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Abstract our knowledge of the physical properties of the topside ionosphere is still incomplete. A
key point still not fully understood is how field-aligned currents are generated, evolve and dissipate in
the ionosphere. Answering to this question is fundamental for a better understanding of the mechanisms
regulating the coupling between magnetosphere and ionosphere and to shed light on the physical
processes inherent to space weather events occurring in the Earth's ionosphere. In this framework a
relevant role is played by the ionospheric conductivity. The purpose of this study is to analyze the main
properties of the electrical conductivity parallel to the geomagnetic field from a climatological point of
view. The statistical study of the electrical conductivity is proposed using four years of in-situ electron
density and temperature measurements at 1 Hz acquired by the European Space Agency's Swarm A
satellite. Variations due to seasonal effects are also investigated. Finally, starting from observations and
comparing our results with those obtained using International Reference Ionosphere model, we give a first
estimation of the conductivity mainly due to particle precipitation.

1. Introduction

The study of the spatial and temporal structure of high-latitude ionospheric current systems is of utmost
importance for both the improvement of magnetosphere-ionosphere coupling models and for practical pur-
poses. The ionospheric current systems can lead to a variety of important space weather effects, influencing
the performance of space-born and ground-based systems. For example, ground-based systems may be sub-
ject to peaky induced geoelectric fields and associated currents (Boteler & Pirjola, 2017; Boteler et al., 1998).
On the other hand, geomagnetic field disturbances caused by strong ionospheric currents may affect the
positioning and navigation systems (Poedjono et al., 2013). The intensification of plasma streams may also
contribute to increase the atmospheric drag acting on low-Earth-orbit satellites, thus resulting in the low-
ering of the flight altitude (Liu & Liihr, 2005; Pirjola et al., 2005). For these reasons, in-situ measurements
of physical parameters characterizing the ionospheric F-layer are fundamental. They are aimed at signif-
icantly improving our understanding of space weather phenomena and their impact on Earth, especially
at high latitudes, where effects of solar wind-magnetosphere-ionosphere coupling can be captured, such
as, e.g., the precipitation of solar plasma, the intensification of ionospheric currents, together with the
effects of dynamic processes occurring in the geomagnetic tail regions (Cowley et al., 2003; Hones, 1979;
Horton et al., 1999; Kamide & Baumjohann, 1993; Lyon, 2000; Milan et al., 2017; Song et al., 2005; Stumpo
et al., 2020).

At high magnetic latitudes the ionospheric current system consists of both horizontal and vertical currents.
The former flow in the ionospheric E-layer between ~90 and ~110 km of altitude and divide into mutually
orthogonal Hall and Pedersen currents (Amm, 1997; Kamide & Baumjohann, 1993). The latter are the
so-called field-aligned currents (FACs), which are often referred to as Birkeland currents in honor of the
man who proposed them for the first time in the early 1900s before their detection by Zmuda et al. (1966).
FACs are known to be responsible for the coupling between the solar wind-magnetosphere system and the
ionosphere. This coupling manifests in the dayside as, for example, a direct precipitation of solar particles
(mainly electrons, protons, and alpha particles) in conditions of open magnetosphere; and in the nightside
as, for example, plasma acceleration in response to substorm events involving magnetospheric convection
occurring far away in the magnetotail. The large-scale distribution of currents at high latitudes results in
three main systems (Iijima & Potemra, 1978; Zmuda & Armstrong, 1974): (1) a more poleward current
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sheet called Region 1 (R1), which flows toward the magnetosphere in the evening sector and toward the
ionosphere in the morning sector; (2) a more equatorward current sheet called Region 2 (R2), which flows
in the opposite direction, i.e., toward the ionosphere in the evening sector and toward the magnetosphere in
the morning sector. Both R1 and R2 overlap in the premidnight Harang region (Harang, 1946); and (3) the
zonal electrojets flowing along the auroral oval in the night sector and the Pedersen currents flowing across
the auroral oval (Bostrom, 1964), both connecting FACs flowing in opposite directions. However, despite
Hall and Pedersen currents also contribute to the energy of the high-latitude ionosphere and respond to the
chain of dynamic processes due to the solar wind-magnetosphere-ionosphere coupling, they are confined in
arather thin layer of the ionosphere, reaching their maximum intensity at altitudes between 90 and 110 km.
At higher altitudes their contribution is expected to quickly become negligible (Brekke & Hall, 1988; de la
Beaujardiere et al., 1991; Moen & Brekke, 1993; Rasmussen et al., 1988). Thus, FACs are responsible for the
exchange of most of plasma energy and momentum with the magnetosphere.

A physical parameter that is, fundamental to characterize the ionospheric currents features i.e., their mag-
nitude, spatial distribution and temporal variations, is the electrical conductivity. In fact, due to the Ohm's
law, it provides both the link between the onset of an electric field and the amplification of currents, and the
rate of dissipation of currents in a medium via Joule heating, i.e., the power per unit volume dissipated in
a resistive plasma. Over the years, several techniques have been developed that take advantage of measure-
ments of the magnetic disturbance field to estimate the ionospheric equivalent current systems responsible
for the disturbance. Interesting results have been obtained capable of reproducing the horizontal and FACs
via sophisticated models of electrical conductivity (Kamide et al., 1981; Pulkkinen et al., 2003; Weygand
et al., 2011). Of course, for this reason results were strictly dependent on the model used for conductiv-
ity. Average conductivity models dependent on latitude, local time, and different levels of geomagnetic
disturbance were developed by using satellite measurements of electron precipitation (Spiro et al., 1982).
Nevertheless, these measurements were not able to capture those spatiotemporal variations that are typical
of ionospheric conductivity during the development of geomagnetic substorms. Incoherent scatter radar
measurements can be used to provide electron density and ionospheric conductivity (Robinson et al., 1985a,
1985b), but they suffer from low spatial and temporal resolutions, preventing them from being related to
fast dynamic phenomena like, e.g., substorms. Electron density can be still computed by the energy flux
spectrum of the precipitating electrons, as done by using rocket and satellite measurements (Fuller-Rowell
& Evans, 1987; Marklund et al., 1982). But, also in this case, none of these studies has provided the neces-
sary spatiotemporal resolution to capture the fine structure of the high-latitude dynamic ionosphere during
substorm and energetic events. Despite electron density profiles acquired by radar measurements were
used to compute the ionospheric conductivities in the E-layer (Kirkwood et al., 1988), as well as ionosonde,
radar scattering, balloons, rockets, and satellite data (Fopl et al., 1968; Germany et al., 1994; Holzworth
et al., 1985; Mende et al., 1984; Mozer & Serlin, 1969), similar attempts to capture the properties of con-
ductivity in the F-layer are still lacking or are poorly present. More recently, Amm et al. (2015) used Swarm
measurements of the electric and magnetic field to infer, via a technique based on spherical elementary cur-
rent systems (Amm, 1997), the field-aligned conductivity together with the Hall and Pedersen ones in the
ionospheric current layer at ~ 110 km of altitude. However, no study has directly provided high-resolution
conductivity maps in the ionospheric F-layer by taking advantage of in-situ measurements.

