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Abstract—A new SAR radiometric terrain correction method was
proposed to reduce the terrain effects in sloped regions. Based on
this method, a procedure for polarimetric SAR terrain effect reduction
was proposed, including geometric correction, shadow detection,
radiometric terrain correction, and polarization orientation angle shift
compensation. Experiments using RADARSAT-2 polarimetric SAR
data of the Three Gorges Area, China demonstrated the effectiveness
of the proposed radiometric terrain correction method. Both visual
and quantitative analyses showed that after the proposed radiometric
terrain correction method was applied, the contrast between different
slopes that caused by local incidence angle differences, foreshortening,
and layover was significantly reduced. The difference of backscattering
intensity on slopes facing the radar sensor and facing away from
the sensor was reduced from 12.5 dB before radiometric correction to
1.3 dB. The overall accuracy of land use/land cover classification was
improved by 11.2 percent using the terrain corrected polarimetric SAR
data.
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1. INTRODUCTION

Applications of polarimetric synthetic aperture radar (SAR) for remote
sensing have expanded rapidly during the last two decades due to the
abundant availability of airborne and space-borne polarimetric SAR
data. These applications include land use/land cover mapping [1–
9], change detection, hazard monitoring and damage assessment,
surface geophysical parameters retrieval [10], biomass and forest height
estimation, etc. [11]. Algorithms based on the backscattering intensity
of different polarization channels and various polarimetric target
decomposition parameters were developed for those applications. Most
of them perform well in flat regions. However, when it comes to sloped
regions, distortions in SAR images occur: (1) Geometric distortion.
Because the cross-track dimension in SAR image is determined by a
time measurement associated with the slant range from the sensor to
the target, SAR images present inherent geometrical distortions that
due to the difference between the slant range and the ground range [11].
Moreover, in high relief regions, foreshortening and even layover
may occur due to the unproportioned relationship between the slant
range and ground range. This cannot be rectified using polynomial
transformation. (2) Radiometric distortion. Radar backscatter
brightness varies with topographic slopes with different local incidence
angles. Besides, in foreshortening and layover regions, the backscatter
from more than one ground element might overlap on one image
pixel, thus the backscattering power accumulates correspondingly. (3)
Polarization states distortion. The azimuth slope causes polarization
orientation angle (POA) shift, thus causes rotation of the polarimetric
backscattering matrix [11–14].

These terrain effect induced distortions need to be corrected
before polarimetric SAR applications. Efforts have been dedicated
to correct each of them. For correction of geometric distortions,
the traditional geometric correction method through polynomial
transformation does not work in finding out the corresponding
relationship of coordinates between the SAR image coordinates and
the real world coordinates. According to [15–17], the range direction
coordinate in SAR image is determined by the slant range, while
the azimuth direction coordinate can be calculated by solving the
zero-Doppler shift equation. Chen [18] adopted another geometric
correction method using SAR simulation [19, 20] and registration.
For the radiometric distortions, earlier algorithms tried to perform
the correction based on local incidence angle [21, 22] or surface tilt
angles [23, 24]. Ulander [25] proposed a radiometric slope correction
method based on the angle between the slope surface and the image
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plane, and proved that the former correction algorithms that based
on local incidence angles or surface tilt angles were approximations
to his correction method. Tilley and Bonwit [26] and Bolter et
al. [27] proposed to normalize the brightness values of SAR image
pixels in foreshortening and layover areas by dividing the value
equally among all ground patches contributing to that particular
SAR pixel. Small et al. [17, 28] proposed a correction method by
normalizing the backscatter coefficient with the local illuminated area
projected onto the plane perpendicular to the radar line of sight. For
polarization distortion, researchers proposed to perform the correction
through polarization orientation angle shift compensation [12–14, 29].
The effects of polarization orientation angle shift compensation on
polarimetric SAR data have been studied [14, 29, 30].

There have been very few papers published about applying
radiometric terrain correction on polarimetric SAR data. In this
study, a new radiometric terrain correction method was proposed and
compared with other radiometric terrain correction methods. Based
on the new radiometric terrain correction method, a procedure for
polarimetric SAR terrain effect correction that combines geometric
terrain correction, radiometric terrain correction, and polarization
orientation angle shift compensation was proposed.

