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Abstract: Accurate retrieval of forest above ground biomass (AGB) based on full-polarization syn-
thetic aperture radar (PolSAR) data is still challenging for complex surface regions with fluctuating
terrain. In this study, the three-step process of radiometric terrain correction (RTC), which includes
polarization orientation angle correction (POAC), effective scattering area correction (ESAC), and
angular variation effect correction (AVEC), is adopted as the technical framework. In the ESAC stage,
a normalized correction factor is introduced based on local incidence angle and radar incidence angle
to achieve accurate correction of PolSAR data information and improve the inversion accuracy of
forest AGB. In order to verify the validity and robustness of this research method, the full-polarization
SAR data of ALOS-2 and the ground measured AGB data collected in the Saihanba research area in
2020 were used for experiments. Our findings revealed that in the ESAC phase, the introduction of
the normalized correction factor can effectively eliminate the ESA phenomenon and improve the
correlation coefficients of the backscatter coefficient and AGB. Taking the data of 25 July 2020 as an
example, ESAC increases the correlation coefficients between AGB and the backscattering coefficients
of HH, HV, and VV polarization channels by 0.343, 0.296, and 0.382, respectively. In addition, the RTC
process has strong robustness in different AGB statistical models and different date PolSAR data.

Keywords: AGB inversion; spaceborne SAR; ALOS-2; L-band; topographic correction; ESAC;
backscattering coefficient

1. Introduction

As the main body of the terrestrial ecosystem and the largest organic carbon reser-
voir [1,2], forests play an irreplaceable role in regulating the global carbon cycle [3] and
mitigating the global climate change crisis [4]. However, accurate inversion of forest
above ground biomass (AGB) remains challenging, especially in regions with complex
topography, which greatly limits sustainable mountain forest stand management and the
quantification of carbon sequestration by AGB [5,6]. Synthetic aperture radar (SAR) is an
advanced remote sensing observation technology for the earth, and because of its active
remote sensing and microwave penetration characteristics, it has all-time, all-weather
working capability [7,8]. Therefore, it can effectively avoid the problems of time-consuming
and labor-intensive discontinuity in ground measurement [9,10], the problems of optical
remote sensing being easily restricted by climate factors and the bottleneck of saturation
point [11–13], and the limitations of light detection and ranging (LiDAR) remote sensing
being limited in scale and high in economic cost [14], which are conducive to long-term,
continuous, and macroscopic observation of large areas. However, as SAR is a side-looking
radar imaging system that judges oblique distance based on echo time, SAR data are not
only affected by system parameters (wavelength, radar incidence angle, polarization mode)
but also limited by surface characteristics (complex dielectric constant, terrain slope, surface
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roughness). The topographic factor interferes with SAR data especially seriously, and the
geometric deformation and radiation distortion caused by it lead to the serious deviation
of the backscattering coefficient of ground objects [15], thus restricting the reliability of
forest AGB inversion based on the backscattering coefficient of SAR images. Therefore, it
is very important to explore the technique of retrieving AGB in mountainous forest areas
with complex terrain based on the SAR dataset. Since different AGB inversion schemes
have different topographic correction processes, the inversion technology of aboveground
biomass is first analyzed. At present, AGB estimation techniques based on SAR data can
be divided into: (1) Statistical modeling method based on SAR characteristic parameters
(including backscattering coefficient [16–19], polarization decomposition parameter [20,21],
interference coherence [22–24], and tomographic vertical structure parameter [25]) and
(2) forest canopy height extracted from interferometric SAR (InSAR) [26–28], polarimetric
interferometric SAR (PolInSAR) [29–31] and tomographic SAR (TomoSAR) [32]; and then
indirect AGB estimation using an allometric equation [33,34]. Among them, the accuracy
of indirect inversion of forest AGB based on an allometric equation is heavily dependent
on the inversion accuracy of the growth equation and forest canopy height. However,
the accurate acquisition of forest height, interference coherence, and tomographic vertical
structure parameters depends on InSAR, PolInSAR, TomoSAR, and other related tech-
nologies, which are mostly used for airborne data but seldom studied for spaceborne
data, are not mature enough, and have many limitations. However, polarimetric SAR
(PolSAR) technology can obtain multi-polarization scattering information about ground
objects, so it has been widely used in estimating forest AGB [35–37]. In addition, the
forest AGB model constructed based on SAR characteristic parameters is divided into a
parametric model and a non-parametric model, among which the non-parametric model
has greater flexibility and adaptability because it does not depend on specific functional
forms [38,39]. However, the parameter model is easy to explain and understand because
of its clear mathematical formula, and the parameter estimation can be relatively fast and
the calculation efficiency is high, so it has a wide range of applications in the estimation
of forest AGB. The method of retrieving AGB based on the backscattering coefficient of
PolSAR data is relatively mature and widely used, so this study focuses on analyzing
the influence of terrain on the parameter model based on the backscattering coefficient to
retrieve AGB. For full-polarization SAR data, the backscattering coefficient method is to
extract the backscattering intensity of different polarization channels after proper prepro-
cessing of PolSAR data and establish a univariate or multivariate statistical model about
AGB [40]. However, PolSAR data are affected by topographic factors, resulting in geometric
deformation and radiation distortion of SAR images [41]. Among them, the correction of
geometric distortions (including foreshortening, layover, and shadow) can be done during
geocoding of terrain correction (GTC) [42]. In addition, the impact of topographic factors
on radiation distortion of PolSAR data mainly includes three aspects [43]: (1) The shift of
polarization orientation angle (POA) results in a change in polarization state; (2) the differ-
ence in effective scattering area (ESA) leads to a change in intensity information of target
scattering matrix elements; (3) changes in the scattering mechanism and penetration depth
are caused by the angular variation effect (AVE). For sloping ground, the POA will shift [44].
As the parameters of the polarization elliptic equation, POA and ellipse angle can be used
to describe the polarization state of any polarized electromagnetic wave [45]. Therefore,
the polarization state of a polarized electromagnetic wave will change correspondingly
with the change in POA. As the key to polarization orientation angle correction (POAC),
the extraction of POA currently has four methods: Based on the polarization response
method [46], based on polarization decomposition method [47], based on the external DEM
method [48], and based on the circular polarization covariance matrix method [48]. Among
them, the estimation method based on circular polarization covariance matrix has the
best adaptability, a simple calculation process, and an optimal comprehensive effect [49].
Subsequently, correction factors constructed by POA are used to compensate for different
forms of polarization information [48,50,51], such as the complex Sinclair scatter matrix



Remote Sens. 2024, 16, 846 3 of 27

(S2), the three-dimensional polarization coherency matrix (T3), or the three-dimensional
polarization covariance matrix (C3). It is worth noting that the compensation for POA is
only for full-polarization SAR data [48]. Effective scattering area correction (ESAC) is a
system-level correction of the SAR image based on the geometric relationship of the SAR
image and is a necessary step in radiation terrain correction. For ground units with only
different slopes (even with geometric correction), the existence of a topographic slope will
lead to differences in the projected area (effective scattered echo information) of their posi-
tive plane; for example, the echo intensity of the front slope is greater than that of the back
slope [43]. At present, there are four ESAC methods: Local incidence angle method [52,53]
and projection angle method [54] under ground distance geometry, and σ area integration
method and γ area integration method under oblique distance geometry [55,56], which
can correct PolSAR information such as backscattering coefficient or C3 or T3. Angular
variation effect correction (AVEC) takes into account factors such as the penetration depth
of radar waves and the interaction mechanism between the radar waves and vegetation,
which is a more precise correction method for vegetation areas with certain penetration.
Therefore, for forested areas, further AVEC is required on the basis of ESAC. AVEC usually
uses the semi-empirical correction equation of the cosine of the local incidence angle to the
nth power [57], where the n value depends on the polarization mode and the structural
characteristics of the vegetation canopy and is usually given based on prior knowledge.
Subsequently, a variety of methods for the value of n have appeared [52,57–60], but they are
still difficult to apply because they cannot be separated from prior knowledge. However,
a new iterative method [43] based on the minimum correlation coefficient between the
backscattering coefficient and the local incidence angle after AVEC realizes the adaptive
determination of the optimal n value for different polarized channels.

