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A B S T R A C T

A morphological study of GPS L-band amplitude scintillations observed at a low latitude station, Suva (18.1�S,
178.4�E), Fiji, during low solar activity year 2010 of solar cycle 24, has been presented. Out of a total of 480
scintillation events recorded during 2010, 84.4% were weak (0.2 � S4 < 0.3), 14.6% moderate (0.3 � S4 < 0.45)
and only 1% strong (0.45 � S4). The amplitude scintillations were most pronounced in the local daytime with
January registering the highest occurrence. Seasonal analysis revealed maximum scintillation occurrence during
summer as compared to winter and equinox seasons. The daytime scintillation with a maximum in the summer is
consistent with localized blanketing sporadic E observations and could also be possibly due to lightning activity
around the observing station. Annual percentage occurrence shows that scintillations occurred mostly in the
daytime with peak occurrence at around 05:00–09:00 LT. The daytime strong scintillation events were not
associated with vTEC depletions and phase scintillations, but the signal to noise ratio during the scintillation
events decreased with increase in scintillation index (S4). However, the post-midnight strong amplitude scintil-
lations were associated with vTEC depletions and phase scintillations indicative of large scale irregularities
(spread-F). The geomagnetic activity effect showed enhanced occurrence on geomagnetically disturbed days as
compared to quite conditions. The geomagnetic storm effect on scintillations for 17 storms of different strengths
(Dst � 50 nT) during 2010–2011 showed an increase in the occurrence of post-storm scintillations, on the days
following the storm.
1. Introduction

The availability and accuracy of Global Positioning System (GPS)
signals can immensely be affected by signals passing through ionospheric
irregularities causing scintillations. Sufficiently intense scintillations can
subsequently lead to cycle slips and even loss of lock (Aarons and Basu,
1994; Basu et al., 2002; Kintner et al., 2007). Scintillation measurements
are a key diagnostic tool for detecting the spatial and temporal distri-
bution of electron density irregularities in the E-and F-regions (Aarons,
1982) and could possibly provide information on the physical processes
that lead to the formation and dynamics of such irregularities (Basu and
Basu, 1989). The launch of the GPS satellites provided with the oppor-
tunity of a large-scale scientific research on the L-band scintillations
(Coco, 1991) prior to which VHF scintillation studies weremainly carried
out. Enhanced scintillation activity has been observed in the equatorial
ionization anomaly (EIA) regions (10–20�) on either side of the magnetic
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equator (e.g., Aarons, 1982; Thomas et al., 2001; Paznukhov et al., 2012).
The morphology of scintillation in this EIA region is still not fully un-
derstood and prompted many researchers to study this phenomenon
under various geophysical conditions (e.g., Basu and Basu, 1989; Aarons
et al., 1997; Kumar and Gwal, 2000; Groves, 2004; Van-Dierendonck and
Rastburg, 2005; RamaRao et al., 2006b; Spogli et al., 2009; Bhattachar-
yya et al., 2010; Adewale et al., 2012). A recent study carried out by Tsai
et al. (2017) on the global morphology of ionospheric F-layer scintilla-
tions using FS3/COSMIC GPS radio occultation data further showed
intense scintillation activity in the magnetic equatorial and the ±20� dip
latitudes regions around the magnetic equator.

The general morphology of scintillations in low latitude regions is
understood to be a nighttime phenomenon having peak occurrence
during equinoctial months (e.g., Basu and Basu, 1989; Kumar and Gwal.,
2000; Thomas et al., 2001; Datta-Barua et al., 2003; RamaRao et al.,
2006a; Muella et al., 2008). Lately, Taabu et al. (2016) analyzed
omputational and Environmental Science, University of Southern Queensland, Springfield,
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nighttime VHF and GPS L-band scintillations recorded at equatorial sta-
tions, Nairobi (36.8�E, 1.3�S), Kenya, and at Kampala (32.57�E,
0.335�N), Uganda, during years 2011 and 2012 and found that L-band
scintillations essentially occur between local sunset and pre-midnight
whereas VHF scintillations extend well beyond midnight. Nighttime
scintillations are caused by plasma bubbles associated with generalized
Rayleigh-Taylor (GRT) instabilities at the bottom of F-region which then
rise to higher altitudes/latitudes due to the non-linear evolution of the
E � B drift (Aarons, 1982; Kumar and Gwal, 2000). The small-scale ir-
regularities in the size range of 100–500 m are known to be responsible
for producing strong scintillations at L-band frequencies.

