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Abstract

The linear growth rates of the Rayleigh-Taylor (R-T) instability in the ionosphere from 2011 to 2013 were obtained
with a whole atmosphere-ionosphere coupled model GAIA (ground-to-topside model of atmosphere and ionosphere
for aeronomy). The effects of thermospheric dynamics driven by atmospheric waves propagating from below on the
R-T growth rate are included in the model by incorporating meteorological reanalysis data in the region below 30 km
altitude. The daily maximum R-T growth rates for these periods are compared with the observed occurrence days of
the equatorial plasma bubble (EPB) determined by the Equatorial Atmosphere Radar (EAR) and Global Positioning System
(GPS) in West Sumatra, Indonesia. We found that a high R-T growth rate tends to correspond to the actual EPB
occurrence, suggesting the possibility of predicting EPB occurrences with numerical models.

Keywords: Equatorial plasma bubble, Occurrence rate, Daily variation, Atmosphere-ionosphere coupled model,
Rayleigh-Taylor instability, Linear growth rate

Introduction
In recent years, the prediction of EPBs has been one of
the most important issues in space weather forecasting
because EPBs could adversely affect communication and
navigation systems (e.g., Steenburgh et al. 2008; Sreeja
2016). Previous observational and theoretical studies
have indicated that EPBs can be generated through the
Rayleigh-Taylor (R-T) instability in the ionosphere (e.g.,
Scannapieco and Ossakow 1976; Woodman and LaHoz
1976; Ott 1978; Ossakow et al. 1979; Zalesak et al. 1982;
Huba and Joyce 2007; Aveiro and Hysell 2010;
Yokoyama et al. 2014, 2015). The flux tube integrated
formulation of the equatorial ionosphere was given in
several studies (e.g., Haerendel et al. 1992; Sultan 1996;
Basu 2002). Among those studies, the formula of Sultan
(1996) has been generally used to estimate the R-T
growth rate. Recently, the R-T growth rate has been de-
rived by Carter et al. (2014a, b) from the output data of
the Thermosphere Ionosphere Electrodynamics General

Circulation Model (TIEGCM) (Richmond et al. 1992).
They demonstrated that the R-T growth rate of EPBs is
significantly controlled by geomagnetic activity. Carter et
al. (2014a) also showed that the day-to-day quiet-time
EPB occurrence observed in the Southeast Asian region
agreed well with the result of TIEGCM for the 2000
March equinox period. Carter et al. (2014a, b) demon-
strated that the geomagnetic activity (Kp index) is
primarily responsible for the daily variability, and that
even small changes in Kp have a significant effect on the
occurrence of EPBs during the scintillation season.
Wu (2015) also used TIEGCM to show that the sea-

sonal and longitudinal variations of the growth rate from
the TIEGCM are consistent with the observed spread F
variations, and that the growth rate is strongly
dependent on the angle between the sunset terminator
and the geomagnetic field line near the magnetic equa-
tor. Recently, Wu (2017) has investigated the solar effect
on the R-T growth rate, and found that the correlation
between F10.7 and the R-T growth rate is unclear in a
short time scale of less than 10 days.
Previous modeling studies, however, have not self-

consistently incorporated actual day-to-day meteorological
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variations in the lower atmosphere, which drive various at-
mospheric waves propagating up to the thermosphere.
Since the GAIA model is a “seamlessly coupled” whole
atmosphere-ionosphere model with meteorological reanaly-
sis data incorporated in the lower atmosphere, it is possible
to obtain the daily variations of the R-T growth rate of EPBs
related to the lower atmospheric variations.
In this paper, we use the GAIA model to examine the

variations in the R-T growth rate and compare the values
with the occurrence data derived from the Equatorial
Atmosphere Radar (EAR) located at 0.20°S in geographic
latitude (10.6°S in geomagnetic latitude), 100.32°E in
geographic longitude, and from GPS observations at the
same site. We focus on the day-to-day and seasonal vari-
ations in the R-T growth rate, which are key factors for
the prediction of the EPB occurrence. The purpose of
this study is to investigate how upper atmospheric varia-
tions in GAIA are related to EPB occurrence by compar-
ing the model-derived R-T growth rate and the actual
occurrence of EPBs at a given site.

