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Abstract

This study presents unique perspectives of occurrence and strength of low latitude ionospheric scintillations on multiple signals of
Global Navigation Satellite System (GNSS) and its frequency dependence using continuous observation records of 780 nights. A robust
comparative analysis is performed using scintillation index, S4 and its variation during pre-midnight and post-midnight duration from a
GNSS receiver located at Waltair (17.7°N, 83.3°E), India, covering period from July 2014 to August 2016. The results, generally exhibit
the impact of declining phase of solar cycle 24 on occurrence and strength of scintillations, which, however, is evidently different over
different frequencies transmitted from different GNSS systems. A deeper quantitative analysis uniquely reveals that apart from the solar
cycle and seasonal effects, the number of visible satellites of a selected GNSS markedly affect the occurrence and also the strength. Pro-
cessing scheme of adopting 6 hourly time windows of pre-midnight and post-midnight brought a novel result that the strength and occur-
rence of strong scintillations decrease with declining solar activity during pre-midnight hours but remarkably increase for moderate and
weak scintillations during post-midnight. The physical processes that dominate the post-midnight equatorial ionosphere are invoked to
explain such variations that are special during declining solar activity. Finally, inter-GNSS signal analysis in terms of the effect of strong,
moderate and weak scintillations is presented with due consideration of number of satellite passes affected and frequency dependence of
mean S4. The quantitative results of this study emphasize for the first time effect of low latitude scintillation on GNSS signals in Indian
zone under changing background solar and seasonal conditions.
© 2017 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The occurrence and strength of post-sunset ionospheric
irregularities in the equatorial and low latitude ionosphere
have remained a challenging problem for the ionospheric
researchers for last many decades. This has been due to
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the complex interplay of multiple physical processes oper-
ative for triggering, growth, drift and decay of large scale
ionospheric F region irregularities known as equatorial
plasma bubbles (EPBs) (Haerendel, 1973; Woodman and
La Hoz, 1976; McClure et al., 1977; Tsunoda, 1980;
Tsunoda et al., 1982). It has been well established that sev-
eral scales of electron density irregularities are produced
within an EPB through an electrodynamics assisted turbu-
lent cascade process encompassing from hundreds of km
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scales down to cm scales (Basu and Basu, 1981; Yeh and
Liu, 1982; Kelley, 2009). The EPBs pose a serious threat
to satellite navigation and communication (Kintner et al.,
2001; Carrano and Groves, 2010), specifically for global
navigation satellite systems (GNSS). The GNSS have pro-
vided a large number of applications in modern society that
use trans-ionospheric propagation, specifically, in L-band.
GNSS is a generic name of all the satellite constellations
primarily aimed at providing navigation and the majority
of signals from such satellites fall in L-Band (see
Hofmann-Wellenhof et al., 2008, for technical details).
Theoretically, the radio wave scattering and diffraction
processes in a growing EPB ranging between 300 and
400 m scale sizes (known as Fresnel scale) produce scintil-
lation in L-band (Kintner et al., 2001). The scintillations
in equatorial and low latitude, where large vertical electron
density gradients exist, produce sudden and strong signal
fading, scattering and other effects and thus eventually
may lead to loss of signal power (Aarons, 1982). The pres-
ence of EPBs in the line of sight between a satellite and
receiver produces random perturbations in amplitude and
phase besides sharp gradients in total ionospheric delay
(or total electron content) (Basu et al., 1999; Dashora
and Pandey, 2005). These perturbations cause several hin-
dering effects on GNSS signals like multiple phase cycle
slips, loss of lock in phase lock loop in the receiver, loss
of navigation data for more than a few minutes causing
radio black-out for GNSS receivers (e.g. Wernik et al.,
2003; Valladares et al., 2004; Dashora and Pandey, 2005;
Rama Rao et al.,, 2006, 2009; Venkatesh et al.; 2015;
Ghafoori and Skone, 2015). Hence, the EPBs become an
impediment for all the GNSS applications that require
accuracy, continuity, availability and integrity at every
time, everywhere (Conker et al., 2003; Carrano et al.,
2012; Das Gupta et al., 2004).

