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Abstract. We investigated total electron content (TEC)
at Ilorin (8.50°N 4.65°E, dip lat. 2.95) for the year
2010, a year of low solar activity in 2010 with R, =
15.8. The investigation involved the use of TEC derived
from GPS, estimated TEC from digisonde portable sounder
data (DPS), and the International Reference lonosphere (IRI)
and NeQuick 2 (NeQ) models. During the sunrise period, we
found that the rate of increase in DPS TEC, IRI TEC, and
NeQ TEC was higher compared with GPS TEC. One reason
for this can be attributed to an overestimation of plasmas-
pheric electron content (PEC) contribution in modeled TEC
and DPS TEC. A correction factor around the sunrise, where
our finding showed a significant percentage deviation be-
tween the modeled TEC and GPS TEC, will correct the dif-
ferences. Our finding revealed that during the daytime when
PEC contribution is known to be absent or insignificant, GPS
TEC and DPS TEC in April, September, and December pre-
dict TEC very well. The lowest discrepancies were observed
in May, June, and July (June solstice) between the observed
values and all the model values at all hours. There is an over-
estimation in DPS TEC that could be due to extrapolation
error while integrating from the peak electron density of F2
(NmF2) to around ~ 1000 km in the Ne profile. The under-
estimation observed in NeQQ TEC must have come from the
inadequate representation of contribution from PEC on the
topside of the NeQ model profile, whereas the exaggeration
of PEC contribution in IRI TEC amounts to overestimation
in GPS TEC. The excess bite-out observed in DPS TEC and
modeled TEC indicates over-prediction of the fountain effect
in these models. Therefore, the daytime bite-out observed

in these models requires a modifier that could moderate the
perceived fountain effect morphology in the models accord-
ingly. The daytime DPS TEC performs better than the day-
time IRI TEC and NeQ TEC in all the months. However,
the dusk period requires attention due to the highest percent-
age deviation recorded, especially for the models, in March,
November, and December. Seasonally, we found that all the
TECs maximize and minimize during the March equinox and
June solstice, respectively. Therefore, GPS TEC and mod-
eled TEC reveal the semiannual variations in TEC.

1 Introduction

Total electron content (TEC) is the total number of free elec-
trons in a columnar of 1 m? along the radio path from the
satellite to the receiver on the Earth. TEC exhibits diurnal,
seasonal, solar cycle, and geographical variations. Therefore,
the physical and dynamical morphology of the TEC over
a given location is of great importance in transionospheric
communications during both quiet and disturbed geomag-
netic conditions (Aravindan and Iyer, 1990; Akala et al.,
2012; Olawepo et al., 2015; Tariku, 2015 and de Jesus et al.,
2016). GPS TEC is quantified from the GPS orbiting satel-
lites to the GPS receiver station on the Earth, with an approx-
imate distance of 20200 km (Liu et al., 2006). Thus, a typi-
cal GPS TEC measurement incorporates the complete plas-
maspheric electron content (PEC). The digisonde portable
sounder (DPS) estimates the bottomside and topside TEC to
obtain the total TEC from the electron density (N) profile.
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The topside DPS TEC is extrapolated from the peak electron
density of the F2 region (NmF2) to around ~ 1000 km; thus,
the significant PEC contribution from the higher altitudes is
omitted from DPS TEC measurement (Reinisch and Huang,
2001; Belehaki et al., 2004 and Zhang et al., 2006).

The International Reference Ionosphere (IRI) model de-
pends on worldwide data from various measurements (Bil-
itza, 1986, 2000; Bilitza and Rawer, 1998). The IRI model
provides reliable ionospheric densities, composition, tem-
peratures, and composition in the ionospheric altitude range
(Radicella et al., 1998; Bilitza, 2000 and Coisson et al.,
2009). The latest version of the IRI model can be found at
all time on the web (https://ccmc.gsfc.nasa.gov/modelweb/
models/iri2016_vitmo.php; last access: 22 October 2018)
with improvements on earlier versions of the model. The
NeQuick 2 (NeQ) model makes use of the position, time and
solar flux or sunspot number over a given location as vari-
ables in the NeQ model code (Coisson et al., 2006; Bidaine
and Warnant, 2011 and Andreeva and Lokota, 2013). The
output of the NeQ program and corresponding TEC are given
by the electron density along any ray path and numerical in-
tegration in space and time respectively.

