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The Performance of Relative Height Metrics for

Estimation of Forest Above-Ground Biomass Using
L- and X-Bands TomoSAR Data

Haoyang Yu and Zhongjun Zhang

Abstract—Both synthetic aperture radar tomography (To-
moSAR) profiles and light detection and ranging (LiDAR) wave-
forms are the responses of a 3-D canopy structure. Relative height
(RH) metrics are extensively applied for forest biophysical pa-
rameters [i.e., the forest height and above-ground biomass (AGB)]
estimation in full-waveform LiDAR studies. However, the use of RH
metrics to forest biophysical estimation with TomoSAR profiles is
limited due to the estimation error in the ground peak. To overcome
this problem, RH metrics were redefined to avoid directly estimat-
ing the ground peak in this article. The redefined RH metrics were
examined based on the L- and X-bands multibaseline (MB) SAR
data simulated by LandSAR, which was a coherent backscattering
model of 3-D forest canopies with the capability of MB data simu-
lation at a landscape scale. First, the performance of LandSAR in
modeling the tomographic features was verified over mountainous
areas using the reference DSM and LiDAR digital terrain model
acquired in 2012 in the frame of the Daxinganling campaign. Subse-
quently, the tomographic profiles were retrieved from the simulated
MB data by using the Capon method. Additionally, redefined RH
metrics were derived and then applied for retrieving the forest
height. The highest performance corresponded to the combination
of the L-band redefined RH metrics, with a correlation of R> =
0.863. The X-band redefined RH metrics performed worst due to
limited penetration. Finally, the estimated forest height was used
for the AGB retrieval with a height-to-biomass allometry. The R>
and root-mean-square error of the forest AGB estimated using the
combined model were 0.814 and 28.566 t/ha, respectively, compared
with the reference forest AGB. All findings demonstrated that the
redefined RH metrics had the potential of forest height and AGB
retrieval using low frequencies TomoSAR data.

Index Terms—TForest height and above-ground biomass (AGB)
retrieval, land synthetic aperture radar (SAR), relative height (RH)
metrics, tomoSAR data simulation.

1. INTRODUCTION

OREST above-ground biomass (AGB) is a key parameter
that is correlated with carbon storage [1]. Nevertheless, it
is difficult to accurately quantify the global forest AGB owing
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to the lack of in situ measurements on forest plots across dif-
ferent scales [2]. Synthetic aperture radar (SAR) can operate
in all weather conditions and is thus a reliable remote sensing
technique to retrieve the forest AGB at regional to global scales.
The radar backscattering represents the coherent superposition
of the signals from scatterers at different locations within a
resolution cell [3]. However, the estimation of forest AGB using
the radar backscattering coefficient is restricted due to the signal
saturation [4]. The introduction of a forest structure parameter
into the estimation can relieve saturation effects [5]. The SAR
tomography (TomoSAR) technique can be used to characterize
a 3-D canopy structure transforming a traditional 2-D imaging
pattern to 3-D by focusing the multibaseline (MB) acquisitions
along the elevation direction. Since its first demonstration [6],
many studies have examined the capability of TomoSAR to real-
ize 3-D building reconstruction [7], [8], deformation monitoring
[9], [10], subcanopy terrain estimation [11]-[13], and land cover
classification [14], [15].

The retrieval of forest AGB is a significant task realized
using the TomoSAR technique [16]. In the last two decades,
methods to estimate forest AGB based on TomoSAR data have
been developed. These methods can be roughly divided into two
categories.

The first class of methods uses indicators derived from vertical
profiles to directly estimate the forest AGB. These methods first
obtain success in tropical forest areas by using P-band SAR
data [17]. In some studies, the estimated tomographic profile
is decomposed into several layers, and the backscatter near the
canopy top is employed to derive the AGB. The representa-
tive processing flow for these algorithms starts with data pre-
treatment, which is followed by tomographic profile inversion
and topographic compensation, and finally, the AGB is esti-
mated using a log-linear regression model. For example, Minh
et al. [18] explored the potential of the TomoSAR technique
to estimate the AGB in a tropical study area using the P-band
MB airborne dataset. They first noted that the backscatter from
the 30 m layer was greatly correlated with the AGB with a
Pearson correlation coefficient r, and root-mean-square error
(RMSE) of 0.84 and 34.5 t/ha, respectively. Subsequently, the
researchers verified the findings in two study areas in France
through cross validation [19]. In a recent study, Tebaldini et al.
[20] extended the cross validation to five tropical study areas.
Li et al. [21] reported that combining the P-band backscattering
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coefficient and layered backscattered power could improve the
accuracy of the AGB estimation in boreal forests. In addition
to the long-wavelength data, the backscattered power from the
X-band SAR datais correlated with the forest AGB as well. Khati
et al. [3] utilized quadpolarization TanDEM-X data to retrieve
the AGB in a tropical forest in India and the highest performance
was noted to be obtained when considering a 27-m backscatter
layer in the HH polarization. The above-mentioned studies are
mostly using horizontal structure information to estimate forest
AGB. In addition to the layered power, it has been noted by
Blomberg et al. [22] that the integration of the backscattered
power between 10 and 30 m above the ground exhibited a
higher correlation with the forest AGB than the backscattering
coefficient in the boreal forest. However, for this approach, the
threshold to differentiate the ground and forest volume should
be re-estimated for different study areas.