However, some researchers did observe daytime scintillations at
equatorial and low latitude stations (e.g., Huang, 1978; Patel et al., 2009;
Seif et al., 2015). Zou andWang (2009) at Guilin (25.29�N), China, found
that GPS amplitude scintillations rarely occurred during nighttime
(18:00–06:00 LT) in 2007–2008, under low solar activity period. Strik-
ingly, the strong amplitude scintillations (scintillation index, S4 > 0.4)
were only observed in the daytime (06:00–18:00 LT). These daytime GHz
scintillation events were found to be correlated with blanketing sporadic
E (Esb) which were determined using data from Constellation Observing
System for Meteorology, Ionosphere, and Climate (COSMIC) radio
occultation. The ionospheric E region consists of a thin layer of enhanced
ionization at heights of 100–120 km, known as sporadic-E (Es) which is
patchy lasting from few minutes to hours and is transparent to the radio
waves reflected by F-region (Rishbeth and Garriot, 1969; Rastogi, 1972;
Wu et al., 2005). However, at times this Es becomes dense viz. Esb, and
occasionally causes VHF scintillations (Rastogi and Mullen, 1981). The
Esb is formed under the influence of atmospheric gravity waves (AGWs),
wind shear mechanism and meteor showers, thunderstorms, and lunar
tides are also thought to be further contributing factors (Rastogi, 1972;
Haldoupis, 2011). Adewale et al. (2012) reported that GPS L-band
amplitude scintillations at an equatorial station, Lagos (6.5�N, 3.4� E),
Nigeria, not only occurred at the nighttime but also occurred in the
daytime of all the months. Their study also showed that the S4 index
increased during post-sunset hours reaching maximum of 0.7 in some
cases, however, daytime amplitude scintillations with S4 > 0.4 were
rarely observed. Seif et al. (2015) analyzed daytime GPS ionospheric
scintillations and total electron content data observed at two stations in
Malaysia: Universiti Kebangsaan Malaysia at equatorial stations UKM
(2.55�N, 101.461�E) and Langkawi (6.19�N, 99.51�E) near the magnetic
equator. They reported gradient-drift instability (GDI) in the presence of
Esb as a source mechanism of the daytime GHz scintillations. GDI is the
irregularity formation mechanism in the equatorial E-region ionosphere
and requires sufficient electron density gradient and ionospheric electric
current flow produced by an electric field or a wind (Fejer and Kelley,
1980; Seif et al., 2015). Thus it is lucid that scintillation events display a
perplexing temporal behavior and to get a better insight of this phe-
nomenon both day and night time scintillation studies need to
be conducted.

In the South Pacific region very limited study on ionospheric scin-
tillations has been carried out. A study by Kumar et al. (2007) on C-band
(3.925 GHz) scintillations at Suva, Fiji, during December 2003 to June
2004 on Intelsat 701 satellite signal reported that scintillations were, in
general, sparse with maximum occurrence in the daytime. The location of
Suva (18.08�S, geomag. Lat., 21.07�S) provides an excellent opportunity
to study the morphological features of scintillations at the edge of the
EIA. This paper presents monthly, seasonal and annual occurrences of
weak, moderate and strong amplitude scintillations on GPS L1 band
(1575.42 MHz) signal recorded during 2010, a low solar activity year of
24th solar cycle with mean sunspot number 17.5 and varying in the range
of 5.4–28.9 (IPS, 2013). The associations of strong scintillation events
with vTEC deviations and local background noise (C/No) followed by the
geomagnetic disturbances effect on scintillation occurrence have also
been analyzed.
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2. Data and analysis

2.1. Data receiver

The experimental set-up consisted of GPS 702 L1/L2 antenna con-
nected with GSV4004B receiver interfaced to a computer for continuous
data recording. The GSV4004B receiver has specifically been designed
for ionospheric scintillation measurements on L1 band frequency
(1575.42 MHz) and can track up to 11 GPS satellites transmitting L1 and
L2 band frequencies. It has 24 channels; 22 channels are used to receive
GPS L1 and L2 band signals from the satellites simultaneously. The 23rd
channel is used for measurement of local background noise (C/No) and
S4 index correction factor. The 24th channel is configured to track
Satellite-Based Augmentation System (SBAS) which measures phase and
amplitude at a sampling rate of 50 Hz and code/carrier divergence at
1 kHz for each satellite being tracked on L1 (GPS Silicone Valley, 2007).
A number of researchers have used this receiver for ionospheric studies
(e.g., RamaRao et al., 2006a; Adewale et al., 2012; Prasad et al., 2016).

2.2. Scintillation data recording

The raw amplitude scintillation index, S4, is de-trended (by normal-
ization) with the measurements acquired at the rate of 50 Hz, then
averaged over the 60-s intervals. The S4 computation is carried out at 1-
min intervals, using the signal power, via the following equation:

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< SI2 > � < SI > 2

< SI > 2

r
(1)

where SI is the signal intensity measured by the receiver at the rate of
50 Hz and; < >- indicates the expected value of the quantity enclosed
over a full minute.

The measured S4 or the total S4 values that were logged by the
receiver could be cluttered by the inherent effects of ambient noise and
multipath effects. To ameliorate this, the GSV4004B receiver also com-
putes the correction to the total S4 due to noise andmultipath and records
as S4 Cor.

2.3. Scintillation data analysis

The scintillation data having a lock time at L1 and L2 for greater than
240 s were only selected. With that, to avoid the scattering effects due to
multipath, the satellite elevation mask angle �50� was used. Although
this large mask angle reduces the number of satellites available for actual
SBAS operation, it gives an opportunity to study the effects of ionospheric
irregularities alone on the GPS signals (RamaRao et al., 2006b). In
addition, the data with unusually large values of 60-s sigma phase were
also eliminated. To exclude the effects of ambient noise and the multi-
path effects, and to obtain true scintillations triggered by ionospheric
irregularities, the true S4 or the final S4 (denoted as S4 FIN) values were
computed by differencing the S4 correction from the raw S4 in a random
sum spectrum (RSS) sense given as:

S4FIN ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðS4Þ2 � ðS4 CorÞ2

q
(2)

The S4 FIN values were computed at every minute for all the days of
2010. Where the S4 correction was larger than the total S4, the corrected
S4 was set to zero (0), as these S4 values were generated due to noise. The
general occurrence criteria was used to classify scintillation events,
whereby a scintillation event was registered if the S4 FIN recorded every
minute was greater than 0.1 and remained above this benchmark for a
minimum duration of 3 min. During this period the maximum S4 FIN
recorded (even one value), has been used to categorize the strength
(weak, moderate, strong) of scintillations as given in Table 1



Table 1
Classification criteria for amplitude scintillations.

Scintillation Strength S4 Scale Corresponding dB Scale

Very Weak 0.17 � S4 < 0.2 3–3.65
Weak 0.2 � S4 < 0.3 3.65–6
Moderate 0.3 � S4 < 0.45 6–10
Strong 0.45 � S4 >10
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(Bhattacharyya et al., 2010). The scintillation events occurring every
minute were averaged out and recorded for that hour and these hourly
events were averaged out into daily, monthly, seasonal and annual per-
centage occurrences. This procedure was repeated for the different
strength of scintillations.

