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Abstract

Due to the unique geometry of the geomagnetic fields near the magnetic equator and low-latitude regions, the satellite
communication system in the African sector is strongly influenced by the effects resulting from the accumulation of
electrons in their ionosphere. Hence, this paper investigates the patterns of the vertical total electron content (VTEC)
variation detected by the Global Positioning System (GPS) over low-latitude regions during a very low (2008 to 2009) and
a high solar activity (2012 to 2013) phases. The study has been carried out by considering eight ground-based
dual-frequency GPS receivers installed recently at different regions in Ethiopia. In this work, the diurnal, monthly, and
seasonal variations in the GPS-VTEC have been analyzed. It has been found that the diurnal variability of VTEC has shown
minimum values at around 0300 UT (0600 local time (LT)) and maximum values nearly between 1000 and 1300 UT (1300
and 1600 LT) during both the low and the high activity phases. Moreover, the maximum and minimum of monthly mean
hourly VTEC values are observed in October and July, respectively, during both the low (2009) and the high solar activity
(2012) phases. It has also been depicted that seasonal mean hourly VTEC values have shown maxima and minima in the

March equinox and the June solstice, respectively, during both the low and the high solar activity phases.
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Background

Ionosphere is the ionized region of the Earth’s upper atmos-
phere where there are sufficient number of free electrons
that can largely affect the propagation of radio waves. Hence,
acting as a dispersive medium, the ionosphere has great
influence on the satellite navigation and communication.
This influence is directly proportional to the density of free
electrons which could change the phase and strength of
electromagnetic radio frequency waves. According to Bagiya
et al. (2009), when the satellite signal propagates through the
ionosphere, the carrier experiences a phase advance and the
code experiences a group delay due to the accumulation of
electrons along the path of the signals from the satellite to
the receiver. As a result, the carrier phase pseudo ranges are
measured too short, and the code pseudo ranges are
measured too long compared to the geometric range
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between the satellite and the receiver, which induces a signifi-
cant range error in the positioning and navigation system.

Due to the unique geometry of the geomagnetic fields,
these effects are more pronounced near the magnetic equa-
tor and low-latitude regions such as the African regions. In
such regions, the satellite communication system is largely
affected by the effects resulting from the accumulated elec-
trons in their ionosphere. Moreover, the daytime ionosphere
is characterized by an F region electron density trough at the
geomagnetic equator and two crests within +20° magnetic
latitudes which is formed due the so-called fountain effect
(Moffett and Hanson 1965). The African sector, in general,
has the largest landmass under the equatorial anomaly strip,
with an ionosphere that is characterized with complex
electrodynamic structures that are not yet well understood.
Perhaps, this could be largely due to the sparse results of
ionospheric studies from the continent.

Among all parameters that exist in the ionosphere, the
TEC largely affects the electromagnetic waves propagating
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through the ionosphere. Hence, TEC studies have got a new
impetus with the advent of GPS-based navigation and
ground positioning that uses trans-ionospheric communica-
tion. Since ionospheric TEC largely relies on the state of the
ionosphere, it has an overbearing influence on the GPS-
based communications. TEC is the total number of electrons
integrated along the path from the receiver (R) to the GPS
satellites (S) and usually expressed in total electron content
units (TECU) as:

