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Abstract

This contribution is the first of a two-part investigation into an unseasonal post-sunset equatorial F-region irregularity
(EFI) event over the Southeast Asian region on the evening of 28 July 2014. Ground-based GPS scintillation data,
space-based GPS radio occultation (RO) data, and ionosonde data show the existence of EFIs shortly after sunset over
a region spanning 30° in longitude and 40° in latitude, centered on the geomagnetic equator. This post-sunset EFI
event was observed during a time of the year when post-sunset equatorial plasma bubbles (EPBs) are very infrequent
in the Southeast Asian longitude sector. GPS RO data shows that the EFI event over Southeast Asia coincided with the
suppression of peak-season EPBs in the African and Pacific longitude sectors. Ionosonde data shows the presence of a
strong pre-reversal enhancement (PRE) in the upward plasma drift over Southeast Asia prior to the detection of EFIs.
Further, it is reported that this PRE was significantly stronger than on any other day of July 2014. An analysis of the
geophysical conditions during this event reveals that this enhanced PRE was not caused by disturbed geomagnetic
activity. Therefore, it is hypothesized that forcing from lower altitudes, perhaps tidal/planetary waves, was the
potential cause of this strong PRE, and the subsequent EPB/EFI activity, on this day over the Southeast Asian sector.
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Introduction
Equatorial plasma bubbles (EPBs) are common night-
time features in the low-latitude ionosphere. After sun-
set, the bottom of the F layer becomes unstable to the
generalized Rayleigh-Taylor (R-T) plasma instability, and
low-density plasma bubbles rise up into the high-density
ionospheric plasma at higher altitudes (e.g., Kelley et al.
2011). These EPBs generate a wide spectrum of plasma
waves/irregularities, called “equatorial F-region irregu-
larities” (EFIs), that interfere with radio signals that
propagate through them, such as those used in satellite
communications and Global Navigation Satellite Systems
(e.g., the Global Positioning System (GPS)). In the pres-
ence of EPBs/EFIs, radio signals used by these systems
experience random fluctuations in amplitude and phase,
termed “ionosopheric scintillation,” which degrades the
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quality of the received signal and can even cause a
complete loss-of-lock (e.g., Pi et al. 1997; Xiong et al.
2016). Scintillation events are thus detrimental to the
applications that rely on these signals, and consequently,
researchers have focused efforts towards better under-
standing EPB events for the purpose of prediction (e.g.,
Anderson et al. 2004; Retterer 2005; Retterer et al. 2005;
Kelley and Retterer 2008; Redmon et al. 2010; Carter et al.
2014c; Anderson and Redmon 2017).
The physical mechanism responsible for the growth

of post-sunset EPBs is understood to be the general-
ized R-T plasma instability, in which the vertical density
gradient in the bottomside F layer combines with the
pre-reversal enhancement (PRE) in the upward plasma
drift to destabilize the plasma after sunset (Sultan 1996
and references therein). Research efforts have been sub-
sequently directed towards explaining why post-sunset
EPBs form during some periods, but not others. EPB
occurrence variability can be split into two categories: (1)
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long-term (i.e., seasonal/longitudinal) climatology and (2)
short-term (i.e., day-to-day) variability.
The long-term climatology is well understood to be

governed by the strength of the PRE, which varies as a
function of longitude and season (e.g., Abdu et al. 1981;
Tsunoda 1985; Burke et al. 2004). Times of the year when
the local magnetic field lines closely align with the day-
night terminator exhibit stronger PREs compared to times
when they do not align. The PRE strength is partially
controlled by the longitudinal E-region conductivity gra-
dient; the stronger the gradient, the stronger the PRE.
During seasons when the angle between the magnetic
field and the terminator is large, E-region plasma from
the dayside leaks onto the nightside via the field lines,
thereby reducing the longitudinal conductivity gradient
(Abdu et al. 1981; Tsunoda 1985). Statistical studies of
both the occurrence of post-sunset EPBs and the PRE
strength have been carried out, and the observational
evidence appears to support this explanation rather well
(e.g., Aarons 1993; Huang et al. 2002; Burke et al. 2004;
Nishioka et al. 2008). Further, the post-sunset EPB occur-
rence climatology reported in satellite data has been well
replicated using global ionospheremodeling (e.g., Retterer
and Gentile 2009).
The post-sunset EPB occurrence climatology can be

