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Abstract: In this study, the characteristics and causes of the seasonal variations in plasma bubble
occurrence over the Hong Kong area were investigated using the local Global Navigation Satellite
System (GNSS) network. Generally, the occurrences of plasma bubbles were larger in the two
equinoxes than in the two solstices. Furthermore, two seasonal asymmetries in plasma bubble
occurrence were observed: plasma bubble activity was more frequent in the spring equinox than
in the autumn equinox (equinoctial asymmetry), and more frequent in the summer solstice than
in the winter solstice (solstitial asymmetry). The equinoctial asymmetry could be explained using
the Rayleigh-Taylor (R-T) instability mechanism, due to larger R-T growth rates in the spring
equinox than in the autumn equinox. However, the R-T growth rate was smaller in the summer
solstice than in the winter solstice, suggesting the R-T instability mechanism was inapplicable to the
solstitial asymmetry. Our results showed there were more zonally propagating atmospheric gravity
waves (GWs) induced by thunderstorm events over the Hong Kong area in the summer solstice than
the winter solstice. So, the solstitial asymmetry could be attributed to the seeding mechanism of
thunderstorm-driven atmospheric GWs.
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1. Introduction

A plasma bubble is one kind of frequent ionospheric weather event in low-latitude areas.
The presence of a plasma bubble can cause severe effects on radio signals of communication and
navigation systems, such as the Global Navigation Satellite System (GNSS), when they travel through
the ionosphere (e.g., [1,2]). As aresult, the study of climatology and the predictability of plasma bubbles
has attracted extensive focus from scientific communities in recent decades (e.g., [3-8]). Research shows
that plasma bubble occurrence presents seasonal variations and longitudinal variations (e.g., [7,8]).
Generally, plasma bubble activity is frequent during equinox periods in the Asian area and African
area, during the summer solstice in the Pacific area, and during the northern winter solstice in the
American-Atlantic area. In addition, asymmetric seasonal variations in plasma bubble occurrence in
different areas have also been reported (e.g., [8]).

Two types of physical mechanisms have been employed to account for the seasonal variations
and longitudinal variations in plasma bubble occurrence. The first one is the Rayleigh-Taylor (R-T)
instability mechanism, which is widely applied to explain the formation of plasma bubbles [9].
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The growth condition of R-T instability is considered to be the important factor that controls the
climatology of plasma bubble occurrence. Tsunoda [3] indicated that plasma bubble occurrence was
maximized when the geomagnetic field was parallel to the solar terminator. Kil et al. [10] and Sripathi
et al. [11] suggested the plasma density might exert an important effect on the seasonal variations in
plasma bubble occurrence. Maruyama et al. [12] indicated that meridional wind played a dominant
role in the formation of equinoctial asymmetry. The second mechanism is the atmospheric gravity
wave (GW) seeding mechanism, which emphasizes the importance of GWs to the generation of
plasma bubbles [13,14]. Tsunoda [15] found plasma bubble occurrence was enhanced when a region
with frequent GW events was situated near the magnetic equator. Takahashi et al. [16] indicated
that medium-scale traveling ionospheric disturbances (MSTIDs) were likely to be a seed source for
plasma bubbles.

Due to the longitudinal dependence, it was necessary to study the seasonal variations in plasma
bubble occurrence in different areas to fully understand its source mechanism. Here, we focused on the
Hong Kong area, which is situated near the magnetic equator. Ji et al. [17] and Kumar et al. [18] studied
the seasonal variations in plasma bubble occurrence over this area using GNSS total electron content
(TEC) data during 2001-2012 and obtained very meaningful results. However, the cause for the seasonal
variations in plasma bubble occurrence was rarely involved in their studies. This study sought to address
this gap by looking at the potential sources of the seasonal variations in plasma bubble occurrence.

