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ABSTRACT

Long-term observations of very high frequency (VHF) scintillations sounded at 
244 MHz were conducted at one of the Scintillation Network Decision Aid (SCIN-
DA) sites in Pingtung (22.6°N, 120.5°E; geomagnetic latitude 12.5°N), Taiwan, in 
2015 - 2019, over the declining phase of solar cycle 24. Two VHF receivers are used 
to derive zonal drift velocity. The responses of S4 indices, occurrences and east-west 
drifts are investigated with respect to local time, season, and solar activity. The re-
sults show that strong scintillations (S4 > 0.5) appear frequently at early nighttime at 
equinoxes during the high solar activity year of 2015, while weak scintillations (S4: 
0.2 - 0.5) occur often at early daytime and more frequently at early nighttime in sum-
mer without obvious correlation with solar activity levels. The peak drift of ~50 - 60 
m s-1 is observed eastward at night and westward during the day. Stronger scintilla-
tions and higher drift velocities are observed in spring and fall.
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1. INTRODUCTION

Scintillation involves ionospheric irregularities inter-
fering with radio signals when radio waves are propagating 
through the ionosphere. The electromagnetic energy of sig-
nals is scattered and redistributed when the signals propa-
gate through ionospheric irregularities, especially in the 
F-region, where ionized gas is most abundant. The phenom-
enon has been observed at the 106 - 109 Hz frequency range 
(Spatz et al. 1988). Prominent scintillations often result in 
fading or fluctuations of communication signals below their 
nominal levels. Scientists observed strong scintillations in 
the very high frequency (VHF) and L bands in the equa-
torial ionization anomaly (EIA) region during post-sunset 
hours (Basu et al. 1987; Wiens et al. 2006; McNamara et 
al. 2013; Olwendo et al. 2013; Liu et al. 2016; Chen et al. 
2017; Seif et al. 2017; Bhattacharyya et al. 2019). Based 
on global observations of GPS radio occultation, Liu et al. 
(2016) reported that strong L-band scintillations appear 
within the low-latitude region of ±30°N, centering around 
±20°N magnetic latitude. The scintillations onset at 1900 

LT (local time), reached the maximum at 2100 LT, and van-
ished by ~0200 - 0300 LT. Liu et al. (2016) further found 
that the equatorial/low-latitude scintillations during 2000 - 
0100 LT intensified in the equinox months compared to oth-
er seasons. Using VHF-, UHF-, and L-band signals, Basu et 
al. (1988) found that the occurrence of scintillations highly 
depends on solar activity. The results agree with the finding 
that occurrence rate of irregularities has a positive correla-
tion with solar activity (Ackah et al. 2011; Liu et al. 2016; 
Chen et al. 2017; Singh et al. 2017). Groves et al. (1997) 
deployed two stations spaced latitudinally to observed scin-
tillations for an empirical plasma bubble model, which gen-
erates three-dimensional maps of ionospheric irregularities 
for communication outage warning. Using 10 years of VHF 
data, Prasad et al. (2012) recorded the scintillation for the 
entire solar cycle 23 and concluded that scintillations are 
inhibited during geomagnetically disturbed days. Mean-
while, simultaneous observations of amplitude scintilla-
tions at spaced locations by receiving VHF beacon and/or 
L-band signals from geostationary and GPS satellites have 
been employed to investigate zonal drift in the equatorial 
ionosphere (Basu et al. 1996; Valladares et al. 2002; Otsuka 
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et al. 2006; Wiens et al. 2006; Ji et al. 2011; Andima et al. 
2018). Based on prominent scintillations, they found that 
horizontal plasma flows are about 50 - 150 m s-1 eastward 
during 2000 - 0400 LT.

