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Abstract— A
tomographic
synthetic
aperture
radar
(TomoSAR) represents a possible route to improved retrievals
of forest parameters. Simulated orbital L-band TomoSAR data
corresponding to the proposed Satellites for Observation and
Communications-Companion Satellite (SAOCOM-CS) mission
(1.275 GHz) are evaluated for retrieval of above-ground biomass
in boreal forest. L-band data and biomass measurements,
collected at the Krycklan test site in northern Sweden as part
of the BioSAR 2008 campaign, are used to compare biomass
retrievals from SAOCOM-CS to those based on SAOCOM SAR
data. Both data sets are in turn compared with the corresponding
airborne case, as represented by experimental airborne SAR
through processing of the original SAR data. TomoSAR
retrievals use a model involving a logarithmic transform of
the volumetric backscatter intensity, Ivol , defined as the total
backscatter originating between 10 and 30 m above ground.
SAR retrievals are obtained with slope-compensated intensity
γ 0 using the same model. It is concluded that tomography using
SAOCOM-CS represents an improvement over an airborne
SAR imagery, resulting in biomass retrievals from a single
polarization (HH) having a 26%–30% root-mean-square error
with a little to no impact from the look direction or the local
topography.
Index Terms— Biomass, boreal forest, L-band, Satellites
for Observation and Communications-Companion Satellite
(SAOCOM-CS), tomography.

I. I NTRODUCTION

T

HE Argentinian Satellites for Observation and
Communications (SAOCOM) are a near term earth
observation mission consisting of a pair of identical satellites
(SAOCOM-1A/1B) and will provide the National Commission
for Space Activities of Argentina with L-band synthetic
aperture radar (SAR) remote-sensing capabilities. In 2013,
the European Space Agency (ESA) was presented with
the opportunity to include a passively receiving companion
satellite, provisionally designated SAOCOM-Companion
Satellite (SAOCOM-CS), on the launch of SAOCOM-1B.
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The SAOCOM-CS would fly in formation with SAOCOM-1B
and permit the acquisition of bistatic, specular, single-pass
interferometric, and multipass tomographic L-band SAR data
depending on orbital configuration. Basing SAOCOM-CS
on the development already performed for SAOCOM
and including only the receiving elements aim to lower the
technical and economic risks, with work under way to evaluate
feasibility and potential scientific return of the proposal [1].
An important potential application is retrieval of aboveground biomass estimates for forests. Forest biomass is a large
unknown in current climate modeling, and forest monitoring
on a global scale has a large economic and environmental
impact. This is reflected in the selection of future earth
observation missions and instruments, with BIOMASS and
Global Ecosystem Dynamics Investigation (GEDI) being two
examples. BIOMASS, a spaceborne P-band SAR, will be
ESA’s seventh Earth Explorer mission [2], [3] while the
GEDI full waveform lidar will be added to the International
Space Station as part of NASA’s Earth Venture Instruments2 Program [4]. It can be envisioned that SAOCOM-CS, being
an L-band system, would be able to add further observational
capabilities and increase both temporal and spatial coverage,
especially for those areas of high-latitude boreal forest where
observations will be limited for these missions due to spectrum
and orbital constraints.
Both airborne and spaceborne L-band SAR systems can
provide data for biomass estimation in boreal forests using
polarimetric SAR backscatter intensity or interferometric
height [5]–[7]. The SAOCOM-CS would provide tomographic
profiles as well, which provides information on the vertical
scattering distribution. This motivated an evaluation of boreal
forest biomass retrieval methods using simulated tomographic
SAOCOM-CS data which was part of a 2015 ESA study [8].
It has been shown that tomographic L-band profiles can
improve biomass retrievals in temperate forest [9]. This
letter is the first to evaluate boreal forest biomass retrieval
using L-band tomographic data corresponding to a satellitebased sensor. Tomographic observables are computed from
SAOCOM-CS tomograms, simulated by processing airborne
L-band SAR images, and used in regression models with
in situ measurements from a Swedish forestry test site
providing training and validation data sets.
II. E XPERIMENTAL DATA
All data used for this letter originate from the
2008 BioSAR-2 campaign, which was one of a series
of data acquisition campaigns done in support of the future
BIOMASS P-band SAR mission [10].
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Fig. 2. TomoSAR geometry in the height/ground range plane. The bluish
balloons indicate the geometrical extent of the tomographic voxel.