2. Data and Methods

2.1. Data

The primary data employed in this study were ionospheric TEC, which was extracted from GNSS
observation files. The 30 s sampling GNSS observation files were acquired from the website of the
Hong Kong satellite reference network [19]. GNSS data during 2001-2012 were already processed by
Jietal. [17] and Kumar et al. [18], so their results were directly referenced in this study. Here, GNSS data
during a four year period, from 2014 to 2017, were also processed to compare with thunderstorm
data (no data during 2001-2012). According to the F10.7 index, solar activity decreased year by year
during this period [20]. Figure 1 shows the GNSS station distribution in Hong Kong. Here, only three
stations, HKNP, HKKT, and HKOH, were adopted due to the short distance between adjoining stations.
In addition, the global ionospheric map (GIM) data and thunderstorm data during this period were
also applied in the analysis. The GIM files were downloaded from the Center for Orbit Determination
in Europe (CODE) [21]; the data for thunderstorm activity were obtained by a very low frequency
(VLF) detection network we established in this area.
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Figure 1. The Global Navigation Satellite System (GNSS) network in Hong Kong. The red points
indicate the positions of stations. Three annotated stations, HKNP, HKKT, and HKOH, were applied in
this study.
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2.2. Methods

To detect plasma bubbles, ionospheric TEC was firstly obtained from GNSS observation files.
Ionospheric TEC time series can be computed using the GNSS dual-frequency geometry-free combined
carrier phase observations for each pair of satellite and receiver [22]

TEC = k-[(L1 = Ly) + (N1 = N2)] 1)

where k = f12 f22/ [40.3( flz - f22>], f1 and f, are frequencies, L; and L, are carrier phase observations,
and Nj and Nj are carrier phase ambiguities. The carrier phase ambiguities were unknown but were
constant. The unit of TEC is TECU (1 TECU = 10'6/m?). The elevation mask angle was set as 20° for
each pair of satellite and receiver.

Next, we fit the primitive TEC time series to eliminate the trend term and constant carrier phase
ambiguities. Here, the third-order Savitzky—Golay smoothing filter with moving window length of 2 h
was employed [23,24]. Then, the detrended TEC (dTEC) time series that might contain plasma bubble
were computed as follows

dTEC = TEC - TECy 2)

where TECy is the fitted TEC using the Savitzky—Golay smoothing filter. To detect a plasma bubble,
a threshold of TEC depletion (minimum) was set to —3 TECU; the adjacent maximum should be smaller
than half of the absolute value of TEC depletion. In addition, only the ones that were simultaneously
observed by the three employed GNSS stations, namely HKNP, HKKT, and HKOH, were counted as
effective plasma bubbles. Figure 2 presents an example of a plasma bubble detected by station HKKT
and satellite PRN 23 on January 25, 2014. In this case, the magnitude of TEC depletion was —10.3
TECU, and the two adjacent maximums were 4.2 and 4.5 TECU, respectively.
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Figure 2. An example of a plasma bubble detected by station HKKT and satellite PRN 23 on January 25,
2014. (a) Primitive total electron content (TEC) time series (blue line) and fitted TEC time series using
Savitzky—Golay smoothing filter (green line); (b) detrended TEC time series obtained by subtracting
between the primitive and fitted TEC time series (red line). The annotation “min” represents TEC
depletion (minimum) and the annotations “max1” and “max2” represent the adjacent two maximums.

After detecting a plasma bubble, we could calculate the seasonal occurrence. A year was divided
into four seasons: the spring equinox (from February to April), the summer solstice (from May to July),
the autumn equinox (from August to October), and the winter solstice (from November to January).
The monthly plasma bubble occurrence was computed by dividing the number of days with plasma
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bubbles in a month by the total number of days in the month. Then, the seasonal plasma bubble
occurrence was obtained by averaging the monthly plasma bubble occurrence of the three months
comprising a season.

