
Journal of Atmospheric and Solar-Terrestrial Physics 128 (2015) 46–57
Contents lists available at ScienceDirect
Journal of Atmospheric and Solar-Terrestrial Physics
http://d
1364-68

n Corr
E-m
journal homepage: www.elsevier.com/locate/jastp
Modelling the probability of ionospheric irregularity occurrence over
African low latitude region

Patrick Mungufeni a,n, Edward Jurua a, John Bosco Habarulema b,c, Simon Anguma Katrini a

a Mbarara University of Science and Technology, Mbarara, Uganda
b South African National Space Agency (SANSA) Space Science, 7200 Hermanus, South Africa
c Department of Physics and Electronics, Rhodes University, 6140 Grahamstown, South Africa
a r t i c l e i n f o

Article history:
Received 3 December 2014
Received in revised form
17 February 2015
Accepted 23 March 2015
Available online 28 March 2015

Keywords:
Modelling
Ionospheric irregularities
Low-latitude ionosphere
x.doi.org/10.1016/j.jastp.2015.03.010
26/& 2015 Elsevier Ltd. All rights reserved.

esponding author.
ail address: pmungufeni@gmail.com (P. Mung
a b s t r a c t

This study presents models of geomagnetically quiet time probability of occurrence of ionospheric ir-
regularities over the African low latitude region. GNSS-derived ionospheric total electron content data
from Mbarara, Uganda (0.60°S, 30.74°E, geographic, 10.22°S, magnetic) and Libreville, Gabon (0.35°N,
9.68°E, geographic, 8.05°S, magnetic) during the period 2001–2012 were used. First, we established the
rate of change of total electron content index (ROTI) value associated with background ionospheric ir-
regularity over the region. This was done by analysing GNSS carrier-phases at L-band frequencies L1 and
L2 with the aim of identifying cycle slip events associated with ionospheric irregularities. We identified
at both stations a total of 699 events of cycle slips. The corresponding median ROTI value at the epochs of
the cycle slip events was 0.54 TECU/min. The probability of occurrence of ionospheric irregularities as-
sociated with ROTI 0.5 TECU/min≥ was then modelled by fitting cubic B-splines to the data. The aspects
the model captured included diurnal, seasonal, and solar flux dependence patterns of the probability of
occurrence of ionospheric irregularities. The model developed over Mbarara was validated with data over
Mt. Baker, Uganda (0.35°N, 29.90°E, geographic, 9.25°S, magnetic), Kigali, Rwanda (1.94°S, 30.09°E,
geographic, 11.62°S, magnetic), and Kampala, Uganda (0.34°N, 32.60°E, geographic, 9.29°S, magnetic). For
the period validated at Mt. Baker (approximately, 137.64 km, north west), Kigali (approximately,
162.42 km, south west), and Kampala (approximately, 237.61 km, north east) the percentages of the
number of errors (difference between the observed and the modelled probability of occurrence of io-
nospheric irregularity) less than 0.05 are 97.3, 89.4, and 81.3, respectively.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Several projects have been running in Africa since the last
decade to analyse and test the future use of Space Based Aug-
mentation System (SBAS), in particular, the European Geosta-
tionary Navigation Overlay Service (EGNOS). The examples of the
projects include: the Euro-Mediterranean (EUROMED), Satellite
navigation services for AFrIcan Region (SAFIR), SBAS Awareness
and Training for South Africa (SATSA), and TRaining on EGNOS –

Global Navigation Satellite Systems (GNSS) in Africa (TREGA). The
SBAS involves correcting for the positioning errors due to iono-
spheric propagation delay or phase advance, depending on the
observable. In addition to positioning errors due to propagation
delay or phase advance, the problem caused by the ionosphere in
the African low latitude regions may include scintillations and loss
of locks in severe cases due to small-scale ionospheric
ufeni).
irregularities (Lonchay et al., 2014). Scintillations and loss of locks
result into cycle slips (CS), usually observed as sudden phase
jumps. Apart from ionospheric irregularities, other sources of CS
events are obstructions of the satellite signal, multi-path, and a
failure in the receiver software (Hofmann-Wellenhof et al., 2007).
Therefore, scintillations and loss of locks due to ionospheric irre-
gularities degrade and disrupt satellite-based communications and
navigation systems (Secan et al., 1995; Paznukhov et al., 2012).

Due to their adverse effects on trans-ionospheric signals,
modelling the ionospheric irregularities has been undertaken by
several researchers in the past. The first global empirical model for
the quiet time F region equatorial vertical drifts based on com-
bined incoherent scatter radar observations at Jicamarca and ion
drift meter observations on board the Atmospheric Explorer E
satellite was presented by Scherliess and Fejer (1999). By using a
5-year series of observations at 254 MHz taken at Huancayo, Peru,
Aarons (1985) developed analytical equation to yield scintillation
excursions as a function of solar flux, magnetic index, local time,
and day of the year. Iyer et al. (2006) developed an empirical
model of magnetic quiet time scintillation occurrence at Indian
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equatorial and low latitudes. Abdu et al. (2003) developed a re-
gional model for the quiet-time spread F distribution in the Bra-
zilian longitude sector.

