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[1] The technique of radio occultation (RO) is demonstrated to be a powerful tool for
studying equatorial F-region irregularities (EFIs) associated with equatorial plasma
bubbles. The extensive 4.9 year RO dataset of the Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC) satellites was employed in this study and
contains EFI observations under a wide variety of solar and geomagnetic conditions. From
an analysis of the EFI occurrence dependence on season/longitude, it is found that the EFI
occurrence statistics largely match those reported previously, with the exception of an
equinoctial EFI occurrence maximum in the American sector that is absent from previous
studies. It is revealed that this maximum is due to enhanced EFI occurrence near the South
Atlantic anomaly, where EFIs are expected to be suppressed by particle precipitation. An
investigation into the solar activity dependence of the EFI occurrence characteristics
revealed significant increases in the range of local times and latitudes with solar activity for
most longitude sectors and seasons. Finally, the EFI suppression and enhancement effects
of storm-time electric fields are also investigated using the COSMIC data.
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1. Introduction

[2] The equatorial F-region irregularities (EFIs) associated
with large regions of depleted plasma density, termed
equatorial plasma bubbles (EPBs), regularly cause disruptions
on trans-ionospheric radio signals by means of amplitude and
phase scintillations, e.g., the L-band radio signals employed
by the Global Positioning System (GPS). The climatology
and predictability of EFIs/EPBs have been the subject of
significant research effort in recent decades [e.g., Basu and
Basu, 1985; Tsunoda, 1985; Aarons, 1993; Basu et al.,
2002; Burke et al., 2004a; Burke et al., 2004b; Nishioka et al.,
2008; Su et al., 2008] and have become an increasingly
important issue with the increased reliance on trans-ionospheric
signals for communication and navigation applications that
are vulnerable to ionospheric variability [e.g., Kelley et al.,
2006]. The observation techniques for studying EFIs/EPBs
include ground-based radars [e.g., Aarons, 1993; Abdu et al.,
2003;Miller et al., 2010], optical airglow imagers [e.g., Abdu
et al., 2003; Makela and Kelley, 2003; Miller et al., 2010;
Koga et al., 2011], satellite-to-ground radio scintillation

observations [e.g., Basu and Basu, 1985; Basu et al., 1988;
Aarons, 1993; Basu et al., 2002; Nishioka et al., 2008], and
space-based in situ plasma density measurements [e.g.,
Aarons, 1993; Burke et al., 2004a, 2004b; Su et al., 2008].
Over the past decade, GPS radio occultation (RO) has
emerged as a new technique to investigate EFIs [e.g.,
Sokolovskiy et al., 2002; Straus et al., 2003; Bernhardt and
Siefring, 2006; Ko and Yeh, 2010].
[3] The existence of EPBs is due to the rapid depletion of

the E region after sunset that creates a steep vertical plasma
density gradient towards the F-region peak. This gradient, in
combination with the pre-reversal enhancement in the zonal

electric field that drives vertical
!
E �!

B drift at low-latitudes
[e.g., Heelis, 2004], causes the plasma to become unstable in
the bottomside F layer via the generalized Rayleigh-Taylor
(R-T) instability [Ott, 1978; Sultan, 1996; Basu et al.,
2002; Kelley, 2009]. The energy from the resultant large-
scale plasma irregularities cascades down to smaller scales
[Kelley, 2009], facilitating the observation of so-called
“Equatorial Spread F” (ESF) using ground-based radars,
such as Jicamarca [e.g., Kelley et al., 1981], and is the
primary cause of amplitude and phase scintillations on the
GPS L-band frequencies [e.g., Basu et al., 2002].
[4] One specific topic of interest is the dependence of

the EPB/EFI observations on season and longitude, i.e. the
so-called “s/l” dependence. Tsunoda [1985] explained the
s/l dependence as being due to themagnitude of the longitudinal
gradient in the integrated E-region conductivity, with higher
EPB occurrence expected during times of the year when the
day-night terminator aligns with the magnetic field. As such,
the time of year (through the solar declination angle) and the
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magnetic declination angle at the observing location are strong,
controlling factors in EPB and, hence, EFI generation.
Tsunoda’s [1985] explanation has largely been supported by
global observations [e.g., Aarons, 1993; Huang et al., 2001,
2002; Burke et al., 2004b; Nishioka et al., 2008; Su et al.,
2008].
[5] However, there have also been longitudinal EPB

occurrence trends that Tsunoda’s [1985] model does not
explain. For example, Burke et al. [2004a] showed a tendency
for higher EPB occurrence to be asymmetrical on either side of
the two times each year when the terminator and magnetic
field align. The source of the asymmetry was explained by
Burke et al. [2004a] to be caused by the suppression of the
instability growth rate by the inter-hemispheric winds directed
from the summer hemisphere to the winter hemisphere.
The resulting effect on the EPB occurrence rates is that
EPB observations are more common during summer, i.e.,
December–February (June–August) for the longitudes where
the magnetic equator resides in the Southern (Northern)
Hemisphere, as clearly shown by Burke et al. [2004a,
2004b] using the Defense Meteorological Satellite Program
(DMSP) data. An additional longitudinal trend not explained
by the Tsunoda [1985] model is the overall difference in
EPB occurrence between the American and Asian longitude
sectors over an entire solar cycle. This difference was
suggested by Huang et al. [2001] to be due to the difference
in magnetic field strength B, and hence the associated upward
plasma drift Vz/E/B following sunset, where E is the
magnitude of the zonal electric field. Interestingly, Burke et al.
[2004b] revealed that the situation is further complicated
by the suppression of the R-T growth rate caused by the
precipitation of inner magnetospheric electrons into the E
region close to the South Atlantic Anomaly (SAA). More
recently, Dao et al. [2011] revealed a four-wave pattern in
the occurrence of EFIs measured by the Communications/
Navigation Outage Forecasting System (C/NOFS) satellite
as a function of longitude, as evidence for coupling of tidal
winds to EFI generation.
[6] Another aspect of research into the equatorial F-region