3. Results

Figure 3 presents the observed seasonal plasma bubble occurrence during each year from 2014 to
2017. Figure 4 presents average solar F10.7 indices for different seasons during each year from 2014 to
2017. Obviously, plasma bubble occurrence was maximum during the high solar activity year of 2014
and minimum during the low solar activity year of 2017, indicating that it was dependent on solar
activity. As seen in Figure 3, the occurrences of plasma bubbles were significantly larger in the two
equinoxes than in the two solstices in the high solar activity years of 2014 and 2015. In the low solar
activity year of 2017, the difference in plasma bubble occurrence between the summer solstice and the
two equinoxes was not obvious.
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Figure 3. The seasonal plasma bubble occurrence during each year from 2014 to 2017. SE, SS, AE, and WS
represent the spring equinox, summer solstice, autumn equinox, and winter solstice, respectively.
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Figure 4. The average solar F10.7 index for different seasons during each year from 2014 to 2017.
SE, SS, AE, and WS represent the spring equinox, summer solstice, autumn equinox, and winter
solstice, respectively.
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It can be seen from Figure 3 that the plasma bubble occurrence was greater in the spring equinox
than in the autumn equinox, especially during the high solar activity years of 2014 and 2015, indicating
that the seasonal variations in plasma bubble occurrence presented equinoctial asymmetry. As for
the solstices, the plasma bubble activity was more frequent in the summer solstice than in the winter
solstice. In the winter solstice, there were no plasma bubbles during the low solar activity years of
2016 and 2017 (Figure 3). This indicated that solstitial asymmetry also existed in seasonal variations in
plasma bubble occurrence.

The seasonal variation characteristics of plasma bubble occurrence during 2001-2012 over the
Hong Kong area were investigated by Ji et al. [17] and Kumar et al. [18]. According to their studies,
larger values of plasma bubble occurrence were observed during high solar activity years (maximum
in 2002). The plasma bubble activity was generally more frequent in the two equinoxes than in the two
solstices, except during 2007 and 2008 (low solar activity). In addition, the equinoctial asymmetry in
plasma bubble occurrence, namely, a larger value in the spring equinox, was also observed during
2002-2012. In 2001, a larger value of plasma bubble occurrence was observed in the autumn equinox.
As for the solstitial asymmetry, it did not attract their attention and was not involved in their studies.
Actually, the solstitial asymmetry in plasma bubble occurrence was also observable during 2001-2012
(Figure 16 in Jiet al. [17] and Figure 3 in Kumar et al. [18]). A larger value was generally observed in the
summer solstice; an exception was in 2004, when the larger values were observed in the winter solstice.

The results observed during these 16 years (2001-2012 and 2014-2017) showed that the plasma
bubble occurrence over the Hong Kong area presented significant seasonal variations. Generally,
the occurrences of plasma bubbles were larger in the two equinoxes than in the two solstices.
Furthermore, plasma bubble activity was more frequent in the spring equinox than in the autumn
equinox and more frequent in the summer solstice than in the winter solstice.

4. Discussion

The R-T instability mechanism is widely applied to explain the formation of plasma bubbles,
which can be assessed using the R-T growth rate. The flux tube integrated R-T growth rate can be
calculated using following formula [9]

F

YRT =

P p_ 8e | F
ﬁ[Vp—uL— T ]K — Rt (3)

Ceff

where ZIL; and Z; are integrated Pedersen conductivities in the E region and F region, respectively;
F . are the effective

eff
gravity and effective ion-neural collision frequency, respectively; K is the F region integrated electron

content gradient; and RT is the recombination rate.

Wu [25] and Wu [26] calculated the R-T growth rate at 18:00 local time (LT) for the globe using
Thermosphere Ionosphere Electrodynamics General Circulation Model (TIEGCM) during the years
of 2003 (solar maximum), 2006, and 2009 (solar minimum). The results showed that the growth rate
was positively correlated to the solar activity, which was consistent with our observed variations in

Uf is the integrated neutral wind; Vp is the integrated upward drift speed; g, and v

plasma bubble occurrence. In addition, the R-T growth rate presented similar seasonal variations and
longitudinal variations during each year, although different in magnitude. Here, we took the R-T
growth rate during the year of 2006 as an example, shown in Figure 5.

