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Key Points:

+ Hemispheric asymmetry in auroral currents is larger for Byt in NH (By~ in SH)
than vice versa during both signs of IMF Bz

+ Strongest asymmetry occurs in local winter and autumn for IMF By™* in NH (By
in SH) and IMF Bz with NH/SH FAC ratio of about 1.18

« IMF By™ in NH and By~ in SH causes larger auroral currents than vice versa.
Effect is stronger for IMF Bz™ than IMF Bz~
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Abstract

We present a statistical investigation of the effects of interplanetary magnetic field (IMF)
on hemispheric asymmetry in auroral currents. Nearly six years of magnetic field mea-
surements from Swarm A and C satellites are analyzed. Bootstrap resampling is used

to remove the difference in the number of samples and IMF conditions between the lo-
cal seasons and the hemispheres. Currents are stronger in Northern Hemisphere (NH)
than Southern Hemisphere (SH) for IMF By™* in NH (By~ in SH) in most local seasons
under both signs of IMF Bz. For By~ in NH (By* in SH), the hemispheric difference

in currents is small except in local winter when currents in NH are stronger than in SH.
During By and Bz" in NH (By~ and Bz* in SH), the largest hemispheric asymme-

try occurs in local winter and autumn, when the NH/SH ratio of field aligned current
(FAC) is 1.18+0.09 in winter and 1.17+0.09 in autumn. During By™ and Bz~ in NH
(By~ and Bz~ in SH), the largest asymmetry is observed in local autumn with NH/SH
ratio of 1.16+0.07 for FAC. We also find an explicit By effect on auroral currents in a
given hemisphere: on average By in NH and By~ in SH causes larger currents than vice
versa. The explicit By effect on divergence-free (DF) current during IMF Bz™ is in very
good agreement with the By effect on the cross polar cap potential (CPCP) from the Su-
per Dual Auroral Radar Network (SuperDARN) dynamic model except at SH equinox
and NH summer.

1 Introduction

The effect of the interplanetary magnetic field (IMF) on the magnetosphere-ionosphere
current systems is well documented (e.g., Juusola et al., 2014; Reistad et al., 2014; Mi-
lan et al., 2017; Huang et al., 2017; Smith et al., 2017; Laundal et al., 2018, and refer-
ences therein). The southward IMF Bz (IMF Bz7) in the GSM (geocentric solar mag-
netospheric) reference frame causes an enhanced reconnection at the front of the mag-
netopause and allows a large amount of solar wind energy to enter into the Earth’s mag-
netosphere, which subsequently increases the magnitudes of currents flowing in the cou-
pled polar ionosphere. When the IMF Bz is northward (IMF Bz™), reconnection occurs
at a location behind the cusps when the IMF draped over the magnetopause merges with
the already opened tail lobe field lines (e.g., Burke & Doyle, 1986; Russell, 2000, and ref-
erences therein). During this time the amount of energy entering into the magnetosphere
decreases and thus the intensity of currents in the polar ionosphere weaken. In addition
to the IMF Bz, also the IMF Bz and By components and solar wind velocity have an
effect on the auroral currents. The auroral current system consists of both the field aligned
currents (FACs) and ionospheric horizontal currents. The horizontal part of the auro-
ral current system can further be divided into Pedersen and Hall currents which can in
many situations be approximated by the curl-free (CF) and divergence-free (DF) hor-
izontal current components, respectively.

The auroral current systems are related to the electric field that is imposed on the
ionosphere by the ionosphere-magnetosphere coupling as well as IMF polarity (e.g., Ruo-
honiemi & Greenwald, 2005; Haaland et al., 2007; Pettigrew et al., 2010; Cousins & Shep-
herd, 2010; Thomas & Shepherd, 2018, and references therein). In most of these stud-
ies, the IMF By component is seen to twist the average plasma convection patterns and
electric field at the NH and SH to different direction, thereby creating hemispheric asym-
metry. Ruohoniemi and Greenwald (2005) have studied factors that influence the con-
vection of plasma in the northern hemisphere high-latitude ionosphere. They found greater
cross polar cap potential for IMF By™ than for By~ and more potential variation across
the dusk cell than the dawn cell. Using vector measurements of the electron drift veloc-
ity by the Electron Drift Instrument (EDI) on Cluster, Haaland et al. (2007) found larger
cross polar cap potential for IMF By in the NH (By~ in the SH) than vice versa. Most
recently, Thomas and Shepherd (2018) have found a linear increase in the cross polar
cap potential with increasing Kp for a given IMF orientation at NH. Comparing By™
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and By~ for each Kp < 5, the CPCP is always larger for By™ than for By~. Pettigrew
et al. (2010) have conducted a statistical study on the dipole tilt angle dependency and
on the hemispheric symmetry of the high-latitude convection pattern and cross polar cap
potential using Super Dual Auroral Radar Netwok (SuperDARN) measurements. Their
results show that when the hemispheres are compared under opposite signs of IMF By
during positive tilt (local summer) and neutral tilt (equinoxes), the cross polar cap po-
tential of the hemisphere with IMF By~ is larger.

Previous studies have reported the effect of IMF By on the fluxes of high energy
electron precipitation (e.g., Holappa et al., 2020) and substorm occurrence rates (e.g.,
Liou et al., 2020; Ohma et al., 2021, and references therein). Holappa et al. (2020) stud-
ied the explicit IMF By effect on the fluxes of high energy electron precipitation (>30
keV) in the auroral region. They found larger precipitation fluxes for IMF By than IMF
By~ in NH winter (SH summer), and vice versa in NH summer (SH winter). Liou et al.
(2020) investigated the effect of IMF By polarity on the substorm occurrence rate and
found about 33% more substorms for By™ than for By~. Recently, Ohma et al. (2021)
reported a similar By effect on substorm activity, more specifically, they found that sub-
storms occur more frequently when By and the dipole tilt angle have different signs as
opposed to when they have the same sign.

Hemispheric asymmetry in auroral current systems has been reported in several
previous studies (Green et al., 2009; Coxon et al., 2016; Laundal et al., 2016; Milan et
al., 2017; Huang et al., 2017; Smith et al., 2017; Workayehu et al., 2019, 2020). Most of
these studies reported larger average currents in the northern hemisphere (NH) than south-
ern hemisphere (SH). In some studies the observed hemispheric difference was attributed
to the satellite’s orbital configuration (Green et al., 2009) or difference in the dayside re-
connection (Coxon et al., 2016), while others raised data quality issues (Milan et al., 2017)
and the role of data analysis methods (Laundal et al., 2017). Smith et al. (2017) have
found a seasonal and IMF By sign dependent hemispheric asymmetry in the auroral elec-
trojet. They found stronger (weaker) auroral electrojet currents in NH than in SH dur-
ing Byt (By™) around the local winter. However, they did not find a significant IMF
By effect on the auroral electrojet in the local summer season. Using Swarm magnetic
field measurements Huang et al. (2017) found larger auroral electrojets in NH than in
SH during local summer averaged over all IMF conditions. They also found that the promi-
nent auroral electrojet currents are closely controlled by the solar wind energy input, but
their intensity is not depend on IMF By orientation.