The aim of this work is to study the field-aligned conductivity, which is the conductivity parallel to the
Earth's magnetic field lines, in the topside ionosphere through in-situ measurements of electron density
and temperature. To our knowledge, it is the first time that a climatological study is performed on parallel
electrical conductivity, based on 4 years of uninterrupted data acquired by the Swarm A satellite. We built
maps of parallel conductivity in quasi-dipole (QD) latitude versus magnetic local time (MLT) and put in
evidence what are the characteristic features of electrical conductivity for both hemispheres and depending
on season. We underline that in our study electrical conductivity is computed in the F-layer directly, based
on high resolution measurements of electron density and temperature, and without resorting to models.
Only a few reasonable assumptions were made on the electron density of the ionospheric plasma and on
the collision rate between electrons, ions, and neutrals at Swarm altitudes.
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The paper is organized as follows. In the next section we describe the data used and how we retrieved
electrical conductivity; in §3 we show the results and discuss them in light of existing literature; in §4 we
summarize the main steps and findings of this work and present the future perspective.

2. Data and Methods
2.1. Swarm Observations and Preliminary Analysis

We used 4 years of data acquired by the European Space Agency (ESA) Swarm A satellite (Friis-Christensen
et al., 2006) from April 1, 2014 to March 31, 2018. During the selected period the satellite flew in a circular
near-polar orbit at an average altitude of about 460 km and an orbit inclination plane of about 87.4°. Level
1b data, downloaded from the LATEST BASELINES folder of the ESA dissemination server (ftp://swarm-
diss.eo.esa.int), provided: UTC time, the position of the satellite in Earth-centered geographic coordinates,
and in-situ electron density and temperature at 1 s cadence measured by the Langmuir probes, part of the
electric field instrument (Knudsen et al., 2017) and filtered on the basis of quality flags provided by the
mission team. In particular, according to the Swarm Level 1b Product Definition document, we excluded data
flagged as “non nominal” (flags different from either 10 or 20). Data that were missing or not having passed
the quality flags were replaced by NaN values in order to allow the continuity of the time series.

In order to study the nature of features due to the magnetosphere-ionosphere coupling, we used the non-
orthogonal QD system of coordinates (Emmert et al., 2010; Laundal & Richmond, 2017; Richmond, 1995).
The transformation to QD coordinates consists of two steps: first, a transformation from geocentric latitude,
longitude, and satellite altitude to geodetic latitude, longitude, and altitude; second, the transformation
from geodetic to QD coordinates (Emmert et al., 2010). The position of the Sun is taken into account by
using MLT instead of UTC time.

The main features associated with the onset of FACs, namely the current sheets in Regions R1 and R2, have
been identified by analyzing magnetic Level 1b data at low resolution (1 Hz) co-spatial and simultaneous
with electric field instrument data, and according to the same quality flags. Magnetic data were processed
with the last version of the CHAOS-6 package (Finlay et al., 2016), which models the geomagnetic field of
internal origin at any satellite position. The subtraction of the modeled internal field from the observed field
allowed us to obtain the observed geomagnetic field of external origin. Due to the Ampere law, in order to
relate the variation of the vector magnetic field of external origin to the FACs flowing at Swarm A altitude,
we computed the components of the external field in directions parallel and perpendicular to the main field,
namely B and B, . In fact, at high latitudes B, can be thought as essentially originated by FACs, while B, as
originated by horizontal currents.

In the top panel of Figure 1 we show the climatological maps of signed B, for both the hemispheres. The
sign is given by the sign of the West-East component. In fact, the orthonormal triad defining the directions
of the vectors is such that inward FACs to the ionosphere have a positive West-East perpendicular compo-
nent, while outward FACs from the ionosphere have a negative West-East perpendicular component. As we
can see, Regions R1 and R2 are clearly visible, especially in the Southern Hemisphere (Milan et al., 2017).
More in detail, in the Northern Hemisphere the equatorward edge of R2 is located between ~ 60° and ~ 65°
QD latitude, and is characterized by positive B, (inward current) around dusk and negative B, (outward
current) around dawn. On the other hand, the poleward edge of R1 is at ~ 85° QD latitude, and is negative
(outward current) around dusk and positive (inward current) around dawn. Opposite signs are found in the
Southern Hemisphere in correspondence with R1 and R2 regions. In the bottom panel of the same figure
we show the unsigned | B, las a function of the QD latitude for fixed MLTs. The different colors of the solid
curves correspond to different MLTs. Curves have been smoothed by using a 4th-order Savitzky-Golay low-
pass filter with a smoothing window's size of 17 points (Savitzky & Golay, 1964). With this representation,
the regions affected by the current sheets associated with FACs correspond to the peaks at QD latitudes
higher than ~ 60° and at all MLTs. The features shown in Figure 1 are consistent with those found, e.g., in
Iijima and Potemra (1978), which extension was found to depend on the geomagnetic activity level.
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Figure 1. Top: climatological maps of signed geomagnetic field perpendicular to the direction of the main field, B , in
both hemispheres saturated between —40 and 40 nT. The sign of B is given by the sign of the West-East component;
Bottom: B as a function of the quasi-dipole (QD) latitude at fixed magnetic local time (MLT) (different colors
correspond to different MLTs). Curves are smoothed with a Savitzky-Golay filter (see the text).
2.2. The Electrical Conductivity
Electric currents in the ionosphere can be generated by neutral winds and electric fields, which drive elec-
trons and ions in opposite directions. By assuming that, at Swarm heights, the ionospheric ions mostly
consist of only one species (O") and their density is similar to that of electrons, namely 7 = 7,, the electrical
conductivity parallel (0}) and perpendicular (Op, Ox) to the geomagnetic field can be written as
1 1
o, = nee2 +— (1)
my, —my;
2 Ve Vi
op =nee + (2
‘ [me(vj +Q)  m(} +Q?)}
Q Q;
2
O'H=nee{ =t — 2}, (3)
m,(v; +Q7)  m(vi +Q7)
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where ¢ is the electron charge, ., and 7; are the electron and ion mass, respectively, vV, = V., +V,; and
v; =V, TV, are the collision frequencies of electrons and ions, respectively; the subscript marking the two
species colliding (electrons, neutrals, and ions). The electron and ion gyrofrequencies are given by