The methods in the second category take advantage of vertical
profiles to first estimate the forest height, which is later used to
retrieve the forest AGB through allometric equations. The work
in [23] separated the vertical profile into three parts, namely,
the phase center, power loss, and noise parts. The forest height
was estimated by ranging the power loss from the height of the
scattering-phase center (SPC). The LIDAR CHM was employed
to optimize the power loss, thereby facilitating the forest height
retrieval. Another typical example for the second class was
demonstrated by Caicoya et al. [24]. In their study, a forest
structure-to-biomass allometric equation was proposed and fine
performance was achieved with a correlation corresponding
to R> = 0.81 and RMSE = 36.30 t/ha. Light detection and
ranging (LiDAR) is of the capability of directly measuring
the vertical canopy structure. In recent years, the comparison
between LIDAR waveforms and TomoS AR profiles has attracted
the attention of study teams because both TomoSAR profiles
and LiDAR waveforms are the responses of the 3-D canopy
structure [25], [26]. These studies indicate the possibility that the
methods used in full-waveform LiDAR studies may be also used
in TomoSAR studies. Relative height (RH) metrics are widely
used in full-waveform LiDAR studies to retrieve the forest height
and AGB [27], [28]. However, differences between LiDAR
waveforms and TomoSAR profiles arise when using RH metrics.
Accurately identifying the ground peak is very important in the
retrieval of forest height and AGB with traditional RH metrics. In
LiDAR studies, the ground peak of a waveform is found using the
Gaussian decomposition [29] and the lowest peak is assumed to
be the ground [30]. RH25, RH50, RH75, and RH100 are defined
as the vertical distances between the locations of the 25%, 50%,
75%, and 100% energy, respectively, and that of the ground peak
[31]. However, in TomoSAR studies, three factors restrict the es-
timation accuracy of the ground peak from vertical profiles. The
first factor is the sidelobe. Even with the super-resolution imag-
ing method, sidelobes are always present [32]. The second factor
is the TomoSAR imaging method. Different estimators lead to
vertical profiles with diverse vertical resolutions. Li et al. [33]
compared the ground estimation accuracies of Capon, Fourier
beamforming (FB), and compressive sensing (CS) methods with
identified ground peak using the MB SAR data acquired in the
TropiSAR 2009 campaign. They found that vertical resolution
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influenced the performance of the ground height retrieval. The
third disturbance is caused by the Gaussian decomposition. As
demonstrated by Wang et al. [34], the ground peak of waveforms
can be successfully recognized when the ground peak is obvious.
But when the ground peak is weak, the reliability of the Gaussian
decomposition reduces. Therefore, the traditional RH metrics
cannot be directly applied to estimate the forest height or AGB
using TomoSAR profiles. A feasible operation is to redefine the
RH metrics to avoid directly estimating the ground peak.

The goal of this study is to evaluate how far RH metrics can
be applied for forest biophysical parameters retrieval using the
L- and X-bands TomoSAR profiles. Vertical profiles are derived
from MB SAR data simulated by the LandSAR model [35],
which is a coherent backscattering model of 3-D forest canopies
and can simulate the MB SAR data over mountainous areas at a
landscape scale.

II. REVIEW OF LANDSAR MODEL

Due to the influence of the temporal decorrelation, the acqui-
sitions of real spaceborne TomoSAR data are very challenging
[36]-[38]. In 1987, Richards et al. [39] developed a radar
backscattering model to simulate the L-band backscattering
coefficient. The research team [35], [40]-[45] has given much
effort to modify this model to precisely simulate the MB SAR
data over mountainous areas on a landscape scale. The improved
model was referred to as LandSAR.

LandSAR is a 3-D descriptive model, which uses a series
of 3-D voxels to depict the forest and topography scenes. The
imaging geometry and backscattering components in the Land-
SAR model are shown in Fig. 1. The forest scene over the
mountainous area s illustrated by a conceptual graph of a profile.
The X-, Y-, and Z-axes are the directions of range, azimuth,
and elevation, respectively. H, B, 6, and « represent the orbit
height of the master sensor, baseline length, incidence angle, and
baseline angle, respectively. /1 and lo are the nearest ranges for
the master and slave sensors. The trunks in the left two trees are
located in the neighboring profile, accordingly, they cannot be
observed in this profile. Four types of cubic cells are applied to
describe the 3-D scene, including the soil, ground surface, trunk,
and crown (i.e., conifer and broadleaf) cells.

A conifer or broadleaf cell consists of needles or leaves and
branches. The orientations and sizes of the needles or leaves and
branches within a crown cell are given by a uniform distribution
as did in [43]. The calculation of the scattering matrix for leaves,
branches, trunks, and ground surface is summarized in Table I.
The forest in LandSAR can be regarded as a number of scat-
terers characterized by corresponding locations and scattering
matrices. The scattering matrices of individual scatterer are
incoherently superposed to obtain the scattering matrix of a
crown cell as did in [45]. The total backscattering of a resolution
cell is calculated by the coherent aggregation of scattering
matrices of different cells. Considering the influence of surface
roughness, Fresnel reflection coefficients matrix is applied to
derive the specular reflection matrix from the ground surface by
multiplying an element of exp[—2(kg o cos #)?] (where ko and o
are the free-space wavenumber and root-mean-square height for
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Fig. 1. Imaging geometry and five backscattering elements in the LandSAR

model.

TABLE 1
CALCULATION OF SCATTERING MATRIX OF SINGLE SCATTERER

Scatterer Calculation Method

Physical optics
approximation [47]
Rayleigh
approximation [48]
Generalized Rayleigh—Gans
approximation [49]
Infinite cylinder
approximation [42]
Advanced integral
equation model [50]

Large disk-shaped leaves
Small leaves or needles
Branches
Large branches and trunks

Ground surface

the surface, respectively) [43]. The ray-tracing method is used
to calculate the interaction between the electromagnetic wave
and different voxels [46].

In LandSAR, five backscattering components are calculated,
as shown in Fig. 1, corresponding to the following:

1) double-bounce between the crown and ground cells;

2) double-bounce between the trunk and ground cells;

3) direct backscattering from the ground cells;

4) direct backscattering from the trunk cells; and

5) direct backscattering from the crown cells.
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71, T3, and 73 in Fig. 1 represent the paths of correspond-
ing backscattering elements, respectively. The corresponding
backscattering elements are calculated by [51]

B39 — gikoli TR TS T )
F9s — gikoli Tt SoTr R Ti i )
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where Ef;‘f is the double bounce between the forest and ground
cells identifying with backscattering elements (1) and (2). EY*
is the double-bounce between the ground and forest cells and its
direction is inverse with E:9. E3 is the direct backscattering
for the nth forest or ground cell identifying with backscattering
elements (3)—(5). EB is a unit vector representing the incidence
direction and R represents the specular reflection matrix of the
ground surface. l; = |7y | + |72| + |73] and lo = 2|7 |, which are
path lengths of the electromagnetic wave in backscattering ele-
ments. 72, T, and T} indicate the transmissivity matrices in the
directions of backscatter, reflection, and incidence, separately.
Similar to the models developed by Zeng et al. [52]-[54], the
LandSAR model extends across frequencies by attenuation as
well. As demonstrated by Lin and Sarabandi [55], the trans-
missivity matrix is applied to express the attenuation with the
distance L,,

il |:Mhh,n th,n :|
T, =c¢

M’U n M’U’U n
" ’ “

where M, is a matrix concerned with the dielectric constant of
scatterers, which can be expressed by [51]
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where @, is the quantity of scatterers in the nth voxel. F;
represents the forward scattering matrix for the gth scatterer in
the nth voxel, which is derived by the Foldy—Lax approximation
[56].

