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Abstract

We present statistical investigation of the high-latitude ionospheric current systems in the
Northern Hemisphere (NH) and Southern Hemisphere (SH) during low (Kp < 2) and high (Kp ≥ 2)
geomagnetic activity levels. Nearly 4 years of vector magnetic field measurements are analyzed from the
two parallel flying Swarm A and C satellites using the spherical elementary current system method.
The ionospheric horizontal and field-aligned currents (FACs) for each auroral oval crossing are calculated.
The distributions of the mean values of FACs as well as the horizontal curl-free and divergence-free
currents in magnetic latitude and magnetic local time for each hemisphere and activity level are presented.
To estimate the NH/SH current ratios for the two activity levels, we remove seasonal bias in the number of
samples and in the Kp distribution by bootstrap resampling. This is done in such a manner that there are
equal number of samples from each season in each Kp bin. We find that for the low activity level, the
currents in the NH are stronger than in the SH by 12 ± 4% for FAC, 9 ± 2% for the horizontal curl-free
current, and 8 ± 2% for the horizontal divergence-free current. During the high activity level, the
hemispheric differences are not statistically significant. This suggests that the local ionospheric conditions,
such as magnetic field strength or daily variations in insolation, may be important and play a larger role
during quiet than disturbed periods. This issue must be studied further.

1. Introduction
At high latitudes, the ionospheric currents are concentrated within the northern and southern auroral ovals,
with field-aligned currents (FACs) flowing along the Earth's magnetic field connecting electrodynamically
the magnetosphere and the ionosphere (see, e.g., Cowley, 2000). The large-scale FAC system consists of two
rings of current, Region 1 (R1) at higher latitudes and Region 2 (R2) at low latitudes, with some overlap in
the premidnight Harang region (Iijima & Potemra, 1976a, 1976b). In the dawn (dusk) sector the R1 FACs
flow into (out of) the ionosphere at latitudes in the poleward part of the auroral oval, while R2 FACs flow
out of (into) the ionosphere at latitudes in the equatorward part of the auroral oval. The R1 and R2 FACs,
respectively, are associated with the magnetopause currents flowing on the outer layer of the plasma sheet
and the divergence of the partial ring current in the inner magnetosphere (e.g., Cowley, 2000). The average
pattern of FAC depends on magnetic activity, interplanetary magnetic field (IMF) direction and magnitude,
and season (e.g., Anderson et al., 2008; Christiansen et al., 2002; Huang et al., 2017; Iijima & Potemra, 1978;
Juusola et al., 2014; Kamide, 1982; Laundal et al., 2018; Papitashvili et al., 2002; Weimer, 2001).
Ionospheric horizontal currents consist of Hall and Pedersen currents, which flow in the ionospheric E region as a response to the electric field imposed on the ionosphere by the ionosphere
magnetosphere-coupling (e.g., Richmond & Thayer, 2000). Hall currents flow transverse to the electric and
magnetic fields, and to the first approximation they are often considered equal to the divergence-free (DF)
part of the current. However, this is strictly valid only if the electric field has no inductive (rotational) part,
and the Hall and Pedersen conductance gradients are parallel to the electric field. In general, DF currents
are rotational currents that are closed within the ionosphere. The eastward electrojet (EEJ) in the dusk sector and westward electrojet (WEJ) in the dawn sector are the dominant features of this component of the
ionospheric horizontal current. Pedersen currents flow in the direction of the electric field. They are roughly
equal to the curl-free (CF) part of the horizontal current (under the same conditions when Hall currents are
DF), and connect the R1 and R2 FACs in the ionosphere.
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magnetic indices or equivalent currents (e.g., Gjerloev & Hoffman, 2014; Guo et al., 2014; Juusola et al.,
2015, and references therein). In contrast to ground-based magnetometer studies, magnetic measurements
from low-Earth orbiting satellites can be used to estimate all three parts of the ionospheric current system
(CF, DF, and FAC) simultaneously from the same data set (e.g., Juusola et al., 2009; Laundal et al., 2018).
The ionospheric current systems in the Northern and Southern Hemispheres (NH and SH, respectively)
are often assumed to be symmetrical. This is a very natural assumption, based on the high degree of symmetry in the Earth's magnetic field, in magnetospheric dynamics and in the interaction between the solar
wind and magnetosphere. Indeed, in order to increase the amount of available data, some authors have
combined measurements from magnetically conjugate points at both hemispheres in their statistical studies
(e.g., Gjerloev et al., 2011; Juusola et al., 2009).
The IMF By component is known to twist the average plasma convection patterns and electric field at the NH
and SH to different direction (Haaland et al., 2007; Cousins & Shepherd, 2010; Ruohoniemi & Greenwald,
2005; Weimer, 1996), thereby creating hemispheric asymmetry in individual events. Also, the seasonally
varying solar illumination creates hemispheric differences in the electric conductivities, which are reflected
in the currents (e.g., Coxon et al., 2016; Laundal et al., 2016). Nevertheless, the average horizontal and FACs
in the two hemispheres have often been assumed symmetrical, when averaged over seasons and solar wind
conditions.
Data from polar or high-inclination orbit satellites can be used to analyze the FACs in both hemispheres.
Green et al. (2009) used the Iridium constellation to study the dependence of the global FAC configuration on IMF direction and magnitude, hemisphere, and season. They found that the average SH currents
were smaller than those in the NH. However, the authors concluded that the difference can be explained
in terms of the Iridium orbit configuration. The current densities were estimated from the cross-track component of the Iridium magnetic field measurements, and in the SH the orbital planes at high latitudes are
more parallel to geomagnetic latitudes than in the NH. Coxon et al. (2016) and Milan et al. (2017) used also
Iridium data, now as part of the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) experiment. Both studies showed that averaged over several years, currents in the NH were
clearly larger than in the SH. While Coxon et al. (2016) suggested that the NH may react more strongly to
dayside reconnection than the SH, Milan et al. (2017) stated that it is not clear if this difference is instrumental (for instance, there are significant differences in the coverage of the two polar regions by the orbits
of the Iridium spacecraft) or real. Also, Laundal et al. (2017) raised the question of the role of data analysis
method with respect to this result and suggest further studies.
Recently, Huang et al. (2017) were using Swarm magnetometer data from 17 April 2014 to 17 April 2017 to
study the seasonal and IMF dependence of FAC and Hall currents within the auroral ionosphere. The FAC
estimates were based on the Swarm dual-spacecraft technique (Ritter et al., 2013), while the ionospheric
Hall currents were done with the line current method introduced by Olsen (1996). We note that effectively
their technique estimates the east/west component of the DF current, which they assume to be Hall current.
Regarding hemispheric asymmetry, they comment that the values of auroral electrojets are larger in the NH
than in the SH during local summers.
The above mentioned studies show that based on satellite measurements of currents, there is indication of
hemispheric asymmetry. Typically, both the FACs and horizontal currents have been found on the average
to be more intense in the NH than in the SH. However, the role of data coverage and data analysis methods
in obtaining some of the results has been questioned. Therefore, this topic needs further studies.
In this paper, we will study the statistical properties of horizontal ionospheric currents and FACs in both
hemispheres by using the Swarm satellite magnetometer measurements from 15 April 2014 to 31 December
2017. In data analysis, we will utilize the spherical elementary current systems (SECS) data analysis method
(Amm et al., 2015; Juusola et al., 2016). We will quantify the north-south asymmetry in currents by dividing
the data set into low and high magnetic activity levels. In this paper, the geomagnetic activity dependence
of the hemispheric asymmetry is studied for the first time to our knowledge. Our aim in this paper is not to
study seasonal or IMF dependence of the currents, since they have been studied very extensively in previous
studies (see the references in the beginning of this section). The rest of the paper is organized as follows.
In section 2, we describe the data and analysis methods including coordinate systems used for analysis. In
section 3, we present the estimates of FACs and horizontal currents for the NH and SH during low and high
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geomagnetic activity conditions. Finally, in sections 4 and 5, respectively,
we present the discussion and conclusions of the study.

