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[1] lonospheric plasma density irregularities are a common feature of the equatorial and
low-latitude ionosphere. These irregularities are known to cause fading and phase
fluctuation (scintillation) of L-band radio navigation signals such as those used by Global
Navigation Satellite Systems. This study investigates the occurrence of intense
ionospheric scintillation in the postsunset period during a geomagnetically quiet day on 8
April 2011. In particular, we use Global Positioning System (GPS) derived observations,
i.e., total electron content (TEC) and amplitude scintillation intensity index, S4, to
examine the occurrence of intense scintillations at two low-latitude stations in the East
African sector. Deep TEC depletions, in some cases roughly 40 TECU, are observed
consistently with the occurrence of intense scintillations. In addition, we compare the
GPS-based observations to the Communication/Navigation Outage Forecasting System
(C/NOFS) satellite plasma data. The intense scintillation events also correspond well with
plasma depletion structures present on the C/NOFS observations and can be attributed to
strong plasma bubble activity. The C/NOFS data also provide evidence of strong upward

drift velocities (> 60 m/s) associated with the depletions, which may have contributed to

the generation of the strong irregularities.
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1. Introduction

[2] Localized structuring of electron plasma density can
occur when the ionosphere is perturbed. This is a typi-
cal feature of the equatorial F' region ionosphere which
becomes unstable under complex interaction between elec-
tric fields, neutral winds, and the Earth’s magnetic fields,
particularly during the postsunset period [Basu et al., 1999].
At such times, conditions may become favorable for the
growth of instability mechanisms that lead to the devel-
opment of ionospheric electron density irregularities. The
presence of structured irregularities in the ionosphere can
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cause fading and phase variation (scintillation) of L-band
navigation signals such as those employed by Global Nav-
igation Satellite Systems (GNSS) [see e.g., Aarons et al.,
1996; Basu et al., 2002; Kintner et al., 2007]. A typi-
cal example of such a system is the Global Positioning
System (GPS).

[3] The equatorial and low-latitude ionosphere is one of
the most extensively studied regions, as evidenced by widely
documented literature [e.g., Kelley, 1989; Aarons, 1993;
Kil et al., 2002; De Paula et al., 2003; Stolle et al., 2006;
Nishioka et al., 2008; Adewale et al., 2011; Ngwira et al.,
2013]. One of the notable features of this region is the occur-
rence of plasma density irregularities during geomagneti-
cally quiet periods. Large-scale irregularities with typical
east-west dimensions of several hundred kilometers are gen-
erated in the F region by various plasma processes involving
an interchange of instabilities that include the Rayleigh-
Taylor and E x B drift instability mechanisms [e.g., Kelley,
1989; Fejer et al., 1999; De Paula et al., 2007].

[4] After sunset, the eastward electric field E along the
dip equator is intensified due to conductivity gradients at the
terminator via a process called the prereversal enhancement.
The zonal electric field in the equatorial ionosphere is east-
ward during the day and is mapped from the E region
to the F region [Heelis et al., 1974; De Rezende et al.,
2007], producing an upward E x B/B? drift velocity. The
F region plasma at the dip equator is uplifted by the ver-
tical E x B drift to higher altitudes, where it diffuses
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Figure 1. SCINDA (circles) ground receiver station locations used in this study. The location of Addis

Ababa magnetometer station (square), which is along

along magnetic field lines (by the action of gravity and the
pressure gradient forces) leading to the development of the
equatorial ionization anomaly (EIA) [Kelley, 1989]. The
low-latitude irregularities cause intense scintillations along
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the dip equator, is also shown.

the EIA, which are identified by the presence of electron
density peaks observed between +18° geomagnetic lati-
tudes. Sharp upward plasma density gradients are created
between the depleted bottomside ionosphere and the higher

08/04/2011

600
55
500 -
450

O

MMF J‘LIK}J 'AW"‘ 'Lh*\“hw’f ”‘w* l\(f"'t\

Vsw [km/s]

“ bﬂw
)
’ e vmw.‘.,rw..b. was

Bz [nT]

?”V% MMWWWW‘”WWW

!

