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Abstract

The pattern and electron ionisation gradient associated with the obstruction of solar ionising radiation (SIR) provided a good opportunity to study
the plasma movements and neutral compositions during the solar eclipse at mid-latitude. The electron ionisation gradient (dN/dh) related to the
plasma distributions at the mid-latitudes during the total solar eclipse of 20 March 2015 was investigated. The ionogram inversion profile data
for each station along the solar eclipse path were obtained from the Global Ionospheric Radio Observatory (GIRO) database. The solar eclipse’s
obscuration percentage at these locations ranges from 69% to 94%. The variations in the dN/dh and its corresponding height hdN during the eclipse
window are related to the solar eclipse’s turnoff and onset effect on SIR. The ionisation gradient valley caused by the solar eclipse was associated
with the vertical transport and diffusion processes. The dN/dh varies correspondingly with NmF2, responding to changes in photoionisation, and
the peak responses occurred 11 – 20 mins after the eclipse’s totality. The height (hdN) at which the maximum ionisation gradient was obtained
followed a similar pattern to hmF2, but the peak response of hdN is lower across all stations. In contrast to the hmF2, the time lag between the
ionisation gradient’s minimum peak and the eclipse’s maximum magnitude ranges from 25 to 40 mins. The neutral composition changes and
plasma movements during the solar eclipse can be explained by dN/dh.
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1. Introduction

Solar eclipses are an intriguing phenomenon of astronomi-
cal events that are related to variations in ionospheric electron
density and irregularities caused by changes in SIR. It offers the
opportunity to study the ionospheric F2 formation and transport
processes at the mid-latitude region. During a solar eclipse, the
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amount of solar ionizing radiation (SIR) reaching the Earth’s
ionosphere is reduced due to the Moon’s shadow [1–3]. Hence,
the changes in the structure and pattern of the electron density
profile at the ionospheric altitudes. Since the radio wave sig-
nal travels through different parts of the ionospheric electron
density profile depending on the level of the accumulated effect
due to the removal of the SIR. Therefore, understanding the
pattern and variation of the electron ionisation gradient during
a solar eclipse is of great importance. The ionospheric distur-
bance, especially at F2-region is not limited to radio propaga-
tion alone but also affects the communication system as well as
the navigation system of satellites. Chukwuma and Adekoya
[4] claimed that the effects of solar eclipses on the ionosphere
reflect multiple intricate processes related to the electrodynam-
ics of the ionosphere and ionisation profile gradients, such as
photochemistry, transport and diffusion mechanisms, and po-
tential perturbations to the neutral atmosphere brought on by its
cooling processes.

In the mid-latitude, solar radiation, electron density
changes, geomagnetic effects, the vertical transport process,
neutral composition changes, and atmospheric waves and tides
are among the primary factors that can affect the diffusion
mechanisms of ionospheric F2 plasma during solar eclipse
[1, 2, 4–19]. Solar radiation: during a solar eclipse, the Earth
experiences a sudden reduction in solar radiation, including ul-
traviolet (UV) and extreme ultraviolet (EUV) radiation [7, 8].
The short-time removal of solar radiation during the daytime
can adversely affect ionisation and photochemical processes in
the F2 region of the ionosphere [1, 2, 6, 20]. Electron density
in the ionosphere varies with the daily solar ionising radiation,
which decreases with reduced solar radiation in the F2 region.
The reduction in ionisation rates and recombination processes
contributes to decreased electron density. This, in turn, affects
the diffusion mechanisms of the F2 plasma [9, 12, 21]. Temper-
ature Changes: Muller-Wodarg et al. [6] and Rishbeth [20] es-
tablished that solar eclipses could cause temperature and wind
changes in the upper atmosphere, altering the composition and
density of neutral particles. The variations in neutral composi-
tion can affect plasma diffusion by modifying ion-neutral inter-
action rates and associated collision frequencies [6, 20]. Also,
Adekoya et al. [2] have shown that the reduction in tempera-
ture during a solar eclipse event influences the scale height of
ionospheric layers, thereby, altering the vertical distribution of
ions and electrons. Plasma drift/Electric field: the reduced solar
radiation and resulting changes in electron density can induce
plasma drifts in the F2 region. Plasma drifts refer to the move-
ment of ionospheric plasma under the influence of electric fields
[22–25]. During a solar eclipse, the reduction in ionospheric
conductivity can lead to changes in the electric fields, plasma
density gradient and gravity, affecting plasma drifts and diffu-
sion [2, 4, 16, 25]. Meza et al. [26] have noted that any process
that influences ionospheric conductivity affects the electric cur-
rent. Geomagnetic field: Research has confirmed that eclipse-
induced ionosphere disturbances could interact with the Earth’s
geomagnetic field, resulting in intricate ionospheric responses.
Geomagnetic field can modify plasma convection patterns and
magnetic field configurations, influencing the diffusion mecha-

