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Abstract. On the basis of field-aligned currents (FACs) and
Hall currents derived from high-resolution magnetic field
data of the Swarm constellation, the average characteris-
tics of these two current systems in the auroral regions are
comprehensively investigated by statistical methods. This is
the first study considering both current types determined si-
multaneously by the same spacecraft in both hemispheres.
The FAC distribution, derived from the novel Swarm dual-
spacecraft approach, reveals the well-known features of Re-
gion 1 (R1) and Region 2 (R2) FACs. At high latitudes, Re-
gion 0 (R0) FACs appear on the dayside. Their flow direction,
up or down, depends on the orientation of the interplanetary
magnetic field IMF) B, component. Of particular interest is
the distribution of auroral Hall currents. The prominent auro-
ral electrojets are found to be closely controlled by the solar
wind input, but we find no dependence of their intensity on
the IMF By orientation. The eastward electrojet is about 1.5
times stronger in local summer than in winter. Conversely,
the westward electrojet shows less dependence on season.
As to higher latitudes, part of the electrojet current is closed
over the polar cap. Here the seasonal variation of conductiv-
ity mainly controls the current density. During local summer
of the Northern Hemisphere, there is a clear channeling of re-
turn currents over the polar cap. For positive (negative) IMF
By a dominant eastward (westward) Hall current circuit is
formed from the afternoon (morning) electrojet towards the
dawn side (dusk side) polar cap return current. The direc-
tion of polar cap Hall currents in the noon sector depends di-
rectly on the orientation of the IMF B,. This is true for both
signs of the IMF B, component. Comparable Hall current
distributions can be observed in the Southern Hemisphere but
for opposite IMF By signs. Around the midnight sector the
westward substorm electrojet is dominating. As expected, it

is highly dependent on magnetic activity, but it shows only
little response to season and IMF By polarity. An important
finding is that all the IMF By, dependences of FACs and Hall
currents practically disappear in the dark winter hemisphere.

Keywords. Ionosphere (auroral ionosphere; ionosphere—
magnetosphere interactions; polar ionosphere)

1 Introduction

The ionospheric currents comprise Pedersen current, Hall
current, and field-aligned current (FAC). At high latitudes,
FACs are important for the energy and momentum transport
from the magnetosphere to the ionosphere. The first repre-
sentative FAC distribution was derived from the magnetome-
ter measurements of the Triad satellite (Iijima and Potemra,
1976a), in which FACs follow a double ring pattern. Region 1
(R1) currents are located on the poleward side, flowing into
the ionosphere on the dawn side and out on the dusk side.
The Region 2 (R2) FACs are located a few degrees equa-
torward flowing in the opposite direction to R1 (lijima and
Potemra, 1976b; Juusola et al., 2014; Carter et al., 2016). Pre-
vious observations have shown that the interplanetary mag-
netic field (IMF) orientation has a significant effect on the
strength and distribution of FACs (e.g., Weimer, 2001). Most
prominent is the influence of the southward IMF component
on the current intensity. When IMF B, is dominant addi-
tional FACs poleward of the oval are observed in the noon
sector. For example, when IMF By <0 (By >0) the so-called
DPY-related FACs (DPY stands for disturbance polar related
to By, first introduced by Friis-Christensen and Wilhjelm,
1975) are flowing into (out of) the polar cap in the Northern
Hemisphere. This current, more poleward of R1, is named

Published by Copernicus Publications on behalf of the European Geosciences Union.



1250 T. Huang et al.: Global characteristics of auroral Hall currents

Region 0 (R0O) FAC (Iijima et al., 1978). In the case of north-
ward IMF B, the so-called NBZ current system dominates
the high latitudes in the noon sector (e.g., Vennerstrgm et al.,
2002; Wang et al., 2008b). The locations of these IMF B,-
dominated FACs in the noon sector are schematically shown
in Fig. 3 of Vennerstrgm et al. (2002).

The Pedersen currents in the ionosphere close the differ-
ent FACs from the magnetosphere. Their magnetic effects in
connection with the FACs are canceling on ground in the case
of uniform ionospheric conductivity. The Hall currents are to
first-order source-free and close entirely in the ionosphere.
However, in cases of significant conductivity gradients, e.g.,
between the polar cap and auroral zone, the Hall current sys-
tem contributes also to the closure of field-aligned currents.
The magnetic effects of Hall currents can be observed both
on ground and in space.

The typical Hall current pattern has a two-cell shape in the
high-latitude ionosphere, with a clockwise and counterclock-
wise flow on the dawn side and dusk side, respectively. At au-
roral latitudes the electrojets form the main part of the Hall
current circuit. They are an important part of the horizon-
tal current system in the ionosphere (Richmond and Kamide,
1988). The distribution of Hall currents in the polar cap re-
gion was first determined on the basis of magnetic field data
from the International Magnetosphere Study (IMS) Alaska
meridian chain (Kamide and Akasofu, 1981). Traditionally,
in early studies of Hall currents they were presented in terms
of equivalent ionospheric currents because a unique deter-
mination of Hall current density is impossible from ground-
based magnetic field observations alone. To our knowledge
there is no statistical study of the global Hall current distri-
bution derived from satellite data.

In early studies, such as Hughes and Rostoker (1977), the
sunward directed return currents over the polar cap were not
considered. Therefore net FACs were introduced to feed the
electrojets on the dawn and dusk sides. In their model a
downward FAC near noon diverges into the westward elec-
trojet past the 06:00 MLT sector and on the afternoon side
into the eastward electrojet. When both electrojets reach the
poleward boundary of the nightside auroral oval, a conductiv-
ity discontinuity drives the electrojet currents upward along
the field lines. Today we know that such a current configu-
ration occurs primarily in the winter hemisphere, where the
polar region is in darkness (Zhou and Liihr, 2017).

The relationship between high-latitude FACs and the auro-
ral electrojet on the dayside has been studied in many works
(Iijima and Potemra, 1976b; Wilhjelm et al., 1978; Senior et
al., 1982; Belehaki and Rostoker, 1996), but they are not con-
clusive. There are different points of view on how to connect
the FAC intensity and Hall current properties. A statistical re-
lationship between the orientation of the interplanetary mag-
netic field and ionospheric currents has been derived from
the Greenland magnetometer array (Friis-Christensen et al.,
1985). The RO FAC is considered to be a separate current
system, which can vary independently from the electrojets.
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The DPY current system, which is controlled by a nega-
tive IMF B,, is regarded by Rostoker (1980) as signature of
the redistribution of net downward FACs at local noon. He
showed a schematic diagram of DPY currents in his Fig. 8.
Belehaki and Rostoker (1996) deduced the actual relation-
ship between DPY currents and ionospheric auroral elec-
trojets with CANOPUS (Canadian Auroral Network for the
OPEN Program Unified Study) magnetometer data. The di-
rection of horizontal DPY-related currents across the noon
sector at auroral latitudes is strongly dependent on the IMF
B, component. In particular, for By, <0 (B, >0) these DPY
currents flow toward dawn (dusk) and connect in the pre-
noon (post-noon) sector to the main westward (eastward)
electrojet. We have to note again that the observations men-
tioned are all based on data from ground-based stations.
Therefore, the inferred relationship between Hall current dis-
tribution and FAC locations is not unique. Clarifying the sit-
uation is one of the goals of this study.

