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ABSTRACT 9 

Traveling ionospheric disturbances (TIDs) and small-scale ionospheric irregularities are important 10 

forms of ionospheric variability that can affect transionospheric radio signals. However, their 11 

statistical relationship over the East African low-latitude region remains insufficiently 12 

characterized. This study investigates the statistical relationship between TID amplitude and 13 

ionospheric irregularity activity over Addis Ababa, Ethiopia, during the 2023–2024 equinox 14 

seasons. Thirty-second GNSS observations from the Addis Ababa (ADIS) station were used to 15 

derive vertical total electron content (VTEC), TID perturbations, and the Rate of TEC Index 16 

(ROTI). Observations with satellite elevation angles ≥50° were used. TID amplitude was obtained 17 

from detrended VTEC using a 60-min background interval, while ROTI was calculated over 5-18 

min intervals. Pearson correlation and linear regression were used to quantify the relationship 19 

between TID amplitude and ROTI, and cross-correlation analysis was applied to investigate their 20 

temporal association. The results show a consistently positive relationship between TID amplitude 21 

and ROTI during the investigated equinox seasons, with monthly Pearson correlation coefficients 22 

ranging from 0.416 to 0.534 and corresponding R² values of approximately 0.17–0.29. Cross-23 

correlation analysis revealed positive optimal lags, predominantly around +5 min, with a longer 24 

optimal lag of +35 min observed during April 2024. These results indicate that TID amplitude 25 

variations generally preceded subsequent ROTI variations, while the moderate correlation 26 

strengths demonstrate that TID amplitude alone does not account for the observed variability in 27 

ionospheric irregularities. Solar activity, geomagnetic forcing, atmospheric dynamics, and local 28 

electrodynamic processes may also contribute to the observed variability. Overall, the study 29 

provides quantitative evidence of a statistical and temporal association between traveling 30 

ionospheric disturbances and small-scale ionospheric irregularities over Addis Ababa, without 31 

implying a direct causal relationship. 32 
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1. INTRODUCTION 38 

The ionosphere is a highly dynamic region of the near-Earth environment in which electron density 39 

varies over a broad range of spatial and temporal scales. Its variability is controlled by solar 40 

radiation, geomagnetic activity, thermospheric winds, electrodynamic processes, and coupling 41 

between the neutral atmosphere and ionized plasma. These variations can significantly affect the 42 

propagation of trans-ionospheric radio signals and consequently influence satellite navigation and 43 

communication systems. Ground-based Global Navigation Satellite System (GNSS) observations 44 

provide an effective technique for monitoring ionospheric variability through measurements of 45 

total electron content (TEC) and its temporal fluctuations (Kintner et al., 2007; Hunsucker, 1982; 46 

Hernández-Pajares et al., 2009). 47 

Traveling ionospheric disturbances (TIDs) are propagating perturbations of ionospheric electron 48 

density that occur over a wide range of spatial and temporal scales. They are commonly associated 49 

with atmospheric gravity waves and can be generated by processes originating in the lower 50 

atmosphere, as well as by energy and momentum deposited in the upper atmosphere during 51 

geomagnetic disturbances (Hunsucker, 1982; Hocke and Schlegel, 1996; Ding et al., 2007). 52 

Because TIDs produce propagating perturbations in electron density, they can be detected from 53 

wave-like variations in GNSS-derived TEC. GNSS observations have therefore been widely used 54 

to characterize TIDs in terms of their amplitude, period, propagation velocity, direction, and 55 

occurrence under different geophysical conditions (Hunsucker, 1982; Afraimovich et al., 2008; 56 

Astafyeva et al., 2009). 57 

At equatorial and low latitudes, ionospheric variability is also characterized by the development 58 

of plasma irregularities over a broad range of spatial scales. These irregularities are strongly 59 

influenced by equatorial electrodynamic processes, including the equatorial plasma fountain, 60 

vertical image drift, the post-sunset pre-reversal enhancement, thermospheric winds, and plasma 61 

instability processes (Olwendo et al., 2018; Sultan, 1996; Kelley, 2009). In particular, the 62 

generalized Rayleigh–Taylor instability is considered an important mechanism in the development 63 

of equatorial F-region plasma irregularities, while the occurrence and evolution of these structures 64 

can also be influenced by background ionospheric conditions and perturbations that provide initial 65 

or seeding disturbances (Sultan, 1996; Kelley, 2009; Krall et al., 2011). 66 



GNSS-derived indices provide useful methods for quantifying ionospheric irregularity activity. 67 

The Rate of TEC Index (ROTI), calculated from the variability of the rate of change of TEC 68 

(ROT), is widely used as an indicator of short-term ionospheric variability and irregularity activity 69 

(Pi et al., 1997; Liu et al., 2019). Enhanced ROTI values indicate increased fluctuations in TEC 70 

along the satellite-receiver ray path and have been used extensively to investigate equatorial and 71 

low-latitude irregularities. Although ROTI does not uniquely identify the physical origin or spatial 72 

scale of an irregularity, it provides a practical statistical measure of ionospheric variability that is 73 

particularly useful for long-term GNSS observations (Pi et al., 1997; Liu et al., 2019; Jacobsen and 74 

Dähnn, 2014). 75 

The simultaneous presence of TIDs and ionospheric irregularities raises an important question 76 

concerning the relationship between disturbances occurring at different temporal and spatial 77 

scales. A TID represents a propagating perturbation of the background ionosphere, whereas 78 

enhanced ROTI reflects rapid variability in the TEC signal associated with ionospheric irregularity 79 

activity. A propagating TID may modify the background electron-density distribution and 80 

gradients and could therefore be associated with subsequent changes in smaller-scale plasma 81 

structures. However, the occurrence of a TID and enhanced irregularity activity does not by itself 82 

demonstrate a causal relationship. Their statistical association may also depend on local time, 83 

season, background electron density, electrodynamic conditions, geomagnetic activity, and the 84 

characteristics of the propagating disturbance (Sultan, 1996; Krall et al., 2011; Tsugawa et al., 85 

2004). Quantitative analysis is therefore required to determine whether variations in TID amplitude 86 

are systematically associated with variations in ionospheric irregularity intensity. 87 

Observations from the African low-latitude sector provide evidence that TIDs and ionospheric 88 

irregularities can occur simultaneously. Moges et al. (2022) reported storm-time TID signatures 89 

together with variations in ROT and ROTI over East Africa, demonstrating the presence of wave-90 

like ionospheric perturbations and enhanced small-scale variability during disturbed conditions. 91 

Similarly, a subsequent investigation over the East African low-latitude region reported 92 

simultaneous post-sunset occurrence of TID-like TEC oscillations and ionospheric irregularities, 93 

suggesting that large-scale wave perturbations may be associated with the development of smaller-94 

scale irregular structures (Olwendo and Cilliers, 2024). These studies provide important 95 

observational evidence for a relationship between TIDs and ionospheric irregularities over East 96 