nisms [27].
Atmospheric waves: The absorption of solar energy, its re-

distribution, and the gravitational forces exerted by the Moon’s
shadow can all induce oscillatory motion in the atmosphere.
Through their effects on neutral winds and electric fields, these
waves can propagate upward into the ionosphere and influence
plasma dynamics, including diffusion mechanisms [27]. The
sudden reduction in solar heating can cause fluctuation in the
temperature and pressure of the atmosphere. These variations
can propagate to the ionosphere and influence ionospheric den-
sity and diffusion, which may lead to diurnal waves [28–30].
A solar eclipse can temporarily alter the distribution of gravita-
tional forces in the Earth-Moon-Sun system, which may lead to
variations in semidiurnal atmospheric tides.

It is significant to note that the local diffusion processes and
their impacts during a solar eclipse might vary depending on
some variables, such as the length of the eclipse, the geographic
location of the mid-latitude region, and the local atmospheric
and ionospheric conditions. Detailed observations and mod-
elling studies have been typically conducted to understand the
specific diffusion mechanisms during solar eclipses in different
regions. However, this paper only relates the ionisation gradi-
ent to the basic diffusion mechanisms associated with the sud-
den removal of ionising solar radiation during the daytime, as
a possible way of explaining the induced solar eclipse effect on
the ionosphere at mid-latitude.

In the last few decades, progress has been made in studying
the effect of the solar eclipse on the ionosphere electron density
structure and dynamics. Different methods and techniques have
been employed in explaining the plasma distribution during so-
lar eclipses. At mid-latitudes, diffusion mechanisms have been
established to explain the sudden removal of the solar eclipse
[1, 2, 4, 6, 12, 15, 18, 19, 21, 25, 31–34]. However, the ioni-
sation gradient can be explained in terms of plasma dynamics
in the mid-latitude region. Its structure maps out the electron
density profile at different altitudes of the ionosphere through
which the radio wave signal travels. During a solar eclipse,
changes in the ionosphere ionization gradients can affect the
radio wave propagation across the ionosphere. This may sub-
sequently lead to variations in communication and navigation
systems relying on ionospheric propagation. Adebesin et al.
[35] have established an inverse relationship between the pat-
tern of electron ionisation gradient, dN/dh and plasma electro-
dynamics/vertical plasma drift at an equatorial latitude, it was
therefore used in quantifying the plasma irregularities at the
ionospheric F2-layer. Moreover, Adebesin et al. [35] have sug-
gested the use of dN/dh characteristics as proxies for inferring
the characteristic of the vertical plasma velocity. Therefore, the
pattern and variation of dN/dh may further the understanding of
the fundamental dynamics and plasma distribution in the mid-
latitude region during a solar eclipse. The knowledge can im-
prove the understanding of the characteristics of the plasma dy-
namic structure of the ionosphere, the ionosphere formation and
more importantly the anomalies brought during the short time
removal of the SIR.
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2. Data and method

