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Abstract

This study aims at discussing longitudinal effects on the variability of the ver-
tical £ x B drift velocity at low latitudes, specifically over African sector. To
this effect, observations from ground-based magnetometers and the Ion Ve-
locity Meter experiment onboard C/NOFS satellite are analyzed in conjunc-
tion with equatorial electric field and neutral wind model estimates under
geomagnetically quiet conditions in the years 2012-2013. Notwithstanding the
limitation in data over Africa, the combination of ground-based and in-situ
observations confirmed the existence of longitudinal differences in the £ x B
between the Atlantic, Western and Eastern African sectors. This was well re-
produced by the equatorial electric field model (EEFM) which showed that
during noon, the peak of the equatorial electric field (EEF) was the lowest in
the Atlantic sector, with an increasing trend towards the Eastern longitude.
The Horizontal Wind Model 14 (HWM14) showed that the eastward zonal
(poleward meridional) wind velocity was the lowest (highest) in the Eastern
sector. Furthermore, the zonal (meridional) wind increased (decreased) from
the Eastern to the Atlantic sector. These results highlight the contribution of
the neutral wind velocity in driving the longitudinal difference in the vertical
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drift velocity over Africa.
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1. Introduction

The ionospheric F-region is roughly located between 200 to 800 km in altitude
with its daytime plasma distribution determined by mechanism such as produc-
tion, loss and transport of ions [1]. At low-latitude, the eastward daytime electric
field interactions with the horizontal geomagnetic field (/) resulting in the uplift
of plasma. The lifted plasma under the influence of gravity and pressure gradient
diffuses on both sides of the magnetic equator given rise to the Equatorial Ioni-
zation Anomaly (EIA) [2]. The morphology of the anomaly hence, its asymme-
try is further affected by neutral wind [3].

The main physical mechanism that accounts for the diurnal variation of the
EIA is the fountain effect which itself is driven by the vertical £ x B drift (Vz).
Measurements of the vertical plasma drift by the radar at the Jicamarca Radio
Observatory (JRO) Peru, showed that Vz exhibits a wide day-to-day variability
[4]. This extreme variability has a direct bearing on the distribution of plasma
density over EIA, hence on the location and magnitude of the EIA crests as well
as the formation of post sunset equatorial ionospheric irregularities [5]. This in
turn can impact adversely critical Global Navigation Satellite System (GNSS)
operating over the low-latitude region [6] [7].

The deployment of Global Positioning System (GPS) and magnetometers over
Africa has provided an unprecedented opportunity to improve our understand-
ing of the electrodynamics that governs the equatorial ionosphere over this re-
gion. In effect, while the magnetometers provide information the Equatorial
Electrojet (EEJ) and the vertical drift of plasma in the F region [8], the GPS in-
form us about the structure of the plasma at low or mid-latitude. The combina-
tion of these observations is crucial in enhancing our understanding of the com-
plex mechanism modulating the equatorial ionosphere in Africa. It is also crucial
in confirming the results obtained by satellite and those predicted by existing
models. Magnetometer data, mainly the horizontal component of the geomag-
netic field (H) have further proven to be useful in determining the equatorial
electrojet (EEJ]), a measure of Vz. The EE] is a current system flowing from West
to East in the E-region (100 - 120 km altitude) during the day in a relatively
narrow band (+3° magnetic latitude) centered on the magnetic equator [4].

The EEJ strength is determined by the difference in the magnitude of A between
a magnetometer placed directly at the magnetic equator and another placed out-
side (6° to 9° relative to the equator magnetic). Following this approach, [9] esti-

mated the vertical drift from magnetometers at Trivandrum (8.5°N, 77.0°E, 0.5°S
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dip lat.) and Alibag (18.5°N, 72.9°E, 13.0°N dip lat.) and showed that large EE]
value during the day was associated with the presence of the crests while weak
EE] was accompanied by the absence of the crests at +15° dip latitude. Reference
[10] separated the magnetic contribution from the EE] by subtracting the mag-
netic field measured at the station outside the magnetic equator from that meas-
ured at the station located at the magnetic equator. Reference [11] showed that,
the daytime values of vertical £ x B drift velocity are significantly affected by the
radio flux F10.7 and thus by the solar cycle. In addition, [12] established a quan-
titative relationship between the £ x B measured at the Jicamarca radar and the
magnetometers data at Canete (0.8°N. dip lat.) and Piura (6.8°N dip lat.) in
Peru, during the solar maximum. Later on, [13] established the same relation-
ship over a long period of time with a larger database of drift and magnetome-
ters. Reference [14] submitted that the AA values versus Vz relationship at
other longitude sectors should be similar to the relationship in the Peruvian
longitude sector if the same Sq dynamo wind systems exist and the penetration
of high-latitude electric fields to low latitudes is absent [13].

A global knowledge of vertical drift is crucial for improving the accuracy of
theoretical models as well as enhancing our understanding of ionospheric proc-
esses (electrodynamics) in the low-latitude. Unfortunately, the non-availability
of radars over least covered regions such as Africa, the characteristics long-term
absence of ionospheric observational tools and the sparse distribution of existing
ones over this continent constitutes a major limitation [15] [16]. Even satellites
observations which contribute to a better understanding of the variability of the
vertical drift are limited in time for a given longitude.

