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Abstract An analysis of the occurrence of equatorial plasma bubbles (EPBs) around the world during
the 2015 St. Patrick’s Day geomagnetic storm is presented. A network of 12 Global Positioning System
receivers spanning from South America to Southeast Asia was used, in addition to colocated VHF receivers
at three stations and four nearby ionosondes. The suppression of postsunset EPBs was observed across most
longitudes over 2 days. The EPB observations were compared to calculations of the linear Rayleigh-Taylor
growth rate using coupled thermosphere-ionosphere modeling, which successfully modeled the transition
of favorable EPB growth from postsunset to postmidnight hours during the storm. The mechanisms
behind the growth of postmidnight EPBs during this storm were investigated. While the latter stages of
postmidnight EPB growth were found to be dominated by disturbance dynamo effects, the initial stages of
postmidnight EPB growth close to local midnight were found to be controlled by the higher altitudes of the
plasma (i.e., the gravity term). Modeling and observations revealed that during the storm the ionospheric
plasma was redistributed to higher altitudes in the low-latitude region, which made the plasma more
susceptible to Rayleigh-Taylor growth prior to the dominance of the disturbance dynamo in the eventual
generation of postmidnight EPBs.

1. Introduction

Research on equatorial plasma bubbles (EPBs) has been driven in recent years by their negative influence
on trans-ionospheric radio signals that are widely used for positioning, navigation, timing, and satellite
communications [e.g., Kelley et al., 2011, 2014, and references therein].

EPBs are widely understood to be caused by the Generalized Rayleigh-Taylor (R-T) plasma instability, in which
a strong vertical plasma density gradient at the bottomside of the F layer and a strong upward plasma drift
during the night combines to destabilize the plasma. The most recent formulation of the flux tube integrated
R-T linear growth rate is given by Sultan [1996] as
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where the first term V,, is the upward plasma drift speed, the second term Uf is the Pedersen conductivity-
weighted neutral wind perpendicular to the magnetic field in the magnetic meridian plane, and the third
term g, /v is the altitude-corrected gravity divided by the flux tube integrated effective ion-neutral collision
frequency, weighted by the electron density. These terms are multiplied by the flux tube integrated F (Z;)
and E region (Zf,) Pedersen conductivity ratio and K*, which is the F region flux tube electron content height
gradient (i.e, 1/N,(dN,/oh), where N, is the flux tube electron content). Finally, R; is the flux tube integrated
recombination rate, which is assumed to be negligible in this analysis.

In the postsunset sector, the magnitude of the R-T linear growth rate in equation (1) is strongly dependent
on the strength of the prereversal enhancement in the upward plasma drift A [e.g., Heelis et al., 2012], which
exhibits a strong longitudinal and seasonal dependence [e.g., Abdu et al., 1981; Tsunoda, 1985; Su et al., 2008;
Yizengaw et al., 2014]. The observed EPB climatology following decades of observations is well understood and
can largely be explained by the longitudinal and seasonal variations in V,, [e.g., Burke et al., 2004; Su et al., 2008;
Carter et al., 2013]. Recent studies have employed global ionosphere-thermosphere models to successfully
replicate the observed global EPB occurrence climatology [Retterer and Gentile, 2009; Wu, 2015].
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Figure 1. The locations of the radio receiver stations used in this analysis. Triangles indicate GPS receiver stations,
squares indicate joint GPS and VHF receiver stations, and the crosses show the locations of nearby ionosondes. The solid
line shows the location of the magnetic equator and the dashed lines show the +15° magnetic latitudes.

The occurrence of EPBs during geomagnetic storms is further complicated by the existence of prompt
penetration (under shielding) [e.g., Basu et al., 2007, 2010; Huang, 2011], penetration (overshielding) [Kikuchi
et al., 2000, 2008], and disturbance dynamo [Blanc and Richmond, 1980] electric fields, which are all known
to influence the vertical plasma drift that dominates the R-T linear growth rate [e.g., Fejer et al., 1999; Huang
et al.,, 2001; Kelley and Retterer, 2008; Abdu, 2012, and references therein]. In some recent works, a global
ionosphere-thermosphere model driven by geomagnetic activity has been shown to successfully reproduce
the observed day-to-day EPB occurrence in the postsunset sector during peak EPB seasons [Carter et al.,
2014a, 2014b, 2014c]. In these analyses, small increases in the geomagnetic activity level were shown to be a
significant driver in suppressing postsunset EPB growth at various locations with a delay of a few to several
hours.