As seen in Figure 1, the total solar eclipse was visible
in Iceland, Europe, North Africa, and North Asia. It trav-
elled via the North Atlantic, Faeroe Island, and Svalbard in the
northern hemisphere (https://eclipse.gsfc.nasa.gov/SEdecade/
SEdecade2011.html). Table 1 highlights the local circum-
stances of the solar eclipse, as well as the times of the first,
middle, and last contact of the investigated ionospheric sta-
tions. More information about the total solar eclipse event,
its partiality, the conditions underlying its evolution, and the
obscuration magnitude obtained from http://xjubier.free.fr/en/
index en.html. The selection of stations was influenced by
the eclipse’s course. Using the digital ionogram data from
(http://giro.uml.edu/DIDBase) [36] and manually validated, the
Global Ionospheric Radio Observatory (GIRO) networks pro-
vided the ionospheric data for the study’s chosen mid-latitude
stations. Access to autoscaled values of ionospheric parame-
ters produced by the UMLCAR-SAO Explorer’s built-in auto-
matic real-time ionogram scaler with true height (ARTIST) al-
gorithm is made possible via the GIRO [36–38]. ARTIST soft-
ware scales the ionogram and calculates the vertical electron
density profile in real-time [37, 39].

The profile peak of the electron density of the F2-region val-
ues during the eclipse (NmF2e) and the control day (NmF2c)
were calculated from their respective critical frequency (foF2)
using the following expression NmF2 = ((foF2)2 / 80.5) e/m−3

[40, 41]. The foF2 is measured in Hertz The average of the two
days preceding and following the eclipse day, that is, March 18,
19, 22, and 23, is the value of the control day. These days were
carefully chosen such that their solar and geomagnetic activity
classifications are the same as those of the solar eclipse day.
This will allow the observation of the real changes caused by
the solar eclipse in the ionosphere. The ionospheric parameters
for these studied periods are tagged with the suffix “e” for the
eclipse day and “c” for the control day. The daily average of the
interplanetary index, Ap, is 22 nT, the Kp index is 3.7, and the
solar flux index is F10.7 = 111.8 sfu (1 solar flux unit (sfu) =
10−22 Wm−2Hz−1). Similarly, the control days’ solar and geo-
magnetic activities fall within the range of classification for per-
turbed geomagnetic conditions, using Kp, Ap and F10.7 [4, 25].
The respective geomagnetic activity classification for the refer-
ence days ((i.e. March 18, 19, 22 and 23) are as follows; Kp
index – 5, 3.7, 3.0 and 3.3; Ap index – 47, 26, 24, and 19 nT;
F10.7 index – 113.7, 108.3, 112.7 and 121.5 sfu, which indi-
cates the geomagnetic active periods [31]. The National Space
Science Data Centre (NSSDC) provided the daily average of
the Kp, Ap, and solar flux indices through its OMNI database,
which may be accessed at https://omniweb.gsfc.nasa.gov.

The hmF2 is the peak height corresponding to the maximum
electron density of the F2 layer (NmF2). The ionisation gradi-
ent profile, dN/dh is the changes in the electron density (N) with
respect to altitude (h), (i.e., dN/dh) [35, 42, 43]. The ionisation
density gradient refers to the change in the electron concentra-
tion or density with respect to distance in a particular region
of the atmosphere. It represents the variation in the number of
electrons per unit volume as they move through the atmosphere.

For the observation of the F2-region electron ionisation gradi-
ent (dN/dh) profile, the heights above 180 km altitude to the F2
upper bound were considered. The ionisation density gradient
is often used to study phenomena like the ionosphere, where
ionisation of atmospheric gases occurs due to solar radiation
[35, 42]. By measuring the ion density at different altitudes and
calculating the ionisation density gradient, one can understand
the structure and behaviour of the ionosphere, including its lay-
ers and variations. The reason was that during a solar eclipse,
the F – region assumes a partial nighttime mode where the F1
layer tends to become less distinct or even disappear temporar-
ily during the eclipse. The F2-layer plasma is composed mainly
of O+; during the eclipse window, it moves downward towards
lower altitudes where the neutral density is higher. This results
in a lowering of the F2 layer altitude during the eclipse. The
F1 layer may merge with the F2 layer, and the F2 layer altitude
may decrease during a solar eclipse due to reduced ionisation,
increased recombination, and downward plasma motion driven
by ambipolar diffusion. These effects are temporary and typi-
cally return to their normal state after the eclipse period. These
parameters will provide information on the ionosphere forma-
tion, ionisation gradient, thermospheric composition, neutral
winds and plasma movement in response to the removal of SIR
during the daytime.