conveniently separated into “peak,” “transitional,” and “off-
peak” seasons (e.g., Carter et al. 2014c), the timing of
which depends on longitude/magnetic declination. For
example, in the Southeast Asian longitude sector, post-
sunset EPBs are most common during the equinoctial
months and are rare during the solstices (e.g., Burke et al.
2004; Nishioka et al. 2008; Carter et al. 2013). However,
high-solar activity conditions can cause comparatively
high EPB occurrence in the Asian sector during June sol-
stice months (e.g., Nishioka et al. 2008; Li et al. 2011;
Carter et al. 2013). During low solar activity conditions,
June solstice post-sunset EPBs in the Asian sector are rare,
but their post-midnight counterparts can be rather com-
mon (e.g., Yokoyama et al. 2011). As such, solar activity
and the local time of the EPB occurrence should also be
considered when defining these EPB “seasons.”
While the PRE is a dominant term within the R-T

plasma instability growth rate and can therefore explain
much of the observed post-sunset EPB climatology,
it is not the only factor that can lead to EPB gen-
eration. For example, Communication/Navigation Out-
age Forecasting System (C/NOFS) satellite observations
reported by Huang and Hairston (2015) showed that
EPBs can be present under weak, and even negative,
upward plasma drift conditions. C/NOFS observations
during the 2008–2009 solar minimum that were reported
by Dao et al. (2011) showed convincing evidence that
lower atmospheric forcing might play a significant role
in EPB generation. In addition to these observations,

modeling has shown that R-T growth is still possible under
small/negative upward plasma drift conditions (Carter
et al. 2016) and that EPB development and character-
istics can be significantly influenced by the presence of
atmospheric gravity waves (Retterer and Roddy 2014).
The daily variability in EPB occurrence has been more

difficult to understand for a number of reasons. First, the
daily variability is effectively “superimposed” on top of
the background occurrence climatology. EPBs that form
during a peak EPB season do not necessarily contribute
towards “daily variability” because the conditions were
already favorable for their growth. Similarly, a lack of EPBs
during off-peak season are not evidence of daily variabil-
ity. Instead, a lack of EPBs during peak EPB season, and
the presence of EPBs during an off-peak season, are core
contributors towards daily variability.
A series of recent works have examined the daily EPB

occurrence during peak EPB season with the use of the
Thermosphere Ionosphere Electrodynamics General Cir-
culation Model (Carter et al. 2014a; b; c). In these works,
the daily variability during peak season was captured by
the identification of evenings with decreased EPB growth
conditions. Further analysis found that relatively small
changes in the geomagnetic activity forcing were the cause
of daily changes in the EPB growth conditions, via changes
in the zonal neutral winds and the PRE at the equator,
i.e., a low-magnitude disturbance dynamo effect. How-
ever, this technique failed to explain the presence of EPBs
during the transitional and off-peak seasons.
Collectively, these previous studies clearly show that the

occurrence of unseasonal EPBs is not a new phenomenon.
However, understanding all of the physical mechanisms
behind the generation of unseasonal EPBs through diag-
nostic analyses is a necessity in building an accurate EPB
prediction capability. As a step towards achieving this
goal, one of the unseasonal EPB events uncovered by
Carter et al. (2014c) is the focus of the current analysis.
In this two-part investigation, the presence of EPBs/EFIs
over Southeast Asia during the off-peak EPB season of
July 2014 is shown using multiple independent datasets,
and the cause of these EPBs is investigated. In this paper,
the strength of the PRE in ionosonde data is examined,
and the potential influence of the geophysical activity
(i.e., “forcing from above”) is explored. The second paper
in this investigation by Ajith et al. (2017) examines the
potential influence of the lower atmosphere in causing this
unseasonal EPB event over Southeast Asia (i.e., “forcing
from below”).

