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Abstract. On 13 August 2002, at+23:00 UT, about 10min  satellite closest to that area. Further southwestward to this
after a substorm intensification, Cluster observes a flux ropdeading downward FAC area, a trailing upward FAC area is
in the central magnetotail, followed by a localised fast flow observed that moves eastward with the same speed. The di-
event about one minute later. Associated with the flux roperection of the ionospheric electric field permits a current clo-
event, a traveling compression region (TCR) is seen by thossure between these two FAC areas through the ionosphere.
Cluster spacecraft which reside in the lobe. In the conjugatdVe speculate that these FAC areas may correspond to the
ionospheric region in Northern Scandinavia, the MIRACLE ends of the flux rope in its symmetry direction.
network observes the ionospheric equivalent currents, ang<e ds. | h A i here: Electric field
the electron densities and electric fields are measured by the ywords. lonosphere (Aurora lonospnere, Liectric Tields
- . : and currents) — Magnetospheric physics (Magnetosphere-
EISCAT radar along a meridional scanning profile. Further, ionosphere interactions)
the auroral evolution is observed with the Wideband Imaging
Camera (WIC) on the IMAGE satellite. We compare in de-
tail the substorm evolution as observed in the ionosphere and
in the magnetosphere, and examine whether topological cor;  |ntroduction
respondences to the flux rope event exist in the ionospheric

signatures. The large-scale mapping of both the location andiejical magnetic field structures inside the magnetosphere
the direction of the flux rope to the |onospher_e shows an exave played an important role for the understanding of the
cellent correspondence to a lens-shaped region of an aurorglocess of magnetospheric substorms since the early models
emission minimum. This region is bracketed by an auroralsf schindler (1974) and Hones (1977), in which such struc-
region equatorward of it which was preexisting to the SUb'tures, termed “plasmoids”, played a major role in transport-
storm intensification, and a substorm-related auroral regior}ng the substorm energy antisunwards. The minimum energy
poleward of it. It is characterised by reduced ionosphericgate of such helical magnetic field structures is represented
conductances with respect to its environment, and downy,y force-free magnetic flux ropes (Priest, 1990). These are
ward field-aligned current (FAC) observed both in the mag-g|ongated magnetic structures in the central axis of which the
netosphere and in the ionosphere. As determined from thé,agnetic field is strongest and points along that axis. With
ionospheric data, this downward FAC area is moving eastincreasing radial distance from that axis the field component
ward with a speed of-2kms™, in good agreement with  515ng the axis direction diminishes, while the field compo-
the mapped plasma bulk velocity measured at the Clustepent azimuthal to it increases. In a flux rope with cylindrical
symmetry, no radial field with respect to the central axis ex-
Correspondence taD. Amm ists. For a special class of flux ropes which can assumed to
(olaf.amm@fmi.fi) be force-free, the currents are flowing either in the direction
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Fig. 1. Cluster spacecraft positions. Upper row: Large-scale view; lower row: Inter-spacecraft separations view. Black: Cluster 1; red:
Cluster 2; green: Cluster 3; blue: Cluster 4.

of the magnetic field, or opposite to it. The magnetic field so-of a BBF-type flux rope with respect to its magnetic field
lutions for a force-free, cylindrical flux rope have been given and plasma properties that a satellite encounters during the
by Lundquist (1950). passage of such a structure have been summarized in a su-

Tailward propagating plasmoids and flux ropes associated®€"Posed epoch analysis by Slavin et al. (2003): B
with them have been observed since the mid-1980's in théfomponent as Well_as the total magnetic field strength show
magnetotail's plasma sheet using data of the ISEE-3 satef@ Peak with a maximum excursion of the order-ef0nT,
lite (e.g. Sibeck et al., 1984) and have later been extensivelf*"d @ total duration of the excursion®80s. The B com-

studied with Geotail data (e.g. Nagai et al., 1998; leda efPonent simultaneously shows a dipolar structure with a first
al., 1998; Slavin et al., 1998). In addition, to thése tail- N€gative, then positive excursion (this behavior is opposite
' for plasmoid-type flux ropes). The difference between the

ward moving structures, also earthward moving flux ropes ) )
have been observed in the near tail(X—30R; e.g. Mold- opposite B peaks has the same order of magnitude as the

win and Hughes, 1994). Slavin et al. (2003) showed that/Br| Peak. In addition|Bx| may also show a unipolar peak
these flux ropes are often closely associated with earthwardk€ IBy|, which is interpreted as a sign of the orientation

bursty bulk flows (BBFS) inthe plasma sheet of the magneto-Of the flux rope in the X-Y plane. In the statistical StUdy

tail, i.e., high-speed plasma flows of several 100 kih(e.g. of Slavin et al. (2003), this a_zimuthal orientation of a flux
Baumjohann et al., 1990; Angelopoulos et al., 1992), and acfoP€ has been found to be qwte_vanable. Further, an increase
cordingly named them “BBF-type” flux ropes, in contrast to Of the earthward plasma velocity has on average been ob-
“plasmoid-type” flux ropes moving tailwards. Both types of served~40s before the flux rope observation, and this ve-

