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Radar Astronoi 

Rotation rates of Venus 
the atmosphere of Mars 

Radar astronomy has sometimes 
described in terms of the ways in v 
it differs from passive radio astron 
In particular, it differs in that it 
man-made radiations to illuminate 
target, so that the echoes reflecte 
the target may be studied; in pa 
radio astronomy it is the natural e 
sions from astronomical sources 
are studied. Radar astronomy r 
also be compared with space sci 
In conducting research in these 
areas, man reaches into space 
measuring probes (electromagneti 
one case and material in the o 
which are of his making and I 
under his control. In some of the 
periments I discuss here, such as r 
urement of the atmosphere of Mars 
ing the Mariner IV flyby, the 1 
into space is made with a combin 
of a space vehicle and electromag 
radiation. 

Initial characteristics of a ] 
probe, such as its center frequ 
time of start, polarization, and 
and frequency spectra, can be ki 
and controlled with precision. T 
the echo is received, after intera 
with a distant target, it can be 
pared with the radiation that was t 
mitted, for detailed study of prop( 
of the reflecting body and the i 
vening medium. From echo time-( 

and Mercury and densit 
are recent radar discove 
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and frequency, dispers 
and frequency, and es 
polarization, radar a, 
been gaining new in 
(i) the size and sha 
system, (ii) lunar an( 
faces, (iii) planetary a 
the rates of rotation 
Mercury, (v) the dyn 
term changes of the s 
(vi) the density and irr 
interplanetary mediun 

My aim here is t 
briefly fundamental pr 
astronomy, to give hig 
research with earth-b 
and receivers (monostz 
omy), and to descril 
and future potential 
gations in which one 
the earth and the oth 
vehicle (bistatic radar 
eral excellent review a 
static radar studies o 
planets have been pi 
(1), so my treatment 
shorter than the impor 
ject would generally c 

The Developing Tech, 

In a sense, radar a 
origin more than 40 ye 
fore the "invention" 
detection of ships anc 
pulsed radio transmitt 
were used to measure 

SCIE NCE: 

our ionosphere (2). However, the birth 
date of radar astronomy is usually given 
as 1946, when echoes from the moon 
were first detected (3). While very great 
improvements in radar systems were 

my made in the years following the first 
lunar radar contact, the next step out 
into space was not possible until 1959, 

oy of when recordings were made of echoes 
from the sun (at Stanford University) 

rlies. and Venus (at the Massachusetts Insti- 
tute of Technology's Lincoln Labora- 

eman tory) (4, 5). In 1961, almost daily 
measurements of the sun were started 
at M.I.T.'s Texas field site, and more 
detailed studies of Venus were begun 
by groups at the NASA/JPL [Jet 

sion in the delay Propulsion Laboratory] tracking sta- 
cho strength and tion in California; at the Lincoln Labo- 
stronomers have ratory's Massachusetts field site; at the 
formation about Radio Corporation of America's lab- 
pe of the solar oratories in New Jersey; at Jodrell 
d planetary sur- Bank, England; and in the Crimea, 
atmospheres, (iv) U.S.S.R. (6). 

of Venus and The step from the moon to Venus 
tamics and long- and the sun was difficult because echo 
lolar corona, and strength for a given monostatic radar 
regularities of the system is proportional to o (47rR2)-2, 
i. where R is the distance of the target 
to describe very from the radar site and o is the target's 
rinciples of radar radar cross section. The range factor 
ghlights of recent is of overriding importance in mono- 
ased transmitters static radar astronomy, causing an 
atic radar astron- echo from Venus, when the planet is 
be initial results nearest the earth, to be about 107 times 
of radar investi- weaker (weaker by 70 decibels) than 
; terminal is on an echo from the moon, even though 
er is on a space Venus is larger. For a smooth, perfect- 
astronomy). Sev- ly reflecting, spherical target, ar = ra2, 
irticles on mono- where a is the radius. Planetary radar 
f the moon and cross sections differ from 7ra2 because 
ublished recently surfaces are not smooth, because they 

of this area is are not perfectly reflecting, and possi- 
rtance of the sub- bly because there is atmospheric ab- 
lictate. sorption. Cross sections for the terres- 

trial planets at decimeter wavelengths, 
when normalized by 7ra2, are from one 

nology half to twice the normalized cross sec- 
tion for the moon, r/7ra2- 0.07. 

stronomy had its In addition to the factors governed 
ears ago, long be- by the target and its range, echo 
of radar for the strength is proportional to PTGTAR, 
i planes, when a where PT is transmitter power, GT is 
er and a receiver the gain of the transmitting antenna, 
a celestial target, and AR is the aperture (approximately 

585 

The author is professor of electrical engineer- 
ing at Stanford University, Stanford, California, 
and co-director of the Stanford Center for Radar 
Astronomy. 

3 NOVEMBER 1967 



the area) of the receiving antenna. An- 
tenna gain and aperture are related as 
GA2 _- 47rA, where X is the radio 
wavelength. Echo strength must also 
be compared with noise energy, which 
is always present. At meter wavelengths, 
radar system noise increases rapidly 
with increasing wavelength, the noise 
being due to cosmic sources in the 
beam of the receiving antenna. At deci- 
meter and centimeter wavelengths the 
limiting noise is usually generated in 
the receiver itself. 

The detection of Venus by radar 
depended upon improvements in all of 
the factors that are under the control 
of the radar astronomer: PT, GT, AR, 
and the receiver noise temperature. In 
addition, new techniques in data process- 
ing were of critical importance in sum- 
ming weak echoes over extended periods 
of time in order to make definitive 
measurements. Continuing improve- 
ments in all these areas have increased 
radar sensitivity for planetary studies 
by a factor of about 10 every 2 years 
since radar astronomy began, in 1946; 
that is, there has been a total improve- 
ment of more than a factor of 1010, 
or 100 decibels. Antenna diameters 
now range up to 1000 feet (300 meters); 
average transmitter powers, to several 
hundred kilowatts; and system noise 
temperatures, to as low as 15?K. Venus 
and Mercury can now be tracked all 
the way around their orbits, and fairly 
detailed radar-reflectivity maps of the 
moon (resolution of a few kilometers) 
are now being obtained. Continuing 
improvements based on shortening the 
operating wavelength (to increase GT) 
and on increasing antenna size and 
transmitter power are feasible, though 
costly. 

Unfortunately, developments in the 
radar study of the sun have not been 
so striking. There has been little im- 
provement during the past 5 years in 
the long-wavelength radar systems 
needed for solar studies. Improved sys- 
tems of this type would be useful not 
only for investigations of the sun but 
also for studies of other plasma targets 
in the solar system, such as planetary 
ionospheres and the interplanetary me- 
dium (7). They could also be used to 
complement planetary surface studies 
made at shorter wavelengths. 

The severe limitation of the range 
factor in radar astronomy can be cir- 
cumvented by carrying the radar trans- 
mitter and receiver on a spacecraft 
closer to the target. While this tech- 
nique will surely find important appli- 
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cations in future deep-space missions, 
it tends to be limited by the generally 
stringent limitations on instrument size 
and weight, spacecraft power, antenna 
size, and rate of transmission of data, 
and by the possibility that the radar 
pulses will interfere with other space- 
craft instruments. 

In bistatic radar astronomy, since 
only one terminal of the radar system 
is carried on the spacecraft, the other 
being on the earth, a part of the im- 
provement in the range factor men- 
tioned above for spacecraft systems can 
be realized, without all the disadvan- 
tages. For example, if the spacecraft 
is the receiving terminal, only a small, 
lightweight receiver using little space- 
craft power is needed, and use is made 
of the very great PT and GT capabili- 
ties of the terminal on the earth. 

