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Key Points:7

• We studied the parallel electrical conductivity in the topside ionosphere at high8

magnetic latitudes by using four-year measurements acquired by the Swarm mis-9

sion.10

• We investigated both the climatological properties and the seasonal variations of11

electrical conductivity.12

• By comparing the results obtained with the IRI model we estimated the contri-13

bution to electrical conductivity mainly due to particle precipitation.14
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Abstract15

Our knowledge of the physical properties of the topside ionosphere is still incomplete.16

A key point still not fully understood is how field aligned currents are generated, evolve17

and dissipate in the ionosphere. Answering to this question is fundamental for a better18

understanding of the mechanisms regulating the coupling between magnetosphere and19

ionosphere and to shed light on the physical processes inherent to space weather events20

occurring in the Earth’s ionosphere. In this framework a relevant role is played by the21

ionospheric conductivity. The purpose of this study is to analyze the main properties22

of the electrical conductivity parallel to the geomagnetic field from a climatological point23

of view. The statistical study of the electrical conductivity is proposed using four years24

of in-situ electron density and temperature measurements at 1 Hz acquired by the ESA’s25

Swarm A satellite. Variations due to seasonal effects are also investigated. Finally, start-26

ing from observations and comparing our results with those obtained using IRI model,27

we give a first estimation of the conductivity mainly due to particle precipitation.28

1 Introduction29

The study of the spatial and temporal structure of high-latitude ionospheric cur-30

rent systems is of utmost importance for both the improvement of magnetosphere-ionosphere31

coupling models and for practical purposes. The ionospheric current systems can lead32

to a variety of important space weather effects, influencing the performance of space-born33

and ground-based systems. For example, ground-based systems may be subject to peaky34

induced geoelectric fields and associated currents (Boteler et al., 1998; Boteler & Pir-35

jola, 2017). On the other hand, geomagnetic field disturbances caused by strong iono-36

spheric currents may affect the positioning and navigation systems (Poedjono et al., 2013).37

The intensification of plasma streams may also contribute to increase the atmospheric38

drag acting on low-Earth-orbit satellites, thus resulting in the lowering of the flight al-39

titude (Liu & Lühr, 2005; Pirjola et al., 2005). For these reasons, in-situ measurements40

of physical parameters characterizing the ionospheric F-layer are fundamental. They are41

aimed at significantly improving our understanding of space weather phenomena and their42

impact on Earth, especially at high latitudes, where effects of solar wind-magnetosphere-43

ionosphere coupling can be captured, such as, e.g., the precipitation of solar plasma, the44

intensification of ionospheric currents, together with the effects of dynamic processes oc-45

curring in the geomagnetic tail regions (Hones, 1979; Kamide & Baumjohann, 1993; Hor-46

ton et al., 1999; Lyon, 2000; Cowley et al., 2003; Song et al., 2005; Milan et al., 2017;47

Stumpo et al., 2020).48

At high magnetic latitudes the ionospheric current system consists of both hori-49

zontal and vertical currents. The former flow in the ionospheric E-layer between ∼ 9050

and ∼ 110 km of altitude and divide into mutually orthogonal Hall and Pedersen cur-51

rents (Amm, 1997; Kamide & Baumjohann, 1993). The latter are the so-called field-aligned52

currents (FACs), which are often referred to as Birkeland currents in honor of the man53

who proposed them for the first time in the early 1900s before their detection by Zmuda,54

Martin, and Heuring (1966). FACs are known to be responsible for the coupling between55

the solar wind-magnetosphere system and the ionosphere. This coupling manifests in the56

dayside as, for example, a direct precipitation of solar particles (mainly electrons, pro-57

tons and alpha particles) in conditions of open magnetosphere; and in the nightside as,58

for example, plasma acceleration in response to substorm events involving magnetospheric59

convection occurring far away in the magnetotail. The large-scale distribution of cur-60

rents at high latitudes results in three main systems (Zmuda & Armstrong, 1974; Iijima61

& Potemra, 1978): 1) a more poleward current sheet called Region 1 (R1), which flows62

toward the magnetosphere in the evening sector and toward the ionosphere in the morn-63

ing sector; 2) a more equatorward current sheet called Region 2 (R2), which flows in the64

opposite direction, i.e. toward the ionosphere in the evening sector and toward the mag-65

netosphere in the morning sector. Both R1 and R2 overlap in the premidnight Harang66
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region (Harang, 1946); and 3) the zonal electrojets flowing along the auroral oval in the67

night sector and the Pedersen currents flowing across the auroral oval (Boström, 1964),68

both connecting FACs flowing in opposite directions. However, despite Hall and Ped-69

ersen currents also contribute to the energy of the high-latitude ionosphere and respond70

to the chain of dynamic processes due to the solar wind-magnetosphere-ionosphere cou-71

pling, they are confined in a rather thin layer of the ionosphere, reaching their maximum72

intensity at altitudes between 90 and 110 km. At higher altitudes their contribution is73

expected to quickly become negligible (Brekke & Hall, 1988; Rasmussen et al., 1988; de la74

Beaujardiere et al., 1991; Moen & Brekke, 1993). Thus, FACs are responsible for the ex-75

change of most of plasma energy and momentum with the magnetosphere.76

A physical parameter that is fundamental to characterize the ionospheric currents77

features i.e., their magnitude, spatial distribution and temporal variations, is the elec-78

trical conductivity. In fact, due to the Ohm’s law, it provides both the link between the79

onset of an electric field and the amplification of currents, and the rate of dissipation of80

currents in a medium via Joule heating, i.e. the power per unit volume dissipated in a81

resistive plasma. Over the years, several techniques have been developed that take ad-82

vantage of measurements of the magnetic disturbance field to estimate the ionospheric83

equivalent current systems responsible for the disturbance. Interesting results have been84

obtained capable of reproducing the horizontal and field-aligned currents via sophisti-85

cated models of electrical conductivity (Kamide et al., 1981; Pulkkinen et al., 2003; Wey-86

gand et al., 2011). Of course, for this reason results were strictly dependent on the model87

used for conductivity. Average conductivity models dependent on latitude, local time88

and different levels of geomagnetic disturbance were developed by using satellite mea-89

surements of electron precipitation (Spiro et al., 1982). Nevertheless, these measurements90

were not able to capture those spatio-temporal variations that are typical of ionospheric91

conductivity during the development of geomagnetic substorms. Incoherent scatter radar92

measurements can be used to provide electron density and ionospheric conductivity (Robinson93

et al., 1985a, 1985b), but they suffer from low spatial and temporal resolutions, prevent-94

ing them from being related to fast dynamic phenomena like, e.g., substorms. Electron95

density can be still computed by the energy flux spectrum of the precipitating electrons,96

as done by using rocket and satellite measurements (Marklund et al., 1982; Fuller-Rowell97