III. DATASET PREPARATION
A. LiDAR Digital Terrain Model (DTM)

The airborne LiDAR point cloud data used in this study
were acquired in the frame of the Daxinganling campaign from
August 30 to September 14, 2012 [57]. The point density was
approximately 2—4 points/m?. Using the TerraScan software by
TerraSolid Ltd., the LiDAR point cloud data were classified
into ground, vegetation, and other classes [58]. The LiDAR
DTM with a spatial resolution of 1 m was derived from the
recognized ground points. The accuracy of the derived DTM is
approximately 15 cm along the vertical direction. The elevation
of the DTM ranges from 760 to 1163 m, and several steep slopes
are distributed in the test site, as shown in Fig. 2(a). The area of
the DTM is 9559 x 8813 m.
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(a)

Fig. 2. (a) LiDAR DTM. (b) Simulated CHM. (c) Reference AGB. Green
points in (c) indicate the sampling plots to validate the LandSAR model.

B. Simulated Forest Stands and AGB Map

Because the inputs of LandSAR include DTM and 3-D forest
scenes, the ZELIG model [59] was used to produce rational
forest stands to drive the LandSAR. Due to the different ran-
domized procedures of the ZELIG, it was run 35x to simulate
the forest stands from 2 to 200 years in intervals of two years.
A total of 94 500 forest stands (35 modeling procedures x 100
successional dynamics x 3 categories of soil moisture: smooth,
middle, and rough x 3 categories of ground roughness: dry,
middle, and moist x 3 categories of forest species: broad-leaf,
conifer, and mixed forests) and 3 368 982 trees were generated
using the ZELIG model.

Considering that the area of the simulated forest stands was
30 x 30m while that of DTM is 9559 x 8813 m, to achieve
a more reasonable constitution of a natural 3-D forest scene
with a wide dynamic range of the biomass, the locations of
forests from simulated stands are reshuffled. First, the prelimi-
nary tree location map was generated: the mean interval of the
tree location was set as 5 m, and the standard deviation was
5% of the mean interval to avoid a uniform distribution. Then,
according to the input DTM, the forest height was determined
based on the elevation. It was assumed that trees with a higher
height were distributed in the high-elevation areas, while those
with a lower height are distributed in low-elevation areas. The
CHM and AGB are shown in Fig. 2(b) and (c), respectively.
Overall, 395 sampling plots were randomly collected to evaluate
LandSAR. The quantities of the sampling plots ranging from 0
to 100, 101 to 200, and 201 to 300 t/ha were 159, 125, and 111,
respectively. The locations of the sampling plots are shown in
Fig. 2(c), represented by green points.

C. Simulated MB SAR Data

To obtain satisfactory tomographic profiles, the simulated
parameters must be reasonably designed considering two fac-
tors: the vertical resolution and height of ambiguity (HoA). The
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TABLE II
PARAMETERS APPLIED FOR THE SIMULATION

Parameter L-band X-band
Polarization HH HH
Sensor height 500 km 500 km
Incidence angle 35° 35°
250 m to 3000 m in 50 m to 600 m in

Baseline length

intervals of 250 m intervals of 50 m

Horizontal 216.5 m to 2598.1 m in 43.3mto 519.6 m in
baseline intervals 0of 216.5 m intervals of 43.3 m
Vertical 125 mto 1500 m in 25 mto 300 m in
baseline intervals of 125 m intervals of 25 m

Resolution Sm Sm

Wavelength 0.235m 0.031 m

former and latter factors depend on the total baseline length and
minimum baseline interval, respectively [6]. The parameters for
the MB SAR data simulation by the LandSAR model at the X-
and L-bands are listed in Table II. A total of 13 observations were
simulated in the L- and X-bands, respectively. For the L-band, the
baseline length was increased from 250 to 3000 m in increments
of 250 m, whereas the baseline length for the X-band was
changed from 50 to 600 m in 50 m intervals. Using the simulated
parameters, the highest vertical resolution in the L- and X-bands
was 6.84 m and 4.51 m, respectively. To better understand the
imaging geometry, the vertical resolution and HoA are used to
describe the TomoSAR baselines in the following text.

IV. METHODOLOGY

The process flow to estimate the forest height and AGB by
using the RH metrics is displayed in Fig. 3, including the MB
data simulation, flat earth phase removal, tomographic profile
retrieval using the spectral estimation method, RH metrics ex-
traction, geocoding, forest height estimation, and forest AGB
retrieval. The methods to realize the tomographic profile inver-
sion, RH metrics extraction, forest height, and AGB retrieval are
introduced in this section.

A. Spectral Estimation Techniques

The estimation of the tomographic profile can be considered
to be a spectral estimation problem. Note that different spec-
tral estimators usually generate different distributions of the
backscattered power. A recent study [32] compared the capabil-
ity of different estimators, including the Capon, Fourier FB, and
CS approaches, to retrieve the super-resolution backscattered
power. Capon is a widely used nonparametric spectral estimator,
which demonstrates excellent potential in improving the vertical
resolution and this estimator is used to retrieve the tomographic
profile in this study.

Generally, the interferometric vertical wavenumber between
two observations can be defined as [3]

kZ ~ 47TBL

~ ARsin® ©
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Fig.3. Process flow to estimate the forest height and AGB using RH metrics.

where B is the perpendicular baseline length, R is the slant
range, and @ is the incidence angle. Capon employs the MB
covariance matrix to reconstruct the tomographic profile. The
power retrieval of Capon can be expressed as [60]

1
Pc (6) = o

) C ) v

where C is the data covariance matrix and a(d) =
[1,exp(jkz29),...,exp(jkzna0)] is the steering vector for
the corresponding scatter at elevation 6. ()¥ and ()~ denote
the transpose conjugate and inversion operators, respectively.
The Capon spectral estimator is used to examine the performance
of LandSAR in simulating the TomoSAR features and gener-
ating the tomographic profiles for the following RH metrics
extraction.

