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Abstract. We investigated low-latitude ionospheric scintil-
lation in Indonesia using two GPS receivers installed at
Bandung (107.6◦ E, 6.9◦ S; magnetic latitude 17.5◦ S) and
Pontianak (109.3◦ E, 0.02◦ S; magnetic latitude 8.9◦ S). This
study aimed to characterise climatological and directional
ionospheric scintillation occurrences, which are useful not
only for the physics of ionospheric irregularities but also for
practical use in GNSS (global navigation satellite system)-
based navigation. We used the deployed instrument’s am-
plitude scintillation (S4 index) data from 2009, 2010, and
2011; the yearly SSN (sunspot-smoothed numbers) were 3.1,
16.5, and 55.9, respectively. In summary, (1) scintillation oc-
currences in the post-sunset period (18:00–01:00 LT) during
equinox months (plasma bubble season) at the two sites can
be ascribed to the plasma bubble; (2) using directional anal-
yses of the two sites, we found that the distribution of scin-
tillation occurrences is generally concentrated between the
two sites, indicating the average location of the EIA (equa-
torial ionisation anomaly) crest; (3) scintillation occurrence
enhancements for the two sites in field-aligned directions
are herein reported for the first time by ground-based obser-
vation in a low-latitude region; (4) distribution of scintilla-
tion occurrences at Pontianak are concentrated in the south-
ern sky, especially in the southwest direction, which is very
likely associated with the plasma bubble tilted westward with
increasing latitude; and (5) scintillation occurrence in the
post-midnight period in the non-plasma-bubble season is the
most intriguing variable occurring between the two sites (i.e.
post-midnight scintillations are observed more at Bandung
than Pontianak). Most of the post-midnight scintillations ob-
served at Bandung are concentrated in the northern sky, with
low elevation angles. This might be due to the amplitude of

irregularities in certain directions, which may be effectively
enhanced by background density enhancement by the EIA
and because satellite–receiver paths are longer in the EIA
crest region and in a field-aligned direction.

Keywords. Ionosphere (ionospheric irregularities)

1 Introduction

Ionospheric irregularities associated with the plasma bubble
are a normal occurrence over equatorial and low-latitude re-
gions. The plasma bubble is generated in the bottom-side of
the F region at the magnetic equator after sunset through the
Rayleigh–Taylor (RT) plasma instability mechanism. Previ-
ous studies have investigated the morphological characteris-
tics of the plasma bubble (e.g. Mendillo and Baumgardner,
1982; Ogawa et al., 2005) and found that the plasma bubble
extends from the magnetic equator to, or beyond, the crest
of the equatorial ionisation anomaly (EIA). The east–west
cross sections extend several hundred kilometres, are tilted
westward in both hemispheres with increasing latitude, have
a bifurcation feature, are drifting eastward, and are also asso-
ciated with TEC (total electron content) depletion. Previous
authors have studied plasma bubble dependence on solar ac-
tivity, longitude, and geomagnetic activity. Tsunoda (1985)
resolved that seasonal and longitudinal occurrences of the
plasma bubble are most frequent when the solar termina-
tor is most closely aligned with the geomagnetic meridian.
Maruyama and Matuura (1984) reported a significant occur-
rence of the plasma bubble associated with low to high solar
activity in the equatorial region during equinoctial months in
the Asian sector (see also Burke et al., 2004). These authors
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also investigated the dependence of the plasma bubble on
magnetic activity.

Previous studies have also found that various scale sizes
of irregularity exist inside the plasma bubble, causing a scin-
tillation radio signal from VHF up to the C band. Basu et
al. (1978) investigated plasma depletion irregularities associ-
ated with the plasma bubble and found several spatial scale
sizes. Metre-scale irregularities cause VHF backscatter, and
hundred-metre- to kilometre-scale irregularities cause scin-
tillation on the UHF band. Recently, de Paula el al. (2010)
observed the coexistence of both kilometre- and hundred-
metre scales in the underlying plasma bubble and also ob-
served that the drifting of hundred-metre scales at two conju-
gate sites were comparable. In the case of the global position-
ing system (GPS), an irregularity of an approximately 400 m
scale size at an altitude of approximately 300 km causes scin-
tillation in the L1 signal (1.57542 GHz). This is because the
scale size of the irregularity at a certain altitude corresponds
to the first Fresnel zone,D =

√
2λz, whereD is the scale size

of the irregularity,λ is the radio wavelength, andz is the alti-
tude of the ionosphere (Pi et al., 1997). Basu et al. (1978) also
reported more frequent and stronger scintillations associated
with the plasma bubble during the solar maximum period
and a drastic reduction in both the frequency and intensity
of scintillations during the solar minimum period. Recently,
Otsuka et al. (2009) found VHF radar backscatter echoes in
the post-midnight period and argued that they were related to
the different characteristics of the irregularities. Therefore,
many questions related to low-latitude ionospheric irregular-
ities remain unsolved.