Africa. Nevertheless, the quantitative relationship between the magnitude of TID perturbations 97 

and the intensity of ionospheric irregularities remains insufficiently characterized. 98 

This question is particularly important during equinox seasons because equatorial ionospheric 99 

irregularities exhibit strong seasonal and local-time variability. Previous GNSS investigations over 100 

the African sector have reported pronounced seasonal differences in irregularity occurrence, with 101 

substantial activity during equinoctial periods (Olwendo et al., 2018; Bolaji et al., 2020; Ikani et 102 

al., 2023). The response of the low-latitude ionosphere during these periods reflects the combined 103 

influence of equatorial electrodynamics, neutral-atmospheric forcing, solar and geomagnetic 104 

conditions, and atmospheric wave activity. Consequently, the equinox seasons provide an 105 

appropriate period for examining whether TID variability is statistically associated with changes 106 

in ionospheric irregularity activity. 107 

Addis Ababa is an important location for such an investigation because it lies within the East 108 

African low-latitude region, where ground-based ionospheric observations remain comparatively 109 

sparse. GNSS observations from Addis Ababa can provide continuous measurements of TEC from 110 

which both TID perturbations and ROTI can be derived. Previous studies using GNSS 111 

observations in the East African sector have demonstrated significant ionospheric variability and 112 

irregularity activity, including observations relevant to the Addis Ababa region (Moges et al., 113 

2022; Olwendo and Cilliers, 2024; Bolaji et al., 2020; Ikani et al., 2023). However, a systematic 114 

statistical assessment of the relationship between TID amplitude and ROTI over Addis Ababa 115 

during the equinox seasons has not been sufficiently addressed. 116 

In this study, we investigate the statistical relationship between traveling ionospheric disturbances 117 

and equatorial ionospheric irregularities over Addis Ababa, Ethiopia, during the 2023–2024 118 

equinox seasons using GNSS observations. TID activity is quantified from perturbations of 119 

vertical TEC relative to the corresponding background TEC, while ionospheric irregularity activity 120 

is characterized using ROTI. The study evaluates the relationship between TID amplitude and 121 

ROTI through statistical correlation and regression analyses and further examines their temporal 122 

association using cross-correlation analysis. Particular attention is given to the strength of the 123 

relationship and the time lag at which the maximum association occurs. By combining these 124 

approaches, the study aims to determine whether enhanced TID amplitudes are systematically 125 

associated with increased ionospheric irregularity activity and to characterize the temporal 126 



relationship between the two phenomena over Addis Ababa. The results provide a quantitative 127 

assessment of TID–irregularity relationships in the East African low-latitude ionosphere and 128 

contribute to improved understanding of ionospheric variability during the equinox seasons. 129 

2. DATA AND METHODOLOGY 130 

2.1. GNSS Data and Study Region 131 

This study investigates the statistical relationship between traveling ionospheric disturbances 132 

(TIDs) and equatorial ionospheric irregularities over Addis Ababa, Ethiopia, during the 2023–133 

2024 equinox seasons. The analysis was conducted using observations from the Addis Ababa 134 

International GNSS Service (IGS) station (ADIS), located at approximately 9.03°N geographic 135 

latitude and 38.74°E geographic longitude. 136 

Dual-frequency, multi-constellation GNSS observations with a 30-s sampling interval were 137 

obtained from the NASA Crustal Dynamics Data Information System (CDDIS). The observations 138 

were processed to estimate total electron content (TEC), rate of TEC change (ROT), and the rate-139 

of-TEC index (ROTI). The analysis considered March, April, September, and October of 2023 and 140 

2024, representing the two equinoctial periods. 141 

The equinox seasons were selected because the low-latitude ionosphere experiences substantial 142 

variability during these periods as a result of changes in solar illumination, thermospheric winds, 143 

ionospheric electrodynamics, and equatorial plasma processes. These conditions provide an 144 

appropriate period for examining the relationship between large-scale TEC disturbances and 145 

ionospheric irregularities. 146 

To minimize the effects of multipath and increased measurement uncertainty associated with low-147 

elevation observations, only satellite observations with elevation angles of 50∘ or greater were 148 

retained. The processed dataset included satellite elevation and azimuth, slant and vertical TEC, 149 

ROT, ROTI, background VTEC, TID, and TID amplitude. 150 

2.2. Estimation of Total Electron Content 151 

The vertical total electron content (VTEC) derived from dual-frequency GNSS observations was 152 

used to characterize the temporal variability of the ionosphere over the Addis Ababa GNSS station. 153 

The VTEC values were obtained from the frequency-dependent ionospheric delay measured by 154 



the GNSS receiver and converted from slant total electron content (STEC) to VTEC using an 155 

ionospheric mapping function. 156 

The geometry-free combination of dual-frequency GNSS carrier-phase observations is expressed as 157 ܮ૝ = ૚ܮ૚ߣ −  ૛                                                                                 (1) 158ܮ૛ߣ

where 1ܮ and 2ܮ are the carrier-phase observations at frequencies 1݂ and 2݂, respectively, and 159 1ߣ 

and 2ߣ are the corresponding wavelengths. 160 

The slant total electron content (STEC) was determined from the frequency-dependent ionospheric 161 

delay relationship: 162 

࡯ࡱࢀࡿ = ௅૝૝૙.૜(௙૚−૛−௙૛−૛)                                                                                            (2) 163 

where STEC represents the electron content along the satellite-to-receiver ray path. Appropriate 164 

processing corrections and unit conversions were applied during the TEC estimation. 165 

Because GNSS observations measure electron content along a slant path, STEC was converted 166 

into vertical total electron content (VTEC) using an ionospheric mapping function: 167 ࡯ࡱࢀࢂ = ࡯ࡱࢀࡿ ×  168 (3)                                                                                           (ܧ)ܯ

where (ܧ)ܯ is the elevation-dependent mapping function and ܧ is the satellite elevation angle. 169 

The mapping function was calculated using 170 (ܧ)ܯ = [૚ − (ோಶ ࢙࢕ࢉ ாோಶ+ℎ಺ )૛]−૚/૛
                                                                (4) 171 

where ܴா is the mean Earth radius and ℎூ is the assumed ionospheric thin-shell height. 172 

The resulting VTEC values were used as the primary electron-content parameter in the subsequent 173 

analysis. In this study, the processed VTEC data were used directly to characterize temporal 174 

ionospheric variability and to derive the perturbation parameters required for the TID analysis. 175 

2.3. Identification and Quantification of TID Perturbations 176 

TIDs appear in GNSS TEC observations as temporal perturbations superimposed on the slowly 177 

varying background ionosphere. To isolate these perturbations, the background VTEC component 178 

was removed from the measured VTEC. The TID perturbation was therefore defined as 179 