B. Tomographic Processing

Fig. 1. Map of the area in Krycklan covered by the L-band SAR data used
(black outline) and forest stands (red outlines). Circular plots used for training
data (green). In situ stands used as validation data (blue).

A. BioSAR 2008
BioSAR-2 took place during the late summer and autumn
of 2008 and focused on the Krycklan boreal forestry test
site. Krycklan is a fairly topographic river catchment located
in the north of Sweden (Latitude 64°14N, Longitude 19°50 E)
and contains stands of Norway spruce (Picea abies) and
Scots pine (Pinus sylvestris) in varying proportions with some
deciduous elements. The campaign involved extensive field
measurements focusing on 31 preselected forest stands of
varying shapes and sizes (from 1.5 to 22 ha). Measurements
of tree diameter at breast height as well as species, height,
and age were taken in circular plots of 10-m radius placed
on a regular grid within the stands (about ten plots per
stand) [10]. These were used to obtain stand-level estimates
for a set of forestry parameters including biomass values with
an estimated error of 15% [11].
Coinciding with the forest inventory work was a site
covering helicopter-based lidar acquisition on August 5 and
6. These lidar data were processed into digital terrain models
and digital canopy models (DCMs) with a 0.5 m × 0.5 m
resolution. A 10 m × 10 m forest biomass map was generated from the DCM using in situ data from the previously
mentioned stands together with an extended set of 110 field
plots [10], [12]. A comparison between the in situ inventorybased stand estimates of biomass and the corresponding map
estimates gives a root-mean-square error (RMSE) of 14 t/ha
(16% of the in situ stand biomass average of 93 t/ha).
Several sets of P-, L-, and X-band SAR images were
acquired on October 14 and 15, 2008 using DLR’s experimental airborne SAR (E-SAR) system. This analysis is based
on the two sets of L-band images with the largest common
coverage: a 3 km by 10 km area running north-west to southeast which covers 26 of the 31 in situ stands (see Fig. 1).
The two sets correspond to two parallel flight paths, one on
a heading of 134° looking in the north-east (NE) direction
and one on a heading of 314° looking in the south-west
direction. Six horizontally separated baselines were flown
for each heading to enable future tomographic processing,
resulting in a total of 12 fully polarimetric L-band SAR
images [7], [10], [12].

A tomographic SAR (TomoSAR) is a microwave imaging
technology to focus the illuminated scatterers in the 3-D space,
by jointly processing multiple acquisitions from parallel trajectories [13]. The TomoSAR has been used by different research
groups in the last years and applied in fields, such as 3-D urban
analysis [14], 3-D analysis of snowpack [15], ice [16], [17],
glaciers [18], [19], and of course forestry [20]–[22].
In the TomoSAR, multiple flight lines allow the formation
of a 2-D synthetic aperture, which allows focusing the signal
not only in the range-azimuth plane, as in conventional 2-D
SAR imaging, but also in elevation.
A sketch of this concept is shown in Fig. 2, where the
SAR resolution cell is split along elevation into several tomographic resolution cells. The geometrical resolution in range
and azimuth direction is the same as conventional 2-D SAR,
that is r = (c/2B) and x = (λ/2L s )R, where r
and x indicate range and azimuth, respectively, c is the wave
velocity in vacuum, B is the pulse bandwidth, λ is the carrier
wavelength, L s is the synthetic aperture length (in azimuth),
and R is the stand-off distance from the imaged target. Resolution in elevation follows from the overall baseline aperture:
v = (λ/2bap ), where v indicates elevation and bap is baseline
aperture [13]. Vertical resolution is roughly obtained as z 
v · sin θ , where θ is the incidence angle [23].
The application of TomoSAR using spaceborne sensors
is hindered by the fact that different baselines are usually
acquired at time lags on the order of days, limiting the
analysis to temporally stable targets (like urban scenarios).
A possible mitigation to this potentially limiting scenario is the
employment of single pass interferometers, as in the case of
Tandem-X (currently operating) and possible future systems,
such as Tandem-L and SAOCOM-CS [24], [25].
Such systems achieve the 3-D imaging capabilities by
collecting a number of simultaneous interferometric pairs
acquired by two satellites, as depicted in Fig. 3. The observed
complex coherence corresponds to a particular vertical
wavenumber of the imaged scene, depending on the interferometric baseline, i.e., the across-track distance between the
two satellites [26]. By collecting multiple pairs with a varying
interferometric baseline, it is then possible to obtain multiple
vertical wavenumbers, which allows the reconstruction of the
vertical distribution of the backscattered power of the imaged
scene through spectral-estimation techniques [24], [25].
Table I summarizes the performance requirements for
SAOCOM-CS TomoSAR acquisitions over boreal forests.
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Fig. 3.
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Tomographic imaging from multiple incoherent passes.
TABLE I
S UMMARY OF SAOCOM-CS T OMO SAR R EQUIREMENTS
Fig. 4. Example NE-looking HH tomograms for (Top) E-SAR and (Bottom)
SAOCOM-CS showing the reduced resolution of the latter. A lidar-derived
forest canopy profile (red line) and the local topography (black line) are
included for reference.

