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CHAPTER 12

THE MAGNETOSPHERES OF SATURN,
MERCURY, VENUS AND MARS

Y. C. Whang andK. I. Gringauz

12.1• THE MAGNETOSPHERE OF SATURN

On 1 September1979, the Pioneer—il spacecraftdiscoveredand penetratedthe magnetosphere

of’ Saturn. Saturn is the secondlargest planet in the solar system. Its radius is 60.000 ~

500 1cm, with a polar flattening of about 5280 km. It has a density of about0.7 g cm~3.

The planet rotateswith a period of 10 hr and 14 mm, and it revolves aroundthe Sun with a

period of 29.146 years. PioneerSaturnmade photometric and polarization measurements of four

of Saturn’s moons (lapetus, lthea, Dione, and Tethys), and passed within 356,000 km of Titan.

It may also have discovereda previously unknown moon of Saturn. Earth’s moon is well outside

the terrestrial magnetosphereandhasno effect on it. However, many of Saturn’smoons are

inside the zoneof trapped radiation and interact strongly with the trappedparticles.

Before the Pioneerencounter,five rings of Saturn had beententatively identified. From the

planet outward, they are the B-, C-, B-, A- and E—rings. The spacecraftdiscoveredtwo new

Saturnianrings. One of these, cafled. the F—ring, lies just outside the A—ring. The gap

betweenthe F—ring and the A—ring hasbeententatively designatedthe Pioneerdivision. The

other new ring has beencalled the G—ring, and it lies well outside the F-ring.

The planetary magnetic field of Saturn hasan equatorial value of 0.2 C, correspondingto a

magneticmoment of 4.3 x 1028 C cm3, which is 530 times larger than the dipole moment of the

Earth. The polarity of the field is opposite to that of the Earth. The field is largely

dipolar. It hasa surprisingly high degreeof axial symmetry the dipole axis of the field

is tilted less than 10 from the rotational axis of Saturn. An offset of the magneticcentre

from the centre of Saturn is no more than 0.04 ~, principally in the polar direction.

The magneticfield of Saturn has createda magnetosphereintermediatein size betweenthe

magnetospheresof Earth and Jupiter, with trappedparticle intensities comparablewith the

Earth’s. Saturn hasa detachedbow shock wave and a magnetopausequite similar to thoseof

the Earth. The overall form of the magnetosphereis simple and compact. The size of Saturn’s

magnetosphereis very responsiveto changesin the solar wind dynamic pressure.

The outer magnetosphere,out to the magnetopauseat 7.5 ~, contains lower energyplasma,

its flow appearsto be consistentwith co—rotationwith S~turn’smagneticfield. The ion

speciesmeasuredin this region preclude the solar wind or the Saturn ionosphereas being
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the main source of Saturn’ s magnetospheric plasma. The tentative identification of O~and

0H as the dominant ions indicates that the low—energyparticles are probably produced by

dissociation of the ice on Saturn’s rings or moons. The fluxes of trapped particles in the

outer magnetosphereand their angulardistributions are strongly influenced by the time—

varying solar wind.

Rings of particulate material, and several small moons near the rings, strongly affect Saturn’s

trapped radiation. The outer atmosphereis terminatedsharply by a suddendrop in both the

proton and electron fluxes in a region between6.5 and. 4 ~. This reduction in particle flux
is attributable to effective particle absorptionby Dione, Tethys, Eaceladus and the E—ring.

The inner region, inside 4 ~, containshigher energyparticles, the particle fluxes and

energiesincrease inwards and the spectrabecomemuch harderand more complex. Particle

absorptionfeaturesnear 2.5 ~ and the imaging photopolarimeterhave indicated the existence

of a small Saturn moon with a ~iameter of about 200 km.

Inside 2.3 ~, the outer edge of the A—ring, there is a sharpcut off of all trapped particles.

A nearly completeabsenceof radiation belt particles on magneticflux tubesintercepted by

the Saturn rings leavesa shieldedregion close to the planet. This shielding prevents the

further build up of electron intensities at lower altitudes, which otherwisewould, havebeen
presentand would have made Saturna strong radio sourceobservablefrom the Earth.

