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Abstract: Ionospheric conductivity is the ability to conduct ionospheric current and is impacted by a variety of
current system flows in height profiles, which increase ionosphere conductivity. In this study, we have
analyzed the height profiles of the ionospheric conductivity daily and monthly variations in Addis
Ababa, Ethiopia, during a very low solar activity phase in the year 2020. The daily height profile
variations of ionospheric conductivity in Addis Ababa with geographic latitude 9◦ N and longitude
39◦ E are estimated at midnight (00:00 UT), morning (09:00 UT), mid-day (12:00 UT), and early
nighttime (18:00 UT). The monthly variations of ionospheric conductivity (parallel, Pedersen, and
Hall conductivity) are also presented for all months, with the highest ionospheric variability occurring
after noon (14.00 UT). At midnight (00:00 UT) and early nighttime (18:00 UT), the ionospheric
conductivity shows more fluctuation than in the morning (09:00 UT) and midday (12:00 UT) in
diurnal variation. The monthly variations of ionospheric conductivity (parallel, Pedersen, and Hall
conductivity) in the daytime at 14:00 UT increase steeply to reach their peak values and keep the
sharpness of their variability.
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I. Introduction

The upper region of the atmosphere, which is made up of a mixture of charged and neutral gases

between approximately 50 and 2,000 km above the Earth’s surface, is the ionosphere. The ionosphere has

the advantage of absorbing the harmful radiation from the sun for all radio communication, navigation,

and surveillance transmissions through it. Understanding the Earth’s ionosphere entails deciphering the

numerous changes in neutral and plasma density and their relationships to the coupling with the Earth’s

lower atmosphere, as well as the generation and flow of currents in the magnetosphere region. To further

comprehend these problems, we have examined the composition and behavior of neutral and charged

particles and field-aligned current, which describes the coupling of the ionosphere with the magnetosphere.
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The description of this process affects the ionosphere and thermosphere regions to enhance coupling with

the regions below and above at smaller spatial and temporal scales due to field-aligned plasma flow and

ionospheric conductivity configuration [1–4].

In the ionosphere, at altitudes of about 80 to 500 km, there is a flow of several current systems [5].

This is a perpendicular current, and the field-aligned currents flow parallel to the Earth’s magnetic field

lines to connect the magnetospheric currents with polar ionospheric currents. The ring current plays a

role in magnetosphere-ionosphere coupling; it flows at sunset in the equatorial magnetosphere, connecting

the ionosphere with field-aligned currents and closing in on the ionosphere via the ionospheric current

system. Most ionospheric current systems are governed by solar wind pressure and interplanetary mag-

netic fields (IMF), which cause geomagnetic activity to vary. Most magnetic perturbations are produced

by ionospheric currents, and the electrons are magnetized and strongly bound to the Earth’s magnetic

field [6, 7].

Ionospheric conductivity is an important variable that is determined by the mobility of charged

particles. It is affected by plasma, neutral density, charged particle gyro-frequencies, and collision fre-

quencies. In the lower ionosphere, the conductivity provides the propagation of extremely low frequencies

(0.003–3 kHz) [8]. The plasma is produced during the day by solar EUV radiation in the E-region; the con-

ductivity is perpendicular to the magnetic field; and the F-region plays an important role in ionospheric

conductivity with plasma transport [9–14]. Ionospheric plasma is generated by energetic ultraviolet so-

lar radiation and particle precipitation at high latitudes. The current flow path is perpendicular to the

magnetic field to indicate electromagnetic, gravitational, and plasma pressure gradient forces that are

applied to the plasma density. This flow of current is the result of the spatial distribution of the source

current and the ionospheric conductivity [15, 16]. Ionospheric conductivity moves the electrons across

the geomagnetic field and drive an effective dynamo, providing the electromotive force, and the effective

ionospheric conductivity is balanced between ion formation and recombination [17–20].

