
Open Access 

Advances in Environmental and 

Engineering Research 

 

 

 

©  2022 by the author. This is an open access article distributed under the 
conditions of the Creative Commons by Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium or format, 
provided the original work is correctly cited. 

 

Original Research 

Variations in the Maximum Electron Density of the F2 Layer (NmF2) over 
the Middle Latitude Station of Grahamstown, South Africa, during Solar 
Cycle 23 

Aghogho Ogwala 1, 2, *, Eugene Onori 2, Cornelius Ogabi 2, Oluwafunmilayo Ometan 2, Yusuf Kayode 
2, Rasaq Adewemimo Adeniji-Adele 2, Emmanuel Somoye 2, Janet Odewale 2 

1. Eko University of Medicine and Health Sciences, Ijanikin, Lagos, Nigeria; E-Mail:  

ogwala02@gmail.com 

2. Lagos State University, Ojo, Lagos, Nigeria; E-Mails:  onorieugene@gmail.com;  

drkunleogabi@gmail.com; ometanfunmi@gmail.com; kayodeyusuf1988@gmail.com;  

adelleradelle@gmail.com; emmanuel.somoye@lasu.edu.ng; jaymamajane@gmail.com  

* Correspondence: Ogwala Aghogho; E-Mail: ogwala02@gmail.com 

Academic Editor: Zed Rengel 

Adv Environ Eng Res 

2022, volume 3, issue 4  

doi:10.21926/aeer.2204048 

Received: September 13, 2022 

Accepted: November 18, 2022 

Published: December 05, 2022 

Abstract 

Ultraviolet (UV) and X-ray radiation are the primary causes of ionization that produce electron 

density in sufficient quantities to promote the propagation of satellite radio signals in the 

ionosphere. The electron densities suffer from spatio-temporal variations, and this poses 

different degrees of threats to satellite radio signals propagating through the ionosphere. We 

aimed to characterize the maximum electron density of the F2 layer (NmF2) in the middle-

latitude ionosphere over Grahamstown, South Africa (Geographic latitude: 33.30°S, 

Geographic longitude: 26.50°E; Geomagnetic Latitude: 33.92°S, Geomagnetic Longitude: 

89.37°E). The mean NmF2 data for solar cycle 23 (1998–2008) were used for the studies. The 

data were grouped into the high solar activity (HSA: 2000–2002), moderate solar activity 

(MSA: 1998–1999, 2003–2005), and low solar activity (LSA: 2006–2008) years. NmF2 variations 

were characterized based on the diurnal, seasonal, monthly, and annual data. Also, the 

correlation between NmF2 and the sunspot number was investigated. Results on diurnal and 

seasonal variations revealed that noontime bite-out of NmF2 was observed during the June 
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solstice every year. However, it was not observed in the other three seasons. Equinoctial 

asymmetry is observed to show insignificant annual and solar cycle variations. The seasonal 

and annual variations of NmF2 with sunspot number were linear (exception: June solstice for 

MSA, the year 1999; HSA, years 2000–2001). The results reveal that the correlation between 

NmF2 and the sunspot number was insignificant under conditions of the annual, solar cycle, 

and latitudinal variations (exception: MSA, the year 2005; negative correlation (0.64)). 

Keywords 

NmF2 variations; noon bite-out; southern middle latitude; seasonal; solar activity; correlation 

coefficient 

 

1. Introduction 

The ionosphere is formed at altitudes between 60–1000 km, where the X-rays and ultraviolet 

(UV) radiations from the Sun collide with electrons and knock off electrons from the outermost shell 

of neutral particles. These electrons pose different degrees of threats to the ground and space-

based technological systems such as satellite communication links, hardware, avionics, and 

navigation control devices [1]. The severity of these effects is observed in regions spanning from 

equatorial/low-latitude to high-latitudes. It has been observed that the degree of the effect exerted 

at equatorial/low- and high-latitude regions is higher than the degree of the effect exerted at 

middle-latitude regions. However, the middle-latitude ionospheric effects on modern technological 

systems cannot be overlooked because of their unpredictable and dynamic nature [2]. 