& Evans, 1987). But, also in this case, none of these studies has provided the necessary98

spatio-temporal resolution to capture the fine structure of the high-latitude dynamic iono-99

sphere during substorm and energetic events. Despite electron density profiles acquired100

by radar measurements were used to compute the ionospheric conductivities in the E-101

layer (Kirkwood et al., 1988), as well as ionosonde, radar scattering, balloons, rockets102

and satellite data (Föpl et al., 1968; Mozer & Serlin, 1969; Mende et al., 1984; Holzworth103

et al., 1985; Germany et al., 1994), similar attempts to capture the properties of con-104

ductivity in the F-layer are still lacking or are poorly present. More recently, Amm et105

al. (2015) used Swarm measurements of the electric and magnetic field to infer, via a tech-106

nique based on Spherical Elementary Current Systems (Amm, 1997), the field-aligned107

conductivity together with the Hall and Pedersen ones in the ionospheric current layer108

at ∼ 110 km of altitude. However, no study has directly provided high-resolution con-109

ductivity maps in the ionospheric F-layer by taking advantage of in-situ measurements.110

The aim of this work is to study the field-aligned conductivity, which is the con-111

ductivity parallel to the Earth’s magnetic field lines, in the topside ionosphere through112

in-situ measurements of electron density and temperature. To our knowledge, it is the113

first time that a climatological study is performed on parallel electrical conductivity, based114

on four years of uninterrupted data acquired by the Swarm A satellite. We built maps115

of parallel conductivity in Quasi-Dipole (QD) latitude versus Magnetic Local Time (MLT)116

and put in evidence what are the characteristic features of electrical conductivity for both117

hemispheres and depending on season. We underline that in our study electrical conduc-118

tivity is computed in the F-layer directly, based on high resolution measurements of elec-119

tron density and temperature, and without resorting to models. Only a few reasonable120
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assumptions were made on the electron density of the ionospheric plasma and on the col-121

lision rate between electrons, ions and neutrals at Swarm altitudes.122

The paper is organized as follows. In the next section we describe the data used123

and how we retrieved electrical conductivity; in §3 we show the results and discuss them124

in light of existing literature; in §4 we summarize the main steps and findings of this work125

and present the future perspective.126

2 Data and methods127

2.1 Swarm observations and preliminary analysis128

We used four years of data acquired by the European Space Agency (ESA) Swarm129

A satellite (Friis-Christensen et al., 2006) from 1 April 2014 to 31 March 2018. During130

the selected period the satellite flew in a circular near-polar orbit at an average altitude131

of about 460 km and an orbit inclination plane of about 87.4◦. Level 1b data, downloaded132

from the LATEST BASELINES folder of the ESA dissemination server (ftp://swarm-133

diss.eo.esa.int), provided: UTC time, the position of the satellite in Earth-centered ge-134

ographic coordinates, and in-situ electron density and temperature at 1 s cadence mea-135

sured by the Langmuir probes, part of the Electric Field Instrument (Knudsen et al., 2017)136

and filtered on the basis of quality flags provided by the mission team. In particular, ac-137

cording to the Swarm Level 1b Product Definition document, we excluded data flagged138

as non nominal (flags different from either 10 or 20). Data that were missing or not hav-139

ing passed the quality flags were replaced by NaN values in order to allow the continu-140

ity of the time series.141

In order to study the nature of features due to the magnetosphere-ionosphere cou-142

pling, we used the non-orthogonal QD system of coordinates (Richmond, 1995; Emmert143

et al., 2010; Laundal & Richmond, 2017). The transformation to QD coordinates con-144

sists of two steps: firstly, a transformation from geocentric latitude, longitude and satel-145

lite altitude to geodetic latitude, longitude and altitude; secondly, the transformation146

from geodetic to QD coordinates (Emmert et al., 2010). The position of the Sun is taken147

into account by using Magnetic Local Time (MLT) instead of UTC time.148

The main features associated with the onset of FACs, namely the current sheets149

in regions R1 and R2, have been identified by analyzing magnetic Level 1b data at low150

resolution (1 Hz) co-spatial and simultaneous with Electric Field Instrument data, and151

according to the same quality flags. Magnetic data were processed with the last version152

of the CHAOS-6 package (Finlay et al., 2016), which models the geomagnetic field of in-153

ternal origin at any satellite position. The subtraction of the modelled internal field from154

the observed field allowed us to obtain the observed geomagnetic field of external ori-155

gin. Due to the Ampere law, in order to relate the variation of the vector magnetic field156

of external origin to the FACs flowing at Swarm A altitude, we computed the compo-157

nents of the external field in directions parallel and perpendicular to the main field, namely158

B|| and B⊥. In fact, at high latitudes B⊥ can be thought as essentially originated by159

FACs, while B|| as originated by horizontal currents.160

In the top panel of Figure 1 we show the climatological maps of signed B⊥ for both166

the hemispheres. The sign is given by the sign of the West-East component. In fact, the167

orthonormal triad defining the directions of the vectors is such that inward FACs to the168

ionosphere have a positive West-East perpendicular component, while outward FACs from169

the ionosphere have a negative West-East perpendicular component. As we can see, re-170

gions R1 and R2 are clearly visible, especially in the Southern hemisphere (Milan et al.,171

2017). More in detail, in the Northern hemisphere the equatorward edge of R2 is located172

between ∼ 60◦ and ∼ 65◦ QD latitude, and is characterized by positive B⊥ (inward cur-173

rent) around dusk and negative B⊥ (outward current) around dawn. On the other hand,174

the poleward edge of R1 is at ∼ 85◦ QD latitude, and is negative (outward current) around175
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Figure 1. Top: climatological maps of signed geomagnetic field perpendicular to the direc-

tion 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 QD lati-

tude at fixed MLT (different colors correspond to different MLTs). Curves are smoothed with a

Savitzky-Golay filter (see the text).
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dusk and positive (inward current) around dawn. Opposite signs are found in the South-176

ern hemisphere in correspondence with R1 and R2 regions. In the bottom panel of the177

same figure we show the unsigned |B⊥| as a function of the QD latitude for fixed MLTs.178