The ionosphere is a region of maximum plasma density, and it is where reflection, adsorption,

and electric current take place. The ionospheric currents make a variation of the geomagnetic field in

the earth’s core. The ratio of gyro-frequencies to collision frequencies with height profiles determines

ionospheric conductivity. The current flow is based on Ohm’s law, and the geomagnetic field makes the

electric conductivity anisotropic to present the parallel, Pedersen, and Hall conductivity [21–23]. The

parallel conductivity is directed in parallel with the magnetic field, and it is greater than the other

two ionospheric conductivities. The Pedersen conductivity is directed vertically with the magnetic field

and parallelly with the electric field, whereas the Hall conductivity is directed vertically with both the

magnetic and electric fields, and this is due to the drift motion of the electrons.

Several studies have shown that ionospheric current conductivity exists; some of them [24–29] have

studied the existence of ionospheric currents, which is now experimentally confirmed by sounding satel-
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lites. Moen and Brekke [30] and Robision et al. [31] investigated the indirect measurement of ionospheric

conductivity from radar measurements of ionospheric electron density. Mcgranaghan et al. [32, 33] and

Rasmussen et al. [34] investigated particle precipitation at the topside of the ionosphere using satellite

measurements. Robinson and Vondrak [35] determined theoretically the relationship between the iono-

spheric conductivity and the major source of solar radiation. Richmond [36] studied this observation

and concluded that both solar radiation and geomagnetic activity can affect the ionospheric conductivity.

Friis-Christensen [17] defined the sources and relationship of ionospheric conductivity with solar magnetic

field variation to the regular diurnal variation of the geomagnetic field. Richmond and Maute [37] have

discussed different techniques of ionospheric wind dynamo modelling in a given neutral wind, ionospheric

conductivity, and geomagnetic field. Ebihara et al. [38] have studied the possible influence of Hall con-

ductivity on the resonant Alfven oscillations of the magnetosphere through the ionosphere reflection of

the Alfven wave coefficient. Yue et al. [39] studied the influence of ionosphere conductivity on the ring

current and found that storm-time ring current is significantly influenced by the interplanetary magnetic

field (IMF), solar wind, solar radiation, and auroral activities. Shen et al. [40] and Qian and Solomon [41]

initiated a data quality investigation for electron density at high latitudes and demonstrated the feasi-

bility of utilizing the electron density profiles from COSMIC measurements, respectively, to estimate the

ionospheric conductivity. Emmert [42] and Prolss [43] provided in-depth reviews of the large-scale neutral

density variations. Liu et al. [44] described that the solar wind drives the neutral density variation.

In the study of ionospheric conductivity, influence, and variability, different researchers used differ-

ent methods. Fuller-Rowell and Evans [45] determined global values of the Hall and Pedersen conductance

for different levels of the Auroral Electrojet (AE) index. They used electron precipitation data from the

Atmospheric Explorer (AE)-C and AE-D satellites. Kirkwood et al. [46] used the TIROS-NOAA satel-

lite data to study the patterns of the height-integrated Pedersen and Hall conductivity. Aksnes et al.

[47] used the European Incoherent Scatter (EISCAT) radar to examine the conductivity changes during

sub-storms. They selected seven sub-storm events and measured the electron density profile in order to

calculate the conductance. The Hall and Pedersen conductance reached 120 and 48 S/m, respectively.

Giannattasio et al. [48] studied the instantaneous ionospheric global conductance maps during the sub-

storm event occurring on July 31, 1997, by using the Polar Ionospheric X-ray Imager (PIXIE) and the

Ultraviolet Imager (UVI) on board the Polar satellite data. At the start of the sub-storm expansion, the

strongest conductance is observed in the per midnight sector. They observed that the Hall-to Pedersen

conductance ratio in the regions of maximum Hall conductance increased throughout the event, indicating

that the electron spectrum is hardening. Yue et al. [39] had used the International Reference Ionosphere

(IRI-95) and Mass Spectrometer Incoherent Scatter (MSISE-90) to study the influence of the ionospheric

conductivity on the ring current and calculate the background conductance. McGranagham et al. [33]

provided the ionospheric Hall and Pedersen conductance variability as empirical orthogonal functions
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(EOFs) from Defense Meteorological Satellite Program (DMSP) particle data. Singer et al. [23] studied

the dependence of Pedersen conductance in the E and F regions and their ratio on the solar and geomag-

netic activities by using the electron density profiles (EDPs) from the Constellation Observing System

for Meteorology, Ionosphere, and Climate (COSMIC) data. Maeda [49] investigated parallel conductivity

using in situ measurements of electron density and temperatures on the topside of the ionosphere and

concluded that the asymmetry of conductivity from day to night is apparent and expected.

