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Abstract

Radio observations of the planets are providing much valusble information
about thesz remote snvironments. Most of these objects are black bodies amit-
ting thermal radiacion which appears brighter at short wavelengths but we gen-
erally wish to investigate the effects of atmospheric absorption and subsur~
face heat condition on them which requires observations using a wide variety
of ustronomical techniques over a large range of wavelengths. Mist parameters
change only slowly with wavelength so that continuum radiometry at selected
wavelengths is sufficient in most cases.

Many of the planetary signals are weak and it is very important to accu-
rately separate their emission from that of the background sky and nearby
confusing sources. ‘Tis involves continuous comparison with the nearby back-
ground by various switching, on-off, and scanning techniques plus reohserva-
tion of the same spot in the sky after the planet has moved away. Often, over
2/3 of the time required for an observation is actually spent on comparison
rather than looking at the actual target planet. Recerntly, aperture synthesis
observations using interferometers have provided very high resolutics plctures
of some of the plunrets and removed many of the background problems,

Mothrr important concern is calibration of the results so we can have
accurate values of the abhsolute temperatures of “hese bodies, This requires
measuremsnt of the antenna parameters anzd also the effects of the errih's
atmosphere upon the incoming signals. With careful evaluation it is possible
to ohtain an absolute accuracy of better than 7% at all wavelengths and
relative values are known to a few percent,

The planets themselves can be divided into three natural categories: 1)
those which are essentially all atmosphere, namely the giant gasous Jovian

planets; 2) those without atmospheres, including the moon, Mercury, most sat-
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ellites, and the asteroids; and 3) those for which both surface and atmospher-
fec effects are important, such as Venus. In the first case, by measuring a:
sevaral wavelengths across the spectral dand of ssmonia which acts as the ma-
Jor opacity source in the atmospheres of the yiant planets, we are able to ac-
curately determine its abundance and also measure thes temperature dintribu~
tione in the low atmospheres below the visible cloud layers. The atmosphere-
less bodies are in aquilibrium with incoming solar radfation and by measure-
ments at different phase. in their diurnal cycles we can establish the heat
flow and radiative propertics of their subsurface layers. These are related
to the physical proverties of thermal inertia and dielectric constant, For
the terrestrial planets with both solid surfaces and atmospheres, a complete
analysis of the tramfer of radiation through both the surface materials and
the ztmosphere ahove can provide knowledge about both regions. By using a
large range of wavelengths we can choose some specé;al regions where the at-
mospheri: opacity {1 complete and others where we see down to the solid sur-
face. Finally intecferometric observations of the synchrotron emission from
Jupiter's radiation belts has given us a wealth of detailed information about
the planets' magnetic field and energetic particle environment.

Observations in the near futare will Include more high resolution aper-
ture synthesis to see individual features on many bodies and also fadiﬁmutry

a0 a larger sample of the smalley hodles,
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1, Introduction .

Although the use of space vehicles has now allowed us to directly sample
some planetary environments, there is still & great need for temoﬁa sensing
from the Farth for two wmajor reasons. (1)  Space exploration, particularly
below the surface oy undern&ach c¢loud layers, has been limited to only a very
few planets and we need a broader sample of the full range of objects if we
are to undarsténd how these various hndies rit intn A consistenc distribution
and wvolutionary pattern for the solar system. (2) We often wish to know how
a particular planet will hehave under changing conditicns of solar illumins-
tion including diurnal effects, seaons, the sunspot cycle, ete., This requires
a4 program of regular monitoring which 18 currently impractical with a limiced
number of space probes.

At radlo wavelengths reflected solar radiation is negligible and most
bodies in the solar system are simple thermal emittérs. radiating in propor-

tion to their temperatures according to the Planck law:

3 .
2hy 1 ,
R 705 ()

where I, is thz (ntensity of the radiation at a given frequency v, h {s
Planck's constant, c i8 vir speed of light, k is Boltzman's constant, and T is
the absolute temperature. The measured flux density, Sv, generally expressed

in MKS units of watts m™2 Hz”l. is then given by the expression

S, = I,°09 (2)

where 9 is the solid angle in the sky subtended by the body. If the size is

known, it is possible from these relations to determine the bhrightness temper-
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ature of a planet, This bla#k-;ody eniiaton is ecnttnuéun, but some molacules
with microwave transitions have been found in the jhnoaphares of some planets
and a limited amount of spectroscopy has beeun parformed on them to duc;rminc
the composition and structure of tha atmospheres.

The only pxamples of non=thermil radio emission in the solar system (ex-
cluding the Sun) are found for Jupiter (ser the roview in reference 1), and to

a much lesser extent Saturn, which have large magnetospberes containfing trap-

ped relativistic electrons. These produce synchrotron vadiation and also

intaract with the tonogphere ov upper atmogphere of the planets in a manner
which is still not fully understood to produce bursts of Jow frequency emig-
sinon., Hecause most ohjecty are black-~bodies, we ghall emphasize continuum
radiometry hut also give gome discussion of spectroscople techniques and the

measurenent of non-thermal emissien,

11, Observing Procedures

Historieally most planctary observations have bheen mide with sinple
patabolic~raflactor antoennas. These have anpgular power respoase patterns in
the sky which are complex Bessel functions but can generally he quite well
vepresentad by Gaussian distributions. For a c¢ircular aperture, the half-

pawer bheamwidth, HPBW, can be well approximated by
HPRW ~ 1.2 A/D (radians) (3)

where A is the wavelength and D is the diameter of the telescope. ‘The exact

value of the constant depends upon the detailed illumination of the reflector

laarge, G.L. and Gulkis, S, 1976, in Jupiter, ad. by T. Gehrels (Tucson: Univ,
of Arizona Press), 621,
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surface by the feed element located at the focus? but the beamvidth will
generally be much larger than the angular size of say planet. Thus invasti-
gation of longitudinal differences raquires repsated msasursments as the body
rotates and no resolution in latitude is available,

