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Abstract. We revisit the effects of Joule heating upon the
upper atmospheres of Jupiter and Saturn. We show that in
addition to direct Joule heating there is an additional input of
kinetic energy− ion drag energy− which we quantify rela-
tive to the Joule heating. We also show that fluctuations about
the mean electric field, as observed in the Earth’s ionosphere,
may significantly increase the Joule heating itself. For phys-
ically plausible parameters these effects may increase previ-
ous estimates of the upper atmospheric energy input at Saturn
from ∼10 TW to∼20 TW.

Keywords. Ionosphere (Electric fields and currents; Plan-
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1 Introduction

All four of the giant planets exhibit high thermospheric
temperatures, the origin of which has yet to be thoroughly
explained. Measurements by the Voyager missions (re-
viewed byAtreya, 1986) and the Galileo probe (Seiff et al.,
1997) indicate temperatures of∼900 K or greater through-
out Jupiter’s thermosphere. Modelling indicates that such
high temperatures cannot be explained by solar heating alone
(Strobel and Smith, 1973). Similar discrepancies are ob-
served at Saturn, Uranus and Neptune (Yelle and Miller,
2004).

Attempts to understand these high temperatures have gen-
erally focussed on the heating effects of breaking gravity
and acoustic waves (Young et al., 1997; Matcheva and Stro-
bel, 1999; Hickey et al., 2000; Schubert et al., 2003), on
energy deposited by auroral particle precipitation (Grodent
et al., 2001), on Joule heating (Cowley et al., 2004) and on
the transfer of energy from large-scale neutral winds, driven
by ion drag (Miller et al., 2000; Millward et al., 2005). In
this letter we present two new perspectives on this problem.
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Firstly, we quantify the input of bulk kinetic energy associ-
ated with Joule heating (which we term “ion drag energy”),
and show that it may be an important energy source; sec-
ondly, we show that fluctuations in the electric field may sig-
nificantly increase the Joule heating itself.

2 General situation

Plasma flows in the magnetosphere or at the magneto-
sphere/solar wind boundary generate electric fields that map
along magnetic field lines into the ionosphere. The nature
of these motions have been sketched for both Jupiter (Cow-
ley et al., 2003) and Saturn (Cowley et al., 2004). We refer
the reader to these papers for a detailed discussion. For our
purposes it is sufficient to note that to a good approximation
the plasma simply subcorotates, to a greater or lesser extent,
with respect to the planet. From a thermospheric perspective
this results in an approximately westwards “ion wind”, such
as has been observed on both Jupiter (Stallard et al., 2001)
and Saturn (Stallard et al., 2004).

In the upper atmosphere, the relative motions of the neutral
and ionised gases has two effects. Firstly, some of the kinetic
energy of both components is thermalised, heating the atmo-
sphere. This is the “Joule heating” (Cowley et al., 2004).
Secondly, there is an exchange of momentum, and thus an
exchange of kinetic energy, between the two components. If,
in the appropriate frame of reference, the ions move with a
greater velocity than the neutrals, the neutrals will gain ki-
netic energy (Miller et al., 2000; Millward et al., 2005). This
is often the case at high latitudes if one considers the frame
of reference corotating with the planet. It is this energy input
that we seek to quantify. We refer to it as “ion drag energy”.

Note that the Joule heating is a frame-invariant quantity
because it represents changes in the random thermal motions
of the gas. These must be identical in all frames. However,
the ion drag energy is frame-variant because the bulk kinetic
energy of the gas is itself a frame-variant quantity.
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Fig. 1. Dependence ofQtot/Q0, QJ /Q0 andQD/Q0 uponk.

3 Ion drag

We now support the qualitative arguments presented above
with some simple theoretical considerations. Before consid-
ering the specific cases of Jupiter and Saturn, we state general
expressions for the Joule heatingQJ and the ion drag energy
QD in a general frameS. The total work done on the upper
atmosphere by the magnetospheric electric fields is:

Qtot=j · E (1)

wherej is the current andE is the electric field. In the gen-
eral frameS, Qtot=QJ +QD.

The j×B force exerted by the magnetospheric electric
fields accelerates the neutral gas. The associated rate of ki-
netic energy input, which we call the “ion drag energy”QD

is then:

QD=vn · j × B (2)

wherevn is the neutral wind velocity andB is the magnetic
field. The Joule heatingQJ is then simplyQtot−QD:

QJ = j · E−vn · j × B

= j · E+j · vn × B

= j · (E+vn × B)

⇒ QJ = j · E′ (3)

where we have introduced the electric field transformed into
the frame of the neutral windE′

=E+vn×B. This quantity
is uniquely defined because it represents the electric field in
the special frameS′ in which the neutrals are at rest. Thus
QJ =j ·E′ is frame-invariant. In this frame,S′, we have by
definitionvn=0 and thusQD is zero.

