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We investigate the occurrence of ionospheric irregularities in Nigeria during 2014, using the Global Navigation Satellite System (GNSS) total electron content (TEC) rate of change index (ROTI). We categorized days with |Dst| < 30 nT as quiet days and days with |Dst| ≥ 50 nT as disturbed days, during both the daytime and nighttime periods. Our results reveal significant latitudinal differences in both quiet and disturbed conditions. The quiet-time observations indicate that irregularities were consistent across all the stations. The occurrence was strong and consistent at CLBR station in Calabar, Nigeria, which is located further away from the geomagnetic equator (and closer to the southern anomaly crest) than the other receivers. TEC variability is greatly influenced by the geographical location of the Earth’s magnetic field, while its spatial patterns of variability are modulated by the Earth’s diurnal rotation. Near the September equinox, the occurrence of irregularities was inhibited during disturbed periods, but an opposite pattern was observed during the March equinox across all stations. Two peaks of occurrence were observed: one in March and the other in September respectively. The strength of irregularities was generally greater in March equinox compared to September equinox, and they were more pronounced during pre-midnight hours. This pattern could be attributed to the suppressing role of the dynamo electric field, requiring further investigation.
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1 INTRODUCTION
Trans-ionospheric electromagnetic Global Navigation Satellite System (GNSS) signals may experience fluctuation in amplitude and phase due to irregularities in the plasma density of the Earth’s ionosphere. These fluctuations are referred to as ionospheric scintillation and are primarily generated by ionospheric plasma bubbles, which are also known as small-scale ionospheric depletions (Kintner et al., 2007).
The sudden change in amplitude and phase of the radio signal has consequent impacts on the overall performance of practical applications using trans-ionospheric electromagnetic signals. (Kintner et al., 2007; Oladipo and Schϋler, 2013a). The coupling processes in theupper atmosphere involve several factors that influence the uplift of the F-layer and the occurrence of ionospheric irregularities around the magnetic equator. The eastward electric field, also known as the pre-reversal enhancement (PRE), causes uplift of the F-layer after sunset, creating favorable conditions for Rayleigh-Taylor instabilities. This process is influenced by several factors, such as Sq circuit, equatorial electrojet (EEJ), and penetration electric fields. At the equator, the uplift caused by PRE can lead to the formation of plasma bubbles. (Abdu et al., 1983; Kil et al., 2009).
Furthermore, several studies have shown that ionospheric irregularities typically occur around the magnetic equator and are usually observed shortly after sunset (Oladipo and Schϋler, 2013b; Sharma et al., 2018; Bolaji et al., 2019; Bolaji et al., 2020). The occurrence of ionospheric irregularities at the equatorial region has been linked to the enhancement of the eastward electric fields that is usually observed around the post-sunset hours (Rastogi, 1980; Abdu et al., 1983; Fejer et al., 1999). The R-T instability occurs in the ionosphere when tenuous plasma (due to plasma depletion associated with the absence of solar radiation at that period) at the bottom of the F2-layer is accelerated into dense plasma. The R-T instability is triggered by post-sunset enhancement of eastward electric field (EEF) (De Rezende et al., 2007). This is referred to as a plasma bubble.
Several studies on the ionospheric irregularities and occurrence frequency of plasma bubble at different sectors and the seasonal, local time, longitude, latitude, solar and magnetic activities dependence have been undertaken by different authors (e.g., Sobral et al., 2002; Chu et al., 2005; Muella et al., 2008; Seemala and Valladares, 2011; Oladipo and Schϋler, 2013a; Oladipo and Schϋler, 2013b; Ngwira et al., 2013; Mungufeni et al., 2016; Okoh et al., 2017; Amaechi et al., 2018a; Amaechi et al., 2018b; Bolaji et al., 2019; Dugassa et al., 2019).
