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Abstract. We revisit the effects of Joule heating upon the Firstly, we quantify the input of bulk kinetic energy associ-
upper atmospheres of Jupiter and Saturn. We show that iated with Joule heating (which we term “ion drag energy”),
addition to direct Joule heating there is an additional input ofand show that it may be an important energy source; sec-
kinetic energy— ion drag energy- which we quantify rela-  ondly, we show that fluctuations in the electric field may sig-
tive to the Joule heating. We also show that fluctuations abounificantly increase the Joule heating itself.

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- o

ous estimates of the upper atmospheric energy input at Saturh  General situation

from ~10 TW to~20 TW. I ; A A .

g ) Plasma flows in the magnetosphere or at the magneto-
Keywqrds. lonosphere (Electric f|el_ds and. currents; Plan- sphere/solar wind boundary generate electric fields that map
etary ionosphere) — Magnetospheric physics (Auroral phe'along magnetic field lines into the ionosphere. The nature
homena) of these motions have been sketched for both Jupewf
ley et al, 2003 and SaturnCowley et al, 2004. We refer
the reader to these papers for a detailed discussion. For our
1 Introduction purposes it is sufficient to note that to a good approximation

the plasma simply subcorotates, to a greater or lesser extent,

All four of the giant planets exhibit high thermospheric \ith respect to the planet. From a thermospheric perspective
temperatures, the origin of which has yet to be thoroughlythis results in an approximately westwards “ion wind”, such
explained. Measurements by the Voyager missions (reas has been observed on both Jupigtaiard et al.2001)
viewed byAtreya 1986 and the Galileo probeSgiff et al, and Saturn$tallard et al.2004).

1997) m@cate temperatures o+900 K or .gre.ater through- In the upper atmosphere, the relative motions of the neutral
out Jupiter's thermosphere. Modelling indicates that such

. ) ) and ionised gases has two effects. Firstly, some of the kinetic
high temperatures cannot be explained by solar heating alongrlergy of both components is thermalised, heating the atmo-

(Strok:jel ansd Smit,hégm. Sirgililr dis‘;{reﬁand?hﬁ.ﬁ? ob- sphere. This is the “Joule heatingC¢wley et al, 2004.
served at Saturn, Uranus and Neptunvelle an er, Secondly, there is an exchange of momentum, and thus an

2004. h hiah h exchange of kinetic energy, between the two components. If,
Attempts to understand these high temperatures have 9€1 the appropriate frame of reference, the ions move with a

erally focus_sed on the heating effects of breaking gra\'itygreater velocity than the neutrals, the neutrals will gain ki-
and acoustic wave&oung et al, 1997 Matcheva and Stro- . ; : :
bel ok | 9 r h b netic energyMiller et al., 200Q Millward et al., 2005. This

el 1999 Hickey et al, 200? SC,UI ert et al.2003, on s sfien the case at high latitudes if one considers the frame
energy deposited by aurora particle precipitati@rddent of reference corotating with the planet. It is this energy input
et al, 2001), on Joule heatingQowley et al, 2004 and on 4t \ye seek to quantify. We refer to it as “ion drag energy”.
the transfer of energy from large-scale neutral winds, driven Note that the Joule heating is a frame-invariant quantity

by ion drag Miller et al., 2000 Millward et al, 2005. In b it ts ch i th dom th | moti

this letter we present two new perspectives on this problem. ecause It represents changes in the random thérmal motions
of the gas. These must be identical in all frames. However,

Correspondence taC. G. A. Smith the ion drag energy is frame-variant because the bulk kinetic

(chriss@apl.ucl.ac.uk) energy of the gas is itself a frame-variant quantity.
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Fig. 1. Dependence of;.:/Qq, Q s/ Qo andQ p/ Qg uponk.

