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H. Wang1,2, H. L ühr2, S. Y. Ma1, J. Weygand3, R. M. Skoug4, and F. Yin1,2

1Dept. of Space Physics, College of Electronic Information, Wuhan University, P. R. China
2GeoForschungsZentrum, Potsdam, Germany
3Institute of Geophysics and Planetary Physics, University of California, Los Angeles, USA
4Los Alamos National Laboratory, Los Alamos, New Mexico, USA

Received: 22 June 2005 – Revised: 24 October 2005 – Accepted: 14 December 2005 – Published: 7 March 2006

Abstract. This study concentrates on the characteristics of
field-aligned currents (FACs) in both hemispheres during
the extreme storms in October and November 2003. High-
resolution CHAMP magnetic data reflect the dynamics of
FACs during these geomagnetic storms, which are different
from normal periods. The peak intensity and most equator-
ward location of FACs in response to the storm phases are
examined separately for both hemispheres, as well as for the
dayside and nightside. The corresponding large-scale FAC
peak densities are, on average, enhanced by about a factor of
5 compared to the quiet-time FACs’ strengths. And the FAC
densities on the dayside are, on average, 2.5 times larger in
the Southern (summer) than in the Northern (winter) Hemi-
sphere, while the observed intensities on the nightside are
comparable between the two hemispheres. Solar wind dy-
namic pressure is correlated with the FACs strength on the
dayside. However, the latitudinal variations of the FACs
are compared with the variations inDst and the interplane-
tary magnetic field componentBz, in order to determine how
these parameters control the large-scale FACs’ configuration
in the polar region. We have determined that (1) the equator-
ward shift of FACs on the dayside is directly controlled by
the southward IMFBz and there is a saturation of the lati-
tudinal displacement for large value of negativeBz. In the
winter hemisphere this saturation occurs at higher latitudes
than in the summer hemisphere. (2) The equatorward expan-
sion of the nightside FACs is delayed with respect to the solar
wind input. The poleward recovery of FACs on the nightside
is slower than on the dayside. The latitudinal variations on
the nightside are better described by the variations of theDst

index. (3) The latitudinal width of the FAC region on the
nightside spreads over a wide range of about 25◦ in latitude.

Keywords. Ionosphere (Auroral ionosphere) – Magnetos-
pheric Physics (Current systems; Magnetosphere/ionosphere
interactions)

Correspondence to:H. Wang
(h.wang@whu.edu.cn)

1 Introduction

A geomagnetic storm typically lasts from one to three days
and encompasses the entire magnetosphere. TheDst index
is used to assess the strength of a geomagnetic storm. Tra-
ditionally, this index is derived from an average deflection
of the geomagnetic field horizontal component measured at
four low-latitude stations. Usually the magnetic storm can
be divided into three phases: the Storm Sudden Commence-
ment (SSC) (a positive deflection ofDst associated with a
sudden increase in solar wind dynamic pressure), the main
phase characterized by a decrease inDst (dDST /dt<0) and
the recovery phase (dDst/dt>0) (Maltsev, 2004).

The solar wind is expected to influence the distribution and
characteristics of field-aligned currents (FACs) (e.g.Wang
et al., 2005). A number of solar wind coupling parameters
are put forward, which include a selected combination of
quantities, such as the Interplanetary Magnetic Field (IMF),
solar wind velocity (vsw), clock angle (θ ), the angle of the
IMF in the GSM y-z plane with respect to the +z direc-
tion and dynamic pressure (Pd ). For example, Akasofu’s
coupling parameter,ε=1/µ0vsw(B2

x+B2
y+B2

z ) sin4(θ/2)l20,
can serve as an indicator for the energy input during in-
tense geomagnetic storms (Akasofu, 1979), whereBx , By ,
Bz are components of IMF andl0 is a constant scale length,
'7 Earth radii.Troshichev and Lukianova(1996) concluded

that the merging electric field,Em=vsw

√
B2

y+B2
z sin2(θ/2),

is a suitable geoeffective solar wind coupling parameter for
loading the magnetosphere.Bythrow (1984) determined
that the boundaries of the auroral FACs shifted equatorward
(poleward) during periods of southward (northward) IMF.
The rate of the equatorward expansion is related toPd , where
the greater the pressure, the faster the equatorial expansion
(Anderson et al., 2002). Furthermore,Anderson et al.(2002)
found that the intensification and equatorward expansion of
the global FACs occurred in response to a southward IMF
Bz and the strongest FACs occurred during the most intense
negativeBz (corresponding to the storm main phase) and the
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weakest FACs occurred during northward IMF. The study
of Anderson et al.(2002) was based on two storms, 22–
23 September 1999, with a minimumDst of approximately
–160 nT, and 21–22 October 1999, with a minimumDst of
–230 nT.Iijima and Potemra(1978) found that very intense
cusp currents seemed to be associated with the southward
IMF Bz component. However, some intense FACs also oc-
curred in the cusp region during periods of large positiveBz.
Furthermore, the strong IMFBy component can also yield
an intensification of significant FACs, but does not affect
the FAC equatorward shift (e.g.Friis-Christensen and Wil-
hjelm, 1975; Anderson et al., 2002). In our study, the above-
mentioned parameters along with theDst index will be used
together to characterize the storm-related inputs during the
two events we have examined.

