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Abstract. Cluster/EDI electron drift observations above the Northern and Southern po-
lar cap areas for more than seven and a half years (2001-2008) have been used to derive
a statistical model of the high-latitude electric potential distribution for summer condi-
tions. Based on potential pattern for different orientations of the interplanetary magnetic
field (IMF) in the GSM y-z-plane, basic convection pattern (BCP) were derived, that rep-
resent the main characteristics of the electric potential distribution in dependence on the
IMF. The BCPs comprise the IMF-independent potential distribution as well as patterns,
which describe the dependence on positive and negative IMF B, and IMF B, variations.
The full set of BCPs allows to describe the spatial and temporal variation of the high-
latitude electric potential (ionospheric convection) for any solar wind IMF condition near
the Earth’s magnetopause within reasonable ranges. The comparison of the Cluster/EDI
model with the IZMEM ionospheric convection model, which was derived from ground-
based magnetometer observations, shows a good agreement of the basic patterns and its
variation with the IMF. According to the statistical models, there is a two-cell antisunward
convection within the polar cap for northward IMF B4 < 2 nT, while for increasing
northward IMF B+ there appears a region of sunward convection within the high-latitude

daytime sector, which assumes the form of two additional cells with sunward convection
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between them for IMF B 4 =~ 4 — 5 nT. This results in a four-cell convection pattern of the
high-latitude convection. In dependence of the =IMF B, contribution during sufficiently
strong northward IMF B, conditions, a transformation to three-cell convection patterns

takes place.

1 Introduction

Magnetospheric convection and its appearance as high-latitude ionospheric plasma convec-
tion depends strongly on the orientation of the Interplanetary Magnetic Field (IMF) carried
by the solar wind and to a smaller extent on other solar wind parameters like solar wind
speed and plasma density. It is generally accepted that the major driver of the large-scale
internal convection of magnetospheric plasma and magnetic flux is magnetic field merging
or reconnection between IMF and geomagnetic field lines at the magnetopause. Dungey
(1961) explained in his pioneering paper the dependence of the basic twin cell convection
pattern on the IMF orientation.

For southward IMF, reconnection on the dayside between IMF and closed geomagnetic
field lines and reconnection on the nightside between field lines of both lobes result in the
two main convection cells with antisunward plasma drift between them, when projected
to the ionosphere. This closed loop reconnection sequence is now called “Dungey-cycle”.
A small fraction of the anti-sunward flow may occur on closed magnetic field lines due
to quasi-viscous interaction between the solar wind and the magnetosphere at the magne-
topause, as it was proposed by Axford and Hines (1961).

The IMF B, component modifies the twin-cell flow and leads to dawn-dusk asymmetries
that are oppositely directed in the opposite hemispheres. This effect can be understood in
terms of the tension exerted on newly reconnected field lines in the presence of an IMF B,
(e.g., Cowley and Lockwood, 1992), but also as the result of small latitudinal channels (2°—
3° wide in magnetic latitude) of Pedersen current closure located poleward of the traditional
R1-R2 current at the dusk- or dawn-side boundary of the polar cap and forming a part of a
3-D current system (Feldstein, 1976; Sandholt and Farrugia, 2009).

For northward IMF, Russell (1972) suggested that reconnection between the IMF and
lobe field lines poleward of the cusp region can result in twin cell pattern at high latitudes
in the ionosphere with sunward convection between them. This pattern is now known as

lobe cell convection, which circulates exclusively in the open field line region of the polar
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cap. Tanaka (1999) showed in numerical simulations that reconnection between lobe and
closed magnetospheric field lines is possible for near northward IMF conditions. Subse-
quently it was shown theoretically, that IMF-lobe reconnection in one hemisphere can be
accomplished by lobe-closed reconnection in the other hemisphere, coupled by magnetic
flux reciprocation (Watanabe et al., 2005). This results in a closed loop reconnection se-
quence, which Watanabe and Sofko (2009b) called the “interchange cycle”. For a given
IMF orientation close to northward, there usually exist according to this scenario two inde-
pendent interchange cycles, which drive twin reverse cells at high latitudes (> 80°) in both
hemispheres covering both open and closed field line regions (Watanabe and Sofko, 2009a).