Past studies have however, suggested that there are longitudinal differences in
ionospheric parameters over the longitudinal sectors of Africa [17] [18]. This
variability to a large extent has been attributed to changes in the vertical drift [7]
[19]. The understanding of this variability is however, limited due to the lack of
studies over the various longitudinal sectors of Africa.

This work thus, examines the variability of vertical £ x B drift velocity over
the Atlantic, Western and Eastern African longitudes. We have utilised a combi-
nation of pairs of magnetometers to compute the EEJ, measurements of drift on
board the Communications/Navigation Outage Forecasting System (C/NOFS) sa-
tellite as well as the equatorial electric field (EEF) derived from the EEF model and
neutral wind data obtained from the Horizontal Wind Model 14 (HWM14)
during quiet periods of years 2012-2013.

2. Data and Method of Analysis
2.1. Data Sets

In this study, we have utilized the horizontal component of the Earth magnetic
field (H) derived from ground-based magnetometers measurements in Africa. The
geographic location of the 6 magnetometers along with their distribution into the

Atlantic, Western and Eastern sectors is shown in Figure 1. The coordinates of the
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Geographic latitude (*)
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Figure 1. Geographic location of the ground-based magnetometers used. The black solid

horizontal line depicts the geomagnetic equator while the two magenta lines indicate +
15° dip.

Table 1. Geographic coordinates of the magnetometer stations used.

Station name Station  Geographic = Geographic = Magnetic = Magnetic

code Latitude Longitude Latitude  Longitude
Addis Ababa AAE 9.00°N 38.80°E 0.90°N 110.50°E
Adigrat ETHI 14.30°N 39.50°E 6.00°N 111.10°E
Abuja ABJA 10.50°N 7.55°E 0.60°S 79.60°E
Yaounde CMRN 3.90°N 11.50°E 5.80°S 83.10°E
Conakry CNKY 10.50°N 13.71°'W 2.69°S 60.37°E
Abidjan ABAN 4.60°N 6.64°W 8.54°S 65.82°E

stations are given in Table 1. Data from these magnetometers are provided by
the African Meridian B-field Education and Research (AMBER) network except
the one in Addis Ababa (AAE) which is made available by the International
Real-time Magnetic Observatory Network (INTERMAGNET).

We also utilized E x B drift (Vz) measurement from the Ion Velocity Meter
(IVM), which is one of the Coupled Ion-Neutral Dynamics Investigation (CINDI)
sensors on board the C/NOEFES [20]. The real time model of ionospheric electric
fields was also employed to infer quiet-time equatorial ionospheric electric field
as a function of local time for three longitudinal sectors centered along the mean
longitude of the pairs of magnetometers. Likewise, we utilized the neutral wind
velocities computed from the Horizontal Wind Model 14 (HWM14) [21] over
the three longitudes.
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As the estimation of £'x Btechnique, needs pairs of stations, the availability of
the magnetic field data of the two ground-based magnetometers for the same
quiet day is necessary. All available data sets for the three sectors were obtained
during quiet days of years 2012-2013. The five quietest days in each month were

obtained from the GFZ German Research Centre for Geosciences.

2.2. Method of Analysis

2.2.1. Estimation of EE] from Magnetometer Data

The AMBER magnetometers provide geomagnetic data in minutes values of the
X, Y and Z components of the magnetic field. In that XYZ coordinate system
and by simple geometry, the horizontal component of the geomagnetic field ()
was calculated using the northward (X) and eastward (Y) components according
to Equation (1) [22].

H=\NX*+Y? (1)

The nighttime baseline values which correspond to the average midnight val-
ues (H;) of the H component were first calculated for each day and subtracted
from the corresponding magnetometer data sets in order to avoid offset values
of different magnetometers. The baseline value /] is given by Equation (2):

H = Hy+Hyy+ Hy + Hy,
0=
4

(2)

where H,;, H,, Hy and H,, are respectively the hourly values of H at 23:00,
24:00, 01:00 and 02:00 in local time (LT). The mean hourly values were com-
puted from the minute interval recorded data of Xet Y.

This baseline value is obtained for each day and subtracted from the corre-
sponding magnetometer data sets. Then, the variation of daytime H () com-
ponent values of each magnetometer in local time are expressed by the Equation
3):

H,(1)=H(1)-H, (3)

where s, stand for the relevant station.
Thus, the EE]J current contribution (A H) is given by the Equation (4):
AH =H -H (4)

equator non_equator

and H are the H measured at the station located at the

non_equator

where Hguur
magnetic equator and off the magnetic equator, respectively.

In this study, the pairs of magnetometers used are Abuja-Nigeria (ABJA) and
Yaounde-Cameroon (CMRN); Conakry (CNKY) and Abidjan (ABAN); Addis
Ababa (AAE) and Adigrat (ETHI). Abuja, Conakry, Addis Ababa are the ones at
magnetic equator and Yaounde, Abidjan, Adigrat off equator.

