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Abstract patterns of the high-latitude ionospheric convection and field-aligned current (FAC) are a
manifestation of the solar wind-magnetosphere-ionosphere coupling. By observing them we can acquire
information on magnetopause reconnection, a process through which solar wind energy enters the
magnetosphere. We use over 10 years of magnetic field and convection data from the CHAMP satellite and
Super Dual Auroral Radar Network radars, respectively, to display combined distributions of the FACs and
convection for different interplanetary magnetic field (IMF) orientations and amplitudes. During southward
IMF, convection follows the established two-cell pattern with associated Region 1 and Region 2 FACs,
indicating subsolar reconnection. During northward IMF, superposed on a weak two-cell pattern there is

a reversed two-cell pattern with associated Region 0 and Region 1 FACs on the dayside, indicating lobe
reconnection. For dominant IMF B,, the sign of B, determines whether lobe or subsolar reconnection
signatures will be observed, but B, will weaken the signatures compared to pure northward or southward
IMF. When the IMF rotates from northward to duskward or dawnward, the distinct reversed and forward
two-cell patterns start to merge into a distorted two-cell pattern. This is in agreement with the IMF B,
displacing the reconnection location from the open lobe field lines to closed dawn or dusk field lines, even
though IMF B, >0. As the IMF continues to rotate southward, the distorted pattern transforms smoothly to
that of the symmetric two-cell pattern. While the IMF direction determines the configuration of the FACs
and convection, the IMF amplitude affects their intensity.

1. Introduction

The patterns of high-latitude ionospheric convection and field-aligned current are controlled by the orienta-
tion of the interplanetary magnetic field (IMF). Although the IMF magnitude, as well as solar wind speed and
density, affects the intensity of the ionospheric distributions, it is the orientation of the IMF that determines
the configuration.

Any IMF orientation can produce reconnection at the magnetopause, provided that there is a region where
the IMF and Earth’s magnetic field are close to antiparallel and that there is sufficient plasma convection
toward that region to bring the two fields in contact. When the IMF is southward (B, < 0), reconnection
between the IMF and Earth’s magnetic field takes place on the dayside around the subsolar point, transfer-
ring closed dayside flux to open nightside flux. This produces the well-known two-cell convection pattern
in the ionosphere, with antisunward flow across the polar cap and sunward return flow at lower latitudes
[Dungey, 1961]. When the IMF is northward (B, > 0), reconnection takes place behind the cusps, where the
IMF draped over the magnetopause merges with already open tail lobe field lines, not changing the amount
of open flux [Russell, 1972]. It is also possible for the same IMF field line to reconnect with open tail field
lines in both hemispheres, thus transferring open nightside flux to closed dayside flux. The new dayside flux
would then return to the nightside along the flanks of the magnetosphere. Such dual lobe reconnection,
although rare, has indeed been observed [Imber et al., 2006, 20071. The ionospheric convection pattern cor-
responding to northward IMF consists of two reverse cells confined within the polar cap and two normal
cells at lower latitudes [Dungey, 1963], the latter possibly being caused by a viscous interaction [Axford and
Hines, 1961] or ongoing nightside reconnection [Milan, 2004].

While IMF B, determines whether magnetopause reconnection takes place on the dayside or nightside of
the cusp, IMF B, produces a dawn-dusk asymmetry at the magnetopause reconnection location [Luhmann
et al., 1984], driving a corresponding asymmetry in the ionospheric convection pattern [e.g., Weimer,
1995, 1996]. For a given sign of IMF B, the asymmetry is reversed in the Northern and in the Southern
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Hemispheres. IMF B,, on the other hand, produces north-south asymmetry in the magnetopause reconnec-
tion location. For B, < 0, a positive (negative) B, might be expected to move the preferred reconnection
location northward (southward) along the closed dayside field line. As closed dayside flux would anyway
be transferred to open nightside flux, the ionospheric projection would be expected to be similar to that of
southward IMF. For B, > 0, a positive (negative) B, would be expected to favor open-to-open lobe reconnec-
tion in the Southern (Northern) Hemisphere. However, as the effect of IMF B, on the ionospheric convection
pattern has received less attention than that of B, or B, the effects have not been fully documented.

The ionospheric convection is linked to ionospheric and magnetic field-aligned electric currents. Statis-
tically, the large-scale field-aligned currents at high latitudes consist of a pair of concentric rings, called
Region 1 and Region 2. The poleward Region 1 flows into the ionosphere on the dawnside and out of
the ionosphere on the duskside, whereas the equatorward Region 2 has an opposite polarity at a given
local time sector [lijima and Potemra, 1976; Weimer, 2001; Papitashvili et al., 2002; Anderson et al., 2008].
With increasing activity, the current system intensifies and expands to lower latitudes. For northward IMF,
an additional pair of upward (prenoon) and downward (postnoon) field-aligned current forms on the
dayside, poleward of the Region 1 currents. This current system is called NBZ or Region 0 [e.g., Stauning,
2002]. The more general term Region 0 is used of any current system located poleward of Region 1,
including those during strong IMF B, [e.g., Weimer, 2001; Papitashvili et al., 2002; Anderson et al., 2008]. As
with the ionospheric convection, the effect of a strong IMF B, on the current distribution has not been
extensively studied.

Although the overall response of both the ionospheric convection and field-aligned current distribution to
IMF B, and B, has been established, the mutual relationship of the two patterns has not been comprehen-
sively examined. The relationship would, for instance, help us understand the mapping of the field-aligned
currents from the ionosphere to the magnetosphere.

In this study, we will examine in detail the effect of IMF B, B, and B, on the ionospheric distribution of con-
vection and field-aligned current. Our tools comprise a novel set of models for high-latitude ionospheric
currents, parameterized with the IMF direction and amplitude. Although over the years, several such mod-
els have been constructed [e.g., Weimer, 2001; Papitashvili et al., 2002; Anderson et al., 2008; He et al., 2012],
our models differ from these in that not only is the field aligned but also the horizontal ionospheric cur-
rent distribution resolved. Juusola et al. [2009] determined both horizontal and field-aligned current density
components but only in the auroral region. Our models will cover the entire high-latitude region poleward
of about 50° at the relatively high 2° x 2° resolution. The set of current density models is complemented
by a similarly parameterized set of convection models, resolved at the same spatial grid. Reproducing the
well-known features of the ionospheric field-aligned current and convection distributions during different
combinations of IMF B, and B, will also serve as a validation for our new models.