In case of northward IMF, the polarity of the IMF B, component was supposed to play
a role as well. A negative IMF B, favours according to Crooker (1986) lobe reconnection
in the northern hemisphere, whereas a positive IMF B, favours lobe reconnection in the
southern hemisphere. However, no interhemispherical latitudinal differences in the cusp
positions were found that could be attributed to the IMF B, component (Newell et al.,
1989).

Empirical models of the high-latitude plasma convection, which describe the spatial and
temporal variations of the convection pattern in magnetic coordinates (MLAT-MLT) and
in dependence of the IMF and solar wind parameters, are mainly based on measurements
onboard of low-altitude satellites like, e.g., OGO 6 (Heppner, 1977), DE 2 (Heppner and
Maynard, 1987; Weimer, 1995, 2005), and DMSP (Rich and Hairston, 1994; Papitashvili
and Rich, 2002) or alternatively on ground-based observations with radars (Ruohoniemi and
Greenwald, 2005, SuperDARN) or magnetometer networks (Friis-Christensen et al., 1985;
Feldstein and Levitin, 1986).

The IZMIRAN Electrodynamic Model (IZMEM) describes several high-latitude electo-
dynamic parameters like the equivalent ionospheric current, the field-aligned current sys-
tem, Joule heating rates, and the ionospheric plasma convection in dependence of the solar
wind parameters. It is based on correlation analyses of the three-component magnetic field
measurements of high-latitudes geomagnetic observatories with the observed IMF and solar
wind variations. The IZMEM model utilizes a linear regression between ground-based ge-
omagnetic data of 14 magnetometer stations at northern high geomagnetic latitudes >57°
and the IMF components B,, By, and B, as well as the solar wind density and velocity
(Feldstein et al., 1981; Levitin et al., 1982). The model was further developed and used

subsequently in several detailed studies (Feldstein and Levitin, 1986; Papitashvili et al.,
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1994; Dremukhina et al., 1998).

In this paper, we present a model of high-latitude plasma convection based on measure-
ments in the distant magnetosphere by use of the Electron Drift Instrument (EDI) onboard
Cluster (Paschmann et al., 1997, 2001). EDI directly measures the full two-dimensional
drift velocity perpendicular to the local geomagnetic field along the adjacent 4 Rp X
19 Rg elliptical Cluster orbits with nearly 90° inclination and orbital periods of about
57 hours. The spatially distributed EDI measurements are mapped to an ionospheric al-
titude of 400 km of the closest hemisphere, respectively, using the Tsyganenko-2001 mag-
netic field model (Tsyganenko, 2002a,b).

The method of data treatment, the derivation of statistical high-latitude convection pat-
terns for certain IMF conditions, and the procedure of sorting for specified IMF directions
(clock angles) is described in the companion papers of Haaland et al. (2007) and Forster
et al. (2007). The EDI data set used for this study is similar to that used there, but cov-
ers now a longer time interval of seven and a two third years (Feb 2001 till Sep 2008). In
contrast to those studies, we merge electric field measurements of the Southern and North-
ern Hemisphere in order to get a unified data set that represent summer season conditions of
one hemisphere (North) to be compared with ground-based observations of a magnetometer

network which forms the data base for the [ZMEM model.

2 The data

We use EDI drift velocity or electric field E = —v x B measurements obtained from three
of the four Cluster satellites within the time interval from February 2001 until September
2008. EDI was not operational on Cluster-4, while data of Cluster-2 were available till
April 2004 only. EDI measurements obtained at radial distances between 4 R and 15 Rg
and at least 2 Ry, earthward of the Shue et al. (1997) model magnetopause are retained for
this study. They have been sampled to 1-minute averages for mapping the drift vectors
into the ionosphere assuming equipotential conditions along the geomagnetic field lines
that are modeled with the Tsyganenko-2001 magnetic field model (Tsyganenko, 2002a,b).
The mapped EDI drift vectors are binned and averaged in a high-latitude concentric grid in
magnetic coordinates (MLAT-MLT) with bin sizes of 2° in latitude and variable bin widths
in longitude such that the bin area projected to the Earth’s surface is nearly constant.

The mapping of the drift vector into the ionosphere introduces some hard-to-quantify
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uncertainties, which might be caused by the model used. A detailed analysis of these un-
certainties is beyond the scope of this paper. A comparison of the Cluster magnetic field
measurements with the Tsyganenko-2001 model values was recently performed by Wood-
field et al. (2007). They found that the model performs very well in a global sense. We
expect that the mapping error is of the order or less than the bin size used.