Racent advances in interferometric techniques using more than ons antenna
have now allowed us to obtain greatly improved resolution sand make aparvture
synthesis maps of several of the larger plansts, This has allowed us to see,
for the first time, the actual brightness distribution across the disk and has
led to greatly improved understanding of many phenomena. Several sspects of
observing are common to both single-dish and aperture-synthesis techuiques,
These will be presented together, but the specific procaeduras for each type of

ohserving will he discussed separately.

A, (hoice of Observing Frequency

There ave several factors affecting the optimum frequency with which ro
observe a given planet. Bacause most of them have temperatures Letween about
50 and 750 kelvin, their emission peaks in the infrared, and we wish to ob-
seve at as high a radio frequency as possible in order to record the stroné«
est signal. A high frequency or short wavelength is aiso desirable to obtain
good resolution as shown by equé sion (3) in which the half power beamwidth of
the antenna is directly proportional to the waveleagth.

n the other hand, radio telescopes are often easier to operate at low
frequencies, The surface tolerance of a parabolic reflector should be main-

tained to within an rms accuracy of one-sixteenth wavelength for good effici-

2xrgds. J.D. }966,vRad&9‘Ast:qnomx, (New York: McGraw-Hiil) chapter 6.
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ency and to date, no telescopes larger than sbout 15 m in dismeter have bean
constructed to maintain that accuracy at millimeter wavelengths. Thus the
largest telescopes operating at centimeter wavelengths currently offer bstter
resolution than can be obtained at millimeter wavelengths. A new 25-m tele-
scope being proposed by the National Radio Astronomy Observatory and a 30-m
telescope being constructed by the Max Planck Institute for Radioastronomy
should help to correct this problam.

Another equipaental problem is that pavametric and waser amplifiers are
difficult to construct at short wavelengths so that i{n the millimeterkrnngc
the signal must be fed dicrnctly finto a lossy mixer in a superheterodyne recei-
ver system with no preamplification. These mixers can be cooled to reduce
their noise level but are still not as effective as systems with some pream-
plification of the signal before wixing down to a lower frequency for addi-
tional processing. A promising new improvement in ;ixer technology is an SIS
(superconductor-insulator-superconductor) device currently being devgloped“.
In addition, wide~band bolometers, which are gtarting to be developed at mil-
limeter wavelengths, should also help to alleviate this situation.

B. Measurements with Single Telescopes

1. General Techniques

a) On-off, The simplest method to measure the brightﬁess of a planet is
to merely move the beam on and off the position of the planet and record the

difference in the signal. A typical time for the integration at each position

3Rusch, W.V.T. 1976 in Methods of Experimental Physics - Astrophysics, Radio
Telescopes, volume 12, part B, edited by M.L. Meeks (New York: Academic Press),
chapter 1.3.

Z’I?h:l.lli;m, T.G., Woody, D.P., Dolan, G.J., Miller, R.E. and Linke, R.A. 1931,
IEEE 'ﬁ.‘ans., MAG’ 17’ 684.
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in parhaps one minute., PFor lenger intervals, receiver or atmespharic fluctua-
:19&: may cause a variable response, while for shortar intt:wnln. tee much
time in ip:n'c in moving the ulucepu.hmua positions, Jor weak signals
many tnt;xratiaﬁn may be added together to ohtain the desired signal-to=noise
ratio which is proportional to the square root «f the observing time.

Unfortunately, several practical problems arise with a simple on-off
technique, One is that there are nusarovs ssall-scale irregularities in the
earch's atmosphers which can alter the propagation of radio signals batween
the on and off positions. We can compensate for much of thil‘n:nasgharic
fluctuauion by employing rwo identical feed elements which are placad close
together on opposite sides of the focal point of the telescope, The receivar
is switched rapidly (tens of times per second) betwacn these two feeds and the
difference signal is synchronously detected. The separvation is such that the
two resultant beams are only a few beamwidths aparc( In the near field of the
telescope whare the radiation patterns are nearly uniform ocylinders, the two
baams will overlap almost complately; where thay start to diverge simnificante~
ly because of diffraction depends upon the illumination patterns of the anten-
na bhut is approximately the Rayleigh distance, 02/2X, where D is the diametev
of the telescope and A ihe wavelangth, Mst of the turbulent eddies which
cause the fluctuations occur within & few miles of the earth's surface well
within the near field of most telescopes, and thus generally appear in both
beams, The fluctuations caused by thege common elements will be cancellaed by
the switching process, leaving only the contribution fr-m the very small or
distant cells which do not lie within both beams.d

