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Abstract:
A review of radio observationsof the giant andterrestrialplanetsis presented,togetherwith a discussionasto how our understandingof the

planets’surfaces,atmospheresandmagnetosphereshasimprovedwith help of thesedata.
Giantplanetatmospheres.The radiospectraandresolvedimagesof thefour giant planetsarecompared.JupiterandSaturnareverymuchalike:

NH, gasis depletedcomparedto what would beexpectedfor asolarnitrogenabundanceby a factorof —5 at P~r1—2 bar, andenhancedby —1.5 at
P> 2 bar on Jupiterand by 3—4 at P >4—5bar on Saturn.Bright bands acrossthe planetarydisks imply a latitudinal variation in the precise
ammoniaabundance.UranusandNeptunearevery differentfrom theformertwo planets,in thatthey exhibit adepletionof NH

3 gasby abouttwo
ordersof magnitudeover a large altitude rangein the atmosphere.Uranusshowsa large pole-to-equatorgradientin brightnesstemperature.

The lossof NH3 gasin all four planetaryatmospheresis most likely dueto theformationof NH4SH. This requirestheH,S abundancein Jupiter
and Saturnto be enhancedby a factorof 6—7 and 10—15 respectivelyabovethesolar value,and in Uranusand Neptune by over two ordersof
magnitude.The NH3 and H2S abundancesderivedfrom radio data supportthe“core-instability” models on planetaryformation by Pollack and
Bodenheimer119891.

The latitudinal variation in the NH3 abundanceon theplanetssuggestsdifferencesin the location of the NH4SH cloud layers and hencethe
dynamicsof the planets.

Jupiter’s synchrotron radiation. Radio observationsof Jupiter’s synchrotronradiation have led to a detailed model of Jupiter’s inner
magnetospherewith electrondistributions. ThesatellitesThebeand Amaltheacausetheelectronsto be confinedto themagneticequatorialplane.
Energydegradationof theelectronsby dust in Jupiter’sringhardentheelectronspectrumconsiderably.A “hot spot” inJupiter’sradiationbeltscan
partlybe explainedby themultipole characterof Jupiter’s field anda dusk—dawnelectricfield over themagnetosphere.Froma comparisonbetween
thetime variability in Jupiter’s synchrotronradiationandthatseenin solarwind parameters,it appearsthat thesolarwind doesinfluencethesupply
and/orlossof electronsto Jupiter’s innermagnetosphere.

Terrestrialplanets. Microwaveobservationsof theterrestrialplanetspertainto depthsof approximatelytenwavelengths.Spectraand resolved
imagesof theplanetscontaininformationon thecompositionandcompactionof thesurfacelayers.Typically,theplanets’crustsareoverlain with a
few centimetersdust. The polar regionson Mars arcmuchcolderthanthesurroundingareas.The highlandson Venushavea lower emissivityand
hencehigherdielectricconstantthanthedisk-averagedvalue; this impliesthepresenceof substantialamountsof mineralsand sulfidescloseto the
surface.Mercury exhibits “hot spots” in its sub-surfacelayers,due to the3/2 orbital resonanceand large orbital eccentricity.

Observationsat millimeter wavelengths,in particularin rotational transitionsof the CO line, are usedto derive the temperaturegradient in
Venusand Mars’ atmospheres,and theCO abundanceas afunction of altitude. The CO abundanceon Mars is much lower thanexpectedfrom
recombinationof CO and0. Apparently,somecatalystis presentto speedup therecombinationprocess.On Venuswe find mostof theCO on the
nightside,while it is formed on the daysidehemisphere.Large thermalwinds may carry theCO from the day to the nightside.

General introduction

Observationsof the giant planets(Jupiter, Saturn,Uranusand Neptune)at millimeter—centimeter
wavelengthshavecontributedsignificantly to our knowledgeof the composition and structureof the
planets’atmospheresandthe magneticfield topology anddistributionof energeticelectronsin Jupiter’s
inner magnetosphere.At radio wavelengthswe receive thermal or blackbody radiation from the
planets’atmospheres.FromJupiterwe alsoreceivenon-thermalor synchrotronradiationat centimeter
wavelengths,which is emittedby energeticelectronstrappedin its inner magnetosphere.The thermal
radiation from all planetsincreaseswith decreasingwavelength(A 2 dependence).The non-thermal
flux densityfrom Jupiteris moreor lessconstantwith wavelength,so that its relativecontributionto the
total emissionfrom the planetincreaseswith wavelength.

The thermal or blackbody radiation from the terrestrial planets (Mars, Venus and Mercury) at
millimeter—centimeterwavelengthscontains information on the subsurfacelayers of thesebodies,as
well as their atmospheres(Mars, Venus).

In the first chapterof this paperradio spectraand imagesof the giant planetsare discussed.The
secondchaptergives a review of radio observationsof Jupiter’s synchrotron radiation. The third
chaptercontainsa discussionof microwave observationsof the terrestrialplanets.

This papershowsmanysimilarities to the paperRadio imagesof the planets,[de Pater1990]. The.
single dish data of planetshowever,are discussedin more detail in this paper, and so is the time
variability in the data.
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The basic principles of radio astronomyand interferometryhavebeendescribedby, e.g., Kraus
[1986],Rohlfs [1986],Thompsonet al. [1986],andPerley et al. [1989];the readeris referredto these
papersfor generalbackgroundin radio astronomy.A tutorial on imagereconstructionof planetswas
given by de Pater[1990],and will not be repeatedhere.

1. Giant planets; thermal radiation

1.1. Introduction

At radio wavelengthsin the millimeter—centimeterregimeonegenerallyprobesregionsin planetary
atmosphereswhich are inaccessibleto opticalor infraredwavelengths.One typically probespressure
levels of —P0.5—10bar in Jupiter and Saturn’satmospheres,and down to 50—100bar in Uranus and
Neptune.Much information is containedin the planet’sradio spectrum:a graph of the disk-averaged
brightnesstemperatureof the planet as a function of wavelength.These spectragenerallyshow an
increasein brightnesstemperaturewith increasingwavelengthbeyond 1.3cm, due to the combined
effect of a decreasein opacityat longerwavelengths,andan increasein temperatureat increasingdepth
in the planet.At millimeter—centimeterwavelengthsthe main sourceof opacityis ammoniagas,which
has a broadabsorptionband at 1.3cm. At longer wavelengths(typically >10cm) absorptionby water
vapor and droplets becomesimportant, while at short millimeter wavelengthsthe contribution of
collision inducedabsorptionby hydrogengasbecomesnoticeable.

Radio spectraof the planets can be interpretedby comparisonof observedspectrawith synthetic
spectra,obtainedby integratingthe equationof radiative transferthrough a modelatmosphere.The
most recent and complete study on a comparisonbetweenradio spectra and model atmosphere
calculationsfor all four planetswaspublishedby de PaterandMassie[1985].At first approximationthe
spectraof both Jupiterand Saturnresemblethoseexpectedfor a solarcompositionatmosphere,while
the spectraof UranusandNeptuneindicatea depletionof ammoniagascomparedto the solarvalueby
abouttwo ordersof magnitude[Gulkiset al. 1978; de PaterandMassie1985]. Resolvedimagesof both
JupiterandSaturnshowbandsof enhancedbrightnesstemperatureon their disks[de PaterandDickel
1986, 1989; Grossmanet al. 19891, implying latitudinalvariationsin the preciseammoniaabundance.
Uranus shows a brightening towardsthe visible (south) pole (e.g., Jaffe et al. [1984],de Paterand
Gulkis [1988]);imagesof Neptunehavetoo low a resolutionatthis time to inferlatitudinalvariationsin
brightness temperature.The spectra and two-dimensionalimages of each planet are discussedin
sections1.3—1.6. Section1.7 containsa discussionof therelationbetweenthe atmosphericcomposition
to modelson planetaryformation.

1.2. Model atmospheresimulations

To extract information on the planets’ deepatmospheresfrom their radio spectra,one needsa
reliablecomputercodeto simulatethe thermalradioemissionfrom a modelatmosphere.In thissection
I will summarize the most recentmodel atmosphereprogram used to simulate radio observations
[Briggsand Sackett 1989; de Pateret a!. 1989].

The disk-averagedbrightnesstemperatureat radio wavelengths,TD, is calculatedby a numerical
integrationover opticaldepth, r, andpositionp~on the disk. The disk-averagedbrightness,B~(TD),is
given by
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BP(TD) = 2ff B~(T)exp(—rI~s)d(rI/2) d~. (1)

The brightnessB~(T)is given by the Planckfunction, and opticaldepth r~(z)is the integralof the
total absorptioncoefficientover the altitude rangez at frequencyv. The parameter~ is the cosineof
the angle between the line of sight and local vertical. Details on the equation and absorption
coefficientscan befound in de PaterandMassie[1985].The latter authorscautionagainstthe “blind”
use of the BenReuvenline shapeprofile, generallyusedto approximatetheshapeof the ammonialines
centerednear 1.3cm. Baseduponacomparisonof model atmospherecalculationswith all four giant
planets, they suggestthat the line profile at millimeter wavelengthsprobably resemblesthat of a
(slightly modified) Van Vleck—Weisskopf rather than a Ben Reuven profile. The Ben Reuven
representationis probablyright at centimeterwavelengths[Steffesand Jenkins1987].

Beforethe integrationin eq. (1) can be carriedout, the atmosphericstructure,as compositionand
temperature—pressurecurve,needsto be defined.Since the temperature,pressureand compositionof
an atmosphereare all related, de Pater et a!. [1989] calculate the atmosphericstructure, after
specificationof the temperature,pressure,andcompositionof onemole of gasat some deeplevel in the
atmosphere(well below the formationof clouds). The model thenstepsup in altitude from the base
level andthe new temperatureis calculatedassuminga dry adiabaticlapserate, andthe new pressure
by using hydrostaticequilibrium. The partial pressuresof the trace gasesin the atmosphereare
comparedto the saturationvaporpressuresandif the partial pressureexceedsthe latter value,a cloud
of that condensateforms.

The following cloud layersare expectedto form in the giant planetatmospheres:aqueousammonia
solutioncloud (H20—NH3—H2S)at relativelydeeplevelsin the atmosphere.Steppingup in altitude we
find water ice, ammoniumhydrosulfidesolid, ammoniaice, hydrogensulfide ice,and methaneice (only
on Uranus andNeptuneis the temperaturecold enoughfor methaneice to form). Since the NH4SH
cloud forms as a resultof a reactionbetweenNH3 andH2Sgases,the test for NH4SH cloud formation
is that the equilibrium constantof the reactionis exceeded.Both NH3 and H2S arereducedin equal
molarquantitiesuntil the productof their atmosphericpressuresequalsthe equilibrium constant.The
model thenstepsup in altitude using eitherthe dry or the appropriatewet adiabat.As the tracegases
areremovedfrom the atmosphereby condensation,“dry” air (an H1—He mixture) is entrainedinto the
parcel to ensure the mixing ratios add up to one. This cycle is repeateduntil the tropopause
temperatureis reached.For morespecificson the cloud formation,the readeris referredto the papers
by Romani[1986]and de Pateret al. [1989].

1.3. Jupiter

Radio signals from Jupiter were first detectedin 1955 at a frequencyof 22.2 MHz [Burke and
Franklin 1955]. This emissionwas sporadicin character,andconfinedto frequencieslessthan 40MHz.
It is likely due to cyclotronradiationfrom electronswith mirror pointsclose to Jupiter’sionosphere.
Excellentreviewpaperson thistopic arewritten by, e.g.,Carr andDesch[1976],andCarr et al. [1983].

A detailedhistoric reviewon radio observationsof Jupiterat microwavelengthswas given by Berge
andGulkis [1976].They notedthat the first detectionof microwaveradiationfrom theplanetwas made
in 1956 at 3cm wavelengthby Mayer et al. [1958].The measuredflux densitycorrespondsto a black
body temperatureof about 140K. In subsequentyears, observationsat longer wavelengthswere
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conducted,which yielded temperaturesof a few thousanddegreesat wavelengthsA ~ 10cm. Even
thoughone expectsa temperaturegradient in an atmosphere,the measuredspectrumwas too steepto
becausedby a reasonableatmosphericgradient (as,e.g., adiabaticgradient).Interferometricobserva-
tionsby RadhakrishnanandRoberts[1960]in 1960 at a wavelengthof 31 cm, anda yearlaterby Morris
and Berge [1962]at 31 and 22 cm, showedthat the radiation was —30% linearly polarizedat both
wavelengthsandhad a linear extentroughly 3 times the planet’sdiameterin the equatorialdirection,
while the north—south extent agreedwith the planetarydiameter. This led to the suggestionthat
Jupiter’sradioemissionat wavelengths�6cm was dominatedby synchrotronradiation,emittedby high
energyelectronsin a JovianVan Allen belt. Emissionat shorterwavelengthsis dominatedby the
thermalradiationfrom the planet’satmosphere.