. 1 . . .
flux ropes could in many cases reasonably be approximatelPCity peaks at~600kms = within roughly a minute after
by a force-free model. the flux rope encounter. Ahead of the flux rope, collocated

i i i with the earthward flow increase, a compression region with
_ While plasmoid-type quT ropes ochcur ]Eallward of @ Ma- iy reased ion densities has been observed. In the lobes neigh-
jor active reconnection X-line and therefore are not mag-ping tq the flux rope, traveling compression regions (TCR)
netically connected to the ionosphere, BBF-type flux ropPes,re formed due to the compression of the lobes by the “ob-

occur earthward of such an active reconnection X-line, andstacle" flux rope and are co-moving with it (e.g Slavin et al
are thus at least embedded in an environment which magy ggy4 2005) '

netically maps to the ionosphere. The average properties

Ann. Geophys., 24, 73550, 2006 www.ann-geophys.net/24/735/2006/
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Flux ropes have been suggested to be part of a “multiple
reconnection X-line” (MRX) scenario (Lee, 1995). In this ; ‘ :
scenario, N+1 X-lines lead to the formation of N flux ropes (GRS SRR SUORRL S
in between them. One of these X-lines is then believed to 74\_[_““;'
outpace the others, and will be the first to reconnect open 73\;1 C ‘ .
field lines in the lobes. This X-line will then become the R A
major, active X-line in the sense of the “near Earth neutral § 72 T
line” (NENL) substorm model (Baker et al., 1996), and it & T1--. :
will divide up the regions of earthward and tailward flows in 1 20- S s
the magnetotail. iei :

© 69--- ..
g
E

6

The question what features, if any, may topologically cor-
respond to a BBF-type flux rope in the ionospheric evolu- 68~
tion of a substorm has not yet been addressed. This question 67-
may in the first view look surprising, as a flux rope is ide- 66.- / : ! 7
ally thought to be a closed magnetic structure and thus may o '&(47»-:, AAAAAA R e
not directly map magnetically to the ionosphere. Hence, we 65- QK 1 ¢
would like to stress that we do not claim any features seen 64~/ - WS W
in the ionosphere to be directly magnetically connected to AT e “\
the flux rope, but r_ather inspect Whe_ther amp(_)logicalcor- 10 15 2‘0 o5 30
respondences exist. Such topological relations may follow
from the fact that the flux rope deforms the ambient mag-
netic field, causes compressions in front of it, inhibits plasma
flow through it, etc. E.g., in this respect a TCR is a magne-Fig- 2. Mapped pc_)sitic_ms of Cluster spacecraft to the ionosphere
tospheric topological consequence of a flux rope caused b{fots: colours as in Fig. 1), and IMAGE magnetometer stations
the deformation and compression of the lobe magnetic fiel squares with station abbreviations).
lines due to its movement. However, we note that the so-
lutions for a force-free cylindrical flux rope by Lundquist
(1950) involve Bessel functions that extend to infinity, and in the X-Ygsa plane. The Cluster footprints in the northern
there is no way to “cut’ these solutions such that both theionosphere together with the ambient IMAGE ground mag-
conditions of the flux rope being force-free and magneticallynetometer network stations (Viljanen andkkinen, 1997)
closed can be preserved. In the real case, the extension of tiF€ shown in Fig. 2 in the geographic coordinate system.
flux rope is limited at least by the extension of the magneto-1hey have been calculated with the Tsyganenko 89 mag-
sphere. Hence, at least one of the conditions mentioned willetic field model (T89; Tsyganenko, 1989) under the pre-
not be valid, particularly at the ends of the flux ropes seenvailing value of Kp=2. The validity of the magnetic field

along their major axis, which may allow current to flow in or Modeling using the stated model and parameter has inde-
out of the flux rope region. pendently been confirmed with the Hybrid Input Algorithm

In order to address the question posed above, in this par_‘nodel (Kubyshkina et al., 1999). This quel moQifies the in-
per we analyse Cluster satellite data, IMAGE WIC optical put to the Tsyganenko model such that it takes into account
data, and conjugate MIRACLE and EISCAT ground-basedaCtual magnetic field measurements from a number of space-

data for a flux rope event observed by Cluster on 13 AugusPraﬁ in the magnetosphere for our event. The footprints are
2002, at~22:59 UT. located above the northern coast of Scandinavia, close to the

northeastern edge of the Scandinavian mainland IMAGE sta-
tions.
2 Instrumentation and observations Figure 3a gives an overview over selected Cluster data
for the 2 h surrounding our flux rope event. For our study,
The Cluster satellite fleet (Escoubet et al., 2001) location andnostly data from the Fluxgate magnetometer (FGM, Balogh
configuration for our event on 13 August 2002, is shown in et al., 2001) and Cluster lon Spectrometry (Cl&nk® et al.,
Fig. 1 for 22:59 UT. Here and in the following, spacecraft 1 2001) instruments are used. With respect to the CIS, data
is marked with black colour, spacecraft 2 red, spacecraft From the Hot lon Analyser (HIA) are shown for spacecraft 1
green, and spacecraft 4 blue. The four spacecraft are situateahd 3, while data from the Composition Distribution Func-
in the northern near-Earth tail atp%y,~—17Rg, in the post-  tion (CODIF) instrument have been used for spacecraft 4.
midnight sector (upper row). As can be seen in the lower rowAs can be seen from the increase in Bipper panel), the de-
of Fig. 1, with Z; sy ~—2.2R g Cluster 3 is situated by0.4—  crease of the ion density (third panel from the bottom) and of
0.6Rg closer to the equatorial plane than the other threethe temperature perpendicular to the magnetic field (second
satellites, but takes a central position of the four spacecrafpanel from bottom), and from the adjustment of the total and