We will start by introducing the data and the models (section 2), then show the IMF B,, B, and B, depen-
dence of the ionospheric convection and field-aligned current patterns (section 3) and discuss the results
and their implications (section 4). Our conclusions are summarized in the final section (section 5).

2. Data and Method

We have used magnetic field measurements from the low-orbit Challenging Minisatellite Payload (CHAMP,
http://op.gfz-potsdam.de/champ/) satellite to determine global statistical maps of the horizontal and
field-aligned ionospheric electric currents. Super Dual Auroral Radar Network (SuperDARN, http://vt.
superdarn.org/) measurements have been used to determine corresponding maps of the ionospheric elec-
tric field and convection. All maps were projected onto a 40 x 40 Cartesian grid of cells 222 km x 222 km
in size (222 km is equivalent to 2° of latitude), centered on the geomagnetic pole with rows and columns
aligned along the noon-midnight and dawn-dusk meridians (Figure 1, blue dots) [Milan et al., 2010].

2.1. Determining the lonospheric Horizontal and Field-Aligned Current Distribution

The CHAMP satellite measured Earth’s magnetic field from 15 July 2000 to 19 September 2010. The satel-
lite had an almost circular, near polar orbit with an initial altitude of 454 km, and orbital period of 1.5 h. All
local time sectors were covered in 131 days. Figure 2c shows the satellite’s daily minimum, maximum (red
color), and mean altitude (black) during the lifetime of the mission. The monthly smoothed sunspot number
is shown in gray in the background. The mission spanned the declining phase of solar cycle 23 and the
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beginning of cycle 24. We have used the 1 s vec-
tor magnetic field data (B, - positive north, B, -
positive east, B, — positive down). The Potsdam
Magnetic Model of the Earth (POMME) mag-
netic field model [Maus et al., 2006] was used to
subtract the baseline (POMME-4 was used for
2000-2001 and POMME-6 for 2002-2010).

The disturbance magnetic field that remains
after the baseline has been subtracted is mainly
caused by horizontal and field-aligned iono-
spheric electric currents. As the horizontal
currents are concentrated in a relatively thin
layer between about 90 and 130 km altitude
[Kamide et al., 1977], they are often modeled as a
spherical surface current distribution at 100 km
altitude. In order to determine the currents, the
locations of CHAMP were first converted from
geographic latitude and longitude to Altitude
Figure 1. Blue dots: The grid [Milan et al., 2010] onto which all  Adjusted Corrected GeoMagnetic (AACGM) lati-
the models have been projected. Red dots: Locations of the tude [Baker and Wing, 1989] and Magnetic Local
2-D S.ECS poles. C(.)ns.tant AACGM latitudes are indicated py Time (MLT). B, and B, were rotated from geo-
the circles. MLT midnight is at the bottom, dawn on the right, . x Yo .
noon at the top, and dusk on the left. graphic to geomagnetic dipole coordinates. The
mean and the standard deviation (SD) of B,, B,,
and B, were then calculated in each grid cell. The difference between the maximum and minimum satel-
lite altitude was 244 km, which is approximately the size of one horizontal grid cell. Thus, we did not bin the
CHAMP data according to altitude, although that would also have been possible. Instead, we used the mean
altitude in the cell as the altitude of the grid point.

As an example, Figure 2a displays the number of observations and Figure 2b the mean horizontal (arrows)
and vertical (color) magnetic field distribution for the CHAMP data set around 370 km altitude. Data from
both hemispheres, projected onto the Northern hemisphere, were used. A Southern Hemisphere data point
(latitude, MLT, B,, By, B,) was projected onto Northern Hemisphere according to (—latitude, MLT, B —By,
and —-B,).

X!

The 2-D Spherical Elementary Current System (SECS) method [Amm, 1997; Amm and Viljanen, 1999] was
used to determine the ionospheric and field-aligned current distribution corresponding to the magnetic
field distribution. With this technique, the ionospheric current density at 100 km altitude is expressed as a
superposition of divergence-free (df) and curl-free (cf) SECSs. The method does not require any assumptions
about the latitudinal or longitudinal geometry of the current distribution or the underlying conductivity
distribution. The locations of the SECS poles are distributed over the region of interest, and each SECS may
have a different amplitude. The magnetic fields of the SECSs can be expressed analytically, which makes it
possible to determine the ionospheric current density, i.e., the SECS amplitudes, by optimally matching the
measured disturbance magnetic field to the superposed magnetic field of the SECSs.

While only the divergence-free amplitudes can be determined from ground-based magnetic field data
[Fukushima, 1976; Untiedt and Baumjohann, 1993], both the divergence-free and curl-free SECS amplitudes
can be determined from low-orbit satellite magnetic field data. In other words, only the so-called equiva-
lent current distribution can be determined from ground magnetic field data, whereas the full horizontal
and (radial) field-aligned current distribution can be obtained from low-orbit satellite data, or a combination
of both. By an ionospheric and field-aligned current density model we refer to a set of divergence-free and
curl-free SECS pole locations (Figure 1, red dots) and amplitudes. The current densities were calculated at
the grid points shown in Figure 1 (blue dots).

As an example, the arrows in Figures 2d-2f display the divergence-free component, the curl-free compo-
nent, and the total horizontal current density, respectively, corresponding to the magnetic field map shown
in Figure 2b. The color in Figure 2d shows the curl of the equivalent current density, which is often used

as a proxy for the field-aligned current density, and the color in Figures 2e and 2f shows the field-aligned
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Figure 2. (a) Number of CHAMP magnetic field samples as a function of AACGM latitude and MLT. (b) Mean of the disturbance magnetic field horizontal (arrows)
and vertical (color) components measured by CHAMP. (c) Daily minimum, maximum (red color), and mean (black curve) altitude of CHAMP (left axis) and the
monthly smoothed sunspot number (gray color, right axis) as a function of time. (d) Mean divergence-free or equivalent component of the horizontal current
density (arrows) and curl of the equivalent current density (color) at 100 km altitude. The locations of the minimum and maximum of the curl are indicated by
the magenta and cyan asterisk, respectively, and the blue and red curves are the +0.1 A/km? contours. The proxy field-aligned current is given in the bottom
right corner. (€) Mean curl-free component of the horizontal current density (arrows) and field-aligned current density (color) at 100 km altitude. The locations of
the minimum and maximum of the field-aligned current density are indicated by the magenta and cyan asterisk, respectively, and the blue and red curves are
the +0.1 A/km? contours. The field-aligned current is given in the bottom right corner. (f) Horizontal current density (arrows) and field-aligned current density
(color) at 100 km altitude. The gray curve is the 50 A/km contour. (g) Uncertainty of the curl of the equivalent current density. The contours are from Figure 2d.
(h) Uncertainty of the field-aligned current density. The contours are from Figure 2e. The distributions in Figures 2d-2f were determined from the mean magnetic
field in Figure 2b, and the distributions in Figures 2g and 2h from the SD of the magnetic field (not shown).

