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Abstract 8 

This study examines how solar, solar wind, and geomagnetic activity influence the ionospheric propagation factor 9 

M(3000)F2 over Ouagadougou (12.4°N, 358.5°E; dip latitude +1.45°), an equatorial station in the African sector. 10 

Hourly ionosonde observations from 1976 to 1997, spanning Solar Cycles 21 and 22, were analysed to investigate 11 

diurnal, seasonal, solar cycle, and storm-time variability of M(3000)F2. Representative years of high (1991), 12 

moderate (1993), and low (1995) solar activity were selected for climatological analyses, while seven geomagnetic 13 

storm events were examined to assess storm-time responses. Relationships between annual mean M(3000)F2 and 14 

selected solar, solar wind, and geomagnetic parameters were evaluated using correlation and linear regression 15 

analyses. M(3000)F2 exhibits pronounced diurnal and seasonal variability, characterised by higher nighttime and 16 

early-morning values, lower daytime values, and distinct equinoctial and solstitial differences associated with 17 

equatorial electrodynamics and thermospheric dynamics. An inverse dependence on solar activity is observed, with 18 

the highest M(3000)F2 values occurring during solar minimum. The strongest correlation is with the solar radio flux 19 

F10.7 (R = -0.810, R² = 0.657, p < 0.001), followed by the interplanetary magnetic field magnitude (B) (R = -0.689, 20 

R² = 0.475, p < 0.001) and the disturbance storm time (Dst) index (R = 0.527, R² = 0.277, p = 0.0117). Relationships 21 

with the planetary (Ap) index, the southward component of the interplanetary magnetic field (Bz), solar wind 22 

dynamic pressure (Psw), and solar-wind speed (Vsw) are weak and not statistically significant. During geomagnetic 23 

storms, M(3000)F2 generally decreases during the daytime main phase and recovers within one to two days, 24 
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depending on storm intensity and background ionospheric conditions. The results indicate that long-term variability 25 

of M(3000)F2 over the African equatorial sector is primarily controlled by solar activity, with geomagnetic 26 

disturbances providing secondary modulation during storm periods. These findings contribute to a better 27 

understanding of equatorial ionospheric variability and provide useful information for HF radio wave propagation, 28 

empirical ionospheric modelling, and space weather applications. 29 

Keywords: M(3000)F2; Equatorial ionosphere; Solar activity; Geomagnetic activity. 30 

1. Introduction                             31 

The ionosphere, extending through the Earth's upper atmosphere, is a dynamic plasma environment that strongly 32 

influences high-frequency (HF) radio wave propagation. Among its ionised layers, the F2 layer is the most important 33 

for long-distance radio communication because it usually possesses the highest electron density and persists 34 

throughout both daytime and nighttime. One of the principal parameters used to characterise HF propagation is the 35 

propagation factor M(3000)F2, defined as the ratio of the maximum usable frequency (MUF) over a 3000 km 36 

transmission path to the critical frequency of the F2 layer (foF2). Because M(3000)F2 is closely related to the peak 37 

height of the F2 layer (hmF2), it provides valuable information on the vertical structure of the ionosphere and remains 38 

an essential parameter for empirical ionospheric modelling, HF propagation prediction, and space weather 39 

applications (Dudeney, 1983; Bilitza, 2018; Bilitza et al., 2022). 40 

Unlike electron density parameters such as foF2, M(3000)F2 primarily reflects variations in F-region height and 41 

propagation geometry rather than ionisation alone. Early investigations demonstrated that M(3000)F2 exhibits 42 

distinct solar cycle behaviour and is closely linked to changes in hmF2 (Bilitza et al., 1979). Kouris (1998) further 43 

showed that the solar cycle response of M(3000)F2 differs markedly from that of foF2 because the propagation 44 

factor is more sensitive to structural changes in the F2 layer than to electron-density variations. These studies 45 
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demonstrate that M(3000)F2 is an effective diagnostic parameter for investigating ionospheric dynamics and radio 46 

wave propagation. 47 

Variability in the ionosphere is primarily controlled by solar radiative forcing. Extreme ultraviolet (EUV) radiation 48 

ionises the neutral atmosphere, while long-term solar activity is commonly represented by the F10.7 solar radio flux 49 

and sunspot number (SSN). Variations in solar activity modify electron production, thermospheric composition, 50 

plasma transport, and ionosphere-thermosphere coupling, producing significant changes in foF2, hmF2, and related 51 

ionospheric parameters (Rishbeth and Mendillo, 2001; Bilitza et al., 2022). Since M(3000)F2 depends strongly on 52 

hmF2, it is expected to exhibit pronounced solar cycle variability, albeit in the opposite direction to electron-density 53 

parameters such as foF2 (Kouris, 1998). 54 

In addition to solar radiation, solar wind and geomagnetic activity influence the ionosphere through solar wind-55 

magnetosphere-ionosphere coupling. Variations in the interplanetary magnetic field (IMF), particularly its 56 

southward component (Bz), together with changes in solar wind speed and dynamic pressure, regulate 57 

magnetospheric energy transfer and initiate geomagnetic storms. These disturbances generate prompt penetration 58 

electric fields (PPEFs), disturbance dynamo electric fields (DDEFs), and storm-induced thermospheric circulation 59 

that modify plasma transport, F-region height, and electron density (Fejer, 2002; Pedatella and Liu, 2020). At 60 

equatorial latitudes, these processes strongly influence the vertical E × B plasma drift, which governs the 61 

development of the F2 layer and the equatorial ionisation anomaly (Abdu et al., 1990). Consequently, geomagnetic 62 

storms can produce substantial perturbations in M(3000)F2 through changes in the vertical structure of the F region. 63 

The African equatorial ionosphere exhibits distinctive features, including the equatorial electrojet, the equatorial 64 

ionisation anomaly, and strong ionosphere-thermosphere coupling. These processes produce pronounced diurnal, 65 

seasonal, and solar-cycle variability that differs from that in other longitudinal sectors. However, Africa remains one 66 

of the least instrumented regions for ionospheric observations, resulting in relatively few long-term climatological 67 
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studies. Ouagadougou (Burkina Faso), located near the magnetic equator, is one of the few African stations with a 68 

long, nearly continuous ionosonde record spanning more than three decades, making it particularly valuable for 69 

investigating long-term ionospheric variability and for validating empirical ionospheric models. 70 

