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Abstract

Total Electron Content (TEC) perturbations are manifestations of ionospheric irregularities which induce fluctuations in the amplitude
and phase of trans-ionospheric radio signals. TEC data derived from Global Positioning System (GPS) receivers at Mbarara (Geogra.
—0.60°N, 30.74°E and Geomag. —10.22°N, 102.36°E) and Entebbe (Geogra. 0.04°N, 32.44°E and Geomag. —9.53°N, 104.10°E) from
2009 to 2013 were used to study TEC perturbations over the low latitude region of Uganda. The results show that the frequency of
occurrence of TEC perturbations of >4 TECU increased steadily from 2009 to 2013. TEC perturbations with amplitude <4 TECU
occurred at all times. The likelihood of TEC perturbations exceeding 6 TECU was higher during the equinoxes than during the solstices
in most of the years. Comparison of TEC perturbations with 10.7 cm solar radio flux (F10.7) data showed a weak positive correlation with
this solar proxy. Wavelet analysis performed on the TEC perturbations revealed wave-like oscillations with periods typical of Traveling
Tonospheric Disturbances (TID). These wave-like structures (WLS) dominated from 13:00 to 19:00 LT for most of the years analyzed.

Though the WLS were observed to increase with solar activity, no seasonal pattern was recorded in their occurrence.

© 2015 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The equatorial and low latitude ionospheric electron
density distribution, is governed by electrodynamic pro-
cesses at the magnetic equator (Balan et al., 1997). As a
result of these processes, unique features such as Equato-
rial Ionization Anomaly (EIA), Equatorial Electro Jet
(EEJ), etc are exhibited by the low latitude ionosphere.
Martyn (1947) explained these features in terms of the
interaction between the mutually perpendicular electric
and Earth’s magnetic fields. During daytime, the E region
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electric field is eastward, and causes a large plasma foun-
tain by E x B drift at the magnetic equator. The raised
plasma diffuses due to pressure gradient and gravity forces
towards higher latitudes to form crests at about 15° on
either side of the magnetic equator. Just before the electric
field turns westwards at night, the eastward electric field is
enhanced by a local dynamo that develops at the bottom of
the F layer, often referred to as Pre Reversal Enhancement
(PRE). The PRE raises the plasma further resulting in
irregular plasma density distributions. The up and down
plasma drifts are also responsible for current systems in
the upper atmosphere. One such a current system is the
EEJ which flows in the region close to the magnetic equa-
tor. The EEJ induces a local magnetic field in a narrow
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band along the magnetic equator, and this magnetic field
perturbs the magnetic field due to the Earth. Fluctuations
in the ionospheric electric field influences the magnitude
of the EEJ, which in turn determines the day to day iono-
spheric plasma dynamics over the low latitude region.

The equatorial electrodynamics, and the low latitude
ionosphere are modulated by global factors such as solar
activity and geomagnetic storms. Solar activity variations
affect the E region electric fields, thus influencing the
strength of the EIA as well as the magnitude of EEJ.
Galav et al. (2010) observed a contraction in the crest of
the EIA during a declining solar activity period. Magneto-
spheric electric fields during storms may also suppress or
enhance the fountain effect at the geomagnetic equator.
Mendillo (2006) reviewed the different mechanisms through
which storm time electric fields may reach low latitudes and
impart on the low latitude ionospheric dynamics. In addi-
tion to these global factors, oscillations in EIA (Chen,
1992) and pre reversal electric fields (Abdu et al., 2006)
have been observed. These oscillations were attributed to
Gravity Waves (GW). The GW interact with plasma to
produce the well known Traveling Ionospheric Distur-
bances (TID) (Hernandez-Pajares et al, 2006).
MacDougall et al. (2013) explained the possible mecha-
nisms for these interactions, while Fritts and Alexander
(2003) reviewed the dynamics of GW in the middle atmo-
sphere. TID are commonly classified into large and med-
ium scales. According to Hunsucker (1982), Large Scale
TID (LSTID) have phase speeds of >300 ms~!, and peri-
ods in the range 1-3 h while Medium Scale TID (MSTID)
have phase speeds ranging from 100 to 300 m s~ ' and peri-
ods ranging from 10 min to 1 h.

