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electromagnetic pulses reach the surface. Geometric distortions can be removed in most
cases by considering the sensor-surface geometry, requiring a knowledge of the trajectory
and look-angle of the sensor and the availability of a Digital Elevation Model (DEM).

Now some commercial image processing packages offer the possibility of the precise
orthorectification of radar images using a DEM, including the radar modules of EASV PACE
(PClI, Inc.), EARTHVIEW (Atlantis Scientific Systems Group, Inc.) and SRIT (Toutin, 1992).
For the radiometric correction of topographic effects, specific programs have been developed
in research centers and universities (Teillet et al, 1985; Hinse et al, 1989, Bayer et al, 1986,
Wivell et al, 1992), but to date we do not know of commercially available packages offering
this capacity. On the other hand, within the radar analysis package of PCI or EARTHVIEW,
a simulated radar image can be constructd from an orthoimage and a DEM (PCl, 1992,
EARTHVIEW, 1993). This image can be used to carry out a radiometric normalization, in
the same manner that an artificially illuminated DEM can be used to correct an image in the
optical domain. Using this method, however, there is no control over the illumination
parameters. PCl’s SARSIM1 and SARSIM2 programs, for instance, simulate a SAR image
using an approximation of the 1/sin(@) to account for the slant range scale compression,
with 6, being the local incidence angle in the range direction (Guindon and Adair, 1992).

The objective of this paper is to introduce a simple solution to acount for the
radiometric effects related to topography on a radar image. It explains how any
orthorectification software can be used to generate an image of the incidence angle, which
in turn is combined with a DEM to correct the dependence of the radar return on
topography.

2. PROPOSED METHODOLOGY.

Because it is not registered to the topographical information, a slant-range image
cannot be directly submitted to a correction of the radiometric effects of the topography.
The image first has to be georeferenced and the geometric distortions corrected, preferably
accounting for topography if it is significant. During this process, the image is rotated and
its pixels shifted in the range direction, according to the severity of the topography. The
calculation of the incidence angle becomes a somewhat complicated process, requiring the
calculation of the distance between the sensor and a pixel to the ground, as a function of
the trajectory of the platform and of the geographical coordinates. Indeed, the incidence
angle is much more easily related to the slant range in the raw image than to the geographic
position of a pixel in the corrected image.

The method presented here involves three steps: (a) a strategy for the calculation of
the incidence angle with respect to the vertical at the terrain surface; (b) the calculation of
the local incidence angle in both range and azimuth directions, which depends on the
topography and on the flight and look directions; (c) the radiometric correction which
involves the application of a gain factor that varies with the local incidence angle.
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The central idea of our method is to create a synthetic image in slant range projection
having the same dimension as the radar image being studied, in which the Digital Number
(DN) of each pixel (i, j) is proportional to the slant range distance SLR(i, j) which is a linear
function of the column number i. The resulting image has a gradation of intensity increasing
linearly from the near range to the far range. This image is orthorectified with the same
parameters as were used to rectify the radar image, resulting in the creation of a
georeferenced synthetic image in which, for each pixel in ground range coordinates (x,y),
the slant range SLR(x,y) of this pixel can be readily computed from the DN (figure 1). This
new image is the basis for the calculation of other parameters needed for the radiometric
analysis.

a) Computing of the incidence angle

With the knowledge of the viewing geometry, one can calculate the incidence angle
with respect to the vertical at the surface of the terrain 6(x,y) for each pixel. A
comprehensive description of the viewing geometry of ERS-1 can be found in Laur, 1992.
In the case of a sensor of constant altitude ALTI. the viewing geometry is simple, as seen in
figure 2a. In this case 6{x,y) is calculated iiom the slant range SLR(x,y) and the terrain
elevation H(x,y) at pixel (x,y), by means of Equation 1:

0,(x y):cos'l (M) (l)
o SLR(x,y)

The image of 6, (figure 3a) is later used to compute the local incidence angle in step b),
and is in itself essential for the study of the backscattering by vertical elements such as trees
and certain crops. 6(x,y) computed for an arbitrary horizontal surface at a reference
elevation, is used in the normalization of the image with respect to a flat surface, as
described in section 2 d).

b) Computing of the local incidence angle.

To simplify the notation, we will consider the range and azimuth axes separately, and
compute the corresponding components of the local incidence angle (see figure 2). We
first have to compute the terrain slope in these two directions, which is achieved through
the use of programs included in most raster Geographical Information Systems (GIS) and
image processing software. These allow to calculate the slope S(x,y) with respect to a
horizontal plane and the aspect A(x,y) of the terrain with respect to the geographical north.

