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Abstract

In recent decades, the reliance on Global Navigation Satellite System (GNSS) applications is gaining ground in the East African
region. This region lies within the low geomagnetic latitudes where signal scintillation events due to ionospheric irregularities are fre-
quent. Signal scintillation events pose a considerable challenge to the carrier tracking loop of a Global Positioning System (GPS) recei-
ver’s phase locked loop (PLL) and can result in cycle slips or even a total loss-of-lock. The cycle slips can degrade and disrupt satellite-
based navigation systems, leading to significant positioning errors. In this study, data from the International GNSS Service (IGS) and
SClntillation Network and Decision Aid (SCINDA) for the year 2011 was used to statistically analyse the effects of ionospheric scintil-
lation on satellite-based navigation over the East African region. Results obtained show that signal scintillation events follow a seasonal
pattern with a higher percentage occurrence of amplitude scintillation events over phase scintillation events. Using the method of phase
combinations, cycle slips were identified on GPS L-band signals. It was observed that the frequency of occurrence of cycle slips is higher
on L2-frequency than on L1-frequency of the L-band. Furthermore, results showed that the presence of signal scintillation events in sig-
nal ray paths increased the errors in GPS receiver position measurement by up to about 10 m. This can compromise the reliability and
accuracy of GPS applications in navigation.
© 2021 Published by Elsevier B.V. on behalf of COSPAR.

Keywords: lonospheric irregularities; Ionospheric scintillation; Global navigation satellite system; Loss-of-lock; GPS Position measurement error

1. Introduction

Loss-of-lock (LL) and signal loss due to L-band signal
scintillation events are by-far the most challenging effects
of the Earth’s ionosphere on the operations of GNSS appli-
cations (Klobuchar, 1991; Jiao et al., 2014). The signal
scintillation events caused by ionospheric irregularities
are predominant in high-latitude (> +65° of the geomag-
netic equator) and low-latitude (< £20° of the geomagnetic
equator) regions, particularly during solar maxima (Sreeja
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et al., 2011). The irregularities are less frequent in mid-
latitude (4+20° to =+65° of the geomagnetic equator)
regions. The ionospheric irregularities in high-latitude
regions have been associated with transient solar events
such as geomagnetic storms, while in low-latitude sector,
the ionospheric irregularities have been associated with
plasma drifts, neutral winds and pre-reversal enhancement
(PRE) of the equatorial eastward electric field (Aarons
et al.,, 1996; Du et al., 2000; Strangeways et al., 2011).
These factors that lead to ionospheric irregularities in the
low-latitude regions are predominantly post sunset events,
and are not primarily driven by the transient solar activities
since they can even occur during geomagnetically quiet
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times (Sreeja et al., 2011). These differing factors that lead
to the occurrence of ionospheric irregularities in the differ-
ent geomagnetic regions can be linked to the type of signal
scintillation events that dominate the regions.

Many studies on ionospheric signal scintillation events
(e.g. Aarons et al., 1996; Skone et al., 2005; Yizengaw
et al., 2013) have been conducted in different parts of the
world owing to the great impact scintillation events can
have on GNSS receiver signal tracking performance. They
can also impact the accuracy of GPS receiver position mea-
surement estimates. In high-latitude regions, the predomi-
nant phase scintillation events can induce rapid phase
shifts that may exceed the phase locked loop (PLL) band-
width of the GNSS receiver, resulting in a loss of phase
lock (Leick, 1995). Phase scintillation is characterized by
scintillation index, o4, which is the standard deviation of
the signal carrier phase and is given by the expression
(Van Dierendonck and Arbesser-Rastburg, 2004; Beach,
2006),

0p =\ () — (@), (1)

where @ is the de-trended carrier phase of the GNSS signal;
and () indicates the average over a time interval of typically
60 s.

In low latitudes, amplitude scintillation is predominant
and can cause the signal-to-noise ratio (SNR) to drop
below the receiver’s fading depth threshold, leading to sig-
nal loss and occurrence of cycle slips (Jiao et al., 2014). The
cycle slips present sudden jumps in the carrier phase
observables in GPS measurements by a multiple of integer
number of cycles (Leick, 2004). These sudden jumps may
occur independently on each or both of the L-band carrier
frequencies. Amplitude scintillation is characterized by
scintillation index, S4, which is the standard deviation of
the received signal power measured at 50 samples per sec-
ond, normalized over its mean value. Amplitude scintilla-
tion index, S4, is given by the expression (Briggs and
Parkin, 1963; Datta-Barua et al., 2003),

where I is the intensity (power) of the signal and is com-
puted by I = A% A denotes the amplitude of the signal.
The ionospheric behaviour over the East African low-
latitude region is characterized by intense irregularities that
can cause signal scintillation and occurrence of cycle slips
on carrier phase measurements (Conker et al., 2003). The
existence of cycle slips on carrier phase measurements
can significantly influence the quality of GPS receiver posi-
tion estimates. Apart from ionospheric scintillation events,
other factors that can lead to the occurrence of cycle slips
in carrier phase measurements include the malfunctioning
of a receiver’s software and/or hardware, multipath and
line-of-sight signal obstructions by obstacles like tall build-
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ings, forests and mountains (Skone et al., 2001; Hofmann-
Wellenhof et al., 2007). All these factors increase the dilu-
tion of precision due to inefficient geometry of visible satel-
lites. This affects the reliability and accuracy of GNSS
applications in navigation and surveying (Banville et al.,
2010). It also impacts ionospheric total electron contect
(TEC) calculation (Yue et al., 2011).

