Geomagnetic activity control of irregularities occurrences over the
crests and trough of the African EIA

Paul, Obiakara Amaechi!, Elijah, Oyedola Oyeyemi?, Andrew, Oke-Ovie Akala?, and
Christine Amory-Mazaudier?

!Chrisland University
2University of Lagos
3University Pierre and Marie Curie

November 24, 2022

Abstract

This paper examined the behavior of ionospheric irregularities over the African Equatorial Ionization Anomaly (EIA) during
intense geomagnetic storms which occurred from 2012 to 2015. Total electron content (TEC) data was used to derive the rate of
change of TEC index (ROTI). This was employed to monitor irregularities over the trough and crests of the EIA. Variations of
the horizontal component of the Earth’s magnetic field (H) were examined. The H component was additionally used to compute
ionospheric electric current disturbance (Diono). Prompt penetration electric field (PPEF) inferred from variations of Diono
was compared with PPEF obtained from the Prompt Penetration Equatorial Electric Field Model (PPEFM). The PPEFM
predicted accurately all PPEF's thus, was found to be valid over the African EIA. The local time of occurrence of interplanetary
magnetic field (IMF ) dictated the behavior of irregularities. Eastward PPEF triggered short duration irregularities on 23 April
2012, 17 March 2013 and 20 February 2014 while westward disturbance dynamo electric field (DDEF) reduced them thereafter.
During the storms recovery including the 15 July 2012 and 17 March 2015 events, irregularities were suppressed by westward
DDEF. However, during the storms of 14 November 2012 and 29 June 2013 no irregularities were observed. Irregularities were
always inhibited over the trough. The inhibition lasted longer during the super storm of March 2015. Over the crests, there
were differences in their behavior on 16-17 July 2012, 15 November 2012 and 19 March 2013. These were however, not linked

to storm-time electric field.
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Key points:

e Combined effect of PPEF and DDEF on ionospheric irregularities over the crests and
trough of the Africa EIA during intense storms.

e Differences in irregularities behaviour over the crests of the African EIA unrelated to
geomagnetic storms during the recovery phase.

e Validation of the Prompt Penetration Equatorial Electric Field Model over the Africa
sector during the main phase of intense storms.

Abstract

This paper examined the behavior of ionospheric irregularities over the African Equatorial
lonization Anomaly (EIA) during intense geomagnetic storms which occurred from 2012 to
2015. Total electron content (TEC) data was used to derive the rate of change of TEC index
(ROTI). This was employed to monitor irregularities over the trough and crests of the EIA.
Variations of the horizontal component of the Earth’s magnetic field (H) were examined. The H
component was additionally used to compute ionospheric electric current disturbance (Diono).
Prompt penetration electric field (PPEF) inferred from variations of Diono was compared with
PPEF obtained from the Prompt Penetration Equatorial Electric Field Model (PPEFM). The
PPEFM predicted accurately all PPEFs thus, was found to be valid over the African EIA. The
local time of occurrence of interplanetary magnetic field (IMF Bz) dictated the behavior of
irregularities. Eastward PPEF triggered short duration irregularities on 23 April 2012, 17 March
2013 and 20 February 2014 while westward disturbance dynamo electric field (DDEF) reduced
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them thereafter. During the storms recovery including the 15 July 2012 and 17 March 2015
events, irregularities were suppressed by westward DDEF. However, during the storms of 14
November 2012 and 29 June 2013 no irregularities were observed. Irregularities were always
inhibited over the trough. The inhibition lasted longer during the super storm of March 2015.
Over the crests, there were differences in their behavior on 16-17 July 2012, 15 November 2012
and 19 March 2013. These were however, not linked to storm-time electric field.

1. Introduction

lonospheric irregularities are small to large-scale structures that form in the plasma density
[Pekins, 1975]. Their interaction with Global Navigation Satellite System (GNSS) signals could
result in rapid fluctuations in the amplitude and/or phase fluctuation of the signals, giving rise to
a phenomenon known as scintillations [Aarons, 1982; Datta-Barua et al., 2015]. During intense
scintillation conditions, GNSS signals might suffer degradation, reduction in their information
content or failure in reception [Aarons et al., 1996; Kintner et al., 2007]. The outcome could
have disastrous effect on the life-critical GNSS applications especially, those utilized in
navigation, positioning, search and rescue as well as military operations and surveying [Conker
et al.,, 2003; Sunda et al., 2015; Yizengaw and Groves, 2018]. For this reason, adequate
information about the actual state of the ionosphere is crucial for the smooth operation of the
critical GNSS applications during all weather conditions.

The dynamics of the quiescent ionosphere is driven to a large extent by zonal electric field
resulting from the dynamo action of neutral wind. The electric field which is eastward during the
day and westward a night controls the distribution of ionization especially, over the
equatorial/low latitude region [Fejer and Scherliess, 1997; Heelis, 2004; Fejer et al., 2016]. The
interaction between eastward electric field and the horizontal north-south geomagnetic field
gives rise to the equatorial ionization anomaly (EIA) [Appleton, 1946; Yue et al., 2015]. In the
post sunset period, the pre reversal enhancement (PRE) in E X B drift velocities further lifts the
ionosphere up [Fejer et al., 1999] to altitude where the development of ionospheric irregularities
is favoured through the generalized Rayleigh-Taylor instability (R-T instability) [Farley et al.,
1970; Eccles, 2004; Yizengaw et al., 2013a]. The plasma bubbles irregularities so developed rise
above the magnetic equator, then move along geomagnetic fields towards the crests of the EIA
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[Groves et al., 1997]. The salient parameters affecting the generation of irregularities as captured
by the equation for the RT instability growth rate [Kelley, 1989; Sultan, 1996] are the: (i) post
sunset vertical drift, (ii) components of thermospheric winds, (iii) density gradient at the bottom
side of the F-layer, and (iv) initial seed perturbations due to gravity wave from the lower
atmosphere [Ott, 1978; Haerendel, 1973; Kudeki et al., 2007; Tsunoda et al., 2013].

During solar disturbances such as geomagnetic storm, electrodynamics of the equatorial/low
latitude ionosphere undergoes drastic and unpredicted variations. Generally, when the z-
component of the interplanetary magnetic field (IMF Bz) turns south and auroral currents
intensify, magnetospheric convection electric field penetrate promptly into the low-latitude
ionosphere in the form of an under-shielding electric field, the so-called dawn-to-dusk prompt
penetration electric field (PPEF) [Kikuchi et al., 2008; Abdu, 2012; Abdu et al., 2018]. However,
the shielding layer provided by the subsequent development of region 2 field aligned current
(R2-FAC) at timescales of 20-30 minutes under northward turning of IMF Bz and corresponding
decrease in convection activity attempts to balance the convection electric field. This gives rise
to the penetration of an over-shielding dusk-to-dawn electric field to the equatorial region [Abdu
et al., 2018]. On the other hand, Joule heating of the thermosphere resulting from the excessive
input of energy at high latitude during the disturbance drives meridional winds which in turn
travel down to the equatorial region, generating disturbance dynamo electric field (DDEF). The
simulation of the global dynamo effect of these winds was first performed by Blanc and
Richmond [1980]. It has been reported that this type of disturbance take about 4-5 hours to reach
the low-latitude depending on their speed [Fuller-Rowell et al., 1997] while their ensuing effects
are known to last longer during the recovery phase of geomagnetic storms [Scherliess and Fejer,
1997].