Very recently, Pakhotin et al. (2021), using Swarm A satellite data, studied elec-
tromagnetic energy input into the ionosphere by assessing the Poynting flux in the NH
and SH. They found higher electromagnetic energy input into the NH than the SH even
when averaged over season. They proposed that the observed hemispheric asymmetry
in the electromagnetic energy input can be explained by the different solar illumination
of the NH and SH auroral ovals.

Using Swarm A and C satellite data Workayehu et al. (2019), here after referred
to as Paper I, examined hemispheric asymmetry in auroral currents during low (Kp <
2) and high (Kp > 2) geomagnetic activity conditions averaged over all local seasons.
We found significant hemispheric asymmetry during low activity conditions, with about
10% more intense currents in NH than SH. Recently Workayehu et al. (2020), here af-
ter referred to as Paper II, studied the seasonal effect on FACs and horizontal currents
using the same database as in Paper I with one extra year of data added. We found larger
hemispheric asymmetry during low than high activity conditions, and during local win-
ter and autumn seasons than during local spring and summer seasons, with more intense
currents in NH than SH.

In this paper, we extend the analysis carried out in Papers I and II by studying the
effect of IMF on the hemispheric asymmetry in the field aligned and ionospheric hori-
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zontal currents during different local seasons. Even though the main aim of the paper

is to study the hemispheric asymmetry in the auroral currents, we also investigated the
explicit By effect in a given hemisphere. We use Swarm data during the time period 15
April 2014 to 31 December 2019, which is about 8 months more than in Paper II. We
utilize the Spherical Elementary Current Systems (SECS) data analysis method (Amm
et al., 2015; Juusola et al., 2016; Vanhaméki et al., 2020) like in Papers I and II. To our
knowledge this paper is the first systematic study of IMF effect on the hemispheric asym-
metry in the full auroral current system (FAC, CF and DF current) during all seasons.

The rest of the paper is organized as follows: in Section 2, we briefly describe the
data and data analysis methods including the bootstrap resampling method. In Section
3.1, we present the IMF dependence of FACs and ionospheric horizontal currents dur-
ing different local seasons in NH and SH. In order to compare the hemispheric differences
in the cross polar cap potential and associated electric field during different seasons, we
calculate cross polar cap potential differences for different IMF orientations from the Su-
perDARN Dynamic Model (SDDM)(Cousins & Shepherd, 2010) in Section 4. Finally
in Section 5, we present the summary and conclusions of the study.

2 Data analysis
2.1 Swarm data and SECS analysis method

The Swarm data set, magnetic field data analysis and coordinate systems used in
the analysis were described in Paper I and II, and are briefly summarised here.

In this study, we utilize data measured by Swarm A and Swarm C satellites from
15 April 2014 to 31 December 2019. Specifically, we use the level-1b calibrated 1 Hz mag-
netic field data (the 0505 dataset). For FAC and horizontal current estimation, we first
obtain the variation magnetic field data by subtracting a background magnetic field model
from the measured magnetic field data. We use CHAOS-6-x8 model for April 15, 2014
- April 14, 2019 and CHAOS-7 for April 15 - December 31, 2019. CHAOS model is a ge-
omagnetic field model combining Earth’s core, crust and magnetospheric currents (Finlay
et al., 2016).

The Spherical Elementary Current Systems (SECS) method (Amm et al., 2015; Ju-
usola et al., 2016; Workayehu et al., 2019; Vanhaméki et al., 2020) is used to estimate
FAC and horizontal currents. For estimating currents using the Swarm/SECS analysis
method, we first discard magnetic data poleward of +80° geographic latitude, where the
longitudinal separation between Swarm A and C becomes too small for a reliable cur-
rent estimation using this method. Locations of the satellite’s magnetic footpoints and
the vector magnetic filed data are then converted to Spherical-l AACGM (SPH-AACGM)
coordinates (detailed description in Paper I).

The data from each orbit are divided into four overflights between [+50°, £80°]
SPH-AACGM latitudes, and we discard that part of an overflight where the satellite path
is nearly parallel to the SPH-AACGM latitudes (gradient of latitude is < 0.015°/s), since
the analysis method fails in that situation. This condition is met more often in SH and
most of the rejected points take place near 80° AACGM (Shepherd, 2014) latitude. Since
we limit our analysis to SPH-AACGM latitudes lower than 80°, NH is very little affected
by this rejection procedure and even in SH the effect on currents flowing within the oval
is negligible (see Paper II for detailed description).

2.2 IMF and solar wind data

In this study, we use the 1-min resolution interplanetary magnetic field and solar
wind OMNI data propagated to the Earth’s bow shock. We average the OMNI data over
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30-min period before oval crossings and then use the average values to calculate Newell
solar wind coupling function d®/dt (Newell et al., 2007).

To explore the effect of IMF on the hemispheric asymmetry in FACs and ionospheric
horizontal currents during different local seasons, first we divide the oval crossings into
four local seasons as we did in Paper II: NH spring and SH autumn (+ 45 days around
March equinox), NH summer and SH winter (£ 45 days around June solstice), NH au-
tumn and SH spring (4 45 days around September equinox), and NH winter and SH sum-
mer (£ 45 days around December solstice). We further group the oval crossings in each
local season into four IMF clock-angle sectors based on IMF By and Bz directions. Fig-
ure 1 shows the distribution of oval crossings as a function of values of the coupling func-
tion for the four local seasons and four clock-angle sectors in NH and SH. From now on
we will denote the positive and negative directions for each IMF component with super-
scripts. For IMF Bz™ conditions, the peak of the oval crossing distributions for all sea-
sons is at the lowest bin, while for IMF Bz~ conditions the peak value locations are slightly
different in the two hemispheres.

Oval crossings as a function of coupling function
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Figure 1. Distribution of Swarm oval crossings as function of Newell coupling function
(d®/dt) for the four local seasons in the Northern (NH, blue) and Southern (SH, yellow) hemi-
spheres. The distribution for each local season is sorted into four quadrants of IMF clock-angle:
BzTBy~, BfBy™, B2 By" and Bz~ By, where the superscripts denote the positive and neg-
ative directions of IMF Bz and By components. The red dashed line is the re-sampling (boot-
strap) distribution of oval crossings. The blue and yellow distributions are for NH and SH,

respectively.
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2.3 Bootstrapping by using the Newell coupling function

From Figure 1, one can easily see the hemispheric differences in the coupling func-
tion distribution in each local season and IMF clock angle sectors. For example, in the
Bz~ By™ sector during local spring, the number of oval crossings in SH is larger than in
NH, while the difference is vice versa during local autumn. Similarly, a relatively large
hemispheric difference is also seen during local spring and autumn seasons in the Bz"By™
sector.