In the range direction the local incidence angle 6,(x,y) (figure 3b) is the sum of the
terrain slope projected along the range axis S,(x,y), and the incidence angle 84x,y):
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6.(x,y)=8,(x,y)+6,(x,y) )

where S/(x,y) is calculated from the slope and aspect of the terrain, and sensor’s heading
(HEAD). For right- looking images:

S,(x,y)=8(x,y)-cos(A(x,y)-HEAD+270) 3)

where HEAD and 64x,y) are expressed in degrees. The image of 8, can be thresholded to
build approximate shadow and layover masks: areas with 8, greater that 90° will be shadow
areas (although this does not account for casted shadows), while negative 6, lie in layover
areas (some layovered areas have however positive 6),).

In the azimuth direction, the local incidence angle 6,(x,y) (figure 3c) is simply given
by the terrain slope projected along the azimuth axis:

6,(x,y)=S(x,y)-cos(A(x,y)-HEAD) ‘ @

The parameters 64x,y), 6,(x,y), and 6,(x,y) form distinct layers of a GIS, which can be
used to make a semi-empirical analysis of the radar backscattering.

c) Radiometric Correction.

At this point it is necessary to choose a backscattering model that will allow us to
perform a radiometric normalization. One model may be given by the fit of an arbitrary
function to the image data, with 6/x,y), 6(x,y), and 6,(x,y) as independent variables (ltten
and Meye, 1993). One may otherwise assume a specific angular dependence of the
scattering function (Teillet et al, 1985, Wivell et al, 1992, Bayer et al, 1991). We elected
to consider lambertian scattering (equal diffusion in all directions and no absorption), and
to correct the image with a synthetic image of lambertian surfaces. This allows the analysis
of the deviation with respect to the lambertian scattering, which offers valuable insights on
the type of scattering involved. It highlights the angular behavior of both the specular
scattering (elastic scattering) and absorption (inelastic scattering), both of which are
characteristic of a particular target.

Let us examine the energetics involved in this procedure. The incident irradiance
(incident flux per unit area) that reaches an inclined surface is equal to the irradiance that
would have received a surface perpendicular to the incident wavefront, multiplied by
[cos(8,) cos(8,)] which is the projection of the unit surface on the wavefront. With the
wavefront being dispersed equally in all directions (lambertian surface), only the projection
of the terrain visible from the antenna will be measured, implying another [cos(6,) €0s(6,)].
The backscattering coefficient ° has been defined by Elachi (1987) as the ratio of the



5

energy backscattered by a surface to the energy that would have been received if the surface
was lambertian and facing the wavefront. The backscattering coefficient of a lambertian
surface which direction vector is parallel to the look direction is therefore equal to one,
which implies that the backscattering coefficient of a lambertian inclined surface o,° is given
by':

o =cos?(8,(x,y))-cos?(6,(x,y)) ©)

In the airborne images of the X-C SLAR of the Canadian Center of Remote Sensing (CCRS)
as well as in ERS-1 images, the DN is related but not proportional to the square root of the
backscattering coefficient. First of all, system-dependent gain factors such as antena pattern,
STC gain, noise power, etc... are affecting the DN. In order to compute 0° using digital
images we also have to compensate for a variable pixel size in the ground-range projection:
in the slant-range image, the DN of a pixel corresponds to an area on the ground which is
which [sin(8,) cos(8,)] times larger than the slant range pixel; the theoretical DN, in absence
of noise and for lambertian srattering is therefore given by Equation 6. It should be pointed
out that areas with 8, greatcr itian 90° are shade areas, so that any signal in these areas can
be atributed to noise.

k(x,y)-o7(x,y)
sin(6,(x,y))-cos(6,(x,y))

DN;(x,y) = 8,,6,<90°

6)

DN; (x,y) =0 6,290°

where k(x,y) is the proportionality factor which takes into acount the system-dependent
factors. Developping 0, we obtain:

cos’(6,(x,y))

DN:(x,y) = k(x,y)- 2(6,Goy))

cos(6,(x,y)) 6,.6,<90°
)

DN;(x,y) =0 6,>90°

Elimination of topograpbhic effects.

