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Abstract

Tonospheric behaviour is often monitored using total electron content (TEC) measurements from Global Navigation Satellite System
(GNSS) receivers. However, the GNSS receivers are sparse over the East African low-latitude region, resulting in spatio-temporal gaps.
In an attempt to address this challenge, the possibility of constructing East African ionospheric maps using Kriging method was inves-
tigated in this study. Prior to constructing the maps, the behaviour of the low-latitude ionosphere over this region was characterised using
TEC data for 2014 and 2018 during quiet and disturbed conditions. The results show that the highest values of TEC exist between 10:00
UT and 13:00 UT and the minimum values exist at around 03:00 UT. The seasonal trend of TEC reveals that the highest values of TEC
occur during March equinox and the lowest during June solstice. The post-sunset TEC often show enhancements between 18:00 UT and
21:00 UT. The enhancements were more pronounced in 2014 than in 2018, especially during the equinoctial months for stations at the
crest of the equatorial ionisation anomaly region. These enhancements occurred about an hour earlier at MAL2 than at ADIS during
March and September, 2014. The spatial variation of TEC over the East African region was analysed by fitting different semivariogram
models. The results reveal that the best semivariogram that describes the spatial variation of TEC over the East African low-latitude
region is the Gaussian model. Further analysis shows that the spatial variation of TEC is larger in the meridional direction than in
the zonal direction. The Gaussian semivariogram model was then used to construct the TEC maps over the region. The TEC maps were
validated using TEC derived from GNSS receivers. The results show very high positive correlation with correlation coefficients between
0.9360 and 0.9970. This suggests that the TEC maps generated by the Kriging interpolation method can be used as good estimates of the
GPS-derived TEC at the unmeasured grid points over the region. Therefore, the maps can be used to fill the gaps that exist in the TEC
data over the region.
© 2023 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The ionosphere changes dynamically as a result of the
influence of the highly variable sun. Due to its refractive
nature, the ionosphere is well known to be the major source
of error for the users of satellite based navigation and com-
munication systems because radio signals traversing
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through it experience a path delay (Bagiya et al., 2009).
This delay depends on the number of free electrons which
are present along the signal path from the satellite to the
receiver, commonly known as the Total Electron Content
(TEC) (Zewdie, 2012) and measured in TEC units (TECU)
with 1 TECU equivalent to 1x10'® electrons/m?. There-
fore, TEC is a key parameter to characterise the state of
the ionosphere (Norsuzila et al., 2010). The values of
TEC have been found to show diurnal, seasonal, and lati-
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tudinal variations and depend on solar and geomagnetic
activity (Bagiya et al., 2009).

In addition to these variations, the low-latitude iono-
sphere exhibits other features quite different from those
of mid- and high- latitude regions. A double-peaked ionisa-
tion structure always appears over the low-latitude region
during day time, a phenomenon often referred to as the
equatorial ionisation anomaly (EIA) (Appleton, 1946;
Hanson and Nagy, 1966). After sunset, ionospheric F
region irregularities referred to as the Equatorial Spread
F (ESF) occur. Associated with the ESF, is a Pre-
Reversal Enhancement (PRE) in the eastward electric field
which results in a rapid uplift of the F layer plasma, form-
ing the ETA after sunset (Kelley, 2009).

Both the EIA and the spread F show variations in the
time of their peak occurrence and magnitude. The varia-
tions are normally explained using the plasma drift theory
(Martyn, 1947) and plasma diffusion theory (Mitra, 1946).
According to the plasma drift theory, the daytime E-region
eastward electric field (E) which is orthogonal to the terres-
trial magnetic field (B), produces a large upward E x B
drift force at the magnetic equator which lifts the plasma
to higher altitudes. From the plasma diffusion theory, the
lifted plasma diffuses away from the geomagnetic equator
due to gravity and pressure gradient forces along the terres-
trial magnetic field lines. This leads to the formation of a
double-humped structure characterised by a region of
depleted ionisation (ionisation trough) at the magnetic
equator and two crests of enhanced ionisation at ~ +15
to £20°magnetic latitude (Appleton, 1946). The magnitude
of E x B drift varies with time of the day, location, seasons,
and solar activity. These variations make the TEC over the
low-latitude region highly variable on short time scales.

The commonly used source of TEC data is the world-
wide network of Global Navigation Satellite System
(GNSS) receivers. Unfortunately, these receivers are spar-
sely and unevenly distributed globally. In addition, often
times a number of these receivers experience hardware or
software failures leading to spatial and temporal gaps in
the recorded data. A modest approach to fill the gaps is
through using model generated values. Though various
TEC models (e.g, Anderson et al., 1987; Bilitza et al.,
2012; Chen et al., 2015; Hajra et al., 2016; Andima et al.,
2019) exist, many of the empirical models are constructed
basing on hourly, daily, monthly or yearly averages of
TEC. Therefore, the TEC models tend to smear out the
ionospheric transient features over a region. In an attempt
to address the challenge of the models, Global Ionosphere
Maps (GIMs) currently provide TEC data that give TEC
estimates over the unsampled grids worldwide. However,
these maps still have low spatio-temporal resolutions of
5°%2.5°x1 h in longitudexlatitudextime respectively
(Grynyshyna-Poliuga, 2019), which can not capture pecu-
liar features specific to the region due to their smoothing
effect.

