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Abstract: We investigated the relations between the monthly average values of the critical frequency
(foF2) and the physical properties of the coronal mass ejections (CMEs), then we examined the seasonal
variation of fyF2 values as an impact of the several CMEs properties. Given that, fyF2 were detected
by PRJ18 (Puerto Rico) ionosonde station during the period 1996-2013. We found that the monthly
average values of fyF2 are varying coherently with the sunspot number (SSN). A similar trend was
found for fyF2 with the CMEs parameters such as the CME energy (linear correlation coefficient
R =0.73), width (R = 0.6) and the speed (R = 0.6). The arrived CMEs cause a plasma injection into the
ionosphere, in turn, increasing the electron density, and consequently, fyF2 values. This happens in
the high latitudes followed by the middle and lower latitudes. By examining the seasonal variation of
foF2, we found that the higher correlation between fyF2 and CMEs parameters occurs in the summer,
then the equinoxes (spring and autumn), followed by the winter. However, the faster CMEs affect
the ionosphere more efficiently in the spring more than in the summer, then the winter and the
autumn seasons.

Keywords: coronal mass ejection; ionosphere; critical frequency of the F2 layer; solar activity;
sunspot number

1. Introduction

Several studies were interested in investigating the impact of solar activities upon the
ionosphere [1-4]. Among those studies that are concerned with the response of the ionosphere
critical frequency (fpF2) to the coronal mass ejections (CMEs) has become of the utmost importance
during the past few years [5-7]. Actually, the solar activity is the main source of disturbances and
fluctuations in the Earth’s environment, in particular the magnetosphere and the ionosphere layers.

The variability of the ionosphere can be attributed to contributions from lower atmospheric internal
waves, geomagnetic and solar activity variations from high atmosphere as well [8]. In fact, solar ionizing
flux varies not only with a longer time scale, the solar cycle, but also with the shorter time scale,
the quasi-27-day rotation of the Sun and even on a day to day basis. Additionally, solar flux-induced
variations in the neutral temperature, winds and neutral composition manifest also to ionospheric
plasma densities and heights [4].

Indeed, during solar minimum there is a little X-ray emission and a low number of CMEs, while at
solar maximum the Sun’s atmosphere emits large amounts of X-rays in addition to large numbers
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of CMEs. This gives rise to a solar cycle variation in the intensity of ionization of the ionosphere.
During solar storms, the ionospheric structure can be drastically modified by energy input from
the Sun [9].

The ionosphere is separated into three layers D, E and F, in which the F layer is divided into two
layers as well, F1 and F2. Moreover, the ionospheric electron density is highest around the F2 peak,
and it has been the subject of many investigations.

The widely used fyF2 is a well-defined parameter extracted from ionograms of ground-based
ionosondes. Actually, fyF2 has a strong solar activity dependence, but varies with the seasons. This may
be attributed to thermospheric winds, neutral winds, dynamo electric fields as well as the distance
between the Sun and Earth, which varies seasonally [5].

Nowadays, a general picture was drawn for the ionospheric dynamo, in which, the equatorial
electrojet is produced due to Eastward electric field E [10] which interacts with Earth’s magnetic field B
causing strong vertical upward ExB drift velocity and enhanced fyF2 in low latitudes [11].

CMEs are thought to cause an increase of the electron density in large volumes of the Earth’s
ionosphere [6]. In addition, CME events are usually the origin of intense geomagnetic storms and
they occur predominantly during the solar maximum phase. That is why they are considered to be
the origin of space weather effects [12]. Basically, CMEs are huge explosions of plasma and magnetic
fields from the sun’s corona. They eject billions of tons of coronal material having frozen in magnetic
fields which are greater than the background solar wind magnetic field (IMF). Additionally, they are
travelling outward from the sun at speeds ranging from 250 (km/s) to as fast as near 3000 km/s.

Really, there were good efforts exerted by some researchers in the field such as authors of [6]
who studied the direct influences of CMEs properties on fyF2 at mid-latitude ionospheric stations
during the period 1996-2013 and found that the energetic, massive and fast CMEs can affect fyF2 more
efficiently. Despite this, the authors of [4] found that both positive and negative deviations of fyF2 have
no dependency on season and location.

Moreover, authors of [7] studied the relation between the monthly-averaged values of CME
parameters and the monthly maximum values of fyF2 at high, middle, and low latitudes for solar cycles
23 and 24 and found that there is a moderately good correlation between the two time series graphs at
high and middle latitudes, but the ionosphere correlation is not clear in lower latitudes, indicating that
the impact of CMEs on fyF2 is higher at high latitudes than at the low latitudes.

