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Abstract In the present study, the occurrence and characteristics of equatorial plasma bubble (EPB) has
been analyzed using the GPS data from continuously operating reference stations network over Hong Kong
during 2001–2012. The analysis foundmaximum EPB occurrences during the equinoctial months andminimum
EPB occurrences during the December solstice throughout 2001–2012 except during the solar minimum in
2007–2009. The maximum EPB occurrences were observed in June solstice during 2007–2008, whereas for
2009, EPB occurrences were quite higher for June solstice but slightly smaller than the March equinox.
The seasonal maximum in EPB occurrences have been discussed in terms of plasma density seed perturbation
caused by gravity waves as well as the post sunset F-layer rise due to the pre-reversal enhancement
of zonal electric field. Generally, EPB occurrences are found to be more prominent during nighttime hours
(19:00–24:00h) than daytime hours. The day and nighttime EPB occurrences were inferred and found to vary
linearly with solar activity and have an annual correlation coefficient (R) of ~ 0.92 with F10.7 cm solar flux and
~0.88 with sunspot number. Moreover, the impact of solar activity on EPB occurrences is found to be dependent
on seasons with maximum during the equinox (R=0.80) and minimum during the summer season (R=0.68).
The detail study of EPB occurrences during two typical cases of geomagnetic storms on 6 November and 24
November 2001 found that the storm on 24 November triggered the EPB occurrence whereas storm on 6
November suppressed the EPB occurrence. The enhancement/suppression of EPB occurrences during storms
periods is a consequence of a storm-induced prompt penetration electric field as well as disturbance dynamo
electric field effects associated with the main phase of the geomagnetic storm.

1. Introduction

The equatorial plasma bubbles (EPBs) are associated with the depletion in the plasma density, and they are
observed most frequently in the pre-midnight sector [Woodman and LaHoz, 1976]. The presence of EPBs is due
to the fast recombination of postsunset in the E region ionosphere that can produce an abrupt vertical plasma
density gradient toward the F region of ionosphere. The plasma density gradient combines with the prereversal
enhancement (PRE) of the zonal electric field, drives vertical E× B plasma drift. The plasma drift further causes
plasma instability on thebottomside of the F regionby thewell-knowngeneralizedRayleigh-Taylor (R-T) instabil-
ity mechanism [Fejer et al., 1999; Basu et al., 2002; Heelis, 2004; Kelley, 2009]. The formation of EPBs is expected to
cause interruption to the radio wave communication/navigation system by producing fluctuation in amplitude
and phase of the radio signal known as scintillations [Chen et al., 2008]. Therefore, forecasting of EPBs has been
the topic of major research and has drawn the attention of the scientific community in the past years [e.g.,
Tsunoda, 1985;Aarons, 1993;Huang et al., 2002;Burke et al., 2004a, 2004b;Nishioka et al., 2008; Sripathi et al., 2011].

EPB occurrences have temporal (daily and seasonal) and longitudinal dependence [Huang et al., 2002;Makela
et al., 2004]. The magnitude of the longitudinal gradient in the E region conductivity plays a significant role in
seasonal occurrences of EPB. The alignment of the day-night terminator with themagnetic field is responsible
for the occurrences of maximum EPBs [Tsunoda, 1985]. Using global observations, this theory has
been supported by previous works [Aarons, 1993; Huang et al., 2001, 2002; Burke et al., 2004b; Nishioka et al.,
2008; Su et al., 2008]. The other parameters controlling the EPB occurrences are the solar and geomagnetic
activities. It has been shown that the EPB occurrences vary with solar activity and are more prominent during
high solar activity years [Basu et al., 1988, 2002;Abdu et al., 1998]. Apart from the solar activity, the effect ofmag-
netic storm on ionospheric plasma bubbles has also attracted a lot of attention over the past decade [e.g.,
Aarons, 1991; Li et al., 2009; Carter et al., 2014]. However, the occurrence of EPBs during magnetic storms has
not been fully understood and its impacts on the occurrences of EPBs are found to be local time dependent
of storm occurrence which can trigger or suppress the EPB occurrences [Singh et al., 1997; Huang, 2011].
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In thepast years several techniques suchas ionosonde [Rastogi, 1980;Abdu, 2001], topside sounder [Maruyama
andMatuura, 1984], radio scintillation [Basu and Basu, 1985; Aarons, 1993; Iyer et al., 2006], air glow observation
[Mendillo and Baumgardner, 1982; Patil et al., 2016], and satellite-based measurements [Huang, 2011; Huang
et al., 2014] have been used to study the characteristics of the plasma bubble. Due to difference in the signal
wavelength used in different techniques, it is important to note that different kind of techniques are sensitive
to plasma bubbles of different scale sizes [kintner et al., 2004; Iyer et al., 2006]. Therefore, each technique has its
own advantage in the study of plasma bubble (ionospheric irregularities) of different scale sizes. In the recent
years, GNSS (Global Navigation Satellite System) have become an important tool for ionospheric plasma bub-
ble study [Nishioka et al., 2008; Ji et al., 2011] because of its growing application in civilian andmilitary applica-
tions. Using ground-based GPS measurements over different regions, the seasonal occurrence of the plasma
bubbles has been studied by the several workers [Basu et al., 1988; Makela et al., 2004; Rama Rao et al.,
2006a, 2006b; Portillo et al., 2008; Yokoyama et al., 2011; Sripathi et al., 2011; Liu et al., 2015], but none of these
studies using GPS have been done for a complete solar cycle.