2. Data and Analysis
2.1. Measurement and Coordinate Systems
In this study, the vector magnetic field measurements by the European Space Agency's Swarm satellites are used. Launched in November
2013, Swarm is a constellation made up of three identical satellites
called Swarm Alpha (A), Swarm Bravo (B), and Swarm Charlie (C;
Friis-Christensen et al., 2006; Olsen et al., 2013). Swarm A and C fly
in parallel at about 460-km altitude with 1.4◦ longitudinal separation,
while Swarm B flies at about 520-km altitude. Swarm A and C make
roughly 15 orbits per day and cover all the 24-hr local time sectors in about
133 days. Each Swarm satellite is equipped with a vector field magnetometer, an absolute scalar magnetometer, which is used to calibrate the
vector field magnetometer, and an electric field instrument. The magnetometers are measuring precisely the magnetic fields that originate from
the ionosphere, magnetosphere, and the Earth's core, mantle, and crust.
The Swarm A and C calibrated 1-Hz magnetic field data (specifically the
0503 data set) are used in this study.
The magnetic field variations, which are obtained from Swarm data
by removing a background magnetic field model, are used to estimate the FAC and horizontal ionospheric currents. The background
field, which is composed of fields originated from the Earth's core and
crust, and the magnetosphere, is taken from the CHAOS-6-x5 model.
The CHAOS model series are derived from ground-based and satellite
(Swarm, CHAMP, Ø rsted, SAC-C) observations (Finlay et al., 2016).
CHAOS-6-x5 is the latest extension of the CHAOS-6 model using Swarm
data up to the end of December 2017 and ground observations data as
available in November 2017.

Figure 1. The AACGM (a) and SPH-AACGM (b) latitude circles at ±60◦ ,
±70◦ , and ±80◦ of the Northern Hemisphere (blue) and the Southern
Hemisphere (red) projected on the Northern Hemisphere in geographic
coordinates. The North and South Poles, respectively, of the AACGM and
SPH-AACGM coordinate systems are marked by blue and red dots.
AACGM = altitude-adjusted corrected geomagnetic;
SPH-AACGM = spherical coordinate system centered on the poles of the
AACGM coordinate system.