We correct for the hemispheric and seasonal differences in the Newell coupling func-
tion distributions by using bootstrap resampling (also known as bootstrapping). Boot-
strapping is a statistical method that relies on random sampling with replacement from
the original data (e.g., Chernick & LaBudde, 2011; Dekking & Meester, 2005). In this
study, the original data are the Swarm oval crossings in each local season and each IMF
clock angle sector. In order to re-sample from the original data, we first define sampling
distribution (or bootstrap distribution) according to which we randomly take samples
from the original data distribution. The sampling distribution is defined in such a way
that the total number of Swarm oval crossings in each coupling function bin is the same
for the four seasons and the two hemispheres, separately for IMF Bz™ and Bz~. This
way we get two sampling distributions, one for IMF Bz™ conditions and another for IMF
Bz~ conditions, which are used for all seasons and IMF By directions. These are shown
by the red dashed lines in Figure 1. For each local season and clock-angle sector, a to-
tal of 1000 bootstrap samples are randomly taken with replacement from the original
data. The numbers of oval crossings in each bootstrap sample are 3595 and 3571 for IMF
Bz™ and Bz~ conditions, respectively, which are the average number of oval crossings
in the original data set per season for each direction of IMF Bz. A similar method was
used in Paper II to make the local seasons directly comparable to each other in terms
of Kp index, but in this study our aim is to make the local seasons and IMF By polar-
ity under the same IMF Bz direction directly comparable to each other.

The average ionospheric horizontal currents and FACs in each 2° AACGM latitude
by 1 h MLT grid cells are calculated for each of the 1000 bootstrap samples. The sizes
of the grid cells in this paper are larger than the sizes of the grid cells in Papers I and
II, as now we divide the data in each local season into four IMF quadrants. From the
1000 bootstrap samples, we have 1000 different distributions of the average values. The
median values of the average current densities in each grid cell are then calculated from
the bootstrap statistics. These results, presented in Section 3.1, are our best estimates
for the current densities in each grid cell.

3 Results
3.1 Estimation of total currents

In Paper I, it was shown that the hemispheres are more asymmetric for low (Kp<
2) than high (Kp> 2) activity conditions, and in local winter and autumn when com-
pared to local spring and summer seasons. Here we study how the IMF orientation af-
fects the hemispheric asymmetry in auroral currents during different seasons.

In order to quantify the hemispheric differences in FACs and horizontal CF and
DF currents, we calculate the total integrated FAC values, and the average horizontal
CF and DF currents for the four IMF clock angle sectors during each local season and
IMF direction using the same formula as in Papers I and II, summarized below.

The total integrated FAC flowing between [60°, 80°] AACGM latitudes and all MLTs
is obtained by

M
1= [FAC,[Sp, (1)
m=1
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where FAC,,, is the FAC density in grid cell m, S,,, is the physical grid cell area calcu-
lated by converting the AACGM grid cell (MLT versus AACGM latitude) to geograph-
ical coordinate system, and M is the total number of grid cells. The integrated FAC val-
ues contain contributions both from the upward and downward FACs.

For the CF and DF currents, we first calculate the magnitude of the current den-
sity in each grid cell as the square root of the sum of the squares of meridional (positive
southward) and zonal (positive eastward) current density components. The average CF
and DF current values between [60°, 80°] are then calculated between [60°, 80°] AACGM
latitudes over all MLTs using the formula

where Jp, 9 and Jp, ¢ are the meridional and zonal current density components in grid
cell m, respectively, M is the total number of grid cells between [60°, 80°] AACGM lat-
itudes and over all MLTs, while A, 4 is the zonal dimension of the grid cell calculated
by converting the AACGM grid cell (MLT versus AACGM latitude) to geographical co-
ordinate system.

#

800
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500
400
300
200
100

Figure 2. Bootstrapped data point distribution in local winter for the four IMF clock angle
sectors in NH and SH. The plots are given in AACGM latitude by MLT. For both hemispheres,
the noon (12 MLT) is at the top and evening (18 MLT) is at the left and the lowest latitude is

60°.

Figure 2 shows the bootstrapped distributions of data points in the two hemispheres
for the local winter season. In each IMF Bz direction, the NH and SH have distributions
for opposite IMF By next to each other. When we compare the hemispheres with each
other in the subsequent sections, we select the IMF By direction in NH and use the op-
posite IMF By sign in SH. In all IMF sectors the NH has more data points than the SH
poleward of £66° AACGM latitude, while the SH has more samples between 60° and
65° AACGM latitudes. This is due to the difference in the locations of AACGM poles
relative to the geographic poles in the two hemispheres and the Swarm A and C satel-
lites” near polar orbits (see Figure 1 in Paper I). Other seasons (not shown here) have
same kind of distributions.
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3.2 IMF effect on current distributions in both hemispheres

In this section, we present the effect of IMF By direction on the magnitude and dis-
tributions of currents during each local season under northward and southward IMF Bz.
In order to see the influence of IMF By on FACs, CF and DF currents during each lo-
cal season more clearly, we calculate the ratios of the total integrated currents between
the two IMF By directions for each hemisphere.

Figure 3 shows distributions of median FACs, CF and DF current densities obtained
with bootstrapping in both hemispheres during local winter. As expected, stronger FACs
(Figures 3a-3d) occur during IMF Bz~ than IMF Bz™ for both hemispheres and IMF
By signs (note the difference in color scales). Comparison of FACs during IMF Byt/~
in each hemisphere separately indicates that the sign of By affects the magnitude and
spatial distribution of FACs. in NH, FAC density during By™ seems to be larger than
during By~ conditions while in SH, FAC density during By~ seems to be larger than dur-
ing By™ conditions. In both hemispheres, strong median FACs occur in the premidnight
MLT sector between 19-24 MLTs during all IMF clock angle sectors. This enhancement
of FAC on the premidnight MLT sector during local winter season is in line with pre-
vious results reported by (e.g., Ohtani et al., 2005; Workayehu et al., 2020, and references)

Figure 3 shows also distributions of median CF (panels e - h) and median DF (pan-
els i-1) current densities (both magnitude and vectors). In each hemisphere, the me-
dian CF and DF currents show generally similar IMF dependence as FACs: stronger me-
dian currents during IMF Bz~ than during IMF Bz conditions, and during By than
By~ in NH (opposite IMF By sign in SH). A more closer comparison of median CF cur-
rents between the two IMF By signs in each hemisphere indicates that part of the CF
current flowing from the dawnside to duskside across the polar cap occurs only when IMF
By™ in NH (By~ in SH) during both IMF Bz conditions. The eastward and westward
flowing DF currents (see Figures 3i-31) display the well-known eastward and westward
electrojets, EEJ and WEJ, respectively. For all IMF sectors, the WEJ currents are stronger
than the EEJ currents in both hemispheres. The WEJ current densities are stronger for
IMF By™ in NH (By~ in SH) than vice versa during both IMF Bz directions. Further
more, the Harang discontinuity region, which is an overlap between EEJ and WEJ in
the premidnight MLT sector with sharp latitudinal separation, occurs during all IMF
sectors. This is in line with the result in Paper II, and here our result indicates that the
IMF By sign doesn’t affect the occurrence of Harang discontinuity during local winter.

