
Table 5. Radiometer surface footprint resolution 
versus spacecraft altitude. 

Resolution 
Spacecraft 

height (km) Along Across 
track (km) track (km) 

290 16 24 
500 25 33 

1000 44 50 
2100 83 87 

material and near-surface atmosphere. Thus, 
the temperature cannot change rapidly and 
is in adiabatic equilibrium; for a given ele- 
vation, the temperature is virtually the same 
everywhere: dark side to light side, pole to 
equator. Vertically, however, the tempera- 
ture decreases at the adiabatic lapse rate of 
approximately -8 K km-'. Thus, if we 
know the altitude of a surface region, we can 
immediately calculate its physical tempera- 
ture, assuming it is in equilibrium with the 
overlying atmosphere (1 4). Because the Ma- 
gellan altimeuy experiment measures the 
height of the Venus surface, and does this 
with a lateral surface footprint resolution at 
least as small as that afForded to the emissiv- 
ity determination by the 2" angular resolu- 
tion of the HGA (Table 5), it is straightfor- 
ward to calculate the actual physical 
temperature of the surface everywhere. The 
estimates of emissivity are included as en- 
tries in the ARCDR product, and are also 
resampled into a global emissivity image 
(GEDR), with 5-km pixels (Table 3). 

A particularly interesting example of sur- 
face emissivity is from Maxwell Mons (Fig. 
7). The area surrounding the Maxwell 
prominence is seen to be characterized by 
values of emissivity averaging about 0.85 
(corresponding to a dielectric permittivity of 
5), which are typical for the planet as a 
whole. At altitudes lying between 6055 and 
6060 km radius, however, the emissivity 
drops rapidly to a low of 0.35, which re- 
quires a surface dielectric permittivity of 87. 
This general behavior has been noted before 
(6) ,  but the resolution offered here allows a 
far more detailed look at the distribution of, 
and lower limits to, the values of emissivity 
in the Maxwell area. Interestingly, the 
northwest-southeast trending ridge to the 
left of the image center, where the altitude 
rises above 6060 to a maximum of 6062 km 
as noted earlier, shows emissivity increasing 
back to about 0.7. The reason for this 
apparent altitude dependence is not clear. 
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Magellan: Electrical and Physical Properties of Venus' 
Surface 

Magellan probes Venus' surface by 12.6-cm-wavelength vertical and oblique radar 
scattering and measures microwave thermal emission. Emissivity and root-mean- 
square slope maps between 330" and 30°E and 90"N and 80"s are dissimilar, although 
some local features are exceptions. Inferred surface emissivities typically are -0.85, but 
vary &om -0.35 at Maxwell to -0.95 northeast of Gula Mons and other locations. 
Lowest emissivities appear in topographically high areas; this relation suggests that a 
phase change or differences in chemical weathering occur at about 6055-kilometer 
radius. Initial results indicate that there are significant variations in the surface 
scattering function. 

ITH THE EXCEPTION O F  A SMALL 

number of locations examined by 
landing spacecraft (I) ,  knowl- 

edge of the physical properties of Venus' 
surface must be inferred from observations 
of electromagnetic radiation either scattered 
or emitted by the surface. In the case of 
Magellan, interpretation is primarily from 
radar images and by classical geologic map- 
ping techniques adapted for radar geomet- 
rical effects and large-scale scattering. Inter- 

pretation also involves determination of 
electromagnetic properties of the surface 
material and estimates of its physical struc- 
ture from nonimaging data; these measure- 
ments serve as constraints and tests on geo- 
logical hypotheses (2-9). In this report we 
describe, for the first 38 days (301 orbits) of 
Magellan operations, 12.6-cm-wavelength 
(A) scattering and thermal-emission data and 
discuss possible inferences for Venus' sur- 
face properties. Our inferences apply to the 
statistical properties of the surface on wave- 
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albeit at much coarser resolution and with 
less accuracy (1 1-13). Venera 15 and 16 
obtained altimetq and radar images at A = 8 
cm of Venus north of about 30"N and 
radiometric data north of the equator (14, 
15). These spacecraft observations built on 
and complemented a long series of ground- 
based measurements and maps produced at 
A = 12.6 cm (5, 6, 16, 17). The earlier 
observations showed that the intrinsic re- 
flectivity of Venus' surface is on average 
equivalent to the Fresnel power reflection 
coefficient at normal incidence of about po = 

0.13. Values range from a minimum of 
-0.03 to >0.40; the highest values were 
observed only for areas at high elevations 
(18). The corresponding values of surface 
emissivity range from -0.39 to 0.95 (12). 