One of the most obvious responses of the auroral region to
the enhanced solar wind input during a geomagnetic storm is
the equatorward expansion of the auroral oval. The positions
of the midnight and the noon sectors of the auroral oval shift
in response to the variations of the IMF southward compo-
nent, but they do not necessarily move with theDst intensity
variations (Meng, 1984).

The latitudinal position of the dayside auroral oval varies
during geomagnetic storms with the IMFBz component
while the nightside auroral oval is less sensitive to IMF
Bz (Burch, 1979). Meng (1984) has examined the latitudi-
nal variation of the noon and nightside auroral oval during
three intense storms with theDst minima values of –156 nT,
–120 nT and –150 nT. He found that the noon sector aurora
was displaced by a few degrees more than the nightside re-
gion near the peak of the magnetic storm, and the midnight
auroral oval recovered more slowly than the noon sector dur-
ing the storm recovery phase. Furthermore, the equatorial
boundary of the nightside auroral oval was shown to expand
below 50◦ during extremely intense storms. Associated with
the equatorward shift of the auroral oval is the expansion of
the polar cap. This can be regarded as an indication of the
buildup of the open magnetic flux in the magnetotail (Milan
et al., 2004).

On the dayside FACs are closely related to the magne-
topause reconnection process (Ma et al., 1995), which is also
associated with the creation of new open flux. Nightside
FACs, embedded in the auroral oval, are intimately related to
both the tail current and the ring current (Mauk and Zanetti,
1987). Therefore, we expect that the solar wind will have a
different effect on the dayside and nightside FACs’ intensi-
ties and locations during intense storms.

Fujii et al. (1992) were the first to report on the
dynamic variations of FACs in the northern morn-
ing (07:00–10:00 MLT) and southern evening sectors
(19:00–21:00 MLT) during the great magnetic storm on
13–14 March 1989, as recorded by the EXOS D satellite.
They determined that the latitudinal width of the FAC re-
gion increased during the storm, particularly in the morning
sector, where it covered about 33◦ in latitude. In the evening
sector during the storm the FAC distribution developed into
complicated patterns consisting of many pairs of upward and

downward FAC sheets. In addition,Christiansen and Papi-
tashvili (2003) found that the averaged region 1 (R1) FACs
saturated during the storm main phase.Siscoe et al.(2002)
hypothesized that the magnetic field of the R1 FACs reduced
the field strength at the magnetopause, thereby preventing
further increase in the R1 FACs.

With the Iridium satellite constellationAnderson et al.
(2002) determined that there were differences in the decreas-
ing FAC magnitude and in the velocity of the poleward retreat
of the FACs for different geomagnetic storm recovery phases.
During a rapidDst recovery, the storm current intensity de-
creased to prestorm levels within an hour and was accom-
panied by a prompt poleward retreat, while a more gradual
Dst recovery corresponded to the gradual poleward retreat
and sustained strong FACs above quiet levels. In addition,
they reported similar global FAC intensifications and time
developments in the autumn (Northern) and spring (South-
ern) Hemispheres.

The ionospheric conductivity is also expected to affect the
FACs’ location and intensity (e.g.Fujii et al., 1981; Wang
et al., 2005). The dependences of FAC intensity and location
in the dayside and the nightside on ionospheric conductiv-
ity during quiet periods have been statistically studied (e.g.
Fujii et al., 1981; Wang et al., 2005). It was found that the
intensity of FACs changed with the solar radiation-induced
conductivity only on the dayside, not on the nightside. On
the dayside a systematic difference of the footprint latitude
between sunlit and dark conditions emerged with a 2◦ equa-
torward retreat under dark conditions. Over large parts of the
night sector there was no influence on the average position
of the currents. One of the questions we will address in this
study is whether the solar radiation-induced ionospheric con-
ductivity also plays a role for the dayside and nightside FACs
during extreme storm periods. In this study we will com-
pare the FACs’ features in the winter (Northern) and summer
(Southern) Hemispheres during the October and November
2003 storms.

This work includes: (1) a report on the high resolu-
tion CHAMP observations of the dayside and nightside
FAC density and position during the 29–31 October, and
20–22 November 2003 storms; (2) an investigation of the
variation of the noon and midnight FACs in association with
solar wind parameters, IMFBx , By , Bz, vsw, Pd , Em and
ε; and (3) a comparison of the storm-time dynamics of the
dayside and nightside FACs in the summer and winter hemi-
spheres. In the following section we describe the instrumen-
tation and data processing. The event analysis of the ob-
servations is presented in Sect. 3. In Sect. 4 the results are
discussed in the context of previous publications. Section 5
summarizes the conclusions drawn from the observations.

