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Abstract: Spaceborne and airborne polarimetric synthetic-aperture radar interferometry (PolInSAR)
data have been extensively used for forest parameter retrieval. The PolInSAR models have proven
their potential in the accurate measurement of forest vegetation height. Spaceborne monostatic
multifrequency data of different SAR missions and the Global Ecosystem Dynamics Investigation
(GEDI)-derived forest canopy height map were used in this study for vegetation height retrieval.
This study tested the performance of PolInSAR complex coherence-based inversion models
for estimating the vegetation height of the forest ranges of Doon Valley, Uttarakhand, India.
The inversion-based forest height obtained from the three-stage inversion (TSI) model had higher
accuracy than the coherence amplitude inversion (CAI) model-based estimates. The vegetation
height values of GEDI-derived canopy height map did not show good relation with field-measured
forest height values. It was found that, at several locations, GEDI-derived forest height values
underestimated the vegetation height. The statistical analysis of the GEDI-derived estimates
with field-measured height showed a high root mean square error (RMSE; 5.82 m) and standard
error (SE; 5.33 m) with a very low coefficient of determination (R?; 0.0022). An analysis of the
spaceborne-mission-based forest height values suggested that the L-band SAR has great potential in
forest height retrieval. TSI-model-based forest height values showed lower p-values, which indicates
the significant relation between modelled and field-measured forest height values. A comparison of
the results obtained from different SAR systems is discussed, and it is observed that the L-band-based
PolInSAR inversion gives the most reliable result with low RMSE (2.87 m) and relatively higher
R? (0.53) for the linear regression analysis between the modelled tree height and the field data.
These results indicate that higher wavelength PolInSAR datasets are more suitable for tree canopy
height estimation using the PolInSAR inversion technique.
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1. Introduction

Spaceborne remote sensing technique is an important tool to measure different parameters of
forest vegetation to understand the forest carbon fluxes for the modelling of gross primary production
and net ecosystem production [1]. The carbon cycle of the Earth is the most important parameter,
which regulates the optimum climatic conditions suitable for all life forms on the Earth [2-5]. However,
the recent loss of equilibrium of the Earth’s carbon cycle, mainly caused due to human activity,
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has likely triggered recent climate changes which could be harmful to the biosphere of the Earth [6-8].
Because of these reasons, accurate tracking and measures to achieve a better understanding of the
Earth’s carbon cycle are very important for sustaining life. The spaceborne synthetic-aperture radar
(SAR) systems can provide high-resolution information of the Earth objects with large coverage in one
scene. Earth-observation-based active and passive sensors have also been used as a tool to retrieve
forest parameters for inaccessible areas [9-13]. Nowadays, remote sensing is used as a primary source
to do forest mapping and monitoring at regular intervals [14]. Among these technologies, SAR remote
sensing has an advantage of forest canopy and cloud penetration capability due to the long-wavelength
range of electromagnetic (EM) waves compared to optical remote sensing and the active nature of the
SAR system, which allows for night operation. The SAR systems can be operated in different imaging
modes to acquire the data according to the requirement of the application to retrieve structural and
biophysical parameters of a forest area [15]. Several studies have shown the potential of SAR remote
sensing for forest mapping and monitoring [16-19]. Polarimetric SAR modelling for retrieval of forest
parameters has become a successful tool to retrieve scattering contributed by different scatterers within
small forest patches for structural and biophysical characterization of the forest [20-23]. Forest tree
height is directly related to biomass (AGB) and carbon stock [24-27]. The height of the forest trees needs
to be measured at regular intervals to understand the spatiotemporal changes in the aboveground
biomass and carbon stock.

The interferometric technique of SAR-based sensing has shown great potential to retrieve forest
height with reliable accuracy [28-30]. The potential of SAR tomography has also been investigated
successfully for forest height retrieval and scattering power retrieval at different height levels [31-34].
The requirement of a large number of interferometric pairs is a major limitation of the SAR tomography
and sometimes it becomes difficult to implement this technology for forest height retrieval in the
absence of several repeat passes of the data. Polarimetric SAR interferometry (PolInSAR) involves all
of the possible polarimetric combinations and is hence better than SAR interferometry in resolving the
coherence optimization problem to obtain the optimum scattering mechanisms related to different
scattering mechanisms from the canopy [35].

