
1.  Introduction
The increasing amount of in-situ measurements available in the topside ionosphere may help to improve 
our knowledge of the physical processes occurring in the near-Earth environment, their impact in response 
to forcing from plasma of solar origin, and eventually elaborate mitigation strategies aimed at safely man-
aging space and ground infrastructures (Moldwin, 2008). Among these processes, the amplification and 
dissipation of high-latitude current systems taking place in the ionosphere play a crucial role in the mag-
netosphere-ionosphere coupling and may drive several phenomena relevant to space weather (Boteler & 
Pirjola, 2017; Boteler et al., 1998; Liu & Lühr, 2005; Pirjola et al., 2005; Poedjono et al., 2013). These cur-
rent systems comprise both the horizontal (Hall and Pedersen) currents flowing in the ionospheric E layer 
between ∼90 and ∼110 km of altitude (Amm, 1997; Kamide & Baumjohann, 1993), and the field-aligned 
currents (FACs) linking the solar wind-magnetosphere system with the ionosphere (Zmuda et al., 1966).

From the observational point of view, three main features characterize the spatial distribution of iono-
spheric currents at high latitudes (Boström, 1964; Iijima & Potemra, 1978; Zmuda & Armstrong, 1974): (i) 
a more poleward sheet of current flowing toward the magnetosphere in the evening sector and toward the 
ionosphere in the morning sector, i.e., called Region 1 (R1); (ii) a more equatorward sheet of current flow-
ing toward the ionosphere in the evening sector and toward the magnetosphere in the morning sector, i.e., 
called Region 2 (R2); (iii) the onset of current flows connecting the regions R1 and R2. Specifically, FACs 
flowing in opposite directions are connected through electrojets flowing along the auroral oval in the night 
sector, and through Pedersen currents flowing across the auroral oval. Among these three features, only the 
first two are relevant for the ionospheric F layer when considering the energy budget of the ionosphere due 
to the coupling with the magnetosphere. In fact, Hall and Pedersen currents are confined in a thin layer 
of the ionosphere, peaking between 90 and 110 km of altitude, and their intensity rapidly decreases with 
height becoming negligible above 200 km of altitude (Brekke & Hall, 1988; de la Beaujardiere et al., 1991; 
Moen & Brekke, 1993; Rasmussen et al., 1988). For this reason, only the contribution from FACs should 
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be considered in the topside ionosphere when dealing with ionospheric current systems arising from the 
magnetosphere-ionosphere coupling.

From the physical point of view, a complete characterization of FACs in the ionospheric F layer requires 
knowledge of the electrical conductivity in the direction parallel to the main geomagnetic field. The reasons 
are manifold: (i) electrical conductivity is the physical quantity fundamental to quantify the capability of 
the ionospheric medium to conduct currents; (ii) Ohm's law relates the current density flowing in a resistive 
medium to the electric field needed to separate charges via electrical conductivity; and (iii) due to Joule 
heating, the local energy dissipation of currents in a resistive medium depends on the current density and is 
inversely proportional to electrical conductivity. Thus, the investigation of electrical conductivity allows us, 
on one side, to gain information on the currents' features, magnitude, and gradients; and, on the other side, 
to investigate the magnetosphere-ionosphere energy exchange and dissipation in the ionosphere.

Several studies in the literature approached the characterization of electrical conductivity and/or the es-
timation of the strength and the spatial distribution of equivalent currents systems in the high-latitude 
ionosphere by taking advantage of both models and observations (Amm et al., 2015; Föpl et al., 1968; Full-
er-Rowell & Evans,  1987; Germany et  al.,  1994; Holzworth et  al.,  1985; Kamide et  al.,  1981; Kirkwood 
et al., 1988; Marklund et al., 1982; Mende et al., 1984; Moen & Brekke, 1993; Mozer & Serlin, 1969; Pulk-
kinen et al., 2003; Robinson, Tsunoda et al., 1985; Robinson, Vondrak et al., 1985; Spiro et al., 1982; Take-
da, 2002; Takeda & Araki, 1985; Weygand et al., 2011). Although the results achieved were promising, they 
suffered from the following limitations: (i) theoretical models of electrical conductivity strictly depend on 
the model used; (ii) empirical models derived from satellite measurements, even though they consider a de-
pendence on latitude, local time, and geomagnetic activity, were not able to capture the small-scale spatial 
and temporal variations typical, for example, of substorms; (iii) incoherent scatter radar, rocket, ionosonde, 
balloon, and satellite measurements suffered from low spatial and temporal resolution that prevents the 
characterization of the fast dynamics and fine structure of the ionosphere. Moreover, almost all the works 
mentioned were targeted at the ionospheric E layer; similar studies focusing on the ionospheric F layer 
are poorly represented due to the reduced availability of measurements in this region. Amm et al. (2015), 
for example, took advantage of electric and magnetic in-situ measurements from the Swarm mission (Fri-
is-Christensen et al., 2006) flying in the F layer at ∼500 km of altitude to retrieve field-aligned, Hall, and 
Pedersen conductivity at ∼110 km of altitude. In a recent work, Giannattasio et al. (2021), hereafter Paper 
I, for the first time provided high-resolution maps of electrical conductivity in the direction parallel to the 
main geomagnetic field in the ionospheric F layer by using in-situ Swarm measurements. Compared to the 
work by Amm et al. (2015), we used only actual data measured by Langmuir probes to provide climatolog-
ical maps at the flight altitude of Swarm A, without relying on models to extrapolate the behavior of the 
conductivity in the E layer. In particular, we provided climatological maps based on 4 years of observations 
of electron density and temperature at 1 Hz, studied the variation of conductivity with magnetic latitude, 
magnetic local time, and local season to point out its dependence on the different sunlit conditions, high-
lighted the North-South hemispheric asymmetry in the electrical conductivity, and estimated the contribu-
tion to parallel electrical conductivity mainly due to particle precipitation by subtraction of modeled values 
obtained through the International Reference Ionosphere (Bilitza, 2018; Bilitza et al., 2017, IRI) empirical 
climatological model.

In this work, we further extend the study performed in Paper I and focus on the dependence of the electrical 
conductivity on both solar and geomagnetic activity. Following the same approach applied in Paper I, we 
show, for the first time, maps of parallel electrical conductivity in the ionospheric F layer under different so-
lar and geomagnetic activity levels in Quasi-Dipole (QD) magnetic coordinates. Finally, by taking advantage 
of cospatial and simultaneous values of electron density and temperature modeled by IRI at the altitude of 
the Swarm A satellite, we estimate the contribution to parallel electrical conductivity mainly due to particle 
precipitation.

The paper is organized as follows: Section 2 is devoted to the description of the data set and the methods 
used to retrieve the maps; Section 3 shows and then discusses the results obtained in light of the existing 
literature; while in Section 4 we summarize the main points of this work and drive to conclusions.

