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Key points:

¢ Influence of the anomaly strength and differential extent of the crests on irregularities over
Africa.

e Asymmetry of irregularities over the crests of the African EIA in both hemispheres.

e Similarity in irregularities behavior over the northern crest and trough, and postmidnight
occurrence in summer.

Abstract

This paper investigated variations of quiet time ionospheric irregularities over the African
Equatorial lonization Anomaly using the rate of change of TEC index (ROTI). Irregularities
were quantified in terms of percentage occurrence and examined along with parameter of the
Anomaly mainly its strength and asymmetry of the crests as well as equatorial electric field
(EEF) derived from the real time equatorial electric field model and meridional wind
obtained from the horizontal wind model. Irregularities occurred from 19:30 — 03:00 LT with
a time difference of 1 hour between both crests. The highest occurrences were registered in
April: 91.67 %, 75.00 % and 96.43 % for the northern crest, trough and southern crest,
respectively. Seasonally, stronger anomaly (>20 TECU) in addition to the highest EEF value
in the dusk- sector corresponded with the equinoctial higher occurrence rate in both
hemispheres while stronger meridional wind and farthest crests location accounted for the
least occurrence in winter. The summer occurrence rate was favored by reduced meridional
wind, smaller crests location and late time of prereversal enhancement at the magnetic
equator. There was a significant asymmetry in irregularities over the crests in both
hemispheres with stronger and greater occurrence rate over the southern crest. Also,
irregularities strength and occurrence rate was similar over the northern crest and trough in
summer. In addition, to dusk-sector activity, irregularities occurred during postmidnight in
summer. Simultaneous variations of irregularities over the crests and trough also highlighted
the contribution of non equatorial processes to their formation at the crests.
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lead to differences between this version and the Version of Record. Please cite this article as
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1. Introduction

The Equatorial lonization Anomaly (EIA) is a major feature of the low latitude ionosphere
marked by a minimum in ionization over the magnetic equator and two regions of enhanced
plasma on both sides at about £20 degree (Namba & Maeda, 1939; Appleton, 1946). It owes
its existence to some complex interaction between electric field and the horizontal
geomagnetic field, under the influence of gravity and pressure gradients (Kelley, 1989). The
vertical ExB drift velocity whose proxy is the equatorial electrojet (EEJ) is a key mechanism
driving the fountain effect thus, the development of the EIA. The EIA profile and by
extension, the asymmetry in magnitude and position of the crests with respect to the magnetic
equator (dip=0) is in turn modulated by the pattern of meridional wind blowing from one
hemisphere to another (Paul & DasGupta, 2010; Khadka et al., 2018).

During post sunset, the prereversal enhancement (PRE) in eastward electric field resulting
from the dynamo action of the F-region (Farley et al., 1986; Heelis, 2004) comes into the
picture. The enhanced electric field further moves ionization upward resulting in a downward
movement of plasma for the rest of the night (Eccles et al., 2015). The consequent plasma
redistribution is associated with a range of turbulence and instability that eventually give rise
to ionospheric irregularities (Haerendel, 1973; Ossakow, 1981). The interest in the EIA thus,
resides in the fact that it has direct bearing on the operational capability of Global Navigation
Satellite System (GNSS) applications whose signals are liable to suffer from additional errors
linked with the higher total electron content (TEC) values, large scale TEC gradients
(Wanninger, 1993) and enhanced scintillations due to protuberant ionospheric irregularities
(Basu et al., 1996) especially, over the crests region.

It is generally accepted that the Rayleigh-Taylor (R-T) Instability is the mechanism
responsible for the formation of ionospheric irregularities (Ossakow, 1981; Zalesak et al.,
1982). The equatorial plasma bubbles (EPBSs) irregularities so generated at/or in the vicinity
of the magnetic equator in the bottom-side post sunset F2 layer ascend, eventually extending
poleward along the geomagnetic flux tube up to the crests of the EIA in both hemispheres
(Kelley & McClure, 1981; Cervera & Thomas, 2006). The diurnal, seasonal, latitudinal and
longitudinal behavior of irregularities as well as their dependence on solar and magnetic
activity has been investigated (Basu et al., 1978; Aarons et al., 1980; 1997; Aarons, 1993;
Huang et al., 2002). As such, it is known that the seasonal and longitudinal behavior of
irregularities is influenced by transequatorial neutral wind (Maruyama & Matuura, 1984) as
well as the geographic alignment between the solar terminator and the local magnetic
meridian (Tsunoda, 1985). However, the day-to-day variability still remains a subject of
considerable attention because of the transient and unpredicted nature of solar and
magnetospheric phenomena (geomagnetic storms) as well as disturbances propagating from
the lower atmosphere which are known to affect irregularities behaviour in a rather
unpredicted manner (Abdu, 2012; Yizengaw & Groves, 2018).
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Of all longitudinal sectors under the EIA region, Africa offers the best opportunity for
ionospheric Irregularities research because of its vast landmass and uniqueness of processes
as revealed by satellite observations (Huang et al., 2001; Burke et al., 2004; Hei et al., 2005).
However, most of these features are yet to be confirmed using ground based data despite the
fact that statistical differences are known to exist between satellite and ground based
observations (Makela et al., 2004). To this effect, the existing network of ground based
instruments in Africa has offer an unprecedented opportunity to study ionospheric processes
on a continuous basis over a region which hitherto is characterized by few studies. EXisting
literature so far has thus, revealed features of irregularities in African such as their time of
occurrence (1900 — 0400 LT) and seasonal variability with two equinoctial peaks (Ackah et
al., 2011; Oladipo & Schuler, 2013; D’ujanga & Taabu, 2014) and some occurrences during
June solstice (Akala et al., 2014) as well as the existence of longitudinal differences between
Middle and East Africa (Chu et al., 2015) and western and eastern sectors (Paznukhov et al.,
2012; Mungufeni et al., 2016). Other characteristics such as the equinoctial asymmetry (Seba
& Gogie, 2015; Mungufeni et al., 2016) and solar activity and geomagnetic storm variations
of irregularities (Ngwira et al., 2013; Akala et al., 2016; Habarulema et al., 2017; Amaechi et
al., 2018a,b) have also been reported.

