
1. Introduction
It has long been understood that the ionosphere is a very dynamic and difficult region to predict because it is influ-
enced from above by the Sun-Earth environment and from below by energy through wind and waves. The condi-
tions get more complicated during a geomagnetic storm. During geomagnetic storms huge amounts of energy and 
momentum are injected into higher latitudes in the form of precipitating particles, Joule heating, and/or Lorenz 
forces which have a potential to trigger large scale and equatorward traveling ionospheric disturbances (TIDs) 
(Afraimovich et al., 2000; Ngwira et al., 2012). TIDs are quasi-periodic variations of F-region electron densities 
often associated with atmospheric gravity waves (AGWs). Based on basic wave-related characteristics they can 
be classified as large scale TIDs (wavelength > 1,000 km, 30 min < period < 180 min and 200 m/s < horizontal 
speed < 500 m/s) and medium scale TIDS (wavelength <1,000 km, 15 min < period < 60 min and 100 m/s < hori-
zontal speed < 250 m/s). TIDs have been detected for several decades using a number of different instruments, 
including ionosondes (e.g., Bowman (1992); Afraimovich et al. (2008); Bowman and Mortimer (2011); Kozlovsky 
et al. (2013); Reinisch et al. (2018)), incoherent scatter radars (e.g., Kirchengast (1996); Galushko et al. (1998); 
Nicolls et al. (2004); Nicolls and Heinselman (2007); van De Kamp et al. (2014)) and HF Doppler systems (e.g., 
Jacobson and Carlos (1989); Hayashi et al. (2010)). Recently, with the continuous expansion of worldwide Global 
Navigation Satellite Systems (GNSS) receivers, TIDs have been further studied using high resolution ionospheric 
TEC maps (Ding et  al.,  2007,  2008,  2014; Otsuka et  al.,  2013; Pradipta et  al.,  2016; Shiokawa et  al.,  2002; 
Tsugawa et al., 2003, 2006). GPS ionospheric monitoring using dense and continuous networks such as GEONET 
(GPS Earth Observation Network, a dense and wide area GPS receiver network in Japan) has proved to be an effi-
cient method to monitor small-scale ionospheric perturbations (e.g., Saito et al. (2002); Ducic et al. (2003)). With 
the availability of dense networks of GNSS receivers, TIDs have also been statistically analysed and characterised 
over Southern California, Asia, North America, and Europe (Borries et al., 2009, 2016; Ding et al., 2008; Kotake 
et al., 2007; Tsugawa et al., 2004). Particularly in the European region, it was reported that large scale traveling 
ionospheric disturbances (LSTIDs) moving toward the equator are predominant during geomagnetically active 
conditions (e.g., Borries et al. (2009)).
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On the other hand, there is clear evidence for the existence of ionospheric plasma instabilities during magnetic 
storms. According to studies, the main driving mechanisms for such instabilities are associated with electric fields 
(E) of different origins, thermospheric neutral winds, and composition changes in the earth's atmosphere. For 
example, Kelley et al. (2004); A. Mannucci et al. (2005); A. J. Mannucci et al. (2009); Balan et al. (2009, 2010) 
showed that the combined effect of neutral wind-driven disturbance of E-field dynamo and magnetospheric 
prompt penetration E-field drives the super-fountain upward/downward vertical drifts during the day/night hours 
in the low latitude ionosphere during magnetic storms. Fountain effect tends to boost large-scale vertical motions 
of the F2 layer, which then generate a conducive environment for the growth of the Rayleigh-Taylor (R-T) insta-
bility. The development of equatorial ionospheric irregularities during storm events can be enhanced or inhibited 
depending on the time of onset, the type of the triggering electric fields and the background ionosphere. During 
storm time, prompt penetration electric fields (PPEF) are known to enhance the daytime equatorial electrojet and 
facilitate the enhancement of ionospheric irregularities, whereas ionospheric disturbance dynamo electric fields 
generated as a consequence of Joule heating play an inhibiting role on equatorial ionospheric irregularities (Abdu 
et al., 2003; Carter et al., 2016; Huang et al., 2010). On the other hand, Aarons (1991) suggested the importance 
of the onset time for the occurence of ionospheric irregularities. According to this investigation, ionospheric 
irregularities were enhanced when minimum Dst occured during the local midnight to post midnight and inhib-
ited when the minimum Dst occured during the early afternoon.

