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Abstract. The Cassini Radio Detection and Ranging (RADAR) was operated in 
scatterometric and radiometric modes during the Venus ! and Earth swingbys to verify its 
functionality. At Venus, only the thermal emission from the thick absorbing atmosphere 
was detected. At Earth both the radar echo and the microwave emission from the surface 
were detected and reveal ocean surface disturbances, the rough, high, and cold Andes 
mountains, and surface features including a small reservoir in Brazil. Instrument 
performance appears to be excellent. 

1. Introduction 

The Cassini Radio Detection and Ranging (RADAR) in- 
strument is a versatile Ku-band (13.8 GHz) instrument de- 
signed primarily to penetrate the thick haze-laden atmosphere 
of Saturn's satellite Titan. In addition, the instrument [Elachi 
et al., 1991, 2001; Borgarelli et al., 1998] will be used to observe 
Jupiter, Saturn, its rings, and its icy satellites. 

The RADAR was developed jointly by Alenia Aerospazio of 
Italy and the Jet Propulsion Laboratory, Pasadena, California. 
The instrument uses the 4-m high-gain antenna on Cassini, 
with five feeds: One generates a 0.35 ̧ circular beam bore- 
sighted on the spacecraft -Z axis; the other four provide four 
collinear elliptical beams. Each beam can be used indepen- 
dently, although the expected principal mode of operation is to 
use all four together with the center circular beam ("beam 3") 
to form a fan-shaped beam -0.35 ̧  across and 5.75 ̧ wide for 
imaging. 

The RADAR's prime mode of operation is as a synthetic 
aperture radar (SAR) mapper at Titan, with the fan-shaped 
beam dragged across Titan's surface during a close flyby to 
image a strip ("swath") of terrain some 150 km or so wide 
across track and several thousand kilometers long along track. 
These data will resemble somewhat (although at slightly lower 
spatial resolution) the images obtained by the Magellan space- 
craft at Venus. 

The RADAR has other operational modes, which, in gen- 
eral, use only beam 3, the central narrow beam (this was the 
only beam used at Venus and Earth). These modes are altim- 
eter, scatterometer, and radiometer. The former two are sim- 
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ilar in that they record the echo power as a function of range: 
The bandwidth in the altimeter mode is wider to measure the 

range to the target more accurately (to build nadir-pointed 
topographic profiles with an altitude resolution of --•50 m), 
while in scatterometer mode a narrower bandwidth sacrifices 

range resolution for improved signal-to-noise ratio to measure 
the backscatter at a range of incidence angles. 

During all of the active modes, SAR, altimeter, and scat- 
terometer, the microwave power in the beam is also measured 
in intervals when no echo is expected: This allows the micro- 
wave emission of the surface (and thus either its emissivity or 
its temperature) to be measured. This radiometric mode can 
also be operated independently, with no active microwave 
transmission (and therefore using less spacecraft power). The 
target brightness temperatures are compared to on-board cal- 
ibration sources and ideally with cold space. 

During the Venus 1 and Earth encounters, the instrument 
was operated in scatterometer mode and additionally provided 
radiometer data. The RADAR was not expected to provide 
new information about either body but rather was operated to 
obtain calibration data and rehearse instrument operations. 

2. Venus 

The RADAR instrument was first operated in active (scat- 
terometry) mode during Cassini's first flyby of Venus on April 
26, 1998. Closest approach occurred at an altitude of 284 km, 
although RADAR operations were constrained to some time 
after closest approach, when Venus passed in front of the 
Sun-pointed field of view. (Throughout the inner solar system 
phase of the Cassini mission, the high-gain antenna (HGA) is 
required to point at the Sun to shade the optical instruments 
and the Huygens probe from insolation.) 

No RADAR echo was detected. This was not unexpected, 
since severe pressure-induced absorption occurs at microwave 
frequencies in the thick Venusian atmosphere. This is apparent 
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in early models and observations from Earth, summarized, for 
example, by Diamante [1969] (see Figure 1). 

Of course, Venus's surface is visible to RADAR at longer 
wavelengths, where the atmospheric attenuation is less severe: 
Magellan spacecraft operated at S band (2.45 GHz), and Ven- 
eras 15 and 16 operated at 3.75 GHz. Venus's radar reflectivity 
shows a steep drop-off between 2 and 10 GHz: At Cassini's 
operating frequency of 13.8 GHz the expected return would be 
at best marginally detectable. Venus 1 operations were, how- 
ever, intended principally as an engineering exercise. 

