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Abstract—The purpose of this work was to explore the
dependence of remote sensing observations available from
ALOS/PALSAR and full waveform lidar, on vegetation
structure. For this study, an intensive ground validation effort
was conducted at the Harvard Forest in Western Massachusetts.
The ground validation data was used in conjunction with the
remote sensing measures to determine the degree of accuracy
that the remote sensing methods could be used to provide
meaningful structure metrics of the vegetation. It was generally
found that the interferometric measures alone were not sufficient
to characterize the vegetation, largely due to temporal
decorrelation. Better success was achieved with lidar
measurements and backscatter data. For the radar backscatter,
it was determined that speckle noise was a dominant source of
error, and hence, large regions needed to be averaged (greater
than one hectare) to produce satisfactory results.

Index Terms—ALOS PALSAR, K&C Initiative, Vegetation
structure, SAR Interferometry.

L INTRODUCTION

Among the areas necessary for continued scientific
development identified by United Nations Framework
Convention on Climate Change via the Kyoto Protocol and
REDD (Reducing Emissions and Deforestation and
Degradation) is the need for quantifying carbon stores held in
the world’s vegetation and characterization of species habitats
through the measure of vegetation structure, both horizontal
(on a hectare-to-hectare scale) and vertical (to a meter-level
accuracy). Through JAXA’s Kyoto & Carbon Initiative, the
L-band SAR, ALOS/PALSAR, provides unprecedented access
to detailed, expansive and continued coverage of the world’s
forests in the form of data that can be used to characterize the
current state of the vegetation and its change (both seasonal
and long-term) over time. In this study conducted by the
University of Massachusetts, NASA’s Jet Propulsion
Laboratory, and the University of Aberystwyth, we are using
data from ALOS/PALSAR and an Airborne lidar (LVIS; from
NASA’s Goddard Space Flight Canter) to image the

vegetation structure over the Harvard Forest located in
Western Massachusetts. The Harvard Forest
(harvardforest.fas.harvard.edu) is a mixed hardwood,
transitional forest that has been the subject of many studies,
both large and small, for the purposes of characterizing the
environment and the many species that benefit from the
presence of the forest.

The series of repeat ALOS observations made available
from the Japanese Space Agency since the launch of the
platform in 2006 has provided a rich and consistent data set
which provides an opportunity to explore relationships
between the SAR, InSAR and lidar data, to better understand
methods of combining these fundamental data sources for
studying the ecosystems, carbon balance and vegetation three-
dimensional structure in the Harvard region and to extrapolate
the results as they would apply to similar observations
worldwide.

Figure 1. Image of a subset of the SAR (white), InSAR (pink colorwrap) and
lidar (yellow patch) data over the Harvard Forest.



In this science report, we provide insight into the use of
SAR, InSAR and lidar for the use of vegetation structure
characterization in the Harvard Forest with the intent that the
results from this results can be used as part of a larger system
for global products that would be based on a similar set of
remote sensing observations. In particular, it is expected that
the L-band observations available from ALOS/PALSAR,
which is expected to be sensitive to vegetation structure
through backscatter and interferometric  (repeat-pass)
observations, and full waveform lidar, which is directly
sensitive to vegetation vertical structure, can be used in
conjunction with one another for providing an observation set
that can reach the desired goals

The report begins by providing a brief description of the
Harvard Forest test site and of the ground validation work that
our group has performed in the region for characterizing the
vegetation structure. We then parse through the three different
data types and then demonstrates how each has been used in
the analysis of vegetation structure for the Harvard Forest, and
then finish with a set of conclusions and recommendations for
future work, much of which is ongoing by our group right
now.

II. INPUT DATA

A. The Harvard Forest

After heavy logging in the Northeast, the Harvard Forest
was a 2000 acre site established in 1907 in Western
Massachusetts (Figure 2), to study sustainable Forestry. The
sight consists of mixed hardwoods and softwoods; dominated
by Hemlock, Red and White Pine, Red and White Oak, and
Sugar Maples. The average tree height within the forest is
approximately 25m. As part of our group’s study, a total of 15
one hectare plots were established, with the orientation of the
plot meant to nominally follow the flight track of
ALOS/PALSAR. Within each plot, a set of 16 25x25m
subplots were created (Figure 2).

