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Abstract: Forest height is of great significance in analyzing the carbon cycle on a global or a local scale
and in reconstructing the accurate forest underlying terrain. Major algorithms for estimating forest
height, such as the three-stage inversion process, are depending on the random-volume-over-ground
(RVoG) model. However, the RVoG model is characterized by a lot of parameters, which influence
its applicability in forest height retrieval. Forest density, as an important biophysical parameter, is
one of those main influencing factors. However, its influence to the RVoG model has been ignored
in relating researches. For this paper, we study the applicability of the RVoG model in forest height
retrieval with different forest densities, using the simulated and real Polarimetric Interferometric
SAR data. P-band ESAR datasets of the European Space Agency (ESA) BioSAR 2008 campaign were
selected for experiments. The test site was located in Krycklan River catchment in Northern Sweden.
The experimental results show that the forest density clearly affects the inversion accuracy of forest
height and ground phase. For the four selected forest stands, with the density increasing from 633
to 1827 stems/Ha, the RMSEs of inversion decrease from 4.6 m to 3.1 m. The RVoG model is not
quite applicable for forest height retrieval especially in sparsely vegetated areas. We conclude that
the forest stand density is positively related to the estimation accuracy of the ground phase, but
negatively correlates to the ground-to-volume scattering ratio.

Keywords: RVoG model; three-stage inversion process; forest stand density; ground phase;
ground-to-volume scattering ratio

1. Introduction

Forest height, as one part of the vertical structure information, is an important element to the
quantitative analysis of the carbon cycle on a global or local scale. It is also helpful to reconstruct
the accurate forest underlying terrain from the digital surface model (DSM) [1]. Originated from
SAR technology, Polarimetric SAR interferometry (PolInSAR), is an all-time, all-weather, and strongly
penetrative means of forest height obtaining. In addition, by combining polarimetric and interference
information, PolInSAR is not only sensitive to the height and motion of scatterers, but also to
structure, direction, texture, and dielectric constant of scatterers [2–5]. Compared with single channel
Interferometric SAR (InSAR), we can separate volume scattering from surface scattering by using
information from different coherence channels. This is one of the main advantages of PolInSAR and
the key to estimate forest height. To retrieve forest height from the PolInSAR data, it is necessary
to establish a scattering model that can combine forest biophysical parameters with the PolInSAR
data. In 1996, the random-volume-over-ground (RVoG) model was firstly utilized to relate the forest
biophysical parameters to the InSAR data [6–8]. Now it has become a widely used vegetation scattering
model to retrieve forest height from PolInSAR data [9–17]. The RVoG model depicts the scattering
process of forest scene as a random volume over ground [9]. In the past few years, this model has
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been developed to improve the accuracy of forest height inversion, such as the RVoG + TD model
considering temporal decorrelation [18–22], the RVoG+CFF model [23] considering canopy-fill-factor,
and the S-RVoG model [24,25] considering the slope of topography.

The RVoG model is characterized by having many independent physical parameters including
parameters of SAR system and factors of the forest. Any change of these parameters will influence
the results of forest height retrieval, which reflect the applicability of the RVoG model in forest height
inversion [9]. Forest density, as a biophysical parameter of vegetation, is important to the RVoG model
and forest height retrieval. Many researchers point out that the interferometric phase and coherence are
sensitive to the vegetation height and density variations, which makes a challenge for forest parameters
inversion [3,6,8,9]. Lavalle et al. [26] investigate the correlation of interferometric coherence with forest
height, canopy density, and terrain slope. Garestier et al. [14] demonstrated that the performance of
a pine forest height inversion with X-band HH and HV data was more dependent on the forest density
than that at lower frequencies. However, the influence of forest density to the RVoG model on forest
height inversion has not been studied systematically in current research. Here, we studied the impact
of the forest density to the forest height inversion with the RVoG model from PolInSAR data.

At present, the six-dimension nonlinear iterative algorithm [9] and the three-stage inversion
process [27] have been proposed to invert the RVoG model. The six-dimension nonlinear iterative
algorithm brings heavy computation burden and difficulty in obtaining the initial parameters of forest
height retrieval. Thus, the three-stage inversion process became the main method to retrieve forest
height because of its steady result, strong applicability, and short calculation time.

