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Abstract

This research examined the morphological
characteristics of the propagation parameter
M(3000)F2 and its association with solar activity,
represented by the solar flux index F10.7, using
archival data obtained from the equatorial ionosonde
station at Korhogo, Céte d’Ivoire. The analysis was
based on previously published datasets covering the
period from January 1993 to December 2000.
Hourly and monthly averaged values of M(3000)F2
were evaluated in order to assess its diurnal,
seasonal, and interannual behavior. For seasonal
analysis, the data were classified into equinoctial and
solstitial periods, while linear regression techniques
were applied to determine the extent of the
relationship between M(3000)F2 and solar flux. The
findings revealed that M(3000)F2 displayed marked
diurnal fluctuations, with pronounced peaks around
sunrise, clearly defined daytime minima, notable
post-sunset increases, and strong nighttime maxima
across all seasons. On a seasonal scale, M(3000)F2
values were consistently higher during the equinoxes
than during the solstices, suggesting stronger
equatorial  electrodynamic  processes  during
equinoctial intervals. The interannual assessment
further indicated that elevated M(3000)F2 values
were more prevalent during periods of low solar
activity, whereas reduced values corresponded with
years of high solar activity. The regression analysis
confirmed a persistent inverse relationship between
M(3000)F2 and the solar flux index across all
seasons, as evidenced by negative regression slopes
and statistically significant correlation coefficients,

particularly during daylight hours. Overall, the

results demonstrated that solar activity plays a major
role in controlling the long-term variation of
M(3000)F2, while

mechanisms significantly influence its diurnal and

equatorial  electrodynamic
seasonal patterns. This study offers valuable
empirical insight from a relatively underexplored
African  equatorial region and  enhances
understanding of ionospheric propagation conditions
relevant to high-frequency radio communication and
ionospheric modeling in West Africa.
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I.  Introduction

The ionosphere is fundamental to long-
distance high-frequency (HF) radio communication,
satellite signal transmission, navigation systems, and
space-weather surveillance. Within the ionospheric
structure, the F2 layer is particularly significant for
HF communication because it possesses the highest
electron density and enables long-range sky-wave
propagation'. Among the parameters commonly
employed to describe the characteristics of the F2
layer is the M(3000)F2 propagation factor. This
parameter represents the ratio of the Maximum
Usable Frequency (MUF) over a 3000 km radio path
to the critical frequency of the F2 layer (foF2)? and

can be expressed mathematically as:

MUF (3000)
foF2

M (3000)F2 = (1)
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TheM(3000)F2 parameter is commonly
employed as an indirect indicator of the effective
height, structural configuration, and curvature of the
ionospheric F2 layer. Consequently, it responds
strongly to variations in ionospheric processes,
including electric field dynamics, thermospheric
wind circulation, magnetic field orientation, and
changes in solar irradiance’. An examination of its
morphological  characteristics  offers  valuable
understanding of the ionosphere’s reaction to
different geophysical drivers, especially within
equatorial and low-latitude regions where distinctive
electrodynamic mechanisms prevail.

The Maximum Usable Frequency (MUF)
refers to the uppermost radio frequency that can
reliably propagate over a given distance through
ionospheric refraction. For a transmission path of
3000 km, the MUF is closely associated with:

MUF (3000) = M (3000)F2 X foF2(2)

An increase in the Maximum Usable
Frequency (MUF) is generally associated with
several ionospheric and solar-related conditions.
These include elevated electron density in the F2
layer, reflected by higher foF2 wvalues, increased
peak height of the F2 layer (hmF2) which enhances
the refraction path length, intensified solar radiation
as indicated by elevated F10.7 index values, and
seasonal amplification during equinoctial periods. A
clear understanding of MUF behavior and its
controlling factors is essential for maintaining
reliable radio communication, particularly in regions
with limited satellite coverage or where high-
frequency (HF) communication remains
operationally critical, such as in military, maritime,
and aviation applications.

Beyond internal plasma processes, the

ionosphere is strongly modulated by solar activity,

which is commonly quantified using the F10.7 cm
solar radio flux index. This index represents solar
emissions measured at a wavelength of 10.7 cm and
has been shown to correlate closely with extreme
ultraviolet (EUV) radiation, the primary driver of
ionization in the F2 layer*. Fluctuations in F10.7 are
therefore recognized as key drivers of long-term,
annual, seasonal, and daily variations in M(3000)F2,
as well as other fundamental ionospheric parameters
such as foF2 and hmF23,

The African equatorial ionosphere displays
distinctive characteristics arising from intense
equatorial electric fields, the influence of magnetic
declination, and the presence of the equatorial
ionization anomaly (EIA). These factors give rise to
spatial and temporal ionospheric behaviors that often
differ markedly from those observed in equatorial
regions of Asia, the Americas, and the Pacific®.
Korhogo, located in Ivory Coast at approximately
9.33°N latitude and 5.42°W longitude, constitutes a
key ionospheric observation site within the West
African low-latitude zone. The station offers
valuable long-term ionosonde measurements that are
crucial for investigating F2-layer variability and
propagation conditions in this region.