S
TEC = / N.ds (1)
R

where 1 TECU =1 x 10 electrons/m? and N, is the total
number of the accumulated electrons in each square
meter area through the differential distance (ds) along the
path from the satellite to the receiver on the ground.
Employing the applications of GPS, there have been so far
many researches carried out over various low-latitude and
equatorial regions in the world, especially during the solar
minimum phase. Based on the findings, the researchers have
stated their own views regarding the characterization of the
variation of the GPS-TEC of the specific ionospheric region
in a specific time. Olwendo et al. (2012a), for instance, found
the semiannual variation with two maxima occurring in the
months of March-April and September-October. They also
reported that seasonal variations in the nighttime TEC reveal
semiannual periodicity with high background levels observed
in the equinoctial months and low background levels in sol-
stice over the Kenyan regions. In addition, Olwendo et al.
(2012b) found out that the highest and the least monthly
VTEC values are observed in the equinoctial months and in
the June solstice months, respectively, during the
period of 2009 to 2011 over the same regions (Kenyan
regions). Shimeis et al. (2014) on the transient varia-
tions of vertical total electron content over some
African stations from 2002 to 2012 noted that the di-
urnal variation of the VTEC presents multiple maxima
during the equinox from 2005 to 2008 and during the
summer solstice from 2006 to 2012. According to their
findings, a nighttime VTEC enhancement and winter
anomaly are also observed during the study period.
They also explained that during the deep solar minimum
(2006 to 2009) the diurnal variation of the VTEC observed
over Alexandria is similar to the diurnal variation observed
during quiet magnetic period at equatorial latitudes. Ouattara
et al. (2012) in connection with seasonal TEC variability in
West Africa equatorial anomaly region noted that, during
equinoxes, the TEC shows dome profiles, and during
solstices, the profiles are more complex with dome and
multi-peaks. Akala et al. (2013) on the comparison of equa-
torial GPS-TEC observations over an African station and an
American station during the minimum and ascending phases
of solar cycle 24 showed that the maximum and minimum
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seasonal VTEC values are observed in the March equinox
and solstices, respectively, during the solar minimum phases
in both the African and American stations. However, during
the ascending phase of the solar activity, the maximum
values were recorded during the December solstice and
minimum during the June solstice. Le Huy et al. (2014) on
the time variations of the total electron content in the
Southeast Asian equatorial ionization anomaly for the period
2006 to 2011 also showed that, during the deep solar mini-
mum (2008 to 2009), the amplitude of crests of ionization
becomes small during several months in summer and winter.
According to their findings, both crests move significantly
equatorward in winter than other seasons, and there is a ten-
dency for both crests to appear earlier in winter and later in
summer. Galav et al. (2010) also depicted as the seasonal var-
iations in daytime TEC show a semiannual periodicity, with
a minimum in winter over the Indian regions. In addition,
over a low-latitude Singapore station, Kumar et al. (2014)
have noted that the GPS-TEC values get decreased between
0300 and 0430 UT and started to increase between 0430 and
0930 UT during the period of 2011. They have also depicted
that the TEC values are found to be highest during the equi-
noctial months during the period of 2010. D'ujanga et al.
(2012) on total electron content variations in equatorial
anomaly region showed that the highest TEC values oc-
curred in the time interval between 1300 and 1700 local time
(LT) during the period of 2010 over the Uganda region, with
the highest values being exhibited during equinoctial months.
Similar studies in other regions have been conducted by
Huang and Cheng (1995), Huang and Cheng (1996), Tsai
et al. (2001), Walker et al. (1994), Walker and Ma (1972),
Wu et al. (2004, 2008), and Zhao et al. (2009) using various
satellites and techniques.

However, over Ethiopia, very few researches have been
so far conducted to assess features of the ionospheric TEC
variability during both the low and the high solar activity
phases. Nigussie et al. (2013) and Asmare et al. (2014) in
connection with the IRI model validation have, of course,
attempted to see the TEC variability over the region.
Nevertheless, nobody has so far adequately studied the
GPS-TEC variability, especially during the high solar activ-
ity phase. Hence, this is the first extensive study conducted
to observe the pattern of the diurnal, monthly, and sea-
sonal GPS-TEC variability during both the low (2008 to
2009) and the high (2012 to 2013) solar activity phases over
the African sector with a focus over the Ethiopian regions.

Methods

TEC from dual-frequency GPS receivers

Employing dual-frequency GPS observations, it is possible to
calculate the estimates about GPS-derived ionospheric TEC.
According to different findings (e.g., Ciraolo et al. 2007;
Mannucci et al. 1998), the GPS receiver measurements are
important to estimate the electron density along a ray path
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between a GPS satellite and receiver on the ground. In
addition to eliminating ionospheric errors in the estimation
of TEC, dual-frequency GPS receivers can provide integral
information about the ionosphere and plasmasphere by
computing the differential of the code and carrier phase
measurements (Ciraolo et al. 2007; Klobuchar et al. 1996;
Nahavandchi and Soltanpour 2008). As a result, the GPS-
TEC estimated by the dual-frequency receivers is proposed
as an input to an assimilative model of the ionosphere (Misra
and Enge 2006). Thus, the GPS data recorded in the dual-
frequency receivers have been utilized for this study, and the
GPS-TEC data were obtained employing pseudo range and
carrier phase measurements given as follows. The TEC from
the pseudo range measurement is given by:

TECp = ﬁ [/{12%2] (Py-Py) (2)

Similarly, the TEC from carrier phase measurement
can be given as:

2, 2
TECo = Kl.r-s M;fjﬁzz} (D1-D,) (3)

where f; and f, are frequencies transmitted by GPS satel-
lites which are obtained from the fundamental fre-
quency, f, = 10.23 MHz as:

(f, = 154, f, = 1,575.42 MHz), @
(f, = 120, f, = 1,227.60 MHz),

and (P, - P;) and (@, — @,) are the differential code and
phase measurements, respectively.

The integrated TEC from the receiver to satellite as shown
is proportional to the accumulated effect by the time the sig-
nal arrives at the receiver. This affects the GPS range observ-
ables: a delay is added to the code measurements and
advance to the phase measurements (Gao and Liu 2002).
The GPS data in the receivers are recorded in the Receiver
Independent Exchange (RINEX) format and is then con-
verted to GPS observable files using a suitable model. These
GPS observables are either code pseudo ranges (P) or carrier
phase (@) measurements. By cross-correlating the f; and f,
modulated carrier signals which are generally assumed to
travel along the same path through the ionosphere, the
receiver obtains the time delay of the code and the carrier
phase difference. These are used to calculate the pseudo
range and differential carrier phase which result in the deter-
mination of the slant code TEC and slant phase TEC,
respectively.

Although there is relatively much noise, TEC from code
pseudo range measurements is free of ambiguity. On the
other hand, in spite of the ambiguity, TEC from carrier phase
measurements has relatively less noise (Gao and Liu 2002).
To solve this problem, the pseudo range noise is reduced by
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smoothing GPS pseudo range data with carrier phase mea-
surements. This technique is called carrier phase smoothing
or carrier phase levelling (Hansen et al. 2000). For accurate
TEC estimation, the Sardon et al. (1994) approach was
followed by removing differential instrument biases as satel-
lites, and receivers for the GPS observables are biased on the
instrumental delays (Norsuzila et al. 2009). As a result, even
though it is not completely absolute TEC, linearly combining
both the code pseudo range and the carrier phase measure-
ments for the same satellite pass is supposed to increase the
accuracy of TEC (Klobuchar et al. 1996). Hence, this result-
ant absolute TEC is the so-called GPS-derived slant TEC
(STEC) along the signal path between the satellite and the re-
ceiver. As the STEC measurements are taken from different
GPS satellite observed at arbitrary elevation angles, the GPS
signals cross largely different portion of the ionosphere. To
compare the electron contents for paths with different eleva-
tion angles, the STEC must be transformed into equivalent
VTEC by dividing it by the secant of the elevation angle at a
mean jonospheric height as shown in Equation 5. According
to Norsuzila et al. (2008, 2009), this height usually ranges
from 250 to 350 km at mid-latitudes and from 350 to
500 km at equatorial. Hence, in this study, the height of max-
imum electron density, /,, =350 km, has been taken, be-
cause at this height the ionosphere is assumed to be spatially
uniform and simplified to be a thin layer; hence, this is con-
sidered as the height of maximum electron density at the F2
peak (Mannucci et al. 1998; Norsuzila et al. 2009). Moreover,
it is worth converting STEC to VTEC as the VTEC is con-
sidered as a more compact parameter to characterize the
TEC over a given receiver position and used as a good indi-
cator for the overall ionization of the Earth’s ionosphere
(Komjathy and Langley 1996). Hence, the relationship
between STEC and VTEC in terms of the zenith angle " at
the ionospheric piercing point (IPP) and the zenith angle y at
the receiver position can be given by:

VTEC = STEC( cosy’) (5)
where
X' = arcsin |:Re iehm sin)(] (6)

Substituting Equation 6 into Equation 5 and rearran-
ging, we get:

Re .
VTEC = STEC{ cos [arcsin (Re . sm)(ﬂ } (7)

Here, R, is the Earth’s radius in kilometers.