GIANNATTASIO ET AL.

10.1029/2021JA029138

2 of 20



Journal of Geophysical Research: Space Physics

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

To perform the analysis shown in this work, we used 6 years of Langmuir probes level 1b data recorded at 
1 Hz by the Electric Field Instrument (Knudsen et al., 2017) on board the European Space Agency (ESA) 
Swarm A satellite (Friis-Christensen et al., 2006) from April 1, 2014 to March 31, 2020. During this period 
the satellite traveled in a nearly circular and polar orbit with an inclination of ∼87.4° at an average altitude 
of ∼460 km. Swarm A satellite takes about 133 days to cover all the 24 local time hours of the day. Level 
1b data were downloaded from the LATEST_BASELINES folder of the ESA dissemination server (ftp://
swarm-diss.eo.esa.int). Specifically, 1 Hz Langmuir probes data are those identified by the label “EFIxLPI” 
and are obtained from 2 Hz data (which are identified by the label “EFIx_LP”) by interpolation at full UTC 
seconds (https://earth.esa.int/eogateway/documents/20142/37627/swarm-level-1b-processor-algorithms.
pdf/e0606842-41ca-fa48-0a40-05a0d4824501?version=1.0). They provided: UTC time, the position of the 
satellite in Earth-centered geographic coordinates (North-East-Center, namely NEC), and in-situ electron 
density and temperature. The latter were filtered out on the basis of the quality flags provided by the mis-
sion team. In particular, we selected electron density and temperature data flagged with Flag_LP = 1 and 
Flags_Te or Flags_Ne parameters either equal to 10 or 20. This allowed considering high gain data from the 
Langmuir probes (https://earth.esa.int/documents/10174/1514862/Swarm_L1b_Product_Definition). Data 
missed or discarded after the quality flags check were replaced by NaN values in order to guarantee the 
continuity of the time series.

We used the nonorthogonal QD system of magnetic coordinates (Emmert et al., 2010; Laundal & Rich-
mond, 2017; Richmond, 1995). In detail, in order to pass from NEC to QD coordinates (magnetic latitude 
and longitude) we first transformed NEC and satellite altitude to geodetic coordinates, then we moved from 
geodetic to QD coordinates (Emmert et al., 2010). Moreover, the position of the Sun was accounted for by 
using Magnetic Local Time (MLT) instead of UTC time. This allowed us to organize the data set in bins of 
magnetic latitude (QD latitude) versus MLT.

2.2.  The Computation of Parallel Electrical Conductivity

In order to compute the parallel electrical conductivity at Swarm altitudes, the first hypothesis is that the 
ion species consist mostly of O+ with the corresponding density similar to that of electrons, namely ni ∼ ne, 
such to preserve the quasi-neutrality of ionospheric plasma (Ratcliffe, 1973; Rishbeth & Garriott, 1969).

The second hypothesis is that at Swarm altitudes the contribution of conductivity perpendicular to the 
main field is negligible; then, only the computation of parallel conductivity really matters (Moen & Brek-
ke, 1990, 1993; H. Wang et al., 2005). This quantity is defined as (Kelley, 2009)
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where e is the electron charge, me and mi are the electron and ion masses, respectively, νe = νen + νei and 
νi = νin + νie are the collision frequencies of electrons and ions, respectively (the subscripts refer to the 
species colliding, i.e., electrons, neutrals, and ions). Since me ≪ mi, in Equation 1 only the first term in pa-
renthesis can be considered, so that we obtain (Cravens, 1997; Rishbeth, 1997)
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The third hypothesis is that at Swarm altitudes, especially at middle and high latitudes, the electron-ion 
Coulomb collisions dominate over the elastic collisions with neutrals; as a consequence, νen is negligible 
and νe ≃ νei (Aggarwal et al., 1979; Kelley, 2009; Nicolet, 1953; Nishino et al., 1998; Singh, 1966; Takeda & 
Araki, 1985; Vickrey et al., 1981). The electron-ion collision frequency can be written as (Kelley, 2009)
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where ne and Te are the electron density and temperature, respectively. Putting together Equations 2 and 3 
we find for the parallel electrical conductivity at Swarm altitude
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According to this equation, there is a strong dependence of σ‖ on the electron temperature that well un-
derlines the strong connection between conductivity and the energy balance in the ionospheric F layer 
(Singh, 1966). Moreover, σ‖ depends only on ne and Te (apart from a few constants) that are measured by the 
Langmuir probes on board the Swarm mission. Thus, we can reliably obtain σ‖ at Swarm altitude by using 
Equation 4. Since Swarm measurements of ne and Te are in cm−3 and K units, respectively, we consistently 
adopted cgs units, according to which σ‖ is in (s−1) units. The time series of the computed σ‖ was mapped 
into grids binned at 1° × 1°  in QD latitude versus MLT coordinates, by considering that 1° longitude corre-
sponds to 4 min in MLT. The values of σ‖ collected within each bin were filtered out by using a median filter 
and the median of the filtered set was considered to be representative for each bin. This allowed removing 
local spikes and highlighting the main climatological features. Errors in σ‖ were computed by a bootstrap 
method according to the following steps: (i) 1,000 different subsets sized at 60% of the total number of σ‖ 
values falling within each bin were randomly extracted; (ii) the median value of each subset was comput-
ed; (iii) the standard deviation of the 1,000 median values computed in step (ii) was assumed as the error 
associated to σ‖.

3.  Results and Discussion
3.1.  Climatological Behavior of the Parallel Electrical Conductivity

The top row of Figure 1 shows climatological maps (i.e., obtained by considering the whole 6-year data 
set at 1 Hz) of σ‖ for both the Northern (on the left) and Southern (on the right) hemispheres saturated 
below 2.5  ×  1011  s−1 and above 5.0  ×  1011  s−1. The minimum and maximum values of σ‖ are ≃2.0 and 
≃6.0  ×  1011  s−1, respectively. The maximum error, which was computed with the bootstrap method de-
scribed in Section 2.2, is ∼0.7%. The middle row of Figure 1 shows the North-South hemispheric asym-
metry computed as: (i) the difference between conductivity in the Northern and Southern hemispheres, 
respectively, namely Δσ‖ = σ‖,N − σ‖,S (on the left) saturated below −1 × 1011 s−1 and above 1 × 1011 s−1; (ii) 
the ratio of the two, namely σ‖,N/σ‖,S (on the right) saturated below 0.5 and above 1.5. The bottom row of 
Figure 1 shows σ‖ as a function of the QD latitude for fixed MLTs (corresponding to different colors). These 
curves are the result of a smoothing of the original values performed by using a fourth-order Savitzky-Golay 
low-pass filter with a smoothing window sized at 17 data points (Savitzky & Golay, 1964), corresponding to 
17 s in our time series at 1 Hz.