Juusola et al. (2007) are the first to study the three cur-
rent components (j,: field-aligned, j,: divergence-free, and
Jo: curl-free component) of the ionospheric system simulta-
neously by means of their 1-D Spherical Elementary Cur-
rent Systems (SECS) approach based on CHAMP satellite
data. They were able to provide a quite detailed description
of the current distribution in the dawn and dusk auroral re-
gions. However, near the noon and midnight sectors their 1-D
approach did not return reliable results. The ESA constella-
tion mission Swarm provides new opportunities for current
density estimate and allows for simultaneously studying the
ionospheric FAC and Hall currents in a statistical way.

In the present paper we attempt to take advantage of the
Swarm constellation to determine the global statistical char-
acteristics of Hall currents and FACs in different seasons and
for different IMF conditions. The results are derived from a
period of 3 years (April 2014 to April 2017) of Swarm mag-
netic field recordings. The Swarm satellite mission and our
data set are introduced in Sect. 2. Subsequently, the estima-
tion method for FACs and their average patterns are briefly
described in Sect. 3. As mentioned before, the FAC distri-
bution is generally well known. Therefore we focus more
on the Hall current distribution in this study. The calculation
method and characteristics of Hall currents are presented in
detail in Sect. 4. The main findings are discussed in Sect. 5
and compared with previous studies. Finally, we summarize
our results in Sect. 6.

2 The Swarm and IMF data sets

The ESA three-satellite Swarm constellation mission (Friis-
Christensen et al., 2008) was successfully launched into a
near-polar orbit in November 2013 and achieved its final
orbit configuration on 17 April 2014. Swarm Alpha (A)
and Swarm Charlie (C) fly side by side at an altitude of
460km and an east—west separation of 1.4° in longitude.
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Swarm Bravo (B) is flying at a higher altitude of about
520km. Swarm A and C can cover all 24h of local times
in about 133 days. The vector field magnetometer (VFM) on
board Swarm samples the magnetic field data, and they are
routinely calibrated with respect to the Absolute Scalar Mag-
netometer (ASM). In this study the calibrated Swarm Level-1
and Level-2 magnetic field data are used, which have a time
resolution of 1 Hz.

The CHAOS model series, originally derived from the
CHAMP, @rsted and SAC-C satellites, is designed to esti-
mate the global geomagnetic field at near-Earth space with
high resolution in time and space. This model includes
contributions of the core, crustal, and large-scale magneto-
spheric fields. It is derived primarily from satellite magnetic
field data, but ground-based observations of secular varia-
tion are also used. The new version CHAOS-6 (Finlay et
al., 2016) also incorporates Swarm data. It is used in this
study for deriving the contributions of ionospheric currents to
the Swarm magnetic field observations. For this purpose the
core, crustal, and magnetospheric field parts of the CHAOS-
6 model are subtracted from the actual Swarm A and C field
measurements.

For considering the interplanetary magnetic field and so-
lar wind conditions the OMNI database is used, which is
publicly available at the Space Physics Data Facility (SPDF)
of the NASA Goddard Space Flight Center (http://omniweb.
gsfc.nasa.gov). The 1 min resolution IMF data (propagated
to the Earth’s bow shock as part of the OMNI data process-
ing) are further averaged over 15 min periods. The merging
electric field (Ey,) is calculated and used as a measure of so-
lar wind input to the ionosphere based on OMNI data, which
have been delayed by 20 min allowing for the propagation to
the ionosphere (e.g., Vennerstrgm et al., 2002). Making use
of the very efficient coupling function introduced by Newell
et al. (2007), we calculate the merging electric field as

1 4 5 os(0
Em=mVs\3N(,/B§+Bzz) sin3 (5)7 (D

where Vg, is the solar wind velocity in units of km s~L, By
and B, (in nT) are the IMF components in GSM coordinates,
and 6 is the clock angle of IMF. When dividing the original
Newell coupling function by 3000 the obtained Ey, value is
in size comparable to the solar wind electric field in mV m~!.

Our study period from 17 April 2014 to 17 April 2017
coincides with the declining phase of solar cycle 24. For
the main activity indices we obtain therefore quite mod-
erate mean values but with a fairly large standard devia-
tion: solar radio flux, Fjp7 = 111 £40.3 sfu, geomagnetic
activity, A, = 10.5%9.7, and merging electric field, Ey, =
131+ 13mVm~L
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3 Distribution of field-aligned currents
3.1 Deriving FACs from Swarm mission

The FAC estimates presented here are based on the advanced
Swarm dual-spacecraft technique, as outlined by Ritter et
al. (2013). Simultaneous recordings of ionospheric magnetic
fields by the spacecraft pair Swarm A and C, flying side by
side, are interpreted jointly. Based on Ampere’s law in inte-
gral form the vertical current density j. is calculated:

By -dl, 2

Jz Iy
where A is the area encircled by the contour, By is the mag-
netic field vector in the horizontal plane, d/ is the line element
along the integration path, and g is the permeability of free
space. In practice the integration, as outlined in Eq. (2), is
done in discrete steps. Magnetic field residuals at the four
corners, forming a quadrangle, are used in the ring integral.
As illustrated in Fig. 1 of Liihr et al. (2015b), two readings
are taken along the track, separated by 5s, of both satel-
lites. When considering the orbital velocity of 7.6 km s~ ! this
corresponds to a distance of 38 km. The cross-track separa-
tion between the two satellites is 1.4° in longitude, which
amounts to about 50 km at 70° latitude. The result of the inte-
gral divided by the encircled area provides the mean vertical
current density. In order to avoid spatial and temporal alias-
ing of the sparsely sampled current distribution, the resid-
ual magnetic fields employed here are low-pass-filtered with
a 3dB cutoff period of 20 s corresponding to a wavelength
of about 150 km. This eliminates contributions from small-
scale FACs, which typically show a lot of temporal variability
(Liihr et al., 2015a). Finally, the field-aligned currents jj are
obtained by mapping the vertical currents j, onto the main
field direction:
Jz
sin(incl)’

Ji= 3)
where incl is the magnetic field inclination. FACs flowing
into (out of) the ionosphere have negative (positive) values in
the following sections. Here we have to note that the signs of
the inclination are flipped in the Southern Hemisphere such
that upward FACs are positive in both hemispheres. More
details of the dual-spacecraft FAC estimation technique em-
ployed can be found in the article of Ritter et al. (2013). Near
the orbital crossover of Swarm A and Swarm C, at §87.3°
GLAT, the separation between the spacecraft becomes too
small for a reliable dual-satellite FAC determination. There-
fore no FACs are determined at latitudes beyond 86° GLAT.
In the Northern Hemisphere the omission zone lies within the
polar cap, but in the Southern Hemisphere it partly overlaps
with the auroral region. The resulting FAC data are sorted
into equal-area bins of 330km x 350km. The number of
samples in each bin, depending on magnetic latitude, is pre-
sented in the Supplement for both hemispheres (see Fig. S1).
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Figure 1. Average distribution of auroral field-aligned currents in the two hemispheres for different seasons. Red colors represent upward

currents and blue downward.
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Figure 2. Diurnal variation of averaged FACs in 1 h local time bins for different seasons. The left (right) panels are for Northern (Southern)
Hemisphere. The blue, black, and red lines represent local winter, equinox, and summer, respectively. Presented are the summed upward and

downward FAC sheet current densities in each hour bin.

