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Abstract Hong Kong (22.3°N, 114.2°E, dip: 30.5°N; geomagnetic 15.7°N, 173.4°W, declination: 2.7°W) is a
low-latitude area, and the Hong Kong Continuously Operating Reference Station (CORS) network has been
developed andmaintained by Lands Department of Hong Kong government since 2001. Based on the collected
GPS observations of a whole solar cycle from 2001 to 2012, a method is proposed to estimate the zonal drift
velocity as well as the tilt of the observed plasma bubbles, and the estimated results are statistically analyzed. It
is found that although the plasma bubbles are basically vertical within the equatorial plane, the tilt can be as big
as more than 60° eastward or westward sometimes. And, the tilt and the zonal drift velocity are correlated.
When the velocity is large, the tilt is also large generally. Another finding is that large velocity and tilt generally
occur in spring and autumn and in solar active years.

1. Introduction

Plasma bubble is an important phenomena of equatorial ionosphere, and the ionospheric irregularities
within the bubble can cause scintillation that can seriously disrupt the operation of nearly all space and
ground-based systems that rely on trans-ionospheric propagation of radio frequencies [Aarons, 1993].

The study of equatorial ionospheric plasma drifts and tilts is an important part of the equatorial space
science research and of fundamental importance for space weather monitoring and forecasting. A lot of
research works on ionospheric plasma drift at the magnetic equator have been made with various instruments,
including incoherent scatter radar [Fejer, 1981; Fejer et al., 1991], the DE-2 satellite [Aggson et al., 1987; Coley and
Heelis, 1989; Fejer et al., 1995], all-sky imager [Mendillo and Baumgardner, 1982; Abdu et al., 1987; Rohrbaugh
et al., 1989; Sobral and Abdu, 1990, 1991; Tinsley et al., 1997; Pimenta et al., 2003; Martinis et al., 2003], and
GPS receivers [Aarons et al., 1996; Kelley et al., 1996; Beach et al., 1997; Musman et al., 1997; Kil et al., 2000,
2002; Kintner et al., 2001, 2004; Makela et al., 2004; Otsuka et al., 2006]. Past research found that the drift is
generally in zonal direction and the velocity is generally between 50m/s and 200m/s. A bubble typically forms
following sunset, drifts eastward, and the eastward drifting velocity decreases gradually, then turns to west
steadily after midnight. A gradual decrease in the zonal drift velocity from between 100 and 200m/s at around
22:00 LT to below 50m/s after local midnight was reported [Mendillo and Baumgardner, 1982; Mendillo et al.,
1997; Taylor et al., 1997; Sinha and Raizada, 2000; Pimenta et al., 2003].

Although not as much research on tilt as on drift have been made, previous works show that the ionospheric
bubbles are generally aligned from north to south along the magnetic field line. However, sometimes west-
ward [Mendillo and Tyler, 1983; Basu et al., 1996; Abalde et al., 2001; Kil et al., 2002; Makela and Kelley, 2003;
Mukherjee, 2003; Ogawa et al., 2005, 2006] or eastward [Taylor et al., 2009; Rohrbaugh et al., 1989] tilt can
be observed. Most of times, the tilt is generally small, while sometimes it can reach up to as large as 47°
[Basu et al., 1996; Makela and Kelley, 2003; Mukherjee, 2003].

Most of these previous research works especially on tilt are case studies, such as for one geomagnetic storm
or several days. The goal of this research is to make a detailed statistical study on both equatorial plasma drift
and tilt from 2001 to 2012 based on the observations of Hong Kong GPS Continuously Operating Reference
Station (CORS) of a whole solar cycle. Although similar research works had been done for the American long-
itudinal section [Sobral et al., 1999], the present work is based on an extended data basis of plasma bubbles
zonal drifts comprising 650 nights of experiments acquired during 12 years (1980–1992).
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2. Method

In this research, only plasma bubbles with obvious scintillations are focused and for its detection, the rate
of TEC (total electron content) index (ROTI) is used as an indicator. It is estimated as the standard devia-
tion of rate of TEC (ROT) in a certain time period, typically 5min, and ROT is given in the unit of
TECU/min or so (1 TECU= 1016 el/m2). The threshold value is set to 0.25 TECU [Nishioka et al., 2008].
The time delay is estimated by matching two vertical TEC or slant TEC time series of two GPS stations
[Ji et al., 2011].

In order to estimate plasma bubble zonal drift velocity and tilt, for the simplicity of description, the 3-D
bubble is imaged as a line with a tilt to the west or east in a plane around 400 km above the Earth, and its
mathematical model is

kx ¼ y

where x and y are the coordinates in the eastward and upward directions and k is the unknown slope related
to the tilt. When the bubble is drifting, k will remain the same in short time as the shape of the bubble
changes little.