Much as there exists some efforts to model the ionospheric
irregularities globally and in other equatorial regions of the world,
there is no specific and suitable model for the African low latitude
regions. This study therefore aimed to develop empirical models
for the probability of occurrence of ionospheric irregularities (OII)
during quiet geomagnetic conditions. GNSS-derived ionospheric
total electron content (TEC) over Mbarara, Uganda (0.60°S, 30.74°E,
geographic) and Libreville, Gabon (0.35°N, 9.68°E, geographic) has
been separately used to develop models of probability of OII. These
two stations in the African low latitude region have extensive
GNSS data base. In Sections 2 and 3, the data sources and the
methods employed in this study are discussed, respectively. The
results which mainly focused on the validation of the models are
presented and discussed in Section 4. The conclusions of the study
are presented in Section 5.
Fig. 1. African map showing: (i) locations of IGS stations, MBAR, NKLG, BAKC,
NURK, and GPS-SCINDA, KAMP with triangles; (ii) the geomagnetic equator (black
solid line); and (iii) anomaly crests geomagnetic latitudes 15± ° (dotted lines).

Table 1
GNSS receivers used in the study.

Country Location Code Organisation Geog. lat.
(°N)

Geog. lon.
(°E)

Mag. lat.
(°N)

Uganda Kampala KAMP SCINDA 0.34 32.60 �9.29
Gabon Libreville NKLG IGS 0.35 9.68 �8.05
Uganda Mbarara MBAR IGS �0.60 30.74 �10.22
Uganda Mt. Baker BAKC UNAVCO 0.35 29.90 �9.25
Rwanda Kigali NURK IGS �1.94 30.09 �11.62
2. The data

The International GNSS Service (IGS) for Geodynamics stations
at Libreville, Gabon (NKLG) and Mbarara, Uganda (MBAR) shown
with triangles in Fig. 1 have fairly adequate data for more than one
complete sunspot cycle in the African low latitude region. There-
fore, to capture the diurnal, seasonal, and sunspot cycle patterns of
probability of OII for a complete sunspot cycle, this study used data
from these two stations. Since the geometry of the arrangement of
the stations does not favour inclusion of latitudinal dependence of
OII in the model, we developed using the same technique a model
over each station. The model developed over MBAR was validated
with data over Mt. Baker, Uganda (BAKC) (0.35°N, 29.90°E, geo-
graphic), Kigali, Rwanda (NURK) (1.94°S, 30.09°E, geographic), and
Kampala, Uganda (KAMP) (0.34°N, 32.60°E, geographic). The geo-
graphic distribution of the data sites used in this study for mod-
elling and validation is shown with triangles in Fig. 1. This figure
also shows the geomagnetic equator with a black solid line and the
anomaly crests geomagnetic latitudes (715°) in Africa with dotted
lines. The summary of information about the data sites used are
presented in Table 1.

The agencies that deployed GNSS receivers used in this study
are: SCIntillation Network and Decision Aid (SCINDA), University
NAVstar COnsortium (UNAVCO), and the IGS. The GPS-SCINDA
system is a network of ground based receivers established by the
Air Force Research Laboratory in collaboration with Boston Col-
lege, both from the USA to provide regional specification and short
term forecast of scintillations caused by electron density irregu-
larities in the equatorial ionosphere (Groves et al., 1997). The
UNAVCO is a non-profit University-governed consortium that fa-
cilitates geo-science research and education using geodesy (Ware,
1995). The IGS is a voluntary federation of worldwide agencies
that are committed to providing the highest quality data and
products as the standard for GNSS in support of Earth science
research, multi-disciplinary applications, and education (Mel-
bourne and Neil, 1995).

The Receiver INdependent EXchange (RINEX) data files (navi-
gation and observation) were used. For the IGS stations, the RINEX
files were obtained form Scripts Orbit and Permanent Array Center
(SOPAC).1 The GPS-SCINDA data from KAMP was provided by the
Physics Department of Makerere University, while the data of
BAKC was obtained from UNAVCO website. The RINEX files were
processed using GPS-TEC analysis application software (Seemala
1 http://www.sopac.ucsd.edu
and Valladares, 2011) to obtain Vertical TEC (VTEC) values and
elevation angles of the various satellites tracked as a function of
UT. Usually, 1 TECU¼1016 electrons per m2.