BioSAR-2 data have been processed using a Fourier beamformer and calibrated as described in [27], utilizing both the
full 94-MHz E-SAR bandwidth as well as 50 MHz corresponding to the SAOCOM system (by reducing the bandwidth
in the frequency domain). The resolution is 1.5 m in slant
range by 1 m in azimuth for E-SAR while the nominal ground
plane resolution specified for SAOCOM is 10 m by 10 m.
The SAOCOM-CS would provide data at 50 m by 50 m with
at least 25 looks [8].
At near range, the tomographic configuration of the simulated data is a good match to that envisaged for the
SAOCOM-CS, with an identical vertical wavenumber range
of 0.1–0.4 m−1 and an incidence angle of 25° compared
with 23°–27° for the SAOCOM-CS. The results represent a
lower limit for the SAOCOM-CS as the data performance
decreases in far range, and the resolution was limited equally
across the scene. It is worth noting that the near and far
range regions are swapped for the two headings. Geocoding
errors of the tomographic data were checked using a set of
trihedral corner reflectors, with four being visible in each
original image, and found to be on the order of the original
resolution. Representative examples of each tomographic data
set can be seen in Fig. 4.
All SAR backscatter data were obtained from one image per
heading, corresponding to a single baseline, using the same
parameters and projection as for the tomographic case.
III. M ETHODOLOGY
A. Observables
γ 0 is a calibrated and slope-compensated intensity parameter [28] and was chosen for the SAR data as it has shown
a good sensitivity to biomass and a little dependence on
the incidence angle at the L-band [6], [7]. For tomographic
evaluation, the parameter chosen is the volumetric backscatter

 z=30m
intensity, Ivol = z=10m I (z)dz, i.e., the integrated tomographic backscatter intensity I (z) between 10 and 30 m with z
being the vertical height above ground. The energy conserving
properties of the Fourier beamformer in combination with the
vertical integration result in Ivol , retaining the dimensionality
and calibration of the original SAR data.
While approaches such as the Legendre basis decomposition
of the vertical profile used in [9] can provide more information about forest structure, Ivol is intended to minimize
the modification of previous backscatter-based models while
removing the impact of slope and other effects associated with
the ground backscatter. Using 10 m to distinguish between
forest volume and ground produced good results in this case,
but the thresholds should be reevaluated for other data sets.
B. Retrieval Model
A common approach to the regression analysis is to find
a transformation that results in a linear relationship between
the variable of interest and the observables, to which a linear
model can then be fitted. In this case, a logarithmic transform
of biomass and a conversion to decibels proved adept resulting
in (1). The model is fitted nonlinearly to obtain a linear error
with regard to biomass
 0  

+
B̂ = exp a0 + a1 γHV
dB
B̂ = exp(a0 + a1 [Ivol,HH]dB ) + .

(1)

Each model implementation incorporates a single polarization due to the polarimetric components being highly correlated, with Pearson’s correlation coefficients of 0.85–0.90 for
SAOCOM-CS training data. The best performing polarizations
were found to be HV for γ 0 and HH for Ivol . The model was
used and evaluated for γ 0 at the P-band in [12].
C. Statistical Evaluation
Training data are obtained using a set of virtual forest
plots represented by the green circles in Fig. 1. These
are 50-m-radius circular plots randomly placed within
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TABLE II
F ITTING P ERFORMANCE S TATISTICS FOR THE D IFFERENT
PARAMETERS AND M ODELS

Fig. 6. Retrievals based on the volumetric HH backscatter, Ivol,HH , obtained
from tomographic data corresponding to (a) E-SAR and (b) SAOCOM-CS.

evaluation of the errors. The symmetrical shape and constant
size of the virtual plots were specifically chosen to facilitate
model fitting.