2. The Random-Volume-Over-Ground (RVoG) Model and Three-Stage Height Inversion Method

The RVoG model simplifies the vegetation structure to be a two-layer structure including the
canopy layer and ground layer. The canopy layer is considered as an isotropic medium, which means
the attenuation process of electromagnetic wave can be expressed by the mean wave extinction that is
constant. Without temporal de-correlation and signal-to-noise ratio (SNR) de-correlation, the complex
interferometric coherence based on the RVoG model can be expressed as:

γpωq “ ejφ0
γv ` µpωq

1` µpωq
(1)

where the ground-to-volume scattering ratio µpωq is related to ω, a three-component unitary complex
vector representing some kind of polarization state, φ0 is the ground phase, and the volume coherence
γv based on RV model is a function of forest height hv and extinction σ, defined as

γv “

hv
ş

0
e

2σz
cosθ ejkzzdz

hv
ş

0
e

2σz
cosθ dz

(2)

σ represents the mean wave extinction in the medium, θ is the incidence angle, and kz is the vertical
wavenumber of the interferometer [9,27]. In the RVoG model, the vegetation structure function is to
obey exponential distribution, defined as Equation (3):

f pzq “ e
2σz
cosθ (3)

The three-stage height inversion method contains the following three key steps [27]:
Firstly, a total least square line fitting of the complex coherence with different polarizations in

a complex plane: The optional complex coherence could be the linear polarizations (HH, HV, VH,
and VV) or the Pauli-basis polarizations (HH+VV and HH´VV). In some cases, the coherence sets
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of the linear polarizations gather together. It is difficult to get a good fitted line. Therefore, some
optimized coherence channels are good choices for improving the linearity of the coherence sets [28,29].
For example, the phase diversity (PD) coherence optimization can get two coherence values with
maximum (PDH) and minimum (PDL) phases [29].

Secondly, the ground phase φ0 estimation: There are two interactions between the fitted line
and the unit circle of the complex plane. The ground phase is determined by the one closer to the
polarization with more ground contributions, such as HH-VV or PDL.

Finally, the forest height estimation: It is determined by the coherence of volume scattering with
highest phase center, such as HV or PDH. Then, a lookup table (LUT) is calculated, which contains
the values of volume coherence with all possible mean extinction coefficients and forest heights. By
minimizing the difference between the LUT and the volume coherence, we can get the solution of the
mean extinction coefficient and forest height. The forest height can be calculated by using this solution
and the estimated ground phase.

3. The Simulated Datasets and Real P-Band E-SAR Data

3.1. The Simulated Datasets

A set of forest stands was simulated with PolSARpro simulator provided by ESA for free [30]. The
simulator could provide polarimetric interferometric SAR datasets with a high level of realism. The
main parameters of the simulated data are shown in Table 1. In this experiment, the tree number per
hectare was considered the forest stand density, which ranged from 100 stems/Ha to 900 stems/Ha.
For the different forest stands simulated with PolSARpro, the density is mutative and the rest main
parameters were constant. For analyzing the impact of forest density under different height, three
groups of datasets with a reference height of 10 m, 14 m, and 18 m were simulated.

Table 1. Main parameters of the simulated data of forest with PolSARpro Forest Simulator. Three
datasets with reference height of 10 m, 14 m, and 18 m were simulated.