The different colors of the solid curves correspond to different MLTs. Curves have been179

smoothed by using a 4th-order Savitzky-Golay low-pass filter with a smoothing window’s180

size of 17 points (Savitzky & Golay, 1964). With this representation, the regions affected181

by the current sheets associated with FACs correspond to the peaks at QD latitudes higher182

than ∼ 60◦ and at all MLTs. The features shown in Figure 1 are consistent with those183

found, e.g., in Iijima and Potemra (1978), which extension was found to depend on the184

geomagnetic activity level.185

2.2 The electrical conductivity186

Electric currents in the ionosphere can be generated by neutral winds and electric187

fields, which drive electrons and ions in opposite directions. By assuming that, at Swarm188

heights, the ionospheric ions mostly consist of only one species (O+) and their density189

is similar to that of electrons, namely ni ' ne, the electrical conductivity parallel (σ||)190

and perpendicular (σP , σH) to the geomagnetic field can be written as191

σ|| = nee
2

(
1

meνe
+

1

miνi

)
(1)

σP = nee
2

[
νe

me(ν2e + Ω2
e)

+
νi

mi(ν2i + Ω2
i )

]
(2)

σH = nee
2

[
Ωe

me(ν2e + Ω2
e)

+
Ωi

mi(ν2i + Ω2
i )

]
, (3)

where e is the electron charge, me and mi are the electron and ion mass, respectively,192

νe = νen +νei and νi = νin +νie are the collision frequencies of electrons and ions, re-193

spectively; the subscript marking the two species colliding (electrons, neutrals, and ions).194

The electron and ion gyrofrequencies are given by195

Ωe =
eB

me
Ωi =

eB

mi
, (4)

being B the magnetic field strength. As we can see, the definition of ionospheric con-196

ductivities implies a linear dependence on the electron density. However, due to the de-197

pendence of the electron-ion collision rates on both ne and Te, conductivities show a more198

complicated dependence (Kelley, 2009). In the high ionosphere, above ∼ 180 km, the199

main mechanisms affecting the electron density in the dayside are the solar EUV and200

the electron precipitation, together with other transport mechanisms coupling the mag-201

netosphere and the ionosphere (Moen & Brekke, 1993; Wang et al., 2005). Above ∼ 180202

km Pedersen and Hall conductivities become rapidly unimportant (Moen & Brekke, 1990,203

1993). For this reason, we will focus on the parallel component only.204

In Equation 1, the first term in parenthesis is dominant, being me � mi, and σ||205

is directly proportional to the electron density and inversely proportional to the electron206

collision frequency (Rishbeth, 1997; Cravens, 1997). Aggarwal et al. (1979) modelled the207

electron collision frequency in the range of altitudes 50-500 km by using both experimen-208

tal and theoretical values. They found that electron-ion collisions dominate above ∼ 170209

km, with the values changing with the solar activity and season. At ∼ 100 km of alti-210

tude the effect of electron-neutral collision in the dayside is already negligible in com-211

puting conductivity (Vickrey et al., 1981). In the nightside the altitude at which the equal-212

ity of electron-neutral and electron-ion collisions is reached is ∼ 280 km at middle and213
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high latitudes. At lower latitudes this altitude is higher. This implies that at Swarm al-214

titudes and low nightside latitudes, although the electron-neutral collision frequency is215

still negligible, the uncertainty in considering only the electron-ion collisions is slightly216

larger. However, we will focus on the middle and high latitudes, where in the ionospheric217

F-layer the collision frequency is actually dominated by the electron-ion collision term,218

being νei � νen, and νei � νin (Nicolet, 1953; Singh, 1966; Aggarwal et al., 1979; Vick-219

rey et al., 1981; Takeda & Araki, 1985; Nishino et al., 1998; Kelley, 2009). As O+ ions220

dominate in that ionospheric region, for the electron-ion collision frequency we can use221

the following relation (Kelley, 2009):222

νei = neT
−3/2
e

[
34 + 4.18ln

(
T 3
e

ne

)]
, (5)

where ne and Te are the electron density and temperature, respectively. From Equation223

5 it follows that the parallel electrical conductivity is224

σ|| =
e2T

3/2
e[

34 + 4.18ln
(

T 3
e

ne

)]
me

. (6)

As we can see, electrical conductivity is particularly sensitive to electron temperature225

variations, due to the ∝ T
3/2
e dependence, and we expect to find common features in226

both physical quantities (Lomidze et al., 2018). This puts in relation the conductivity227

with the energy input (and eventually dissipation) of the ionospheric F-layer (Singh, 1966).228

As the parallel conductivity depends only on ne and Te, and these quantities can be di-229

rectly measured by the Swarm mission, it is straightforward to obtain the parallel con-230

ductivity at Swarm altitudes by using Equation 6. In cgs units this quantity has the di-231

mensions of [s−1]. In what follows, when referring to the electrical conductivity we will232

implicitly consider only the direction parallel to the geomagnetic field.233

3 Results and discussion234

3.1 Climatological maps of electrical conductivity235

Maps of electrical conductivity have been realized with 1◦×1◦ binning in QD latitude-236

MLT coordinates (1◦ longitude corresponds to 4 minutes in MLT). Time series collected237

within each bin have been filtered out by using a median filter in order to remove spikes.238

The value representative of each bin corresponds to the median of the filtered series. Er-239

rors on electrical conductivity within each bin were computed by applying a bootstrap240

method. More in detail, the median value of conductivity was computed for 1,000 dif-241

ferent subsets randomly extracted and sized at 60% of the total number of measurements242

falling into the bin. The error was assumed to be represented by the standard error on243

the median conductivities computed.244

Climatological maps of electrical conductivity have been obtained by considering252

the whole four-year data set at 1 Hz. The results are shown in Figure 2. Here, the elec-253

trical conductivity for both Northern (left) and Southern (right) hemispheres saturated254

between 2.5 and 5.0×1011 s−1 is reported in the first row. The conductivity ranges be-255

tween ∼2.1 and ∼6×1011 s−1, has a maximum error (computed as explained above) of256

∼ 0.6%, and is characterized by the existence of two maxima: at very high latitudes (around257

±80◦) between 09:00 and 12:00 MLT, in correspondence with the region R0 and the po-258

lar magnetic cusp (Milan et al., 2017), and at low latitudes (within ±20◦) around 06:00259