To overcome some of the challenges of GIMs, a number
of regional TEC maps have been developed using various
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interpolation methods; for instance, Inverse Distance
Weighted (IDW) interpolation (Jin et al., 2004; Mengist
et al, 2016), Multiquadric function (MQ) (Wielgosz
et al., 2003), Cubic B-spline (Schmidt et al., 2011), Kriging
(KR) interpolation (Orus et al., 2005, 2008, 2019) and Neu-
ral Networks (NN) (Arikan et al., 2009). Though determin-
istic approaches e.g IDW, MQ, NN and Cubic B-spline are
relatively simple to implement, they do not capture the spa-
tial structure in the data and therefore not capable of han-
dling sparsely and unevenly distributed data (Grynyshyna-
Poliuga et al., 2014). Unlike deterministic methods, geosta-
tistical techniques, such as Kriging methods, consider not
only the distance between observations but also the spatial
structure of the data. They also enable the computation of
an error map to spot the locations where the predictions
are accurate or flawed (Blanch and Walter, 2002). Due to
its robustness, Kriging interpolation is widely applied in
environmental sciences (Cressie, 1993).

A number of studies have so far applied Kriging method
in ionospheric TEC mapping, for instance, Orus et al.
(2005) applied Kriging method to improve the Polytechnic
University of Catalonia (UPC) GIMs derived from GPS
data, giving birth to UPC Kriging GIMs. They reported
that UPC Kriging GIMs improved by standard deviation
of 16 % compared to UPC GIMs, using data from several
GPS stations distributed worldwide. In another study by
Wielgosz et al. (2003), the regional TEC maps obtained
using KR and MQ with data from five stations over Ohio
state, USA were compared with GIMs of IGS. They
reported that both MQ and KR produced similar maps.
However, they noted that the TEC level of GIMs is higher
by 3-5 TECU, compared to the maps constructed using the
KR and MQ methods. They concluded that both KR and
MQ were suitable for sparse samplings. Grynyshyna-
Poliuga (2019) also applied Kriging interpolation method
to estimate TEC in the Mid-latitude region of Europe dur-
ing both quiet and disturbed days. They constructed Krig-
ing TEC maps of 2.5°x2.5%patial resolution with a
temporal resolution of 15 min and compared them with
GIMs from the Center for Orbit Determination in Europe
(CODE). They reported that their maps were in good
agreement with those of CODE.

Although many regional ionospheric TEC maps have
been constructed over other regions, these maps can not
be used to capture the dynamics of the East African low—
latitude ionosphere. However, in a bid to address this chal-
lenge, a few TEC maps have been constructed over the East
African region. For instance, Mengist et al. (2016) used
IDW interpolation with a spatial resolution of 1°x1°and
a 2 h temporal resolution to map TEC over the East Afri-
can region. Though their maps captured the formation of
EIA over the region, the maps tend to smoothen the iono-
spheric features of the region due to sparse sampling from
fewer IGS stations available. It is then necessary that a
more suitable method for sparse sampling be used to cap-
ture the spatial variation of the TEC over the region.
Therefore, the aim of this paper is to present East African
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ionospheric TEC maps constructed using the Kriging tech-
nique. The TEC maps are expected to be useful in the esti-
mation of TEC at unsampled or undersampled points over
the region.

2. Data and Methods
2.1. Data Sources

This study utilised data from 27 IGS stations within the
East African low-latitude region from the years 2014 to
2018, as shown in Fig. 1.

The GPS TEC data sets from 2014 to 2018 in Receiver
INdependent EXchange (RINEX) file format for the IGS
stations in Fig. 1 were downloaded from University Navs-
tar Consortium (UNAVCO) website '. The TEC data from
the final CODE’s GIMs (CODG) were downloaded from
CODE’s website °. Disturbance storm time (Dst) index
downloaded from the OMNIWeb Data Explorer website
% was used to identify the geomagnetic storms.

The RINEX data files were processed into TEC data
using GPS-TEC analysis software developed at Boston
College (Gopi, 2010; Seemala and Valladares, 2011). The
software reads raw data in RINEX observation data file
(s), and navigation files. The TEC values are derived from
the difference of two frequency observables (f; = 1,575.42
MHz and f, = 1,227.60 MHz corresponding to L; and L,
GPS bands respectively) from both code and phase observ-
ables. The cycle slips in the phase TEC are corrected using
the simple arithmetic difference; the differences between
adjacent values in phase TEC are checked and the mean
difference of the last 20 values is calculated to reduce any
noise in the data for lower elevation angles. The differential
satellite bias corrections published by University of Bern
(http://ftp.aiub.unibe.ch/CODE/) were used to remove
satellite biases. The differential receiver bias is assumed to
be constant for the current day and is solved using the least
squares. The final biases are added to Slant TEC (STEC)
and the final Vertical TEC (VTEC) values are recalculated
by the GPS TEC software (Seemala and Valladares, 2011).
A mapping function for a single shell layer model (SLM)
(Mannucci et al., 1998) is used to calculate the VTEC
assuming an lonospheric Pierce Point (IPP) height of
350 km (Rama Rao et al., 2006). To minimise undesirable
errors due to multipath effect, we used a minimum eleva-
tion angle of 30°.

