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Abstract We investigate the azimuthal distribution of amplitude scintillation observed by Global
Positioning System (GPS) ground receivers at Pontianak (0.0°S, 109.3°E; magnetic latitude: 9.8°S) and
Bandung (6.9°S, 107.6°E; magnetic latitude: 16.7°S) in Indonesia in March and September from 2011 to 2015.
The scintillation is found to occur more to the west than to the east in March at both stations, whereas no
such zonal difference is found in September. We also analyze the zonal scintillation drift as estimated using
three closely spaced single-frequency GPS receivers at Kototabang (0.2°S, 100.3°E; magnetic latitude: 9.9°S)
in Indonesia during 2003–2015 and the zonal thermospheric neutral wind as measured by the CHAMP
satellite at longitudes of 90°–120°E during 2001–2008. We find that the velocities of both the zonal
scintillation drift and the neutral wind decrease with increasing latitudes. Interestingly, the latitudinal
gradients of both the zonal scintillation drift and the neutral wind are steeper in March than in September.
These steeper March gradients may be responsible for the increased westward altitudinal and latitudinal
tilting of plasma bubbles in March. This equinoctial asymmetry could be responsible for the observed
westward bias in scintillation in March, because the scintillation is more likely to occur when radio waves pass
through longer lengths of plasma irregularities in the plasma bubbles.

1. Introduction

In equatorial and low-latitude regions, scintillation on the L band of the Global Positioning System (GPS)
occurs mainly because of irregularities inside plasma bubbles, which are magnetic field-aligned plasma
depletion structures in the equatorial ionosphere. These bubbles are generated after sunset via the
Rayleigh-Taylor instabilities developing at the bottomside of the F region at the magnetic equator [Sultan,
1996] and grow simultaneously in altitudes and latitudes [e.g., Mendillo and Baumgardner, 1982]. The
associated plasma density irregularities exist at various scales in the plasma bubbles [Basu et al., 1978].
Scintillation of radio waves passing through the ionosphere is caused by those irregularities that are on
the same scale as the first Fresnel zone, which depends on the wavelength of the radio waves and the
altitude of the irregularities [Pi et al., 1997]. In case of the GPS-L1 band (1.57542 GHz), amplitude scintillation
is caused by irregularities on a scale of ~400 m at an altitude of ~300 km.

Morphological studies of plasma bubbles show that they tilt westward and drift eastward as they extend
toward higher altitudes and latitudes, have east-west extensions of between 100 km and several hundred
kilometers, and have a steeper plasma density gradient at their western wall than at their eastern wall
[Mendillo and Baumgardner, 1982]. The amplitudes of the plasma density irregularities tend to be larger in
the equatorial ionization anomaly (EIA) crest region, where the plasma density is high. Therefore, scintillation
tends to be concentrated in the EIA [de Paula et al., 2003]. In addition to the EIA, the scintillation intensity
tends to be higher when the radio waves propagate nearly parallel to the magnetic field lines because irre-
gularities inside the plasma bubbles are aligned with the magnetic field lines [Anderson and Straus, 2005;
Abadi et al., 2014; Moraes et al., 2017]. Scintillation observed by ground receivers tends to be more frequent
in an azimuth direction of westward than eastward. Abadi et al. [2014] attributed this to the westward tilting
of plasma bubbles. Indeed, they suggested that the raypaths of westward traveling radio waves could be
parallel to the plasma bubble vertical structure, and therefore, such radio waves would suffer more from
scintillation effect in plasma bubbles over longer distances than those traveling eastward.
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From a climatological perspective, GPS scintillation associated with plasma bubbles occurs mostly between
sunset and midnight [Basu et al., 1978] at times of the year when the sunset terminator is aligned with the
geomagnetic meridian [Abdu et al., 1981; Maruyama and Matuura, 1984; Tsunoda, 1985] and depends on
the prevailing level of solar activity [Basu et al., 1988]. In the Southeast Asian longitudinal sector, more
scintillation occurs around the equinoxes (March–April and September–October) [Maruyama and Matuura,
1984; Nishioka et al., 2008; Abadi et al., 2014]. Another interesting feature of scintillation climatology is that
scintillation occurs asymmetrically between the two equinoxes [Otsuka et al., 2006; see also Burke et al.,
2004]. Otsuka et al. [2006] analyzed GPS scintillation activity from 2003 to 2004 and found more scintillation
in March–April than in September–October. Although the alignment of the solar terminator with the mag-
netic field explains the seasonal longitudinal variation of plasma bubble occurrence [Abdu et al., 1981;
Tsunoda, 1985], it cannot account by itself for this equinoctial scintillation asymmetry. Maruyama et al.
[2009] showed that the trans-equatorial meridional wind could be responsible for equinoctially asymmetric
plasma bubble generation. They showed that the trans-equatorial wind speeds around the September equi-
nox are higher than those around the March equinox and suggested that the trans-equatorial wind might
suppress plasma bubble growth. Otsuka et al. [2006] reported that the eastward zonal scintillation drift after
sunset is faster in March–April than in September–October. They proposed this stronger eastward drift
(which could be generated by the stronger zonal eastward wind around sunset driving the F region dynamo)
as the cause of the stronger eastward electric field that favors plasma bubble generation. However, the actual
cause of the equinoctial scintillation asymmetry is still under discussion.