In this study the data observed over 12 ground-based GPS stations in Hong Kong region, during more than a
solar cycle from 2001 to 2012, have been used to study the occurrences of EPB. The effect of solar and geo-
magnetic activity on EPB occurrences has also been studied. Since our study period from 2001 to 2012 covers
a period of solar minimum and solar maximum therefore, effort has also been made to distinguish the sea-
sonal occurrence of EPB during solar minimum with those from the solar maximum.

2. Data and Method

The GPS data recorded over the Hong Kong from continuously operating reference stations (CORS) network
have been analyzed. This network called Hong Kong satellite positioning reference station network (SatRef),
consisted of six continuously operating reference stations (CORS) when it was established in 2001. This net-
work was expanded to 12 GPS stations in 2004 (Figure 1a) [Ji et al., 2013]. The geographic and geomagnetic
coordinates of these GPS stations along with data availability period are listed in Table 1. In this study, the
slant total electron content (STEC) is computed from dual-frequency GPS observation data with time resolu-
tion of 30 s and is further converted to the vertical TEC (VTEC) [Langley et al., 2002; Kumar and Singh, 2009].The
rate of change of TEC index (ROTI) is normally used to observe the ionospheric perturbation or irregularities
and can be defined as the standard deviation of rate of change of TEC (ROT) [Pi et al., 1997]. The ROTI over
5min interval is computed from ROT of GPS-TEC data using the following equation:

Figure 1. Time series of original STEC and best polynomial fitted curve observed by PRN 04 at HKST station, Hong Kong,
during quiet day on (a) 28 November 2001; (b) the time series of detrended of STEC (dSTEC) showing characteristics of
the plasma bubble.
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ROTI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ROT2
� �� ROTh i2

q

where ROT at epoch time tk has been computed from TEC data having temporal resolution of 0.5min (30 s),
using the following equation:

ROT tkð Þ ¼ TEC tkð Þ � TEC tk�1ð Þ
tk � tk�1

Generally, ROT is expressed in TEC unit (TECU)/min, 1 TECU= 1016 el/m2.

An equatorial plasma bubble can generally cause a sudden change of the slant or vertical TEC value, which
is followed by a recovery when the satellite-to-receiver ray path no longer passes through the bubble. Thus,
a bubble can be detected in GPS-STEC data using the method proposed by Portillo et al. [2008]. In
this method a best polynomial fit (sixth degree) to GPS-STEC for a chosen PRN (Pseudo Random Number) is
made (see Figure 1a) with a window size of 15min. The values produced by subtracting the best polynomial
fitted to the STEC curve from the original STEC curve gives the detrended STEC (dSTEC) (Figure1b). The differ-
ence between the maximum and minimum values is the depletion depth of the plasma bubble and can be
used as indicator for the occurrence of bubbles. The STEC depletions observed from a satellite withmagnitude
greater than 5 TECUand apparent durationbetween10min and180min are considered tobe aplasmabubble
[Portillo et al., 2008]. In this study, this method has been used to identify EPB occurrences over Hong Kong dur-
ing 2001–2012. Figure 1 shows a typical case of plasma bubbles observed by satellite PRN 05 over Hong Kong
GPS station HKKT on 28 November 2001 (quiet day with Kp< 4). It is clearly seen that two plasma bubbles
observed by PRN 05 had durations of 28min and 35min and STEC depletion (or depth) of 17.91 TECU and
18.17 TECU, respectively. To study the monthly, seasonal and annual occurrences of EPB, only geomagnetic
quiet days (Kp ≤ 4) with elevation cut off 20° from 2001 to 2012 are considered for the analysis.