A detailed understanding of the
morphological behavior of M(3000)F2 in relation to
solar flux is vital for effective HF communication
planning, mitigation of space-weather impacts, and
optimization of radio-frequency systems across the
African continent. Additionally, analyses spanning
extended intervals, such as the period from 1993 to
2000 corresponding largely to solar cycle 23,
provide a more comprehensive framework for
assessing the response of equatorial ionospheric

parameters under varying levels of solar activity.
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Statement of the Problem

Although the African equatorial ionosphere
plays a significant role in global radio
communication systems, it remains comparatively
underrepresented in ionospheric research when
contrasted with equatorial regions in the Americas
and Asia. In particular, the characteristics and
variability of M(3000)F2 in West Africa, and its
sensitivity to changes in solar activity, are not yet
fully understood. While previous investigations have
been conducted at stations such as Ouagadougou,
Addis Ababa, and Lagos, relatively few studies have
concentrated on Korhogo, despite its advantageous
position within the equatorial ionization anomaly
region’®

Moreover, the quantitative relationship
between solar flux, as represented by the F10.7
index, and M(3000)F2 over long observational
periods in the African sector remains inadequately
documented. Existing evidence suggests that
equatorial electrodynamic processes may introduce
nonlinear or

M(3000)F2  to  solar

season-dependent responses  of
forcing®.  However,

comprehensive  and  continuous  multi-year
observations from Korhogo are limited and often
fragmented. This highlights the need for a systematic
investigation  that examines the long-term
morphology of M(3000)F2, evaluates its diurnal and
seasonal behavior, and rigorously quantifies its
dependence on solar flux (F10.7) within the African
low-latitude ionosphere.
Aim of the Study

The central objective of this research is to
analyze the morphological characteristics of the
propagation parameter M(3000)F2 and to assess its
relationship with solar activity, as measured by the

F10.7 index, at the African equatorial ionosonde

station of Korhogo over the period spanning January

1993 to December 2000.

Objectives of the Study
The study is designed to achieve the

following specific objectives:

L. To investigate the diurnal and seasonal
patterns of variation of the M(3000)F2
propagation factor at Korhogo over the
period 1993-2000.

il. To assess the long-term behavior of
M(3000)F2 in relation to the different
phases of solar cycle 23.

1. To evaluate the relationship between solar
activity, represented by the F10.7 index,
and M(3000)F2 by examining correlation
strength and response characteristics.

iv. To provide a scientific explanation of the
physical processes responsible for the
observed variations in M(3000)F2 at the
Korhogo station.

Justification of the Study
A detailed investigation of the morphology

of M(3000)F2 and its dependence on solar flux

(F10.7) within the African equatorial region is of

considerable scientific and practical significance.

The West African equatorial ionosphere is

distinguished by complex features such as the

equatorial ionization anomaly (EIA), intense
electrodynamic drifts, rapid plasma irregularities,
and pronounced day-night variability. These
characteristics pose substantial challenges to high-
frequency radio  propagation, satellite-based
navigation systems, remote sensing, and other space-
dependent technologies operating in the region.

Nevertheless, sustained and location-specific

ionospheric observations across West Africa remain

limited, resulting in persistent uncertainties in

regional ionospheric modeling and forecasting.
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Korhogo lies within the equatorial
ionospheric zone and represents one of the few
stations providing long-term ionosonde observations
in this part of Africa. Consequently, it offers a
valuable opportunity to examine F2-layer behavior
in a region where observational data are scarce.
Many widely used ionospheric models, including the
International Reference Ionosphere (IRI), NeQuick,
and SUPIM, are largely constrained by datasets from
mid-latitude regions and equatorial sectors in
America and Asia. As a result, their performance
over the African equatorial sector is often
suboptimal. An empirical analysis of M(3000)F2
based on Korhogo ionosonde measurements from
1993 to 2000 therefore contributes to narrowing this
data gap and improving the representation of African
equatorial conditions in both global and regional
ionospheric models.

In addition, the F10.7 solar flux index
remains a standard proxy for solar extreme
ultraviolet (EUV) radiation, which is the primary
source of ionization in the upper atmosphere.
However, the magnitude, timing, and linearity of
ionospheric responses to solar flux vary with latitude
and local electrodynamic conditions. Evidence from
previous studies suggests that equatorial ionospheric
parameters often display nonlinear and seasonally
dependent responses to solar forcing, yet such
behavior has not been sufficiently documented for
the longitude sector encompassing Korhogo. A long-
term analysis covering the interval 1993-2000,
which includes periods of both moderate and
elevated solar activity, provides a robust framework
for understanding how solar cycle variability
influences HF propagation characteristics in this
region.

Accurate

knowledge of M(3000)F2

variability is essential for effective frequency

planning and operational reliability in sectors such
as military communications, emergency response,
aviation routing, and broadcasting services that
depend on ionospheric propagation. Furthermore, as
sub-Saharan Africa increasingly adopts GNSS-based
technologies for navigation, surveying, and

emerging autonomous applications, improved
understanding of equatorial ionospheric dynamics
becomes increasingly critical.

Finally, the limited availability of long-term
ionospheric  observations from the pre-digital
ionosonde era, including datasets spanning 1993—
2000, underscores the importance of preserving and
analyzing historical records. Such data enable the
assessment of solar-cycle-related variability, support
the validation and calibration of predictive models,
and provide a baseline for comparing past
ionospheric behavior with contemporary trends
under evolving space-weather conditions. The
present study is therefore justified on the grounds
that it addresses a clear scientific gap, enhances
regional modeling capabilities, supports practical
communication and navigation needs, and
contributes to the broader understanding of
equatorial ionospheric physics using underutilized
African observational data.

II.  Literature Review
Conceptual Review

The ionosphere constitutes a region of the
Earth’s upper atmosphere extending roughly from
about 60 km to beyond 1000 km in altitude and is
characterized by significant populations of free
electrons and ions generated primarily through
photoionization driven by solar extreme ultraviolet
(BEUV) and X-ray radiation'®!!. From a structural

perspective, the ionosphere is conventionally divided

into the D, E, F1, and F2 layers, each defined by
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distinct electron density distributions and differing
roles in radio-wave propagation'.