Chapman [1919] was the first to show that during intense geomagnetic disturbances, the
horizontal component of the geomagnetic field (H) measured using ground magnetometers
reduces significantly below its average behavior. Later on, Nishida et al. [1966] identified
disturbance polar no. 2 (DP2) as the geomagnetic counterpart of convection electric field
generated by the interaction of the solar wind and the magnetosphere. Nishida [1968] further
found that DP2 fluctuations observed in ground magnetic measurements were consistent with

interplanetary magnetic field data. Vasyliunas [1970] formulated a theoretical model for
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magnetospheric convection while model results of Fejer and Scherliess [1997] showed that the
PPEF vanished after 60 minutes due to the shielding effect of the ring current. Manoj et al.
[2008] observed that the maximum propagation time for interplanetary electric field (IEF) to
travel from the nose of the bow-shock nose to the equatorial ionosphere is 17 minutes while the
coherence between IEF and equatorial electric field (EEF) peaks around 2 hours period and
increases during period of magnetic activity. According to Le Huy and Amory-Mazaudier [2005,
2008] the magnetic signatures of the reversed solar quiet (Sq) current at low latitude during
magnetic storms are due to the ionospheric disturbance dynamo (Ddyn) which is the equivalent
current system associated to DDEF. The characteristics of DP2 and Ddyn have been summarized
in terms of their period, ionospheric responses and source/origin [Amory-Mazaudier et al., 2017].

The time of occurrence of disturbed electric field is crucial in affecting the behaviour of
irregularities. PPEF of eastward polarity occurring in the post sunset period can enhance the
ambient eastward PRE thus, triggering irregularities or enhancing them. Conversely, westward
PPEF/ DDEF can reduced or inhibit the formation of irregularities. Despite its wider spatial
coverage over the low-latitude region, Africa has the fewer number of studies in terms of
ionospheric response to storm-time electric fields. The lack of studies for Africa has been
attributed to the long time absence of ionospheric observational tools over this sector [Paznukhov
et al., 2012; Yizengaw et al., 2013b]. This in turn constitutes an impediment to global modeling.
Over the last decade, the availability of ground-based instruments thanks to projects such as the
International Equatorial Electrojet Year (IEEY), the International Heliophysical Year (IHY) and
the International Space Weather Initiative (ISWI) has help in improving the knowledge of the

peculiar features of the ionosphere over Africa.

For example, evidence of the inhibition/development of the PRE by storm time electric field was
presented by Ngwira et al. [2013] during the storm of 6/8 April 2011 using the
Communication/Navigation Outage Forecasting System (C/NOFS) satellite data. Consequently,
larger depletion in TEC and electron density as well as enhanced scintillations were respectively,
absent and present in Nairobi, Kenya and Kampala, Uganda on these days. In addition, Azzouzi
et al. [2015] observed that the geomagnetic storm had no effect on irregularities on 2 October
while it inhibited them on 8 and 30 October over East Africa as well as over the entire continent

on 14 October. They found no increase in the virtual height of the F2 layer (hoF2) at Ascension
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Island suggesting that PRE was absent on 14 October along with the presence of westward
DDEF which also acted to inhibit the regular eastward electric field. Their study further revealed
an asymmetry in irregularities as captured by the rate of change of TEC index (ROTI) over East
and West Africa during the storms of October 2013.

Also, Fathy et al. [2014] separated Ddyn associated with DDEF from DP2 related to PPEF and
observed a reduction in H during four consecutive days as a result of the presence of Ddyn. They
postulated that the main component of Ddyn is a diurnal oscillation which varied from the
Europe-African, to the Asian and then American longitudes with the strongest Ddyn effect
registered over the African longitude during the storm of 5 April 2010. Similarly, Nava et al.
[2016] isolated DP2 and Ddyn signals from the ionospheric electric current disturbance (Diono)
during the St. Patrick day storm of 17 March 2015. They confirmed that short term oscillations
of about 3 h periods were related to DP2 fluctuations during period of southward IMF Bz and
occurred simultaneously in the Asian, African, and American sectors while Ddyn showed
difference related to the local time of each sector and lasted longer over the Asian then African
and finally American sectors. They finally detected the presence of planetary waves with period

of 5 and 9 days originating from the lower atmosphere using wavelet analysis.

In the same vein, Zaourar et al. [2017] observed larger disturbances in amplitude of Ddyn in the
northern hemisphere than in the southern hemisphere, and stronger asymmetries at higher
latitudes, than at lower latitudes, between conjugate observatories. At equatorial and low
latitudes they found that Diono was more intense over the American sector than the African
sector while Ddyn lasted longer (4 days) in the later sector than the earlier (2 days). They also
stressed on changes in the amplitude of the magnetic perturbations which exhibited a gradual
decay towards lower latitudes. Amaechi et al. [2018a] studied the effect of storms on ionospheric
irregularities over the eastern and western African sector in the year 2015. They observed
fluctuation in H and minima/oscillations in Diono over magnetometers in both sectors associated
with PPEF during the main phase. The separation of the effect of DP2 from Ddyn revealed the
presence of westward DDEF several hours after the beginning of the disturbance. The westward
electric field inhibited irregularities during the main phase of March and October 2015 events
while eastward electric field triggered them over the eastern sector during the June 2015 storm.

During the recovery phase, westward DDEF suppressed irregularities. Their study revealed a
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longitudinal difference in the pattern of irregularities between the Eastern and Western African
sectors during the recovery phases of the storms of March and October 2015.

There has also been modeling efforts aimed at assessing the ability of storm to both enhance and
suppress irregularities. For instance Carter et al. [2014] obtained good correspondence between
the R-T growth rate estimated using the Thermosphere-lonosphere- Electrodynamics General
Circulation Model (TIEGCM) and Equatorial Plasma Bubbles (EPBs) occurrence over the
American (289.59°E), Atlantic (345.59°E), Eastern African (36.81°E), Asian (88.37°E) and
Eastern pacific (144.87°E) longitudes. They also observed that for longitude where EPBs
occurrence maximizes during equinox, the TIEGM gave an accurate representation of the
decreased in PRE and associated inhibition of irregularities growth rate on days when EPBs were
absent. They further found a decrease in the modeled values of the linear R-T growth during
periods of increased Kp activity. Nayak et al. [2016] demonstrated the ability of the Prompt
Penetration Electric Field Model (PPEFM) in predicting PPEF and the corresponding effect on
irregularities in the Asian sector during the storm of 17 March. Such modeling studies are more

than ever needed over the African EIA during storms.

Despite all these works, a better understanding of the storm-time behaviour of ionospheric
irregularities is still needed over the African EIA. Features such as the simultaneous response of
ionospheric irregularities to PPEF, DDEF and the combination of both disturbed electric field
over the crests and trough of the African EIA, as well as the asymmetry trend of irregularities
occurrences over the EIA crests in both hemispheres are yet to be investigated during various
storms. This poses not only a limitation to global modelling but also challenge to forecasting
space weather which has long been the goal of the Space Physics and Aeronomy (SPA) community.
This is all the more pertinent given the fact that ionospheric response to geomagnetic storm can be highly
localized and can vary significantly from one storm to another [Kakad et al., 2012; Nayak et al., 2016].
This paper thus, focused on the simultaneous variations of irregularities over the crests and
trough of the African EIA during intense geomagnetic storms of the ascending phase of solar
cycle 24. The study further performed for the first time over the African EIA region, comparison
between PPEFs derived from ground based magnetometer data and inferred from the PPEFM
[Manoj and Maus, 2012]. The careful selection of storm events with different intensity, time of

Sudden Storm Commencement (SSC), season of occurrence, duration of the main phase,
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duration and strength of southward IMF Bz, offered an unprecedented scenario to examine
variations of DP2 and Ddyn current systems in conjunction with their modulating effect in the
post sunset ionosphere over the least studied African sector during intense geomagnetic
disturbances. To this end, section 2 describes the data sets and method of analysis while section 3
gives a highlight of the results obtained. The discussion and conclusion are presented in section 4

and 5, respectively.
2. Data sets and Data Processing
2.1 Data sets

All storm events were associated with Coronal Mass Ejection (CME) [see the Solar and
Heliospheric Observatory (SOHO)/Large Angle and Spectrometric Coronagraph (LASCO) CME
Catalogue at https://cdaw.gsfc.nasa.gov/CME_list/ for a description of basic attributes of the
events]. Their evolution in the interplanetary medium was monitored using interplanetary
parameters mainly IMF Bz and the x component of the solar wind speed (V). The corresponding
effect in the Earth’s magnetosphere was examined with the symmetric H index (SYM-H) as well
as the north component (X) and the east component (Y) of the geomagnetic field. The
ionospheric response vis-a-vis irregularities variation was analyzed using indices derived from

GNSS observables in addition to ground based magnetometer data.