The VTEC data for quiet geomagnetic days (Kp 3≤ ) were con-
sidered in order to isolate the OII due to storms (Li et al., 2008).
Quiet geomagnetic days were identified by examining the 3 hourly
Kp index obtained from the World Data Center of Kyoto, Japan.2

The Kp index measures the overall level of geomagnetic dis-
turbance. Daily solar Flux index, F10.7, obtained from Space
Weather Prediction Center (SWPC) of the National Oceanic and
Space Administration (NOAA)3 were used to bin data of the re-
spective days into different solar flux levels.
3. The method

Ionospheric irregularities of electron density can be studied
using the rate of change of total electron content (ROT) which can
be determined using the expression (Aarons et al., 1996; Pi et al.,
1997)
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where VTECk
i and VTECk

i
1− are consecutive VTEC values at epochs tki

and tk
i

1− corresponding to observed satellite i. The ROT can provide
information on the spatial variation of electron density (Basu et al.,
1999). At low and mid-latitudes, for high elevation angles, the
fluctuations in ROT are due to ionospheric irregularities with scale-
sizes of several hundred meters to about 2.5 km (Pi et al., 1997).
This value also depends on plasma drift velocities. To identify and
statistically present the smaller scale irregularities, Pi et al. (1997)
defined the rate of change of TEC index (ROTI) by taking the
standard deviation of ROT over a 5-min period. According to Zou
and Wang (2009), large and small-scale ionospheric irregularities
at scale-lengths of a few kilometers and 400 m∼ can be investi-
gated simultaneously with the ROT and ROTI indices.

In this study, before computing the ROTI, VTEC measurements
with satellite elevation angle greater than 30° were considered in
order to minimise the effects of multi-path on the observations.
The ROTI computations were further limited to measurements
made from satellites that were locked on for greater than 4 min to
allow the receivers de-trending filter to stabilise, in case it had lost
lock on the carrier phase. The ROTI values for all the satellites in
view at the end of every 5 min (basic interval for computing the
ROTI) were averaged to obtain 5 min resolution data for a day.

3.1. Cycle slips and ionospheric irregularities

The median value of ROTI, MROTI, at epochs of observing CS
associated with ionospheric irregularities was considered as a
threshold for OII. The carrier-phase measured in whole cycles at
L-band frequencies L1 (1.57542 GHz) and L2 (1.2276 GHz), Φ1 and
Φ2, respectively, available in RINEX observation files was used to
determine the occurrence of CS. Examples of methods of CS de-
tection include, phase and code range combinations, doppler in-
tegration, differentials of phases with respect to time, and phase
combinations (Guochang, 2007; Hofmann-Wellenhof et al., 2007).
In this study, we used phase combinations. A parameter P identical
to ionospheric residual was computed using the
equation (Hofmann-Wellenhof et al., 2007):

P
L
L

1
2

. (2)1 2Φ Φ= −
Fig. 2. Variation of phase on L1 (Left column panels) and P (right hand s
If there are no CS, the temporal variations of P would be small, for
normal ionospheric conditions and for short baselines. Indicators
of CS events are sudden jumps in successive values of P. The
parameter P contains only frequency dependent parameters (see
Eq. (2)), depends on the ionosphere (and multipath), and varies
slowly with time. This geometry-free method is good for a single
receiver and does not need a priori knowledge of station or
satellite coordinates (Gunter, 2003).

To demonstrate CS and its detection using parameter P, we
present in Fig. 2 the variation of phase on L1 (left column panels)
and P (right hand-side panels) for some satellites on March 23,
2002 at MBAR. The satellites are identified with pseudo-random
numbers (PRN). The PRN's 26 and 27 indicate loss of lock (LL),
while satellites with PRN 1, 7, 10 experienced CS, marked CS in
Fig. 2. It can be seen in the right hand side panels of Fig. 2 that at
the epoch of CS or LL, there is a sudden jump in P value. Particu-
larly, we identified CS when a difference of greater than 2 occurred
in the successive values of P. The sudden jump in P value for PRN
26 might not be clearly visible due to the large units of both the
phase and P indicated in Fig. 2.

Several studies have shown that ionospheric irregularities oc-
cur mainly after sunset (Wanninger, 1995; Amabayo et al., 2011;
Olwendo et al., 2013), in the equinox months (Paznukhov et al.,
2012; Amabayo et al., 2011; Olwendo et al., 2013; D'ujanga et al.,
2013), and in high solar activity years (Aarons, 1993; Basu et al.,
1988). Bearing these points in mind, to increase chances of the
observed CS events being due to ionospheric irregularities, but not
other causes as stated in Section 1, we searched for CS events from
19:30 LT to 03:00 LT in equinox months (March, April, September,
and October) in the years, 2001–2004. In the search, when track-
ing a particular satellite, in epochs of every 5 min (interval over
which the ROTI is defined), occurrence or non-occurrence of CS
event and ROTI value was determined. The values of ROTI at the
epochs with CS were noted. For all the satellites tracked in the
entire stated period of searching CS events, the median of ROTI
values at the epochs of observing CS events was determined to
represent background ionospheric irregularity level.