E × B related variations, which play a vital role in equatorial ionospheric dynamics, are nowadays recognized 
as an efficient trigger of TIDs (Habarulema et al., 2016). Such TIDs that can possibly be launched by equatorial 
electrojets were first suggested and shown numerically by Chimonas (1969). Since then, storm-time low-mid lati-
tude TEC changes were examined to understand the characteristics of the associated LSTIDs in different global 
sectors (Habarulema et al., 2016). They observed that the direction of LSTID propagation were not consistent 
in the American, African, and Asian longitude sectors arguing the existence of multidirectional propagation of 
LSTIDs against the belief of unidirectional propagation. It is well documented that TIDs can contribute to posi-
tive (ionospheric) storm effects by moving the F-region plasma up into altitudes of low loss rate on the top of less 
dense plasma, which therefore induces ionospheric irregularity. Few studies have been conducted to investigate 
the trigger of ionospheric irregularities, that suggested the LSTIDs to be among the possible causes responsible 
for positive storm effects. For example, it was analysed and suggested by Ngwira et al. (2012) that on 15 May 
2005 the storm-initiated TID had contributed to the observed positive storm condition. Similarly, Amabayo and 
Pierre (2013) did an analysis based on storm-triggered perturbations in the ionospheric electron density using 
ionosonde and GPS data over Southern Africa and pointed out that storm-time TIDs are one of the irregularity 
sources. This paper aims to investigate the behaviour of LSTID signatures and to see their role on plasma modu-
lations in the data-scarce East African longitude sector. The study is based on the most intense geomagnetic 
storm event of solar cycle 24, which happened on 17 March 2015 that resulted from two successive medium level 
storms (Cherniak & Zakharenkova, 2015; Kamide & Kusano, 2015).

2. Data Sets and Method of Analysis
2.1. Data Monitoring and Approach of SADM-GPS

For the purpose of TID identification, we have used 54 GPS receivers found at latitudes of 35°S to 15°N and 
longitude 20° to 45°E, and employed ΔTEC mapping for the period of investigation. We used 13, 17 and 24 
GPS sites in the geographic latitude ranges of 35° to 20°S, 20° to 5°S, and 5°S to 15°N, respectively. In situ 
electron density (Ne) measured by Swarm satellites as they flew over the East African longitude were also used 
to see the response of the topside ionosphere during the geomagnetic storm. Swarm satellites (A, B, and C) are 
able to measure plasma densities directly using Langmuir Probes onboard the satellites. Besides, magnetome-
ter data obtained from the International Real-time Magnetic Observatory Network (INTERMAGNET) and the 
African Meridian B-Field Education and Research (AMBER) arrays (shown in Figure 1) are used in this study. 
Specifically, the GNSS GPS data downloaded from 15 GPS stations in the East African sector (ASRG, CURG, 
GINR, HAWA, ARMI, NEGE, MOIU, MBAR, NURK, MBEY, KFNY, CTPM, KASM, LIVA and SNGC) are 
processed and used for Statistical Angle-of-Arrival and Doppler Method for GPS (SADM-GPS) TID analysis. 
The locations of the stations are illustrated in Figure 1. Five GPS clusters, each having three sites with triangular 
orientation, were deliberately selected for TID and ionospheric irregularity observation. In the left hand side of 
Figure 1, the behaviour of vertical TEC observed by different satellites (for an elevation angle greater than 40°) 
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through these GPS arrays located approximately on the same longitudes are shown. Relatively similar profiles 
of TEC are observed at those stations, which suggests that the same methodology can be applied to each group 
of observations. To apply SADM-GPS radio interferometry technique (Afraimovich et  al., 1998, 2000), GPS 
sites are clustered as shown on the right hand side of Figure 1. It is important to describe that the SADM-GPS 
radio interferometry method is applicable by assuming that the three receivers in a GPS cluster observe the same 
perturbation in TEC data. Although it is expected to observe different scales of TIDs during such storm impact, 
it is only feasible to observe LSTIDs in such relatively sparse geometry. Throughout all triangular networks, 
GNSS receivers depicted by blue dots (CURG, ARMI, MBAR, KFNY and LIVA) in Figure 1 were used as the 
reference for their respective neighbouring stations. In SADM-GPS interferometry technique we used the spatial 
and temporal derivatives of TEC measurements at three nearby GPS stations for each of five GPS arrays in an 
assumed x-y plane as input. Theoretically an approximated equatorward propagating large scale TID is repre-
sented as a plane solitary traveling wave as

𝐼𝐼(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
(

Ω𝑥𝑥 − 𝑘𝑘x𝑥𝑥 − 𝑘𝑘y𝑥𝑥 + 𝜑𝜑0

)

 (1)

where I(x, y, t) is the total electron content, A is the wave amplitude, kx and ky are the x and y projections of 
the wave vector k, Ω and φ0 are the angular disturbance frequency and initial disturbance phase, respectively 
(Afraimovich et al., 1998; Hunsucker, 1982; Valladares & Hei, 2012). The azimuth propagation direction of the 
phase wavefront measured from the true North direction, α(t), and TID's horizontal phase velocity, vh(t), can be 
computed using the following equations

𝛼𝛼(𝑡𝑡) = arctan

(

�̇�𝐼x(𝑡𝑡)

�̇�𝐼y(𝑡𝑡)

)

 (2)

𝑢𝑢x(𝑡𝑡) =
�̇�𝐼t (𝑡𝑡)

�̇�𝐼x(𝑡𝑡)
, 𝑢𝑢y(𝑡𝑡) =

�̇�𝐼t (𝑡𝑡)