For each sector, mainly Altantic, Western and Eastern longitude, Equation (4)

is rewritten as in Equations (5)-(7).

AHAtlamic (AHA ) = HCNKY - HABAN (5)
AH yyeem (AHW ) =H pia —Heyra (6)
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AH e (AHE ) =H\p —Hy (7)

2.2.2. Estimation of Vertical E x B Drift
The vertical £ x B drift velocity has been estimated using the quantitative rela-
tionship [13] as in Equation (8). This relationship between AH and E x B drift is
able to infer whether the daytime £ x B drift velocity in the equatorial F-region
of the ionosphere is large or small.
ExB=K-TR1-TR2-TR3+TR4-TR5+TR6+TR7-TRS& (8)

where

K= -1989.51 + 1.002 x Year - 0.00022 x DOY, Year is the year of measure-
ments and DOY is the day of the year.

TR1 = 0.0222 x F10.7, F10.7 is the daily solar flux observed index (in s.f.u);

TR2 = 0.0282 x F10.7A, F10.7A is the daily solar flux adjusted index (in s.f.u);

TR3 = 0.0229 x Ap, Ap (nT) is the daily planetary amplitude index;

TR4 = 0.0589 x Kp, Kp (nT) is the planetary index;

TR5 =0.3661 x LT, LT (hours) is the Local time;

TR6 = 0.1865 x AH, AH (nT) is the EE] magnetic effect;

TR7 = 0.00028 x AH’

TR8 = 0.0000023 x AFP,

The technique based on Equation (8) has already been used mostly over the
Eastern African longitude [11] [14] [23] [24]. We extend the study to the three
longitudinal sectors in Africa and further examine the differences in £ x B be-

tween these sectors in line with variations of modelled EEF values.

2.2.3. E x B Drift Estimated from C/NOFS Observations (Vz)

We have utilized the C/NOEFS IVM sensor to obtain the daytime Vz at the mag-
netic equator as a function of longitude. Our longitude of interest spanned 15°W
- 45°E. Vz can be inferred from the IVM measurements following the approach
described in [1] and [7]. This entailed imposing a couple of constraints to the
IVM, E x B drift observations mainly: 1) selecting data from 10:00 to 13:00 LT
only since this time window correspond to the maximum £ x B drift velocities
over all longitudes; 2) using Vz measurments below 500 km which is low enough
to guarantee that O" is the dominant ion; and 3) employing data within +5° dip
latitude where the magnetic field lines are quasi horizontal. We thereafter aver-
aged IVM observations over each degree of longitude. We recall that only IVM
data for the 5 quietest days in a month which satisfied the constraints above were
considered from 2012 to 2013.

2.2.4. The Equatorial Electric Field (EEF) Model

The equatorial electric field model uses a transfer function model to predict the
variation of EEF from solar wind data and a climatological model to account for
the quiet day variations of EEF. It is the climatological component of the model
that was used since we were interested in estimating the quiet EEF. We recall

that the climatological component of the model uses the quiet time F region
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equatorial vertical drift model of Scherliess and Fejer [25]. The input parameters
are date, time and location, while the output parameter of interest is the esti-
mated values of EEF. Details about the model can be found in [26]. The model is
implemented as a real-time web application
(http://www.geomag.us/models/PPEFM/RealtimeEF.html) with ability to harv-
est real time data, process and archive them.

2.2.5. The Horizontal Wind Model 14 (HWM14)

The zonal and meridional wind velocities were computed following the method
described in [27] and [28] (see Equation (9)). This involved estimating the air-
glow weighted HWM winds between 200 and 300 km [29].

Zzuzaz
ZZaZ

where u, and a, are the horizontal winds from the HWM at altitude z and a, is

u/‘:

)

the redline volume emission rate from Link and Cogger [30] at altitude a,.
We further computed the seasonal value of the zonal and meridional winds
from 06:00-18:00 LT during quiet days over Conakry, Abuja and Addis Ababa

each station being located in the Atlantic, Western and Eastern African sector.

3. Results

Figure 2 presents a typical example of daily variations of Delta H (nT) (black
curve), vertical £ x B drift velocity (m/s) (blue curve) and EEF (mV/m) (man-
genta curve) on 20 August 2013 (Figures 2(a)-(c)) and 05 September 2013
(Figures 2(d)-(f)). These variations have been presented over the stations lo-
cated in the Atlantic, Western and Eastern African sectors. We however, note
that our observations were limited for only these two days where we found data
available for all three sectors for the same quiet days.

Generally, the morphology of Delta H was similar to that of the £x Band EEF
over all longitudes. We also observed that A A exhibits a significant negative ex-
cursion in the morning (6:00 to 8:00 LT). This depression of magnetic field
variation in the morning is attributed to a counter-electrojet (CEJ). As can be
seen in this figure, CE]J values are a bit lower (=10 nT) in Atlantic and western
sectors than that in eastern sector with a value of about —30 nT. According to
[31], the CEJ is confined in EE] and believed to be due to westward current flow
within a narrow band near the magnetic equator.

