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Abstract. Differences in the solar wind interaction with the interaction (e.g. Cowley et al., 2004a). As noted in the work
magnetosphere of Saturn relative to the Earth result from thef Smith et al. (1980), the corotation electric field can dom-
decrease in the solar wind plasma density and magnetic fielthate the convective electric field due to the solar wind out
strength with distance from the Sun, and from the change irto radial distances in excess of R} (the average radial po-
the average angle of the IMF at Saturn’s orbit. Other rea-sition of the noon magnetopause boundary). The plasmas
sons are related to Saturn’s rapid rotation and internal magin the kronian magnetosphere rigidly corotate roughly out
netospheric plasma sources. Moreover, the IMF structure obto 10Rs. The configuration and dynamics of the Saturnian
served by Cassini in 2003—-2004 during the approach to Satmagnetosphere, as well as the ionospheric structure and mor-
urn is consistent with corotating interaction regions (CIRs) phology of auroral emissions have been reviewed in detail by
existing during the declining phase of the solar cycle. TwoBlanc et al. (2002).

cases on 16 and 26 January 2004 are considered when dis- Cowley and Bunce (2003) noted that the observed auroras
turbances in the solar wind passed Cassini and then Saturs Saturn occur closer to the pole (at®—15° co-latitude)
After the solar wind shock encountered the kronian magnetothan in the case of Jupiter(6°). The Hubble Space Tele-
sphere, the auroral oval became brighter (especially at dawndcope (HST) data presented by Cowley et al. (2004a) indicate
with a reduced radius. In these cases the auroral power wage |atitudinal width of Saturn’s auroral oval to be typically
anti-correlated with the radius of the oval. Possible mech-~g.3°—06°. The poleward boundary of Saturn’s UV au-
anisms responsible for such unexpected behavior are preora thus lies close to the expected boundary of open and
sented and discussed in detail. closed field lines (Badman et al., 2005). The main oval au-

Keywords. Magnetospheric physics (Auroral phenomena; foras also often present a spiral aspect, such that in the dusk

P|anetary magnetospheres; Solar Wind_magnetosphere inte?.ector tfwo arcs co-exist SimUltaneOUSly with a IOngitudinaI
actions) overlap of~2h of local time (&rard et al., 2004). Cow-

ley and Bunce (2003) argued that the main oval emissions
at Saturn, unlike those at Jupiter, are not associated with the
corotation-enforced current system, but are connected with
solar wind-magnetosphere coupling currents, as at Earth.
Clarke et al. (2005) mentioned that Saturn’s auroral emis-
sions vary slowly; some features appear in partial corotation
whereas others are fixed in local time, thus possibly relating

Z%elgl'ggi ”},agng g%”;"g” en(; .Of d.s’atl:"g"f ’ tﬁ equ?rll © {5 the solar wind. @rard et al. (2004) stated that the main
- KMEOre’>his and s directed to e norin, 0p° 415 are co-located, with the narrow upward field-aligned

posite t(.) that of the Earth but the same as Jupiter's field. Th%urrent system associated with the departure from plasma
conventional Saturn rad'USES:GQ 330km. . corotation near the open-closed field line boundary. Crary
The subsolar magnetopause distance of the kronian Magst al. (2005) and Bunce et al. (2006) showed that Saturn’s

n.etosphere IRy ~17-24Rs (Behann_on et. al., 198?,’; Mau- aurora strongly echoes the structuring of the solar wind and
rice and Engel, 1995). Plasma motions in Saturn’s magne-

. . . dts magnetic field.
tosphere are driven by planetary rotation and the solar win ) ) ) )
A comparison of the terrestrial and kronian auroras is

Correspondence tdE. S. Belenkaya given, for example, by Prakget al. (2004). At Earth, the
(elena@decl.sinp.msu.ru) quiet aurora is located on closed magnetotail field lines.

1 Introduction

Saturn is a rapidly rotating planet with an angular velocity
of Q5=1.63810"*s1, possessing a strong magnetic field.

Published by Copernicus GmbH on behalf of the European Geosciences Union.
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Fig. 1. Stack plot of Cassini magnetic field and plasma data. The first four panels show the RTN magnetic field compandhis By)

and magnetic fieldB| in nT. The fifth, sixth, and seventh panels show the solar wind proton densithe solar wind velocity, and the

dynamic pressureR;y), respectively. The bottom panel shows the estimated reconnection vditag&V (Jackman et al., 2004). The
dashed vertical lines indicate the times of the HST images, shifted by 17 h (the estimated time for solar wind propagation from Cassini to
Saturn at a mean solar wind speed of 500 krt)gBadman et al., 2005).

Compression of the magnetosphere by a shock leads to drdetween dawn and dusk. During solar wind-related storms,
matic shifts towards low latitudes and brightening of the au-the auroral latitudes are almost unchanged (or expand pole-
roral oval. Increased emission at the dayside cusp can beards) and the oval is significantly brighter, especially in the
observed as a result of reconnection. Terrestrial auroral acmidnight-dawn sector.

tivity is mainly under solar wind control. The normal Saturn Cowley et al. (2004a) noted that the outermost magne-
aurora alsq su_gge'sts some kind of solar W.|nd-related Io,calospheric region driven by the interaction with the solar

time organization in the s_tead_y -state. BUF In contrast WlthWind is dominated by reconnection between the southward-
the Earth, an asymmetry in latitude and brightness developgiracteq planetary field in the equatorial magnetosphere and

Ann. Geophys., 24, 1649663 2006 www.ann-geophys.net/24/1649/2006/
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Fig. 2. Ultraviolet images of Saturn’s southern aurora from HST-STIS obtained on 8, 10, 12, 14, 16, 18, 20, 21, 23, 24, 26, 28, and 30 January
2004 (panels to m, respectively). The panels have been generated by combining individual images obtained on a given HST orbit (Clarke
et al., 2005; Bunce et al., 2006). The noon meridian in the centre top of each plot, and dawn to the left.