Platform Altitude 3000 m

Horizontal Baseline 10 m
Vertical Baseline 1 m
Incidence Angle 45˝

Center Frequency 1.5 GHz
Tree Species Pine

Reference Height 10 m, 14 m, and 18 m

3.2. The Real P-Band ESAR Data

We also selected two real P-band E-SAR data acquired in the framework of the ESA BioSAR 2008
campaign for experiments [31]. The aim of this campaign was to investigate topographic effects on
boreal forest biomass retrieval by PolInSAR data [32,33]. The main radar data sources of the BioSAR
2008 campaign were acquired by DLR’s airborne E-SAR system. The test site mapped by E-SAR is
located in Krycklan River catchment of the Vindeln municipality in Northern Sweden (see Figure 1),
where the elevation changes from 150 m to 400 m. The test site was dominated with mixed coniferous
forest, but studded with a small amount of broad-leaved forest. In addition, forest height measured by
Light Detection and Ranging (LiDAR) was available at the test site, which could serve as a reference.
Many researchers have used these datasets for the study of biomass estimation, forest height inversion,
and forest vertical structure retrieval [34–36]. The selected two P-band E-SAR data were acquired on
14 October 2008 with a time interval of about 33 min. The spatial baseline was about 24 m.
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Figure 1. The test site selected from the BIOSAR 2008 campaign (From Google Earth). The star in the 
border map indicates the location of study area. The red rectangle indicates the covering area of the 
E-SAR data. 
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4.1. Results and Analysis of the Simulated Datasets 

After applying the three-stage height inversion method to the simulated datasets, we acquire 
the root mean square error (RMSE) of inversed height for different forest stand density with a 
reference height of 10 m, 14 m, and 18 m. As shown in Figure 2, all the RMSEs of the three groups of 
results indicate an obvious decreasing trend with the increasing forest density. The decreasing 
RMSE indicates the increasing accuracy of forest height inversion. For the sparse forests (e.g., the 
stand density smaller than 400 stems/Ha), the height inversion errors become larger. The main 
reason is that the sparse vegetation cannot be assumed as a random volume. When forest stand 
density increases to a certain degree, it is no longer the main factor affecting the accuracy of forest 
stand height. However, there are still about 2 m of underestimated errors because the phase center of 
HV channel is located in the canopy rather than at the top of the forest [14]. 

Figure 1. The test site selected from the BIOSAR 2008 campaign (From Google Earth). The star in the
border map indicates the location of study area. The red rectangle indicates the covering area of the
E-SAR data.

4. Experimental Results and Analysis

4.1. Results and Analysis of the Simulated Datasets

After applying the three-stage height inversion method to the simulated datasets, we acquire the
root mean square error (RMSE) of inversed height for different forest stand density with a reference
height of 10 m, 14 m, and 18 m. As shown in Figure 2, all the RMSEs of the three groups of results
indicate an obvious decreasing trend with the increasing forest density. The decreasing RMSE indicates
the increasing accuracy of forest height inversion. For the sparse forests (e.g., the stand density smaller
than 400 stems/Ha), the height inversion errors become larger. The main reason is that the sparse
vegetation cannot be assumed as a random volume. When forest stand density increases to a certain
degree, it is no longer the main factor affecting the accuracy of forest stand height. However, there
are still about 2 m of underestimated errors because the phase center of HV channel is located in the
canopy rather than at the top of the forest [14].



Remote Sens. 2016, 8, 291 5 of 13
Remote Sens. 2016, 8, 291 5 of 13 

 

 
Figure 2. The RMSE of inversed height for different forest stand density from the simulated data 
with reference height of 10 m (line with plus), 14 m (line with circle), and 18 m (line with asterisk). 
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ground-to-volume scattering ratio of the HV coherence channel for different densities by using the 
six-dimension nonlinear iterative algorithm. The HV coherence channel is substituted into Equation 
(1) for forest height retrieval. By comparing the average ground-to-volume scattering ratio for 
different forest stand density, we found that there is a negative correlation between forest density 
and ground-to-volume scattering ratio, which is shown in Figure 3. 
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For sparse vegetation, the electromagnetic wave easily penetrated the vegetation layer and 
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layer. In this case, the corresponding ground-to-volume scattering ratio ( )μ ω  was larger, although 
smaller for dense vegetation. However, to simplify the algorithm of the traditional three-stage 
inversion process, it was assumed that the ground-to-volume scattering ratio is null for the 

Figure 2. The RMSE of inversed height for different forest stand density from the simulated data with
reference height of 10 m (line with plus), 14 m (line with circle), and 18 m (line with asterisk).