Swarm measurements and CHAOS-6-x5 model outputs are given in
spherical geographic (GEO) coordinates. The degree of interhemispheric
symmetry in most geospace phenomena depends on the reference frame
used. In the high-latitude ionosphere, electrodynamic parameters, for
example, ionospheric currents and conductivities, are better organized in
magnetic coordinates (Laundal et al., 2017). There are different types of
magnetic coordinate systems, for example, the centered dipole, corrected
geomagnetic, the magnetic apex, and the altitude-adjusted corrected geomagnetic (AACGM) coordinate systems (Laundal & Richmond, 2017;
Shepherd, 2014, and references therein). These coordinate systems are
designed for different purposes and regions based on the structure of the
Earth's magnetic field. At ionospheric heights, the Earth's magnetic field
deviates significantly from a centered dipole. At these heights better accuracy can be achieved by taking the nondipole features of the Earth's field
into account (Laundal & Richmond, 2017) as in the case of corrected
geomagnetic, AACGM, and magnetic apex coordinate systems.

In this study, the AACGM coordinate system (Shepherd, 2014) is used
for binning the estimated results and calculating the statistical averages.
AACGM is based on tracing along magnetic field lines in the International Geomagnetic Reference Field model. All points on a given field
line are magnetically connected and have the same AACGM coordinates,
with a change of sign in latitude between NH and SH. Contours of the AACGM latitude at ±60◦ , ±70◦ , and
±80◦ from NH (blue) and SH (red) in geographic coordinate system are shown in Figure 1a. The geographic
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locations of the poles of the AACGM coordinate system in NH and SH in 2016 were [83.30◦ N, 85.29◦ W] and
[74.32◦ S, 125.53◦ E], respectively.
The AACGM coordinate system is not spherical, but we need a spherical coordinate system for our analysis,
to be described in section 2.2. For this reason, we define a spherical coordinate system centered on the poles
of the AACGM coordinate system, which is referred to as SPH-AACGM. As the AACGM NH and SH poles
are not located at geographically conjugate points, the SPH-AACGM coordinate system is defined separately
for NH and SH as shown in Figure 1b.
2.2. Magnetic Field Analysis
The FAC and horizontal currents are estimated from Swarm A and C magnetic field measurements using
the SECS method (Amm et al., 2015; Juusola et al., 2016). The Swarm/SECS method is used to estimate the
currents by expressing the ionospheric current density as a superposition of DF and CF SECSs (Vanhamäki
& Amm, 2011). The CF SECS represents a current system which is CF and poloidal and causes a toroidal
magnetic field. Similarly, the DF SECS represents a current system which is DF and toroidal and causes a
poloidal magnetic field (Amm, 1997). The Swarm/SECS method was tested with synthetic models by Amm
et al. (2015) and with measurements by Juusola et al. (2016). Here we present on overview of the method.
For Swarm/SECS analysis, we discard magnetic data poleward of ±80◦ geographic latitude, where the longitudinal separation between Swarm A and C becomes too small for a reliable current estimation using
the Swarm/SECS method. The geographic locations of the satellite's magnetic footpoints at 110-km altitude are calculated and then converted to SPH-AACGM coordinates. The vector magnetic field data and the
background main field from CHAOS-6-x5 model are rotated from GEO to SPH-AACGM coordinates. The
data from each orbit are divided into four overflights between [50◦ , 80◦ ] and [−50◦ , −80◦ ] SPH-AACGM
latitudes, and we discard part of an overflight with a nearly east-west (parallel to SPH-AACGM latitudes)
satellite path for a reliable current estimation. Approximate time elapsed in a single overflight is about
8 min. For each overflight, the magnetic field variations (B) are obtained by subtracting the background
main field from Swarm A and C magnetic field measurements. These magnetic field components are
then fitted with the one-dimensional (1-D) and two-dimensional (2-D) SECS (Vanhamäki & Amm, 2011).
The 1-D SECSs describe only latitudinal variations, while the 2-D SECSs describe both latitudinal and
longitudinal variations.
In the Swarm/SECS analysis, the 1-D/2-D and CF/DF SECSs fitting is done following four analysis steps for
the two satellites simultaneously: (1) the parallel component (B|| ) of the measured variation field is first fitted
with the 1-D DF SECS; (2) the field explained by 1-D DF SECS in step 1 is subtracted from the measured
variation, and the remaining 𝛿 B|| is fitted with the 2-D DF SECS; (3) the magnetic field produced by the
2-D DF SECS is subtracted from the remaining variation, and the residual eastward B𝜙 is fitted with 1-D CF
SECS; and (4) finally, also the contribution from 1-D CF SECS is subtracted from the remaining variation,
and the remainder is fitted with 2-D CF SECSs. The motivation for fitting the 1-D SECS first is that they
capture the large-scale electrojet-like structures, so that the remaining 2-D structures are easier to fit with
the 2-D SECS. Similarly, the parallel magnetic disturbance B|| is insensitive to FAC, so it can be used to fit
the DF currents before estimating the FAC.
In each of the above analysis steps we have a matrix equation relating the field components to be fitted
and the unknown SECS scaling factors. The expansion of the magnetic field components into the unknown
SECS scaling factors is given by
B = I,

(1)

where B is a vector containing the magnetic field components mentioned above and I is a vector containing
the CF or DF SECS scaling factors.  is a known matrix, which depends only on the locations of the measurement points and the SECS poles. Truncated singular value decomposition technique is used to invert
equation (1) for the unknown vector I.
Using the estimated values of the scale factors I in the definition of the SECS basis functions (Amm et al.,
2015), the ionospheric horizontal current J is calculated as a sum of the individual elementary systems. In
the following discussions we will equate the FAC j|| with the radial current, which is estimated from the
divergence of the horizontal current as
𝑗|| = ±∇ · J.