I I T

r“
L

Np [em ™3]

L]
lll"v \v»..,-,\,,.w B .

g b 8 AR b e

I
|
|
T T T T ‘
|
!
|
|

J_..\»VW”‘HIL A A ¢

| | |

T I

;ﬂ N

uﬂﬂ lv' \W WL M‘M’"\ LWM& ity M‘J‘“ AT g "A}Hﬂ

I
|
Y 1 1 T [l
I
I

SYM-H (nT) IEF [mV/km]

11500
1000

¥ 500

AE index [nT]

Time (UT)

Figure 2. OMNI solar wind data and magnetometer derived geomagnetic indices for the period 6—8

April 2011.
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Figure 3. Examples of GPS TEC perturbations and scintillation measurements for three PRNs derived
from the SCINDA ground station in Nairobi on 8 April 2011. The data are sampled at 1 min intervals. At

this site, UT = local time — 2:27 h.

density in the topside F region that are known to be unstable
to the development of plasma density instability mechanisms
[Fejer et al., 1999]. Thus, plasma descending from higher
ionospheric heights fundamentally favors the generation

PRN 2
90

of equatorial irregularities. Under favorable ionospheric
conditions, these irregularities can grow along geomag-
netic field lines and are commonly referred to as plasma
bubbles [De Paula et al., 2007; Nishioka et al., 2008].
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Figure 4. Same as Figure 3 but for the SCINDA ground station in Kampala on 8 April 2011. At this

site, UT = local time — 2:10 h.
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Figure 5. Examples of GPS TEC perturbations and scintillation measurements at Nairobi for mea-
surements on 6 April 2011. No scintillations were observed on this day on the same PRNs as

in Figure 3.

The occurrence of equatorial irregularities or scintillations
is closely associated with local time, season, solar cycle,
geomagnetic activity, and longitude of station.

[s] The ionosphere over Africa, which has the largest
ground footprint along the geomagnetic equator, has not
been well explored mainly due to the absence of ground-
based ionospheric instrumentation across most of the con-
tinent [e.g., Yizengaw et al., 2011; Paznukhov et al., 2012].
However, many international collaboration efforts in the
last 6 years have increased the availability of ground-based
instrumentation over this previous unstudied region. The
US Air Force Research Laboratory has deployed a ground-
based network of SCINDA (Scintillation Network Decision
Aid) receivers for the measurement of scintillations, irreg-
ularity drifts, and total electron content (TEC), specifically
over the equatorial and low latitudes [e.g., Groves et al.,
1997]. Recently, a comprehensive study of equatorial plasma
bubbles and L-band scintillations during solar minimum
conditions was undertaken using several SCINDA receivers
across Africa and has demonstrated that the ionosphere over
Africa exhibits some unique irregularity patterns that are yet
to be fully understood [e.g., Paznukhov et al., 2012]. For
example, these authors found that plasma bubbles occurred
during all seasons of the year over the African sector,
while they were not observed during some seasons in other
longitude sectors.

[6] This study provides one of the first coordinated inves-
tigations of intense scintillation activity observed at two
selected SCINDA network receivers in the East African
sector. We employ a multi-instrument approach comprising

both space and ground-based measurements to probe the
ionosphere over this region.

2. Data

[7] In the present paper, we investigated a case of intense
scintillation observed on 8 April 2011. Two SCINDA net-
work receivers sites, both operational since 2009, were
used, i.e., Nairobi, Kenya (geographic: 1.27°S, 36.81°E;
corrected magnetic latitude: 16.55°S) and Kampala, Uganda
(geographic: 0.34°N, 32.57°E; corrected magnetic latitude:
15.60°S). The SCINDA ground station locations are shown
on the map given in Figure 1.

