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Abstract. In this work, we investigated the veracity of
an ion continuity equation in controlling equatorial ionization anomaly (EIA) morphology using total electron content
(TEC) of 22 GPS receivers and three ground-based magnetometers (Magnetic Data Acquisition System, MAGDAS)
over Africa and the Middle East (Africa–Middle East) during
the quietest periods. Apart from further confirmation of the
roles of equatorial electrojet (EEJ) and integrated equatorial
electrojet (IEEJ) in determining hemispheric extent of EIA
crest over higher latitudes, we found some additional roles
played by thermospheric meridional neutral wind. Interestingly, the simultaneous observations of EIA crests in both
hemispheres of Africa–Middle East showed different morphology compared to that reported over Asia. We also observed interesting latitudinal twin EIA crests domiciled at the
low latitudes of the Northern Hemisphere. Our results further
showed that weak EEJ strength associated with counter electrojet (CEJ) during sunrise hours could also trigger twin EIA
crests over higher latitudes.
Keywords. Ionosphere (electric fields and currents)

1

Introduction

As one of the products of the ion continuity equation, the
equatorial ionization anomaly (EIA) is a well-known phenomenon peculiar to the equatorial and low latitudes of the
ionosphere. According to the ion continuity equation (Rishbeth, 1962), diffusion proceeds rapidly in the F region but
more slowly in the lower ionosphere where collisions between charged and neutral particles dominate. This means
that the lower ionosphere is characterized by the production
and loss of ions without the transport process, while the F
region and its top side are controlled by all parameters of the
ion continuity equation. The F region ion density changes
(Lei et al., 2008) are described by
∂N
= q − βN − ∇(N V ),
∂t

(1)

where N is the ion concentration, β is the loss coefficient, q
is the rate of production, ∇ is the resulting rate of loss per
unit volume and unit time, and N V is the flux of electrons
(or ions) due to transport. The last term in Eq. (1) represents
transport effects due to electric fields, thermospheric meridional neutral winds, and ambipolar diffusion. This indicates
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that the last term of the ion continuity equation mostly represents the mechanisms responsible for hemispheric transportation of plasma that initiates EIA. It is worth noting that
during the transportation of plasma over the F region, production and loss parameters are also active (Pedatella et al.,
2014).
To mention a few, older experimental and simulation efforts of Appleton (1946), Bramley and Peart (1965), Moffet
and Hanson (1965), Bramley and Young (1968) and Rush
et al. (1969) described EIA as the redistribution of plasma
across the hemispheres. This results in a peak (crest) in each
hemisphere of the low latitudes and reduced plasma (trough)
in each hemisphere slightly above the dip equator. In the
Asian sector, Chen et al. (2008) reported that the changes in
the horizontal magnetic field intensity (equatorial electrojet,
EEJ), which are equivalent to eastward electric fields near the
magnetic equator (Anderson et al., 2002) are very effective in
regard to moving EIA crests to higher latitudes. Hence, the
eastward electric field plays a vital role in electron density
distribution over the equatorial and low latitudes of the ionosphere. Venkatesh et al. (2015) also investigated the role of
EEJ in EIA using total electron content (TEC) data over the
Indian and American sectors. They observed that the daily
variations in EEJ strength significantly play a major role in
the formation and development of EIA. One of the striking
results from their works revealed that daily variability of EEJ
strength associated with a slight depression near noon reproduced similar slight daytime depressions on EIA crests (twin
peaks) over higher latitudes.
The literature above provides good knowledge of the EIA
driven by the EEJ strength. The transportation of plasma
to higher latitudes through the EIA phenomenon is wellknown to relate with eastward electric field/EEJ and thermospheric meridional neutral wind. Older experiments from
GPS measurements that unveil thermospheric meridional
neutral wind effect on plasma transportation in the F region (de Paula et al., 2015) are few compared with electric
field/EEJ (Venkatesh et al., 2015; Chen et al., 2008). While
the electric field/EEJ is transporting the plasma across higher
latitudes within low latitudes, thermospheric meridional neutral wind is modulating the transporting plasma either poleward or equatorward. This work aims to increase the limited
examples regarding thermospheric meridional neutral wind
effect deduced from GPS TEC measurements and its role in
transportation of plasma. This will improve our understanding of the competitive role played by thermospheric meridional neutral winds in relation to electric field/EEJ.
Chen et al. (2008) and Venkatesh et al. (2015) also investigated EIA morphology without considering selection of the
quietest days for the estimates of solar quiet (Sq ). Apart from
the fact that the Sq current system is crucial to the estimates
of EEJ strength (Rastogi and Klobuchar, 1990; Anderson et
al., 2002; Bolaji et al., 2015), the response of EIA to EEJ
strength during the quietest period has not been carried out
over the African–Middle Eastern sector. One critical quesAnn. Geophys., 35, 123–132, 2017