B. RH Metrics Extraction

1) Recognition of Effective Lobes: Sidelobes are the primary
disturbance in TomoSAR studies and they are determined by the
volume coherence, TomoSAR imaging method, and baseline
distribution [61]. The following procedure is implemented for
the recognition of the real backscattering peaks from sidelobes,
as shown in Fig. 4(a). Peaks with the amplitude exceeding
5% of the maximum peak and distributing within a reasonable
elevation range (i.e., TanDEM-X DEM - 25 < elevation <
TanDEM-X DEM + 10) are regarded as effective peaks (i.e.,
dominant lobes), while the rest of the peaks are considered as
sidelobes. The reasonable elevation range is determined based
on the case that TanDEM-X DEM is processed from the X-band
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Fig. 4. Schematic view of redefined RH (RRH) metrics. (a) Tomographic
profile with sidelobes (i.e., black curve line) and 5% of the power of the maximum
effective peak (i.e., blue vertical line). (b) Backscattered energy and RRH metrics
(the backscattered energy is calculated from the SSP).

InSAR data and X-band SPCs are mostly distributed near the
canopy top instead of the ground surface. Subsequently, begin-
ning from the center of the recognized highest effective peak
and moving along the vertical profile upwards, the profile is
truncated when the backscattered power reduces to 5% of the
power of the maximum effective peak. Finally, beginning from
the center of the recognized lowest effective peak and moving
along the vertical profile downward, the profile is also truncated
when the backscattered power reduces to 5% of the power of the
maximum effective peak. The profile distributed between the
upper truncated point and the bottom truncated point is the true
TomoSAR profile.

The above-mentioned thresholds and elevation range are de-
termined to derive the best performance in this study. These
thresholds and reasonable elevation range should be afresh se-
lected for different study areas and TomoS AR data. For example,
in the study of Caicoya et al. [24], a threshold of 20% of
the maximum peak successfully removed the sidelobes and a
threshold of 30% was applied to truncate the profile, while in
the work of Pardini et al. [26], 10% of the maximum peak
and elevation range of TanDEM-X DEM - 50 < elevation <
TanDEM-X DEM + 20 are used to facilitate identifying the
effective lobes.

2) Redefinition of the RH Metrics: The recognition of ground
peak is the key when using the conventional RH metrics. RH25,
RH50, RH75, and RH100 are defined as the vertical distances
between the locations of the 25%, 50%, 75%, and 100% energy,
respectively, and that of the ground peak. In the work of Pardini
etal.[26], RH100 is redefined as the height exceeding the tallest
peak at which the backscattered power reduces by an empirical
threshold of 3 dB. In this study, another way to define the RH
metrics is given to avoid directly estimating the ground peak.

The schematic view of the redefined RH (RRH) metrics is
shown in Fig. 4(b). In the RRH metrics, instead of the first
and last bins in which the backscattered power exceeds zero,
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the upper truncated point and the bottom truncated point are
defined as the signal startpoint (SSP) and signal end point (SEP),
respectively. The total backscattered energy is calculated based
on true TomoSAR profiles derived in Section IV-B1 (i.e., profile
distributed between the upper truncated point and the bottom
truncated point) by obtaining the integral along the vertical
direction, as follows:

§=SSP
PEncrgy = / P (5) do (8)
6=SEP
where P () indicates the backscattered power estimated using
the Capon method. Based on the fact that the signal below the
ground surface should not be caused by the forest structure,
the backscattered energy is calculated from the SSP instead of
SEP. By considering the SSP as the upper limit of the inte-
gration, the backscattered energies at different percentages are
calculated. The RRH metrics can be derived considering the
vertical distances between the SSP and the location in which the
backscattered energy attains the corresponding percentage. In
this study, the backscattered energy interval of 10% is used (i.e.,
the RRHs at energy percentages of 10% to 100% are denoted as

RRH10 to RRH100, respectively).

C. Forest Height and AGB Retrieval

The forest height is estimated using a single element of
RRHI10 to RRH100 and their combinations, depending on the
simple linear regression method. The influence of different total
baseline lengths (i.e., different vertical resolutions) on the forest
height estimation is analyzed. The L-band MB SAR datasets
simulated with vertical resolutions ranging from 13.68 to 6.84 m
and the X-band dataset with a vertical resolution of 6.78 m
(400 m total baseline length) are used to estimate the forest
height. The use of allometry to retrieve forest AGB is restricted
by changeable forest stand densities [62], [63]. Because the
distribution of forest stand is relatively homogeneous in this
study, a height-to-biomass allometry is used in the estimation of
forest AGB as [64]

AGB = aH? 9

where H is the estimated forest height. The models for the
forest height and AGB estimation are determined based on
197 samples randomly selected from 395 plots. The estimated
forest height and AGB values are used to validate the models,
considering the remaining 198 plots. The performance of each
model is evaluated using the coefficient of determination R* and
RMSE between the reference and retrieved forest height and
AGB values.

V. RESULTS
A. Simulation Results

The results of the processed MB SAR data are shown in
Fig. 5. Fig. 5(a)—(c) shows the L-band 2-D SAR intensity and
tomographic profiles in areas with forest height ranging from 8
to 13 m and 13 to 21 m along the yellow and red lines shown
in Fig. 5(a), respectively, with a vertical resolution of 6.84 m.
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Fig. 5.
SAR intensity. (b) and (c) L-band tomographic profiles in areas with forest
height ranging from 8 to 13 m and 13 to 21 m along the yellow and red lines
shown in (a), respectively, with a vertical resolution of 6.84 m. (d), (e), and (f)
Corresponding results of the X-band, with a vertical resolution of 4.51 m. The
black and red lines in (b), (c), (e), and (f) represent profiles from the LiDAR
DTM and reference DSM, respectively.

Simulation results corresponding to the LandSAR. (a) L-band 2-D

The tomographic profiles are normalized between zero and one.
Fig. 5(d)—(f) shows the results of the X-band corresponding to
the conditions in Fig. 5(a)—(c), respectively. Speckle noise can be
clearly observed in Fig. 5(a) and (d). The black and red lines in
Fig. 5(b), (c), (e), and (f) represent the profiles from the LIDAR
DTM and reference DSM, respectively. The distribution of the
backscattered power is prominently characterized by LandSAR.
As illustrated in Fig. 5(b), (c), (e), and (f), the estimated profiles
agree well with the LIDAR DTM and reference DSM (reference
DSM = LiDAR DTM + simulated CHM). The results show that
the TomoSAR in the L-band can penetrate the canopy and reach
the ground, and the backscattering contributions from the ground
and canopy are well recognized. Moreover, the SPCs of the
L-band tomographic profiles in the HH polarization are mostly
distributed near the ground surface. This phenomenon occurs
owing to the dominant effect of the double-bounce backscat-
tering from the crown and ground cells and from the trunk
and ground cells. A contrasting phenomenon is observed in the
profiles of the X-band, and the scattering contributions primarily
correspond to the canopy top due to the dominant effect of the
volume scattering. In general, the penetration of the X-band
TomoSAR in the forested areas is determined by the forest
height (or scatterer density) [3]. Until a certain forest height,
no distribution of the backscattered power can be observed in
the canopy bottom, as shown in Fig. 5(f). These phenomena are
consistent with the theoretical expectation that the penetration
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(b) 164.16 m, and (c) 109.44 m and a fixed vertical resolution of 6.84 m.

capability of the SAR microwave of the L-band is stronger than
that of the X-band.