WORKAYEHU ET AL.
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Here the positive and negative signs are for SH and NH, respectively, so
that positive values of j|| correspond to downward current in both hemispheres. The actual FAC would be obtained by dividing the radial current
given by equation (2) by sine of the magnetic field inclination angle, but
the radial current is more appropriate when integrating the total current
flowing between the ionosphere and magnetosphere.

Figure 2. Distribution of Swarm oval crossings as a function of Kp index in
the Northern (N, blue) and Southern (S, yellow) Hemispheres. Green color
results from overlap of blue and yellow. Oval crossings during the low Kp
(Kp < 2) and high Kp (Kp ≥ 2) conditions are separated by the vertical
dashed line.

2.3. Division Into Low and High Kp Conditions
To explore the hemispheric differences of FACs and horizontal currents
during different geomagnetic activity levels, we use the Kp index (e.g.,
Mayaud, 2013). The Swarm oval crossings, during the time period from15
April 2014 to 31 December 2017, are divided into two categories with
Kp < 2 and Kp ≥ 2. This division was chosen so that the numbers of
oval crossings for the two activity levels are nearly equal (see Figure 2).
All oval crossings with Kp < 2 are defined as the low Kp condition,
while the remaining oval crossings with Kp ≥ 2 are defined as high
Kp condition. There are 20,681/20,752 NH/SH crossings for low Kp and
19,406/19,294 for high Kp, so the the distributions are rather equal for the
two hemispheres. The peak of the distribution is at Kp = 1, and disturbed
conditions with Kp ≥ 5 are sparse. This is probably due to the fact that the
studied time interval takes place after sunspot maximum in the declining
phase of solar cycle 24.

3. Results
3.1. FAC
Figure 3 shows an example of the two-dimensional Swarm/SECS analysis results of FAC, CF, and DF horizontal currents from Swarm A and C measurements in a single oval crossing. The analysis of individual
passes is done in the SPH-AACGM coordinate system. The resolution of the Swarm/SECS grid is 0.5◦ in latitude and half of the distance between the Swarm A and C in longitude. The Swarm/SECS analysis result
shows that the FAC (right panel) consist of an upward FAC on the equatorward side of 73◦ latitude and
downward FAC on the poleward side. These two current systems are connected by the southward flowing CF current (middle panel). The WEJ between 70◦ and 75◦ latitudes is displayed by the DF current (left
panel). In the statistical analysis we take results only between the satellite tracks and then bin the data to 1◦
AACGM latitude by 0.5-hr Magnetic Local Time (MLT) grids in each hemisphere.

Figure 3. Distribution of divergence-free (DF) current, curl-free (CF) current, and field aligned current (FAC)
calculated from Swarm A and C measurements during one oval crossing on 7 May 2017 at [16:43:25, 16:51:37] UT.
From right to left: FAC (positive downward), CF (positive poleward), and DF (positive eastward). The black lines are
tracks of the two Swarm satellites, and SPH-AACGM coordinate system is used. SPH-AACGM = spherical coordinate
system centered on the poles of the altitude-adjusted corrected geomagnetic coordinate system.
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Figure 4. Number of data samples during (a) low Kp (Kp<2) and (b) high Kp (Kp≥2) conditions in the Northern (N)
and Southern (S) Hemispheres. The plot is in altitude-adjusted corrected geomagnetic coordinates. MLT = Magnetic
Local Time.

Figure 4 shows distributions of data points in the two hemispheres during low and high Kp conditions for
the time period from 15 April 2014 to 31 December 2017. The NH has more data points than the SH poleward
of ±66◦ AACGM latitude, while the SH has more samples between 55◦ and 65◦ AACGM latitudes. This is
due to the difference in the locations of AACGM poles relative to the GEO poles in the two hemispheres, as
shown in Figure 1, and the Swarm A and C satellites' near-polar orbits.
Figure 5 shows the mean FAC distribution in both hemispheres separately during low and high Kp conditions. Individual FAC values with magnitude greater than 10 μA/m2 in 1◦ latitude bins are excluded from
mean calculation. This threshold is used to remove outliers due to possible data and/or analysis errors, and
with this threshold we do not filter out maximum magnitude of FACs reported during intense geomagnetic
storm events (e.g., Wang et al., 2006). In both Kp cases, the well-known R1 and R2 current systems are clearly
seen. In line with previous studies, the amplitude of R1 current density is larger than that of the R2 current.
In both hemispheres, mean FACs are larger and auroral ovals are wider during high Kp condition. Visual
inspection shows that for low Kp conditions, the FAC densities seem to be larger in the NH than SH, while
for high Kp conditions the hemispheres seem to be quite symmetrical.
Figure 6 shows the latitudinal profiles of mean FACs and variability of FACs, calculated using mean absolute
deviation values, at 06 and 18 MLTs in NH and SH during low and high Kp conditions. The R1 current
density is greater than the R2 current density in both hemispheres, indicating that part of the horizontal
closure current must flow across the polar caps, which is well known from previous studies. The latitudinal
WORKAYEHU ET AL.
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Figure 5. Distribution of mean FACs during (a) low Kp (Kp <2) and (b) high Kp (Kp ≥ 2) conditions in the Northern
Hemisphere and Southern Hemisphere. FAC = field-aligned current; MLT = Magnetic Local Time.