eB eB

e i
n, m;

being B the magnetic field strength. As we can see, the definition of ionospheric conductivities implies a
linear dependence on the electron density. However, due to the dependence of the electron-ion collision
rates on both 7, and T, conductivities show a more complicated dependence (Kelley, 2009). In the high
ionosphere, above ~ 180 km, the main mechanisms affecting the electron density in the dayside are the
solar extreme ultraviolet (EUV) and the electron precipitation, together with other transport mechanisms
coupling the magnetosphere and the ionosphere (Moen & Brekke, 1993; Wang et al., 2005). Above ~ 180 km
Pedersen and Hall conductivities become rapidly unimportant (Moen & Brekke, 1990, 1993). For this rea-
son, we will focus on the parallel component only.

In Equation 1, the first term in parenthesis is dominant, being 7, < m; and 0 is directly proportional to
the electron density and inversely proportional to the electron collision frequency (Cravens, 1997; Rish-
beth, 1997). Aggarwal et al. (1979) modeled the electron collision frequency in the range of altitudes 50—
500 km by using both experimental and theoretical values. They found that electron-ion collisions dominate
above ~170 km, with the values changing with the solar activity and season. At ~100 km of altitude the
effect of electron-neutral collision in the dayside is already negligible in computing conductivity (Vickrey
et al., 1981). In the nightside the altitude at which the equality of electron-neutral and electron-ion colli-
sions is reached is ~280 km at middle and high latitudes. At lower latitudes this altitude is higher. This im-
plies that at Swarm altitudes and low nightside latitudes, although the electron-neutral collision frequency
is still negligible, the uncertainty in considering only the electron-ion collisions is slightly larger. However,
we will focus on the middle and high latitudes, where in the ionospheric F-layer the collision frequency is
actually dominated by the electron-ion collision term, being V,; > V,, and v,; > V;, (Aggarwal et al., 1979;
Kelley, 2009; Nicolet, 1953; Nishino et al., 1998; Singh, 1966; Takeda & Araki, 1985; Vickrey et al., 1981). As
O" ions dominate in that ionospheric region, for the electron-ion collision frequency we can use the follow-
ing relation (Kelley, 2009):

n,

3
v, =nT,"? [34 + 4.181n[T—9ﬂ, (5)

where 7, and 7, are the electron density and temperature, respectively. From Equation 5 it follows that the
parallel electrical conductivity is

23/2
T

; .
[34 + 4.181n(T”H m, ©
nt’

As we can see, electrical conductivity is particularly sensitive to electron temperature variations, due to

o) =

the o T:/ 2 dependence, and we expect to find common features in both physical quantities (Lomidze
et al., 2018). This puts in relation the conductivity with the energy input (and eventually dissipation) of the
ionospheric F-layer (Singh, 1966). As the parallel conductivity depends only on 72, and 7, and these quanti-
ties can be directly measured by the Swarm mission, it is straightforward to obtain the parallel conductivity
at Swarm altitudes by using Equation 6. In cgs units this quantity has the dimensions of [s™']. In what fol-
lows, when referring to the electrical conductivity we will implicitly consider only the direction parallel to
the geomagnetic field.
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3. Results and Discussion
3.1. Climatological Maps of Electrical Conductivity

Maps of electrical conductivity have been realized with 1° x 1° binning in QD latitude-MLT coordinates (1°
longitude corresponds to 4 min in MLT). Time series collected within each bin have been filtered out by
using a median filter in order to remove spikes. The value representative of each bin corresponds to the
median of the filtered series. Errors on electrical conductivity within each bin were computed by applying
a bootstrap method. More in detail, the median value of conductivity was computed for 1,000 different sub-
sets randomly extracted and sized at 60% of the total number of measurements falling into the bin. The error
was assumed to be represented by the standard error on the median conductivities computed.

Climatological maps of electrical conductivity have been obtained by considering the whole 4-year data
set at 1 Hz. The results are shown in Figure 2. Here, the electrical conductivity for both Northern (left)
and Southern (right) Hemispheres saturated between 2.5 and 5, x 10'! s7! is reported in the first row. The

conductivity ranges between ~2.1 and ~ g x 10'! s~!, has a maximum error (computed as explained above)

of ~ 0.6%, and is characterized by the existence of two maxima: at very high latitudes (around +80°) be-
tween 09:00 and 12:00 MLT, in correspondence with the Region RO and the polar magnetic cusp (Milan
et al., 2017), and at low latitudes (within £20°) around 06:00 MLT. The latter peak, which represents the ab-
solute maximum value of 0}, corresponds to the morning overshoot (Stolle et al., 2011). This feature is asso-
ciated with a sudden increase of 7, in passing from night to day at the dip equator due to the decrease of heat
conduction, and reaches the minimum where the geomagnetic field is horizontal. Because of the strong
dependence of electrical conductivity on 7, this feature is rather expected in our maps. The most general
and evident feature emerging from these maps is the day-night conductivity asymmetry due to solar illumi-
nation. The effects of solar illumination and EUV ionization are indeed immediately recognizable in both
hemispheres from 06:00 to 18:00 MLT (dayside) and between 30° and 60° QD latitude in both hemispheres.