3. Results and discussion

3.1. Ionospheric parameters response to the solar eclipse

This section presents the variation of ionospheric parame-
ters observed over mid-latitude stations during the total solar
eclipse of 20 March 2015. All the stations are within a nar-
row longitude range, and the eclipse over the stations is ob-
served concurrently. Figure 2 shows the time variation of the
electron density, NmF2 (first column) and its associated peak
height, hmF2 (second column) as the moon passed over the sta-
tions, obscuring the ionizing radiation. The variation in NmF2e
and hmF2e during the solar eclipse was compared to that of the
control day (NmF2c and hmF2c) to observe the solar eclipse-
related effect on the ionosphere. The continuous line represents
the variations during the eclipse day, while the control day is
denoted by the dashed line. The vertical lines denote the pro-
gression of the solar eclipse circumstances; the lines represent
the start time of the eclipse (S), the maximum magnitude of the
eclipse (M) and the last contact of the eclipse (E), respectively.
During the solar eclipse window, there are two distinct phases
of eclipse progression: the first phase is between the start time
of the eclipse and the maximum magnitude of the eclipse, and
the second is between the eclipse,s peak magnitude and its last
phase.

Figure 2a depicts the NmF2 and hmF2 excursion over El
Arenosilo in response to the solar eclipse compared to the con-
trol day variation. The observation shows that ionisation de-
creases from the eclipse’s first contact through the maximum
contact of the eclipse to the end time as against the continuous
increase in NmF2c. The NmF2e decreased from 0.46 × 10¹²
e/m3 at the eclipse start time and reached a minimum of 0.31 ×
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Figure 1. An orthographical map of the region covered, circumstances, and observation stations during the 20 March 2015 total solar eclipse.
The faint blue lines indicate the area where the partial solar eclipse is seen and the thick blue lines is of the eclipse’s maximum magnitude. The
Circumstances at Greatest Eclipse: 09:45:39.2 UT, Latitude 64◦25.9’N; Longitude 06◦38.8’W; Width 462.6 km; Sun Altitude 18.5◦; Sun Azimuth
135.0◦; Duration is 02m46.9s. More details of its path can be seen via NASA (Total solar eclipse of 20 March 2015 https://eclipse.gsfc.nasa.gov/).

Table 1. The detailed information of Ionosonde stations, geographic coordinates, eclipse progression time frame, and maximum obscuration percentage during
the March 20, 2015, total solar eclipse.

Station Geographic Coordinate Eclipse Start Time (UT)
hh:mm:ss

Eclipse Max Time (UT)
hh:mm:ss

Eclipse End Time (UT)
hh:mm:ss

% of Max Ob-
scuration

UT to LT
difference
(Approx.)

Lat Long
El Arenosilo 37.1 353.3 07:55:04.3 08:58:17.9 10:07:55.5 69.09 0
Roquestes 40.8 0.5 08:05:56.2 09:12:43.2 10:25:24.1 71.34 0
Dourbes 50.1 4.6 08:24:51.0 09:33:30.5 10:46:20.5 86.25 0
Fairford 51.7 358.5 08:22:45.9 09:29:29.2 10:40:34.4 94.17 0
Juliusruh 54.6 13.4 08:40:44.3 09:50:33.0 11:02:49.2 85.99 +1

10¹² e/m3 at 0915 LT, just a few minutes following the eclipse’s
maximum obscuration time. The removal of photoionisation of
plasma caused by the passage of the moon’s shadow over the at-
mosphere resulted in the delay period explained by the cooling,
downwelling, and atmospheric expansion processes [31]. Also,
it should be noted that the NmF2e varies with SIR. The ionisa-
tion constituents decrease as solar radiation decreases due to the
moon’s shadow on the ionosphere. The increase in NmF2e after
the eclipse’s maximum magnitude corresponds to an increase in
O+, and thus an increase in ionisation through the eclipse’s end
time. The hmF2 recorded a distinct excursion; during the first
contact of the eclipse, a gradual decrease in NmF2 was grad-
ually uplifted to a higher altitude. The maximum peak height
corresponded to the maximum decrease in NmF2, and the sub-
sequence decrease in hmF2 explains the plasma species expan-
sion process as a result of a gradual increase in electron density
due to the increase in the photoionisation in the eclipse win-
dow’s recuperation stage.