Previous investigations over Ouagadougou have primarily focused on the climatological characteristics of 71 

M(3000)F2 and its representation by empirical models (Oyekola and Fagundes, 2010, 2012), while other African 72 

studies have largely concentrated on parameters such as foF2, total electron content (TEC), or electron density. More 73 

recently, Kazeem et al. (2026a) demonstrated that the E-region peak electron density over Ouagadougou responds 74 

significantly to solar and geomagnetic forcing, highlighting the sensitivity of the African equatorial ionosphere to 75 

solar-terrestrial processes.  76 

Despite these advances, several important gaps remain. Previous studies have rarely examined the combined 77 

influence of solar activity, solar wind parameters, and geomagnetic activity on M(3000)F2 using a long-term dataset 78 

spanning multiple solar cycles. Furthermore, few investigations have integrated climatological analyses with storm-79 

time responses and with statistical relationships between M(3000)F2 and multiple geophysical drivers. 80 

Consequently, the relative contributions of solar irradiance, solar wind conditions, and geomagnetic activity to long-81 

term M(3000)F2 variability over the African equatorial region remain poorly understood. 82 

To the best of our knowledge, this study provides the first comprehensive investigation of the relationships between 83 

M(3000)F2 and solar activity, solar wind parameters, and geomagnetic forcing over Ouagadougou using a 22-year 84 

ionosonde dataset spanning Solar Cycles 21 and 22. Building on previous studies, it combines climatological, storm-85 

time, correlation, and regression analyses within a unified framework to evaluate the relative contributions of solar 86 

activity (F10.7), solar wind parameters (B, Bz, Psw, and Vsw), and geomagnetic indices (Dst and Ap) to long-term 87 

variability in M(3000)F2. The analysis identifies the principal geophysical drivers governing M(3000)F2 over the 88 

African equatorial sector. It provides new observational evidence of how solar, solar wind, and geomagnetic 89 
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processes collectively influence ionospheric propagation. These findings contribute to a better understanding of 90 

equatorial ionospheric variability and provide a useful observational basis for HF radio wave propagation studies, 91 

empirical ionospheric modelling, and space weather applications in the data-sparse African sector.  92 

   93 

2. Data and Method of Analysis                                                                                                                       94 

This study uses M(3000)F2 observations recorded by the IPS-42 ionosonde at Ouagadougou, Burkina Faso                       95 

(12.4° N, 358.5° E; dip latitude +1.45°). The station is located close to the magnetic equator, within the trough 96 

region of the equatorial ionisation anomaly, and provides an important observational site for investigating 97 

equatorial ionospheric variability in the African sector. The ionosonde operated from June 1966 to February 1998. 98 

For the present analysis, data covering solar cycles 21 and 22 were considered. The scaled ionosonde parameters 99 

were obtained from the database of the École Nationale Supérieure de Télécommunications de Bretagne (ENST 100 

Bretagne), where the dataset is archived (Ouattara et al., 2009).                                               101 

In addition to the ionosonde observations, several solar, solar wind, and geomagnetic indices were used to 102 

characterise external forcing conditions. These include the 10.7 cm solar radio flux (F10.7), the interplanetary 103 

magnetic field magnitude (B), the southward component of the interplanetary magnetic field (Bz), solar wind 104 

speed (Vsw), solar wind dynamic pressure (Psw), the disturbance storm time index (Dst), and the planetary 105 

geomagnetic index (Ap). These parameters were retrieved from the OMNI database maintained by NASA's Space 106 

Physics Data Facility (available at https://omniweb.gsfc.nasa.gov). 107 

Daily M(3000)F2 values and the corresponding geophysical indices were first used to derive monthly and yearly 108 

mean values. The monthly mean, M, was calculated as 109 

                            M = 
1

1 n

i

i

D
n 

                                                                                                                               (1) 110 
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 where iD represents the daily values (arithmetic mean over all hours), and n is the number of available observations 111 

within a given month. The yearly mean, A, was then obtained from the monthly averages as 112 

                             A =  

12

1

1

12 i

M


                                                                                                                             (2) 113 

Seasonal variability was examined using a modified Lloyd seasonal classification (Eleman, 1973). The months were 114 

grouped into four categories: March equinox (March-April), June solstice (May-August), September equinox 115 

(September-October), and December solstice (November-February), following Rabiu et al. (2007) and Kazeem et 116 

al. (2020). This subdivision allows separate examination of the two equinoctial intervals, which may exhibit distinct 117 

electrodynamic and thermospheric characteristics at equatorial latitudes. Seasonal mean values of M(3000)F2 were 118 

computed from the corresponding monthly averages. 119 

Years with less than 65% completeness were excluded from the statistical analysis to minimise bias from sparse 120 

sampling. The 65% threshold was considered sufficient to derive representative monthly and yearly mean values 121 

from the long-term dataset. To investigate solar cycle dependence, representative years spanning different levels of 122 

solar activity were selected based on the annual mean F10.7 solar radio flux and data availability (≥65%). The 123 

selected years were 1991 (high solar activity, HSA; F10.7 = 209 sfu), 1993 (moderate solar activity, MSA; F10.7 = 124 

110 sfu), and 1995 (low solar activity, LSA; F10.7 = 77 sfu). These representative years were used to investigate 125 

the diurnal, monthly, seasonal, and geomagnetic storm-time variability of M(3000)F2. 126 

The response of M(3000)F2 to geomagnetic disturbances was investigated through case studies of selected storm 127 

events. Geomagnetically quiet conditions were defined by Kp ≤ 3 and Ap ≤ 15, whereas disturbed conditions were 128 

identified by Kp ≥ 4 and Ap ≥ 16. Seven geomagnetic storm events occurring during the selected study period were 129 

analysed. For each event, the five International Quiet Days (IQDs) corresponding to the same month were identified, 130 
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and their hourly M(3000)F2 values were averaged to establish a quiet-day reference (QAVE). The storm-time 131 

response of M(3000)F2 during the initial, main, and recovery phases was then compared with this quiet-day baseline. 132 