The Scintillation Network Decision Aid (SCINDA) 
is one of the most comprehensive radio receiver ground-
based systems designed for scintillation observations. The 
network comprises sites distributed globally with local co-
operators helping maintenance of the sites. The purpose of 
SCINDA is not only to focus on the specification and pre-
diction of satellite communication degradation due to iono-
spheric scintillation, but also to facilitate scientific studies 
on the geomagnetic equatorial region (Ackah et al. 2011; 
McNamara et al. 2013; Andima et al. 2018). A SCINDA 
site contains GPS and VHF receivers and antennas and re-
ceives signals from geostationary satellites at an altitude of 
approximately 35000 km above mean sea level. Though 
scintillations and drifts in the equatorial ionosphere have 
been well studied (Spatz et al. 1988; Basu et al. 1996; Kil et 
al. 2002; Otsuka et al. 2006; Wiens et al. 2006; Olwendo et 
al. 2013; Joshi et al. 2019), the events in the EIA have not 
yet been explored much. In this study, the diurnal, seasonal, 
and solar activity variations of VHF scintillations and drifts 
in the EIA ionosphere observed by the SCINDA site in 
Pingtung (22.6°N, 120.5°E; geomagnetic latitude 12.5°N) 
in 2015 - 2019 during the declining phase of Solar Cycle 24 
are examined in detail.

2. METHODOLOGY

The two VHF receivers at the SCINDA site in Ping-
tung (22.6°N, 120.5°E; dip latitude 12.5°) of southern Tai-
wan are equipped with Yagi-Uda antennas, observing sig-
nals from geostationary satellites at 244 MHz. Figure 1a 
shows the geolocation of the site, which is near the northern 
crest of EIA. The two receivers are separated by 72 m (Joshi 
et al. 2019) in the east-west orientation as shown in Fig. 1b, 
an ideal setup for investigating east-west plasma drifts. The 
receiver to the west is labeled as Channel 1 and the receiver 
to the east is labeled as Channel 0.

The data included in this study is from 2015 to 2019. 
Some components at the observation site were damaged by 
severe weather in 2018, resulting in missing data during the 
second half of the year. Overall, the data set in this study 
covers 360 days of 2015, 360 days of 2016, 355 days of 
2017, 176 days of 2018, and 360 days of 2019. Table 1 tabu-
lates the numbers of days when the VHF observations are 
available for scintillation and drift estimations by season. 
Insufficient data for the estimation of drifts resulted from 
occasional hardware or software failures at one of the re-
ceivers, which also led to overall lower numbers of observa-
tion days in summer and fall as shown in Table 1. Neverthe-
less, the comparison between summer and winter shows that 
less observation days do not necessarily result in less days 

for drift estimations. In the 4th and 5th columns of Table 1 list 
the numbers of days with drift estimations and the numbers 
of drift data points, respectively. The detailed daytime and 
nighttime statistics are also shown. Clearly, the higher the 
available days of observations does not necessarily suggest 
the higher drift data points. Between the two receivers, the 
distribution of overall 10317 1-min drift data includes 6353 
points in spring, 1776 points in summer, 1313 points in fall, 
and 875 in winter. Table 1 shows that the SCINDA data 
set collected in Pingtung, Taiwan is well-balanced and is 
qualified for seasonal and diurnal studies of scintillation and 
plasma drifts.

2.1 Scintillation and the S4 Index

The S4 index, a measure for scintillation, is estimated 
per minute with the equation (Yeh and Liu 1982; Spatz et al. 
1988; Van Dierendonck et al. 1993),
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where I = A2 is the intensity and A is the amplitude of VHF 
signals. There are eight sensors on each of the receivers, 
measuring amplitudes of VHF signals at a time. Averages of 
the eight measurements are taken as final products of S4 in-
dices. Figure 1c demonstrates the process. In this study, we 
define a scintillation event as a continuous segment in time 
with disturbed or faded signal levels. Scintillation occur-
rence rate is defined as the ratio of the number of data points 
with scintillations to that of all the available data points dur-
ing a given time interval, given that the signals came from 
the geostationary satellites when their elevation angles were 
above 30°. Scintillations of S4 index < 0.5 are considered 
weak, and those of S4 index ≥ 0.5 are considered strong 
(Basu et al. 1996). Spotty points of S4 index ≥ 2, which are 
likely caused by bad data points or noise, are excluded from 
the discussion in this work. Studies has shown that weak 
scintillations occurred relatively frequently regardless of 
solar activity levels, while strong scintillations appeared to 
occur during high solar activity (Basu et al. 1996; Hlubek 
et al. 2014). Therefore, this study focuses on scintillation 
events with the S4 index ranging from 0.2 to 2. Figure 1c 
reveals that the S4 index yields double peaks, the daytime 
peak at 1000 LT and the nighttime peak, while the strong 
(weak) scintillations reaches the maximum occurrence at 
2130 (2400) LT.