3.2 Dependence of FACs on season and IMF

From each Swarm orbit we obtain a latitude profile of FAC
density. Combining many orbits provides a map of the FAC
distribution. We first have a look at the seasonal depen-
dence and separate the data into three defined periods: June
(1 July £ 66 days) and December (1 January &+ 66 days) sol-
stices and combined equinoxes (1 April £ 33 days plus 1 Oc-
tober + 33 days). The Swarm satellites need just 133 days
to cover all local times; therefore these slightly overlapping
periods have been chosen. Figure 1 shows the average FAC
distributions of the 3 years considered, separately for the
two hemispheres. Here we apply the equal-area binning pro-
cedure that was introduced for thermospheric wind studies
by Liihr et al. (2007). The high-latitude region centered on
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the magnetic pole is divided into 13 concentric rings, with
a 3° MLAT width. The innermost ring (88.5-85.5° MLAT)
is subdivided into six sectors and all subsequent rings into
N x 6 bins of approximate 330km x 350 km size, where N
is the sequence number of rings. This provides a latitude-
dependent local time resolution (4/N in hours) for the vari-
ous rings. The measurements are sorted into the bins accord-
ing to their orbital positions (in MLAT and MLT coordinates)
and then statistically averaged. The well-known patterns of
R1 and R2 FAC belts appear, and average seasonal differ-
ences are most prominent on the dayside. To show the sea-
sonal variation of FAC intensity clearer, for the three sea-
sons FAC sheet current densities flowing into and out of the
ionosphere have been calculated separately for every local
time hour. Results are presented in Fig. 2. FAC intensities are

www.ann-geophys.net/35/1249/2017/
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Figure 3. Maps of average FAC distribution in the Northern Hemisphere (a, ¢) and Southern Hemisphere (b, d) for local summer (a, b) and
local winter (c, d). The FAC distribution is shown in the frame of magnetic latitude (MLAT) versus magnetic local time (MLT) for B; > 1,
—1<B; <1 and B; < — 1 conditions in rows from top to bottom in each panel. IMF By ranges change from By < —2, —2< By <2 to
By > 2 from left to right columns. The blue (red) contours indicate downward (upward) currents.

clearly larger on the dayside during local summer (red lines)
than local winter (blue lines). On the nightside the curves
converge (in particular in the Northern Hemisphere); i.e., the
seasonal dependence is much smaller. We regard the differ-
ences in FAC intensity primarily to changes in conductivity.
On the dayside the ionospheric conductivity is mainly deter-
mined by the solar illumination. Therefore a strong seasonal
dependence results. On the midnight side the auroral electron
precipitation plays a more important role for the conductiv-
ity, making it less dependent on seasonal variations of solar
insulation.

www.ann-geophys.net/35/1249/2017/

In the next step, we present the FAC distribution for differ-
ent IMF orientations. The values are sorted into nine groups
based on IMF By, and B; intensities in units of nT (By <—2,
—2<By<2 and By,>2; B;<—1, —1<B;<1 and B;>1).
Figure 3 shows the FAC distribution of bin averages in mag-
netic latitude versus local time frames in the Northern and
Southern hemispheres separately. As before, the blue (red)
contours represent the downward (upward) currents. Here we
find even clearer differences between local summer (Fig. 3a
and b) and local winter (Fig. 3c and d), with larger FAC den-
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sity in local summer. This seasonal difference is obvious for
all IMF directions.

Let us shortly introduce the IMF effects on the FAC pat-
terns, as seen in Fig. 3. First the IMF B, effect: it is obvi-
ous that the FACs are stronger under southward IMF condi-
tions (bottom rows) in all of the panels. A southward IMF
has been frequently reported to enhance the magnetosphere—
ionosphere coupling due to magnetic reconnection (e.g.,
[ijima and Potemra, 1982). For northward IMF (top rows) we
can observe NBZ currents in the summer hemisphere (Fig. 3a
and b). The direction of these FACs, located mainly in the
polar cap, depends strongly on the polarity of IMF B,. For
positive IMF B, (right columns) FACs flow out of the polar
cap in the Northern Hemisphere and into it in the Southern
Hemisphere. Conversely, for negative IMF B, (left columns)
FAC:s flow out of the southern and into the northern polar cap.
For small IMF By, values (middle columns), an anti-parallel
pair of FACs (upward before noon, downward after noon) ap-
pears in the polar caps of both hemispheres. All these char-
acteristics of polar cap currents (also termed RO FACs) have
previously been reported (e.g., Stauning, 2002; Vennerstrgm
et al., 2002; Wang et al., 2008b). These authors suggest that
the absence of NBZ currents during local winter is due to
the low conductivity in the polar cap. The sign of IMF B,
does not modify significantly the intensity of R2 currents.
Changes in the R1 FACs in response to the IMF B, polar-
ity occur primarily around the noon sector. Here the dawn
side R1 stretches past noon for positive IMF B, and the dusk
side R1 extends past noon for negative By in the Northern
Hemisphere. The ionospheric FAC patterns in the Southern
Hemisphere are mirror images of the Northern Hemisphere
for all IMF By, dependences. At local winter all the IMF B,
effects are almost negligible at this resolution.

Overall, our Swarm FAC patterns are consistent with pre-
vious results which are based on different data sets (e.g.,
Weimer, 2001; Christiansen et al., 2002; Papitashvili et al.,
2002; Wang et al., 2005, 2008b; Anderson et al., 2008; Green
et al., 2009; He et al., 2012). The main purpose of the pre-
sented FAC patterns is to provide the framework for inter-
preting the auroral Hall currents derived at the same time.

4 Distribution of auroral Hall currents

4.1 Estimating Hall currents from Swarm total field
data

For the estimation of ionospheric Hall currents from satel-
lite magnetic field measurements we use the line current ap-
proximation introduced by Olsen (1996). It interprets the
variations of the total magnetic field component because
this is practically unaffected by the strong FAC signals.
This method was adopted for calculating Hall currents from
@rsted and CHAMP satellite data (Moretto et al., 2002; Rit-
ter et al., 2004; Wang et al., 2008a). The Hall currents in the
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polar regions are approximated by a series of line currents at
the height of 110km and with a separation of 1° in latitude.
The magnetic field at orbital altitude caused by an eastward-
directed line current can be written as

(AN LRSS L S @)

21 x2+h? 21 x%+h?

where b, and b, are the northward and downward compo-
nents of the generated magnetic field, respectively. [ is the
current strength, 4 denotes the height above the current, and
x is the northward displacement of the measurement point,
with respect to the current location. The magnetic signature
of the current in the total magnetic field can be represented
as

AF =|B+b|—|B|, 5)

where B is the unperturbed ambient magnetic field. The total
field deflection AF is the signal we are interpreting here.
Equation (5) can be replaced by the normalized dot product
between B and b because b is much smaller than B.

B-b
F =

= 6
B| (6)

Equation (6) can be expanded for all the satellite positions in
the form

AF ()= > (e G ) By +p: G B2 1D, (D)

i

where e, j)=—Lo __h@j) G )=
D)= " e ey PR )=

L x (@, J)

G I The index i numbers the line cur-
rents and j stands for the measurement points along a
polar pass. Here the ambient fields Bx and Bz, are the
northward and downward components in north, east, center
(NEC) coordinates as derived from the CHAOS-6 model.
With this equation we obtain a linear relation between the
total field deflection and the various line current intensities
I1(i). The observed total field residuals are inverted using
a least-squares fitting approach to get the strength of each
of the 100 line currents. For solving the inverse problem, a
regularized least-squares approach is applied:

1= (GTAG)_IGAF, (8)

where A is a weighting matrix, which avoids oscillating re-
sults between neighboring line currents, G is the design ma-
trix made up of known quantities such as positions and model
magnetic fields. As a boundary condition for the line current
inversion we assume vanishing current densities for latitudes
below 50° MLAT. This removes false current estimates over
the high-latitude orbit arc that may be caused by uncorrected
ring current signals. The uncertainty of this Hall current es-
timate approach has been quantified by Ritter et al. (2004)

www.ann-geophys.net/35/1249/2017/
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to 40mA m~! for a single profile, based on comparisons be-
tween results from ground-based and satellite data. More de-
tails about our Hall current density calculations can be found
in Ritter et al. (2004). The distribution of Hall current sam-
ple numbers from Satellite A in each of the equal-area bins is
shown in the Supplement (see Fig. S2). Thanks to the many
orbits no bins contains less than 10 000 entries.