The monthly EPB occurrence for a particular year is computed using the following formula

MonthlyEPBoccurrence %ð Þ ¼ Number of EPBs observed duringamonth
Total number of EPBs observed duringayear

�100

To study the seasonal EPB occurrence, a year has been grouped into four seasons, namely, March equinox
(February to April), June solstice (May to July), September equinox (August to October), and December solstice
(November to January) and seasonal EPBoccurrence for aparticular year is computedusing the following formula

SeasonalEPBoccurrence %ð Þ ¼ Number of EPBs observed duringaseason
Total number of EPBs observed duringayear

�100

3. Results and Discussion
3.1. Monthly and Seasonal Occurrence of EPB

The analysis of monthly EPB occurrences during each year from 2001 to 2012 has been carried out which is
shown in Figure 2. The observed plasma bubbles occurrence foundmaximumduring the solar maximum year

Table 1. List of GPS Stations in Hong Kong With Their Geographic and Geomagnetic Coordinates Along With Period of
Data Availability

Station Code Station Name Geographic
Latitude

Geographic
Longitude

Geomagnetic
Latitude

Period of
Data Availability

HKKT KAM TIN 22°, 26′N 114°, 03′E 12°, 40′N 2001–2012
HKFN PIK FUNG ROAD 22°, 29′N 114°, 08′E 12°, 43′N 2001–2012
HKLT LAM TEI 22°, 25′N 113°, 59′E 12°, 39′N 2001–2012
HKMW MUI WO 22°, 15′N 114°, 00′E 12°, 29′N 2004–2012
HKNP NGONG PING 22°, 14′N 113°, 53′E 12°, 28′N 2004–2012
HKOH OBELISK HILL 22°, 14′N 114°, 13′E 12°, 29′N 2004–2012
HKPC(former HKKY) PENG CHAU 22°, 17′N 114°, 02′E 12°, 31′N 2001–2012
HKSC STNECUTTERS 22°, 19′N 114°, 08′E 12°, 33′N 2004–2012
HKSL SIU LANG SHUI 22°, 22′N 113°, 55′E 12°, 54′N 2001–2012
HKSS SHAP SZE HEUNG 22°, 25′N 114°, 16′E 12°, 41′N 2004–2012
HKST SHA TIN 22°, 23′N 114°, 18′E 12°, 38′N 2001–2012
HKWS WONG SHEK 22°, 26′N 114°, 20′E 12°, 40′N 2004–2012
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of 2002. Monthly EPB occurrences show an equinoctial maximum throughout the year 2001–2012 except dur-
ing the solar minimum years 2007–2008. During the years 2007–2008, maximum EPB occurrences were
observed during June. Moreover, for the year 2009, the EPB occurrences duringMay and Junewere also found
to be significantly larger than in September and October but smaller than March. To study the seasonal EPB
occurrence, seasonal EPB occurrences for each year during 2001–2011 are shown in Figure 3. As evident from
the monthly EPB occurrences, the seasonal EPB occurrences also show an equinoctial maximum throughout
2001–2012, except during the solar minimum in 2007–2009. The frequent equinoctial occurrences of plasma
bubbles during the solar maximum year is due to fact that EPB attains a high altitude of around 800 km and
above [DasGupta et al., 1981; Chakraborty et al., 1999].The seasonal and solar activity dependence of plasma
bubble occurrences over the Hong Kong region is also found to be in agreement with EPBs reported using
in situmeasurements (ROCSAT-1 andDMSP) in the Southeast Asian region, i.e., themaximumoccurrenceprob-
ability of EPBs during equinoctial months in solar maximum years [e.g., Burke et al., 2004a; Su et al., 2008].

Figure 2. Monthly EPB Occurrences (%) from 2001–2011 and half year for 2012. The monthly percent EPBs for a year are
computed with respect to total number of plasma bubbles observed during respective year. At the top most the yearly
EPB occurrences (%) are also shown. The number written by red color above each bar represents the number of days on
which GPS data are available in respective month.
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The seasonal occurrenceofEPBandsevere scintillationactivity is controlledby themagnetic declinationangle (or
anglebetweenmagneticmeridianandsolar terminator). Thealignmentof the solar terminatorwith themagnetic
meridian in two hemispheres plays an important role in producingmaximum EPB occurrences during the equi-
nox season [Tsunoda, 1985]. In equinox seasons, the alignment between the solar terminator andmagneticmer-
idian becomes closer, which causes the reduction in the E region conductivity. It is important to notice that the E
region is magnetically conjugate to the F layer, through which currents flow along the geomagnetic field lines.
This flow of current connects the F region to the E regions on either side of the equator acting as a short circuit
particularly in the sunlit hemisphere. The reduction of E region conductivity due to the alignment of the solar
terminator with magnetic meridian is responsible for producing the E× B plasma drift in the equatorial F layer.
This plasma drift creates a favorable situation for the formation of plasma bubbles during the equinox season.
In addition, in the regions of westward/eastward longitude, the angle between themagneticmeridian and solar
terminator minimizes EPB occurrences near to the June/December solstice [Burke et al., 2004a].