3 londrag

Thus B, E andv, are mutually perpendicular. The electric
field drives an equatorwards current:

(4)

whereop is the local Pedersen conductivity aBt=E —v, B
is the electric field in the rest fran# of the neutrals. We can
write:

j:UPE/

Un
E/B

E'=E—v,B=E <1— ) =E(1—k) (5)

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

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 heati@y and the ion drag energy
Op in a general frame. The total work done on the upper
atmosphere by the magnetospheric electric fields is:

Qt0t=j -E (1)

wherej is the current and is the electric field. In the gen-
eral frameS, Q;,,=0;+0p.
The jx B force exerted by the magnetospheric electric

Thus, from Eqs4, 1, 3 and2 respectively:

j=(-k)opE @)
Qior=j E=(1-k)op E? (8)
Q,=jE'=(1-k)’0p E? 9)
Qp=v,j B=k(1—k)op E* (10)

For simplicity, we now defin@o=op E2. Figurel shows
how the three quantitie® ;/ Qo, Op/ Qo and Q,,;/ Qo vary
with k. It is clear that if the Joule heatin@; is consid-
ered alone, it is strongly dependent ugathrough the factor
(1—k)2. If k is as great as 0.5 thap; falls to only 25% of
Qo, its value when the neutral wind is zero.

However, the addition of the ion drag energy means that

fields accelerates the neutral gas. The associated rate of ki2;,, varies only as(1—k) (Eq. 8). The result of this is a

netic energy input, which we call the “ion drag enera@yp
is then:

()

wherew, is the neutral wind velocity an# is the magnetic
field. The Joule heatin@ ; is then simplyQ;,;—Qp:

Op=vu-j x B

Qr=Jj-E-v,-jxB
=j-E+j-v, xB
= j - (E+vy x B)

= Qi=j- F C)

where we have introduced the electric field transformed into

the frame of the neutral win#i’=E+v, x B. This quantity

much less rapid decrease in energy input, such thaisifas
great as 0.7, as predicted in some circumstances by the JIM
model Millward et al,, 2009, the energy input including ion
drag is~3 times that expected from Joule heating alone.
Recent modelling of the Jovian upper atmosphéfél{
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.

is uniquely defined because it represents the electric field in

the special frames” in which the neutrals are at rest. Thus 4 Electric field variability

Q =j-E' is frame-invariant. In this frame§’, we have by

definitionv,=0 and thusQ p is zero. The best available quantitative models of the plasma flows
We now apply the above equations to an idealised modein the polar regions of Jupiter and Saturn (éNgchols and

of the northern auroral regions of the giant planets. We asCowley, 2004 Cowley et al, 2009 represent fields that

sume an upwards vertical component of the magnetic fieldare both axisymmetric and time-averaged. However, it has

+B, and an equatorwards-directed electric field;, in the been shown for Earth that electric fields may fluctuate on

frame of reference that corotates with the planet. This configtimescales of less than a minutéqdrescu et al200Q Aru-

uration will generate a westwards ion wind whose magnitudeliah et al, 2005. The magnitude of these fluctuations may be

is v;=F/B. The westwards velocity of the neutral gas,is 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- 1.2[ - - - -
tions is to increase the time-averaged Joule heating, as first [
pointed out for Earth by odrescu et al1995.

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

Ey()=E(1+ f(1) 11) ’

where the fluctuationg'(¢) are distributed randomly with a

mean f=0 and variancef?2=s2. Since it has been shown

Fluctuations ]

Joule heating

(Millward et al., 2005 that the neutral velocity, responds 0’2__ lon drag
relatively slowly to an applied electric field, we can consider oot . . . .
it to be a constant. The fluctuating rest-frame fiErp(t) is: 0.0 0.2 0.4 0.6 0.8 1.0

E(t) = Ep(t)—va B=E(1+f (1)—k)

= E[(A-k)+f ()] (12)  Fig. 2. Relative importance of energy sources as a functignafd
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

We now modify Eqs7, 9 and10to take account of the fluc-
tuations, indicating fluctuating variables with the subscript

I energy input.

Jr@®O=[A-k)+f(t)]lopE (13)

Q5 (O=jrEs(H=[A-k)+f (11> Qo (14) 5 Satum

Oprt)=v,jr(t)B=k[(1-k)+ f(1)]1Q0 (15) In the specific case of Saturn, recent work@gwley et al.