locations of the peak R1 and R2 FACs are approximately the same for both hemispheres during low and
high Kp conditions at both MLTs. For example, the locations of R2 (R1) peaks at 18 MLT are 68◦ (74◦ )
during low Kp condition, and these locations move equatorward to 65◦ (71◦ ) AACGM latitudes during high
Kp condition. Hence, as the activity level changes from low to high Kp, both the R2 and R1 peak locations
change by about 3◦ at 18 MLT. During both Kp conditions, the R1 variability is greater than R2 variability at
a given MLT in both hemispheres. During low magnetic activity conditions, the mean values and variability
of FACs are higher in the NH than SH at these two MLT sectors. During high-activity conditions, the peak
values of currents are somewhat higher in the NH than SH, but outside of the peak, SH currents may be
more intense; see, for example, 06 MLT and latitudes ≥ 73◦ .
3.2. Horizontal Currents
Figure 7 shows the distribution of the mean JCF (both intensity and vectors) for low and high Kp conditions.
Individual values of the north-south and east-west components of the CF current with magnitudes greater
than 1,000 mA/m in 1◦ latitude bins are excluded from mean calculation. This threshold is used to remove
outliers due to possible data and/or analysis errors. The intensity of CF current is calculated as the square
root of the sum of squares of the meridional (north-south) and zonal (east-west) components. The R1 and R2
FACs (see Figure 5) in the evening (morning) sector are connected by the poleward (equatorward) flowing
JCF currents. Part of the JCF current flowing across the polar cap (from morning to evening) connects the
downward R1 (morning sector) current to the upward R1 (evening sector) current. In the midnight sector,
the JCF current is directed westward and on the dayside eastward. Again, the hemispheric asymmetry is
more evident during low Kp than high Kp conditions, with larger CF current intensities in the NH (top left)
than SH (top right).
WORKAYEHU ET AL.
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Figure 6. Latitudinal profiles of mean FACs and variability of FACs (mean ± mean absolute deviation, dashed lines) at
06 and 18 MLTs during (a) low (Kp < 2) and (b) high (Kp ≥ 2) conditions in the Northern and Southern Hemispheres.
FAC = field-aligned current; MLT = Magnetic Local Time.

Figure 8 shows the distribution of the mean JDF currents during the low and high Kp conditions. Like the CF
current, individual values of the north-south and east-west components of the DF current with magnitudes
greater than 1,000 mA/m in 1◦ latitude bins are excluded from mean calculation. The JDF current displays
the eastward (evening sector) and westward (morning sector) electrojets. For high activity level, the WEJ
WORKAYEHU ET AL.
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Figure 7. Curl-free current distribution during (a) low and (b) high Kp conditions. Color shows mean intensity, and
vectors show flow direction of the current. Note that the color scales for low and high activity levels are different.
MLT = Magnetic Local Time.

current in the morning sector becomes stronger than the EEJ. As in the previous figures, also here the
hemispheric difference is larger during low Kp than high Kp conditions, with larger DF current intensities
in the NH than SH.
3.3. Integrated FAC and Average Horizontal Currents
Figure 9 shows the integrated R1 and R2 FACs at [60◦ , 80◦ ] AACGM latitudes as a function of MLT during
low and high geomagnetic activity levels. The R1 and R2 FACs are extracted first by separating the downward
(positive values) and upward (negative values) FACs (see Figure 5) for both activity levels separately. Then,
the R1 (R2) FACs are easily identified as the downward (upward) FACs in the morning sector and upward
(downward) FACs in the evening sector by visually identifying the equatorward and poleward boundaries.
To calculate the integrated R1 and R2 FACs flowing at a given MLT, the mean FAC densities in each bin
are multiplied by the bin area to give current values. Integrated R1 FACs are obtained by summing R1 FAC
intensities over all bins between equatorward and poleward boundaries of R1 FAC, while integrated R2 FACs
are obtained by summing R2 FAC intensities over all bins between 60◦ AACGM latitude and the poleward
boundary of R2 FAC. We use the AACGM coordinates while calculating area of a bin.
Figure 9 confirms that large hemispheric differences are seen in FACs during low geomagnetic activity, when
both R1 and R2 FACs are larger in the NH than SH at almost every MLT sector. For low magnetic activity,
the largest hemispheric differences occur in R1 FAC at [2, 9] and [14, 22] MLTs and in R2 FAC at [9, 15]
MLT. For high magnetic activity, the differences are smaller and R1 FAC values are even slightly stronger in
the SH at [11, 15] MLT.
WORKAYEHU ET AL.

