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This study focused on the effects of space weather on the ionosphere during geomagnetic storms for the period 17-28
February 2014 over the African low, latitude region. The Global Positioning System (GPS) data, derived from dual
frequency receivers installed along the African low, latitude were analyzed to get Total Electron Content (TEC) and this was
used to study the response of the ionosphere to the geomagnetic storms. Positive and negative ionospheric storm effects
were observed during the period of study. These geomagnetic storm effects were discussed in terms of the Prompt Penetration
Electric Field (PPEF) storm induced wind lifting effect and Disturbance Dynamo (DD) electric field. Although these storms
occurred during the same period, their impacts and associated features on the ionosphere varied due to different contributing
factors to their driving mechanisms. A shift in equatorial V'7EC enhancement from one GPS station to another was observed,
showing a longitudinal dependence of the ionospheric response to the geomagnetic storms and this was attributed to
composition changes. In addition, Rate of Change of TEC Index (ROTI) was used to examine the occurrence of ionospheric
irregularities. Out of all the storms studied, the storms on 19 and 20 February 2014, inhibited the occurrence of ionospheric
irregularities, while the remaining storms triggered ionospheric irregularities. The generation of post-sunset irregularities
was attributed to the Rayleigh Taylor Instability mechanism. A longitudinal dependence of the enhancement/inhibition of

ionospheric irregularities was also observed.
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1 Introduction

In an ideal situation, the Earth’s magnetic field
has a fairly uniform dipole configuration, but an
encounter with fast-moving solar wind results
into its significant disturbance'™. These disturbances
that affect the entire magnetosphere-ionosphere
coupled system are called geomagnetic storms. The
dominant interplanetary structures associated with
geomagnetic disturbance causing intense storms are
the interplanetary manifestation of coronal mass
ejections (CMEs) and high-speed solar wind stream
(CIRs mechanism)*. The CME is a large scale
magnetized plasma structure originating from the
Sun which is ejected into the interplanetary medium
through the solar corona. The CIRs develop when
fast streams originating from the coronal holes
interact with the slow solar wind. These compress
the magnetic field and the plasma ahead and
sometimes, though not always, creating a shock front,
which is the cause of recurrent geomagnetic storms”.
Geomagnetic storms are caused by strong dawn-to-
dusk electrical fields linked to the passage of the
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southward Interplanetary Magnetic Field (IMF Bz)'.
The energy transfer from the solar wind is through
magnetic re-connection between the IMF Bz and the
Earth’s magnetic field. During magnetic reconnection,
energy is injected into the upper atmosphere at auroral
regions through particle precipitation and ionospheric
plasma convection which leads to an increase in the
auroral current. The auroral electric currents transfer
energy to the neutral gas via Joule heating and they
also move the neutral wind via momentum transfer.
Joule heating and momentum force drive
thermospheric winds and pressure at F-region heights.
The thermospheric winds extend towards the middle
and low-latitudes. These winds also lift the ionization
to regions of lower loss, producing a day time increase
in ionospheric parameters and global changes in
atmospheric composition®'®. The electron density of
the ionosphere is highly sensitive to this energy transfer
and it may fluctuate from its quiet time value thereby
affecting communication and navigation systems
which rely on satellite technology'"'%.

The electron density fluctuations in the ionosphere
arising during the period of active geomagnetic activity
are linked to the complex electrodynamic changes in
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the ionosphere’®. The effects of storm time
electrodynamics, neutral winds and subsequent
changes in composition have revealed an increase or
decrease in the ionospheric F-region density, e.g,'*,
referred to as positive and negative ionospheric
storms  respectively’”.  Previous  studies  of
electrodynamic changes in the ionosphere due to
geomagnetic storms have revealed the occurrence of
large electric fields and currents during and after
geomagnetically disturbed periods e.g,'. The electric
fields have been identified as the Prompt Penetration
Electric Field (PPEF) and the Disturbance Dynamo
(DD) electric field. The PPEF is transmitted to the
mid and low latitudes on the time scales of an
hour or so e.g,'°. The time scales associated with the
transmission of the DD electric fields are much longer
e.g,'’. The two electric fields are oppositely directed at
the equator with the DD electric field being westward
during day and eastward in the night'®, whereas the
direction of the zonal ambient electric field is
eastward during daytime and westward in the night.
During geomagnetic storms, strong ecastward
(westward) electric fields originating from the
magnetosphere may penetrate to the mid and low
latitude ionosphere. This may lead to the intensification

(weakening) of the upward plasma E X B drift".
Hence, the disturbance fields produce remarkable
effects in the low latitude ionosphere due to the

modification of the E X B vertical plasma drift.
As a result, the fountain effect may be modified
considerably, leading to redistribution of plasma in
the anomaly zone latitudes. The DD electric fields
are produced due to the increase in radiation and
consequent Joule heating of the high latitude
plasma?'"** added that this additional heating may
launch winds towards the equator, which in turn
generate DD electric fields. The DD effect makes the
equatorial F-region plasma drift less upwards during
the day and less downwards in the night*.