The radio occultation observationsof Saturn indicate that Saturn hasan ionospherecomposed

of ionized atomic hydrogenwith a temperatureof about 1250 K in its upper regions. The

ionospherehas two peaksin electron density; the highest is 9.4 x lO~cm3 at 2800 kin, and
the secondis 7 x l& cm”3 at 2200 km.

After its encounterwith Saturn,Pioneer Saturnheadedout of the solar system• travelling

in the direction in which the solar systemmoves with respectto the local stars in the

galaxy. Other spacecraft are following alongthe trail blazed by PioneerSaturn. Voyager-i

passedby Jupiter in March 1979 and reached Saturn in November1980. Voyager—2 has also

passedbeyond Jupiter and encounteredSaturn in August 1981, with hopes of travelling on to

an encounter with Uranus in 1986.

12.2 • MERCURY’ S MAGNETOSPHERE

So little was known of Mercury before the historical voyageof Mariner—lO that the mission

was virtually Man’s first look at the innermost planet of the solar system. Mariner 10 made

three close fly-bys of the planet on 29 March and 21 September,1974, and on 16 March, 1975.

On its first encounterwith Mercury, Mariner-lO unexpectedlydiscovereda global, intrinsic

magneticfield and the modestsized magnetosphereof Mercury.

The trajectory of the first fly—by was on the darkside, near the equator,with a closest

approachdistancefrom the surface of 703 lan. The secondencounterwas targetedso as to
optimize imaging coverageof the South polar regions and passedtoo far from Mercury (50,0001cm)

to provide any direct observationof its magnetosphere. The third encounterwas similar to the

first, beinga very closeapproachtowards the dark side, but was carefully modified to pass

near the North polar region at a distancefrom the surfaceof only 327 km.



The magnetospheres of Saturn, Mercury, Venus and ~ars 63

The observationaldata of Mercury’s magnetospherewere obtained by three scientific

instrumentson Ma.riner-lO • a magnetometer,a plasmaspectrometerand a chargedparticle

telescope. Mercury, the smallest of the planets exceptpossibly Pluto, has an equatorial

radius of 2439 km (versus6378 km for Earth). It has a detachedbow shock wave, a

magnetopauseand a tail current sheetquite similar to those of Earth. The magnetopause

crossingdata indicate that the size of Mercury’s magnetosphereis very small (see Fig.12.l).
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Fig.l2.l. Mercury’s magnetosphericmagneticfield lines of in the nooi~—
midnight meridian plane calculatedfrom a model study of
observationaldata obtainedby Mariner-lO. Field lines are
tangential to the magnetopauseat the boundary. The X-axs
is directed from Mercury to the Sun• and the Z—axis is normal
to the orbital plane of Mercury and directed Northwards.

Mercury itself occupies a much larger fraction of its magnetospherethan doesEarth. There

is no evidencefor the permanentexistence of a trappedchargedparticle radiation belt.

The observationaldata from Mariner-’lO havebeenused to carry out quantitative studies of

Mercury’s magnetosphere.Determining the characteristicsof the intrinsic planetary magnetic

field is difficult becausethe magnetosphericmagneticfield of Mercury includesa substantial

contribution attributable to external field sources. Even at closest approachto the planet,

the magneticfield observationswere made in regions which are not very distant from the

effects of the electric currents which flow in the magnetopauseand the tail current sheet.

Therefore• a proper representationof the external field becomesvery important for the

successof a quantitative model for the magnetosphereof Mercury. The most recent result is

a three—dimensionalmodel magnetospherewhich includesa tail current sheetand the confinement

of all planetary field lines within a modest sized magnetosphere. Figure 12.1 shows the field

lines and the tail current sheet of the three—dimensionalmodel in the noon—midnightmeridian

plane. The size of the magnetosphereagreeswell with the magnetopausecrossingsdirectly

observed from Mariner-b.
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The model, based on all magnetic field data from Mariner—lO, concludes that the planet has a

dipole moment of 2.4 x 1022 G cm3, which is 1/31400 that of the Earth’s dipole moment, tilted

2.3° from the normal to the planetaryorbital plane. Its polarity is identical to the Earth’s.