In the raw radiometer data it was apparent that a warm 
object was present in the beam. However, because no cold sky 
reference measurement was taken before the Venus measure- 

ment, it was impossible to assign a meaningful brightness tem- 
perature. This brightness temperature would be somewhat 
lower than the surface thermodynamic temperature, again be- 
cause of atmospheric attenuation; the unity optical depth level 
probed by the radiometer is at some (cooler) altitude above the 
surface (see Figure 2) [e.g., Janssen, 1993]. No RADAR oper- 
ations were conducted during the Venus 2 flyby in June 1999. 

3. Earth 

Cassini's Earth flyby provided an opportunity to test the 
RADAR instrument in active mode. Although the target ob- 
ject (the Earth's surface) is exceedingly complex in terms of its 
RADAR reflectivity, it is at least fairly well studied by other 
spaceborne radars. Furthermore, the flyby geometry is not 
unlike many of the close Titan flybys, such that the Earth 

encounter provided valuable experience in sequencing an en- 
counter. 

Operational constraints on the Earth swingby provided sig- 
nificant challenges. First, the spacecraft attitude was restricted 
to maintain the -Z axis (the HGA) toward the Sun to mini- 
mize thermal loads on the sensitive optical remote sensing 
(ORS) instruments and the Huygens probe. This lead to non- 
ideal (large, i.e., far from vertical) incidence angles near closest 
approach. Second, since RADAR is a ranging instrument, 
where the echo time should be well estimated a priori (to set 
the receive window), the ephemeris needs to be up-to-date and 
consistent with the instrument commands. For example, late 
maneuvers such as the debris avoidance maneuver which 

changed the time of closest approach, required change in in- 
strument settings at short notice. Similar vigilance will be re- 
quired at Titan. 

Third, as is also expected during Titan encounters, RADAR 
has an overconstrained timeline, where many instruments with 
conflicting modes or pointing wished to operate. As a result, 
RADAR requested operation during only a short interval fol- 
lowing closest approach. 

Fourth, the absolute calibration of brightness temperatures 
is essentially impossible without a cold sky calibration, which 
(since the instrument was pointed at the Sun) was not avail- 
able. Measurements at Jupiter and in the Saturnian system will 
not be handicapped this way. Cold sky measurements at Jupi- 
ter and during the Instrument Checkout-2 (ICO-2) presently 
ongoing in September 2000 will allow the construction of a 
better model of the noise sources and losses in the antenna 
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Figure 2. Brightness temperature of Venus as a function of frequency. Ku-band radiation does not quite 
probe the surface. 

system, and may allow the retroactive estimation of the bright- 
ness temperature at Venus. Preliminary analyses of the Earth 
swingby observations were reported by West et al. [2000] and 
Casarano et al. [2000]. 

3.1. Observation Geometry 

Of course, since the spacecraft was Sun-pointed throughout 
this period (Figure 3), it follows that the observation was made 
in darkness. When the radar instrument was activated about 

550 s after closest approach (CA), the beam (pointing at the 
occulted Sun) intercepted the Earth's surface at 26.6øS, 
87.1øW, in the eastern Pacific Ocean (see Figure 4). The inci- 
dence angle of 34 ø corresponds quite closely to that used in 
terrestrial scatterometer measurements of sea state and wind 

speed (typically 40ø). At this moment, Cassini was ---6500 km 
from Earth. 

The beam moved across the Earth's surface in an ENE 

direction, at landfall at CA + 770 s, 24.2øS, 71øW, just to the 
south of Antifagasta in northern Chile. At this range of 9100 
km the beam (0.35 ø in diameter) footprint at an incidence 
angle of 19 ø was an ellipse 59 km x 56 km; throughout the rest 
of this paper we will consider a circular beam footprint as a 
sufficient approximation. 

After the beam traversed the Andes, it skirted just south of 
the Bolivian border and crossed Paraguay. Over the Brazilian 
highlands the incidence angle reached a minimum of---6.6 ø at 
19.6øS, 53.3øW and then increased to 16 ø. These angles are 
close to those used for synthetic aperture radar (SAR) imag- 
ing. 