Using the geomagnetic index, Kp, from World Data Center (WDC) for
Geomagnetism, Kyoto University, Japan, web link: http://wdc.kugi.
kyoto-u.ac.jp/cgi-bin/qddays-cgi, the 5 most geo-magnetically quiet
(Q-days) of each month and disturbed (D-days) were selected to study the
geomagnetic disturbance effect on scintillations. To analyze the
geomagnetic storm effect on scintillations, the storms during 2010 and
2011 were classified as: i) Storms with known sudden storm
commencement (SSC type storms), based on SSC data sourced from
National Geophysical Data Center (NGDC, http://ftp.ngdc.noaa.gov/
STP/SOLAR_DATA/SUDDEN_COMMENCEMENTS/STORM2.SSC). The
Dst index retrieved from WDC was used to determine the strength of the
storms which were further categorized into very intense (Dst <�200 nT),
intense (�200 nT � Dst < �100 nT), and moderate
(�100 nT � Dst < �50 nT) storms (Table 1) (Kumar, 2005), ii) storm
gradual commencement (SGC) were selected which had a gradual
reduction in Dst with the minimum Dst of below �50 nT and provided
that the particular day was a disturbed day according to five international
disturbed days obtained from the WDC.

At the time of data collation and analysis, the SSC data on NGDC
website were only available until January 2011, hence the above-
mentioned criterion was also used to select the storms for other
months of 2011. Then SGC type storms were categorized according to
their strengths (Table 1). An additional classification was carried out
according to the occurrence time of the main phase of the storms into
category A, B or C, if the main phase occurred during local daytime
(06:00–18:00 LT), pre-midnight (18:00–00:00 LT) or post-midnight
(00:00–06:00 LT) periods, respectively. Ultimately, a total of 17
geomagnetic storms were identified as in Table 2a–c. The scintillation
occurrence was analyzed from the onset of the storm (Day 0) to a day or
two after the storm onset, i.e. Day 1 and Day 2, respectively, to study the
scintillation behavior of a particular category of the storms having a
different intensity.
Table 2a
Effect of category A geomagnetic storms on scintillation activity (-: no scintillation, *: weak scintil
category A storms occurs during the local daytime period.

Storm type and intensity SSC day: time/SGC day Main phase day and Min Dst (nT)

SSC, Moderate 12 Apr 10
01:04

12th: 05:00–14:00
�67 nT

SGC, Moderate 4 Feb 11 5th: 06:00–10:00
�63 nT

SGC, Moderate 10 Mar 11 11th: 00:00–18:00
�83 nT

SGC, Intense 5 Aug 11 6th: 08:00–16:00
�115 nT

SGC, Intense 26 Sept 11 27th: 04:00–12:00
�118 nT

SGC, Intense 24 Oct 11 25th: 10:00–14:00
�147 nT
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3. Results and discussion

3.1. Scintillation occurrence at Suva

The temporal occurrence pattern of weak, moderate and strong
amplitude scintillations shown in contour maps in Fig. 1(a–c) illustrates
that the occurrence of weak scintillations was maximum in January and
minimum in September and March, while the strong scintillations were
only observed in January, May, and August. The weak scintillations
(Fig. 1a) in January had a maximum occurrence of 62.5% at 06:00 LT,
followed by 46% in February at 01:00 LT. The minimum occurrence of
weak scintillations was observed in September and March during both
day and nighttimes. The moderate scintillations (Fig. 1b) were most
common in February with 38.5% occurrence at 18:00 LT followed by
25% in December at 10:00 LT, while March, July, and September did not
show any moderate scintillations. The strong scintillations (Fig. 1c) were
very rare with an occurrence of 12.5% at 06:00 LT in January, 3.2% at
07:00 LT in May and 2.4% in August at 12:00 LT. Overall, temporal
variation of monthly occurrence showed that scintillations were more
pronounced in the daytime and strong scintillations were very rare.

Consequently, the seasonal temporal variation in the occurrence of
different strength scintillations is shown in Fig. 2 (a) summer, (b) winter
and (c) equinox. This again reaffirms that weak scintillation occurrence is
more pronounced during all the three seasons. The weak scintillations
were most frequent in the dawn period (05:00–09:00 LT), then decreased
and again increased with a peak at 10:00 LT. The minimum occurrence of
daytime weak scintillations was observed at 09:00 LT and 13:00 LT. The
scintillation occurrence increased little during dusk at 18:00 LT but only
fewer scintillation events were registered. A closer observation shows
that during summer (Fig. 2a) the percentage occurrence of weak and
moderate scintillations was higher as compared to winter and equinox
seasons. The moderate scintillations also showed a similar pattern;
however, in this case, the occurrence in the dusk period (17:00–19:00 LT)
was higher than the dawn period. The strong scintillations (S4 > 0.45)
occurred only in the dawn period for 07:00–09:00 LT. During summer
scintillation activity was predominantly local daytime phenomenon. In
contrast, there was a general decrease in the percentage occurrence of all
the types (strength) of scintillations during winter (Fig. 2b) and only 1%
of strong scintillations occurred around 05:00–06:00 LT. During equinox
(Fig. 2c), there was a further reduction in the percentage occurrence of
scintillations. Though daytime weak scintillation occurrence was pre-
dominant with the maximum occurrence of ~12% at dusk, this was
lowest, compared to the other two seasons. Moderate scintillation events
peaked at 06:00–07:00 LT while no strong scintillation event was
recorded during the equinox.