2.2. Methods

2.2.1. The Semivariogram

The semivariogram y(h), is a plot of semivariances as a
function of distances, h, between the observations. In order
to construct the experimental semivariogram, in(n— 1)

! ftp://data-out.unavco.org/pub/rinex/obs/.edu
2 http://ftp.aiub.unibe.ch/CODE/
3 http://omniweb.gsfc.nasa.gov/form/dx1.html.
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pairs of combinations were formed from n observations
(Pignalberi et al., 2018). The corresponding geospatial lag
distances, h, between the pairs of observation locations
over the Earth’s surface were calculated using
Haversine formula [see Eq. 9 in Gade (2010)]. The direction
(spatial angle) o of each lag distance, h, from the merid-
ional direction was also determined. The semivariances,
p(h) corresponding to the lag distances, h, were then com-
puted (Cressie, 1993) as
(h) = 2Z() — Z(x + W) (n
The computed semivariances were binned into K points
with the same bin width as explained in Pignalberi et al.
(2018). The semivariance corresponding to the K™ bin is
the mean value 7(h) of the semivariances within the bin
(Cressie, 1993; Deutsch, 1998), given by

| X

70) = s

() D) = 205+ @

where Z(x;) and Z(x; 4+ h) are observed values at locations
x; and (x; +h) separated by distance h, and N(h) is the
number of observation pairs which are a distance h apart
within the bin. The experimental semivariogram was
obtained by plotting each of the K points of coordinates
(h,7(h)). In this study, we used 20 bins with a bin width
of 75 km to model the spatial correlation of TEC over
the East African low-latitude region. A theoretical semivar-
iogram model was fitted to the experimental one to ensure
continuity in the semivariogram values. The semivariogram
parameters (the Sill, the Range and the Nugget effect) were
then determined. A typical illustration of the parameters is
shown in Fig. 2.

To select the best model, the performance of the semi-
variogram models: Exponential, Gaussian and Spherical
was analysed by fitting each model to the experimental
semivariogram using the isotropic assumption. These semi-
variogram models were further investigated using a ran-
dom variable Q; statistical test (Kitanidis, 1997;
Pignalberi et al., 2018). The Q, statistical test quantifies
the residuals between the values of the model under test
and those of the experimental semivariances. The Q,; test
was carried out on all the three semivariogram models
for selected disturbed and quiet days. The values of Q,
were calculated from the residues using the Equation

1 &0k

(3)

where n is the number of observations, g—t are the nor-

malised residues, Jy are the residues and Sy is the variance
of the observations. If the value of Q, is close to zero, the
validity of the model is not questionable (Kitanidis, 1997).
Consequently, the model with the minimum absolute val-
ues of Q, was selected to be the best and then used to con-
struct TEC maps over the East African low-latitude region.
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Fig. 1. East African map showing the distribution of IGS stations used in the study. Red triangles represent stations which archived data from 2014 to
2018, black for stations which stopped archiving data before 2018 and green for those which had data after 2014.

To determine the anisotropic nature of the low-latitude
ionosphere, the experimental semivariograms were first
constructed as earlier discussed. The spatial angles were
then binned using the bin width of 30° to obtain a consid-
erable number of grid points in every bin. The centre of the
bins were situated at 0°, 30°, 60°, 90°, 120° and 150°, all
measured from the meridional direction. Therefore, these
angles were taken as the spatial directions during the mod-
elling of the experimental semivariogram. The selected
semivariogram model was used to fit the experimental
semivariogram in the different spatial directions at a given
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Fig. 2. An example of a semivariogram showing the Range, Sill and
Nugget effect. Adapted from Biswas and Si (2013).

time on the selected day. The anisotropic nature of TEC in
the low-latitude ionosphere was then investigated by com-
puting the root-mean-squared residues (RMSRes) between
the theoretical Gaussian model and experimental semivar-
iogram for the different directions. This was done for some
selected international quiet and disturbed days of 2014.
The direction that gave the least values of RMSRes for
the selected days was taken to be the one that best models
the spatial variation of TEC over the East African low-
latitude region.

2.2.2. Kriging

The Kriging technique has its origin from a South Afri-
can mining engineer Daniel Gerhardus Krige, who devel-
oped a statistical algorithm to calculate distance-weighted
gold grades in South Africa (Matheron, 1963). Kriging
method now has a number of variants such as Simple Krig-
ing, Ordinary Kriging, Universal Kriging and Blind Krig-
ing (Lichtenstern, 2013). We used Ordinary Kriging to
interpolate GPS TEC over the East African low-latitude
region. The choice was based on the fact that Ordinary
Kriging prediction uses the stationarity assumption of a
constant unknown mean value in the local neighbourhood
of each point where the estimate is required, and this could
approximate the typical behaviour of TEC in the low-
latitude ionosphere.
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The Ordinary Kriging algorithm uses observation val-
ues, Z(x;), and a semivariogram, j, to determine the
unknown values, Z(x,), at unsampled locations, x, as a lin-
ear combination of the known values (Webster and Oliver,
2001; Stanislawska et al., 2002), given by the expression:

Z(w) = Y Z(v) @

where Z(x;) is the known value obtained at the known loca-
tions x; (VTEC at IPP grids), N is the number of measured
values in the neighbourhood of the estimated value and 4,
is the weight vector which depends on the distance of the
estimated value from the measured one.