tion that needs answered in order to improve our understanding of EEJ and IEEJ strength roles in the formation of fountain effect over Africa–Middle East is whether the responses
of EIA to EEJ strength variability investigated in other regions be used as representations of African–Middle Eastern
morphology. Similar questions that involved ionospheric irregularities and TEC from more than three stations simultaneously unveil different features in South America compared to Africa (de Abreu et al., 2014). This study is possible
because the shortcoming due to paucity of ionospheric instrumentations in Africa–Middle East, which is an obstacle
to carrying out EIA experiments, is gradually waning. More
evidence of gradual growth in ionospheric instrumentations
over Africa in recent times is an EIA study conducted by
Joseph et al. (2015). However, their investigations are more
focused on the characterization of EIA during a geomagnetic
storm from 12 to 16 November 2012. Furthermore, one of
the unique features associated Africa–Middle East that initiated this study is an opportunity to simultaneously investigate EIA in both the Northern and Southern hemispheres and
compare our results with older works of Chen et al. (2008) in
the Asian sector.

2

Materials and methodology

Figure 1 shows the map of Africa and the Middle East
(Africa–Middle East) with location of stations used in
this study. The green and red dots in Fig. 1 show GPS
and Magnetic Data Acquisition System (MAGDAS) locations respectively. The choice of extending the GPS study
into the Middle East from Africa in the Northern Hemisphere is to maintain the GPS locations between geographic longitudes 35 and 46◦ E. Furthermore, in the Southern Hemisphere the GPS locations are between 20 and
35◦ E. Table 1a and b show the list of station names,
their codes, and geographic and geomagnetic coordinates.
Records of 22 GPS receivers retrieved from African Geodetic Reference Frame (2015, http://www.afrefdata.org), International GNSS service (2016, http://www.igs.org), and
three MAGDAS ground-based magnetometers available at
http://magdas.serc.kyushu-u.ac.jp/ were used to investigate
the EIA over Africa–Middle East. The year 2009, a year of
geomagnetic deep minimum (Bolaji et al., 2015) in the last
century (since 1901), characterized by 81 spotless days (http:
//www.spaceweather.com/glossary/spotlessdays.htm) and an
average annual sunspot number of 3.1, will be investigated.
Our choice of days and months selected from this year is
based on simultaneous availability of data for both the TEC
and the horizontal magnetic field (H-field) intensity observations. We found simultaneous records of TEC and H-field intensity over Africa–Middle East in January, February, March,
and April 2009. For analysis of TEC and H-field intensity, the
5 quietest international days of the aforementioned months
were obtained from the records of the Geosciences Australia
www.ann-geophys.net/35/123/2017/
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Table 1. (a) Names and coordinates of the GPS stations under investigation. (b) Names and coordinates of MAGDAS stations used in
this study.
(a)

Station name/
country

Station
codes

Geographic
latitude

Geomagnetic
longitude

Geomagnetic
latitude

Geomagnetic
longitude

1.

