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Abstract

This study characterised the Total Electron Content (TEC) over the African region during the years 2008–2015. The TEC data used
were the integrated electron density observed during Radio Occultation (RO) event associated with Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC) satellites. These TEC data were referred to as COSMIC TEC. The results indicate that
the COSMIC TEC captures the well known features of the ionosphere such as: (i) occurrence of minimum and maximum TEC during
0:00–08:00 LT and 12:00–16:00 LT respectively, (ii) occurrence of secondary TEC enhancement (maximum) during 16:00–20:00 LT, (iii)
lowest TEC values being observed in June solstice and highest TEC values observed in March equinox, (iv) TEC values increase as solar
activity changes from low to high, (v) mid latitude TEC values are lower than those of low latitude regions, and (vi) occurrence of equa-
torial ionisation anomaly. In addition, we validated RO TEC observations of COSMIC satellites using Ground-based Global Navigation
Satellite System (GNSS) receiver TEC observations (Ground TEC). To achieve this, we quantified the difference between Ground TEC
and COSMIC TEC that were simultaneously observed within the vicinity of the ground receiver. The Upper Quartiles, UQ, of the mag-
nitudes of the differences of coincident COSMIC and Ground TEC over southern mid-latitude regions were <4 TECU, while over low-
latitude and northern mid-latitude regions, the values ranged from 6.17 to 11.20 TECU. The high TEC differences over low latitude
regions compared to those over southern mid latitudes could have resulted from errors due to the spherical symmetry assumption during
the RO retrievals. The question that remains is, why there are large TEC differences over the northern mid-latitude regions. Since COS-
MIC TEC captures the well known features of the ionosphere, it might in future be used for empirical modeling over African region,
thus, making this study crucial.
� 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, the Global Positioning System (GPS) Radio
Occultation (RO) technique is being used to sound the glo-
bal atmosphere in all weather over both lands and oceans.
Examples of Low Earth Orbit (LEO) satellite missions that
implemented RO include; the MicroLab 1, the Satellite de
Aplicaciones Cientificas-C (SAC-C), the Challenging Mini-
satellite Payload (CHAMP), the twin Gravity Recovery
https://doi.org/10.1016/j.asr.2019.08.009
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and Climate Experiment (GRACE), and the FORMOSA
Satellite Series Number 3 (FORMOSAT-3)/Constellation
Observing System for Meteorology, Ionosphere and
Climate (COSMIC). In the ionosphere, the GPS RO
technique is primarily used to obtain electron density pro-
files based on various inversion methods as described in
Garcia-Fernadez et al. (2002), Kuo et al. (2003),
Jakowski et al. (2004), Pedatella et al. (2015). From elec-
tron density profiles, it is possible to determine the F2-
layer peak height (hmF2) and electron density (NmF2).
Examples of ionospheric studies that have used GPS RO
data are those of Hoque and Jakowski (2012),
cterisation of Total Electron Content over African region using Radio
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Krankowski et al. (2011), Yue et al. (2015). The results
show that comparison of electron density profiles deter-
mined by RO technique are usually in good agreement with
those determined by ground based ionosondes.

Apart from using RO technique for studying the iono-
sphere, some studies have used ground-based Global Nav-
igation Satellite System (GNSS) receivers and ionosondes
to measure the Total Electron Content (TEC). Over the
African region, such data has been used to characterise
TEC over specific locations or regions (Adewale et al.,
2012; Obrou et al., 2009; Akala et al., 2013; Olwendo
et al., 2016). The results indicate that over the equatorial
region of the African continent, the VTEC generally
increases from 06:00 LT and reaches its maximum value
approximately during 15:00–17:00 LT (Adewale et al.,
2012). Over Korhogo (geog lat = 9.33�N, geog
lon = 5.43�W, dip lat = 0.67�S), the TEC has an increasing
variation that is linear in the time range from 0600 to 1100
LT, a gradual decrease after 1100 LT until 1800 LT, and
after sunset the TEC decreases until mid-night (Obrou
et al., 2009). Seasonally, during solar minimum, maximum
VTEC values were observed over Lagos, Nigeria (geog lat
6.52� N, geog lon 3.4� E, mag lat 3.04� S) during March
equinox and minimum during solstices (Akala et al.,
2013). However, during the ascending phase of the solar
activity, the maximum values were recorded during the
December solstice and minimum during the June solstice.
VTEC also increased with solar activity (Akala et al.,
2013). The equatorial anomaly crests manifest remarkable
seasonal variations over the East African sector. The crest
of the EIA was fully formed and yields the maximum values
of TEC during the equinoxes (March/April and September/
October) and minimum in the solstice (June/July and
November/December) (Olwendo et al., 2016).