A second land-ocean crossing would have been of consider- 

able interest. However, to permit other investigations (Cassini 
Plasma Spectrometer (CAPS); see elsewhere in this issue) the 
RADAR observation was terminated at 1240 s after closest 

approach, with the beam footprint centered at 15.4øS, 39.9øW, 
only --- 160 km from the coast. 

Sun • Inertial View 

Cassini RADAR Beam 3 

1999/08/18 03:50:09 

Yen us 

Spacecraft 
Ground track Beamtrack •"'""•" •"'• 

Figure 3. Viewing geometry at the Earth encounter. The 
Cassini spacecraft (not shown to scale) is moving toward the 
lower right as the Earth drifts right to left. The radar beam, 
pointed toward the Sun, first intersected the Earth's surface 
over the Pacific Ocean. The Cassini ground track has a U 
shape, with the apex close to the end of the RADAR obser- 
vation; after that point, as the spacecraft's range increases, the 
Earth's rotation sweeps the subsatellite point westward. 
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Figure 4. Ground track of the center of the beam during the Earth swingby and the evolution of incidence 
angle. The range varied smoothly from --•7000 to --•17,000 km during this interval. 

The range from Cassini to the target at this point was 
some 16,500 km. This, incidentally, represents one of the 
most distant civilian radar observations of the Earth: most 

Earth observation spacecraft operate at altitudes of 1000 km 
or less. 

3.2. Radiometer Data 

The brightness temperature measured by the radiometer is 
typically dominated by the thermal emission (i.e., physical tem- 
perature and emissivity) of the surface at which the instrument 
is pointed. This will be the case for the icy satellites and Titan. 
For studying Saturn the absorption and scattering by water and 

ammonia clouds will be significant. Microwaves at this fre- 
quency may also be generated by synchrotron emission around 
Jupiter; this will be the subject of a dedicated RADAR obser- 
vation at Jupiter. 

At Earth the expectations for Titan largely applied in that 
the surface conditions were the only significant determinant of 
the received signal. Although water vapor and precipitation in 
particular can affect Ku-band propagation in the atmosphere 
[e.g., Ulaby et al., 1986], the conditions over South America 
according to the National Oceanic and Atmospheric Admin- 
istration (NOAA) synoptic view at the time of the observation 
were essentially dry. 
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Figure 5. Uncalibrated brightness temperature recorded during the Earth encounter compared with typical 
brightness temperatures. Numbers mark features described in the text. Brightness is not particularly wave- 
length-dependent in dry conditions. Over the ocean, brightness is quite low, as expected, and (also as 
expected) the Cassini brightness lies between the Special Sensor Microwave Imager (SSMI) H and V 
(horizontally and vertically polarized) extremes. Over land the Cassini radiometer reads a little low (corrected 
in subsequent plots). The SSMI data are from a gridded product made from data obtained in the week around 
the Cassini encounter: In this and subsequent plots, the abscissa is referred to as "time" whereas, in fact, time 
is merely a convenient proxy for location. 
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Figure 6. Cassini brightness t•mp•ratur• with p•dimina• calibration applied, showing good agreement 
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footprint. Toward th• b•gin•ing of th• obs•ation th• Cassini data ar• dominated by H-polarized •missio•, 
whereas toward th• •nd, V polarization is th• principal contributor. Th• data appear consistent with this 
chang• in bias, fitting th• H cu•s b•tt•r •a•li• and fitting th• V cu•s b•tt•r later. 

Studying the radiometer data (Figure 5), we note several 
features. 

1. Over the open ocean, sea surface temperature falls from 
west to east: This is a well-known ocean circulation feature as 

cool water moves north along the coast of South America. 
2. Nearer the coast the brightness temperature begins to 

increase: This may be because of shallower littoral seas having 
less influence from the ocean current. There may also be a sea 
state effect (frothy seas are better emitters and hence have a 
higher brightness temperature). 

Features 1 and 2 are not artifacts: They are also observed in 
the contemporaneous Tropical Rainfall Measurement Mission 
(TRMM) TRMM Microwave Imager (TMI) and Defense Me- 
teorological Satellite Program (DMSP) Special Sensor Micro- 
wave Imager (SSMI) radiometer data at 10 and 19 GHz. 