Over the ionosphere of Roquetes, Figure 2b, the minimum
decrease in NmF2e was reached around 10 minutes following
the eclipse’s peak magnitude. This variation is contrary to the
NmF2c variation, which increases throughout the eclipse win-
dow. The solar eclipse-caused valley recovered as the ionisa-
tion gained energy as the Moon gradually moved away from the
alignment of the Sun’s rays. This eclipse-induced plasma redis-
tribution in the ionosphere is height dependent. The peak height
corresponding to the maximum variation of electron density
over Roquetes is presented in Figure 2bii. The hmF2e shows a
special feature during the eclipse window, the hmF2e decrease
at the beginning of the eclipse corresponded with the decrease
in NmF2e. Following that, the hmF2e increases through the
maximum eclipse magnitude period and reaches a peak value
of 286 km at about 0925 LT. Thereafter, a sharp decrease was
registered, with hmF2e reaching the minimum peak of ∼229
km around 1025 LT, coinciding with the eclipse end time dur-
ing the second phase of the window. This deviation of plasma
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Figure 2. Variation of F2 region peak electron density, NmF2 and peak height, hmF2 during the solar eclipse. The vertical lines demonstrate the
first contact or start time of the eclipse (s), the time of the maximum magnitude of the totality (M), and the last contact of the eclipse or the end
time of the solar eclipse (E).

during the eclipse window as against that of the control day in-
dicates that solar eclipse can cause plasma redistribution and,
as a result, affect the transport process [4, 25].

The NmF2 and hmF2 variation in the ionosphere over
Dourbes, Fairford and Juliusruh did not show any contrary
behaviours and excursion compared to the El Arenosilo and
Roquetes. The NmF2 depletion and its corresponding increase
in hmF2 during the eclipse window is evidently due to the re-
moval/reduction of photoionisation. Shortly after the eclipse’s
peak magnitude, the NmF2 decreased to its lowest point. This
formation has been related to the diffusion processes; the down-
ward diffusion/cooling process caused by the removal of the

SIR is associated with the increase in the nitrogen molecule,
while the upward diffusion after total obscuration is due to the
increase in the photoionisation [3, 4, 6, 13, 20, 31]. That is, so-
lar eclipse can temporarily decrease the [O/N2] ratio due to the
cooling of the thermosphere and the reduced efficiency of cer-
tain chemical reactions. The percentage deviation of the NmF2
at the eclipse window corresponds to the percentage obscura-
tion of the solar eclipse, therefore as the percentage obscuration
increases, so does the electron density deviation at the eclipse
window. The percentage deviation over Fairford, Dourbes, and
Juliusruh, with 94%, 86.25% and 85.99% obscuration is 74%,
73% and 50%, respectively. Adekoya et al. [2] observed that
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Figure 3. Electron ionisation gradient profile plots derived from the inversion of ionograms during the solar eclipse of 7 July 2019. All legends are
in the local time (LT).

during the investigation of the solar eclipse of 21 August 2017,
the plasma deviation decreased with decreasing percentage ob-
scuration and used as a proxy in explaining the wind flow and
thermospheric composition related to ionisation loss rate dur-
ing the eclipse. Similarly, the increase in hmF2 following the
eclipse’s peak magnitude is conspicuous and concurrent, indi-

cating that plasma is indeed redistributed. The hmF2 plots show
the varying values during the eclipse window compared to the
control days. The increase in hmF2 during the eclipse is primar-
ily caused by the reduction in solar extreme ultraviolet (EUV)
radiation, which affects the ionisation and recombination pro-
cesses in the F2 layer. From the point of view of NmF2 varia-
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Figure 4. The pattern of ionisation gradient distribution during the solar eclipse progression (blue line) and the height corresponding to the
respective positions of the maximum dN/dh magnitude, hdN (red line).