On 20 August 2013 (Figures 2(a)-(c)), Delta H, £ x B and EEF reached their
respective maximum value of 75 nT, 25 m/s and 0.50 mV/m at about 12:30 LT
over the Atlantic and Western sectors. These values were approximately the same
over the station in the Eastern sectors. However, the time of occurrence of the
peaks was 11:00 LT in this sector. On 05 September 2013 (Figures 2(d)-(f)), the
time of occurrence of the peak parameters under consideration was 12:00 LT
over the three sectors. Nevertheless, the maximum value of Delta H (£ x B) was
50 nT (26 m/s), 45 nT (22 m/s) and 70 nT (28 m/s) for the Atlantic, Western and
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Conakry, Atlantic sector (August 20, 2013)
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Conakry, Atlantic sector (September 05, 2013)
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Figure 2. Typical example of the estimated EE] represented by Delta H (nT) (black curve),
vertical £ x B drift velocity (m/s) (blue curve) and EEF (mV/m) (mangenta curve) on
(a)-(c) 20 August 2013 and (e)-(f) 05 September 2013 over the Atlantic, Western and East-
ern African sectors.
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Eastern longitude, respectively. The peak values of EEF recorded over these sec-
tors were 0.50 mV/m, 0.55 and 0.60 mV/m.

Figure 3 shows monthly mean variation of Delta H (top panel) and £ x B drift
(bottom panel) over (a) Abuja (Western sector) and (b) Addis Ababa (Eastern
sector) in 2012. In constructing these Figures, we took the mean of the 5 quietest
days in each month to represent the variation for that particular month. It can
be seen that Delta H and £ x B exhibited similar monthly variation with peak
values occurring at the same time. However, the atlantic sector is not included
in, because of the lack of data. Over the Western sector, data was only available
in January and February of year 2012. As such both Delta H and £ x B were
higher in February than January. Over the Eastern sector, the smallest peak in
Delta H and £ x Bwas occurred in the month of July while the highest peak was
observed in March, April and September. The E x B peak in the month of May
was higher than that of January, February and August. Also, the drift reached its
peak value earlier in the months of March, April and September (~11:00 LT) and
2 hours late in the month of July (~13:00 LT). Similarly, it reached its peak ear-
lier in February (10:30 LT) and August (11:00 LT) and later in January and May
(12:00 LT).

Figure 4 is similar to Figure 3 but it is for 2013. During this year we had data
for 5 months/7 months in the Western/Eastern sector in 2012/2013. Delta H and
the £ x B drift varied in a similar manner as in 2012. Over the Western sector,
the drift reached its peak value at about 11:00 LT in January and October and
latter in August (13:00 LT) and September (14:00 LT). We could not determine
the time of occurrence of the peak drift in July due to the data gap. It was also

observed that the highest (lowest) drift was registered in the month of August

100 Abuja (Western sector) Year 2012 Addis Ababa (Eastern sector) Year 2012

I ' I ' : ! ! l i w— ] a1

—Jan Feb
_ @ Feb) = Mar
E. 0t |=——Apr
=—=May

E _|=Jul
] 0 ‘_/ S— Fa — Aug
Sep
-50

30 w— ] an

— Jan Feb
Bt Feb) ] =M ar|

@ 1 —Apr
520 [ _May
s} o ===Jul
E 15¢ - m— Aug
——— — Sep
10
6 8 10 14 16 18 6 8 10 12 14 16 18
Local Time [hrs] Local Time [hrs]

Figure 3. Monthly variation of Delta H (top panel) and E x B drift (bottom panel) over (a) Abuja (Western sector) and (b) Addis
Ababa (Eastern sector) in 2012. Data was only available in January-February in 2012 and January - eptember, excluding the month

of June in 2013.
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Abuja (Western sector) Year 2013 Addis Ababa (Eastern sector) Year 2013
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Figure 4. Similar to Figure 3 but for year 2013. Delta H data was available for 5/7 months in the Western/Eastern sector in

2012/2013.

(January). Over the Eastern sector where data was available for 7 months in the
year, the drift reached its peak (lowest) mean monthly value in March (July) at
about 12:30 LT (14:00 LT). We also noted the occurrence of earlier peak drift in
the months of April/February and January at about 10:30 and 11:00 LT, respec-
tively. Over the Western sector, it was found that the drift was lower in January
2012 (Figure 3(a)) than in January 2013 (Figure 4(a)). On the other hand, over
the Eastern sector, the drift was higher in the months of April, May and July of
year 2012 than the corresponding months in year 2013 while it was lower in the
months of February, March, than the corresponding months in year 2013. It was
nonetheless the same in January and August of both years. As for the time of
occurrence of the peaks, in year 2012 (2013), the drift reached its peak at about
11:30 LT (12:30 LT) in March, 12:00 (12:30 LT) in May, and 13:00 (13:45 LT) in
July. It however, reached a peak at the same time in February (10:15 UT), August
(11:30 UT) of both years. It finally got to its maximum value at 11:00 (10:30 LT)
in April, and 12:00 (10:30 LT) in January.