In this study the zonal component (east—west direction) of
the Hall currents is estimated. Eastward (westward) directed
currents have positive (negative) amplitudes. The zonal com-
ponent is chosen because it gives the largest magnetic signal
for a polar-orbiting satellite. Currents flowing in meridional
direction (along the orbit) cannot be determined by this tech-
nique. As a consequence the current densities obtained in the
polar cap may partly fall short with respect to the total sun-
ward flow. This is an inherent limitation of our cross-track
current estimate.

4.2 Dependence of Hall currents on season and IMF

By inverting the total field deflections, latitude profiles
of Hall sheet current density can be obtained from each
Swarm polar pass. For studying the characteristics of Hall
currents, Fig. 4 shows the Hall current distribution during
local summer and winter seasons under different IMF condi-
tions, in the same format as for FACs in Fig. 3. Here again
we use the defined seasons for June and December solstices,
as given in Sect. 3.2. The eastward (westward) Hall cur-
rent components derived from Swarm A are presented in red
(blue) color. The Hall sheet current density is reflected by the
color depth defined by the color bar. The numbers represent
averages over the equal-area bins of 330 km x 350 km size
distributed in the magnetic local time (MLT) versus mag-
netic latitude (MLAT) frame. Bins are placed in rings of mag-
netic latitude with a width of 3° MLAT, as described above
(Sect. 3.2).

From Fig. 4 we can see that the average Hall currents
show a rather distinct change in flow direction above and be-
low 70° MLAT. Therefore we interpret the observations sep-
arately from these two latitude ranges. In the following we la-
bel them “polar cap” (PC: MLAT >70°), and “auroral zone”
(AZ: 60° < MLAT < 70°). Polar cap Hall currents are found
to flow predominantly westward on the dawn side and east-
ward on the dusk side, meaning they are directed sunward on
both sides (e.g., Ahn et al., 1999). In the auroral zone the au-
roral electrojets are located flowing anti-sunward both on the
dawn and dusk sides, the inverse of polar cap Hall currents.

For the interpretation of our results we consider four sepa-
rate local time sectors and label them: “noon sector” (10:00—
14:00 MLT), “midnight sector” (22:00-02:00 MLT), “dawn
sector” (02:00-10:00MLT) and “dusk sector” (14:00—
22:00 MLT). From each of the nine subplots in Fig. 4a—d we
get a mean value of Hall current density from all the dif-
ferent sectors. Values are listed in Table la—d. The largest
current densities are observed within the latitude range 60—
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70° MLAT, which can be related to the auroral electrojets.
For representing their intensities, we take the mean value
of all current densities from the bins, within the previously
defined dawn and dusk sectors. As expected, the electrojet
intensity is dependent on the solar wind input. This is rep-
resented by the merging electric field as defined in Eq. (1).
Figure 5 shows the mean auroral current densities from the
nine classes of IMF orientations plotted versus merging elec-
tric field, En,, separately for the two solstices and two hemi-
spheres. The different IMF orientations implicitly create a
sufficiently large range of E, variation. Excellent linear re-
lations result in all cases. There is no sign of saturation ob-
served for high solar wind input. Similar results have been
reported by Zhou and Liihr (2017) for cross-polar cap iono-
spheric net currents. From Fig. 5 we cannot deduce any sys-
tematic dependence of the auroral electrojet intensities on
IMF By, orientation. As expected, current densities are gen-
erally higher in local summer (Fig. 5a and c) than in winter
(Fig. 5b and d). This holds in particular for the eastward elec-
trojet. Current values are somewhat larger in the Northern
Hemisphere than in the Southern Hemisphere. The ratio be-
tween the slopes in the Northern and Southern hemispheres is
approximately 1.6 for local summer, while it decreases to 1.0
in local winter. This holds in general for both the eastward
and westward electrojets. Interestingly, current densities do
not approach zero when Ey, vanishes (due northward IMF).
Some magnetospheric convection seems to remain even for
that configuration. This is a known phenomenon, and the
weak convection is thought to be driven by viscous inter-
action of the solar wind with the magnetosphere (see, e.g.,
Cowley, 1982; Tsurutani and Gonzalez, 1995).

4.2.1 Dependence on IMF orientation

For the IMF dependence one can see that the density of iono-
spheric Hall currents increases from top to bottom in all
the rows of Fig. 4, and the maximum Hall currents occur
when the IMF B, component is southward. The equatorward
boundary of the Hall currents moves towards lower latitude
as the IMF B, component changes from northward to south-
ward. This can be attributed to the expanding polar cap due
additional magnetic flux caused by dayside reconnection, as
theorized by Siscoe and Huang (1985) and Cowley and Lock-
wood (1992), and seen also in the AMPERE-derived field-
aligned current ovals by Clausen et al. (2012) and Coxon et
al. (2014). As expected, the Jyg values increase with Ep
(see Table 1, from upper to lower rows), confirming that
a southward IMF B,component generally leads to stronger
Hall currents in the ionosphere. The dependence on IMF B,,
seems to be more interesting. Current densities from all six
sectors are presented in Table 1 (the electrojets on dawn/dusk
sides are not listed) and show clear variations with IMF B,,.
Starting with the Northern Hemisphere and local summer,
westward currents (blue color) dominate in Fig. 4a in the po-
lar cap for negative IMF B,. Conversely, for positive IMF
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Table 1. (a) Northern Hemisphere summer average Hall current density for different IMF directions as in Fig. 3a. The results are sorted into
two latitude ranges: polar cap (PC, MLAT >70°) and auroral zone (AZ, 60° < MLAT < 70°) regions. The data are sorted into four MLT
sectors (dawn: 02:00-10:00 MLT; noon: 10:00-14:00 MLT; dusk: 14:00-22:00 MLT; midnight: 22:00-02:00 MLT). Averages of Hall current
densities and related uncertainties are given in units of mA m~!. The merging electric field, Eny, is given in units of mV m~!. The positive
(negative) values indicate eastward (westward) Hall currents. (b) Same format as Table 1a, but for Southern Hemisphere local summer
conditions. (¢) Same format as Table 1a, but for Northern Hemisphere winter conditions. (d) Same format as Table 1a, but for Southern
Hemisphere winter conditions.