(ݐ)ࡰࡵࢀ = (ݐ)࡯ࡱࢀࢂ −  180 (5)                                            (ݐ)ࢊ࢔࢛࢕࢘ࢍ࢑ࢉࢇ࢈࡯ࡱࢀࢂ

where ܸܶ(ݐ)ܥܧ is the measured vertical TEC and ܸܶܥܧ௕௔௖௞௚௥௢௨௡ௗ(ݐ) represents the 181 

corresponding background TEC. 182 

The absolute TID amplitude was calculated as 183 (ݐ)ࡰࡵࢀܣ =  184 (6)                                                                                |(ݐ)ࡰࡵࢀ|

which can equivalently be written as 185 (ݐ)ࡰࡵࢀܣ = (ݐ)࡯ࡱࢀࢂ|  −  186 (7)                                                   |(ݐ)ࢊ࢔࢛࢕࢘ࢍ࢑ࢉࢇ࢈࡯ࡱࢀࢂ

The relative TID perturbation was additionally expressed as a percentage of the background 187 

TEC: 188 (ݐ)%ࡰࡵࢀ = (௧)ࢊ࢔࢛࢕࢘ࢍ࢑ࢉࢇ࢈࡯ࡱࢀࢂ(௧)ࢊ࢔࢛࢕࢘ࢍ࢑ࢉࢇ࢈࡯ࡱࢀࢂ−(௧)࡯ࡱࢀࢂ × ૚૙૙                                                             (8) 189 

The absolute TID amplitude, ்ܣூ஽, was used as the principal TID parameter in the statistical 190 

analysis because it represents the magnitude of the TEC perturbation independently of whether 191 

the disturbance is positive or negative. 192 

2.4. Determination of ROT and ROTI 193 

The rate of TEC change was calculated from consecutive VTEC observations. For two 194 

consecutive observations, ROT was determined as 195 ࢀࡻࡾ௜ = ೔௧೔+૚−௧೔࡯ࡱࢀࢂ−೔+૚࡯ࡱࢀࢂ                                                                                           (9) 196 

where ݐ௜ and ݐ௜+1 represent the corresponding observation times. 197 

The rate-of-TEC index was subsequently calculated from the statistical variability of ROT: 198 ࡵࢀࡻࡾ = ⟨૛ࢀࡻࡾ⟩√ −  ૛                                                                              (10) 199⟨ࢀࡻࡾ⟩

where the angle brackets denote the mean over the selected temporal interval. 200 

ROTI provides a measure of short-term TEC variability and is therefore used as an indicator of 201 

ionospheric irregularity activity. Larger ROTI values correspond to stronger fluctuations in the 202 

ionospheric electron content. 203 

2.5. Data Screening and Quality Control 204 

Several quality-control procedures were applied before the statistical analysis. First, only satellite 205 

observations with elevation angles of 50∘ or greater were retained to reduce multipath effects and 206 

uncertainties associated with low-elevation observations. 207 



Second, observations containing missing, invalid, or nonphysical TEC values were removed. 208 

Temporal discontinuities were also examined because large data gaps can influence the calculation 209 

of ROT and subsequently affect statistical relationships. 210 

The processed observations were organized by month and observation epoch. TID amplitude and 211 

ROTI values were paired at corresponding valid epochs so that both quantities represented the 212 

same temporal observations. 213 

These procedures were applied to minimize the influence of measurement artifacts, missing data, 214 

and inconsistent temporal sampling on the statistical analysis. 215 

2.6. Statistical Relationship Between TID Amplitude and ROTI 216 

The primary objective of this study is to quantify the statistical relationship between TID amplitude 217 

and ionospheric irregularity intensity. Pearson's correlation coefficient was therefore calculated  218 

between ்ܣூ஽ and ROTI: 219       ݎ = ∑ (஺ࡰࡵࢀ,೔−ࡰࡵࢀ−࡭)೔ಿ=૚ _______ ࡵࢀࡻࡾ−೔ࡵࢀࡻࡾ) )√∑ (஺ࡰࡵࢀ,೔−ࡰࡵࢀ−࡭)૛೔ಿ=૚ √∑ ૛೔ಿ=૚(   ________ࡵࢀࡻࡾ−೔ࡵࢀࡻࡾ))                                                             (11) 220 

• where ܰ is the number of paired observations,  221 

 Pearson correlation coefficient  222 = ݎ •

 ூ஽,௜ = TID amplitude for the ݅-th observation  223்ܣ •

 ூ஽ = mean TID amplitude  224்__ܣ •

 ௜ = ROTI value for the ݅-th observation  225ܫܱܴܶ •

_______ܫܱܴܶ •
 = mean ROTI 226 

A positive value of ݎ indicates that larger TID amplitudes tend to be associated with larger ROTI 227 

values, whereas a negative value indicates an inverse statistical relationship. 228 

A linear regression was additionally applied to quantify the dependence of ROTI on TID 229 

amplitude: 230 ࡵࢀࡻࡾ = ܽ +  231 (12)                                                                                                    ࡰࡵࢀܣܾ

where ܽ is the intercept and ܾ is the regression slope. 232 

The coefficient of determination was calculated as 233 



ܴ૛ = ૚ − ∑ ^ࡵࢀࡻࡾ−೔ࡵࢀࡻࡾ) ∑૛೔ಿ=૚(࢏ ૛೔ಿ=૚(________ࡵࢀࡻࡾ−೔ࡵࢀࡻࡾ)                                                                                  (13) 234 

where ܴܱܶܫ^ ௜ is the ROTI value predicted by the linear regression model. 235 

Binned median statistics were also calculated to provide a clearer representation of the central 236 

tendency of ROTI as a function of TID amplitude. This approach reduces the visual influence of 237 

the large number of individual observations while retaining the overall statistical behavior of the 238 

relationship. 239 

2.7. Temporal Cross-Correlation Analysis 240 

Zero-lag correlation provides information about simultaneous variations but does not establish 241 

whether one parameter systematically precedes the other. Therefore, temporal cross-correlation 242 

analysis was performed to investigate the relative timing of TID amplitude and ROTI variations. 243 

The normalized cross-correlation coefficient was calculated as 244 

(࣎)࡯ = ∑[(஺ࡰࡵࢀ(௧೔)−ࡰࡵࢀ−࡭)   ( ࡵࢀࡻࡾ(௧೔+ఛ)−ࡵࢀࡻࡾ________)]√∑[஺ࡰࡵࢀ(௧೔)−ࡰࡵࢀ−࡭]૛√∑[ࡵࢀࡻࡾ(௧೔+ఛ)−ࡵࢀࡻࡾ________]૛                                                            (14) 245 

where ߬ represents the time lag between TID amplitude and ROTI. 246 

The lag corresponding to the maximum correlation was determined from 247 ߬࢞ࢇ࢓ = ࢞ࢇ࢓ ࢍ࢘ࢇ  248 (15)                                                                                                   (߬)ܥ࣎

