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PREFACE

The Centre for Atmospheric Research was established in January 2013 with a compelling mission
to improve our understanding of the behaviour of the entire spectrum of the Earth’s atmosphere;
promote capacity development in relevant atmospheric sciences as a way of facilitating
international competitiveness in research being conducted by atmospheric scientists; and
disseminate atmospheric data/products to users towards socio-economic development of the
Nation. CAR’s extant core research focus includes: space weather, tropospheric studies,
atmospheric research software and instrumentation development, microgravity and human space
technology, and atmospheric chemistry and environmental research.

Pursuant to the above, The Monograph of Atmospheric Research published by the Centre for
Atmospheric Research (CAR), is a collection of peer-reviewed manuscripts in Atmospheric
Sciences and closely related fields. This maiden edition comprises articles presented during two
separate workshops; 1" National Workshop on Microgravity and Environmental Research (26 -
29 November, 2017) and I*" National Workshop on Air Quality (13 - 16 March, 2018). Such
workshops are integral part of CAR’s capacity building program and they were primarily aimed at
advancing the course of atmospheric research in Nigeria towards sustainable development. The
Microgravity workshop was geared towards introducing new research opportunities in space life
science by simulating microgravity conditions here at the earth's surface as a means of
investigation space biological environment. The Air Quality workshop was organized in
collaboration with Ministry of Environment and Nigerian Meteorological Agency (NIMET). The
workshop analysed current Air Quality scenario in Nigeria, explored new opportunities for
collaborative research and offered novel means of improving the present quality of life of the
populace without jeopardizing the chance of the future generation. Cumulatively 196 participants
participated in these two workshops and about 52 articles were eventually submitted for
publication consideration in this monograph. The twenty-one articles in this very monograph are
the articles that eventually made it through the rigorous peer-review process. We remain grateful
to the reviewers for doing thorough work on the articles.

Thus, we are very pleased to present the 2018 Monograph of Atmospheric Research which contains
twenty-one articles, including some review papers, to readers in all spheres of interest across
Nigeria and beyond. It is our hope that this effort will continue and will serve as a reference to
atmospheric researchers in Nigeria.

Prof. A. B. Rabiu and Dr. O. E. Abiye,
Editors
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ABSTRACT

A study on the estimation of ionospheric TEC gradient over Nigeria was carried out using a year GPS data. Ionospheric TEC gradient is
the change in TEC between two points over the distance between them. TEC value changes from one location to another. Spatial TEC
gradient is an index to quantify the change in TEC over a region. The GPS data used in this study are for the year 2014 from seven (7)
out of the fourteen (14) operational NIGNET stations in Nigeria located between geomagnetic latitudes — 4.33 and 0.72° N. The data
for the magnetically five most quietest and disturbed days for the representative months of March, June, September and December were
considered in this study. GPS TEC gradients were derived using the GPS data, which was analysed for diurnal and seasonal variations.
Calibrated TEC were observed and VTEC over the ionospheric pierce point (IPP) were obtained over the distance between them to obtain
TEC gradient. The results obtained show diurnal variation in TEC gradient values with the minimum values of TEC gradient recorded
between 05:00 and 07:00 UT (~0.011 — 0.012 TECU/km), while the peak values were observed between 14:00 and 16:00 UT ( ~.0.54
—0.55 TECU/km). The seasonal variation shows low values of TEC gradient in the solstice months of June and December (~0.28 — 0.3
TECU/km), whereas slightly higher values were observed in the equinox months of March and September (~0.54 — 0.55 TECU/km).
TEC variation during geomagnetic disturbed period is found to be more than the quiet period. The results obtained show a regular pattern
in the increase in TEC gradients from East to the West region of the plots. The results obtained provide external information about TEC
gradient to get more accurate ionospheric delay over a region thereby bringing about improvement on the GNSS positioning accuracy. In
general, the TEC gradient revealed higher values in daytime than in the nighttime. This is attributed to high intensity of solar radiation in
the daytime which brings about higher ionization due to high level of photoionization.

Keywords: Global Navigation Satellite System (GNSS), Total electron c (TEC), I spheric pierce point (IPP), Nigerian
Permanent GNSS network (NIGNET).