Besides, authors of [13] examined the effect of CMEs and solar winds on the seasonal variation
of fyF2 at the Korhogo station during the period 1992-2002, through investigating the geomagnetic
activity index Aa, where Aa > 40 nT during one, two or three days announcing the CMEs arrival based
on studies of [14-16]. They reported that CMEs affect midday troughs on fyF2 diurnal profiles and the
night peaks in winter and spring. Nevertheless, in autumn, CMEs do not affect the nighttime peak on
foF2 diurnal profiles. In addition, CMEs always causes stronger positive storms compared to the solar
wind effects, assuming that these storms are mainly due to the combination of the phenomena of rapid
penetration eastward electric field and equatorward neutral winds during daytime but at night time
they are mainly related to neutral winds alone.

In the present work, we aim to examine the seasonal variation of fyF2 as a response to the CMEs
influences for a long time period (1996 to 2013) at middle latitudes. Besides, we would examine and
explain which value of both the monthly average and the monthly maximum fyF2 values which give
better results concerning the response to the arriving CMEs. In the next section, we describe the data
sources, while in Section 3 we introduce the methodology. Section 4 shows the results and discussions,
and we give the conclusion in Section 5.

2. Data Sources

The ionospheric fyF2 data were obtained from Space Physics Interactive Data Resource (SPIDR).
The data span between 1996 and 2013, consisting of minutely values of fyF2 with 5 min resolution.
Table 1 summarizes the details of the selected station.
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Table 1. The details of the mid-latitude ionosonde station in the Northern hemisphere.

Code Name Latitude Longitude
PRJ18 Puerto Rico 18.5° -67.2°

CME data were taken from the SOHO LASCO CME Catalog obtained from a URL (http:
//cdaw.gsfc.nasa.gov/CME_list/), we obtained 20635 CME events during the period 1996 to 2013.

3. Methodology

Before introducing a description of the methodology, it is preferred to give a brief note about
the detection and the extraction of the data concerning with the ionospheric critical frequency and
the coronal mass ejection. The basic idea of the performance of the ionosonde depends on that the
ionization in the atmosphere is in the form of several horizontal layers, and consequently, the electron
concentration varies with height. By broadcasting a range of frequencies, usually in the range of 0.1 to
30 MHz, and measuring the time it takes for each frequency to be reflected, it is possible to estimate the
concentration and height of each layer of ionization.

The frequency at which the wave penetrates the layer without reflection is that the transmitted
wave that just exceeds the peak plasma frequency or the critical frequency. The critical frequency is
directly proportional to the square root of electron number density of the layer.

CMEs are massive plasma cloud associated with the magnetic field. We cannot observe the CME
during its onset time of ejection because the solar disk is brighter than it. SOHO/LASCO satellite masks
the solar disk, causing an artificial solar eclipse.

The CME can be shown as a cone beam that appear outside the occulting disk with a sky-plane
angular width called “width” which is typically measured in the field of view (FOV) after the
width becomes stable. The SOHO/LASCO catalog estimates the velocity, the mass and the energy
corresponding to each CME which may eject in all directions around the sun.

Coronal mass ejections are considered as large eruptions of plasma and magnetic fields which are
produced from various sources of high intensity plasma emission. These are often associated with
the acceleration of energetic electrons. Energetic protons released by a CME can cause an increase
in the number of free electrons in the ionosphere. The higher impact is in the high-latitude polar
regions. The increase in free electrons enhances radio wave absorption. The higher impact is within
the ionospheric D-region. It is leading to Polar Cap Absorption (PCA) events.

CMEs may reach Earth within one to five or even seven days according to their speeds [17-22] such
that their prediction is so hard that no one can estimate their arriving time accurately and consequently
their impact on the ionosphere. As a result, some scientists studied this impact by investigating
some of certain events like [2,23,24]. On the other hand, others used the average values for the CMEs
parameters and fyF2 for a long time period to achieve a global and deep view upon the expected link
between the CMEs and the ionospheric fyF2 [6,7].

We have decided to use the same methodological invariants as that applied in [6] but with some
modifications supporting our new goals in this study concerning the seasonal variation of fyF2.

We estimated the monthly average values of the CMEs parameters and fyF2 to overcome the
problem of the inaccurate estimation of the CME’s travel time. In addition, we divided each year of
data-taking into four seasons according to the meteorological temperate seasons as shown in Table 2.
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Table 2. The seasons according to meteorological temperate seasons.

