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Abstract

Due to the wide use of GNSS receivers both on satellites at low earth orbit and on the ground,
continuous and long-time ionospheric data with increasing accuracy have been obtained and used to
study variations in the Earth’s ionosphere. Daily data from 2010.001 to 2017.365 sampled at 30 seconds
from 104 African Geodetic Reference Frame (AFREF) dual-frequency GNSS Continuously Operating
Reference Stations receivers distributed across Africa, were used in this study. Single Layer Model which
assumes that all free electrons are concentrated in a shell of infinitesimal thickness, provides determining
ionospheric total electron content value. In this study, the SLM model was used to derive total electron
content values. TEC values obtained from the AFREF GNSS CORS measurements were compared with
the TEC values from the global ionosphere maps provided by the Centre for Orbit Determination in
Europe (CODE). The comparison was achieved by means of time series and wavelet analyses, and also
by considering various model validation metrics. Comparative results for TEC estimates from both
datasets based on goodness of fit measures, time series and wavelet analyses show good agreement on a

statistical basis (r = 0.948) within the limits of experimental observation.
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1. Introduction

The ionosphere is around 60—1000 km over the earth’s surface; it is a plasma of gas in the upper air
ionized by sunlight based radiation and high energetic particles from the Sun. The ionized electron
concentration vary with height above the earth’s surface, position, time, season, and the measure of solar
events. lonosphere is also the main area of human’s space activities. The extreme unsettling influence
and transportation of energy and mass, which happens in the ionosphere, can impact space vehicles and
their communication with stations on Earth. So ionospheric space weather has vital influence in human's

economy and even day by day life (Alcay et al,, 2012; Panda et al., 2020).
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The International GNSS Service (IGS) of the International Association for Geodesy (IAG) maintains
a global GNSS tracking network of GNSS receivers. The availability of a huge number of the IGS
ground-based permanent dual frequency GNSS receivers, which are distributed over the Earth’s surface,
presents a tool for monitoring global patterns of ionospheric space weather. As a result of the wide use
of GNSS receivers both on satellites at low earth orbit and on the ground in recent times, continuous and
long-time ionospheric space weather data with increasing accuracy have been obtained and used to
analyse the diurnal, seasonal and solar cycle variations of the ionospheric parameters over the Earth
(Stolle et al., 2013; Ren et al., 2016; Moses et al., 2020).

Africa has the most tropical landmass area in the world (Eze, 2008). In fact, there is more danger of
satellite signals or communication navigation systems being disrupted at tropical latitudes than elsewhere
(Kintner et al., 2009). In addition, Africa has the largest landmass beneath the geomagnetic equator and
it serves as a natural platform to study ionospheric disturbances that affect navigation and communication
systems (Amory-Mazaudier et al., 2005; Yizengaw et al., 2011). Therefore, understanding the physics
behind the equatorial ionospheric irregularities is becoming critical to our daily life. Appropriate
monitoring and forecasting of space weather is essential for the general public which depends
increasingly on advanced technology that depends on continuous power accessibility, radio wave
communication, navigation, and satellite operation. Aviation industry equipment can likewise be affected
by ionospheric energetic particles. lonospheric disturbances can interfere with aircraft communications
predominantly at high-altitude and high-latitude flights. Despite the Earth’s atmosphere offering some

protection, unexpected solar events may still cause damages.

Furthermore, ionospheric delay is considered one of the prevalent error sources in GNSS. Without
detecting the ionospheric delays resulting from ionospheric scintillation or disturbances, GNSS users
could be placed under numerous dangerous circumstances. Users lacking ionospheric prediction and
forecast information may be badly affected when a total or partial loss of communication occurs due to

dramatic variations in the ionosphere (Choi et al., 2012).

Considering potential space weather threats, reliable and permanent ionosphere monitoring and
prediction is required to notify users in time on potential ionospheric threats during ionospheric storms
and scintillations (Jakowski et al., 2012; Zakharenkova et al., 2012; Ahmed et al., 2016). Monitoring the
state of the ionosphere and long-term prediction serve an important objective in frequency planning and
management procedures, and hence, comprehensive information on ionospheric activities has been
among the most significant concerns in safety-critical timing applications and positioning (Choi ef al.,
2012).