Compared to a process that does not consider or does not adequately consider topo-
graphic correction [38,61], radiative terrain correction for PolSAR data is a combination
of three aspects of terrain correction [50,59,60,62,63], of which the most comprehensive
radiometric terrain correction (RTC) process is one that includes all three aspects (POAC,
ESAC, and AVEC) [43,64,65]. However, in terms of ESAC, the cross-sectional area of radar
scattering is only applicable to a single scattering target (the target object is smaller than
the irradiation range), and the scattered signal of the resolution unit for distributed scat-
terers (such as forests) is the result of coherent superposition of the scattered signal of
each single scatterer, so the backscattering coefficient is commonly used to describe the
scattering ability of ground objects based on statistical methods. Three different backscat-
tering coefficients can be defined according to the area of the effective scattering element:
the backscattering coefficient of the imaging surface (β0), the backscattering coefficient of
the ground regardless of the terrain (σ0), and the backscattering coefficient of the isophase
surface (γ0) [55,66]. When ESAC’s object is σ0, it essentially converts σ0 to γ0 in relation to
the topographic factor. However, when the ESAC object is C3 or T3, it is not appropriate
to directly use the ESAC factors applied to σ0 as the ESAC factors of C3. Because, on flat
ground with no topographic slope, C3 does not require topographic correction; that is, the
correction factor should equal 1.0. Therefore, it is necessary to introduce a new ESAC factor
to realize real terrain correction rather than simple conversion. In addition, the robustness
of the RTC process to different AGB inversion models and different SAR data has not been
fully evaluated.

This study aims to achieve three goals: (1) In order to deal with the problem that the
impact of terrain on SAR data is not considered or not fully considered, we fully consider
the impact (including POA, ESA, and AVE) of terrain on PolSAR data in AGB inversion
based on the backscattering coefficient method; (2) to solve the problem that PolSAR data
needs more accurate terrain correction rather than simple conversion, we introduced and
verified the effectiveness of the ESAC normalized correction factor; and (3) to evaluate the
robustness of the RTC process under different AGB models and SAR data of different dates,
because it has not been adequately evaluated.
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2. Materials
2.1. Study Area

The study area was located in Saihanba Forest Farm (116◦53′~117◦43′E, 41◦55′~42◦35′N,
Figure 1) in the northernmost part of Weichang County, Hebei Province, China, with an
altitude of 1010~1940 m. The main reasons for choosing this test site are as follows: (1) First
of all, its vegetation types are diverse, including deciduous coniferous forest, evergreen
coniferous forest, broad-leaved forest, scrub, grassland, and swamp, and its surface is complex,
especially since the forest area contains not only flat woodland but also steep mountain terrain,
with slope angles of up to 55.47◦ in some places (Figure A3b, Appendix A), and the slope
is widely distributed. It is beneficial for comparative study of complex terrain; (2) Saihanba
Forest is the largest artificial forest in the world [67], with an area of about 93,461 hectares,
which has a large test forest area and is easy to collect real test data manually; (3) Saihanba
Forest Farm, located at the intersection of the Inner Mongolia Plateau and the northern
mountains of Hebei, is an ecological replacement zone of typical forests in northern China [68],
which is representative of the region and shoulders the important mission of water source
protection and ecological security.
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Figure 1. Saihanba study area: The lower figure on the right is the location of Saihanba Forest Farm in
provinces and counties in China; the upper figure on the right is the spatial location of ALOS-2 data;
the left figure is the Pauli RGB image (R: |HH-VV|, G: |HV|, B: |HH + VV|,) based on PolSAR
data and the location of measured samples; and the basemap is the optical image of Tianditu.

2.2. PolSAR Dataset

The PolSAR dataset was obtained by the advanced land observing satellite-2 (ALOS-2)
developed by the Japan Aerospace Exploration Agency (JAXA). It includes L-band full-
polarization Single Look Complex (SLC) observation data dated 11 July 2020, 25 July 2020,
8 August 2020, 5 September 2020, and 19 September 2020 (Figure A1, Appendix A), in which
images of different dates have the same main parameters (Table 1). The main reasons for
selecting this dataset as remote sensing data for AGB inversion in mountainous forest areas
are as follows: (1) Compared with single-polarization and multi-polarization, full-polarization
data can be used for more accurate inversion of forest above-ground biomass due to its more
comprehensive polarization channel information; (2) the selection of full-polarization SAR
data is helpful to comprehensively study and control the error caused by terrain factors,
because the influence of terrain on full-polarization SAR data is different from that of non-full-
polarization SAR data; (3) the L-band is more penetrating than C-band, so it can obtain forest
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structure information more accurately and can have higher sensitivity to SAR data and AGB,
but ALOS-2 is currently the only spaceborne SAR satellite using L-band frequencies.

Table 1. The main parameters of the PolSAR dataset.

Parameter Value

Observation direction Right looking
Orbit direction Ascending

Observation mode HBQ
Data formats and processing level CEOS level 1.1
Observation date of scene center 27.8054◦

Radar wavelength 0.2424525 m
Range resolution 2.860844 m

Azimuth resolution 2.642742 m
Length of range direction 49.8 km

Length of azimuth direction 69.3 km
Range pixel 8392

Azimuth pixel 26,105

2.3. Field Data

In order to be consistent with the acquisition time and scanning area of SAR images,
we started a 20-day field survey project in the Saihanba research area covered by SAR
data from 1 August 2020. A total of 179 temporary sample plots (Figure 1) were set up,
of which 28 were systematically sampled on a one-kilometer grid and 151 with relatively
uniform and discrete distribution were selected by investigating the tree species, forest
types, understory conditions, topographic slope, thinning density, and forest height of the
plots, which can make the samples better represent the overall situation of the forest area.
In the layout of plots (Figure A2, Appendix A), each plot avoids roads, rivers, forest edges,
large empty windows, and felled survey lines, chooses a representative central position
within the same stand, and then uses handheld GPS (Unistrong RTK-G10, Unistrong,
Beijing, China) to locate the central point position (ensure that the coordinate error of the
central point of the plot is within 10 cm). Then, the four corner points 17.32 m away from
the center point were located along the four positive directions determined by the compass,
and then a diamond shaped plot of 24.49 m × 24.49 m with an area of 0.06 ha was enclosed.
Subsequently, the height and diameter at breast height (DBH) of each tree larger than 5.0 cm
were measured by an ultrasonic height measuring instrument (Vertex IV, Haglöf Sweden
AB, Långsele, Sweden) and a diameter ruler, respectively, and plot information such as tree
species, plant number and slope were recorded. Finally, the data were summarized into a
table, and the sample site data were standardized to eliminate sample plots with missing
values and outliers. The measured AGB can be obtained by calculating the biomass of
individual trees in the plot according to the allometric equation of different tree species
(Table 2) and adding it up according to Equation (1).

