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Abstract: Forest canopy height is an important forest indicator parameter. Synthetic aperture radar
tomography (TomoSAR) is an effective method to characterize forest canopy height and describe
forest 3D structure; however, the residual phase error of TomoSAR affects the focus of the relative
reflectance and can lead to errors in forest canopy height estimation. Therefore, this paper proposes a
semi-empirical method to overcome the residual phase effects on forest canopy height estimation.
In this study, we used airborne multi-baseline UAVSAR data to estimate forest canopy height
via TomoSAR techniques and applied a semi-empirical method to improve forest canopy height
estimation without phase calibration to mitigate the effects of phase error. The process is divided into
three stages: the first step uses a semi-empirical method to initially determine the optimal relative
reflectance loss threshold (K) by excluding the inverse extremes; in the second and third steps, the
percentile height was used to gradually reduce the height interval between the upper and lower
envelopes to minimize overestimation of extreme values and the lower vegetation. When the root
mean square error (RMSE) was minimized, the percentile combinations were determined between
the inversion results and a LiDAR dataset of the area. The results show that the canopy height
estimation results are not satisfactory when relying solely on the K value to estimate the height
difference between the envelope at the top of the forest and the ground; the best result was obtained
when K = 0.4, but the corresponding R2 value was only 0.13, and the RMSE was 15.23 m. In our
proposed method, the K value is determined as 0.3 by excluding the extreme values of the inversion
result in the initial step—the corresponding R2 and RMSE values were 0.59 and 10.73 m, respectively,
representing an RMSE decrease of 29.54% relative to the initial K value. After two steps of correction
overestimation, the inversion accuracy was significantly improved with an R2 value of 0.65 and
an RMSE of 9.69 m, corresponding to an RMSE decrease of 36.38%. Overall, the findings of the
study represent an important reference for optimizing future spaceborne TomoSAR forest canopy
height estimates.

Keywords: UAVSAR; TomoSAR; forest canopy height

1. Introduction

Forests play a crucial role in the Earth’s carbon cycle, and canopy height is an important
parameter indicating forest biomass and carbon stock. Accurate forest canopy height
estimation is particularly challenging in tropical forests due to difficulties in identifying the
canopy and ground surface [1]. Synthetic aperture radar (SAR) has penetrating capabilities
that can be used to obtain forest vertical structure information and provide reliable forest
parameter estimates on a global scale [2]. The combination of polarized SAR interferometry
(PolInSAR) with coherent scattering models such as the random volume over ground
(RVoG) model [3–5] has proven to be an effective tool for forest height estimation in the
last two decades; however, the PolInSAR method relies on reasonable model assumptions
of the forest, and the associated parameters are difficult to calculate. In contrast, the SAR
tomography (TomoSAR) technique achieves high vertical resolution through multibaseline
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observations, allowing scatterers at different heights within the same resolution cell to be
identified and differentiated [6]. This approach has been widely used to reconstruct 3D
forest structures and estimate forest parameters [6–14].

When applying the TomoSAR technique, there are strict requirements for the baseline
and data; thus, the UAV platform remains the primary data acquisition approach. In 2009,
the TropiSAR project conducted the first trial of testing TomoSAR in tropical forest areas
in French Guiana; however, these data have limitations in terms of their suitability for
multifrequency TomoSAR analysis for forest structure monitoring and forest structure
parameter estimation. The limitations of L-band TomoSAR in tropical forests were also
demonstrated by Ho Tong Minh et al. [15] using TropiSAR project airborne data and also
noted in the study of El Moussawi et al. [16]. To overcome this limitation and obtain the best
tomographic and interferometric data, NASA, the European Space Agency (ESA), and the
Gabon Space Agency successfully conducted the AfriSAR campaigns over the dense forest
of Gabon in 2015 and 2016 [17]. However, interpreting forest structure parameters based
on 3D radar reflectivity information remains a challenging problem due to the complexity
of forest structure and the uncertainty of SAR information [16,18,19]; therefore, optimized
beamforming algorithms to improve height estimation accuracy have been proposed in
subsequent studies [20–22].

