
Actions of Magnetospheres
on Planetary Atmospheres

Bengt Hultqvist

I RF Scientific Report 203
December 1989

ISSN 0284-1703

INSTITUTET FÖR RYMDFYSIK
Swedish Institute of Space Physics

KIRUNA Sweden



Actions of Magnetospheres on Planetary
Atmospheres

by

Bengt Hultqvist
Swedish Institute of Space Physics
Box 812, S-981 28 Kiruna, Sweden

IRF Scientific Report 203
December 1989

Printed in Sweden
Swedish Institute of Space Physics

Kiruna 1990
ISSN 0284-1703
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by
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Swedish Institute of Space Physics
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INTRODUCTION

Before the beginning of the satellite era in 1957 the available experimental information

about the influence of matter and fields in space outside the planetary atmospheres on the

atmospheres was very limited. The visualization of the interaction in the form of the aurora

played, and plays, an important role in the development of the understanding of this

interaction. The study of the terrestrial ionosphere with radio waves extended the observa-

tions somewhat further out into space, but before the space age the ideas of the phenomena

that take place well outside the ionosphere proper were very vague and largely wrong. The

investigations of the magnetosphere-atmosphere interaction around Earth in the last three

decades by means of space techniques have shown an ever increasing complexity of the

phenomena and this development has been further strengthened by the experience from the

other planets in the solar system that has been achieved by a number of US and Soviet space

probes, among them the Voyagers 1 and 2 and most recently Phobos.

Until the middle of the seventies the solar wind was thought to be the completely dominant

source of magnetospheric plasma and it was only the direct observations of strong, or even

dominant, compositional components of ionospheric origin in Earth's magnetosphere by

the GEOS 1,2, ISEE1,2 and Prognoz 7 satellites in the latter part of the seventies that forced

upon us the realization that there exist interaction processes between magnetosphere and

ionosphere, which were unknown and unexpected at that time, and which still are at the front

line of research. Only a few years after this discovery, the Voyager spacecraft demonstrated

a quite different magnetosphere, around Jupiter, with a different kind of dominating

interaction between the magnetosphere and the atmosphere, namely with the involvment of

one of the planet's satellites, Io. The Voyager encounters with Saturn and, in particular, with

Uranus showed the strong variability of magnetospheric physics and the difficulty to predict

what physicalnechanisms dominate in one particular magnetosphere on the basis of

observations of other magnetospheres.

'Invited paper presented at the Symposium on planetary Magnetospheres of the IAGA Scientific
Assembly at Exeter, UK, July 24 - August 4, 1989.



Recently, the Phobos spacecraft has found that Earth is most likely not the only one among
the terrestrial planets that has both a magnetosphere with an internal magnetic field and an
atmosphere. The first ion mass spectrometer measurements at a planet other than Earth,
which were made early this year in the niagnetosphere of Mars, have clearly demonstrated
the strong contribution of Mars' atmosphere to the plasma content of its magnetosphere and
the existence of "auroral" kinds of particle acceleration mechanisms in the nightside
magnetosphere.

In this short review i will briefly summarize the observed characteristics of the interactions

of the inagnetospheres on the planetary atmospheres of Earth, Mars, Jupiter, Saturn and
Uranus. The planetary atmospheres bring the ionospheres to corotation by frictional force.
Deviations of the motion of the upper atmospheres from corotation (i.e. winds) may affect
the ionosphere and thereby the magnetosphere in significant ways. Such effects are,
however, generally of second order in magnitude (except possibly at Jupiter for the
diffusion of radiation belt particles) and are not discussed here, mainly because only little
is known about them, except for Earth. The induced "magnetosphere" of Venus will not be
dealt with, nor will satellite atmospheres be discussed other than as plasma sources.

EARTH

The niagnetosphere of Earth is for natural reasons the one from which we have learnt most

about the interaction between niagnetosphere and atmosphere. Practically all we know of

the detailed physical interaction mechanisms has been obtained from our own planet. The
Earth's magnetosphere is the laboratory in which we are able to study in some depth the

basic physical interaction mechanisms that occur there. However, some important interac-

tion processes cannot be found in our own magnetosphere but only in the magnetosphere-

atmosphere systems of other planets.

It is not possible to review here in any detail all what is known about the interaction

mechanisms between Earth's maö:ietosphere and atmosphere. Mainly for reference purpo-

ses we will summarize the energetics and mass exchange associated with the three

dominating kinds of action of Earth's magnetosphere on its atmosphere. They are
- energetic particle precipitation from the magnetosphere into the upper atmosphere,

heating of the upper atmosphere due to the convection of the tnagnetospheric and

ionospheric plasma in the larger-scale electric and magnetic fields within the magneto-

sphere, and

heating and acceleration of ionospheric plasma and ejection of it into the outer magneto-

sphere.

All of these processes are associated with electric currents.



The global quantitative aspects of the first two processes were determined r iret. iy in the first

decade of the satellite era. The energy dissipation rate in the atmosphere due io electron and

ion precipitation during average conditions was estimated to be in the range 1010 - 10"W by

Parker (1962), O'Brien (1964), Hargreaves (1966), Axford (1967), Sharp and Johnson

(1968), Torr et al. (1976) and others. During strong magnetosphenc stonns this energy

dissipation rate may incease considerably.

The heating of the atmosphere by the ionospheric currents associated with the convection

electric field has been estimated to be at least as large as that due to direct particle

precipitation; of order 10"W according to e.g. Parker (1%2) and Axford (1967). Whereas

in most studies of the Joule heating of Earth's ionosphere statistically determined conduc-

tance models have been used, Ahn et al. (1989) have employed instantaneous ionospheric

conductance distributions and precipitating panicle distributions. In this recent study the

ratio of energy dissipations in the form of Joule heating and as direct precipitating particle

heating has been found to vary by more than a factor often, with the Joule heating being on

average 6 times as large as the precipitating particle heating.

As the energy flux in the solar plasma over the cross-sectional area )f the magnetosphere,

with a diameter of 15 to 20 earth radii, in the 'average" situation is r>f 'he order of 10"W and

may be considerably larger during strong magnetospheric storms, we see that the fraction

of this energy flux ihat needs to enter the magnetosphere to go into the atmosphere is only

of the order of one percent, or less in quiet conditions (see e.g. Hill, 1983).

Whereas, thus, the ubove energy relationships for Earth have beeii known quantitatively for

a quarter of a century, the role of the atmosphere in providing plasma to the magnetosphe-

re was unknown and even unexpected by the space phys'cs community as late as in the

middle of the seventies. The solar wind was assumed to be the dominating plasma source

of the magnetosphere until the Bern group demonstrated, with the first ion mass spectro-

meter flown into the magnetosphere on board the GEOS 1 satellite, that the ionosphere is

a source of the magnetospheric plasma of comparable importance to the solar wind (Geiss

et al., 1978) and sometimes even strongly dominating (e.g. Hu'tqvist, 1983; CJhappell et al.,

1987). Fluxes of ionospheric O+ ions into the magnetosphere of 2-1026 ions per second have

been reported (Lundin et al., 1982) which is consistent with the amounts of O* ions that have

been observed in the magnetosphere during stonns (e.g. Hultqvist, 1983). This flux is of the

order of magnitude required by the observed rate of precipitation of auroral partic'es (Hill

1974, 1979) and the total rate at which ions are circulated through the magnetospheric

convection system (Paschmann et al., 1 /76; Eastman et al., 1976; Wolf and Hare!, 1980).

For the ionospheric ions to dominate*, strongly in storm situations as observed by e.g.

Hultqvist (1983) a total ion flux out of the ionosphere closer to 1027 s1 may be required.

The polar wind has been estimated to supply Earth's magnetospr.ere with a steady flux of

cold ionospheric ions of a few times 10u s' (e.g. Hill, 1974, Wolf and Harel, V)'A0) and

Shelley et al. (1982) have found that ions, primarily O\ in the energy range 10 eV io a few



hundred e V flow out of the polar cap with a total flux of the order of 1025 s'. Chappell et al.

(1987) have even claimed that the ionosphere may be the dominating plasma source

generally and not only during storms.