The above factors make the low latitude ionosphere
variable and therefore characterizing the ionosphere is
important for applications such as geodesy, satellite based
navigation, and radio communication. Significant Total
Electron Content (TEC) perturbations affect systems that
use Earth-space environment such as satellite telephones,
satellite televisions, and remote sensing of the Earth using
satellites. Many researchers have studied low latitude
TEC under different conditions such as disturbed
(Habarulema et al., 2013b; D’ujanga et al., 2013), low solar
activity (Liu et al., 2012; Galav et al., 2010), ascending
phase of solar activity (Olwendo et al., 2012a,b; D’ujanga
et al., 2013) and during high solar activities (Klausner
et al., 2009). Despite these various investigations over the
low latitude regions, not much has been reported on the
degree of TEC perturbations especially over the Ugandan
region. Quantifying the amplitude of these TEC perturba-
tions is essential in predicting the hourly and daily variabil-
ity of the ionosphere.

The purpose of this paper is therefore to statistically
present the extent of TEC perturbations over the low
latitude region using Global Position System (GPS) TEC.
To investigate the contribution of the solar flux to iono-
spheric perturbations, the TEC deviations were compared
with 10.7 cm solar radio flux (F10.7) data. In the last

section of this paper, wave-like structures (WLS) in the
TEC perturbations were identified and characterized.

2. Data and analysis

The data used in this study were downloaded from GPS
receivers installed at Mbarara (station code MBAR) and
Entebbe (station code EBBE). The coordinates of the
GPS receivers used and the available data from 2009 to
2013 are given in Table 1. We collected Receiver INdepen-
dent EXchange (RINEX) files from the GPS receivers and
then obtained the integral number of electrons along the
line of sight (LOS), called slant TEC (sTEC) using
GPS_TEC algorithm developed at Boston college
(Seemala and Valladares, 2011). The GPS_TEC algorithm
calculates the sTEC in TEC Units (TECU), with 1 TECU
equivalent to 10'® electrons per 1 m? using the equation

S
STEC = / N.dl, (1)
R

where N, is the number of electrons per m?>, R and S are the
receiver and satellite positions respectively, and d/ the ele-
ment of length along the LOS. The algorithm corrects for
the biases in the STEC and then applies the thin shell map-
ping function and epoch-by-epoch averaging to calculate
the vertical TEC (VTEC) for satellites with elevation angles
above 20°. In this study, we averaged the vTEC from differ-
ent satellites over a period of 30s. This was to minimize
calibration errors from individual satellites. Possible errors
due to multipath contamination of the calculated VTEC
and those due to the thin shell approximation used in the
slant-to-vertical mapping procedure were significantly
reduced by using only data from satellites with elevation
angles greater than 30°.

To study ionospheric perturbations, we calculated the
monthly medians for all the months in each year under
investigation. The monthly medians were then used as the
background diurnal TEC and these were subtracted from
the daily TEC values. Important to note is that, 2012 data
were not analyzed in this study due to data paucity.

2.1. Procedure for identifying the wave-like structures

TEC perturbations due to TID are quite easy to identify
in a simple varying TEC data (Katamzi et al., 2012). How-
ever, the high noise levels and poor GPS receiver alignment
presented an extra challenge in identifying TID. A possible
method could have been the Statistical Angle-of-arrival
and Doppler Method (SADM) (Afraimovich et al., 1998).
The SADM is limited in that it requires an interferometry
array of three GPS receivers in an assumed x—y plane. Such
an array was not available over the region studied. We
therefore adopted three filtering techniques to characterize
WLS that occur in the TEC perturbations. First we
minimized the noise levels by applying adaptive
Savitzky—Golay filter to the observed diurnal TEC. This fil-
ter when applied to equally spaced data values [, = f(¢,),
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Table 1

Coordinates of the GPS receiver stations and the data availability for the years analyzed.