Theoretically, TomoSAR cannot directly estimate forest height; however, this parameter
can be obtained by analyzing the shape of the vertical profile because microwave scattering
from forested areas necessarily occurs between the ground surface and the top of the forest
canopy. The canopy height can be inverted by tracing the upper and lower envelopes of
the tomographic profile in areas with known topography. The canopy height can also be
estimated from TomoSAR data based on the relative reflectance (or power) loss threshold,
which can be used to determine the height difference between the envelopes near the
canopy and the ground surface. If a real reference height (e.g., CHM) is given and different
power loss thresholds are set, the root mean square error (RMSE) between the LiDAR-CHM
and TomoSAR-CHM can be calculated. The optimal power loss threshold is determined
when the RMSE is minimized, and the corresponding forest canopy height at each location
can be calculated [8,15,23]. This assumption is valid under optimal conditions; however, in
practice, TomoSAR data are affected by phase errors, decorrelation of SAR data, complex
vegetation conditions, microwave penetration of the ground surface, and uncertainties
in the beam formation algorithm [24]. These issues can affect the focusing of SAR data,
leading to the formation of a sidelobe in the vertical direction and thus increasing the
distance between the upper and lower envelopes [10]. If the power loss threshold is relied
upon exclusively for canopy height estimation, the resulting canopy height estimate will
be outside a reasonable range, especially in tropical forests. This phenomenon is more
pronounced if deeper microwave ground surface penetration occurs in the presence of low
forest cover, which will increase the canopy height overestimation.

Given these issues, in this study, we propose a semi-empirical three-step approach to
estimate forest canopy height from TomoSAR 3D reflectance information without relying
on topographic phase information compensation. A semi-empirical approach is used
to determine the relative reflectance loss threshold based on the a priori forest height
range; this is then divided into two steps to minimize overestimation in the TomoSAR
canopy height estimation process. Based on the maximum height of the study area and
the inversion error range, the canopy height of each cell is initially estimated based on the
reflectance loss threshold; once the estimated canopy height of a cell exceeds a reasonable
range, the percentile height values corresponding to the canopy height at this location are
counted, and a new estimated height value is obtained by subtracting the percentile height
values near the ground surface and top of the canopy in different steps (Hth(high) − Hth(low))
to determine the correct height value. This process can be interpreted as improving the
low-value overestimation by gradually decreasing the interval between the upper and
lower envelopes and identifying the best constraint interval when the RMSE value between
the LiDAR-CHM and TomoSAR-CHM heights is minimized. The purpose of this study
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is to explore a more effective and easily applicable method for TomoSAR forest canopy
height inversion. Currently, the application of satellite-borne TomoSAR remains in the
exploratory, experimental stage because the data conditions are not yet mature; however,
the experimental findings based on the UAV platform presented in this work can provide a
reference for future satellite-borne TomoSAR instruments, such as the Biomass and Tandem-
L satellites [16,25,26], so that the performance of global-scale forest parameter estimation
can be improved.

2. Materials and Methods
2.1. Study Area and Data

The test area is located in Lope National Park, Gabon, on the west coast of Africa
(Figure 1 and Table 1), which is mainly characterized by inland tropical forests. In 2016,
NASA, the ESA, and the Gabonese Space Agency collaborated on the AfriSAR project, in
which NASA’s unmanned aerial vehicle synthetic aperture radar (UAVSAR) and airborne
LiDAR sensors acquired L-band multibaseline, fully polarized PolInSAR data and full-
waveform LVIS LiDAR datasets, respectively. From this survey, eight stacks of UAVSAR
data processed by polarization calibration, baseline fine coregistration, and spectral filtering
were made publicly available free of charge as single-look complexes [27]; these data were
used in combination with the relative height variable RH100 of LVIS LiDAR data to validate
the forest canopy height derived from TomoSAR [28]. In this study, we only tested the
TomoSAR performance of the HH channel.
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Figure 1. Location of the study area.

Table 1. Data Introduction.

Dataset Description

SAR Data Information

Range Resolution 3.33 (m)
Azimuth Resolution 4.80 (m)

Polarization Type Full polarization
Look Angle 21.48–65.43 (deg)

Number of Tracks 8
Vertical Baseline 0, 20, 40, 60, 80, 100, 120 (m)

Forest canopy height information
Min 1.95 m
Max 82.49 m

Average 36.94 m
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2.2. Methods
2.2.1. 3D Forest Structure Reconstruction

Multibaseline TomoSAR provides multiple observations of the same object acquired
during multiple flights by airborne or satellite platforms. Multiple antennas of differ-
ent heights form a synthetic aperture in the normal direction, thus providing elevation
information [16,23,29–31] (Figure 2).