current density. The locations of the minimum and maximum of the curl and field-aligned current density
are indicated by the magenta and cyan asterisks, respectively, and the blue and red curves are the +0.1
A/km? contours. The gray curve in Figure 2f marks the region inside of which there are significant hori-
zontal currents. Figures 2g and 2h show the uncertainty of the curl of the equivalent current density and
field-aligned current density, respectively, estimated from the SD of the magnetic field (AB,,AB,,AB,, not
shown) using the propagation of error. The contours from Figures 2d and 2e are shown for reference. Note
that the color scales in Figures 2g and 2h are different from Figures 2d and 2e. The numbers in the bot-
tom right corner of Figures 2d and 2e give the proxy field-aligned current and the field-aligned current,
respectively. The field-aligned current was calculated as a sum of the absolute value of the field-aligned cur-
rent density in each grid cell times the area of the grid cell over the grid shown in Figure 1 (blue dots). The

JUUSOLA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3133



@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019455

uncertainty of the field-aligned current was estimated from the uncertainty of the field-aligned current
density using the propagation of error.

The assumption of radial field lines is the best at latitudes near the magnetic poles and becomes worse
toward the equator. Our maps extend from 90° to 55° latitude. Compared to a dipole field line, mapping
along a radial field line from 400 km altitude to 100 km altitude at 55° latitude will shift the footpoint

Rg + 100 km
arccos ————— cos(55°) | — 55° = 0.89° ()
Re + 400 km

equatorward (1 Ry = 6370 km). At 45° latitude the shift would be 1.3°, which is still less than the resolution
of our models. At 55° latitude, the dipole magnetic field deviates

arccos <ﬂ> =19° (2)
V14 3sin? (55°)

from the radial direction, and at 45° latitude the deviation is 27°. The geometry of the field lines affects

the magnetic field produced by the field-aligned currents. Estimating the effect on the resulting current
distributions would be complicated in the general case. However, in case the current distribution can be esti-
mated not to vary in the longitudinal direction (e.g., the current systems in the dawn and dusk sectors of the
auroral oval), B, and B, would be produced by the divergence-free horizontal current density J, and would
not be affected by the radial or dipole geometry of the field lines. B, would be produced by the curl-free
horizontal current density J, and the field-aligned current density. The B, produced by a J, together with a
dipole sheet current would be only slightly weaker,

R + 100 km
£ —0098 @3)
R + 400 km

times the B, produced by the same J, together with a radial sheet current of the same amplitude [Juusola
et al., 2006].

2.2, Determining the lonospheric Convection Map

The SuperDARN radar network assimilates Doppler shift measurements of HF radio waves backscattered
from the F region ionosphere to determine the E x B flow patterns in the northern and southern polar
regions (poleward of approximately 50° latitude) [Greenwald et al., 1995; Chisham et al., 2007]. The electric
field can be represented as an electrostatic potential pattern. Where radar measurements are insufficient
to determine the electrostatic potential, they are supplemented by additional points taken from an empir-
ical model of the convection pattern parameterized by the IMF orientation and strength [Ruohoniemi and
Baker, 1998].

We have used a SuperDARN data set, which comprises the electrostatic potential patterns in a magnetic
latitude and local time coordinate system at a cadence of 120 s from 2000 to 2010, projected onto the
grid described above. The data set includes information on the grid cells with observations within them.
To avoid parts of the potential constrained only by the statistical model, we have only utilized cells with
actual observations in them. Furthermore, we have only included maps that can be considered reliable,
that is, maps that contain at least 200 vectors and have a steady lower latitude boundary (known as the
Heppner-Maynard boundary).

In order to obtain a statistical ionospheric convection map comparable with the statistical current distribu-
tions, the mean and the SD of the electrostatic potential ® were computed for each grid cell. The 2-D SECS
basis functions were then used to calculate the electric field at 100 km altitude, assuming that the (radial)
background magnetic field lines are equipotentials. The corresponding convection pattern was obtained as
V=ExB/B.

As an example, Figure 3a shows the number of observations, Figure 3b the mean electrostatic potential
(color) and electric field (arrows). The locations of the minimum and maximum of the electrostatic poten-
tial are indicated by the magenta and cyan asterisk, respectively, and the blue and red curves are the +5 kV
contours. Figure 3¢ shows the field-aligned current distribution (color) from Figure 2f as well as the
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Figure 3. (a) Number of SuperDARN map potential samples as a function of AACGM latitude and MLT. (b) Mean electrostatic potential (color) and electric field at
100 km altitude (arrows) determined from SuperDARN measurements. The locations of the minimum and maximum of the electrostatic potential are indicated
by the magenta and cyan asterisks, respectively, and the blue and red curves are the +5 kV contours. The cross-polar cap potential (CPCP) is given in the bottom
right corner. (c) Field-aligned current density from Figure 2f (color) and the mean convection velocity at 100 km altitude (arrows) determined from the electric
field distribution in Figure 3b. The gray curve is from Figure 2f. (d) SD of the electrostatic potential. The contours are from Figure 3b.

convection velocity (arrows). The gray curve is the same as in Figure 2f. SuperDARN data from both hemi-
spheres, projected onto the Northern Hemisphere, were used. A Southern Hemisphere data point (latitude,
MLT, ®) was projected onto northern hemisphere according to: (—latitude, MLT, ®). Figure 3d shows the SD
of the electrostatic potential. The contours from Figure 3b are shown for reference. Note that the color scales
for Figures 3b and 3d are not the same. The cross-polar cap potential (CPCP), i.e., the difference between
the maximum and minimum of the electrostatic potential in the grid of Figure 1 (blue dots), is given in the
bottom right corner of Figure 3b. The uncertainty of the CPCP (ACPCP) was estimated from the SD of the
electrostatic potential (A®) as ACPCP = (ACPCP_ + ACPCP,)/2, where ACPCP_ = |min(® — A®) — min(®)|
and ACPCP, = max(® + A®) — max(P).