The interesting result of this study is that the plasma bubbles occurrences show amaximum in the June solstice
during the solarminimumyears 2007–2009 (Figure 2 andFigure 3). This is in agreementwith the results reported
by theprevious researchers [Burke et al., 2004a, 2004b,Huang et al., 2014; Liu et al., 2015]. UsingGPS data, Liu et al.
[2015] conducted an analysis of plasmabubbles over the Sanya region, at similar latitude as theHong Kong. They
reported two clear seasonal maxima in scintillation (S4) and significant TEC fluctuation (ROTI), corresponding to
the spring (March–April) and autumn (September–October) equinoctial months, only except during the solar
minimum years in 2008–2009. Moreover, during 2008–2009, they have reported scintillation maxima in June.
Using the data from the Communications/Navigation Outage Forecasting System (C/NOFS) satellite, the occur-
rence probability of equatorial ionospheric irregularities measured during the period of low andmoderate solar
activity from2008 to2012, hasbeenstudiedbyHuang et al. [2014]. They reported thehighoccurrenceprobability
during June solstice of low solar activity years 2008–2010 at African-Asian-Pacific longitudes. Using thedata from
Defense Meteorological Satellite Program (DMSP), Burke et al. [2004a, 2004b] have shown that EPB occurrences
are more common during northern summer (June–August) for the longitudes where geomagnetic equator
resides in the northern hemisphere, whereas the same is more common during southern summer (December–
February) for the longitudes where geomagnetic equator resides in southern hemisphere. Moreover, the differ-
ence in longitude trendof EPBoccurrencesoverAmericanandAsian longitudes couldnot bepredictedbymodel
proposed by Tsunoda [1985]. The seasonal maximum occurrences of ionospheric irregularities are mainly gov-
erned by two parameters: one is postsunset rise of F layer (or vertical drift) due to PRE and other is seed

Figure 3. Percentage of EPB seasonal occurrences during 2001–2011. The observed plasma bubble occurrences showed
equinoctial maxima throughout the year 2001–2011 except during the solar minimum years 2007–2009. It also showed
the equinoctial asymmetry throughout 2001–2011, i.e., EPB occurrence rate at one equinox is higher than the other one.
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perturbation in plasma density
induced by gravity waves from tro-
pospheric origin. During low solar
activity years, the vertical drift due
to PRE is less significant and seed
perturbation can control the seaso-
nal variation of ionospheric irregula-
rities and make their occurrences
maximum during solstice months
[Tsunoda, 2010]. The displacement
between geographic and geomag-
netic equator also plays an impor-
tant role in controlling the
seasonal/longitudinal variation of
ionospheric irregularities [Heelis
et al., 2010]. Using the data from
C/NOFS, Heelis et al. [2010] pre-
sented the global occurrence fre-
quency of plasma irregularities.
Their result was approximately in
agreement with the proposed con-

cept, i.e., high occurrence rate in the northern summer in a longitude sector of�30° to 120° where themagnetic
equator is located in thenorthernhemisphere. They further suggested that the seasonal variationof irregularities
particularly during low solar activity is influenced by the seeding which originates from the source in the tropo-
sphere and responds to the proximity of inter tropical convergence zone (ITCZ) to the magnetic equator. ITCZ
is the region in the tropospherewheregravitywaves are supposed tobegeneratedbymesoscale convective sys-
tems (MCSs). Although the results ofHuang et al. [2014], for low solar activity years, over African-Asian-Pacific sec-
tors are similar to our results over Hong Kong sector but the difference in relationship between the geographic
and geomagnetic coordinates in Hong Kong sector in comparison to African-Pacific sector is noticed. The differ-
ence in relation between two regions may affect the results of drift and seeding perturbation, which in turn can
affect the depth of EPBs. In addition, during the June solstice, several meteorological phenomena such as
cyclones, typhoons, and hurricanes are dominant in the lower atmosphere/troposphere, around Hong Kong,
and can play a significant role in triggering the plasma bubbles occurrences by generating gravity waves
[Bishop et al., 2006; Kim et al., 2014]. These gravity waves generated in the lower atmosphere can propagate in
a slant direction toward the ionosphere and trigger the growth of plasma bubbles[Abdu et al., 2009; Takahashi
et al., 2009; Taori et al., 2011].

EPBs during the March equinox have a higher value than during the September equinox throughout 2001–2012
except for the high solar activity year in 2001 (Figures 2 and 3). Whereas for 2001, the September equinox shows
higher EPB occurrences than theMarch equinox. Thus, both themonthly as well as seasonal observed EPBs show
equinoctial asymmetry throughout 2001–2012. The asymmetry in EPB occurrences could be caused by the sup-
pression of the growth rate of instability by interhemispheric neutral winds, which is known to be a primary cause
for triggering EPB or Equatorial Spread-F (ESF) [Maruyama and Matuura, 1984]. Using the numerical simulation,
Maruyama [1988] showed that the role of interhemispheric neutral winds, which is directed from the summer
hemisphere to thewinterhemisphere, is to increase thePedersenconductivity and thereby reduce thegrowth rate
of the R-T instability. Using the data fromGPS, Sripathi et al. [2011] have shown the equinoctial asymmetry in scin-
tillationoccurrenceover the Indian region. They further argued that asymmetry in the electrondensity distribution
and the meridional winds could be responsible for the equinoctial asymmetry in scintillation occurrences.