The IZMEM model was in fact developed for both hemispheres and for summer, winter
and equinox conditions separately (Feldstein and Levitin, 1986; Papitashvili et al., 1994),
but for the present study we confine us to northern summer conditions only. Due to or-
bital constraints, the local time coverage of the Cluster data in each hemisphere is tightly
correlated with season; during the northern summer (June-August) the daytime-afternoon
sector is covered, while during northern winter (December-February) it is the nighttime to
early morning sector (cf., e.g., Haaland et al., 2007, Fig. 5). To obtain a global coverage for
summer conditions in the Northern Hemisphere, we use data around the northern summer
solstice (March to September) and project Southern Hemisphere observations of the half
year around the southern summer solstice (September to March) into the Northern Hemi-
sphere with the inverted sign of IMF B,. We therefore neglect possible differences of the
potential patterns in the opposite hemispheres for otherwise equal seasonal conditions and
assume that the IMF B+ and B,— variations are mirror-symmetric for both hemispheres.

Measurements of the solar wind plasma parameters and the IMF are obtained from the
Advanced Composition Explorer (ACE) spacecraft orbiting about the Earth-sun L1 libration
point at a sunward distance of about 235 Rp. We have used magnetic data from the ACE
magnetic field instrument MAG (Smith et al., 1998) at 16 second resolution and from the
solar wind instrument SWEPAM (McComas et al., 1998) at 64 second resolution. MAG
and SWEPAM data are re-sampled to one minute time resolution, thereafter time shifted
to represent the IMF conditions at the front side magnetopause (assumed to be located at
Xase =10 Rg).

We took much care to determine correct propagation delay times of the solar wind and
IMF observations of ACE from its sunward outpost to their effectual domain at the magne-
topause to compile reliable sets of concurrent IMF conditions. This procedure is described
in detail in Haaland et al. (2007). This method applies the so-called phase front propagation
technique proposed by Weimer et al. (2003) in the modification of the constrained minimum

variance calculation MVAB-0 of Haaland et al. (2006).
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3 Potential distributions

The usual way to represent high-latitude convection results is in terms of the electric poten-

tial distribution, U. The potential is related to the convection electric field by the relation:

E=—gradU (1
The electric potential values, U, are found by minimizing the quantity x? given by
N
X2:Z]Ei+gradU]2 (2)
i=1

where the electric field vectors, E;, are obtained as the cross products between the mapped
convection vectors and the local ionospheric magnetic field at each valid grid point (N = 784
in this case). The potential is expanded as a function of magnetic co-latitude # and magnetic
local time MLT (here represented by the azimuthal angle ¢) in terms of spherical harmonic

functions (Haines, 1985) :

L

U(0,¢) =Y A P(cos0) 3)
=0
L l

+ Z Z (A, cosme + By, sinme) P (cos 6)

=0 m=0

where Py, are the associated Legendre polynomials and Ay, By, are the real-valued co-
efficients determined by the singular values of the N x K matrix, with N being the number
of grid points, and K the number of coefficients. The spatial resolution is determined by the
order L and the degree (running index m) of the associated Legendre polynomials. In case
of equal order and degree of the expansion, like in our study, the number of coefficients is
K = (L+ 1)2. In accordance with, e.g., Ruohoniemi and Greenwald (2005), we used L = 8
for the EDI data representation throughout this paper. An absolute potential is obtained by
assuming zero potential values at the outer, equatorward boundary 6,,,,, which is taken at
58° magnetic latitude. For more details of the EDI Cluster data processing, the reader is
referred to the methodological paper of Haaland et al. (2007). This spherical cap harmonic
analysis is applied in a very similar way and up to the same order and degree of expension
for the IZMEM model as described by Dremukhina et al. (1998).

