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Abstract Ile-Ife lies on the equatorial anomaly region
where the ionospheric current is greatly influenced by
the existence of the equatorial electrojet. The dual fre-
quency SCINDA NovAtel GSV 4004B GPS receiver recently
installed at Ile-Ife [on geographical latitude 7◦33′N and lon-
gitude 4◦33′E and geomagnetic dipole (coordinate) of lati-
tude 9.84◦N and longitude 77.25◦E] is currently operational
and recording data from the available global positioning sys-
tem satellites. The receiver provides the data on total electron
content (TEC) and the scintillation index (S4). This paper
presents the first sets of results from this station. Data records
for the month of February 2010 were analyzed using the
WinTec-P software program and these were interpreted to
discuss the diurnal variation of the TEC and S4 index dur-
ing the period considered, as having low geomagnetic activ-
ity. The vertical TEC in this study showed that the values
vary widely from as low as 0 TECu about sunrise to about
35 TECu during the day. Depletion in TEC was also noticed
about sunset and marked by the occurrence of scintillations
with a maximum index value of 0.3. Results of the IRI models
and the observed TEC differ considerably; hence, there is the
need to improve IRI models for its adaptability to the Africa
ionospheric conditions.

E. A. Ariyibi (B)
Department of Physics, Obafemi Awolowo University,
Ile-Ife, Nigeria
e-mail: eariyibi@oauife.edu.ng

P. Doherty
Institute of Scientific Research, Boston College, Boston, USA

A. J. Coster
Haystack Observatory, M.I.T., Westford, USA

E. O. Joshua
Department of Physics, University of Ibadan, Ibadan, Nigeria

Keywords Equatorial ionosphere · Geomagnetic activity ·
Scintillations

1 Introduction

The electromagnetic waves undergo dispersion in the ion-
osphere. The ionospheric morphology is mainly due to the
temporal and diurnal variability of the electron density which
is dependent on the solar and geomagnetic activities. The
determination of the total electron content (TEC) and the
scintillation index (S4) provides a basis for the description
of the ionospheric condition. References [1–3] have actually
established that the estimation of TEC using global posi-
tioning system (GPS) satellites and receivers is increasingly
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Fig. 1 Map of Nigeria showing
the location of the GPS receiver
station, Ile-Ife. Adapted from
[16]
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very useful and valuable for investigating global and local
ionospheric structures because of the worldwide coverage
provided by a constellation of about 30 satellites and ground
receiver networks.

Equatorial ionosphere exhibits large spatial gradients in
electron density due to the well-known equatorial ionization
anomaly (EIA) with the trough at the magnetic equator and
its crest at ±17 north and south of the magnetic dip. How-
ever, previous study by Rastogi and Klobuchar [4] shows the
variation in the position of the crest of the EIA and this was
evidenced in the variability of TEC that was measured by
the GPS receiver stations. The variation or the instabilities in
the plasma density on the ionosphere are an impediment to
radio communication, as they result in the scattering of the
incident radio waves, practically at all frequencies of inter-
est. This phenomenon is generally referred to as ionospheric
scintillation. It can either be in form of fluctuations in the
measured amplitude or the measured phase of the radio fre-
quency (RF) signals as they pass through the ionospheric
region.

The study of ionospheric condition using GPS measure-
ments in the equatorial regions of the world, including South
America and Asia has been reported widely by [5–9] among
others. Not until recently, similar efforts over the African
equatorial regions have been scanty or very few if it existed.

However, relevant previous works known in the area were
by [10,11]. Both were able to utilize the ionosonde measure-
ments to investigate the F-region vertical drift.

The highest TEC in the world is known to occur in the
equatorial anomaly region. The ionospheric instabilities are
generally due to scintillations and nighttime enhancements,
and also have solar cycle dependence, as reported by sev-
eral authors [12–14]. Frequent scintillations and high rates
of change of TEC can cause loss of lock to single or dual
frequency receiver which may result in the decrease of posi-
tioning accuracy at low latitudes [15].

