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Abstract. Periodic signatures present in the magnetospheresorotate, at least partially, with the planet. This is understood
of both Jupiter and Saturn have yet to be fully explained. Atas the principal mechanism by which the planetary rotation
Jupiter the unexplained signatures are related to emissiongeriod is communicated to the magnetosphere. While this
from the lo torus (“System IV”); at Saturn they are observed process explains the partial corotation of the Jovian and Kro-
in emissions of kilometric radiation (SKR) and in magne- nian magnetospheres, it is inevitable that plasma at different
tometer data. These signatures are often interpreted in termsdial distances from the planet will acquire differing propor-
of magnetic field anomalies. This paper describes an altertions of the planetary rotation period, and this is borne out by
native mechanism by which the neutral atmosphere may imthe data fcNutt et al, 1979 Richardson1986.

pose such periodic signatures on the magnetosphere. The This presents difficulties in the interpretation of well-
mechanism invokes a persistent zonal asymmetry in the neudefined magnetospheric periodicities that are detected at both
tral wind field that rotates with the planet. This asymmetry planets. In the case of Jupiter, numerous magnetospheric
must be coupled to substantial ionospheric conductivity. It isparameters exhibit a pronounced signature at the System
then able to drive divergent currents in the upper atmospheré| period (~9"55™), presumably related to the considerable
that close in and perturb the magnetosphere. We estimate thdipole tilt. However, a second periodicity3% longer than
conductivities and wind speeds required for these perturbaSystem IlI, is observed in UV emissions from the lo torus.
tions to be significant, and argue that they are most likely toSandel and Desslét 9889 termed this longer period System
be important at auroral latitudes where the conductivity maylV (~10"13™). This periodicity exhibits several unexplained
be enhanced by particle precipitation. features. For exampl&rown (1995 found that the System

Keywords. lonosphere (lonosphere-magnetosphere interac!V Period is present only in the ion density, whereas the Sys-

tions; Planetary ionospheres) — Magnetospheric physicéem Il period is present in both the ion density and the ion
(Planetary magnetospheres) temperature. This suggests that System IV is imposed by a

different mechanism to System .

Brown also found that the System IV period is indepen-
dent of radial distance — ruling out partial corotation, which
varies with radial distance, as the origin of the period — and

eLé:1dergoes occasional sudden phase shifts3C in longi-

tude. The latter effect has also been detected independently
rt%y Woodward et al(1997), who suggested that it might be
explained by System |V “features” at different longitudes

1 Introduction

The magnetospheres of Jupiter and Saturn are dominat
by the influence of the planets’ rapid10 h rotation peri-
ods. The principal process by which the magnetospheres a

driven into rotation was described bill (1979 in the Jo- whose relative magnitude varies with time. Recertigffl

vian context (see Figl). If the plasma and neutrals in the o : .
upper atmosphere rotate at different velocities, this consti—et al. (200§ have reported a periodicity in the ion composi

i X 5 e
tutes an effective electric field that drives meridional Ped-tIOn t_hat 'S only 1.5% Ipnger than System I”’. complicating

; the situation further. It is not clear whether this represents a
ersen currents. These currents close in the magnetosphe

r L .
exerting a torque on the plasma that causes the plasma t@ﬁ‘erent periodicity altogether or a change in the System IV

period.
Correspondence taC. G. A. Smith At Saturn, the almost axially aligned dipole means that
(cgasmith@gmail.com) longitudinal asymmetries in the magnetic field are small,
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2710 C. G. A. Smith: Magnetospheric periodicities

mosphere. This is possible because the neutral atmosphere
is coupled to the magnetosphere in the conducting regions of
the ionosphere. In Sec2 we outline why an atmospheric
mechanism becomes possible when some common simplify-
ing assumptions about magnetosphere-ionosphere coupling
are discarded. In Sect3and4 we then discuss whether such

a mechanism is plausible given our current knowledge of the
Jovian and Kronian upper atmospheres, and then in Sect.
we argue that it has the potential to resolve some of the un-
explained peculiarities mentioned above. Finally, in S&ct.

we conclude.