Observations of the African ionospheric space weather are currently limited due to lack of suitable
ground-based space physics instrumentation (radars, magnetometers, ionosondes, etc.) (Yizengaw,
2012). Therefore, there has been less extent of the spatial and temporal imaging of the African ionosphere

and related phenomena, with previous studies carried out over short periods at specific stations or sub-
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regions see (Opperman, 2007; Moeketsi et al., 2007; Habarulema, McKinnell and Opperman, 2010;
Adewale et al., 2011; Ouattara and Fleury, 2011; Olwendo et al., 2012; Christian et al., 2012; Fayose et
al., 2012; Habarulema and Mckinnell, 2012; Oron, D’ujanga and Ssenyonga, 2013; Christian, Frederic
and Francois, 2013; Oryema et al., 2015; Oryema, Jurua and Ssebiyonga, 2016; Okoh et al., 2016; Abe
et al., 2017; Moses, Dodo and Ojigi, 2018). Small-to-medium scale ionospheric variations and
irregularities at low/mid-latitudes in the African region have not been studied in detail due to limited
instrumentation. This has created a gap in the global understanding of the African ionosphere, which in
turn, imposes severe limitations on ionospheric space weather monitoring efforts in the region.
Coordinated ground- and space-based observations are therefore needed to unravel the knowledge of the
African ionospheric space weather to provide a better understanding of its dynamics and variation in time

and space and response to solar activity.

The manuscript is organized into four sections: (1) Introduction presenting the background to the
study. (2) Methodology, where the data sources and regional TEC computation method are described (3)
Results and Discussion where we present our study results and their discussions. Then, Section 4 presents

the conclusions of TEC computation over the African region.

2. Methodology

In this study, data from over 100 continuously operating reference stations (CORS) within Africa
located between latitudes +40° longitudes -20° W to 55° E were used in estimating the regional
ionospheric TEC over Africa. Daily RINEX data at the respective stations from 2010 to 2017 were
acquired. The spatial distribution of the AFREF and IGS stations used, ionosondes stations as well as the

Global Ionospheric Maps (GIM) grids over Africa are shown in the Figure 1.
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Figure 1: Map of study area with GNSS and Ionosondes stations

2.1.  Ionospheric total electron content from Ground-based observations

The observation equations of ionospheric delay are expressed as follows:

pi:p_4](3'23F(z)><TEC+bS-b”+A , 1=1 2

4

d)i/l;=,0-4?;3F(z)xTEC-Ni,‘Li+BS-B’+A , i=1,2

1

(Ya’acod et al., 2010; Krypiak-Gregorczyk, and Wielgosz, 2018)

(1

2

Where i is the number of signal frequency, P is the pseudorange, ¢ is the carrier phase, p is the
geometric distance from the receiver to the satellite, f'is the frequency, F(z) is the mapping function with
respect to the elevation angle z, b® is the satellite circuit delay error of pseudorange, b" is the receiver
circuit delay error of pseudorange, B® is the satellite circuit delay error of phase, B” is the receiver circuit
delay error of phase, A is the wave length, N is the integer ambiguity, and A is the correction term

including receiver clock error, satellite clock error, troposphere delay, multipath correction. TEC can

then be calculated according to the pseudorange and phase data in the following way:
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Where:
Py=P; — Py,

Ly = $141 — d24y,

dcb = (b7 = b3) — (b1 = b3),
DCB = (Bf — B;) — (B{ — B3),
AAmb = NyA, — N, A;.

The processing was carried out by means of the GPS TEC analysis application provided by the
Institute for Scientific Research, Boston College, Boston, MA, USA (Gopi, 2014) using data sampled at
30 seconds from the daily GNSS ground-based observations of all operational AFREF CORS distributed
within Africa. The software calculates the slant TEC (STEC) from the 30 seconds observation data and
the STEC values are converted to vertical TEC (VTEC) values by means of a suitable mapping function.

The mapping function F(z) is given by:
1

2 5)
\/1 - ( Relii f COS(’L)j

Where Re is the radius of the earth (~6371km); 4i is the effective height of the single-layer model; re
is the elevation at a receiver station.