7239

Journal of Geophysical Research: Space Physics

10.1029/2019JA026835

Figure 8. Divergence-free current distribution during (a) low and (b) high Kp conditions in the Northern Hemisphere
and Southern Hemisphere. Color shows mean intensity, and vectors show flow direction of the current. Note that the
color scales for low and high activity levels are different.

Figure 10 shows the the average DF and CF currents at [60◦ , 80◦ ] in each MLT. The values are calculated as
follows. For each individual grid cell the horizontal current intensity is defined as
In =

√
(Jn,𝜃 Δn,𝜙 )2 + (𝛽n Jn,𝜙 Δn,𝜃 )2 .

(3)

Here Jn,𝜃 and Jn,𝜙 are the meridional (positive southward) and zonal (positive eastward) current density
components in grid cell n, respectively, while Δn,𝜃 and Δn,𝜙 are the meridional and zonal dimensions of
the grid cell which are calculated by using the AACGM coordinates. The scaling factor 𝛽 n is introduced to
correct for the elongated shape of the grid cell (1 hr of MLT versus 1◦ of latitude), which would otherwise
bias the calculation. As 𝛽 n = Δn,𝜙 ∕Δn,𝜃 , the average horizontal current at a given MLT obtained by summing
over all the grid cells at [60◦ , 80◦ ] AACGM latitudes in one hemisphere is
1∑
Δ
N n=1 n,𝜙
N

I=

√
J𝜙2 + J𝜃2 ,

(4)

where N is the total number of grid cells at [60◦ , 80◦ ] AACGM latitudes in each 1-hr MLT. This calculation
is performed separately for the DF and CF currents.
Like for FACs, larger hemispheric difference is seen in JDF and JCF during low than high geomagnetic activity. For low geomagnetic activity, horizontal current in NH is stronger than in SH, and large differences in
JDF and JCF occur at [14, 21] and [3, 11] MLTs, respectively. During high geomagnetic activity, both the JDF
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Figure 9. Integrated R1 (a and c) and R2 (b and d) FAC intensities as a function of MLT during low and high
geomagnetic activities. The shaded areas represent the hemispheric differences: light blue indicates that the current
magnitude is larger in NH, while light red indicates the current is larger in the SH. FAC = field-aligned current;
MLT = Magnetic Local Time; NH = Northern Hemisphere; SH = Southern Hemisphere.

Figure 10. Average divergence-free (a and c) and curl-free (b and d) current intensities as a function of MLT during
low and high Kp conditions in the NH and SH. The shaded areas show the hemispheric differences: light blue indicates
the current magnitude is larger in NH, while light red indicates the current is larger in SH. MLT = Magnetic Local
Time; NH = Northern Hemisphere; SH = Southern Hemisphere.
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Table 1
Integrated FAC, Averaged Horizontal CF and DF Current Intensities
and NH/SH Ratio During Low-Activity Conditions
Currents

NH

SH

NH/SH

FAC (MA)

2.10

1.76

1.19

ICF (kA)

13.70

11.20

1.22

IDF (kA)

15.40

13.70

1.13

10.1029/2019JA026835

and JCF values, respectively, are larger in NH than SH at [1, 6] and [2, 9] MLTs,
while the values are stronger in SH than NH for most of the remaining MLTs.

4. Discussion

60–80◦

Note. Currents within
AACGM latitude during Kp < 2.
FAC = field-aligned current; CF = curl-free; DF = divergence-free;
NH = Northern Hemisphere; SH = Southern Hemisphere.

We quantify the interhemispheric differences in FACs and horizontal CF and
DF currents during the two activity levels by calculating the total integrated
FAC values, the average horizontal CF and DF currents, and the north to south
(NH/SH) ratios for both conditions as given in Tables 1 and 2.
The total integrated FAC values in each hemisphere are calculated as follows. The FAC densities in each bin are multiplied by the bin area so as to
get FAC intensities. For each individual bin n at MLT m, the FAC intensity is
defined as
In,m = FACn,m Sn,m ,
(5)

where FACn,m is the FAC density in bin n at MLT m, and Sn,m is the area of a bin calculated by using the
AACGM coordinates. Here, we remind the reader that the FACs represent radial currents (see section 2.2), so
we get the current leaving or entering the ionosphere. The total integrated FAC flowing in each hemisphere
is obtained by summing the absolute values of FAC intensities over all bins at [60◦ , 80◦ ] AACGM latitudes
and all MLTs
I=

