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SRTM DEM enhancement using a single set of PolSAR data
based on the polarimetry-clinometry model
Mohsen Jafari , Mahdi Hasanlou and Hossein Arefi

School of Surveying and Geospatial Engineering, College of Engineering, University of Tehran, Tehran, Iran

ABSTRACT
The freely available global and near-global digital elevation models
(DEMs) have shown great potential for various remote sensing appli-
cations. The Shuttle Radar Topography Mission (SRTM) data sets
provide the near-global DEM of the Earth’s surface obtained using
the interferometry synthetic aperture radar (InSAR). Although free
accessibility and generality are the advantages of these data sets,
many applications require more detailed and accurate DEMs. In this
paper, weproposed amodifiedand advancedpolarimetry-clinometry
algorithm for improving SRTMtopographymodelwhich requires only
one set of polarimetric synthetic aperture radar (PolSAR) data. The
azimuth and range slope components estimation based on polariza-
tion orientation angle (POA) shifts and the intensity-based
Lambertian model formed the bases of the proposed method. This
method initially compensated for the polarimetry topography effect
corresponding to SRTM using the DEM-derived POA. In the second
step, using a modified algorithm, POA was obtained from the com-
pensated PolSAR data. The POA shifts by the azimuth and range
slopes’ variations based on the polarimetric model. In addition to
the polarimetric model, a clinometry model based on the
Lambertian scattering model related to the terrain slope was
employed. Next, two unknown parameters, i.e. azimuth and range
slope values, were estimated in a system of equations by twomodels
from the compensated PolSAR data. Azimuth and range slopes of
SRTM were enhanced by PolSAR-derived slopes. Finally, a weighted
least-square grid adjustment (WLSG) method was proposed to inte-
grate the enhanced slopes’map and estimate enhanced heights. The
National Aeronautics and Space Administration Jet Propulsion
Laboratory (NASA JPL) AIRSAR was utilized to illustrate the potential
of the proposedmethod in SRTM enhancement. Also, the InSAR DEM
was employed for evaluation experiments. Results showed that the
accuracy of SRTM DEM is improved up to 2.91 m in comparison with
InSAR DEM.
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1. Introduction

Producing a relative or absolute elevation model is one of the most significant applica-
tions of airborne or space-borne synthetic aperture radar (SAR) data. The subject has
received considerable attention in the field of remote sensing for more than 40 years.

CONTACT Hossein Arefi hossein.arefi@ut.ac.ir School of Surveying and Geospatial Engineering, College of
Engineering, University of Tehran, Tehran, Iran

INTERNATIONAL JOURNAL OF REMOTE SENSING
https://doi.org/10.1080/01431161.2019.1624867

© 2019 Informa UK Limited, trading as Taylor & Francis Group

http://orcid.org/0000-0001-8345-083X
http://orcid.org/0000-0002-7254-4475
http://orcid.org/0000-0002-8014-624X
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/01431161.2019.1624867&domain=pdf&date_stamp=2019-06-03


Four procedures have been proposed for topography measurement using SAR data,
including radar interferometry (i.e. InSAR) (Neelmeijer, Motagh, and Bookhagen 2017;
Papathanassiou and Cloude 2001), radargrammetry (Guimarães et al. 2018), radarclino-
metry (Hou and Chu 2013), and radar polarimetry (Schuler et al. 2000; Li, Hong, and
Pottier 2015). In these methods, two or more coherent SAR data are generally required.
Each of the noted methods has its own advantages and disadvantages. Furthermore,
radar topography measurements are operational at all times and in all weathers (Toutin
and Gray 2000).

InSAR uses the phase difference of two or more SAR data obtained either by one sensor
at two or more different times or by two or more different sensors at various locations and
then combines complex images. Shade, occluded areas, and shadows are similar phenom-
ena that can reduce the reliability of InSAR results (Papathanassiou and Cloude 2001).

In the 1960s, radargrammetry was developed for topography mapping using stereo-
scopic methods applied to radar images (La Prade 1963). Shade and shadow can have
distractive effects on radargrammetry (Toutin and Gray 2000).

Shape from shading which has been originally developed in computer vision, is
a technique for restoring the geometric structure of an object from the intensity of
a single image (Wildey 1986; Di Martino et al. 2014; Bors, Hancock, and Wilson 2003).
(Wildey 1986) first applied this technique in only one remote sensing SAR intensity map
and named it ‘radarclinometry’. The limitations of radarclinometry cause the estimated
topography to be unreliable when used independently (Toutin and Gray 2000).

SAR polarimetry has successfully been used for various applications in Earth observa-
tions (Wiseman et al. 2014; Zhang et al. 2015; Simard and Denbina 2018). In some recent
studies, PolSAR data were applied to measure terrain azimuthal slopes and terrain
topography (Schuler, Lee, and Grandi 1996; Schuler et al. 2000, 1998; Li, Hong, and
Pottier 2015; Chen, Wang, and Zhang 2009). The method is mainly based on the POA
shifts induced by topography. POA is the orientation of the long axis of the polarization
ellipse concerning the horizontal direction altered by the shape and structure of the
backscatter. Thus, the orientation angle may contain information related to the geome-
try of the terrain (Li, Hong, and Pottier 2015).

Due to the relationship between the topography and the orientation angle, PolSAR
data can be used for topography compensation effect for the accurate estimation of
geophysical parameters without any external DEM data. Recently, the POA compensa-
tion method has been evaluated over different areas and natural targets using DEM as
the reference (Lee, Schuler, and Ainsworth 2000; Hajnsek and Pottier 2000; Lee and
Ainsworth 2011; Liu et al. 2012; Souissi and Ouarzeddine 2016). In most previous studies,
the circular polarization method (CPM) (Lee, Schuler, and Ainsworth 2000) has been used
in order to estimate the POA. The estimated POA obtained by CPM was an averaged
POA of various scattering mechanisms in a resolution cell affected by various sub-
scatterers in the resolution cell (Zhu, Zhang, and Li 2016). Since an averaged POA cannot
provide reliable results for topographic mapping, in this paper a modified CPM algo-
rithm has been proposed to improve the POA estimation based on scattering
decomposition.