Most of these works however, focused on the southern part of the geomagnetic equator which
is tilted slightly northward with respect to the geographic equator over Africa. As such,
simultaneous studies of quiet time irregularities over trough and crests of the EIA in both
hemispheres are lacking in Africa. In addition, the contribution of the EIA to irregularities
variation over this continent still requires investigation. This work thus, examined the
variabilty of quiet time irregularities over the trough and crests of the African EIA during
year 2013. Emphasis is placed on the (i) contribution of the EIA to irregularities variations,
(i) equinoctial asymmetry in both hemispheres (iii) origin of irregularities at the crests and
(iv) their occurrence in the post sunset and postmidnight periods.

2. Data and method of analysis

Primary parameters used in this study include GNSS observables and magnetometer
measurements for the year 2013. This year falls within the maximum phase of solar cycle 24
with highest solar flux of 148.78 sfu. It was chosen based on simultaneous availability of
sufficient data over all stations. GNSS data were obtained from the University NAVSTAR
Consortium (UNAVCO) website htpp://www.unavco.org/data/ data.html. These were used to
compute TEC, reconstruct the EIA and monitor ionospheric irreguarities. The magnetometer
data for the Adigrat, ETHI (14.3°N, 39.5°E, 6.01° dip) and Addis Ababa, AAE (9.0°N,
38.8°E, 0.16° dip) stations were provided by the African Meridian B-Field Education and
Research (AMBER) and International Real-time Magnetic Observatory Network
(INTERMAGNET), respectively. These were employed to compute the horizontal
component of the earth’s magnetic field (H) and AH, a proxy for the EEJ current. The
computation process involved estimating daily baseline values and hourly departure of H as
well as correction for non cyclic variations. Further details about the processing of H can be
found.in Vestine (1947) and Rabiu et al. (2007). AH was estimated as the difference between
the H measured at the two stations (i.e. AH = Hyur — Hgry;) [Anderson et al., 2004;
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Yizengaw et al., 2014]. The geographic location of the GNSS and magnetometers stations are
shown in Figure 1 while their coordinates are given in Table 1.

GNSS data were subjected to quality check using the Translating Editing and Quality
Checking (TEQC) software (Estey & Meertens, 1999). Vertical TEC (VTEC) was thereafter,
processed following the method described in Seemala and Delay (2010). This involved
computing slant TEC (STEC) by leveling carrier phase with the pseudorange measurements
(Hansen et al., 2000), detecting and correcting cycle slips (Blewitt, 1990) and calibrating
STEC using differential satellite biases published by the University of Bern and receiver bias
estimated by minimizing the variability of TEC between 02:00 and 06:00 LT (Valladares et
al., 2009). STEC was then converted to VTEC using a mapping function with height assumed
at 350 km (Mannucci et al., 1993). Multipath was minimized using an elevation cut-off mask
of 40°. Such elevation also ensured that errors related to ionospheric pierce point (IPP) and
ionospheric gradient which are characteristics of the low latitude ionosphere (Rama Rao et
al., 2006) were taken care of.

The EIA profile was recontructed in the post sunset from 19:00 — 22:00 LT using VTEC
values within 20.81 — 46.40° E longitude at ionospheric pierce point (IPP) for individual
pseudorange random noise (PRN), binned within 15 minute x 1 degree (time/latitude). EIA
parameters such as the latitudinal extent of the crests with respect to the trough (L) and the
strenght of the anomaly (ATEC) were computed in both hemispheres. L is defined as the
latitudinal difference between the position of the crest and trough whereas ATEC is defined
as the TEC difference between the peak and trough of the EIA (Yizengaw et al., 2009) on
both sides of the magnetic equator. In addition, the differential extent which is the difference
between the northern and southern extent of the crest (Paul & Dasgupta, 2010) was estimated.
These parameters were examined in line with variations of ionospheric irregularities
monitored using the rate of change of TEC index (ROT]) in the post sunset period.