Figure 4 shows distributions of the median current densities during local summer
in the same format as Figure 3. Figures 4a—4d indicate that the post-noon and dusk (12-
19 MLT) R1 FACs are stronger and flow in a wide range of MLTs when IMF By is neg-
ative in NH (Figures 4b and 4d) than when it is positive (Figures 4a and 4c). Conversely,
the dawnside R1 FACs seem to be stronger when IMF By is positive in NH than vice
versa. The median CF current distributions (Figures 4e—4h) show similar dawn/dusk im-
balance with IMF By direction as the median FACs, but the effect of IMF By direction
on the median DF current (Figures 4i—41) seems smaller. However, a closer look to the
WEJ indicates a tendency of stronger WEJ current for IMF By~ in NH (By™ in SH )
than vice versa. This is opposite to the IMF By on WEJ current during local winter.
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Figure 3. Distributions of median FAC density (a - d), median CF current density (e - h)

and median DF current density (i - 1) in local winter for the four IMF clock angles in NH and
SH. Downward (upward) FACs are defined as positive (negative). The magnitudes and flow di-
rections of median CF and DF currents are shown in color and arrows, respectively. From left

to right: the first and second columns are for By* in NH and for By~ in SH, and the third and
fourth columns are for By~ in NH and for By™ in SH, respectively. From top to bottom: the
first, third and fifth rows are for BzT, while the second, fourth and sixth rows are for Bz~. The
plots are given in AACGM latitude by MLT. For both hemispheres, the noon (12 MLT) is at the
top and evening (18 MLT) is at the left and the lowest latitude is 60°. Note that the color scales

for currents during IMF B} and B, conditions are different.
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Comparison of the AACGM latitude distributions of currents during local winter
and summer in each hemisphere shows the well known winter-summer difference in the
magnitudes of currents irrespective of the IMF directions. This effect is obviously asso-
ciated with the winter-summer difference in the background ionospheric conductances
due to solar illumination (see also Section 3 in Paper II). At the auroral oval and polar
cap, solar induced ionospheric conductances are larger in local summer than in local win-
ter, and due to this stronger CF currents flowing from dawn to dusk and return DF cur-
rents occur during local summer (see Laundal et al. (2016) for further discussion). When
comparing current distributions in winter and summer at the premidnight MLT sector,
there is the Harang discontinuity difference which we saw already in Paper II: The EEJ
and WEJ are separated latitudinally during local winter and longitudinally during lo-
cal summer.

Figures 5a—51 show distributions of currents in NH and SH for different IMF sec-
tors during local spring. Like in local summer, the post-noon and dusk R1 FAC seems
stronger and flows in a wide range of MLTs when By is negative in NH (Figures 5b and
5d) than when it is positive (Figures 5a and 5¢) for IMF BzT. Distributions of median
CF currents (Figures 5e—5h) show similar IMF By dependence as FACs. Unlike FACs
and CF currents, distributions of DF currents (Figures 5i-51) indicate that both EEJ and
WEJ currents are stronger for IMF By~ in NH (By™ in SH) than vice versa.

Figures 6a—61 show distributions of median FACs (Figures 6a—6d), median CF cur-
rents (Figures 6e—6h) and median DF currents (Figures 6i-61) in NH and SH for differ-
ent IMF sectors during local autumn. The FAC and CF current densities are stronger
when By is positive in NH (negative in SH) than vice versa. Unlike for local spring, but
like for local winter, both the EEJ and WEJ currents are larger for By™ in NH (By~ in
SH) than vice versa during both IMF Bz directions.
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Figure 4. Same format as Figure 3, but for local summer.
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Figure 5.

Same format as Figure 3, but for local spring.
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Figure 6. Same format as Figure 3, but for local autumn.
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(a) Integrated current ratios for opposite IMF By directions in NH: Byt /By~

IMF  Currents ‘ Winter ‘ Spring ‘ Autumn ‘ Summer
FAC 1.2140.09 0.9840.07 1.3640.09 1.01+ 0.07
Bzt Icr 1.3540.07 1.0040.04 1.73+0.08 1.1240.04
Ipr 1.1840.07 0.76+0.04 1.53+0.07 0.98+0.03
FAC 1.1540.07 1.02+0.06 1.1040.06 1.1240.06
Bz~ Ier 1.2610.04 1.07+0.03 1.184+0.04 1.06+0.02
Ipr 1.154+0.04 0.9340.03 1.12+0.04 1.03+0.03
(b) Integrated current ratios for opposite IMF By directions in SH: By~ /By™
FAC 1.1440.09 0.844+0.07 1.17+0.09 0.99£0.08
Bzt Ior 1.3640.08 0.834+0.04 1.45+0.08 1.074+0.05
Ipr 1.31£0.08 0.6840.04 1.34+0.07 0.96+0.04
FAC 1.04+0.08 1.01+£0.07 1.01+0.07 0.95£0.06
Bz~ Icr 1.2440.04 1.01£0.03 1.124+0.04 1.00£0.03
Ipr 1.13£0.05 0.8440.03 1.07+0.06 1.031+0.04
Table 1. Ratios of integrated currents for opposite IMF By directions in each hemisphere:

Byt /By~ in NH (a) and By~ /By™ in SH (b).

