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Venus is the closest planet to the Earth (less than 40 x 106 km distant at closest approach) but it is also
the body which has been one of the most difficult to study. Venus is perpetually covered with a thick layer of
sulfuric acid clouds which block views of the surface in visible wavelengths. Only in the past 30 years with use of
long wavelength observations have scientists begun to unravel the mysteries of the surface of Venus.

The inability of Earth-based optical telescopes to penetrate the clouds of Venus led to much speculation
about surface conditions on our neighboring planet. Venus is slightly smaller than the Earth, with a diameter of
12,104 km (95% of the Earth's diameter) and a mass of 4.9 x 1024 kg Mg =6.0 x 1024). Thus, Venus and Earth
are very similar in physical properties, leading many to refer to Venus as the Earth's "sister planet”. The presence
of clouds and a thick atmosphere prompted further comparisons between the two planets until the compositions of
Venus' atmosphere and clouds were determined. In fact, up until the 1960's, one of the prevalent scenarios for
surface conditions on Venus was one of a warm, moist, swampy planet teeming with life (Colin, 1983).
Spectroscopic studies beginning in 1932 revealed that the major constituent of the atmosphere was carborm dioxide.
Scientists believed that the clouds might be composed of water, even when high-resolution spectroscopy from the
ground, from balloons, and from spacecraft indicated that water could constitute only a minor component of the
clouds. Water was finally ruled out for the clouds when polarization studies showed droplets with a refractive
index of 1.45. Studies by Sill (1972) and Young (1973) showed that concentrated sulfuric acid droplets matched
both the refractive index and the spectral characteristics of the clouds.

The clouds prevented visual observations of the surface throughout most of astronomical history. Doppler
radar experiments beginning ip 1961 were used to finally determine the rotation period of the planet: 243.01 d,
retrograde. Thermal emission from the planet indicates a very high surface temperature of approximately 700 K, a
result of a runaway greenhouse effect (Sagan, 1960; Kuz'min, 1983). Topography and surface properties for Venus
have only recently been obtained in sufficient detail to allow in-depth analysis of the surface geology and evolution
of the planet. Earth-based Doppler radar observations to determine surface properties of Venus began with the
1967 inferior conjunction of the planet. Variations in radar reflectivity were mapped and resolution from the 305 m

Arecibo radio telescope has approached 1-2 km for some areas (McGill et al.. 1983).
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Spacecraft-based studies of the surface of Venus began in 1978 with the Pioneer Venus Orbiter. Pioneer
Venus, equipped with a side-looking radar, produced a near-global medium resolution (30 km for radar images,
100 km horizontal resolution for altimetry) radar altimetry map, missing only the polar regions of the planet (north
of +78° and south of -63°). The results of the Earth-based and Pioneer Venus radar mapping programs showed
that the surface of Venus can be divided into three physiographic provinces: highlands (about 8% of the surface),
rolling plains (65% of the surface), and lowlands (27% of the surface). The altimetry data (with vertical resolution
of 100 m from Pioneer Venus) revealed that the highest area on the planet (Maxwell Montes) is 11 km above the
mean planetary radius of 6051 km. Two major continental-sized highlands regions exist on the planet: Ishtar
Terra in the north and Aphrodite Terra near the equator (Masursky et al., 1980). A third highland area (Beta
Regio) is apparently a concentration of shield volcanoes with a rift zone connecting the two major centers of
volcanic activity. The volcanic nature of Beta Regio is supported by the geochemical analyses of the Venera 9 and
10 landers which indicate a soil composition consistent with basalt (Surkov, 1983).

Detailed geologic mapping of the venusian surface began in 1983 when the Soviet Venera 15 an‘d 16
orbiters mapped 25% of the surface (north of +30°) using a side-looking radar system. This system provided 1-2
km resolution at an incidence angle of 10° over a footprint of 40 to 50 km. The altitude accuracy was 50 m. The
resulting radar images allowed distinction of several types of geologic features, including various types of plains,
tectonic features, and volcanic constructs. Analysis of these images suggested that the geology of Venus is
dominated by volcanic and tectonic processes. Counts of impact craters suggested a relatively young average crater
retention age of 400 x 106 years for the surface (Barsukov et al., 1986).

