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A simple method to account for topegraphy

in the radiometric correction of radar imagery
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Abstract. This article presents a method that allows to study and correct the radiometric
distortions caused by topography in SAR images. The method is easy to implement, and
i requires neither sophisticated sofiware nor code-level programming. It also considers the

case of a flat surface having an elevation different from the one for which calibration

parameters were derived. An ortho-image of the slant range distance is used with a digital
elevation model to generate images of the local incident angle along the range and azimuth
directions. The method compensates for variations in the terrain area of each pixe! and for
the angular dependence of backscatter, allowing the choice of either an empirical or semi-
empirical scattering model. The methed is applied to high-resolution C-SAR subsets of an
agricultural area in the Central Cordillera of Costa Rica. The removal of topographic
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features appears excellent for local incident angles up to 80°, but small-scale structures
have pronounced effects on the radar return for higher local incident angles and are not

adequately corrected.

Short title: Correction of relief-induced radiometric distortions of SAR imagery.
h
4

1. introduction

Given its strong sensitivity to topography. radar remote sensing has been thoroughly used in
‘ eomorphology, and applying this technique to the study of vegetation has been largely restricted to
eas with smooth topography. Also, most studies focusing on the potential of radar remote sensing
for agricultural applications have taken place in developed countries where the agricultural fields are
usually large and uniform, resulting from Green Revolution mechanization and optimization ideas.

H

In Central America, however, more than 65% of agricultural land is located in mountainous areas,

and rough topography combined with small plots strongly obstructs the use of radar remote sensing

 for crop monitoring.

i
J The effects of oblique view and topography in a radar image include a strong geometric

§ distortion that affects textural analysis and the precision of cartography. It also strongly modulates
the radar intensity related to the variations in the angle with which the electromagnetic pulses reach
the surface. If absolute calibration has been, or is to be, performed then elevation also has to be

| considered (see 2.4.4). When a flat surface is at an elevation different from that for which calibration

i parameters have been derived, a "topographic” adjustment must also be considered. For adequate
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orthrectification of the terrain presenting some kind of slope, the geometrical relationship between
the sensor and the surface must be considered. This in turn requires knowledge of the trajectory and
look-angle of the sensor, and a Digital Elevation Model (DEM). This geometric information can then
be used to adjust the radiometry for topographic effects.

At present, some commercial image-processing packages offer the possibility of precisely
jirtharectifying radar images using a DEM, including the radar modules of EASI/PACE (PCL Inc.),
i ARTHVIEW (Atlantis Scientific Systems Group, Inc.), and SRIT (Toutin ef al. 1992). For the
;‘adinmetric correction of topographic effects, specific programs have been developed in research

ters and universities (Teillet er af. 1985, Hinse ef al. 1988, Bayer ef al. 1991, Wivell ef al. 1992,

gaudoin ef al, 1994, Werner ef al. 1994), but to date we know of neither public domain nor
eommercial packages offering this capacity. On the other hand, within the radar analysis package of
EASI/PACE or EARTHVIEW, a simulated radar image can be constructed from an ortho-image and
DEM (PCI 1997, EARTHVIEW 1997). This image can be used to carry out radiometric

npormalization, in the same way that an artificially ilfuminated DEM can be used to correct an image

in the optical domain. However, this method gives no control over the illumination parameters.
fEASI/PACE‘s SARSIMI and SARSIM2 programs (PCI 1997), for instance, simulate a SAR jmage
sing a resampling trick to approximate a gain factor of 1/sin(&;} (which accounts for the slant-range
‘scale compression), &, being the local incident angle in the range direction (Guindon and Adair 1992).
E This paper aims to introduce a simple solution to account for the radiometric effects related
;tc the slant-range projection (and thus to topography) in a SAR image. We explain how any basic

raster GIS or Image Processing software can be used to generate an image of the incident angle,

which in tum is combined with a DEM to correct the dependence of the radar retum on topography.
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A backscattering angular dependence model is then introduced to better isolate target response, The
approach is to simulate the radar image that would have been obtained had the terrain been flat and
at a reference altitude, therefore seeking to compensate the radiometric effects of topography, but
not those of the variation of incident angle along the image swath. This is achieved through
normalizing the image by what is expected from the same terrain with a given backscatter angular

i dependence.

