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Abstract Studies commonly assumed that variations in ionospheric conductance were insignificant and
proposed that vorticities can be a reliable proxy or diagnostic for ionospheric field-aligned currents (FACs). We
propose a complete method for measuring FACs using data from the Super Dual Auroral Radar Network radar
and the Defense Meteorological Satellite Program. In our method, the FACs are determined by three terms. The
first term is referred to as magnetospheric-origin FACs, while the second and third terms are known as
ionospheric-origin FACs. This method incorporates height-integrated conductances based on observational
data, thereby addressing the limitation of assuming uniform conductances. Different from previous works, we
can calculate FACs at a low altitude of 250 km and obtain high-resolution measurements within observable
areas. Another advantage of this method lies in its ability to directly calculate and analyze the impact of
ionospheric vorticity and conductance on FACs. We apply this method to obtain FACs in the Northern
Hemisphere from 2010 to 2016 and analyze the distributions of height-integrated conductances and total FACs.
Our analysis reveals that the average FACs clearly exhibit the large-scale R1 and R2 FAC systems. We conduct
statistical analysis on magnetospheric-origin FACs and ionospheric-origin FACs. Our findings show that within
the auroral oval, ionospheric-origin FACs reach a comparable level to magnetospheric-origin FACs. However,
ionospheric-origin FACs are significantly minor and almost negligible in other regions. This implies that height-
integrated conductance gradients and vorticities play equally significant roles within the auroral oval, whereas
vorticities dominate in other regions.

Plain Language Summary Field-aligned currents (FACs) refer to current sheets that flow parallel or
antiparallel to the geomagnetic field lines in the polar region. Typically, the intensity of FACs is estimated using
magnetic perturbation measurements, while the current density is determined by the thickness of current sheets.
In this study, we propose another method for calculating FACs based on ionospheric plasma vorticities and
conductances. This method allows for FAC calculations at lower altitudes compared to previous methods.
Additionally, we investigate the significance of vorticities and height-integrated conductance gradients on
FACs. Our findings reveal that both height-integrated conductance gradients and vorticities significantly
influence FACs in auroral emission areas. However, the influence of vorticities is more pronounced in other
areas.

1. Introduction

There are various transport mechanisms for energy and momentum between the magnetosphere and ionosphere.
One significant way is through field-aligned currents (FACs), also known as Birkeland currents. Extensive
research has been conducted on the intensity and large-scale structure of FACs for several decades (Gjerloev
et al., 2011; Iijima & Potemra, 1976a; Wang & Liihr, 2021; Wang et al., 2005; Zmuda & Armstrong, 1974). The
distribution of FACs is primarily influenced by the direction of the interplanetary magnetic field (IMF). At the
same time, the FAC intensity is affected by the electric field and ram pressure of the solar wind, as well as
ionospheric conductance (Korth et al., 2010). When the IMF is southward, FACs exhibit a pattern of Region 1
(R1) and Region 2 (R2) currents (lijima & Potemra, 1976a, 1976b). Under northern IMF conditions, an additional
current system, commonly known as the “NBZ” or “Region 0” currents, is frequently detected in the dayside cusp
region (lijima et al., 1984; Milan et al., 2000, 2017).

Early studies on FACs utilized magnetometer measurements obtained from low Earth orbital or polar-orbit
satellites such as Triad, OGO 5 (Orbiting Geophysical Observatory), Dynamics Explorer, @rsted, and
CHAMP (Challenging Minisatellite Payload). These studies combined the magnetic perturbation data, calculated
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by observations of these satellites, with Ampere’s law (V X B = Ho 7) to determine the FAC density (Wang
etal., 2005). For instance, Wang et al. (2005) investigated the characteristics of FACs in the Southern Hemisphere
using magnetic field data from the CHAMP satellite. Juusola et al. (2014) analyzed the distributions of FACs and
convections under various IMFs by combining magnetic field data from the CHAMP satellite with convection
data from the Super Dual Auroral Radar Network (SuperDARN) radars. Additionally, the magnetic field data
from the DE 2 and Qrsted satellites are also used to model FACs (Papitashvili et al., 2002; Weimer, 2001). With
advancements in satellite technology, such as Cluster II, ST5, and Swarm satellites, the FAC density can be
estimated by simultaneous measurements of multiple satellites (Xiong et al., 2020). Research on FACs, based on
multi-satellite observation technology, primarily focuses on the effects of solar wind and IMF, the dynamic
evolution of FACs during magnetic storms and substorms, as well as the distribution characteristics of FACs
(Dunlop et al., 2015; Escoubet et al., 2001; Gjerloev et al., 2011; Ritter et al., 2013; Slavin et al., 2008; Wang &
Liihr, 2021; Wang et al., 2020). Moreover, the Active Magnetosphere and Planetary Electrodynamics Response
Experiment (AMPERE) is another significant application of the multi-satellite method for calculating FACs
(Anderson et al., 2000; Green et al., 2009; Korth et al., 2010). The FAC data provided by AMPERE is widely used
in studies investigating substorm current wedges and the relationship between FACs and aurora (Carter
et al., 2016; Coxon et al., 2014a, 2014b; Robinson et al., 2018).