Figure 2. Relief map of the Harvard Forest geographic region and locations
of the Harvard and State Forests (colored overlays). A total of 15 one hectare
plots were established with 16 25x25m subplots were established within each
of the plots, as shown.
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Figure 3. The “Prospect Hill” region within the Harvard Forest, shown on
Google Maps. Also indicated are a subset of the one hectare plots set up in
the area along with their biomass estimated using the measured diameter at
breast height.

Within each subplot, each tree with a diameter of greater
than 4 cm were catalogued in terms of its diameter at breast
height (DBH), species, and whether it was alive or dead. In
total, over 10,000 trees were catalogued. As part of the post
processing of collected data, individual tree biomass was
estimated using a set of equations developed for Northeastern
US Hardwoods and Softwoods [Jenkins et al., 2004] and the
results aggregated to make stand biomass determinations
(Figures 3 & 4).
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Figure 4. Estimates of above ground biomass (in MgC/ha) for each of the
established Harvard Forest plots. Shown as error bars are the range of per
hectare biomass’ estimated from the subplots established within each of the
one hectare plots.

B. SAR

Two sources of SAR data were used in this study. One
from JAXA’s ALOS/PALSAR, and the other from UAVSAR,
an airborne, fully polarimetric L-band SAR operated by
NASA. A comparison of the copolarized (HH) backscatter is
shown in Figure 5, where it can be seen that excellent
agreement between UAVSAR and PALSAR exists when the
two sensors are sampling the scene at the same incidence
angle (38 degrees). Further, as a test for consistency,



UAVSAR was flown in a repeat track, with a time separation
as short as 40 minutes. Backscatter observations from the
scene with these repeat tracks is also shown in Figure 5, where
the backscatter stability of both the scene and the instrument
can be seen to be better than 0.1 dB, as would be expected
under these observing conditions. In essence, this plot verifies
both the radiometric accuracy of the two instruments as well
as the radiometric stability of the target over short time
periods.
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Figure 5. Backscatter comparison between UAVSAR and ALOS FBD data.
Shown are sections from the two data sources from the same geographic area.
A cross-section in the range direction (shown as a yellow dashed line) is used
to create a backscatter plot as a function of look angle in the lower plot.

C. InSAR

Cross-track Interferometric SAR (InSAR) is known to be
fundamentally sensitive to topographic height and topographic
change [Rosen et al., 2000]. It has also been shown to be
useful for characterizing vegetation structure [Treuhaft and
Siqueira, 2000]. Because of the large number of observations
that ALOS/PALSAR has made over Western Massachusetts
(Figure 6), there are many opportunities to explore the
interferometric response as well.
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Figure 6. A Google Earth image of Massachusetts with various outlines for
scenes that have been observed by ALOS/PALSAR.

The large number of collected scenes allows for the
opportunity to perform repeat pass interferometry (minimum
repeat period of 46 days) with the instrument. An important
parameter in forming interferograms for the purpose of
characterizing the vegetation structure, is the perpendicular
baseline of the interferometric pair; or more concisely, the
distance between the two satellite passes measured
perpendicular to the look direction. Because of variation in
the orbit of the ALOS platform, this distance varied quite a bit
throughout the observing period; a summary of some of these
perpendicular baseline measures is shown in Figure 7.

Interferometric data were processed using the processing
software produced by Gamma Remote Sensing. This software
takes into account the existing DEM and makes orbital
corrections based on the observed fringe rate to optimize the
alignement of the two collected SAR scenes. Once aligned,
the interferometric phase and coherence can be determined
and explored for information related to the vegetation
structure.
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Figure 7. A “map” of perpendicular interferometric baselines and time
separations for a subset of the ALOS PLR and FBS/FBD scenes collected
from 2006-2008. Color coding for different entries in the table provide a
qualitative look at those baselines that would be most effective at probing the
relationship between the interferometric observations and the vegetation
vertical structure. Dates of scenes are shown in white, with year, month and
then day.