The recently established dual frequency GPS receiver sta-
tion in Ile-Ife, Nigeria is located on geographical latitude
7◦33′N and longitude 4◦33′E and geomagnetic dipole (coor-
dinate) latitude 9.84◦N and longitude 77.25◦E as shown in
Fig. 1 and falls within the equatorial anomaly region. This
work presents the first set of results from the station. The cal-
ibrated TEC and the computed scintillation index, S4, were
used to discuss the prevailing local diurnal variation of the
ionospheric condition over the study area.

2 Method

In April 2009, the Boston College, USA in conjunction with
ICTP organized the first workshop on Satellite Navigation
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Fig. 2 Diurnal variation of TEC at a low-latitude station, Rajkot,
India [6]

Science and Technology for Africa at the ICTP, Trieste, Italy.
At the end of the workshop, a SCINDA NovAtel GSV 4004B
GPS receiver equipment was donated to the Obafemi Awo-
lowo University, Ile-Ife, to increase the coverage of the GPS
network in Nigeria and the entire Africa. The station was set
up in June 2009 and actual data gathering commenced before
the end of 2009. The NovAtel GSV 4004B GPS receiver
model measures the pseudo ranges using the coarse acquisi-
tion code on L1 and the precise (P) code on L2.

Monthly records of data were routinely retrieved from the
system and stored on CDs. In the beginning, it was difficult
to get continuous data records for a period of 24 h due to
frequent power outages at the station. However, the power
situation improved early in 2010 and fairly good monthly
data were obtained in February 2010 and were thus analyzed
and interpreted to discuss the diurnal variation of TEC and
S4 index. The Dst values obtained from the World Data Cen-
tre (WDC, Kyoto, Japan) for the month of February 2010
showed that it ranges between 0 and ±35 nT for the entire
month. This indicated low level of geomagnetic activity for
this period.

A similar study on the diurnal variation of TEC was carried
out by Bagiya et al. [6] for Rajkot (India) GPS receiver sta-
tion located on geomagnetic latitude 14.21◦N and longitude
145.08◦E. Figure 2 shows a typical result from the station.
The TEC has a daily peak value of 70 TECu occurring around
14:00 hours local time (LT).

2.1 The TEC and Scintillation Measurements

Using the dual frequency GPS observations, one can take
advantage of the ionosphere’s dispersive character to com-
pute the slant TEC (STEC) [17,18]. The STEC is the mea-
sure of the total number of free electrons in a column of the

unit cross section along the path of the electromagnetic wave
between the satellite and the receiver. The total number of
free electrons is proportional to the ionospheric differential
delay between L1 (1,575.42 MHz) and L2 (1,227.60 MHz)
signals.

STEC =
satellite∫

receiver

Nds (1)

Where N is the electron density, 1 TEC unit = 1016 elec-
trons/m2. Generally, the STEC is obtained from the TECBE

and the dual frequency code measurements, given by

STEC = 1

40.3
×

(
1

L2
1

− 1

L2
2

)−1

×(P1 − P2) + TECBE (2)

where P1 is pseudo range at L1, P2 pseudo range at L2, and
TECBE the bias error correction and is different for different
satellite–receiver pairs.

The calibrated TEC can be computed from the relative
TEC when the receiver bias and correct satellite differential
code biases are obtained following from [19]. The vertical
TEC (VTEC) is obtained by taking the projection from the
slant to the vertical using the thin shell model assuming a
height of 350 km, following the technique given by [20]:

(VTEC) = STEC × Cos

[
arcsin

(
Re cos z

Re + hmax

)]
(3)

where the radius of the Earth, Re = 6,378 km, the height to
the pierce point, hmax = 350 km, and z = elevation angle at
the ground station.