Considering the limitations of spacecraft measurements under certain conditions, it is highly valuable to calculate
FACs using alternative methods. In addition to utilizing magnetic perturbation data from spacecraft measure-
ments, FACs can be accurately determined by ionospheric convection electric fields and conductances. However,
measuring or modeling spatiotemporal variations in ionospheric conductances is challenging. Conductances
depend not only on solar photoionization but also on auroral particle impact ionization (McGranaghan, Knipp,
Matsuo, et al., 2015; McGranaghan, Knipp, Solomon, & Fang, 2015). Robinson and Vondrak (1984) established a
connection between solar ionization and conductance by considering parameters such as the solar zenith angle,
season, and level of solar flux (F,q,). Then, Robinson et al. (1987) proposed a model for height-integrated
conductances based on electron precipitation (referred to as the Rob87 model in our article). More recently,
the GLobal AirglOW (GLOW) model has incorporated a section to calculate height-integrated conductances
(McGranaghan, Knipp, Solomon, & Fang, 2015; Solomon, 2017).

To facilitate the study of FACs, previous studies commonly assumed that variations in ionospheric conductance
were insignificant and could be ignored (Chisham et al., 2009; Freeman et al., 1990; McWilliams et al., 2001;
Sofko et al., 1995). These studies also proposed that vorticities can be a reliable proxy or diagnostic for FACs.
Freeman et al. (1990) first combined this assumption with observations from the SABRE radar to estimate FACs.
Subsequently, Sofko et al. (1995) utilized the Super Dual Auroral Radar Network velocity measurements to
determine convection vorticities and used them as a proxy for FACs. They found that upward FACs in the
postnoon sector corresponded to the bright aurora, while downward FACs were located on both sides of the bright
auroral region. McWilliams et al. (2001) also employed this approximation and expanded the vorticity map to
cover the entire polar region. They discovered that the distribution of FACs was consistent with the dayside
current wedge in the footprint of the dayside magnetic reconnection region.

This paper proposes a complete method for calculating FACs based on vorticities and conductances. Our
approach involves determining vorticities through SuperDARN line-of-sight velocities and deriving conduc-
tances from the GLOW model. Moreover, there is a debate about whether vorticities are a good proxy for FACs
because the change in conductance is typically not negligible (Amm et al., 2005; Green et al., 2006; Kosch
et al., 2001). To address this issue, we discuss the significance of vorticities and height-integrated conductance
gradients in FACs. This paper is laid out as follows. Section 2 provides a detailed explanation of the methods and
data employed to calculate ionospheric vorticities, conductances, and FACs. In Section 3, we discuss the dis-
tribution of average FACs and compare variations in each FAC component. These findings are further discussed
in Section 4, and the paper concludes in Section 5.

2. Data and Methods
2.1. Introduction to Methodology

Here, we describe a method for calculating FACs based on ionospheric plasma velocities and conductances.
FAC:s are closely associated with the horizontal Pedersen and Hall currents in the ionosphere. Assuming that the
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total ionospheric current system has no divergence (V - J = 0, where J represents the total ionospheric current),
FACs can be estimated by the divergence of horizontal currents (Bostrom, 1974). Hence, the FAC density (J}) can
be expressed as

By =) ,V-E+E-N), +BxE-V), )

where E is the ionospheric electric field, ., and Y, are the height-integrated Pedersen and Hall conductances,
respectively, and B is the unit vector of the geomagnetic field. In Equation 1, J| is considered positive when the
current flows in the direction of the magnetic field, which means downward into the ionosphere in the Northern
Hemisphere. Previous studies commonly consider Equation 1 as a combination of two types of FACs: (a)
Magnetospheric-origin FACs (first term in Equation 1), which are caused by changes in the imposed electric field,
and (b) Ionospheric-origin FACs (second and third terms in Equation 1), which are generated by the spatial
distribution of ionospheric conductances (Chisham et al., 2009).

According to the connection between drift velocity and electric field (V = (E X B)/B?), Equation 1 can be
rewritten as

Jy==2,B-VXV+(VXB)-V) +|BV-V) @

where V is the drift velocity, B is the geomagnetic field, and @ = V X V is the ionospheric vorticity. Therefore,
FACs can be calculated based on conductances, velocities, vorticities, and geomagnetic fields.

2.2. Data Set

This study utilizes SuperDARN and Defense Meteorological Satellite Program (DMSP)/Special Sensor Ultra-
violet Spectrographic Imager (SSUSI) data sets. These data sets offer a range of parameters that can be employed
to calculate FACs. In this section, we describe the sources and processing methods of these data sets.