Storm phases were identified individually using the temporal evolution of the Dst index. The initial phase was 133 

defined as the interval from storm commencement to the onset of the rapid decrease in Dst; the main phase as the 134 

period of rapid Dst decline to the minimum Dst value; and the recovery phase as the interval during which Dst 135 

gradually returned towards quiet-time conditions. For storms with recovery periods extending beyond one day, each 136 

recovery day was analysed separately to examine the temporal evolution of M(3000)F2 towards its quiet-time state. 137 

Because the Ouagadougou ionosonde data contain missing observations during the nighttime and early morning 138 

hours, the storm-time analysis was restricted to periods with sufficient daytime data coverage. Consequently, the 139 

investigation focuses on the daytime response of M(3000)F2 during each storm phase rather than the complete 140 

diurnal evolution. Storm events with substantial data gaps that prevented meaningful interpretation were excluded 141 

from the analysis, while minor gaps in otherwise reliable events were retained and are acknowledged in the 142 

discussion where appropriate. Also, the local-time range shown varies among storm events depending on the 143 

availability of ionosonde observations. 144 

The percentage storm-time deviation of M(3000)F2 was quantified using the percentage difference; 145 

% ∆𝑀(3000)𝐹2 = 
𝑀(3000)𝐹2𝑠𝑡𝑜𝑟𝑚−  𝑀(3000)𝐹2𝑞𝑢𝑖𝑒𝑡,𝑎𝑣𝑒  

 𝑀(3000)𝐹2𝑞𝑢𝑖𝑒𝑡,𝑎𝑣𝑒 
× 100                                                                                    (3)                146 

where 𝑀(3000)𝐹2𝑠𝑡𝑜𝑟𝑚 denotes the M(3000)F2 during the storm day and represents the 𝑀(3000)𝐹2𝑞𝑢𝑖𝑒𝑡,𝑎𝑣𝑒 147 

average M(3000)F2 of the five selected quiet days. 148 

The five most geomagnetically quiet and stormy days are shown in Table 1. 149 

 150 
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Table 1: Geomagnetic Quiet and Storm days. 151 

Year Quiet Day Storm Day 

1991 May 11, 18, 20, 12, 19 May 16-18 

1991 November 27, 26, 28, 25, 12 November 8-11 

1993 March 5, 26, 6, 31, 19 March 8-10 

1993 April 27, 3, 2, 28, 26 April 4-7 

1993 May 25, 23, 21, 24, 22 May 9-11 

1995 March 21, 22, 7, 8, 19 March 11-13 

1995 September 29, 18, 22, 1, 2 September 26-29 

 152 

To quantify the dependence of M(3000)F2 on solar, solar wind, and geomagnetic forcing, correlation and regression 153 

analyses were performed. M(3000)F2 was treated as the dependent variable, while F10.7, Dst, Ap, B, Bz, Vsw, and 154 

Psw were considered as independent variables. The statistical relationship between M(3000)F2 and each geophysical 155 

parameter was evaluated using the linear regression model: 156 

                                     𝑦 =  𝑎 + 𝑏𝑥 + 𝑒                                                                                                            (4) 157 

was applied, where y represents the dependent variable (M(3000)F2, x denotes each geophysical parameter, 𝑎 is the 158 

intercept, 𝑏 is the regression coefficient (slope), and e is the residual error term. 159 

Yearly mean values were adopted for the correlation and regression analyses because relationships based on daily 160 

or monthly averages are often weakened by short-term variability, day-to-day ionospheric fluctuations, and data 161 

gaps. The use of yearly means reduces transient variability and provides more robust estimates of long-term solar 162 
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and geomagnetic control of ionospheric parameters, as demonstrated in earlier studies (Klobuchar and Doherty, 163 

1992; Bilitza, 2001; Kazeem et al., 2014, 2026a, 2026b). 164 

3. Result                                   165 

3.1 Diurnal variation of M(3000)F2.                                             166 

Figure 1 illustrates contour distributions of M(3000)F2 as a function of local time and day of year for representative 167 

years of high solar activity (HSA, 1991), moderate solar activity (MSA, 1993), and low solar activity (LSA, 1995). 168 

Across all three years, M(3000)F2 shows pronounced diurnal and day-to-day variability throughout the year. 169 

During the HSA year (Figure 1, left panel), M(3000)F2 generally attains its highest values between approximately 170 

0000 and 0800 LT. Thereafter, the parameter decreases gradually, reaching relatively low values around local noon 171 

(1200 LT). Following midday, M(3000)F2 remains low until approximately 2000 LT for most days of the year. 172 

However, between day numbers 75 and 180, the low-value region extends into the nighttime hours, indicating 173 

enhanced seasonal variability during this period.                               174 

The MSA year (Figure 1, middle panel) exhibits a similar diurnal structure, with elevated values at night and in the 175 

early morning and reduced values during the daytime. However, the overall M(3000)F2 values are generally higher 176 

than those observed during the HSA year. 177 

For the LSA year (Figure 1, right panel), the diurnal pattern remains similar to that of the HSA and MSA years. The 178 

lowest values occur mainly between 1200 and 1600 LT. After this period, M(3000)F2 gradually increases through 179 

the evening and into the night, reaching a maximum in the early morning hours before decreasing again after 180 

approximately 0800 LT. 181 

Overall, the contour plots indicate that M(3000)F2 is consistently highest during the LSA year, intermediate during 182 

the MSA year, and lowest during the HSA year, suggesting an inverse dependence of M(3000)F2 on solar activity. 183 
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Figure 2 shows the monthly mean diurnal variations of M(3000)F2 for the HSA (Figure 2a, top panel), MSA (Figure 184 

2a, bottom panel), and LSA (Figure 2b) years. A common diurnal pattern is evident under all solar activity 185 

conditions, characterised by high values during the nighttime and early morning hours and lower values during the 186 

daytime. 187 

During the HSA year, M(3000)F2 reaches maximum values between approximately 0400 and 0700 LT and 188 

decreases steadily after sunrise to attain minimum values between about 1100 and 2100 LT. Thereafter, the 189 

parameter gradually increases throughout the evening and nighttime until the early morning maximum is reached. 190 

The MSA and LSA years exhibit similar diurnal behaviour, although the magnitude of M(3000)F2 progressively 191 

increases from HSA through MSA to LSA. Consequently, the monthly mean values are highest during the LSA 192 

year, followed by the MSA year, and lowest during the HSA year. 193 

Overall, the monthly mean diurnal variations confirm the persistence of a well-defined diurnal cycle in M(3000)F2, 194 

characterised by daytime minima and nighttime-to-early-morning maxima under all solar activity conditions. 195 
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 196 