Results
In this investigation, data from the three Southeast
Asian GPS stations in the Scintillation Network Decision
Aid (SCINDA) network were used (Groves et al. 1997);
Bangkok (BKK) in Thailand (100.61 °E, 14.08 °N, magnetic
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latitude (MLAT): 6.18 °N), Bandung (BNG) in Indonesia
(107.59 °E, 6.89 °S,MLAT: 16.48 °S), and Calcutta (CAL) in
India (88.37 °E, 22.58 °N, MLAT: 15.57 °N). The SCINDA
GPS receivers monitor the level of ionospheric scintilla-
tion using the amplitude scintillation S4 index. The pres-
ence of ionospheric scintillation events was indicated by
the 90th percentile of the hourly S4 measurements from
all satellite-to-ground links. In order to avoid contamina-
tion from multipath effects, only S4 data from satellites
more than 30° above the horizon were considered. The
analysis of GPS scintillation data is augmented by the
two SCINDA VHF scintillation stations: Kwajalein Atoll
(KWA) in theMarshall Islands in the Pacific sector (167.47
°E, 9.40 °N, MLAT: 4.32 °N) and Bahir Dah (BHD) in
Ethiopia in the African sector (37.40 °E, 11.57 °N, MLAT:
2.61 °N).
GPS radio occultation (RO) data from the FORMOSAT-

3/Constellation Observing System for Meteorology, Iono-
sphere and Climate (COSMIC) satellites (Rocken et al.
2000; Anthes 2011) were also used in this study. The GPS
RO ionospheric electron density profiles (i.e., “ionPrf”)
and the ionospheric scintillation profiles (i.e., “scnLv1”)
collected from all over the world by the COSMIC satellites
were used. It should be noted that the electron den-
sity profile product is a “level 2” product, whereas the
scintillation profile is a “level 1b” product. As such, qual-
ity control procedures can tend to cause differences in
the number of RO profiles published at each product
level; i.e., the number of electron density profiles is typ-
ically less than or equal to the number of scintillation
profiles.
Finally, ionosonde data from the Global Ionospheric

Radio Observatory (GIRO) (Reinisch and Galkin 2011)
station at Sanya, China (109.42 °E, 18.34 °N) and
the SouthEast Asia Low-latitude IOnospheric Net-
work (SEALION) (Maruyama et al. 2007) station at
Bac Lieu (BCL), Vietnam (105.71 °E, 9.3 °N) were
used.
Figure 1 shows the hourly 90th percentile of the S4

index measured by the BKK (a), BNG (b), and CAL (c)
GPS ground stations as a function of local time (LT)
throughout the month of July 2014. It can be seen that
the scintillation levels were low all month, with the excep-
tion of 28 July, when the scintillation level increased
across all three stations from 19–20 LT until close to
midnight. This event is also noticeable in the analysis
by Carter et al. (2014c) (see the top 3 panels of their
Fig. 2). While the scintillation level increase was substan-
tially smaller for the BKK station compared to the others,
it is still noticeable. The GPS S4 values scale linearly with
the background electron density (Whalen et al. 2009).
Therefore, the lower S4 values measured by BKK com-
pared to the other stations can be understood in terms
of the lower background electron density expected above

the BKK station, which is located beneath the equato-
rial ionization anomaly trough. The use of ground-based
GPS S4 data to indicate the presence/absence of EPBs
can be difficult and unreliable in such circumstances and
does not allow a simple S4 threshold to be employed.
Therefore, it is important to use corroborating data
from different sources in order to be certain that EPBs
were present.
To supplement the ground-based GPS scintillation