Enormous work has been done to understand
ionospheric dynamics during geomagnetic storms at
all latitudes e.g,*''"'>'"%2 2 Some of these studies
have presented results on the geomagnetic storms
which occurred during 17-28 February 2014 e.g,*
investigated geomagnetic pulsations, Ultra Low
Frequency (ULF) waves during this period. A
non-sub storm Pi2 pulsation was observed on
26 February 2018 with nearly identical wave
forms and a Pc4 pulsation was also observed on the
recovery phase of the storm on 23 February 2014*

explored the ionospheric and thermospheric responses
to the 27-28 February 2014 geomagnetic storms over
North Africa using interferometer, all-sky imager and
GPS data. Traveling atmospheric disturbances were
evident in the meridional winds, the first one coming
from the northern hemisphere and the second one
coming from the southern hemisphere. The VTEC
response of the storm was positive and TIDs were
noticeable from the TEC pattern’’ presented
observations of equatorial plasma bubbles in the
topside ionosphere at early morning hours (05-08 LT)
in the recovery phase of the 18-19 February 2014
geomagnetic storm. However, it is not yet possible
to accurately forecast the response of the ionosphere
to geomagnetic storms®® due to the fact that
every geomagnetic storm possesses a distinct
character'**?"*  The distribution of ionospheric
storm effects may vary highly from one geomagnetic
storm event to another®?’. Until a complete
understanding of the processes that lead to an
ionospheric storm develops, variations in TEC
during each storm requires to be investigated in real
time to mitigate the errors in GPS navigation®.

The period 17-28 February 2014 was an active
period characterized by a series of CMEs as recorded
in the Large Angle and Spectrometric Coronagraph
(LASCO) catalogue (cdaw.gsfc.nasa.gov/). In this
paper, we contribute to the study of the geomagnetic
storms during 17-28 February 2014 by analyzing the
signatures of the storms on TEC over the African low
latitude region.

2 Data Sources

To analyze the solar wind conditions during the
period of study, solar wind parameters were utilized
and these included, the IMF Bz, proton speed V,,
solar wind proton temperature T, and pressure Psy.
These parameters were obtained from the Advanced
Composition Explorer (ACE) website http://www.srL
caltech.edu/ACE/ASC/level2.  The  Geophysical
conditions were represented by the geomagnetic
perturbation indices: Awuroral Electrojet (AE),
Disturbance storm time (Dst) and Kp indices
obtained from the Kyoto website http://wdc.
kugi.kyoto-u.ac.jp/dstdir/. The AE index is designed
to give a global, quantitative measure of auroral zone
magnetic activity produced by enhanced ionospheric
currents flowing below and within the auroral oval®’.
The Dst index reflects the level of magnetospheric
energy input to the upper atmosphere while the Kp
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index provides information on the average level of
magnetic activity on a worldwide basis*®.

The GPS-derived TEC data were utilized to assess
the impact of geomagnetic storms on the ionosphere
over the African low latitude region. The TEC data
were obtained for the International GNSS Services
(IGS) receivers: Libreville (NKLG), Mbarara
(MBAR), Eldorate (MOIU), Malindi (MAL2) and
Seychelles Island (SEY1), presented in Fig. 1 as red
diamonds. The blue lines in Fig.1 represent the
ionization anomaly belts which are at = =+15°
on either sides of the geomagnetic equator (red line).
The details of the IGS stations used in this study are
summarized in Table 1. The GPS data recorded in
compact Receiver Independent Exchange (RINEX)
format were downloaded from the IGS website
http://garner.ucsd.edu/pub/rinex/ for each receiver. The
methods used in analyzing the data are presented here.

3 Methods of Data Analysis

The processing of GPS data was done using the
GPS-TEC application

40 T T T

software’’. The software
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Fig. 1 — African map showing the geographic location of IGS
receivers (red diamonds). The ionization anomaly region is

represented by blue lines and the geomagnetic equator is
represented by red line.
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converts the estimated Slant Total Electron Content
(STEC) with a time resolution of 30 seconds to
Vertical Total Electron Content (VTEC) according to
the equation®®:

STEC—[bgtbs]

VTEC = SE)

(1)
where, bg and bg are the receiver and satellite biases
respectively, E; is the elevation angle of the satellite
and S(E;) is the obliquity factor or mapping function
with zenith angle z at the lonospheric Pierce Point
(IPP). The satellite biases are published by the
University of Bern (ftp://ftp.unibe.ch/aiub/CODE/).
The S(E,) is given by the equation®:

1
_ 1 _ _ Rg cos(Ep) 272
S(El) " Cos(z) {1 ( RE+H ) } - (@)

where, Ry = 6371km is the mean Earth radius and
H = 350km is the height of the ionospheric shell
above the earth’s surface. Only satellite for which
the elevation angle was > 30" were considered to
minimize multi-path errors.