Erdemli
(Turkey)
Mitzpe Ramon
(Israel)
Halat Ammar
(Saudi Arabia)
Solar Village
(Saudi Arabia)
Namas
(Saudi Arabia)
Jizan
(Saudi Arabia)
Sheba
(Eritrea)
Asmara
(Eritrea)
Mekele
(Ethiopia)
Alem Maya
(Ethiopia)
Nazret
(Ethiopia)
Eldoret
(Kenya)
Mount Baker
(Uganda)
Entebbe
(Uganda)
Dodoma
(Tanzania)
Tanzania
(Tanzania)
Tukuyu
(Tanzania)
Zambia
(Zambia)
Ngamiland
(Botswana)
Hartebeesthoek
(South Africa)
Richards Bay
(South Africa)
Sutherland
(South Africa)

MERS

36.81◦ N

34.06◦ E

30.71◦ N

105.94◦ E

RAMO

30.61◦ N

34.80◦ E

23.38◦ N

106.30◦ E

HALY

29.16◦ N

36.07◦ E

21.87◦ N

107.53◦ E

SOLA

24.26◦ N

46.51◦ E

17.71◦ N

118.16◦ E

NAMA

19.12◦ N

42.48◦ E

11.46◦ N

114.05◦ E

JIZN

16.88◦ N

42.57◦ E

9.02◦ N

114.18◦ E

SHEB

15.85◦ N

39.05◦ E

7.56◦ N

110.60◦ E

ASMA

15.34◦ N

38.91◦ E

6.79◦ N

110.47◦ E

DAKE

13.48◦ N

39.48◦ E

4.91◦ N

111.09◦ E

DAMY

9.36◦ N

42.03◦ E

0.90◦ N

113.78◦ E

NAZR

8.57◦ N

39.29◦ E

0.25◦ S

111.01◦ E

MOIU

0.51◦ N

35.36◦ E

8.93◦ S

107.08◦ E

BAKC

0.36◦ N

29.20◦ E

9.24◦ S

100.81◦ E

EBBE

0.05◦ N

32.46◦ E

9.52◦ S

104.12◦ E

DODM

6.16◦ S

35.75◦ E

16.56◦ S

107.19◦ E

TANZ

8.57◦ S

39.29◦ E

18.55◦ S

110.57◦ E

TUKC

9.25◦ S

33.65◦ E

19.51◦ S

104.82◦ E

ZAMB

13.13◦ S

27.85◦ E

23.78◦ S

98.34◦ E

MAUA

19.19◦ S

23.00◦ E

30.11◦ S

91.96◦ E

HRAO

25.89◦ S

27.68◦ E

36.32◦ S

94.68◦ E

RBAY

28.78◦ S

32.03◦ E

38.65◦ S

97.89◦ E

SUTH

32.41◦ S

20.67◦ E

41.10◦ S

84.60◦ E

(b)

Station name/
country

Station
codes

Geographic
latitude

Geographic
longitude

Geomagnetic
latitude

Geomagnetic
longitude

1.

Addis Ababa
(Ethiopia)
Khartoum
(Sudan)
Nairobi
(Kenya)

AAB

8.97◦ N

38.75◦ E

0.17◦ N

110.48◦ E

KRT

15.63◦ N

32.53◦ E

6.03◦ N

103.99◦ E

NAB

1.28◦ S

36.81◦ E

10.76◦ S

108.51◦ E

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

2.
3.
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103.99◦ E. In the Southern Hemisphere, Nairobi (NAB) at
geomagnetic coordinates 10.76◦ S, 108.51◦ E was employed.
The EEJ strength was estimated for both hemispheres,
where the northern and southern EEJ strengths are represented with EEJN and EEJS respectively. In addition, the daytime integrated EEJ strength values for both the hemispheres
were evaluated by integrating all the hourly EEJ strengths
from 07:00 to 12:00 LT. This gives the daytime integrated
equatorial electrojet (IEEJ) strength values for each day (Uemoto et al., 2010; Venkatesh et al., 2015).