The availability of ionospheric parameters for global iono-
spheric models is deficient over the African sector com-
pared to the consistent input of the data from the Asian
and American sectors. Therefore, the continuing investi-
gations of the parameters over Africa are required to im-
prove the global ionospheric model. For example, Bagiya
et al. (2009) studied TEC around an equatorial, low-latitude
region at Rajkot (22.29°N, 70.74° E, dip 14.03° N) during
low solar activity, Olwendo et al. (2012) and Karia and
Pathak (2011) investigated the TEC data at Kenyan and Surat
(India), respectively. They all noticed a semiannual variation
with minimum and maximum TEC in the June solstice and
March equinox, respectively. Using the Faraday rotational
technique, Olatunji (1967) investigated TEC variation over
the equatorial latitude at Ibadan. He observed no daytime
bite-out and seasonal anomaly over the region. Rastogi et
al. (1975) observed the diurnal variation of TEC using Fara-
day rotation over the magnetic equator. They noticed that
TEC at the topside was higher than TEC at the bottomside
during the nighttime; however, during the daytime they ob-
served a uniform distribution of the TEC, on the topside and
the bottomside of N, profile.

Regarding the DPS TEC measurement, Barbas et
al. (2010) examined GPS TEC and DPS TEC at Tucuman
(26.69° S, 65.23° W) during different seasons. They inferred
that the DPS TEC represented the GPS TEC with a minimal
discrepancy in all seasons. Reinisch et al. (2004) investigated
GPS TEC and DPS TEC in a mid-latitude and equatorial re-
gion. They observed that the variations in GPS TEC and DPS
TEC appeared similar, but the daytime values of GPS TEC
were higher than daytime DPS TEC. Zhang et al. (2004)
studied the variations in DPS TEC and GPS TEC over
Hainan and reported that the daytime DPS TEC and GPS
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TEC were similar in value during the daytime, but during the
dusk period, they observed a significant discrepancy between
DPS TEC and GPS TEC. Belehaki et al. (2004) extracted
the PEC from the GPS TEC at Athens (38° N, 23.5°E) for
over a year. They reported a maximum and minimum con-
tribution of PEC in the morning and evening, respectively.
Mosert et al. (2007), Jodogne et al. (2004) and McKinnell et
al. (2007) concluded that approximated PEC from the GPS
TEC and DPS TEC is possible in colocated GPS and DPS
station. Adewale et al. (2012), Okoh et al. (2015), Jee et
al. (2005), Kenpankho et al. (2013), Sulungu et al. (2018),
and Migoya Orué et al. (2008) validated the IRI TEC with
GPS TEC at different regions and found high discrepancies
between the IRI TEC and GPS TEC when compared to dif-
ferent IRI-model options.

Cherniak and Zakharenkova (2016) validated the NeQ
model. They established underestimation of the topside iono-
sphere above ~ 500 km in the NeQ model, due to inaccurate
representation of the topside N, profile. Rabiu et al. (2014)
validated the NeQ model using GPS TEC over the equato-
rial region of Africa. They reported that the upper bound-
ary of the NeQ model, up to 20,000 km, needed to be ad-
justed to accommodate the PEC TEC in the NeQ model.
Leong et al. (2015) investigated TEC and the NeQ model.
They found that the observed and NeQ TEC were similar
in value during dusk periods, but the changed TEC revealed
higher discrepancies postsunset. Yu et al. (2012) investigated
the monthly average of NeQ TEC model over three stations
in China (Changchun, Beijing, and Chongqing) during the
quietest period (i.e. days with Ap <4). They revealed that
NeQ correctly predicted GPS TEC. However, the NeQ TEC
underestimated the GPS TEC during the dusk period. Rios
et al. (2007) investigated the variations in DPS TEC and
IRI TEC and found that DPS TEC was smaller compared to
IRITEC. McNamara (1985) observed discrepancies between
DPS TEC and IRI TEC and found that the IRI underesti-
mated the DPS TEC during the daytime. Obrou et al. (2008)
compared the DPS TEC and IRI TEC at Korhogo during high
and low solar activity. They found that the variations in DPS
TEC and IRI TEC were similar in value during high solar
activity (HSA) and low solar activity (LSA), but the perfor-
mance of IRI TEC was better during HSA compared to LSA.