The results of the VVenera 15 and /6 radar imaging experiment set the stage for the U.S. Magellan
mission. The scientific goals of Magellan were to (1) improve the knowledge of the geologic history of Venus by
analysis of the surface morphology and electrical properties, and (2) improve the knowledge of the geophysical
properties of Venus through analysis of the gravity field. Three years after its arrival at Venus, Magellan has
confirmed the dominant role played by volcanism and tectonism in shaping the planet's surface and has

dramatically advanced our knowledge about the thermal evolution of our neighbor in space.
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The Magellan Mission

Magellan was launched from the Space Shuttle At/antis on May 4, 1989, the first planetary mission to be
launched by the shuttle. Venus orbit insertion occurred on August 10, 1990, placing the spacecraft into an
elliptical near-polar orbit (inclination of 85.5°) with an orbital period of 3.26 h and periapsis altitude of 285 km at
+9.9°. The spacecraft completed three mapping cycles and is currently collecting gravity data. Cycle 1 was a 243-
day mission (September 15, 1990 to May 15, 1991) which imaged 84% of the surface with left-looking synthetic
aperture radar (SAR). Cycle 2 imaged 50% of the planet (between May 15, 1991, and January 15, 1992) using
right-looking SAR, and cycle 3 (January 21, 1992 to September 14, 1992) once again used left-looking SAR to
cover 35% of the surface (Saunders et al., 1992). On September 14, 1992, thrusters lowered Magellan's periapsis
from 285 km to 170 km. The orbit was still too elliptical for good gravity analysis, however, so a series of
aerobraking maneuvers through Venus' atmosphere was conducted between May 25 and August 3, 1993, reducing
the orbit to a more circular 197 x 540 km (the previous orbit had been 170 x 8460 km).

The Magellan spacecraft consists of a 3.7-m-diameter high-gain antenna which is used both for SAR and
as the telecommunications system (Figure 1). The radar sensor is shared between the side-looking imaging and
nadir-directed altimetry experiments. The nominal operating altitudes for SAR studies are 275 to 2100 km,
although studies can be conducted between 225-3500 km altitude if necessary. The antenna is rigidly mounted on
the spacecraft, requiring frequent turns of the entire spacecraft during mapping, telecommunication operation, and
navigation. The antenna has a look angle of 13°-47°, resulting in an incidence angle on the surface of 18°-50°
(Saunders et al., 1990).

The radar uses a "bur_st mode” data collection scheme, during which it alternately transmits and receives
pulses (Figure 2). This technique was necessary because the data handling and transmission system was unable to
handle the high data rate of a continuously operating SAR. During the transmission period, the SAR transmits
150 to 800 pulses (total 26.5 psec width) at a frequency of 5 kHz. After the SAR transmission bursts, 17 altimeter
pulses (separated by 0.5-1.0 s) are transmitted every 1 msec at 15 kHz frequency from the dedicated fan beam
altimeter antenna located adjacent to the high-gain antenna and directed to the spacecraft nadir. The altimeter
waveform and bandwidth are identical to the SAR pulses which results in identical slant range resolution for both

SAR and the altimeter (about 80 m). The returned echo results are initially held in the burst buffer memory and
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FIGURE 2: Time sequence of data-taking bursts in the different radar operating modes. From Saunders et al
(1990).
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spacecraft tape recorders at a rate of 750 kbps while altimetry data is recorded at an average rate of 35 kbps. The
geometry of the Magellan spacecraft, its high-gain antenna, and its altimetry experiment during the data collection
phase .for SAR or altimetry data is shown in Figure 3.

