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Abstract—This article addresses the implementation of an above
ground biomass (AGB) estimation scheme relying on the height-to-
biomass allometry at stand level in the context of the synergistic
use of continuous TanDEM-X (bistatic) interferometric synthetic
aperture radar acquisitions and spatial discrete GEDI waveform
lidar measurements. The estimation of forest height and horizontal
forest structure from TanDEM-X data in the absence of a digital
terrain model (DTM) is discussed. The possibility of estimating
(top) canopy height variations independent of topographic height
variations is discussed using wavelet-based scale analysis. This un-
derstanding is then exploited to define a structure index expressing
the (top) canopy-only height variations in the absence of a DTM.
The potential of using the derived structure information to account
for the spatial variability of height-to-biomass allometry derived
from the GEDI measurements is addressed. The performance of
the conventional height-to-biomass allometry and the one achieved
by the locally adapted implementation are compared against refer-
ence lidar measurements and discussed. The analysis is carried
out using GEDI and TanDEM-X interferometric measurements
and validated by using LVIS lidar measurements over the Lopé
National Park, a diverse tropical forest test site in Gabon.

Index Terms—Above ground biomass (AGB), forest height,
forest structure, GEDI, synthetic aperture radar (SAR), SAR
interferometry, tandem-x, waveform lidar.

I. INTRODUCTION

THE potential of spaceborne LiDAR or interferometric syn-
thetic aperture radar (InSAR) configurations to measure

forest height at spatial scales of about or below 1 hectare (ha)
motivates the use of the so-called forest height-to-biomass al-
lometry at stand level. Accordingly, the above ground biomass
(AGB) B of a stand is expressed in terms of an exponential
allometric relationship as a function of its top canopy height H
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[1], [2], [3], [4], [5]

B = α0 ·Hβ0 (1)

where α0 is the allometric level and β0 the allometric exponent.
The allometric exponent β0 defines the underlying allometric
relationship defined by species composition, growth conditions,
and development stage. The allometric level α0 accounts for an-
thropogenic or natural variations in stand density resulting from
differences in basal area, age composition, thinning operations,
and/or different disturbance effects.

Obviously, any practical application of (1) requires knowl-
edge of the two allometric parameters α0 and β0 and of their
spatial variability in addition to accurate measurements of top
canopy height. And while the allometric exponent can remain
constant over larger scales, the allometric level may vary locally
at much smaller scales.

This article addresses the implementation of an AGB estima-
tion scheme relying on a stand-level height-to-biomass allome-
try as defined in (1), in the context of a synergistic combination
of data provided by two different Earth observation missions: the
DLR’s InSAR TanDEM-X mission [6] and the NASA’s wave-
form Lidar GEDI mission [7]. GEDI samples forest structure
by means of lidar waveforms in a more or less dense grid and
provides forest height measurements and a set of waveform
metrics that allow to estimate AGB [7], [8]. Complementarily,
TanDEM-X provides a continuous high spatial resolution InSAR
data set with inherent sensitivity to (vertical) forest structure. In
the context of (1), spatially continuous forest height estimates
derived from the interferometric TanDEM-X data can be used
to obtain spatially continuous AGB estimates as long as (α0,
β0) are known. While the GEDI forest height and biomass
measurements can be used to estimate the allometric exponentβ0

and to define the general height-to-biomass allometry at regional
or even finer scales, they may be not able to derive the faster
varying allometric level α0. The question is therefore if, and if
so, how accurate the spatial variability of α0 can be derived (or
tracked) from TanDEM-X InSAR data.

Indeed, the partial or even complete reconstruction of the 3D
radar reflectivity from InSAR or tomographic SAR data and
the derivation of a number of (more or less physical) structure
indices related to the horizontal and/or vertical forest structure
have been demonstrated in several studies [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18]. In [18], a horizontal forest
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structure index HS derived from InSAR TanDEM-X data has
been successfully used to account for the spatial variability of
the allometric level in heterogeneous forests

B = α (HS) ·Hβ0 (2)

and to improve biomass estimation performance. HS quantifies
the height variability of the top canopy “surface.” An increase
in HS indicates a more heterogeneous canopy surface in the
horizontal direction and is interpreted as a sparser forest stand.
There are two arguments in favor of using HS: its close cor-
relation with the well-established stand density index [19] and
thus with basal area [16] and the fact that it can be derived from
InSAR TanDEM-X data. However, the estimation of HS in [18]
requires the availability of a digital terrain model (DTM). The
lack of appropriate DTMs for most of the forested regions limits
the application of (2) for biomass estimation.

In this article, the relationship in (2) is applied to a very general
case where only a single polarisation TanDEM-X interferogram
and a set of spatially discrete GEDI waveform measurements are
available, but no DTM is provided. The intention is to develop
a methodologic concept under the perspective of forest biomass
inversion on a large scale rather than discussing the optimization
of performance on a local scale.

Forest height is derived from TanDEM-X data. Many different
ways to invert forest height from TanDEM-X data have been
discussed in the literature [20], [21], [22], [23], [24]. In the
case of TanDEM-X data acquired in the global digital elevation
model (DEM) mode [6], the availability of a single polarisa-
tion interferogram allows only a highly simplified inversion
implementation. This can be only done on the basis of very
simplified inversion models, which often need to be supported by
additional information, e.g., by using parameters derived from
lidar measurements and/or an external DTM [24], [25]. Here,
the methodology proposed in [24] and [25] which inverts height
from TanDEM-X interferometric coherence using the available
GEDI waveforms has been used. The advantage of the proposed
approach is that it allows unbiased height estimates over large
scales in the absence of a DTM. The price for this is a high(er)
variance when compared to other approaches.