2. Methodology

E The method we present involves three steps. First, we calculate the viewing geometry

|

E parameters in the cartographic reference (e.g. UTM), including the incident angle 8(x,3), the angle

“between the incident electromagnetic wave vector and the vertical at the terrain surface. Then we
calculate the local incident angle, the angle between the incident electromagnetic wave vector and the

' terrain normal, in range (6,(x,y)) and azimuth (&,(x,y}) directions, which depends on the topography

1 and on the platform trajectory and look directions. Last, we make the radiometric correction. This

1 involves applying a gain factor, which compensates variations in the terrain area of each pixel, as well

| as the angular dependence of backscatter.
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2.1. Computing the viewing geometry parameters in the cartographic reference

Some methods found in the literature involve projecting the DEM along the slant and range
axes of the images (Beaudoin ef al. 1994, Castagnas e al. 1997, Holecz ef al. 1994, Small e/ al.
1998). The method we describe is carried through in the cartographic projection of the DEM. The
first step is to orthorectify the SAR slant-range image, which removes geometric distortions and
registers it to the DEM. Note that for flat relief, it may be sufficient to use rubber sheeting
?rocedures standard to all image processing software. During this process, the image 1s rotated and
hs pixels shifted in the range direction, according to the fopography’s severity (figure 1 aand b). The

£
H

ncident angle, i.e. the angle between the incident wave front and the vertical axis at the terrain

surface, is the basic parameter needed to perform any analysis of the SAR radiometry. It is relatively
complicated to obtain for the cartographic reference, since it requires caleulating the distance between

the sensor and a pixel to the ground as a function of the trajectory of the platform and of the

1

[igeographicai coordinates.

Calculating the incident angle in the cartographic refergnce is simplified by keeping track of

;the slant-range distance for each pixel duning orthorectification, in the following way. a synthetic

g‘image is created in the slant-range projection, having the same dimensions as the radar image being

i

"studied, in which the Digital Number (DN) of each pixel (i, j) is proportional to the stant-range

 distance SLR(i, j) which, in slant-range images, is a linear function of the column number j. The

T
i

| resulting image has a gradation of intensity that increases linearly from near to far range (figure 1 ¢).

| The image is registered with the same paramerers used to orthorectify the radar image. This results

in a orthorectified synthetic image being created in which, for each pixel in ground range coordinates
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#x, ), the slant range SLR{x,} is given by its DN (figure 1 d). This new ortho-image is used to obtain
other parameters needed for the radiometric analysis.
Knowing the viewing geometry and the slant range, we can calculate the incident angle with respect
10 the vertical at the surface of the terrain ¢x,);) for each pixel We consider the simple case of an
airborne sensor of constant altitude ALT7 (figure 2). To calculate the local incident angle for
spacebome platforms, refer, for the ERS case, to Van Zyl et al. (1993), to Laur (1992) and to
Beaudoin ef af. (1994) and, for RADARSAT, to Shepherd (1997).

Equation 1 (see Fig. 2a) is used to calculate 8¢x,)) from the slant range SLR(x,y} and the

terrain elevation H{x,y) at pixel (x,), for airborne images.

ALTI-H (c.y) |
6.(x.) = cos” [ SLR (x ;) .

(H

%The image of & (figure 3a) is used in step 2.2 below to compute the local incident angle, and is
| essential in itself to study the backscattering by vertical elements such as trees and certain crops.

B1x,y), computed for a horizontal flat surface at a reference elevation, is used for image normalization

1as described in section 2.4.

2.2. Computing local incident angle

i Because the distances on the original slant-range and projected ground-range images are
- differently related to each other in the range and azimuth directions, we will consider these two axes
| separately and compute the corresponding components of the local incident angle (see figure 2). We

| must first compute the terrain slope in these two directions. This can be achieved by using commands
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mcluded in standard raster Geographical Information Svstems (GIS) for terrain analysis. They allow
us to calculate the maximum terrain slope S(x,)y with respect to a horizontal plane, and the aspect
A(x,y) of the terrain {direction of maximum slope in the horizontal plane), clockwise with respect to

the geographical north (see Fig. 2¢).