The influence of the vertical resolution and HoA on the to-
mographic profile estimation was analyzed. Fig. 6 demonstrates
the tomographic profiles for a sampling plot derived from the
simulated L-band MB SAR images, with the vertical resolutions
ranging from 13.68 to 6.84 m, and a fixed HoA of 328.32 m.
The sampling plot is located at the center of the image. A clear
waveform change can be observed as the total baseline length
varies, indicating that the number of identified peaks increases
as the vertical resolution increases. This phenomenon can be
explained by the total baseline length.

Fig. 7 shows the tomographic profiles for the same sampling
plot in Fig. 6 derived from the simulated L-band MB SAR
images, with HoA of 328.32-109.44 m and a fixed vertical
resolution of 6.84 m. Different from the results in Fig. 6, the
waveforms do not change considerably as the HoA decreases.
It can be clearly noted from Fig. 7 that the vertical distance
between the real tomographic profile and its repetition increases
corresponding to the increased HoA. It can be expected that the
HoA decreases as the minimum baseline increment increases.
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Fig. 8.  Sensitivities of the reference CHM and SPC-retrieved indicators with
a vertical resolution of 6.84 m and the HoA of 328.32 m for the L-band, and
with a vertical resolution of 4.51 m and the HoA of 216.55 m for the X-band.
(a) L-band PD. (b) X-band HSPC. (c) Difference in the X- and L-bands SPCs.
(d)—(f) Scattering plots of (a)—(c) against the reference CHM, respectively. The
blue lines are the linear fitting lines for a given R” and the formula.

The height of the SPC (HSPC) (i.e., the height from the SPC
to the ground) and penetration depth (PD) can be extracted with
the knowledge of DTM and DSM, respectively. Correlations
between the reference CHM and SPC-retrieved indicators from
the simulated L- and X-bands MB SAR images are illustrated
in Fig. 8. Fig. 8(a)—(c) shows the L-band PD, X-band HSPC,
and the difference in the L- and X-bands SPCs, respectively. By
comparing Fig. 8(a)—(c) with Fig. 2(b), similar features can be
noted in the flat as well as the mountainous areas. Fig. 8(d)—(f)
shows the scattering plots corresponding to Fig. 8(a)—(c) against
the reference CHM, respectively. Similar performances can be
observed for the L-band PD (i.e., R> = 0.788 and RMSE =
1.802 m) and X-band HSPC (i.e., R> = 0.744 and RMSE =
1.938 m). Although the accuracy of the difference between the
L- and X-bands SPCs (i.e., R> = 0.611 and RMSE = 2.042 m) is
not sufficiently high, as in the case of the L-band PD and X-band
HSPC, this indicator can be used to determine the forest height
without using the DTM and DSM. Findings in Figs. 5-8 proved
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Fig. 9. RH difference for RRH10 to RRH100 extracted from the simulated
L-band MB SAR data with a vertical resolution of 6.84 m [RH difference =
RRH-min(RRH)]. (a) RRH10. (b) RRH20. (c) RRH30. (d) RRH40. (¢) RRH50.
(f) RRH60. (g) RRH70. (h) RRH80. (i) RRH90. (j) RRH100.

RH difference for RRH10 to RRH100 extracted from the simulated

Fig. 10.
X-band MB SAR data with a vertical resolution of 6.78 m [RH difference =
RRH-min(RRH)]. (a) RRH10. (b) RRH20. (¢) RRH30. (d) RRH40. (¢) RRH50.
(f) RRH60. (g) RRH70. (h) RRHS80. (i) RRH90. (j) RRH100.

that the LandS AR can precisely simulate the TomoSAR features
over mountainous areas.

B. Retrieved L- and X-Bands RRHI10 to RRH100

Fig. 9 shows the RH difference of the extracted RRHI10 to
RRH100 from the simulated L-band MB SAR data, with a ver-
tical resolution of 6.84 m [RH difference = RRH — min(RRH)].
The RH difference increases as the backscattered energy in-
creases from 10% to 100%. Comparing the height values shown
in Fig. 9(a) with those shown in Fig. 2(b), it can be noted that
both the mountainous and flat areas exhibit similar height values
in Fig. 9(a). The difference becomes more notable as the RRH
increases. However, at a certain backscattered energy (i.e., ap-
proximately 50% or 60%), the corresponding height of the RRH
between areas with high and low forest height stabilizes. This
phenomenon may be interpreted considering Fig. 4; specifically,
regardless of the areas with different forest height, the increased
speed of the RRH becomes slow when a peak is identified in the
profile.

Fig. 10 is the same as Fig. 9, but the RRH10 to RRH100
are extracted from the simulated X-band MB SAR data, with a
vertical resolution of 6.78 m. Similar to the result in Fig. 9, the
RRH increases as the backscattered energy increases from 10%
to 100%. However, we observe some differences between Figs. 9
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and 10. The range of the X-band RH difference (i.e., approxi-
mately 14 m) is less than that of the L-band RH difference (i.e.,
approximately 27 m), which can be interpreted by the limited
penetration capability of the X-band, as shown in Fig. 5(e) and
(f). The X-band penetration is influenced by the scatterer density,
forest structure, and AGB [65]. A clearer penetration difference
between L- and X-bands is observed in the areas with forest
height greater than approximately 15 m, as pointed out by the
black circle in Fig. 10(j).