The allometric level α0 and exponent β0 are derived from the
GEDI footprint measurements. The dependency of the allomet-
ric level on the forest structure indexα(HS) is no longer possible
to be established in the absence of a DTM in the context of [18].
Instead of using a DTM for removing the topographic variation
in the estimation of HS, the low-pass filtered TanDEM-X DEM
is used. Even though this approach is well established in inter-
ferometric data processing, here it has to be evaluated to what
extent and on which spatial scales the phase variations induced
by the terrain can be separated from the phase variations induced
by the vegetation and to what extent it affects the performance
of the HS estimation.

The rest of this article is organized as follows. Section II de-
scribes the selected forest site for the experiments, i.e., the Lopé
National Park in Gabon, the experimental data (TanDEM-X and
GEDI), and the reference height and biomass measurements
available. Section III addresses the estimation of a horizontal
structure index from TanDEM-X data in the absence of a DTM.

In Section IV, the forest height estimation from TanDEM-X
data is reviewed. The use of the derived horizontal structure
information to improve forest height estimation performance
is proposed. Section V addresses the derivation of the forest
height-to-biomass allometry from the GEDI measurements. In
Section VI, the biomass estimation using the height, structure,
and GEDI derived height-to-biomass relations is performed and
assessed. Finally, Section VII, concludes this article.

II. TEST SITES AND DATA SETS

The experiments in this study focus on an area within the Lopé
National Park in Gabon covered during the AfriSAR campaign
in 2016 [26], [27]. The site consists of a variety of forest structure
types ranging from open savannas to undisturbed tall (sometimes
exceeding 50 m) and dense forest stands. Colonizing forest
(sparse forest stands mixed up with savanna) or monodominant
Okoume (dense, mono-layered, tall, and dense forest stands) are
two particular cases [28], [29], [30], [31], [32]. Biomass ranges
between around 10 t/ha in savanna areas and ∼600 t/ha in the
dense forest areas. The terrain is hilly with many local slopes
steeper than 20°. The available lidar and radar data are described
in the following and summarized with their resolution in Tables I
and II.

Lidar full-waveform data were collected by NASA’s Land and
Vegetation and Ice Sensor (LVIS) in February 2016 [27]. LVIS
footprints have a mean diameter of about 22 m and overlap
partially on ground [27]. At each footprint, the RH100 (the
height above ground at which 100% of the full-waveform energy
is cumulated) is estimated from the waveform. The RH100
heights have been projected in geographic UTM coordinates
and resampled at a 20 m grid. These resampled RH100 heights,
denoted in the following as HLVIS, are shown in Fig. 1(a) and
are used as a reference for the validation of the TanDEM-X
height estimates. The reference LVIS heights HLVIS are further
averaged to a 50 m × 50 m and a 100 m × 100 m resolution.
The obtained heights are referred as HLVIS50 and HLVIS100,
respectively. Furthermore, two AGB maps at 50 m × 50 m
(referred as BLVIS50) and 100 m × 100 m (referred as BLVIS100)
resolution, both estimated from the LVIS waveforms, are used
as biomass reference. These AGB maps have been obtained by
means of a relationship formally equivalent to the one in (2).
The RH98 is used to calculate the top forest height, while RH90,
canopy cover, and regional values of wood specific gravity are
used to calculate the allometric level. The relationships are
further parameterized by using the field inventory plots [28],
[29]. The DTM and the canopy height model (CHM) resampled
at 1 m × 1 m resolution have been used as well. Both of them
were derived from small-footprint (10 cm) discrete-return lidar
data acquired in July 2015 covering part of the Lopé site [32].

The TanDEM-X dataset was selected to be acquired close in
time to the LVIS flights. The relevant acquisition parameters are
summarized in Table II. The mean height of ambiguity (HoA) of
about 65 m allows optimum forest height estimates in the range
between 15 and 45 m [25], [33]. For shorter and taller heights,
the forest height estimation performance is expected to be more
or less compromised [33].
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TABLE I
SUMMARY OF LIDAR DATA AND TANDEM-X PRODUCTS

TABLE II
SUMMARY OF TANDEM-X ACQUISITION PARAMETERS

The GEDI data over Lopé available for this study have been
acquired in the first 18 months of the mission between April 2018
and October 2019. For each International Space Station pass, the
three GEDI lasers collected data along eight tracks separated by
about 600 m in the across-track direction. Along each track,
waveforms with a footprint of approximately 25 m diameter are
measured every 60 m. In Lopé, this results into 12 000 footprints
distributed as shown in Fig. 1(b) corresponding to only 0.6% of
the LVIS coverage. The GEDI waveforms, the Level 2A RH100
values (referred as HGEDI) [34], as well as the derived Level 4A
AGB values (referred as BGEDI) [35] have been used to initialize
the height estimation from TanDEM-X coherences and to define
the height-to-biomass relationship(s).

III. HORIZONTAL STRUCTURE INDEX ESTIMATION

Originally, the estimation of the horizontal forest structure
index was proposed either from tomographically reconstructed
radar reflectivity profiles at L-band or from lidar waveforms [16],
[17]. In [18], a similar—yet simplified—horizontal structure
index has been derived from CHPs, i.e., the histograms of the
InSAR “few-look” phase center heights [23], [36], [37] within a
certain resolution cell. In particular, the variation of top canopy
height reflected by the CHPs after the compensation of the
terrain-induced (height) variations by using an available DTM
was used to derive the horizontal structure index. However, in
the absence of a DTM, this approach is not possible for sites
with relevant topographic variations. To circumvent this rather
serious limitation, the question of the existence of spatial scales
at which top canopy height variations are independent or at
least less affected by topographic height variations becomes
important. This question is addressed in the section.