[8] The Boston College GPS-TEC software [Seemala
and Valladares, 2011] was used to derive TEC values and
the amplitude scintillation intensity index (S4) from each
SCINDA receiver observations. The S4 index is defined as
the normalized ratio of the standard deviation of signal inten-
sity fluctuations to the mean signal intensity. The GPS-TEC
program uses the phase and code values for both L1 and
L2 GPS frequencies to eliminate the effect of clock errors
and tropospheric water vapor to calculate relative values of
slant or line-of-sight TEC [Sardon and Zarraoa, 1997]. The
absolute values of TEC are obtained by including the dif-
ferential satellite biases published by the University of
Bern and the receiver bias that was calculated by minimiz-
ing the TEC variability between 02:00 and 06:00 LT. The
equivalent vertical TEC at lonospheric Pierce Point altitude
of 350 km is calculated assuming the thin shell model
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Figure 6. Postsunset plasma depletion on 8 April 2011. (top) 1 min integrated ionospheric density
(black), 1 s integrated density (green), satellite altitude (blue). (middle) FFT from the 512 Hz PLP data.
(bottom) Map with satellite trajectory (red) and geomagnetic equator (green).

[Coco et al., 1991; Wilson and Mannucci, 1993; Ciraolo and
Spalla, 1997, and references therein].

[¢9] In addition to the GPS observations, Communi-
cation/Navigation Outage Forecasting System (C/NOFS)
satellite in situ measurements are used. The C/NOFS
satellite was launched in April 2008 as part of a US Air Force
mission to forecast ambient plasma densities and irregu-
larities in the equatorial ionosphere that adversely impact
communication and navigation systems. C/NOFS was
launched into a low inclination (13°) orbit, with perigee of
400 km and apogee of 850 km, and was the first satellite
entirely dedicated to forecasting ionospheric irregularities
and radio wave scintillations. The satellite is equipped with
sensors that measure different quantities including: plasma
properties such as density and temperature; electric and
magnetic fields; neutral winds; the strength of scintillation-
producing irregularities; and electron content along the
lines-of-sight between the C/NOFS and the GPS. Full details
of the C/NOFS satellite instrumentation and science mis-
sion are discussed in the article by de La Beaujardiere
et al. [2004].

3. Observations

[10] The period of study presented in this paper corre-
sponds to a geomagnetically quiet day (8 April 2011) during
the ascending phase of the current solar cycle with moder-
ate solar radio flux (F10.7 = 109), sunspot number = 97,
and a maximum Kp index of 3. Solar wind and geomagnetic
conditions corresponding to this day are presented in
Figure 2. The figure shows from top to bottom: OMNI
solar wind bulk velocity (Vgy), interplanetary magnetic
field (IMF) Bz component, solar wind density, interplane-
tary electric field (IEF), and an over plot of the geomagnetic
SYM-H index (blue trace) and the AE index (black trace),
respectively. The SYM-H index is a high resolution (1 min)
equivalent of the Dst index [Wanliss and Showalter, 2006].
As demonstrated by the SYM-H index, there was a minor
geomagnetic storm that started with a sudden impulse at
~9:30 UT on 6 April 2011, before gradually decreasing to
a minimum SYM-H index value of around —60 nT at 18:00
UT. This was immediately followed by a recovery phase.
The geomagnetic conditions had returned to the prestorm
levels in 8 April, ranging between —20 and —5 nT. On this
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Figure 7. C/NOFS ion density (solid lines) and upward plasma drift (dashed lines) on 8 April 2011. The
locations of the two ground stations at Kampala and Nairobi are marked in the bottom panel by the square

and diamond, respectively.

same day, there were fairly stable interplanetary conditions
except the IMF Bz component experienced some significant
fluctuations between 16:00 and 22:00 UT. Notable among
these fluctuations is the sudden reversal from a southward to
a northward orientation at ~18:00 UT, turning from about
—4 to 5nT.