AGBj = ∑m
i=1 Wi/1000 × S (1)

where AGBj is the AGB (t/ha) of the jth sample plot, m is the number of trees in the plot,
Wi is the AGB of the ith tree (kg), and S is the area of the sample plot (S = 0.06 ha).

Table 2. Table of allometric equations of different tree species.

Tree Species Allometric Growth Equation Ref

Larix principis-rupprechtii W = 0.1431 · DBH2.2193 [69]
Betula platyphylla W = 0.0330 · DBH2.9314 [70]

Pinus sylvestris var. mongolica W = 0.0930 · DBH2.3429 [71]
Pinus tabuliformis W = 0.0520 · DBH2.5830 [72]

Acer truncatum W = 0.1260 · DBH2.3830 [73]

Note: W and DBH were AGB (kg) and diameter at breast height of a single tree in the plot, respectively.
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In order to enhance the clarity and transparency of the study, we provide statistical
details of the field data in Table 3.

Table 3. Sample plot AGB statistics.

Data Min (t/ha) Max (t/ha) Mean (t/ha) SD (t/ha)

Train (N = 134) 36.39 163.88 103.86 32.39
Test (N = 45) 23.74 166.58 94.93 40.87

Note: SD is standard deviation, N is the number of sample plots.

2.4. SRTM DEM Data

The Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) data
(Figure A3a, Appendix A) with a resolution of 30 m were used to assist PolSAR data to
complete geocoding and topographic correction factor extraction.

3. Methods

The processing process framework of this study (Figure 2) mainly includes: (1) Pre-
processing (see Section 3.2 for details) SLC 1.1 level data of PolSAR dataset, including
cross-channel SNR correction, Faraday rotation correction, calibrate, multilooking, and
polarimetric speckle filtering. (2) In order to verify the validity of the RTC process of intro-
ducing the normalized correction factor in the ESAC stage in the inversion of mountain
forest AGB, it is set and assumed that no topographic influence exists in the blank control
group and no radiometric terrain correction (NRTC) is performed, but the range Doppler
terrain correction is completed after pre-processing to achieve geocoding. For the exper-
imental group, the influence of complex terrain should be fully considered, and POAC,
range Doppler terrain correction, ESAC, and AVEC should be completed after pretreatment.
(3) In order to verify the robustness of the RTC process in different inversion models and
PolSAR data of different dates, the backscattering coefficients were extracted based on
the data of the experimental group and the control group, respectively, and the fitting
and evaluation of different models were carried out combined with the measured AGB,
and the influence of different RTC stages on the AGB inversion of mountain forest was
analyzed. Then, based on the most stable model, the influence of the RTC process on the
AGB inversion in the data of different dates is analyzed. (4) Finally, the AGB data for
the whole study area are obtained based on the average value of AGB obtained from the
data inversion of five dates. The following sections give the necessary theories and related
formulas for each stage in the flow chart in more detail.

Remote Sens. 2024, 16, x FOR PEER REVIEW 7 of 29 
 

 

 
Figure 2. The flowchart of the proposed AGB mapping scheme. 

3.1. Polarization Scattering Descriptors 
Under the horizontal/vertical linear polarization basis, the full-polarization SAR data 

can be characterized by the 2 × 2 complex Sinclair scatter matrix (S2), which contains 
ground object scattering information: 

2 HH HV

VH VV

S S
S

S S
 

=  
   

(2)

In order to conduct a more accurate analysis of distributed targets and because the 
single station data meet reciprocity, that is, SHV = SVH, polarization coherency matrix (T3) 
and the polarization covariance matrix (C3) are two second-order statistical matrices used 
to characterize scattering targets. In addition, a special unitary transformation (SU) can be 
used to convert T3 and C3 to each other. The equation for C3 is as follows: 

2 * *

2* *

2* *

2

3 2 2 2

2

HH HH HV HH VV

HH HV HV HV VV

HH VV HV VV VV

S S S S S

C S S S S S

S S S S S

 
 
 =  
 
    

(3)

where <·> denotes multi-look averaging. * denotes conjugate matrices. 

3.2. PolSAR Data Pre-Processing 
In this study, the Sentinel Application Platform (SNAP_v9.0.0) software developed 

by the European Space Agency was used to preprocess PolSAR data: (1) Cross-channel 
SNR correction to eliminate system errors; (2) Faraday rotation correction to remove the 
Faraday rotation effect caused by the ionosphere; (3) Equation (5) is used to establish the 
exact relationship between SAR data and backscattering information of ground objects, 
and the resulting data of radiometric calibration is saved as S2 matrix, where Equation (5) 
can be derived according to radiometric calibration Equation (4) applicable to 1.1 ALOS-2 
data; (4) the S2 matrix after radiation calibration is converted into C3 matrix to facilitate 

Cross Channel SNR Correction

AGB

Faraday Rotation Correction

Calibration(S2)

Multilook(4*9)

Refined Lee Filter

Range Doppler Terrain Correction

AGB estimation model

Polarization Orientation Angle Correction

Effective Scattering Area Correction

Angular Variation Effect Correction

ALOS-2 Dataset

S2 to C3

Pre-Processing Terrain Correction

Figure 2. The flowchart of the proposed AGB mapping scheme.



Remote Sens. 2024, 16, 846 7 of 27

3.1. Polarization Scattering Descriptors

Under the horizontal/vertical linear polarization basis, the full-polarization SAR data
can be characterized by the 2 × 2 complex Sinclair scatter matrix (S2), which contains
ground object scattering information:

S2 =

[
SHH SHV
SVH SVV

]
(2)

In order to conduct a more accurate analysis of distributed targets and because the
single station data meet reciprocity, that is, SHV = SVH, polarization coherency matrix (T3)
and the polarization covariance matrix (C3) are two second-order statistical matrices used
to characterize scattering targets. In addition, a special unitary transformation (SU) can be
used to convert T3 and C3 to each other. The equation for C3 is as follows:

C3 =


〈
|SHH |2

〉 √
2
〈
SHHS∗

HV
〉 〈

SHHS∗
VV

〉
√

2
〈
SHHS∗

HV
〉

2
〈
|SHV |2

〉 √
2
〈
SHVS∗

VV
〉〈

SHHS∗
VV

〉 √
2
〈
SHVS∗

VV
〉 〈

|SVV |2
〉

 (3)

where <·> denotes multi-look averaging. * denotes conjugate matrices.