Polarimetric acquisitions of an interferometric pair provide the capability to improve the
interferogram quality for optimum coherence estimates with highly accurate phase information [36].
Several studies have been carried in the last few years to establish the capability of PolInSAR for
forest height measurement [37-40]. The development of inversion models with PolInSAR data
can provide a useful approach to retrieve forest height from SAR-based remote sensing [41-44].
The polarimetric SAR interferometry-based modelling approach for vegetation height of a forest area
has been successfully implemented with airborne SAR data [42,43,45-47]. Fewer studies have been
carried out to retrieve forest tree height from PolInSAR inversion using spaceborne SAR data [48].
The normal baseline component of the interferometric acquisition plays a significant role in vertical
wavenumber generation for inversion-based models of PolInSAR data [49,50]. For a spaceborne bistatic
or airborne SAR system, the system parameters could be easily planned with higher accuracy to
derive vertical baseline components However, in monostatic SAR systems, the large spatial baseline of
interferometric acquisition over a forest area results in very low coherence. The InSAR data, with small
baseline components, provide a solution to obtain reliable coherence from the forest. The PolInSAR
data acquisition, with a small baseline, gives a very high altitude of ambiguity that is not suitable
for the forest stand height of 30—40 m tall trees. To overcome this problem, coherence amplitude
inversion (CAI) and three-stage inversion (TSI) were performed with a vertical wavenumber file
that was generated by the altitude of ambiguity equal to twice the forest height. The main objective
of this present study is to retrieve forest tree height with the help of multifrequency spaceborne
PolInSAR data. PolInSAR-based vegetation height estimation has been studied by many using various
algorithms and models [51-55]. The potential of spaceborne PolInSAR data is evaluated in this study
using TSI and CAI modelling approaches. Three-stage inversion is extensively used in the PolInSAR
model, which uses a random volume over the ground (RVoG) model for height estimation of forest
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vegetation [56,57]. This study utilizes monostatic multifrequency (L-, C-, and X-band) spaceborne
PolInSAR data for inversion modelling to retrieve forest height.

2. Study Area and Dataset

The two forest ranges (Barkot and Thano) in Doon Valley, Uttarakhand, India were selected for
spaceborne multifrequency-based inversion modeling. These forest ranges lie between the Shivalik
Hills and the Himalayan Mountains. Figure 1 shows the standard false-color composite (FCC) of the
Sentinel-2B optical multispectral data that was acquired on 16 December 2018. The three spectral bands
(842 nm, 665 nm, and 560 nm) of 10 m spatial resolution were used to generate the FCC (Figure 1),
which enhances the forest and vegetation cover in red. The vegetation cover of both the forest ranges of
the Doon Valley is visible in the red color as shown in Figure 1. Nearby features, such as the agricultural
area, the urban settlement of Rishikesh City, and the waters of the Ganges River, are clearly visible in
various bands of the FCC according to their surface reflectance.
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Figure 1. Sentinel-2 False Color Composite (FCC) image of the study area.
The vegetation type map of the two forest ranges is shown in Figure 2a. The topography of the

terrain for these study sites is flat, which is advantageous to retrieve actual PolSAR-based parameters
without rigor geometric correction. Sal (Shorea robusta) trees (Figure 2b,c)) are the main species of
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both the forest ranges. The other vegetation species are Teak (Tectona grandis) plantation, Sisham
(Dalbergia sissoo), and Khair (Acacia catechu).
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Figure 2. (a) Vegetation type map of the forest ranges, (b) Terrestrial Lase Scanner (TLS)-based forest

height measurement, (c) Sal trees, and (d) sample plot design.

Figure 2a shows the location of the field-measurement in the Barkot and Thano forest ranges of
Doon Valley. The Barkot and Thano Forests are covered by dense Sal (Shorea robusta), Khair-Sissoo/Sisham
(Acacia catechu-Dalbergia sissoo), and mixed miscellaneous forests. Field-collected forest tree heights from 100
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locations in the Barkot and Thano Forests [48,58] were used for validation of the PolInSAR-based modelled
vegetation height map. Square plots of 12.5 m? size were made for the field-based forest height measurement.
The field data collection for tree height measurement was done using the Nikon Forestry Pro Laser Range
Finder and Laser Dendrometer (Criterion RD1000). The position of the plot locations was measured with
the Trimble Juno handheld GPS. The field data were collected in the accessible region of the forest ranges
and the distribution of plots is shown in Figure 2a. Figure 2b shows tree height measurements using the
Terrestrial Lase Scanner (TLS) in the forest plot. In a separate research work, TLS-based measurement
for forest parameter retrieval were carried out between November 2014 to February 2015 for limited plot
locations [59]. It was found that the maximum difference between field-based forest height using handheld
equipment and TLS data-based estimates was 0.81 m [59]. Figure 2d shows a sample plot design that was
made in the field for tree height measurement. The forest ranges of Doon Valley predominantly dominate
Sal trees, which can also be seen for both these forest ranges as shown in Figure 2a. Considering that most
of the area is covered by Sal forest, we planned to collect a good number of data from this vegetation type,
according to which plots were made in the field. Table 1 shows the number of plots of the field-collected
data for forest height measurement in different vegetation species of the forest ranges.

Table 1. Number of plots of the field-collected data for forest height measurement.