�̇�𝐼y(𝑡𝑡)
 (3)

𝑢𝑢(𝑡𝑡) =
𝑢𝑢x(𝑡𝑡)𝑢𝑢y(𝑡𝑡)

√

𝑢𝑢2x(𝑡𝑡) + 𝑢𝑢2y(𝑡𝑡)
 (4)

𝑣𝑣h(𝑡𝑡) = 𝑢𝑢(𝑡𝑡) +𝑤𝑤x(𝑡𝑡)sin(𝛼𝛼(𝑡𝑡)) +𝑤𝑤y(𝑡𝑡)cos(𝛼𝛼(𝑡𝑡)) (5)

where 𝐴𝐴 �̇�𝐼x(𝑡𝑡) , 𝐴𝐴 �̇�𝐼y(𝑡𝑡) and 𝐴𝐴 �̇�𝐼t (𝑡𝑡) are the spatial and time derivatives, ux(t), uy(t) are the propagation velocities of the 
phase front along the x and y axes (assumed in east and north directions) in the frame of reference, and wx(t), 
wy(t) are the x and y projections of the sub-ionospheric intersection velocity. Unlike measurements from a static 
observer TID observations from a satellite are challenging, because the satellite is moving. Therefore, the motion 
of the ionospheric pierce points (IPP) as a result of the satellite's motion are considered when measuring TID 

Figure 1. Locations of global navigation satellite systems receiver stations with the Ionospheric pierce point for different satellites (whose transmitted signals can be 
labelled by pseudo-random noise number) path as a function of VTEC over the region and magnetometer sites used for EEJ estimation (magenta dots) (left) and an 
example to show the orientation of GPS sites at one of the clusters (right).
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velocity using the SADM-GPS method. Taking into account the IPP motion ensures to carry out the measurement 
from stationary (the central station of each array) reference frame. To achieve this, translation of geodetic coordi-
nates of IPP position (latitude, longitude and altitude) into the cartesian coordinate system (x, y, z) were carried 
out. Throughout our analysis, and hereafter 𝐴𝐴 �̇�𝐼x(𝑡𝑡) , 𝐴𝐴 �̇�𝐼y(𝑡𝑡) and 𝐴𝐴 �̇�𝐼𝑡𝑡(𝑡𝑡) are represented by Gx, Gy and Gt respectively. Gx 
and Gy are the spatial derivatives of TEC into x and y projections of the peripheral GPS sites with respect to the 
reference station of the given GPS array. Their derivation looks the following (we use here one of the GPS array 
as an example).

𝐺𝐺x =
𝑦𝑦ASRG (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝CURG − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝GINR) − 𝑦𝑦GINR (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝CURG − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ASRG)

𝑥𝑥CURG𝑦𝑦GINR − 𝑥𝑥GINR𝑦𝑦ASRG

 (6)

𝐺𝐺y =
𝑥𝑥GINR (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝CURG − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝ASRG) − 𝑥𝑥ASRG (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝CURG − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝GINR)

𝑥𝑥CURG𝑦𝑦GINR − 𝑥𝑥GINR𝑦𝑦ASRG

 (7)

where xASRG, yASRG, xGINR and yGINR describe the spatial positions of the corresponding sites considered. Whereas 
pertCURG, pertASRG and pertGINR are the perturbations of TEC that are defined as the difference between observed 
TEC and its fourth order polynomial fitting, at those stations. Similarly Gt is the time derivative of TEC for the 
centering stations and Δt is the sampling period.

𝐺𝐺t =
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝CURG(𝑝𝑝 + Δ𝑝𝑝) − 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝CURG(𝑝𝑝)

Δ𝑝𝑝
 (8)

where pertCURG is the TEC perturbation at the center station (in this case CURG) and Δt is the sampling period 
of the data set.

2.2. Data Filtering and TEC Processing

Throughout our analysis, to avoid the diurnal trends of ionospheric variations and those changes that come out by 
satellite position and its variation in the ordinary ionosphere, a fast Fourier transform (FFT) filtering technique is 
employed. Therefore, TEC oscillations between 30 and 180 min period are filtered. On the other hand, to show 
the magnitude of fluctuations in TEC data, a fourth order polynomial fitting (that serve as a background TEC) 
were carried out for all visible satellites' TEC data for respective GPS receivers and then subtracted from the 
measured values of GPS TEC. The level of the perturbation to each visible satellite (elevation angle greater than 
40°) for the GPS arrays considered is shown in Figure 2. Regardless of the IPP latitude shown in colorbars, the 
satellites observed sharp TEC fluctuations in a range of −5 to 5 TECU. While significant fluctuations existed 
after 12:00 UT, noticeable disturbances are seen between 15:00–18:00 UT. On the other hand, to assess the 
impact of TID on equatorial ionospheric irregularities using GPS TEC data, we computed ROT as (TEC(t + Δt) 
- TEC(t))/Δ t and its standard deviation over each 5 min ROTI, where Δt is the sampling rate.