Fig. 1. Sketch of the Hill current system. Equatorward Peder- 2 Proposed mechanism

sen currents in the ionosphere (light grey shaded region) close in ) ]
the equatorial magnetosphere, acting to transfer angular momerit has been argued in the context of Satugsifinosa et a|.
tum from the upper atmosphere to the magnetosphere. The cu2003h that the neutral atmosphere cannot be responsible for
rents (dashed lines) induce an azimuthal magnetic field which bendsommunicating a single-10 h periodicity to the magneto-
the planetary field lines (solid lines) out of the meridian planes. sphere via the mechanism idfll (1979. This follows from
The region of the atmosphere coupled to this current system (darkhe observation, already noted, that different regions of the
grey shaded region) is expected to be dominated by subcorotationghagnetosphere acquire different rotational velocities via this
winds. However, an axial asymmetry in this region will lead to an gcess.  Furthermore, these rotational velocities are nor-
axial asymmetry in the coupling currents and thus in the magneticmally longer than~10h. Any physical asymmetry would
field perturbations. “ - .
be “frozen-in” to these sub-corotating flux tubes and could
therefore not be responsible for thd 0 h periodicity.

and its rotation rate is difficult to determinGiampieri and The coupled region of the upper atmosphere is also ex-
Dougherty 2004. However,~10h periodicities are ob- pected to subcorotate with respect to deeper layers of the at-
served in emissions of Saturn kilometric radiation (SKR: ~ Mosphere, since this velocity difference is supposedly nec-
sch and Kaiser1981). This radiation has subsequently been €ssary to allow the required upwards viscous transfer of an-
characterised in detail and the source regions located. Var@ular momentum. Thus — it is argued — thdOh period-
ious mechanisms for the emission have been proposed (sd@ty cannot be imposed by the upper atmosphere, since the
review by Zarka and Kurth2005 and references therein). entire system subcorotates. However, this magnetosphere-
However, it is still not clear why it should exhibita10h  centred view of the thermosphere-ionosphere system implic-
periodicity. The value of this periodicity has also changed atitly makes two dangerous simplifying assumptions.
the~1% level since its discovern@Falopeau and Lecachegux Firstly, it assumes that the only winds are the zonal (east-
2000. A possible explanation for this1% level variability =~ west) winds that are induced by the magnetospheric drag
has recently been suggested®gcconi and Zarké2005 in ~ (Huang and Hill 1989 Pontius 1995. The meridional
terms of solar wind-magnetosphere coupling. (north-south) winds are assumed to be zero. This is difficult
The periodicity at Saturn has also been detected in magto justify. The fast rotation rates and large radii of the gas
netometer data from the Voyager flybyEspinosa et al.  giants generate Coriolis forces20 times greater than those
20033, and more recently by CassinC¢wley et al, 2006 in the terrestrial system. Thus any zonal motion induced by
Giampieri et al, 2006. It is thus clear that it represents a ion drag must be subject to a substantial meridional Corio-
periodic modulation of large regions of the magnetospherelis force. Excepting any extremely fortuitous circumstance
and is not confined to the SKR source region close to thén which some other meridional force — a pressure gradient,
planet. Espinosa et a2003h have argued that some char- for example — balances this Coriolis force exactly, it seems
acteristics of the observed magnetic field signatures may béevitable that if there are zonal winds in the upper atmo-
explained by an equatorial magnetic anomaly driving com-sphere, there will also be meridional winds.
pressional Alfeén waves into the magnetosphere. However, The importance of this for the magnetosphere is that if
there is at present no evidence for such a feature, nor is ithere is a significant Hall conductivity, a meridional wind
clear whether it is plausible for a magnetic anomaly gener-implies meridional Hall currents. From the perspective of
ated deep in the planet to change its rotation velocity at thehe magnetosphere these currents are indistinguishable from
1% level on a decadal timescale, or shorter. the meridional Pedersen currents that mediate the transfer
Here we tentatively propose that the periodic signatures abf angular momentum to the magnetosphere via the Hill
both planets may originate in the dynamics of the neutral atmechanism. It is thus clear that, if there is sufficient Hall

