
1. Introduction
The coupling of the Earth's magnetosphere and ionosphere via vast current sheets has been investigat-
ed using data from satellite missions over the past 40  years. In situ measurements of current intensity 
from magnetic field deflections (Fujii et  al.,  1981; Iijima & Potemra,  1976), electron density (Fremouw 
et al., 1985; Rich et al., 1985), ionospheric conductivity (Fujii & Iijima, 1987; Sugiura et al., 1982), charged 
particle flux (Rich et  al.,  1985), ionospheric convection (Burch et  al.,  1985), and current sheet location 
(Wang et al., 2005) in the auroral zone have shown various dynamic properties of these current sheets. 
Magnetic field-aligned currents (FACs), or Birkeland currents (Birkeland, 1913) as they are also known, 
consist primarily of paired current sheets flowing into and out of the ionosphere in concentric rings at au-
roral zone latitudes. Near dawn and dusk, there are usually two clear current sheets extended in local time 
that are adjacent in latitude and flowing in opposite directions, that is, flowing into or out of the ionosphere 
(Fujii et al., 1981). Iijima and Potemra (1976) described these FAC sheets as two rings of current around 70° 
magnetic latitude and separated into the region 1 (R1) FAC at higher latitudes and the region 2 (R2) FAC at 
lower latitudes that overlap in the pre-midnight region. In both the northern and southern hemispheres, the 
R1 FAC flows downward towards the Earth on the dawn side and upward away from the Earth on the dusk 
side. In contrast, the R2 FAC flows upward away from the Earth in the dawn sector and downward towards 
the Earth in the dusk sector. In the ionosphere the R1 and R2 FACs close in part via the ionospheric Peder-
sen current where the height integrated Pedersen conductivity, Pedersen conductance, ΣP, allows current 
to flow between the FAC sheets (Fujii & Iijima, 1987; Haraguchi et al., 2004). The Pedersen conductance 
can limit the current flow in the ionosphere, regulating the rate at which energy is exchanged between the 
magnetosphere and ionosphere. For these reasons, ΣP is an important parameter in understanding mag-
netosphere-ionosphere coupling and in describing the current flow in the high altitude ionosphere. It is 
responsible for regulating such processes as ionospheric Joule heating (Palmroth et al., 2005), FAC gener-
ation mechanisms (Lysak, 1985), and hemispherical current asymmetries (Greenwald et al., 2002; Lyatsky 
et al., 2014).

Abstract The locations of region 1 and 2 field-aligned current systems were determined using 
fluxgate magnetometer measurements from 875 dawn-dusk passes of the Swarm A satellite. Within each 
field-aligned current region, the ionospheric Pedersen conductance was derived from the newly corrected 
Swarm electric and magnetic field measurements. The Pedersen conductances are generally consistent 
with photoionization models. However, we show that the in situ method of determining Pedersen 
conductance allows for a more complete description of magnetosphere-ionosphere coupling and should 
be used in future studies when possible. We show that, overall, the Pedersen conductance is larger in the 
upward current region than in the downward region by ∼0.6 S on the dawn side of the Earth. Meanwhile, 
the dusk side Pedersen conductance is equivalent in both current regions. We attribute this asymmetry to 
dawn side energetic electron precipitation, commonly associated with substorm electron injections from 
the magnetotail.
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Established methods to derive or model ΣP have relied on the solar-zenith angle (e.g., Vickrey et al., 1981), 
particle precipitation (e.g., McGranaghan et al., 2015; Robinson et al., 1987), or the proportionality between 
low-frequency electric and magnetic field components (e.g., Knudsen et al.,  1990; Pakhotin et al., 2018; 
Sugiura et al., 1982). However, the conductance values derived using these models have not been applied 
to a comparison study in regions of upward and downward FACs. It is foreseeable that ΣP may differ in the 
ionospheric footprint of R1 and R2 FACs due to differences in energetic particle precipitation in the upward 
and downward FAC regions (Korth et al., 2014; Vickrey et al., 1981). This warrants investigation.