In addition to the scientific interest for ionospheric
physics, research on ionospheric irregularities has become
increasingly important because these phenomena can cause
fluctuation in the signal strength of trans-ionospheric links,
such as GNSS (global navigation satellite system)-based (in-
cluding GPS) navigation. Ionospheric scintillation associated
with ionospheric irregularities remains a major concern re-
garding space weather effects on trans-ionospheric systems,
particularly at equatorial and low-latitude regions. Basu et
al. (2002) stated that scintillation forecasting in the equa-
torial region remains challenging. At these regions, ampli-
tude scintillation, whereby the amplitude of the signals fluc-
tuates because of ionospheric irregularities, is dominant. Seo
et al. (2011) stated that a GPS aviation receiver might lose its
carrier tracking lock under deep fading due to strong iono-
spheric scintillation and that a lost channel cannot be used
for position calculation until the lock is re-established.

The occurrence of low-latitude ionospheric irregularities
shows regional variability. For example, there is a significant
longitudinal difference in seasonal variation. The amplitude
of irregularities tends to be larger in high-electron-density
regions, such as the EIA. Consequently, GPS scintillation
will be higher around this region (de Paula et al., 2003).
The equatorial electrojet shows a strong longitudinal vari-
ation (Doumouya and Cohen, 2004). Because the equatorial

electrojet is driven by the dynamo electric field, regional vari-
ation in the EIA and therefore in scintillation occurrence is
expected. Characterising regional scintillation is also useful
for supporting GNSS-based navigation. We sought to build a
regional ionospheric scintillation model over the Indonesian
sector. Beniguel et al. (2009) analysed scintillation data ob-
tained at Bandung, Indonesia, in 2006 and showed that they
occur mostly northward of Bandung. However, as the analy-
sis was conducted on data obtained at a single location, over
one year, and in a low solar activity period, the results are not
sufficient to account for solar activity dependence.

In this study, we investigate low-latitude ionospheric scin-
tillations using GPS receivers that were installed in two sites
in Indonesia. Our study aims to show the characteristics of
GPS scintillation associated with low-latitude ionospheric
disturbances. The spatial distribution of scintillation occur-
rences is discussed in relation to the ionospheric structure.
Furthermore, to support practical use, we developed a basic
directional characteristic of scintillation occurrences to sup-
port GNSS-based navigation.

2 Observation setup

The data used for this study were collected from two GPS
receivers installed at the Bandung (107.6◦ E, 6.9◦ S; mag-
netic latitude 17.5◦ S) and Pontianak (109.3◦ E, 0.02◦ S;
magnetic latitude 8.9◦ S) stations, Indonesia, as shown in
Fig. 1. The instruments installed at both stations are Nova-
tel GSV4004B dual-frequency GPS (L1 of 1.57542 GHz and
L2 of 1.22760 GHz) receivers with choke ring antennas. The
receivers can track up to 12 GPS satellites in the sky and
measure amplitude and phase scintillations. In general, the
Bandung station is under the southern crest of the equato-
rial anomaly region, whereas the Pontianak station is equa-
torward of the equatorial anomaly crest. This observation ge-
ometry permitted us to study the latitudinal variation of iono-
spheric irregularities, from the magnetic equator to the crest
of the equatorial anomaly region over the Indonesian sector.

The GSV4004B receiver measures amplitude scintillation
at a sampling rate of 50 Hz. The amplitude scintillations,
as indicated by the S4 index, are estimated by the receiver
at 60 s intervals. There are two types of S4 indices: total
S4 (S4tot), which includes scintillation due to ambient noise
and multipath effects, and correction to the total S4 (S4corr),
which represents the effects of ambient noise. The receiver
can measure the standard deviation of the carrier phase for
five different time intervals every 60 s (1, 3, 10, 30, and 60 s
phase sigma). The receiver also computes code–carrier di-
vergence (CCDiv) at a rate of 1 Hz, which is tracked on L1.
The standard deviation of CCDiv (sigma-CCDiv) per 1 min
interval is computed for each satellite by the receiver.
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Figure 1. Observation geometry for studying latitudinal variation of ionopsheric irregularities 3 

over Indonesian sector.  4 

Fig. 1.The observation geography for studying latitudinal variation
of ionospheric irregularities over the Indonesian sector.