The significanceof the synchrotronradiation as a probe for Jupiter’s inner magnetospherewill be
discussedin chapter2. In thissectionwe concentrateon the thermalemission;however,we first needto
spenda few words on how to separatethe thermalcomponentfrom Jupiter’snon-thermalemission.
This topic hasbeenaddressedin detailby Berge andGulkis [1976],andwasextendedby de Pateret al.
[1982].The mostwidely used techniqueis basedupon the polarizationpropertiesof the two emission
components.Oneassumesthat the thermalemissionis essentiallyunpolarized,andthat the degreeof
polarizationin the synchrotronradiationis 22% at all wavelengths.This numberwas definedfrom the
degreeof polarizationat long wavelengths,averagedover Jupiter’s rotation; at long wavelengthsthe
thermal contribution is negligible. It was assumedthat the degree of linear polarization remains
constantat shorterwavelengths;a fairly good assumption,sincede Pater[1981a]showedlater that it
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Fig. 1. Jupiter’sradio spectrumwith superimposedvariousmodel atmospherecalculations.Dashedline: solarcompositionatmosphere.Solid line:
NH
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decreasesby only —2% between20 and6 cm. Whenhigh resolutionimageswereobtainedonecould in
principle separatethe thermal and non-thermalcontributions visually; however, since the region
subtendedby the disk is also partly influencedby synchrotronradiationmorerefinedmodelsneededto
be used. De Pater et al. [1982]used de Pater’s [1981a,b] model calculationstogether with high
resolution images of the planet to determinemore accuratevalues for the thermal flux densityat
wavelengthsof 6, 11 and 21 cm.

Figure 1 showsa disk-averagedspectrumof Jupiter,with datatakenfrom dePaterandMassie[1985]
andreferencestherein,andKlein andGulkis [1978].Superimposedaremodelatmospherecalculations
after de Pater and Massie [1985](modelsafter de Paterand Massiealways havea Ben Reuvenline
shapeprofile for NH3 gasat centimeterwavelengths,andamodified Van Vleck—Weiskopfline shapeat
millimeterwavelengths).The dashedline is for a solarcompositionmodel*), andthe solid line is for a
modelatmospherein which ammoniagasis depletedcomparedto the solarnitrogenvalueby a factorof
—5 at P < 1 bar, and enhancedby a factorof 1.5 atP>2 bar. In addition,NH3 gasis subsaturatedat
P~ 0.6bar,to fit the radio spectrumnear1.3 cm. The latter modelprovidesagood fit to thedata.The
loss in NH3 gasat 1 < P<2bar is probablydueto theformation of an NH4SHcloud. The existenceof
sucha cloud was first postulatedby Lewis [1969],to explain the apparentnon-detectionof H2S gasin
Jupiter’satmosphere.If indeedthe NH3 mixing ratio dropsby afactor of about8 dueto the formation
of an NH4SH cloud, H,S needsto be enhancedby a factorof 6—7 comparedto the solarvalue[de Pater
19861. This is compatiblewith theorieson the formation and evolutionof the giant planets[Hubbard
1984;Pollack andBodenheimer1989]. The subsaturationof ammoniagasat P ~ 0.6bar is probablydue
to photolysis.

High resolutionradio imagesof the planetat 2 and6 cm wavelengtharedisplayedin fig. 2a—d(from
de Pater and Dickel [1986]). The resolution is 1.2” and 2” respectively. The images show bright
horizontal bands across the disk, which coincide with the brown belts seen at visible and IR
wavelengths.Thesebandshavea higher brightnesstemperature,which most likely is dueto a depletion
in ammoniagasrelativeto thezonalregions.Figure3 showsa summaryof the atmosphericstructurein
Jupiter’sNorth EquatorialBelt (NEB) andEquatorialZone (EZ) (from de Pater[1986]).The NH3 gas
is enhancedby a factor of 1.5 at P>2.2bar. We see a gradualdecreasein NH3 gas between2 and
1 bar,wherein the NEB the gas is depletedover a smallaltitude rangeby a factorabout10, andin the
EZ by a factor of about5 over a largeraltitude range.The depletionin both regionsis probablycaused
by the formationof anNH4SH cloud layer,which extendsover a largeraltituderangein the zonethan
the belt. At P <0.6bar, NH3 is condensedout, and partially destroyedby photodissociationeffects.

De Pater[1986]shows that the difference in latent heat releaseupon formation of an extensive
NH4SH cloud in the EZ, versusa three-timessmallercloud in the NEB is 3—4 K, enoughto drive the
zonal winds observedon the planet. This theory predicts the winds to extenddown to a depth of
-—--2 bar. It further confirms the historicalpictureof rising gas in the warmerzones,with subsidencein
the belts. With the smallerNH3 gas reservoir abovethe belts, the NH3 ice cloudsareexpectedto be
thinnerin beltsthanin zones.This generalcloud pictureis in agreementwith the structuresuggestedby
West et al. [1986]basedupon ground-basedandspacecraftdataat visible andIR wavelengths.Note,
however,the differencebetweenthe two observingtechniques:the radio dataprobe directly the gas
from which the cloudsare formed, while JR andvisible dataare sensitiveto “a” cloud layer. Hence,
together,the datacontain a full pictureof Jupiter’scloud structure.

*) The solarmixing ratios: CH,/H2, 8.35 x t0~N1-13/H2, 1.74 x i0
4 H

2O/H2, 1.38x i0~ H,S/H,, 3.76 x
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279 K. (d) a contourmap of Jupiter’sthermalemissionat 6cm,obtainedby subtractinga scaledmapof thepolarizedflux density from thetotal
intensitymap. Contourvaluesare;8, 13, 19, 26, 40, 53, 66, 106, 146, 185, 225, 238, 251, and 259K. On all contourmaps,negativevalues,with the
sameabsolutelevels, areindicated by dashedcontours.(Resultsarefrom de Paterand Dickel 119861.)
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1.4. Saturn

1.4.1. Atmosphere
The resultsof microwaveobservationsof Saturn havebeencompiledby Klein et a!. [1978].Since

most observationshave been obtained with single dish telescopes,which have a very low spatial
resolution,the flux densityof the entire Saturniansystemwas recorded.Measurementsobtainedwith
radio interferometersprovided some strongconstraintson the microwave propertiesof Saturn’sring
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Fig. 3. The altitude distributionof ammoniagasin Jupiter’s atmosphere,in theNEB and EZ. The variouscloud layers aresketchedat the right
side; the saturatedvapor curvefor ammoniagasof solarconcentrationis indicatedby the line sv. (Resultsfrom dePater119861.)

system.Klein et al. [1978]used this information to develop a simple model for the influenceof the
planet’s rings on its microwavespectrum,and correctedthe radio data for it. The resulting thermal
spectrumof Saturnis shownin fig. 4 (the dataare complementedwith data by Dowling et a!. [1987],
Grossmanet a!. [1989],Briggs andSackett[1989],and de PaterandDickel [1989]).Superimposedis a
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Fig. 4. Saturn’sradio spectrum,with superimposedmodel atmospherecalculations(afterBriggsandSackett119891).Dashedline: solarcomposition

atmosphere.Solid line: an atmospherein whichmethanegasandwaterareenhancedby a factorof5, ammoniagas by afactorof 3, andH3Sgasby
a factor of 11 abovesolar.
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FIg. 5. Radio imagesof Saturn(from de Palerand Dickel [1989]).at 2 and6cmat different ring inclination anglesB. PanelA showsradio photos
of ihe images.panelB the contourmaps.The resolution in all imagesis 1.5”. (III imageat A = 6cm,B = 5.8 . Contourvaluesare:2.7. 5.4,9.2. 18.4.
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Contours.The imageswere taken in August 1981. Januar~1982. January1984. and December1986, respectively.
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modelcalculation after Briggs and Sackett [1989]for a solar compositionatmosphere(dashedcurve),
andan atmospherein which H20 andCH4 areenhancedby a factorof 5, NH3 gasby afactor of 3, and
H2S gasby afactorof 11 in the planet’sdeepatmosphere(solid line). The NH3 mixing ratio decreases
with altitude dueprimarily to the formation of an NH4SH cloud at 3—5 bar level. The dataat short
centimeterwavelengthsimply a largerdecreasein NH3 gasthansuggestedby Briggs andSackett,which
can be obtainedby increasingthe H2Sabundanceto 12 or 13 timesthe solarvalue. Theenhancementof
NH3 gas in the deep atmosphereis necessaryto reproducethe long wavelengthrangeof Saturn’s
spectrum.In the past,Klein et al. [1978]suggestedthat the low brightnesstemperatureat wavelengths
longwardsof about 6 cm was dueto the presenceof a water cloud at levelsin the atmospherebelow
about270K. However,an enhancementin the watermixing ratio changesthespectrumat 6—20cm only
slightly if the atmosphereis in thermo-chemicalequilibrium.

The first radioimageof the planetwasobtainedby Schloerbet a!. [1979]at a wavelengthof 3.7 cm.
The datawere obtainedwith the interferometerof the OwensValley RadioObservatoryusingthirteen
differentbaselines.The resolutionwas 8 x 15”. After subtractionof a uniform disk from the map, the
contributionfrom the ringswas visible as a positivesignatureat either sideof the planet,andnegative
wherethe rings obscuredpart of the planet’sradio emission.The first VLA imageswere publishedby
de Paterand Dickel [1982].In later years,imageswith a betterquality were obtained(e.g., de Pater
andDickel [1983],dePater[1985],Grossmanet al. [1989],de PaterandDickel [1989]).Figure 5 shows
a few of the VLA images [de Pater and Dickel 1989] at 2 and 6cm, observedat different ring
inclination angles.PanelA displaysradio photographs,panelB contourmaps.The resolutionis 1.5”,
andthe ring inclination angleB = 12.5°and —26°for the 2 cm images,and5.8°and 20°for the 6 cm
images.The more recentimages,at B = 20°and26°,clearly showthe A and B rings separately;the
CassiniDivision can bedistinguishedaswell. At 2cm,the planetarydisk showsno structure,otherthan
that the planetseemsless limb darkenedin the north—south direction thanexpectedfor a uniform
atmosphere.At 6 cm, however, there is a clear bright band acrossthe planetat approximately300

latitude.
Figure 6 showsmeridional scansthrough severalimages at 6cm, takenin differentyears:August

1981,January1982,January1984 andJune1986 respectively.The absorptioneffect by the rings differs
from year to year, due to the varying ring inclination angle(and,to a smallerextent,the resolutionof
the beam). The planetocentriclatitude of 30°is indicatedby an arrow, and the bright band in the
atmosphereappearsto havemovedsouthwardover the years.Also, the intensityof this bandmight
havechanged,as well as the amountof limb darkeningtowards the pole. Higher resolution images
suggestthe presenceof a second,muchweaker,bright bandnearthe equator,andonein the southern
hemisphere.

Model atmospherecalculationsshow that the difference in brightnesstemperaturebetweenthe
bright bandand the restof the planetcan be explainedby a differencein the ammoniamixing ratio at
levels in the atmospherewhereP— 1—5 bar. Grossmanet al. [1989]suggesta 30% decreasein theNH3
mixing ratio in the bright band. However,with a three-timessolarmixing ratio of NH3 gasatP � 5bar,
the ammoniaabundancein the bright band must be decreasedby nearly 50% at P <5 bar. Such an
effect would alsobevisible at 2 cm wavelength.DePaterandDickel [1989]suggestthat the global NH3
abundancein the upperatmosphereis about5 X i0

5. The low abundanceextendsto deeperlevelsin
Saturn’satmospherein the bright band, than at otherpositions:down to 4—4.5bar in the bright band,
and to 2.5—3bar everywhereelse. This implies that the NH

4SH cloud layer forms at a deeperlevel in
the atmospherein the bright band,thanat otherlatitudes.In addition, theverticalextentof the cloud
layer is about0.5 bar in both regions.Note that this is oppositeto what we saw on Jupiter.



I. de Pater,The significanceof microwaveobservationsfor theplanets 15

I 1 I I I I

025 - — .04 - -

.02- / —

I
along meridian, 81/08/08—09 along merid,on. 82/01/24—25

I I I~ . I 11 I I I

03 - - 03 - -

02- — 02- -

I01_ / Jo0 ~o - 01- Jo0 ~ -

0 0
I I I I I I I I I I I I I I I I

0 20 40 60 80 20 40 60 80 100
along meridian. 84/01/31 along meridian, 86/06/22—24

Fig. 6. Meridional scansthrough6cm imagesof Saturn.The data were taken in August 1981, January1982, January 1984, and June1986,
respectively. The planetocentriclatitudes of 0°and30°areindicatedby arrows.

Fromlimb darkeningcurvesit appearsthat in both Jupiter’sandSaturn’satmospheresthe ammonia
abundanceabovethe NH4SH cloud deckdecreasesby approximatelya factorof 2 towardsthe poles,
while theunderlyinghigher ammoniaabundancestartsat higherlevelsin the atmospherenearthe polar
regions. Since the ammoniaabundanceabove the NH4SH cloud layer is largely determinedby the
abundanceof H2S, the latter mayincreasesomewhatfrom the equatorto the pole.Also the altitude at
which the NH4SH cloud forms apparentlyvarieswith latitude. The reactionNH3 + H2S—* NH4SH is
heterogeneous,so it requiresthe presenceof solid surfaces,as,e.g., aerosols.Hence the variation in
the NH3 abundancewith latitude and altitude dependsuponthe H2S abundanceas well as the aerosol
distribution, which is probablytied in with the dynamicson the planet.

Far-infrared (IRIS) observationsobtainedwith the Voyager spacecraftprobe pressurelevels of
-—0.3—0.7 bar. A warm band is visible at mid-latitudes,similar to the bandseenat radio wavelengths
[Bezardet a!., 1984]. However, if, at thesepressurelevels, this region is hot dueto an enhancementin
the physicaltemperatureof this band,the hot bandshouldshow up in the radioimagesat 2 cm. Likely,
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as suggestedby the authors,the featureseenat infraredwavelengthsis dueto a latitudinalvariation in
cloud opacity. A thinnerNH3-icecloud at mid-latitudeswould imply a region of downwelling,which is
consistentwith the interpretationof an altitude variation with latitude of the NH4SH cloudsderived
from the radio data.