We utilize data from the Swarm mission (Friis-Christensen et al., 2008) in situ electric and magnetic fields 
instruments measured in 2016 and 2017 to calculate ΣP in the R1 and R2 FAC sheets. To estimate ΣP from 
Swarm data, we apply the linear relation between the electric and magnetic field components described in 
the next section (cf. Sugiura et al., 1982). A comparison between ΣP calculated using Swarm data and ΣP de-
rived from empirical models (parametrized by solar zenith angle) is performed. Using the Swarm ΣP values, 
we conduct a statistical analysis of Pedersen conductance in the R1 and R2 FAC sheets for dawn and dusk 
Swarm satellite passes in both northern and southern hemispheres. A description of the technique used to 
determine the location of the R1 and R2 FAC sheets is provided in the next section, along with a description 
of the data used. Differences between ΣP in the R1 and R2 FACs are examined and possible reasons for the 
differences are discussed. Finally, we make a case for the importance of electron precipitation on ΣP at E-re-
gion altitudes. The novelty of this study is that we take the advantage of the extensive data base of Swarm, 
as well as previous work by Sugiura et al. (1982) and Knudsen et al. (1990), to compare ΣP in the large-scale 
R1 and R2 FAC sheets.

2. Data and Methodology
In this research, we use in situ observations of the magnetic and electric fields by the Swarm A satellite 
(Friis-Christensen et al., 2008) to derive ΣP values. The spacecraft has a near-polar low-Earth orbit with an 
altitude of ∼460 km and an orbital period of ∼1.5 h. The electric field at Swarm A is derived from meas-
urements of the cross-track ion drift velocity at 2 Hz from the electric field instrument (EFI) (Knudsen 
et al., 2017). In a validation study of the cross-track ion drift data, Lomidze et al. (2019) developed an im-
proved calibration scheme, which has been adopted as the basis of a new data set (version 0301) officially 
released by ESA in July 2020 on the ESA web site. We also use the magnetic field data from the vector flux-
gate magnetometer (Friis-Christensen et al., 2008). These data are down-sampled from 50 to 2 Hz to match 
the EFI resolution. A combination of the ion drift velocity, vi, and the magnetic field measurements, B, are 
used to calculate the electric field vector, E, making use of the generalized Ohm's law for frozen-in plasma: 
E = −vi × B. The quality of the Swarm EFI electric field data has been assessed through comparison with 
the ground-based observations and empirical models (e.g., Koustov et al., 2019; Lomidze et al., 2019). The 
magnetic and electric fields are provided in the spacecraft coordinate system, with the x-axis pointing along 
the trajectory of a satellite, the y-axis pointing horizontally and to the right from the perspective of the sat-
ellite track, and the z-axis completing the right-handed coordinate system.

Within FACs in the topside ionosphere, the ratio of quasi-static electric and magnetic perturbations Ex 
and δBy is equal to  1

0( Σ )P  under the assumption of infinite sheet currents that close through regions of 
height-integrated Pedersen conductance (Sugiura et al., 1982). In this approximation, Ex is normal to the 
sheet, and Hall currents flow along the lower boundary of the sheet and are divergence-free, and therefore 
do not contribute to FACs. Variations in Hall conductivity across the sheet coupled with a tangential com-
ponent of the electric field would lead to additional FACs and are a potential source of error in this simple 
model, as are non-planar current structures. The quasi-static approximation breaks down for variations 
faster than ∼10 s (Knudsen et al., 1992).

Figure 1 shows the along-track electric field component, Ex, in the top left panel and the perturbation of 
the cross-track magnetic field component, δBy in the bottom left panel measured during one auroral zone 
crossing by Swarm A. The perturbed magnetic field δBy component is calculated by subtracting the unper-
turbed magnetic field component, as provided by the International Geomagnetic Reference Field (IGRF-
2015) model (Thébault et al., 2015), from By measured by the Swarm magnetometers.
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In this study, we take a novel approach of determining the extent of the R1 and R2 FACs using a non-linear 
least squares double-sided Gaussian fit to the δBy measurements. The fitted double-sided Gaussian function 
is defined as follows:
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where ϕ is the magnetic latitude, μ defines the latitude of the boundary that separates R1 and R2 FAC re-
gions, and A, b1, b2, σ1 and σ2 are Gaussian fit parameters. The width of the FAC sheets is defined as twice the 
standard deviation of the Gaussian fit, that is, a 2σ1 or 2σ2 distance from the peak of the fitted half-distribu-
tion. The 2σ FAC width ensures that the highest current density flowing in the determined region is located 
in the middle. The FACs are denoted by R1 and R2 in the figure. Light red shading indicates an upward 
current, and light blue shading indicates a downward current.

