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Abstract. We construct a simple model of the plasma in the outer magnetosphere region rather than in the middle
flow, magnetosphere-ionosphere coupling currents, and aunagnetosphere as is usual, with peak energy fluxes occurring
roral precipitation in Jupiter's magnetosphere, and examingust poleward of the boundary between the outer and middle
how they respond to compressions and expansions of the sysaagnetosphere. Plasma sub-corotation is then re-established
tem induced by changes in solar wind dynamic pressure. Thas steady-state conditions re-emerge, together with the usual
main simplifying assumption is axi-symmetry, the system sense of flow of the closed field current system and renewed
being modelled principally to reflect dayside conditions. The but weakened accelerated electron precipitation in the mid-
model thus describes three magnetospheric regions, nametjle magnetosphere. Results for rapid expansions of the sys-
the middle and outer magnetosphere on closed magnetic fieltem from an initially compressed state typical of a solar wind
lines bounded by the magnetopause, together with a regionompression region are also shown, illustrating the enhance-
of open field lines mapping to the tail. The calculations as-ment in precipitating electron power that occurs in the tran-
sume that the system is initially in a state of steady diffu- sient state, followed by partial reduction as steady conditions
sive outflow of iogenic plasma with a particular equatorial re-emerge.

magnetopause radius, and that the magnetopause then movlggywords Magnetospheric physics (Auroral phenomena:
rapidly in or out due to a change in the solar wind dynamic : :

pressure. If the change is sufficiently rapie2t-3 h o less) Magnetosphere-ionosphere interactions; Planetary magneto-

: . spheres; Solar wind-magnetosphere interactions
the plasma angular momentum is conserved during the excP S 9 phere )

cursion, allowing the modified plasma angular velocity to
be calculated from the radial displacement of the field lines,
together with the modified magnetosphere-ionosphere cous |ntroduction
pling currents and auroral precipitation. The properties of

these transient states are Compared with those of the Stea(blonsiderable progress haS been made in recent years in un-
states to which they revert over intervals-et-2 days. Re-  derstanding the properties and origins of Jupiter’s polar au-
sults are shown for rapid compressions of the system fronmyoral emissions. Studies of the structure and morphology of
an initially expanded state typical of a solar wind rarefactionihe auroras have focussed on ultraviolet (UV) images ob-
region, illustrating the reduction in total precipitating elec- i5ined since 1992 by the Hubble Space Telescope (HST)
tron power that occurs for modest compressions, foIIowed(see e.g. the review by Clarke et al., 2004), most recently on
by partial recovery in the emergent steady state. For mahjgh-resolution images and spectra from the Space Telescope
jor compressions, however, typical of the onset of a solanmaging Spectrograph (STIS) (Clarke et al., 2002; Grodent
wind compression region, a brightened transient state occurgt a|., 2003a, b). These images have clearly delineated com-
in which Super-rotation is induced on closed field Iines, re- ponents related to moon footprintS, the main auroral Ova|’
sulting in a reversal in sense of the usual magnetospheregng variable polar emissions at highest latitudes, of which
ionosphere coupling current system. Current system reversaje focus here on the latter two. The UV spectra of these
results in accelerated auroral electron precipitation occurringmissions have shown that they are produced by precipitat-
ing electrons with mean energies typically in the rang®—
Correspondence tdS. W. H. Cowley 150keV (Gustin et al., 2004). Ground-based measurements
(swhcl@ion.le.ac.uk) of Doppler-shifted infrared (IR) emissions frong“Hons in
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Jupiter’'s polar ionosphere have also been used to measutesphere, and then upward-directed current once more in the
related significant departures of the ionospheric plasma flonmiddle magnetosphere where the angular velocity rises to-
from rigid corotation with the planet (Rego et al., 1999; Stal- wards rigid corotation at lower latitudes. The latter region
lard et al., 2001, 2003). then corresponds to the main auroral oval as in the original
Substantial theoretical progress has also been made in umodel of Cowley and Bunce (2001). It was shown, however,
derstanding these emissions and related plasma flows. Bundbat discrete auroras should also form in the upward current
and Cowley (2001), Hill (2001), and Southwood and Kivel- region at the boundary between open and closed field lines,
son (2001) independently suggested that the main oval is rethis then relating to the polar auroral emissions lying pole-
lated to the current system associated with the communicaward of the main oval (taken together with additional possi-
tion of angular momentum between the planet’s polar atmo-ble diffuse emission from precipitating hot plasma produced
sphere and the middle magnetosphere plasma disc of iogeniay related outer magnetosphere dynamics). Indeed, the polar
origin. The first quantitative model derived on this basis emissions often take the form of an inner patchy ring sur-
was presented by Cowley and Bunce (2001), who combinedounding a dark central region (Pallier and Prang001;
an empirical model of the plasma angular velocity profile Grodent et al., 2003b; Nichols et al., 2007), the latter then
in Jupiter’s middle magnetosphere with a realistic magneticcorresponding to open field lines in this interpretation.
field geometry to calculate the magnetosphere-ionosphere All of the above models assume that steady-state condi-
coupling currents flowing in the region. They showed that thetions prevail. However, a characteristic feature of the in-
field-aligned current was directed upward, out of the planet'sterplanetary medium at Jupiter’'s orbit is the extreme and
ionosphere, throughout the middle magnetosphere, and afapid variations of plasma and field parameters that are due
sufficient peak magnitude that downward acceleration of hotto the formation of corotating interaction regions (CIRS) in
magnetospheric electrons by field-aligned voltages to enerthe heliosphere, and to the outflow of coronal mass ejections
gies of ~100keV is required to carry it. The precipitating (CMEs) from the Sun (e.g., Gosling and Pizzo, 1999; Nichols
electron energy flux is thereby increased to values sufficienet al., 2006). The associated variations in the solar wind dy-
to produce a UV aurora of several hundred kR intensity innamic pressure are sufficient to regularly produce changes in
a latitudinal region~1° wide at~15° co-latitude from the the size of the jovian magnetosphere by factors of at least
magnetic pole, thus corresponding to the main oval emissiontwo in linear dimension (e.g., Huddleston et al., 1998). Min-
The upward current and auroral region maps magnetically tamum subsolar magnetopause radii are typicals R, for
the middle magnetosphere beyor@0R; in the equatorial maximum solar wind dynamic pressures of a few tenths of a
plane, whereR; is Jupiter's equatorial radius (71 373km).  nPa, while maximum subsolar radii are typicalpO R ; for
Subsequent development of middle magnetosphereminimum dynamic pressures of a few hundredths of a nPa
ionosphere coupling models has incorporated plasma anguHuddleston et al., 1998; Nichols et al., 2006). The expected
lar velocity models calculated self-consistently from the out- effect of these changes on jovian auroral emissions within the
flow of iogenic plasma using the theory of Hill (1979) and above scenario was first discussed by Southwood and Kivel-
Pontius (1997), explored the effect of a wide range of sys-son (2001) and Cowley and Bunce (2001), who noted that the
tem parameters (plasma outflow rate and ionospheric Pedebasic effect should be an anti-correlation of the intensity of
sen conductivity) on the solutions, calculated the feedbackhe main oval with the solar wind dynamic pressure. This fol-
of electron precipitation on auroral conductivity, and con- lows simply from the fact that a compression of the magneto-
sidered the magnetosphere-ionosphere decoupling effects asphere by an increase in the solar wind dynamic pressure will
sociated with the auroral field-aligned voltages (Cowley etincrease the angular velocity of the magnetospheric plasma
al., 2002, 2003a; Nichols and Cowley, 2003, 2004, 2005).via conservation of angular momentum (at least transiently),
All of these models considered only the inner and middleand will hence reduce the strength of the coupling currents
magnetosphere, however, such that overall closure of thand the intensity of the aurora. Similarly, an expansion of
current system could not be investigated. Recently, Cowthe magnetosphere due to a reduction in solar wind dynamic
ley et al. (2005) have constructed an axi-symmetric modelpressure will reduce the angular velocity of the magneto-
of the whole jovian polar region, starting from a plasma an-spheric plasma, hence increasing the strength of the cou-
gular velocity profile based on the above middle magneto-pling currents and the intensity of the aurora. The above au-
sphere models, observational data, and the physical discushors also noted, however, that severe magnetospheric com-
sion of Cowley et al. (2003b). They showed that the expectedressions could also induce transient super-corotation of the
pattern of field-aligned currents consists of four regions,plasma in the outer regions of Jupiter's magnetosphere, evi-
with downward-directed current flowing in the strongly sub- dence for which has been presented by Hanlon et al. (2004) in
corotating region of open field lines mapping to the tail, re- joint Galileo and Cassini spacecraft data. Middle magneto-
versing to a sheet of upward-directed current at the boundsphere super-corotation would lead to a reversal in the sense
ary between open and closed field lines where the angulaof the magnetosphere-ionosphere coupling current circuit,
velocity increases on closed field lines, followed by a re-such that the usual region of main oval emission would be-
sumption of downward-directed current in the outer magne-come aurorally “dark”, associated with downward-directed

Ann. Geophys., 25, 1433463 2007 www.ann-geophys.net/25/1433/2007/



S. W. H. Cowley et al.: Magnetosphere-ionosphere coupling currents at Jupiter 1435

currents, while a new “main oval” might then form in the fly-by interval (Grodent et al., 2003a; Nichols et al., 2007).
upward-directed closure current somewhere in the poleward he relevant images show a main oval brightened by factors
region. of two or three which is not significantly displaced in lati-
Simple axisymmetric middle magnetosphere modelstude compared with the usual reference oval withitP—2°
which demonstrate and quantify these effects were subsaincertainties, together with brightened extended patchy po-
quently presented by Cowley and Bunce (2003a, b), showinglar emissions. Concurrent interplanetary data obtained by
for example, that transient super-corotation can be excitedCassini show that this brightening also occurred during a
by a sudden compression of the magnetosphere fr@thto solar wind compression interval of rapidly-varying proper-
~45R ;. However, these studies only modelled the responsdies, but timing uncertainties render it unclear whether the
of the middle magnetosphere, so that the issue of the formabrightened oval is associated in detail with a modest (sub-
tion of a new poleward oval could not be quantitatively inves- solar) magnetospheric compression frefs5 to~45R;, or
tigated. They also assumed that the flow in the upper neuwith a subsequent transient expansionb R; (Nichols et
tral atmosphere responds promptly to the effects of changal., 2007). The status of observational information on these
ing ion drag, while Gong and Hill (2005) have emphasisedtransient auroral phenomena and their relation to the solar
that current-reversal and auroral re-brightening could be enwind is thus highly uncertain at present, and remains a cen-
hanced significantly if the upper atmospheric flow respondstral topic for future studies. This relative uncertainty further
only slowly to the changing plasma flow, since it is the motivates the theoretical modelling work presented here.
plasma flow relative to the upper atmosphere flow that deter-
mines the instantaneous sense and magnitude of the coupling
current system. With regard to the sub-corotating steady stats Theoretical model
that is eventually re-established following such transient re-
sponses, Cowley and Bunce (2003b) demonstrated that the ] S
intensity of the re-formed main oval should be positively cor- 2-1  Time scales and approximations
related with system size, and hence anti-correlated with solar
wind dynamic pressure, since p|a3ma corotation is easier t# is evident that detailed calculation of the variations in mag-
enforce when the magnetosphere is compressed than whenfgtic field and plasma flow that take place in Jupiter's en-
is expanded, with a consequent weakening of the current sysdronment during substantial solar wind-induced compres-
tem and auroras in the former case compared with the lattersions and expansions of the magnetosphere represents a
A rather complex auroral response to changes in sola€onsiderable theoretical challenge. However, consideration
wind dynamic pressure is thus expected on the basis of thef the various time scales involved suggests a number of
above discussion, the modelling of which on a global basis2Pproximations can be made that result in a much more
is the principal topic of this paper. Relevant observationstractable problem. The relevant time scales were considered
are, however, very sparse. Gurnett et al. (2002) and Pryor dft some detail by Cowley and Bunce (2003a) following ear-
al. (2005) have reported transient correlated increases in jolier discussions by Nishida and Watanabe (1981) and Vasyli-
vian UV and hectometric radio emissions during the Cassiniunas (1994), and will now be briefly reviewed since they also
Jupiter fly-by in December 2000-January 2001, that were asform the basis of the approximations employed here.
sociated with intervals of high dynamic pressure and field The basic time scale against which others must be com-
strength in the solar wind, apparently contrary to expectapared is that of the magnetospheric compression or expan-
tions based on the above discussion. It is notable, howsion itself. Clearly for sufficiently slow variations in so-
ever, that the enhanced emissions occur for much shortdar wind parameters this is set by the solar wind time scale
intervals than the interplanetary effects, a few hours com-on which the dynamic pressure changes. However, we are
pared with a few days. Gurnett et al. (2002) emphasisedarticularly interested here in the step-like dynamic pressure
an association with the leading compressive shock of theechanges associated with CIR- or CME-related interplanetary
related CIR/CME structures, but subsequent timing studieshocks, for which the time scale of the subsequent magne-
by Nichols et al. (2007) indicate that the brightenings aretospheric change will be a minimum. In this case the mag-
not specifically associated with the compression onsets. Innetopause boundary will move in or out at a speed which is
stead, the events generally occur more centrally within thesome reasonable fraction of the solar wind speed, depending
CIR/CME compression regions (which are characterised byon the magnitude of the dynamic pressure jump, such that
strong variability), or even towards their end. It should also for boundary displacements of a few tens Bf, the time
be noted that the Cassini UV data on which these studiescales involved will be~2h (Cowley and Bunce, 2003a).
are based are spatially unresolved, so that the auroral con®n such time scales the modified interplanetary medium will
ponent in which the increases occurred remains unknownalso have engulfed much of the “forward” part of the magne-
Only one instance is currently known of an apparently relatedtosphere. Solar wind changes taking place on significantly
phenomenon observed in spatially resolved HST-STIS UVlonger time scales will then produce correspondingly ex-
images, this also being observed during the Cassini Jupitetended changes in magnetospheric configuration.
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As the magnetosphere expands or contracts under the aduring this transport. This fifth time scale is thus roughly
tion of the solar wind, the angular velocity of the near- comparable with, if a little longer than, the magnetosphere-
equatorial plasma will also change due to conservation ofionosphere coupling time in the outer parts of the middle
angular momentum, as outlined in Sect. 1. This change willmagnetosphere. Overall, therefore, we may expect that fol-
then be communicated along the field lines to the ionospherdowing significant compressions or expansions of the mag-
at the Alfven speed, the time scale for which forms the sec-netosphere, steady state sub-corotational conditions will be
ond quantity of interest. Estimates of the Adfvspeed out- resumed over intervals ef1-2 days.
side the equatorial plasma sheet based on spacecraft dataThe sixth and final time scale of interest is the response
yield values in excess of 10*kms™, such that the prop- time of the flow in the upper neutral atmosphere in the Ped-
agation delays throughout the region of closed field lines areersen layer, as discussed recently by Gong and Hill (2005).
typically of order a few minutes. Such values are thus muchUnder steady-state conditions the upper atmosphere will sub-
shorter than even the minimum compression or expansiororotate relative to the planet at an angular velocity that is
time scales. We therefore conclude that the magnetospheiiatermediate between that of the planet and the plasma. This
and ionosphere remain in close communication throughouts due to the action of ion-neutral collisions, which produces
such intervals, with an essentially common angular velocitya torque on the neutral atmosphere that is equal and oppo-
occurring along each field line between the equator and thaite to that on the plasma. When the plasma angular ve-
ionosphere. locity changes during a compression or expansion event, a