The studies that are mentioned in the previous para-
graph have characterised TEC over specific regions of
Africa. This results in knowledge gaps in ionospheric char-
acteristics over some parts of the region. This makes it dif-
ficult to develop empirical ionospheric model over the
entire African region. Therefore, in this study, we charac-
terised TEC over African region using the integrated
TEC from ground up to the orbit of COSMIC satellites.
The integrated TEC (COSMIC TEC) were determined
using electron density profiles observed by COSMIC satel-
lites. Moreover, we validated COSMIC TEC with the TEC
derived using ground based GNSS receivers (Ground
TEC). The validation of COSMIC TEC and the character-
isation of TEC over African region using it would justify
the future use of COSMIC TEC for empirical modeling
of TEC over African region. The data sources used in the
study are described in the next section.

2. Data sources and the methods

The COSMIC mission launched on April 15, 2006
consists of six LEO micro-satellites assigned mainly for
the GPS RO remote sensing of the atmosphere and
Please cite this article as: P. Mungufeni, B. A. Rabiu, D. Okoh et al., Chara
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ionosphere. The six LEO satellites are in different orbital
planes. Initially, the orbital altitudes were about 500 km
and then raised to the final planned altitude of about
800 km towards the end of the year 2007. More informa-
tion about the constellation deployment can be found in
Chen-Joe (2008) and Syndergaard et al. (2006). In this
study, we used the integrated TEC available in ionPrf files
which are processed at the COSMIC Data Analysis and
Archive Center (CDAAC) (http://cosmic-io.cosmic.ucar.
edu/cdaac/index.html). The integrated TEC for the indi-
vidual occultation events were assigned to the geographic
coordinates of NmF2 that are reported in the same file.

As already stated in Section 1, we validated COSMIC
TEC using Ground TEC. This was done by comparing
the two data sets. The data used for comparison were
archived during high solar activity (HSA) years 2012 and
2015. In each of the years, the median F10.7 flux was
�117 sfu. We think that the data within the two years is
adequate for statistical analysis to support any conclusion
that might be drawn about the validation. The Receiver
Independent Exchange (RINEX) data files that were
obtained from the International GNSS Service (IGS) sta-
tions (http://www.sopac.ucsd.edu) listed in Table 1 were
used to derive the Ground TEC. These stations had ade-
quate data during the years 2012 and 2015. The IGS sta-
tions listed in Table 1 are distributed within and around
the African continent as shown in Fig. 1. Countries where
the receivers are located are indicated in column 1 of
Table 1. The dotted and dashed lines in Fig. 1 indicate
the magnetic equator and the nominal locations (�15�

magnetic latitude) of crests of equatorial ionisation anom-
aly respectively. These lines helped us in comparing the well
known patterns of spatial distribution of electron densities
around the EIA region with the distribution exhibited in
this study. The IGS stations used in the study were chosen
such that: ADIS falls within the neighbourhood of the
magnetic equator; NKLG, MOIU, LPAL, and SEY1 are
within the neighborhood of the EIA crest region; while
RABT, LAMPT, BSHM, ZAMB, and SUTH are in the
mid-latitudes (outside the EIA region).