The question of what physical mechanisms play the major role for the energization and

ejection of ionospheric plasma into the magnrtosphere is still a front line item of research

in space physics. Both magnetic field aligned and perpendicular acceleration mechanisms

are important. The S3-3 satellite provided the first direct observations of strong field aligned

upward moving ion beams above the ionosphere (Shelley et al., 1976; Ghielmetti et al.,

1978; Gorney et al., 1981) but it also demonstrated the very frequent occurrence of

acceleratioii of ions transverse to the magnetic field, producing so-called ion conies, the

observation of which was first reported by Sharp et al. (1977). The perpendicular accele-

ration has generally been associated with ion cyclotron waves (Sharp et al., 1977; Ghilmetti

etal., 1978: Whalenetal., 1978; Klumpar, 1979; Ungstrupetal., 1979; Ashour-Abdallaet

al., 1981; Dusenbury and Lyons, 1981; Gorney et al., 1981; Okuda and Ashour-Abdalla,

1981 and later contributions) or with lower hybrid waves (e.g. Rettereret al., 1986; Crew

et al., 1986; Koskinen, 1986). It has, however, been far from clear whether the waves

accelerate the ions into beams or the beams cause the ion waves (e.g. Andr S et al., 1987).

One of the more interesting developments that has occurred recently appears to be the

demonsuation by means of Viking that the extraction of energized ionospheric ions (and

electrons) in the form of beams and conies is strongly correlated with the presence of slow

electric field fluctuations with a power density spectrum that peaks below 1 Hz, i.e. below

all characteristic frequencies of the ion species present in the upper ionosphere and

magnetosphere (Block et al., 1987; Hultqvist et al., 1988;Lundin and Hultqvist, 1989;

Lundinetal., 1989). An example of this strong correlation is shown in Figure 1 (afterLundin

et al., 1989). The roughly perpendicular electric field component is shown in the middle

frame. In the periods when ion beams (062815 - 062915 UT) and ion conies (from 063025

on) were observed there were also fluctuations in the electric field component of the order

of magnitude 100 mV/m. These fluctuations were not seen outside of these time intervals,

at least not with a large amplitude. In the same period the plasma density was strongly

reduced as is illustrated by the two lowest frames (V,f is the floating ground potential which

is proportional to log ( n0 VTe )) measured by means of the electric field experiment on

Viking. When the electric field fluctuations were very large in amplitude Viking generally

recorded ion conies instead of beams. The power spectral density is shown in Figure 2 for

one case of strong electric field fluctuations with elevated ion conies. The power density

reached 1 ()' (mV/ivi)VH/. which is some three orders of magnitude higher than the "normal"

values characterizing situations with no measurable fluxes of upward flowing ions. When

the slow electric field fluctuations are so large that the ions show conical distributions

(elevated or not) narrow upward directed electron be;mis of energies of the order of

hundreds of electron volts arc also frequently seen (Hultqvist et al., 1988).

There are strong reas< ms (o believe that the acceleration of the ions (and electrons) is caused

by the electric field fluctuations. They are so slow that the electric field momentarily acts
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Figure 2 Power density spectra for the slow electric field fluctuations for three different intensities. In the
most intense case ion conies were observed; in the least intense case no ion outflow was delectable. There is
a factor of-WOO in power density at the peak (below / Ih) between the maximum and minimum cases (after
Lundin el al, 19X9).



as a quasistatic field setting up an ExB drift in the plasma, then suddenly changes direction
and drives the plasma for a short while in a different direction, etc. Each time the field
changes direction part of the ion distribution keeps the drift velocity, or part of it, as gyration
velocity. The population is thus heated. Near the apogee of Viking (13500 km altitude) E/
B may be of the order of 100 km/s in regions with electric field fluctuations of the order of
magnitude 100 mV/m (which are quite common). A fraction of the ion population thus
obtains gyration velocity increases of up towards 100 km/s for each "kick" the electric field
gives it. A100 km/s velocity increase corresponds to an energy increase of 52 eV for protons
and of 826 eV for O ions. Even if these amounts may be upper limits associated with a
square pulse shape of the fluctuations, the fluctuations are likely to heat the plasma
effectively by "banging" it as described above. The process is not a resonant type and it
therefore affects all ions, but it affects the heavy ions more than the light ones as has been
observed to happen (Collin et al., 1981; Lundin et al., 1982; Lundin and Hultqvist, 1989).
An example of the observed relationship between peak energies of H- and O ions is shown
in Figure 3.

The source of the slow electric field fluctuations is unknown but most likely it is located
in generator regions for the electric field within the magnetosphere.

That the non-resonant heating mechanism described above may be one of the important
ones for the extraction of ionospheric plasma does, of course, not exclude that various
resonant processes also may be important.
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show the mass dependent energy gain due to a transverse, velocity-dependent acceleration (corresponding
to WeVandSOeVforll*, i.e. 160eVand800eVforO')andafield-alignedenergydependcntaccelcraiion
(after Lundin and llultqvist, 1989).



MARS

What we knew about the plasma environment of Mars up to February this year was due
almost entirely to the Soviet Mars missions (Mars 2, 3, 4, and S).The Viking landers
determined the main characteristics of the Martian ionosphere below 300 km altitude
(Hanson et al., 1977). The thermal plasma pressure in the upper ionosphere of Mars is not
large enough to balance the solar wind dynamic pressure (Gringauz et al., 1974; Hanson et
al., 1977; Hanson and Mantas, 1988 and others).

Vaisberg (1976) and Vaisberg and Smirnov (1986) first studied the boundary layer inside
the magnetosheath and the plasma tail. They estimated that the plasma escape rate from
Mars is of the order of 10" ions/s and they argued that the large width of the magnetospheric
tail that they found is evidence for an intrinsic magnetic field of the planet.

Phobos 2 carried out the first measurements with an ion mass spectrometer at Mars (see
Lundin et al., 1989b for a description). The Phobos measurements appear to confirm that
Mars has a magnetic field, albeit small. This is demonstrated by the width of the
magnetotail, which is 8-9 RM (RM is the radius of Mars) at a downtail distance from the planet
of about 10 RM (see Figure 4 after Lundin et al., 1989b) and perhaps primarily by the

Yfkml
PHOBOS-2. ORBIT 2
FEBRUARY 5-6,1939

Xlkm)

20000

Figure 4 The shape of Mars' magnetosphere in the solar ecliptic XY plane as determined by Phobos 2 during
its first eccentric, orbits around the planet {courtesy H. Lundin, 19S9).



observation of "auroral" ion beams in the nightside magnetosphere (see below). It is likely

that the intrinsic magnetic field of Mars does not affect very much the solar wind interaction

with the ionosphere on the dayside. The induced magnetic field probably plays the main role

in this respect (Shinagawa and Cravens, 1989). But the existence of an intrinsic field

magnetosphere with a vigorous magnetospheric convection cannot be excluded from the

dayside observations of the Martian ionosphere (Shinagawa and Cravens, 1989) and the

Phobos observations of ion beams with "auroral" energies in the central tail of the

magnetosphere (see below) certainly indicate the existence of such an intrinsic field

magnetosphere.

Ion density data taken during the second orbit of Phobos around Mars and the flow velocity

component of the protons in the antisunward direction are shown in Figure S (after Lundin

ct al., 1989b). Figure 6 contains some O and H'energy spectra taken during the third orbit.

Figure 5 (Lundin et al., 1989b) illustrates the main characteristics of Martian magneto-

spheric plasma observed by Phobos. Inside the magnetopause there is a strongly reduced

H- density and convection speed and a correspondingly large increase of energized

ionospheric ion densities. The O density reaches 5 cm ' even in the distant tail. The

variability of the ionospheric ion density (O and O2') is also much higher than that of the

protons, indicating that the ionospheric ion escape from Mars is quite dynamical. The O2*

density is fairly well correlated with the O density, generally about half of the O density,

but sometimes even larger that the O density. Obviously there exists at Mars a considerably

higher outflux of molecular ions than at Earth.

The three ion energy spectra in Figure 6 illustrate some characteristic features found in all

Phobos data obtained in the elliptic orbit. Suprathermal ionospheric ions stream out into the

magnetosphere in a narrow region in, or adjacent to, the magnetospheric boundary layer (at

0714 UT). In the central tail "auroral-like" ion beams, with energies of up to several keV

occur. One panel in Figure 6 shows a relationship between H- and O ion energy spectra

which are very similar to those found on the high latitude magnetic field lines of Earth (see

e.g. Figure 3 above). Even the ratio of the energies of the peak fluxes - about 4 - is the same

as found by means of Viking in Earth's auroral regions (Lundin and Hultqvist 1989). We

thus have some reasons to suspect that the same mechanisms for extracting plasma from the

ionosphere into the magnetosphere work on both planets. The ejection mechanisms

described in the section about Earth, involving slow fluctuations of the electric field of large

amplitudes, may thus be important also in the magnetospheres of other planets (which is not

unexpected).