tion, it shows that ionisation decreases during the eclipse win-
dow, which subsequently leads to changes in the plasma den-
sity and altitude. The vertical transport of plasma related to the
hmF2 increase [2, 4] is influenced by the increase in the neu-
tral winds in the ionosphere. The atmospheric dynamic wave
motions cause changes in the neutral winds [30]. Therefore,
the changes in photoionisation of chemical species and plasma
dynamics caused changes in the reflection and modification of
ionospheric F2 region formation during the solar eclipse win-
dow [6, 13, 44].

3.2. The Ionisation gradient (dN/dh) observation and pattern
during the solar eclipse

Figure 3 depicts the typical ionisation gradient profile dur-
ing the eclipse window, as presented for the stations within
the obscuration of the solar eclipse. The first column shows
the dN/dh at the first phase of the eclipse window (Pre-totality
through the maximum magnitude of eclipse periods), and the
second column shows the dN/dh at the second phase (post-
totality periods). All of the gradient profiles revealed that the
gradient distribution decreases with time during the pre-totality

7
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period and reverses during the post-totality period. The increase
in ionisation gradient during the post-totality period compared
to the pre-totality period suggests the increasing ionisation due
to the increasing solar radiation around the periods. The ion-
isation gradient was lower on average around the totality pe-
riod than before and after. The minimum ionisation gradient
appeared to be around the peak magnitude of the eclipse for
all the stations, while the maximum appeared to be around the
pre-totality and post-totality of the solar eclipse. It is important
to note that while the ionisation gradient began at a height of
180 km altitude, which is the vertical height of the ionospheric
F2-layer datum level, all of the gradient profiles occurred at an
altitude above 200 km during the eclipse phases.

Figure 4 depicts a clear picture of the pattern of the ioni-
sation gradient during the solar eclipse progression; the peak
values of the ionisation gradient and their corresponding height
(hdN) magnitudes were quantitatively obtained for each station.
From Figure 4, the ionisation gradient variation corresponds to
the NmF2e variation. The peak response of dN/dh and its height
(hdN) at the second phase of the eclipse window informed that
electron concentrations are spread over a large height range [45]
where recombination is less significant. Also, it was observed
that the time of the minimum ionisation gradient does not cor-
respond with the time when the eclipse reaches its maximum
magnitude. At each station, the minimum ionisation gradient
was observed around 11 – 20 minutes after the totality period.
In general, the ionisation gradient pattern appeared to follow
the pattern of plasma diffusion and transport processes during
the eclipse and related to the SIR. The delay time between the
minimum ionisation gradient and the maximum magnitude of
the solar eclipse has been related to the slower rate of charge
transfer due to the gradual emergence of solar radiation [31]
and recombined more rapidly compared to other periods at the
eclipse window. Moreover, Adekoya and Chukwuma [31] re-
vealed that the solar eclipse window is related to the sunset pe-
riod, during which charges are gradually transferred to a region
of a high recombination state.

3.3. The synergy between ionisation gradient and plasma
distribution mechanisms at mid-latitude during a solar
eclipse

In the mid-latitude ionospheric region, transport mecha-
nisms, production, recombination, and diffusion processes in-
fluence plasma density distribution [4]. Understanding the
plasma transport processes during an eclipse is important be-
cause variations in local solar ionising radiation affect the
plasma ionisation at F2 region heights. According to Le et al.
[44], transport processes/plasma movement are the main mech-
anisms in the F2 layer that drive the ionospheric plasma, which
is connected to the background characteristics such as hmF2,
local time, solar activity, and magnetic dip. During a solar
eclipse, SIR is obscured totally or partially, changing the daily
plasma distribution processes and causing significant changes
in the F - region plasma density, resulting in a change in the
daily F2 region morphology. At equatorial/low latitudes, the
ionisation gradient represents a reversed electrodynamics drift
of a plasma [35]. Herein, the plasma diffusion at mid-latitude