3.2. PolSAR Data Pre-Processing

In this study, the Sentinel Application Platform (SNAP_v9.0.0) software developed
by the European Space Agency was used to preprocess PolSAR data: (1) Cross-channel
SNR correction to eliminate system errors; (2) Faraday rotation correction to remove the
Faraday rotation effect caused by the ionosphere; (3) Equation (5) is used to establish the
exact relationship between SAR data and backscattering information of ground objects,
and the resulting data of radiometric calibration is saved as S2 matrix, where Equation (5)
can be derived according to radiometric calibration Equation (4) applicable to 1.1 ALOS-2
data; (4) the S2 matrix after radiation calibration is converted into C3 matrix to facilitate
RTC processing; (5) by using 4 × 9 (range × azimuth) multi-look averaging, it is consistent
with the size of the plot and the noise reduction of the speckle is realized; (6) a refined
LEE filter with a number of looks of 1 and a window size of 7 × 7 was used to denoise the
PolSAR data again; (7) range Doppler terrain correction (TC) is performed on the NRTC
data so that the images can be encoded from the SAR coordinate system to the geographic
coordinate system while the geometric distortion caused by the terrain is corrected. SRTM’s
30 m resolution DEM is required for this operation. In addition, because POAC processing
is ideally completed before TC, for data requiring RTC processing, its preprocessing only
needs to be a refined LEE filter, and its TC processing is placed after POAC.

The radiometric calibration equation applicable to the 1.1 ALOS-2 data is shown in
Equation (4), and the equation for radiometric calibration of S2 scattering matrix can be
derived Equation (5):

σ0
slc = 10 · log10

〈
I2 + Q2

〉
+ CF1 − A (4)

where σ0
slc is the backscattering coefficient after radiation calibration; I and Q represent the

real and imaginary parts of SLC 1.1 products, respectively. CF1 is −83.0 dB; the value of A
is 32.0 dB.

Ical =
I

105.75 ; Qcal =
Q

105.75 (5)

where Ical and Qcal are the real and imaginary parts of the S2 scattering matrix after radia-
tion calibration.



Remote Sens. 2024, 16, 846 8 of 27

3.3. Radiation Terrain Correction
3.3.1. Polarization Orientation Angle Correction

The polarization orientation angle (POA) is the angle between the major axis of the
polarization ellipse and the horizontal axis (Figure A4b, Appendix A). POA will shift when
there is a slope on the flat surface. The offset angle (mainly caused by azimuth slope) can be
equivalent to the rotation angle (η) of the scattered target image surface caused by terrain
with respect to the radar line of sight (Figure A4a, Appendix A).

In order to compensate for the deviation of POA caused by the terrain. (1) Firstly, POA
is extracted based on the calculation of Equation (6) of the circular polarization method [49];
(2) Subsequently, in order to facilitate the calculation of the backscattering coefficient,
Equation (7) is used to correct C3.

η =
1
4

−1 × Arg

〈
−4Re

〈
(SHH − SVV)S∗

HV
〉

−
〈
|SHH − SVV |2

〉
+ 4

〈
|SHV |2

〉〉+ π

 (6)

where η is the polarization azimuth; Arg(·) is a phase function. When η > π/4, η = η − π/2.

C3_POAC = U3(η)C3U−1
3(η)

U3(η) =
1
2

 1 + cos(2η)
√

2 sin(2η) 1 − cos(2η)

−
√

2 sin(2η) 2 cos(2η)
√

2 sin(2η)

1 − cos(2η) −
√

2 sin(2η) 1 + cos(2η)

 (7)

where C3 and C3_POAC are C3 before and after POAC, respectively. η is the polarization
orientation angle (POA).

3.3.2. Effective Scattering Area Correction

The effective scattering area is the projected area of the actual ground unit in the
equal-phase plane. However, due to the difference in terrain slope, the ground unit of the
same SAR data in the geographical coordinate system corresponds to different effective
scattering areas (Figure A5, Appendix A). Therefore, it is necessary to correct the area
effect of SAR data based on flat ground to eliminate the influence of terrain slope on
scattering information.

For distributed targets, the backscattering coefficient is usually used to describe the
scattering ability of ground objects. Depending on the area of the effective scattering unit,
three different backscattering coefficients can be defined:

⟨σ⟩ = β0 · Aβ = σ0 · Aσ = γ0 · Aγ (8)

where σ is the radar scattering cross-section; <·> is multi-look averaging; β0, σ0, and γ0

are respectively the backscattering coefficients of the imaging plane, horizontal plane, and
equiphase plane; Aβ, Aσ, and Aγ are the effective scattering unit areas of the imaging plane,
horizontal plane, and equiphase plane, respectively.

At the same time, for the same pixel, there is a geometric relationship under the two
conditions of assuming flat ground and considering slope:

β0 =
σ0

sin
(

θre f

) =
σ0

slope

sin(θloc)
(9)

where σ0 is the backscattering coefficient assumed to be flat ground; σ0
slope is the backscat-

tering coefficient considering terrain conditions; θloc is the local incidence angle; θref is the
radar incidence angle.
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Thus, the exact expression of the backscattering coefficient and C3 matrix after ESAC
can be obtained:

σ0
ESAC = σ0 · FESAC = σ0 · sin(θloc)

sin(θre f )

C3_ESAC = C3 · FESAC = C3 · sin(θloc)

sin(θre f )

(10)

where σ0
ESAC and C3_ESAC are the backscattering coefficients and the C3 matrix after ESAC,

respectively. FESAC is the correction factor of ESAC. C3 refers to the C3 matrix without
ESAC, and in this study, it specifically refers to the C3 matrix after POAC and TC.

3.3.3. Angular Variation Effect Correction

The angle effect refers to the phenomenon that the local incidence angle changes due
to the topography, thus affecting the scattering mechanism of the target surface object
(Figure A6, Appendix A). For forest and other vegetation areas with complex structures,
local topography not only affects the effective scattering area of each pixel but also its
physical scattering mechanism, resulting in changes in backscattering information [57].

Changes in the backscattering coefficient caused by AVE are usually corrected using
the cosine model:

σ0
AVEC(n) = σ0 · k(n) = σ0 ·

(cos θre f

cos θloc

)n

(11)

where σ0 and σ0
AVEC(n) are the backscattering coefficients before and after AVEC; K(n) is

the correction factor function of AEVC with respect to n.
As the key to the calculation of K(n), the estimation of the n value can be automati-

cally calculated by Equation (12): (1) firstly, the correlation coefficient between the local
incidence angle and the backscattering coefficients of different polarization channels cor-
rected by AVEC when n takes different values is calculated; (2) then, the optimal n value
is determined by calculating the minimum value of the absolute value of the correlation
coefficient obtained.

npq = argmin
{

f(n)
}
= argmin

{∣∣∣ρ(θloc, σ0
AVEC

)∣∣∣} (12)

where (p, q) = (H, V) is the polarization mode of incidence and scattering of electromagnetic
waves; npq is the optimal n value of different polarization channels; argmin{·} is the operation
that takes the minimum value; σ0

AVEC is the backscattering coefficient after AVEC; f(n) is
the absolute value of the correlation coefficient between σ0

AVEC and the local incidence
angle θloc; ρ(·) is the correlation coefficient function.