3 Ionospheric scintillation analysis

In this study, we used the amplitude scintillation data ob-
tained from the Bandung and Pontianak stations from Jan-
uary 2009 to December 2011 (3 yr). For this study, data with
an elevation angle higher than 10 degrees were used. As de-
scribed in Sect. 2, parameter S4tot should be corrected be-
cause of multipath effects and included ambient noise. We
defined the corrected S4 (S4), which indicated ionospheric
scintillation, by

S4=

√
S42

tot − S42
corr. (1)

This formula is the same as that used by Dubey et al. (2006).
However, if only this formula is used, S4 may still contain
multipath effects, particularly in signals at low elevation an-
gles. As described in Sect. 1, one of the study goals was to
establish a basic model of scintillation occurrence character-
istics for GNSS-based navigation systems. For the practical
use of satellite-based navigation in aviation, in which satel-
lites at elevation angles down to 5 degrees are used, it is
important to determine scintillation information at low ele-
vation angles; however, data at elevation angles lower than
30 degrees were discarded in previous ionospheric studies to
avoid multipath effects. Thus, it is important to distinguish
between the amplitude fluctuations caused by ionospheric ef-
fects versus those from multipath effects.

Van Dierendonck and Hua (2001) have shown with the
same type of receiver that the sigma-CCDiv is indicative of
multipath and noise effects. CCDiv is the difference between
code and carrier-phase measurements in the GPS signal. Be-
cause CCDiv due to multipath effects is much larger than that
due to ionospheric scintillation, this parameter can be used to
distinguish between high S4 values due to multipath versus
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Figure 2. Signals with noise or multipath effects for (a) Bandung and (b) Pontianak data. 3 

Signals with sigma-CCDiv value above the line are excluded in data analysis.  4 

Fig. 2.The signal-to-noise or multipath effects for(a) Bandung and
(b) Pontianak data. The data with a sigma-CCDiv value above the
line were excluded from the data analysis.

those due to ionospheric scintillation. Van Dierendonck and
Hua (2001) established a method (also used for this study)
for separating multipath and ionospheric scintillation sig-
nals, as follows: sigma-CCDiv is plotted against S4, and
the dividing-line separator between a signal with multipath
and ionospheric effects is determined. The data with higher
sigma-CCDiv values than the dividing-line separator are de-
termined to be affected by the multipath, whereas low sigma-
CCDiv values with enhanced S4 are determined to be due to
the ionosphere. In this study, we followed this technique to
exclude multipath signals in the data analysis.

We examined the S4 and sigma-CCDiv relationship for
days without ionospheric scintillation, and 55 and 46 days in
2010 were chosen as non-ionospheric scintillation days for
Bandung and Pontianak, respectively. The selection of non-
ionospheric scintillation days was conducted visually using
the following: (1) we first examined a day number versus
local time (LT) plot of unfiltered scintillation occurrences
for night-time and only during 2010; (2) we then eliminated
the days that contain scintillation occurrences with S4 values
> 0.2 over a period of more than 1 h and that were unrepeated
every day with a 4 min shift.

We plotted all of the sigma-CCDiv values against S4 ob-
tained from non-scintillation days for both stations, as shown
in Fig. 2. In the figure, the blue dots indicate the distribu-
tion of signals with only multipath effects (non-ionospheric
effects); the sigma-CCDiv values of signals with only multi-
path effects are higher, which is consistent with Van Dieren-
donck and Hua (2001). Based on the plot, we determined
the dividing-line separator to distinguish data into true iono-
spheric scintillation and multipath-affected data. We manu-
ally determined the dividing line so that the non-scintillation
data are above the line and fit the bottomside envelope of the
non-scintillation data. It should be noted that the dividing-
line separators are not the same for Bandung and Pontianak,
because the multipath environment is different for each site.

We also plotted the distribution of the scintillation occur-
rences with S4 values > 0.2 obtained from non-scintillation
day data onto an azimuth–elevation coordinate (sky plot), as
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Fig. 3. The elevation–azimuth plot of non-ionospheric scintillation
occurrences for(a) Bandung and(b) Pontianak. Strong (S4 > 0.8),
moderate (0.5 < S4 < 0.8), and weak (0.2 < S4 < 0.5) scintillation
events are indicated by the red, magenta, and cyan colours, re-
spectively. The azimuth angle is measured clockwise from the geo-
graphic north.

shown in Fig. 3. We grouped scintillations into three intensity
categories, weak (0.2 < S4 < 0.5), moderate (0.5 < S4 < 0.8),
and strong (S4 > 0.8), and plotted them onto the sky plot.
Figure 3a shows the distribution of scintillations for Ban-
dung, which we believe are non-ionospheric effects. These
scintillations are distributed iso-azimuthally at low elevation
angles (less than 30 degrees). This indicates the scintillations
are due to ground multipath affects. Figure 3b is the same as
Fig. 3a but refers to Pontianak. The figure also shows the dis-
tribution of scintillations without ionospheric effects for Pon-
tianak that are also distributed iso-azimuthally at less than
30 degrees in elevation, which indicates that they are due to
ground multipath affects. These results also support the con-
clusion that the higher S4 values during the non-scintillation
days are due to multipath effects.