Because the solar wind reaches much closer to the planet at Mars, the auroral region at Mars

is much wider in latitude than at Earth. The outflow is therefore correspondingly larger. Like

at Earth the "auroral" outflow is likely to depend on the level of magnetospheric disturban-

ce. Lundin et al. (1989b) found during the first four (elliptical) orbits of Phobos an

ionospheric "auroral" outflow in the central tail varying between about 2»10z1ions/s and

4»10Mions/s.



Density (cm"3) Density (cm"3) Density (cm"3) Vx (km/t)

2 a.

a
a

1

g
a

a.
I
|

a.

O
Oto

m
TO
>

a»
•n
Ö"

O
5
-O

N>



Upflowing lons, Feb 8 1989 "Auroral" Ion Beam
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Figure 6 Examples ofO* and H* energy spectra of outflowing ionospheric ions from Mars during orbit 3
(8 February 1989). One panel shows one "cold" (<100eV) and two accelerated ion beams and the other
panel illustrates a two component "auroral" ion beam resembling those found above the Earth's topside
ionosphere (after Lundin et al. 1989b).

The outflow of ionospheric plasma occurs mainly in the magnetospheric boundary layer;

the auroral beams in the central tail contribute much less. This is the opposite to the situation

at Earth. The dominating outflowing ion constituent is O also in the boundary layer and the

flux found varied within the range (l-^lO^ions/s (Lundin et al., 1989b). Considering that

the solar wind flux was lower than average during the four elliptical orbits of Phobos (by

about a factor of two) and including the outflow of molecular ionospheric ions ( 0 / and

CO/) and of H'leads to an estimate of the total escape of volatiles from Mars of at least one

kilogram per second.

The atmosphere of Mars has an atmospheric pressure at the planetary surface of a few

millibar. With the above-mentioned rate of gas escape it would take less than 100 million

years to evacuate the oxygen content of the atmosphere (also that bound in CO2). Obviously

there has to exist a strong outgassing from the planet in order to support the atmosphere at

the present level (Lundin et al., 1989b). The estimated loss rate of oxygen, mentioned above,

would be enough for a loss, over the 4.5 billion years lifetime of the planet, of 1-2 meters

of water over the whole surface of Mars (Lundin et al., 1989b).

From the above summary of the findings of Phobos at Mars we may conclude that Mars

represents an intermediate state between Venus and Earth. At Venus the entire dayside of

the upper atmosphere and ionosphere is exposed to the interaction with the solar wind while

at Earth the geomagnetic field shields the atmosphere from the solar wind, except in the

limited areas of the two cusps. The terrestrial loss rate of about 2 kg/s (~10Mions/s) from

11



the ionosphere is insignificant on a cosmogonic time scale. It will take at least 10 billion

years to evacuate the present atmospheric oxygen content of Earth at this rate. The

comparison of Mars and Earth thus illustrates that the geomagnetic field is a pre-

requisite for the existence of the advanced forms of life on Earth.

No investigations of energetic particle precipitation into the atmosphere of Mars have been

reported hitherto. The best we can do in estimating the power of auroral particle precipita-

tion on Mars seems to be to compare with the conditions on Earth. Here the "auroral" kind

of ion escape has an order to magnitude of 10a ion/s. The ion energy may reach above 10

keV. On Mars the corresponding "auroral" ion escape rate is of the order of 1024 ions/s, as

mentioned above. The ion energies observed in the few elliptical orbits of the Phobos

spacecraft reached 4 keV (see above). At Earth the average power associated with auroral

particle precipitation amounts to !010- 10"W, say 2*10'°W, as found by Sharp and Johnson

(1968). If we assume that the dominating acceleration mechanisms are the same on the two

planets, which is indicated by the energy characteristics of the different ion species, as

mentioned above, we would expect 2«10*W of auroral particle precipitation on Mars, or

10"W if we assume that the average particle energy is about a factor of two lower on Mars

than on Earth (as the observed ion energies suggest). A total power of 10»W corresponds to

a global average energy input rate oer unit area of the order of 10' erg/cmJs (i.e. rr • Hi watt/

m2), as compared to 102 - 101 erg/cm2s on Earth.

As the auroral region is expected tocover a large fraction of Mars' surface the average power

per unit of area in the auroral region is expected to be in the range 10' - 102erg/cm2s. This

would give rise to an average auroral emission intensity in the 4278 Å line of the order of

1 Rayleigh (R) in an upper atmosphere of a composition as on Earth. As O and O2* have been

found to dominate the Martian ionosphere, a similar intensity would be expected on Mars.

An auroral intensity of 1 R (of the 4278 Å line) is certainly not possible to observe on Mars.

Nothing seems to be known about Joule heating on Mars and no speculations will be

presented here.

JUPITER

Jupiter, with the strongest magnetic field of all planets, some 14 times as strong surface field

as on Earth, certainly does not suffer from solar wind erosion of its atmosphere. The strong

magnetic field, in combination with a much faster rotation than that of Earth (rotation period

9.84 hours) and a dominant plasma source on one of the satellites (Io) makes the

magnetosphere of Jupiter and the interaction cf ihe magnetosphere and the atmosphere

much different from what we know from Earth. Whereas we have a fairly small innermost

part of Earth's magnetosphere, the plasmasphere, that coroiates with Earth, at Jupiter the

plasma corotates more or less completely all the way out to the magnetopause. Complete

corotation was found out to about 18 R,, outside of which the plasma velocity deviates from

12



that correspond ing tocorotation, the more the greater the distance (e.g. Barbosa, 1984). The
corotation speed is even larger than the thermal speed of the plasma ions in Jupiter's
magnetosphere (Belcher et al., 1988). This has to do also with the fact that the magnetosp-
heric plasma at Jupiter is strongly dominated by heavy ions, O and S\ with a number density
two orders of magnitude larger than that of protons (Bridge et al., 1979). Io acts as a dynamo,
driving strong currents into the ionosphere of Jupiter (—Ŝ IO6 A according to Acuna et al.,
1983), thereby also accelerating charged particles into the atmosphere and exciting auroral
emissions.

Auroral emissions

The aurora on Jupiter has been investigated mainly by means of the far ultraviolet
spectrophotometers on Voyagers 1 and 2 (e.g. Broadfoot et al., 1979,1981). There is also
some data from the TV-camera on Voyager 1 working in the range 4000-5000 Å (Cook et
al., 1981). A picture obtained with that instrument is shown in Figure 7. It shows the Io torus
aurora.

Figure 7 Aurora on Jupiter observed with the TV camera on Voyager 1 working in the wavelength range
4000-5000 A {after Cook et al., 1981).
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According to Broadfoot et al. (1979,1981) the integrated intensity of the aurora seen by the
Voyagers has been found to be more than 100 kR, implying that the order of several times
10" W is supplied by precipitating electrons, or some 10-70 ergs/cm2s over the auroral zone
(Sandel et al., 1979; Strobel and Atreya, 1983). Surface brightness values in HLyman-cc of
60 kR and in Hj Lyman and Werner bands of 80 kR have been reported and the total power
radiated away from Jupiter in these emissions have been estiamted at 5«1012W (Sandel et
al., 1979). This would correspond to the order of 10'" W of precipitating particle energy
input.

An average auroral zone magnetic latitude of 65° has been determined (Sandel et al., 1979),

with the equatorward boundary of the zone corresponding closely to the projection of Io's

plasma torus onto the atmosphere. The poleward extent of the aurora has not been possible

to measure, but at least at some longitudes the width of the auroral zone has been found to

be comparable to the value corresponding to the full width of the slit of the spectrometer

which was -6000 km. This corresponds to the width of the Io torus projected to the

atmosphere. The observations have thus generally shown a close relationship between the

Jupiter aurora and the magnetic projection of the Io torus, but they do not exclude the

possibility of a simultaneous magnetotail aurora (Sandel et al., 1979). Some 'ongitudinal

variations in the H2 band emissions have been seen with a strong maximum at a particular

longitude (^ = 210° W) (Broadfoot et al., 1981).