Assuming that the optimal n values of different polarized channels are nHH, nHV,
and nVV, the correction equation and correction factor corresponding to the C3 matrix are
as follows:

C3_AVEC = C3 ⊙ K

K =


k(nHH) k

(
nHH+nHV

2

)
k
(

nHH+nVV
2

)
k
(

nHH+nHV
2

)
k(nHV) k

(
nHV+nVV

2

)
k
(

nHH+nVV
2

)
k
(

nHV+nVV
2

)
k(nVV)

 (13)

where ⊙ a is the Hadamard product.
In practical application, since different surface object types correspond to different

optimal n values, AGB in forest areas is the core research object, and the existence of
non-forest will lead to a reduction in correlation, it is necessary to first classify forest and
non-forest surface object types. In this study, Freeman three-component decomposition
and a Wishart unsupervised classifier were used to classify PolSAR data, and the forest
cover area was extracted as a mask file. Finally, the C3 matrix was masked based on the
mask file, and then AEVC was carried out.
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3.4. AGB Inversion Model

In order to evaluate the impact of each stage of RTC on the AGB estimation perfor-
mance and the adaptability to different models, five AGB inversion models (Equation (14))
were constructed and tested. The basic models are model 0 (M0) and model 1 (M1). After
preliminary experiments, it was found that M1 was much better than M0. Meanwhile, in
order to deal with the heteroscedasticity problem shown by AGB data, that is, the error
variance was not constant over all observations, we used a logarithmic regression model to
estimate AGB. Therefore, model 2 (M2) was constructed with the logarithmic form of M1.
The backscattering intensity of elements on the diagonal of the C3 matrix in intensity units
is taken as the variable of the estimation model.

M0 : AGB = a0 + a1 · σ0
pq

M1 : AGB = a0 ·
(

σ0
pq

)a1

M2 : ln(AGB) = a0 + a1 · ln
(

σ0
pq

)
M3 : ln(AGB) = a0 + a1 · ln

(
σ0

pq

)
+ a2 ·

(
ln
(

σ0
pq

))2

M4 : ln(AGB) = a0 + a1 · ln
(
σ0

HH
)
+ a2 · ln

(
σ0

HV
)
+ a3 · ln

(
σ0

VV
)

(14)

where (p, q) = (H, V) is the polarization mode of incidence and scattering of electromagnetic
waves; σ0

pq is the backscattering coefficient under different polarization channels; a0, a1,
and a2 are the model coefficients.

3.5. Model Validation

In order to ensure the stability of the model, based on 179 measured plot data, the
random separation verification method was adopted to conduct stratified random sampling
according to biomass level and slope size. Seventy-five percent was selected as modeling
samples (134 training data) for model fitting, and the remaining 25% was selected as test
samples (45 verification data) for model testing. Evaluate the goodness of fit between the
measured data and the model prediction (AGB) using three parameters, including the coef-
ficient of determination (R2, Equation (15)), root mean square error (RMSE, Equation (16))
and relative root mean squared error (RRMSE, Equation (17)).

R2 = 1 − ∑N
i=1(yi − ŷi)

2

∑N
i=1(yi − y)2 (15)

RMSE =

√
1
n∑N

i=1(yi − ŷi)
2 (16)

RRMSE = (RMSE/y)× 100% (17)

where N is the sample size, yi represents the true observed value, y represents the average
of the true observed value, and ŷi represents the predicted value.

4. Results

In this section, we (1) implement the processing workflow shown in Figure 2 and
demonstrate the correction factors for the three stages in the RTC; (2) the correction effect
of RTC at each stage was analyzed qualitatively and quantitatively using Pauli RGB images
and backscattering coefficient images before and after RTC; (3) the effectiveness of RTC is
validated through examining the correlation between the backscattering coefficient and
the measured AGB; (4) the robustness of RTC is verified by analyzing the performance
of terrain correction results in different statistical models and SAR data of different dates.
In the following sections, we take the data of a selected date (25 July 2020) as an example to
show the core results of the study in detail. Meanwhile, all the results are presented in the
geographic coordinate space for convenience of comparison.
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4.1. Correction Factors of Radiometric Terrain Correction

According to the image (Figure 3a) of the polarization azimuth shift caused by terrain,
the POA value is distributed between −45◦ and +45◦, and the POA value is approximately
0 in the area with flat terrain, while the pixel with a large POA is mainly distributed in the
area with a large slope, which is relatively close to the actual ground condition information.
From the pixel number percentage of different POA value intervals (Figure 3b), it can be
found that the percentage of POA in the ±0.5◦ interval (approximately flat land) is 50.71%,
that is, the proportion of non-flat land is 49.29%, indicating that there is a lot of polarization
azimuth deviation. In addition, the percentage of POA distributed in the range of −15◦

to −45◦ and 15◦ to 45◦ (large deviation angle) is about 1%, indicating that the very large
angle POA deviation phenomenon rarely occurs.
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Figure 3. Polarization orientation angle (POA) spatial distribution and numerical distribution:
(a) Spatial distribution image of POA; (b) the percentage of the number of pixels in different POA
value intervals.

Figure 4 shows the ESAC factor (Figure 4c) extracted based on Equation (10) with local
incidence angle (Figure 4a) and radar incidence angle (Figure 4b) as input parameters. As can
be seen from Figure 4d: (1) the ESAC factor value of the pixel at the front slope (θloc < θref)
is less than 1.0, resulting in a decreasing trend of the backscattering coefficient after ESAC;
(2) the value of ESAC factor of the pixel on the flat ground (θloc = θref) is equal to 1.0, resulting
in no change in the backscattering coefficient after ESAC, which is equivalent to no ESAC
performed on the pixel of flat ground; (3) the ESAC factor value of the pixel at the back slope
(θloc > θref) is greater than 1.0, resulting in an increasing trend of the backscattering coefficient
after ESAC; (4) in general, the SAR information of pixels with different slope is similar to that
of flat ground under the same conditions by applying ESAC factor.

Figure 5a shows the mask files of the forest cover area extracted by Freeman3 decom-
position and Wishart unsupervised classification based on the data after POAC and ESAC.
Then, based on the iteration of the cost equation f(n) with the lowest correlation coefficient,
the point plot of the correlation coefficient between the backscattering coefficient after
AVEC and the local incidence angle with different values of n was obtained (Figure 5b).
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According to the optimal n values of the three polarization channels (Figure 5b), where
nHV = 1.45, nHV = 0.74, nVV = 1.16, the final correction coefficient matrix K can be obtained
as follows:

K =

 k(1.45) k(1.095) k(1.305)
k(1.095) k(0.74) k(0.95)
k(1.305) k(0.95) k(1.16)

 (18)

Table 4 lists the optimal n values corresponding to the three polarization channels of all
date data in the PolSAR dataset. Among them, the optimal n values of the three polarization
modes of the same date data are different, and the rule of nHV > nHV > nVV exists, indicating
that there are different degrees of AVE phenomenon in different SAR data scenes, but
among the three polarization channels, the weakest AVE phenomenon exists in the HV
polarization channel.

Table 4. The optimal n values for three polarization channels of 5 date data in PolSAR dataset.

11 July 2020 25 July 2020 8 August 2020 5 September 2020 19 September 2020

HH 1.76 1.45 1.56 1.66 1.82
HV 0.85 0.74 0.72 0.85 1.02
VV 1.45 1.16 1.22 1.34 1.54

4.2. Analyze the Results of Radiometric Terrain Correction

In order to qualitatively analyze the terrain correction effect, Pauli RGB images of
NRTC (Figure 6a,e) were used as a blank control. In addition, the Pauli RGB images of
each terrain correction stage are compared and displayed, respectively, in the global view
(Figure 6a–d) and the local enlarged view (Figure 6e–h). Pauli RGB images (Figure 6b,f)
with only POAC completion have no obvious visual changes, and there are still obvious
topographic relief phenomena, that is, the front slope is obviously brighter than the back
slope. This is because POAC mainly compensates the polarization azimuth deviation
caused by azimuth-oriented slope for full-polarization SAR data, and because of the
characteristics of SAR side-looking, the visual changes caused by azimuth-oriented slope
are less obvious than those caused by range-oriented slope. After further implementation
of ESAC, the topographic relief phenomenon of the Pauli RGB image (Figure 6c,g) has
been significantly improved, but a slight topographic relief phenomenon can still be seen
in some areas such as ridges, indicating that the radiation distortion caused by terrain has
been greatly reduced, but the influence of terrain cannot be completely removed. After
the completion of AVEC, Pauli RGB images (Figure 6d,h) almost did not have topographic
relief, indicating that AVEC further eliminated topographic effects on the basis of ESAC.