Station code Geogra. coordinates

Geomag. coordinates

Data availability (days)

Longitude (°E) Latitude (°N) Longitude (°E) Latitude (°N) 2009 2010 2011 2012 2013
EBBE 32.44 0.04 104.10 -9.53 301 178 313 47 143
MBAR 30.74 —0.60 102.36 —10.22 362 176 146 119 333

where i = ny,...,ng and t; = ¢, + iAt, replaces each data
value f; in a window of width [n,ng] by a linear combina-
tion A; of the values within that window.

hi:ic,,f,-—&—n (2)

n=ny

where n; and ny are the number of data points to the left
and right of the central point f; respectively. The coeffi-
cients C, were determined by a least square fit of a polyno-
mial of order 6 to a window of ny = n;, = 60. A detailed
description of Savitzky—Golay filter can be found in Luo
et al. (2005). Plots of the filtered TEC were generated
and WLS in the TEC were identified.

Different methods have been used to detrend TEC to
identify TID in TEC perturbations. For example polyno-
mial fitting (Katamzi et al., 2012; Habarulema et al.,
2013a) and moving average (Herndndez-Pajares et al.,
2006) have all performed quite well. Without introducing
artificial periodicities in the TEC data, we applied a least
square polynomial fit of degree 6 to the vTEC. The polyno-
mial was evaluated and then the values subtracted from the
diurnal TEC of the days that showed the WLS. Since the
purpose was to characterize WLS in TEC perturbations,
our third filter involved isolating periods of interest. We
used the continuous wavelet transform to extract periods
(10 min to 3 h) with notable TID. The complex Morlet
wavelet (cmor) was used as the mother wavelet. It is a com-
plex exponential function modified by a Gaussian envelope
expressed as

1 2inf .x *);-72
——eete T, (3)

nfy

where £, is the bandwidth parameter and f, is the center
frequency (Misiti, 2005). In particular we used MATLAB
complex Morlet wavelet cmor4-1.5 (f, =4 and f,. = 1.5)
to determine the dominant periods of the WLS.

Y(x) =

3. Results and discussions
3.1. TEC perturbations

To characterize the low latitude ionosphere, TEC per-
turbations from 2009 to 2013 were analyzed. The TEC per-
turbations were arrived at by subtracting the monthly
median TEC values from the daily TEC and this yielded
TEC perturbations at every 30 s. The overall variation of
the TEC perturbations observed at EBBE and MBAR
GPS stations in 2009-2013 are shown in Fig. 1. The white

spaces in the plots in Fig. 1 were due to missing data. Fig. 1
shows that significant TEC perturbations occurred mainly
between 09:00 and 00:00 LT (LT = UT + 3 h). TEC per-
turbations of larger amplitude were fewer in 2009 than
those observed in 2013. The equinoctial months of
March—April and September—October had larger TEC per-
turbations than the rest of the months in 2009 (Fig. 1(c)
and (d)). These observations show diurnal and seasonal
variations in TEC perturbations over the low latitude
region which are consistent with results of similar studies
(e.g., Galav et al. (2010), Amabayo et al. (2014), Liu
et al. (2012), Olwendo et al. (2012a), and Adewale et al.
(2012)) over the low latitude region. To investigate the con-
tribution of solar flux variations to ionospheric variability,
the TEC perturbations in Fig. 1 were statistically analyzed
and the results are discussed in the following subsections.

3.1.1. Diurnal variation of TEC perturbations

For the diurnal variation, only hourly averages of TEC
perturbations greater than 2 TECU were used. This thresh-
old was arrived at by first determining probabilities of days
having TEC perturbations of amplitude 0.5 TECU, 1.0
TECU, 1.5 TECU, 2.0 TECU, etc. TEC perturbations of
less than 2 TECU were almost a daily occurrence and
therefore were not used in this analysis. Furthermore,
TEC perturbations from 00:00 to 06:00 LT were generally
small and were also not analyzed. The TEC perturbations
were divided into intervals of 2 < ATEC <4,
4 < ATEC < 6, 6 < ATEC < 8 and ATEC > 8TECU. To
compare the TEC perturbations in the different years stud-
ied, the results were expressed in percentages to avoid mis-
interpretations that could have resulted from uneven data
distribution. The percentages of days with a particular
range of TEC perturbations were calculated using the
equation