3. The brightness temperature over land is considerably 
higher. This local peak corresponds to the coastal plains. 

4. Thermodynamic temperature falls with altitude: The 
minimum corresponds to the Andes Mountains in the Puna di 
Atacama, with an elevation of---5 km. 

5. Returning to lower terrain, now wooded grassland 
rather than shrubby or bare ground, the temperature rises. 

6. This dip at 950 s appears to be a real feature, present in 
all data sets. The dips at 21.23øS, 58.5øW corresponds with 
marshland to the west of the River Nabilque in Paraguay. The 
elevation in this region is 0-200 m above sea level; the dip is 
not related (as over the Andes) to a rise in altitude. 

7. This double dip corresponds with the Brazilian high- 
lands. It was initially thought that altitude, perhaps in combi- 
nation with different land cover (since this region is more 

cultivated) was responsible. Landsat normalized difference 
vegetation index (NDVI) [De Vries and Townshend, 1994] 
shows a change in landcover from 6 (wooded grassland) to 11 
(broadleaf deciduous forest and woodland) that is correlated 
with these dips. Further analysis (see section 3.3, Figure 10) 
indicates that in fact water is probably the principal influence 
here. 

A model of the antenna system and receiver was constructed 
to take into account the losses and noise in the system. After 
tuning, the resultant brightness temperatures for Cassini data 
are more physically meaningful (although remember an abso- 
lute calibration is difficult without a cold sky background mea- 
surement). The results agree better with the "expected" bright- 
ness temperatures. To isolate possible temporal variations and 
explore the effect of wavelength and polarization variation, the 
Cassini data are plotted in Figure 6 against near-simultaneous 
observations by TRMM. The 13.8-GHz Cassini data interpo- 
late well between TMI's 10- and 19-GHz observations. Small- 

scale features are muted in Cassini data owing to beam dilution 
in Cassini's larger footprint. Because of the viewing geometry 
dictated by Sun pointing, the polarization of the Cassini mea- 
surement varied throughout the encounter: Toward the begin- 
ning of the observation the Cassini data are dominated by 
H-polarized emission, whereas toward the end, V polarization 
is the principal contributor. The data appear consistent with 
this change in bias, fitting the TMI H curves better earlier and 
fitting the V curves better later. Although the results appear 
quite satisfactory, the radiometer model may nonetheless be 
improved after more cold sky and microwave source observa- 
tions are taken during instrument checkouts in cruise. 
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Figure 7. Elevation of the sensed region extracted from the ETOPO5 digital elevation model as a function 
of RADAR-sensed brightness temperature for selected data during the flyby. It is seen that the cold, high air 
of the Andes holds the surface temperatures to a dry adiabatic lapse rate, while to reach the warmer lowlands 
requires a steeper curve, consistent with convection in a somewhat moister atmosphere. 

The meteorological potential of microwave radiometry is 
highlighted by the correspondence of the brightness tempera- 
ture with altitude, shown in Figure 6. Altitudes were derived 
from the ETOPO5 digital elevation model [NOAA, 1988]. 
Over land the emission temperature corresponds fairly closely 
to but is slightly lower than the thermodynamic temperature 
(i.e., emissivity is slightly lower than unity). It can be seen that 
the temperatures for the high, dry Andes lie on a line with a 
slope of around 10 K km-•, roughly equal to the dry adiabatic 
lapse rate. Extending the line fit to lower altitudes fails, un- 
derpredicting the temperatures. For the lowlands a steeper 
slope of around 5 K km -• or more is needed (the change in 
local solar time also steepens the slope somewhat). A slope of 
5 K km- • corresponds quite closely to a wet adiabat, as might 
be expected at lower altitudes over South America, where the 
air is moister. 

3.3. Backscatter Data 

The radar backscatter profile (Figure 7) in many ways mir- 
rors the brightness temperatures, with some important differ- 
ences. Over the ocean at high incidence early in the observa- 
tion, the backscatter is very low, consistent with a fairly smooth 
ocean surface. Backscatter from land was considerably (10 dB) 
higher. However, the transition from a low backscatter over 
ocean to a higher backscatter over land was somewhat puz- 
zling, in that the transition in the backscatter curve appeared to 
occur some tens of seconds before it did so in the brightness 
temperature data. 

