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Geometric Rectification of Radar 
Imagery Using Digital 
Elevation Models 

A procedure is described to remove terrain induced spatial distortion 
in radar imagery. 

C URRENT WORK in radar image processing for 
rock type discrimination includes multisensor 

studies requiring coregistered radar and multi- 
spectral scanner (MSS) data sets, (Blom and Daily, 
1981). In previous work (Daily et al., 1978; Blom 
et al., 1981), this registration was achieved by 
tedious manual identification of tiepoints com- 
mon to both images followed by rubber-sheet de- 
formation correction based on a polynomial fit to 
the control point geometry. For the relatively flat 
sites studied (Death Valley, California and San 
Rafael Swell, Utah) this technique gave satisfac- 

RADAR IMAGE DISTORTIONS 

Radar images frequently display a highly distorted 
character which substantially inhibits subjective 
interpretation and precludes quantitative analysis 
of spatial relationships. This unusual quality oc- 
curs in radar imagery largely because terrain vari- 
ations cause features to be displaced in a direction 
opposite to that which occurs in natural vision. 
The peak of a mountain, for example, is displayed 
in an active radar image at the same location as a 
point at a lower elevation which is closer to the 
observer. In conventional photography, on the 
other hand, the same peak appears in the image 

ABSTRACT: Geologic analysis of radar imagery requires accurate spatial rectifi- 
cation to allow rock type discrimination and meaningful exploitation of mul- 
tisensor data files. A procedure is described which removes distortions pro- 
duced by most sources including the heretofore elusive problem of terrain in- 
duced effects. Rectified imagery is presented which displays geologic features 
not apparent in the distorted data. 

tory results but was extremely laborious. The next 
generation of multisensor studies will focus on 
areas of moderate relief and valley-ridge topogra- 
phy. A correct sampling of such topography im- 
plies the identification of tiepoints in each valley 
and on each ridge, which for a Seasat Radar image 
(100 km on a side) and 2-km mean drainage spac- 
ing would require identifying 104 tiepoints. This 
level of effort would be prohibitive in terms of 
computer and analyst resources. This paper re- 
ports first results from an alternative rectification 
technique that utilizes digital elevation data and a 
model of radar image distortion. 
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plane at a distance further away than the surround- 
ing lower elevations. This difference from normal 
sight is magnified by the fact that as the system 
moves more directly overhead the apparent dis- 
placement is increased, a behavior strongly at 
odds with our day to day experience. Normally, we 
expect to obtain a more accurate rendition of a 
surface as we view it less obliquely. The unusual 
appearance of radar imagery is enhanced by other 
factors. The displaced features are frequently em- 
phasized because they are often facing nearly per- 
pendicular to the direction of illumination. This 
produces not only a strong specular response but 
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also an accumulation of returns from points along 
the slope which occur at nearly the same range. In 
addition, contraction in the near range is produced 
by the non-linearity of the relationship between 
range and distance on the surface. In practice, 
other bothersome radar-unique distortions may 
occur. A typical example is a second order effect of 
the Earth's rotation. Skew is introduced by the 
cross-track motion of the Earth as the sensor 
moves along its orbit. This effect might easily be 
anticipated and be removed by the synthetic 
aperture signal processing. Not as immediately 
evident, however, is the variation in the doppler 
frequency of the radar signal produced by the dif- 
ference in the relative Earth motion from top to 
bottom of the scene. This difference introduces as 
second skew appearing as an incremental along- 
track translation of sequential image rows. 

The unusual character of distortions in radar im- 
agery is detrimental to subjective analysis, but it is 
especially damaging to certain types of quantita- 
tive investigations. It precludes digital multispec- 
tral analysis and measurements involving spatial 
relationships (e.g., the generation of geologically 
useful plots of the angular distribution of linear 
structures). In general, the unique behavior of 
radar image geometry has severely limited the use 
of these data for scientific analysis. 

Initial approaches to geometric rectification 
have dealt with those effects which were most 
easily removed. Approximate correction of near 
range contraction reduced the distracting appear- 
ance of this effect which is particularly obvious in 
images with a wide range of viewing geometry. 
This expanded the usable extent of these data and 
allowed the construction of mosaics, making pos- 
sible coordinated examination of broad regions. 
Controlled polynomial modeling of geometric 
distortion achieved reasonably accurate rectifica- 
tion of all effects except those due to high fre- 
quency topographic components (which, de- 
pending on viewing geometry, might be as large as 
three times the local topographic variation). Im- 
ages processed in this manner (through registra- 
tion to map bases or other spatially realistic image 
data) have, in areas of low relief, been successfully 
subjected to multispectral analysis. 