In addition to atmospheric contributions, there can also be fluctuations

in the background emission caused by other sources within the beam, possible

SBaars, JeW.Me 1970, Ph.D. thesis, University of Delft, chapter 5.
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sidelobe response from the sun or other strong neighboriag sources, and even
spurious pickup from objacts on the ground. ‘Thaese can significancly alter the
detec/ed signal even when switching over & small angla. Necause the planats
move through the sky, we can corrcée for thase effects by vepeating the mea-
surement at the same position on a subsequent day after the planet has woved
away and then subtracting the two signals to obtain just the planetary emis-
sion, The schematic program for such a technique is shown {n Mgure 1. In
this case we wera observing Titan, :ﬁu largest satallite of Saturn, and neaded
to consider spurious sidelobe responses from the bright planet. The path of
Titan relative to Saturn for March 16-20, 1975 is shoun by the curved line
with the position at midnight on each date labeled. On March 19, baam switch-
lng observations wers made at the position of Titan east of Saturn. Frst the
positive responding beam (solid circle) was aimed at Titan while the negative
respondiug one was on the sky background south of tgi satellite. Next the
negative beam way directed 4 Titan's position while the positive one hecama
the "off" beam to the north. Tha result of subtraction of the two switched

radiometer outputs can be vepresented by the equation

Signal = [(Titan + background) - background south]

=~ |background north = (Titan + background)] (4a)
= 2 Titan + 2 background - (background north + background south). (4b)
Then, if the variation in the hackground is linzar, we can set

, backgro th o+ N eh
background = background north > backgroundiggugh
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and the net rasult is
signal = 2 « TNtan. ~ (4e)

Because one baam is always on sourcc, the nignilwco-nqtaa vatio in such a
measuremant is twice that of an ordinary on-off measurament

A ;1.111: set of observations at exactly the same position was made on
March 17 before Titan was there. The resultant of thess represented the back~
ground emission from the #ky at the satellite's position and so final subtrac-
tion of the measurement on March 17 from that on March 19 gave the true
brightness of Titan. Mnally, bhecause spurions sidelobes {n the antenna bean
pattern should be symmetrlc, the observations were repeated at an exactly op~
posite point on the other (west) side of Satura. They gove a similar result
to the blank sky measurement as expectad., The much smaller satellite lyper~

ion, although in the vicinity, was too weak to produce any detectable affect,

2« Seanning

If the posi:ton of the moving planet is not well known or if the pointing
of the telescope is uncertain-often a problem at high frequensies because of
both mechanical and atmospheric refraction effects - then an on-off technique
can either miss the planet altogether or at least seriously degrade the re-
spense to the object. The position bacomes a pair of new unknowns which
therefore require nddiiicnal data., Tese cculd be obtained by observiug at an
additional position in each of two perpendicular coordinates such that the
beam was partially on the planet but the additional time for telescope motion
generally makes it more practical to operate in a scanning mode. In this case

the teceiver output i{# sampled rapidly while scanning the telescope across the
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source in the direction along which the two beams are ttpaéitid so that &;Ilﬂ
the responses of both the positive and negative besws to Lhe planst are re-
corded, It is most efficfent to go forward an? than backwerd across the
source on the sase line so that time is not wasted in telescope motion when
data cannot be recorded.

The scans sust be long enough to reach the background nh aach end so that
A baseline may be interpolsted and the flux denrity of Eho planet measured
above 1t. Yor s Gaussian beam, for example, the intensity falls to | percent
of the central value at a distance of 1.3 beamwidths from the peak. By then
the signal {s generally lost in the noise anyway so that a scan of'tnﬁai
lengths 7-8 beamwidths will u:gally provide some baseline at each end of a
dual~beam scan. o

The péak pu  tion of %he obdject can be found by a fit of the beam pn:tern

e

to the data through a least squares procedure = often on-line - and then a
pecpendicular scan can be made through the peak of the firsL scan to complete
the measurement. For the perpendicular scan, the feed apparatus should be
rotated by 90° so that both beams again pass across the planet. The peak
intensity on the second beam is, of course, the true source hrightness and
once the complete position is known, theibank intensity on the first scan can
he corrected for the fractional offset of the beam. Cenerally relative posi-
tioning {s known better than absolute, so if the planet is too faint to b§
seen on a sihgle scan, several can be made ovef the same po;iﬁion and the data

added together befote firting the averaged scan.

3, Polarization Measurements

Although chefmal'ewission is in:rinsicaliy unyolarized,‘ak:mili pblariza—'

tion will be generated as the amission from wi:hih thg planet crdﬁ:da the sur-



face outverd., The Prasnel equatien Zor propagacion at the interfase batween
the surface and atmosphare can be evalusted te giva the observed pﬁl&rt;&ttua
as a funstion of dislectric deuc:;at and viewing &nali‘. is haa bheen parti-
cularly useful in scudying the moon and other terrestrial planats by interfer-
ometric techniques where a small change can vary significantly affect the vis~
ibility functions (see Section Ilc. below) parallel and perpendicular to the
interferoseter baseline’+8, In addition, valuabl. studies have also besn made
of the highly polarized nynchrc:énn enission from Jupiter's radiation belts.
Because a given fead slement can receive only one sense of polarization,
sither one orientation of linear or one handedness of circulsi, the general
procedurd is to switch hatween two orthogonal but concentric feeds in order to
record directly one of the polarized intensities or Stokes parameters of the
incoming radiation. Rotation of this feed system by 45° (or a phase shift for
circular feeds) can then give a second Stokes paraii:cr. The total intensity
is determined by tha standard bram-switching observations described above and
the three parar2ters can completely specify a linearly polarized signal. To
measure the circular polarization requires an additional parameter which can
be obtained by insertion of a phase shifter between th: two perpeadicular
feeds, For interferometric observations in which wa have two separate an-
tennas, the feeds in one can be rotated with respact to the other in order to
achieve the same result when their signals are combined, With two concentric
orthogonal feeds in each antenna, there are 4 possible pairs so the full

polarization can be specified in a single observation.

