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It is often assumed that on average, polar ionospheric electrodynamics in the Northern and Southern Hemispheres are mirror symmetric or antisymmetric with respect to the interplanetary magnetic field By component and the dipole tilt angle ψ. For example, one might assume that the average Birkeland current density j at magnetic latitude λ is equal to the current density at magnetic latitude −λ if the signs of By and ψ are reversed and all other parameters are equal: j(λ, By, ψ, … ) = j(−λ, −By, −ψ, … ). This is a convenient assumption for empirical models, since it effectively doubles the amount of information that a measurement made in one hemisphere contains. In this study we use the Average Magnetic field and Polar current System (AMPS) model to quantify to what extent the assumption holds for Birkeland and ionospheric currents. The AMPS model is an empirical model based on Swarm and CHAMP magnetic field measurements, with no constraints on hemispheric symmetries, and with differences in main magnetic field geometry as well as biases in data point distributions in magnetic coordinates accounted for. We show that when averaged over IMF clock angle orientation, the total ionospheric divergence-free current in each hemisphere largely satisfies the mirror symmetry assumption. The same is true for the total Birkeland current in each hemisphere except during local winter, during which the Northern Hemisphere tends to dominate. We show that this local winter asymmetry is consistent with the average winter hemispheric asymmetry in total precipitating electron current derived from Fast Auroral SnapshoT (FAST) satellite observations. We attribute this and other more subtle deviations from symmetry to differences in sunlight distribution in magnetic coordinates, as well as magnetic field strength and its influence on ionospheric conductivity. Important departures from mirror symmetry also arise for some IMF clock angle orientations, particularly those for which IMF Bz > 0, as suggested by other recent studies.
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1 INTRODUCTION
The large-scale polar ionospheric electrodynamics is on average largely mirror symmetric between hemispheres with respect to the interplanetary magnetic field (IMF) By component and the dipole tilt angle. This means that the average magnetic field perturbation (or equivalent current), plasma flow velocity (or equivalent electric field), or electric conductivity found in one hemisphere would be approximately equal to the corresponding quantity in the opposite hemisphere, on the same main magnetic field line, if the signs of the IMF By and the dipole tilt angle had been reversed. This property has been established through numerous climatological studies of plasma flows (e.g., Heppner and Maynard, 1987; Pettigrew et al., 2010; Förster and Haaland, 2015), magnetic fields (e.g., Mead and Fairfield, 1975), and magnetic field perturbations (e.g., Green et al., 2009; Laundal et al., 2016a; Smith et al., 2017). To our knowledge it has not been systematically addressed in climatological studies of auroras or particle precipitation, yet it has been surmised for decades (Gussenhoven et al., 1983; Hardy et al., 1985; Newell et al., 2009, 2010; Dombeck et al., 2018; Zhu et al., 2021). The nearest to directly addressing hemispheric asymmetries in particle precipitation is perhaps Newell and Meng (1988); Hatch et al. (2018) also address hemispheric asymmetries of precipitation associated with Alfvén waves.
The reasons for the symmetry properties of By and tilt are believed to be well understood. The dipole tilt angle describes the orientation of the Earth’s magnetic dipole axis with respect to the Sun-Earth line, and it ranges from about − 30° to + 30°. The variation in tilt angle is thought to have two primary effects: a change in the solar wind-magnetosphere coupling, and a change in ionospheric conductivity due to differences in insolation. The former effect is due to a change in the geometry of the coupling between the solar wind and magnetosphere, and includes a change in the prevalence of lobe reconnection (Crooker and Rich, 1993; Reistad et al., 2019). These variations are presumably almost perfectly mirror symmetrical between hemispheres, since the Earth’s magnetic field in the outer magnetosphere is symmetric between hemispheres. Some have also suggested that the change in geometry influences the subsolar reconnection location and efficiency (e.g., Russell et al., 2003), although this point is contested (Lockwood et al., 2020). The other dipole tilt angle effect—variable ionospheric conductivity due to variations in insolation—alters magnetosphere-ionosphere interactions, with distinct consequences for current patterns (Laundal et al., 2016b,a; Green et al., 2009; Laundal et al., 2018).
The asymmetries associated with the IMF By component are likewise ultimately an effect of different reconnection geometries and configurations on the dayside of the magnetosphere. When By is positive, newly opened magnetic flux experiences a force towards dawn in the Northern Hemisphere, creating dawnward plasma flow on the dayside in the polar ionosphere. In the Southern Hemisphere the force is toward dusk and the plasma flow is duskward. When By is negative, the senses of these forces and flows in the two hemispheres reverse. These effects collectively give rise to a pattern of magnetic perturbations (and corresponding currents via ∇ ×B = μ0 J) known as the Svalgaard-Mansurov effect (Jørgensen et al., 1972). The lateral motion of newly opened flux creates an asymmetric pressure distribution in the magnetotail lobes, which induces a slight asymmetry in the magnetic field mapping to the high latitudes. This asymmetry manifests as an apparent longitudinal shift between hemispheres of conjugate field lines compared to their nominal configuration (Tenfjord et al., 2015). The asymmetry reverses when By changes sign; that is, it exhibits mirror symmetry.
From the standpoint of modeling and statistical studies, the utility of assuming hemispheric mirror symmetry/anti-symmetry is that it effectively doubles the amount of information that a measurement provides. This assumption is therefore useful in dealing with data sets where the number of measurements made in one hemisphere (almost invariably the Southern) are deemed too few for a statistical study, or when measurements made by sun-synchronous satellites (e.g., the Defense Meteorological Satellite Program, or DMSP, satellites), whose orbits cover only a portion of the high-latitude ionosphere in magnetic latitude-magnetic local time (MLat-MLT) coordinates in each hemisphere. In such cases, the only alternative to assuming mirror symmetry is to ignore one hemisphere (Weimer, 2013; Waters et al., 2015; Billett et al., 2018; Thomas and Shepherd, 2018).