[11] In order to investigate the occurrence of scintilla-
tions, line-of-sight GPS-TEC data were used in addition
to the S4 index. The GPS-TEC measurements were passed
through a simple 15 min running mean filter. The filtered
data were then subtracted from the original observations
to determine the level of TEC perturbation (ATEC). With
this approach, it is easier to see the TEC enhancements
and depletions. Therefore, large-scale irregularity structures,
which manifest as TEC depletions, can be examined.

[12] Presented in Figure 3 is the SCINDA data for the
ground station at Nairobi during the postsunset period on
8 April 2011, while Figure 4 displays data for the ground
station at Kampala during the same period. The figures show
(top) the satellite elevation angle, (middle) TEC perturba-
tions, and (bottom) amplitude scintillation intensity index S4
for the identified satellites. The scintillation events are pre-
sented for radio signals from PRNs (pseudorandom noise)
2,4, and 26 for the two GPS ground receivers. For this study,
only scintillation activity observed on satellites above 30°

of elevation was considered in order to reduce the effects
of multipath.

[13] There are clear longitudinal differences between the
observations in Figures 3 and 4. The two stations are sep-
arated by ~4° in longitude. Both TEC depletions (nega-
tive TECU) and TEC enhancements (positive TECU) are
observed at both sites. The TEC enhancements have similar
magnitudes at both sites, but the TEC depletions are much
larger at Kampala than at Nairobi for PRN 2. However, the
S4 levels are also comparable at both sites despite the large
difference in the depth of depletions. It is possible that this
effect may be due to the saturation of the S4 index. It is well
known that under strong scattering conditions, the S4 index
saturates to a value near unity, irrespective of the strength of
the ionospheric perturbation [Carrano and Groves, 2010].
Both Figures 3 and 4 demonstrate good agreement between
the level of S4 (bottom) and the depth of TEC perturba-
tions (middle) in all cases and at each respective site. Clearly
visible major TEC depletions (negative TECU) are observed
with values as large as 2040 TECU. The TEC depletions
are also known as equatorial plasma bubbles or EPBs [e.g.,
Basu and Basu Su., 1981; Pi et al., 1997]. On the other hand,
Figure 5 shows data for Nairobi during the postsunset period
on 6 April 2011 when no scintillations were observed. As
evident, there are no significant TEC perturbations on this
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day, in particular TEC depletions, a sign that EPBs were
not present.

[14] To probe the ionosphere from above, the Planar
Langmuir Probe (PLP) on board the C/NOFS satellite takes
measurements of the ambient ionospheric densities and
electron temperatures. Further, it provides high temporal
(512 Hz) and spatial resolution (~13 m) plasma density
irregularity measurements. Additionally, the Ion Velocity
Meter (IVM) provides measurements of the plasma den-
sity, composition, and the three-dimensional drift at 1 Hz.
These drifts are rotated into the geomagnetic field-aligned
frame. The meridional component is defined as the drift per-
pendicular to B in the plane of the magnetic meridian. An
upward E x B meridional drift corresponds to an eastward
zonal electric field. Figure 6 reveals a deep plasma depletion
containing small-scale density structures down to 100s of
km observed in the postsunset period during C/NOFS orbit
number 16152 around 18:10 UT on the day of interest at a
satellite altitude of ~415 km. The ion density (solid lines)
and velocity (dashed lines) measurements are depicted in
Figures 7a—7c for three successive passes over the African
low-latitude region. The ground footprint (bottom panel) of
the three passes are located within about 10° northward of
the SCINDA sites. Large ATEC negative structures occur
around the same time that the depletions are seen on the
SCINDA density observations in Figures 7a and 7b. The
plasma density depletions are commonly observed at the
C/NOFS satellite orbit altitudes and are related to scintil-
lation activity [see e.g., de La Beaujardiere et al., 2009;
Nishioka et al., 2011].