We now apply the above equations to an idealised model
of the northern auroral regions of the giant planets. We as-
sume an upwards vertical component of the magnetic field,
+B, and an equatorwards-directed electric field,+E, in the
frame of reference that corotates with the planet. This config-
uration will generate a westwards ion wind whose magnitude
is vi=E/B. The westwards velocity of the neutral gas isvn.

ThusB, E andvn are mutually perpendicular. The electric
field drives an equatorwards current:

j=σP E′ (4)

whereσP is the local Pedersen conductivity andE′
=E−vnB

is the electric field in the rest frameS′ of the neutrals. We can
write:

E′
=E−vnB=E

(
1−

vn

E/B

)
=E(1−k) (5)

where we have followedMillward et al.(2005) in defining k:

k=
vn

E/B
=

vn

vi

(6)

Thus, from Eqs.4, 1, 3 and2 respectively:

j=(1−k)σP E (7)

Qtot=jE=(1−k)σP E2 (8)

QJ =jE′
=(1−k)2σP E2 (9)

QD=vnjB=k(1−k)σP E2 (10)

For simplicity, we now defineQ0=σP E2. Figure1 shows
how the three quantitiesQJ /Q0, QD/Q0 andQtot/Q0 vary
with k. It is clear that if the Joule heatingQJ is consid-
ered alone, it is strongly dependent uponk through the factor
(1−k)2. If k is as great as 0.5 thenQJ falls to only 25% of
Q0, its value when the neutral wind is zero.

However, the addition of the ion drag energy means that
Qtot varies only as(1−k) (Eq. 8). The result of this is a
much less rapid decrease in energy input, such that ifk is as
great as 0.7, as predicted in some circumstances by the JIM
model (Millward et al., 2005), the energy input including ion
drag is∼3 times that expected from Joule heating alone.

Recent modelling of the Jovian upper atmosphere (Mill-
ward et al., 2005) has demonstrated that neutral winds driven
by ions accelerated in a constant electric field reach a steady
velocity after approximately 30 min. After this time, al-
though the ions are continuously imparting kinetic energy to
the neutrals, the latter do not continue to accelerate. The con-
clusion is that the ion drag must be continuously viscously
dissipated, heating the thermosphere in the process. Similar
processes are expected to operate in the case of Saturn and,
perhaps, other giant planets.

4 Electric field variability

The best available quantitative models of the plasma flows
in the polar regions of Jupiter and Saturn (e.g.Nichols and
Cowley, 2004; Cowley et al., 2004) represent fields that
are both axisymmetric and time-averaged. However, it has
been shown for Earth that electric fields may fluctuate on
timescales of less than a minute (Codrescu et al., 2000; Aru-
liah et al., 2005). The magnitude of these fluctuations may be
comparable to, or greater than, the magnitude of the electric
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field itself. As we show below, the effect of these fluctua-
tions is to increase the time-averaged Joule heating, as first
pointed out for Earth byCodrescu et al.(1995).

Suppose that the electric fieldE described above repre-
sents the mean of a fluctuating electric field

Ef (t)=E(1 + f (t)) (11)

where the fluctuationsf (t) are distributed randomly with a
meanf =0 and variancef 2=s2. Since it has been shown
(Millward et al., 2005) that the neutral velocityvn responds
relatively slowly to an applied electric field, we can consider
it to be a constant. The fluctuating rest-frame fieldE′

f (t) is:

E′

f (t) = Ef (t)−vnB=E(1+f (t)−k)

= E[(1−k)+f (t)] (12)

We now modify Eqs.7, 9 and10 to take account of the fluc-
tuations, indicating fluctuating variables with the subscript
f :

jf (t)=[(1−k)+f (t)]σP E (13)

QJf (t)=jf (t)E′

f (t)=[(1−k)+f (t)]2Q0 (14)

QDf (t)=vnjf (t)B=k[(1−k)+f (t)]Q0 (15)

Expanding and time averaging Eqs.14and15yields:

QJf = [(1−k)2
+2(1−k)f +f 2]Q0

= [(1−k)2
+s2

]Q0 (16)

QDf = k[(1−k)+f ]Q0
= k(1−k)Q0 (17)

It is clear thatQDf =QD, i.e. the ion drag energy is en-
tirely unaffected by the fluctuating electric field. However,
QJf =QJ +s2Q0, such that the Joule heating itself may be
significantly increased depending on the value ofs. For
brevity we write this “fluctuation energy” asQF =s2Q0. It
is important to point out that the contribution due to the fluc-
tuations does not depend upon the factork. If, as discussed
above,k is as great as 0.7, fluctuations withs∼1 would rep-
resent the dominant component of the Joule heating. It is
also worth noting that the above derivation does not depend
on the timescale of the electric field fluctuations other than
that it must be short enough that the neutral atmosphere is
unable to respond.