The cross-correlation analysis was performed over the lag range 249 −૚૛૙ ࢔࢏࢓ ≤ ߬ ≤ +૚૛૙ 250 (16)                                                                                        ࢔࢏࢓ 

with a lag increment of 251 ߬ࢤ = ૞ 252 (17)                                                                                                                     ࢔࢏࢓ 

A positive lag was defined as TID amplitude leading ROTI, whereas a negative lag indicated that 253 

ROTI variations preceded TID-amplitude variations. The lag corresponding to the maximum 254 

cross-correlation therefore provides an estimate of the temporal offset at which the statistical 255 

association between the two parameters is strongest.The cross-correlation results were interpreted 256 

as evidence of temporal association and lead–lag behavior rather than direct evidence of causality. 257 



2.8. Solar and Geomagnetic Parameters 258 

To provide the broader solar and geomagnetic context for the observed ionospheric variability, 259 

selected parameters from the OMNI database were examined. These included the planetary ܭ௣ 260 

index, the disturbance storm-time index (ݐݏܦ), and the solar 10.7-cm radio flux (10.7ܨ). The ܭ௣ 261 

index was used to characterize the level of global geomagnetic activity, while ݐݏܦ was used to 262 

characterize storm-time geomagnetic disturbance. The 10.7ܨ index was used as an indicator of solar 263 

activity and the background solar radiation influencing the ionosphere. 264 

The selected parameters were examined for March, April, September, and October of 2023 and 265 

2024. Their temporal variations were compared with the GNSS-derived TID amplitude and ROTI 266 

parameters to provide an external solar–geomagnetic context for the observed ionospheric 267 

variability.These parameters were not used to establish a direct causal relationship with TID or 268 

ROTI. Instead, they were used to describe the solar and geomagnetic conditions under which the 269 

observed ionospheric variability occurred. 270 

2.9. Seasonal and Monthly Analysis 271 

The observations were analyzed separately for March, April, September, and October in both 272 

2023 and 2024. This monthly separation was used to investigate possible differences in the TID–273 

ROTI relationship among the individual equinoctial periods. For each month, the Pearson 274 

correlation coefficient, regression relationship, coefficient of determination, and cross-275 

correlation function were evaluated. The monthly results were subsequently compared with the 276 

combined equinoctial results. 277 

The separate monthly analysis is important because ionospheric variability can differ between the 278 

March and September equinoxes and between adjacent months. A combined analysis alone could 279 

therefore mask important temporal differences in the relationship between TID activity and 280 

ionospheric irregularities. 281 

2.10. Interpretation of the Statistical Results 282 

The statistical relationship was interpreted using the correlation coefficient, regression slope, 283 

coefficient of determination, and temporal cross-correlation.A positive correlation between TID 284 

amplitude and ROTI indicates that enhanced TEC perturbations tend to occur during periods of 285 



enhanced ionospheric irregularity activity. However, correlation alone does not establish that TIDs 286 

cause ionospheric irregularities or that irregularities generate TIDs. 287 

The statistical relationship may also reflect the response of both parameters to common external 288 

drivers, including changes in ionospheric electrodynamics, thermospheric disturbances, solar-289 

wind forcing, and geomagnetic activity.Similarly, a non-zero maximum cross-correlation lag 290 

indicates a temporal association between the two parameters but does not independently establish 291 

a physical propagation mechanism or causal relationship. 292 

2.11. Overall Methodological Framework 293 

The analysis followed a sequential processing procedure. First, 30s dual-frequency, multi-294 

constellation GNSS observations from the ADIS station were processed to estimate TEC. Second, 295 

elevation-angle filtering and quality-control procedures were applied to remove observations that 296 

could introduce significant uncertainty. 297 

Third, VTEC was separated into background and perturbation components, and the resulting 298 

perturbations were used to determine TID amplitude. Fourth, ROT and ROTI were calculated from 299 

the temporal variations of VTEC to characterize ionospheric irregularity activity. 300 

Fifth, TID amplitude and ROTI were temporally matched and statistically analyzed using Pearson 301 

correlation and linear regression. Binned median statistics were used to illustrate the central 302 

tendency of the relationship, while ܴ2 was used to quantify the fraction of ROTI variance 303 

statistically associated with TID amplitude. 304 

Sixth, temporal cross-correlation was performed over lags from −120 to +120 min at 5min 305 

intervals to investigate possible lead–lag behavior. Finally, ܭ௣, ݐݏܦ, and 10.7ܨ were examined to 306 

provide the solar and geomagnetic context of the observations. 307 

This methodological framework was designed to quantify the statistical relationship between 308 

large-scale TEC perturbations represented by TID amplitude and ionospheric irregularity intensity 309 

represented by ROTI over Addis Ababa during the 2023–2024 equinox seasons, while maintaining 310 

a clear distinction between statistical association and physical causality. 311 



3. RESULTS AND DISCUSSION 312 

3.1 Overview of the GNSS-Derived Ionospheric Variations 313 

The temporal behavior of the ionosphere over Addis Ababa was investigated using GNSS 314 

observations from the ADIS station during the March, April, September, and October equinox 315 

months of 2023 and 2024. The analysis focused on the identification of traveling ionospheric 316 

disturbances (TIDs) from detrended VTEC variations and the characterization of small-scale 317 

ionospheric irregularities using the rate of total electron content index (ROTI). 318 

The geographical location of the ADIS station is particularly suitable for investigating the 319 

relationship between large-scale ionospheric disturbances and equatorial ionospheric irregularities 320 

because the station is located close to the magnetic equator. The station is therefore able to provide 321 

useful observations of ionospheric variability associated with equatorial electrodynamic processes, 322 

atmospheric disturbances, and changes in the background ionospheric plasma environment. 323 

 324 

 325 

Figure 1. Location of the Addis Ababa GNSS station (ADIS) used in this study. 326 

The GNSS observations showed substantial temporal variability in VTEC during the investigated 327 

equinox seasons. After removal of the slowly varying background component, shorter-period 328 

fluctuations were identified as TID perturbations. These perturbations varied in amplitude and 329 

occurrence with time, indicating that the ionosphere over Addis Ababa was continuously affected 330 



by both large-scale and smaller-scale processes.The derived ROT and ROTI values also exhibited 331 

considerable temporal variability. Periods of enhanced ROTI represent intervals of stronger short-332 

term electron-density gradients and therefore provide an indication of increased ionospheric 333 

irregularity activity. Comparison of the TID and ROTI parameters provides a statistical approach 334 

for determining whether stronger TID perturbations tend to occur simultaneously with enhanced 335 

ionospheric irregularities. 336 

3.2 Identification of TID Perturbations 337 

The TID perturbations were obtained by subtracting the background VTEC variation from the 338 

observed VTEC. This procedure removes the dominant slowly varying component of the 339 

ionospheric electron content and emphasizes shorter-period fluctuations associated with traveling 340 

ionospheric disturbances. 341 

 342 

Figure 2. TID variability over Addis Ababa during the equinox seasons (2023–2024). 343 