As illustrated in Figure 1, assuming at time t, the bubble intersects at point O (0, 0) with the line between a
GPS satellite and a CORS station R. assuming at times t1, t2,…, tn, the bubble intersects at points A1 (x1, y1),
A2 (x2, y2),…, An (xn, yn) with the lines between the GPS satellite and other CORS stations R1, R2,…, Rn.

Then, the following equations can be formed:

kx1 þ v � vIPPð Þ t1 � tð Þ ¼ y1
kx2 þ v � vIPPð Þ t2 � tð Þ ¼ y2

⋯

kxn þ v � vIPPð Þ tn � tð Þ ¼ yn

8>>>><
>>>>:

: (1)

Figure 1. Zonal drift movement of plasma bubble.

Figure 2. Linear fitting with apparent velocities.
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Here v is the zonal drift velocity and vIPP is the zonal velocity of ionospheric pierce point (IPP).

Denoting A ¼

x1 t1 � tð Þ
x2

⋯

t2 � tð Þ
⋯

xn tn � tð Þ

2
66664

3
77775 , X ¼ k

v

� �
, and L ¼

y1 þ vIPP t1 � tð Þ
y2 þ vIPP t2 � tð Þ

⋯

yn þ vIPP tn � tð Þ

2
66664

3
77775 , we will have AX= L. With least

squares method, k and v can be estimated as
k̂

v̂

" #
¼ ATA

� ��1
ATL . And, its variance and covariance

σ2k σkv
σvk σ2v

" #
¼ σ20Q, where Q= (ATA)� 1 and σ20 ¼ VTV

n�2. Here V ¼ L� AX̂ ¼ L� A
k̂

v̂

" #
.

From Figure 2, the apparent velocity can also be estimated. The apparent velocities vOA1 , vOA2 ,…, and vOAn
along OA1, OA2,…, and OAn, are equal toDOA1= t1 � tð Þ,DOA2= t2 � tð Þ,…, andDOAn= tn � tð Þ. If there is no error
involved, vOA1, vOA2,…, and vOAn should be on a line parallel to the bubble as illustrated in Figure 1. So k and v
can also be estimated by linear fitting vOA1 , vOA2 ,…, and vOAn as shown in Figure 2, which will have the same
result from equation (1) theoretically.

3. Numerical Results

Hong Kong is a low-latitude area, around 22.30°N, 114.17°E, dip: 30.5°N (geomagnetic: 11.76°N, 174.75°W;
declination: 2.7°W). A local GPS network was developed in 2001 under the charge of Survey and Mapping

Figure 3. Hong Kong GPS CORS network.

Figure 4. Zonal drift velocity versus GPS time.
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Office of Lands Department, Hong Kong, named as “Hong Kong Satellite Positioning Reference Station
Network” (SatRef). Currently, the network consisted of 15 CORS stations evenly distributed in Hong Kong as
shown in Figure 3. The GPS observations are collected round-the-clock with a sample interval of 5 s.

In this research, the processed GPS observations for plasma bubble drifting velocity and tilt estimation are
collected from 2001 to 2012, covering a whole solar cycle.

With the threshold value of ROTI set to 4 cm (0.25 TECU), a total number of 6146 bubbles have been detected
from 2 January 2001 to 31 December 2012. For further statistical analysis, only those with a relative velocity
error less than 30% and standard deviation of tilt less than 20° are used and their total number is 3817.

Past research works have shown that the equatorial plasma bubble activity presents a large dependence on
the local time, the season, the solar cycle, etc. The diurnal, seasonal, and solar cycle variations of the drift velo-
city and tilt will be analyzed in detail.

Figure 4 shows the estimated zonal drift velocities versus GPS time (local time=GPS time+ about 8 h). From
Figure 4, we can see that in nighttime, about 88.6% is eastward and in daytime, about 89.8% is westward. The
drift velocity of 74% bubbles is between 50m/s and 200m/s. And, in nighttime, whether eastward or west-
ward, the size decreases gradually from around 12:00 to 20:00 GPS time (20:00 to 04:00 local time). Figure 5
gives the relative errors of the estimated velocities, and we can see that most of them are less than 20%.

Figure 6 shows the estimated tilts versus GPS time. Figure 7 gives the standard deviation (SD) of estimated
tilts, and we can see that most of them are less than 2°. From Figure 6, we can see that the tilts can be east-
ward or westward. The inclination of 68.5% cases is between 0° and 20°; that is, most of them are basically
vertical within the equatorial plane. But for some of them, the tilt can be as large as more than 60° as

Figure 5. Relative zonal velocity error.

Figure 6. Tilts versus GPS time.
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Figure 7. Standard deviation of estimated tilts.

Figure 8. An example of westward tilt of 62°.

