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Abstract The variation of total electron content (TEC) derived from the International Global Navigation
Satellite Systems Service receiver (formerly IGS) over the East African low-latitude region from up to 12
observation stations for the period 2012 was analyzed. The diurnal and annual TEC contour plots generated
from data over the region show that the equatorial anomaly crests manifest remarkable seasonal
variations. The crest of the equatorial ionization anomaly is fully formed and yields the maximum values of TEC
during the equinoxes (March/April and September/October) and minimum in the solstice (June/July and
November/December). The results of this observation show that the crest develops between 12:00 and 16:00 LT
and is greatly dependent on the time when the ionosphere is uplifted at the dip equator via the E× B drift force.
The postsunset TEC enhancements at stations away from dip equator depict the ionospheric plasma density
diffusion (flow) from the dip equator leading to the formation of ionization anomaly crests that lasts for
few hours after the sunset local time. The ionospheric response to the strong geomagnetic storm of the
March 2015 has also been examined. The ionospheric response to the geomagnetic storms has shown a strong
thermosphere-ionosphere coupling. The negative storm effect that occurred over the anomaly crest region is
more likely due to the composition disturbances associated with high energy deposits.

1. Introduction

The ionosphere is defined as the region of Earth's atmosphere which ranges in height above the surface
of the Earth from approximately 60 to 1000 km [Xu et al., 2012] and has sufficient electron density to
influence the propagation of electromagnetic radio frequency waves. The ionosphere is thus a
dispersive medium for electromagnetic waves and therefore induces a time delay in transionospheric
radio signals such as those of the GPS satellite signals [Davies, 1990; Garner et al., 2008]. Because this
time delay is dispersive, it can be estimated by differencing the the delay and phase at the two different
frequencies. At present, measurement of total electron content (TEC) values using dual-frequency GPS
receivers has become a reliable and cost-effective method of probing the thermosphere-ionosphere
system. TEC is an important ionospheric characteristic for planning and operation of satellite navigation
and communication system since it is directly related to ionospheric electron density, which is the major
source of signal degradation. At the low latitudes the largest electron densities are found to peak on
either side of the geomagnetic equator, a feature commonly known as the equatorial ionization
anomaly (EIA). Therefore, over the low-latitude zones, the signal degradation may be more likely
because of large variations of TEC near the crest of EIA owing to very large background TEC values.
The temporal and spatial features of TEC at the equatorial and low latitudes are known to exhibit
variability, which depends on time of the day, season, and solar activity [Galav et al., 2010; Kumar and
Singh, 2009]. The plasma transport which is initiated by the vertical E× B drift at the equator plays an
important role in controlling the ionospheric dynamics at low latitudes. The electrostatic field which is
generated by the E region dynamo gets mapped onto the F region along the magnetic lines of force.
This field is the main driving force of a narrow band of enhanced eastward current known as the
equatorial electrojet (EEJ). The EEJ flows in 100–120 km altitude region within ± 3° latitude of the dip
equator [Acharya et al., 2010]. The variation of the E region dynamo electric field results in variation
of the EEJ, which results in day-to-day variability of the equatorial anomaly.
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In the presence of well-developed
EIA, the TEC varies significantly in
space and time with large latitudinal
as well as the altitudinal gradients. A
detailed understanding on the char-
acteristics of the ionization anomaly
crests such as the strength, location,
and local time of formation of the
anomaly crest are essential to under-
standing TEC variability. Ionospheric
parameters in the anomaly region
have been extensively studied parti-
cularly in the South American region,
where there is dense network of
Global Navigation Satellite Systems
(GNSS) receivers and ionospheric
observation stations [Sobral et al.,
2003; Batista and Abdu, 2004; Abdu
et al., 2006; Bertoni et al., 2006]. Over
the African sector there is a paucity

