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Abstract. We report on the longitudinal, local time and sea-
sonal occurrence of equatorial plasma bubbles (EPBs) and
L band (GPS) scintillations over equatorial Africa. The mea-
surements were made in 2010, as a first step toward establish-
ing the climatology of ionospheric irregularities over Africa.
The scintillation intensity is obtained by measuring the stan-
dard deviation of normalized GPS signal power. The EPBs
are detected using an automated technique, where spectral
analysis is used to extract and identify EPB events from the
GPS TEC measurements.

Overall, the observed seasonal climatology of the EPBs as
well as GPS scintillations in equatorial Africa is adequately
explained by geometric arguments, i.e., by the alignment of
the solar terminator and local geomagnetic field, or STBA
hypothesis (Tsunoda, 1985, 2010a). While plasma bubbles
and scintillations are primarily observed during equinoctial
periods, there are longitudinal differences in their seasonal
occurrence statistics. The Atlantic sector has the most in-
tense, longest lasting, and highest scintillation occurrence
rate in-season. There is also a pronounced increase in the
EPB occurrence rate during the June solstice moving west to
east. In Africa, the seasonal occurrence shifts towards boreal
summer solstice, with fewer occurrences and shorter dura-
tions in equinox seasons. Our results also suggest that the

occurrence of plasma bubbles and GPS scintillations over
Africa are well correlated, with scintillation intensity de-
pending on depletion depth. A question remains about the
possible physical mechanisms responsible for the difference
in the occurrence phenomenology of EPBs and GPS scintil-
lations between different regions in equatorial Africa.

Keywords. Ionosphere (Equatorial ionosphere; Ionospheric
irregularities) — Radio science (Space and satellite communi-
cation)

1 Introduction

Plasma interchange instabilities present in the equatorial
ionosphere after sunset generate large-scale depletions in the
ambient electron density. These bubbles of depleted plasma,
which are commonly referred to as equatorial plasma bubbles
(EPB), rise vertically and then drift for up to several hours.
The presence of plasma irregularities with a wide range of
scales (from 10 cm to 1000 km) within these depletions dis-
rupts communications and navigation systems in a broad lat-
itudinal band (420 degrees) surrounding the geomagnetic
equator by scattering radio wave signals that pass through
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Fig. 1. SCINDA station locations in equatorial Africa. The geo-
magnetic field configuration is shown as well; the solid curve indi-
cates the dip equator, the horizontal dotted curves indicate £20 de-
gree dip latitudes, and the dotted vertical curves show the magnetic
meridians through the stations. Three geographical regions (At-
lantic, West, and East) can be introduced using the existing stations.

them. These turbulent ionospheric conditions were given a
name “‘spread-F” primarily because of the way they affect
the F layer trace in ionograms, by producing spreading in the
echo range and frequency. Although other mechanisms be-
sides equatorial spread F (ESF) can produce equatorial scin-
tillation (for example, bottomside spread F or BSSF (Val-
ladares et al., 1983)), the scintillations from ESF are likely to
have the strongest impact on operational systems (Whalen,
2000). Radio wave signals that propagate through ESF ir-
regularities experience random scattering and diffraction, re-
sulting in random fluctuations in signal amplitude and phase
referred to as scintillations. Scintillations due to ionospheric
disturbances are known to degrade and disrupt satellite-based
communications and navigation systems (Datta-Barua et al.,
2010; Carrano and Groves, 2010); this is why the study of
their physics and climatology is an active research topic in
ionospheric physics.

The EPB/ESF phenomena and the associated GPS scintil-
lations have been studied intensively from 1960s both theo-
retically and experimentally (e.g., Calvert and Cohen, 1961;
Farley et al., 1970; Woodman and La Hoz, 1976; McClure et
al., 1998; Hysell and Kudeki, 2004; Abdu et al., 2009; Tsun-
oda, 2010b). Several models, climatological (Secan et al.,
1995) as well as first-principle (Retterer and Gentile, 2009)
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Table 1. SCINDA station locations in Africa. Station dip angles are
calculated using IGRF model for the altitude of 350 km.