a northward pointing IMF. The solar wind electric field is with the UV aurora in Saturn’s southern ionosphere (Clarke
Eier= —[Vsw xBimr]. On the average, the solar wind speed, et al., 2005) observed simultaneously by the Hubble Space
Vw, IS approximately constant with heliocentric distance, Telescope (HST) (see Figsand2, respectively). The design
while the interplanetary magnetic field (IMA}ve, varies  and operation of the Cassini Plasma Spectrometer (CAPS)
inversely with distance. Thus, at Saturn the interplanetaryinstrument that obtained the plasma data is described in detalil
fields Bjmr andE g should be about 10 times weaker than by Young et al. (2004), while the magnetic field instrumen-
at Earth. Although at the orbit of Saturn the energy densitytation is described by Dougherty et al. (2004). In general,
of the IMF has decreased by two orders of magnitude ovethe magnetic field was very disturbed, with quickly varying
its value at 1 AU, the solar wind magnetic and electric fieldsorientations. In Figl (taken from Fig. 1 of Badman et al.,
are significant for the kronian magnetosphere. 2005), the RTN spherical polar system is used to show the
field components in the upper panels, wBhdirected radi-
ally outward from the SunB;-azimuthal in the direction of
2 Interaction of Saturn’s magnetosphere with the com-  planetary motion, and, positive northward from the equa-
pression regions in the solar wind torial plane (see also Crary et al., 2005). For January 2004
the difference between the Kronian Solar-Magnetospheric
Differences in the interaction of the solar wind with the mag- (KSM) coordinate system and the RTN system was very
netosphere of Saturn, relative to the Earth, result from a desmall (the angle between theé axis and Saturn’s spin (and
crease in the interplanetary plasma density (freficrm3 magnetic axis) projected onto the—7 plane was<4°). Be-
at the Earth to~0.03cnT? at Saturn) and magnetic field |ow we ignore this small angle, such that the KSM and RTN
strength (from~6 nT at the Earth to~0.3nT at Saturn), as components are related By= — By, B,= — By, andB,=B;.
well as from the change in the average angle of the IMFThe next three panels in Fig.display the solar wind veloc-
(Maclennan et al., 1983). Other reasons are Saturn’s rapigly (v,,,), density ), and dynamic pressur@,). The final
rotation and internal magnetospheric plasma sources. Mosanel shows the kronian magnetopause reconnection voltage,

recently, Jackman et al. (2004) examined the IMF structureestimated using the algorithm of Jackman et al. (2004).
observed by Cassini at the heliocentric distance-8fAU,

and noted the persistent corotating interaction regions (ClRS% The HST images shown in Fig were p.reV|oust pre-
existing during the declining phase of the solar cycle. In par-; ented by (_Zlarke et al. (2_005)' The,ent|r.e so.uthernloval
ticular, Jackman et al. (2004) noted that the structuring oflS Seen, owing to the-26° tilt of Saturns spin axis aF this
the interplanetary medium into regions of high and low field epoch. 'I;he center _Of t_he near-circular auroral oval is offset
strength leads to corresponding temporal structuring of thé)y ~3—4° toward midnight.
interaction between the solar wind and the kronian magne- Clarke et al. (2005), Bunce et al. (2006), and Badman et
tosphere. It was shown that during the compression regional. (2005) describe two particular intervals on 16 and 26 Jan-
that are short in duration the IMF wa€).5—2 nT, while dur-  uary 2004. In both of them disturbances in the solar wind
ing the longer rarefaction intervals the IMF wa®.1nT or first passed Cassini and then Saturn during the period of ob-
less. servations, associated with CIR compressions bounded by
Here, following Bunce et al. (2006) and Badman et a forward shock. After the solar wind shock encountered
al. (2005), we consider the solar wind magnetometer andhe kronian magnetosphere, the auroral oval became brighter
plasma data for January 2004 measured by Cassini, togethéespecially at dawn) with a reduced radius. In these cases
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the auroral power was anti-correlated with the radius of thenorth-south IMF component, as observed at Earth. Jackman
auroral oval. Considering these events, Clarke et al. (2005t al. (2004) and Bunce et al. (2006) estimated the voltage
noted that the behavior of Saturn’s aurora in response to @across Saturn’s magnetopause associated with the produc-
large solar wind dynamic pressure increase is different fromtion of open flux, to be<10kV for the rarefaction regions,
those of the terrestrial and Jovian systems. The phasing of35 kV with peaks of~100 kV for the 16—17 January event,
the HST observations were such that the increased aurorand ~150kV peaking at~500kV for the 25-31 January
brightness was observed 41 and 9 h after the correspondingvent.
solar wind shocks had arrived at the bow shock of Saturn's Clarke et al. (2005) assumed the possibility of different
magnetosphere for the 16 and 26 January 2004 cases, respetates of Saturn’s magnetosphere, leading to different auro-
tively. The latter large disturbance led to the strongest auroratal emission distributions. Such states could be related to the
brightenings on 26—28 January, when the auroral power in-orientation of Saturn with respect to, or variations in, the so-
creased by a factor of three from the previous mean levellar wind and IMF.
The dawn side polar cap was completely filled with bright Here we will briefly discuss the reaction of the magneto-
Sun-aligned, arc-like emissions on 26 January. Let us consphere to the encounter with the compression region in the
sider these two cases in more detail. solar wind. Tamao (1975) constructed a conceptual model
On 16-17 January, after an 8-day rarefaction interval,for unsteady interactions of solar wind disturbances with the
a “minor” compression region was observed, with mod- Earth’s magnetosphere. Wilken et al. (1982) considered the
est increases in magnetic field magnitude (frorbrdl' to processes arising in the terrestrial magnetosphere in response
0.5nT), density (from @06 cnT3 to 0.03cnT 3, and thento  to the impulsive changes in solar wind parameters, using si-
0.1cn3), and flow speed (from 480 knt$ to 530 km s'1). multaneous spacecraft and ground-based observations. They
After the shock arrival B, remained near zerd, changed showed that isotropic compressional hydromagnetic waves
from slightly positive to slightly negative~x—0.4nT), and  are generated all along the magnetopause during the dynam-
B, turned to predominantly southward-Q.4 nT) from the ical compression of the magnetosphere. This fast-mode wave
near zero level (in the Solar-Magnetospheric Saturnian coorpropagates inward with a velocity somewhat higher than the
dinates). local Alfvén velocity. The polarisation currentin the wave
The simultaneous HST data showed a quiet auroral ovafront accelerates plasma to the new conditions. In this sense
throughout the rarefaction intervals. After the shock arrival, the step-like waves act as switch-on waves. In addition to
associated with the beginning of the minor compression rethe inward propagation process across the field lines ghlfv
gion (16-17 January), the oval contracted and became muctvaves are also generated which propagate along the field
brighter. Bunce et al. (2006) explained these features by théowards the ionosphere (Tamao, 1975). These waves cou-
onset of strong tail reconnection and the closure of the opeiple the physical processes in the magnetosphere to the iono-
flux in the tail, which should occur in response to the for- sphere, switching on a transient field-aligned current system
ward shock waves associated with CIR compression regionsj.
After contraction, the oval slowly increased in area, which The Alfvén velocity in the Earth’'s outer dayside mag-
Bunce et al. (2006) connected with an increase in daysideetosphere, 10601300 kms—1 (Wilken et al., 1982), ex-
reconnection and the accumulation of open flux in the tail. ceeds the speed of the “front” in the solar wind propagat-
On 25-31 January the “major” compression region oc-ing along the magnetopause400 kms1). Thus, we may
curred. At the shock the field strength jumped from conclude that all phenomena in the terrestrial magnetosphere
0.3nT to 1nT, with peaks of 2nT; the velocity increased connected with the waves arise faster than those associated
from 470kms?! to 540kms?! (with a subsequent peak with the changing solar wind parameters at the front. In
of ~620kms1), and the density grew from.08 cnt 2 to particular, the tailward-travelling disturbance transmitted by
0.1cn 3. B, turned from a near-zero level to positive values the waves spreads faster than the magnetospheric effects pro-
~0.5nT, while B, became negative~(—2nT), andB, be- duced by the changing IMF strength and direction across the
came southward~—1.4 nT) and shortly after that predomi- interplanetary shock. So first, we should consider what will
nantly northward. happen due to the wave propagation through the Earth’s mag-
After the sudden, strong increase in field strength and sonetosphere and after that, how the IMF rotation will manifest
lar wind velocity in the 26 January event, the oval also con-itself in magnetosphere-ionosphere coupling.
tracted and became brighter at the dawn. Moreover, the polar Let us consider what happens in Saturn’s magnetosphere
cap dawn side was then filled with bright, arc-like emissions.during its encounter with a compression region in the so-
Bunce et al. (2006) and Cowley et al. (2005a) suggested thdar wind (however, it should be noted that in this case the
it is connected with the onset of tail reconnection triggeredcurrent directions are opposite, as the magnetic moments
by the sudden compression of the magnetosphere. Cowlegf the Earth and Saturn are antiparallel to each other). An
et al. (2005a) discussed how this scenario leads to a strongnalysis of waves in Saturn’s dayside magnetosphere has
correlation of auroral disturbances at Saturn with the solatbeen undertaken by Lepping et al. (2005), using Voyager 1
wind dynamic pressure rather than to a correlation with thedata. Lepping et al. (2005) found that there are two types
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Fig. 3. Sketch of “transient ring current” in the equatorial section