Among these regions, the F2 layer is the
most critical for high-frequency (HF)
communication because it attains the highest
electron densities and is capable of refracting HF
radio signals back to the Earth over long distances.
Key parameters describing the F2 layer include the
critical frequency (foF2), the peak height (hmF2),
and the maximum electron density (NmF2). These
parameters are highly variable and are controlled by
a combination of solar radiation intensity,
geomagnetic conditions, and thermospheric and
electrodynamic processes. As a result, the F2 layer
represents both the most dynamic and the most
operationally significant part of the ionosphere for

long-range radio communication'2,

foF2 = 9+NmF2 3)
. foF2 (Critical Frequency): denotes the

maximum frequency that can be reflected
back to the Earth during vertical incidence
by the F2 layer of the ionosphere.

. NmF2: corresponds to the peak electron
density of the F2 layer and is
mathematically linked to foF2, such that
variations in foF2 directly reflect changes
in NmF2.

. hmF2: refers to the altitude at which the
maximum electron density occurs within
the F2 region. Fluctuations in hmF2 play a
significant role in shaping the value and
variability of the M(3000)F2 propagation
factor.

. h'F2: represents the virtual height of
reflection of the F2 layer as derived from
ionogram measurements, providing an
apparent reflection height rather than the
true physical altitude.

The propagation parameter M(3000)F2 is
an empirically derived index used to evaluate the
effectiveness of high-frequency (HF) radio wave
transmission over a standard distance of 3000 km. It
is defined as the ratio of the maximum usable
frequency for a 3000 km circuit to the critical
frequency of the F2 layer (foF2). In practical terms,
M(3000)F2 encapsulates how efficiently the
ionosphere can refract HF signals under prevailing
geophysical conditions>*. Since both MUF and foF2
are governed by the wvertical distribution and
magnitude of electron density in the F2 region,
variations in M(3000)F2 directly reflect changes in
ionospheric structure and dynamics. The parameter
is particularly valuable because it conveys
information about the curvature and height profile of
the electron density distribution, making it a reliable
indicator of temporal changes in HF propagation
conditions driven by solar and geomagnetic
influences®.

Solar activity exerts a strong influence on
ionospheric ionization, commonly represented by the
F10.7 cm solar radio flux index. The F10.7 index
measures solar radio emissions at a wavelength of
10.7 cm and is widely accepted as a proxy for solar
extreme ultraviolet (EUV) radiation, which is
primarily responsible for ion production in the F2
layer*. Numerous investigations have demonstrated
close associations between F10.7 and key
ionospheric parameters such as foF2, hmF2, and
NmF2, with elevated solar flux levels generally
corresponding to increased electron densities and
higher F2-layer peak altitudes, particularly during

614 Since

geomagnetically  quiet  conditions
M(3000)F2 depends jointly on foF2 and the vertical
structure of the F2 layer, it is expected to exhibit
systematic responses to solar flux variations,
underscoring the relevance of F10.7 in HF

propagation analysis and ionospheric modelling.
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The equatorial ionosphere is distinguished
from mid- and high-latitude regions by a range of
unique electrodynamic and structural features.
Foremost among these is the equatorial ionization
anomaly (EIA), which manifests as two bands of
enhanced electron density located roughly +15° from
the magnetic equator. This phenomenon is produced
by the plasma fountain effect, whereby strong
daytime eastward electric fields generate upward
ExB plasma drifts that lift ionospheric plasma to
higher altitudes, from where it diffuses along
geomagnetic field lines toward lower latitudes'>!®,
Another defining feature is the equatorial electrojet
(EEJ), a narrow and intense eastward current
flowing near the magnetic equator that modulates
ionospheric  electrodynamics and  influences
parameters such as foF2 and hmF2!". These
processes, together with pronounced diurnal,
seasonal, and solar-cycle variability, are especially
prominent in low-latitude regions over Africa and
play a central role in shaping the morphology of
M(3000)F2.

Across longitudes spanning approximately
20°W to 60°E, the African equatorial ionosphere
exhibits characteristics that often differ from those
observed in other equatorial sectors. Longitudinal
variations in electric fields, thermospheric wind
systems, and magnetic declination contribute to
region-specific F2-layer behaviour'®!?. Despite this,
the African equatorial region has historically been
under-instrumented compared with better-studied
areas such as South America and Southeast Asia. As
a result, observationally based investigations of
propagation parameters like M(3000)F2 remain
particularly ~valuable for improving regional
understanding and enhancing the performance of

global ionospheric models'>2°,

Theoretical Review

The physical behaviour of the ionosphere
and its response to external forcing mechanisms are
grounded in several established theoretical
frameworks. Central to these is Chapman layer
theory, which describes the vertical distribution of
ionization resulting from the balance between solar
photoionization and recombination processes.
Developed by Sydney Chapman in the early
twentieth century, the theory predicts a characteristic
ionization profile in which electron density increases
exponentially with altitude to a maximum before
decreasing due to enhanced recombination and
diffusion"-?2, Although simplified, this framework
provides a foundational understanding of how
ionospheric layers form and vary with solar zenith
angle, offering insight into the behaviour of foF2
and related parameters.

Complementing this is solar—terrestrial
interaction theory, which explains how changes in
solar radiation, solar wind conditions, and
geomagnetic activity influence the Earth’s upper
atmosphere. Periods of heightened solar EUV and
X-ray emissions lead to increased ion production,
raising electron densities and altering ionospheric
layer heights'!. Transient solar phenomena such as
solar flares and coronal mass ejections can further
introduce rapid and sometimes severe disturbances
in the F2 region?>. Over longer timescales, the
approximately 11-year solar cycle imposes a
systematic modulation on ionospheric parameters,
with higher foF2 and MUF values typically
occurring near solar maximum?*,

The distinctive nature of the equatorial
ionosphere is further explained by plasma
electrodynamics theory. Vertical plasma drifts

driven by ExB electric fields, in combination with
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thermospheric winds and the equatorial electrojet,
give rise to the plasma fountain effect and the
development of the EIA?»?. These mechanisms
exert strong control over hmF2 and NmF2, which in
turn influence the refractive properties of the
ionosphere relevant to HF propagation. In particular,
the pre-reversal enhancement (PRE) of vertical drift
near sunset has been shown to cause rapid uplift of
the F2 layer, increasing MUF and significantly
modifying M(3000)F2 values®. The interplay of
electric fields, neutral winds, and diffusion processes
renders equatorial ionospheric behaviour especially
complex and highly sensitive to both solar and
geomagnetic forcing.

