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Abstract:

Introduction: Total Electron Content (TEC) is a parameter of the
ionosphere that produces great effect on radio signals. We present the
diurnal and seasonal variations of vertical Total Electron Content (VTEC)
during the ascending phase of solar cycle 24. A moderate solar activity
year (2011) with sunspot number, Rz = 55.7 is used in this study.

Aims: To compare the diurnal and seasonal variations of TEC at Southern
and Northern Nigeria.

Materials and Methods: TEC deduced from the dual frequency GPS
measurements obtained at two ground stations namely: Ahmadu Bello
University Zaria (ABUZ) with longitude 7.39°E in the north and University
of Nigeria Enugu (UNEC) with longitude 7.30°E in the south are
considered. Both stations are located within the same longitude and has a
latitudinal difference of 4.74° in the Nigerian equatorial ionosphere (NEI).
Results: The diurnal variation of TEC shows a steep increase starting from
sunrise, reaching daytime maximum between 13 — 15 LT at UNEC and 14
— 16 LT at ABUZ, then falls to a minimum at sunset. Dawn depression
occurred at the same local time of 04 LT at both stations. On a seasonal
scale, Pre- and post-midnight values were highest during the Equinoxes,
followed by December solstice and least in June Solstice season at ABUZ.
Pre- and post-midnight values were also higher during the Equinoxes than
the Solstice season at UNEC, although they are about the same range.
Also, TEC values are observed to be slightly higher for all hours and
seasons at Enugu in the south than Zaria in the north except during March

equinox at Zaria where TEC values were higher during the daytime.
Conclusion: This implies that there could be little variations in TEC even
within the same latitudinal zone.
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1. INTRODUCTION

The ionosphere is a very important part of the earth’s
atmosphere (above 60km altitude) most of which lies in
space. Some spacecraft in low earth orbit such as
space shuttle and the international space station orbit
through the ionosphere. This region affects radio waves
as it makes long distance High Frequency radio
communication possible, and also affects satellite
communications. The ionosphere causes a variation in
the intensity of radio signals i.e. fading as a result of
irregularities (inhomogeneity in electron density) [20].
The variable nature of the ionosphere, especially over
the equatorial/ low latitudes poses serious threats to
High frequency (HF) communications [2]. This region
exhibits unique features, for example, noon bite-out,
spread-F, Equatorial Electrojet (EEJ), Equatorial
Plasma Bubbles (EPB), etc.

Recently, rockets and satellites measurements have
been used to deduce electron density profiles known as
total electron content (TEC), by taking into consideration
the differential absorption between the ordinary and
extraordinary waves [12]. TEC is a parameter of the
ionosphere that produces most of the effects on radio
signals. The TEC measurements obtained from dual
frequency GPS receivers is one of the most important
methods of investigating the earth’s ionosphere. TEC is
significant in determining scintillation, group and phase
delays of radio waves through a medium.

TEC is the total number of electrons integrated between
two points, along a tube of one meter square cross
section i.e. electron columnar number density. It is

measured in multiples of TEC units defined as 1 TECU
= 10%6 el/m?2 [8].

TEC = [n,.(s)ds (2)

TEC obtained from Global Navigation satellite systems
(GNSS) are of two types (i) slant TEC (STEC) and (ii)
vertical TEC (VTEC).

The VTEC is determined by integrating electron density
on a perpendicular to the ground standing route while
STEC is obtained by integrating electron density over
any straight path from satellite to the receiver. Since
slant TEC is dependent on the ray path geometry
through the ionosphere, it is desirable to calculate an
equivalent vertical value of TEC which is independent
of the elevation of the ray path. Hence, VTEC is
obtained from the sTEC by using the Modified Single-
Layer Model Mapping Function (MSLM) given in
equation (2).

F(z) =

1 . . R .
—  with sinz' = —sinaz 2
cosz R+H

Where H = 506.7 km and a = 0.9782 (when using R =
6371 km and assuming a maximum zenith distance of
809°).