The results indicate that the IMF By has strong influence on auroral current sys-
tems in both hemispheres, but this influence depends on the local season and IMF Bz
direction. In Table 1, we show ratios of currents for opposite IMF By directions in each
hemisphere separately during both IMF Bz conditions. in NH (Table 1a) during IMF
Bzt conditions, the largest IMF By effect on ionospheric currents occurs in local win-
ter and autumn. In NH winter all the current components (FAC, CF and DF) are about
20-35% larger for IMF By™ than By~, while in autumn the effect is even larger, about
35-70%. In contrast, during NH spring and NH summer the effect is much smaller. Sim-
ilar IMF By effect and seasonal pattern is visible also during IMF Bz~ conditions, but
the effect is smaller, with the maximum enhancement of 15-20% during winter. Table
1b shows the IMF By effect in SH, but with the By signs switched. The seasonal and
IMF Bz variations are similar to the NH, with the IMF By effect being larger during IMF
Bz and local winter and autumn. In contrast to NH, a large effect is also seen in lo-
cal spring during IMF Bz conditions, when the currents are 25-30% smaller for IMF
By~ than for IMF By™.

Overall, the IMF By effect tends to be stronger during IMF Bz* than IMF Bz~

conditions in both hemispheres. This is in line with Smith et al. (2017) results, even though

they did not consider different seasons separately under different IMF conditions. Av-
eraged over all seasons in NH, they found about 11% and 7% stronger auroral electro-
jet currents during IMF Bz* and IMF Bz~ respectively, when IMF By is positive than
when it is negative. However, they did not find a significant IMF By sign effect on the
auroral electrojet current in SH during either IMF Bz direction, which is contrary to our
finding.
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3.3 IMF effect on hemispheric asymmetry in currents

Visual inspection of Figures 3—6 shows that IMF By affects the hemispheric asym-
metry between NH and SH. In this section, we compare currents from the two hemispheres
in terms of integrated current values and corresponding NH/SH ratios during each lo-
cal season under opposite IMF By directions.

Figure 7 and Table 2a quantify the magnitudes of currents and NH/SH ratios dur-
ing IMF Bz* in NH and SH under opposite IMF By directions. Figures 7a and 7b show
the seasonal variations of integrated FACs when the sign of By in NH is positive and neg-
ative, respectively. The error bars are the 90% confidence ranges obtained from boot-
strapping. For By in NH (Figure 7a), hemispheric difference in FAC occurs in local win-
ter and local autumn, when the integrated FAC is larger in NH than in SH. In contrast,
during local spring and local summer the currents in the two hemispheres are equal within
the confidence limits. In each hemisphere, comparison of the integrated FAC values dur-
ing the equinoxes indicate a tendency of larger currents flowing during local autumn than
spring spring, although in SH the effect is not statistically significant.

For By~ in NH (Figure 7b), the seasonal behavior is very different. The integrated
FAC increases from local winter to spring and then decreases in local autumn and again
reaches its peak value in local summer. Comparison of Figures 7a and 7b shows that IMF
By has a strong effect on the seasonal variations of FAC during IMF Bz™, especially dur-
ing the equinoxes. In NH the integrated FAC is larger in autumn than in spring during
By ™, and vice versa during By~. In SH the By effect is opposite.

Figure 7c shows the seasonal variation of the median NH/SH ratios of FACs ob-
tained from bootstrapping for opposite IMF By directions in the two hemispheres dur-
ing IMF Bz*t. As these ratios are calculated for each bootstrap sample separately, the
values in Figure 7c are not the ratios of the median values shown in Figures 7a and 7b,
but in practice the difference is very small. For By™ in NH (solid line, corresponds to
Figure 7a), statistically significant asymmetry occurs in local winter and autumn with
the NH/SH ratios 1.18+0.09 and 1.17+0.09, respectively (see Table 2a). For By~ in NH
(dashed line, corresponding to Figure 7b), statistically significant hemispheric asymme-
try occurs during local winter and spring, when the NH/SH ratios are 1.11+0.06 and 0.90+0.07,
respectively.

Figures 7d-7e and Figures 7g—7h, quantify the seasonal variation of average CF and
DF currents, respectively, during IMF Bz™ conditions. For both IMF By signs, the sea-
sonal pattern of average CF and DF currents are very similar to integrated FACs. For
By™ in NH (solid lines in Figures 7d and 7f), the largest hemispheric asymmetry occurs
in local winter and local autumn, when the NH/SH ratios are 1.1940.06 and 1.1940.05
for CF currents, and 1.1940.07 and 1.1840.06 for DF currents (see Table 2a). Similarly,
for By~ in NH (dashed lines), the largest asymmetry takes place in local winter, with
NH/SH ratios of 1.2040.07 for CF and 1.3240.08 for DF currents (see Table 2a). In ad-
dition, statistically significant hemispheric asymmetry occurs in local spring and local
summer, with larger currents flowing in SH than in NH. Like for FACs, CF and DF cur-
rents are larger in autumn than in spring for By™ in the NH (By~ in the SH) and vice
versa for By~ in the NH (By* in the SH).

The observed spring-autumn asymmetry in currents may be related to the spring-
fall asymmetry in the amplitude of global geomagnetic activity reported in previous stud-
ies (e.g., Mursula et al., 2011, references therein). Mursula et al. (2011) found spring -
fall asymmetry in geomagnetic activity, with maxima of Ap index alternating between
spring and fall during the declining phases of two consecutive solar cycles, cycles 22 and
23. Our dataset is taken entirely from the declining phase of solar cycle 24, so it could
be expected that the spring-autumn asymmetry in currents flips the other way in the
next (or previous) solar cycle.

—15—



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

402

403

404

405

406

407

Integrated FAC: Bz" Integrated CF current: Bz" Integrated DF current: Bz™

27r (a) —NH/Byt —SH/By~ (d) —NH/By* —SH/By~ 48t (g) —NH/By" —SH/By~
36
25 43
23 31 38
2.1 = =
5 = 26 233
219 N &
17 1 28
15 23

W
3

27r (b) -~ NH/By~ -- SH/By* (e) --NH/By -- SH/By* 48} (h) -- NH/By -- SH/By* I
36 ,
25 T 43 S E
4 v’
23 31 IN ,
21 { - A SAELLT AN o
<2. / . N p 2 N P
z A 2 26 SR 233 % 3 S
219 B hN Y 5 AEERINNN . B L N ,
B B AN 4 - S AN . = L ‘E,
1.7 o I 21 7 g 28 K
.7 T,
15 . x, 23 ;.
167 5 ,
13 18
14 14 14
(c)  —NH/By'(SH/By ) (f)  —NI/By’(SH/By ) (i) —Nu/By(SH/By)
13 - - NH/By~ (SH/By") 13 - - NH/By~(SH/By™) 13 < - - NH/By~ (SH/By")
N

. 0.8 8L— :
Winter Spring Autumn Summer Winter Spring Autumn Summer Winter Spring Autumn Summer
Seasons Seasons Seasons

Figure 7. Median values of integrated FAC (panels: a-b, average CF (panels: d-e) and aver-
age DF (panels: g-h) currents as a function of season for IMF Bz"' and opposite IMF By direc-
tions in NH and SH. The bottom panels are the median NH/SH ratios of FAC (c), CF current (f)

and DF current (i). The error bars are the 90% confidence ranges.