Radio wave propagation through the
ionosphere is fundamentally governed by refractive
index theory. According to the Appleton—Hartree
formulation, the refractive index of an ionized
medium depends on electron density and signal
frequency, determining whether HF waves are
refracted back toward the Earth or escape into
space’. Consequently, the maximum usable
frequency for a given radio path is closely tied to the
peak electron density and curvature of the
ionospheric profile, with M(3000)F2 serving as a
practical empirical indicator of these conditions.
Global models,

Ionosphere (IRD),

ionospheric including  the

International Reference
incorporate these theoretical principles to provide
climatological descriptions of  ionospheric
parameters'2. However, such models often perform
less accurately in equatorial regions, where sparse
observations and complex electrodynamics limit
predictive reliability?’, reinforcing the need for

region-specific empirical studies.

Empirical Review

A substantial body of empirical research
has examined F2-layer behaviour and related
propagation parameters across different latitude
regions. These studies consistently show that
equatorial ionospheric parameters exhibit distinctive
diurnal, seasonal, and solar-cycle characteristics
compared with those at higher latitudes.

Within West Africa, early ionosonde-based
investigations documented pronounced diurnal and
seasonal variability in F2-layer parameters. A study
analysed foF2 and hmF2 over Korhogo and reported
notable evening uplifts in hmF2 associated with pre-
reversal  enhancement’.  Subsequent  studies
confirmed that equatorial electrodynamic processes
exert strong control over F2-layer morphology,
particularly ~ during  equinoctial  periods?.
Comparative analyses further demonstrated that
African equatorial stations display greater variability
than mid-latitude counterparts, especially during
seasonal transitions®.

Although fewer studies have focused
explicitly on M(3000)F2 in Africa, available
evidence highlights the combined influence of solar
activity and equatorial dynamics. Studies reported
well-defined diurnal cycles and seasonal modulation
of M(3000)F2 at Ouagadougou, attributing these
patterns to variations in hmF2 and NmF2 driven by
solar flux and vertical plasma transport?®. Another
study working with data from Lagos, observed
elevated M(3000)F2 values during periods of
increased solar activity, supporting the notion of
strong solar control at low latitudes?’.

Observations from other equatorial regions
provide useful comparative insights. A study showed
that post-sunset enhancements in hmF2 at Jicamarca

significantly increase MUF and M(3000)F2°. Studies
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in East Africa similarly reported strong correlations
between foF2 and F10.7, particularly during high
solar activity conditions’. On a global scale,
assessments of ionospheric models reveal systematic
underestimation of equatorial F2-layer parameters,
leading to discrepancies in predicted MUF and
M(3000)F2 values'?3!,

Collectively, the literature indicates that
M(3000)F2 exhibits pronounced diurnal and
seasonal behaviour influenced by equatorial
electrodynamics, while solar flux remains the
dominant driver of long-term variability. Persistent
discrepancies between observations and model
predictions in equatorial regions, especially over
Africa, further emphasize the importance of station-
specific analyses such as the present investigation at

Korhogo.

III. Methodology

Data Used

This study utilizes ionospheric and solar
datasets  obtained  from  established and
internationally recognized sources to examine long-
term variability in the equatorial F2 layer over
Korhogo. The analysis covers the period from
January 1993 to December 2000, encompassing
moderate to high solar activity phases within Solar
Cycle 23. This timeframe provides sufficient
temporal coverage to investigate seasonal patterns,
interannual variability, and solar-cycle influences on
the propagation factor M(3000)F2.
Ionosonde Data from Korhogo

The primary dataset consists of ionosonde
observations from the Korhogo station (9.33°N,
5.42°W), located within the African equatorial zone.

During the study period, routine ionospheric

soundings produced ionograms from which standard

parameters such as foF2 and h'F2 were scaled. The
M(3000)F2 values employed in this study were
derived following established URSI scaling
procedures and obtained from previously processed
and published datasets archived in global
ionospheric repositories. Daily and monthly mean
values were extracted to ensure consistency and
reliability.

Korhogo’s location within the equatorial
ionization anomaly region makes its data particularly
valuable for characterizing low-latitude F2-layer
behaviour in West Africa, a region with limited
long-term observational coverage.

Solar Flux (F10.7) Data

Solar activity was quantified using the
F10.7 cm solar radio flux index, obtained from
datasets published by the National Research Council
of Canada and disseminated through NOAA’s Space
Weather Prediction Center. The F10.7 index
provides a continuous and reliable measure of solar
EUYV variability and is widely used in ionospheric
research. Daily F10.7 values for 1993-2000 were
employed to ensure temporal alignment with the
ionosonde observations.

Data Resolution and Processing

Both ionospheric and solar datasets were
available at daily resolution. To reduce short-term
variability and mitigate the influence of data gaps,
daily values were averaged to produce monthly
means. This approach facilitates the analysis of
diurnal behaviour, seasonal dependence (equinox
versus  solstice), and

modulation of M(3000)F2.

long-term  solar-cycle
Justification for Data Selection

The selected datasets are authoritative,
continuous, and well suited for equatorial

ionospheric research. The 1993-2000 interval
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represents a scientifically valuable period with
reliable ionosonde coverage in West Africa and
well-documented solar activity. Using these datasets

enables meaningful comparison with previous

studies across other equatorial regions and

contributes to improving the understanding and

modelling of African equatorial ionospheric

behaviour.
Table 1: Typical sample of M(3000)F2 data
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Method of Analyses

The daily hourly M(3000)F2 dataset
employed in this investigation spans intervals of
low, moderate, and high solar activity. Hourly
observations were first compiled and subsequently
averaged to generate monthly mean diurnal profiles
of M(3000)F2. To facilitate seasonal analysis, the
calendar year was partitioned into four
climatological seasons as follows: the March
equinox season, consisting of February, March, and
April; the June solstice season, comprising May,

June, and July; the September equinox season, made

up of August, September, and October; and the

December solstice season, including November,
December, and January.