3

Figure 1. Map of Africa showing locations of study.

catalogue at http://www.ga.gov.au/oracle/geomag/iqd_form.
jsp.
2.1

Total electron content (TEC)

Using differential delay technique on dual frequency measurements of GPS signal at L1 (1575.42 MHz) and L2
(1227.60 MHz), the uncorrected slant total electron content
(STEC) values were recorded at 1 min intervals and then corrected for satellite delays and biases (Bolaji et al., 2012).
They were further converted into vertical total electron content, herein referred to as TEC.
2.2

Equatorial electrojet (EEJ) and its integrated
(IEEJ) strength

The EEJ strength is evaluated by subtracting the Sq deduced
from the H-field intensity (Bolaji et al., 2013) located outside the equatorial latitude at about ±5 to ±10◦ latitudes
from the one located within the equatorial latitude of ±3◦
(Rastogi and Klobuchar, 1990; Anderson et al., 2002; Chen
et al., 2008). In this work, our choice of station within the
equatorial latitude is Addis Ababa (AAB), with geomagnetic
coordinates 0.17◦ N, 110.48◦ E. Outside the equatorial latitude in the Northern Hemisphere, we employed Khartoum
(KRT), which is located at geomagnetic coordinates 6.03◦ N,
Ann. Geophys., 35, 123–132, 2017

Results

The contour plots of diurnal and latitudinal variations in TEC
for 4 months (January, February, March, and April) in 2009
over the African–Middle Eastern sector are investigated. This
is shown in the middle panel b (Figs. 2, 3, 4, and 5), with
a colour bar beside each plot that shows the magnitudes of
TEC in TEC units (TECUs). The left-handed side shows the
geomagnetic latitudinal range of GPS stations and the righthanded side shows the GPS station codes investigated from
the Northern to Southern hemispheres. The unfilled (white
background) contours in the plots are due to data gaps. The
top panel a (Figs. 2, 3, 4, and 5) and bottom panel c (Figs. 2,
3, 4, and 5) show the diurnal variations in the EEJ strength
and the values of IEEJ strength in the Northern and Southern
hemispheres respectively. The magnitudes of EEJ strength
for the hemispheres are plotted on the left-handed side of
the vertical axis against the local time (LT) on the horizontal
axis.
In January (Fig. 2b), the northern EIA crests were moderately developed on all days. They are ranged between ∼ 23
and ∼ 36 TECU. On 17 January the minimum EIA crest
was found at NAMA (∼ 11◦ N, station abbreviations can be
found in Table 1) and the maximum EIA crest was observed
at ASMA (∼ 7◦ N). The spread of TEC magnitudes in the
range of ∼ 16–∼ 36 TECU on all days in the Northern Hemisphere was between ∼ 5◦ N (DAKE) and ∼ 20◦ N (closer to
HALY). Within this latitude (∼ 5–∼ 20◦ N) along the EIA
crest, two EIA crests were observed on all days associated
with reduced TEC values straddling ∼ 8 and ∼ 9◦ N (SHEB
and JIZN). The two EIA crests associated with reduced TEC
straddling, SHEB and JIZN, are higher at ASMA compared
to NAMA on 3, 7, and 17 January, with exceptions on 11
and 12 January. On 3, 7, and 17 January, EIA crest magnitudes at ASMA were ∼ 33, ∼ 33, and ∼ 36 TECU respectively. The corresponding lower EIA crest values at NAMA
on these days were ∼ 27, ∼ 24, and ∼ 23 TECU respectively.
On 11 January, the EIA crest was ∼ 28 TECU at NAMA and
∼ 27 TECU at ASMA. The EIA crest on 12 January was
∼ 29 and ∼ 25 TECU at NAMA and ASMA respectively. In
the Southern Hemisphere, the EIA crest magnitudes were between ∼ 19 and ∼ 20 TECU on all days investigated, with an
exception on 3 January. The EIA crest was insignificant on
www.ann-geophys.net/35/123/2017/
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Figure 2. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in January.