The middle-latitude ionosphere is the quietest region which undergoes the least variations in 

almost all sectors barring the African longitude. This may be attributed to the nearly horizontal 

orientation of the geomagnetic field lines running through the African sector. The middle latitude is 

also the best understood ionospheric region as the region has been widely explored using various 

ionospheric observation equipment such as ionosonde/digisonde, global positioning system (GPS) 

receivers, and incoherent scatter radar (ISR). Hence, transient variations in the middle latitude 

ionospheric region, including the main ionospheric trough (MIT), which is usually driven by solar and 

geomagnetic storms, have been reported [3]. Also, the interaction between the equator-ward 

disturbances in this region and the ionospheric plasma (and components of the neutral atmospheric 

wind) affects the movement of ions. The balance between the production and loss rates is also 

affected [4]. The extent of solar ionization realized in this region is depleted under conditions of 

chemical recombination. These disturbances affect the propagation of the satellite radio wave at 

middle latitudes. Seasonal and winter anomalies (majorly equatorial/low latitude ionospheric 

phenomena) have also been reported at the middle latitude F region. These anomalies have been 

primarily recorded during solar maximum [5]. Apart from the seasonal and winter anomalies, the 

middle-latitude ionospheric phenomena, in most cases, deviate completely from the equatorial/low 

and high-latitude ionospheric phenomena. For example, Somoye [6] reported insignificant 

differences between various ionospheric features such as pre- and post-noon peaks, morning 

depression, and the rate of fall of NmF2 in the evening over a solar cycle at a middle-latitude station 

of Slough. The foF2/NmF2 data were analyzed to arrive at the results. Chen et al. [7] reported that 
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the degree of equinoctial asymmetry of NmF2 increases as solar activity increases in the middle 

latitudes. The increase observed in these regions was higher than the increase observed in low-

latitude regions. Aggarwal et al. [8] and Talha et al. [9] have described the ionospheric phenomenon 

responsible for equinoctial asymmetry in detail. Chen et al. [7] reported that the rate of increase in 

NmF2 with an increase in the Solar Radio Flux (F10.7) is higher during the March equinox (compared 

to that observed during the September equinox) at middle latitudes. Talha et al. [9] reported that 

the equatorial anomaly (EA) was high at low/middle latitude regions due to the presence of extreme 

UV radiation (EUV).  

The variations in foF2/NmF2 across different latitudes and longitudes have been previously studied 

[5, 10-21]. The NmF2 variability under different geomagnetic conditions was studied with reference 

to the quite time ionospheric condition. The middle-latitude ionospheric region has been widely 

investigated in the past, but most of these studies focused on the Asian and American sectors. The 

middle-latitude ionosphere in Africa remains the least explored region. This can be attributed to the 

sparse distribution of ground-based ionospheric observation equipment in the African sector. 

However, the recent installation of Ionosonde/Digisonde by the South African National Space 

Agency (SANSA) in a few locations in the South African middle-latitude has helped obtain foF2/NmF2 

data for ionospheric research. Hence, more studies should be conducted to reinforce the past 

efforts of scientists to better understand the complex seasonal variations observed in the African 

middle-latitude ionosphere.  

The composition of neutral wind, electric field, diffusion properties, and temperature variations 

significantly influence the middle latitude regions of the ionosphere. This observation is supported 

by the movement of plasma from the equator to high-latitude regions [22]. All these effects can 

result in transient variations in NmF2 and hmF2 [20, 23, 24]. Furthermore, like the equatorial/low 

latitude ionosphere, the middle latitude ionosphere also plays a crucial role in the propagation of 

distant satellite radio communication waves. Therefore, the aim of this research is to characterize 

the variations in the middle latitude NmF2 during solar cycle 23 (1998–2008) at Grahamstown, South 

Africa. 

2. Data and Methodology 

2.1 Data  

Hourly data for the maximum electron density of the F2 layer (NmF2) were used for the studies. 