The features emerging from Figure 1 confirm the results described in Paper I (Figure 2), where we per-
formed the same analysis but using a data set covering a shorter time period (4 years instead of six) of 
observations. The comparison with that work is straightforward, as we used the same color code and satu-
ration levels for the representation of results. So, to avoid repetition the main features emerging from the 
climatological study will be only briefly itemized here:

 (1)  As we can clearly see from both the top and bottom rows of Figure  1, remarkable peaks of σ‖ oc-
cur at different locations. For example, a group of peaks is observed at about ±80° QD latitude and 
MLT between 09:00 and 12:00, i.e., at magnetic coordinates typical of the polar magnetic cusp (Milan 
et al., 2017), where electron precipitation brings energy from the dayside open magnetosphere (Brinton 
et al., 1978; Foster, 1983; Prölss, 2006b); a peak between 0° and ∼10° QD latitude and around 06:00 
MLT corresponds with the absolute maximum and is associated with the morning overshoot (Stolle 
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Figure 1.  Top row: Climatological maps of σ‖ in the Northern (on the left) and Southern (on the right) hemispheres 
obtained by considering 6 years of Swarm data. The values of σ‖ are saturated below 2.5 × 1011 s−1 and above 
5.0 × 1011 s−1. Middle row: Hemispheric asymmetry of σ‖ computed as both the difference (saturated below −1 × 1011 s−1 
and above 1 × 1011 s−1, on the left) and the ratio (saturated below 0.5 and above 1.5, on the right) between values in the 
Northern and Southern hemispheres, respectively. Bottom row: σ‖ versus QD latitude for different MLTs (corresponding 
to different colors) after smoothing with a Savitzky-Golay filter. QD, Quasi-Dipole; MLTs, Magnetic Local Times.
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et al., 2011), reflecting the steep electron temperature gradient when passing from night to day. Con-
versely, the lowest values of σ‖ are observed between 21:00 and 03:00 MLT at low QD latitudes. The 
absolute minimum occurs between 15° and 20° at around 03:00 MLT.

 (2)  There is an enhancement of σ‖ in the nightside sector between 60° and 70° of QD latitude, where re-
gions R1 and R2 are located (Boström, 1964; Iijima & Potemra, 1978; Zmuda & Armstrong, 1974). In 
these regions, particle precipitation is the main driver of energy injection, while the effect of extreme 
ultraviolet (EUV) photoionization is absent.

 (3)  There is a marked decrease of σ‖ at the dayside dip equator that could be associated with the equa-
torial ionization anomaly (EIA). It consists of a plasma depletion at the magnetic equator due to the 
E × B drift that uplifts plasma, which then diffuses poleward along the geomagnetic field lines (Apple-
ton, 1946; Duncan, 1960; Mitra, 1946).

 (4)  There is a day-night asymmetry in the values of σ‖, for which the dayside conductivity is up to two (or 
even three) times that on the nightside. This is mainly due to the additional contribution of photoioni-
zation by solar EUV radiation on the dayside that is drastically reduced on the nightside.

 (5)  As visible in the middle row of Figure 1, there is a hemispheric asymmetry for which σ‖,N > σ‖,S between 
30° and 60° of QD latitude and at all MLTs except for the time range 00:00–04:00 MLT, where σ‖,N < σ‖,S. 
Between 60° and 80° of QD Latitude σ‖,N < σ‖,S at all MLTs, especially between 20:00 and 02:00 MLT, 
where σ‖,N/σ‖,S ≃ 0.75. Above 80° of QD Latitude, in the polar cap, σ‖,N > σ‖,S. The asymmetry is prob-
ably due to the different sunlit conditions of both hemispheres and to seasonal effects (Cnossen & 
Förster, 2016; Giannattasio et al., 2021). Note that slight hemispheric asymmetries (up to a few hundred 
Kelvin) are also present in the IRI model of Te at high latitudes (Lomidze et al., 2018).

3.2.  Variation of Parallel Electrical Conductivity With Solar Activity

The level of solar activity during the 6 years of Swarm observations considered in the present study was 
evaluated by using the daily solar flux at 10.7 cm (F10.7) as a proxy. The time series containing F10.7 was 
downloaded from the Space Physics Data Facility of the NASA Goddard Space Flight Center (OMNI data 
set, https://cdaweb.gsfc.nasa.gov/). Figure 2 shows F10.7 (blue line) measured from April 1, 2014 to March 
31, 2020 in units of J s−1 m−2 Hz−1 (also known as solar flux units, sfu). Each year (from 1 to 6) is marked 
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Figure 2.  Solar flux at 10.7 cm (blue line) measured during the 6 years of Swarm observations considered in the 
present study. The horizontal lines in the plot correspond with the yearly mean (the continuous lines) ± one standard 
deviation (the dashed lines) of the solar flux. Each year is marked by a different color.
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by a different color. The horizontal lines in the plot correspond with the 
yearly mean (the continuous lines) ± one standard deviation (the dashed 
lines) of the solar flux. These values are listed in the second and third 
columns of Table 1 and together with Figure 2 clearly show, as it is well 
known, that solar activity during the 6 years of Swarm observations de-
creased to its minimum. In particular, the yearly mean value of F10.7, 
which gives information on the solar energy that reached the top of the 
Earth's atmosphere, decreased from almost 142 to almost 70 sfu. Accord-
ingly, the yearly standard deviation of F10.7, which gives information on 
how much values are dispersed with respect to the mean, decreased as 
well. Of course, the shape of F10.7 does not make the mean and stand-
ard deviation effective estimators, but nonetheless they represent coarse 
indicators of the solar energy variations to which the Earth's atmosphere 
is subjected. Thus, investigating the yearly changes of σ‖ offered the possi-
bility to point out its dependence on solar activity. Moreover, it represents 
an excellent compromise: on the one hand 1 year of observations at 1 Hz 
provides a statistics that is robust enough to reliably estimate σ‖ in both 
hemispheres, at all QD latitudes, and at all MLTs; on the other hand, 
selecting 1 year at a time includes the possibility to weigh the seasons 

almost the same for each year. Thus, although seasonal effects play an important role on the dynamics 
of the ionospheric F layer including, of course, the features that characterize σ‖ (Paper I), they affect the 
same each selected year. This is also in accordance with previous literature. For example, Medvedeva and 
Ratovsky (2019) demonstrated that the average of the F2-peak electron density (NmF2) well correlates with 
F10.7. This ensures that the seasonal dependence of σ‖ introduces a negligible bias when studying its yearly 
variation with solar cycle.