Figure 1 also includes a demonstration of the technique used to calculate ΣP values in the R1 and R2 FAC 
crossings from in situ Swarm electric and magnetic field data. The data used to calculate the R1 ΣP value 
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Figure 1. Example of single-pass measurements from Swarm A on February 14, 2017 at 19 MLT. The upper left panel 
shows the measured electric field in green with region 1 (R1) and region 2 (R2) field-aligned currents (FACs) indicated 
in red and blue, respectively. Color indicates the direction of the current in each region; red represents upward and 
blue downward currents. The lower left panel shows measured δBy in green with a double-sided Gaussian fit in black. 
The upper and lower right panels show the correlation of the δBy and Ex measurements for R1 and R2 FAC sheets, 
respectively. The FAC regions are fitted separately to produce separate ΣP. The best-fit ΣP values, along with the R2 
correlation coefficients, are shown in the top left corner of the panels.



Earth and Space Science

are presented in the top right panel, and those for the R2 ΣP value in the bottom right panel. Similar to pre-
vious studies (e.g., Knudsen et al., 1990; Pakhotin et al., 2018; Sugiura et al., 1982), we calculate ΣP from a 
linear fit to the equation δBy = ΣPμ0Ex, where μ0 is the magnetic permeability of free space. The best-fit lines, 
which represent the ΣP value across the FAC region, are plotted in the right-hand panels of Figure 1. Note 
that this approach of determining the conductance assumes that the Swarm satellites pass approximately 
perpendicularly through a quasi-static FAC sheet. However, for crossing angles θ less than 90° the error is 
negligible, since the Swarm cross-track measurements of ion drift and magnetic perturbation represent the 
values tangential to the FAC sheet multiplied by cos(θ), however the ratio Ex/δBy is unaffected. The correla-
tion coefficient R2 between δBy and Ex represents the goodness of the linear least squares fit. The R2 values 
are listed in the right-hand panels. Notably, the uncertainty in the electric field baseline for a given crossing 
does not affect the estimated ΣP values because they are derived from the slope of the By-Ex relationship. 
However, the sensitivity of the EFI instrument can introduce additional uncertainties to the analysis, thus 
we only use quality electric field data as provided in the EFI ion drift data set.

During the period from January 2016 through May 2017, there were a total of 6,182 auroral zone crossings 
by Swarm A that contained simultaneous measurements of the magnetic and electric fields. These include 
passes in both the northern and southern hemispheres. Of these passes, 2,500 auroral zone crossings had 
a two-FAC structure with a clear delineation between the R1 and R2 FACs, that is, only one double-sided 
Gaussian was needed to fit the latitudinal δBy variation. Notably, this fitting approach fails in the regions 
of more complex magnetic field variations near noon and midnight due to the presence of the Harang 
discontinuity near midnight (Erickson et al., 1991) and to the presence of the region 0 FACs near noon 
(Watanabe et al., 1998). The selected passes for this study contain only good fit results as determined by a 
relative uncertainty of fitting parameters being less than 10%. We additionally confine our analysis to the 
dawn and dusk sectors. We apply the approach described above for calculating ΣP to the 1,987 auroral zone 
crossings. The total number of crossings selected for the analysis is further reduced to 875 passes after ex-
cluding those with poor correlation, that is, with R2 of the linear fit of the δBy and Ex ratio that are less than 
0.5. The final event list of 875 auroral zone crossings are assessed in the statistical analysis presented below. 
The list of selected events, as well as corresponding Pedersen conductance and directionality of both FAC 
regions, are presented in the Table S1. The satellite coverage during those events is shown in Figure S1. It is 
also important to note that the introduced in this paper algorithm of determining the filed aligned currents 
regions from the Swarm satellite data can be easily expanded to study more complex FAC morphology in 
the midnight and noon local time regions. While not assessed in this work, this method can serve as a start-
ing point for such studies in the future. Notably, the approach used in this paper for analyzing properties 
of field-aligned current regions using the Swarm satellite data can be easily expanded for future studies of 
more complex FAC systems in the noon and midnight sectors.

In addition to the Swarm A observational data, we have analyzed the solar wind conditions and the geo-
magnetic activity during the selected events utilizing data from the OMNI database (King & Papitashvi-
li, 2005). The results, provided in the Figure S2, show that the events selected in this study predominantly 
occurred during quiet conditions. For instance, the auroral electrojet (AE) index during 78% of the events 
in this study is below 300 nT. This is expected for the 2016–2017 period under investigation, as it is a solar 
minimum period.