of ionospheric data. However, with the increased access to data from the International GNSS Services (IGS)
and other data inventories such as the University Navstar Consortium (UNAVCO) network, the ionospheric
research over the African sector is currently on the rise. For example, previous studies on ionospheric TEC
over the Kenya region [Olwendo et al., 2012] have shown some significant diurnal, monthly, and seasonal
trends in ionospheric variations. The occurrence of the ionospheric disturbance dynamo associated with geo-
magnetic storms and how it affects the evolution of the EIA has also been investigated over the East African
region [Olwendo et al., 2015]. Other ionospheric studies in this region include Ngwira et al. [2013]. However,
because of the limited data and the small numbers of stations involved in such studies, the studies were not
comprehensive on the role played by the equatorial anomaly on the level of ionospheric ionization over the
East African region. In this work we extend the data set to 12 stations to study the dynamics of the EIA for the
year 2012. A further investigation has been carried to study the ionospheric response to strong geomagnetic
storm of March 2015 over the East Africa. This particular investigation has unique peculiarities since it is one
of the largest storms to occur in the recent times since 2005. We believe that the results presented in this
paper are necessary because they offer for the first time the possibility of studying the EIA formation, loca-
tions, and annual variations around the East African sector, which is at close proximity to the dip equator
and also ionospheric response to geomagnetic storm over the region. And, as part of the studies in global
ionospheric characteristics, these results will complement the ongoing studies to establish a more accurate
model of the ionosphere or a basis for verifying the classical ionospheric models.

2. Data and Method of Analysis

The data used for this research were obtained from the IGS receivers at 12 locations over the East African
region for the period 2012 using identical dual-frequency GPS receivers which form part of the University
Navstar Consortium (UNAVCO) network (see details of the citations in the section after reference). Figure 1
shows a map of the East African countries with locations of the GPS receivers over the region. The
receiver-independent exchange (RINEX) observation files obtained from the IGS website (http://igscb.jpl.
nasa.gov/) were processed by the GPS-TEC analysis application software, developed by Gopi Seemala
[Seemala and Valladares, 2011; Ma and Maruyama, 2003]. The TEC analysis software uses the phase and code
values for both L1 and L2 GPS frequencies to eliminate the effect of clock errors and tropospheric water vapor
to calculate relative values of slant TEC [Sardon and Zarraoa, 1997; Sardon et al., 1994; Arikan et al., 2008]. Then
the absolute values of TEC are obtained by including the differential code biases at the satellites which are
published by the University of Bern and the receiver bias which is calculated by minimizing the TEC variability
between 02:00 and 06:00 LT [Valladares et al., 2009]. In the presence of the EIA, there occurs a large spatio-
temporal gradient in TEC which poses a great challenge on the accuracy of the TEC owing to the mapping

Figure 1. Map of East African region showing locations of GPS receiving sta-
tions under UNAVCO network. The red line is the magnetic dip equator.
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function while converting the slant TEC (STEC) to vertical TEC (VTEC) at a given location within this region. To
minimize this effect in the computed TEC values, an elevation threshold angle of 30° was used for all the VTEC
computed. The magnetic field variation data, namely, the delta Hwhich has been used in this work as a proxy
to the daytime equatorial electrojet (EEJ), have been estimated using INTERMAGNET magnetometer and the
MAGDAS magnetometer network. The pair of networks was used to help fill up the data gaps that were
noticed in the INTERMAGNET network during the period of study. To achieve this, a composite data set from
MAGDAS and INTERMAGNET was created to cater for days that were missing. This approach was valid given
that magnetic perturbations in H from MAGDAS and INTERMAGNET correlate very well (R is 0.9996). In this
approach simply, the MAGDAS H was normalized to the INTERMAGNET H, and whenever the
INTERMAGNET data were missing, the normalized H was inserted.

3. Results
3.1. Ionospheric Electrodynamics Associated with Diurnal Variation of TEC

Figures 2a and 2b depict a typical diurnal variation of VTEC from five different stations as observed on 15 and
21 April 2012, respectively. The choice of the data depicts the daily formation of VTEC peaks at the region.
There occurs either a double-peak formation around midday local time for the stations at the dip equator