In the American sector, Chu et al. (2005) studied ionospheric irregularities and ionospheric plasma bubbles over Brazil. Their results showed that ionospheric irregularities and ionospheric plasma bubbles are more pronounced between 20:00 and 01:00 LST in October to March. The results of Sobral et al. (2002) also reported similar trend of occurrence to those of Chu et al. (2005). The results showed that scintillation occurs consistently from September to March. Similarly, the study of Kintner et al. (2007) over the Brazilian sector, showed that irregularities exhibit seasonal dependency with a maximum in December to January and a minimum near May to June.
Oladipo and Schuler (2013a) conducted a study on large-scale ionospheric irregularities in Franceville, Gabon, an equatorial station in the African sector, during the last high solar activity. The study showed seasonal dependence of the occurrence of ionospheric irregularities. Irregularities occurred from March to November with a minimum around June. Oladipo et al. (2014) used ROTIAVE obtained from 30 s RINEX data to study the occurrence of large-scale ionospheric irregularities at Ilorin, Nigeria. The study showed that irregularities occur at Ilorin between March and November, with most occurrences between 1900 LST and 2400 LST.
Mungufeni et al. (2016) investigated the solar activity pattern of irregularities using four different stations spanning from east to west in the African region, employing TEC index derived from GNSS data. The study reported an asymmetry in the occurrence of irregularities during the two equinoxes over East Africa and an opposite trend over West Africa. Okoh et al. (2017) studied the occurrence frequency of equatorial plasma bubbles over West Africa using data from an all-sky airglow imager and GNSS receivers. The study found that most post-midnight plasma bubbles were observed around the months of December to March and that most plasma bubble occurrences were found during equinoxes and least during solstices.
Bolaji et al. (2020) used GPS data to investigate the latitudinal distribution of irregularities in the African region during quiet and storm periods. The study found that irregularities are mostly observed between 19:00 LST and 00:00 LST during quiet conditions regardless of the hemisphere. In contrast to quiet-time observations, irregularities were absent in all latitudes during the considered storm days.
It could be seen that most of these studies involving ionospheric irregularities in the African region largely consider data only during the geomagnetic storms and specific solar activity conditions within limited coverage in terms of geography or time in a particular month. It also appears that most studies have been carried out using a single station or few to investigate the several aspects of its variation. Furthermore, studies to characterize the ionospheric irregularities in the African equatorial region is yet to be exhaustive despite the growing need for the specification of their effect on critical GNSS technologies. The aim of this study is to investigate the occurrence characteristics of the irregularities in Nigeria, Africa. We employ data from ground-based GPS receivers at different longitudes under similar condition. This strategy can improve our current understanding on the physical mechanisms responsible for the development and evolution of ionospheric irregularities in the sector. The strategy of utilizing data from multiple ground-based GPS receivers situated at different longitudes under similar conditions can improve the existing understanding of ionospheric irregularities in several ways. Firstly, it can provide a more comprehensive picture of the spatial and temporal variations in ionospheric irregularities. Secondly, it can help identify and differentiate between the various physical mechanisms responsible for the development of ionospheric irregularities. Lastly, this strategy can improve the accuracy of models used for GNSS positioning and navigation by providing a more precise characterization of ionospheric irregularities.
Different fluctuation indices have been adopted by different researchers to study ionospheric irregularities. For example, Mendillo et al. (2000) and Lee et al. (2009) employed FP index, Li et al. (2007) used power spectral index (n) while Pi et al. (1997); Oladipo and Schuler 2013a; Oladipo and Schϋler, 2013b), Li et al. (2010) and Deng et al. (2014) used the derived TEC fluctuations, commonly referred to as ionospheric irregularities—and—which is utilized by Rate of TEC (ROT) indices. In this study, we used GPS-TEC derived indices to detect ionospheric irregularities. The Rate of change of TEC index (ROTI) was employed. The observations of ground-based GPS receivers located in Nigeria are described in Section 2. The occurrence distributions of ionospheric irregularities detected by GPS over the region are presented and discussed in Sections 3 and 4 respectively. Finally, we offer concluding remarks in Section 5.