Figure 2 presents the two-dimensional temporal distribution of TID perturbations observed over 344 

Addis Ababa during March, April, September, and October of 2023 and 2024. The TID 345 

perturbation was calculated by subtracting the 60-min background VTEC from the observed 346 

VTEC. GNSS observations with elevation angles ≥50° were considered to reduce elevation-347 

dependent effects. Positive TID values represent enhancements relative to the background VTEC, 348 

whereas negative values represent depletions. 349 

The contour representation reveals substantial temporal variability in the TID perturbations, with 350 

alternating positive and negative structures occurring throughout the observation periods. These 351 



structures indicate departures of the ionospheric electron content from its local background level 352 

and provide evidence of short-term variability in the ionosphere over Addis Ababa. The occurrence 353 

of organized positive and negative bands suggests that some of the observed perturbations may be 354 

associated with propagating ionospheric disturbances. However, identification of their specific 355 

atmospheric or electrodynamic sources requires additional information, such as propagation 356 

direction, phase velocity, wave period, or independent atmospheric observations. 357 

A pronounced increase in perturbation activity is apparent during several nighttime intervals. 358 

Enhanced nighttime variability is particularly relevant at low latitudes because the post-sunset 359 

ionosphere is subject to strong electrodynamic changes, including the development of the evening 360 

upward plasma drift and subsequent restructuring of the equatorial ionosphere. Such conditions 361 

can favor the development of plasma irregularities and may contribute to enhanced TEC 362 

variability. Nevertheless, the TID contour plots alone cannot establish that individual perturbations 363 

are caused by equatorial plasma bubbles (EPBs); confirmation would require complementary 364 

irregularity or scintillation observations. 365 

Daytime perturbations are also evident in several months, although their occurrence and amplitude 366 

vary considerably. These daytime variations demonstrate that TID activity is not restricted to the 367 

nighttime sector. The differences among individual days indicate substantial short-term variability, 368 

which may reflect changes in solar and geomagnetic forcing, thermospheric conditions, and lower-369 

atmospheric forcing. 370 

Comparison between 2023 and 2024 indicates noticeable inter-annual differences in the magnitude 371 

and temporal distribution of the TID perturbations. Several periods in 2024 exhibit larger positive 372 

and negative deviations than the corresponding periods in 2023. These differences are consistent 373 

with the substantially different solar-activity conditions during the two years. However, the 374 

stronger perturbations observed in 2024 should not be attributed solely to increased solar EUV 375 

radiation without considering other controlling factors, including geomagnetic activity, 376 

thermospheric winds, electrodynamic forcing, and lower-atmospheric variability. The quantitative 377 

relationship between TID amplitude and external space-weather parameters is therefore examined 378 

separately in the subsequent statistical analysis. 379 



Seasonal differences are also apparent among the equinox months. March and April show several 380 

intervals of enhanced and organized perturbations, while September and October display different 381 

temporal distributions and amplitudes. These differences indicate that the occurrence of TIDs is 382 

not uniform between the two equinox periods. The observed seasonal asymmetry may be related 383 

to changes in solar illumination, thermospheric conditions, neutral winds, and electrodynamic 384 

forcing. Because the present analysis is based on a single GNSS station, however, the results 385 

primarily characterize the temporal variability observed over Addis Ababa and cannot by 386 

themselves establish the regional propagation characteristics of the disturbances. 387 

Overall, Figure 2  demonstrates substantial diurnal, seasonal, and inter-annual variability in TID 388 

perturbations over Addis Ababa during the 2023–2024 equinox seasons. The two-dimensional 389 

representation provides a clear visualization of the timing, persistence, and relative amplitude of 390 

the perturbations and establishes the observational basis for the subsequent analysis of the 391 

relationship between TID activity and ionospheric irregularity intensity. 392 

Both positive and negative TID perturbations were observed. Positive perturbations correspond to 393 

enhancements relative to the background VTEC, whereas negative perturbations indicate 394 

reductions. Since the statistical analysis focuses on disturbance magnitude rather than the direction 395 

of the perturbation, the absolute value of TID was used to define the TID amplitude. 396 

The occurrence of these perturbations indicates that the ionosphere over Addis Ababa experienced 397 

significant short-term variability during the equinox seasons. Such variations may be associated 398 

with atmospheric wave activity, large-scale traveling ionospheric disturbances, changes in 399 

thermospheric winds, and geomagnetic forcing. 400 

3.3  ROTI Variability 401 

The temporal derivative of VTEC was used to calculate ROT, while ROTI was subsequently 402 

obtained as the standard deviation of ROT over the selected observation intervals. Enhanced ROTI 403 

indicates increased short-term variability in TEC and is commonly used as a GNSS-based indicator 404 

of ionospheric irregularity activity. 405 



 406 

Figure 3. ROTI variability over Addis Ababa during the equinox seasons (2023–2024).  407 

To investigate the temporal variability of ionospheric irregularities over Addis Ababa, the Rate of 408 

TEC Index (ROTI) was calculated from the GNSS observations and represented as two-409 

dimensional contour plots for the equinox months of March, April, September, and October in 410 

2023 and 2024 (Figure 3). ROTI is defined as the standard deviation of the rate of TEC change 411 

over a specified time interval and is widely used to characterize short-period ionospheric TEC 412 

fluctuations and irregularity activity. It can also serve as a proxy for scintillation-related 413 

irregularities when dedicated scintillation observations are unavailable; however, ROTI should not 414 

be interpreted as a direct measurement of the amplitude scintillation index S₄. 415 

Diurnal Variability and Post-Sunset Enhancement 416 

A pronounced diurnal asymmetry is evident in the ROTI distributions. During much of the daytime 417 

sector, approximately 04:00–14:00 UT (07:00–17:00 local time), ROTI values are generally low, 418 

indicating comparatively weak short-term TEC fluctuations. In contrast, enhanced ROTI activity 419 

occurs predominantly during the evening and nighttime sector, particularly from approximately 420 

16:00 to 24:00 UT (19:00–03:00 local time). The occurrence of enhanced nighttime ROTI is 421 

consistent with the well-established tendency for low-latitude ionospheric irregularities to develop 422 

after sunset. 423 

At equatorial and low latitudes, the post-sunset ionosphere is strongly influenced by changes in 424 

the electrodynamics of the F region, including the pre-reversal enhancement (PRE) of the eastward 425 



electric field. The associated upward plasma drift can increase the susceptibility of the bottomside 426 