2.3. Parameterization of the Models

In order to create maps for different IMF conditions, solar wind data at 1 min resolution, propagated to
Earth’s bow shock nose, were extracted from NASA/Goddard Space Flight Center’s (GSFC's) OMNI data

set through the OMNIWeb interface (http://omniweb.gsfc.nasa.gov/). The OMNIWeb data were further
delayed by 15 min in order to take into account the signal transit time from the magnetopause to the
CHAMP altitude [Weimer et al., 2003]. Any occurrences of the prescribed parameterization condition within
15 min of each other were combined together, regardless of any data points in between that did not
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meet the condition. For the IMF data, we have used Cartesian (x, y, z) Geocentric Solar Magnetospheric
(GSM) coordinates.

When combining CHAMP magnetic field measurements or SuperDARN electrostatic potentials from the
Northern and Southern Hemisphere, the IMF direction was taken into account such that data from the
Northern Hemisphere obtained when IMF B, < 0 were combined with data from the Southern Hemisphere
obtained when IMF B, > 0, and data from the Northern Hemisphere obtained when IMF B, < 0 were
combined with data from the Southern Hemisphere obtained when IMF B, > 0.

3. Observations

3.1. General Distributions

Figure 2d (arrows) shows the divergence-free or equivalent current density (J ), that is, the distribution that
produces the magnetic field signatures observed on ground. No binning according to IMF has been applied
to the general distributions in Figures 2 and 3. As expected, the pattern in Figure 2d consists of the eastward
electrojet on the duskside auroral oval and the westward electrojet on the nightside and on the dawnside.
The amplitude of the westward current is clearly stronger than that of the eastward current, and the region
of enhanced westward current intrudes far to the duskside poleward of the eastward electrojet, forming

a pattern typical for the Harang discontinuity region. In the polar cap, the equivalent current is directed
sunward and dawnward.

Figure 2e (arrows) shows the curl-free current density (J ) and the field-aligned current density (color).
This part of the ionospheric current system is invisible on the ground. The field-aligned current forms the
poleward ring of Region 1 and the equatorward ring of Region 2. The nightside and dayside changes of
polarity for Region 1 and Region 2 do not take place in the same local time sectors. On the nightside, Region
1 changes polarity at midnight, whereas for Region 2 this happens in the premidnight region, around 22
MLT. On the dayside, Region 1 changes polarity just before noon, whereas for Region 2 this happens earlier,
around 10 MLT. Both Region 1 and Region 2 form distinct rings at all MLT sectors. In the premidnight region,
there is no sign of a three-sheet structure formed by overlapping sheets of downward Region 1, upward
Region 1 merging with upward Region 2, and downward Region 2 [lijima and Potemra, 1976].

Figure 2d (color) shows the curl of the equivalent current density. If the Hall and Pedersen conductance
only had gradients in the direction of the electric field, the curl would be proportional to the field-aligned
current density. Comparison with the actual field-aligned current distribution in Figure 2e reveals that, at
least statistically, this is a fairly good assumption outside of the midnight and noon sectors. Especially in
the premidnight sector, the curl produces the three-sheet structure not present in the field-aligned current
distribution. On the dayside, the curl indicates upward Region 2 field-aligned current where the real current
is downward. The minimum and maximum of the field-aligned current density, indicated by the magenta
and cyan asterisks in Figure 2e, are related to the Region 1 current system, with the maximum on the dayside
and minimum at dusk. The minimum and maximum of the curl of the equivalent current density, on the
other hand, are located in the postmidnight sector, where the equivalent current density is strongest.

Besides the curl of the equivalent density, another often used proxy for the field-aligned current density

is the vorticity of the ionospheric plasma flow, a quantity that can be determined from SuperDARN mea-
surements. In the limit of uniform ionospheric conductances, the vorticity will become proportional to

the field-aligned current density. Our results about the curl of the equivalent current density are in agree-
ment with those of Chisham et al. [2009], who showed that in an average sense, vorticity is a good proxy for
field-aligned currents.

Figure 2f (arrows) shows the total horizontal current system, that is, J + J. On the dawnside, the region
of enhanced horizontal current (marked in Figure 2f, gray curve) encompasses the majority of both Region 1
and Region 2 current, whereas on the duskside, the region of horizontal current narrows down toward later
MLTs, such that a significant part of the upward Region 1 current is left poleward of the horizontal current
region. On the nightside, the horizontal current is mainly westward and forms a bulge. At the poleward part
of this bulge, there is downward Region 1 current in the east and upward current in the west. At the equa-
torward part of the bulge, the Region 2 current is upward. On the dayside, there is a gap in the region of
enhanced horizontal current.
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Because our models are based on mean values, they are likely to produce weak values in regions where
there are high levels of either temporal or spatial (scale sizes smaller than the 2° resolution of our distri-
butions) fluctuations. Figure 2h displays the uncertainty of the field-aligned current density. The highest
uncertainty can be found between the large-scale structures, i.e., between the Region 1 and Region 2
sheets in the latitudinal direction, particularly on the dawnside, but also between the duskside and dawn-
side Region 1 sheets in the MLT direction, particularly on the dayside. This could be related not only to
slightly different locations of the large-scale structures during different IMF conditions but also to struc-
tures that are smaller in size than the 2° grid cells. Ritter et al. [2004] have reported that the transition from
the downward Region 1 to upward Region 2 on the dawnside occurs above the westward auroral electro-
jetand is characterized by alternating upward and downward field-aligned currents. Consequently, they
found the most intense upward field-aligned currents not in the Region 2 proper but above the auroral
electrojet and suggested that these probably give rise to a high conductivity, a requirement for the intense
electrojet current.

Figure 2g shows the uncertainty of the curl of the equivalent current density. These values are clearly smaller
than those related to the field-aligned current density (note that the color scales are different for Figures 2g
and 2h). The curl of the equivalent current density represents the amplitudes of the divergence-free SECSs
in the same way the field-aligned current density represents the amplitudes of the curl-free SECSs (the SECS
amplitude divided by the area of the grid cell). The curl-free horizontal current density component closes
via field-aligned currents and is, thus, directly connected to the CHAMP altitude. The divergence-free com-
ponent of the horizontal current density, on the other hand, closes within the ionosphere, i.e., the spherical
surface at 100 km altitude, on average 270 km below CHAMP.