Finally, these mass plots (Figure 3, Figure 4) give the longitudinal variability
of Delta H and E x B drift which exhibit the difference in magnitude variation.
Generally, the magnitude of both elements on March, April, August and Septem-
ber are always greater than those of other months. This is a clear indication that,
Delta H and E x B drift variation exhibit seasonal variation, where both compo-
nents maximize in equinox.

Figure 5 depicts a typical example of longitudinal variations of the £ x B drift
on (a) 20 August 2012 and (b) 5 September 2013 in CNKR (Atlantic sector, green
line), ABJA (Western sector, red line) and AAE (Eastern sector, blue line). It
compares the magnitude of £ x B drift for the three African sectors. On 20 Au-
gust 2013, F x Bdrift reached a peak of 27 m/s at 11:00 LT in the Eastern sector
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Figure 5. Typical example of daily variation of the £ x B drift over the Eastern (blue line), Western (red line) and Atlantic
(green line) sectors on (a) 20 August 2013 and (b) 05 September 2013.

and 23 m/s at 12:30 LT in the Western and Atlantic sectors. On 5 September
2013, the same pattern of variability was observed except with the drift reaching
a higher peak of 29 m/s at about 12:00 LT; 19 m/s at about 12:00 LT and 23.5 m/s
at 12:00 LT in the Western and Atlantic sector, respectively. This Figure places
emphasis on the comparison between observations from ground-based magne-
tometers and the equatorial electric field on the days when data was available. It
was found that the morphology of Delta H was similar to that of the £x B and
EEF over all longitudes. It is shown that, the magnitude of £ x B drift in Eastern
sector is greater than that in Western sector.

Figure 6(a) & Figure 6(b) present the longitudinal variations of monthly
mean E x Bdrift over the Eastern (blue line) and Western (red line) during quiet
period of year 2012 and 2013. From Figure 6(a), the data were available for
January and February 2012 in the Eastern and Western African sectors. In Janu-
ary 2012, the E x B drift reached a peak of 14.5 (21.5 m/s) at 11:30 (12:00 LT) in
Abuja (Addis Ababa). For February, stronger drift values of 18.5 (22 m/s) were
obtained over the same stations. The time of occurrence of the peak drift was
however, 11:30 and 10:30 LT for Abuja and Addis Ababa, respectively. In Figure
6(b), the drift recorded in January 2013 had increased to 17 m/s and 24 m/s at
the respective stations. In July and August 2013, the values were 19.5 m/s and 23
m/s in Addis Ababa. In Abuja, there a data gap in the local noon in July while in
August the peak drift was 21 m/s. It was generally observed that the drift in Addis
Ababa reached its peak earlier (10:45/11:45 LT) than that in Abuja (11:30/12:30
LT) in January/August 2013.

In Figure 7, we display the IVM E x B drifts velocities (Vz) as a function of
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Figure 6. Longitudinal variations of monthly mean £ x B drift over the Eastern (blue line), Western (red line) during quiet period

of year 2012 and 2013.
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Figure 7. IVM E x B drifts versus geographic longitude during the quiet days of 18 Janu-
ary, 2 February and 27 May 2012.

geographic longitude for some quiet days when data was available in 2012. Fig-
ure 7 (a) presents the Vz curve during 3 orbits on 18 January 2012 as the satellite
covered 16°W - 30°E. During the first orbit (20398), Vz decreased gradually
from 34 to 4 m/s within 10.60 - 11.26 LT as the satellite covered longitude 20°E -
30°E which included the Eastern African sector. There was no sharp longitude
gradient in Vz. Similarly, during orbit 20,399, as the satellite covered longitude 0
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- 16°E which include the West African longitude, the drift reduced from 28 m/s -
5 m/s within 10.94 - 11.61 LT with no sharp gradient. As the satellite covered the
Atlantic sector (16"W - 8°W) during orbit 20400, it measured Vz varying from
40 to 35 m/s within 11.61 - 12.01 LT. From Figure 7(b) which deals with the
longitudinal variation of Vz from 10.0 - 10.52 LT on 2 February 2012, the satel-
lite covered longitude 38°E - 45°E, 13°E - 17°E and 13°W - 7°W during orbit
20621, 20622 and 20623, respectively. During the respective Vz variation was 15
- 20 m/s, 30 - 33 m/s and 34 - 18 m/s. From Figure 7(c), on 27 May 2012, the
satellite covered longitudes 18 - 36°E, 6°W - 10°E and 15 - 14°W during orbits
22345, 22346 and 22347, respectively. The drift varied between 25 - 20 m/s, 25 -
12 m/s and 15 - 17 m/s during the respective orbits.