We can simplify the three-dimensional representation of the terrain with respect to the sensor
two dimensions by conceiving terrain normal at any pixel (x,3) as a vector T which orientation is
;fgiven in spherical coordinates by the angles (¢, 6) = ( S(x,y) , A(x,y) ) (Figure 2a). Terrain slope in
y direction & can be determined by projecting T onto the vertical plane oriented along € The terrain
lope in that direction is given by the angle that the projected T makes with the vertical. In this way
f'we can calculate S.4x,y), the terrain slope in the range direction, from the maximum slope Stx,)/ and
aspect A(x,y,} of the terrain and the platform's flight direction (i.e. heading HEAD - see figure 2a).

In this case the plane we project T onto is called the incidence plane, and its orientation is

fperpendicular to HEAD.

For nght-looking images:

tan[s, (x, 3] = tan|Stx, y)] cos|d¢x, y) - (HEAD + 50)] @)

% where HEAD and Afx,y) are expressed in degrees. Note that slopes facing the antenna
direction are negative.

In the range direction, the local incident angle 64x,3/ (figure 2a, 3b) is the sum of the incident
i angle Gfx,y) and the terrain slope in the range direction $,(x,y):

7
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f.(x,y)=5,.0x, y)+8,(x ¥} {3)

The image of @ can be used to build approximate shadow and layover masks: areas with & greater
that 90° will be shadow areas (although this does not account for cast shadows), and the ones with

negative @, will suffer from layover.

In the azimuth direction, the local incident angle &,(x,y) (figure 2b, 3c) is simply given by the
1

terrain slope in the azimuth direction (i.e. 6,(x,))=Safx,y}):
’ tan}8, (x, y)]= tanlSex, )] cos{4x, y)- HEAD] (4)

The parameters 6(x,y}, 8x,y/), and G.fx,y) form separate layers of a GIS (as in Bayer ef al,

Z 1991) that can be used to make a semi-empirical analysis of the radar backscattering using only pixel

by pixel arithmetic operations. Note that this decomposition in range and azimuth is valid even for

systems with a squint angle, where range and azimuth directions are not completely perpendicular.

2.3. Alternative method fo calculate the local incident angle

When the particular parameters of the viewing geometry (such as ALTY or HEAD) are not

| known, or the geometry canmot be simply modeled (such as in the satellite case over wide coverage,




or airborne in windy conditions), &(x,y), f.{x,y}, and ,{x,y} can still be computed using a method
developed by Leclerc and Beaulieu (1996). As pointed out by Van Zyl er a/ (1993), an error in the
estimation of the flight altitude can introduce important errors in the calculation of the incident angle.
We know that the ground range is a function of the slant range, which is modulated by terrain effects.

Thus the ortho-image of the slant-range distance, SLR(x,y}, contains all the information needed on
the viewing geometry. It can be shown (Leclerc and Beaulieu, 1996) that SLRfx,3), the change of
SLR(x,y) with respect to displacements in the cartographic reference (1.¢. x and y) - the derivative of

Sm - _, is directly related to G4x,y} and S.(x,y), as given by equation 5:
sinlg, (x.3)]= SLR! (x,3)- cos|s,(x, )] &)

lwhere SLR'.(x,y) is the projection, in the range direction, of the derivative SLRx,y} of the ortho-
' image of the slant-range SLR(x,y). This derivative can be calculated using a standard raster GIS
ijcommand to compute slope. SLR' ¥,y is obtained in the same way as S, in equation 2. Then 8(x,y/

| is computed from equation 3.

HEAD | if unknown, can also be derived directly from the ortho-image SLRfx,y). In effect,

| most of the distortion of a slant-range image is in the range direction, and influences the aspect

(direction of maximum siope) of SLR(x,3J). When topography is significant, however, the aspect of
! SLR(x,y} can differ a lot from the range direction. Therefore, to estimate HEAD one can compute the
histogram of the aspect image of SLR(x,y) (which is calculated by applying the corresponding

standard raster GIS command) in a portion of the image with relatively flat terrain; the mean value

| of the aspect obtained (or median if preferred) corresponds to the range direction, which allows to




compute HEAD, taking in consideration the SAR squint angle.