Although clinometry is a powerful cue of the range slope of the terrain topography,
and polarimetry is sensitive to the azimuth component, these techniques provide the
possibility of low-accuracy topography mapping from a single set of SAR data (Schuler,
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Lee, and Grandi 1996; Bors, Hancock, and Wilson 2003). Accordingly, without any
exterior information, two or more images are required to estimate slope topography
in perpendicular passes for the radarclinometry and radar polarimetry elevation map
extraction. The two-pass radar polarimetry technique has been applied to P- and L-band
AIRSAR SAR data and its accuracy was approximately 20–30 m (Schuler et al. 1998, 2000).

Since polarimetry and clinometry are two independent and complementary models,
a single set of PolSAR data can be applied to estimate terrain topography using the two
techniques together. The most important characteristic of single-pass PolSAR topography
mapping is the facility to obtain single data using airborne and spaceborne SAR. In addition,
slope estimation is independent of control point information (Li, Hong, and Pottier 2015).

In this regard, a DEM estimation algorithm using a single set of PolSAR data was
developed based on the PolSAR-derived POA shift and morphology technique (Jin and
Luo 2004). Inspired by this method, an approach for estimating slope topography was
proposed (Chen, Wang, and Zhang 2009) that combined the PolSAR-derived POA shift
model and the shape-from-shading technique. These two methods attempted to solve
the badly posed equations to estimate slope from the POA shift by adding strong
hypotheses. The algorithm proposed by (Jin and Luo 2004) ignored the height variation
in the homogeneous context of intensity. Also, the method proposed in (Chen, Wang,
and Zhang 2009) estimated the beginning of the azimuth slope using POA, which may
be underestimated or overestimated (Lee, Schuler, and Ainsworth 2000). Although the
span of PolSAR data was an average of various scales of the topography effect (Li et al.
2008), the intensity map used in the two algorithms was the span which is not
consistent with reality.

In (Li, Hong, and Pottier 2015) a new polarization-intensity topography retrieval algo-
rithm that combines the orientation angle model and the refined Lambertian intensity
model was proposed. They considered the ‘fake’ topographic relief effect and some specific
details of the grid-based slope integration approach to improve height estimation from
slopes. Despite all these considerations, this method was reported to have the relatively
poor accuracy of about 14 m for the absolute DEM extracted from AIRSAR data.

Based on previous research, topography mapping using a single set of PolSAR data
does not have a reliable absolute accuracy in comparison with other elevation map
extraction methods, e.g. InSAR or radargrammetry. However, the obtained topographic
model has proper details matched with those of the PolSAR data. Still, the only method
available for extracting elevation from a single set of SAR data is the combination of
radar polarimetry and radarclinometry. In this paper, a novel algorithm was proposed for
improving the details of the existing global SRTM DEM based on a single set of PolSAR
data, an issue not addressed in previous studies.

The Shuttle Radar Topography Mission (SRTM) is a project that provided DEMs on
a near-global scale to generate the complete elevation model database of the Earth.
Before September 2014, the best available SRTM DEM had a 90 m resolution. Now, the
30 m resolution SRTM is freely available for most people with the absolute vertical
height accuracy of less than 16 m (Hensley 2005). Despite these advantages, due to the
limited details and low accuracy of SRTM, it is necessary to enhance and improve the
details for some accurate applications. The method proposed here attempted to
improve the details and accuracy of the SRTM topography model based on the geo-
metric information obtained from a single set of PolSAR data.
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The main contributions of this paper can be summarized as follows: (1) proposing the
new algorithm based on a single set of PolSAR data to enhance SRTM; (2) proposing the
advanced topography POA estimation; (3) introducing a modified combining algorithm for
the integration of polarimetry and clinometry models; and (4) introducing a modified
weighted grid adjustment algorithm for height estimation from azimuth and range slopes.

The remainder of this paper is organized as follows: Section II expresses the metho-
dology and steps of the proposed algorithm. The dataset, study area, and preprocessing
are described in Section III. Section IV presents experiments and discussion on the
results. Finally, Section V concludes this paper.

2. Methodology

The methodology proposed in this paper to improve the details and accuracy of SRTM
elevation based on a single set of PolSAR data contains five main steps (cf. Figure 1):

Topography compensation: The general PolSAR topography effect was compensated
using the SRTM and polarimetry model;

PolSAR-derived orientation angle estimation: The POA was estimated from the com-
pensated PolSAR data using a modified form of CPM proposed in this paper. The
relationship between POA and slopes was investigated based on the polarimetry model;

SAR intensity-based slope estimation: The refined Lambertian model was investigated
in order to obtain the relationship between SAR intensity and terrain slope;

Combination of Models: Polarimetry and clinometry models were combined to esti-
mate two unknown terrain slopes. SRTM-derived slopes were enhanced using PolSAR
estimated slopes;

Slope integration: A weighted least-square grid adjustment was used to integrate
azimuth and range slopes and estimate enhanced heights.
The scattering matrix shows radar polarimetry target responses in four channels as
follow:

S ¼ SHH SHV
SVH SVV

� �
(1)

where H and V represent the horizontal and vertical polarization basis. Due to the
increase in the information content of PolSAR data and speckle denoising, the coherency
matrix was utilized instead of the scattering matrix in PolSAR representation. The multi-
look coherency matrix is T ¼ hkkþi, where k ¼ SHH þ SVV; SHH � SVV; 2SHVð Þ for
a reciprocal system, h:i denotes the averaging operation, and kþ is the

conjugation transposition of k (Lee and Pottier 2009).