Methods/Experimental
GAIA model
In the present analysis, we used the whole atmosphere-
ionosphere coupled model GAIA to calculate the R-T
growth rate in the ionosphere. GAIA consists of three
models: an ionosphere model, a neutral atmosphere
model, and an ionospheric electrodynamic model. In the
neutral atmosphere model, hydrodynamic equations are
solved by the spectral method. The spatial resolution is
equivalent to a grid size of 2.8° longitude by 2.8° latitude
in the horizontal direction, and 0.2 scale height in the
vertical direction. The neutral atmosphere model covers
the entire atmospheric region from the surface up to the
top of the thermosphere, which is about 500 km altitude.
The effects of all basic physical processes in the atmos-
phere such as surface topography, radiative processes,
eddy and molecular diffusion processes, and moist con-
vection are included in the model (Fujiwara and Miyoshi
2009, 2010; Miyoshi and Fujiwara 2003, 2006, 2008;
Miyoshi et al. 2012, 2014). At altitudes below 30 km, the
meteorological reanalysis data JRA-25 (Japanese 25-year
Reanalysis) are incorporated into the simulation model
by a nudging method (Jin et al. 2012). This procedure
enables us to incorporate actual meteorological pro-
cesses in the lower atmosphere as well as various atmos-
pheric waves generated at lower altitudes. Another input
to the model is the F10.7 index, which is taken from
NOAA/NCEI.
In the ionospheric model, plasma fluid equations for

several major ion species and electrons are solved using
the finite difference scheme. The spatial grid intervals are
of 2.5° longitude by 1° latitude horizontally. The vertical

grid interval is 10 km below 600 km, and at altitudes
higher than 600 km, the grid interval increases gradually
up to 100 km at the upper boundary of 3000 km. In the
ionospheric electrodynamics model, the global electro-
static potential driven by neutral winds is calculated
assuming that geomagnetic field lines are equipotential
and the current is closed within the ionosphere region (Jin
et al. 2008, 2011, 2012). In the present analysis, the GAIA
model incorporates a quiet magnetospheric condition with
a constant cross polar cap potential, which is 30 kV.
Therefore, the effect of a varying geomagnetic activity
level is not included in the present study.
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Fig. 1 Seasonal and longitudinal variations in R-T growth rate obtained
with GAIA. Seasonal and longitudinal variations of the daily maximum
value of the Rayleigh-Taylor instability growth rate at the equator are
shown for the years a 2011, b 2012, and c 2013
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Calculation of R-T growth rate using GAIA
We adopted the formula of Sultan (1996), in which the flux
tube integrated linear R-T growth rate γ is expressed as

γ ¼ ΣF
P

ΣE
P þ ΣF

P

Vp−UP
L−

ge
νFeff

� �
K F−RT ; ð1Þ

where ΣF
P and ΣE

P are the flux tube integrated Pedersen
conductivities in the F region and the E region, respect-
ively,Vp is the vertical component of plasma drift due to
the zonal component of the electric field E at the mag-
netic equator, UP

L is the neutral wind perpendicular to
the magnetic field in the magnetic meridian plane
weighted by the Pedersen conductivity, ge is the down-
ward gravity acceleration, νFeff is the flux tube integrated
effective ion-neutral collision frequency weighted by the
electron number density, KF is the altitude gradient of
flux tube integrated electron content in the F region,

and RT is the flux tube integrated recombination rate
weighted by the electron number density.
Using Eq. (1), the R-T growth rate was calculated for the

magnetic flux tubes above the EAR site, at every 10 km in
altitude every 30 min for each day, and the highest R-T
growth rate among all local times and altitudes at the site
was adopted for the day, which usually occurs in the even-
ing in the F region. As mentioned in the previous section,
the effects of variations in geomagnetic activity are not in-
cluded in the present analysis. Therefore, only the effects
of atmospheric variations, F10.7 variations, seasonal varia-
tions, and atmospheric waves propagating from the lower
atmosphere are included.