In addition, the ground-to-volume scattering ratio is another important factor affecting the
application of the RVoG model, which can be defined as Equation (4):

µpωq “
ωHTGroundω

ωHTCanopyω
(4)

where TGround and TCanopy are the echo signal intensity of ground and vegetation layer, respectively [27].
Therefore, we needed to study the relationship between forest density and ground-to-volume scattering
ratio. Based on the simulated data, we can estimate the ground-to-volume scattering ratio of the HV
coherence channel for different densities by using the six-dimension nonlinear iterative algorithm. The
HV coherence channel is substituted into Equation (1) for forest height retrieval. By comparing the
average ground-to-volume scattering ratio for different forest stand density, we found that there is a
negative correlation between forest density and ground-to-volume scattering ratio, which is shown in
Figure 3.
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Figure 3. Correlation between the ground-to-volume scattering ratio and density from the simulated
data with reference height of 10 m.

For sparse vegetation, the electromagnetic wave easily penetrated the vegetation layer and
reached the ground. The echo signal intensity of ground was stronger than that of the vegetation layer.
In this case, the corresponding ground-to-volume scattering ratio µpωqwas larger, although smaller for
dense vegetation. However, to simplify the algorithm of the traditional three-stage inversion process,
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it was assumed that the ground-to-volume scattering ratio is null for the intersection point inside the
unit circle of interferometric coherence. Thus, Equation (1) can be simplified as:

γpωq “ ejφ0 γv (5)

In fact, to satisfy the assumption above, the minimum ground-to-volume scattering ratio related to
coherence channel should be small—the smaller, the better. Generally, the eligible coherence channels
are HV, PDH, etc. Assuming other factors are constant, the ground-to-volume scattering ratio will
decrease with the increasing forest stand density (see Figure 3), and vice versa. This is beneficial to
forest height estimation. The estimation accuracy of forest height, however, was sensitive to the change
of ground-to-volume scattering ratio, and the minimum ground-to-volume scattering ratio needed to
be less than ´10 dB to secure the height accuracy of around 10% [27].

In short, with different forest densities, ground-to-volume scattering ratio has an obvious influence
to the estimation accuracy of forest height. In sparse vegetation areas, the application of the RVoG
model is limited in forest height retrieval.

4.2. Results of P-Band E-SAR Datasets

Due to the good penetration of P-band, the coherences of all the linear polarimetric channels
contain a certain degree of the contributions from canopy, trunk, and ground. In consequence, the
coherence set is characterized by high ellipticity, which makes it difficult to measure the ground phase
with the total least square (TLS) linear fit [25]. Furthermore, it seems impossible to obtain a polarization
without ground contributions at P-band, which makes it hard to estimate the pure volume coherence
accurately. In order to improve the accuracy of forest height retrieval, phase diversity (PD) coherence
optimization was introduced in the experiment using real data [29]. The result of forest height retrieval
for the entire test site can be found in Figure 4.

Remote Sens. 2016, 8, 291 6 of 13 

 

intersection point inside the unit circle of interferometric coherence. Thus, Equation (1) can be 
simplified as: 

0( ) j
ve φγ ω γ=  (5) 

In fact, to satisfy the assumption above, the minimum ground-to-volume scattering ratio related 
to coherence channel should be small—the smaller, the better. Generally, the eligible coherence 
channels are HV, PDH, etc. Assuming other factors are constant, the ground-to-volume scattering 
ratio will decrease with the increasing forest stand density (see Figure 3), and vice versa. This is 
beneficial to forest height estimation. The estimation accuracy of forest height, however, was 
sensitive to the change of ground-to-volume scattering ratio, and the minimum ground-to-volume 
scattering ratio needed to be less than −10 dB to secure the height accuracy of around 10% [27]. 

In short, with different forest densities, ground-to-volume scattering ratio has an obvious 
influence to the estimation accuracy of forest height. In sparse vegetation areas, the application of 
the RVoG model is limited in forest height retrieval. 

4.2. Results of P-Band E-SAR Datasets 

Due to the good penetration of P-band, the coherences of all the linear polarimetric channels 
contain a certain degree of the contributions from canopy, trunk, and ground. In consequence, the 
coherence set is characterized by high ellipticity, which makes it difficult to measure the ground 
phase with the total least square (TLS) linear fit [25]. Furthermore, it seems impossible to obtain a 
polarization without ground contributions at P-band, which makes it hard to estimate the pure 
volume coherence accurately. In order to improve the accuracy of forest height retrieval, phase 
diversity (PD) coherence optimization was introduced in the experiment using real data [29]. The 
result of forest height retrieval for the entire test site can be found in Figure 4. 