The degree of VTEC disturbance during the period
of study was estimated by the deviation from median
VTEC (VTECpegian) USing equation®:

VTEC—VTECedian (3)
VTECmedian

To determine VTEC,eqiqn, the international
quietest days published in the Geoscience Australia
website http://www.ga.gov.au/orcle/geomag/iqd_form.jsp
for the month of February, 2014 were considered.
The AVTECwas used to separate perturbation
induced changes of TEC from regular behaviour.
A positive (negative) AVTEC is a signature of
enhancement (depletion) in electron density. The
small deviations in VTEC (£20%) were considered
to be due to day-to-day variability in the ionosphere*’
and could result due to DD effect, zonal wind
effect or local gravity waves generated during
thunderstorms or by local heating effects'®. As these
changes in VTEC may or may not have the effect of a
geomagnetic storm, we do not discuss the small
VTEC deviation in this paper.

AVTEC = x 100

Table 1 — IGS stations used in this study

Station (Code) Geog. Lat (°) Geog. Lon (°) Mag. Lat (°) LT (HH:MM)
Libreville (NKLG) 0.35 9.67 -8.05 UT+0:38
Mbarara (MBAR) -0.60 30.74 -10.22 UT+2:00
Eldoret (MOIU) 0.29 35.29 -8.10 UT+0:35
Malindi (MAL2) -2.99 40.19 -11.17 UT+2:40
Seychelles Island (SEY1) -4.67 55.48 -12.88 UT+3:42
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Furthermore, the occurrence of ionospheric
irregularities during the period of study was
investigated using the rate of change of TEC (ROT).
This was computed using the equation'®*':
VTECL- VTEC]

ROT = )

tllc_ tllc—1
where, i is the visible satellite and & is the time of
epoch. VTEC. and VTECE are consecutive VTEC
values at epochs t,i{ and t,i(_l, corresponding to
observed satellite i. The ROT can provide information
on the spatial variation of the density of electrons in
the ionosphere®. At low and mid-latitudes, for high
elevation angles, the fluctuations in ROT are due to
ionospheric irregularities with scale-sizes of several
hundred meters to about 2.5 km*'. To quantify the
degree of small scale ionospheric irregularities,
standard deviation of ROT (Rate of Change of
TEC Index, ROTI) over a 5 minute interval was
obtained*'. Averaging over 5 minute interval allows a
relatively high time resolution*'. Any ROTI value
<0.5 TECU/min was considered as background
(noise) ionospheric level***. The results of this study
are presented in the following section.

700 17-02-2014 | 13 02-2014 ] 19 02- 2014
I
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4 Results and Discussion
4.1 Solar wind and Geophysical conditions

The solar wind parameters and geomagnetic
indices associated with this period are presented in
Fig. 2. The figure presents variations of V,, T,, P,
IMF Bz as well as AE, Kp and Dst indices in
panels (a)-(g), respectively as functions of Universal
Time (UT). In order to trace the events by day,
the dates are indicated on top of Fig. 2. Each
geomagnetic storm period of interest is highlighted in
gray and Sudden Storm commencements (SSC) are
indicated with dashed vertical red lines. The UT when
the geomagnetic storms attained least Dst value are
indicated by red arrows. The blue dotted horizontal lines
in panels (d) and (g) indicate the zero mark for IMF Bz
and Dst. The following subsections present discussions
of each geomagnetic storm.

4.1.1 Storm of 19 February 2014

There was an increase in V,, T, and P which were
observed at around 06:00 UT on 18 February 2014,
an indication of the arrival of a shock wave. The V,
increased progressively, indicating signatures of a
high speed solar wind and it attained the maximum