The suitability of ROTI in characterizing known features of equatorial spread F (ESF) has
been demonstrated over time (Wanniger, 1993; Pi et al., 1997; Mendillo et al., 2000; Oladipo
et al., 2014; Yizengaw and Groves, 2018). ROTI was computed as the standard deviation of
the rate of change index (ROT) in the unit of TECU/min for each pair of satellite and receiver

every 5 minutes interval after Pi et al. (1997) (i.e. ROTI = V< ROT2 > —< ROT >2). All
ROTI values were average for a particular epoch (5 minutes). The extent of occurrence was
estimated in terms of percentage irregularities occurrences as given in equation 1, within
18:00 — 06:00 LT time window while an irregularities event was defined as an event during
which ROTI exceeded 0.5 TECU/ min for 1 hour (Otsuka et al., 2006).

N.
Percentage occurrence = % x 100 (1)
all

where Nirreg IS the number of days with irregularities and Nan is the number of days in a
month for which data are available.

Secondary parameter such as the planetary K- index (Kp) was employed to select quiet days
(Table 2). Kp was obtained from the International Service of Geomagnetic Indices (ISGI)
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website, isgi.unistra.fr. A day was deemed quiet if its Kp was lesser or equal to 3 (Fejer et al.,
2008). In addition, the Real time model of lonospheric Electric Fields
(http://geomag.org/models/PPEFM/RealtimeEF.html) was used to predict quiet time
equatorial ionospheric eastward electric field (EEF) along mean longitude 35°. This model
uses solar wind data from the Advanced Composition Explorer (ACE) satellite to predict EEF
for all longitudes. To examine the relation between AH and EEF, the Pearson correlation
coefficient (r) was estimated between both variables from 08:00 — 18:00 LT during quiet
period. Based on this relation, EEF was utilized to gain insight into changes in electric field
and the consequent effect on irregularities occurrence in the post sunset period.

Finally, the updated Horizontal Wind Model (HWM14) [Drob et al., 2015] was employed to
study the dynamics of meridional wind over 5 stations along mean longitude 37° E: one
located at the magnetic equator, two close to the crests and the other two away from the crests
in both hemispheres. Recently, the capability of this model in predicting thermospheric wind
over Africa has been demonstrated (Kaab et al., 2017; Seba et al., 2018). However, results
presented in Chartier et al. (2015) showed that setting the altitude of the maximum volume
emission rate at 250 km can lead to errors in modeling. Recent simulations of this height at
the Oukaimeden observatory in Morocco during year 2015 indeed showed that this altitude
varies on a daily and seasonal basis (Kaab et al., 2017). In a bid to account for this height
variation we estimated the airglow-weighted HWM meridional winds (it) between 200 km
and 300 km using equation 2.
g = 2zt @)

az
where u, are the meridional winds from HWM at altitude z and a, is the calculated
redline volume emission rate at altitude z (Link & Cogger, 1988).

For the seasonal distribution, we took the average values of the months of November,
December, January, February and those of May, June, July, August to represent winter and
summer, respectively. It is important to recall that winter/summer in the northern hemisphere
correspond to summer/winter in the southern hemisphere. Similarly, the averages of March,
April and September, October represented spring equinox and autumn equinox. These
equinoctial seasons are common to both hemispheres.

3. Results

Figure 2 shows a typical example of ionospheric irregularities on 09 April 2013, a very quiet
day with sum of Kp = 1*. The irregularities manifested in the form of TEC depletions (panel
1) which are the signature of EPBs, over the (a) northern crest, NC, (b) trough, T and (c)
southern crest, SC. The three stations utilized were Sheb (7.36° dip), Addis Ababa (0.16° dip)
and Malindi (-12.20° dip). Irregularities were captured as fluctuations in ROT (panel 2) and
increase in ROTI (panels 3) as well as average ROTI (panel 4). They occurred from about
19:30 LT to 02:00 LT, but were dominant during the post sunset to midnight period over the
three stations. They were stronger at the crests and weaker at the magnetic equator.

The day-to-day variation of irregularities at (a) NC, (b) T and (c) SC for quiet days of 2013
are presented in Figure 3. The white spaces were due to lack of data and exclusion of days
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with Kp > 3. The black vertical lines at 24:00 LT indicate the local midnight. Generally, the
pattern of irregularities occurrence showed predominance during quiet days 70 to 150 and
210 to 290 with a pronounced hemispherical asymmetry over all stations. Their strength
decreased from SC to NC, then T. The time of occurrence in the post sunset varied within
19:30 — 21:00 LT over NC and T, and 20:30 — 22:00 LT over SC. The activity lasted till
about 03:00 LT, but was protuberant during post noon to pre-midnight period over all
stations. It was observed that ionospheric irregularities occurred earlier from quiet days 70 to
150 and 250 to 290 (September to October) and latter from quiet days 160 to 200 (June to

July).

Figure 4 is a zoomed portion of Figure 3 but for the month of July. This was used to closely
examine the behavior of irregularities during summer especially in the post midnight period.
This month was chosen because it recorded the strongest irregularities over all stations during
this season. The white areas represent days without data or days with Kp > 3. From this
Figure, we could distinguish: (i) irregularities occurring in the post sunset period and
decaying before midnight, (ii) irregularities occurring in the postmidnight period (both types
are clearly seen at SC) and (iii) irregularities from the dusk-sector extending into the
postmidnight period.