Figure 1 - Contour plot of M(3000)F2 versus day of the year and local time: left panel, 1991 (year of high solar 197 

activity); middle panel, 1993 (year of moderate solar activity); and right panel, 1995 (year of low solar activity). 198 

 199 

 200 

 201 
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 202 

 203 

Figure 2a - Contour plot of M(3000)F2 showing month of the year versus local time: Top panel, 1991 (year of high 204 

solar activity). Bottom panel, 1993 (year of moderate solar activity).  205 
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 206 

Figure 2b - Contour plot of M(3000)F2 showing the month of the year versus local time in 1995 (a year of low solar 207 

activity). 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 
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3.2 Seasonal variation of M(3000)F2                     216 

Figure 3 and Table 2 present the seasonal mean values of M(3000)F2 over Ouagadougou for representative years of 217 

high (1991), moderate (1993), and low (1995) solar activity. The results indicate marked seasonal and interannual 218 

variability. 219 

Across the three representative years, the highest seasonal mean M(3000)F2 values occur in the low solar activity 220 

year, followed by the moderate solar activity year, with the lowest values in the high solar activity year. This pattern 221 

indicates an inverse dependence of M(3000)F2 on solar activity. 222 

During the high solar activity year (1991), M(3000)F2 reached its highest seasonal mean (1.7646) at the December 223 

solstice and its lowest (1.4404) at the June solstice. During the moderate solar activity year (1993), the seasonal 224 

mean increased from 1.4824 at the March equinox to 2.0356 at the September equinox, before decreasing slightly 225 

to 1.9764 at the December solstice. In the low solar activity year (1995), M(3000)F2 increased progressively from 226 

1.9011 at the March equinox to a maximum of 2.1514 at the December solstice. 227 

The seasonal distribution shows that the December solstice generally records the highest M(3000)F2 values, whereas 228 

the relative magnitudes of the March equinox, June solstice, and September equinox vary with the level of solar 229 

activity. These variations indicate that the seasonal behaviour of M(3000)F2 is influenced by both seasonal changes 230 

in equatorial ionospheric dynamics and the prevailing phase of the solar cycle. 231 

 232 

 233 

 234 

 235 
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 236 

Figure 3- Seasonal variation of M(3000)F2 over Ouagadougou during the year of high solar activity (1991), the year 237 

of moderate solar activity (1993), and the year of low solar activity (1995) 238 

 239 

 240 

 241 

 242 

 243 
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Table 2: Summarises the seasonal mean values of M(3000)F2 for the representative years. 244 

Season HSA (1991) MSA (1993) LSA (1995) 

March Equinox 1.5918 1.4824 1.9011 

June Solstice 1.4404 1.6736 2.0305 

September Equinox 1.5542 2.0356 2.1097 

December Solstice 1.7646 1.9764 2.1514 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 
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3.3 Variation of M(3000)F2 and F10.7 258 

Figure 4 compares the monthly variations of the ionospheric propagation factor M(3000)F2 and the solar radio flux 259 

(F10.7) over the period 1976-1997, encompassing Solar Cycles 21 (SC21) and 22 (SC22). Both parameters exhibit 260 

pronounced long-term variability associated with the solar cycle, although their temporal variations occur in opposite 261 

directions. 262 

During SC21, M(3000)F2 increased from 1976 to a maximum monthly value of 3.11 in January 1977, after which 263 

it gradually decreased to a minimum value of 2.50 in March 1979. During SC22, M(3000)F2 reached its minimum 264 

monthly value of 2.40 in March 1991, then increased steadily to a maximum of 2.99 in December 1996. 265 

The F10.7 solar radio flux exhibited the expected solar cycle variation. During SC21, F10.7 increased from a 266 

minimum value of 69 sfu in February 1976 to a maximum value of 229 sfu in May 1980. Similarly, during SC22, 267 

F10.7 reached its highest value of 247 sfu in June 1989, then declined progressively to a minimum of 70 sfu in 268 

February 1996. 269 

Overall, the temporal variations indicate that periods of high F10.7 generally correspond to relatively low values of 270 

M(3000)F2, whereas periods of low F10.7 coincide with relatively high M(3000)F2 values, suggesting an inverse 271 

relationship between the two parameters over the study period. 272 

 273 

 274 

 275 

 276 
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 277 

Figure 4- Variation of monthly average of M(3000)F2 (top panel) and F10.7 (bottom panel) in the period of 1976-278 

1997. 279 

 280 

 281 

 282 

               283 

                 284 
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3.4 Storm-time variation of M(3000)F2                                      285 

The response of the equatorial ionospheric propagation factor, M(3000)F2, to geomagnetic storms is presented in 286 

this section. Seven geomagnetic storm events that occurred during the representative years 1991, 1993, and 1995 287 

were analysed (Table 3). Based on the minimum Dst index following the classification of Gonzalez et al. (1994), 288 

the selected events comprised two moderate storms, four intense storms, and one super storm. Figures 5.1-5.7 289 

illustrate the storm-time behaviour of M(3000)F2. In each figure, panel (a) presents the temporal evolution of the 290 

Dst index, while panel (b) compares the storm-time M(3000)F2 with the corresponding quiet-day average. 291 

During the 16-18 May 1991 storm (Figure 5.1b), M(3000)F2 exhibited a pronounced depletion during the main 292 

phase, particularly between 0600 and 0900 LT, followed by a gradual recovery on the following day. The initial 293 

phase was characterised by modest afternoon enhancement, whereas the largest storm-time depletion (-26.4%) 294 

occurred at 0800 LT during the main phase. Recovery phase deviations were comparatively small, indicating that 295 

the ionosphere had begun returning toward quiet-time conditions. 296 

For the 8-11 November 1991 super storm (Figure 5.2b), M(3000)F2 remained below the quiet-day average 297 

throughout most of the daytime during the main phase. Recovery extended over two days, with the first recovery 298 

day showing noticeable morning and afternoon enhancements before the parameter gradually approached the quiet-299 

day profile during the second recovery day. The largest depletion (-21.5%) occurred during the main phase, while 300 

the strongest enhancement (15.5%) was recorded during the first recovery day. 301 