During the mapping phase of operations, Magellan orbited Venus with a period of 3.26 hr. Only 37.2
min of each orbit was dedicated to the acquisition of mapping data. Two periods of approximately 57 min each
occurred per orbit for playback of data from the on-board tape recorders to the Deep Space Network on Earth. An
orbit would begin with the high-gain antenna pointed slightly left of the Venus ground track for left-looking SAR
orientations (Cycles 1 and 3) and slightly right of the ground track for the right-looking SAR orientation (Cycle 2).
Throughout the orbit, the radar look angle, with respect to the nadir, was varied to obtain the best resolution at a
particular altitude for a fixed signal-to-noise ratio. Tape recording of the data began as soon as the mapping phase
was initiated. During the mapping phase of each orbit, over 4000 commands were issued by the spacecraft
computer to control such parameters as radar pulse repetition, frequency, etc. Consecutive orbital passes covered
slightly different latitude ranges: the first path would cover regions between +90° and -54°, whereas the
subsequent path would image regions between +76° to -68° latitude. This variation of the mapping paths on
alternate orbits increased overall coverage of the planet by eliminating excessive overlap at the polar regions where
the surface swath overlap is a maximum. After the mapping period was completed, the spacecraft was reoriented
so the high-gain antenna was pointed to Earth. Playback of the tape-recorded data occurred for 56.6 min, followed
by a 14 min period for spacecraft navigation checks at apoapsis, then another 57.2 min data playback period.
Following the second playback period, the high-gain antenna was reoriented back towards the surface of Venus
and the next mapping cycle commenced (Saunders et al, 1992).

Mapping products consist of long strips of data 20 to 25 km in width and covering the entire latitude
range of the mapping path. The orbital plane of the spacecraft remained essentially fixed in inertial space while
Venus slowly rotated underneath, causing each mapping path to be slightly offset from the previous path. The
amount of overlap between image swaths taken on successive orbits varied with latitude but averaged 5 km.
Complete coverage of Venus occurred after 243 days. Intensive processing of the returned data produced a variety

of mosaicked image data products for scientific analysis.
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FIGURE 3: Geometry of altimeter and SAR for Magellan spacecraft.




[image: image8.jpg]Telemetry data from Magellan was intercepted by the Deep Space Network stations, formatted, and sent
electronically to the Jet Propulsion Laboratory (JPL). Once at JPL, the data were processed by the Magellan high-
rate (MHR) processor which removed tape-recorded and station-overlapped data. The data were frame-
synchronized and time-ordered, then altimetry data were separated from the SAR data. The highest quality data
from the SAR were sent to the SAR Data Processing Subsystem, which transformed the raw data into full-
resolution basic image data records (F-BIDRs). Approximately 60 orbits worth of data could be processed per
week. Each F-BIDR contained all the image data corresponding to one orbit plus the ancillary files containing the
SAR data necessary for processing. The pixel values in the F-BIDRs are expressed in terms of the observed radar
backscatter coefficient value relative to a prescribed backscatter model that is a function of signal incidence angle.
Using the F-BIDRs, the Image Data Processing Team generated large area mosaics. Four standard types of
mosaics were produced, each of which are 7168 lines by 8196 samples. The full-resolution mosaicked image data
record (F-MIDR) uses the full 75-m resolution of the input F-BIDR. Three levels of compressed resolution mosaics
also were produced: C1-MIDR (compressed once, corresponding to 225-m resolution), C2-MIDR (com;;ressed
twice, giving 675-m resolution), and C3-MIDR (compressed three times, corresponding to 2025-m resolution).
Each stage of compression involved averaging the values of 3x3 arrays of pixels from the next higher resolution
version of the image data. When processing was completed, the data were written to magnetic tape for archiving
and to optical disks as working copies for further processing. The data have been copied to compact disks-read-

only-memory (CD-ROMs) containing 650 Mbytes of data each for distribution to the scientific community.