The bistatic mode has several addi- 
tional features which make it of in- 
terest in astronomical investigations. It 
adds a new dimension for the study 
of planetary surface and subsurface 
characteristics. In monostatic radar, 
only the energy reflected and scattered 
directly back along the line of inci- 
dence can be received. In the bistatic 
geometry, all scattering directions can, 
in principle, be studied for each angle 
of incidence, so that the complete scat- 
tering function and its dependence on 
wave polarization are obtainable. Since 
a spacecraft near a planet could re- 
ceive the direct wave from the earth 
as well as signals reflected from the 
planet, there are self-calibration possi- 
bilities for accurate determination of 
the delay and frequency spectrums of 
the echo, as compared with the charac- 
teristics of the incident wave. This fea- 
ture may also provide an opportunity 
to make radar-reflectivity maps of the 
surface, in order to obtain a rather de- 
tailed look at the surface features of 
cloud-covered Venus, for example. 

If the spacecraft is on a trajectory 
that carries it behind the planet as 
viewed from the earth, the direct and 
reflected waves merge at occultation, 
the direct wave being much the strong- 
er. Just before occultation the direct 
wave would traverse the atmosphere of 
the planet. Mariner IV demonstrated 
that measurements of signal character- 
istics just before and just after occulta- 
tion can provide very accurate data for 
study of fundamental properties of a 
planet's ionosphere and atmosphere. 

Some have questioned my use of 
the word radar in describing experi- 
ments in which there is no discrete 

reflecting target. However, radar is an 
acronym for radio detection and rang- 
ing, and a "target" which is distributed 
along the propagation path can be de- 
tected and studied through its effect 
upon the apparent range or distance 
between transmitter and receiver, as 
well as through its effect on other 
signal characteristics. Thus I suggest 
including under the heading "bistatic 
radar astronomy" not only experiments 
that involve surface reflections but also 
the following radio experiments made 
with one terminal on the earth and the 
other on a spacecraft: occultation stud- 
ies of planetary atmospheres, occulta- 
tion studies of the density and dynamics 
of the solar corona, propagation meas- 
urements of the interplanetary medium, 
and propagation studies of celestial me- 
chanics and general relativity. 

Group and Phase Velocity 

The special forte of radar is meas- 
urement of range and range rate (radi- 
al velocity) on the basis of echo 
time delay and Doppler frequency- 
that is, of group and phase velocity. 
Precision radar distance and velocity 
measurements have application to stud- 
ies of celestial mechanics, relativity, 
the solar corona, the interplanetary 
medium and solar wind, and planetary 
atmospheres. 

Prior to the use of radar in astrono- 
my, optical measures of the angular 
positions of asteroids and planets, to- 
gether with Newtonian laws of motion, 
had been used to determine the size 
and shape of the solar system. How- 
ever, the astronomical unit, the mean 
distance between the earth and the sun, 
could not be determined as accurately 
as the relative distances between plan- 
ets could be. That is, the shape of the 
solar system was better known than the 
size, and the astronomical unit could 
be specified with an accuracy no bet- 
ter than about 1 part in 103. 

With the first few radar measure- 
ments of Venus in 1961, the accuracy 
of the astronomical unit could be im- 
proved by several orders of magnitude. 
In fact, these measurements were so 
precise that they quickly showed up 
errors in the more accurate shape pre- 
dictions. It was evident that the whole 
problem of the astronomical constants 
of the solar system should be reinvesti- 
gated. 

A very intensive effort for this pur- 
pose is now under way at M.I.T.'s Lin- 
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coin Laboratory (8). With the radar 
data obtained since 1959, together with 
numerous optical observations, a 26- 

parameter fit is made to minimize re- 
siduals. These parameters include the 
astronomical unit and certain orbital 
characteristics, masses, and radii of the 
inner planets. It is now necessary to 

give the astronomical unit in light-sec- 
onds (499.004785) instead of in kilo- 
meters (149,598,000), since the accu- 

racy of the radar measurement (1 part 
in 108) exceeds the precision of meas- 
urements of the velocity of light (1 part 
in 106). Improved data on planetary 
orbits, radii, masses, and densities have 
also been derived from this investiga- 
tion (8). 

With the precision that is now being 
obtained, it should be possible to pro- 
vide a new test of Einstein's theory 
of general relativity in terms of the 
motion both of mass points and of 

electromagnetic radiation in an intense 

gravitational field (9). In fact, Ash, 
Shapiro, and Smith (8) report a some- 
what better fit with general relativity 
than with Newtonian mechanics in the 

analysis that has been made to date. 
Precision range-rate measurements 

have been used to track deep-space 
probes, and the data obtained have also 
been used to improve astronomical 
constants (10). In these investigations, 
as well as in the radar studies de- 
scribed above, it has been assumed 
that the waves propagate at c, the ve- 

locity of light. Because of the presence 
of free electrons along the path, how- 
ever, the group velocity v, (from which 

range is determined) is slightly less than 
c, while the phase velocity v> (from 
which range rate is measured) is slight- 
ly greater-with vovg = c2. To the first 

order, the departures from c are propor- 
tional to NeA2, where N, is the average 
number density of electrons along the 

propagation path. 
Relatively short radar wavelengths 

have usually been chosen to minimize 
the effects of the plasma. While it ap- 
pears likely that plasma effects are not 

important in the deductions that have 
been made thus far, they will become 
important when a higher level of pre- 
cision has been achieved, or for paths 
that encounter more electrons. Even 
shorter wavelengths will be used to re- 
duce plasma effects still further, and 
attempts will be made to determine 
the extent of these effects by combin- 
ing group and phase velocity measure- 
ments. 

An alternative approach to this prob- 
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Fig. 1. Relative time delay of echoes from the moon at X = 12 meters (frequency, 
24.9 megahertz) and X -6 meters (49.8 megahertz). Differences in the position of 
the lower boundaries of the echoes are due to the presence of free electrons and to 
the changing range between the earth and the moon. These differences can be used 
to determine the amount of cislunar ionization. 

lem is that of making measurements 
at two wavelengths simultaneously. 
Since it is known that the velocity per- 
turbations are proportional to X2, the 
total ionization along the path and its 

changes with time can be measured 
from the differences in group and phase 
velocities at the two wavelengths. Thus, 
information about the ambient ioniza- 
tion in interplanetary space and near 
the sun and planets can be gained at 
the same time that correction terms 
for improving distance measurements 
are obtained. 

This technique has been used at wave- 

lengths of 12 and 6 meters to deter- 
mine the ionization along paths be- 
tween the earth and the moon (11). 
Figure 1 shows radar-echo indications 
at these two wavelengths as a func- 
tion of time of day. The minima of the 
two curves would occur at the same 
ordinate and abscissa if earth-moon 

space were a vacuum. Conversely, the 
differences of the curves serve as a 
measure of the number of electrons 
in a column between the earth and 
the moon. The results are of interest 
in determining the amount, location, 
and variation of this cislunar ioniza- 
tion, and they could also be used to 

improve precision radar measurements 
of distances in the earth-moon system. 

Two-wavelength measurements (at 6 
meters and 0.71 meter) of the inter- 

planetary density are being made with 

spacecraft of the new Pioneer series 

(12). Radio transmissions from the 
earth are received in these interplan- 
etary probes, where the signals are ana- 
lyzed in terms of differential group and 
phase velocities. Measurements were 
made with Pioneer VI (the first of this 
series, launched on 16 December 1965) 
while it was within 0.6 astronomical 
unit of the earth and between 0.8 and 
1.0 astronomical unit from the sun. 
Current measurements with Pioneer 
VII (launched 17 August 1966) are 
probing regions outside the orbit of 
the earth. The average number den- 
sity of electrons in interplanetary space 
near the orbit of the earth has been 
found to be about 5 to 10 electrons 
per cubic centimeter, but on occasion 
the propagation paths are observed to 
become filled with streams of plasma 
of densities up to 60 electrons per 
cubic centimeter (12). An example is 
given in Fig. 2. Analyses of these data 
are not yet complete, but comparisons 
with local measurements of the solar 
wind at the spacecraft and near the 
earth lead us to expect that much more 
will be learned about the size, shape, 
motion, boundary characteristics, and 
density of these streams of solar plasma 
from active regions on the sun. 