We utilize line-of-sight velocity measurements from the SuperDARN high-frequency radars to estimate iono-
spheric vorticities. SuperDARN is a network of coherent scatter radars that observe the polar ionosphere and parts
of the high-latitude ionosphere in both the Northern and Southern Hemisphere. These radars transmit and receive
radio signals within a frequency range of 8—20 MHz, allowing us to measure the line-of-sight velocity of density
irregularities that move at the drift velocity in the F-region (Villain et al., 1985). In this study, we utilize ob-
servations from high-latitude radars located in the Northern Hemisphere (Prince George, Kodiak, Kapuskasing,
Saskatoon, Goose Bay, Stokkseyri, Hankasalmi, and Pykkvibaer). Our database collects observations limited to
the common modes of these radars during the years 2010-2016. The velocity error threshold is set at 200 m/s to
ensure data quality. Additionally, we remove observations with |V, | <35 m/s and widthl <30 m/s to exclude the
influence of ground backscatter (Chisham & Pinnock, 2002; Liu et al., 2012).

Conductance is another crucial parameter for calculating FACs. Electron precipitation measurements from the
DMSP/SSUSI (Paxton & Anderson, 1992; Paxton & Zhang, 2016) are necessary for determining ionospheric
conductances. The SSUSI instrument consists of a line scanning imaging spectrograph with a spectral range of
115-180 nm and a nadir photometer system. It observes approximately 1/3—1/2 of the polar ionospheres and
captures data in five spectral bands: HI-Lyman o (121.6 nm), OI (130.4 nm), OI (135.6 nm), N2-LBHS (140—
150 nm), and N2-LBHL (165-180 nm) (Paxton et al., 2002). Assuming that the precipitating particles consist
solely of electrons, the observations from the Lyman-Birge-Hopfield (LBH) long (165-180 nm) and short band
(140-150 nm) can be used to calculate the characteristic energy and energy flux of particle precipitation (Carter
et al., 2020). A comprehensive description of the data processing algorithms can be found in the SSUSI data
products algorithm document v1_13. It is worth noting that this algorithm assumes that the energy of particle
precipitation follows a Gaussian distribution. While this assumption may introduce minor errors in determining
characteristic energy and energy flux, Carter et al. (2020) have discussed this. In this study, we collect the
characteristic energy and energy flux data of particle precipitation from all available SSUSI files between 2010
and 2016 for the DMSP F16, F17, and F18 spacecraft. These data are used as input parameters for the GLOW
model to obtain ionospheric conductances (see Section 2.4 for details). Additionally, to remove the impact of
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Figure 1. (a) The fields of view of eight Northern Hemisphere Super Dual Auroral Radar Network radar radars in Altitude-
Adjusted Corrected Geomagnetic coordinates. The beam directions of radars are represented by green and blue lines, while
the red grids indicate the overlapping fields of view from adjacent radars. (b) The schematic diagram of the quadrilateral
measurement cell. The beams of Radar 1 and Radar 2 are depicted by blue and green lines, respectively. The four beams
overlap to form a quadrilateral measurement cell, shown in red. The green and blue points along these beams represent the
locations of velocity measurements. The closed path C is formed by four line segments (L,, L,, L5, and L,), and the surface
surrounded by this closed path is denoted as S.

background noise and airglow, only the data with radiances greater than 100 R and energy flux greater than
0.2 erg em~2 7! in both LBH bands are kept.

In addition to the SuperDARN and DMSP/SSUSI observational data, we also use the geomagnetic field data and
the 10.7 cm solar radio flux data (F ; index) from 2010 to 2016. The F ; data is sourced from the geomagnetic
and solar databases at the NOAA Space Weather Prediction Center. The values of geomagnetic fields are
determined by the International Geomagnetic Reference Field IGRF) model (Thébault et al., 2015).

2.3. Vorticity Measurement Method

This section describes how to use line-of-sight velocity measurements to calculate ionospheric plasma vorticities.
These measurements are derived from four Northern Hemisphere SuperDARN radar pairs between 2010 and
2016. Figure 1a illustrates the fields of view of these eight radars in the Altitude-Adjusted Corrected Geomagnetic
(AACGM) coordinates. These fields of view are determined using the empirical virtual height model developed
by Chisham et al. (2008). As shown in Figure 1a, each SuperDARN radar consists of 16 beams represented by
blue or green solid lines. The length of these solid lines corresponds to the number of SuperDARN range gates,
which are typically 75 or 225 gates. Moreover, the red grid indicates the overlapping fields of view from adjacent
radars and covers almost half of the polar regions. Therefore, the line-of-sight velocity measurements are
abundant enough to calculate vorticities in the majority of polar regions.

The method employed in this study to quantify vorticities is similar to that described by Chisham et al. (2009). To
calculate vorticities, we apply Stokes’ theorem:

%Vﬂ:ﬁwds ©)

where C is a closed path, and S is the surface surrounded by the closed path C. In this method, we utilize
quadrilateral measurement cells defined by the beams of SuperDARN radars. In Figure 1a, the red grid represents
these measurement cells. Figure 1b shows the schematic diagram of a quadrilateral measurement cell, where the
blue and green solid lines represent the beams of radar 1 and radar 2, respectively. The red lines highlight the
surrounding region of the four beams, forming the quadrilateral measurement cell. Within this cell, a closed path
C is formed by the four line segments (L,, L,, L3, and L,). The green and blue points on these beams indicate the
locations of velocity measurements. Furthermore, the black arrows represent the directions of velocities when the
vorticity is positive.
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Figure 2. (a) The spatial distribution of average vorticities measured by the eight Northern Hemisphere Super Dual Auroral
Radar Network radar radars from 2011 to 2013. (b) The number of measurements used to calculate the average vorticity in
each bin. The distribution is presented in 1° Altitude-Adjusted Corrected Geomagnetic latitude bins by 1 hr of magnetic local
time.