To study local time occurrences of EPB, we have analyzed the percentage of EPB occurrences against 00:00–
24:00 local time hour for each year from 2001 to 2012 which is shown by the bar diagram in Figure 4.
Generally, EPB occurrences are the most frequent during nighttime hours (19:00–24:00 h) than the daytime
throughout 2001–2012. Apart from the nighttime, the daytime EPB have also been observed throughout
2001–2012 except during the high solar activity year 2002. The diurnal occurrence of EPB is found in agree-
ment with those reported in previous works [Rama Rao et al., 2006a, 2006b; Nishioka et al., 2008].

Figure 4. EPB occurrences (%) against Hong Kong local time from 2001 to
2012. The EPB occurrence is more frequent during nighttime than that dur-
ing daytime throughout 2001–2012.
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Unlike the nighttime occurrences of plasma bubble, the daytime occurrences also happen but such cases are
very rare. It is known from earlier studies that the daytime plasma density irregularities are possibly caused by
the sporadic E layers (Es) associated irregularities [Patra et al., 2012; Chatterjee et al., 2013]. Using the spread-F
data from Alouette I ionograms, Dyson [1977] has found a small but significant percentage of occurrences of
plasma bubbles between local sunrise and noon times. The statistical analysis made by earlier researchers
indicates that the favorable conditions for daytime EPBs occurrences are to be any one of the following: at
early morning, at low latitude, at high altitude, and during geomagnetic storms [Park et al., 2015]. In addition,
the daytime EPBs prefer higher altitude because of two factors: (i) daytime EPBs are leftover from
nighttime/presunrise and (ii) EPBs at higher altitude are protected from the refilling due to daytime photoio-
nization [Huang et al., 2013]. Using the data from radar observation, two afternoon EPBs above 600 km alti-
tude, at Jicamarca, were reported during geomagnetic quiet periods [Woodman et al., 1985].

Apart from diurnal distribution of plasma bubbles, we have also analyzed the rate of TEC change index (ROTI)
for the period 2001–2012. Figure 5 shows the percentage distributions of all the observed bubbles with dif-
ferent ROTI. In the upper right corner, we have shown the enlarged portion with ROTI larger than 4 TECU/min
(1 TECU is equivalent to approximately 16 cm range for GPS L1 signal). We can see that generally, the ROTI
varies 0–8 TECU/min but most ROTI are less than 1 TECU/min. An index to observe plasma bubble activity
is the differential value of ROTI between evening and daytime (ROTIevening� ROTIday) and is discussed in
detail by Nishioka et al. [2008]. A threshold of 0.075 TECU/min is generally used to indicate obvious scintilla-
tion effect on GPS signal. Based on the threshold criterion and occurrences of ROTI as seen from Figure 5, it is
found that more than 75% of all observed plasma bubbles have the scintillation effects on the GPS signal.

3.2. Effect of Solar Activity

To study the effect of solar activity on the occurrence of EPB, the number of EPB occurrences observed during
daytime, nighttime, and total EPB (day + night) along with sunspot number (SSN) has been plotted each year
during 2001–2012, which is shown in Figures 6a and 6b. From this figure it is seen that the observed EPB
(both day and night) varies in accordance with SSN and are found to be a maximum during the solar maxi-
mum year 2002 and a minimum during the solar minimum year 2008. Figures 6c and 6d, respectively, show
the correlation analysis of total annual EPB occurrences with annual mean SSN and F10.7 cm flux. To study the
solar activity effect in more detail, the correlation analysis of monthly EPB occurrence against monthly mean
SSN as well as solar F10.7 cm flux has been carried out, which is shown in Figure 7. The correlation coefficient
of monthly EPB occurrences to monthly mean SSN and F10.7 cm flux are found to be 0.60 and 0.63, respec-
tively. To study the seasonal impacts of solar activity on EPB occurrences, the correlation analysis has been
carried out for the summer months (May to August), winter months (January, February, November, and
December), and equinox months (March, April, September, and October). The seasonal analysis shows that
EPBs are influenced more during the equinox (R=0.80) than summer (R= 0.62) and winter (R=0.68) season.

Figure 5. Percentage distribution of different rates of TEC change indices (ROTI) during 2001–2012. Generally, the ROTI is
found to vary from 0 to 8 TECU/min but most ROTI are less than 1 TECU/min.
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The statistical test for the significance of relationships between two data set EPB occurrences and solar activ-
ity indices (SSN and F10.7 cm flux) has also been carried out, and the significance level (P) has also been com-
puted. The small of significance value (P< 0.0001) between EPB occurrences and solar activity (SSN and F10.7
cm flux) indicates a strong correlation. Moreover, the impacts of solar activity on EPB occurrences vary more
obviously on an annual basis than a monthly basis. The annual correlation of EPB occurrences with annual
SSN and F10.7 cm flux are found to be 0.88 and 0.92, respectively (Figures 6c and 6d). Furthermore, it is also
observed that the EPB occurrence shows slightly more dependence on F10.7 cm flux than SSN, which is evi-
dent from the computed significance level (P) and correlation coefficient. This confirms that the solar activity
plays a major role in EPB occurrences, and more EPB can be expected during the solar maxima than solar
minima [Basu et al., 2002].