F(z)=

(Ya’acod et al., 2010; Krypiak-Gregorczyk, and Wielgosz, 2018)

The final VTEC values are provided with one-minute intervals. The ionospheric dataset used for the
purpose of comparison it the Global Ionospheric Maps, are provided by the Centre for Orbit
Determination in Europe located at the University of Berne, Switzerland via file transfer protocol
(ftp://ftp.unibe.ch/aiub). The spatial resolution of these maps is 2.5 degree in latitude and 5 degree in
longitude, and their time resolution is 2 hours. Each daily file includes 13 ionosphere maps, starting from
0:00 to 24:00 hours, thus each map covers a 2 hours period. TECs of global grids are reconstructed by
fitting the vertical TECs of IGS stations with the spherical harmonics function.

TEC(@B)='3; 3 Pousin(@) [, cos(mp) + by, sin(mp)] (©6)
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Where o and B are the latitude and longitude respectively, n is the highest degree, P(a) is the
normalised associated Legendre function, a and b are the spherical harmonics coefficients, and n and m
are degree and order, respectively (Guo et al., 2017). Figure 2 shows the flowchart for GNSS ground-
based ionospheric TEC retrieval system over Africa.

2.2.  Retrieval of ionospheric parameters from AFREF and IGS ground networks
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Figure 2: Flowchart for GNSS ground-based ionospheric TEC retrieval system over Africa

Archived daily 30s epochs GNSS observation data in compact RINEX format from operational
AFREF CORS from 2010-2017 were filed via file transfer protocol (ftp) from the AFREF server (freely
available at ftp://afrefdata.org) by means of the Filezilla application and custom batch scripts
implementation of wget application . The observation files were then un-compressed using crx2rnx
Hatanaka to RINEX conversion program which converts the observation data from “.D” extension to
“.0” ready for post-processing. Satellite navigation data from website
(ftp://cddis.gsfc.nasa.gov/pub/gps/data/daily) and Differential Code Biases (DCBs) data for Satellites
and Receivers from the University of Berne, Switzerland, were also filed via custom batch automatic ftp

scripts.

The AFREF GNSS RINEX data editing and validation process was performed using a quality check
program UNAVCO’s teqc program which was obtained from the IGS Central Bureau Information
System. The data are validated and edited for quality control by checking:

1. the header-file information (station name, receiver/antenna information, antenna height);
il. the number of GPS observations (completeness of data);
1ii. the number of observed satellites;
iv. the date and times of first and last observation record.

22



South African Journal of Geomatics, Vol. 10. No. 1, February 2021

The ground-based ionospheric parameter retrieval for the AFREF stations was carried out using the
resulting RINEX files, satellite navigation data and the Differential Code Bias files for each day by means
of the GPS TEC processing application (Gopi, 2014) at one minute temporal resolution.

The slant (STEC) calculated from phase and group TEC which is polluted with the receiver and

satellite biases. Hence, desired
slant TEC = STEC + BRx + BRich + Bsat (7)

Where BRx, BRich, Bsat are receiver bias, receiver inter-channel bias and satellite biases respectively
(Gopi, 2014). A total of 122,451 daily GNSS observation data from the AFREF CORS from 2010 to
2017 were processed in order to retrieve ionospheric TEC values from GNSS ground-based observations

over Africa.

GIMs are representative of the TEC values at grid points over the globe determined from GNSS
observations. They are obtained from GPS/GLONASS data mainly from the IGS stations. The spatial
resolution of these maps is 2.5 degree in latitude and 5 degree in longitude, and their time resolution is 2
hours. Each daily file includes 13 ionosphere maps, starting from 0:00 to 24:00 hours, thus each map
covers a 2 hours period (Guo et al., 2017). Extraction of vertical total electron content (VTEC) at grid
pints covering Africa from the Global Ionospheric Maps (GIMs) and archiving as multi-dimensional
array for easy retrieval and further analysis was carried out processing daily data from years 2010-2017
with 13 maps per day at 2 hours temporal resolution and a spatial resolution of 2.5° x 5¢ in latitude and
longitude respectively. A total of 42,731 GIMs were processed to retrieve ionospheric TEC values over

the entire African continent.