MLT. The latter peak, which represents the absolute maximum value of σ||, corresponds260

to the morning overshoot (Stolle et al., 2011). This feature is associated with a sudden261

increase of Te in passing from night to day at the dip equator due to the decrease of heat262
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|QD| - MLT
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Figure 2. Top: climatological maps of electrical conductivity, σ||, in both hemispheres sat-

urated between 2.5 and 5.0×1011 s−1; Middle: climatological maps of conductivity asymmetry

computed as the difference between the conductivities in Northern and Southern hemispheres

(∆σ||, 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: σ|| 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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conduction, and reaches the minimum where the geomagnetic field is horizontal. Because263

of the strong dependence of electrical conductivity on Te this feature is rather expected264

in our maps. The most general and evident feature emerging from these maps is the day-265

night conductivity asymmetry due to solar illumination. The effects of solar illumina-266

tion and EUV ionization are indeed immediately recognizable in both hemispheres from267

06:00 to 18:00 MLT (dayside) and between 30◦ and 60◦ QD latitude in both hemispheres.268

The solar contribution is well represented by the behavior of the height-integrated269

Pedersen and Hall conductivity computed by Chapman (1956), namely ΣP ∝ 5
√
cosχ270

and ΣH ∝ 10
√
cosχ, being χ the zenith angle that takes into account the local posi-271

tion of the Sun, i.e. its apparent elevation. The electrical conductivity reaches ∼4.8×1011272

s−1 at 15:00 MLT and ±50◦ QD latitude in both hemispheres. At QD latitudes between273

±60◦ and ±80◦ the features associated with R1 and R2 are clearly visible especially in274

the nightside, where particle precipitation is the dominant process injecting energy in275

auroral regions and the effect of EUV ionization is almost absent. Particularly interest-276

ing is the drop of electrical conductivity between R1 and R2, where the particle dynam-277

ics is mainly governed by the intensification of horizontal Hall and Pedersen currents,278

which are a direct consequence of the coupling between magnetotail regions and the iono-279

sphere in the nightside. These currents dissipate energy via Joule heating and are con-280

sequently responsible for a temperature increase occurring at altitudes (90–110 km) well281

below Swarm. For this reason, a drop instead of an enhancement of conductivity is ob-282

served at those latitudes.283

The other steep increase of σ||, as we have anticipated, can be observed in the day-284

side sector between 09:00 and 15:00 MLT at ∼ ±80◦ QD latitude, with a peak between285

09:00 and 12:00 MLT. This feature is probably associated to the cusp region (Milan et286

al., 2017), where intense electron precipitation occurs and energy is deposited due to the287

coupling between the dayside (open) magnetosphere and the ionosphere (Brinton et al.,288

1978; Foster, 1983; Prölss, 2006). However, the electrical conductivity here computed shows289

remarkable differences with respect to Hall and Pedersen conductivities. For example,290

the nightside horizontal conductivities are estimated to be 1/10 to 1/30 times the noon291

values and the effect of the daily variation is observed to persist a few hours after the292

sunset (Maeda, 1977; Tarpley, 1970; Kane, 1971). Such a huge day-night asymmetry is293

not observed in our study for parallel conductivity, where the dayside conductivity is ob-294

served to be up to 2-3 times that in the nightside.295

In the second row of Figure 2 the hemispheric asymmetry of electrical conductiv-296

ity is reported. It has been computed in two ways: 1) the difference ∆σ|| between the297

conductivity computed in the Northern hemisphere, σ||,N , and that computed in the South-298

ern one, σ||,S , respectively (on the left); 2) the ratio of the two conductivities, namely299

σ||,N/σ||,S . By looking at these maps, we can notice that the electrical conductivity in300

the Northern hemisphere is slightly higher than in the Southern one at low QD latitudes301

in the premidnight sector and at middle latitudes in the predawn sector, and higher (up302

to ∼1.5 times) in the polar cap. On the other hand, the same quantity is appreciably303

smaller (∼0.7 times) between ±60◦ and ±80◦ latitude in the premidnight sector, and in304

correspondence of the magnetic cusp in the dayside. As we have analyzed four years of305

data acquired by Swarm A satellite we cannot preclude the possibility that these asym-306

metries can be partially due to seasonal effects (Cnossen & Förster, 2016).307

The location of all the features described so far for both hemispheres can be eas-308

ily recognized after plotting σ|| as a function of the QD latitude for fixed MLTs. Such309

a plot is shown in the bottom panel of Figure 2, where the different colors of the solid310

curves correspond to different MLTs. Curves have been smoothed by using a 4th-order311

Savitzky-Golay low-pass filter with a smoothing window’s size of 17 points (Savitzky &312

Golay, 1964). As we can see, the maximum conductivity occurs at the dip equator at 06:00313

MLT, and corresponds to the morning overshoot. In contrast, the minimum conductiv-314

ity occurs in the premidnight sector (from 21:00 to 00:00 MLT) between ±15◦ QD lat-315
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itude in both hemispheres. At the same QD latitude but in the morning sector, σ|| is en-316

hanced and increases quite smoothly poleward toward the auroral regions. The presence317

of Region 2 (Iijima & Potemra, 1978) marks the beginning of the auroral regions. The318

estimate of the location of such a region can be also obtained by looking at the curves319

reported on the plot of Figure 2 (lower panel) as well as the curves reported in the bot-320

tom panel of Figure 1. Moving from middle to high magnetic latitudes a steep increase321

in the slope of the curves can be observed, mostly at 00:00 and 03:00 MLT, at around322

±60◦ QD latitude. In the same way, prominent peaks marking Region 1 can be observed323

at around ±80◦ QD latitude, especially in the prenoon sector, where the signature of the324

magnetic cusp is clearly visible (Milan et al., 2017). With a reasonable approximation325

we can identify the region among Regions 1 and 2 as the auroral regions. Interestingly,326

in this region, the electrical conductivity in the Southern hemisphere is higher than in327

the Northern one, as evidenced both in the asymmetry maps of Figure 2 (middle pan-328

els) and in the height of the peaks reported on the plot of Figure 2 (lower panel).329