Percent. of days = N x 100%, (4)
Ty,
where N, is the number of days with TEC perturbation in a
particular interval (e.g., 2 < ATEC < 4) at a given bin
time, and Ty, is the total number of days in a year with
data. The results shown in Fig. 2 reveal that TEC perturba-
tions at EBBE are similar to those at MBAR, with TEC
perturbations in the ranges 2-4 TECU being most preva-
lent with an even distribution between 09:00 LT and
00:00 LT. TEC perturbations in the range 4-6 TECU are
less likely than those in the range 2—4 TECU but also have
an even distribution between 09:00 LT and 00:00 LT for
all the four years considered. Larger amplitude TEC
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Fig. 1. 30 s absolute TEC perturbations from the monthly medians observed at EBBE and MBAR in 2009, 2010, 2011 and 2013. The approximately zero
TEC perturbations from about 03:00-06:00 LT are because the GPS_TEC software forces the vTEC values related to all the visible satellites in this period
to be the same in order to estimate the receiver differential bias of each of the GPS satellites.
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Fig. 2. Diurnal variation of TEC perturbations

perturbations (ATEC > 8TECU) were observed more fre-
quently from 12:00 to 18:00 LT at both MBAR and EBBE
for all the years studied. The probability of ATEC exceed-
ing 6 TECU was observed to increase from 2009 to 2013.
The high diurnal TEC perturbations from 12:00 to 18:00
LT (Fig. 2) could partly be due to increased perturbations
in Extreme Ultra Violet (EUV) radiation (Rishbeth, 1993)
associated with 2013 being closer to the solar maximum
than 2009. The changes in EUV may cause variations in
background temperatures, neutral gas composition and
wind speeds, and these in turn modify ionospheric electron
density. The increased TEC perturbations observed from
18:00 to 00:00 LT (Fig. 2) could be due to pressure gradient
forces that drive neutral wind currents across the solar ter-
minator. Absence of sunlight on the dusk side leads to
rapid recombination rates at the bottom of the F layer, cre-
ating favorable conditions for generation of plasma irregu-
larities which may be manifested in the TEC perturbations.

3.1.2. Seasonal variation of TEC perturbations

To study the seasonal variation of TEC perturbations,
the years under study were divided into seasons as equinoxes
(March and September) and solstices (June and December).
Asnoted above, the hourly average TEC perturbations were
used to determine the percentages shown in Fig. 3. The
probabilities were calculated using the formula

N,
Percent. of days of the month = —% x 100%, (5)
TN,
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where N, is the number of days with TEC perturbation in a
given range and TN, is the total number of days with data
in the month. TEC perturbations in the range 2-4 TECU
occurred almost 100% of the time when data were available
at EBBE from 2009 to 2013 and TEC perturbations in the
range 4-6 TECU occurred almost 100% of the time when
data were available at EBBE in 2011 and 2013, and at
MBAR in 2013. TEC perturbations of larger amplitude
(6-7.9 & = 8 TECU) exhibited a clear seasonal pattern
(see Fig. 3), with the likelihood of TEC perturbations
exceeding 6 TECU being higher during the equinoxes than
during the solstices in most years. The exceptions were in
the case of EBBE in 2013 where the occurrence of pertur-
bations in the range 6-8 TECU was more likely in Jun than
in Mar, and in the case of MBAR in 2013 where the occur-
rence of perturbations in the range 6-8 TECU was equally
likely in Mar and Dec. The Sep equinox had higher prob-
abilities for TEC perturbations in the range 4-6 TECU
than the Mar equinox at EBBE in 2011 and at MBAR in
2013. The pattern was reversed in other years, i.e. in 2009
the Mar equinox at EBBE had higher probability for
TEC perturbations in the range 4-6 TECU at both EBBE
and MBAR in 2011, and in 2013 the Mar equinox showed
higher probability for TEC perturbations >8 TECU than
the Sep equinox at MBAR. There was no consistent pat-
tern of seasonal dominance of TEC perturbations for the
period investigated, which is expected for equatorial sta-
tions where there are no marked differences between the
seasons as in higher latitudes. In the cases where there
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Fig. 3. Seasonal variation of the TEC perturbations in 2009, 2010, 2011 and 2013.

was a higher incidence of large perturbations during the
equinoxes than during the solstices, the following explana-
tion may be valid. The nearly 90° solar elevation angle dur-
ing the equinoctial months may lead to increased solar flux
induced variations in the chemical composition, back-
ground temperatures and ionospheric conductivities.
Under the influence of the enhanced ionospheric conduc-
tivities and temperatures during the equinoxes, electrody-
namic processes at the equator are enhanced in the
equinoctial months resulting in the higher perturbations
observed during equinoxes.