The overall reflectivity and emissivity of 
the surface can, with suitable modeling, be 
related to the electromagnetic properties of 
the material-its permittivity, permeability, 
and conductivity-whereas the variations in 
backscatter reflectivity and emissivity with 
viewing angle can be associated with the 
texture, or wavelength-scale morphology, of 
the surface. For incidence angles less than 
40", the surface backscattering properties are 
often modeled by the Hagfors scattering 
function (19) 

where uo(Oi) is the specific backscatter cross 
section at incidence angle Oi, po is the Fresnel 
reflection coefficient of the surface, and C is 
a parameter related to the root-mean-square 
(rms) surface slopes for scales somewhat 
larger than A. The rms slope is given approx- 
imately by cP1l2. A value of C = 175, 
corresponding to an rms slope of -4, is 
typical (5, 20). Surface emissivity is taken as 
the complement of the Fresnel reflectivity 
with certain simplifying assumptions. The 
validity of this equation as well as the role of 
subsurface and multiple scattering (not in- 
cluded in the Hagfors formulation) are sub- 
jects of continuing study, but will not be 
discussed further here. 

The Magellan radar system, although a 
single assembly, has three distinct modes for 
sensing Venus' surface. The Synthetic Aper- 
ture Radar (SAR) and Altimeter are active 
sensors that allow measurement of the sur- 
face backscatter reflectivity in oblique and 
near-nadir (vertical incidence angle) viewing 
geometries, respectively. The thermal emis- 
sion of Venus at microwave frequencies is 
measured by sampling the SAR receiver 
output when there are no radar echoes pre- 
sent. 

Magellan's SAR operates through the 
narrow beamwidth, high-gain antenna at 
angles of incidence between about 15" and 

AR, Radiometer 

Fig. 1. Magellan geometry for imaging, radiom- 
etry, and altimetry. The SAR and radiometer view 
surface through 2.1" beamwidth antenna. Beam 
intercepts surface obliquely at incidence and emis- 
sion angle 0,; spacecraft rocks slowly (in plane of 
figure) with position in orbit causing 0, to vary 
from about 15" near Venus' north pole, to about 
50" at 1O0N, which corresponds to orbital periap- 
sis, to about 15" again near 80"s. Altimeter horn 
antenna, fixed at 25" angle with respect to SAR 
antenna, is directed generally toward nadir; broad 
beam, approximately 30" in plane of figure, allows 
collection of scattered signal from a range of 
incidence angles (see Fig. 2). 

50" from the local surface normal. Incidence 
angles are smallest toward the poles and 
largest at periapsis, near 1O0N latitude. The 
narrow SAR beamwidth limits observations 
to angles within about lo of the beam center 
(Fig. 1). 

Radiometer measurements provide an es- 
timate of the thermal microwave power 
emitted by the surface of Venus in the 
direction of Magellan. This power is limited 
to that contained in the narrow range of 
angles associated with the SAR antenna 
beam (Fig. 1) (21) and to the narrow range 
of frequencies accepted by the radar receiver 
(22). The spacecraft receiver path has been 
calibrated to provide absolute power mea- 
surements so that interpretation in terms of 
surface physical constants is practical. One 
can derive the surface emissivity in the di- 
rection of the spacecraft from the measure- 

Fig. 2. Examples of scattering cross-section (A) 
and emission (B) curves illustrating parts sampled 
by Magellan. Altimeter obtains unambiguous 
scattering data to about 0, = 6" near the poles and 
to about 0, = 15" near the equator. SAR obtains 
scattered signal from within lo to 2" of incidence- 
angle ranges somewhere within 15" < Oi = 0, < 
50". Thermal emission is received from a small 
range of angles around 0, = 0,. Strength of the 
emission signal depends on the constitutive prop- 
erties of surface material, here illustrated for two 
different values of dielectric constant ( E ) ,  the 
polarization of the receiving antenna ( H  or V), 
and the physical surface temperature. Magellan 
currently is using horizontal (H)  polarization 
(electric-field vector parallel to surface); vertical 
(V) polarization requires 90" rotation of the 
spacecraft about the high-gain antenna boresight. 
Surface roughness modifies the idealized emission 
curves somewhat. 

ment of received power by modeling the 
contribution from the atmosphere and from 
the sky and by assuming that the surface 
temperature is the same as that of the adja- 
cent atmosphere (4). 