2 Instrumentation and data processing

The geoscientific satellite CHAMP was launched on 15 July
2000 from the Russian cosmodrome Plesetsk into a circular,
near-polar orbit (87.3◦ inclination) (Reigber et al., 2002). At
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the beginning of the mission the altitude was 456 km, decay-
ing to 350 km after 5 years. CHAMP has delivered a unique
data set. The instrument of prime interest for this study is the
Fluxgate Magnetometer (FGM), which delivers vector field
readings at a rate of 50 Hz with a resolution of 0.1 nT. The
data are calibrated routinely with respect to the onboard ab-
solute scalar Overhauser Magnetometer. A dual-head star
camera system, mounted together with the FGM on an op-
tical bench, provides the orientation of the measured field
vectors with arcsecond precision. Data used in this study are
the 1-Hz calibrated (Level 2) vector data in the North-East-
Center (NEC) frame which are available publicly through the
CHAMP data center, ISDC (product identifier: CH-ME-2-
FGM-NEC).

The FAC density,jz, is determined according to Ampère’s
law from the magnetic field data by solving the curl-B, that

is, jz=
1
µ0

(
∂By

∂x
−

∂Bx

∂y

)
, whereµo is the vacuum permeabil-

ity, Bx andBy are the transverse magnetic field components
caused by the currents. We have used the same approach as
described inWang et al.(2005) to obtain the FAC denstity.
Since we do not have multi-point measurements, we convert
observed temporal variations into spatial gradients by con-
sidering the velocity under the assumption of the stationarity
of the current during the time of satellite passage. After dis-
crete sampling is introduced (Lühr et al., 1996), we obtain
jz=

1
µ0vx

4By

4t
, wherevx is the velocity perpendicular to the

current sheet andBy is the magnetic deflection component
parallel to the sheet.

We have assumed that the FACs are organized in infinite
sheets that are aligned with the mean location of the auroral
oval. Evidences for such geometry have been examined pre-
viously (e.g.Iijima and Potemra, 1976; Sugiura and Potemra,
1976; Zanetti et al., 1983). During a magnetic storm these
conditions may not apply. However,Lühr et al.(1996) have
shown that any deviation (oblique crossing or finite extent of
sheet) can lead to a factor of 2 underestimation of the cur-
rent density. For this study, the absolute value of the current
density is not crucial. The latitude of peak current density is,
however, not significantly affected by the uncertainty in the
current geometry and can be regarded as reliable. The current
estimates are given in corrected magnetic coordinates (i.e.
magnetic latitudes (MLAT) and local times (MLT)), which
are calculated from the Apex algorithms described byRich-
mond(1995). Averages of FAC densities are binned in a grid
of 1◦ MLAT. The same latitudes are revisited by CHAMP
satellite after 93 min of the orbital period.

The solar wind parameters used in this study are measured
by the ACE satellite. The solar wind data have been prop-
agated from the ACE satellite to the magnetopause with the
minimum variance method outlined inWeimer et al.(2003).
ACE solar wind plasma data are accessible through the ACE
Science Center Web site, however, reliable solar wind den-
sity data could not be provided by the SWEPAM instrument
for the October storms for two reasons. The first is that
the solar wind tracking algorithm failed under high radiation
background levels associated with the intense solar energetic

particle event. The second reason is that the peak in the en-
ergy spectrum of the solar wind beam exceeded the search
mode energy range and thus could not be tracked properly
(Skoug et al., 2004). To fill these gaps we have used data
from a different instrument mode, the so-called search mode,
which gives, however, only one reading every 33 min. These
data and their limitations were previously presented inSkoug
et al.(2004).

3 Events study

The events we will examine occurred on 29–31 October and
20–22 November 2003. The first results of these Sun-Earth
connection events have been summarized byGopalswamy
et al.(2005a). TheDst index was –180 nT, –363 nT, –401 nT,
and –472 nT for all 4 storms and all the storms were driven
by Coronal Mass Ejections (CME) observed in the solar wind
(Gopalswamy et al., 2005b). During the times of interest, the
CHAMP satellite was approximately in the noon-midnight
meridian (13:00∼01:00 MLT sector for October events and
11:00∼23:00 MLT for November event), thus enabling us
to study the dayside and nightside dependence of large-scale
FACs on solar wind parameters and storm effects. An in-
terhemispheric comparison enables us to also investigate the
seasonal differences of the FACs.

3.1 Storms of 29–31 October 2003

A succession of intense magnetic storms occurred on
29–31 October 2003 and were accompanied by extreme geo-
physical conditions. Figure1 shows the time history of
8 quantities related to the magnetic activity. Shown in the
figure are 72 h of one-hour averages of the data, beginning
on 29 October 2003 at 00:00 UT. We will refer to the indi-
vidual hours as Storm Time (ST). The left column of Fig.1
contains the components of the IMFBx , By , Bz in GSM co-
ordinates and theDst index. In the right column we can see
vsw, Pd , Em andε.

We use theDst index to indicate the three storm inter-
vals, where the first occurs with a minimum of –180 nT
at 10:00 ST, the second with a minimum of –363 nT at
25:00 ST, and the third with a minimum of –401 nT at
47:00 ST. Between each storm there is some recovery of the
Dst index. We refer to these three periods as the first, the sec-
ond and the third storm time in the following, inYizengaw
et al.(2005).