This study used the ionospheric conductivity model (height profile) of the World Data Center for

Geomagnetism, Kyoto, to understand the height profiles of the parallel, Pedersen, and Hall conductivity

and their variability of monthly and daily profiles over the Ethiopian ionosphere with very low solar

activity. This may be the first work to extensively assess the three types of ionospheric conductivity

during very low solar activity. As a result, this study considered the diurnal and monthly variability and

the comparison of the three ionospheric conductivities in their height profiles.

II. Data and Methodology

The ionospheric conductivity acts on the Earth’s upper atmosphere, which contains the maximum

plasma density. This maximum free plasma density makes the variation of the geomagnetic field and the

dynamo action generate the geomagnetic field in the Earth’s centre. There are three types of ionospheric

conductivity: parallel, Pedersen, and Hall conductivity. The ionospheric conductivity is measured by the

SI unit Siemens per meter. The parallel conductivity is parallel to the magnetic field line; the Pedersen

conductivity is in a vertical direction with a magnetic field and parallel with an electric field; and the

Hall conductivity is also in a vertical direction with both electric and magnetic fields. In this study,

we have analyzed the ionospheric conductivity model (height profile) of the World Data Center for

Geomagnetism, Kyoto, to understand the height profiles of the parallel, Pedersen, and Hall conductivity

and their variability of monthly and daily profiles over the Ethiopian ionosphere in a very low solar activity.

The equations of ionospheric conductivity for the parallel (σo), Pedersen (σP ), and Hall conductivity (σH)

are the following [50]:

σo =
Nee

2

meνe
(1)

where Ne, e, and me are the electron density, electric charge, and electron mass, respectively.

σP = σo
(1 + k)ν2e

(1 + k)2ν2e + ω2
e

(2)

σH = σo
ωeνe

(1 + k)2ν2e + ω2
e

(3)
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From Equations (1, 2, and 3), the values of κ and νe are expressed as follows:

k =
ωeωi

νeνi
(4)

and

νe = νen + νei; νi = νin (5)

where ωe, ωi, νen, νei, and νin are the electron cyclotron frequency, ion cyclotron frequency, electron-

neutral collision frequency, electron-ion collision frequency, and ion-neutral collision frequency, respec-

tively. This study analyzes the daily height profile variations of ionospheric conductivity in the Ethiopian

ionosphere during a very low solar activity in 24 hours of a day with selected four hours at midnight

(00.00 UT), morning (09.00 UT), midday (12.00 UT), and early nighttime (18.00 UT) in Addis Ababa

with geographic latitude 9◦ N and longitude 39◦ E. The monthly variations of ionospheric conductivity of

parallel, Pedersen, and Hall conductivity are presented all months, with the highest ionospheric variability

considered to occur after noontime, which is 14.00 UT hour. The height profiles of the study are between

80 km and 500 km with a 10 km interval, which is considered to be where more ionospheric variability

takes place. Both the height and time variability of the ionospheric conductivity are considered in the

analysis of the study.

III. Result and Discussion

Diurnal Variations of Ionospheric Conductivity

Figure 1. Diurnal variability of the ionospheric conductance of the parallel, Pedersen, and Hall conductivitie at
the hours of 00:00, 09:00, 12:00, and 18:00 UT in Addis Ababa, (a) March 13, 2020 and (b) June 21,
2020.