A. Wavelet Variance Analysis

To evaluate the effects of both top canopy and topographic
height variations on the TanDEM-X InSAR few-look phase
at different spatial scales, a wavelet decomposition analysis is
employed, similar to the one proposed and performed in [10] and
[38]. For this, the wavelet spectrum of the TanDEM-X few-look
phase center heights (as obtained by dividing the unwrapped
InSAR phase by the local terrain-corrected vertical wavenumber
κz [33], [39]) are compared with the available CHM spectrum
(representing the top canopy height variations) and the DTM
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Fig. 1. Lopé site. (a) LVIS RH100 HLVIS map in meters (m). (b) Footprint
positions of the available GEDI measurements. Both maps are in UTM coordi-
nates, with spacing (20 m × 20 m) in easting and northing direction, and they
cover around 19 km by 19 km. The black line in (a) indicates a representative
transect used for the wavelet analysis in Fig. 2.

spectrum (representing the topographic height variations), both
derived from the small-footprint lidar data.

For the sake of simplicity, all the height maps were projected
in geographic UTM coordinates and resampled on the same
1 m grid in both easting (x) and northing (y) directions. Before
transforming to UTM, the TanDEM-X few-look phase center
heights have been obtained from a multilooking operation with
resolution 5 m × 5 m (corresponding to six independent looks,
two in range, and three in azimuth) in order to reduce the phase
variance induced by the interferometric decorrelation.

For each height map f(x, y), the wavelet spectrum has been
calculated as a function of the (horizontal) scale parameter s as
[10], [38], [40]

WSs =
〈
c2x,s + c2y,s

〉
(3)

where 〈·〉 indicates a moving average operator within
100 × 100 m cells introduced to reduce local fluctuations. As

Fig. 2. Lopé site: wavelet variance WS as a function of the scale s for the small-
footprint lidar heights (DTM and CHM) and TanDEM-X “few-look” phase
center heights averaged along the representative transect shown in Fig. 1(a).

indicated by their subscripts, all quantities in (3) are 2D in (x, y)
and depend on s, cx,s and cy,s are the coefficients along the x
and y directions associated with the chosen 1D mother wavelet,
respectively. Each value of s corresponds to a dilation of the
mother wavelet, which is used to generate the impulse response
of a filter. Its application to the input height maps along x and y
provides cx,s and cy,s [38]. If the mother wavelet is a symmetric
and odd function of the spatial variable, the corresponding filter
resembles a differential operator producing a (mean) height
difference between points at a distance corresponding to the
scale [38], [40], i.e.,

〈
cs,x

2
〉 ∼=

〈
[f (x + Δx, y)− f (x, y)]2

〉

〈
cs,y

2
〉 ∼=

〈
[f (x + Δy, y)− f (x, y)]2

〉
(4)

with Δx and Δy proportional to s. In this way, WSs reflects
directly 2D variations of the input heights as a function of s [10],
[38]. For the wavelet decomposition, the PyWavelets Python
package [41] has been used with the biorthogonal 1.3 function
as the mother wavelet for a reliable approximation of (4).

Fig. 2 illustrates the behavior of the three (TanDEM-X few-
look phase center heights, and lidar CHM and DTM) WSs as a
function of the scale parameter s averaged along a representative
7-km long north–south transect in Lopé [see Fig. 1(a)] covered
by dense forest stands and with a significant topographic vari-
ation. The relative effect of top canopy and topographic height
variations on the TanDEM-X few-look phase center height at the
different spatial scales becomes clearly visible: while at smaller
scales (up to 10 m), the TanDEM-X phase center height (green
line) is highly correlated with the CHM (blue line) and widely
independent of the DTM (red line), at larger scales (>30 m)
it correlates with the DTM while its dependency on the CHM
decreases fast with increasing scale.

The plot makes clear that the estimation of top canopy height
variations (and consequently the estimation of the horizontal
structure index) by means of the CHPs without compensating
for the terrain-induced height variations is problematic at scales
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larger than 30 m as both top canopy and terrain height variations
are relevant. In order to reflect only the top canopy height vari-
ations, the TanDEM-X few-look phase center height variation
should be estimated at a 10 m scale (or finer). This becomes
difficult due to the phase center height (i.e., phase) variance
induced by interferometric decorrelation.

To compensate for the effect of terrain variations, the
TanDEM-X few-look phase center heights are corrected once
by using the DTM and once with a low-pass filtered (up to a
spatial resolution of 120 m) version of its own. The use of a
low-pass filtered DEM for removing the topographic variation
is an established technique in interferometric SAR processing
[23], [37], [42], [43]. However, the question here is to find at
what scale this is best possible and how much it compromises
the HS estimation performance. The value of 120 m has been
chosen with reference to the behavior of TanDEM-X phase
center heights in Fig. 2: at this scale, the top canopy height
variations are attenuated (with respect to its maximum) while
the topographic ones are maximized. As expected, the DTM
corrected TanDEM-X few-look phase center heights (orange
line) in Fig. 2 follow closely the CHM behavior at all scales.
The self-corrected TanDEM-X few-look phase center heights
(cyan line) behave similarly and follow the CHM heights across
the whole range of scales as well.

B. Structure Index Definition

Based on the analysis above, the horizontal structure esti-
mation framework defined in [18] is now adapted to the self-
corrected TanDEM-X few-look phase center heights. The CHPs
are calculated as the histograms of the self-corrected heights, fol-
lowed by smoothing with a Gaussian window of 3 m width. The
zero height of each CHP is now a local reference height provided
by the low-pass filtered TanDEM-X phase center heights. As the
real ground height is unknown, the determination of the top layer
in which the significant canopy height variations occur is not
straightforward [18]. This requires the definition of a structure
index by means of a relative height. For this, only the peak at the
highest height with a value above threshold, called “top” peak in
the following, of each CHP in a structure cell is retained in a set
Ztop. The threshold is set at 10% of the absolute maximum value
reached by each CHP. This thresholding operation, together with
the histogram smoothing, aims at reducing the impact of using
a small number of looks in the calculation of the phase center
heights and to avoid the creation of insignificant peaks which
may bias the structure quantification. The horizontal structure
index employed here is defined as [44]