In fact, this discrepancy highlights the superior sensitivity of 
active measurements to surface roughness, as highlighted with 
comparison to near-contemporaneous observations using the 
Quickscat scatterometer (see Figure 8). This is also a Ku-band 

instrument, but with a fixed incidence angle of 49 ø. Data from 
day of year (DAY) 229, taken ---5 hours prior to the Cassini 
observation, have a very similar shape over the ocean, with a 
pronounced (20 dB) jump in backscatter at the location cor- 
responding to ---650 s after CA. The absolute value of Cassini 
backscatter (with a preliminary calibration and noise subtrac- 
tion applied) is rather higher than that for Quickscat because 
the Cassini incidence angle is rather lower (---26 ø ) than Quick- 
scat. A few hours after the Cassini observation, another Quick- 
scat swath (DaY 230) shows that the ocean sea state has 
changed somewhat. 

Backscatter is enhanced, although very variable, over the 
Andes and falls by several decibels (even though the incidence 
angle is becoming lower) to a minimum around t = 850 s. 
Again, the backscatter is higher than that recorded by Quick- 
scat because of the lower incidence angle for Cassini. Studies 
of South America with scatterometers [e.g., Kennett and Li, 
1989a; 1989b; Birrer et al., 1982; Hardin and Long, 1994] show 
a typical variation of backscatter with incidence angle (a pa- 
rameter often referred to as "B" or "beta") of 0.12 dB deg -•. 
Applying this correction to the Cassini data brings it into quite 
good agreement with the Quickscat data until ---950 s. After 
this point (and indeed over the Andes Mountains) this correc- 
tion fails to match the Quickscat data. The answer is almost 

certainly that while for the incidence angles most commonly 
used by scatterometers in these papers (25-50 ø) this 0.12 dB 
deg -• value is appropriate, at lower incidence angles, and in 
particular over bare ground and cultivated lands, a larger B 
value (or rather, a nonlinear dependence of backscatter with 
incidence angle) is applicable [see, e.g., Newbry, 1960; Ulaby et 
al., 1986; Long, 1998]. (In passing, it is worth noting that while 
the transect across ocean and the Andes is interesting, as an 
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Figure 8. Comparison of Cassini backscatter with a preliminary calibration applied with Quickscat scat- 
terometer. Data for day of year (DAY) 229 were taken ---4.5 hours prior to the Cassini observation; DaY 230 
was taken ---5 hours afterward. The dramatic variation in backscatter across the ocean (600-770 s) is evident: 
The DaY 229 curve shows good correlation with the Cassini data. Variations are due, in part, to temporal 
changes and to incidence and azimuth differences. Over land the Cassini data show a much stronger 
backscatter than the 49 ø incidence Quickscat data, owing to the much lower incidence angle. Correction by 
0.12 dB deg -•, typical ofwooded terrain, brings much better agreement, except between 950 and 1150 s, where 
bare ground and cultivated lands require a steeper incidence angle correction. The Cassini data look noisier 
after t = 850 s because smaller bins have been used to average the signal. 

absolute calibration target, the Amazon rainforest some thou- 
sands of kilometers to the north would be preferable, since this 
area is extremely homogenous in its backscatter cross section. 
Reflections, largely from the forest canopy, show little varia- 
tion with azimuth or season.) 

As the incidence angle becomes even steeper, the deviation 
between Cassini and Quickscat becomes more pronounced, as 
expected from the discussion above. A remarkable and pro- 
nounced double peak is evident at around t - 1100 s, corre- 
sponding to the double dip in brightness temperature discussed 
before. The Quickscat data shed little light on this feature, but 
it can be seen from TRMM precipitation radar (PR) measure- 
ments (at equivalent incidence angles and frequencies to 
Cassini, 13.8 GHz; note also that no rain was present in the 
period around the observation) that this backscatter spike is 
real (Figure 9). 

It was initially thought that this feature might be purely due 
to land cover. Agriculture and urbanization may be partly 
responsible but might be unlikely to account for the drop in 
brightness temperature. However, while at moderate incidence 
angles earlier, smooth water gives very weak backscatter since 
most radiation is specularly reflected away from the antenna, 
at the near-vertical incidence angles prevailing at t = 1100 s, 
smooth water gives very strong backscatter and would give a 
low brightness temperature as well. On close inspection it 
seems that water is indeed responsible. These spikes corre- 
spond to where the beam footprint crosses the reservoir cre- 
ated by the blockage of the Paranaiba River near Itmbaria by 
the San Simao dam (Figure 10). The footprint of the TRMM 

PR is 5-10 times smaller than that of Cassini, so the sharp 
peaks in the TRMM data are diluted by Cassini's wider beam. 