Station name GeoLat GeoLon Dipangle Abbreviation
Abidjan, Ivory Coast ~ 5.3°N 4.0°W —14.2° abj
Addis Ababa 9.0°N 38.8°E 2.2° add
Ascension Island 8.0°S 14.4°W —38.7° asi
Bahir Dar, Ethiopia 11.L6°N  374°E 8.1° bhd
Cape Verde 16.7°N  23.0°W 16.9° cvd
Ilorin, Nigeria 8.5°N 4.7°E —6.3° ilo
Kampala, Uganda 0.3°N 32.6°E —20.6° kam
Lagos, Nigeria 6.5°N 34°E —11.3° los
Nairobi, Kenya 1.3°S 36.8°E —22.9° nbo
Nsukka, Nigeria 6.9°N 74°E —10.1° nsu
Zanzibar, Tanzania 6.2°S 39.2°E —32.6° znz

have been proposed to describe the occurrence and variability
of the ESF, EPBs, and GPS scintillations. It is typically as-
sumed (e.g., McClure et al., 1998) that two major factors are
responsible for the spread-F occurrence: variations in the lin-
ear growth rate of the generalized Rayleigh-Taylor instability
(e.g., Sultan, 1996) and the presence of the seed perturbation
(e.g., Hysell et al., 1990). The first factor is mainly controlled
by the ionospheric electrodynamics, while the seeding per-
turbations are typically attributed to the presence of medium
scale gravity waves (e.g., Tsunoda, 2010b). The relative im-
portance of the two factors is still a subject of a debate. It is
known that ESF typically occur within £20 degrees of geo-
magnetic equator, but the overall climatology of the ESF oc-
currence is quite complex. The phenomenon exhibits signif-
icant variations in longitude, season and local time (Aarons,
1993). The majority of the observed ESF, however, occur
during the equinox seasons after the sunset. Tsunoda (2010a)
introduced a hypothesis that the global climatology of the
ESF occurrence can be best explained by the condition of the
solar terminator alignment along the local geomagnetic field
(STBA hypothesis). Overall, this idea explains the observed
ESF occurrence reasonably well, although certain discrepan-
cies with observations, especially during the solstices, still
exist (e.g., Burke et al., 2004; Gentile et al., 2006).

The overwhelming majority of the observations of ESF
and GPS scintillations to date have been made in the South
American region, while other regions of the Earth, including
the African continent have been left largely unexplored due
to the absence of routine ground based ionospheric observa-
tions in these parts of the world. Recently, there have been
some EPB studies using satellite observations (Huang et al.,
2002; Hei et al., 2005; Stolle et al., 2006; Gentile et al., 2006)
but the data available was often scarce, and in some stud-
ies measurements were made in the topside ionosphere only.
Wiens et al. (2006) reported results of observations of EPBs
and GPS scintillations in Eritrea, but their study was limited
to a local region in East Africa. In this work we present some
of the first results of EPB and GPS scintillations observations
made in 2010 throughout the equatorial Africa region.
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2 Data collection

Sponsored in part by the International Heliophysical Year
(IHY) program, Boston College, Air Force Research Labo-
ratory (AFRL), and several universities in Africa have col-
laborated to deploy a network of GPS receivers through-
out equatorial Africa, a region which has been largely de-
void of ground-based ionospheric monitoring instruments.
High data-rate NovAtel GSV4004B GPS receivers capable
of measuring Total Electron Content (TEC) and GPS scintil-
lations were installed at 10 new locations near the geomag-
netic equator, with the stations positions summarized in Ta-
ble 1 and illustrated with Fig. 1.

Most of the above stations started operations in 2009, ex-
cept the Cape Verde station which began operations in 2006,
and the Ascension Island station which had been in opera-
tion much earlier. All these stations routinely collect GPS
data and the results of the measurements (S4 index and GPS
TEC calculations) are stored in the Scintillation Network De-
cision Aid (SCINDA) database (Groves et al., 1997). Unfor-
tunately, in 2010 there was still a large gap in the central
Africa not covered by the GPS receiver network. As of 2011
there have been three more stations installed in the Central
African region, near the geomagnetic equator (Congo). At
present there are several other GPS TEC receiver sites in
equatorial Africa region operating continuously, however in
this study we limited our data analysis to the SCINDA sta-
tions that provided simultaneous S4 index measurements.