EPBs are also a common phenomenon in the postmidnight sector, and their occurrence is not that well under-
stood. Quiet time postmidnight EPBs have been commonly observed during both the June and December
solstices [e.g., Liet al., 2011; Gentile et al., 2011; Nishioka et al., 2012; Yizengaw et al., 2013], but they have also
been known to occur during geomagnetic storms [e.g., Fejer et al., 1999; Palmroth et al., 2000; Burke et al., 2009;
Gentileetal., 2011; Abdu, 2012]. The exact reasons as to why postmidnight EPBs occur outside of geomagnetic
storms is still an ongoing issue [e.g., Eccles, 2004; Burke et al., 2009; Su et al., 2009; de La Beaujardiére et al., 2009;
Gentile et al., 2011; Yizengaw et al., 2013]. However, postmidnight EPBs during geomagnetic storms are gen-
erally understood to be due to penetration electric fields [Kikuchi et al., 2000, 2008] and/or the development
of disturbance dynamo [Blanc and Richmond, 1980] electric fields, both of which cause upward plasma drifts,
and thus promote EPB growth activity, in the postmidnight sector [e.g., Fejer et al., 1999; Palmroth et al., 2000;
Burke et al., 2009; Gentile et al., 2011; Abdu, 2012].

In this study, a global network of Global Positioning System (GPS) and VHF receivers in addition to ionosondes
are used to analyze the occurrence of EPBs before and during the 2015 St. Patrick’s Day storm on 17 March.
A global ionosphere-thermosphere model that is driven by geomagnetic activity inputs is used to calculate
the R-T linear growth rate for the magnetic meridian of each station location throughout the period of this
storm. The ionosphere-thermosphere model is then used as a tool to examine the physical phenomena that
controlled EPB growth over this period.

2. Data Analysis and Modeling

The ionospheric scintillation measurements from GPS receivers from the Scintillation Network Decision Aid
(SCINDA) [Groves et al., 1997] and Low-latitude lonospheric Sensor Network (LISN) [Valladares and Chau, 2012]
networks were used, in addition to the Global lonospheric Radio Observatory (GIRO) ionosonde [Reinisch and
Galkin, 2011] network. Figure 1 shows the location of the SCINDA and LISN GPS and VHF stations used in this
analysis, and a selection of nearby GIRO ionosonde stations, spanning the longitudes from South America
to Southeast Asia and magnetic latitudes within +15°. These stations are Piura (PIU), Huancayo/Ancon
(HYO/ANC), Boa Vista (BVB), Brasilia (BSB), Ilheus (I0S), Natal (NTA), Cape Verde (CVD), Abidjan (ABJ), Maseno
(KIS), Tirunelveli (TIR), Calcutta (CAL), and Bangkok (BKK). All stations have a dedicated GPS receiver that
measures L band scintillations (using the minutely $4 index) due to ionospheric irregularities. Scintillation
observations at VHF frequencies were also available at CVD, BKK, and HYO/ANC stations, and HYO/ANC, BVB,
NTA, and BKK had the ionosonde stations JI, BV, FZA, and SA nearby, respectively.

CARTERET AL.

STORM-TIME EQUATORIAL PLASMA BUBBLES 895



@AG U Journal of Geophysical Research: Space Physics 10.1002/2015JA022194

The TIEGCM is a self-consistent time-dependent and physics-based three-dimensional model of the global
thermosphere-ionosphere system [e.g., Qian et al., 2014, and references therein]. In this study, the TIEGCM is
used to calculate the R-T growth rate along the magnetic meridians of each of the stations in Figure 1 in the
same manner as Carter et al., 2014a [2014a, 2014c]. Variability in the TIEGCM, and the calculated growth rate,
is induced by the solar and geomagnetic activity drivers of the model, the F,,, solar flux and the Kp index,
respectively.