The 8-10 March 1993 storm (Figure 5.3b) produced relatively small departures from quiet-time conditions during 302 

the initial phase. More pronounced variations occurred during the main phase, particularly during the late morning, 303 

with enhanced M(3000)F2 around 0800-0900 LT, followed by midday depletion. During the recovery phase, 304 

M(3000)F2 remained generally above the quiet-day average from 1000 to 1500 LT, indicating a relatively rapid 305 

recovery of the ionosphere. 306 
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For the 4-7 April 1993 storm (Figure 5.4b), the available observations indicate persistent depletion during the initial 307 

phase. Owing to data gaps, the main phase could not be evaluated. However, both recovery days showed gradual 308 

enhancement toward the quiet-day profile, with the second recovery day exhibiting the largest positive departures. 309 

During the 9-11 May 1993 storm (Figure 5.5b), only modest variations were observed during the initial phase. In 310 

contrast, the main phase was characterised by a distinct reduction in M(3000)F2 between approximately 1100 and 311 

1500 LT, with the maximum depletion reaching -8.1% at 1200 LT. 312 

The 11-13 March 1995 storm (Figure 5.6b) produced relatively weak disturbances during the initial phase. The most 313 

significant response occurred during the main phase, when M(3000)F2 decreased during the afternoon hours, 314 

reaching a maximum depletion of -10.2% at 1600 LT. During the recovery phase, the parameter gradually 315 

approached the quiet-day values, although minor departures remained. 316 

Similarly, the 26-29 September 1995 storm (Figure 5.7b) showed distinct storm-time variability throughout its 317 

evolution. Following modest morning enhancement during the initial phase, M(3000)F2 decreased markedly 318 

between approximately 1000 and 1600 LT during the main phase. Recovery extended over two days, with the first 319 

recovery day exhibiting stronger positive departures than the second, although complete recovery to quiet-time 320 

conditions was not achieved until the end of the event. 321 

Overall, the analysed storm events consistently demonstrate that geomagnetic disturbances modify the diurnal 322 

behaviour of M(3000)F2, with the most pronounced perturbations generally occurring during the main phase of the 323 

storms. The response is characterised predominantly by daytime depletion, while recovery typically occurs gradually 324 

over one or two days, depending on storm intensity and duration. 325 

 326 
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 327 

Figure 5.1a- Dst-Index plot for May 16-18, 1991. Figure 5.1b- Comparison of M(3000)F2 quiet-time average  328 

               (May 1991) with the initial (16 May), main (17 May), and  329 

                recovery (18 May) phases of the storm. 330 

                                                                                                                   331 

Figure 5.2a- Dst-Index plot for Nov. 8-11, 1991.      Figure 5.2b- Comparison of M(3000)F2 quiet-time average  332 

                  (Nov. 1991) with the initial (8 Nov.), main (9 Nov.), recovery 333 

1          (10 Nov.), and recovery 2 (11 Nov.) phases of the storm.                                                                       334 
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                                                                                             335 

Figure 5.3a- Dst-Index plot for March 8-10, 1993.   Figure 5.3b- Comparison of M(3000)F2 quiet-time average  336 

                  (Mar. 1993) with the initial (8 Mar.), main (9 Mar.), and 337 

recovery                      (10 Mar.) phases of the storm.                                                                       338 

                                    339 

Figure 5.4a- Dst-Index plot for April 4-7, 1993.    Figure 5.4b- Comparison of M(3000)F2 quiet-time average  340 

              (April 1993) with the initial (4 April), recovery 1 (6 April), and 341 

                         recovery 2 (7 April) phases of the storm. The main phase is not 342 

              shown because of missing ionosonde observations. 343 
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 344 

Figure 5.5a- Dst-Index plot for May 9-11, 1993.    Figure 5.5b- Comparison of M(3000)F2 quiet-time average  345 

               (May 1993) with the initial (9 May) and main (10 May) phases 346 

of                                      the storm. The recovery phase is not shown because of missing 347 

               ionosonde observations. 348 

                                                                                            349 

Figure 5.6a- Dst-Index plot for March 11-13, 1995      Figure 5.6- Comparison of M(3000)F2 quiet-time average 350 

           (Mar. 1995) with the initial (11 Mar.), main (12 Mar.), and 351 

            recovery (13 Mar.) phases of the storm.                                                                                                                            352 
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 353 

Figure 5.7a- Dst-Index plot for Sep.. 26-29, 1995.    Figure 5.7b- Comparison of M(3000)F2 quiet-time average  354 

                  (Sep. 1991) with the initial (26 Sep.), main (27 Sep.), recovery 355 

1                      (28 Sep.), and recovery 2 (29 Sep.) phases of the storm.                                                                       356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 
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Table 3: Summary of the geomagnetic storm events and the observed M(3000)F2 response over Ouagadougou. 364 

Storm 

event 

Minimum 

Dst (nT) 

Storm 

intensity 

Storm phases 

analysed 

Recovery 

duration 

Dominant M(3000)F2 

response 

16-18 

May 1991 

-105 Intense Initial, Main, 

Recovery 

1 day Morning depletion during 

the main phase 

8-11 Nov 

1991 

-354 Super Initial, Main, 

Recovery 1, 

Recovery 2 

2 days Daytime depletion and 

gradual recovery 

8-10 Mar 

1993 

-137 Intense Initial, Main, 

Recovery 

1 day Moderate daytime 

disturbance 

4-7 Apr 

1993 

-165 Intense Initial, Recovery 1, 

Recovery 2 

2 days Main phase unavailable due 

to data gaps 

9-11 May 

1993 

-91 Moderate Initial, Main Recovery 

unavailable 

Strong midday depletion 

11-13 

Mar 1995 

-70 Moderate Initial, Main, 

Recovery 

1 day Afternoon depletion and 

recovery 

26-29 Sep 

1995 

-108 Intense Initial, Main, 

Recovery 1, 

Recovery 2 

2 days Pronounced daytime 

depletion with gradual 

recovery 

 365 

 366 

 367 

 368 

 369 

 370 

 371 

 372 
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3.5 Relationship between M(3000)F2 and solar, solar wind, and geomagnetic activity 373 