The RINEX files obtained from the IGS stations were
processed using GPS-TEC analysis software (Seemala
and Valladares, 2011) to obtain STEC as a function of
Universal Time (UT) and elevation angles of satellites
tracked. After removing satellite and receiver biases from
STEC, the software maps it to VTEC at the Ionospheric
Pierce Points (IPP). The satellite biases are published by
the University of Berne in Switzerland (ftp://ftp.unibe.ch/
aiub/CODE/). The GPS-TEC analysis software estimates
receiver bias for a specific receiver by trying several values
and taking the one that gives the minimum summed stan-
dard deviation of observed VTEC during 03:00–06:00 LT.

The TEC response to geomagnetic storms can be both
positive and negative (Risbeth and Garriot, 1969;
Buonsanto, 1999; Adewale et al., 2011). During character-
isation of TEC in disturbed geomagnetic conditions,
grouping of data according to the types of ionospheric
cterisation of Total Electron Content over African region using Radio
rch, https://doi.org/10.1016/j.asr.2019.08.009
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Table 1
Ground based GNSS receiver Sites used in the study.

Station Name, Country Station Code Geog. Coord Mag. lat (�)
Lon (�) Lat (�)

Rabat, Morocco RABT 353.1 34.0 23.9
RoquedelosMucha, Spain LPAL 342.1 28.8 17.6
Haifa, Israel BSHM 35.0 32.8 26.0
Addis Ababa, Ethiopia ADIS 38.7 9.0 1.3
Libreville, Gabon NKLG 9.7 0.35 �8.05
Eldoret, Kenya MOIU 35.3 0.3 �9.2
Lusaka, Zambia ZAMB 28.3 �15.3 �26.2
La Misere, Seychelles SEY1 55.5 �4.7 �13.6
Sutherland, South Africa SUTH 20.8 �32.3 �41.1
Lampedusa, Italy LAMP 12.6 35.5 26.6
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Fig. 1. Map showing distribution of IGS stations used in the study. The dotted and dashed lines represent 0 and �15� magnetic latitudes, respectively.
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response would be necessary. Since all the geomagnetic
storms that occurred during the study period are not yet
characterised in terms of the possible ionospheric
responses, the RINEX and ionPrf files processed in this
study were those archived during geomagnetically quiet
days. The quiet days were identified when all the Kp values
were 6 3 on that day. The characterisation of TEC over the
African region during disturbed geomagnetic conditions
would be done in a separate study.

3. Characterisation of TEC over African Region

The COSMIC TEC data during the years 2008–2015
when COSMIC satellites were in their final planned orbital
altitude were used for characterising TEC over the African
region. This period also represents data of both low and
high solar activity, mostly during sunspot cycle 24. It
should be noted that sunspot cycle 23 ended around the
year 2009. The data within geographic latitude and
Please cite this article as: P. Mungufeni, B. A. Rabiu, D. Okoh et al., Chara
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longitude ranges of �36 to 36� and �20 to 60� respectively
were used in order to cover the African region. The data
were binned in grids with resolution of 10� in longitude
and 2� latitude. Considering that local time (LT) usually
changes after about 15�, the longitude binning resolution
was chosen to be within the same LT. On the other hand,
the latitude binning resolution was reduced to 2� to cater
for the rapid latitudinal TEC changes over the EIA. The
COSMIC TEC data might be recorded over some grids a
few times (� 3) in a day. Because of this, in order to
acquire enough data for characterisation, the TEC data
for the different days were binned according to LT, season,
and solar activity level.

For each spatial grid, the data were binned at 1 h inter-
val. TEC values within the bins were averaged to yield 1 h
resolution TEC data over the grids. The TEC data for the
different days were then binned according to F10.7 flux of
that day. As in Mungufeni et al. (2015), the F10.7 flux
ranges for low solar activity (LSA), medium solar activity
cterisation of Total Electron Content over African region using Radio
rch, https://doi.org/10.1016/j.asr.2019.08.009
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(MSA), and high solar activity (HSA) bins were < 80, 80–
120, and >120 sfu respectively. The data within a specific
solar flux bin were further binned based on months of a
year.