σtop =
√

var {Ztop} (5)

where var{·} indicates the variance of the set. A high σtop

indicates large top canopy height variations (i.e., large canopy
roughness) as in the case of a sparse forest, while a low σtop

indicates smaller variations (i.e., low canopy roughness) as in the
case of a dense(r) forest. The use of the CHPs allows to maximize
the sensitivity to the top canopy variations as it accounts only
for the behavior of the “top” peak. Examples of CHPs for two
relevant transects in dense and sparse forests are shown in Fig. 3,

Fig. 3. Examples of consecutive CHPs extracted along two transects in dense
and sparse forest stands (areas A and B in the following of the article). Each
CHP corresponds to a 25 m × 25 m cell on ground. The zero of the vertical axis
represents the low-pass filtered TanDEM-X DEM height in the location of each
CHP. The average ground height is reported (horizontal black dashed lines). For
each CHP, the peak at the maximum height with a value above the threshold
indicated by the vertical blue dashed line is retained in Ztop. The extracted peaks
are denoted with a black dot.

and the “top” peak is marked for each of them. It is apparent that
in the sparse forest case, the “top” peak heights vary in a larger
height interval than in the dense forest case, leading to a larger
σtop.

With reference to the spatial grid samplings and resolutions
in Table I, σtop is derived by means of (5) at 100 m resolution
(i.e., for 100 my× 100 m structure cells) as follows.

1) The single look complex TanDEM-X phase center height
is multilooked to 5 m × 5 m cells (6 looks).

2) The terrain-induced height variations are compensated by
subtracting a low-pass filtered (to a spatial resolution of
120 m) version of its own.

3) The CHPs are calculated at 25 m resolution (i.e.,
25 m × 25 m cells) from 25 phase center height samples
and for each CHP Ztop is derived.

4) The variance of Ztop within a 100 m × 100 m structure
cells, i.e., across 25 Ztop samples (equivalent to 16 inde-
pendent samples), is estimated and used in (5) to calculate
σtop.

The obtained map of Fig. 4 shows sparse forest areas (σtop >
5 m) surrounded by denser ones (σtop < 5 m) in the southeastern
part of the site, while they are distributed along the slopes in the
northwestern one.

Although the proposed horizontal structural index is able
to distinguish dense from sparse forest stands, even to some
extent, σtop becomes ambiguous at forest nonforest transitions,
misinterpreting the step-like height change as increased top
canopy variations, and often classifying the transition zone as
sparse forest. Such border areas can be identified by using a
forest/nonforest mask [45]. When forest and nonforest attributed
samples are present within a 100 m σtop estimation cell, the cell
is set as a border area. In this way, the 3% of the forested area
in the site is classified as a border area and excluded. In order
to exclude an additional error factor from the interferometric



7680 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023

Fig. 4. Lopé site, same area as in Fig. 1. Map of σtop at 100 m × 100 m
resolution.

phase, hilly areas (i.e., slopes larger than 15°) corresponding to
∼10% of the forested area were masked as well, resulting in the
exclusion of low coherence areas characterized by higher phase
noise.

IV. FOREST HEIGHT ESTIMATION FROM TANDEM-X
COHERENCE MAGNITUDE

A. Methodology

For a bistatic single-polarization TanDEM-X acquisition, the
InSAR complex coherence can be factorized as [39], [46]

γ̃ (κz) = γSNR · γrg (κz) · γQ · γ̃V (κz) (6)

where γSNR is the additive noise (SNR) decorrelation, γrg(κz)
is the range spectral decorrelation, and γQ is the quantization
decorrelation. Forest height (HV) is estimated from the volume
decorrelation contribution γV(κz)

γ̃V (κz) = exp (iκzz0)

∫ HV

0 F (z) exp (iκzz) dz∫ HV

0 F (z) dz
(7)

whereF(z) is the vertical distribution of scatterers,HV is the for-
est (top canopy) height [that defines the upper boundary ofF(z)],
and z0 a reference height corresponding to the lower boundary
of F(z). κz is the vertical (interferometric) wavenumber defined
for bistatic interferometers as

κz =
2π

λ
Δθ

sin (θ0 − a)
(8)

where λ is the wavelength, Δθ is the change of the incidence
angle induced by the spatial baseline, θ0 is the nominal incidence
angle, and a is the range terrain slope. The terrain slopes can be
obtained from an available DEM, and for this, the TanDEM-X
DEM has been used.

Following the approach proposed in [25] the available GEDI
waveforms are used to derive a “mean” vertical reflectivity
profile over a whole TanDEM-X scene. For this, first, the so-
called profile matrix [P] is formed with columns of the GEDI

Fig. 5. Lopé site, same area as in Fig. 1. (a) TanDEM-X forest height HTX
in meters (m). (b) Comparison (2D histogram) between HTX and HLVIS. The
height estimation performance in the areas (A) and (B) indicated in (a) is further
investigated in Fig. 6.

waveforms Pi(z) in the scene normalized to unit height (and re-
sampled to a common number of height samples). Accordingly,
the number of rows of [P] is given by the number of height
samples and the number of columns by the number of available
GEDI waveforms. From the profile matrix, a covariance matrix
[R] is formed

[R] = [P] [P]T (9)

where [·]T indicates the transpose operation, and then diagonal-
ized

[R] = [U] [Λ] [U]T (10)

where [Λ] contains the (positive) eigenvalues ai and [U] the
eigenvectors P̄i(z) of [R]. The eigenvectors P̄i(z) of [R] are
then used to compose the mean reflectivity profile

Pmean (z) =
M∑
i=1

aiP̄i (z) (11)

where M represents the number of eigenvectors used to
compose Pmean(z). In the following, only the first eigenfunction
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Fig. 6. Lopé site. (a) Height estimates and related errors for representative dense (area A) and sparse (area B) areas. The locations of areas A and B are illustrated
in Fig. 5(a). First row: small-footprint lidar CHM. Second row: TanDEM-X HTX (25 m resolution). Third, fourth, and fifth rows: height errors HTX100 −HLVIS100
(100 m resolution) for N =1, 5, 25, respectively, as in (12) on the left; and histograms of HTX and HLVIS (25 m resolution) on the right. (b) Maps of σtop over
areas A and B. In the maps in (a) and (b) the black dashed lines separate nonoverlapping height resolution cells measuring 100 m × 100 m.