When the angular velocity of the plasma differs from corresponding change will thus be induced in the neutral at-
that of the neutral atmosphere, a torque is imposed at thenosphere, and we are interested in the time scale on which
feet of the field lines in the ionosphere due to ion-neutralthis change takes place. Gong and Hill (2005) estimated that
collisions in the Pedersen-conducting layer. This torquethis time scale is very longy2 days, based on the model of
acts to return the plasma angular velocity towards that ofHuang and Hill (1989) in which the angular momentum of
the neutral atmosphere. The third time scale of interest ighe upper neutral atmosphere is maintained by viscous trans-
then the magnetosphere-ionosphere coupling time scale oport from below. In this case, the neutral atmospheric flow
which such angular momentum exchange takes place, whickvill essentially not respond at all during rapid compressions
governs whether or not significant change in plasma anguand expansions of the magnetosphere (on time scateg-of
lar momentum occurs on the expansion-compression time3 h), but will instead change slowly on a time scale that is
scale. The values for this time scale obtained by Cowley andsimilar to the overall time scale on which steady-state condi-
Bunce (2003a) vary somewhat with radial distance, but aréions are resumed. On the other hand, atmospheric modelling
typically ~5-20h at equatorial distances beyor@0R;.  studies presented by Millward et al. (2005) indicate a much
These time scales are thus significantly longer than the minmore prompt atmospheric response to changing plasma ve-
imum time scale for magnetospheric compressions and extocities in the Pedersen layer, on time scales of a few tens of
pansions {2 h), thus indicating that for sufficiently rapid minutes, mediated principally through horizontal transport of
changes in solar wind properties leading to sufficiently rapidatmospheric angular momentum. Such time scales are then
magnetospheric excursions, the plasma angular momentumather shorter than even the minimum compression and ex-
is approximately conserved. A “rapid” change in solar wind pansion time scales, indicating that the neutral atmospheric
dynamic pressure is thus one which takes place on timelow in the Pedersen layer responds quickly to changes in
scales of~2-3h or less in the planet’s rest frame, leading the plasma angular velocity. In effect, this was the assump-
to a~2-3 h magnetospheric response in which plasma angution employed in the previous modelling studies by Cowley
lar momentum is approximately conserved. Conservation ofand Bunce (2003a, b). On the basis of the modelling results
plasma angular momentum thus forms the basis of our analef Millward et al. (2005) this “prompt” response assumption
ysis of the transient magnetospheric response to such rapidill also be used as the baseline here, though due to exist-
changes in solar wind dynamic pressure. ing uncertainties, results will also be presented for the op-

The magnetosphere-ionosphere coupling time scale alsposite assumption of an “unresponsive” atmospheric flow on
forms an element of our estimate of the time scale on whichthe rapid compression-expansion time scale.
steady-state conditions are resumed following such excur-
sions. However, full resumption of steady-state conditions2.2 Axi-symmetric assumption
also requires the re-establishment of steady-state radial diffu-
sive outflow of iogenic plasma through the equatorial plasmaA second important area of approximation concerns the ge-
sheet. The time scale for this outflow can be estimated fronmometry of the modelled system, which is assumed throughout
consideration of the mass content and mass flux through th& be axi-symmetric. This is evidently a reasonable approx-
plasma sheet. On this basis Cowley and Bunce (2003a) indiimation in the inner and middle magnetosphere regions of
cate a time scale of2 days for outflow from~15R; to the  closed field lines, but clearly ignores major features of day-
outer edge of the middle magnetosphere®® R, suchthat  night asymmetry in the outer parts of the system. The spe-
the plasma undertakes less thabirotations about the planet cific model of the equatorial field and its response to solar
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wind dynamic pressure changes proposed in Sect. 2.4 beloand values are identical to those employed in the steady-state
is intended principally to represent the dayside parts of theaxi-symmetric Jupiter model of Cowley et al. (2005). Field
system bounded by the magnetopause. Nevertheless, relatédes from the ionosphere are then mapped into the equato-
compressive and expansive effects due to solar wind-inducedal plane through consideration of magnetic flux conserva-
changes in system size will occur at all local times. tion. Specifically we use a flux functiah related to the field

As a consequence of the axi-symmetric assumption thecomponents by = (1/,0) V F x@, wherep is the perpendic-
only flows that are described in the model are azimuthalular distance from the magnetic axis apds the unit vector
flows, quantified by the plasma angular velocity on givenin the direction of increasing azimuth around the axis. The
flux shells. These are nevertheless expected to be the princproperties ofF are such that the surfade=const defines a
pal flows within the system. Consequently, the local time ef-shell of field lines around the magnetic axis, with the total
fects associated with the Dungey cycle of solar wind-inducedamount of magnetic flux lying between shelisand F+d F
outer magnetosphere flow (e.g., Cowley et al., 2003b) ardeingd ®=2r dF. With the above assumptions concerning
not included, though the model does contain a representahe ionospheric field, it is easy to show that the flux function
tion of a semi-stagnant region of open field lines at the high-as a function of co-latitudé in the ionosphere is given by
est magnetic latitudes. Similarly, flow asymmetries associ-
ated with the Vasyliunas cycle of iogenic plasma mass IossF i) = RizBi (1—cost) @
through down-tail plasmoid ejection (Vasyliunas, 1983) arewhere the arbitrary zero df has been taken to lie at the pole,
also not included, though again the model does include ap,—0.
“outer magnetosphere” region, based principally on dayside \We now consider the ionospheric currents that flow as
data, thatis suggested to be associated mainly with this trangs consequence of magnetosphere-ionosphere coupling. We
port cycle. Although our axi-symmetric model is therefore suppose that the plasma angular velocity on a particular flux
clearly rather simplistic in nature, it does attempt to representhell mapping to the ionosphere at co-latituids w (6;),
major structural features of the jovian system. In describingand that the corresponding neutral atmospheric angular ve-
the large-scale changes in plasma angular velocity that occupcity at this co-latitude i€2% (6;), modified from the plan-
during magnetospheric compressions and expansions we algqary angular velocit®2 (equal to 1.7610*rad %) due
suggest that it captures much of the essential physics whilgy the jon-neutral collisional torque mentioned in Sect. 2.1.

retaining considerable simplification of analysis. Then the co-latitudinal ionospheric Pedersen current inten-
o sity driven by the electric field in the neutral atmosphere rest

2.3 lonospheric field, flow, and currents frame, positive equatorward whelt, >, is given by

Analysis of the model begins here with a description of theip (6;) = Zpp; (5 —w) B; . )

field, flows, and currents in the jovian polar ionosphere map-
ing to the middle and outer parts of the magnetosphere. Thi L ! .
ping b 9 P uctance, angd;=R; sing; is the perpendicular distance from

region lies withirr-20° co-latitude of the pole, while at lower the magnetic axis. The total Pedersen current flowing at co-
latitudes the plasma near-rigidly corotates with the planet, 9 ' 9

except on field lines mapping near the inner moons Whoséatitudeei, integrated in azimuth around the axis, is then
localised effects on the flow are not included in this study. 7, (6;) = 2rp;ip (6;) = 27 EPP,'Z (Q”} — w) B, . )
According to the modelling results of Millward et al. (2002),
the jovian Pedersen conducting layer of the ionosphere liey/ariation of/p with 6; then requires field-aligned currents to
~500 km above the atmospheric 1 bar pressure level, whichlow between the ionosphere and magnetosphere to maintain
itself has a radius at the pole of 66 854 km. Consequentlycurrent continuity, the current density of which just above the
here we take the polar Pedersen layer to lie at a rakliuf ~ ionosphere is given by
67 350km. Since the co-latitude range about the pole con- 1 dip
sidered here is modest, we employ this value over the wholeg/lji (6:) = T o RZsing. 46
. . ’ ) ) < sing; do;
of the ionospheric region of interest. Turning now to the !
magnetic field in this layer, according to the VIP4 magnetic where the sign is appropriate to the Northern Hemisphere
model derived by Connerney et al. (1998), this varies signif-where the magnetic field points outward from the planet. We
icantly and comparably in latitude and longitude in the po-also note that Hall currents are driven in the jovian iono-
lar region of interest, and also between hemispheres. Sincsphere by the plasma-neutral relative flow, directed eastward
the longitude variations clearly cannot be represented in arfior sub-corotational flow. However, in our axi-symmetric
axi-symmetric model, here we choose to employ the sim-model these close wholly in the ionosphere, and do not con-
plest possible ionospheric magnetic model, consisting of &ribute to the field-aligned currents. Calculation of the auro-
radial field of fixed strengthB;. The model value ofB; ral effects associated with regions of upward-directed field-
is taken to be 1.£1073T, which is overall representative aligned current will be considered in Sect. 2.6 below, once
of the VIP4 field at polar latitudes. These approximationsfurther details of the model have been described.

hereX p is the height-integrated ionospheric Pedersen con-

(4)
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We now discuss the model assumptions concerning the beaf the neutral atmosphere that is viscously dissipated to heat
haviour of the neutral atmospheric angular velo&y (6;). at some atmospheric level (Smith et al., 2005).
During steady-state conditions we assume that the sub-
corotation of the neutral atmosphere is some fixed fraction2.4 Model of the equatorial field and its response to varia-
k of the sub-corotation of the plasma, that is tions in system size

%
Q) 0) =8~k —0O) ®) " \We next consider the description of the equatorial magneto-
wherek~0.5 according to the modelling study presented by spheric magnetic field and its variations during compressions
Millward et al. (2005). Substitution of Eq. (5) into Eq. (1) and expansions of the system. This is a critical component of
for the Pedersen current intensity then shows tat©;) the model, since it is the radial motion of the field lines dur-
may be replaced in that formula by the full planetary angu-ing solar wind-induced excursions that determines the vari-
lar velocity 2, provided thatZp is also replaced by the ation of the angular velocity of the equatorial plasma, and
reduced “effective” Pedersen conductarp= (1—-k) Zp. hence of the coupling currents and auroral precipitation. As
This “effective” conductance formulation has been employedindicated above, the magnetic model is intended primarily
in many previous studies, including that of Cowley and to reflect dayside conditions in which the closed field line
Bunce (2003a, b), thus in effect assuming that the neutrafegime is bounded by the magnetopause at an equatorial ra-
atmospheric wind responds to the plasma flow on time scaleglius of Ry p (a constant in the axi-symmetric approxima-
that are short compared with the plasma time scales of intion). Inside the magnetopause the model equatorial field
terest. The recent modelling results presented by Millwardis then taken to consist of two components. The first rep-
et al. (2005) suggest that this is indeed the case as indiresents the middle magnetosphere field from an equatorial
cated in Sect. 2.1 above, such that this will be taken as thé¢adial distance of-15R; where rigid corotation begins to
baseline assumption in the results derived in Sect. 3. Théreak down, to an outer radius &,,. The region be-
contrary view of Gong and Hill (2005) that the relevant at- tween Ry y and Ry p then represents the outer magneto-
mospheric response time is very long requires instead thatphere layer. Physically, the middle magnetosphere corre-
Q% (6;) remains essentially fixed during rapid plasma flow sponds to the plasma disk region where cool iogenic plasma
changes, determined by the plasma angular velocity prodiffuses outward over a few jovian rotations as described in
file in the pre-existing steady state, and only responds tdSect. 2.1. lts field is characterised by strong radial current
the changed plasma flows as steady-state conditions are reheet components which reverse in sense about the equato-
established on time scales-®fl-2 days. Due to the present rial plane, together with a weaker field that threads south-
uncertainties, results based on this alternate assumption willvard through the equator. The field in the outer magneto-
also be presented for comparison. With regard to the valuephere, on the other hand, is dominated by southward com-
of the Pedersen conductivity, this is a parameter that is noponents comparable in strength to the radial field outside
well-determined at the present time. Here, however, wethe current sheet in the outer middle magnetosphere (e.g.,
employ the valuex p=0.4 mho, such that wittk=0.5 we  Acufia et al., 1983), with no indication of an equatorial cur-
also havex}=0.2mho. As discussed previously by Cow- rent layer. This region is suggested to correspond physi-
ley et al. (2005) (see their Sect. 3.2), the latter value is foundcally to the outer layer of mass-reduced flux tubes that have
to produce reasonably realistic results when employed irtaken partin the Vasyliunas- and Dungey-cycles of flow men-
magnetosphere-ionosphere coupling calculations. tioned in Sect. 2.2 above (Cowley et al., 1996; Kivelson
The final ionospheric topic to be discussed here is theand Southwood, 2006). Overall, therefore, the southward-
power extracted from planetary rotation by magnetospheredirected equatorial field in our model decreases in magnitude
ionosphere coupling, which is fed both into magnetosphericwith increasing radial distance to small values in the outer
rotation and into upper atmospheric heating. The total powemiddle magnetosphere, and then increases again within the
per unit area of ionosphere extracted from planetary rota-outer magnetospheric layer bounded by the magnetopause.
tion is just p=Q,1 (e.g., Hill, 2001), wherer=p;ipB; is We note that Kivelson and Southwood (2006) have suggested
the torque per unit area associated with the height-integratethat rapid mixing of the middle and outer magnetospheric
jx B force. Of this total, the amount transferred to the mag-flux tubes removes this dayside layering as the plasma ro-

netosphere is tates towards dusk, thus resulting in the observed thickening
) of the plasma sheet in that sector. This effect is not included

pm (0i) = ot = wpiipBi . 6) i the axi-symmetric model constructed here.