To illustrate the differences between data analysis with and
without the sigma-CCDiv filter, Fig. 4 shows plots of max-
imum S4 values among all satellites tracked in a 1 min pe-
riod from Bandung and Pontianak data during March 2010.
Figure 4a and b show the maximum S4 values without the
filter for Bandung and Pontianak, respectively. The plots are
very noisy because of the diagonal patterns of scintillation.
This indicates that the same S4 variation is repeated every-
day with a certain constant time shift and strongly suggests
that it is artificial. Each GPS satellite will be detected in the
same direction at approximately four minutes earlier every
day by the ground-based GPS receiver, and the same multi-
path condition is also repeated in this way. Thus, the diagonal
patterns on the figures are likely caused by multipath effects.
We could still recognise strong ionospheric scintillations on
the plot indicated by horizontal patches of scintillation. How-
ever, it is difficult to distinguish weak scintillations from
multipath effects. Figure 4c and d show the scintillation anal-
ysis after applying the sigma-CCDiv filter for the Bandung
and Pontianak data, respectively. The filter removed most of
the diagonal patterns associated with multipath effects on the
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Figure 4. Comparison between plot of scintillation occurrences without sigma3 
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. Comparison between plot of scintillation occurrences without sigma-CCDiv filter 

Bandung and (d) Pontianak 

Fig. 4. A comparison between the plot of scintillation occurrences
without the sigma-CCDiv filter for(a) Bandung and(b) Pontianak
data, and with the filter for(c) Bandung and(d) Pontianak data.

analysis plot. Thus, we can clearly see the patches of scintil-
lation from weak to strong intensities. As the filter allows us
to distinguish weaker S4 ionospheric effects from those by
multipath effects, we can choose true events of ionospheric
scintillation, even when scintillation occurs at low elevation
angles.

4 Results and discussion

The yearly smoothed sunspot numbers (SSN) were 3.1, 16.5,
and 55.7 for 2009, 2010, and 2011, respectively. We anal-
ysed climatological night-time ionospheric scintillation oc-
currences from 17:00 to 06:00 LT. It should be noted that LT
is equal to UT (universal time) plus 7 h. We selected the high-
est S4 for each satellite filtered in a 1 min period, which is the
case in Fig. 4.

4.1 Climatological analysis

Using the day-versus-LT plot allowed us to characterise the
seasonal and local time variation of ionospheric scintillation
occurrences. Figure 5a–c show the seasonal and local time
variation of ionospheric scintillation occurrences for Ban-
dung during 2009, 2010, and 2011. As illustrated in the
figures, the ionospheric scintillation occurrences have two
peaks, between days 50 and 100 and between 200 and 300,
i.e. around equinox months. Ionospheric scintillations clearly
occur after sunset until around midnight (19:00–01:00 LT).
Furthermore, their occurrences were enhanced from 2009
to 2011 with increasing solar activity. The results shown in
Fig. 5d–f are the same as in Fig. 5a–c but refer to Pontianak
during 2009, 2010, and 2011, revealing that the seasonal
variation of ionospheric scintillation occurrences shows a

Ann. Geophys., 32, 7–17, 2014 www.ann-geophys.net/32/7/2014/
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Figure 5. Seasonal and local time variation of scintillation occurrences at Bandung in (a) 3 

2009, (b) 2010, and (c) 2011, and at Pontianak in (d) 2009, (e) 2010, and (f) 2011. Dark 4 

region means no data observation. 5 

Fig. 5.Seasonal and local time variation of scintillation occurrences
at Bandung in(a) 2009,(b) 2010, and(c) 2011 and at Pontianak in
(d) 2009,(e) 2010, and(f) 2011. The dark region indicates that no
data were observed.

similar pattern to that in Bandung. The scintillations asso-
ciated with plasma bubbles increase with increasing solar ac-
tivity, and the peaks of occurrences are in the equinox month
for the Indonesian sector (Burke et al., 2004; Tsunoda, 1985),
consistent with our results.

We defined post-sunset scintillation as ionospheric scintil-
lations occurring after sunset until approximately midnight.
At both Bandung and Pontianak (in our cases), the 400 m-
scale irregularities causing GPS scintillations disappear at
approximately 01:00 LT, and this result is consistent with
previous studies (Basu et al., 1978; Otsuka et al., 2006). Our
result related to these post-sunset scintillation occurrences
can be ascribed to equatorial plasma bubbles.