Figure 3 shows the yearly variation during the 6 years of Swarm observations used in this work (from left 
to right) of σ‖ in the Northern and Southern hemispheres (first and second rows, respectively) saturated 
below 2.5 × 1011 s−1 and above 5 × 1011 s−1; the hemispheric asymmetry of σ‖ computed as the difference 
(third row) and the ratio (fourth row) between values in the Northern and Southern hemispheres, saturated 
below −1 × 1011 s−1 and above 1 × 1011 s−1, and below 0.5 and above 1.5, respectively. The maximum error 
associated with each yearly data set of σ‖, which was computed with the bootstrap method described in Sec-
tion 2.2, is reported in the last column of Table 1. The most remarkable features emerging from Figure 3 are:

•  Moving from year 1 to year 6, and thus with the decrease of solar activity, both minimum and maximum 
values of σ‖ decrease, as we reported in the fourth and fifth columns of Table 1. At the same time, when 
inspecting yearly plots similar to that shown in the bottom row of Figure 1, we notice that the extreme 
values of σ‖ in each yearly map always occur at the magnetic equator: the maximum being around 06:00 
MLT, the minimum in the night hours.

•  Moving from year 1 to year 6, σ‖ in the dayside decreases. In more detail, peaks of σ‖ that are present in 
the dayside of year 1, especially in the Southern hemisphere at QD latitudes between 30° and 60°, be-
come weaker and weaker with time. σ‖ in the dayside is up to three times higher than in the nightside in 
years 1 and 2. This day-night asymmetry reduces to up to two times in year 6.

The features between about 04:00 and 20:00 MLT at QD latitudes typically associated with the cusp become 
smaller and fainter from year 1 to year 6. Moreover, their extension in MLT progressively decreases. Also σ‖ 
at 06:00 MLT, in correspondence with the morning overshoot, tends to be fainter with the decrease of solar 
activity

•  The features of σ‖ on the nightside at auroral QD latitudes tend to enhance with the decrease of solar ac-
tivity. For example, σ‖ at QD latitudes ≳60° on the nightside during years 5 and 6 tends to be comparable 
or even higher than that in the cusp regions.

•  During year 1, when the solar activity is the highest, σ‖ is substantially higher (from one to two times in 
the Southern hemisphere than in the Northern hemisphere at almost all QD latitudes and MLTs, except 
at very high QD latitudes and, in small patches, at low latitudes on the nightside. Then, starting from 
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Yeara
Mean 

F10.7 (sfu)
Std. Dev. 

F10.7 (sfu)
Minimum 

σ‖ (1011 s−1)
Maximum 
σ‖ (1011 s−1)

Maximum 
error (%)

1 141.72 51.77 0.9 5.0 2.2

2 109.76 19.29 0.8 4.6 1.6

3 83.15 10.90 0.7 4.6 1.9

4 75.81 11.41 0.6 4.6 2.2

5 70.22 3.04 0.6 4.5 3.6

6 69.65 2.45 0.6 4.4 3.6

Note. For each year, corresponding minimum and maximum values of σ‖, 
along with the maximum associated error, are also shown.
aSince April 1, 2014.

Table 1 
Year-by-Year Mean and Standard Deviation of the Solar Flux at 10.7 cm 
(F10.7) in Units of 10−22 J s−1 m−2 Hz−1 (Solar Flux Units, sfu) During the 
Period of Swarm Observations, From April 1, 2014 to March 31, 2020
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year 2, the asymmetry patterns change completely and in a complicated way, such that it is not trivial to 
derive a clear behavior.

The results found are consistent with the previous literature and are mainly due to the influence of solar ac-
tivity on both ne and Te, which are the only contributors to σ‖ in the ionospheric F layer. In particular, while 
ne always increases with solar flux, the behavior of Te is much more complicated and crucially depends on 
the altitude, local time and season (Bilitza et al., 2007). Despite this, the increase of σ‖ on the dayside at all 
QD latitudes with solar activity was agreed to be mainly due to electron temperature variation (which dom-
inates in the computation of σ‖) with changing EUV emissions from the Sun, although a minor contribution 
may come directly from ne. For example, since early works on this topic, Te was found to increase with solar 
emissions at a rate of a few degrees K per sfu (Willmore, 1965). Sharma et al. (2004) found that Te enhances 
during solar flares on the dayside. Their estimated enhancement for the average Te is from 1.3 to 1.9 times 
with respect to the average value during normal days and crucially depends on local time. On the contrary, 
solar flares do not significantly affect the nightside ionosphere, at least in the altitude range between 425 
and 625 km. Chamua et al. (2007) found that Te on both the dayside and the nightside holds a positive cor-
relation with solar activity when averaged on shorter (monthly) time scales. However, on a longer (yearly) 
time scale, the correlation exhibits a time lag of about 1 year, suggesting a sort of inertia to variations in solar 
flux leading to a nonlinear variation of ionospheric parameters with solar flux.
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Figure 3.  From left to right: Yearly variation of σ‖ maps from year 1 to year 6 (see also Figure 2). From top to bottom: (1) Maps of σ‖ in the Northern hemisphere 
saturated below 2.5 × 1011 s−1 and above 5 × 1011 s−1; (2) maps of σ‖ in the Southern hemisphere saturated below 2.5 × 1011 s−1 and above 5 × 1011 s−1; (3) 
hemispheric asymmetry of σ‖ computed as the difference between values in the Northern and Southern hemispheres, respectively, and saturated below 
−1 × 1011 s−1 and above 1 × 1011 s−1; (4) hemispheric asymmetry of σ‖ computed as the ratio between values in the Northern and Southern hemispheres, 
respectively, and saturated below 0.5 and above 1.5.
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If, on one side, the increase in solar activity provides an increased production in photoelectrons and, con-
sequently, of the electron heating rates and electron temperature, on the other side the ion concentration 
also increases. This gives rise to an increased collisional cooling rate (due to electron-ion collisions) and a 
following decrease of Te (Schunk & Nagy, 1978). Thus, the resulting pattern of Te, and consequently, of σ‖, 
should be a net balance between the two.

The positive correlation between solar activity and the values of σ‖ in correspondence with the morning 
overshoot is apparently in contrast with the results shown by Stolle et al. (2011). In fact, they reported an 
anticorrelation between Te, on which σ‖ mainly depends, and the solar flux due to the dominance of electron 
cooling deriving from electron-ion collisions with respect to the thermal heating deriving from the increase 
in solar EUV. However, in that work the values of Te were based on 8 years of CHAMP observations (Reig-
ber et al., 2002), during which the satellite flew at altitudes from ∼410 km down to ∼310 km. Moreover, 
taking also advantage of both models and radar observations, the authors argued that a positive correlation 
between Te and the solar flux should be instead observed at altitudes higher than ∼400 km. This means 
that like ne, Te also shows a positive correlation with F10.7 at Swarm altitudes, which justifies the observed 
behavior of σ‖ at all MLTs and QD latitudes.