Forests 2023, 14, x FOR PEER REVIEW 4 of 18 
 

 

2.2. Methods 
2.2.1. 3D Forest Structure Reconstruction 

Multibaseline TomoSAR provides multiple observations of the same object acquired 
during multiple flights by airborne or satellite platforms. Multiple antennas of different 
heights form a synthetic aperture in the normal direction, thus providing elevation infor-
mation [16,23,29–31] (Figure 2).  

 
Figure 2. Illustration of TomoSAR. 

If the radar wavelength is sufficiently long to penetrate the canopy layer [32], multi-
ple SAR acquisitions in the same area with slightly different views allow the forest reflec-
tance to be quantified in three dimensions. The principle of TomoSAR involves the use of 
multiple near-parallel flight tracks to form a 3D image. Assuming that M antennas form 
M scenes of single-look complex images, the complex value yi(r,x) of a pixel (slant direc-
tional coordinate r, azimuthal coordinate x) in the i-th scene SAR image can be considered 
as the integral of the target scattering function in the normal direction within that resolu-
tion cell. This function can be expressed as: 𝑦 (𝑟, 𝑥) 𝑃(𝑟, 𝑥, 𝑣)exp −𝑗 𝑣 𝑑𝑣, (1)

where P(r,x,v) denotes the target reflectivity in the normal direction, v is the sampling 
coordinate of the signal in the normal direction, λ is the SAR wavelength, R is the slant 
range, and Bi is the vertical baseline of the i-th scene SAR image relative to the master 
image. Assuming that the sampling coordinates of the signal along the elevation direction 
are z and the incidence angle of the radar wave is θ, the projection of the elevation in the 
normal direction and the elevation direction has the following relationship: 𝑧 = 𝑣 ⋅ sin𝜃  (2)

The problem to be solved by TomoSAR is to recover the target scattering function 
P(r,x,v) for each SAR resolution cell distributed along the elevation direction based on the 
complex observation yi(r,x). In this paper, the Capon beamforming power estimator is 
used to reconstruct the vertical profile of the vegetated area, which can recover the 3D 
backscattering profile from the multilayer SLC data. 

The Capon spectral estimator is a conventional nonparametric method in TomoSAR 
analysis that can be used to obtain an infinite vertical profile of the vegetation without any 
a priori knowledge of the data’s statistical properties [16,21,30,33,34]. The method is an 
improved algorithm version of the conventional beamforming method based on the min-
imum variance criterion, which filters the signal of each array element through the opti-
mal weighting vector to suppress noise interference and enhance the signal. Its spectral 
estimation equation is as follows: 

Figure 2. Illustration of TomoSAR.

If the radar wavelength is sufficiently long to penetrate the canopy layer [32], multiple
SAR acquisitions in the same area with slightly different views allow the forest reflectance
to be quantified in three dimensions. The principle of TomoSAR involves the use of multiple
near-parallel flight tracks to form a 3D image. Assuming that M antennas form M scenes of
single-look complex images, the complex value yi(r,x) of a pixel (slant directional coordinate
r, azimuthal coordinate x) in the i-th scene SAR image can be considered as the integral
of the target scattering function in the normal direction within that resolution cell. This
function can be expressed as:

yi(r, x)
∫

P(r, x, v) exp
{
−j

4π

λ

Bi
R

v
}

dv, (1)

where P(r,x,v) denotes the target reflectivity in the normal direction, v is the sampling
coordinate of the signal in the normal direction, λ is the SAR wavelength, R is the slant
range, and Bi is the vertical baseline of the i-th scene SAR image relative to the master
image. Assuming that the sampling coordinates of the signal along the elevation direction
are z and the incidence angle of the radar wave is θ, the projection of the elevation in the
normal direction and the elevation direction has the following relationship:

z = v · sinθ (2)

The problem to be solved by TomoSAR is to recover the target scattering function
P(r,x,v) for each SAR resolution cell distributed along the elevation direction based on the
complex observation yi(r,x). In this paper, the Capon beamforming power estimator is
used to reconstruct the vertical profile of the vegetated area, which can recover the 3D
backscattering profile from the multilayer SLC data.