Observation data of EPBs
To compare the calculated R-T growth rate with the ac-
tual EPB occurrence, we used two types of observation
data in our analysis: one is the field-aligned irregularity
(FAI) data derived from EAR (Fukao et al. 2004; Otsuka

Fig. 2 Daily variations in R-T growth rate obtained with GAIA. The daily maximum values of the R-T growth rate (black line) are obtained with
GAIA at 100°E for the years of a 2011, b 2012, and c 2013. Vertical bars indicate the days when EPBs are detected by EAR (red bar) and by GPS (green bar)
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et al. 2004), and the other is the S4 index data derived
from GPS data (Otsuka et al. 2006; Ogawa et al. 2009).
Since both FAI data and S4 index data are considered to
be good indicators of EPBs, an occurrence data set was
generated using the two types of data.
The EAR, located at Kototabang (0.20°S; 100.3°E),

Indonesia, is a large monostatic radar operating at
47.0 MHz with a peak output power of 100 kW. By
steering the radar beam in 16 directions perpendicular
to the geomagnetic fields, 3-m scale FAIs are observed
in a fan-shaped range azimuth sector (fan sector) map
that covers 600 km in the zonal direction at an altitude
of 450 km (Fukao et al. 2004) approximately every
2 min. Since July 2010, FAI measurements have been
carried out routinely every night. Otsuka et al. (2004)
have shown that FAI with a signal-to-noise ratio larger
than 0 dB coincides well with plasma depletion observed
in the 630-nm airglow image taken by an all-sky airglow
imager installed at the EAR site. Typically, FAI regions
have a zonal width of 100–200 km and propagate east-
ward at a velocity of 40–140 m/s (Fukao et al. 2006).
Therefore, the FAIs are detected on a fixed beam for
10–80 min. In this study, FAI occurrence is defined as
an event in which FAIs with signal-to-noise ratios larger
than 0 dB continue for more than 10 min.
At the EAR site, three single-frequency GPS receivers

have been operated since January 2003 (Otsuka et al.
2006; Ogawa et al. 2009) to measure amplitude scintilla-
tion. GPS scintillation at the equatorial region could be
caused by plasma density irregularities within EPBs. The
signal intensity of the GPS L1 frequency (1.57542 GHz)
is measured at a rate of 20 Hz. The scintillation index
S4, defined as the standard deviation of signal intensities
divided by their mean, is obtained every minute. To
avoid the multipath effects of GPS signals, the data with
elevation angles less than 30° were excluded (Otsuka et
al. 2006). We average S4 over 10 min and selected the
highest S4 among all the 10-min S4 values obtained for
different satellites simultaneously. To investigate the
day-to-day variation of S4, the 10-min S4 values are aver-
aged over a period from 1900 to 2400 LT. In this study,
we define the day of EPB occurrence as the day when
the daily S4 is larger than 0.3.
We compare the model-derived R-T growth rate with

the observed EPB occurrence data for the years
2011–2013. This is because complete data of the EPB
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Fig. 3 Histograms of the number of EPS occurrence and non-
occurrence days for the R-T growth rate. The histograms indicate the
relationship between the number of days of EPB occurrence and non-
occurrence and the R-T growth rate in a 2011, b 2012, and c 2013. The
values of the R-T growth rate are split into 10 bins with a width of 10− 4 s
− 1. Red bars are the numbers of days when EPBs are observed, and blue
bars are the numbers of days when EPBs are not observed
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occurrence is available for both FAI and S4 index data
for these 3 years. As will be explained later, the EPB oc-
currence days identified by the two observations do not
agree with each other on some days especially in the
June solstice periods. FAIs occurring in the June solstice
period appear more frequently at post-midnight and is
not accompanied by GPS scintillation (e.g., Otsuka et al.
2009, 2012; Nishioka et al. 2012). This is one of the rea-
sons behind the disagreement between the two observa-
tions. The disagreement in equinox season appears to
come from the differences in the accuracy and direction
of the measurement. In this study, “the occurrence day”
means the day when EPB is identified either by EAR or
GPS. The occurrence days are compared with the
model-derived R-T growth rates.

Results
Longitudinal-seasonal variations in R-T growth rate
Figure 1 shows contour plots of daily maximum R-T
growth rates for different longitudes and day of year for
the years 2011–2013 in the unit of 10− 3 s− 1. Seasonal
and longitudinal variations in the R-T growth rate are
clearly seen for all these 3 years. The R-T growth rate
peaks in the two equinox periods for all longitudes ex-
cept in the central Pacific region, where the growth rate
peaks are unclear. Although the overall pattern is
roughly consistent with the EPB occurrence rates
derived from satellite observations (Watanabe and Oya
1986; Burke et al. 2004a, b; Gentile et al. 2006; Nishioka
et al. 2008; Kil et al. 2009; Huang et al. 2014, Huang
and Hairston 2015), there are some discrepancies be-
tween the R-T growth rate and the observed occurrence
rate. One notable difference is that in the observed
occurrence rates, there is a clear maximum in the
Atlantic region (Burke et al. 2004a, b), while the max-
imum is not very clear in the R-T growth rate in GAIA.
This is probably because GAIA employs a tilted dipole
model, which significantly differs from the real mag-
netic field configuration in that region. In the central
Pacific region, the peak R-T growth rate is less signifi-
cant than in other regions, which is consistent with the
observations (Burke et al. 2004a, b; Gentile et al. 2006;
Nishioka et al. 2008).