There is a phase advance and group delay when a
wave propagates through the ionosphere. Thus, a
GNSS can measure both the phase and pseudorange
of a signal passing through the ionosphere by using the
linear combination of the two frequencies, L1 (1575
MHz) and L2 (1228 MHz) as illustrated in Figures 1 for
TEC estimation.
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Figure 1: Signal affected at ionospheric region [1].

This compensate for the ionospheric delay to first
approximation. Since the refractive index of the
dispersive ionosphere is a function of frequency, the
ionospheric time delay at the L1 carrier frequency of fi
is given in [16] as

TEC
t, = 40.3 X (W) 3)
where C is speed of light in free space. Take the time
delay between the two frequencies as At =t, —t;.
Thus,

M mEem “

Thus, At measured between the L1 and L2 frequencies
is used to evaluate TEC along the ray path. Using
equation (4) to evaluate TEC with only the pseudorange
data produces a noisy results [17]. The pseudorange
TEC estimate is so noisy and thus results in a poor
measurement, while using the phase to calculate the
TEC gives ambiguous results. The best approach is to
use the noisy pseudorange measurement to level out
the ambiguous phase TEC results given in Equation (5).

At=(

_ fEfE@2-01—2m(Ayn;—A1ny))
TECphase - 40.3(f22—f12)

(5)

where, 2m(A,ny — A,n,) is the bias due to ambiguity.
The bias can be rewritten as a constant. Hence, final
phase TEC is given as:
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TECphase - 40.3(f22—f12) +B (6)

where, B is the unknown ambiguity. TEC equation is
derived from the levelling of the ambiguous phase TEC
with the pseudorange TEC, by subtracting the mean of
the TEC phase, and adding the mean of the
pseudorange TEC. TEC equation is represented in
equation (7).

TEC = TECphase - TECphase + TECpseudorange (7)

Practically, the pseudorange TEC measurement
contains biases due to receiver noise. These biases can
be calculated by using a differential code bias (DCB).
This method of estimating TEC has been made possible
due to the dispersive nature of the ionosphere. By
measuring this delay using dual frequency GPS
receivers, properties of the ionosphere can be inferred
and these properties can be used to monitor space
weather events such as GNSS, HF communications,
Space Based Observation Radar and Situational
Awareness Radar, etc. Therefore, GPS is a
predominant technique of TEC measurement. Detailed
explanation can be found in [8] and [7].

The availability of TEC from the Nigerian ionosphere
has been made possible through Nigerian GNSS
Reference NETwork (NIGNET) which was set up by the
Office of the Surveyor General of the Federation
(OSGoF). However, in the Nigerian equatorial sector,
several station specific TEC measurements have been
made from the past 6 years till present using data from
a number of GNSS orbiting the space. This has led to
studies and intensifying effort to understand the
Nigerian equatorial ionosphere by scientist in the
region. Hence, the aim of this study is to analyse and
compare the behaviour of TEC in Northern (Zaria) and
southern Nigeria (Enugu) both of which are located at
the magnetic equator.

2. MATERIAL AND METHODS

In the Nigerian sector, which encompasses the
equatorial latitude, the office of the surveyor general of
the federation (OSGoF) has launched a project Nlgerian
GNSS reference NETwork (NIGNET, www.nignet.net).
This is similar to the GPS Aided Geo Augmented
Navigation (GAGAN) in operation in the Indian sector.
Presently, NIGNET comprises of 15 dual frequency
GPS receivers out of which 2 have been selected for
this work. Figure 2 shows the location of both stations
on the map of Nigeria: ABUZ (Zaria) located in the North
and UNEC (Enugu) located in the South.
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Figure 2: Location of stations used in the study.