5"@11::, C.E. and Drake, F.D. 1963, lcarus, 2, 281. ‘

7Schloerb, F.P., Muhleman, D.0O., and Rerge, G.L. 1976, Icarus, 2a, 329,
Bﬂuhieman. D,0., Octon, G.S., and Berge, G.L. 1979, Astrophys. J., 234,
. 733, '




C. Jlparture Synthesis

With the 1nprov¢-nnt'o£ interferometric techniquas i{n the last twenty
years’ it has become possible to obtain sub-sresecond resolution at radio
wavelengths and it is now possible to map the brightness distribution scross
most of the major planets. A full development of the techniques of apsrture
synthesis i{s far beyond the scops of this papsr but we shall describe here a
few of the key points. More information can be found in various veview
articles such as thoss in references 10, 11, and 12,

The brightness distribution of s complex radio source can be represented

as a summation of PFonrier components each of which is a sinusoidal temperature
distribution of some amplitude, phase, and spatial frequency. ‘his, of

course, is an angular distribution and thus the spatial €requency {s the num=-

bar of cycles per radian across the sky rvather than the mors usual time vary-
ing function. If we can measuve these components and add their contributions
we can then reproduce the brightness distribution of the object. To see how
we obtain such data let us considec the response of a pair of radio telescope
separated by some distance, d, to radiation from a source at some angle 6 with
respect to the line joining the pair (see figure 2). The voltage at antenna B
is the time varying function:
£ cos(wt)

where £ is the amplitude, w the angular frequency of the radiation, and t the
time, At antenna A the signal will be the same except delayed by the longer

path length it must travel or

9Ryle, M. and Hewish, A, 1960, Monthly Notices Royal Mstron. Soe., 120, 220.

105uenson, G.W. 1969, Mnual Reviews of Mtron, and Mtrophys., /7, 353.

Hpomalont, E.B. and Wright, M.C.H. 1874, in Galactic and Extragslactic Radio
Mtronomy, ed. by G.L. Verschuur and K.I. Kellermann, (Mew York: Springer-verlag)
chapter 10, ‘ : ' N

12y44ellming, R.M. 1978, & Introduction to the Very Large Array, NRAO publication.
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E cos{ut +-2%£ cos 8),
If the two signals are corralated in the receiver, genevally by multipiica-
tion, and then passed through a low-pass filter to ramove the rapidly varying

radio frequency component, the resultant powar will have the form:

V(A,B) = I cos (3%& cos 0) (5a)

where V is called the visibility of the antenna pair A, B separated by
distance, d, and I is the intensity which 1:'diracnly proportional to B2,

Thiz {s the fundamental equation of interferometry and represunts a quasi-
sinusoidal fringe on the sky, the spacing of which depends only upon the sepa-
ration of the two antennas in wavelengths. One fringe length is given by the
angle 0 which causes a one wavelength difference in the path length to the two
antennas., As the earth rotates, the source appears to move across the sky
through this fringe and so we can measure the amplitude :d phase of this
particular spatial frequency.

Our discussion so far has heen one dimensional but if we could record the
signal from a collection of pairs each with a different spacing, d, and in
different directions we could build up a full two-dimensional picture of an
object in the sky. Using the complex form of representation for the visi-
bility of a point soucce given in equation (5a8), we have

vp) = 1 MHEC D) (5b)
where g is now che vector projection of the interferometer baseline onto the
sky in wavelengths and s is the vector-posi:ton of i1e source in the sky.

b is often broken into two perpendicular components, u and v, in the east=-west
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and north-south directions, respectively. s is similarly exirassed in tarms
of perpandicular coordinates, genervally the astronomical coordinates of right
asceansion, a, and declination, &, If the fntansity is a variable function of

position in the uky then equation (5b) bucomes

V(u,v) = [ Ta,8) aP R e (5¢)

¥

where 1 has bean appropriately weighted by the response pattern of the indi-
vidual antennas in the pair.

Rquation (5c¢) can ba vecognized as a Fourier integval and so applying the
properties of Fourier transforms, (e.g. reference [1), wa can obtain the

{ntensity distvibution of the planet or other object # = the relation
Uay8) = [ veu,b) o 284y, (6)

Proper solution of this intogral requires full coverage at each spacing ie
cach direction which is only available from a completely fillad aperture of
lavge dimensions. In the practical application of aperture synthesis, a
reagonable numbar of points (re sampled and then uniformly gridded to allow
fast Fourler transform algorithms to he applied to tha data. Most instruments
employ several antenna elements and also use changes in the source~fringe
geomatry caused by the eavth's votation to build up a large number of pair
spacings, As the sarth spins on its axis a given baseline located on its
spherical surface will appear ro rotate and also be differentially foreshor-

tened with respect to a point on the =ky so that a range of projected base«

I33rangwall. ReNe 1980, The Fourier Transform and fggﬂdpp;;catiqn;, {Vew York:
MeGraw-Hill).
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lines ovar a full semi-circle of dicections can be obtained from a single pair
in 12 hours of observing, The individual visibilitier are stored a» they ace
measured 1& a cemputer for the subsequent analysis. Usually one l2-hour
observation is sufficient for a good wap but sometimes the antennas are moved
to a naw basciine coniiguration and an additional set of visibilities is
accumulated batore a map is constructed. /

Even well samplad maps are still incomplete, however, and the resultant
synthesized boams can have significant sidelobe patterns which can distort the
apparent brightness of an extended object. The general approach to correct
for this messy antenna pattern is to "clean" the data, !4 This is done by an
itorative process in which the "dirty"” beam From an aparture synthesis obser-
vation {s successively subtracted fronm the hrightest spot on the map until
some desired noise level 18 reached. ‘Then the subtracted componants ave re-
stored to the map with a Gaussian shaped pattern of the same beamwidth, In
this manner the sidelobes of bhright sources at different points arve removed
from other positions on the map and only the true brightness remains. Some
attempts are also being made with planetary observations to subtrsct a uniform
disk from the data to obtain a map of only the fine structure which is visible

on the disk of the planet.