2. METHODOLOGY

2.1. SAR Geometric Terrain Correction

One important step for SAR geometric correction is to find the
relationship between real world coordinates and the corresponding
coordinates in a SAR image. In sloped regions, due to the special
characteristics of SAR imaging, this cannot be achieved by selecting
ground control points and applying polynomial transformation.
Generally, a DEM (digital elevation model) is needed to accomplish
SAR geometric correction. Since a SAR image is a range-Doppler
image, for each DEM cell, the corresponding coordinate in the range
direction can be calculated through the slant range between the DEM
cell and radar sensor, while the coordinate in the azimuth direction can
be obtained by finding out the corresponding zero-Doppler frequency
shift position. Details can be found in the papers by Loew and
Mauser [16], Meier et al. [15], and Small [17].

2.2. SAR Radiometric Terrain Correction

Radar backscatter β is defined as the ratio of scattered power PS to the
incident power PI [17]. For distributed targets, radar brightness β0 is
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defined as averaged backscatter ratio per unit area in the image plane
(i.e., the slant range plane) [31]; backscatter coefficient σ0 is defined
as averaged backscatter ratio per unit ground area. For flat areas, the
backscatter coefficient σ0 can be retrieved using [17] incident angle θ

σ0 = β0 · sin θ (1)

In sloped regions, there are radiometric distortions in the
backscatter coefficient retrieved using (1), since σ0 depends on the local
scattering geometry. To minimize the radiometric distortions caused
by topographic effects, backscatter coefficient parameter that is less
affected by terrain slopes need to be retrieved.

Assume that N slope surface patches Si (i = 1, 2, . . . , N) (see
Figure 1) with the same slant range RS to the SAR sensor are
projected into the same pixel O in the SAR image (Assume that the
ground surface is divided into very small pieces, thus each pixel in
the SAR image contains the backscatter contribution from more than
one ground patches). The corresponding areas of these ground surface
patches are Ai (i = 1, 2, . . . , N), while their projected areas onto the
gamma plane (i.e., the plane perpendicular to radar line of sight) are
Bi (i = 1, 2, . . . , N). Q is the incident power density (i.e., power
per unit area) on the surface of gamma plane with slant range RS to
the SAR sensor. Therefore, the incident power on surface patch Si is
PIi = Q ·Bi; thus the scattered power of surface patch Si is

PSi = PIi · σi = Q ·Bi · σ0
i ·Ai (2)

where σi = σ0
i · Ai is the backscatter ratio of surface patch Si. The

Figure 1. Geometry of a slope surface patch Si and its projection on
the image plane and the gamma plane.
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total scattered power from these N patches PS =
N∑

i=1
PSi is projected

onto the SAR image pixel O. For pixel O, the radar brightness β0 can
be obtained by [17]

β0 =
β

Aβ
=

PS/PI

Aβ
(3)

where Aβ is the reference area on the radar image plane, i.e., the image
pixel size. The area in the gamma plane corresponding to each pixel
of the SAR image is Aβ tan−1 θ, thus the incident power corresponding
to each pixel is

PI = Q ·Aβ tan−1 θ (4)

From (2), (3) and (4),

β0 ·A2
β · tan−1 θ =

N∑

i=1

Bi · σ0
i ·Ai (5)

Since (5) is an underdetermined equation, proper assumptions have to
be made to solve the equation. Assume that the N patches have the
same backscatter coefficients σ0

i = σ0
T , thus

σ0
T = β0 · A2

β · tan−1 θ

N∑
i=1

Bi ·Ai

(6)

For polarimetric SAR radiometric correction, the backscatter
coefficient is proportional to |Spq|2 [11], (p, q = H, V ), the polarimetric
backscattering matrix can be corrected using

S′2 = S2 ·
√√√√√√

A2
β · tan−1 θ

N∑
i=1

Bi ·Ai

(7)

To accomplish this radiometric correction method, a simulated
SAR image of the denominator of (6) is created first, using
corresponding DEM data. The DEM grid cell should be small enough,
so that each SAR image pixel relates to more than one DEM patches.
Therefore, a fine spatial resolution DEM data is needed. If the obtained
DEM data has coarse spatial resolution, it must be resampled to higher
resolution. It is suggested to use bilinear or bicubic interpolation
methods, and not to use nearest neighborhood interpolation method.
For each slope surface patch determined by the four neighborhood
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DEM grid points, calculate its surface area Ai and projected area Bi on
gamma plane; add Ai ·Bi to the corresponding pixel in the simulated
SAR image. The index of the corresponding pixel can be obtained
through SAR geometric correction. Note that shadow detection must
be applied before adding the area factor Ai ·Bi to the simulated SAR
image, surface patches that are in the SAR shadow regions should be
excluded from this operation. Detailed methods for calculation of slope
surface patches areas and related projected areas and shadow detection
are proposed in the following sections.