Due to the line-of-sight velocity parallel or anti-parallel to the beam, 556V - dl can be rewritten as ¢;: + vdl (the “£”
sign indicates opposite or the same direction). In the polar regions, the geomagnetic field aligns closely with the
vertical direction, so we assume that the magnetic field is vertically downward. Therefore, in quadrilateral
measurement cells, Stokes' theorem can be rewritten as follows:

4
igl virl; 4)
S

o)==

here w represents the vorticity aligned with the geomagnetic field, S is the area of the surface enclosed by the
closed path C, [;(i = 1, 2, 3, 4) is the length of the line segment that forms the closed path C, and v;, is the mean
velocity perpendicular to the geomagnetic field. In Equation 4, the “—” sign indicates that the vorticity is
considered positive when it is direct along the geomagnetic field in the Northern Hemisphere. The location of
vorticity is defined as the geometric center of the quadrilateral measurement cell. Furthermore, the vorticity is
located at an altitude of 250 km, which corresponds to the approximately constant altitude of the SuperDARN

line-of-sight velocity measurements in the F region ionosphere.

The vorticity values from 2011 to 2013 are organized into spatial bins based on magnetic local time (MLT) and
AACGM latitude. Each bin represents a 1-hr MLT by 1-degree magnetic latitude (MLAT) range. In order to
create an average vorticity map, we calculate the average vorticity within each spatial bin. Figure 2 presents the
average vorticities and the number of measurements in the Northern Hemisphere. It is worth noting that only
spatial bins with more than 100 measurements are shown in Figure 2. Figure 2b reveals that most bins have more
than 10* measurements, ensuring the reliability of average vorticities. In Figure 2a, the red shading represents
positive (downward) vorticities, while the blue shading represents negative (upward) vorticities. The average
vorticity map shows characteristics similar to the distribution map of average FACs. Additionally, a vorticity
structure resembling NBZ FACs can be observed near 80° MLAT on the sunside. Therefore, the overall distri-
bution of average vorticities resembles the NBZ/R1/R2 system observed in average FACs. This similarity is one
of the main reasons why vorticities are frequently used as a proxy for FACs in the ionosphere (Chisham
et al., 2009). Moreover, our statistical results are consistent with the result of Chisham et al. (2009).

2.4. Conductance Measurement Method

This section outlines the method for calculating height-integrated conductances using the GLOW model. The
GLOW model is a tool commonly used to analyze the physical processes of dayglow, nightglow, and aurora
(Bailey et al., 2002; Solomon, 2017; Solomon & Abreu, 1989; Solomon et al., 1988). It operates on background
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neutral and ionized atmospheres, which are influenced by the incoming energy from the Sun and aurora. The
background atmospheres are based on the standard Naval Research Laboratory Mass Spectrometer Incoherent
Scatter Radar (NRLMSISE-00) model (Picone et al., 2002) and the International Reference Ionosphere model
(Bilitza & Rawer, 1992). The GLOW model also incorporates a background ionization source, referred to as the
background “nighttime” ionization. This ionization is derived from the Thermosphere-lonosphere General Cir-
culation Model (Roble et al., 1988) and takes into account the influence of the stellar background and multiple
scattering of solar atomic hydrogen emissions in the geocorona (Strobel et al., 1980). Consequently, there are
always some non-zero conductances present in the polar ionospheres. However, their contribution remains
relatively insignificant compared to the conductances resulting from auroral electron precipitation. Therefore, the
impact of background ionization is considered insignificant. For more detailed information on the GLOW model,
please refer to Solomon (2017).

The GLOW model incorporates various inputs such as date, UT, latitude, longitude, F, 7, <F 7>, characteristic
energy, and total energy flux of auroral electron precipitation. In this article, the auroral electron precipitation is
obtained from the LBH long (165-180 nm) and short band (140-150 nm) radiances observed by SSUSI.
Moreover, to remove background noise and airglow in the SSUSI data, only observations with radiances greater
than 100 R and energy flux greater than 0.2 erg cm™2 s~ in both LBH bands are considered. It is important to note
that the energy distribution of auroral electron precipitation in the GLOW model follows a Maxwellian distri-
bution. However, the SSUSI data has been calculated based on the assumption that the energy of electron pre-
cipitation follows a Gaussian distribution. To align with this, the file (maxt.f90) that generates Maxwellian spectra
in the GLOW model is modified to generate Gaussian spectra. The Gaussian distribution formula used in this