Forest Vegetation Type No. of Plots
Khair-Sisham Forest 5
Mixed Miscellaneous Forest 18
Sal Forest 77

Plot-wise average forest height of the field-measured data for the 100 locations in the Barkot and
Thano forest ranges are shown in Figure 3. Error bars with a standard deviation of average forest
height for all the 100 field-measured forest plots are shown in Figure 3. It is observed that, for most of
the locations, the average forest height was more than 20 m.
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Figure 3. Field-measured plot-wise average forest height with error bars.
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2.1. Global Forest Canopy Height Map

The global forest canopy height map was developed by integrating the lidar-based structural
measurement for forest vegetation of the Global Ecosystem Dynamics Investigation (GEDI) data and
Landsat multitemporal surface reflectance data [60,61]. The product id Forest_height_2019_NASIA of
30 m spatial resolution global forest canopy height map was used to prepare a forest height map of the
Uttarakhand state of India. Most of the forest cover shows vegetation height with a difference of less
than 35 m from the forest height values. Three more values, 101, 102, and 103, were also obtained from
the data, representing water, snow/ice, and no data, respectively [60]. The Barkot and Thano forest
ranges of Doon Valley, Uttarakhand, India, are shown in the red circle in Figure 4. A subset was taken
from the Uttarakhand forest height map, which is shown in Figure 5 to show the vegetation height in
the two forest ranges.

Figure 5 shows a subset of 30 m spatial resolution of the global forest canopy height that was
generated by the integration of GEDI-based forest height metrics with Landsat multitemporal data.
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Figure 4. The 30 m spatial resolution global forest canopy height map of Uttarakhand, India.
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Figure 5. A subset of global forest canopy height map for the Barkot and Thano forest ranges.

2.2. Polarimetric SAR Interferometry (PollnSAR) Data

Polarimetric SAR Interferometry (PolInSAR) combines interferograms obtained at different
polarizations [62]. Generally, all of the spaceborne SAR are monostatic SAR systems in which a single
antenna is used to transmit and receive EM waves. Figure 6 shows the PolInSAR geometry in which
PolSAR data were acquired by maintaining a temporal gap between two acquisitions to generate an
interferometric pair. The two acquisitions provide two scattering matrices (Figure 6) represented by

Equation (1).

The scattering matrix of the first acquisition is represented by S! and the second acquisition or
slave data is represented by S?>. The matrix elements are represented as polarimetric combinations of
horizontal and vertical polarizations of the electric field vector of the EM wave. To get an interferometric
pass, the platform positions between two acquisitions must be separated by a baseline.
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The multifrequency data used in this study were acquired from spaceborne SAR systems, ALOS-2
PALSAR-2, RADARSAT-2, and TerraSAR-X. A detailed description of the multifrequency polarimetric
interferometric data is given in Table 2.

Figure 6. Polarimetric synthetic-aperture radar interferometry (PolInSAR) geometry.

Table 2. Description of the multifrequency polarimetric interferometric data.

PolInSAR Data TerraSAR-X RADARSAT-2 ALOS-2 PALSAR-2
Acquisition Reference Secondary Reference Secondary Reference Secondary
Date of acquisition 21 January 2015 12 February 2015 27 January 2014 20 February 2014 9 August2015 23 August 2015

Polarisation

Quad-pol (HH+HV+VH+VV)

Wavelength (cm)/frequency (GHz) 3.10/9.64 5.55/5.4 24.25/1.236
Resolution (m), range & azimuth 1.36 & 2.86 4.7 & 95 2.86 & 3.236
Absolute orbit 42159 42493 32291 31948 6545 6752
Near range incidence angle 24.59 24.54 33.45 33.45 21.56 21.55
Far range incidence angle 26.73 26.79 35.07 35.07 25.93 25.93
Perpendicular baseline (m) 105 67.92 84.37
Temporal baseline (days) 22 24 14
Altitude of ambiguity (m) 35.85 215.05 455.16

Figure 7 shows the color composite of model-based polarimetric decomposition of L-band, C-band,
and X-band SAR data. Yamaguchi’s four components decomposition model was used to generate
scattering elements from the polarization orientation angle (POA)-compensated PolSAR coherency
matrix [63]. Forest vegetation is a dominant source of volume scattering of the incident EM wave.
In the polarimetric decomposition-based output of the multifrequency SAR data, this can be easily
seen in green. The double-bounce scatterers and single-bounce scatterers are represented in red and
blue, respectively. It is visible in the PolSAR data that the dry river channels of the Doon Valley
showed surface scattering (blue color). The urban structures showed the dominance of double-bounce
scattering, and these features are highlighted in red/pink in the false color composite image of the
SAR data. The polarimetric decomposed image of L-band ALOS-2 PALSAR-2 showed high volume
scattering in comparison to the TerraSAR-X and RADARSAT-2 C-band datasets. The long-wavelength
of L-band ALOS-2 can penetrate the top canopy surface to provide scattering information contributed
due to the entire volume of the tree. Due to the deep penetration of microwave signals into the forest
vegetation and multiple scattering from the entire structure of the vegetation cover, the degree of
volume scattering in L-band observations was higher than C- and X-band SAR data.
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Figure 7. Polarimetric decomposition-based scattering representation of (a) ALOS-2 PALSAR-2 L-band,
(b) TerraSAR-X band, and (c) RADARSAT-2 C-band SAR data.