The Capon spectral estimator is a conventional nonparametric method in TomoSAR
analysis that can be used to obtain an infinite vertical profile of the vegetation without
any a priori knowledge of the data’s statistical properties [16,21,30,33,34]. The method is
an improved algorithm version of the conventional beamforming method based on the
minimum variance criterion, which filters the signal of each array element through the
optimal weighting vector to suppress noise interference and enhance the signal. Its spectral
estimation equation is as follows:
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Pcp(z) =
1

a†(z)R−1a(z)
(3)

where Pcp(z) is the vertical distribution function of the backscattered power estimated
using the Capon algorithm, a(z) denotes the guiding vector of height z, and R denotes the
covariance matrix of the multibaseline InSAR data.

2.2.2. TomoSAR-Based Forest Canopy Height Estimation

In the absence of the effect of phase errors, the forest canopy height can be obtained
by tracing the relative reflectance envelope obtained from TomoSAR [35] (Figure 3):

H(r, x) = argmin (P(Hn, r, x)− P(Hc, r, x)− K) (K = 0.1, 0.2, 0.3, 0.4, . . . , i) (4)

where P(Hn, r, x) is the relative reflectance at a location, Hn is the height corresponding to
the relative reflectance, Hc is the height value from the LiDAR, and K is the reflectance
loss value. The K value is a critical value for determining the change in TomoSAR relative
reflectance in the vertical direction from forest to nonforest. The recovery of forest top height
depends on the chosen K value because the canopy height is estimated from TomoSAR
data by changing the distance between the upper and lower envelopes of the Capon profile
based on the value of K. At each location, the RMSE between heights Hn and Hc was
calculated for a given value of K (Hn(r, x) − Hc(r, x)); once the lowest RMSE value was
determined, the forest canopy height was obtained for each (r, x) location.
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2.2.3. Forest Canopy Height Estimation Error Correction

Based on the principles of TomoSAR, microwave scattering from the forest must
occur between the ground surface and the top of the forest canopy, and the canopy height
can be inverted by tracing the upper envelope of the tomographic profile. However, in
practice, issues such as phase errors, SAR data decoherence, complex vegetation conditions,
microwave penetration, and uncertainties in the beam formation algorithm can lead to
sidelobe formation in the vertical direction above the ground surface, indirectly resulting
in envelope estimation errors. Therefore, topographic phase calibration of TomoSAR
data should be considered to compensate for phase residuals that affect the focus of SAR
data. The accurate topographic phase is reliant on high-accuracy digital elevation models
(DEMs), such as LiDAR-DEM; however, such data are not necessarily available for practical
applications due to the limited coverage of LiDAR in many areas. In this study, we did not
use external DEM information to remove topographic phase errors.

Since errors affect the SAR data focus and the appearance of sidelobes, this can
increase the interval between the upper and lower envelopes, leading to canopy height
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overestimation. Therefore, we propose a semi-empirical, three-step approach to estimate
forest canopy height using 3D reflectance information from TomoSAR. The general concept
involves the use of a semi-empirical iterative approach to optimize the K value threshold
and identify a threshold to compress the interval between the upper and lower envelopes
and minimize the overestimation based on the percentile height in two steps. We use
the following Equation to estimate the height of the forest canopy, which differs from
Equation (8) in that we determine the K value based on the overall RMSE rather than values
for each pixel individually:

H = argmin (P(Hn)− P(Hc)− K)(K = 0.1, 0.2, 0.3, 0.4, . . . , i) (5)

where Hn is the TomoSAR estimated value and Hc is the LiDAR-RH100 value.
In the first step, the K values were determined. First, the maximum forest height (hmax)

of the study area was determined; the upper and lower envelopes of TomoSAR were then
estimated by setting different step K values to calculate the canopy height, and samples with
inversion heights greater than hmax were excluded. The optimal K value was determined
when the RMSE between the inversion result and LiDAR-RH100 was minimized.

H = argmin (Hn − Hc)−K)(K = 0.1, 0.2, 0.3, 0.4; Hn < hmax) (6)

where Hn is the TomoSAR estimated value, Hc is the LiDAR-RH100 value, and hmax is the
extreme-value threshold.

In the second step, error correction is performed for the predicted height extremes,
i.e., heights greater than hmax. When the estimated canopy height of a pixel exceeds hmax,
the percentile height values corresponding to this canopy height range are counted; the
percentile height values near the top and canopy in this bracket are then subtracted in
different steps (Hth(high) − Hth(low)), as shown in Equation (7). This process effectively
improves the underestimation by gradually decreasing the distance between the upper and
lower envelopes and determining the constraint interval that minimizes the RMSE between
the LiDAR-RH100 and TomoSAR height values.