The Kriging algorithm works on the principle that near
points carry more weights than distant ones. The method
used to determine the weights is based on minimising the
variance

var[Z(x +h) — Z(x)] = 2y(h), (5)

where var is the variance operator, y is the semivariogram,
x and x + h are two locations separated by lag distance h.

At each point, Kriging produces a prediction of the vari-
able and the Kriging variance of the prediction by mod-
elling its semivariogram under the assumption that Z is
locally stationary (Cressie, 1993). The condition of station-
arity means that

ZN:zi = 1. (6)

To impose the unbiased condition, the variance is min-
imised using Lagrange multipliers (Cressie, 1993).

L_%E[(Z(xo) - Z(XO))? _w<zi:)~i - 1), (7)

- 2
where E [(Z(xo) - Z(xo)) } is the Z(x,) variance which is

expressed in terms of the semivariogram as

E |:(Z(XO) - 2(X0)>2] = ziii%o(xia Xo)

— ZZ/%)MJ' (Xi, Xj) . (8)

where i,j=1,2,...,N are the number of unique pairs of
observations.

The derivative of Eq. 7 is got with respect to w and 4;
and equated to zero to obtain the Ordinary Kriging equa-
tions in a compact form as

N
Zii“/ij + o =7y ©9)
P

In matrix form, Eq. 9 is expressed as
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which is in the form Al = b.

The weights /; can then be determined by solving Eq. 10.
The resulting estimation variance is obtained from
ol =b'l=b"A""b, (11)

est

where A is the matrix containing the semivariogram esti-
mates for the measured values, A is the vector that contains
the weights 4; and the Lagrange multiplier @, and b is the
vector which has the semivariogram predictions for the
unmeasured values at known grid points (Grynyshyna-
Poliuga et al., 2014).

The semivariograms and the TEC maps in this study
were constructed using the Kriging toolbox downloaded
from website *. The semivariogram parameters which
include: the Range, a, Sill, s, and Nugget effect, y,, were
used as inputs to solve the Kriging Eq. 10. The solutions
to the Kriging equation gave the Kriging weights, /;, which
were used to predict VTEC at unknown locations in the
neighbourhood of the measured VTEC values at a given
time as in Eq. 4. It is important to note that the weights
are time-dependent and so were estimated every time prior
to construction of the corresponding TEC map. The mea-
sured VTEC values obtained at IPPs at any time were
interpolated using the calculated weights in order to predict
the values of VTEC at unmeasured locations at that
instant. These predictions were then mapped over the East
African region with a spatio-temporal resolution of 1°x
1°x6 min in latitude xlongitude x time.

3. Results and Discussions

3.1. Diurnal and Seasonal Variation of TEC over East
Africa

The diurnal, seasonal and solar activity variation of
TEC over the East African region was studied using TEC
data from the IGS stations ADIS located within the trough
and MAL2 located at the southern crest of the EIA. These
stations were chosen because they lie nearly along the same
longitude, and therefore the local time effects are consider-
ably minimised. Data for the equinox (March and Septem-
ber) and solstice (June and December) months were used to
characterise the variation of TEC with seasons. Fig. 3
shows the variation of the monthly averaged TEC at ADIS
(red curve) and MAL2 (blue curve) during the years 2014
and 2018. The diurnal trend over this region shows an
increase in the values of TEC from minimum between
02:00 UT and 04:00 UT to maximum between 10:00 UT
and 13:00 UT and then a decrease to a minimum after sun-

4 https://sourceforge.net/projects/mgstat/files/mGstat/.
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Fig. 3. Variation of TEC at ADIS and MAL2 during March, June, September and December of 2014 and 2018.

set in both years of 2014 and 2018. During the day, TEC
values are higher at ADIS than at MAL2. A similar trend
was reported before (e.g, Tariku, 2015; Hajra et al., 2016;
Olwendo et al., 2016; Sulungu et al., 2018). The diurnal
TEC trend is influenced by the rate of photoionisation
and this rate depends on solar zenith angle and solar activ-
ity. In 2018, TEC remained higher at ADIS than MAL2
during the selected months. However in 2014, this observa-

tion was true only from about 03:00 UT to about 16:00 UT

and after which the trend was observed to reverse, where

the values of TEC were higher at MAL2 than ADIS. The
change in trend is attributed to the high solar flux during
2014 that resulted in an enhancement in the EIA develop-
ment, which is not the case with the low solar activity

(LSA) year 2018.