of the kronian magnetosphere. Polarisation curigrend diamag-

netic currenti,,, located on the disturbed portion of the kronian
magnetopause bound the compressed region as it expands tailward.

of MHD waves in Saturn’s outer dayside magnetosphere:
field-aligned propagating ion-cyclotron waves (mainly in the
plasma sheet region away from the equator), and lower-
frequency higher-power waves which propagate/convect in
the azimuthal direction predominantly in the mantle region
near the equatorial plane. They also considered hydromag- Bmp
netic surface waves which mode-convert to kinetic Alv C
waves. The fluctuations propagating in the azimuthal direc-

tion are convected MHD waves which have a strong com-
pressional component and are believed to be due to the cen-
trifugal flute instability (Lepping et al., 2005). ‘D

We suggest that the polarisation curréptat the wave-
front of the compressed region (disturbed zone in the mag-
netosphere which expands tailward from the dayside kro-
nian magnetopause), flowing from dawn to dusk (in Fig. 9
of Wilken et al., 1982, in the case of the Earil, flows
from dusk to dawn), can be closed primarily by the diamag-

netic current on the disturbed portion of the magnetopausé:ig-4- Schgmatic diagrams qfthe ma.gneticfield in a noon-midnight
Figure 3 illustrates the current system arising in Sat- cross section for the following kronian current systenid) the
“transient ring current” B..); (B) the tail current systemB;),

urn’s equatorial plane (we will call it a “transient ring cur- .
. . d(C) th t () (foll Malt d
rent”). This system resembles Fig. 1a of Tamao (1975), rep%r;t;pé nkg nzwgggefgrpte;;sggtj;;en ) (following Maltsev an

resenting transient electric currents in the Earth’s magneto-
sphere which appear after an encounter with the interplane-
tary shock at which the IMF turns southward. The “transient
ring current” includes the polarisation curreptand an en-  mostly weakened by the northward magnetic field of the tail
hanced Chapman-Ferraro currépj circulating around the  current system (see FigB, C). This is why this is a prefer-
boundary of the compressed region. The magnetic field ofple place where the appropriate conditions for reconnec-
the “transient ring current” in the noon—midnight meridional tion may be realized. Thus, the onset of tail reconnection
cross section is directed southward inside the compressed rgriggered by the sudden compression of the magnetosphere
gion and northward outside of it (see Fif). (Bunce et al., 2006) arises. From Filyit is seen that a

In the kronian tail current sheet, near its inner edge,high pressure existed during the two events investigated (on
the southward background magnetospheric magnetic field i46 and 26 January 2004), so during these time periods the

imp-
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Fig. 5. Meridional section including southward IMF in the spherical Fig. 6. Meridional section including northward IMF in the spherical
terrestrial magnetospheric model (Alexeev and Belenkaya, 1983). terrestrial magnetospheric model (Alexeev and Belenkaya, 1983).

appropriate conditions for reconnection near the inner €dg¢,,thyard interplanetary and closed field lines form open
of the tail current sheet could be realized. As a conse(;1uencqmlgnetiC field lines in both polar caps at one merging site,

the corresponding reduction in the polar cap area can be eXypjje these open field lines reconnect to produce interplan-
pected. _ _ . etary and closed field lines again at the other merging site
It should be noted that the creation of the “transient ”ng(BeIenkaya, 1998a, b). Figurésand6 (from Alexeev and
current” in Saturn’s equatorial plane is executed by the faSt'BeIenkaya, 1983, based on the work of Cowley, 1973) show
mode wave sweeping tailward with a velocity a little higher schematically the difference between the Earth’s magneto-

than th'e local Alfén velocity. In_ Saturn’s magnetosphere, spheric magnetic field configuration for southward (Dungey-
according to the results of Lepping et al. (2005), the v ;) and northward IMF. It is seen that in the steady state,

1
speed ranges from 156 km'sat 8Rs to 52kms* at 13Rs. e open field line “windows” at the magnetopause are nar-

From these data we may conclude that in the equatorial krogq\ ey for northward IMF than for southward IMF. This effect

nian magnetosphere, the Alia speed is less than the propa- a5 4150 demonstrated by Alexeev (1986) in his paraboloid
gation speed of the front of the compression region in the S04 (restrial model (see also Belenkaya, 1998a).