3 January, straddled ∼ 9◦ S (MOIU) and ∼ 19◦ S (TANZ) on
7 January, was found between ∼ 9◦ S (BAKC) and ∼ 20◦ S
(TUKC) on 11 January, observed at TANZ on 12 January,
and straddled ∼ 0.3◦ S (NAZR) and ∼ 24◦ S (ZAMB) on
17 January.
In the corresponding plots (Fig. 2a and b), the highest EEJ
strengths of ∼ 135 and ∼ 117 nT were observed in the Northern and Southern hemispheres respectively on 7 January. The
highest IEEJ strengths of ∼ 692 and ∼ 672 nT were observed
on 7 January in the Northern and Southern hemispheres respectively.
On all days investigated in February 2009 (Fig. 3b) in the
Northern Hemisphere, two EIA crests associated with a reduced TEC magnitude at SHEB were obvious, with an exception on 2 February. The magnitude of a single EIA crest
observed at ASMA on 2 February was ∼ 28 TECU. A moderately developed EIA crest magnitude seen at ASMA on 8 and
10 February was ∼ 32 TECU. The values of well-developed
EIA crests at ASMA on 17 and 19 February were ∼ 50 and
∼ 48 TECU respectively. The magnitude of the second EIA
crest found at JIZN on 8, 10, and 19 February were ∼ 20,
∼ 21, and ∼ 18 TECU respectively. On 17 February the second EIA crest value observed at NAMA was ∼ 18 TECU. In
the Southern Hemisphere, no visible EIA crest was observed
on 2 February. A less-developed EIA crest in the range of
∼ 18–∼ 20 TECU straddled NAZR and TUKC, TANZ and
TUKC, and BAKC and TUKC on 8, 10, and 19 February respectively. On 17 February a moderately developed EIA crest
(∼ 26 TECU) was observed at TUKC.
Maximum EEJ strengths of ∼ 162 nT (Northern Hemisphere) and ∼ 186 nT (Southern Hemisphere) were observed
www.ann-geophys.net/35/123/2017/

on 10 February (Fig. 3a and c). On the same 10 February afternoon, a counter electrojet (CEJ) maximum value
of ∼ −25 nT was observed around 16:00 LT in the Southern Hemisphere. In the Northern Hemisphere, a minimum
CEJ value of ∼ −10 nT in the afternoon was seen around
16:00 LT on the same day. On 10 February, the highest IEEJ
strength of 887 and 882 nT was observed in the Southern and
Northern hemispheres respectively.
In March (Fig. 4b), the EIA crests were well-formed,
both in the Northern and Southern hemispheres on 2 March
(∼ 36 TECU in the north, ∼ 26 TECU in the south), 6 March
(∼ 48 TECU in the north, ∼ 29 TECU in the south), 9 March
(∼ 49 TECU in the north, ∼ 25 TECU in the south), and
18 March (∼ 37 TECU in the north, ∼ 29 TECU in the
south). An exception was found on 7 March with a lessdeveloped EIA crest in the range of ∼ 18–∼ 20 TECU straddling MOIU and TUKC. This signifies that the EIA crests
were well-developed in the Northern Hemisphere compared
to the Southern Hemisphere on all of the days investigated.
In addition, there were two EIA crests in the Northern Hemisphere at different latitudes similar to our observations in
January and February, with an exception on 2 March. The
first well-developed EIA crest in the Northern Hemisphere
was seen at ASMA on all of the days, and the second
less-developed EIA crest was found at SOLA on 6 March.
On 9 March, the moderately developed EIA crest was observed at NAMA and straddled NAMA and SOLA on 7 and
18 March.
In Fig. 4a and c, maximum EEJ strength values of ∼ 120
and ∼ 122 nT were found on 18 and 7 March in the Northern and Southern hemispheres respectively. On 7 March, the
Ann. Geophys., 35, 123–132, 2017

128

O. Bolaji et al.: Observations of equatorial ionization anomaly over Africa and Middle East

Figure 3. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in February.