However, the planetaryintrinsic field of Mercury is very much distorted from that of a simple

centreddipole. The quadrupoleand octopolecomponentsof the planetary magnetic field are quite

significant in magnitudeas comparedwith its dipole. The existence of a g,uadrupolefield

indicates an axial offset of the planetarymagneticcentre by a distance of ~0.2 Northward

from the planetary gravitational centre. This causesthe asymmetryof the planetary intrinsic

field and of the magnetosphericmagneticfield about the orbital plane of Mercury. The surface

intensity of the axial octupolefield of Mercury is about2~of that of the dipole field. The

presenceof a relatively large octupolemoment indicates that the averageradius of the source

current system inside the planet is a significant fraction of the planetary radius. This is

consistentwith presentunderstandingof the internal structure of Mercury, namely that the

planet hasa large densesolid core with a radius which is about three quartersof the planetary

radius.

Results from the first encounter of Ma.riner-’lO indicate that the magnitude of the magnetospheric

magnetic field at the stagnationpoint of the solar wind flow is about 160 nT, and that the

planetocentricdistanceto the magnetopauseat the stagnationpoint is 1.32 ~. The stagnation
distancemay changeby t 10% due to the varying dynamic pressureof the solar wind. Across the

tail current sheet, the magnetosphericmagneticfield undergoesa sharpchangeof 8OnT in the

field componentparallel to the Mercury—Sunline.

The magnetosphereof Mercury may be divided into two regions, a region of open field lines,

where a].], field lines are connectedwith the tail and its current sheet,anda region of

closedfield lines. No observationsof the latter region were made by Mariner—b.

The interior plasma features in the magnetosphereof Mercury comparewell with thoseof the

Earths magnetosphere. Along the field lines connectedwith the polar cap region of Mercury,

the flux of observedlow energy electronswas very small. Hot electrons in the key range
were observedalong the field lines connectedwith the inner edge of the tail current sheet.

The remainder of the open field—lines region was observedto have electronsof energy 100 to

200 eV. Observations by the chargedparticle telescope showed intense transient bursts of

energetic electronsalongfield lines connected with the inner edge of the tail current sheet.

This indicates that a local acceleration processmust be active in the magnetospherictail.

The external magneticfield, which representsa significant fraction of the inagnetospheric
magneticfield of Mercury, is induced by electric currents flowing in the tail current sheet

and the magnetopause. The location of the two sourcesurfaces and the intensity of the source

currents vary all the time in responseto the time—varying conditions of the solar wind. As

a result, the solar wind conditions producea direct temporaleffect on the magnetospheric

magneticfield of Mercury. In the regionwhere the gradient of the external field is large,

relatively large fluctuations in the magneticfield were observed by Ma.riner—l0.

12.3. MAGNETOSPHERE~OF VENUS AND MARS

Contrary to the planets described previously, neither Mars nor Venus hasan intrinsic magnetic

field, although eaeh has a well-developed ionized gas envelope (ionosphere). This is why the

ionized cavity surroundingeachof theseplanets is sometimescalled a paeudo—sa~ietosphere.
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The usageof this term can be avoided if the definition of a magnetosphere is extended to be

the limited region of spacewhere the presenceof the planet perturbs the direction and changes

the value of the interplanetary magneticfield downstreamof the bow shock. Such a general

definition is then applicable to all known planets, even thosewithout an intrinsic magnetic

field.

Since the number of spacecraftstudying the magnetospheresof the other planets is much less

than those studying the Earth’s magnetosphere,it is clear that there remain many unsolved

problemsin the physics of non—terrestrialma.gnetospheres.Studies of the magnetosphereof

Venus are now at a stagecomparablewith studies of the Earth’s magnetosphere15 yearsago.

Knowledge of the Martian magnetosphereis at an evenearlier stage.

12.3.1. Magnetosphereof Venus

Magnetic field and plasmameasurements near Venus were carried out for the first time by
Venera—4 on 17 October1967, at a height of 200 km above the surface of the planet; Mariner—5

approachedthe planet the next day at a minimal distance of 300 kin, while Mariner—lO passed

at a distance of several thousandsof km. Venera—9 and —10 explored Venus in 1975—76, and

PioneerVenus Orbiter has since the beginning of 1978.