The rapid fluctuations in the amplitude or phase of the
signals are referred to as scintillation. This occurs when the
GPS or satellite-based augmentation system (SBAS) satellite
signal travels through small-scale irregularities in electron
density profiles in the ionosphere; this particularly happens
in the evening and nighttime in equatorial regions.

The amplitude scintillation monitoring is traditionally
accomplished by monitoring S4 index. The index is the nor-
malized standard deviation of the signal intensity (I) received
from satellites and 〈I 〉 is the ensemble average of the inten-
sity. The total amplitude scintillation S4 is inclusive of the
ambient noise and Carrano and Groves [19] defined it as
the ratio of the signal intensity standard deviation and signal
intensity mean as

S4 =
√〈

I 2
〉 − 〈I 〉2

〈I 〉 (4)

For S4 = 0.0, this indicates no modulation and for S4 = 1.0,
this indicates 100 % modulation. The WinTEC, P software
programme of Carrano and Groves [19] was used to pro-
cess the data to obtain the vertical (or calibrated) TEC and
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Fig. 3 A plot of the diurnal variation of vertical TEC for the 4 days considered

the scintillation index S4. For this particular receiver, a fre-
quency of 50 Hz data rate was used to calculate the S4 index.
The calibrated TEC was obtained by levelling the phases
to the pseudo ranges to give the relative TEC and followed
by the estimation/removal of the instrumental biases to give
the vertical (or calibrated) TEC.

3 Results

The results of the computed VTEC and S4 index are pre-
sented in this section. Results of different satellite passes
designated by a PRN number on different dates and times
are shown in Figs. 3 and 5. Figure 3a–d shows the plots of
the VTEC (in TEC units or TECu) over a 24-h period for the
days under consideration. The colored legend in the figures
shows the graduation of the (geo-) magnetic latitude (MLAT)
of the satellite pass, from the lower blue color to the higher
red color. From the plotted VTEC, the diurnal pattern can be

divided into three different segments, namely the build-up
region, the daytime plateau, and the decay region which is
similar to the observations made by Bagiya et al. [6].

The observed VTEC for 12th Feb is as shown in Fig. 3a.
The VTEC has a value of 10 TECu at about midnight and then
shows a steady decrease reaching a minimum of 0 TECu at
06:00 hours. This, however, increases steeply, almost imme-
diately reaching a broader peak of 35 TECu at about 15:00 LT.
The VTEC then decreases steadily from this peak value until
it reaches a minimum value (0 TECu) at about 21:00 LT. This
continues afterwards till about midnight and minor enhance-
ment in TEC values was also noticed. These fluctuations in
TEC values are probably due to the precipitating effects of
the rising plasma plumes or bubbles in the ionosphere at the
equatorial anomaly region as observed by Valladares et al.
[9] and Dashora and Pandey [5].

The plots of the VTEC for the other days, namely 15th,
23rd and 25th Feb, are similarly behaved except that the first
minima are not zero at 07:00 LT but have a value of about
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Fig. 4 The IRI 2007 model for the TEC on the days considered

2 TECu. Also the peak of the TEC on 23rd Feb is not as
broad as that of the others at 14:00 LT. This is an indica-
tion of the complexity in the dynamical nature of the iono-
spheric condition at the equatorial region due to the effects
of the equatorial electroject (EEJ) on the geomagnetic field
[6] which enhances the eastward current flow within ±3◦ of
the magnetic equator. In addition, the depletion in TEC due
to plasma instabilities after sunset is also noticed to occur
consistently around 21:00 LT which is contrast to the obser-
vations of Dashora and Pandey [5] in the Asian sector where
it occurred around 23:00 LT probably due to longitudinal dif-
ference and the drift of the EEJ. Figure 4 is the international
reference ionosphere (IRI) model of the TEC on the days
considered. When this is compared with the observed results
shown in Fig. 3, the results are similar except that the maxi-
mum TECu value at the pre-dawn period is 5 TECu instead of
10 TECu in the observed results. In addition, during the day,
the observed results range between 30 and 35 TECu, while
the modeled results are generally below 25 TECu, and the
scintillations phenomena (i.e., amplitude fluctuations) which
are seen in the observed results are not shown in the IRI
modeled result. It is therefore necessary for TEC values in
the modeled results to be adjusted to obtain a better fit with
observed results.