3. Results
We compare the ΣP values calculated using in situ Swarm A data with modeled values of ΣP that are func-
tions of solar zenith angle χ and of a proxy for quiet time extreme ultraviolet (EUV) solar flux. Two repre-
sentative models of photoconductance were considered for comparison with the derived values of ΣP from 
Swarm. The photoconductance model of Vickrey et al. (1981) was derived using Chatanika incoherent scat-
ter radar data and resulted in the relatively simple relation: Σ 5 cosP  for χ ≤ 87°. This model did not in-
clude a factor to account for the variation of solar EUV flux through the solar cycle. The photoconductance 
model of Moen and Brekke (1993) accounts for variability of plasma production by solar EUV through the 
solar cycle by using the solar radio flux at 10.7 cm as a proxy for solar EUV flux. The ΣP model proposed by 
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Moen and Brekke (1993) has the form ΣP = S0.49(0.34 cos χ + 0.93(cos χ)0.5), where S is the solar flux (F10.7) 
index and χ the solar zenith angle. The daily F10.7 cm flux values were obtained from the OMNI database.

For our study, values of χ were determined for all data points along a satellite crossing through a R1 or R2 
FAC sheet. These χ values were used to calculate modeled ΣP values for all points in the pass through the 
FAC sheet. For each FAC sheet, both the χ values and the model ΣP values were averaged. The averaged 
values of χ and ΣP are presented in Figure 2. We compare the averaged modeled ΣP values with the in situ 
Swarm ΣP values derived using the linear least-square fitting method described above.

The left panel in Figure 2 includes the ΣP values derived from the in situ Swarm observations, as well as 
those from the two photoionization models. For comparison purposes, only the data-derived points where 
a modeled ΣP was possible to calculate are included. Points on the nightside, that is, where χ > 87°, are 
excluded. The in situ Swarm ΣP values are represented by the black dots, and the associated error bars rep-
resent the one-sigma standard deviation from the linear least squares fits. The model values from Vickrey 
et al. (1981) are represented by the red dots, while those from Moen and Brekke (1993) are represented by 
blue dots. The in situ ΣP values fall mostly above the model proposed by Vickrey et al. (1981). However, 
the Pedersen conductance from Moen and Brekke (1993) model is consistently larger than both in situ and 
Vickrey et al. (1981) data. The variability of the in situ Swarm Pedersen conductance values as a function of 
the solar zenith angle is much higher than that predicted by the photoionization models, and is likely due to 
the high variability of the E-region electron density resulting from auroral precipitation. This result shows 
that heuristic photoionization Pedersen conductance models do a poor job of predicting ΣP values inside 
FAC regions. We suggest that further validation of the Swarm-based ΣP values by comparing with those 
calculated from directly measured density profiles using incoherent scatter radar techniques are needed. 
Other systematic effects should be considered, for example, the fact that E and B fields varying on time scale 
from 0.1 to 1 s will form a standing wave pattern which will modify the E/B ratio above the reflection alti-
tude (Knudsen et al., 1992), or the effect of non-planar FAC structures. Such analyses can potentially shed 
some light on lower in situ ΣP values found here in comparison with Moen and Brekke (1993) model. It is 
important to note that, in addition to photoconductivity, the Swarm ΣP values can also include conductivity 
contributions from other processes, such as particle precipitation and plasma transport.

The right panel of Figure 2 contains two distributions of ΣP values, obtained in sunlit and dark conditions, 
corresponding to χ ≤ 87° and χ > 87°, respectively. Notably, a large fraction of the Swarm events fall in 
“dark” regions where the solar zenith angle models are not applicable. Figure 2 shows that the distribution 
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Figure 2. A comparison of the in situ derived ΣP values with those obtained from the Vickrey et al. (1981) and Moen and Brekke (1993) models. The left panel 
shows in black a scatter plot of the calculated average ΣP values from the Swarm measurements as a function of the average solar zenith angle per satellite pass. 
Only the sunlit events are included in the left-hand panel. Modeled ΣP values for the sunlit Swarm events from the Vickrey et al. (1981) model are in red, and 
from the Moen and Brekke (1993) model in blue. The error bars of the Swarm ΣP values were obtained from the fitting procedure described above. The right-
hand panel is a comparison of the distributions of in situ Swarm ΣP events during sunlit and dark conditions in blue and green, respectively.
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of Swarm ΣP values measured during “dark” conditions are lower than those derived from passes through 
a sunlit ionosphere. Note that empirical Pedersen conductance models, driven by the solar zenith angle, 
assume a constant and relatively small (∼1 S) value of ΣP in dark conditions. Nonetheless, the right panel of 
Figure 2 shows that the typical ΣP values in both sunlit and dark conditions range up to ∼6 S. This confirms 
that an empirical ΣP model based on the solar zenith angle is unable to accurately represent the data when 
in darkness. For this reason, the in situ method of determining ΣP used in this study allows for a more thor-
ough examination of ionosphere conductance.