These limited approaches have significantly 
enhanced the scientific utility of radar imagery by 
correcting much of the systematic distortion as 
well as some of the terrain induced effects. How- 
ever, the removal of distortion produced by local 
elevation variations has remained a critical prob- 
lem. This paper presents the results of a rectifica- 
tion process which has proven reasonably suc- 
cessful in correcting even these high frequency 
effects. 

The concept underlying this more thorough cor- 
rection process is to generate a model of the radar 

system and environment to be used with digital 
terrain data in order to position each radar image 
sample at its true location in a convenient mapping 
projection. Typically, estimates of relevant system 
variables (sensor position, pointing vector, scale, 
etc.) are not consistently accurate. So, the concept 
also employs a "best-fit" approach to determine 
the values of model parameters. Estimates are ob- 
tained which minimize differences between com- 
puted and measured locations of a set of control 
points (tiepoints) in the imagery. To obtain loca- 
tions of tiepoints in the mapping projection, a 
simulated image is generated from the digital ter- 
rain data. This simulation is a display of the cosine 
of the angle between the local suface normal and 
the ray from the nominal sensor location. It exhib- 
its the general appearance of a photograph of the 
surface illuminated from the sensor position, and 
it bears a sufficient similarity to the radar image 
that the requisite number (usually two to three 
times the number of model parameters) of 
tiepoints can be found. 

Due to a pressing need for spatially rectified 
radar images, the problem is being addressed in 
stages. In this way, corrected imagery will be avail- 
able throughout the development process. The pro- 
cedure presented here represents the initial phase 
of the development. It employs commonly avail- 
able, general purpose spatial manipulation software 
to accomplish much of the large scale transforma- 
tion. The task remaining to be performed by new 
software is thereby simplified, and a working pro- 
cedure is obtained with a minimum of technology 
development. 

The procedure consists of a preliminary trans- 
formation using general purpose routines to per- 
form rotation, scaling, and deskew. The product of 
this step, a radar image in which the cross-track 
direction is aligned with the rows of a digital ele- 
vation data file, is then subjected to a special pur- 
pose program which removes, row-by-row, the 
remaining distortions.* This two-step process 
registers the radar scene to the elevation data file. 
Because the terrain data are presented in a stan- 
dard Universal Transverse Mercator (UTM) projec- 
tion, the product of the process is a radar image 
which spatially corresponds to the topographic 
map. 

More specifically, the row-by-row processing 
consists of the following steps. (Refer to Figure 1 
for a diagrammatic presentation of the procedure.) 
At each sample location in a row of terrain data, 
the range to the radar sensor is computed using the 
simple trigonometric identity relating the range, 

* (Digital Terrain data were obtained from the U.S. 
Geological Survey, National Cartographic Information 
Center. In these data, elevation estimates were obtained 
from contour lines on standard 1:250,000 scale UsGs 
topographic maps in UTM projection. Heights were pro- 
vided in a rectangular array of samples spaced roughly 
200 feet apart.) 
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FIG. 1. Processing procedure. 

the difference between the nominal sensor height 
and the topographic elevation, and the surface 
distance from the nominal sensor point to the ter- 
rain sample (Figure 2). The sensor height and sub- 
sensor location are obtained from ephemeris data. 
To convert from range to a coordinate in the radar 
image, multiplicative (gain) and additive (offset) 
factors are applied to the range value. The values 
of gain and offset are determined based on manu- 
ally located control points in several lines of the 
data. At these control lines, two corresponding 
features are identified in both data sets near oppo- 
site ends of the line. (Features are identified in the 
topographic data set using the simulated view de- 
scribed in the discussion of the basic concept.) 
Gain and offset values are then computed to rec- 
oncile the tiepoint locations in the radar and ele- 
vation data sets. Tiepoints may be found at any 
number of lines (two control lines were used to 
produce Figure 3b). For lines between these con- 
trol lines, the gain and offset are interpolated 
linearly. Finally, the radar image brightness at the 
computed coordinate is obtained by interpolating 
between the neighboring samples. That bright- 
ness is then assigned to the corresponding location 
in the digital elevation data set. 

The gain and offset could be chosen respec- 
tively as the nominal image scale factor and the 
range at the near edge of the image. However, ex- 
perience has demonstrated that nominal values of 
these factors as well as those concerning sensor 
position are far too inaccurate to produce the pre- 

1 cision required for this coordinate computation. 
Further invalidating the use of raw ephemeris data 
is the fact that small errors in the preliminary 
geometric manipulation may be manifested as 
changes in the effective ground track of the space- 
craft. 