The current contributions of Africa to the improvement
of ionospheric models (IRI and NeQuick) are not adequate
compared with the continuous support received from Asia
and South America. The insufficient instrumentation at the
equatorial region of Africa has a considerable effect on this
shortcoming. Therefore, the constant validation of IRI and
models with the observed parameter is necessary for an im-
proved ionospheric model. Furthermore, the investigation on
DPS TEC has not been reported extensively for comparison
purposes over the equatorial region of Africa. Therefore, this
study investigates the linked morphologies between the vari-
ations in GPS TEC and DPS TEC as well as validations of
IRI TEC and NeQ TEC models with the observed parame-
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ters. Our finding will inform the suitability of modeled TEC
in place of GPS TEC. The result will also determine the ap-
propriate model for the equatorial latitude in Africa. Thus,
the deviations in TEC obtained from the combined relation-
ship between GPS TEC, DPS TEC, IRI TEC, and NeQ TEC
could be used to correct the discrepancy in the models.

2 Methods of analysis of GPS and DPS data

Data used for this study are those of the five quietest days of
each month of the year 2010. The five quietest days are days
(with Ap <4) for which geomagnetic activities are quiet,
which are obtained from the international quiet day (IQD)
table available on the website of Geoscience Australia. The
data are for Ilorin (8.50°N 4.65°E, dip lat. 2.95) during
the year 2010, a year of low solar activity. TEC data were
obtained with a GPS receiver and DPS, both of which are
located at the Ionospheric Laboratory of the University of
Tlorin. The methods of data processing are described in the
sections below.

2.1 GPSTEC

The slant TEC records from GPS have errors due to satellite
differential delay (satellite bias (bS)), receiver differential de-
lay (receiver bias (bR)), and receiver interchannel bias (bSR).
This uncorrected slant GPS TEC, measured at every 1 min
interval by the GPS receiver and derived from all the visible
satellites at Ilorin station, are converted to vertical GPS TEC
using the relation below in Eq. (1).

(GPSTEC)y = (GPSTEC)s
— [bS +bR +bSR]/S(E), (1)

where (GPSTEC)g is the uncorrected slant GPS TEC mea-
sured by the receiver, S(E) is the obliquity factor with zenith
angle (z) at the ionospheric pierce point (IPP), E is the el-
evation angle of the satellites in degrees, and (GPSTEC)y
is the vertical GPS TEC at the IPP. The equation two below
provides S(E) as

_1
S(E) — 1 _ 1, REXCOS(E)2 : )
= mo= (s ) | @

where Rg is the mean radius of the Earth measured in kilo-
meter (km), and hS is the height of the ionosphere from the
surface of the Earth, which is approximately equal to 400 km
according to Langley et al. (2002), Rama Rao et al. (2006a),
and Mannucci et al. (1993). The data from the five quietest
slant GPS TEC days for each month in the year 2010 were
interpreted using Krishna software (Global positioning sys-
tem total electron content analysis application user’s man-
ual, 2009, Institute for Scientific Research, Boston College,
Chestnut Hill, Massachusetts, USA). This software reads raw
data and corrects all source of errors mentioned above from
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Global Navigation Satellite System (IGS) service code file.
A minimum elevation angle of 20° is used to avoid multipath
errors. The estimated vertical GPS TEC data are a function of
a two-sigma (20) iteration. This sigma is a measure of GPS
point positioning accuracy. We converted the average 1 min
VTEC data to hourly averages.