Thus the assumption of mirror symmetry has often been what enables a comparison of the two hemispheres to be carried out or an empirical model to be created. Studies and models falling into this category address a broad range of topics, including the ionospheric electric potential (Papitashvili et al., 1994; Weimer, 2005; Zhu et al., 2021), conductance (McGranaghan et al., 2015), field-aligned currents (Weimer, 2001), frictional heating and Poynting flux (Weimer and Edwards, 2021), auroral precipitation (Hardy et al., 1985; Newell et al., 2009, 2010; McGranaghan et al., 2021; Zhu et al., 2021) and even auroral boundaries (Gussenhoven et al., 1983). Other examples include models of the magnetospheric magnetic field, which make use of mirror symmetry with respect to dipole tilt angle (Mead and Fairfield, 1975; Andreeva and Tsyganenko, 2016).
There are a number of reasons to believe that the mirror symmetry suggested by the effects mentioned above is in fact not exact, first among which are that its inexactness is experimentally established. For example, Pettigrew et al. (2010) report that the cross-polar cap potential is on average several percent larger in the Southern Hemisphere. On the basis of the Iridium®  satellites and the Swarm satellites, respectively, Green et al. (2009) and Workayehu et al. (2020) report a hemispheric asymmetry in ratios of total currents flowing into each hemisphere for different seasons and reported that Southern Hemisphere currents are overall weaker. A number of studies have shown (Knipp et al., 2021; Pakhotin et al., 2021; Cosgrove et al., 2022) or suggested (Hatch et al., 2018) that deposition of magnetosphere-origin Poynting flux into the ionosphere is greatest in the Northern Hemisphere. Furthermore, although investigations of the magnetic field near the equatorial plane in the magnetosphere show a large degree of mirror symmetry with respect to IMF By and dipole tilt, there are certainly non-symmetric features present as well (e.g., Cowley and Hughes, 1983; Petrukovich, 2011; Tenfjord et al., 2017). (Additionally, away from the equatorial plane very little investigation of IMF By and dipole tilt dependence has been conducted.)
Beyond this direct experimental evidence, many of the parameters that govern magnetosphere-ionosphere-atmosphere interactions exhibit hemispheric asymmetry. These include hemispheric asymmetries (in coordinate systems organized by Earth’s magnetic field) in magnetic field intensity and inclination (Thébault et al., 2015; Laundal et al., 2017), insolation (e.g., Laundal et al., 2017; Hatch et al., 2020), neutral winds (Dhadly et al., 2019), thermospheric composition and temperature (Barlier et al., 1974; Mayr and Trinks, 1977; Qin et al., 2008), and ionospheric densities and temperatures (e.g., Laundal et al., 2019; Hatch et al., 2020; Pignalberi et al., 2021). All of these parameters have some influence on magnetosphere-ionosphere-atmosphere interactions. In terms of quasi-static ionospheric electrodynamics (see, e.g., Richmond, 1995a; Vasyliunas, 2012), their influence is chiefly manifest through the dependence of Pedersen and Hall conductivities in the ionospheric Ohm’s law on them, and through the variation of the frame of reference in which this law is typically expressed, which is that of the height-dependent neutral wind (e.g., Strangeway, 2012).
On point of hemispheric differences in insolation, Figure 1 shows quasi-dipole (QD) coordinate (Richmond, 1995a) grids in geographic coordinates in the two hemispheres, and contour plots of magnetic field strength, using the International Geomagnetic Reference Field (IGRF) model (Thébault et al., 2015). Insolation is symmetric with respect to Earth’s geographic poles; thus the displacement of the geomagnetic poles as well as the distortion of lines of magnetic latitude and longitude with respect to geographic latitudes clearly indicates that insolation of the magnetic high-latitude regions is asymmetric.
[image: Figure 1]FIGURE 1 | Illustration of the differences in Earth’s magnetic field in the north (left) and south (right). The colored contours show the IGRF main field magnitude at epoch=2015.0 with contour levels labeled in μT. The red curves represent magnetic apex coordinate grids. Both plots are stereographic projections of an equally large area, centered at the geographic poles. Geographic longitudes are indicated at the edges.
Last, in addition to these parameters that explicitly appear in the governing equations of ionospheric electrodynamics, the possible influence of non-local (with respect to the ionosphere) and kinetic parameters that exhibit hemispheric asymmetries, including magnetospheric plasma density (Haaland et al., 2017), exospheric neutral composition (Keating et al., 1973), and mesosphere/lower-thermosphere dynamics as well as cloud microphysics (Xie et al., 2021), is unknown. In particular, there are significant hemispheric differences in the tidal behavior of mesospheric and lower thermospheric winds (Avery et al., 1989; Vincent, 2015); to our knowledge, how these differences might affect ionospheric dynamics has not been explored.
In this paper, we use a recent empirical model to quantify how much the ionospheric current system in the two hemispheres diverges from mirror symmetry. This model was designed to account for differences in the structure of the earth’s magnetic field and for differences in spacecraft sampling. In Section 2 we describe the model. In Section 3 we examine how well the mirror symmetry assumption j(λ, By, ψ, … ) = j(−λ, −By, −ψ, … ) holds for ionospheric and Birkeland current densities by examining model current densities and integrated currents in each hemisphere, and present a comparison of our results with those of the Iridium®-based Coxon et al. (2016) study. In Section 4 we discuss these results and some additional sources of uncertainty, including the possible variation of ionospheric currents with magnetic longitude, and conclude.