Fig. 11 shows the correlation of the L-band RRHIO to
RRHI100 to the reference forest height. Fig. 11(a)- (j), re-
spectively, shows the scattering plots of RRH10 to RRH100,
derived from the simulated L-band MB SAR data, with a vertical
resolution of 6.84 m, against the reference forest height. The
RMSE increases with RRH enhancing. This can be attributed
to a widened height range. In addition, the correlation of R is
distinctly enhanced as the RRH increases from 10% to 60%.
However, the changes in the correlation stabilize when the RRH
increases to more than 70%. These phenomena are consistent
with the observations from Fig. 9. The highest performance
corresponds to RRH9O0 (i.e., R?> = 0.712), for the height range of
approximately 8—33 m. Although the dynamic range of RRH100
is the largest, R? decreases slightly as the RRH increases from
90% to 100%. This can be explained by Fig. 4. The signal below
the land surface is not the response of the vertical structure,
which results in the reduction of R? between RRH100 and the
reference forest height.

Fig. 12 shows the scattering plots of RRH10 to RRH100,
derived from the simulated X-band MB SAR data, with a ver-
tical resolution of 6.78 m, against the reference forest height.
The correlations between forest height and X-band RRH10 to
RRH100 are far below those between forest height and L-band
RRHI10 to RRH100. In addition, the influence of forest height
on the penetration capability of the X-band is obviously found
in Fig. 12. The X-bands RRH10 to RRH100 are negatively
correlated with the forest height. This phenomenon can also be
explained by the restricted penetration capability of the X-band.
Generally, the penetration capability of the X-band in low forest
height areas is stronger than that in the high forest height areas
because a taller forest is usually of a more complicated canopy
structure.

Fig. 13 demonstrates the correlation for the linear regression
between the reference forest height and L-band RRHI10 to
RRHI100 with the vertical resolutions ranging from 13.68 to
6.84 m. It can be noted that the observations in Fig. 11, for a
vertical resolution of 6.84 m, are similar to those observed in
this case, for the vertical resolutions of 13.68 to 7.46 m. Similar
correlations are noted for all vertical resolutions, especially
when the RRH exceeds 60%. This finding indicates that the
RRH is not sensitive to the baseline distribution (or vertical
resolution).

The correlations between the reference forest height and the
combination of L-band RRH10 to RRH100, obtained using
the stepwise linear regression for each vertical resolution, are
presented in Table III. Similar correlations can be noted for each
combined model. Moreover, the performance of the combined
model is higher than that of the model regressed through a single
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metric of RRH10 to RRH100. The highest correlation occurs
under a vertical resolution of 6.84 m because the tomographic
profiles with a higher vertical resolution contain more abundant
structural information. In addition, for each vertical resolution,
most of the ten metrics are excluded from the models, and only
RRHI10 and RRH90 are remained in the models. The metrics
used for the model regression is derived from the forest canopy
top (i.e., RRH10) and bottom (i.e., RRH90), indicating that
redundancies are subsistent in the redefined metrics, and RRH10
and RRH90 are enough to describe the 3-D structure.

Interpretations for the selection of RRH10 to RRHI100 in
Table IIT are summarized as follows. As we can see from Fig. 4,
RRH90 contains the two parts of height (or information), which
is partly from the SSP to forest canopy top and partly from
forest volume (i.e., forest canopy top to forest bottom). It can
be expected that the retrieval accuracy should be enhanced
ulteriorly if the height from the SSP to forest canopy top can be
removed from RRH90 because the distribution of backscattered
power from the SSP to forest canopy top is not caused by
the 3-D canopy structure. With this in mind, we provide the
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Fig. 13.  Correlations between the reference forest height and L-band RRH10
to RRH100, with vertical resolutions ranging from 13.68 to 6.84 m, and a fixed
HoA of 328.32 m. (a) R%. (b) RMSE.

TABLE III
MODELS REGRESSED BY COMBINATION OF RRH10 TO RRH100 USING
STEPWISE LINEAR REGRESSION UNDER DIFFERENT VERTICAL RESOLUTIONS

Vertical
resolution Regression model formula * R?
(m)
13.68 H=-1.661RRH10 + 0.762RRH90 + 8.359 0.822
11.73 H=-1.493RRH10 + 0.797RRH90 + 8.522 0.834
10.26 H=-1.344RRH10 + 0.8 14RRH90 + 9.517 0.847
9.12 H=-1.535RRH10 + 0.825RRH90 + 10.869 0.841
8.21 H=-1.674RRH10 + 0.830RRH90 + 10.958 0.855
7.46 H=-1.814RRH10 + 0.862RRH90 + 9.787 0.843
6.84 H=-1.733RRH10 + 0.768RRH90 + 8.735 0.863

2H in the formulas indicates the forest height.

following explanations for the results: RRH10 mainly represents
the information from the SSP to forest canopy top, and RRH10
and RRH90 are combined to obtain the height from the forest
volume, which is then used to retrieve the forest height. This
should be the reason that RRH10 and RRH90 have remained
in all models. To validate the explanation mentioned above, we
evaluate the sensitivity of forest height to the height difference
between RRH90 and RRH10 to RRH80 using the sampling plots
collected in Section III-B. The results are shown in Fig. 14. We
observe that RRH90 — RRH10 obtains the highest correlation
(R* = 0.734) with the forest height, which proves the rationality
of our expiations.

The accuracy of the combined model with a vertical resolution
of 6.84 m, as indicated in Table III, is illustrated in Fig. 15.
Compared with the reference forest height, the R> and RMSE
for the forest height predicted using the model regressed through
the combination of RRH10 to RRH100 are 0.909 and 1.648 m,

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

0.75

0.7~

0.65+

R2

0.6~

0.55+

90-10 90-20 90-30 90-40 90-50 90-60 90-70 90-80
Difference between RRH90 and RRH10 to RRH80

Fig. 14.  Sensitivity of forest height to the height difference between RRH90
and RRH10 to RRH80 estimated from TomoSAR data with a vertical resolution
0f 6.84 m. “90-10" to “90-80” in the x-axis represent RRH90 - RRH10 to RRH90
- RRH80, respectively.

Y=0.837X+0.848
R?=0.909
25| RMSE=1.648m

Estimated forest height (m)

0 5 10 15 20 25 30
Reference forest height (m)

Fig. 15. Comparison between the reference forest height and estimated forest
height when using the combined model indicated in Table III with a vertical
resolution of 6.84 m. The blue line is the linear fitting line for a given R? and
the formula.