2.2 DPSTEC

Regarding the TEC from the DPS, the Standard Archive Out-
put (SAO) files obtained from the DPS at the University of
Ilorin were edited to remove magnetically disturbed days.
Huang and Reinisch (2001) technique was used to compute
the DPS TEC. The vertical DPS TEC computation by the
technique is based on the application of the integration over
the vertical electron density [N (k)] profile as shown in the
Eq. (3) below.

hmF2 1000
TEC = / Neg (dh) + / Ney (dh), 3)
0 hmF?2

where Ne; and N, are the bottomside and topside N, pro-
files, respectively. We computed the N.B from the recorded
ionograms by using the inversion technique developed by
Huang and Reinisch (1996a, b). The information above the
peak of the F2 layer is absent from the record of the iono-
gram. Thus, the Ne, is measured by approximating the expo-
nential functions with suitable scale height (Bent et al., 1972)
with a lower estimated error of 5 %. The ionograms were
manually scaled and inverted into electron density profiles
using the NHPC software and later processed with the SAO
explorer software based on the technique described above
to obtain the TEC (Reinisch et al., 2005). We estimated an
average of TEC for each hour over the selected days. Uni-
versal time (UT) is the time standard for the record of GPS
and DPS data, but we converted UT to local time (LT) by
adding 1h to the corresponding UT. Nigeria is 1 h in ad-
vance of Greenwich mean time (GMT); thus, 01:00 UT is
the same as 02:00 LT in Ilorin, Nigeria. The available months
of the year were grouped into seasons in order to study the
seasonal variation of TEC and the performances of some of
the options in the IRI model. The four seasons are grouped
as March equinox or MEQU (March and April), June sol-
stice or JSOL (June and July), September equinox or SEQU
(September and October) and December solstice or DSOL
(November and December). The monthly median of the five
quietest days were deduced and the average of the monthly
median under a particular season as defined above to infer
seasonal variations under GPS TEC, DPS TEC, IRI TEC,
and NeQ TEC. The DPS in Ilorin was installed in March,
2010, as a result data were not available for the months of
January to late March, 2010. Therefore, this study does not
include the days for which DPS data were not available.
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2.3 Validation of IRI - 2016 and NeQuick 2 models

We correlated the observed TEC with modeled TEC in
the IRI-2016 model. The website https://ccmc.gsfc.nasa.gov/
modelweb/models/iri2016_vitmo.php (last access: 22 Octo-
ber 2018) provides the modeled TEC values. We selected the
upper boundary height 2000 km and the BO table option for
the bottomside shape parameter. The Egs. (4a—c) represent
the differences between GPS TEC and DPS TEC, GPS TEC
and IRI TEC, and GPS TEC and NeQ TEC while Egs. (5a—
¢) below show the percentage change between GPS TEC and
DPS TEC, GPS TEC and IRI TEC, and GPS TEC and NeQ
TEC.

Apps—Gps = DPStgc — GPSTEC (4a)
Arri—cps = IRItgc — GPStEC (4b)
ANe@-GPs = NeQrgc — GPStec (4c)

DPStgc — GPStEC
X

% (Apps—Gps) = DPStc 100 (5a)
IRItgc — GPSt1EC
% (ARI-GPS) = TRlrec x 100 (5b)
NCQ — GPSTEC
% (Bxeg-ars) = —— o ——— x 100 (5¢)

Apps—Gps, ARI-Gps, and Aneg-Gps represent the differ-
ence between GPS TEC and DPS TEC, GPS TEC and
IRI TEC, and GPS TEC and NeQ TEC, respectively, while
% (Apps—Gps), % (AIRI-GPs), and % (AneQ—Gps) represent
the percentage deviation between GPS TEC and DPS TEC,
GPS TEC and IRI TEC, and GPS TEC and NeQ TEC, re-
spectively.