I ind (>500kms1, Figl). So, while the disturb .
arwind (> m see Figl). So, while the disturbance h For the Earth it was shown by Clauer et al. (2001) and Be-

spreads tailward in the equatorial magnetospheric plane wit .
the fast-mode speed, the CIR front reaches the cusp regiongenkaya et al. (2004) that after the encounter of the terrestrial
’ jagnetosphere with a solar wind dynamic pressure pulse as

and other processes connected with the IMF rotation begi ; . ) )
to develop. Both of these mechanisms can be responsible fo§ouated with a simultaneous northward turning of the IMF,

the auroral features observed in F&y.Let us now consider a transition current system arises. The high-latitude, three-
the second of these in more detail ' dimensional transition current system includes Ah8Z (in

the cusp region) and the Region 1 (at the open-closed field

line boundary) field-aligned currents, closed by ionospheric
3 Interaction between the interplanetary and kronian ~ Pedersen currents flowing on open field lines. The field-

magnetic fields in the January 2004 events alignedN B Z currents, which exist during intervals of north-

ward IMF, are directed opposite to the Region | field-aligned
Different types of reconnection of the terrestrial magneto-currents. They are distributed poleward of the Region |
spheric magnetic field with northward IMF have been dis- field-aligned currents and their intensity increases towards
cussed in the literature (see, for example, Russell et al., 1972he cusp. After the transition current system formed, the
Cowley, 1973; Belenkaya, 1993, and Milan, 2004). HereEarth’s auroral oval became thick and bright, while the po-
we will consider the reconnection processes during whichlar cap contracted. It was shown that despite a strong jump

Ann. Geophys., 24, 1649663 2006 www.ann-geophys.net/24/1649/2006/
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in dynamic solar wind pressure, the polar cap area decreasdtie noon meridian anticlockwise. Hel; is the effective
due to the northward IMF rotation from the near horizontal height-integrated ionospheric Pedersen conductivity (accord-
orientation. ing to the estimation of Bunce et al. (2003), itid—2 mho).

Belenkaya et al. (2004) presented an analysis of the deThe effective value of the ionospheric Pedersen conductivity,
pendence of the intensity and direction of the field-alignedX?, is less than the true valugp, due to the “slippage”
currents in the transition current system on the radial)(  of the neutral atmosphere from rigid corotation (see, for ex-
and azimuthal ,) components of the IMF, and on the high- ample, Cowley et al., 2005b)p,, is the angle between the
latitude ionospheric conductivity. The strength of the Re- Saturn-Sun line (th& axis) and the IMF projection onto the
gion 1 field-aligned currents in the transition current systemplane ¢, Y), which is determined by equations:
was calculated using the change in the ionospheric electric
field components{Ey},, normal to the open field line re-  sing,, = By/B;, cosp, = B./Bi, B =,/B2+ BZ. (3)
gion boundary at the ionospheric level (this boundary is de-
termined by the co-latitude,;). The transition current sys- As the radius of the open field line region in the polar cap
tem exists during a characteristic time periad, after the s relatively small (cog,~1), we can obtain an approximate
terrestrial magnetosphere encounters an interplanetary shoakpression from Eq2j (see Alexeev and Belenkaya, 1985):
containing a northward rotation of IMF. During this char-
acteristic time a convection corresponding to the northwardl e 0Dy COS%
IMF is established in the polar caps, but is still absent on’! — >PtEetlon = =g =X b non “)

p ps, N 2sin,, sint=;

closed field lines. The ionospheric closure currents in the
transition current system correspond to a situation where the It should be noted that the Region 1 field-aligned currents
“effective low-latitude ionospheric conductivity” is equal to in the Saturnian and terrestrial magnetospheres are oppo-
zero. Thus, during the periad, the electric field driven by S|t9|y directed (the Ordinary Region 1 field—aligned currents
the solar wind is located only within the open field line re- in the terrestrial magnetosphere are associated with south-
gions. So, the value dfEy}|s, is then determined only by ward IMF and duskward electric field in the polar caps, while

m

the normal component of the electric field on the open fieldthe Saturnian Region 1 field-aligned currents correspond to
line side of its boundary. northward IMF and dawnward electric field). By analogy, in
We suggest that a similar situation occurred at Saturn durthe transition current systems of these two planets, the Re-
ing the two cases considered. In both of them, simultanegion 1 field-aligned currents are also oppositely directed and
ously with the solar wind pressure jump, the IMF turned correspond to northward IMF and the dawnward polar cap
southward for some time, which is equivalent to a northwardéelectric field in the terrestrial magnetosphere, and to south-
IMF turning for the Earth. This is why, after the arrival of the Ward IMF and the duskward electric field in the kronian mag-
interplanetary shock associated with the southward turning’€tosphere. By analogy with the terrestrial magnetosphere,
of IMF, the polar cap contracted, and the dawn side of the auurrents similar to the field-aligned currents distributed near
roral oval became bright: the upward Region 1 field-alignedthe cusp on open field lines for northward IMF at Earth,
currents are located there for the cases under consideratioRnd calledVBZ currents, should also exist in the Saturnian
Using the method described by Belenkaya et al. (2004), wdnagnetosphere for southward IMF. In this case, we can dis-
can obtain analytical expressions for the normal componenfUuss ‘SBZ” currents for Saturn (terrestria¥ BZ and kro-
of the electric field on the open field line region at its bound- NianSBZ currents are also oppositely directed).

ary, Enlg, : The directions of the Region 1 field-aligned currents in
the transition current systems arising in the two events de-
8P e ) cogpcot‘ﬂmZ*W scribed above (16 and 26 January 2004) can be obtained