Using this seasonal classification, mean
seasonal values of M(3000)F2 were computed. The
seasonal morphology of the propagation factor was
then examined by analyzing and plotting the diurnal
variation of M(3000)F2 for each season over the
entire study period from 1993 to 2000. This
approach enabled a comparative assessment of how
diurnal patterns evolve under different seasonal
conditions.

To quantify the influence of solar activity
on M(3000)F2, linear regression analyses were
performed between the propagation factor and the
solar radio flux index F10.7. From these analyses,
key regression parametersincluding the regression
coefficient of determination (R2?), correlation
strength, intercept, and slopewere extracted. These
parameters were subsequently used to establish an
empirical relationship describing the dependence of
M(3000)F2 on solar flux. The general form of the
regression equation relating the dependent variable

(y) to the independent variable (x) is given by:

y=a,x + a, 4)

Zny—Nny
) -2

Where a, =

(&)

The coefficient of linear correlation,
. Ny = D xp )y (6)
W2 = (v s o)~ (2
The association between the propagation

factor M(3000)F2 and the solar radio flux index

F10.7 was examined on a seasonal basis. For each
season, the regression parametersincluding the slope,

intercept, and coefficient of determination (R?) were
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computed and systematically presented in tabular
form. In addition, the diurnal behaviour of these
regression parameters for the different seasons was
illustrated through graphical plots, allowing for a
detailed assessment of temporal variability in the
strength and nature of the M(3000)F2—-F10.7
relationship.

An empirical model for M(3000)F2
appropriate  to  the equatorial  ionospheric
environment was developed using the regression
results corresponding to the highest values of R
which indicate stronger statistical dependence
between M(3000)F2 and solar flux. The use of
regression-based  techniques  for  modelling
M(3000)F2 is consistent with earlier studies; for
instance, Tukhashvili et al. (2003) employed a
similar approach to construct an M(3000)F2 model
using long-term ionospheric observations from a
mid-latitude German station (54.38°N) covering the
period 1958-1986.

The performance of the derived equatorial
M(3000)F2

model  was evaluated  under

representative solar activity conditions
corresponding to low (F10.7 = 70 sfu), moderate
(F10.7 = 120 sfu), and high (F10.7 = 250 sfu) solar
flux levels. Furthermore, model outputs were
validated by comparison with observed M(3000)F2
values obtained from another equatorial ionosonde
station during periods of low solar activity (1995)
and high solar activity (1991), thereby testing the
model’s robustness and applicability beyond the
primary study location.
IV.  Results

Morphology of M(3000)F2

Figure 1 (a—d) presents the diurnal variation
of seasonally averaged M(3000)F2 for the March

equinox, June solstice, September equinox, and

December solstice, using data spanning the years
1993 to 2000. Across all seasons, the observed
M(3000)F2 patterns exhibit characteristic features
typical of equatorial ionospheric stations. These
include a pronounced peak around sunrise, a marked
depression during daytime hours, and a resurgence
leading to enhanced values during the nighttime
period.

The influence of diurnal variation on
M(3000)F2 is particularly strong irrespective of
season. In general, a sharp maximum is observed
near local sunrise (approximately 0600 LT),
followed by a rapid decline in values up to about
0900 LT. The interval between late morning and late
afternoon (roughly 1000-1700 LT) is dominated by
a well-developed daytime trough, often exhibiting a
relatively flat minimum. A distinctive post-sunset
enhancement typically appears around 1800 LT,
followed by a secondary minimum near 2000 LT.
Subsequently, M(3000)F2 rises steadily to reach a
prominent nighttime peak. For all seasons, nighttime
M(3000)F2 values exceed those observed during
daytime hours, with a substantial contrast between
the two periods. Additionally, the diurnal patterns
display both seasonal and solar-cycle dependence,
with the daytime trough becoming increasingly
pronounced as solar flux levels rise.

Figure 2 (a-h) illustrates the diurnal
variation of seasonally averaged M(3000)F2 for
individual years from 1993 to 2000. Distinct
seasonal differences are evident across all years,
with equinoctial periods consistently exhibiting
higher M(3000)F2 values than solstitial periods.
Nighttime behaviour is characterized by a gradual
and sustained increase in M(3000)F2 following
sunset. Seasonal contrasts are particularly noticeable

during nighttime hours under low and moderate
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solar activity conditions, especially immediately
after sunset.

A notable feature is the pronounced
disparity in M(3000)F2 values around sunset during
the June solstice when compared with other seasons.
Overall, the results indicate an inverse dependence
of M(3000)F2 on solar activity. Lower M(3000)F2
values are observed during years of high solar
activity (1999 and 2000), when F10.7 exceeds 150
sfu. Intermediate values occur during moderate solar
activity years such as 1993 and 1998, corresponding
to F10.7 levels between 100 and 150 sfu. In contrast,
the highest M(3000)F2 values are recorded during
low solar activity years (1994-1997), when F10.7

remains below 100 sfu.
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Figure 1: The diurnal plot of M(3000)F2 for (a)
March equinox, (b) June solstice,
(¢) September equinox , and (d) December solstice

over the years of study, 1993 - 2000
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Figure 2: Diurnal plot of seasonal average of
M(3000)F2 for the four seasons over the years (a)
1993 , (b) 1994 , (c) 1995, (d) 1996 (e) 1997, (f)
1998, (g) 1999, and (h) 2000
Linear Regression Analysis

Figures 3—6 illustrate the linear regression
relationships between M(3000)F2 and the solar radio
flux index F10.7 for all seasons during the period
1993-2000. The regression outcomes are organized
and discussed according to seasonal classifications.
Overall, the analysis reveals a clear inverse
dependence of M(3000)F2 on solar activity, as
represented by F10.7, across all seasons.