Using this method, one must work with 32-bit real numbers to capture the subtle variations

in SLR(x.3). The accuracy of the method is totally dependent on that of the georeferencing,

2.4 Radiometric correction

The radiometric correction described in the following paragraphs compensates for variations
in the terrain area of the pixels (i.¢., the scattering area contributing to the brightness of image pixels)
and for the angular dependence of backscattering. The approach is to simulate the radar image that
é&;ould have been obtained had the terrain been flat and at a reference altitude, assuming the surface
@beys a given backscattering angular model. Using calibration parameters, when available, we can

take into account system-dependent gain factors such as antenna pattern, gain compensation, and

Toise power affecting the DN, This allows us to calculate ¢”, the backscattering coefficient, or
backscattering cross-section per unit area on the ground. Note that calibration procedures are
&eveioped for flat {or curved) terrain at a reference elevation, so the compensation of the previously

;‘mentioned effects has to be conducted in function of this hypothetical surface.

!

P.4.1. Variation of the terrain scaftering area

To compute ¢’ in function of the DN in digital images, we have to compensate for the
variation of the terrain area contributing to the brightness of an image pixel (Laur 1992, Van Zyl ef

@l 1993, Fiksel e al. 1994, Hoekman ef al. 1994, Ulander et al. 1994, Werner ef al. 1994, Ulander

1995). Even for satellite images that are usually delivered in a ground-range geometry, the sampling
[ntervals and the size of the resolution cell are constant only in the initial image acquired in the slant-

‘range geometry. Brightness in a slant-range image pixel is determined by the signal received from

10




an area on the ground that depends on 6. It is proportional to o” times the scattering area on the
ground. Explicitly, this area is [s#1(8,).cos(,)]" times larger than the corresponding area in the slant
range image, even when the squint angle is non-zero and azimuth and range directions are not
perpendicular. (In the range direction, the ratio between the length of a resolution cell in the slant-
range projection and its corresponding length in ground range is sin(£,). while in the azimuth
direction, the ratio between the width the resolution cell in the slant range projection and s
corresponding width in the ground range projection is cos(,), because the positions are projected
gyerﬁcaﬂy.)

This variation in scattering area caused by topography induces important variations in the

Jadiometry of a slant-range image. and tends to dominate for steep viewing (small §). By taking this

'effect into account, one can turn raw brightness (proportional to the energy measured for a given
slant-range pixel area) into images of local brightness (energy per unit of terrain area), even when

[complete calibration is not the issue.

12.4.2. Backscattering models -

Having taken into account the effect of varying terrain area, one can choose a model that

describes the target's backscattering angular dependence. Such a model may be obtained through the
fit of an arbitrary function to the image data, with 8(x,)), 8x.y), and 6.(x,y) as independent variables
(Itten and Meyer 1993). One may otherwise fit a specific angular dependence of the scattering
i function (Teillet ef al. 1985, Wivell ef all 1992, Bayer ef al. 1991). The angular behavior of back
| scattering varies with wavelength and surface geometry, and thus will be different for different land

uses. A model presented here corresponds to scattering by a lambertian surface (producing equal

11
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diffusion in all directions and no absorption) following the same topography as the studied terrain.

Although in nature few surfaces behave as truly lambertian surfaces, using this ideal behavior in
normalization allows to examine the deviation of actual scattering with respect to lambertian
scattering. This offers valuable insights on the type of scattering involved. It highlights the angular
behavior of both the elastic scattering and absorption, both of which are characteristic of a particular
target.

Let us examine the energetics involved for a lambertian scatterer. The incident irradiance

. (incident flux per unit area} that reaches an inclined surface is equal to the trradiance that a surface

iperpendi{;uiar to the incident wave front would have received, muiltiplied by [cos(8,) cos(8,)], which

is the projection of the terrain unit surface on the wave front. In other words, the energy received

|on terrain unit area changes with the local incident angle. If the wave front were totally reflected

back to the antenna, o° would follow a simple cosine law. For a perfectly rough surface, the wave

front is not totally reflected, but is dispersed in function of a cosine law, implying another [cos(6,)

1cos(8,)]. In this case, o will follow a square cosine law.

-

For a lambertian surface, the backscattering coefficient per unit terrain surface is given by:

o= o9 cos’ 19, (6 Wlcos’ [0, 3) ] (6

. where o is a constant ( = 2 in the elastic scattering situation, according to Ulaby e7 al. 1986).