The seasonal pattern shows that the maximum TEC val-
ues occur during equinoxes, and minimum during June sol-
stice. A plausible explanation to this observation is that
during the equinox months, the sub-solar point is near
the equator, where the eastward electric field often becomes
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larger, and this increases the intensity of the fountain effect
which controls the level of ionisation at the equator
(Olwendo et al., 2016). In solstices, the sub-solar point
moves to higher latitudes, the fountain effect is expected
to reduce and consequently the ionisation peaks during
the solstices decrease. The seasonal trend exhibits equinoc-
tial asymmetry of TEC over the East African low-latitude,
where March equinox recorded higher TEC values than
September equinox. The equinoctial asymmetry at low lat-
itudes can be explained in terms of the global thermosphere
circulation (Bailey et al., 2000).

Well developed post sunset (secondary) TEC peaks were
observed during high solar activity (HSA) year of 2014 for
the months of March, September and December between
18:00 UT and 21:00 UT, with March equinox featuring
the most prominent post sunset peak, followed by Septem-
ber equinox and the least was observed during December
solstice. During HSA period, the pre-reversal enhance-
ments in the eastward electric field are sufficient to influ-
ence any night-time enhancement in TEC over the low-
latitude region (Tariku, 2015). The post sunset peak values
of TEC over MAL2 were higher than those over ADIS for
all the selected months. The higher values of TEC over
MAL2 than over ADIS at post sunset is attributed to the
effect of the upward E x B drift force leading to an
enhancement in TEC at the crest region (Olwendo et al.,
2016). The highest PRE peak value over MAL2 was
recorded during March equinox (~ 60 TECU), followed
by September equinox (~40 TECU) and the least during
June solstice (~17 TECU). During equinox of 2014, PRE
occurred 1 h earlier at MAL2 (at about 19:00 UT) than
ADIS (at about 20:00 UT). The difference of 1 h in the time
of occurrence of PRE during the equinoctial months of
2014 could be as a result of the latitudinal difference. A
study by Ghosh et al. (2020) indicated that the F-region
winds control the PRE peak through the F-region dynamo
mechanisms, accompanied by E- and F-region coupling
processes. The PRE develops as a result of the reversal in
the F-region zonal wind which results in an additional
upward current where the E-region pedersen conductivity
is reducing at post sunset (Heelis et al., 2012). The results
further show that the TEC values at the crest regions were
higher than those at the dip equator after sunset for the
selected months of 2014, which is similar to the findings
from the study by Olwendo et al. (2016) over this region.
The LSA year 2018 registered extremely weak or no PRE
for the selected months of the year. A similar observation
was reported by Tariku (2015) who studied the variation
of GPS TEC over Ethiopia during both low and high solar
activity periods from 2008-2009 and 2012-2013
respectively.

3.2. Spatial Variation of TEC
3.2.1. Selection of a Semivariogram Model

Spatial TEC variance was used to study the variation of
TEC over the East African low-latitude region. Fig. 4
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shows Exponential, Gaussian and Spherical fits on quiet
and disturbed days, for instance, DOY 245 and 255 of
2014.

The performance of the semivariogram models in fitting
the experimental semivariogram constructed using TEC
was analysed using the Q, statistical test (Kitanidis, 1997;
Pignalberi et al., 2018).

Table 1 shows the results for the Q, statistical test on the
semivariogram models during quiet and disturbed days.
For example, during the quiet DOY 048 and 254 of 2014,
the highest |Q,| value of 0.032 was obtained with the
Spherical model, while the smallest was with the Gaussian
model. Similarly, on the disturbed DOY of 050 and 255 of
2014, the highest value of 0.0181 was obtained with the
Spherical model while the smallest value was recorded by
the Gaussian model. As earlier mentioned, the best model
is the one that produces the smallest value of |Q,|. There-
fore, the Gaussian semivariogram was selected as the
model that best describes the spatial variation of TEC
observations over the East African low-latitude region.

3.2.2. Directional Variation of TEC

The angle dependence of the TEC variation was studied
using the Gaussian semivariogram model. The TEC vari-
ances were binned in the directions of 0°, 30°, 60°, 90°,
120° and 150°, all measured clockwise from the meridional
direction, and the resulting experimental semivariogams
were then fitted to the Gaussian model. Fig. 5 shows the
spatial variation of TEC in different spatial directions using
the gaussian semivariogram on DOY 257 of the year 2014
at 12:00 UT.

The observation from Fig. 5 is that on DOY 257 at
12:00 UT, the spatial variation of TEC in the meridional
direction is larger than that in the zonal direction. The lar-
ger TEC variation in the meridional direction could be
caused by the equatorial ionisation anomaly. The anomaly
is as a result of the plasma uplift to higher altitude and then
diffusion of the plasma on either side of the magnetic equa-
tor, forming double humps with a region of depleted
plasma in the ionosphere over the magnetic equator.
Therefore, the larger variation of TEC in the meridional
direction is attributed to the plasma diffusion in this direc-
tion. On the other hand, the spatial angle of 90° corre-
sponds to the zonal direction where TEC values are close
to each other (having no big variation). The TEC values
are close because there is no mechanism to influence the
electron density variation in the zonal direction, apart from
the zonal wind whose impact could be negligible within a
small longitudinal range scale. Therefore, the horizontal
line in Fig. 5 shows that the TEC variances are independent
of the lag distance over a small region like East Africa. As a
result, the Gaussian model does not fit the variances well in
this direction as these variances are not correlated with the
lag distances.