3. Results and Discussion

To understand how the St. Patrick’s Day geomagnetic storm influenced the occurrence of EPBs, the GPS scin-
tillation observations from all stations in Figure 1, in relation to their expected EPB climatologies, is analyzed.
Figure 2 shows the local time versus date plots for each station, colored according to the 90th percentile of
the S4 index (S44,) measured by the GPS receivers within each hour. In the calculation of the hourly S44,, all
of the available satellite-to-ground links that recorded minutely $4 values were used. To exclude multipath
effects, only GPS satellites above 30° elevation were considered. Also plotted is the maximum calculated R-T
growth rate from the TIEGCM during 18-02 LT for each day in yellow. The Kp index is plotted in Figure 2m.

The GPS scintillation levels shown in Figure 2 exhibit different magnitudes between the stations. Overall, the
strongest scintillations were observed by the South American stations that were close to +15° magnetic lat-
itudes, where the equatorial anomaly crests are typically expected. As revealed by several previous studies
[e.g., Burke et al., 2004; Su et al., 2008; Carter et al., 2013, and references therein], the EPB occurrence during
March is expected to be relatively high across most longitude sectors. For the American sector, this period con-
sists of a transition period from peak EPB occurrence during the December solstice to a minimum in the June
solstice. Interestingly, the EPB occurrence, and the associated scintillation levels observed, in the Southeast
Asian sector is significantly lower than the South American sector.

Throughout the period shown in Figure 2, GPS scintillations associated with EPBs were observed for most days
in South America and Africa. This observation is expected and supports the well-known EPB climatology in
these longitude sectors. Given that the growth of postsunset EPBs is favored at this time of the year by the
close alignment of the day-night terminator and the local magnetic field, whether EPBs grow or not on any
given day during this season is controlled by days when their growth is suppressed.

The Kp index in Figure 2m fluctuated between 0 and 4 prior to 17 March, when Kp reached a maximum of 8,
followed by slow decline to prestorm levels. Outside of the main 17-18 March storm period, there is a notice-
able anticorrelation between the Kp index and the calculated R-T growth rate; the most obvious example is
the Kp increase to 4 on 7 March and the associated decrease in the R-T growth rate for all stations. This rela-
tionship was identified and investigated previously by Carter et al. [2014c] and Carter et al. [2014a], who found
that these relatively small Kp variations were influencing the zonal neutral winds at the equator, and thus were
influencing the strength of the prereversal enhancement in the upward plasma drift, and subsequently the
R-T growth rate, after sunset.

Common to most stations in Africa and South America is a 2 day period, 17-18 March, when no scintillations
(and therefore, no EPBs) were observed. The Indian stations observed EPBs on the first day of the storm, but
none were observed for the following 2 days. The calculated R-T growth rate for each station’s meridian is
also shown to significantly decrease upon the commencement of the 17 March storm, and they each take
approximately 2 days to recover to prestorm levels.

Figures 3a-3I show the time series of the GPS and VHF scintillation levels from 16 March to 21 March 2015. The
dark gray shaded areas indicate local times (LT) between 18 and 02 (i.e., postsunset period) and the light gray
shaded areas indicate 02-06 LT (i.e., postmidnight). The transition time from postsunset to postmidnight was
defined as 02 LT, as it is clear in Figure 2 that scintillation commencing during postsunset hours sometimes
continues until after 00 LT. Also plotted in Figures 3a-3l are the maximum calculated R-T growth rate in each
station’s magnetic meridian and the asterisks indicate the presence of spread F in nearby ionosonde data.

The presence of spread F was determined using an algorithm that counted the number of echoes detected
from all frequency and range bins for each 15 min ionogram. Spread F was flagged for an ionogram when the
total number of echoes exceeded a daily threshold value. To determine the daily threshold, we computed the
daily statistical distribution of ionogram echo counts using multiple ionograms collected over a 24 h period,
and the threshold was defined as 18 times the difference between the 20th and 10th percentiles, plus the
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Figure 2. (a-|) Local time versus date throughout March 2015, colored according to the hourly S44, for all stations
shown in Figure 1. Grey cells indicate data gaps. The yellow lines show the maximum calculated R-T growth rate from
the TIEGCM between 18 and 02 LT and (m) the Kp index.

10th percentile in this daily distribution. As an example of how this spread F detection worked, Figure 4 shows
a range-time-intensity-style plot of the number of echoes received from all frequency bins as a function of
virtual height and time detected by the Jl ionosonde during 17-18 March 2015. The spread F indicators are
shown in the bottom panel, which are shown to correspond rather well to the occurrence of spread F in the
ionosonde data.