(2009 used empirical models of the magnetosphere to derive

Expanding and time averaging Edstand15yields: the expected magnetospheric energy inputs. They calculated

05 = [(1—k)24+2(1—k) F+ 2] Qo a height-integrated quantify;, which they referred to as the
S [(1—k)2+52] 00 (16) “effective Joule heating”. Using their notation:
Pi=(1-kZpE? (18)

Opf = kl(1-k)+ f1Q0
= k(1-k)Qo a7 where Xp is the height-integrated Pedersen conductivity.
They found a globally integrateel; of about 10 TW, concen-
trated poleward of 25colatitude in each hemisphere. They
state that the height-integrated Joule heaginds given by:

It is clear thatQp,=Qp, i.e. the ion drag energy is en-
tirely unaffected by the fluctuating electric field. However,
077=0,+s?Qo, such that the Joule heating itself may be
significantly increased depending on the valuesof For  p;=(1-k)?Sp E2=(1—k)p’ (19)
brevity we write this “fluctuation energy” a@ r=s2Qq. It ) ] o
is important to point out that the contribution due to the fluc- Thus they can only estimate the Joule heating to within the
tuations does not depend upon the fadtoif, as discussed Unknownfactoxl—k). However, we can now add the height-
abovek is as great as 0.7, fluctuations with1 would rep-  integrated ion drag energyr:
resent the dominant component of the Joule heating. Itis_ _, . 2_ 1. %
also worth noting that the above derivation does not depen r=kA=RXpE*=kp] (20)
on the timescale of the electric field fluctuations other thansuch that the total height-integrated energy input (ne-
that it must be short enough that the neutral atmosphere iglecting fluctuations) is:
unable to respond. .

In Fig. 2 we illustrate the relative importance of the en- Pro=[(1=k)+klpj=p; (21)

ergy inputsQ;, Qp andQ in the parameter space 0&nd 115 the total energy input (neglecting fluctuations) is given
k. Itis clear thatQ, is the most important energy source py the empirically derived quantity’, which turns out to be

if s andk are both small. lon drag is only importantkfis the height-integrated analogue of ay,.

large ands is small. In general different points in the atmo-  \ye may now include the component from fluctuating elec-
sphere will correspond to different points in this parameteryic fields pr=s2p;. From Eqs19 and20it is then easily

space, becaugevaries with positionHuang and Hil(1989  ghown that the total time-averaged energy input is:
found k to increase monotonically with height; in this case

fluctuations and ion drag would become more importantwith___~ 52

increasing altitude. In contradtlillward et al. (2009 found ~ Protf=PJ l"‘ﬁ (22)
thatk peaked in the low-altitude conducting layer of the iono-

sphere, producing the opposite situation; further work is re-The factor in square brackets represents a correction to the

quired to understand these differences. energy inputp’ calculated from the time-averaged field.
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Taking nominal values of=0.5 Millward et al, 2005 and phys., 23, 147-162, 2005,

s=1 (by analogy with EarthCodrescu et al2000, the en- SRef-1D: 1432-0576/ag/2005-23-147

ergy input increases fromy10 TW to ~20 TW, made up of Atreya, S. K.: Atmospheres and lonospheres of the Outer Planets
~5 TW of mean-field Joule heating;5 TW of ion drag, and and their Satellites, Springer-Verlag, 1986.

~10 TW from the fluctuation term. It can be seen that in this ©0drescu, M. V., Fuller-Rowell, T. J., and Foster, J. C.. On the

. & : P importance of E-field variability for Joule heating in the high-
case the original mean f_|eld estimate of Joule heating is only latitude thermosphere, Geophys. Res. Lett, 22, 2393-2396,
25% of the total energy input.

1995.
Codrescu, M. V., Fuller-Rowell, T. J., Foster, J. C., Holt, J. M.,
and Cariglia, S. J.: Electric field variability associated with the
6 Discussion and conclusions Millstone Hill electric field model, J. Geophys. Res., 5265-5274,
2000.
We have shown that in addition to direct Joule heating theCowley, S. W. H., Bunce, E. J., Stallard, T. S., and Miller,
ionospheric current systems at Jupiter and Saturn supply a S-: Jupiter's polar ionospheric flows: theoretical interpretation,
comparable quantity of kinetic energy to the upper atmo- Geophys. Res. Lett., 30(5), 1220, doi:10.1029/2002GL016030,
sphere through ion drag. We have also shown that fluctua- 2003. , )
tions about the time-averaged electric field have the potentia?owley‘ S. W. H., Bunce, E.J, and O'Rourke, J. M. A
to increase the total Joule heating considerably. To under- simple quantitative model of plasma flows and currents in

i ~ Saturn’s polar ionosphere, J. Geophys. Res., 109(A05212),
stand the relative effects of these energy sources we require y,i-10.1029/2003JA010375. 2004.