2 METHODOLOGY
The tool that we use to test hemispheric mirror symmetry is the Average Magnetic Field and Current System (AMPS) model. This is an empirical model of the three-dimensional current system, presented by Laundal et al. (2018), based on ionospheric magnetic field measurements from the CHAMP and Swarm satellites. The ionospheric perturbation magnetic field is obtained by subtracting the CHAOS model field (Finlay et al., 2020), which models internal and magnetospheric fields, from spacecraft measurements. The ionospheric magnetic perturbation field is represented as a sum of poloidal and toroidal fields, which are in turn represented as functions of scalar potentials expanded in a series of spherical harmonics. See Laundal et al. (2016a) for a full discussion of this technique.
The AMPS model coefficients depend explicitly on IMF clock angle [image: image], the Newell et al. (2007) coupling function for the rate at which magnetopause flux is opened on the dayside
[image: image]
and the related quantity [image: image], dipole tilt angle ψ, and the F10.7 index. Vector components in all of these expressions are in geocentric solar magnetospheric (GSM) coordinates, and the transverse IMF component [image: image]. The inputs to the AMPS model that the user is required to provide are therefore the x component of solar wind speed vx, the y and z components of the IMF By and Bz, dipole tilt angle ψ, and the F10.7 index.
In this paper we use the publicly available Python implementation of the AMPS model, pyAMPS (Laundal and Toresen, 2018), to calculate associated horizontal and field-aligned current densities, projected on a sphere at 110 km altitude. The most recent update includes Swarm magnetic field measurements through 5 February 2021.
The AMPS model is well suited to test hemispheric symmetries because 1) no constraints on hemispheric symmetry were applied in the derivation of the model, and 2) geometric distortions associated with the Earth’s main field were taken into account by use of magnetic apex coordinates (Richmond, 1995b).
3 RESULTS
In this section we present AMPS model current densities from the Northern Hemisphere together with Southern Hemisphere current densities for which the signs of the dipole tilt angle and IMF By component have been reversed.
3.1 Birkeland currents
Figures 2–4 show Birkeland currents for negative, zero, and positive dipole tilt angles (respectively winter, equinox, and summer in the Northern Hemisphere), with a transverse IMF component BT = 4 nT, and solar wind speed vx = −350 km/s. The current densities in the Northern Hemisphere are shown with filled contours, with magnitudes indicated by the color scale at the bottom of the figure. The current densities in the Southern Hemisphere are shown with black contours, solid for positive (upward) values and dashed for negative. The steps between each contour represents a change of 0.05μA/m2, the same as for the colored contours. The eight subplots in each figure represent different IMF orientations, indicated by the clock angle diagram in the center. Again, the sign of By is reversed for the Southern Hemisphere, so that the left column represents negative By for the Northern Hemisphere but positive By for the Southern Hemisphere.
[image: Figure 2]FIGURE 2 | Amplitude of Birkeland currents in the Northern Hemisphere (colored contours) and Southern Hemisphere (black contour lines) as a function of IMF clock angle for dipole tilt angle ψ = − 25°, where the signs of By and ψ are reversed for the Southern Hemisphere. The spacing between both contours and contour lines is 0.05μA/m2. In this figure, the mean hemispherically integrated current (top right corner of each panel) in the Northern Hemisphere is 18% stronger than in the Southern Hemisphere.
[image: Figure 3]FIGURE 3 | Amplitude of Birkeland currents in the Northern Hemisphere (colored contours) and Southern Hemisphere (black contour lines) for dipole tilt angle ψ = 0°, in the same layout as Figure 2. In this figure the mean hemispherically integrated current in the Northern Hemisphere is 4% stronger than in the Southern Hemisphere.
[image: Figure 4]FIGURE 4 | Amplitude of Birkeland currents in the Northern Hemisphere (colored contours) and Southern Hemisphere (black contour lines) for dipole tilt angle ψ = 25°, in the same layout as Figure 2. In this figure, the mean hemispherically integrated current in the Northern Hemisphere is 2% weaker than in the Southern Hemisphere.
Figures 2–4 all show that the current density contours are closely aligned in the two hemispheres. This shows that for the Birkeland current density, j(λ, By, ψ, … ) = j(−λ, −By, −ψ, … ) is a good approximation for BT = 4 nT and solar wind speed vx = −350 km/s. The most promwinent deviation from symmetry is seen during local winter (Figure 2), where current densities are stronger in the Northern Hemisphere than in the Southern Hemisphere for all IMF orientations. On average the integrated total Birkeland current J = |J↑| + |J↓| is 18% stronger in the north.
Examination of the difference of the northern and southern contours for each IMF orientation during local winter (not shown) indicates that the imbalance is primarily on the nightside, where northern Birkeland current densities are stronger. Regarding the other dipole orientations, local summer and equinox, the differences of current densities in the two hemispheres (not shown) appear to be mostly controlled by the orientation of IMF By. For example, under positive IMF By in the north (negative in the south) the largest hemispheric differences in Birkeland currents are on the dawnside, while for negative IMF By in the north (positive in the south) the largest differences are on the duskside.
As described above, Figures 2–4 correspond to a particular set of solar wind and IMF conditions (BT = 4 nT and vx = −350 km/s). Two general questions therefore arise: 1) How does the hemispheric difference in total Birkeland current vary with solar wind and IMF conditions? 2) How does the symmetry between the distributions of Birkeland current densities in each hemisphere vary with solar wind and IMF conditions?
To answer the first question, the top row of Figure 5 shows the north/south ratio of integrated total Birkeland current for dipole tilt angles − 25°, 0°, and 25° (panels from left to right), as a function of IMF clock angle θc and the product [image: image] that appears in Eq. 1. As with Figures 2–4, the sign of By and ψ is reversed for the Southern Hemisphere. The overall trend with IMF clock angle θc in these panels is that the integrated total Birkeland current in the Southern Hemisphere tends to be greatest for [image: image] (i.e., By < 0 and weakest for [image: image] (i.e., By > 0), and vice versa for the Northern Hemisphere. The left panel additionally indicates that during local winter the integrated total Birkeland current in the Northern Hemisphere is, under virtually every condition at least as great as that in the Southern Hemisphere. The ratio of the two maximizes for [image: image] (i.e., Bz > 0 and By > 0).