T ¼ hk:kþi ¼
T11 T12 T13
T�12 T22 T23
T�13 T�23 T33

2
4

3
5

¼ 1
2

h SHH þ SVVj j2i hðSHH þ SVVÞðSHH � SVVÞ�i h2ðSHH þ SVVÞS�HVi
hðSHH � SVVÞ ðSHH þ SVVð Þ�i h SHH � SVVj j2i h2 ðSHH � SVVð ÞS�HVi

h2SHVðSHH þ SVVÞ�i h2SHVðSHH � SVVÞ�i h4 SHVj j2i

2
4

3
5 (2)

where � is the conjugation operation and SHVj j is amplitude value of SHV.
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Step (1): Topography compensation

Since the radarclinometry and radar polarimetry are sensitive to terrains with large relief
slopes and speckle noise, the existing methods suffer from fake topography, gap, and
local noise. To address this problem, in the proposed method, first the PolSAR data were
compensated for using SRTM topography and the polarimetry-clinometry model was
trained on height difference. Therefore, the final topography model slope resulted from
the combination of SRTM-derived slope and estimated slope difference from the PolSAR
data. In the following, the detail information regarding to the polarimetry topography
effect compensation is described.

Figure 1. The flowchart of the proposed method for SRTM DEM enhancement.
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There is a geometrical relationship between the terrain slopes and the POA shift in
PolSAR data. When PolSAR data are obtained from a surface without slope, the surface
normal is in the incidence plane. For an inclined surface, however, this principle does not
apply. The schematic view of the geometric relationship between PolSAR data recording
and the tilted surface is illustrated in Figure 2.

The surface normal of inclined plane A is N̂. The tilt of this surface can be represented
by two orthogonal slopes in the azimuth slope and range slope while considering
PolSAR imaging. The topography POA shift principally depends on the terrain slopes
and the radar look angle which can be expressed as follows (Lee, Schuler, and Ainsworth
2000):

tan θ ¼ tanω
� tan γ cosφþ sinφ

(3)

where θ denotes the DEM-derived POA shift, and ω, γ, and, φ represent the azimuth
slope angle, range slope angle, and radar look angle, respectively.

POA shifts induced by topography variations cause the polarization to rotate around
the radar beam direction. For compensation, the coherency matrix was oriented with
a negative POA shift (θ) as follows (Lee, Schuler, and Ainsworth 2000):

T0 ¼ U θð ÞTUþ θð Þ

Figure 2. Schematic view of the geometric relationship between topography and polarimetry.
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U ¼
1 0 0
0 cos 2θ sin 2θ
0 � sin 2θ cos 2θ

2
4

3
5 (4)

where T0 is the coherency matrix compensated by the POA shift (θ).

Step (2): Polarimetry model: PolSAR-derived orientation angle estimation

As noted in the previous section, the coherency matrix of PolSAR data was modified when
the terrain topography was changed. The total effects of the topography on the data are
represented with a POA rotation. From the coherency matrix formula, we can see that
ðSHH � SVVð Þ ðSHH � SVVð Þ� is the rotation invariant. Other elements of this matrix are chan-
ged by the rotation. Based on the CPM, the POA shift can be estimated from the coherency
matrix of PolSAR data as shown in Equation (5) (Lee, Schuler, and Ainsworth 2000):

θ ¼ tan�1 2Re T23ð Þ
T22 � T33

� �� �
=4

¼ tan�1 �4Re ðSHH � SVVÞS�HV
� �

�h SHH � SVVj j2i þ 4h SHVj j2i

 !
þ π

" #
=4

Forθ >
π

4
; replaceθby θ� π=2ð Þ (5)

where the arc-tangent applied in the range of [−π, π]. Also, Re :ð Þ denotes the real part of
a complex number.

CPM has been utilized to estimate the POA in various radar polarimetry topography
measurements. However, this method is mainly affected by mixed pixel depolarization
backscattering. The POA estimated by CPM is an averaged POA of various scattering
mechanisms in a pixel. In the tilted surface, oriented target, and randomly oriented
dipole, a significant cross-polarization power and POA shift have been induced (Zhu,
Zhang, and Li 2016). In this paper, a modified CPM algorithm was proposed for more
accurate estimation of POA based on scattering decomposition, referred to as the
topography circular polarization method (TCPM) which has been applied in five steps:

(1) Using the compensated coherency matrix (T
0
), calculate the sub-scatterers’ coher-

ency matrix T
0
1, T

0
2, and T

0
3 based on the Cloude-Pottier decomposition (Cloude

and Pottier 1996):

T
0 ¼

X3
i¼1

λikikþi ¼
X3
i¼1

T
0
i (6)

where λi, ki, and T
0
i are the eigenvalue, eigenvector, and single-target-compensated

coherency matrix, respectively.
Based on the eigenvector-based Cloude decomposition (Cloude 1985) and Huynen

target generators (Huynen 1970), determine the type (surface, dihedral, and volume
scattering) of each sub-scatterer’s mechanism:
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T0i ¼ λiki:ki
þ ¼ ni:ni

þ (7)

ni ¼
ffiffiffiffi
λi

p
ki ¼ ej;ffiffiffiffiffiffiffiffi

2A0
p

2A0

C þ jD
H� jG

2
4

3
5 ¼ ej;

ffiffiffiffiffiffiffiffi
2A0

pffiffiffiffiffiffiffiffiffiffiffiffiffi
B0 þ B

p
eþjtan�1 D

Cð Þffiffiffiffiffiffiffiffiffiffiffiffiffi
B0 � B

p
e�jtan�1 G

Hð Þ

2
64

3
75 (8)

Surface scattering sð Þ: A0 � B0 þ B; B0 � B
Dihedral scattering dð Þ: B0 þ B � A0; B0 � B
Volume scattering vð Þ: B0 � B � A0; B0 þ B
where the phase ; 2 �π; π½ � is physically equivalent to the target absolute and j

denotes the imaginary unit with j2 ¼ �1. The moduli (A0; B0; B; C;D;G; andH) of this
target vector are equal to the Huynen target generators described by (Lee and Pottier
2009).