The general characteristics of scintillation activity during low solar
activity year 2010 at our station Suva showed the highest occurrence in
summer compared to winter and equinox seasons which had almost
similar occurrences. The maximum scintillation occurrence during
lation, : moderate scintillation, : strong scintillation and ND: no data). The main phase of

Day 0 Day 1 Day 2

Post Day Pre Post Day Pre Post Day Pre

* – – – * – – – –

* * – – * – – * –

– – – – – – * – –

– * – – – – * – –

– * – – – – * * –

– – – – * * – * *

http://wdc.kugi.kyoto-u.ac.jp/cgi-bin/qddays-cgi
http://wdc.kugi.kyoto-u.ac.jp/cgi-bin/qddays-cgi
http://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUDDEN_COMMENCEMENTS/STORM2.SSC
http://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SUDDEN_COMMENCEMENTS/STORM2.SSC


Table 2b
Effect of category B geomagnetic storms on scintillation activity (-: no scintillation, *: weak scintillation, : moderate scintillation, : strong scintillation and ND: no data). The main phase of
category B storms occurs in the pre-midnight period.

Storm type and intensity SSC day: time/SGC day Main phase day and Min Dst (nT) Day 0 Day 1 Day 2

Post Day Pre Post Day Pre Post Day Pre

SSC, Moderate 28 May 10
14:58

29th: 09:00–01:00
�80 nT

– – – – * – – *

SGC, Moderate 17 Sept 11 17th: 21:00–00:00
�72 nT

– * – – – – – – *

SGC, Moderate 1 Nov 11 1st: 07:00–19:00
�66 nT

– * * – * – *

Table 2c
Effect of category C geomagnetic storms on scintillation activity (-: no scintillation, *: weak scintillation, : moderate scintillation, : strong scintillation and ND: no data). The main phase of
category C storms occurs in the post-midnight period.

Storm type and intensity SSC day: time/SGC day Main phase day and Min Dst (nT) Day 0 Day 1 Day 2

Post Day Pre Post Day Pre Post Day Pre

SSC, Moderate 5 Apr 10
20:26

6th -7th: 01:00–03:00
�81 nT

– – – – – – – *

SSC, Moderate 2 May 10
21:08

3rd: 00:00–07:00
�71 nT

* – * * – – – – –

SSC, Moderate (Twin-storm) 4 Aug 10
05:41
4 Aug 10
22:19

4th: 08:00–14:00
�74 nT
4th: 23:00–03:00
�74 nT

* – – – – – * –

SGC, Moderate 11 Oct 10 11th: 22:00–02:00
�75 nT

* * – – – – * – –

SGC, Moderate 1 Mar 11 1st: 22:00–03:00
�88 nT

– – – – * – * * –

SGC, Moderate 6 Apr 11 6th-7th: 22:00–03:00
�81 nT

– – – – * – – – –

SGC, Moderate 9 Sept 11 10th: 02:00–06:00
�72 nT

– * – – – – – –
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summer is consistent with recent findings by Seif et al. (2015) at two
equatorial stations in Malaysia: UKM (2.55�N, 101.461�E; Ф ¼ 5.78�S)
and Langkawi (6.19�N, 99.51�E; Ф ¼ 1.90� S) during low solar activity
year 2011. Seif et al. (2015) found that the daytime GPS scintillations
were associated with Esb layer and suggested GDI responsible for
plasma-density irregularities producing GPS scintillations. However, this
is not in agreement with results reported by researchers in low-latitude
regions of the northern hemisphere (Indian sector) during the previous
low solar activity phase (2004–2006) wherebymaximum occurrence was
found during equinox, less during winter and least during summer and in
some cases the scintillation events were even absent during summer
(RamaRao et al., 2006b, 2006c; Manju et al., 2011). However, all these
studies were focused on nighttime scintillations. In one of the similar
study on scintillation occurrence in the Western and Eastern equatorial
African region, Paznukhov et al. (2012) observed increased L-band GPS
scintillations during summer compared to equinoctial months. They
further recorded L-band scintillations during low solar activity year
2010 at ten locations in the African region and divided the stations into
three regions viz.; Atlantic, West, and East. They found mostly weak
scintillations with predominant occurrence in the equinox in the Atlantic
region (Ascension Island and Cape Verde). However, in West and East
African regions weak scintillations were mainly observed in boreal
summer, while the equinoctial scintillations were statistically insignifi-
cant. Though this was not fully explained, they suggested that in the
African region the weak plasma bubbles do not always evolve into the
fully developed plumes with the associated small-scale turbulent struc-
tures that cause GPS scintillations. Another concept is that although
plasma bubbles were present, the total integrated density fluctuation
(which can be limited by the background plasma density) along the GPS
ray path was insufficient to produce scintillations at the L-band fre-
quency. The seasonal scintillation activity is very much dependent on the
alignment of the solar terminator and maximizes at times of the year
when the solar terminator is most nearly aligned with geomagnetic flux
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tubes, i.e., when the height-integrated E-region Pedersen conductivity
changes most rapidly (Tsunoda, 1985). This simultaneously decreases
the conductivity of the E-region which is magnetically conjugate to the
F-layer during sunset hours and thus acts as a short circuit over the sun-lit
hemisphere. In our study, it has been observed that scintillation occur-
rence, particularly daytime, was greater in the summer season in com-
parison to other seasons. At low-latitudes, the occurrence of Esb is higher
during low solar activity periods and its seasonal occurrence shows peak
occurrence during the local summer (Devasia et al., 2006) which agrees
with our GPS scintillation observations in this paper. Yadav et al. (2014)
statistically analyzed seasonal occurrence of Esb against local time at
equatorial station Tirunelveli (8.7�N, 77.8�E, dip latitude 0.7�N) in the
Indian sector during the extended minimum of solar cycle 24
(2007–2009) and found the highest occurrence during the summer sol-
stice (�50%) for both years 2007 and 2009.