Particularly interesting is the enhancement of σ‖ with the decrease of solar activity in the nightside at QD 
latitudes around 60° in both hemispheres. This is a nontrivial result. In fact, although it is known that 
particle precipitation on the nightside (associated with substorms, dynamic processes occurring in the ge-
omagnetic tail, and the coupling with the plasmasphere) play a fundamental role in exchanging heat with 
the ionosphere from subauroral latitudes upwards (Brace et al., 1982; Gololobov & Golikov, 2019; Kofman 
& Wickwar, 1984; Prölss, 2006b), it remains to be understood why there is an amplification of these effects 
when solar activity decreases, as it is evident from Figure 3. Even more so because at solar minimum Te 
on the nightside is expected to respond significantly less to variations of the geomagnetic activity level 
(Brace, 1990). Prölss (2006b) studied the enhancement of Te on the nightside using satellite data and found 
that the enhanced Te region spatially coincides with the position of the main ionospheric trough. A possible 
explanation could be that on the nightside, during periods of low solar activity, the contribution to Te from 
the collisional cooling should collapse, due to the simultaneous collapse of both the electron and ion density 
in the ionospheric F layer. Therefore, in the absence of effects that counterbalance that of the precipitating 
particles (which also occurs even in conditions of solar quietness), the net Te can increase due, e.g., to en-
ergy exchanges with the nightside magnetosphere. This is consistent with the scenario according to which 
Te is significantly enhanced in regions of depleted ne, while, on the contrary, it significantly decreases in 
regions of enhanced ne as a result of enhanced energy loss to the ions (Wang et al., 2006).

3.3.  Variation of Parallel Electrical Conductivity With Geomagnetic Activity According to the 
AE Index

The level of geomagnetic activity during almost 4 of the 6 years of Swarm observations considered in the 
present study was evaluated by using the well-known one-minute Auroral Electrojet index (AE) as a proxy 
(Davis & Sugiura, 1966). The time series of AE, which is derived from variations in the horizontal compo-
nent of the geomagnetic field observed at 12 selected observatories along the auroral zone in the Northern 
hemisphere, was downloaded from the Kyoto World Data Center (http://wdc.kugi.kyoto-u.ac.jp/aedir/). 
However, the data center ceased to provide AE data after February 28, 2018. For this reason, our AE time 
series ranges between April 1, 2014 and February 28, 2018. One question may arise: Why don't you use as 
a proxy of the geomagnetic activity level another high-latitude and high-resolution index like the SME in-
dex (the equivalent to AE) currently available from the SuperMAG initiative (Gjerloev, 2009). This would 
provide two main advantages: (1) SME is computed by considering data from about 100 observatories in 
the Northern hemisphere at latitudes above ∼55°. (2) Uninterrupted SME data are available from mid-1975 
to December 31, 2019. However, we should also consider that: (1) Despite SME was proved to be a robust 
index for probing the geomagnetic activity (Newell & Gjerloev, 2011), the spatial coverage of the stations 
at high latitudes is rather inhomogeneous. (2) Unlike AE, the SME index is (still) not the official standard 
recognized by the International Association of Geomagnetism and Aeronomy (IAGA). (3) Being based on 
a different definition respect to AE, the SME index values cannot be immediately compared to the AE val-
ues found in the literature and it is not trivial to establish threshold values to select quiet and/or disturbed 
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events. As we give special emphasis to the middle and high QD latitudes, where parallel conductivity plays 
a key role in regulating the energy balance of the ionosphere and the coupling with the magnetosphere, we 
decided to use the standard AE index instead of the SME one, even though the corresponding time series 
is 22 months shorter.

Figure 4 shows maps of σ‖ in the Northern and Southern hemispheres (on the left and on the right, respec-
tively) saturated below 2.5 × 1011 s−1 and above 5 × 1011 s−1 for two different levels of geomagnetic activity: 
quiet (AE < 50 nT, panel a)) and disturbed (AE > 150 nT, panel b)). In the second row of each panel, we also 
show the hemispheric asymmetry of σ‖ computed as the difference (on the left) and the ratio (on the right) 
between values in the Northern and Southern hemispheres and saturated below −1 × 1011 s−1 and above 
1 × 1011 s−1, and below 0.5 and above 1.5, respectively. The maximum errors associated with σ‖ are: 3.1% for 
the case of quiet geomagnetic activity (AE < 50 nT) and 1.3% for the case of disturbed geomagnetic activity 
(AE > 150 nT). The most remarkable features emerging from Figure 4 are:

•  In the Northern hemisphere, during quiet conditions, peaks of σ‖ are observed on the dayside at QD 
latitudes around ∼80°, where the value of σ‖ saturates. Slightly lower values of σ‖, between 4.5 and 
5.0  ×  1011  s−1, are observed at QD latitudes around ∼60° between 06:00 and 08:00 MLT, and at low 
latitudes around 06:00 MLT (in correspondence with the morning overshoot). On the nightside, σ‖ is 
enhanced at high QD latitudes up to ∼4.5 × 1011 s−1 starting from around ∼60° of QD latitude upwards. 
The same features are also observed in the Southern hemisphere. In both hemispheres, the minimum 
values of σ‖ are observed between 00:00 and 03:00 MLT and low QD latitudes.

•  During disturbed conditions, the same features as in quiet conditions are observed, but their spatial ex-
tent and the associated values of σ‖ appreciably increase, especially in the Southern hemisphere, where, 
e.g., features at QD latitudes ∼80° on the dayside are also visible after dusk, and extend to MLTs up to 
∼22:00. This is consistent with the work of Prölss (2006a), according to which the characteristic dayside 
feature associated with the cusp tends to move slightly (about 1° for each increase of AE by 100 nT) 
equatorward with increasing geomagnetic activity.

•  Likewise for the climatological case and the yearly selection case examined in the previous subsections, 
there is a day-night asymmetry in the values of σ‖, for which the dayside conductivity is up to two to three 
times that on the nightside. This is a general characteristic of σ‖ and is due to the additional action of 
photoionization by solar EUV radiation on the dayside.

•  The hemispheric asymmetry manifests in different ways depending on the geomagnetic activity level. 
During quiet conditions, at low latitudes σ‖,N exceeds σ‖,S at almost all MLTs. On the dayside, this hap-
pens at QD latitudes up to ∼60° and even at higher latitudes from 04:00 to 08:00 MLT, on the nightside 
in the same range of latitudes between 18:00 and 00:00 MLT. On the contrary, σ‖,S is up to 2 times higher 
than σ‖,N at QD latitudes poleward of ∼60° at almost all MLTs, especially between 60° and 80° around 
midnight.