The first magneticfield measurementswere carried out by Dolginov and his colleagues,with
Venera-4. Their results showed that the intrinsic magnetic field of Venus is weak, not more

than bO~G (10 nT) at the surfaceof the planet, and that it cannotcreate an obstacle for

the solar wind as the geomagneticfield does. Theseearly results were confirmed by Mari,ner-5

and -10, as well as by later probesorbiting around Venus.

The solar wind interacting with the ionosphereof Venus ferns a bow shock which is relatively

much closer to the planet than in the caseof the Earth. This difference arises from the fact

that the obstacle creating the bow shock is not the intrinsic magneticfield of Venus but the

small magnetic field producedby currents induced in the ionosphereby the solar wind flow

itself. The interplanetarymagneticfield moving with the solar wind plasmacannotpenetrate

into the electrically conductingionosphereand “accumulates” in front of the planet, forming

a magneticbarrier (magnetic obstacle) to the solar wind.

A typical vertical electron density profile observedin the day—sideionosphereof Venus is

shown in Fig.l2.2. The sharpupperboundarywhere the electron density decreasesrapidly at

a height of 260 Ion is called the ionopause. This is a typical feature of the ionosphereof

Venus which was observedboth by American and. Soviet spacecraft. Until 1979, it was generally

believed that the shielding electric currentsproducing the magneticobstacle were distributed

throughout the day—sideionosphereof Venus. However, from the magneticfield measurementsof

PioneerVenus Orbiter, Russell and his colleagueshave shown that thesecurrentsare mainly

confined in a relatively narrow (‘~9oIan) layer of the upperionosphereof Venus. Thesecurrents

are closed in the solar wind downstreamfrom the bow shock, in a transition layer. The

direction of these electric currentsdependson the direction of the interplanetary magnetic

field (IMF) componentperpendicularto the Sun—Venusline. According to the PioneerVenus

Orbiter data, the dynamic pressureof the solar wind is usually balancedby the magneticfield

pressurein the magnetic barrier which is also equal to the kinetic pressureof the ionospheric

plasmaat the ionopauseof Venus.
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Fig.l2,2, Height distribution of the electron density ~ in the day—side
ionosphere of Venus, from Venera—lO radio occ~Ltation observations.
The sharp upperboundary of the ionosphere,the steepdecreaseof
~ with height, i.e. the iono~auae, is also observed by Mariner-5
a~d-10 and Pioneer Venus Orbiter.
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Fig.l2.3. Schematic diagram of the bow—shock and the magnetosphere of
Venus from the data of Venera-9 and -10 • The arrows show the
direction of the solar wind plasma stream. Region A is the
transition region downstreamfrom the bow—shock; region B is
the boundarylayer. Region C is the corpuscularumbra; the
solid line shows the boundaryof the magnetosphere(region D).
Region H is the plasmasheet inside which the neutral layer
is located that separatesoppositelydirected field lines.
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Magnetic and plasma measurements onboard Venera-9 and -10 revealed that Venus has an extended

plasma—magnetictail similar to the magnetotailof the Earth. This magnetotail is shown in

Fig.12.3; it hasa diameterwhich is slightly larger than the diameterof the planet itself.

The magnetotail of Venus is composedof two bunchesof oppositely directed magneticfield

lines; the orientation of the layer separatingthesebunchesdependson the IMF direction.

Immediatelybehind the nightside ionospherethere is a cone—shapedregion C of corpuscular

shadowwhere the ion fluxes are essentially weakerthan in the transition layer downstream

from the shock. The apexof this cone is at about five Venus radii. Electron fluxes with

energiesrangingfrom ten to a few hundred eV are recordedinside the corpuscularshadow of

Venus. These fluxes are variable in tine and form the main contribution of the fluxes observed

in the nightside ionosphereof Venus.

A generalview of Venus’ magnetosphereand the shock wave aheadof it is shown in Fig.l2.4.