Abadi et al. [2014] analyzed GPS scintillation data obtained at Pontianak, Indonesia, from 2009 to 2010 and
found that scintillation occurred more frequently to the west of the receiver than to the east. They suggested
that this zonal difference in scintillation is due to the westward tilting of plasma bubbles. However, the
equinoctial asymmetry, i.e., the difference between spring and autumn equinoxes, in the zonal scintillation
distribution observed by the ground receiver has not been studied yet. Here we aim to identify the cause
of the different zonal scintillation distributions between the March and September equinoxes. We discuss
the possibility that the latitudinal gradients of the zonal irregularity drift and the neutral wind are both
responsible for the westward tilting of plasma bubbles.

2. Observations

We used ground GPS receivers at two sites to observe the scintillation activity around the EIA region in the
western part of Indonesia. The ground stations were located at Pontianak (PTK; 0.0°S, 109.3°E; magnetic
latitude: 9.8°S) and Bandung (BDG; 6.9°S, 107.6°E; magnetic latitude: 16.7°S). Figure 1 shows the geographic
locations of the receivers used in this study. We used the S4 index to investigate the amplitude scintillation
of the L1 signal due to ionospheric irregularities inside plasma bubbles. The S4 index is the ratio between
the standard deviation of the received signal intensity and its average value over a certain period [Kintner
et al., 2007]. The receivers at the PTK and BDG stations were GSV4004B units that recorded the carrier-to-noise
ratio at the L1 frequency with a sampling rate of 50 Hz and provided values of the S4 index at 1 min intervals.
These units also provided values of the standard deviation of code-carrier divergence (sigma-CCD) para-
meter, which can be used to separate multipath effects from ionospheric scintillation. In this case, we used
the sigma-CCD parameter to exclude the scintillation due to multipath effects that occurs frequently at
low-elevation angles; in this study, we used scintillation data at elevation angles as low as 10°. We applied
the technique reported by Abadi et al. [2014] for using the sigma-CCD parameter to exclude multipath effects
from scintillation data. Note that we used the same receivers as did Abadi et al. [2014]. We have analyzed the
scintillation data obtained at these sites each day between 1900 and 2400 LT (local time) in March and
September from 2011 to 2015 with the data availability at both PTK and BDG stations.

We also investigated the latitudinal variations of the zonal scintillation drift velocities, using three closely
spaced GPS single-frequency (L1) receivers (Ashtech G12 units) that recorded the carrier-to-noise ratio at
the L1 frequency with a sampling rate of 20 Hz. They are located at relative distances on the order of
100 m. They were installed at the station at Kototabang (KTB; 0.2°S, 100.3°E; magnetic latitude: 9.9°S) in
Indonesia, which is located at the same latitude as the PTK station but a further 9°W in longitude. The inset in
Figure 1 shows the configuration of these three GPS receivers; two were positioned east-west to be aligned
geographically and magnetically with the zonal direction and the third was positioned to the south (for
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details, see Otsuka et al. [2006]). We
used the method of Otsuka et al. [2006]
for estimating scintillation drift velocity.
The time lags (τ) of the perturbed L1-
signal intensities for three receiver pairs
were calculated at 1 min intervals by
applying cross correlation to the time
series of the received signal intensities
for 1 min. The apparent drift velocity
(v) of the irregularity causing the L1 scin-
tillation was then obtained from d/τ,
where d is the distance between the
two subionospheric points of the recei-
vers at an altitude of 300 km. Note that
the v consists of the velocity of irregular-
ity drift and satellite motion. The irregu-
larity drift velocity relative to the ground
can be obtained by subtracting the
satellite velocity from the v. The latitudi-
nal variation in scintillation drift velocity
was investigated by analyzing night-
time data obtained between 2000 and
2400 LT during March and September
for the 12 years from 2003 to 2015. We
used only scintillation drift velocities
obtained at satellite elevation angles
higher than 30°, which covers magnetic
latitudes from �6° to �15°.