I 

Presented below is an example of the applica- , tion of the process to a Seasat radar image of an 
area of the Pine Mountain Thrust of Tennessee. 
This site contains terrain with elevation variations 
of up to roughly 1,000 metres. Three images are 
displayed in Figure 3: a simulation of illuminated 
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FIG. 2. Basic scene geometry. 

topography (described above) (Figure 3a), the 
radar image geometrically rectified to remove 
topographic effects (Figure 3b), and the uncor- 
rected radar image (Figure 3c). The simulated 
image is provided as a reference against which to 
compare the two radar scenes. Figure 3c has under- 
gone the initial processing step which corrects for ro- 
tation and skew. It is displayed, rather than the 
unprocessed picture, to simplify evaluation of the 
effects of the rectification process and to em- 
phasize the impact of topography on spatial re- 
lationships. In addition, Figure 4 provides a Land- 
sat image of the area (Figure 4a), a sketch map 
(Figure 4b) in which significant geologic features 
are identified, and a detailed map of lineaments 
and faults in the Jellico Creek area (Figure 4c). 

The result of the process is the radar image 
geometrically rectified to the uTM projection in 
which the topographic data were provided. Among 
the most obvious effects of the rectification pro- 
cess is the more natural character it has produced 
in the corrected scene. More significant than this 
appearance improvement, however, are the 
changes the process has wrought on the orienta- 
tion and shape of local features. These differences 
are particularly apparent in local areas containing 
bright slopes oriented perpendicular to the inci- 
dent radiation. The expansion of these faces 
coupled with the directional changes produced in 
the neighboring small scale features make the 
spatial relationship between these two types of 
structures considerably more understandable. The 
geometrically rectified radar image (Figure 3b) is 
also a superior display for identifying lineaments. 
The block of moderate-relief topography north- 
west of the Pine Mountain Thrust (see feature 
map, Figure 4b) shows a number of aligned drain- 
ages that are poorly expressed in the unrectified 
Seasat scene (Figure 3c). Lineaments compiled 
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(a) 
FIG. 3. (a) Simulation of illuminated terrain. (b) rectified seasat image. (c) seasat image. 
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FIG. 4. (a) Landsat image. (b) significant feature map. (c) lineament map of Jellico Creek area. 
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from the rectified scene are shown in Figure 4c. 
Note that the Lick Fork lineament offsets the Jel- 
lico Creek and Smith Creek lineaments approxi- 
mately 3 kilometres in a left-lateral sense. This 
geometry is consistent with the Lick Fork linea- 
ment being a splay segment (a spur off a major 
fault commonly occurring near the end of its ex- 
tent) of the Jacksboro Fault. This relationship is 
not evident in the Landsat scene (Figure 4a), 
which is illuminated from the south, but it can be 
detected on the simulation (Figure 3a), which is 
illuminated from the west. It is also easily recog- 
nized in the rectified radar scene (Figure 3b) but 
not in the uncorrected Seasat image (Figure 3c). 

The generally successful spreading of facing 
slopes, which is largely responsible for the natural 
appearance of the corrected scene, is also indica- 
tive of the accuracy to which the radar range has 
been determined. In this computation, errors as 
small as one or two samples can cause the 
neighboring darker slopes to be incorrectly ex- 
panded. In fact, such mis-registration is visible 
along the Jacksboro Fault. There, the inaccurate 
correction which was performed resulted from the 
failure of the linear gain and offset transformation 
to compensate for erroneous estimates of local 
system parameters. It is anticipated that the more 
sophisticated implementations of the process cur- 
rently under development will be better able to 
avoid such problems. The implicit models of 
global geometry in these models will not be con- 
strained to simple translation, rotation, scaling, 
and deskew. 

Finally, it is interesting to note the strong effect 
the topography has produced on the left edge of 
the corrected radar image. The irregularity of this 
edge occurs because the coverage of the radar 
image was less than that of the topography. The 
variations in the edge illustrate the magnitude of 
the displacements the radar samples experience 
due to elevation differences, which in that area 
vary over a range of about 600 metres. 

cessing step for spatial and spectral analysis. To 
fully utilize radar data for multisensor lithologic 
discrimination, the geometrically rectified scene 
must undergo a subsequent radiometric rectifica- 
tion to strip out the effect of slope on scene bright- 
ness. This brightness correction requires knowl- 
edge of the local surface slope and the backscatter 
curve as a function of terrain slope. Note that the 
curve as a function of slope is not identical to the 
curve as a function of look angle, because vegeta- 
tion tends to grow parallel to local vertical rather 
than normal to local slope. These geometric and 
radiometric corrections will be somewhat easier in 
the future as orbital imaging radars utilize larger 
look angles. 

This paper presents one phase of research con- 
ducted at the Jet Propulsion Laboratory, California 
Institute of Technology, under NAS 7-100, spon- 
sored by the National Aeronautics and Space Ad- 
ministration. 
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