Figure 1 shows high-latitude potential patterns in magnetic (AACGM) coordinates, sorted
for eight different orientations (sectors) of the IMF, describing clock angle ranges in the

GSM y-z-plane for the concurrent near-Earth interplanetary conditions that are derived from
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Fig. 1. Electric potentials obtained from Cluster EDI measurements for summer conditions at both
North and South Hemispheres, projected into the Northern Hemisphere. Southern Hemisphere data
points have been included with the inverted sign of IMF B,,. The potentials are shown as a function
of magnetic latitude and magnetic local time for 8 clock-angle orientations (sectors) of the IMF.
The background colour shows the potential value, according to the colour bar in the center, while the
lines are drawn at fixed potential values with a 3 kV spacing. The minimum and maximum potentials

are listed at the bottom, and the total cross-polar potential drop at the upper right of each dial.
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Sector | IMF orientation | < By, > | < B, >
0 B.+ 0.00068 3.641
1 B, + /By+ 3.205 2.749
2 By+ 4.531 -0.047
3 B, — /By+ 3263 | -2.761
4 B.— -0.121 -4.678
5 B, - /B,— -3.847 | -3.347
6 B,— -5.015 | -0.105
7 B. + /B,— -3.505 3.002

Table 1. Averages of the IMF B, and B, component values at the magnetopause for all those data

points used for the construction of the potential pattern of the respective sector.
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the delayed ACE observations as described above. Each sector comprises 45° and their
center positions are spaced by 45°. Sector 0 has a strict northward IMF direction, sector 2
points toward IMF B+, sector 4 southward, and sector 6 toward IMF B,—, respectively.
The odd number sectors are in between these principal directions. Table 1 lists the average
values of the IMF B, and B, components for all the data points that were used for the
construction of each individual sector’s potential pattern. The average magnitude of the
IMF in the GSM y-z-plane is of the order of By ~ 4.5 — 5.0 nT.

As outlined in Sec. 2 already, these high-latitude potential pattern represent summer con-
ditions of both hemispheres merged together, but they are practically nearly identical to the
pattern shown in Haaland et al. (2007, Fig. 7), which are based on data of the full year. They
are also very similar to those potential plots obtained from ground-based radar observations
as, e.g., the SuperDARN pattern of Ruohoniemi and Greenwald (2005, Fig. 6) for average
IMF magnitudes. Similar potential patterns result as well from the parametrized empirical
IZMEM model (e.g., Dremukhina et al., 1998), which is based on measurements of a mag-
netometer network on Earth’s surface and a conductance model of the ionosphere. A more
detailed comparison will follow in the subsequent section.

The following large-scale characteristics of the potential pattern in Fig. 1 can be noticed :

i) independent of the IMF orientation, there always exists the familiar two-cell convec-

tion pattern with antisunward convection between them over the polar cap;

ii) for IMF B,< 0, the two-cell antisunward convection pattern in the polar cap inten-
sifies, which can be interpreted as an additional two-cell pattern with antisunward

convection, overlayed on the similar pre-existing two-cell background pattern;

iii) for IMF B, > 0, there appears an additional pair of convection cells at high latitudes
(>80°) with sunward convection between them, which can be interpreted as an addi-
tional two-cell structure within the dayside polar cap, overlayed on the larger two-cell

background and resulting in an overall four-cell convection pattern;

iv) with an increasing IMF B, component, the relative areas occupied by the positive and
negative cells change with respect to each other, i.e,, the area with negative (positive)
potential increases for increasing IMF B+ (IMF B,—) values, which is equivalent
to an overlayed circular convection cell with negative (positive) potential, over the

pre-existing two-cell background pattern.



205 Analogous to the variation of the geomagnetic field and the plasma convection in the
IZMEM model formulation, the large-scale high-latitude potential pattern can be repre-

sented by a relation like the following:

U(0,¢, By, B.) = Ug(0, ¢) +Uy(0,8) - (£B,) )
+Uiz(93 ¢) : (iBz)

210 where Uy (in kV) represents a constant term which is independent of the IMF, while the
terms ﬁiy and ﬁiz (in kV/nT) describe the linear dependencies on the IMF B, and B,
components, respectively, normalized to 1 nT variations, which can be different for different
signs. Such a decomposition of the potential pattern dependencies has been used previously
already by, e.g., Feldstein and Levitin (1986), Papitashvili and Rich (2002) and Kabin et al.

215 (2003). It will be applied here for a generalized description of the Cluster potential pattern
in dependence on the IMF B, and B. components as shown in Fig. 1 with the various

sectors.