•  During disturbed conditions, hemispheric asymmetries are noticeably different. In fact, the regions 
where σ‖,N < σ‖,S are greatly reduced and occupy mainly the sector between 18:00 and 00:00 at QD lati-
tudes between 60° and 80°. In the polar cap, σ‖,N > σ‖,S, probably due to direct precipitations during pe-
riods when the magnetosphere is in an open configuration. The asymmetry is likely due to the different 
sunlit conditions of both hemispheres and to seasonal effects (Cnossen & Förster, 2016; Giannattasio 
et al., 2021). However, a contribution to asymmetry may also arise due to the selection based on the AE 
index, which is well defined only in the Northern hemisphere.

We checked the presence of seasonal effects in the data and performed a double conditioning on both the 
AE index and the season. We obtained conductivity maps very similar to those shown in Section 3.2 of Paper 
I for the case of data selection based on the local season only.

In order to better point out the dependence of σ‖ on the geomagnetic activity, in the top panels of Figure 5 
we show the ratio between σ‖ computed during periods with AE > 150 nT and the same quantity computed 
during periods with AE < 50 nT for both the Northern (on the left) and Southern (on the right) hemi-
spheres. As we can see, some interesting features emerge:

•  In both hemispheres, σ‖ clearly increases (up to almost 1.5 times) with the geomagnetic activity in the 
auroral regions at all MLTs and at QD latitudes typically associated with regions R1 and R2 (Paper I). 
An intense increase is also observed at subauroral QD latitudes (≲60°), especially in the sector between 
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Figure 4.  Panel (a): Maps of σ‖ in both the Northern (top-left) and Southern (top-right) hemispheres during quiet 
levels of geomagnetic activity (AE < 50 nT), together with the hemispheric asymmetry of σ‖ computed as both the 
difference (bottom-left) and the ratio (bottom-right) between values in the Northern and Southern hemispheres, 
respectively. Value maps are obtained by considering almost 4 years of data, from April 1, 2014 to February 28, 2018, 
and are saturated below 2.5 × 1011 s−1 and above 5.0 × 1011 s−1. Asymmetry maps are saturated below −1 × 1011 s−1 and 
above 1 × 1011 s−1 (the difference Δσ‖) and 0.5 and 1.5 (the ratio σ‖,N/σ‖,S), respectively. Panel (b): The same as panel (a), 
but during disturbed levels of geomagnetic activity (AE > 150 nT). AE, Auroral Electrojet.



Journal of Geophysical Research: Space Physics

02:00 and 06:00 MLT of the Northern hemisphere. A diffuse increase is present in both hemispheres 
between 06:00 and 10:00 MLT and above 30° QD latitude, and in the Northern hemisphere also between 
10:00 and 12:00 MLT, and 16:00 and 18:00 MLT at the same latitudes.

•  Interestingly, σ‖ increases in the polar cap of the Northern hemisphere and decreases in the same region 
of the Southern hemisphere with geomagnetic activity.

•  There are diffuse regions where σ‖ decreases with the geomagnetic activity, especially in the Southern 
hemisphere (e.g., at mid-QD latitudes and MLT in the range 12:00–06:00).

It is well known that during disturbed geomagnetic periods, both the electron temperature and the density 
undergo short-term variations due to the transfer of energy and momentum from the magnetosphere to the 
upper ionosphere, whose response is nonlinear (Afonin et al., 1997; Brace et al., 1988; Brinton et al., 1978; 
Evans, 1970; Fok et al., 1991; Kozyra et al., 1986; Prölss, 2006b; Rishbeth & Müller-Wodarg, 1999). These 
variations are reflected in those of σ‖. For example, the enhancement of Te under disturbed conditions at 
middle latitudes in the nightside was pointed out in the early works of Evans (1970) based on incoherent 
scatter radar data, and was followed by studies relying on satellite measurements (Afonin et al., 1997; Brace 
et al., 1988; Brinton et al., 1978; Fok et al., 1991; Prölss, 2006b). This enhancement is often colocated with 
the equatorward edge of the trough (Brace et al., 1988; Brinton et al., 1978). A possible explanation for the 
enhancement of Te involves the interaction between photoelectrons produced by solar EUV and driven in 
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Figure 5.  Top panels: Ratio between σ‖ during disturbed geomagnetic activity levels (AE > 150 nT) and the same quantity during quiet geomagnetic activity 
levels (AE < 50 nT) for both the Northern (on the left) and Southern (on the right) hemispheres. Bottom panels: Logarithm of the ratio between ne during 
disturbed geomagnetic activity levels (AE > 150 nT) and the same quantity during quiet geomagnetic activity levels (AE < 50 nT) for both the Northern (on the 
left) and Southern (on the right) hemispheres. AE, Auroral Electrojet.
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the plasmasphere along the geomagnetic field lines, and the ring current (Cole, 1967). According to this 
scenario, hot electrons heated by Coulomb collision with ring current ions from the plasmasphere may 
be transported along the geomagnetic field lines down to the ionosphere and heat local thermal electrons, 
sustaining and enhancing, in this way, Te in the nightside ionosphere. This should generate an almost per-
manent feature amplified or not during disturbed or quiet periods.

Also ne contributes to the variations of Te and, thus, of σ‖, mainly in two ways. First, a variation of ne gives 
rise to a variation of the thermal electron gas heat capacity (that is proportional to ne). Second, the increase 
in ne corresponds with an increase in collisional cooling due to the increased rate of collision between 
electrons and ions (McDonald & Williams, 1980). For example, in particular, the latter provides support 
for both observations and models asserting the anticorrelation between ne and Te (Prölss,  2006b; Wang 
et al., 2006). In the theoretical model presented by Wang et al. (2006), Te is found to be enhanced by a factor 
2 to 4 inside the trough at middle latitudes during disturbed conditions with respect to quiet ones. In this 
model, the increase of Te at middle latitudes extends from about 62.5°N around 22:00 LT to about 52.5°N 
around midnight, then moves back to higher latitudes in the early morning. The shape of this enhancement 
resembles that of the edge of the middle latitude trough. Thus, the combined action of both the increase of 
Te due to hot electrons from the magnetosphere and the decrease of ne may result in the subauroral features 
of σ‖ present in all the figures shown in this paper and particularly in Figure 5, where it is shown that these 
features are related with the geomagnetic activity.