Figure 8 is similar to Figure 7 but it shows the drift for quiet days of 3 April,
5 April, 29 October and 12 December 2013. From Figure 8(a), the drift data for
orbits 27,012, 27,013 and 27,014 were measured from 10.00 -11.09 LT as the sat-
ellite covered longitudes 28°E - 48°E, 2°E - 22°E and 14°W - 4°W, respectively.
The drift varied from 18 - 28 m/s during the first orbit and 26 - 30 m/s during
the third orbit. During the second orbit, there was an enhancement in the drift
value to a peak of 77 m/s along 9°E at about 10.20 LT. The corresponding value
obtained during this local time was 18 m/s at 33°E during the first orbit as
against a value of 30 m/s but at 10.37 LT along 14°W. On 5 April 2013 (Figure
8(b)), the drift increased gradually from about 2 m/s along 33°E at 10.00 LT to
22 m/s along 45°E at 10.96 LT during orbit 27046. The peak value reached dur-
ing orbit 27047 was 15 m/s at 10.41 LT along 20°E, and 23 m/s along 14°W at
about 10.32 LT. From Figure 8(c), Vz reduced from 13 m/s to 2 m/s within
13.71 - 13.999 LT as the satellite covered 28°E - 33°E during orbit 30,173 on 29

(a) 3 April 2013 80 (b) 5 April 2013 80 (c) 29 October 2013

80
60 Orbit 27012 | o Orbit 27046 | go|  Orbit 30173
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Figure 8. IVM E x B drifts versus geographic longitude during the quiet days 3, 5 April,
29 October and 12 December 2013.
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October 2013. However, on 12 December (Figure 8(d)), the satellite covered lon-
gitude 42°E - 45°E and Vz increased steadily from 7 - 41 m/s within 12.82 - 13.02
LT.

The results presented in Figure 7 and Figure 8 are summarized in Table 2
which shows the peak and minimum values of the E x B drift measured by
C/NOFS (satellite) over the Eastern, Western and Atlantic sectors.

Figure 9 presents Seasonal variations of equatorial electric field in Africa over
Conakry (green line), Abuja (red line) and Addis Ababa (blue line) during quiet
period of years 2012 and 2013. These variations have been presented over four
seasons: December and June solstices, March and September equinoxes. In gen-
eral, the EEF variations exhibit the negative excursion in morning (06:00 to 08:00

Table 2. Showing the peak and minimum values of the £ x B drift measured by C/NOFS
(satellite) over the Eastern, Western and Atlantic sectors.

E x B drift (m/s)

Day with Eastern sector Western sector Atlantic sector
data (36°E - 40°E) (7°E - 12°E) (6°W - 14°W)
Max Min Max Min Max Min
18/01/2012 - - 15.5 8 38.6 35
02/02/2012 18.0 15 - - 33.5 18
27/05/2012 - - 16.8 12 - -
03/04/2013 16.0 8 77.0 10 31.0 26
05/04/2013 12.4 10 11.7 9 23.0 21
December solstice 2012 March equinox 2012 June solstice 2012 September equinox 2012
__ 06
§ 0.4
g 0.2
% 0 ———CNKY
m 0.2 ——ABJA
-0.4 —AAE
-0.6
6 8 10121416 18 6 8 10121416 18 6 8 10 12 1416 18 6 8 10 12 14 16 18
SDecember solstice 2013 March equinox 2013 June solstice 2013 September equinox 2013
- 0.6
§ 0.4
é 0.2
e 0
=5 -0.2
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Figure 9. Seasonal variations of equatorial electric field in Africa over Conakry (green line), Abuja (red line) and Addis

Ababa (blue line) during quiet period of years 2012 and 2013.
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LT) with its maximum observed around 11:00 LT. March and September equi-
noxes recorded the highest EEF peaks. This was followed by June, then Decem-
ber solstice. Generally, the peak EEF in Conakry was the lowest during all sea-
son. In June solstice, there was an increase in the peak EEF from Conakry to
Abuja and then Addis Ababa.

Figure 10 shows a seasonal variation of quiet time zonal wind derived from
the Horizontal Wind Model 14 (HWM14) in 2012 (top panel) and 2013 (bottom
panel) over Conakry (green line), Abuja (red line) and Addis Ababa (blue line).
From this figure, the zonal wind is essentially negative from 06:00 to 18:00 LT dur-
ing all the seasons. It reaches its minimum around 15:00 LT and starts increasing
until about 18:00 LT. This indicates that the zonal wind is westward within this
time window. Generally, the seasonal pattern of the zonal wind was the same in
equinoxes and December solstices. However, its magnitude was higher in Sep-
tember equinox. Nevertheless, in June solstice, there was a reversal in the direc-
tion of the zonal wind around 09:00 and 15:00 LT. This season also registered
the highest zonal wind velocity. We also observed that there was a longitudinal
difference in the magnitude of the zonal wind. For example, towards the eve-
ning, the wind turned eastward 30 minutes earlier in Addis Ababa and Abuja
than in Conakry. Also, its peak velocity was higher in Conakry than at the other
stations.