The Voyager observations have shown a generally much more stable auroral situation than

at Earth. The aurora has been found to stay roughly constant in brightness during several

days (Broadfoot et al., 1981). More long-term variations, probably connected with corres-

ponding variations of the lo plasma source, have been recorded. Thus Pioneer 10 measured

much weaker (by a factor of 35) EUV emissions from the Io torus in 1973 than the Voyagers

did in 1979 (Broadfoot et al., 1979), and there was even a factor of two change of this

brightness in the four months between the Voyager 1 and Voyager 2 encounters with Jupiter.

But variations of luminosity from day to day, or even shorter, which would correspond to

the substorm variations at Earth, appear not to have been seen by the Voyager spacecraft.

One explanation of this may be that the Io torus aurora dominates strongly and that the

aurora is not expected to vary but with the varying volcanic plasma source. Much higher

variability in the EUV emissions from Jupiter has been found by means of the U V telescope

on the IUE satellite (Clarke et al., 1980) but the reason for the differences between the

Voyager and the IUE observations is not clear (Broadfoot et al., 1981).

The optical emissions from the lo torus itself, primarily in UV and EUV lines, carried some

3»1O12 W at the Voyager 1 encounter and Voyager 2 measured 6*1012W. This is a fraction

of the Jovian auroral energy dissipation according to Broadfoot et al. (1981). The

observational results summarized above show that the aurora on Jupiter requires 10'MO"1

W continuous power input. Ifall this energy input were due to the pick up of newly ionized

O and S atoms and their acceleration tocorotation with the planet (at expense of its rotational

energy) more than 2» J 0" ions would have to be picked up per second. But the torus contains

14



only N~5»1014ions (Bagenal and Sullivan, 1981) and the ionization state of the ions

indicates a diffusive life time, xu, in the range 9-600 days (say 100 days). Io's source rate

N/x4(f is then in the range 1027 - ö^lO* ions/s (say é^lO37 ions/s). Thus the mass loading rate

is too low to provide the required energy input into the atmosphere (Gehrels and Stone,

1983).

Another argument for the mass loading rate being of the order of magnitude 10" ions/ s or

lower has been given by Shemansky (1980). He concluded that if more than 10" ions/s of

S*and O are produced, an ultraviolet glow around Io would be detectable by Voyager.

The authors of the above criticism of the Io mass loading mechanism instead advocate a

different kind of energy precipitation process. Gehrehs and Stone (1983) have determined

that the phase space density has a positive radial gradient in the distance range 6 R, -17 R,

for energetic ions in the energy range 1 -20 MeV/nucleon. This means that there is an inward

diffusion of such particles with a diffusion coefficient D<lG5s' at 9 Rr With reasonable

assumptions about diffusion coefficient and energy spectrum at lower energies they

estimate that energetic ions diffusing inward will precipitate particles into the loss cone at

a rate corresponding to 10" - 10l4W energy input rate. According to Gehrels and Stone, these

ions would be precipitated in the magnetic latitude range 67° - 72° and would deposit their

energy at about 500 km altitude, i.e. well above the homopause. Such a mechanism has

earlier been proposed by Goertz (1980) and Thome (1981a,b, 1982). The energy in this

alternative is supplied by the process in the outer magnetosphere that accelerates the ions

to high energies and by adiabatic acceleration of ions as they diffuse inward. If the

acceleration process in the outer magnetosphere occurs via a magnetic pumping process

(Goertz, 1978; Borovsky et al., 1981) then the ultimate energy source is Jupiter's rotation

energy.

However, according to Waite et al. (1988b) none of the plasma waves required for the

scattering of the ions into the loss cone in Gehrel's and Stone's (1983) auroral mechanism

have yet been identified and the required precipitating energy flux can only be provided by

performing a best case extrapolation of their data to the keV energy range, which was not

adequately measured by the Voyager spacecraft. Based on IUE observations, Waite et al.

(1988b) suggest that heavy ion auroral energy deposition is concentrated at altitudes below

the homopause (i.e. the stopping altitude for~300keV/nucleon ions) and that electrons with

energies below 30 keV are the cause of most of the observable UV and EUV auroral

emissions, since they deposit their energy above the absorbing methane layer.

Shemansky (1988) and Smith et al. (1988) have demonstrated that inward diffusion of

energetic ions is required even for the production of the auroral emissions from the Io torus

itself. According to the above authors, about as much energy input to the torus in terms of

inward diffusing energetic ions as of ion pick up is required to keep the electron temperature

high enough to account for the observed ratio of [S'|/[S"]~0.7 (Moos et al,, 1985).
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At the present stage we can thus only note that the observations do not permit any definite

conclusions about the detailed generation mechanisms for the Jovian aurora. Hopefully

Galileo will make it possible to determine the identity and energy range of the energetic

particles that are responsible for the auroral excitations.

Joule heating

Joule heating does not occur when the magnetospheric plasma corotates exactly with the

planet, but as soon as the plasma motion deviates from that corresponding to corotation,

Joule heating of the plasma is produced in the altitude range where the collision frequen-

cy between ions and neutrals is larger than the gyrofrequency. At Earth the Joule heating

is caused by the convecting magnetospheric plasma outside of the plasmasphere. The

convection is set up by the electric field impressed by the solar wind upon the outer

magnetosphere. At Jupiter the solar wind influence is negligible but instead deviations of

the rotation of the magnetospheric plasma from exact corotation causes transfer of angular

momentum to the ionosphere with Joule heating as a consequence. The most important

source of angular momentum transport and consequent Joule heating is the more or less

continuous outward diffusion of logenic plasma, which occurs at a rate of -1029 amu/s

(Nishida ant! Watanabe, 1981). Compression and expansion of the magnetosphere is

another source. The outflow of plasma from Io has been shown to provide 10I3W of

continuous Joule heating and the compression/expansion 10llW during about 10* seconds

(Nishida and Watanabe, 1981). This corresponds to a heat rate per unit area of the high

latitude ionosphere of >10 erg/cmzs according to Nishida and Watanabe (1981). Waite

(1981) has arrived at a heating rate of ~5 ergs/cm2s in the Jovian magnetosphere.

The value 10" W is at the low end of the range of the particle energy input. Thus, at Jupiter,

Joule heating is significant but lower than the direct particle precipitation contribution. At

Earth the situation is the opposite, as mentioned earlier. Considering that the plasma in the

Jovian magnetosphere is corotating but that in Earth's magnetosphere it is not (except in the

plasmasphere), the above quantitative outcome of the investigation is not astonishing.

Extraction of ionospheric ions

Krimigis et al. (1981) have estimated the contributions of different particle sources to the

plasma and energetic particles in the Jovian magnetosphere. In the energetic tail of the

plasma energy spectrum, heavy ion and proton densities have been found to be of similar

values (Krimigis et al., 1979) whereas at low energies the heavy ions dominate completely,

as mentioned earlier (Bridge et al., 1979). In situ ionization of H2 leads rapidly to the

formation of H,\ which has been found in the magnetosphere (Hamilton et al., 1980). The

presence of H,- shows that there are also H1 and possibly H2- ions of ionospheric origin. On

the basis of the above-mentioned observations Krimigis et al. (1981) concluded that the

contribution, to the plasma in the magnetosphere by the Jovian ionosphere is comparable to

that of lo. namely -10» ions/s. Jupiter provides energy for acceleration to corotation all the



way out until the particles are lost beyond say 80 R,. Thus, according to Krimigu t al. (1981)

Jupiter provides ;3- 10)«10I4W to these ions.

The Io volcanic source of heavy ions inay De comparable in number density pe second with

the source due to sputtering off the surface of Io of neutral atoms which are subsequently

ionized. This process is also expecved to provide of the order of 10» io-v-Js which, by

acceleration tocorotation speed, provide' 10"W. Krimigiset al. (1981) thu.-oncluded that

the Jovian ionosphere is of similar importance as the Io torus as an ion sca.re. However,

it should of course be remembered that many of the results referred u ab' ve are based on

limited observational data and on several assumptions. Many of th» conclusions arc

tentative. The Galileo mission will hopefully provide us with impor t ' t complementary

data on the processes discussed here in the middle of the nineties.