Ionospheric scintillations dramatically show varying
effect due to dispersion for changing the frequency of trans-
mission, even within L-band as reported in recent studies
(Muella et al., 2009; Spogli et al., 2013; Hlubek et al.,
2014). As far as the Indian ionospheric region is concerned,
it is strongly influenced by the presence of the geomagnetic
equator passing right through the southernmost tip of
Indian peninsular region. Thus, the complete Indian land
mass that utilizes the navigation solutions is prone to the
scintillation ~ threats under phenomenon of EPB
(Chakraborty et al., 2014). In the aforementioned context,
the present study from Indian sector provides recent results
from multi-frequency GNSS scintillation analysis. This

Table 1

paper presents occurrence of scintillation, its strength,
dependence on availability of satellites in a GNSS system
and the variability during descending solar activity period
of cycle 24 from 2014 to 2016. The following sections pre-
sent the observations, comparative analyses and conclu-
sions from this study.

2. Data and observations

The data, observations and all the results are briefly
mentioned in this section. The aim of this section is to give
an overview of results so that a comparative analysis with
cross referencing of results is possible in a later section.
Continuous GNSS observations have been made at Wal-
tair (17.7°N, 83.3°E, Geomag. Lat. 8.71°N), a low latitude
station in the Indian sector using a Novatel make multi fre-
quency GNSS receiver known as GPStation-6 GISTM
(GNSS TIonospheric Scintillations and TEC Monitor) for
a period of 26 months from 01 July 2014 to 31 August-
2016. This period marks the presence of descending phase
of the solar cycle 24. GISTM records the raw amplitude
and phase measurements of the satellite signals at different
frequencies from various systems of GNSS at a sampling
rate of 50 Hz. This receiver is capable of measuring signals
from satellites of GPS (Global Positioning System), GLO-
NASS (GLObal NAvigation Satellite System), Galileo and
Indian SBAS (Space Based Augmentation System) called
GAGAN (GPS aided geo augmented navigation). A data
parsing utility computes the ISMR (ionospheric scintilla-
tion measurement record) parameters such as amplitude
scintillation index S4, phase scintillation index (Sigma-
Phi) and other parameters of ionospheric interest at one
minute interval. The GISTM do not record scintillation
data over L2 frequency of GPS because of excess noise
due to semi-codeless tracking of P (Y) code (see user man-
ual of GPStation-6, 2012).

Table 1 provides the details of L-band frequencies of dif-
ferent systems and Table 2 provides the duration of data
records which are utilized in this study that include L1
and L5 frequencies of GPS, L1 and L2 bands of GLO-
NASS, El1, E5SA, ESB and ESAItBOC frequencies of Galileo
and L1 frequency of SBAS-GAGAN (on PRNs 127 and
128). The amplitude scintillation index (S4) (Briggs and
Parkins, 1963; Dashora and Pandey, 2005) recorded inter-
nally at sample rate of 50 Hz in the receiver and computed
every minute on the minute in the PC is used in this study.
The amplitude of GNSS signal is affected by multi-path at
the antenna due to the interference from reflected signals

The signals transmitted by different GNSS systems, corresponding frequencies, wavelengths and the Fresnel scales of ionospheric irregularities.