2 DATA AND ANALYSES
We use GNSS data in Receiver Independent Exchange (RINEX) format obtained from the Nigerian GNSS Reference Network (NIGNET) server (http://www.nignet.net/data/). At the time of writing of this paper, the website was down. Figure 1 shows the geographical distribution of the GNSS receivers utilized in this research across Nigeria. The station names, codes, and the geodetic and geomagnetic information of the stations used are presented in Table 1. The GPS-TEC analysis software developed by Gopi Seemala of the Indian Institute of Geomagnetism was used to estimate the value of TEC from the GPS RINEX files. To eliminate any multipath effects an elevation cut-off mask of 45° is used. Different geomagnetic day conditions were considered using Disturbance storm time (Dst) index. The Dst index data were obtained from NASA’s OMNIweb Service (https://omniweb.gsfc.nasa.gov). The monthly average value of TEC for each hour is calculated from the diurnal values of TEC for all the days in a month. Further, the means of the daily ROTI profiles for all of the quiet (or disturbed) days in the month were computed. The quiet days are days in which the absolute values of the |Dst| indices are consistently less than 30 nT (|Dst| < 30 nT) for all hours in the day, while disturbed days are days in which one or more hours in the day have absolute |Dst| indices greater than or equal to 50 nT (|Dst| ≥ 50 nT) for the year 2014 for both the daytime and nighttime period.
[image: Figure 1]FIGURE 1 | Locations of the GNSS receivers used in this study.
TABLE 1 | GNSS receivers used in this study.
[image: Table 1]The months in the year were further grouped into four, namely, i) February, March and April to represent the March equinox (MEQU), ii) May, June and July as June solstice (JSOL), iii) August, September and October as September equinox (SEQU), and iv) November, December and January as December solstice (DSOL) for the seasonal study.
ROTI is a parameter derived from time variation of TEC [i.e., 30-s rate of change of TEC (ROT) given by Eq. 2.1].
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The computation of ROT was performed using Eq. 2.2.
[image: image]
In this equation, “t” represents the instantaneous time, while ∆t denotes the sampling interval, which was set at 30 s in our study. The inclusion of the term cos θ (t) in the formula aimed to compensate for the variations in signal path length caused by the changing zenith angle. When radio signals travel from satellites at lower elevations (resulting in higher zenith angles), they traverse a more extensive portion of the ionosphere. By incorporating the cos θ (t) term, we were able to eliminate the influence of these longer signal path changes in the ionosphere.
Pi et al. (1997) introduced ROTI as the standard deviation of ROT over 5-min period, and it is given by the expression in Eq. 2.3.
[image: image]
Mendillo et al. (2000), using the expression in Eq. 2.3 computed the average ROTI (ROTIave) (ROTIave is a good proxy that indicate the 30-min phase fluctuation level over a location) as the average of ROTI over 30 min interval for a satellite and then the average over all satellites in view. This result gives the average level of irregularities (phase fluctuation) for half an hour over the station.
[image: image]
where n is the satellite number, h is hour (0, 0.5, 1 … 23.5 UT), i is the 5 min section within half an hour (i = 1, 2, 3, 4, 5, and 6), nSat (0.5 h) is the number of satellites observed within half an hour, and k is the number of ROTI values available within half an hour for a particular satellite. To detect the presence of irregularities, the classification by Oladipo and Schuler (2013a) was adopted in this study. In this classification, ROTIave < 0.4 TECU/min indicates the background irregularities (i.e., absence of irregularities), 0.4 < ROTIave < 0.8 indicates the presence of moderate irregularities, and ROTIave > 0.8 indicates the occurrence of severe irregularities. As stated earlier, the results and discussions of the study are presented in Section 3.
3 RESULTS
Figures 2–5 show the diurnal plots of the rate of total electron content index (ROTI) over all the stations for the representative months (March, June, September and December) of the year 2014. The vertical axis shows the ROTI while the horizontal axis shows the days of the month. The white spaces show periods of data unavailability. The figures show presence of ionospheric irregularities across the entire stations with severe occurrence experienced at CLBR.
[image: Figure 2]FIGURE 2 | Diurnal plots of the rate of total electron content index (ROTI) for (A) ABUZ, (B) BKFP, (C) CLBR, (D) FUTY, and (E) HUKP, during March 2014.