2.2 Drift Velocity

Drift velocities are estimated per minute when two re-
ceivers were online. Applying auto-correlation and cross-
correlation (Yeh and Liu 1982; Spatz et al. 1988; Joshi et al. 
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(a)

(b)
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Fig. 1. (a) The Pingtung SCINDA site (22.6°N, 120.5°E; dip latitude 12.5°) is located near the northern crest of EIA. (b) Two VHF receivers are 
spaced 72 m apart. (c) Diurnal variation of scintillations: S4 index (gray dots), occurrence rates of strong events (red), weak events (blue), and overall 
events (black). (d) An example of derived plasma drift velocity along with the scintillated VHF signals.

Days w/both Receivers Working Days w/Scintillations Days w/Drifts Number of Drift Data Points

Spring 446 333 149
D:56

6353
D:156

N:115 N:6197

Summer 398 382 192
D:124

1776
D:910

N:138 N:866

Fall 368 332 128
D:54

1313
D:153

N:94 N:1160

Winter 431 324 149
D:90

875
D:454

N:80 N:421

Table 1. Days with available observations for scintillation and drift estimations.
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2019) onto the signals provides the time lags between the 
signal arrivals at the two ground receivers. The drifts can 
then be estimated by the equation,

V x
p m

m
0 2 2

$
x x
xD= +  (2)

where Δx is the distance between the two east-west receiv-
ers, mx  is the time lag at the maximum cross-correlation 
of the two receivers, and px  is the time lag between the 
peak of autocorrelations and that of cross-correlations. Posi-
tive (negative) time lags, mx , indicate eastward (westward) 
drifts. Figure 1d shows an example of how the drifts (top) 
are derived from the two channels (middle: Channel 0; bot-
tom: Channel 1). With our data set, it is found that in general 
drift estimation is possible on the days with scintillation, 
though not a necessary condition.

3. RESULTS

Figure 2 shows the diurnal variation of the S4 indices 
(right vertical axis) and scintillation occurrence rates (left 
vertical axis) organized by year and season. From left to 
right, the panels show months around solstices and equi-
noxes: spring (February, March, and April), summer (May, 

June, and July), fall (August, September, and October), and 
winter (November, December, and January). The scintilla-
tion events with the S4 index of 0.2 - 2.0 are represented 
by the scattered gray dots. The occurrence rate of all the 
scintillation events is shown in black. A closer examina-
tion of the S4 index reveals local-time dependency and sea-
sonal variation of the occurrence rates. In spring and fall, 
strong scintillations occur most frequently at 1900 - 2000 
LT while weak scintillations peak at later hours, often close 
to midnight during 2015 - 2017. The difference between 
the peak hours is observed up to 5 hours, as in the cases of 
spring and fall of 2015. Early studies (Chandra and Rastogi 
1974; Rastogi and Mullen 1981; Prasad et al. 2012) have 
suggested that strong and fast fading scintillations at pre-
midnight hours were associated with range type of spread-
F and weak and slow fading scintillations at post-midnight 
hours were more likely associated with frequency type of 
spread-F. In summer, the occurrence rates of weak scintil-
lations yield the daytime peak at 1000 LT and the nighttime 
at 2400 LT, while those of strong and weak scintillations 
peak at around the same local hour of 2200 - 2300 LT. Dur-
ing 2015 - 2019, strong scintillations in summer and winter 
appear to diminish in a much more rapid fashion compared 
to those in spring and fall. The occurrence rate stays below 
10% for the winter months. Overall, across the five years of 
observations, occurrence rates of strong scintillations lower 