GNSS system GPS GLONASS Galileo Indian SBAS

LICA L5Q LICA L2P El ESA E5B AlItBOC LICA
Frequency (MHz) 1575.42 1176.5 1593-1609 1238-1254 1575.42 1176.45 1207.14 1191.79 1575.42
Wavelength (m) 0.190 0.255 0.188-0.186 0.242-0.239 0.190 0.255 0.248 0.251 0.190
Fresnel scale p = v/2/z (m) 365 422 363-361 412-409 365 422 417 419 365
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from close by structures at lower elevations angles. To
avoid the site-specific multipath, generally an elevation
cut-off is used. The cut-off angle can be chosen based on
the altitude of the antenna and the site-specific structures
spread around. For this site, although the antenna is
mounted on roof-top of building, a cut-off angle of 30
degree is found satisfactory to reject multipath effects. Also,
to further reduce the effect of ambient, thermal and elec-
tronic noise from S4 index, only the data with S4>0.17
(corresponding to SNR > 3 dB) are considered for further
analysis. This limit has been obtained from the S4 observa-
tions on nights without ionospheric scintillation events. It
shall be noted that GPS transmits L5 frequency only over
10 out of 31 active satellites whereas each satellite of GLO-
NASS transmits different frequency selected from a band
spread around central frequencies at 1602 MHz and
1246 MHz. All the results presented in this work pertain
to nocturnal variations in S4 vis-a-vis the frequency of sig-
nals and the magnitude of S4 along the occurrence statistics
and availability. Following a similar approach as Akala
et al. (2016), Fig. 1a and b present per minute maximum
S4 among the visible satellite PRNs under the above men-
tioned thresholds and criteria. The computed S4 during
the time span 18:00-06:00 IST (Indian Standard
Time = UT + 05:30 h) for the period of observations is pre-
sented as color scale in Fig. la. The color bar shows the
strength of S4 index in 3 categories namely weak
(0.17 <S4 <0.3 ie. 3-6dB), moderate (0.3 <S4 <045
i.e. 6-10 dB) and strong (S4 > 0.45 i.e. 10 dB) scintillations
following the relationship developed over time by Whitney
(1974), Secan et al. (1995) and Rama Rao et al. (2006). The
gray background of Fig. la and b represents no scintillation
on a given night unless specifically marked for no observa-
tions. The variations of weighted proxy index of F10.7 cm
solar flux (Dashora and Suresh, 2015) is given on the top
axis of the first column in Fig. la and 1 b (curve in magenta
color) to highlight the descending trend in the solar activity
in the concerned period. A visual inspection of different col-
umns in both the figures provide a direct evidence of exist-
ing similarities and differences in occurrence of peak S4 per
minute among different frequencies and also among differ-
ent GNSS constellations. One interesting aspect highlighted
in the first and second columns is that per minute peak S4
index shows the well-known seasonal pattern of low lati-
tudes with higher (lower) values in equinoxes (solstices),
similar to the results from previous studies like Tsunoda
(1985), Rama Rao et al. (2006), Muella et al. (2009) and
Abadi et al.(2014). It is obvious that the occurrence and
the intensity of S4 are largely different among various con-
stellations and signals. Although, the temporal width of
occurrence of scintillation on a given night is found maxi-
mum for GPS L1 signal, it must be noted that the number
of visible satellites from a given constellation on a given
night was also maximum for GPS. Otsuka et al. (2006)
and Abadi et al. (2014) have discussed the effect of geometry
and patterns in the drift of EPBs in pre-mid-night sector on

the GPS scintillation in detail. Thus, in light of these stud-
ies, the results from the present study suggest that it is quite
possible that the zonally drifting EPBs in pre-midnight sec-
tor provide more probability of crossing the line of sight of
GNSS signals when more satellites are visible over a site
from a particular constellation. However, it shall be noted
that the availability of satellites remain the same from one
night to another for a given constellation but the dynamics
as well as zonal and latitudinal extent of the EPBs vary in
same time window and volume of space.