observations, we incorporate the global RO ionospheric
scintillation observations collected by the COSMIC satel-
lites. Figure 2 shows the locations of the GPS RO event
tangent points for which the maximum scintillation lev-
els (i.e., “S4max9sec”) were greater than 0.3 between the
altitudes of 150 and 400 km in the post-sunset hours
(i.e., 19–00 LT) during 27–29 July 2014; the remaining
post-sunset RO events are shown in gray. This GPS RO
scintillation threshold and these altitude boundaries have
been shown to be quite effective in isolating scintillation
events caused by EFIs in the post-sunset F layer (e.g.,
Carter et al. 2013; Yu et al. 2017). Note that the tangent
points between the altitudes of 80 and 600 km are plotted.
The locations of the GPS ground stations (diamonds) and
ionosondes (crosses) used in this analysis are also shown
for reference.
Before interpreting the RO scintillation maps, it is

important to remember that the tangent point locations
shown in Fig. 2 may not represent the actual location
of the ionospheric irregularities and could be inaccurate
on the order of 10° (Dymond 2012). In the top panel of
Fig. 2, the RO scintillation events on 27 July 2017 occurred
predominantly over Africa and the Pacific Ocean, with
a noticeable lack of scintillation over Southeast Asia and
South America. These results are quite similar to those
in the bottom panel, which shows the locations of RO
scintillation events detected on 29 July 2014, although
on 29 July, the RO scintillation locations were observed
a little further to the west of the Pacific Ocean towards
East Asia. This pattern is rather consistent for other days
throughout late July that are not shown here. Further,
the locations of these scintillation events are consistent
with the background climatology of the global EFI occur-
rence for the June solstice months reported by Carter et
al. (2013) (see their Fig. 5) and Burke et al. (2004) (see
their Fig. 1); post-sunset EPBs are commonly detected
over the African and Pacific longitude sectors during
this time of year. The scintillation events observed on
28 July 2014 (middle panel), on the other hand, show
significant scintillation activity above Southeast Asia and
nowhere else around the world. The region over which
GPS scintillations were detected on 28 July spans almost
30° in longitude from India to China/Indonesia and
approximately 40° in latitude centered on the magnetic
equator (∼10 °N).
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Fig. 1 The 90th percentile of the hourly S4 index S90 as a function of local time and date throughout July 2014, as detected by a BKK, b BNG, and c
CAL GPS stations. Gray cells indicate data gaps

While the GPS scintillation detection patterns in the
RO data appear to agree well with the well-known post-
sunset EPB climatology and the ground-based GPS data in
Fig. 1, the supporting VHF scintillation data should also be
analyzed. Figure 3 shows the VHF amplitude scintillation
index S4 measured by the SCINDA KWA (Pacific sector)
and BHD (African sector) stations over the 27–29 July
2014 period. The yellow shaded areas indicate the local
times between ∼ 19 and 02 LT, i.e., the post-sunset sec-
tor when GPS scintillation is typically observed. The lack
of GPS RO post-sunset scintillation observed on 28 July
in Fig. 2 is confirmed by both Pacific and African stations
in Fig. 3. Notably, BHD shows the presence of late scin-
tillations on 28 July that could either be evidence of local
post-midnight EPB growth or non-local post-sunset EPBs
that have drifted over Africa from the east. Although, it
is clear from the BHD data that post-sunset growth con-
ditions were suppressed on 28 July compared to the days
before and after.
The red rectangle in Fig. 2 that highlights the scintil-

lating RO events over Southeast Asia on 28 July 2014 is
focused upon in a 3-dimensional format in Fig. 4. Plotted
in the left and right columns are the ionospheric scintilla-
tion and electron density profiles provided by COSMIC,
respectively, each hour from 11 until 15 UT on 28 July