E—Ey\?
w

here, @, is the electron flux, E is the characteristic energy, Q, is the energy flux, and W is the width parameter

(usually 0.15E,). The GLOW model outputs are presented in Table 1 of Solomon (2017). In our study, we utilize

the Pedersen and Hall conductances calculated by the GLOW model to determine Y, and Y. between 80 and
250 km.

paper is as follows:

®)

_ 0
CI)EO - [ﬂ3/2WE0] exp

In order to ensure the reliability of conductances obtained from the GLOW model, we analyze an example of
height-integrated conductances based on SSUSI auroral emission data. Figure 3 presents observations from the
DMSP/SSUSI F17 (a—c) and the corresponding height-integrated conductances (d—e) in the Northern Hemisphere
polar regions during the period 12.6 UT-13.0 UT on 3 January 2010. Intense auroral activity occurs on both the
downside and dusk side, as shown in Figure 3c. The energy flux (Figure 3a) and characteristic energy of auroral
electron precipitation (Figure 3b) exhibit similar distribution characteristics. Moreover, Figure 3f displays Y.,
derived from solar radiation, and we observe that the distribution of Y, is consistent with that of solar illumi-
nation. To further analyze the credibility of height-integrated conductances derived from the GLOW model, we
compare them with the results obtained from the Rob87 model (Carter et al., 2020, 2023; Robinson et al., 1987).
The Y calculated by the GLOW model and the Rob87 model are shown in Figures 3d and 3e, respectively. Both
of them exhibit similar distribution characteristics. However, the Rob87 model overestimates Y., compared to the
GLOW model, with an average difference of approximately 1.7 S. This difference may be attributed to the
Gaussian assumption of auroral electron precipitation or the limitations of the models. However, this difference is
not significant compared to the values of height-integrated conductances. In conclusion, these comparisons and
results further support the reliability of height-integrated conductances derived from the GLOW model.

3. Results

In order to verify our method, a case verification is conducted as depicted in Figure 4. The results from our method
and AMPERE are shown in Figures 4a and 4b, with red and blue shading indicating downward and upward FACs,
respectively. It can be seen that there is consistency in their distributions. We also obtain the FACs of AMPERE at
the same MLTs and MLATSs as our method’s result using an interpolation method. Figure 4c shows a direct
comparison between them. The comparison indicates that most data points are near the dashed line, although
some differences exist. These discrepancies may be attributed to differences in height (ours at 250 km and
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Figure 3. The height-integrated conductances and observations obtained by DMSP/SSUSI F17 in the Northern Hemisphere polar regions during the period 12.6 UT-
13.0 UT on 3 January 2010. The observations from the SSUSI instrument include the energy flux (a), the characteristic energy (b), and the auroral emissions of the
LBHL band (c). Y derived from auroral electron precipitation (d) and solar radiation (f) are calculated by the GLOW model. Additionally, Y., is determined based on
SSUSI auroral emission data and the Rob87 model (e).

FAC_ (Am?) (x109)

AMPERE at 780 km) and the impact of conductance. Therefore, this comparison and the consistency in the
distributions can validate the reliability of our approach.

Figure 5 illustrates the coverage of DMSP F16-F18 satellite orbits, the total number of FAC measurements, and
the distribution of FAC measurements' number under various geomagnetic levels in the Northern Hemisphere
from 2010 to 2016. As depicted in Figure 5a The DMSP satellite orbits predominantly cover the dawnside and
duskside. Despite the broad band of observations provided by each scan of the DMSP satellite, as shown in
Figure 3, nighttime observations in the Northern Hemisphere remain incomplete. We calculate FAC data from
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Figure 4. The distributions (a, b) and comparison (c) of field-aligned currents from our approach and Active Magnetosphere and Planetary Electrodynamics Response
Experiment in the Northern Hemisphere polar regions during the period 13.8 UT-14.0 UT on 27 April 2012.
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Figure 5. The coverage of DMSP F16-F18 orbit (a), the total number of field-aligned current (FAC) measurements (b), and
the FAC measurements' number of different geomagnetic activity levels (c, d, e) in the Northern Hemisphere between 2010

and 2016.

2010 to 2016 using data from DMSP F16, F17, and F18 satellites. The number of FAC measurements,

as pre-
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sented in Figure 5b, are concentrated on both the dawnside and duskside. Figures 5c—5e display the number of
FAC measurements under different levels of geomagnetic activity. It is evident that during periods of low
magnetic disturbance, the results primarily focus on the high-latitude region of 18-22 MLT. However, during
strong magnetic disturbances, the results are predominantly located in the high-latitude area of 14-18 MLT.

EPev.:lersen

Figure 6. The distributions of average Y., (a) and average ., (b) in the Northern Hemisphere between 2010 and 2016. The
format and coordinate system of the plots are the same as in Figure 2.