Calculate the POA of each sub-scatterer using Huynen’s desying operation (Huynen
1965) (derivation is given by (Zhu, Zhang, and Li 2016):

ki ¼
ki 1ð Þ
ki 2ð Þ
ki 3ð Þ

2
4

3
5; fori ¼ d; v (9)

θi ¼ 1
2
tan�1 Re ki 3ð Þ=ki 1ð Þð Þ

Re ki 2ð Þ=ki 1ð Þð Þ
� �

(10)

where ki and θi are the eigenvector and POA of the sub-scattering mechanism (dihedral
and volume scattering).

Calculate the compensated dihedral and volume coherency matrix and obtain the
new coherency matrix:

T00 i ¼ Ui θið ÞTiUþ
i θið Þ; fori ¼ d; v (11)

Tt ¼ Ts þ T00d þ T00v (12)

where T00i and Ui are the compensated single-target coherency matrix (T0i ) using POA of
the sub-scattering mechanism and unitary transformation according to Equation (4). In
this paper, the new coherency matrix is named the topography coherency matrix and
represented by Tt.

Calculate the POA induced by the details of topography using the new coherency
matrix (Tt) based on CPM. Equation (5) can be rewritten as follow based on Equation (2):

θt ¼ tan�1 2Re Tt23
� �

Tt22 � T t33

� �� �
=4 (13)

where θt is the polarization orientation angle shift corresponding to the details of
topography in which the depolarization of other scatterings is minimized. Also, T:: is
the coherency matrix element.

The geometric relationship of topography and PolSAR data in Equation (3) can be
used for topography measurement if the POA is obtained from PolSAR data. In this
paper, this form of Equation (3) was called ‘polarimetry model’ and applied for slope
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estimation. In the proposed algorithm, the slope is calculated after SRTM topography
compensation, in which case, Equation (3) is rewritten as follow:

tan θt ¼ tan δω
� tan δγ cosφþ sinφ

(14)

where δω and δγ indicate the azimuth and range slopes corresponding to the details of

topography. Moreover, θt is the topography POA obtained from the SRTM topography-
compensated coherency matrix using TCPM (Equation (13)).

Step (3): Clinometry model: SAR intensity-based slope estimation
According to the refined model proposed by (Paquerault and Maitre 1998), terrain
reliefs can be restored from the SAR intensity map. This model is Lambertian which, in
the SAR geometry, is known as radarclinometry with several hypotheses: The terrain
surface should locally be flat, surface slope changes should not be high, and the surface
scattering should be homogeneous (Li, Hong, and Pottier 2015). Based on the refined
Lambertian model, the SAR image intensity I ω; γð Þ can be expressed as follows
(Paquerault and Maitre 1998):

I ω; γð Þ ¼ Kσ0RrRa
sinφ cos2 φ� γð Þ

sin φ� γð Þ cosω (15)

where K and σ0 are constants correlated with the radar calibration and the radar cross-
section of the ground surface. In addition, Rg and Ra are the resolutions of the SAR data
in the range and azimuth perpendicular directions. If the SRTM topography compen-
sated by POA, Equation (15) can be rewritten as:

I δω; δγð Þ ¼ Kσ0RrRa
sin φð Þcos2 φ� γ� δγð Þ

sin φ� γ� δγð Þ cos δωð Þ (16)

Similar to the polarimetry model in Equation (14), δω and δγ are the details of azimuth
and range slope angle, respectively, and φ is the radar look angle. Although, SRTM
azimuth slope (ω) is compensated, range slope (γ) is calculated from SRTM and is still
kept in the equation. Therefore, the details of terrain slopes (δω; δγ) are unknown and
should be estimated.

Step (4): Combination of models
The polarimetry model provides a relationship between the PolSAR-derived POA shift
and two orthogonal slopes of topography. It is inadequate for estimating the range and
azimuth slopes using a single set of PolSAR data. According to Equation (16), the
backscattering clinometry model provides another relationship. Since the PolSAR data
were compensated for using SRTM, the first two conditions of the Lambertian model
were considered. Moreover, in order to form a homogenous scattering region, the
unsupervised classification based on HAlpha decomposition and Wishart complex dis-
tribution reported by (Lee et al. 1999b) was implemented. The backscattering coefficient
in the Lambertian model for each cluster is considered to be independently unknown.

According to the polarimetry and intensity equations, in this paper, a systemof equations
for the combination of polarimetry and clinometry models was proposed. The character-
istics of this system of equations for all image pixels are presented in Table 1. Two equations
were formed for each pixel of the image. In one pixel, there are two unknown slopes. Also,
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sensor calibration is an unknown parameter in the image. In addition, there is an unknown
parameter for each cluster-derived unsupervised classification map represented by the
backscattered coefficient. The ill-posed slopes’ system of equations was solved using
ground control points (GCP). Finally, in this step of the algorithm, two topography slopes
that still existed after the SRTM topography compensation were estimated. To obtain the
enhanced topography, two slopes estimated by PolSAR data were added to SRTM-derived
slopes.

ωn ¼ ωþ δω (17)

γn ¼ γþ δγ (18)

where ω, δω, and ωn are the SRTM-derived, compensated PolSAR-derived, and
enhanced azimuth slope angles, respectively. Also, γ, δγ, and γn are the SRTM-derived,
compensated PolSAR-derived, and enhanced range slope angles, respectively.