The diurnal variability of ionospheric conductivity is the variation in conductance from day to night

over a 24-hour period. As shown in Fig. 1(a), parallel conductivity rises noticeably from a height of 80
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km to 350 km at 00.00 UT. On 00.00 UT, the parallel conductivity reached a peak of 15.85 S/m at

350 km and then decreased slightly up to 500 km. The Pedersen conductivity at 00.00 UT shows some

variability, reaches its peak value at 220 km, and then decreases noticeably up to 500 km. At 00.00 UT,

the Hall conductivity increased from 80 km to 110 km, reaching its maximum value 7.907× 10−6 S/m at

110 km. After 110 km, the Hall conductivity begins to decrease noticeably, with some variability values

reaching 500 km. At 09:00 UT on March 13, 2020, the parallel conductivity increased from 80 km to

270 km, attained its maximum value of 52.23 S/m at 270 km height, and decreased slightly from 270

km to 500 km. The Pedersen conductivity slightly increases from 80 km to 130 km, and attains a peak

(3.5 × 10−6 S/m) at 130 km. The Hall conductivity slightly increases from 80 km to 110 km, slightly

decreases with increasing height up to 500 km, and attains a peak (6.9× 10−6 S/m) at 110 km. At 12:00

UT, parallel conductivity increases from 80 km to 270 km, and decreases slightly from 270 km to 500

km, reaches its maximum value of 53.52 S/m at 270 km. The Hall conductivity sightly increases from 80

km to 110 km and decreases with increases in height up to 500 km, attaining its peak value (5.9× 10−6

S/m) at 110 km.

Figure 2. Diurnal variability of the ionospheric conductance of the parallel, Pedersen, and Hall conductivities
at midnight (00:00 UT), morning (09:00 UT), midday (12:00 UT), and early nighttime (18:00 UT) in
Addis Ababa, (a) September 21, 2020 and (b) December 21, 2020.

At early nighttime (18.00 UT), the parallel conductivity has a maximum peak value of 16.51 S/m

at a higher height profile of 500 km than the other hours. The Pedersen and Hall conductivity have peak

values of 9.6 × 10−6 S/m and 8.3 × 10−6 S/m at height profiles of 250 and 110 km, respectively. Fig.

1(b) indicates that the diurnal variability of the conductance on June 21, 2020, the parallel conductivity

has peak values of 15.7 S/m, 52.51 S/m, 52.29 S/m, and 17.13 S/m at 00:00, 09:00, 12:00, and 18:00

UT with height profiles of 350, 270, 270, and 260 km, respectively. The Pedersen conductivity increases

starting from 80 km to 120 km, with some fluctuations at 00.00 UT. The maximum values of the Pedersen
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conductivity are attained at 210 km with 8.6× 10−6 S/m.

From Fig. 2(a), the parallel conductivity at 18:00 UT has maximum values at 500 km (2.3× 10−4

S/m). The Pedersen conductivity also attained a maximum value at 260 km (8.8× 10−6 S/m) at 18:00

UT, respectively. At 00:00, 09:00, 12:00, and 18:00 UT, the Hall conductivity has peak values at 110 km

(6.8 × 10−6 S/m). The hourly variability of December 21, 2020, is presented for midnight (00:00 UT),

morning (09:00 UT), midday (12:00 UT), and early night (18:00 UT) (Fig. 2(b)). The maximum values

of parallel conductivity are attained at heights of 500 km (2.3× 10−4).

Monthly Variations of Ionospheric Conductivity

Figure 3. Monthly variability of the parallel, Pedersen, and Hall conductivity in the Addis Ababa ionosphere at
00.00 UT hour in the year 2020.
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The monthly variability of the ionospheric conductivities is presented for all months of the year

2020 (Fig. 3 and Fig. 4). More ionospheric conductivity variations take place at 14:00 and 00:00 UT.

The parallel conductivity varies between 15 and 18 S/m peak values with a constant height of 350 km,

and the Pedersen conductivity maximum value location shows some height profile variations(Fig. 3). The

height affects hall conductivity, with maximum values of 100 and 110 km(2.12×10−6 S/m). At midnight

(00:00 UT) and early nighttime (18:00 UT), the ionospheric conductivity shows more fluctuation than

in the morning (09:00 UT) and midday (12:00 UT), mostly in the D and E regions. This is due to

disturbances associated with field-aligned currents [51] and the E and F regions of the solar wind systems

[52]. The complexity in chemical and photochemical processes may be characterized by low density and

high ionization collision frequencies of electrons with ions and neutral particles [53].