SYM-H data are provided by the International Service of Geomagnetic Indices (ISGI) at
htpp://isgi.unistra.fr. This data set with 1 minute resolution is more suitable for monitoring
changes in the solar wind dynamic pressure [Wanliss and Showalter, 2006] and related current in
the magnetosphere during storms. It was also used to capture the SSC and indicate the time of
arrival of the CME shock on the magnetosphere [Azzouzi et al., 2015]. IMF Bz and Vx data with
time resolution of 64 seconds are recorded on board the Advanced Composition Explorer (ACE)
satellite. These data are in Geocentric Solar Magnetospheric (GSM) coordinates where the x-axis
is positive sunward. They were retrieved from http://www.srl.caltech.edu/ACE/ASC/level2/mag-
_12desc.html and time shifted by about 52 minutes to account for propagation delays to the
Earth’s magnetosphere [Chakrabarty et al., 2005]. IMF Bz and VVx were thus, utilized to compute

the y-component of interplanetary electric field otherwise known as convection electric field
(IEFY).
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The Earth’s magnetic field data from the magnetometers at the Addis Ababa station was
employed. This magnetometer is managed by the Institut de Physique du Globe de Paris (IPGP)
while data are distributed via the International Real-Time Magnetic Observatory Network
(INTERMAGNET) at www.intermagnet.com. These data were used to compute the horizontal
component of the Earth’s magnetic field (H). The coordinates and location of the magnetometer
station are given in Table 1 and Figure 1 respectively. GNSS observables for stations located in
the African equatorial/low-latitude region around longitude 30°E were obtained from University
NAVSTAR Consortium (UNAVCO) at htpp://www.unavco.org/data/data.html. These data with
resolution of 30 minutes were used to estimate vertical TEC (VTEC) and derive the rate of
change of TEC index (ROTI). The coordinates of the GNSS stations are also given in Table 1

and Figure 1 respectively.
2.2 Methods of analysis

Convection electric field (IEFy) was estimated using the formula IEF,= -V, X IMF Bz [Kelley,

1989] while the horizontal component of the Earth’s magnetic field (H) was computed using

- VXTT 72,

According to Cole [1966], the observed H is a combination of currents systems flowing in the

magnetosphere-ionosphere (MI) system. It is given by:
H=S+D (1)

where Sg is the daily solar regular variation of the Earth’s magnetic field associated to the regular
ionospheric dynamo due to solar heating [Mayaud, 1965] and D is the integrated effects of
disturbances coming from various current systems flowing in the Magnetosphere —Thermosphere

system [Zaourar et al., 2017].

Sgr was estimated as the mean of H during five most geomagnetically quiet days in each month
selected from the GFZ German Research Centre for Geosciences website ftp://ftp.gfz-
potsdam.de (Table 2).

<H>=_y" H, (2)
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Neglecting the effect of induced ground currents [Sabaka et al., 2004] as well as Chapman
Ferraro currents and the tail currents in the presence of the generally strongest ring current,

equation 1 reduces to:
H=<H > + DP + Ddyn + SYM-H X cosé 3)

where <H> is the mean of H during geomagnetic quietest days, SYM-H X cosé is the
symmetric component of the ring current and § is the geomagnetic latitude of the station. DP is
the disturbance polar currents (DP) [Nishida et al., 1966, Kamide and Fukushima, 1972] and
Ddyn is the ionospheric disturbed dynamo currents [Blanc and Richmond, 1980; Le Huy and
Amory-Mazaudier, 2005; Fathy et al., 2014].

The term DP + Ddyn is known as the ionospheric electric current disturbance (Diono) [Zaourar
et al., 2017; Amory-Mazaudier et al., 2017; Amaechi et al., 2018a,b]. Diono combines the effects
of: (i) the disturbance polar no.1 (DP1), (ii) disturbance polar no.2 (DP2), (iii) disturbance polar
no.3 (DP3) and (iv) disturbance polar no.4 (DP4) as well as ionospheric disturbed dynamo
currents (Ddyn) [Zaourar et al., 2017]. DP1 is one cell current system on the nightside
associated with substorm [Rostoker 1967, 1969] while DP2 is the one expanding from pole to
equator due to convection electric field [Nishida, 1968]. DP3 is a system of current flowing in
the polar cap with direction opposite to that of DP2 [Kuznetson and Troschichev, 1977;
Troschichev and Janzhura, 2012]. The current system of the disturbance related to the azimuthal

component of IMF is termed DP4 [Svalgaard, 1968; Kuznetson and Troschichev, 1977].

DP1, which is on the night side is negligible. Also DP3 and DP4 which are restricted to the polar
cap [Stauning, 2012] are negligible at middle and low latitude. Based on these considerations
Diono reduces to:

Diono = DP2 + Ddyn 4)

DP2 is the equivalent current system due to PPEF [Nishida, 1968] and Ddyn is the equivalent
current system associated to DDEF [Blanc and Richmond, 1980]. Diono can then be derived as:

Diono = H—<H > —SYM-H X cosé (5)
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Short-term oscillations of about 2 hours associated with southward turning of IMF Bz are the
signature of DP2 [Nava et al., 2016] while diurnal oscillations are attributed to Ddyn [Le Huy
and Amory-Mazaudier, 2005]. At the equatorial region, Ddyn is absent at the beginning of the
storm since it requires several hours to get to the low latitudes. In this situation, DP2 becomes
significant and can be approximated to Diono. Similarly, when a magnetic quiet day immediately
follows a storm and there is no auroral activity and by implication no convection electric field,
DP2 become zero and Ddyn can also be approximated to Diono [Amory-Mazaudier et al., 2017].
Based on these, a running average filter that takes the mean value of 4 hours of Diono data with
sliding of 1 hour was used for the separation of Ddyn from DP2 [Fathy et al., 2014; Azzouzi et
al., 2015; Amaechi et al., 2018b].

To have further insight into the behavior of PPEF during the main phases of the storm events
under consideration, the PPEFM was used to estimate PPEF for the African sector around mean
longitude 37°E. This model is mainly a transfer function which models daily variations of
equatorial ionospheric electric fields using interplanetary electric field (IEF) data mapped in the
solar wind. Details about it can be found in http://geomag.org/models/PPEFM/RealtimeEF.html.
The input parameters were time and location while the output parameter was estimated values of
equatorial electric field (EEF) mainly (i) the quiet time electric field (background electric field)
and (i) the total electric field (PPEF plus background electric field).