Figure 5 shows the monthly variation of ROTI during quiet days at NC (red line), T (green
line) and SC (blue line). This Figure was constructed by taking monthly averages of ROT]I for
all visible satellite every 5 minutes. Overall, January, February and December had ROTI <
0.1 TECU whilst those of March, April, September and October had ROTI > 0.5 TECU/min
but over the crests. Highest ROTI of 1.39, 0.58 and 1.88 TECU/min were obtained in April at
NC, T and SC, respectively. However, ROTI for SC was higher than that of NC in all months
except in- November, January and February. Interestingly, ROTI at T was comparable to that
at NC in May — August. In addition, during these months, variations of ROTI in the post
sunset period were not too different from those in the postmidnight period. Postmidnight
irregularities with ROTI > 0.5 TECU/min were also observed in April — May; July and
November — December but only over SC. Weaker irregularities (0.26 < ROTI < 0.5) occurred
in March, June and August.

Figure 6 presents monthly variations of the EIA in the post sunset period along longitude 37°
with latitudinal coverage of £30°. The profile was reconstructed using 15 minutes average of
VTEC from 19:00 — 22:00 LT during quiet days only. The red line indicates the mean of all
15 minute VTEC values during this period. From this Figure, the EIA profile was more
asymmetric with greater differential extent (farthest crests) during the months of January and
November — December. Conversely, the anomaly strength in both hemispheres was greater
than 20 TECU/min in March — April and September — December (Table 3). In addition, the
latitudinal position of the northern and southern crests saddled 17° — 22° geographic latitude
(8.2°N — 13.7° N magnetic latitude) and 2° to -11° geographic latitude (7.3°S — 21.3°S
magnetic latitude), respectively. It is important to recall that these variations are similar to
those presented in Amaechi et al. (2018c) but are more accurate in the present study because
of the increase number of stations used and better latitudinal and temporal resolution. The
new result is that the position of the trough of the African EIA varies from 2.2°S — 3.0°N
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magnetic latitude and should not be assumed to be fixed as has been the case in several
previous studies. Furthermore, the differential extent between both crest was highest in
November — January and least in June — July.

Monthly variations of AH (blue line) and EEF (green line) sampled at 5 minutes are presented
in Figure 7 from January to December 2013. There was no data for AH from October to
December. EEF replicates clearly the daytime features of AH with both quantities reaching
their maximum value at almost the same time. The correlation coefficient of r = 0.73
highlights the strength of the relation between both electric fields thus, validates EEF for
longitude 37°. In the post sunset period, EEF reached its greatest peak in April (0.74 mV/m)
and October (0.67 mV/m) and lowest from May to August (0.06 — 0.15 mV/m).

Monthly variations of percentage irregularities occurrence for (a) post sunset and (b)
postmidnight are shown in Figure 8. During post sunset, for NC, T and SC, April had the
highest occurrences of irregularities with percentages of 91.67 %, 75.00 %, and 96.43 %.
This was followed by September with 73.00%, 50.00% and October with 90.00%. December
had the least percentage of 3.57%, 3.33% and 3.23%. During postmidnight, T recorded
percentage occurrences lesser than 10% except in August (14.29%) and April (10.00%). NC
registered highest occurrences in April (50.00%) and August (20.00%) while SC did same in
April (85.71%) and July (55.17%). There was no postmidnight irregularity in January —
February and November — December.

Figure 9 shows seasonal variation of (a) ionospheric irregularities for NC (red line), T (green
line) and SC (blue line), (b) the EIA from 19:00 — 22:00 LT and (c) AH (blue line) and EEF
(green line) during quiet days of year 2013. In Figure 9a, all ROTI values for available
satellites were average every 5 minutes. Generally, ROTI was higher over the crests than at
the trough in both equinoxes while in summer it was almost the same in NC and SC. In
winter however, it barely reached 0.15 TECU/min. There was a pronounced north-south
asymmetry in irregularities with SC having the stronger irregularities (higher ROTI).
Furthermore, spring equinox had stronger irregularities than autumn equinox over all stations.
Also, irregularities decayed before the local midnight in autumn equinox while they extended
in the post midnight period in spring equinox and summer. Summer irregularities
nonetheless, decayed with a slower and constant rate from post sunset to post midnight as
oppose to a consistent and rather sharp decay in spring equinox. From Figure 9b, the overall
anomaly profile was more symmetric in both equinoxes with strongest anomaly (> 25.00
TECU). However, spring equinox had smaller anomaly strength and lesser latitudinal and
differential extents than autumn equinox (see Table 3). In winter, the overall shape of the
anomaly was more developed in NC than SC while the reverse was the case in summer.
Nevertheless, estimated latitudinal and differential extents were greater in winter than
summer in both hemispheres (Table 3). Correspondingly, the computed ATEC in winter was
18.32 and 18.98 TECU as against 4.88 and 13.28 TECU in summer for NC and SC,
respectively. From Figure 9c, post sunset peak EEF values of 0.64 mV/m and 0.59 mV/m
were reached at about 16:33 UT (19:33 LT), in spring equinox and autumn equinox. In winter
and summer, the respective EEF peaks were 0.34 mV/m at 16:10 UT (19:10 LT) and 0.11
mV/m at 16:40 UT (19:40 LT).
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From the seasonal profile of meridional wind shown in Figure 10, it was observed that the
wind was poleward in both hemispheres from 19:00 — 23:00 LT in winter. Also, in the
northern hemisphere it increased from 37 m/s in Addis Ababa (0.16° dip) to 50 m/s in Sheb
(7.36° dip) and then 100 m/s in Al Wajh (18.73° dip). In the opposite hemisphere, wind
magnitude was approximately 37 m/s in Malindi (-12.20° dip) and Tanzania (-16.59° dip). In
post midnight, meridional wind reversed to equatorward with stronger magnitude over the
southern hemisphere. In summer, the poleward wind barely reached 75 m/s in both
hemispheres. However, its magnitude decreased from Tanzania to Malindi, then Adis Ababa,
Sheb and Al Wajh. The reverse was the case for equatorward wind with its highest
magnitudes at Al Wajh and Sheb. From about 23:00 — 02:00 LT, meridional wind reversed to
poleward (equatorward) in the southern (northern) hemisphere. Wind patterns were similar in
both equinoxes albeit with slightly different magnitudes.