24 02 2014
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Fig. 2 — The variation of (a) proton speed (Vp), (b) proton temperature (Tp), (c) solar wind speed (P), (d) z - component of IMF (Bz), (e)
AE index, (f) Kp and (g) Dst indices as functions of UT during 17-28 February 2014. Each geomagnetic storm period of interest are
highlighted in gray and SSCs are indicated with red arrows. The dotted blue horizontal lines in panels (d) and (g) indicate the zero mark

for IMF Bz and Dst.
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of about 700 km on 20 February 2014. The trend
seen on V), may imply that the geomagnetic storm
was preceded by a shock which was almost consistent
during the main phase of the storm. The Bz turned
south at 06:00 UT on 18 February 2014 following
the increase in ¥V, and reached a minimum of
about -14 nT at around 05:00 UT on 19 February
2014. This implies that there may have been a
transfer of energy, mass and momentum from the
solar wind flow to the magnetosphere through the
magnetic reconnection process’”. The AE index
increased from about 100nT following the southward
turning of Bz at about 12:00 UT on 18 February
2014 and reached the maximum value of = 1250 nT
on 19 February 2014 at around 06:00 UT, indicating
that the magnetosphere-ionosphere coupling process
at the poles was intense*’. Panel (g) of Fig. 2 shows
SSC at around 12:00 UT on 18 February 2014. The
SSC was followed by a decrease in Dst indicating the
main phase of the storm and it reached a minimum of
~-112nT at about 09:00 UT on 19 February 2014,
while Kp reached the maximum of 6. The decrease
in Dst index is caused by an enhancement of the
trapped particle population in the magnetosphere and
thus by proton ring current flowing westward* ",
The storm then entered a recovery phase after
09:00 UT on 19 February 2014, marked by an
increase in Dst value.

4.1.2 Storm of 20™ February 2014

During the recovery phase of the geomagnetic
storm that was triggered on 18 February 2014, a
second depression in Dst started at around 03:00 UT
on 20 February 2014 and this was accompanied by an
increase in the other solar and geomagnetic
parameters. An observation of interest was that the
Dst index showed a double depression on 20
February 2014 with a minimum of -60 nT at around
06:00 UT and -90 nT at around 13:00 UT,
respectively. The double peak signature was also
observed on the 7,, P, Bz, AE, and Kp in panels
(b)-(f). This event can be categorized as a double
step storm e.g,*’. This may result from the
superposition of two successive storms driven by
two successive southward IMF Bz*’. Another reason
could be that intense storms can result from two-step
development in the ring current, which is initially
the result of large-scale convection in the
magnetosphere, and eventually sub storm associated
injection of ionospheric O" ions into the inner
magnetosphere™*’".

4.1.3 Storm of 23 February, 2014

An increase in ¥, and T, was observed on
23 February 2014 at around 00:00 UT, indicating the
arrival of a shock wave. They attained the maximum
values of =500 km/s and =1.0 x 10° K respectively at
around 06:00 UT on 23 February 2014. The Bz
turned south and attained a minimum of about
-8nT at 18:00 UT, while AE increased, reaching a
maximum of =~1100nT. A SSC was observed at
around 05:00 UT on the same day following the
southward turning of Bz. The storm then entered a
main phase at around 11:00 UT characterised
by a decrease in Dst which reached a minimum of
about -59nT at 18:00 UT, while Kp attained a
maximum value of 4. After 18:00 UT, the storm
entered a long duration recovery phase which lasted
for the whole of 24 February 2014.

4.1.4 Storm of 27 February, 2014

The solar wind parameters and geomagnetic indices
also indicated a disturbance during the evening hours
of 27 February 2014. There was an increase in V), and
T, at around 17:00 UT on 27 February 2014
indicating the arrival of the shock wave and
they attained the maximum values of =500 km/s and
~1.8 x 10°> K, respectively, at around 19:00 UT on
27 February 2014. The Bz turned south to a minimum
of about -14nT following the increase in ¥V, and V.
This was followed by an increment in AE index at
around 12:00 UT and it reached a maximum of about
800nT at around 17:00 UT on 27 February 2014. A
SSC occurred at around 12:00 UT on 27 February
2014, and a minimum in Dst of about -99 nT occurred
at around 00:00 UT. The three hourly Kp wvalue
reached a maximum of 5 at 00:00 UT when Dst was
at its minimum value. The effects of the storms on the
ionosphere are discussed in terms of the VTEC
response in the following subsection.

4.2 VTEC response tothe storms

The low latitude ionospheric TEC response to the
geomagnetic storms described earlier are presented
here. The results include variations in VTEC and
VTEC perturbation (AVTEC). The diurnal variation
of VTEC for each day during the period of study is
presented in Fig. 3 over each IGS receiver.
Geomagnetic storm days of interest are indicated
with a gray background.