ionosphere is the role of solar activity in the occurrence of
EPBs. It has been known for some time that solar activity is
related to the generation of EPBs, with more EPB detections
expected during solar maximum and less during solar
minimum [e.g., Basu et al., 1988, 2002]. Huang et al.,
[2002] used 12 years of DMSP data to show that the yearly
averaged F10.7 flux correlated very well with the EPB
occurrence across all longitude sectors; with a correlation
coefficient of R=0.98. Using a network of widely spread
(in longitude) ground-based GPS stations, [Nishioka et al.,
2008] used a 6 year dataset to investigate the occurrence of
EPBs, and it was shown that the dependence on solar activity
was significantly different for different longitude sectors. The
longitude sectors that exhibited the highest correlation with
F10.7 were the African and Asian sectors. Interestingly, some
works have also shown that the effects of solar activity on
the occurrence of EPBs are dependent on the season. For
example, in the Brazilian sector, the change in EPB occurrence
with solar activity has been shown to be obvious only
during the equinox months [e.g., Sobral et al., 2002; Chu
et al., 2005].
[7] Studies of the solar activity dependence of EPB

generation are further complicated by the fact that the

measurement techniques themselves can cause conflicting
interpretations of the EPB climatology [e.g., Miller et al.,
2010; Makela and Miller, 2011]. Recently, it was shown
by Makela and Miller [2011] that the solar cycle dependence
is significantly different between their airglow measurements
and the in situ DMSP plasma depletion measurements
reported by Gentile et al. [2006]. Instead of showing the
correlation between the EPB occurrence and solar activity as
in the DMSP observations,Makela and Miller [2011] showed
that the EPB formation increased in the post-midnight hours
during low solar activity compared to high solar activity.
The inconsistencies were explained by Makela and Miller
[2011] to be due to the DMSP sampling characteristics in
terms of the local time (LT) and altitude coverage.
[8] The effect of geomagnetic disturbances on the

occurrence of EPBs has also had significant research interest
in recent years [e.g., Sobral et al., 2002; Li et al., 2009,
2010; Basu et al., 2010; Sun et al., 2012]. Detailed discussions
on the effects of geomagnetic disturbances on the development
of EPBs has recently been given by Abdu [2012]. Ultimately,
the effects of geomagnetic disturbances on the development
of EPBs and EFIs are due to the changes in the zonal electric
field strength near the equator that controls the vertical drift
of the F layer. The associated changes in the equatorial electric
field strength due to geomagnetic activity can be separated
into three phenomena: (1) prompt penetration electric fields
(PPEFs) or the so-called “undershielding” scenario, (2)
penetration electric fields (PEFs) or the “over-shielding”
scenario, and (3) the disturbance dynamo electric field
(DDEF).
[9] The PPEFs take place in themain phase of a geomagnetic

storm, which is characterized by the initial southward turning
of the interplanetary magnetic field (IMF). The PPEF is in the
same direction as the quiet-time electric field (eastward
during the day and westward during the night) [Fejer et al.,
2008], therefore resulting in stronger upward (downward)!
E �!

B plasma drift during the day (night) during
disturbances, i.e., the “under-shielding scenario”. The stronger
upward pre-reversal enhancement before dusk promotes EPB
generation, whereas the stronger downward drift in the post-
midnight sector suppresses EPB generation [e.g., Sobral
et al., 2002; Basu et al., 2010].
[10] Following the subsequent strengthening of the dusk-to-

dawn polarization fields in the shielding layer to counter the
PPEFs, there is a drop in the PPEF strength due to a northward
turning of the IMF that weakens the magnetospheric
convection, typically marking the end of the main phase
and the beginning of the storm recovery phase. The resulting
electric fields that now “over-shield” the storm-associated
electric fields are oppositely directed to those of both quiet-
time and the storm main phase periods, i.e., westward
(eastward) during the day (night). These PEFs result in
downward plasma drift in the post-sunset sector and upward
plasma drift during the post-midnight sector. Therefore, the
generation of EPBs is suppressed in the post-sunset sector
but is enhanced in the post-midnight sector due to the control
of the upward plasma drift strength in the R-T growth rate
[e.g., Abdu et al., 2009; Abdu, 2012].
[11] A few hours following the auroral heating in the

storm development stage, and the subsequent equatorward
wind generation, is the generation of the DDEFs at low
latitudes that exhibit the same polarity as the PEFs discussed
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above [Fejer et al., 2008; Abdu, 2012, and references
therein]. As such, the DDEFs suppress (enhance) the
generation of EPBs in the post-sunset (post-midnight) sector
[e.g., Li et al., 2009; Sun et al., 2012].
[12] Although there has been much progress in the past

toward our current understanding of the equatorial ionosphere,
previous EPB, ESF, and EFI studies have been restricted in
their coverage of both local time (or equivalently longitude)
and latitude by the measurement techniques employed. These
restrictions include spatial coverage due to the lack of land
(especially in the Pacific, Atlantic, and Indian Oceans) in the
case of ground-base studies, the lack of local time coverage
in some space-based missions that are confined to specific
meridians, and the lack of latitudinal coverage for other
space-based missions with low orbital inclinations.
[13] In this study, the detection of EFIs is achieved using

the method of RO, a space-based remote sensing technique
that is not restricted to specific longitude, local time, and
latitude sectors. The Constellation Observing System for
Meteorology, Ionosphere and Climate (COSMIC) satellites
that passively use the GPS signals for RO to sound the
ionosphere are shown to be very useful for studying the
occurrence of EFIs in terms of their spatio-temporal
distribution over a number of years. In particular, the seasonal/
longitudinal dependence of the occurrence of EFIs during
the recent solar minimum is investigated. Finally, an
examination of the effects of solar and geomagnetic activity
on the spatio-temporal EFI occurrence characteristics is
conducted.