We also analyzed the zonal neutral wind
by using in situ measurements of atmo-
spheric drag taken by the CHAMP satel-
lite, which orbits at an altitude of
~400 kmwith an inclination of 87.3°; this
measures neutral wind velocity using an

onboard accelerometer [Reigber et al., 2002; Liu et al., 2006; Sutton et al., 2007]. In principle, the zonal neutral
wind can be discerned by subtracting the velocity of the satellite motion from the total cross-track wind
derived from the total acceleration measured using the accelerometer. In this study, we used the same
CHAMP zonal-wind velocity data (with a 10 s time resolution) as did Liu et al. [2006]. They used the CHAMP
satellite to study the zonal wind in detail and reported several important findings related to the climatology
of the global equatorial wind. This wind is influenced considerably by the solar flux both during the day and
night. However, the wind is affected more by geomagnetic activity at night than it is during the day.
Seasonally, the wind tends to be weaker around the June solstice, regardless of solar flux and geomagnetic
activities. Diurnally, an eastward wind occurs between 1200–0600 MLT (magnetic local time) and
1200–0300/0400 MLT for high and low F10.7, respectively; outside those MLT periods, the wind blows west-
ward. Liu et al. [2009] showed that the eastward wind after sunset maximizes at the dip equator, with winds
decreasing away from the equator. Here we investigate the latitudinal variation of the zonal thermospheric
wind at longitudes of 90°E–120°E between 1900 and 2300 LT during March and September from 2001
to 2008.

3. Results

In order to investigate the scintillation rates in different directions, we divided both the azimuth and
elevation angles between satellite and receiver into 10° bins. We calculated the ratio between the number
of scintillations and the number of observation epochs in a 3 × 3 matrix of bins and equated this ratio

Figure 1. Geographic locations of the GPS receivers used in this study.
The black dashed lines show magnetic latitudes at an altitude of
300 km. The red circles show the fields of view at an altitude of 300 km for
the GPS receivers at the BDG and PTK stations.
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with the occurrence rate at the center bin of the matrix. In this study, we used the LT at the ionospheric
pierce point (IPP) at an altitude of 300 km for each satellite epoch. Only the scintillations with S4 index
≥0.2 are counted in the calculation of occurrence rate. The scintillation intensity below this level is
considered as noise.

Figure 2 shows the directional distributions of scintillation at PTK station during both March (Figures 2a–2c)
and September (Figures 2d–2f). The azimuth is measured clockwise from due north. In Figures 2a and 2d, the
panels show the scintillation occurrence rates as sky plots in which the radio wave directions from satellite to
receiver are shown, and Figures 2b and 2e and 2c and 2f show the azimuthal dependencies of the scintillation
rates for S4 index larger than 0.2 and 0.5, respectively. We see a high scintillation rate across the southern sky
for PTK station during both March and September, but interestingly, there is a clear difference in the March
zonal scintillation distribution compared with the September one. The following points can be noted in

Figure 2. Distributions of scintillation rates observed at the PTK station during (a–c) March and (d–f) September. Figures 2a
and 2d show the scintillation rates as sky plots, whereas Figures 2b and 2e and 2c and 2f as functions of azimuth angle
when S4 index ≥0.2 and S4 index ≥0.5 are counted, respectively. The black and red curves in Figures 2b and 2e and 2c and 2f
indicate the azimuthal dependences of eastward (0°–180° in azimuth) and westward (180°–360° in azimuth) scintillation,
respectively.
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Figure 2: the westward scintillation rate is notably higher than the eastward one (Figure 2a); there is a clear
tendency for more scintillation in March in the southwest (azimuth angles of 180°–240°) than in the
southeast (azimuth angles of 120°–180°) (Figure 2b); this clear tendency is still consistent even though we
increase scintillation intensity (S4 ≥ 0.5) in the occurrence rate calculation (Figure 2c); there tends to be
more scintillation in the southeast in September (Figure 2d); scintillation tends to be more prominent at
azimuth angles of 120°–180° (Figure 2e), and this zonal difference in scintillation in September is found to
be opposite to that in March; the zonal difference in scintillation in September tends to be clearer for
scintillation intensity larger than 0.5 (Figure 2f). Another feature seen in Figure 2 is that the zonal
difference depends predominantly on scintillation at low-elevation angles in both March and September.