further knowledge of the parametetsands. We expect,  Grodent, D., Waite, J. H., andégard, J.: A self-consistent model

due to the complex nature of the Jovian and Kronian mag- of the Jovian auroral thermal structure, J. Geophys. Res., 12 933—

netospheres, that both parameters will be strongly dependent 12952, 2001.

upon magnetic latitude. Hickey, M. P., Walterscheid, R. L., and Schubert, G.: Gravity Wave
Past determinations @fhave been based purely on mod-  Heating and Cooling in Jupiter's Thermosphere, Icarus, 148,

elling, since no measurements of high-latitude thermospheric 266-281, 2000. _ _

winds exist for either Jupiter or Saturn. There seems littleHu@ng. T. S. and Hill, T. W.: Corotation lag of the Jovian atmo-

hope of this situation improving in the foreseeable future. sphere, ionosphere, and magnetosphere, J. Geophys. Res., 94,

8 3761-3765, 1989.
For s, we have taken a nominal value of1 by analogy  \atcheva, K. I. and Strobel, D. F.: Heating of Jupiter's Thermo-

with the terrestrial results d€odrescu et al(2000. Their sphere by Dissipation of Gravity Waves Due to Molecular Vis-
study focused on the polar cap region in which the plasma cosity and Heat Conduction, Icarus, 140, 328-340, 1999.

flows are dominated by the Dungey cycle. For Jupiter andMmiller, S., Achilleos, N., Ballester, G. E., Geballe, T. R., Joseph,
Saturn it seems reasonable to expect similar behaviour in the R. D., Prange, R., Rego, D., Stallard, T., Tennyson, J., Trafton,
Dungey cycle regions. However, the plasma flows equator- L. M., and Waite, J. H.: The role of Hin planetary atmospheres,
wards of these regions are dominated by subcorotation of Royal Society of London Philosophical Transactions Series A,

the magnetosphere associated with mass loading from moons 358, 2485-2502, 2000. _
and rings. It may not be appropriate to extrapolate the terresMiward, G., Miller, S., Stallard, T., Achilleos, N., and Aylward,
A. D.: On the dynamics of the jovian ionosphere and thermo-

trial results to these environmentSaur et al (2002 have sphere IV: lon-neutral Coupling, Icarus, 173, 200-211, 2005
shown that the middle magnetosphere of Jupiter does eXhibil(lichols, ] .and Cowley, S. l\’/lagnetc')sphére-ionosp'here c':ou-
turbulence, although the extent to which this turbulence maps pling currents in Jupiter's middle magnetosphere: effect of
to a fluctuating electric field in the ionosphere is a question  precipitation-induced enhancement of the ionospheric Pedersen
which is beyond the scope of this letter. conductivity, Ann. Geophys., 22, 1799-1827, 2004,

We also note that if significant turbulence were to existin  SRef-ID: 1432-0576/ag/2004-22-1799
the inner magnetosphere or plasmasphere regions this coufégur, J., Politano, H., Pouquet, A., and Matthaeus, W. H.: Evi-
result in a fluctuating electric field at mid-latitudes where the ~ dence for weak MHD turbulence in the middle magnetosphere
mean electric field is very small. This could lead to a very _ Of Jupiter, Astronomy and Astrophysics, 386, 699708, 2002.
large increase in Joule heating at mid-latitudes. If presentSchubert, G., Hickey, M. P., and Walterscheid, R. L.: Heating of
this effect could offer a potentially simple explanation of the Jupiter's thermosphere by the dissipation of upward propagating

) . acoustic waves, Icarus, 163, 398—413, 2003.
observed temperatures, since it would not be necessary tgeiff A., Kirk, D. B., Knight, T. C. D., Young, L. A., Milos, F. S

invoke redistribution of energy from the polar regions. Venkatapathy, E., Mihalov, J. D., Blanchard, R. C., Young, R. E.,

and Schubert, G.: Thermal structure of Jupiter’s upper atmo-
sphere derived from the Galileo probe, Science, 276, 102—-104,
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