F region to the generalized Rayleigh–Taylor instability, which provides a mechanism for the 427 

generation and subsequent evolution of equatorial plasma irregularities. Such irregularities can 428 

develop into equatorial plasma bubbles and produce enhanced TEC gradients and fluctuations 429 

along GNSS signal paths. Therefore, the nighttime enhancement observed in the ROTI contours 430 

is physically consistent with enhanced low-latitude irregularity activity. However, because the 431 

present analysis uses ROTI from a single ground station, the contour plots alone do not provide 432 

sufficient evidence to identify individual structures specifically as equatorial plasma bubbles. 433 

The persistence of enhanced ROTI into the post-midnight sector also indicates that the irregularity 434 

activity is not restricted to the immediate post-sunset period. The duration and intensity of 435 

nighttime enhancements vary substantially from day to day, suggesting that the generation and 436 

evolution of irregularities are modulated by changing ionospheric and geophysical conditions. 437 

Inter-Annual Variability 438 

A comparison between 2023 and 2024 reveals clear inter-annual differences in the magnitude and 439 

temporal distribution of ROTI enhancements. Although the dominant nighttime pattern is present 440 

in both years, several intervals in 2024 exhibit stronger and more persistent ROTI enhancements 441 

than those observed during corresponding periods in 2023. In particular, enhanced ROTI extends 442 

farther into the post-midnight sector during several periods of 2024. 443 

The stronger activity observed in 2024 is consistent with the different solar and geophysical 444 

conditions prevailing during the two years. The progression of Solar Cycle 25 toward its maximum 445 

was accompanied by enhanced solar and geomagnetic activity, which can modify the background 446 

ionospheric density, electrodynamics, thermospheric conditions, and the probability of developing 447 

low-latitude irregularities. Recent studies have likewise reported increasing ionospheric 448 

perturbation activity as Solar Cycle 25 approached its peak. 449 

Nevertheless, the difference between 2023 and 2024 should not be attributed exclusively to solar 450 

EUV forcing. Geomagnetic activity, thermospheric winds, electric-field variability, and lower-451 

atmospheric forcing can also influence the generation and evolution of low-latitude irregularities. 452 

Consequently, the observed increase in ROTI during 2024 is interpreted here as an indication of 453 



enhanced irregularity activity under different solar-geophysical conditions rather than as direct 454 

evidence of a single controlling mechanism. 455 

Implications for GNSS Observations 456 

The repeated occurrence of enhanced nighttime ROTI has important implications for GNSS 457 

observations over Addis Ababa. Increased ROTI indicates stronger short-period TEC fluctuations 458 

and the presence of ionospheric irregularities along the observed GNSS signal paths. Such 459 

irregularities can contribute to phase fluctuations, cycle slips, positioning errors, and, under 460 

sufficiently strong conditions, loss of signal lock. 461 

However, a specific ROTI threshold should not be interpreted universally as demonstrating severe 462 

scintillation. The relationship between ROTI and conventional scintillation indices such as S₄ 463 

depends on sampling interval, satellite elevation, irregularity scale size, and other observational 464 

factors. In particular, studies using 30s GNSS observations have demonstrated that ROTI is useful 465 

for identifying irregularity activity but has limitations as a quantitative substitute for dedicated 466 

scintillation measurements. 467 

Therefore, the elevated ROTI intervals identified in Figure 3 should be interpreted as periods of 468 

enhanced ionospheric irregularity activity and increased potential for GNSS signal degradation 469 

rather than as direct measurements of severe scintillation. The results nevertheless demonstrate 470 

that the post-sunset sector represents an important period of ionospheric variability over Addis 471 

Ababa, particularly during the higher solar-activity conditions of 2024. 472 

Overall, Figure 3 demonstrates a strong diurnal dependence of ionospheric irregularity activity, 473 

characterized by relatively low ROTI during much of the daytime and enhanced ROTI 474 

predominantly after sunset. The results also reveal substantial day-to-day, seasonal, and inter-475 

annual variability. The enhanced activity observed during several intervals in 2024 provides an 476 

important observational basis for examining the relationship between ionospheric irregularities, 477 

TID activity, and external solar-geophysical drivers in the subsequent statistical analyses. 478 

3.4 Statistical Relationship Between TID Amplitude and ROTI 479 

The relationship between TID amplitude and ROTI was investigated using Pearson correlation and 480 

linear regression. The analysis was performed using the absolute TID amplitude, ∣ ܦܫܶ ∣, and 481 

ROTI at corresponding observation epochs. 482 



 483 

Figure 4. Relationship between TID amplitude and ROTI during the 2023–2024 equinox 484 

seasons at Addis Ababa (ADIS), Ethiopia. Blue solid curves represent binned median ROTI 485 

values, while red dashed lines indicate linear least-squares regression. The Pearson 486 

correlation coefficient (r) and coefficient of determination (R²) are shown for each month. 487 

GNSS observations with satellite elevation angles ≥50° were used. 488 

The statistical relationship between TID amplitude and ROTI was consistently positive throughout 489 

the 2023–2024 equinox seasons at Addis Ababa. Pearson correlation coefficients ranged from 490 

0.416 in October 2024 to 0.534 in September 2023, indicating weak-to-moderate to moderate 491 

positive associations. The corresponding coefficients of determination ranged from 0.173 to 0.285, 492 

showing that TID amplitude alone explained approximately 17–29% of the observed variability in 493 

ROTI. The strongest relationship occurred in September 2023 (r = 0.534, R² = 0.285), whereas the 494 

weakest occurred in October 2024 (r = 0.416, R² = 0.173). Despite the month-to-month and 495 

interannual variations in correlation strength, the consistently positive correlations suggest that 496 

enhanced TID activity tends to coincide with increased ionospheric irregularity activity. The 497 

departure from a strictly linear response, particularly at larger TID amplitudes, further indicates 498 

that ROTI variability is influenced by additional ionospheric and geophysical processes. 499 

3.5 Temporal Coupling Between TID Amplitude and ROTI 500 

To investigate the temporal relationship between large-scale Traveling Ionospheric Disturbances 501 

(TIDs) and small-scale ionospheric irregularities, a segment-based cross-correlation analysis was 502 



performed between TID amplitude and the Rate of TEC Index (ROTI) during the 2023 and 2024 503 

equinox seasons. 504 

Figure 5 shows the cross-correlation coefficients as a function of time lag from −120 to +120 min. 505 

A positive lag indicates that variations in TID amplitude precede corresponding variations in 506 

ROTI. Positive correlation peaks were identified for all eight month–year combinations, with 507 

maximum correlation coefficients ranging from ݎ = 0.21 in September 2023 to ݎ = 0.39 in April 508 