More plasma bubble occurrences are observed in the high solar activity years than low solar activity years as
can be seen from Figure 6. Since evening equatorial upward plasma drift due to prereversal enhancement
(PRE), drifting is an important factor controlling the EPB occurrences, which varies with solar activity.
Therefore, higher altitude plasma bubbles are observed during high solar activity years than that during
low solar activity years. Using both observation and model data, Vichare and Richmond [2005] and Fejer
et al. [2008] have shown a linear correlation of the evening equatorial upward plasma drift with solar flux
level. Furthermore, Stolle et al. [2008] and Su et al. [2008] have presented global evidence for the linear rela-
tionship between the EPB occurrence rate and the vertical plasma drift.

We have observed that the effects of solar activity on EPB occurrences are more obvious in annual basis than
monthly basis and have an annual correlation of 0.92 between annual EPB occurrences and annual mean F10.7
cm flux. Moreover, the effects of solar activity are seasonal, achieving maximum during the equinox. Our
results are in agreement with those reported in previous works [Huang et al., 2001, 2002; Sobral et al.,
2002; Chu et al., 2005; Nishioka et al., 2008]. Using data from DMSP, Huang et al. [2002] showed that the annual
mean F10.7 cm flux correlates very well with EPB occurrence (R=0.98) along all longitude sectors. In previous
studies it was shown that influence of solar activity on EPB occurrences depends on season [Sobral et al.,
2002; Chu et al., 2005]. For the Brazilian sector, using the data from airglow observations during a 22 year
period from 1977 to 1998, Sobral et al. [2002] have shown that the solar activity impacts on EPB are more
noticeable during the equinox months. Using GPS data, Nishioka et al., 2008 have shown that the effects of
solar activity on EPBs are different for different longitude sector and reported highest correlation for

Figure 6. (a) Annual total EPB occurrences number observed over Hong Kong during 2001–2012 along with annual mean
total sunspot number (SSN); (b) annual daytime and nighttime EPB occurrences number; (c) scatterplot showing the cor-
relation between annual total EPB occurrences number and annual mean SSN; and (d) scatterplot showing the correlation
between annual total EPB occurrences number and annual mean F10.7 cm solar flux. The correlation coefficients (R) along
with significance level (P) of the two data sets are mentioned.
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African-Asian sector. They further reported a poor correlation between solar activity and EPBs for Atlantic sec-
tor, which is in contrast to our result in Hong Kong sector. Burke et al. [2004b] pointed out that the South
Atlantic Anomaly could be responsible for the lack of a clear solar cycle dependence of EPB occurrences in
the Atlantic sector, because EPB generation in this sector may be influenced by inner magnetospheric parti-
cle precipitation. In addition, the influences of solar activity on EPB occurrences are further complicated by
observation techniques and can cause conflicting interpretation of the EPB climatology [e.g. Miller et al.,
2010; Makela and Miller, 2011]. Makela and Miller [2011] have shown that solar cycle dependence of EPB is
significantly different between their ground-based airglow and in situ DMSP measurements.

3.3. Effect of Magnetic Activity

To study the impact of magnetic activity on EPB occurrence, we have selected a strong geomagnetic storm
with Dstminimum=�221 nT which commenced on 24 November 2001. The variation of other geomagnetic
parameters such as SYM-H index, IMF Bz, IEF Ey, and AE index against UT hours during 24–27 November
2001 is shown in Figure 8. This figure shows that the storm commenced at 06:16 UT (Hong Kong local
time=UT+ 8 h) with two minima in SYM-H index at around 08:16 (�130 nT) and 12:66 UT (�233 nT) on 24
November. After this, SYM-H started to recover to become quiet time value on 27 November. On 24

Figure 7. Scatter plot showing the correlation between monthly total EPB occurrences and solar activity parameters (left
column: SSN; right: F10.7 cm flux) during 2001–2012. The correlation coefficients (R) along with significance level (P) of
the two data sets are mentioned.
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November 2001 IMF Bz turned
southward at around 06:25UT and
remained so till 07:06 UT with a mini-
mum value of�37.16 nT. During this
period IEF Ey turned eastward at
06:30 UT and showed a maximum
value of 32.81mV/m at around
07:06 UT. After 07:06UT IMF Bz
turned northward and remained so
till 10:18UT. During this period the
IEF Ey became westward at 07:15 UT
and showed a maximum value of
�54mV/m at around 10:15 UT.