()
NH MLT | By<-2 \ —2<By<2 | By>2
Local summer ‘ Jaal Em | Jaan  Em | Jagan  Em
pc  10:00-14:00 | —20.6£52.5 0.6 | 189£268 0.1 | 5394467 05
22:00-02:00 | 1.7+135 05| 224£125 01| 569+124 04
Bz>1 Az 10:00-14:00 | 1724109 0.6 | 16+83 0.1 | 12498 05
22:00-02:00 | —13.6+175 0.5 | —11.5£121 0.1 | —=128+207 0.5
pc 02:00-10:00 | —10.54£21.6 0.5 | 176+189 0.1 | 5314314 05
14:00-22:00 | —21.6£36.3 0.5 | 994232 0.1 | 386+201 05
pc 10:00-14:00 | —10.7£556 1.0 | 2784292 05| 6344532 1.
22:00-02:00 | 112£17.1 10| 321+14 05| 604£154 10
~l<Be <l Az 10:00-14:00 | 2564139 11| 178£103 05| 153488 1.
22:00-02:00 | —25.7+229 1.0 | —185£20.1 0.5 | —2344£273 1.0
pc 02:00-10:00 | —6.9£303 1.0 | 193423 05| 5564382 1.1
14:00-22:00 | —252+£39.9 1.0 |  18+288 05 | 43.6+314 1.1
pc 10:00-14:00 | —443£71.5 24 | 274£423 22| 8384703 28
22:00-02:00 | 356+252 24 | 57.7£185 21| 91.6+256 24
Bz <-1 Az 10:00-14:00 | 29.1£208 24 | 2774202 21| 2084288 29
22:00-02:00 | —60.9£30.5 25| —45.6%33.6 2.1 | —602£412 26
pe 02:00-10:00 | 19.14£537 23 | 4224382 21| 107£392 24
14:00-22:00 | —50.44+36.8 2.4 | —0.14314 21| 313+404 25
(b)
SH MLT | By<-2 | —2<By<2 | By>2
Local summer ‘ Jgal Em ‘ JHai  Em ‘ Jgal Em
pc 10:00-14:00 | 2524304 06| —43£196 01| -—374£535 05
22:00-02:00 | 512+175 06 | 243£18 0.1 | 28+173 05
Bz>1 Az 10:00-14:00 | 43467 06|  66£58 01 [ 125112 06
22:00-02:00 | —1544232 0.6 | —145+136 0.1 | =152+£17.1 05
pc 02:00-10:00 | 447£265 06 | 118£174 0.1 | —156+188 05
14:00-22:00 | 884198 05| —85+182 0.1 | —31.7+26 05
pc 10:00-14:00 | 27.1£352 12| -58£213 06 | -—354£497 12
22:00-02:00 | 606243 13 | 259£17.1 06| 17+£147 1.1
—l<B.<l Az 10:00-14:00 | 53468 12| 169£169 06| 134112 12
22:00-02:00 | —35.7+31.4 12| —27+£288 0.6 | —235+224 1.1
pc 02:00-10:00 | 54.5£29.6 13 | 154£215 06 | —1844£334 12
14:00-22:00 | 1684245 12| —744227 06 | —2824268 1.2
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Table 1. Continued.

(b)
SH MLT | By<—2 | —2<By<2 | By>2
Local summer ‘ JHal Em ‘ JHal  Em ‘ JHal Em
pe 10:00-14:00 | 104453 29 | 282432 25 | —64.24486 26
22:00-02:00 | 8574286 2.9 | 538%£198 25| 226%257 26
B <—1
< Az 10:00-14:00 | 754218 28| 1374181 24| 226£211 25
22:00-02:00 | —71£527 29| —5024389 24| -62+383 25
pc 02:00-10:00 | 695£362 29 | 354£319 24| 694495 26
14:00-22:00 | —18.3+30.9 29 | —36.7+30.7 25| —45+£28 26
(©)
NH MLT | By<-2 | —2<By<2 | By>2
Local winter ‘ JHan  Em ‘ JHai  Em ‘ JHan  Em
pc 10:00-14:00 | —10.1£19.1 05| 094142 01| 594122 05
22:00-02:00 | 112+132 05| 146%13 0.1 | 278+158 05
Bz>1 Az 10:00-14:00 | 97461 05| 108465 01| 104£63 05
22:00-02:00 | —14.7+18.1 0.5 | —2294192 0.1 | —248+21 05
pc 02:00-10:00 | 034167 0.6 | 52£141 0.1 | 35+£22 05
14:00-22:00 | —159+14 06| —7.6+12 0.1 | —48+151 06
pe 10:00-14:00 | —13.64241 12| —03£173 06 | 48+18 12
22:00-02:00 | 17.6+£163 1.2 | 1244227 06| 355+23 12
—1<B:<l Az 10:00-14:00 | 158£6.5 12 | 13548 06| 13.1+68 1.1
22:00-02:00 | —30£29.1 1.1 | =314%21.1 06 | =51.74£304 1.2
pc 02:00-10:00 | 324251 13 | 89+19 06 | 324265 12
14:00-22:00 | —187421 13| —89+167 06| —59+18 12
pc 10:00-14:00 | —3844287 29 | -2034£21 26 | —1534225 26
22:00-02:00 | 373+£29.7 28 | 4194318 24| 578+£296 25
Be<-1 Az 10:00-14:00 | 18115 28 |  207£12 25|  219&14 25
22:00-02:00 | —68.1+424 28 | —724446 22 | —946+467 25
pc 02:00-10:00 | 1074406 29 | 2254348 26 | 2224374 26
14:00-22:00 | —41.8+21 29 | —25.1+222 25 | —223+245 25
(d
SH MLT \ By<—2 \ —2<By<2 \ By >2
Local winter \ Jaal Em | Jaal Em | Jrall  Em
pe 10:00-14:00 |  —25£95 05 | 2+63 01| —6.1+£113 05
22:00-02:00 | 234+148 05|  73+94 01| 67101 05
B>1 Az 10:00-14:00 | 47£54 05 | 68+3.1 01 ]  69+28 04
22:00-02:00 | —33.9£22.1 05| —82+141 0.1 | —49+11 05
pc 02:00-10:00 | 224155 05| 25485 0.1 | 2+94 05
14:00-22:00 |  —47+79 05 | 15+5 01| —53483 05
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(d)
SH MLT | By<-2 | —2<By<2 | By>2
Local winter ‘ JHal  Em | Jall  Em | JHan  Em
pc 10:00-14:00 | 08414 11| —1£101 05| —7£133 1.1
22:00-02:00 | 21.1+194 10| 98+169 06| 77+166 1.1
~l<B<l oy 10:00-1400 | 84454 10 | 8436 05 | 85+5 LI
22:00-02:00 | —43.9+30.9 1.1 | —194+156 06| —18+158 1.1
pc 0200-10:00 | 654163 11| 644131 06 | 4154 1.1
14:00-22:00 | —-7.5£135 10| -29+97 05| -—115+10 LI
pc  10:00-14:00 | 874249 23 | —734184 2.1 | 2314204 25
22:00-02:00 | 61.1+£32.1 24 | 409+31 22| 344287 26
Bp<-l Az 10:00-14:00 | 924162 23| 1054£96 21| 81£119 25
22:00-02:00 | —69.6+£32.4 25 | —559+31.7 22| —66.9+43.1 29
pc 02:00-10:00 | 2664304 23 | 1864275 22| 1744324 26
14:00-22:00 | —19.8+173 24 | —13£153 2.1 | =33.14£17.7 25

By, red color dominates (eastward currents) in the polar cap.
This can be related to two processes. In the noon sector we
have downward FACs in the polar cap (R0), and adjacent to it
upward R1 FACs for negative IMF B, (see Fig. 3). Between
these FAC sheets a westward Hall current is observed. Oppo-
site current directions are observed for positive IMF By, field.
This has earlier been termed the DPY current system (e.g.,
Wilhjelm et al., 1978). Quantitative values for the intensity of
the DPY system can be found in Table 1 (PC, 10:00-14:00).
The other process is the electrojet return current over the po-
lar cap. In the case of a positive IMF B, the plasma convec-
tion cell is large on the dusk side focusing the sunward return
current on the dawn side (eastward current). Conversely, for
negative IMF By a strong westward (sunward) return cur-
rent is focused on the dusk side. An equally distributed re-
turn current density is found for small IMF B,. The midnight
substorm electrojet, presented in Fig. 6, shows little depen-
dence on IMF By, or on season. As expected, mirror images
of IMF By-dependent Hall currents appear in the Southern
Hemisphere (see Fig. 4b).