D. Calibration

1. Intermediate Calibration

It is simple to compare the signal from a planet with a known amount of
power injected into the system between the feed element and the receiver.
This provides a ready reference but leaves two problems if we are to measure

the actual amount of radiation from the planet. WFrst is the afficlency of

Alanogbom. JoAs 1974, Astron. and Astrophys, Suppl., 15, 417.
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the telascope and second is absorption by the sarth's atmesphere. Both of
these can vary with time and position as will be desceibed below so that a
fraquent (generally more oftan than ance par hour) external calibration is
imporrant. This Lt'prav&did b& measuremant of some cosmic sourca of known
flux density which is naar in the sky to the object of intersst. My change
in the vesponse to this known source can then be interpolated to give a cali-
hration function for the system. A grid of hright calibration sources can be
secured from various catalogs of sources which are available and Lt is usually
possible to find such a source close to the program object ao that changoes
betwaen them are negligible. At high frequencies, Jupiter is often used as a

pgood intermediate calibration for other planetary aobs=Zsations.

o+ Absolute Galibratien

The intermediate calibrators allow determination of very good relatlive
values but we must koow their absolute flux densities 1f we ave to determive
the true flux density of the planet in which we ave interested. This requires
determining thoe absolute pain of the antenna system and the atmospheric ex-
tinction,

a)  Ateana gain ~ The absolute gain of a parabolic reflector and feed is
extremely difficult to calculate exactly because of trregularities in tha sur-
face which ara diff{cult to assess, spurious veflections from the suppori legs
for the feed at the foeal point, distortion of the illumination of the veflec-
tor by the Feeds, ete. Also, as an antenna follows a souvrce across the sky,
the changing gravitational pull can altar all of the parameters. A& long

wavaelengths absolute measursments have been made using large waveguide horns

for which the gain can ba accurately calculated (see the review in raference

15). These horns, of necessity, have fairly small aperturas 3o that only the
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very strongest sources are bright enough to be nc;urgtily measured and then
weaker sources must ﬁc compared with those to set up the full intermediate
calibration grid. Somatimes a black disk of known temperature can be set up
several kilometers sway in the far field of the antennas and the response of
the system recorded as it is scanned past the disk.!6 The disk is & well
calibrated emitter hut there can still be some spurious response from local
terrain 2o the absolute values have an uncertalnty of about 10%,

The primary cﬁlibrltor at frequencies below about 25 GHz is the supernova
remnant Cassiopeia A, The absolé:e mensurements of it have been made at sev-
eral frequencies,l’ and the spectrum can be well fit by a power law with
decreasing flux density at higher frequencies, characteristic of synchrotron
radiation rather than the thermal emission most common for the planets.
Although this source which is the remains of an exploded star, is expanding
and slowly fading, its decrease in flux density i{s well documented!8,19 and
the absolute flux density should be known to better than 5% at any given
frequency and date,

Because of its reduced flux density at higher frequencies and its some-
what extended size Cas A i3 not a good calibrator abhove about 25 GHz, hquever.
and another source must be choseé. This 13 usually the compact ionized hydro-
gen cloud (HII region) called DR21. 1Its temperature and density can both be
Vdecermined from its obcical emigsion and because it is a thermal radiator the

apsolute radio spectrum of DR21 can be accurately calculated to provide a

1SFindlay. J.W. 1966, Annual Review of Astron. and Astrophys., 4, 77.
léTroitsky, V.S, and Teitlin, N.M. 1962, Radiofizica, 5, 623. ‘
‘Baars, J.W.M., Genzel, R., Pauliny-Toth, I.I.K., and Witzel, A, 1977, Astron. and
Astrophys., 61, 99,
1 Dent, W.A., Aller, H.D. and Olsen, E.T. 1974, Astrophys. J. letters, 188,
Lil. ;
lgsaats, J.W.M., Genzel, R,, Pauliny~-Toth, I.I.K., and Witzel, A. 1977, Astron. and

Astrophys., 61, 99. :
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reference.20 At still higher frequencies (greater than about 100 GHe) the
amission from dust graines in the vicinity of DR21 make the specirum of that
object uncertain?! and still other calibration techniques must be employed.
These usually involve a careful calculation of all factors affecting the
antenna pattern and then correction for the effect of the sarth's atmosphere
vupon the signal,

b) Atmospheric effects = Molacular oxygen and water vapor in the earth's
atmosphere have a number of rotational transitions at microwave frequencies
which produce significant and variable absorption. ‘Thus particularly where no
calibrator outside the earth's atmosphere is available we must consider the
extinction by the atmosphere. 'The transfer of radio signals through this

atmosphere can be represented by

Ty(v) = T (v) e Ty 4 f;v Tkg'(?V"vj;tv ¢))
where all quantities are at a given frequency, v, Ty i{s the measured
brightness temperature, T, is the true brightness temperature of the source,
Ty is the kinetic temperature of the atmosphere, t is the total optical depth
of the medium or [dt, and dt is the opacity given by the expression dt = xds
whera » is the absorption coefficient and ds is the incremental path length
through the medium. The first term on the right hand side of equation (7)
represents the extinction of the source brightness; the second term adds an
additional signal to the apparent brightness from the atmosphere. Because in
the bheam-switching mode the path through the tropoaphere of che'two beams is

nearly identical, the second tarm drops out in the difference expression and

zgnen:, W.A., 1972, sstrophys. J., 177, 93.
Ulich, B.L. 1974, Icarus, 21, 254.
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we nn-dvconsidcr only the axtinction to dc:arntnc the true brightness of the
obsarved planet or other source, Hi-aighn point out, however, that the atmos~
pheric contribucion in the second term does add noisa to the system thus
affecting the sensicivity.