4. Discussions

[15] We have presented the ionospheric conditions asso-
ciated with the development of intense scintillations at two
low-latitude ground stations in the East African sector. It
is well known that the nonlinear development of a large
spectrum of irregularities of different scale-sizes can be
investigated by various observational techniques [Cervera
and Thomas, 2006, and references therein]. At GPS carrier
frequencies, it is possible to detect EPBs, which typically
appear as plasma depletion structures on the TEC data.

[16] According to current understanding, it is generally
believed that deeper depletions are responsible for stronger
scintillations, given that the scintillation intensity is directly
proportional to the electron density variations along the GPS
radio signal path [e.g., Fremouw et al., 1980; Steenburgh
et al., 2007]. This is clearly illustrated in both Figures 3
and 4 (middle panels) that show large plasma density deple-
tions corresponding to intense scintillation activity. A recent
study of equatorial bubbles and L-band scintillations during
solar minimum (2010) by Paznukhov et al. [2012] revealed
that the depth of depletions did not exceed 7 TECU. How-
ever, we notice here depletion structures with depths ranging
between 5 and 40 TECU. This is not surprising since we
are looking at events during an ascending phase of the
solar cycle when background densities become higher due
to increasing solar activity [see e.g., Huang et al., 2002].
The depletion structures are a manifestation of bubbles, and
often embedded within them are the small-scale irregulari-
ties responsible for scintillations [Basu et al., 1999; Cervera
and Thomas, 2006]. Whalen [2009] attempted to quantify

scintillation in terms of electron density and was of the
view that even though scintillation is attributed to EPBs, its
strength is strongly controlled by the background electron
density that the bubble intersects, as a higher background
density can trigger larger density fluctuations. This is well
reflected in the Fast Fourier Transform (FFT) of PLP ion
density data that is provided as color spectrogram in the
middle panel of Figure 6. The FFT basically reveals large-
amplitude irregularities within the postsunset depletions [de
La Beaujardiere et al., 2009]. Further evidence in support
of higher background electron density is offered by Basu
and Groves [2001] who found scintillation to be greater at
the anomaly peaks than at the dip equator by simultaneous
measurements in both locations using the SCINDA network.

[17] The initial C/NOFS orbit pass in Figure 7a does not
show any depletions in the near vicinity of the ground sta-
tions, though the corresponding IVM drift velocity shows a
prereversal enhancement with a peak of ~65 m/s. However,
the subsequent passes (Figures 7b and 7c) show a series of
depletions extending from about 10° to 50°E longitude with
the deepest depletions at least two orders of magnitude less
than the background density. A comparison of the ground-
based receiver observations to the C/NOFS plasma density
measurements provided in Figure 7 shows that the time of
occurrence of TEC depletions and S4 activity is consistent
with the observations of density structures from C/NOFS.
Furthermore, our ground observations illustrate that the scin-
tillation activity started to develop in the postsunset period
and terminated before local midnight, while the C/NOFS
data demonstrate that the density depletions are well cor-
related with the corresponding IVM upward E x B drift
velocity measurements. A well-developed prereversal elec-
tric field, as inferred from the upward vertical drift velocity
of the equatorial F layer, is believed to be the primary cause
of the E x B drift velocity [e.g., Fejer et al., 1999; Whalen,
2001] and is one of the major conditions associated with
onset of early-evening irregularities.

[18] In Figure 8, we provide C/NOFS measurements for
6 April 2011, which show no enhancement of the prerever-
sal drift velocity. This figure also shows that no ion density
depletions were present between 30° and 40° of geomag-
netic longitude, a region corresponding to the location of the
two stations. The development of the prereversal enhance-
ment drift velocity on this day was probably suppressed by
the storm as seen in Figure 2.