The electric field (arrows) and potential (color) in Figure 3b and the convection (arrows) in Figure 3c corre-
spond to the expected two-cell pattern with antisunward flow in the polar cap and sunward return flow at
lower latitudes. At dawn and dusk, the antisunward flow is mainly confined poleward of Region 1 and the
return flow in the same latitude range as Region 1 and Region 2. The strongest return flows take place near
the poleward edge of this region. Particularly in the midnight sector where Region 2 is upward, the statisti-
cal flows tend to be relatively weak. Of course, this does not necessarily mean that there are no strong flows
in this region, merely that, on average, the flows cancel each other out. However, the level of fluctuations is
not particularly large in this region, as shown by the SD of the electrostatic potential in Figure 3d. The high-
est uncertainty can be found on the dayside, especially between the two convection cells where the mean
electrostatic potential is almost zero. This is most likely caused by the combination of data obtained during
different IMF orientation (section 3.2).

On the nightside, the antisunward convection in Figure 3c turns slightly duskward. Nonetheless, the most
equatorward point where the flow splits dawnward and duskward is located close to midnight, in the same
MLT sector where Region 1 changes polarity. This point would be expected to map to the plasma sheet
region where earthward flows intrude closest to Earth. The most poleward points where the flows start to
turn duskward and dawnward are located at ~18 MLT and ~03 MLT, respectively. In the premidnight MLT
sector where the antisunward flow turns duskward, Region 1 is upward, and in the postmidnight sector
where the flow turns dawnward, Region 1 is downward. On the dayside, the convergence of the flows from
the dawnside and duskside takes place in the same region where there is a gap in the region of enhanced
horizontal currents.

Figure 4 shows the sunward component of the convection velocity (V, black curve, left axis) and of the
equivalent current density (Jq, red curve, left axis), field-aligned current density (j,,, blue curve, right axis),
and curl of the equivalent current density (joq, green curve, right axis) as a function of magnetic colatitude
at the dawn-dusk meridian (18 MLT corresponds to negative values of colatitude and 06 MLT to positive val-
ues). The colatitude ranges of Region 2 (R2) and Region 1 (R1), as determined from the field-aligned current
curve, are indicated, and those of Region 1 are highlighted with a cyan shading.

The convection velocity shows two positive peaks that correspond to the sunward return flow, with the
amplitude of the duskside peak clearly stronger than that of the dawnside peak. Both the Region 1 and 2
currents are located in the region where the convection velocity changes; Region 1 in the latitude ranges
where the velocity changes from the peak sunward values to the peak antisunward value, and Region 2 in
the lower latitude ranges where the peak sunward values decreases toward zero. Between the dawnside and

JUUSOLAET AL.

©2014. American Geophysical Union. All Rights Reserved. 3137



@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019455

18 MLT 06 MLT

300

R2

R1 ! - Ri R2

150

[A/km]

eq
i, [AKm?]

V [m/s], J

-150 1-0.5

—300 L—=24 L L : ! ) L eg
-30 -20 -10 0 10 20 30

Co-latitude [deg]

Figure 4. Sunward component of the convection velocity (V, black curve, left axis) and of the equivalent current den-
sity (Jeq, red curve, left axis), field-aligned current density (jH, blue curve, right axis), and curl of the equivalent current
density (jeq, green curve, right axis) as a function of AACGM colatitude at the dawn-dusk meridian (18 MLT corresponds
to negative values of colatitude and 06 MLT to positive values). The colatitude ranges of Region 2 (R2) and Region 1
(R1), as determined from the field-aligned current curve, are indicated, and those of Region 1 are highlighted with a
cyan shading.

duskside Region 1, the antisunward convection velocity remains fairly constant and the field-aligned current
is weak.

The equivalent current density can be used as a proxy for the convection velocity under the same assump-
tion as the curl of the equivalent current density can be used for the field-aligned current density. Figure 4
shows that the peaks and sign changes of the equivalent current density coincide with those of the con-
vection velocity. However, opposite to the velocity, for the equivalent current density the dawnside peak is
stronger than the duskside peak. The peaks and sign changes of the curl of the equivalent current density
agree fairly well with those of the field-aligned current density. What is even more surprising is how well the
amplitudes of the two curves match.

3.2. IMF Dependence

Figures 5-8 show the statistical convection pattern determined from SuperDARN data (arrows) and the
field-aligned current distribution determined from CHAMP data (color) for different IMF orientations and
amplitudes, as specified in Table 1.

From left to right, the columns in Figures 5 and 6 correspond to B, < 0, B, > 0, B, > 0, and B, < 0, respec-
tively, except for the top row of Figure 5, which corresponds to purely northward IMF orientation (the same
plot repeated 4 times), and the bottom row of Figure 6 (again the same plot repeated 4 times), which cor-
responds to purely southward IMF orientation. From top to bottom, the rows in Figure 5 correspond to a
decreasing northward IMF component, and the rows in Figure 6 to an increasing southward IMF component.
For the two topmost rows in Figure 5, and for the two bottom rows in Figure 6, IMF B, is the dominant com-
ponent. For the middle rows, the amplitudes of B, and B, or B, are approximately equal. For the two bottom
rows in Figure 5, and for the two topmost rows in Figure 6, either B, or B, is the dominant component. For
easier comparison, the bottom row of Figure 5 and the top row Figure 6, corresponding to IMF B, = 0, are
the same. Figures 5 and 6 and Figures 7 and 8 are otherwise the same, except for the IMF amplitude, which
is < 5 nT for Figures 5 and 6, and > 5 nT for Figures 7 and 8.

The distributions in Figures 5-8 show that both the Region 1 and Region 2 current systems as well as the
two-cell convection pattern exist for all IMF orientations, although their strength increases and they widen
and expand to lower latitudes as the IMF rotates from northward to southward. On the nightside, the most
equatorward point where the antisunward flow splits toward dawn and dusk is located in the same MLT
sector where Region 1 changes polarity.