 

Figure 4. Forest height map of the test site and the location of the selected forest stands. The numbers 
in the red polygons indicate the sample forest stands with field investigations. 

In the experiment using real data, we also took the tree number per hectare as the forest density. 
In the simulated experiment, the type and height of different forest stands were set as constants, 
which ensured that the forest density can be calculated accurately by tree number per hectare. When 
using real data, however, different forest stands have different heights, and a single forest stand may 
have different forest types. Thus, we could not acquire the forest density by calculating the number 
of trees per unit. 

In order to guarantee the reliability of the experimental results, we selected appropriate forest 
stands (forest stand numbers 3689, 4115, 18147, and 4115 shown in Figure 4), which were pure 
coniferous forest, and with the heights ranging from 17 m to 21 m. Comparing the height estimated 
in the experiment with the result from LiDAR, we could obtain the accuracy of forest stand height by 
the three-stage inversion method. Table 2 lists the result. 

Figure 4. Forest height map of the test site and the location of the selected forest stands. The numbers
in the red polygons indicate the sample forest stands with field investigations.

In the experiment using real data, we also took the tree number per hectare as the forest density.
In the simulated experiment, the type and height of different forest stands were set as constants, which
ensured that the forest density can be calculated accurately by tree number per hectare. When using
real data, however, different forest stands have different heights, and a single forest stand may have
different forest types. Thus, we could not acquire the forest density by calculating the number of trees
per unit.

In order to guarantee the reliability of the experimental results, we selected appropriate forest
stands (forest stand numbers 3689, 4115, 18147, and 4115 shown in Figure 4), which were pure
coniferous forest, and with the heights ranging from 17 m to 21 m. Comparing the height estimated in
the experiment with the result from LiDAR, we could obtain the accuracy of forest stand height by the
three-stage inversion method. Table 2 lists the result.
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Table 2. Assessment of forest stand height inversion errors from the three-stage inversion method.

Forest Stand
Number

Forest Stand Density
(stems/Ha)

Average Height from
LiDAR(m)

Average Height from the
Three-Stage Method (m) RMSE (m)

3689 633 20.71 16.39 4.56
4115 925 19.49 17.69 3.87

36169 1498 17.17 15.17 3.76
18147 1827 17.63 15.77 3.13

Comparison of the height of all four forest stands (see Table 2) shows their RMSEs ranging from
3.1 m to 4.6 m. Further, the higher the density was, the smaller the RMSE would be. This result verifies
the experimental conclusion from the simulated data.

4.3. The Ground Phase for Different Density

Inside the unit circle of the complex coherence plane, the coherence loci for the RVoG model are a
straight line, which is the geometric expression for the RVoG model. The coherence line intersects the
circle at two points. One is the coherence point related to the ground phase, which can be determined
by the certain judgment standard. The other is a useless solution for inversion. In theory, the coherence
points related to different polarization states should be located on the coherence line in the complex
plane. However, due to the error caused by data processing and temporal decorrelation, the coherence
points are actually not distributed on the line, but scattered on its two sides. Thus, we must rebuild
the coherence line by a total least squares line fit. In this way, the fitted coherence line will directly
influence the estimation of ground phase.

Using the ground phase of the four selected forest stands, we were able to analyze the impact of
forest density to the ground phase estimation. For comparison, we converted the LiDAR DEM into the
reference phase using the baseline parameters of the platform.

The ground phase estimated by the fitted coherence line and the reference phase obtained by
using external LiDAR DEM are shown in Figure 5a,b respectively. We could differentiate the reference
phase and the ground phase to analyze the accuracy of the ground phase for different forest density.
However, there was an error in the area where phase changes suddenly from π to ´π, as shown in
Figure 5c, greatly affecting the RMSE of the ground phase. Before comparing, therefore, we needed to
unwrap the reference phase and ground phase, respectively, and the corresponding result is shown in
Figure 6.
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Estimation of the ground phase depends on the fitted coherence line. Thanks to the introduction
of the PD coherence channels, the error caused by the judgment method has been greatly eliminated.
The coherence line is limited by the distribution range of the coherence points related to polarization
states (the visible length of the coherence line). In the complex plane, the sparser the distribution of
coherence points, the more reliable the fitted coherence line. If other factors are consistent, such as the
baseline length, radar wavelength, and polarization channels, the forest density will be a main factor
influencing the distribution of the coherence points.