Citation: Ikani, O. and Oladipo, O. A., 2018. Estimation of Total Electron Content gradient over Nigeria. Monograph of Atmospheric
Research 2018, Edited by A. B. Rabiu and O. E. Abiye, Centre for Atmospheric Research, Anyigba, Nigeria. pp 134-140.

INTRODUCTION accuracy of GNSS is affected by several errors such as satellite

The Global Positioning System (GPS) is a satellite-based and receiver clock errors, signal propagation delay errors

radionavigation system consisting of at least 24 satellites due to ionosphere and troposphere, multipath error, receiver

configured in six (6) orbital planes with a minimum of four (4) measurement noise and instrumental biases. Among all the error
sources, ionospheric delay is the most predominant one and is of
the order of 5-15 m during mid-afternoon (El-Rabbany, 2002).

GPS signals are affected as they pass through the ionosphere

satellites in each plane. The satellite orbits are approximately
17700 km above the earth’s surface and the satellites complete
one orbit around the earth approximately every 12 hours.

The Russian Space Forces operate the Global Navigation resulting in range errors. The magnitude of error depends on

Satellite System (GLONASS), while China and Europe started the signal frequency and the density of free electrons along the
development of COMPASS and GALILEO, respectively. In signal path.

general, satellite-based radionavigation systems like GPS, TEC is measured to estimate the impact of ionosphere to the
GLONASS, COMPASS and GALILEO are referred to as Global signal transmitted by GPS satellites to the receiver on Earth.
Navigation Satellite Systems (GNSS) (Misra et al., 2006). Among ionospheric parameters, the total electron content

The ionosphere is the ionized region of the atmosphere (TEC) is one of the particularly important physical quantities

comprising free electrons and positive ions, generally in equal of the ionosphere. TEC has been extensively investigated and

numbers, in a medium that is electrically neutral (Hunsucker and modelled for both scientific research of ionosphere and for

Hargreaves, 1995; Baumjohann, 1999). It plays a basic role in applications (Mukhtarov et al., 2013).

long-distance communication. Characterizing the ionosphere is Several studies have been done to characterise the ionosphere by
of utmost interest due to the numerous complexities associated studying on the variability of ionospheric total electron content
with the region (Rabiu et al., 2007). (TEC) (e.g., Rastogi et al. 1971; Jakowski, 1996, Jakowski et

al., 1999; El-Rabbany, 2002; Bagiya et al. 2009; Chauhan et
al., 2011; Fayose et al., 2012; Mukhtarov et al., 2013; Eyelade

Signals from these four systems propagate through the

ionosphere before they reach the earth’s surface. The positioning

134



Monograph of Atmospheric Research 2013

Tkani and Oladipo, pp. 134-140

eral,, 2017,

This study estimates the ionospheric TEC gradients over Nigeria
for a period of one vear (i.e. year 2014) uzing data from seven
(7) out the fourteen (14) operational Nigerian GNSS Reference
Network CORS stations.

Data and method of analysis

The GNSS obszervaton data in Receiver Independent Exchange
(RINEX) format for the representative months of January,
March, June, September and December 2014 were obtained
from the Nigerian GNSS Reference Network (NIGNET)
server (ipoSwwwonignetnetdatal). Observation data, satellite
navigation data and the Differentdal Code Bias (CDB)files were
used for this study. Datafor the five most quietest and disturbed
days for the representative months of March, June, September
and December, 2014 were congidered in this study. The details
of quiet and disturb days are obtained from the website of World
Data Center, Kyoto, Japan. (hmp:/Avdckugikyota-u.acjps).
Fig. 1 shows the spatial diswibution of the NIGNET stations
over Nigeria. The stations marked with cross “+ on the map
are the stations used for this study. Table 1 shows details of the
NIGNET stations used in the study.

Fig. 1. Spatial distribution of the NIGNET receiver stations in

Nigeria.
[ Beoteroe : hitpafowwl HIE Re & Resdaiadog 59

Table 1. NIGNET GNSS CORS in Nigeria used in the study

STATIONSID GEOGRAPHIC GEOMAGNETIC
LAT. LONG LAT. LONG.
ZAIRA(ABUZ) 11.17°N  7.79°E 0.11°N  7988°E
BIRNIN KEBBI (BKFP) 1248°N  434°E 0.64°N  7672°E
CALABAR (CLBR) 495N 836°E 429°N  80.10°E
KATSINATHUKP) 1296°N  7.66°E 108°N  7984°E
MAIDUGURI{MDGR) 11.88°N  1326°E  037°N  8511°E
ENUGU (UNEC) 650°N  755°E 318°N  7942°E
YOLAFUTY) 950° N 1263°E  117°N  84.44°E