The peak values of the energy input, as defined byε, are
about 0.5, 4, 3.5×1013 J/s, for the first, second and third
storm times, respectively. At about the same timeEm peaks
attain values of about 20, 26 and 40 mV/m, respectively.vsw

exceeds 1800 km/s twice around 06:00 and 44:00 ST. Un-
fortunately, due to the poor proton density data,Pd , for the
first two storms, could not be reliably determined (Skoug
et al., 2004). Despite the relatively smallDst value during
the first storm, the correspondingKp and AE indices are
quite large. The geomagnetic activity index,Kp, reaches
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Fig. 1. Typical storm-time solar wind parameters, including IMFBx , By , Bz components in GSM coordinate system, velocity,vsw, dynamic
pressure,Pd , merging electric field,Em, Akasofu parameter,ε, andDst variations on 29–31 October 2003.
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Fig. 2. Examples of the storm-time magnetic measurements and derived FACs for individual CHAMP passes over the north and south poles.

9o, 9- and 9o during the three storm intervals from 06:00
to 09:00 ST, 18:00 to 27:00 ST and 42:00 to 48:00 ST, re-
spectively. The auroral electrojet index,AE, is determined
to be 2250 nT, 2000 nT and 1750 nT in the three intervals of
07:00–12:00 ST, 13:00–27:00 ST and 36:00–52:00 ST (both
indices are not shown in Fig. 1; seeLiu and Lühr (2005) for
more information).

For the first storm, an SSC is observed at 06:11 ST on
29 October 2003. The main phase for this storm takes place
between 07:00 ST and 10:00 ST and occurs just after a south-
ward turning of the IMF at∼ 06:00 ST that reaches a mini-
mum of –10 nT. After the main phaseBz is only moderately
southward or even northward. The recovery phase begins af-
ter the IMFBz turns northward.Bx andBy become more
negative during the whole period of the first storm.

The second storm main phase occurs between 14:00 ST
and 26:00 ST and is associated with a strong southwardBz

of about –28 nT around 20:00 ST. The recovery phase begins
5 h after the IMFBz turns northward at 20:00 ST.Bx andBy

turn from negative to positive around 15:00 and 17:00 ST.

The third storm main phase is observed between 42:00 ST
and 47:00 ST, during which the IMFBz decreases to –33 nT
at around 45:00 ST. The recovery phase of this event be-
gins about 1 hour after the IMFBz turns northward. During
this stormPd stays below 7 nPa,Bx turns from negative to
positive around 44:00 ST andBy fluctuates between 20 and
–20 nT at 42:00 ST and 52:00 ST, respectively.

The main phases of these three events are all accompanied
by a southward IMFBz and the recovery phases of all events
are accompanied by the northward turning of IMFBz, which
is consistent with the previous studies that believe storms are
strongly related to the southward IMF periods (e.g.Gonzalez
and Tsurutani, 1987; Maltsev, 2004).

Figure2 shows, as an example, the variations of the rele-
vant magnetic componentdBy (left) and the derived field-
aligned current density (right), for an individual CHAMP
pass over the north and south poles on 30 October 2003. Neg-
ative (positive) currents denote downward (upward) FACs
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Fig. 3. Storm-time FACs observed by CHAMP in the daytime (top) and nighttime (bottom) sectors on 29–31 October 2003 in the Northern
(left) and Southern(right) Hemispheres. Current densities are given inµA/m2.
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Fig. 5. Latitudinal variation of the FACs occurrence on the nightside in comparison with theDst value in both hemispheres for the October
event.

flowing into (out of) the ionosphere. A well-defined FAC
sheet can be found on the dayside in both hemispheres, while
there are multiple FAC sheets on the nightside covering a
wide range of latitudes (about 21◦).

Figure3 shows the color-coded distribution of FAC den-
sity as a function of MLAT versus ST, as observed by the
CHAMP satellite. Separate frames are used for the dayside
and nightside in both hemispheres. In the figure we display
only FAC densities with magnitudes greater than 1µA/m2,
which are typical during nominal periods (Wang et al., 2005),
and smaller magnitudes are omitted, in order to focus on the
intense FACs.

Figure 3 demonstrates that the temporal variation of the
magnetic latitude of the intense FACs is well correlated with
the three storm periods. This behavior is more obvious on
the dayside than on the nightside, where the most poleward
FACs are not well correlated with the storm phases, while the
most equatorward FACs are better correlated. As a result, the
total latitudinal range of FACs can, at times, be much wider
than the normal width. This is especially true during the most
active periods of the storm. For example, at 16:00 ST the
equatorward boundary of the FACs on the nightside in the
Southern Hemisphere shifts to 57◦ MLAT, but the poleward
boundary stays around 82◦ MLAT, resulting in a total range
of 25◦ in magnetic latitude.Fujii et al.(1992) already noticed
a disagreement between the response of the poleward and the
equatorward FACs to the storm-time activity. The response
of the equatorward FACs is found to roughly correlate with

the IMFBz, Dst , Em andε during extreme activity. All these
parameters however, do, not peak at the same time. For ex-
ample, in our events, minima inDst occurred 1 to 2 h later
than minima inBz.