Step (5): Weighted least square grid adjustment height estimation
After enhancement the slopes, to estimate the enhanced height value, a rectangular
gridded area was defined by 0< x<D� 1 and 0< y< R� 1in which D and R denote the
PolSAR data size in azimuth and range directions, respectively. The enhanced azimuth
slope and range slope were defined on the same grid. Then, the gridded elevation
differences were obtained as follows:

ΔHa x; yð Þ ¼ Ratan ωn x; yð Þð Þ (19)

ΔHr x; yð Þ ¼ Rrtan γn x; yð Þð Þ (20)

where ΔHa and ΔHr are the height differences in azimuth and range directions, respec-
tively. Therefore, for each pixel of the image, two height difference equations were
formed.

In the PolSAR data with D� R dimensions, the number of height deference equations
and unknowns equals 2DR and DR, respectively. Since the number of equations is
greater than that of the unknowns, the least square grid adjustment (LSG) was
employed to estimate the optimum height differences:

ΔH ¼ AtA
� ��1AtL (21)

where ΔH is the vector of adjusted estimates of height differences; A is the coefficients
matrix; L represents the observation vector; At is the transposition of A matrix; and

AtAð Þ�1 represents the inverse of AtAð Þ.

Table 1. Polarimetry-Intensity system equation for terrain slope estimation (p: number of image
pixels; c: number of land cover clusters).
Components Explanation

Number of equations 2p Polarimetry + intensity equation
Number of unknowns 2p þ c þ 1 Terrain slope + backscattered coefficient + sensor calibration parameter
Degrees of freedom � c þ 1ð Þ
Minimum required points c þ 1ð Þ=2

10 M. JAFARI ET AL.



The speckle noise of PolSAR data and the unreliability of polarimetry and clinometry
models in some regions discussed in previous steps cause the discontinuity in the
estimated heights. For example, the boundary of two regions, which have
a continuous slope and different scattering mechanisms, should not denote any dis-
continuity in the topography map. However, PolSAR-derived slopes have a false differ-
ence between the two areas induced by different scattering mechanisms. To address
this problem, we used a weighted least square grid adjustment (WLSG).

ΔH ¼ AtQlA
� ��1AtQlL (22)

where Ql is the diagonal weight matrix because the equations are independent.
Furthermore, Ql i; ið Þ is the weighted coefficient used to determine the optimal route
in the grid and different scattering media. The weight matrix is combined from the
weight of each pixel w x; yð Þ contributing to the height difference equation. In this paper,
to consider contextual information, the coherency weight map was used as defined by
(Li, Hong, and Pottier 2015). This weight map was defined by the coherence estimation
between the scattering response variation and range slope map as follows:

w x; yð Þ ¼
PM�1

m¼0

PN�1
n¼0 �α0 m; nð Þγ0 m; nð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPM�1

m¼0

PN�1
n¼0 �α0 m; nð ÞPM�1

m¼0

PN�1
n¼0 γ0 m; nð Þ

q (23)

where �α0 is the normal value of �α which can define the average scattering mechanism
(Cloude 1997), and γ0 is the normal value of the range slope estimated in the previous
step. After height map enhancement, denoising algorithm was employed to eliminate
the height errors. The main steps of this algorithm are presented as follows:

Denoising DEM algorithm

Start
(1) Median filter with a windows size of 5 × 5 pixels →DEMmedian

(2) Standard deviation filter with a windows size of 5 × 5 pixels → DEMstd

(3) High-pass DEM → DEMHigh ¼ DEM� DEMmedian

(4) Noise detection → idnoise ¼ DEMHigh
		 		> 2:5DEMstd

(5) Denoising → DEM idnoiseð Þ ¼ DEMmedian idnoiseð Þ

end

3. Study area and data sets

For the experiment, the L-band AIRSAR PolSAR data were utilized which has been collected
in 1998 over a region of central California near Camp Roberts (cf. Figure 3(a)). Figure 3(b)
shows the Pauli RGB color composite (R: |HH−VV|, G: |HV|, and B: |HH+VV|, representing
single-bounce, double-bounce, and volume scattering, respectively) of the study area. The
optical RGB image extracted from the Google Earth Engine is depicted in Figure 3(c) for
a better visual representation of the study area. In order to quantitative assess the
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experiments, a ground truth DEMderived from a simultaneous C-band AIRSAR by InSARwas
utilized in this paper (refer to Figure 3(d)). The PolSAR data and its InSAR DEM product can
be downloaded at the Alaska Satellite Facility website. In addition, the SRTM topography
model used as input DEM for enhancement purpose (cf. Figure 3(e)). SRTM heights are in
meters referenced to the Earth Gravitational Model 1996 (EGM96) while AIRSAR InSAR DEM
was estimated based on the WGS84 ellipsoid. We converted SRTM heights to WGS84
ellipsoid using EGM96 heights. EarthExplorer website can be used to download SRTM 1 Arc-
Second Global data. EGM96 height can be downloaded at the National Geospatial-
intelligence Agency (NGA) website.

Figure 3. (a) Geographical location of the study area, (b) L-band PolSAR Pauli RGB: |HH−VV|, |HV|,
and |HH+VV|, (c) Google earth image of the study area, (d) InSAR DEM (high-resolution DEM for
evaluation), and (e) SRTM.
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The left-looking AIRSAR airborne sensor was the flight from the right to the left of the
data. The incidence angle changed from 28◦ to 50◦. Moreover, in order to reduce the
speckle effect before conducting the experiments, the refined Lee filter (Lee, Grunes, and
De Grandi 1999a) with a window size of 5� 5 pixels was applied to the PolSAR data.