4 Basic convection patterns

The statistical pattern of Fig. 1 are obtained on average from moderate values of the IMF B,
220 and B, components (see Table 1), which justifies to use a linear regression for the depen-
dence of the convection intensity on the IMF components.
Figure 2 shows the four basic convection patterns (BCPs): Up(6, ¢) (upper left panel),
Uiy(ﬁ, ¢, By==%1nT) (lower right), U+Z(9, ¢, B, =+1nT) (upper right), and U_ (0,¢,B,=
—1 nT) (lower left). They are derived from summations of various sector’s potential pattern
225 that are shown in Fig. 1: the “background” potential pattern Uy for vanishing IMF B, and
B, components results from the average of sectors 2 and 6, while the IMF B, dependence
Uiy results from their difference, normalized to 1 nT by dividing through the difference
of the sector’s < B, > average values (Table 1). The dependence on variations of the
IMF B, component with U +» and U_ » is derived from differences between sectors 0 and 4,
230 respectively, to the “background” Uy. They are essentially different for the different signs.
The BCPs represent characteristic convection patterns for specific IMF conditions and
the linear character of this representation allows to calculate convection pattern for any
IMF conditions within reasonable ranges of applicability. In each panel of the potential

representations, the minimum and maximum values of the main foci are indicated at the
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Fig. 2. Basic high-latitude convection patterns (BCPs) for summer conditions derived from EDI
Cluster measurements sorted for different IMF orientations as shown in Fig. 1. The Uy background
potential for vanishing IMF B, and B, components (upper left panel) is derived as the sum of sectors
2 and 6 of Fig. 1, while the IMF B, dependence (lower right panel) is derived from their difference.
The dependence on variations of the IMF B, component is shown separately for IMF B.+ (upper

right panel) and IMF B,— values (lower left panel) as derived from differences of sectors 0 and 4,
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Fig. 3. Basic high-latitude convection patterns (BCPs) as shown in Fig. 2, but derived from the
IZMEM model for summer solstice conditions in the Northern Hemisphere.
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bottom and the cross-polar potential drop, AU, is given in the upper right. Except of the
“background” potential in the upper left panel, all BCPs are normalized to 1 nT changes of
the respective IMF component.

The two cells of the “background” potential pattern Uy, which is independent of any
IMF B, and B, variation (Fig. 2, upper left panel), are nearly equal in intensity (the dusk
cell being slightly stronger) and symmetric about the noon-midnight meridian with foci at
about 75° magnetic latitude near the 06-18 MLT meridian. The overall potential is about
AU ~ 31kV.

Similar to the Uy pattern, the U_., potential distribution (Fig. 2, lower left panel) forms
a two-cell pattern with antisunward convection between the foci, which are located at
~ 71°—75° magnetic latitude, the position of which is slightly turned clockwise from
the dawn-dusk meridian. The two cells have about the same intensity (same absolut poten-
tial), but the dusk cell occupies a slightly larger area. The U+ » potential pattern, in contrary,
shows a smaller-scale two-cell convection pair at higher latitudes with the opposite (sun-
ward) convection between their foci. The normalized potential drop between the foci is
about the same for the opposite IMF B, variations with AU ~ 7 kV for a 1 nT change.

The Uiy BCP (lower right panel), finally, shows essentially one large convection cell
near the center of the polar cap with a minmum potential value of AU = —4.7 kV. The
convection in this case (i.e., for IMF B+ at the Northern Hemisphere) is clockwise (CW)
and it is counter-clockwise (CCW) for the opposite polarity IMF B,—. The normalized
potential drop is small in comparison with the IMF B, dependences with a AU of about
2/3 of those potential magnitudes per 1 nT change.

The BCPs can principally be estimated also with other combinations of the sector’s pat-
tern or with different choices of sector width. We have tested various combinations as,
e.g., calculating the U_. potential pattern by use of sectors 3 and 5 (and, correspondingly,
U, . with sectors 1 and 7) by calculating U_, =( sector 3 + sector 5-2-U)/6.24) (figure
not shown) and came to nearly identical potential pattern as shown in Fig. 2 and potential
drops between the foci that where within AU ~ 0.1 kV. This gives confidence in the
validity of the BCPs derived, because they result from independent subsets of the EDI drift
measurements.