The anisotropic nature of the East African ionosphere
was further investigated by computing the RMSRes
between the theoretical Gaussian model and experimental
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Fig. 4. A typical example of Exponential, Gaussian and Spherical semivariogram models used to fit the TEC variances over East African region on a quiet
DOY 245 (top row) and a geomagneticallly disturbed DOY 255 (bottom row) of 2014. The blue circles are the observations and the red curves represent

the modelled values.

Table 1

The Q, statistical test results for the Exponential, Gaussian and Spherical
semivariogram models on quiet DOY 048, 254 and disturbed DOY 050,
255 at 11:00 UT.

semivariogram for the different spatial angles of 0°, 30°,
60°, 90°, 120° and 150°. This was done for two interna-
tional quiet (DOY 048 and 257) and disturbed (DOY 050
and 054) days of 2014. Table 2 shows the RMSRes values

Semivariogram Quiet Qi Disturbed Qi obtained using the Gaussian model. From the results in
model Doy DOY Table 2, the spatial angle of 0° consistently produced the
Spherical 048 0.0320 050 0.0181 least values of RMSRes for all the selected days. The smal-
gau“la“t, | (1)'(1)?28'6 g'ggg‘;ﬂ ler the residuals the closer the experimental values to the
Xponentia B . . .
Spherical 254 0.0265 255 0.0042 model values' anq the better the model in fitting the exper-
Gaussian 2.9620-6 4.271e-7 imental semivariogram. Therefore using the Gaussian
Exponential 0.0089 0.0039 model, the spatial angle of 0° was chosen as the direction
that gives the best autocorrelation of TEC over the East
African low-latitude region.
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Fig. 5. Spatial variation of TEC in different directions over the East African low-latitude region using the Gaussian semivariogram model on a typical
quiet DOY 257 of 2014 (14-09-2014) at 12:00 UT. The blue circles represent observations and the red curve represents the modelled values.

8



G. Cele et al.

Table 2
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Variation of the Root-Mean-Squared Residuals (RMSRes) of TEC over the East African ionosphere using Gaussian semivariogram model. The values of
the RMSRes in square TEC units were calculated at 16:00 UT under quiet and disturbed conditions.

Quiet Angle RMSRes[ TECU?| Disturbed Angle RMSRes[TECU?]
DOY [Deg.| 16 : 00UT DOY [Deg.] 16 : 00UT
048 0 2.2977 050 0 2.9970

30 5.1115 30 3.6915

60 23174 60 4.1293

90 5.1634 90 6.1921

120 2.3000 120 5.8148

150 3.6970 150 4.0955
257 0 5.1891 054 0 6.2074

30 5.5267 30 7.2086

60 6.4480 60 8.9860

90 6.9150 90 6.9706

120 7.5220 120 10.1165

150 5.6627 150 8.2932

3.2.3. Diurnal and Seasonal Variation of Semivariogram
Parameters

The Range, the Sill and the Nugget effect, commonly
known as the semivariogram parameters, play a key role
in the Kriging interpolation process. To characterise these
parameters over the East African low-latitude ionosphere
with respect to TEC, their variations were studied in the
meridional direction using the Gaussian model. Fig. 6
shows the diurnal and seasonal variation of these parame-
ters during the year 2014.

The parameters were observed to vary with time of the
day and seasons of the year. For instance, the highest val-
ues of the Range of lag distance exist between 04:00 UT -
09:00 UT throughout the year 2014 (panel (a)). During
daytime, equinox months of the year 2014 registered the
least values of Range between 09:00 UT and 16:00 UT,
while the solstice months showed larger values of the
Range around the same time. Particularly, the highest val-

UT [hours]

UT [hours]

50

100 150

200

ues of the Sill and the Nugget were observed during equi-
nox months from 16:00 UT (19:00 LT) to 21:00 UT
(00:00 LT). Amabayo et al. (2021) reported high Sill values
from 17:00 UT to 20:00 UT when they modelled the spatial
correlation of scintillation index (S4 proxy) values over the
East African low-latitude region. They attributed the high
Sill values to scintillation effects that occur from around
17:00 UT - 20:00 UT. However, the high Sill values
observed in this study between 17:00 UT and 20:00 UT is
attributed to large spatial-scale TEC variation of the low-
latitude ionosphere. This could be as a result of latitudinal
variation of TEC due to EIA. The EIA is characterised by
the two humps of electron density on either side of the dip
equator and a depleted region (trough) at the equator. This
irregular latitudinal electron density distribution could be
the cause of a larger variation of TEC in the meridional
direction than in the zonal direction. The larger variation
of TEC could be the main cause of the larger Sill values