The data were obtained by calculating the hourly values of the critical frequency of the F2 layer 

(foF2). The data were obtained from the ground-based digisonde at Grahamstown (Geographic 

latitude: 33.30°S, Geographic longitude: 26.50°E; Geomagnetic latitude: 33.92°S, Geomagnetic 

Longitude: 89.37°E), a middle latitude station located in South Africa. The hourly foF2/NmF2 data 

were obtained from the Global Ionosphere Radio Observatory (GIRO) website 

(https://giro.uml.edu/didbase/) under the authorization of the South Africa National Space Agency 

(SANSA). Data corresponding to sunspot number (Rz) were obtained from the National Geophysical 

Data Center (NGDC: www.ngdc.noaa.gov/) website. Data were collected over 1998–2008, and the 

years were classified into Low Solar Activity (LSA) years, Moderate Solar Activity (MSA) years, and 

High Solar Activity (HSA) years (Table 1).  
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Table 1 Solar cycle epoch, years, and equivalent sunspot numbers (Rz). 

Solar Cycle Epoch Year Sunspot Number 

HSA 2000 120 

HSA 2001 111 

HSA 2002 104 

MSA 1998 69 

MSA 1999 93 

MSA 2003 64 

MSA 2004 40 

MSA 2005 30 

LSA 2006 15 

LSA 2007 8 

LSA 2008 3 

The NmF2 values were calculated from the foF2 values using equation 1 as follows: 

𝑁𝑚𝐹2 =
(𝑓𝑜𝐹2)2

80.6
, (1) 

where foF2 is presented in the units of MHz, and NmF2 is measured in the units of ×1012 electrons per 

cubic meter (× 1012 el/m3). 

When 𝑅𝑧 > 100, the data are grouped under HSA, when 100 ≥ 𝑅𝑧 ≥ 20 the data are grouped 

under MSA, and when 𝑅𝑧 < 20 the data are grouped under LSA [25]. Table 1 presents the solar 

cycle epoch, year, and the corresponding sunspot number (Rz). 

2.2 Methodology 

2.2.1 Diurnal and Seasonal Variations in NmF2 

The statistical average was calculated based on the hourly mean of NmF2 to obtain the monthly 

mean values to investigate the diurnal variations in NmF2. For seasonal variations, the monthly mean 

values were further grouped into four seasons [26]: March equinox (February, March, and April), 

June solstice (May, June, and July), September equinox (August, September, and October) and 

December solstice (November, December, and January). The groups were constructed by taking the 

average data recorded over the three months that constituted each season. Furthermore, we 

estimated the percentage differences between the data obtained during the March equinox (ME) 

and that recorded during the September equinox (SE) using the method followed by Chen et al. [7], 

using equation (2) as follows: 

% 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = (
𝑀𝐸 − 𝑆𝐸

𝑆𝐸
) × 100 (2) 
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2.2.2 Seasonal and Annual Variations in NmF2 over a Solar Cycle 

The seasonal and annual variations in the mean NmF2 values over a solar cycle were also analyzed 

and grouped into three solar cycle epochs (LSA, MSA, and HSA; Table 1). 

2.2.3 Correlation Coefficient (r) describing the correlation between NmF2 and the Sunspot Number  

The correlation between NmF2 and the sunspot number was statistically analyzed. The correlation 

coefficient is the measure of the strength of the linear relationship between two variables. It is given 

by equation (3) as follows: 

𝑟 =
𝑛 ∑ 𝑥𝑦 − ∑ 𝑥 ∑ 𝑦

√{𝑛 ∑ 𝑥
2

− (∑ 𝑥)2}{𝑛 ∑ 𝑦
2

− (∑ 𝑦)2}

, (3)
 

where ‘x’ and ‘y’ are independent variables that represent NmF2 and Rz, respectively, while ‘n’ is the 

number of each variable. We classified correlation coefficients using the process followed by 

Mukaka (2012)[27]. The groups were labeled very high correlation (r between ±0.90 and ±1.0), high 

correlation (r between ±0.70 and ±0.89), moderate correlation (r between ±0.50 and ±0.69), low 

correlation (r between ±0.30 and ±0.49), and negligible correlation (r between 0.0 and ±0.29).  

3. Results and Discussions 

3.1 Diurnal Variations in NmF2 

Figure 1(a-k) shows the diurnal variations in NmF2 under conditions of different solar activities 

(HSA, MSA, and LSA). The data were recorded for solar cycle 23 at Grahamstown, South Africa. 

Similar diurnal variations were observed over the years for NmF2 for the three solar activity epochs. 