4. Experiments and results

Two categories of experiments were conducted in this section. First, the polarimetry and
clinometry models for slope estimating and grid-based slopes integration algorithms
(LSG and WLSG) were analyzed by the simulated data. Then, the proposed method of
topography retrieval to enhance SRTM DEM was evaluated in various steps.

4.1. Model analysis

The performance of terrain slopes’ modeling depends on the various parameters analyzed
in different conditions. Furthermore, in slope integration, various challenges in the natural
state were simulated and the accuracy of the least-square grid adjustment was analyzed.

4.1.1. Analyzing the polarimetry model
Equation (3) shows that the POA is mainly affected by the azimuth slope (Lee, Schuler, and
Ainsworth 2000). In an experiment similar to that of (Lee, Schuler, and Ainsworth 2000), the
effect of range slope on POA estimation was investigated in two radar look angles. Figure 4
(a,b) represent this experiment for the radar look angles of 30

�
and 60

�
. Based on these two

examples, the azimuth slope angle is overestimate when the range slope angle is positive,
and is underestimate if the range slope angle is negative. Comparison of Figure 4(a,b)
indicates that the difference between the POA and the true azimuth slope is decreased for
larger radar look angles.

Figure 4. Polarimetry model analysis; POA estimation for range slopes of −60, −30, 0, 10, and 20, (a)
look angle of 30, (b) look angle of 60.
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Accordingly, the polarimetry model did not have a uniform performance in all areas.
Although the terrain topography has a high diversity, the ratio between the incidence
angle and topography slopes should be approximately considered. On steep slopes, the
polarimetry model does not have reliable performance. Therefore, this model has
limitations and should not be used in all regions. In this article, only regions with reliable
results were used for slope estimating and SRTM DEM improving.

4.1.2. Analyzing the clinometry model
An experiment was implemented to investigate the characteristics of the clinometry model
and the critical behavior corresponding to different terrain slopes. The clinometry model was
simulated for the radar look angle of 40

�
, the resolution in two directions is 1 m, back-

scattering coefficient and radar cross-section of the ground surface are 1. The Lambertian
intensity changes with respect to the variation of the range slope angle between � 90

�
and

þ 20
�
and between þ 60

�
and þ 90

�
as shown in Figure 5(a,b), respectively. Also, a profile of

intensity based on the range slope angle between � 90
�
to þ 90

�
in the azimuth slope of 10

�

was represented in Figure 5(c). This is a simple experiment to approximately model the
relationships between the terrain slopes and intensity, which can be used to compare the
performance of the clinometry model in various terrain slopes. The range slope is a critical
point of the clinometry model when it is close to the radar look angle. Another limitation of
the range slope is the radiometric error represented by (Li, Hong, and Pottier 2015) that is
small enough and does not exceed 1.0 dB when the slope is less than 50◦. Accordingly, based
on the limitation of the radar look angle and terrain slopes, the clinometry model cannot be
used in the entire image. In this research, polarimetry and clinometrymodels were not used in
the entire image, but only in areas that the two models had a reliable performance for
improving the elevation map, and there were no enhancements for the SRTM topography
model in the rest of the region.

4.1.3. Analyzing the slope integration algorithms (LSG and WLSG)
Two experiments were designed to evaluate the performance of LSG and WLSG slope
integration algorithms. Simulated and true DEM data sets were used for this purpose. In
the first experiment, the performance of the LSG integration algorithmwas evaluated in the

Figure 5. Clinometry model analysis (a) and (b) the Lambertian intensity curve with respect to azimuth
and range slopes and (c) profile of the Lambertian intensity curve in the azimuth slope of 10

�
.
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boundary of the homogeneous area. The simulated DEM was shown in Figure 6(a). The
azimuth and range slopes derived from the simulated DEM were illustrated in Figure 6(b,c).
As the results, there is no effect of boundaries in the difference map of estimated and true
DEMs in Figure 6(d).

In the next experiment, it was supposed that there is an intentional error in the
slope map. The performance of WLSG was evaluated in other regions’ height estima-
tion without affecting the error regions. Figure 7(a) shows the simulated homoge-
nous DEM with the same azimuth and range slope; Figure 7(b) illustrates the azimuth
slope map with an intentional error area (the range slope map is the same with the
azimuth slope map); and Figure 7(c,d) depict difference between integrated and
simulated DEM maps using the WLSG integration algorithm for the weight of 1
and 0 for the intentional error area. Although there is no effect of the error area
on other regions in the difference map of the estimated and true DEM in Figure 7(d),
when weight is 1, the root-mean-square-difference (RMSD) error is increased to
13.82 m. The same experiment was performed using the true DEM with results
shown in Figure 8(a–d), confirming the results of the experiment with simulated
data. Also, the RMSD between integrated estimated height map and actual DEM in
simulated and true data sets with various weights for the error region presented in
Table 2. According to this table, the RMSD is 13.82 m and 28.98 m for simulated and
true areas when the weight of the error region is considered to be 1. This mode is
equal to the use of the LSG algorithm for integration instead of WLSG.

Figure 6. Simulated DEM estimation results using the LSG operator; (a) simulated DEM, (b) azimuth
slope, (c) range slope, and (d) the difference between integrated and simulated DEMs.

Figure 7. Simulated DEM estimation results using the WLSG operator; (a) simulated DEM, (b)
azimuth and range slope with the intentional error, (c) difference between integrated and simulated
DEMs (w ¼ 1), and (d) difference between integrated and simulated DEMs (w ¼ 0).
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4.2. Topography retrieval and SRTM DEM enhancement

After analyzing the models in the previous experiments, in this section, various steps
were considered to estimate the improved heights’ map. A single set of PolSAR data and
SRTM topography model were used for implementing the algorithm, and the C-band
InSAR DEM was employed for evaluating the improved heights’ map.