2.3. Conditions of Geomagnetic Activity and ΔH Variation

The level of geomagnetic activity during the period of investigation was quantified by global interplanetary 
and geomagnetic indices such as the SYM-H index (a higher resolution of Dst index), proton density index 
(PD), Ey index (the dawn-dusk component of interplanetary electric field, IEF) and the interplanetary magnetic 
field (IMF) Bz component. The Bz (northward - southward orientation) component of the IMF, the solar wind 
speed (Vsw) and proton density (PD) are key parameters to define storm related geophysical characteristics. The 
dawn-dusk component of the interplanetary electric field Ey has been computed using Ey = −Bz × Vswx × 10 3 as 
given by Zhao et al. (2008) and references therein. The 17 March 2015 event is so far the strongest geomagnetic 
storm of solar cycle 24 with a maximum SYM-H index of about −233 nT which occurred after successive CME 
impacts. In this study, we attempt to assess the behavior of both interplanetary and geomagnetic indices before, 
during, and after the impact over five successive days, as can be observed in Figure 3. In the bottom panel of 
Figure 3, the arrival of the shock on Earth produced a sudden storm commencement (SSC) at 04:45 UT that 
created a sudden increase of SYM-H from 15 to 48 nT in a period of 5 minutes. This sudden response to earth's 
horizontal magnetic field component was the result of the magnetopause current accompanied by the sudden 
compression of the magnetosphere (Araki et al., 1993; Tsurutani et al., 2014). The significant increase of the 
Northward IMF Bz from 7.8 to 15.84 nT and the sharp increase of proton density from 14.65 to 30.82 cm −3 are 
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Figure 2. Deterended total electron content (TEC; ΔTEC) for all GPS clusters on 17 March 2015. ΔTEC is calculated by 
taking the difference between TEC values from all visible satellites (elevation angles greater than 40°) and its fourth-order 
polynomial fit. The geodetic latitude of the ionospheric pierce points, an intersection between the GPS signal and ionospheric 
shell at assumed 350 km height) throughout the stations concerned are represented in color bars.



Radio Science

MOGES ET AL.

10.1029/2022RS007426

6 of 17

both good indicators for the arrival of a CME interplanetary shock as indicated by Borries et al. (2016). After 
the SSC, sharp decreases of the SYM-H index reaching local minima of −99 nT and −170 nT at ∼09:35 and 
∼17:35 UT were observed, respectively. In between these local minima, the SYM-H recovered slightly and read 
−42 nT at ∼11:40 UT. After ∼2 hr the proton density showed a sharp increase reaching 40.98 cm −3 that can be 
considered as the second storm. Similarly, the local minimum of the IMF Bz reached at 06:15 UT and it made a 
quick northward reversal which then switched into South and North for about 6 hr. After ∼12:00 UT, Bz sharply 
turned southward again and remained southward for the rest of this day.

The impacts during the event can also be confirmed by ground based magnetometer measurements. In Figure 4, 
δH is computed from independent magnetometers located at slightly different latitudes (TAM, CMRN stations). 
We calculated δH (shown in blue and magenta lines) by subtracting the hourly mean of the midnight base-
line values (H23 + H00 + H01 + H02)/4 from the measurements similar to a procedure followed by Obiekezie 
et al. (2013); Tilahun and Mezgebe (2020). On the other hand, ΔH as a proxy of EEJ (the black line) is computed 
taking the ultimate difference of δH measured from magnetometer stations near dip-magnetic equator ±4 and 
another magnetometer station slightly away from the dip-equator (CMRN and TAM in this case, respectively) 
(Anderson et al., 2004; Dubazane & Habarulema, 2018; Tilahun, 2021; Tilahun & Mezgebe, 2020; Yizengaw 
et al., 2014). As it is observed in Figure 4, δH in both stations show a sudden increase on 17 March 2015 at 
around ∼06:00 UT (shown in the light grey bar) and continue to show almost a similar trend of variation as IMF 
Bz does until the end of the day. The component of ΔH (black line) stayed pronounced from ∼09:00 to ∼18:00 
UT (shown in dark grey bar) which can be due to the contribution of enhanced interplanetary electric field (IEF), 
which mostly increased (see the profile of Ey in Figure 3) during this period. IEF is suggested to contribute to 
the magnetospheric electric field that possibly penetrated into low latitudes during geomagneticaly active peri-
ods while IMF Bz remains southward (Huang et al., 2007). The value of ΔH (a proxy of EEJ) at about 15:00 
UT is 126 nT but after 3 hr its value is drastically decreased to −15 nT; such sudden decrease can be related 
with the development of strong disturbance dynamo electric field. During this period, IEF (a possible indicator 
of PPEF) stayed positive. This can show that there was the development of disturbance dynamo electric field 
(DDEF) which controlled the dynamics of the rest of the day. This is in agreement with the existing literature 
that DDEF is developed in 3 hr or more after PPEF developed during the magnetic storm. As it is observed in the 
yellow rectangular block, EEJ proxy, a prerequisite for vertical E × B, remains negative implying that the growth 
of Rayleigh-Taylor instability (RTI), which causes evening and night time ionospheric irregularities, will stay 

Figure 3. Temporal variations of Interplanetary magnetic field (Bz), Interplanetary electric field (Ey), Proton density and 
high resolution geomagnetic storm index (SYM-H), for the geomagnetic storm of 17 March 2015.
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weak. This result was confirmed by the Thermosphere-Ionosphere Electrodynamics General Circulation Model 
(TIEGCM) by Carter et al. (2016). The consequence of this result is also observed by Swarm satellites' plasma 
density profile as we will briefly describe in Section 3.3.