is synonymous with the ionisation gradient during the eclipse
window, as it is the primary mechanism for plasma distribu-
tion. That is, downward and upward diffusion processes cor-
respond to the decrease and increase in the ionisation gradient,
respectively. During solar eclipse, solar radiation is partially
lost and the molecular gases (N2 and O2) become the dominant
chemical species [6, 20]. An increase in molecular nitrogen
gas [N2] dominates the first phase of the eclipse window, insti-
gating the downward diffusion process during the atmospheric
cooling process (the reduction in temperature resulting from the
decrease in solar radiation) caused by the eclipse shadow. How-
ever, the second phase of the eclipse window is associated with
the increase in atomic gas due to the gradual intensification in
photoionisation after the totality period of the solar eclipse.

Chukwuma and Adekoya [4] extrapolated the vertical trans-
port process at mid-latitude during a solar eclipse, taking into
account the equilibrium state of the Chapman equation for
the F2 layer, which is governed by the plasma’s production,
loss, diffusion and transport term. According to their findings,
the plasma transport process varies with diffusion processes,
decreasing during the first half of the eclipse phase and in-
creasing after the maximum phase period. Similarly, the ob-
served ionisation gradient follows a pattern similar to the dif-
fusion and transport processes during the solar eclipse. During
the eclipse’s first phase, through the maximum magnitude, the
dN/dh decreases. Around this period, the SIR decreases due to
the shadow cast by the moon during its progression in the align-
ment between the Sun and the Earth. As shown in Figure 4, the
ionisation element is reduced, increasing the molecular concen-
tration of Nitrogen [O/N2] and thus decreasing the ionisation
gradient. Chukwuma and Adekoya [4] called this the cooling
process, the process in which the N2 increases due to the de-
crease in temperature and reduced solar radiation, hence the
atmosphere’s compression/contraction or upwelling [10]. At-
mosphere contraction is the process in which the atomic chemi-
cal concentration in the atmosphere [O/N2] decreases, typically
due to cooling processes. Upwelling processes can occur due to
various factors such as temperature differences, pressure gradi-
ents, or circulation patterns [23, 46–49] In the context of nitro-
gen concentration during a solar eclipse, upwelling can play a
role in redistributing nitrogen-rich air masses within the atmo-
sphere to higher altitudes. That is, thermospheric composition
[O/N2] is lower when upwelling occurs in the upper atmosphere
during a solar eclipse, while downwelling increases it. Up-
welling processes can transport increased nitrogen molecules
to higher altitudes (NmF2 and hmF2 observation depicted dur-
ing the eclipse window) where recombination is less prominent.
As depicted in Figure 2, one can see that the NmF2 decreases
to the minimum while hmF2 reaches the peak height at the cor-
responding time during the solar eclipse phase. After the Sun’s
radiation to the Earth is completely obscured, the Moon gradu-
ally moves away from the Sun-Earth alignment, and the Earth’s
atmosphere begins to gain energy and plasma becomes ionized.
The increase in plasma temperature leads to atmospheric expan-
sion and downwelling, and thus an increase in ionisation there-
after. Martı́nez-Ledesma et al. [3] observed a significant cool-
ing of electron and oxygen ion temperatures corresponding to a
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large reduction of electron concentration. Müller-Wodarg et al.
[6] and Le et al. [1] ascribed the changes observed during the
eclipse window in the mid-latitude to changes in the diffusion
mechanisms. Chukwuma and Adekoya [4] related this to modi-
fications in the processes of plasma vertical transport, asserting
that the processes of downward and upward diffusion were con-
nected to the downward and upward vertical transport of plasma
during the eclipse window. Therefore, the changes in the ioni-
sation gradient, vertical transport and diffusion processes were
explained by the behaviour of the F2-layer plasma during the
short-term removal of solar ionising radiation. In a nutshell,
the decrease in ionisation gradient is connected to the down-
ward diffusion flux of plasma and this will cause a decrease in
the electron density of the F2 region during the eclipse’s first
phase. Moreover, the increase is due to the upward diffusion.