Custom computer programs written in batch scripting, Java and MATLAB high level programming
languages were implemented for the batch processing and archiving of the GPS TEC processing
application and GIMs outputs into TEC time series, daily structured TEC variables and multi-

dimensional arrays resulting to a robust regional ionospheric TEC database for Africa.

3. Results and Discussion

3.1.  African regional ionospheric TEC from AFREF GNSS and GIMs observations

The ground-based ionospheric TEC have been derived from processing the daily GNSS data from all
operational AFREF CORS, and also from the Global Ionospheric Maps provided by IGS for comparison.
The comparison of the ground-based ionospheric datasets was achieved by analysing the time series,
wavelet power spectrum and goodness of fit measures using results for periods common to both datasets.
Figure 3 shows the comparison of AFREF and GIM derived ionospheric TECs over Africa.

Figure 3a shows eight years mean diurnal TEC time series derived from the AFREF network and from
IGS GIMs. The AFREF derived TEC has been shown by continuous red line while the GIMs derived
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TEC has been represented by continuous solid blue line. Figure 3b shows the comparative plot and
correlation results of both datasets to provide an indication of the reliability of the AFREF results, while
Figure 3¢ and Figure 3d show the wavelet power spectra for the AFREF and GIM derived ionospheric
TEC respectively, in order to analyse the temporal evolution of the frequency content of both TEC time
series. Figure 4 presents the goodness of fit measures between the AFREF and GIM TECs.
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Figure 3: Comparison of AFREF and GIM derived ionospheric TECs over Africa. (a) Eight years
diurnal TEC time series (b) Correlation coefficient computed by fitting a linear regression between
AFREF and GIM TEC over Africa, (c) wavelet power spectrum of the AFREF TEC, (d) wavelet power

spectrum of the GIM TEC
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Figure 4: Goodness of fit measures between AFREF and GIM TECs
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The comparative plots and goodness of fit measures show good statistical agreement between the two
datasets. There is a very good correlation (= 0.9482; r> = 0.8991) between the two TEC datasets over
the African region as shown in Figure 3(b). Thus, over 94% variation in the AFREF derived TEC is
explained by the GIM TEC. Moreover, TECs computed from both models depict low power spectra in
the beginning periods between 1 and 16. Also, both datasets exhibit daily peaks, annual and semi-annual
periodicities, and having very similar wavelet power spectra (Figure 3(c) and (d)). The goodness of fit
measures are computed to see how effectively the AFREF and GIM TECs estimates the behaviour of the
ionosphere over Africa. The normalised mean squared error, normalised root mean squared error and
mean absolute relative error shown in Figure 4 are well below 1TECU, indicating less residual variance
between both dataset, although there is a minor increase in the absolute values of TEC for the GIM

estimation compared to those for the AFREF values.

For the purpose of explanatory data analysis, the boxplot in Figure 5 visually displays the data
distribution of the two TEC datasets based on the five number summary: minimum, first quartile,
median, third quartile, and maximum. The graph shows the shape of the distributions, their central value
and variability for the period of year 2010 to 2017. The ends of the box are the upper and lower quartiles,
thus, the box spans the interquartile range. The median is marked by a circle with black dot at the centre
inside the box. Additionally, the annual mean TEC for each year is indicated by the solid red lines in

both distributions.
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Figure 5: Summary statistics of AFREF and GIM TECs over Africa
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It can be observed from the summary statistics shown in Figure 5 that the AFREF and GIM derived
TECs follow similar annual trend, with the GIM TEC having a slightly steeper increase in TEC between
year 2013 and 2014 as compared to the gentle increment recorded by the AFREF datasets. Also, both
datasets only recorded some outlier values only in the year 2012. As represented by the boxplots, the
GIM model five number summary tend to have higher values that the corresponding AFREF five number
summary. This can be attributed to the historically lack of sufficient IGS CORS data coverage within the
African continent leading to generalisation of the TEC over Africa by the GIM.