Figure 2 shows an example of the GPS record from
Cape Verde station. The top panel shows vertical TEC and
satellite elevation angle as a function of time. The bot-
tom panel displays the S4 index for the same time interval
calculated using same satellite transmissions. The scintil-
lation intensity is obtained by measuring the standard de-
viation of normalized GPS signal power. In the given ex-
ample, a clear TEC depletion is present at 02:00-03:00 UT
causing associated GPS scintillations visible in the bottom
panel. In order to automate the search for the TEC deple-
tions (which are a manifestation of EPBs) we made use of the
automated algorithm developed by Seemala and Valladares
(2011). The algorithm is based on the spectral analysis of
the GPS TEC records, and the plasma bubbles (depletions)
are identified by amplitude thresholding of the digitally fil-
tered data records. The filters used in the processing select
time periods of 3—40 min and 25-120 min, corresponding to
the typical durations of the EPBs. This processing has been
shown to be very successful for the analysis of the data from
the Low-Latitude Ionosphere Sensor Network (LISN) net-
work of GPS receivers in South America (Valladares and
Doherty, 2009). In Fig. 2, the square box in the top panel in-
dicates the depletion which was found automatically by the
Seemala-Valladares algorithm. The depth of the depletion
is calculated as a difference between the background TEC
value (at the time of depletion) and the TEC value at the
minimum point of the depletion. In the shown example the

www.ann-geophys.net/30/675/2012/

Unts: QI D0Y: 209, PRNE 5 Giape Verds

“Toa 05 1.0 15 20 25 30 s 40 45 s0 55 &a
T ghesi

Fig. 2. Example of the measurements at Cape Verde (18 Octo-
ber 2010). The top plot shows the TEC measurements and also the
elevation angle of the satellite. Bottom plot shows S4 index mea-
surements at same location. In this example the depletion depth is
about 7 TECU.

observed depletion depth was 7 TECU. Note that in Fig. 2,
bottom panel, a short GPS scintillation is present at about
5.25 UT, corresponding to low elevation angle of the satel-
lite (<30 degrees). This signature is typically caused by the
focusing and defocusing of the GPS signals reflected from
terrestrial objects commonly referred to as “multipath” inter-
ference (Carrano and Groves, 2006). These signals have to
be eliminated from further processing, which is partially ac-
complished by eliminating data records corresponding to low
elevation angles.

Figure 3 shows a summary of the S4 index measurements
made during 2010 at three equatorial stations: Cape Verde,
Lagos and Kampala, which represent the Atlantic, West and
East African sectors respectively. The year 2010 was still a
period of very low solar activity: the F10.7 solar flux was
around 80 sfu (10722 W m~2Hz~!) during the year. The S4
index data shown in the plot is computed over 1 min inter-
vals. Opverall, the observed GPS scintillations during this
year of very low solar activity were rather weak, (e.g., scintil-
lations with the S4 index value greater than 0.25 were rarely
recorded). Under these conditions, the frequent presence
of “multipath” interference signals presented a significant
challenge to data analysis. To eliminate those signals, we
first removed the data corresponding to low elevation angles
(<30 degrees) and then using the fact that the interferers had
a daily periodicity (due to the 12 h orbits of the GPS satel-
lites), we applied 2-D Fourier filtering to further suppress
them. Some very slight traces of the “multipath” signals ap-
pearing in the yearly plots as stripes can be seen in the figure.

It is evident from the data shown in Fig. 3 that in all three
sectors during the measurements in 2010 the scintillations
were predominantly observed during the equinoctial seasons.
However, the seasonal periods during which the scintilla-
tions were detected are longer for the African regions, where
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Fig. 3. Example of GPS scintillation data for the year 2010 from
three regions: Cape Verde, Lagos, and Kampala. The graphs show
distribution of the S4 index measurements as function of day of the
season and universal time. Black color has been used to indicate
missing data.

even in July a significant number of scintillations was ob-
served. The Atlantic sector (Cape Verde station) observed
the strongest and longest scintillations during the equinoc-
tial seasons. Interestingly, the scintillations observed at Cape
Verde were much more frequent and longer lasting than those
at Ascension Island station (not shown). This should prob-
ably be attributed to the difference in the geomagnetic lat-
itudes (dip angles) between the two Atlantic stations. The
Ascension Island station is significantly further away from
the magnetic equator, and therefore the plasma bubbles caus-
ing the scintillations seldom rise high enough during solar
minimum to reach the magnetic flux tubes corresponding to
the station location.