longitude in degrees

www.ann-geophys.net/24/735/2006/ Ann. Geophys., 24, 7352006
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Fig. 3. (a)Cluster FGM and CIS data of 13 August 2002, from 22:00-00:00 UT, for the larger temporal environment of the event discussed.
The CODIF instrument has been used for the CIS data of Cluster 4, HIA for CIS data of Cluster 1 and 3; colours for the different Cluster
spacecraft as in Fig. 1. Panels from top to bottom: First to third panel: Magnetic field components in nT, in GSM coordinates; Fourth to sixth
panel: lon bulk velocities in knst, in GSM coordinates; Seventh panel: Currents determined with the curlometer technique Tn’-nihm

GSM coordinates: black: X component, red: Y component, green: Z component; magnaia(qdiality parameter, should ideally be zero;
plotted with an offset of -6 nAm?2, for convenience); Eight panel: Currents parallel (black) and perpendicular (red) to the magnetic field,
in nA m~2; Ninth panel: Plasma density at the four different spacecraft, imdgfienth panel: Temperature perpendicular to the magnetic
field, in eV; Eleventh panel: Total (thick line) and magnetic (thin line) pressure in nPa,; the first vertical dashed line marks the flux rope event
discussed in more detail in this study, the second and third dashed lines bracket three fast flow(l@v&ntslar to (a), but detailed plot

for the interval 22:57-23:03 UT, and using 22-Hz magnetic field data; the flux rope event is bracketed by the two vertical dasked lines.
Closeup on FGM 22-Hz magnetic field data for a 1-min interval around the flux rope event, in GSM coordifjd@msvelocity distribution
functions in three different planes from the CIS/HIA instruments on Cluster 3 at 22:58:51 UT, in GSE coordinates. The logarithmic colour
scale represents counts per second.
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Fig. 3b. Continued.

magnetic pressure (thick and thin lines in the bottom panelplasma sheet, lead by spacecraft 3 at 23:06 UT. During the
respectively), a plasma sheet thinning is observed startindollowing ~12 min after that re-entry, three distinct fast flow
from ~22:30 UT. During this thinning, all Cluster spacecraft events take place with velocities ing%,, direction up to
exit to the plasma sheet boundary layer (PSBL). Spacecraft-1000 km s (see the period between the second and third
1, 2, and 4 later exit to the lobe, while spacecraft 3's posi-vertical dashed line in Fig. 3a).

tion undulates between a PSBL-like and a lobe-like region.

A weak electron injection onset is seen at one of the LANL In this paper, we concentrate on the discussion and
geostationary spacecrafta22:50 UT (data not shown). At analysis of the magnetospheric and ionospheric observations
~22:59 UT, the flux rope event which is discussed in morein the immediate temporal vicinity of the flux rope event at
detail below is observed at spacecraft 3 (first vertical dashed~22:59 UT. A detailed plot of the Cluster data for a 5-min
line in F|g 3a) Subsequenﬂy, a dipo|arization and p|asmainterva| around that event is shown in Flg 3b, in the same

sheet expansion takes place, and the spacecraft re-enter tfFmat as Fig. 3a. The flux rope event is bracketed by the
two vertical dashed lines. For a detailed discussion of the

www.ann-geophys.net/24/735/2006/ Ann. Geophys., 24, 7352006
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Fig. 3d. Continued.

magnetic signatures of the flux rope event, the FGM datas measured at spacecraft 3. While the smooth decrease cor-
is shown for a 1 min interval around the event in Fig. 3c. responds to a deeper entry of the spacecraft into the plasma
While for Fig. 3a, magnetic data with a time resolution of sheet boundary layer, the sharp increase is interpreted as a
4's have been used, in Figs. 3b and c the data shown havetdt of the flux rope in the X-Y plane. By comparison of the
22-Hz resolution. The most pronounced feature in the magpeak values in B and B, with respect to the background
netic data during that period is a positive peak ind ~9 nT magnetic field, a tilt of~42° in clockwise direction (if seen

in spacecraft 3, coincident with a bipolar signature of com-from +Z direction) with respect to the Y axis is inferred. Also
parable amplitude in B. This signature, with a first equa- |B| peaks during the flux rope, as expected (not shown in the
torward, then poleward Bcomponent, corresponds to what figure, but can indirectly be deduced from the peak in the
is expected for a earthward moving or BBF-type flux rope asmagnetic pressure, bottom panel of Fig. 3b). The duration
described in the introduction. Simultaneously with theiB- of the By and|B| peaks lies with~20 s well in the range of
crease, a sharp increase of Bn top of a smoother decrease the statistical results of Slavin et al. (2003). Simultaneously