Many authors suppose a cos{ 8} dependence for o (Mougin ef a. 1994, Beaudoin ef al. 1994,

Hawkins and Teany 1994). Although this implies a surface that is rougher than lambertian, this seemns

to better describe the angular dependence of the scattering in C-VV over tropical rainforest for

12
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incident angles between 20° and 60°. For this case we would use the independent gamma cross-

section:

ol = ob-cos|g, x ) coslg, v ] 0]

Another interesting case is the independent backscattering cross-section, o’ = oy’, which
corresponds to the distributed independent point reflector (Ulaby er al. 1986).
These three models will be referred to in the following paragraphs as lambertian (L),

independent gamma (1(3), and independent backscattering (IB). Clapp (1946) describes them and

f osgriff et al. (1960) and Ulaby ef al. (1986) refer to them. Note that it is unlikely that a single
model will do for any land cover present in the image, and that we cannot a prion favor one medel
over another, The user is free to choose or derive the model that better describes the backscattering
for a particular area of interest. All three models and intermediate situations can be described by the

general equation:
;

ol=g2 [cosle, .3} coslg, ey I (8)

where n=2 for the lambertian case, 1 for the independent gamma and 0 for independent
‘backscattering. Note that the case n=0 results in correcting only the effect of variations in scattering

%ama.

P.4.3. General form of intensity image

Equation 9 therefore gives the effect of local incident angle on the DN stored in a slant-range

13
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pixel (DN is proportional to backscatter amplitude) without noise.

k(xy) o’ (%))
sin[g, (x, 3/} cos[ 6. (.37 |

DN’ (x,y) = g,.8,< 90°

9

DN (xyi=0 8,290

where k(x,y) is the proportionality factor that takes into account the system-dependent factors. It
| should be pointed out that areas with &, greater than 90° are shade areas, so that any signal in these
i areas can be attributed to noise.

i
H
o
I
o
i
i

For the models desceribed above we obtain:

k(x.3) ob-cos"[o, &, yleos™|o, (. 3)]
| sin {9, (x,3) } coslp, (x. )]
(10)

= k() ou-cotlg, x. ) | [cosle, (x. 3)}eoslg, i, 1 T 6.,0.<90°

DNifx,y) =

n=0 for IB, | for I3, 2 for L

2.4.4. Eliminating topographic effects

SAR systems are calibrated for ground surfaces at a reference elevation, H,,. For example,
in the case of ERS-1 images, the reference elevation corresponds to the GEMS ellipsoid, according

o Laur (1992). Any surface at an elevation other than H,.r will contain some radiometric distortion

| because the incident angle at a given (x,3) position varies with the clevation. The larger the difference

between the terrain and H,., relative to the antenna altitude, the greater the distortion.

Our interest here is to develop a correction for the topographic effects only, leaving the image

4
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untouched if the corresponding terrain is flat and at an M. elevation, An image of

will have the required qualities as a correction factor, being equal to one except where the terrain is
not flat and is at an elevation different from H,,, By doing this, we also eliminate o;’, and kfx,3J, the
system-dependent calibration parameter (see equation 14 ). The image with topographic effects

removed, DN..(x,y), is therefore obtained by dividing the raw image by the image of

DN o (%, Y) for a given model. The range-dependent noise, if significant, can be removed
. DNmodef {x, }i}ig&,

Tefore normalization.
1

According to equation 9, the expected model backscattering for a flat terrain at an elevation

N

H..ris given by:

DN?(3) ly—p,, = k(x)) ()

DN by, = K52 ocoti8,(x,3), 1 post8,(x0, [ (12)

\Explicitly, the corrected image is obtained as:

15
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DN sl (6 ¥)5 . 1 .
DN oo (%, y)= J mw : [QN *(,x)- DN, }’)ﬂ 8,.6,<90
é DN moder (xé }9

(13)

DN (x,3)=0 6, 290°

‘where DN,’(x.y) is the range-dependent noise power that, if not previously determined during
ibration procedures, can be estimated by using shadow areas in the image.