The solar contribution is well represented by the behavior of the height-integrated Pedersen and Hall con-
ductivity computed by Chapman (1956), namely £, o« 5,/cosy and £, o 10\/@ , being y the zenith an-
gle that takes into account the local position of the Sun, i.e., its apparent elevation. The electrical conductiv-
ity reaches ~ 4.8 x 10! s~'at 15:00 MLT and +50° QD latitude in both hemispheres. At QD latitudes between

+60° and +80° the features associated with R1 and R2 are clearly visible especially in the nightside, where
particle precipitation is the dominant process injecting energy in auroral regions and the effect of EUV
ionization is almost absent. Particularly interesting is the drop of electrical conductivity between R1 and
R2, where the particle dynamics is mainly governed by the intensification of horizontal Hall and Pedersen
currents, which are a direct consequence of the coupling between magnetotail regions and the ionosphere
in the nightside. These currents dissipate energy via Joule heating and are consequently responsible for a
temperature increase occurring at altitudes (90-110 km) well below Swarm. For this reason, a drop instead
of an enhancement of conductivity is observed at those latitudes.

The other steep increase of 0}, as we have anticipated, can be observed in the dayside sector between 09:00
and 15:00 MLT at ~ +80° QD latitude, with a peak between 09:00 and 12:00 MLT. This feature is probably
associated to the cusp region (Milan et al., 2017), where intense electron precipitation occurs and energy
is deposited due to the coupling between the dayside (open) magnetosphere and the ionosphere (Brinton
et al., 1978; Foster, 1983; Prolss, 2006). However, the electrical conductivity here computed shows remark-
able differences with respect to Hall and Pedersen conductivities. For example, the nightside horizontal
conductivities are estimated to be 1/10-1/30 times the noon values and the effect of the daily variation is
observed to persist a few hours after the sunset (Kane, 1971; Maeda, 1977; Tarpley, 1970). Such a huge day-
night asymmetry is not observed in our study for parallel conductivity, where the dayside conductivity is
observed to be up to 2-3 times that in the nightside.

In the second row of Figure 2 the hemispheric asymmetry of electrical conductivity is reported. It has been
computed in two ways: (1) the difference Ao, between the conductivity computed in the Northern Hemi-
sphere, 0y y, and that computed in the Southern one, 0y s, respectively (on the left); (2) the ratio of the two
conductivities, namely o; 5 / 0} 5. By looking at these maps, we can notice that the electrical conductivity in
the Northern Hemisphere is slightly higher than in the Southern one at low QD latitudes in the premidnight
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Figure 2. Top: climatological maps of electrical conductivity, 7, in both hemispheres saturated between 2.5 and

5.0 x 10" s71; Middle: climatological maps of conductivity asymmetry computed as the difference between the
conductivities in Northern and Southern Hemispheres (Ao;, on the left), and as the ratio between the two (on the right)
saturated between —1 and 1 and between 0.5 and 1.5, respectively; Bottom: 0} as a function of the QD latitude at fixed
MLT (different colors correspond to different MLTs). Curves are smoothed with a Savitzky-Golay filter (see the text).
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sector and at middle latitudes in the predawn sector, and higher (up to ~1.5 times) in the polar cap. On the
other hand, the same quantity is appreciably smaller (~0.7 times) between +60° and +80° latitude in the
premidnight sector, and in correspondence of the magnetic cusp in the dayside. As we have analyzed 4 years
of data acquired by Swarm A satellite we cannot preclude the possibility that these asymmetries can be
partially due to seasonal effects (Cnossen & Forster, 2016).

The location of all the features described so far for both hemispheres can be easily recognized after plotting
0, as a function of the QD latitude for fixed MLTs. Such a plot is shown in the bottom panel of Figure 2,
where the different colors of the solid curves correspond to different MLTs. Curves have been smoothed by
using a 4th-order Savitzky-Golay low-pass filter with a smoothing window's size of 17 points (Savitzky &
Golay, 1964). As we can see, the maximum conductivity occurs at the dip equator at 06:00 MLT, and corre-
sponds to the morning overshoot. In contrast, the minimum conductivity occurs in the premidnight sector
(from 21:00 to 00:00 MLT) between +15° QD latitude in both hemispheres. At the same QD latitude but in
the morning sector, 0 is enhanced and increases quite smoothly poleward toward the auroral regions. The
presence of Region 2 (Iijima & Potemra, 1978) marks the beginning of the auroral regions. The estimate of
the location of such a region can be also obtained by looking at the curves reported on the plot of Figure 2
(lower panel) as well as the curves reported in the bottom panel of Figure 1. Moving from middle to high
magnetic latitudes a steep increase in the slope of the curves can be observed, mostly at 00:00 and 03:00 MLT,
at around +60° QD latitude. In the same way, prominent peaks marking Region 1 can be observed at around
+80° QD latitude, especially in the prenoon sector, where the signature of the magnetic cusp is clearly visi-
ble (Milan et al., 2017). With a reasonable approximation we can identify the region among Regions 1 and 2
as the auroral regions. Interestingly, in this region, the electrical conductivity in the Southern Hemisphere
is higher than in the Northern one, as evidenced both in the asymmetry maps of Figure 2 (middle panels)
and in the height of the peaks reported on the plot of Figure 2 (lower panel).