At a given observing site the atmosphere can be well approximated by a
sacies of plane parallel layers so that the path length and thus ﬁxtinétxon
through the atmosphere will vary as the secant of the zenith angle, Z. Mea-
surements at two zenith angles should §h¢tg£org be sufficient to determine the
optical depth, r. Often, however, the atmosphere varies on a time scale which
is faster than that requived for the source to move through a significant
zenith angle and so the extinection is measured by taking "dip curves” with the
antenna. In this procedure we utilize the second term in the right hand side
of equation (7) by turning off the beam switch and observing blank sky at
several positions between the zenith and the horizon. With virtually no back=
ground rvadiation the observed signal will be the temperature of the earth's
atmosphere times the absorption coefficient integrated over the path length
which again Qaties as secant (Zenith angle). ‘'Te extinction and noise
contributed by the atmosphere can be determined by a least squares fit to
several points at different zenith angle. To tie all the measured signals to
an absolute basis, a microwave absorber at a known temperature can be
alternately placed in front of the feed to give an accurately known amount of
powet for comparison with the other values.?2 After consideration of the
errors in all the various steps in performing an absolute calibration at
millimeter wavelengths, we conclude that such measurements should have an

absolute uncertainty of less than ahout 7 percenc.23

22y1ich, B.L., Davis, J.H., Rhodes, P.J., and Hollis, J.M. 1980, IEEE Trans. Anten-
..2s Propagationr, in press. :
23U1ich, B.L. and Haas, R.W. 1976, Astrophys. J. Suppl., 30, 247.
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III. Jpplications

A, Studies of the Atmospheres of the Planets

Not only does the sarth's atmosphere contain molecules with microwavs
transitions but so do the atmospheres of sevaral other planets. In addition
to oxygen and water vapor, molecules of carbon monoxide, carbon dioxide, am-
monia, and hydrogen affect the microwave opacity in various planetary atmo-
spheres. In general the transition probabilities and/or sbundance of these
molecules are sufficiently small so that a high opacity is reached ohly in the
deep atmosphere where pressure broadening has smeared the individual rotation-
al transitions into a single broad absorption band. Therefore we cannot use
spectrometric techniques to look at individual line profiles, measure veloci-
ties, etc., but merely use moderate bandwidth continuum radiometvy at several
wavelengths to look at the general hand structure. AMalysis of the measured
temperature across the band gives us A profile of ;Le temperature distribution
with depth in the planetary atmosphere. To evaluate it, we consider the

transfer equation of radiation through that planet's atmoasphere which is iden-

tical to that through the earth's (equation 7) except that T, is now the

brightness temperature of the surface of the planet and Kv i{s the absorption
coefficient of the materials in its atmosphere,

In the center of the molecular band where the absarption coefficient is
greatest we reach a large optical depth in a short path length so that in the
center we measure the temperature of the high atmosphere whereas in the wings,
with the lower absorption coefficient, we receive radiation from deeper down.
The tropospheres of all the planets are heated from below by'conVectiun and so
the outward decrease in temperature produces an absorption bﬂﬁd with the low-

est brightness in the center., Figure 3 24 shows the profile of Jupiter's

241omasko, D., Dickel, J.R., and Goodman, G.C. 1974, Bull. American Astron.

Soc., 6, 377.



tharmal emission at microwave frequencies where the absorption is caused by an
inversion transition of the ammenia molecule centared at a frequency of 23.7/
Giz (or n‘uuvolingeh of 1.23 em), On the short wavelength side there is over=~
lap with pressure-fnduced dipole abjotpzlun by the hydrogen molecule.?? 1he
observations are represented in the figure by dots with their ervor bars and
the solid lines represent the brightness tcnpnr;eurc'qxpng:cd for models of
Jupiter's atmosphere which is almost pure hydrogen but with trace amounts of
methane (0.3% by number of molecules) and the ammonia nﬁundancnn given, The
different materials not only affect the microwave opacity but also control the
temperature gradient in the atmosphere which has a value of =2*/km ‘The effec~
tive planetary temperature was 130 K,

Infrared measurements have indicated that above the troposphere, Jupiter
has a stratosphere where the temperature rises again. Several attempts have
been ride to detect narrow emission lines of anmonié from this region but with
negative results.26,27 It has been possible to conclude that the relative
abundance of ammonia in the stratosphere is less than 1/100 of that in the
lower atmosphere, Apparently the ammonia has been frozen out in a cloud layer
and does not rise above it,

The one molecular line which has been seen at sufficiently low pressure
in planetary atmospheres to require actual spectrometric techniques and give
some detailec information is the 115 GHz Jw]1+0 transition of carbon monoxide

in the upper atmospheres of Venus and Mars.28,29 1These data allow us to probe

zssoodman. G.C. 1969, Ph.D, thesis, University of Illinois.