After subjecting GNSS observables to quality check using the Translating Editing and Quality
Checking (TEQC) software [Estey and Meertens, 1999], relative Slant Total Electron Content
(STEC) was estimated by leveling the carrier phase with the pseudorange measurements [Hansen
et al., 2000]. Prior to that, eventual cycle slips in the phase data were detected and corrected
[Blewitt, 1990]. Absolute STEC was derived from relative STEC by removing satellite and
receiver biases [Sardon et al., 1994]. This was finally converted to vertical TEC (VTEC) using a
suitable mapping function with ionospheric pierce point (IPP) assumed at a height at 350 km
[Mannucci et al., 1993]. The elevation cut off angle of 40 degree was adopted in order to reduce
multipath [Amaechi et al., 2018a] as well as to reduce errors related with varying IPP due to
potential ionospheric gradients [Rama Rao et al., 2006]. Details about TEC processing technique

can be found in Seemala and Delay [2010] and Seemala and Valladares [2011].
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It is well known that 30 seconds resolution GNSS measurements can be used to monitor the
temporal and spatial variability of plasma density irregularities especially, in regions void of high
resolution GNSS receivers which ordinarily provide amplitude and phase scintillation data. For
this purpose, the rate of change of TEC (ROT) was calculated every 30 seconds, and then
converted to the unit of TECU/min. The rate of change of TEC index (ROTI) was further

computed as the standard deviation of ROT over 5 minutes (i.e

ROTI = V< ROT?2 > —< ROT >2) [Pi et al., 1997; Azzouzi et al., 2015; Zaourar et al., 2017;
Amaechi et al., 2018b]. It is well known that ROTI is a good proxy for scintillation index (S4)
[Basu et al., 1999; Yizengaw and Groves, 2018]. In this work, ROTI values for all available
satellites were averaged at a given epoch (5 minutes) [Jacobsen and Déahn, 2014; Amaechi et al.,
2018a] and a threshold of 0.5 TECU/ min was set as the limit for the detection of irregularities
[Ma and Maruyama, 2006].

In selecting the storms, consideration was given to (i) their intensity (SYM-H < -100 nT), (ii) the
period of occurrence (ascending and maximum phase of solar cycle 24), (iii) season of
occurrence (equinoxes and solstices), (iv) simultaneous availability of GNSS data over stations
located over the trough and towards the crests of the African EIA in both hemispheres. It is
important to recall that the latitudinal ranges of the crests of the EIA in this sector are 4.91° to
11.70° and — 9.00° to —16.00° dip latitude [Amaechi et al., 2018c].

3. Results

In this section, the description of interplanetary and magnetic conditions as well as the behavior
of ionospheric irregularities over the crests and trough of the African EIA along mean longitude
37 is presented in Figures 2 to 8 during the storm events under consideration. All these events

were CME driven except the case 1 which is a ‘wake of CME’ [www.spaceweather.com].

In Figure 2, changes in SYM-H, IMF Bz, IEFy, Diono and Ddyn as well as variations of
irregularities over the crests and trough of the African EIA are presented from 21 — 26 April
2012. The SSC (vertical broken lines) started on 23 April when SYM-H (panel 1) increased
sharply from 5.00 nT at 03:10 nT to 33 nT at 03:30 UT and subsequently to 45.00 nT at 04:34
UT. It however, reached a minimum value of -124.00 nT at 03:50 UT on 24 April and recovered

gradually till 26 April. IMF Bz (second panel) went south reaching a minimum of -14.19 nT at
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03:50 UT on 23 April. Convection electric field, (third panel) increased to 5.00 nT. This
southward turning was nonetheless, followed by a sharp return to a northward configuration. A
long duration southward turning of IMF Bz occurred with a minimum of -15.30 nT at 17:40 UT.
Thereafter, IMF Bz remained south till about midnight on 23 April. Another southward turning
followed by a sharp return to the northward configuration occurred at 07:00 UT with a minimum
of -9.78 nT on 24 April. Convection electric field was eastward with peak amplitude of 4.01 and
5.70 mV/m during the first and second southward turning on 23 April.

The observed H (red curve, panel 4) has been superimposed on its quiet time reference level
(blue curve) along with its day-by-day variation (light blue area). The quiet H clearly replicated
the well-known regular pattern of the low latitude Sq for Addis Ababa. However, H increased
and fluctuated at the time of SSC and was clearly below the limit of day-by-day variation with
minima and oscillations opposite to its regular variations (blue curve) in the post sunset period
on 23 April as well as at about 04:30 UT on 24 April. The oscillations in H were also observed in
the post sunset period on 24 and 25 April. The increase in Diono was evident at the time of SSC
(panel 5). Then on 23 April, Diono exhibited irregular variations with fluctuations and minima of
-37.24 nT and -75.91 nT at 16:46 UT and 22:00 UT, respectively. On 24 April, the minima were
-60.8n nT and -59.31 nT at 05:05 UT and 12:47 UT, respectively along with
fluctuations/oscillations in the post sunset period. On 25 April, Diono fluctuations persisted with
minima in the post sunset period. The amplitude of Ddyn (panel 6) was undisturbed prior to the
storm day. On 23 April during the main phase, it decreased to -62.61 nT at 23:07 UT. The
amplitude was -49.48 nT at 15:19 UT on 24 April; -33.96 nT at 12:33 UT on 25 April; and -7.40
nT at 17:33 UT on 26 April.

lonospheric irregularities were observed two days before the storm (21-22 April) from 16:30 UT
till midnight (panels 7- 9). Their strength was nonetheless, reduced over the trough (panel 8) and
strongest over the southern crest (panel 9). On the storm day, from about 16:30 —18:00 UT,
irregularities were absent (green rectangle) while they reappeared shortly over the crests at
exactly 18:00 UT. Thereafter, they remained absent till midnight on 23 April and on 24-25
April. They reappeared on 26 April over the trough and northern crest. There was no data over

the southern crest in the post sunset period on this day.
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Figure 3 is similar to Figure 2 but is for the storm of 15 July 2012. The sharp increase in SYM-H
(SSC) occurred from 8.00 nT at 18:08 UT to 51.00 nT at 18:15 UT on 14 July 2012. SYM-H
reached a minimum value of -118.00 nT at 9:56 UT on 15 July and attempted a recovery to -
35.00 nT at 23:35 UT on 16 July. Then, it decreased to -75.00 nT at 07:10 UT and finally
returned to a quiet time variation on 18 July. IMF Bz fluctuated south and north at the time of
SSC with corresponding fluctuations in IEFy from westward to eastward till pre-midnight on 14
July. A very long duration southward turning of IMF Bz however, occurred from 06:00 UT on 15
July till 14:00 UT on 16 July with minimum of -17.00 nT. During this period, IEFy was eastward
with maximum amplitude of 11.23 mV/m at 07:50 UT. Another southward turning of IMF Bz
occurred from 18:00 UT till in the early hours of 17 July with a minimum of -8.95 nT at 03:46
UT and corresponding IEFy peak of magnitude 3.60 mVv/m.

The sudden increased in H and Diono occurred at about 18:14 UT on 14 July. Thereafter, H
decreased gradually and was slightly below its limit of day-by-day variability at about 21:00 UT.
This corresponded to a first minimum of -35.26 nT in Diono. An obvious decrease of H well
below its limit of day-by-day variability occurred along with several fluctuations and day-time
minima from about 03:00 — 05:00 UT and 16:00 UT on 15 July as well as 10:45 UT and 15:40
UT on 16 July; 05:50 UT and 09:15 UT on 17 July. The amplitude of H was nevertheless,
reduced on 16 and 17 July. Minima in Diono were concurrently observed during the same
periods. The respective amplitudes were -111.7 nT; -113.3 nT and -84.69 nT at 09:15 UT, 10:31
UT, 16.17 UT on 15 July. From 16 to 18 July, the amplitudes were -66.42 nT (10:14 UT), -51.04
nT (09:15 UT) and -34.32 nT (09:12 UT). Ddyn reached minima of -66.50 nT at 12:41 UT and
-70.54 nT at 18:48 UT on 15 July as well as -46.28 nT at 13:25 UT on 16 July; -33.28 nT at
10:15 UT on 17 July; and -24.73 nT at 13:02 UT on 18 July.