Figure 3 shows the corresponding BCP representations for the IZMEM model (North-
ern Hemisphere, summer conditions), which are derived in a completely different manner.

Based on ground-based observation of a magnetometer network at high latitudes, regres-

13
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sion analyses are performed for the data sets of the individual magnetometer stations and
the global pattern are then assembled using the spherical harmonic functions of equation
(3). The comparison with the EDI Cluster results in Fig. 2 shows a good correspondence
for all four BCPs.

The “background” potential pattern Uy = 31.9 kV has about the same potential drop, but
the connecting line between the foci appears to be turned clockwise. The U_. pattern has
the same two-cell characteristics as the EDI Cluster data and with ~ 14 kV about a two
times larger cross-polar potential per 1 nT increase of IMF B,—.

The U+z pattern agrees similarly well in shape and position of the small high-latitude
cell pair with sunward convection between them, but here we observe a potential drop of
AU = —3.6 kV, which is about half of the corresponding values for the EDI Cluster data
set. A close similarity is observed for the Uiy pattern with a potential minimum of 5.7 kV,
the center of which practically coincides with the magnetic north pole.

The differences in the U_, and U+ » patterns might be due to the fact, that the IZMEM
results shown here are for the Northern Hemisphere only and the seasonal selection is more
focused on summer conditions, because only data from the months June to August have
been used. It can be also caused by some other systematic differences between ground-
based observations and pattern that are derived from in-situ magnetospheric measurements

under various assumptions. This needs further study.

5 Discussion

The superposition of the BCPs, scaling their intensity with the actual values of the IMF
components, allows to model the high-latitude plasma convection for a wide range of IMF
input values. One example is given in Figure 4 for the EDI data under northward IMF condi-
tions, as it was studied in the paper of Forster et al. (2008). There the authors had studied the
variation of the convection pattern in dependence of small deviations (= +30°) of the IMF
clock angle from purely northward direction and further they showed the different convec-
tion patterns at zero clock angle obtained separately for B, < 5nT and B, > 5 nT (Forster
et al., 2008, Fig. 7). They demonstrated that the four-cell convection pattern is present for
both subsets, but for the latter the small high-latitude pair of cells with sunward convection
between their foci is much more intense.

Fig. 4 presents six potential patterns for purely northward IMF with different values of

14
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Fig. 4. These six potential patterns show statistical EDI Cluster results for purely northward IMF,
deduced from the BCPs in Fig. 2. The values of the B, component vary in steps of 1 nT from
B, = 0nT to B, = 5 nT. The colour scale of the potential values (kV) is indicated at the bottom.
The “+” and “x” signs indicate the positions of the absolute maximum and minimum potential values,
respectively. Note that the maximum potential difference is between the main cells in the first four
panels, jumps to the two cells on the dusk side, and finally to the two minor high latitude cells on the

dayside with sunward drift between them in the lialgt panel on the bottom right.
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the B, component, which varies in steps of 1 nT from B, = 0 nT to B, = 5 nT. A two-cell
pattern with antisunward convection prevails for the interval 0 nT< B, < 2 nT. Beginning
with B, = 2 nT, a second pair of convection cells with sunward drift between them appears
on the dayside at high latitudes < 80°, which is fully developed for B, = 3 nT. The
larger convection cells at lower latitudes with antisunward drift between them still prevail
in strength. For B, = 5 nT, finally, the high-latitude sunward convection cell pair dominates
over the antisunward cells at lower latitudes. The BCP modelling of the EDI Cluster data
therefore confirms the different patterns for different B, magnitudes in Fig. 7 of Forster
et al. (2008). The addition of an IMF B, component to the IMF B_+ system will result in a
three-cell system, depending on the strength of the ﬁiy contribution, as it was shown there
as well with respect to clock angle changes.

The good agreement of BCPs derived from completely different data sets and methods
of data reduction as shown in Fig. 2 (EDI Cluster satellite data) and Fig. 3 (ground-based
magnetometer data) confirms the validity of the basic assumption about the linearity of the
IMF component dependence and hence also the possibility to superpose the different BCP
contributions. The detailed comparison shows minor differences in the shape of the patterns,
in the position of the potential foci, and in the relative potential difference between them.
One has to keep in mind, that the comparisons are done with statistically averaged data sets,
so that significant differences have to be larger than the typical variances.