Ann. Geophys., 24, 73550, 2006 www.ann-geophys.net/24/735/2006/
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Fig. 4. Geographic north (X) component of IMAGE magnetograms on 13 August 2002, from 22:00-00:00 UT, in nT.

with the flux rope, a downward field-aligned current (FAC) for the given geometry this increase of the apparent tilt an-
of ~3nAm2 is calculated using the curlometer technique gle with increasing distance from the core in +Z direction is
(Dunlop et al., 2002; see fourth and fifth panel from the bot- expected.

tom in Fig. 3a). While only a slight increase of the earthward flow velocity

&ip to~100 km s is seen in the ion moments of Cluster 3in

The other three Cluster spacecraft (1, 2, and 4) which ar L . X , )
located more poleward in the northern lobe do not encountefSSociation with the flux rope event (Fig. 3b), the ion velocity
distribution functions derived from the CIS/HIA instrument

the FLR, but a corresponding traveling compression region ) -
(TCR), as can be seen from the increase jnadd the dipo- on Cluster 3 at 22:_58:51 UT (Fig. _Sd) rev_eal a clear high-
lar Bz signature which is smaller, but of similar orientation speed flow, exceeding 1500 km's with a mainly earthward

as the one of the flux rope in spacecraft 3. From the timing(VX) gnd some eastward ¢y comp_onent. Th's direction of
of the By peaks, the velocity of this magnetic signature hasthe r_ng_hspeed flow agrees well with what IS expec_:ted .from
been inferred te-1200 km st in an earthward and eastward th'e t|m|ng_of By as discussed above. Yet, this flow is mixed
direction in the X-Y plane, tilted by~2% clockwise from with a mainly equatorward (_M_ flow t_hat has smaller ¥ .
the +X axis (if seen from +Z direction). This value is well and_ Vr components. Due to this multlcompon_ent f_eature n
in accordance with the results of the TCR statistics by Slavin® highly fluctuating field the moments shown in Fig. 3b do
et al. (2005). As the direction of the core of the flux rope is not represent the flux-rope associated fast flow.

expected to be roughly 9Qilted with respect to the motion The X (geographic north) component of the IMAGE mag-
of the associated TCR, this leads to an estimate for the flusnetometers are shown in Fig. 4 in a conventional magne-
rope tilt of ~29° clockwise from the +Y axis (if seen from togram plot. Following a rather moderately disturbed period,
+Z direction), which is somewhat smaller than the value ofthe pre-existing westward electrojet intensifies at 22:50 UT
42° deduced from the Cluster 3 data above. However, sincen all northern Scandinavian mainland stations (simultane-
Cluster 3 is located northward of the core of the flux rope, ously with the observed electron injection at LANL; see first

www.ann-geophys.net/24/735/2006/ Ann. Geophys., 24, 7352006
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Fig. 5. Detailed view of the FUV emissions over the Scandinavian area from the WIC camera on the IMAGE satellite, for three consecutive
timesteps around the flux rope event.
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Fig. 6. EISCAT electron density data in log (M), as a function of geograhic latitude and altitude, for three consecutive scans from north to
south (for the longitudes of the beam at 114 km, see Fig. 10).

vertical dashed line in Fig. 4). The flux rope observation at~23:00 UT. Subsequently, the recovery phase begins which
Cluster occurs during the late expansion phase of the sublasts until~23:25 UT. The ground magnetic data will be

storm as observed in IMAGE (see second vertical dashednalysed in more detail in the following section.
line in Fig. 4). Note that some of the stations in the north-

TNULE " ) The Far Ultraviolet Wideband Imaging Camera (WIC) on
eastern Scandinavian mainland, such as Masi (MAS) ange |MAGE satellite monitors the auroral emissions in the
Kevo (KEV), show a clear positive excursion which peaks atspectral range of 140-190nm (Mende et al., 2000). On

Ann. Geophys., 24, 73550, 2006
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Fig. 7. Left panel: lonospheric equivalent currents, as derived by the 1-D SECS upward continuation technique from the ground magnetic
data, in mA nt1, from 22:40-23:40 UT. The dashed red line marks the time of the flux transfer event. Right panel: Total integrated westward
and eastward currents as a function of time

13 August 2002, the field-of-view of the WIC covered al- traveled eastwards (however, this cannot be unambigously
most the whole northern auroral region, with Northern Scan-concluded because of the border of the WIC field-of-view).

dinavia located close to the limb of the observation area, . )
and this limb shifting polewards during the time of inter- The European Incoherent Scatter Facility mainland radar

est around 23:00 UT. Therefore the format of the individ- (EISCAT; Folkestad et al., 1983) was operating in a merid-
ual WIC images of Northern Scandinavia shown in Fig. 5i0nal scanning mode during our event such that the main
changes slightly, but the area of main interest of our study, i.e'@dar beam is moved equatorwards from 72afitude to 67

the region around the northern Scandinavian coast, is visibld2titude (at 117-km altitude) during 28 min, and then the an-
throughout. A geographic coordinate system and coastlinel€nna is directed back to the starting position within the fol-
have been superposed to the images. Two major auroral rd®Wing 2min, in order to complete a full 30-min cycle. Dur-
gions are visible: an equatorward, fainter, auroral structurdnd 0ur period of main interest, these cycles started at 22:30
is seen located at68° of latitude. This structure has been @nd 23:00 UT, respectively. The main beam data are used to