Previous studies (e.g. Olwendo et al., 2013,Amabayo
et al., 2014; Mungufeni et al., 2015) focussed on the occur-
rence of ionospheric irregularities and signal scintillation
over the East African low latitude region, but did not
pay attention to cycle slips and the impact of signal scintil-
lation events on navigation and surveying. Since a cycle slip
presents a discontinuity on a measured carrier phase due to
transient LL in the tracking loop of a GNSS receiver (Yue
et al., 2016), it limits the accuracy of position measure-
ments by GNSS users. As a result, different studies (e.g.
Donghyun and Langley, 2001; Hofmann-Wellenhof et al.,
2007; Banville et al., 2010) developed different methods
for detecting and repairing cycle slips. Such methods for
detecting cycle slips include phase and code range combina-
tions, doppler integration, differentials of phases with
respect to time, and phase combinations. Fortunately, cycle
slips arising from line-of-sight obstructions and multipaths
can be avoided by setting high receiver mask elevation
angles (= 20°), depending on the location of the receiver
(Mungufeni et al., 2015). In addition, some of the modern
receivers are designed with the capability of dynamically
changing the PLL bandwidth to allow for continuous
tracking of the carrier phase (Humphreys et al., 2005).
However, the challenge associated with the dynamically
changing PLL bandwidth is that it is also associated with
larger noise measurement, which can still degrade the per-
formance of GNSS applications. In this study, we exam-
ined the statistics of occurrence of scintillation induced
cycle slips on the different GPS L-band frequencies over
the East African region using 2011 GPS data obtained
from some selected International GNSS Service (IGS)
and University NAVstar COnsortium (UNAVCO) receiver
stations located in the region. Furthermore, we analyzed
the effect of ionospheric irregularities on GNSS user posi-
tion measurements in the region using parameters obtained
from SCINDA data collected from SCINDA receivers in
the same region for the same period.

2. Data sources and processing

The 2011 GPS and scintillation data used in this study
were obtained from IGS and SCINDA receiver stations
located within the East African region as shown in
Fig. 1. The year 2011 was selected because it was on the
ascending side of solar cycle 24, one of the weakest solar
cycles in centuries (https://earthsky.org/space/solar-cycle-
24-25-sunspot-predictions). This period was ideal for this
study because the ionospehere had less agitations from
solar activities. In addition, for the first time, both GPS
and scintillation data could be obtained from IGS and
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Fig. 1. Map of East Africa showing the locations of the selected IGS and
SCINDA receiver stations from which the data used in this study was
obtained.

SCINDA receiver stations installed within this region of
study. The GPS data, contained in Receiver INdependent
EXchange (RINEX) file format, was downloaded from
Crustal Dynamics Data Information System (cddis) data
centre via ftp://cddis.gsfc.nasa.gov from IGS receivers with
station codes RCMN, MBAR and EBBE located in Nair-
obi (Kenya), Mbarara and Entebbe (in Uganda), respec-
tively. The scintillation data, contained in ionospheric
scintillation monitor (ism) format, was obtained from
SCINDA receivers with station codes MBA, MAK and
UON located at Mbarara University of Science and Tech-
nology, Makerere University and University of Nairobi,
respectively. The choice of these IGS and SCINDA recei-
ver stations was based on the fact that their locations were
close to each other. The distances between the IGS and
SCINDA receivers are: MBAR to MBA is 9.2 km, EBBE
to MAK is 37.2 km and RCMN to UON is 10.2 km.
Table 1 presents the geographic and geomagnetic lati-
tudes, and the geographic longitudes of the selected recei-
ver stations used in this study. The number of days for
which the stations had data available for analysis and the
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resolution of the data are also presented in Table 1. The
geomagnetic latitudes for epoch 2011 were calculated using
the APEX model, obtainable at https://www.ngdc.
noaa.gov/geomag/geom util/apex.shtml. Occasional sys-
tem outages due to hardware, software or environmental
issues led to missing data during this period of study. This
explains why in Table 1, the IGS receiver station at
Entebbe (EBBE) was the only one that collected data
throughout the year, presenting 365 days of data. The rest
of the receiver stations presented fewer days with data,
hence data gaps. Fig. 2 summarizes the distribution of data
collected per receiver station by analysing the number of
days during which data was recorded in each month.

2.1. Processing of scintillation events

The ism binary files, obtained from the SCINDA recei-
ver stations, were processed using the Parseismr.exe pro-
gramme developed by the suppliers of the Novatel
GSV4004B scintillation receivers (Van Dierendonck,
2009). At extraction level, we fixed the lower and upper
scintillation thresholds at 0.10 and 1.20 respectively, for fil-
tering out S4 and g4 values. Scintillation levels below 0.10
were considered to be due to background and receiver
noise, while those above 1.20 were regarded as outliers
(Amabayo et al., 2014). The output generated was recorded
after every 60 s interval. Depending on the impact of scin-
tillation events on GPS signals as the signals traverse the
ionosphere, scintillation events have been classified into
three levels: weak for S4 and o4 values between 0.10 and
0.25, moderate for S4 and o4 values between 0.25 and
0.70 and strong for S4 and o4 values above 0.70
(Jakowski et al., 2008; Kai et al., 2019); and they noted that
signal fading peaked when S4 and ¢4 values were >0.70.
This classification of scintillation events was adopted in
this study and therefore, any scintillation event having S4
and o¢ values greater than 0.70 was considered to be a sev-
ere scintillation event, capable of causing cycle slips or LL
in carrier phase measurements. The monthly percentage
occurrence of S4>0.70 or oo > 0.70 or both S4 and
ae > 0.70 were calculated using the expression,

Table 1

IGS and SCINDA receiver stations used in this study.