Altimetry is achieved by a brief diversion 
of the radar energy to a broad beamwidth, 
horn antenna that is aimed roughly toward 
the nadir (Fig. 1). Approximately once each 
second, a burst of 1 7  radar pulses is trans- 
mitted downward and the corresponding 
echoes are received. The system operated in 
this manner has been optimized primarily 
for determination of range to the surface. In 
principle the altimeter provides continuous 
angular coverage from the nadir-<orre- 
sponding to an angle of incidence of 0"-to 
the limits of the altimeter antenna beam. 
The wide antenna beamwidth permits ech- 
oes from more than one pulse to be received 
simultaneously; however, unambiguous 
echoes are obtained only to an angle of 
incidence of about 6" near the poles and of 
about 15" at periapsis (23). 

Figure 2 gives the scattering angles ob- 
served with the altimeter and the SAR as 
compared with the Hagfors scattering law 
and Fresnel emissivity (compare with Fig. 
1). Whereas the altimeter typically samples 
the region about the nadir, the angle of 
incidence of the SAR boresight can be lo- 
cated anywhere within a wide range corre- 
sponding to the viewing geometry chosen. 
For any choice of SAR incidence angle the 
observed emission angle is the same. 

The methods of data reduction utilized to 
obtain the scattering cross section for the 

A 
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Incidence angle (degrees) 
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SAR geometry are straightforward. For 
known transmitter power, receiver sensitiv- 
ity, and viewing conditions, measured re- 
ceiver power can be reduced to estimates of 
specific backscatter cross section cro(ei) (4, 7, 
24). Similarly, although there are calibration 
issues specific to the Magellan instrument, 
the reduction of the radiometer data fol- 
lowed standard practices (4, 25). In both 
cases atmospheric attenuation and refraction 
were corrected, and a standard topographic 
model derived from Pioneer Venus data was 
used to account for large-scale elevation 
changes. 

Two independent approaches for reduc- 
tion of the altimetry data have been used for 
Magellan. The first is directed toward extrac- 
tion of topographic information as well as 
surface properties (4) .  Under the assump- 
tion of the Hagfors scattering law, the shape 
and strength of the echoes are modeled as a 
function of the surface rms slope and intrin- 
sic reflectivity; these two parameters are 
extracted simultaneously by selection of the 
member of a precomputed family of curves 
that best fits the observation. The time at 
which the best fit occurs provides the radar 
range. Subtraction of the spacecraft-to-sur- 
face range from the spacecraft-to-Venus cen- 
ter-of-mass distance yields the surface radius 
immediately under the radar and, hence, the 
topography. Essentially, the surface rough- 
ness is determined from the time dispersion 
of the echo, and the echo strength provides 
an estimate of the reflectivity. The reflection 
coefficient of the surface material can be 
obtained by adjustment of the estimated 
received power for the fraction of a surface 
resolution cell that scatters diffusely because 
of the small-scale surface structure. This plus 
other necessary corrections have not been 
carried out yet. Surface resolution is deter- 
mined by a combination of the scattering 
propemes and the radar characteristics. Sim- 
ilar approaches have been employed in 
Earth-based radar observations of Mars (26) 
and in the reduction of Pioneer Venus data 
(12). Strengths of this approach include 
rapid, uniform determination of the surface 
topography and a measure of the surface 
physical and electromagnetic properties. 