The number of geomagnetically quiet nights in which CS were
searched over MBAR and NKLG was 87 and 151, respectively. Ta-
ble 2 presents the information on the number of nights per year
ide column panels) for some satellites on March 23, 2002 at MBAR.



Table 2
Number of nights, CS events, and median of ROTI at epochs of observing CS at
MBAR and NKLG during 2001–2004.

Year MBAR NKLG

Nights CS events ROTI (TECU/
min)

Nights CS events ROTI (TECU/
min)

2001 25 136 0.60 44 53 0.44
2002 29 168 0.81 45 48 0.47
2003 – – – 06 05 0.05
2004 33 56 0.16 82 92 0.55
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over each station CS were observed. The number of CS per year
and the corresponding median ROTI value at the epochs of ob-
serving CS is also presented in the table. Overall, over the two
stations, a total of 699 CS associated with ionospheric irregularities
were observed. The median ROTI value at the epochs of observing
the 699 CS was 0.54 TECU/min. Basing on these analyses, any ROTI
value 0.5 TECU/min≤ was considered as background ionospheric
irregularity level. Note that Tanna et al. (2013) and Ma and Mar-
uyama (2006) considered ROTI 0.5 TECU/min< as background io-
nospheric irregularity level in India and Japan, respectively.

3.2. Treatment of data

The data for the quiet day ionospheric irregularity levels (ROTI),
for the stations NKLG and MBAR during 2001–2012 were grouped
into 3 bins. The bins had F10.7 value ranges that represented low
Fig. 3. Number of available samples as a function of month and LT over MBAR (left colum
for LSA, MSA, and HSA months, respectively. The colour bar ranges from blue (low num
solar activity (LSA), medium solar activity (MSA), and high solar
activity (HSA) levels. We considered in sunspot cycle 23 the years
2003 and 2005 as the end of high solar activity and medium solar
activity periods, respectively. The lower limit (120) of the high
solar activity level bin corresponded to the median of F10.7 of the
year 2003. The lower limit of medium solar activity level bin (80)
corresponded closely to the median of F10.7 of the year 2005.
Therefore, the three bins had F10.7 value ranges as F 8010.7 < ,

F80 12010.7≤ ≤ , and F 12010.7 > for LSA, MSA, and HSA levels, re-
spectively. The data in each of the bins were grouped into 12
months of the year which were further arranged in LT bins. Since
ionospheric irregularities tend to occur after sunset and in some
cases they can be observed even after midnight, the LT bins ranged
from 18:00 to 06:00. During 18:00–20:00 LT and 03:00-06:00 LT,
the LT bins had resolution of 1 h. However, during 20:00 LT–03:00
LT, when the peak of OII is expected, 30 min resolution was ap-
plied. The probability of OII, Pirr at each LT of a given month and a
given solar flux range bin were calculated using the equation:

P
MNumber of ROTI

Total number of observed ROTI
. (3)irr

ROTI=
>

Fig. 3 presents the available number of ROTI values, used to
compute Pirr which in turn were used in the model that was de-
veloped over MBAR (left column panels) and NKLG (right column
panels). From this point onwards, the number of ROTI is referred to
as the number of samples. The top, middle, and bottom panels
present the number of samples used as a function of LT and month
during LSA, MSA, and HSA, respectively. For a month whose
number of samples in a typical 1 h interval, derived from 7 days
n panels) and NKLG (right column panel). Top, middle, and the bottom panels are
ber of samples) to red (high number of samples).



Table 3
Solar flux nodes used in the model.

Month F10.7 flux (MBAR) F10.7 flux (NKLG)

High Moderate Low High Moderate Low

January 86 73 176 87 76
February 122 90 74 168 98 75
March 179 89 73 166 96 74
April 187 97 71 182 97 73
May 176 93 72 160 95 72
June 144 97 71 155 96 70
July 150 91 70 147 91 71
August 154 95 69 158 94 70
September 170 96 70 182 90 69
October 167 95 72 160 87 71
November 170 96 73 173 92 72
December 94 72 181 90 71
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data would be 336 (number of ROTI values in 1 h (12) multiplied
by 7 multiplied by the nominal number of satellites that can be
viewed above 30° elevation at any time (4)). Therefore, we refer to
number of samples 300≥ being adequate, providing good re-
presentation. At MBAR, it can be noted from left hand column
panels in Fig. 3, the months of LSA are well represented at all
epochs. Most months of MSA are also well represented, except
February–April. For HSA, the months that have not been well re-
presented (number of samples 300< ) at some or all epochs range
from February to June. Unfortunately, January and December of
HSA are not represented at all.

At NKLG (right hand column panels in Fig. 3), the top panel
shows that the LSA months of April, May, August, and December
are not well represented at some epochs. The middle panel in-
dicates that all the months of MSA have been well represented.
The bottom panel shows that the HSA months of February–April
and August–September have not been well represented at some
epochs.