2. Instrumentation and Data Processing

[14] The primary instruments used in this study are the low-
Earth orbiting COSMIC satellites that record ionospheric
soundings using RO of the GPS signals [e.g., Rocken et al.,
2000]. The Abel inversion technique currently employed to re-
trieve the ionospheric electron density profiles uses the as-
sumption of spherical symmetry and, hence, has degraded
performance in regions with large horizontal density gradi-
ents [e.g., Yue et al., 2012, and references therein];
however, these profiles are not used in this study. The
COSMIC Data Analysis and Archive Center (CDAAC) also
provides in their level 1 dataset the time series of the ampli-
tude scintillation index S4 for each RO event. It should be
noted that, as explained by Ko and Yeh [2010], the on-board
GPS receivers do not measure the S4 index directly and in-
stead measure the root-mean-square of the intensity fluctua-
tions over a 1 s interval. The S4 index is later derived on the
ground by means of post-processing the raw GPS data at
CDAAC. Hence, the S4 index provided by CDAAC is not
a “true” S4 index but is derived using the raw GPS signal
intensity fluctuations, in addition to the assumption that
the fluctuations have a Gaussian distribution and, hence,
can result in values larger than 1.
[15] The dataset analyzed herewas collected by the COSMIC

satellites from 01 January 2007 until 29 November 2011 and
made available by CDAAC as the “scnLv1” data, which
includes both “global” and “profile” parameters. In an effort
to limit the data processing required for this analysis, it was
decided to only use the global parameters. In particular, the
“s4max9s” parameter, the 9 s average of the S4 values
surrounding the time the maximum S4 value (i.e., “s4max”)

was recorded in the RO event, was employed. The s4max9s
parameter was used instead of s4max in an effort to avoid
spurious measurements that would contaminate the dataset.
By employing just the global data in our analysis, we are
limited in the number of observations of ionospheric
irregularities within a specific altitude range. However,
as will be shown below, the number of RO events over
this ~ 4.9 year period is still large enough to investigate in
detail the spatial and temporal extents of the EFIs during this
period. It should be noted here that there is an uncertainty in
the exact location of each scintillation value along the RO
plane, due to each scintillation measurement effectively
representing an integrated quantity [e.g., Sokolovskiy et al.,
2002; Straus et al., 2003; Dymond, 2012]. It is explained
by Straus et al. [2003] that the use of the tangent point
location as the origin of the scintillation is valid, provided
that the tangent point altitude is not significantly lower than
the F-layer peak, where the scintillations are expected to be
strongest [Straus et al., 2003; Whalen, 2009; Dymond, 2012].
Dymond [2012] reported that the geolocation error in using
the tangent point can be ~ 10� (or equivalently ~ 1000 km);
however, this value represents the less likely cases within the
dataset examined here, i.e., tangent point altitudes significantly
lower than the F-layer peak. As such, the tangent point altitude,
latitude, and longitude must be employed carefully and
these uncertainties must be properly accounted for in the
interpretation of the RO results. In this analysis, many RO
events are binned together in location and local time, and
the statistical occurrence trends are used to provide insights
into the underlying ionospheric processes. The tangent point
locations for each RO event used in this analysis are the “alttp
s4max”, “lcttp s4max”, “lattp s4max”, and “lontp s4max”
parameters that represent the altitude, local time, latitude,
and the longitude, respectively, of the RO tangent point at
the time the maximum S4 was measured.
[16] To demonstrate the characteristics of the s4max9s

data, Figure 1a displays the s4max9s versus the tangent
point altitude (i.e., the “alttp s4max” parameter) for all RO
events across the globe over the 3 month interval starting
February 2009. Each point represents one RO event and is
colored according to the LT of the location above which
the sounding took place.
[17] It can be seen in Figure 1a that the RO events cluster

into three separate groups of points: (1) altitudes below
150 km and high scintillation, (2) altitudes between 150
and 400 km and s4max9s ≥ 0.3, and (3) low scintillation
levels across all altitudes. The first of these groups comprises
RO events where the maximum S4 was either measured in
the E region, which has been attributed to the presence of
sporadic E [Arras et al., 2008] or at altitudes below. The
altitude of the second group of RO events corresponds to
the ionospheric irregularities in the lower F region and the
primary focus in this paper. It can be seen that most of the
points in the second group correspond to 19–01 LT, which
is the first indication that the RO scintillation observations of
the lower F region correspond to the R-T instability activity.
Figure 1b shows the same data as Figure 1a, but with LT as
the x axis and the points colored according to altitude. The
white (red) histogram indicates the 95th percentile of the
points corresponding to altitudes below (above) 150 km for
each LT hour. The most significant feature is the rapid rise
in the s4max9s values after 19 LT in the F region, as expected
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for EFI activity associated with the generation of EPBs near
the equator.
[18] From the 3 month dataset shown in Figure 1, it appears

that the threshold s4max9s value that indicates a scintillation
event is ~ 0.3 and the altitude range that covers the EFIs is
150–400 km. To ensure that these values represent the
boundaries of the EFI characteristics for the remaining
4.9 year dataset, the occurrence statistics in terms of the
threshold scintillation level and the altitude range must be
examined. Figure 2 shows the occurrence histograms for the
number of scintillation events in the 4.9 year COSMIC dataset
versus altitude for a number of different scintillation thresh-
olds, i.e., s4max9s≥ 0.0, 0.1, 0.3, 0.5, and 0.7. It is clear that
for s4max9s thresholds of 0.3 and above, the peak occurrence
within the F region is at ~ 250 km, with sharp decreases
towards higher and lower altitudes. The sharp increases
toward 100 km are due to the sporadic E detections. It can
be concluded from Figure 2 that the altitude range of
150–400 km and the lower s4max9s threshold of 0.3 are
an appropriate description of the vast majority of F-region
scintillation events.

3. Observations

[19] The large 4.9 year dataset employed in this study
allows a quantitative investigation into the characteristics
of the occurrence of high-scintillation events during the solar
minimum period. The first part of this analysis employs the
magnetic inclination angle or “magnetic dip” (obtained from
the International Geomagnetic Reference Field (IGRF) model
[Maus et al., 2005]) versus LT plots. This analysis is then
followed by an examination of the s/l dependence of the
high-scintillation RO events. Finally, an investigation into
the effects of both solar and geomagnetic activities on the
high-scintillation RO events detected by COSMIC is
conducted.