4.2 Directional analysis

In this section, we analyse the spatial distribution of scintil-
lation occurrences. Bandung and Pontianak are separated by
approximately 6 degrees in latitude. As stated before, scin-
tillation intensity depends on the background electron den-
sity (Basu et al., 1988); because the electron density in the
equatorial anomaly region is high, higher scintillation oc-
currence would be expected around the region. The electron
density distribution has significant latitudinal variation, espe-
cially around the EIA region. Plasma bubbles that cause scin-
tillation are generated at the magnetic equator and develop
poleward. Thus, the spatial distribution of scintillation oc-
currence is expected to have latitudinal differences. It is also
important for practical applications to elucidate the spatial
distribution of scintillation occurrences so that GNSS-based
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Fig. 6. The directional distribution of ionospheric scintillation for
Bandung during(a) 2009,(b) 2010, and(c) 2011 and their occur-
rence rate during(d) 2009,(e)2010, and(f) 2011.

system designers can evaluate the impacts of scintillations
on the performance of their systems. Therefore, we analysed
ionospheric scintillation occurrences as a function of the el-
evation and azimuth angles for both sites. In addition, we
counted the percentage occurrence of ionospheric scintilla-
tions at intervals of 10 and 20 degrees in elevation and az-
imuth angles, respectively.

Figure 6 shows the directional distribution of ionospheric
scintillations (sky plots) and their occurrence rate for Ban-
dung. Figure 6a–c show the occurrences of ionospheric scin-
tillation over azimuth and elevation angles for Bandung dur-
ing 2009, 2010, and 2011. As shown in Fig. 5 (and other
figures), the number of ionospheric scintillation events and
the intensity increased with increasing solar activity. Addi-
tionally, ionospheric scintillation distributions develop from
the northern to southern sky of Bandung as solar activity
increases. Figure 6d–f provide more quantitative directional
distribution during 2009, 2010, and 2011. From these figures,
it is observed that the distribution is concentrated in the
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Fig. 7.Same as Fig. 6 but for Pontianak.

northern sky (equatorward) of Bandung. We also found it
interesting that, in the directional analysis for Bandung, the
highest concentration of occurrences at 20–30 degrees in ele-
vation angle were in the northern sky. This result is also con-
sistent with Beniguel et al. (2009), who observed GPS scin-
tillations with an intensity more than 0.5, mostly occurring
northward of Bandung. Our result also indicates that iono-
spheric scintillations still occur in the northern sky of Ban-
dung, though the solar activity increased from 2009 to 2011.

Figure 7 shows the results for Pontianak. The number of
occurrences was again increased according to the increas-
ing solar activity from 2009 to 2011, as shown in Fig. 7a–c.
The distribution of occurrences for Pontianak is quite differ-
ent from Bandung. Figure 7 shows that the distribution is in
the northern and southern sky, but the distribution is much
higher in the southern sky (poleward) of Pontianak. The sky
plot of occurrence percentage shows that the distribution is
concentrated in the southern sky of Pontianak, as shown in
Fig. 7d–f. However, Fig. 7f shows that ionospheric scintilla-
tion occurrences also occur in the northern sky (equatorward)
of Pontianak. Another interesting feature found in Fig. 7e and
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Figure 8. Typical condition of electron density plotted against latitude in Indonesian sector. 3 

Fig. 8. The typical condition of electron density plotted against lat-
itude in the Indonesian sector.

f is the higher distribution concentration in the southern sky,
with more scintillation occurrences westward of Pontianak
(220–260 degrees in azimuth).

Figure 8 shows a typical latitudinal distribution of maxi-
mum electron density (NmF2) taken from the IRI-90 (Inter-
national Reference Ionosphere 1990) model (Bilitza et al.,
1993) in March 2011 at the Indonesian sector. The figure
shows that the crest region is typically located between Ban-
dung and Pontianak. Thus, concentrations of scintillation oc-
currences in the northern sky of Bandung and in the southern
sky of Pontianak can be ascribed to the average locations of
the EIA crest.