Fig. 5.
Retrievals based on SAR γ 0 HV data for (a) E-SAR and (b)
SAOCOM.

homogeneous forest stands while maximizing the area
coverage and minimizing the topographic variation within
plots. All plot and stand borders are separated by at least
10 m to eliminate spatial overlap of the data. Plot averages
of the corresponding data pixels are used as input together
with biomass values averaged from the corresponding pixels
of the BioSAR-2 biomass map, spanning from 5 to 268 t/ha.
A separate set of 26 stands with in situ measurements
available is used for validation. These are shown in blue
in Fig. 1 and the corresponding data are evaluated at the
original resolution before being averaged for each stand. For
each retrieval, the coefficient of determination (R2 ), RMSE,
and bias values are shown in Table II together with the fitted
model parameters.
The choice of which data set to use for training and
validation is based on having a larger set for regression while
reserving the smaller but higher quality set for validation
in order to have a high confidence in the reported behavior and

IV. R ESULTS
Biomass retrievals obtained using SAR γ 0 intensity data
and (1) are shown in Fig. 5, with the results from the highresolution E-SAR data on top and the reduced bandwidth
SAOCOM data on bottom. Similarly, Fig. 6 shows the results
obtained for the volumetric backscatter, Ivol with the full
resolution E-SAR data on top and the simulated SAOCOM-CS
data on bottom. The fitted model parameters can be found
in Table II.
V. D ISCUSSION
As seen from Fig. 5, γ 0 data result in consistent fits with
the sizes of the training plots and validation stands being
sufficient to negate any impact of the reduced resolution for the
SAOCOM. The retrievals indicate some saturation with higher
biomass values being underestimated, although the number of
validation stands in this range is limited.
The tomographic retrievals shown in Fig. 6 and Table II
indicate that Ivol is more linearly dependent on biomass,
especially for the lowest and highest values. It is clear
that biomass retrievals are improved by even the limited
suppression of ground level backscatter possible at this vertical
resolution. Higher resolution tomography would allow a lower
threshold for Ivol . E-SAR results are marginally better than
the SAOCOM-CS (mostly reflected in the training residuals),
which shows the limited impact of the reduced resolution.
Of note is also a larger difference between the two headings
which is consistent with the variation in vertical resolution
across the scene.
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Having a good performance using only a single polarization
is beneficial from both a technical and operational perspective
where acquiring data at multiple polarizations is often traded
for coverage or resolution. Improved data might be needed
to fully evaluate the performance as the lowest RMSE values
obtained are approaching the error of the training and validation data sets. Further incorporating polarimetric and/or phase
information is also a possible future improvement.
VI. C ONCLUSION
This letter provided a preliminary assessment of the capability of SAOCOM-CS tomography concerning forest biomass
retrieval. The analysis was based on a synthetic data-stack
simulated from campaign airborne data. The use of simulated
spaceborne data was observed to produce improved biomass
retrievals compared with the original airborne intensity data,
although not quite as good as the airborne tomographic data.
In particular, a parameter obtained from the vertical tomographic intensity profile and the backscatter originating from
the forest volume resulted in retrievals with an error of 26%–
30% using only HH polarization. Moreover, these results were
obtained using 50-m plots, which suggest further improvement
by aggregating the data at a larger scale.
It is important to remark that a comprehensive assessment of
the capability of SAOCOM-CS concerning biomass retrieval
would include not only the elements that we considered in this
letter, such as spatial resolution and geometrical baselines, but
also others, such as system noise, ambiguities, and bistatic
synchronization. Also forest type is indeed to be considered.
Still, we deem that the results of this letter are encouraging
regarding the applicability of the SAOCOM-CS tomography
for forest biomass retrieval. Future research will be focused
on performance assessment with more realistic simulations as
well as on extending the investigation to different forest sites.
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