2.3. Calculation of Slope Surface Areas and Related
Projected Areas

As shown in Figures 2(a)–(c), axis x is the azimuth direction; y is the
ground range direction; z is the vertical;

⇀

R is the radar line of sight; ⇀
n

is the slope surface normal; ⇀
nγ = −⇀

R is the gamma plane normal. θ is
the incidence angle. ϕ is the angle between the slope surface normal ⇀

n
and reference plane normal ⇀

nγ , u is the angle between the slope surface
normal ⇀

n and vertical z. A is the area of the slope surface patch, B
and D are the corresponding projected areas on the gamma plane and
the horizontal plane respectively. Those areas can be related by

A =
D

cosu
(8)

B = A · |cosϕ| (9)

Given the DEM sample space δx and δy along azimuth and ground
range direction respectively, D = δx · δy. The projection factors cosϕ,
cosu can be calculated as

cosϕ = ⇀
n · ⇀

nγ = −⇀
n · ⇀

R (10)

cosu = ⇀
n · ⇀

z (11)

where “·” denotes scalar product; “×” denotes vector product.
⇀

R = [0 − sin θ − cos θ]T (12)
⇀
z = [0 0 1]T (13)

where “T” denotes transpose of a vector or matrix. As shown in
Figure 2(c), for each slope surface patch, the unit vector ⇀

n can be
calculated as:

⇀
n =

⇀
vx × ⇀

vy∣∣⇀
vx × ⇀

vy

∣∣ (14)
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Figure 2. Geometry of slope surface area and related projected area
calculation. (a) A slope surface patch and its projection on the gamma
plane; (b) Angles between the slope surface normal and related vectors;
(c) Calculation of the slope surface normal using DEM data.

For the slope surface patch shown in Figure 2(c)
⇀
vx =

[
x(i+1,j) − x(i,j) y(i+1,j) − y(i,j) z(i+1,j) − z(i,j)

]T

= [δx 0 DEM(i + 1, j)−DEM(i, j)]T (15)

⇀
vy =

[
x(i,j+1) − x(i,j) y(i,j+1) − y(i,j) z(i,j+1) − z(i,j)

]T

= [0 δy DEM(i, j + 1)−DEM(i, j)]T (16)

For simplicity, we can also represent slope surface normal ⇀
n using
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spherical angles u, v as defined in Figure 2(b)
⇀
n = [sinu cos v sinu sin v cosu]T (17)

cosϕ = −⇀
n · ⇀

R = sin u sin v sin θ + cos u cos θ (18)

2.4. Shadow Detection

Figure 3 shows the formation of shadow regions in SAR imaging
geometry. Consider one record line here. Axis y denotes the ground
range direction, while z denotes the vertical direction; point P is the
position of radar sensor. y1, y2, . . . , yN are the horizontal coordinates
of DEM grid points, while z1, z2, . . . , zN are the corresponding DEM
value. The slope of the topographic curve at point (yi, zi) can be
calculated as:

ki =
zi+1 − zi

yi+1 − yi
(19)

where i = 1, 2, . . . , N − 1.
In ground range direction, these shadow areas can be considered

as in several continuous intervals. For example, we consider one
continuous shadow region in the interval [ym, yn). We call the point
(yn, zn) as a “turning point” because it is a start of a shadow region
interval from right side to left side. For the right end point of the line,
i.e., (yN , zN ), if

kN−1 ≥ zP − zN

yP − yN
(20)

Figure 3. Formation of shadow regions.
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(yN , zN ) is a turning point. For other points (yn, zn) (n =
1, 2, . . . , N − 1), if





kn <
zP − zn

yP − yn

kn−1 ≥ zP − zn

yP − yn

(21)