Station Manufacturer Receiver Geographic Geomagnetic 2011 Days Resolution
Code Name Type Lat (°) Lon (°) Lat (°) with data (s)
IGS

RCMN LEICA GRX1200GGPRO —-1.22 36.89 —10.82 331 30
MBAR ASHTECH TRE-G3TH —0.60 30.74 —11.00 158 30
EBBE TRIMBLE NETRS 0.04 32.44 —10.07 365 15
SCINDA

UON NovAtel GSV4004B —1.28 36.82 -10.90 351 60
MBA NovAtel GSV4004B —0.62 30.66 —11.03 80 60
MAK NovAtel GSV4004B 0.35 32.57 -9.71 219 60
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Fig. 2. Monthly number of days with data in 2011 for the (a) IGS stations and (b) SCINDA stations.
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where X stands for S4>0.70, X, stands for o, > 0.70, and
X5 stands for both S4 and ¢, > 0.70. N(X;), N(X;) and N
(X3) stand for the monthly number of data points corre-
sponding to scintillation index S4 > 0.70, scintillation
index ¢4 > 0.70 and both scintillation indices S4 and
oy > 0.70 N, respectively. N,y is the total number of
scintillation events above noise-level threshold of 0.10 in
the month being considered.

To minimize potential multipath and line-of-sight signal
obstruction effects, consideration was only given to scintil-
lation events for the ray paths that had elevation angles
above 20°. This elevation angle was arrived at given that
the GPS receiver stations considered in this study are
located in raised semi-arid landscapes where green vegeta-
tion cover is minimal. We were also interested in receiving
data from as many visible satellites as possible. Thus, set-
ting an elevation angle threshold of 20° was considered
to be sufficient to eliminate all the multipath effects as sug-
gested by Amabayo et al. (2014). In addition to the consid-
eration of the elevation angle, signal scintillation events
associated with ray paths to GNSS satellites with Pseudo-
Random Number (PRN) values beyond 32 were removed.
Such satellites were associated with Geostationary Satellite
Data and with GNSS constellations other than GPS,
according to information obtained from the GPS data
scripts.

x 100%,i = 1,2, 3., (3)

2.2. Processing of cycle slips

To obtain the carrier-phase measurements from GPS
RINEX observation files, we used a MATLAB customized
function that outputs the L-band carrier phase measure-
ments L1 and L2 at frequencies f, (1.5754 GHz) and f,
(1.2276 GHz), respectively at a sampling rate of 30 s.
Various methods of detecting cycle slips from the L-band

carrier measurements have been described by Hofmann-
Wellenhof et al. (2007) and Zhen (2012). Such methods
include phase and code range combinations, phase combi-
nations, differentials of phases with respect to time, and
doppler integration. In this study, we used the method of
phase combinations to detect cycle slips on the L-band car-
rier phase measurements. This method is good for stan-
dalone receivers and does not require prior knowledge of
the receiver station or spacecraft position coordinates
(Gunter, 2003). From the linear combination of the two
L-band carrier frequencies f| and f, with carrier phase
pseudoranges ®; and ®,, the ionospheric residual, IR, is
defined as (Hofmann-Wellenhof et al., 2007),

IR = @ —Jld)z, (4)
/a

Eq. (4) shows that IR depends only on the ionosphere
and the frequencies of the carrier signals, but is neither
dependant on the location of the receiver station nor
the satellite position. In the absence of signal scintillation
events and cycle slips along the ray paths, the temporal
variations of IR would be small. Therefore, sudden
jumps in successive values of IR are indicators of cycle
slip events that occur simultaneously on both L1 and
L2 carrier phases. We used a MATLAB code to search
for and to separately count the cycle slips, Y, on carrier
phase L1 and the cycle slips, Y,, on carrier phase L2.
Our findings revealed that Y,>Y,. This meant that the
cycle slips were not always occurring simultaneously on
both carrier phases. Based on the algorithm proposed
by Hofmann-Wellenhof et al. (2007), the cycle slips,
Y3, that occurred simultaneously on both carrier phases,
L1 and L2, were searched and counted by observing sud-
den jumps in the values of IR derived using Eq. (4). To
normalize our observations, the total number of cycle
slips observed on a specific carrier phase or simultane-
ously on both carrier phases were expressed as a percent-
age of all the cycle slips observed in a particular IGS
receiver station using the expression,
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N(Y,) x 100%,

Total

i=1,2,3., (5)

Percentage of cycle slips observed =

where Y, represents a cycle slip on only carrier phase L1,
Y, represents a cycle slip on only carrier phase L2 and
Y5 represents simultaneous cycle slips on both carrier
phases L1 and L2. N(Y), N(Y,) and N(Y3) are the total
monthly number of cycle slips observed on only L1 phase,
only L2 phase and simultaneously on both L1 and L2
phases, respectively. Nz, 1s the total number of cycle slips
observed in a given station over a specified time, namely
one year.