3. Results and Discussion
3.1. Results of Wavelet Analysis

For the time series of GPS TEC data, we used wavelet spectral analysis, technique which enables us to recon-
struct time frequency domain of the time scale. This technique allows us to extract the dominant features from 
the frequency (or period) scales of the wavelet power spectrum. In this study, we use Morlet wavelet transform, 
because it is specifically powerful to determine dominant wave modes and their corresponding periods due to 
its ability to search for localized periodic (or frequent) details in the time series data (Percival & Walden, 2000; 
Torrence & Compo, 1998). We specifically used the wavelet function whose detailed applications are provided 
in Torrence and Compo  (1998); Percival and Walden  (2000), because it is a powerful approach to estimate 
the wavelength of TID, after we measured the velocity of TID using the SADM-GPS technique. The wavelet 
time-frequency power spectra are shown in the bottom panel of Figure 5 for different satellites selected at differ-
ent sites. It is evident that the dominant modes of oscillation have periodicities between 51 min and 69 min. 
Specifically, TIDs with 53 min, 55 min, 69 min, 51 min, and 54 min periods were observed in ASRG-CURG-
GINR, HAWA-ARMI-NEGE, MOIU-MBAR-NURK, MBEY-KFNY-CTPM and KASM-LIVA-SNGC arrays, 
respectively. On the other hand, the time-period spectra of GPS-TEC show that oscillations measured at sites 
near the geomagnetic equator are more pronounced than those measured away from the equator. At the same 
time, the time-period amplitude and phase variations are computed using Morlet wavelet transform as it is shown 
in  the upper panel of Figure 5. In the upper-left panel of this plot, the magnitude of the peak amplitudes (crest 
and trough) for GPS-TEC perturbation is getting enhanced and shifted right through time as one goes from South 
to North, which infers the direction of LSTID propagation. Similarly, the time frequency phase spectra shown in 
the upper-right panel of Figure 5 exhibit clear phase shifts as justified by the colorbars as one goes from LIVA  to 
CURG GPS sites.

The signal phase shift observed by time-frequency Morlet wave analysis in different GPS arrays are also revealed 
by peak-to-peak TEC perturbation shifts shown in Figure 6 across different sites within the GPS arrays. Most 
importantly, from the comparison of ΔTEC computed from a single satellite per corresponding GPS array, it is 

Figure 4. The variation of δH and ΔH, EEJ proxy. δH in this case is computed by taking the difference of the midnight 
baseline values (calculated as hourly average between 23:00 and 02:00 LT for each day considered) from the experimental 
values. H-field perturbation in the EIA region and their ultimate difference which can serve as EEJ proxy is computed from 
stations, near dip-geomagnetic equator (CMRN) and slightly off station (TAM).
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justifiable that the latitudinal shift is dominant over the longitudinal shift. 
Moreover, peaks of ΔTEC were observed at 16:44, 16:49, 17:02, 17:13 and 
17:18 UT in LIVA, KFNY, MBAR, ARMI and CURG centred arrays, respec-
tively. This phase shift infers that TIDs were propagating equatorward which 
is in agreement with SADM-GPS TID propagation estimation. Specifically, 
as it is already mentioned in Table 1, the center of arrays have a latitudi-
nal separations of ∼1.07°, ∼8.94°, ∼6.66° and ∼1.1° which translates into 
395 m/s–1,267 m/s apparent velocities of TIDs.