Irregularities were observed over all stations on 13 July before the storm. On 14 July during the
SSC, their strength was reduced over the crests while they were inhibited over the trough. They
were completely absent on 15 July over all stations and remained absent on 16 July from 18:00
UT to 22:00 UT (black rectangle). From 22:00 UT to 24:00 UT they were observed over the
southern crest only (red rectangle). On 17 July, only the crests experienced irregularities while

on 18 July they reappeared over all stations.
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Figure 4 which is the same as Figure 2 focuses on the storm of 13-14 November 2012. The SSC
occurred at about 23:12 UT on 12 November while SYM-H reached a minimum of -114 nT on
14 November at about 08:00 UT (approximately one day after the arrival of the sudden shock).
SYM-H recovered gradually to its quiet time variations on 17 November. IMF Bz went south in
the post sunset period and fluctuated south and north till about early morning of 13 November. It
reached a minimum of -17.71 nT at 23:30 UT. Later, IMF Bz went on a long southward journey
from 18:00 UT on 13 November to 04:00 UT on 14 November. The minimum value reached was
-17.37 nT with a corresponding IEFy peak of 7.23 mV/m at about 03:02 UT on 14 November.

On 10 November at about 08:00 UT, H was slightly below its mean quiet time variation but still
within the limit of day-by-day variation. During this period, Diono and Ddyn reached respective
minimum of -31.62 nT and -23.30 nT. A slight increase in H and fluctuations in Diono were
observed at the time of SSC. On 13 November, an abrupt decrease in H with a corresponding
minimum of -52.37 nT in Diono occurred. Prior to that, slight increases with fluctuation in Diono
were observed. From about 03:00 UT on 14 November to 06:00 UT on 15 November, H
decreased below the limit of day-by-day variability with fluctuations and several minima within
06:00 — 11:00 UT. Diono exhibited similar fluctuations with minima of -82.73 nT and -86.11 nT
during the same period. On 15 November, H was slightly below the limit of day-by-day
variability and Diono reached minimum of -39.82 nT at 07:07 UT. From 16 — 17 November, the
pattern of variation of H was similar to that of its regular variation. Ddyn exhibited a first
minima of -23.30 nT at 09:45 nT on 10 November whereas it was clearly disturbed with a
minimum of -71.27 nT at 10:35 UT on 14 November. It reached minima of -33.26 nT at 09:42
UT and -19.09 nT at 08:08 UT on 15 November and 16 November respectively.

From 10 — 13 November and during the main phase on 14 November, no irregularities were
observed over all stations. On 15 November during the recovery phase, irregularities occurred
over the crests only. They were nevertheless, intense over the southern crest. On 16 November,
no irregularities were observed over all stations while they reappeared on 17 November over the

crests.

Figure 5 is for the St. Patrick Day storm of 17 March 2013. The SSC occurred at 06:00 UT while
SYM-H reached two minima of -107 nT at about 11:56 UT and -132 nT at about 20:30 UT on 17

14


http://dx.doi.org/10.4172/2167-0846.C1.006

410
411
412
413
414
415
416
417

418
419
420
421
422
423
424
425

426
427
428
429
430
431
432

433
434
435
436
437
438

March. It afterwards recovered gradually to -9 nT at about 19:53 UT on 20 March but decreased
again to -61 nT at 03:43 UT on 21 March. It finally returned to its undisturbed behavior by the
end of the day. IMF Bz went south, then north and south again with minima of  -15.5 nT (at
05:30 UT) and -17.73 nT (at 07:20 UT) on 17 March. From 14:35 to 21:00 UT, it went on
another southward journey with minimum of -11.09 nT at 17:45 UT. During this period, IEFy
was eastward with a peak of 11.90 mV/m. IMF Bz further turned south for a short period in the
pre-midnight on 20 March and early morning of 21 March. The respective minima were -
7.18 mVV/m and -7.22 mV/m.

On 16 March, the observed H exhibited a regular pattern similar to that of its quiet day
variability. On 17 March, it decreased below the limit of day-by-day variability with fluctuations
and several minima. On this day, Diono exhibited minima of -127.10 n; -100.10 nT and -70.1 nT
at 10:34 UT; 12:02 UT and 16:52 UT respectively while Ddyn reached minima of -77.55 nT
(13:18 UT) and -51.48 nT (20:59 UT). On 18 March, H remained slightly below the limit of day-
by-day variation while Diono and Ddyn reached minima of -56.19 (08:27 UT) and -45.90 (10:43
UT) respectively. From 19-21 March, H had returned to its quiet time variation and no

significant minima occurred in Diono and Ddyn.

Irregularities were observed over the crests and trough on 16 March, the day before the storm
from 18:00 — 21:30 UT. During the main phase on 17 March, they were present from 17:00 —
21:30 UT, an hour earlier (Figure 5, red rectangle) over all stations. During the recovery phase
on 18 — 19 March, they were absent over all stations given that ROTI values did not exceed the
threshold of 0.5 TECU/min. On 19 March, no irregularities were absent over the northern crest
and trough but present over the southern crest (green ellipse). On 20 March, they remained
absent while they reappeared on 21 March over all stations.

Figure 6 is similar to Figure 2 but is for the storm event of 29 June 2013. At the time of SSC,
SYM-H increased sharply from -12 nT at 14:40 UT to 4 nT at 14:44 UT on 27 June. On 28 it
increased to 7 nT at about 04:00 UT and subsequently decreased to a minimum value of -104 nT
at 06:45 UT on 29 June. The long lasting storm was characterized by a very long duration (21
hours) southward turning and eastward IEFy occurring from 02:00 UT on 28 June to 23:20 UT
on 29 June. Minimum IMF Bz of -12.18 nT with corresponding IEFy peak of 4.73 mV/m were
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registered at 15:48 UT on 28 June. The H component was slightly below the limit of day-by-day
variability at about 09:50 UT on 25 June. Diono reached a minimum of -38.28 nT at about the
same time while Ddyn did same at about 11:22 UT (-27.63 nT). At the time of SSC on 27 June, a
very weak impulse was observed in H and Diono. From about 14:00 UT on 28 June to 03:38 UT
on 30 June H was clearly below the limit of day-by-day variability. Diono exhibited fluctuations
and minima of -35.90 nT (04:30 UT) and -49.73 nT (16:25 UT) on 28 June as well as -66.92 nT
(11:28 UT) on 29 June. The amplitude of the day-time minima was only -15.67 nT on 30 June.
Ddyn exhibited minima of -24.32 nT (11:55 UT) and -32.81 nT (19:55 UT) on 28 June as well as
-47.34 nT (13:15 UT) on 29 June.

On 25 June, the southern crest experienced irregularities with ROTI values slightly at the
threshold of 0.5 TEU/min. On 26 — 28 June, no irregularities were observed over all stations. The
peak ROTI value reach on 28 June over the southern crest was 0.455 TECU/min. Similarly,

from 29 — 30 June no irregularities were observed over the crests and trough.

Figure 7 is identical to Figure 2 but deals with the storm of 19 February 2014. Magnetic
conditions on 18 February were marked by a steady decrease of SYM-H from 1 nT at 13:08 UT
to -47 nT by the end of the day as well as some fluctuations in IMF Bz around 06:00 UT — 08:00
UT. IMF Bz went on a southward journey from about 18:30 UT till early morning of 19 February
when it reached a minimum of -14.51 nT at 03:48 UT. The shock manifested in the form of a
gradual increase in SYM-H from -63 nT at 02:12 UT to -51 nT at 04:17 UT when the fist CME
hit the magnetopause on 19 February. This was followed by a decreased of SYM-H to -127 nT at
08:25 UT. IMF Bz went south reaching a minimum of -10.39 nT at about 12:00 UT. It then
turned north favoring a rapid storm recovery. On 20 February during this recovery, another
impulse captured as a sharp increase in SYM-H from -49 nT at 03:11 UT to -18 nT at 03:30 UT
occurred. This might have been triggered when the solar filament eruption of 18 February
impinged the magnetosphere. SYM-H subsequently decreased with two minima of -100 nT and
-93 nT at 05:53 and 11:53 UT, respectively. During this period, three southward turning of IMF
Bz with minima of -10.68 nT (05:07 UT), -7.72 nT (09:53 UT) and -5.19 nT (18:16 UT)
occurred. On 23 February, at about 07:13 UT, following the arrival of a third CME launched on
20 February, another positive impulse of about 17 nT occurred in SYM-H while IMF Bz pointed
northward. It nonetheless, turned southward from 14:00 — 17:00 UT with minimum IMF Bz of -
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10.26 nT at 17:30 UT. SYM-H finally reached -50 nT at about 20:00 UT.