N M
∑
∑

|In,m |,

(6)

n=1 m=1

where N is the total number of bins at [60◦ , 80◦ ] AACGM latitudes in each 1-hr MLT and M is the total
number of MLTs.
The total integrated FAC values given in Tables 1 and 2 contain contributions from both the upward and
downward FACs. During low-activity conditions (Table 1), the total FAC value in the NH (SH) is 2.10 MA
(1.76 MA), increasing to 4.01 MA (3.90 MA) during high-activity conditions (Table 2).
The average horizontal current values are obtained first by calculating the current intensities in each MLT
using equation (4) and then averaging over all MLTs. This calculation is done separately for the CF and DF
currents for both hemispheres. The average CF and DF currents given in Tables 1 and 2 are composed of
the north-south and east-west components. During low activity the average CF and DF currents in the NH
(SH), are 13.70 kA (11.20 kA) and 15.40 kA (13.70 kA),respectively, increasing to 39.10 kA (38.30 kA) and
44.60 kA (44.70 kA) during high-activity conditions.
Results given in Tables 1 and 2 show the existence of a hemispherical difference, which depends on the
geomagnetic activity level. In low-activity conditions, both the total FAC and average horizontal current
intensities are larger in the NH than in the SH: the total FAC and average CF and DF current values in
the NH exceed the corresponding values in the SH by a factor of 1.19, 1.22, and 1.13, respectively. These
hemispheric differences do not come from all regions in a similar fashion, but rather some MLT sectors show
larger asymmetries than others (see Figures 9a, 9b, 10a, and 10b). In high-activity conditions the factors are
1.03, 1.02, and 1.00, respectively, indicating smaller hemispheric differences.
Table 2
Same Format as Table 1, But for High-Activity Conditions
Currents

NH

SH

NH/SH

FAC (MA)

4.01

3.90

1.03

ICF (kA)

39.10

38.30

1.02

IDF (kA)

44.60

44.70

1.00

Note. Currents within 60–80◦ AACGM latitude during Kp ≥ 2.
FAC = field-aligned current; CF = curl-free; DF = divergence-free;
NH = Northern Hemisphere; SH = Southern Hemisphere.
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Before making final conclusions, we need to check the seasonal distribution
of data in each hemisphere for low and high activity levels. As discussed in
section 2.3 and shown in Figure 2, in the low Kp case there are 20,681 passes
in the NH and 20,752 passes in the SH, and in the high Kp case the passes are
19,406 in the NH and 19,294 in the SH. The seasonal distribution of NH (SH)
low-activity crossings is 32% (22%) in local summer, 22% (33%) in local winter,
22% (23%) in local spring, and 24% (22%) in local autumn. During high-activity
conditions, the NH (SH) distribution is 21% (26%) local summer, 26% (21%)
local winter, 23% (29%) in local spring, and 25% (24%) in local autumn. These
numbers indicate that the seasonal distributions of the oval crossings in each
hemisphere are slightly different.
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We correct for the observed seasonal biases in the data distributions by
taking equal number of samples from all four seasons using bootstrap
resampling (also known as bootstrapping). Bootstrapping is a statistical method that relies on random sampling with replacement from the
original data (e.g., Chernick & LaBudde, 2011; Dekking et al., 2005).
In this study the original data are the Swarm oval crossings in the two
hemispheres, divided into low- and high-activity cases.

Figure 11. Bootstrap distribution of seasonally corrected NH/SH ratios of
FAC (top panel), ICF (middle panel), and IDF (bottom panel) during low Kp
(blue histograms) and high Kp (red histograms) conditions. The arrows
show the median NH/SH ratio of the distributions. NH = Northern
Hemisphere; SH = Southern Hemisphere; FAC = field-aligned current;
CF = curl-free; DF = divergence-free.

Bootstrapping is done in such a way that the total number of Swarm oval
crossings in each Kp bin is the same for the four seasons. For example, for
Kp = 0 the total number of oval crossings is about 1,900 (see Figure 2), so
the average is 475 per season in both hemispheres. Consequently, for the
Kp = 0 bin 475 oval crossings are randomly selected from each season,
and thus the total number of crossings for the bin remains the same. This
procedure is performed for all Kp bins in a similar fashion. The bootstrap
sampling is repeated 1,000 times in each hemisphere giving 1,000 random
resamples of the original data, also known as bootstrap samples. Each
bootstrap sample has the same size as the original data set, but as it is
taken randomly with replacement, it may contain multiple copies of some
oval crossings, while some other crossing present in the original data set
may be missing from the bootstrap sample. Then, the mean values of FAC,
CF current, and DF current are calculated for each bootstrap sample, and
the NH/SH ratios are calculated as described above.