Hn1 =

{
hi

hth(p) − hth(100−p)

∣∣∣∣ hi < hmax
hi ≥ hmax(p=90,80,70,60)

(7)

where Hn1 is the result of extreme value correction, hi is the forest canopy height as
estimated by TomoSAR at a pixel location, hth(p) denotes the percentile height of hi, and
hmax is the extreme value threshold.

In the third step, overestimation correction is performed within a reasonable range.
As described above, the coverage of lower vegetation areas is small, and the presence
of SAR data focus and penetration also cause overestimation; accordingly, low canopy
overestimation correction is performed using the same method as the second step. First, a
reasonable threshold value hmin is set based on the interval in which the overestimation
occurs. When the estimated canopy height of a pixel is less than hmin, the percentile height
value corresponding to the canopy height at this location is counted. The same method
described in the second step is used to determine the constraint interval.

Hn =

{
hn1

hn1−th(p) − hn1−th(100−p)

∣∣∣∣ hi > hmin
hi ≤ hmin(p=90,80,70,60)

(8)

where Hn is the result of overestimation correction for low vegetation, hi is the forest
canopy height as estimated by TomoSAR at a pixel location, hth(p) denotes the percentile
height of hi, and hmin is the minimum value threshold.
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2.2.4. Evaluation Indicators

The correction results were evaluated using the determination coefficient (R2), RMSE,
and bias (BIAS) metrics. 

R2 = 1 − ∑n
i=1(Hi−Ĥi)

2

∑n
i=1

(
Hi−

−
H)2

RMSE =

√
∑n

i=1(Hi−Ĥi)2

n

BIAS =
∑n

i=1(Hi−Ĥi)
n

(9)

where Hi is the LiDAR canopy height; H is the mean TomoSAR canopy height, and Ĥi is
the TomoSAR canopy height.

3. Results
3.1. Initial Determination of the Reflectivity Loss Threshold K

Based on the principles of TomoSAR, we set the height input range as −45 m to 45
m to obtain the relative reflectance at different heights, as shown in Figure 4. For ease of
understanding of the forest canopy height calculation, we denote the height value input
range as the index value in the elevation direction because the forest canopy height is equal
to the difference between the upper and lower envelope index pair.
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Figure 4. Relative reflectance profile of TomoSAR.

Based on the relative reflectance variation curves of different pixel points (Figure 5),
the value of K on the vertical profile can be determined as approximately between 0.1 and
0.4. Accordingly, a suitable loss threshold can be set to estimate the envelope of the top
of the canopy and the ground surface, as shown in Figure 6. The canopy height is then
obtained by subtracting the index values of the upper and lower envelopes.

Forests 2023, 14, x FOR PEER REVIEW 7 of 18 
 

 

⎩⎪⎪
⎨⎪
⎪⎧ 𝑅 = 1 − ∑ (𝐻 − 𝐻 )∑ (𝐻 − 𝐻)

𝑅𝑀𝑆𝐸 = ∑ (𝐻 − �̑� )𝑛𝐵𝐼𝐴𝑆 = ∑ ( 𝐻 − �̑� )𝑛
 (9)

where Hi is the LiDAR canopy height; 𝐻 is the mean TomoSAR canopy height, and 𝐻  
is the TomoSAR canopy height. 

3. Results 
3.1. Initial Determination of the Reflectivity Loss Threshold K 

Based on the principles of TomoSAR, we set the height input range as −45 m to 45 m 
to obtain the relative reflectance at different heights, as shown in Figure 4. For ease of 
understanding of the forest canopy height calculation, we denote the height value input 
range as the index value in the elevation direction because the forest canopy height is 
equal to the difference between the upper and lower envelope index pair. 

 
Figure 4. Relative reflectance profile of TomoSAR. 

Based on the relative reflectance variation curves of different pixel points (Figure 5), 
the value of K on the vertical profile can be determined as approximately between 0.1 and 
0.4. Accordingly, a suitable loss threshold can be set to estimate the envelope of the top of 
the canopy and the ground surface, as shown in Figure 6. The canopy height is then ob-
tained by subtracting the index values of the upper and lower envelopes. 

 
Figure 5. Relative reflectance change curve. Figure 5. Relative reflectance change curve.