However, the location of the EIA crest cannot explain
the second enhancement of scintillation occurrences in the
northern sky of Pontianak, as shown in Fig. 7f. Furthermore,
the maximum occurrences at 20–30◦ elevation angles in the
northern sky of Bandung, as shown in Fig. 6f, cannot be
explained by the location of the EIA. Because the scintil-
lation occurrence at 20–30 degrees is higher than those at
lower elevation angles, these maximum occurrences cannot
be explained by longer propagation paths in the ionosphere at
lower elevation angles either. We assumed that these findings
are due to the same effect, which is associated with magnetic-
field-aligned irregularities. Herman (1966) concluded that
magnetic-field-aligned irregularities undoubtedly exist, with
the strongest irregularities existing near the peak of the elec-
tron density in the F region (normally 300 km). Previous
studies have confirmed that scintillation is controlled by
magnetic field direction at high and mid-latitudes. Maurits
et al. (2008) investigated the enhancement effect of iono-
spheric scintillation on high-latitude propagation direction
paths close to the geomagnetic field line. Afraimovich et
al. (2011) reported the first evidence that total GPS L2 phase
slips over Japan (mid-latitude) were caused by GPS signal

Ann. Geophys., 32, 7–17, 2014 www.ann-geophys.net/32/7/2014/
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Fig. 9. Angles between the lines of sight (LOS) and magnetic
field line at an altitude 300 km as observed from(a) Bandung and
(b) Pontianak.

scattering at mid-latitude FAI (field-aligned irregularities)
for the lines of sight (LOS) (both across and aligned to the
magnetic field line). In a GPS radio occultation experiment,
Anderson and Straus (2005) reported scintillation enhance-
ment in the field-aligned directions (i.e. scintillation between
GPS satellites and low-Earth-satellite orbit paths at the equa-
torial region). Thus, by ground-based observation in the low-
latitude region, our findings support that ionospheric scintil-
lation frequently occurs around the direction of the magnetic
field line.

Figure 9a and b show the angles between the magnetic
field line and LOS at an altitude of 300 km at Bandung and
Pontianak, respectively. We used the IGRF model to calcu-
late the angle between LOS and the magnetic field line. Fig-
ure 9a shows LOS that are close to the direction parallel to
the magnetic field line (lower than 20 degrees), with eleva-
tion angles between 10 and 30 degrees in the northern sky
of Bandung. The peak in scintillation occurrence at Bandung
falls in the near-field-parallel direction. Figure 9b shows that
the lowest angle between LOS and the magnetic field line
is 30 degrees, with elevation angles between 10 and 40 de-
grees in the northern sky of Pontianak. Figure 10 shows the
geometries between LOS and the magnetic field line, with
elevation angles of 20 and 30 degrees, an azimuth angle of 0
degrees (north), and a magnetic field line at 300 km for both
Bandung and Pontianak. Although the minimum angle be-
tween LOS and the magnetic field line is not as small as that
for Bandung, the second peak in scintillation occurrence at
Pontianak also falls within the near-field-parallel directions.
This is a plausible explanation for why scintillations also oc-
curred in the northern sky of Pontianak. From this analysis,
the enhancement of scintillation in the field-parallel direction
observed from ground measurement was determined for the
first time. Our finding is the first to confirm the field-parallel
effect on the ground at the low-latitude region by showing
consistency between magnetic inclination and scintillation
enhancement directions. The use of sigma-CCDiv filtering
enables us to exclude contamination by multipath effects,
making field-parallel effects detectable from the ground for
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Figure 10. Geometries between LOS and the magnetic field line at elevation angles of 20 and3 
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Figure 10. Geometries between LOS and the magnetic field line at elevation angles of 20 and

degrees in the North with respect to Bandung and Pontianak. 
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Figure 10. Geometries between LOS and the magnetic field line at elevation angles of 20 and 

 

Fig. 10. Geometries between LOS and the magnetic field line at
elevation angles of 20 and 30 degrees in the north with respect to
Bandung and Pontianak.

the first time. Previously, such effects had been difficult to
detect with the traditional 30◦ elevation mask because the
field-parallel directions in low-latitude regions have elevation
angles lower than 30 degrees. This has an important implica-
tion for GNSS applications, such as aviation, where satellites
with elevation angles down to 5 degrees are used.

Another interesting feature found in Fig. 7e and f is the
higher scintillation occurrences in the southwest direction
with respect to Pontianak. This feature can be ascribed to
the three-dimensional structure of the plasma bubble. Gen-
erally, plasma bubbles are tilted westward as they vertically
develop, which is due to vertical shear in the eastward plasma
drift in the F region (Zalesak et al., 1982; Bernhardt, 2007).
This indicates that the plasma bubble will be tilted westward
with increasing latitude (Mendillo and Baumgardner, 1982).
Consequently, the plasma bubble shows a “C” shape, as re-
ported by Kelley et al. (2003) when it was mapped along the
magnetic field line on the horizontal plane at a certain alti-
tude. Additionally, scintillations may be stronger in the west,
where the LOS tend to be parallel to the plasma bubble struc-
ture, and lower in the east with respect to the receiver site.
Figure 11 shows an illustration for describing LOS from the
receiver to the east of the bubble (which should be pointed
westward to be parallel to the wall of the bubble) and LOS
from the receiver to the west of the bubble (which should be
pointed eastward to go across the bubble). There is a large-
scale tendency in the electron density to be higher in the west
and lower in the east, and this might contribute to the higher
occurrence in the westward direction. It is important to note
that the results shown here were obtained by a statistical anal-
ysis over the entire night (local time); however, as representa-
tive of all occurrences, the east–west density gradient should
not be affected, because the east and west LOS should pass
the same volume. Thus, our finding is consistent with the lat-
itudinal structure of plasma bubbles that are tilted westward
as they develop vertically and poleward.