~
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O
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Fig. 6. Variation of the (a) Range, (b) Sill and (c) Nugget effect of TEC over the East African low-latitude region in the meridional direction. The values

shown were determined at an interval of 15 min throughout the year 2014.
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in the meridional direction because the Sill is a measure of
variance. On the other hand, the Nugget effects are larger
during equinox and smaller during solstice. The high nug-
get values are attributed to small spatial-scale TEC varia-
tion which could be as a result of ionospheric
irregularities due to formation of plasma bubbles. The
plasma bubbles usually occur after sunset and are believed
to be caused mainly by Rayleigh-Taylor instabilities which
begin from the bottom to the top side (F2-layer) of the
ionosphere (Kelley, 2009). In Earlier studies, the occur-
rences of the low-latitude ionospheric irregularities were
observed to be higher during equinox than in solstice
(Paznukhov et al., 2012; Olwendo et al., 2013; Mungufeni
et al., 2016; Akala et al., 2017; Andima et al., 2020). There-
fore, the larger Nugget effects during equinoxes than in sol-
stices could be due to the higher occurrences of the
irregularities observed in the equinox as compared to sol-
stice months.

The variation of the semivariogram parameters with
time of the day and seasons of the year indicate the need
to determine them dynamically every time the Kriging
equation is solved to obtain the time-dependent Kriging
weights. The calculated weights at a given instant were then
used to perform the Kriging prediction of unmeasured val-
ues of TEC on regular grid points over the East African
low-latitude on the selected days.

3.3. East African lonospheric Maps

The regional TEC maps were generated by interpolating
the VTEC values derived from the GNSS receivers at IPPs
over the East African low-latitude region. The Gaussian
semivariogram model parameters were used to compute
and construct the Kriging TEC maps. The TEC maps were
then compared with GIMs from CODE. For comparison
purposes, the regional TEC map was constructed using
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the same temporal resolution of 2 h as in CODE’s data.
Fig. 7 shows the TEC maps from Kriging and CODE over
the East African low-latitude on DOY 075 of 2014 at 10:00
LT and 20:00 LT.

The results from Fig. 7 indicate that the regional TEC
maps and CODE’s GIMs captured well the development
of EIA, though GIMs from CODE over smoothened the
TEC values obtained from five IGS stations (ADIS,
MBAR, MAL2, NURK and RCMN) sampled from the
region. At 10:00 LT, CODE’s GIMs predicted higher val-
ues of TEC than the Kriging regional TEC. These results
show that the regional maps are more capable of reproduc-
ing the known features of the EIA. Therefore, the TEC
maps constructed using the Kriging method can be used
as a reliable technique in estimating the ionospheric TEC
over the East African low-latitude region. In order to val-
idate the TEC maps, the GPS VTEC values were compared
with the VTEC values simulated from the limited measured
VTEC. This was done for some selected PRNs that were
visible at elevation angles greater than 30° on DOY 078
of 2014 from IGS receivers at ADIS, MBAR and MOIU.

The simulated values were at the IPP coordinates of the
PRNs observed at the IGS receiver sites. Fig. 8 shows the
results for PRN 2 at ADIS, PRN 17 at MBAR and PRN
14 at MOIU. These PRNs were selected to capture the per-
formance of the Kriging VTEC compared to the measured
values of GPS VTEC during day-time and night-time of
DOY 078, 2014. The simulated VTEC values are in good
agreement with the measured GPS VTEC from IGS recei-
vers during both night and day. The maps were further val-
idated by determining the Pearson’s correlation coefficients
between the Kriging VTEC and the measured GPS VTEC
for all the visible PRNs on quiet DOY 078 and disturbed
DOY 255 of 2014 at elevation angles greater than 30°.
The TEC values corresponding to all the selected PRNs
were first excluded before predicting them using the Krig-
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Fig. 7. Kriging TEC maps and CODE’s GIMs over the East African low-latitude region on a typical quiet DOY 075 (16 March) 2014 at 10:00 LT and
20:00 LT. The solid white line is the magnetic (dip) equator (EIA trough) and the dotted white line is the southern EIA crest.
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Fig. 8. Comparing Kriging VTEC with GPS VTEC over the stations ADIS, MBAR and MOIU for the selected PRNs on 19 March (DOY 078) 2014.

ing interpolation method. This was done to rule out the
influence of the measured TEC values of a given PRN on
the predicted TEC values.

Fig. 9 shows the results of the correlation analysis over
the IGS stations of ADIS, MBAR and MOIU. The VTEC
values interpolated by kriging method show a very high
positive correlation with the measured GPS VTEC of coef-
ficients between 0.9360 and 0.9970. This high positive cor-
relation suggests that the constructed TEC maps provide
good estimates for TEC at the unsampled locations over
the East African low-latitude region, and may be useful
in monitoring and understanding of the spatio-temporal
variations of the regional ionosphere. The maps were also
validated during geomagnetic storms over a single station
as discussed in the following subsection.

3.3.1. Validation of TEC Maps over Malindi during
Geomagnetic Storms

To validate the TEC maps during disturbed conditions,
we compared the TEC maps predicted using Kriging
method with GPS TEC, CODE’s TEC and the background
TEC (Quiet TEC) over Malindi (MAL2) as shown in
Fig. 10. The CODE’s TEC values over MAL2 were esti-
mated using the nearest CODE’s grid point of 40.0° longi-
tude and —2.5° latitude at the IPPs of 350 km in altitude.
Before using Kriging technique to predict the values of

100 100

TEC over MAL?2, the measured TEC values for MAL2
IGS receiver station were first excluded for all the satellites
visible by the station on the selected days for the storm.
The background TEC were derived from three interna-
tional quiet days of the month before the storm day.