Forests 2023, 14, 1479 8 of 18
Forests 2023, 14, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 6. 3D reflectivity envelope of TomoSAR. 

In this study, we chose different values of K and selected 6357 LiDAR-RH100 height 
values to validate the inversion results and determine the most suitable loss threshold K 
based on the RMSE calculated between the TomoSAR-derived canopy height results and 
the LiDAR-RH100 values. We set the K values (K = 0.1, 0.2, 0.3, and 0.4) to estimate the 
envelope at the top of the canopy and the ground surface. Although only four intervals 
were chosen to determine the loss threshold K in this study, this does not affect our con-
clusions. If a globally optimal K value is sought, smaller intervals can be set or determined 
iteratively, which can be investigated in future studies. As shown in Figures 7 and 8, when 
K = 0.1, the RMSE of the validation results is 29.55 m, and the results show an overall 
overestimation with overestimated samples predominantly clustered in the inversion 
height range above 75 m (Figure 8a). When K = 0.2, the RMSE value is 21.41 m; in this 
scenario, the overestimation issue is reduced, but overestimated values are still clustered 
at inversion heights above 65 m (Figure 8b). When K = 0.3, the RMSE is 17.00 m, and the 
overall overestimation is further improved; however, overestimation is still observed at 
inversion heights greater than 62 m (Figure 8c). Finally, when K = 0.4, the RMSE is 15.23 
m, which represents the smallest value among the tested configurations; in this case, the 
scatter plot shows that some value overestimation remains, and the issue of underestima-
tion becomes more serious (Figure 8d). 

    
(a) (b) (c) (d) 
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Figure 6. 3D reflectivity envelope of TomoSAR.

In this study, we chose different values of K and selected 6357 LiDAR-RH100 height
values to validate the inversion results and determine the most suitable loss threshold K
based on the RMSE calculated between the TomoSAR-derived canopy height results and the
LiDAR-RH100 values. We set the K values (K = 0.1, 0.2, 0.3, and 0.4) to estimate the envelope
at the top of the canopy and the ground surface. Although only four intervals were chosen to
determine the loss threshold K in this study, this does not affect our conclusions. If a globally
optimal K value is sought, smaller intervals can be set or determined iteratively, which can
be investigated in future studies. As shown in Figures 7 and 8, when K = 0.1, the RMSE
of the validation results is 29.55 m, and the results show an overall overestimation with
overestimated samples predominantly clustered in the inversion height range above 75 m
(Figure 8a). When K = 0.2, the RMSE value is 21.41 m; in this scenario, the overestimation
issue is reduced, but overestimated values are still clustered at inversion heights above
65 m (Figure 8b). When K = 0.3, the RMSE is 17.00 m, and the overall overestimation is
further improved; however, overestimation is still observed at inversion heights greater
than 62 m (Figure 8c). Finally, when K = 0.4, the RMSE is 15.23 m, which represents the
smallest value among the tested configurations; in this case, the scatter plot shows that
some value overestimation remains, and the issue of underestimation becomes more serious
(Figure 8d).
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3.2. Optimization of K Value Determination

The inversion results described in the previous section clearly demonstrate that relying
solely on the difference of envelopes to calculate canopy height does not necessarily lead
to correct results, with some of the inversion results still outside the range of the true
forest canopy height. Therefore, it is necessary to further optimize the correction process to
account for these errors. In this scheme, we set an approximate low-value overestimation
threshold based on the LiDAR-RH100 maximum height to eliminate the overestimated
sample points and further compare the estimation results achieved using different K values.
Based on the values in the scatter plots (Figure 8), we set the maximum value of canopy
height in the study area to 62 m. The inversion results were then masked using a threshold
of 62 m, with the results for different K values shown in Figures 9 and 10. Here, the
masking threshold (62 m) is only an approximate reference value. Although there are a few
measured canopy heights exceeding 62 m in the LiDAR data, this will not impact the overall
conclusions of the study, and a more precise value could alternatively be determined using
an iterative method if required.