Day-to-day variations in R-T growth rate and EPB occurrence
In addition to seasonal and longitudinal variations in the
maximum R-T growth rate, Fig. 1 shows significant day-
to-day variations throughout the year at all longitudes.
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Fig. 4 Histograms of the number of EPS occurrence/non-occurrence
days for the R-T growth rate. The histograms indicate the relationship
between the rate of days of EPB occurrence and the R-T growth rate in
a 2011, b 2012, and c 2013
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Since in the present analysis we did not include variations
in the polar energy inputs from the magnetosphere,
day-to-day variations in the R-T growth rate are caused by
day-to-day variations in neutral winds and densities and in
ionospheric conductivities, which are associated with solar
EUV/X-ray radiation (F10.7 index) and atmospheric waves
propagating from the lower atmosphere.
In Fig. 2, day-to-day variations in the R-T growth rate at

100°E longitude are compared with the EPB occurrence ob-
servations at the EAR site in 2011–2013. The vertical axis
is the R-T growth rate in the unit of 10− 3 s− 1, and the hori-
zontal axis is the day of year (DOY). The red lines indicate
the daily maximum R-T growth rates calculated with GAIA.
The vertical bars indicate the days when a plasma bubble is
detected by EAR (green bar) and by GPS (red bar).
In all the 3 years, seasonal variations are clearly seen

in both the daily R-T growth rate and EPB occurrence,
which are maximum in the two equinoxes. For daily
variations, there is a relatively good correlation between
the observed occurrence days and the days with a large

R-T growth rate, although there are some periods of
disagreement.
In the year 2011 (Fig. 2a), few EPBs were detected until

DOY 40. From DOY 1 to DOY 40, the R-T growth rate is
relatively low. Between DOY 40 and DOY 120, EPBs ap-
pear very often and the R-T growth rate is also high. After
DOY 120, the EPB occurrence suddenly becomes sporadic
and detected only by EAR until DOY 230. The calculated
R-T growth rate is generally low except for an occasional
enhancement, which does not always agree with the ob-
served occurrence days. After DOY 230, EPBs are fre-
quently seen again until DOY 318, while the R-T growth
rate is also high during this period. After DOY 318, EPB
activity decreases rapidly, and the R-T growth rate also de-
creases with increases on some days, for which the agree-
ment with the EPB occurrence is not good.
In the year 2012 (Fig. 2b), EPBs are observed occasion-

ally on DOYs 15–32 unlike in the same period in 2011.
The R-T growth rate increases from the beginning of the
year and is relatively high during the same period.

Fig. 5 Daily variations of various terms in the R-T growth rate. Individual terms in Eq. (1) in the R-T growth rate (Fig. 1) are shown for the years a
2011, b 2012, and c 2013. Lines indicate (red) upward ExB drift term, (green) gravity term, and (blue) vertical neutral wind term
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Between DOY 50 and DOY 140, EPBs occur frequently,
and their occurrence days seem to correspond to the days
with high R-T growth rates. During the months around
the June solstice (DOYs 150–240), EPBs are seen relatively
often. The R-T growth rate is also fairly high compared
with that in the same period in 2011, but the agreement
between the R-T growth rate and the EPB occurrence rate
is not very good. After DOY 240, the EPB occurrence rate
becomes high again, and the occurrence days tend to
agree with the days with high R-T growth rates. After
DOY 305, EPB is observed only once by EAR on DOY
324, on which the R-T growth rate is relatively high.
Although the R-T growth rate is high on DOYs 317, 320,
and 329, no EPB has been observed on those days.
In the year 2013 (Fig. 2c), EPB is detected only once

before DOY 47, while the R-T growth rate becomes high
between DOY 5 and DOY 15 and between DOY 33 and
DOY 47, which is not consistent with the observations.