QU ET AL. 8 of 15

ASULDI'] suowIo)) 2Aneax) a[qeorjdde ay) Aq pauIaaod aie sa[onIE YO osh JO S| 10§ AIRIQIT dUI[UQ) K[IA\ UO (SUOIPUOI-PUE-SULIA} W00 K[ 1M’ AIeIqi[aut|uo/:sd)y) SUONIPUO)) PUE SULID |, 3y 39S [SZ0T/H0/20] U0 K1eiqi durjuQ A3[IA\ ‘DIMNSU] YoIeasay 1SaMINoS Aq 80LZE0VIHT0T/6T01 0 1/10p/wiod Ko[im K.



AGU Journal of Geophysical Research: Space Physics 10.1029/2024J A032708
(@) FAC (A-m™) (x107) ®) Occurrence rate
0.8
0.6
0.4
0.2

Figure 7. The average field-aligned currents (FACs) (a) and the occurrence rate of downward FACs (b) in the Northern
Hemisphere between 2010 and 2016. The format and coordinate system of the plots are the same as in Figure 2.

A statistical analysis of height-integrated conductances and average FACs is also presented in Figures 6 and 7.
Figure 6 illustrates the spatial distributions of averaged ), and Y in the Northern Hemisphere from 2010 to
2016. The results from Figure 6 demonstrate consistent characteristics for both )., and ', Specifically, in the
afternoon sector, the peak of average height-integrated conductances is observed near 73° MLAT. However, in
the predawn sector, the average height-integrated conductances increase as MLAT decreases. This phenomenon
may be attributed to the lack of measurement data at low MLATSs. Additionally, there are differences in the values
of Y p and Y, particularly in the predawn sector where Y, is significantly higher than ) . In comparison with
the findings of McGranaghan, Knipp, Matsuo, et al. (2015) and McGranaghan, Knipp, Solomon, & Fang (2015),
our statistical results show a notable increase in the afternoon. This can be attributed to the abundance of strong
geomagnetic activity data in our statistical results during the afternoon, as depicted in Figure 5. In addition, there
are smaller mean Hall conductances prior to midnight in our results due to the inclusion of a significant amount of
low geomagnetic activity in our statistics. In principle, our findings on the dawnside align with those of
McGranaghan, Knipp, Matsuo, et al. (2015) and McGranaghan, Knipp, Solomon, & Fang (2015).

In Figure 7, a series of images is presented to show the average FACs, the occurrence rate of downward FACs, and
the number of FAC measurements in the Northern Hemisphere from 2010 to 2016. Figure 7a displays the spatial
distribution of average FACs in the Northern Hemisphere. The red shading indicates downward FACs, while the
blue shading indicates upward FACs. The map of average FACs reveals a clear large-scale structure: (a) Between
70° and 80° MLAT, downward (upward) FACs occur in the dawn (dusk) sector, corresponding to the R1 FACs;
(b) Below 70° MLAT, the dusk (dawn) sector is characterized by downward (upward) FACs, corresponding to the
R2 FACs. Figure 7b presents the rate of downward FACs in the Northern Hemisphere. This occurrence rate is
calculated as the ratio between the number of downward FAC measurements and the total number of FAC
measurements. The red (blue) shading indicates that the occurrence rate of downward (upward) FACs exceeds
50%. As shown in Figure 7b, between 70° and 80° MLAT in the dawn (dusk) sector, the downward (upward)
FACs are more likely to occur. Similarly, below 70° MLAT in the dawn (dusk) sector, there is a higher likelihood
of upward (downward) FACs. These characteristics also correspond to the R1/R2 FACs. What needs illustration
is that the statistical results only include spatial bins with more than 250 measurements.

Figures 8a and 8b illustrate the variations of height-integrated conductances with AACGM latitude in the dawn
and dusk sectors. These figures clearly show that both Y, and ), follow a pattern of initially increasing and then
decreasing as MLAT increases. The peak in the dawn sector occurs at 67°-68° MLAT, whereas the peak in the
dusk sector occurs at 71°~72° MLAT. Furthermore, Y., is significantly larger than Y in the dawn sector, while
there is minimal difference between them in the dusk sector. Figures 8c and 8d display the changes of FACs with
AACGM latitude in the dawn and dusk sectors. In the dawn sector, R1 FACs (positive values) are observed in
areas with MLAT greater than 68°, while R2 FACs (negative values) are observed in areas with MLAT less than
68°. This indicates that the transition area of R1/R2 FACs is approximately 68°. It seems lower than the average
latitude of previous studies. However, the distribution of the FACs in Figure 7a is similar to Juusola et al. (2014).
This discrepancy may be due to the majority of the data being collected in the 2—7 MLT, as shown in Figures 5b
and 7a. The presence of SuperDARN backscatter during periods of strong geomagnetic activity may also be a
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Figure 8. The variations of height-integrated conductances and field-aligned currents with Altitude-Adjusted Corrected
Geomagnetic latitude in the dawn (a, ¢) and dusk (b, d) sectors.

significant factor. On the other hand, in the dusk sector, R1 FACs (negative values) are present in areas with
MLAT greater than 71°, while R2 FACs (negative values) are present in areas with MLAT less than 71°. This
suggests that the transition area of R1/R2 FACs is approximately 71°. The difference in the transition area be-
tween the dawn sector and the dusk sector may be attributed to the fact that the data in the dawn sector is primarily
located in the predawn sector, whereas the data in the dusk sector is mainly collected in the afternoon sector.