3. Methodology

The present work utilized L-, C-, and X-band PolInSAR data-based TSI modelling for forest stand
height estimation. The methodological steps are shown in Figure 8. The single-look complex data
was initially corrected from slant range ambiguity to provide actual ground information in the range
direction. Radiometric calibration was performed to calculate scattering matrix on multifrequency
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polarimetric interferometric pairs of SAR data. The scattering matrix was generated with four
polarimetric combinations of first and second acquisitions of interferometric pairs of complex SAR data.

1 1 2 2
s =] g G analse) = | G G | o
VH °vv VH °vv

The scattering matrices were coregistered with subpixel accuracy for accurate phase estimation at
interferometric processing. The coregistered PolInSAR pairs were orthorectified with the help of the
Range Doppler Terrain Correction tool in SNAP v 6.0 [64].

The Pauli feature vector [65], which is a first-order polarimetric representation of the scattering
matrix, was generated from the coregistered orthorectified product for all of the SAR data. The Pauli
feature vectors of reference and secondary images were multiplied with their transconjugate to generate
a 6 X 6 coherency matrix as shown in Equation (2) [41].

[T] = <| 2 ][ 0Kk —[ [gf;}]” [[(T)zlzz}] ]

_ 1 a1 1 1 1 17
k, = 75[ Sty +Sh, Shy-Sh, 28, | and )
_1[ 2 2 2 > F
ky = 75[ St TSvv Shun~Sww 25y ] :

where [T11] and [T»;] are 3 X 3 coherency matrices of reference and secondary images and these
matrices follow the characteristics of Hermitian matrices, while [()1,] is derived from the interferometric
Hermitian product of Pauli feature vectors k; and k, of PolInSAR pairs.

The Interferometric coherence of PolSAR data was estimated with the help of a 6 X 6 coherency
matrix that represents the complex correlation coefficients of a feature in the SAR data during the two
acquisitions. The interferometric acquisition of PoISAR data is capable to retrieve coherence due to
different scatterers in a SAR resolution cell.

When an EM wave hits the target, the coherence of an object changes with polarization due
to different scattering behavior in different polarimetry channels. The PolInSAR coherence (y) is
represented in Equation (3) with the help of elements of the 6 X 6 coherency matrix [36,41].

<w§T[le}w2>
\/<ij [Ti1Jan Y@y [To]ws)

where w; and w, represent the two scattering mechanisms and * indicates the complex conjugate.
The spatial averaging is also shown in Equation (3) as an angular bracket and 6 X 6 coherency matrix
elements are calculated using Equations (4)—(6).

)= )
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3.1. Three-Stage Inversion (TSI) Modelling

The TSI model is an extension of the fully polarimetric SAR data-based expression of a two-layer
model [66] to estimate the vertical structure of tree species [41]. The PolInSAR-based TSI model is
very popular for forest height retrieval [49,58,67-70]. The TSI model includes the identification of
the ground phase and volumetric coherence of the effective scattering center of forest vegetation for
inversion-based forest height retrieval. PolInSAR-based TSI uses the complex coherences of all the
polarimetric combinations to identify the ground phase and volumetric coherence with minimum
ambiguity. A best-fit line is determined in the complex plane to find the optimum ground phase
and volumetric coherence. The point on the best-fit line with the lowest value of ground to volume
scattering ratio will be the most suitable input for volumetric coherence [41,71,72].

The complex coherence, y, of the PolInSAR data for forest vegetation is shown in Equation (7) [41].

a)x-T(elqjl I;/ + ecosby Tgel(f)l )(1)

Y= (7)

—20hy
T I}/ + ¢c0s0p Tg w

where

—20hy —20hy

hv 207" hv 20z’ . ,
IY = ecos0 fo €<% Tydz’ and I;/ = e0s0 fo e300 g2 T\ 7!

1 0 0
Ty=my| 0 p 0 |10<pu<05
0 0 u
1 tip O
Tg = myg t’iz trh O
0 0 33

The complex coherence is polarization-dependent and can be represented as a straight line in the
complex plane of PolInSAR coherence:

y(@) = e (o + L(w) (1= 7)) 0 < Lw) <1 ®
where T
"' Tew
L) = O and ) - — 2 ©
H cos 60(6“’590 - 1) Y
Iy
Yo = 20 gk 207/ cos 0o g1 (10)

20hy
cos Ggles% —11] 7

where, w is a unitary complex vector, v, is interferometric complex coherence that is dependent on
the choice of polarization of the SAR data, ¢ is the interferometric phase of the ground topography,
p(w) shows ground to volume scattering ratio, 8y is the angle of incidence of the incident EM waves
of the SAR system, and attenuation of the EM waves through vegetation canopy is represented
by o. In Equations (8) and (10) y, is polarization independent and is expressed as an integral of
vertical wavenumber (k;), angle of incidence, and wave extinction coefficient. The effective vertical
interferometric wavenumber (k) is determined by the SAR imaging parameters. Baseline during the
interferometric acquisition of SAR data and spaceborne platform to target range distance is used to
derive k;, as in
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4mB,