(Source: higp: fwww. mignet.netidaialogs:)

Vertical total elecwon content (WTEC) values were obtained

using software developed by Gopi Krishma Samela (Gapi,
2012). The input files to the =oftware are the observation and
navigation files while the output files are .std and .Crmn {files.
The “.Cmmn” files are used for this study. The .Cmn files contain
both the STECs and VTECs over the ionospheric pierce point
(IPP). In Gopi (2012) VTEC values are obtained from STECs

using equation (1).

M STEC

VI'EC S(E)

where S(E) is the mapping funcdon defined by equatdon (2)

{?L » ( Rzcos( E) )}ﬂ's

Re+h
where E is the elevation angles in degree; R, and h, are
respectively the mean Earth radiuvs and the ionosphere
(effective) height above the Earth surface in kkm. The value of

(E)
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h, used in this work is 350 km.

To obtain TEC gradient, stations that can see the same satellite
with concurrent data at the same time were paired. The STECs
and VTECs over the ionospheric pierce point (IPP ) are obtained
The difference in VTECs are obtained and divided over the
diztance between the two stations at the ionogpheric pierce point
(IPP).

Moviezs of TEC gradient plotted against the geomagnetic
coordinates of the statons over IPP at each epoch of 1.5 minutes
interval for each day of the representative months considered in
this study were created. Sample plots were then extracted and
presented as resuls of this study

Results will be presented for both the quiet and disturbed days
for the representative months only when there is concurrent data

for the paired stations.

RESULTS

Fig. 2. shows the plot of TEC gradient for March 08, 2014 for
a magnetcally quiet day. The plot is around 00:00 UT, 06:00
UT, 09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT respectively.
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Minimum TEC gradient iz obzerved at nighttime around 00:00
UT(0.165 —0.17 TECUAam). The TEC gradient value increaes
from sunrise around 06:00 UT (0.18 — 0.2 TECU/km) to an
afternoon maximum around 15:00 UT (0.36 — 0.38 TEC U/Jan)
and then gradually decreases from around 18:00 UT (0.3 - 0.35
TECU/km). TEC gradient increaes from East to the West
region on the plots.
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Fig. 2. Plot of TEC gradient for March 08, 2014 for
magnetically quiet day at around 00:00 UT, 06:00 UT, 09:00
UT, 12:00 UT, 15:00 UT and 18:00 UT respectively.

Fig. 3. shows the plot of TEC gradient for March 25, 2014 for a
magnetically distarbed day:. The plot is around 00:00 UT, 06:00
UT, 09:00 UT, 12:00 UT, 14:00 UT and 15:00 UT respectively.
Minimum TEC gradient iz obzerved at nighttime around 00:00
UT (0.1TECU/km). The TEC gradient value increases from
sunrise around 06:00 UT (0.1 — 0.2TECU lem) to an afternoon
maximom around 15:00 UT (0.54 — 0.55 TECU/km) and then
decreases thereafter. TEC gradient increases from East to the

Westreeion on the plots.
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Fig. 3. Plot of TEC gradient for March 25, 2014 for
magnetically disturbed day at around 00:00 UT, 06:00 UT,
09:00 UT, 12:00 UT, 14:00 UT and 15:00 UT respecti vely.
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Fig. 4. shows the plot of TEC gradient for June 27, 2014 for
a magnetically quiet day. The plot is around 00:00 UT, 06:00
UT, 09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT respectively.
The TEC gradient value increases from sunrise around 06:00
UT (0.068 —0.07 TECU/km) to an afternoon maxinmm around
15:00 UT (0.08 — 0.1 TECU%km) and then decreases from
around 18:00 UT (0.02 — 0.04 TECU/km). TEC gradient is
observed at nighttime around 00:00 UT (0.06 — 0.065 TECU/
km). The mininmm value in TEC gradient is observed around
18:00 UT. TEC gradient increases from East to the West region
on the plots.
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Fig. 4. Plot of TEC gradient for June27,2014 formagn etically
quiet day at around 00:00 UT, 06:00 UT, 09:00 UT, 12:00 UT,
15:00 UT and 18:00 UT respectively.