On the right side of Figure 4, the height (hdN) correspond-
ing to the maximum ionisation gradient value for each period
through the eclipse window is shown (red colour). When the
hdN is compared to the peak height (hmF2), it is discovered
that they exhibit a similar structure and explain the plasma be-
haviour during the solar eclipse episode. The decrease in ioni-
sation gradient during the second phase of the eclipse window
corresponds to the increase in the hdN . Also, it was observed
that the maximum peak of hdN was recorded not at the max-
imum magnitude of the eclipse, but rather during the period
when the SIR was gradually restored. The hdN peak response
time does not coincide with that of the dN/dh. The hmF2 peak
response at the eclipse window is higher than the hdN across
all the stations within the solar eclipse’s path. The increase
in hmF2 after the maximum magnitude of a solar eclipse is
believed to be the result of photoionisation resurgence, which
caused the upward vertical transport and uplifted plasma to the
region of less recombinational processes [2, 4]. The ionisa-
tion gradient height exhibits the same characteristic as the hdN

increasing and reaching the maximum gradient peak after the
totality period. Unlike the NmF2 and hmF2, whose peak re-
sponse times often coincide, the peak response time and peak
height of the ionisation gradient differ, but only during the sec-
ond phase of the eclipse window. As observed from the stations,
the hdN delay time ranges between 25 and 40 mins, whereas
the dN/dh delay time corresponds with NmF2. Therefore, it is
then appropriate to suggest that the changes in ionisation gradi-
ent and its corresponding height are caused by the turnoff (ob-
scuration) and onset effect of SIR on the background plasma
distribution and vertical transport processes. Although plasma
downward and upward vertical transports are related to plasma
upwelling (downward diffusion/atmospheric compression) and
downwelling (atmospheric expansion), they explain changes in
thermospheric composition. The change in neutral composi-
tion, [O/N2], accounted for the changes in the diffusion pro-
cesses [6], resulting in variations in loss rates and ionisation
production. Furthermore, the changes in the ionisation gradient
during the eclipse window are connected to the degree of loss
rate in ionisation (i.e., O+) caused by changes in neutral com-
position, which is controlled by variations in the local SIR. It
should be noted that the emergence of the solar eclipse forced
the chemical reaction to undergo rapid charge transfer processes

as it progressed. This was observed during the solar eclipse-
induced ionisation process valley. Therefore, one can conclude
that the pattern of the ionisation gradient is caused by the pro-
cesses surrounding the solar eclipse and can affect the formation
of the ionosphere, hence the radio wave signal disruption.

4. Conclusion

The pattern and variation of electron ionisation gradient
as related to plasma distributions and transport processes at
mid-latitudes were investigated during the total solar eclipse on
March 20, 2015. The NmF2 varies with the SIR, with peak
responses occurring 11 – 20 minutes after the eclipse’s total-
ity. The delay period is relative to the minimum reduction in
NmF2 and the increase in hmF2 during the eclipse window’s
second phase. dN/dh recorded its minimum peak after the max-
imum magnitude of the eclipse as it decreased from the first
contact of the eclipse through the totality period and increased
after reaching the minimum peak during the second phase of the
eclipse window. The solar eclipse-induced ionisation gradient
valley was related to the vertical transport processes/diffusion
processes. The height (hdN) at which the maximum ionisation
density was obtained showed a similar pattern with the hmF2.
Unlike the hmF2, the time lag between the ionisation gradient’s
minimum peak and the eclipse’s maximum magnitude ranges
between 25 and 40 mins. Also, it was observed that the peak
response of the hdN is lower than that of the hmF2 across all
stations. The changes in ionisation gradient and its correspond-
ing height are due to the turnoff and onset effect of SIR on
the background plasma distribution and vertical transport pro-
cesses. Like diffusion and transport processes, the dN/dh ex-
plain the plasma changes in the ionosphere during the solar
eclipse. The pattern of ionisation gradient can be caused by
the ionospheric processes surrounding the solar eclipse and can
affect the formation of the ionosphere, hence the radio wave
signal disruption. Therefore, the dN/dh can be used to quantify
the plasma anomaly at the ionospheric F2 layer.
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• Solar and planetary magnetic field indices: https://
omniweb.gsfc.nasa.gov/.
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