5= TRsin’ ah
where B, is the normal component of the baseline, A is the wavelength of the SAR system, and R is
the platform to the target distance. The value of R is retrieved from metadata by multiplying the
speed of the electromagnetic wave and half of the total time taken by the wave to track the target.
The interferometric wavenumber (k,) depends on the SAR parameter and it is a crucial parameter that
affects the PolInSAR inversion-based forest height [50]. The normal baseline component (B;;) plays an
important role in deriving the vertical wavenumber [49]. This work utilized the vertical interferometric
wavenumber that was generated from the spaceborne SAR parameters of multifrequency data and a
derived normal baseline component. The normal baseline component was calculated according to the

altitude of ambiguity greater than (approximately double) the forest height of the study area.

3.2. Coherence Amplitude Inversion (CAI) Modelling

Electromagnetic waves transmitted by a SAR system mainly interact with the top canopy surface
of the forest vegetation. The top canopy surface contributes an amount of the backscattered signal,
and twigs and branches of the forest vegetation contribute to the remaining portion. The top canopy
surface is an unstable structure in nature, which shows very low interferometric coherence. If the SAR
waves are able to interact with stable structures of the forest vegetation like big branches, then the
interferometric coherence will become high for these features. Generally, in SAR interferometry,
the height of an object is measured from the difference of the interferometric phases of the top and
bottom of the surface. It is very difficult to retrieve interferometric phases of ground and forest
vegetation for the locations having low interferometric coherence [44]. To overcome the problem of the
interferometric phase coherence, an amplitude-based approach was proposed in which the ground
is identified with polarimetric channels that have a low surface-to-volume ratio [71] The PolInSAR
coherence amplitude-based inversion model for forest height retrieval is shown in Equation (12):

) _ p ePtho —1 } { p= 20
min{ F = - = where cosd 12
] { L R e | ot g (12)

v

Here, the function F is minimized for the inversion-based modelling [72], h, represents the height
of the vegetation, and o represents the attenuation of an electromagnetic wave due to vegetation and
volume only coherence is represented by yy, .

4. Results

This section describes the results of PolInSAR-based inversion modelling for forest height
estimation using multifrequency spaceborne SAR data.

Multifrequency PollnSAR Data for Forest Height Estimation

Polarimetric SAR interferometry-based inversion modelling was implemented to generate the
forest height. Forest height retrieval was performed with all the possible coherence combinations and
interferometric vertical wavenumber file. The CAI technique assumes that volume scattering is at the
top of the canopy and generally, cross-polarimetric channels are selected as input in the modelling
approach for inversion-based height retrieval.

The PolInSAR data has the capability to generate complex coherence in several polarimetric
combinations, but the combination having the lowest ground-to-volume ratio is the most suitable
for inversion-based forest height retrieval. Figure 9a,b show the TSI-based and CAl-based forest
height maps that were generated from the PolInSAR pair of ALOS-2 PALSAR-2 data. Forest heights
generated from RADARSAT-2 and TerraSAR-X are shown in Figure 10a,b and Figure 11a,b, respectively.
The modelled outputs of the forest heights were validated with field-measured values using the
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coefficient of determination (R?), root mean square error (RMSE), standard error of the estimate
(SE), and p-value. To validate the modelled output of the forest height of PolInSAR inversion-based

modelling, field data were used for 100 locations in the study area.
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Figure 9. ALOS-2 PALSAR-2 inversion-based forest height for the Barkot and Thano forest ranges
using (a) the TSI model and (b) the CAI model.
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Figure 10. RADARSAT-2 inversion-based forest height for the Barkot and Thano forest ranges using
(a) the TSI model and (b) the CAI model.
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Figure 11. TerraSAR-X inversion-based forest height for the Barkot and Thano forest ranges using
(a) the TSI model and (b) the CAI model.

Figure 12a shows the TSI-based forest height generated from the PolInSAR pair of ALOS-2
PALSAR-2 data. Forest heights generated from RADARSAT-2 and TerraSAR-X are shown in Figure 12b,c,
respectively. In addition to the best-fit regression, the line confidence interval (CI) and prediction
interval (PI) were also drawn. The CI is marked with a broken line in yellow, the PI is marked with
a solid line in black, and the best-fit regression line is shown in blue. The CI with a 95% confidence
interval ensures that it has a 95% probability of being the best-fit line between the upper and lower limits
that are marked as the broken line in yellow in Figure 12. The CI with 95% still has a probability of 5% in
which the true best-fit linear regression line may fall outside the confidence interval limits/boundaries.
It is evident in Figure 12 that the best-fit regression line for all the modelled output for forest height
retrieval did not go outside of the upper and lower limits of the CI.