Figure 4. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in March.

highest IEEJ strength observed in the Northern Hemisphere
was ∼ 743 nT and the maximum southern hemispheric IEEJ
recorded was ∼ 634 nT.
The variations in TEC (Fig. 5b) in April that produced
the EIA crests were in the range of ∼ 16 and ∼ 47 TECU.

Ann. Geophys., 35, 123–132, 2017

The EIA crests were well-developed in both hemispheres on
2 April with maximum value of ∼ 47 TECU in the Northern
Hemisphere at ASMA. The southern EIA crest with a magnitude of ∼ 23 TECU straddled TANZ and TUKC. A moderately developed EIA crest was observed on 4 April in the

www.ann-geophys.net/35/123/2017/
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Figure 5. The TEC magnitudes of the quietest days, equatorial electrojet (EEJ) strength, and integrated EEJ strength in April.

Northern Hemisphere (ASMA), compared to a weakly developed EIA crest in the Southern Hemisphere that straddled
DAMY and TUKC. The EIA crest straddling NAMA and
SOLA on 23 April was higher (∼ 25 TECU) than the EIA
crest at ASMA (∼ 23 TECU) in the Northern Hemisphere.
In the Northern Hemisphere on 30 April, a maximum EEJ
strength of ∼ 60 nT was observed around 12:00 LT, associated with a CEJ value of ∼ −50 nT around 08:00 LT. The
highest IEEJ strength estimate was ∼ 340 nT in the Northern Hemisphere and ∼ 350 nT in the Southern Hemisphere
on 4 April.
On some of the investigated quiet days, we observed increments in TEC magnitude similar to EIA crests in the low
latitudes at MAUA (∼ 30◦ S), which is a middle-latitude station. The highest was observed on 7 March, with a value of
∼ 33 TECU.
4

Discussion

Investigation into the TEC from 22 GPS stations and three
MAGDAS over the equatorial and low-latitude ionosphere in
Africa has been carried out. The records of horizontal H-field
component from MAGDAS were used to estimate the Sq current and EEJ and IEEJ strengths. The results obtained from
TEC and EEJ strength generally showed trend of increases
in the morning and declines at dusk. Other features such as
daytime depression in TEC magnitudes over the EIA crest
and daytime CEJ from the EEJ strength are also revealed.

www.ann-geophys.net/35/123/2017/

In this present work, IEEJ strength up to a daily maximum (herein IEEJ) suggested by Venkatesh et al. (2015) was
employed. Our findings on the EIA morphology in Africa–
Middle East revealed that the rate of plasma production, loss,
and transport mechanisms are different over the two hemispheres. This is in agreement with the suggestions of Chen et
al. (2008) in regard to differences in dynamo electric fields at
equatorial low latitudes of the two hemispheres. In this work,
we will further discuss these differences in both hemispheres,
including the E–F coupling, using TEC latitudinal signatures
straddling the hemispheres as one of the transportation processes in the ion continuity equation. This will also show
meridional wind effect (de Paula et al., 2015).
Concerning the differences in the low-latitude equivalent
dynamo electric field, we observed higher EIA crests in the
Northern Hemisphere compared to the corresponding EIA
crests in the Southern Hemisphere on all of the quiet days
we investigated. This is one of the consequences of initiating asymmetry of EIA crest, apart from meridional neutral
wind, which will be discussed later. In addition to our findings that the magnitude of EIA crest in the Northern Hemisphere is higher than in the Southern Hemisphere, we also
found that the location of the EIA crests in the Northern
Hemisphere straddled ∼ 7 and ∼ 11◦ N. In the works of Chen
et al. (2008), EIA crests straddled ∼ 20 and ∼ 23◦ N. In the
Southern Hemisphere, we found visible EIA crests ∼ 17 and
∼ 19◦ S and the EIA crests from Chen et al. (2008) were
reported to be ∼ 5 and ∼ 8◦ S. This is clearer evidence of