pre-existing before the substorm intensification at 22:50 uTdeduce, among others, the electron density, ion and electron
(data not shown). Starting from that substorm onset, a seclemperatures, and ion velocity in the beam direction. By us-
ond, brighter auroral region has developed and moved polein9 all three EISCAT sites |nclud|ng.the receiving statu_)ns at
wards. At 22:56:38 UT, this regions peaks-af1.2 lati- Klruna and Sodankyla, glso the full ion velocity vgcto_r in the
tude, while at 23:00:43 UT, it has reached2.? latitude  F-"€gion (at 293-km altitude) and thus the electric field was
at 16 longitude. To the west and to the east of Scandi-derived. Figure 6 shows the electron density distribution as a
navia, these two auroral regions appear to re-unite, formfunction of geographic latitude and altitude for three subse-
ing a convex lense-like shape. In the center of this lenseduent cycles. The dlrectIon of geomggneUcheld lines is indi-
an area with clearly less auroral emission is observed, whicl?at_ed t_)y black dashed lines. The hlgher a_ltltuﬂéio km)

at 22:58:41 UT is located just at the northern coastline ofionisation caused by soft precipitating particles and remnant

Scandinavia. At 23:00:43 UT, this area is again covered withionisation is comparably uniform and of less interest here.
The scan 22:00-22:30 UT (upper left panel) represents the

moderate auroral emission, while the “void” area may have “e ! ] _
background conditions, during which enhanced low-altitude
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longitude in degrees

Fig. 8. Cluster footprints (dots, colours as in Fig. 1), and direction estimates of the flux rope as mapped to the ionosphere (blue line: based
on 90 rotated TCR direction of motion; red line: based on the orientation measured by Cluster 3; in both cases linearly continued in the
magnetospheric X-Y plane) at 22:59:50 UT, together with WIC emissions in R at 22:58:41 UT (iso contour lines).

ionisation was only present around°6@titude, i.e., in the  22:50 UT and the following broadening and intensification
area of the equatorward auroral structure seen by WIC. Duref the westward electrojet. Interestingly, the location of the
ing the second cycle (upper right panel), the substorm intenstrongest current flow does not significantly shift poleward,
sification initiates when the beam is located~#8.2 |ati- but rather remains at69.5 latitude. However, the width of
tude. The ionisation poleward of that, reaching-t@1° lat- the area of strong westward current significantly increases,
itude, is thus recorded before that intensification, and showsnd its northward boundary is locatedat2.8> at 23:00 UT,
that already in the growth phase energetic particle precipitain good agreement with the expansion of the poleward auro-
tion was present poleward of the equatorward auroral strucral structure seen by WIC. After23:03 UT, the width of the
ture. During the third cycle (lower right panel), i.e., after westward electrojet region again decreases in the recovery
the intensification, low-altitude ionisation is observed over phase, before another activation sets on further polewards at
the whole latitude range measured by the radar. The height=~23:15 UT. If we inspect the moment of the flux rope en-
integrated ionospheric conductances derived from these dateounter at Cluster shortly before 23:00 UT (dashed vertical
as well as the electric field structure will be discussed in theline in Fig. 7), no specific signature of the flux rope event
next section. is seen in this 1D view. Similarly, the total integrated west-
ward and eastward currents along the 1D chain (right panel
in Fig. 7) does not show any specific inhibition (nor increase)
3 Analysis results and discussion of the total current due to the flux rope event. At 23:00 UT,
) ) ) the substorm is in its late expansion phase, and the integrated
In order to obtain a clearer picture about the evolution of theyestward current density (blue line) continues to increase un-
ionospheric currents during the substorm in which the fluxyjj it reaches its absolute maximum of 370 kA-a23:10 UT.
rope event occurred, Fig. 7 shows the ionospheric equivalentience we conclude that in a 1-D and integrated representa-
currents in east-west direction, upward continued from thejjon ng specific counterpart of the flux rope event is seen in
ground magnetic measurements along a north-south alignege ionospheric currents.
chain of magnetometers with the 1D Spherical Elementary e picture changes when we inspect the 2-D distributions
Current System (SECS) technique (Vanlaaret al.,, 2003).  of the jonospheric quantities: Fig. 8 shows the WIC inten-
This technique derives the ionospheric equivalent current ingjsies over Northern Scandinavia together with the mapped
a spherical geometry as a funtion of latitude, assuming thajocation and direction of the flux rope, as well as the Cluster
derivatives in longitudinal direction vanish. In the left panel magnetic footprints. As before, the mapping has been car-
of Fig. 7, the eastward equivalent currents are shown in regjeq out with the Hybrid Input Algorithm model. Although