3.2. Estimating the Propagation Velocity of TID

In Figure 7 the characteristics of TID as extracted from the selected satellites' 
ionosphere observation for each GPS network on 17 March 2015 during 15:00 
- 18:00 UT is shown. During the time five different GPS satellites (one for each 
GPS array) were used. As described in Table 1, different satellites of 15, 6, 5, 
13 and 2 PRNs were used for ASRG-CURG-GINR, HAWA-ARMI-NEGE, 
MOIU-MBAR-NURK, MBEY-BDMT-KFNY-CTPM and KASM-LIVA-
SNGC arrays, respectively. While selecting visible PRNs, we used 40° as a 
threshold elevation angle. Using the SADM-GPS method for closely spaced 
(relative) triangular receivers, it is estimated that the average horizontal prop-
agation velocities of TIDs are in the range of 161.9 m/s to 464.4 m/s. For 
example, PRNs 2 and 13 for KASM-LIVA-SNGC and MBEY-KFNY-CTPM 
GPS arrays measure 162 m/s and 367.3 m/s TIDs propagation velocity in 
azimuthal angle of 7.4° and 15.1°, respectively. Similarly, PRNs 6 and 15 for 
HAWA-ARMI-NEGE and ASRG-CURG-GINR arrays observe almost the 
same trend of equatorward propagating TIDs with 464.4 m/s and 387.2 m/s 
velocities in azimuth direction of 9.2° and −1.6° respectively. A little bit 
deviated (into northwest) TID propagation with a velocity of 337.7 m/s in an 
average azimuth direction of −12.4° was also derived from MOIU-MBAR-
NURK GPS cluster using PRN 5. When LSTID propagate from high lati-
tudes toward the equator, it experiences different changes as a result of their 
interaction with the background plasma, including energy dissipation due to 
ion drag (Tsugawa et al., 2004), velocity, period and to some extent its direc-
tion as a result of thermospheric wind can be influenced (Ding et al., 2003). 
In the analysed case, it is observed that TID is propagating equatorward indi-
cating that its source is from high-latitude regions during the storm events. 
The underlying physics here is that due to magnetic storms, huge amounts of 
energy are injected into the ionosphere at auroral regions leading to prompt 
changes in the composition of the neutral atmosphere as a result of Joule heat-
ing, dramatic increase in thermospheric winds, and/or particle precipitation 
giving rise to the pronouncement of equator ward gravity waves (Horvath 
& Lovell,  2010). Moreover, peak-to-peak ΔTEC time delay provided the 
virtual propagation velocity of TIDs generally greater than estimations by 
SADM-GPS method. However, it should be clear that the SADM-GPS tech-
nique provides velocity series distribution and here reported is the time aver-
age of it. Similar results, which agree with our estimation were also reported 
(Afraimovich et al., 2000; Habarulema et al., 2013). The velocity computa-

tion using the SADM-GPS technique in combination with wavelet analysis shown in Figure 5, yields wavelengths 
in the range of 650–1,500 km which qualify for LSTIDs.

3.3. Ionospheric Response to TIDs Related With Storm Event

Ratio and percentage change of TEC enhancement shown in Figure 8 infers the response of ionosphere during the 
event. Both ratio and the relative percentage of TEC enhancement were derived by comparing the TEC observation 

Figure 5. Amplitude and phase scalegrams for ΔTEC (upper panel) for 
satellites indicated in Psedo-Range Noise (PRN number) and power spectrum 
(bottom panel) over reference stations for each GPS array used to estimate 
velocities and directions of large scale traveling ionospheric disturbances.
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Figure 6. Time series of ΔTEC for Psedo-Range Noise 15, 6, 5, 13 and 2 observed by respective GPS arrays. The shaded 
yellow bar indicates how the local peak ΔTEC shifts throughout the region values the region.
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with the average of the quietest 5 days (served as background reference ionosphere) in the same month. The quiet 
time data sets (reference ionosphere) were obtained in a procedure suggested by Okpala et al. (2020) based on 
their Dst values. TEC measurements for GPS arrays considered on March 9, 10, 11, 15 and 16 with their Dst 
index −1 nT, 6 nT, 4 nT, 6 and 21 nT, respectively, were used to calculate the ratio and percentage of TEC fluc-
tuation. Thus, ∼20% to ∼105% and ∼1.2 to ∼2.3 TEC deviations in the form of percentage and ratio are captured 
during the time of maximum variation throughout all GPS arrays. The result is in agreement with the occurrence 
of positive ionospheric storms which could seem to be caused by thermospheric circulations generated as a result 
of Joule heating in the auroral region. Even more pronounced positive ionospheric storms reaching ∼100%–150% 
and ∼80%–100% TEC enhancements in the postsunset and morning hours were measured respectively in the 
eastern Pacific sector during the same event (Astafyeva et al., 2015). The observed slight intensity difference may 
depend on the local storm drivers. Similarly, Ray et al. (2017) showed the presence of significant TEC enhance-
ment and intense phase scintillation during the day and night, respectively in Indian sector. It is evident in this 
result that the peak TEC enhancements are observed by stations near the geomagnetic equator when compared to 
the observations made away from the equatorial ionospheric anomaly (EIA). These show that the launch of other 
associated electrodynamic processes that can more affect the near geomagnetic equatorial ionosphere during the 
event considered. Furthermore, the ellipses in Figure 8 depict the likely propagation direction of TID. The ellipse 
at about 18:00 UT portrays the time shift with increase in latitude, which is in good agreement to Figure 6 and 
Figure 7 implying equatorward TID propagation.