For pure northward IMF (Figures 5a and 7a), the strongest field-aligned currents are on the dayside. They
comprise Region 0 at higher latitudes and enhanced Region 1 at lower latitudes. The associated convection
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Figure 5. (a—q) lonospheric field-aligned current density (color) and convection velocity (arrows) at 100 km altitude for different IMF orientations as specified in
Table 1, with IMF B < 5 nT, as a function of AACGM latitude and MLT. The blue and red curves are the +5 kV contours for the electrostatic potential. The minimum
and maximum field-aligned current density are indicated with the magenta and cyan asterisks, respectively, and the absolute value of the field-aligned current is
given in the bottom right corner.
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Figure 6. Figure 5 continued.

consists of sunward flow between the pair of upward and downward Region 0 currents and antisunward
return flow at lower latitudes between Region 0 and enhanced Region 1 currents. This reversed two-cell

convection pattern, which is consistent with lobe reconnection, is superposed on a weak two-cell convec-

tion pattern. Although the basic pattern remains the same, a weaker amplitude of the IMF produces weaker

amplitudes for both the field-aligned currents and convection. The sunward convection, in particular, is

much more clear for IMF B > 5 nT (Figure 7a) than for IMF B < 5 nT (Figure 5a).
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Figure 7. The same as Figure 5 except for IMF B > 5 nT instead of IMF B < 5 nT.

While B, remains the dominant component, a nonzero B, (Figures 5¢, 5e, 7¢, and 7e) does not produce
noticeable changes in the pattern. A negative B, (Figures 5b and 7b), on the other hand, will rotate both the
convection and field-aligned current patterns anticlockwise, in agreement with a dawnward shift of the
(Northern Hemisphere) lobe reconnection location, and vise versa for a positive B, (Figures 5d and 7d).
The reconnection site remains in the lobe, as both the associated field-aligned current and convection
patterns are clearly superposed on a weak two-cell convection pattern and Region 1 and Region 2 field-
aligned currents.
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Figure 8. Figure 7 continued.

Milan et al. [2000] showed dayside auroral emissions in the Northern Hemisphere during an interval when

IMF B, was predominantly positive. The emissions consisted of two parts: a postnoon emission at lower lat-

itudes that could correspond to the upward Region 1 in our plots, and an emission at higher latitudes that

could correspond to the upward Region 0 in our plots. For IMF B, < 0, this higher-latitude emission was

located in the prenoon sector, and for IMF B, > 0, in the postnoon sector. The behavior of the upward
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Table 1. IMF Angles § = arctan (B,/ B)% + B)Z,) and ¢ = arctan (By/BX) for the Different Panels in

Figures 5-82
¢ = —90° ¢ =0° ¢ =90° ¢ =180°

Any ¢ By<0 B, >0 By>0 B, <0
0 =0° (B,>0),B<5nT 5a
6 =22.5° (B, >0),B<5nT 5b 5¢c 5d Se
0 = 45° (B, >0),B<5nT 5f 59 5h 5i
6 =67.5° (B,>0),B<5nT 5j 5k 51 5m
0 =90° (B, ~0),B<5nT 5n, 6n 50, 60 5p, 6p 5q, 6q
6 =112.5° (B, <0),B<5nT 6a 6b 6C 6d
6 =135° (B, <0),B<5nT 6e 6f 69 6h
6 = 157.5° (B, <0),B<5nT 6i 6j 6k 6l
6 = 180° (B, <0),B<5nT 6m
6=0° (B, >0),B>5nT 7a
6 =22.5° (B, >0),B>5nT 7b 7c 7d 7e
6 = 45° (B,>0),B>5nT 7f 79 7h 7i
6 =67.5° (B, >0),B>5nT 7j 7k 71 7m
0 =90° (B, # 0),B>5nT 7n, 8n 70, 80 7p, 8p 79, 8q
6=112.5° (B, <0),B>5nT 8a 8b 8c 8d
6 =135° (B, <0),B>5nT 8e 8f 8g 8h
6 = 157.5° (B, <0),B>5nT 8i 8j 8k 8l
6 = 180° (B, <0),B>5nT 8m

3The actual data used to construct each panel includes +22.5° around the given direction.

Region 0 current in our plots is in agreement with this, showing a substantial part of the statistical current in
the postnoon sector for B, > 0 and all of it confined to the prenoon sector for B, < 0.

When the magnitude of B, becomes comparable to (Figures 5g, 5i, 79, and 7i) or stronger than B, (Figures 5k,
5m, 7k, and 7m), the lobe reconnection signatures, although still present, clearly weaken. For purely radial
IMF (Figures 50, 5q, 70, and 7q), very weak signatures of lobe reconnection are still present, but the slight
enhancement of the two-cell pattern indicates that some subsolar reconnection is also present in the

data set.

As B, enhances compared to the positive B, (Figures 5f, 5h, 5j, 51, 5n, 5p, 7f, 7h, 7j, 71, 7n, and 7p), Region 0
starts to merge with Region 1, and the reversed two-cell pattern with the regular two-cell pattern. This is
consistent with the Northern Hemisphere magnetopause reconnection site moving from nightside toward
the dusk flank for By < 0 (and vise versa for By > 0). As the reconnection site moves further and further
toward the dayside, instead of transferring open nightside field lines to open dayside field lines, it starts to
transfer closed duskside field lines to open dawnside field lines. This process is basically similar to subso-
lar reconnection during negative B,, and thus, the ionospheric signatures would no longer be expected to
form the distinct lobe reconnection pattern but to be those of a distorted subsolar reconnection. The over-
all enhancement of the two-cell convection pattern and the Region 1 and Region 2 current systems also
indicates that open flux is being added to the system even though B, is not negative.

As IMF B, turns more and more southward, all signs of lobe reconnection for nonzero B, (Figures 6b, 6d, 6f,
6h, 6j, 61, 8b, 8d, 8f, 8h, 8], and 8I) disappear. The two-cell pattern and the Region 1 and Region 2 current sys-
tems amplify, indicating that open flux is being added to the system. The two-cell pattern shows relatively
little dawn-dusk asymmetry, indicating that subsolar reconnection takes place symmetrically around the
subsolar point.

As IMF B, turns more and more southward, thus moving the magnetopause reconnection site toward the
subsolar region, the dawn-dusk asymmetry in the ionospheric field-aligned current and convection pat-
tern due to B, weakens (Figures 6a, 6¢, 6e, 69, 6i, 6k, 8a, 8¢, 8e, 8¢, 8i, and 8k). For purely southward IMF
(Figures 6m and 8m), the Region 0 current system does not exist, and the convection follows the relatively
dawn-dusk symmetric two-cell configuration.