Propagation experiments of this type 
would be of special interest when the 

probe was on the far side of the sun. 
Radio signals could then be used for 

studying the density, structure, and dy- 
namics of the inner and outer solar 
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Fig. 2. Intrusion of a solar plasma stream into the path between th 
Pioneer VII; the intrusion causes the average interplanetary number < 
the path to change from about 10 to more than 30 electrons per cubic c 

corona, from measures of phase and 

group velocity, wave polarization, and 

amplitude and frequency fluctuations. 
As the sun-earth-spacecraft angle de- 

creased, the rays would go deeper into 
the corona, where eventually scattering, 
absorption, and bending would distort 
the signals beyond recognition. Radio 
astronomers track cosmic radio sources 

through this region to obtain informa- 
tion about the corona and, once the 

scattering effects are understood, a 
measure of the angular diameters of 
the sources (13). Mariner IV was 
tracked through this region even 

though only the low-gain antenna on 
the spacecraft was used (14). How- 
ever, neither the cosmic radio sources 
nor the single short wavelength of Mar- 
iner IV can provide as much informa- 

tion about the corona as wc 
able from stronger cohere] 
two or more wavelength, 
pected that it will be poss 
duct such experiments wit} 
neer spacecraft, and a ne 

spacecraft (Sunblazer) ha, 

posed primarily for making 
al measurements. However, 
below, it might be advantag 
duct these experiments in 
that other measurements 
interest would be made 
time. 

Occultation of a spacecra 
solar corona would make p 
rate measurements of the 
tivistic effect mentioned al 
3 illustrates the separate ef 
eral relativity and an assur 

2 5 10 20 
IMPACT PARAMETER (IN SOLAR RADII) 

Fig. 3. Change in apparent radio path length between the earth and 
astronomical unit from the sun, due to changes in group velocity caused 
corona and the general relativistic effect of the solar mass. The impact 
the distance from the center of the sun to the nearest point on the radio 
a ray that passes the sun at 2.5 solar radii, a round-trip radio pulse is del 
200 microseconds by the relativistic effect. 
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,-r---- spherical coronal density on the incre- 
mental path length (determined from a 
measurement in which vg is assumed 
equal to c) of a ray between the earth 
and a spacecraft about 1 astronomical 
unit from the sun. These effects are 
plotted as a function of the impact 

~"'~A , parameter (the distance from the center 
of the sun to the nearest point on the 
ray path), in solar radii. Note that the 
coronal plasma effect is dependent on 
wavelength. Range rate or phase veloc- 
ity effects would be similar in kind, but 
the sign of the plasma contribution 

,_-_--- _ would be negative. While it may appear 
from Fig. 3 that the coronal effect could 
be made negligible by using a very short 

re earth and 
lensity along wavelength, it should be pointed out 

entimeter. that the corona is highly variable in 
structure and density. Thus it may be 
important to use two or more wave- 

)uld be avail- lengths to measure the two effects (rel- 
nt signals at ativity and coronal plasma) so that they 
s. It is ex- can be separated. 
;ible to con- While Fig. 3 illustrates a predicted 
i future Pio- effect of the sun's gravity on electro- 
,w series of magnetic waves, we need to know the 
s been pro- "positions" of the terminal points in 
such coron- order to determine the extra apparent 
as discussed path length. But the motion of the end 

geous to con- points is also affected by general rela- 
such a way tivistic considerations as well as by 
of scientific other forces. To avoid problems such as 

at the same the need to determine the effects of 
radiation pressure and gas leaks on the 

ift behind the average motion of the probe, we could 
)ossible accu- "tie" the probe to a massive planet by 
general rela- placing it in an orbit around the planet. 
bove. Figure We could then also make use of all 
fects of gen- present knowledge about the orbit and 
med uniform position of the planet. 

Thus the problems related to the solar 
corona, wave propagation in an intense 

~i-T gravity field, and the motion of plane- 
tary mass points in the gravity field 
could all be attacked together. This 

experiment would correspond to the 
(f 

'- 
radar experiment proposed by Shapiro 
(9), with the difference that the 

probe, acting as a radio transponder, 
would provide stronger and less dis- 
turbed signals than could be obtained 

by monostatic radar reflections from 
the planets themselves. In addition, the 

L.2m use of an orbiter would avoid prob- 
lems associated with the unknown 

planetary radius and surface-reflection 
30 40 50 characteristics. Also, the use of two or 

more wavelengths would provide addi- 
a probe at 1 tional scientific information about the 
I by the solar corona which could be used to refine 
parameter is th range and range-rate measurements ray path. For 

ayed an extra needed to specify the relativistic effects 
with high precision. 
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Delay and Frequency Spectra 

Echo characteristics indicate proper- 
ties of the radar target. Planetary radar 
echoes can be characterized in terms 
of total power, delay spectrum (echo 
power as a function of time delay), fre- 
quency spectrum (echo power as a func- 
tion of Doppler frequency), and state 
of polarization. From these data, in- 
formation can be derived on the elec- 
trical properties of the planetary crust 
and atmosphere, roughness parameters 
of the surface, planetary rotation, and 
axis orientation. The data can also be 
interpreted in terms of the scattering 

intensity as a function of position, to 
obtain a radar-reflectivity map of the 
planet. 

Let us consider two kinds of trans- 
mitted radar pulses, one of such short 
duration that echo delay characteristics 
can be well defined, and one which is 

nearly monochromatic, so that echo- 

frequency characteristics can be speci- 
fied accurately. A smooth planet would 
not spread the short pulse in time or 
the monochromatic pulse in frequency, 
but echoes from a rough, rotating 
sphere would exhibit spectral spreading 
in both time delay and Doppler fre- 

quency. 
Figure 4 illustrates the delay spec- 

trum for echoes from the moon at two 
wavelengths (0.036 and 0.68 meter) 
and at two polarizations for the longer 
wavelength (15). A number of impor- 
tant features of the moon are deter- 
minable from such measurements, and 
it is expected that, once direct study 
of the moon reveals physical surface 
and subsurface characteristics which 
can be compared with radar results, 
radar-echo studies of planets will take 
on added meaning. 

Total echo energy for the polarized 
echoes from the moon does not change 
noticeably with radar wavelength from 
about 0.01 meter to 10 meters. (In 
Fig. 4, the values for polarized echoes 
have been normalized relative to the 
initial strong returns.) The measured 
cross section o iS about 0.07 7ra2, 
a value which has been interpreted 
as indicating a relative dielectric con- 
stant of about 2.8 for the lunar crust 
(15). It is usually assumed that, in 
condensed form, the basic material of 
the lunar surface has a higher dielectric 
constant (above about 5), but that on 
the moon the material is loosely packed 
or porous. Even the value of 2.8 is 
higher than the value that has been de- 
rived from radiometric observations. 
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Fig. 4. Delay spectra (echo power meas- 
ured as a function of time delay, normal- 
ized with respect to the leading edge of 
the moon) for polarized echoes from the 
moon at , = 0.036 and 0.68 meter, and a 
delay spectrum for depolarized lunar 
echoes at the longer wavelength. Pulse 
lengths of 30 and 400 microseconds were 
used for the measurement, respectively, of 
the polarized and depolarized echoes (15). 

More recent radar studies by Hag- 
fors et al. (16), based on detailed 
measures of linear polarization effects 
at various angles of incidence, may 
reconcile these results. They suggest 
a two-layer model having a tenuous 
top layer, a meter or two thick, with 
a dielectric constant of only 1.8, over- 
lying a base layer having a dielectric 
constant of about 5. Additional evi- 
dence on this is available from the 
anomalously strong scattering from 
relatively new craters such as Tycho, 
which suggests that the top layer has 
been blown away, exposing a denser 
and hence more highly reflecting base 
layer (17). 

For the first millisecond or so of 
relative delay (see Fig. 4), the lunar- 
echo energy decreases abruptly, the 
total change being greater at the longer 
wavelengths. This first part of the po- 
larized echo is due to specular reflec- 
tion of radiation reaching the gently 
rolling, relatively smooth lunar sur- 
face at normal incidence. Detailed 
study of this portion of the echo pro- 
vides information on the average large- 
scale slopes, and the changes in delay 
spectra with change in wavelength 
show that average slopes are greater 
when measured over smaller distances. 