In order to evaluate the effectiveness of the three-step correction method, the relation-
ship between POA and the difference of the backscattering coefficients (σHV before POAC
minus σHV after POAC) of the three polarization channels before and after POAC was first
quantitatively analyzed (Figure 7). Among them, the value ranges of ∆_σHH (Figure 7a),
∆_σHV (Figure 7b) and ∆_σVV (Figure 7c) all increase with the increase in POA, indicating
that the degree of correction is positively correlated with the size of POA. The values of
∆_σHH and ∆_σVV are both positive and negative, but the values of ∆_σHV are both
positive, indicating that POA migration will lead to the overestimation of the σ0 of HV
polarization, while the σ0 of HH and VV polarization has no obvious overestimation or
underestimation law. ∆_σHH has more positive values and is distributed in the interval
of (−0.5, 1.5) dB, while ∆_σVV has more negative values and is distributed in the interval
of (−2.0, 0.5) dB, indicating that POAC has different degrees of correction for the three
polarization channels. According to the scatter density diagram of ∆_σHH and ∆_σVV
(Figure 7d), it can be found that the two are roughly negatively correlated, and they cannot
be positive at the same time because ∆_σHV are both positive, indicating that POAC meets
the law of conservation of energy and only re-adjusts the scattering information of different
polarization modes without increasing or reducing the total scattering power.
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Subsequently, the relationship between σ0 of different polarization channels and θloc at
different RTC stages was analyzed (Figure 8). In the NRTC stage (Figure 8a–c), there is an
obvious linear relationship between the backscattering coefficient of each polarization channel
and θloc. This linear relationship is still evident in the data after POAC (Figure 8d–f), because
the effect of POAC is to eliminate the effect of POA rather than the effect of θloc. However, this
linear relationship is greatly weakened in the data after ESAC (Figure 8g–i), indicating that



Remote Sens. 2024, 16, 846 15 of 27

ESAC correction plays a great role in removing the influence of local incidence angle. Finally,
in the data after AVEC (Figure 8j–l), this linear relationship almost disappears, indicating that
AVEC also plays a role.
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4.3. Correlation Analysis between Radiometric Terrain Correction and AGB

In order to analyze the effects of different RTC stages on AGB inversion, the correlation
between the measured AGB and the backscattering of the three polarization channels was
analyzed using the data dated 25 July 2020 as an example. It can be seen from Table 5 that
among the three polarization channels in the same RTC stage, the correlation coefficient (R)
of the HV polarization channel has the largest value. With the advance of the RTC stage,
the R values of the three polarization channels are steadily increasing, and compared with
the data of the NRTC, the HH, HV, and VV polarization channels have increased by 0.399,
0.310, and 0.404, respectively. The ESAC stage has the most obvious improvement on R,
and the three polarization channels are 0.343, 0.296, and 0.382, respectively. Taking the
HV polarization channel as an example, POAC, ESAC, and AVEC increase the R value
by 0.002, 0.296, and 0.012, respectively. The contribution of POAC is the least, which
indicates that POAC has limited ability to correct this area. The ESAC plays a major role in
effectively weakening the effect of terrain, which indicates the rationality and effectiveness
of the ESAC method with the introduction of normalized correction factors. In the AVEC
stage, the terrain correction effect of the same polarization is better than that of the HV
polarization, because the optimal n value of the same polarization is greater than that of
the HV, and the size of the optimal n value is proportional to the correction force. However,
the contribution of AVEC is relatively insignificant, but from the side, it shows that ESAC
is more thorough.

Table 5. The correlation coefficient (R) between the measured AGB (dB) and the backscattering
coefficients of the three polarization channels of PolSAR data (dated 25 July 2020) at different
RTC stages.

NRTC POAC ESAC AVEC

HH 0.306 0.307 0.650 0.705
HV 0.542 0.544 0.840 0.852
VV 0.336 0.338 0.720 0.740

4.4. Robustness Analysis of Radiometric Terrain Correction

To explore the robustness of the RTC under various AGB inversion models and PolSAR
data, we first fit five AGB inversion models (Equation (14)) at each stage of the RTC and
evaluate these models. It can be seen from Table 6 that in all the tested models, R2 values of
the three polarization channels increase with the advance of the RTC stage, indicating that
different RTC stages can play a role in these five models, and the contribution of ESAC is
the most obvious. In addition, among the three polarization channels, the R2 value of the
HV polarization channel is the largest, indicating that the backscattering coefficient of the
HV polarization mode has the best fitting effect with AGB. Compared with M0, M1 has
better fitting results at any RTC stage, indicating that AGB is not simply linear with the
backscattering coefficient and that the logarithmic transformation of AGB can effectively
improve its fitting effect with the backscattering coefficient. Although model 3 (M3) is
numerically optimal, there is no quadratic polynomial relationship between AGB and
backscattering coefficient in theory, which indicates that the model is overfitting. However,
the R2 value of M3 steadily increases in each stage of RTC, indicating that the terrain
correction effect of the RTC process is still relatively robust for M3. Although model 4 (M4)
has a better R2 value without RTC, it has a greater improvement after RTC, indicating that
the backscattering coefficients of HH and VV polarization channels can also contribute to
AGB estimation. Compared with the independent use of HV polarization channel (M2), the
simultaneous participation of three polarization channels in AGB inversion can compensate
for the influence of terrain and has better AGB inversion potential, but RTC is still essential.
In conclusion, RTC has good robustness in different statistical models, among which M2 is
the best univariate model, and the backscattering coefficient of the HV polarization channel
has the best fitting effect with the measured AGB, which can be used as the best variable
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of the univariate model. In addition, M4 is slightly better than M2, which has greater
inversion potential.

Table 6. R2 values under different inversion models: Taking the data dated 25 July 2020 as an example,
the R2 of the measured AGB and the backscattering coefficients of the three polarization channels
(HH/HV/VV) under different inversion modes and different RTC stages are listed.