From the data displayed in Figure 3 from March 16, it can be seen that the calculated R-T growth rate peaks
early in the postsunset sector, just prior to the measured scintillation peak. The delay between these peaks
is approximately 1-2 h, which is consistent with the typical amount of time for the EPBs to fully develop and
cause L band scintillations [e.g., Retterer, 2010; Carter et al., 2014b, 2014c]. For the stations that had both VHF
and GPS scintillation observations, clear differences in the scintillation levels in the postsunset sector of 16
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Figure 3. (a-1) The 90th percentile of the GPS 5S4 index as measured by the stations in Figure 1 in black over the period
16-21 March 2015. The red curves in Figures 3g and 3l are the 90th percentile of the VHF S4 index, and in 3b the hourly
median 54 index is plotted in red, due to particularly noisy VHF S4 data from ANC. The asterisks indicate the presence of
spread F detected at nearby ionosondes. The blue curves represent the maximum calculated R-T growth rate from the
TIEGCM every 15 min. The dark gray shaded regions indicate 18-02 LT (i.e., the postsunset sector) and the light gray
shaded regions indicate 02-06 LT (i.e., postmidnight sector) for each station location. (m) The Kp index, for reference,
and (n) the interplanetary electric field, propagated to the magnetopause.

March can be observed, particularly BKK. These differences are mostly attributed to the higher sensitivity of
the lower frequency VHF waves to EPBs compared to GPS frequencies when background plasma densities are
low [e.g., Whalen, 2009], in addition to the different satellite-link geometries. The VHF data from HYO/ANC is
substantially noisier compared to those at BKK and CVD stations. As such, the hourly median of the HYO/ANC
VHF 54 data was used and shows a good agreement with the spread F observations.

For GPS/VHF stations with nearby ionosondes, there is quite a good agreement between increased VHF/GPS
scintillation activity and the detection of spread F. However, disagreements between scintillation and
ionosonde data are noticeable in the early morning hours of 16 March at HYO/ACN and the postsunset hours
of 19-20 March at BKK. The VHF link at HYO/ACN is directed toward the western sky, whereas the ionograms
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Figure 4. Range-time-intensity-style plot of ionospheric echoes received from Jl ionosonde during 17-18 March 2015.
lonograms collected every 15 min were used in creating this plot. The color represents the accumulated number of
echoes across all radio sounding frequencies. The asterisks below the figure indicate the presence of spread F, as
discussed in the text.

from JI (not shown here) appear to indicate that the spread F was detected mostly from the eastern sky and the
zenith. Figure 1 shows that BKK and the SAN ionosonde are separated by several hundred kilometers. There-
fore, it appears that differences in scattering volumes are the likely cause of these apparent disagreements
between these data.

It should be noted that for most stations, the calculated R-T growth rates exhibit a peak in the postsunset sec-
tor and not in the postmidnight sector on 16 March. The only exceptions to this rule are the stations in western
South America, where a small R-T growth rate peak was calculated just prior to 06 LT, when no postmidnight
scintillations were observed either at GPS or VHF frequencies.

On 17 March, the day of the commencement of the St. Patrick’s Day storm, Kp rose to 8 at approximately the
same time as local sunset for the Southeast Asian stations. Just prior to this Kp maximum, the interplanetary
electric field (IEF) fluctuated between negative (Bz northward) and positive (Bz southward) and then remained
positive for several hours during the storm'’s peak intensity. The change in IEF polarity from negative to posi-
tive just prior to the storm’s peak at 12 UT coincides with the observation of postsunset EPBs by both Indian
stations. It is interesting to note that neither BKK to the east, nor KIS to the west, observed EPBs, indicating
that the source mechanism for the postsunset EPBs is confined in either longitude and/or local time. These
observations are similar to those reported previously [e.g., Basu et al., 2007, 2010; Huang, 2011] and can be
explained by a prompt penetration electric field that is present for a short period of time and most effective in
the postsunset local time sector, until a magnetospheric shielding electric field builds up to oppose it [Kikuchi
etal., 2000, 2008; Abdu, 2012]. The TIEGCM R-T growth rate did not increase for the Indian stations on 17 March,
which is most likely due to the fact that the TIEGCM does not include a physically meaningful representation
of prompt penetration electric fields [Wang et al., 2008; Zaka et al., 2010].