2.3. Processing of GPS receiver position measurement errors

To analyze the effect of ionospheric scintillation events
on the performance of GNSS applications in receiver posi-
tion measurements, we based our analysis on a compara-
tive study of two consecutive days. We considered a day
when ionospheric scintillation events were observed fol-
lowed by a day when no ionospheric scintillation events
were recorded. Although there is no guarantee that scintil-
lation events will not occur the day after an intense scintil-
lation event day, there is also a possibility that the converse
is true. Therefore in the interest of this study, we searched
for consecutive days; one with scintillation events and the
next without scintillation events. The purpose of selecting
successive days is to ensure that almost the same satellites
were visible in the sky and that their geometry would not
have changed greatly on those days. This ensured unifor-
mity of the data sources, thus minimising errors attributed
to the malfunctioning of satellite software and/or hard-
ware. To achieve these, satellite positions in the sky were
tracked using information obtained from SP3 ephemeris
files downloaded from http://earth-info.nga.mil/GandG/
sathtml/sp3format.html. These positions were transformed
from the earth-centered-ecarth-fixed (ecef) coordinate sys-
tem to the local azimuth-elevation-slantrange (AER)
spherical coordinate system using the MATLAB in-built
function ecef2aer. The AER coordinates were then used
to generate the skyplots of the visible satellites at iono-
spheric pierce point (IPP). The actual SCINDA receiver
positions were read from the ism binary files, while the esti-
mated epoch by epoch receiver longitudes, latitudes and
altitudes were obtained from PSN files contained in GPS
ionospheric scintillation and TEC measurement (GISTM)
data, obtainable at the locations of the SCINDA receivers.
The difference between the estimated receiver positions and
the actual position of the receiver were computed to deter-
mine the receiver position measurement errors. Deviations
of the estimated receiver positions along longitudes, lati-
tudes and altitudes from the actual receiver position were
then converted into arc lengths on the spherical surface
of the Earth to obtain the receiver position errors on the
Earth’s surface along these dimensions in units of length.
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The standard deviation in the error of the estimated posi-
tion of each receiver was then determined.

3. Results and discussion
3.1. Signal scintillation

The diurnal occurrence of amplitude scintillation (S4)
events derived using scintillation data obtained from the
three SCINDA receiver stations of MBA, MAK and
UON during the year 2011 is presented in Fig. 3. It is
observed that significant scintillation events were registered
in all the three receiver stations from 16:00 to 24:00 UT
(LT = UT + 3 h), although signal scintillation events were
likely to occur at anytime of the day.

These figures clearly show that significant signal scintil-
lation events over the East African region are predomi-
nantly post sunset, pre sunrise events. Since the GPS
receivers considered in this study are located in raised
semi-arid landscapes where green vegetation cover is mini-
mal, it was considered that setting signal ray path elevation
angle threshold of >20° was sufficient to elliminate all sig-
nal scintillation events due to multipath and line-of-sight
signal obstructions caused by vegetation cover and land-
scape terrain as contained in Amabayo et al. (2014). There-
fore, the observed post sunset, pre sunrise scintillation
events of the GPS L-band navigation signals were a result
of ionospheric irregularities (Martiningrum et al., 2013).
This region of study is primarily located within the equato-
rial regions of East Africa, which is mainly characterized
by a high diurnal humidity, especially during the equinox
months. The observed day time signal scintillation events
could thus be attributed to tropospheric effects such as
Atmospheric Gravity Waves (AGW) as observed in
Amabayo et al. (2015) in Fig. 5(a), (b) and (c). These day
time scintillation events could not be attributed to iono-
spheric irregularities because the latter are predominantly
post sunset, pre sunrise events. The intense post sunset
ionospheric irregularities which characterize the ionosphere
over the East African region is due to the low magnetic dip
angle, which favours the onset of Raleigh-Taylor instability
(RTI) mechanism. This mechanism is developed whenever
plasma with a higher electron density is supported by
plasma with a lower electron density (Dungey, 1956). These
ionospheric irregularities over the equatorial region were
described by Perkins (1975) as small-scale structures in
the equatorial ionosphere, which are generally oriented to
rapid plasma density fluctuations across the geomagnetic
field lines. These ionospheric irregularities have been char-
acterized with respect to solar and geomagnetic activities,
seasons, and geographic locations (Fejer et al., 1999;
Huang et al., 2002; Lee et al., 2005; Manju et al., 2007;
Amabayo et al., 2014). When GPS radio signals traverse
these ionospheric irregularities, the signals may be subject
to ionospheric scintillation. The degree to which the iono-
spheric irregularities result in signal scintillation events is
determined by the frequency of the incident radio signal
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Fig. 3. Cummulative diurnal variation of amplitude scintillation (S4) occurrence over SCINDA station (a) MBA, (b) MAK and (c) UON for the year

2011.

compared to the plasma frequency and the magnitude of
the irregularities (Kintner et al., 2007). Radio signals with
frequencies below 3 GHz do experience scintillation events
and the magnitude of the scintillation effect increases with
decrease in the frequency of the radio signal. In particular,
Fremouw et al. (1978) noted that significant disruption of
navigation systems were produced by the post sunset iono-
spheric irregularities.

Fig. 4(a), (b) and (c) present the monthly percentage
occurrence of amplitude or phase or both amplitude and
phase scintillation events over SCINDA receiver stations
of MBA, MAK and UON, respectively. The percentage
occurrence of the different scintillation events were com-
puted using Eq. (3). In all the three SCINDA receiver sta-
tions presented in Fig. 4, the percentage occurrence of
amplitude scintillation, S4, without phase scintillation,
o4, was much higher than that of ¢, occurring without
S4. For example, in September 2011 over the SCINDA
receiver station MBA, the highest percentage occurrence
of amplitude scintillation without phase scintillation was
8.8% while the highest percentage occurrence of phase scin-
tillation without amplitude scintillation was 1.2% for the
same period. The corresponding percentage occurrences
over MAK for the same period were 10.0% and 0.8% while
that over UON were 7.6% and 0.1%, respectively. This
trend of the percentage occurrence of amplitude scintilla-
tion events being higher than that of phase scintillation
events can be seen in all the months of the year 2011. These
show that over the East African region, amplitude scintilla-