Figure 11 shows the seasonally balanced distributions of the NH/SH ratios of FAC, CF current, and DF
current from the 1,000 bootstrap samples during low (blue color) and high (red color) activity levels, with
median values shown by arrows. The low and high activity level distributions are almost completely separate, with only a small overlap in the FAC distributions, and show larger NH/SH ratios during low activity
level than high activity level. These results confirm the existence of hemispheric asymmetry during low Kp
conditions for both FAC and horizontal currents, even after the seasonal bias in data distribution is removed.
Table 3 gives the median values of the bootstrap distribution of NH/SH ratios and the corresponding 90%
bootstrap confidence intervals (90% CIs) for both activity levels. Statistically, these median values are our best
estimates for the seasonally balanced NH/SH ratios from the data set. In the low-activity case, the median
NH/SH ratios of FAC, CF current, and DF current are 1.12, 1.09, and 1.08, respectively. These values are
smaller than for the original data in Table 1, but the whole distribution of FAC, CF, and DF current ratios
have values larger than 1. In the high-activity case the numbers are 1.02, 1.00, and 1.01, respectively. For the
high-activity case, the 90% confidence intervals contain the value 1, so the small hemispheric asymmetries
are not statistically significant.
As discussed in section 1, previous studies by Green et al. (2009), Coxon et al. (2016), and Milan et al. (2017)
suggest that FACs could be larger in the NH than in the SH, but the role of Iridium data coverage and instrumental effects is unclear. Hemispherical differences in horizontal currents have been discussed by Huang
et al. (2017) and Zhou and Lühr (2017). Huang et al. (2017) note that the values of the auroral electrojets
(effectively the east-west component of the DF current) derived from Swarm data are larger in the NH than
Table 3
Seasonally Balanced NH/SH Ratios and Bootstrap Confidence Intervals
During Low- and High-Activity Conditions
Kp < 2 NH/SH (90% CI)

Kp ≥ 2 NH/SH (90% CI)

FAC

1.12 (1.08, 1.16)

1.02 (1.00, 1.05)

ICF

1.09 (1.07, 1.11)

1.00 (0.99, 1.02)

IDF

1.08 (1.06, 1.10)

1.01 (1.00, 1.03)

Currents

Note. Currents within 60–80◦ AACGM latitude. NH = Northern
Hemisphere; SH = Southern Hemisphere; CI = confidence interval;
FAC = field-aligned current; CF = curl-free; DF = divergence-free;
AACGM = altitude-adjusted corrected geomagnetic.
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in the SH during local summers. Zhou and Lühr (2017) use CHAMP satellite along-track component of magnetic field to estimate the net ionospheric currents during different seasons. They find that a net hemispheric
duskward current, across the polar cap, is larger by a factor of 1.5 in the NH than in the SH during local
summer. Hence, they also find a larger current in the NH than SH. However, our result cannot be directly
compared with Zhou and Lühr (2017), because we study all seasons together and we have not included data
poleward of 80◦ latitude in this study.
We have quantified the seasonally averaged currents from the Swarm vector magnetometer measurements
and found that during low magnetic activity the NH/SH ratio for FAC is 1.12, and for horizontal CF and DF
currents are 1.09 and 1.08, respectively. During high magnetic activity the NH/SH ratios are close to 1. During high geomagnetic activity conditions, particle precipitation from the magnetosphere and consequently
also the ionospheric conductances are strongly enhanced. In contrast, during low-activity conditions, local
ionospheric conditions, such as background conductivity and atmospheric dynamics, may play a larger role.
Background hemispheric conductivity differences are affected by differences in the offset between the magnetic and geographic poles in the NH and SH (see Figure 1), and also by differences in the magnetic field
strength at magnetically conjugate points (Laundal et al., 2017). At a given magnetic latitude, the different
offsets between magnetic and geographic poles give rise to different daily variations in the solar insolation,
which largely determines the background ionospheric conductivity on the dayside during low geomagnetic
activity. We plan to investigate this issue further in the future, by studying seasonal variations in the NH and
SH currents.

5. Conclusions
In this paper, we study the statistical properties of FACs and horizontal ionospheric currents during low
(Kp < 2) and high (Kp≥ 2) geomagnetic activity levels by analyzing almost 4 years (from 15 April 2014
to 31 December 2017) of Swarm vector magnetic field measurements. Each auroral oval crossing by the
parallel-flying A and C satellites are analyzed by utilizing the SECS method (Amm et al., 2015). Bootstrap
resampling technique is used to remove seasonal bias in the number of samples and in the Kp distribution
in each hemisphere and to estimate the statistical significance of the NH/SH ratios.
Our results show that during low magnetic activity, both FACs and horizontal currents exhibit larger hemispheric asymmetry than during high magnetic activity. The magnitudes of FACs and horizontal currents
are larger in the NH than SH during low Kp conditions. These results are statistically significant even after
seasonal bias is removed with bootstrapping.
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Our best estimate for the hemispheric asymmetry during low Kp conditions is as follows. The NH current is
larger than SH current by 12 ± 4% for FAC, 9 ± 2% for the horizontal CF current, and 8 ± 2% for the horizontal DF current. The error estimates correspond to the 90% confidence interval limits. During high-activity
condition, the small hemispheric differences seen in the original data set do not appear to be statistically
significant, when seasonal bias in the number of samples and in the Kp distribution have been removed.
Both the EEJ and WEJ regions contribute to the hemispheric asymmetry in the horizontal currents. For
FACs, the currents in the dawn, dayside, and dusk are contributing to the hemispheric asymmetry.
In previous studies it has been suggested that the electric currents are stronger in the NH. However, in
this study we find that the hemispheres are largely symmetric during geomagnetically active conditions.
The stronger current in the NH is evident only during low-activity conditions. This suggests that the local
ionospheric conditions may play a larger role during quiet than disturbed periods, producing hemispheric
asymmetry in the horizontal and FACs. We plan a follow-up study to investigate seasonal variations in hemispheric currents, which could help us to understand some of the physical mechanisms behind the observed
asymmetry.
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