Figure 2. Diurnal variation of VTEC on (a) 15 April 2012 and (b) 21 April 2012 from five different stations located across East
Africa region. The plots represent a 1min mean VTEC computed from all the satellites in view at elevation angles above 30°
at the observation stations [LT = UT + longitude/15].
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(like adis and debk) as shown in
Figure 2a or a single-peak formation
for both stations at the dip equator
and those away from the dip equator
as shown in Figure 2b. For a typical
day, the diurnal variation in vertical
TEC consists of the buildup region
at sunrise hours before 4:00 UT
(which is approximately before
07:00 LT), a peak in VTEC at about
12:00 UT (15:00 LT), followed by a
steady decay that lasts for 2–3 h after
the sunset hours in local time. A
sharp rise in vertical TEC at the sun-
rise is attributed to the increase in
the intensity of solar radiation which
increases with solar zenith angle.
Studies in the measurements of
height of the F peak density have
also indicated that during this time
interval there is a sharp rise in
F layer height [Radicella and Adeniyi,
1999], which is an indication that
electrons are being moved to regions
of lower loss rate through recombi-
nation. The adis and debk stations
however show a double peak in the
diurnal variation of ionization on 14
April 2012. The double-peak distribu-
tion does not however appear on 21
April 2012. The TEC reaches largest
values in adis and debk stations
which are very close to the dip
equator and lower at rcmn and
mal2 stations which are to the south
of the magnetic equator (refer to
Figure 1). The lifting of the
ionosphere to regions of low recom-
bination loss rate at the dip equator
before midday local hours explains
the higher premidday peaks in TEC

from adis and debk stations, which are at very close proximity to the dip equator as compared to the other
stations depicted in Figure 2a.

In Figures 3a and 3b, we show the variations in equatorial electrojet (EEJ) for the dates 15 and 21 April. As
evident from Figure 3a, the maximum peak in EEJ variations occurred on 15 April at about 9:00 UT at an hour
later than the 21 April peak, which occurred just before 08:00 UT with a much less peak in comparison to the
observation on 15 April.

Studies in the measurement of average vertical plasma drifts at Jicarmarca station have shown that the ver-
tical drift velocity during the daytime is upward and has a broad peak around 11:00 LT [Fejer et al., 1991].
Taking into consideration that around midday, the ionosphere is expected to be nearly at a dynamic equili-
brium in regard to ion production by solar radiation and losses by recombination, it is thus expected that the
vertical plasma drift should lead to up and away movements of electrons at the magnetic equator. Such a
situation should favor the formation of a maximum electron density before midday and a minimum

Figure 3. (a) Equatorial electrojet (EEJ) variations for 15 and 21 April 2012.
The Sq values in red line are computed from the average of five quiet days
in the month. The arrow indicates an increase in magnetic field variations just
at the sunset hours in local time over this region (i.e., after 14:00 UT (17:00 LT)).
The EEJ was computed using two magnetometer stations based in Addis
Ababa (0.17°N, 110.47°E geomagnetic) and in Adigat (6.0°N, 111.06°E
geomagnetic). (b) Mass plot for daily variations of the equatorial electrojet for
themonth of April 2012. The red dotted lines denote the diurnal variation ofH,
which is associated with the Sq currents.
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sometime around midday. This situation
is favorable for the formation of a pre-
noon peak in vertical TEC as observed in
adis station in Figure 2a. The postmidday
minimum in TEC is an indication that after
some time the peak velocity in upward
drift takes a downward trend and gets
to a minimum before sunset when pro-
duction of ionization is still occurring;
such a situation favors the formation of
postnoon peak. The absence in postnoon
peak in Figure 2b for adis station indicates
that the depletion of ions between mid-
day and sunset is not reduced as fast as
is in the case of Figure 2a. The ionization

peaks at the adis station will thus depend on the time of maximum electric fields, the time taken for vertical
drifts and the diffusion time for electrons once lifted. Therefore, an early E× B drift like on 21 April, which gets
to a maximum value around midday, does reproduce a double-humped ionization, and a later drift after
midday local time may not reproduce double-humped ionization.