400 400
Y=0.747X"916
R%-0.822

Y=0.848X+11.647
R%-0.814
RMSE=28 566

Reference AGB (t/ha)
N
i=3
=]
Estimated forest AGB (Vha)

‘ . . o
0 5 10 15 20 25 3 0 100 200 300 400
Height (m) Reference forest AGB (tha)

(@)

Fig. 16. (a) Height-to-biomass allometry regressed by the forest height and
reference AGB. (b) Scatter plots of reference AGB against the estimated AGB
using the equation derived in (a).

respectively, which indicates the considerable potential of the
RRH metrics to retrieve the forest height from the L-band
MB SAR data. In Fig. 16(a), the estimated forest height is
plotted against the reference forest AGB. In Fig. 16(b), the
predicted forest AGB using the regressed model in Fig. 16(a)
is demonstrated. The predicted forest AGB correlates to the
reference AGB with R and RMSE of 0.814 and 28.566 t/ha,
respectively. Such a high correlation is attributed to relatively
homogeneous forest stand density in the study area. If the forest
stand density is heterogeneous in other study areas, the use
of height-to-biomass allometry to retrieve forest AGB may be
restricted due to changeable forest stand densities. The for-
est height and AGB maps with a resolution of 15 x 15 m
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(b)

Fig. 17.  (a) Forest height estimated by the combined model in Table III with
a vertical resolution of 6.84 m. (b) Forest AGB using the estimated forest height
and allometric equation.
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Fig. 18.  Schematic view of the traditional RH metrics estimated by (a) first
method (i.e., using the derived ground peak) and (b) second method (i.e., using
the reference DTM).

(~ 0.2 ha) estimated by the combined model in Table III with
a vertical resolution of 6.84 m are shown in Fig. 17, and they
demonstrate a high level of agreement with the input CHM and
reference forest AGB.

C. Influence of Ground Peak on Forest Height Estimation
Using Traditional RH Metrics

Two ways are used to retrieve the traditional RH metrics in this
study. The first method considers the lowest effective peak as the
ground surface, as shown in Fig. 18(a), while the second method
directly applies the reference DTM to derive the traditional RH
metrics, as shown in Fig. 18(b). The accuracy of the elevation of
the estimated ground peak is evaluated using the input DTM with
acorrelation of R* = 0.984 and RMSE = 2. 617 m. The influence
of the ground peak on forest height estimation is analyzed by
evaluating the sensitivity of reference forest height to RH metrics
estimated by the two methods. It should be mentioned that both
RRH metrics and traditional RH metrics are derived from the
same vertical profiles with sidelobes removal using the method
in Section IV-B.

The RH difference of the RH metrics (i.e., RH25, RH50,
RH75, and RH100) derived from the simulated L-band MB
SAR dataset using the two methods, with a vertical resolution of
6.84 m, are shown in Fig. 19 [RH difference = RH — min(RH)].
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Fig. 19. RHdifference of the traditional RH metrics (i.e., RH25, RH50, RH75,
and RH100) derived from the simulated L-band MB SAR dataset with a vertical
resolution of 6.84 m [RH difference = RH —min(RH)]. (a)—(d) are RH25, RH50,
RH7,5 and RH100 estimated using the ground peak. (e)—(h) are RH25, RH50,
RH75, and RH100 estimated using the reference DTM.
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derived from simulated L-band MB SAR dataset with a vertical resolution of
6.84 m. The blue and orange lines represent R?> and RMSE, respectively. Solid
and dotted lines indicate the RH metrics estimated using the ground peak and
the reference DTM, respectively.

Fig. 19(a)—(d) and (e)—(h) is the results from the first and second
methods, separately. Similar characteristics are observable in
Figs. 9 and 19. The quantitative validation on the correlation
between the reference forest height and RH metrics estimated
using the two methods is shown in Fig. 20. For each percentage,
RH metrics estimated using the reference DTM obtain the better
performance than those estimated using the ground peak. The
highest correlation is obtained by the L-band RH100 using the
reference DTM with the R? of 0.737, which is similar to that
of the L-band RRH90 (R?> = 0.712) but higher than that of the
X-band RRHS0 (R* = 0.339). A more specific comparison for
RH100 using the two methods is shown in Fig. 21. To better show
their difference, all data are plotted in one picture. Obviously,
the red points (i.e., RH100 using reference DTM) are more
concentrated along the fitting line.

The model for the forest height estimation using the com-
bination of L-band RH25 to RH100 with the stepwise linear
regression can be expressed as

H = —0.028RH25 — 0.429RH50 + 0.709RH75

+ 0.374RH100 + 3.863, R? = 0.738 (10)
H = —0.065RH25 — 0.616RH50 + 0.737RH75

+ 0.439RH100 + 5.397, R = 0.877 (11)
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Fig. 22.  Scatter plots of the predicted forest height by (a) model (10) and (b)
model (11) against the reference forest height. The blue lines are linear fitting
lines for a given R? and the formula.

where RH25 to RH100 in model (10) and model (11) are
derived using the estimated ground peak and reference DTM,
respectively. The traditional RH metrics can depict detailedly the
canopy structure and all RH metrics remained in model (10) and
model (11). The results indicate that the correlation for model
(11) is close to those for the models in Table III and higher than
that for model (10), but less redundant information is found
in the traditional RH metrics. Fig. 22(a) and (b) demonstrates
the scatter plot of the predicted forest height by model (10)
and model (11) against the reference forest height, respectively.
The results in Fig. 22 can be expected, the predicted forest
height using the second method exhibits a higher correlation
with the reference forest height, involving R?=0.898 and RMSE
= 1.544 m. The different performances of these two methods
indicate that the error caused by the ground peak estimation
is propagated to the forest height estimation when using the
traditional RH metrics.

Figs. 19-22 prove that the redefined RH metrics obtain a
similar performance to the traditional RH metrics estimated
using the reference DTM. In addition, the traditional RH metrics
can be used for the forest height estimation when the SSP and
SEP are correctly defined and a high-accuracy DTM or accurate
topography retrieval algorithm is used.
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VI. DISCUSSION

A. Influence of Capon Estimator on Height Estimation

The method used to derive the TomoSAR profiles is the
Capon estimator. It should be noted that different tomographic
algorithms provide different vertical profiles and all methods
have their advantages and disadvantages. For example, the
Fourier-based method is of good radiometric accuracy in the
vertical direction while its vertical resolution is limited. The CS
method or spectral estimators such as Capon and MUSIC are of
abilities on super-resolution imaging and sidelobes suppression,
but the radiometric accuracy is relatively poor. Because the de-
velopment of the method, which can obtain radiometric accuracy
and vertical resolution in the meantime is very challenging,
especially under the circumstance of lacking accurate prior
knowledge, the application of the Capon method can be regarded
as a compromise. In addition, although the Capon estimator can
lead to backscattered power bias in the vertical direction, the
forest height estimation is performed by the vertical structure
information from the waveform of the TomoSAR profile instead
of the direct use of layered backscattered power. This may
explain why a high correlation between the forest height and
RH metrics is achieved in spite of using the Capon estimator.