3.3. The model

A spline function of order n, with knot sequence t
→

is any linear
combination of Basis-splines (B-splines) of order n for the knot

sequence t
→

(De Boor, 2001). A group of spline functions forms the
spline space. Generally, the probability of OII as a function of LT (t),
month (m), and solar flux (F) can be expressed as a spline space
using the equation (Abdu et al., 2003; Iyer et al., 2006)

P t m F a N t N m N F( , , ) ( ) ( ) ( ),
(4)i j k

i j k i j k
1

20

1

12

1

3

, , ,4 ,2 ,2∑ ∑ ∑=
= = =

where N t( )i,4 is a cubic B-spline of order four applied to LT de-
pendence (t). N m( )j,2 and N F( )k,2 are cubic B-splines of order two
applied to monthly or seasonal (m) and solar flux (F) dependences,
respectively. Because of the rapid changes in Pirr with LT, especially
after sunset, a higher order (N t( )i,4 ) cubic B-spline was used to
represent LT dependence (Scherliess and Fejer, 1999). The coeffi-
cients ai j k, , were determined by a least squares fit to the binned
data. The various nodes were determined in a similar way as in
Scherliess and Fejer (1999), Abdu et al. (2003), and Iyer et al.
(2006). Twenty local time nodes were used and distributed
between 18:00 and 06:00 LT. For simple interpolation between
months, seasonal/monthly nodes were placed at the 15th day of
each month. Solar flux nodes each representing weighted value
within the respective solar flux range bin for each month, that
were determined and used to develop models over MBAR and
NKLG, are shown in Table 3.
4. Results and discussion

By considering M 0.5ROTI = in Eq. (3), the probabilities of OII as a
function of LT, month, and solar flux have been computed and
modelled using Eq. (4).

4.1. Comparison of model with observations

Fig. 4 presents the comparison of the probability of OII obtained
from the binned data as a function of month and LT (left panels)
with the modelled data (right panels) over MBAR. The top, middle,
and bottom panels correspond to LSA, MSA, and HSA levels, re-
spectively. The colour bar ranges from blue (low probabilities) to
red (high probabilities). The white space in the bottom panels
shows missing data. At all solar flux levels, and particularly during
equinox months, the binned data shows that the starting time of
observing probability of OII values greater than 0.1 is just after
20:00 LT, lasting up to about 01:00 LT. Moreover, the observed
binned data shows that the peak of probability of OII mostly oc-
curs at about 22:30 LT. As seen in the right hand-side panels of
Fig. 4, these diurnal patterns in probability of OII have been re-
produced by the model.

Theoretically, plasma bubbles are formed after sunset as a re-
sult of much faster recombination at lower altitudes than at higher
altitudes. Therefore, a steep upward plasma density gradient exists
between the bottom side ionosphere and the upper F region (Li
et al., 2008). This produces the classical configuration for the
Rayleigh–Taylor (R–T) instability (Schunk and Nagy , 2009; Kamide
and Maltsev, 2007). In the generalised R–T instability, during the
day, the zonal electric field in the lower ionosphere is eastward
due to the thermospheric winds orientation in the same direction
(Kelley, 2009). The eastward electric field, in combination with the
northward B field, produces an upward E�B drift of the F region
plasma. The general condition for instability is that the E� B di-
rection be parallel to the plasma density gradient.

Apart from the effect of the eastward electric fields on the F
region plasma during the day, the evening equatorial F region of-
ten shows enhanced vertical drifts, also known as the Pre-Reversal
vertical drift velocity Enhancements (PRE). Under PRE, the de-
pleted plasma of the lower heights rise up to the topside iono-
sphere in the form of plasma bubbles or irregularities (Fejer and
Scherliess, 1999; Li et al., 2008; Basu et al., 1999; Cervera and
Thomas, 2006). In addition to vertical drifts of up to heights of
1000 km, the irregularities map poleward along the magnetic field
lines until they reach the Appleton anomaly regions (715° geo-
magnetic latitude) (Zou and Wang, 2009).

In line with the described theory, Wanninger (1995) stated that
scintillation occurs approximately between 1 h after sunset and
midnight, and occasionally continues until dawn. Therefore, our
observations of increased Pirr mostly during 20:00–00:00 LT is
within this frame.

The model has also captured the solar activity dependence very
well. In Fig. 4 the observed data shows that as the solar activity
increases (top to bottom in the panels), the probability of OII also
increases, especially during equinox months. This solar activity
dependence of OII has been captured by the model as shown in
the right hand panels of Fig. 4.