This discussion highlights the utility of simultaneous radi- 
ometer and backscatter measurements. Radiometrically, the 
Cassini data appear consistent with other measurements, and 
all features in the data appear to be understood in terms of 
surface features. 

3.4. Ranging Data 

In principle, the scatterometer mode is a low-resolution al- 
timetric mode. Since there is a substantial topographical vari- 
ation along the ground track (up to nearly 5 km), we attempted 
to detect this topography by looking for the time of the leading 
edge of the echo signal compared to where it would be ex- 
pected for a spheroidal Earth. However, because of the high 
incidence angle, the poor signal-to-noise ratio prevented this 
approach from yielding a consistent profile. A template-fitting 
or centraid-finding approach may yet succeed in isolating a 
topographic signal: Such analyses are underway. 

4. Conclusions and Prospects for Titan 
The Earth swingby geometry was far from ideal for a radar 

observation: An ideal rehearsal of a Titan encounter would 

have allowed the spacecraft to turn to perform SAR imaging 
near closest approach. 

However, the exercise has been very instructive, and the 
utility of combined radiometry and backscatter measure- 
ments has been evident. All the features in the data can be 
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Fiff•re •. Cassini backscatter against TRMM precipitation radar (PR) sigma-O, recorded at equivalent 
(within 2 ø at each point) incidence angles over land. Note especially the sha• spikes around t = 1100 s: 
Again, these are muted in the Cassini data, which have a footprint of around 50-kin diameter compared with 
that of the TRMM PR, which is near 4 kin. The agreement, in general, is quite good: The large differences 
at t = 770 s and t = 1120 s are likely due to azimuth differences and the extreme variabili• of backscatter 
over short length scales in these regions. 

related to real features on the ground. The simultaneous 
altimeter-radiometer record, simulated in Figure 7, will be a 
particularly interesting data set for understanding Titan's 
meteorology. 

The noise performance of the radiometer has proven to 
meet or exceed expectations and promises excellent science at 
Saturn. (It may be noted in passing that in the original Cassini 
concept there was a separate radiometer instrument; ulti- 
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Figure 10. Beam footprints around the time of "anomalously high" returns around t = 1100 s. The peaks 
in backscatter correspond to where water (highlighted with solid circles) behind the San Simao dam fills the 
beam. 
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mately, that instrument was descoped into the radiometry 
mode of the RADAR.) The performance specification calls for 
---2 K absolute brightness temperature measurement and 0.1 K 
relative. 

This temperature measurement accuracy corresponds (with 
typical Titan lapse rates of 1.3 K km -•) to elevation changes of 
---70 m, more-or-less commensurate with the expected altim- 
etry accuracy at Titan [Elachi et al., 2001]. Additionally, it is 
known from Voyager i infrared sounding that Titan's surface 
temperatures fall off with latitude, with an equator-to-pole 
contrast of several degrees [Samuelson et al., 1997]. This con- 
trast is higher than might be expected from zonal energy bal- 
ance models that scale meridional heat transfer with pressure, 
although it is consistent with a principle of maximum entropy 
production [Lorenz et al., 2001]: It may be that condensation 
processes play a significant role [Stevenson and Potter, 1986]. 

Although the backscatter data look fairly noisy, it must be 
remembered that Cassini will take backscatter data at Titan 

under much more favorable circumstances, with the instru- 
ment footprint being allowed to dwell on the surface to allow 
more pulses to be integrated and thus the signal-to-noise ratio 
to be improved. Although SAR was not performed at Earth, 
most of the relevant subsystems have been exercised. 

Altho.ugh it taught us little we did not already know about 
the Earth's land and sea, the Earth swingby experience shows 
that even in its one-dimensional modes, RADAR can obtain 
interesting data on a planetary surface. The instrument per- 

'formance bodes well for the Saturnian system and the appli- 
cation of its richest operational mode, SAR imaging, to Titan's 
land and sea. 
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