3.2. Seasonal Variation of Electrical Conductivity

We investigated the seasonal variation of electrical conductivity in order to study its dependence on solar
illumination. We portioned the entire data set according to the local season (i.e., the season at the position of
the satellite) such that each year is divided into four periods 3-month long centered around equinoxes and
solstices. In this way, the seasonal variation of electrical conductivity reflects the actual solar illumination
conditions. Corresponding maps are reported in Figure 3, where four different panels, one for each local
season, display the electrical conductivity for both hemispheres together with the asymmetries Ao, (on the
left) and o  / 0} 5 (on the right). Errors on conductivities were computed with the bootstrap method (see
§3.1), which provided the following maximum values: ~ 2.6% for spring, ~ 3.1% for summer, ~ 2.4% for
autumn, and ~ 3.0% for winter. As a general consideration, the electrical conductivity shows remarkable
variations with the local season. Also, the hemispheric asymmetries are much more evident than in the cli-
matological case. From spring (panel a) to summer (panel b), there is an increase of electrical conductivity
in the dayside ionosphere at all MLTS, especially between the noon and the dusk at middle QD latitudes. An
enhancement of conductivity is visible even in the nightside in the premidnight sector and at low latitudes.
During the local autumn (panel ¢) and winter (panel d) the electrical conductivity marking the equatorward
edge of the auroral regions is comparable or even higher than conductivity in the dayside, especially in the
predawn and postdusk sectors and in the Southern Hemisphere. The separation between Regions 1 and 2 is
clearly visible, especially in the winter and for both hemispheres. The winter nightside appears to be darker
than in spring and summer, and at very high latitudes, in the polar cap, there is a dark feature slightly larger
in the Northern Hemisphere than in the Southern one. It could be associated with the polar hole (Brinton
et al., 1978), a region of decayed electron density due to the combined effect of lack of photoionization and
a slow convection pattern. These findings are consistent with previous literature. Moen and Brekke (1993)
modeled Pedersen and Hall conductivities in sunlit conditions to point out the dependence of photoelec-
trons’ production by EUV on solar activity and zenith angle. This variation is reflected in the parallel con-
ductivity. In fact, due to both the augmented production of photoelectrons and the electron precipitation
associated with current systems flowing in the ionosphere and from (toward) the magnetosphere, also the
density of FACs in the Region R1 was found to depend on solar illumination via the zenith angle and the
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seasonal variations (Cattell et al., 2003; Fujii & Iijima, 1987; Fujii et al., 1981). For example, around noon
FAC density in summer is twice than that in winter during quiet conditions (Christiansen et al., 2002; Fujii
et al., 1981; Wang et al., 2005), and the auroral oval is shifted poleward of about ~ 1 — 3°. This feature is ob-
served also in our data set in both hemispheres, with the only difference that it is not localized around noon
but encloses all the MLTs in the dayside. In contrast, the dayside winter conductivity peaks in a restricted
thinner region centered in the prenoon sector (around 11:00 MLT).

The hemispheric asymmetry also strongly varies with local seasons. In spring, electrical conductivity in
the Southern Hemisphere is slightly higher than in the Northern one in the auroral regions mostly in the
nightside, while it is appreciably lower in the dawn sector; during the summer electrical conductivity in
the Southern Hemisphere is higher than in the Northern one in the auroral regions at all MLTs and at all
latitudes in the nightside, while the Northern Hemisphere dominates in the dayside at low latitudes. In
autumn, the electrical conductivity in the Northern Hemisphere is higher than in the Southern one at all
latitudes and MLTs except in the postdusk sector. Finally, during winter a positive Ao, is observed only from
21:00 to 03:00 MLT at QD latitudes lower than 60°.

These findings confirm previous observations according to which the density of FACs, especially in Region
1, depends on solar illumination via the zenith angle and the seasonal variations (Cattell et al., 2003; Fujii
& Tijima, 1987; Fujii et al., 1981).

3.3. The Contribution of Particle Precipitation to Electrical Conductivity

It is well known that the main contributions to parallel electrical conductivity in the ionosphere at high lati-
tudes, which is associated to the intensification of FACs, are the enhancement of photoelectrons by EUV so-
lar radiation and particle precipitation due to the magnetosphere-ionosphere coupling (Cogger et al., 1977;
Collin et al., 1998; Liou et al., 1997; Liou et al., 2001; Meng & Lundin, 1986; Moen & Brekke, 1993; Newell
et al., 1996). In previous sections we showed for the first time climatological maps of parallel electrical
conductivity at Swarm altitude, and its seasonal variation. Of course, Swarm observations incorporate the
contribution from all mechanisms participating to the onset of ionospheric conductivity.

The climatological contribution to electrical conductivity due to sunlit can be estimated by taking advan-
tage of the International Reference Ionosphere (IRI) model at Swarm altitude. The IRI (Bilitza et al., 2017)
is the empirical climatological model of the ionosphere that is, recognized as the official ISO standard for
the ionosphere (Bilitza, 2018). IRI provides hourly monthly median values of the electron density, electron
and ion temperature, and ion composition in the ionospheric altitude range, on a global basis, for different
levels of solar and magnetic activity. In this study, climatological values of electron density and tempera-
ture modeled by IRI were used to obtain modeled values of the parallel electrical conductivity. Specifically,
IRI was run for the same time period covered by Swarm A data set and with the same sampling rate, as
if IRI values were co-located with measurements from Swarm A Langmuir probes. In this way, a perfect
spatial and temporal consistency between measured and modeled data is guaranteed. The NeQuick topside
option (Coisson et al., 2009; Nava et al., 2008) has been applied for the description of the topside electron
density profile shape, which has been shown to perform the best at Swarm satellite altitudes (Pignalberi
et al., 2016). Topside electron density values are anchored to the F-layer peak whose electron density (
NmF?2) and height (hmF2) have been modeled through URSI coefficients (Rush, 1989) and Shubin et al.
(2013) option, respectively. Because the magnetic activity dependence is not considered in this work, the
IRI STORM options have been deactivated. For what concerns the modeling of the electron temperature,
the Truhlik et al. (2012) model has been applied, which now includes also the solar activity dependence to
the previous electron temperature model (Truhlik et al., 2000, 2009). In this model, electron temperature
values at five anchor points located at 350, 550, 850, 1,400, and 2,000 km of altitude are modeled through a
spherical harmonic expansion in a system of associated Legendre polynomials (up to the 8th order) in terms
of MLT and INVDIP latitude. Coefficients of the spherical harmonic expansion were calculated for summer
and winter solstices, and for combined equinoxes, regardless of the hemisphere; then, interhemispheric
differences were not considered. The solar activity dependence was included by the selection of three solar
activity ranges and the description of corresponding variability as a function of PF10.7 solar index (Truhlik
et al., 2012). The complete vertical electron temperature profile is obtained by a linear interpolation be-
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tween the anchor points and by applying Epstein-step functions to the transition from regions with different
gradients, thus producing a continuous analytical representation of the electron temperature profile. It is
worth mentioning that the scarce availability of electron temperature measurements in the topside iono-
sphere strongly limits a more refined description other than IRI does. As a consequence, the IRI electron
temperature model does not describe small-scale spatial and temporal structures which are indeed observed
by Swarm. Moreover, it should be noted that, historically, IRI has difficulty in predicting the plasma behav-
ior at high latitudes because it relies mainly on data sets concerning mid and low latitudes.