Pmean (z) = P̄1 (z) has been used for defining the mean
reflectivity profile. The low-frequency profile component given
by the first eigenvector is more appropriate for describing
forest reflectivity over larger spatial scales, since the higher
order profile components may locally mismatch with the actual
reflectivity due to the natural spatial heterogeneity of the forest
structure. In terms of the achieved estimation performance,

the low-frequency profile component is sufficient because the
effect of the vertical reflectivity on the volume decorrelation is
smaller compared to the effect of the forest height.

The use of the mean reflectivity profilePmean(z) instead of the
vertical distribution of scatterersF(z) in (7) leads to a determined
inversion problem of two unknowns, i.e., HV and z0 that can
be inverted by a single complex observation γ̃V(κz). It can
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Fig. 7. Lopé site, same area as in Fig. 1. (a) TanDEM-X forest height HTX100

in meters (m). (b) Comparison (2D histogram) between HTX100 and HLVIS100.

be further simplified to a single-dimensional inversion problem
(with a single unknown HV) by accounting only the absolute
values of (7).

The forest height inversion was performed using a coher-
ence estimation window of 25 m × 25 m (corresponding to
about 150 independent looks), compensating for nonvolumetric
decorrelation contributions (γSNR, γrg, and γQ [46]), deriving the
mean profilePmean(z) using all available GEDI waveforms in the
scene by means of (11) and using both the volume coherence
and the mean profile in (7). Samples with |γV(κz)| < 0.25 and
heights higher than 52 m (i.e., the expected maximum top height
for the actual vertical wavenumber) were discarded. In a final
step, the available GEDI RH100 heights, HGEDI, were used,
as proposed in [25], to compensate any residual global bias
affecting the vertical wavenumber—height product κzHV. The
obtained heights were projected in geographic UTM coordinates
and resampled in a 20 m grid and are indicated with HTX in the
following.

Fig. 5(a)–(b) shows the TanDEM-X height estimates and their
validation against the LVIS heights (HLVIS) by means of a 2D

histogram. The performance is consistent with what was already
reported in [25], confirming the robustness of the inversion with
respect to the number of available waveforms. The considerable
underestimation of a number of stands with heights above 40 m
is partly due to the large vertical wavenumber and partly due
to the limited X-band penetration in the dense(r) stands. The
underestimation introduced by a too large vertical wavenumber
is well known and has been discussed for the actual TanDEM-
X / GEDI case in [25].

It is clear that the adapted forest height inversion approach
relies on a number of critical assumptions and compromises.
The use of a single “mean” vertical reflectivity profile over
a whole TanDEM-X scene makes an adaptation to the spatial
forest structure heterogeneity. At the same time, there are in-
herent differences between the nadir lidar waveforms and the
side-looking X-band reflectivity. However, such assumptions
and compromises are necessary for obtaining forest height from
single-pol single-baseline TanDEM-X data. A detailed perfor-
mance analysis of the implemented forest height inversion can
be found in [25].

B. Structure Dependency of the Height Estimation Bias

While the height underestimation due to too large vertical
wavenumbers can be avoided by using a smaller spatial baseline,
the underestimation due to limited penetration is a fundamental
limitation that cannot be easily overcome, if not at all. Nev-
ertheless, a first-order correction is attempted, based on the
assumption that even in dense stands there may be points where
the X-band pulses penetrate to the ground and allow undistorted
height inversion.

To explore this, 25HTX samples, equivalent to 16 independent
estimates with 25 m resolution (see Table I), are aggregated to
a height estimate HTX100 at 100 m resolution

HTX100 =
1

N

N∑
n=1

HTX. (12)

For sparse stands, the mean of theN = 25HTX height samples
is taken, while for dense stands only the mean of the tallest
N = 5 HTX samples are taken. To discriminate between sparse
and dense stands, the horizontal structure index σtop is used.

The effect of this approach is demonstrated using two rep-
resentative forest areas shown in Fig. 6, a dense one (A) and a
sparse(r) one (B) [see Fig. 6(b)], each about 300 m × 300 m.
In area (A), the CHM, shown in the top row, varies about 10 m
around a mean height of 45 m, indicating a rather dense forest.
The estimated HTX heights at 25 m resolution are shown in the
second row. From the comparison between the histogram of the
estimated heights and that of the RH100 LVIS heights (HLVIS)
of the same area an underestimation of about 20 m is evident.
Differently, in area (B), the CHM indicates a sparse forest.
Here the histograms of HTX and HLVIS are very similar, except
for heights lower than 15 m which appear overestimated in
HTX. For the rest, the histograms indicate an unbiased inversion
performance, supported by a qualitative comparison between
the CHM heights and the TanDEM-X heights in the first and
second rows, respectively. In the third, fourth, and fifth rows,
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Fig. 8. Lopé site, same area as in Fig. 1. Top row: (a) 2D histogram relating HLVIS100 and BLVIS100 in correspondence of all the GEDI sampling positions in
Fig. 1(b); the central white dashed line represents the height-to-biomass relationship with constant α = α0 obtained using (13), while the upper/lower dashed
lines represent the cases in which the fitted α0 is increased/decreased by the 30%. Panels (b)–(d): the blue dashed lines represent the allometric relationships for
α = α0 obtained using (13) in each trial of the simulated 50%, 75%, and 90% cloud covers, respectively. The same relationship obtained in the full-sampling case
[as in panel (a)] is reported in red for reference. Bottom row: (e) 2D histogram relating the allometric factor α and σtop using HLVIS100, BLVIS100 and β0 = 1.8 in
correspondence with all the GEDI sampling positions in Fig. 1(b) ; the white dashed line represents α(σtop) obtained using (14). Panels (f)–(h): the blue dashed
lines represent the relationships α(σtop) obtained using (14) in each trial of the simulated 50%, 75%, and 90% cloud covers. The same relationship obtained in the
full-sampling case [as in panel (e)] is reported in red for reference.