3.2 Seasonal variation of electrical conductivity330

We investigated the seasonal variation of electrical conductivity in order to study337

its dependence on solar illumination. We portioned the entire data set according to the338

local season (i.e. the season at the position of the satellite) such that each year is divided339

into four periods three-months long centered around equinoxes and solstices. In this way,340

the seasonal variation of electrical conductivity reflects the actual solar illumination con-341

ditions. Corresponding maps are reported in Figure 3, where four different panels, one342

for each local season, display the electrical conductivity for both hemispheres together343

with the asymmetries ∆σ|| (on the left) and σ||,N/σ||,S (on the right). Errors on con-344

ductivities were computed with the bootstrap method (see §3.1), which provided the fol-345

lowing maximum values: ∼ 2.6% for Spring, ∼ 3.1% for Summer, ∼ 2.4% for Autumn,346

and ∼ 3.0% for Winter. As a general consideration, the electrical conductivity shows347

remarkable variations with the local season. Also, the hemispheric asymmetries are much348

more evident than in the climatological case. From Spring (panel a) to Summer (panel349

b), there is an increase of electrical conductivity in the dayside ionosphere at all MLTs,350

especially between the noon and the dusk at middle QD latitudes. An enhancement of351

conductivity is visible even in the nightside in the premidnight sector and at low lati-352

tudes. During the local Autumn (panel c) and Winter (panel d) the electrical conduc-353

tivity marking the equatorward edge of the auroral regions is comparable or even higher354

than conductivity in the dayside, especially in the predawn and postdusk sectors and in355

the Southern hemisphere. The separation between Regions 1 and 2 is clearly visible, es-356

pecially in the Winter and for both hemispheres. The Winter nightside appears to be357

darker than in Spring and Summer, and at very high latitudes, in the polar cap, there358

is a dark feature slightly larger in the Northern hemisphere than in the Southern one.359

It could be associated with the polar hole (Brinton et al., 1978), a region of decayed elec-360

tron density due to the combined effect of lack of photoionization and a slow convection361

pattern. These findings are consistent with previous literature. Moen and Brekke (1993)362

modelled Pedersen and Hall conductivities in sunlit conditions to point out the depen-363

dence of photoelectrons production by EUV on solar activity and zenith angle. This vari-364

ation is reflected in the parallel conductivity. In fact, due to both the augmented pro-365

duction of photoelectrons and the electron precipitation associated with current systems366

flowing in the ionosphere and from (towards) the magnetosphere, also the density of field367

aligned currents (FACs) in the region R1 was found to depend on solar illumination via368

the zenith angle and the seasonal variations (Fujii et al., 1981; Fujii & Iijima, 1987; Cat-369

tell et al., 2003). For example, around noon FAC density in Summer is twice than that370

in Winter during quiet conditions (Fujii et al., 1981; Christiansen et al., 2002; Wang et371

al., 2005), and the auroral oval is shifted poleward of about ∼ 1 − 3◦. This feature is372

observed also in our data set in both hemispheres, with the only difference that it is not373

localized around noon but encloses all the MLTs in the dayside. In contrast, the day-374
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Figure 3. Seasonal maps of electrical conductivity. Clockwise from top left: a) local Spring,

b) Summer, c) Autumn and d) Winter. In each of the four panels we show σ|| in both hemi-

spheres saturated between 2.5 and 5.0×1011 s−1 (top row), and the seasonal conductivity asym-

metry computed as the difference between the conductivities in Northern and Southern hemi-

spheres (∆σ||, 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 row).
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side Winter conductivity peaks in a restricted thinner region centered in the prenoon sec-375

tor (around 11:00 MLT).376

The hemispheric asymmetry also strongly varies with local seasons. In Spring, elec-377

trical conductivity in the Southern hemisphere is slightly higher than in the Northern378

one in the auroral regions mostly in the nightside, while it is appreciably lower in the379

dawn sector; during the Summer electrical conductivity in the Southern hemisphere is380

higher than in the Northern one in the auroral regions at all MLTs and at all latitudes381

in the nightside, while the Northern hemisphere dominates in the dayside at low latitudes.382

In Autumn, the electrical conductivity in the Northern hemisphere is higher than in the383

Southern one at all latitudes and MLTs except in the postdusk sector. Finally, during384

Winter a positive ∆σ|| is observed only from 21:00 to 03:00 MLT at QD latitudes lower385

than 60◦.386

These findings confirm previous observations according to which the density of FACs,387

especially in Region 1, depends on solar illumination via the zenith angle and the sea-388

sonal variations (Fujii et al., 1981; Fujii & Iijima, 1987; Cattell et al., 2003).389

3.3 The contribution of particle precipitation to electrical conductiv-390

ity391

It is well known that the main contributions to parallel electrical conductivity in399

the ionosphere at high latitudes, which is associated to the intensification of FACs, are400

the enhancement of photoelectrons by EUV solar radiation and particle precipitation due401

to the magnetosphere-ionosphere coupling (Cogger et al., 1977; Meng & Lundin, 1986;402

Moen & Brekke, 1993; Newell et al., 1996; Liou et al., 1997; Collin et al., 1998; Liou et403

al., 2001). In previous sections we showed for the first time climatological maps of par-404

allel electrical conductivity at Swarm altitude, and its seasonal variation. Of course, Swarm405

observations incorporate the contribution from all mechanisms participating to the on-406

set of ionospheric conductivity.407

The climatological contribution to electrical conductivity due to sunlit can be es-408

timated by taking advantage of the IRI model at Swarm altitude. The International Ref-409

erence Ionosphere (Bilitza et al., 2017, IRI) is the empirical climatological model of the410

ionosphere that is recognized as the official ISO standard for the ionosphere (Bilitza, 2018).411

IRI provides hourly monthly median values of the electron density, electron and ion tem-412

perature, and ion composition in the ionospheric altitude range, on a global basis, for413

different levels of solar and magnetic activity. In this study, climatological values of elec-414

tron density and temperature modeled by IRI were used to obtain modeled values of the415

parallel electrical conductivity. Specifically, IRI was run for the same time period cov-416

ered by Swarm A dataset and with the same sampling rate, as if IRI values were colo-417

cated with measurements from Swarm A Langmuir Probes. In this way, a perfect spa-418

tial and temporal consistency between measured and modeled data is guaranteed. The419

NeQuick topside option (Nava et al., 2008; Cöısson et al., 2009) has been applied for the420

description of the topside electron density profile shape, which has been shown to per-421

form the best at Swarm satellite altitudes (Pignalberi et al., 2016). Topside electron den-422

sity values are anchored to the F-layer peak whose electron density (NmF2) and height423

(hmF2) have been modeled through URSI coefficients (Rush, 1989) and Shubin et al.424

(2013) option, respectively. Because the magnetic activity dependence is not considered425

in this work, the IRI STORM options have been deactivated. For what concerns the mod-426

eling of the electron temperature, the Truhlik et al. (2012) model has been applied, which427

now includes also the solar activity dependence to the previous electron temperature model428