Relationships between yearly mean M(3000)F2 and the selected geophysical parameters were evaluated using 374 

correlation and linear regression analyses over the period 1976-1997, encompassing Solar Cycles 21 and 22. The 375 

relationships between M(3000)F2 and Dst, F10.7, Ap, B, Bz, Psw, and Vsw are presented in Figure 6, while the 376 

corresponding correlation coefficients (R), coefficients of determination (R²), and p-values are summarised in                    377 

Table 4. 378 

The results indicate that M(3000)F2 exhibits varying degrees of correlation with the selected geophysical 379 

parameters. A moderate positive correlation was obtained between M(3000)F2 and Dst (R = 0.527, R² = 0.277), 380 

indicating that approximately 27.7% of the variability in M(3000)F2 is associated with variations in Dst. In contrast, 381 

M(3000)F2 shows a strong negative correlation with the solar radio flux F10.7 (R = -0.810, R² = 0.657), representing 382 

the strongest relationship among all the parameters considered. A moderate negative correlation was also observed 383 

between M(3000)F2 and the interplanetary magnetic field magnitude, B (R = -0.689, R² = 0.475), whereas the 384 

relationship with the planetary geomagnetic index, Ap, was weaker (R = -0.421, R² = 0.177). Comparatively weak 385 

relationships were obtained with the southward interplanetary magnetic field component, Bz (R = -0.270, R² = 386 

0.073), the solar wind dynamic pressure, Psw (R = 0.141, R² = 0.020), and the solar wind speed, Vsw (R = 0.101, 387 

R² = 0.011). 388 

The statistical significance of these relationships was evaluated using the corresponding p-values. At the 95% 389 

confidence level (p < 0.05), the p-values obtained were 4.9203 × 10⁻⁶ for F10.7, 3.9076 × 10⁻⁴ for B, 0.0117 for Dst, 390 

0.0510 for Ap, 0.2243 for Bz, 0.5314 for Psw, and 0.6355 for Vsw. Accordingly, the relationships between 391 

M(3000)F2 and F10.7, B, and Dst are statistically significant, whereas those involving Ap, Bz, Psw, and Vsw are 392 

not statistically significant at the 95% confidence level. 393 
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Overall, the correlation coefficients range from -0.810 to 0.527, while the corresponding coefficients of 394 

determination range from 0.011 to 0.657. Among the investigated parameters, F10.7 exhibits the largest coefficient 395 

of determination (65.7%), followed by B (47.5%), Dst (27.7%), Ap (17.7%), Bz (7.3%), Psw (2.0%), and Vsw 396 

(1.1%). These results demonstrate that F10.7 has the strongest statistical relationship with M(3000)F2 over the study 397 

period, followed by B and Dst, while the remaining solar wind and geomagnetic parameters show comparatively 398 

weaker associations. 399 

 400 

 401 
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 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

Figure 6a- The scatter plot of yearly average values of 𝑀(3000)𝐹2 versus 𝐷𝑠𝑡 (top panel), and 𝑀(3000)𝐹2 versus 410 

𝐹10.7 (bottom panel) for the year 1976-1997. 411 
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 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

 423 

 424 

   425 

Figure 6b- The scatter plot of yearly average values of 𝑀(3000)𝐹2 versus 𝐴𝑝 (top panel), and 𝑀(3000)𝐹2 versus 426 

𝐵 (bottom panel) for the year 1976-1997. 427 
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 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

Figure 6c- The scatter plot of yearly average values of 𝑀(3000)𝐹2 versus 𝐵𝑧 (top panel), and 𝑀(3000)𝐹2 versus 442 

𝑃𝑠𝑤 (bottom panel) for the year 1976-1997. 443 
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 444 

 445 

 446 

 447 

 448 

 449 

 450 

Figure 6d- The scatter plot of yearly average values of 𝑀(3000)𝐹2 versus 𝑉𝑠𝑤 for the year 1976-1997. 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 
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Table 4: The Correlation coefficients (R), coefficients of determination (R2), linear regression coefficients and p-462 

values between M(3000)F2 and geophysical parameters over Ouagadougou during solar cycles 21-22. 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

Parameter a b×10-4      R       R2 Influence 

(%) 

P-value Statistical 

significance 
 

B 3.347 -773.4 -0.689 0.475 47.5 3.91×104 Significant 

Psw 2.661 -538.9 0.141 0.020 2.0 0.5314  Not significant 

Bz 2.817 -1650.3 -0.270 0.073 7.3 0.2243  Not significant 

Dst 3.052 132.4 0.527 0.277 27.7 0.0117 Significant 

Vsw 2.603 4.595 0.107 0.011 1.1 0.6355 Not significant 

F10.7 3.072 -20.47 -0.810 0.657 65.7 4.92×106 Significant 

Ap 3.019 -141.0 -0.421 0.177 17.7 0.0510 Not significant 
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Discussion                            473 

4.1 Solar cycle, diurnal and seasonal variability of M(3000)F2          474 

The observed diurnal variation of M(3000)F2 is primarily associated with changes in the height of the F2 layer 475 

(hmF2), since M(3000)F2 is inversely related to hmF2 (Dudeney, 1983). During daytime, enhanced solar EUV 476 

radiation increases ion production and strengthens the equatorial E × B plasma drift, lifting the F2 layer to higher 477 

altitudes. The resulting increase in hmF2 is accompanied by lower M(3000)F2 values around local noon and during 478 

the afternoon. After sunset, the weakening of the upward plasma drift, together with thermospheric winds and plasma 479 

diffusion, allows the F2 layer to descend gradually, producing the higher M(3000)F2 values observed during the 480 

nighttime and early morning hours. Similar diurnal behaviour has been reported in equatorial ionospheric studies by 481 

Abdu et al. (1990), Rishbeth and Mendillo (2001), and Oyekola and Fagundes (2012), who associated variations in 482 

F-region height with changes in equatorial electrodynamics and plasma transport. 483 

A key finding of the present study is the inverse dependence of M(3000)F2 on solar activity, with the highest values 484 

occurring during the low solar activity year and the lowest during the high solar activity year. This behaviour reflects 485 

the sensitivity of M(3000)F2 to the vertical structure of the F2 layer rather than to electron density alone. During 486 

solar maximum, enhanced EUV radiation increases thermospheric heating and promotes greater uplift of the F2 487 

layer, resulting in higher hmF2 values. Because M(3000)F2 decreases as hmF2 increases, lower values are expected 488 

during periods of enhanced solar activity despite the increase in ionisation. This inverse solar-cycle response agrees 489 

with earlier studies by Bilitza et al. (1979), Kouris (1998), and Oyekola and Fagundes (2012), all of which reported 490 

that M(3000)F2 exhibits an opposite solar-cycle dependence to electron-density parameters such as foF2. 491 