Eole, = 2RssinG,, T T oom, (1) from Eq. @). The strong upward Region 1 currents gener-

ated after the arrival at the kronian magnetosphere of the in-

and for the corresponding field-aligned current linear densityterplanetary shock, accompanied by the southward turning of
at the boundary of the open field lines in the southern SaturlMF, could be associated with the bright regions of the Sat-

nian polar cap urnian auroral oval. For the case of 16—-17 Janu&y=0,
B,=—-0.4nT, B,=—0.4nT), the ionospheric projection of
« 0DQpc . cogpcot?r® the southern cusr()/s, was located at the dawn meridian of

Iy =-%p 2RSinY,, N cod,, ’ (2) the southern polar cap boundary (due to the negdtjjeIn

the open field line region of the southern polar cap, one con-
wheres® . is the potential drop across the polar cap. Thevection vortex (due t®,~0) existed with a singularity at‘D:g
polar cap is approximated by a circle with a radRysing,,,, (o=@, =3m/2). In the vicinity of the singularity, the strong
where cente0’ is slightly shifted from the Saturnian mag- upward Region 1 currents were located, while the downward
netic pole. In the coordinate systeé §), 0'isthe poleg is Region 1 field-aligned currents were concentrated along the
the polar angle, and is the azimuthal angle, measured from rest of the auroral oval. FiguréA shows the convection

www.ann-geophys.net/24/1649/2006/ Ann. Geophys., 24, 18368-2006
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larity at O/S are formed in the open field line region of the
southern ionosphere (the dusk cell is dominant dug,ta0).
Figure 7B shows the convection patterns driven by the so-
lar wind electric field at the beginning of the 25-31 January
event and the corresponding Region 1 currents. Most of the
auroral oval was connected with downward Region 1 cur-
rents, while the lesser, dawn part, near the singularity, was
occupied by strong upward Region 1 currents. Calculations
using Eq. 4) give the longitude range of the upward Region 1
currents as 256<¢p<284%.

Jumps in the solar wind magnetic field, density and veloc-
ity at the beginning of the 26—-31 January event were much
larger than those for the 16—17 January case. This is why
the corresponding field-aligned currents were stronger for the
major compression region starting on 26 January 2004.

Due to the southward IMF turning at the beginning of both
of these events, the polar cap potential drop was applied to
the ionospheric projection of the cusp @; in the southern
Saturnian polar cap), where stroS@Z currents were lo-
cated. The polar cap arcs should be connected to these strong
currents, as in the terrestrial magnetosphere for northward
\* @ IMF. From observations at the Earth it has been found that
the polar cap Sun-aligned arcs are located on the dawn side
of the northern polar cap f@#, <0 andB,>0 (e.g. Cumnock
et al., 2002). By analogy, the same situation should occur in
the southern kronian polar cap 8, <0 andB, <0, which is
0% in good accordance with these observations (seeZkjg.

The characteristic time of the kronian transition current
system can be estimated as the time necessary for the CIR
front to pass through the open field line region at the magne-
topause in the-direction, L. . During this time period (start-
ing from the moment when the CIR front reaches the cusp
Fig. 7. Convection driven by the solar wind electric field and the Re- regions), the polar cap area should decrease. For the first
gion 1 field-aligned currents. The diagrams show the southern Satevent we see from Fidl that the solar wind pressure jump
urnian polar cap after the sudden increase in the IMF field strengttynd simultaneous southward IMF rotation reach the dayside
and the solar wind _velocity an_d c_iensity, simultaneously with the krqnian magnetopause on 15 January 2004 at 12:00 UT. At
southward IMF tuming{A) beginning of the 16-17 January 2004 5; time, solar wind rarefaction conditions prevailed, so the

even;;(s) beginning of the 25-31 January 2004 event. Open Cir-g oo distance, which we consider as a character mag-
cles indicate upward currents, while filled circles indicate down-

ward currents. The open-closed field line boundary is marked b)petosphenc scale, may be estimated to t,)e of the orlder of

the dashed curve. Polar cap convection features are obtained b%ORS (Alexeev. etal., 2006). For the.V?|°9'ty500 kms

the method described by Alexeev and Belenkaya (1985) for the teroPserved in this case, the characteristic time for the terres-

restrial magnetosphere using the scaling of all parameters for théfial transition current system is43min. Taking into ac-

Saturn magnetosphere. count that the characteristic magnetospheric scale for Saturn
for solar wind rarefaction conditions is 3 and the corre-
sponding value for the Earth is ®);, and that the planet’s

. . o ius f i3~10 ti I han that of the Earth
patterns driven by the solar wind electric field and the cor-radlus or Saturn is-10 times larger than that of the Earth,

. ) S e obtain that the characteristic passage time for Saturn to
responding Region 1 currents at the beginning of the 16—1%{)"e 30<43min=22h. Thus, we assume that 22 h later than

J.a””afy evept (open circles indicate upward currents, WhII(?/vhen the first solar wind pressure jump and simultaneous
filled circles indicate downward currents).

southward IMF rotation reached the dayside kronian magne-
For the case of 26 JanuanB(=0.5nT, B,=-2nT, topause, the polar cap area began to contract. The growth

B)

(@)

=

(o]
(]
p—
o0
=

B,=—1.4nT), the ionospheric projection of the cus@'S, of both the solar wind dynamic pressure and the negative
was located in the pre-noon part of the southern polarBy continued during the next 20 h (see Fij. So, we may
cap boundary (due to the positivB, and negativeB,; expect that during the-42 h after the first shock encounter,

om~284). Two unequal vortices converging on the singu- the polar cap area was contracted. The first HST images on
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16 January 2004 were obtainedi1 h after the shock is esti- Oh
mated to have hit the planet, and shows the auroral response
at that time (Fig2f). Thus, we obtain good accordance with
observations.

For the 26 January 2004 case, we see from Fipat the
solar wind dynamic pressure was significantly higher in the
second rarefaction region than in the first (prior to 16 Jan- 6h oo
uary 2004). During the following few days, the magneto-
sphere was then further compressed by the CIR compression
region. From the Pioneer 11 inbound flyby, we know that, for
similar conditions, the compressed size of the dayside mag-
netosphere was of the order of B¢ (Smith et al., 1980).