the aggregated forest height maps [in the sense of (12)] of the
two areas and the associated height histograms corresponding
to a 100 m resolution (e.g., 100 m × 100 m) are shown. For the
maps shown in the third row, only the tallest of the 25 available
height estimates HTX is used, in the fourth row, the mean of
the tallest 5 estimates, while in the fifth row, the mean of all
25 height estimates. With respect to HLVIS100, comparing the
two areas becomes obvious that while using the tallest height
estimate compensates for the underestimation in the dense area
(A), the sparse area (B) is heavily overestimated. The opposite
is the case when using the mean of all estimated heights: in the
dense area (A), the 100 m resolution heights still underestimate
the reference heights, while in the sparse area (B), the 100 m
resolution heights appear unbiased.

The final performance is shown in Fig. 7 in terms of a
2D histogram comparing HTX100 and HLVIS100. As expected,
N = 5 corrects the height estimation bias in the tall/dense stands
between 40 and 50 m. The residual (positive) bias of around 5 m
in this height interval occurs in correspondence with the sparse
stands, for which N = 5 is not optimal. In contrast, N = 25
minimizes the bias in the short(er)/sparse(r) stands. Notice that,
in this case, a residual bias between 5 and 10 m persists especially
for mean heights between 10 and 20 m and cannot be corrected
further by (12). The result does not change significantly when
taking the 3 or 7 tallest heights: 5 are selected because they
correspond to the H100 metric that refers to the 100 tallest trees
in a hectare. As single trees are not seen, the corresponding 20%
of height estimates are used. Regarding the σtop threshold for

separating between sparse and dense stands, its selection is rather
uncritical. Here, a value of 6 m was used. In principle, the thresh-
old has to differentiate between very open and close canopy
forest. For a closed canopy forest, the H100 metric applied by
using the average of the tallest 5 heights of the 25 samples does
not change when the lower heights are underestimated. For open
canopy forests, the top canopy height is becoming less and less
appropriate with decreasing tree density. In this case, the mean
of all heights is more representative.

As a final remark, it was verified that if an optimal N is
employed for each cell in the scene, the same conclusion on
the residual bias would apply and the RMSE would improve
from 6.8 to only 6.3 m. This confirms that the suboptimality of
the processing has only minor effects on the final performance.

V. DERIVATION OF FOOTPRINT-LEVEL LIDAR ALLOMETRY

A. Sampling Effect

According to (1), the AGB is an exponential function of top
canopy height H with constant allometric exponent β0 over
larger scales. For the case where also the allometric factor α
is assumed to be constant over the whole site, the resulting allo-
metric parameters α = α0 and β0 can be directly derived from
the available forest height and AGB measurements, collected in
the vectors hlid and blid, through a least-squares regression as

min
α0, β0

‖blid − α0h
β0

lid ‖2. (13)
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Fig. 9. Lopé site, same area as in Fig. 1. Scatterplots between (a) HGEDI and BGEDI, (b) HLVIS50 and BLVIS50, and (c) HLVIS100 and BLVIS100. The points in the
scatterplot correspond to a spatially homogenous subset of the acquired GEDI footprint coverage. The color of each point corresponds to a different value of σtop

(expressed in meters) with the same color map as in Fig. 4. The continuous black line represents the height-to-biomass allometry parameterized by α = α0. The
dashed colored lines represent the case α = α(σtop) for three value of σtop (blue: 2 m, green: 5 m, red: 9 m).

The dependence of forest height-biomass allometry on lo-
cal stand conditions [3], [4], [5], particularly density, can be
accounted for by the dependence of the allometric level α =
α(σtop) on the horizontal structure index. In this sense, (13) can
be modified to consider Nα uniformly distributed and nonover-
lapping structure intervals centered at {σtopi}Nα

i=1 in the range of
values of σtop. For each of these intervals, the allometric levels
{α(σtopi)}Nα

i=1 and a reference allometric exponent β0 are jointly
estimated as

min
{α(σtopi

)}Nα

i=1
, β0

∥∥∥∥∥∥∥∥∥∥∥∥∥

⎡
⎢⎢⎢⎢⎢⎢⎣

blid,1
...

blid,i
...

blid,Nα

⎤
⎥⎥⎥⎥⎥⎥⎦
−

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

α
(

topi

)
hβ0

lid,1
...

α
(

topi

)
hβ0

lid,i
...

α
(

topNα

)
hβ0

lid,Nα

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

∥∥∥∥∥∥∥∥∥∥∥∥∥

2

(14)

where blid,i and hlid,i are the vectors containing the lidar AGB
and height values, respectively, for the generic i-th σtop interval
centered at σtopi .

Accordingly, the height-to-biomass relationship and the de-
pendence of the allometric level α = α(σtop) on the horizontal
structure index are derived from the available set of forest
height and AGB measurements. In all the considered cases, the
optimization (14) was carried out usingNα = 50 forσtop varying
between 0 and 10 m. In the case of GEDI, a more or less sparse
(depending on latitude and cloud cover) sampling of forest
height and AGB measurements at footprint level is available.
In order to evaluate how much the available measurements are
sufficient to derive allometric relations, four different scenarios
are considered: the full data set scenario using all available LVIS
forest height (HLVIS100) and AGB (BLVIS100) measurements and
three thinned scenarios derived by randomly reducing the full
LVIS data set along simulated GEDI ground tracks according
to three different cloud cover rates (50%, 75%, and 90%). Each
of the three thinned scenarios has been generated 200 times
(trials), each time by removing a different set of measurements.
The number of lidar height and biomass measurements available
in each σtop interval varies between 50 and 400 in the full data

Fig. 10. Lopé site, same area as in Fig. 1. 2D histograms relating α0 and
σtop using HGEDI and BGEDI. The white dashed lines represent the relationship
α(σtop) obtained using (14).

set, but it can be reduced to around 10 in the most challenging
sampling scenario.