Determining ΣP from the in situ measurements separately in the R1 and R2 FAC sheets allows for the study 
of processes that are active in the different FAC regions. For example, regions of upward FAC are expected 
to have higher conductance than regions of downward FAC due to electron precipitation into the atmos-
phere in the upward FAC band. Figure 3 is a comparison of the ΣP values in adjacent R1 and R2 FAC sheets 
in the dawn and dusk sectors. In contrast to previous studies, rather than being sorted by FAC region, they 
are sorted by their direction into or out of the ionosphere. The top row of Figure 3 includes the occurrence 
diagrams of ΣP values in downward versus upward adjacent FAC sheets during a Swarm pass. That is to say, 
each point in the occurrence distribution represents the ratio of ΣP in adjacent R1 and R2 FAC sheets dur-
ing one satellite crossing of the auroral oval. In the dusk sector, the distribution of this ratio lies relatively 
closely to the unity line, indicating little difference between the values of ΣP in the adjacent upward and 
downward FAC regions in a Swarm pass across the auroral zone. In the dawn sector the distribution tends 
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Figure 3. Comparison of the ΣP values in the upward and downward field-aligned current (FAC) regions in the dusk (left column) and dawn (right column) 
sectors. The top row contains two-dimensional occurrence histograms of the values of ΣP in the upward and downward neighboring FAC regions. The solid 
diagonal lines in the upper panels represent the unity ratio of ΣP in neighboring FAC regions. The bottom row shows the distribution of differences between 
upward and downward ΣP. The vertical red line represents the mean value of the difference ΔΣP, and its thickness corresponds to the standard deviation of the 
mean. The mean and the error values are included as red text in the bottom panels. The vertical dashed lines represent value ΔΣP = 0.
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to lie below the unity line, indicating that ΣP in the upward FAC bands exceeds ΣP in the adjacent downward 
FAC bands. To better illustrate the deviation from unity, the differences between the ΣP values in adjacent 
FAC regions are presented in the occurrence distributions in the bottom panels of Figure 3.

The occurrence distributions of the difference between the ΣP values in the adjacent upward and down-
ward FAC regions in the dusk and dawn regions are represented by the histograms in the bottom panels 
of Figure 3. The mean values of the distributions are represented as red vertical lines. The width of the red 
lines indicates the error of the mean, which is the standard deviation of the mean of the distribution. The 
occurrence diagrams, as well the difference distributions, reveal an apparent asymmetry of ΣP differences in 
upward and downward FAC regions in the dawn and dusk sectors. The dusk sector (left column of Figure 3) 
shows a symmetric distribution of ΣP values in both upward and downward current regions around zero. 
Notably, the mean difference of ΣP values in the upward and downward current regions in the dusk sector 
is zero within one standard error of the mean. This suggests that the electron precipitation expected in the 
dusk side upward FAC sheet is not sufficient to provide a perceptible difference in ΣP between the full width 
of upward and downward FAC regions.

On the other hand, in the dawn sector (right column of Figure 3) there is a consistently larger ΣP in the 
upward FAC region (R2). Our analysis shows that, on average, ΣP in the upward FAC sheet is 0.60 ± 0.06 S 
larger than in the adjacent downward FAC band. This suggests that precipitation in the dawn sector is likely 
sufficient to sustain a perceptible increase in ionospheric plasma density over large scales that encapsulate 
∼3° in latitude.