Both stations were carefully selected because data
availability during the period of study is high as shown
in Figures 3. An ascending phase of solar cycle 24
corresponding to a moderate solar activity (MSA) year
(2011) with sunspot number, Rz = 55.7 was used in this
study. No major storm occurred in the year 2011, hence,
it is considered a solar quiet year. This is with the view
to study the temporal and spatial variation of TEC in the
Nigerian equatorial ionosphere, where the longitudinal
coverage of both stations varies from 7.30°E to 7.39°E
and the latitudinal coverage varies between 6.25°N and
a

11.09°N.
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Figures 3: Number of days of data availability at

(a) ABUZ station and (b) UNEC station.

Receiver Independent Exchange (RINEX) files in
compressed format were downloaded from NIGNET
server. The files were unzipped and further processed
using the CRX2RNX Hatanaka and Gopi or GPS_TEC
developed by Dr Gopi Seemala of Boston College in
Texas [19] to obtain the required TEC values. Values of
vertical TEC at 1 minute time resolution using dual
frequency (1575.42, 1227.6 MHz) GPS receivers were
obtained and were converted into hourly TEC values
used in this analysis. Figures 4 shows the flow chart of
the method process used in the study.

Compressed GPS data in RINEX format

O files using CRX2RNX HATANAKA

STD files using GPS_TEC Ver. 2.9.3

Application software (\V.B. Net)

Hourly vTEC

Figure 4: Flow chart for TEC calculation.
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Mean vTEC (in TEC units of 10%6el/m?2) during the four
seasons at both stations for all hours of the day were
plotted against each hour of the day. Also, variability of
VTEC is evaluated from the hourly mean (u) of VTEC
and its corresponding standard deviation (o) by using
the approach of [15], [18], [6], [22], [23], [24].

VR(%) = % x 100 (8)

This method of determining variability shows that the
deviation of all daily values from the monthly mean (or
median) is considered. This indicates that the whole
data is used [22], [23]. Analyses of VTEC variability will
also be considered on diurnal and seasonal scales.

3. RESULTS AND DISCUSSION

The diurnal variations of mean vTEC in the Nigerian
ionosphere shows unique features as those of a typical
equatorial ionization anomaly (EIA) station as illustrated
in Figures 5. This figure shows a clear distinction
between daytime and nighttime values with a steep
increase starting from sunrise and reaches its daytime
peaks between 13 — 15 LT at UNEC. At ABUZ, TEC
reached its daytime peak between 14 — 16 LT [17], [4],
[14], [13], and falls to a minimum at sunset. This is
similar to results obtained during low solar activity in the
EIA region, which have been attributed to the increase
in strength of the Equatorial Electrojet (EEJ), EUV flux,
geomagnetic activity [11], [4] and thermospheric effects
which is a major contributor to the daily variations in
TEC [17], [3]. Dawn depression is well defined at both
stations. Dawn depression is in the range of 3—7 TECU
at UNEC and 5 — 7 TECU at ABUZ station. The dawn
depression occurred at the same local time of 04 LT.
Pre-midnight values (7 — 26 TECU) were slightly higher
than post-midnight values (3 — 13 TECU) at ABUZ, but
at UNEC, there is a significant difference in pre-midnight
values (11 — 29 TECU) and post-midnight values (3 —
13 TECU). Furthermore, the diurnal variation in TEC
shows a minimum to maximum variations of
approximately 3 to 49 TECU which corresponds to 1 to
~ 8m of range delay, and 3 to 55 TECU also
corresponding to about 1 to ~ 9m range delay at the
GPS L1 (1.575 GHz) frequencies in Northern Nigeria
(ABUZ station) and south (UNEC station) respectively.
This is similar to results obtained by [1] during low solar
activity.
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Figure 5: Diurnal variation of TEC for different
seasons at (a) ABUZ station and (b) UNEC station.