Our results also accede with some earlier studies on the seasonal
occurrence of daytime scintillations. From the amplitude scintillation
data recorded on VHF (150 MHz) at Brisbane (27.4�S) during
1973–1985, with year 1976 in the minimum phase between solar cycles
20 and 21 and 1980 in the maximum phase of cycle 21, Hajkowicz and
Dearden (1988) found an obvious increase in the daytime scintillation
occurrence between 12:00–16:00 LT, during the southern winter
throughout the solar cycle. They also found two peaks in scintillation
occurrence during the southern summer; one in the daytime
(08:00–10:00 LT) and the other in the pre-midnight period (20:00–22:00
LT) and scintillations were of quasi-periodic (QP) type. RamaRao et al.
(1997) for scintillations on 244 MHz signals from FLEETSAT satellite at
Waltair (17.7�N), India, during 1983–1993 (over a solar cycle) found that
the occurrence of daytime scintillations was a typical feature of low
latitude region during low solar activity period in the summer months
and recorded maximum daytime scintillations during summer (15%)
during low solar activity years (1985–1986). Singh et al. (2009) studied
VHF scintillations on 250 MHz beacon signal from FLEETSAT satellite at



Fig. 1. Contour map of monthly percentage occurrences of scintillation events during 2010 at Suva: a) weak, b) moderate, c) strong (Note: for clarity different scales for the color band has
been used: weak 0–60%, moderate 0–35% and strong 0–12%).
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Varanasi (14.92�N), India, during January 1991 to December 1993
(declining phase of the low solar cycle) and during April 1998 to
December 1999 (ascending phase of the consecutive solar cycle). They
found that maximum occurrence of daytime scintillations was at around
15:45 Indian Standard Time (IST) during all seasons with daytime scin-
tillations having slow fade rates. They related the occurrence of daytime
scintillations to sporadic-E layer and found that more than 60% of the
daytime scintillation events were associated with foEs � 5 MHz. The
occurrence of Es layer along with local time and season also depends
upon the geographical location because of its dependence on vertical
neutral wind shear which has geographical and seasonal dependence
(Shinagawa et al., 2017).

The annual variation of percentage occurrence of scintillations as
shown in Fig. 2d is the combination of the monthly occurrences. The
daytime weak scintillations had the highest occurrence of 17.5% be-
tween 05:00–09:00 LT which decreased to 3.4% at around 13:00 LT and
then gradually increased with a maximum around 17:00 LT. In the pre-
midnight period, weak scintillations were almost constant with an
occurrence of about 3%. In the post-midnight period, the occurrence was
58
around 2.5% till 02:00 LT, but decreased to 0% at 03:00 LT and then
increased to 3.5%. The occurrence of moderate scintillations was higher
in the daytime with a peak at 07:00 LT. Thus, generally, during the year
2010, mostly weak scintillations were recorded at the L1 band with more
pronounced occurrence in the daytime with the main peak in the dusk
around 05:00–09:00 LT and another peak around 17:00 LT. The daytime
amplitude scintillations have been reported to be associated with Esb or
the E-region irregularities (Dabas et al., 1992) at the low latitude stations
in the Indian sector. Zou and Wang (2009) found that GPS ionospheric
scintillations with S4� 0.2, at Guilin (25.29� N), China, near the northern
crest of EIA, during low solar activity years of 2007 and 2008 seldom
occurred in the nighttime (18:00–06:00 LT). Only three nighttime scin-
tillation events were observed, while strong amplitude scintillations with
S4 > 0.4 often occurred in the daytime (06:00–18:00 LT). Paznukhov
et al. (2012) using at ten stations over Africa, covering a latitude of
16.7�N to 8.0�S, found significant GPS L-band scintillation occurrence in
the local daytime. We further try to discuss here the diurnal variation of
mainly daytime scintillations and then the nighttime. Chandra and Ras-
togi (1975) from the ionosonde data analysis at Kodaikanal (Ф ¼ 3.5�N),
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India, found that equatorial Esb had a major peak around 17:00 LT.
Rangarajan and Arora (1980) found that the equatorial electrojet (EEJ) in
the Indian region shows two peaks with the main peak around 16:00 to
17:00 LT and the other one in the morning sector. This seems to be
consistent with an occurrence pattern of scintillation in Fig. 2d but EEJ
and counter EEJ are equatorial phenomena within ± 3� around magnetic
equator which is well below the location of our station. Davis and
Johnson (2005) using lightning data from UK Meteorological Office
within the field of view of the ionospheric monitoring station at Chilton,
UK, between 1993 and 2003 reported a significant enhancement of the
localized ionospheric Es and attributed this to lightning activity passing
over the ionospheric monitoring station. They explained that these
ionospheric Es enhancements were either due to vertically propagating
AGWs associated with strong lightning or vertical electrical discharge or
by a combination of these two mechanisms. Yu et al. (2015) from the
analysis of hourly ionosonde at Sanya and Beijing and lightning data
provided by World-Wide Lightning Location Network (WWLLN) found
lightning-associated enhancement of Es layer and suggested that
magnitude of the enhancement most likely have an association with
lightning stroke energy. Ramachandran et al. (2005) analyzed WWLLN
data for one year (2003) over the largest island, Viti Levu in Fiji, where
the station Suva is located, and found significantly high lightning
occurrence during summer months with main peak activity around
14:00–16:00 LT and enhanced occurrence in the period 00:00–05:00 LT
as compared to other period of the day. Thus at our low latitude station,
the daytime scintillation is suggested to be due to localized Esb, the
occurrence of which may also be controlled by lightning activity around
the observing station. A contribution to the Esb occurrence due to meteor
influx, as shown by Haldoupis (2011) for mid-latitude based on the basis
of long-term observations, is also suggested.