It is important to note that the Local Time (LT) is
different over these stations and the conversion
between UT and LT can be done using the information
provided in Table 1. The diurnal pattern of VTEC



AOL et al.: EFFECT OF SPACE WEATHER ON THE IONOSPHERE 31

NKLG MBAR SEvi]

MAL2

ik
N

VTEC (TECU)

0 4 8 1216 20240 4 8 12 16 2024 0 4 8 12 16 20 24

4 8 12 16 20 24

UT (Hours)

Fig. 3 — Diurnal variation of VTEC over each IGS receiver (see legend) during the period of study. Storm days are identified

by a gray background.

showed a steady increase from about sunrise to an
afternoon maximum when the Sun was overhead and
then fell to a minimum just before sunset over all the
IGS receivers. However, the VTEC variations were
observed to be much more irregular during the storm
days. The peak of VTEC was observed to undergo a
time shift from SEY1 to NKLG (examples of which
are indicated by black vertical bars in panels (d), (e),
(4), () for NKLG and SEY1). A similar observation
was made for the geomagnetic storm of 15 May
2005 by* over stations at three different longitudes
near the Equatorial Ionization Anomaly. Therefore,
the features of the storm development depend on the
Local Time (LT) of a station.

The result of the derived VTEC and median
VTEC (black dotted curve) from the IGS receivers
are presented in Fig. 4 as functions of UT. Panel (f)
of Fig. 4 shows the Dst index variation during the
period of study.

The red arrows in Fig. 4 indicate the approximate
UT when minimum Dst was attained during the
geomagnetic storm days of interest. On 19 February
2014, the VTEC was greater than monthly median
VTEC over most stations after 15:00 UT with a
maximum in the range of about 60-80 TECU except
over SEY1 (panel (e)). On this day, minimum Dst of
about -112 nT was attained at around 08:00 UT as
seen from the last panel. Deviations between VTEC

and the monthly median VTEC were quantified by
the percentage deviations which are presented in
Fig. 5. In general, the deviation increased from
MAL2 with maximum = 60% to NKLG with
maximum = 180% after 18:00 UT. No conclusion
can be drawn on the deviation in SEY1 due to the
data gap. The increase from MAL2 to NKLG
shows a longitudinal dependence on the ionospheric
response to geomagnetic storms. The positive
percentage deviation over the stations implies a
positive ionospheric storm effect on 19 February
2014. This effect was observed several hours after the
onset of main phase of the storm (see lower panel
of Fig. 5) and southward turning of IMF Bz on
19 February 2014.

Such delayed positive ionospheric storms were also
observed by>’, who studied the variability in the
ionosphere during geomagnetic storms over the
period 2004-2005. The delayed positive ionospheric
storm may be attributed to changes in neutral gas
composition**®. The storm induced circulation
transports air rich in atomic oxygen from higher
latitudes towards low latitudes, enriching molecular
N, at mid-latitudes. The enhanced oxygen density
affects the ionization process, thus producing the
delayed positive storm effects®*.

The increase in VTEC on 19 February 2014 was
followed by VTEC depletion on 20 February 2014
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Fig. 4 — VTEC (solid curve) and monthly median VTEC (dotted curve) variations over (a) NKLG, (b) MBAR, (c) MOIU, (d) MAL2,

and (e) SEY1 as a function of UT during 17 - 28 February 2014. The storm days are indicated by gray background.
Fig. 5 — Percentage deviation of VTEC over NKLG, MBAR, MOIU, MAL2, and SEY1 for the geomagnetic storm period

from 17 - 28 February, 2014. The Dst index is also plotted in panel (b).
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over most stations between 06:00 UT and 00:00
UT, with maximum values of about 50 TECU,
45 TECU, 60 TECU, 60 TECU over SEY1, MAL2,
MOIU and MBAR, respectively, except over NKLG
(panel (a)) where VTEC was greater than monthly
median VTEC after 12:00 UT with maximum value
of 90 TECU. The percentage deviation was observed
to be about -50% over SEY1 and MAL2, -25% over
MOIU and MBAR between 06:00 UT and 18:00 UT.
However, a deviation of about 50% is observed over
NKLG (panel(a)) at around 18:00 UT. A similar
negative ionospheric storm effect was observed by*.
The negative ionospheric storm effects may be
attributed to the Disturbance Dynamo (DD) electric
fields*>, which was associated with enhanced energy
deposition into the high latitude ionosphere during
geomagnetically active periods®'. The increase in AE
index (see Fig. 2, panel (c)) is an indicator of high
energy deposition inthe high latitude ionosphere. The
production of DD electric fields was due to the
increased corpuscular radiation and consequent Joule
heating of the high latitude plasma. This additional
heating may launch winds towards the equator,
which in turn generate the DD electric fields**'. The
energy input to the thermosphere during geomagnetic
disturbances alters the global thermospheric circulation
and consequently alters the generation of electric
fields and currents at middle and low latitudes by
ionospheric wind dynamo action®'.