Ann. Geophys., 24, 2702+17, 2006 www.ann-geophys.net/24/2709/2006/



C. G. A. Smith: Magnetospheric periodicities 2711

conductivity, meridional winds may drive current systems __ 7i¢ i 1 @
that perturb the magnetosphere. H="p 1+7r2 1+”i2

Meridional winds may also play a role in the transport of

angular mom_entum within th_e neutral atmosp_here. If s0, thisThese functions are clearly strongly dependent;candr,.
may undermine the conventional understanding that angulay, generalr; >r,, while both increase with decreasing alti-
momentum is supplied to the conducting layer by vertical,4e

viscous transport. Although interesting, this is not directly

relevant to thg argument of this paper, and will be discusseqiqs_ () and @), as a function of altitude, for Jupiter. The
elsewheregmith, 2009. ) o . _assumptions used to calculate these curves are the same as
The second problematic assumption is that the winds iny,qqe ysed later in this section to estimate the Hall conduc-

the conducting layer of the upper atmosphere are axially;ir, The Pedersen conductivity function is strongly peaked
symmetric. This is a useful simplifying assumption since at the altitudes;=1 andr,=1. At altitudes above the level

it means that any zonal currents clqsg exactly in the UPPEL. _1 and below the lever,—1 the Pedersen conductivity
atmosphere. They thus have a negligible effect on the magg,minates over the Hall. In between the altitudes1 and
netosphere. However, if the flows in the upper atmospherg. _1 s 5 region in which the Hall conductivity is dominant.
are not axially symmetric, then zonal currents may be dlver--l-hiS “Hall region” is shaded. Radio occultationsirdal
gent. They will thus drive field aligned currents that must 5 1985 Hinson et al, 1998 have shown that for both

close in, and perturb, the magnetosphere. planets the peak ionosphere is approximately coincident with

‘Furthermore, any asymmetry in the meridional or zonalthe ypper Pedersen conducting region. At lower altitudes co-
winds will obviously manifest itself as an asymmetry in jncident with the Hall region sharp layers are observed in
the currents flowing between the atmosphere and magnetgne electron density. Possible causes of these layers have
sphere. This implies an axially asymmetric perturbation of ygen explored byChen (1981 for Jupiter andMoses and
the magnetosphere (Fid). The details of this perturba- Bass(2000 for Saturn. At lower altitudes still, coincident
tion will depend on the distribution of the Pedersen and Hallyyith the lower Pedersen region, there is at present no evi-
conductivities in the upper atmosphere and the details of th@jence for significant electron densities. These features of the
asymmetry in the neutral winds. ionosphere are shown schematically for Jupiter in Ply.

It seems possible for such an asymmetric system of curfinally, Fig. 2c shows the relationship of the neutral atmo-
rents to impose a clear10h periodicity in the magneto- sphere to the different conducting layers. The upper Peder-
sphere if two conditions are fuffilled. Firstly, the asymme- sen conducting layer is seen to be coincident with the upper
try in the neutral winds must be of sufficient magnitude, andthermosphere, whereas the Hall region is coincident with the
coupled to sufficient conductivity, to drive perturbing cur- |ower thermosphere and mesosphere. The situation at Saturn
rents into the magnetosphere that are at least of the same gk similar.
der of magnitude as the Hill mechanism currents. This iS \\e now move on to discuss the coupling between these
necessary because, otherwise, the periodic signature of thgynquctivities and the neutral winds. To simplify the discus-
perturbing currents would be masked by the much greategjon, that follows, we assume that the neutral wind velocities
Hill currents. Secondly, the asymmetry must rotate steadilyare jndependent of altitude throughout the Pedersen and Hall
with & unique~10h period. We investigate these two condi- conducting layers, such that the behaviour is well parame-
tions in turn. terised by a single neutral wind speed interacting with height-

integrated conductivitieX p= [ opdz andEy= [opdz. In

practice this is likely to be a poor assumption, but it is suffi-
3 Conductivities and wind speeds cient for the order of magnitude estimates attempted here.