The top row of Fig. 8 shows the obtained allometries derived
according to (13) for the case of constant α = α0. In the refer-
ence full data set case, the 2D histogram shows the distribution
of BLVIS100 as a function of HLVIS100, while the white dashed
lines represent the allometry for the fitted α0 (central line) and
for the cases in which α0 is increased/decreased by 30%. In the
other three plots, the blue dashed lines represent the allometries
obtained in each of the 200 trials. The allometric relationship
results are very stable with respect to the number of available
samples, even in the case where only 10% of the samples are
available (e.g., 90% cloud cover).

The bottom row of Fig. 8 shows the obtained allometries
derived according to (14) for the case of a variable allometric
level α = α(σtop). In the reference full data set case, the 2D
histograms show the distribution of α = BLVIS100 /Hβ0

LVIS100
at the sampling locations with β0 = 1.8. It is apparent that the
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Fig. 11. Lopé site, same area as in Fig. 1. AGB maps obtained from allometric relationships derived using HGEDI and BGEDI, and using (a) HLVIS100 with
α = α0 (right), HLVIS100 with α =α(σtop) (middle), and reference BLVIS100 (left). (b) HTX100 with fixed α = α0 (left), and with α = α(σtop).

obtained allometry is less stable than with α = α0 when the
number of available samples decreases because (14) demands
more samples to define every allometric parameter in each inter-
val. This is especially true with increasing forest heterogeneity.
While for the cases of 50% and 75% of cloud cover α = α(σtop)
can be reconstructed, in the case of 90% cloud cover the
α = α(σtop) relationship cannot be established any longer.

In the case of limited samples, one possible tradeoff is to
increase the intervals used to fit theα = α(σtop) relationship [see
(14)] and so doing to reduce their numberNα. In this case, a more
robust allometric relationship could be obtained at the cost of a
low(er) structure resolution. However, the (real) GEDI samples
available over Lopé correspond to almost 50% cloud cover case
making the reconstruction of both allometries possible.

B. Scale Effects

After investigating the effect of available samples on the
reconstructed allometry, the next question to face concerns the
spatial scales on which the allometry is addressed. While GEDI
provides measurements (forest height and AGB) at the footprint
level of approximately 25 m diameter, the structure index σtop

used to refine the allometry is estimated at a 100 m resolution. A
lower resolution of σtop would not include a statistically relevant
number of CHPs, thus not providing a significant structure
description.

In order to investigate the effect of this scale discrepancy on
the parameterization of the height-to-biomass relationship, the
allometric exponent and the (structure-dependent) allometric
level are derived at two different spatial resolutions, 50
and 100 m using the reference LVIS biomass estimates and
compared with the ones obtained by using the 25 m GEDI
estimates HGEDI and BGEDI. The obtained allometries are shown
in Fig. 9. For each resolution, the regression has been performed
individually. For the case of a constant allometric coefficient
in all three resolutions, a very similar parameterization has
been obtained: α0 = 0.454 and β0 = 1.76 at 25 m, α0 = 0.392
and β0 = 1.83 at 50 m, and α0 = 0.383 and β0 = 1.85 at
100 m, respectively.

The color of each point in the scatterplot corresponds to a
different value of σtop. As expected, for the same height, the
allometric factor decreases with increasingσtop as a consequence
of a decrease in (forest) density. This demonstrates the potential
of using σtop to adapt the height-to-biomass allometry to the
local forest conditions. The adaptation is more effective toward
the extremes of the σtop range where the correlation between
σtop and the allometric factor is higher. At the 25 m scale, the
adaptation appears less effective as σtop appears less correlated
to the allometric factor. This can be a result of the large-scale
difference between the GEDI samples andσtop. At the same time,
the rather low geolocation accuracy of the GEDI footprints of
about 10 m at 1 sigma [47] is not supportive.
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Fig. 12. Comparison (2D histograms) between the referenceBLVIS100 and the
estimated AGB values using (a) HLVIS100 and (b) HTX100. In both (a) and (b),
α = α0 is used in the left panel, and a variable allometric factor α = α(σtop)
is used in the right panel.

VI. FOREST BIOMASS ESTIMATION AND VALIDATION

The performance of the height-to-biomass allometry at 100 m
resolution is now addressed by exploring the established depen-
dency of the allometric factorα on the horizontal structure index
σtop.

In order to assess the improvement obtained by using the
adaptive allometric relation assuming no uncertainty in the forest
height, first the LVIS heights HLVIS100 are used in the constant
(withα = α0) and in the adaptive [withα = α(σtop)] allometric
relations derived using HGEDI and BGEDI. In the latter case, the
relationship between the allometric factor and σtop is shown in
Fig. 10 (white dashed line). The optimization (14) was carried
out using Nα = 50 for σtop varying between 0 and 10 m. The
obtained AGB maps for both cases are shown on the top row (left
and middle respectively) of Fig. 11. At the right, the reference
BLVIS100 derived at 100 m resolution is shown. The validation
plots of the obtained AGB maps against the reference AGB are
shown on the top row of Fig. 12. The constant α = α0 allometry
already provides sensitive results, but the high AGB levels are
consistently underestimated and low AGB levels tend to be
overestimated. Both effects are compensated when applying the
adaptive α = α(σtop) allometry that provides almost unbiased
estimates.