Interpreting Radar Images
Radar imagery of geologic features produces a scene of varying brightness (Figure 4). Three factors
control the brightness of radar images: (1) surface slope, (2) surface roughness, and (3) dielectric constant of the
imaged material. Surface slope is the dominant determiner of radar brightness. If the surface is perpendicular to
the radar beam, the energy is reflected back to the spacecraft, causing the feature to appear bright. Surfaces titled
away from the beam will appear dark since most of the energy is reflected at angles away from the spacecraft
detector. If the surface slopes away from the beam at a great enough angle. a radar shadow will occur. In

Magellan images. shadows result when the surface is inclined more than 71° from the radar beam at the minimum
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[image: image10.jpg]look angle of 13°, or more than 44° at the maximum look angle of 47°. The major effect of brightness variations
due to slope is to emphasize topographic variations.

Surface roughness is the second most important factor affecting the brightness of a radar echo. Brightness
variations give clues about surface roughness at a scale much smaller than the spatial resolution of the radar image.
The response is wavelength dependent. Therefore, for the Magellan SAR which operates at a wavelength of 12.6
cm, brightness variations are providi.ng information about surface roughness on the order of cm's in size.

The third factor affecting radar brightness is the dielectric constant of the surface material. On Earth,
dielectric constant is mainly a function of the water content of the soil. Little water exists within the atmosphere of
Venus, and, with a surface temperature of 700 K, water is not expected in the soil. Therefore dielectric constant
was expected to play a minor role in the imerprctatibn of radar brightness for Venus. In general this was
confirmed by Magellan--most materials were determined to have a dielectric permittivity of between 4.0 and 4.5,
consistent with dry basaltic minerals (Pettengill et al., 1992). However, topographically high regions generally
display lower emissivities, suggesting that a phase change or differences in chemical weathering occur al;out 3 km
above the mean planetary radius (Tyler et al., 1991).

Comparative planetology utilizes information obtained from well-studied sources (usually the Earth) to
interpret remotely sensed features on other solar system objects. Qualitatively, radar produces images with features
that can be identified with specific geologic processes based on morphology alone. However. radar backscatter is
controlled by properties of the target which are fundamentally different from those which control visible light
reflectance, so quantitative comparisons cannot be performed without knowledge of these differences. In
preparation for the Magellan rpission, scientists began a concentrated program of using radar to study geologic
features on the Earth (Radar Geology Workshop, 1980; Ford et al.. 1989). Terrestrial data were obtained using the
Seasat SAR and Space Shuttle SIR-A and SIR-B. Although incidence angles and wavelengths varied from those
used by Magellan, the terrestrial radar analyses provided ground truth for the interpretation of spaceborne radar
imaging.

The terrestrial investigations revealed that interpreters of radar images must exert considerable caution in
their analysis. For example, images can appear quite different when the look direction changes from left-looking

to nght-looking SAR. Magellan investigators were mislead by such a situation--an area imaged in cycle 1 looked




[image: image11.jpg]quite different in images from cycle 2, and was publicly announced to be a landslide "caught in the act" by
Magellan. Later analysis revealed that the area had not undergone recent mass wasting, but rather simply
appeared different under the two different illumination directions.

Quantitative analyses of radar images can produce substantially different results from visual light images
if proper precautions are not taken. For example, the illumination geometry of Seasar SAR images of the
Barringer Meteor Crater in Arizona emphasizes backscatter caused by large slope effects. Radar layover and
corner reflections cause saturation on the image and obscure part of the crater floor, affecting measurements of
floor diameter. Slope changes along the rim can cause high amounts of backscatter, which obscure the rim
structure and position. Crater rim diameter measurements from radar images must therefore be taken where the
crater wall is essentially parallel to the radar illumination vector so that backscatter is minimized (Ford et al.,
1989).

Quality of the SAR images varies, depending on number of looks, spatial resolution, amplitude resolution,
signal-to-noise ratio, and incidence angle. For Magellan, each burst of SAR data cc;rresponds toa singlé look.
Multiple looks are needed to reduce the effect of speckle, which results fron> irﬁages derived using coherent
illumination. Therefore, most areas receive at least four looks in an attempt to reduce speckle without causing too
large a loss in azimuth (along-track) resolution, which decreases in inverse proportion to the number of looks.