[19] Fejeretal [1999] observed that when the prereversal
enhancement drift velocities were sufficiently large, the nec-
essary seeding mechanisms for the development of strong
Spread F irregularities appeared to be ever present. There is
clear evidence of a large prereversal drift velocity (~65 m/s)
that is seen on the C/NOFS data provided in Figure 7 for
8 April. One mechanism that can explain the enhancement
of the prereversal drift velocity on 8 April is the penetration
of magnetospheric electric fields to lower latitudes, which
can occur in response to rapid IMF-driven changes in the
strength of magnetospheric convection [Kikuchi et al., 2000;
Fejer et al., 2007]. As evident in Figure 2, the IMF Bz com-
ponent and the associated IEF experienced some significant
rapid fluctuations between 16:00 and 22:00 UT as marked
by the two vertical dashed lines A and B. A comparison
of Figures 2 and 7 shows that the drift velocity (Figure 7a)
started to increase around about the same time that
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Figure 8. Same as Figure 7 but for C/NOFS ion density and upward plasma drift on 6 April 2011.

fluctuations are observed on the IMF Bz component. A pen-
etration eastward electric field can lift equatorial plasma
upward due to E x B drift so that more plasma is avail-
able at higher altitudes where recombination rates are low.
This may also help to explain the intense amplitude scintilla-
tions (S4 ~ 1), as large drift velocities in-turn ensure strong
and fully developed EIA peaks that lead to well-developed
irregularities [ Whalen, 2001].

[20] An interesting feature of the scintillation pattern at
both sites investigated here is the long duration associated
with the high level activity (S4 > 0.5). In some cases, the
high level activity lasts well over an hour. This is not unique
to these observations and is consistent with earlier published
results that used data from SCINDA ground receivers [see
e.g., Groves et al., 1997; Paznukhov et al., 2012; Olwendo
et al., 2012]. The long duration could be caused by the
persistent occurrence of EPBs and indicates that irregular-
ity generation may have continued for several hours. The
C/NOFS satellite repeatedly observed deep plasma density
depletions during two passes (Figures 7b and 7c) that were
separated in time by approximately 2 h. Note that for pass
¢ (Figure 7c), the irregularities span a longitude covering
roughly 3 h of local time. According to Basu et al. [2001],
fresh generation of irregularities can be related to the dis-
turbance dynamo generated eastward electric field. Figure 2
shows a sudden northward turning of the IMF at ~18:00 UT

(vertical line B) that is accompanied by an enhancement of
the AE index. This could have provided a contribution to the
disturbance dynamo effect. However, there is need to further
investigate the total contribution of the disturbance dynamo
and other mechanisms, such as neutral winds, toward the
generation of these irregularities.

5. Summary

[21] Using a multi-instrument approach, we discussed
the development of intense scintillations that occurred on
8 April 2011 at two low-latitude stations in the East
African sector. We found significant longitudinal differences
between the two sites in terms of the TEC depletion lev-
els, but the level of scintillations were comparable for both
sites. This effect contradicts observations from earlier stud-
ies such as Paznukhov et al. [2012] and needs to be explored
in greater detail. However, by comparing observations from
ground-based SCINDA receivers to C/NOFS satellite mea-
surements, we have established that the intense levels of
scintillation were driven by significantly deep plasma bubble
activity. The strong plasma bubbles were probably gener-
ated with the help of an enhanced eastward electric field, as
revealed in the C/NOFS plasma drift measurements, which
ensured that there was more plasma available at higher alti-
tudes. A high background density is an essential requirement
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for the development of strong irregularities that give rise to
larger magnitude of scintillations [e.g., Basu et al., 2001;
Basu and Groves, 2001; Nishioka et al., 2011].

[22] While this study is not the first to use a combina-
tion of SCINDA receivers and C/NOFS data to investigate
scintillations, it is apparently the first of its kind carried out
over the African sector. Given the limited data resources
in this sector at the present time, it is still not possible
to clearly identify the driving mechanism(s) associated with
the strong scintillations. However, this study highlights sig-
nificant longitudinal variations in East Africa and should
encourage continued work in this region. Therefore, the
present study reveals some of the major challenges of
exploring the dynamics of the equatorial ionosphere over
Africa by showing that more ground instrumentation is still
needed to effectively investigate the African sector.
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