Figures 9a and 9b depict the change in the characteristic energy and energy flux of auroral electron precipitation in
relation to MLAT. It is observed that auroral electron precipitation occurs below 70° MLAT on the dawnside,
while it occurs around 70° MLAT on the duskside. These phenomena indirectly suggest that there are enhanced
auroral activities below 70° MLAT on the morning side and around 70° MLAT on the duskside. In our study,
Equation 2 demonstrates that ionospheric-origin FACs are affected by height-integrated conductance gradients,
whereas magnetospheric-origin FACs are primarily affected by vorticities. To further examine the importance of
height-integrated conductance gradients in FACs, we analyze the variations of magnetospheric-origin FACs and
ionospheric-origin FACs with AACGM latitude. Figure 9 shows that magnetospheric-origin FACs generally
exhibit a structure similar to R1/R2 FACs. On the other hand, in the dawn and dusk sectors, ionospheric-origin
FAC:s display high values at MLATSs of 65°—69° and 67°-70°, respectively. At the same time, ionospheric-origin
FACs reach a comparable level to magnetospheric-origin FACs in the high-value region, while they are
significantly smaller and almost negligible in other regions. When comparing with the changes in characteristic
energy and energy flux, it becomes evident that regions with high ionospheric FAC values correspond to intense
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Figure 9. The variations of magnetospheric-origin field-aligned currents (FACs), ionospheric-origin FACs, the characteristic
energy and energy flux with Altitude-Adjusted Corrected Geomagnetic latitude in the dawn (a, ¢) and dusk (b, d) sectors.

auroral electron precipitation. This observation further emphasizes the significant role of ionospheric FACs
within intense aurora areas.

4. Discussion

This section provides a comprehensive discussion of FACs’ calculation method and results. It also explores the
advantages and limitations of this method in further detail. Additionally, we analyze the significance of height-
integrated conductance gradients in FACs.

Assuming the total ionospheric current system is divergence-free, the FACs can be derived from the divergence of
horizontal currents (Bostrom, 1974). This relationship is represented by Equation 1. By using the relationship
between drift velocities and electric fields, the calculation formula for the FACs can be further rewritten as
Equation 2. Therefore, the FACs can be determined using conductances, velocities, vorticities, and geomagnetic
fields. In this study, geomagnetic fields are obtained through the IGRF model, while ionospheric plasma ve-
locities are obtained through SuperDARN radar observations. Given the unavailability of direct observations for
vorticities and conductances, we employ plasma velocity measurements and auroral electron precipitation to
calculate these parameters. Figure 1 illustrates the observation grid composed of measurement cells. Vorticities
can be calculated in these measurement cells by utilizing plasma velocities. As shown in Figure 2, the distribution
of average vorticities exhibits a structure that closely resembles the NBZ/R1/R2 FAC systems and is highly
consistent with the results of Chisham et al. (2009).
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Early research on FACs was limited due to the lack of direct observations of conductances. However, recent
studies have analyzed conductances using observations from the DMSP satellite (Carter et al., 2020, 2023;
McGranaghan, Knipp, Matsuo, et al., 2015; McGranaghan, Knipp, Solomon, & Fang, 2015). In particular, Carter
et al. (2020) calculated height-integrated conductances using empirical expressions from Robinson et al. (1987).
Our study employs the GLOW model and the auroral electron precipitation data of DMSP/SSUSI to determine
height-integrated conductances. It is worth noting that the precipitating particles are assumed to consist solely of
electrons and to follow a Gaussian distribution in the DMSP/SSUSI data. This assumption may introduce errors in
determining the characteristic energy, energy flux, and height-integrated conductances, as discussed by Carter
et al. (2020, 2023). To evaluate the reliability of height-integrated conductances, a comparison is made between
the results obtained from the Rob87 model and those derived from the GLOW model, as illustrated in Figure 3.
The results of both models exhibit a consistent distribution of height-integrated conductances, with only minor
numerical variations. Moreover, the distributions of average Y, (a) and average ., also indicate that height-
integrated conductances from the GLOW model are credible.