As shown in Table 3, the estimation accuracy of the ground phase increases with the increasing
forest stand density. The reason is that, for the low density forest stand, the electromagnetic wave
easily penetrated the vegetation layer, and the phase centers of coherence channels with high volume
scattering were close to the phase centers with high surface scattering. In the complex plane, the
coherence points related to all five coherence channels are densely distributed within the unit circle
(see Figure 7a). In this case, the fitted coherence line had a bad geometrical structure and low reliability,
so the estimation accuracy of the ground phase was poor. Conversely, for the high density forest
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stand, the electromagnetic wave could not penetrate the vegetation layer easily. The phase centers of
polarization states with high volume scattering were located in the upper part of the vegetation layer,
which were far away from the phase centers of polarization states with dominant surface scattering.
Additionally, in the complex plane, the coherence points were scattered widely on both sides of the
coherence line, as can be seen in Figure 7b. Therefore, it was good for the coherence line fitting and the
estimation of the ground phase.

Table 3. Assessment of the ground phase estimation errors for different density.

Forest Stand Number 3689 4115 36169 18147

Forest Stand Density (stems/Ha) 633 925 1498 1827
RMSE (rad) 0.26 0.22 0.15 0.14

Remote Sens. 2016, 8, 291 9 of 13 

 

forest stand, the electromagnetic wave could not penetrate the vegetation layer easily. The phase 
centers of polarization states with high volume scattering were located in the upper part of the 
vegetation layer, which were far away from the phase centers of polarization states with dominant 
surface scattering. Additionally, in the complex plane, the coherence points were scattered widely 
on both sides of the coherence line, as can be seen in Figure 7b. Therefore, it was good for the 
coherence line fitting and the estimation of the ground phase. 

Table 3. Assessment of the ground phase estimation errors for different density. 

Forest Stand Number 3689 4115 36169 18147 
Forest Stand Density (stems/Ha) 633 925 1498 1827 

RMSE (rad) 0.26 0.22 0.15 0.14 

 

Figure 7. The coherence line fitted by using the total least squares linear fitting method. (a) Low 
density; (b) high density. 

By using the phase corresponding to the volume coherence and the ground phase, we can 
approximately estimate the height of forest stand. For example, the height related to HH coherence 
channel can be estimated by Equation (6): 

0arg( )HH

z

h
k

γ φ−=  (6) 

The relative height of phase centers for different forest stands can be obtained by comparing the 
result estimated from Equation (6) with the results obtained by LiDAR (see Figure 8). 

 
Figure 8. Relative height of phase centers for different density. 

Figure 7. The coherence line fitted by using the total least squares linear fitting method. (a) Low
density; (b) high density.

By using the phase corresponding to the volume coherence and the ground phase, we can
approximately estimate the height of forest stand. For example, the height related to HH coherence
channel can be estimated by Equation (6):

h “
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(6)

The relative height of phase centers for different forest stands can be obtained by comparing the
result estimated from Equation (6) with the results obtained by LiDAR (see Figure 8).
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For the four forest stands of real data, we can make a quantitative analysis for the distribution of
the coherence points by the method above. As shown in Table 4, the STD of phase centers correlates
positively with the forest stand density. Furthermore, relative locations of phase centers related to
different polarization states gradually become discrete.

Table 4. Discrete degree of phase centers for different forest density.