The Seasons The Period
Northern Hemisphere Southern Hemisphere Start End
Winter Summer 1 December 28 February
Spring Autumn 1 March 31 May
Summer Winter 1 June 31 August
Autumn Spring 1 September 30 November

4. Results and Discussion

4.1. Monthly Variation

The monthly average value of fyF2, hereafter F, changes drastically, exhibiting frequent oscillations,
with time. In addition, we found that the monthly average value of fyF2 profile has a high coherence
with that of the sunspot number (SSN) as shown in Figure 1, we found that its profile has the
maximum and the minimum monthly average values 11.3 MHz and 3.4 MHz at the dates May 2000
and July 2007 respectively.
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Figure 1. The time series of the monthly average (A) and the monthly maximum (B) values of
ionospheric critical frequency fyF2 (in MHz). The two plots are compared with the monthly average
sunspot number, SSN showing a good agreement. The blue color of the left axis values, smooth curve
and square points refer to fyF2 values, while the red color of the right axis values, smooth curve and

round points denote to the sunspot numbers.

Moreover, we examined the average and maximum monthly values of fyF2 during our selected
period. We found that the preferable matching with SSN profile is the monthly average values of fyF2
as shown clearly in Figure 1 as well.

Using the monthly average fyF2 provides more accurate results than the monthly maximum,
different from the previous studies performed by [6,7] which focused on using the maximum
value of the critical frequency, that is referring to the day-time variation in the ionosphere only.
However, the average values more precisely reflect the total variation throughout the day, the day and
the night, which implies, to a great extent, that the total incoming forces by the solar particles which
may enhance at the night in the absence of the solar radiation. Therefore, we have decided to use the
monthly average fyF2 values in the present study in order to yield the improved outcomes.

CMEs represent an important portion of energetic particles and massive plasma coming from the
Sun. Because of this, we plotted the monthly average values of the CMEs widths with F values as
shown in Figure 2. This figure shows clearly that the CME angular width is varying with the solar
activity as well as fyF2. The widths become smaller during the quiet Sun phase, while they are greater
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during the active Sun phase. At the same time, F values become smaller during the quiet phase of the
Sun and higher through the active phase of the Sun.
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Figure 2. The time series of the monthly average values of the coronal mass ejections (CMEs) angular
widths (in degrees) and that of the sunspot number (SSN) (A), and the relationship between monthly
average value of fyF2 values and the monthly average CMEs widths (B). The blue color of the left axis
values, smooth curve and square points of plot (A) refer to the CME’s width, while the red color of the
right axis values, smooth curve, and round points denote to the sunspot numbers.

Actually, F values are linearly proportional to the monthly average values of the CME widths,
providing the correlation coefficient R equals 0.6 (Pearson’s chi-squared test x2 equals 244.01) according
to the following equation:

F (MHz) = 4.1647 + 0.051 x W (degree) @

where F is the monthly average value of fyF2 (in MHz), and W is the monthly average value of the
CME angular width (in degrees).

According to Figure 2, fy)F2 and CME width profiles match with the solar cycle 23 and the
ascending period of the solar cycle 24. This trend emphasizes that the fyF2 profiles rely, for a great
extent, on the solar activity, which is in a good agreement with several works such as [3,5,25] and
in particular the CMEs, as presented by [6,7,13]. One step further, Figures 1 and 2 imply with no
doubt that the less wide CMEs predominantly reach the Earth and can affect the ionosphere, such that
the majority of CMEs, having angular widths less than 120 degrees, seem to have a similar fyF2 time
profiles. However, the wider CMEs have the ability to cause a plasma injection into the ionosphere
than the thinner ones, in turn, increasing the electron density, or fyF2. Obviously, this happens in the
high latitudes followed by the middle and lower latitudes.

Although the time profile of the monthly average values of the CME parameters expresses a
high coherence with SSN, including the CME energy, we found that the correlation of the monthly
maximum value of the CME energy with the monthly average value of fyF2 gives better results, as an
exception, than using the monthly average CME energy.

Among the CME parameters, the CME energy seems to be the main factor that directly affects
the ionosphere through ion production and consequently the critical frequency. Hence, the monthly
maximum CME energy values give better results instead of the average ones, which indicates that the
solar particles have a direct effect on the ionosphere.