SAR systems are calibrated with respect to ground at a reference elevation H,, (which

! Many authors suppose a cos(,) dependence for o° of the amazonian rain forest. A constant Y (7=0'/oos(0,)), although
not consistent with isotropic scattering, seem to better describe the inelastic and elastic angular dependence of the scattering in
C-VV over tropical rain forest, for incidence angles between 20° and 60°.
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correspond to the GEM®6 ellipsoid in the case of ERS-1 images), and any surface at an
elevation other than H,, will be contain some radiometric distortion since the incidence
angle at a given (x,y) position varies with the elevation. Our interest here is to develop a
correction for the topographic effcts only, leaving the image untouched if the corresponding
terrain is flat and at an elevation H,; the correction factor will be different from one in
cases of uneven topography and when the surface lies at an elevation different than H,.
This correction factor can be calculated as follows.  For aflat terrain at an elevation H,,
equation 7 becomes:

olo(x:y )Inw
Sin(ol(x:y) III,)

DN[(x,) |g.g,, =k (x.7)-

t))
cosz(o,(x,y) |a)
sin(6,(%,) |r, )

=k(x,y)-

DN(x,y)

will have the required qualities, being equal to one if the terrain
DN(‘Y)IHM

An image of
is flat and at the reference elevation. By doing this, we also eliminate k(x,y), the system
dependent calibration parameter. The image with topographic effects removed, DN_(x,y),

DN(x,y)

. Explicitely, we find:
DNGy)ly, ~ D

is therefore obtained by normalizing by the image of

12

DN?(x,
—L%'[Dm(x,y)-DNf(x,y )]

DN_ (x,y)=
o DN2(x,y)

6, | i ”
) ( (x,y) a,‘,) (0(x,)’)) [DNz(x,y)-DN 2(x,y)] )
sin(8(x.y) ) cos(8,(x,y))-cos?(6,(x.y)) "

6.,6,<90°
DN_, (x,y)=0 6, >90°

where DN, %(x,y) is the range-dependant noise power (it can be assumed negligible or
estimated by using shadow areas in the image). This correction diverges as 8, and 6, get
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closer to 90°, as can be seen in figure 4. The divergence rate is however much greater in
the range direction than in the azimuth direction.

Antenna pattern correction and absolute calibration.

An image corrected using equation 9 will be substantially flattened radiometrically,
and therefore more suitable for an empirical antenna-pattern and noise power correction.
Since system-dependent radiometric distortions (such as antenna pattern, STC gain
modulation, noise power) are functions of the slant range principally, we can use the layer
SLR(x,y) as the independent variable. This image can also be calibrated when calibration
parameters are known, using:

1

DN2(x,y)=
eor (%:7) k(x,y)

*DN_, (x,y) (10)

We can relate equation 10 to other work done on the radiometric calibration of SAR
images. A factur 1/5in(6,) appears explicitely in the radar equation for RAR and SAR (Ulaby
and Dobson, 1989). The factor sin(@; |,..) of Equation 8 is therefore found in the definition
of F’_(SLR), the slant-range dependent calibration factor for South American Radar
EXperiment (SAREX) data (Hawkins and Teany, 1994), as well as in the definition of K(a) (a
= 0, |,.) for ERS-1 image calibration (Laur, 1992). These calibration parameters are given
for flat terrain at a reference elevation H,, and can easily be related to k(x,y), based on
equation 8. For SAREX data, we obtain:

sin(6(x,y) |u,)

(11)
F/(x,y)

k(x,y)=

and for ERS-1 data:
k(x,y)=K(Q(x.y)ln,)-sin(0,(x,y) la) (12)

3. RESULTS

We have applied our method to C-SAR slant-range image subsets of the Juan Vinas area,
Costa Rica. The flight lines 8.2 and 8.3 were part of the outcomes from Proyecto Radar
Costa Rica Canada and a complement to the SAREX mission in Latin America (Ahern et al,
1994, Wooding et al, 1994). They were aquired on April 27*, 1992 in C band, narrow-
mode, HH and VV polarizations, with the X-C SLAR system aboard the Convair 580 of the
Canadian Center of Remote Sensing. These images have a resolution of 6mx6m and a pixel
size of 4m in slant range and 4.31m in azimuth. They cover the study area with different
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depression angles and opposite look-directions. Field work was conducted simultaneously
with the acquisition providing an extensive database and a collection of hand-held 35mm
photos taken from a small airplane and from surrounding lookouts. These proved essential
for our analysis of the radar backscattering.

For the geometric correction of the radar images, we used FLIGHT and STGBIG, of
EASI/PACE’s radar module, permiting the production of orthoimages with +2m (rms)
precision in X and Y, with 23 ground control points taken from road intersections and field
boundaries. A nearest neighbour resampling was applied to preserve the radiometry of the
original image. A DEM was interpolated from the contour lines of 1:10000 scale
topographic maps (based on 1989 airphotos). The DEM was interpolated according to a
2x2m grid utilizing INTERCON, of the raster GIS IDRISI; a 5x5 median filter was then
applied to it, followed by a contraction to a 4mx4m pixel, and subsequent 5x5 median
filtering. This procedure resulted in a DEM with an estimated precision of + 1m in altitude.
In the georeferenced radar image of the study zone corresponding to flight line 8.3 (figure
5a), one can percieve that the area presents a lightly undulated relief that is cut vertically
by the canyon of Quebrada Honda. It is covered by sugarcane in mild slopes, and by
coffee, forest, plantain banana and vegetable crops in steep slopes.