For greater time delay, it appears 
that no large areas are tilted suffi- 

ciently to give a specular echo, and 
the measured echo energy is due to 
scattering from wavelength-size, small- 
scale irregularities (rocks?) on or near 
the surface. This weak, diffuse com- 
ponent is stronger at the shorter wave- 
lengths, an observation indicating an 
increase in small-scale "roughness" as 
the characteristic size being measured 
is made smaller. The depolarized com- 
ponent of scattering follows the gen- 
eral behavior of the diffuse polarized 
component, an observation which 
strengthens the belief that both com- 
ponents are due to small-scale irregu- 
larities. 

Delay spectra and total-power meas- 
urements for the planets (1) indicate 
that Venus is more highly reflecting 
(by a factor of about 2) than the moon, 
and has less large-scale roughness, 
while producing comparable scattering 
due to wavelength-size, small-scale ir- 
regularities. Mercury appears to pro- 
duce scattering more nearly like that 
from the moon, although Mercury 
seems to be somewhat rougher. Mars 
is harder to study because of its fast 
rotation and great range, but there ap- 
pears to be a correlation of echo 
strength and visible surface features, 
with the dark areas scattering more 
strongly. Successful radar detection of 
Jupiter has been reported, but there 
are few quantitative details (18). 

A very striking feature of the radar 
studies of Venus is the large reduc- 
tion of a at short wavelengths. At 
A = 0.038 meter, Evans et al. (19) 
report, ao is only about one-tenth the 
value obtained at X = 0.12 meter 
and longer. It appears that the energy 
is being returned from the surface, but 
the dense atmosphere may be causing 
attenuation, perhaps due to the pres- 
ence of water vapor below the clouds. 
Added evidence on this matter may be 
obtained from the occultation experi- 
ments planned for the 1967 Mariner- 
Venus mission, on which three radar 
wavelengths (0.13 meter, 0.71 meter, 
and 6 meters) will be used to probe 
the atmosphere. 

Figure 5 is an example of a radar- 
echo frequency spectrum for Venus 
(20). It shows echo power as a func- 
tion of frequency relative to the Dop- 
pler frequency of the energy being re- 
turned from the specular point at the 
center of the disk. If the planet were 
not rotating relative to the observer, 
all of the echo energy would be re- 
turned at this center frequency. Be- 
cause of relative motion, however, the 
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echo energy for a rotating planet is 
spread in frequency, with the hemi- 
sphere moving toward the radar caus- 
ing positive Doppler shifts, and the 
other hemisphere giving echoes at fre- 
quencies lower than the central value. 
Study of such spectra gives informa- 
tion complementary to that obtained 
from the delay spectra concerning 
large- and small-scale features of the 
planetary surface, its electrical proper- 
ties, anomalous scattering regions on 
the surface, and atmospheric effects. 
In addition, the combined spectra can 
be used for studying planetary rotation 
and for obtaining radar maps. 

Planetary Rotation 

When the signal level in the fre- 
quency spectra is sufficiently high for 
accurate measurement of the Doppler- 
shifted energy from the limbs of a 
planet, it is obvious that the total fre- 
quency spread is related to the rota- 
tion period of the planet, its radius, 
and the orientation of its axis. By ob- 
serving a planet of known radius over 
a period of some months, while the 
axis orientation relative to the observer 
changes, it is possible to separate and 
define uniquely the rotation period and 
the celestial latitude and longitude of 
the axis. 

Scattering from planetary limbs is 
very weak as compared to that from 
the more central portions of the disk. 
The stronger echoes can be used to de- 
fine rotation: echoes can be "proc- 
essed" and thus made to give separate 
frequency spectra for different range 
"slices"-that is, for separate sections 
of the delay spectrum. In addition, if 
anomalous scattering centers stand out 
in the delay and frequency spectra, as 
illustrated in Fig. 5 for Venus, they 
may be tracked over a long period of 
time and used to define the rotation 
with precision, particularly if the same 
features can be identified in records 
taken over several years. 

Early interest in this subject was 
centered on Venus, since no surface 
features can be seen on this cloud- 
covered planet and its rotation char- 
acteristics were unknown. Initial re- 
sults indicated a long period of several 
hundred earth days, and there was a 
strong expectation that Venus might 
have a synchronous sidereal rotation 
period of 224.7 earth days. Thus it 
was suggested that Venus, like the 
moon and (as was thought) Mercury, 
might maintain the same hemisphere 
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Fig. 5. Frequency spectrum (echo power 
measured as a function of relative Doppler 
frequency) of polarized echoes from Venus 
at X = 0.125 meter. The Doppler coordi- 
nates of the limb and an anomalously 
strong return from a small area on the sur- 
face are indicated (20). 

toward its primary (for Venus, the 
sun) at all times (6, 21). Thus its 
rotation, while slow, would be direct 
(that is, counterclockwise as viewed 
from the north celestial pole), like the 
rotation of all the other planets except 
for Uranus, whose equator is inclined 
slightly more than 90 degrees from its 
orbital plane. However, more precise 
measurements soon showed that Venus 
rotated in the opposite, or retrograde, 
sense, with its equator near its orbital 
plane. It is thus quite unusual in its 
rotational characteristics as compared 
with its neighbors in the solar system. 

In Fig. 6, measured values of the 
sidereal period of Venus are presented 
to show how the precision has in- 
creased with time (22). The value need- 
ed for synchronous (sun-locked) rota- 
tion is shown for comparison, and it 
is well away from the recently meas- 
ured values in magnitude, as well as 
being wrong in sense. 

The most recent studies give values 
near -243 earth days for the sidereal 
rotation period of Venus, and Gold- 
stein has suggested a value of -242.6 
? 0.6 days, from a study of the repeat 
of spectral features in 1964 and 1966 
(22, 22a). As Carpenter has pointed out, 
these values are very close to a pe- 
culiar earth-lock condition at -243.16 
days (shown in Fig. 6), for which 
Venus would present the same hemi- 
sphere toward the earth at each in- 
ferior conjunction. (Adjacent other pe- 
riods giving synodic commensurability 
are at -171.67 and -416.68 days.) 
It is not understood how such an earth- 
lock condition could be brought about, 

since the forces involved are extremely 
weak (23). Yet the possibility of some 
connection with the earth takes on 
even greater speculative interest from 
the report that, to within about 1 de- 
gree, a value within the margin of 
error of the measurement, the rota- 
tion axis of Venus appears to be per- 
pendicular to the orbit of the earth, 
while being about 3 degrees off normal 
relative to its own orbital plane (24). 
[One can hardly avoid mentioning, in 
this regard, the hypothesis put forth 
by Velikovsky (25), based on histori- 
cal documents from many parts of the 
world but totally without justification 
on the basis of what we think we know 
about celestial mechanics, that Venus 
in historical times had a devastating 
close encounter with the earth.] 

On a rather new chart in my office, 
the rotation period of Mercury is given 
as 87 days 23 hours 15 minutes 43 
seconds. This quite precise value was 
obtained from the long-measured or- 
bital period of Mercury and from a 
relatively few studies of faint visual 
markings on its surface. The results of 
these studies are consistent with syn- 
chronous (sun-locked) rotation of the 
planet such that the orbital period 
equals the sidereal rotation period. 

One of the objectives of the early 
radar investigations of Mercury was 
that of testing, on a planet of "known" 
rotational period, the radar technique 
for determining rotation, to give cre- 
dence to the results of the studies of 
the rotation of Venus. It was at first 
reported that such a check had been 
obtained, based on the width of weak 
frequency spectra (26). However, Pet- 
tengill and Dyce used the more power- 
ful technique based on separate fre- 
quency spectra for different parts of 
the delay spectrum, and found, to their 
considerable surprise, that the radar 
result was quite different from the ex- 
pected 88 days. They obtained a value 
of 59 ? 5 earth days, direct rotation 
(27), Reevaluation of the optical ob- 
servations indicates that there are pos- 
sible values other than the long-accept- 
ed value of 88 days, one being 58.4 
-+ 0.5 days. In addition, theoretical 
studies show that a different sun-lock 
condition may well exist at two-thirds 
the orbital period, or 58.65 days, and 
the evidence that such is the case is 
now very strong (28). 