Our observation in Figure 2b shows that there is a decrease in postsunset peak in TEC from stations at the
magnetic equator such as adis but much higher values for mal2 and rcmn, which are located away from
the dip equator (refer to Table 1 for the geographical coordinates of the stations). This observation has been
shown in more detailed observation by comparing a daily TEC observations for 3months from the two
stations, namely, at the dip equator (adis) and a station slightly away from the dip equator in Figure 4. The
postsunset enhancement in TEC from stations away from the dip equator and the depletions in TEC at post-
sunset from the station at the dip equator are highly variable. As demonstrated in Figure 4 usingmass plots of
daily TEC for the months of February, March, and May, the postsunset peak in TEC has a day-to-day variability.

The station at the dip equator (adis) shows a small variation in day-to-day peaks in TEC after 15:00 UT and a
sharp drop in TEC after this time. The contrary is the case for mal2 station, where there seems to be a large
day-to-day variations in TEC after 15:00 UT. The drop in TEC is slow with an enhancement occurring at about
20:00 UT (23:00 LT), which is about 4 h after sunset local time at mal2 station.

It is therefore most likely that the high background TEC in mal2, which does not occur over adis, must be a
consequence of the diffusion of the early lifted ionospheric TEC during the daytime. As seen in Figure 4
(and marked with an arrow), it is also possible that this enhancement off the station close to the equator
arises from increased eastward electric fields just prior to sunset (about 14:00 UT as shown in Figure 3), which
further lifts the ionosphere to higher altitudes of less recombination. We can thus deduce from this observa-
tion that the postsunset vertical plasma drift at the magnetic equator leads to spread of electrons over higher
altitudes and movements away from the equator, which contributes to the drop in electron density at the
station closer to the equator and an enhancement to those away such as at the mal2 and rcmn stations.
Since the electrojet strength around the postsunset hours is equally highly variable, the postsunset TEC is also
expected to be very variable on day-to-day basis as depicted in Figure 4, which also resembles the highly
variable electrojet as depicted in Figure 3b.

The illustration of ionospheric plasma structures evolution through the entire day are shown in Figure 5 using
contour plots of TEC computed from all the station in the region (refer to Figure 1 for the locations of the
stations). In Figure 5, the local time versus geographic latitude contour plot of TEC from all the stations have
been presented to illustrate the position and occurrences of the enhancement in TEC as seen from single
stations. The contour plots presented are those for the same day as in Figure 2.

As evident from Figure 5a, there are two large enhanced electron density structures between 12:00
and 16:00 LT, which appear to the south and north of the dip equator. This observation depicts a
well-developed EIA crests. In Figure 5b, the large-density structure of electrons does not separate into
two parts, and this indicates that the anomaly did not form. As can be observed in Figure 2b, the
daily TEC on such a day does not depict a double-humped peak. It is however clear from Figure 5b that

Table 1. Geographical Latitudes and Geomagnetic Latitudes for
Receivers over the East Africa Region Used in This Study

Station
Code

Geographic
Longitude (°E)

Geographic
Latitude (deg)

Geomagnetic
Latitude

mal2 40.2 !2.9 6.61°S
moiu 35.3 0.3 2.69°S
rcmn 36.9 !1.2 4.41°S
mbar 30.7 !0.6 2.81°S
dodm 35.7 !6.2 9.12°S
adis 38.8 9.0 5.28°N
nurk 30.1 !1.9 3.98°S
asos 34.5 10.1 6.99°N
debk 37.9 13.2 9.50°N
shis 38.9 11.9 8.18°N
nege 39.6 5.3 1.57°N
mtve 40.2 !10.3 13.82°S
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the presence of significant large electron density structures some 2 h after the local sunset hour
(~20:00 LT) does coincide with the observations of postsunset enhancement seen in Figures 2b and 4
from stations in the southern latitudes of the geomagnetic equator. From Figures 5a and 5b, it is clear
that there is no symmetry in the level of ionization on a particular observation day. For instance, in
Figure 5b, the large structures in electron density are more to the south than to the north, and the same
is true for Figure 5a, where the southern anomaly forms much more prominently than the north, a factor
which could be attributed to the fact that the northern anomaly is not well covered by data (the data
extend only up to about 10°N, which is still at the dip equator), and it might not be possible to tell
how well or poorly the anomaly forms to the north. The postsunset enhancement observed in TEC over
the East African sector is a consequence of the interaction of the E and F region dynamos, which results
into an enhancement of the eastward electric field (a phenomenon commonly referred to as the
prereversal enhancement, PRE) before it turns westward at dusk. The electrojet strength therefore at
the sunset hours will depend on the conductivity of equatorial ionospheric E region and the electric
fields driving the current. As a result of the increased vertical drift caused by the PRE, the densities in
the EIA are enhanced and can persist well into the evening. Therefore, the density and latitudinal extent
of the nighttime EIA is strongly associated with the vertical drift velocity during the day, at dusk, and in
the evening hours.