26Gulkis, S., Klein, M.J. and Poynter, R.L. 1974, in Exploration of the
Planetary Syscem-IAU Sympoaiuu #65, ed. by A, Woszcyyk and C, Twaniszewski,
p. 367.

27pickel, J.R. 1976, Icarus, 29, 283.

28Rakar, R.K., Waters. T.W. and Wilson, W.J, 1976, Science, 191, 379,

29 + 1977, Science, 196, 1090.
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the chemistry and dynamice in a high altitude range which is not accessible to
direct study by other means, At this high frequency the overall required
‘bandwidth 1is quite large and the spectrometer consists of a secies of narrow
bandwidth filters tuned to adjacent frequencies in the intermediate~frequency
stage of the receiver after the signal has been mixed down from the original
high fraquency. The responses of the individual filters can be calibrated by
observing a source of continuum radlation which should produce the same

response {n each channel,

B. Planets Without Atmospheves

Microwave radiometry can also give us important information about the
surface materials of bodles without atmospheres. Ever since the first radio-
metric observations of our nearest planetary neighbor, the moon, in 194530 we
have been acquiring very detailed information on the thermal and dielectric
properties of the surface materials of the planets. The solid surface re-
ceives heat from incoming solar radiaticn which is transported downward into
the planet by conduction. At a given point the input of heat necessary to

/2

raise the temperature a given amount is proportional to (pslk)'l where p is
the density, s the specific heat of the material, and k the thermal conductiv-
ity, but the conductivity also enters to carry the heat away from the region
so the final temperature is governed by a quantity (kpg)llz which is called
the thermal inertia. It measures the effective resistance of a medium to
heating.

Bacause the planets spin, they will alternately be exposed to the incom-

ing solar radiation and to cold sky so that the heat flow actually reverses

periodically and a thermal wave is set up in the surface layers. This has a

_?ODickg, R«H. and Beringer, R. 1956, Astrophys. J., 103, 375.
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Leneraat ™ (PR/oem)’!
where P {s the spin period of the object and the othar symbols are as defined
asbove, This variation in temperatura has an interesting illustration in the
planet Mercury vhich, because of irs very elliptical orhit around the sun and
its tidally locked spin period of exactly 2/3 its orbital period, has a
permanent difference in average solar input at variour longitudes, The
roesultant hrightness curves, shown in Figure 4,3! are thus different at
different longitudes.

The thermal parameters can also vary with depth below the planetary sur=
face and to relate them to the observed brightness requires a knowledge of the
depth, &, from which the radio~emission arises. 'This given by

/2

L - (Znel tan A)”l (9

where £ i3 “he dielectric constant and tan A is a quantity called the loss

tangent of the material which is given by
tan & = 20)/ce (10)

where o is the electrical conductivity, The loas tangent essentially causes a
phase change in the wave as it propagates which produces self interference or
an effective absorption, If the material is layered there will also be a

reflection and change in emissivity,a: each interface which depend upon the

3giein, M.1., 1970, Radio Sclence, 5, 397.
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dielectric constant., With appropriate values for the various parsmsters at
sach depth the equation of radiative transfer can be integrated ocutward to
determine thc‘nuargcn: intensity at the planetary surface for comparison with
thg data at several wavelengths. Such analyses have r‘ecently been applied n§
several satellites and asteroids as well as the tervestrial planets. In |
general we find that they require laysred surfaces with a coating of dust,
having low thermal inertia, overlying more conpactia~nnﬁce£il.33-33 On the
moon, the availability of insitu data coupled with the very high reselution
available from radio interferometry have allowed considerably more sophisti-
cated analysis such as the derivation of actual heat flow rates and conductiv=

ity in the surface layers rather than just mean thermal inertis parama:nr'7‘

C. Bodies with Both a (Radio) Visible Surface and an Atmosphere.

Ny

The planet Venus has a very thick atmosphure, but carbon dioxide, the ma~-

jor constituent, has only a very small radio opacity. The wing of its smeared

rotational bands {s evident at short wavelengths so that the effective alti-
tude at which the temperature is measured lies up in the cooler atmospherejbut
at a wavelenjgth of 6 cm we sea through the atmosphere to the 750 K solid sur-
face of the planet (Figura 5).3% This :pactrﬁm, reveals an additional pheno=-
menon whicii has never been explained, however: at longer wavelengths, beyond
about 15 cm, the brightness temperature drops again. This feature has been
further confirmed observationally33,36 so the effect is real but we know of no

material which absorbs in that spectral range. Refraction in the atmosphere

32Mmyerison, D.D. and Klein, M.J. 1970, Astrophys. J., 160, 325.

33Dickel, J.R. 1979, in Asteroids, ed, by T. Gehrels (Tucson: Univ. of Arizona
Press), 212,

34Narnock, W.W, and Dickel, J.R. 1972, Icarus, 17, 682, ,

35condon, J.J., Jauncey, D.L. and Yerbury, M.J., 1973, Mtrophys. J., 183, 1075,

3 Muhleman, D.D., Berge, G,L. and Orton, G.S. 1973, Astrophys. J., 183, 1081,
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or an ionosphere aie also insufficient to explain this pseuliar effect which
still defies und.rl:qndin;;

Another interesting feature of Venus is the lack of any detestable diur-
nal tempcrature variation at the surfece.37,38 Although its reracien pariod
with respect to the sun is very slow, about 120 earth~days, the tremendous
heat capacity of an atmosphere of COy == almost 100 times as dense as the

earth’s atmosphere, does not allow significant tempersture changes.