Analysis of the plots revealed the NmF2 values recorded during the day were higher than the values 

recorded during the night, and this could be attributed to the phenomenon of daytime solar 

ionization. During LSA (𝑅𝑧 < 20 ; 2006, 2007, 2008), diurnal variations in NmF2 increased. The 

minimum values were recorded during the early hours of the day between 02:00–03:00 UT, and the 

maximum values were recorded between 11:00–13:00 UT. The values reduced and reached the 

minimum values again at around sunset. During MSA (100 ≥ 𝑅𝑧 ≥ 20; 1998, 1999, 2003–2005), 

the NmF2 value increased between 01:00 – 03:00 UT and reached the peak value gradually (09:00–

13:00 UT), before reducing to the minimum value at sunset. During HSA (𝑅𝑧 > 100; 2000–2002), 

the NmF2 value started increasing from the minimum value (recorded at 02:00–03:00 UT) to the 

maximum value at 10:00–13:00 UT. Subsequently, the value decreased to the minimum value 

around sunset. When the figures were analyzed, an interesting observation was made for the 

middle-latitude NmF2 values. The nighttime enhancement in NmF2 was not observed, in contrast to 

the equatorial and low-latitude NmF2 values, which often show nighttime enhancement for the 

electron density profile. The absence of nighttime enhancement in NmF2 at the middle latitude 

region may be attributed to the weakening of the eastward electric field. This results in insignificant 

pre-reversal enhancement of the ionospheric zonal electric field toward higher latitudes during 

post-sunset hours, just before the electric field current reverses toward the west in the night [28, 

29]. 
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Figure 1 (a-k): Diurnal and seasonal variations in the mean NmF2 values recorded during 

the HSA years of 2000, 2001, and 2002, MSA years of 1998, 1999, 2003, 2004, and 2005, 

and LSA years of 2006, 2007, and 2008 (solar cycle 23 at Grahamstown, South Africa). 

3.2 Seasonal Variations in NmF2  

Figure 1(a–k) also shows the seasonal variations in NmF2 during the different solar activity epochs 

(HSA, MSA, and LSA). The data were collected for solar cycle 23 at Grahamstown, South Africa. 

Variations in the shapes of NmF2 are observed during the four seasons. However, these variations 

are quite insignificant for the three solar activity epochs. Typical features, such as the noontime 

bite-out phenomenon, are observed in some of the seasons (especially during June solstice) for the 

low-latitude regions. During LSA (Figure 1(i-k); 2006–2008), noontime bite-out is observed at 11:00 

UT during June solstice. The magnitudes of the intensities of the pre-noon and post-noon peaks 

vary. Dome-shaped peaks are recorded midday (12:00 UT) during other seasons (during March and 

September equinoxes and December solstice). The NmF2 values recorded during the equinoxes are 

higher than those recorded during the solstices during the three LSA years. The trend deviated in 

the year 2006 when the values recorded from 06:00–15:00 UT during the March equinox and 

December solstice were comparable (36–58 × 1012 el/m3). Comparable values were also recorded 
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between 21:00–03:00 UT. Figure 2(a-k) presents equinoctial asymmetry, i.e., the statistical 

differences between the values recorded during the March equinox (ME) and September equinox 

(SE). Figure 2(i-k) presents equinoctial asymmetry. It was observed that the NmF2 values recorded 

during ME were higher than the values recorded during SE over the LSA years. The differences 

between the pre-midnight and post-midnight NmF2 values recorded over the four seasons of the LSA 

years were insignificant. Equatorial and low-latitude winter anomaly was observed during the LSA 

years. During the MSA years, noontime bite-out curves with varying magnitudes of pre- and post-

noon peaks were observed during the June solstice, while the dome-shaped peaks were observed 

during equinoxes. However, broader peaks during all MSA years were observed during the 

December solstice. The NmF2 values recorded during equinoxes were higher than those recorded 

during the solstices (exception: MSA year of 2003) (Figure 1f). The daytime NmF2 values recorded 

during the September equinox and June solstice were comparable and in the same range between 

07:00–14:00 UT (70–100 × 1012 el/m3). Also, analysis of the daytime NmF2 value recorded for the 