The coefficients of determination (R?)

indicate a strong statistical relationship between

M(3000)F2 and F10.7, particularly during daytime
and early nighttime hours, spanning approximately
0700 LT to 2100 LT. For all seasonal categories, the
regression slopes are consistently negative,
confirming that increases in solar flux are associated
with corresponding decreases in M(3000)F2 values.
Quantitatively, the regression slopes for the
equinoctial seasons vary between —0.029 and —0.032
(sfu™), while those for the solstitial seasons range
from —0.029 to —0.027 (sfu). The regression
intercepts fall within the interval of 2.917 to 2.924
for the equinoxes, and between 2.903 and 2.924 for
the solstices. These relatively narrow ranges of slope
and intercept values suggest a stable and consistent

response of M(3000)F2 to variations in solar flux,

regardless of seasonal differences.
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Figure 3: The linear regression trend of M(3000)F2 1
with solar flux F10.7 for the March equinox. 5 10 15 20 25
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Figure 4: The linear regression trend of M(3000)F2

with solar flux F10.7 for June solstice.

September Equinox

,0000LT

M(3000)F2

1 T

y =-0.0287x + 3.2836
R?=0.3336

k4 o SO

5 10

15 20
F10.7

0600LT

4

M(3000)F2

y =-0.0174x + 3.1897
R*=0.4743

F10.7

y =-0.0248x + 3.1485
R?=0.5549

0900LT

4

M(3000)F2

F10.7

y =-0.032x + 2.9248

1200LT Rr*=0.7904

M(3000)F2
R, N W b

F10.7

1800LT

y =-0.055x + 3.27
R2=0.7731

M(3000)F2
N w EaY
®
K4

1 -+ T ! '
5 10 15 20
F10.7

N 2000LT y = -0.0669x + 3.3724
= 4 R?2=0.7188
=
=
) 3 M
= 5 ¢

1 4 T ! '

5 10 15 20
F10.7

Figure 5: The linear regression trend of M(3000)F2

with solar flux F10.7 for September equinox.
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December Solstice
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Figure 6: The linear regression trend of M(3000)F2
with solar flux F10.7 for December solstice.

Regression Correlation (R?)

A strong regression correlation (R?) is
observed between M(3000)F2 and the solar flux
index F10.7, particularly during the interval from
0700 LT to 2100 LT. This indicates that variations in
solar activity account for a substantial proportion of
the observed variability in M(3000)F2 during most
daylight and early nighttime hours. Nevertheless,
relatively weak correlations are evident around
sunrise, especially during the March equinox and
June solstice, suggesting a reduced influence of solar
flux on M(3000)F2 during these transition periods.

During daytime hours, the correlation
coefficients remain remarkably similar across all
seasons, reflecting a consistent solar control on
ionospheric propagation conditions irrespective of
seasonal differences. In contrast, nighttime
correlations display more pronounced seasonal

variability, highlighting the increasing role of non-
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solar drivers such as electrodynamic processes,
neutral winds, and recombination effects after
sunset.

Figure 7 presents the diurnal variation of
the regression correlation (R?) for all seasons. In
general, the strength of the correlation is higher
during the daytime than at night. The maximum
correlation values occur shortly after sunrise, around
0700 LT, indicating a period when solar forcing
exerts a dominant influence on the F2-layer
propagation factor. Conversely, the minimum
correlation values are clearly observed near sunrise
during the June solstice and March equinox. Overall,
seasonal differences in R? are more prominent
during nighttime hours than during daytime, further
emphasizing the complex interplay of solar and
governing  equatorial

dynamical  processes

ionospheric behavior.
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== JUNE SOLSTICE
SEPTEMBER EQUINOX

=>&=DECEMBER SOLSTICE

R SQUARE

0 TT T T T T T T T T 1T 1
0 6 . 18H/I—iour

Figure7:The diurnal plot of the regression
correlation, R? for all the seasons.
The Regression Slope (a)

In general, M(3000)F2 exhibits an inverse
relationship with the solar flux index F10.7 across

all the seasons considered in this study. This

indicates that increases in solar activity are
consistently associated with a reduction in the value
of the M(3000)F2 propagation factor, irrespective of
seasonal conditions. Figure 8 illustrates the diurnal
variation of the regression slope between M(3000)F2
and F10.7 for the different seasons.

The slope values obtained for all seasons
fall within the range of —0.001 (sfu) to —0.006
(sfu)!, further confirming the negative dependence
of M(3000)F2 on solar flux. During daytime hours,
the slope variations are largely comparable across
seasons, suggesting a uniform solar influence on the
ionospheric F2 layer during periods of direct solar
illumination. In contrast, nighttime slopes show
noticeable inconsistencies from one season to
another, reflecting the growing influence of seasonal
electrodynamic processes, thermospheric winds, and
recombination effects after sunset, which modify the

ionospheric response to solar activity.

—o— MARCH EQUINOX

—#—JUNE SOLSTICE
SEPTEMBER EQUINOX

—>=DECEMBER SOLSTICE  LT/Hour

0

0 12 18
-0.002

-0.004

Slope/(sfu)?