3.1. The Occurrence of Ionospheric Irregularities in
COSMIC Data

[20] Figure 3 shows the magnetic dip-LT distributions of
the occurrence of high-scintillation (s4max9s ≥ 0.3) RO
events for the entire 4.9 year dataset. The data is sorted
and plotted according to the three altitude groupings
identified in Figure 1 (rows) and the level of geomagnetic
activity at the RO event time (columns). The size of each cell
in magnetic dip is 5� and the size of each cell in LT is 1 h. By
considering the RO S4 characteristics observed under quiet
geomagnetic conditions (Figures 3a–3c), it can be seen that
the magnetic dip-LT distributions are significantly different
between the E and F region altitudes. Most high-scintillation
events took place in the lower F region at magnetic dip
angles �40� centered on the magnetic equator between 19
and 02 LT, occurrences above 35% in Figure 3b. The
magnetic dip-LT distribution in Figure 3b is strongly consistent
with the LTs and locations expected for R-T instability activity
and can, therefore, be confidently attributed to EFIs associated
with EPBs. There is also a notable feature in the upper F region
distribution in Figure 3a that is restricted to the 19–23 LT with
much lower occurrence levels. The E-region high-scintillation
RO events in Figure 3c were mostly observed in the
mid-latitudes corresponding to larger dip angles for most of
the day starting from 6 LT. This latitudinal distribution is
consistent with the sporadic E occurrence reported by Arras
et al. [2008] using RO; however, the LT variation was not

Figure 1. Amplitude scintillation statistics measured by the COSMIC satellites during February–April
2009. (a) The s4max9s versus the tangent point altitude for each RO event colored according to LT. (b)
The LT versus the s4max9s for the same data, colored in altitude. The red (white) histogram represents
the hourly 95th percentile for the points with altitudes above (below) 150 km.

Figure 2. The occurrence of scintillation events versus
tangent point altitude using different scintillation event
definitions, i.e., s4max9s ≥ 0.0, 0.1, 0.3, 0.5, and 0.7 denoted
by the colored labels.
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examined in that study. By further sorting the data in Figure 3c
according to season (not shown here), the occurrence of high-
scintillation RO events is shown to be higher in the mid-
latitude region of the summer hemisphere, in line with the
sporadic E trends shown by Arras et al. [2008]. The LT
variation of the high-scintillation RO events in Figure 3c
reveals additional bands in the auroral latitudes that are
consistent with the LT dependence of the latitude of the auroral
ion precipitation [Hardy et al., 1989].
[21] If one now considers periods of moderate geomag-

netic activity (Figures 3d–3f), a few differences in the
magnetic dip-LT distributions can be noted. Firstly, the over-
all percentage occurrence magnitudes are slightly higher
for all altitude ranges. In addition, magnetic dip-LT distri-
bution of the high-scintillation RO events in the lower F re-
gion in Figure 3e is extended later into the early morning by
1–2 h and spread farther poleward by 5�–10� magnetic dip
angle.
[22] From Figure 3, it can be concluded that the majority

of the ionospheric scintillation observed by the COSMIC
satellites is due to the presence of EFIs and sporadic E.
In addition, the magnetic dip-LT distributions of the EFI
occurrence changes with geomagnetic activity. Before
further investigating the relationship between the EFIs
and geomagnetic activity, it is first important to establish
the s/l dependence of EFI occurrence measured using RO
in the context of previous EFI/ESF/EPB studies.

3.2. EFI Occurrence Dependence on Season
and Longitude

[23] To investigate the s/l dependence of the EFI occurrence
using RO, the 4.9 year COSMIC dataset employed here
underwent further data sorting into four 3 month periods

(i.e., the 3 months surrounding each equinox and solstice
month) and four 90�-wide longitude bins, i.e., the American
(110�W–20�W), African (20�W–70�E), Asian (70�E–160�E),
and Pacific (160�E–110�W) sectors. To remove the effects
of geomagnetic activity, only periods with Kp< 3 were
considered. The results of this data sorting are shown in
Figure 4 with longitude (season) separated by column
(row). This further data sorting reveals a strong dependence
of the dip angle-LT distributions on longitude and season.
The highest EFI occurrence was in the American sector
during the December solstice. Overall, the fewest EFI
detections were in the Asian sector for all times of the year,
with the exception of the June solstice, when the least EFIs
were detected in the American sector. It is interesting to note
that the distribution in the magnetic dip (or equivalently
latitude) of the EFIs is largely symmetrical about the magnetic
equator, with the exception of the obvious asymmetry shown
for the Asian (African) sector during the June (December)
solstice. An interesting new result is the difference in the range
of magnetic dip angles of the EFI occurrence band between
the longitude sectors, e.g., the African and American sectors
during the equinoxes.
[24] To allow an easier comparison with previous EFI

and EPB studies, the occurrence of EFIs detected by the
COSMIC satellites is next considered using smaller longitude
bins. The EFI percentage occurrence is calculated for each
15�-wide longitude bin as the percentage of RO events with
s4max9s≥ 0.3 between 16 and 7 LT and between �70�
magnetic dip angles. Further, the EFI occurrence was
calculated for each 3 month interval as in Figure 4.
[25] Figure 5a displays the EFI occurrence versus the

geographic longitude for the December (NDJ) and June
(MJJ) solstices and the March (FMA) and September