Data sources and method of analysis

For the study, the solar minimum (2008 to 2009) and
solar maximum (2012 to 2013) phases were consid-
ered. The GPS-TEC data were inferred from the dual-
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frequency GPS receivers given in Figure 1. Table 1 also
shows the geographic and geomagnetic coordinates
and dip angles of the stations. As it can be seen in
Figure 1, the GPS-TEC data observed with the eight
GPS receivers have been used for the study. To get
the required GPS-VTEC data, the method proposed by
Ciraolo et al. (2007) has been used. In order to see the
diurnal variation of the VTEC, sampled days (based on
the availability of GPS data) from all stations described
in Figure 1 have been considered during both phases.
During the low solar activity period, to see the pattern
of the hour-to-hour variation of the VTEC in each
month and season, one representative day for each
month from Nazret station during the period of 2009
has been considered, and some sampled days (depend-
ing on the available GPS-TEC data) for some months
from Nazret and Robe stations during the period of
2008 have been used. To make comparisons between
the variability of the VTEC values observed during
both the low and high solar activity phases, some se-
lected days (depending on the available GPS-TEC
data) during the period of 2008, 2009, and 2013 from
Arba Minch station have also been considered. Simi-
larly, due to GPS data constraint, only some days
(from January to April) were utilized during the period
of 2013 to observe the pattern of the hour-to-hour
VTEC values during the solar maximum phase. For
the monthly and seasonal VTEC variation, the GPS-
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VTEC data inferred from Nazret and Arba Minch sta-
tions during the period of 2009 and 2012, respectively,
were considered. To see the monthly VTEC variation,
the diurnal mean hourly VTEC values for the whole
magnetically quiet days in each month were added and
averaged. Similarly, to investigate the seasonal VTEC
variations, the diurnal mean hourly VTEC values were
added in each season and averaged. The basic
intention here is not to see the monthly and seasonal
VTEC variability in 1-h interval; it rather intended to
visualize the overall pattern of the VTEC variations
observed in each month and season. The seasons were
classified as March equinox (February, March, and
April), June solstice (May, June, and July), September
equinox (August, September, and October), and De-
cember solstice (November, December, and January).

Results and discussion

Diurnal variation of GPS-VTEC

The results of the diurnal variation of GPS-VTEC are
shown in Figures 2, 3, 4, and 5. During the solar minimum
phase, the diurnal VTEC values attained their peak values
nearly between 1000 and 1300 UT (1300 and 1600 LT),
while their values get diminished in the nighttime hours
and become minimum at dawn, mostly at around 0300
UT (0600 LT) as shown in Figures 2, 3, and 4. Moreover,
the peak hourly values observed in the sampled days get
enhanced in the equinox months and become minima in
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Figure 1 Locations of eight GPS receivers.
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Table 1 Geographic and geomagnetic coordinates of the GPS stations with their corresponding selected days

Station  Station Code Geographic Geomagnetic Dip Year with corresponding sampled days
number coordinates  coordinates angle
Lat. (°N), Lat. (°N), 2008 2009 2013
Long. (°E) Long. (°E)
1 Debark DEBK  (13.15,37.89)  (4.32, 10948) 1197 - - 27/02
2 Bahir Dar BDMT  (11.60,37.35) (2.64, 108.97) 8.03 - - 25/02
3 Assosa ASOS  (10.05, 34.55)  (0.69, 106.17) 3.20 - - 04/03
4 Nazret NAZR  (857,39.29)  (-0.25,111.01) 1.19 21/03, 25/04, 21/06, 03/01, 02/02, 21/03, -
21/09, 21/10, 21/12, 02/04, 02/05, 11/06,
11/07, 21/07, 22/07,
23/07 10/08, 24/09,
02/10, 02/11, 01/12
5 Metu METU  (8.27, 35.58) (-098,10725) -089 - - 10/03, 21/03, 22/03
6 Robe ROBE  (7.11,40.03) (=169, 111.78) 211 21/03, 05/04, 21/06, - -
15/09, 21/10, 21/12
7 Arba Minch  ARMI (6.06, 37.56) (=3.03,109.29) 570  21/03, 22/03, 01/04, 02/04  21/03, 22/03, 01/04,  28/01, 26/02 10/03,
02/04 21/03, 22/03, 01/04,
02/04
8 Negele NEGE  (533,3958)  (-360,11135) —-681 - - 02/04, 03/04