Figure 4. Monthly mass plots of the diurnal variation of the TEC for the months of February, March, and May 2012
over (a, c, and e) adis in the first column and (b, d, and f) mal2 in the second column. The red plot indicates the
monthly mean diurnal TEC values. The arrow on the figures in the top indicates the decrease in TEC and an
enhancement in TEC in adis and mal2, respectively.
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3.2. Annual Variations in EIA over the East African Sector

The evolution and formation of the ionization anomaly over the East Africa sector for the year 2012 is illu-
strated in Figure 6, which shows the monthly mean diurnal local time versus geographic latitude contours
side by side for all the months.

From Figure 6, the occurrence of the anomaly crest of the EIA is between 13:00 LT and 15:00 LT. The occur-
rence of the crests depicts two peaks spreading over the various latitudes. The high density of TEC above the
mean position of the magnetic equator which has been marked with a yellow line in the Figure 6 appears
much stronger and broader than that which forms to the south of the magnetic equator. The high intensity
of the TEC at the dip equator is an indication on the lifting of the ionospheric F layer by a rather weaker
upward momentum that does not enable movement of lifted plasma away from the equator and hence lead-
ing to no crest formation at later hours of the day. The formation of the anomaly crest depicts a seasonal
trend, whereby the crest is stronger with a longer latitudinal spread during the equinox months and weakest
in the solstices. There is however asymmetry in the equinoxes, whereby the September and October crest has
well-developed double crest than the March and April crest. The trends depicted by the seasonal variation in
the EIA formations are similar to those that had previously been seen in seasonal variation in TEC over this
region [for example in Tariku, 2015; Amabayo et al., 2014; Olwendo et al., 2012]. It has been shown that the
TEC trends also does correlate well with the solar activity indices such as the sunspot and F10.7 indices
[Gupta and Singh, 2001; Bagiya et al., 2009; Chen et al., 2009; Galav et al., 2010; Liu et al., 2013]. The formation
of the EIA is strongly dependent on the solar activity levels and is expected to weaken during the low solar
activity cycle. During the year 2012, there was a great increase in the mean annual sunspot number, which
rose to 84.5 from 80.5 in the year 2011. We attribute the well-formed southern anomaly crest during the equi-
noxes to the abundance photoelectrons due to the fact that the latitudes for the midday overhead Sun occur
in the region near the magnetic equator. Combined with the expectedly large eastward electrojet leads to
well-developed fountain effect, which is associated with the well-formed EIA crest later in the day in the lati-
tudes away from the dip equator.

3.3. Geomagnetic Storm Effect on EIA Formation over the East African Region: A Case Study

In this section we look at a case study on how geomagnetic storm affects the EIA anomaly formation at the
low-latitude regions over the East African sector. Our previous study on geomagnetic storms over this region
have shown the occurrence of TEC enhancements during the recovery phase of the storm and also an
increase in intensity of the amplitude and latitudinal extent of the EIA during the recovery phase of the storm.
Both features were attributed to ionospheric disturbance dynamo electric fields during the recovery phase of
the storm, which in turn does modify the equatorial fountain effect [Olwendo et al., 2015]. This case study pre-
sents a unique space weather event that was observed on 17 March 2015 and presents one of the largest
storms in the recent times since 2005.