The 95% prediction interval (PI) indicates the area where 95% of the datapoints will fall and
predicts a range in which a future observation will fall. Figure 12 shows that one datapoint fell outside
the prediction interval boundary for the linear regression with ALOS-2 PALSAR-2 and RADARSAT-2
data. The linear regression with TerraSAR-X data shows that four datapoints fell outside the boundary
of the prediction interval.

The linear regression between the field data and modelled output of multifrequency PolInSAR
data (Figure 12) shows that the coefficients of determination (R2) of TSI-based forest height for ALOS-2
PALSAR-2, RADARSAT-2, and TerraSAR-X were 0.53, 0.32, and 0.43, respectively, with RMSE values of
2.87 m, 3.74 m, and 4.53 m. The standard error of the estimate (SE) for TSI-based approach for L-band,
C-band, and X-band data were 1.56 m, 1.73 m, and 2.17 m, respectively (Table 3). The relationship
between field-measured forest height and TSI-based modelled height shows the highest R? from
ALOS-2 PALSAR-2 data. The lowest R? (0.32) was obtained from RADARSAT-2 data. RMSE obtained
from the multifrequency SAR data shows that the error value of PolInSAR inversion-based height
retrieval was 2.87 m for ALOS-2 PALSAR-2, 3.74 m for RADARSAT-2, and 4.53 m for TerraSAR-X data.
From Figure 12 and Table 3, it is obvious that the highest R? and lowest RMSE was obtained from the
long-wavelength L-band PolInSAR pair of ALOS-2 PALSAR-2. The reason for the accuracy of L-band
likely lies in the canopy penetration capability of L-band SAR for the detection of ground coherence,
phase, and identification of the volume scattering center at the top of the canopy. A moderate accuracy
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in forest height retrieval was obtained from X-band SAR data due to the high spatial resolution of

TerraSAR-X, which enables the retrieval of ground information through canopy gaps.
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Figure 12. Cont.
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Figure 12. Linear regression with 95% confidence interval for TSI-based inversion modelling of
(a) L-band SAR data, (b) C-band SAR data, and (¢) X-band SAR data.

CAl-based forest height maps of multifrequency PolInSAR data are shown in Figure 13. The forest
height values of modelled output varied from 0 m to 30 m in the TSI-based inversion. CAl-based
PolInSAR vegetation height values ranged from 0 m to 33 m. The best-fit regression line of CAl-based
forest height for ALOS-2 PALSAR-2, RADARSAT-2, and TerraSAR-X data fell between the upper
and lower limits of the 95% confidence interval. Four datapoints of the linear regression with CAI
modelling for ALOS-2 PALSAR-2 fell outside of the prediction interval boundary with the 95%
confidence interval. Two datapoints for RADARSAT-2 and three for TerraSAR-X fell outside of the
prediction interval boundary.

Figure 13 shows the relation between the field-based forest height and CAl-based modelled
height. A very low coefficient of determination was obtained from CAl-based height retrieval for all
the PolInSAR data. CAl-based PolInSAR inversion for forest height retrieval from ALOS-2 PALSAR-2
showed an R? of 0.04. No correlation was obtained between modelled forest height of RADARSAT-2
data and field-measured forest height. The relationship between field-measured forest height and
CAl-based forest height of TerraSAR-X data showed an R? of 0.05. A comparison of CAl-based
PolInSAR inversion with field-measured forest height gave an RMSE of 4.48 m for ALOS-2 PALSAR-2,
3.88 m for RADARSAT-2 and 4.90 m for TerraSAR-X data. The standard error of the estimate (SE) were
2.53 m for ALOS-2 PALSAR-2, 2.09 m for RADARSAT-2, and 3.91 m for TerraSAR-X data.

Global forest canopy height map-based vegetation height values for the field-measured plot locations
were retrieved to make a comparison as shown in Figure 14. For the 100 plot locations, a comparison of
vegetation height values of field-measured forest heights, global forest canopy height-based measurements,
and PolInSAR-based height values of TSI and CAI models for multifrequency spaceborne SAR is shown
in Figure 15. Figure 14 shows that the best-fit regression line for global forest canopy height map-based
vegetation height was between the 95% confidence interval boundaries, and three points fell outside of the
prediction interval boundaries. Figure 15 shows that the vegetation height for plot numbers 45, 71, and 94
were underestimated in the global forest canopy height map. The field-based measurements for the forest
height for plots 45, 71, and 94 were 24 m, 25 m, and 26 m, respectively, and their corresponding values in the
global forest canopy height map were 0 m, 5 m, and 8 m. The linear regression between field-measured and
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global forest canopy height-based forest height shows a very low coefficient of determination (0.0022) with