For similar high velocities, as those observed in this case 12 h

(~540-620kms1), the terrestrial transition current sys-

tem’s characteristic time is 31 min (Clauer et al., 2001). ForFig. 8. Sketch of the kronian ionospheric projection of field-aligned
Saturn, this time should be multiplied by B¢/10Rg~17 currents for southward IMF. The field-aligned currents from pole to
(the ratio of the subsolar distance for Saturn to that of theequator are:SBZ (on open field lines), Region 1, and the upward
Earth); thus, we obtain 2731 min=527 min=8.8 h, which field-alignedl,-currents, connected with the change in the ionosh-
is in good accordance with observations: the time delay 01<a_ric angular velocity (both at the boundary of the open field line re-

the image obtained after the strong shock encounter 2K)g. gion). The boundary between open and closed field lines is marked
was 9h by the large circle. The transition current system includesSh&

currents, ionospheric Pedersen currents in the open field line re-

Thus, we have considered an additional mechanism f0fgion (not shown), and the Region 1 field-aligned currents. Open

strong field-aligned current generation connected with the ar;qjes indicate upward currents, while filled circles indicate down-
rival of a compression region associated with a southwardyard currents.

IMF rotation. We described why, in response to a sud-
den increase in the solar wind dynamic pressure with a si-
multaneous southward IMF turning, Saturn’s aurora shouldopen and closed field lines. The corotation electric fielgt
move to higher latitudes, become brighter, and in the casén the inertial magnetospheric spherical coordinate system is
of strong disturbances witB, <0, the polar cap Sun-aligned
arcs should fill the dawn side of the open field line region in

the southern ionosphere. where B is the magnetic field,r is the radius-vector
from Saturn’s centery is the fraction of “rigid rotation”,

_ _ Q5~1.63810 s 1 is the angular velocity of Saturm), is

4 Discussion the polar angle from Saturn’s spin axisrtoande, is a unit
) _ ) . vector in the azimuthal direction.

4.1 I_:leld-ahgned currents at the kronian open-closed field If for simplicity we assume that Saturn’s surface

lines boundary magnetic field ;s dipole-like, such t3haB:Bd, and
Discussing the field-aligned currents in the transition cur- By ,=2Bgs Rs cosf, Bqp=DBos Rs sing, Bg,=0
rent system, we should mention that other field-aligned cur- r
rents associated with the differential rotation between ope
and closed field lines also exist in the high-latitude kronian
magnetosphere (Cowley et al., 2004a, b, 2005b). In &ig. Rg3 . RS _
these two field-aligned current systems are shown. In thefcorr = BOSr—ZVQSSIHZQ s Ecoro = —Bosr—zl/stma‘),
transition current system, th&BZ currents, driven by the Ecory = 0. (6)
solar wind MHD-generator, are closed by the Region 1 field-
aligned currents. In the other current system, upward field-At the polar cap boundar¥&6,,) only one component of
aligned currents with linear densiliy, connected with the the corotation electric fiel&@.oro changes, creating a corre-
change in the ionospheric angular velocity at the boundarysponding change in the ionospheric Pedersen cuirgnt,
between open and closed field lines, flow along the boundary_
field lines to the magnetopause, and then close by return flowe-p{ Ecorelle, ={l p}lo, - )

(not shown in Fig8) through the tail lobe downward to the | 44y dinal variations inl » are associated with the field-

open field Iin_e ionosphere (see Cowley et al., 2_005b)._ aligned current density,,, whose jump{j,} is given by
Let us estimate thé,. currents due to shear in the iono-

spheric plasma angular velocity at the boundary betweerj,}ls, = —divlplg,, . (8)

Ecor= -V xB = —[VSZS X I'] x B = —rngsinGew x B, (5)

,
Bos=21160nT is the dipole field strength at Saturn’s equa-
or), we obtain:
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where dil p is a two-dimensional divergence. Assuming that
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cusp projection) which is determined in terms of the solar

under the ionosphere, field-aligned currents are absent, waind parameters as follows

obtain {j,}lo, =Jjnls,. Where j,ly, is the field-aligned cur-

rent density above the ionosphere at the open-closed field ling,

boundary. AsEcor and Ecor, are continuous at=6,,, we
obtain:

*
P R—

Rg sind 06

(Ecoro Sin9)|0m .

The Pioneer and Voyager observations presented by Franﬁ
et al. (1980) and Richardson (1986) indicate that the plasm%liscussed the IM
on outer closed field lines rotates with an angular velocity“f,, '

which is ~50%—80% of the rigid rotation, while according
to the results of Stallard et al. (2004), obtained from infrared
Doppler observations, the rotational flow on open field lines
is ~20%—30% of the rigid corotation. Thus, taking into ac-
count that parametey is different on the openy{~0.25)
and closed #.~0.65) field lines, we obtain at the polar cap
boundary:

1

——(E sing =
sing 89( coré )|9

m

—{E sing
SGSiI‘IG{ coro }|9m

BosSy 25 RsSin 29,,(86) 71, (10)

wheredy =y.—y,~(0.65—0.25~0.4, andsé is the width of
the ring of the upward field-aligned current. From E@, (
(9) and (L0) the expression foy, and di p at6=6,, can be
obtained:

—divl plg, = T Bosfy Qssind,,(56)" 1.  (11)

jn |8m

It is seen that an upward (positive) field-aligned current
with densityj, |g,, >0 arises along the whole boundary of the
polar cap. Integrating this current densjfyy, over the band

of the upward field-aligned currents with an asga we find
the total field-aligned current strengfh. In a zero approxi-

mations ;=2 R256 siné,,, and

Jr = jula,-Ss = 27 S5 Bosdy QsR2sin X, sing,, =

21 3% B;8y QsR2sir? 6,,c086,, , (12)

whereB; =2Bgs s the strength of the polar ionospheric mag-
netic field. We také®,, values of~13°> and~10° for the 16

pc = ks Bty VewLer (13)
where B;,=(B.2 + B,?Y? (e.g. Clauer et al., 2001} is

a coefficient of the IMF penetration into Saturn’s magneto-
sphere,B; and B, are the north-south and azimuthal IMF
omponents, respectively, aidd, is the width of the open
feld line “window” at the magnetopause. In both of the cases
B, component at the time of the images
and “k” in Figs. 1 and2, was large. It created a “win-
dow” width of the order of &;,~60Rs, where the average
distance of the subsolar poinks,, is 20Rs (see Clauer et
al. (2001) for the analogous case in the terrestrial magneto-
sphere).V;,, was~530 km/s for 16 January and620 km/s

for 26 January 2004B; and B, were —0.4nT for 16 Jan-
uary, andB,= —1.4nT andB,= —2nT for 26 January (see
Fig. 1). The value ofks (O<ks<1) is not known with any
certainty.