We therefore have:

12

DN o )= —12016: 66 [ (6,65, ]

2 - 2
tan[6, (x, »)|,, 1 | cos (mcos(aﬁ)} [ow? 63) = D 6.9

(14)
-where n=0 for IB, n=1 for IG, n=2 for L.
The correction diverges as 6, and &, approach 90° {see figure 4b which illustrates the lambertian

case). The divergence rate is also much greater in the range direction than in the azimuth direction.

2.4.5. Antenna pattern correction and absolute calibration
An image corrected using equation 14 will be substantially flattened radiometrically, and
therefore more suitable for an empirical antenna-pattern and noise-power correction (based on
3 averaging the DN of a given slant range). When applied to raw images, this method does not give

i good results in mountainous areas, especially if ridges are parallel to the flight line: scene-dependent

16
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effects remain that greatly reduce the quality of the antenna pattern correction. Because system-
dependent radiometric distortions (such as antenna pattern or noise power) are principally functions
of the slant range, we can use the laver SLR(x,y) as the independent variable and determine the
éantenna pattern correction or noise power with the normalized image.

With the users growing interest in calibrated satellite images, software vendors now include
routines to calculate o“in their radar package Calibration accounts for system dependent parameters
such as gain factors (k) or noise (DN,”), and in some cases compensates the change of ground pixel

size for flat terrain at reference elevation (which depends on sin(&, )} A ). The correction coefficients

(developed above (Equation 14) are directly applicable to calibrated images, in the way that the image

ks left untouched if the terrain is flat and at the reference elevation. If the calibrated image to be
radiometrically corrected for topography is one of o’., the backscattering coefficient calculated

: supposing a flat surface at a reference elevation. The correction for topography is therefore.

'

I

U | tfpgy] [eoslOG T -
| 7 e G el (e, ), I:cos foeoxe)| Y WY

; Application

We have applied our method to C-SAR slant-range image subsets near the town of Juan
Vifias, in the central cordillera of Costa Rica. The acquisition of flight lines 8.2 and 8.3 was planned

| by Proyecto Radar Costa Rica Canada, as a complement to the SAREX mission in Latin America

1(Abern et al. 1994, Wooding ez al. 1994). The imagery was acquired on April 27*, 1992 in C band,

17



narrow-mode, and HH and VYV polarizations, with the C-SAR system aboard the Convair 580 of the
Canadian Center of Remote Sensing {CCRS). For this mode, resolution is 6 m x 6 m, with a pixel size
of 4 m in slant range and 4.31 m in azimuth. The imagery covers the study area with different
Eincident angles and opposite look-directions. Fieldwork was conducted simultaneously with the
| image acquisition, providing an extensive database and a collection of videos and hand-held 35-mm
photos taken from a small airplane and from surrounding lookouts. These proved essential to analyze
and interpret the radar back scattering without bias.
To geometrically correct the radar images, we used the programs FLIGHT and STGBIG, of
EASUPACE's radar module (PCI, 1997), to produce ortho-images with = 2 m (rms) precision in X

and Y, based on 23 ground control points (GCPs) taken from road intersections and field boundaries

at a 1:10 000 scale. Nearest neighbor resampling was applied to preserve the radiometry of the
original image. A DEM was interpolated using INTERCON, from the raster GIS IDRISI (IDRISI,
1 1992), from the contour lines of 1:10 000 scale topographic maps (based on 1989 airphotos, S m
- contour interval). The DEM was interpolated according 1o 2 2 x 2 m grid; a 5 x 5 median filter was
then applied to it, followed by a contraction to a 4-m x 4-m pixel, and subsequent 5 x 5 median

‘@ filtering. In the radar ortho-image of the study zone corresponding to flight line 8.3 (figure 5b), one

‘can observe that the area presents a lightly rolling relief that the canvon of the Quebrada Honda River
cuts vertically. The area is covered by sugarcane on mild slopes (up to 10°) and by coffee, forest,

plantain, banana, and vegetable crops on steeper slopes {15% 40°).