5.82 m RMSE and 5.33 m SE.
Table 3. Comparison of forest height values obtained from different spaceborne earth observation missions.
Mission Avproach Coefficient of Root Mean Square  Standard Error  p-Value with 95%
PP Determination (R?) Error (RMSE) (SE) Confidence Level
ALOS-2 TSI 0.53 2.87m 1.56 m 1.73 x 1077
PALSAR-2 CAI 0.04 448 m 2.53 m 0.040
TSI 0.32 3.74m 1.73 m 1.22 x 1077
RADARSAT-2 CAI 0.00 388 m 209m 0.906
TSI 0.43 453 m 217 m 2.08 x 10713
TerraSAR-X CAI 0.05 490m 391m 0.019
Integration of
GEDI-derived canopy
GEDI height with Landsat 0.0022 5.82m 5.33m 0.644
timeseries data
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Figure 13. Linear regression with 95% confidence interval for CAl-based inversion modelling of
(a) L-band SAR data, (b) C-band SAR data, and (c) X-band SAR data.
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A comparison of forest height estimates of different spaceborne missions is shown in Table 3.
The model-estimated forest heights were statistically tested for their significance using p-values,
which indicate the probability of a result being observed. For a statistically significant observation,
the p-value should be smaller than the significance level. The smaller p-value shows that there was a
significant relation between field-measured and model-estimated forest height values. Higher p-values
(near to 1) indicate observations by chance [73]. In Table 3, a very low p-value was shown by most
of the forest height observations except for the GEDI mission and RADARSAT-2-based CAI model.
The p-value with a 95% confidence level for the GEDI mission and RADARSAT-2-based CAI model
was greater than the significance level (0.05). It is visible in Figure 13 and Table 3 that the R? between
CAl-based forest height and field-measured forest height was very low for L-, C-, and X-band PolInSAR
data. The RMSE of ALOS-2 PALSAR-2, RADARSAT-2, and TerraSAR-X were 4.48 m, 3.88 m, and 4.90 m,
respectively. The standard errors of CAI model estimates with L-, C-, and X- band data were 2.53 m,
2.09 m, and 3.91 m, respectively. It is evident from Table 3, Figure 12, and Figure 13 that TSI-based
PolInSAR inversion provided better R?, RMSE, SE, and p-values in forest height retrieval in comparison
to the CAl-based modelling approach

5. Discussion

Nowadays, polarimetric SAR data acquisition in interferometric mode shows a great potential
in modelling to estimate forest parameters [74-76]. Several studies have been carried out for SAR
image-based forest height estimation and most successfully demonstrated airborne systems [42,77,78].
Very few studies have studied spaceborne SAR for forest height retrieval compared to aerial SAR
systems [48,55,58]. An automated framework was proposed by Lie et al. (2021) to retrieve the
vegetation height of a tropical forest using spaceborne TanDEM-X SAR interferometry with 2-3 m
accuracy [79]. Lee and Fatoyinbo (2015) performed the PolInSAR inversion technique and retrieved
mangrove height using X-band TanDEM-X data with a good correlation coefficient (0.851-0.919) and
low RMSE values (1.069-1.727 m) [80]. An investigation was done by Kugler et al. (2014) to find
the suitability of X-band TanDEM-X data for PolInSAR inversion-based vegetation height retrieval
of a boreal, a temperate, and a tropical site [81]. In the investigation, it was found that the modelled
vegetation height for boreal forest showed a very good result with 0.91 coefficient of determination
and a low RMSE (1.58 m). Linear regression between the lidar-based and PolInSAR-model-based
vegetation height for the temperate and tropical forest showed a 0.89 coefficient of determination with
2.3 m RMSE and a 0.98 coefficient of determination with 2.1 m RMSE [81]. Several other studies were
also conducted in which highly accurate results were reported by the researchers [68,82-85].

In this study, field data were collected for 100 plot locations and used to validate the forest height
values of multifrequency spaceborne SAR data and GEDI-derived canopy height. The field data
acquisition was done in 2014 and 2015. Spaceborne SAR-system-based L-band ALOS-2 PALSAR-2 and
X-band TerraSAR-X data were acquired in 2015 and RADARSAT-2 data were acquired in 2014. Due
to the deep penetration capacity of L-band SAR, it was easily possible to detect PolInSAR complex
coherences contributed by ground and volume scatterers. The lowest RMSE and SE and highest
coefficient of determination were obtained from TSI model-based forest height of ALOS-2 PALSAR-2
data. RADARSAT-2 data also showed reasonable results with its limitation of less penetration capability
of the SAR system. The reason behind the reasonably good result of the C-band RADARSAT-2 is
the interferometric coherence, which was preserved for the study area due to interferometric data
acquisition with a very short baseline. The very short baseline data may be good to preserve
interferometric coherence, but the altitude of ambiguity was very high. To resolve this issue, the vertical
wavenumber was simulated with an appropriate altitude of ambiguity according to the maximum
forest height of the study area. Due to precise complex coherence and simulated vertical baseline, it
became possible to obtain reasonably good results from the C-band SAR data. A comparison of results
of all the sensors shows that a high RMSE and SE and a reasonably good coefficient of determination
with a significant p-value was obtained from the X-band TerraSAR-X SAR system. The reason behind
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the reasonably acceptable results for the X-band SAR is its spatial resolution, which was highest among
all the spaceborne SAR sensors used in this study. The PolInSAR TerraSAR-X data was acquired with
a range resolution of 1.36 m and Azimuth resolution of 2.86 m, which enables the sensor to detect
ground information through canopy gaps. The analysis of forest height values of spaceborne missions
suggests that vegetation height values from the TSI-based model have greater significance for this
forest area than other approaches. The complex coherence optimization process of the TSI approach to
find ground and top of the vegetation coherence is more rigorous and authentic in comparison to the
CAI method as shown in Equations (10) and (11).