1.4.2. Rings
As mentionedabove,radio interferometricobservationswere used to extractinformation on the

microwavepropertiesof Saturn’srings. Observationsat differentwavelengthsandpolarizationscan be
usedto determinethe compositionand sizesof the ring particles,through their scatteringcharacteris-
tics. Cuzzi et a!. [1980]presentdetailed theoretical models of the brightnessof Saturn’s rings at
microwavewavelengths,including both intrinsic ring emission and diffuse scatteringof the planetary
emissionby the rings.

Schloerbet a!. [1980]showthat the effective normal optical depthof the A and B rings decreases
with decreasingring inclination angle,such as expectedfor the classicalA and B rings, with a clear
opengap,the CassiniDivision, in between.Table 1 lists the opticaldepthsaswell as thering brightness
temperaturesfrom all observationsreportedto date (after Espositoet a!. [1984]).Figure 7 shows a
graphof the datapointsof the effective opticaldepth,~ with superimposeda theoreticalcalculation
of Teff (afterSchloerbet a!. [1980],not a fit to the data!),

exp(—reff/sin IBj) =fA exp(—TA/sin IBI) +f8 exp(—TB/sinIB~)~fcD’ (2)
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Fig. 7. A graphof theeffectiveopticaldepthof thecombinedA andB ringsasafunctionof ringinclination angle(afterSchloerbet al, [19801).The
solid line is a prediction for theeffective opticaldepth, if TA = 0.7, and T0 1.5.
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Table I
Opticaldepthfor A andB rings, asderivedfrom observationsat different ringinclination angles.Note

that all values from de Patesand Dicket [1989)arestill preliminary

Wavelength B T,
11 T(A+ B)/T(5)

(cm) (deg.) A, B (%) reference°

0.10 22.0 24.0±5.0 [Werneret at. 1978; Esp[
0.14 26.6 50.0±17.0 [Ratheret at. 1974; EspI
0.14 26.4 36.0±8.0 [Courtinet at. 1977; Esp]
0.17 20.1 33.0±6.0 [Rowan-Robinsonet al. 1978; Esp)
0.21 26.4 15.7±8.6 [Ulich 1974; Esp]
0.27 23.0 0.61±0.08 12.0±2.0 [Dowlinget at. 1987!
0.33 0—26 11.5 ±5.1 [Epsteinet at. 1980]
0.34 0—26 10.8 ±2.6 [Epsteinet at. 1984)
0.35 26.5 5.3±4.7 [Ulich 1974; Esp]
0.86 21—25 8.8±1.4 [Janssenand Olsen 1977]
1.30 —15.3 0.54 ±0.10 4.4 ±0.8 [5chtoerbCt at. 1980]
1.33 —5.4 <0.06 Ide Paterand Dickel 19821
1.34 12.5 0.46 ±0.07 7.5 ±1.0 Ide Paterand Dickel in preparation]
1.99 —5.4 0.11 ±0.03 [de Paterand Dicket 1982)
2.0 12.5 0.41 ±0.04 5.7±0.8 [de Paterand Dicket in preparation]
2.0 25.3 0.87 ±0.12 4.4±0.5 [Grossmanet at. 1989]
2.0 26.4 0.9±0.1 4.6±0.2 Ide Patesand Dieket in preparation]
3.71 —20.8 0.66±0.10 4.2 ±0.7 [Schloerbet al. 1980]
3.71 —26.1 0.8±0.1 5.2±1.7 [Cuzziand Dent 1975; and Schloerb1978]
3.71 —26.5 0.97±0.16 3.1 ±0.7 [Schloerbet al. 1980]
3.71 25.6 6.5±1.2 (Briggs 1974; Esp]
6.0 —26.5 0.6±0.1 3.4±0.6 [Jaffe1977; Schloerb,1978]
6.14 —5.4 0.11±0.03 [dePaterandDickel 1982]
6.14 5.9 0.29±0.05 3.8 ±0.5 Ide Paterand Dickel in preparation]
6.14 12.5 0.40±0.04 4.3±0.5 [dePaterandDicket in preparation]
6.17 20.0 0.60±0.05 4.4±0.2 (de PaterandDickel in preparation]
6.17 25.1 0.62±0.05 4.7±0.2 [dePaterand Dickel in preparation]
6.17 25.3 0.72±0.07 3.6±0.2 [Grossmanet al. 1989)

21.0 25.2 2.7±1.4 [Briggs1974; Esp)

Esp standsfor Espositoet al. [1984).

with IA’ fB’ andf~0the fraction of the obscuredregion of theplanetblockedby the A andB rings,and
the CassiniDivision respectively.The latter division was assumedto be entirely transparentat radio
wavelengths.The opticaldepthin the A-ring was takento be 0.7, andin the B-ring as 1.5. It is clear
that the trendin the observedeffectiveopticaldepthfollows the theoreticalprediction. In this figure no
differentiationis madebetweenpointsat differentwavelengths,althoughCuzziet a). [1980]showthat
the opticaldepthof the rings maydecreasewith wavelengthif the rings arewide open.They usedthis
fact to constrainthe size of the ring particles to be primarily less than a meter.

Schloerb et a!. [1980]pointed out that at small ring inclination anglesthe effective optical depth
approachesthe opticaldepthof the leastoptically thick region.With atransparentCassiniDivision, or
otherclearopengapsin the rings, this will be zeroas shownon the graph.Cuzzi et a]. [1980]showthat
the ring particlesscatterpreferentially in the forwarddirection.High resolutionVLA observationsof
thering system,suchasthosepresentedin fig. 5 confirm this suggestion[Grossmanet al. 1989;de Pater
andDickel 1989], sincethe far side of the ring is usuallyweakerthanthe nearside. The fact that the
particlesscatterpreferentiallyin the forwarddirection will alsocausethe effectivering optical depthto
decreasewith decreasingring inclination angle.



18 1. deParer, Thesignificwi~rof microwaveobservationsfor the planets

50 F I F I I I I I I I I I I I I I I I I I I I I I

20 — I —.

~ ‘: ~ --- -

I I I I I I I I I I I I I I I I I I I I I I I I

—1 —.5 0 .5 1 1.5
wavelength in cm

Fig.8. The brightnesstemperaturefor thecombinedA andB rings asa function of wavelength(after Cuzziet at. [1980]).Thedashedline showsa
thermalspectrumwith a A 2 dependence;thesolid tine showsaspectrumwith a A -‘ dependence.

Thermal radiation from the ring particleshasbeenobservedat wavelengthsbetween—10 urn and
---1 cm. Somewherebetween100 p.m and 1 mm wavelength,the ring brightnesstemperaturedrops
below the blackbody behavior,andlongwardsof 1 cm wavelengththe ringsbehavenearly like a perfect
reflecting surface.Espositoet a!. [19841show that the brightnesstemperaturerisesapproximatelyas
—1 /A shortwardsof 1 cm, as expectedfrom an optically thick slab of particles which are nearly
conservativescatterers[Cuzziet al. 1980]. Figure8 showsthe datatogetherwith curves—A -‘ andA 2

(after Espositoet al. [1984]). The low intrinsic brightness temperatureof the rings at centimeter
wavelengths,togetherwith the observedperfectreflectorbehaviorhints at an icy compositionof the
particles.In addition,the ring particlescannotbeprimarily smallerthan —1 cm, independentof their
precisecomposition[Cuzziet a!. 1980].

The high resolutionimagesbetterconstrainthe opticaldepthandring brightnesstemperatureof the
individual A, B, and C rings. Ratherthanmaking model fits to the UV data,the imagescan be used
directly to determinethe ring properties.Grossmanet al. [1989]show the optical depth andring
brightnesstemperaturefor the threerings andCassiniDivision separately,as determineddirectly from
the images.They concludefrom their measurementsthat the A andC ringscontain manyparticlesin
the size range0.6—2.0cm, while the B ring containsa greaterpopulation of largeparticles.

1.5. Uranus

The angulardiameterof Uranussubtendsan angleof lessthan4” as seenfrom the earth;therefore,
until the VLA could beused to imagethe planet,most radio observationswereof the unresolveddisk.
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The PlanetaryRadio Astronomygroup at the Jet PropulsionLaboratory[Klein 1984] assembleda
catalogueof all radio dataof Uranus,andrecalibratedolder datapointsso all temperaturesareon the
sameflux densityscale.Their cataloguewas publishedin a reviewpaperon Uranusby Gulkis andde
Pater[1984];sincethispublicationmoreobservationshavebeenmade(seede PaterandGulkis [1988],
Bergeet a!. [1988]),which are includedin the spectrumshown below.

A spectrumof disk-averagedbrightnesstemperaturesof Uranusis shown in fig. 9. As was first
pointedout by Gulkis et a!. [1978],Uranus’brightnesstemperatureis too high to bematchedby a solar
composition atmosphere,as indicated by the dashed line in fig. 9. The most up to date model
calculationsmadeto dateareby de Pateretal. [1989]andare alsoshownin fig. 9; the dottedcurve is a
model for an atmospherein thermo-chemicalequilibrium in which both the H2S andH20 abundances
areenhancedby a factor500 comparedto the solarS and0 valuesrespectively,andNH3 by a factorof
15 comparedto the solarN value (note: CH4 was always assumedto be 30 timesenrichedabovethe
solarC valueto matchthe observed2% mixing ratio in the uppertroposphere[Linda!et a!. 1987]). The
solid line is for thesamemodelbut with NH4SH“supersaturated”atP <30bar (T <240K),wherethe
NH3 abundanceis 3.5 x i0~.In the latter model no condensationof NH4SH occurs,eventhoughthe
productof the partial pressuresof H2S and NH3 exceedsthe equilibrium constantat thesepressure
levels.This effectively “forced” the ammoniaabundanceto beconstantover alargerangein altitude,a
feature which is necessaryto match the steeppart of the planet’s radio spectrumat wavelengths
between0.3 and6 cm.

A similar resultcan be obtainedby fastverticalmixing in the atmosphere;however,sincethe eddy
diffusion coefficient shouldbe unrealisticallylarge for this processto be effective,the authorsdismissed
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Fig.9. Radio spectrumof Uranus,with superimposedvariousmodel atmospherecalculationsfrom dePateret al. [1989],asindicatedin thefigure.
Seetext for furtherexplanations.
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the mixing model. In addition to the supersaturationmodel, the H2S concentrationneedsto be large
(larger than 100 timesthe solarS value), to force the formationof theNH4SH cloud to occurdeepin
the atmosphere,so ammoniagas gets depletedsignificantly at large depthsin the atmosphere.The
authorsalso consideredthe possibility of a subsolarNH3 abundancethroughoutthe atmosphere,but
dismissedthiscase;the syntheticspectradid not lit the dataas well as thosein which ammoniagaswas
equalto or enhancedabovethe solarvalue. In addition,if NH3 gasis subsolar,the nitrogenshouldbe
presentin theform of N2, unlessN itself is deficient.However,the upperlimit to the detectionof N2 by
the VoyagerUVS experimentis on the orderof onepart per billion at the 1 mbarlevel. This implies
that most of the nitrogen in Uranus’ atmospheremust be in the form of NH3, not N2. Hence,the
authorsconcludedthe abundancesof the variousconstituentsto be: 5> 100x solar; N> 1—10 x solar;
O> solar; S/N ratio>3 if H2O ~ 100x solar, or >5, if H20 S 100 x solar. Unfortunately,theycould
not place a tighter constrainton the waterabundance.

1.5.1. Variability
In 1978,Klein andTuregano[1978]noted an increasein Uranus’disk-averagedbrightnesstempera-

ture at a wavelengthof 3 cm. Gulkis etat. [1983]discussedthe time variability in detail;someaspectsof
it were improved by Gulkis and de Pater[19841.As shown in fig. 9, data pointstakenbefore 1973
generallyindicateda colder planet than data takenafter 1973. When correctingfor the shapeof the
spectrumbetween2 and 6 cm onecan makea graph of the data pointsin this wavelengthrangeas a
function of time. Figure 10 showssuch a graph (open circles: data at 6 cm; dots: data at A <6cm),
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Fig. 10. Uranus’disk-averagedradio brightnesstemperatureasa function of time. Theopencircles aredatatakenat 6cm; thefilled circlesarefor
datataken at 1.3 <A <Scm(after Gulkis and dePater[1984]).The solid line is thepredictedbehaviorif Uranus’pole is much warmerthanthe
equator(seetext).
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wherethe datawere correctedfor the slope in the spectrumaccordingto [Gulkisand de Pater1984]

T~= TD —76ln(A) + 136.2, (3)

where T~is the brightness temperaturecorrectedfor the slope, TD the observeddisk-averaged
brightnesstemperatureandA the wavelengthin cm. Superimposedon the datapointsis amodel, with a
permanentbrightnesstemperaturedistribution on the disk as [Gulkis and de Pater1984]

T= T0+0.66(T~—Te)cos(O), (4)

with T~and Te the temperaturesat the pole and equatorrespectively,and 0 the colatitudeon the
planet.With a temperaturegradientof 100K, and T0 = 200K, this variation roughly correspondsto the
temperaturegradientbetweenthe poleandequatoras seenon a 6 cm VLA image[Gulkisandde Pater
1984] (seebelow). The datashowthe sameoverall trendas the model,althoughsignificant deviations
from the model areseen. In addition, the variability is most significant at wavelengthsshortwardsof
6cm.