tion events predominate phase scintillation events. This is
contrary to what is observed in the high latitudes of Sub-
Antarctica region, where phase scintillation events were
much more frequent compared to amplitude scintillation
events (Kai et al., 2017). Ionospheric irregularities in the
high latitudes are driven by precipitation from solar winds
that penetrate the polar regions through the open topology
of the magnetic fields while in low latitude ionosphere, the
irregularities are driven by electrodynamic forces (Aarons
et al., 1996; Strangeways et al., 2011). These plasma irreg-
ularity sources have different effects on plasma drift veloc-
ities. The solar winds induce very high plasma drift
velocities at the high latitude regions, which result in very
short plasma irregularity scale lengths. In low latitude
regions, the electrodynamic forces induce relatively slower
plasma drift velocities with fairly longer scale lengths of
plasma irregularities. The different length scales of plasma
irregularities have got varied impact on the L-band GPS
navigation signals (Kelley et al., 1981; Singh et al., 1997).
Forexample, in the high latitude regions, the short plasma
scale lengths of plasma irregularities cause the refractive
effects on the propagating radio signals to dominate while
the low latitude regions are dorminated by diffractive
effects on the radio signals due to the long scale plasma
irregularities. The effects of the scale lengths of the plasma
irregularities on the signals can be recorded by ground-
based GPS receivers as amplitude or phase scintillations
if the satellite and/or the ionosphere move relative to the
SCINDA receiver. This may account for the predominance
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Fig. 4. Percentage (%) occurrence of both S4 and a4 > 0.70 or only S4>0.70 or only 6, > 0.70 over SCINDA station (a) MBA, (b) MAK and (c) UON

for the year 2011.

of amplitude scintillation over the East African low lati-
tude region compared to the phase scintillation that is pre-
dominant in high latitudes.

Further analysis of Fig. 4(b) and (c) reveal that the per-
centage occurrence of the dominant amplitude scintillation
(S4) events peak in the months of March-April and then
September-October (equinox months). For receiver station
MAK, the highest percentage occurrence of amplitude
scintillation events was 10.0% in the September-October
period and then 8.8% in the March-April period. The cor-
responding values for station UON were 9.2% and 6.9%,
respectively. Meanwhile, amplitude scintillation (S4) events
recorded the minimum percentage occurrence in the
months of May-June and then December-January (solstice
periods). The least percentage occurrence of amplitude
scintillation (S4) events for station MAK in the period of
May-June was 5.2% and in December-January it was
4.2%. For data obtained from UON, the corresponding
values were 4.2% and 3.3%, respectively. These results
show that the predominant amplitude scintillation (S4)
events have a seasonal pattern of variation over the East
African region (Olwendo et al., 2013). In both stations, it
was observed that the percentage occurrence of amplitude
scintillation was higher during the September-October
equinox than during the March-April equinox. This can
be attributed to the fact that the solar terminator for the
receiver stations is almost aligned parallel to the geomag-
netic flux tubes during equinox since the Solar zenith angle
of the receiver stations is then approximately equal to zero
(Tsunoda, 1985). In addition, during equinox months more

ionization takes place in low latitude ionosphere during the
day since the Sun is directly overhead. Therefore, due to

PRE, which sets off at dusk, the vertical thrust (gxﬁ) on
plasma is greatly strengthened. This creates a conducive
environment for the RTI-mechanism, which leads to the
developement of ionospheric irregularities that can cause
signal scintillations.

3.2. Occurrence of cycle slips

When GNSS navigation signals traverse ionospheric
irregularities, the signals may be subject to ionospheric
scintillation events. Previous studies (e.g. Jakowski et al.,
2008; Kai et al., 2019) suggested that discontinuities in
tracked GNSS navigation signals were associated with
strong scintillation events (S4>0.70) and that these dis-
conitinuities may result in the PLL of a GNSS receiver los-
ing track of the signal. However in Fig. 5(a.l), when
scintillation events (S4>0.50) were recorded at satellite ele-
vation angles >25° from 17:45 to 18:30 UT, it was observed
in Fig. 5(a.2) that there were no discontinuities in the
tracked signal. Interestingly, when weak and moderate
scintillation events (S4<0.40) were registered between
18:30 and 20:10 UT in Fig. 5(a.l), it is observed in Fig. 5
(a.2) that at the same time interval there were discontinu-
ities in the tracked signal.

Unlike in Fig. 5(a.l), the high scintillation events
(S4>0.70) recorded by PRNS in Fig. 5(b.1) from 18:30 to
20:00 UT resulted in loss-of-lock of the tracked signal as
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Fig. 5. The MBA SCINDA and MBAR IGS data used in panels (a) and (c) were recorded by PRN2 on 2011-04-05 and 2011-04-06, respectively. While in
panel (b) and (d), the MBA SCINDA and MBAR IGS data used were recorded by PRNS5 on 2011-04-05 and 2011-04-06, respectively. The panels show
satellite elevations, amplitude scintillation events, cycle slips and loss-of-lock events.