By computing electron density and temperature with the IRT model at any satellite location, we can com-
pute the electrical conductivity by using Equation 6 and obtain a model based on IRI, O} jz; that takes into
account mainly the contribution due to solar illumination. The results for both hemispheres are shown in
the top panel of Figure 4. Errors on climatological conductivity derived from the IRI model within each
bin were computed by using the bootstrap method (see §3.1), which provided a maximum value of ~ 0.5%.
When considering the maximum errors for each season (like in §3.2), we found the values ~ 0.8% for spring
and winter, and ~ 0.9% for summer and autumn. There are three main features to point out: (1) there is an
obvious day-night asymmetry generated by the local position of the Sun in terms of solar zenith angle. No
features are present in the nightside, while in the dayside we can recognize peaks of conductivity in corre-
spondence with the morning overshoot, at noon and in the postnoon sector. No auroral features emerge,
as they are mainly due to particle precipitation not modeled by IRI; (2) in the dayside and at any MLT the
values of electrical conductivity are appreciably lower than those obtained from Swarm observations and
shown in the top panel of Figure 2. This is expected as the IRI model does not consider the energy exchange
and injection from magnetosphere-ionosphere coupling due to precipitating particles; (3) the hemispheric
asymmetry (not shown) is negligible except for the case of polar caps, as in different seasons they are not
illuminated in the same way.

We remark that the IRI model does not explicitly take into account the contribution of the particle precipi-
tation at high latitudes for both electron density and temperature modeling; specifically, no driver or index
describing the particle precipitation was considered in the developing of the IRI model. However, it has to
be considered that IR is a climatological model whose main purpose is a reliable representation of the diur-
nal, seasonal, spatial, solar, and magnetic activity trends of several ionospheric parameters at climatological
spatial and temporal scales. Then, not all the physical phenomena associated with the plasma dynamics
are considered in IRI. Among them, the effects due to the particle precipitation at high latitudes. Thus, in
principle, by subtracting the conductivity obtained through the IRI model to that computed from Swarm
data, we could obtain a reasonable estimate of the contribution to conductivity mainly from particle precip-
itation. This factor is directly linked to FACs, so we can produce maps capable of pointing out some features
that are typical of FACs. In particular, by subtracting from the climatological maps, reported on the top of
Figure 2, the IRI maps, reported on the top of Figure 4, we obtain the maps shown in the middle panel of
Figure 4. Here, the electrical conductivity ranges between ~ 0.5t0 ~2 8 x 10!! s\ The errors on the subtract-
ed maps are of the order of the squared root of the sum of their variances. Thus, for the climatological maps
in the middle panel of Figure 4 the maximum error is ~ 0.8%. In both hemispheres, particle precipitation
is the responsible for the conductivity features in the nightside, especially at auroral QD latitudes. In the
Southern Hemisphere there is an enhancement through all night in the Region R2 and an enhancement in
correspondence of the Region R1 in the prenoon hours. In the dayside, at latitudes of ~ 80° in the morning
sector, we recognize the features associated with the magnetic polar cusp (Milan et al., 2017), which are not
recognizable in the maps obtained via the IRI model. Very interesting is also the presence of an enhanced
equatorial feature at 06:00 MLT, that corresponds to the morning overshoot. This feature gives an indication
about the role played by particle precipitation in the enhancement of electron temperature at the equatorial
dawn. These findings confirm under both an observational (through Swarm observations) and modeling
(through the IRI model) point of view the key role played by particle precipitation in producing the auroral
features, supporting the strong connection between magnetosphere and ionosphere in the nightside (via the
magnetotail-ionosphere coupling at all MLTs from dusk to dawn and QD latitudes higher than 60°) and in
the dayside (via the injection of particles into the cusp).

The location of all the features described for both hemispheres can be, again, recognized in the plot on the
bottom panel of Figure 4. Likewise Figure 2, curves are smoothed by a 4th-order Savitzky-Golay low-pass
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Figure 4. Top: International Reference Ionosphere (IRT) modeling of electrical conductivity, 7y, in both hemispheres
saturated between 2.5 and 5. x 10! s~1; Middle: climatological maps of the contribution to conductivity mainly from
particle precipitation computed as the difference between the conductivities retrieved using Swarm data and those from
IRI model, namely Oy swarm — Oy.irr saturated between 0 and 7 x 10! s7!; Bottom: electrical conductivity mainly from

particle precipitation as a function of QD latitude at fixed MLT (different colors correspond to different MLTs). Curves
were smoothed with a Savitzky-Golay filter (see the text).
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filter with a smoothing window's size of 17 points (Savitzky & Golay, 1964). Also in this case the maximum
conductivity occurs at the dip equator at 06.00 MLT, and corresponds to the morning overshoot. In this
case, the minimum conductivity occurs in the postnoon sector (from 12:00 to 15:00 MLT) between 60° and
80° QD latitude in both hemispheres. This region corresponds closely to the location of maximum Oy ;. A
secondary very pronounced peak of conductivity occurs at 03:00 at 60° latitude, and according to the same
criteria used in Figure 2, marks the equatorward part of Region R2. This region is characterized mainly by
an intense particle precipitation occurring in coincidence of a FAC flowing toward the ionosphere (Ilijima
& Potemra, 1978). Other peaks marking Region R1 start at about +80° QD latitude in the nightside, and
increase slightly moving toward the dayside. This is consistent with the observation of Region R1 at little
higher latitudes in the dayside than in the nightside. Also in this case of mainly particle precipitation, in
auroral regions the enhancement of electrical conductivity in the Southern Hemisphere is higher than in
the Northern one, and the electron precipitation is asymmetric, being the hemispheric asymmetry well
represented in the middle panel of Figure 2.

In Figure 5 we show the seasonal behavior of electrical conductivity mainly due to particle precipitation
in both hemispheres (Northern on the left, Southern on the right) saturated between 0 and 7 x 10! ¢!