(yn, zn) is a turning point.
All the points (yi, zi) in the shadow region interval [ym, yn) satisfy

zP − zi

yP − yi
≥ zP − zn

yP − yn
(22)

Other shadow areas satisfy the same rules. Therefore we can
detect the shadow areas from right side to left side using the following
method:

i. From near range to far range, i.e., from right side to left side
in Figure 3, search for the first turning point that satisfies
Equation (20) or (21).

ii. Check if the next point on the left side of current turning point
satisfies Equation (22). If Equation (22) is satisfied, mask the
point as a shadow point and go to the next point. Iterate this
step until Equation (22) is not satisfied, which means the current
point is located outside of the shadow area interval.

iii. From right side to left side, search for the next turning point that
satisfies Equation (21). Once the next turning point is found,
mark it as the current turning point and go to step ii.

Detailed flowchart of the proposed shadow detection method is
shown in Figure 4.

2.5. POA Shift Compensation

Polarization angle is one of the parameters that characterize the
polarization state of an electromagnetic wave. In sloped areas, the
azimuth slope causes shift of POA, thus changes the polarization state
of scattered wave, and distorts the analysis of scattering characteristics
of the targets. According to [12–14], POA shift η can be calculated
using DEM data

tan η =
tanω

− tan ζ cos θ + sin θ
(23)

where tanω is the azimuth slope, tan ζ is the slope in ground range
direction, θ is the incidence angle. And the backscatter matrix S2 can
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Figure 4. Flow chart for shadow detection.

be corrected using

S′2 =
[

cos(η) − sin(η)
sin(η) cos(η)

]
· S2 ·

[
cos(η) sin(η)
− sin(η) cos(η)

]
(24)
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2.6. Polarimetric SAR Terrain Correction Procedure

A procedure for polarimetric SAR terrain correction is implemented
in our study (as shown in Figure 5), including geometric correction,
shadow detection, radiometric correction, and polarization orientation
angle compensation.

 
PolSAR data

Geometric 

correction

Radiometric 

correction

DEM data

Shadow 

detection

POA 
compensation

Terrain corrected 
PolSAR data

Resampling

(if necessary)

Figure 5. Proposed procedure for terrain effect correction of
polarimetric SAR data.

3. EXPERIMENTS

The proposed terrain correction method was applied to a polarimetric
Radarsat 2 SAR image to demonstrate the effectiveness of this method.
For comparison, two other radiometric correction methods were also
implemented in this experiment. One is proposed by Ulander [25],
that performs the correction using the angle between the slope surface
and the image plane (referred to as URTC for simplicity); the other
is proposed by Tilley and Bonwit [26] and Bolter et al. [27], that
normalizes the brightness values of SAR image pixels in foreshortening
and layover areas by dividing the brightness value equally among all
ground patches contributing to that particular SAR pixel (referred
to as NRTC for simplicity). Our newly proposed radiometric terrain
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correction method is referred to as NewRTC; while the geometric
terrain correction is referred to as GTC.

3.1. Study Region and Data Sets

The study region is the Three Gorges Area, located along the Yangtze
River in Zigui County, Hubei Province, China. It covers an area of
about 1000 km2. Most part of this region is high relief mountainous
areas. The Major LU/LC (land use/land cover) types are built up,
bare soil, vegetation, and water.

A RADARSAT-2 C-band Fine Quad polarization SAR image
covering this area obtained on November 18, 2010 was used in this
study. The incidence angles vary between 22.26◦ and 24.00◦ from near
range to far range. The pixel size is 4.92m× 4.73m (azimuth by slant
range).

As a fine spatial resolution DEM was not available, a stereo pair
of ASTER (near-infrared) images acquired on September 28, 2003 was
used to generate a DEM for the purpose of radar simulation and terrain
effect correction. The ASTER images are of 15m spatial resolution
and, with the aid of the 90 m resolution DEM acquired through the
Shuttle Radar Topographic Mission and reference information collected
by field visits, a revised DEM of 25m spatial resolution was generated.

A RapidEye satellite image of November 6, 2010 with 5 m spatial
resolution covering most part of the study region was also acquired to
help with the interpretation of the SAR image.