Really, the maximum value of fyF2, which is measured through the day only, expresses its response
to both solar ionizing by radiation, in addition to other factors relating to the lower atmosphere.
However, the average value of fyF2, which is measured throughout the day and the night represents its
response mainly to the solar plasma, in addition to other factors from the lower atmosphere.
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As a consequence, and in order to investigate the CMEs energy influences upon f,F2, we plotted
the relation between the monthly maximum CME energy and the monthly average f,F2 as shown
Figure 3, which displays obviously a linearly direct correlation based on the following equation:

F (MHz) = 4.1127 + 4.1x10~* X E (erg) @)

where E is the monthly average value of CME energy (erg). The correlation coefficient R equals 0.73
(Pearson’s chi-squared test x2 equals 178.85). This high value indicates that the CME energy strongly
affects the ionospheric critical frequency.
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Figure 3. The time series of the monthly average values CME energy (in erg) and that of sunspot
numbers (SSN) during the period 19962013 (A), and the relationship between F values and the monthly
maximum CME energy (B). The blue color of the left axis values, smooth curve and round points of
plot (A) refer to the fyF2, while the red color of the right axis values, smooth curve and square points

denote to the sunspot numbers.

Along the same lines, the initial speed of CME increases directly with the solar activity. In general,
the CMEs become faster through the active Sun phase and slower during the quiet Sun phase. This arises
from investigating the relation between the CME speeds and the sunspot numbers, SSN as shown in
Figure 4. Furthermore, the monthly average of CME initial speed has a linear correlation with the
monthly average fyF2, and the following formula represents its fitting:

F (MHz)= 3.88 + 8.26 X107 x V (Km/s) (3)

where V (Km/s) is the monthly average value of CME speed. The correlation coefficient R equals ~0.6
(Pearson’s chi-squared test x2 equals 246.12). This high correlation coefficient implies that the faster
CMEs can affect the fOF2 more efficiently than slower ones.

Although the polynomial fitting gives a higher correlation coefficient than the linear fitting in our
past figures. We preferred using linear correlation in order to make the investigations clearer and the
results to be comparable in an obvious behavior. Specially, the second order polynomial fitting is very
close to the performed linear fitting.
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Figure 4. The time series of the monthly average values CME initial speed (Km/s) and that of the
sunspot numbers (SSN) during the period 1996-2013 (A), and the relationship between F values and
the monthly average CME:s initial speeds (B). The blue color of the left axis values, smooth curve and
round points of plot (A) refer to fyF2 values, while the red color of the right axis values, smooth curve,

and square points denote to the sunspot numbers.

4.2. Seasonal Variation

The solar energy that leads to the ion production in the ionosphere is attributed not only to the
solar radiation, but also to the solar particles [26]. This fact is generally valid during all seasons,
but may be strong or slightly varying according to the season, in other words, the seasonal variation.
These seasonal variations. These, in general, occur due to the tilt in the rotation axis of the Earth and
the rotation of the Earth around the Sun. As a result, the Earth leans toward the Sun in the summer
while it leans away from the Sun in winter, the equinox occurs in between as well. During the summer,
the northern hemisphere, especially high latitudes, receives more solar radiation than the southern
hemisphere due to the tilt angle and vice versa in the winter for the same northern hemisphere.
This situation is similar in the case of solar plasma, including the solar wind and CMEs. In other words,
during the summer season, the northern hemisphere, especially high and mid-latitudes, is subjected to
plasma injection more than during the winter season.

Actually, the terrestrial northern hemisphere faces the heliospheric equator in the summer,
which inclines by ~7.25° on the ecliptic, as a result, one can expect that the CMEs parameters can affect
foF2 values in the mid-latitude region, tropical zone, in the summer season more efficiently than the
spring and the autumn then the winter.

Figure 5 introduces a sketch which illustrates the impact of the Earth’s inclination with respect
to the ecliptic plane on the area hit by the solar plasma. It shows clearly that the shorter path of the
CME’s plasma is to the pole and it occurs during the summer season, while the middle path happens
through the equinoxes, spring and autumn, and the longer path occurs during the winter season.

Winter (B)

(A Summer (€)

//'
NS

in the northem hentsphers

THE during Equina:

CHE during S

Summer
Winter

Figure 5. A sketch shows the path of the CME’s plasma, through the magnetosphere, directed into the
left panel (A): during the equinoxes; the middle panel (B): during summer for the southern hemisphere;
the right panel (C): during summer for the northern hemisphere. The shortest path to the pole is during
the summer season, while the longest one is during the winter season.