D. Jperture Synthesis Maps of Jupiter's Radiation Belts.

A interesting application of aperture synthesis has recently beer ap-
plied to observations of Jupiter. Although it takes ]2 hours to accumulate
the data for one map, the planet rotates in slightly less than 10 hours, so it
is not possible to fully map features at a particular longitude on Jupiter in
a single session. To overcome this, de Paterd? oh;;tvad the planet for |2
hours on each of six successive days and then performed a massive sorting of
the data based upon the comensurability of the earth's and Jupiter's rotation
periods to obtain an identical spatial frequency coverage for separate maps
every 15° in Jovian rotation angle. Figure 6 shows four of the twenty-four
such maps obtained by this procedure at a wavelength of 21 cm. “The twenty-
four frames have been combined into s movie showing the rotation of the plan~
et. In this case most of the emission i{s synchrotron vadiation from relativ=
{stic electrons trapped in Jupiter's magnetosphere and the observed changes
can be attributed to the varying aspect of the complex magnetic field which we
view as the planet rotates and also the bunching of particles caused by Jupi~
ter's satellites and other conditions, '
37pickel, J.R., Warnock, W.W. and Medd, W.J. 1968, Nature 220, 1183.

38w:ruan. D.D. 1969, Science, €3, 815.
de Pater, I. 1980, Astton. and Ascrophy;.. 88, 175. :
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IV. Ooncluding Remarks

All the standard techniques of radio astronomy are necessary for studying
the many anpceéc of the pinnitn and, because of their peculiar nature, sevaral
additional considerations bacome important. Their various motions, for exam-
ple, affect the proceduras adopted for both on~off and aperture synthesis
observations. The high pressures found in some planetary atmosphere signifi-
santly alter standard spectrometric techniques.

As aquipment improves at millimeter wavelengths and aperture synthesis
techniques become more refined, many new data should continus to become avail-
able to help us understand the exciting variety of objects in .he solar sys-
tem. Sensitive radiometry at both centimeter and millimeter wavelengths of a
much larger sample of asteroids and satellites {s currently in progress and

planned. This will give us the opportunity to establish similarities and dif~

T

ferences in characteristics between the various classes of objects and see how
they relate to other bodies.

The opportunities of aperture synthesis ohservations are ever expanding.
The recently completed Very large Array of Radio Telescopes {s already being
used for observations of Venus, Jupiter (its disk, radiation delts, and satel-
lites), Saturn plus its amazing ring system, Titan, Uranus and several aster-~
oids. Plans to observe Neptune and other lesser bodies are in the works.
These observations allow the opportunity of seeing features on the larger ob-
jects and recording the actual sizes and shapes of the smaller ones. For eox-
ample, the cbservations of Saturn allow us to not only measure the brightness
changes hetween the center of the disk and the edges caused by opacity !+ °
atmosphere but also to see the absorption by the rings in front of the disk
and their emission outside, The separate rings can also be recognized, As
these and similar observations are completed we are'B@ﬁbming,nhle to charac~
):eriza the radio emission from other real and understandable worlds rather

than mere point sources of emission.



-28~

The author's research on ihe planets has been supported byVﬂAIA,:ranc HGR
14=005-176 to ' t University of Illinois.

John R, Dickel was born in New York and educated at Yale (BS in physics
1960) and the University of Michigan (Ph.D. i{n astronomy 1964). He then‘wan:
to the University of Illinois where he has besen on the faculty of the Mtrono-
my Department ever since. He began his research activities in planetary rcadio
astronomy in 1956 while an undergraduate student and continues to work about
half time in this area, His other researcn activities include radic studies
of supernova remnants and the dynamics of galaxies. He has observed exten~
sively with most of the world's major radio telescopes and has published over
75 research papers in professional journal. He is a member of th§ American
Astronomical Society, the International Astronomical Union, Sigma Xi, and

URST. .



e e RN AT T R T o

ey G Y PR

wld@m

Mgure CGaptions

l» A schematic obsarving procedure for an on-off measurament of Satura's

satellite Saturn to remove the effuect of background radiatfon and spurious
responses from Saturn itself. ‘The circles indicate the half-power response
width of the antenna and the numbers nekt to the tracks of the planetary

motion arce dates {in Maveh 1977,

2. Geometry of a simple interferometar with 2 antennas A and B separated by a

distance d.

3. ‘The observed microwave gpectrum of the disk of Jupiter compaved with

calculated wodels of Jupiter's atmosphere for several different abundances of

~

@

ammonia {reference 19).

4.  The variation in the microwave brightness tomperature for several differ-
ent longitudes on Mercury as a function of solar illumination (from reference

25).

5. The observed microwave spectrum of Venus fllustrating absorption by its
atmosphere at the shortest wavelengths, emission from the planetary surface
baginning st a wavelength of about 6 cm and then an unexplained decrease in

)

brightness at wavelengths longer than about 15 cm (reference 28).

6. Maps of the non-thermsl radio emission from Jupiter at a wavelength of 21
em.  The circle vepresents the visible disk of the planet, The longitude of

the observed central meridian of Jupiter i{s shown in the upper lgih of aach
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frame, ‘The laft hand side shows the total intensity and the right shows the
sirveularly polarized amission which varies ax wa view the magnetic field at
different inclinations with Jupiter's rotation. ‘The solid contours represent

right=hand and the dashed contours left<hand polarizaclon (reference 33).
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