1.5.2. Latitudinal brightnessdistribution
Briggs and Andrew [1980]werethe first to noticea largetemperaturegradienton Uranusbetween

the equatorand the pole, at a wavelengthof 6 cm. Their conclusionswere basedupon visibility data
obtainedwith an interferometer.The first radio imageswere publishedby Jaffe et a!. [1984].At 2 cm
theimageshoweda symmetricdisk asexpectedfor auniform gaseousplanet,with the brightestpoint at
thesubearthpoint, andlimb darkenedtowardsthe limb. At a wavelengthof 6cm, however,the planet
appearedasymmetricin that it showedthe brightestpoint on the planetto be nearthe poleratherthan
the subsolarpoint.

Sincethat timeUranushasbeenimagedregularlyat 2 and6 cm [dePaterandGulkis 1988; Bergeet
a!. 1988]. Examplesof imagesare shown in fig. 11: a 6cmimagefrom 1982, and a 2cmimagefrom
1984(from de PaterandGulkis [1988]).The asymmetryat 6cmis alwayspresent,althoughthe detailed
latitudinal distributionof the brightnesstemperaturevaried significantly over the years.This is shown
schematicallyfor two yearson fig. 12 (from de Pateret a!. [1989]).An analysisof the 2 cm data of
Berge et al. [1988]by Hofstadterand Muhleman [1989]showstwo ratherthan3—4 zonal bands,one
between0°and —45°,anda warmerbandbetween-—45°and thepole. In addition to timevariationsin
the latitudinal structure,the positionof the brightestpoint on the disk at the 2cm imagesappearedto
move from the subsolarpoint to a point closer to the pole betweenthe years 1980 and 1984—1985.

Eventhoughthe detailedlatitudinal structurechangesdrasticallyon timescalesof abouta year(or
shorter),the generalzonaldistributionalwaysseemspresent;a hot polar region at latitudeslargerthan
70°:270—280K at6 cm, and240—250K at 2 cm; a cold equatorialbandbelowroughly 30—40°:220K at
6 cm, and 160—170K at 2cm; andup to two bandsat mid-latitudes:—250K at 6cm, and200—220K at
2 cm. These zonal variations can be explained in termsof a latitudinal variation in the ammonia
abundance.Usingthe “supersaturation”modelof de Pateral. [1989]the NH3 abundanceis 2 X 10-6 at
T <240K in the equatorialregion, (1—2) x i0~at T <220K at mid-latitudesandi0~down to 280K
in the polar region. The gaseousammonia abundancewill follow the saturatedvapor curve at
T ~ 145K, when NH3 gas condensesout.

These abundanceshint at a generalupwelling of gas at mid-latitudes, with subsidencein the
equatorialregion (andat higher latitudes).This atmosphericcirculationsupportsthe meridionalflow as
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Fig. 11. Radio imagesof Uranusat (a) 6 and(b) 2cmfrom dePaterand Gulkis [19881.Thecrossindicatesthepositionof thepole,thedotof the
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Fig. 12. Uranus’sradio brightnesstemperatureasa function of “latitude” with respectto thepoint of symmetryon the planet (taken as 90°).
Distributions at 2 and6cm are shown,for two different years(from dePateret at. [1989]).

derivedfrom Voyagerobservationsby Flasaret a!. [1987].It furthercausescondensationnuclei to be
presentat higher altitudes at mid-latitudes than in the equatorialregion. Since these nuclei are
necessaryfor the reactionNH3 + H2S—~ NH4SH to takeplace,it supportsthe ideathat the formation
of NH4SH is confined to deeperlevels in the atmospherein the equatorialregion thanat higher
latitudes.The low ammoniaabundancein the polar regions,down to levelsas deepas 280K cannotbe
explainedin terms of the “supersaturation”model; the authorssuggest the existenceof strong
downdraftsof dry air (air from whichthe NH3 hasbeenremovedby condensation)to adepthof atleast
280 K.

1.6. Neptune

The first radio astronomicaldetectionof Neptunewasmadein 1966 by KellermannandPauliny-Toth
[1966],at a wavelengthof 1.9cm. Despitethe lapseof time sincethis measurement,the spectrumof the
planetstill is poorlydefined.Obviously,this is mainlydueto the faintnessof this distantobject,causing
manyproblemsdue to confusionin the signalsreceivedby single antennas.The confusionis minimized
whenthe sourceis observedwith aninterferometer.De Paterand Richmond[1989]publisheda paper
on VLA observationsof Neptune,andrefined theplanet’sspectrum.Theirspectrumis shownin fig. 13,
with the VLA datapointsindicatedby filled circles, andothersby crosses.It is clear thatNeptune,like
Uranus,is too warm at centimeterwavelengthsfor a solarcompositionatmosphere(dashedline on fig.
13). A straightmodel atmospherecalculation(afterde Paterand Massie[1985])gives abestfit to the
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Fig. 13. Radiospectrumof Neptune(after dePaterandRomani[19891).Superimposedare variousmodel atmospherecalculationsasindicatedin
the figure.

data, if the NH3 abundanceis equalto 3 X 106 throughout the atmosphere(short-dash—long-dash
curveon fig. 13). Model atmospherecalculationsafterRomaniet al. [1989]arepresentedby the dotted
andsolid lines respectively;the dottedline is a calculationin thermo-chemicalequilibrium, for a planet
with the samecompositionas Uranus:30 x CH4, 500x H2O, 500X H2S, and 15 X NH3, comparedto
the solarC, 0, S, andN values.The solid line is the samecalculationfor an atmospherein which the
NH4SH cloud was assumedto be supersaturatedat layerswhereT <240K. Although the latter curve
fits the datashortwardof —10 cm reasonablywell, neitherof the solid curvescan matchthe ratherhigh
brightnesstemperatureof 318±16 K at 20 cm. Thesedatacan only bematchedif NH3 gas is lessthan
solar throughoutthe atmosphereby afactorof about50 comparedto the solarN value, asshownby the
dashedcurve. Basedupon planetaryformation theoriesand a comparisonwith nearby Uranus,a
depletionof NH3 gas by nearly two orders of magnitudecomparedto the solar value seemshighly
unlikely.

Synchrotronradiation?
In analogywith Jupiter, de Pater and Richmond [19891suggestedthe excessemission at 20 cm,

0.4±0.13mJy, to be due to synchrotronradiation emitted by energeticelectronsin a Neptunian
magneticfield. De Paterand Goertz [1989]performedsomecalculationson the inward diffusion of
energeticelectrons,andsuggestedthat Neptune’ssurfacemagneticfield strengthat the equatorwill be
about0.5 G if the particledistribution is similar to that in Jupiter’sradiationbelts. The field strength
hasbeenconfirmedby the recentVoyagerflyby, but no energeticparticleswereobserved.
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1.7. Discussionand conclusions

The radio spectraand resolvedimages of the four giant planets were discussedabove. All four
planetsshowa sub-solarammoniamixing ratio in the upper atmosphere,and an enhancementin the
lower part. On Jupiter and Saturn NH3 gas is depleted by a factor of about 5 at P ~ 1 bar
(Jupiter)— 3.5bar(Saturn),andenhancedby 1.5 on Jupiter,and 3—4 on Saturnat deeperlevelsin their
atmospheres.Bright bandsacrossthe two planetarydisks imply a latitudinal variation in the precise
ammoniaabundance.Uranus and Neptune show a depletion in NH3 gas of nearly two orders of
magnitudeover a large altitude rangein the atmosphere.The gasis probably enhancedby anorder of
magnitudeor moreat deeperlevels. In addition,Uranusshowsa largepole-to-equatorgradient in the
ammoniaabundance.

The loss of NH3 gas in the atmospheresof all four planets is most likely due to the formation of
NH4SH, which in thermo-chemicalequilibrium calculationsis expectedto form at the pressurelevels
where the decreasein the ammoniagas abundanceis observed.To obtain a large enough loss in
ammonia gas at the right pressurelevels, the H,S abundancein Jupiter and Saturn needs to be
enhancedby a factorof 6—7 and 10—15 respectively,comparedto the solar S value, and by ~100on
UranusandNeptune.In addition,the S/N ratio on the outertwo planetsneedsto exceed3, if the H20
abundanceis largerthana hundredtimes the solar0 value,or 5 if the H20 abundanceis lessthan a
hundredtimes the solarvalue.

Due to the variations in enrichmentfactors for the heavy elementsin all four planets,the cloud
structurebetweenthe planetsis ratherdifferent. On Jupiterwe do not expectto find a solutioncloud;
on Saturnit is small (baseat —20 bar level), but on UranusandNeptuneit is very extensive(basenear
2000bar level). On all four planetswater-icewill form at a temperatureof about 270K. At higher
altitudes, the NH4SH cloud layer will form. The baselevel of the cloud is roughly near210—230K
(2—5 bar level) on JupiterandSaturn,and280 K (-—-100 bar level) on Uranusand Neptune.On Jupiter
andSaturn,no H2S gaswill be left abovethis cloud layer. At temperaturesof 140—150K NH3 gaswill
freezeout andform ammonia-ice.This is the cloud layer“visible” at opticalwavelengths.On Uranus
andNeptunethereis a lot of H2S gaspresentabovethe NH4SHcloud layer.This gaswill condenseout
at a temperatureof about170—180K (—10—15bar). SinceNH3 gasis supersaturatedabovethe NH4SH
cloud layer,we find a smallammonia-icecloudnear120K (3—4 bar level). On the lattertwo planetsthe
temperaturegetsalso cold enoughfor CH4 gasto freezeout, at about 80 K (—1 bar level). The latter
cloud deckis “seen” at visible wavelengths.

Table 2 containsa summaryof the abundancesof variousheavyelementsin the giant planets(after
Pollack and Bodenheimer[1989] supplementedwith the values presentedin this paper). These
abundancesshouldbecomparedwith currentmodelson planetaryformation.Pollack andBodenheimer
[1989]favor the “core-instability” modelfor planetaryformationin which the coreof the giant planets
is formedfirst by solid body accretion,similar to theformationof theterrestrialplanets.When the mass
reachesa critical value,gasaccretionfrom the surroundingproto-planetarynebulabecomesvery rapid.
This model accountsfor the fact that the total massmadeup of “heavy” elements(elementswith
atomic masseslargerthan H2 and He) is similar for the four giant planets.For Jupiter,Saturn and
Uranus/Neptune,this massis roughly 5, 25 and300 timeslarger,respectively,thanwould be expected
from solar elementalabundances.Furthermore,modelsof the interior structureof the planetsshow
that the envelopesof the planetsalsocontain largeamountsof heavyelements.This can be accounted
for in the “core-instability” hypothesisby the fact that late accretingplanetesimalshavean increasing
difficulty to penetratethroughthe denserand denserenvelope.
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Table 2
Composition of the atmospheresof the giant planets (after Pollack and Bodenheimer[1988],

supplementedwith othervalues)

Abundance with respect to thesolarvolume
mixing ratio

Element Jupiter Saturn Uranus Neptune reference

C 2.3 ±0.2 5.1 ±2.3 35±15 40±20 [Courtin et al. 1984;
Lindal et at. 1987;

Orton et at. 1987;
P >1.4±0.4>2.8±1.6 [Courtinet at. 1984]
S 6—7 10—15 >100 >100 [dePater1986;

de Paterand Dickel in preparation;
Briggs and Sackett1989;
dePateret at. 1989;
Romaniet al. 1989]

0 >1 >1 >1 >1 [Carlsonet a!. 1988;
de Pater and Massie 1985;

de Pater et at. 1989;
Romani et al. 1989)

N 1.5 ±0.2 3.5±1 l”zN<lOO ide Pater, 1986;
de Pater and Dickel in preparation;
Briggs and Sackett 1989;
de Pater et at. 1989;
Romani et at. 1989]

He 0.65 ±0.15 0.2 ±0.15 1 ±0.15 [Conrathet al. 19871

Basedupon the observedmethaneabundancesin the giant planets’atmospheres(2.3, 5.1, 30—40
times the solar value on Jupiter, Saturn,Uranus/Neptunerespectively), Pollack and Bodenheimer
[1989](andreferencestherein)estimatethatabout 10% of the carbonin the outersolarnebulawasin
thecondensedphaseduring the epochof planetaryformation.Rockyandrefractoryelements,like Mg,
Si, P, S, andwaterwere entirely in the solid phase,althoughpart of the0 was presentin the form of
mineraloxidesandCO gas.Theregularsatellitesof the giant planetsareall madeof rockandice, with
a meanrock/ice ratio of 55/45 by mass.However, sincewater is somewhateasierto dissolve in the
envelopesof the forming giant planets,the authorspredict that the envelopesof the planetscontain
somewhatmore waterthanrock by mass.So they expectthe 0/S ratio to be slightly larger thanthe
solarvalue. Like carbon,nitrogenis expectedto havebeenpresentin both the gas(e.g.,N2) andsolid
phase. Since the N/C ratio was found to be subsolar in meteoritesand comets, Pollack and
Bodenheimerpredictthe N/C ratio in the envelopesof the giant planetsto alsobe subsolarby a factor
of about2. Hence,the abundancesfor the variouselementsas givenin table2 tendto supportPollack
andBodenheimer’stheoryon planetaryformation.The N/C ratio, whereverdetermined,is typically of
the orderof 0.5; the S/C ratio is of the orderof 5 or larger;unfortunately,no constraintson theoxygen
abundanceareknown,otherthanthatH20 is atleastequalto the solar0 valueon all planets.Hence,
the 0/S ratio can indeedexceedunity as the formation theoriespredict.