SATURN

Before the encounter of Voyae r l with Saturn in 1980therewasr anambiguous evidence

for the existence of an auroral kind of interaction between he magnetosphere and

atmosphere on the second ingest planet in ihe solar system. Pi' 'eer 11 demonstrated the

existence of a dense atmosphere and a strong magnetic field in 1C 79 but its U V photometer

measurements, showing enhanced emission in its long wavelength channel when the field

of view passed the polar edge, could have been due to limb brightening (Judge et al., 1980).

And the emission intensifications of HLya observed by means of IUE (in orbit around

Earth) could not be clearly localized to the atmosphere of Saturn (Clarke et al., 1981). The

early attributions of observed radio noise, similar to that from Jupiter, to Saturn were shown

to be wrong by the Voyagers (e.g. Schardt and McDonald, 1983). However, the Voyagers

definitely demonstrated that there is an important magnetosphere-atmosphere interaction

at Saturn, as will be discussed below.

Saturn's magnetosphere was found to be intermediate between those of Jupiter and Earth.

The surface magnetic field, 0.21 Gauss at the equator, is slightly less than that of Earth (0.31

Gauss), but much less than Jupiter's (4.28 Gauss).It resembles Jupiter's magnetosphere in

the extension of the corotating plasmasphere to the magnetopause and in the importance of

the satellites and rings as sources of plasma and as sinks of energetic particles. In the sink

respect it is more extreme than the magnetosphere of Jupiter. As at Earth the dynamic

pressure of the solar wind is balanced by Saturn's magnetic field rather than by the

magnetospheric plasma, as in the cases of Mars and Jupiter. There are also the similarities

with Earth's magnetosphere in that the hot plasma diffuses towards the planet in the inner

magnetosphere and that cosmic ray albedo neutron decay (CRAND) is an important source

of inner belt protons (Schardt and McDonald, 1983). Because of the much larger distance

of Saturn from the Sun (9.554 AU) the solar wind pressure is so much lower that thedistance
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of the subsolar stagnation point of Saturn's magnetosphere for typical solar wind conditions

is at some 20-25 R.as compared to -10 RE at Earth.

Auroral emissions

The auroral emissions from the Saturn atmosphere have been investigated by means of the

UV spectrometers on Voyagers 1 and 2 (Broadfoot et al., 1981b; Sandel and Broadfoot,

1981). An example of the measurement results is shown in Figure 8. The auroral emissions

extended between 78° and 81.5°. This location of the auroral zone is in rather good

agreement with the estimates made by Ness et al. (1981) on the basis of the measured

magnetic flux of the Saturnian magnetotail, assuming that all of it is connected with the

polar caps of the planet. They found that the boundary of the polar

cap, assumed to coincide with the auroral zone, had a latitude of 75° - 78.7° (as compared
with 72° for Earth from the same procedure).

Within the polar cap the intensity was at least a factor of four less than in the auroral zone

and it may have been zero (Sandel and Broadfoot, 1981). The UV spectrometer was no

imaging instrument and the spatial distribution was obtained by moving the slit along the

meridian (as indicated in Figure 8). The slit was too large to allow the determination of the

distribution of the intensity within the auroral region.

The average brightness of the 1105 Å H2 band was -2.8 kR, adjusted to nadir observation.

The observations indicated that the aurora was roughly continuous in longitude. Variations

by up to 50% in H2 band emission intensity over a period of 20 minutes were recorded. The

variations were interpreted as temporal, but the presence of brighter areas at \SLS values of

-25° and 200° has also been deduced from the data. The aurora was continuous in time at

least during the days nearest encounter when the observations were made (Sandel and

Broadfoot, 1981).

The rate of particle precipitation required to drive the aurora has been estimated at -2» 10" W

on the average (Broadfoot et al., 1981b; Sandel and Broadfoot, 1981), based on an average

brightness of 5 kR in the H2 bands extending over an area of 4.6*10" cm2 (between 78° and

81.5° latitude). An average energy input rate into the auroral zone of 0.43 erg/cm2s results

from the above values. Altreya (1986) has given a corresponding value of 0.7 erg/cm2s.

These val nes are uncertain by a factor of at least 4 according to Sandel and Broadfoot (1981).

The HLya component of the auroral emissions were generally a factor of 5 fainter than the

H2 band emissions.

Averaged over the entire planet surface the auroral particle precipitation on Saturn provides

a power corresponding to only about 102 erg/cm2s. This is much too little to account for the

high HLya emission on the dayside (the "electroglow") and for the observed high

exospheric temperature of up to 82O±1OO K (Atreya and Wait, 1981). Roughly 0.3 erg/cm2s
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Figure 8 Auroral intensity on Saturn as function of latitude as determined by Sandeland Broadfoot (1981).
The distance of the spacecraft was 3.6 Rt and its latitude was -36.6°. Dashes show the position of the 0.1 °xO.86°
UVS slit at 15-minute intervals. H2 band emission along the path of the slit is shown in the inset. The auroral
emission was located between 78°S and81.5°S.
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over the planet on average is required to achieve this temperature according to Atreya

(1986). What this energy source is, is still not clear. It is most likely not in the magnetosp-

here, but rather in the atmosphere (Belcher et al., 1988; Hudson et al., 1989), where winds

may provide dynamos for electric fields in the ionosphere which may accelerate electrons

and ions to 10-50 eV, sufficiei.i for the generation of electroglow.

The characteristics of the aurora on Satum are more similar to those of the aurora on Earth

than of those on Jupiter. The auroral zone latitudes are only slightly higher on Saturn than

on Earth, wheras the main aurora occurs at much lower latitudes on Jupiter, namely at the

magnetic field line footpoints of the Io plasma torus. The processes generating the aurora

may thus be similar on Satum and Earth. This is also suggested by the fact that the ratio of

power in aurora on the two planets is about the same as the ratio of the power transfeired

to the magnetospheres from the solar wind (Sandel and Broadfoot, 1981). The above

considerations indicate that the solar wind may be the driver of the aurora generating

processes on Saturn, as it is on Earth.

However, the role of Titan as a source of a torus similar to (but much weaker than) that of

Io in the auroral process is far from clear. Titan is estimated to lose 7 kg/s of its atmosphere

(Stone and Owen, 1984). Recent results (Richardson, 1986) indicate though that oxygen

provides a better fit to the heavy ion spectra in the outer magnetosphere, concluding that

Titan (and nitrogen) is not an important plasma source inside of L-17. The oxygen is

supposed to be sputtered or ejected from the icy satellites and rings (Cheng et al., 1982;

Lanzerottietal., 1983; Johnsonetal, 1984,1985; Haff and Eviatar, 1986; Huang and Siscoe,

1986; Richardson et al., 1986, and others).

The corotation of the magnetospheric plasma all the way oat to the magnetopause of Saturn

(as at Jupiter) makes the rotation of the planet a possible and even likely source of energy

for the auroral processes (e.g. Hill et al., 1981; Hill, 1984a,b; Isbell et al., 1984). If the

rotation is the main contributor to the high latitude magnetosphere-atmosphere interaction

then the above-mentioned similarities beween Earth and Saturn in terms of aurora and solar

wind interaction are accidental. Hopefully the Cassini mission will make a definite

conclusion possible.

Joule heating

The heating of the upper atmosphere of Saturn by the currents which are driven by

generator(s) in the magnetosphere and connected with the ionosphere by Birkeland currents

have been estimated by Atreya et al. (1984) and Atreya (1986), using the method of Nishida

and Watanabe (1981) and assuming a deviation from corotation of theouter magnetosphere

of Saturn by about 10% (beyond ~8 R,), as suggested by the observations of McNutt(1983).

Subcorotation has also been found by Eviatar and Richardson (1986) and Richardson

(1986). With theoretical ionospheric electron density values calculated by Waite et al.
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(1983a) they arrived at a height integrated Pedersen conductivity at auroral latitudes of 58

mho and a Joule heating rate of 0.14 erg/cntfs. Conductivity values at auroral latitudes

between 1 and 260 mho depending on local time have been derived by Cheng and Waite

(1988). The value 0.14 erg/cm2s is not very much less than the values 0.43-0.7 erg/cm2s

estimated for the energy input rate to the auroral zone atmosphere due to panicle

precipitation mentioned above. However, the theoretical ionospheric electron densities,

with a peak value of well above 105 cm1 (and a conductivity value of 58 mho), are about an

order of magnitude higher than the electron densities determined by means of the

occupation measurement on Pioneer 11 (Kliore et al., 1980a, b) and Voyager 1 and 2 (Tyler

et al., 1981,1982). Taking this into account we end up with a Joule heating rate of the order

of 0.01 erg/cm2s in the auroral zone of Saturn. This is not more than the globally averaged

power input due to auroral particle precipitation mentioned earlier and is thus negligible in

terms of the energy balance of the upper atmosphere of the planet as evidenced by the high

exospheric temperature.