In investigating the response of ionosphere during the storm, careful analysis of the altitude distribution of elec-
tron density from Swarm data sets before the event, during the event and a couple of successive days after the 
event were consistently considered over Eastern Africa. For representation of the study area where GPS-TEC data 
are collected we delimited the Swarm Ne data between 25° and 45°E longitude. Fortunately, Swarm satellites flew 
over the East African ionosphere in the early morning and post-noon to evening hours, which provided important 
information about the evolution of ionospheric irregularities. As it is seen in Figure 9, on 16 March 2015 Swarm 
observed enhanced plasma density in the F2-region during the post-noon and evening hours as compared to 17 
March 2015. The reduced F2-region plasma density profile observed by Swarm satellites during the main day 
of the storm with respect to pre-storm day leads to less favourable conditions for the triggering of ionospheric 

GPS/Magnetometer station Station code Reference station Geographic latitude Geographic longitude PRN used

Southern rim ASRG CURG 7.78 38.76 15

Urge CURG 7.16 38.39 15

Ginir GINR 7.14 40.70 15

Hawassa HAWA ARMI 7.05 38.49 6

Arba minch ARMI 6.06 37.56 6

Negele NEGE 5.33 39.59 6

Eldoret MOIU MBAR 0.28 35.29 5

Mbarara MBAR −0.60 30.74 5

Kigali NURK −1.94 30.08 5

Mbeya MBEY KFNY −8.91 33.46 13

Kifanya KFNY −9.54 35.10 13

Chitipa CTPM −9.70 33.26 13

Misamfu KASM LIVA −10.17 31.22 2

Livingstonia LIVA −10.61 34.10 2

Songea SNGC −10.68 35.67 2

Magnetometers Array

Yaounde CMRN 3.89 11.52 AMBER

Tamanrasset TAM 22.79 5.53 INTERMAGNET

Table 1 
Locations of Global Navigation Satellite Systems Receivers Used to Apply Statistical Angle-Of-Arrival and Doppler Method for GPS Method and the Site of 
Magnetometer Stations Used in This Study
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irregularities. Moreover, this result is in agreement with the evening time EEJ profile shown in yellow rectangular 
bar in Figure 4. The EEJ proxy computed from a pair of magnetometers, an equivalent to vertical E × B, is found 
negative during post-noon to evening hours during March 17. This implies that the growth of RTI, which causes 
evening and night time ionospheric irregularities, was weak. In comparison with other days, in the morning 
hours of 18 March, the topside plasma density gets significantly amplified, which can be related to the effect of a 
positive ionospheric storm after the main geomagnetic impact seen a couple of hours earlier. On the other hand, 
there is noticeable enhancement of plasma density measured by Swarm B (red dots, flying topside) than Swarm 
A and C (blue dots, flying bottomside). Even though we have no additional measurements of plasma density in 
the bottomside of the F2 layer (∼250–350 km) during the morning hours of March 18, it is well documented in 
the literature, that the growth rate of ionospheric irregularity increases when dense plasma is found above and less 
dense plasma is found below that layer (e.g., Yizengaw et al. (2014); Carter et al. (2016) and references therein). 
Furthermore, the implication of the differences in the intensity of electron densities observed by Swarm satellites 
is manifested in the level of ionospheric irregularities which we will discuss in the next section.

To illustrate the presence of TID propagation during the event, we plotted 2D ΔTEC maps as shown in Figure 10. 
These detrended TEC changes were computed within 25°–45°E longitude sector. The ΔTEC map during the 
main phase of the storm, 17 March 2015, clearly portrays equatorward TID propagation starting from 15:00 UT 
(see the strips of TID from 0°–15°N). Even though we identified the presence of equatorward TID propagation 
in Figure 6 per individual satellite's (PRN's) and in Figure 8 as ratio and percentage of TEC enhancements, due 
to lack of enough data coverage, it is found difficult to see clear TID strips in the other parts of the ΔTEC map.

3.4. GPS TEC Derived Ionospheric Irregularity Observation

In the scatter plots of Figure 11, ROT at individual stations for all GPS clusters are plotted together. A day 
before the event, both ROT and ROTI (Figure 12) at GPS sites near the geomagnetic equator exhibited clear 
and significant ionospheric irregularities (see the first column) in the post sunset hours. This is expected during 