The same procedure is now repeated using instead of the
LVIS heights HLVIS100 the TanDEM-X heights HTX100. The
obtained AG maps are shown on the bottom row of Fig. 11,
while the corresponding validation plots are on the bottom row
of Fig. 12. The forest height uncertainty dominates the obtained
performance. Nevertheless, the adaptive allometry successfully

compensates for the overestimation of the lower AGB range
as well as the underestimation of the upper AGB range of the
constant allometry, allowing for practically unbiased estimates.

VII. CONCLUSION

The use of the forest height-to-biomass allometry, as ad-
dressed in (1), in the context of continuous TanDEM-X InSAR
measurements and discrete height and biomass GEDI measure-
ments over a diverse tropical test site, the Lopé National Park
in Gabon, is discussed. Important points are the importance of
forest structure and the possibility of deriving and using a forest
structure index from TanDEM-X data in the absence of a DTM.

Two points are particularly critical to the success of such an
approach: 1) the knowledge of the allometric parameters α0

and β0 that define the height-to-biomass allometry and their
spatial variation in heterogeneous forests; and 2) the ability of
TanDEM-X interferometric measurements to provide unbiased
forest height estimates in dense forest conditions. In both cases,
forest structure and its spatial variability play a decisive role.
The proposed methodology illustrates how the sensitivity of the

TanDEM-X interferometric measurements of horizontal for-
est structure, given by the high spatial resolution and the high
attenuation at X-band, can be used to account for the forest
heterogeneity and support this way both points.

For this purpose, a horizontal structure index was proposed,
similar to the one in [18], but modified to be derived from
relative height variations and thus not requiring a DTM. The
height variations induced by the topography were compensated
by using a low-pass filtered version of the interferogram to
access the spatial variations of the top canopy layer. However,
as the proposed structural index only takes into account relative
height variations, it cannot reliably recognise whether the height
changes occur in the upper tree canopy or within the volume.
To maximise the sensitivity to the top canopy variations, CHPs
are used. The horizontal structure index is then given by the
spatial variance of the CHP “top” peaks within a structure
cell. Accordingly, a large variance resulting from large canopy
height variations is associated with a large canopy roughness and
interpreted as “sparse forest.” On the other hand, a low variance
resulting from low canopy height variations is associated with
low canopy roughness and is interpreted as a close canopy, e.g.,
a “denser forest.”

The derived horizontal structure index is used to improve both
the forest height estimation and the forest height-to-biomass
allometry performance.

The main limitation in forest height estimation is the under-
estimation of dense stands caused by the limited penetration at
X-band that leads to biased (underestimated) heights. Assuming
that even in dense stands there may be points where the X-band
pulses penetrate to the ground, an unbiased estimation can be
attempted at the expense of spatial resolution. For this, the
derived horizontal structure index is used to distinguish between
“sparse” and “dense” forests: for the “sparse” forest stands
a 100 m height estimate is obtained by averaging 25 height
estimates at 25 m, for the “dense” forest stands only the mean
of the highest 5 estimates is considered.
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Looking on the forest height-to-biomass allometry now, the
underlying allometry can be derived from the GEDI footprint
measurements, i.e., the RH100 heights and the associated AGB
values. The simulation of scenarios with different sampling
densities shows that the derived underlying allometry is ro-
bust to the number of available footprint measurements used
to define it, as long as the samples remain representative of
forest conditions. This does not appear to be a critical limitation
as the underlying allometry, which is primarily dependent on
large scale forest attributes (as species composition and the
site growth conditions), remains at larger scales. However, this
underlying allometry in Lopé underestimates high AGB levels as
the spatial forest heterogeneity cannot be represented by a single
allometric relation.

The horizontal structure index is here used to adapt the under-
lying height-to-biomass allometry to the spatial (stand density)
heterogeneity for improving biomass estimation performance.
This has been attempted by expressing the allometric level as
a function of the derived horizontal structure index and using
the GEDI footprint measurements, i.e., the RH100 heights, and
the associated AGB values to reconstruct this dependency. The
obtained monotonous decreasing dependence of the allometric
level on the horizontal structural index points to the presence of
a real(istic) correlation. This reflects on the achieved biomass
estimation performance improvement, when compared to the
use of a single allometry. This improvement has been obtained
even if the horizontal structure index cannot distinguish vertical
variations of density along height. The largest remaining un-
certainty contribution in terms of bias and/or variance has been
seen to be attributable to the propagation of the height estimation
uncertainty.

Even if a single test site has been investigated, the intention
of this article is to develop a methodological concept under the
perspective of forest biomass inversion on a large scale rather
than discussing the optimization of performance on local scales.
Nevertheless, the same concept applied within the same test
site, but with different acquisition configurations in terms of
incidence angles and vertical wavenumber, leads to the same
conclusions. Surely, in the future some local optimization may
improve the final performance. The extension of this analysis
to other test sites is, however, complicated by the availability of
large-scale continuous data for validation, especially in terms of
biomass.

The results characterize the potential and the limitations of
TanDEM-X interferometry for characterizing forest conditions.
On the one hand, the high attenuation rates at X-band and the
resulting limited penetration into the forest volume maximize
the interferometric sensitivity to the spatial variations of the top
canopy layer and make it especially appropriate for the charac-
terization of the horizontal forest structure. At the same time, the
high spatial resolution of the TanDEM-X interferograms and its
continuous measurement nature allows the estimation of forest
structure variations at spatial scales relevant for the characteri-
zation of the horizontal forest structure. On the other hand, the
same limited penetration into the forest volume, which favors
the horizontal forest structure characterisation, limits the height
estimation performance and makes the characterisation of the
vertical forest structure at reasonable scales almost impossible.

Finally, the proposed methodology and the obtained results
demonstrate the synergetic potential of the continuous TanDEM-
X and the discrete GEDI measurements. This is because both
measurements 1) are at the same time similar enough due to the
high sensitivity to the geometrical architecture of the canopy
and the high spatial resolution common to both configurations,
facilitating a common interpretation and) are different enough
because of the different acquisition geometries and measurement
approaches to carry independent information.
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