[image: Figure 3]FIGURE 3 | Diurnal plots of the rate of total electron content index (ROTI) for (A) ABUZ, (B) BKFP, (C) CLBR, (D) FUTY, and (E) HUKP, during June 2014.
[image: Figure 4]FIGURE 4 | Diurnal plots of the rate of total electron content index (ROTI) for (A) ABUZ, (B) BKFP, (C) CLBR, (D) FUTY, and (E) HUKP, during September 2014.
[image: Figure 5]FIGURE 5 | Diurnal plots of the rate of total electron content index (ROTI) for (A) ABUZ, (B) BKFP, (C) CLBR, (D) FUTY, and (E) HUKP, during December 2014.
Figures 2–5 illustrate diurnal plots of the Rate of Total Electron Content Index (ROTI) over a 5-min interval, which is a valuable metric for quantifying short-term variability of ionospheric electron density. The analysis of these figures provides important information regarding the short-term variability of ROTI, highlighting the occurrence of spikes and extreme values. This information is critical in understanding the dynamics of the ionosphere and its impact on radio wave propagation.
To quantify the long-term trend of ROTI variation, we calculated the ROTIave, which represents the Rate of Total Electron Content Index Average over a 30-min interval. Figure 6 illustrates the results of this analysis. The computation of the ROTIave allows us to examine the long-term trends of ROTI variation and identify any systematic changes that may occur over time.
[image: Figure 6]FIGURE 6 | Contour plots showing the fluctuation occurrence over the entire stations, (A) ABUZ, (B) BKFP, (C) CLBR, (D) FUTY and (E) HUKP, during 2014, as a function of local solar time (LST) and day of the year 2014. The magnitude of the ROTIave values is indicated by the color bar in which the colors range from blue (indicating low values) to red (indicating high values). The white spaces indicate periods of data unavailability.
Figure 6 shows the annual contour plots of ROTIave over all the five stations investigated in this study for the year 2014. The color bars indicate magnitudes of the ROTIave, and white spaces represent times when there are no available data from the stations. A common reason for why there may not be available data is power outage. As shown in the figure, occurrence of ionospheric irregularities is conspicuously observed during the hours from around 19:00 to 05:00 LST. High value of ROTI is observed during this time interval.
To investigate the day-to-day peaks of ROTI, we obtained the maximum values of ROTIave occurring after local sunset (18:00 LST) for each day. Figure 7 presents results of the daily maximum ROTIave values. The results show that the highest values of ROTI are experienced at the CLBR station.
[image: Figure 7]FIGURE 7 | Daily maxima of ROTIave values for ABUZ, BKFP, CLBR, HUKP, and FUTY, during year 2014.
Figure 8 shows the monthly variation of ROTI during the quiet and disturbed days over the stations for March, September, and December respectively, during the year 2014. The vertical axis shows the ROTI values while the horizontal axis shows the LST(Hr). There was no data availability during June solstice and also during the disturbed days at both FUTY and HUKP respectively. High values of ROTI were recorded during March equinox than September equinox for both quiet and disturbed geomagnetic conditions. The Occurrence of irregularity was largely inhibited during the December solstice for both the quiet and disturbed geomagnetic conditions. This is opposite to the observations during the equinoxes.
[image: Figure 8]FIGURE 8 | Monthly variation of ROTI during quiet and disturbed days (panel (A) quiet days and (B) for disturbed days) for ABUZ, BKFP, and CLBR, during March, September and December 2014.
4 DISCUSSION
In this present study, the occurrence of ionospheric irregularities in Nigeria during 2014 was investigated using the Global Navigation Satellite System (GNSS) total electron content (TEC) rate of change index (ROTI). The figures show that there is a presence of ionospheric irregularities across all the stations, with severe occurrence experienced at CLBR. The high values of ROTI recorded at CLBR may be attributed to the difference in the values of the geomagnetic latitude of the stations, as described in Table 1. All the five stations considered in this study are around the geomagnetic equator, but CLBR is farther away from the geomagnetic equator (and closer to the southern anomaly crest) than the other stations. Adeniyi et al. (2021) stated that the occurrence probability of severe ionospheric irregularities is less likely around the magnetic equator than on both sides of the equator, particularly around the crest region.