To better point out the role of ne and, in particular, of its variation with the geomagnetic activity in the 
F-layer (nightside) dynamics, in the bottom panels of Figure 5, we show the logarithm of the ratio between 
ne during disturbed geomagnetic activity levels (AE > 150 nT) and the same quantity during quiet geo-
magnetic activity levels (AE < 50 nT) for both the Northern (on the left) and Southern (on the right) hemi-
spheres. In the Northern hemisphere, at QD latitudes between ∼60° and ∼65°, ne greatly enhances between 
22:00 and 06:00 MLT. Such an increase can reach up from 10 to almost 100 times the values of ne during 
geomagnetic quiet conditions. In the same sector, at QD latitudes ≲60°, ne decreases up to about 10 times 
with respect to periods of quiet geomagnetic activity. In the remaining latitudes and MLTs in the Northern 
hemisphere there is an overall enhancement of ne with geomagnetic activity up to about 3–4 times. In the 
Southern hemisphere, ne undergoes a completely different behavior. In the nightside auroral regions, ne 
diffusely decreases with geomagnetic activity by a factor 10−0.5–10−1, except for a thin region centered at 60° 
QD latitude and between 00:00 and 04:00 MLT. A slight increase in ne occurs on the dayside between noon 
and dusk at QD latitudes up to ∼75° at noon and ∼60° at dusk, respectively. In the Southern polar cap, ne 
remains almost the same with increasing geomagnetic activity. By comparing top panels with the bottom 
ones in Figure 5, we observe that the strong enhancements in σ‖, and consequently in Te, located inside the 
auroral regions of the Northern hemisphere correspond with regions of diffuse enhancement of ne values. 
Moreover, the equatorward boundary of the auroral enhancement of σ‖ is colocated with the peak of ne. 
This is consistent with the role played by precipitating particles, which are associated with current systems 
flowing in the ionosphere and from (toward) the magnetosphere within regions R1 and R2 (as pointed out 
in Paper I), in the simultaneous rising of σ‖ and ne with the increasing geomagnetic activity. At QD latitudes 
immediately lower than ∼60° the increase of σ‖ in the Northern hemisphere is associated with the decrease 
in ne in the same region. This is probably due to the reduced collisional cooling that prevents the decrease 
of Te and, thus, of σ‖. Thus, we are probably observing the region where the transition from R2 to the trough 
occurs, where both the processes involving particle precipitation to the auroral regions, on one side, and 
heating favored by electron evacuation at the trough edge, on the other side, are simultaneously present. 
This is also consistent with the nightside features observed with decreasing solar activity (see Section 3.2 
and Figure 3) and provides a plausible interpretation of what found in both Paper I and the present work.

Regarding the lowering of σ‖ with the increase of geomagnetic activity in the polar cap of the Southern 
hemisphere, it is not clear what mechanism is causing this different behavior with respect to the Northern 
hemisphere (where, on the contrary, σ‖ increases with the geomagnetic activity). In light of the discussion 
above, this behavior could be ascribed to the electron collisional cooling due to the increase in ne, but there 
is no apparent reason why the opposite behavior should occur in the polar cap of the Northern hemi-
sphere. The same reasoning applies to other features like, e.g., the decrease of ne with geomagnetic activity 
in the Southern hemisphere at almost all MLTs and QD latitudes between ∼60° and ∼80°. Possibly there are 
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seasonal effects that are not considered in the selection of the different geomagnetic activity levels based on 
AE index, and that will be investigated in the future. In fact, seasons are mixed inside quiet and disturbed 
periods, and the statistical prevalence of some of them may be responsible for the hemispheric asymmetries 
pointed out here. On the other hand, it is well known that ne, Te, and thus σ‖ have a pronounced dependence 
on the sunlit conditions (see Paper I and references therein).

3.4.  The Contribution of Particle Precipitation and Reduced Cooling

As we pointed out in Paper I (see the corresponding Figure 1), for QD latitudes ≳60° and ≲80° the enhance-
ment of σ‖ can be associated with the typical patterns of regions R1 and R2. These are clearly visible on the 
nightside and are mainly due to particle precipitation that injects energy into the auroral regions. Another 
remarkable increase in σ‖ is observed in the dayside sector at ∼80° of QD latitude and is associated with 
the cusp region (Milan et al., 2017), where intense particle precipitations occur from the dayside magneto-
sphere into the ionosphere (Brinton et al., 1978; Foster, 1983; Prölss, 2006a). However, as discussed in the 
previous section, particle precipitation is not the only mechanism that contributes to modify σ‖, particularly 
on the nightside, where an additional contribution from electron depletion at middle latitudes may occur 
due to the anticorrelation between ne and Te around the trough (Lomidze et al., 2018; Wang et al., 2006). 
Both contributions are not currently modeled by the IRI model, which became the official International 
Standardization Organization (ISO) standard for the ionosphere (Bilitza, 2018; Bilitza et al., 2017).

IRI was run to provide ne and Te values cospatial and simultaneous with Swarm observations at the same 
sampling rate. For the topside we used the NeQuick topside option (Coïsson et al., 2009; Nava et al., 2008) 
which is the default option in IRI and proved to be the best option, especially for disturbed conditions 
(Pignalberi et al., 2016). Regarding Te, the model provided by Truhlik et al. (2012) has been used, which 
also takes into account the variation with solar activity. Like any other empirical model, IRI performances 
strongly depend on the underlying data sets on which its analytical formulas are based. As a result of the 
scarcity of both electron density and temperature data for the topside ionosphere and for very high lati-
tudes, the IRI performances in such cases can be lower. Nevertheless, several works demonstrated that IRI, 
although being an empirical climatological model, is much more reliable than most physics-based models 
in representing the physical conditions of the ionosphere at high latitudes (Shim et al., 2011, 2012; Tsa-
gouri et al., 2018). Moreover, being meant for a climatological description of the diurnal, seasonal, spatial, 
solar, and magnetic activity effects on the ionospheric plasma, not all the phenomena affecting it, like, e.g., 
particle precipitation, are described by the model. However, besides the IRI model, there exist different 
ionospheric empirical models at a regional scale able to provide even better performances than IRI but for a 
selected region or latitudinal range. This is, e.g., the case of the E-CHAIM model (Themens et al., 2017) that 
is confined to the Northern hemisphere high latitudes. Due to the global-scale nature of our investigation 
and to make consistent the results across the different latitudinal regions, the IRI model resulted the best 
option. For all the above reasons, it is reasonable to think that the subtraction of σ‖ computed via Equation 4 
with ne and Te provided by IRI from the same quantity obtained by Swarm observations, provides an esti-
mate of the contributions to σ‖ in primis due to particle precipitation (Paper I).