The difference in the position of the central focus for the U +4 pattern (lower right panel
in Figs. 2 and 3), for instance, between the IZMEM and the EDI Cluster data set of about 3°
can be considered to be insignificant. It might be due to the differences in spatial resolution
in magnetic latitude within the central polar cap, which is of about that order for [ZMEM,
while the Cluster data have their best coverage just in this region and a spatial resolution of
about 2°, i.e., the order of the grid spacing.

The “background” potential pattern Uy (upper left panel in Figs. 2 and 3) constitute
the steady state properties of magnetospheric convection for prolonged geomagnetic qui-
escence, associated with vanishing values of the IMF components. This is referred to as the
“ground state” of the magnetosphere. The magnetospheric cavity, formed due to a steady,
unmagnetized solar wind flow past the Earth’s magnetic field, represents this ground state,
when practically no reconnection takes place between the IMF and the Earth’s field. Un-
der such conditions, exclusively diffusive processes like viscous interaction at the magne-

topause contribute to the generation of the magnetospheric convection.
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Only a few experimental and theoretical studies of the magnetospheric ground state were
performed, which come to similar conclusions about the transpolar potential under such
conditions. Watanabe et al. (1998), using magnetic field and particle data of various satel-
lites, showed that this ground state corresponds to a few tens of kilovolts, while Sonnerup
et al. (2001) found in their theoretical simulation study that standard conditions with a solar
wind velocity of 400 km/s and a Pedersen conductivity of ~ 6 mho in the polar ionosphere
result in a polar cap potential of 29.9 kV. This is remarkably close to the values of the Uy
patterns in this study.

The model representation using BCPs of the main contribution relies on the linear char-
acter of IMF dependencies, which allows their superposition. This approach is applicable
only for “normal”, moderate IMF conditions within reasonable ranges of the IMF B, and
B, components; any extreme IMF values and rapidly changing conditions are certainly not
correctly reproduced by this method. Due to the statistical background, the deduced BCPs
represent “only” average, characteristic convection patterns for the specified IMF values.

It might be worth to investigate temporal changes of the potential pattern due to rapid
changes of the IMF conditions at the background of this quasi-static BCP model. Intercom-
parisons between different models of the high-latitude plasma convection, which are based
on different observations of complementary data sets and different methods of their data
reduction, should be continued. To do this, the BCPs are a valueable tool for the study of

their agreement or possible disagreement in a statistical sense.

6 Conclusions

More than seven and a half years of EDI Cluster measurements of the magnetospheric con-
vection drift and concurrent observations of the IMF orientation with the ACE solar ob-
servatory at the L1 point upstream in the solar wind have been used to deduce statistical
pattern of the ionospheric convection in dependence of the IMF orientation. Given a linear
dependence on the IMF B, and B, components, as it was shown in various previous empir-
ical models of the magnetospheric convection, four basic convection patterns (BCPs) can be
deduced, which describe this dependence for any IMF component value within reasonable
ranges.

All four BCPs appear as two-cell convection pairs (considering the Uiy pair as residing

in the opposite hemispheres). They represent accordingly the “background” convection,
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Uy, for vanishing IMF B, and B., which appears to be a symmetric two-cell pattern with
antisunward convection between their foci, and the convection patterns Uiy and Uiz for
describing variations with the corresponding IMF components. Those are normalized for
1 nT steps of change in the component’s magnitude. A two-cell antisunward convection
pattern similar to the background cells is deduced for IMF B,—, while the B+ variation re-
veals a smaller pair of sunward convection at higher magnetic latitudes > 80°. For IMF B,
variations, one circular convection mode is deduced with its focus near the magnetic pole
in the center of the polar cap.

The comparison of BCP representations obtained with EDI Cluster and the corresponding
patterns of the [ZMEM model shows a good agreement of their characteristics and for most
of their potential values. Two completely different data sets and methods — the spatially
distributed satellite measurements on the one hand and the ground-based magnetometer data
on the other — confirm therefore the principal result, that the IMF dependence of the high-
latitude plasma convection can be described as a superposition of a constant background
convection and linear variations with the IMF B, and B, components. This is valid for
quasi-static conditions and moderate IMF variations; extreme parameter conditions have
to be considered separately. Further detailed studies and comparisons with other models

should be performed.
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