It is well-known that for enhanced geomagnetic activity
the auroral oval expands equatorward. Here we want to test
whether the southward IMF orDst index can be used to pre-
dict the equatorward latitudes of the FACs. Figure4 has
the same format as Fig.3, except that 15-min averages of
IMF Bz are shown. This figure demonstrates that the latitu-
dinal variation of the FACs on the dayside follows IMFBz

rather closely. The best correlation appears to be between
the Southern Hemisphere FACs and negative IMFBz. In the
Northern Hemisphere we find some significant discrepancies
between the time of theBz minima and the minimum equa-
torward latitudes of FACs on the dayside, as well as local-
ized FAC peaks at 35:00 ST, 49:00 ST, and 59:00 ST. The
minimum equatorward latitudes of FACs on the dayside oc-
cur at 07:00 ST (57◦), 22:00 ST (56◦), and 44:00 ST (54◦) in
the Northern Hemisphere and at 08:00 ST (–61◦), 20:00 ST
(–47◦), and 45:00 ST (–48◦) in the Southern Hemisphere.
These times match almost the three phases when theBz min-
ima occur, but not to the three phases whenDst minima oc-
cur, around 10:00, 25:00 and 47:00 ST.

In Fig. 5 we compare the latitudinal variation of the FAC
distribution on the nightside with the variation ofDst . Fig-
ure 5 indicates that the motion of the equatorward border
of the intense FACs on the nightside correlates withDst
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Fig. 6. Typical storm-time solar wind parameters, including IMFBx , By , Bz components in the GSM coordinate system, velocity,vsw,
dynamic pressure,Pd , merging electric field,Em, Akasofu parameter,ε, andDst variations on 20–22 November 2003.

reasonably well, while the dayside motion does not correlate
as well withDst . After IMF Bz turns northward the latitudi-
nal motion of the dayside FACs is slower than the nightside.

The minimum equatorward latitudes of FACs on the night-
side occur at 12:00 ST (53◦), 25:00 ST (52◦), and 47:00 ST
(50◦) in the Northern and 10:00 ST (–54◦), 21:00 ST (–51◦),
and 47:00 ST (–46◦) in the Southern Hemisphere. Most
of these latitudinal minima are further equatorward than the
dayside minima. This is as expected since the auroral oval on
the nightside is normally located at lower magnetic latitudes
than on the dayside. However, the times at which the mid-
night FACs reached their minimum latitudes occur almost 1–
3 h later than those in the noontime sector.

Figures4 and5 also show that peak FAC intensities do not
coincide with the most equatorward FACs, minima inDst ,
or minima inBz. For example, during the first storm event
(between 06:00 and 14:00 ST), in the Northern Hemisphere
on the dayside (upper frame in Fig.3), the FAC peaks around
09:00 ST with an amplitude of∼5µA/m2. These upward
FACs are located at∼ 64◦.

Figure4, which displays the dayside FACs, demonstrates
that the magnitudes of the peak FACs in the Southern Hemi-
sphere are larger than those in the Northern Hemisphere.
This is not the case for the nightside FACs. The peak FACs in
Fig.5 on the nightside in the Northern Hemisphere are some-
times larger or comparable to those in the Southern Hemi-
sphere. However, we should recall that the CHAMP space-
craft samples each polar region only once every 93 min and
may have missed several larger events.

3.2 The November storm event

The isolated geomagnetic storm on 20 November 2003 is the
most intense storm of those examined in this study. The ob-
servations of this storm will be presented in the same format
as the October storms. Figure6 shows the hourly averaged
solar wind parameters andDst variations for the Novem-
ber storm. The SSC occurs at 08:03 ST on 20 November

2003 andDst decreases to the minimum value of –472 nT at
20:00 ST. Following the minimum, the recovery phase be-
gins with the slow increase ofDst until it reaches a nearly
constant value of about 100 nT, where it remains for another
24 h. During the main phase of the storm between 12:00 and
19:00 ST, the IMFBz decreased to –60 nT at about 17:00 ST
and then begins to increase. Around the time of theBz min-
imum the IMFBy switches sign. This reversal of the IMF
By component at the minimum ofBz is consistent with the
passage of the CME-related flux rope.

The upper right panel of Fig.6 shows thatvsw jumps from
about 450 km/s to 700 km/s before 09:00 ST, which is the
cause of the SSC. Following this sharp increase,vsw recovers
to pre-storm levels within 36 h. During the storm,Pd peaks
at about 20 nPa and 35 nPa around 10:00 ST and 20:00 ST,
respectively. The two lower right panels indicate thatEm

and the solar wind magnetosphere energy input,ε, peak at
about 16:00 ST during the main phase of the storm.Em

reaches a value of about 32 mV/m and at about the same time
ε peaks at 3.5×1013 J/s and remains greater than 1×1013 J/s
for about 8 h. Not shown here areKp and the auroral elec-
trojet index. Kp obtains a maximum of about 9- between
16:00–21:00 ST andAE reaches values greater than 1750 nT
at about 14:00 ST.