. The maximum errors on the subtracted seasonal maps are of the order of ~ 2.7% for spring, ~ 3.2% for
summer, ~ 2.6% for autumn, and ~ 3.1% for winter. Moving from summer to winter, the conductivity
in the equatorward edge of the auroral regions (at about 60°) enhances in the nightside from dusk to
08:00 MLT, while is lower at the same latitude in the dayside. As it is known, the ionospheric conduc-
tivity is expected to change as a function of solar zenith angle (Moen & Brekke, 1993) and therefore
the summer and winter polar regions can have dramatic different conductivity values. In our case, the
conductivity changes by a factor of 2 around the pole, thus confirming the dependence of the FACs on
seasonal changes (Papitashvili et al., 2002). It has been found, for example using Orsted satellite magnetic
field measurements that, statistically, there is a factor of 1.6 between the summer and winter maximum
FAC density (Papitashvili et al., 2002). Also Wang et al. (2005) showed that the maximum FAC changes by
approximately a factor of 2 from summer to winter in the dayside. Thus, from previous studies, it can be
concluded that FACs change from winter to summer by about a factor of 2 as we find in our maps (Chris-
tiansen et al., 2002; Fujii et al., 1981) and the auroral regions are located poleward of about ~ 1 — 3°. This
suggests that while particle precipitation is more and more effective in the nightside in approaching the
local winter, at the same time EUV photoionization becomes more and more important in the dayside.
The only exception is represented by the cusp region around noon. In spring and summer the conductiv-
ity in this small region is comparable with that in the nightside, reaching a peak of about 7 « 10!! ¢! in
the summer Southern Hemisphere, then it dims in autumn and winter, appearing less structured in the

Southern Hemisphere. The only sector in the nightside where conductivity is appreciably high during
all seasons in both hemispheres is that between 02:00 and 05:00 MLT, suggesting that in this region the
ionospheric precipitation processes are almost always effective. This arch is present in summer and well
visible mainly in the Southern Hemisphere. In spring and autumn it enlarges to midnight hours, and
expands from dusk to 08:00 MLT, while in winter it reaches the maximum expansion and is characterized
by an increased conductivity. In all seasons, excluding local exceptions, conductivity in the Southern
Hemisphere is higher than in the Northern one. These findings confirm previous results and suggest
that electron precipitation events are reduced in sunlight (Newell et al., 1996), except in the cusp, and
show a suppression much more effective in the dayside winter than in summer (Liou et al., 1997, 2001).
This is consistent with the fact that while the nightside auroras are suppressed in summer due to the
decrease of energy of precipitating electrons, dayside ones are enhanced in summer due to the increase
of the electron flux number (Liou et al., 2001). Consistently, Collin et al. (1998) observed upflowing ion
beams (precursors of electron precipitation) between 15:00 and 01:00 MLT with an occurrence peak in
the premidnight winter and a minimum in summer. Swarm observations and the subtraction of the IRI
model allow us to refine this conclusion and argue that the region of precipitating electrons extends from
dusk to 08:00 MLT, with prominent peaks in the predawn autumn in the Northern Hemisphere, in the
premidnight and predawn autumn in the Southern Hemisphere, in the winter nightside in both the hem-
isphere, especially the Southern one.
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4. Summary and Conclusions

The main goal of the current study was to determine some properties of the electrical conductivity parallel
to the geomagnetic field in the ionosphere at Swarm altitude. When considering climatological conductivity
maps based on 4 years of observations we found that:

* Two conductivity maxima occur: one at very high QD latitudes (at ~ 80°) around noon and one at low lat-
itudes (within +20°) at dawn; which may be associated to the R1 and the cusp region (Milan et al., 2017)
and the morning overshoot (Stolle et al., 2011), respectively

* There is an evident and expected conductivity asymmetry from day to night. In the dayside the effect
of solar EUV is dominant and conductivity has a peak at 15:00 MLT and at £50° QD latitude. A peak
between 09:00 and 12:00 MLT at around 80° is observed and may be associated with the cusp region; in
the nightside particle precipitation is the dominant process injecting energy in the auroral regions and
conductivity shows features between +60° and +80° that are associated with Regions R1 and R2

* There is an evident hemispheric asymmetry for which electrical conductivity in the Northern Hemi-
sphere is higher than in the Southern one at low QD latitudes in the premidnight sector, at middle lati-
tudes in the predawn sector, and in the polar cap. On the contrary, it is lower between +60° and +80° in
the premidnight sector at the same QD latitudes as the dayside cusp

When considering the seasonal conductivity variation in order to study its dependence on solar illumina-
tion we found that:

* Electrical conductivity in the Southern Hemisphere is remarkably higher than that in the Northern one
mainly during the summer nightside and the winter dayside

* Electrical conductivity increases from local spring to summer, especially in the dayside between noon
and dusk at middle QD latitudes

* During local autumn and winter the electrical conductivity at auroral QD latitudes corresponding to
Region 2 in the nightside is comparable or even higher than that in the dayside

* In correspondence of Regions R1 and R2 there is an enhancement of conductivity especially in the win-
ter Southern Hemisphere

* The hemispheric asymmetry also depends on the local season in a complicated way

When focusing on the estimated contribution of particle precipitation to electrical conductivity, we found
that:

* Conductivity features mainly from precipitations are greatly enhanced in the nightside, especially in the
Southern Hemisphere, at QD latitudes in correspondence of the Regions R1 (in the prenoon hours) and
R2 (the whole night), where intense particle flows are expected due to FACs

* Features characteristic of the polar cusp at high QD latitudes and the morning overshoot at low latitudes
are recognizable in the dayside at around noon and at 06:00, respectively

* Moving from spring to winter the conductivity at ~ 60° QD latitude increases, from dusk to 08:00 MLT
(which corresponds to the region of precipitating electrons) changing by a factor of ~2 around the pole,
while in the dayside the conductivity lowers. This suggests that, when approaching to winter, particle
precipitation is more effective in the nightside sector, while EUV photoionization is more important in
the dayside, being the only exception the cusp region, which becomes dimmer and dimmer from spring
to winter

These results are consistent with previous literature, according to which electron precipitation events are
suppressed in sunlight except in the cusp, with a suppression more effective in winter than in summer.
While auroras are suppressed in the summer nightside due to the decrease of energy of the precipitating
particles, they are enhanced in the summer dayside due to the increasing number of particles precipitating.
Moreover, the augmented production of photoelectrons and electrons precipitation associated with FACs
depends on solar illumination via the zenith angle and the seasonal variations.