MSA year of 2004 (Figure 1 g) reveals that the magnitudes recorded during December and June 

solstice were comparable between 07:00–14:00 UT (51–63 × 1012 el/m3). The observed equinoctial 

asymmetry was obvious from all MSA plots (Figure 2). While SE magnitudes were higher than ME 

magnitudes during the MSA years (Figures 2(d-e)), the reverse was true for the MSA years (2003–

2005) (Figures 2(f-h)). Furthermore, the differences between the pre-midnight and post-midnight 

NmF2 values were insignificant for all seasons of all MSA years. During most of the MSA years, a 

deviation from the equatorial/low-latitude winter anomaly was observed. This is in contrast to the 

observation made during the MSA year 1998 and LSA years spanning 2006–2008). The magnitude 

recorded in these years during the June solstice magnitude was observed to be higher than the 

magnitude recorded during the December solstice. This was particularly prominent for the MSA 

year (1999) when the differences in the magnitudes recorded during the June and December 

solstices were in the range of 50–60 × 1012 el/m3. During the HSA years, a noon bite-out profile was 

observed during the June solstice. An exception was observed for the HSA year of 2002 (Figure 1c) 

when a dome-shaped peak was observed. The noon bite-out phenomenon with pre- and post-noon 

peaks of varying intensities was observed during the December solstice of the HSA years of 2000 – 

2001 (Figure 1a-1b), March equinox of the HSA year of 2002 (Figure 1c), and September equinox of 

the HSA year of 2001 (Figure 1b). In all other seasons, either a dome-shaped peak or a peak shift 

from pre-noon to post-noon periods were observed for the HSA years. A broad daytime peak with 

a slight depression during post-noon periods (14:00–16:00 UT) was observed during the December 

solstice of the HSA year 2002 (Figure 1c). The NmF2 values recorded during the equinoxes were 

higher than those recorded during the solstices (Figures 1(a-c)). ME and SE of similar magnitudes 

were recorded during the first few hours of the day, after which the ME magnitude remained higher 

than the SE magnitudes for the remaining hours of the day in all the HSA years (Figures 2(a-c)). Pre-

midnight peaks are slightly higher than post-midnight peaks in all HSA seasons. An exception was 

recorded during the June solstice when insignificant differences between the pre- and post-

midnight peaks were observed. Deviations from the winter anomaly, which is peculiar to equatorial 

and low latitudes, were observed during the HSA years.  
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Figure 2 (a-k): Diurnal variations in % differences between the mean NmF2 values 

recorded during the March equinox and September equinox for the HSA years of 2000, 

2001, and 2002, MSA years of 1998, 1999, 2003, 2004, and 2005, and LSA years of 2006, 

2007, and 2008 (solar cycle 23 at Grahamstown, South Africa). 

Winter anomalies in middle latitude regions have been previously reported [5, 10, 14, 20, 23, 24, 

30, 31]. The occurrence of this anomaly has been attributed to the effects of neutral wind 

composition, temperature, electric field, and other chemical parameters, such as the O/N2 ratio. 

Neutral particles are transported from the southern hemisphere to the northern hemisphere during 

different solar activity epochs [16, 20, 32-39]. Winter anomaly is usually an equatorial and low-

latitude ionospheric phenomenon. 

3.3 Seasonal and Annual Variations in NmF2 

Figure 3 shows the seasonal and annual variations in NmF2 and the sunspot number 

corresponding to solar cycle 23 (1998–2008). The data have been grouped into LSA, MSA, and HSA 

categories. Regular seasonal and annual variations in NmF2 (with the sunspot number) are observed. 

Exceptions were recorded during the June solstice of the MSA year 1999) and HSA years 2000 and 
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2001. The reverse trend was observed in these cases, i.e., an increase in the sunspot number results 

in a decrease in NmF2. A non-linear relationship was recorded in this case. 

 

Figure 3 Seasonal and annual variations in NmF2 and Sunspot number for the complete 

solar cycle 23 (1998–2008). 