Fig. 5. shows the plot of TEC gradient for June 18, 2014 for a
magnetically distwbed day. The plot is around 00:00 UT, 05:00
UT, 12:00 UT, 14:00 UT, 15:00 UT and 18:00 UT respectively.
The TEC pradient value increases from sunrise around 05:00
UT (0.036 —0.037 TECU/lam) to an afternoon maximum around
14:00 UT (0.045 — 0.05 TECU/kam) and then decreaxes from
around 18:00 UT (0.032 - 0.034 TECU/km). TEC gradient is
obzerved at nightdme around 00:00 UT (0.1 — 0.15 TEC U/kam).
Mininmm value in TEC gradient is observed around 13:00 UT.
TEC pradient increases from East to the West region on the
plots.

Fig. 6. shows the plot of TEC gradient for September 27, 2014
for a magnetically disturbed day. The plot is around 00:00
UT, 06:00 UT, 09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT
regpectively. The TEC pradient value increases from sunrise
around 06:00 UT (0.0799 TEC U/lan) to an afternoon maxinmum
around 15:00 UT (0.45 — 0.55 TECU/km) and then decreases
from around 18:00 UT (0.15 — 0.2 TECU/km). TEC gradient is
observed at nighttime around 00:00 UT (0.3068 —0.307 TECU/
km). Minimm value in TEC gradient is observed around 06:00
UT(0.0799 TEC U/km]. TEC gradient increases from East tothe
West region on the plots.



Monograph of Atmospheric Research 2018

Teant and Qladipa, pp. 134-140

TE b 55 A Bl . LTI . o 2

EENEEL G 3

s
T s e L St 5 A ALl #1401 . st
o:s
e LK
e oz
wn =2 'y A
o g
H !
s |
wn - Wy
ooz
s
gz I e
TT T T T
L b L i st 15 0 1 A
Sl
oa o
T557 T E0EET LT
15T6ET s LEQEET L i
s § :
z < oo =
i
i e
N " | fucia
s i
3 TE TE B oz

Fig. 5. Plot of TEC gradient for June 18, 2014 for
magnetically disturbed day at around 00:00 UT, 05:00 UT,
12:00 UT, 14:00 UT, 15:00 UT and 18:00 UT respectively

Il ] T Gl d S AEkrin L EHED b b E

seiau cezon 1| ML
y S
s
") "
o
v
3
W € » T T T3
O o 15 om0 o D253 0 1 ot T3 s g SN D E
#1385 1 i Lnazsy il
e
s
7| y 2
x -
TE G TE B T .

T e T

1samsuT

wn

Fig. 6. Plot of TEC gradient for September 27, 2014 for
magnetically disturbed day at around 00:00 UT, 06:00 UT,
09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT respectively.

Figiures 7 shows the plot of TEC gradient for December 17,
2014 for a magnetically quiet day. The plot iz around 00:00
UT, 06:00 UT, 09:00 UT, 12:00 UT, 15:00 UT and 18:.00 UT
respectively. The TEC gradient value increases from sunrise at
around 06:00 UT (©.032 — 0.033 TECU/km) to an afternoon
maximmum between 12:00 and 16:00 UT (0.2 — 0.25TECU/
km) and then decreazes from around 18:00 UT (0.017 — 0.018
TECU/km). TEC gradient is observed at nighttime around
00:00 UT (0.05 — 0.1 TECU/km). The mininmm value in TEC
gradient is obgerved around 18:00 UT. TEC gradient increaes
from East to the Westregion on the plots.

4137

TEC Sank b L35 el Bk 605 B i W

e I

b
e o e e
oL =]
|

1H| )
ke L i
-
leos L3005TLT 10
B J . (i)
- LI82
ot e
oo
in

I H e 5

Fig. 7. Plot of TEC gradient for December 17, 2014 for
magnetically disturbed day at around 00:00 UT, 06:00 UT,
09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT respectively.