Modelling the Jovian magnetosphere dependence on the
solar wind magnetic field, Belenkaya (2004) showed that for
a typical value ofB,=—0.5nT, ks~0.8 gives good accor-
dance with observations. The scale of the anti-corotation
region in the noon outer low-latitude Jovian magnetosphere
can be estimated askg from the data published by Desai
and Simnett (1996) and aRkgfrom the data given by Cow-
ley et al. (1996). Both of these estimates lead to the conclu-
sion that the value of;=0.8 (corresponding to the model
scale 53R, whereR; is the Jupiter’'s radius) is most ap-
propriate for the interpretation of observations of the solar

wind-driven plasma flows. The chosen southward direction

of the IMF was close to the one (with the strengtB.5nT)

which was directly measured by Ulysses in February 1992

(e.g. Staines at al., 1993; Cowley et al., 1996). Here we also
note that Tsyganenko (2002) found the best correspondence
between his model of the near-Earth magnetosphere and ob-
servational data for the coefficient of IMF penetration into
the Earth’'s magnetosphere of betweeths0and 08.

If we follow Belenkaya (2004) and choogg~0.8 (as for
Jupiter), then we obtaifd ,.~0.9 MV for 16 January, and
~14.8 MV for 26 January 2004. If we assume instead that

and 26 January 2004 events, respectively. These overall vaks is closer to the Earth’s case, for examplg,~0.2, then
ues were obtained from the open flux estimates determined®,.~0.2 MV for 16 January, and-3.7 MV for 26 January

by Badman et al. (2005) (of 24 and 13 GWhb, respectively).
By substituting these values arij,=1 mho into Eq. {2),

2004. (An analytical finite-conductivity solution for the IMF
penetration into the terrestrial magnetosphere was obtained

one obtains total boundary currents associated with the difby Alexeev, 1986).

ferential rotation of open and closed field lines«& MA and

These values of the polar cap potential drég,.

~2 MA for 16 and 26 January, respectively. These values arg0.9—0.2 MV for 16 January and 18—3.7 MV for 26 Jan-
in accord with the estimates made previously by Cowley etuary 2004), caused by the MHD-generator of the solar wind,

al. (2004a, b).
The MHD solar wind generator creating th8 Z currents,

located at the cusp ionospheric projection, can be charaterotation, §U ¢ _cor.

ized by a polar cap potential drégb . (also located at the

Ann. Geophys., 24, 1649663 2006

should be compared with the potential drop between the pole
and the polar cap boundary,() generated by the planet’s
Using the method described by Be-
lenkaya (2004) for Jupiter, we can find the expression for the
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Fig. 9. Geometric factorg, of the distribution of field-aligned currenty, along the open-closed field line boundary in the transition current
system. For two diffusion zone (region of the cusp field-aligned currents location}eatfii (solid) ands=5° (dashed), the upper curves

show the dependence for the upward current, and the bottom curves show the dependence for the downward current on the IMF equatoria
plane angley,, (Belenkaya et al., 2004).

ionospheric corotation potential in the open field line regionHere e, is a geometric factor, determining the distribution
as follows of the total upward and downwardg) current at the iono-
spheric level (see Fi@). From Fig.9 it follows that for the
values ofy,, in these two discussed events,&37/2 for
where(C is a constant. Then, 16 January ang,,~284 for 26 January 2004), the geomet-

2 . ric factore was of the order of 3. The parametadetermines
8Upc—cor = 7oS2s Bos RS SINF 6, . (15)  the scheme of connection of the MHD solar wind generator
Taking into account that,=0.25 and sirg,, is equal to 22 with the ionosphere for an IMF antiparallel to the planet's
for 16 January and.Q7 for 26 January 2004, we obtain dipole. Thus, it is the same for the Earth and Saturn under
8Upc—cor~0.5MV for these two events. From these esti- similar conditions.
mations we see thai®,. was of the order of, or higher * "y .
than, 8U ,._cor for the cases considered. So, corotation ef-mi';;%m\,jgés@ga:; r‘ ?5 9_10mzh|\c;|’\/6 fo?:’ 12”361;2;3 e;i;j

. . . . . pc . .
fects should be taken into account during the investigationj 4 837 MV for 26 January 2004), we obtaify of the or-
of the IMF influence on the Saturnian high-latitude magne-q4eor of 27—0.6 MA for 16 January and 44—11.1 MA for
tosphere/ionosphere. o 26 January 2004. If we compare the field-aligned current
The influence of the IMF's direction on Saturn's aurora gyrengths in the transition current systefy, and in the cur-
considered here is associated with the total strength of theg system caused by the differential rotatigp,(~3 MA
field-aligned currentl in the transition current system. The 5,42 MA for the 16 and 26 January 2004, respectively),

Upe—cor = YoS25BosR2Sinf 6 + C, (14)

total integrated field-aligned curresig can be written as we have to conclude that the currents are comparable, so that
— [ 1. .Resing.d 16 generally their combined effect needs to be considered. In
Jo= [ Ij:RsSin6ude. (18)  the Jackman and Cowley (2006) model the Region 1 field-

aligned currents also produce a significant modulation of the

Integration ism long the arc of the cir in which . . . o . .
tegration is made along the arc of the cirgier, ¢ field-aligned currents associated with differential rotation.

the sign of/} is constant. Taking the linear current dendity
from Eq. (2), we obtain Thus, the near-uniform upward field-aligned boundary

o currents caused by differential rotation on open and closed
COSPCOt"’T} dy (17)  field lines must be added to those associated with the IMF-

1
Jor=—258D €4, e:—/ Sing— . ) ;
0+ POTpctE 2 [ b coY,, dependent solar wind-driven convection. The overall current
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system for 16 January will take the form of strong upward solar wind measurements near Saturn, which could charac-
currents of the order of.3—3.6 MA near local dawn (con- terize the passage of shocks directly, were absent.
nected with bright aurora) and more weak upward currents

0.3—2.4MA at dusk (associated with weaker aurora). The 1o and Tsurutani (1999) and Tsurutani et al. (2001)

whole polar cap area should decrease. The *f"image inFig. ngteq that significant charged-particle precipitation occurs
corresponds to this picture.