On 17 February at about 10:00 UT, H was below its regular variation as well as slightly outside
the limit of day-by-day variability. On 18 February, it remained below this limit from about
18:00 — 24:00 UT. On 19 — 20 February, H was still below this limit with oscillation and minima
around noon. On 21 — 22 February, it remained slightly below the regular variation while on 23
February it increased suddenly at the arrival of the shock at 07:13 UT. H was thereafter, below
the limit of day-by-day variation with a minimum registered at about 18:51 UT. Diono registered
its first minimum of -35.47 nT at 11:22 UT on 17 February. On 19 and 20 February, several
oscillations in Diono with minima of -52.42 nT (09:55 UT) and -98.74 nT (08:16 UT) were
observed. On 21 February the minimum was -35.53 nT (10:55 UT) while it was -44.54 nT (09:51
UT) and -61.67 nT (18:51 UT) on 22 and 23 February respectively. Oscillations in Ddyn with
weak amplitude were observed from 18 — 20 February. The amplitude of Ddyn was pronounced
on 21 February while it reduced on 22 February. On 23 February, the pattern of oscillations was
a little different from those of the previous days. The first minimum in Ddyn occurred at 14:17 (-
28.58 nT) on 17 February. Other minima of -19.33 nT were recorded at 12:01 UT on 19
February; -64.51 nT at 10:00 UT on 20 February; -28.12 nT at 13:39 UT on 21 February; -33.06
nT at 13:09 UT on 22 February; and -50.54 nT at 20:28 UT on 23 February.

lonospheric irregularities were observed two days prior to the main phase of the storm (17 and
18 February) over all stations. Their strength was pronounced over the northern crest. During the
main phase on 19 February, irregularities were absent while they reappeared on 20 February over
all stations. On 21 - 22 February they were absent while on 23 February they reappeared over all

stations.

The St. Patrick’s Day storm of 17 March 2015 has received considerable attention mainly
because it is the most intense storm of solar cycle 24 so far. Interplanetary and magnetic
conditions during this event have been described in several literatures [e.g. Borries et al., 2016;
Nayak et al., 2016; Nava et al., 2016; Rajesh et al., 2017; Amaechi et al., 2018a,b]. Emphasis
will thus, be placed on key features of the interplanetary response only. From Figure 8, the SSC
started on 17 March with an abrupt increase in SYM-H from 13 nT to 67 nT within 04:35 —
04:50 UT. SYM-H then decreased and reached minima of -101 nT and -228 nT at 09:34 UT and
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22:57 UT respectively. It thereafter, recovered steadily to its quiet time value towards the end of
21 March. IMF Bz went south twice within 06:00 — 09:00 UT with minima of -21.06 nT and
-20.83 nT at about 06:00 UT and 07:30 UT respectively, on17 March and corresponding peak
eastward IEFy of 10.9 nT and 11.96 nT. It latter went on a long duration southward journey from
noon to midnight with minimum of -26.57 nT at 12:40 UT.

H decreased below its limit of day-by-day variability with several minima at 09:50 UT, 16:51
UT and 19:40 UT on 17 March. On 18 and 19 March H was opposite to its regular variation from
09:00 — 15:00 UT. Diono exhibited several oscillations with minima of -131 nT (09:58 UT);
-166.20 nT (17:00 UT) and -114.30 nT (19:00 UT) on 17 March as well as -118.40 nT (10:40
UT) on 18 March; -68.67 nT (12:11 UT) on 19 March and -39.15 nT (10:14 nT) on 20 March.
Ddyn exhibited similar minima at 17:50 UT (-127.30 nT) on 17 March; 12:00 UT (-100.10 nT)
on 18 March; 13:24 UT (-75.35 nT) on 19 March and 11:45 UT (-42.22 nT) on 20 March.

On 16 March, the day before the storm, irregularities were observed while during the main phase
on 17 March, they were absent over all the stations. During the recovery phase, they remained
absent on 18 and 19 March but reappeared on 20 and 21 March over all stations. They were
stronger over the southern crest before the storm and were of short duration during the recovery

phase on 20 March.

Figure 9 presents variations of the PPEF derived from the PPEFM during the main phases of the
storms. The PPEF + Quiet EEF (red line) has been superposed to the Quiet EEF (dark line).
Quiet EEF was obtained by taken the average of the 5 quietest days shown in Table 2. It can be
observed that on 23 April 2013, there was no obvious PPEF effect in the early hours of the
morning. However, in the post sunset, the PRE was increased slightly at the time when IMF Bz
was south (Figure 9a). On 15 July 2012, PPEF + Quiet EEF was clearly higher than Quiet EEF
indicating the present eastward PPEF (Figure 9b). On 13 November 2012, PPEF reduced the
PRE slightly in the post sunset period (Figure 9¢) while on 17 March 2013, two eastward PPEF
can be observed in the morning while another one enhanced the PRE in the post sunset period
(Figure 9d). On 28 June 2013, the effect of PPEF could be seen as an increase in the early
morning period (Figure 9e) while on 19 February 2014, it was appeared in the noon and post

sunset periods. The post sunset PRE was consequently reduced (Figure 9f). Finally, on 17 March
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2015, the effect of the two PPEFs was obvious during the noon period while there was a data gap
in the post sunset period (Figure 9g). Characteristics features of the irregularities variations

during the storm events analyzed are summarized in Table 3 and discussed in the next section.
4. Discussion

It is well known that during storm, PPEF and DDEF can affect the regular eastward electric field
(ie, upward E x B) hence, the formation of ionospheric irregularities [Abdu et al., 2009, 2018].
When IMF Bz turns south and convection electric field (IEFy) increases, PPEF whose signature
is the DP2 signal can penetrate into the low-latitude ionosphere [Kikuchi and Akari, 1979]. The
disturbed electric field can be captured in the form of a perturbation in the H component and
short-term oscillations of Diono [Nava et al., 2016] especially during the beginning of a storm
[Amory-Mazaudier et al., 2017]. However, the time of occurrence of PPEF is crucial in
influencing the pattern of irregularities. For example, eastward PPEFs that occurred in the
morning period (06:50 LT on 23 April 2012; 15:00 LT on 17 March 2013; 15:00 LT on 19
February 2014; and 09:00 - 12:00 LT on 17 March 2015) could not last long enough to influence
the pattern irregularities in the post sunset. Also, the presence of westward PPEF in the nighttime
(local pre-midnight of 14 July 2012; 02:30 LT on 12 November 2012; and 18:00 - 23:30 on 17
March 2015) acted to suppress the PRE and create conditions unfavorable for the development of
irregularities. Chakraborty et al. [2015] had previously observed that eastward IEF Ey was
opposite to zonal electric field thus, failed to enhance the upward ExB plasma drift in the local

night-time hour of the Indian sector on 14 July 2012.