Cheng and Waite (1988) have suggested that the observed corotation lag is not due to

insufficient electrodynamic torque in the magnetosphere but to the neutral atmosphere not

providing sufficient frictional torque in order for the thermosphere (and ionosphere) to

corotate fully with the planet.The plasmasphere may then corotate with the upper atmosp-

here, in which case no Joule heating would be produced by the observed corotation lag.

Extraction of ionospheric ions

Practically nothing seems to be known from the Pioneer and Voyager encounters about the

contribution of Saturn's atmosphere to its magnetospheric plasma. There appear to exist

molecular ions in small amounts in the magnetosphere and they are likely to be of

atmospheric origin, but whether they come from Saturn's or Titan's atmosphere is not clear.

The observed O ions are assumed to be produced in sputtering processes on the icy satellites

and ring particles and the N* ions are supposed to come from the atmosphere of Titan, as

mentioned earlier. Very little oxygen appears to exist in the atmosphere of Saturn (e.g.

Atreya, 1986). On the other hand there is a cloud of neutral hydrogen in the magnetosphere

extending from -7 Rs to -25 Rt and being -16 R$ thick, which must be related to the

atmospheres of Saturn or Titan, and which is an important plasma source (e.g. Schardt and

McDonald, 1983, Stone and Owen, 1984).

The plasma waves observed in Saturn's magnetosphere have in general been ol lower

intensity than on Jupiter and even on Earth (e.g. Scarf et al., 1987), indicating a lower

efficiency of heating of ionospheric plasma than on the other planets mentioned. We have

thus a weak basis for speculations about the contribution of the Saturnian ionosphere to the

magnetospheric plasma. In addition, the rings and the many satellites in the inner magne-

tosphere are strong sinks for the plasma of possible ionospheric origin as well as for the

energetic particles.



On the other hand, we know from Earth that the magnetosphere is quite efficient in

extracting ions from the ionosphere by means of a large number of different kinds of

processes. It would be astonishing if none of them would be working around Saturn. We will

not know until at the earliest after Cassini has arrived at Saturn in the first years of the next

century.

URANUS

Uranus offerred the greatest surprises hitherto to the experimenters of the Voyagers. Very

little was known about it before the encounter. Not even the rotation speed was well

determined. Even with the largest telescopes on Earth's surface it looks featureless, with no

observable atmospheric structure.

Uranus is unique among the planets in that its rotation axis is almost in the orbital plane (only

8° from it). At the time of the visit of Voyager 2 the rotation axis pointed nearly along

the direction to the Sun and Earth, which happens twice within the orbital period of 84 years.

Before the encounter no radioemissions had been observed (up until five days before closest

approach) indicating the absence of a magnetic field and of a magnetosphere around the

planet. On the other hand the International Ultraviolet Explorer (IUE) had shown unexpec-

tedly bright HLya emission from the planet (Darius and Fricke 1981; Clarke, 1982;

Durrance and Clarke, 1984), which were attributed to auroral processes and thus required

a magnetosphere. It turned out that Uranus has a magnetosphere, but a quite different one

than predicted before the encounter, namely one in which the magnetic dipole axis, as

shown in Figure 9, makes an angle of 60° with the rotation axis (Ness et al., 1986) and is

displaced towards the nightside so that the maximum surface field is an order of magnitude

larger on the nightside than on the dayside (Connerney et al., 1987). The dayside

magnetopause radius observed by Voyager 2 was 18 Ro (Cheng, 1987). However, the HLya

emission was found not to be auroral in nature, but a more or less homogeneous luminosity

covering the entire sunlit side of Uranus. This "electroglow", which occurs also on the

dayside of Jupiter and Saturn, is not yet well understood, but it is likely to be associated with

coupling between the upper atmosphere and the ionosphere (Clarke et al., 1987; Hudson et

al., 1989) rather than between the magnetosphere and the atmosphere (as mentioned

earlier).

Auroral emissions

Curtis (1985) showed well before the encounter that the virtual non-existence of radio

emissions from the dayside of Uranus could be expected if an efficient convection was set

up by the solar wind (as later modeled by Vasyliunas, 1986, and Selesnick and Richardson,

1986) and he predicted that a strong radio emission, associated with a nightside aurora,

would be observed on the dark side of the planet. That was also found (Warwick et al., 1986;
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Figure 9 The magnetic field of Uranus «.v determined by Ness "' "1. (19S6).

could be indentified on the bright dayside (Broadfoot et al., 1986). The nightside aurora was

located within a region of 15-20° in diameter, apparently centered on the axis of the offset

tilted dipole on the nightside. Whether it covered the complete cap or was limited tc a ring

could not be determined (Gulkis and Carr, 1987). The aurora was found to have similar

spectral characteristics as on Jupiter and Saturn and requires electron energies of the order

of 10 keV for excitation. The brightness of the auroral region was 1.5 kR for HLya and 9

kR for Hj Lyman and Werner bands (Broadfoot et al., 1986). This requires a total power

input in the form of electron precipitation of (l-2)«10" W (Broadfoot et al., 1986; Atreya,

1986; Herbert et al., 1987; Waite et al., 1988), corresponding to a few erg/cm2s in the auroral

zone and to a uniform deposition rate over the planet of 0.02-0.08 erg/cm:s, which is of the

same order of magnitude as that associated with the electroglow on Uranus (2» 10" W

according to Broadfoot et al., 1986) and much larger than the power inputs of solar ionizing

radiation (0.004 erg/cm2s) and of solar wind flux (0.001 erg/em's) (Broadfoot etal., 1986).

The deposition of magnetospheric energy in the upper atmosphere of Uranus in the form of

particle precipitation is thus an important process from an energy budget point of view. It

may be a significant contributor to the high exospheric temperature found on Uranus

(800±100 K; Broadfoot et al., 1986; Atrcya, 19X6; Herbert ct al., 1987).
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Temporal variar indicative of substorm phenomena were observed ?-y Voyager 2 at
Uranus (Cheng et ai., 1987; Mauk et al., 1987; Sitter et al., 1987; Kane et al., 1989) in
contrast to Jupiter and Satum.

The energetic electrons observed in Uranus 'magnetosphere were found to be in a strong
diffusion condition due to strong whistler waves (Coroniti et al., 1987; Mauk et al., 1987;
Scarf et al., 1987; Kurth et al., 1988), and the strong pitch angle diffusion into the loss cone
was estimated to be sufficient to produce the observed auroral emissions (Coroniti et al.,
1987). On the other hand, no electrons at all below 6 keV energy were observed in the
dayside magnetosphere (Sitter et al., 1987), probably due to strong convection away from
the dayside. The observed local time asymmetry of radio emissions (Warwick et al., 1986)
are consistent with this day-night asymmetry in keV electron flux (Sitter et al., 1987) and
probably also the absence of an observable dayside aurora.

Joule Heating

With the observed strong convection of the plasma in the magnetosphere of Uranus driven
by the solar wind (see references given above), it follows that Joule heating is likely to be
a significant heat source in the ionosphere of the planet. The Joule heating is produced when
there is a relative average velocity bet' een ions and neutrals, which is expected to occur
on Uranus as it does on Earth. Winds in the neutral upper atmosphere (the thermosphere)
as well as electric f Ids impressed upon the ionosphere from the magnetosphere contribute
to the production of a velocity difference between the ionized and neutral components of
the upper atmosphere. Both of these causes may be expected to be important at Uranus.

The only reported investigation of quantitative effects due to Joule heating that this author
has been able to find, is the one reported in the paper by Herbert et al. (1987).

They estimated the Joule heating rate by assuming a velocity of the neutral atmospheric
component relative to that of the ions of 200 m/s, based on observations of wind speeds in
the upper atmosphere by Smith et al. (1986). Using a model ionosphere of Chandler and
Waite (1986) they arrived at a Joule heating rate of 2.5 erg/cm2s. As both the relative
velocity of ions and neutrals and the ionospheric density are quite uncertain, the value given
may be wrong by several orders of magnitude (Herbert et al., 1987). Even if the global
average is smaller by a factor of 100, the value is similar to the global average power input
associated with particle precipitation given above. We therefore conclude that Joule heating
is likely to be an important - if not the most important - heat source for the upper atmosphere
on Uranus. It seems not possible to conclude more than that at the present time.