] ) in the dayside auroral zone during and after interplanetary
For _26_January 2005 the total fleld-_allgne_d current struc-ghock impingements on the Earth’s magnetosphere. They
ture will include very strong upward field-aligned currents proposed the following mechanisms for particle energization
of the order of 464—13.1MA in the dawn—prenoon sector, ang precipitation immediately after shock compression of
and downward currents 42-9.1 MA in the dusk sector. The  the magnetosphere. (1) Betatron compression of pre-existing
polar cap should be significantly contracted. So, such huggyter zone magnetospheric particles. The anisotropic plasma
upward currents at dawn (probably exceeding the thresholgs ynstable to loss-cone instabilities, leading to plasma wave
value) should be associated with strong field-aligned potenyowth, resonant particle pitch-angle scattering and electron
tial drops and corresponding very bright auroras (a detailecgnd proton losses into the upper ionosphere. (2) The com-
investigation of the relation between field-aligned currentspression of the magnetosphere can also lead to enhanced
of arbitrary large amplitude and corresponding field-alignedsie|q-aligned currents and the formation of dayside double-
voltages has recently been presented by Cowley, 2006, folayers. (3) In the latter stages of the storm’s initial phase,
lowing earlier work by Knight, 1973). TheBZ currents  there is evidence of a long-lasting, viscous-like interaction
connected with these large Region 1 currents create brighgccyrring on the flanks of the magnetopause. It was noted
polar arcs. On the dusk side the presence of strong downgat the dayside auroral brightenings occur just after the

ward currents leads to the absence of aurora. Image “k” inghock compression of the frontside magnetosphere.
Fig. 2 supports this conclusion. We see bright Sun-aligned

polar arcs and a bright oval on the dawn side and an almost

invisible duskside portion of the contracted auroral oval. If hot trapped plasma exists in Saturn's outer magneto-

sphere, then a similar phenomenon as observed at Earth
4.2 Responses of auroral activity to interplanetary shocksco_u'd h"?‘ppe“ in the kronian |onosphere_, that is, auroral
at Earth and Saturn brightening at noon followed by propagathn of. the shock
front around both dawn and dusk to the nightside. At the

For the Earth it was found that when southward IMF oc- Présent time, we have no observations which support this,
curs prior to the impact of an interplanetary shock, substorm@Ut Such a situation seems, in principle, possible, with some
arise with a high probability, and a current disruption andlormodlf!catlons QUe to Saturn’s specm(_: characteristics. . The
tail magnetic field reconnection can be triggered (Zhou and?ST images in January 2004 constitute only a relatively
Tsurutani, 2001; Tsurutani and Zhou, 2003). Northward IMF SParse Seres of snapshots, so even if short-term noon bright-
prior to interplanetary shocks does not lead to midnight auro-€1ings did occur after the two shock encounters, they could
ral activity, but increases the magnetic latitude of the auroraCCUr in intervals when no HST observations are available.
oval (e.g. Zhou and Tsurutani, 2001). We see that at Saturn,

for the cases studied, the IMF at the shock was antiparallel Prang et al. (2004) described the observed “storm” auro-
to the planet’s magnetic dipole moment, and correspondingal activity in the kronian ionosphere on 7 December 2000.
effects were observed. The auroral oval occurred on higheburing the storm, Saturn’s auroral oval remained almost
magnetic latitudes, and there was no increase in the midnightdentical in size and location, but it was globally brighter by
auroral activity associated with interplanetary shocks. Most50%. Its midnight-to-dawn sector became very active (al-
likely, the direction of the southward-northward IMF com- most four times its usual brightness). In addition, there was
ponent prior to the interplanetary shock compression of thea very bright feature inside the dawnside oval. It extended
magnetosphere is significant, not only for the terrestrial mag{polewards up to~78 S (~6° poleward of the oval), and
netospheric activity (see Zhou and Tsurutani, 2001; Tsurudis confined to the 05:30-11:00 local time sector. Its peak
tani and Zhou, 2003) but also for the kronian activity. How- brightness largely exceeds that of the oval, and its total auro-
ever, at the present time, we do not have enough data to supal output is comparable to the oval output, despite its very
port or refute this suggestion. Prangt al. (2004) used the limited spatial extent. Praigget al. (2004) noted that this kro-
HST images found on 7 December 2000 of an unusual auroraian polar cap bright feature is reminiscent of the terrestrial
which they identified with the first manifestation of an auro- noon polar cusp, frequently observed during dayside recon-
ral storm at Saturn. They associated this phenomenon witmection; however, at Saturn the analog of the “cusp brighten-
the passage of an interplanetary shock, or more correctlying” occurred in the morning sector. Pranet al. (2004) also
with a series of CME-driven shocks, detected near the Eartlremphasized that Saturn’s oval does not exhibit the expansion
in November 2000 (at that time, the Sun, the Earth, Jupitettowards lower latitudes which is typical of the geomagnetic
and Saturn were nearly aligned). However, correspondingstorm oval.
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5 Summary currents distributed over the polar cap near the cusp (the Sat-
urnianS B Z field-aligned currents existing for the southward
Cassini magnetic field and plasma data obtained in the intertMF are similar to theN BZ currents for the Earth, arising
planetary medium in January 2004 (Crary et al., 2005; Bunceunder the northward IMF conditions), and the ionospheric
etal., 2006) are used to investigate the solar wind interactiorPedersen currents on open field lines, closing both of these
with the kronian magnetosphere. The HST images of Satfield-aligned currents. This current system will be added to
urn’s aurora, obtained simultaneously in the southern polathe ring of upward currents of comparable magnitude at the
cap corresponding to the arrival of the 16—17 January and 26oundary which is associated with the differential rotation of
31 January 2004 compression regions (Clarke et al., 2005he plasma between open and closed field lines, such that the
Bunce et al., 2006), are considered as a possible manifestaverall current system for the events studied in January 2004
tion of two mechanisms acting in Saturn’s magnetosphere. generally takes the form of strong upward field-aligned cur-
The first mechanism is connected with the onset of tail re-rents on the dawn side, with corresponding bright aurora, and
connection triggered by the sudden compression of the magweaker upward, or even downward field-aligned currents at
netosphere (Cowley et al., 2005a; Bunce et al., 2006). Herelusk with weaker, or perhaps without any auroras. The polar
we propose that the polarisation currgntlirected to dusk at  cap area is reduced. It is suggested that the combination of
the wave front of the compressed region in the dayside krothe tail reconnection effects discussed above, and the IMF-
nian magnetosphere may be closed by the equatorial curremhodulated solar wind interaction both play a role in the au-
on the disturbed magnetopause (enhanced Chapman-Ferraroral dynamics during the January 2004 compression events.
current). The resulting equatorial current system, which we
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