2024. In seven of the eight cases, the maximum correlation occurred at a lag of +5 min, whereas 509 

April 2024 exhibited a longer optimal lag of +35 min. 510 

The predominance of positive lags indicates that enhanced TID amplitude generally preceded 511 

subsequent increases in ROTI. The relatively short optimal lags of +5 to +35 min suggest a close 512 

temporal association between the two types of ionospheric variability. The variation in both 513 

correlation strength and optimal lag, however, indicates that the response was not uniform 514 

throughout the investigated periods. These results therefore provide statistical evidence for a 515 

temporal association between TID activity and subsequent ionospheric irregularity variability at 516 

ADIS, but do not by themselves establish a direct causal relationship. 517 

3.5.2 Physical Interpretation of the TID–ROTI Relationship 518 

The observed positive time lags are consistent with the hypothesis that TID-related plasma 519 

perturbations may contribute to the subsequent development or enhancement of small-scale 520 

ionospheric irregularities. TIDs introduce spatial and temporal perturbations into the ionospheric 521 

plasma distribution and can modify local plasma-density gradients. Under favorable 522 

electrodynamic conditions, such perturbations may influence the development of plasma 523 

instabilities and consequently contribute to enhanced small-scale irregularity activity. 524 

The predominance of the +5 min lag suggests that, during most of the investigated periods, the 525 

temporal response between TID activity and ROTI enhancement was relatively rapid. The longer 526 

+35 min lag observed in April 2024 indicates that the response time can vary with the prevailing 527 

ionospheric conditions. Such variability may arise from changes in background electron density, 528 

electric fields, neutral winds, plasma-density gradients, and other electrodynamic processes. 529 

Therefore, the observed lag structure is consistent with a possible TID contribution to irregularity 530 



development, but additional observations would be required to identify the specific physical 531 

mechanism responsible for the observed response. 532 

3.5.3 Multi-Driver Nature of Ionospheric Irregularities 533 

The moderate correlation coefficients (ݎ = 0.21 − 0.39) indicate that TID amplitude is only one 534 

component of the variability observed in ROTI. Small-scale ionospheric irregularities are 535 

influenced by multiple interacting processes, including background plasma-density gradients, 536 

electric-field variability, vertical plasma drift, neutral-wind forcing, and geomagnetic activity. 537 

Consequently, periods of enhanced TID activity do not necessarily correspond to proportionally 538 

enhanced ROTI. 539 

The observed correlations therefore suggest that TID activity may contribute to the variability of 540 

small-scale irregularities while other physical processes simultaneously control their magnitude 541 

and evolution. The moderate rather than strong correlations are consequently consistent with a 542 

complex ionospheric system in which TIDs interact with, rather than exclusively determine, the 543 

processes responsible for irregularity development. 544 

3.5.4 Interannual Variability 545 

The comparison between 2023 and 2024 demonstrates variability in both the strength and timing 546 

of the TID–ROTI relationship. Although positive correlations were observed during all 547 

investigated periods, the correlation coefficients and optimal time lags differed between individual 548 

months. In particular, April 2024 showed the strongest cross-correlation (ݎ = 0.39) but also the 549 

longest optimal lag (+35 min), whereas most other periods exhibited maximum correlations at +5 550 

min. 551 

This variability indicates that the temporal coupling between TID activity and small-scale 552 

irregularities is sensitive to the prevailing ionospheric and electrodynamic environment. 553 

Differences in solar activity, background ionization, electric-field conditions, neutral-wind 554 

dynamics, and geomagnetic forcing between 2023 and 2024 may contribute to the observed 555 

changes. Thus, the results emphasize that the TID–ROTI relationship should be considered a 556 

variable statistical association rather than a fixed response. 557 

Overall, the cross-correlation analysis demonstrates a consistent tendency for TID amplitude 558 

variations to precede ROTI variations at ADIS, with optimal delays of 5–35 min. The results 559 



support a possible role of TIDs in the evolution of small-scale ionospheric irregularities, while the 560 

moderate correlations and interannual variability indicate that the observed irregularity activity 561 

results from the combined influence of TIDs and other ionospheric and electrodynamic processes. 562 

 563 

 564 

 565 

Figure 5. Interannual cross-correlation analysis between TID amplitude and ROTI at the 566 

Addis Ababa (ADIS) GNSS station during the 2023 (top row) and 2024 (bottom row) equinox 567 

seasons. The x-axis represents the time lag (min), with positive lag values indicating that 568 

variations in TID amplitude precede corresponding variations in ROTI. Orange markers 569 

indicate the maximum positive cross-correlation coefficient (ݎ) and its corresponding 570 

optimal time lag for each month. The predominantly positive lags indicate a consistent 571 

temporal association in which TID perturbations generally precede subsequent ROTI 572 

variations, supporting a possible coupling between large-scale TID activity and small-scale 573 

ionospheric irregularities. 574 

3.6 Solar and Geomagnetic Conditions 575 

The solar and geomagnetic conditions during the investigated equinoctial periods were 576 

characterized using the Dst, Kp, and F10.7 indices. The Dst and Kp indices were used to describe 577 

geomagnetic activity, while F10.7 was used as a proxy for variations in solar extreme-ultraviolet 578 

(EUV) activity. The temporal variations of these indices during the 2023–2024 equinoctial seasons 579 



are presented in Figures 6–8, providing the solar and geomagnetic context for interpreting the 580 

observed temporal variability of TIDs and ionospheric irregularities over Addis Ababa. 581 

 582 

 583 

Figure 6. illustrates the temporal variation of the Dst index during the equinoctial months 584 

of 2023 and 2024. 585 

The results show substantial variations in geomagnetic activity throughout the analyzed periods. 586 

During 2023, pronounced negative Dst excursions occurred mainly in late March and late April, 587 

with minimum values of approximately −165 nT and −215 nT, respectively. September and 588 

October 2023 generally exhibited weaker disturbances, although several short-duration negative 589 

excursions were observed. In comparison, the 2024 equinox seasons exhibited several pronounced 590 

geomagnetic disturbances. Strong negative excursions were observed in March and April, while 591 

September 2024 showed major disturbances around days 13 and 18. The strongest depression in 592 

the analyzed periods occurred in October 2024, when Dst decreased to approximately −330 nT 593 

around day 11. These variations indicate substantial changes in geomagnetic activity during the 594 

study period and provide the geomagnetic context for examining the associated temporal variations 595 

in GNSS-derived ionospheric irregularities. 596 

 597 



 598 

Figure 7 presents the temporal variation of the F10.7 solar radio flux during the 599 

equinoctial months of 2023 and 2024. 600 

The F10.7 values show considerable temporal variability throughout the study period, with 601 

generally higher levels during the 2024 equinox seasons. In 2023, F10.7 ranged approximately 602 

from 118 to 190 sfu, with the highest values observed during March and September. In contrast, 603 

the 2024 observations show substantially enhanced solar flux, reaching more than 200 sfu in 604 