The integrated GEDI-derived canopy height with Landsat timeseries data showed a very low
coefficient of determination (0.0022) with a high RMSE (5.81 m) and SE (5.33 m). The p-value was also
very high, which does not indicate a significant relationship between the vegetation height values of
field-measured and GEDI-derived estimates. The main reason behind this may be a large temporal
gap (approximately 4 years) between the field data collection and GEDI product. The field data was
acquired in 2014 and the GEDI-derived canopy height map was generated in 2019. The error was
highest at three plot locations, which were plot numbers 45, 71, and 94. The field-measured values for
these locations were 24 m for plot number 45, 25 m for plot number 71, and 26 m for plot number 94,
and their respective values in GEDI-derived product were 0 m, 5 m, and 8 m. To understand the reason
why the error was high, high-resolution timeseries images of Google Earth were used to visualize the
point locations. It is visible in the Google Earth image (Figure 16) of the study area that plot number 45,
for which the vegetation height value in GEDI-derived global forest map was assigned as zero, lies in
the dense forest with a height of 24 m in the field-measured data.

Figure 16. Google Earth view of plot numbers 45, 71, and 94.

6. Conclusions

The prime focus of the study was to evaluate the PolInSAR data for forest height retrieval. ALOS-2
PALSAR-2, RADARSAT-2, and TerraSAR-X acquired multifrequency spaceborne PolInSAR data in
L-, C-, and X-band. It was found that the PolInSAR coherence has the capability to characterize the
features based on the coherence contribution due to different types of scatters in the acquired area.
The Polarimetric Interferometric SAR (PolInSAR) technique provides interferometric dataset pairs with
multiple polarizations, which have the potential to accurately estimate the forest height. In contrast to
the normal interferometric SAR datasets, the availability of multiple polarizations in the PolInSAR
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datasets helps to optimize the interferometric coherence using the combination of different polarization
channels for accurate scattering mechanism retrieval from the ground targets. The optimization of the
interferometric coherence maximizes the quality of interferograms and phase information required
for accurate forest height retrieval. The multifrequency PolInSAR datasets were analyzed in this
research to assess the potential of these datasets for accurate forest height retrieval. GEDI-derived
global forest canopy map-based vegetation height values were also tested against the field-measured
height values. The vegetation height values of GEDI-derived product showed mismatches with field
measurement at several locations, and consequently, a high RMSE (5.82 m) and SE (5.33 m) and a very
low R? (0.0022) were obtained through the linear regression. In the field-measured vegetation height
and GEDI-derived estimates, there was a gap of approximately 4-5 years. Due to this large temporal
gap and the mismatch in height values at several locations, the p-value, with a 95% confidence level,
had not shown a significant relation with the field data. The TSI and CAI modelling approaches were
implemented on monostatic PolInSAR data to generate forest height maps. The statistical analysis
of the modelled vegetation height showed the supremacy of the TSI approach over other techniques.
By performing the Three-Stage Inversion (TSI) technique for forest height estimation using the L-band,
C-band, and X-band PolInSAR datasets, it was found that the ALOS-2 PALSAR-2 L-band dataset
was able to provide a better tree height estimate with an R? value of 0.53 for the linear regression
between the modelled tree height and field data. The R? values obtained for the TSI model with
C-band and X-band datasets were 0.32 and 0.43, respectively. The mean error analysis of the tree
height estimated from the TSI modelling and field data showed that, for the L-band ALOS-2 PALSAR-2
dataset, the error was 2.87 m; for the C-band RADARSAT-2 dataset, the error was 3.74 m; and for
the X-band TerraSAR-X dataset, the mean error was 4.53 m. The L-band TSI model-based forest
height showed the most reliable result with low RMSE (2.87 m), relatively higher R? (0.53), and a
significant p-value (1.73 x 1017). The CAl-based PolInSAR inversion showed a very low coefficient of
determination between model-derived forest height and field-measured forest height. The p-value
analysis of the CAI model-based vegetation height showed marginal significant relation between
field-measured and model-estimated forest height values for L- and X-band SAR data. No significant
relationships between field-measured and CAI model-estimated forest height were obtained for C-band
SAR data. The p-value of CAI model-based vegetation height for RADARSAT-2 data was greater than
the significance level. This trend indicates that the TSI model is best suited to correctly assess forest
height. Whereas the study area of the Doon Valley forest ranges was mainly dominated by saline trees,
future research could include a variety of vegetation and forest types for PolInSAR-model-based forest
elevation retrieval under different geographic and climatic conditions.
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