Figure 3 is as Figure 2 but for the BDG station, where scintillation occurs mostly in the northern sky during
both March and September. The difference between the eastward and westward scintillation distributions
is seen most clearly in March. As shown in Figures 3a–3c, scintillation in March occurs more in the northwest
than in the northeast, whereas Figures 3d–3f shows scintillation in September being comparable at both

Figure 3. As for Figure 2 but at Bandung (BDG) station.
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directions. As at the PTK station, the zonal difference in scintillation in BDG station is seen more clearly at
lower elevation angles.

The most interesting aspect of the scintillation observations at the PTK (Figure 2) and BDG (Figure 3) stations
(which are separated by 6° in latitude) is that westward scintillation is clearly more pronounced than eastward
scintillation in March, whereas no such zonal difference—higher scintillation occurrence in the west
compared with the occurrence in the east— is discernible in September.

Next, we show observational results for the latitudinal variations of the velocities of the zonal scintillation
drifts and neutral winds. Figure 4 shows the latitudinal variations of scintillation drift velocities measured
using the three closely spaced receivers at KTB station (Figures 4a and 4b) and the latitudinal variations of
zonal wind velocity measured using the CHAMP satellite (Figures 4c and 4d). The velocities of zonal scintilla-
tion drifts and neutral winds are classified into two data sets, namely, in March and in September. Each dot in
Figures 4a and 4b and Figures 4c and 4d indicates a scintillation drift and neutral wind velocity measured in
1 min and in 10 s, respectively. The black curve in each panel indicates the average velocity over 1° of
magnetic latitudes, and the bars indicate its standard deviations. The red line in each panel shows the linear
fits to the 1 min data and the 10 s data from �8° to �15° and from �5° to �20° in magnetic latitudes for the
velocities of scintillation drifts and neutral winds, respectively. The black and red numbers show the latitudi-
nal gradients obtained from the linear fit of velocity (red line) and the average value of daily F10.7, respec-
tively. As shown in Figures 4a and 4b, the average zonal scintillation drift velocity decreases with magnetic
latitude in both March and September. Our results are consistent with those of Kil et al. [2002], who showed
that the zonal velocity of scintillation drift decreases from the magnetic equator to the EIA region in the
Brazilian longitudinal sector, and agree with the results of Sobral and Abdu [1991] on latitudinal variation in
plasma bubble drift (measured optically) in the Brazilian sector.

Figure 4. Latitudinal variations of zonal scintillation drift velocity during (a) March and (b) September estimated from three
closely spaced GPS receivers at the KTB station. Latitudinal variations of zonal neutral windmeasured using CHAMP satellite
during (c) March and (d) September.
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We now emphasize the difference between the latitudinal gradients of zonal scintillation drift in March and
September, which are �4.1 m/s/deg and �1.7 m/s/deg, respectively. Comparing the latitudinal gradients of
zonal scintillation drift in those two equinoctial months, we find that the one in March is approximately twice
as steep as the one in September. The average daily F10.7 index is the same in both March and September
(roughly 130 sfu (solar flux unit)). Thus, we suggest that the current results are not affected by mixing those
solar activity dependencies.

The accuracy of drift velocity measurement is estimated to be 4m/s on the basis of a signal intensity sampling
rate of 20 Hz, a receiver separation on the order of 100 m, and a typical drift velocity of 100 m/s [see Otsuka
et al., 2006]. Therefore, the wide scatter observed in the measured drift velocities cannot be attributed to
measurement error alone but also to the effects of (i) fluctuations in drift velocity during the initial phase
of plasma bubble generation, (ii) local time variations, (iii) magnetic activity, and (iv) day-to-day variability
of drift velocity. We discuss these various possibilities below.