Figure 5 shows the observed variations of the scintillation
index, S4, for 12th Feb for all the satellites that were visible to
the GPS receiver station. Figure 5 also shows the variations
of the satellite elevation angles, as they pass over the sta-
tion. Following from the earlier discussion, satellites with the
PRN’s numbers with remarkable scintillations records after
sunset were considered for interpretation and others were not
used for interpretation due to their little significance when
compared to the selected ones. On 12th Feb after sunset (i.e.,
after 19:00 LT) to midnight, the satellites with PRN’s 02, 04,
05, 08, 10, 15 and 28 were considered.

Essentially, the satellites elevation angle ranges from 20◦
to 90◦ with the peak elevation angle of 90◦ attained by the
satellites with PRN08 and PRN10 and the least of eleva-
tion maxima of 40◦ was attained by the satellite with PRN02
when compared to the other satellites under consideration.
The scintillations were observed at about 21:00 LT corre-
sponding to when there was TEC depletion in agreement
with [5]. The scintillation index (S4) ranges between mini-
mum and maximum values of 0.0 and 0.3, respectively. The
scintillation index of 0.3 can be seen particularly on PRN
02, PRN 04, PRN 05 and PRN 28, after neglecting multipath
effect (example of this effect is shown by the fluctuating index
values at about 22:00 UT on PRN 02).

Generally, the minimum value of the index was observed
to coincide when the elevation angle of the satellite is higher
and this confirms the angular dependence of the index. This
is because at lower elevation angles, there would be the con-
tribution from multipath fluctuations due to ground-based
reflectors that obstruct the sky. According to Dashora and
Pandey [5], the scintillation index greater than 0.2 is consid-
ered to imply a significant level of scintillation. The occur-
rence of high scintillation index during nighttime period
according to [12] and [21] can be ascribed to the rising of
plasma bubbles (from the F-layer of the ionosphere) at the
magnetic equator to the topside of the ionosphere to produce
scintillations in patches.

The IRI model for the equatorial vertical (E × B) drift
velocity is as shown in Fig. 6. As expected, the E × B drifts
are upwards in the daytime and downwards during nighttime.
The daytime upward drifts are responsible for producing crest
in the F-region peak electron density at the magnetic equator
corresponding to the period of high TEC values [22]. The
noticeable deflection on the downward side of the vertical
drift velocity during nighttime can be attributed to the occur-
rence of scintillations.
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Fig. 5 Scintillation index S4
observed by the satellites and
the satellites elevation angles on
12 Feb 2011

Fig. 6 Vertical drift velocities
during the period considered
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4 Summary and Conclusions

From the calibrated (vertical) TEC and the computed scintil-
lation index using the GPS receiver station at Ile-Ife, Nigeria,
the examples of diurnal variation of the equatorial ionosphere
were presented for February 2010. The VTEC in this study
showed that the values vary widely from as low as 0 TECu
about sunrise to about 35 TECu during the daytime. This
observation when compared with the Rajkot’s data suggests
a trade off between the broadness of the peak and the maxi-
mum peak possible. Depletion in TEC was also noticed about
sunset and marked by the occurrence of scintillations. The
study also shows that the TEC values in the IRI model need
some adjustments to obtain a better fit with the observed
results.

This is a preliminary result from this station. Future stud-
ies will seek to establish the seasonal variability of the TEC,
S4 index and their dependence on solar and geo-magnetic
activities. Further work will also examine the latitudinal
dependence of these ionospheric parameters over the African
ionosphere. It is believed that the results from these studies
will be useful in efforts to improve the IRI models and their
adaptability to the Africa ionospheric conditions.
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