For these test sites a correction for topography only was expected to give good results
since SAREX data was intended for visual interpretation principally, implying that the data
had to present an even radiometry in level terrain. On figure 4b is shown the image in
figure 4a that has been corrected using Equation 9, taking H,,= 0 (figure 4b). We can see
that the image’s radiometry has been substantially flattened and that departure from
lambertian scattering becomes easy to track, especially at high (>70°) local incidence
angles. As pointed out by Elachi (1987) the radar return signal brings more information on
the small-scale structure for high 6,, while for low 6, it provides information on the surface
slope distribution; this is evidenced here as the slope facing the radar in the Quebrada
Honda canyon, which presents values of 8, close to zero, has been almost perfectly
corrected. On these slopes we can now distinguish forest and plantain banana plantations
from coffee plantations.

The area shown by the arrow is a moist bare soil field recently plowed with the
heavy plough, which presented a very rough surface (>25cm RMS). In the uncorrected
image, we might have atributed this unusually high return to topographic effects such as
those appearing in the surroundings. The radiometric correction removes the ambiguity, as
the field preserves its high return while the surrounding bright areas disappear.

6, 6, and 6, images provide useful information for the study of radar scattering on
specific targets. For example, we found that mature sugar cane fields appear suddenly dark
(raw DN lower than DN) for values of 8, greater than 77°. Maybe the leaves of the plants
start to act as specular reflectors, or the fields start to absorb the incident wavefront at this
particular incident angle. Coffee seemed to behave differently, with the DN being higher
than expected from a lambertian scatterer, suggesting the presence of corner reflectors in the



coffee bush structure.

On the other hand, trees and buildings now show up as very bright spots since they
act as corner reflectors and not as lambertian targets. This reduces somehow the visual
quality of the images but allows an easier detection of such components.

4. CONCLUSIONS

We have presented an effective method to study and correct topographic effects in SAR
images. The method is relatively simple and easy to implement, and does not require
sophisticated software or code-level programming. In fact any rectification software (with
affine or radar-specific algorithms) can be used to generate a georeferenced image of the
slant range. This image, together with the DEM, is then used to generate images of the local
incidence angle along the range and azimut directions. Empiric or semi-empiric scattering
model can then be applied and tested against the SAR image.

In the area of Juan Vinas, Costa Rica, high-resolution C-SAR image susbsets have
been normalized with a synthetic image assuming lambertian scattering. The removal of
topographic features appeared excellent for local incidence angles up to 70°, while for
higher local incidence angles small-scale structure have pronounced effects in the radar
return and were not corrected.

For this study we counted with a high precision DEM, generated from 1:10000 scale
topographic maps, and were able to achieve a very good registration of the SAR image.
This allowed to obtain a good radiometric correction. If the image is not well registered to
the DEM, artifacts appear after normalization that reduce greatly the utility of the process.
With a DEM made from 1:50000 scale maps, intensity variations due to meso-relief cannot
be taken into acount, and therefore the normalized image will still present a granular
apearance. This effect can be atenuated by matching the image resolution to the DEM
resolution.
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FIGURE CAPTIONS
the synthetic image of the slant range SLR(x,y) (figure 1c), is georeferenced
(figure 1d) with the same parameters than the ones used to georeference
the radar image (figure 1a and 1b).

Geometry of the airborne (constant alitude ALTI) side looking radar. (a)
Constant azimuth plane; (b) constant range plane; (c) top view.

Calculated images of 6, 6, and 8,, respectively the incidence angle with
respect to the vertical (Equation 1), the local incidence angle in the range
direction (Equation 2) and in the local incidence angle in the azimuth
direction (Equation 4).

1 -2
cos*(0 .

EE = e

Graph of and _ showing

the dependence on the DN, and inverse o1 DN, on the local incidence

angle in the range and azimuth direction (see Equation 7).

High-resolution C-SAR georeferenced subset of the Juan Vinas area, Costa
Rica: (a) raw stage (HH=Red, VV=Cyan); (b) radiometrically corrected for
the topography using Equation 9, with H=0. Speckle has been removed
with filtering with a Crimmins geometrical filter. Linear LUTs has been
applied for this impression to allow better visual quality while preserving
the radiometry.
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