The azimuth resolution is determined solely by the length of the synthetic aperture created while the
spacecraft is moving past a target (i.e., determined by the number of successive coherently related pulses and by
their spacing within a burst). Azimuth resolution along the surface varies from 120-150 m. Range (across-track)
resolution is determined by the transmitting bandwidth (2.26 MHz), giving a surface resolution of 120-360 m.
Amplitude resolution defines the precision with which the radar backscatter characteristics of the surface can be
correlated with the output image.

Terrestrial radar data help to put constraints on the acceptable signal-to-noise ratio (SNR) for the radar
system. The thermal SNR for the system is restricted to less than 8 dB. Approximately 5 dB of the SNR within
the output image can be attributed to various n(;ise contributors, including thermal noise. ambiguities. saturation.

link error noise, and quantization noise associated with some of the on-board instruments.




[image: image12.jpg]Incidence angle is one of the most important parameters in the interpretation of radar images. The
incidence angle is the angle between the radar beam and the nonnél to the surface tangent. Incidence angle is not
the same as look angle for spaceborne radar applications because of the effect of planetary curvature (which makes
the incidence angle generally less than the look angle). Incidence angle is important since terrain inclined locally
at angles greater than the radar incidence angle can cause radar layover (also called projection foldover).
Alternately, too large an incidence angle can cause distant portions of the images to be shadowed by elevated
features closer to the radar. Data taken at large angles also return weaker echo strengths. These considerations
constrain the incidence limits to generally between 20° to 70°--for Magellan, this angle varies from 18° (above the
pole) to 50° (at periapsis). About 70% of the planet's surface was mapped at 30° incidence angle, optimizing the
image products for use in studying the surface.

The interpreter of radar images must be aware of the characteristics of SAR images that distinguish them
from images taken with other sensors. In addition, artifacts contributed to the SAR image by the limitations or
incorrect operation of the sensor or processing system must be considered. Unique characteristics of SAR‘images
include radiometric effects such as speckle, data saturation, and strong backscatter returns, and geometric effects
which include layover and Doppler shifts caused by movement of the target and the sensor. Processing errors can
include azimuth ambiguities (where high-frequency data can be mixed in and masqueraded by low-frequency data,
causing ghost images), range ambiguities (caused by echoes from the extreme far range have round trip times long
enough to place them in the receive window intended for the succeeding pulse), and range gate misalignment
effects (resulting from changes in altitude affecting the time of receipt of the radar echo). Magellan scientists and
engineers have been highly successful in their attempts to reduce these effects on the final images, but users of the

data must be aware of their possible presence and interpret the data accordingly.

Conclusion
Magellan SAR and altimetry data have dramatically increased our knowledge of the surface properties
and geologic processes of our neighboring planet. In addition, this mission has produced a surge of interest in
spaceborne radar interpretation of terrestrial features. the experience of which will be useful in interpretation of

data obtained by two Earth imaging radar shuttle missions in 1994. Ideally. however. it would be useful to have




[image: image13.jpg]radar images of geologic features on other planets for more detailed planetary comparisons. Although many
geologic features on Venus have terrestrial analogs, not all features can be identified with a terrestrial counterpart.
Earth is now believed to be the only planet in the solar system with plate tectonic activity and this unique tectonic
regime may preclude the formation of certain types of features on Earth. Comparison of Venus with other single-
plate planets such as Mars may help constrain explanations for some of the enigmatic features found on these
worlds. For example, the coronae on Venus have been proposed to be similar to the Alba Patera volcano on Mars
(Barlow and Zimbelman, 1988), but lack of radar data at sufficient resolution for Mars precludes detailed
comparative studies. A major goal of future planetary missions should be the inclusion of a SAR system to study
planetary surfaces with little or no atmosphere. Only then will our understanding of radar imaging and the factors

affecting the results be considered at an scientifically advanced stage.
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