March, above 220 sfu in April, approximately 265 sfu in September, and nearly 300 sfu in October. 605 

The particularly high F10.7 values during September and October 2024 indicate an enhanced solar-606 

activity background during these periods. These variations provide important solar-activity context 607 

for interpreting the observed GNSS-derived ionospheric variability and irregularities during the 608 

2024 equinox seasons. 609 

 610 

 611 



 612 

Figure 8. Geomagnetic activity during the 2023–2024 equinoctial seasons. 613 

 The figure presents the temporal variation of the planetary Kp index during March, April, 614 

September, and October of 2023 and 2024. The results demonstrate considerable short-term 615 

variability in geomagnetic activity throughout the study periods. During 2023, pronounced 616 

enhancements occurred around 23–25 March and 23–24 April, when Kp reached approximately 617 

8, while September exhibited several moderate-to-strong activity intervals with Kp values 618 

approaching 6. October 2023 was comparatively less disturbed, although several short-lived 619 

enhancements reached Kp ≈ 5. During 2024, enhanced geomagnetic activity was particularly 620 

evident in late March, mid-to-late April, September, and early October. The strongest enhancement 621 

occurred in October 2024, when Kp approached 9, while Kp values of approximately 7–8 were 622 

also observed during March, April, and September. These intervals of enhanced geomagnetic 623 

activity provide important background conditions for examining the possible relationship between 624 

magnetospheric forcing, traveling ionospheric disturbances, and ionospheric irregularities over 625 

Addis Ababa. The coexistence of quiet and disturbed intervals within each equinoctial season also 626 

provides a useful basis for assessing whether the TID–ROTI relationship changes under different 627 

levels of geomagnetic activity. 628 

3.7 Comparison Between 2023 and 2024 629 

The two-year analysis was performed to assess the consistency of the statistical relationship 630 

between TID amplitude and ROTI under different background solar and geomagnetic conditions. 631 



Figure 9 compares the monthly median absolute TID amplitude (|TID|), ROTI, Pearson correlation 632 

coefficient (r), and coefficient of determination (R²) for the four investigated equinox months in 633 

2023 and 2024.The comparison shows a positive TID–ROTI relationship in both years, although 634 

the strength of the relationship varies among months and between years. This seasonal and 635 

interannual variability indicates that the relationship is not uniform throughout the investigated 636 

periods and may depend on the prevailing ionospheric and geophysical conditions. 637 

The 2024 dataset contained 608,140 observations, of which 602,924 observations corresponded 638 

to the four selected equinox months. After temporal processing and quality-control procedures, 639 

321,723 unique station epochs were obtained. The median sampling interval was approximately 640 

0.500 min, consistent with the 30-s GNSS observation interval, and 358 gaps longer than 5 min 641 

were identified. The monthly numbers of usable station epochs were 79,995 in March, 77,209 in 642 

April, 79,613 in September, and 84,906 in October.The large number of observations and station 643 

epochs provided substantial temporal coverage for the statistical analysis. Nevertheless, 644 

differences between 2023 and 2024 should be interpreted in the context of variations in solar 645 

activity, geomagnetic forcing, atmospheric conditions, and data availability. Therefore, the year-646 

to-year comparison assesses the consistency of the observed TID–ROTI relationship but does not 647 

by itself establish a direct dependence on the solar cycle. 648 



 649 

Figure 9. Comparison of the TID–ROTI relationship between the 2023 and 2024 equinox 650 

seasons at the Addis Ababa (ADIS) GNSS station, Ethiopia. Panels (a) and (b) show the 651 

monthly median absolute TID amplitude (|TID|) and ROTI, respectively, while panels (c) 652 

and (d) present the corresponding Pearson correlation coefficient (r) and coefficient of 653 

determination (R²). The comparison illustrates seasonal and interannual variability in the 654 

statistical relationship between traveling ionospheric disturbances and small-scale 655 

ionospheric irregularities. 656 

3.8 Limitations of the Analysis 657 

Several limitations should be considered when interpreting the results. The analysis is based on a 658 

single GNSS station (ADIS), and therefore the findings represent local ionospheric variability over 659 

Addis Ababa and cannot be directly generalized to the entire Ethiopian region. TID amplitude and 660 

ROTI characterize different aspects and timescales of ionospheric variability, so their statistical 661 

relationship should not be interpreted as a direct one-to-one physical relationship. Furthermore, 662 

correlation, regression, and cross-correlation indicate statistical associations but do not establish 663 

causality. The Dst, Kp, and F10.7 indices provide useful solar and geomagnetic context but do not 664 

fully represent local electrodynamic and thermospheric conditions. Finally, the analysis is limited 665 



to the equinox months of 2023 and 2024; additional years, seasons, and stations are needed to 666 

assess the broader applicability of the observed TID–ROTI relationship. 667 

4. CONCLUSION 668 

This study investigated the statistical relationship between traveling ionospheric disturbances 669 

(TIDs) and small-scale ionospheric irregularities over Addis Ababa, Ethiopia, during the 2023–670 

2024 equinox seasons using GNSS-derived VTEC and ROTI observations. The results 671 

demonstrate a consistent positive association between TID amplitude and ROTI, although the 672 

strength of the relationship varies among months and between years. 673 

The cross-correlation analysis revealed positive temporal lags, indicating that TID amplitude 674 

variations generally preceded subsequent ROTI variations by several minutes. This temporal 675 

association suggests that large-scale ionospheric perturbations may contribute to subsequent small-676 

scale ionospheric variability. However, the moderate correlation strengths indicate that TID 677 

amplitude alone does not explain the observed ROTI variability. Other atmospheric, 678 

electrodynamic, solar, and geomagnetic processes are also likely to contribute to the development 679 

and evolution of ionospheric irregularities. 680 

The study provides a quantitative statistical assessment of the TID–ROTI relationship over Addis 681 

Ababa and contributes to the observational understanding of large- and small-scale ionospheric 682 

variability in the East African low-latitude region. Nevertheless, the analysis is based on a single 683 

GNSS station and a limited set of equinox months, which restricts the spatial and temporal 684 

generalization of the findings. 685 

Future studies should extend the analysis to multiple GNSS stations, additional seasons, and longer 686 

time periods. The inclusion of electric-field, neutral-wind, thermospheric, and other ionospheric 687 

observations would further help clarify the physical processes underlying the observed TID–ROTI 688 

relationship. Such multi-station and multi-instrument investigations would provide a more 689 

comprehensive understanding of the coupling between traveling ionospheric disturbances and 690 

small-scale ionospheric irregularities. 691 
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