On 23 February 2014, VTEC was observed to be
greater than monthly median VTEC from about
10:00 UT to about 18:00 UT over all the stations. At
this time interval, the VTEC reached the maximum
values of about 80 TECU, 80 TECU, 85 TECU, 90
TECU and 95 TECU over SEY1, MAL2, MOIU,
MBAR and NKLG respectively. On 23 February
2014, the deviation over all stations was between 15%
and 25% in the time interval 10:00-18:00 UT. There
was a time lag of approximately one hour between the
storm main phase commencement and enhancement
in VTEC over all stations. As is expected, local
uplifting of plasma and its redistribution due to the
eastward Prompt Penetration Electric Field (PPEF)
would have a certain time constant (~ an hour or so)
and has been observed by etc. Therefore,
observation of enhancement in VTEC at almost the
same time over all the stations with nearly same
magnetic latitude points to a common mechanism
(i.e, PPEF) for its formation. This result also
implies that the day-time PPEF penetrates almost
simultaneously over a wide longitude zone.

On 27 February 2014, VTEC was greater than the
monthly median VTEC from 03:00 UT to about
12:00 UT over all the stations. At around 09:00 UT,
the maximum VTEC was in the range of 60 and
85 TECU over all the stations. On 28 February
2014, the deviation was about 75% over SEY1,
MAL2 and NKLG, 175% over MOIU and 125%
over MBAR, an indication of a positive ionospheric
storm effect over all the stations. The effect occurred
during the recovery phase of the geomagnetic storm
which was triggered on 27 February and this may
be understood in terms of storm induced wind-
lifting effect'****". The energy transfer from the solar
wind to the ionosphere involved heating of the auroral
regions through particle precipitations and dissipation
of ionospheric currents. The auroral heating then
intensified thermospheric neutral winds towards the
equator. Once the thermospheric winds reached low
latitudes, they act to push ionospheric plasma to
higher altitudes where recombination rates are low™*.

In addition, Figs 4 and 5 shows a consistent increase
in VTEC from SEY1 to NKLG irrespective of the
storm day. The same observation was also made®
who presented the occurrence patterns of ionospheric
irregularities during quiet geomagnetic conditions
over the African low latitude region. The increase of
VTEC from SEY1 to NKLG might have been due to
the different local times and latitudes of these
stations®. In addition, we also checked the effect of
composition changes during the study period using
the [O]/[N2]ratio from the Global Ultra Violet Imager
(GUVI) instrument on-board the Thermosphere
Ionosphere Mesosphere Energetics and Dynamics
(TIMED) satellite. In this study, we have used the
image gallery obtained from http:/guvi.jhuapl.
edu/site/gallery/guvi-galleryl3on2.shtml to see the
variations of [O]/[N2] ratio e.g,?®. Figure 6 presents
the global maps [O]/[N:] ratio for the study period.

The [O]/[N:] maps corresponding to the
geomagnetic storm days of interest are indicated with
black background in Fig. 6. The white spaces in each
panel of Fig. 6 indicate data gaps. Figure 6 shows low
thermospheric [O]/[N:] ratio in the eastern part of
Africa. The [O)/[N:] ratio was moderate in Central
Africa, while West Africa showed the highest
thermospheric [O]/[N:] ratio. The consistent increase
in VTEC from East Africa to West Africa could
have been due to large scale wind circulation
which led to equatorial composition changes and
the increase in [O]/[N] ratio®. The generation or
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Fig. 6 — Global map of the [O]/[N] ratio from the Global Ultraviolet Imager (GUVI) experiment flown on the TIMED satellite for the
period from 17-28 February 2014. The geomagnetic storm days of interest are indicated with black background. The white spaces in each

panel indicate data gaps.

inhibition of ionospheric irregularities can change
drastically during geomagnetic storm activity as
presented in the following subsection.

4.3 Occurrence of Ionospheric irregularities

In this section, the occurrences of ionospheric
irregularities during the geomagnetic activities are
presented. The results include ROTI analysis at
5 minutes interval. The variation of ROTI as a
function of UT over NKLG, MBAR, MOIU,
MAL2 and SEY1 are represented in Fig. 7 from
panels (a)-(e), respectively. The Dst index is also
plotted in the bottom panel of Fig. 7. The storm days
are indicated by grey background.