The occurrence of irregularities was observed to be higher in equinoxes than in solstices with peak values of occurrence experienced in March and September respectively. As an explanation to why greater ROTI magnitudes are observed during the equinoxes than during the solstices, Tsunoda (1985) showed that the occurrence of plasma bubbles was maximum when sunsets in the conjugate E-region is simultaneous. Simultaneous sunset is expected to intensify prereversal enhancement (Nishioka et al., 2008). The angle between the geomagnetic declination and sunset terminator line, α, was introduced as a proxy of the simultaneous sunset in the conjugate points (Burke et al., 2004). The sunset times at conjugate E regions, south and north of the magnetic equator and along the magnetic meridian of each of the stations becomes close in equinox seasons, leading to increased conductivity gradient (Mungufeni et al., 2016). This might account for the severe ionospheric irregularities observed across all the stations during the equinoctial months.
Figure 6 shows that the appearance of irregularities typically begins very weakly around 19:00 LST, then the peak of ROTI magnitude is attained around 21:00 LST, and thereafter begin to decrease in magnitude until the irregularity finally disappears around 05:00 LST by the latest. This result is in agreement with previous studies involving individual locations in the region (e.g., Mungufeni et al., 2016; Bolaji et al., 2020 etc).
The occurrence of severe ionospheric irregularities at CLBR and the asymmetry in their magnitude between the equinoxes and solstices were investigated using the average rate of change of TEC index (ROTIave), which is a good proxy for phase fluctuation level over a location. Figure 7 shows the maximum ROTIave values occurring after local sunset (18:00 LST) for each day. The strengths of ionospheric irregularities observed during the March equinox are greater than during the September equinox, and severe ionospheric irregularities are more pronounced during pre-midnight hours than during post-midnight hours, as seen in Figures 6, 7.
Moreover, ROTI magnitudes exhibit higher values during the equinoxes (March and September) compared to the solstices (June and December), a pattern observed in previous studies on ionospheric irregularities in the equatorial region of Africa by Olwendo et al. (2013); Amabayo et al. (2014), Mungufeni et al. (2016 ab), and Okoh et al. (2017). This similarity is despite the fact that these works were conducted using observations made at different points in time and space. For example, Okoh et al. (2017) conducted their study using observations obtained during years 2015–2017, which is the declining phase of solar cycle 24, while the present study used observations from 2014, which is the peak phase of the solar cycle.
According to Rastogi (1980), one of the conditions for starting spread F over the equator is the existence of strong plasma density gradients. The production of the ionosphere is mainly dependent on the intensity of the ionising radiation from the sun, which varies with the elevation of the sun (Hargreaves, 1992). During equinox months, the elevation of the sun is high over the equatorial region, leading to increased ionization and the creation of the required plasma gradient.
The observed severe ionospheric irregularities occurring mostly during 20:00–00:00 LST (pre-midnight hours) over the stations are in line with the existing theory of the generation of ionospheric irregularities. During the nighttime, the uplift of the F-layer after the sunset by the eastward electric field at the equatorial region, known as the pre-reversal enhancement (PRE), creates favorable conditions for Rayleigh-Taylor instability (Adeniyi et al., 2021), where the depleted plasma at the bottomside F-region due to absence of solar radiation around that time rises up to the topside F-layer in the form of ionospheric irregularities or plasma bubbles (Basu et al., 1999; Fejer et al., 1999; Cervera and Thomas, 2006; Li et al., 2008; Mungufeni et al., 2016).
Figure 8 displays the monthly variation of Rate of TEC index (ROTI) at different stations during quiet and disturbed days in March, September, and December. Peak ROTI values were recorded at CLBR during both quiet and disturbed geomagnetic Irregularity occurrence was largely inhibited during December solstice for both quiet and disturbed conditions, opposite to the observations during the equinoxes. Most stations showed variations in irregularity strength and occurrence time. During September equinox, irregularity occurrence was largely inhibited, while an opposite pattern was observed during the March equinox across all stations.