Dome shaped daytime profiles are observed at both
stations, this might be different from the daytime shape
of TEC at stations located on the crest and trough of the
EIA. On a seasonal scale, September Equinox and
December Solstice values which are about same range,
were higher followed by March Equinox while least
values were recorded during the June Solstice season
at ABUZ station, while at UNEC, September Equinox
and December solstice values were higher than those
of March Equinox and June Solstice. Pre- and post-
midnight values were highest during the Equinoxes,
followed by December solstice and least in June
Solstice season at ABUZ. Pre- and post-midnight
values were also higher during the Equinoxes than the
Solstice season at UNEC, although they are about the
same range. This could be as a result of the E x B drift
velocities which are reported to be larger in the
equinoctial months than the solstice months, hence,
resulting in the semiannual variation of TEC [5]. They
further suggested that the intensity of the electrojet
strength obtained from the Horizontal component
maybe responsible for the semiannual day-to-day
variation of TEC. [17] reported that there is a correlation
between the semiannual variation and the solar zenith
angle and magnetic field geometry.

Figure 6 shows the percentage deviation from the
monthly mean of TEC for ABUZ and UNEC
respectively, using equation 3. It is observed that
nighttime variability is higher than daytime variability
with not well defined pre-midnight and post-midnight
peaks for the four seasons at both stations. March
Equinox post-midnight peak of 69% and June Solstice
pre-midnight peak of 47% were observed at ABUZ
station while at UNEC, December Solstice post-
midnight peak of 91% and March Equinox pre-midnight
peak of 47% were observed. During the day, March
Equinox, June Solstice and September Equinox
variability values were about the same which were
higher than those of December Solstice at ABUZ
station. At UNEC station, March Equinox recorded
highest variability, followed by December Solstice and

the least variability is observed during the June Solstice
and September Equinox seasons.
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Figure 6: Percentage deviation from monthly mean of
TEC for different seasons at (a) ABUZ station and (b)
UNEC station.

Night-time variability could be as a result of
thermospheric neutral wind, temperature gradient,
Rayleigh-Taylor plasma instability [18], [10], [3] while
variability of TEC during the day is reported to be
influenced by the electric field strength which gives rise
to the ExB uplift of ionization leading to EIA [20] and
Meridional winds [25]. They also reported that electric
field perturbations and thermospheric winds producing
fluctuations in the ionospheric E and F regions are the
main causes of day — to — day variations in ionospheric
parameter.

Finally, TEC values are observed to be slightly higher
for all hours and seasons at Enugu in the south than
Zaria in the north except during March equinox at Zaria
where TEC values were higher during the daytime. This
could be as a result of their location with respect to the
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magnetic equator which implies that there could be little
variations in TEC even within the same latitudinal zone.

4. CONCLUSION

We present results of diurnal and seasonal variation of
mean TEC and its variability over Northern Nigeria
(zZaria) and Southern Nigeria (Enugu). The results show
a unique behaviour of mean TEC at both locations.
There is a steep increase starting from sunrise and
reaches its peak in the afternoon and falls to a minimum
at sunset during the ascending phase of solar cycle 24
corresponding to a moderate solar activity year (2011)
with Rz = 55.7. The diurnal variation of TEC shows a
minimum to maximum variations of approximately 3 to
49 TECU which corresponds to 1 to ~ 8m of range
delay, and 3 to 55 TECU also corresponding to about 1
to ~ 9m range delay at ABUZ station and UNEC station
in the Nigerian equatorial ionosphere (NEI)
respectively. The study reveals semiannual day-to-day
variation of TEC resulting from the solar zenith angle
and the magnetic field geometry. On the seasonal
behaviour, mean TEC of December Solstice and
September Equinox were higher than those of March
Equinox and June Solstice at both stations. Pre- and
post-midnight values were highest during the
Equinoxes, followed by December solstice and least in
June Solstice season. Furthermore, the percentage
deviation from the monthly mean of TEC reveals two
characteristic peaks which are not well defined for the
four seasons at both stations i.e. the pre-midnight and
post-midnight. It is observed that nighttime variability is
higher than daytime variability.
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