the June solstice months (see Figures 3 and 4). As shown
in Figure 4, for example, the highest peak VTEC value of
28.2 TECU is observed in March and the least peak VTEC
value of 14.37 TECU is observed in July during the period
of 2009. During the solar maximum phase, almost similar
pattern is observed in the variability of the diurnal
VTEC values. As shown in the figure (see the lower
panel of Figures 2 and 5), the peak VTEC values are
observed mostly in the time interval of 1000 to 1300 UT
(1300 to 1600 LT), and the least values are observed mostly
at around 0300 UT (0600 LT). In addition, the peak hour-
to-hour VTEC values observed in the high solar activity

phase are larger than the corresponding peak values ob-
served in the low solar activity phase, by more than two
times (see Figure 2). For instance, on 22 March 2008 and
22 March 2009, the peak values of 27.96 and 30.85 TECU,
respectively, had been recorded in Arba Minch station,
while on 22 March 2013, a peak value of 65.03 TECU was
recorded in the same station.

Furthermore, small enhancements in the VTEC values are
observed in the nighttime variation of VTEC nearly between
1800 and 2000 UT (2100 and 2300 LT), especially for days
considered from equinoctial months and then drops again
(mostly after 2300 UT). According to Galav et al. (2010), this
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Figure 2 Comparison of the diurnal hourly VTEC variation over Arba Minch (station number 7) during the solar minimum (2008 to
2009) and solar maximum (2013) phases. The top, the middle, and the bottom panels show the VTEC variation in the sampled days with their
corresponding Ap index in 2008, 2009, and 2013, respectively. Arrows indicate the time at which the nighttime enhancement of the VTEC
values start.
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Figure 3 A graph to depict diurnal hourly VTEC variation during the solar minimum phase (2008). The figure shows the VTEC variation
over Nazret (station number 4) and Robe (station number 6) in the sampled days with their corresponding Ap index.
J

may be due to the pre-reversal enhancement which is attrib-
uted to variation of the vertical F region drifts which are large
and upward during 18 to 20 LT over the equator. The F re-
gion plasma is raised further up under the influence of the
enhanced vertical drift at the equator during the equinoxes.
This can delay the decay time of the plasma which results
in high-level background density during the equinoctial
months. As depicted in the lower panel of Figures 2 and 5,
this event is the most pronounced on most of the days con-
sidered from equinoctial months during the high solar ac-
tivity phase in the time interval of 1800 to 2000 UT (2100
to 2300 LT). Nonetheless, during the low solar activity
period, the pre-reversal enhancement drifts are much
smaller to affect any nighttime density enhancement at low
latitude through the described process. This is clearly ob-
served for days considered from the solstice months,

especially in the June solstice months (see Figures 2, 3,
and 4).

In general, according to the low-latitude ionospheric
(LION) computer model, the ionospheric parameters such
as TEC vary with the activities of the Sun, which includes
diurnal, seasonal, solar cycle, and geomagnetic changes
(Bittencourt et al. 2007). Moreover, when there are no verti-
cal plasma drifts, the peak electron density maximizes near
the magnetic equator in the late afternoon hours. Hence,
these model results agree with the results determined in this
work over the equatorial and the low-latitude (Ethiopian)
regions, as shown in Figures 2, 3, and 4.

Monthly and seasonal variation of GPS-VTEC
The results of the monthly variation of GPS-VTEC are
displayed in the left panels of Figure 6. The results show
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Figure 4 A graph to depict diurnal hourly VTEC variation during the solar minimum phase (2009). The figure shows the VTEC variation
over Nazret (station number 4) in the sampled days with their corresponding Ap index.
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that the monthly mean hourly VTEC has peak values in
October. On the other hand, the least mean hourly
VTEC value is observed in July during both the low and
the high solar activity phases (see Figure 6a,c). The re-
sults of the seasonal mean of the hourly VTEC varia-
tions are given in the right panels of Figure 6. It has
been depicted that the maximum diurnal mean hourly
VTEC values are observed in the March equinox, while
the least value of the seasonal diurnal mean hourly