Figure 6 shows, from top to bottom, the yearly variation of the quantity σ‖,Swarm − σ‖,IRI with the solar activity 
(as discussed in Section 3.2), i.e., from April 1, 2014 to March 31, 2020 for both the Northern (on the left) 
and the Southern (on the right) hemispheres. The enhancements in this map point out the contributions to 
conductivity not modeled by IRI as a function of the solar activity (which decreases from year 1 to year 6, see 
Figure 2). The most interesting feature emerging is the enhancement of these contributions on the night-
side with the decrease of solar activity in both hemispheres. This feature becomes more and more intense 
(up to saturation) and extended with time, and develops from dusk to dawn around ∼60° of QD latitude. It 
is probably due to the heating induced by particle precipitation from the magnetosphere to the ionosphere 
and captures the joint action of precipitation and the electron depletion at the transition between region R1 
and the edge of the trough. Other spurious features not properly modeled by IRI are located in the dayside 
during the highest levels of solar activity (years 1 and 2), especially in the Southern hemisphere at almost all 
QD latitudes. On the other side, in the Northern hemisphere such contributions are mostly located at low 
and middle latitudes. Finally, Figure 6 shows that also the position and strength of the morning overshoot 
are not correctly modeled by IRI, and its associated features increase with the decrease of solar activity.
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Figure 7 shows σ‖,Swarm − σ‖,IRI during quiet (AE < 50 nT) and disturbed (AE > 150 nT) geomagnetic activity 
levels for both the Northern (on the left) and Southern (on the right) hemispheres. Similarly to Figure 6, the 
most striking feature shown in Figure 7 is, again, the enhancement in the nightside in both hemispheres 
around ∼60° of QD latitude. This feature increases and expands equatorward of a few degrees passing from 
geomagnetically quiet (AE < 50 nT) to disturbed (AE > 150 nT) conditions. This enhancement not mod-
eled by IRI is well visible even for geomagnetically quiet conditions, implying the existence of persistent 
features of enhanced Te at the transition between region R2 and the edge of the middle latitude trough. Our 
interpretation is that in this region there is an enhancement of Te due to both particle precipitation from the 
magnetosphere (e.g., from the tail regions and/or from the plasmasphere, where electrons heated by colli-
sions with ions are diffused along the geomagnetic field lines), and the lack of a cooling mechanism such as 
the collisional cooling associated with the edge of the electron depletion in the nightside at middle latitudes. 
An increase with geomagnetic activity is also observed in correspondence with the auroral regions (where 
precipitations associated with R1 and R2 regions occur) and in the dayside cusp (where direct precipitations 
from the dayside (open) magnetosphere occur). Also, in this case, as expected, these enhancements increase 
in spatial extent and strength with increasing geomagnetic activity. Figure 7 confirms the nature of σ‖ in 
the auroral regions, where particle precipitation is effective in connecting the magnetosphere with the ion-
osphere and feeding the latter of energy.
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Figure 6.  Yearly variation of the quantity (σ‖,Swarm − σ‖,IRI) with solar activity, i.e., starting from April 1, 2014 and up to March 31, 2020 (see Figure 2) for both 
the Northern and the Southern hemispheres. Maps are saturated below 0 and above 2 × 1011 s−1.
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4.  Summary and Conclusions
We extended the work presented in Paper I by investigating the dependence of the parallel electrical con-
ductivity, σ‖, on solar and geomagnetic activity. To this aim, we took advantage of Swarm A observations 
at 1 s cadence from April 1, 2014 to March 31, 2020, in order to sample more than a half solar cycle from 
nearby solar maximum to minimum. The main results of the study are:

•  Concerning the climatological behavior of σ‖, we confirmed and extended the results recently obtained 
in Paper I by using an unprecedented long data set (6 years at 1 Hz) acquired at ∼460 km of altitude, and 
pointed out the regions in the ionospheric F layer where σ‖ is enhanced in response to complex dynamics 
affecting the solar wind-magnetosphere-ionosphere interaction. We confirmed the presence of peaks of 
σ‖ in the cusp region, in the nightside auroral and subauroral regions, and in correspondence with the 
morning overshoot. The features associated with both diurnal and hemispheric asymmetries are also 
confirmed and mainly due to different sunlit conditions (diurnal and seasonal, respectively).

•  There is a clear correlation between σ‖ and solar activity as measured by F10.7. On the dayside, the 
correlation is positive, while in the nightside the correlation becomes negative. Concerning the latter, 
this may be due to the joint action of permanent magnetosphere-ionosphere interactions (precipitation) 
taking place in the auroral nightside with the decrease of ne and anticorrelation with Te at the edge of 
the main ionospheric trough.

•  Both nightside and dayside features of σ‖ increase and expand with geomagnetic activity, especially in 
the regions typically associated with R1 and R2 and at QD latitudes ≲60°. While the former regions are 
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Figure 7.  (σ‖,Swarm − σ‖,IRI) during quiet (AE < 50 nT) and disturbed (AE > 150 nT) geomagnetic activity for both the Northern (on the left) and Southern (on 
the right) hemispheres. Maps are saturated below 0 and above 2 × 1011 s−1. AE, Auroral Electrojet.
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associated with an increase in ne, the latter regions are associated with a decrease of the same quantity. 
In light of this, we suggest that the features in the nightside around ∼60° of QD latitude could origi-
nate from the transition among a regime (at higher latitudes) associated with pure particle precipitation 
from the magnetosphere and a regime (at lower latitudes) where the contribution from precipitations 
is flanked by the depletion in the edge of the main trough and the consequent reduction of collisional 
cooling (which, then, does not balance the enhancement of Te).

•  We estimated the contribution of particle precipitation to the variation of σ‖ with solar and geomagnet-
ic activity. This was obtained by subtracting electrical conductivity values modeled by IRI from corre-
sponding ones computed through Swarm observations. IRI describes the main climatological variations 
associated with the ionospheric parameters variation. However, specific small-scale phenomena like 
those associated to particles precipitation and the ionospheric trough at high latitudes are not properly 
addressed by IRI. The results confirmed that the enhancement of σ‖ during different levels of both solar 
and geomagnetic activity is mainly due to particle precipitation taking place in the auroral and cusp 
regions and at the edge of the plasmasphere, whose ionospheric signature is represented by the trough.

Of course, it is not trivial to separate all the contributions playing a role in the variation of σ‖, such as 
different sunlit conditions (above all seasonal effects), different levels of solar and geomagnetic activity, 
different magnetospheric configurations, and so on. In fact, being the magnetosphere-ionosphere system 
is a complex one, nonlinear effects mix these contributions in a complicated way and over a wide range of 
scales. For this reason, despite the significant wealth in the quantity and quality of data nowadays available 
from different facilities, much effort is still needed to decipher the dynamics of the ionosphere in response 
to the Sun-Earth interaction. In this framework, we believe that this work may offer a good starting point 
for future works aimed at modeling (and thus forecasting) the complex dynamics in the ionospheric F layer.

Data Availability Statement
The IRI team is acknowledged for developing and maintaining the IRI model and for giving access to the 
corresponding Fortran code via the IRI website (http://irimodel.org/).
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