D. Lidar

For this project, the LVIS (Laser Vegetation Imaging
Sensor) built by NASA Goddard Space Flight center was
flown over the Harvard Forest in early August of 2009. This
collected data set complements a similar data collection over
the Harvard Forest that was performed in 2003 (see the yellow
highlighted region in Figure 1). The LVIS instrument has a
footprint of 25m and records the full scattered waveform with
a 30 cm resolution, of the laser pulse reflected from the near-
nadir looking system. This system also scans from side-to-
side as the aircraft platform moves forward, thus creating a
three-dimensional image of the terrain below. An example of
the lidar waveform behaviour over a nadir-looking transect is
shown in Figure 8. Where slight errors in the registration of
the waveform to the ground surface show up as negative
heights, and are due to errors in the detection of the ground
surface from the LVIS waveform.



Figure 8. Transect of the LVIS lidar waveform shown in terms of the ground
elevation (top), as a transect projected onto an image from Google Earth
(middle), and in terms of reflected intensity as a function of height and along
the transect (bottom). Clearly seen in the bottom plot is the presence of a
tower that supports power lines in the forest clearing (center of bottom
image).

III. CHARACTERIZATION OF VEGETATION STRUCTURE

A. SAR Backscatter

Because of difficulties associated with the effect of
temporal decorrelation on interferometric data [Ahmed et al.,
2010], much of the radar analysis for relating vegetation
structure to  observables that are available from
ALOS/PALSAR, much of the effort in this task was
associated with analyzing the backscatter data at both co-
polarized (HH) and cross-polarized from ALOS, and
compared with similar observations made by NASA’s
airborne UAVSAR. Shown in Figure 9 is the observed
relationship between the cross-polarized radar backscatter
power and field measured biomass (from DBH) as described
in Section IIA, plotted as a function of resolution and the
number of looks. Observations were also collected over
multiple days (a ten day period for UAVSAR) and same-
seasons, but multiple months and years using PALSAR.
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Figure 9. A comparison of UAVSAR (black dots) and PALSAR backscatter
(x’s) as a function of geographic area and the number of looks. The upper
plot illustrates the observed backscatter at a resolution of 25x25m and the
lower plot, using one hectare size plots, obtained from the ground validation
effort described in Section IIA. Multiple observations were obtained over

same-seasons (ALOS) and within a ten day period (UAVSAR).

What can be determined from Figure 9 is the fact that at
narrow resolutions, the backscatter power is dominated by
speckle (top plot). This can be noted because the UAVSAR
instrument has a much higher single-look resolution than
ALOS (1.5m versus 12m), and therefore more looks can be
made for one ground validation subplot (upper plot) or ground
validation hectare (lower plot). Here it can be seen that while
the mean backscatter from both UAVSAR and PALSAR are
similar, the variation in PALSAR is much greater.

Note too that as the resolution is reduced from 25x25m
subplots to one-hectare plots, the variation in backscatter as a
function of biomass is much reduced, and the functionality of
this relationship follows the exponential model for backscatter
(red line) that is often used for characterizing this relationship.
What this demonstrates is that the natural variability that is
expected within a region of “uniform” vegetation growth and
homogenous or heterogeneous species population (which is
how the one hectare plots were chosen), has considerable
variability within the plot. In short, as these within-plot
variations are removed through averaging, the expected
functional relationship between SAR backscatter and biomass
becomes more apparent.