It is important to emphasize that in this study, we char-
acterised TEC in terms of local time, seasonal, spatial, and
solar activity dependence.

3.1. Local time and spatial variation of TEC

In order to show the variation of TEC with LT as well as
spatially, we present Fig. 2. In the figure, letters on top
indicate the column numbers while roman numbers on
the left indicate the row numbers. Panels in columns (a)–
(d) correspond to geographic longitudes �15, 5, 25, and
35�, respectively, while panels in rows (i)–(vi) correspond
to geographic latitude sectors >27, 15–27, 3–15, �9 to 3,
�24 to �9, <�24�, respectively. The latitude sectors were
selected to represent locations (i) in mid-latitude (latitude
ranges: >27, �24 to �9, and <�24�) (ii) at the crests of
EIA (latitude ranges: 15–27, �9 to 3�), and (iii) at the
trough of EIA (latitude range: 3–15�). The dots in Fig. 2
show TEC variations on the different days in March during
HSA. The median TEC variation in the month is shown by
the red line.
Fig. 2. Diurnal Variation of TEC over longitudes, �15, 5, 25, and 35�. Panels
order of their enumeration. Panels in rows (i)–(vi) correspond to latitude sect

Please cite this article as: P. Mungufeni, B. A. Rabiu, D. Okoh et al., Chara
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It can be seen in most of the panels in Fig. 2 that the
minimum TEC values occur during 0:0–08:00 LT. The
maximum TEC values mostly appear during 12:00–16:00
LT and 16:00–20:00 LT over latitudes � 27� and > 27�,
respectively. These results are similar to those reported
over the equatorial region of African by Adewale et al.
(2012) (see Section 1). Hargreaves (1992) stated that,
whereas the daily peak in TEC may likely occur near noon
in the winter, it may occur either before or after local noon
in the summer. He further mentioned that the diurnal vari-
ation of TEC may be asymmetrical about noon since there
can be rapid changes at sunrise but perhaps little or none at
sunset. This fact is evidenced in panels in rows (i)–(iv) of
Fig. 2. In particular, the TEC values remain fairly high
after occurrence of a maximum. The physical processes
that create electron density change with LT, resulting into
the diurnal variation of the TEC. At sunrise, the electron
density begins to increase rapidly owing to photo-
ionization (Schunk and Nagy, 2009). After this initial
increase at sunrise, electron density displays a slow rise
throughout the day, and then it decays at sunset as the
photo-ionization source disappears.

Another feature that can be seen in Fig. 2 is the occur-
rence of a secondary maximum/enhancement of TEC dur-
ing 16:00–20:00 LT. Typical examples are panels in rows
in columns (a)–(d) correspond to the selected longitudes, maintaining the
ors >27, 15–27, 3–15, �9–3, �24 to �9, <�24�, respectively.

cterisation of Total Electron Content over African region using Radio
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(v)–(vi) of column (a), rows (iv)–(v) of column (b), and row
(iii) of column (c). The probable scenario leading to the for-
mation of a secondary maximum during the stated LT is as
follows. During the day, the thermospheric wind generates
a dynamo electric field in the lower ionosphere that is east-
ward (Schunk and Nagy, 2009). The eastward electric field,
E in combination with the northward geomagnetic field, B
produces an upward E � B drift of the F region plasma. As
the ionosphere co-rotates with the Earth toward dusk, the
zonal (eastward) component of the neutral wind increases.
The increased eastward wind component, in combination
with the sharp day-night conductivity gradient across the
terminator leads to the pre-reversal enhancement in the
eastward electric field (Batista et al., 1986; Schunk and
Nagy, 2009). The F layer therefore rises as the ionosphere
co-rotates into darkness. Although in the absence of sun-
light after sunset, the lower ionosphere rapidly decays,
there exists high electron density at high altitudes, yielding
the secondary maximum in TEC.