Figure7 demonstrates the equatorward motion of the FAC
sheets during the November magnetic storm. The latitudi-
nal motion of the FACs is clearer on the dayside in the top
two panels than on the nightside in the bottom two panels.
The dayside FACs reach a minimum latitude of 57◦ (–53◦) at
about 18:00 ST (17:00 ST) in the Northern (Southern) Hemi-
sphere, which correspond to the minimum IMFBz, around
17:00 ST (see Fig.6). Figure8 demonstrates both the equa-
torward shift of the FACs with the decrease in the IMFBz

(here 15-min averages are used), and the subsequent pole-
ward shift of the FACs with the increase in the IMFBz. We
find that the latitudinal motion of the FACs is clearer during
this storm than the October events, especially for the obser-
vations made in the Southern Hemisphere. Again, we find
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Fig. 9. Same as Fig.5 but for November event.

Table 1. The peak density of FACs at the dayside and nightside in the Northern (Southern) Hemispheres for the October (event 1-1∼3) and
November (event 2) event.

north south

day night day night

ST(HH) MLAT(◦) j(µA/m2) ST(HH) MLAT(◦) j(µA/m2) ST(HH) MLAT(◦) j(µA/m2) ST(HH) MLAT(◦) j(µA/m2)

event 1-1 09:00 64 5 11:00 53 –4 08:00 –63 14 08:00 –66 –6

event 1-2 17:00 64 6 20:00 56 –9 26:00 –61 9 15:00 –53 6

event 1-3 52:00 73 –4 46:00 52 10 50:00 –70 15 46:00 –59 –10

event 2 23:00 69 –4.2 16:00 69 –4.5 11:00 –69 8.5 22:00 –58 –10

systematic deficits of the observed FAC latitude compared to
the one predicted by IMFBz around the minimum ofBz. The
difference is larger in the Northern Hemisphere.

Figure 8 also shows that during the decreasing phase of
the IMF Bz the most equatorward FACs point downward in
the Northern and upward in the Southern Hemisphere. The
opposite relation is observed during the increasing phase of
Bz. The difference in the FAC configuration between the two
hemispheres is consistent with the polarity of the large IMF
By .

Figure 9 presents the latitude distribution of the intense
FACs on the nightside. It has the same format as Fig.8 but
compares the latitudinal shift of the FACs with the variation
of Dst . Here again, the equatorward boudnary of the FACs
decreases in latitude with the decrease inDst . When we com-
pare the latitudinal spread of the FACs in Fig.8 with those in

Fig. 9 we see that the spread is wider on the nightside than
on the dayside. Figure9 also shows that the nightside FACs
reach a latitude of 47◦ (–49◦) in the Northern (Southern)
Hemisphere at 19:00 ST (20:00 ST). The maximum equa-
torward expansion occurs 2 h later on the nightside than the
maximum equatorward expansion on the dayside.

The last item we see in Figs.8 and9 is that the peak inten-
sities of the FACs do not coincide with the most equatorward
location of the FACs, the minimumDst , or the minimumBz

(cf. Fig. 7). On the dayside in the Northern Hemisphere the
strongest FACs of∼–4.2µA/m2 is located at∼69◦ MLAT at
about 23:00 ST. On the dayside in the Southern Hemisphere
the largest FACs has a peak density of about 8.5µA/m2, lo-
cated at –69◦ MLAT at about 11:00 ST. A detailed summary
of the peak FACs sorted by events is given in Table1. The
table gives the storm time, MLAT, and value of the largest
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Fig. 10. Scatter plots of the latitudes versusBz for intense FACs density of the October and November events. The black lines represent the
scaling between southward IMFBz and MLAT of FACs used in Figs. 4 and 8.

FAC density for both the dayside and nightside in both the
Northern and Southern Hemispheres. In the next section we
will discuss the similarities and the differences of FAC char-
acteristics for all the events.

4 Discussion

In the previous section we have presented observations of
FACs and some other features during the strong geomag-
netic storms of October and November 2003. During these
storms the CHAMP satellite was orbiting the Earth close to
the noon/midnight meridian. This orbit allows us to compare
the features of the FACs on the dayside and nightside. Fur-
thermore, the fact that the storms occur during or relatively
close to the winter season offers us the opportunity to inves-
tigate the differences between sunlit and dark polar regions.
To our knowledge, a detailed study of the storm-time FACs’
characteristics has not yet been performed.