The Abdus Salam International Centre for Theoreti-
cal Physics (ICTP) in Trieste, Italy, in collaboration with
the Institute for Geophysics, Astrophysics and Meteorol-
ogy (IGAM) of the University of Graz, Austria, devel-
oped the web front end of NeQuick. This quick-run iono-
spheric electron density model developed at the Aeronomy
and Radiopropagation Laboratory modeled TEC along any
ground-to-satellite straight-line ray path. Therefore, we vali-
dated the NeQ obtained from https://t-ictdd.ictp.it/nequick2/
nequick-2-web-model (last access: 22 October 2018).

3 Result

3.1 Monthly median variations in GPS and modeled
TEC

Figure 1a shows the simultaneous plots of hourly variations
in the monthly median of TEC obtained from GPS,DPS, IRI,
and NeQ TEC during the quiet period. The GPS TEC is de-
noted by a black line with the star symbol; the DPS TEC is
denoted by a green line with the diamond symbol, IRI TEC is
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denoted by a red line with zero symbols, and finally, the NeQ
TEC is denoted by a blue line with multiplication symbols.
All the TEC plots are regulated by the same local time on
the horizontal axis. The result reveals that the morphologies
of GPS, DPS, and modeled TEC increase gradually from the
sunrise period (07:00-09:00 LT) and reach the daytime max-
imum, mostly around (12:00-17:00 LT), and then later decay
steadily until a minimum value around 06:00 LT. Therefore,
our result suggests that the diurnal variations in the observed
and modeled TEC capture the well known solar zenith an-
gle dependence of TEC since both observed and modeled
TEC characterize presunrise minimum, daytime maximum,
daytime depression (modeled TEC), and postsunset decay.
The lowest and highest presunrise minimum ranged from
~0.66 to ~4.49TECU (DPS) while the lowest and high-
est daytime maximum found between ~ 17.75 TECU (NeQ)
and ~ 38.0 TECU (DPS). The result shows noontime bite-
out in modeled TEC around 12:00 and 15:00LT, except in
GPS TEC where the bite-out was obscure apart from a slight
shift in daytime maximum within 15:00 and 17:00LT in
all months. We observed two moderate peaks (prenoon and
postnoon peaks) in DPS TEC and modeled TEC, indicat-
ing the bite-out effect on the modeled and DPS TEC sig-
natures. We also found around the sunrise period, the model
TEC rises faster than the GPS TEC, but IRI TEC rises faster
compared to DPS TEC and NeQ TEC. Between 06:00 and
09:00LT, the lowest and highest differences in the rises of
IRI TEC compared to GPS TEC were ~ 5.0 TECU (March)
and ~ 15.3 TECU (November), respectively. The postnoon-
time decay was faster in DPS TEC compared to GPS TEC
and modeled TEC in all months. Figure 1b reveals the coin-
cident seasonal variations in GPS, DPS, and modeled TEC
during a quiet period of the (i) March equinox, (ii) June sol-
stice, (iii) September equinox, and (iv) December solstice.
The daytime maximum ranges are from ~ 24.8 TECU (NeQ)
to ~ 34 TECU (DPS), ~ 19.2 TECU (NeQ) to ~ 22.6 TECU
(DPS), ~24.9 TECU (NeQ) to ~ 33.5 TECU (DPS), and ~
24.55 TECU (NeQ) to ~ 31 TECU (DPS), during the March
equinox, June solstice, September equinox, and December
solstice, respectively. We observed that the morphologies of
GPS TEC and modeled TEC maximize and minimize during
the March equinox and June solstice, thus indicating semian-
nual variation in observed and modeled TEC.