4. Discussion and Conclusions
The linear least squares fitting method of Sugiura et al. (1982) was used to calculate values of ΣP in R1 and 
R2 FAC bands traversed by the Swarm A satellite. The along-track electric field Ex and the perturbation of 
the cross-track magnetic field δBy are generally well correlated during an R1 or R2 FAC crossing. In this 
study we focused on relatively quiet events where two distinct current sheets are present and where the R2 
correlation coefficient between Ex and δBy is above 0.5 in both adjacent FAC regions. This method, which re-
lies on in situ satellite data, allows ΣP to be determined within relatively localized regions of interest, in con-
trast to studies that rely on particle precipitation-based models or solar zenith angle-constrained models.

On average, the ΣP values derived from in situ Swarm measurements are consistent with correspond to the 
values derived from two representative conductance models within the same order of magnitude (Moen & 
Brekke, 1993; Vickrey et al., 1981). In particular, the in situ derived ΣP values fall in between those predicted 
by the photoionization models while following the general trend of increasing conductance with decreasing 
solar zenith angle. Interestingly, the range of the Swarm-derived ΣP values is closer to those predicted by 
the Moen and Brekke (1993) model. Nonetheless, neither of the photoionization models capture the level 
of variability present in the Swarm data. As stated earlier, there are many aspects in the determination of ΣP 
that are not taken into account by these models, therefore, it is advantageous to use time-specific ΣP values 
which can be derived from radar data or the Swarm satellites, as shown in this study.

Models driven by the solar zenith angle predict ΣP = 0 in dark conditions. Hence, the in situ derived values 
of ΣP are important for obtaining an accurate depiction of the magnetosphere-ionosphere coupling process-
es (McGranaghan et al., 2016), as the night-side Pedersen conductance can be finite. This point was also 
investigated by Moen and Brekke (1993) (their Figure 1) where the event-specific ΣP values, determined 
from the ground-based incoherent scatter radar data, on the night side varied between 1 and 10 S. These 
effects were attributed to particle precipitation and not included in the final Moen and Brekke (1993) mod-
el. Nonetheless, nightside Moen and Brekke (1993) ΣP values are similar to those obtained in this research. 
Notably, the peak of ΣP values for dark conditions in our results is shifted to a lower value when compared 
to the value for the sunlit conditions. The method of deriving ΣP using the Swarm satellite instrumentation 
provides a valuable tool for further investigation of physical phenomena occurring in R1 and R2 FACs that 
can account for the effects of charged particle precipitation.

We have shown that the ΣP in the R1 and R2 FAC sheets can have substantially different values. The dawn 
side passes have the largest difference between ΣP in R1 and R2 FAC sheets. This is evidenced by the upward 
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FAC ΣP (R2) being larger than the downward FAC ΣP (R1) (see the right-hand panels of Figure 3). Upward 
FACs causing an increase in ΣP have been previously reported and studied by Marsal  (2015), where the 
increase in conductance is attributed to energetic electron precipitation. The asymmetry in the dawn-dusk 
conductance has also been reported in the past (Newell et al., 1996), though not separated according to 
upward and downward FAC directions. Precipitating electrons in the dawn sector can have energies of 
1–100 keV (Feldstein et al., 2001; Jaynes et al., 2013; Lyons & Fennell, 1986), which can increase E-region 
ionization (Fang et al., 2010; Lummerzheim & Lilensten, 1994), and thereby enhance ΣP. Similar conclu-
sions have been reported by Hardy et al. (1987) where the developed statistical model of Pedersen conduct-
ance shows the enhanced ΣP values equatorward in the dawn region. Notably, Hardy et al. (1987) in their 
study do not separate into the upward and downward current regions. However, an asymmetry between 
dawn and dusk regions is evident in the top panel of their Figure 2 where the dawn side ΣP values are 
skewed towards the equator, similar to the observations on this paper.