Forest Stand Number 3689 4115 36169 18147

Forest stand density (stems/Ha) 633 925 1498 1827
STD 0.075 0.095 0.126 0.143

In [14], the authors made a qualitatively analysis of the forest height inversion performance on
the sparse pine forest by using X-band HH and HV polarizations. The obtained phase center height
difference between the HH and HV polarizations in the sparse area is larger than that of the dense area,
which is beneficial to achieve a more accurate forest height. This is in conflict with the trend in Figure 8.
The reason is that, in the case of X-band, the phase center of HV channel is always located in the
canopy for both the sparse and dense area, while the phase center of HH channel gradually declines
with decreasing density because of increasing ground contribution [14]. However, for the P-band data
used in this paper, all polarizations had considerable contributions from the ground due to strong
penetration. Moreover, with the increasing density, the phase center of HV or PDH polarizations
gradually rose, which caused the phase centers of different channels to separate. Therefore, the
distribution of the coherence points gradually increases in the complex plane with increasing forest
stand density, which is beneficial to the coherence linear fitting and the estimation of the ground phase.
According to the procedures of the traditional three-stage inversion process, we find that ground
phase is one of the essential parameters of the RVoG model, and accurate ground phase can make a
remarkable contribution to improve the accuracy of forest height inversion.

5. Conclusions

The impact of forest density on forest height inversion with the RVoG model has been researched
for this paper, which offers a beneficial reference for the study of the applicability of models from
Polarimetric Interferometric SAR data and methods of forest height inversion. In this paper, forest
stand height for different densities was estimated in the experiments using both simulated and real
data. In the simulation experiments, the results of three groups of datasets with reference height of
10 m, 14 m, and 18 m showed that all of the RMSEs decrease with increasing forest density. For the
extremely sparse forests, the vegetation layer could not be assumed as a random volume. In this case,
the height inversion accuracy of the classical three-stage method was poor. Furthermore, we found a
positive correlation between the forest density and the estimation accuracy of the forest stand height.
According to the results of real data experiments, the applicability of the RVoG model for different
forest density was specifically analyzed in two aspects, ground phase and ground-to-volume scattering
ratio. The main factor affecting the estimation accuracy of ground phase is the visible length of the
coherence line, which is sensitive to the change in forest stand density. In addition, the relationship
between density and ground-to-volume scattering ratio is also an important factor that influences the
applicability of the RVoG model.

For the traditional three-stage inversion process, the ground-to-volume scattering ratio needs to
be less than ´10 dB to secure a height accuracy of around 10% [27]. However, in this paper, we found
a negative correlation between forest density and ground-to-volume scattering ratio; moreover, in the
sparse vegetation areas, ground-to-volume scattering ratio no longer met the assumption of less than
´10 dB. In addition, it was difficult to obtain the accurate volume-only coherence in such a situation.
Therefore, it is necessary to consider the ground-to-volume scattering ratio when we estimate forest
height in the sparse vegetation areas. For the six-dimension nonlinear iterative algorithm, although
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the ground-to-volume scattering ratio is parameterized for all the polarizations in the forest height
inversion, the ill-conditioned problem is usually caused by the small differences of ground-to-volume
scattering ratio under different polarizations. In this case, it was difficult for us to obtain robust results.
Therefore, the ground-to-volume scattering ratio is an essential factor for influencing the accuracy of
forest height inversion.

We conclude that, with the increase of forest stand density, the estimation accuracy of the ground
phase increases, and the ground-to-volume scattering ratio decreases, which is helpful for the retrieval
of forest stand height. At the same time, the applicability of the RVoG model is limited in sparse
vegetation areas because of the influence of forest density to the ground-to-volume scattering ratio.
However, in real data experiments, we only find a qualitative relationship and not a definitively
quantitative relationship. The reason is that, for real forest scenes, the forest density used in this paper
could not well reflect the density of the trunk, which is related to the attenuation of the electromagnetic
wave, as described in [37]. More prior knowledge about forest geometrical structures is needed
to study the relationship between forest density and the density of the trunks. Furthermore, the
ground scattering contribution (e.g., odd scattering and double bounce scattering) is affected by the
terrain slope [38]. As a result, the ground-to-volume scattering ratio is also affected by the terrain
slope. Therefore, terrain slope should also be considered when we study the relationship between
ground-to-volume ratio and forest density in future work. Nonetheless, this paper helps us to better
understand the performance of the RVoG model over forests with different densities and provides an
opportunity for us to modify the RVoG model by integrating the forest density.
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