[image: Figure 5]FIGURE 5 | Northern and southern total Birkeland current ratio (top row) and Bhattacharyya coefficient (bottom row) as a function of IMF clock angle θc and [image: image] (x and y axis, respectively) for dipole tilt angles − 25°, 0°, and 25° (panels from left to right). The sign of By (and therefore also θc) as well as ψ are reversed for the Southern Hemisphere. The horizontal black line corresponds to the values BT = 4 nT and vx = −350 km/s used in Figures 2–4. For fixed vx = 400 km/s, the minimum and maximum values on the y axis correspond to BT = 0.375 nT and BT = 16 nT.
To answer the second question, we use the Bhattacharyya coefficient BC to measure the degree of similarity between pairs of Birkeland current distributions in each hemisphere. This coefficient is a measure of the degree of similarity of two probability distributions. It varies from 0, corresponding to distributions with no overlap, to 1, corresponding to distributions that are identical. The definition of BC, as well as our method for calculating it for a given set of northern and southern Birkeland current distributions, is described in the Appendix A.
The bottom row of Figure 5 shows BC in the same layout as the top row. In general BC is high [image: image], indicating an overall high degree of similarity between the northern and southern Birkeland current distributions. There is also a tendency for BC to be lower for Bz > 0 nT [image: image] and higher for Bz < 0 nT. Regarding dipole tilt dependence, the Birkeland current distributions in each hemisphere tend to be least similar for ψ = −25°, although it should be noted that even for ψ = −25° the mean value of BC is 0.95.
3.2 Divergence-free equivalent currents
Figures 6–8 show contours that represent the divergence-free current function. The divergence-free current in the AMPS model is estimated with magnetic field measurements made from low Earth orbit, but it is similar to the equivalent current that can be estimated from ground magnetometers. A fixed amount of (divergence-free) current, 10 kA, flows between the contours, so that the current density is proportional to the gradient of the current function. The current direction is rotated 90° clockwise to the gradient, and the gradient is positive in the direction from dashed to solid contours.
[image: Figure 6]FIGURE 6 | Divergence-free current function in the Northern and Southern Hemisphere (blue and red contours, respectively), as a function of IMF clock angle for dipole tilt angle ψ = −25°, where the signs of By and ψ are reversed for the Southern Hemisphere. The spacing between contours is 10 kA. In this figure, the mean of the total currents in the Northern Hemisphere differs from the mean total current in the Southern Hemisphere by less than 1%.
[image: Figure 7]FIGURE 7 | Divergence-free current function in the Northern and Southern Hemisphere as a function of IMF clock angle for dipole tilt angle ψ = 0°, in the same format as Figure 6. In this figure, the mean of the total currents in the Northern Hemisphere is 2% stronger than the mean total current in the Southern Hemisphere.
[image: Figure 8]FIGURE 8 | Divergence-free current function in the Northern and Southern Hemisphere as a function of IMF clock angle for dipole tilt angle ψ = 25°, in the same format as Figure 6. In this figure, the mean of the total currents in the Northern Hemisphere differs from the mean total current in the Southern Hemisphere by less than 1%.
There are only very subtle differences between the current contours from the two hemispheres in all panels of Figures 6–8. In these three figures the largest mean difference in total current, the current that flows between maximum and minimum of the current function, is only 2%. We conclude that for the average divergence-free current, j(λ, By, ψ, … ) = j( − λ, − By, − ψ, … ) is a good approximation. At the same time it is clear that for individual IMF orientations the difference can be large (e.g., top-left and top-right panels of Figure 6 corresponding to (Bz > 0, By < 0) and (Bz > 0, By > 0), where total current in the two hemispheres differs by factors of 1.19 and 1.14).
Figure 9 summarizes both the variation of the hemispheric difference in total divergence-free current (top row) and the Bhattacharyya coefficients (i.e., overall degree of symmetry) for northern and southern distributions of divergence-free currents (bottom row), in the same layout as Figure 5.
[image: Figure 9]FIGURE 9 | Northern and southern total divergence-free current ratio (top row) and Bhattacharyya coefficient of divergence-free current distributions (bottom row) in the same layout as Figure 5.
The north-south ratio of total divergence-free current values in each hemisphere (top row of Figure 9) shows a trend similar to that seen for the integrated total Birkeland currents (top row of Figure 5), namely that the southern equivalent current tends to be greatest for By < 0, and the northern equivalent current tends to be greatest for By > 0. These general trends are not observed for ψ = −25°.
Comparing the Bhattacharyya coefficients for the divergence-free current functions in each hemisphere (bottom row) with those of the Birkeland current distributions (bottom row of Figure 5) indicates that the degree of similarity of the diverge-free current functions is overall lower than that of the Birkeland current distributions, and is generally lowest for dipole tilt ψ = −25°. Even so, the minimum and mean values of BC for ψ = −25° (0.73 and 0.95) are still relatively high.
3.3 Comparison with Coxon et al. (2016)
The high degree of symmetry found in Figures 2–4 appears to contradict the results of Coxon et al. (2016), who report significantly stronger currents in the Northern Hemisphere than in the Southern, based on the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE) (Anderson et al., 2000; Waters et al., 2001). AMPERE uses platform magnetometers onboard the fleet of Iridium®  satellites to provide estimates of Birkeland currents in both hemispheres in 10-min windows every 2 min. In this section we use an extended AMPERE data set together with the methodology presented by Coxon et al. (2016) for quantifying the overall hemispheric difference in integrated Birkeland current intensity, and compare with corresponding estimates using the AMPS model. Our goal is to determine whether Birkeland currents as represented by the AMPS model evince a clear preference for the Northern Hemisphere, similar to that observed with the AMPERE data set.