(Truhlik et al., 2000, 2009). In this model, electron temperature values at five anchor429

points located at 350, 550, 850, 1400, and 2000 km of altitude are modeled through a430

spherical harmonic expansion in a system of associated Legendre polynomials (up to the431

8th order) in terms of MLT and INVDIP latitude. Coefficients of the spherical harmonic432
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Figure 4. Top: IRI modeling of electrical conductivity, σ||, in both hemispheres saturated

between 2.5 and 5.0×1011 s−1; Middle: climatological maps of the contribution to conductiv-

ity mainly from particle precipitation computed as the difference between the conductivities

retrieved using Swarm data and those from IRI model, namely σ||,Swarm − σ||,IRI saturated

between 0 and 2×1011 s−1; 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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expansion were calculated for summer and winter solstices, and for combined equinoxes,433

regardless of the hemisphere; then, interhemispheric differences were not considered. The434

solar activity dependence was included by the selection of three solar activity ranges and435

the description of corresponding variability as a function of PF10.7 solar index (Truhlik436

et al., 2012). The complete vertical electron temperature profile is obtained by a linear437

interpolation between the anchor points and by applying Epstein-step functions to the438

transition from regions with different gradients, thus producing a continuous analytical439

representation of the electron temperature profile. It is worth mentioning that the scarce440

availability of electron temperature measurements in the topside ionosphere strongly lim-441

its a more refined description other than IRI does. As a consequence, the IRI electron442

temperature model does not describe small-scale spatial and temporal structures which443

are indeed observed by Swarm. Moreover, it should be noted that, historically, IRI has444

difficulty in predicting the plasma behavior at high latitudes because it relies mainly on445

datasets concerning mid and low latitudes.446

By computing electron density and temperature with the IRI model at any satel-447

lite location, we can compute the electrical conductivity by using Eq. 6 and obtain a model448

based on IRI, σ||,IRI that takes into account mainly the contribution due to solar illu-449

mination. The results for both hemispheres are shown in the top panel of Figure 4. Er-450

rors on climatological conductivity derived from the IRI model within each bin were com-451

puted by using the bootstrap method (see §3.1), which provided a maximum value of452

∼ 0.5%. When considering the maximum errors for each season (like in §3.2), we found453

the values ∼ 0.8% for Spring and Winter, and ∼ 0.9% for Summer and Autumn. There454

are three main features to point out: 1) there is an obvious day-night asymmetry gen-455

erated by the local position of the Sun in terms of solar zenith angle. No features are456

present in the nightside, while in the dayside we can recognize peaks of conductivity in457

correspondence with the morning overshoot, at noon and in the postnoon sector. No au-458

roral features emerge, as they are mainly due to particle precipitation not modelled by459

IRI; 2) in the dayside and at any MLT the values of electrical conductivity are appre-460

ciably lower than those obtained from Swarm observations and shown in the top panel461

of Figure 2. This is expected as the IRI model does not consider the energy exchange462

and injection from magnetosphere-ionosphere coupling due to precipitating particles; 3)463

the hemispheric asymmetry (not shown) is negligible except for the case of polar caps,464

as in different seasons they are not illuminated in the same way.465

We remark that the IRI model does not explicitly take into account the contribu-466

tion of the particle precipitation at high latitudes for both electron density and temper-467

ature modeling; specifically, no driver or index describing the particle precipitation was468

considered in the developing of the IRI model. However, it has to be considered that IRI469

is a climatological model whose main purpose is a reliable representation of the diurnal,470

seasonal, spatial, solar and magnetic activity trends of several ionospheric parameters471

at climatological spatial and temporal scales. Then, not all the physical phenomena as-472

sociated with the plasma dynamics are considered in IRI. Among them, the effects due473

to the particle precipitation at high latitudes. Thus, in principle, by subtracting the con-474

ductivity obtained through the IRI model to that computed from Swarm data, we could475

obtain a reasonable estimate of the contribution to conductivity mainly from particle pre-476

cipitation. This factor is directly linked to FACs, so we can produce maps capable of point-477

ing out some features that are typical of FACs. In particular, by subtracting from the478

climatological maps, reported on the top of Figure 2, the IRI maps, reported on the top479

of Figure 4, we obtain the maps shown in the middle panel of Figure 4. Here, the elec-480

trical conductivity ranges between ∼ 0.5 to ∼ 2.8×1011 s−1. The errors on the subtracted481

maps are of the order of the squared root of the sum of their variances. Thus, for the482

climatological maps in the middle panel of Figure 4 the maximun error is ∼ 0.8%. In483

both hemispheres, particle precipitation is the responsible for the conductivity features484

in the nightside, especially at auroral QD latitudes. In the Southern hemisphere there485

is an enhancement through all night in the region R2 and an enhancement in correspon-486
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dence of the region R1 in the prenoon hours. In the dayside, at latitudes of ∼80◦ in the487

morning sector, we recognize the features associated with the magnetic polar cusp (Milan488

et al., 2017), which are not recognizable in the maps obtained via the IRI model. Very489

interesting is also the presence of an enhanced equatorial feature at 06:00 MLT, that cor-490

responds to the morning overshoot. This feature gives an indication about the role played491

by particle precipitation in the enhancement of electron temperature at the equatorial492

dawn. These findings confirm under both an observational (through Swarm observations)493

and modeling (through the IRI model) point of view the key role played by particle pre-494

cipitation in producing the auroral features, supporting the strong connection between495

magnetosphere and ionosphere in the nightside (via the magnetotail-ionosphere coupling496

at all MLTs from dusk to dawn and QD latitudes higher than 60◦) and in the dayside497

(via the injection of particles into the cusp).498

The location of all the features described for both hemispheres can be, again, rec-499

ognized in the plot on the bottom panel of Figure 4. Likewise Figure 2, curves are smoothed500

by a 4th-order Savitzky-Golay low-pass filter with a smoothing window’s size of 17 points501

(Savitzky & Golay, 1964). Also in this case the maximum conductivity occurs at the dip502

equator at 06.00 MLT, and corresponds to the morning overshoot. In this case, the min-503

imum conductivity occurs in the postnoon sector (from 12:00 to 15:00 MLT) between504

60◦ and 80◦ QD latitude in both hemispheres. This region corresponds closely to the lo-505

cation of maximum σ||,IRI . A secondary very pronounced peak of conductivity occurs506

at 03:00 at 60◦ latitude, and according to the same criteria used in Figure 2, marks the507

equatorward part of region R2. This region is characterized mainly by an intense par-508

ticle precipitation occurring in coincidence of a FAC flowing toward the ionosphere (Iijima509