The latitudinal variation in the brightnesstemperatureon the variousplanetsis most likely dueto a
latitudinal variation in the preciseammoniaabundance,causedby latitudinal variationsin the location
of the ammoniumhydrosulfidecloud in the atmosphere.Since this cloud only forms in the presenceof
solid surfaces,the locationprobablycoincideswith layersof aerosols.The locationandabundanceof
the latter particlesdependupon the origin of the aerosols,andthe dynamicsin the atmosphere.Our
studyimplies thatthe conditionsfor the NH4SH clouddiffer from oneplanetto the next.On Jupiter,
the vertical extentof the NH4SH cloud is largerin the zonesthanthe belts. The differencein latent
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heat releasebetweenthe clouds in the zones and belts may drive the zonal winds, and it causes
upwelling of gasin the zones,and subsidencein the belts. On Saturn,the extentof the cloud in the
bright bandis similar to that in otherregions,but it is confinedto a deeperpart in theatmosphere.This
will causedifferencesin the temperature—pressureprofile in the region between2 and5 bar,wherethe
NH4SH cloud forms. In this region we probablyhaverising gasin the bright band,andsubsidencein
the neighbouringregions.No clearcorrelationis seenwith the wind profile measuredwith the Voyager
spacecraft.On Uranus,we needa generalincreasein the NH4SH cloud extenttowardsthe pole. The
distributionhints ata generalupwellingof air atmid latitudes,with subsidencein the equatorialregion
and higher latitudes. In addition, there must be strong downdraftsof dry air in the polar region.
Unfortunately, we do not yet havehigh resolution images of Neptune, on which we can resolve
individual zonal bands.We expectthe planetto havea zonaldistributionof gasesor winds as theother
threeplanets.

2. Synchrotronradiation

2.1. Introduction

Synchrotronradiation is emitted by relativistic electronsgyratingaroundmagneticfield lines. The
radiationis beamedin the forwarddirection within a conelly, with ‘y = 2E,andE the energyin MeV.
The radiationis emittedover a wide rangeof frequencies,but showsa maximumat 0.29z.~,with i’~,the
critical frequencyin MHz, equalto

i~=16.08E
2B (6)

with the energyE in MeV andthe field strengthB in G. For emissionat20 cm, we requireE2B= 320.
If B is 0.5 G, the typical energyof electronsemitting at 20 cm is close to 25 MeV. At lower field
strengthsand/orhigherobservingfrequencies,the typical energyincreases.Hencewe probea different
electronpopulationwhenwe observeat different frequencies.Further,sincethe magneticfield strength
decreaseswith planetarydistancer, approximatelyas r3 for a dipole field, we alsoobservedifferent
electrondistributionsat differentdistancesfrom the planet.

Synchrotronemissionis generallypolarized,andwe expressthe observedquantitiesin termsof the
StokesparametersI, Q, U, and V. The degreeof linear polarizationis given by \/Q2+ U2/I, with the
positionangleof the electricvectorPA = 0.5 arctan(U/Q). In absenceof Faradayrotation,which is a
reasonableassumptionfor Jupiter(e.g.,de Pater[1980]),the projectionof the projectedmagneticfield
can be found by rotatingPA over 90°.Note, however,that the emissionis integratedalongthe entire
line of sight, weightedmostheavily by the regionswhich emit mostradiation. The degreeof circular
polarization,V/I, is a measureof the strengthof the componentof the magneticfield directedalongthe
line of sight. In general,one expectszerocircular polarizationfor a dipole field if the observeris in the
magneticequatorialplane,andmaxima (with opposite sign) when the magneticpoles are facing the
observer.

2.2. Jupiter’s synchrotronradiation

After the “discovery” of Jupiter’s synchrotronradiation (see section 1.3), this componentof the
planet’smicrowaveemissionhasbeenstudiedin detail. The variationof the total non-thermalintensity



28 j. de Pater, The significanceof microwaveobservationsfor the planets

polarizationcharacteristicsduring oneJovianrotation (so-calledbeamingcurves)is indicatedin fig. 14
for the total intensityS, the positionanglePA of the electricvector,thelinearly andcircularly polarized
polarization P1 and P~,and the magnetic latitude of the earth, ~ The orientationof Jupiter’s
magnetosphereis indicatedat the top. The maxima and minima in S and ~L occur approximatelyat

= 0 and I I = maxrespectively,while the circularly polarizedflux density is zero whereS and ~L
show maxima, and P1 shows a positive or negativemaximum where S and ~L showminima. These
curvesindicatethat Jupiter’smagneticfield is approximatelydipolar in shape,offset from the centerof
the planetby —0.1R~towardsa longitudeof 140°,andinclined about 10°from the rotation axis (see,
e.g., reviewby de Paterand Klein [1989]).Most electronsareconfinedto the equatorialplane.

The magneticnorth pole is in the northern hemisphere,tipped towardsa longitudeof 200°.The
40 MHz cutoff at decametricwavelengthsimplied a strengthof about 10 G at the surface.When the
spacecraftPioneer10 and in particular Pioneer11 flew by Jupiter,all findings reportedabovewere
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Fig. 14. An exampleof themodulationof Jupiter’ssynchrotronradiationdue toJupiter’srotation(from dePalerandKlein 119891; afterde Pater
[19801).The orientationof theplanetis indicatedat thetop; thedifferentpanelsshowsubsequentlythetotal flux densityS, thepositionanglePA of
the electric vector, thedegreeof linear and circular polarization ~L and P~,and the magnetic latitude of the earth4’,,. This latitude can be
calculatedwith 4,,,, = D~+ /3 cos(A— .k,), with D5 thedeclinationof theearth, /3 theanglebetweenJupiter’s magnetic androtational axes, A the
longitude, and A0 the longitudeof the magneticnorth pole.
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confirmed. However, none of the spacecraftto date passedclose enough to Jupiter for detailed
observationsof the radiationbelts. Only Pioneer11 cameto l.6R2,but alonga fastnorth—southtrack.
Due to thisrelativelycloseapproachthe quadrupoleandoctupoletermsof the magneticfield could be
measuredwith a reasonableaccuracy.This, together with the information on particles at larger
distancesfrom the planet can be used as boundary conditions to model radio data of Jupiter’s
synchrotronradiation (e.g., de Pater[1981a,b]).

The first radio imageof Jupiterwas constructedby Berge [1966]from model fits to visibility data
obtainedwith the Owens Valley interferometerat 10.4cm. His result is shown in fig. 15. It showsa
peakin emissionat approximatelyl.6R3 at eachsideof the planet(all distancescalesarecountedfrom
the planet’s center,and expressedin planetaryradii). When telescopearrayswere built (e.g., the
one-mile E—W telescopesin Cambridgeand Westerbork,the 5 km E—W arrayin Cambridge,and the
Y-shapedVLA), the visibility data could be Fourier-transformeddirectly to yield an image of the
planet. The first direct image [Branson 1968] showed a clear asymmetrybetween the radiation
peaks— one of the peaks appearedstronger,while the ratio betweenthe peaks changedwith the
planet’srotation. This was interpretedto be dueto a “hot spot” in Jupiter’sradiation belts,nearthe
longitudeof the magneticnorth pole.Datatakensix yearslater [de PaterandDames1979] showedthe
“hot spot” at a longitudeof 255°;the 60°migrationof thisregion is still not understood[de Paterand
Klein 1989]. The first “snapshot” images,images which showeda rotational smearingof only 15°as
opposedto the 120°in Branson’s[1968]maps,were obtainedwith the Westerborktelescope[de Pater
1980], an East—Westarrayof 12 (presently14) dishes. Excellentimagesin all four Stokesparameters
wereobtained.The asymmetrybetweenthe radiationpeakswas clearlyvisible, andchangedfrom one
rotational aspectto the next. A sample of the imagesis shown in fig. 16. Imagesin the circularly
polarizedflux componentshow to first approximationthe changingpolarity andflux densityas expected
for a rotating dipole field; the radiationis severelymodified, however,by the non-dipolecharacterof
the field, causinglarge E—W asymmetriesin theseimages (seefig. 16).

De Pater[1981a,b] developedan elaboratemodel to simulatethe radio images,usingthe Pioneer
resultsto constrainthe model. Sheusedthe multipolemagneticfield configurationasdeterminedby the
Pioneerspacecraft,andcalculatedthe electrondistributionusingadiabatictheoryanda diffusion model
consistentwith the Pioneerresults.The 04 octupolemagneticfield modelas derivedfrom the Pioneer
data by Acuna and Ness[1976]appearedto fit the radio data best. She further neededan electron
spectrum which was flatter than that measuredby the spacecraft; this was later confirmed with
calculationsby de PaterandGoertz[1990],who attributedthe increasingflatnessof thespectrumwith
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Fig. 15. A map of the brightnessdistribution of Jupiter’s synchrotronradiation at a wavelengthof 10.4cm(from Berge [1966]).The contour
interval is 20 K, and thecentral meridian longitudeis roughly20°.A disk componentof 260 K wassubtracted.
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Fig. 16. Imagesof Jupiter’sflux densityasobtainedwith thewesterborkRadioTelescope(from dePaler[19801).Indicatedarefrom left to right
mapsof the total intensity, 1, thecircularly andlinearly polarizedflux densities,VandP, anda vectordiagramof themagneticfield of theplanet.
Dashedcontoursindicateleft handed,fully drawncontoursright handedcircularpolarization.The contoursbelongingto thethreehighestvaluesin
all threemapsare drawn with heavylines. The central meridian longitude is indicated in thetop left corner. Contour values are: for 1, 9.5 K,
65—1065K in stepsof 125 K; for V, 1.9—21.5K in steps of 2.8 K; for P, 9.5, 32, 65—325K in steps of 65K.

decreasingdistanceto the planetto scatteringby the dust particles in the planet’s rings and general
environment.Absorptioneffects by the satellitesThebeand Amalthea,as well as the ring causethe
electrondistributionto beconfinedto theequatorialplane.The “hot spot” couldpartlybe explainedby
the multipole characterof the field togetherwith a dusk—dawnelectric field over the magnetosphere.
An excessof electrons,however,is still needednearlongitudesof 240°—360°.

In lateryears,high resolutionimagesof Jupiter’ssynchrotronradiationwereobtainedby Robertset
al. [1984]andde PaterandJaffe [1984]usingthe VLA at 20cm. Oneof the imagesis displayedin fig.
17. It revealsmoredetailsof the emission,andvisuallyconfirms the confinementof the radiationto the
magneticequatorialplaneout to a distanceof approximatelythreeJovianradii, the orbital distanceof
the satellite Thebe.The most intriguing new featuresarethe secondaryemissionpeaksjust north and
southof the main peaks.They must beproducedby electronsat their mirror points,implying a rather
large numberof particlesbetween2.SRJand3R~with smallpitch angles[de Pater 1983], not seenby
any spacecraftnor predictedfrom de Pater’s[1981b]model calculations.

2.2.1. Time variability
For a detailedreviewon the time variability in Jupiter’ssynchrotronradiationthe readeris referred

to the paperby de Paterand Klein [1989].Their paperis summarizedbelow.
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Fig. 17. (a)a radio photo and(b) acontourmapof Jupiterata wavelengthof 20cm.Theradio photois at acentralmeridianlongitudeof 117°,the
contourmap at 200°.Contour valuesare: 119, 178, 237, 297, 356, 416, 475, 594, 712, 831, 950, and 1070K.

Only a few yearsafter the first detectionof Jupiter’ssynchrotronradiationin 1958 [Sloanaker1959],
RobertsandHuguenin[1963]reporteddatawhichsuggestedthat the intensityof Jupiter’sradiationwas
correlatedwith solar activity. The reality of the fluctuations was much debateddue to possible
confusionwith backgroundradio sources.However, subsequentobservationsby Gerard[1970],Klein
etal. [1972],Gerard[1976]andKlein [1976]showedthat long term variationsoccurredin the planet’s
flux density,but that theywerenot correlatedwith the solar10.7 cm flux. Gerard[1970,1976]reported
the existenceof irregularshort term variations.A typical timescalefor thesefluctuationswas aboutone
week.

Since 1971 the planethasbeenmonitoredwith the 26-meterGoldstoneantennain California [Klein
etal. 1989], at a wavelengthof 13.1cm. Figure18 showsthe observationsas afunctionof time [Kleinet
a]. 1989]. The databaseis extendedwith 11—13cm observationstakenprior to 1969 from the Parks
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(Australia) andNancay(France)telescopes(seeKlein [1976]).A clear long term variation in the flux
densitycan be distinguished,with severalirregular shorterterm variations.