The remainder is dissipated as heat in the upper atmosphere Our approach to modelling the equatorial field and its vari-

at the rate ations is first to define a “baseline” model corresponding to

N _ _ _ - a particular magnetosphere radius, and then to add or sub-
pa) = Q@ —o)T = Q@ —w)piipBi (") tract a uniform field to model the effect of compressions
consisting of both direct “Joule heating” in the Pedersenor expansions, this representing the field due to the mod-
layer, and “ion drag” heating associated with sub-corotationified magnetopause currents then flowing. The “baseline”
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equatorial field representing the middle magnetosphere isvhich reduce the southward field then correspond to an ex-
based on Voyager-1 magnetic field data derived by Khuranaansion of the system beyond that of the “baseline”. The
and Kivelson (1993), as employed in previous modelling perturbed boundary positiod&,y, andRy, p corresponding

studies e.g. by Cowley and Bunce (2001, 2003a, b). Thigo AB are then determined by the twin conditions that the

field is given by amount of magnetic flux in both the outer and middle mag-
R netosphere regions are individually preserved. The condition
Bymo (re) = A <_J> , (8) for the outer magnetosphere is thus simply
Te
R2,, —R2,) (B AB) = : 11
where A=54x10°nT, m=271, and (as above) ( Mp MM) (Bomo+ AB) = Dou (1)

R;=71,373km. The strength of the field thus falls |n the inner and middle magnetosphere we balance the in-
from a value o~16 nT at a radial distance of 20;, toe.g.  crease in flux due to the addition of the fieddB between
~0.7nT at 65R;. Examination of concurrent Voyager-2 the origin andR s, with the loss in flux of the “baseline”
interplanetary data presented by Huddleston et al. (1998)niddle magnetosphere field due to the inward motion of the
shows that this field corresponds to conditions of relatively houndary fromR ;s o to Rpar. We thus have

low solar wind dynamic pressurey0.01-0.05nPa, which ) 5 i _—

thus corresponds to a relatively expanded magnetospher(;erz\mAB: 7 AR [( Ry ) _( R; ) } (12)

According to the analysis presented by Huddleston et (m=2) | \Rum Rymo
al. (1998), the subsolar radius of Jupiter's magnetosphere i

related to the solar wind dynamic pressygy by Equations (11) and (12) thus provide two conditions joining

the three quantitiea B, Ry, andRy,p. Given any one of
N 355 9 them, the other two can then be calculated (numerically in
P (psw nPa)®22] 77 ©) practice). Here we choose to specify the varying position of

the magnetopausRk,,p, approximately related to the solar

such that the above range of pressures corresponds to subsging dynamic pressure by Eq. (9), and then determine both
lar magnetopause radii betweetv0 and~100R;. Here Ry andAB.

we therefore take the middle magnetosphere field given Reguits showing the model variation®f;,, andA B with

by Eq. (8) to be associated with a "baseline” sub-solarg, . are shown in Fig. 1. In Fig. 1a the solid line shows
magnetopause radius @y p 0=85 R, (corresponding 10 he gistance of the outer boundary of the middle magneto-
psw~0.02nPa). Typically, the equatorial width of the day- sphere,Ry y, plotted versusky, p over the range of usual
side outer magnetosphere layeri$0-20R,, depending on  gpsolar magnetopause distances between 40 ankl106s

the ”size of the system (e.g., Ataiet al.,, 1983). Inthe "base- 5e increases from25 to~85R; over the range, with the
line” model we thus take the middle magnetosphere field toyst o the line showing the value for the “baseline” model,

bg given by Eq. (8) to a radial distancc_a By 0=65Ry, i.e. Ryysr=Rum 0=65R; whenRy p=Ry p 0=85R;. The

with the outer magnetosphere layer lying between 65 angyashed straight line of unit slope in the plot shows the cor-
85R; beyond. The equatorial field strength in the outer mag-responding equatorial magnetopause radius, so that the ver-
netosphere layer is taken to be a constant whose value is sgty) gistance between these two lines indicates the width of
in accordance Wlth observat!ons, typically between an_d the outer magnetosphere lay&rR oy =Ry p— Ry, also
~15nT depending on the size of the system according t&own by the dot-dashed line in the lower part of figure. This
Acuna et al. (1983). Here we have taken the amount of magtemains close to 28 throughout (the “baseline” value, also
netic flux threading the (axisymmetric) outer magnetosphereypqgwn by the dot), though narrowing tel5 R, for large
layer betweenRyy o and Ry p o 10 be ®oy=350GWb,  compressions. The solid line in Fig. 1b similarly shaws

such that the “baseline” field strength in the layer is over the same range of magnetopause positions. The dashed
® line also shows the total field strength in the outer magne-
Bomo = oM ~7.3nT 10 :
oMO0 = ) ~lonl . (10) tosphere layerBoy=Bom o+AB with Bpy 0~7.3nT as

R?, ,,— R? : ) :
7 (Rirp o~ Rin o given by Eq. (10), the dots again showing the values for the
The equatorial field strength therefore increases by about atbaseline” model (zero foA B itself of course). It can be
order of magnitude across the boundary between the midseen that for large compressions of the system the outer mag-

dle and outer magnetosphere regions ak$5n this model.  netosphere field increases+d.5-20nT, in line with obser-
For comparison, the amount of magnetic flux threading thevations (e.g., Acla et al., 1983).

equatorial plane between 15 and®pin the middle magne- Using these results, in Fig. 2a we show the model south-
tosphere current sheet regiomi230 GWhb. ward equatorial fieldsB, (r.) versusr,, for three subsolar

As indicated above, in order to represent the effect of amagnetopause distances. The black line shows the “baseline”
compression of the system due to an increase in the solamodel given by Eg. (8) from small distances out tof6h
wind dynamic pressure, we then add a uniform southwardand by B o given by Eqg. (10) from 6% to the magne-
field AB to the “baseline” model. Negative values &fB topause at 8R;. This field corresponds to that of a relatively
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Fig. 1. (a)Plot showing the variation of the radius of the outer boundary of the middle magnetosphereRggjp(solid line) versus the
magnetopause radidy, p, obtained by simultaneous numerical solution of Egs. (11) and (12), with parameter values given in the text. The
radius is shown in units of Jupiter radi,;. The dashed straight line of unit slope shows the corresponding position of the magnetopause,

so that the vertical distance between these lines corresponds to the width of the outer magnetosphe&r® dayerThe latter width is

also shown by the dot-dashed line in the lower part of the figure. The dots correspond to the values for the “baseline” model, for which
Ryp=85R;, Ry yy=65R; and henceARp=20R;. (b) Plot showing the variation of the uniform perturbation fi?l® in nT (solid

line) versusR,, p, which is added to the “baseline” model to represent compressions (positive values) and expansions (negative values) of
the magnetosphere about the “baseline” value. The dashed line correspondingly shows the total model field in the outer magnetosphere
whose value is approximatelyA B+7.29) nT for the parameters employed here. The dots correspond to the values of the “baseline” model
(zero forAB).
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Fig. 2. (a)Plots of the model southward-directed field strength in Jupiter’s equatorial @amenT, shown versus equatorial radial distance

re in Ry. The models shown correspond to subsolar magnetopause distances of 45 (red), 65 (blueR atila&%), respectively. The
black line thus corresponds to the “baseline” model, with the others derived from it according to the algorithm developed in S}t. 2.4.
Plots of the corresponding equatorial flux functignin GWb rad 1, using the same colour code. These were calculated from Eqgs. (13) and
(14) in the middle and outer magnetosphere regions, respectively.

expanded magnetosphere with a low solar wind dynamidines then show the equatorial fields of more compressed sys-
pressure of~0.02 nPa (roughly in line with the outer mag- tems according to the above algorithm. The blue line shows
netosphere field pressure), as indicated above. The colourdtie field for an intermediate subsolar magnetopause R65
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corresponding to a typical solar wind dynamic pressure of r/R;
~0.06 nPa according to Eq. (9). The red line similarly shows
the field for a relatively compressed subsolar magnetopause
at 45R;, corresponding to a relatively high solar wind dy-
namic pressure of0.3nPa. In the latter case, the jump in
equatorial field strength at the boundary between the middle ¢
and outer magnetosphere has essentially disappeared.
Having thus determined the magnetic fields in both the «
ionosphere and the equatorial plane, we can now establish
the field line mapping between these regions. This is ef-
fected using conservation of magnetic flux via the flux func-
tion F, the value of which in the ionospherg,, is given by
Eq. (1). The value in the equatorial plang,, is given by

Integration Ode_"/dr":_reBe (re), W'th the use of a suit- Fig. 3. Plot of the radial distance of field lines in the equatorial
able initial condition. As mentioned in Sect. 2.2, we assumep|ane r, in R;, versus co-latitude in the ionosphere, obtained by

that a central region of the polar ionospheric flux consistsconservation of magnetic flux between the ionosphere and the equa-
of open field lines mapping to the magnetic tail. The to- tor. The colour code is the same as for Fig. 2.

tal amount of open flux in the mode®, is taken to be

500 GWhb, corresponding e.g. to a field ofL.5nT in a tail

lobe of radius~200R;. The value of the flux function at Egs. (13) and (14) which correspond to the three equatorial
the boundary between open and closed field lines in the ionofield models shown in Fig. 2a are plotted versum Fig. 2b,
sphereis thu§,~=Q>T/2n%79.6 GWb radt, corresponding using the same colour code. The black line thus shows the
to a co-latitude ob; y,p~10.25° in the ionosphere accord- flux function for the “baseline” model with a magnetopause
ing to Eqg. (1). This must therefore also correspond to theboundary at 8&, while the blue and red lines correspond to
flux function at the magnetopause in the equatorial plane, inmagnetopause positions of 65 andRif respectively. Using
dependent of its position. Integratirfg inwards from the  the constancy of on flux shells, i.eF; (6;) =F, (r.), where
magnetopause then yields for the outer magnetosphere F; is given by Eq. (1) and, by Egs. (13) and (14) in the
outer and middle magnetospheres respectively, we can now

6;/deg
25 5 75 10 125 15 175 20

Feom (re) = g + w (RZZWP — rf) use these results to map field lines between the ionosphere
and equatorial plane. In Fig. 3 we thus show the equato-
_ 91 Poum ( Ryp—1Z (13)  'ial radial distances of the field lines versus co-latitude in
2~ 2t \R%,-R%,) the ionosphere for the three equatorial field models shown in

i Fig. 2a, using the same colour code. Note again that the mag-
Where use has_been made of Eg. (1) in the second form Retopause positions at 45 (red), 65 (blue) an&k@Fblack)
the right hand side. Thus at the magnetopause Ry p) we map to a fixed ionospheric co-latitude-a10.2%, as do the

haveF, ou (R p) =®r /27 as just indicated, while atthe |12 ries between the outer and middle magnetosphere at
inner boundary of the outer magnetosphereeatRMM, we a co-latitude 0f~13.37. No values are shown poleward of
haveF, om (Rum) =(®r+Pom) /2, with a model value 14 o5 gince these field lines are open in model, and do not
of ~135.3 GWb rad* since we also havé oy =350GWb  ¢ross the equatorial plane.

as indicated above. The boundary between the mid-

dle and outer magnetosphere at radial distaRgg, thus 25 plasma angular velocity model

maps in our model to a co-latitude in the ionosphere of

6; mm~13.37 according to Eqg. (1), also independent of |n the results to be presented in Sect. 3 it will be assumed that
the magnetopause position. Finally, in the middle magne+he jovian system is initially in a steady state with a fixed ini-

tosphere region the flux function is given by tial magnetopause radius, that it then undergoes a rapid com-
. (@7 + Do) AR% pression or expansipn toa new magnetopause radius due to
emm (re) = a change in solar wind dynamic pressure on a time scale of
2 (m—2) a few hours or less, and that steady state conditions with the
Ry m—2 Ry m=2 new radius are then resumed after an interval- &2 days,
(Z) N (m) assuming that the solar wind remains steady over this inter-
AB val. In this section we outline the considerations on which the
i (R12v1 M= rez) , (14) angular velocity profiles appropriate to these circumstances
2 have been calculated, starting with the steady-state case.
which also has the valué&, (RMM)=(¢T+CDOM)/27T at The steady-state angular velocity profile in the middle

re=Ryrp, as required. The equatorial flux functions given by magnetosphere is calculated by applying Newton’s second
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law to the out-flowing iogenic plasma in the equatorial are extremely insensitive to the inner boundary condition im-
plasma sheet, assuming a constant radial massflaxdis-  posed (e.g., Nichols and Cowley, 2003), so we expect our
tances between the lo torus§ R;) and the outer boundary steady-state solutions to be essentially independent of the de-
of the middle magnetosphery,,,. This solution does not tails of this choice.