Figures 8 shows the plot of TEC gradient for December 29,
2014 for a magnetically disturbed day. The plot is around 00:00
UT, 0600 UT, 09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT
respectively. The TEC gradient value increases from sunrise
at around 06:00 UT (0.011 - 0.012 TECU/km) to an afternoon
maximum between 12:00 and 16:00 UT (0.15 — 0.2 TECU/km)
and then decreases from around 18:00 UT (0.005 — 0.006 TEC T/
lem). TEC gradient is observed at nighttime around 00:00 UT
(0.016 —0.018 TECU/km). The minimum value in TEC gradient
is observed around 18:00 UT. TEC gradient increases from East
to the Westregion on the plots.
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Fig. 8. Plot of TEC gradient for December 17, 2014 for
magnetically disturbed day at around 00:00 UT, 06:00 UT,
09:00 UT, 12:00 UT, 15:00 UT and 18:00 UT respectively.
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DISCUSSION

The diurnal variations in TEC gradients observed over Nigeria
showed an increase in TEC gradient from about sunrise to an
afternoon maximum and then falls to attain a minimum just
before sunset. The results obtained showed increase in TEC
gradient from sunrise to an afternoon maximum and decrease
before the sunset with the minimum values of TEC gradient
recorded between 05:00 and 07:00 UT (0.011 — 0.012 TECU/
km), while the peak values were observed between 12:00 and
16:00 UT (0.54 — 0.55 TECU/km).

The seasonal variations shows low values in TEC gradient in the
solstice months of June and December (0.28 — 0.3 TECU/km),
whereas slightly higher values were observed in the equinox
months of March and September (0.54 — 0.55 TECU/km). The
results obtained show a regular pattern in the increase in TEC
gradients from East to the West region of the plots. In general,
the TEC gradient revealed higher values in daytime than in the
nighttime. This is attributed to high intensity of solar radiation
in the daytime which brings about higher ionization due to high

level of photoionization.

The day-to-day variations of TEC may be attributed to the
changes in solar activity which is associated with changes in
the intensity of the incoming radiations (Kane, 1980; Mendillo
et al., 1980; Modi & Lyer, 1989). The diurnal variation in TEC
gradient shows that the time at which TEC gradient attains
maximum vary from day to day. Large variations of TEC
gradients are observed in daytime while nighttime variations
are found to be almost constant. However, this result shows a
similar trend that is in accordance with the diurnal variation in
TEC at some other locations in the earlier works of Rastogi et
al. (1971), Warnant (2000), Rama Rao et al. (2006a, b), Bagiya
et al. (2009), Chauhan et al. (2011), Bolaji et al. (2012), Rabiu
et al. (2017) and others, which showed that the diurnal variation
in TEC shows a minimum value during the early morning,

followed by an afternoon maximum and gradual fall after sunset.

Data during the magnetically quiet and disturb periods for
the representative months of March, June, September and
December have been considered for this study. TEC gradient
variation during geomagnetic disturbed period is found to be
more than the quiet period. The observation of diurnal variations
in TEC show that the time at which TEC reaches diurnal peak
vary from day to day and month to month (Chauhan et al.,
2011). In general, it is shown from the plots that peak values
in TEC gradient is found during the hours of 12:00 to 16:00UT.
Large variations in TEC gradient are observed in daytime, while
variations at nightime are found to decrease in value.

CONCLUSION

The study on the variation of ionospheric TEC gradients over
Nigeria has been carried out using data from NIGNET stations
for the representative months of March, June, September and
December, respectively for the year 2014. The results obtained
show that the TEC gradient varies with time of the day. The TEC
gradient values start to increase from sunrise between 05 UT and
07:00 UT, reach a maximum around 12:00 UT and 16:00 UT and

then decrease thereafter. The results obtained revealed that the
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maximum value occurs between 12:00 and 16:00 UT. Similarly,
the daytime minimum in the TEC gradient value occurs between
05:00 and 07:00 UT. The seasonal variations shows low values
of TEC gradient in the solstice months of June and December
(0.28 — 0.3 TECU/km), whereas slightly higher values were
observed in the equinox months of March and September (0.54
—0.55 TECU/km).

The accuracy of GNSS positioning can be improved via an
augmentation system. GNSS augmentation system is a method of
improving the navigation system’s attributes, such as accuracy,
reliability, through the integration of external information into
the calculation process. Thus, a study on the ionospheric TEC
gradient over Nigeria will help to provide external information
about TEC gradient to get more accurate ionospheric delay over
a region thereby bringing about improvement on the GNSS
positioning accuracy and to mitigate the aforementioned effects
that this parameter has on our surveying, communication and

navigation industries.
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