3.2. Terrain Correction

Firstly, the DEM data was resampled into 2.5m×2.5m pixel size using
bilinear interpolation for better accuracy in geometric correction and
radiometric correction. Using this resampled DEM data, geometric
correction, shadow detection, and radiometric correction was then
applied to the RADARSAT-2 data.

Radiometric terrain correction was performed using three different
methods URTC, NRTC, and NewRTC after geometric terrain
correction (GTC). Together with the geometric corrected data without
radiometric correction, four terrain correction methods were applied.
For simplicity, they were referred to as “GTC”, “GTC + URTC”,
“GTC + NRTC”, and “GTC + NewRTC” respectively. POA shift
compensation was then applied to each of those four images. All those
four terrain corrected images had the same pixel size of 2.5m× 2.5 m.
The sample space of the original SLC SAR data is 4.9 m in azimuth
direction and 11.6 ∼ 12.5m in ground range direction, a 5×5 multilook
operation was applied to those four terrain corrected images. Boxcar
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filter with 5 × 5 window size was applied to those terrain corrected
images to reduce speckle.

3.3. Visual and Quantitative Comparison of the Terrain
Corrected Results

Figure 6 shows the Pauli color coded image of those four terrain
corrected images. According to Figure 6(a), without radiometric
correction, visually, there is remarkable contrast in scattering intensity
between front slopes (slopes facing to the radar) and back slopes
(slopes facing away from the radar). Those bright white regions
on front slopes are with extremely high backscattering intensity
caused by small local incidence angle or foreshortening and layover.
Figure 6(b) shows that after radiometric correction using URTC,

(a) (b)

(c) (d)

Figure 6. Pauli color coded images after application of different
terrain correction methods. (a) GTC; (b) GTC + URTC; (c) GTC
+ NRTC; (d) GTC + NewRTC.
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the contrast between scattering intensity on front slopes and back
slopes is reduced, and part of the bright regions on the front slopes
disappear. This is because that the scattering intensity difference
caused by the local incidence angle difference is reduced. Those bright
white regions caused by foreshortening and layover still exist in Figure
6(b), because the slope correction method by Ulander considers only
the “one to one” projecting relationship between each DEM sample
element and each radar image pixel. Therefore, backscatter values
in foreshortening and layover regions cannot be corrected. In Figure
6(c), the contrast between scattering on front slopes and back slopes
is reduced furthermore; in fact, most of the bright white regions
disappear. Figure 6(d) shows slight improvement compared with (c),
with lower contrast between different slopes.

However, there are still some bright lines along the valleys that
failed to be corrected. This might because that the special dihedral-
like structures in the valleys cause strong SAR response, which cannot
be corrected by radiometric correction.

A few of new dark and bright areas appear in the images after
radiometric correction in Figures 6(b)–(d). This might be because the
bias in geometric correction; thus the radiometric correction factors
corresponding to some SAR pixels were incorrectly related. The bias
in geometric correction might be caused by the relatively coarse spatial
resolution of the original DEM.

To quantitatively investigate the effects of different terrain
correction methods, the backscatter values statistics on front slopes
and back slopes are calculated. Usually, backscatter value of
polarimetric SAR is represented using polarimetric backscattering
power SPAN

SPAN = |SHH |2 + |SHV |2 + |SV H |2 + |SV V |2 (25)

Generally, it is converted into dB form

SPAN |dB = 10 log10 SPAN (26)

16 pairs of sample areas were randomly selected on the image. For
each pair of sample areas, one is on the front slope, while the other
is on the back slope, close to each other. Table 1 displays the mean
values of SPAN |dB of the two areas, the absolute difference values, and
average values of the absolute difference values of all the 16 pairs.

As shown in Table 1, without radiometric correction, the average
mean value difference between front slopes and back slopes is 12.5 dB;
after radiometric correction with different methods, the differences
between front slopes and back slopes are all reduced to some
extent. The new proposed method performs the best for reducing
the backscatter difference to 1.3 dB between different slopes; NRTC
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yields a slightly inferior result, 1.8 dB; URTC performs not as good as
the other two radiometric correction methods, the average backscatter
difference between front slopes and back slopes was reduced to 5.3 dB.
This agrees with the visually analysis.