In Fig. 2 we illustrate the relative importance of the en-
ergy inputsQJ , QD andQF in the parameter space ofs and
k. It is clear thatQJ is the most important energy source
if s andk are both small. Ion drag is only important ifk is
large ands is small. In general different points in the atmo-
sphere will correspond to different points in this parameter
space, becausek varies with position.Huang and Hill(1989)
found k to increase monotonically with height; in this case
fluctuations and ion drag would become more important with
increasing altitude. In contrast,Millward et al. (2005) found
thatk peaked in the low-altitude conducting layer of the iono-
sphere, producing the opposite situation; further work is re-
quired to understand these differences.

Fig. 2. Relative importance of energy sources as a function ofk and
s. The marked areas represent regions of parameter space in which
each energy source is the most important. In the unshaded regions
the marked energy source accounts for greater than 50% of the total
energy input.

5 Saturn

In the specific case of Saturn, recent work byCowley et al.
(2004) used empirical models of the magnetosphere to derive
the expected magnetospheric energy inputs. They calculated
a height-integrated quantityp∗

J , which they referred to as the
“effective Joule heating”. Using their notation:

p∗

J =(1−k)6P E2 (18)

where 6P is the height-integrated Pedersen conductivity.
They found a globally integratedp∗

J of about 10 TW, concen-
trated poleward of 25◦ colatitude in each hemisphere. They
state that the height-integrated Joule heatingpJ is given by:

pJ =(1−k)26P E2
=(1−k)p∗

J (19)

Thus they can only estimate the Joule heating to within the
unknown factor(1−k). However, we can now add the height-
integrated ion drag energypT :

pT =k(1−k)6P E2
=kp∗

J (20)

such that the total height-integrated energy inputptot (ne-
glecting fluctuations) is:

ptot=[(1−k)+k]p∗

J =p∗

J (21)

Thus the total energy input (neglecting fluctuations) is given
by the empirically derived quantityp∗

J , which turns out to be
the height-integrated analogue of ourQtot .

We may now include the component from fluctuating elec-
tric fields,pF =s2pJ . From Eqs.19 and20 it is then easily
shown that the total time-averaged energy input is:

ptotf =p∗

J

[
1+

s2

1−k

]
(22)

The factor in square brackets represents a correction to the
energy inputp∗

J calculated from the time-averaged field.
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Taking nominal values ofk=0.5 (Millward et al., 2005) and
s=1 (by analogy with Earth;Codrescu et al., 2000), the en-
ergy input increases from∼10 TW to∼20 TW, made up of
∼5 TW of mean-field Joule heating,∼5 TW of ion drag, and
∼10 TW from the fluctuation term. It can be seen that in this
case the original mean-field estimate of Joule heating is only
25% of the total energy input.

6 Discussion and conclusions

We have shown that in addition to direct Joule heating the
ionospheric current systems at Jupiter and Saturn supply a
comparable quantity of kinetic energy to the upper atmo-
sphere through ion drag. We have also shown that fluctua-
tions about the time-averaged electric field have the potential
to increase the total Joule heating considerably. To under-
stand the relative effects of these energy sources we require
further knowledge of the parametersk and s. We expect,
due to the complex nature of the Jovian and Kronian mag-
netospheres, that both parameters will be strongly dependent
upon magnetic latitude.

Past determinations ofk have been based purely on mod-
elling, since no measurements of high-latitude thermospheric
winds exist for either Jupiter or Saturn. There seems little
hope of this situation improving in the foreseeable future.

For s, we have taken a nominal value ofs=1 by analogy
with the terrestrial results ofCodrescu et al.(2000). Their
study focused on the polar cap region in which the plasma
flows are dominated by the Dungey cycle. For Jupiter and
Saturn it seems reasonable to expect similar behaviour in the
Dungey cycle regions. However, the plasma flows equator-
wards of these regions are dominated by subcorotation of
the magnetosphere associated with mass loading from moons
and rings. It may not be appropriate to extrapolate the terres-
trial results to these environments.Saur et al.(2002) have
shown that the middle magnetosphere of Jupiter does exhibit
turbulence, although the extent to which this turbulence maps
to a fluctuating electric field in the ionosphere is a question
which is beyond the scope of this letter.

We also note that if significant turbulence were to exist in
the inner magnetosphere or plasmasphere regions this could
result in a fluctuating electric field at mid-latitudes where the
mean electric field is very small. This could lead to a very
large increase in Joule heating at mid-latitudes. If present,
this effect could offer a potentially simple explanation of the
observed temperatures, since it would not be necessary to
invoke redistribution of energy from the polar regions.
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