The values given above for Venus 
and Mercury are sidereal periods. With 
reference to the sun, the length of the 
day on Venus is about 117 earth days, 
and on Mercury, about 176 earth days. 
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Radar Mapping 

The two dimensions (time delay and 
Doppler frequency) measured in echo 
spectra for a rough, rotating planet can 
be translated into radar scattering in- 
tensity as a function of position (lati- 
tude and longitude) on the planet. One 
can visualize this by noting that, on 
the planetary disk viewed from a mono- 
static radar site, echo energy at a par- 
ticular delay or range is coming from 
a circular region centered at the disk's 
center, and echo energy at a particular 
Doppler frequency is coming from a 
strip parallel to the projection of the 
planet's spin axis on the disk. Com- 
mon sources for a given delay and 
Doppler frequency are two small re- 
gions at the intersection of the delay 
or range annulus and the Doppler strip. 
Thus, such range-Doppler mapping has 
a twofold ambiguity, although this 
problem may be circumvented to some 
degree by use of narrow antenna beam- 
widths and of interferometric and data- 
processing techniques. The resolution 
is limited by system sensitivity: the 
smaller the resolution cell is, the small- 
er is its fraction of the total echo 
energy. Radar resolution can be better 
than the limit set in optical astronomy 
by ray bending in the earth's atmo- 
sphere, and radar has already surpassed 
optical resolution for regions near the 
limb of the moon (29). 

Figure 7 represents the range-Dop- 
pler mapping technique at its current 
level of development. It shows (at left) 
a region near Copernicus as mapped 
at Lincoln Laboratory by an earth- 
based, monostatic radar and (at right) 
a photograph (also from the earth) of 
the same region (29). The grid lines 
are at 1-degree intervals (30 kilome- 
ters). The radar resolution is on the 
order of a few kilometers. As has been 
suggested, the illustrated radar resolu- 
tion is about that of a Xerox reproduc- 
tion of a good photograph of the moon 
taken from the earth. 

Radar mapping is of special interest 
for Venus, since the cloud cover makes 
optical study impossible. A start has 
been made, even though, as mentioned 
above, monostatic echoes from Venus 
as obtained on the earth are weaker 
than lunar echoes by about 70 decibels. 
A number of regions which scatter 
more strongly than their surroundings 
do have been identified, and they may 
correspond to mountainous areas on 
Venus (22, 24). 

Detection of surface features which 
are hidden from optical view by clouds 
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Fig. 6. Radar measurements of the sidereal rotation period of Venus, showing 
increase of precision with time and the current close agreement with a peculiar 
earth-lock condition in which the same hemisphere faces the earth at each inferior 
conjunction (22). 

is not the only purpose of radar map- 
ping. High-resolution radar at a num- 
ber of wavelengths can probe beneath 
the surface and expose structure and 
materials on and near the surface 
which might not be resolved in remote 
optical study. 

As noted above, the bistatic radar 
mode offers advantages for the study 
and mapping of planetary surfaces, in 
particular an increase in echo strength 
relative to earth-based measurements. 
A start toward demonstrating this po- 
tential has been made by receiving, on 

earth, radio signals which were trans- 
mitted from a Lunar Orbiter space- 
craft and reflected by the lunar sur- 
face (30). Here one obtains the two 
dimensions from just the frequency 
spectrum, by noting how it changes 
with time as the scattering geometry 
changes due to motion of the space- 
craft relative to the scattering region 
and earth. 

This technique is analogous to hol- 
ography, where a coherent source of 
light is scattered from an object and 
a mixture of the scattered light and 

Fig. 7. (Left) Range-Doppler radar map of a region near Copernicus, made by the 
M.I.T. Lincoln Laboratory at A = 0.038 meter. The grid lines are at 1-degree (30- 
kilometer) intervals. [Courtesy G. H. Pettengill] (Right) Optical photograph of the 
same region. [Rectified Lunar Atlas (Univ. of Arizona Press, Tucson, 1963)] 
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Fig. 8. Radar image of the San Francisco peninsula with the San Andreas fault zone across the center, the San Francisco Airport 
at left center, and Stanford's 2-mile linear electron accelerator at right center. [Courtesy U.S. Army Electronics Command and 
NASA] 

the direct coherent light is recorded 
on film. After the film is developed, 
coherent light sent through the film 

produces a three-dimensional image of 
the object. For the radar hologram 
the coherent source is the radar trans- 
mitter and the object of study is the 
planetary surface. There is no direct 
comparison with the film, which picks 
up radiant energy on a two-dimensional 
surface. However, the spacecraft mov- 

ing along in its trajectory near the 

planetary surface can receive a mix- 
ture of the direct and scattered energy, 
and this is equivalent to the exposure 
along a line on the film. But just as 
the two-dimensional film records in- 
formation for a three-dimensional im- 

age, so the one-dimensional radar holo- 
gram contains information for a two- 
dimensional image of the scattering 
intensity as a function of position on 
the planetary surface-that is, a radar 

map. 
The bistatic mode also makes it pos- 

sible to study in detail the complete 
scattering characteristics of various sur- 
faces as a function of angle of inci- 
dence and direction of scattering. Of 
particular interest is the very sensitive 
dependence of specular scattering near 
the Brewster angle on properties of the 
near-surface material, where one po- 
larized component may not be reflected 
at all. 

It is hoped that, in the near future, 
monostatic radars can be carried into 
orbit around other planets so that de- 
tailed radar maps can be obtained. The 

potential of this approach is well rep- 
resented by the side-looking radar maps 
which are being taken, from aircraft, 
of regions on the earth, as illustrated in 

592 

Fig. 8. Features as small as a few 
meters can be resolved, and studies of 
the correspondence between the radar 

maps and characteristics of geological 
and agricultural interest could well 
have important application to all of 
the radar mapping techniques for 
planets (31). Until very large payloads 
and high power capacity are available 
on such spacecraft, however, it would 
seem that the bistatic mode has much 
to offer in that only a lightweight re- 
ceiver and little power are needed on 
the spacecraft. 

Solar Radar 

Monostatic radar echoes from the 
sun (that is, from its highly ionized 
corona) have been obtained only at 
relatively long wavelengths. Near X 
- 10 meters, the sun is usually a good 
reflector and the radar cross section, 
while quite variable, can become many 
times greater than 7ra2, the physical 
cross section. It appears that, at shorter 

meter-range wavelengths and at deci- 
meter wavelengths, the radar energy is 

very strongly absorbed before it reaches 
the reflecting level, which becomes 
progressively deeper in the corona as 
the wavelength is shortened. Unfortu- 
nately, at the long wavelengths needed 
for solar radars, solar and cosmic 
noise, which tends to mask the echo, 
is very strong and GT is relatively 
small for a given antenna size. Addi- 
tional factors which make solar radar 
studies difficult include the wide Dop- 
pler bandwidth, depolarization of the 
echoes, and the nonthermal character 
of radio noise from the sun. 

The original Stanford measurements 
were made at =- 11.5 meters, and a 
40-kilowatt transmitter and a 28-acre 
( 1-hectare) antenna were used (4). 
While the marginal echoes demon- 
strated the feasibility of radar studies of 
the sun, few quantitative results were 
obtained. James (32) has recently re- 
ported on the results of a 4-year study 
during which radar echoes from the 
sun were obtained on about 1000 days 
at M.I.T.'s El Campo, Texas, field site. 
A wavelength of 7.85 meters is being 
used in these measurements, the trans- 
mitter power is up to 500 kilowatts, 
and the antenna, which is more effi- 
cient per unit area than the Stanford 
antenna, covers about 9 acres. 