Figure 3. The percentage occurrence of high-scintillation RO events, i.e., s4max9s ≥ 0.3, as a function of
magnetic dip and LT for all RO events from 1 January 2007 until 29 November 2011. The columns
represent RO events that occurred during low (Kp< 3) and moderate (3<Kp ≤ 5) geomagnetic activity
periods. The rows indicate the occurrence patterns for the RO events for which the S4 maximum was
observed in the upper F region (altitudes above 400 km), the lower F region (150–400 km), and the E region
(70–150 km). Each plotted cell is 5� wide in magnetic dip angle and covers 1 h in LT.
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(ASO) equinoxes. As was identified in Figure 4, the EFI
detections were most common in the American sector during
the December solstice months and were generally the least
common in the Asian sector for most times of the year.
The equinox EFI occurrences correlate well across all
longitudes, with EFIs being observed slightly more often
during the March equinox for most longitudes. In addition,
the maximum EFI occurrence for both equinoxes was
observed over South America at ~ 50�W, with a smaller
local maximum observed over Africa at ~ 10�E. From the
western edge of the American sector to eastern Africa, the
solstice EFI occurrences are anti-correlated, with a maximum
observed in the American (African) sectors during the
December (June) solstice. It can also be noted that the
magnitude of the MJJ EFI occurrence maximum in Africa is
only approximately one-fourth of the NDJ maximum in
America.
[26] Figures 5b–5e show the spatial occurrence of EFIs for

each 3 month interval in Figure 5a. The latitude bin size is 5�
and the color scale is shown on the right. The magnetic dip
equator is represented by the white dashed line and the
magnetic declination contours �10�, 0�, and 10� are shown
by the dotted, solid, and dashed yellow curves, respectively,
in Figures 5d and 5e. It is clear for all Figures 5b–5e that the
EFIs closely follow the magnetic equator. Interestingly,
there are two longitudinal belts where there are asymmetries
in the EFI occurrence between the northern and southern
magnetic latitudes during the FMA equinox, over America
at 60�W–30�W and Africa at 15�W–30�E. These two
longitude sectors also correspond to the primary and the
secondary maxima in the FMA EFI occurrence curve in
Figure 5a. These EFI occurrence asymmetries are also
evident for the ASO months, but to a much lesser extent.
The solstice months also show such asymmetry in the
EFI occurrence with generally higher values at locations
with positive (negative) magnetic declinations in the MJJ
(NDJ) months.

3.3. Solar and Geomagnetic Activity Effects

[27] The characteristics of the equatorial scintillation
band are investigated next in terms of both the solar and
geomagnetic activities. In particular, the latitudinal (in terms
of the magnetic dip angle) and temporal extent of the EFI
occurrence is sorted according to the yearly averaged
F10.7 solar flux and the change in the Dst index (i.e., ΔDst)
at the measurement time and then analyzed for different
solar and geomagnetic conditions.
[28] The solar activity decreased from the beginning of

2007 (average F10.7 flux= 65.8 sfu (solar flux unit)), reaching
a minimum in late 2008 (F10.7 = 62 sfu), early 2009
(F10.7 = 63.5 sfu), after which, it increased toward the end
of 2011 (F10.7 = 101.8 sfu). Figures 6 and 7 show the LT
distribution and the magnetic dip angle distribution of the
EFI occurrence for each year, respectively. The layout of these
figures is similar to that in Figure 4, but with an additional row
and column that includes data from all seasons and longitude
sectors, respectively.
[29] It is clear from Figure 6 that there is a strong solar

cycle dependence on both the maximum EFI occurrence
and the range of LTs covered by the EFI band. For example,
the bottom right plot that contains all seasons and longitudes
shows that the 2007–2010 and the 2008–2009 occurrence
distributions are almost identical, with 2011 data showing
the highest EFI occurrence and largest range of LTs. A
surprising result is the difference in the strength of the
solar-activity dependence between the longitude sectors
and the seasons. For example, in the Asian sector during
the March equinox months, the EFI occurrence patterns
show the expected differences between the yearly data, but
the solar-activity dependence in the American sector for
the same months is not as clear. Also, focusing on the data
collected from all longitudes, it can be seen that the EFI
occurrence levels change as expected with year for all
seasons except the December solstice; the EFI occurrence
levels are very similar for all years, with the exception of

Figure 4. The magnetic dip-LT distributions of EFI occurrence for different longitude sectors (columns)
and seasons (rows) for periods of low geomagnetic activity.
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2011, which shows higher EFI detection rates in the early
morning.
[30] Similarly in Figure 7, the magnetic dip angle distribution

of the EFI detections also shows a strong dependence on the
year and, hence, solar activity level. Both the EFI occurrence
maxima and the range of dip angles of the scintillation band
are generally largest during 2011 and are smallest for 2008
and 2009, although it is also clear from comparing the
individual plots that the solar-activity dependence changes
significantly between the seasons and longitudes. Interestingly,
the data for all longitudes during the December solstice once
again show a very weak dependence on solar activity as in
the LT distribution in Figure 6.
[31] Next, the dependence of geomagnetic activity on the

spatio-temporal characteristics of the EFI occurrence is
examined using the Dst index. As discussed earlier in the
introduction, the phase of the geomagnetic storm is expected
to determine either the enhancement or suppression of the
EPB and, hence, EFI generation. As such, the data have
been sorted according to the changes in the Dst index

using the assumption that a strong negative change in the
Dst (i.e., �50 ≤ ΔDst < �5 nT) indicates the main storm
phase, whereas large positive changes (i.e., 5 ≤ ΔDst <50 nT)
indicate the storm recovery phase, and everything in between
is considered as “quiet.”
[32] Figure 8 shows the same data and has a similar format

to Figure 6, but the data is sorted according to three intervals
in ΔDst as indicated in the middle left panel. To give an idea
of the total number of EFI events detected in each longitude/
season subset, the number of EFI detections for each panel
is shown in the top right. The LT distributions of EFI
occurrence are quite different between the longitude sectors
and the seasons. For example, in the Asian sector, for the
June solstice and March equinox, the peak EFI occurrence
during the storm main phase (black histogram) occurs ~ 3 h
earlier than the peak EFI occurrence during the storm recovery
phase (red), with the quiet-time peak occurring in between.
The plot considering all seasons for the Asian sector (plot at
the bottom of the center column) shows this to be a dominant
trend overall. Interestingly, it can be noted that the most