www.ann-geophys.net/32/7/2014/ Ann. Geophys., 32, 7–17, 2014
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Figure 11. An illustration is aimed to explain geometry between LOS from the receiver to the 3 

east and west of the plasma bubble.    4 

Fig. 11. An explanation of the geometry between LOS from the
receiver to the east and west of the plasma bubble.

4.3 Post-midnight scintillations

One interesting result obtained from this study is the post-
midnight scintillation occurrence, which often occurs af-
ter midnight without post-sunset scintillation at earlier local
times. In general, we found that most of those scintillations
are weaker in intensity, less frequent, and over a shorter in-
terval than post-sunset scintillations. Furthermore, they are
more frequently observed in May, July, June, and Decem-
ber (the non-plasma-bubble season). The occurrence char-
acteristics are different from those of the plasma bubbles.
As shown in Fig. 12, the scintillations in 2011 at Bandung
are very clear. However, the scintillations at Pontianak were
much less than Bandung, which is the most intriguing differ-
ence between the Bandung and Pontianak analyses. In 2011,
we determined that the day numbers with post-midnight scin-
tillation occurrence at Bandung are 128, 132, 138, 140, 142,
144, 154, 155, 159, 160, 170, 185, 207, 211, 326, and 340;
the magnetic activities were low to moderate during these
days, with

∑
Kp levels of 3+, 4−, 11−, 3+, 8+, 12−, 6+,

12+, 18−, 16+, 7−, 17+, 11+, 17+, 14−, and 5+, respec-
tively.

Otsuka et al. (2009) reported post-midnight FAI that were
detected by VHF radar at 30.8 MHz at Kototabang (0.20◦ S,
100.32◦ E; dip latitude 10.4◦ S); this magnetic latitude is very
similar to Pontianak, and the FAI were not accompanied by
GPS scintillation. A lower occurrence of post-midnight scin-
tillation at Pontianak is consistent with the results obtained
by Otsuka et al. (2009), though they used a 30◦ elevation
mask to analyse the scintillation data. These authors con-
cluded that the irregularities associated with the VHF radar
echo were too weak to cause scintillation of GPS signals.
However, our finding of the post-midnight scintillation at
Bandung in 2011 shows that there can be some irregularities
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Figure 12. Post-midnight scintillation occurrences for (a) Bandung and (b) Pontianak 2011 in 3 

non-plasma bubble season.  4 

Fig. 12. Post-midnight scintillation occurrences for(a) Bandung
and(b) Pontianak in 2011 in the non-plasma-bubble season.

that can cause scintillations of GPS signals at different loca-
tions in the post-midnight period.

Why were the post-midnight scintillations not observed
in previous works? Figure 13a shows that the post-midnight
scintillations are concentrated at low elevation angles in the
northern sky of Bandung. In previous studies, it was com-
mon to conduct GPS scintillation data analyses using a 30◦

elevation mask to avoid multipath effects and achieve a low
signal-to-noise level. With the simple elevation angle mask-
ing, these scintillations may have been missed. Figure 13b
and c show a comparison between the scintillation occur-
rences at Bandung in 2011 with the sigma-CCDiv filter ad-
justed down to 10◦ elevation angles (Fig. 13b) and those with
only the traditional 30◦ elevation mask (Fig. 13c). Most of
the post-midnight scintillations are eliminated, and only a
few strong ones remained following the use of the 30◦ el-
evation mask, as shown in Fig. 13c. However, the diagonal
patterns that are indicative of multipath effects remain visi-
ble, indicating that the multipath effect is still found with the
30◦ elevation mask. This may be ascribed to the antenna en-
vironment on the roof of the buildings. However, we still find
more post-midnight scintillations using the sigma-CCDiv fil-
ter, as shown in Fig. 13b. By comparing these filter tech-
niques, the post-midnight scintillations observed at Bandung
occur mostly at elevation angles lower than 30 degrees and
may have been missed in the previous studies with a tradi-
tional elevation mask of 30 degrees.