As seen in Figure 5, the R-T growth rate was high during the two equinoxes and low during the
two solstices over the Hong Kong area (about longitude 110-120°). In addition, there were more days
that the growth rate was greater than 60*1075/s (light green area) during the spring equinox than the
autumn equinox. These can explain the characteristics of plasma bubble occurrence, namely that a
larger value was observed during the two equinoxes and it showed equinoctial asymmetry. During the
two equinoxes, the solar terminator aligned with the geomagnetic field, leading to enhanced plasma
bubble activity [3].
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Figure 5. Seasonal and longitudinal variations of the Rayleigh-Taylor instability growth rate at 270 km
during the year of 2006 (Figure 2a in Wu [25]).

As shown in Figure 4, differences in solar activity during the two equinoxes was not obvious,
suggesting that it was not the cause for the equinoctial asymmetry. Kil et al. [10] suggested the
plasma density might exert an important effect on the seasonal variations in plasma bubble occurrence.
Sripathi et al. [11] indicated that electron density was important to the formation of equinoctial
asymmetry. Using GIM, we calculated the average ionospheric TEC (integrated electron density) at
18:00 LT over the Hong Kong area for different seasons during each year from 2014 to 2017, shown
in Figure 6. As seen in Figure 6, ionospheric TEC during the spring equinox was significantly larger
than during the autumn equinox, especially in high solar activity years. This result suggested the
ionospheric TEC (or electron density) was likely an important factor for the equinoctial asymmetry.
According to Equation (3), ionospheric TEC is not an explicit parameter to calculate the R-T growth rate.
It could affect the R-T growth rate by the variation of the polarization electric field. When the F-region
TEC was large, short circuiting of the polarization electric field driven in the F-region weakened,
so that a larger polarization electric field was generated [9]. Then, the expression Zf, / (ZII'; + ZII?:.) in
Equation (3) became large (getting close to unity), leading to a large R-T growth rate.

We discussed the solstitial asymmetry in plasma bubble occurrence. As can be seen from Figure 5,
R-T growth rate was almost lower than 10*107°/s during the summer solstice, whereas its value
was about 20*1075-30*10~%/s during the winter solstice over the Hong Kong area. That is to say,
the variations in the R-T growth rate during the two solstices were not consistent with that of plasma
bubble occurrence. In addition, ionospheric TEC was also not always larger during the summer solstice
than during the winter solstice (seen in Figure 6). This suggested that, apart from the R-T growth rate,
other factors could also exert effects on the formation of solstitial asymmetry.

Research showed that atmospheric GWs (or MSTIDs) associated with the polarization electric
fields also played an important role in plasma bubble formation [13-16]. To generate the polarization
electric fields, the phase front (perpendicular to propagation direction) of GWs should be approximately
aligned with the geomagnetic direction [27]. Therefore, zonally propagating GWs were necessary due
to the meridional magnetic field line. MSTIDs were signals of atmospheric GWs in the ionosphere,
which can be called as ionospheric GWs. Here, we investigated the ionospheric GWs as a proxy of
atmospheric GWs.
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Figure 6. The average ionospheric TEC at 18:00 local time (LT) for different seasons during each year
from 2014 to 2017. SE, SS, AE, and WS represent the spring equinox, summer solstice, autumn equinox,
and winter solstice, respectively.