In addition to the time variability detectedin the total intensity, a few other characteristicsmay
changeas well. In theperiod between1967 and1973 thefollowing changeswereapparent[dePaterand
Klein 1989]. The 11—13cm intensitydecreasedby —25%, while the flux densityat 20 cm droppedby
—.35%,which hints at a hardeningof the spectrum.Further,the standoffdistanceof theradiationpeaks
decreased,while the “hot spot” migrated60°in longitude.The migrationof the “hot spot” could imply
a change in the higher order moments of the magnetic field configuration. If true, the diffusion
parametersand wave—particleinteractionswould all be influenced. This, for example,can causean
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Fig. 18. The peak non-thermal flux density from Jupiter at 11—13cmwavelengthas a function of time (from Klein et al. [1989)).
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increasedloss of particles into the atmosphericloss cone, which would result in a corresponding
decreasein the synchrotronemission.Of course,the electronspectrummayhavechangedas well, since
wave—particleinteractionsare generallyenergydependent.It maybe difficult to sort out the various
explanationsuntil new resultscan be obtainedfrom earthbasedobservationsand/orfrom the Galileo
spacecraft.

Between1972 and1977 the radio emissionfrom Jupiterincreasedsteadilyand the radiationpeaks
movedoutwards.The shapeof the beamingcurvesin the various synchrotronradiationcharacteristics
remainedconstantduring theseyears (except for changeswhich can be explainedby the changing
viewing geometry),which suggeststhat the magneticfield configuration did not changesignificantly.
Hence the slow increasein Jupiter’sflux densityand in the standoffdistanceof the radiationpeaksis
probably causedby fluctuationsin the particle density and/or the diffusion parameters,although
fluctuationsin the overall magneticfield intensitycannotbe excluded.

Recently,Bolton et al. [1989]finisheda correlationstudyof thetime variability in Jupiter’stotal flux
densitywith fluctuationsin varioussolarwind parameters.They noticed a possiblepositivecorrelation
with the solar wind density (or actually, the thermal wind ram pressureand thermal pressure
parametersinvolving the density). Their analysissuggestsa typical delaytime betweenfluctuationsin
the solar wind and changesin the Jovian synchrotronradiation of about two years.This hints at the
solarwind influencing the supply and/or loss of electronsto Jupiter’sinner magnetosphere.

2.3. Conclusions

Detailedimagesof Jupiter’snon-thermalradio emissionhaveconsiderablyimprovedour knowledge
regardingJupiter’sfield and electrondistribution. The magneticfield configurationis best represented
by the 04 magneticfield model [AcunaandNess1976], which was basedupon the Pioneerresults.The
satellitesThebe and Amaitheacausethe electronsto be confined to the magneticequatorialplane.
Energydegradationof the electronsby dustin Jupiter’sring hardenthe electronspectrumconsiderably.
Froma comparisonbetweenthe time variability in Jupiter’ssynchrotronradiationandthat seenin solar
wind parameters,it appearsthat the solarwind does influencethe supply and/or loss of electronsto
Jupiter’s inner magnetosphere.

The following outstandingissuesstill needto be fully resolved,however.
(1) The existenceof the “hot region” which may be partly causedby higher order momentsin

Jupiter’sfield.
(2) The existenceof secondaryemissionfeaturesnorth andsouthof the main radiationpeaks,which

are presumablycausedby the presenceof small pitch angleelectronsin Jupiter’sradiation belts, at
equatorialdistancesbetween2 and 3 Jovianradii.

(3) Time variability; althoughmuchprogresshasbeenmadeby Boltonet al. [1989]on thelong term
time variations in Jupiter’s synchrotron radiation, the short term variations have not even been
confirmed. If real, they need to be interpreted.Other synchrotronradiation parameterswhich have
changedover the past decadesare the standoffdistanceof the radiation peaks,the longitudeof the
“hot spot”, the radio spectrum,andpossiblythe modulationof the positionangleof the electricvector
as a function of Jovian longitude.None of thesephenomenaare yet understood.

(4) A solution to all or someof the abovepointsmayhelpto find the sourceandmode of transport
of the high energyelectronsin Jupiter’sinner radiationbelts.
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3. Terrestrial planets

3.1. Introduction

Microwave observationsof Mercury, Venus, and Mars probe the atmosphereas well as the
(sub)surfacelayersof the planets.Both Venus and Mars haveatmosphereswhich consistprimarily of
CO~gas, which is the primary sourceof atmosphericmicrowaveopacity. The photolysis productof
C02, CO, has strong rotational transitions at millimeter wavelengths,which can be utilized to
determinethe atmospherictemperatureprofile and the CO abundanceon Venus and Mars in the
altitude regionsprobed.

The temperaturestructureof the (sub)-surfacelayers of airless bodiesdependsupon a balance
betweensolar insulation,heattransportwithin the crust,and reradiationoutward.The conductiveheat
transportinto the subsurfacedependsupon the thermal conductivity and the heat capacity of the
material; reradiationfrom the surfacedependsupon the emissivity of the material. The emissivity is
describedby thedielectricconstant,e, andloss tangentof the material,tan 1i, which aredeterminedby
thebulk densityor compositionof the materialandits stateof compaction(e.g.,CampbellandUlrichs
[1969]).A typical radio skin depth is about ten wavelengths.Hence,by obtaininga spectrumof the
objects,propertiesregardingits (sub)surface layers can be derived. However, since most constants
entering the equationsfor heatconductionand radiativetransferoutwardvary with wavelengthas well
as composition of the material, interpretationof such spectraremains very difficult. In addition,
scatteringin the subsurfacelayers maybe importantas well, but is generallyneglected.

If an atmosphereoverlies the crust of the planet, the crust can be dramaticallyheatedby the
greenhouseeffect in the atmosphere.Venus’ surface,for example,is warmerby a factorof about3 as
comparedto the temperatureexpectedfrom solar insulationalone. Thus modelsincluding both the
atmosphereand crust layers needto be developed(e.g., Muhlemanet a!. [1979]).

3.2. Mars

3.2.1. Surface
Due to the variation in heliocentricdistance,rm, Mars’ surfacebrightnesstemperaturewill vary as

r~°’
5.The temperatureof the crust may be slightly increasedabove that expected from solar

illumination by the atmosphericgreenhouseeffect. In addition,althoughatmosphericdust stormsare
transparentat radio wavelengths,thesestormsmay havea direct influenceon the Martian flux; the dust
particles contributeto the opacityat wavelengthsshorterthan about40 ~m, and thereforeaffect the
temperaturegradientin the atmosphereandreducethe amountof solarradiationto the surface,thus
causinga decreasein the surfacebrightnesstemperature.Thelattereffectshavenotyetbeentakeninto
accountin modelingefforts of Mars’ surface.

Sunlightwill heat Mars’ surfaceduring the day; the heatwill be transporteddownwardsmainly by
conduction. The amplitude and phaseof the diurnal temperaturevariations, and the temperature
gradientwith depth in the crust arelargely determinedby the thermal inertia, ‘y (KpC)’ /2, andthe
thermalskin depthof the material,L> = (2K/i’Jp C)~2.In theseexpressionsK is the thermalconductivi-
ty, p the density of the material, C the heat capacity, and lithe angularvelocity. Temperature
variations are largest at the surface, where the temperatureis determineddirectly by the solar
radiation.Obviously, theinsulationis largestat noon,andabsentat night. Sincethe heatis transported
downwardsby conduction,it takestime for thesubsurfacelayersto heatup. Thus we seea phaselag in
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the diurnal temperaturevariation, and the amplitudeof the variation will be diminished.When the
thermal inertia, or more preciselythe thermalconductivity, is low, the amplitudeof the temperature
wave is large and doesnot penetratedeeply into the crust. If the inertia, or thermalconductivity, is
high, temperaturevariationsare smaller, but penetrateto greaterdepthsin the subsurfacelayers.

Disk-averagedbrightnesstemperaturesof Mars at infrared as well as radio wavelengthsshow a
variation with central meridian, or sub-earth,longitude (CML) [Andrew et al. 1977; Epsteinet al.
1983]; data at 20 p~m,3.5 mm, and 2.8cm during Mars’ 1978 opposition are shown in fig. 19 [from
Epsteinet a]. 1983]. Note that all observationsareof Mars’ dayside;we cannotobservethe night side
from the ground. Since the disk-averagesurfacetemperatureof the planetwill be higher than the
temperatureof the subsurfacelayers, the 20 p.m brightnesstemperatureis higher than the radio
brightnesstemperature(note: differencesin emissivity betweenthe wavelengthscan causesuch effects
as well). The temperaturevariations at infrared wavelengthsare out of phasewith those at radio
wavelengths,which can be understoodin termsof the thermalinertia or conductivity discussedabove.
Thus,regionswith a low inertia will havea high brightnesstemperatureat infraredwavelengths,anda
low temperatureatradio wavelengths.Epsteinet al. [1983]show that the reversalbetweenthe curves
shouldoccurat a wavelengthbetween0.2and3 mm; thusthe longitudinal variation shouldbe absentat
that wavelength.Onecan seein fig. 19 that the rotationcurve amplitudeat 3.5 mm is largerthanthat
seenat 2.8 cm and20 p.m; Epsteinet a!. attributethis to surfacescatteringfrom rocksor roughnesson a
scaleless than 1.5 cm.

Rudy[1987]and Rudyet al. [1987]imagedMars at 2 and6cm,usingthe VLA in the mostextended,
or A, configuration.They obtaineddatain both the total intensityandpolarizedflux density.Thelatter
is usefulto determinethe dielectric constantof the surface.Two seasonswereobserved:latespring in
the northern hemisphere(at a planetocentricorbital longitude L5 600; beginning of spring is at
L~= 00) and earlysummerin the southernhemisphere(L~—-.305°).One of the imagesis shown in fig.
20 (Rudy, private communication).From thesedata Rudy determinedthe variation in brightness
temperaturewith latitude on the planet; since the data were smearedin longitude, no longitudinal
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Fig. 19. Best fits (from Epstein et al. [1983])to thedisk-averagedMartian brightnesstemperatureat 20~cm,3.5 mm, and 2.8cm, as afunction of
central meridian longitude. The data weretaken during the1978 Mars oppositionperiod.
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Fig. 20. A contour map of Mars at 6cm wavelength(from Rudy, personalcommunication).The HPBW is 0.45”, the diameterof Mars 4.44”.

Contour values are approximately: 45, 67, 90, 112, 135, 157, 180, 202, and 213K.

informationcould be obtained.On both the northernand southernhemispherethereis a region near
the polar capswhich hasa lower brightnesstemperatureat 2 and6 cm wavelength.Table3 summarizes
disk-averagedbrightnesstemperatures,dielectric constants,subsurfacedensities,and the brightness
temperatureof the cold poles for both setsof observations.

Rudyet a]. [1987]point out that the cold polar regionsarelikely dueto the presenceof CO2frost on
the surface.The thicknessof the frost, the distribution with spaceas well as depthinto the crust, all
modify the microwavebrightnesstemperatures.Note, further,that thesurfaceof Marsnevergetsmuch
colderthan the sublimationtemperatureof C02, while the temperatureof layersunderneaththe CO2
frost can be higher than the sublimationtemperature.

Table 3
Propertiesof Mars’ surfaceas derivedby Rudy [1987)from VLA observations
at 2 and 6cm, in two different seasons:during the first observations,the
northern, and the secondthe southernhemisphereswere visible. The whole
disk brightnesstemperaturesare normalizedto a solardistanceof 1.524 AU

wavelength 2cm 6cm
hemisphere North South North South

Whole disk brightness 189±7 198±7 187± 5 192±5
temperature
Whole disk dielectric 2.34 ±0.05 2.02±0.03 2.70 ±0.09 2.47 ±0.06
constant
Whole disk subsurface 1.24±0.16 1.02±0.161.45±0.18 1.31 ±0.16

density
polar cold region 126±7 183±7 150±5 148±5
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Mars is often usedas a calibratorsource,andwith that in mind, Rudy[1987]developedaprogramto
calculatethe microwaveemissionfrom Mars’ subsurfacelayers,taking into accountthe solar insulation
effect, and the heat lost to the formation or gainedfrom the sublimationof CO2 frost. The thermal
inertia andalbedowerevariedacrossthe disk in a mannerconsistentwith the Viking results.His thesis
containsthe results for the disk-averagedbrightnesstemperatureas a function of Martian season,
longitude,and sub-earthlongitudeand latitude, for calculationswith dielectric constantsbetween1.4
and 3.8, and radio absorptionlengthsbetween5 and 300cm. In the future, whenvariationsover the
disk in the dielectricconstantand absorptionlengthcan beconstrained,the modelscan beupdatedto
includethoseeffects. Unfortunately, Rudy’sVLA imagesarenot yet sensitiveenoughto define clear
latitudinal variationsin theseparameters.

3.2.2. Atmosphere
Mars’ atmospherecan be probedat millimeter wavelengths,in the J = 1—0 andJ= 2—1 rotational

transitionsof CO. CO is producedby photodissociationof CO.,, the primary constituentof Mars’
atmosphere.Whetherthe line is seen in emission,absorption, or a combinationthereof, depends
mainly on the temperature—pressureprofile in the atmosphere,andhow this comparesto thebrightness
temperatureof the surface.The Viking temperatureprofiles [Seiff and Kirk 1977] show a roughly
constant temperatureof 140K down to an altitude of about 60 km, below which it increasesto
—210—220K at the surface.The 115 and 230GHz ‘

2C0 lines areoptically thick; thusthe coreof the
line is formed high up in the atmospherewhereit is cold, andhenceis seenin absorptionagainstthe
continuum backgroundfrom the planet’s surface.The wings of the line are formed in the lower
atmosphere,just above the surface. As a consequenceof the surface emissivity the brightness
temperatureof the surfaceis somewhatlessthanthe kinetic temperaturein the atmospherejust above
it. Thewings of the line arethereforeseenin emissionagainstthe continuumbackground.An example
of CO spectrain the J= 1—0 and 2—1 transitionsis shown in fig. 21 (from Schloerb [1985]),these
spectrawere obtainedduring Mars oppositionin 1984.