A rapid increasein the magneticfield intensity as well as a decreasein the plasmafluxes

are observedat the separationbetweenthe transition layer and the magnetosphericboundary

layer of Venus in a rather similar way as for the Earth’s magnetosphere. Figure 12.4 also

shows a simplified current system which can producea magneticfield. distribution similar to

that measuredon the daysideand nightside of the planet Venus.
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Fig.l2.4. A possible simplified current system that forms “the magnetic
barrier” aheadof Venusand the magnetic tail behind it. The
orientation of the 0 current structure in the magnetospheric
tail changes with the changing orientation of the interplanetary
magnetic field component perpendicularto the Sun—Venus line.

12.3.2. Magnetosphere of Mars

The existence of a bow shock in front of the planet Mars was first discoveredby magnetic

field measurementsfrom Mariner—4 in 1954. Other information on the magnetosphereof Mars

was obtainedwith Mars—2 and —3 in 1971 and 1972 and Mars—5 in 1974, which were equippedwith

magnetometersand instrumentsfor plasmameasurements. Thesethree spacecraftdid not

approachthe planet closer than 1100 kin. Furthermore, the instrumentsfor plasmaand magnetic

field measurementswere not switchedon each time that the satellites passedclose to the

planet; theseinstrumentswere operatedintermittently, every 2 or 10 mm in the caseof Mars—2
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and —3. This mode of operation limited the spatial and temporal resolution of the data. For

these reasons quite a number of problems concerning the Martian magnetosphere remain unsolved.

Nevertheless,the magnetosphericboundary of Mars could be determinedin the same way as for

the other planets, including the Earth, from the increase in the magnetic field intensity, and

from the decreaseof plasmafluxes when the spacecraftpenetratesfrom the transition layer

(downstream from the bow shock) into the magnetosphereitself. From all crossings of the

magnetosphere of Mars, it can be concludedthat its shapevery much resembles that of the

Earth’s magnetosphere. From the altitudinal distribution of the electron density, it can be

concluded that the ionopause is usually absent in the dayside ionosphere of Mars (see Fig.l2.5,

comparewith Fig.l2,2). This suggests that the solar wind interaction with Mars differs from

that with Venus; indeed the Martian ionosphere is shielded from the solar wind by the intrinsic

magneticfield of Mars. The presenceof sucha magnetic field is confirmed by the fact that

the diameter of the Martian magnetotail is 3.2 ~, larger than the planetaryoptical shadowof

2 ~. By contrast, the magnetotailof Venus hasadiameter of 2.2 R~.
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Fig.l2.5. Vertical distribution of electron density in the dayside
ionosphere of Mars from the radio occultation data obtained by
Ma.riner’-4, —6 and —7. No dayside tonopause was observed.

The mean position of the Mars magnetotail boundary was determined from the data of Mars-5

which crossedthe magnetotail several times, However, no satellite has yet penetratedinto
the optical shadow of the planet; therefore, data on the internal structure of the Martian

magnetosphere are still missing. However, upper limits to the magnetic moment of Mars can be

estimated to be 2 x 1022 G cm3. From the approximate shape of the Martian magnetosphereit

can be deducedthat the planet hasa dipole magnetic field, the inclination of which to the

Martian equator probably exceeds 20°.
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12.3.3. Conclusions

Evidence for the presenceof magneticfields near a planet is not proof of the existenceof an

intrinsic planetary magnetic field. Indeed, in the case of Venus, a magnetosphere—likestructure

is formed with a magnetotailasa consequenceof currents flowing in the ionospherearound the

planet. Many more details of the interaction betweenthe ionosphereof Venus and the solar wind

will be obtained from PioneerVenus Orbiter observations. The degreeof ionization of the ions

trappedin the Venusianatmosphereis not known; measurementswhich can determinethe ener~’

and also the mass of the ions, i . e• an ion ener~—inassspectrometer,are required.

Severalprocessesoccurring in the Martian magnetosphereare not understood. An ion energy—mass

spectrometeron a spacecraft passingthrough the Martian magnetotail would give new information

on the interaction betweenthe solar wind and Mars. The precisedeterminationof the magnetic

moment of Mars requiresa low altitude satellite orbiting aroundMars equippedwith a sensitive

magnetometer.