From KIS all the way to PIU in the west, no postsunset EPBs were observed on the night of 17 March. Further,
the TIEGCM calculated R-T growth rates for these stations were significantly lower on 17 March compared
to the same postsunset period on the day prior. This response of the modeled postsunset R-T growth rate
to increased geomagnetic activity was highlighted by Carter et al. [2014a] to be due to disturbance dynamo
effects. In Figure 3, the R-T growth rates reveal a peak in the postmidnight sector a few hours later, which
is accompanied by a small but noticeable increase in the measured GPS scintillation level from CVD to PIU,
excluding NTA. These small GHz scintillation increases are supported by available ionosonde and VHF scintil-
lation data, which show the presence of EPBs above HYO/ACN and BVB stations, and strongly suggest that the
lower GPS scintillation peaks observed by 10S and BSB are real EPBs. The background electron densities can
be low in the postmidnight sector, which is most likely the cause of the lower GPS scintillation levels observed
[Whalen, 2009], so the use of VHF scintillation and ionosonde spread F data are important for confirming the
existence/absence of EPBs during these hours.

The differences in the background electron density between the stations is also the likely explanation for why
the postmidnight GPS S4 peaks are observed to decrease from BSB (Figure 3d) in the east to PIU (Figure 3a)
in the west, despite the relative increase in the calculated R-T growth rates. PIU and HYO/ACN are located
closer to the magnetic equator where the equatorial anomaly trough is located, compared to BSB and BVB
at higher latitudes where the equatorial anomaly crests are typically expected (Figure 1). Further, as pointed
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out by Carter et al. [2014b], the nonlinearity of EPB development and the influence of background electron
density on L band scintillations means that one should not necessarily expect a linear relationship between
GPS 54 and the R-T growth rate.

Low background electron densities do not explain the lack of GPS scintillations detected by NTA in the post-
midnight hours because the colocated ionosonde detected no spread F. The lack of EPB observations at
NTA appears to be due to an unknown localized EPB suppression mechanism that the TIEGCM does not take
into account; e.g., the daily variability in nonmigrating tides. On the other hand the VHF scintillation and the
ionosonde spread F data confirm the existence of postmidnight EPBs at CVD, BVB,and HYO/ANC and are good
indications that the lower GPS scintillation peaks observed by 10S and BSB are real EPBs.

While the TIEGCM appears to have successfully modeled the transition from postsunset EPBs during quiet
time to postmidnight EPBs during the recovery phase of the storm for the stations between South America
and Western Africa (excluding NTA), there are a few notable shortfalls of the TIEGCM revealed by this analysis.

For example, the effects of prompt penetration (or “under shielding”) electric fields in generating EPBs in the
Indian sector at the storm commencement are not noticeable in the modeled R-T growth rate. As previously
mentioned, a physically meaningful inclusion of prompt penetration electric fields during southward inter-
planetary magnetic field (IMF) turnings are required in order to capture these effects on EPB occurrence during
the storm main phase.

The same can be stated about penetration (or “overshielding”) electric fields during northward IMF turnings;
i.e., the weakening of the IEF at ~ 00 UT on 18 March, which coincided with the postsunset sector in South
America and Western Africa and the postmidnight sector for Eastern Africa and Southeast Asia. The effect
of this IEF decrease would have been a westward electric field and a subsequent decrease in the postsunset
upward plasma drift (i.e., postsunset EPB suppression) and an increase in the postmidnight upward plasma
drift (i.e., postmidnight EPB growth) [e.g., Abdu, 2012]. However, these effects are not explicitly included in the
model. In reality, the IEF weakening at 00 UT on 18 March would have contributed toward the suppression of
postsunset EPBs in the Western South American sector and enhanced EPB growth in the postmidnight sector
in the Eastern African sector. However, these effects cannot be reliably separated from those of the disturbance
dynamo [e.g., Burke et al., 2009], which are included in the TIEGCM formulation. There is a noticeable increase
in GPS scintillation measured by KIS during the transition from postsunset to postmidnight, but it is not clear
whether this scintillation increase is due to EPBs in a low electron density environment or whether it is simply
due to noise. Unfortunately, neither VHF nor ionosonde data were available to support KIS GPS scintillation
observations in this study.