NRTC POAC ESAC AVEC

M0 0.033/0.151/0.060 0.033/0.153/0.060 0.261/0.442/0.401 0.396/0.490/0.510
M1 0.05/0.198/0.08 0.05/0.201/0.08 0.336/0.510/0.463 0.447/0.554/0.531
M2 0.094/0.293/0.113 0.123/0.296/0.115 0.423/0.705/0.518 0.497/0.726/0.548
M3 0.365/0.621/0.421 0.366/0.622/0.423 0.635/0.772/0.696 0.619/0.794/0.675
M4 0.609 0.619 0.719 0.730

Second, we analyzed the robustness of the RTC process in PolSAR data based on the
most widely used M2 model and the backscattering coefficients of the HV polarization
channels with data from 5 dates. It can be seen from Table 7 that the data of different dates
have roughly the same rule, that is, the fitting results of different RTC stages are gradually
improved with the implementation of RTC stages. In particular, the improvement of the
R2 value in the ESAC stage (0.397, 0.409, 0.422, 0.430, and 0.381) is extremely significant
and stable. In the data of 5 dates, the RTC process increased R2 by 0.405, 0.433, 0.421,
0.431, and 0.395, respectively. However, in the data dated 8 August 2020, the value of R2

in the AVEC phase is slightly smaller than that in the ESAC phase, and in the data dated
5 September 2020, the value of R2 in the POAC phase is slightly smaller than that in the
NRTC phase. These results indicate that RTC is robust in PolSAR data, with an average
increase of 0.417 in R2, especially in the ESAC phase, with an average increase of 0.408 in
R2, but there may be exceptions in POAC and AVEC.

Table 7. The R2 value of the most stable model M2: Lists the R2 value of the measured AGB and the
backscattering coefficient of the HV polarization channel in the data of 5 dates at different stages of
RTC based on M2.

11 July 2020 25 July 2020 8 August 2020 5 September 2020 19 September 2020

NRTC 0.232 0.293 0.266 0.289 0.271
POAC 0.234 0.296 0.267 0.289 0.274
ESAC 0.631 0.705 0.689 0.719 0.655
AVEC 0.637 0.726 0.687 0.720 0.666

It can be seen from the scatter plot of the validation set of measured data and the
predicted data (Figure 9) that regression models with different date data have good gener-
alization ability and are sufficient to predict the AGB of the study area.

Finally, based on the data of 5 dates and the fitted regression equation, the correspond-
ing AGB is inverted, respectively, and the average value of the data of 5 periods is taken as
the final AGB result (Figure 10).
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5. Discussion

In this study, a normalized correction factor was introduced in the ESAC stage of RTC.
This correction factor is based on the local incidence angle and radar incidence angle to
fine-adjust ground units of different slopes, effectively reducing the influence of terrain
on the backscattering coefficient of SAR data, and greatly improving the accuracy of AGB
inversion based on the backscattering coefficient.
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5.1. The Application Potential of Radiometric Terrain Correction

Accurate inversion of forest AGB can more accurately estimate the carbon budget
at regional and even global scales, which is of great significance for understanding and
predicting the trend of global climate change and formulating coping strategies. However,
our results show that the existence of topographic factors has a great influence on the
accurate inversion of forest AGB. Taking the PolSAR data of 25 July 2020 as an example, the
correlation coefficient R values of the backscattering coefficients after the three polarized
channels after RTC and the measured AGB increased by 0.399, 0.310, and 0.404 respectively,
indicating that the existence of topographic factors introduced many interference terms,
which leads to a sharp decline in the sensitivity of PolSAR characteristic parameters and
AGB. In addition, although RTC has different performance in different forest AGB models,
the model results based on the backscattering coefficient fitting after RTC are improved
to different degrees. Take M2 as an example; its R2 value is increased by 0.403, 0.433, and
0.435, indicating that the accuracy of AGB extracted without the RTC process is worrying
and that it is almost impossible to apply. However, AGB based on backscatter coefficient
inversion after RTC greatly improves the accuracy of AGB inversion. It can be seen that
RTC is of great significance to the precise mapping and application of AGB in mountainous
forest areas with complex terrain. Moreover, understanding AGB trends in specific regions
or ecosystems can help decision makers assess the status of forest resources, formulate
reasonable forest management and restoration measures, and maintain and improve the
stability and service functions of ecosystems.

In mountainous forest areas with complex terrain, AGB inversion based on a non-
parametric model and different forestry applications based on SAR technology (InSAR,
PolInSAR, TomoSAR) (forest canopy height extraction, forest type classification), if the
impact of terrain is considered, analysis and establishment of a suitable RTC process to
remove the interference of terrain factors can improve the inversion effect to a certain extent.

5.2. The Effectiveness of Radiometric Terrain Correction

This study uses the RTC process, including POAC, ESAC, and AVEC, and the results
of previous studies are similar [43,64]: RTC has a large increase in the correlation between
backscattering coefficient and AGB, in which ESAC is the most important, while POAC
and AVEC contribute less.

In the POAC stage, the backscattering information of different polarization channels
is compensated for by the polarization azimuth shift, but the effect on the change of vision
and the enhancement of the correlation between σ0 and AGB is not obvious. The reason for
the lack of visual change is that POAC in theory mainly compensates for the deviation of
the polarization azimuth caused by the azimuth slope. Due to the side view of SAR, the
correction of the azimuth angle cannot be displayed well in the visual view. In addition,
POAC mainly corrects the change in polarization state caused by terrain and may have
a more obvious influence on the information, such as polarization decomposition [74].
The reason why POAC’s effect on improving the correlation between σ0 and AGB is not
obvious is that POA is not only affected by terrain, but also by forest canopy. In the case
that POA caused by forest canopy and POA caused by terrain are not separated, POAC
has a correction problem, and new errors are introduced during correction. As a result,
POAC does not play its best role. Therefore, how to separate the POA offset caused by the
canopy from the POA offset caused by the topography under the canopy is still a problem
to be solved.

In the ESAC stage, aiming at the backscattering coefficient and C3 matrix, this study
introduced a normalized correction factor based on the local incidence angle and radar
incidence angle, and its value distribution was (0, 2.13]. When the local incidence angle
was equal to the radar incidence angle, the ground unit belonged to flat ground and did
not need to be corrected, so the corresponding correction factor was equal to 1.0. When the
local incidence angle is less than the radar incidence angle, the ground unit belongs to the
front slope. Compared with flat ground, the existence of terrain leads to the enhancement
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of backscatter. Therefore, the correction factor range is (0, 1.0) for the front slope, and the
opposite is true for the local incidence angle less than the radar incidence angle. The existing
studies [43,64] are all based on the projection angle or local incidence angle, and the value
is distributed between (0, 1.0], which only converts the ground backscattering coefficient
to the isophase backscattering coefficient γ0. However, if the equation is directly applied
to the C3 matrix without modification, the C3 matrix corresponding to the flat ground,
which should not be corrected, will be modified. Consistent with their study, ESAC showed
a large improvement in the correlation of both σ0 and AGB, and provided the largest
correction contribution in the overall topographic radiometric correction. In addition,
previous studies [55] have shown that the area integration method under the slan-distance
geometry of SAR, which is more in line with the SAR imaging mechanism, can improve
the ESAC effect. However, since the resolution of DEM data is much lower than that of
the original PolSAR data, the accurate estimation of the ground unit area corresponding
to the oblique azimuth pixel is seriously limited, so the research can be done after the
high-precision digital terrain model (DTM) is available.

In the AVEC stage, terrain correction has different correction effects on different
polarization channels, among which HH > VV > HV, which is not only reflected in the
numerical rule of the optimal n value (Table 4), but also in the correlation between σ0

and AGB of the three polarized channels in the AVEC stage. For example, the three
polarized channels in the AVEC stage increased by 0.055, 0.012, and 0.020, respectively
(Table 5). However, there is no obvious rule for the optimal n value of different scene
data because AVEC is highly correlated with the terrain coverage type in the study area.
In addition, it also indicates that the extraction method of adaptive determination of
the optimal n value is highly practical. The reason why the AVEC stage is not effective
in improving the correlation between σ0 and AGB is that the backscattering coefficient
is related to multiple factors such as complex dielectric constant, terrain slope, surface
roughness, etc., while AVEC only considers the local incidence angle and radar incidence
angle, resulting in the unsatisfactory correction of the scattering mechanism. How to
consider more influencing factors in the AVEC basic model and determine these values
adaptively is a problem worth studying. In addition, AVEC is mainly to correct the effect
of terrain on the scattering mechanism, so it is difficult to show the correction effect in
the backward scattering coefficient, which is another reason. To demonstrate the effect of
AVEC on the polarization decomposition is the next research goal.