4.2.1. Polarization orientation angle estimation
The PolSAR data-derived POA was evaluated using the previously averaged POA estima-
tion technique (CPM) reported by (Lee, Schuler, and Ainsworth 2000), and the modified
method proposed in this paper (TCPM) was assessed with the true POA obtained from
a ground truth InSAR DEM.

The DEM-derived POA is presented in Figure 9(a) as a grayscale image scaled
between� 45. The POA shift images obtained from the PolSAR data (TCPM and CPM)
are demonstrated in Figure 9(b,c). There was strong conformity between the PolSAR and
the reference orientation angle map. Various factors such as the depolarization of
volume scattering, radar shadow, and speckle noise affect the PolSAR estimates.
Despite these problems, the proposed method for POA estimation based on scattering
decomposition had an acceptable performance in comparison with CPM. As expected,
the TCPM-derived POA decreased the depolarization effects in the canopy and oriented
man-made objects in comparison with the CPM. Also, mask areas based on local noise
and Not-a-number values of the estimated POA are represented in Figure 9(d) in which
the white pixels’ slope was enhanced and there is no improvement in black areas. The
quantitative assessment of the PolSAR-derived POA with the reference POA image
measured by the RMSD is represented in Table 3. The RMSD POA obtained based on
the proposed method was 8.73 which was lower than the value of 10.21 obtained using

Figure 8. True DEM estimation results using the WLSG operator; (a) true DEM, (b) azimuth slope with
the intentional error, (c) difference between integrated and true DEMs (w ¼ 1), and (d) difference
between integrated and true DEMs (w ¼ 0).

Table 2. Evaluation of the performance of the WLSG slope integration algorithm in simulated and
true DEMs.

The weight of the mask area in slope integration (w)

RMSD (m)

Simulated height map True height map

0.0 ~0.00 ~0.00
0.1 2.71 5.66
0.5 9.35 19.56
1.0 13.82 28.98
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CPM. Consequently, based on more reliable results, the TCPM-derived POA proposed in
this paper was utilized for accurate topographic mapping.

4.2.2. Slope estimation based on combined models
Polarimetry and intensity equation models were estimated using the PolSAR data. Based
on the proposed algorithm, in order to combine and solve equations in a homogeneous
area, an approximate unsupervised classification based on H\Alpha decomposition and
Wishart complex distribution reported by (Lee et al. 1999b) was performed. Figure 10
shows the classified map based on eight clusters. Eight unknowns corresponding to the
backscattering coefficient of each cluster were added to pixel slope unknowns.
Therefore, at least five GCPs were required to solve the ill-posed system equations
which were selected from the difference between slopes of InSAR DEM and SRTM
DEM in two azimuth and range directions.

The azimuth and range slopes derived from SRTM were improved using the slope
details estimated by the polarimetry-clinometry algorithm. Accordingly, original SRTM
DEM-derived slopes (SRTM) and enhanced SRTM-derived slopes based on a single set of
PolSAR data (U-SRTM) were evaluated in comparison with the truths derived from InSAR
DEM. The quantitative evaluation results for azimuth and range slopes are given in
Tables 4 and 5, respectively. The RMSD of azimuth and range slopes with the proposed

Figure 9. POA shift (a) ground truth from InSAR DEM, (b) estimates from PolSAR derived by the CPM,
and (c) estimates from PolSAR derived by the TCPM. (d) The mask of POA estimation corresponding
to (c). Refer to Figure 3 for the scale bar.

Table 3. A comparison between PolSAR and DEM POA
estimation.
Method RMSD (°)

CPM 10.21
TCPM 8.73
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method equaled 5.65 and 8.41 which were lower than the values of 8.23 and 10.40
obtained from the original SRTM.

For further comparison, slope differences were evaluated by various parameters
represented in Tables 4 and 5. The average of the difference of before and after
enhancement (Mean) was nearly zero, indicating that there is no bias in azimuth and
range slope maps. Furthermore, the image percentages which had a difference of less
than 2

�
,5

�
, and 10

�
are shown in the last three columns of these two tables. In three

criteria, the enhanced SRTM based on the single set of PolSAR data is superior to the
original SRTM. The percentage of improvements approximately equals to 11:22%,
13:21% and 9:77% in azimuth slopes and 10:14%, 11:11%, and 8:70% in range slopes.
Maximum and minimum error values are almost the same before and after enhance-
ment because the single set of PolSAR data topography retrieval method has various
unreliability and does not have a positive effect on the elimination of large errors.
Finally, based on the slope evaluation, results indicated that SRTM enhancement
based on the single set of PolSAR data has been effective.

4.2.3. Height estimation and error assessment
Based on the proposed method, in order to integrate the enhanced slopes, the absolute
height maps were estimated based on the LSG and WLSG techniques. The weight map
based on the coherency of range slope and alpha map used in the WLSG algorithm is
shown in Figure 10(b). Furthermore, the weight value of pixels masked in polarimetry
model (cf. Figure 9(d)) are considered as 0. In addition, two images in Figure 11(a,b)
demonstrate the difference in topographic height between InSAR DEM with original

Figure 10. (a) Unsupervised classified map, (b) weight map.

Table 4. A comparison between the azimuth slope estimations and C-band InSAR DEM-derived
ground truth.

RMSD (°) Mean (°) Max (°) Min (°) RMSD<2° (%) RMSD<5° (%) RMSD<10° (%)

SRTM 8.23 −0.01 56.97 −52.44 26.34 56.65 81.55
USRTM 5.65 0.04 61.80 −32.04 37.56 69.86 91.32

Table 5. A comparison between the range slope estimations and C-band InSAR DEM-derived ground
truth.