The next section presents more detailed climatological
patterns of GPS scintillations and EPBs distributions over
equatorial Africa by presenting the data from all stations as a
function of season and geographical longitude.

Ann. Geophys., 30, 675-682, 2012

3 Results and discussion

Figure 4 shows GPS scintillation summary plots presenting
scintillation intensity (left) and scintillation occurrence rate
(right). The data presented have been limited to elevation an-
gles above 30 degrees and further filtered with 2-D Fourier
to suppress the “multipath” interference signals as discussed
above. The black solid lines indicate the locations where
the angle between the solar terminator and local geomagnetic
meridian is zero. Black dashed lines indicate regions where
this angle is equal to 15 degrees. The occurrence rate of the
GPS scintillations was calculated as a ratio of the number
of days when at least one scintillation event (with S4 index
value greater than 0.2) was observed to the total number of
days of observations in each databin. These databins have a
length of 5 days and a width of 5 degrees of longitude. The
minimum duration of a single scintillation event was set at
15min. The white areas on the right plot represent the re-
gions which were not covered by the observations in 2010.

The strongest and most frequent scintillations were ob-
served during equinoctial seasons in the Atlantic region.
Scintillations in the West and East African sectors were no-
ticeably weaker. However, in West and East Africa a few
weak scintillations were also observed during the boreal
summer time. Overall, however, during the solstices the
number of the observed scintillations statistically is not very
significant. In general, the occurrence of the GPS scintilla-
tions is in a good agreement with the Tsunoda’s STBA hy-
pothesis, i.e., the scintillations are most frequently observed
during the time when the alignment of the solar terminator
with the geomagnetic meridian is best. The significant dif-
ference in the intensities of the scintillations in Atlantic and
African sectors is not explained by the STBA hypothesis,
however, and remains an open question.

It is interesting to compare the observed climatology of
the GPS scintillations to the occurrence pattern of the equa-
torial plasma bubbles in the equatorial African region. In
our study the EPBs were detected from the routine GPS
TEC measurements at the SCINDA stations, using a spec-
tral analysis-based technique from (Seemala and Valladares,
2011) as was described in the previous section. The clima-
tology of the EPBs is shown in Fig. 5, which is prepared
in the same format as that of Fig. 4. Overall, the climatol-
ogy of the EPBs is very similar to that of the GPS scintilla-
tions (Fig. 4), and therefore, also follows the STBA hypoth-
esis, however, we note that there was a significant amount of
EPBs detected during the boreal summer months, especially
in West and East Africa. The SCINDA receivers typically
did not measure scintillations associated with these boreal
summer EPB, perhaps because the TEC depletion depth was
relatively small.

Results shown in Fig. 5 are in agreement with the EPBs
observations by the DMSP satellite reported by Gentile et
al. (2006) who also observed a significant number of EPBs
during June—July in the longitude range of 0—40 degrees. The

www.ann-geophys.net/30/675/2012/
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Fig. 4. Left panel: Scintillation intensity as a function of day of the year and longitude. Right panel: Scintillation occurrence rate. On the
left panel individual S4 index measurements are shown, while on the right panel, data are binned in 5 degrees x 5 day blocks, for which the
occurrence rate is calculated. Black solid lines indicate the region where the solar terminator is aligned with the local geomagnetic field.
Black dashed lines indicate regions where this angle is equal to 15 degrees. The strongest and most frequent scintillations occur in the
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Fig. 5. Left panel: EPB intensity (TEC depletion depth in TECU) as a function of day of the year and longitude. Right panel: EPB occurrence
rate. On the left panel all detected EPBs are shown, while on the right panel, data are binned in 5 degrees x 5 day blocks, for which the
occurrence rate is calculated. Black solid lines indicate the region where the solar terminator is best aligned with the local geomagnetic field.
Black dashed lines indicate regions where this angle is equal to 15 degrees. The climatology of the EPBs overall is in agreement with that of

the GPS scintillations shown in Fig. 4.