Figure 7. Traveling ionospheric disturbances characteristics for selected Psedo-Range Noises for CURG, ARMI, MBAR, KFNY and LIVA centring GPS arrays on 17 
March 2015.
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March equinox throughout this longitude sector due to the close alignment 
of the day-night terminator and the local geomagnetic declination. Generally, 
both ROT and ROTI profiles in the rest of days infer that the storm event had 
a smoothing effect on the evening to night time ionospheric irregularities 
for three successive days. Particularly, on 17 March it seems TEC pertur-
bation was affected by TID propagation, exhibiting clear wavy quenches. 
This suggests that TID has a dominant effect over the dynamical mechanisms 
generating ionospheric irregularities during that evening. Evening and night 
time suppression of ionospheric irregularities continued for the next two days 
and ionospheric irregularities started to recover on March 20. The case on 
March 17 is in close agreement with studies that depletion related to equa-
torial ionospheric irregularities can be embedded in the wave-like structures 
of TIDs (Ding et al., 2012; Otsuka et al., 2012). It is well documented that 
extreme geomagnetic storms are known to affect equatorial ionospheric irreg-
ularities either by enhancing or inhibiting their generation (Aarons, 1991). 
Equatorial ionospheric irregularity can be enhanced during storm time by 
the persistence of prompt penetration electric field in getting prereversal 
enhancement (PRE) tend to increase in the evening time (Abdu et al., 2003; 
Huang et al., 2010) whereas it can be suppressed due to disturbance dynamo 
electric field triggered by Joule heating, that generates global thermosphere 
circulation wind (Carter et al., 2014, 2016). Particularly, Kil et al.  (2016); 
Patra et  al.  (2016) indicated that prompt electric field changes during 17 
March 2015 caused the rapid upliftment of ionosphere that yielded plasma 
irregularities over low latitudes. Furthermore, enhanced ionospheric irregu-
larities are observed during the early morning hours on 18 March, which is 
an unusual time (see the third column of Figure 12). This can be explained in 
relation to the observed minimum SYM-H shown in Figure 3 at about 22:45 
UT (post midnight in East African longitude (UT + 3)) due to successive 
CME impacts exhibited in earlier hours. According to Aarons (1991), such 
minimum SYM-H in post midnight hours can potentially be responsible for 
the observed equatorial ionospheric irregularities in the morning hours.

4. Conclusion
This study is about TIDs and their impact on ionospheric irregularities in 
East African longitudes during the intensive geomagnetic storm, 17 March 
2015. A well known procedure, the SADM-GPS technique, was employed 
to characterize TIDs. To apply the technique 5 GPS arrays having 3 GPS 
receivers each were used. Generally, TIDs were observed to propagate equa-
torward, and their period and horizontal velocities were found in the range of 
51–69 min and ∼161.9–464.4 m/s, respectively. This result is consistent with 

the observations of LSTIDs (Borries et al., 2016) studied for the same event. The period of TIDs were determined 
from GPS TEC measurements by applying wavelet analysis (Torrence & Compo, 1998).

During the time when LSTIDs occured, unusual TEC enhancements, that can be considered as positive iono-
spheric storms, were observed in TEC with ∼20%–105% deviation from the quiet-time TEC although this 
enhancement were not reflected by ROTI increase, during 17 March 2015. The quiet time data sets were obtained 
in a procedure suggested by Okpala et al. (2020) based on their daily minimum Dst values. The positive iono-
spheric storm could be generated by thermospheric circulation during geomagnetic storm. Peak TEC enhance-
ments were observed near the geomagnetic equator whereas lowest enhancements were measured away from EIA 
region. These difference could be raised due to the EIA itself. An indirect observation of RTI growth using EEJ 
inferred from ΔH of the two magnetometers (an important indicator of vertical E × B drift) during post-noon to 
evening hours on 17 March was decreasing. As observed by Swarm satellites, the result was further confirmed 

Figure 8. The ratio of total electron content (TEC) values with respect to the 
mean of five quietest days of the month (upper panel) and TEC perturbation 
in the form of percentage change (% in ΔTEC, bottom panel) throughout each 
station considered.
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by reduction of topside electron density profile with respect to the previous day. This result was consistent with 
TIEGCM model's RTI growth rate model as studied by Carter et al. (2016) for the same event. TID control of iono-
spheric irregularity were exhibited as wavy structures on 17 March 2015, suggesting that instability-generating 
ionospheric mechanisms other than TIDs were reduced. Moreover, both ROT and ROTI were found drastically 

Figure 9. Swarm satellites' (A, B and C) derived plasma density distribution in range of 40°S–40°N and 25°–45°E geographic latitude and geographic longitude, 
respectively.

Figure 10. The response of TEC in the form of 2D ΔTEC map before, during and 3 successive days after the 
super-geomagnetic storm in East African longitude.
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Figure 11. Rate of change of total electron content (TEC) trend as indication of TEC perturbation for successive five days.

Figure 12. Simultaneous detection of ROT index in TECU/min as a proxy for ionospheric irregularities at five GPS clusters selected in Africa.
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suppressed in the next two days. This could be due to the inhibition role of disturbance dynamo electric field 
though it needs further investigation.

Data Availability Statement
Magnetometer data were obtained from INTERMAGNET (TAM station) and AMBER (CMRN station) arrays 
at (www.intermagnet.org/data-donnee/download-eng.php) and (http://magnetometers.bc.edu/index.php/down-
loads) respectively. We downloaded the total electron content (TEC) data for stations considered from https://
observablehq.com/@unavco/gnss-data-access and further processed to obtain their VTEC. Furthermore, the 
plasma density (Ne) profile measured by the Langmuir Probe on each Swarm satellite is obtained by switch-
ing into (Advanced/Plasma_data/Provisional_Plasma_dataset/Langmuir_Probes_Data/) after browsing https://
swarm-diss.eo.esa.int). Besides, SYM-H index and the ACE provided (Bz component of IMF, proton density and 
derived parameter Ey) are downloaded from https://omniweb.gsfc.nasa.gov/form/omni_min_def.html.
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