Figure 5. Seasonal maps of electrical conductivity when the main cause is particle precipitation in both hemispheres (Northern on the left, Southern on the
right). From top to bottom: Local spring, summer, autumn, winter. Saturation is between 0 and 2x10'! s
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The insights gained from this study may be of interest for different reasons. First, the estimated elec-
tron precipitation, which is associated with FACs and causes the generation of auroras in the high-lati-
tude ionosphere, is a mechanism effective in increasing electrical conductivity and the possible following
amplification of FACs. For this reason, characterizing electrical conductivity may help to study the interac-
tion between the magnetized plasma of solar origin carried on by solar wind and/or coronal mass ejections
and the geomagnetic field. Second, to our knowledge, a statistical study focused on parallel electrical con-
ductivity is lacking, despite this physical quantity plays a fundamental role in the amplification, evolution
and dissipation of FACs in the high-latitude ionosphere, and thus in the space weather framework. For the
first time, a statistical study performed by taking advantage of in-situ measurements has allowed us to show
the features of electrical conductivity in the topside ionosphere. The 4 years of Swarm electron density and
temperature measurements between 2014 and 2018 at 1 Hz permitted us both a climatological and a season-
al study. Third, for the first time we estimated the contribution of particle precipitation to electrical conduc-
tivity. To accomplish this task we subtracted the contribution of EUV photoionization modeled by the IRI
model to what we obtained on the basis of Swarm observations. We stress that the results presented in this
work are fully consistent with previous works in the literature (Christiansen et al., 2002; Fujii et al., 1981;
Moen & Brekke, 1993; Newell et al., 1996; Papitashvili et al., 2002; Wang et al., 2005, just to mention a few).
This strengthens the hypothesis that subtracting IRI model to Swarm observations in order to investigate the
features of conductivity attributed to particle precipitation is robust and reasonable.

Regarding the future perspectives, there are several points that it would be interesting to deepen. Esti-
mations of FACs via Ampere law were used to recover the position of the oval, which strongly depends
on the geomagnetic activity level. Wang et al. (2005) found that during quiet conditions in the Southern
Hemisphere the auroral oval can be fitted by an ellipse centered at —86.6° MLAT and 23.8 MLT, with size
of semimajor axis 18.3°, semiminor axis 16.7° and the semimajor axis rotated clockwise by 2.9°. During
quiet conditions upward FACs are observed between 13:00 and 14:00 MLT and downward ones between
09:00 and 11:00 MLT. During disturbed periods FACs move away from noon by about 2 h accordingly to the
position of Region 1 identified by Iijima and Potemra (1978). In addition, the intensity of FACs is also mod-
ulated by the solar cycle, as measured by the F10.7 proxy (Ohtani et al., 2014). These few examples point out
the necessity of investigating the variation of electrical conductivity associated with FACs as a function of
the geomagnetic activity. For this reasons, the variation of electrical conductivity with both the geomagnetic
activity level and the solar cycle will be investigated in a future work.

Another interesting question to be answered is the link between electrical conductivity features and iono-
spheric irregularities. Although the largest contribution to conductivity comes from electron temperature,
the dependence on electron density remains, and the observed conductivity variations and gradients may
be linked to the occurrence of ionospheric irregularities. Among the main sources of irregularities in the
ionospheric F-layer at high latitudes we mention (Keskinen & Ossakow, 1983):

* Particle precipitation. Low-energy (10? —10° eV) electrons are known to deposit most of their energy
in the F-layer at high latitudes (Rees, 1963), especially in the polar cusp and in the prenoon sector at
lower latitudes (Dyson & Winningham, 1974). Large scale convecting plasma enhancements have been
observed in the midnight sector of the auroral F region due to particle precipitation and associated FACs
(Vickrey et al., 1980)

* Plasma macro-instabilities. Sources of free energy giving rise to irregularities have been found in density
gradients, velocity shears, and currents

* Waves. Quasi-periodic fluctuations in 7, and 7, were observed due to, for example, gravity waves
(Hines, 1960). These waves can be in principle driven by Joule heating and Lorentz forces associated
with electrojets and intense particle precipitations

The link between conductivity and ionospheric irregularities will be studied in a following work to shed
light on their role in the onset and evolution of FAC signatures.

Another possible future study may be focused on the theoretical modeling of the contribution to conduc-
tivity due to particle precipitation, for example, by using a physical model such as a GCM model (http://
www.hao.ucar.edu/modeling/tgcm/), and its comparison with the results obtained by current in situ obser-

GIANNATTASIO ET AL.

16 of 19

95U017 SLOWIWOD aA1TeRID 3|qeoljdde auy Aq peusencb afe sejoie VO ‘esn Jo sajni Joj ArIqiTauljuQ A8]i/M UO (SUONIPUOI-PUE-SWLBIL0Y"AB|IMAleld Ul [uo//:Sdny) SUONIPUOD pue swie | 841 885 *[£202/TT/TZ] uo Arigitauliuo Ae|im ‘Abul Aq 25820 WE0Z0Z/620T OT/10p/wod A 1M Aleidjpuljuo sgndnBe;/sdny wouy pepeojumod ‘g ‘T20¢ ‘Z0v669T2


http://www.hao.ucar.edu/modeling/tgcm/
http://www.hao.ucar.edu/modeling/tgcm/

/Y ed N |
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Space Physics

10.1029/2020JA028452

Acknowledgments

The authors acknowledge financial sup-
port from European Space Agency (ESA
contract N. 4000125663/18/I-NB EO
Science for Society Permanently Open
Call for Proposals EOEP-5 BLOCK4
(INTENS)). This work is partially
supported by the Italian MIUR-PRIN
grant 2017APKP7T on Circumterrestrial
Environment: Impact of Sun-Earth
Interaction. The IRI team is acknowl-
edged for developing and maintaining
the IRI model and for giving access to
the corresponding Fortran code via the
IRI website (http://irimodel.org/).

vations. This would also allow separating the contribution of precipitations from other, if any, effects and
eventually quantify their weight in the estimation of conductivity.

Finally, the scaling properties of electrical conductivity should be studied to understand the mechanisms
participating in its variation and how this is effective in the dissipation of the energy incoming from the
solar plasma and the magnetosphere. All these aspects will be approached in future works.
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