4.1 Latitude variation

During periods of enhanced solar wind input into the magne-
tosphere, the auroral oval expands equatorward, which may

be associated with the expansion of the polar cap and indi-
cate the pile-up of open flux (Milan et al., 2004). FACs can
be regarded as a suitable marker for the mean latitude of the
auroral oval. As shown in Figs.4 and8, the equatorward shift
of the dayside FACs appears to be controlled directly by the
southward IMF. To confirm this correlation we have plotted
the FAC latitudes versus the IMFBz values. We have taken
a 15-min delay of the IMF data into account for the response
at the ionosphere to the development of the FACs from the
magnetopause (Vennerstrφm et al., 2002). Figure10demon-
strates a convincing linear correlation between the FACs and
negative IMFBz for the November storm (bottom two pan-
els), but the linear relationship is not as apparent due to a
significant amount of scatter for the October storms (top two
panels). Within each panel we have plotted a line resulting
from the correlations obtained here. The slope of the lines
represents the scaling factor used in Figs.4 and8, calculat-
ing the FAC latitude from the IMFBz. It can be seen that the
slopes of the lines are different for the October and Novem-
ber storms. For October the scaling factor (i.e. the slope
of the line) is 0.9 deg/nT and for November it is 0.5 deg/nT.
From the significant difference in the slopes we can conclude
that there must be other quantities which can also influence
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the FACs’ equatorward expansion. In addition to IMFBz,
Pd may be another parameter influencing the equatorward
expansion, that is, the size of the polar cap. According to
Boudouridis et al.(2003) andMilan et al.(2004), a highPd

prevents the pile-up of magnetic flux in the lobes and thus
impedes the expansion of the polar cap. During the Novem-
ber stormPd was higher than the third storm event of Octo-
ber. This observation may explain the reduced equatorward
expansion of the FACs on the dayside during the November
event. When compared to the November storm, the stronger
response of the polar cap area to IMFBz for the October
events may be due to the smallerPd (and thus less effective).
Due to the uncertainty inPd for the October storms, we are
unable to further investigate our hypothesis.

The bottom two panels in Fig.10 also show that the lati-
tudinal position of the dayside FACs saturates for large, neg-
ative Bz values. The effect is also evident in the Northern
Hemisphere for the October storms (upper left panel). In ad-
dition, we find that the saturation starts for smaller southward
IMF in the Northern than in the Southern Hemisphere. The
earlier saturation in the north may be due to the difference in
solar illumination in the two hemispheres.Nagatsuma(2004)
studied the dependence of the saturation of the cross polar
cap potential on solar zenith angle and found that the satura-
tion tends to start earlier for smaller solar zenith angles (i.e.
under sunlit conditions). We hypothesize that this saturation
due to solar illumination may also apply to the FACs’ latitu-
dinal extent. Unfortunately, he did not compare directly the
saturation level in winter (dark polar cap) to that in summer
(sunlit polar cap).

On the nightside the equatorward expansion of the FACs
occur with some delay relative to the solar wind input. We
have observed that the poleward retreat of the FACs is grad-
ual during the recovery phase and the latitudinal motion of
the equatorward boundary is more correlated with the varia-
tion of Dst than withBz. This confirms the closer relation of
the ring current intensity with the processes in the magneto-
spheric tail.

According toCowley and Lockwood(1992), open mag-
netic flux is added to the polar cap by dayside reconnection,
and after convecting tailward it is removed by reconnection
in the tail. An increase in the magnetopause reconnection
rate (e.g. due to strong southward IMF) results in the growth
of the polar cap until a new equilibrium is obtained. We have
observed an equatorward expansion of the dayside FACs that
might reflect this growth of the polar cap, but we have noted
that the equatorward expansion on the dayside is different
in the two hemispheres. For both storm periods examined
the maximum dayside equatorward expansion is displaced
by about 5◦ in latitude in the sunlit polar region. According
to the reconnection theory, the amount of open flux has to be,
however, the same in both tail lobes, thus northern and south-
ern polar caps should have about the same size. The size of
the polar cap, according to the model ofMilan (2004), is de-
termined by a balance between the reconnection processes
at the magnetopause and in the tail. To solve this apparent
conflict, we may keep in mind that the peak FAC location is

a good indicator for the auroral oval on the dayside, but it
does not mark the boundary of the polar cap clearly on the
nightside. Auroral images and particle measurements would
be needed to delineate the polar cap area. To keep the bal-
ance of open flux in both hemispheres, a larger equatorward
displacement of the open/closed boundary on the dayside in
the summer hemisphere needs to be compensated by a pole-
ward shift of the polar cap boundary in other sectors, so that
the area in both hemisphere is equal. Our results indicate a
global asymmetric distribution of dayside FACs, which sug-
gests a seasonally dependent displacement of the mean auro-
ral oval during severe storms, but additional work is needed
to confirm this point.

On the nightside the FAC pattern becomes more compli-
cated, consisting of many pairs of upward and downward
sheets, which cover a wide range of invariant latitudes. Sim-
ilar observations have been made in the past (e.g.Fujii et al.,
1992; Anderson et al., 2002; Ebihara et al., 2005). The mul-
tiple upward and downward sheets during the storm imply
that tail reconnection takes place simultaneously at several
distances from the Earth (Ma et al., 1995). During such
periods, the simple concept of near-Earth current disruption
(Lui, 1996) and the distant X-line (Baker et al., 1996) may no
longer apply. Patches of plasma may be caught in detached
flux ropes in the tail (Elphic et al., 1986). The downtail trans-
port of these flux ropes may be impeded due to the multiple
reconnection regions.