In this study, we used drift-velocity data from only 2000 to 2400 LT during both March and September
because those from 1800 to 2000 LT were found to fluctuate excessively. This was probably because the latter
local time period corresponds to the initial phase of generation for both plasma bubbles and plasma density
irregularities. Hence, we excluded the drift data from this local time period to minimize the velocity fluctua-
tions. The drift velocity also experienced local time variations, it being highest after sunset and then decreas-
ing with time. We have analyzed the latitudinal variation of drift velocity in the same way as shown in
Figures 4a and 4b but classified into two groups based on local time period, namely, 2000–2200 LT and
2200–2400 LT. Figure 5 shows the latitudinal variations of drift velocity for the two local time groups during
both March and September. As shown in Figure 5, the latitudinal profile of drift velocity is steeper in March
than it is in September for both groups. The latitudinal gradient of drift velocity was maintained from 2000 to

Figure 5. Latitudinal profiles of scintillation drift velocity for 2000–2200 LT during (a) March and (b) September and for
2200–2400 LT during (c) March and (d) September.
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2400 LT. As for the effect of magnetic activity, we used only drift velocity data that was obtained during mag-
netically quiet periods, which is defined as a condition that the maximum Kp index during 0600–1200 UT
(around 1300–1900 LT in longitude of ~107°E) is less than 3, because Carter et al. [2014] have shown that
the modeled zonal wind at the equator varied linearly with Kp from hours earlier (see their Figure 3c).
During the night, the plasma motion in the equatorial region and the low-latitude F region is caused by
the neutral wind via the F region dynamo. Liu et al. [2006] showed that the nighttime thermospheric wind
has a high day-to-day variability, which means that the same is true for the nighttime drift velocity; this
may be the main cause of the scatter in our drift-velocity data.

Figures 4c and 4d show the latitudinal shear of the zonal neutral wind velocity deduced from in situ measure-
ments from the CHAMP satellite. Because the zonal neutral wind (particularly at night) is influenced by
magnetic activity [Liu et al., 2006], we used only zonal wind data obtained during magnetically quiet periods.
We note that the period of the zonal wind data used in this study is different from that of the scintillation
observations. However, the average daily F10.7 value for the days used for wind data analysis is not signifi-
cantly different from that for the days used for scintillation drift analysis. As shown in Figures 4c and 4d,
the average daily F10.7 values for wind data sets of March and September are 139 and 127 sfu, respectively.
We also note that the latitudinal variation of zonal neutral wind velocity is highly scattered. We found that
the zonal wind velocity data from CHAMP for both March and September are not equally distributed in local
time and solar activity level. In the March data set, the majority of data with F10.7 ≥ 150 are from 1800 to 2000
LT and themajority with F10.7< 150 are from 2100 to 2400 LT, whereas for the September data the equivalent
correspondences are (F10.7 ≥ 150: 2200–2400 LT) and (F10.7 < 150: 1800–2300 LT). Hence, the wind velocity
shows a local time variation, with the velocity being higher after sunset and lower around midnight. In addi-
tion, the eastward wind velocity shows a strong positive correlation with solar activity [Liu et al., 2006]. To deal
with these local time effects, we used data points from 1900 to 2300 LT in order to minimize the statistical
errors associated with local time and solar activity in the calculation of average latitudinal wind velocity.

As with the latitudinal variation of scintillation drift velocity, we also found that the latitudinal variation of
zonal wind velocity showed a negative gradient during both March and September. In Figures 4c and 4d,
we see that the zonal wind velocity is largest at the magnetic equator and decreases with latitude. This fea-
ture is the so-called equatorial thermosphere jet reported in Liu et al. [2009] using the CHAMP observations
and is consistent with DE-2 observations shown in Raghavarao et al. [1991] and the GOCE observations
shown in Liu et al. [2016]. Coincidently, we found a steeper latitudinal gradient of zonal wind velocity in
March than in September: �5.0 m/s/deg and �3.0 m/s/deg, respectively. We note a difference of roughly
35 m/s in wind velocity at a magnetic latitude of �5° between March and September, although this is within
one standard deviation. The total systematic error in the wind measurements from the CHAMP satellite is
15 m/s, increasing to 22 m/s near the terminator time [see Liu et al., 2006, Appendix A]; hence, we excluded
wind data near the terminator time. Therefore, a difference of roughly 35m/s in wind velocity could be due to
the different natural conditions in March and September, rather than being from measurement error. This is
also consistent with a statistical analysis of CHAMP wind during 2000–2010, showing larger wind speed
around March equinox than around September equinox [Liu et al., 2016, Figure 6]. As stated earlier, we attri-
bute the high degree of scatter in the wind analysis data to the high daily variation in nighttime wind velocity.