Note that although there is just a 0.5 dB difference between the
results of NRTC and NewRTC, there exist inherent reasons. According
to the NRTC method, in foreshortening and layover areas where N
slope surface patches are projected into one pixel in the SAR image,
the brightness value is normalized by dividing it equally into these
N patches. However, since the local incidence angles of these N
patches might be different from each other, the scattering contribution
of each patch to the corresponding SAR image pixel might be different
correspondingly. In our NewRTC method, the different local incidence
angles were taken into account in the calculation of these N patches’
projected area in the gamma plane. Therefore, the correction results
of NewRTC approach is expected to be better than that of NRTC in
theory.

Table 1. Statistics of backscatter intensity SPAN (dB).

GTC GTC + URTC
No. F B |F −B| F B |F −B|
1 6.8 −2.6 9.4 3.2 −3.6 6.7
2 11.4 −5.3 16.7 1.7 −6.2 7.9
3 11.6 −3.9 15.6 −3.5 −4.9 1.3
4 5.1 −3.6 8.7 2.3 −5.6 7.9
5 7.8 −3.9 11.7 3.1 −4.7 7.8
6 4.8 −6.7 11.4 2.8 −7.1 10.0
7 9.0 −4.6 13.6 −4.9 −5.2 0.2
8 2.5 −4.6 7.2 1.4 −5.8 7.2
9 6.0 −4.4 10.4 3.9 −5.3 9.2
10 4.9 −3.5 8.3 1.9 −5.1 7.0
11 9.2 −3.3 12.5 −5.9 −5.0 0.9
12 9.3 −1.7 11.0 -5.1 −4.4 0.7
13 12.2 −5.3 17.6 1.6 −6.2 7.8
14 10.5 −6.1 16.6 −4.6 −6.8 2.1
15 9.3 −5.1 14.4 -1.3 −5.7 4.4
16 12.5 −3.3 15.9 −0.7 −4.9 4.1

Mean 12.5 5.3
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GTC + NRTC GTC + NewRTC
No. F B |F −B| F B |F −B|
1 2.7 0.8 1.9 3.4 3.4 0.0
2 1.9 −1.1 2.9 2.5 1.4 1.0
3 −0.8 0.0 0.8 0.0 2.6 2.6
4 1.9 −1.1 3.0 3.0 1.0 2.0
5 1.6 0.1 1.5 2.8 2.8 0.0
6 1.4 −2.3 3.6 2.2 0.6 1.6
7 −1.0 −0.4 0.6 −0.4 2.4 2.8
8 1.2 −0.1 1.2 1.4 2.1 0.7
9 2.8 −0.8 3.6 3.6 1.8 1.8
10 0.4 −0.6 1.0 1.3 1.8 0.5
11 -0.7 −0.2 0.5 0.1 2.0 1.8
12 −1.1 −0.1 1.0 −0.4 1.9 2.3
13 1.8 −1.1 2.9 2.4 1.4 1.0
14 0.1 −1.8 1.8 0.8 0.9 0.1
15 −1.2 −0.9 0.3 −0.3 1.8 2.1
16 1.5 −0.4 1.8 2.1 2.0 0.1

Means 1.8 1.3

Note: F : backscatter intensity from front slope; B: backscatter
intensity from back slope; No.: serial number of sample area pairs.

3.4. Application of SAR Terrain Correction to LU/LC
Mapping

Supervised Wishart classifier [2] was used to classify the polarimetric
SAR data sets after applying different terrain correction methods. In
our study region in the Three Gorges Area, China, there are four main
land use and land cover (LU/LC) types. They are built-up, bare
soil, water, and vegetation. Training samples for those four LU/LC
types were carefully selected and interpreted using the polarimetric
SAR color coded image, with reference to the RapidEye image, and
other optical images on Google Earth. It is observed that pixels with
extremely high backscatter values in the image without radiometric
correction (shown in Figure 6(a)) are located in seriously foreshortened
areas. Pixels with extremely low and high values in the radiometrically
corrected images (shown in Figures 6(b)–(d)) might be caused by the
incorrectly related radiometric correction factors induced by the bias in
geometric correction, as discussed in the last section. These pixels will
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interfere with the LU/LC classification results; therefore, we classified
them into invalid dark and bright areas. The classification results are
shown in Figure 7.