Shown in Figure 10 below is a more concise comparison
of the observed cross-polarized backscatter from UAVSAR
(with 3520 looks; 80 MHz) versus PALSAR (112 looks; 28
MHz) over the fifteen, one hectare ground validation regions.
The increased variation in PALSAR can be attributed to the
dominance of speckle, even at these courser resolutions. This
courser resolution is a function of the bandwidth of the
instrument, and ultimately is a fundamental limiting factor in
collecting spaceborne data. The effect of this limitation in
characterizing the backscatter, and ultimately the estimation of
biomass, can clearly be seen in this set of figures.
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Figure 10. Comparison between UAVSAR and ALOS/PALSAR cross-
polarized backscatter for the fifteen, one hectare plots. Similar to Figure 9, it
can be seen that the variation in backscatter for ALOS is much larger than that
for UAVSAR. This difference in behaviour for the two instruments can be
attributed to the improved resolution (higher bandwidth) of UAVSAR
compared to PALSAR.

As a final analysis that was performed with the PALSAR
and UAVSAR data, was a comparison of the observed co-
polarized (HH) and cross-polarized (HV) backscatter over the
fifteen, one hectare plots. The results of this comparison are
shown in Figure 11, where the backscatter is plotted as a
function of biomass, and shown against a exponential function
often used to provide an empirical relation between these two



quantities. It can be seen in this set of plots that while the
absolute value of the backscatter does change depending on
the polarization (-12 dB for cross-pol versus -7 dB for co-pol),
the dependence of this backscatter on biomass does not change
appreciably between the two types of observations. What this
essentially means, from the first-order point of view depicted
in Figure 11, is that the amount of information that is sensitive
to the volume of vegetation, between these two measurement
types, is essentially the same, at least for the fifteen plots used
for comparison by this study.
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Figure 11. A comparison between cross-polarized (HV; left) and co-polarized
backscatter and biomass. These two plots show that the two measurement
quantities have a similar behavior in terms of their fundamental relationship to
biomass.

B. SAR Interferometry

As described in Section IIC, the data collected by ALOS over
Western Massachusetts, could not only be used for the
backscatter versus biomass analysis described in the previous
section, but also for forming interferograms which could
possibly be used to explore the sensitivity of vegetation
structure (or biomass) to the interferometric variables of phase
(relative to a known DEM, such as that available from SRTM)
and coherence, as in [Treuhaft and Siqueira, 2000]. For this
project, both of these avenues were explored using the data
made available through the K&C Initiative. The set of plots
and images shown in Figure 12, below, provide a summary of
this analysis in graphical form.

The first of these plots (topmost) shows the LVIS ground
topography (bottommost line), the LVIS canopy top
topography (topmost line), the SRTM topography (blue line),
and the topography observed by ALOS, after using the
Gamma interferometric processing software and the SRTM
DEM as a reference for phase unwrapping and baseline
calculation (red line with ‘dot’ symbols). While the overall
behavior  of interferometric = phase  obtained by
ALOS/PALSAR repeat-pass interferometric processing can be
considered to be quite good in this example, it is difficult to
see a direct relationship between the interferometric
penetration into the canopy and the canopy height itself. In
other words, the interferometric processing for phase does do
a reasonable job of determining the topography, but its
relationship to the vegetation structure is not apparent. This
observation, obtained from this plot, has also been verified by
making a direct comparison of this penetration depth versus
the vegetation height, through an analysis not shown in this
short paper. Suffice it to say however, that no direct

relationship was observed by making a plot of these two
quantities against one another.

The lower plot of Figure 12 shows the ‘best fit’
relationship between the interferometric correlation magnitude
and the observed vegetation height, projected onto the same
set of axes as the upper plot of this same figure. In this case,
the vegetation height is calculated not by the differential
penetration between the ALOS/PALSAR repeat-pass
interferometric data and the SRTM data, but by relating the
correlation magnitude to the vegetation height using an
empirical  relationship  between the interferometric
observations and the vegetation height measures available
from the LVIS sensor. It can be seen in this plot that while on
average the correlation magnitude dependent estimate does
correctly estimate the vegetation height (which would be
expected given that an empirical fit was used), it does not in
general perform well at correlating to the vegetation height
variations seen in the lidar data. In short, the observed
correlation magnitude from ALOS/PALSAR repeat-pass
observations does not perform well in estimating the lidar
derived vegetation height.
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Figure 12. Plots and images used to explore the interferometric response to
vegetation height and perhaps biomass. See comments within the plots and
text within Section IIIC for details.