An alternative approach yields surface in- 
formation without need for selection of a 
particular scattering model. This technique 
relies on use of intrinsic geometrical con- 
straints that can be enforced on the altimeter 
data by signal processing. For example, re- 
ception of an altimeter echo signal at a 
specific Doppler frequency implies that it 
arose from a locus of points on the surface of 
Venus defined by the spacecraft position and 
a fixed angle with respect to the spacecraft 
velocity vector (27). Modeling of the geo- 
metric aspects of the altimeter observations 

such as those giving rise to the echo spec- 
trum, time delay, or delay-Doppler spec- 
trum is sficient to permit a solution for the 
surface scattering law without a priori as- 
sumption as to its form (28).  This method 
has been applied to limited observations of 
the moon and Mars (29-31). Use of the 
technique can decrease sensitivity to height 
variations within the altimeter footprint, 
allows detection of changes in surface mor- 
phology expressed as differing functional 
forms for surface statistics, and reduces the 
number of assumptions. For Magellan, dis- 
crete forms of the integral equations relating 

the surface scattering function and the ob- 
served time delay and power spectrum of the 
echo signals have been used. The linearized 
equations were solved to find the scattering 
function that simultaneously provides the 
best rms fit to echo time delay and power 
spectrum corresponding to a given scatter- 
ing region. Combining these two data types 
yields a more robust solution than can be 
had with either type alone. 

The observations encompass major struc- 
tures such as Ishtar Terra, Maxwell Montes, 
and Eistla Regio, but in total area is domi- 
nated by the lowland plains of Sedna, Guin- 

Fig. 3. Venus (A) surface emission and (B) rms slopes inferred from Magellan observations. Sectors 
shown lie between about 330" and 30°E longitude and 90°N and 80"s latitude in a transverse Mercator 
projection, centered on the prime meridian. Emissivity is based on measurement of thermally radiated 
microwave energy at A = 12.6 cm and assumptions that the surface is planar and in thermal equilibrium 
with the atmosphere after correction for topographic altitude variations. Root-mean square slopes are 
based on time dispersion of altimeter echoes. For surface emissivity (A), lateral resolution varies from 
approximately 14 km (north to south) by 20 km (east to west) near periapsis (10"N) to approximately 
75 by 75 km near the north pole and 80"s. For nns slope (B) the resolution is of the order of 10 km 
at periapsis and increases by approximately a factor of 2 near the extremes, as above. These resolutions 
are substantially more coarse than those achieved by the SAR, but are considerably finer overall than 
resolutions achieved by earlier spacecraft or from Earth (1 1, 33). 
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evere, and Lavinia Planitiae. Quantitative 
analysis is limited to study of the altimeter 
echo time and fiquency dispersion and of the 
radiometry data. Interpretation is in the context 
of radar backscatter variations that fbrm the 
SAR images; for the reasons indicated above, 
the use of absolute backscatter signal saengths 
has not been incoprated (32). 

Typical values for the emissivity are 
-0.85. These are consistent with rock or 
with highly consolidated soil comprising 
closely packed fine rock fragments; they are 
inconsistent with more porous surfaces such 
as the lunar regolith or Martian sands. Typ- 
ical values of nns slope are 2.5" + 0.5" in 
plains areas and somewhat larger elsewhere; 
the maximum value of roughness that can be 
sensed reliably at present is about 6.5", 
which occurs in many tessera terrains. As 
can be seen from Fig. 3, however, both 
emissivity and rms slope vary considerably 
over the surface. 

Patterns evident in the emission and nns 

of the horns can be found in some cases 
(Fig. 3B). 

Some features can be identified readily in 
both emission and rms slope. For example, a 
feature southwest of Maxwell, centered at 
49.5W, 346"E and extending about 3.5" 
north to south by 7" east to west, resembles 
Australia in shape. It appears as a compact 
region of relatively high emissivity (-0.91). 
Values of rms slope are typically 4" and 
locally reach 6". This particular area is too 
small to appear prominently in the earlier 
Pioneer Venus emissivity and rms slope 
measurements, nor is it distinguished in the 
Venera 15-16 maps (incidence angle 10"); 
but it is readily apparent in early Arecibo 
images at an incidence angle of approxi- 
mately 50" (5). 

One of the most prominent features 
known from Earth-based maps, Alpha Re- 
gio, has both moderately high emissivity 
and a high rms slope, although it is not so 

clearly delineated as the Australia-shaped 
feature to the north. Centered at approxi- 
mately 25"s and 5"E, it has emissivity of 
0.88 to 0.92, and rms slopes in the range of 
4.5" to 6.5". 