The inhibition of the irregularities during the September equinox may be attributed to storm-induced disturbance dynamo mechanism, which may inhibit the occurrence of ionospheric irregularities in the region due to the action of disturbance electric fields. In the postsunset period, the equatorial F region rises to higher altitudes, where ion-neutral collision frequency is quite small, thereby creating conditions favorable for Rayleigh-Taylor (R-T) instability (Aarons, 1991). However, during magnetically disturbed days, the sunset-postsunset height rise is inhibited (Martyn, 1959; Jayachandran et al., 1987). Thus, the conditions may not be conducive for irregularity generation/growth during these periods (Aarons, 1991). It is well known that the Rayleigh-Taylor (R-T) and plasma density instabilities that cause the development of irregularities in the ionosphere are affected by some external driving forces such as electric fields, the magnetic field and neutral wind (Li et al., 2011). Due to the uniqueness of the magnetic orientation at the equatorial region, the ionosphere at the equatorial region is sensitive to any change in electric field. During geomagnetic storms, strong electric field which originate from the magnetosphere can penetrate down to the low latitudes (Buonsanto, 1999; Bolaji et at., 2018). An eastward (or westward) electric field during the daytime may favor (or impede) the upward drift of plasma (Bolaji et at., 2018). The injection of the eastward electric field during the disturbed days may have intensified the normal upward plasma drift and may have favored the development of irregularities during the march equinox.
5 CONCLUSION
In this study, we investigated occurrence and distributions of ionospheric irregularities over Nigeria, an equatorial region, using TEC derived indices (ROTI and ROTIave) from ground-based GNSS stations in Nigeria. Our findings revealed significant latitudinal differences in both quiet and disturbed conditions. During quiet periods, we observed consistent irregularities across all stations, with particularly strong and consistent occurrences at the CLBR station in Calabar, Nigeria. This station, located farther from the geomagnetic equator and closer to the southern anomaly crest, exhibited a higher occurrence of irregularities. It became evident that TEC variability is greatly influenced by the geographical location of the Earth’s magnetic field, while the spatial patterns of variability are modulated by the Earth’s diurnal rotation.
Our results show a level of consistency with previous studies that have employed different indices and various methods to study the occurrence of ionospheric irregularities over the African equatorial region. However, some new findings related to the African equatorial region are presented below:
1) This study reveal difference in the strength of ionospheric irregularities over stations located within the same equatorial region in Nigeria. This was attributed to the difference in the geomagnetic latitudes of the stations.
2) The variability of TEC is greatly influenced by the geographical location of the Earth’s magnetic field, while its spatial patterns of variability are modulated by the Earth’s diurnal rotation (Calabia, A., & Jin, S. 2020). At equatorial stations located on the north side of the magnetic equator, there is a significant depletion of TEC. This variation affects the accuracy of satellite-based communication and navigation systems. (Shah et al., 2022).
3) Significant quiet time diurnal and seasonal equatorial TEC irregularities (as shown in high values of ROTI) were observed during 2014. The diurnal irregularity was most noticeable during the night period with a peak at 21:00 LST.
4) Seasonal quiet time irregularities exhibited a bimodal feature showing equinoctial peaks. Observed Equinoctial asymmetry in the strength of ionospheric TEC irregularities confirm observations from earlier studies in other (near) equatorial regions in Africa (e.g., Olwendo et al., 2013).
5) The seasonal TEC irregularities during disturbed times were characterized by stronger TEC irregularities in the March equinox as compared with the September equinox season. The reduction of the ROTI and ROT during the September equinox could be attributed to the suppressing role of the dynamo electric field. This requires further investigation.
To improve the analysis of irregularities in Nigeria’s statistics, a larger dataset from multiple years should be considered. Thus, it is suggested that future studies on this topic collect and analyze data from multiple years (if possible) to gain a more detailed insight into the matter and provide a basis for evidence-based policy decisions.
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CLBR Calabar 495 836 -4.30 80.09
HUKP Katsina 1296 7.66 +1.08 79.84
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