The seasonal variations observed in this study further indicate that M(3000)F2 is influenced by changes in solar 492 

zenith angle, thermospheric circulation, and equatorial electrodynamics. The generally higher values recorded 493 

during the December solstice, together with the season-to-season differences observed under different levels of solar 494 
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activity, suggest that seasonal ionospheric dynamics are further modulated by the phase of the solar cycle. These 495 

variations are likely associated with seasonal changes in the vertical E × B plasma drift and thermospheric neutral 496 

winds, which influence the height and morphology of the F2 layer. Comparable seasonal characteristics have been 497 

reported for equatorial stations in the African sector by Oyekola and Fagundes (2012), while Kouris (1998) showed 498 

that seasonal variations in M(3000)F2 are governed primarily by changes in F-region structure rather than electron 499 

density alone. Collectively, these results indicate that the seasonal behaviour of M(3000)F2 over Ouagadougou 500 

reflects the combined influence of solar cycle variability and seasonal changes in equatorial ionospheric dynamics.501 

                                                                                                                                                              502 

4.2 Relationship between M(3000)F2 and solar, solar wind and geomagnetic activity                    503 

The correlation and regression analyses demonstrate that M(3000)F2 responds differently to solar, solar wind, and 504 

geomagnetic forcing, indicating that these parameters contribute unequally to the long-term variability of the 505 

equatorial ionosphere over Ouagadougou. Among the investigated variables, the solar radio flux (F10.7) exhibits 506 

the strongest relationship with M(3000)F2 (R = -0.810, R² = 0.657, p < 0.001), indicating that approximately 65.7% 507 

of the observed interannual variability can be explained by changes in solar activity alone. This strong negative 508 

correlation confirms the inverse solar-cycle dependence identified in the seasonal and long-term analyses and 509 

demonstrates that increasing solar activity is associated with decreasing M(3000)F2. 510 

The inverse relationship is physically consistent with the dependence of M(3000)F2 on the vertical structure of the 511 

F2 layer rather than on electron density alone. During periods of enhanced solar activity, increased EUV radiation 512 

raises thermospheric temperatures, modifies neutral composition, and enhances plasma transport, leading to an 513 

increase in the F2-layer peak height (hmF2). Since M(3000)F2 is inversely related to hmF2 (Dudeney, 1983), lower 514 

values are expected during solar maximum despite the increase in ionospheric ionisation. Similar inverse solar cycle 515 

behaviour has been reported by Bilitza et al. (1979), Kouris (1998), Oyekola and Fagundes (2010, 2012), and Bilitza 516 
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et al. (2022). The present results, therefore, provide further observational evidence that M(3000)F2 is primarily 517 

controlled by changes in F-region structure associated with solar activity. 518 

The present findings also agree with earlier investigations over Ouagadougou by Oyekola and Fagundes (2010, 519 

2012), who reported pronounced solar cycle and seasonal variability in M(3000)F2. However, the present study 520 

extends those investigations by simultaneously examining solar wind parameters and geomagnetic indices behaviour 521 

over two complete solar cycles and also studying the storm-time behaviour over the representative years. This 522 

broader approach provides a more comprehensive assessment of the geophysical processes governing M(3000)F2 523 

over the African equatorial sector. 524 

Among the solar wind parameters, the interplanetary magnetic field magnitude (B) shows the second strongest 525 

relationship with M(3000)F2 (R = -0.689, R² = 0.475, p < 0.001). Nearly half (47.5%) of the long-term variability 526 

in M(3000)F2 is associated with variations in IMF magnitude, suggesting that solar wind-magnetosphere coupling 527 

contributes substantially to modifications of the equatorial ionosphere. A statistically significant positive 528 

relationship was also obtained with the Dst index (R = 0.527, R² = 0.277, p = 0.0117), indicating that M(3000)F2 529 

tends to be higher during relatively quiet geomagnetic conditions and decreases as geomagnetic disturbances become 530 

more intense. These results are consistent with the role of geomagnetic activity in modifying equatorial 531 

electrodynamics through prompt penetration electric fields, disturbance dynamo electric fields, thermospheric 532 

circulation, and composition changes, all of which influence the height and morphology of the F2 layer (Fejer, 2002; 533 

Pedatella and Liu, 2020). 534 

Although Ap, Bz, solar wind dynamic pressure (Psw), and solar wind speed (Vsw) exhibited measurable correlations 535 

with M(3000)F2, none of these relationships reached statistical significance at the 95% confidence level (p > 0.05). 536 

The relatively low coefficients of determination (17.7%, 7.3%, 2.0%, and 1.1%, respectively) show that these 537 

parameters explain only a small fraction of the long-term variability in M(3000)F2. This does not necessarily imply 538 
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that they have no physical influence on the ionosphere. Rather, their effects are likely to be episodic and event-539 

dependent, becoming more apparent during individual geomagnetic storms than in annual averages, where short-540 

term fluctuations are substantially smoothed. In particular, the southward IMF component (Bz), although essential 541 

for initiating magnetic reconnection and geomagnetic storms, varies rapidly on timescales much shorter than those 542 

represented by yearly mean values. 543 

Overall, the statistical and physical evidence indicate that solar activity is the dominant driver of long-term 544 

M(3000)F2 variability over Ouagadougou. In contrast, solar wind and geomagnetic processes provide secondary 545 

modulation through their influence on equatorial ionospheric electrodynamics. The results demonstrate that changes 546 

in the vertical structure of the F2 layer, controlled primarily by solar irradiance and modified by magnetosphere-547 

ionosphere coupling, are the principal mechanisms governing long-term variations in M(3000)F2 over the African 548 

equatorial sector.                                    549 

4.3 Storm-time response of M(3000)F2           550 

The storm-time analyses demonstrate that M(3000)F2 over Ouagadougou responds sensitively to geomagnetic 551 

disturbances, with the most pronounced perturbations occurring during the main phase of the storms. In most of the 552 

events examined, M(3000)F2 decreased below the quiet-day average during the daytime, particularly between the 553 

late morning and afternoon hours. The magnitude and duration of the perturbations varied from one storm to another, 554 

reflecting differences in storm intensity, duration, seasonal conditions, and the background state of the equatorial 555 

ionosphere.                556 

The observed daytime depletion of M(3000)F2 during the main phase is consistent with the well-established 557 

response of the equatorial F region to geomagnetic storms. During disturbed conditions, prompt penetration electric 558 

fields (PPEFs), disturbance dynamo electric fields (DDEFs), and storm-induced thermospheric circulation modify 559 

the vertical E × B plasma drift, producing changes in the height and structure of the F2 layer (Abdu et al., 1990; 560 