Coxon et al. (2016) used Iridium®-based estimates of the Birkeland currents to calculate the total current into and out of each hemisphere, and then calculated 27-day (one Bartels rotation) averages for a period of 6 years (2010–2015). To examine the difference in current throughput through each hemisphere, they posited that the Birkeland currents roughly follow a kind of global Ohm’s law,
[image: image]
where J = |J↑| + |J↓| is the total Birkeland current,
[image: image]
is a function that plays the role of conductance with t = 2π(d − 79)/365.25, and d the number of days since 1 January 2010. The coefficients c1 and c2 are intended to represent the “background conductance” and “the variation in conductance due to seasonal effects.” The Milan et al. (2012) coupling function
[image: image]
estimates the total dayside reconnection rate and has units of kV, or equivalently kWb/s (magnetic flux per time). In this expression the transverse IMF component BT is given in T and vx in km/s, and RE is the radius of Earth in km. Coxon et al. (2016) justify their use of Eq. 2 by pointing to the study of Coxon et al. (2014), who find that J and ΦD are highly correlated, and observing that the factor relating J and ΦD (Ξ) has units of conductance.
Following Coxon et al. (2016), we seek to obtain the best-fit values of c1 and c2 in Eq. 3 for both the AMPERE and AMPS hemispheric total currents in Figure 10A. To calculate the hemispherically integrated total Birkeland current from the AMPS model in each hemisphere, we first smooth the relevant solar wind and IMF parameters (solar wind speed vx and IMF By and Bz) from the OMNI database (King and Papitashvili, 2005) with a 20-min rolling window and calculate the 27-days average of the F10.7 index, and use these averaged parameters together with dipole tilt as input to AMPS. We then calculate the model Birkeland current for all MLats [image: image] on an equally-spaced grid, multiply each model current by the area of the corresponding grid cell, and sum the absolute value of the integrated upward or downward current in each bin to obtain the hemispherically integrated total Birkeland current. We also calculate the hemispherically integrated total Birkeland current for all available AMPERE data, from 2010 to 2017, inclusive, and neglect any AMPERE current value with an absolute value of less than 0.2 μAm−2 following Coxon et al. (2016) and Clausen et al. (2012).
[image: Figure 10]FIGURE 10 | Comparison of the total field-aligned current in the two hemispheres and between our model and AMPERE, as a function of Bartels rotation number (number of 27-day periods since 8 February 1832). (A) Thick lines indicate AMPERE currents, and thin lines indicate AMPS model currents. Northern and Southern Hemisphere lines are indicated in blue and red, respectively. The red and blue shades in the background indicate the three months around June (blue) and December (red). (B) Dayside reconnection rate, in kV, using the (Milan et al., 2012) coupling function. (C) The difference in total current between hemispheres. The format of this figure is similar to that of Figure 3a in Coxon et al. (2016).
We then perform a fit to the expression Ξ(t) = J/ΦD using J and ΦD from panels A and B, respectively, in Figure 10, which yields the fit values for c1 and c2 shown in Table 1. Coxon et al. (2016) found that c1,N/c1,S = 202.6/154.4 ≈ 1.3, and c2,N/c2,S = 54.0/ −50.6 ≈ −1.1. The ratio of their c1 coefficients indicates that the baseline of the conductance-like function Σ is greater by ∼30% in the Northern Hemisphere, while their ratio of c2 coefficients indicates 1) slightly greater seasonal variation of Σ in the Northern Hemisphere, and 2) an unsurprising phase difference of approximately half a year in hemispheric variations.
TABLE 1 | Global conductances estimated from Eq. 3.
[image: Table 1]For the slightly extended AMPERE data set that we have used, Table 1 shows that c1,N/c1,S = 174.7/133.4 ≈ 1.3 and c2,N/c2,S = 55.1/ −16 ≈ −3.4. In other words, our extended AMPERE data yields a result very similar to that of Coxon et al. (2016) for the baseline c1 coefficients. On the other hand we find a substantially weaker seasonal variation (represented by c2 coefficients) for the Southern Hemisphere.
Turning to AMPS data, c1,N/c1,S = 160/146 ≈ 1.1 and c2,N/c2,S = 56.3/ −29.5 ≈ −1.9. Thus we also find a baseline “global conductance” that is greater in the Northern Hemisphere, although the difference is only 10% instead of 30%. We also find that the seasonal variation is nearly twice as great in the Southern Hemisphere, relative to the extended AMPERE-based c2 coefficient.
Apart from this fit-based comparison, Figure 10C shows the difference in hemispheric currents in Figure 10A for AMPERE (thick gray line) and the AMPS model (thin black line). Throughout the time series the AMPERE-derived hemispheric current difference tends to have higher peaks than troughs, indicating that according to AMPERE data the Northern Hemisphere total current is greater than that in the Southern. The AMPS-derived hemispheric current difference is generally more centered around zero. To be specific, the averages of the AMPERE and AMPS JN − JS time series in Figure 10C are respectively 0.56 and 0.13 MA. The offset of this time series in favor of the Northern Hemisphere as shown in Figure 2 of Coxon et al. (2016) is even more extreme, with the peak and trough typically greater than 2 MA and less than -1 MA, respectively.
4 DISCUSSION
The main conclusions from the preceding analysis of hemispheric differences in Birkeland and divergence-free currents are the following.
1. For both Birkeland and divergence-free horizontal currents, the total currents more or less exhibit mirror symmetry during local equinox and local summer (Ψ = 0° and Ψ = 25° in the NH, respectively) when averaged over IMF clock angle orientation. During local winter (Ψ = −25° in the NH) the two types of currents display different behaviors: For the Birkeland currents, NH total current tends to dominate regardless of IMF clock angle orientation; for the divergence-free currents, NH total current tends to dominate for Bz > 0 and [image: image] nT2/3km/s4/3, while SH total current tends to dominate for Bz < 0 and [image: image] nT2/3km/s4/3.