3.2 Percentage deviation of DPS TEC, IRI TEC, and
NeQ TEC

Figures 2a, 3a, and 4a are hourly variations in deviation
in TEC (ATEC) between GPS-, DPS-, IRI- and NeQ-
derived TEC whereas Figs. 2b, 3b, and 4b depict the
mass plots of hourly variations in the percentage devia-
tion (%ATEC) during a quiet period from March to De-
cember. In Fig. 2a and b, the overestimation by DPS
TEC as given by ATECpps_gps is within the range of
~5.13TECU (March) to ~ 19.12TECU (July) around

www.ann-geophys.net/36/1457/2018/


https://ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php
https://ccmc.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php
https://t-ict4d.ictp.it/nequick2/nequick-2-web-model
https://t-ict4d.ictp.it/nequick2/nequick-2-web-model

0. O. Odeyemi et al.: Morphology of GPS and DPS TEC

—f— s

1461

APRIL

69 12 % 18 A AU

9 1 5 1 A AU

HOURS (L7)

AUGUST

013 6 9 2 5B n A
HOURS (L1
SEPTEVBER

N8 U U
HOURS (L7)
OCTOBER s

HOURS (L7)
NOVENBER

003 6 9 5o A
HOURS (L7
DECEVBER

013 6 9 12 5 18 A AU
HOURS (LT

Figure 1.

07:00-16:00 LT while the underestimation ATECpps_gps
fluctuated between ~ 3.2 TECU (June) and ~ 16.4 TECU
(November) around 17:00-24:00 LT. The overestimation and
underestimation of %Ajri_gps ranged from ~2% to ~
49% and ~—1.36% to ~ —306 %, respectively. From
Figs. 3a and b, the overestimation occurred regularly around
04:00-12:00LT in all months. The overestimated and un-
derestimated ATECri_gps were from ~ 9.13 TECU (July)
to ~ 15.3 TECU (November) and ~ 0.15 TECU (October)
to ~ 0.95 TECU (July), respectively. However, a few under-
estimations and overestimations of ATECri_gps still oc-
curred irregularly around 13:00-03:00 LT in all months. The
result also shows that IRI TEC completely overestimated
GPS TEC in May and June between 01:00 and 24:00LT.
The overestimation of % ATECr;_gps ranged between ~
0.1% and ~ 86 % in all months. In Figs. 4a and b, NeQ
TEC overestimated GPS TEC at 01:00-11:00 and 20:00—
24:00 LT with ATECneq—cps ranging from ~ 9.72 (Septem-
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ber) to ~0.01 (April). We also found that NeQ TEC un-
derestimated ATECneq—gps by between ~ 0.11 (May) and
~9.72 (November). The overestimations and underestima-
tions of % ATECneq—cps are from ~ 0.02 % to ~ 81 % and
~ —0.3 % to ~ —75 % respectively.

3.3 Comparisons of the percentage deviations from
GPS TEC

In Figs. 2b, 3b, and 4b, the percentage deviation between
GPS and DPS TEC are more significant: greater than 100 %
in March—-August, September, November, and December at
04:00-05:00 LT and around 22:00-24:00 LT in June and July.
The percentage deviation between GPS and IRI TEC is
also lower than 100 %, except in March at around 04:00 LT,
whereas the difference between GPS and IRI TEC is greater
than 100 %. The percentage deviations in DPS and modeled
TEC during dusk periods are always higher than their corre-
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Figure 1. (a) Hourly variations in monthly median of five quiet days of GPS, DPS, IRI, and NeQ TEC in March-December during a quiet
period. GPS TEC is denoted by the black line with the star symbol, DPS TEC is denoted by the green line with a diamond symbol, IRI TEC
is denoted by the red line with the star symbol and NeQ TEC is denoted by the blue line with the star symbol. (b) Seasonal variations in GPS
TEC, DPS TEC, IRI TEC, and NeQ TEC for the (i) March equinox, (ii) June solstice, (iii) September equinox, and (iv) December solstice
over Ilorin during quiet periods in 2010. The line colors and symbols are the same as for diurnal variation in Fig. 1a for all seasons.

sponding deviations during the daytime. During the daytime,
the deviations are smaller in DPS and NeQ TEC compared
to IRI TEC.