Fejer, 2002; Pedatella and Liu, 2020). Because M(3000)F2 is inversely related to the F2-layer peak height (hmF2) 561 
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(Dudeney, 1983), these storm-time electrodynamic processes produce the observed reductions and occasional 562 

enhancements in M(3000)F2 by altering the vertical structure of the equatorial ionosphere. 563 

 Although depletion dominated most of the analysed storms, periods of enhancement were also observed during the 564 

initial and recovery phases. Such enhancements are likely associated with transient penetration electric fields and 565 

favourable thermospheric wind conditions that temporarily increase the F-region height before disturbance dynamo 566 

effects become dominant. Similar storm-time enhancement-depletion patterns have been reported in previous 567 

investigations of equatorial ionospheric variability (Abdu et al., 1990; Fejer, 2002). 568 

The recovery characteristics differed among the storm events. Some storms returned to near quiet-time conditions 569 

within one day, whereas others required two recovery days before M(3000)F2 approached the quiet-day profile. 570 

This variation indicates that recovery depends not only on storm intensity but also on the gradual restoration of 571 

thermospheric composition, neutral wind circulation, and ionospheric electrodynamics following geomagnetic 572 

disturbances. 573 

Among the analysed events, the November 1991 superstorm (minimum Dst = -354 nT) produced one of the largest 574 

and most persistent perturbations, with substantial daytime depletion followed by a prolonged recovery. In contrast, 575 

the moderate storms generally produced smaller departures from the quiet-day average, although noticeable daytime 576 

reductions in M(3000)F2 were still observed. This behaviour suggests that stronger geomagnetic storms tend to 577 

produce larger and longer-lasting disturbances in the equatorial F-region propagation characteristics. 578 

Overall, the storm-time results demonstrate that geomagnetic disturbances significantly modify the propagation 579 

factor M(3000)F2 over the African equatorial sector. The observed responses emphasise the importance of storm-580 

induced electrodynamic processes in controlling F2-layer structure and HF radio wave propagation over 581 

Ouagadougou. 582 
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4.4 Implications for HF propagation and ionospheric modelling 583 

The results of this study have important implications for HF radio communication and ionospheric modelling over 584 

the African equatorial sector. The demonstrated inverse dependence of M(3000)F2 on solar activity and its 585 

sensitivity to geomagnetic disturbances indicate that empirical propagation models should account for both long-586 

term solar cycle variability and short-term storm-time electrodynamics. The long-term Ouagadougou ionosonde 587 

observations presented here also provide valuable validation data for improving empirical ionospheric models such 588 

as the International Reference Ionosphere (IRI), particularly over the data-sparse African equatorial region. 589 

5. Conclusion 590 

This study investigated the influence of solar activity, solar wind conditions, and geomagnetic activity on the 591 

ionospheric propagation factor M(3000)F2 over Ouagadougou, an equatorial station in the African sector, using 592 

long-term ionosonde observations spanning Solar Cycles 21 and 22 (1976-1997). The variability of M(3000)F2 was 593 

examined on diurnal, monthly, seasonal, solar cycle, and storm-time timescales, while correlation and linear 594 

regression analyses were used to evaluate its relationships with selected solar, solar wind, and geomagnetic 595 

parameters. 596 

The analysis shows that M(3000)F2 exhibits pronounced diurnal variability, with high values during the nighttime 597 

and early morning hours and lower values during the daytime. Seasonal analyses reveal clear equinoctial and 598 

solstitial differences associated with variations in equatorial electrodynamics, thermospheric circulation, and solar 599 

forcing. A major finding is the inverse dependence of M(3000)F2 on solar activity, whereby the highest values occur 600 

during low solar activity and the lowest during high solar activity. This behaviour reflects the sensitivity of 601 

M(3000)F2 to the height and vertical structure of the F2 layer rather than to electron density alone. 602 
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The statistical analyses identify solar activity as the dominant driver of long-term M(3000)F2 variability. Among 603 

the investigated parameters, the solar radio flux (F10.7) exhibits the strongest statistically significant relationship 604 

with M(3000)F2 (R = -0.810, R² = 0.657), followed by the interplanetary magnetic field magnitude (B) (R = -0.689, 605 

R² = 0.475) and the Dst index (R = 0.527, R² = 0.277). By comparison, the relationships with Ap, Bz, solar wind 606 

dynamic pressure (Psw), and solar wind speed (Vsw) are weak and not statistically significant at the 95% confidence 607 

level, indicating that these parameters make comparatively small contributions to long-term variability. 608 

Storm-time analyses further show that geomagnetic disturbances significantly influence M(3000)F2 over 609 

Ouagadougou. Most storm events were characterised by pronounced daytime depletion during the main phase, 610 

followed by gradual recovery over one or two days, depending on storm intensity and the prevailing ionospheric 611 

conditions. These responses are consistent with storm-induced changes in equatorial electrodynamics, likely 612 

involving prompt penetration electric fields, disturbance dynamo electric fields, and thermospheric circulation, 613 

which influence the height and structure of the F2 layer. 614 

Overall, the results indicate that long-term variability in M(3000)F2 over the African equatorial sector is governed 615 

primarily by solar activity, while solar wind and geomagnetic processes provide important secondary modulation, 616 

particularly during disturbed periods. This study provides a comprehensive characterisation of the long-term 617 

behaviour of M(3000)F2 over Ouagadougou and improves understanding of the relative roles of solar activity, solar 618 

wind, and geomagnetic forcing in shaping equatorial ionospheric propagation. The findings also provide a valuable 619 

observational basis for improving HF radio wave propagation prediction, empirical ionospheric modelling, and 620 

space weather applications in the data-sparse African equatorial region. 621 

Data availability: Data available on request. 622 
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