However, we do suppose that the neutral wind will vary

The Pedersen and Hall conductivitiesp(andoy) at any  with latitude and longitude. We split this variation into two
level of the upper atmosphere depend on the magnetic fieldomponents. Firstly, there must be a significant axisymmet-
B, the electronic charge the local ion and electron densities  ric component of the neutral winds, induced by subcorota-
(ni andn,), the ion-neutral and electron-neutral collision fre- tional ion drag associated with the Hill mechanism currents.
quencies;, andv,,) and the ion and electron gyrofrequen- Secondly, we have our postulated non-axisymmetric pertur-
cies €; and<2.). The standard expressions (elghmann  pationsu, the details of which we do not at present specify.
1999 are simplest when written in terms of the ratios be-  Assuming a vertical magnetic fiel#, height-integrated

In Fig. 2a we plot the functions in square brackets in

tween collision frequencies and gyrofrequencies:(;, / €2 conductivitiesE p andX g, and a zonal plasma drift velocity
andre=ven/2.): vgs, the meridional part of the axisymmetric component of the
height-integrated current is given by
n;e e rp
op=—|—=5+—-= 1
P="B [1+r3 1+r1.2} @) Jo = (Zp(ug — vg) + Zgug)B = —XHvsB 3)

www.ann-geophys.net/24/2709/2006/ Ann. Geophys., 24, 2Z/MB-2006
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Fig. 2. Schematic of the conducting properties of Jupiter's atmospk&y&he functions in square brackets in Ed8.4nd @), representing

the importance of Pedersen (dashed line) and Hall (solid line) conductivities. The shading shows the “Hall region” in which Hall conductivity
is more important than Pedersen conductivity. At the upper boundary of the shadedregloand at the lower boundarg=1. (b)
Schematic of the ionospheric electron density struct{meAtmospheric temperature profile from the Galileo proSeiff et al, 1998.

where we have defined the effective pedersen conductivitye may expecby to be of the order of 1 km/s, depending
%5=(1-K)Xp andK is a normalised parameter represent- on the latitude and the degree of corotation of the magneto-

ing the axisymmetric component of the neutral winds: sphere. Thus if the total conductivity is equal to the effective
Pedersen conductivity we require similar perturbation veloc-

ko tet (Xn/2p)ug &) ities of the order of 1km/s. However, unle&s<0, which
Vg seems unlikely in most circumstances, then we will always

) o ] ] ] find £>%7%, and in general the perturbation velocity does
The behaviour of the zonahdmeridional winds involved in 15t need to be as great as the plasma drift velocity for the
the Hill mechimsm currents can thus be subsumed into theyerturhation currents to compete with the Hill mechanism
definition of X7, providedK is appropriately defined. - currents. With this in mind we now estimate, based on our
The magnitude of the total perturbation to the horizontal present knowledge dt% ands, the required values 08u|.
currents J driven by the non-axisymmetric componentofthe  rirst, suppose that the Hall conductivity is negligible, so
windsdu is approximately that =~¥ ». Then our condition reduces to

16J| ~ =|su|B ®)  jsul ~ @A —K)vy (7)

whereX= /21204-2121 is the total magnitude of the conduc- and our assessment depends not on the absolute value of
tivity. the conductivity, but on the response of the axisymmetric

If either of these horizontal currents is divergent, it must Component of the neutral winds to the plasma velocity, rep-

close in and perturb the magnetosphere. We cannot assess tfggented byk.  For Jupiterk has been estimated, using
divergence of these currents without specifying details of thethe JIM model, to be~0.5 Millward et al, 2003, imply-
plasma and neutral velocities, which would make our argu-Nd 16#|~500m/s. For Saturn, results from a version of the
ment less general. Therefore we make the simple assumptior 1'M model of the Kronian thermospherii{ller-Wodarg
that both components drive currents into the magnetosphergt &l- 2008, run to near steady-state, suggest that at Saturn
roughly proportional to their magnitude. Thus, to meet our K~0.5 |s_also areasonable estimate, b_utthat_ln some circum-
condition that the perturbing currents must be of the same orStances it may be-0.95 or greater at high latitudeSrith,
der of magnitude as the Hill mechanism currents, we simplyzoog- For Saturn we thus require, as a preliminary estimate,
equate Egs.3) and 6): |8u| in the range 50-500 m/s.