Although the IMF direction determines the configuration of the field-aligned current density and convec-
tion, the IMF amplitude affects their intensity such that a weaker IMF produces weaker field-aligned currents
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Figure 9. (a) Absolute value of the field-aligned current (defined in section 2.1) in the Northern Hemisphere as a function of the IMF angle # =arctan (Bz/‘ /Bf+B§>

for IMF B < 5 nT. Each curve corresponds to a different value of the IMF angle ¢ = arctan (By/BX). (b) Field-aligned current for IMF B > 5 nT. (c) Cross-polar cap
potential (CPCP) for IMF B < 5 nT. (d) CPCP for IMF B > 5 nT. (e) Number of IMF samples for B < 5 nT. The total number of all IMF samples with B < 5 nT is indicated

at the top. (f) Number of IMF samples for B > 5 nT.
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and flows (Figure 6), and a stronger IMF produces stronger current and flows (Figure 8). Furthermore, for
a stronger IMF, the Region 1 and Region 2 current sheets tend to be wider and both their poleward and
equatorward edges tend to be located at lower latitudes than for a weaker IMF.

Figures 9a and 9b show the absolute value of the field-aligned current (defined in section 2.1) in the North-
ern Hemisphere as IMF B, rotates from northward to southward (elevation angle 6 = arctan ( B,/ /B2 + Bf/
increases from 0° to 180°). Each color corresponds to a different value of the IMF angle ¢ = arctan (B,/By).
The error bars are derived from the SD of the CHAMP magnetic field using the propagation of error.
Although this measure of uncertainty helps in estimating the goodness of the model parameterization (a
good parameterization will produce a low level of fluctuations in each grid cell), it does not provide informa-
tion on the level of fluctuations between neighboring cells. As an example, if there was only one data point
in each grid cell, the SD would be zero, but the resulting field-aligned current distribution could still be noisy.
A smooth distribution requires a sufficient number of data points in each grid cell. To illustrate the relative
numbers of data points in each distribution (as well as how commonly each condition occurs), Figures 9e
and 9f show the number of IMF samples in each category. ¢ = —90°, 0°, 90°, and 180° each correspond to a
column in Figures 5-8. There are more or less equal numbers of IMF samples for each of these four ¢ values
for a given value of 6. Of the intermediate IMF orientations with about equally strong B, and B, components
(not shown in Figures 5-8), ¢ = —45° or 135° indicates a Parker spiral-like orientation with the highest
number of samples, whereas the perpendicular orientation with ¢ = —135° or 45° is a rarer occurrence.

For a dominant B, (¢ = 0° or 180°), the field-aligned current remains weak and fairly constant while 8 <90°.
A clear increase of the field-aligned current starts at & = 90°, where B, changes sign from positive to neg-
ative. The most intense current is observed for & = 180°. The trend is the same for both the weaker and
stronger IMF amplitude, but the currents are more intense for the stronger IMF amplitude. For a dominant
B, (¢ = £90°), the trend is otherwise the same as for B,, except that the clear increase starts already at

0 = 67.5° while B, is still positive. For & > 90°, the B,-dominant radial IMF (¢ = 0° or 180°) and the most
common Parker spiral IMF (¢ = —45° or 135°) appear to have slightly weaker currents than the B, -dominant
IMF (¢ = +£90°) or the relatively rare ¢p = 45° or ¢p = —135° orientations.

Figures 9c and 9d show the Northern Hemisphere cross-polar cap potential, CPCP. Unlike the field-aligned
current, which stays more or less constant for 6 < 67.5°, CPCP appears to increase as 0 increases. The IMF
amplitude does not affect CPCP for purely northward IMF orientation. The reason for this could be that CPCP
tends to represent the two-cell convection pattern (this can be seen from the locations of the minimum
and maximum of the potential, not shown here). However, the IMF amplitude clearly enhances CPCP for

0 > 67.5°. Similar to the field-aligned current, the B,-dominant IMF orientations tend to have the weakest
CPCP values.

4. Discussion

4.1. Combining the Two Data Sets

Although both the CHAMP and SuperDARN data sets cover the same years 2000-2010, the magnetic field
and flow measurements were not obtained from the same locations at the same times. CHAMP provided
data more or less continuously, but could only measure at one point at a time, and spent a part of the time
outside of the high-latitude regions. SuperDARN measurements, on the other hand, often covered a large
part of the high-latitude regions simultaneously, but variations in the occurrence of backscatter, upon which
all SuperDARN data products depend, could potentially bias the statistics.

The number of observations by SuperDARN depends on the number of operational radars and the phase
of the solar cycle, more observations being seen during solar maximum conditions. Increase in soft-particle
precipitation on the dayside and the reconnection electric field that occurs when IMF B, is strongly nega-
tive, as is the case during storms, significantly increase the backscatter. Strong electric fields are also typical
on the nightside during storms and increase the backscatter. However, there can be a loss or reduction of
backscatter in regions of energetic particle precipitation and after a long exposure to strong electric fields,
typically occurring at substorm onset, due to absorption of radio waves by the enhanced electron densities
or rapid changes in radio wave propagation conditions [Wild and Grocott, 2008; Gillies et al., 2011].

When there is no backscatter from a certain region, the data set we have used does not specify whether this
is because of very quiet conditions (no backscatter), very active conditions (loss or reduction of backscatter),
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Figure 10. Mean plasma sheet flow speed (color) and direction (vectors) projected onto the GSM xy plane. The lengths
of the velocity vectors have been normalized to unity, and the xy component is displayed. The gray circle represents the
geostationary orbit at the 6.6 R radial distance, and the gray curve the magnetopause according to Shue et al. [1997],
with Py, = 1 nPa and IMF B, = 0. Both the magnetopause and the solid grid have been rotated 4.8° clockwise to take
into account the aberration due to Earth’s orbital motion. The thick gray line shows the aberrated noon-midnight axis.
The Figure is reproduced from Juusola et al. [2011].

or missing data (radar not operational). As a result, the missing zeros could cause the mean convection
for quiet times to come out as too active in some regions, whereas the missing active periods could cause
the mean convection for active times to come out as too quiet in some regions. This could affect not just
the amplitude but also the direction of the flows. This bias is not expected to be a problem for the results
presented here, but any further studies where substorm onset times may play a role must be approached
with caution.