therefore apply in the outer magnetosphere region, taken to With regard to the outer magnetosphere layer, we have
be a layer associated with the Vasyliunas- and Dungey-cycléo simple theory with which to estimate the plasma angu-
flows, as mentioned above. Following the earlier analyses ofar velocity in the steady state and its dependence on system
Hill (1979) and Pontius (1997), the steady-state condition insize. Observations in this region, however, suggest that the
the middle magnetosphere is thus such that the rate of changengular velocities generally do not differ greatly from those
with radial distance of the outward flux of plasma angularin the outer part of the middle magnetosphere, nor do they
momentum is equal to the torque per unit radial distance actvary greatly with equatorial radial distance (e.g., Kane et
ing on the plasma due to the magnetosphere-ionosphere coat., 1995). Consequently, here we simply assume that the

pling current system. This condition leads directly to plasma angular velocity throughout the outer magnetosphere
layer in the steady state is just equal to that at the outer edge
Mi (rfa)) - zmeZ,-rBe r) (15) of the middle magnetosphere region determined from inte-
dre gration of Eq. (17). Thus there is no discontinuity in the

wherei, is the equatorial radial current intensity integrated M0del plasma angular velocity at this boundary, though there
through the thickness of the plasma sheet which is due to th&/ill in general be a discontinuity in its slope. _
ionosphere-magnetosphere coupling current circuit. From With regard to the open field lines at highest latitudes, we
current continuity, this is related to the equatorward-directeg@SSume that weak sub-corotation occurs in this region in ac-
ionospheric Pedersen current intensigyat the feet of the cordance with the theory of Ispell et al. (1984), which gives
same field lines by.i,=2p;ip, Wherep; is again the per- the stegdy—state gngular velocity Qf open flux tubes produced
pendicular distance of the field line feet in the ionospherePy the ionospheric torque on the field line feet as

from the symmetry axis, and the factor of two accounts for © S R%

both the Northern and Southern Hemispheres. Introducing(—) = +SW
this expression foi, into Eq. (15), withi p given by Eq. (2) Q1 )r 14 uoXpVsw
and Q% in the steady state given by Eq. (5), then yields the
Hill-Pontius equation for the steady-state angular velocity in
the middle magnetosphere

(18)

whereVsy is the speed of the solar wind. Wik, =0.2 mho
and e.g.Vsw=450kms™, Eq. (18) gives(w/Q,), ~0.1,
such that this value (i.e. 10% of rigid corotation) has been

d o/, . ) employed for the open field region throughout the calcula-
Mo (re w) =4 EpBipireBe (r0) (27 —w) . (16)  tions presented here.

This then completes the description of the steady-state
where, as aboveXj=(1-k)Xp. We can also trans- plasma angular velocity profiles. Examples are shown in
form this equation to use ionospheric variables by notingFig. 4 for the same three magnetic field models shown in
thatd F.=d F; impliesr, B, (r.) dre=—R?B; sinf;df;, sowe  Figs. 2 and 3, where we have also employed the same
also have colour code. The system parameters Big=0.2 mho and

d e o4 M=1000kgs?, as have been used throughout these calcu-
Mﬁ <re ) w) = —4n XL BRSO (2 — ) ,(17)  lations. Figure 4a show@n /Q;) versus radial distance on

! closed field lines in the equatorial plane. Rigid corotation

wherer, (6;) is the equatorial radial distance of the field lines is indicated by the horizontal dotted line (aa;/fzj) =1. In

at co-latitude; in the ionosphere, as depicted in Fig. 3. This the middle magnetosphere region the angular velocities at a
is a first order linear equation fas whose solution may be given radial distance do not depend strongly on which mag-
obtained numerically with the aid of one initial condition. netic model is used, as found previously by Pontius (1997),
The condition required is that the plasma near-rigidly coro-but the profiles extend to significantly lower values at larger
tates with the planet at sufficiently small radial distances,distances in the more extended cases. Consequently, in ac-
corresponding to sufficiently large ionospheric co-latitudes.cordance with the above algorithm the angular velocities in
Here we have integrated Eq. (17) with the boundary condi-the outer magnetospheric layer also fall as the system ex-
tion that the plasma rigidly corotates (ie=;) ato, =25, pands, thus mirroring both observations and the similar be-
a co-latitude that corresponds to an equatorial radius in thénaviour in the simple Jupiter models derived by Cowley et
innermost magnetosphere (see Fig. 3) where the Khurana aral. (2005). Figure 4b shows the corresponding angular ve-
Kivelson (1993) field model given by Eq. (8) is no longer locity profiles in the ionosphere. Here the transition between
strictly applicable. However, previous analyses have showrthe fixed angular velocitjw/szj) =0.1 on open field lines
that the solutions of Eq. (17) in the outer parts of the sys-and the consistently higher values in the outer magnetosphere
tem where the Khurana and Kivelson (1993) model is validhave been smoothed using a hyperbolic tangent function,
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Fig. 4. (a)Steady-state normalised plasma angular velocity pro(fug’szj) on closed field lines plotted versus equatorial radial distapce

for the three magnetic models shown in Fig. 2a. The black line thus shows the “baseline” model with the magnetopaRiseveti&Sthe

blue and red lines correspond to more compressed states with magnetopauses at 68 anthshorizontal dotted line represents rigid
corotation with the planetb) As in (a), but now plotted versus co-latitude in the ionosphere, and including the flow on open field lines. The
transition between the outer and middle magnetosphere is evidgniag~13.37°, as is the transition between open and closed field lines
ato; ) p~10.25°, the latter being smoothed according to Eq. (19).

such that in the vicinity of the open-closed field line bound- accordance with the discussion in Sect. 2.1, then the plasma

ary we take angular velocity at co-latitudg after the transition will be
" <1—f)<w> (1+r)<w> , (r/(&))z
— | = — | + —— , w(6;) = o (6 £ . 20
<Qj> 2 Qy)r 2 Qr)om (@) @ re (6;) (20)
wherer = tanh[m] . (19) This is then the formula employed to transform the initial
Abi mp steady state plasma angular velocity profile into the tran-

sient state profile following rapid excursions of the magne-

The width of the boundary region is thus determined by thetopause, the ratitﬁré (Gi)/re (91‘)) being determined by the

parametend; y p, whose value has been taken to be 07125 Jield line motion algorithm given in Sect. 2.4. Compressions

:i—::saiggtjr:ﬁrsvg Eggytga;:;ﬂ(r)noez:wae?arlci?ﬁdeen ?:: celosfeggloellj tand expansions should not, however, effect the rate at which
. ) : ge ol open tail lobe field lines are twisted by the ionosphere, as de-
3A0; 4y p=0.375 in the ionosphere, this corresponding to

a north-south spatial scale 6f440km. This then sets the scribed by the results of Isbell et al. (1984), so we take the

X . ) ngular velocity in th n field region t nchan r-
north-south scale of the field-aligned current flow occurrlnga gular velocity e openfield region to be unchanged du

. . . . ing these processes. Results based on these considerations
at the open-closed field line boundary in the ionosphere, due g P

. . . will be given in Sect. 3 below.
to the change in plasma angular velocity occurring there.
We now consider the calculation of the transient plasmay g Auroral parameters
angular velocity states that occur due to rapid compressions

or expansions in the magnetosphere by the solar wind. Suponce a plasma angular velocity profile has been determined,
pose that in the initial steady state the plasma angular vethe horizontal ionospheric current follows from Eq. (2), aug-
locity at a particular co-latitude in the ionospherass#;)  mented by choice of neutral atmospheric response model,
as determined above, and that the corresponding field linegnd the field-aligned current density from Eq. (4). We then
reach to a radial distance of (¢;) in the equatorial plane. enquire whether downward-acceleration of magnetospheric
Suppose also that the magnetopause position then undergogfectrons is required to carry the upward-directed currents,
a rapid transition due to a change in the solar wind dynamicand if so, whether bright auroras are produced from the re-
pressure, such that the field line at co-latitég@ow maps  sulting precipitating electron energy flux.

in the equatorial plane to a new radial distamc€f;) (cor- The maximum field-aligned current density that can be

responding, e.g. to a transition between the black, blue, ogarried by precipitating electrons (chargemassn,) with-
red curves in Fig. 3). Then assuming that the bulk of thegyt field-aligned acceleration is

magnetospheric plasma on a given field line is located near
the equatorial plane, and that for a rapid transition the angu- Win 12
lar momentum of the plasma is approximately conserved in/!li0 = eN 2nm, '

(21)
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Table 1. Magnetospheric electron source parameters employed in auroral calculations.

Parameter Magnetosheath source  Outer magnetosphere source  Middle magnetosphere source
Electron densityv (cm~3) 0.5 0.02 0.01

Electron thermal energyW;, 0.05 0.25 25

(keV)

Unaccelerated current density0.095 0.0085 0.013

Jjjio (WAm=2)

Unaccelerated energy fluwE g 0.0095 0.0042 0.067

(MW m—2)

where we assumed that the magnetospheric source populéines (actually applied only in the region of upward field-
tion is an isotropic Maxwellian of densityW and thermal aligned current in the vicinity of the open-closed field line
energyW;, (equal tokT whereT is the temperature and boundary), and the outer and middle magnetosphere regions
is Boltzmann’s constant). We also assumed that the elecen closed field lines. The parameter values are thus switched
tron population has a full downward-going loss cone, and arfrom one source population to the other across the region
empty upward-going loss cone. The corresponding precipiboundaries a; y;p ando; y,s in the ionosphere. These val-

tating electron energy flux is ues, together with the associated limiting current densities

Wi 12 and energy fluxes given t_)y Egs. (21) and (22) are listed in Ta-

Ejpo=2NW,, ( ) ) (22) bl_e 1, as employed previously by Cowley et al. (2005). The
2mwme middle magnetosphere values are based on Voyager electron

If the upward-directed current density required by Eq. (4) is 9ata presented by Scudder et al. (1981), while the outer mag-
larger thanji o given by Eq. (21), then a field-aligned volt- netosphere and magn.eFosheath values are based on Ulysses
age must occur which accelerates the electrons into the iondi@t@ presented by Phillips et al. (1993a, b). It can be seen

sphere. According to Knight's (1973) kinetic theory the min- that the limiting cur_rent densities in the mizddle _and outer
imum field-aligned voltage required is magnetosphere regions are beth.01uA m—<, while that

of the magnetosheath source is an order of magnitude higher,
W 1 ~ -2
e J11i0 The UV auroral output can be estimated from the precip-
itating electron energy flux. Auroras are excited by primary
and secondary electron impact on atmospheric atomic and
molecular hydrogen, resulting in the emission-e10 eV
Tmin Jlli ys UV photons corresponding to the atomic hydrogen Lyman
— |~ : (24) :
R; Jlio alpha line and the molecular hydrogen Lyman and Werner

bands. The energy efficiency of these processeslis%

where we have assumed that the field strength drops as tWVaite et al., 1983; Rego et al., 1994), such that as a simple

inverse cube of the distance along the polar field lines. Equaépproximation we can assume that 1 m\Wawf precipitat-
tion (23) also assumes that the voltage drop is sufficientlying electron input yields-10 kR of UV output (1 Rayleigh
compact along the field lines that electrons do not mirror be—(R) corresponds to a photon source flux of 4@ 2s1)

fore experiencing the full field-aligned voltage._ Fol!owmg Table 1 thus shows that precipitation from the unaccelerated
Lundin and Sandahl (1978),. the enhanced'prempltatlng elecfaopulations alone would yield only sub-kR emissions, be-
tron energy flux corresponding to Eq. (23) is then low the ~1 kR threshold of present detectability. For high-
E o i 2 energy (e.g~100keV) primary accelerated electrons that
=— ((—) 1) (25) penetrate more deeply into the atmosphere, the UV output
may be somewhat reduced from these levels due to absorp-

Here we will use Egs. (23-25) to estimate the electron accelfion by hydrocarbons overlying the emitting layer.

eration conditions and precipitating energy fluxes in regions

of upward field-aligned current, using typical observed val-

ues of the magnetospheric electron source parameters. F8& Magnetospheric compression

simplicity, in the calculations presented below different fixed

values will be employed in each of the three regions of theThe model algorithms discussed in Sect. 2 describe the
model, corresponding to the magnetosheath on open fieldteady-state condition of the jovian magnetosphere for any

this value being appropriate if the “top” of the voltage drop
is located well above the minimum radial distance

E ;
! Jllio
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chosen value of its radius, determined by the solar wind dy- w9,
namic pressure, together with the transient states produced
by rapid solar wind-induced excursions from any given ra- 2
dius to any other. In this section and that following we ex-
emplify the properties of this model by presenting results for .,
major compressions and expansions of the magnetosphere.
Specifically, in this section we examine the results of a rapid
compression of the model magnetosphere inwards from an *
initial radius of 85R;, appropriate to a low-pressure solar
wind rarefaction region, to 65 and to 45, the latter corre- 05
sponding to a high-pressure compression region. In Sect. 4
we then consider the effects of a rapid expansion back from
45R;, to 65 and to 8%;. 2 40 60 & 10

re/R;
0

Fig. 5. Plots of the normalised plasma angular velocity shown ver-
sus equatorial radial distance for the case of solar wind compres-