The low observations of Pirr during low and moderate solar
activity conditions could be due to low electron density in the
post-sunset period in this condition (Aarons, 1993). Basu et al.
(1988) used extensive VHF/UHF scintillation data base at the
equatorial (American sector), equatorial anomaly (Pacific sector),
and a high latitude region to determine the magnitudes of phase
and intensity scintillations and their temporal structures during



Fig. 4. Panels on the left present contour plots of computed probability of OII over MBAR, while panels on the right present contour plots of modelled probability of OII. Top,
middle, and bottom panels correspond to LSA, MSA, and HSA levels, respectively. The colour bar ranges from blue (low Pirr) to red (high Pirr).
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the sunspot maximum and minimum periods. They found a strong
solar activity control of scintillation activity at all regions. Aarons
(1993) stated that years of high solar flux bring about both higher
occurrence of equatorial irregularities and higher scintillation
intensities.

Another aspect captured by the model is the seasonal depen-
dence of the probability of OII. Particularly in MSA and HSA, the
increased probabilities of OII in Mar equinox and Sep equinox in
the observed data have been reproduced by the model.

The seasonal dependence of Pirr observed is consistent with
those reported by Wanninger (1995), Paznukhov et al. (2012),
Olwendo et al. (2013), and D'ujanga et al. (2013). The production of
the ionosphere is dependent mainly on the intensity of the io-
nising radiation from the Sun. The intensity of the ionising ra-
diation varies with the elevation of the Sun (Hargreaves, 1992). In
equinox months, the elevation of the Sun is high at the low lati-
tudes in the African region. This means increased ionisation and
the occurrence of severe ionospheric irregularities.

Fig. 5 is similar to Fig. 4, but for NKLG. The figure has also de-
monstrated that the model is capable of capturing the diurnal,
seasonal, and solar flux dependence patterns of probability of OII.
The outstanding difference between Figs. 5 and 4 is: both the
observed data and the modelled data of Fig. 5 show that there is a
secondary peak in probability of OII at about 01:00 LT, especially
during Mar equinox.

Valladares et al. (2004) stated that the polarisation electric
fields vary greatly in LT and latitude. Since NKLG and MBAR have
different local times and latitudes, it is possible to experience a
secondary peak in Pirr over NKLG (see Fig. 5), and not over MBAR.
The observation of a secondary peak in Pirr in both the observed
and modelled data over NKLG may be due to the closeness of
NKLG to the dip equator. The poleward mapping of the ionospheric
irregularities might have diminished considerably at dip latitude
of MBAR ( 10.22 S∼ ° ), while at the dip latitude of NKLG ( 8.05 S∼ ° )
the mapping might still be significant. Generally, it has been ob-
served that ionospheric irregularities over the western low lati-
tudes in Africa are stronger than those in the east (Paznukhov
et al., 2012). More work needs to be done to understand exactly
the mechanism for the occurrence of a secondary peak in the
probability of OII over NKLG.

In addition to validating the models using the binned data
(Figs. 4 and 5), we computed the Pirr in the months of the years
2002, 2005, and 2008. These years represent HSA, MSA, and LSA
periods, respectively. Fig. 6 presents the comparison of the com-
puted Pirr with the corresponding modelled Pirr over MBAR (panels
(a)–(c)) and NKLG (panels (d)–(f)). The blue line and the green
markers represent the observed data and the modelled data, re-
spectively. It is important to remember that the LT for the com-
parison in a month ranges from 18:00 to 06:00. For clarity pur-
poses, the LT marks were not labelled in Figs. 6–9. In Fig. 6, the
observed data (blue solid curve) shows that the probability of OII
begins to increase at about 20:00 LT, peaking at about 23:00 LT. By
about 01:30 LT the probability of OII vanishes. These diurnal pat-
terns are closely approximated by the model (green markers) and
are clearly exhibited in equinox months, in the years 2002 and
2005. In the year 2008, mostly probability of OII values close to
zero are observed both in the measured and modelled data. The
close approximation by the model of the patterns exhibited by the
observed data during 2002, 2005, and 2008 in the different sea-
sons suggests that the models developed over each of the station



Fig. 5. Similar to Fig. 4, but for NKLG.
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is capable of capturing diurnal, seasonal, and solar activity de-
pendence patterns of probability of OII over the respective station.
Fig. 6. Comparison of measured probability of OII with modelled values over MBAR (pan
green dotted lines represent observed and modelled values, respectively. (For interpretati
version of this paper.)
However, cases of discrepancies between the observed and the
modelled probability of OII can be visualised in Fig. 6. Over MBAR
els (a)–(c)) and NKLG (panels (d)–(f)) for the years 2002, 2005, and 2008. Blue and
on of the references to colour in this figure caption, the reader is referred to the web



Fig. 7. Comparison of measured probability of OII with modelled values over BAKC. Panels (a), (b), and (c) are for the years 2009, 2010, and 2011, respectively. Blue and green
dotted lines represent observed and modelled values, respectively. (For interpretation of the references to colour in this figure caption, the reader is referred to the web
version of this paper.)
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discrepancies exist in May and September, 2005, while over NKLG,
discrepancies exist in February, July, and August, 2002, and Sep-
tember, 2008. Mostly, these discrepancies are due to inadequate
data used in the computation of probability of OII over each sta-
tion in the affected months.