DMSP measurements, however were made during the so-
lar maximum conditions (1999-2002), since during the so-
lar minimum years there were just a few EPBs detected by
the DMSP satellite. This difference is presumably attributed
to the fact that during solar minimum conditions the plasma
bubbles rarely reach the altitude of the satellite. In fact, this
is one of the main advantages of the ground based tech-
nique, i.e., EPBs in the TEC measurements are more read-
ily detected in comparison to the in-situ detection of EPB

www.ann-geophys.net/30/675/2012/

at 800 km (DMSP satellite orbit altitude), particularly during
solar minimum.

Figure 5 suggests that the occurrence rate of EPBs during
the boreal summer months increases with longitude from the
Atlantic sector to the East Africa sector. Previous authors
(Gentile et al., 2006; Stolle et al., 2006) also noted that the
African longitude sector appears to have a higher occurrence
rate of EPBs during the boreal summer months compared to
any other longitude sector. A physical mechanism for this

Ann. Geophys., 30, 675-682, 2012
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Fig. 6. Relation between the GPS scintillation intensity and TEC
depletion depth (in TECU). Data from three stations Cape Verde,
Lagos, and Kampala representing three regions are shown. A best
linear fit line is shown with fit coefficients given in the lower right
corner.

effect is not yet clear. As was mentioned in previous sec-
tions, two major factors are responsible for the spread-F cli-
matology: the linear growth rate of the generalized Rayleigh-
Taylor instability and the presence of the seed perturbation.
The first factor is mainly controlled by the ionospheric elec-
trodynamics, while the seeding perturbations are typically at-
tributed to the presence of medium scale gravity waves. It has
been suggested by Tsunoda (2010a) that in the equatorial re-
gion, the seeding conditions for the gravity waves are deter-
mined by the position of the Intertropical Convergence Zone
(ITCZ). 1t is perhaps not very likely, however, that there is
a significant difference in the ITCZ location on such a scale
(50-60 degrees of longitude). Other authors (E. Yizengaw,
personal communication, 2010) have suggested there may
be differences in the electrodynamical processes between the
East and West coast of Africa, which could potentially ex-
plain the observed difference in EPB morphology derived
from the TEC fluctuation measurements.

When comparing Fig. 5 and Fig. 4 one notices that GPS
scintillations occur much more rarely during the summer
time than the EPBs. This is especially evident for the East
Africa region. This fact may be an indication that in the East
Africa region the weak EPBs do not always evolve into the
fully developed plumes with the associated small scale turbu-
lent structure that cause GPS scintillations. A perhaps more
likely possibility is that although plasma bubbles are present,
the total integrated density fluctuation (which can be limited
by the background plasma density) along the GPS raypath
is insufficient to produce signal scintillations at the L band
frequency. A quick examination of the vertical GPS TEC
data over the SCINDA stations (not shown) did not reveal
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any significant differences in background electron density
distribution over this relatively limited longitudinal extent,
but this of course does not directly indicate the level of in-
tegrated density fluctuations present. It will be interesting to
see whether boreal summer EPBs result in scintillations dur-
ing the upcoming solar maximum, when the density deple-
tions are likely to be deeper and the fluctuation level larger.

We analyzed the relationship between the depth of TEC
depletion associated with plasma bubbles and corresponding
GPS scintillation intensity. It is natural to expect that deeper
depletions cause stronger scintillations, since the scintillation
intensity is directly related to the electron density fluctua-
tions AN along the GPS signal radiopath. These results are
shown in Fig. 6, combining the data from three SCINDA sta-
tions: Cape Verde, Lagos, and Kampala (same as in Fig. 3)
and representing three regions introduced in Fig. 1. For each
station, S4 index data are binned with 0.01 step, and for each
databin the median TEC depletion depth is determined for S4
index values greater than 0.2. Generally, the results show a
clear linear dependence between the S4 index and depletion
depth, although the spread of the data is rather significant
(R =0.57). The ratios between S4 index values and the de-
pletion depth are very close for all three stations. Note that
depletions with values smaller than 2 TEC units generally do
not produce GPS scintillations. It is generally acknowledged
that most of the scattering of L band signals occurs within a
thin layer surrounding the peak of the F layer (Basu et al.,
1983). Whalen (2009) suggested that while scintillations are
associated with plasma bubbles, its strength is determined by
the background electron density that the bubble intersects,
presumably because a larger background density can admit
larger density fluctuations. Therefore, it is expected that the
correlation between the scintillation intensities and electron
densities or electron density fluctuations measured near the
peak of the F layer would be stronger than that between scin-
tillation intensities and total TEC changes. In the current
study, unfortunately, we did not have measurements of the
ionosphere peak densities or fluctuations at the SCINDA sta-
tions (e.g., taken by ionosondes or radars). It should also be
pointed out that during strong spread F conditions it is very
difficult to make reliable measurements of the electron den-
sity profile with any of the existing ground-based methods.
Thus the observed spread of the data in Fig. 6 should not be
very surprising.