Figure 5. (a) The EFI occurrence versus longitude for the 3 month periods, as indicated by the labels:
FMA (ASO) for the March (September) equinox and MJJ (NDJ) for the June (December) solstice. (b)–
(e) The spatial EFI occurrence patterns for each of the 3 month intervals represented in Figure 5a. The geo-
graphic latitude (longitude) bin size in the spatial occurrence plots is 5� (15�). The magnetic dip equator is
shown by the white dashed line and the dotted, solid, and dashed yellow curves respectively represent
�10�, 0�, and 10� magnetic declination given by the IGRF model. The EFI occurrence scale is shown
on the right. Only data collected during periods of low geomagnetic activity (i.e., 0 ≤ Kp < 3) between
16 and 7 LT and within �70� magnetic dip angle were considered in the occurrence calculation; gray
areas indicate regions with magnetic dip angles outside of the �70� limit.
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significant EFI occurrence peaks in the Asian sector correspond
to LTs before midnight. These EFI occurrence trends are
quite similar to those of the Pacific longitude sector, but
are, for some seasons, significantly different from those of
the African and American sectors. The rightmost column that
includes data from all longitudes shows similar trends to
those in the Asian sector (i.e., the main phase EFI occurrence

peak preceding the quiet-time peak that precedes the recovery
phase peak) only during the March equinox and the June sol-
stice months. The American sector does exhibit some
similarities to the trends observed in the Asian sector (e.g., a
2–4 h offset in the EFI occurrence histograms between the
main phase and recovery phase during the March equinox);
however, when considering the data from all seasons (bottom

Figure 6. The LT distributions of the EFIs for each year as indicated in the top-left panel. The layout of
the plots is similar to that in Figure 4, but with an additional column and row for all longitudes and
seasons, respectively.

Figure 7. Similar to Figure 6, but for the magnetic dip angle distributions.
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left panel), the differences between the quiet-time and the
storm phases become less clear.
[33] Figure 9 displays the same data as Figure 8, but for

the magnetic dip angle distributions. Firstly, it can be noted
that the ΔDst sorting has resulted in much noisier dip angle
distributions compared to those in Figure 7, which is likely to
be due to the low statistics of RO events during the main and
recovery storm phases (see total numbers of EFI observations

in corresponding panels in Figure 8). Probably, the most
significant result shown in Figure 9 is the strong similarity
between the dip angle distributions of the quiet-time and
storm periods over all longitudes and seasons, i.e., bottom-
right panel in Figure 9. Having noted this feature, it is also
clear that the similarities between the quiet and storm periods
are not well reflected in the distributions for specific seasons
and longitude sectors. For example, the African sector during

Figure 8. The same as Figure 6, but for different levels of ΔDst as indicated in the middle-left panel. The
digits in the top-right of each panel indicate the total number of RO events for which EFIs were observed
in each aDst interval.

Figure 9. The same as Figure 8, but showing the magnetic dip angle distributions of the EFI occurrence.
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the March equinox (which has rather high numbers of EFI
detections during storm main and recovery phases, 190 and
134, respectively, Figure 8) shows the EFI region to expand
to higher dip angles (and hence higher magnetic latitudes)
during the main phase and to lower dip angles during the
recovery phase, compared to undisturbed periods. This trend
is also shown to a less obvious degree in the data for all
longitudes during the March equinox months (top-right
panel). Finally, one interesting feature to note is the strong
asymmetry shown between the positive and negative dip
angles in the EFI dip angle distributions for the American
sector during the March equinox. A similar trend is noticeable
during the September equinox for the American sector, but is
not clear during either solstice.

4. Discussion

[34] An overview of the COSMIC RO scintillation data
over a 4.9 year period has been given. The spatio-temporal
characteristics of the EFI occurrence were analyzed for four
longitude regions for different times of the year to establish
the s/l dependence. A closer investigation of the longitudinal
dependence of the EFI occurrence was undertaken, in which
the entire spatial extent of the EFI band was revealed.
Finally, both the dependencies on solar and geomagnetic
activity of the EFI occurrence characteristics were examined.
Each of these aspects is discussed in detail below.

4.1. Spatio-Temporal Characteristics of the EFIs

[35] The overall EFI occurrence statistics revealed in this
study by the COSMIC dataset are in good agreement with
previous works that have studied ESF [e.g., Aarons, 1993;
McClure et al., 1998; Miller et al., 2010] and EPBs [e.g.,
Burke et al., 2004a, 2004b; Miller et al., 2010; Koga et al.,
2011], in support of the notion that the COSMICRO technique
is well-suited for EFI/ESF/EPB studies. In particular, the
s/l dependence on the EFI occurrence in Figures 4 and 5
closely matches the relative EPB occurrence trends reported
by Burke et al. [2004a] using the DMSP satellites and is thus
in line with the Tsunoda [1985] hypothesis, e.g., the high EFI
detection rates at locations with positive (negative) magnetic
declination during the June (December) solstice months
(Figure 5).
[36] Burke et al. [2004b] used the ROCSAT-1 in situ data

to characterize the LT and magnetic latitude distributions of
the EPB occurrence in March and April near solar maximum.
A brief comparison between the global RO measurements
during the March equinox months in Figure 4 and their results
reveals that while the LT distributions agree well, the simple
Gaussian magnetic latitude distribution revealed by Burke
et al. [2004b] is more complicated when considering the
RO data with the higher resolution magnetic dip angle
information. In particular, instead of one maximum at the
equator shown in the ROCSAT-1 data, there are two maxima
on either side of the dip equator formost s/l subsets in Figure 4;
the latitudinal distributions in the RO data are made clearer in
Figure 7. Nishioka et al. [2008] also studied the latitudinal
distribution, using the “height on the dip equator” parameter,
of the EPB occurrence rates using ground-based GPS stations
in the Southeast Asian region, with similar results to those of
Burke et al. [2004b]. Nishioka et al. [2008] further showed
that the latitudinal distribution exhibited higher occurrence

rates in the September–October than in March–April, whereas
the RO results for this region do not exhibit any significant dif-
ferences between the equinoxes for these longitudes. It is
shown in Figures 4, 7, and 9 that the dip angle (and hence
latitudinal) distributions are significantly dependent on the
season and the longitude sector. The COSMICRO data shown
here thus provide a more complete perspective of the LT and
latitudinal distributions of the EFI occurrence and is, therefore,
a very useful tool for gaining a better understanding of the
generation of EFIs.
[37] The longitudinal variability in the EFI occurrence was