Figure 6 shows a high correlation between the monthly average CME energy and the monthly
average fyF2, which exhibits seasonal variation: (R = 0.76) in summer, (R = 0.64) in winter, (R = 0.59) in
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spring, then (R = 0.35) in autumn, in the northern hemisphere. However, we found that using the
monthly maximum values of CME energy gives better results and the correlation coefficient values
R increase as follows: (R = 0.82) in summer, (R = 0.80) in autumn, (R = 0.75) in spring, then (R = 0.67)
in winter. Additionally, The CMEs width and initial speed display a similar seasonal variation trend as
shown in Figures 7 and 8, but with slight discrepancies: for the CMEs width, the correlation coefficients
are (R = 0.69) in summer, (R = 0.68) in spring, (R = 0.62) in autumn, then (R = 0.60) in winter, in the
northern hemisphere. At the same time, for the CME speed, the correlation coefficients are (R = 0.72) in
spring, (R = 0.65) in winter, (R = 0.64) in summer, then (R = 0.46) in autumn, in the northern hemisphere.
Table 3 summarizes the values of the correlation coefficients R.
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Figure 6. The seasonal variation of the monthly average fyF2 with the monthly average CME energy
(left panel) and the monthly maximum CME energy (right panel). The season points and its fitting line
are colorized as in the figure’s caption of each season word’s color.
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Figure 7. The seasonal variation of the monthly average fyF2 as a response to the monthly average
CME width variation. The season points and its fitting line are colorized as in the figure’s caption of

each season word’s color.
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Figure 8. The seasonal variation of the monthly average fyF2 as a response to the monthly average
CME initial speed variation. The season points and its fitting line are colorized as in the figure’s caption
of each season word’s color.

Table 3. The correlation coefficient values (R) and Pearson’s chi-squared test x2 of the linear relations
between the monthly average fyF2 and each of the monthly maximum CME energy and the monthly
average values of the CME width and speed.

Seasons Max CME Energy Average CME Energy CME Width CME Speed
R X2 R X2 R X2 R X2
Winter 0.67 33.244 0.64 36.431 0.61 38.765 0.65 35.593
Spring 0.75 52.89 0.59 79.476 0.68 64.845 0.72 58.644
Summer  0.82 31.656 0.76 41.242 0.69 51.213 0.64 57.484
Autumn  0.80 21.987 0.35 55.283 0.62 38.906 0.46 4943

Actually, our selected ionosonde station is in the northern hemisphere of the Earth, localized
approximately in the middle latitudes. Therefore, the correlation is the strongest in the summer season
which may be attributed to that the number of electron density varies not only seasonal but also with
respect to the latitudinal variations. However, the CME speed has a behavior that is different from the
CME energy and width. The highest impact happens during equinoxes in the spring season, and this
impact increases in the autumn season. This finding is also supported by the fact that the rate of
electron density in equinox is faster than that in winter and summer season which leads to higher TEC
at equinox months. Further, during this period, the Sun is directly above the equator, which leads to a
higher value of TEC during the equinox at low latitude regions than at mid or high latitude [27].

5. Conclusions

The data of fyF2 used in this work were collected from the ionosonde station PRJ18 (Puerto Rico)
located approximately in the mid-latitude region. We estimated the monthly average values of fyF2
during the period 1996-2013 and the corresponding monthly average values of the CME’s parameters.

By investigating the average and the maximum monthly values of fyF2, we pointed out that the
most preferable values, giving better results, are the monthly average ones. The average values reflect
the total variation in the electron density throughout the day and the night that indicates the total
incoming forces by solar particles.

We also found that the monthly average value of fyF2 changes dramatically with time. It has a
high coherence with the sunspot number (SSN). This behavior emphasizes that the fyF2 profiles rely,
for a great extent, on the solar activity.

Moreover, CME’s parameters are found to be varying with SSN in the same coherence behavior,
like fyF2. Further, by examining the correlations between each of the monthly average values of the
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CMEs’ physical properties and that of fyF2, throughout the period of study, we found that relations are
linear with the correlation coefficients equal approximately to 0.73, 0.6 and 0.6 for the CME energy,
angular width and initial speed respectively.

The wide CMEs are more frequent during the active Sun, while they become less frequent during
the quiet Sun. The CMEs’ speed and energy exhibit a similar behavior with the solar activity as well.
As a result, the wider, energetic, and faster CMEs can increase the electron density in the ionosphere
due to the plasma injection, giving rise to high values of fyF2.

We also conclude that the highest impact of the CMEs on the seasonal variation is found to be in
the summer, then equinoxes (spring and autumn) followed by winter. This is attributed to the direction
of the Earth’s inclined rotational axis, with respect to the heliospheric equator.

During the summer solstice the terrestrial exposed area to the Sun is the greatest in the northern
hemisphere, in addition, the north pole is the nearest one which has a shorter path for the plasma
more than in the winter which has a longer path, giving rise to more plasma injection happening in
the summer. This is valid for the CMEs energy and angular width. However, the CMEs speed shows
a different behavior in which the faster CMEs raise the values of fyF2 more efficiently in the spring,
the winter and the summer, followed by the autumn season, respectively.
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