The next question is why the post-midnight occurrences
were observed at Bandung but not at Pontianak. The LOS
at low elevation angles in the northern sky of Bandung pass
over a longer period in the equatorial anomaly crest region,
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Figure 13. (a) Directional plot for post-midnight scintillations in non-plasma bubble season 3 

that are observed at Bandung in 2011, and comparison between the scintillation occurrences 4 

at Bandung in 2001 with (b) the sigma-CCDiv filter down to 10 degrees of elevation angles 5 

and (c) the traditional 30 degrees elevation mask only. 6 

Fig. 13. (a)A directional plot for post-midnight scintillations in the non-plasma-bubble season observed at Bandung in 2011 and comparison
between the scintillation occurrences at Bandung in 2001 with(b) the sigma-CCDiv filter with data at elevation angles down to 10◦ and(c)
the traditional 30◦ elevation mask only.

where the background density is high. In addition, the LOS
that are less than 30 degrees from Bandung pointing equa-
torward are nearly parallel with the magnetic field line at
300 km in altitude. Thus, a possible explanation of the post-
midnight scintillation occurrence at Bandung is that the am-
plitude of irregularities in certain directions may be effec-
tively enhanced due to the background density enhancement
by the EIA, larger slant factor, and field-parallel effects. At
Pontianak, the amplitude of irregularities enhanced by the
EIA is satisfied; however, the slant factor is smaller due to the
high elevation angle and field-parallel effects are not satis-
fied because of the LOS from Pontianak pointing southward.
Because post-midnight scintillations are weak, they would
not be observed at Pontianak if any of the required con-
ditions (high background density, field-parallel factor, and
larger slant factor) were missing. To test this hypothesis,
post-midnight scintillation analyses with a lower elevation
angle cut-off at a different magnetic latitude are necessary.

Previous studies on post-midnight irregularities in non-
plasma-bubble seasons suggested that they could be asso-
ciated with the plasma bubble or due to MSTID (medium-
scale travelling disturbance) propagating from mid-latitude
to low latitude. It is unclear why the plasma bubble can oc-
cur in the post-midnight period and in a non-plasma-bubble
season. In addition, it is also unclear whether a mid-latitude
MSTID can propagate down to the low-latitude region. How-
ever, our analysis cannot provide a definitive answer as to the
mechanism that could cause the post-midnight scintillations.
Nevertheless, our finding of post-midnight scintillations and
the conditions for scintillations’ enhancement are important,
as they provide additional information to assist in the under-
standing of the potential mechanism.

5 Conclusions

We studied low-latitude ionospheric scintillations in the In-
donesian sector during the period 2009–2011 using a GPS
scintillation receiver (GSV4004B) installed at Bandung and
Pontianak. We analysed the climatological and directional
characteristics. Directional analyses can be used to study the
relationship between the satellite–receiver link and spatial
structure of ionospheric irregularities. The following are the
results obtained from the present study.

1. The seasonal–local time variation of post-sunset scin-
tillations in the Indonesian sector can be ascribed to
the plasma bubble. We found two peak occurrences of
post-sunset scintillations during the equinox months,
which are called plasma bubble seasons for the Indone-
sian sector, and they were enhanced as solar activity
increased from 2009 to 2011.

2. The distribution of scintillations is concentrated in the
EIA crest region, which has an average location be-
tween Bandung and Pontianak. The result obtained
from directional analyses of Bandung and Pontianak
data indicates that a higher distribution of scintillations
is concentrated in the northern sky of Bandung and in
the southern sky of Pontianak.

3. Our most remarkable finding is that enhanced the scin-
tillation occurrences in the field-aligned directions are
likely to be affected by field-aligned plasma irregu-
larities. This is reported for the first time by ground-
based observation in a low-latitude region. We found a
second enhancement of scintillation occurrences in the
northern sky of Pontianak that cannot be explained by
the location of EIA crest. Additionally, we found most
of the scintillation occurrences at elevation angles of
20–30 degrees in the northern sky of Bandung, rather
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than at lower elevation angles, due to the longer signal
path propagation in the ionosphere.

4. For Pontianak, we found a higher distribution of scin-
tillations in the southwest direction, which is likely as-
sociated with the plasma bubble structure being tilted
westward with increasing latitude.

5. Post-midnight scintillations in the non-plasma-bubble
seasons that had not been reported in previous studies
were observed at Bandung in 2011 (few were observed
at Pontianak). The post-midnight scintillations were
concentrated at low elevation angles equatorward of
Bandung. These scintillations may have been missed
in previous studies due to elevation angle masking at
30 degrees. The higher occurrence of post-midnight
scintillation at Bandung versus Pontianak is because
the satellite–receiver paths at low elevation angles in
the northern sky of Bandung pass longer in the EIA
crest region and are in the field-aligned direction. To
test this hypothesis, a post-midnight scintillation anal-
ysis with a lower elevation angle cut-off at different
magnetic latitudes is necessary.
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