4. Discussion

As shown in Figures 2 and 3, scintillation is more pronounced to the south at PTK and to the north at BDG.
With PTK and BDG being located at magnetic latitudes of �9.8° and �16.7°, respectively, these findings
can be attributed to the average location of the EIA crest over the Indonesian longitudinal sector, as reported
by Abadi et al. [2014]. It is well known that the strength of amplitude scintillation is proportional to the ampli-
tude of the plasma density perturbations [Basu et al., 1976; Aarons, 1977; Yeh and Liu, 1982]. Therefore, the
strongest amplitude scintillation tends to occur in the region with the highest background density. The
plasma density is relatively high in the EIA crest, so amplitude scintillation is stronger around the EIA region
and occurs there more frequently [de Paula et al., 2003]. Hence, the more pronounced southward (northward)
scintillation at PTK (BDG) is because the EIA crest is located between PTK and BDG.

We also note that the scintillation rates at both PTK and BDG are higher at lower elevation angles during both
March and September. Radio waves arriving at lower elevation angles are more likely to have suffered from
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multipath effects in the vicinity of the receiver. However, multipaths can occur at fixed directions during any
season if the environment around the receiver is invariant. The current observational results show a differ-
ence between the azimuthal distributions of scintillation rate in March and September. Consequently, the
scintillation observed at both PTK and BDG could not have been caused by multipath effects, but must
instead have been caused by ionospheric scintillations due to ionospheric irregularities.

As part of our overall goal, we focus on this difference between the March and September zonal scintillation
distributions. Our findings show clearly that the higher westward scintillation (compared with the eastward
scintillation) during March pertains to both stations used in this study, whereas the September zonal scintilla-
tion difference is not the same for both stations. We will consider three factors that may affect the zonal scin-
tillation distribution, namely, the east-west density gradient, the longitudinal variability of plasma bubble
occurrence, and the westward tilting of plasma bubbles. Of these factors, we suggest that the westward tilt-
ing of plasma bubbles is the main cause of the zonal scintillation difference observed by the ground recei-
vers, as suggested also by Abadi et al. [2014]. Furthermore, this suggestion implies that plasma bubbles are
tilted further westward in March than they are in September. Next, we discuss possible reasons for highlight-
ing westward plasma bubble tilting as the dominant factor in the zonal scintillation distribution.

As mentioned above, the background plasma density can affect scintillation intensity. Therefore, we examine
the longitudinal plasma density variations as a possible cause of zonal scintillation distribution detected by
the ground receivers. We consider that local time differences may cause an east-west plasma density gradi-
ent. At the sunset terminator, the plasma density to the west of a receiver tends to be higher than that to the
east because plasma density decreases with local time, and this east-west density gradient may contribute to
higher scintillation to the west of the receiver. In order to avoid these local time effects, as stated earlier, we
used the local time at the IPP at which scintillation was observed, thereby eliminating any east/west bias from
our results. Furthermore, for an east-west plasma density gradient related to local time difference to be the
main factor in the zonal scintillation distribution, the latter would have to be the same in both March and
September. However, our observations show that the asymmetric east-west scintillation distribution, in par-
ticular higher westward scintillation compared with one in eastward, pertains only to March. Thus, the east-
west plasma density gradient due to local time differences cannot be a contributing factor to the zonal
scintillation distribution.

Alternatively, the zonal scintillation distributions observed at PTK and BDG could be attributed in principle to
longitudinal variations in plasma bubble occurrence. By using multibeam steering radars at Kototabang in
Indonesia (0.2°S, 100.3°E) and Sanya in China (18.4°N, 109.6°E), Li et al. [2016] found that occurrence rates
of plasma bubble at two sites are comparable, although the generation rate of plasma bubble over
Kototabang is almost twice higher than those over Sanya. They argued that the two occurrence rates were
in fact comparable because plasma bubbles move eastward from Kototabang to Sanya over a distance of
roughly 1,000 km. Consequently, longitudinal variations in plasma bubble occurrence do not contribute to
the zonal scintillation distribution.