Next we consider the possible contribution Bf;. Due
5u (E* ) ; to the presumed importance of zonal winds and meridional

~ ¢

P
(6) Pedersen currents, calculations of the Hall conductivity at
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C. G. A. Smith: Magnetospheric periodicities 2713

either Jupiter or Saturn are rare in the literature. We may dewith a vertical width of 10 km and an average electron den-
rive an approximate expression fB; by height-integrating  sity of 1x10%m~2 corresponds te-0.25 mho of Hall con-
Eq. ) across the Hall region, noting that in this region the ductivity. There are a number of layers visible in the data,
expression in square brackets is approximately unity. Thussome considerably wider than 10 km and some with a den-
if the column density of ions (or, equivalently, electrons) in sity greater than $10'm=3. Taking these structures as a
the Hall region isV, then we find: whole, we might expect the total Hall conductivity to be at
least 1 mho and probably no greater than 5mho. These values
s~ Ne 1.5mhox ( N ) <1 X 10—5T> (®) are of the same order of magnitude as the lilEijt<2 mho
"= - 1 x 10¥%m—2 B derived byBunce et al(2003. Thus, unles&? is consider-
ably less than this limit, we requitéu|~0.5-1 km/s.

Using this formula we can estima®y for Jupiter and Sat- The estimates above show that, given our current knowl-
urn based on electron density profiles from radio occulta-edge, the required velocities are much smaller at Jupiter than
tions. at Saturn. The best case scenario at Jupiter requires winds of

First we must determine the location of the Hall region only ~20 m/s coupled to the Hall conductivity, and these es-
at both planets. To do this, we must make some assumptimates are based on reasonably reliable, published data. At
tions about ion composition to calculate the ratioAt both  Saturn the best case scenario requires winds%f m/s in
Jupiter and Saturn the Hall region lies largely below the ho-the Pedersen conducting layer and a large valu€ afhose
mopause in a region believed to be dominated by hydrocarenly justification is unpublished numerical modelling results.
bon or metallic ionsKim and Fox 1994 Moses and Bass Nevertheless, these best case estimates compare well with
2000. We thus assume that the ionosphere is dominated bybserved wind velocities at both planets. For example, the
ions with a molecular mass of 24 amu, equal to the atomidatitudinal variability of the zonal winds in Jupiter’s lower at-
mass of Mg (the metallic ion modelled by Moses and Bass, mosphere is of the order of 100 m/s at the equator and 50 m/s
2000) and representative of the molecular mass of simple hyat mid latitudes; circulation velocities in the great red spot
drocarbons. To calculatg, andv,, we use the expressions (GRS) are of the order of 100 m/m{ersoll et al. 2004). If
from Banks and Kockart&1973 andGeiss and Brgi (1986, similar asymmetric structures are present in the middle at-
respectively. Note that assuming a lower ion mass wouldmosphere, these velocities are more than adequate to provide
tend to push the upper boundary of the Hall region to lowerthe necessary magnetospheric perturbations. At Satutm,
altitudes. This would have the effect of slightly reducing the bard et al (1997 showed that equatorial winds ef450 m/s
Hall conductivities estimated below. persisted into the mesosphere region, and we would expect