These conductances, in combination with vorticity data obtained from SuperDARN radars, are employed to
determine FACs. Unlike previous methods that rely on magnetic field data from satellites (e.g., Dunlop
et al., 2015; Escoubet et al., 2001; Gjerloev et al., 2011; Ritter et al., 2013; Slavin et al., 2008; Wang &
Liihr, 2021; Wang et al., 2020), our method can calculate FACs at a lower altitude (250 km) and achieve higher
resolution within a limited range. Another advantage of our method, in comparison to other approaches, lies in its
ability to directly calculate and analyze the impact of ionospheric vorticity and conductance on FACs. However,
our method may provide a smaller data set than the AMPERE data as it depends on joint observations from
SuperDARN radars and DMSP satellites. In addition, we conduct a statistical analysis of height-integrated
conductances and FACs obtained through our method. The results indicate that the distributions of Y, and
Y, exhibit consistent characteristics. The distribution of average FACs reveals a clear large-scale structure: R1/
R2 FACs. However, it is observed in Figure 7 that the coverage of local time and MLAT is limited. This limitation
can be attributed to two main reasons: (a) the inherent limitations of observation coverage of DMSP F16, F17, and
F18 satellites, as shown in Figure 5; (b) our statistics only include observations from high-latitude radars. By
incorporating observations from mid-latitude and polar radars, the coverage of magnetic latitudes may be
expanded. Improving observations in the midnight sector may be achievable in the Southern Hemisphere. It is
important to note that there is some noise in the statistical results. As illustrated in Figure 5, the geomagnetic
activity levels vary across different regions. Thus, the noise may be due to combining data from various
geomagnetic activity levels into a single FAC pattern. The influence of the conductance gradient may be another
significant reason. Although magnetospheric-origin FACs exhibit no noise in the statistical results, the FACs
introduce noticeable noise after incorporating the ionospheric-origin FACs. At the same time, the conductance
gradient plays a crucial role in affecting ionospheric-origin FACs. Therefore, the conductance gradient might also
significantly contribute to the noise.

Previous studies relied on using vorticities as a proxy for FACs due to the lack of direct observations of con-
ductances (Chisham et al., 2009; Freeman et al., 1990; McWilliams et al., 2001; Sofko et al., 1995). However, the
validity of using vorticities as a proxy for FACs is debatable as the required approximation of uniform con-
ductances is often a poor assumption (Amm et al., 2005; Green et al., 2006; Kosch et al., 2001). In our method,
Equation 2 demonstrates that ionospheric-origin FACs are affected by height-integrated conductance gradients,
while magnetospheric-origin FACs are primarily influenced by vorticities. Hence, we analyze the variation of
magnetospheric-origin and ionospheric-origin FACs with MLAT. Our findings reveal that magnetospheric-origin
FACs generally exhibit the structure of R1/R2 FACs, whereas ionospheric-origin FACs in the dawn and dusk
sectors display high values at MLATS of 65°-69° and 67°-70°. These regions of high values are linked to intense
electron precipitation and enhanced conductances. This indicates that the high values of ionospheric-origin FACs
observed may be attributed to the substantial particle precipitation occurring in the auroral oval. This precipitation
in the auroral oval contributes to heightened height-integrated conductances and gradients, thereby amplifying the
influence of ionospheric-origin FACs. Furthermore, ionospheric-origin FACs reach a comparable level to
magnetospheric-origin FACs in the high-value region, but they are significantly smaller and almost negligible in
other regions. This highlights the importance of height-integrated conductance gradients and vorticities in the
auroral oval, while vorticities dominate in other regions. Moreover, the intensity of auroral activity is closely
associated with particle precipitation, implying a potential connection between ionospheric-origin FACs and
auroral activity.
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5. Conclusions

We develop a complete method for calculating FACs by combining height-integrated conductances, vorticities,
velocities, and geomagnetic fields. Unlike previous studies, our method addresses the limitations of assuming
uniform conductances by incorporating the calculation results of height-integrated conductances. Furthermore,
our approach allows for FAC calculations at a lower altitude (250 km) and provides high-resolution measure-
ments within observable areas. Another advantage of this method lies in its ability to directly calculate and
analyze the impact of ionospheric vorticity and conductance on FACs. It is important to note that our method
relies on joint observations from the SuperDARN radar and DMSP/SSUSI sensor, resulting in a smaller data set
than other FAC data.

Additionally, we perform statistical analysis on various parameters, including height-integrated conductances,
average FACs, magnetospheric-origin FACs, and ionospheric-origin FACs. Our analysis leads to the following
conclusions: (a) The distribution of average FACs exhibits a distinct large-scale structure known as R1/R2 FACs;
(b) Within the auroral oval, ionospheric-origin FACs reach a comparable level to magnetospheric-origin FACs,
although they are significantly smaller and almost negligible in other regions. This implies that in the auroral oval,
both height-integrated conductance gradients and vorticities play equally important roles, while in other regions,
vorticities dominate. Future work will involve investigating the relationship between aurora and ionospheric-
origin FACs, as well as comparing our findings with alternative methods of calculating FACs.

Data Availability Statement

The raw files of SuperDARN data can be accessed via the SuperDARN data mirrors hosted by the British
Antarctic Survey (https://www.bas.ac.uk/project/superdarn/#data) and the University of Saskatchewan (https://
superdarn.ca). The raw SuperDARN data can be freely accessed from the British Antarctic Survey SuperDARN
data mirror (https://www.bas.ac.uk/project/superdarn). The EDR-AUR data of DMSP/SSUSI were obtained from
http://ssusi.jhuapl.edu. The code for the GLOW model can be found at the website http://download.hao.ucar.edu/
pub/stans/glow/. The IGRF model is available at https://www.ngdc.noaa.gov/IAGA/vmod/igrf.html.
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