As in 2011 and 2012, the observed occurrence rate of
EPB is high in the equinox months. The R-T growth rate
is also high during the periods, but the individual occur-
rence days are not in good agreement for this year.
Around the two solstices, the agreement is also not as
good as those in 2011 and 2012.
Overall, the R-T growth rate derived from GAIA

simulation data exhibits clear seasonal and day-to-day
variations. A high R-T growth rate tends to correspond
to the observed occurrence days determined by EAR
and GPS measurements during the two equinox periods,
while in the two solstice periods, the agreement is worse,
especially in 2013.

Discussion
Relationship between EPB occurrence and R-T growth rate
In the previous section, we found that there appears to be
a fairly good relationship between the EPB occurrence and

Fig. 6 Local time of the maximum R-T growth rate occurrence. Black circles indicate the local times when the maximum R-T growth rate occurred
in a 2011, b 2012, and c 2013

Shinagawa et al. Progress in Earth and Planetary Science  (2018) 5:16 Page 7 of 14



the R-T growth rate. To show the relationship more
quantitatively, histograms of the number of days of EPB
occurrence and non-occurrence sorted by the R-T growth
rate are plotted in Fig. 3. The R-T growth rates are split
into bins with a width of 10− 4 s− 1. Red bars indicate the
number of days of EPB occurrence, and blue bars indicate
the number of days of non-occurrence. Figure 4 shows
histograms revealing the relationship between the rate of
days of EPB occurrence and the R-T growth rate. The re-
sult clearly shows that EPB tends to occur more frequently
as the R-T growth rate increases, although the correlation
is weaker in 2013 than in 2011 and 2012.

Processes controlling variations in R-T growth rate
Figure 2 indicates that the R-T growth rate varies signifi-
cantly in various time scales. To study which processes
control the variations in the total R-T growth rate, we ex-
amined each term in Eq. (1). Figure 5 shows the variations
in the terms of the R-T growth rate at 100°E for the years
(a) 2011, (b) 2012, and (c) 2013. The red line is the upward
E ×B drift term ½ΣF

P =ðΣE
P þ ΣF

P Þ�VpK F ; the blue line is the

vertical neutral wind term −½ΣF
P =ðΣE

P þ ΣF
P Þ�UP

LK
F ; the

green line is the gravity term −½ΣF
P =ðΣE

P þ ΣF
P Þ�ðge=νFeff ÞK F .

The chemical recombination term RT is much smaller
than other terms where the maximum R-T growth rate oc-
curs, and therefore is not plotted in Fig. 5.
Figure 5 indicates that the E ×B term (red line) primar-

ily contributes to the R-T growth rate most of the time, as
was pointed in previous studies (Carter et al. 2014a, b;
Wu 2015, 2017). Since our present analysis includes low
and fixed polar energy inputs, the electric field variations
arise from neutral wind variations driven by atmospheric
waves propagating from the lower atmosphere. Variations
in the electric field are also caused by variations in electric
conductivities and angles between magnetic field lines and
the terminator line. The gravity term occasionally be-
comes large and makes a significant contribution.
The term of the vertical-meridional component of the

neutral wind perpendicular to the magnetic field UP
L

(blue line) tends to become larger after the March equi-
nox and during June solstice periods. Variations in ther-
mospheric winds are closely associated with atmospheric
waves propagating from the troposphere (Miyoshi et al.
2017), which have significant seasonal dependence. In
general, the larger meridional component of the

Fig. 7 Examples of the eastward electric field variations in GAIA. Day-to-day variations of the eastward electric field at the EAR site are shown a for 21–30
March, 2011 and b for 21–30 June 2011. The prereversal enhancement is clearly seen in March around 12 UT (i.e., 18–19 LT), while it is much smaller in June
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thermospheric wind contributes to the larger value of
the term. However, the variation in the UP

L term is ex-
tremely complicated because it is a flux tube integrated
quantity of the vertical-meridional component of neutral
winds perpendicular to the magnetic field. Furthermore,
thermospheric winds usually vary significantly near the
terminator. Since the behavior of the neutral wind term
becomes occasionally important around the June
solstice, reproducing thermospheric winds accurately is
the key to the analysis using the R-T growth rate. The
results show that all terms except the chemical recom-
bination term are highly variable and have significant
contributions to the R-T growth rate especially in the
June solstice.
Figure 6 indicates the local time when the maximum

R-T growth rate occurred at the EAR site. The maximum
R-T growth rate occurs around 18–19 LT most of the
days. In the June solstice, the maximum R-T growth rate
tends to appear in later hours than in other seasons, as
pointed out in previous studies (e.g., Otsuka et al. 2009;
Ajith et al. 2016). This is because the prereversal enhance-
ment (PRE) is weaker during the period. Figure 7 shows
the eastward electric field variations at the EAR site dur-
ing 21–30 March 2011 and 21–30 June 2011. The PRE is
clearly seen in March around 12 UT (i.e., 18–19 LT at the
EAR site), while it is much smaller in June.