Figure 8 and 2b show the integrated currents and hemispheric ratios for IMF Bz~
conditions, in the same format as Figure 7. When IMF By is positive in NH (Figure 8a),
the smallest and largest integrated FAC occur in local winter and local summer, respec-
tively, with the values in local spring and local autumn somewhere in between. Hemi-
spheric difference occurs in local autumn and in local summer, with stronger currents
flowing in NH than in SH. Similarly, when IMF By is negative in NH (Figure 8b), the
smallest and largest integrated FAC occur in local winter and local summer, respectively.
Unlike during IMF Bz* conditions shown in Figure 7b, the FAC values in local spring
and local autumn are equal within the 90% confidence ranges in each hemisphere.

Figure 8¢ shows the seasonal variation of the median NH/SH ratios of FACs ob-
tained from bootstrapping for opposite IMF By directions in the two hemispheres dur-
ing IMF Bz~ conditions. When By is positive in NH (solid line), statistically significant
hemispheric asymmetry in FAC occurs in local winter, autumn and summer, with NH/SH
ratios (see Table 2b) 1.09+0.07, 1.16 +0.07 and 1.11 +0.06, respectively. When By is
negative in NH (dashed line), the two hemispheres are statistically symmetric during all
local seasons, at the 90% confidence level.

Figures 8d—8f and 8g-8i show the seasonal variation of integrated CF and DF cur-
rents, respectively, in the same format as FAC. Overall, the seasonal variation patterns
are very similar to each other and to the FAC. The largest hemispheric asymmetry in
both CF and DF currents occur in local autumn for By™ in NH (By~ in SH), when the
NH/SH ratios are 1.154+0.03 for CF current (see Figure 8f and Table 2b) and 1.13+0.04
for DF current (see Figure 8¢ and Table 2b).
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Figure 8. Same format as Figure 7, but for IMF Bz™.
(a) NH/SH ratios of currents for opposite IMF By direction during IMF Bz™
IMF By Currents ‘ Winter ‘ Spring ‘ Autumn Summer
FAC 1.18+0.09 1.05+0.08 1.17£0.09 0.95+ 0.07
By™ NH (By~ SH) Igr 1.19£0.06 1.09£0.05 1.19£0.05 0.97+0.04
Ipr 1.19+0.07 1.06+0.06 1.18+0.06 0.94+0.04
FAC 1.11£0.09 0.90+0.07 1.02+0.08 0.93+0.07
By~ NH (By™ SH) Igr 1.20£0.07 0.90+0.04 1.00£0.05 0.92+0.04
Ipr 1.32+0.08 0.94+0.05 1.04£0.05 0.914+0.03

(b) NH/SH ratios of cur

rents for opposite IMF By direction during IMF Bz~

FAC 1.1140.09 0.90£0.07 1.02+0.08 0.93£0.07
By™ NH (By~ SH) Icr 1.06+0.04 1.04+0.04 1.15£0.03 1.10+£0.03
Ipr 1.02+0.04 1.05+0.04 1.13£0.04 1.07£0.03
FAC 0.98+0.07 1.05+0.07 1.06+£0.07 0.9440.06
By~ NH (By™ SH) Icr 1.05£0.04 0.9940.03 1.09+0.04 1.03+£0.03
Ipr 1.01£0.04 0.95+0.03 1.08+0.04 1.00+£0.03

Table 2.

NH/SH ratios of integrated currents for opposite IMF By directions: during IMF

Bz" (a, same as in Figure 7) and during IMF Bz~ (b, same as in Figure 8). For both IMF Bz
conditions, the values in the first and second rows are for Byt in NH (By~ in SH) and for By~

in NH (By* in SH), respectively.

Overall, the difference in hemispheric current intensities is smaller during IMF Bz~
(Figures 8c,f,i) than during IMF BzT (Figures 7c,f,i). This is consistent with Paper 11,
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where it was found that the hemispheric asymmetry is larger during low than high Kp
conditions. Moreover, in each hemisphere, the IMF By effect on the integrated currents
is larger during IMF Bz* (Figure 7) than during IMF Bz~ (Figure 8).

4 Cross polar cap potential from SuperDARN Dynamic Model

The FACs and ionospheric horizontal currents are closely related to the electric field
imposed on the ionosphere by the ionosphere-magnetosphere coupling. In Paper II, we
have speculated that an external forcing related to hemispherically asymmetric convec-
tion electric field and/or particle precipitation may play a role on the hemispheric asym-
metry in the auroral current systems.

The ionospheric convection electric field is commonly expressed in terms of the cross
polar cap potential difference (CPCP) or patterns of plasma convection velocity (e.g.,
Juusola et al., 2014; Cousins & Shepherd, 2010; Pettigrew et al., 2010; Thomas & Shep-
herd, 2018). The cross polar cap potential have been calculated from measurements by
satellites and ground based radars such as the Super Dual Auroral Radar Network (Su-
perDARN). Several statistical models of high latitude plasma convection have been de-
veloped using SuperDARN radar data (e.g., Ruohoniemi & Greenwald, 1996, 2005; Pet-
tigrew et al., 2010; Cousins & Shepherd, 2010; Thomas & Shepherd, 2018).

In this study, the SuperDARN Dynamical Model (SDDM) of high latitude plasma
convection is used to calculate the cross polar cap potential difference and the plasma
drift velocity for different seasons and IMF clock angle sectors. SDDM is based on Cousins
and Shepherd (2010) convection model coefficients, hereafter called the CS10 model, which
is an expansion of the convection model by Pettigrew et al. (2010). The CS10 convec-
tion model is based on 8 years of measurements from 9 northern and 6 southern hemi-
sphere SuperDARN radars. Recently, several radars were added to the northern hemi-
sphere SuperDARN offering improved coverage at mid-latitudes and in the polar cap re-
gion (Thomas & Shepherd, 2018). However, the radar coverage in the southern hemi-
sphere has not significantly changed since the CS10 model. Thus the SDDM is the best
tool for hemispheric comparison of the convection, as the difference between the hemi-
spheres in the number of radars used for this model was not as large as it is now.