The prompt penetration electric field
(PPE) arises due to the under shield-
ing and over shielding conditions,
divergence of the asymmetric ring
currents, and enhanced polar cap
potential drop [Fejer et al., 2007].
The sudden southward turning of
IMF Bz, from a steady northward con-
figuration, produces a dawn to dusk
convection electric field at high lati-
tudes [Kikuchi et al., 2008]. This cre-
ates the so-called undershielding
condition and the electric field pene-
trates instantaneously to the equa-
torial and low latitudes. However,
after a steady southward configura-
tion, the IMF Bz turns northward
again and the overshielding condi-
tion occurs. It operates on time scales
of an hour or so [Fejer et al., 2007;
Kumar and Singh, 2011a, 2011b].
During the daytime PPE is eastward
and enhances the dynamic electric
field which enhances vertical E× B
plasma drift lifting the plasma to
higher altitudes [Rastogi and
Klobuchar, 1990].

To observe the effect of storm-induced electric field on ionosphere, the variation of VTEC along with quiet
mean VTEC estimated during seven quiet days of November 2001 is depicted in Figure 9. As noted from
the figure, a depression in VTEC observed from 00:00 to 08:00 UT and then a small enhancement until around
10:00 UT on 24 November. After 10:00 UT VTEC again started decreasing until 11:15 UT. The depression in
VTEC indicates the downward drift of the F region ionosphere which was caused by westward turning of
penetration electric field. At 10:25UT IMF Bz turned southward again and remained so till 11:15 UT which
resulted in eastward turning of IEF Ey at 10:26 UT and peak value of 35mV/m at around 11:15 UT. Due to this
eastward electric field, VTEC started to increase at several GPS stations in Hong Kong from 11:18 to 14:00 UT
and showed a maximum VTEC enhancement of 25 TECU at around 13:57 UT (Figure 9). On 24 November, IEF
Ey (penetration electric field) became eastward and showed peaks at 07:06 and 11:15 UT. This eastward elec-
tric field could cause the upward lift to the F layer of the ionosphere via E× B plasma drift and producing a
favorable situation for the excitation of the R-T instability [Fejer et al., 1999]. The upward E× B drift in iono-
sphere could also result in VTEC enhancement and can be seen from Figure 9.

Figure 8. Variation of symmetric ring current (SYM-H) index, z component of
interplanetary magnetic field (IMF Bz), y component of interplanetary electric
field (IEF Ey) and auroral electrojet (AE) index during 24–27 November 2001.
The reduction in SYM-H index as low as �233 nT on 24 November 2001
indicates the strong geomagnetic storm activity.
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Figure 9. Variation of VTEC on storm day 24 November 2001 and quiet mean VTEC estimated during quiet days of
November 2001 over six different stations in Hong Kong. The quiet mean VTEC has been computed by averaging the
VTEC during seven quiet days of November 2001.

Figure 10. Time series of original STEC and best polynomial fitted curve observed by PRN 04 at HKST station, Hong Kong
during geomagnetic storm on (a) 24 November 2001; (b) the time series of detrended of STEC (dSTEC) showing charac-
teristics of the Plasma bubble.
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The enhancement of VTEC is seen
between 11:30 and 14:00 UT and
formed the second peak in VTEC at
around 13:57UT. During this
enhancement IEF Ey was westward
and PPE cannot produce such
enhancement. The other probabil-
ity is disturbance dynamoelectric
field (DDE) which can be generated
by geomagnetic storm due tomod-
ification of neutral wind circulation
at high latitudes. At the equator,
the direction of DDE is westward
during the daytime and eastward
during the nighttime [Zhao et al.,
2005]. But the direction of the zonal
ambient electric field is eastward
during the daytime and westward
during the nighttime. The iono-
spheric perturbation due to effect
of DDE can be sensed over time
scales of some hours to days after
the geomagnetic storms [Scherliess
and Fejer, 1997; Fuller-Rowell et al.,
2002]. As VTEC enhancement has
been observed during 11:30–
14:00 UT (19:30–22:00 LT), it could
be caused by the DDE, because
the direction of DDE is eastward

during nighttime and can produce upward plasma drift [Maruyama et al., 2005], i.e., a favorable condition for
the excitation of R-T instability or growth of plasma bubble. Using multilocation GPS observations, Cherniak
et al. [2015] studied the dynamics of high-latitude ionospheric irregularities during the geomagnetic storm
on 17 March 2015 and showed that significant increases in the intensity of the irregularities within the polar
cap region of both hemispheres were associated with the formation and evolution of storm enhanced density
(or TEC) of ionization structures and polar patches. We have observed three successive strong plasma bubble
occurrences from 12:00 to 15:40 UT on 24 November 2001, as shown in Figure 10. To see the impacts of mag-
netic activity onEPBoccurrenceduring this stormperiod,wehavealso analyzed thedaily EPBoccurrence along
with the daily maximum value of Kp index a few days before and after 24 November 2001, which is shown in
Figure 11a. It is clearly seen from thisfigure that there is a one-to-one correspondencebetweenmagnetic activ-
ity and EPB occurrence. Moreover, the magnetic activity enriches the EPB occurrence. The development of
plasma bubbles in the evening sector during the early stages of high magnetic activities has been observed
by Huang et al. [2001, 2002], which suggests that penetration electric fields during southward IMF are respon-
sible for driving plasma bubbles. Using the data from the Defense Meteorological Satellite Program (DMSP)
satellite,Huanget al. [2010] found that thepenetrationelectricfield at dusk is eastward, lasting for several hours
during the main phase of magnetic storms and causing large upward ion drift in the equatorial ionosphere.