Effects of geomagnetic activity on R-T growth rate
Carter et al. (2014a, b) showed that geomagnetic activity
influences EPBs, and that EPB development tends to be
suppressed as a result of geomagnetic activity. Since the
present GAIA model does not include the effect of vary-
ing polar energy inputs, we examined the relationship
between geomagnetic activity and EPB occurrence by
comparing ΣKp and the plasma bubble occurrence at
the EAR site for the years 2011–2013. Figure 8 shows
histograms of the numbers of EPB occurrence days (red
bars) and non-occurrence days (blue bars) sorted by
ΣKp (daily total of Kp) in the years 2011–2013. Figure 9
shows histograms of ΣKp for the ratios of EPB occur-
rence days in the years 2011–2013. Values of ΣKp are
split into bins with a width of 5.
The result indicates that the EPB occurrence ratio

tends to decrease as ΣKp increases, which is consistent
with the result obtained by Carter et al. (2014b).
However, the dependence of the occurrence ratio on ΣKp
is not very clear for ΣKp larger than about 25, suggesting
that strong geomagnetic activity occasionally induces EPB
development (Basu et al. 2007; Tulasi Ram et al. 2008;
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Fig. 8 Histograms of the number of EPB occurrence/non-occurrence
days for ΣKp. The histograms indicate the relationship between ΣKp
(daily total of the Kp) and the number of days of EPB occurrence (red
bars) and non-occurrence (blue bars) in a 2011, b 2012, and c 2013
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Huang 2011). Since the present version of GAIA does not
include varying polar inputs, the effects of geomagnetic
activity are not included in our present study.

Effect of solar EUV/X-ray radiation on the R-T growth rate
Figure 10 shows the day-to-day variations in the R-T
growth rate and F10.7 for the years 2011–2013. In 2011
(Fig. 4a), the R-T growth rate and F10.7 show similar
seasonal variations in which they are maximum in the
two equinoxes. This agreement appears to be coinci-
dental because solar activity usually does not have sea-
sonal variations as seen in 2012 and 2013. The
agreement between the R-T growth rate and F10.7 is
unclear on a short time scale (< 10 days). This is similar
to the result given by Wu (2017) who used TIEGCM to
obtain the R-T growth rate. Wu (2017) mentioned that
the weak correlation between the R-T growth rate and
F10.7 is due to the fact that the field-line integrated elec-
tron content gradient cancels out the positive correl-
ation between the vertical ion drift and the F10.7 index.
On the other hand, previous statistical analyses indi-
cated that there are significant correlations between
plasma bubble occurrences and F10.7 (Watanabe and
Oya 1986; Huang et al. 2002; Nishioka et al. 2008), al-
though the correlation depends on various parameters
such as longitude, local time, and year. In our analysis,
there appear to be some periods in which there are
relatively good correlations between the R-T growth
rate and F10.7, especially in the latter half of 2012. In
2012, variations of the 27-day period are seen in GRT
and F10.7 between DOY 180 and DOY 310 (Fig. 10b).
It seems that a very large F10.7 tends to increase the
R-T growth rate.

On disagreement between R-T growth rate and EPB
occurrence
Although the R-T growth rate agrees with the EPB oc-
currence for some periods, significant discrepancies are
present. There seem to be three factors that lead to the
discrepancies: (1) measurement problems, (2) errors in
GAIA model, and (3) applicability of the R-T growth rate
for the EPB occurrence index.
In this study, we have used the FAI observed by the

EAR and the GPS scintillation observed by a GPS re-
ceiver at the EAR site to detect the plasma bubble
occurrence. As shown in Fig. 2, the FAI occurrence is
not always consistent with the GPS scintillation occur-
rence. This discrepancy could be attributed mainly to
the following two reasons. (1) Since EAR is located at
the magnetic latitude of 10.4°S, plasma bubbles that do
not reach the latitude of the EAR are not observed. FAIs
are mostly observed with the EAR at altitudes higher
than 250 km. The apex altitude of the field-of-view of