(a) (b)

(c) (d)

Figure 7. Polarimetric Wishart supervised classification results using
four terrain correction methods. (a) GTC; (b) GTC + URTC; (c) GTC
+ NRTC; (d) GTC + NewRTC.

After the supervised classification, classification results of different
terrain correction methods are assessed using a set of independent
testing samples. 700 testing samples were randomly generated by
PCI Geomatica software, and visually interpreted by referencing to
the polarimetric SAR Pauli color coded image, the RapidEye image,
and images on Google Earth. Samples with uncertain class labels were
excluded from the testing samples. 597 samples were identified as
testing samples. Table 2 shows the classification accuracy statistics.

The overall accuracy for the four LU/LC classes was only 57.0%
(Kappa = 0.331) without radiometric correction; while by applying
our proposed new radiometric terrain correction method, the overall
accuracy was improved to 68.2% (Kappa = 0.498). As a comparison,
from the overall accuracy, URTC and NRTC perform better than
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Table 2. Classification assessment.

GTC β0 GTC + URTC σ0
U

producer user producer user
Built up 81.8% 77.1% 63.6% 80.8%
Bare soil 58.1% 57.8% 55.8% 68.0%
Water 75.5% 100.0% 73.5% 97.3%

Vegetation 48.8% 57.1% 65.7% 62.0%
overall kappa overall kappa
57.0% 0.331 61.8% 0.408

GTC + NRTC σ0
N GTC + NewRTC σ0

T

producer user producer user
Build up 60.6% 71.4% 69.7% 85.2%
Bare Soil 55.8% 70.3% 56.4% 76.1%
Water 75.5% 100.0% 76.6% 100.0%

Vegetation 70.2% 63.7% 78.9% 65.8%
overall kappa overall kappa
63.7% 0.435 68.2% 0.498

without radiometric correction, but less effective compared with our
proposed radiometric correction method. This agrees with the visual
and quantitative comparison of the terrain corrected results, and
again demonstrates the effectiveness of our newly proposed radiometric
terrain correction method.

4. CONCLUSION AND DISCUSSION

In this research, a new method for SAR radiometric terrain correction
was proposed. The methods for projected area calculation and shadow
detection used in radiometric terrain correction were also proposed.
Based on these methods, a procedure for polarimetric SAR terrain
effect reduction was introduced, including geometric terrain correction,
radiometric terrain correction, and polarization orientation angle shift
compensation. A RADARSAT-2 polarimetric SAR image over Three
Gorges Area, China was used in the experiments to demonstrate the
effectiveness of the terrain effect correction method. The visual and
quantitative comparisons of images without radiometric correction
and with our radiometric correction method indicate that, after
applying our proposed radiometric correction, the contrast between the
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backscatter values from front slopes and back slopes is reduced. The
average difference of polarimetric SAR backscatter intensity from front
slopes and back slopes are reduced from 12.5 dB without radiometric
correction to 1.3 dB after applying our radiometric correction method.
LU/LC classifications using polarimetric SAR images before and
after applying radiometric correction indicate that after applying our
proposed radiometric correction, the overall accuracy increased by
11.2%. Two other radiometric terrain correction methods were also
applied for comparison. One was proposed by Ulander [25]; the
other was proposed by Tilley and Bonwit [26] and Bolter et al. [27].
Experiments indicate that our radiometric correction method performs
better to reduce the radiometric distortions induced terrain effects.

Although the effectiveness of our proposed polarimetric SAR
terrain effect correction was demonstrated by the experiments, it
still needs to be improved. In SAR foreshortening and layover
areas, we assumed that the ground patches overlapped together have
the same backscatter coefficient, however, in fact, there might be
different land cover types, thus with different backscatter coefficients;
besides, the backscatter coefficients of different land cover types have
different variation regulations along with the change of local incidence
angle. Problems may also exist for polarization orientation angle shift
compensation to these ground patches overlapped together if they have
different surface slopes. In this condition, the polarization matrix is a
summation of a set of rotated polarization matrix, thus the radiometric
distortions and polarization distortions are coupled with each other
and cannot be corrected independently. This is an underdetermined
problem, thus proper assumption and approximation have to be made
to get useful result.
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