4.2.2 Seasonal dependence

The seasonal dependence is obvious from a comparison of
the colors in the top (local summer) and bottom (local win-
ter) panels of Fig. 4. The ionospheric Hall currents are gener-
ally stronger in local summer than in local winter. It is more
appropriate to compare the Hall current densities in differ-
ent regions and MLT sectors separately. Here we start with
the noon polar cap sector. In this region particularly large

Ann. Geophys., 35, 1249-1268, 2017

differences between the seasons are observed. The Hall cur-
rent densities are smaller by factors of 5 to 10 in both hemi-
spheres during winter conditions. Similarly for the sunward
return current, the average ratio of cross-polar cap Hall cur-
rent density between local summer and local winter varies
between 2 and 5 in the hemispheres according to Table 1 (PC,
02:00-10:00 and 14:00-22:00). Even more interestingly, the
IMF By, dependence of all polar cap currents seems to vanish.
More details on this will be presented in Sect. 5.4.

The seasonal ratio is clearly smaller for the electrojets, as
can be seen in Fig. 5. The smaller difference of the westward
electrojet compared to the eastward electrojet between sum-
mer and winter conditions is probably due to a larger contri-
bution of precipitating auroral particles in the dawn sector to
the overall conductivity, Newell et al. (2010) reported that the
diffuse precipitation, which is important for conductivity en-
hancement, dominates the dawn sector (see their Fig. 2). This
effect is probably the cause for the reduced seasonal depen-
dence in that sector. An even smaller seasonal dependence
is observed for the substorm-related electrojet around mid-
night. In Fig. 6 we find a small dominance of current density
during December season in both hemispheres.

Concerning the uncertainty of current densities listed in
Table 1, the standard deviation associated with the mean val-
ues is rather large due to the large variability of observed
current density. We therefore prefer the uncertainty of mean
value in this study, which is the standard deviation divided by
the square root of the number of independent samples (e.g.,
number of passes contributing to a bin). This uncertainty is
added to the mean values in Table 1.

www.ann-geophys.net/35/1249/2017/
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Figure 4. Maps of the average Hall current distribution in the same format as Fig. 3. The red (blue) dots represent eastward (westward)
currents. Here the currents mainly flow anti-sunward along the auroral oval and sunward in the polar cap.

5 Discussion

After having presented the general features of the auroral
Hall currents we will discuss in this section the observed
characteristics of the different components one by one.

5.1 Assessment of Hall current estimates

In general, ionospheric Hall currents are assumed to flow in
closed circuits at high latitude. However, in the case of con-
ductivity gradients, part of the Hall current is diverted by
FACs into space. In a recent study (Zhou and Liihr, 2017)
quantified the amount of Hall current that is not closed in the

www.ann-geophys.net/35/1249/2017/

ionosphere. Here we address whether we have recovered the
full Hall current or only the source-free part of it. In order to
validate Hall current estimations, we have tried to determine
with our approach the net current in anti-sunward direction
(which is not closed in the ionosphere) as was done by Zhou
and Liihr (2017) but using a different approach. For calcu-
lating the expected anti-sunward current the derived current
densities are summed up along each Swarm high-latitude arc
on dawn—dusk (05:00-07:00 or 17:00-19:00 MLT) orbits.
The summed current density is multiplied by the distance
between data points (7.6 km) in order to get the net current.
Figure 7 shows the distribution of obtained anti-sunward net
Hall current in units of kA for the different months of a

Ann. Geophys., 35, 1249-1268, 2017
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Figure 6. The relationship between Ep, and substorm electrojet in the midnight sector. The red (blue) line is used for June (December)
solstice. Panels (a) and (b) represent the Northern and Southern hemispheres, respectively.

year for the Northern and Southern hemispheres separately.
In the Northern Hemisphere we find values varying between
—30kA and +30kA with a clear minimum at July. In the
Southern Hemisphere similar values for net currents are ob-
tained, but here the minimum appears around January. Neg-

Ann. Geophys., 35, 1249-1268, 2017

ative values during local summers represent unrealistic sun-
ward net currents.

For the interpretation of the currents in Fig. 7, we com-
pare them with the results of the dedicated study on auro-
ral net currents by Zhou and Liihr (2017). In their Fig. 7
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Figure 7. Annual variation of net currents flowing from the day to night side. In the two hemispheres opposite annual variations are observed.
The error bar indicates the uncertainty of the values. In the bottom panels the number of contributing orbits are shown.

they show the average annual variation of anti-sunward net
currents for the two hemispheres. As expected, these cur-
rents are systematically anti-sunward and strongest during
local winter when the polar cap conductivity is reduced, and
they show a minimum in local summer. By and large, the
shapes of our curves in Fig. 7 are the same as in their Fig. 7.
Also, the peak-to-peak annual variations reported by Zhou
and Liihr (2017), NH: 50kA and SH: 70kA, are in agree-
ment with our observations. A clear difference is the lack
of an annual mean value of about 170kA of anti-sunward
current reported by Zhou and Liihr (2017). This lack of the
anti-sunward bias is probably caused by our boundary con-
dition forcing the current densities to approach zero for lat-
itudes below 50° MLAT. Thus the actual electrojet currents
are somewhat stronger (on average about 40 kA when split
evenly between dawn and dusk sides) and the return current
over the polar cap is correspondingly weaker than presented
here. The missing part of electrojet current, A Igy (in kA), de-
pending on the merging electric field, can be approximated
by Algy = 50E, according to the values given in Table 1 of
Zhou and Liihr (2017). This lack of the mean part of the anti-
sunward net current, however, does not change the depen-
dences of Hall current density on environmental conditions.

5.2 Electrojets

As shown in Fig. 4, the auroral electrojets originate near the
noon sector and flow anti-sunward along the dawn and dusk
auroral zones. The amplitudes of the directly driven electro-
jets depend linearly on Ep, (see Fig. 5). Magnetic ground
signatures of the electrojets in the Northern Hemisphere are
taken to construct the auroral activity index, AE, which is
commonly used as a measure of energy input. The intensi-
ties of eastward and westward electrojets are comparable in
the summer hemisphere due to the solar-driven conductiv-
ity. One interesting point is that the values in the Northern
Hemisphere are larger than in the Southern Hemisphere dur-
ing local summers (see Fig. 5a and c). A similar hemispheric
asymmetry was reported by other studies. Coxon et al. (2016)
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found that total FAC magnitude differences, JN — Js, mea-
sured by AMPERE and averaged over one solar rotation were
larger during the northern summer (3.1 MA) than the south-
ern summer (—1.1 MA). They attributed the larger current
magnitudes to a stronger reaction to dayside reconnection
rate and higher ionospheric conductance in Northern Hemi-
sphere during June solstice. From auroral net current results,
Zhou and Liihr (2017) inferred a higher ionospheric conduc-
tivity by a factor of 1.5 in the Northern Hemisphere com-
pared to the Southern Hemisphere during local summers. No
such hemispheric differences were reported by them for win-
ter seasons. On the other hand, the westward and the east-
ward electrojets are not balanced in the winter hemispheres.
In fact the westward electrojet on the dawn side is stronger
than the eastward electrojet on the dusk side in that season.
Such an imbalance was also reported by Guo et al. (2014)
for the Northern Hemisphere (see their Fig. 2). For winter
they find a mean magnitude of the eastward electrojet of
about 0.13 MA, while the westward electrojet reaches about
0.22 MA. The maximum eastward electrojet in winter is at-
tributed by those authors to the northward convection elec-
tric field, which dominates over the Hall conductance. The
authors further claim that the westward electrojet is occa-
sionally fed by the closure of the substorm current wedge
and enhanced in the midnight sector where substorms mainly
occur. All these statements are consistent with our observa-
tions. In addition we think that the westward electrojet on
the dawn side is also intensified during local winter due to a
conductivity enhancement by precipitating particles (see also
our arguments in Sect. 4.2.2).