Finally, increased R-T growth rates were modeled for the Southeast Asian stations later that evening in the
postmidnight sector, but no EPBs were observed. This inconsistency between model and observations sug-
gests that the model is overestimating the equatorial velocity of the neutral wind disturbance caused by
the increase in Joule heating in the auroral region and the onset/strength of the disturbance dynamo at the
equator in this longitude sector. The increase in the R-T growth rate was calculated for all stations during this
period, but the earliest postmidnight EPBs were observed by CVD 8 h after they were modeled to occur over
Southeast Asia. This difference between model and observation is likely to be due to a difference in iono-
spheric altitude in the Southeast Asian sector. lon drag is a function of the ion-neutral collision frequency
and therefore is proportional to the product of the electron and thermospheric densities. Thus, if the mod-
eled ionosphere resides at a higher altitude than that observed, then the amount of ion drag experienced by
the neutral wind disturbance will be less because of the significantly lower thermospheric density, resulting
in a faster equatorward propagation velocity. The SA ionosonde station measurement of hmF, supports this
explanation, which was measured to be ~270 km compared to the TIEGCM hmF, output of ~ 360 km at 18 UT
on 17 March, not shown here.

With these model limitations noted, the fact that a self-consistent physics-based electrodynamics model
of the global ionosphere-thermosphere system is capable of independently reproducing the observed
EPB occurrence characteristics during the St. Patrick’s Day storm across almost all of South America is an
important result.

Significant scintillation activity was not observed on the night of 18 March, with the exception of CVD and
BVB, both of which show a short interval of EPB activity during the postsunset sector. The postmidnight
EPBs that were observed the night prior were not observed on this day. Interestingly, the calculated R-T
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growth rates reflect less favorable EPB growth conditions in both postsunset and postmidnight periods on
the evening of 18 March. The R-T growth rates for the western South American stations are still rather high in
the postmidnight sector, but they are significantly less than at the same time on the day prior.

Finally, on the evening of 19 March, postsunset EPBs were observed at BKK, ABJ, CVD, and from BSB to PIU,
and there is no indication of postmidnight EPBs. In terms of the calculated R-T growth rates, the postsunset
peaks are rather small, but they are all larger compared to the previous day, which indicates that EPB growth
is more favorable for all stations on the evening of 19 March.

The TIEGCM R-T growth rates presented in Figure 3 demonstrate that the TIEGCM is capable of modeling the
global storm time dynamics that cause a transition of postsunset EPB activity on 1 day to postmidnight EPB
activity on the next. In order to understand what exactly is happening within the R-T growth rate both before
and during the St. Patrick’s Day storm, an analysis was conducted of the three terms within the R-T growth
rate for HYO/ANC, CVD, KIS, and BKK stations. Figures 5a—5d show the maximum calculated R-T growth rates
over the same interval as Figure 3 for these stations. The first, second, and third R-T growth rate terms V,,, Uy,
and g, /v.¢ are shown by the red, orange, and blue shaded areas, respectively.

The first feature from Figure 5 that is worth noting is that the second term U, is always small compared to
the first and third terms during the peak EPB growth periods. The postsunset growth periods along the mag-
netic meridians of these stations are initiated by an increase in the upward plasma drift; i.e., the postsunset
prereversal enhancement. As the upward plasma drift term decreases, positive R-T growth is continued by an
increased third term, which continues for a few more hours, even when the first term becomes negative.

In the postmidnight sector, the characteristics of the R-T growth period appear to be different in Figure 5. In
particular, these postmidnight growth periods are shown to be initiated by an increased third term and then
followed by an increase in the first term. This feature is most obvious for the CVD and HYO/ANC magnetic
meridians in the morning of 18 March. It is clear from these plots that after the growth is initiated by the third
term, the upward plasma drift term dominates the R-T growth rate in the postmidnight sector. As sunrise
approaches, the R-T growth rates decrease abruptly, which is expected as the E region once again becomes
populated via photoionization.