2014. Projections of these RO profiles are given in the
latitude-longitude plane at 0 km altitude, along with the
ground stations’ locations shown in Fig. 2 for reference.
In addition, the altitudes of the peak electron density,
as determined from each RO event, are shown as black
dashes for each profile in the longitude = 70° plane in the
right column.
First, during 11–12 UT (i.e., Fig. 4a, b), the scintillation

levels were low at F-region altitudes with some ROprofiles
showing a elevated scintillation at ∼ 100 km altitude (i.e.,
the E-region). The scintillation enhancements at 100 km
altitude are clear signatures of sporadic E layers, as shown
by previous works (Wu et al. 2005; Arras et al. 2008;
Brahmanandam et al. 2012; Chu et al. 2014). The corre-
sponding electron density profiles nicely show the well-
known higher ionospheric peak altitudes in the
equatorial region with a decline in altitude away from
the magnetic equator, i.e., the so-called “fountain effect.”
In the next hour, 12–13 UT, the RO scintillation profiles

show elevated scintillation at F-region altitudes directly
above the BCL ionosonde station and the BKK GPS sta-
tion (approximately the center of the plot). There were two
other RO events during this hour that exhibited increased
F-region scintillation activity; one of those soundings
appears to have ceased prematurely due to the scintillation
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Fig. 2 Global maps showing the locations of COSMIC RO events for which the detected scintillation level “S4max9sec” exceeded 0.3 at F-region
altitudes (150–400 km) during the post-sunset hours (i.e., 19–00 LT) of 27 July 2014 (top panel), 28 July 2014, (middle panel), and 29 July 2014
(bottom panel). Also shown are the locations of the SCINDA GPS stations (diamonds) and the Sanya and BCL ionosondes (crosses). The gray points
show post-sunset COSMIC RO events with scintillation levels that did not exceed 0.3 at F-region altitudes. The red rectangle highlights the
Southeast Asian sector that is analyzed further in Fig. 4

activity and then restarted at a lower altitude (to the south
of the BCL station). In Fig. 4d, there are only two corre-
sponding electron density profiles, which indicate that the
quality control procedure has excluded the third “broken”
profile in Fig. 4c, possibly due to the increased scintil-
lation levels. Interestingly, the altitudes that correspond
to high scintillation levels tend to correspond to low-
electron densities within the RO profiles, in particular, the
RO event over the BCL and BKK stations.
During 13–14 UT, there is a lower number of RO

events across the region of interest, but the RO event
that occurred close to the geographic equator shows
increased scintillation levels, and once again exhibits the
corresponding lower electron densities noted above. The
decreased number of electron density profiles compared
to the scintillation profiles is also evident during 14–15

UT in Fig. 4g-h; only two profiles out of six appear to have
passed quality control. The profile in the center of these
plots shows increased scintillation activity in the topside
ionosphere, whereas the southernmost profile shows scin-
tillations below the F-layer peak with low background
electron densities, similar to those noted above. F-region
scintillation activity continues in the GPS RO dataset until
21 UT, not shown here, with results consistent with the
11–15 UT data.
The Sanya and BCL ionosondes collected data in the

same region as the GPS ground stations and COSMIC
RO soundings during this period and are thus used to
complement the data presented above. Figure 5 shows a
range-time-intensity-style plot of the ionospheric echoes
measured by the Sanya ionosonde during 27–29 July 2014.
The cells are colored according to the number of echoes
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Fig. 3 VHF S4 index measured by the KWA (a) and BHD (b) ground
stations during 27–29 July 2014. The yellow shaded areas indicate
19–02 local time

detected across all sounding frequencies every 15 min.
Note that LT � UT + 7, so post-sunset begins close to
12 UT.
Figure 5 shows significant spread F activity after 12 UT

on 28 July 2014, and no spread F activity on the day
prior or the day after. The commencement of spread F
activity on 28 July 2014 is shrouded by blanketing spo-
radic E, which is consistent with the GPS RO profiles that
occurred above the Sanya station in Fig. 4a. The blanket-
ing sporadic E prevents the reception of echoes from the
F layer during the initiation of spread F, and as such, the
PRE cannot be tracked from this station. Once the spo-
radic E disappears, the range of virtual heights covered
by the spread F is approximately 300–500 km, which is
also largely consistent with the GPS RO observations of
scintillation activity in Fig. 4.
Figure 6 shows the h’F variation measured by the BCL

ionosonde from the late-afternoon sector until the early
morning for the entire month of July 2014 (dots). The
hourly average of the h’F variation across the month is
shown by the black line, and the error bars represent the
standard deviation. The yellow, red, and blue curves show
the h’F variation on 27, 28, and 29 July 2014, respectively,
and the horizontal bar indicates the presence of equatorial
spread F (i.e., EFIs) on 28 July.