For Jupiter we assumB8~80x10~°T and use the neu- these winds to exhibit some asymmetries analagous to those
tral densities fronSeiff et al.(1999, placing the Hall region  observed in the lower atmosphere.
in the range 160—420 km+500-0.1ubar). For the electron It is worth noting that our estimates &f are almost ex-
densities, we use the reanalysis of the Voyager 2 radio occulelusively based on low- and mid-latitude radio occultations.
tations byHinson et al.(1999. The exit occultation shows In the auroral regions of Jupiter and Saturn high-energy pre-
electron densities 0f3x 101°m~3, with some substructure, cipitating particles generate significant additional ionisation.
in the range 200—-420 km, corresponding to a column denAt both planets most of the magnetosphere is coupled mag-
sity in the Hall region of N~7x10®m~2. The entry oc- netically either directly to these regions or to regions that lie
cultation shows an electron density increasing roughly lin-within a few degrees of latitude. The determinationsf
early with altitude in the range 300—420 km, with an aver- mentioned above relate largely to these regions. Thus, if we
age value of-5x10'°m=2 | corresponding to a column den- expect the coupling currents to be most important in these
sity of N~6x10®m~2. Using the formula above, these two high latitude regions then we are likely to be overestimat-
values forN imply a Hall conductivity of approximately 1- ing the ratiox}/X. We must therefore consider the possi-
1.5mho. The results ¢fill (1980 imply thatx}~0.03 mho  bility that precipitation in the auroral zones may reduce our
at Jupiter if the mass outflow rate from lo is 1000 kg/s. Using required value ofsu| further.
these numbers in Eg6)implies|Su|~20—30my/s. Millward et al. (2002 used the JIM model of the Jovian

For Saturn we assumB~6x10-°T and use the neutral upper atmosphere to calculate enhancements in the Pedersen
densities fromMoses et al(2000, placing the Hall region and Hall conductivities due to electron precipitation. They
in the range 470-1000 km~@40—0.006ubar). Evidence for  found that the Pedersen was enhanced much more than the
ionisation in the Hall region is again provided by the Voyager Hall — however, this is largely due to the location of the lower
radio occultation experiments, which show layered structuredoundary of the model, which lies close to the top of the Hall
in the electron density at and below 1000 km altitudiedal region. They also found that for electron energies greater
et al, 1985. We note that similar profiles from the Cassini than 60 keV the particles were energetic enough to penetrate
mission have recently been publish&thfyy et al, 2006, but below the lower boundary, into the Hall region. We expect
in their published form they do not contain sufficient detail at similar behaviour at Saturn. We might thus speculate that in
low altitude to be of use here. By the above formula, a layerthe auroral regions the postulated hydrocarbon and metallic

www.ann-geophys.net/24/2709/2006/ Ann. Geophys., 24, 2Z/M9-2006



2714 C. G. A. Smith: Magnetospheric periodicities

regions the connected magnetosphere is forced into corota-
tion easily by the Hill mechanism, and there is thus no re-
quirement for the Pedersen conducting layer to subcorotate.
Furthermore, the ionospheric structure is likely to be com-
plex, due to the near horizontal equatorial magnetic field.
Winds in this region may thus drive significant perturbing
current systems in the very inner magnetosphere. These per-
turbations might then propagate through the magnetosphere
by the same mechanism describecHspinosa et a(2003H

in the context of an equatorial magnetic field anomaly.

symmetric winds

asymmetric winds\

Pedersen

4 Rotation period

Our second condition is that the asymmetry must be persis-
Fig. 3. Schematic of ionospheric current systems for an asymme+ant and must rotate with a uniquel0 h period. Such an
try in the Hall region. Axisymmetric neutral winds in the Pedersen asymmetry might be a very localised, self-sustaining wind
conducting layer — expected to be primarily subcorotational — aresystem (a “storm”) or a larger scale, global asymmetry (a

associated with the Hill current system that transfers angular mo-, lanetary wave”). Our best model of such a persistent
mentum to the magnetosphere (grey arrrows). However, if the Hall P y ) P