The area near Sif Mons and Gula Mons, 
centered at approximately 22W, 355"E, in- 
dicates that there are several systematic rela- 
tions in detail among emissivity, rms slope, 
topography, and surface deposits on Venus. 
These are volcanic edifices situated in Eistla 
Regio, an upland region extending to the 
west some 7000 km from Aphrodite Terra 
and rising to about 1.5 km above mean 
planemry radius. Sif Mons rises 2 km above 
Eistla Regio and possesses a classical shield- 
volcanic form centered on a 50-km-diameter 
circular structure at its summit. Emanating 
from this central area, and from other sourc- 
es nearby, are many volcanic flow deposits 
extendmg up to 500 km from the summit 
(36). Gula Mons, 700 km to the east of Sif 

slope measurements are markedly dissimilar 
(Fig. 3). This dissimilarity suggests that 
these parameters represent independent at- 
tributes of the surface. In general, the dis- 
similarity is evident on all scales depicted, to 
the limits of resolution. Values of either data 
type are correlated locally over scales of 
hundreds of kilometers (compare Figs. 3, A 
and B). This correlation gives rise to the 
somewhat patchy appearance of each'pattem 
and suggests that some regional surface 
units have common properties and common 
origins. 

Maxwell Montes, centered at about 65W, 
5"E, has an inferred emissivity that is strik- 
ingly low and distinct from that of its envi- 
rons (4) (the prominent teardrop-shaped 
feature near the top of Fig. 3A). The summit 
of Maxwell Montes is the highest known 
point on Venus (34). Maxwell is also rough- 
er than the Venus norm (Fig. 3B), but its 
roughness does not differ from that of the 
neighboring Fortuna Tessera to the same 
extent as its emissivity. 

Sedna Planitia, which extends from about 
50W, 315"E southeast to about 30W, OOE, 
is a major lowland plains area with typical 
values of rms slope of 2.6 + 0.5" and 
emissivity of 0.83 to 0.87. Sedna Planitia is 
defined poorly in the emissivity and rms 
slope data (Fig. 3), although it is a promi- 
nent topographic feature (4) and is evident 
in the SAR images. 

"Homed" features, parabolic-shaped 
structures opening to the west, appear in 
several places (for example, at approximately 
10W, 342"E, extending 6" north to south 
and east to west) in the emissivity data (Fig. 
3A), and a few can be seen in the SAR 
images (35); they are not readily discernible 
in the rms slope data, although subsections 
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Mons, rises 3 km above Eistla Regio. The 
SAR image of Gula Mons (Fig. 4A) indi­
cates that radial deposits on Gula are less 
well developed than on Sif Mons. Two 
radar-bright, flow-like surfaces can be seen 
to the north and northwest of Gula; these 
extend for several hundred kilometers. A 
third bright deposit about 100 km in extent 
lies on the summit region of the mountain. 

The high SAR brightness of the Sif and 
Gula deposits could be due to an increase in 
the level of diffuse scatter associated with 
greater surface roughness, but it also could 
be associated with differences in the compo­
sition of these deposits relative to the sur­
rounding terrain (37). The bright deposit at 
the summit of Gula Mons has a low thermal 
emission (—0.55). This low emission, which 
we interpret as indicating the presence of a 
surface layer with an average dielectric con­
stant of 25 or greater—a high value com­
pared with the Venus average of about 5 
(38)—occurs at the same location as the 
high radar return in the SAR image (Fig. 
4A). An examination of the topography of 
Gula Mons indicates that the area of low 
emission outlines the approximately 6054.0-
km-radius contour, which is 2.1 km above 
mean planetary radius and extends to the 
summit located at a radius of 6056 km. 
Another area of significantly low emissivity 
corresponds to the circular summit structure 
of Sif Mons, where the emissivity is —0.70 
as compared with the average value of about 
0.80 for the surrounding area. Perhaps sig­
nificantly, this area also lies mostly above the 
6054.0-km-radius contour; the summit of 
Sif is at 6054.5 km. A similar relation is 
observed at Maxwell (4), where the areas of 
reduced emissivity also occur above the 6055-
km contour. This phenomenon may be glo­
bally related to a phase transition or chemical 
weathering process that depends on atmo­
spheric temperature or pressure (39). There 
are also a few small areas of reduced emissivity 
at lower elevations, however. 