Figure 9. An example of eastward tilt of about 80°.
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illustrated in Figure 8 (about 62° with SD of 0.4° (black ones with arrow head are the apparent velocities, and
the blue line is the fitting one)), even about 80° as illustrated in Figure 9 (almost 80° with SD of 0.3°).

Figure 10 shows the estimated zonal drift velocities versus tilts. It looks that they are correlated. When the
zonal drift velocity increases (>200m/s), the tilt also increases (>20°or even 40°). If only taking the data of
the upper part of Figure 10 into consideration (velocity> 0), the regression coefficients are 136.72, 0.36,
and 0.06 and the estimated quadratic regression function is velocity = 136.72 + 0.36 tilt + 0.06 tilt2 with no
less than 95% confidence level of F test.

Figure 10. Zonal drift velocities versus tilts.

Figure 11. Seasonal zonal velocity distribution.

Figure 12. Seasonal tilt distribution.
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Figures 11 and 12 show the seasonal zonal velocity and tilt distribution. It looks that the zonal drift velocities
and tilts with large values (>400m/s or >40°) generally occur in spring and autumn.

Figures 13 and 14 show the yearly zonal velocity and tilt distribution. It looks that the zonal drift velocity and
tilt with big size (>400m/s or >40°) generally occur in solar active years, such as 2001, 2002, 2003, and 2012.

4. Summary and Discussion

It had been established that the equatorial plasma bubble activity occurs mainly during the nighttime and a
bubble typically forms following sunset, drifts eastward, and the eastward drifting velocity decreases gradu-
ally, then turns to west steadily after midnight. A gradual decrease in the zonal drift velocity from between
100 and 200m/s at around 22:00 LT to below 50m/s after local midnight was reported [Mendillo and
Baumgardner, 1982; Mendillo et al., 1997; Taylor et al., 1997; Sinha and Raizada, 2000; Pimenta et al., 2003].

In general agreement with other works, the present results indicate that the equatorial plasma bubble activity
is predominantly a nighttime phenomenon. From Figure 4, we can see that the drift generally starts from
around 12:00 GPS time (20:00 local time) after sunset with an average velocity of 160m/s eastward decreases
gradually and ends around 20:00 GPS time (04:00 local time). But different from the typical pattern, most of
the cases do not turn westward and the velocity is generally not less than 50m/s even after midnight. There
are also cases with westward drift just after sunset.

About the seasonal characteristics, past research works showed the seasonal dependence of the equatorial
plasma bubble activity [Makela et al., 2004]. Most of the seasonal maxima are from February to April and from
September to November. Although generally around one or both equinoxes, the maxima are not the exactly

Figure 13. Yearly zonal velocity distribution.

Figure 14. Yearly tilt distribution.
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same and can be different with different year, frequency, and longitude. And, also the asymmetry between
equinoxes is not rare.

From Figure 11, we can see that present results are basically consistent with past research works. The drift
maxima are from February to May and from August to November. During these two periods, the occurrence
rate is much higher and the drift velocity is also higher than the other time.

The equatorial plasma bubble activity is dependent on the solar cycle, which is the periodic change in the
Sun’s activity and can be represented by the number of sunspots. The solar cycle has an average duration
of about 11 years, and the last maximum was in 2001—the starting date of our GPS observations. Past
research found that the occurrence of equatorial plasma bubbles is closely related to the number of sunspots
and it is obviously a consequence of the solar activity [Sobral and Abdu, 1991].

Figure 15 shows the averagemonthly sunspot number from 2001 to 2012. Comparing with Figures 13 and 14,
we can see that the average monthly sunspot number is consistent with the occurrence of plasma bubble,
the drift velocity, and tilt. With larger sunspot numbers in 2001, 2002, 2003, 2011, and 2012, the occurrence
rates are also higher in these years and larger drift velocity (>200m/s) and tilt (>20°) also occurred in these
years. The present results agree well to the past research works.

5. Conclusions

In this research, first, an estimation method for zonal drift velocity and tilt of equatorial plasma bubble is
proposed based on GPS CORS network. And, a detailed study and analysis are made on characteristics of
zonal drift velocity and tilt based on the observations of Hong Kong GPS CORS network from 2001 to
2012, covering a whole solar cycle period.

Based on the results, the following conclusions can be drawn:

1. Generally, the drift velocity is eastward in nighttime. The size is between 50m/s and 200m/s and
decreases gradually from around 20:00 local time to 03:00 next morning.

2. Generally, the tilt is less than 20°in nighttime and can be eastward and westward.
3. It looks that drift velocity and tilt are correlated. When drift velocity is big, the corresponding tilt is also big.
4. It looks that big drift velocity and tilt occur generally in spring and autumn and in solar active years.
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