Figure 11 is similar to Figure 10 but it shows a seasonal variation of quiet
time meridional wind derived from the HWM14. There was a striking seasonal
difference in the pattern of meridional wind during both years. Equinoxes were
mostly marked by poleward wind of weak magnitude (lesser than 24 m/s). How-

ever, the wind velocity barely reaching 5 m/s in March equinox while it decreasing

Seasonal HWM14 Modeled Quiet Time Zonal Wind —— AAE — ABJA —— CNKY

Mar Equinox 12 Jun Solstice 12 Sep Equinox 12 Dec Solstice 12

/
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06 08 10 12 14 16 18 06 08 10 12 14 16 18 06 08 10 12 14 16 18 06 08 10 12 14 16 18

Local time (Hour)

Figure 10. Seasonal variation of quiet time zonal wind derived from the HWM14 in 2012 (top panels) and 2013 (bottom panels)
over Conakry (green line), Abuja (red line) and Addis Ababa (blue line).
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Figure 11. Seasonal variation of quiet time meridional wind derived from the HWM14 in 2012 (top panels) and 2013 (bottom
panels) over Conakry (green line), Abuja (red line) and Addis Ababa (blue line).

from a peak 24 m/s to about 0 m/s in September equinox within 10:00-14:00 LT.
In December solstice, the essentially poleward wind increased from 06:00 LT to its
highest velocity of 80 m/s at about 11:00 LT in Abuja, and 70 m/s at 11:30 LT in
Ababa and Conakry. Thereafter it reduced to a minimum at about 14:00 LT. In
June solstice, the meridional wind is equatorward with a peak velocity of 42 m/s at
about 14:30 LT. However, from 08:00-11:00 LT the meridional wind had reversed
to poleward with a peak velocity of 15 m/s. Overall there was a longitudinal dif-
ference in with stronger poleward wind in Addis Ababa and Abuja than Conakry
in September equinox and December solstice. The poleward (equtorward) wind
velocity remained the highest in Addis Ababa (Conakry) in March equinox (June
solstice).

4, Discussion

We have examined the variability of Vz over the African equatorial region dur-
ing quiet periods of years 2012 to 2013. This region has long been avoided of
equipment for the direct measurements of drift velocity hence, we adopted the
multi-instrument approach which involved the usage of a pairs of magnetome-
ters as well as in-situ satellite data and modelling.

It is well known that the solar quiet (Sq) current system in the E-region is dri-
ven by tidal winds gives which rise to the dynamo wind process [32]. The asso-

ciated current density (/) can be expressed as in Equation (10):

J=0-(E+UxB), (10)

where o is the ionospheric conductivity, E is the electric field, U is the neutral
wind, and Bis the Earth’s main magnetic field. The enhanced conductivity near

the magnetic equator results in a strong eastward current known as the EEJ [33].
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It has been demonstrated that the EEJ estimated using a pair of magnetometers
is a good proxy for the Vz [34] [19]. Unlike past studies which have focussed on
a particular sector in Africa, we obtained a good correspondence between the
EEJ and vertical £ x B drift (Vz) over the Atlantic, Western and Eastern African
sectors. Our results thus, point at the existence of longitudinal difference in the
EE] between the Eastern, Western and Atlantic longitudinal sectors. For example,
we obtained differences in the time of peak EEJ and £ x B drift (Figures 2(a)-(c))
as well as their peak value (Figures 2(d)-(f)) between the Atlantic/Western and
Eastern sectors. Interestingly, these longitudinal differences were well captured
by the EEFM (see magenta curves of Figure 2). As such, an upward drift of 22
m/s, 21 m/s, 28 m/s corresponded to an eastward electric field of about 0.6
mV/m, 0.52 mV/m and 0.70 mV/m for the Atlantic, Western and Eastern longi-
tude, respectively (Figure 2). Reference [35] had found that a zonal eastward
drift of 100 m/s corresponded with a vertical downward electric field component
of magnitude 2.5 mV/m. Notwithstanding the lack of data it could be seen that
on monthly basis, Addis Ababa in the Eastern sector had the stronger EEJ and £
x B drifts velocities at least in January and February of year 2012 (Figure 3) and
in January, July and August 2013 (Figure 4 and Figure 6). Reference [36] for the
first time clearly revealed that the western African EE]J appears weaker than
eastern EE]. This discrepancy suggests that there is a process of reinjection of
energy in the jet as it flows eastward. This West-East Asymmetrical behavior in
the EEJ strength in the African sector is further confirmed by [14] using data set
of arrays of magnetometers (AMBER).

The significant negative excursion in EE]J variability that had been observed in
the morning (6:00 to 8:00 LT) on Figure 2, is attributed to a counter-electrojet
(CEJ). As can be seen in this figure, CE]J values are a bit lower (-10 nT) in Atlan-
tic and western sectors than that in eastern sector with a value of about —30 nT.
Reference [37] had shown in their study that, the African stations registered the
greatest percentage of occurrence of the CEJ than elsewhere. The greatest per-
centage occurrence of morning CEJ was found at Addis Ababa (eastern Africa)
and the greatest percentage of occurrence of afternoon CEJ was found at Ilorin
(western Africa).