The nighttime amplitude scintillations which at our station were
weak and rare during pre-midnight to about 04:00 LT and moderate and
strong only during 05:00–06:00 LT of the post-midnight may be due to
two types of irregularities namely, plasma bubbles induced (PBI) and
bottom side sinusoidal (BSS) irregularities (RamaRao et al., 2005). At the
sunset and pre-midnight hours, the F-region ambient ionization is rela-
tively high with steep gradients in the electron density which is
responsible for the generation of GRT instability, ranging from several
kilometers to few centimeters. The PBI developed due to GRT rise to the
non-linear evolution of E � B drift and produce scintillations at higher
latitudes after some delay with respect to equatorial stations. In our ob-
servations, the nighttime scintillation occurrence is small as compared to
daytime. Thomas et al. (2001) studied nighttime L-band amplitude
scintillations in Australia and South East Asia during 1998–1999 and
found lower scintillation percentage occurrence at Darwin (12.4�S,
Geomag. lat. 21.9�S) as compared to other sites; Parepare (3.98�S),
Pontianak (0.00�S), MarakParak (6.31�N) and Vanimo (2.4�S), located
near the magnetic equator and the anomaly crest. Our measurement site,
Suva, (geomag. lat., 21.07�S) is close to the geomagnetic latitude of
Darwin, therefore, strong scintillation activity is not expected during this
low solar activity year 2010 as is clearly shown by our results.

Further analysis of the annual occurrence of scintillation events
revealed that from a total of 405 weak scintillation events (Fig. 3a), 68%
occurred in the daytime, 17% in the pre-midnight period and 15% in the
post-midnight period. From a total of 70 moderate events (Fig. 3b), 87%
occurred in the daytime, 4% in the pre-midnight period and 9% in the
post-midnight period. There were only 5 strong scintillation events
(Fig. 3c) of which 60% (3) occurred in the daytime and 40% (2) in the
post-midnight period with no event in the pre-midnight period. Thus,
overall occurrence revealed that in the South Pacific region at Suva
(geomag. lat., 21.07�S), the GPS scintillation events are more predomi-
nant in the daytime in comparison to the pre-midnight and post-midnight
periods during low solar activity year (2010). Out of a total of 480
scintillation events during 2010, 71% of the events occurred in the
daytime, while only 15% in the pre-midnight and 14% in the post-
midnight period (Fig. 3d).



Fig. 3. Percentage occurrence of a) weak, b) moderate, c) strong and d) the percentage of annual total amplitude scintillation events during the daytime, pre-midnight and post-midnight
periods in 2010 at Suva.
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3.2. Strong amplitude scintillation events and their association with vTEC,
phase scintillations, and C/No variations

In order to study the association of strong amplitude scintillation
events with the phase scintillations, vTEC, and carrier to noise (C/No),
the five strong scintillation events were selected: daytime events on 18
January, 26 May and 10 August and post-midnight events on 20 January
and 30 January. Out of these, three examples are presented here
including one daytime event on 18 January (Fig. 4a), and two post-
midnight events on 20 January (Fig. 4b) and 30 January (Fig. 4c). It
can be seen from Fig. 4b-c that phase scintillations occurred in associa-
tion with post-midnight strong amplitude scintillation events. While in
the case of the one daytime event (Fig. 4a) associated phase scintillations
were evident. The daytime strong events did not show any considerable
vTEC fluctuations, however, in the post-midnight, one (Fig. 4b) out of the
two events showed vTEC depletion of almost 0.5 TEC units (TECU),
suggesting that these scintillations are probably associated with PBI ir-
regularities (RamaRao et al., 2006c). No scintillation event occurred with
high S4 index (>0.6) associated with large vTEC depletions, resulting in
the loss of lock in the phase channel of the GPS receiver, hence inter-
ruption in the satellite communication.

Associated with the strong scintillation events, a decrease in the
carrier to noise ratio was also noted. The carrier to noise ratio decreased
with increase in the S4 level. The observations made by Zou and Wang
(2009) at station Guilin (25.29�N), China, near the northern crest of EIA,
showed that phase and TEC fluctuations were associated with nighttime
amplitude scintillations. They suggested that daytime scintillations are
caused by small-scale irregularities in the ionospheric E-region. They also
observed strong daytime amplitude scintillations associated with phase
scintillations, whereas weak daytime scintillations were not associated
with phase scintillations. Moreover, vTEC depletions and rate of vTEC
change were much weaker when compared with nighttime scintillations.
The strong amplitude scintillations showed phase fluctuations especially
in the morning, but pure daytime events did not show any phase fluc-
tuation at all. At Lagos, Nigeria, Adewale et al. (2012) found that
enhanced nighttime GPS L-band amplitude scintillations always occurred
with enhanced nighttime phase fluctuations which are consistent with
our results of strong post-midnight scintillations. RamaRao et al. (2006b)
suggested that the nighttime L-band scintillations near the EIA crest, in
India, were associated with the plasma bubbles which were detected as
TEC depletions. The TEC depletions smaller than 2 TECU did not produce
GPS scintillations. The strength of scintillation is determined by the
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background density that the bubble intersects, most probably a larger
background density can admit larger density fluctuations (Paznukhov
et al., 2012). Beach and Kitner (1999), at Ancon (dip latitude. 0.8�N),
observed cases whereby TEC fluctuations were constant, but the S4 level
increased. We observed a case of vTEC depletion associated with strong
amplitude scintillation as shown in Fig. 4b which occurred in the
post-midnight period. This post-midnight strong scintillation event may
have occurred due to PBI irregularities and the daytime strong events
could most likely be associated with Esb or the E-region irregularities
because for all the cases of strong daytime scintillations events there was
no evidence of vTEC depletions. The TEC enhancement due to Es or Esb
may not be too high and could be masked by the high electron density of
the F1- and F2-layers in the daytime due to which not much vTEC fluc-
tuations were recorded with strong daytime amplitude scintillations. On
the other hand, signal to noise ratio did show a decline.
3.3. Geomagnetic activity effect on scintillations