Photolysisof CO
2 proceedsat a rate of ~,~-.1012cm

2s’ [Hunten 1974], while recombinationof CO
and 0 (CO + 0 + M—~CO

2 + M) is very slow. Therefore the photo—chemicallifetime of CO is
approximatelythree years.Yet, the mixing ratio of CO is only -~ 10 ~.This suggestsa catalytic
recombination.Hunten[1974]suggestedcatalysisby oddhydrogen(H, OH, HO2), aidedby very rapid
downward mixing and photolysis of H202. Due to sublimationand freezing the abundanceof odd
hydrogenis ratherunstable,which can leadto changesin theCO abundanceby a factorof about2 on a
timescaleof aboutoneyear.Basedupon thePhobos/UV,visible andinfrareddataAtreyaandBlamont
[1990]proposedthat heterogeneouschemistrybetweenCO and0 involving aerosolsmayplay a major
role in the recombinationprocess.Due to largespatialas well as time variationsin the abundanceof
such particles,the CO abundancemaylocally changeon timescalesas short as ten days.

Time variability in CO on timescalesbetweenmonthsandyearshasbeenreportedmorethanonce
[Goodand Schloerb1981; Clancyet a!. 1983; Lellouch etal. 1989]. Since the determinationof the CO
abundanceand choice of temperature—pressureprofile both influence the line profiles, a unique
solutionof the CO abundancecan only be found if measurementsof both the optically thick

12CO and
optically thin ‘3C0 linesaremade.Clancy,Muhlemanand Berge (personalcommunication)analyzed
CO microwavespectraand suggesta constantCO mixing ratio (averagedover the disk!) with time
between1967 and 1988,but a distinct changein the temperature—pressureprofile. Imagesof Mars in
the CO lines might shedsomelight on possiblespatialvariationsin the CO abundancewith latitude and
local time, which will likely helpto get abetter understandingof the productionanddestructionof CO
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Fig. 21. Spectra of Mars in the COJ= 1—0and J = 2—1 transitions,during the 1984 opposition (from Schloerb [1985)).

in Mars’ atmosphere.Such data haverecently beenobtainedat 3 mm with the Hat Creek Radio
Interferometerby Mitchell during Mars’ oppositionin 1988. In addition to the scienceregardingthe
atmosphere,the 3 mm continuum images of Mars’ surfacewill contribute to our knowledge of the
surfacecharacteristicsof the planet.

3.3. Venus

3.3.1. Spectrum
Microwave observationsof Venus probe the atmosphereand, at wavelengthslongwardsof about

4cm, the surface.A spectrumof the disk-averagedbrightnesstemperatureis shown in fig. 22 [from
Muhlemanet a!. 1979]. Betweenafew millimeters and 7 cm the brightnesstemperatureincreasesfrom
—~300K to —-.650K. At the longer wavelengthsone probesdeeperlevelsin the atmosphere,which, due
to the adiabatictemperaturestructurein Venus’atmosphere,resultsin the steeptemperatureincrease
in the spectrum.There are no diurnal temperaturevariations,due to the large heat capacityof the
atmosphere.At wavelengthslongwardsof 7cmthe subsurfacelayersof the planetareprobed.In order
to interpretVenus’ radio spectrum,a modelneedsto bedevelopedwhichincludesboth the atmospheric
and surface emission/absorptioncharacteristics.Such a model was developedby Muhleman et a!.
[1979];their result is superimposedon the datain fig. 22.

3.3.2. Surface
Chapman[1986]andPettengillet al. [1988]imagedVenusat 6 and20cm wavelengthwith the VLA.

The left-handside of fig. 23 shows an imageat 20 cm, takenon November12, 1983. The Aphrodite
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Fig. 22. Venusmicrowave spectrumwith the model of Muhlemanetal. superimposed(from Muhlemanet al. [1979]).

region is nearthe centerof the planet,and the two cool regionscoincide with the locationsof Thetis
and Ovda. The brightness temperaturesof the latter regions are 515K and 450K respectively,
comparedto the disk-averagedtemperatureof 636±28 K. The high brightnesstemperatureto the
northof the Aphroditeregion hasapeakvalueof 772K. Fromthe radio brightnesstemperaturesone
can obtainthe emissivity of the material,if the physical temperatureof the observedregion is known.
With a surfacetemperatureof 735 K andverticaladiabaticlapserateof 8 K/km (e.g., Seiff [1983]),the
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Fig. 23. Radio imagesof Venus(from Chapman[1986]).Left: the total intensity; contour levels are: 90, 315, 371, 382, 405, 450, 483, 494, 539,
584K. Right: linearly polarizedflux density;contour values are: 0.1, 0.15, 0.2, 0.25 miy/beam.
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temperatureof the mountainscan be calculatedif the altitude of the areais known(from, e.g.,radar
observations).The Thetis andOvda regionsappearto haveemissivitiesof 0.71 and0.62 respectively,
while the disk-averagedvalueis 0.86. Thelatter valueimplies a dielectricconstantfor the materialof 5,
in close agreementwith the radar results.The low emissivitiesof the Thetis and Ovdaregionsimply
dielectricconstantsas high as 20—30.

Information on the dielectric constantcan also be obtainedfrom images of the polarizedintensity
[Chapman1986]. The right-handside of fig. 23 shows the intensity of the linear polarizationfor the
imageshownon the left-hand side. Note that the polarizedintensityincreasesas one approachesthe
limb. At transmissionanglesless than30°—40°,the signal is buried in the noise.At larger anglesthe
signal-to-noiseratio improves,and the dielectric constantcan be determined.The data suggestr to
decreasewith increasingangleof transmission,from a value closeto 4 at transmissionanglesnear30°,
down to 2.5 nearthe limb. Thesevaluesarelower than thoseobtainedfrom the radio emissivitiesand
the radarreflectivity data. This fact, as well as the apparentdecreasein the dielectric constantwhen
approaching the limb, may be causedby surface roughness,which will reduce the degree of
polarization.An alternativeexplanationwould be the existenceof a verticalgradientin the densityof
the surfacematerial.

Venus’ surfacepropertiescan only be determinedfrom the VLA imageswhen combinedwith the
radar results.The radarscatteringandreflectivity characteristicscontainadditionalinformationon the
(sub) surfacepropertiesof the planet. Pettengillet al. [19881analyzedresultsfrom the PioneerVenus
radaraltimetry experimentin combinationwith the VLA measurements.The radardatashowthat the
reflection coefficient varies over the disk from 0.14±0.03 in the lowlands to roughly 0.40 in the
highlands.Regionswith a high reflectivity showlow brightnesstemperatures(on VLA imagesaswell as
the temperaturemeasuredby the PioneerVenus radiometer), thus a low emissivity. Table 4 gives
details on the parametersfor the regionswhichcan bedistinguishedon the differentVLA images.The
emissivitiesof the regions were obtainedfrom the brightness temperaturesmeasuredin the VLA
images,combinedwith thoseobtainedfrom the PioneerVenus radiometer.

The resultsof theplanet’semissivity(andhencedielectricconstant)canbe interpretedin termsof its
surface composition [Chapman1986; Pettengill et a]. 1988]. Dielectric constantsof about 2 imply
poroussurfacematerials; s -~ 5—9 is typical for solid rocks (granite—basalt).Much higher dielectric
constantscan be causedby the inclusionof metallic and/or sulfide material.Hence,Venus’ surfaceis
overlain,at most, by only a few centimetersof soil or dust, andprobably consistsof dry solid rock. The
highlandsprobablycontain substantialamountsof mineralsandsulfidescloseto the surface.On earth,
such material is often formed in volcanicareas.

Table 4
Propertiesof Venus’ surface(after Pettengil,Ford andChapman11988])

estimated
reflection brightness physical dielectric

Feature coefficient temperature temperature emissivity constant

Lowlands 0.14±0.03 636±28 735 0.86±0.04 5.0 ± 0.9
or whole disk average

Maxwell Montes 0.40±0.05 420±25 663 0.50±0.07 38.7±15.0
Ovda region 0.39 ±0.05 450 ±35 695 0.55 ±0.06 24.3 ± 8.8
Thetis region 0.37 ±0.08 515 ±35 703 0.60 ±0.07 20.5 ± 9.0
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3.3.3. Atmosphere
Muhlemanet a!. [1979]modeledVenus’ spectrum,andconcludedthatthe atmosphericopacityis due

to CO2 gas and someunknown absorber.Steffes[1985,1986] suggeststhat the extra absorptivity in
Venus’ atmosphereat microwave wavelengthslongwards of 1.8cm is due to H,S04 gas, and at
1.2<A < 1.8cmto SO2 gas.Both the CO2 andSO2 absorptivitiesvary as A’

2, but the H
2S04opacity

showsa pronouncedpeakat 2.2cm. Steffeset al. [1990]obtaineda good fit to Venus’ radio spectrum
using a model atmospherewith the microwave absorbersC02, H2S04, an~SO2. They assumedan
abundanceof 96% for CO2. The SO2 abundancewas taken to be zero above the cloud layer
(>48—50km), and 40 ppm below the main cloud layer down to the surface. GaseousHISO4 was
assumedto be uniformly distributed at 5 ppm between38 and 48 km; it is fully dissociatedat lower
levels, and above48km condensationstarts,and the gasfollows the saturatedvaporcurve.

Unfortunately,we do not yet haveimagesof Venus’ atmosphereat short centimeterwavelengths.
Such imagescontain information on the spatial distribution of the absorbinggases,and would be
extremelyhelpful for unravelingpossibletime variationsin Venus’ microwavebrightnesstemperature
[Steffes1986].

- At millimeter wavelengths,in the J= 1—0 and 1 2—1 transitionsof the CO line, one probes
altitudes between 70 and 120km, the mesosphereof Venus, a region not well studied at other
wavelengths.CO is producedupon photodissociationof CO2by solar UV radiation,in the 70—120km
altitude region.This is a transitionregion betweenthe massivelower atmosphere(altitudes~70km), in
which the radiativetime constantis much greaterthana solarday,andthe upperatmosphere(altitudes
~120km) which hasa low heatcapacity.As mentionedbefore,the temperaturestructurein the lower
atmospherefollows an adiabaticcurve; in the upperatmospherea strongday-to-nightgradient in the
temperatureis expectedand observed(e.g., Seiff [1983]). The difference in temperaturestructure
betweenthe two atmosphericregionswill causea very differentwind patternto exist as well. A strong
retrogradezonalwind is observedin the visible cloud layers (—48—63km altitude) with velocitiesof the
orderof ——100 m/s; in the upperatmospherethe day-to-nighttemperaturegradient shoulddrive strong
day-to-nightwinds, which arerecently observedby Goldsteinet al. [1988].Since CO is formedin the
transitionregion,CO line spectracan be used to derive the thermalstructurein the mesosphere,the
wind speedsand direction,and the CO abundanceas a function of altitude.

Becausethe continuumemissionat millimeter wavelengthsoriginatesin the low warm part of the
atmosphere,the CO lines are seenin absorptionagainst the continuumbackground.The linesare
pressurebroadenedby Venus’ denseatmosphere.The J= 1—0 transitionof this line was first observed
by Kakaret al. [1976].Since Venus’ daysidehemisphereis observedwhenthe planet is nearsuperior
conjunction,and its nightside when it is near inferior conjunction, disk-averagedspectraof both
hemisphereswere obtained.An exampleis shownin fig. 24, top part, (from Schloerb [1985]).On all
spectra,the nightsideis approximatelythreetimes deeperthanthe daysideline. Figure 24, bottompart,
showsthe peakabsorptionin the line centeras a function of local time on theplanet(lowerpanel),and
the absorptionin the line wings (upperpanel; from Schloerb [19851).Note that thesedata areall for
disk-averagedspectra;the local time along the X-axis is for the sub-earthlongitude.

The coreof the line seemsto vary symmetricallyfrom the daysideto the nightside,andthe wings of
the line appearto havetheir peakabsorptionjust after local midnight.Theseresultswere interpreted
with a CO abundancewhich is larger on the night side of the planetthan the dayside.This is just
oppositeto what onewould expect, if CO is formed by photodissociationof CO2. Clancy [1983]and.
Clancy andMuhleman[1985]suggestedthat the CO is probablycarried from its placeof formation at
the dayside to nightside by ~trong day-to-night winds such as those expected to exist in Venus’
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Fig. 24. Top: spectraof Venusin theI = 1—0 line; the uppercurve is for thedaysidehemisphere(whenVenusis nearsuperiorconjunction),the
lower curvefor the nightside hemisphere(whenVenusis nearinferior conjunction).Bottom: variationsin the line absorptionat the line center
(lower panel)and in the line wings (upperpanel).(Resultsfrom Schloerb[1985].)

mesosphere.Accordingto Clancy [1983],also Clancyand Muhieman[1985],a small influenceof the
retrogradecloud circulation on the CO abundanceat the lower levelsof theCO line formation(where
the line wings originate, —-.70—90km) may explain the few-hour shift away from midnight in the
maximum absorptionof the line wings.

Recently, de Pater, Schloerb and Rudolph [1990] imaged Venus at a wavelength of 2.6mm
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Fig. 25. Radio image of Venus at 3mm(from de Pater, Schloerb and Rudolph in preparation). The direction to the sun and the terminator are
indicated. The contour levels are in 5% intervals, with a maximum of —365K. The crossesalongthesun—Venusline indicatethe locationsof the
spectra displayed in fig. 26.