3.1.3. TEC perturbations and F10.7

The ionosphere is known to be primarily driven by solar
radiation. The sunspot number (SSN) and F10.7 are com-
monly used solar proxies to indicate the level of solar activ-
ity. To compare TEC perturbations with solar activity,
F10.7 data obtained from www.spidr.ngdc.noaa were used.
Daily maximum and minimum values of hourly mean TEC
deviations were calculated and then compared with the
daily values of F10.7. Fig. 4 shows the results for 2009,
2011 and 2013 at MBAR while in Table 2, the correlation
coefficients at MBAR and EBBE for all the years studied
are presented.

Both TEC enhancements and TEC depletions show a
weak positive correlation with F10.7. A higher correlation
was obtained between F10.7 and TEC enhancement, than
between F10.7 and TEC depletion, with a maximum

coefficient (R =0.322) in 2013 at MBAR followed by
R =0.320 in 2011 at EBBE. The correlation coefficients
of F10.7 and TEC depletions were also observed to gener-
ally increase from 2009 to 2013 (Fig. 4).

However, anomalous anti correlation was observed
between F10.7 and TEC depletions at EBBE in 2011. This
negative correlation could be purely statistical or due to
other factors. The weak correlation between TEC pertur-
bations and F10.7 are similar to results of Liu et al.
(2012), who found a weak positive correlation between
F10.7 and daily peak vTEC during a low solar activity per-
iod. However, Galav et al. (2010) found good correlation
between TEC and F10.7 during the declining phase of solar
activity. They argued that solar flux is the dominant
parameter to which ionospheric variation in the daytime
TEC could be attributed.

3.2. Wave-like structures

Wave-like variations in critical frequency of F2 layer
(foF2) and the maximum virtual height of F layer (h'F)
are common features during quiet conditions (Klausner
et al., 2009). The low latitude ionosphere is characterized
by a number of irregularities which make it quite a chal-
lenge in studying wave-like variations in TEC perturba-
tions such as those caused by TID. In our multi-filtering
techniques, GPS TEC data at MBAR from 2009 to 2013
were analyzed. Wavelet power spectrum, often called
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Fig. 4. Comparison of F10.7 with daily maximum and minimum TEC perturbations. R is the Pearson linear correlation coefficient.
Table 2
Correlation coefficients for F10.7 with TEC perturbations at EBBE and MBAR in 2009, 2010, 2011 and 2013.
R for TEC enhancement R for TEC depletions
2009 2010 2011 2013 2009 2010 2011 2013
EBBE 0.254 0.181 0.320 0.256 0.060 0.145 —0.132 0.277
MBAR 0.246 0.259 0.237 0.322 0.133 0.238 0.040 0.273

scalograms were computed for the entire length of the sig-
nal. Signals with spectral components at a particular wave-
let scale give relatively larger values of the wavelet power at
that particular scale and position. The period and the time
of occurrence of the WLS were then read from the scalo-
grams. Using only TID periods as a parameter, we classi-
fied the WLS into large and medium scale WLS
corresponding to the periods of LSTID (1-3h) and
MSTID (15-60 min) respectively. Fig. 5 shows some of
the scalograms for the WLS observed in the TEC perturba-
tions with periods typical of TID. Fig. 5(c) shows that a
Large Scale WLS (LSWLS) with period ranging from 100
to 120 min were observed at MBAR from 13:00 to 18:00
LT on Day Of the Year (DOY) 130 in 2010. A similar
LSWLS of period 110-120 min were also observed from
13:00 to 23:00 LT on DOY 127 in 2013 at MBAR (Fig. 5
(d)). Medium Scale WLS (MSWLS) of period ranging from
30 to 45 min were observed at MBAR on DOY 107 in 2009
from 22:00 to 00:00 LT (Fig. 5(a)). The data for the
occurrence of the WLS were collected and then used for
the diurnal and seasonal analysis.