colour, while westward equivalent currents are displayed ingyring our disturbed substorm interval it is not easy to apply
orange to blue colours. Clearly seen is the activation at
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morphological mapping arguments of the auroral structuresFAC. Both vortices are moving synchronously eastward, with
we tentatively interprete the morphological structure of thea speed of~2kms1. The poleward vortex is reaching the
aurora as follows: The poleward boundary where the mod-Cluster satellites just at the time when a downward FAC is
erately bright aurora~{1500 R) is roughly uniform in longi- also observed in the Cluster data (cf lower right panel in
tude is located at between 6@nd 69.5 latitude (Fig. 8).  Figs. 9 and 3b). Comparing the location of the two vortices
This aurora may be interpreted as stemming from plasmaat 22:58:50 UT with the FUV image which was taken 10s
sheet precipitation earthward of the FLR. Cluster 3 is locatedearlier (Fig. 8), it can be seen that the anticlockwise vortex
poleward of this main plasma sheet region in a region of littleis well collocated with the lens-shaped emission minimum,
auroral precipitation, as is supported by the |pwalue it ob-  while the clockwise vortex is well collocated with the emis-
serves during the FLR event (see the observed absolute argion maximum around 683atitiude, which supports the in-
magnetic pressure, Fig. 3b). Thus our magnetic mapping reterpretation of the current vortices as downward and upward
sults are well consistent with morphological arguments. NoteFAC regions, respectively. We notice that the tilt of the axis
that for any features at and tailward of the FLR, the FLR ob-between the two current vortices is comparable with the tilt
stacle will perturb the morphology of the particle precipita- of the ionospheric projection of the flux rope direction (the
tion. two estimates are marked by the blue and red lines in the
For the flux rope mapping, the blue line in Fig. 8 shows the 22:59:50 UT panel of Fig. 9, similarly to Fig. 8). Further-
estimate from the 90rotated direction of the TCR motion, more, with~2.4kms 1, the mapped eastward bulk velocity
and the red line the estimate as determined from the Cluster 8bserved at Cluster 4 (which is located closest to the cen-
magnetic data. In both cases, for the mapping the estimatettal latitude of the anticlockwise vortex) agrees well with the
directions were linearly continued in the magnetospheric X-eastward speed of the current vortices.
Y plane. The flux rope maps into the lens-shaped area of It may be noted that during the latter fast flow events start-
weak FUV emissions below 1000 R (cf. also Fig. 5). More- ing at~23:00 UT, downward FAC are also observed by Clus-
over, also the orientation of the mapped flux rope coincideger (Fig. 3b). The FAC at the FLR event is, however, mostly
well with that of the weak auroral emission region, which caused by a very localised change in the:&B' component,
are both northeast-southwest aligned in the ionosphere. Notand thus leads to a localized FAC pattern in the ionosphere,
that although the J0rotated direction of the TCR motion is while the FAC during the latter fast flow events mostly stem
expected to correspond best to the flux rope core directionfrom dBy/dZ which suggests dawn-dusk extended current
this conclusion is qualitatively not sensitive to the difference sheets.
between the two estimates of the flux rope orientation. Since Thus we conclude that in a 2-D view, there are several
a flux rope effectively acts as an “obstacle” for particles pre-clear topological ionospheric correspondences to the flux
cipitating from the tail to the ionosphere, it is likely that this rope event: A lens-shaped decrease of the ionospheric FUV
signature is caused by an inhibition of such particles due teemissions which is collocated with a downward FAC area
the presence of the flux rope. that moves eastward with a speed close to the bulk veloc-
A further topological correspondence to the flux rope isity of the plasma as measured in the magnetosphere. This
found in the 2D ionospheric current pattern. For that pur-leading downward FAC area is balanced by a trailing up-
pose, we calculate the 2-D ionospheric equivalent currentsvard FAC area which moves eastward at the same speed at
J eq.ion Using the 2-D SECS technique for the upward con-lower latitudes. On the other hand, no ionospheric topologi-
tinuation of the ground magnetic field (Amm and Viljanen, cal correspondence is found to the mentioned fast earthward
1999). Further, we decompose this currents according tanotion of the B; peaks of the TCR, which would map to a
Jeq.ion=Jafion + Jiap.ion, WhereJqp ion is the partofthe  ~22km s 1 eastward velocity component in the ionosphere.
current which is divergence- and curl-free within our analy- A tentative interpretation of the topological correspon-
sis area, whilgJ 41 ;,, denotes the part of the current whichis dence might be that the two current vorticesjigs,;,, are
divergence-free, but not curl-free inside that area (e.g. Ammthe “edges” of a flux rope in its symmetry direction where
1997). (Note that/., o, is by definition divergence-free, part of the current flowing in its central area is diverted into
cf., e.g., Untiedt and Baumjohann, 1993.) With such a de-upward and downward FAC, respectively. Both in the iono-
composition, the main background westward electrojet will sphere and in the flux rope (wheyé B), the currents are
be contained in/;4p.i0n, While local features of the current flowing southwestwards. (Note that ti¥gs;,, currents in
system are seen ifi;7,;,,. The evolution of this latter current  Fig. 9 would in case of uniform conductances correspond to
system is shown in 1-min steps in Fig. 9, between 22:56:50Hall currents, but the total currents related to the double vor-
and 22:59:50 UT. Two oppositely directed current vorticestex structure are expected to flow from the downward FAC
are visible, a clockwise one which is centered-atL.5 lat- area in the northeast to the upward FAC area in the south-
itude, and an anticlockwise one which is centered slightlywest. This is also discussed below when looking at the iono-
poleward of 68 latitude. If the ionospheric conductances spheric electric field.) For the flux rope, this current direction
were uniform, the clockwise vortex would correspond to aalso corresponds to the prevailing positive IM Bompo-
downward FAC, and the anticlockwise one to an upwardnent (data not shown). Hence, in this interpretation there is
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Fig. 10. Upper panel: EISCAT height-integrated Hall conductance values (integrated along the radar beam, which is not necessarily field-
aligned), in S, for two consecutive scans from north to south. Blue: Scan mostly before substorm activation at 22:50 UT,; red: Scan after
substrom activation. Numbers at the dots (measurement points) mark the times of the observations. Lower panel: Latitude and longitude of
the radar beam at 114 km for each measurement point.