On the other hand, during the southward turnings of IMF Bz that took place at about 20:40 LT on
23 April, 17:35 — 24:00 LT on 17 March 2013 and 21:00 LT on 20 February 2014, eastward
PPEFs occurred in the post sunset period and enhanced the upward E x B drift. This in turn
triggered short duration irregularities over the crests and weak ones over the trough on 23 April
(Figure 2) but also an hour earlier on 17 March (Figure 5, red box) as well as in the pre-midnight
period of 20 February 2014 (Figure 7). The result of 23 April is particularly interesting giving
that irregularities were earlier inhibited by westward electric field (Figure 2, Green box). In line
with our observations on 17 March, Kalita et al. [2016] found that short duration irregularities

were triggered when IMF Bz turned south in the sunset period over 100° E longitude. In the same
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vein, Kassa and Damtie [2017] reported that irregularities were triggered over Bahir Dah (11°N,
38°E), Ethiopia by an enhanced drift which had favored the post sunset lifting of the F-layer
[Joshi et al., 2015] to altitude where irregularities were generated by the R-T instability
mechanism [Kelley, 1989; Yizengaw and Groves, 2018].

Conversely, DDEF are more active during the recovery phase of geomagnetic storm. The decay
in H several hours after the beginning of the disturbance is the signature of Ddyn current system
[Azzouzi et al., 2015] related to westward DDEF [Le Huy and Amory-Mazaudier, 2008].
Westward DDEF are driven by increased heating of the thermosphere at high latitude ensuing
from the energy input over this region during storms [Danilov and Lastovicka, 2001] and their
occurring in the post sunset period can inhibit the development of irregularities [Adbu et al.,
1995]. The minima in Ddyn in the post sunset is evidence of the presence of DDEF which must
have been responsible for the inhibition of irregularities over the crests and trough of the EIA on
24-25 April 2012, 15-16 July 2012, 18 March 2013, 19 February and 21-22 February as well as
17 — 19 March 2015 (Table 3). Kassa and Damtie [2017] had similarly reported a sharp drop in
irregularities level on 19 February 2014 and a prolonged suppression thereafter, over Bahir Dah
(11°N, 38°E), Ethiopia. It is important to note that the duration of irregularities inhibition lasted
longer during the super storm of March 2015 (3 days) than the other storms (1-2 days). Using
spectral analysis, Nava et al. [2016] showed that DDEF lasted for about 6 days during this super

storm over Africa.

Additionally, westward DDEF can occur when the southward turning of IMF Bz is followed by a
rapid return to northward and there is rapid decrease in convection during the main phase
[Kikuchi et al., 2000]. Stressing further, Kikuchi et al. [2003] postulated that when R2-FACs
build up following the rapid decrease in R1-FACs, due to the northward turning of the IMF and
concomitant decreased in convection, electric field at the equatorial region reverse from eastward
to westward under the so-called dominant shielding electric field [Kelley et al., 1979]. Recently,
Huang [2018] confirmed that it takes about 4.7 hours after the onset of a storm for the effect of
disturbance dynamo to reach the equatorial region. It is thus, inferred that westward disturbed
electric field were responsible for the short duration (20:00 — 21:00 LT) inhibition of

irregularities on 23 April (Figure 2, green box).
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The occurrences of irregularities near the trough cannot be explained by electric fields only. The
PRE occurs in the post sunset when solar photoionisation decreases rapidly, consequently there
are large density gradients thus irregularities develop thanks to the R-T instabilities. Background
density is thus, a crucial factor to reckon with in the formation of irregularities. The small
background density at 06:20 LT on 23 April as well as at 02:12 LT in winter (12 November
2012) might have provided unfavorable condition for the formation of irregularities.
Furthermore, irregularities are less frequent in solstices than in equinoxes due to the fact that the
eastward electric field is smaller at solstices than at equinoxes and as a consequence solstice
conditions are unfavorable for bubbles formation. This also explains the absence of irregularities
during the storms of November 2012 and June 2013.

Previous work by Amaechi et al., [2018ab] had studied variations of irregularities near the
magnetic equator. However, such studies were limited to 4 storms which occurred in the same
year (2015). The present work further generalized the analysis with 7 new storms occurring
during 4 different years (2012, 2013, 2014, 2015), as well as seasons (Equinox, Summer,
Winter). The new finding is that there are common features for irregularities response to all the
storms over the trough of the African EIA, eventhough these storms appear to be different. In

addition, irregularities inhibition is found to last longer during super storm than intense storms.

Irregularities occurrences over the EIA crests is quite complex. The triggering of strong
irregularities over the crests (ROTI > 1) and weak ones over the trough (ROTI ~ 0.5) on 23 April
2012 and 20 February 2014 is consistent with EPBs being generated at the magnetic equator by
the R-T instability, their movement higher up, and subsequent extension along the magnetic field
lines before they eventually reach the crests [Ossakow, 1981; Groves et al., 1997]. Nevertheless,
the fact that irregularities were inhibited over the trough and present over the crests on 16 - 17
July, 15 November 2012 and 19 March 2013 suggested that they did not originate from the
magnetic equator but might have been generated locally or might have come from the mid-
latitude. It is known that forces from below mainly, propagating atmospheric waves and the
related travelling ionospheric disturbances (TIDs) can initiate perturbation which might lead to
the development of irregularities [Yizengaw and Groves, 2018]. Medium-scale travelling
ionospheric disturbances (MSTIDs) originating from mid-latitude can be responsible for

irregularities over the crests of the anomaly [Matthew et al., 1991]. On the other hand, changes in
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neutral wind during the recovery phase can also affect the R-T instability. Maruyama and
Matuura, [1984] showed that various forms of plasma transport by meridional wind from one
hemisphere to another can affect conductivity thus, the RT instability growth rate. Another
contributing factor could have been the asymmetry of the EIA crests in Africa. It has been shown
that strong asymmetry exist in the latitudinal position and magnitude of the crests of the EIA in
both hemispheres with the southern crest forming farther from the magnetic equator and having
greater peaks in the post sunset period [Amaechi et al., 2018c]. However, the influence of
perturbations from the lower atmosphere and the related gravity waves on the pattern of
irregularities as well as the contribution of the asymmetry of the EIA crests over Africa during
the recovery phase of intense storms still requires further investigations.

First result for the assessment of the capability of the PPEFM over the African longitude
revealed that the model is capable of reproducing accurately eastward and westward PPEF as
well as the corresponding effect on the PRE hence, on the triggering and inhibition of
irregularities during all the storms under consideration. Nayak et al [2016] had used the same
model to show how eastward PPEF/ westward DDEF reduced /enhanced the PRE thus on
generating/inhibiting irregularities in the Indian/ Taiwanese sectors during the storm of 17 March
2015. Validating the PPEFM in the present study further reinforces the role of modeling in
increasing our understanding of storm time electric field effect on irregularities over the low-

latitude African sector.
5. Conclusions

The behavior of ionospheric irregularities over the African EIA has been studied during intense
geomagnetic storms of the ascending phase of solar cycle 24. Emphasis was placed on the
simultaneous response over the crests and on the capability of PPEFM to predict PPEFs along
longitude 37°E. It was found that:

1. The timing of occurrence of PPEF was a crucial factor affecting the behavior of irregularities.
As such, despite the presence of westward DDEF that had suppressed irregularities for over one
hour on 23 April 2012, an eastward PPEF which occurred at about 21:00 LT triggered them over
the crests of the African EIA but for a short period.
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2. The existence of a long duration eastward PPEF triggered irregularities one hour earlier on 17
March 2013 over the trough and crests. However, westward DDEF that developed thereafter
inhibited them for the rest of the night. Another eastward PPEF which occurred at about 21:00
LT triggered irregularities on 20 February 2014.

3. The PPEFM reproduced fairly well the PPEF during the main phase of the events. It was thus,
found to be accurate at least based on our observations.