2. The NH/SH ratio of total Birkeland current exhibits a slight overall dependence on dipole tilt, whereby the NH dominates during local winter (average NH/SH ratio of 1.17 for all values shown in the top left panel of Figure 5), as previously mentioned, and the SH exhibits very slight dominance over the NH during local summer average NH/SH ratio of 0.98 for all values shown in the top right panel of Figure 5).
3. With respect to dependence on IMF orientation, both Birkeland and divergence-free currents display a higher degree of mirror symmetry for Bz < 0 than for Bz > 0 (Figures 5, 9), regardless of the orientation of By. On the other hand, for Bz > 0, NH total current tends to be favored for By > 0 in the NH and By < 0 in the SH, while SH total current tends to be favored for By < 0 in the NH and By > 0 in the SH.
Regarding the overall higher degree of symmetry exhibited by total Birkeland and divergence-free currents in each hemisphere for Bz < 0 relative to Bz > 0, Workayehu et al. (2021) draw essentially the same conclusion using Swarm satellite measurements, but a rather different methodology based on spherical elementary currents. Regarding the overall variation of the NH/SH ratio of total Birkeland current with season, Workayehu et al. (2020) also find that NH total Birkeland current is greater by about 20% during local winter. Workayehu et al. (2021) also find that NH/SH ratio of total Birkeland current is greatest, 1.2 ± 0.09, for Bz > 0 and By > 0 in the NH (By < 0 in the SH) during local winter, although we find that the NH/SH ratio is overall greater, between 1.3 and 1.55 for this IMF orientation. Last, Workayehu et al. (2021) also find that the total Birkeland current during local summer is slightly less in the NH than in the SH for all IMF conditions, with an average ratio of 0.94 (their Table 2). On the other hand, while we find very little average difference in divergence-free current between hemispheres during local winter (less than 1%), Workayehu et al. (2020) find that Northern Hemisphere divergence-free currents are about 10% stronger.
We have also carried out a detailed comparison of seasonal variations in Birkeland currents as represented by AMPS and AMPERE data. While we, like Coxon et al. (2016), find that the Northern Hemisphere Birkeland currents are larger than those in the Southern Hemisphere, the difference we find is more modest, and more in line with the differences of order 10–20% that are shown in Figures 2–4. One possible explanation for the overall higher degree of hemispheric symmetry in the Birkeland currents that we find relative to the results of Coxon et al. (2016) is that, for earlier versions of AMPERE data processing, the Southern Hemisphere estimates of the field-aligned current reportedly sometimes include spurious filamentary currents at the high-latitude orbit crossing (Anderson et al., 2017). Additionally, at present, field-aligned currents derived from Iridium®satellite measurements up to and including 2017 sometimes underestimate Birkeland current magnitudes in the Southern Hemisphere. This underestimate is addressed and rectified in an upcoming release of AMPERE data [private communication, C. L. Waters, 2022].
As a result of the high [image: image] orbital inclination of both the Swarm and Iridium®  satellites, the sampling distributions of both satellite constellations prominently peak near the geographic poles at high latitudes; these peaks are clearly visible in column two of Figure 11, which displays the distribution of measurements used to produce the AMPS model on a magnetic latitude-longitude (MLat-MLon) grid in each hemisphere. Incidentally, these distributions indicate that the geographic pole is in the magnetic polar cap in the north, but within the auroral zone in the south. Thus differences in sampling are unlikely to explain the difference between our results and those of Coxon et al. (2016).
[image: Figure 11]FIGURE 11 | Color plots of the distributions of data points used to make the AMPS model in the Northern and Southern Hemisphere (top and bottom row, respectively), shown on a magnetic latitude-local time grid (column one) and magnetic latitude-longitude grid (column two). Also shown are the magnetic field strength (column three) and the inclination angle (column four), evaluated at 450-km altitude using the IGRF model.
On the other hand, methodological differences for deriving statistics from AMPERE and Swarm data could possibly explain how we arrive at somewhat different results. AMPERE statistics are averages of global maps that are each based on 10 min of data, such that the nonuniformity in sampling is included in every such map (e.g., Figure 1 in Waters et al., 2001). AMPS statistics are instead produced by first deriving a model from data on an MLat-MLT grid collected over several years (column one of Figure 11), and then querying the model. While quantifying the effect of these methodological differences would require a dedicated study, our intention here is to point out that it seems reasonable to think that these methodological differences could play a role. Some of these points have been raised by Green et al. (2009), who also report an overall hemispheric difference in Birkeland currents on the basis of AMPERE measurements. They attribute the difference to the satellite orbits, the relatively greater displacement of the magnetic pole from the geographic pole in the Southern Hemisphere, and the unavailability of the along-track component of magnetic field measurements.
Regardless of these possible explanations, we are confident in the AMPS-based results as the AMPS model was designed to account for what we term the “direct effects” of local distortions of the geomagnetic field and the nonorthogonality of coordinate systems based on the geomagnetic field. Hemispheric and longitudinal variations in the main magnetic field, for example, has a direct geometric effect on the current density: For a constant incident current at some absolute magnetic latitude and local time, the observed current density is proportional to the magnetic field strength. This is because as the magnetic field lines converge with decreasing altitude, they focus the same current on a smaller area where the field is strong compared to regions with weaker magnetic field. This geometric effect is taken into account in the AMPS model by virtue of its use of Apex coordinates.
To illustrate this point more concretely we refer to the magnetic field strength shown on MLat-MLon grids in each hemisphere in column three of Figure 11. At 70° MLat and 90° MLon, for example, the magnetic field strengths in the Northern and Southern Hemisphere are approximately 44 and 40 μT, respectively. The difference in magnetic field strengths at these conjugate points therefore imply, for the same total incident current, that the measured current density would be 10% stronger in the Northern hemisphere. Closer to the pole the hemispheric asymmetry in field strength is reversed. But since field-aligned currents tend to be weak in the polar cap, we would expect that for the same total current flowing into each hemisphere, the total current would appear stronger in the north in statistical studies that do not take the geometric effects related to field strength into account. Such effects could explain some of the difference between statistics based on AMPS and other statistics.