Figure 7 presents the ionospheric detrended TEC (dTEC) series extracted by station HKKT
during the years of 2014 and 2017 using the method in Tang et al. [24] (other stations had similar
results). As shown in Figure 7, the ionospheric dTEC series were detected during all months over the
Hong Kong area. There were more days featuring high-amplitude ionospheric dTEC series during
the summer solstice than the winter solstice. We employed the dTEC series extracted by the three
stations, HKKT, HKNP, and HKOH, to calculate the propagation direction of GWs using the method
in Garrison et al. [28]. The propagation directions of ionospheric GWs at 17:30-18:30 LT for the two
solstices during the years of 2014 and 2017 are shown in Figure 8. This time interval of ionospheric GWs
was chosen due to the fact that plasma bubbles generally occurred after sunset when the enhanced
eastward electric field destabilized the ionosphere [17]. As seen in Figure 8, there were more days
featuring azimuth of ionospheric GWs around —90° or 90° during the summer solstice than the
winter solstice during both the high solar activity year of 2014 and the low solar activity year of 2017.
This meant that zonally propagating GWs were in existence during the summer solstice, leading to
enhanced plasma bubble activity.
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Figure 7. Ionospheric detrended TEC (dTEC) series extracted by GNSS station HKKT during the years
of 2014 and 2017.
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Figure 8. Propagation direction of ionospheric gravity waves (GWs) at 17:30-18:30 LT for the two
solstices during the years of 2014 and 2017. SS represents the summer solstice and WS represents the
winter solstice. Here, the scope of the azimuth is —90° to 90°.

The above analysis suggested the GW seeding mechanism was responsible for the formation of
solstitial asymmetry in plasma bubble occurrence over the Hong Kong area. The source of the GWs
needs to be further explored. According to the local VLF detection network, the Hong Kong area had
frequent thunderstorm activity during March—October. Using the processing method in Tang et al. [29],
we obtained the average thunderstorm coverage area (grid counts) for different seasons during each
year from 2014 to 2017, shown in Figure 9. As seen in Figure 9, thunderstorm activity during the
summer solstice was significantly stronger than during the winter solstice. Tang et al. [29] analyzed
the relationship between thunderstorms and the ionospheric GWs over the Hong Kong area during
the years of 2014-2017. Their research indicated that thunderstorm events were the main source of
GWs, especially during high thunderstorm days, such as the summer solstice.

Thunderstorm area

30 r r r
| I 2014 [ 2015 [ 2016 [N 2017 |

25+ B

20+ B

151 1

Counts

0 5
SE SS AE WS

Season
Figure 9. The average thunderstorm area for different seasons during each year from 2014 to 2017.
SE, SS, AE, and WS represent the spring equinox, summer solstice, autumn equinox, and winter
solstice, respectively.

According to the above analysis, a conclusion could be drawn that the solstitial asymmetry in
plasma bubble occurrence over the Hong Kong area could be attributed to the seeding mechanism of
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thunderstorm-driven GWs. When the growth rate of R-T instability was small, the GW seeding could
play a dominant role in the process of plasma bubble generation. This could explain the reported
exceptions during 2007 and 2008, in which plasma bubble occurrence was greater in the summer
solstice than in the spring equinox over the Hong Kong area.

5. Conclusions

In this study, the seasonal variations in plasma bubble occurrence over the Hong Kong area
were investigated using the local GNSS network. Furthermore, the causes of seasonal variation
characteristics were also carefully explored. The main results and conclusions are listed as follows:

1. The occurrences of plasma bubble were generally larger in the two equinoxes than in the two
solstices. During the two equinoxes, the solar terminator aligned with the geomagnetic field,
leading to enhanced plasma bubble activity.

2. Plasma bubble activity was more frequent in the spring equinox than in the autumn equinox
(equinoctial asymmetry). The equinoctial asymmetry could be explained by the R-T instability
mechanism, due to the larger R-T growth rate in the spring equinox than in the autumn equinox.
Ionospheric TEC (or electron density) was likely an important factor in the equinoctial asymmetry.

3. The plasma bubble occurrence was greater in the summer solstice than in the winter solstice
(solstitial asymmetry). The R-T instability mechanism was not suitable for the formation of
solstitial asymmetry, due to the lower R-T growth rate in the summer solstice compared to that
of the winter solstice. The solstitial asymmetry could be attributed to the seeding mechanism of
thunderstorm-driven GWs.

In other words, the seasonal variations in plasma bubble occurrence over the Hong Kong area
depended on combined effects of R-T instability and GW seeding. The reported exceptions during
2001 and 2004 need further research in the future work.
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