Ionospheric irregularities were inhibited over
MBAR, MOIU, MAL2 and SEY 1 on 19 February
2014. On the contrary, irregularities were observed

over NKLG between 18:00 UT and 00:00 UT
(19:00 LT - 01:00 LT) (maximum ROTI of about
1.5 TECU/min) on 19 February 2014. A storm
can generate or inhibit ionospheric irregularities
occurrence, depending on the changes in the ring
current i.e., Dst index'’. A minimum Dst index
of -112nT occurred at around 09:00 UT on
19 February 2014 (corresponding to 13:00 LT in
SEY1, 12:00 LT in MBAR, MOIU and MAL2,
10:00 LT in NKLG). These were categorized as early
afternoon hours over the stations'’. If the maximum
negative Dst index, occurs in the early afternoon,
irregularities would be inhibited". During the early
afternoon hours, the eastward PPEF was increased,
causing an increase in F-layer height. A negative
excursion of ring current during this period may
lower the local eastward electric field and reduce the



AOL et al.: EFFECT OF SPACE WEATHER ON THE IONOSPHERE 35
1'770%20‘14% 18,02-2014 | 19.02:2014 | 20.02:2014 j 21:02:2014 i 22:02:2014 1523-02.2014 | 24-02:2014, 125.02-2014 1 26:02:2014 :2,7:9,2-,201,4,,,,'23-,02:201?0
=it 15 & 1 2t B O |
15 {fa INKLG _ 1” ?_:L §; i ! =D — I o o : = o o
ol -—Il = 8 I : oi, o SI i [« 8] a
1 1 o 1 |#E =l o o ] o ] 1 1 a ! (n) [« - iR
g f (=N 1 1 Rtz 1 1 = 1 O
058 i éo ] . Lo i “o 10 i | o o
Lot : ‘ ﬁm. stk )
o ] Jisciteeanitane ) T R R R Bl [ ']k i1 1 I ]
| 1 - 1 | I ! 1 O
i +I6)MBAR oL L I 1 $ [} | 104 = : 10 1 3 \t
1y & 1 i | ‘ l? ! fch B : Mo =] i &
lo i i 1 870 i | pich - ) [ =
0.3 1 | | 10 | '-[“‘ [T [ 4 [~} | .
£ 0% . o ':" Py e :;_% ; E i 4| 4 ﬁ_. O —— * I % { JIL_ J| ,‘ SRS (N
E o ] =
S 1siecMolu 1% | | I ; o %9l 0 o o JHELE
O 1 | I 1 Pg Po 1 I %‘ |
w 1= I 1 (] 1 b I (] b 1
£ 10 o ] o! i g P o i
5 o0 fhio & L e e g S5 A g s
EmmE - PEEEE e - -r
! 1 1 I o!
15 fedIMALZ | ! ¥ a 8 . : ! o P o !
- i D ] I i i
e i® B o o ‘?O olIc;, 9 10 8 ) i ! 1
05} 1 la © I i 1 1 1 1 I
1 | jm T ) - HEE | o I } B ! 0
O — = ‘ q ] 7 SR LOH 1 ﬂ'o T R, T -
. I I 1 I I I
15 te)SEYL | . 5 o o4 ‘!? o ! B4o &I g !
1 1 : I g , 0| a o 8! = [ .
0sle |D 1 b 1 I ' : 3 '0 & lo b £ ?
- S SEEESEEN Ko dc B §
s o g o o EEEREIE 1§_ ______ 8 T 5 T SR EErsEmiE P e e e [ o S O
— B S W e | I 1 ) - \ ! - ! ! | \is
£ ol 1 J A W ot B | 1 ! \ b
. A f 8 . . .
v | ! 1 / 1 1 I 1 | 1 ! \_s
o -100 - | ! I 1 I I 1 | 1 ! i
| 1 ! 1 ! I 1 | |
! ¥
LT 58 | | Loy i ¥ ¥ St et e e o i Y| A e [ el A \
0

1 |
0 6 12180 6

12180 6 12180 6 12180 6 12180 6 12180 6 12180 6 12

180 6 1218 6 12180 6 12180 6 1218 0

UT (Hrs)

Fig. 7 — Variation of ROTI as a function of UT over (a) NKLG, (b) MBAR, (c) MOIU, (d) MAL2 and (e) SEY1 for the period from
17 - 28 February 2014. The storm days are indicated by grey background.

F-layer height. This effect may sometimes be large
enough to reverse the upward movement of F-layer
plasma during the post sunset period, thereby
inhibiting the creation of irregularities'’.

On 20 February 2014, ROTI values were
0.5 TECU/Min on average over MAL2, MOIU,
MBAR and NKLG, while no increment in ROTI was
observed over SEY1. Hence, irregularities were
inhibited over all stations on 20 February 2014.
The occurrence of the irregularities as determined by
higher values of ROTI corresponds to the period of
depletion in VTEC (see Fig. 5). As mentioned earlier,
the VTEC depletion on 20 February 2014 was
attributed to DD electric fields. The DD westward
zonal electric fields reached low latitudes and reduced
the plasma upward drift during the day and downward
drift during the night. In this way, the pre-reversal
vertical drift peak was reduced in amplitude and as a
result, the ionospheric irregularity generation was
inhibited. In addition, shifts in the peaks of ROTI were
observed to occur from one station to another,
confirming a LT and longitude dependence of the
occurrence of ionospheric irregularities®’.