3.3.1. Scintillation occurrence on Q- and D-days
The seasonal scintillation occurrence on five Q-and D-days taken from

every month has been plotted as in Fig. 5. Generally, the scintillation
activity increased on the D-days, during all the seasons. Comparison of
weak scintillation occurrence shows that there is a distinctive peak be-
tween 06:00–10:00 LT which is enhanced on D-days for all the seasons. A
comparison of seasonal occurrence of moderate scintillations shows that
it is pronounced during summer and increases on D-days. Moderate
scintillations show three peaks during summer on D-days; 06:00 LT,
09:00 LT and 17:00 LT. Only an average of 10% of strong scintillations
were recorded which occurred on D-days of the summer season. No
strong scintillations were observed on the Q-days of any season.

In addition, the daytime scintillation occurrence was more pro-
nounced on both Q-and D-days of all the three seasons. In the pre-
midnight period, the weak scintillations showed a slight increase in the
occurrence on the D-days during winter and equinox. During summer,
the increase was large and the peak of weak occurrence at 18:00 LT
showed an increase of 16%. The post-midnight scintillation occurrence
showed no change during summer with almost similar behavior during
winter and equinox. There were no moderate scintillations in the pre-
midnight and post-midnight periods on both Q-and D-days of all the
three seasons, however, daytime moderate scintillations were observed.
Hence, on the D-days the scintillation activity generally increased during
summer. The percentage occurrence of all three categories of



Fig. 4. Time variation of amplitude and phase scintillation, vTEC, vTEC Rate and Carrier to Noise (C/No) ratio of the strong scintillation events experienced by satellite PRN-14 at Suva on:
a) 18 Jan, b) 20 Jan 2010 and c) 30 Jan 2010.
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Fig. 4. (continued).
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scintillations was significantly less on Q-days as compared to D-days.
The annual scintillation occurrence on Q-and D-days, as illustrated in

Fig. 6a–b, shows an enhanced occurrence of scintillations on D-days in
the day and pre-midnight periods. In the case of weak scintillations, there
is a distinct early morning peak between 06:00–09:00 LT on both Q-and
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D-days which on D-days increased slightly from 14% to 19%. The pre-
midnight scintillation occurrence also increased on D-days with peaks
around 19:00 LT and 21:00 LT. However, in the post-midnight period,
weak scintillation events did not show any appreciable variation.
Considering the moderate scintillations, the daytime increase on D-days



Fig. 5. Seasonal scintillation occurrence on Q-days (left panel) and D-days (right panel).
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is clear, with peak occurrences at 07:00 LT, 10:00 LT, and 18:00 LT. No
moderate scintillations were recorded in the pre-and post-midnight pe-
riods on both Q-and D-days. The strong scintillations were registered
only at 06:00 LT on D-days with a total occurrence of about 4%. Similar
results of scintillation activity on Q-and D-days were reported in other
studies on VHF scintillations at low latitude stations (Kumar and Gwal,
2000; Bhattacharyya et al., 2002). Tiwari et al. (2013) analyzed the
nighttime (18:00–05:00 h (IST)) GPS L-band scintillation occurrence on
Q-and D-days at Bhopal (23.2�N, 77.4�E; Geomag. 14.2�N) from January
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2005 to December 2006. They found inhibition of scintillations on
D-days of winter and equinoxes in the pre-midnight period and an
enhancement in the post-midnight period. On the other hand,
pre-midnight scintillations showed an increase while post-midnight
scintillations showed a decrease during the summer season. Surpris-
ingly, a suppression of both pre-midnight and post-midnight scintilla-
tions on D-days was apparent in their annual scintillation occurrence
analysis. They attributed the scintillation suppression and enhancement
to changes in the ring current. In general, the studies revealed that an



Fig. 6. Annual percentage occurrence of scintillations on a) Q-days, b) D-days.
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increase in the occurrence of scintillation on D-days which is attributed to
the formation of new irregularities in the ionosphere. In our study, the
number of weak amplitude scintillation events recorded on D-days was
higher in comparison to Q-days and strong events occurred only on
D-days. On D-days, the perturbation electric field associated with the
GRT produces the equatorial spread–F (ESF) irregularities that give rise
to the scintillations (Engavale et al., 2006). When this perturbation
electric field dies out, the irregularities drift into the background plasma.
To further examine the effects of severe magnetic activity on scintilla-
tions, the scintillation occurrence during magnetic storms has been pre-
sented in the next sub-section.

3.3.2. Scintillation occurrence during geomagnetic storms
Scintillation occurrence under storms (Dst � �50 nT) that occurred

during 2010 and 2011 of category A, B and C, and of different strengths is
presented in Table 2a–c where Day 1 is the occurrence day of the storm,
Day 0 is one day before the storm day and Day 2 is the day after the storm.
The category A storms (Table 2a) had the main phase in the daytime of
Day 1, category B (Table 2b) in the pre-midnight of Day 1 and category C
(Table 2c) in the post-midnight of Day 1. It is seen from Table 2a that
under category A storms, mostly weak scintillation events were recorded
in the daytime of Day 1 and 2, and in the post-midnight to the early
morning of Day 2. There were no scintillations in the pre-midnight of Day
0, indicating a suppression of scintillation occurrence in this period and
also in the post-midnight of Day 1. Aarons et al. (1997) studied the effect
of a category A storm on 2–7 November 1993 (Dst, �119 nT) with onset
on 3 November at Kourou (5�N), French Guinea and Santiago (33�S),
Chile. They found GPS scintillation of high intensity at nighttime on 4
November and no scintillations on 5–6 November. Bhattacharyya et al.
(2002) studied the effects of 18–19 February 1999 (Dst, �123 nT) and
1–2 March 1999 (Dst, �95 nT) storms on VHF (244 MHz) scintillations
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using data recorded at Ancon station (11.8� S), USA, and found that
scintillations under these storms of category A began in the pre-midnight
and lasted till post-midnight period. Bhattacharyya et al. (2010) also
studied GPS scintillation at Bhopal (23.2�N), India, under a category A
storm on 21 January 2005 (Dst, �95 nT). They observed scintillation
occurrences only on 22 January 2005 after 20:30 LT.