conductivity is significant, then asymmetric winds in this layer — feature, corrgspondlng 'n_ partl_CUIar to the former case, is
which need not be subcorotational — may also drive currents intdth€ GRS, which has persisted in the Jovian troposphere for
the magnetosphere (black arrows). If these currents are greater thafeater than-150 years, with an approximately corotational
the Hill currents, they may dominate the total current (white arrows) velocity (Ingersoll et al, 2004. We will not focus further
and thus dominate the perturbation to the magnetospheric fields. here on the possible nature of such systems: rather we will
try to convince the reader that, if such an asymmetry exists, it
may communicate its rotation period to the magnetosphere.
ion layers at low altitudes will be considerably enhanced, by If an asymmetric wind system lies directly in the Peder-
precipitation, over those seen in the low- and mid-latitudesen conducting layer, then it probably does not fulfil our cri-
occultations. It should be emphasised that although theseeria. This is because the layer is expected to subcorotate
layers are observed in radio occultations and predicted bignificantly to allow the upwards viscous transfer of angu-
models, they have yet to be detected spectroscopically. lar momentum that balances ion dr&tuéng and Hill 1989
The time constant for the recombination of metallic ions Pontius 1995. Thus, unless the corotation lag is tiny, the
such as Mg is also significantly longer than that for the period of any asymmetry in this layer would be considerably
H* and I-g ions that dominate the peak ionosphdavwoées  greater tham~10 h.
and Bass2000. This suggests that if their density were en-  However, a corotating asymmetry lying below the sub-
hanced in the auroral regions there would be adequate timeorotating Pedersen conducting layer may impose a signa-
for them to be transported either by diffusion or by merid- ture on that layer by generating a “wake” whose form is fixed
ional winds to nearby regions of the upper atmosphere thatvith respect to corotation. Such a “wake” is analagous to the
are not directly ionised by the aurora. Transport by windsformation of atmospheric waves in the lee of a mountain: the
seems particularly likely, given that in the Hall region the form of the waves may be fixed with respect to the moun-
motion of the ions is almost fully coupled to the neutral tain, even though the flow containing the waves is not. Thus
winds. This would enhance the Hall conductivity away from it is possible, in principle, for a corotating asymmetry to be
the immediate zone of precipitation. In contrast, thedhd  coupled to the Pedersen conductivity.
ng ions that are associated with the Pedersen conductivity More plausible, though, is a wind system coupled to the
are not coupled sufficiently to the neutral winds, nor are theirHall conductivity, sketched in Fig3. The Hall conducting
recombinative time constants long enough, for their densitegion is not required to subcorotate, and thus our corotat-
ties to be enhanced in regions not subject to continuous ioning feature may exist directly in the Hall region and couple
isation. Thus we might expect a region close to the auroradirectly to the Hall conductivity. If the Hall conductivity is
that exhibits a Hall conductivity significantly enhanced over enhanced close to the aurora, as discussed above, then even
the effective Pedersen conductivity. EquatiGhghows that  a small asymmetry in the winds in this region might suf-
this would allow relatively small perturbations in the Hall fice. This region of the neutral atmosphere corresponds to the
region to dominate the ionospheric current systems at thesgesosphere and lower thermosphere at both Jupiter and Sat-
latitudes. urn. The author is not aware of any studies of middle atmo-
Finally, it is worth speculating on the behaviour of an sphere dynamics at Jupiter or Saturn that might rule out the
asymmetry in the equatorial regions of either planet. In theseexistence of a corotating asymmetry in this region; indeed,
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there is very little data to constrain such studies. However, Finally, our mechanism can explain the pulsed nature of
it may be interesting to consider whether the complex en-SKR. A corotating system of the sort described would enter
ergy balance of the mesosphere — consisting presumably of the SKR source region every10 h, altering the coupling
mixture of solar heating, infrared radiative cooling, breaking currents in this region and perhaps triggering radio emis-
gravity waves, advection, thermal conduction and, at highsion. One problem with this interpretation is that if the atmo-
latitudes, possible heating from precipitating energetic parti-spheric feature is at a high latitude it must somehow trigger
cles —may give rise to persistent localised wind systems sucl$KR emission in both hemispheres. This would either im-
as those proposed here. ply a small time delay between the emission from opposite
Alternatively, the feature may exist at lower altitudes still hemispheres, or require similar systems in each hemisphere
— in the stratosphere or troposphere — and impose its rotathat are correlated in longitude. The latter seems unlikely.
tion period on the conducting region of the upper atmosphere
through vertical coupling processes. Depending on the loca-
tion and nature of the feature, it may drive other layers of

the atmosphere either by simple viscous coupling, by Vem_We have argued that the neutral atmosphere may be responsi-