The increase in the sunspot number, Rz, with a decrease in the NmF2 is known as the saturation 

effect. The electron density structure associated with the saturation effect was reported by Balan 

et al. [40], Balan et al. [41], Sethi et al. [14], and Ogwala et al. [42]. They attributed the origin of this 

phenomenon to some unknown factors near the earth’s environment. The strength of the 

saturation effect weakens in the middle latitude regions, and it becomes weaker than the saturation 

effect observed in the equatorial and low latitude regions [43]. The saturation effects observed by 

us during MSA and HSA were of equal strength.  

3.4 Correlation between NmF2 and the Sunspot Number, Rz 

Figure 4 presents the correlation between the monthly averaged NmF2 values and monthly 

averaged sunspot number for the solar cycle 23 (1998–2008). The results reveal positive and 

negative correlations, which were generally weak for all the years in the solar cycle considered. An 

exception was recorded for the MSA year 2005 when an average negative correlation (0.64) was 

observed. The electron density in the ionosphere is directly proportional to the sunspot number, 

which is a measure of the degree of the Sun-activity. However, the reason behind the average 

negative correlation recorded in the MSA year of 2005 could not be established. The negative 

correlation could potentially be a result of the influence of O/N2 composition, neutral wind effects, 

etc. A positive correlation indicates that the NmF2 value increases with an increase in the sunspot 

number [18, 31, 43, 44], and a negative correlation presents the opposite case. Annual, solar cycle 

and latitudinal variations are observed for the correlation coefficients. These variations are 

insignificant, and it indicates that other factors influence the NmF2 values. 
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Figure 4 Correlation between NmF2 and the sunspot number for solar cycle 23 (1998–

2008). The data are classified into the categories of LSA, MSA, and HSA.  



Adv Environ Eng Res 2022; 3(4), doi:10.21926/aeer.2204048 
 

Page 11/16 

It has been previously reported that the correlation coefficient increases with solar activity [43, 

45]. However, we did not observe this trend. The average correlation was recorded during the MSA 

year of 2005 (-0.64), a low correlation was observed during the HSA years of 2001 (0.33) and 2002 

(0.38), MSA year of 2003 (-0.33), and LSA year of 2008 (0.43). A negligible correlation was observed 

for all other years. However, the correlation coefficient did not follow a set trend during the three 

solar cycle epochs studied by us. This may be attributed to the ionospheric electrodynamic property 

of the middle latitude regions and the electron density (at the top and bottom of the system) that 

diffuses toward middle latitude regions.  

4. Discussion 

Significant solar cycle variations are observed in the middle latitude ionosphere. This can be 

attributed to the variations in sunspot number observed over 11 years, extreme Ultra-Violet 

radiations (EUV), and other solar proxies [7, 41, 43]. These phenomena occur despite the fact that 

it is strategically located between the equatorial/low latitude and polar regions. Although the 

middle latitude ionospheric regions have been widely studied, the ionospheric variations in the 

African middle latitude ionospheric region have not been explored. Normally, the NmF2 values 

recorded during the daytime were higher than the NmF2 values recorded during the night. This result 

agrees well with previously reported results [11, 46-49]. However, the seasonal variations in the 

NmF2 values at the middle latitude regions deviate partially or completely from previously reported 

results. Ayub et al. [16] and Onori et al. [49] reported that the foF2/NmF2 values recorded during 

winter were higher than those recorded during summer (i.e., winter anomaly was observed). Winter 

anomaly is an ionospheric phenomenon where the number of electrons produced during the winter 

season (December solstice) is higher than that produced during the summer season (June solstice; 

Richards, 2001 [50]). However, this is in contrast with some of our results which can be attributed 

to the variations in the solar zenith angle and the changes in the position of the Sun. During summer, 

the earth receives more radiation from the Sun, which ionizes the ionosphere. Our results show 

deviations from this result during the MSA years spanning 2004–2005 and the HSA year of 2001. 