In addition to the relative sparsity of radar coverage in the SH, the radar fields-
of-view in both hemispheres are concentrated towards the polar cap region (see Figure
1 in Pettigrew et al. (2010)). This configuration is not ideal during strong IMF Bz~ as
the oval and convection cells expand equatorward and may not be covered by SH radars.
Because of this situation, we calculate the CPCP values for each local season only dur-
ing IMF Bz* for both signs of IMF By in NH and SH. In the SDDM the seasonal effects
are parameterize by dipole tilt angle values. We use 4+15° dipole tilt for summer, -15°
for winter and 0° for equinoxes (spring and autumn). As input to the SDDM, we take
the values of IMF Bz™ and solar wind velocity from their corresponding bootstrapped
distributions, namely +2.0 nT for Bz and 400 kmn/s for the velocity. We repeat the cal-
culation for IMF By values in the range [-6, 6] nT with 1 nT steps. During each local
season, the NH/SH ratios of CPCP are calculated for equal magnitudes but opposite IMF
By signs between the two hemispheres. Standard deviations are calculated for each IMF
By sign separately using the six values in the range [+1, +6] nT.

Figures 9a and 9b, respectively, show the CPCP as a function of IMF By in NH
and in SH for different local seasons during IMF Bz*. In both hemispheres, the CPCP
values increase as the magnitude of IMF By increases. However, there is a clear differ-
ence in the seasonal CPCP pattern as a function of By in each hemisphere. In NH, the
local seasons are more similar to each other for IMF By™ (solid lines) than for IMF By~
(dashed lines), while the opposite is true in SH. For IMF By~ in NH and IMF By™ in
SH, the CPCP values on average are largest in local summer, intermediate in equinox
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Figure 9. Cross polar cap potential difference as a function of IMF By in NH (a) and in SH
(b) during IMF Bz* for different local seasons. Panel (c) shows the NH/SH ratios of CPCP

for opposite signs of IMF By: solid and dashed lines are for IMF By™1 and for IMF By~ in NH,
respectively. The horizontal axis shows the values of IMF By in NH.

and smallest in local winter. Larger CPCP in local summer than in local winter was re-
ported also in previous studies (e.g., Ruohoniemi & Greenwald, 2005; Pettigrew et al.,
2010).

Figure 9c¢ shows the NH/SH ratios of CPCP for opposite IMF By plotted as a func-
tion of IMF By values in NH. Dashed and solid lines are NH/SH ratios of dashed and
solid lines from Figures 9a and 9b. The ratios indicate that the CPCP values are larger
in NH than in SH. Overall, the hemispheric difference is larger for IMF By~ in NH (By™
in SH) than vice versa.

Figures 10a and 10b, respectively, show the NH/SH ratios of CPCP and DF cur-
rent for opposite IMF By as a function of seasons. As the SDDM uses the dipole tilt an-
gle to represent seasonal variations, the CPCP in local autumn and local spring are al-
ways equal. In Figure 10a the CPCP ratios in each local season are obtained by aver-
aging the ratios shown in Figure 9c over all values of IMF By for each sign separately.
During local winter, the NH/SH ratio of CPCP is larger than 1 for both signs of IMF
By in NH, which is in agreement with the NH/SH ratio of DF current, but the CPCP
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Figure 10. (a) NH/SH ratios of CPCP averaged over all IMF By™ in NH (solid line) or IMF
By~ in NH (dashed line) as a function of season. The error bars are standard deviations showing
the variability of CPCP due to variability in the IMF By values. (b) median NH/SH ratios of DF

current (same as Figure 7i).

NH/SH ratios are smaller than the DF NH/SH ratios. However, unlike the DF current,
the largest hemispheric difference in CPCP occurs in local summer for IMF By~ in NH.
For all local seasons, the average NH/SH ratios of CPCP are larger for IMF By~ in NH
than vice versa. In contrast, for most seasons, larger hemispheric asymmetry in the DF
current occurs for IMF Byt in NH than vice versa. In fact, in Figure 10a the dashed line
is always above the solid line and vice versa in Figure 10b (except in winter).
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Next we move to discuss the explicit By effect in a given hemisphere for CPCP val-
ues. Table 3 shows the CPCP ratios for By™ /By~ in the NH and By~ /By™ in the SH
during both IMF Bz conditions. In both hemispheres, the largest By effect on CPCP
occurs in local winter and equinox during IMF Bz™ conditions, when the CPCP values
are 13-24% larger for IMF By™ in NH and IMF By~ in SH than vice versa. In NH sum-
mer, CPCP value is larger for By~ than vice versa, while in SH summer the By effect
is not statistically significant. Similar IMF By effect is visible also during IMF Bz~ con-
ditions, but the effect is smaller, with the maximum enhancement of 8% in SH equinox.

CPCP ratios for opposite IMF By directions: Byt /By~ in NH, By~ /By™ in SH

IMF Hemisphere ‘ Winter ‘ Equinox ‘ Summer ‘
Bzt NH 1.18+0.08 1.13£0.08 0.86+ 0.04

SH 1.2240.14 1.24+0.12 0.9940.09
Bz~ NH 1.05£0.02 0.98+0.03 0.89+0.05

SH 1.02+0.04 1.0840.06 0.9940.06

Table 3. Ratios of CPCP for opposite IMF By directions in each hemisphere: Byt /By~ in NH
and By~ /By™ in SH.

Figure 11 presents the ratios of CPCP (same as Table 3) and DF current (data from
Table 1) for opposite IMF By in each hemisphere. Here, we compare the effect of By on
CPCP with DF current, which can be assumed to represent the auroral electrojets. As
the SDDM uses the dipole tilt angle to represent seasonal variations, the CPCP in lo-
cal autumn and local spring are always equal. Therefore we have combined the DF cur-
rent statistics from spring and autumn. During IMF Bz™, the explicit By effect on CPCP
and DF current is similar in winter and equinox for NH (Figure 11a), and in winter and
summer for SH (Figure 11b). During IMF Bz~, in NH the seasonal behaviour is rather
similar both for CPCP and DF (Figure 11c), but in SH the pattern is not very clear (Fig-
ure 11d). Altogether, the ratios for Bz~ are smaller than for Bz*. Largest differences
occur during equinoxes in SH for both signs of Bz, but we should keep in mind that the
SDDM doesn’t make a difference between spring and autumn. In both hemispheres, the
maximum By effect on both CPCP and DF current occurs in local winter during IMF
Bz™ conditions, when both the CPCP and DF current Byt /By~ ratios are about 1.18
in NH and By~ /By™ ratios are about 1.20-1.30 in SH. Overall, the results indicate that
the effect of By on DF current is in very good agreement with the SuperDARN dynamic
model CPCP during IMF Bz™ in winter for both hemispheres, at equinox for NH and
in summer for SH.

When using the CPCP values and comparing them to the DF current as shown in
Figures 10 and 11, one should keep in mind that there are some uncertainties and lim-
itations in the SDDM model. As discussed before, the radar coverage in the SH is more
limited than in the NH. Furthermore, the amount of data used to derive the CS10 co-
efficient can be rather limited for extreme values of the dipole tilt angle and large solar
wind driving conditions. However, in our case the largest solar wind electric field used
as input to the SDDM model is 2.5 mV /m, so our model values do not correspond to
any extreme conditions and statistics are sufficient (see Figure 2 in Cousins and Shep-
herd (2010)).
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Figure 11. Ratios of CPCP (solid line) and DF current (dashed line) for opposite IMF By
directions in NH (a, ¢) and in SH (b, d) during IMF Bz* (a, b) and Bz~ (c, d) conditions.