RMSD (°) Mean (°) Max (°) Min (°) RMSD<2° (%) RMSD<5° (%) RMSD<10° (%)

SRTM 10.40 0.01 59.42 −66.17 22.23 49.81 74.92
USRTM 8.41 −0.04 51.77 −48.41 32.37 60.92 83.62
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SRTM and enhanced SRTM after denoising. For further comparison, the two white lines
indicating a profile of 375 pixels were considered. The resolution of topography maps
was considered 10 m, which is corresponding with AIRSAR PolSAR data.

Compared with the initial difference height image in Figure 11(a), the enhanced
difference height image using PolSAR data in Figure 11(b) shows specific improvements
in the height estimates, attributable to the single PolSAR slope estimation method. The
two height difference profiles represented in Figure 11 can be examined by Figure 12(a,b).
A clearly improved accuracy is observed in the topography map. This effect can also be
observed similarly in the scatterplots represented in Figure 13. Figure 13(b) also indicates
that there is a more powerful linear relationship between the enhanced height estimates
and the ground truths compared to Figure 13(a), representing SRTM heights versus InSAR
DEM. Thus, the enhanced topographic slopes derived using the single set of PolSAR data
can help increase detail and accuracy.

More details of the height map comparison are presented in Figure 14 in four
images. Although the proposed method yielded reliable results in most areas, as
shown in Figure 14(a,b), there are some problems in some regions. The error in the
estimation of POAs and, as a result, errors in the estimation of slopes occur most often
in depolarized backscatters. The slope and height enhancement in these areas have
been performed incorrectly. In a few cases, after weighted slope integration and

Figure 11. Height difference map: (a) between the truth and SRTM, and (b) between the truth and
enhanced SRTM based on the proposed method. The white lines are used for profile comparison.

Figure 12. Comparison of topographic height estimates for two profiles (a) P1 and (b) P2.
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height map denoising (Figure 14(c)), there is still fake topography estimation. Based on
the mask of POA estimation (cf. Figure 9(d)) and weight map of slope integration (cf.
Figure 10(b)), in some regions, there is no estimation for improving the slope in the
proposed method. In these cases, as in Figure 14(d), enhancement was failed.

The quantitative evaluation results are given in Table 6. Similarly to slope evaluation,
the proposed algorithm was examined in various modes: the original height map
(SRTM), the enhanced height map using LSG for slope integration (U-SRTM), enhanced
height map using WLSG for slope integration (WU-SRTM), and the last mode with
denoising (DWU-SRTM). The RMSD height with the proposed DWU-SRTM method was
6.85 m, which is less than the value of 9.77 m obtained with the original SRTM.

The weight used in slope integration was improved by RMSD by almost 0.75 m. Also,
the denoising step used for eliminating bad effects in the final topography map
decreased the large error in the proposed method. Furthermore, the percentage of
a DEM that has better accuracy than 15 m in the proposed method (DWU-SRTM) is
95.56%, which has improved by 87.24% compared to the original SRTM DEM.
Furthermore, in other criteria, e.g. the percentage of a DEM that has better accuracy
than 5 m and 10 m the enhanced SRTM based on three modes of a single set of PolSAR
data is superior to the original SRTM. These results reveal that the proposed method,
based on the polarimetry and clinometry model for topography retrieval, can be used
effectively for SRTM DEM enhancement.

5. Conclusion

In this paper, a modified and advanced topography estimation based on a single set of
PolSAR data was proposed in order to enhance the SRTM terrain topography model, for
instance, SRTM. The details of topography slopes were enhanced based on polarization
orientation angle (POA) shifts and intensity-based Lambertian model.

First, the PolSAR data were compensated for based on the topography effect corre-
sponding to SRTM using the DEM-derived POA. In the second step, POA was derived

Figure 13. Terrain heights’ scatterplot: (a) SRTM heights vs. InSAR DEM, and (b) enhanced SRTM vs.
InSAR DEM. R-squared (R2) is a statistical measure of how close the data are to the fitted regression line.
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from the PolSAR data using the TCPM proposed in this paper. The clinometry model
based on the Lambertian scattering theory was employed as a complement to the
polarimetric model for estimating terrain slopes. Then, the two models were combined
based on a proposed system of equations to estimate adjusted slopes. The original
SRTM-derived azimuth and range slopes were enhanced by PolSAR-derived slopes.
Finally, the height map was estimated based on enhanced slopes integration using
the WLSG.

Figure 14. Comparison of terrain height enhancement details in four cuts of two profiles; (a)
enhanced SRTM based on the proposed method, (b) and (c) The correct performance, (d) fake
enhancement topography in depolarized pixel and (e) no improvement in the mask area.
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According to model analysis, polarimetry and clinometry models have limitations in
high terrain relief. To accurately estimate slopes, it is necessary that the radar look angle
be considered high enough to prevent foreshortening and shadow from overcoming the
SAR image. Furthermore, the output of these models should be used in areas where
contain high reliability in model conditions and hypotheses. In the slope integration
experiments, it was proved that WLSG is resistant to the local boundary of the homo-
geneous area and slope errors. The weight map used in WLSG helps finding the
optimum route in slope integration. Furthermore, the decomposition-based POA esti-
mation method (TCPM) used in this paper provided a reliable performance in depolar-
ized target backscattering in comparison with a previously averaged method (CPM). As
the results, the accuracy of the estimated POA was improved up to 1:48

�
:

The proposed topography map enhancement algorithm was evaluated and com-
pared with the true InSAR DEM using the NASA/JPL AIRSAR data set. In comparison with
the InSAR DEM, the proposed method which utilized a single set of POLSAR data
improved the SRTM DEM by 2.91 m. Azimuth and range slopes were modified and
improved 2:58

�
and 1:99

�
respectively in comparison with SRTM DEM. Although

enhancement in a few cases was performed incorrectly or failed in high-depolarized
backscattering, results suggested that the proposed method can effectively be used for
SRTM DEM enhancement.
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