It is clear from Fig. 6 that the F layer rose to a much
higher altitude on 28 July 2014 compared to the rest of the
month. In addition, the speed of this ascent (i.e., the PRE)
on 28 July was 31.6 m/s, compared to the monthly average
6.4 m/s (i.e.,∼ 5 times themonthly average). Following the
F layer rise, EFIs were present above the BCL station from
20 LT until dawn the next day.

Discussion
Presented in this study is an ionospheric scintillation
event that was detected by GPS receivers across Southeast
Asia on the evening of 28 July 2014. The same event was
captured as enhanced scintillation activity by coincident
GPS RO soundings and spread F by two Southeast Asian
ionosondes. The agreement between these independent
observations, and the different observation techniques,
provides assurance that the ionospheric scintillation event
detected on this evening was caused by EPBs via the R-T
plasma instability.
In this longitude sector, EPBs are most common during

the equinox months and rare during the solstices. Under
high-solar activity conditions, EPBs have been commonly
observed in the Southeast Asian longitude sector close to
the June solstice (see 2002 data in Li et al. (2011)’s Fig. 3).
While 2014 was technically a solar maximum year, the
F10.7 solar flux during the second half of July 2014 was
rather low, an average of 113 solar flux units (s.f.u.) com-
pared to 153 s.f.u. in June 2002. Therefore, this event on
28 July 2014 can be classified as an unseasonal post-sunset
EPB event.
As explained earlier in the “Introduction” section,

recent research has indicated that the driving factors
in the daily variability of EPBs are dependent upon the
underlying seasonal conditions (e.g., Carter et al. 2014c).
That is, during seasons that provide favorable EPB growth
conditions, the daily variability in EPB occurrence is con-
trolled by the days for which EPBs are suppressed. Sim-
ilarly, for the seasons during which EPB growth is not
favorable, the daily variability is controlled by the days for
which the growth of EPBs is abnormally enhanced. The
event studied here falls under the category of the latter, i.e.,
an unusual night of EPB growth during an off-peak EPB
season. Therefore, the EPB event on 28 July 2014 must
be explained in terms of a physical mechanism that has
provided enhanced EPB growth conditions.
It is well known that the PRE strength is an important

parameter in controlling the growth of EPBs (e.g., Abdu
et al. 1981; Tulasi Ram et al. 2006; Su et al. 2008; Carter
et al. 2014a) and that the PRE itself can exhibit a strong
daily variability (e.g., Scherliess and Fejer 1999). Figure 6
showed that the plasma above the BCL ionosonde rose
significantly faster on the evening of 28 July compared to
the rest of the month. This suggests that the growth of
EPBs on the evening of 28 July 2014 can be attributed
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4 Altitude - latitude - longitude plots restricted to the red rectangle in Fig. 2, showing the tangent point locations of the RO events that
sampled the ionosphere each hour from 11 UT (top row) until 15 UT (bottom row) on 28 July 2014. The tangent points (and their respective
projections in the latitude-longitude plane) in the left and right columns are colored according to the measured S4 index and electron density,
respectively. The black dashes in the altitude-latitude plane in the right column show the peak electron density altitudes measured for each RO
event. The black symbols in the latitude-longitude plane indicate the station locations, as in Fig. 2. Note that RO profiles are plotted from 80 to
600 km altitude in this figure a 20140728, 11-12 UT, b 20140728, 11-12 UT, c 20140728, 12-13 UT, d 20140728, 12-13 UT, e 20140728, 13-14 UT, f
20140728, 13-14 UT, g 20140728, 14-15 UT, h 20140728, 14-15 UT
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Fig. 5 Range-time-intensity-style plot of ionospheric echoes received from the Sanya ionosonde during 27–29 July 2014. Ionograms collected every
15 min were used to generate this figure. The color scale indicates the number of echoes across all sounding frequencies

to the significantly enhanced PRE on the same evening
that would have significantly enhanced the R-T growth
conditions.
During this time of year in the Southeast Asian longi-

tude sector, the PRE should be weak due to the misalign-
ment of the local magnetic field with the solar terminator
(e.g., Abdu et al. 1981; Tsunoda 1985). This misalignment
decreases the longitudinal conductivity gradient in the E
layer, which effectively suppresses the polarization electric
field strength that causes the PRE shortly after sunset.