The locations outside the EIA region (panels in rows (i)
and (vi) of Fig. 2) indicate occurrence of TEC values
mostly 660 TECU. On the other hand, locations around
and within the EIA region (see panels in rows (ii)–(iv) of
Fig. 2) present several cases of TEC values P60 TECU.
The low values of TEC over locations outside the EIA
region might be due to low solar radiation flux which is
(a) HSA (March: 13:00-14:00)
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responsible for creation of electrons (Schunk and Nagy,
2009). The solar radiation flux is usually low for locations
far from the sub-solar point. The latter situation is domi-
nant over locations outside the EIA region, especially in
March. The closeness of the sub-solar point to the loca-
tions within the EIA regions result into high solar radia-
tions over these locations. As a result, high TEC values
were observed over locations within the EIA region.

3.2. Dependence of TEC on solar flux

The variation of TEC with solar activity is illustrated in
Fig. 3. In the figure, panels (a)–(c) show the variation of
TEC as a function of longitude and latitude during HSA,
MSA, and LSA respectively. The TEC values presented
are the average values during 13:00–14:00 LT for days in
March. The magenta line represents the magnetic equator.
The white spaces within the panels in Figs. 3 and 4 show
missing data. Table 2 shows the number of days with data
in the various months presented in Figs. 3 and 4. The aver-
age TEC data in a month that has more days can be trusted
more. It can be seen in Table 2 that the three months pre-
sented in Fig. 3 all have adequate data (>60 days).

It can easily be seen in Fig. 3(c), the lowest TEC values
occur during LSA, while the highest occur during HSA
period (see Fig. 3(a)). This observation is due to the fact
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Table 2
Number of days with data.

Month Solar activity level Number of days

January HSA 87
February HSA 34
March HSA 67
March MSA 86
March LSA 61
April HSA 50
May HSA 62
June HSA 50
July HSA 43
August HSA 45
September HSA 56
October HSA 91
November HSA 95
December HSA 90
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that during HSA there are increased ionizing radiations in
X-ray and Extreme Ultra-Violet (EUV) bands, which in
turn leads to increased TEC in the ionosphere
(Hargreaves, 1992). In addition, during HSA, the tempera-
ture of the upper atmosphere increases by a factor of two
(Hargreaves, 1992), leading to increased electron density
at a given height. Figs. 3(a) and (b) demonstrate the exis-
tence of EIA region. The EIA features reported by previous
studies (e.g Zhang et al. (2009), Bolaji et al. (2017), and
Mungufeni et al. (2018)) are exhibited in the figures. For
instance, the asymmetry of the EIA crests (Zhang et al.,
Please cite this article as: P. Mungufeni, B. A. Rabiu, D. Okoh et al., Chara
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2009) and the occurrence of several crests north and south
of trough of EIA (Bolaji et al., 2017; Mungufeni et al.,
2018). Moreover, Fig. 3 shows that locations outside the
EIA region have the lowest TEC values compared to those
within and around. This was also observed in Fig. 2 and
then discussed.
3.3. Seasonal variation of TEC

Fig. 4 presents the variation of mean TEC values during
13:00–14:00 LT as a function of longitude and latitude. The
month corresponding to the data is indicated on the respec-
tive panel. Due to space constraints, the months are abbre-
viated. The TEC values presented were those determined
during HSA. As already stated in Section 3.2, the number
of days with data in the months are presented in Table 2.
The table shows that all the months have fairly adequate
data (>30 days).

Several of the ionospheric features (spatial and EIA fea-
tures) depicted in Fig. 4 have been discussed in Sections 3.1
and 3.2. Therefore, while discussing Fig. 4, we focused on
the seasonal characteristics. It can be seen in Fig. 4 that
the lowest TEC values occur in June and July (solstice
months), while the highest occur in March, April and Octo-
ber (equinox months). At the moment, we may not explain
the unexpectedly high values of TEC observed in the
month of November. The results of the other months are
cterisation of Total Electron Content over African region using Radio
rch, https://doi.org/10.1016/j.asr.2019.08.009
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similar to those reported by Akala et al. (2013), Olwendo
et al. (2016) that were mentioned in Section 1. The iono-
sphere exhibits strong seasonal variations because the main
source of ionization and energy for the ionosphere is
photo-ionization which is seasonal dependent (Schunk
and Nagy, 2009). The factors that control the source of
ionisation (solar radiations) are the sub-solar point and
the Sun-Earth distance. Zou et al. (2000) stated that an
obvious possible cause of the annual anomaly is the 3%
variation in Sun-Earth distance.