shown in Fig. 5(b.2). The data gap observed from PNRS in
the MBA SCINDA data on day 2011-04-05 between 19:38
and 20:05 UT as shown in panel (b.1) occurred at the same
time on day 2011-04-06 as shown in panel (d.1). This data
gap is not associated with the scintillation. Since the data
gap occurred when the ray path elevation dropped below
20 degrees, it was probably due to a masking of the ray
path by some structure in the environment of the antenna.
Therefore, existence of cycle slips in tracked signal paths
may not necessarily reflect the presence of strong scintilla-
tion events. However, the frequency of occurrence of cycle
slips on either L1 or L2 or both do seem to correspond to
increased ionospheric scintillation events. On 2011-04-06,
only weak scintillation events (S4<0.20) were registered
as shown in Fig. 5(c.1) and Fig. 5(d.1) using SCINDA data
recorded from PRN2 and PRNS5, respectively, by GPS
SCINDA receiver MBA. Fig. 5(c.1) suggests that in the
absence of scintillation events, no cycle slips were observed
in the tracked signal. Those that appeared in the tracked
signal after 20:30 UT were probably due to multipath
effects since the satellite elevation angles were very low
i.e. <20°. For dual frequency GPS L-band signals, the dis-
continuities can manifest sudden jumps or data gaps in the
tracked GNSS signal. These sudden jumps may occur on
either L1 (1.5754 GHz) or L2 (1.2276 GHz) or simultane-
ously on both of the carrier frequencies. Figs. 5(a.2) and
(b.2) demonstrate the occurrence of cycle slips on L1 and
L2 carrier frequencies of the GPS L-band as recorded from

PRN2 and PRNS3, respectively. Note that the jump in L1
carrier frequency is always opposite in direction to the
jump in L2 carrier frequency. Using Eq. (4), the IR values
were computed to show the sudden jumps in the tracked
signal as presented in Figs. 5(a.3), (b.3), (c.3) and (d.3).
Note that the sudden jumps in the successive values of
IR are to a factor greater than 2x10” cycles and they are
indicators of cycle slips Mungufeni et al. (2015). The mag-
nitude of the sudden jumps in L1 and L2 carrier phase
measurements shown in Figs. 5(a.2), (b.2), (c.2) and (d.2)
are dependent on the GNSS receiver types. Therefore, the
IR variations are also different between GNSS receiver
types. Moreover, since an initial value of IR index depends
on the initial values of the carrier phase observations L1
and L2, known as the integer biases, the absolute value
of IR does not reflect actual value related to ionospheric
effects. In the absence of scintillation events, the temporal
changes in the successive values of IR are very small and
thus approximately appear as straight lines shown intermit-
tently in Figs. 5(a.3), (b.3), (c.3) and (d.3) as black lines.
The green points/lines on the black lines in Figs. 5(a.3),
(b.3), (c.3) and (d.3) represent moments where cycle slips
occurred simultaneously on both L1 and L2 carrier fre-
quencies. In Fig. 5, the search for the occurrance of cycle
slips and LL was limited between 16:00 to 23:00 UT in
order to increase the chances of observing cycle slips since
at this time interval, the ionosphere over the East African
region is more turbulent due to electrodynamic forces.
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However, due to day time tropospheric scintillation events
over the region of study, occurrence of cycle slips during
the day could not be ruled out. These cycle slips may pose
serious threats to safety if the signal discontinuities result in
an increase in position measurement error, which is detri-
mental to GNSS navigation applications.

In Fig. 6(a) we present the annual percentage occurrence
of cycle slips on the L-band frequencies registered by the
IGS receivers under consideration. In general, signal track-
ing performance differs depending on the receiver types.
Hence even if there were identical scintillation intensity
levels at the three sites, there might be differences in the
cycle slip occurrence. However, the general trend observed
was that the annual percentage occurrence of cycle slips on
the L2 frequency of the L-band was higher than that of
cycle slips occurring on either LIl-frequency or on both
L1 and L2 frequencies concurrently. These annual percent-
age occurrence of cycle slips were computed using Eq. (5).
Quantitatively, the annual percentage occurrence of cycle
slips on L1-frequency computed using data obtained from
IGS receiver station MBAR was 37% while that on L2-
frequency was 39%, and on both L1 and L2 frequencies
concurrently it was 24%. For the GPS receiver station
EBBE, the corresponding values were 45%, 55% and 2%,
respectively. While for the GPS receiver station RCMN,
the corresponding values were 34%, 44% and 18%, respec-
tively. The magnitude at which a navigation signal experi-
ences scintillation events is inversely related to the
frequency of the signal and directly proportional to the
strength of the signal (Kintner et al., 2007). Typically,
L2-signal has an amplitude that is 10 dB below that of
the L1-signal. Thus, the higher frequency signal (L1) expe-
riences less scintillation effects than the lower frequency
(L2) signal. Consequently, more cycle slips would occur
on the L2-frequency than on the Ll-frequency. At both
stations, the percentage for the simultaneous occurrence
of cycle slips in both L1 and L2 frequency bands was
low. This implies that the percentage occurrence of cycle
slips on an individual L-band frequency is higher than that
of cycle slips occuring simultaneously on both L-band
frequencies.
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The monthly percentage occurrence of cycle slips as reg-
istered by the three IGS stations is presented in Fig. 6(b).
Firstly, it shows that the monthly percentage occurrence
of cycle slips follow a seasonal pattern. Even though the
signal tracking performance differs depending on the recei-
ver types, all the three IGS stations showed that the occur-
rence of cycle slips were more frequent in the equinox
months than in the solstice months. This could be attribu-
ted to the strong ionospheric irregularities that exist during
equinox compared to solstice (Tsunoda, 1985). Secondly,
the cycle slips are seen to occur more frequently in the west-
ern side of East Africa than on the eastern side. For exam-
ple, in September, IGS station MBAR, which is further
west in the region, registered about 33% occurrence of cycle
slips. This was followed by IGS station EBBE with 23%
occurrence of cycle slips. The station that registered the
least percentage occurrence of cycle slips was RCMN with
20% and it is located more to the eastern side of the region.
As explained by Abiriga et al. (2020), more ionospheric
irregularities occur in the western side of East Africa than
on the eastern side. This is because the eastern side has an
increased geomagnetic field strength compared to the west-
ern side. According to the RT-plasma growth rate equa-
tion, the vertical component of plasma drift velocity
increases with a decrease in the geomagnetic field strength.
Consequently, more severe ionospheric irregularities will
occur in the western side of the region than to the eastern
side. This explains the existence of more cycle slips in the
western side of the region. This also implies that the occur-
rence of cycle slips in a region is affected by the strength of
the geomagnetic field in the region.