B. Reason for Not Taking the SPC Point as the SEP

Although the signal below the land surface should be caused
by the TomoSAR imaging method instead of the forest structure,
the reason to not take the SPC point as the SEP is that the
locations of the SPC point are changed in different areas. The
location of the SPC is influenced by the scatterer density, 3-D
canopy structure, and forest AGB. A clear example is shown in
Fig. 5(b) and (c). We observe that most of the L-band SPCs are
located along with the profile from the DTM due to the dominant
double-bounce backscattering. However, few SPCs are located
within the forest volume because of the influence of the scatterer
density or forest AGB. For these pixels, the extraction of RRH10
to RRH100 is not suitable if we take the SPC point as the SEP.

C. Advantage and Disadvantage of the RRH Metrics

The comparison among the L-band RRH metrics, X-band
RRH metrics, and L-band traditional RH metrics estimated using
the reference DTM and identified ground peak on the forest
height estimation is carried out in this study. The L-band RRH
metrics and traditional RH metrics estimated using the reference
DTM obtain similar performances. The correlation between the
forest height and L-band traditional RH metrics estimated using
the ground peak is lower than that between the forest height and
L-band RH metrics estimated using the identified ground peak
due to the estimation error on the ground surface. The X-band
RRH metrics perform worst because of the limited penetration
capability.

The influence of the baseline distribution and total baseline
length on the retrieval of the forest height is discussed in this
study. This is very critical because a reasonable baseline design
can help to achieve a high vertical resolution and HoA. Itis noted
that the minimum baseline interval does not considerably change
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the waveform of the vertical profile, while the total baseline
length significantly transforms the waveform due to different
vertical resolutions. Moreover, the correlation between the ref-
erence height and L-band RRH10 to RRH100 with different total
baseline lengths is compared. Similar correlations were obtained
until a certain RRH. These findings demonstrate that the rede-
fined metrics are insensitive to the minimum baseline interval
and total baseline length, thereby indicating that the redefined
metrics can employ spare observations to realize accurate forest
height estimation.

The disadvantage is that the RRH metrics are validated using
the simulated MB SAR data. Using LandSAR, we can evaluate
the influence of the change in a single parameter separated from
other influences. This is generally difficult to accomplish using
the actual SAR data. The capability of the LandSAR model for
MB SAR data simulation has been verified by Ni et al. [35]. This
article examines the profiles from the simulated TomoSAR data
in three ways. The first way is to compare the estimated vertical
profiles with profiles from the LIDAR DTM and reference DSM.
The second way is to analyze the influence of the baseline
distribution on the estimation of the vertical profiles. The third
way is to evaluate the relationship between the reference CHM
(reference CHM = input DSM-input DTM) and SPC-retrieved
indicators, as shown in Fig. 8. The comparison between the
input of LandSAR (i.e., the input DSM and input DTM) and
SPC indicators retrieved from the simulated TomoSAR data
is a common method to quantitatively evaluate the simulated
results as did in [35], [45], and [51]. The L-band PD and X-band
HSPC exhibit a good correlation with the reference CHM. The
above-mentioned phenomena are all consistent with theoretical
expectations. Therefore, we believe that the LandSAR model can
be used to accurately simulate the spaceborne TomoSAR data.
Note that a quantitative evaluation of the simulated data using the
real spaceborne TomoSAR data is very important. However, the
acquisition of the spaceborne TomoSAR data is rather difficult
at this stage due to the temporal decorrelation. Estimating the
vertical profile from the real spaceborne MB SAR data under the
condition of temporal decorrelation is still a challenging topic
and needs more experiments. Accordingly, the LandSAR will be
examined using the spaceborne data from future SAR sensors
(such as ESA BIOMASS) in future work.

In the comparison between L- and X-bands RRH metrics (i.e.,
as shown in Figs. 9-12), we can conclude that RH metrics are
indeed required for a meaningful correlation with forest height,
that is, the backscattered power distributed between the forest
canopy top and ground surface is necessary. Low frequencies
microwave can penetrate the forest canopy and reach the ground,
therefore, a vertical profile within the range of the canopy top to
the ground surface is certainly existing. However, for the high
frequencies (such as X-band) TomoSAR data, the use of RH
metrics on the forest height estimation is limited due to restricted
penetration capability, as shown in Fig. 5(f). No backscattered
power is distributed near the ground surface in the X-band
vertical profile for areas with tall forests, and this phenomenon
is also noted by Khati et al. [3], which demonstrates a study
on the Indian tropical forests using the X-band TomoSAR data.
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Therefore, RH and RRH metrics are only suitable for forest
height retrieval with low frequencies TomoSAR data.

VII. CONCLUSION

In this study, we first examined the performance of Land-
SAR in simulating the TomoSAR features. The Capon spectral
analysis method was used to estimate the vertical profile. The
results demonstrated that LandSAR can clearly model the to-
mographic characteristics. The distribution of the L- and X-band
tomographic profiles in the forested areas exhibited a significant
correlation with the reference DSM and LiDAR DTM. Next,
the vertical profiles derived from different vertical resolutions
and HoAs were compared. The HoA did not considerably influ-
ence the vertical profiles, while the vertical resolution strongly
affected the waveform of the profiles. Subsequently, the RH
metrics were redefined to estimate the forest height, which was
then used to retrieve the forest AGB with a height-to-biomass
allometry. The performances of the L- and X-bands RRH metrics
and the L-band traditional RH metrics estimated using the refer-
ence DTM and identified ground peak on the forest height esti-
mation were compared. The combination of the L-band RRH10
to RRH100 demonstrated a high correlation with the reference
forest height, with a correlation of R* = 0.863 under a vertical
resolution of 6.84 m. The R?> and RMSE of the forest height
estimated using the combined model were 0.909 and 1.648 m,
respectively, compared with the reference forest height. Finally,
the influence of different vertical resolutions on the forest height
estimation was examined. Similar correlations were obtained
with different vertical resolutions until a certain RRH, indicating
the robustness of the RRH metrics. These results illustrate the
capability of the TomoSAR techniques with the RRH metrics
using the L-band MB SAR data to estimate the forest height
and AGB. The performance of the RRH metrics will be further
evaluated in future work, using actual spaceborne SAR data.
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