4 Summary and conclusions

In this paper we presented GPS TEC observations from new
SCINDA network sites in equatorial Africa region. Most
of these stations began their routine operations in 2009.
The intensity of GPS signal scintillations is calculated by
measuring the standard deviation of normalized GPS signal
power. Because the measurements were made during very
low solar activity conditions, the amplitudes of the observed

www.ann-geophys.net/30/675/2012/
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scintillations were quite low. For this reason we decided to
apply an additional filtering algorithm to separate the scintil-
lation signals from local interference (multipath). We have
also applied an automated technique to determine EPBs in
GPS TEC observations. We have found a definite correlation
between the depths of the TEC depletions and intensities of
the corresponding scintillation.

Overall, the seasonal climatology of the EPBs as well as
GPS scintillations is adequately explained by geometric ar-
guments, i.e., the alignment of the solar terminator and lo-
cal geomagnetic meridian, or STBA hypothesis (Tsunoda,
2010a). This is best illustrated with Figs. 4 and 5. The
strongest and most frequent GPS scintillations as well as
EPBs occur during the equinox periods in all three longitudi-
nal sectors which were covered by the observations. Within
the equinox periods, the most intense, longest lasting, and
most frequent GPS scintillations and EPBs are observed in
the Atlantic region. The observed longitudinal dependence
is a very interesting result, since it also implies the longitu-
dinal difference in the value of the pre-reversal enhancement
(PRE) of the E x B drift velocity after sunset. We note that
the East African sector around 40° E (geographic) is located
near the boundary of the 4-cell non-migrating tidal structure
which was discovered recently from satellite observations
(Immel et al., 2006; Anderson et al., 2009). It is plausible
to suggest that the PRE value at the cell boundary could be
lower than that in the middle of the cells. Overall, these find-
ings need further analysis with more long-term observations.
In Africa, especially in the East Africa region, the shallower
EPBs are observed practically all year long, even during the
boreal summer solstice. This result is consistent with DMSP
data observations in this region made during solar maximum
conditions (Gentile et al., 2006). During the boreal sum-
mer time the presence of GPS scintillations appears to be
not very significant in this region, at least for the level of
solar activity observed in 2010. Generally, in our study we
observed that EPBs with depletion depth smaller than 2 TEC
units rarely produce scintillations. It will be interesting to
see whether boreal summer EPBs result in scintillations dur-
ing the upcoming solar maximum, when the density deple-
tions are likely to be deeper and the fluctuation level larger.
To investigate this further it would be advantageous to have
electron density profile measurements, (e.g., with ionosonde
or COSMIC data) in order to be able to obtain the full in-
tegrated electron density fluctuations along the GPS signal
radiopath.

The major question our study raises is what mechanism
is responsible for the important transition in the occurrence
phenomenology of EPBs and GPS scintillations that occurs
between the Atlantic region and East Africa? This is a rela-
tively small region, and, therefore, it seems unlikely that the
spread-F seeding conditions could be significantly different
on such a scale. Possible difference in the ionospheric elec-
trodynamics appears to be a more likely candidate. More
data is needed for further investigation of the distributions of
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the EPBs and GPS scintillations in African equatorial region
and for in-depth study of their relation.

The SCINDA network in the African continent is ex-
panded with the help of many international partners, mak-
ing it possible to study the unique behavior of the equatorial
ionosphere over Africa. We hope to ensure global coverage
in time for the upcoming solar maximum. AFRL has de-
ployed three additional GPS receivers in the Congo region to
help with coverage in Central Africa. At least a few addi-
tional sites are still needed, however, especially in the north-
ern anomaly region.
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