-0.006

-0.008

Figure8:The diurnal plot of slope for all the seasons
The Regression Intercept (b)

Figure 9 presents the diurnal variation of
the regression intercept for the different seasons. The

pattern of the intercept is generally similar across all
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seasons from sunrise (0600 LT) to sunset (1800 LT).
Within this period, the intercept exhibits a daytime
trough, while higher values occur during the
nighttime, forming distinct crests. Seasonal
differences are minimal during the daytime but

become noticeable at night.
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={li=JUNE SOLSTICE
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==>é=DECEMBER SOLSTICE

Intercept

2.4 LT/Hour
0 6 12 18

Figure 9:Thediurnal plot of Intercept for all the
seasons.

The intercept values for the different
seasons fall within the following ranges: March
equinox (2.93-3.62), June solstice (2.92-3.67),
September equinox (2.94-3.65), and December
solstice (2.86—-3.63). These ranges indicate that the
highest intercept peak occurs during the June
solstice, followed closely by the September equinox,
December solstice, and March equinox. In contrast,
the lowest intercept values are recorded during the
December solstice, followed sequentially by the
June solstice, March equinox, and September

equinox.

V. Discussion
Morphology of M(3000)F2

The observed diurnal and seasonal patterns
of M(3000)F2 over Korhogo from 1993 to 2000
closely align with established characteristics of the
equatorial ionosphere, particularly for stations
located within or near the Equatorial Ionization
Anomaly (EIA). The recurring features of a sharp
enhancement at sunrise, a pronounced daytime
minimum, and elevated nighttime values across all
seasons are consistent with classical descriptions of
Fa-layer behaviour at low latitudes!. The pronounced
morning peak around 0600 LT is associated with the
rapid buildup of electron density following the onset
of solar photoionization, as solar radiation increases
sharply after sunrise. This behaviour accords with
Chapman theory, which predicts a rapid rise in
ionization as the solar zenith angle decreases?'.

The rapid reduction in M(3000)F2
following sunrise until approximately 0900 LT
suggests a lowering of hmF. driven by intensified
downward plasma diffusion and increased ion—
neutral collision frequencies as solar heating
becomes more effective. Comparable early-morning
depressions in Fa-layer parameters have been
documented at other West African stations,
including Ouagadougou and Lagos®?, indicating
that this feature is a common regional characteristic.

The well-defined daytime trough observed
between 1000 LT and 1700 LT reflects a period
during which the F» layer remains relatively stable
under strong solar ionization and reduced vertical
plasma drift. In equatorial regions, the suppression
of upward E x B drift during midday results in a
reduction in hmF, leading to lower MUF values
and, consequently, reduced M(3000)F2. This

behaviour is consistent with established descriptions
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of equatorial electrodynamics®>°. The consistently
“flat-bottomed” nature of the trough across all
seasons suggests extended intervals of minimal
vertical displacement of the F: layer during daylight
hours.

The post-sunset enhancement observed
around

1800 LT represents a well-known

manifestation of the equatorial pre-reversal
enhancement (PRE). This phenomenon arises from
the intensification of the eastward electric field at
dusk, which drives strong upward plasma drifts and
elevates the F. layer to higher altitudes’. The
resulting increase in hmF. enhances the MUF and,
M(@3000)F2.  The

by  extension, Korhogo

observations are consistent with earlier results
reported for other West African stations”%,
reinforcing the importance of PRE in shaping
evening ionospheric propagation conditions within
this longitude sector.

The prominent nighttime maxima recorded
in all seasons reflect reduced recombination effects
and diminished ion—neutral drag following the
absence of solar ionization. Given the strong
dependence of M(3000)F2 on hmF: and the electron
density profile, elevated nighttime hmF. values
naturally produce higher propagation factor values.
The persistence of nighttime enhancement
throughout the study period highlights the dominant
role of diurnal forcing on F:-layer structure at
equatorial latitudes.

Seasonal differences, notably higher
M(3000)F2 values during equinoxes compared to
solstices, are consistent with previous equatorial
investigations®®. During equinoctial periods, more
symmetric solar illumination strengthens the
fountain effect, resulting in enhanced plasma uplift

and increased ionization crests. The associated

increases in hmF. and NmF: directly translate into
higher MUF and M(3000)F2 values. Conversely, the
deeper troughs observed during the June solstice,
particularly near sunset, may be linked to seasonal
weakening of PRE driven by changes in
thermospheric  wind  patterns'>.  Overall, the
morphology documented for the 1993-2000 interval
confirms that Korhogo exhibits behaviour typical of
an African equatorial ionospheric station.
Year-to-Year Variations

Interannual analysis spanning 1993 to 2000
reveals a clear sensitivity of M(3000)F2 to solar
cycle variability. The results show that the lowest
M(3000)F2 values occur during years of high solar
activity  (1999-2000), moderate values during
intermediate activity years (1993 and 1998), and the
highest values during periods of low solar activity
(1994-1997). This inverse dependence is consistent
with expected equatorial F»-layer responses under
enhanced solar EUV forcing. During high solar
activity, increased EUV radiation significantly raises
ion production and NmF: but simultaneously leads
to a reduction in hmF: due to intensified thermal
contraction and increased ion—neutral collisions.
Since M(3000)F2 is strongly controlled by hmF-, the
lowering of the F: layer during high solar activity
results in reduced propagation factor values. Similar
inverse relationships between hmF. and solar flux
have been reported in both global and African
studies>¥>?°. Consequently, the long-term variations
identified in this study provide strong empirical
support for the established understanding that
enhanced solar flux compresses the equatorial F
layer, leading to lower M(3000)F2 values.
Linear  Regression between
M(3000)F2 and F10.7

The regression analysis reveals consistently

Relationship

negative slopes for all seasons, confirming an

inverse relationship between M(3000)F2 and solar
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flux (F10.7). This outcome is in agreement with
previous findings from equatorial and low-latitude
regions in Africa and elsewhere?®*3, The reported
slope values, approximately —0.001 to —0.006 sfu™,
indicate that increases in solar flux are associated
with systematic decreases in the propagation factor,
reflecting the lowering of the F: layer under strong
EUV radiation. The regression intercepts, which
range between 2.86 and 3.67, are consistent with
theoretical expectations for equatorial MUF-to-foF2
ratios. The occurrence of higher intercept values at
night reflects post-dusk elevation of hmF.. The
seasonal ranking of intercept magnitudes, with the
June solstice exhibiting the highest values, suggests
enhanced influence of nighttime thermospheric
winds during solstice conditions, in line with
equatorial electrodynamic theory?.