. . sion of the magnetosphere. The black solid line shows the initial
In Fig. 5 we thus show results for the effect of rapid magneto-gteay state profile with a magnetopause ak@%nd a boundary

spheric compression on the equatorial plasma angular velogetween the middle and outer magnetosphere & 6@he “base-
ity profile. The black solid line shows the initial steady-state line” model). The blue and red solid lines then show the transient
system extending to a magnetopause ak@5as in Fig. 4a, profiles following a rapid inward compression of the magnetopause
thus corresponding to steady-state conditions with the “baseto 65 and 4%, respectively. The red and blue dashed lines show
line” magnetic field model. The blue and red solid lines the steady states to which these profiles relax afteda2 day in-
then show the transient angular velocity profiles produceder_‘/a|~ T_he horizontal dotted line corresponds to rigid plasma coro-
by rapid compressions inward to 65 and toRlf respec-  tation with the planet.
tively, conserving angular momentum, while the blue and
red dashed lines show the steady states to which these per-
turbed systems relax after 1-2 days (also as in Fig. 4a). It cakq. (2), 27 given by Eq. (5) withk=0.5, andX »=0.4 mho
be seen that a compression from 85 targ5is sufficientto  as indicated above (such that the “effective” conductivity is
raise the plasma angular velocities significantly toward rigidconstant and equal to 0.2 mho), then yields the ionospheric
corotation throughout the closed field region, such that thePedersen current intensity profiles shown in Fig. 6b. In the
angular velocity in the middle magnetosphere falls only toinitial steady state, the current grows with the velocity of the
(w/Q) ~0.85 at its outer edge, while that in the outer mag- plasma relative to the neutral atmosphere on open field lines,
netosphere is raised from0.35 to~0.7. Further compres- falls as the angular velocity increases on moving onto closed
sion of the magnetopause to RS is then sufficientto induce field lines, increases again in the outer magnetosphere, and
significant super-corotation throughout the magnetospherethen falls rapidly across the middle magnetosphere as the an-
reaching a peak c(fw/Q]) ~2 at the boundary between the gular velocity increases towards rigid corotation. In the tran-
middle and outer magnetosphere regions. sient compressed states, the Pedersen current is significantly
reduced throughout the closed field region for the compres-
3.2 Magnetosphere-ionosphere coupling current system sion to 65R; due to the increased plasma angular veloci-
ties closer to rigid corotation, while being reversed in sense
3.2.1 Results for the case of prompt atmospheric flow re-throughout this region for the compression toRl6due to
sponse plasma super-corotation. The corresponding total Pedersen
current profiles given by Eq. (3) are shown in Fig. 6c¢. In the
We now consider the consequences of these angular velocitipitial steady state the equatorward current peaks4t MA
profiles for the model current systems. In this sub-sectionat the boundary between the outer and middle magnetosphere
we assume that the neutral atmosphere responds promptly tegions, with a subsidiary maximum 30 MA at the open-
the plasma angular velocity changes as discussed in Sect. 2c3osed field line boundary. The latter peak remains when
above, such that its angular veloci®y; is given by Eq. (5) the system is compressed inwards toRg5 but now the
with k=0.5. In other words, the departure of the neutral current on closed field lines is strongly reduced to form a
atmosphere from rigid corotation is taken always to be justshallow maximum at~15MA within the outer magneto-
half that of the plasma. To compute the currents the equatosphere region, while falling continuously towards zero across
rial angular velocity is first transformed along the field lines the inner part of the outer magnetosphere and in the middle
into the ionosphere, resulting in the profiles shown in Fig. 6a.magnetosphere region. When the system is compressed to
Note that the angular velocity on open field lines at highest45 R, however, the currents are reversed to poleward every-
latitudes is assumed to be unchanging. Introducinigito where on closed field lines, with a peak poleward-directed

3.1 Plasma angular velocity profiles
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Fig. 6. Plasma angular velocity profiles and ionospheric currents plotted versus ionospheric co-latitude for compression of the magnetosphere
from 85R; (black lines), to 65 (blue) and 48; (red). The blue and red solid lines correspond to the transient states produced by rapid
compression, and the corresponding dashed lines to the steady states to which these relax. The line and colour code thus follow Fig. 5. The
currents shown also assume a prompt response of the neutral atmosphere velocity to the changes in the plasma angular ve(agity. Panel
shows the normalised plasma angular velocity profiles, as in Fig. 5 but now mapped to the iondsplieeeheight-integrated ionospheric
Pedersen current intensity (ATh), positive equatorwardg) the corresponding total Pedersen current integrated in longitude around the
pole (MA), also positive equatorward, afa) the field-aligned current density just above the ionospheseni—2) positive upward.

(negative) current of+65 MA at the boundary between the compressed, however, the steady-state field-aligned current
outer and middle magnetosphere. densities increase at the open-closed field line boundary due
The field-aligned current density just above the ionospherdo the increasing angular velocity shear occurring across the
is related directly to the co-latitude gradient of the total cur- boundary, and are reduced in the middle magnetosphere. The
rent (Eq. 4), and is shown in Fig. 6d. In the initial state (black field-aligned current profiles for the transient states, however,
line) the field-aligned current has small nearly constant neg-are very different. For the compression to&p (blue solid
ative (downward) values throughout the region of open fieldline), the current density at the open-closed boundary is again
lines where the total Pedersen current increases essential§nhhanced due to the increased angular velocities on closed
as the square of the distance from the axis. It then reversefield lines, but then reverses only to very small negative val-
to form a positive (upward) spike at the open-closed fieldU€s in the outer part of the outer magnetosphere, before be-
line boundary where the total current falls, returns to smallcoming positive again throughout the remainder of the outer
nearly constant negative values in the outer magnetospher@agnetosphere and in the middle magnetosphere. However,
where the total current again increases, and then becomdbe positive values are weak throughowt.1Am=2 or
strongly positive once more in the middle magnetospherdess, with a discontinuity and a reduction in magnitude on
where the total current declines to zero. The peak upwardPassing across the boundary from the outer to the middle
currents at both the open-closed field line boundary and neamagnetosphere. For the compression tak4Xred solid
the middle magnetosphere boundary with the outer magneline), the current density at the open-closed boundary is en-
tosphere are-0.3uA m—2. The same basic four-region pat- hanced even further due to the super-corotation on closed
tern occurs for all the steady-state systems in this model (e.dfield lines, while the sense of the currents in the outer and
the dashed lines in Fig. 6d), as in the previous models premiddle magnetospheres are completely reversed compared
sented by Cowley et al. (2005). As the system becomes mor®ith the initial steady state, while being of comparable or
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Fig. 7. Angular velocity profiles and ionospheric currents plotted versus ionospheric co-latitude for the case of compression of the magne-
tosphere similar to Fig. 6, but where we now compare profiles for the transient states assuming prompt responses of the neutral atmospheri
flow on the compression time scale, and those for an unresponsive atmospherg¢aPam®is the angular velocities, where the solid lines

show the plasma angular velocities in the initial state with a magnetopauseRat @fiack), and in the transient states formed by rapid
compression inward to 65 (blue) and RS (red), as in Fig. 6. The black, blue, and red dotted lines then show the neutral atmosphere angular
velocities given by Eq. (5) in each case witk0.5, the blue and red dotted lines then being the transient neutral profiles assumed in the
prompt response results shown in Fig. 6. For an unresponsive atmosphere, however, the currents in the transient case are calculated usir
the black dotted line from the initial steady state throughout. In subsequent panels the transient cases using the unresponsive atmospher
assumption are shown by the dot-dashed lines, while those for the prompt atmospheric response are shown by the solid lines (as in Fig. 6)
blue corresponding to the compression ta%5 and red to 4R, as previously. The black solid lines show results for the initial steady state
(again as in Fig. 6). Using this format, parle) shows the height-integrated ionospheric Pedersen current intensity ¥ positive equa-
torward,(c) shows the corresponding total Pedersen current (MA), also positive equatorward(dysifews the ionospheric field-aligned

current density ¢A m—2) positive upward.

larger magnitude. In the transient state, upward-directed curspond on the compression time scale. These are shown in
rents thus prevail across the whole outer magnetosphere ré-ig. 7 in a format similar to Fig. 6, but also containing some
gion, with peaks at both the open-closed field line boundaryimportant differences. The solid lines in Fig. 7a again show
(~1.70Am~2) and at the interface with the middle mag- the initial steady-state and transient angular velocity profiles,
netosphere<0.54Am~2). The field-aligned current is then exactly as in Fig. 6a. However, the coloured dotted lines now
directed downward throughout the middle magnetosphere reshow the corresponding neutral atmospheric angular veloc-
gion, as found previously by Cowley and Bunce (2003a, b),ity profiles assumed in the prompt response results discussed
peaking in magnitude at0.4Am~2 at the interface with  in Sect. 3.2.1 above (Eq. 5 with=0.5 in each case), such
the outer magnetosphere. that the currents in that case are determined by the difference
between the solid and dotted lines of corresponding colours.
3.2.2 Results for an unresponsive atmosphere on the confNow, however, if the neutral atmosphere does not respond
pression time scale on the compression time scale, the currents are instead de-
termined from the difference between the solid lines and the

We now briefly compare these results with those obtained orP12ck dotted line in each case, the latter corresponding to the
the assumption that the neutral atmospheric flow does not redtmospheric angular velocity in the initial steady state. It is
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thus readily seen that excitation of plasma super-corotationnput to the magnetosphere integrated over the open field line
with respect to the neutral atmosphere, and consequent reegion, which is also essentially unchanging due to the as-
versal in the sense of the current system, will occur for moresumed unchanging nature of the flowi23.5 TW. The re-
moderate compressions in this case, as previously indicatesults for the transient states in Fig. 8a show that values for
by Gong and Hill (2005). The corresponding Pedersen curthe modestly sub-corotating system produced by a compres-
rent intensity profiles are shown in Fig. 7b, where the solidsion to 65R; (blue solid line) are similar to the steady states,
lines show the currents for the case of the prompt atmo-+the integrated power over the closed field region in this case
spheric response just as in Fig. 6b, while the dot-dashed linebeing 118 TW, as indicated by the solid line in Fig. 8b. How-
show those for the unresponsive atmosphere case. Compresver, for the case of compression toRpit can be seen in
sion to 65R; is now sufficient to induce super-corotation Fig. 8a that the power is large and negative throughout the
with respect to the neutral atmosphere and reversal of thelosed field region, meaning that in this case the direction
Pedersen current to poleward throughout the middle magnesf power transfer is reversed, from magnetosphere to planet,
tosphere and in the inner part of the outer magnetospherghrough the mechanism of ion-neutral collisions in the Ped-
Compression to 4R; produces super-corotation with re- ersen layer. The magnitude of the power peaks in this case
spect to both the planet and neutral atmosphere throughoutt ~4 Wm~2 at the boundary between the outer and mid-
the closed field line region as before, but now produces curdle magnetosphere, while the total power integrated over the
rent intensities more than a factor of two larger than in theclosed field region in the model 8878 TW. The solid line in
latter case. We note that the steady states to which these syBig. 8b shows that the closed field integrated magnetospheric
tems ultimately relax are the same as those shown in Fig. 6power in the transient states declines to zero at a magne-
and are not repeated in the figure. In Figs. 7c and d we simtopause radius of59 R, at which point the plasma near-
ilarly show the corresponding profiles of the total Pederserrigidly corotates throughout the closed field region (mod-
current, and the ionospheric field-aligned current density de-estly super-corotating in the inner part and modestly sub-
termined from its gradient. The peak total current on closedcorotating in the outer part). It then decreases rapidly to large
field lines is now directed poleward in both cases, peakingnegative values as the plasma is induced to strongly super-
at ~20 MA for the case of compression to 85, and at  corotate throughout the closed field region. The dot-dashed
~170 MA for compression to 4B;. The corresponding line in this panel shows corresponding results for the tran-
field-aligned current system on closed field lines is now fully sient states assuming an unresponsive atmospheric flow on
reversed in sense even for compression t& g5while the  the compression time scale. The closed field magnetospheric
reversed currents for compression toRlbare more than a  power passes through zero for a more modest compression to
factor of two larger than for the prompt atmosphere case. ~68Rj in this case, and reaches much larger negative values

for large compressions than for the case of the prompt atmo-
3.3 Power inputs to the magnetosphere and atmosphere spheric response.

Figure 8c similarly shows co-latitude profiles of the power

We now consider the consequences of these current systemdissipated to atmospheric heating given by Eq. (7), corre-
and begin by examining the power input into the magneto-sponding to the currents shown in Fig. 6b. For this prompt
sphere, and into atmospheric heating. Figure 8a shows ccatmospheric response case this is a positive definite quan-
latitude profiles of the power per unit area transferred fromtity which goes just to zero when the plasma exactly rigidly
planetary rotation into the magnetosphere given by Eq. (6)corotates with the planet. Typical values are several tenths
corresponding to the current systems for the prompt atmoof a Wni 2. However, for the steady-state cases the val-
spheric response shown in Fig. 6b, and using the same linaes in the region of closed field lines fall continuously with
and colour format. It can be seen that in all the steady-increasing compression of the system, as the angular veloc-
state models the power values are of order a few tenths oities successively approach rigid corotation. Integrated over
a Wm2, or less. Integrating over the closed field region the closed field region, the steady state atmospheric powers
yields total power inputs into equatorial plasma rotation (perare 226, 78, and 14 TW for magnetopause distances of 85,
hemisphere) of 189, 179, and 101 TW for the models with65, and 4%, respectively. This variation is shown by the
magnetopauses at 85, 65, andri5(the black solid line and  dashed line in Fig. 8d, which has the same format as Fig. 8b.
the blue and red dashed lines), respectively. Closed field liné-or comparison, the essentially unchanging power integrated
integrated values per hemisphere for these steady state modver open field lines is-195 TW. For the transient states in
els are shown by the dashed line in Fig. 8b, plotted over thd=ig. 8c, the integrated closed field value is similarly mod-
range of magnetopause distances from 40 tR 85The rel-  est when the magnetopause is compressed in ®y68qual
ative invariance of these magnetospheric powers results frono 43 TW, due to the near-corotational nature of the plasma
the fact that as the plasma angular velocity increases towards this case. However, for the transient state corresponding
rigid corotation with increased compression, so the Pederseto compression to 4B, the atmospheric heating peaks at
current intensity falls, such that these effects tend to cancebver 2W n12 at the boundary between the outer and mid-
in Eg. (6) over the relevant range. For comparison, the powedle magnetosphere, while the closed field integrated power
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Fig. 8. (a) Co-latitude profile of power per unit area transferred from the planet to the magnetosphere given by Eq. (6), for the case of
magnetospheric compression from an initial radius oR§5t0 65 and 4&R;, assuming a prompt atmospheric response to the changed
plasma angular velocities. The line and colour codes follow those in Figs. 5 arfld) 6lotal power input to the magnetosphere (per
hemisphere) integrated over the region of closed field lines, plotted versus the magnetopaus®fadaver the range from 40 to 88; .