Figure 11 presents seasonal variation of percentage irregularities occurrences in (a) post
sunset and (b) postmidnight at NC, T and SC. The striking feature of this figure is the
absence of irregularities in winter for postmidnight and the least occurrence for post sunset
(12.50%, 5.60% and 4.50% for NC, T and SC). Overall, equinoxes had the highest
percentage occurrences in the post sunset with spring having more occurrence than autumn
for all stations. In postmidnight, percentage irregularities occurrences were highest in spring,
then summer and finally autumn over the crests. Over the trough they barely reached 8.00%
over all stations.

4. Discussion

EPBs with stronger intensity occurred predominantly in equinoxes then in summer while in
winter their occurrence rate and intensity were significantly reduced (Figures 8a and 11a).
This seasonal behavior is well explained in terms of the alignment of the solar terminator
with the magnetic meridian (Tsunoda, 1985). Over African, this ideal geometric set up occurs
during equinox (Burke et al., 2004) when conductivity gradient is enhanced and electric field
strong enough to provide the utmost vertical drift needed to lift ionization up hence, creating
steeper density gradient, a scenario favorable for the generation of irregularities by the R-T
instability in the post sunset ionosphere (Eccles et al., 2015). Stronger post sunset vertical
drift (Figure 9c) in conjunction with high background ionization characteristics of equinox
season (Figure 9b) were thus, likely mechanisms controlling the observed seasonal behavior
of irregularities. This as in line with previous findings the Africa region (e.g., Ackah et al.,
2011; Paznukhov et al., 2012; Oladipo & Schiiler, 2013; Akala et al., 2014; Seba & Gogie,
2015; Mungufeni et al., 2016).

Unlike electric field, the influence of the post sunset EIA on the variation of irregularities has
receiver lesser attention in the African sector. Over the Indian sector, it has been suggested
that a well-developed anomaly can be taken as a base-level pre-requisite for the development
of irregularities (Raghavarao et al., 1988; Rama Rao et al., 1997). From our results, stronger
anomaly (ATEC > 20 TECU) corresponded well with higher occurrence of irregularities
during equinoxes. On the other hand for anomaly strength within 15 — 20 TECU, the largest
differential extent (farthest crests) occured in winter which additionally recorded the weakest
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irregularities and least occurrence rate. Interestingly, the considerable summer irregularities
occurrence rate coincided with anomaly strength lesser than 15 TECU and related smallest
differential extent (closest crests). These results not only highlight the influence of the EIA’s
morphology (strength and location of crests) on the variability of irregularities, but also
suggest that a combination of stronger anomaly and closer crests are favorable conditions for
the occurrence of irregularities over Africa. Seba et al. (2018) had shown that mean crest to
trough ratio (CTR) > 1.4 was a good condition for the occurrence of irregularities over
Africa.