The nighttime ionospheric conductivity is disturbed more than the daytime, but the daytime con-

ductivity value is greater in magnitude than the nighttime (Fig. 1 and Fig. 2). The height peak value of

the nighttime is higher than the height peak of the daytime. Plasma transport is an important factor in

determining the conductivity at high altitudes due to the coupling between the winds, plasma motion, and

plasma density. This is more common in the parallel conductivity than the other two conductivities (Fig.

1 and Fig. 2). The parallel conductivity hourly variability of the December 21, 2020 peak value in height

(350, 270, 270, and 500) km is 17.45, 53.73, 52.43, and 18.1 S/m, respectively. This is why in F-region

ionospheric conductivity, the plasma distribution is largely determined by the plasma motion [54–56] and

the wind is affected by plasma collisions and the ion drag forces producing the plasma motion, as well

as the plasma motion itself, which are coupled to the neutrals. The Pedersen and Hall conductivities, on

the other hand, are largely determined by the most significant currents that flow perpendicular to the

magnetic field as well as altitude and local time change.

The monthly variations of ionospheric conductivity (parallel, Pedersen, and Hall) are presented

in the daytime at 14:00 UT. In Fig. 3 and Fig. 4, the peak values of the parallel, Pedersen, and Hall

conductivities are indicated with their corresponding height profile locations. From Fig. 4, June with

3.5 × 10−4 S/m and November with 3.5 × 10−4 S/m have the highest and lowest peak values of the

ionospheric parallel conductivity, and for Hall conductivity, July has the greatest peak value (3.8× 10−4

S/m) among all months. The three types of ionospheric conductivities increase steeply to reach their

peak values. Each month, no significant variation in ionospheric conductivities is observed; this is due to

less disturbance of the daytime solar activity during the very low solar activity phase.

Generally, the electron and ion Pedersen layers had different peak locations in the horizontal planes;

these altitude differences in the horizontal distribution of the Pedersen conductivity affect the closed state

of field-aligned currents associated with the D regions. The daily fluctuations of the magnetic field of

the Earth are caused primarily by currents flowing in the ionospheric E-region but also in the lower

F-region [57–60], which is generated by a combination of the neutral-wind dynamo moving plasma across
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geomagnetic field lines and high latitude field-aligned currents that result in ionospheric conductivities.

Figure 4. Monthly variability of conductivity in Addis Ababa in 2020.at 14.00 UT on the day of 21 in each
month of the year 2020.

IV. Conclusion

In this work, we examined the height profiles of ionospheric conductivity for hourly and monthly

variations in Addis Ababa, Ethiopia, during a very low solar activity phase in 2020. It is proposed

that fluctuations in nightside ionospheric conductivity could be the root cause of the monthly and daily

variation. Ionospheric conductivity plays a significant role in particle acceleration and the formation of

geomagnetic disturbances. Additionally, we demonstrate how auroral and geomagnetic activity develop-

ment is facilitated by low ionospheric conductivity. The variation of the geomagnetic field in the earth’s
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core is caused by ionospheric current, and it is determined by the ratio of gyro-frequencies to collision

frequencies with height profiles. The current flow is based on Ohm’s law, and the geomagnetic field makes

the electric conductivity isotropic to present the parallel, Pedersen, and Hall conductivities. The night-

time ionospheric conductivity shows more fluctuation than the daytime because of disturbances from

associated field-aligned currents and solar wind systems. The monthly variations of ionospheric conduc-

tivity of parallel, Pedersen, and Hall conductivity in the daytime at 14.00 UT hour have no significant

variability in each month; this is due to less solar activity disturbance during the daytime in the very low

solar activity phase. The monthly daytime ionospheric conductivity variation is not much more disturbed

in a period of low solar activity at Addis Ababa.
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