The  strong  regression  correlation
coefficients (R?), particularly between 0700 LT and
2100 LT, indicate that solar flux exerts a dominant
and predictable control on ionospheric behaviour
during daylight hours. This observation is consistent
with earlier findings that F10.7 has its strongest
predictive influence on foF: and hmF: during the
daytime in equatorial regions’>. The weaker
correlations observed around sunrise during the
March equinox and June solstice likely reflect the
influence of transient electrodynamic processes,
including rapid changes in vertical plasma drift and
recombination rates. Overall, the consistency of
regression parameters across seasons and years
demonstrates that solar flux serves as a reliable
predictor of M(3000)F2 variability in the African
equatorial sector, supporting the development of
region-specific predictive models.
Interpretation of Regression Parameters (Slope,
Intercept, R?)
Regression slope (a):

The negative slope values confirm that

increased solar radiation leads to compression of the

F: layer, lowering hmF: and reducing both MUF and
the propagation factor. The similarity of slope
behaviour across seasons during daytime hours
suggests that solar forcing outweighs seasonal
electrodynamic influences during this period,
consistent with findings33.

Regression intercept (b):

The recurring pattern of daytime minima
and nighttime maxima in the intercept highlights the
strong diurnal influence of electric fields and
thermospheric winds on hmF.. Seasonal variations
observed at night reflect differences in PRE intensity
and wind-driven lifting throughout the year.
Regression correlation (R?):

High daytime correlation values emphasize
the deterministic role of solar activity in controlling
ionospheric  conditions. In contrast, reduced
correlations during nighttime and around sunrise
indicate the growing influence of complex
electrodynamic processes, such as PRE, E x B drifts,
and nighttime recombination, which can obscure the
direct effects of solar forcing.

Overall, the results demonstrate that
M(3000)F2 over Korhogo exhibits well-defined
diurnal and seasonal patterns shaped by the
combined effects of solar radiation, equatorial
electrodynamics, and thermospheric dynamics. The
consistent sunrise peak, midday depression, post-
sunset enhancement, and nighttime maximum
observed throughout the study period reaffirm the
characteristic behaviour of the equatorial F. layer
and validate established mechanisms involving
photoionization, vertical plasma transport, and
recombination processes.

The analysis further confirms that

M(3000)F2 is strongly influenced by solar activity,

with increased solar flux producing lower
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propagation factor values. The negative regression
slopes obtained across all seasons and years
demonstrate that enhanced EUV radiation during
periods of high solar activity compresses the F:
layer, thereby reducing the maximum usable
frequency for long-distance HF communication.
This inverse relationship is persistent, statistically
robust, and consistent with earlier empirical studies.
Additionally, the strong daytime correlation between
M(3000)F2 and F10.7 underscores the dominant role
of solar forcing in determining ionospheric
propagation conditions in the African equatorial
region. Seasonal variations in early morning and
nighttime correlations further highlight the role of
PRE, thermospheric winds, and  other
electrodynamic processes unique to equatorial
latitudes.

In summary, this study provides important
insights into the behaviour of the propagation factor
M(3000)F2 in a relatively underrepresented African
sector, enhances understanding of solar—ionospheric
coupling at low latitudes, and underscores the value
of long-term observational datasets for improving

ionospheric modelling and HF communication

planning.

Recommendations

Based on the outcomes of this
investigation, the following recommendations are
advanced:

1. Strengthen ionospheric monitoring across
West Africa: Additional ionosonde stations
should be deployed along the West African
equatorial zone to supplement observations
from Korhogo and enhance spatial resolution
for the assessment of M(3000)F2 and other key
ionospheric parameters.

2. Adopt a multi-instrument observational
approach: Ionosonde data should be integrated
with GNSS-based Total Electron Content

(TEC), ground magnetometer measurements,
and atmospheric wind observations in order to
achieve a more holistic understanding of
equatorial electrodynamic processes affecting
M(3000)F2.

Enhance ionospheric and HF propagation
models: The empirical findings of this study
should be incorporated into regional and global
ionospheric models, including IRI, NeQuick,
and SUPIM, which frequently show reduced
performance over African equatorial latitudes.
Optimize HF communication frequency
management: HF communication operators,
particularly within the military, aviation, and
broadcasting sectors, should implement seasonal
and solar-activity—dependent frequency
planning strategies that account for the
pronounced diurnal and solar-driven variability
of M(3000)F2.

Reinforce space-weather early warning
capabilities: Space-weather monitoring
agencies should integrate F10.7 threshold levels
identified in this study into operational warning
systems to better anticipate periods of HF
communication disruption associated with
elevated solar activity.

Preserve and digitize historical ionospheric
records: Research institutions in Africa should
prioritize the digitization and archiving of
historical ionograms and ionospheric datasets to
support long-term climatological analyses and
improve the reliability of future modelling
efforts.

Encourage regional and international
research collaboration: Collaborative efforts
between African ionospheric research groups
and international organizations such as GIRO,
SWPC, and SCOSTEP should be strengthened
to promote data  sharing, instrument
standardization, and coordinated studies of

solar—ionosphere coupling.
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