Figure 9 illustrates the results for 
the radar cross section of the sun. The 
3-month average value of cr, normal- 
ized with respect to the photospheric- 
disk size, 7ra2, is plotted and com- 

pared with the yearly average number 
of sunspots. The most striking feature 
is the large decrease in cross section 
from mid-1961 to mid-1963. Although 
day-to-day correlation with solar ac- 

tivity is poor, there was a general and 

large decrease in a during the time 
of decrease of solar activity as meas- 
ured by sunspot number. In addition, 
the width of the delay spectrum and 
the altitude of the mean reflecting level 
show some correlation with sunspot 
number on the gross scale' of these 

long-term averages (32). 
The average values of Fig. 9 do 

not include measurements which indi- 
cated unusually large values of a. The 

highest of these are shown as separate 
points. James (33) suggests that these 
measurements be treated with some 
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reservation because of the difficulty 
in handling nonthermal solar noise, but 
they were made in the same manner as 
the rest of the measurements. Addi- 
tional difficulty in the early El Campo 
measurements arises from the fact that 
the echo frequency spectra were wider 
than the receiver bandwidth; correc- 
tions for this, based on wideband meas- 
urements obtained at a later time, have 
been applied to the early measure- 
ments. 

The question of the possibility that 
the values of ar obtained can be un- 
usually large also arises in connection 
with the Stanford measurements made 
in 1959, although it appears from Fig. 
9 that extrapolation from even the 
monthly average values might give the 
highest individual measurement shown 
for this time of maximum solar ac- 
tivity. In the 1959 experiments the 
receiver bandwidth was only 2 kilo- 
hertz, while spectra taken at the short- 
er wavelength in 1963-64 indicate 
that the total echo bandwidth might 
have been on the order of 30 kilo- 
hertz. If a correction for this differ- 
ence is applied, the two indicated 
points (at the top left) in Fig. 9 are 
obtained. A number of additional ef- 
forts have been made at Stanford since 
1963, but echoes have not been re- 
liably detected even though the radar 
system has been improved (34). It ap- 
pears that this lack of detectable echoes 
may be explained in terms of the 
measured and extrapolated decrease of 
fr during the intervening years. 

It might at first seem virtually im- 
possible that the radar cross section 
for the sun could be greater by as 
much as two orders of magnitude than 
that of a smooth copper sphere the 
size of the photosphere, or, in other 
words, equal to the radar cross sec- 
tion of a copper sphere whose radius 
is 10 solar radii. It is quite clear from 
the measurements themselves that the 
reflecting regions occur usually within 
a few tenths of a solar radius, and 
certainly within one solar radius, of 
the photosphere (32). But radar cross 
section is defined in terms of a target 
which scatters isotropically, so that a 
target that preferentially scatters en- 
ergy toward the receiver can have a 
radar cross section that greatly exceeds 
its physical cross section. For example, 
a flat reflecting region normal to the 
earth-sun line which has an area only 
one-millionth that of the solar disk 
would give a radar cross section at 
X = 10 meters of nearly 105 7ra2. 
Or-to give another example-a 
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smooth, cylindrical, coronal streamer 
which is normal to the earth-sun line 
and of sufficient density to give total 
reflection would give o( _ 20 7ra2 
if its radius were 0.1 a, and n such 
streamers would yield or - 20 n7ra2. 
It would appear possible that during 
periods of high solar activity the radar 
reflecting surface becomes more con- 
voluted than it is during quieter pe- 
riods, consisting of coronal streamers 
and billowing plasma of such a shape 
as to favor backscattering, since areas 
oriented to produce scattering in other 
directions are more likely to be shad- 
owed behind areas oriented for re- 
flection back to earth. Since solar ac- 
tivity is now increasing, we should soon 
have new evidence on these possible 
marked changes in the radar sun. 

In addition to the cross-section 
measurements, a number of delay and 
frequency spectra have been obtained 
(32). There is a fundamental difference 
here, relative to the use of such spec- 
tra for planetary mapping, since, in 
mapping, the association with unique 
positions on the disk of a planet is 
based on the assumption of a rigid re- 
flecting surface of near-spherical shape. 
For the sun, the spectra are of great 
interest in that they indicate large coro- 
nal motions, turbulence, variable plas- 
ma densities, a net outflow of plasma 
from the sun, and qualitative and quan- 
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titative differences both on a day-to- 
day basis and over the long time scale 
of the solar activity cycle (6, 7, 32). 

If such measurements were made 
with a system which also gives angular 
resolution, the four dimensions of time 
delay, Doppler frequency, and two an- 
gles would provide a detailed picture 
of the complex, turbulent, and time- 
variable corona at a number of levels 
determined by the operating wave- 
lengths. 

Occultation by Planets 

When Mariner IV moved behind 
Mars after taking the historic photo- 
graphs of the planet's surface, it was 
about 2 X 1011 meters from the earth. 
The lens-like effect of the atmosphere 
of Mars on the two-way radio link 
caused the spacecraft to appear to first 
move 0.75 meter closer to the earth and 
then to move about 2.0 meters beyond 
its actual path, before the signal was 
completely blocked by the planet. 
When Mariner emerged on the other 
side of Mars, it appeared to the radio 
Doppler system to be about 2.4 meters 
beyond its true position, but it quickly 
came back into proper focus without 
exhibiting a negative shift of the type 
seen during entry. Precise measure- 
ments of these small changes over this 
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Fig. 9. Three-month running mean of the radar cross section of the sun, as measured 
at M.I.T.'s El Campo, Texas, field site (32), compared with the yearly average sunspot 
number. The radar cross sections are normalized with respect to the area of the 
photospheric disk. Also shown are examples of unusually large values measured at 
El Campo, and the 1959 results from Stanford University, including a proposed 
correction for echo bandwidth. 

593 



300 - I - -- 

250 _ 0 IMMERSION 

200- O EMERSION 

50 - 

15O -.. 

0 
0 -I 0 1 2 3 4 -1 0 I 2 3 4 

REFRACTIVITY (N) 

Fig. 10. Refractivity profiles for the atmosphere of Mars, derived directly from the 
phase measurements obtained before and after occultation of Mariner IV. Profile 1 
represents the precision of the measurement when there are no atmospheric perturba- 
tions; profile 2 is based on data taken during immersion over Electris; profile 3 is based 
on data taken during emersion over Mare Acidalium. 

vast distance provided the basic data 
for the radio occultation -study of the 
neutral atmosphere and ionosphere of 
Mars. A number of papers have been 
published on the potential, planning, 
measurements, and interpretation of 
radio occultation for the study of the 
atmosphere of Mars (7, 35). 

From the measurements of relative 
distance to the spacecraft, it is possible 
to derive a height profile of that prop- 
erty of the atmosphere that changes 
the phase velocity of the radio waves 
(36). Figure 10 shows profiles of re- 
fractivity N [N = (n - 1)106, where 
n is the refractive index] as a func- 

tion of altitude for the atmosphere of 
Mars at immersion (profile 2) and 
emersion (profile 3). Profile 1 was pro- 
duced, by means of the same method, 
on data obtained prior to the start of 
immersion, so its height scale is only 
relative. It serves to illustrate the fact 
that the departures from zero refrac- 
tivity in profiles 2 and 3 represent at- 
mospheric effects. At immersion, which 
occurred over a desert area (Electris) 
in the southern hemisphere near noon 
in winter, the profile shows changes in 
refractivity due to the lower neutral 
(N positive) and upper ionized (N 
negative) atmosphere. At emersion, 
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Fig. 11. Five planetary atmospheres represented in coordinates of their refractivity at 
the surface and the ratio of atmospheric scale height to planetary radius. If the 
atmospheric characteristic is above the slanting line, the radio occultation method 
cannot be used to probe the atmosphere all the way down to the surface, since in this 
region a tangential ray has a radius of curvature which is less than the planetary radius. 
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over Mare Acidalium in the Northern 
Hemisphere near midnight in summer, 
the effect of the neutral atmosphere 
was measured but no ionosphere was 
detected. 