3.2. Wavelet analysis of GIM and AFREF TEC time series

In order to further reveal localized similarities in time and scale of the two ionospheric TECs over the
African continent, cross examination of the two TEC decompositions from the AFREF and IGS GIMs
was carried out by means of wavelet analysis. Figure 6 shows the cross wavelet power spectrum and
wavelet coherence spectrum between the GIM and AFREF TECs. The arrows in Figures 6a and 6b
signify the relative phase between the two TEC signals as a function of scale and position derived from
the smoothed estimate of the wavelet cross spectrum. The plot of the relative phases was also
superimposed on the wavelet coherence. The relative phase information produces a local measure of the
delay between the two TEC time series.

a) Cross wavelet Power Spectrum

Period

2010 2011 2012 2013 2014 2015 2016 2017 2018

Period

2010 201 2012 2013 2014 2015 2016 2017 2018
Time (Years)

Figure 6: Wavelet analysis of GIM and AFREF TEC time series from 2010to 2017 a) is the cross
wavelet power spectrum b) wavelet coherence spectrum.

In Figure 6, the right arrow represents the same phase, the down arrow represents the phase leading
90 degrees, left arrow represents the antiphase, and the up arrow represents the phase leading 270
degrees. The numerical value of the local covariance between the time series in the time-scale plane is

interpreted as the magnitude of the wavelet cross spectrum indicate a signals. A relationship between the
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signals is indicated by regions in the time and frequency plane where the two time series exhibit common
power or consistent phase characteristics. The magnitude is the more instructive and shows the similarity

of the local frequency behaviour of the two TEC time series in the time-scale plane.

Both signals have a similar contribution around scale greater than 128 over the entire time interval.
This is consistent with the behaviour observed by visual inspection of the time-domain plot. The modulus
of the wavelet cross spectrum clearly shows a strong component for most of the periods. The magnitude
of the component increases and decreases over time, but is generally stronger for periods greater than

approximately 128 of the signals.

Additional remarkable information is noticeable in the wavelet coherence analysis of the two TEC
time series (Figure 6(b)). The phase information can be interpreted by pinpointing different regions of
the time-scale plane and underlining some coherent behaviours. Some transient minor contributions to
the variability of the time series occur at small scales (1-16) at the beginning of the TEC signal, which
exhibits rapid oscillations. The behaviour is not very coherent during these period, and the phase changes
very quickly. However, and scale periods greater than 16 at all positions in the time domain (2010 to
2017), numerous coherent regions with coherence of or near one can be easily detected, delimited by the
stability of the phase information (direction of the arrows). Because phase information is so useful in
determining coherent behaviour, another representation tool is available for focusing on the phase. The
arrow and vector orientation is use to code the phase information. Finally, computing
the wavelet coherence and superimposing the phase of the smoothed wavelet cross spectrum shows that
TEC data from the two datasets exhibit coherence near one (1) and approximately constant relative phase

at the various scales, as there rarely exist any noticeable anti-phases between the two TEC time series.

From the time series analysis, goodness of fit measures, and the wavelet power spectrum analysis, it
has been established that performance of the AFREF and GIM derived TEC datasets are comparable both
in time and space. The cross wavelet and wavelet coherence analyses further establish the fact that both
datasets are highly coherent and in phase for most of the periods. It is concluded that the TEC estimates
from the two independent techniques agree well on a statistical basis within the limits of experimental
observation. Therefore, the consistent and readily available GIMs serve as very adequate datasets to be
used as reference for time periods where continuous AFREF derived TEC are not readily available

possibly due to technical and/or power problems.

4. Conclusions

The existing global ionospheric models such as CODE GIMs although able to account for most of the
ionospheric variations within the African region, they still have low spatio-temporal resolution. In this
paper, a regional ionospheric TEC estimation over Africa from over 100 continuously operating ground-

based GNSS stations within the region has been carried out with a one minute resolution. The ground-
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based datasets of AFREF and GIM TECs adequately model the African ionospheric space with very
strong positive correlation and fascinating similitude in their wavelet power spectra. Our results show
that the TEC measurements from the two independent techniques agree well on a statistical basis within
the limits of experimental observation. Thus, GIM-derived TEC values can be used for the locations

where continuous AFREF TEC data are not available.
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