The reason for this general lack of sensitivity between the
interferometric observations of correlation magnitude and
phase can be generally attributed to the effect of temporal
decorrelation in the data (which affects both the magnitude
and the phase; see [Ahmed et al., 2010]) and the effect of
differential propagation paths of the L-band signal through the
troposphere (which affects primarily the phase). A clear
picture of this effect can be seen in Figure 13, where a
histogram of the observed correlation is shown alongside an
image of the correlation magnitude for a repeat-pass
interferogram from PALSAR in the Harvard Forest region. It
can be seen here that the observed correlation magnitudes are
much less than what would be expected for a short baseline
(100m) and 20m tall trees. The image below confirms this
fundamental lack of sensitivity to vegetation structure, in that



there is no discernable trend in the image shown in Figure 13,
which indicates that the observation is geographically varying
in a manner consistent with the vegetation characteristics
know to exist on the ground.

Figure 13. A histogram and image of the observed interferometric correlation
over the Harvard Forest region.

C. Lidar Analysis

As a final part of our study, the full waveform lidar data
described in Section IID was used to relate the observed lidar
height to the ground validated biomass measurements made
within the 225 subplots that made up the 15 one hectare
regions, complete with 16 25x25m subplots. The resulting
linear relationship that was used to relate the measured
biomass to the LVIS measured height (rh100) is shown in
Figure 14. While it can be seen in this figure that the
relationship between biomass and the lidar measured height is
somewhat loose, a trend does exist that can be explored
further.
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Figure 14. Plot of field measured biomass over the 225 subplots that make up
the components of the 15 one hectare plots in the Harvard Forest, versus the
lidar measured heights, known as the rh100 (height of 100% energy).

One way of using the data shown in Figure 14 is to extend
the relationship between the field-measured biomass to the
entire area covered by the lidar. A result of applying this
relationship to the LVIS observed region over the Harvard
Forest is shown in Figure 15.
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Figure 15. An LVIS-derived biomass map over the Harvard Forest. Shown in
the above image is a plot of the biomass as a function of geographic location,
measured in 30m pixels. The lines drawn on top of the image is the nadir
track of the LVIS instrument, with the red track being shown as a plot in the
lower part of the figure.

IV. RESULTS AND SUMMARY

The work carried out in this phase of JAXA’s K&C
Initiative has produced number of important results. While it
could be argued that these results are specific to the Harvad
Forest region, the methodology employed is applicable to a
number of other regions in the Northeastern United States and
in the Queensland region of Australia. Indeed, our group is
actively in the process of producing these additional analyses,
and it is expected that this will be forthcoming over time.

In summary however, the important conclusions and
summary of work that have been reached as a result of this
study are:

* A total of fifteen one-hectare ground validation sites
were established at the Harvard Forest. The one
hectare plots were split into sixteen 25x25m subplots,
and the vegetation was characterized in terms of
diameter at breast height, species, and live or dead. In
addition, UAVSAR, ALOS/PALSAR, and LVIS lidar
data was collected over the larger Harvard Forest
geographic region.

*  The inherent resolution of the ALOS sensor (28 MHz)
requires that a minimum number of independent
samples (i.e. looks) be used in relating the backscatter
measurements to biomass. This number of looks
makes the minimum resolution for the biomass
estimate to be on the order of one hectare or greater.

*  Our comparison between co-polarized and cross-
polarized backscatter over one hectare regions,
indicates that there is some improved sensitivity to
biomass using the cross-polarized measure, but that
this sensitivity masked by other variables associated
with the observed backscatter response.

* The use of repeat-pass interferometric observations
(either interferometric phase or correlation magnitude)
available from ALOS/PALSAR for characterizing the
vegetation structure, is limited because of the effect of
temporal decorrelation on the observations.



* A relationship was established between the lidar
measured vegetation height (rh100) and the field-
measured biomass. This relationship was extended
over the full coverage area of the lidar data, and a
biomass map of the region was created.
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