Energetic electron (>1 keV) precipitation in the dawn sector is often associated with electron injections 
from the magnetotail during substorm breakup (e.g., Akasofu, 1968; Duthie & Scourfield, 1977). The newly 
injected electron population is scattered into the loss cone through resonant interaction with plasma waves, 
in particular whistler mode chorus (e.g., Jaynes et al., 2015; Nishimura et al., 2010, 2011; Thorne et al., 2010) 
and can be a long-lasting, large-scale phenomenon (Jones et al., 2011). Notably, whistler wave generation 
and electron precipitation happen predominantly in the dawn sector. This is similar to the observations 
shown in Figure 3 where the effect of the particle precipitation on the ionospheric conductance is apparent 
only in the dawn sector (see e.g., review by Li et al., 2011). Thus, it is interesting to connect the enhanced 
ΣP values with processes responsible for the generation of pulsating auroras. For this purpose, we separate 
the events into those having low AE index (below 166 nT) and high AE index (above 166 nT). The AE index 
of 166 nT, used as the boundary between low and high levels of auroral activity, corresponds to the median 
AE index in the selected events, ensuring approximately the same size of the four datasets. Figure S3 shows 
the ΣP difference distributions for those conditions in the dawn and dusk sectors and shows that the largest 
enhancement of ΣP values in the upward FAC regions is associated with times of high AE index. This result 
suggests that the substorm dynamics and night-side injection of the new source population is an important 
process not only for the radiation belt and inner magnetosphere physics, but also for controlling the extent 
of the magnetosphere-ionosphere coupling through the field-aligned currents. However, a direct connec-
tion between the substorm breakup and enhanced asymmetry of ΣP values remains to be explored using, 
for example, conjugate in situ particle measurements from both LEO and highly elliptical orbit missions.

Another potential source of the difference in ΣP between the dawn side R1 and R2 FACs is plasma transport. 
For this to be the case, the lower-density plasma would have to be transported to the R1 FAC region and/or 
denser plasma would have to be transported to the R2 FAC region. This scenario is unlikely due to the typ-
ical convection pattern being sunward for R2 FACs and anti-sunward for R1 FACa (Feldstein et al., 2001), 
which would tend to result in a lower plasma density in R2. In addition to this, the dawn-dusk asymmetry 
of ΣP would not be present if the effect were, like the upward and downward FAC sheets, aligned with the 
two-cell convection pattern, which is typically symmetric in general during moderately quiet geomagnetic 
conditions as assessed in this paper. In addition, we attribute the variability in the conductance to variability 
in the E-region electron density where the plasma neutralization time is on the order of seconds. Hence, it is 
more likely that there is a long-lasting local plasma generation source that results in elevated conductances, 
for example, as previously discussed, energetic electron precipitation.

Overall, the present study shows the following:

1.  The magnetic and electric field measurements by the constellation of Swarm satellites are used to accu-
rately determine the locations of the R1 and R1 FAC sheets, as well as to calculate the height-integrated 
Pedersen conductance (ΣP) by assuming a simple linear relation between electric and magnetic field 
components.

2.  The ΣP values derived from the in situ observations follow the trend of the empirical Vickrey et al. (1981) 
model which is based only on the solar zenith angle. The ΣP values under dark conditions have a spread 
of 0–10 S, in contrast to ΣP values that are typically derived from solar zenith angle models (e.g., Fujii 
& Iijima, 1987; Haraguchi et al., 2004; Wang et al., 2005). However, these values are similar to those 
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reported by Brekke and Moen (1993) and Moen and Brekke (1993) in case studies of incoherent scatter 
radars data.

3.  High level of correlation between the electric and magnetic fields during both sunlit and dark conditions 
suggests that the ΣP values can remain uniform over large scales regardless of local time.

4.  The upward FAC regions have larger data-derived ΣP values than downward FAC regions in the dawn 
sector. This effect is not perceptible on the dusk side. Meanwhile, this effect is even more pronounced 
during the active substorm times for AE > 166 nT.

5.  The previous point suggests that larger ΣP in upward currents are likely caused by precipitating elec-
trons, which can be more prominent during times of enhanced geomagnetic activity. Energetic electron 
precipitation in an upward FAC region can explain an increase in the ionospheric plasma density that 
would lead to enhanced ΣP. These times are also commonly associated with observed pulsating and 
diffuse aurora (Kasahara et al., 2018) on the dawn side. However, the direct relation between elevated 
Pedersen conductance and aurora observations remains to be explored.

Data Availability Statement
The Swarm data can be obtained from the ESA server https://swarm-diss.eo.esa.int/. The release note 
for the TIICT 0301 cross-track ion drift data used in this study are available at https://earth.esa.int/docu-
ments/10174/1514862/Swarm-EFI-TII-Cross-track-flow-dataset-Release-Notes.pdf. The OMNI solar wind 
data and geomagnetic indices is available through the Coordinated Data Analysis Web (CDAWeb) server 
https://cdaweb.gsfc.nasa.gov/index.html/. The Supplementary materials for the paper are available at Ze-
nodo archive https://doi.org/10.5281/zenodo.4779106.
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