Figure 5. (a and b) Plot of VTEC showing variations with the local time and latitudes of IPPs. The red dashed line shows the mean location of the geomagnetic
equator over the region covered by the IPPs.
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The solar wind parameters used for the analysis of this geomagnetic storm were obtained from the Advanced
Composition Explorer satellite data, which are available and maintained by the Coordinated Data Analysis
Web (CDAWeb) in the website http://omniweb.gsfc.nasa.gov/, and a high-resolution data of 5min averages
were used in this study. Figures 7a and 7b show themeasurements of the magnetic interplanetary conditions
for the period of 16–20 March 2015.

Figure 6. (a) VTEC distribution versus time of day and latitude in terms of monthly mean values for 2012 for all 12 GPS receivers. The data were binned in 0.25 h
increments and latitude increments of 1°. The yellow line shows the mean location of the geomagnetic equator over the region covered by the IPPs. The first column
represents the January, March, and May months, while the second column represents the months of February, April, and June, respectively. (b) Same as in Figure 6a
but for the months of July, September, and November in column 1 and August, October, and December in column 2.
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Figure 7a reveals that the storm commencement started on 17 March at ~04:00 UT. The onset of
the storm was marked by a rapid increase in the solar wind speed from 400 km/s to ~500 km/s at
06:00 UT. The interplanetary magnetic field (IMF) Bz turned southward at exactly 06:00 UT, which also
coincided with the onset of the main phase of the storm. Three hours later there was a sharp northward
turning of the IMF Bz at about 09:00 UT that resulted into a short recovery phase between 09:00 and
12:00 UT. The SYM-H started a strong negative excursion after 12:00 UT for the next 12 h to attain a mini-
mum value of over !200 nT just at the end of 17 March (24:00 UT). The short-lived sharp turning of the
IMF Bz northward did occur at the same time when the interplanetary electric fields (IEFy) showed a

Figure 6. (continued)
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reduction over the same time. The IMF Bz started turning northward by 12:00 UT on 17 March with the
IEFy getting to a constant value over the same period.

The recovery phase of the storm began gradually from 18 March at 00:00 UT to 20 March. The magnetic dis-
turbance observed from the magnetic observation station based in Addis Ababa (Ethiopia) over the same
period is shown in Figure 8. The sharp Bz turning northward on 17 March did coincide with a very strong
counterelectrojet between 09:00 and 12:00 UT as evident from Figure 8. The EEJ recovered to zero levels
sometimes after 12:00 UT but remained disturbed for the rest of the day. The effect of the storm showed a
suppressed EEJ during the recovery phase, which is consistent with the statistical results from the Peruvian
and Indian sectors presented by Yamazaki and Kosch [2015]. The EEJ regained its levels prior to the storm
at the end of the recovery phase of the storm on 21 March.

The response to ionospheric TEC from four different stations in the East Africa sector is illustrated in Figure 9.
Due to inadequate data from most of the stations during this period it was not possible to generate contour

Figure 7. (a) Variations of solar wind speed Vx, IMF Bz, and average magnetic field |B| and (b) variations of IMF Bz, interpla-
netary magnetic field Ey and SYM-H for the period of 16–20 March 2015. The red and black lines show the commencement
of the storm on 17 March 2015.
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plots over the region to monitor EIA
formation during the storm. In each
plot, the TEC observation during the
storm and the monthly median
values of TEC are presented along-
side the corresponding deviation in
TEC (∆TEC). The deviations in TEC
are obtained by subtracting the cor-
responding values of the median
from the values of TEC during the
storm. The negative deviation from
the corresponding monthly median
values of TEC for the period of 18–
20 March, the stations located away
from the dip equator (mal2, moiu,
and mbar) do show a negative storm
effect, while the positive deviations in
TEC at adis station do show positive
storm effect for the same period.
The counter EEJ on 17 March caused
significant TEC depletions from the
adis station. The adis station being

Figure 8. Variations of the H component of the Earth's magnetic field
observed at Addis Ababa (AAB) for the period of 16 to 21 March 2015.
(top) The solid line is the H component geomagnetic field minus the SYM-H,
while the dotted line represents the monthly median daily variations, i.e., the
monthly median at each time of the day. The zero level is defined as the
median value of the month. (bottom) The difference between the observed
and the monthly median daily variations.