The results show that after masking inversion height values greater than 62 m, the
inversion accuracy improves at all K values. For K = 0.1, n = 3399, and the RMSE is 19.94 m
with the fewest samples within a reasonable range (Figure 9a). For K = 0.2, n = 4917, and
the RMSE is 13.00 m (Figure 9b); for K = 0.3, n = 5468, and the RMSE is 10.73 m (Figure 9c);
and at K = 0.4, n = 5764, and the RMSE is 11.47 m (Figure 9d). The RMSE value at K = 0.3 is
the lowest among the four schemes, and the trend line (shown in red in Figure 8) is closest
to the 1:1 line indicating correctly inverted heights. Although the RMSE value achieved at
K = 0.4 is similar to that at K = 0.3 and the sample size is larger, the overestimation and
underestimation at K = 0.4 are more pronounced. On this basis, we determined that the
results obtained for K = 0.3 are more reasonable, and we accordingly set the value of K as
0.3 in the following section.
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3.3. Overestimation Improvement of the Predicted Extreme Values

In the previous step, the best inversion results were obtained at K = 0.3 when errors
outside the reasonable canopy height range were not considered. Accordingly, we fixed
K = 0.3 in this scheme and used the percentile height as the adjustment threshold to improve
the overestimation of inversion values above 62 m. When the inverted canopy height within
a pixel cell is below 62 m, the height value is considered reasonable. When the inverted
height is greater than 62 m, the percentile height corresponding to the canopy height within
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this pixel is counted. The percentile height values near the top of the canopy and the ground
surface were differenced to obtain a new estimated height value (Hth(high) − Hth(low)), which
is used as the correct result. We set four percentile thresholds at 10% intervals to improve
the overestimation, namely Hth90 − Hth10, Hth80 − Hth20, Hth70 − Hth30, and Hth60 − Hth40,
and the best overestimation correction scheme was determined by calculating the RMSE
between the inverse values and LiDAR-RH100 heights. Note that the threshold intervals
used here are selected only to validate the rationality of the method, and smaller intervals
and different value combinations could be used to optimize our proposed scheme.

The scatter plots in Figure 9 indicate that the inversion accuracy is further improved
after the correction of the extreme value overestimation. The Hth90 − Hth10 scheme has
an RMSE value of 12.62 m and an R2 of 0.40 (Figure 11a); the Hth80 − Hth20 scheme has
an RMSE value of 10.06 m and R2 of 0.62 (Figure 11b); the Hth70 − Hth30 scheme has an
RMSE value of 10.28 m and R2 of 0.60 (Figure 11c); and the Hth60 − Hth40 scheme has an
RMSE value of 12.79 m and an R2 of 0.39 (Figure 9d). The highest accuracy was achieved
for the Hth80 − Hth20 combination; compared to the unoptimized results in Section 4.1,
the RMSE is reduced by 40.82% from 17.00 m to 10.06 m. Therefore, we set the correction
threshold for the overestimation of the extreme values to Hth80 − Hth20. The overestimation
improvement effect is also shown in Figure 12.
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3.4. Overestimation Improvement of Low Vegetation Areas

When the maximum canopy height of the study area is known, the extreme value
overestimation can be corrected directly. However, the corrected results also show that
overestimation also occurs when the inverse canopy height is approximately less than
20 m, which is similar to the systematic overestimation observed in the scatter plot Figure 9.
Therefore, the same approach can be used to improve the overestimation of areas of
low vegetation. In this scheme, we applied the same correction approach described in
Section 3.2. We chose K = 0.3 and set a correction threshold of 20 m. When the canopy
height within a pixel cell is less than 20 m, the percentile height value corresponding to
the canopy height within this pixel is counted, and the percentile height value near the
top of the canopy and ground surface were subtracted to calculate the correct value. As
mentioned above, the optimal correction interval was determined based on minimizing the
RMSE between the inversion values and LiDAR-RH100 height.

After overestimation correction of low vegetation, the inversion accuracy was fur-
ther improved, as follows: for the Hth90 − Hth10 scheme, RMSE = 9.86 m and R2 = 0.64
(Figure 13a); for the Hth80 − Hth20 scheme, RMSE = 9.73 m and R2 = 0.65 (Figure 13b); for
the Hth70 − Hth30 scheme, RMSE = 9.69 m and R2 = 0.65 (Figure 13c); and for the Hth60
− Hth40 scheme, RMSE = 9.74 m and R2 of 0.64 (Figure 13d). The highest accuracy was
achieved for Hth70 − Hth30, and compared to the unoptimized results in Section 3.1, the
RMSE decreased from 17.00 m to 9.69 m, representing a 43% reduction. Therefore, we set
the overestimation correction threshold for low vegetation areas to Hth70 − Hth30, which
yields further improvements, as shown in Figures 14–16. The envelope after the error
improvement is shown in Figure 17.
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Figure 13. (a–d) Scatter plots showing a comparison between the corrected TomoSAR- and LiDAR-
derived canopy heights for four different low vegetation correction schemes.
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Figure 14. (a–d) Inversion results after overestimation correction for extreme values and low
vegetation areas.
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Figure 17. Error-corrected envelope, where the black lines indicate the final optimized envelope.