further examined in Figure 5a for different seasons, and it
was shown that the peak EFI occurrence for all seasons
(except the June solstice) resided in the American sector.
The EFI occurrence for the June solstice exhibited two
peaks, one in the African sector at ~ 10% and the other in
the Pacific sector at ~ 20%. The EFI occurrence peaks for
equinox months in the American sector are a significantly
different result from that reported by other previous studies
[e.g., McClure et al., 1998; Burke et al., 2004b; Hei et al.,
2005; Su et al., 2008] that all show the equinox EFI/ESF/
EPB occurrence to maximize in the African sector. Recently,
Dao et al. [2011] employed the C/NOFS data to investigate
EFIs detected during solar minimum, May 2008 to March
2010, a dataset that significantly overlaps with the COSMIC
dataset employed here. Interestingly, the C/NOFS plasma
density irregularity observations are quite similar to the
COSMIC observations shown here, i.e., the C/NOFS data
also shows two maxima in the African and American sectors
during the equinoxes, with a subtle local minimum in
between (see their Figure 3). Figures 5b and 5c show the
spatial EFI occurrence patterns and reveal that the primary
equinoctial EFI maxima are located in the SAA; this is
clearer for the March equinox in Figure 5b. However, these
primary EFI occurrence maxima are not obvious in the
similar plots produced by Dao et al. [2011], possibly due to
the displacement of the magnetic equator toward the edges
of the � 13∘ geographic latitude coverage of the C/NOFS
satellite in the American and African regions (see their
Figures 2 and 3). Interestingly, the DMSP data of Burke
et al. [2004b] for the March equinox showed a localized
EPB occurrence minimum in the vicinity of the SAA, with a
sharp increase in the EPB occurrence with longitude towards
Africa. Burke et al. [2004b] concluded that the increased
energetic particle precipitation near the SAA substantially
increased the nighttime E-region conductance, therefore
decreasing the observed EPB occurrence rates via decreased
R-T growth rates. However, the opposite result is shown here
in the COSMIC data. One could argue that the uncertainties
associated with the location determination of the COSMIC
RO EFI detections could be the cause of the apparent
discrepancies between the COSMIC results and those of
previous works. However, the similarities between the
C/NOFS in situ and the COSMIC RO observations over a
similar period of time do not support this argument. Further,
the longitudinal trends revealed in Figure 5 are significantly
larger than the RO uncertainties; hence, it is very unlikely that
the observed trends are artificial. One possible explanation for
this inconsistency is that electron precipitation in the SAA
region may have been lower throughout the COSMIC dataset
and that the lower magnetic field strength increased the R-T
growth rate through stronger upward drifts in the post-sunset
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sector, as discussed by Huang et al. [2001]. This hypothesis,
however, requires further support from a future study into
the statistical particle population distributions in the inner
magnetosphere and their impact on the generation of EFIs.

4.2. The Influence of Solar and Geomagnetic Activities

[38] Using 12 years of data collected by the DMSP
satellites, Huang et al. [2002] clearly showed that the
F10.7 solar flux is highly correlated (R= 0.98) with the
global EPB occurrence level. However, it was shown by
Nishioka et al. [2008] that the correlation with solar activity
is very different between specific longitude sectors, with
African and Asian sectors exhibiting the highest correlation.
Further, the time of year has also been shown to impact the
correlation between the EPB occurrence with solar activity,
with the equinox months displaying the largest changes with
solar activity in the American sector [e.g., Sobral et al.,
2002; Chu et al., 2005]. The 4.9 year COSMIC dataset
employed in this study, which covers the recent solar
minimum and a significant portion of the solar cycle 24
ascent, has provided a detailed overview of the changes in
the spatio-temporal characteristics of the EFIs with solar
activity for all longitudes and seasons (Figures 6 and 7).
[39] Firstly, the expected increase in the total global EFI

occurrence with solar activity is obvious in the bottom-right
panels of Figures 6 and 7 that consider the data from all
longitudes and seasons. In addition, these plots show that
the range of LTs and dip angles (equivalently magnetic
latitudes) decreases from 2007 to 2008, remains almost
unchanged in 2009, then increases in 2010 and then 2011, in
line with the changes in solar activity. As the solar activity is
almost symmetrical about the solar minimum at the end of
2008/start of 2009, the strong similarity between the 2008
and 2009 curves is not surprising. Similarly, the years 2007
and 2010 show very similar EFI occurrence distributions.
[40] The solar cycle dependence of the EFI occurrence

shown in the COSMIC data is largely consistent with the
DMSP observations of the occurrence of plasma density
depletions [e.g., Huang et al., 2002; Gentile et al., 2006].
However, as discussed by Makela and Miller [2011], the
sampling characteristics of the DMSP satellites did not allow
the increases in EPB activity in the post-midnight sector to
be detected, which were observed in the ground-based
airglow measurements. As the COSMIC dataset does not
have constraints on the LT and altitude coverage, one may
expect that the increases in bubble activity in the post-
midnight hours during low solar activity of Makela and
Miller [2011] would have been observed in the COSMIC
data. However, Figure 6 shows that this is not the case. This
issue can be explained by the strong linear correlation
between the measured S4 index and the background electron
density [Whalen, 2009], which is lowest during solar
minimum. Therefore, the measured decrease in EFI
occurrence with decreasing solar activity is most likely due
to the lower electron densities during solar minimum, as
opposed to the lack of Rayleigh-Taylor waves. Despite this,
however, there are a number of features in the solar activity
dependence of the EFI detections that are not easily
explained, as detailed below.
[41] The solar cycle dependence is almost equally as

strong in all longitude sectors with the exception of the
American sector when considering data from all seasons,