cal cqnvgctlye couphng, or by the generation, propagatlonble for some of the unexplained periodic signatures observed
and.d|SS|p:.;1t|9n of gravity Waves. . at Jupiter and Saturn. Our argument is very general because
Finally, |t.|s worth emphasising our .contentlon t.hat_ an our understanding of the planets’ upper atmospheres is at
asymmetry in the upper atmpsphenc wmd§ may exist 'nd‘_a'present rather threadbare. With the limited data available, we
pendently of any asymmetry_m the planet's internal magneticy e shown that currents driven by a non-axisymmetric com-
field. The processes that drive the upper atmosphere — COonent of the upper atmospheric winds may, under some cir-

pling to the lower atmosphere and magnetosphere; solar Ncumstances, be comparable to the axisymmetric Hill mech-

solation — are sufficiently complicated and variable to eNSUre; nism currents. However, the required wind velocities are

that the upper atmosphere i.S no_t a perfectly aXiSyr.nmetriCcriticaIIy dependent on the true Pedersen and Hall conduc-
Sys'tem. The'lmportant quest'lon is whether thgre exist Well'tivities, which are very uncertain. In particular, there is very
defined, persistent asymmetries of the appropriate magn'tUdﬁttle data to constrain the true conductivities in the auroral
and morphology to produce the observed effects. zones, where the coupling between the atmosphere and mag-
netosphere is likely to be most pronounced. Nevertheless,
our mechanism can explain variability in the SKR and Sys-
tem IV periods, and has the potential, with further work, to

Various of the unexplained features of the periodicities cane)(pl"’!In some of the other unexplained periodic ph'enomer}a.
be understood rather easily in terms of our mechanism. We Th'.s brief study_therefore presents a number of Interesting
know from studies of the GRS that atmospheric vortices Canquestmns. Most |mportantly, a sound ur_1dersta_nd|ng of the
be persistent and also exhibit variabilitingersoll et al, |onospherg ?t gquatonal and aL_JroraI latitudes is I_ong over-
2004). Such variability naturally explains the1% level due_. CaSS|n|_W|II hopefully prowdg a comprehensive set of
change in the SKR period and the possibl&.5% change radio oc'cultatlons, at numerous latitudes, that may help.to re-
in the System IV period suggested by the resultsStfl solve thls problem at Saturn. A_more complex proble_m is the
et al.(2008. dynamu?a_l behaviour (_)f the middle atmosphere_. Given the
In the case of Jupiter, atmospheric variability could alsohlghly V'.S'ble complexny of tropospherl_c dynamics at bOth.
explain the phase jumps exhibited by the System IV pe_planetg,, it seems improbable that the middle a.tnjosphere will
riod. There may, as suggested Wpodward et al(1997), be entirely quiescent. There is, however, minimal data to

constrain the behaviour of this region. Until this situation

be two corotating features separated in longitude whose rel:- g X
improves, any progress is likely to be based largely on intel-

ative magnitude changes periodically. If the features are at;. ;
2 . . : ligent speculation.
mospheric this seems very plausible. Alternatively, it may be

. Finally, given structures in the ionised and neutral atmo-
that an asymmetry is a meta-stable state of the upper atmo- s
spheres that generate current systems, it is necessary to un-

sphere at some latitude. One could then envisage the aSYMierstand the extent to which these currents are divergent, and

metry persisting stably for several years, suddenly breakinq1
up, and then rapidly reforming in a different longitude sec- must also consider the possibility that, treating the entire sys-

tor. The difference between the type of periodic signature . i
due to System Ill and System IV may also be explained b;tem from the stratosphere to the magnetopause as a single en

our mechanism if the System Ill is imposed by the magnetict'ty’ there may be positive feedback effects within the system

field asymmetry and System IV by an atmospheric asymme-that reinforce or encourage asymmetries.

try. Without knowledge of the details of the interactions it
is likely that these two mechanisms would produce different
signatures.

Conclusions

5 Comparison with observations

ow they then close in and perturb the magnetosphere. We
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