Figure 9. Ionospheric TEC response to geomagnetic event during the period of 16 to 21 March 2015 from stations within the East African sector: (top) adis, (middle)
mal2, and (bottom) mbar.
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Figure 10
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at the dip equator is expected to show TEC depletions due to the counter EEJ, which suppresses the fountain
formation. It is however evident that the effect of the counter EEJ as felt by the stations away from the dip
equator such as mal2, moiu, and mbar showed a slight enhancement in TEC on 17 March. The enhancement
in TEC as observed on 17March from stations away from the equator is rather unique since the suppression of
the fountain formation is also expected to affect the TEC peaks from the stations at the ionization anomaly
crests such as the three indicated in this study. A more detailed behavior of TEC has been presented
in Figures 10a–10c by identifying the individual satellites (PRN) that were visible from the station during
the period when there were depletions at the adis station and enhancement at the stations away from the
dip equator.

Our previous study on the ionospheric response to magnetic storms over this region had shown that during
geomagnetic storm, the EIA formation get modified by either being suppressed by a counterelectrojet (CEJ)
arising from the northern turning of the IMF Bz fields or enhanced by prompt penetration of magnetospheric
electric fields associated with the IMF Bz turning southward and also ionospheric disturbance dynamo electric
fields that are raised during the quiet time storm conditions [Olwendo et al., 2015]. In Figure 10, the iono-
spheric response on 17 March at the onset of the storm is characterized by (1) a steep density drop at the adis
station at the dip equator starting 12:00 UT and (2) a sudden enhancement in the ionization density from sta-
tions away from the dip equator starting 12:00 UT. The steep density drop at the adis is rather expected, and
this can be attributed to the CEJ that occurred between 9:00 and 12:00 UT that prompted a downward

Figure 10. (a) Observations of vertical TEC related to satellites with (row 1) PRNs 9 and 10 and (row 2) 20 and 28 in row 2,
respectively, over adis station on 17March 2015. All the satellites show gradual decrease in TEC at 12:00 UT. (b) Observations of
vertical TEC related to satellites with (row 1) PRNs 9 and 10 and (row 2) 20 and 28, respectively, over mal2 station on 17 March
2015. The TEC observation around 12:00 UT does show a constant high TEC values lasting till 13:00 before a slow decrease.
(c) Observations of vertical TEC related to satellites with (row 1) PRNs 9 and 10 and (row 2) 20 and 28, respectively, over moiu
station on 17 March 2015. The TEC observations around 12:00 till 13:00 UT show the enhancement for all the satellites except
PRN 28, which shows a sharp decrease in TEC from 12:00 UT.

Figure 10. (continued)
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movement of the raised F region to lower altitudes. We attribute the enhanced electron density at about
12:00 UT at stations away from the equator to the presence of TEC at higher latitudes, which had been
initiated by the early formation of the fountain effect prior to the arrival of the magnetospheric electric fields
that caused a strong CEJ between 9:00 and 12:00 UT. For the adis station daily TEC gained to nearly normal
values from 18 to 20 March unlike the other stations which showed a very strong negative storms effect
during the same period. While it is expected that after the storm, once the EEJ returns to its value prior to
the storm, the daily peaks in TEC should also regain in all the stations within proximity, it was not the case
in this observation. There was a strong negative storm effect in TEC from stations away from the dip equator,
while at the dip equator TEC values regained to the values prior to the storm. We speculate the negative
storm effect evident from the three stations away from the equator to changes in ion composition in the ther-
mosphere occasioned by the storm. It is known that during storms, there occurs the expansion of neutral
atmosphere due to heating at the high latitudes. The expanding neutral atmosphere results in the upwelling
which increases the mean molecular mass in the thermosphere. The expansion also results into pressure
gradients which modify the global thermospheric circulation and due to the enhanced equatorward winds;
composition changes are transported to the low latitudes where they modify the F regions [Buonsanto, 1999;
Abdu et al., 1991]. Depending upon the intensity of a storm the disturbance in the composition could modify
the equatorial thermosphere to produce a negative disturbance in ionospheric electron densities [Abdu et al.,
1991]. Because the chemical loss rate decreases exponentially with height, the negative effects are more
expected when the F layer peak is situated at lower heights. With reference to our stations of observation,
we expect that the F layer over the adis station is higher than the other stations (at the anomaly crest) since
it is right over the equator. Therefore, it is expected that any thermospheric composition effect would pro-
duce significantly a more negative disturbance at the moiu, mal2, and mbar stations, which are situated at
the anomaly crest. Also, if this is coupled with a possibility of an equatorward decrease of the thermospheric
disturbance effects, then the significance of an expected negative disturbance in the electron density over
the equator could be diminished for most of the storms [Abdu et al., 1991].