Next, we validated the model developed over MBAR with data
over stations away from MBAR. Due to unavailability of a station
with data in the same LT zone as NKLG, we did not validate further
the model over NKLG station. To validate the model over MBAR,
Fig. 8. Similar to Fig.
data from BAKC, KAMP, and NURK were used. These stations are
close to MBAR (see Fig. 1) and they are also approximately in the
same LT zone.

Fig. 7 presents the comparison of observed probability of OII
with the modelled values over BAKC. Panels (a), (b), and (c) are for
the months of the years 2009, 2010, and 2011, respectively. In
Fig. 7, the observed data (blue solid curve) and the modelled data
(green markers) exhibit diurnal, seasonal, and solar activity de-
pendence patterns similar to those discussed over MBAR and
7, but for KAMP.



Fig. 9. Similar to Figs. 7 and 8, but for NURK.
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NKLG (Fig. 6). The close approximation by the model of the pat-
terns exhibited by the observed data during 2009–2011 in the
different seasons suggests that the model is capable of capturing
diurnal, seasonal, and solar activity dependence patterns of
probability of OII over BAKC. Note that the yearly mean F10.7 flux
during 2009–2011 ranges from about 71 to 113. In most cases,
Fig. 7 has shown that the model over MBAR station approximates
Fig. 10. Monthly root mean squared errors in the comparison of the modelled and th
(c) 2011–2012 over KAMP. The crosses indicate months where the number of samples us
and red bars represent the rmse values during 2009, 2010, 2011, and 2012, respectively
closely the probability of OII over BAKC at a distance of about
137.64 km (north west). The discrepancies between the modelled
and the measured data in Figs. 7–9 have been quantified with the
monthly root mean squared errors (rmse) in the months validated.
These discrepancies and the rmse will be discussed later.

Fig. 8 is similar to Fig. 7, but for KAMP. Panels (a) and (b) are for
the months of the years 2011 and 2012, respectively. The diurnal
e observed Pirr during (a) 2009–2011 over BAKC, (b) 2009–2012 over NURK, and
ed in either the model or month to be validated was inadequate. Blue, cyan, yellow,
.
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and seasonal patterns of observed and the modelled Pirr shown in
Fig. 8 are similar to those of BAKC (Fig. 7) that was discussed
previously. Generally, Fig. 8 has shown that the model over MBAR
also tries to approximate closely the diurnal and seasonal depen-
dence of probability of OII over KAMP, at approximate straight line
distance of about 237.61 km (north-east).

Fig. 9 is similar to Figs. 7 and 8, but for NURK. Panels (a), (b), (c),
and (d) are for the months of the years 2009, 2010, 2011, and 2012,
respectively. The increasing trend of both observed and modelled
probability of OII during 2009–2012 (increasing solar activity, with
mean yearly F10.7 flux ranging from 71 to 120) can be visualised in
Fig. 9, particularly in equinox months. The diurnal patterns of both
observed and the modelled probability of OII are similar to those
discussed for the validation over BAKC. In summary, apart from the
few cases of the inability of the model developed over MBAR to
accurately predict the probability of OII, most of the months have
exhibited fairly good comparison between the observed and the
modelled probability of OII. The model developed over MBAR
captured the diurnal, seasonal, and solar activity dependence
patterns of probability of OII over NURK (straight line distance of
approximately 162.42 km, south-west of MBAR).

Most discrepancies between modelled and observed data in
Figs. 7–9 depict that the model underestimates the Pirr over BAKC
and NURK, while it overestimates the Pirr over KAMP. Fig. 10 pre-
sents the monthly rmse for the comparison of the modelled and
the observed Pirr during (a) 2009–2011 over BAKC, (b) 2011–2012
over KAMP, and (c) 2009–2012 over NURK. In the figure, the bars
for rmse in the months with inadequate data used to either de-
velop the model over MBAR or validate it are marked with crosses.
Blue, cyan, yellow, and red bars represent the rmse values during
2009, 2010, 2011, and 2012, respectively.

In order to link the performance of the model during validation
in the various months to the available number of samples used in
development of the model (Fig. 3), it is important to note the solar
flux levels of the months validated at each station. For this reason,
the average of the daily solar flux values of the days considered in
each of the months validated in Figs. 7–9 were computed. For
BAKC, the averages for the months of the year 2009 show that they
belong to LSA conditions. Apart from the months, April–June of the
year 2010 that have been categorised as LSA months, the rest have
been identified as MSA months. In the year 2011, all the months
fall in the group of MSA. For KAMP, the months of October and
November, 2011 belong to HSA conditions. The rest of the months
considered in 2011 and 2012 have been identified as MSA months.
While for NURK, apart from the months January–March and July–
November of the year 2010, the rest of the months considered in
the years 2009 and 2010 have been identified as LSA months. With
the exception of September and October that have been identified
as HSA months, the rest of the months in the years 2011 and 2012
have been categorised as MSA months.