We have also considered another geomagnetic storm that commenced in postmidnight sector at 20:00 UT on
5 November 2001 (i.e., 04:00 LT on 6 November). The storm's main phase ended at 07:00 UT on 6 November
(Dstminimum =�292 nT). For this storm, the other geomagnetic parameters (IMF Bz and IEF Ey) are not comple-
tely available on the website. The daily EPB occurrence along with daily maximum value of Kp index during a
few days before and after 6 November 2001 is shown in Figure 11b. From this figure it is clear that magnetic
activity suppresses EPB occurrence and no EPB is observed on storm day, i.e., 6 November 2001. Our result is
found to be in agreement with those reported in earlier works, which showed suppression of EPB during
strong geomagnetic storm around the midnight/postmidnight sector [Oya et al., 1986; Singh et al., 1997;

Figure 11. EPB occurrence along with daily maximum Kp index during few
days before and after the geomagnetic storm (a) for 24 November 2001
and (b) for 6 November 2001.
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Huang, 2011]. Since the commencement of this storm is at local nighttime (04:00 LT), therefore PPE is oppo-
site to ambient electric field and cannot enhance the vertical E× B plasma drift. It is known that the low-
latitude ionosphere can be sensitive to DDE effect 3–4 h after the geomagnetic storm. Therefore, for the
storm of 6 November, DDE can be expected to operate in daytime hours and is westward so it cannot trigger
upward plasma drift and consequently suppressed the EPB occurrences.

4. Conclusions

The occurrence and characteristics of plasma bubbles during 2001–2012, which is more than a complete
solar cycle, have been studied using STEC data from the SatRef GPS CORS network in Hong Kong. The plasma
bubbles have the maximum occurrences during equinox months throughout the years except the low solar
activity period 2007–2009. During 2007–2008, the EPB occurrences are found to be a maximum during June
solstice. For 2009, the EPB occurrences during June solstice are found to be even larger than the September
equinox but slightly smaller than the March equinox. The high occurrences of EPB during June solstice of
solar minimum 2007–2009, which were observed over Hong Kong using local GPS CORS network, is a signif-
icant finding of this study. The satellite-based observation reported by Huang et al. [2014] over African-Asian-
Pacific longitudes during low solar activity period 2008–2010 is in agreement with our results which have
been observed with ground-based observation from GPS. However, the difference in relationship between
the geographic and geomagnetic coordinates in two regions could affect the depth of the plasma bubbles
which needs further investigation. The equinoctial asymmetry in EPB occurrences was observed throughout
2001–2012. The asymmetry in the EPB occurrences could be caused by the suppression of the growth rate of
the instability by interhemispheric neutral winds, which is known to be a primary cause for triggering EPB or
ESF. Generally, EPB occurrences are found to be at maximum during the nighttime hours (19:00–24:00 h in
local time). Apart from the nighttime, daytime occurrences of EPB are also observed with maximum daytime
occurrences during high solar activity year.

The influence of solar activity on EPB occurrences is studied via correlation analysis, and the correlations are
different in different seasons with a maximum in the equinox season. Moreover, the EPB occurrences show a
larger correlation with F10.7 flux than that with the SSN. The seasonal impact of solar activity on EPB occur-
rences over the Hong Kong region is found in agreement with those reported in the Brazilian sector
[Sobral et al., 2002; Chu et al., 2005] but different to that in Atlantic sector [Nishioka et al., 2008]. The South
Atlantic Anomaly (SAA) could be responsible factor for the lack of a clear solar cycle dependence of EPB
occurrences in the Atlantic sector, as EPB generation in this sector may be influenced by inner magneto-
spheric particle precipitation [Burke et al., 2004b].

To study the impact of magnetic activity on EPB occurrences, two cases of geomagnetic storms have been
considered. The geomagnetic storms were observed on 6 November 2001 and 24 November 2001, respec-
tively. It was found that the impact of storms on EPB occurrences is local time dependent on storm occur-
rences. The storm on 24 November 2001 in the evening sector triggers the EPB occurrence, whereas the
storm on 6 November 2001 in the postmidnight sector suppresses the EPB occurrence.
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