4.1 Possible influence of longitudinal variations in field strength and inclination
Beyond the direct effects of geomagnetic field distortion, there are also indirect effects that are not accounted for in the AMPS model. These include the non-trivial dependence of ionospheric conductance and currents on the geomagnetic field strength and inclination (Gasda and Richmond, 1998). Here we attempt to outline the possible influence of such effects.
To fully understand the differences between ionospheric current systems in each hemisphere, it is not enough to compare features at conjugate magnetic local times, as we have done with Figures 2–8. The reason is that the orientation of the MLat-MLT grid, and the solar zenith angle of points on the grid, varies throughout the day—that is, the geometry of the grid with respect to incident sunlight depends on Universal Time (UT), see Figure 1. The geomagnetic field strength and inclination are, however, functions of MLon rather than MLT (columns three and four, respectively, in Figure 11). Therefore, the nonuniformity of the sampling distribution on the MLat-MLon grid is mapped via UT onto the MLat-MLT grid on which the AMPS model is derived, in such a way that some magnetic field strengths and inclinations are sampled more often than others at a given MLat and MLT.
Short of adding UT as a AMPS model parameter, which would address this issue, we can instead determine the degree of bias toward a particular magnetic field strength and inclination inherent in the distribution of measurements used to construct the AMPS model. We do this by weighting the distributions of magnetic field strength and inclination in each hemisphere (third and fourth columns, respectively, in Figure 11) by the corresponding sampling density distributions (second column in Figure 11), and then integrating these weighted distributions around rings of constant QD latitude to obtain marginal distributions of magnetic field strength and inclination (left and right panels in Figure 12) in the Southern (red) and Northern (blue) Hemispheres. The marginal distributions based on the sampling distributions (solid lines) are shown together with reference marginal distributions (dotted lines) for which all magnetic latitudes and longitudes are weighted equally.
[image: Figure 12]FIGURE 12 | Marginal distributions of geomagnetic field strength (left) and field inclination (right) in the Northern (blue) and Southern (red) Hemisphere for the sampling distribution used to create the AMPS model (solid lines, denoted ”Obs”) and for a reference uniform distribution (dotted lines, denoted ”Ref”). Solid lines are obtained by weighting the field strength and inclination in each hemisphere with the corresponding sampling distribution and integrating over longitude, while dotted lines are obtained by instead weighting with a uniform distribution.
Comparing the sampling and reference Northern Hemisphere marginal distributions, we see that the two match closely, indicating that little bias is present in the AMPS model with respect to Northern Hemisphere magnetic field strength and inclination. Making the same comparison with the Southern Hemisphere curves, we see that the field strength of the sample distribution is typically about 8% less than that of the reference distribution except toward the pole, where the two lines must converge. The reason is that at the SH geographic pole, around which the Swarm satellite sampling density is heavily concentrated (second row, bottom panel in Figure 11), the main field strength is weaker than it is at the SH geomagnetic pole (third row, bottom panel in Figure 11). For the same reason, the inclination of the sampling distribution is one or two degrees below that of the reference distribution for all latitudes except near the pole.
To illustrate why these biases in sampled field strength and field inclination could be important, we insert the value of the ratio B0,Obs/B0,Ref ( = 40 μT /44 μT = 0.93) from the Southern Hemisphere curves at [image: image] magnetic latitude into Eqs 3, 4 of (Gasda and Richmond, 1998), which express the dependence of Pedersen and Hall conductance on variations in main field strength. A ratio of B0,Obs/B0,Ref = 0.93 corresponds to Pedersen and Hall conductances that are 10% higher than they would be if this bias were not present. Beyond observing that such a bias may be important, we do not know what effect this implicit, slight enhancement in conductance that is present in AMPS output for the Southern Hemisphere might have, as the relationship between height-integrated conductances and ionospheric currents is non-trivial and well outside the scope of this study.
4.2 Comparison with particle precipitation
In Section 3 we found that the average integrated Birkeland current during local winter (Figure 2) is 18% stronger in the Northern Hemisphere, primarily on the nightside, with the proviso that the distribution of measurements used to derive the AMPS model is biased in magnetic latitude-longitude. We now examine whether a north-south asymmetry is also observed in particle precipitation statistics, subject to the same bias in magnetic latitude-longitude sampling as AMPS and with the bias removed. We accomplish this using electron precipitation data from the full Fast Auroral SnapshoT mission, covering the period from November 1996 through April 2009. This database is publicly available (Hatch, 2022).