As shown in Table 2b, under category B storms moderate to strong
scintillations were recorded in the daytime of Day 1 with weak scintil-
lations in pre-midnight of Day 2. In addition, both weak and moderate
scintillations were recorded before the main phase of the storm day.
However, an extraordinary storm effect was recorded for the category B
storm that occurred on 1 November 2011 with moderate intensity. This
storm initiated moderate scintillations in the daytime of storm day, weak
in the pre-midnight and moderate to strong events on the Day 1. Scin-
tillations then died out as the storm proceeded into the recovery phase.

For category C storms (Table 2c), the results varied from very less
scintillation occurrence on the onset day and a little on the day after it.
Most storms showed scintillation occurrence on Day 2 during the re-
covery phase of the storm. Kumar and Gwal (2000) from the intense
storm effect on VHF scintillations at Bhopal, India, found that when the
main phase of storms occurred in the post-midnight (category C), the
occurrence of scintillations was enhanced in the post-midnight period
which extended into daytime. However, there were no intense storms
under category C during the period of our study. Effect of a very intense
storm of category C on 22 October 1999 (Dst, �237 nT) was studied by
Bhattacharyya et al. (2002) who found VHF (244 MHz) scintillation
occurrence after sunset on the storm day lasted just after 23:00 LT.

In the present work, out of 17 storms, 14 were moderate and 3
intense. The moderate storms of any category, as seen from Table 2a–c,
did not show any clear effect on the occurrence of GPS scintillations at
our station. There seems to be a suppression of scintillation activity in the
pre-midnight of Day-0 with no effect on Day-1 and 2. Thus, overall it
seems that the storm-time scintillation displays an irregular pattern.
More data on storms are needed to investigate the effect of storms on
scintillation activity at Suva. However, scintillation occurrence during
the storm main phase seems to be related to the prompt penetration of
the storm-time high-latitude electric field to low latitudes as that of Suva.
A number of studies have been carried out which explain the develop-
ment or inhibition of ESF irregularities during the geomagnetic storm
and the role of storm-time electric and disturbance dynamo electric field
penetration to low latitudes (e.g., Fejer et al., 1999; Bhattacharyya et al.,
2002; Basu et al., 2007; Kuai et al., 2015).

4. Conclusions

An initial study of ionospheric L-band scintillation was carried out
using the GPS L1 band signal recorded during 2010 at Suva, a low solar
activity year of the 24th solar cycle. Seasonal variation showed the
highest percentage occurrence of scintillations during summer followed
by winter and equinox. The scintillation activity was more pronounced in
the daytime as compared to the nighttime period with first peak occur-
rence around 07:00 LT and another peak around 17:00 LT but weaker
than the first peak. Annually, there were 71% of daytime events with
peak occurrences between 05:00–09:00 LT. Followed by that was the pre-
midnight occurrence of 15% and the post-midnight of 14%. Weak scin-
tillation events were predominant (84.4%), followed by moderate
(14.6%) and the strong (1%). The nighttime scintillations are attributed
to F-region irregularities (plasma bubbles). However, the daytime scin-
tillations may be associated with the localized Esb controlled by lightning
activity in view of previous studies by Davis and Johnson (2005) and Yu
et al. (2015) who found lightning-associated enhancement of Es layer. A
study by Ramachandran et al. (2005) further supports this since signifi-
cantly enhanced lightning activity was found during the summer season
with the main peak in the local daytime 14:00–16:00 LT during 2003
over the largest island, Viti Levu of Fiji. The scintillation occurrence in-
dicates the frequent occurrence of E-region irregularities as compared to
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F-region during low solar activity period with maximum occurrence in
the southern summer season consistent with dominant lighting activity in
the summer season. Daytime amplitude scintillation activity in the South
Pacific region is still an open area of investigation.

The analysis of strong scintillation events with respect to vTEC, phase
scintillations, and carrier to noise ratio (C/No) showed that phase scin-
tillations in the post-midnight are associated with amplitude scintilla-
tions but not in the daytime. No significant vTEC fluctuations were
associated with strong daytime amplitude scintillation events, however,
post-midnight strong scintillation events did show vTEC fluctuations. A
decrease in the carrier to noise ratio was recorded in all the strong
scintillation events and the C/No decreased with an increase in S4.

There seems to be a profound effect of geomagnetic disturbances on
scintillations, showing higher percentage occurrence of all three cate-
gories (weak, moderate and strong) of scintillations on D-days as
compared to Q-days. The geomagnetic storm effect, for all the three
categories (A, B and C) of storms, showed that the occurrence of scin-
tillations in the days following the stormmay be enhanced. This indicates
the generation of new ESF irregularities or blanketing sporadic-E during
the storms. However, some category C storms showed pre-storm scintil-
lations as well. An investigation using a longer period of data including
high solar activity is recommended to get a better insight into geomag-
netic storm effect on scintillations over this station in the South Pa-
cific region.
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