On 23 February 2014, ROTI values were ~ 1 TECU/
Min over SEY1, MAL2, MBAR and NKLG and
~0.75 TECU/Min over MOIU between 18:00 UT

and 0:00 UT. This is an indication that irregularities
were triggered over all the stations on 23 February
2014. The Minimum Dst of about -60nT occurred
at around 00:00 UT (see Fig. 2). This corresponds to
04:00 LT in SEY1, 03:00 LT in MBAR, MOIU and
MAL?2 and 01:00 LT in NKLG. This corresponds to
midnight-postmidnight time and irregularities were
observed in all the stations. The possible explanation
for the occurrence of irregularities after the sunset is
primarily the Rayleigh-Taylor plasma instability
mechanism'. After the sunset and along the dip
equator, the ionospheric plasma was uplifted,
where the electric field during the day-time was
mapped from the E-region to the F-region. The
zonal electric field in the equatorial ionosphere was
eastward during the day-time. Immediately after the
sunset, this eastward electric field was enhanced due to
conductivity gradient at the terminator, a process
called the pre-reversal enhancement'’. The plasma
from the F-region at the dip equator is then uplifted to
higher altitudes, and at the same time the plasma in
the E-region quickly diminished due to the
decreasing intensity of solar radiation.

On 28 February 2014, ROTI values were =~ 2.5 TECU/
Min over SEY1 and MBAR, 2 TECU/Min over
MAL2 and NKLG and 1.5 TECU/Min over MOIU
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between about 18:00 UT and 0:00 UT. Therefore,
irregularities occurred over all the stations after the
sunset just as that of 23 February 2014. The intensity
of the irregularity was seen to increase from SEY1 to
NKLG. Minimum Dst (-99nT) occurred at 00:00 UT
(04:00 LT in SEY1, 03:00 LT in MBAR, MOIU and
MAL2, 01:00 LT in NKLG) corresponding to
midnight-postmidnight time period'**. Generation
of irregularities could have also been due to the
Rayleigh-Taylor plasma instability mechanisms as
described for 23 February 2014.

5 Conclusions

This study focused on the effects of space weather
on the ionosphere during geomagnetic storms for the
period from 17-28 February 2014 over African low
latitude region. A total of four geomagnetic storms
were identified within this period. By inspecting the
Dst index it was revealed that the storms on 19, 23
and 27 February, 2014 were preceded by SSC and
they attained minimum Dst values of -112 nT on
19 February 2014, -59 nT on 23 February 2014
and -99 nT on 27 February 2014, respectively. The
geomagnetic storm on 20 February 2014 was
categorized as a double step storm because the Dst
index showed a double minimum signature which
was also observable in most of the other solar and
geophysical parameters.

The ionospheric response to the geomagnetic
storms which occurred during the study period
showed both negative and positive storm effects. In
particular, the geomagnetic storm on 19 February
2014, caused a delayed positive storm effect. This
was attributed to changes in neutral gas composition.
The event on 20 February 2014 caused a negative
ionospheric storm effect. The DD electric fields may
have led to the negative ionospheric storm over all the
stations considered. On 23 February 2014, a positive
ionospheric storm was observed. Maximum VTEC
occurred after about an hour of SSC. This was
attributed to PPEF. On 28 February 2014, a positive
ionospheric storm effect was observed in the early
morning hours, during the recovery phase of the storm
which was triggered on 27 February 2014. This was
explained in terms of storm induced wind-lifting
effect. The only identified factor is that the
pronounced double step storm on 20 February 2014
caused a negative ionospheric storm, while the rest of
the storms caused a positive effect. Furthermore, a
longitudinal dependence on the ionospheric response

to the geomagnetic storms was observed. A consistent
increase in VTEC from SEY1 to NKLG was observed
in all the geomagnetic storm days. This was attributed
to large scale wind circulation which led to equatorial
composition changes.

Out of all the storms studied, the storms on 19 and
20 February 2014, inhibited the occurrence of
ionospheric irregularities, while the remaining storms
triggered ionospheric irregularities. In particular,
the weakening of the ionospheric irregularity on
20 February 2014 was attributed to the DD electric
field. Ionospheric irregularities were inhibited over
most IGS stations on 19 February 2014. The
maximum negative Dst index occurred in the
afternoon hours on 19 February 2014. If the
maximum negative Dst index, occurs in the early
afternoon, irregularities would be inhibited.
Generation of irregularities on 23 and 27 February
2014 may have been due to the Rayleigh-Taylor
plasma instability.
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