An interesting question that arises from the results in Figure 5b is what is the cause of the dominance of the
third term in the R-T growth rate, prior to the upward plasma drift peak that later dominates the growth. To
answer this question, Figures 5f and 5g show the apex altitude profiles of the flux tube integrated electron
contentabove HYO/ANCat 5 UT (0LT) and 7 UT (2 LT) on 17 and 18 March, respectively, as given by the TIEGCM.
By comparing the apex altitude profiles from 5 UT on each day, it can be observed that the ionospheric plasma
is higher in altitude on 18 March. This is also demonstrated by the F layer peak height, hmF, as indicated on
the right. For reference, the hmF, observed by the Jl ionosonde at these times is also shown in green.

Importantly, the slope of these profiles gives the vertical gradient in the flux tube integrated plasma density,
which is proportional to K in the R-T growth rate, equation (1). The maximum slope of the electron content
profiles is similar between 17 and 18 March at 0 LT (5 UT), but the altitude of the maximum slope is approxi-
mately 50 km higher on 18 March. This altitude difference is important because the strength of the third term
significantly increases with altitude. From Figure 53, it can be seen that at the moment of 0 LT on 18 March
the plasma velocity is downward (i.e., negatively contributing to ygr). However, the R-T growth is still posi-
tive via the third term, g, /v.g Which is being amplified by the plasma density gradient at higher altitudes, K.
Therefore, the positive R-T growth is initiated by the third term in the postmidnight hours, and not the first

term, V,,, like in the postsunset sector.

Following the initial R-T growth caused by the ionospheric plasma at high altitudes close to 0 LT on 18 March,
the vertical plasma drift turns from negative to positive, further enhancing the R-T growth for the next few
hours. The difference in the upward plasma drift between 17 and 18 March can be clearly seen by the altitude
changes in the plasma between 0 and 2 LT in Figures 5f and 5g.

The Jl ionosonde data from 17 to 18 March displayed in Figure 4 can be compared to the modeling results
from Figure 5a. In the postsunset hours on 17 March spread F was present for approximately 5 h, whereas on
18 March there was no detection of postsunset spread F. In the postmidnight of 18 March, however, spread
F occurred for approximately 2 h following a rapid rise in altitude between 6 and 9 UT. This altitude
rise between 6 UT and 9 UT was also modeled by the TIEGCM, as shown in Figure 5a. Importantly, the altitude
of the F layer peak at 5 UT is ~20 km higher on 18 March compared to 17 March; this can also be seen in
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Figure 5. (a-d) The calculated R-T growth rate y for HYO/ANC, CVD, KIS, and BKK throughout 16-21 March in black; i.e.,
the same as the blue curves in Figure 3. The red, blue, and orange shaded regions indicate the contributions to the R-T
growth rate by the first (Vp), second (Uy), and third (g, /ves) terms, respectively. The dark gray shaded regions indicate
18-02 LT and the light gray shaded regions indicate 02-06 LT for each station. (e) The Kp index for reference. (f-g) Apex
altitude profiles of the integrated electron content along the flux tubes above the magnetic equator in the same
magnetic meridian as HYO/ANC from the TIEGCM. The black dashed and solid profiles represent the TIEGCM output
from 5 UT to 7 UT, respectively, which are also indicated in Figure 5a. The horizontal lines on the right of each panel
indicate the height of the F layer peak hmF, from the TIEGCM and the green horizontal lines are direct hmF,
measurements from the Jl ionosonde, also at 5 UT and 7 UT.
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Figures 5f and 5g next to the model output of hmF,. The model estimated this altitude increase to be ~40 km
(i.e., double what was observed).

The profiles of the flux tube electron content determined using the TIEGCM, Figures 5f and 5g, revealed an
increase in altitude of the maximum vertical gradient in the order of ~50 km at 5 UT between 17 and 18
March, which has resulted in a larger third term on 18 March, as shown in Figure 5a. Given the overestimation
of the hmF, difference between 17 and 18 March by the TIEGCM, the altitude increase in the vertical flux tube
electron content s also likely to be an overestimation. Despite this, the ionosonde observations show that the
plasma was indeed at higher altitudes at the beginning of 18 March, which supports our finding that the R-T
growth was initiated by a larger third term caused by a higher ionosphere compared to the previous day.

While the ionospheric plasma residing at higher altitudes in the early postmidnight sector initiated the post-
midnight EPB growth, it is clear that the disturbance dynamo-driven upward plasma drift that followed some
hours later was a dominant factor in continuing the R-T growth, and the subsequent EPBs that were observed.