It is well known that the location of the crests of the EIA hence, its asymmetry is modulated
by transequatorial neutral winds (Paul & Dasgupta, 2010; Khadka et al., 2018). Modeled
values of meridional wind increased poleward from 37 m/s to a maximum value of 100 m/s in
the northern hemisphere while it was about 37 m/s in the southern hemisphere in winter. This
was consistent with the overall shape of the anomaly which appeared deflected northward
and was more developed in the northern hemisphere. Khadka et al. (2018) had stressed on the
role of the direction of meridional wind in creating the asymmetry of the EIA in the South
American sector. The strong meridional winds pulled the crests farther apart giving rise to the
largest differential extent and asymmetry in the crests’ position during winter. Such winds are
known to created unfavorable condition for the generation of irregularities. According to
Maruyama (1988), meridional winds can cause an unequal molecular ion distribution in the
conjugate F-region with net increase in the field line integrated conductivity Y g rthus, a
decrease in the R-T growth rate. The presence of the wind and its modulating effect on the
asymmetry of the EIA was thus, responsible for the least irregularities occurrences in winter.
Zalesak-and Huba (1991) and Mendillo et al. (1992) had shown that northward (southward)
transequatorial wind will have a stabilizing effect on the instability growth rate along the
entire flux tube. Our results are also in line with those of Seba et al. (2018) who found that
during winter (summer), the mean meridional wind was northward (southward) in the local
post sunset with modelled velocity of 47 m/s (43 m/s) with a consequent delfection of the
anomaly northward (southward) in year 2014. Tesema et al. (2017) confirmed the direction of
flow of interhemispheric wind from summer to winter hemispheres and further obtained r
meridonal wind speed of 30 to 50 ms™ poleward during winter in the local evening at Bahir
Dar, Ethiopia (11.6°N, 37.4°E) using an imaging Fabry—Perot Interferometer.

The behavior of irregularities in summer and winter can also be explained in terms of the late
time of reversal of PRE at the dip equator. According to Fejer et al. (1999), the later (earlier)
time of reversal of the PRE which occurs in the local summer (winter) at the magnetic
equator favors (inhibits) the occurrence of irregularities. From modelled values of EEF, the
time of the reversal occured earlier in winter (16:10 UT = 19:10 LT) and later in summer
(16:40 UT = 19:40 LT) [Figure 9c]. It is thus, expected that the summer irregularities
occurrence rate will be higher than the winter one especially, given that the magnetic equator
is in the northern hemisphere in Africa (Figure 1).

Irregularities at the crests and trough were asymmetric in equinoxes with spring having more
irregularities than autumn. Correspondingly, the crests were closer to the magnetic equator
while the differential extent was smaller and the PRE (captured by variations of EEF)
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stronger in spring than autumn. Contrastingly, the anomaly was stronger in autumn than
spring. These results suggested that the location of the crests played a determining role in the
equinoctial asymmetry over the African EIA. Modelled wind values showed slight
differences in the magnitude of poleward wind in spring and autumn. Seba et al. (2018) had
related the difference in wind pattern between March and September 2014 to the differences
in ROTI values during these months. They further explained the equinoctial asymmetry in
irregularities in terms of background density. They argued that the existence of strong TEC in
March will create higher density gradient (Mendillo et al., 1992) that are favorable for the
development of plasma density irregularity in March than September. The equinoctial
asymmetry in our case has been related to the stronger drift and closer position of the crests
in spring.

The latitudinal variation of irregularities revealed stronger irregularities and greater
occurrence rate over the crests than at the trough (Figures 9a and 11). This was associated
with the high (low) background ionization that is characteristics of the crests (through)
especially, during high solar activity. Cervera & Thomas (2006) had also found peak
irregularities activity at the crests and a reduction at the trough in the South-East Asian
longitude. This latitudinal feature is clearly in line with the known climatology of
scintillations ' presented in Basu et al. (1980) and Aarons and Basu (1994). One new
irregularities feature observed was the similarity in summer irregularities strength and
occurrence rates between the northern crest and trough. This puzzling feature might have
been related to the smallest latitudinal extent and weakest anomaly in the northern
hemisphere. In effect, the northern crest was closest to the magnetic equator with almost
similar background ionization as the trough during this season. Another interesting feature is
the interhemispheric asymmetry of irregularities over the crests of the anomaly in Africa.
This north-south asymmetry was marked by stronger irregularities and more occurrences in
the southern crest. This could be traced to the fact that the anomaly was generally stronger in
the southern hemisphere (Table 3). The magnitude of the drift in both hemispheres might
have also influence the behavior of irregularities over the crests. The plausible role of neutral
winds in driving differences in irregularities at the two anomaly regions in the South-East
Asian sector had been highlighted by Cervera & Thomas (2006). These authors suggested
that the winds could generate eastward electric field asymmetries with respect to the dip
equator. In our case, the asymmetry of the wind with respect to the geomagnetic was
pronounced during summer when the north-south asymmetry in irregularities was prominent.
Other contributing factors to this north-south asymmetry may have been related to the
location of the magnetic equator in the northern hemisphere as well as the involvement of
irregularities processes of non-equatorial origin. It is well known that irregularities at the
crests- often. originate from the magnetic equator. However, crests irregularities can be
generated locally by seeding mechanism such as gravity waves (Huang & Kelley, 1996), and
neutral wind in the E-region (Yokoyama et al., 2009) and/or may be influenced by
polarization electric field related to medium scales traveling ionospheric disturbances
(MSTIDs) propagating from the mid-latitudes to the crests of the EIA in both hemispheres
(Miller et al., 2009). Mathew et al. (1991) had stressed that in addition to equatorial
processes, irregularities at the crest of the Indian anomaly were generated locally or/and
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might have come from mid-latitude. The contribution of MSTIDs and low atmospheric
sources capable of influencing irregularities at the crests nevertheless, requires further
investigations.