Thus, nighttime winter anomaly was observed in these cases. The NmF2 values recorded during the 

daytime in these epochs were equal to those recorded during the solstices of the MSA years 

spanning 2004–2005 and the HSA year of 2001. These deviations may be attributed to the global 

circulation of atmospheric wind in the middle latitudes regions during different seasons and solar 

epochs [7]. However, winter anomaly was seen throughout the day during the MSA year of 1998) 

and the LSA years spanning 2006–2008. The physical parameters responsible for the onset of winter 

anomaly are the changes in the thermospheric composition attributable to the dominant 

upwelling/downwelling of molecular/atom-rich air during summer/winter, respectively [51-53]. The 

noon bite-out phenomenon was observed in all the years for the solar cycle considered during the 

June solstice. The only exception was observed in the HSA year of 2002 when the appearance of a 

dome-shaped peak was observed. Although the noon bite-out phenomenon can be observed in the 

other three seasons, it is not consistent for all the years. We observed that the noon bite-out 

phenomenon shows seasonal and solar cycle variations. The noon bite-out phenomenon may occur 

at any latitudinal region of the ionosphere as long as it is restricted to the bottom-side ionosphere. 

The noon bite-out phenomenon is basically a result of the fountain effect. It indicates electron 

depletion, resulting from the E × B drift of the ion density to the ±20° latitudes [31, 54-57]. The 
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amount of solar radiation emitted during ME and SE is usually equal. However, the amount of 

radiation received varies (in the middle latitude ionospheric region) based on the effects of 

thermospheric neutral wind composition and other ionospheric dynamic processes, which 

significantly affect the chemical processes occurring in the ionosphere [7, 52]. The equinoctial 

asymmetry in the NmF2 values observed in the middle latitude region revealed that the ME values 

were usually higher than the SE values. In a few cases, the SE value was higher than the ME value. 

Furthermore, we observed that when the sunspot number 𝑅𝑧was > 150, a significant reduction in 

the NmF2 value was observed, resulting in the saturation effect [14]. Ma et al. [43] reported the 

seasonal and latitudinal differences of saturation effect between ionospheric NmF2 and solar activity 

indices for the middle and high latitude regions. The NmF2 value did not increase with the solar 

activity (which increased in summer) and reduced drastically during the other three seasons at the 

middle latitude regions. At high latitudes in the Northern Hemisphere, a moderate trend of non-

linear increase in NmF2 with solar activity was observed. This was attributed to the thermospheric 

global circulation of neutral wind, which introduced seasonal, latitudinal, and North–South 

differences in the correlation coefficients recorded for the correlation between NmF2 and the solar 

activity indices. Almost equal levels of saturation effects were observed during the June solstice for 

MSA and HSA. Liu et al. [58] and Kakoti et al. [59] suggested that changes in solar EUV, 

thermospheric neutral wind composition and ion pressure were also important factors that may 

give rise to the saturation effect during different epochs of the solar cycle. Hence, the reason behind 

the generation of the saturation effect should be further investigated to understand its effects on 

satellite launch processes and satellite Radio communication devices. Finally, the low correlation 

coefficient recorded by us for the interaction between NmF2 and the sunspot number does not agree 

with the results reported by Balan et al. [60], Balan et al. [61], and Sharma et al. [62], who reported 

a significant correlation between some ionospheric parameters and solar proxies at their different 

regions. The insignificant level of correlation between NmF2 and the sunspot number can be 

potentially attributed to the unstable global circulation of thermospheric neutral wind, which can 

potentially affect the background ionization process occurring at middle latitude regions [43]. 

5. Conclusions 

The variations in NmF2 at a middle latitude station of Grahamstown, South Africa (solar cycle 23; 

low, moderate, and high solar activity epochs) were studied. Anomalous equatorial and low latitude 

ionospheric features for NmF2 (such as the noon bite-out phenomenon) were observed. Noon bite-

out is not a middle-latitude ionospheric phenomenon. This phenomenon was observed during the 

June solstice for most of the years during the solar cycle. However, it was not observed during the 

other three seasons. The seasonal and annual variations present a saturation effect/non-linear 

relationship between NmF2 and the sunspot number during the June solstice of the MSA year 1999 

and the HSA years spanning 2000–2001. Weak positive and negative correlation between NmF2 and 

the sunspot number was recorded for most of the years of the solar cycle (exception: the MSA year 

of 2005; average negative correlation). The insignificant correlation between NmF2 and the sunspot 

number should be investigated further in the future. The results reported herein can potentially 

help augment the results reported previously on the seasonal variations in NmF2 over the middle 

latitude African sector. 
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