4. No irregularities were observed during the storms of November 2012 and June 2013 while
they were suppressed during the recovery phases of the storm of April 2012; July 2012; March
2013; February 2014 and March 2015 by westward disturbed electric field. In addition, the H
component was always opposed to its regular variations several hours after the beginning of the
disturbance in agreement with existing theories of Ddyn (Blanc and Richmond, 1980). However,

the amplitude and duration of the magnetic disturbance Ddyn varied from one storm to another.

5. Irregularities were always inhibited over the trough but the inhibition lasted longer during the
super storm of March 2015. Over the crests, there was an asymmetry in their strength which was

linked to the asymmetry in magnitude and position of the EIA crests over Africa.

6. During the recovery phase, significant differences in irregularities existed over crests. The
southern crests experienced irregularities on 16 July 2012 and 19 March 2013 while the northern
crest and trough did not. In addition, both crests experienced irregularities on 17 July 2012 and
15 November 2012.

The behavior of irregularities over the African EIA crests suggests the existence of non
equatorial processes capable of generating them locally and/or their association with MSTID
originating from mid-latitude. Unfortunately the African longitude is void of observational tools
such as incoherent scatter radar (ISR) that could have given us more insight into the variations of
electric field as well as the contribution of perturbation originating from the lower atmosphere

during these events.
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trough of the African EIA from 21 — 26 April 2012. The broken vertical line indicates the time of
sudden storm commencement. In panel 4, the light blue area represents the limit of day-by-day

variation of H, the tick blue line is the regular variation of H while the red line is the observed H.

Figure 3: Variations of SYM-H, IMF Bz, IEFy, H, Diono, Ddyn and ROT]I over the crests and
trough of the African EIA from 13 — 18 July 2012. The broken vertical line indicates the time of
sudden storm commencement. In panel 4, the light blue area represents the limit of day-by-day
variation of H, the tick blue line is the regular variation of H while the red line is the observed H.
Figure 4. Variations of SYM-H, IMF Bz, IEFy, H, Diono, Ddyn and ROT]I over the crests and
trough of the African EIA from 10 — 17 November 2012. The broken vertical line indicates the
time of sudden storm commencement. In panel 4, the light blue area represents the limit of day-
by-day variation of H, the tick blue line is the regular variation of H while the red line is the

observed H.

Figure 5: Variations of SYM-H, IMF Bz, IEFy, H, Diono, Ddyn and ROTI over the crests and
trough of the African EIA from 16 — 21 March 2013. The broken vertical line indicates the time
of sudden storm commencement. In panel 4, the light blue area represents the limit of day-by-
day variation of H, the tick blue line is the regular variation of H while the red line is the

observed H.

Figure 6: Variations of SYM-H, IMF Bz, IEFy, H, Diono, Ddyn and ROTI over the crests and
trough of the African EIA from 25 — 30 June 2013. The broken vertical line indicates the time of
sudden storm commencement. In panel 4, the light blue area represents the limit of day-by-day

variation of H, the tick blue line is the regular variation of H while the red line is the observed H.

Figure 7: Variations of SYM-H, IMF Bz, IEFy, H, Diono, Ddyn and ROT]I over the crests and
trough of the African EIA from 17 — 23 February 2014. The broken vertical line indicates the
time of sudden storm commencement. In panel 4, the light blue area represents the limit of day-
by-day variation of H, the tick blue line is the regular variation of H while the red line is the

observed H.

Figure 8: Variations of SYM-H, IMF Bz, IEFy, H, Diono, Ddyn and ROTI over the crests and
trough of the African EIA from 16 — 21 March 2015. The broken vertical lines indicate the time
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of arrival of the shock. In panel 4, the light blue area represents the limit of day-by-day variation
of H, the tick blue line is the regular variation of H while the red line is the observed H.

Figure 9: Effects of PPEFs over the African longitude (30°E) during the main phase of the storm
of (a) 23 April 2012, (b) 15 July 2012, (c) 13 November 2013, (d) 17 March 2013, (e) 28 June
2013, (f) 19 February 2014 and (g) 17 March 2015.
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Table 1: Coordinates of the GPS and magnetometer stations

S/N  Station / Country Station Geo. Lat. Geo.Long Mag. lat.
code GLAT GLON (MLAT)
GPS station
1 Nama, Saudi Arabia nama  19.21°N  42.05°E 11.49°
2 Sheb, Eritrea sheb 15.85°N  39.05°E 7.36°
3 Asab, Eritrea asab 13.06°N  42.65°E 4.91°
4 Addis Ababa, Ethiopia adis 9.03°N  38.77°E 0.16°
5  Eldoret, Kenya moiu 0.29°N  35.29°E -9.17°
6 Kigali, Rwanda nurk 1.94°s  30.09°E -11.62°
7 Malindi, Kenya mal2 2.99°S  40.19°E -12.42°
Magnetometer station
Addis Ababa, Ethiopia AAE 9.03°N  38.77°E 0.16°




Table 2: Magnetic quietest days during each storm. These are five international quietest days
provided by GFZ, Helmholtz Postdam Centre, Germany.

Storm events

Quiet day April July November  March June February  March
designation 2012 2012 2012 2013 2013 2014 2015
Q1 30 13 09 08 16 13 10
Q2 06 26 30 07 26 26 30
Q3 09 27 28 26 17 14 05
Q4 08 18 04 25 13 25 14

Q5 16 31 11 13 14 02 09




Table 3: Variation of ionospheric irregularities during the storm events

Electric current (H Adis)
(uT)

Irregularities over
Northern crest (UT)

Irregularities over
Trough (UT)

Irregularities over
Southern crest (UT)

Storm SYMH
(nT)

April 24 -124 nT

2012

July 15 -118 nT

2012

November -114nT

13-14 2012

March 17 -132nT

2013

June 29 -104 nT

2013

February -127 nT

19 2014

March 17 -228 nT

2015

23 Apr: Westward (1630-1800)
Eastward (1800-1830)

24 & 25 Apr: Westward

14 Jul: Westward (1800-2100)

15 -16 Jul: Westward

17 Jul: Westward

14 Nov: Westward (0200-2400)

15-16 Nov: Westward (06:00-
17:00)

17 Mar: Eastward (1400-2100)

18 Mar: Westward

19 Mar: No disturbed current
20 Mar: Westward (2030-2400)
28-29 Jun: Westward

19 Feb: Westward (1400-1900)

20 Feb: Eastward(18:16 UT)/
Westward

21-22 Feb: Westward

17 to 19 Mar: Westward

Inhibited for 1h30min
Short triggering
Inhibited on 24-25
Reduction 1800-2100;
Absent on 15-16
Present on 17

Absent on 14 & 16 Nov
Present on 15& 17 Nov

Triggering (1700-1800)
Absent on 18 Mar
Absent on 19 Mar
Absent on 20 Mar
Absent (1800-2400)

Absent on 19 Feb
Triggering (1800-2030)

Absent (1700-2100)
Inhibited on 17 to 19
Mar

Inhibited for 1h30min
Weak irregularities
Inhibited on 24-25
Inhibited 1800-2400
Absent on 15-16 Jul
Absent on 17 Jul
Absent on 14 -17 Nov

Triggering (1700-1800)
Absent on 18 Mar
Absent on 19 Mar
Absent on 20 Mar
Absent(1800-2400)

Absent on 19 Feb
Triggering (1800-2030)

Absent (1700-2100)
Inhibited on 17 to 19
Mar

Inhibited for 1h30min
Short triggering
Inhibited on 24-25
Reduction 1800-2100;
Absent on 15-16 till
2130. Present on 17
Absent on 14 & 16 Nov
Present on 15& 17 Nov

Triggering (1700-1800)
Absent on 18 Mar
Present (1900-2200)
Absent on 20 Mar
Present (2100-2400)

Absent on 19 Feb
Triggering (1800-2030)

Absent (1700-2100)
Inhibited on 17 to 19
Mar
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