516 5 Summary and conclusions

517 In this paper, we have investigated the effect of the IMF on the hemispheric asym-
518 metry in auroral currents measured by the Swarm satellites. The SECS method is used
519 to estimate the FAC as well as the CF and DF parts of the ionospheric horizontal cur-
520 rents from nearly six years of Swarm vector magnetic field measurements. The data is

521 divided into seasons and four IMF sectors based on the signs of the IMF Bz and By. In
522 order to make the seasons and IMF By sectors comparable, bootstrap resampling tech-
523 nique is used to remove hemispheric and seasonal bias in the number of samples and in
524 the Newell universal coupling function distributions.

525 We calculate the integrated FAC and average CF and DF currents for different sea-
526 sons and IMF sectors, and the corresponding NH/SH ratios. The two hemispheres are

527 compared under opposite IMF By signs. We also study the effect of the IMF By sign in
528 a given hemisphere. Finally, in order to study the role of electric field in the hemispheric
529 asymmetry of the auroral currents, we calculate the CPCP values using the SuperDARN

530 dynamic model for both signs of IMF By during IMF Bz only, because the coverage
531 of the radars in the SH does not extend to as low latitudes as in the NH, which is likely
532 important for IMF Bz~ conditions.

533 The most important findings of this paper are the following:

534 + The hemispheric asymmetry in auroral currents is larger during Bz* (northward)

535 than Bz~ (southward) IMF conditions in local winter, irrespective of the IMF By

536 sign. This is in line with previous result in Paper II, where we observed the strongest
537 asymmetry in local winter during low Kp conditions.
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538 + For By™ in NH (By~ in SH), on average FACs as well as ionospheric horizontal

539 currents are stronger in NH than in SH in most local seasons under both signs of
540 IMF Bz. For IMF By~ in NH (By™ in SH), the hemispheric differences of auro-

sa1 ral currents are small except in local winter.

542 » During BzT and By™ in NH (Bz* and By~ in SH), hemispheric asymmetry in au-
543 roral currents is largest in local winter and local autumn, and smallest in local sum-
544 mer. The NH/SH ratio for FACs in winter and autumn are 1.184+0.09 and 1.17£0.09,
545 respectively.

546 + During Bz~ and By™ in NH (B2~ and By~ in SH), hemispheric asymmetry in

547 auroral currents is largest in local autumn for these IMF conditions. The NH/SH
548 ratio for FAC, CF current and DF current in local autumn are 1.16+0.07, 1.154+0.03
549 and 1.13+0.03, respectively.

550 + Generally, in NH By™ causes larger horizontal currents and FACs than By~. The
551 effect is stronger for Bz* (northward) than Bz~ (southward) IMF. For Bz™, the
552 By effect is statistically significant in Autumn (strongest) and Winter, for Bz~

553 in Autumn (strongest), Winter and Summer (weakest). The effect is not seen in

554 the NH Spring. SH has a corresponding behavior for reversed By signs, but the

555 effect is weaker in the SH, so generally it is seen only in Autumn and Winter.

556 e The explicit By effect in a given hemisphere for currents can tentatively be explained
557 by the SuperDARN dynamic model CPCP for IMF Bz in winter for both hemi-
558 spheres, at equinox for NH and in summer for SH. Hence, in winter both the DF
559 current and CPCP By™' /By~ ratios are about 1.18 in NH and By~ /By™ ratios

560 are about 1.2-1.3 in SH.

s61 « However, when the hemispheric asymmetry is studied using the SuperDARN dy-
562 namic model, the CPCP NH/SH ratios for IMF Bz™ do not, in general, agree with
563 the behavior of auroral current ratios. Only in winter, both the CPCP and au-

564 roral currents show NH/SH ratios over 1 for both signs of IMF By. Furthermore,
565 during IMF Bz7 the highest NH/SH value of 1.27 in CPCP is obtained for sum-
566 mer, while for auroral currents the value is below 1.0 during summer.

567 In addition to the convective electric field, the magnitude of currents in the auro-
568 ral ionosphere depends on auroral conductance due to particle precipitation. In Paper

569 II, we studied the role of background conductances, but the role of precipitation could

570 not be investigated with IRI. Using Swarm A magnetic and electric field measurements,
571 Ivarsen et al. (2020) investigated the relationship between precipitation induced conduc-
572 tance and Alfvén wave reflection. They found a larger Alfvén wave reflection coefficient
573 in the NH than in the SH, which they interpreted as a consequence of hemispheric asym-
574 metry in the precipitation induced conductance, with the largest hemispheric asymme-

575 try seen during local winter. This is in line with the hemispheric asymmetry in the au-
576 roral currents observed in this study as well as in Paper II. Therefore, the occurrence

577 of stronger auroral currents in the NH than in the SH during local winter might be ex-
578 plained by a hemispherically asymmetric particle precipitation.

579 Regarding the explicit By effect in a given hemisphere, our results are in agreement
580 with several other previous studies (e.g., Smith et al., 2017; Laundal et al., 2018, refer-

581 ences therein). Using data from observations of different satellites, Smith et al. (2017)

582 found larger auroral electrojet current in the NH winter for IMF By™ and in the SH win-

583 ter for IMF By~ than vice versa. Using Average Magnetic field and Polar current Sys-
584 tem (AMPS) model, Laundal et al. (2018) investigated the ionospheric horizontal and

585 field-aligned currents in the NH polar region for different seasons and orientations of the
586 IMF. They reported larger total FAC and DF current for IMF By than for IMF By~
587 during both IMF Bz conditions in winter. This is in line with our result (see Table 1)

588 that the FAC, CF and DF current in NH winter and spring are larger for IMF By than
589 for IMF By~. Our results also show similar IMF By dependence of FAC, CF and DF
590 currents in the SH, but for opposite polarity of IMF By.
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The factors causing the observed hemispheric asymmetries in the auroral currents
require still further investigations. The CPCP values from the SuperDARN dynamic model
shown in this paper suggest that the convection electric field can not fully explain the
hemispheric asymmetry in auroral currents. In Paper II, we have concluded that local
background conductances from IRI model cannot explain the hemispheric asymmetry
in auroral currents as the IRI model does not reproduce auroral zone conductivities due
to particle precipitation. The effect of auroral precipitation induced conductivities for
the hemispheric asymmetry during different IMF conditions and different seasons should
be studied by using measurements and modeling.
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