Fig. 6 The hourly average of h’F versus local time throughout July
2014 (black, error bars indicate ± 1 standard deviation) and the h’F
versus local time for 27 (yellow), 28 (red), and 29 (blue) July 2014, as
measured by the BCL ionosonde. The horiztonal bar indicates the
presence of spread F on 28 July

This characterization of the equatorial ionospheric elec-
trodynamics is well supported by the average h’F variation
throughout July in Fig. 6. However, the PRE on 28 July
is a clear exception to this explanation and indicates that
the ionospheric electrodynamics were significantly modi-
fied on this evening. As such, the key to understanding the
causal mechanism(s) behind the 28 July unseasonal EPB
event lies in exploring the reason(s) how the background
equatorial electrodynamics were modified to produce
such a strong PRE.
A complicated relationship between the PRE strength

and the prevailing geomagnetic activity conditions has
been the subject of significant research attention in
recent years (see review by Abdu (2012)). The connection
between geomagnetic activity (i.e., forcing from above)
and the PRE strength can be placed into two categories:
eastward electric fields that enhance the PRE (upward
�E × �B drift) and westward electric fields that suppress the
PRE (downward �E × �B drift). One source of the westward
electric fields is the so-called “over-shielding” electric field
(Kelley et al. 1979; Abdu 2012), which penetrates from the
high latitudes to the magnetic equator following a sudden
northward turning of the interplanetary magnetic field
(IMF). Another source of westward electric fields is the
disturbance dynamo, which is caused by a westward neu-
tral wind enhancement from mid-latitudes to the equator
that occurs a few hours following an increase of geomag-
netic activity (Blanc and Richmond 1980). The eastward
penetration electric field that enhances the PRE is known
as the “under-shielding” electric field (or the “prompt-
penetration electric field,” PPEF) that follows a sudden
southward turning of the IMF (e.g., Huang et al. 2005;
Tulasi Ram et al. 2008).
If geomagnetic activity was responsible for the

enhanced PRE in Southeast Asia on this particular
evening, then the “under-shielding” eastward-directed
electric field (i.e., PPEF) is the only possible candidate
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because both disturbance dynamo and over-shielding
electric fields are westward after sunset. Figure 7 shows
a geomagnetic activity summary throughout the month
of July 2014. Shown are the SYM-H index, the solar wind
dynamic pressure, the solar wind speed, the AE index,
and the interplanetary electric field (IEF); the solar wind
parameters measured at the L1 point have been shifted
in time to the bow shock. The month of July was very
geomagnetically quiet. The SYM-H index was consis-
tently above − 35 nT, the AE index was mostly below
500 nT, and the magnitude of the IEF was primarily
below 2 mV/m. The most notable event was the solar
wind shock that preceded a corotation interaction region
(CIR) on 14 July. Another CIR arrived on 28 July, but the
magnitudes of the solar wind shock and the solar wind
speed were significantly smaller than the 14 July event.
Figure 8 shows the geomagnetic activity summary for

28 July 2014. A close observation of the solar wind data
reveals that a few small solar wind shocks arrived on the
day of interest that were associated with the CIR. The
largest shock was followed by some minor auroral activ-
ity, as indicated by the AE index. A PPEF can be spotted in
the IEF data as a positive turning (indicating a southward
IMF Bz turning). PPEFs are also known to penetrate to the
equator almost instantaneously and last for up to a few