In our observation no obvious dependence of the electro-
jetintensity on the sign of IMF By could be found. Although
the overall morphology of auroral currents changes with IMF
By orientation, as shown in Fig. 4, the mean intensities of the
electrojet are hardly affected. One interesting result that can
be inferred from our analysis: the AE index, derived from the
auroral electrojet intensity in the Northern Hemisphere, can
be regarded as a suitable indicator for global solar wind in-
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put with just a little seasonal dependence, an underestimation
around December solstice.

For completeness we address here a part of the Hall current
at auroral/subauroral latitudes (equatorward of 70° MLAT)
around the noon sector that has received little attention so
far. In both hemispheres we find moderate current densities
in this region (see Table la and ¢ (AZ, 10:00-14:00) and
Fig. S3). The current direction is generally eastward, regard-
less of IMF By, orientation. Current densities reduce by a fac-
tor of 2 during local winter, which is consistent with the ra-
tio of conductivity change between the seasons. When look-
ing at the average FAC distribution in that sector (see Fig. 1)
we find predominantly weak downward FACs at subauroral
latitudes in both hemispheres. Poleward of these FACs the
plasma is expected to flow westward, which is assumed to be
part of the dusk convection cell. We regard the Hall currents
observed around noon as caused by this subauroral plasma
flow. In that sense the current can be considered as an ex-
tension of the eastward electrojet into the subauroral noon
sector.

5.3 NBZ and DPY currents

In Sects. 3 and 4 we presented the patterns of FACs and Hall
currents derived simultaneously from Swarm satellites. The
dayside Hall currents correlate well with FACs in the polar
cap. In particular during northward IMF significant FAC ac-
tivity is observed poleward of the cusp, commonly termed
RO FACs (see Fig. 3). The direction of those currents de-
pends on the sign of IMF B,. We also observe Hall currents
associated with this NBZ current system in the noon sector at
high latitudes. All these FAC features during northward and
dusk-ward IMF periods are consistent with the model results
of Wang et al. (2008b).

For visualizing the IMF dependence of Hall currents in
the polar cap we have plotted the zonal current directions
separately for all four of our local time sectors in IMF By,
versus B, frames. Figure 8 shows situations in the North-
ern Hemisphere during summer. In the noon sector (Fig. 8a)
there appear westward currents in the case of negative IMF
By, and eastward ones for positive By. On average eastward
currents dominate over the westward currents. We attribute
this to the systematic skewing of the convection pattern to-
ward pre-noon hours due to the corotation electric field. The
skewing angle is larger for positive IMF B, (e.g., Cowley,
2000). In that case part of the eastward electrojet on the dusk
side is shifted into our symmetrical noon sector, making con-
tributions to the mean value.

For positive IMF B, the observed Hall currents are related
to the NBZ system. Zonal currents in the high-latitude noon
sector during negative IMF B, are considered to be part of the
DPY system (e.g., Friis-Christensen and Wilhjelm, 1975).
Field lines, newly opened by magnetic reconnection on the
dayside, are significantly curved in the presence of an IMF
By component. The resulting magnetic tension causes az-
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imuthal plasma drifts in the high-latitude ionosphere. Their
directions depend on the IMF By sign. As a consequence,
Hall currents flow in opposite direction when sufficient con-
ductivity exists (e.g., Erlandson et al., 1988). Consistent with
that notion we observe westward currents for negative IMF
By and eastward for positive By. The dominance of eastward
Hall current density also for the DPY system is again due to
the skewing of the convection patterns, as explained above.

Some researchers (e.g., Belehaki and Rostoker, 1996) like
to interpret these horizontal DPY currents as extensions of
the electrojets connecting to the sunward return currents over
the polar cap. Our observations in the Northern Hemisphere
during local summer (Fig. 4a) seem to confirm the existence
of such a connection. For negative IMF B, and positive IMF
By we find a dominant eastward Hall current circuit from the
afternoon electrojet towards the dawn side return current over
the polar cap and then the eastward DPY current that con-
nects to the electrojet. For negative IMF By, a corresponding
westward Hall current loop dominates. Rather comparable
current configurations can be found in the Southern Hemi-
sphere noon sector around December solstice, but for oppo-
site IMF By, signs (see Fig. S1).

In the winter hemispheres we observe a quite different de-
pendence on IMF By. The NBZ-related Hall currents are
practically non-existent (see Fig. 9a). Instead of DPY cur-
rents, we observe for negative IMF B, only westward cur-
rents in the winter hemispheres, independent of IMF B, ori-
entation. We assume these are connected to the westward
electrojet on the dawn side. In the Southern Hemisphere ap-
pear similar currents in the polar cap noon sector around June
solstice, and they have the same direction (see Fig. S1).

5.4 Sunward return currents

Based on our observations of the Hall current patterns we
find sunward current flows over the polar cap. It has to be
kept in mind that we present here only the east—west com-
ponent of the current. Therefore values around the noon and
midnight sectors may not reflect the full return current flow.
During local summer, when the polar cap is continuously
sunlit, the major part of electrojet currents closes across the
polar cap. Inversely, in the winter hemisphere, a significant
part of the electrojet currents is diverted into FACs, down-
ward near noon and upward near the midnight sectors (e.g.,
Zhou and Liihr, 2017).

The return current does not flow homogeneously across
the polar cap, as can be seen in Fig. 4a. In the Northern
Hemisphere sunward current densities are much higher on
the dawn side for positive IMF By,. Conversely, more intense
return currents appear on the dusk side for negative IMF B,.
An even more detailed picture emerges from Fig. 8c and d
where the directions of Hall currents show dependences on
IMF By and B;. It is confirmed here that for positive IMF
By, most of the return current flows on the dawn side (red
color). Similarly, the blue color on the dusk side (Fig. 8c)
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Figure 8. IMF dependence of polar cap Hall current flow direction in the Northern Hemisphere during June solstice (local summer). Eastward

(westward) currents are shown in red (blue).

represents return currents for negative IMF B,. However, on
the dusk side we find also anti-sunward currents (red color)
for positive IMF By and a corresponding patch of blue color
(sunward current) in Fig. 8d.

This notion of Hall currents in the local summer can only
be understood when considering the FAC distribution in the
polar cap, in particular during northward IMF. As can be seen
in Fig. 3a, there are primarily upward FACs at high latitudes
in the case of positive IMF By, placing the region of large
dusk-ward potential differences deep into the dawn sector.
Similarly, the presence of downward FACs in the polar cap
for negative IMF B, pushes the location of largest electric
fields and currents towards the dusk side. This allows anti-
sunward currents to flow in the opposite time sector. In that
sense our FACs and Hall current observations are highly con-
sistent. For more southward IMF conditions the anti-sunward
polar cap currents disappear. Corresponding characteristics
but with opposite IMF B, dependence can be found in the
Southern Hemisphere (see Figs. S5 and S6).

During local winter season, the details in response to the
IMF By, dependence disappear also in the case of polar cap
return currents, as can be seen in Fig. 9c and d. There are
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weak but exclusively sunward currents both on the dawn and
dusk sides. The absence of IMF By, dependence is also found
in the Southern Hemisphere around June solstice.

For completeness, Fig. 9b shows the polar cap current on
the nightside. Here eastward currents are clearly dominat-
ing. They become stronger for more negative IMF B, and
positive By. This notion, valid for summer and winter con-
ditions and for both hemispheres, can be explained by the
clockwise skewing of the convection patterns, which is more
pronounced for negative IMF By.