One question that arises from this result is what causes this plasma redistribution to higher altitudes on 18
March compared to 17 March? It is possible that the higher altitude in the postmidnight sector could be a
lingering effect of the plasma being driven to higher altitudes by the upward plasma drifts earlier during the
daytime hours of 17 March. Although, another possible explanation is that the bottomside of the F layer is
undergoing increased recombination due to increased concentration of molecular species on 18 March com-
pared to 17 March, which effectively increases the height of the postmidnight plasma. Supporting this notion
is the TIEGCM output of the O/N2 ratio, which shows a decrease of ~0.2 at 275 km altitude above HYO/ANC at
5 UT on 18 March compared to 17 March, not shown here. This decrease in O/N2, which is expected to be due
to storm-induced heating and upwelling of N2, is small compared to the O/N2 decreases that cause so-called
“negative ionospheric storms” in the middle latitudes [e.g., Prdlss, 1992]. However, this O/N2 decrease can
potentially explain the observed redistribution of the plasma to higher altitudes on 18 March, which has
significant implications for R-T growth, as previously discussed.

From Figure 5, it is clear that the plasma redistribution during the severe geomagnetic storm on 17 March
contributes toward the initial generation of postmidnight EPBs. While the significantly enhanced upward
plasma drift in the early morning hours is a dominant factor in the growth of postmidnight EPBs, it has been
made clear in this study that a redistribution of plasma to higher altitudes during the storm can initialize the
postmidnight EPB growth via the R-T instability during the storm recovery phase.

Both disturbance dynamo and overshielding electric fields operate in the same direction, and as such pre-
vious studies have noted the difficulty in determining how much each electric field contributes toward the
vertical plasma drift at the equator [e.g., Burke et al., 2009]. The use of the TIEGCM as a tool in this study sheds
some light on the source mechanism of the strong upward plasma drifts in the postmidnight sector. As the
interface between the magnetosphere and ionosphere in the TIEGCM consists of only the high-latitude elec-
tric potential fields, it is clear that overshielding electric fields do not influence the R-T growth rate calculations
in this analysis. As such, it is clear that the disturbance dynamo electric field is suppressing EPB growth in the
postsunset sector and promoting EPB growth in the postmidnight sector for most stations in this analysis. The
exception to this, of course, is the postsunset EPB occurrence on 17 March in the Indian sector, which was due
to prompt penetration electric fields that are not explicitly included in the TIEGCM formulation. A recent study
of the EPB activity over the Indian sector during this storm by Singh et al. [2015] investigates the influence
of this prompt penetration electric field in detail. Tulasi Ram et al. [2016] recently explored the influence of
enhanced magnetospheric electric fields at substorm onset [Huang, 2009, 2012] on the plasma over India for
this storm, an effect that is also not considered in the TIEGCM formulation. It may be the case that overshield-
ing electric fields also influence the vertical plasma drift, and consequently the EPB formation/suppression,
but the IEF data in Figure 3n suggest that their role is short lived and small compared to the disturbance
dynamo throughout the storm. As such, from this analysis it is clear that a large geomagnetic disturbance
can generate a disturbance dynamo strong enough to suppress postsunset EPBs and promote postmidnight
EPBs for multiple days across a wide range of longitudes, and when under shielding and overshielding electric
fields are small.
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4. Summary and Conclusions

An analysis of the occurrence of EPBs in the South American, African, and Southeast Asian longitude sectors
during the 2015 St. Patrick’s Day geomagnetic storm has been conducted. Following a burst of postsunset
EPB activity over India at the beginning of the storm due to prompt penetration electric fields, EPB growth in
the postsunset sector across most longitudes was suppressed for 2 days. Over the same period, EPB growth
in the postmidnight sector was enhanced. Both the suppression of postsunset EPBs and the promotion of
postmidnight EPBs was well described by the calculated R-T growth rate from the TIEGCM. Using a coupled
thermosphere-ionosphere model allowed us to conclude that disturbance dynamo electric fields that took
several hours to influence the equatorial region after the storm commencement were responsible for the
suppression and growth of the postsunset and postmidnight EPBs, respectively. Further analysis of the post-
midnight R-T growth rates revealed that the redistribution of plasma during the storm played a significant
role in initiating the EPB growth, which was subsequently taken over by dynamo-driven upward plasma drift.
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