The solid line shows results for the transient states formed by compression from an initial radiu® o88Suming a prompt response of

the neutral atmospheric flow (thus corresponding to integrals under the solid lines in panel (a) at the apRpgriatdues), while the

dashed line shows results for the steady-state models (thus corresponding to integrals under the dashed lines in panel a). The dot-dashe
line shows corresponding results for the transient states assuming an unresponsive atmospheric flow on the compression time scale. Th
corresponding essentially constant concurrent power integrated over the region of open field #28%5igW. (c) As for panel (a) but

now for the power per unit area dissipated as atmospheric heating given by E@)(As for panel (b) but for the power per hemisphere
dissipated to atmospheric heating on closed field lines (the values thus correspond to integrals under the lines in panel ¢). The corresponding
essentially constant concurrent power integrated over the region of open field ln#85sTW.

is increased to 334 TW. Overall results for the power per3.4 Auroral electron acceleration and precipitating energy
hemisphere dissipated to atmospheric heating in the closed  flux
field region in the transient states, shown by the solid line
in Fig. 8d, shows a minimum for compression t®8R 3.4.1 Auroral electron acceleration parameters for prompt
where the plasma is near-rigidly corotating, and then a ma- atmospheric flow response case
jor increase with decreasing magnetopause radius as super-
corotation is induced. Similar behaviour also occurs for thewe now turn to the auroral consequences of the field-aligned
case of unresponsive atmospheric flow, shown by the dotcurrents, and begin in Fig. 9 by showing the auroral accel-
dashed line in Fig. 8d. Like the magnetospheric power, how-eration parameters corresponding to the current systems in
ever, this reduces to small values for more modest compresrig. 6 (using the same line and colour codes), which result
sions of the system, and then increases to significantly largefrom system compression from & to 65 and to 4R},
values as the compression of the system increases, comparegth prompt response of the atmospheric flow. Figure 9a
with the prompt atmospheric case. shows the field-aligned current density as in Fig. 6d, but now
displayed on an expanded co-latitude scale betwéesm8é
18, thus focussing on the region spanning the open-closed
field line boundary and the high-latitude region of closed
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Fig. 9. Plots showing auroral acceleration parameters in regions of upward-directed field-aligned current for the case of magnetospheric
compression from an initial value of 88 to 65 and 4%R;, assuming a prompt atmospheric response to the changed plasma angular
velocities. The line and colour codes follow those in Figs. 5 and 6. The parameters are plotted versus co-latitude over thel@nge 8
spanning the open-closed field line boundary and the closed field region of interest. The pandls)sheviield-aligned current density
(vAm~2) as in Fig. 6d(b) the accelerating voltage (kV) in upward-directed field-aligned current regions from Egq. (23) employing a log
scale,(c) the minimum radial distance of the acceleration region along the field lines in units of the polar ionospheric radial &istance
(~0.94R ;) from Eq. (24), andd) the precipitating electron energy flux (mWR) from Eg. (25), again on a log scale.

field lines. To consider the requirements for acceleration,R; (~0.94R ), while the precipitating energy flux obtained
we compare the upward-directed (positive) current densitiesrom Eq. (25) is shown in Fig. 9d.

in this plot with the limiting currents that can be carried by If we consider the steady-state solutions first, it can be
the unaccelerated magnetospheric electrons in the three re- Lo

ions considered. namelv open field lines. the outer ma Seen that there are always two separated regions of upward-
getos here and t,he midd%e raa netos heré as shown in %]_djrected current and accelerated electron precipitation, one
ble 1 pThes,e are 0.1 A m-2 for?he map neto,sheath (cusp) corresponding to the open-closed field line boundary, the

) i g . CUSP) " ther to the middle magnetosphere, and that with increas-
source, taken here to apply to the open f!eld I|-ne region Im'ing compression of the system the former grows in inten-
mediately poleward of the open-closed field line boundarygity while the latter diminishes. In all the solutions the
f)afu:r(]j eheen ;ke) tg;&%%ﬂ""f‘:ﬂ‘i‘ﬁﬂfggﬁ; tt:gob&:?gﬁ;ynﬁi%lgl\garplasma angular velocity increases from 10% of rigid coro-
P ’ K tation on open field lines to full rigid corotation at lower lat-

mag_neto_sphere regions. It can be seen that the upw_ar(_j CUudes, and as the system becomes more compressed more
rentin Fig. 9a generally considerably gxceeds these I|m|t|ngof this flow shear falls across the open-closed boundary and
values, suph thaF downward acceleration of mag.netosphenf:ess across the middle magnetosphere. At the open-closed
elect_rons Is required to carry Fhem. The accelerating VOItage%oundary the accelerating voltages are typically a few hun-
pbtalned from Eq. (23) combined V\{'th th? source parameter%red volts where the current is taken to be carried by mag-
in Table 1, are plotted versus co-latitude in Fig. 9b. Similarly, netosheath electrons poleward of the boundary, increasing
the minimum height of the acceleration region obtained from X L
Eq. (24) is shown in Fig. 9¢ in units of the ionospheric radiusto a few tens of kilovolts where the current is taken to be

q: 9. P carried by the outer magnetospheric electrons equatorward
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of the boundary. These differences reflect the lower denthe system is compressed inwards to 65 an® A5respec-
sity and higher temperature of the outer magnetosphere eledively. The minimum radial distances of the acceleration re-
trons compared with the magnetosheath. The resulting engion in Fig. 9c fall correspondingly, but are never greater
ergy fluxes are typically a few tenths of a mWnon the  than~3 R;. With regard to the precipitating electron power
open field line side of the boundary, sufficient to produce anshown in Fig. 9d, it can be seen that the peak powers are suf-
aurora of only a few kR, while increasing to a few to a few ficient to produce an aurora 6100kR in intensity in the
tens of mW nT2 on the closed field line side of the bound- initial state, reducing te-20 and~2 kR as the compression
ary, sufficient to produce bright auroras of a few tens to aincreases. The total powers integrated over the middle mag-
few hundreds of kR. Integrating over the whole open-closednetosphere region from the boundary with the outer magne-
field line boundary region, defined here to be the region oftosphere to 18co-latitude, fall from 1.28 TW in the initial
total width 0.73 centred on the open-closed field boundary state, to 327 and 60 GW for compressions to 65 an® A5
which encompasses the boundary current in the model (thusespectively. The unaccelerated power input in the middle
lying between~9.9 and ~10.6> co-latitude), the precipi- magnetosphere to 1&t the rate given by Eq. (22) is 42 GW.
tating electron power in the model increases from 26 GW inln essence, a magnetopause compression inwards Ry 45
the initial steady-state when the magnetopause lies &85 effectively suppresses the accelerated middle magnetosphere
to 143 GW when it is compressed to B3, and to 306 GW  precipitation in the steady state.
when it is compressed to 48;. The corresponding UV au- Now examining the transient cases shown in Fig. 9, it
roral output is~10% of these values. The total precipitating is first seen that the response at the open-closed field line
electron power into this region if the populations remainedboundary is similar to that described above, due to the in-
unaccelerated at the energy fluxes given by Eq. (22) woulccreased flow shear that occurs across the boundary in com-
amount to only~0.45 GW. We also note from Fig. 9c thatto pressed conditions, whether transient or steady-state. How-
provide the necessary electron flux for the boundary currentever, the auroral acceleration on closed field lines equator-
the acceleration region must lie high on the field lines on theward of the boundary is distinctly different, reflecting the dif-
closed field side of the boundary, abov8-5R;, depending fering patterns of field-aligned current in Fig. 9a. When the
on the state of compression. The acceleration region can lisystem is compressed to 85 (blue solid lines), downward
much closer to the planet on the open field side of the boundelectron acceleration is required in a region on both sides of
ary where the current is taken to be carried by the denser cusihe boundary between the outer and middle magnetospheres.
electrons. The accelerating voltages in Fig. 9b are typically a few kV,
We should perhaps note at this point that the detailed valpeaking at-5 kV in the middle magnetosphere. The voltages
ues of the auroral parameters computed at the open-closeate generally smaller in the outer magnetosphere region de-
field line boundary, as above, do depend on the model asspite the peak field-aligned currents being larger, due to the
sumption concerning the latitudinal spatial scale on whichlower temperature of the source plasma in that region com-
the changes at the boundary take place. The change in angpared with the middle magnetosphere (Table 1). The peak
lar velocity at the boundary determines the total field-alignedelectron energy fluxes shown in Fig. 9d are sufficient to pro-
current flowing for given ionospheric conductivity through duce auroras of only a few kR, however, with total integrated
Egs. (3) and (4), while the current density, and hence thgowers of 76 and 12 GW in the middle and outer magneto-
accelerating field-aligned voltage and precipitating energysphere regions, respectively. The latter value compares with
flux, is also determined by the assumed width of the field-a total unaccelerated precipitated power in the outer magne-
aligned current layer parameterised Ay, 7 p in Eq. (19).  tosphere region of 1.2 GW, given by Eq. (22). For compari-
The value adopted here corresponds to a north-south spatiabn, the total precipitating electron power in the open-closed
scale of~440km as indicated in Sect. 2.5, which is hope- boundary region, defined as above;i$37 GW in this case.
fully reasonable. However, for other choices, the currentThis transient state represents a transitional configuration be-
density and accelerating voltage (Eq. 23) will vary inversely tween the two-zone accelerated precipitation pattern charac-
with the chosen width, while the precipitating electron en- teristic of steady-state conditions, and that associated with
ergy flux and UV luminosity will vary inversely as the square the excitation of super-corotation throughout the closed field
of the width (Eq. 25). Integrating over the whole boundary region of the model such as occurs for a magnetopause com-
region, therefore, the total precipitating electron power will pression to 4R ; (red solid lines). In this case, downward
vary inversely with the assumed layer width. This level of electron acceleration is required throughout the outer mag-
uncertainty, which is not shared by the other integrated pow-netosphere region from the open-closed field line boundary
ers computed in this paper, should be borne in mind wheras shown in Fig. 9b, the required voltages increasing from
considering the results for this region which we present. ~2 to~15kV across this region before switching off across
For the middle magnetosphere regions in the steady-statthe boundary with the middle magnetosphere where the field-
solutions, it can be seen in Fig. 9b that the peak accelerataligned current reverses to downward. The acceleration re-
ing voltages fall with the field-aligned current density from gion must also be located relatively high on the outer mag-
~50KkV in the initial expanded state, te20 and~3kV as netosphere field lines to provide the required electron flux
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Fig. 10. (a)Overview of the variation of precipitating electron power per hemisphere (log scale) integrated over various regions of the model
versus the magnetopause radRyg p in Ry, for the case of rapid system compression from a magnetopause radiu® of 8 suming a

prompt response of the atmospheric flow. Red lines show the power input into the open-closed field line boundary region (defined as the
region of latitudinal width 0.75centred on the open-closed field line boundary), green lines the outer magnetosphere region, blue lines the
middle magnetosphere to 180o-latitude, while the black lines show the sum of these components. Solid lines refer to the transient states
formed by rapid compression inward from the initial magnetopause radiusry &he right-hand border of the plot), while dashed lines

show the steady-state values to which these revert afte2 days of steady compressid(n) As for panel (a) but now for the case of an
unresponsive atmospheric flow on the compression time scale. Results for the transient cases are now plotted using dot-dashed lines.

at the ionosphere, beyond radial distances-@-4R; ac- ted on a log scale versus the radial distance of the magne-
cording to Fig. 9c. The electron energy flux produced by thetopause. Results for the various regions of the model are
acceleration then peaks-afl0 mW n1 2 at the boundary be-  colour-coded, red for the open-closed field line boundary re-
tween the outer and middle magnetosphere regions, sufficiergion (defined as above), green for the outer magnetosphere,
to produce a~100kR aurora, while falling towards a mini- blue for the middle magnetosphere, and black for total val-
mum of~0.1 mW nt2 and~1 kR near the open-closed field ues. We recall that the UV output powers ar&0% of these

line boundary. It can thus be seen that in effect a two-ringvalues. Results pertaining to steady-state solutions are shown
auroral distribution will still result under these conditions, by dashed lines, while those for the transient states produced
with the lower-latitude “ring” peaking at the boundary be- by a compression inward from &&; are shown by the solid
tween the outer and middle magnetosphere, at essentially tHaes. If we look first at the steady-state results shown by the
same latitude that the middle magnetosphere current peakdashed lines, it can be seen that the auroral power associated
in the steady-state solutions. However, the bright auroral rewith the middle magnetosphere (blue dashed line) dominates
gion now extends poleward from that boundary toward thethe expanded system, but strongly declines with increasing
open field region, rather than towards lower latitudes as in thecompression, as in the examples shown above. Conversely,
steady state cases. The total precipitating electron power ithe power associated with the open-closed field line bound-
the outer magnetosphere region is found to be 418 GW undeary (red dashed line) grows strongly with increasing com-
this condition, compared with 841 GW into the open-closedpression, becoming dominant for magnetopause radii less
field line boundary defined as above, and 42 GW for the unthan~59R;. The power in the outer magnetosphere region
accelerated population precipitating into the middle magne<{green dashed line) remains fixed at the unaccelerated limit-

tosphere region (to 2&o-latitude). ing value throughout in this case, since the current in that re-
_ o gion is always directed downward in the steady state. Adding
3.4.2  Overview of precipitating electron powers these components together results in the total precipitated

_electron power shown by the black dashed line, which over-

Overall results for the integrated auroral powers per hemi-5; qeclines from 1.31 TW for the expanded state aRg5to
sphere for the case of magnetospheric compression with 3g4 G for the compressed state atRiQ
prompt atmospheric response are shown in Fig. 10a, plot-
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For the transient states it can be seen that the middle mag- /o,
netosphere power (blue solid line) declines rapidly with in-
creasing compression, reaching the unaccelerated limiting *[
value of 43 GW at a magnetopause position@®3 R (just
inside the radius illustrated in the 85 example above).
On the other hand, the power input into the outer magne-
tosphere (green solid line) rises above its unaccelerated lim-"" |
iting value for magnetopause radii less than3 R, and in- oal
creases rapidly with increasing compression, exceeding the
unaccelerated value for the middle magnetosphere for mag- , |
netopause radii less thar60R;, and reaching 723 GW at
40R;. By comparison, the precipitating electron power in ‘
the open-closed field line boundary region (red solid line) 2
increases from modest values for the expanded system t
become dominant for_mag_netopause radil Ies_s theBR, . .__equatorial radial distance for the case of an expansion of the mag-
Overall, the total precipitating electron power in the trans'entnetopause due to a sudden fall in solar wind dynamic pressure. The
states declines from 1.31 TW for the initial expanded systemyeq solid line shows the initial steady state with a magnetopause