Ann. Geophys., 35, 123–132, 2017
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the differences in the EIA morphology between the African–
Middle Eastern and Asian sectors.
Moreover, it is worthy to note that the EEJ strength, IEEJ
strength up to a daily maximum and IEEJ strength for a
whole day, all together, are driven by the equatorial eastward
electric field. This is one of the parameters of transportation in the ion continuity equation (Rishbeth, 1962; Lei et
al., 2008). Significantly, it drifts plasma from the equatorial
latitude along the magnetic field lines to higher latitudes under the influence of gravity and pressure gradients (Martyn,
1947; Bolaji et al., 2013). A good representation of the equatorial eastward electric field is EEJ strength (Anderson et al.,
2002), and IEEJ strength up to a daily maximum (Venkatesh
et al., 2015). These ionospheric parameters have the capacity
to majorly control the extent of plasma transportation at low
latitudes of the ionosphere, while the transportation control
due to meridional neutral wind is minimal.
Our results in January showed experimental evidence of
how EEJ–IEEJ strength majorly controls plasma transportation over the low latitude. For example, the latitudinal extent of the EIA crest on 7 January in the Northern Hemisphere was obviously controlled by the highest EEJ–IEEJ
strength. Similar controls of the farthest EIA crest due to
the highest EEJ–IEEJ strength in the Northern Hemisphere
were also seen on 7 March. These indicate that the available
meridional neutral winds that could have modulated the EEJ–
IEEJ strength on these days were superimposed by stronger
eastward electric fields around the equatorial latitude. Our
observations are in agreement with the works of Sethia et
al. (1980), Balan and Iyer (1983), Rama Rao et al. (1984),
Raghavarao et al. (1988), Rastogi and Klobuchar (1990),
Chen et al. (2008), and Venkastesh et al. (2015), who investigated EIA morphology in different regions and reported that
EEJ–IEEJ strength is very effective in the movement of EIA
crests to higher latitudes.
On some of the quiet days that were not significantly controlled by EEJ–IEEJ strength, the thermospheric meridional
neutral winds could either strengthened or inhibit the EEJ–
IEEJ strength in regard to moving plasma to higher latitudes
and initiating latitudinal asymmetry in the location of EIA
crests (Bramley and Peart, 1965; Bramley and Young, 1968;
Batista et al., 2011). Although we do not have wind measurements over Africa–Middle East in 2009, the latitudinal variability of TEC we are presently investigating could be used to
infer the meridional wind effects during the day. For example, 10 February and 4 April, where the highest EEJ–IEEJ
strengths failed to produce the corresponding farthest EIA
crest in the Northern Hemisphere, were due to irregular variability of TEC at higher latitudes, which was characterized
by steep daytime depression veering alternately to right and
left. Similar slight depression in the latitudinal profile of TEC
was employed by de Paula et al. (2015) to quantify equatorward meridional neutral wind effects on the weakening of
scintillation over the South American sector during sudden
stratospheric warming events. Therefore, a well-shaped and
Ann. Geophys., 35, 123–132, 2017