4 Discussion of result

An investigation into the variations in GPS TEC, DPS TEC,
and the validations of modeled TECs in an equatorial region
(8.50°N, 4.650° E) in Africa during low solar activity in the
year 2010 has been carried out. The TEC increases gradu-
ally from the sunrise period, then slowly reaches the day-
time maximum, and later decays to the presunrise minimum.
This result indicates that the observed and modeled TEC are
a solar zenith angle dependence showing peak and lowest
TEC values during noontime and dusk, respectively (Aravin-
dan and Iyer, 1990; Wu et al., 2008 and Kumar and Singh,
2009). Interestingly, our result reveals that the faster rise in
the DPS TEC compared to GPS TEC during sunrise is not
consistent with the findings of Ezquer et al. (1992) at Tu-
cumén (26.9° S; 65.4° W), Belehaki et al. (2004) at Athens,
McNamara (1985) at low latitude, and Obrou et al. (2008) at
Korhogo (9.33° N, 5.43° W, Dip=0.67° S). They all found
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that the GPS TEC increased faster than the DPS TEC dur-
ing the sunrise. The enrichment of PEC on TEC latterly re-
ported by Belehaki et al. (2004) indicated a significant PEC
increase in the morning and dusk time. Recently, Jodogne et
al. (2004), Mosert et al. (2007), and McKinnell et al. (2007)
also obtained a rough estimation of PEC from the GPS and
DPS TEC variations. They inferred that the combined GPS
TEC and DPS TEC could give the PEC contribution in TEC
of a given location. Therefore, the higher rise in DPS TEC
compared to GPS TEC during the sunrise in our study could
be attributed to inaccurate representation of PEC in the top-
side DPS TEC profile and incurred error during the extrapo-
lation of the N, profile from the peak of F2 region (NmF2)
to ~ 1000 km. Therefore, a typical TEC measurement nat-
urally includes a meaningful PEC contribution (Balan and
Iyer, 1983; Carlson, 1996; Breed et al., 1997; and Belehaki
et al., 2005).

The higher values in DPS TEC compared with IRT TEC
around sunrise is not consistent with Rios et al. (2007), who
investigated the comparison of DPS TEC and IRI TEC. They
found that DPS TEC is smaller than IRI TEC at all hours.
They assumed that the prediction of IRI TEC had included
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Figure 2. (a) Hourly variations in ATEC between the GPS TEC and DPS TEC from March to December during a quiet period. (b) Mass
plot of %A TEC between the GPS TEC and DPS TEC from March to December during a quiet period. The legend represents line colors and

symbols of each deviation in all months.

in the IRI model or the excessive enhancement of PEC con-
tribution in the topside N, profile in the DPS TEC.

the high topside N, profile. Thus, our observation may sug-
gest that the IRI TEC has incorporated low topside N, profile
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Figure 4. (a) Hourly variations in ATEC between the GPS TEC and NeQ TEC from March to December during a quiet period. (b) Mass
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The similarity observed during daytime between GPS
TEC and DPS TEC in April, August, and December may
also suggest that the topside N, profile in GPS TEC is ac-
curate in the DPS TEC topside profile due to the absence of
or negligible PEC contribution in DPS TEC values. The in-
significant daytime PEC observed in this study is consistent
with Rastogi et al. (1971) and Belehaki et al. (2004). Higher
daytime DPS TEC compared with daytime IRI TEC is con-
sistent with the result of McNamara (1985). However, Obrou
et al. (2008) found, at the equatorial latitude, higher IRI TEC
relative to DPS TEC during low solar activity. Therefore, the
reduced daytime IRI TEC compared to GPS TEC values in-
dicates the excessive PEC removal from the model values
that its PEC contribution had been raised initially during the
sunrise.

Also, the reduced NeQ TEC compared to GPS TEC values
in all months is consistent with the reports of Migoya-Orue
et al. (2017), Cherniak and Zakharenkova (2016), Rabiu et
al. (2014), and Coisson et al. (2009). They recommended an
added PEC contribution on the topside NeQ profile for an
accurate prediction of the NeQ model.