The underestimation of the Pirr by the model at BAKC (Fig. 7,
panel (c)) in March and April, 2011 has been reflected in the large
rmse observed in Fig. 10, panel (a), in the respective months. These
disagreements could be due to the low number of samples avail-
able in these months of MSA as shown in Fig. 3.

For the validation at KAMP (Fig. 8, panel (b)), the visible dif-
ference between the observed and the modelled data in June, 2012
has been manifested in the large rmse observed in that month.
Since Fig. 3 has shown that the number of samples used in the
model in June of MSA has been adequate, the discrepancies in this
month might be due to the low number of samples from KAMP
that was used in computing probability of OII in this month (not
shown here).

The rmse values indicated in Fig. 10 (panel (b)) at NURK reveal
poor prediction of the probability of OII by the model in April and
October in 2011, and March–April, 2012. These high rmse values
quantified the discrepancies in the respective months and years in
the corresponding Fig. 9. These discrepancies might be due to the
low number of samples used in the model. For instance, the left
bottom panel in Fig. 3 shows that in HSA, there has been a low
number of available samples in March and April. The left middle
panel in Fig. 3 shows that in MSA, there has been a low number of
available samples in April, and fairly adequate available number of
samples in October. The number of samples in October, 2011 at
NURK for computing the probabilities of OII was adequate (not
shown here). Basing on these analyses, the underestimation of the
probability of OII by the model in October, 2011 over NURK may
have a different cause. More investigations are needed to under-
stand such circumstances.

The distribution of the model errors (difference between the
observed probability of OII and the modelled probability of OII) at
NURK, BAKC, and KAMP are presented in Fig. 11, panels (a), (b), and
(c), respectively. The errors presented at each station cover the
entire period for which there were data available at each station.
At the right end of each panel in Fig. 11, the total number of errors,
mean error, the standard deviation, and the median are presented.
It can be observed at all the three stations, the errors are random
in nature (mean error is 0≈ ). The median and the standard de-
viation of the errors increase with increase in distance fromMBAR.
The percentages of the number of errors less than 0.05 at Mt.
Baker, Kigali, and Kampala are 96.2, 92.7, and 83.3, respectively.
5. Conclusions

We have developed models of geomagnetically quiet time
probability of occurrence of ionospheric irregularities over African
low latitude region. GNSS-derived total electron content of the
ionosphere data from Mbarara, Uganda and Libreville, Gabon
during the period 2001–2012 were used. First, we established the
ROTI value associated with background ionospheric irregularity
over the region. This was done by analysing GNSS carrier-phases at
L-band frequencies L1¼1.57542 GHz and L2¼1.2276 GHz with the
aim of identifying cycle slip events. We identified over both sta-
tions, a total of 699 events of cycle slips. To increase the chances of
cycle slips due to ionospheric irregularities, the search period was
restricted to 19:30–03:00 LT in equinox months of the years,
2001–2004. The median ROTI value at the epochs of observing the
699 CS events was 0.54 TECU/min. Probability of occurrence of
ionospheric irregularities associated with ROTI 0.5 TECU/min≥
was then modelled by fitting cubic B-splines to the data. The
model developed over Mbarara was validated with data over Mt.
Baker, Uganda (approximately, 137.64 km, north west), Kigali,
Rwanda, (approximately, 162.42 km, south west) and Kampala,
Uganda (approximately, 237.61 km, north east). For the period
validated at Mt. Baker, Kigali, and Kampala the percentages of the
number of errors (difference between the observed and the
modelled probability of occurrence of ionospheric irregularity) less
than 0.05 are 97.3, 89.4, and 81.3, respectively. The model per-
formed well at the epochs when the number of samples used in
the model was adequate. Apart from inadequate number of sam-
ples used in the model development, another limitation of the
model could be low value of the upper limit of solar flux nodes
(186 for MBAR and 182 for NKLG). The majority of the dis-
crepancies in the months validated at BAKC and NURK show that
the model underestimates the probability of OII, while the ma-
jority of the discrepancies in the months validated at KAMP show
that the model overestimates the probability of OII. These may be
due to the fact that the strength of ionospheric irregularities tends
to reduce from west to east in the low latitudes in Africa (Paznu-
khov et al., 2012). When more data becomes available over the
region, these models will be combined to include a spatial



Fig. 11. Frequency distribution of the difference between the computed probability of OII and the modelled probability of OII at (a) NURK during 2009–2012, (b) BAKC during
2009–2011, and (c) KAMP during 2011–2012. Number of errors, mean error, standard deviation, and the median error are shown on the right extreme end of each panel.
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dimension (longitudinal and latitudinal). In future, parameters
that drive the occurrence of ionospheric irregularities during
geomagnetically disturbed days will be established and in-
corporated in the model.
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