Fig. 7 Overview of solar wind and geomagnetic activity throughout
the month of July 2014. The top panel shows the SYM-H index, the
second panel shows the solar wind dynamic pressure, the third
shows the solar wind speed, the fourth panel shows the AE index, and
the fifth shows the interplanetary electric field (IEF). Note that the
solar wind dynamic pressure and the IEF have been propagated in
time to the magnetopause location

Fig. 8 The same as Fig. 7, but zoomed in on July 28 2014

hours (i.e., the time it takes for the shielding electric field
within the magnetosphere to build up and counter the
PPEF from the solar wind). Thus, at 4 UT, the positive IEF
indicates the presence of a small-magnitude PPEF, but this
PPEF occurs too early to have caused the PRE enhance-
ment over the Southeast Asian sector, which occurred at
11–12 UT. Further, the IEF is negative at the time of the
PRE. Therefore, the possibility that the enhanced PRE on
the evening of 28 July 2014 was caused by PPEFs, or any
other forcing from above for that matter, can be rather
confidently ruled out.
Recent research has shown that the vertical plasma

drift in the F region above the equator can also be
influenced by lower atmospheric variability in the form
of tides and planetary waves (e.g., Abdu et al. 2006,
2015; Maute et al. 2014); i.e., forcing from below. Atmo-
spheric gravity waves from the troposphere are also sus-
pected to influence the F-region vertical plasma drift
(Li et al. 2016) and play a role in the seeding and develop-
ment of EPBs (e.g., McClure et al. 1998; Tsunoda 2010a, b);
atmospheric gravity waves therefore represent another
form of forcing from below. One would expect that atmo-
spheric gravity waves that seed EPBs would originate from
a local source, whereas tides or planetary waves would
be expected to exhibit larger scale, perhaps even global,
effects. The analysis of GPS RO data in Fig. 2 and ground-
based VHF scintillation data in Fig. 3, which show a
lack of EPBs in both the African and Pacific sectors on
the day of the EPB event over Southeast Asia, indicates
that perhaps a global-scale variation of the PRE occurred.
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Although, if tidal or planetary wave activity is responsi-
ble for such large-scale PRE variations, it is not entirely
clear why the PRE would be enhanced above Southeast
Asia and suppressed over the Pacific and Africa on the
same day. Further, one would expect recurrent EPB events
throughout July if planetary wave activity was the root
cause of the PRE enhancement, but recurrent EPB events
are not observed in Fig. 1. It is also possible that longi-
tudinal structuring of the ionosphere could be playing a
role in generating this large PRE over Southeast Asia, but
the relationship between longitudinal structure and the
day-to-day EPB variability is still an open question (Saito
and Maruyama 2007). More evidence and investigation of
this unseasonal EPB event is needed in order to properly
investigate whether or not lower atmospheric forcing is
responsible, and this is the topic of a companion paper
(Ajith et al. 2017).

Conclusions
Understanding the daily variability in the occurrence of
EPBs is an ongoing challenge. In this study, an unseasonal
EPB event over the Southeast Asian region on 28 July
2014 was examined using a collection of ground-based
and space-based data. Ionosonde data revealed the pres-
ence of an abnormally strong PRE in the upward plasma
drift over Southeast Asia, which created favorable con-
ditions for the R-T plasma instability to operate on this
evening. While the connection between the enhanced
PRE and the presence of EPBs is clear from this analysis,
the exact cause of the strong PRE has not yet been deter-
mined. Penetration electric fields from the solar wind-
magnetosphere interactions were considered as potential
sources, but they were effectively ruled out using solar
wind data. GPS RO data revealed that the presence of
EPBs over Southeast Asia coincided with the suppression
of EPBs in both the African and Pacific longitude sec-
tors, suggesting that a large-scale phenomenon may be
responsible. This observation, in combination with the
lack of penetration electric fields, indicates that perhaps
tidal/planetary wave activity from the lower atmosphere
could potentially be the source of the enhanced PRE and
the resulting EPBs during an off-peak EPB season. Future
research efforts aimed at understanding all of the driv-
ing mechanisms of unseasonal EPB events are strongly
encouraged.
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