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35 40

O
cc

ur
re

nc
e 

R
at

io

2011

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35 40 45 50

O
cc

ur
re

nc
e 

R
at

io

2012

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25 30 35 40 45

O
cc

ur
re

nc
e 

R
at

io

2013

a

b

c
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the EAR at a 250-km altitude is 420 km (Dao et al.
2016). Consequently, no plasma bubbles that are con-
fined at an apex altitude lower than 420 km are detected
with the EAR. On the other hand, the GPS scintillation
measurement covers an area within a zenith angle of less
than 60°, i.e., an area within a radius of approximately
470 km, and thus the plasma bubbles that do not reach
the field-of-view of the EAR can be observed with the
GPS measurements. (2) The ionospheric pierce points of
the ray path of GPS radio waves move either from SSW
to NNE or from NNW to SSE at approximately 100 m/s.
Plasma bubbles immediately after sunset move eastward
at 100–150 m/s on average (e.g., Otsuka et al. 2006).
Since the movements of both the ionospheric pierce
points and plasma bubbles have an eastward component,
it is possible that the pierce points cannot come across
the plasma bubbles although multiple satellites are avail-
able simultaneously, implying that GPS measurements at
a single site may miss the plasma bubble occurrence.

Consequently, in this study, we have used both FAIs and
GPS scintillations and defined the day of plasma bubble
occurrence as the day when either the FAIs or GPS scin-
tillations are detected.
As mentioned earlier, the present analysis does not in-

clude the effect of magnetic disturbances, which are
thought to control the occurrence of EPBs. Carter et al.
(2014a, b) showed that geomagnetic activity is one of the
key parameters for the occurrence of EPBs. Thus, it is
necessary to include this effect to further improve the
reproducibility of EPB occurrence. In addition, the
present GAIA model employs a tilted dipole magnetic
field model, which seems to give some errors in the R-T
growth rate. There is likely to be some uncertainties in
reproducing thermospheric neutral winds, which are pa-
rameters essential to ionospheric dynamo processes.
Although the linear growth rate of the Rayleigh-Taylor

instability appears to be a good index of the plasma bub-
ble occurrence, a high R-T growth rate does not

Fig. 10 Daily variations in R-T growth rate and the observed daily F10.7. The R-T growth rate in GAIA at 100°E and the observed daily F10.7 are shown
for a 2011, b 2012, and c 2013. Black lines indicate the daily maximum values of the R-T growth rate and red lines indicate the daily values of F10.7
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necessarily mean a fully developed EPB structure. Even
if the R-T growth rate becomes high instantaneously,
EPBs do not grow unless a high R-T growth rate con-
tinues for 1 or 2 h. It is also likely that an EPB is
produced somewhere else and drifts into the observation
site. As studied by Ajith et al. (2015), there are two types
of EPBs: evolving-type EPBs and drifting-in EPBs, sug-
gesting that EPBs can be observed even if the R-T
growth rate is low.

Prediction of EPB occurrence
Our study as well as other previous studies (e.g., Carter
et al. 2014a, b; Wu 2015, 2017) suggest that the R-T
growth rate calculated with numerical models could be a
good index for the prediction of EPBs. However, we have
compared past EPB occurrence data and R-T growth
rates calculated with GAIA and past meteorological re-
analysis data. For the practical forecast of EPBs, it is ne-
cessary to predict ionosphere-thermosphere variations
one or more days ahead. One possible way to make a
prediction is to introduce meteorological forecast data
instead of the meteorological reanalysis data in the lower
atmosphere. The other way is to run GAIA by itself
without the meteorological reanalysis data. Since GAIA
can reproduce meteorological processes in the tropo-
sphere to some degree, it is expected that the model can
be used to predict the atmosphere-ionosphere system
without forecast data. Further investigation is necessary
for the development of a forecast technique.

Conclusion
The daily maximum R-T growth rates were obtained
from GAIA simulation data, and were compared with
the EPB occurrence data obtained from two types of ob-
servations: FAIs of EAR and S4 index from the GPS re-
ceiver for the years 2011–2013. This is the first paper to
quantify the effect of lower atmospheric forcing on the
R-T growth rate in the ionosphere. The results show that
a high R-T growth rate tends to correspond to the actual
occurrence of EPB. Although the effect of varying mag-
netic activity is not included in the present analysis, the
results of the present study indicate that lower atmos-
pheric forcing is an important process in controlling the
R-T growth rate, suggesting that the R-T growth rate is a
useful index for the prediction of EPB occurrence.
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