broader EIA crest at the farthest latitude without depression
signifies that meridional wind effect is not significant. Otherwise, slight or higher depression at the latitudinal extent of
plasma is evidence that meridional wind effect is in place.
An interesting feature observed from our investigations
during the day (found on at least 1 of the days investigated in
each month) is two EIA crests at different latitudes within the
low latitudes of the Northern Hemisphere (latitudinal twin
EIA crests). One of the latitudinal twin crests is always found
at ∼ 7◦ N (ASMA). The other one is found between latitudes
∼ 11 and ∼ 18◦ N, straddling NAMA and SOLA and sometimes alternating between them. Both EIA crests (ASMA and
the one straddling NAMA and SOLA) were separated by
consistent reduced TEC at ∼ 8◦ N (SHEB) and sometimes
extended to include latitude ∼ 9◦ N (JIZN). We observed that
the EIA crest was not always higher at ASMA compared
to NAMA because on some days (11 and 12 January) EIA
crests at NAMA were higher than those found at ASMA.
These rare scenarios could result from inconsistent transportation of plasma to higher latitudes. We suspect that the
period of initial steep pressure gradient associated with gravitational force, which assisted vertical drift in transporting
the plasma along the magnetic field lines up to ∼ 11◦ N is
shorter. The consequence is a shallow pressure gradient and
gravitational force that relax for a longer period at ∼ 7◦ N
and leave reduced TEC around ∼ 8 and ∼ 9◦ N. This feature
needs further investigation to identify the underlying parameter that is triggering it.
As can be observed, these latitudinal twin EIA crests
are not the same as the twin EIA crests prior to noon
and during the afternoon period reported by Venkatesh et
al. (2015). They reported that double-peak observations from
EEJ strength that simultaneously produce twin EIA crests are
rare. Our results on 7 April in the Northern Hemisphere without two peaks in the daytime variability of EEJ strength had
corresponding twin EIA crests, one around noon–afternoon
and the other in the afternoon period. The present study further adds that all the twin EIA crests may not be associated with a twin peak EEJ strength. From our results that
showed a maximum magnitude of ∼ 49 nT around 12:00 LT
associated with a significant CEJ (∼ 48 nT) around 09:00 LT,
this EEJ strength variability (7 April) indicates a weaker
eastward daytime electric field during sunrise hours and
that a pre-noon EIA crest could not be formed. Investigations into pre-noon peaks of TEC and electron density
at the F2-layer (NmF2) over the equatorial latitudes have
been made by Skinner (1966), Rajaram (1977), Radicella
and Adeniyi (1999), Lee and Reinisch (2006), and Bolaji et
al. (2012, 2013). They reported that development of a prenoon EIA crest is due to a stronger eastward daytime electric
field compared to photoionization near noon. Hence, higher
noon–afternoon EIA crest is due to stronger photoionization
that supports a weak eastward electric field at noon. The reduced post-noon EIA crest is evidence of longer photoion-
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ization refilling the abrupt plasma loss due to an extremely
weak eastward electric field in the afternoon.
Furthermore, the higher EIA crests we observed in March
compared to other months are in agreement with the works
of Venkatesh et al. (2015). Barbara et al. (1980), Rama
Rao et al. (1985), and Bolaji et al. (2012) also reported
higher monthly variability of TEC in March and higher seasonal variability of TEC in equinoctial months (March, April,
September, and October) at low latitudes. We therefore suggest that these may be responsible for most of the higher EIA
crest values found at ASMA in March on most days and on
2 April compared to other months.
5

Conclusions

We have observed and investigated EIA over Africa–Middle
East during a year of deep minimum. Our results are similar to the works of Dunford (1967), Rama Rao et al. (1984),
Raghavarao et al. (1988), Chen et al. (2008), and Venkatesh
et al. (2015) in other sectors in regard to EEJ and IEEJ
strength controlling EIA morphology. We report a few cases
that are not fully controlled by EEJ–IEEJ using TEC latitudinal distributions to characterize thermospheric meridional neutral wind effect. We found that EIA crests in the
Africa–Middle East have a higher magnitude in the Northern
Hemisphere compared to the Southern Hemisphere, which
contrasts the study of Chen et al. (2008) in the Asian sector. We found two EIA crests at different latitudes in the
low latitudes of the Northern Hemisphere, which has never
been reported before and needs further investigation regarding which mechanisms among the transport parameters are
responsible for triggering such a feature.
6
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