(112 GHz) using the Hat Creek millimeter array*) while Venus was at Western elongation (January
1987). The spatialresolutionwas 3.5”. Figure25 showstheimageof the3 mm continuumemission.The
nightsideof the planet is warmer than the dayside,by approximately30 K. In addition, the tropical
regionsat the nightsidein particularin the northernhemisphere,arebrighterthanthe equatorialband.
At this wavelengthwe probedown in the cloud layers. Since thereis no day-to-nightvariation in the
thermalstructurein thispart of theatmosphere,the differencein the brightnesstemperatureis dueto a
variation in opacityoverthe disk. The bulk of the3 mm opacitycomesfrom CO2,but the abundanceof
the moleculeis unlikely to vary from day to night. Two possiblesourcesof opacity in addition to CO2
are SO2, and gaseousH2S04[Steffes1985, 1986; Steffeset al. 1990]. In addition,althoughthe clouds
are transparentat centimeterwavelengths,we expectsomeabsorptivity from the cloud particles at
millimeter wavelengths.Unfortunately, the opacity due to sulfuric acid droplets has never been
measured.The dielectric constantmaybe similar to that of water, in which casethe opticaldepth is
roughly 0.1—0.2perkm in the main clouddeck(Steffes,personalcommunication).For comparison,the
opticaldepthat 3 mm in the main cloud deckdue to gaseousH2S04(abundance5—10 ppm) andSO2
(abundance100—180ppm) is roughly 0.2—0.5 per km for eachgas (Steffes,personalcommunication).
Hence,we expecta similar amountof opacity due to gaseousand liquid H2S04as well as SO2.

*1 Operated by the University of California at Berkeley,the Universityof Illinois, and the University of Maryland, with support from the

National Science Foundation.
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The cloudson Venusform most likely from photochemicallyproducedsulfuric acid(e.g.,Espositoet
al. [1983]and referencestherein).This processmust be moreeffective on the dayside than the night
side. The day-to-night asymmetry in the 3 mm radio image of the planet may be due to small
day-to-nightdifferencesin the sulfuric acid abundance.Sincethe gaseousH2SO4probablyfollows the
saturatedvapor curvein theregion of cloud formation,the largeropacityat the daysidemight bedueto
a larger concentrationof cloud particlesratherthanthe gasat the dayside.

Togetherwith the3 mm continuumimageof Venus,de Pateret a!. [1990]alsoobtainedimagesin the
I = 1—0 CO line (115GHz), with a frequencyresolutionof 1.25 MHz. In this transitionaltitudeswell
abovethe cloud layersareprobed(90—120km). In contrastto the continuumimage,the imagesat the
centerof the line are symmetricabout the subsolarpoint. Figure 26 showsspectraat four different
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Fig. 26. Spectraat different locationson Venus’ equator:noon, 9AM, theterminatorat 6AM, andmidnight. The locationsareindicated by the
crossesin fig. 21. The spectraareexpressedin line-to-continuumratios, andthey areaveragedover a Gaussianbeamwith FWHP3 X 10”, wIth the
long axisparallel to theterminator.



1. de Pater, The significanceof microwave observationsfor the planets 45

placesalong Venus’ equator: upper left, at noon (the limb at the dayside); upper right, 8:30AM
(mid-morning);lower left, 6AM (terminator);andlower right, at midnight (limb at the nightside).All
the spectraaretakenfrom theimagesafterconvolutionwith a Gaussianbeamwith FWHM of 10 x 3.5”,
with the long axis parallel to the terminator.

The shapeof the spectravaries much acrossthe disk of the planet.On the daysidethe spectraare
broadandshallow,at night and at noon theyaredeepandnarrow.Exceptfor the line shapeat noon,
theseresultsagreequalitatively with resultsobtainedwith single elementradio telescopes.In addition,
the aboveauthorsnoticedthat theCO profiles of the daysidearemuchbroaderin the northernthanthe
southernhemisphere.The spectrawere invertedto yield CO abundancesat different altitudes.At low
altitudes (83km) the CO abundanceis similar at all longitudes;at high altitudes (93km), the CO
abundanceis smallestat the dayside,althoughthe mixing ratio profile at noon in their imagesappears
to besimilar to that seenat night. At night, the CO abundanceis similarat both altitudes,anddoesnot
changewith latitude. At the dayside, the CO abundanceis largest at low altitudes, and increases
steadilywith latitude from southto north.

3.4. Mercury

Radio observationsof Mercuryprobe the planet’ssurfaceand subsurfacelayers. As on Mars, the
temperaturestructureof theselayersdependsupon a balancebetweensolar insulation,heattransport
within the crustandreradiationoutwards.Due to the 3/2 resonancebetweenMercury’srotational and
orbital periodsin combinationwith Mercury’s largeorbital eccentricity,the averagediurnal insulation
varies significantly. Regions along Mercury’ equatornearlongitudes 4 = 0°and 180°(the subsolar
longitudeswhenthe planetis at perihelion) receiveroughly2.5 timesas much sunlighton the average
than longitudes90°away from it. As a result of this nonuniformheating, the diurnal temperature
variation dependsupon Hermographiclongitude.The night timesurfacetemperatureis approximately
100K, independentof longitude, but the peak (noon) surfacetemperaturevaries between700K at

= 0°and 180°to 570K for 4 = 90°and 270°[Soter andUlrichs 1967].
While the subsurfacetemperatureis belowthat of the surfaceduring the day, it is abovethesurface

temperatureat night. Thus,heatis transporteddownwardsduringthe day,andupwardsat night. Since
the thermal conductivity and heat capacity dependupon the temperatureof the crust, downward
conductionis very effective during the day, when the surfacetemperatureis high. At night the cold
surfaceactslike an insulator,sinceconductionis very slow. In addition,dueto the phaselag between
solar insulationand heat transportdownwards,the highestsubsurfacetemperatureis reachedin the
afternoon,ratherthan at noon.

Morrison [19701summarizedthe microwaveobservationsof Mercuryobtainedprior to 1970. These
are disk-averagedbrightnesstemperatures,at wavelengthsbetween0.3 and 11 cm. The mostextensive
dataset is from Klein [1970].He showsthat the diurnal temperaturevariationsindeed dependupon
Hermographiclongitude, with a minimum disk-averagedbrightnesstemperatureof —300K indepen-
dentof longitude,andpeaktemperaturebetween—380 and --.440K, dependingon longitude.The best
model to date hasbeen developedby Cuzzi [1974].He derived subsurfacepropertiesby comparing
disk-averagedbrightnesstemperaturesat wavelengthsbetween0.3 and 18cm. Mercury’s surface
appearssimilar to that of the moon. The top few centimetersconsistof a low density(p -—0.6—1.0
g/cm3) powder,with dielectricconstante— 1.5—2. The densityas well as r increasewith depth in the
crust, to p -— 1.5—2g/cm3, and e 3 at a depthof about 2.5 meters.

Radio imagesof the planetshow abrightnessvariation acrossthe disk, which displaysthe history of
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the solar insulation. The first VLA imageshavebeenobtainedby Chapman[1986]in April 1985, at 2
and6cmwavelength.In July 1986Burnset al. [1987]observedtheplanetat 6cm wavelength.Figure27
showsthe 6 cm imagefrom Burnset al. [1987].The planethadan easternelongation22°,andphaseof
0.22. The viewing geometryof the planet, the Hermographiclongitudeof 0°and the equator,are
indicatedin the inset. Clearly, the disk showsanasymmetricbrightnesstemperaturedistribution,with
the hottest areacenterednear0°longitude. In contrastto the radio imagesof Venus andMars, no
correlationsbetweenspatial brightnessvariationsandknownoptical/infraredfeatureson the surfaceof
Mercury have been distinguished[Chapman1986]. Figure 28 shows a preliminary image at 3 mm
wavelengthobtainedwith the Hat Creek Radio Interferometer[Mitchell et a!. 1990], while the planet
was at perihelion,andat greatesteasternelongation.A largeday-to-nightdifferencein temperatureis
readily visible.

At 6cm we probe 0.5—1m down into the surface,wherethe diurnal temperaturevariation at any
longitude is minimal. If the thermal propertiessuch as albedo, emissivity, thermal inertia and loss
tangentdo not vary acrossthe disk, any spatialvariationsin the brightnesstemperatureacrossthe disk
mustbe dueto variationsin the physicaltemperatureat thesedepths.Burnset al. [1987]showthat the
observedbrightnesstemperaturevariationsat 6 cm indeedmore or less mimic the spatial variations
expectedfrom thenonuniformheatingof the planet.Chapman’simagesshowthenightsideof Mercury,
at longitudes—180°away from the picture of Burnset a!. Also in Chapman’s6cmdatathe region at a
longitudenear-—180°is clearlywarmer thanthe surroundings.

At 3 mm wavelengthoneprobesonly a few centimetersinto the crust,wherethe diurnal temperature
variation is relatively large. Sincein fig. 28 Hermographiclongitude0°coincideswith local noon at the
planet,the brightnesstemperatureshouldbemaximalat this longitude,—-500—600K [seeMitchell etal.
1990]. The temperatureat midnight should be much smaller, —200K. The coldestareaon the disk
coincideswith the subearthpointandthe 6AM meridian.The brightnesstemperatureof this regionwill

EQUATORIAL COORDINATES6 I I ON MERCURY
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Fig. 27. Radioimageof Mercury at6cmwavelength(from Burnset al.[1987]).Contourlevelsare:20, 40, 80, 160,310, 330, 350, and370K. In the
upperright cornerthegeometryof theplanetis shown,with theequator,circlesof latitude±5°,andmeridiansof longitude0°and±5°.The FWHP
of the beamis 1°.
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Fig. 28. Preliminaryradio imageof Mercury at 3 mm(from Mitchell, dePaterandWright, in preparation).Contourlevelsareat 10% intervals.The
direction to the sun, the size of the disk, theterminator and theHPBW are indicated.The subsolarlongitudeis at 0°.

probably be slightly less than that at t~= 180°. The 3 mmimage indeed shows these temperature

variations;detailedsimulationsare still in progresshowever.

3.5. Conclusions

Microwave observationsof the terrestrial planets have considerably improved our knowledge
regardingtheir (sub)surfacelayersandatmospheres.Thesurfaceof theseplanetsis typically overlainby
a few centimetersof dust. The polar regionson Mars are much colder than the surroundingareas,
probably due to the presenceof CO2 frost on the surface.The highlandson Venus have a lower
emissivity and hencehigher dielectric constantthanthe disk-averagedvalue; this implies the presence
of substantialamountsof mineralsand sulfidescloseto the surface.Mercuryexhibits“hot spots” in its
subsurfacelayers, dueto the 3/2 orbital resonanceand large orbital eccentricity.

Observationsat millimeter wavelengths,in particularin the rotationaltransitionsof the CO line, are
usedto derive the temperaturegradientin Venus andMars’ atmospheres,andthe CO abundanceas a
function of altitude.The CO abundanceon Mars is much lower thanexpectedfrom recombinationof
CO and 0. Recombinationmight be increasedby the presenceof odd hydrogenor aerosolsin the
atmosphere.The CO abundancemightbe variablein timeon timescalesas short as 10 days.On Venus
largedifferencesin the CO line profile betweenthe daysideandnightsideare seen;deepnarrow lines
on the nightside,andbroadlines which areaboutthreetimeslessdeepon the dayside.Hence,the CO
abundanceon the nightside is much larger than that on the dayside, despite the fact that CO is
producedin the daysidehemisphereby photolysisof CO2.Largethermalwindsmaycarry the CO from
the daysideto the nightside.



48 1. dePazer, The significanceof microwaveobservationsfor theplanets

4. Future research

With the radio detectionof Pluto [A!tenhoff etal. 1988] all planetshavenow beendetectedat radio
wavelengths,and most of them havebeenimagedas well, as describedin this review. By no means
doesthis imply that this typeof researchhasbeencompleted;rather,it servesas a first stepto identify
the important issueswhich can be addressedthrough radio imaging of planets. In the future the
following topicsshouldbe addressedin detail: (a) a physicalexplanationfor the detailedstructureseen
in imagesof Jupiter’ssynchrotronradiation, and the time variationstherein; (b) detaileddynamical
modelingof the planetaryatmospheresand comparisonwith multiwavelengthradio imagesobtained
over a significant time interval; (c) extractionof longitudinal information from images of the giant
planetatmospheresemployingimproveddeconvolutiontechniques;(d) searchfor minor constituentsin
thegiant planetatmospheres,suchas HCN, SO2, CO, PH3(e) studyof Saturn’sringsandcomparison
with Voyagerdata;(f) detailedimagingand modelingof the atmospheresandsurfacesof the terrestrial
planets.

Of particular interest would be the simultaneousimaging of the J= 1—0, and 2—i rotational
transitions of both

12C0 and ‘3C0 on Venus and Mars at different locations in their orbits.
Furthermore,to best constrain thermophysicalmodels of Mercury’s subsurface layers, images at
infrared-to-centimeterwavelengthsare requiredat different orbital positionsandsubearthlongitudes.
Observationsat millimeter wavelengthsarepossiblewith the OVRO and HCRO arrays.The latter is
particularlysuitablefor planetaryresearchbecauseof its largefield of view andgoodinstantaneousUV
coveragein its future expandedconfiguration(of nine dishes).
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