3. Results

During the acquisition of the SAREX data, a procedure called Sensitivity Time Control (STC)

18
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was applied to obtain images with flat radiometry over ground targets. Whereas images acquired in
nadir mode still contained obvious range-dependent radiometric modulations, these flight lines
acquired in narrow-mode had a relatively even radiometry. For this data, topographic normalization
18 therefore expected to give good results for analysis. The method has been implemented using
standard procedures of the image processing software PCL including the raster modeling scripting
language. No code-level programming was required.
Figure 5a shows the subset of flight line 8.3 before topographic normalization using Equation
i 14, with H,.= 0 and =2 and figure 5b shows the subset afterwards. Ground range pixel size is the
Esame as the DEM, ie 4-m x 4-m. Speckle has been removed by filtering with a morphological filter
l

(Lira et al, 1997). We can see that the image radiometry has been substantially flattened and that

departure from lambertian scattering becomes easy to track visually, especially at high (>70°) local
incident angles. As Elachi (1987} points out, the radar return for high & brings more information on
the small-scale structure, and for low &, it provides information on the surface slope distribution. This
1s evidenced here as the slope facing the radar in the Quebrada Honda canyon, which presents low

values of 8, , shows a tone similar to the surroundings. . On these slopes we can now distinguish

forest and plantain or banana plantations from coffee plantations.

In figure 5b, the area indicated by arrow is a moist, bare-soil field, recently heavily plowed,
that presented a rough surface (estimated to be >25 cm rms). In the uncorrected image, we might
‘have attributed this unusually high return to topographic effects such as those appearing in the
ésurroundings. The radiometric correction removes the ambiguity, because the field preserves its high

return and the surrounding bright areas disappear.

6, &, and 6, images provide useful information for the study of radar scattering on specific
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targets. For example, we found that targets as different as bare soil, and coffee and sugarcane fields
appear bright for high 8 (meaning that DN>DN;) (see bright areas in figure 5b). This return, stronger
than expected from a lambertian scatterer, indicates an increased effect of corner reflectors for high
; 6. This effect has a highly defined threshold in the 70°-80° range, where exact value may depend
| on the type of target.
Conversely, trees and buildings now show up as bright spots because they act as corner
reflectors and not as lambertian targets. This somehow reduces the visual quality of the images but

sallows an easier detection of such components.

l4.  cConclusion

{
We have presented a straightforward method to study and correct radiometric distortions

caused by topography in SAR images. The method is simple and easy to implement, and does not
‘ require sophisticated software or code-level programming. Any rectification software (with
| polynomial or radat-specific transformations) 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 incident

jangle along the range and azimuth directions. Empirical or semi-empirical scattering models can then

be applied and tested against the SAR image We derive the corrections for three angular models
(independent backscattering, independent gamma, and lambertian} and extend our work to the case
of calibrated images.

In the area of Juan Vifias in Costa Rica, high-resolution C-SAR image subsets have been
normalized with a synthetic image assuming lambertian scattering. The removal of topographic

| features appeared excellent for local incident angles up to 70°. For higher local incident angles, smali-
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scale structures have pronounced effects in the radar return and were not corrected.
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Figure captions

Figure 1

Figure 2:

[Figure 3:

Figure 4:

The synthetic image of the slant range SLR(x,y) (figure 1¢), is orthorectified (figure
1d) with the same parameters as those used to produce the radar ortho-image

(figures 1a — north is towards the bottom of the page - and 1b).

Geometry of an airborne, right-looking radar (constant altitude ALTT):

{a) Representation of terrain normal T and its projection on the incidence plane
(the projected vector makes an angle S, with the vertical) and on the azimuth plane
(the projected vector makes an angle S, with the vertical). § is the maximum
terrain slope, and A the direction of the maximum slope. These angles define the
orientation of terrain normal at coordinate (x,y/.

(b} Geometry in the incidence plane , (¢) Geometry in the azimuth plane.

Calculated images of® (a) 8, the incident angle with respect to the vertical, (b} 6,
the local incident angle in the range direction, and (c) &,, the local incident angle in

the azimuth direction.

Graphs showing (a) the dependence on the DN, (proportional to the backscatter
amplitude), and (b) the inverse of DN, (proportional to the correction factor) on
the local incident angle in the range and azimuth direction (see Equation 10 with

=2} for lambertian scattering.
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Figure 5: High-resolution C-SAR ortho-images of the Juan Vifias area, Costa Rica: (a) raw
image (HH = Red, VV = Cyan); (b} radiometrically corrected for the topography

using Equation 14, with A~ 0.
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