08 -

. . . ' re/Ry
40 60 80 100

Eig. 11. Normalised plasma angular velocity profiles plotted versus

at 85R;, reaches a minimum value of 219GW-a64R;,  at 45R;. The blue and black solid lines then show the transient
and increases again with further compression to 2.19 TW aprofiles following an outward expansion of the magnetopause to 65
40R;. and 85Ry, respectively. The blue and black dashed lines show the

A similar overview for the unresponsive atmosphere casesteady states to which these profiles relax afterla2 day inter-
is shown in Fig. 10b, the current systems for which were dis-val. Th_e horizontal dotted line shows the condition of rigid plasma
cussed in Sect. 3.2.2 and shown in Fig. 7. The format is th&orotation.
same as Fig. 10a, except that values for the transient states
are shown by dot-dashed lines (as in Fig. 7), as opposed t@pe ifically, red, blue, and black lines correspond to mag-
the solid lines in Fig. 10@. Valyes for the steady states Showrhetopause positions of 45, 65, andh respectively. The
by the dashed lines are identical In the two .plots',. The SaM&eq solid line thus shows the initial steady state profile cor-
b§15|c pattern of results can be discerned in this plot 85 iNesponding to a magnetopause a45 in which the plasma
Fig. 10a, and for the same reasons. However, the excitatior, ose to rigid corotation throughout, wi(h)/QJ) falling
of accelerated_ ele_ctron input |n.the outgr magnetosphere, angl g g5 at the outer boundary of the middle magnetosphere
the related switching off of that in the middle magnetosphere,, 4 in the outer magnetosphere. These steady states are of

occurs for more modest compressions than in Fig. 10a, and, rse the same for a given magnetopause radius as those
the subsequent QfOWth of the accelerated electron power fo§h0wn in Sect. 3. The blue and black solid lines then show

tota_l glgctron power input in t.he trgns_ient state exceeds that i'?apid magnetopause expansion fromr5to 65 and 8%,
the initial state for compressions insig&7 R, correspond-  raspectively, while the blue and the black dashed lines show
ing to solar wind dynamic pressures exceedin®12nPa,  yhe corresponding steady states to which these relax. It can
and reaches-8.36 TW for compressions to 49;. be seen that on sudden expansion, the plasma angular ve-
locities drop to low values throughout much of the middle
) , and outer magnetosphere, and then increase again somewhat
4 Magnetospheric expansion as steady conditions are resumed. The decreases in angular

) . . velocity seen in the figure inside20R; are somewhat ex-
We now consider the effect of magnetospheric expansiong,qqerated, however, since the magnitude of the model field

caused by redu_ctlons In solar vymd dynamic pressure, an‘tj-zmployed for the middle magnetosphere becomes unrealis-
for purposes of illustration consider the case of sudden exgic,|y ‘small within this distance, so that the field line dis-
pansions from an initially highly compressed state with aplacements are unrealistically large

magnetopause at 45, corresponding to a solar wind com-
pression region, outward to 65 and _toBﬁ. The orderof 42 Magnetosphere-ionosphere coupling current system
discussion will follow that of the previous section.

4.2.1 Results for the case of prompt atmospheric flow re-
4.1 Plasma angular velocity profiles sponse

In Fig. 11 we show the plasma angular velocity profiles The ionospheric currents corresponding to these angular ve-

plotted versus radial distance in the equatorial plane, wheréocity profiles are shown in Fig. 12, in the same format as
the line and colour code follows that in previous sections.Fig. 6. Figure 12a thus shows the plasma angular velocity
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Fig. 12. Angular velocity and ionospheric current profiles plotted versus ionospheric co-latitude for the case of magnetospheric expansion,
assuming a prompt response of the neutral atmosphere flow. The colour code follows Fig. 11, in which the red solid lines show the initial
steady state with a magnetopause ar45the blue and black solid lines the transient states following magnetopause expansions to 65 and
85R;, respectively, while the blue and black dashed lines show the steady states to which these relaga) Bhoels the normalised

plasma angular velocity profiles, as in Fig. 11 but now mapped to the ionosghgihows the height-integrated ionospheric Pedersen
current intensity, positive equatorwai@) shows the corresponding total Pedersen current, also positive equatorwarddyshews the
field-aligned current density just above the ionosphere positive upward.

profiles of Fig. 11 transformed into the ionosphere and plot-creasing expansion of the system and for the transient states
ted versus co-latitude. It can be seen that as the system exompared with the steady states. The currents in the outer
pands, the flow shear at the open-closed field line boundargand middle magnetosphere are then consistently downward-
falls, while that across the middle magnetosphere increasesnd upward-directed, respectively, and show an opposite be-
This applies both to the transient and steady states, but thbaviour in being enhanced for increasing expansion of the
effect is larger for the former than the latter. Figures 12bsystem, and for the transient states compared with the steady
and c then show the corresponding Pedersen current interstates.

sity and total Pedersen current profiles, respectively, where

we are again assuming a prompt response of the atmospheriz2.2 Results for an unresponsive atmosphere on the com-
flow. In all these profiles the current falls at the boundary pression time scale

between open and closed field lines, rises again in the outer

magnetosphere, and then falls to small values across the mic€Gorresponding results for the case of an unresponsive atmo-
dle magnetosphere. However, due to the behaviour of the arspheric flow are shown in Fig. 13, in the same format as
gular velocity, the fall at the open-closed field line boundary Fig. 7. In Fig. 13a the red solid line thus shows the ini-
decreases with expansion of the system, and for the transienial plasma angular velocity profile, while the blue and black
states compared with the steady states, and vice-versa for theslid lines show the transient states formed by rapid expan-
fall across the middle magnetosphere. The consequences fgion to 65 and to 8®;, respectively, exactly as in Fig. 7a.
the field-aligned current are shown in Fig. 12d. As then ex-The coloured dotted lines then show the corresponding atmo-
pected, this shows a consistently upward-directed current agpheric angular velocity profiles given by Eq. (5) witk0.5,

the open-closed field line boundary, which reduces with in-these being the atmospheric angular velocities assumed in
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Fig. 13. Similar to Fig. 12, but now comparing transient case results for prompt and unresponsive atmosphere casg@g.sRawslthe

angular velocity profiles, where the solid lines show the plasma angular velocities in the initial state corresponding to a magnetopause at
45R; (red), and in the transient states formed by rapid expansion to 65 (blue) agd @Back), as in Fig. 12. The red, blue, and black

dotted lines then show the neutral atmosphere angular velocities given by Eq. (5) in each caseOfttihe blue and black dotted lines

being the transient neutral profiles assumed in the prompt response results shown in Fig. 12. In the unresponsive atmosphere case, howeve
the transient currents are calculated using the red dotted line from the initial steady state throughout. In subsequent panels the transien
profiles for the unresponsive atmospheric case are shown by dot-dashed lines, while those for the prompt atmospheric response cases a
shown for comparison by the solid lines, blue corresponding to expansionRg,&&nd black to 8% ;. The red solid lines show results

for the initial steady state. With this format, par{b) shows the ionospheric Pedersen current intensity, positive equatori@psthows

the corresponding total Pedersen current, also positive equatorward,(d)héleows the ionospheric field-aligned current density, positive
upward.

the prompt response case discussed in Sect. 4.2.1 above. Thater cases. As a consequence, the Pedersen current inten-
currents in the latter case are thus determined by the differsity now increases sharply at the boundary between open and
ence between the solid and dotted lines of the same colouglosed field lines, unlike all previous cases discussed in this
while for the unresponsive atmosphere case considered hepaper, before increasing further across the outer magneto-
they are determined by the difference between the solid linesphere and then falling rapidly to zero across the middle mag-
and the red dotted line in each case. It can thus be seen thaetosphere. The consequences for the field-aligned current
this will significantly increase the magnitude of the Pedersenprofiles shown in Fig. 13d is that in these cases the current at
currents on closed field lines. This is shown in Figs. 13b andthe open-closed field line boundary is reversed to downward,
¢, where the solid lines show the Pedersen current intensitguch that the current is downward-directed throughout the
and total Pedersen current for the initial steady state (redyegion from the pole to the boundary between the outer and
and for the transient expanded states assuming a prompt atiddle magnetosphere. Strong upward currents then flow
mospheric response (blue and black) as in Fig. 12, while theéhroughout the middle magnetosphere.

blue and black dot-dashed lines show the modified transient

profiles assuming an unresponsive atmosphere. Comparison

shows that the Pedersen currents are increased roughly by a

factor of two throughout the region of closed field lines in the
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Fig. 14. (a)Co-latitude profile of power per unit area transferred to the magnetosphere for the case of magnetospheric expansion from an
initial radius of 45R ; to 65 and 8%, assuming a prompt atmospheric response to the changed plasma angular velocities. The line and
colour codes follow those in Figs. 11 and XB) Total power per hemisphere input to the magnetosphere (per hemisphere) integrated over
the region of closed field lines, plotted versus the magnetopause ®Rgligsover the range from 45 to ;. The solid line shows results

for the transient states formed by expansion from an initial radius & A4&ssuming a prompt response of the neutral atmospheric flow

(thus corresponding to integrals under the solid lines in panel (a) at the apprapyjatealues), while the dashed line shows results for the
steady-state models (thus corresponding to integrals under the dashed lines in panel a). The dot-dashed line shows corresponding results f
the transient states assuming an unresponsive atmospheric flow on the compression tirt® scdller panel (a) but now for the power per

unit area dissipated as atmospheric heat{dyAs for panel (b) but now for the power dissipated per hemisphere to atmospheric heating in

the closed field region (thus corresponding to integrals under the curves in panel c).

4.3 Power inputs to the magnetosphere and atmosphere over the closed field region per hemisphere are plotted ver-
SUSRy p in Fig. 14b. The power input for the transient states

] ) (solid line) increases rapidly from the initial steady state
Figure 14 shows results for the power input to the magne+or modest expansions of the system, before falling slowly
tosphere and that dlSSlpated as gtmo_spherlc heatmg_for thgith increasing magnetopause radius beyo$ R ;. These
case of magnetospheric expansion, in a format similar t9,,yers then fall by modest factors as the steady state is ap-
Fig. 8. Figure 14a shows co-latitude profiles of the powerrgached at a given radius (dashed line). The closed field
per unit area input to the magnetosphere assuming promphagnetospheric power input in the transient states assuming
response of the atmospheric flow, where the line and coloug, ynresponsive atmosphere is shown by the dot-dashed line
code foll_ows Fig. 12. These powers remain relat|vel_y smal_lin Fig. 14b. This is roughly double that for the prompt at-
and similar to each other for reasons _already_ mentioned ifospheric response as a result of the doubled Pedersen cur-
Sect. 3.3. Integrated over the closed field region, the powefanis that then occur, shown in Fig. 13. The peak value is
is 101 TW for the initial compressed steady state with a mag-.4g0 Tw (per hemisphere) for an expansion85 R ;. We
netopause at 4B; (red solid line), increasing to 266 and gca)l from Sect. 3.3 that the essentially unchanging power

237 TW, respectively, for the transient states expanded to 6%tegrated over each open field regioni23.5 TW.
and 85R; (blue and black solid lines). The latter powers then

reduce modestly to 179 and 189 TW in the corresponding The corresponding co-latitude profiles of power per unit
steady states (blue and black dashed lines). Values integrateatea dissipated to atmospheric heating are shown in Fig. 14c,
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Fig. 15. Plots relating to auroral acceleration in regions of upward-directed field-aligned current for the case of magnetospheric expansion
from an initial radius of 43R ; to 65 and 8%, assuming a prompt atmospheric response to the changed plasma angular velocities. The
line and colour codes follow Fig. 12. The parameters are plotted versus co-latitude over a reduced randetdrd® ,8spanning the
open-closed field line boundary and the closed field region of interest. The panel¢egtbe field-aligned current density as in Fig. 12d,

(b) the accelerating voltage in regions of upward-directed field-aligned current employing a logedale minimum radial distance of the
acceleration region along the polar field lines, &dthe precipitating electron energy flux again on a log scale.

again for the case of prompt atmospheric flow response4.4 Auroral electron acceleration and precipitating energy
These can be seen to increase strongly with increasing sub-  flux

corotation of the plasma. Integrated over the closed field re-
gion, the total powers are 14 TW in the initial steady state,4.4.1 Auroral electron acceleration parameters for prompt
increasing to 256 and 427 TW in the transient states as the atmospheric flow response case
system expands to 65 and B5, before falling to 78 and
226 TW in the corresponding steady states. Overall results iWe now turn to the auroral precipitation associated with mag-
Fig. 14d, having the same format as Fig. 14b, show monohetospheric expansion, and in Fig. 15 show co-latitude pro-
tonic growth of the closed field power per hemisphere dis-files of relevant parameters for the case of prompt response
sipated to atmospheric heating with the magnetospheric raof the atmospheric flow, similar to Fig. 9 for the case of com-
dius, in both the transient and steady states, reaching valuggession. The line and colour format is the same as Fig. 12.
of several hundred TW for large expansions in the case of arfrigure 15a reproduces the field-aligned currents shown pre-
unresponsive atmospheric flow. We note that the essentiallyiously in Fig. 14d, now shown over the reduced co-latitude
unchanging power integrated over each open field region igange between°8and 18, showing that for the case of sys-
~195TW, as in Sect. 3.3. tem expansion, the upward currents remain separated into
two zones, one corresponding to the open-closed field line
boundary, the other to the middle magnetosphere. As the
system expands the former currents are reduced, more so for
the transient states than for the steady states, while the latter
are enhanced. In all cases, however, acceleration of magne-
tospheric source electrons is required to carry the currents
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Fig. 16. (a)Overview of the variation of precipitating electron power per hemisphere (log scale) integrated over various regions of the
model plotted versus the magnetopause rafliys in R, for the case of system expansion from an initial magnetopause radiuskgf,45
assuming a prompt response of the atmospheric flow. Red lines show the power input into the open-closed field line boundary region (defined
to be the region of total latitudinal width 0.7%8entred on the open-closed field line boundary), green lines the outer magnetosphere region,
blue lines the middle magnetosphere region td d&latitude, while the black lines show the sum of these components. Solid lines refer to

the transient states formed by rapid expansion outward from the initial magnetopause radiRg &5 eft-hand border of the plot), while

dashed lines show the steady-state values to which these revert-aftierdays.(b) As for panel (a) except for the case of an unresponsive
atmospheric flow on the expansion time scale. In this case results for the transient states are plotted as dot-dashed lines. Results for th
steady-states plotted for comparison as dashed lines are identical to panel (a).