In addition to higher plasma density leading to stronger irregularities, the intensity of scintillation on GPS
signals is affected also by the radio wave path lengths through the irregularities. In the case of westward
tilted plasma bubbles, the raypaths of radio waves from a satellite in the western sky (compared with one
in the eastern sky) would be more parallel to the plasma bubble structures. Thus, radio waves from the west
are likely to propagate through more plasma bubble irregularities than those from the east, and the
possibility of enhanced scintillation intensity (usually expressed in the literature as the S4 index) due to longer
propagation path along the westward-tilted vertical bubble irregularity structure is understandable for the
case of observations in the western azimuth. On the other hand, less intense scintillation should be present
for observations in eastern azimuth. Hence, our observations in March shown in Figures 2 and 3 support the
conclusion that westward plasma bubble tilting can be the main cause of the higher westward
scintillation occurrence.

In addition, based on Figures 2 and 3, we reported that this east-west scintillation asymmetry was more
pronounced in March compared with September as observed from all stations used in this study. Hence,
we turn now to a possible cause of this observation. We speculate that the westward plasma bubble tilting
is more pronounced around the March equinox than it is around the September equinox. In fact, the scintilla-
tion distribution, looking from PTK station, in September shows enhanced occurrence predominantly in the
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south-eastern azimuth region, which may not fit with the westward tilting of the bubble structure. In order to
test this hypothesis, we investigate the latitudinal variations in the velocities of the zonal scintillation drift and
neutral wind and discuss their differences between March and September.

A latitudinal variation in drift velocity corresponds to a vertical variation in drift velocity on the vertical plane
at the equator [Kil et al., 2002], because an electric field is mapped without attenuation along the magnetic
field lines between the northern and southern hemispheres [Saito et al., 1995]. We assume that the average
scintillation drift corresponds to the background plasma drift. Thus, based on Figures 4a and 4b, our findings
in relation to the negative gradient in the latitudinal variation of scintillation drift indicate a negative gradient
in the altitudinal variation of the background plasma drift on the equatorial plane. Hence, the
altitudinal/latitudinal variation of eastward background plasma drift could be responsible for the westward
tilting of plasma bubbles [Woodman and La Hoz, 1976; Zalesak et al., 1982; Kil et al., 2009]. The zonal
background plasma drift is caused by the zonal neutral wind via the F region dynamo process. Our observa-
tions shown in Figures 4c and 4d reveal that the latitudinal gradient in wind velocity is steeper in March than
in September. This result supports the hypothesis that plasma bubbles are tilted westward more in March
than in September and suggests that this equinoctial asymmetry of westward plasma bubble tilting is due
to the equinoctial asymmetry in the latitudinal gradient of the zonal neutral winds.

We found that the magnitude of the average zonal scintillation drift is not comparable with that of the aver-
age neutral wind velocity. It should be noted that the velocity discussed in this study is not that of back-
ground plasma drift but rather the drift velocity of the plasma bubble irregularities that cause the GPS-L1
scintillation. Many previous studies have reported that irregularities inside a plasma bubble do not move
according to the background plasma drift velocity [e.g., Huang et al., 2010; England and Immel, 2012;
Chapagain et al., 2013; Kil et al., 2014]. In fact, this study measured the zonal scintillation drift and neutral wind
at altitudes of ~300 km and ~400 km, respectively. Since the zonal wind is the driver for the zonal plasma drift
through F region dynamo, this difference between the two zonal velocities should imply a negative height
gradient; that is, the velocity decreasing from 300 km to 400 km (at all latitudes of the observations) should
directly contribute to the westward tilt of the bubble vertical structure. However, in the present study, we do
not discuss this discrepancy between scintillation drift and background plasma motion in detail. Instead, we
focus on the differences in the latitudinal gradients of zonal scintillation drift and wind velocity between
March and September. There appears to be a correspondence between the equinoctial difference in the
latitudinal gradient of scintillation drift (plasma condition) and that in the latitudinal gradient of zonal wind
velocity (neutral condition). Both latitudinal variations show steeper gradients in March than in September.
Thus, we suggest that the equinoctial asymmetries in these latitudinal variations of plasma and neutral could
be responsible for the westward bias in scintillation occurrence being observed more in March than
in September.