Postmidnight irregularities were found to be essentially weaker in strength with considerable
occurrence over the southern crest. Their behavior in equinox suggested that they were
residual of the dusk-sector EPBs activity. In summer nonetheless, there was clear evidence of
the formation of irregularities in the postmidnight period. Yizengaw et al. (2013) attributed
the presence of strong postmidnight irregularities in June solstice to the R-T instability and
strong upward drift capable of lifting the F layer. They postulated that the polarization
electric field were generated by sporadic E which often occurs during summer plausibly as a
result of dust storms typical of the African sector (Kamra, 1972). This could as well be a
plausible explanation for postmidnight summer irregularities observed in this work. It is
however, important to note that irregularities reported in the present study were less strong
and less frequent than those presented in Yizengaw et al. (2013). This could be an indication
that postmidnight irregularities were not necessarily associated with strong upward drift but
perhaps were due to the creation of sharp vertical gradients through recombination processes
in conjunction with transequatorial neutral wind in the night. The pattern of modelled
meridional winds clearly underscores their significance and eventual contribution in shaping
the dynamism of the postmidnight ionosphere in summer. Nishioka et al. (2012) had stressed
on the generation of weak postmidnight irregularities by processes such as recombination and
transequatorial wind that transport plasma along the magnetic field. Akala et al. (2015) also
reported on weak postmidnight pockets of irregularities over Africa in summer during the
minimum phase of solar cycle 24.

5. Conclusion

The variability of ionospheric irregularities over the African EIA during quiet days of year
2013 has been studied along longitude 35°E. Emphasis was placed on features such as the
contribution of the EIA, the asymmetry in irregularities over the crests as well as post sunset
and postmidnight irregularities. Our results show that:

1. The position of the trough of the African EIA varied from 2.2°S — 3.0°N magnetic latitude
and should not be assumed to be fixed as has been the case in several previous studies.

2. Irregularities occurred from 19:30 — 03:00 LT during quiet days of year 2013. The activity
started earlier over the northern crest and trough (19:30 LT) and an hour later (20:30 LT)
over the southern crest. Correspondingly, the time of occurrence of the post sunset peak in
electric field predicted by the EEFM varied within 19:00 — 20:00 LT.

3. The highest occurences were registered in equinoxes when the anomaly was the strongest
(> 20 TECU). For anomaly strength lesser than 20 TECU however, the smallest (largest)
differential extent of the crests seemed to favor (inhibit) irregularites formation in summer
(winter).
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4. The strength and occurrence rate of irregularities at the northern crest and trough was
similar in summer. This was associated with the location of the northern crest closer to the
magnetic equator during this season.

5. The Equinoctial asymmetry over the crests and trough of the African EIA depended on the
location of the crests with respect to the magnetic equator in both hemispheres and on the
magnitude of post sunset EEF.

6. Irregularities at the crests of the African EIA do not solely come from the magnetic equator
but can be generated locally and/or might originate from mid-latitudes.

7. The north-south asymmetry in irregularities over the crests during quiet periods is
presented for the first time over Africa. Generally, the southern crests had the stronger and
higher occurrences. This asymmetry depended on the strength of the anomaly in both
hemispheres, the northward shift in the location of the magetic equator over Africa as well as
the contribution of irregularities mechanism of non equatorial origin.

8. Postmidnight irregularities observed in equinox were essentially an extension of the dusk-
sector EPBs activity. During summer nevertheless, especially in the months of June and July
there was a clear secondary resurgence/formation of irregularities. This suggested the
existence of a post midnight irregularities mechanism plausibly steeper density gradient
associated with nighttime recombination and transequatorial wind in the postmidnight.

For a better understanding of the least studied irregularities features such as their asymmetry
over the crests, postmidnight occurrences during summer and the contribution of non
equatorial processes to irregularities at the crests, further studies are needed using diverse
observational tools in both hemispheres of the African EIA.
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Figure 1. Geographic location of the stations.
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Figure 2. Typical example of ionospheric irregularities on 9th April 2013 over the (a)

northern crest, (b) Trough and (c) southern crest. From top to bottom VTEC, ROT, ROTI and
average ROTI (ROTlave).
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Figure 3. Day-to-day variation of irregularities over stations in the (a) northern crest, (b)
trough and (c) southern crest during quiet days of the year 2013 from 18:00-06:00 LT.
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Figure 4. Day-to-day variability of irregularities during quiet days in July 2013 at (a)

Northern crest (b) Trough and (c) Southern crest. The white areas represent either days
without data or days that were not quiet.
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Figure 5. Monthly mean variations of quiet time irregularities over the northern crest (red
line), trough (green line) and crest (blue line) in 2013.
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Figure 6. Monthly variations of the EIA in the post sunset period from 19 — 22 LT during
quiet days of 2013. The red line indicates the mean of VTEC during this period.

©2020 American Geophysical Union. All rights reserved.