5.3. The Robustness of Radiometric Terrain Correction

This study demonstrates that RTC is robust to different models and different data,
especially in the ESAC phase, based on the introduced normalized correction factor. This is
because, compared with the statistical modeling method that integrates terrain factors in
AGB modeling, RTC is based on the SAR imaging mechanism and scattering mechanism.
Each stage of RTC has specific and clear physical significance, and it is a targeted correction
for the radiation distortion caused by terrain, so it has good robustness.

We used five models to verify the robustness of RTC in different models. However,
we only tested five common models, while most other models were not tested, and the
comparison between different models was not comprehensive enough. For example,
compared with the univariate model in which HV polarized channels participate, the
fitting of the multivariate linear model in which three polarized channels participate at
the same time helps to improve the value of R2, and most studies [64,75] have reached
similar conclusions. However, in fact, the R2 values of the multivariate model and the
monadic model are not very different. Moreover, multivariate models often need to
consider collinearity, and when multivariate models contain variables used by monadic
models and add multiple independent variables, the R2 value of multivariate models is
bound to increase. Therefore, whether the multivariate model is much better than the
monadic model needs to be further demonstrated, but the multivariate model has greater
application potential.
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In addition, PolSAR data of different dates are not fully applicable in the POAC and
AVEC stages of RTC (Table 7), because the weather conditions at the time of satellite data
collection will also bring certain errors to the accurate inversion of AGB. Furthermore, we
only validated ALOS2 data for five dates, but did not test other PolSAR data products, so it
is not comprehensive enough to validate robustness on different types of data.

5.4. Potential Other Limitations

Parameters such as local incidence angle and projection angle required for the RTC
process based on PolSAR data are extremely related to DEM data. However, the existing
DEM data are digital surface model (DSM) rather than DTM, and the resolution of the
existing DEM is too low (30 m) to provide accurate terrain slope information. There are
some errors in the local incidence angle and projection angle, which limit the effect of RTC.
PolInSAR technology has the ability to extract high-precision and high-resolution DTM
data, which is expected to solve the limitations of DEM.

In this study, due to the limitation of manpower, we could not set up sample plots
in forest areas with steep terrain. Therefore, there were no measured sample plots with
large slopes in our test area, resulting in a lack of samples of extreme terrain, and the
analysis of different grades of slope was not carried out. The unmanned aerial vehicle-light
detecting and ranging (UAV-LiDAR) system is capable of collecting sample data with high
precision and is expected to acquire forest parameter information for forest regions with
more extreme terrain, providing more comprehensive verification samples.

In addition, for regions with complex forest structure (non-uniform), operations using
neighborhood averaging (such as multilooking and polarimetric speckle filtering) will
result in mixed averaging of forest and non-forest pixels, resulting in large error of target
pixels, and also affect the accurate inversion of AGB. Solving the mixed average problem of
different types of pixels is the future research direction.

For the choice of parametric model and non-parametric model, this study aims to
introduce normalized terrain correction factors into the ESAC stage of RTC and explore
the effectiveness and robustness of the RTC process, so a more widely used and more
explanatory parameter model is adopted. However, if the actual data distribution is
inconsistent with the model hypothesis, the parameter model may be biased. In addition, in
the face of complex nonlinear relationships and high-dimensional variables in the dataset,
the parameter model may oversimplify the data structure and lead to the problem of
underfitting or overfitting. However, the non-parametric model can adapt to complex data
with different structures without presupposing the specific form of the model, so it has
good flexibility and robustness and is especially suitable for processing high-dimensional
data. Therefore, exploring non-parametric models such as machine learning algorithms
based on RTC-corrected data is expected to further improve the inversion accuracy of AGB.

6. Conclusions

In order to make better use of PolSAR data to accurately estimate the AGB of the
terrain of a complex region, the disturbance caused by terrain becomes a problem that must
be solved. This study combined the RTC process, introduced a normalized correction factor
in the ESAC stage, and verified the effectiveness and robustness of the method theoretically
and empirically through experiments on ALOS-2 PolSAR data. Here is a summary of
the findings: Applying the RTC process of the normalized correction factor in the ESAC
stage has good effectiveness in improving the AGB inversion based on the backscattering
coefficient and has good robustness in different inversion models and PolSAR data of
different dates. Among them, the RTC process can effectively reduce the influence of
terrain, which not only greatly changes the visual image but also greatly improves the
correlation between the backscattering coefficient and AGB. The POAC, ESAC, and AVEC
stages of RTC all have certain contributions, especially the contribution of ESAC, which
is much greater than that of POAC and AVEC. In addition, the backscattering coefficients
of different polarized channels do not have a simple linear relationship with AGB in
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linear units but have a good linear relationship with AGB after logarithmic transformation.
Moreover, among the three polarization channels, the backscattering coefficient of the HV
polarization channel has the highest correlation with AGB. The multivariable model has
greater potential to invert AGB than the univariate model.

In addition, the restrictive factors of DEM still exist, and PolInSAR technology is
expected to improve the topographic radiation correction effect by extracting the challenges
related to high-precision DTM inversion and thus enhance the application of PolSAR data
such as AGB inversion.

To sum up, this study deeply studied the impact of topographic factors on the inversion
of forest AGB based on the backscattering coefficient of PolSAR data, which helps us better
understand the mechanism and process of terrain’s impact on PolSAR data, and also
introduced the normalized ESAC factor, which is conducive to more accurate terrain
correction of SAR data. Moreover, it is verified that RTC can effectively and robustly
eliminate the influence of terrain, improve the accuracy of AGB inversion in mountainous
forest areas greatly affected by terrain, balance the operability of the technical model and
the practicality of AGB inversion in mountainous forest areas, and provide an effective case
for the application of PolSAR data in complex terrain areas.
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Figure A1. Polarimetric SAR dataset schematic diagram. The big picture on the left is Pauli RGB
image of polarization coherency matrix (T3) after 4 × 9 (range × azimuth) multi-look processing on
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19 September 2020. The five small pictures in the middle are reduced view of the Pauli RGB image
T3 after 4 × 9 (range × azimuth) multi-look processing of data from 5 dates. The picture on the right
is SAR imaging geometry in strip mode.
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land in 3D geometric perspective. Among them, n1 and n2 are normal vectors of slope and land
respectively, η with rotation angle, equivalent to polarization orientation angle (POA); (b) polarization
ellipses of flat and sloping land from a 2D geometric perspective. Where E is the actual electric field
vector, EH is the horizontal component direction, EV is the vertical component direction, η is the
polarization direction angle, τ is the ellipticity angle. The red up and down arrow represent the
transformation of the polarization ellipse between the flat and the sloping ground under different
values of η, and represent the position direction of the polarization ellipse diagram under the
corresponding conditions.
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