The relations between FACs and Hall currents for the
various IMF orientations, as derived from our observations
for summer conditions, have been summarized in Fig. 10
by means of schematic drawings. Displayed is the situa-
tion for the Northern Hemisphere. Colored ellipses with dots
and crosses represent regions of upward and downward FAC
sheets, respectively. Region 2 FAC sheets have been omitted
for clarity. The green dashed line marks the separatrix be-
tween the clockwise and counterclockwise convection cells,
deduced from our ionospheric currents observations. Black
arrows indicate the flow of Hall currents. Generally, the Hall
current circulates around FAC regions in the polar region.
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Figure 9. Same format as Fig. 8 but for December solstice (local winter).

Figure 10. Schematic drawing of Hall current distributions for var-
ious IMF orientations. Colored ellipses with dots and crosses rep-
resent upward and downward FAC regions, respectively. Region 2
FACs have been omitted. The dotted green lines mark the separatrix
between the two convection cells. Black arrows indicate the flow
of Hall currents. The image represents the situation in the Northern
Hemisphere for summer conditions.
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For IMF By >0 (By <0) the upward (downward) RO FAC at
high latitudes together with the respective R1 current occupy
a larger area on the dusk side (dawn side) than the downward
(upward) R1 FAC sheet on the dawn side (dusk side). Cor-
respondingly, the Hall return currents are more concentrated
on the dawn side (dusk-ward) in the polar cap.

During times of extended northward IMF a pair of oppo-
sitely directed FACs appear in the high-latitude noon sector,
commonly termed NBZ currents. Their orientation is closely
controlled by the IMF By component, as described, e.g., by
Vennerstrgm et al. (2002) and illustrated in Fig. 10. Our ob-
servations confirm this switch in Hall current direction for
the two signs of IMF B,. We see in Figs. 4a and 8a for IMF
By >0 (B, <0) eastward (westward) currents, as shown in
Fig. 10. For small IMF B, conditions a four-cell convec-
tion pattern is expected in connection with the NBZ system
(see Huang et al., 2000). The anti-sunward meridional Hall
currents expected in the noon sector, however, cannot be de-
tected by our approach, but the related pair of oppositely di-
rected FACs at high latitudes is visible in Fig. 3a and b.
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5.5 Substorm electrojet

Finally, we have a look at the auroral Hall currents on the
nightside. Here we find exclusively a dominance of west-
ward currents. They can be related to the substorm electrojet.
According to Fig. 6, the average current density is closely
controlled by magnetic activity, in our case represented by
the merging electric field, E,. However, there appears to be
no obvious dependence on IMF B,. Our observations sug-
gest a fairly linear dependence of current density on Ey,. The
derived slopes are larger than those obtained for the electro-
jets. They vary around j ~ 40 Ey,, where Ey, is in units of
mVm~! and j in mAm~! fairly independent of season and
hemisphere. Interestingly, the current density does not reach
zero for vanishingly Ey,, which is also the case for the elec-
trojets (see Fig. 5). When interpreting these average values,
we have to keep in mind that substorms are discrete events. It
would be more appropriate to synchronize the nighttime cur-
rent measurements with the occurrence and phase of a sub-
storm, as was done, e.g., by Ritter et al. (2010). Then the
obtained FAC and Hall current measurements could be bet-
ter related to the processes operating during substorms. Such
an approach should be the topic of a follow-up study.

6 Summary

This study focuses on the seasonal and IMF dependence of
FAC and Hall currents within the auroral ionosphere. The
results are derived from 3 years of Swarm magnetic field
measurements. It is the first study considering global distri-
butions of FACs and Hall currents estimated simultaneously.
The obtained results are consistent with previous studies of
auroral zone current configuration, but here we provide a
comprehensive picture of all these effects derived from a sin-
gle and homogeneous data set. In addition quantitative values
are listed for mean current densities and dependences on so-
lar wind input and IMF orientation.

The FAC patterns are derived from the dual-spacecraft
method, which provides more reliable results in particular at
polar cap latitudes. Qualitatively, the obtained FAC distribu-
tion is consistent with previous results.

The primary aims of this study is determining the statis-
tical proprieties of the auroral Hall currents. Our technique
of Hall current estimation returns predominantly the source-
free part of the Hall currents. This causes a certain underesti-
mation of the electrojet intensity and an overestimation of the
return currents over the polar cap. Approaches for first-order
corrections are offered.

The auroral electrojets are an important part of the Hall
current system. Their intensity is closely controlled by the so-
lar wind input represented here by the merging electric field,
calculated in a similar way as the Newell coupling function.
The eastward electrojet on the dusk side shows a seasonal de-
pendence reflecting the difference in ionospheric conductiv-
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ity between local summer and winter solstices. Conversely,
the westward electrojet does not change much over the sea-
sons. Obviously precipitating electrons play an important
role, besides solar insulation, in the conductivity on the dawn
side. We could not identify any significant dependence of the
electrojet intensities on the IMF B, orientation.

The main part of the electrojet current is closed by sun-
ward return currents flowing over the polar cap. The inten-
sity of return currents is directly proportional to ionospheric
conductivity, which is on average twice as strong during local
summer as winter. The current flow is not homogenously dis-
tributed over the polar cap, but it is strongly dependent, in the
summer hemisphere, on the IMF B, orientation. For positive
IMF B, we find in the Northern Hemisphere a concentration
of current density on the dawn side. Conversely, the highest
current density appears on the dusk side in the case of neg-
ative IMF B,. Opposite By, dependences are observed in the
Southern Hemisphere around December solstice.

In the noon sector the direction of Hall currents is also
highly dependent on IMF B, orientation. For positive IMF
By, eastward Hall currents dominate in the Northern Hemi-
sphere and westward currents for negative By. In the case of
positive IMF B, these Hall currents are part of the additional
convection cells on the dayside, which are related to the NBZ
system. It is practically absent during local winter in the dark
hemisphere. For negative IMF B, conditions, more intense
Hall currents appear around noon. Also here eastward Hall
currents dominate for positive IMF B, and westward cur-
rents for negative By, In the past, they have been found to be
linked to the DPY system. Comparable Hall current distribu-
tions appear in the Southern Hemisphere around December
solstice but with opposite IMF B, dependences.

Hall currents around the midnight sector are related to
substorm activity. On average they are flowing westward in-
dependent of IMF By or B, orientation. Their intensity is
closely controlled by magnetic activity. They show little de-
pendence on season when normalized to a fixed level of mag-
netic activity.

An important conclusion of this study is that IMF By-
dependent variations of the FAC and Hall current configu-
rations, which appear with opposite senses in the conjugate
hemispheres, disappear during local winter seasons. This ob-
servation should be considered in empirical models of auro-
ral current systems that are parameterized by IMF orienta-
tions.

This initial study shows the potentials of the Swarm mis-
sion for visualizing the general distribution of auroral cur-
rents. For a comprehensive climatology of the currents, at
least 5 years of Swarm magnetic field observations would be
needed. Such a time interval assures even data coverage of
local times during all seasons.

Data availability. The calibrated 1 Hz Swarm magnetic field data
(MAGx_LR) are available at ftp://swarm-diss.eo.esa.int (login re-
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quired; access permission can be requested via https://earth.esa.int/
Swarm). The CHAOS-6 model is available from www.spacecenter.
dk/files/magnetic-models/CHAQOS-6. For the solar wind input, the
OMNI data are available at ftp://spdf.gsfc.nasa.gov/pub/data/omni/
high_res_omni/.
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