3.3. Effect of ionospheric scintillations on GPS receiver
position measurements

GPS satellite paths tracked for two consecutive days
(2011-04-05 and 2011-04-06) from 19:00 to 19:30 UT are
presented in Fig. 7(a) and (b). These polar plots present a
sky view of the visible satellites over the MAK SCINDA
receiver station. The satellites were tracked using data
obtained from the PSN files. The center of the polar plots
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Fig. 6. (a) Annual percentage occurrence of cycle slips on L1, L2 or both phases of L-band over MBAR, EBBE and RCMN. (b) Monthly percentage

occurrence of cycle slips over MBAR, EBBE and RCMN in the year 2011.
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Fig. 7. (a) and (b) Polar plots of visible satellites in azimuth-elevation coordinates at ionospheric pierce point (IPP) over MAK between 19:00 and 19:30
UT on 2011-04-05 and 2011-04-06, respectively. The 'x’ at the end of the satellite path indicates the direction in which the satellite is travelling. (c) and (d)
indicate signal scintillation (S4) events derived from scintillation data obtained from all PRNs visible by SCINDA receiver station MAK between 16:00

and 24:00 UT on the respective days.

are the local zenith of the SCINDA receiver station and the
surrounding equally-spaced circular contours represent dif-
ferent elevation masking angles. On these consecutive days,
the polar plots show that the same satellites were visible in
the sky over the MAK SCINDA receiver station. The vis-
ible satellites were those with pseudorandom noise (PRN)
numbers 2, 4, 5, 8,9, 12, 15, 26, 27 and 29. It should also
be noted that these satellites were approximately in the
same locations during the two consecutive days presented
and hence their geometry remained fairly constant. We
thus used the scintillation data obtained from the MAK
SCINDA receiver station to plot the variation of registered
signal amplitude scintillation (S4) events against time as
shown in Fig. 7(c) and (d). Fig. 7(c) shows that moderate
signal scintillation events (0.25<S4<0.70) were observed
on 2011-04-05 between 17:45 and 20:15 UT. Only a few
severe signal scintillation events (S4 > 0.70) were registered
on that day. It is visible in Fig. §(a) that at the onset of sig-
nal scintillation events (S4>0.25) at about 17:45 UT, the
number of visible satellites began to fluctuate rapidly.
Between 18:00 to about 19:00 UT, the number of visible
satellites is observed to fluctuate between ten to eight.
However, between 19:00 to 20:00 UT, the number of visible
satellites fluctuated between nine and seven. It must be
noted in Fig. 7(c) that the signal scintillation events were
observed to be more frequent between 19:00 to 20:00 UT
than between 18:00 to 19:00 UT.

Meanwhile, on 2011-04-06 only mild signal scintillation
events (S4<0.25) were recorded as shown in Fig. 7(d). Con-

sequently, the number of visible satellites remained fairly
constant between ten and nine for most of the time on
2011-04-06 as shown in Fig. &(b). Therefore, Figs. 7(a)
and (b), and Figs. 8§(a) and (b) show a direct correlation
between the occurrence of scintillation events and the vari-
ation in the number of visible satellites. The variability in
the number, and hence geometry, of visible satellites can
affect the performance of GNSS applications since a
reduced number and poor geometry of visible satellites
can lead to high dilution of precision (DOP) values that
can translate into significant errors in GPS position mea-
surements (Spilker, 2016). These errors limit the accuracy
and reliability of GNSS applications in navigation and
mapping. To demonstrate this, we present Figs. §(c) and
(d) to show the variation with time of the estimated
SCINDA receiver station positions obtained from the
PSN files. The region of interest in Fig. 8(c) begins from
18:00 to 20:00 UT, when signal scintillation events were
observed on 2011-04-05. The receiver station position mea-
surement errors can manifest in three dimensions (along
the longitude, latitude and altitude). These errors are pre-
sented in the metric unit of distance in Fig. 8. Ax, Ay, Ah
and Ar represent errors along the longitude, latitude, alti-
tude and the three dimensional (3D) error in the receiver
position, respectively. By comparison, on 2011-04-05, the
value of Ax =4 m, Ay=6m, Ah =11 mand Ar =13 m
while on 2011-04-06, the values of Ax, Ay, Ah and Ar were
all less than 2 m. On 2011-04-05, the least error (4 m) in
the measurement of the receiver position was along the lon-
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Fig. 8. (a) and (b) show the variation in the number of visible GPS satellites obtained from GISTM data for SCINDA receiver station MAK on 2011-04-
05 and 2011-04-06, respectively. While (c) and (d) show the time series of the position of the GPS SCINDA receiver station MAK from GISTM data on

the respective days.

gitude while the maximum error (11 m) was along the alti-

tude; Ar = \/Ax? + Ay? + AR*. The vertical error distances
shown in Fig. 9(c.3) were measured from sea level. In the
same time interval, Fig. 8(d.1), (d.2), (d.3) and (d.4) do
not show significant errors in position measurements for
day 2011-04-06 due to the absence of signal scintillation
events. These results show that signal scintillation events
can greatly affect the accuracy of GNSS receiver position
measurements.