The equinoctial asymmetries in neutral wind and thermospheric composition could be responsible for the
equinoctial asymmetry in the ionosphere [Balan et al., 1998]. This result is consistent with our findings that
the equinoctial asymmetry in the latitudinal profile of the zonal plasma drift can be attributed to that in
the latitudinal profile of the thermospheric wind. By using ROCSAT-1 satellite observations from 1999 to
2004, Ren et al. [2011] showed clearly that the maximum electric field at the sunset terminator—the so-called
pre-reversal enhancement (PRE)—in the equatorial region at longitudes of 150°–320° is higher at the March
equinox than at the September equinox. Such asymmetry has been observed over South America from
ground-based measurement as well [see, for example, Abdu et al., 2004, Figure 9]. They also considered
the equinoctial asymmetry in PRE to be caused by the equinoctial asymmetry in thermospheric wind via
the F region dynamo process.

Abdu et al. [2009] described the important roles of gravity wave (GW) on the plasma bubble generation,
namely: GW directly provide a seed or an initiation for the bubble generation through modulating F region
altitude and/or density perturbations; GW could also modulate the background eastward thermospheric
wind that can influence PRE strength which is an important factor for the bubble generation. Therefore,
we consider that the equinoctial asymmetry in the existence of GW in the ionosphere, though it has not been
reported yet by previous studies, could cause equinoctial asymmetry in the plasma bubble occurrence. In
relation to the focus of this study, we may consider another aspect for the role of GW on plasma bubble evo-
lution; that is, the eastward thermospheric wind induced by GW may also affect the altitudinal/latitudinal
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structure of plasma bubble. Some of the upward propagating GWs generated in the lower atmosphere reach
the thermosphere and deposit momentum into the background atmosphere upon breaking. In addition,
some secondary GWs generated around/below the mesopause region reach the thermosphere [Vadas and
Nicolls, 2012]. These waves also break in the thermosphere and deposit momentum into the background
atmosphere, causing acceleration/deceleration of the thermospheric wind [Vadas and Liu, 2011]. Alexander
et al. [2008] used the Equatorial Atmosphere Radar at Kototabang, Indonesia, to investigate the 5 year seaso-
nal variation of upward flux of the zonal momentum transferred by GWs below an altitude of 12 km and
found that the zonal momentum of GWs with periods of less than 24 h was eastward for all year long (see
their Figure 11b). In that figure, the eastward momentum flux can be seen to be larger in March than in
September. This indicates an equinoctial difference in the GWmomentum flux in the lower atmosphere over
Western Indonesia, which is the same region covered in our study. We thus consider it possible that this
equinoctial asymmetry in the GW momentum deposits in the thermosphere could be responsible for the
equinoctial asymmetry in the nighttime thermospheric neutral wind, and consequently in the equinoctial
asymmetry in the westward tilting of plasma bubble. In order to confirm this effect, we need to investigate
further the extent to which such GWs propagate into the thermosphere and to estimate the amounts of
momentum that they deposit there.

5. Conclusions

We have analyzed the S4 index of amplitude scintillation as observed by GPS ground receivers at Pontianak
and Bandung in Indonesia during March and September from 2011 to 2015. We did this analysis in order to
study the equinoctial asymmetry in the zonal distributions of scintillation occurrence. Our most important
finding is that scintillation in March occurs more in the western azimuth than in the eastern azimuth as
observed from all stations, whereas no such zonal scintillation difference is discernible in September.
Because a higher westward scintillation is indicative of a westward tilting of plasma bubbles, our observa-
tional results suggest that plasma bubbles are tilted westward in altitude/latitude more in March than they
are in September. In order to check this hypothesis, we investigated latitudinal variations in zonal scintillation
drifts as estimated using three closely spaced GPS receivers and CHAMP satellite measurements of the neu-
tral thermospheric wind. We found that the velocities of both the scintillation drift and the neutral wind
decreased with increasing magnetic latitudes, and the latitudinal gradients of both scintillation drift and neu-
tral wind were steeper in March than in September. These observations support the idea that plasma bubbles
are tilted westward more in March than in September. Consequently, we conclude that this further westward
plasma bubble tilting in March could be responsible for the observed higher westward scintillation as com-
pared with the eastward scintillation. The equinoctial asymmetry in the thermospheric winds could play an
important role in the equinoctial asymmetry in the occurrence of ionospheric irregularities.
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