4. Discussion and Conclusion

In this work the diurnal and annual variations of the vertical total electron content (TEC) derived from up to 12
IGS GPS receiver stations over the East African region have been presented. A case study on the storm of 17
March 2015 has also been analyzed. The daily maximum TEC value around the East Africa sector occurs in the
stations around the 10°N (adis and debk in Ethiopia). The stations located to the south of the magnetic equa-
tor show lower values of the TEC peaks compared to those in the northern part. This feature is also reflected in
the location and formation of the crest of the EIA. The TEC has larger values over the geomagnetic equator
than at the crest on this particular day. The diurnal variation in TEC as shown in Figures 2 and 4 depicts an
enhancement in TEC after local sunset hours, a feature which greatly depends on the strength of the equa-
torial ionization anomaly, which has seasonal, solar activity, and geomagnetic activities and latitudinal
dependence [Bagiya et al., 2009]. The daily peak TEC value of the crest reveals both seasonal and semiannual
variations; the peak TEC values and a well-developed crest occur in the equinoxes, while a weak crest forms in
the solstices. During the equinoxes the subsolar point is near the equator, where the eastward electric field is
often larger, and this intensifies the fountain effect which controls ionization levels at the equator. In solstices
the subsolar point moves to higher latitudes, and the fountain is expected to wane, and hence, the reduced
ionization peaks in the solstices. The transequatorial winds also changes the recombination rate by lifting the
ionospheric height on either side of the equator and hence increasing or decreasing the electron density. Our
results in this work have indicated the effect of E× B force on the plasma dynamics in this region as a key fac-
tor influencing the ionization levels. Vertical plasma drift measurements taken at Jicamarca which is an equa-
torial station over a long period of time showed that the daytime magnitudes are highest during the equinox
months (March-April and September-October) [Fejer et al., 1991]. We therefore attribute the well-formed EIA
crests during the months of March, April, September, and October to the high vertical plasma drift associated
with the equinoxes. And, the occurrence of postnoon peak is favorable when the daytime upward plasma
drift velocity attains a maximum earlier and also begins to decrease earlier; under this condition plus the fact
that the source of ion production is still present during the day time does favor the development of a more
prominent postnoon peak at anytime. During the equinoxes since the subsolar point is much closer to the
geomagnetic equator, this equally results in different types of transequatorial winds at the EIA region which
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might accelerate the formation of the anomaly. This behavior is depicted in annual variations in the crest for-
mations presented in this investigation.

A global-scale study on ionospheric variations have indicated that there exists a close coupling between
hemispheres and therefore suggest a key role of the dynamic and electrodynamical processes in the iono-
spheric semiannual variation [Ma et al., 2003; Liu et al., 2009]. For instance, Ma et al. [2003] proposed that
the semiannual variation in the ionosphere at low latitude could be due to the diurnal tide that modulates
the variations of equatorial electric fields and equatorial electrojet via the wind dynamo processes and
further control the ionosphere through the fountain effect. The complex coupling of the magnetosphere-
thermosphere-ionosphere over the low-latitude region is yet to be well understood, given that there is still
a large gap in database over a longer period. The case study on the storm on 17 March has been character-
ized by very strong negative effect during the recovery phase of the storm as observed from station away
from the dip equator. We have suggested the cause of the negative storm effect to the thermospheric com-
position disturbance generated by the energy depositions during the storm. We however need to point out
that there is still a great need of relevant data collection in measurements of thermospheric-ionosphere cou-
pling electrodynamic drivers such as wind, temperature, and composition changes.
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