4.2 Peak FAC intensity

The FAC intensities determined during the extreme storms of
this study are, on average, a factor of 5 larger than nominal
FAC intensities (Wang et al., 2005). Furthermore, the FAC
densities on the dayside are, on average, 2.5 times larger in
the Southern (summer) than in the Northern (winter) Hemi-
sphere. This observation is consistent with earlier studies
by Fujii et al. (1981); Wang et al.(2005), who found that
the FAC intensity on the dayside is dependent on the Sun-
induced ionospheric conductivity. The FAC intensity on the
nightside is less dependent on solar illumination and is com-
parable in both hemispheres.

Table 1 lists the largest current densities encountered in
each of the storms. Based on the values given in the table
we believe that the dayside and nightside peak FAC densities
are unrelated to each other. But even in the same time sector
the peak current densities in opposite hemispheres are rarely
observed during the same orbit. We believe that this is due to
the seasonal dependence of the FACs densities.

For the largest FAC densities there is no simple relation
with the solar wind input, characterized by the quantities
IMF Bz, Em or theε parameter. However, as we have al-
ready alluded to, the dayside FACs’ strength for the Novem-
ber storm is well correlated withPd . Figure11 shows the
time series of solar wind input parametersBz (top panel)
and Pd (middle panel), as well as the integrated FAC for
both hemispheres for the dayside sector of the November
event. BothBz andPd are averages for the polar pass. These
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Fig. 11. Storm-timeBz, Pd and integrated FACs’ strength along the orbit segments (6|jz|) observed by CHAMP in the daytime sector on
20–22 November 2003 in the Northern and Southern Hemispheres.

values have been time delayed 15 min to account for the
ionospheric response from the magnetosphere (Vennerstrφm
et al., 2002). The time series of integrated FACs are de-
termined by summing up the absolute FAC densities from
a current-free location (40◦ MLAT employed in this study)
to the highest latitude of each crossing. The integration in-
cludes both the negative and positive FAC densities and thus
represents the total FAC in each segment of the orbit. The top
two panels of Fig.11 demonstrate that there is little change
in the solar wind input conditions between CHAMP’s pas-
sages of the polar regions in the two hemispheres, which
are separated by∼ 30 minutes. In the bottom panel of
Fig. 11 there are two prominent peaks in the values of in-
tegrated FAC strength in both hemispheres. The first peak
occurs around 10:00 ST and the second local maximum oc-
curs around 20:00 ST. These maxima in the integrated FAC
strength correlate with enhancements inPd that occur at ap-
proximately the same time. The correlation coefficient be-
tween the integrated FACs strength andPd is 0.82 for the
Northern and 0.92 for the Southern Hemisphere, which sup-
ports our previous statement thatPd is one of the main pa-
rameters controlling the strength of the FACs on the dayside.
The increase in the FAC strength is not surprising. When
a highPd enhancement compresses the magnetosphere, the
magnetopause moves in towards the Earth. As a result, the
current system (magnetopause current, tail current, as well
as R1 field-aligned currents) increases in order to sustain the
new location of the magnetopause (Boudouridis et al., 2003).

Another study that supports our findings is that ofShue
and Kamide(2001). They found that sudden enhancements
of Pd had very different effects on the ionospheric electojets
during northward or southward IMF. During southward IMF,
the auroral electojets were strongly correlated with the so-
lar wind density, while during northward IMF the correlation
was weaker. Their findings are identical to what we have ob-
served in the FAC duringPd enhancements in the November
extreme storm.

5 Summary

In this study, we have investigated the Northern and Southern
Hemisphere FAC characteristics during the extreme October
and November 2003 magnetic storms. We have identified a
number of FAC characteristics during these storms.

First, we have determined that the equatorward motion
of FACs on the dayside is, in general, correlated with the
strength of the IMF southward component, but the minimum
latitude of the FACs is limited to 52◦ (56◦) in the Northern
(Southern) Hemisphere for large negative values ofBz. The
saturation is found to start at higher poleward latitudes in
the Northern (winter) than in the Southern (summer) Hemi-
sphere. Based on these observations we conclude that there is
a seasonal asymmetry between the two auroral ovals during
the main phase of an intense storm.

Second, we have observed a significant delay in the equa-
torward expansion of the nightside FACs relative to the
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solar wind IMF Bz input. The latitudinal motion of the
equatorward FACs in the nightside sector appears to be cor-
related with the variation of theDst index. On the nightside
there is a large latitudinal spread of strong FACs covering al-
most 25◦. The poleward edge of the FACs remains between
75◦ and 80◦, while the equatorward edge expands away from
the pole.

Furthermore, our observation shows that the FAC densities
on the dayside are, on average, 2.5 times larger in the South-
ern (summer) than in the Northern Hemisphere. The dayside
Southern Hemisphere current densities are larger due to the
higher ionospheric conductivity caused by photoionization.
On the nightside the observed FAC intensities are compara-
ble between the two hemispheres.

Finally, during magnetic storms,Pd seems to play an im-
portant role for the energy input into the ionosphere. For
negative IMFBz there is a good correlation between the FAC
intensity andPd variations.Pd enhancements cause signifi-
cant increases in the FAC strength on the dayside. A larger
statistical study involving more magnetic storms is required
to verify our results.
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