The highest value of inferred emissivity in 
the Sif Mons-Gula Mons area is —0.95 over 
a small area to the northeast of the summit 
of Gula Mons (Fig. 4B). There is no bright 
feature at this location in the SAR image; 
thus, this high value likely is not caused by 
locally increased surface roughness. This 
lack of correspondence is observed for sev­
eral prominent features in the emissivity 
image northeast of Gula and may indicate 
changes in surface composition that are re­
lated only weakly to the structures observed 
in SAR images. 

There is clear correspondence between 
the emissivity data and the SAR image in the 
radial flow-like deposits of Sif Mons. The 
outer extents of many of the flows have 
enhanced emissivities, relative to the sur-
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Fig. 5 . Scattering functions for Venus nor th of 
Gula M o n s . (A) 27 .9°N, 359.3°E and (B) 
27 .0°N, 359.4°E. Solid curves represent Hagfors 
scattering function chosen for best fit t o data over 
incidence angles 3° to 9° for each location. Results 
in (A) correspond closely t o Hagfors law, while 
results in (B) deviate significantly for angles less 
than about 3°. Vertical scale is arbitrary, pending 
calibrations (see text). 

roundings; values range up to 0.85 and, 
locally, to 0.89. This 5 to 10% increase in 
the emissivity may be associated with factors 
such as (i) variation in the surface texture of 
the flows caused by changing conditions as 
the flows cooled after ponding in the rela­
tively flat terrain surrounding Sif Mons; (ii) 
changes in roughness resulting from ero­
sion; or (iii) differences in the intrinsic com­
position of the flow material relative to the 
surrounding plains. 

Only a few orbits have been examined for 
variations in surface morphology as ex­
pressed in the radar scattering law. Radar 
scattering functions derived from altimetry 
data in two areas north of Gula Mons, 
located at 27.9°N, 359.3°E and 27.0°N, 
359.4°E (Fig. 5), show that there is signif­
icant deviation from the Hagfors model at 
small incidence angles in some areas. The 
average rms slope for the area at 27.0°N is 
4.1° (Fig. 5B), which is near Venus' average 
and typical of values obtained from the same 
orbit as the spacecraft passed near the sum­
mit of Gula Mons. Even though the rms 
value is typical, the form of the scattering 
function deviates significantly from the 
model at incidence angles <3°. In contrast, 
the rms slope corresponding to the Hagfors 
law at 27.9°N is about 2.7° (Fig. 5A), 
significantly less than Venus' average of 4°. 
A deviation from the Hagfors form at low 
angles is not evident in this area, however. 

Hagfors (19) assumed that a surface could 

be characterized by Gaussian height statis­
tics and an approximately exponential auto­
correlation function. Evidently, the surface 
at 27.9°N contains a significandy larger pro­
portion of nearly level facets than assumed 
in Hagfors' model; a similar conclusion has 
been drawn from some Mars radar data (31), 
whereas most areas of the moon fit the 
Hagfors model much better (30). By iden­
tifying anomalous regions, the Magellan 
data can be used to sense a wide variety of 
surface morphologies. 
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Magellan: Initial Analysis of Venus Surface 
Modification 

Initial Magellan observations reveal a planet with high dielectric constant materials 
exposed preferentially in elevated regions with high slopes, ejecta deposits extending 
up to 1000 kilometers to the west of several impact craters, windblown deposits and 
features in areas where there are both obstacles and a source of particulate material, 
and evidence for slow, steady degradation by atmosphere-surface interactions and mass 
movements. 

R ADAR OBSERVATIONS OF VENUS 
made by the Earth-based Arecibo 
and Goldstone facilities and by the 

Venera 15-16 spacecraft demonstrated that 
volcanic and tectonic landforms dominate 
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the surface of that planet (1) .  However, the 
nature and extent of landform modification 
by such processes as chemical and mechani- 
cal weathering, eolian (that is, wind-related) 
processes, and mass wasting have remained 
unclear. The reason is that the spatial reso- 
lution of these observations is too coarse to 
resolve the relatively fine-scale features pro- 
duced by such processes. For example, sim- 
ulations with the use of Seasat radar images 
of Earth showed that the Gran Desierto 
dunes, the largest dune field in North Amer- 
ica, would not be discernible at the resolu- 
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