4. Discussion
4.1. Extensibility of Methods

Compared with the results of El Moussawi et al. [16], our tomographic imaging results
show more significant sidelobe noise. As shown in Figure 4, there are also strong reflections
below the surface layer. This is mainly because, in the study by El Moussawi et al., an
iterative phase calibration method was used to compensate for the residual phase, and better
focusability results were obtained. In this paper, we do not compensate for the topographic
phase and other residual phases, so the sidelobe effect is obvious. However, after three
steps of error correction, we also achieved accurate forest canopy height estimates. In
general, the method proposed in this paper is more compatible with the data and can
achieve satisfactory forest canopy height estimates without relying on other more complex
error compensation methods.

4.2. Discrete Sample Point Error Analysis

Despite the three steps of error improvement detailed above, we did not fully overcome
the underestimation and overestimation observed in the TomoSAR canopy height estimates.
There is also slight underestimation at RH100 heights greater than 40 m, which may relate to
the forest conditions, data conditions, and beamforming algorithms described previously;
this effect may even relate to microwave penetration of the canopy, which we intend to further
analyze in the next step of our study. In addition, there is also significant overestimation for a
few sample points where RH100 is less than 20 m. We superimposed these sample points on
Google Earth and found that almost all of these sample points are located in areas with less
forest cover in which the microwave penetration is deeper and other conditions cause larger
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errors [36–39]. As shown by the results after masking these areas (Figure 18b), our proposed
method is effective and can improve the forest canopy height estimation by overcoming
the phase error. However, since our proposed method does not fundamentally explain the
TomoSAR imaging mechanism, there are still some sample points that are underestimated
and overestimated. In the study’s next step, these errors can be improved by creating masks
to distinguish between forest and nonforest areas.
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of the error sample points (red circled), and (d) is a zoomed-in display of some sample points on
Google Maps.

In this study, we used LiDAR-RH100 data to validate the TomoSAR inversion results.
The use of LiDAR-RH100 data is a common approach used to validate SAR canopy height,
and all the data used in the study are internally consistent results from the AfriSAR project.
The accuracy and reliability of the LiDAR data used here have been confirmed in the report
of the NANS study [17] and do not fundamentally affect our experimental conclusions.

4.3. Uncertainty of the Method

For forest canopy height estimation by interferometric tomography SAR, K is an
empirical value that is determined in different ways in different studies. The optimal K
value is usually determined based on minimizing the error between the inversion results
and the true forest canopy height, similar to a simple iterative process. In this study, we
set a larger iteration step and did not reach the global optimum, which will affect the final
forest canopy height estimation. In future studies, we intend to set a smaller step and use
an iterative method to determine the global optimum K value. Second, real forest canopy
height information is required for each step of this study, and ICEsat-2 and GEDI data
could be potentially used for this purpose in future studies.

5. Conclusions

TomoSAR is an important tool for forest canopy height estimation; however, in tropical
forests, the results obtained from this technique are affected by various factors, and direct
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usage of the upper and lower TomoSAR-derived envelopes for canopy height estimation
without compensating for the topographic phase does not yield ideal results. In this
study, a semi-empirical, three-step method is proposed to optimize TomoSAR envelope
estimation to overcome the effects of residual phase error and improve forest canopy
height estimation. Using a small number of real forest heights as a reference, an iterative
approach is used to identify the interval in which the forest canopy height error occurs and
optimize the envelope estimation to reduce the canopy height estimation error. Moreover,
the method is easy to perform and can effectively estimate forest canopy height without
relying on a complex phase calibration process; this technique is more generalizable and
does not require a specific application context. The conditions for TomoSAR canopy height
estimation from spaceborne platforms are not yet mature, and multibaseline SAR data from
airborne platforms represent an important data source for exploring new methods. With the
operation of the TanDEM-L and BIOMASS satellites in the future, our proposed method can
provide an important reference for spaceborne TomoSAR forest canopy height estimation.
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