4.2, Comparison With Existing Field-Aligned Current Models

He et al. [2012] used the same CHAMP data set as we have to produce a high-resolution model of
field-aligned currents parameterized by IMF clock angle, IMF component in the y-z plane, IMF magnitude,
solar wind speed, and the AE index. The model did not cover the whole polar cap: mainly the Region 1 and
Region 2 currents were reproduced, while parts of the NBZ currents were not covered.

The maximum current density in the model ranges from about 0.5 to 2 A/km?, which was noted to be more
intense than previous models and close to that observed for individual events. The Region 1 peak spans
2-3° in latitude, which was also noted to be typical for observations. Our Region 1 can be as thin as 2-4° in
latitude but is often considerably wider particularly on the nightside. Our maximum current densities are
comparable to those of the He et al. [2012] model, ranging from 0.5 to 1.9 A/km?, and our NBZ amplitudes
(Figures 5a and 7a) are in agreement with those of Stauning [2002]. The hemispherical integrated FAC in our
models varies from (3.2 +0.7)/2 = 1.6 £ 0.4 to (16.7 + 2.7)/2 = 8.4 + 1.4 MA, which is in agreement with or
higher than existing models [e.g., He et al., 2012].

In the model of He et al. [2012], the downward and upward currents maximize typically in the prenoon and
postnoon sectors, respectively, which is expected for a current system consisting mainly of Region 1 and
Region 2. In our models, the strongest current density is typically attributed to Region 0 when IMF has a
northward component and to Region 1 when IMF has a southward component. In agreement with Weimer
[2001], Papitashvili et al. [2002], Anderson et al. [2008], and He et al. [2012], for IMF B, > 0 (8, < 0) our models
show (Figures 5p, 7p, 5n, and 7n) that the dawnside (duskside) Region 1 current sheet appears to cross the
noon meridian and extend into the duskside (dawnside) Region 2.

4.3. Mapping to the Magnetosphere

Under steady conditions and in the absence of parallel electric fields, ionospheric convection would be a
direct map of plasma and magnetic flux convection in the magnetosphere [Hesse et al., 1997]. Although
these conditions are rarely, if ever, quite valid, comparison of the ionospheric and magnetospheric
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convection patterns on the one hand, and of the ionospheric convection and field-aligned current pat-
terns on the other hand, can provide us with information on where the field-aligned currents map in
the magnetosphere.

Figure 10, reproduced from Juusola et al. [2011], shows the statistical direction (arrows) and amplitude
(color) of earthward plasma sheet flows in the equatorial plane, determined from 15 years of Cluster, Geotail,
and THEMIS satellite data. The plasma sheet pattern shows that earthward flows tend to deviate duskward
and dawnward already quite far from Earth such that the majority of the flows actually reach the dayside
without having traveled through the nightside near-Earth region. This same tendency can also be seen in
the ionospheric flow pattern in Figure 3c (no IMF filtering has been applied to the distributions in Figures 2
and 3. Thus, the conditions for them are the same as for Figure 10): the antisunward flows approaching the
nightside oval deviate duskward between about 18 MLT and midnight and dawnward between midnight
and about 03 MLT. A preference for the duskward direction can be seen both in the plasma sheet (Figure 10)
and in the nightside ionosphere (Figure 3c). As they approach Earth, the earthward plasma sheet flows slow
down [Angelopoulos et al., 1994]. Thus, there is a region of almost stagnant flow in the nightside inner mag-
netosphere in Figure 10. This could correspond to the small flow speeds in the equatorward part of the
nightside auroral oval in Figure 3c. Analogous to the nightside, on the dayside the majority of the iono-
spheric flows do not pass through noon before turning antisunward again. Instead, the change of direction
happens in a wide MLT sector extending from about 07 to 17. This would correspond to flows in the plasma
sheet not needing to pass through the subsolar point but reconnection being possible along a large MLT
sector of the magnetopause.

5. Conclusions

We have used over 10 years of magnetic field data from the CHAMP satellite to construct a set of novel mod-
els of the high-latitude ionospheric horizontal and field-aligned current distribution at the spatial resolution
of 2°x2°. Because of the technique used to construct the models (SECS), the magnetic field signature due to
the current distribution can be directly extracted at any location, such as on the ground or at any low-orbit
satellite altitude. This method facilitates a simulation of the magnetic field signature seen by a satellite
crossing at a certain magnetic local time, for instance, or by a ground-based magnetometer as it revolves
under the pattern, including any derived products, such as some high-latitude magnetic indices (e.g., AL and
limited local time equivalents).

The current distribution models were complemented by a corresponding set of ionospheric convection
models, derived from SuperDARN data measured during the same period as CHAMP data. Both sets of
models were similarly parameterized and resolved at the same spatial grid. Combining the current distri-
butions with the electric field extracted from the convection model can provide a way for estimating the
Hall and Pedersen conductances and currents as well as Joule heating. This, however, will be a topic for a
future study. In this study we have shown that both independent data sets are able to produce the expected
distributions, the details of which are in agreement with each other.

We have shown combined distributions of the ionospheric high-latitude field-aligned current and convec-
tion extracted from a set of the models parameterized by the orientation and amplitude of the IMF. Our
main results are as follows:

1. During purely southward IMF, the ionospheric convection follows a two-cell configuration with associ-
ated Region 1 and Region 2 field-aligned current systems. This is consistent with subsolar magnetopause
reconnection.

2. During purely northward IMF, the two-cell pattern with associated Region 1 and 2 currents is weak. Super-
posed on it on the dayside, there is a reversed two-cell convection pattern with associated Region 0 and
enhanced Region 1 field-aligned currents. This is consistent with lobe reconnection.

3. For a nonzero IMF B,, the sign of B, determines whether there will be lobe (B, > 0) or subsolar reconnec-
tion (B, < 0) signatures. However, the presence of B, will weaken the signatures such that the stronger B,
is compared to B, the weaker the signatures will be compared to pure northward or southward IMF.

4. When the IMF rotates from pure northward to duskward or dawnward, the distinct reversed and forward
two-cell patterns start to merge into a distorted two-cell pattern. This is in agreement with a nonzero
IMF B, displacing the reconnection location from the open field lines to closed dawn or dusk field lines,
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even though IMF B, remains positive. As the IMF continues to rotate southward, the distorted pattern
transforms smoothly to that of the symmetric two-cell pattern.

5. While the IMF direction determines the configuration of the field-aligned current density and convection,
the IMF amplitude affects their intensity such that a weaker IMF produces weaker field-aligned currents
and flows, and a stronger IMF produces stronger current and flows.
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