bottom rows of Figures 6 and 7. The obvious solar cycle
dependence only during the equinoxes in the American sec-
tor as reported by Sobral et al. [2002] and Chu et al. [2005]
is also evident in the COSMIC RO data shown here, al-
though there are a couple of notable features that indicate a
possible solar activity dependence in the December solstice.
Firstly, the RO data from the American sector during the
December solstice months in Figure 6 show that higher
EFI occurrence rates were detected later into the night for
the years with higher solar activity. Secondly, the same
panels in Figure 7 show that the EFI occurrence in the
northern (southern) hemisphere decreases (increases) and
tends to expand to higher latitudes with solar activity.
Another feature in the American sector data that is difficult
to explain resides in the March equinox plot in Figure 7.
The maximum EFI occurrence in the 2007 data occurs
within the SAA, but this feature is not evident in the 2010
data on the opposite side of the solar minimum as one would
expect. Instead, the 2008 and 2009 data show the strong
asymmetry between the positive and negative dip angles,
but with smaller occurrence values. The panel that includes
the data from all longitudes, i.e., the top-right panel in
Figure 7, shows this feature to be a globally dominant
feature. One possibility is that the SAA is the reason for the
lack of a clear solar cycle dependence in EFI occurrence in
the American sector, as it is known that EFI generation in this
region can be significantly affected by inner magnetospheric
particle precipitation [e.g., Burke et al., 2004b].
[42] The effects of storm-time electric fields on the

generation of EPBs have typically been investigated in the
context of the zonal electric field that drives the F-region
plasma upwards after sunset. However, some studies have
made observations of the number of EPBs observed during
different levels of geomagnetic activity. For example,
Huang et al. [2002] noted that in the DMSP dataset
employed to study EPB occurrence, over 20% of the EPB
observations took place during periods with Kp ≥ 5, despite
these periods themselves only comprising 2% of the
observation period. Also, Huang et al. [2002] reported that
approximately one-third of the EPBs were detected when
the dDst/dt ≤ �5 nT/h, therefore indicating that electric field
penetration from the inner magnetosphere was driving EPB
generation. This result differs significantly from the RO
observations reported here. In fact, most COSMIC RO EFI
observations took place during geomagnetically quiet
intervals (Figure 8). Figures 8 and 9 were both reproduced
using the Kp index as a sorting parameter (not shown here);
however, there were no notable differences in the EFI
occurrence characteristics between geomagnetically active
periods and quiet periods. It should be noted that the in situ
DMSP satellite measurements reported by Huang et al.
[2002] were of plasma depletions at ~ 800 km altitude,
whereas the RO observations reported here are within the
altitudes of 150–400 km. Therefore, the difference between
the observations of Huang et al. [2002] and those reported
here could be due to the effects of storm-time electric fields
on the non-linear evolution of EPBs as they travel upward to
800 km altitude.
[43] Other studies have shown that the interaction of the

storm-time electric fields with the zonal electric field is
complicated and depends on the phase of the storm [e.g.,
Abdu, 2012, and references therein]. As explained by Abdu
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[2012], the time scale over which the PPEFs and PEFs
interact with the equatorial zonal electric field is of the order
of 1–2 h, and hence the 3 h Kp index would not be sufficient
to identify the storm electric field interactions in the
COSMIC RO data. As such, the Dst index was used here
to denote the geomagnetic activity level and the storm phase
during the RO event. The RO data from the Asian sector
appear to exhibit the EFI occurrence trends expected for
the main phase and the recovery phase for geomagnetic
disturbances for all seasons except for the December
solstice, i.e., EFI generation favored (suppressed) in the
post-sunset sector in the main storm (recovery) phase as
shown by the black (red) histogram in Figure 8. However,
the LT of the peak EFI occurrence during the storm recovery
phase during the equinoxes is just prior to midnight, instead
of the post-midnight sector as expected from previous works
[e.g., Sobral et al., 2002; Abdu et al., 2009; ` al., 2009; Basu
et al., 2010; Abdu, 2012; Sun et al., 2012]. Another new re-
sult of this study is the large difference between the effects
of the main and recovery storm phases on the EFI
detection rates for different longitude sectors and seasons,
e.g., the lack in the change of EFI occurrence rates in
America for different storms, compared to the Asian sector
(bottom row in Figure 8). One possible reason for the
differences in the effects of PPEFs, PEFs, and DDEFs, and
between the longitude sectors and seasons could be due to the
relatively low number of storms throughout the COSMIC data-
set employed, e.g., see the numbers of EFI detections during ac-
tive periods in Figure 8. However, the high EFI detection rates
during the storm main phase in the post-sunset hours during the
June solstice months are in line with the expected occurrence
trends, despite the relatively low numbers of EFI detections
compared to other seasons (the American sector in particular).
Alternatively, the source of the differences in the EFI detection
rates between the longitude sectors and seasons could be related
to a difference in the severity of the storms considered. As such,
a future study that employs a superposed epoch analysis for
each of the seasons and longitude sectors on a larger COSMIC
dataset that includes more geomagnetic disturbances would be
required to further investigate this issue.

5. Summary and Conclusions

[44] Presented in this paper is a comprehensive overview
of the occurrence of ionospheric irregularities measured by
the COSMIC satellites using RO over a 4.9 year period.
The spatial and temporal coverage of the COSMIC dataset
provided large quantities of ionospheric scintillation data
over regions that cannot be monitored using ground-based
instrumentation and at altitudes that cannot be monitored
on a long-term basis using spaced-based in situ observations.
[45] The bottomside EFI occurrence statistics in the

COSMIC dataset largely agree with those in EFI, ESF, and
EPB studies collectively in the literature. The large number
of RO events covering the equatorial region enabled a detailed
characterization of the spatio-temporal EFI occurrence, in
addition to an investigation into the s/l dependence of the
spatio-temporal patterns. Increased EFI detection rates were
observed in the vicinity of the SAA, indicating that particle
precipitation near the SAA did not suppress EFI generation,
in contrast to previous works.

[46] Finally, it was shown that both the LT and magnetic
dip angle distributions are strongly dependent on solar
activity. The effects of undershielding storm-time electric
fields during the main phase were also evident in the LT
EFI occurrence distribution, with EFI occurrence increasing
(decreasing) in the post-sunset (pre-midnight) sector. A
combination of over-shielding electric fields and DDEFs was
also observed, with EFI occurrence decreasing (increasing)
in the post-sunset (pre-midnight) sector. Importantly, the
impact of both storm-time electric fields and the solar activity
level on EFI generation is strongly dependent on season and
longitude and requires longer-term RO datasets for future
investigation.
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