Fig. 2. Scintillations, similar to Fig. 1c, are organized by year and season (centered around solstices and equinoxes). From left to right: spring 
(February, March, April), summer (May, June, July), fall (August, September, October), and winter (November, December, January) months. The 
corresponding year for the panels in a row is labeled in the rightmost panel. Local-time differences between the occurrence peaks of strong (red) and 
weak (blue) scintillations are apparent in spring and summer.
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as the Sun paced toward the late phase of Solar Cycle 24 
into a new solar minimum. This agrees well with previous 
findings that occurrence of scintillations increases with so-
lar activity: highest at solar maximum and lowest at solar 
minimum (Basu et al. 1988; Prasad et al. 2012). The annual 
mean of F10.7 index, the solar radio flux at 10.7 cm in units 
of s.f.u., decreased from 117.5 to 69.7 during this period 
of time: 117.5 in 2015, 88.8 in 2016, 77.2 in 2017, 70.0 in 
2018, and 69.7 in 2019. It is interesting to find that the oc-
currence rates of weak scintillations are somewhat similar 
during 2015 - 2019, especially in summer, which seems in-
sensitive to the solar activity.

The diurnal variation of plasma drifts reveals strong 
eastward drifts at the nightside and apparent westward drifts 
at the dayside as shown in Fig. 3. In Fig. 3a, all the drift data 
points are shown in scatter black dots. The median drifts at 
given local hours are marked in red. In this set of figures, 
circular markers represent data points with the medians of 
S4 index greater than 0.5 (strong scintillation) within the 

hours, and square markers represent those with the medians 
of S4 index lower than 0.5 (strong scintillation). Strong east-
ward drifts of greater than 30 m s-1 often occur concurrently 
with strong scintillations during nighttime, while predomi-
nant westward drifts during daytime mostly correspond to 
weak scintillations. In Fig. 3b, drifts are color-coded by sea-
son: green for spring and fall, blue for winter, and purple for 
summer. Vertical drifts have been shown to reach peak am-
plitudes when the solar zenith angle is the smallest (in Fejer 
et al. 1991). The condition was met during equinox for the 
Jicamarca incoherent scatter radar (ISR) that the downward 
electric field results in prominent eastward drifts due to F-
region dynamo during nighttime (Kelley 2009).

In Fig. 3c, drifts are color-coded by solar activity level. 
During 2015 - 2016, the annual averages of F10.7 are great-
er than 80, which is deemed higher solar activity level in 
this study. The data points during these two years are shown 
in red. The annual averages of F10.7 fall below 80 during 
2017 - 2019, whose data points are shown in blue. Clear 

(a)

(b)

(c)

Fig. 3. The diurnal variation of plasma drifts reveals strong eastward drifts at the nightside and apparent westward drifts at the dayside. (a) Plasma 
drifts (black) with the medians at local hours marked in red. (b) Drifts are color-coded by season: green for spring and fall, blue for winter, and 
purple for summer. (c) Drifts are color-coded by solar activity level: higher level (with annual-mean F10.7 greater than 80) in red and lower solar 
activity (with annual-mean F10.7 lower than 80) in blue. Symbols with the corresponding hourly medians of S4 indices above 0.5 are shown as 
circles (strong scintillations) and that below 0.5 are shown as square (weak scintillations).
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local-time dependency of plasma drift can be observed dur-
ing high solar activity years: predominant eastward drifts 
during nighttime and predominant westward drifts during 
daytime. During 2017 - 2019, when solar activity was low, 
no strong tendency of nighttime drifts is observed, while the 
daytime drifts still appear to be predominantly westward.