3.2.1. Diurnal variation of wave-like structures

To investigate the diurnal changes in the occurrence of
the WLS, a day was divided into four 6-h periods namely
morning (07:00-13:00 LT), afternoon (13:00-19:00 LT),
evening (19:00-01:00 LT) and night (01:00-07:00 LT).
The probabilities shown in Fig. 6 were arrived at by
expressing the number of WLS in a given observational
interval as a ratio of the number of days with data in the
year. This was to give a better comparison of the occur-
rence of these WLS over the years since the number of days
analyzed were uneven for the years studied.

Fig. 6 shows that the probability of occurrence of WLS
increased from 2009 to 2013 for both MSWLS and
LSWLS. The WLS had higher probability of occurrence
between 13:00 and 19:00 LT for 2009-2011, with maximum
probability of 0.08 for MSWLS, and 0.02 for LSWLS in
2011 (Fig. 6(c)). However in 2013, both MSWLS and
LSWLS had higher probability of occurrence from 19:00
to 01:00 LT (Fig. 6(d)). The probability of occurrence of
LSWLS were least from 01:00 to 07:00 LT in all the years
studied. Similarly MSWLS had the least probability of
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occurrence from 01:00 to 07:00 LT except in 2013, where
the least probability was observed from 07:00 to 13:00
LT (Fig. 6(d)). The diurnal pattern depicted in this result
could be due to variations in viscosity and thermal coeffi-
cients resulting from changes in atmospheric temperature
with solar radiation, especially if these WLS were induced
by GW that originated from the lower atmosphere (Vadas
and Fritts, 2004). A study by Vadas and Liu (2009) showed
that when the thermosphere is hotter, GW dissipate at
higher altitudes than when the thermosphere is cooler. This
may explain the high probability of occurrence of WLS
from 13:00 to 19:00 LT (Fig. 6(a)—(c)).

3.2.2. Seasonal variation of wave-like structures

The data for the observed WLS for the months of
March, June, September and December were extracted
and used to investigate any likely seasonal pattern. The
percentages shown were arrived at by expressing the num-
ber of WLS obtained in a given season as a percentage of
the number of days in the month. Fig. 7 shows that
MSWLS appeared more frequently than LSWLS at all
times and seasons. Wave activity increased gradually from
2009 to 2013 for both MSWLS and LSWLS. However the
observation of no WLS in Mar and Dec in 2010 and 2011
was due to missing data in these seasons. MSWLS showed
peak occurrence during Sep equinox in 2009 (Fig. 7(a)),
while in the rest of the years studied, the peaks were
observed in Jun solstice (Fig. 7(b)—(d)). The percentage of

LSWLS was observed to be highest during Sep equinox
in 2013 (Fig. 7(d)). On the other hand, the peaks of LSWLS
occurred during Jun solstice in 2010 and 2011, and Dec sol-
stice in 2009. Generally, there was no clear seasonal pattern
observed. This observation is similar to that of Klausner
et al. (2009) during a low solar activity period. Changes
in the neutral gas density over the years due to variation
in solar radiation could partly account for this observation.

3.3. Conclusion

This study has presented the extent of ionospheric per-
turbations over a low latitude region using GPS TEC.
The findings show that daytime TEC perturbations were
generally higher than those at nighttime. The diurnal peak
in the TEC perturbations occurred between 12:00 and
18:00 LT. Large amplitude TEC perturbations were more
frequent in 2013 than in 2009. A semi-annual variation
was observed in the TEC perturbations with peaks during
the equinoctial months. In addition, our results show that
TEC perturbations have a weak positive correlation with
F10.7 for most of the years analyzed. The Anomalous neg-
ative correlation coefficient between F10.7 and TEC deple-
tions observed in 2011 (Table 2) could have been purely
statistical or due to other factors which need further inves-
tigations. This suggests that local ionospheric dynamics
over the low latitude region is not only driven by changes
in solar activity. Wavelet analysis performed on the TEC
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perturbations revealed wave-like oscillations with periods
typical of TID. The wave-like oscillations showed high
probability of occurrence from 13:00 to 19:00 LT with no
seasonal pattern. We suggest that the WLS be investigated
further to determine whether they were TID, and how they
contributed to the observed TEC perturbations.
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