Furthermore, it can be deduced from Fig. §(c) that scin-
tillation events shown in Fig. 7(a) with S4 values as low as
0.40 are capable of introducing significant navigation and
mapping errors in GNSS applications. From the compar-
ison of Figs. 7 and 8, it is evident that during periods of
high occurrence of scintillation (S4) events on some satellite
links, there is an increased fluctuation in the number of vis-
ible satellites. In addition, Fig. 8 illustrates the coincidence
of the fluctuation in the number of visible satellites and the
increase in the error of position measurements. This
appears to be the case only if the affected navigation signals
originate from the satellites used in position measurements.
To date, GPS is still the most commonly used navigation
system since the standard message format is broadcast on
the GPS L1 frequency (GPS L1) to facilitate interoperabil-
ity from the user’s perspective. With SBAS augmentation
systems using GNSS data becoming more widely used for
aircraft approach-and-landing guidence, and also for
awareness and warning against terrain encounters, errors
induced by scintillation events in aircraft navigation can
increase the uncertainty in the vertical protection levels
and deprive the users from the GPS accuracy required

for precision approach landing and thus incur delays in
landing and additional costs for fuel (https://www.icao.
int/ APAC/Documents/edocs/SBAS%20safety%20assess-
ment%20guidance.pdf). Although the scintillation effects
are related to availability and continuity of the GNSS aug-
mentation systems for aircraft navigation, we point out
that augmentation of GNSS positioning is mainly available
near airports. The position estimates for the rest of the
flight is derived from L1 position estimates, of which the
errors are likely to be larger than the errors logged in the
psn-files. The position estimates in the psn files are derived
from both the L1 and L2 signals. For example, between
November 1998 and February 1999, 11.5% of flight crew
errors that resulted in fatal aircraft accidents were attribu-
ted to GNSS navigation errors (Jean-Pierre, 1999). About
71% of all the GNSS position measurement errors are asso-
ciated with ionospheric scintillation events resulting from
ionospheric irregularities (Dhiraj, 2013). Thus, the accu-
racy and realiability of position measurements obtained
from GNSS applications can be compromised by scintilla-
tion events in signal ray paths.

On 2011-04-05 when signal scintillation events were
observed, the horizontal spread of the estimated receiver
positions occupied a latitude by longitude area of
0.000052° by 0.000053°, with a larger spread of the position
estimates appearing to the West than to the East of the
actual receiver position as shown in Fig. 9(a). However,
on 2011-04-06, the spread of the estimated receiver position
estimates occupied a small area of the latitude by longitude
scale (0.000032° by 0.000042°) as shown in Fig. 9(b). The
skewing of the estimated receiver positions can be
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Fig. 9. (a) and (b) Time series of horizontal position measurement errors of the IGS receiver EBBE between 17:45 and 18:15 UT on 2011-04-05 and 2011-
04-06, respectively. (c), (d), (e) and (f) present the spread of the position measurement errors on latitude/longitude scale on the respective days.

explained by the fluctuations in the number and geometry
of the satellites that were in view between 19:00 and
19:30 UT as shown in Fig. 8(a) and (b). In Fig. 9(c) and
(d), the standard deviation of the errors in the receiver posi-
tion measurements along the horizontal and vertical direc-
tions are presented for 2011-04-05 and 2011-04-06,
respectively. The respective standard deviations in the
receiver position measurement errors were greater on
2011-04-05 by 0.2 m and 1.0 m along the horizontal and
vertical dimensions compared to those measured on 2011-
04-06. The distribution of these position measurement
errors in terms of the probability of occurrence is presented
in Fig. 9(e) and (f), respectively. Fig. 9(e) shows that there
are chances of getting position measurement errors of up to
10 m on 2011-04-05 while on 2011-04-06 it stands at 5 m.
The correlation between high S4 and the corresponding
increase in the fluctuations of the position estimates (Figs. 8
(¢) and (d)) provide sufficient evidence for the increase in
the position errors observed in Fig. 9. The increased

position errors are a result of the high rate of fluctuation
in the number of visible satellites used by the receiver in
position calculations. This explains the fact that the
decrease in the number of visible satellites changes the
geometry of the satellites used for positioning, which
results in an increase in the dilution of precision. All these
demonstrate that the presence of scintillation events in sig-
nal ray paths compromise the accuracy and reliability of
GNSS applications in position measurements.

4. Conclusions

Using available GPS and SCINDA data recorded at
three IGS and three co-located SCINDA receiver stations
in the year 2011, we have investigated the impact of signal
scintillation events on the performance of GNSS applica-
tions over the East African region in terms of cycle slip
occurrence, loss-of-lock and position measurement error.
We observed that;
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1. The GNSS signals that traverse the East African iono-
sphere may be subject to both amplitude and phase scin-
tillation events. However, the frequency of occurrence of
amplitude scintillation events is greater than that for
phase scintillation events.

2. Although signal tracking performance differs depending
on the receiver types in general, the frequency of occur-
rence of cycle slips was observed to be dependent on the
carrier frequency of the GPS L-band signal. Thus, the
frequency of occurrence of cycle slips was observed to
be higher on the L2-frequency of the L-band than on
the L1-frequency.

3. The occurrence of cycle slips was more frequent to the
western side of East Africa (Lon ~ 29°) than to the east-
ern side of the region (Lon ~ 41°). This revealed an
inverse relation between the occurrence of cycle slips
and geomagnetic field strength since the magnitude of
the magnetic field strength in the western side is less than
that in the eastern side of the region at the same geo-
graphic latitudes.

4. The presence of ionospheric scintillation affected the
GNSS position measurements in the region by increas-
ing the position error as estimated from dual frequency
GPS data up to 10 m. This compromised the accuracy
and reliability of GNSS applications for navigation
and surveying.
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