CNOF/S measurements of Vz also showed the existence of longitudinal dif-
ference over Africa (Figure 7). For example, the satellite recorded the maximum
drift of 40 m/s in the Atlantic (15°W) as against 5 m/s in the Western (15°E)
longitude at 11.61 LT, and 4 m/s in the Eastern (30°E) at 11.26 LT on 18 January
2012 (Figure 7(a)). Also, on 2 February (Figure 7(b)), the peak Vz recorded at
10.18 LT was 34 m/s in the Atlantic sector (9°W), 31 m/s in the Western sector
(15°E) and 17 m/s in the Eastern sector (40°E). Similar, in Table 2, there were
differences in the value of the peak Vz measured over the three sectors during
some quiet days of 2013. The combination of ground-based and in-situ observa-
tions has therefore clearly confirmed the existence of differences in Vz over the

three longitudinal sectors in Africa. We however, noted that our observations
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were limited by the lack of data. Our results presented in Figure 3 and Figure 4,
show that £ x B drift variation exhibit seasonal variation, where it maximizes in
equinox and weaker during the June solstice. The similar trend was also ob-
served in Figure 9 where September equinoxes recorded the highest EEF peaks.
These results are in good agreement with results presented by [14]. Their two
independent observations show a consistent seasonal variation with peaks dur-
ing equinox and weaker during June solstice.

We have thus, resolved to investigate the longitudinal differences on a sea-
sonal basis using the EEFM. It was found that the peak EEF was generally in-
creased from the Atlantic to the Eastern longitude (Figure 9). There was a time
delay between the occurrence of the peak EEF in Conakry and other stations.
Generally, factors such as 1) the difference in magnetic declination [38], 2) ir-
regular changes in the neutral wind caused by meteorological forcing from the
lower atmosphere [39], 3) the difference in the magnitude of the horizontal com-
ponent of the geomagnetic field (B), 4) the offset between the geographic and
magnetic equator [40], and 5) the existence of a four-cell longitude pattern in the
day-time Vz related with the propagation of wave number 3 (DE3) tidal mode
[1] [41] have been identified as potential drivers of the longitudinal difference in
Vz. We clearly exclude the existence of DE3 over this sector as there were no
sharp gradient in our Vz data. We note that other factors could have played a
contributory role in driving the observed longitudinal differences in Africa based
on the fact there are obvious difference in magnetic declination (2.21°, —0.28"
and —-6.3%); B (35,768 nT, 33,698 nT and 31,729 nT), magnetic and geomagnetic
offset (9.05°, 11.37° and 11.8°) between Addis Ababa (Eastern sector), Abuja (West-
ern sector) and Conakry (Atlantic sector), respectively. We therefore, believe
that the wind might have played a bigger role in modulating these differences.

Our investigation of the seasonal variability of neutral wind at the three sta-
tions revealed that during all seasons, the zonal wind is westward with a peak
velocity that increased from Addis Ababa to Abuja, and then Conakry at about
14:00 LT (Figure 10). Oppositely, the meridional wind is poleward with a veloc-
ity that decreased from Addis Ababa, then Abuja and Conakry. From 10:00-14:00
LT in June solstice however, the wind turned to equatorward with a weaker ve-
locity in Conakry (Figure 11). We had earlier found that the peak EEF increased
from Conakry to Addis Ababa. The meridional (zonal) wind was clearly the
strongest (weakest) in Addis Ababa where the electric field was also the strongest
of the three sectors. We thus, submit that the electric field was stronger at the
longitudinal sector where the zonal wind was minimal and the meridional wind
maximal. Reference [42] had stressed on the role of the meridional wind on driv-
ing longitudinal difference in the eastward £ x B drift at the equatorial region.
They found that the longitudinal variation in the drift was related to the changes
in the zonal currents driven by meridional winds at F region height of the equa-
torial ionosphere. It had been recently found that, changes in the thermospheric

neutral winds are the reason for the longitudinal differences that have been re-
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ported in equatorial electric fields between the West and East Africa stations [14]
[43] [44]. They found that, in general, the neutral wind speed observed in east-
ern African sector is weaker and stronger in west African sector compared with

speeds observed in other longitude sectors.

5. Conclusions

The following points can be taken as the main findings of this study:

1) Satellite observations and ground-based data showed the existence of lon-
gitudinal differences in the magnitude of the £ x B drift over the Atlantic, West-
ern and Eastern sectors. These were well reproduced by the EEFM during the
days when data were available at the three longitudinal sectors. We note that
past works had only focussed on the Western and Eastern sectors.

2) On a seasonal basis, the strongest EEF peak was observed over the Eastern
sector suggesting that the vertical drift is also the strongest over that sector. In
addition, the trend of variation of EEF showed a reduction in peak from the
Eastern sector to the Atlantic sector.

3) There was a longitudinal difference in the magnitude of the zonal wind
which was essentially westward from 06:00 to 18:00 LT. Furthermore, the zonal
wind velocity was higher at the station located in the Atlantic sector.

4) Overall, there was also a longitudinal difference in poleward meridional
wind with its peak velocity being the highest in the Eastern sector. The trend in
variation of the meridional wind showed a reduction from the Eastern to the
Atlantic sector.

We could infer thus, that the neutral wind had played a crucial role in driving
the longitudinal differences in the vertical drift velocity in Africa. The fact that
the zonal wind is weaker while the meridional wind is stronger in the Eastern
sector could account for the stronger vertical drift velocity measured at this lon-
gitude. Direct wind and drift measurements are therefore needed over this re-
gion for a better understanding of the equatorial ionospheric dynamics and its
morphology and thus, the impact on critical navigation and communication

technologies.
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