Heating and Extraction of Ionospheric Ions

Unlike Jupiter and Saturn, Uranus has a magnetospheric ion population completely
dominated by protons (Bridge et al., 1986; Krimigis et al., 1986) with a minor fraction of
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molecular hydrogen ions, observed at energies above 600 keV/nucleon (Krimigis et al.,

1986). Before the encounter the general expectation was that heavy ions produced by

particle sputtering from the icy surfaces of moons and ring material might even dominate

the plasma (e.g. Cheng , 1984; Eviatar and Richardson, 1986), but no such ions were

measured by Voyager 2. That may be due to fast sweeping away of the heavy ions by the

convection (characteristic transport time <10 hrs according to Selesnick et al., 1987)

discussed earlier, thereby prohibiting the heavy ion number density to build up (Cheng,

1987; Belcher etal., 1988).

The hydrogen corona of Uranus extends to large distances from the surface with apprecia-

ble densities (e.g. Sitter et al., 1987) as does also the ionosphere (e.g. Atreya, 1986;

Broadfoot et al., 1987). There is a sharp inner boundary for the magnetospheric plasma at

L=4.8-5.3 with small energy dispersion, the cause of which is not clear (Sitter et al., 1987;

Belcher etal., 1988).

One of the early conclusions from the Voyager 2 encounter with Uranus was that the H*

plasma in the magnetosphere is produced either by ionization of the H corona or by

extraction of H* ions from the ionosphere or by both. The observations are limited and not

very much has been possible to conclude about the mechanisms that extract the ionospheric

plasma and heat it to keV energies or more. Herbert (1988) has shown that the observed H*

energy spectra cannot be produced by ionization of H atoms in the tail and their convection

towards the planet. Cheng (1987) has found that a combination of ionization of the H corona

and of a "polar wind" source of ionospheric ions, driven by photo electron escape, may give

rise to the observed population if the ions stay in the magnetosphere for about 30 days. The

required total ionospheric source strength is lO^-lO23 protons per second. The two sources,

H-corona and ionosphere, vvere found to be comparable in magnitude at about L=5. That

the solar wind is not a strong plasma source within the Uranian magnetosphere is shown by,

among other things, the absence of measurable amounts of helium ions (e.g. Cheng, 1987).

For natural reasons it has not been possible to carry the investigations of the physical

mechanisms very far in Uranus magnetosphere. By referring to our present knowledge

about the many different processes that have been found to contribute to the heating and

extraction of ionospheric ions from Earth's upper ionosphere (see e.g. the section on Earth

in this report) it seems safe to conclude that the ionosphere of Uranus is a very strong - if

not the dominant - source of the magnetosphere plasma observed.

NEPTUNE

Voyager 2 will arrive at Neptune on August 25, 1989 (UT). It will reach a latitude of 72°

with a closert approach distance of only 1.15 RN (Belcher et a)., 1988). It may possibly pass

the auroral zone, or at least come very close, which would be the first time at a planet other

than Earth.
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Until the summer of 1988 there were no observations indicating that Neptune has a magnetic

field. Still, since the Voyager 2 encounter with Uranus it has been considered as most likely

that Neptune has an interior magnetic field because of its similarity with Uranus in many

respects (size, mass, rotation speed etc.). According to dePater and Goertz (1989) and

Delitsky et al. (1989), dePater and Richmond have observed a nonthermal radio emission

from Neptune suggesting the production of synchrotron radiation at 20 cm wavelength

(unpublished manuscript, 1988). For such a radiation a magnetic moment of Neptune of

-0.7 G RN
3 is required (Delitsky et al., 1989). A magnetic moment of that magnitude would

correspond to a magnetospheric standoff distance at the subsolar point of-47 RN. Similar

values of Neptune's magnetic moment have been suggested by several other authors (Hill,

1984a; Isbelletal., 1984; Curtis and Ness, 1986; Neubauer, 1988; dePater and Goertz, 1989;

Dessler et al., 1989). There is, however, an important difference between Uranus and

Neptune in terms of internal heat production. Whereas Uranus has an internal heat source

which produces a radiation flux only -27% of the energy flux in the sunlight absorbed by

the planet (Ingersoll, 1984), Neptune's internal heat source is big enough so that the net

irradiance is positive at all latitudes (in total 1.9-2.6 times the absorbed sunlight energy flux;

Orton and Appleby, 1984). Neptune is in this respect more like Jupiter and Saturn, which

also radiate more energy than they receive from the Sun. This may indicate that Neptune

has a dipole direction not very much different from that of the spin axis, as in the cases of

Jupiter and Saturn. If this is true, its magnetosphere is likely to be corotating out to the mag-

netopause for the above-mentioned magnetic moment of the planet, as the spin axis is

inclined only 28.8° with respect to its orbital plane (Hill, 1984a; Belcher et al., 1988, and

others). Neptune is thus likely to be similar to Jupiter and Saturn also in this respect and

dissimilar to Uranus. Like Saturn, Neptune also has a satellite, Triton, with an atmosphere

which is likely to be an important plasma source for the magnetosphere, besides the

planetary ionosphere, as Titan is for Saturn's magnetosphere (Hill, 1984a; Belcher et al.,

1988; Neubauer, 1988).

At the distance of Neptune (30.11 AU from the Sun) the energy fluxes associated with the

solar wind and sunlight are only 1/907 of what they are at Earth. Still the EUV radiation

gives rise to an ionosphere with an electron density of 10'-3*102 of Earth's ionosphere for

similar recombination coefficients. The peak electron density in the ionosphere of Neptune

has been predicted to be 10'-10* cm', located at an altitude where the atmospheric number

density (N2 assumed to dominate strongly overCH4) is 10'°-10" cm', which may be at 500-

800 km altitude (Atreya, 1989). If hydrocarbons (CH4 etc.), dominate the electron chemi-

stry, the electron density will be much lower because of much higher recombination rate

(Atreya, 1986; Belcher et al., 1988). A total plasma source strength at Neptune of lO^-lO23

ions/s and a total magnetospheric ion content of 10" ions have been assumed by Belcher et

al. (1988) for encounter planning, i.e. the same value as found at Uranus (see above).

No HLya radiation from Neptune has been possible to observe from Earth. That means an

upper limit of 180 R for planet averaged surface brightness (Clarke, 1988). There is thus no

"electroglow" on the daylit side of Neptune of the kind that has been observed at both

26



Jupiter, Saturn and Uranus. According to Curtis (1988, 1989) this is associated with a low

exospheric temperature of only 200 K as compared with 800 K at Uranus and still higher

at Jupiter. He has suggested that a high exospheric temperature is necessary for the existence

of electroglow and that the low Tc, at Neptune is due to low magnetospheric energy supply

rate to the atmosphere.

Auroral emissions

As mentioned above, Neptune appears to be more similar to Saturn than to the other planets

in terms of magnetospheric conditions and magnetosphere-atmosphere interactions. This

apparent similarity has been the basis for some speculations about the auroral processes at

Neptune.

Curtis (1988, 1989) has employed the scaling relation of Desch and Kaiser (1984),

according to which the efficiency of the emission processes is the same at all planets. This

relation gives -10" W of energetic particle precipitation in Uranus' atmosphere, which is

in reasonable agreement with that deduced from the nightside Uranus aurora (Broadfoot et

al., 1986). At Neptune the auroral energy input rate should according to the mentioned

scaling relation be about a factor of two less than at Uranus, i.e. still of the order of magnitude

10" W. For the same size of the auroral zone on Neptune as on Uranus this would correspond

to a power input per unit area of the order 1 erg/cm2s and for a smaller auroral zone area (see

below) say 2 erg/cm2s.

The size of the auroral zone can be estimated at cos6pc=(cos 87°)/B"6 (Belcher et al., 1988).

The colatitude of the equatorial edge of the polar cap, supposed to coincide with the auroral

zone, would for a surface magnetic field of the order 0.5 G, as discussed above, be only 4-

5°. Isbell et al. (1984) gave a value of 8° for an equatorial surface field of 1 G. The auroral

zone is thus expected to be quite small on Neptune and it is therefore not likely that Voyager

2 will reach it in the nominal orbit of 72° maximum latitude, unless the angle between the

dipole axis and the spin axis of the planet is more than 10°.