Following a methodology similar to that of Chaston et al. (2007) and Hatch et al. (2016), we calculate the electron current density and energy flux inside the earthward loss cone and above 70 eV up to the 30-keV detector limit. The 70-eV lower limit is used to avoid contamination from spacecraft charging. We then map these measurements along IGRF magnetic field lines from the satellite to a height of 110 km by scaling each measurement by the ratio of the magnetic field strength at these two heights. Since we are interested in local winter, we select measurements from the Northern Hemisphere for which the dipole tilt angle ψ ≤ −20°, and measurements from the Southern Hemisphere for which the dipole tilt angle ψ ≥ 20°. Of a total of 44.4 million total measurements in the FAST precipitation database, for these conditions and for Modified Apex-110 latitudes at or above 60° there are 26.5 million measurements in the Northern Hemisphere and 26.1 million in the Southern. In survey mode, the typical cadence of the FAST electron electrostatic analyzer (EESA) instrument
The orbit of FAST is, like those of Swarm and AMPERE, polar, and the distribution of measurements on a magnetic latitude-longitude grid (not shown) is very similar to that of the Swarm satellites (column two in Figure 11). Therefore the FAST measurements are biased in longitude in the same way as Swarm measurements. Integrating the distributions of mean current density in column two of Figure 13, we find that the longitude-biased Northern Hemisphere integrated current density is 15% greater than that of the Southern Hemisphere. This is rather comparable to the 18% difference we find with AMPS. Performing the same calculation for the longitude-biased mean energy flux (column four of Figure 13) we find that the longitude-biased Northern Hemisphere integrated energy flux is 3% less than that of the Southern Hemisphere. The only possible explanation for this apparent discrepancy is that the Southern Hemisphere electrons are, on average, more energetic than those in the North during local winter. Incidentally, the reason for the much higher typical current densities seen in columns two and three of Figure 13 relative to those in Figures 2–4 is that the former represent a moment of the observed distribution function that is calculated based on a limited range of pitch angles (i.e., only those within the earthward portion of the loss cone) and energies (0.07–32 keV). This moment excludes any electrons outside these ranges, including all anti-earthward electrons. Distributions of loss-cone current density and energy flux are moreover logarithmic (not shown, but see, e.g., Figure 3 of Hatch et al. (2016)), which means that large current densities greatly influence the mean of any collection of samples of such measurements.
[image: Figure 13]FIGURE 13 | FAST electron loss-cone precipitation statistics in the Northern and Southern Hemisphere (top and bottom row, respectively) during local winter. The first column shows the number of measurements in each hemisphere. The second and third columns show the longitude-biased and unbiased average current density, respectively. The fourth and fifth columns show the longitude-biased and unbiased average energy flux. Statistics are calculated on an approximately equal-area MLat-MLT grid.
To remove the magnetic longitude sampling bias from these estimates, we calculate a weighted average of the current density and energy flux in each hemisphere (columns three and five of Figure 13), where each measurement is first weighted by the inverse of the number of measurements where that measurement occurs on a magnetic latitude-longitude grid. The effect that this weighting has most clearly seen by comparing the distribution of energy flux in the Southern Hemisphere based on a simple average with that of the weighted average (bottom panel in the fourth and fifth columns, respectively, of Figure 13). Removing the longitude bias visibly reduces the average energy flux between approximately 60° and 70° MLat and 0–6 MLT.
Integrating the distributions of mean number flux in column three of Figure 13, we find that the unbiased Northern Hemisphere integrated number flux is 20% greater than that of the Southern Hemisphere, which is also comparable to the 18% difference we find with AMPS. Performing the same calculation for the unbiased average energy flux (column five of Figure 13) we find that the unbiased Northern Hemisphere integrated energy flux is 1% greater than that of the Southern Hemisphere. Therefore, removing the longitude bias does not change the conclusion based on the longitude-biased estimates that the Southern Hemisphere electrons observed by FAST must be, on average, more energetic than those observed in the North during local winter over the range of energies measured by the FAST EESA.
AMPS- and FAST-based results therefore appear to corroborate one another. FAST observations additionally indicate that the net electron energy flux into each hemisphere during local winter is approximately equal. We reserve a full investigation of the possible hemispheric differences in current input and energy input for a future study.
5 CONCLUSION
In summary, we have used the Swarm-based AMPS model of Birkeland and ionospheric divergence-free currents in both hemispheres to quantify how much they depart with the commonly employed mirror symmetry assumption. We have highlighted that the AMPS model is particularly well suited to this test as it is designed to take stock of what we have termed the “direct effects” of the nonorthogonal nature of coordinate systems based on the geomagnetic field. We find that under a reversal of the sign of the dipole tilt angle and IMF By in the Southern Hemisphere, the morphology of Birkeland and divergence-free current distributions in each hemisphere are highly similar, with mean Bhattacharyya coefficients of respectively 0.97 and 0.96 for all solar wind driving and IMF clock angle conditions that we have considered. (Without performing this reversal of the sign of dipole tilt angle and IMF By the mean Bhattacharyya coefficients are 0.78 and 0.74, respectively.) We also find that on average, the total Birkeland and ionospheric divergence-free currents are similar with mean NH/SH total current ratios of 1.06 and 1.02 for Birkeland and divergence-free currents for all solar wind driving and IMF clock angle conditions considered. In general, differences between total currents in the two hemispheres are strongest during Bz > 0, with By > 0 in the NH (By < 0 in the SH) tending to favor the NH, and By < 0 in the NH (By > 0 in the SH) tending to favor the SH, in accordance with earlier studies (e.g., Workayehu et al., 2021). We have also compared our results with those of Coxon et al. (2016), and find that our results indicate a relatively higher degree of hemispheric symmetry. The largest exception appears to be the Birkeland currents during local winter, when the average difference in integrated currents is approximately 20%, which is in accordance with the results of Workayehu et al. (2020). FAST satellite observations from each hemisphere during local winter corroborate this result, but additionally indicate that the net electron energy input into each hemisphere during local winter is the same within a few percent.
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APPENDIX A:
To calculate the Bhattacharyya coefficient for a pair of northern and southern Birkeland current distributions (or divergence-free equivalent current distributions), we must first convert each current distribution, which can be positive or negative, to a continuous probability distribution with only positive values. Each distribution j = j(λ, ϕMLT), with [image: image] and ϕMLT ∈ [0, 24] magnetic latitude and magnetic local time, respectively, in Apex coordinates. Since j can be positive or negative, we define a new positive distribution [image: image], where the range of [image: image] is such that j > 0 corresponds to [image: image], and j < 0 corresponds to [image: image]. More explicitly,
[image: image]
and
[image: image]
We then normalize the probability distribution j∗ such that
[image: image]
After following the above procedure to obtain probability distributions [image: image] and [image: image] for current distributions jNH and jSH, we calculate the Bhattacharyya coefficient
[image: image]
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