While a refractivity profile is very 
valuable for study of a new atmo- 
sphere, additional information is in 
general needed to relate the profile 
to the physical characteristics of the 
atmosphere which are of primary in- 
terest. As it turned out, however, the 
refractivity profiles for Mars are much 
more valuable than could have been 
anticipated, for two reasons. 

First, when earth-based spectro- 
scopic measurements of the amount of 
CO2 on Mars (37) are compared 
with the occultation measurements, it 
is strongly indicated that CO2 makes 
up the major part of the atmosphere. 
Thus the refractivity profiles can be 
interpreted with remarkably good pre- 
cision in terms of pressure, tempera- 
ture, mass density, and molecular 
number density as a function of height 
for the lower 30 kilometers of the 
atmosphere. These results are also im- 
portant in theoretical analyses and ex- 
trapolations concerning surface condi- 
tions, the presence of water, the na- 
ture of the polar caps, global weather, 
and the evolution of the atmosphere. 

Second, as seen in the immersion 
profile, it appears that this single-wave- 
length measurement has resolved both 
the ionosphere (where the electron 
number density is directly related to 
N) and the lower neutral atmosphere 
without serious confusion. Had the 
ionosphere been of much lower or 
higher electron number density, either 
it might not have been detected at 
all (as occurred over Mare Acidalium) 
or else its effect might have masked 
the measurement of the tenuous neu- 
tral atmosphere. A two-wavelength ex, 
periment would have been more valu- 
able in that it probably would have de- 
tected the nighttime ionosphere, pro- 
vided more accurate ionospheric pro- 
files, insured separation of all disper- 
sive plasma effects (the earth's iono- 
sphere, the interplanetary medium, and 
Mars's ionosphere) from the nondisper- 
sive effects of Mars's neutral atmo- 
sphere, and provided additional support 
for the view that there is no near- 
surface ionization to cause large er- 
rors in the deductions concerning the 
lower atmosphere. These considerations 
correspond to the earlier discussion of 
two-wavelength occultation measure- 
ments of the solar corona for distin- 
guishing between the wavelength-de- 
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pendent effects of coronal electrons and 
the non-wavelength-dependent relativ- 
istic effects. However, as indicated 
above, the results for Mars appear to 
be such that we have relatively good 
profiles for the lower atmosphere un- 
der conditions where it seems unlikely 
that they are seriously contaminated by 
other effects, and important additional 
information is available from the iono- 
spheric profile. 

The lower-atmosphere profiles indi- 
cate a very tenuous and cold atmo- 
sphere. At immersion, the temperature 
was about 160?K below an altitude of 
30 kilometers, and the pressure at the 
occultation point was about 4.5 milli- 
bars. At emersion (where the measure- 
ments are less precise), the pressure 
was about 8.5 millibars near the oc- 
culting surface and the temperature was 
about 250?K, decreasing with altitude. 
It would appear from the atmospheric 
results that the altitude of the occulting 
surface feature at immersion is ap- 
proximately 5 kilometers greater than 
that at emersion, and this conclusion is 
supported by measurements based on 
the spacecraft trajectory and the time 
of signal loss and commencement (38). 
These results also suggest that the dark 
maria may be lower than the bright 
areas. 

The ionospheric measurement shows 
a layer in which electron number densi- 
ty, altitude, and electron scale height 
are lower than had been anticipated on 
the basis of theory and of the limited 
information available prior to the flight 
of Mariner IV. While the measure- 
ment thus provides important limits to 
possible upper-atmospheric models, 
there remains considerable controversy 
on just how the profile relates to con- 
stituents, molecular number densities, 
temperature, and ionization production 
and loss mechanisms in the upper at- 
mosphere (35). In any one model, a 
fairly complete picture of these char- 
acteristics follows from relatively few 
assumptions, but since the various mod- 
els differ widely, additional study and 
the acquisition of new data from future 
missions seem to be needed to resolve 
the remaining problems. 

At this writing a Mariner probe to 
Venus is due to arrive on 19 October. 
Radio occultation measurements will be 
attempted; the S-band (X = 0.135 meter) 
telemetry system will be used, as in the 
case of the Mariner IV occultation meas- 
urements at Mars (39). In addition, co- 
herent transmissions from Stanford at 

= 0.71 meter and 6.0 meters are 
planned. They would be received and 
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compared at the spacecraft, the infor- 
mation then being encoded and stored 
for later transmission to the earth as 
modulation on the telemetry system. 

For Mars, the atmosphere was so 
tenuous that to detect it at all required 
the utmost precision of the facilities of 
the NASA/JPL Deep Space Net. The 
maximum atmospheric-induced Doppler 
shift was about 5 hertz. For the dense 
atmosphere of Venus, the maximum 
Doppler shift may be on the order of 
104 hertz. 

An important consideration here is 
the expectation that ray bending in the 
atmosphere of Venus may be so pro- 
nounced that it will not be possible 
to obtain refractivity profiles all the 
way down to the surface by the occulta- 
tion technique. That is, when the ra- 
dius of curvature of a tangential ray 
becomes as small as the radius from 
the center of the planet, the ray is 
trapped near the planet and does not 
reach the spacecraft. Conditions which 
determine whether or not this critical 
density is exceeded are illustrated in 
Fig. 11, together with known or ex- 
pected characteristics of several plane- 
tary atmospheres. If the surface pres- 
sure on Venus exceeds a value of about 
30 terrestrial atmospheres, there will 
be no surface-grazing ray received at 
the spacecraft. However there are still 
possibilities for probing beneath this 
critical level through use of bistatic 
radar reflections from the surface (40). 

While one cannot predict just how 
important the measurements may be, 
there can be little doubt that precise 
refractivity profiles would provide more 
detailed information than has been 
available in the past for the continuing 
studies of Venus' atmosphere, which is 
expected to be fundamentally different 
from the atmospheres of the earth and 
Mars. More detailed planetary occul- 
tation measurements in the future could 
make use of signal amplitude, polariza- 
tion, and group and phase velocity 
measurements for obtaining additional 
information on absorption, magnetic 
fields, temperature, and the identifica- 
tion and measurement of specific con- 
stituents on the basis of their absorption 
bands. 

Note added in proof: The two ra- 
dio occultation experiments mentioned 
above were among the complement of 
investigations successfully conducted 
during the Venus flyby of Mariner V 
on 19 October. Just the day before, the 
U.S.S.R. Venus 4 spacecraft detached 
an atmospheric landing probe which 
measured pressure, density, temperature, 

and chemical composition of the atmo- 
sphere of Venus. The detailed informa- 
tion from these investigations has not 
yet been published. The initial reports 
from the Russian investigators indicate 
a hot (about 550?K near the surface), 
dense atmosphere (pressure 15 times 
or more that of the earth's atmosphere), 
almost entirely (98 percent) of CO.,. 
As was the case for Mars, information 
on atmospheric constituents makes oc- 
cultation measurements much more 
valuable, since they can then be inter- 
preted in terms of molecular number 
density, pressure, and temperature as a 
function of height. The pressure of 15 
atmospheres is less than the value given 
above for critical refraction. However, 
as my colleague G. Fjeldbo was quick to 
point out, the prediction was based on 
N2 as the main constituent, and a CO2 
atmosphere has a smaller critical pres- 
sure because of greater refractivity and 
smaller scale height. On the basis of 
the Russian results, the atmosphere 
of Venus appears more than critically 
dense, in the sense described above. A 
refrigerated visitor on the surface could 
thus see all around the globe (the back 
of his head would be a distorted, mul- 
tiple image on the elevated horizon), 
and at midnight the horizon would be 
uniformly bright in all directions, due 
to light conducted from the opposite 
sunlit hemisphere (it being assumed 
that light penetrates below the clouds). 
The depression he would seem to be in 
would follow him wherever he traveled. 
Trapped light near the surface might 
help explain the extension of the horns 
of the crescent of Venus and the ashen 
glow of the dark hemisphere-observa- 
tions that have long been among the 
many puzzling aspects of our sister 
planet. 