In June and December solstices, the sub-solar point is
close to the region covered by geographic latitude ranges
20–26� and �26 to �20�, respectively. The closest and far-
thest distances between the Sun and Earth usually occur in
January and July, respectively. Therefore, although the
region covered by geographic latitude range 20–26� is close
to the sub solar point in June solstice, the region does not
receive maximum solar radiation. It follows that small
TEC is measured over the region. Obviously, the region
covered by geographic latitude range �26 to �20� which
is far from the sub solar point in June solstice does not
receive a lot of solar radiation. In general, over the region
shown in Fig. 4, it is justified to observe small TEC in June
solstice compared to other seasons.

The effect of the closeness of the region covered by
geographic latitude range �26 to �20� to the sub-solar
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point can be seen in Fig. 4 in the months of December
and January. Clearly, the TEC over geographic latitudes
<�6� are mostly greater than those over latitudes >�6�.
Much as the region covered by geographic latitude range
20–26� is far from the sub-solar point in December sol-
stice, the region is influenced by the shortest distance
between the Sun and the Earth in January. The reduced
Sun-Earth distance results into an increased temperature
which in turn results into increased O/N2 ratio in the neu-
tral air (Zou et al., 2000). Another result of increased
atmospheric temperature is occurrence of interhemispheric
transport of ionization (a global summer-to-winter ther-
mospheric circulation). Sastri (1990), Gowtam and
Tulasi R (2017) reported that at low latitudes, during sol-
stices, the summer to winter hemispheric trans-equatorial
neutral winds can transport the plasma from summer
hemisphere to winter hemisphere causing higher plasma
densities and intensified EIA crests in the winter hemi-
sphere. This might explain the observation in Fig. 4 where
over the region covered by geographic latitude range 20–
26�, the TEC in December solstice exceeds that in June
solstice.

By performing correlation analysis between coincident
COSMIC and Ground TEC in Section 4 and quantifying
the difference between the two data sets in Section 5, we
validated COSMIC TEC.
(c) RABT

0 30 60 90

Ground TEC (TECU)

(f) SUTH

60 90
EC (TECU)

r = 0.98, n = 390
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r = 0.82, n = 209

(b) LAMP, (c) RABT, (d) NKLG, (e) BSHM, (f) SUTH, (g) SEY1, (h)
the number of pairs of data plotted, respectively.
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Table 3
Equations of lines of best fits.

Station Code Equation

ADIS y ¼ 0:73xþ 3:3
LAMP y ¼ 1:1xþ 5:4
NKLG y ¼ 0:77xþ 3
RABT y ¼ 1:2xþ 3:6
BSHM y ¼ 1:2xþ 3:7
SEY1 y ¼ 0:74xþ 4:8
SUTH y ¼ 0:98xþ 0:24
ZAMB y ¼ 0:99xþ 2
MOIU y ¼ 0:82xþ 3:2
LPAL y ¼ 1:1xþ 4:7
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4. Correlation between COSMIC and Ground TEC

The COSMIC TEC values within geographic latitude
and longitude ranges of 4 and 10 degrees, respectively cen-
tered over the IGS stations listed in Table 1 were separately
binned at 1 h interval. TEC values within the bins were
averaged to yield 1 h resolution TEC data over the stations.
The Ground TEC over the IGS stations were similarly
binned. It is important to note that the range of geographic
latitude and longitude considered enabled us to use data of
satellites with elevation angles >25�, thus minimising
multi-path effects at low elevation angles.