However, another auroral zone may possibly be found by Voyager 2 at the magnetic

footpoints of the orbit of Triton (e.g. Hill, 1984a; Belcher et al., 1988; Neubauer, 1988;

Delitsky et al., 1989). Triton has a mean orbital radius of 14.6 RN and if we apply simple

dipole geometry, (neglecting the inclination of Triton's orbit with regard to Neptune's spin

equator of 21 °) we find a latitude of-75° for the footpoints of Triton's orbit. Along this orbit

a plasma torus may be produced by energetic particle sputtering. Delitsky et al. (1989)

concluded that a torus is formed for energetic particle fluxes of 10'- 10*cm 2s' (similar to in

Saturn's magnetosphere). H1 ions will, according to these authors, be detectable by Voyager

2 under all conditions tried, but ion masses of 12-16 amu will be detectable only in the

favourable cases. According to Neubauer (1988) the maximum possible ion number density

in the Triton torus is about 1 cm' of N2* ions for an equatorial surface magnetic field of -0.3

G. For such a magnetic field intensity there will be a voltage accross the torus of 1470 V and
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maximum pick-up energies of 219 eV forN, andH2CN\ 7.8 eV for H" and 109 eV forN\

A maximum current of 30000 A will be driven into Neptune 's ionosphere, corresponding

to a maximum power input to the ionosphere of -10* W (Neubauer, 1988). This is only

10' of the normal auroral energy input discussed above. Obviously the power has to be well

collected in space, along narrow current sheets, in order for the Triton-generated aurora to

be detectable by Voyager 2.

Cheng (1989) has suggested the possibility that inverted V events may be observed over

Neptune's auroral zones at energies of several tens of keV (as compared with several keV

at Earth), if Neptune has a low plasma density in the auroral zone magnetic field tubes,

similar in value to what was observed at Uranus, and if the Birkeland currents are less than

or comparable to those at Earth. For high magnetospheric plasma density (similar to the

densities observed at Saturn) field aligned potential differences similar to those observed

at Earth would be expected.

Dessler ei al. (1989) have discussed the conditions for auroral emissions to occur in the

atmosphere of Triton itself. They conclude that the current at Triton may be carried by

thermal electrons with no aurora generated, unless Triton has its own - even very small -

magnetic moment. For such a moment existing they predict that there will be bright aurora

on Triton and a power input of 10' W. Without an internal magnetic field the aurora will be

weak and diffuse and the power input to Triton will be only of the order of 10*W.

Joule heating

If Neptune is similar to Saturn, we expect that there will exist a deviation from exact

corotation in the magnetosphere of Neptune outside a certain distance from the planet. This

will then lead to Joule heating in the way discussed by Nishida and Watanabe (1981). For

Saturn we found the Joule heating to be smaller than the energy flux associated with auroral

particle precipitation. It appears likely that the same is true for Neptune, although no serious

attempts to predict the Joule heating of Neptune's ionosphere have been published (as far

as this author knows). If Neptune is similar to Uranus in terms of magnetic field

configuration, the Joule heating is expected to be much larger and comparable to the particle

precipitation heating in magnitude.

Heating and Extraction of Ionospheric Ions

With the low temperature that seems to characterize the uppermost atmosphere of Neptune

(exospheric temperature ~200 K), in contrast to the oth planets, any kind of thermal

evaporation process, such as the polar wind, is expected to be less important for feeding

plasma into the magnetosphere at Neptune than at the planets closer to the Sun. Waves are

expected to play a role in heating the ionospheric ions and ejecting them into the

magnetosphere as at the other planets. The earlier mentioned high amplitude slow

fluctuations of the electric field, most likely generated in the boundary layer of the
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magnetosphere through the interaction with the solar wind, may possibly have access to the

auroral zone upper ionosphere of Neptune as they have on Earth. They may then heat heavy

ions (e.g N2*) and expel them out of the ionosphere.

Belcher et al. (1988) have, as mentioned before, assumed a total ion outflow of 1025 s' on

the basis of the observations at Uranus. As the upper ionosphere on Uranus is exposed to

vigorous convection over quite large areas, this assumption seems reasonable if also

Neptune's magnetosphere and ionosphere are dominated by convection driven by the solar

wind. If, on the other hand, Neptune's magnetosphere corotates all the way out to the

dayside magnetopause and the auroral zone is very small, we had better be prepared for a

smaller ion flow out of the ionosphere on Neptune than on Uranus. The expected range of

order of magnitude would then be expected to be \0°- 1O25 ions/s, certainly not a very precise

prediction.

It does not appear likely that Voyager 2 will be able to tell us very much about the detailed

processes that extract ionospheric ions into the magnetosphere of Neptune, but hopefully

we may be able to obtain information about the importance of the planetary atmosphere as

a source of plasma for the magnetosphere from composition measurements in the corotating

plasmasphere of the planet and in the upper atmosphere.

SUMMARY

Tables la, b, c contain the estimated order of magnitude of power associated with auroral

particle precipitation and Joule heating and of ionospheric ion outward fluxes arrived at in

this report.

From the table we can see that our planet Earth is rather special in terms of transfer of

magnetospheric energy to the atmosphere (apart from Jupiter, which is extreme in almost

all respects). The auroral particle energy input rate to the atmosphere per unit area, and

therefore the resulting auroral emission intensity, is second only to that of Jupiter. The

contribution of the Joule heating to the heating of the upper atmosphere, measured in terms

of the energetic particle precipitation power, is probably larger on Earth than on all the other

planets, possibly with the exception of Uranus (and perhaps Neptune, which we know

nothing of when this is written). For all those planets which have a corotating plasmasphere

extending to the magnetopause, the Joule heating power is small compared with the

precipitating particle power.

The values presented in Table 1 are only orders of magnitude.When the estimates give

values between two orders of magnitude both powers of ten are given. The figures refer to

some sort of average values which are differently defined for the different planets. For those

planets for which only very limited data exist the value in the table is some average of them.

For Earth, on the other hand, the values represent rather undisturbed conditions. Much



higher values occur during storms. When the author has found no published estimates there

is only a question mark in the table. Some particularly uncertain estimated values are

followed by a question mark in parentheses.

The extremely successful Pioneer and Voyager missions have provided us with most

impressive sets of data from the outer planets and Phobos has recently added unique new

data from Mars. Still, the conclusion that the observational basis for our understanding of

the physics of the magnetosphere-atmosphere interactions at al • the planets other than Earth

is very limited, is a self-evident one. Even at Earth many aspects of this interaction are front-

line areas of research. The grand tour of the Voyagers has demonstrated very clearly how

different the magnetospheres and atmospheres of the various planets are and the very high

degree of complexity of the plasma systems around the planets. Most questions of physics

are still unanswered; those related to source and sink processes of the plasma and energetic

particles being one set of examples. The Galileo and Cassini-Huygens missions will

certainly contribute in very important ways to the answering of many open questions.



TABLE la Energetic particle precipitation

Average total power
W

Average power per unit

area in auroral region,

, 2

erg/cm s

(milliwatt/m )

Global average of

power per unit area,

erg/cm s

(milliwatt/m)

EARTH

10 11

10 -10

1 -10

2 I

10 - 10

MARS

io8 (?)

-3 -2
10 -10

(?)

io3 (?)

JUPITER

13 14

10 -10

10-100

• I
10 -1

SATURN

11 12

10 -10

10 -1

3 -1

10 -10

URANUS

it
10

1- 10

3 -2
10 -10

NEPTUNE

l l
10 (?)

K?)

id3 (?)

-id2

TABLE lb Joule heating

Averse total power
W

Global average of

power per unit area,

erg/tm s

(milliwat(/rn )

Joule heating

Particle precipitation

EARTH

111"

10 '

1-10(6)

MARS

7

7

7

JUPITER

i o n

lo"1

I O - ' - I

SATURN

io'-io10

io4-io3

io-2- IO-1

URANUS

>»%

, * ,

- «

NEPTUNE

7

7

to

>1) ?

TABLE lc
Heating and extraction of ionospheric ions

Global outward flux
of ionospheric ions,

per second

EARTH

io2 6

MARS

io"io26

JUPITER

io 2 8

SATURN

7

URANUS

1024-1025

NEPTUNE

(1O23-1O25)
?
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