60

January February

20l
0
20
60
40

20
-20

AH (T}

60

October November December

40
20}
ok
20

40

0 3 6 9 12215 18 21 0 3 6 9 1215 18 21 0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 071
UT =LT- 3 (Hour)

Figure 7. Monthly mean diurnal variation of AH (red curve) and EEF (blue curve) in year
2013. There was no AH data from October to December.
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Figure 8. Monthly percentage irregularities occurrences for (a) Post sunset and (b) Post
midnight over the northern crest (red), the trough (green) and the southern crest (blue).
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Figure 9. (a) Seasonal variations of (a) irregularities for northern crest (red line), trough
(green line) and southern crest (blue line), (b) EIA variation from 19-22 LT and (c¢) AH and
EEF for quiet days of year 2013. The red line in panel 2 is the mean of all VTEC for the
period. Fig.8a was obtained by taken the mean of all ROT]I in the season during quiet period.
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Figure 10. Seasonal variation of meridional wind predicted by the HWM14 model. Positive
values are northward.
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Figure 11. Seasonal variations of percentage irregularities occurrences during (a) post sunset
and (b) post midnight for year 2013.
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Table 1: Geographic location of the GNSS and magnetometer stations

Station name / Country Station Geographic Magnetic

code Latitude Longitude Latitude Longitude

GNSS
Mitzpe Ramon ramo 30.61°N 34.80°E 23.38°N 106.30°E
Halat Ammar, Saudi Arabia haly 29.16°N 36.07°E 21.87°N 107.53°E
Al Wajh, Saudi Arabia alwj 26.46°N 36.38°E 18.73°N 107.79°E
Sola Village, Saudi Arabia sola 24.91°N 46.40°E 18.43°N 118.05°E
Nama, Saudi Arabia nama 19.21°N 42.05°E 11.49°N 113.61°E
Sheb, Eritrea sheb 15.85°N 39.05°E 7.36°N 110.60°E
Asab, Eritrea asab 13.06°N 42.65°E 4.91°N 114.34°E
Addis Ababa, Ethiopia adis 9.03°N 38.77°E 0.16°N 110.47°E
Nazret, Ethiopia nazr 8.57°N 39.29°E 0.25°S 111.01°E
Negele, Ethiopia nege 5.33°N 39.59°E 3.60°S 111.36°E
Entebbe, Uganda ebbe 0.04°N 32.44°E 9.53°S 104.10
Eldoret, Kenya moiu 0.29°N 35.29°E 9.17°S 107.00°E
Mbarara, Uganda mbar 0.60°S 30.74°E 10.22°S 102.38°E
Kigali, Rwanda nurk 1.94°S 30.09°E 11.62°S 101.66°E
Malindi, Kenya mal2 2.99°S 40.19°E 12.42°S 111.86°E
Dodoma, Tanzania dodm 6.17°S 35.75°E 16.08°S 107.22°E
Tanzania CGPS, Tanzania tanz 6.77°S 39.21°E 16.59°S 110.65°E
Tukuyu, Tanzania tukc 9.33°S 33.75°E 19.59°S 104.91°E
Dar es Salaam, Tanzania tanz 6.76°S 39.21°E 16.58°S 110.65°E
Mzuzu, Malawi mzuz 11.43°S 34.00°E 21.88°S 104.91°E
Lusaka, Zambia zamb 15.42°S 28.31°E 26.26°S 98.40°E
Ngamiland, Botswana maua 19.19°S 23.85°E 30.11°S 92.86°E
Hartebeesthoek, South Africa  hrao 25.89°S 27.68°E 36.32°S 94.68°E
Sutherland, South Africa suth 32.38°S 20.81°E 41.09°S 84.76°E
Magnetometer

Addis Ababa, Ethiopia AAE 9.0°N 38.8°E 0.14°N 110.50°E
Adigrat, Ethiopia ETHI 14.3°N 39.5°E 6.01°N 111.09°E
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Table 2. Availability of quiet days at the crests and trough

Month Total quiet Total available quiet days
days Northern crest Trough  Southern crest
January 27 27 27 27
February 24 24 24 24
March 21 21 21 21
April 28 24 28 28
May 22 11 22 22
June 20 20 20 20
July 20 20 20 20
August 19 19 14 19
September 27 27 14 27
October 23 22 23 22
November 24 22 24 24
December 28 28 28 28
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Table 3. Latitudinal extent (L), differential extent and strength of the anomaly (ATEC) for the
northern hemisphere (NH) and southern hemisphere (SH).

L (degree) Differential  ATEC (TECU)

NH(®) SH(°) extent(°) NH SH

Month
January 9 19 28 10.16 17.15
February 9 11 20 11.64 9.73
March 10 12 22 20.24 22.87
April 11 13 24 20.32 26.44
May 9 11 20 9.54 23.26
June 7 11 18 3.18 10.39
July 7 8 15 0.4 6.17
August 9 10 19 6.38 13.31
September 12 14 26 20.17 30.24
October 12 12 24 27.24 29.41
November 12 19 31 23.92 27.46
December 13 21 34 27.56 21.57

Season
Winter 10.75 17.50 28.25 18.32 18.98

Spring equinox 10.50 12.50 23.00 20.28 24.66
Autumnequinox  12.00 13.00 25.00 23.71 29.83
summer 8.00 10.00 18.00 4.88 13.28
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