Concluding Remarks 

Radar astronomy has advanced by 
means of systems which were designed 
for, and are also used for, other pur- 
poses, such as military radar research, 
deep-space-probe tracking, communica- 
tions research, and passive radio as- 
tronomy. Such combined use is im- 
portant in increasing the effectiveness 
of the large investments made in these 
systems. However, it seems to me that 
the proved potential of radar astronomy 
studies of the solar system calls for 
larger facilities for this purpose and 
better cooperative use of equipment 
and installations that can do several 
different jobs. 
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As examples, I would judge the areas 
of greatest promise to be the following: 
(i) an improved monostatic, centimeter- 
wavelength radar system for planetary 
studies, in particular for radar mapping 
of Venus and improvements in measure- 
ments related to celestial mechanics; 
(ii) a greatly improved monostatic 
meter-wavelength radar system (oper- 
able at two or more wavelengths) 
primarily for solar studies, with the 
receiving array, which would provide 
good angular resolution, also used for 
radio astronomy studies of solar noise; 
and (iii) an expanded effort in bistatic 
radar astronomy to realize the full po- 
tential of space missions for radio sci- 
ence research. 

In bistatic radar astronomy, the ter- 
minal on the earth could be the same 
as that used for monostatic radar ex- 
periments, or use could be made of the 
very sensitive NASA/JPL systems built 
for tracking deep-space probes. On the 
spacecraft a radio transmitter or re- 
ceiver could be supplied specifically 
for the experiment, or use could be 
made of the telemetry system itself for 
scientific measurements. Both ap- 
proaches on the earth and on the 
spacecraft have already been used suc- 
cessfully, and this will no doubt con- 
tinue to be true in the future. How- 
ever I believe we could do much 
better by taking into account the pos- 
sible dual role of spacecraft and ground- 
based radio systems at the design stage. 
This is not just a one-way benefit 
gained by perturbing the operationally 
important systems in order to do more 
scientific experiments, since some of 
the proposed experiments could aid in 
trajectory analysis, terminal guidance, 
and preparation for the technological 
problems of future missions. Also, the 
added equipment could be made to pro- 
vide redundant telemetry capability for 
higher mission reliability. 

I am particularly struck by the num- 
ber of interesting radio science experi- 
ments that could be conducted through 
use of the bistatic mode with orbiters 
around Mars and Venus (41). For Mars, 
it happens that refractivity profiles are 
unusually informative regarding impor- 
tant atmospheric and ionospheric prop- 
erties, and repeated occultation meas- 
urements would reveal diurnal, sea- 
sonal, and latitudinal effects, and also 
the topographical relief based on the 
radii of the occulting features. Orbital 
perturbations, accurately measured by 
the radio links, would determine the 
planetary mass and moments, possible 
satellite effects, and (if the orbit dips 
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low enough) atmospheric density as 
well. For Venus, particular interest 
would center around use of the bistatic 
mode for obtaining high-resolution, ra- 
dar-reflectivity maps of the surface, al- 
though the experiments mentioned 
above would of course also be of great 
interest. The radio links from the earth 
to the orbiters would show effects of 
the interplanetary medium and the in- 
trusion of solar plasma streams, as in 
the Pioneer experiments, and would also 
make it possible to refine values for the 
planetary ephemerides and the astro- 
nomical unit. And finally, as noted 
above, two-wavelength links between the 
earth and planetary orbiters near supe- 
rior conjunction may provide the ideal 
mode for measuring and separating ra- 
dio wave perturbations due to the coro- 
nal plasma, relativistic gravitational ef- 
fects on the speed of propagation of 
radio waves, and relativistic gravitation- 
al effects on the motion of the planets 
themselves. 
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The general subject of the nutrition 
of hosts as a factor in resistance to 
infectious disease has hardly languished 
for want of discussion (see 1, 2). But 
I think it may be fairly asked whether 
the accomplishments in this area are 
comparable to those of modern scien- 
tific nutrition in some other areas of 
public health. The reason for my skep- 
ticism is this: If nutrition is to be 
viewed as being effective, either theo- 
retically or practically, as a means of 
coping with infectious disease, then it 
inevitably must be judged in the light 
of other theoretically fruitful and de- 
monstrably successful measures, such as 
sanitation, vaccination, and antibiosis. 
In this comparison, it must be admit- 
ted, nutrition suffers. 

But if, in this context, nutrition is 
relatively downgraded both by the the- 
oretician and by the decision maker 
in the field of public health, why is 
there a periodic resurgence of interest 
in, and discussion of, nutrition and in- 
fection? This perennial florescence of 
interest and discussion follows, I think, 
from several considerations, some of 
them not strictly scientific. To ignore 
them, however, would be unscientific. 
3 NOVEMBER 1967 

The general subject of the nutrition 
of hosts as a factor in resistance to 
infectious disease has hardly languished 
for want of discussion (see 1, 2). But 
I think it may be fairly asked whether 
the accomplishments in this area are 
comparable to those of modern scien- 
tific nutrition in some other areas of 
public health. The reason for my skep- 
ticism is this: If nutrition is to be 
viewed as being effective, either theo- 
retically or practically, as a means of 
coping with infectious disease, then it 
inevitably must be judged in the light 
of other theoretically fruitful and de- 
monstrably successful measures, such as 
sanitation, vaccination, and antibiosis. 
In this comparison, it must be admit- 
ted, nutrition suffers. 

But if, in this context, nutrition is 
relatively downgraded both by the the- 
oretician and by the decision maker 
in the field of public health, why is 
there a periodic resurgence of interest 
in, and discussion of, nutrition and in- 
fection? This perennial florescence of 
interest and discussion follows, I think, 
from several considerations, some of 
them not strictly scientific. To ignore 
them, however, would be unscientific. 
3 NOVEMBER 1967 

Apologists for nutrition as a factor in 
resisting disease draw attention, for 
example, to the historical connection 
between famine and pestilence. This 
association, however, may be a matter 
more of concomitance than of causal- 
ity. Results of modern scientific stud- 
ies of nutrition in animals suggest that 
in nutritional science we may have an 
instrumentality not yet used widely 
enough or discerningly enough for our 
ends. These new studies raise newer 
hopes. Again, modern nutritional sci- 
ence has led to the control of certain 
well-defined diseases, such as scurvy, 
beriberi, pellagra, rickets, and some of 
the anemias. The continuing hope of 
similarly and nutritionally controlling 
other diseases, such as coronary throm- 
bosis, hypertension, allergic states, and 
mental abnormalities, spurs investi- 
gators to wrestle once again with an 
old problem. 

With this cursory synopsis of the 
contemporary mood and the past his- 
tory of the problem, an explanation 
for any attempt to inject fresh mean- 
ing into the subject would seem in or- 
der. My explanation is this. Through 
circumstance I have been able to sus- 
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tain investigation of the problem of 
nutrition and infectious disease for a 
relatively long time (3), and certain 
features and results of the investigation 
to date move me to take a new and 
hopeful view. After long years of doubt- 
ing, I now assert (i) that a specifiable 
relationship does exist between host 
nutrition and response to infectious 
disease; (ii) that I have reached this 
conclusion through animal experiments 
based on a new and unique experimen- 
tal design; (iii) that this design follows 
from an analysis of the problem in 
ecological concepts that go beyond 
classical concepts in the fields of nu- 
trition and microbiology; (iv) that, in 
the case of mouse salmonellosis (an 
infectious disease model), an organic 
compound representing a new class of 
compounds has been discovered in the 
nutritional environment, which, when 
ingested in very small amounts, great- 
ly increases the host's chance of sur- 
vival; and (v) that this new compound 
has features similar to those of eco- 
logical ectocrines. 

Historical Origins 

of the New Approach 

Investigations into infectious disease 
classically have their origins in the 
field. The investigation discussed here 
originated, not in field studies, but in 
what was once known as "experimen- 
tal epidemiology"-that is, the study in 
the laboratory of a "natural" infectious 
disease in populations of experimental 
animals. The notion of experimental 
epidemiology clearly can be traced to 
a proposal by Topley in his Goulston- 
ian lecture of 1919 (4). What Topley 
proposed was not the use of the lab- 
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