according to the limiting values in Table 1, though only just panded to 65 and 88,, respectively. The latter values then
so for the magnetosheath source poleward of the open-closezhange to 327 GW and 1.28 TW in the corresponding steady
boundary in the transient cases. It can be seen that as thstates.

current density falls at the open-closed field line boundary,

so too do the field-aligned voltages (Fig. 15b), the minimumy 4.2  Overview of precipitating electron powers

heights of the acceleration region (Fig. 15c¢), and the precip-
itating energy fluxes (Fig. 15d). Integrated over the whole
boundary region (defined as in Sect. 3.4 above), the totaﬁ
precipitating electron powers fall from 306 GW in the ini-
tial compressed steady state with a magnetopause Rj 45

n overview of the variation of the precipitating electron
ower per hemisphere versus magnetopause radius for the
case of system expansion from R and prompt atmo-
i . spheric response is shown in Fig. 16a, in the same format
t0 40 and 5GW for the transient e>.<panded states with Madas Fig. 10a. The red, green, blue, and black lines thus refer
Fhetopauses at 65 andh8t5£ relsa%ectnéelzyé gc\? latter V?IU?S . to values integrated over the open-closed field line boundary
then Increase §ome¥v "’c‘j ot ‘ ar]l’h : ’ r?Spfﬁ 'Ve,)é'd'll?egion, the outer magnetosphere, the middle magnetosphere,
€ corresponding steady states. € values for the middi§,q total values, respectively, with solid lines referring to the

magnetosphere then show the opposite behaviour, with th?ransient states and the dashed lines to the steady states. We

voltages, minimum acceleration region aliiiude, and ENerA%hus note that the dashed lines corresponding to the steady

fluxes all increasing with the expansion of the _system. It Sstates are identical to those shown previously in Fig. 10. As
also notable that the acceleration region also widens to largei

. . . ) indicated by the examples discussed in Sect. 4.4.1 above,
co-latitudes in the transient states compared with the stead

tates. thouah i this effect | ted by th e precipitating electron power at the open-closed field line
states, though again this efiect 1S exaggerated by the magcioundary (red lines) falls rapidly with expansion of the sys-

netic field model employed in the inner region, as Indlcatthem in the transient states, before partially recovering in the

m. Sect. 4.1. Integrated over Fhe middle magnetgsphere reéteady states. The power input to the middle magnetosphere
gion to 18, the total precipitating electron power is 60 GW blue lines) behaves oppositely over most of the range of

In tdhi g;}?\l/&(?mtﬂre‘:’sed §te?d€/ tstate,.tlrrllcreasmtg t0 688G agnetopause distances, increasing strongly with expansion
and L. In the transient states with magnetopauses €Xss i, q system in the transient states, and then falling again in
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the steady states, though the transient values become cortien in Fig. 10, and for the power inputs to the magnetosphere
parable to and smaller than the steady-state values for thand atmospheric heating in Figs. 8b and d, respectively, these
largest expansions, beyoneB4R;. We also note that the figures being the principal reference points for the discus-
precipitating electron power into outer magnetosphere regiorsion given here. In an initially expanded steady state corre-
(green line) remains at the unaccelerated value of 1.2 GWsponding to a solar wind rarefaction region, the plasma an-
throughout (given by Eq. 22), for both transient and steadygular velocity falls from near-rigid corotation in the inner
states. The total precipitating electron power over all thesemagnetosphere to a significant degree of sub-corotation in
regions combined (black lines) increases from 368 GW inthe outer magnetosphere, before falling further (in the iono-
the compressed initial state with a magnetopause &t4%0 sphere) to small values on open field lines across the open-
1.24TW in the transient expanded state with magnetopauselosed field line boundary. Upward-directed field-aligned
at 85Ry, the latter then increasing marginally to 1.31 GW as currents thus flow at both the open-closed field line boundary
steady conditions are resumed. and in the middle magnetosphere where the angular velocity
Corresponding results for the case of unresponding atfalls with increasing latitude, both of which require accel-
mospheric flow on the expansion time scale are shown ireration of auroral electrons. A two-zone region of discrete
Fig. 16b. The format follows Fig. 16a, except that the re- auroral emission will therefore be produced, with emission
sults for the transient cases are shown by the dot-dasheihtensities of order~-100 kR, and total precipitating powers
lines. It can be seen that the precipitating electron powerof ~1 TW, dominated by the middle magnetosphere. With
into the open-closed field line boundary region in the tran-UV emission efficiencies of-10%, the total UV output will
sient case (dot-dashed red line) now falls to small valueshus be~100 GW, comparable to typical auroral UV power
for modest expansions of the system, reaching an unaceutputs inferred from both HST and Cassini data (Grodent et
celerated value of 0.45GW as the field-aligned current be-al., 2003a, b; Pryor et al., 2005). The power inputs to magne-
comes downward-directed, for magnetopause radii exceedospheric rotation in each hemisphere a20 TW on open
ing ~59R; (see Fig. 13d). On the other hand the electronfield lines (essentially constant throughout) an@d00 TW
power input to the middle magnetosphere in the transienon closed field lines, while that dissipated to atmospheric
cases increases very quickly with expansion of the systemheating in each hemisphere+4£200 TW on open field lines
reaching~4.15TW for an expansion to 85;. The tran-  (also essentially constant), and100—200TW on closed
sient input power in this case is 2—-3 times that for the tran-field lines, increasing with the extension of the system and
sient states assuming prompt atmospheric response showronsequent sub-corotation of the plasma.
in Fig. 16a, and is typically~5 times higher than the input When the system is rapidly compressed inward from such
power for the corresponding steady state. a configuration, the plasma angular velocity initially rises to-
wards rigid corotation on closed field lines for modest com-
pressions, due to conservation of angular momentum. This
5 Discussion increases the flow shear across the open-closed field line
boundary, and hence the field-aligned current density and
In this paper we have set up and investigated the conprecipitating auroral electron power at the boundary, while
sequences of a simple physically-motivated model ofdecreasing that across the middle magnetosphere, where the
the response of the magnetospheric flow and resultfield-aligned current and precipitating electron power are
ing magnetosphere-ionosphere coupling current system atorrespondingly reduced. Overall, the total precipitating
Jupiter to solar wind-induced compressions and expansionslectron power is reduced (Fig. 10). Similarly the power in-
of the system. Although transitions between any two mag-put to the magnetosphere and to atmospheric heating in the
netospheric radii can be computed, to illustrate results weclosed field line region are also reduced, ideally to zero in
have considered compressions of an initially expanded systhe case where the plasma exactly rigid corotates with the
tem with a magnetopause radius of 85, corresponding to  planet throughout, or corotates with the neutral atmosphere
a typical solar wind rarefaction region, inwards to radii down if the latter flow is unresponsive on this time scale. In the
to 40R;, corresponding to a strong solar wind compressioncase illustrated in this paper, where the radius of the magne-
region. We have also considered expansions of an initiallytopause in the initial steady state was taken to b 8&cor-
compressed system with a magnetopause radius @45 responding to a solar wind dynamic pressure-6£02 nPa),
outward to radii up to 9® ;. These are intended to represent this condition applies to compressions inward~60R
the largest commonly-occurring solar wind-induced transi-(~0.09 nPa) in the case of prompt atmospheric response, or
tions that take place within the jovian system (e.g., Nicholsto ~70R; (~0.05nPa) in the case of an unresponsive at-
et al.,, 2006). In this section we will summarise and dis- mosphere. At this point the middle magnetosphere acceler-
cuss these results, beginning with the effects of solar wind-ated precipitation is switched off in the model, while weak
induced compression. accelerated precipitation in the outer magnetosphere begins
The rather complicated behaviour of the system under(at intensities of a few kR). The minimum total precipitating
compression is summarised for the auroral electron precipitaelectron power is~250 GW in this configuration (for both
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atmospheric response cases), then dominated by the emimainder is dissipated as atmospheric heating, peaking at val-
sion from the open-closed field line boundary. The reductionues of a few W m? at the boundary between the outer and
in precipitating electron power from initial values ofL TW middle magnetosphere (Fig. 8c). The integrated heating rate
by typical factors of two or four in this case is the response toon closed field lines can be raised to several hundred TW or
compression discussed originally by Southwood and Kivel-more under these conditions. Such heating rates are expected
son (2001) and Cowley and Bunce (2001). If the compres-o result in a significant transient thermospheric temperature
sion is halted within this radius (for a modest increase inresponse (see e.g., Melin et al., 2006). As sub-corotating
solar wind dynamic pressure) then the precipitation at thesteady-state conditions are resumed, the flow shear and pre-
open-closed field line boundary does not greatly change asipitating electron power at the open-closed field line bound-
sub-corotating conditions are resumed, while the usual acary falls, while the reversion of the closed field current sys-
celerated precipitation in the middle magnetosphere regioriem to the usual sense of flow results in the accelerated pre-
re-emerges, and once more becomes the dominant compaipitation into the outer magnetosphere region being replaced
nent. Overall, therefore, the precipitating electron powerby the usual accelerated middle magnetosphere precipitation,
rises as steady-state conditions are resumed, while remaimwhich, however, is of lesser intensity. Overall, therefore,
ing less than that in the initial expanded steady state. Similathe total precipitating electron power reduces~400 GW
comments apply to both the power input to magnetospheridén the model as steady-state conditions are resumed under
rotation, and into atmospheric heating. these compressed conditions, dominated by precipitation at
As also noted by Southwood and Kivelson (2001) andthe open-closed field line boundary. Similarly, power input to
Cowley and Bunce (2001), however, further rapid compres-the sub-corotating closed field magnetosphere is resumed at
sion of the system to radii smaller than the above-mentionededuced rates of100 TW, while atmospheric heating rates
limits raises the plasma angular velocity on closed fieldon closed field lines are greatly reduced to a few tens of TW.
lines to conditions of super-corotation. In this case the flow We finally summarise our results for rapid expansions of
shear, field-aligned current, and auroral precipitation at thehe system from such compressed modestly sub-corotating
open-closed field line boundary are further increased, whilesteady states, due to a sudden decrease in solar wind dynamic
a fully-developed “reversed” current system is formed onpressure. The discussion here is based largely on the overall
closed field lines and grows in amplitude as the compres+tesults shown in Fig. 16 for the auroral electron precipitation,
sion increases. The accelerated electron precipitation thednd in Figs. 14b and d for the power inputs to the magneto-
then occurs in the outer magnetosphere peaks at the boundphere and atmosphere. Expansion causes the plasma angu-
ary with the middle magnetosphere (at typical intensities oflar velocity to fall with increasing radial distance if angular
several tens of kR in the model), thus being co-located withmomentum is conserved, to values less than that of the corre-
the poleward boundary of the middle magnetosphere precipsponding steady states. The shear in plasma velocity across
itation in the steady-state. However, in this case the precipthe open-closed field line boundary is thus reduced compared
itation extends with diminishing intensity poleward of this with the initial state, and with it, the upward current and ac-
boundary before brightening again at the open-closed fielccelerated precipitation are also reduced at the boundary. The
line boundary, thus in effect again forming a two-ring auro- current can be reversed to downward and the accelerated pre-
ral system. As the compression increases, the precipitatingipitation extinguished for sufficient expansion in the case
electron power increases at both the open-closed field lin®f an unresponsive atmosphere. At the same time, the flow
boundary and in the outer magnetosphere region in the transhear across the middle magnetosphere is significantly in-
sient state, the former remaining modestly larger than thecreased on expansion, such that the upward-directed field-
latter in the model (though again noting the intrinsic uncer-aligned current is increased in this region, together with the
tainties in the former values associated with the width of theaccelerated electron precipitation. Overall, the total precipi-
current layer at the open-closed field line boundary). Thetating electron power is enhanced for significant expansions,
total precipitating electron power thus grows with increas-to ~1 TW for an expansion te-70-90R; in the prompt at-
ing compression of the system under these conditions, reachmosphere case, and+8—4 TW for similar expansions in the
ing and exceeding the initial value of1 TW for compres-  unresponsive atmosphere case, dominated by precipitation
sions inside~50 R; (corresponding to a solar wind dynamic in the middle magnetosphere region. As steady-state con-
pressure of~0.2 nPa) in the prompt atmospheric responseditions resume, precipitation into the middle magnetosphere
case. For the unresponsive atmosphere case this condition iegion is reduced, while that into the open-closed field line
reached for a compressiont@®0R; (~0.09 nPa), while for  boundary is enhanced, though remaining less than that in the
a compression e.g. to8d45R; (~0.3nPa), the transient pre- middle magnetosphere for expansions beys®d R ; (falls
cipitating electron power is increased greatlyt6 TW. The  in solar wind dynamic pressure below0.09 nPa). Over-
super-corotating condition also greatly changes the relatedll, the precipitating electron power is generally reduced in
mechanical effects, since now the direction of power transthe steady state compared with the transient state, approach-
fer is from the super-corotating magnetosphere to the planeing values of~1 TW as quoted at the beginning of this sec-
Part of this power is input to planet spin-up, while the re- tion. Similar behaviour also applies to the power input to
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