VTEC values are observed in the June solstice as shown
in Figure 6b,d during both the low and the high solar ac-
tivity phases. When we compare the monthly and sea-
sonal variability of the VTEC values during the low and
the high solar activity phases, the peak monthly mean
hourly VTEC value observed in October during the
period of 2012 is larger than the peak value observed in
2009 by about 50%. Similarly, the least diurnal mean
hourly VTEC value observed in July during the period of

(a) Monthly varying VTEC over Nazret station in 2009 (b) Seasonal VTEC variation over Nazret station in 2009
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(c) Monthly varying VTEC over Arba Minch station in 2012 (d) Seasonal VTEC variation over Arba Minch station in 2012
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Figure 6 Monthly and seasonal diurnal means of hourly VTEC variation. The top panels (a, b) show the monthly and seasonal variation of
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2012 is larger (almost by three times) than the least
value observed in the same month in 2009. The peak di-
urnal mean hourly VTEC value depicted in the March
equinox in 2012 is also found to be larger than the peak
value observed in 2009 by about 60%, while the least
value observed in the June solstice in 2012 is larger than
the least value observed in the same season in 2009 by
about 70%. According to Johnson (1963), Rishbeth and
Setty (1961), and Torr and Torr (1973), the least VTEC
value observed in the June solstice (in the Northern
hemisphere) during both the low and the high solar ac-
tivity phases is possibly due to the asymmetric heating
of the two hemispheres which results in the transporta-
tion of neutral constituents from summer to winter
hemisphere thereby reducing the recombination rate.
The fall of the recombination rate in winter can cause
for the rise of the TEC values in winter than in summer
solstice. The direction of the motion of the meridional
component of the neutral wind may also be the cause
for the decay of the ionization crest value during the
summer solstice as it blows in the direction opposite to
the plasma diffusion process originating from the
magnetic equator (Bhuyan and Rashmi Rekha 2007; Wu
et al. 2004).

In connection with the TEC variation during the ex-
treme solar minimum period, Sharma et al. (2012) noted
that the minimum and maximum seasonal values of
VTEC are generally observed during the solstice and the
equinoctial months, respectively, over the low (Delhi)
and equatorial (Trivandrum) regions. They also noted
that the observed weak ionospheric activities (such as
low TEC values) during the period of 2007 to 2009 are
due to the decrease of the solar activity. The low and
high values of the VTEC observed during the low and
the high solar activity phases, in our result, are mostly
due to the decrease and increase of the solar activity, re-
spectively. In addition, Olwendo et al. (2012b) found out
that the highest and the lowest monthly VTEC values
are observed in the equinoctial months and in the June
solstice months, respectively, during the period of 2009
to 2011 over the Kenyan regions. These results are
almost consistent with the result obtained in our study
as shown in Figure 6.

Conclusions

The demands of developing countries (such as the
African countries) to use modern technology for their
better development are tremendously increasing. As a
result, they are becoming the users of different types of
devices (such as GPS) for various applications. Hence,
this work investigates the pattern of GPS-TEC in the
low and the equatorial regions of Africa with a focus
over Ethiopia. In this paper, we have described the diur-
nal, monthly, and seasonal VTEC variation over Ethiopia
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during both the low (2008 to 2009) and the high (2012
to 2013) solar activity phases by considering eight GPS
receivers installed recently at different regions of the
country. It has been depicted that the diurnal peak
VTEC values are observed in days considered from equi-
noctial months; while the minimum peak values are ob-
served in days sampled from June solstice months. The
diurnal variability of VTEC has shown the minimum
values at around 0300 UT (0600 LT) and the maximum
values between around 1000 and 1300 UT (1300 and
1600 LT) during both the low and the high solar activity
phases. In addition, the maximum and minimum
monthly mean hourly VTEC values are observed in
October and July, respectively, during both the low
(2009) and the high (2012) solar activity phases. Simi-
larly, the maximum and minimum seasonal mean hourly
VTEC values are observed in the March equinox and
the June solstice, respectively. Moreover, the monthly
and seasonal peak VTEC values observed in the high
solar activity phase are larger than those correspondingly
observed peak VTEC values in the low solar activity
phase by about 50% and 60%, respectively.
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