& Potemra, 1978). Other peaks marking region R1 start at about ±80◦ QD latitude in510

the nightside, and increase slightly moving toward the dayside. This is consistent with511

the observation of region R1 at little higher latitudes in the dayside than in the night-512

side. Also in this case of mainly particle precipitation, in auroral regions the enhance-513

ment of electrical conductivity in the Southern hemisphere is higher than in the North-514

ern one, and the electron precipitation is asymmetric, being the hemispheric asymme-515

try well represented in the middle panel of Figure 2.516

In Figure 5 we show the seasonal behavior of electrical conductivity mainly due to520

particle precipitation in both hemispheres (Northern on the left, Southern on the right)521

saturated between 0 and 2×1011 s−1. The maximum errors on the subtracted seasonal522

maps are of the order of ∼ 2.7% for Spring, ∼ 3.2% for Summer, ∼ 2.6% for Autumn,523

and ∼ 3.1% for Winter. Moving from Summer to Winter, the conductivity in the equa-524

torward edge of the auroral regions (at about 60◦) enhances in the nightside from dusk525

to 08:00 MLT, while is lower at the same latitude in the dayside. As it is known, the iono-526

spheric conductivity is expected to change as a function of solar zenith angle (Moen &527

Brekke, 1993) and therefore the Summer and Winter polar regions can have dramatic528

different conductivity values. In our case, the conductivity changes by a factor of 2 around529

the pole, thus confirming the dependence of the FACs on seasonal changes (Papitashvili530

et al., 2002). It has been found, for example using Oersted satellite magnetic field mea-531

surements that, statistically, there is a factor of 1.6 between the Summer and Winter max-532

imum FAC density (Papitashvili et al., 2002). Also Wang et al. (2005) showed that the533

maximum FAC changes by approximately a factor of 2 from Summer to Winter in the534

dayside. Thus, from previous studies, it can be concluded that FACs change from Win-535

ter to Summer by about a factor of 2 as we find in our maps (Fujii et al., 1981; Chris-536

tiansen et al., 2002) and the auroral regions are located poleward of about ∼ 1 − 3◦.537

This suggests that while particle precipitation is more and more effective in the night-538

side in approaching the local Winter, at the same time EUV photoionization becomes539

more and more important in the dayside. The only exception is represented by the cusp540

region around noon. In Spring and Summer the conductivity in this small region is com-541

parable with that in the nightside, reaching a peak of about 2×1011 s−1 in the Summer542

Southern hemisphere, then it dims in Autumn and Winter, appearing less structured in543
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Figure 5. Seasonal maps of electrical conductivity when the main cause is particle precipi-

tation 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 2×1011 s−1.
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the Southern hemisphere. The only sector in the nightside where conductivity is appre-544

ciably high during all seasons in both hemispheres is that between 02:00 and 05:00 MLT,545

suggesting that in this region the ionospheric precipitation processes are almost always546

effective. This arch is present in Summer and well visible mainly in the Southern hemi-547

sphere. In Spring and Autumn it enlarges to midnight hours, and expands from dusk548

to 08:00 MLT, while in Winter it reaches the maximum expansion and is characterized549

by an increased conductivity. In all seasons, excluding local exceptions, conductivity in550

the Southern hemisphere is higher than in the Northern one. These findings confirm pre-551

vious results and suggest that electron precipitation events are reduced in sunlight (Newell552

et al., 1996), except in the cusp, and show a suppression much more effective in the day-553

side Winter than in Summer (Liou et al., 1997, 2001). This is consistent with the fact554

that while the nightside auroras are suppressed in Summer due to the decrease of en-555

ergy of precipitating electrons, dayside ones are enhanced in Summer due to the increase556

of the electron flux number (Liou et al., 2001). Consistently, Collin et al. (1998) observed557

upflowing ion beams (precursors of electron precipitation) between 15:00 and 01:00 MLT558

with an occurrence peak in the premidnight Winter and a minimum in Summer. Swarm559

observations and the subtraction of the IRI model allow us to refine this conclusion and560

argue that the region of precipitating electrons extends from dusk to 08:00 MLT, with561

prominent peaks in the predawn Autumn in the Northern hemisphere, in the premid-562

night and predawn Autumn in the Southern hemisphere, in the Winter nightside in both563

the hemisphere, especially the Southern one.564

4 Summary and conclusions565

The main goal of the current study was to determine some properties of the elec-566

trical conductivity parallel to the geomagnetic field in the ionosphere at Swarm altitude.567

When considering climatological conductivity maps based on four years of observations568

we found that:569

• Two conductivity maxima occur: one at very high QD latitudes (at ∼ 80◦) around570

noon, and one at low latitudes (within ±20◦) at dawn; which may be associated571

to the R1 and the cusp region (Milan et al., 2017) and the morning overshoot (Stolle572

et al., 2011), respectively;573

• There is an evident and expected conductivity asymmetry from day to night. In574

the dayside the effect of solar EUV is dominant and conductivity has a peak at575

15:00 MLT and at ±50◦ QD latitude. A peak between 09:00 and 12:00 MLT at576

around 80◦ is observed and may be associated with the cusp region; in the night-577

side particle precipitation is the dominant process injecting energy in the auro-578

ral regions and conductivity shows features between ±60◦ and ±80◦ that are as-579

sociated with regions R1 and R2;580

• There is an evident hemispheric asymmetry for which electrical conductivity in581

the Northern hemisphere is higher than in the Southern one at low QD latitudes582

in the premidnight sector, at middle latitudes in the predawn sector, and in the583

polar cap. On the contrary, it is lower between ±60◦ and ±80◦ in the premidnight584

sector at the same QD latitudes as the dayside cusp.585

When considering the seasonal conductivity variation in order to study its dependence586

on solar illumination we found that:587

• Electrical conductivity in the Southern hemisphere is remarkably higher than that588

in the Northern one mainly during the Summer nightside and the Winter dayside;589

• Electrical conductivity increases from local Spring to Summer, especially in the590

dayside between noon and dusk at middle QD latitudes;591
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• During local Autumn and Winter the electrical conductivity at auroral QD lat-592

itudes corresponding to Region 2 in the nightside is comparable or even higher than593

that in the dayside;594

• In correspondence of regions R1 and R2 there is an enhancement of conductiv-595

ity especially in the Winter Southern hemisphere;596

• The hemispheric asymmetry also depends on the local season in a complicated way.597