no current circuit between ends of the flux rope and the ionothe geographic longitude of the observations is plotted in the
sphere, since in this case the current direction in both dofower panel. The blue curve in the upper panel shows the
mains should be opposite, and such a circuit would miss & g peqm Scan which was mostly taken before the activation
current generator. Rather, the current generated further tailat 22:50 UT. It shows larger Hall conductances over 15 S only
ward in the magnetosphere could close either via the ionoin the geographic latitude range 668-70, and very low
sphere, or close by “tunneling” through the flux rope, in the Hall conductances less than 5 S poleward ¢flafitude. Af-
same direction. If this interpretation is correct, the role of ter the activationk g »..» has increased to values larger than
the flux rope in this picture should depend on thed®mpo- 20 S almost along the whole latitude range of 68.5-72.2
nent prevailing in it, since only for a positiveyBhe currents  However, a minimum ok g p..» iS encountered at 71°3at,
could be closed in the direction as required during a sub-which is the same latitude where about 5 min before the lens-
storm. We emphasize that this interpretation is at the preserghaped FUV emission minimum region and the clockwise
stage speculative, and more work needs to be done to eithef;1;,, vortex associated with downward FAC has passed.
verify or falsify it. However, it would be consistent with the Even though these EISCAT observations were mafienin
topology of the horizontal currents and FAC, as observed byafter the center of the FUV emission minimum has passed,
Cluster and in the ionosphere. and somewhat westwards of the location of that minimum
Finally, we return to a 1-D view of the ionosphere and during the flux rope event, we interpret the existence of the

inspect two important parameters which cannot be retrievedonductance minimum as a confirmation that, compared to
from the MIRACLE data for our event, since only one of the environment, lower ionospheric conductances prevail in
the two STARE radar stations was operative: the iono-the area of the FUV emission minimum and downward FAC
spheric conductances and the electric field as obtained frorfPOP as to be expected.

EISCAT data. The upper panel of Fig. 10 shows the “beam- The electric field observations by EISCAT are shown in
aligned” Hall conductanc& g .. Which has been inte- a superposed vector plot in Fig. 11. The measurements
grated along the respective EISCAT beam direction, and thusf the 22:30-23:00 UT scan are shown at their actual ob-
is not necessarily field-aligned. The numbers at the observaservation points, while measurements of later scans have
tion points indicate the observation time of each point, andbeen shifted eastward in space, and those of earlier scans
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Fig. 11. Electric field measured by EISCAT for four consecutive scans from north to south between 22:00-00:00 UT (two vectors have been
deleted for data quality reasons). Data of the scan 22:30—23:00 UT are shown at the actual observation points, data of earlier scans are shifte
westward, of later scans eastward. The area enclosed by the red dashed line marks the spatio-temporal domain of the substorm intensificatio
and recovery phase.

westwards. Again, the observation times are indicated ad# Summary and conclusions

the vectors. We note that before and later equatorward of

the substorm region, large southeastward pointing electri®uring the expansion phase of a substorm on 13 August
field vectors with magnitudes partly well above 100mvim 2002, around 22:59:50 UT Cluster 3 observed an earthward
are seen. This high electric field region, which is indepen-traveling BBF-type flux rope in the PSBL, while the other
dently also confirmed by a comoving area of enhanced iorthree Cluster spacecraft experienced the signature of a TCR
tempe- ratures (data not shown), moves equatorward with & the northern lobe. Our search for possible topological cor-
speed of~0.1kmsL. However, as this interesting feature respondences in the conjugate ionosphere to these magneto-
is pre-existing to the substorm, its detailed analysis lies outSpheric substorm features has yielded the following results:
side the scope of this paper. We concentrate on the elec-

tric field structure after the activation and inside the sub- — At the ionospheric footprint of the flux rope, a convex

storm area (i.e., poleward o6f68° latitude) which is marked lens-shaped FUV emission minimum region is observed
by the red box in Fig. 11. Especially during the 23:00— inside which the ionospheric conductances are dimin-
23:30 UT scan, the electric field magnitudes are depressed  ished with respect to the environment. The alignment
to values of 20-30mV mt, as to be expected due to the of the lens shape corresponds well to the mapped direc-

conductance enhancement during the substorm. During this  tion of the flux rope.
first scan, the electric field points mostly southward, which
is just the electric field direction required to direct the total
horizontal ionospheric current into a west-southwestward di-
rection, in good correspondence with the direction between
the downward and upward FAC regions in Fig. 9. During
the 23:30-00:00 UT scan, i.e., already at the end and after
the recovery phase of the substorm (cf. Fig. 7), the electric
field magnitudes somewhat increase again and the directions
become more variable. Hence we conclude that the EISCAT _ comoving with this leading downward FAC area at
electric field data during the substorm event is compatible .71 5 |atitude is a trailing upward FAC area slightly

