopting
an ESFL-like capability for a spaceborne lidar mission; these include
estimates of landscape ecosystem structure with reduced uncertainty
and earlier achievement of spatial coverage benchmarks. More
generally, the ability to modify the number, intensity and spatial
pattern of illumination will allow a mission to maximum science
returns by adapting to variations in terrain albedo, ecosystem type
and landscape pattern. This flexibility will allow multiple mission
objectives to be reconciled more easily as land surface types can have
their own spatial sampling strategies and these strategies can change
as mission objectives are met. The benefits of this type of technology
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are compelling and should be incorporated into planning for future
spaceborne lidar missions.
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