Fig. 10 shows the variation of Kriging TEC, GPS TEC,
CODE’s TEC, Quiet TEC (Bottom panels) and the corre-
sponding Dst index (Top panels) during the storms of
17" March, 2015 commonly known as the St. Patrick’s
day and 27"™ May, 2017. The GPS TEC was taken to rep-
resent the true state of the ionospheric TEC over Malindi.

Our regional TEC maps were used to predict iono-
spheric TEC over Malindi during the storm that occurred
on St. Patrick’s day. It was the strongest storm in the solar
cycle 24 and it struck the Earth’s magnetosphere at around
04:45 UT with a maximum Dst value of 45 nT at around
06:00 UT, and reached a minimum Dst value of —234 nT
on 17" March, 2015 at around 23:00 UT. From Fig. 10
(a), the Kriging TEC maps show a very good agreement
with the measured GPS TEC over Malindi from
16" — 19" March, 2015. However, it is observed that
CODE’s TEC maps predicted slightly higher values of
TEC than the GPS TEC during the storm period from
16™ — 19" March, 2015. The Kriging TEC values were

much lower than the background TEC on 18™ and 19"
March, 2015. This shows that the storm resulted in a strong
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Fig. 9. Correlation analysis between Kriging VTEC and the GPS VTEC over the stations ADIS, MBAR and MOIU for all the PRNs on quiet and
disturbed days of 19 March (DOY 078) and 12 September (DOY 255) of 2014 respectively. The red lines are the lines of best fit.
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Fig. 10. Variation of Kriging TEC, GPS TEC, CODE’s TEC and Quiet TEC over Malindi during the geomagnetic storms of (a) 17" March, 2015 and (b)

27" May, 2017.

suppression of the ionospheric TEC during the recovery
phase, indicating that the storm had negative impacts on
the ionosphere over Malindi during the recovery period.
The negative impacts of the same storm on 18" and 19"
March, 2015 were reported over Brazilian sector by
Fagundes et al. (2016). Olwendo et al. (2016) also reported
very strong negative impacts of the storm over the East
African ionosphere during recovery phase for stations
away from the magnetic equator.

The Kriging TEC maps were also used to predict the
ionospheric state over Malindi during another moderate
storm which occurred on 27™ May, 2017 at about 16:00
UT. This storm had a minimum Dst value of —125 nT
on 28" May, 2017 at about 08:00 UT. The TEC values pre-
dicted by Kriging approach show a very good agreement
with GPS TEC and CODE’s TEC. The CODE’s GIMs pre-
dicted the disturbed TEC of May 2017 better than the dis-
turbed TEC of March 2015. According to Andima et al.
(2019), GIMs from CODE over estimated disturbed TEC
during HSA year and gave good predictions of disturbed
TEC for LSA year. Our regional maps performed quite
well during both HSA and LSA years. Fig. 10(b) shows
that the Kriging TEC values were higher than the Quiet
TEC values on 28™ and 29" May, 2017, which is an indi-
cation that the storm resulted in TEC enhancement over
Malindi during the recovery phase. Chakraborty et al.
(2020) also reported enhanchement in TEC values on 28"
and 29" May, 2017 when they studied the effects of the
same storm on the ionosphere over the Indian sector. Gen-
erally, the TEC maps constructed using Kriging method
predicted the GPS TEC over Malindi better than the
CODE’s TEC maps during disturbed conditions. There-
fore, the Kriging TEC maps can give a good estimate of
the GPS TEC over the East African low-latitude region.

4. Conclusion

In this work, we modelled the spatial correlation of TEC
using a semivariogram model and constructed the TEC
maps over the East African low-latitude region. Before

constructing the maps, the behaviour of TEC over this
region was characterised using data for 2014 and 2018 dur-
ing quiet and disturbed conditions. The key findings of the
study can be summarised as follows: (i) Higher values of
TEC were observed during March equinox than September
equinox, suggesting the existence of equinoctial asymmetry
of TEC over the region. (ii) PRE at the crest occurs about
an hour earlier than that at the trough. The PREs occurred
during equinoctial months of 2014 between 18:00 UT and
21:00 UT. (iii) The best semivariogram model to describe
the spatial variation of TEC over the East African low-
latitude region is the Gaussian model. (iv) The results indi-
cate that the spatial variation of TEC is larger in the merid-
ional direction than in the zonal direction. This is
attributed to EIA which forces ionospheric plasma to dif-
fuse in the meridional direction, forming a low electron
density region at the trough (dip equator) and high electron
density regions at the EIA crests. (v) The regional maps
gave better estimates of the GPS-derived TEC during quiet
and disturbed conditions compared to the estimates from
the CODE’s GIMs over the region. This suggests that the
Kriging TEC maps can be used as a good tool for predict-
ing TEC over the East African low-latitude region where
the GPS receivers are still sparse.
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