— This FUV emission minimum region is collocated with
a downward FAC area as both measured with Cluster
and inferred from the ground-based data. The down-
ward FAC area is moving eastward with a speed of
~2km s which is in good agreement with the mapped
bulk velocity measured at the Cluster spacecraft closest
to that area.

with the current structure found from the magnetic field data, poleward of 68 latitude. The tilt angle between these
and thus further confirms our interpretation of the two current o FAC areas is in good agreement with the tilt angle
vortices as oppositely directed FAC regions. of the flux rope mapped to the ionosphere. The elec-

tric field in the region is consistent with a current flow
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from the downward to the upward FAC area in south- elementary current systems, Earth, Planets and Space, 51, 431—
westward direction. This is the same direction in which 440, 1999.

the current in the flux rope is flowing if it is assumed to Amm, O.: lonospheric elementary current systems in spherical co-
be close to force-free. ordinates and their application, J. Geomagn. Geoelectr., 49, 947—

955, 1997.
— No ionospheric topological correspondence can beAngelopoulos, V., Baumjohann, W., Kennel, C. F., Coroniti, F.
found to the fast{1200 km gl) earthward movement V., Kivelson, M. G., Pellat, R. J., Walker, R. J.phr, H., and

of the By peaks in the magnetosphere related to the Paschmann, G.: Bursty bulk flows in the inner central plasma
TCR sheet, J. Geophys. Res., 97, 4027-4039, 1992.

Baker, D. N., Pulkkinen, T. I., Angelopoulos, V., Baumjohann, W.,

. . . . and McPherron, R. L.: Neutral line model of substorms, Past
We suggest a possible interpretation of these topological results and present view, J. Geophys. Res., 101, 12975-13010,

correspondences as follows: the two FAC regions of oppo- 1996.

site polar!ty may corresponq to the ends of the f!ux rope iNgyiogh, A, Carr, C. M., Aciia, M. H., Dunlop, M. W., Beek, T.

the direction of its central axis, where the magnetic topology . "Brown, P., Fornagon, K. H., Georgescu, E., Glassmeier, K.-

is not closed and current can partly be diverted into FAC (or  H_, Harris, J., Musmann, G., Oddy, T., and Schwingenschuh, K.:

vice versa). If this hypothesis applies, it would mean thatthe The Cluster Magnetic Field Investigation: overview of inflight

current generated further downtail in the magnetosphere can performance and initial results, Ann. Geophys., 19, 1207-1217,

either close via the ionosphere, or “tunnel” through the flux 2001.

rope in the same direction. Such a current closure during &aumjohann, W., Paschmann, G., aritht, H.: Characteristics of

substorm would only be possible if the core magnetic field high speed ion flows in the plasma sheet, J. Geophys. Res., 95,
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in our case. We emphasize that at the present stage this ire!"oP, M- W., Balogh, A., Glassmeier, K.H., and Robert,
o . P.: Fourpoint Cluster application of magnetic field analysis

terpretation is a hypothesis, and more work needs to be done
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ionospheric data and analysis presented in this study. sion, Ann. Geophys., 19, 1197-1200, 2001.

Finally, we note that while in this paper the Cluster mag- Folkestad, K., Hagfors, T., and Westerlund, S.: EISCAT: An up-
netic field and plasma signatures have been interpreted as dated description of technical characteristics, Radio Sci., 18,
flux rope and TCR features associated with formation of mul-  867-879, 1983. _ _
t|p|e x_lineS, similar magnetic features (bipo|arZBwere Hones Jr., E. W.: Substorm processes in the magnetotail: Com-
also interpreted as a transient profile of a remote X-line due Ments on “On hot tenous plasma, fireballs, and boundary layers
to its temporal change in the reconnection rate (e.g., Sergeev :_nthg Ear;h ‘T’D m\?ggeote:qul byRFranl;,zL.S '25 ?%iée;zOTé?}L" and
et al., 2005). The exact discrimination between these two epping, R. 7., J. LEOphys. Res., 82, R ’ o

biliti Id . | le det inati fleda, A., Machida, S., Mukai, T., Saito, Y., Yamamoto, T., Nishida,
possibil les_ un require a ar_ger—.scae etermination o A., Terasawa, T., and Kokubun, S.: Statistical analysis of plas-
the magnetic field topology, which is beyond of the scope

; - : ~ moid evolution with GEOTAIL observations, J. Geophys. Res.,
of this study. Yet, the clear associated signatures observed in 103, 4435-4466, 1998.

the ionosphere indicate that in both cases the coupling to th&ubyshkina, M. V., Sergeev, V. A., and Pulkkinen, T. I.: Hybrid
ionosphere would be realised via the current topology deter- Input Algorithm: An event-oriented magnetospheric model, J.
mined in this paper. Geophys. Res., 104, 24 977-24 994, 1999.
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