4. DISCUSSION AND SUMMARY

A valuable data set of scintillations and plasma drifts 
is derived from 5 years of VHF observations conducted in 
Pingtung, Taiwan, where is under the northern EIA region. 
The results show that strong scintillations (S4 > 0.5) appear 
frequently at early nighttime in spring and fall during the 
high solar activity year of 2015, while weak scintillons (S4: 
0.2 - 0.5) occur often at early daytime and more frequently 
at early nighttime in summer without obvious correlation 
with solar activity levels. Scintillations with frequent occur-
rences tend to appear at early nighttime of equinox during 
high solar activity years of 2015 - 2016. Over the 5 years 
of observations, occurrence rates of scintillations lower 
as the Sun paced toward the late phase of Solar Cycle 24 
into a new solar minimum. The strong scintillations occur 
frequently at early nighttime in spring and fall during the 
high solar activity year of 2015, which agree well with the 
L-band S4 scintillations of GPS signals at the EIA region 
(Liu et al. 2012, 2016). The agreement suggests that the pre-
reversal enhancement and solar activity are essential factors 
for scintillation occurrences (Kelley 2009). On the other 
hand, the weak scintillons occur frequently at early day-
time and more often at early nighttime in summer without 
obvious correlation with solar activity, which generally are 
similar to the daytime S4 observed by SCINDA GPS receiv-
ing stations in low latitude region (Seif et al. 2017) and the 
L-band S4 scintillations of sporadic E (Es) at the low/middle 
ionosphere (Liu et al. 2012, 2016). We conclude that the 
observed strong and weak VHF scintillations resulted from 
different causals.

We also demonstrated the possibility of estimating 
drift velocity with the VHF data. A clear diurnal variation 
of drift velocities shows the eastward drifts of ~50 - 60 m s-1  
during nighttime and the westward drift of the similar 
magnitude during daytime. The day/night feature is more 
prominent during high solar activity years. In spring and fall 
months, the directionality of drifts is distinctly different at 
the dayside and nightside. The pattern of east-west horizon-
tal VHF drifts is similar to that of the F-region east-west 
horizontal drifts observed by the ISR at Arecibo (18.33°N, 
66.75°W, 46.7° magnetic dip) in the middle ionosphere, 
and by the ISR at Jicamarca Radio Observatory, Jicamar-
ca, Peru (11.95°S, 76.87°W, 1° magnetic dip), which had 
a maximum in eastward drifts of about 110 (-50) m s-1 in 
the nighttime (daytime) (Kelley 2009). However, eastward 
drifts almost diminished in summer and winter months as 

well as in the low solar activity years of 2017 - 2019. Liu 
et al. (2011) examined plasma depletions in the 630.0 nm 
emission over the EIA region in Taiwan during the solar 
maximum of 1998 - 2002 and the solar minimum of 2006 - 
2007. They found that the equatorial plasma bubble (EPB) 
depletions, especially in the equinox months, are aligned 
along in the north-south direction and drift eastwards with 
velocities in the range 60 - 170 m s-1 in the pre-midnight 
period during the solar maximum year. However, EPB 
depletions were almost completely absent during the solar 
maximum year. The agreement in prominent eastward drifts 
between EPBs and the VHF scintillations might be due to 
pre-reversal enhancement (PRE) increasing in the equinox 
months during the solar maximum years. By contrast, de-
creases of PRE could drastically suppress the occurrence 
of scintillations and significantly modify drift velocities in 
the solstice months during the solar minimum years (Kel-
ley 2009). In summary, this paper, for the first time, reports 
diurnal, seasonal, and solar activity variations of the hori-
zontal east-west drift of VHF scintillations in the EIA iono-
sphere. Compared to tremendous cost and space associated 
with ISRs, VHF receivers are much more economic and 
mobile. This signifies the critical roles of VHF receivers 
and the SCINDA program in our understanding the iono-
spheric state and dynamics.
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