The daytime bite-out in TEC is due to the occurrence of
the most active fountain effect during noontime at the mag-
netic equator. The bite-out results from the vertical plasma
drift due to the combined consequence of mutually perpen-
dicular electric and magnetic fields on the plasma. The drift
lifts the plasma at the magnetic equator and diffuses along
geomagnetic field lines into the high latitudes, thereby leav-
ing the reduced TEC at the magnetic equator (Bandyopad-
hyay, 1970; Skinner, 1966; Bolaji et al., 2012; Olwendo et al.,
2013). However, the absence of daytime bite-out (Olatunji,
1967) in GPS TEC in our finding may be due to the greater
amount of production at the bottomside and topside electron
content that are enhanced quickly to replenish the loss of
the ionization that occurs through the fountain effect during
noontime.

The percentage difference between observed and modeled
TEC reveals that the presunrise values in DPS TEC, IRI TEC,
and NeQ TEC require modifications, especially during the
month of March for DPS TEC and the models and Novem-
ber and December for DPS TEC only. The daytime DPS TEC
is closer to the GPS TEC value compared to the daytime IRI
TEC and NeQ TEC values. The nighttime NeQ TEC and IRI
TEC perform better with GPS TEC compared with DPS TEC
in all months. There is also the need to minimize the discrep-
ancies observed during the dusk periods.

Seasonally, we found that TEC maximizes and minimizes
during the equinoxes and the solstices, respectively. Our re-
port is consistent with Bagiya et al. (2009), Wu et al. (2008),
Kumar and Singh (2009), and Balan and Rao (1984), who
investigated TEC in various regions. They attributed the sea-
sonal variation in TEC to the seasonal differences in thermo-
spheric composition. Moreover, the subsolar point is around
the equator during the equinox. Consequently, the sun shines
directly over the equatorial latitude, and in addition to the
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high ratio of O /Nj around the region, this translates to
stronger ionization and generates a semiannual variation in
TEC. The finding from our study is consistent with the re-
ports of Skinner (1966), Bolaji et al. (2012), and Scher-
liess and Fejer (1999), who obtained semiannual variation
in TEC. Scherliess and Fejer (1999) also concluded that day-
time E x B drift velocity could result in semiannual variation
because the drift is more and less significant in the equinoc-
tial months and June solstice, respectively.

5 Conclusion

We have examined the variations in observed and modeled
TEC over an equatorial region in Africa during a year of low
solar activity. Our findings showed the following:

i. GPS TEC and modeled TEC dependence on solar zenith
angle;

ii. a faster sunrise increase in the modeled TEC relative
to GPS TEC, which suggests an overestimation of the
topside N, profile of the modeled TEC due to plasmas-
pheric electron content (PEC) in the models;

iii. a good representation of the daytime measured TEC by
the models, suggesting that the model TEC could rep-
resent GPS TEC in the absence of plasmaspheric TEC
contribution;

iv. that the ATECiri—gps and %ATECiri—gps in May
and June consistently show overestimations at 01:00-
24:00LT, indicating the enhanced contribution of PEC
at all hours in May and June;

v. that the percentage deviations in DPS and modeled TEC
relative to GPS TEC during dusk periods is always
higher than their corresponding differences during the
daytime, and the values of daytime deviation in DPS
and NeQ TEC are smaller compared to daytime devia-
tion in IRI TEC.

This study was carried out during low solar activity in the
year 2010; it will be of advantage to investigate and compare
similar reviews during high solar activity with our results.

Data availability. The GPS and DPS data are provided by the Uni-
versity of Ilorin, Nigeria, through the archived records of GPS and
DPS observatories. The IRI and NeQuick model dataset is avail-
able on the websites https://ccme.gsfc.nasa.gov/modelweb/models/
iri2016_vitmo.php (Community Coordinated Modeling Cente,
2016) and https://tictdd.ictp.it/nequick2/nequick-2-web-mode (Ab-
dus Salam International Centre for theoretical Physics, 2018), re-
spectively.
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