Coincident COSMIC and Ground TEC were extracted
and presented in Fig. 5. It is important to remind the reader
that the data presented in Figs. 5 and 6 correspond to the
years 2012 and 2015. On the panels for the various stations,
the number of coincident TEC values, n are presented
together with their correlation coefficients, r. Generally,
the r values indicate reasonably good correlations
(r P0.82) between COSMIC and Ground TEC. This is
an indication that both techniques of measuring TEC over
a particular location track the same physical phenomena
whose changes in turn results into the observed TEC.
The equations of lines of best fits for the scatter plots in
Fig. 5 are presented in Table 3.

In order to demonstrate that most points are close to the
line of best fit in Fig. 5, we computed the root mean
squared errors, RMSE, for each fit. The RMSE values
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Fig. 6. Root Mean Squared er
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are presented in Fig. 6. In the figure, the stations are
arranged in the order of increasing magnetic latitude. It
can be seen in Fig. 6, the RMSE values for stations at
the southern mid latitude regions (SUTH and ZAMB) were
well below 4 TECU, while for stations at the northern mid-
latitude regions, most of the values were well above 5
TECU. Small values of RMSE indicate good fits and high
values indicate the opposite. The general trend depicted in
Fig. 6 is that the goodness of fit deteriorates from southern
mid latitude to northern mid latitude region. The poor fits
over low latitude stations could be due to the strong hori-
zontal gradients in TEC over the EIA crests which are usu-
ally neglected during vertical profiling procedures (Garcia-
Fernadez et al., 2002). However, the unexpected poor
ADIS LPAL BSHM RABT LAMP

 Code

rors over the IGS stations.
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goodness of fits observed over northern mid latitude sta-
tions needs further investigation.

Much as Fig. 5 has shown reasonably good correlation
between COSMIC and Ground TEC, the RMSE values
presented in Fig. 6 reveals that there are differences in coin-
cident values in the two sets of data. In Section 5, these dif-
ferences are quantified and used to reveal how COSMIC
TEC compares with Ground TEC.

5. Differences between COSMIC and Ground TEC

The Ground TEC values that are plotted in Fig. 5 were
subtracted from the corresponding COSMIC TEC. The
differences were referred to as TEC differences. The TEC
differences exist due to different path lengths of signals used
to derive TEC. In the case of Ground TEC, the VTEC is
derived from STEC which in turn is obtained from inte-
grated electron density over 1 m2 area. The integration is
done from ground up to the location of GNSS satellite.
For the case of COSMIC TEC, tangent points included
in a particular occultation event have fairly large horizon-
tal smear (up to thousands of kilometers). Therefore, elec-
tron density integration is done over a large area. Another
reason for the TEC differences could be lack of inclusion of
plasmaspheric TEC in COSMIC TEC. We computed as in
Xiaohong and Long (2014) the plasmaspheric VTEC from
the STEC available in podTec data files (http://cosmic-
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io.cosmic.ucar.edu/cdaac/index.html). The plasmaspheric
VTEC were then binned into spatial and local time grids.
The dimensions of the spatial grids and the resolution of
local time grids were similar to that of COSMIC TEC men-
tioned in Section 3. The coincident plasmaspheric VTEC
and COSMIC TEC were added. Although we have not pre-
sented the results here, the addition of plasmaspheric
VTEC onto COSMIC TEC amplified the TEC differences
which were already positive, while the negative values were
increased close to zero. Due to the amplification of the
TEC differences and the reduction of correlation coeffi-
cients between COSMIC and Ground TEC, we did not
add plasmaspheric TEC to COSMIC TEC.