When focusing on the estimated contribution of particle precipitation to electrical con-598

ductivity, we found that:599

• Conductivity features mainly from precipitations are greatly enhanced in the night-600

side, especially in the Southern hemisphere, at QD latitudes in correspondence of601

the regions R1 (in the prenoon hours) and R2 (the whole night), where intense602

particle flows are expected due to FACs;603

• Features characteristic of the polar cusp at high QD latitudes and the morning604

overshoot at low latitudes are recognizable in the dayside at around noon and at605

06:00, respectively;606

• Moving from Spring to Winter the conductivity at ∼ 60◦ QD latitude increases,607

from dusk to 08:00 MLT (which corresponds to the region of precipitating elec-608

trons) changing by a factor of ∼2 around the pole, while in the dayside the con-609

ductivity lowers. This suggests that, when approaching to Winter, particle pre-610

cipitation is more effective in the nightside sector, while EUV photoionization is611

more important in the dayside, being the only exception the cusp region, which612

becomes dimmer and dimmer from Spring to Winter.613

These results are consistent with previous literature, according to which electron pre-614

cipitation events are suppressed in sunlight except in the cusp, with a suppression more615

effective in Winter than in Summer. While auroras are suppressed in the Summer night-616

side due to the decrease of energy of the precipitating particles, they are enhanced in the617

Summer dayside due to the increasing number of particles precipitating. Moreover, the618

augmented production of photoelectrons and electrons precipitation associated with FACs619

depends on solar illumination via the zenith angle and the seasonal variations.620

The insights gained from this study may be of interest for different reasons. Firstly,621

the estimated electron precipitation, which is associated with FACs and causes the gen-622

eration of auroras in the high-latitude ionosphere, is a mechanism effective in increas-623

ing electrical conductivity and the possible following amplification of FACs. For this rea-624

son, characterizing electrical conductivity may help to study the interaction between the625

magnetized plasma of solar origin carried on by solar wind and/or coronal mass ejections626

and the geomagnetic field. Secondly, to our knowledge, a statistical study focused on par-627

allel electrical conductivity is lacking, despite this physical quantity plays a fundamen-628

tal role in the amplification, evolution and dissipation of FACs in the high-latitude iono-629

sphere, and thus in the space weather framework. For the first time, a statistical study630

performed by taking advantage of in-situ measurements has allowed us to show the fea-631

tures of electrical conductivity in the topside ionosphere. The four years of Swarm elec-632

tron density and temperature measurements between 2014 and 2018 at 1 Hz permitted633

us both a climatological and a seasonal study. Thirdly, for the first time we estimated634

the contribution of particle precipitation to electrical conductivity. To accomplish this635

task we subtracted the contribution of EUV photoionization modelled by the IRI model636

to what we obtained on the basis of Swarm observations. We stress that the results pre-637

sented in this work are fully consistent with previous works in the literature (Fujii et al.,638

1981; Moen & Brekke, 1993; Newell et al., 1996; Papitashvili et al., 2002; Christiansen639

et al., 2002; Wang et al., 2005, just to mention a few). This strengthens the hypothe-640

sis that subtracting IRI model to Swarm observations in order to investigate the features641

of conductivity attributed to particle precipitation is robust and reasonable.642
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Regarding the future perspectives, there are several points that it would be inter-643

esting to deepen. Estimations of FACs via Ampere law were used to recover the posi-644

tion of the oval, which strongly depends on the geomagnetic activity level. Wang et al.645

(2005) found that during quiet conditions in the Southern Hemisphere the auroral oval646

can be fitted by an ellipse centered at -86.6◦ MLAT and 23.8 MLT, with size of semi-647

major axis 18.3◦, semiminor axis 16.7◦ and the semimajor axis rotated clockwise by 2.9◦.648

During quiet conditions upward FACs are observed between 13:00 and 14:00 MLT and649

downward ones between 09:00 and 11:00 MLT. During disturbed periods FACs move away650

from noon by about 2 hours accordingly to the position of Region 1 identified by Iijima651

and Potemra (1978). In addition, the intensity of FACs is also modulated by the solar652

cycle, as measured by the F10.7 proxy (Ohtani et al., 2014). These few examples point653

out the necessity of investigating the variation of electrical conductivity associated with654

FACs as a function of the geomagnetic activity. For this reasons, the variation of elec-655

trical conductivity with both the geomagnetic activity level and the solar cycle will be656

investigated in a future work.657

Another interesting question to be answered is the link between electrical conduc-658

tivity features and ionospheric irregularities. Although the largest contribution to con-659

ductivity comes from electron temperature, the dependence on electron density remains,660

and the observed conductivity variations and gradients may be linked to the occurrence661

of ionospheric irregularities. Among the main sources of irregularities in the ionospheric662

F-layer at high latitudes we mention (Keskinen & Ossakow, 1983):663

• particle precipitation. Low-energy (102−103 eV) electrons are known to deposit664

most of their energy in the F-layer at high latitudes (Rees, 1963), especially in the665

polar cusp and in the prenoon sector at lower latitudes (Dyson & Winningham,666

1974). Large scale convecting plasma enhancements have been observed in the mid-667

night sector of the auroral F region due to particle precipitation and associated668

field aligned currents (Vickrey et al., 1980);669

• plasma macro-instabilities. Sources of free energy giving rise to irregularities have670

been found in density gradients, velocity shears and currents;671

• waves. Quasi-periodic fluctuations in ne and Te were observed due to, for exam-672

ple, gravity waves (Hines, 1960). These waves can be in principle driven by Joule673

heating and Lorentz forces associated with electrojets and intense particle precip-674

itations.675

The link between conductivity and ionospheric irregularities will be studied in a follow-676

ing work to shed light on their role in the onset and evolution of FAC signatures.677

Another possible future study may be focused on the theoretical modelling of the678

contribution to conductivity due to particle precipitation, for example by using a phys-679

ical model such as a GCM model680

(http://www.hao.ucar.edu/modeling/tgcm/), and its comparison with the results681

obtained by current in situ observations. This would also allow separating the contri-682

bution of precipitations from other, if any, effects and eventually quantify their weight683

in the estimation of conductivity.684

Finally, the scaling properties of electrical conductivity should be studied to un-685

derstand the mechanisms participating in its variation and how this is effective in the686

dissipation of the energy incoming from the solar plasma and the magnetosphere. All687

these aspects will be approached in future works.688
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