Fig. 7 presents the variation of the number of observed
TEC differences. In the figure, panels (a)–(f) present the
number of observed TEC differences over ADIS, LAMP,
NKLG, RABT,SEY1, and SUTH, respectively. To avoid
clumsiness on the horizontal axis, the ranges of the bars
are not indicated. However, it can be noted that, the bars
have ranges of 4 TECU. For example, a bar at �4 has a
range of �6 to �2 TECU. On the right upper corner of
the panels in Fig. 7, the upper quartiles, UQ, of the magni-
tudes of the TEC differences observed over the respective
stations are indicated. The UQ values enabled us to deter-
mine the dominant high values of TEC differences over the
respective stations. The program that computes UQ of data
vector x which has n elements by first sorting the data in
(c) RABT

(f) SEY1

4 0 4 8 12 16 20

(i) SUTH
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ascending order. It then assigns quantiles to the sorted
numbers as, 0:5=n; 1:5=n; . . . ; ðn� 0:5Þ=n. The value of
sorted x that corresponds to 3=4 quantile, yð3=4Þ is obtained
by linear interpolation as;

yð3=4Þ ¼ yb þ
3=4� b
a� b

� ðya � yð3=4ÞÞ; ð1Þ

where a and b are quantile values after and before 3=4,
respectively, while ya and yb are the corresponding sorted
values of x.

It can be seen from Fig. 7 that, most of the TEC differ-
ences over southern mid latitude stations are distributed
over a small range (from �6 to 6 TECU) that is approxi-
mately centered at 0 TECU. This observation is consistent
with the low UQ values (< 4 TECU) observed over these
stations. Moreover, Fig. 6 also showed good fits over
southern mid-latitude regions. Fig. 7 shows that, the UQ
values over low latitude (ADIS, NKLG, MOIU, and
SEY1) and northern mid-latitude (LPAL, RABT, LAMP,
BSHM) regions range from 6.17 to 11.20 TECU. This
result is similar to that reported by Tsai et al. (2001) when
they compared electron density profiles derived using
MicroLab 1 RO with those observed by ionograms of dig-
ital ionospheric sounders. They found that the compar-
isons between F2-layer critical frequency (foF2) from the
two sources were better at mid-latitudes than at low-
latitudes. Tsai et al. (2001) stated that, the high TEC differ-
ences over low latitude regions compared to those over
southern mid latitudes could have resulted from errors
due to the spherical symmetry assumption during the RO
retrievals.

Another observation that can be made from Fig. 7 is
that the TEC differences over the northern mid-latitude
regions are mostly positive, while those over the low lati-
tude regions are mostly negative. Based on the definition
of TEC difference given earlier, positive values signify that
COSMIC TEC is greater than Ground TEC. More time
and data is needed in order to explain the observation of
TEC differences over the northern mid-latitude regions
being strongly positive, while those over the low-latitude
regions being negative. However, the TEC differences over
low-latitude regions which were strongly negative could be
due to errors in electron density retrieval.
6. Conclusions

We characterised TEC over the African region using
COSMIC TEC. The well known features of TEC repro-
duced by COSMIC TEC included: (i) occurrence of mini-
mum and maximum TEC during 0:00–08:00 LT and
12:00–16:00 LT respectively, (ii) occurrence of a secondary
maximum/enhancement during 16:00–20:00 LT, (iii) lowest
TEC values being observed in June solstice and highest
TEC values observed in March equinox and December sol-
stice, (iv) TEC values increase as solar activity changes
from low to high, (v) mid latitude TEC values are lower
Please cite this article as: P. Mungufeni, B. A. Rabiu, D. Okoh et al., Chara
Occultation observations of COSMIC satellites, Advances in Space Resea
than those of low latitude regions, and (vi) there is occur-
rence of equatorial ionisation anomaly.

The correlations between simultaneously observed COS-
MIC and Ground TEC, over 10 IGS stations distributed
over the African region were done. The correlation coeffi-
cients indicated fairly high correlations (P 0:82) between
COSMIC and Ground TEC. The goodness of fits over
low and northern mid-latitude regions were poor compared
to those over southern mid latitude. This was attributed to
the strong horizontal gradients in TEC over the EIA crests
which are usually neglected during vertical profiling proce-
dures. TEC differences between coincident Ground and
COSMIC TEC were observed to be highest over low and
northern mid-latitude regions compared to those over
mid-latitudes. The findings of this study are important as
they have justified future use of COSMIC TEC for empir-
ical modeling over Africa.
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