Thus, the results in Fig. 1a and b indicate a necessity to
quantify the occurrence and the strength of S4 vis-a-vis the
visibility of satellites and the frequency of GNSS signals,
which has not been emphasized clearly in earlier studies.
Hence, to accomplish this task, the nocturnal data is segre-
gated into two time windows namely pre-midnight during
18:00-00:00 IST and post-midnight during 00:00-06:00
IST. Notably, the spatial ionospheric coverage above ele-
vation angle of 30° provides a horizontal latitude-
longitude grid of about 5° x 5° at an altitude of about
350 km over Waltair. Thus, the choice of the 6 h window
and selection of per minute peak S4 from any of the visible
satellites in this time window facilitate the spatio-temporal
extent of scintillation within this volume. Fig. 2a and b
respectively present the peak S4 from all the visible satel-
lites from 6 hourly pre-midnight and post-midnight time
windows as observed from different constellations for all
the signals in respective panels. To further look into the
number of satellites affected by scintillation compared to
the total visible satellites, the total number of satellite
passes (shown as green bars) and the number of satellite
passes having scintillations (shown as red bars) are given
in Fig. 3a and b, respectively for the two time windows.
The seasonal occurrence has been obtained by binning
the monthly percentage occurrence of scintillations. Scintil-
lation occurrence is defined when S4 is higher than 0.17 for
continuous 5 min for any satellite for a given constellation
during a night. The results for monthly percentage occur-
rence are presented in Fig. 4a and b, respectively for pre-
midnight and post-midnight windows. Finally, the scintilla-
tion observations are segregated into weak (0.17 <S4 <0.3
i.e. 3-6 dB), moderate (0.3 <S4 <0.45 i.e. 6-10dB) and
strong (S4 > 0.45 i.e. more than 10 dB) scintillations in
terms of affected number of satellite passes. The results of
this segregation are presented in Fig. 5a and b respectively
for pre-midnight and post-midnight windows, wherein each
columnar panel shows the monthly occurrence of scintilla-
tion in terms of total number of affected passes of satellites
in each of the category of scintillation, respectively shaded
by blue (weak), green (moderate) and red (strong) colors.
The frequency dependence of mean S4 is also computed
resulting into prominent slopes for different constellations
as given in Fig. 6a. It is interesting to note the difference
of slope among GPS, GLONASS and Galileo signals and
the statistics of the difference in magnitude of mean S4
for different frequencies in GPS and GLONASS (Fig. 6b).
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Fig. 2. Value of peak S4 on each night from all the visible satellites in 6 hourly (a) pre-midnight and (b) post-midnight time windows as observed from
different constellations for all the GNSS signals in L1, L2 and L5-bands. The horizontal gray bars along abscissa in different panels show period of no data
record for that particular frequency. The bottom panel shows all the nights from 1 July 2014 to 31 August 2016 and the top panel indicates the nights of
respective equinoxes and solstices.
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Fig. 4. Monthly percentage occurrence of scintillation shown by magenta bars for all the GNSS signals respectively in (a) top panel for pre-midnight and
(b) bottom panel for post-midnight time windows. No data record is shown by horizontal gray bars for the respective durations and frequency. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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midnight time windows. Note that each panel is shown in different range for abscissa to clearly describe the statistics for different GNSS signals. On top of
each panel, the highest percentage occurrence of affected satellite passes for each category in a specific month is given as text annotation. Specific month
corresponding to the highest percentage occurrence is indicated by S-Strong, M-moderate and W-weak symbol. No data record is shown by vertical arrow
in respective panels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Comparative analysis of occurrence and strength of GNSS
amplitude scintillations

The summative description of the observations as given
in Section 2 above provides us with a scope of comparative
analysis of the GNSS scintillation over Waltair. The obser-
vations are segregated on basis of occurrence and strength

of scintillation for dependence on frequency, visible and
scintillation-affected satellites, time window and seasons
besides monthly percentage statistics, thus making this
study a highly quantitative comparison of the phenomena.
It can be noted that the equinox and solstice specific dates
are marked in Figs. 1-5 along the variation in solar activity
to bring forth the seasonal response of scintillations in



(a)

V.K.D. Srinivasu et al. | Advances in Space Research 61 (2018) 1761-1775

0.75 T T T T T T T T
(185, GLO-L1)  Pre-Mid Night (18:00-24:00 L.T)
(199, GPS-LS)’
0.7 : i,
(251,GPS-L1)
0.65- 4
(94, 90, 92)
GAL-ESB,AltBoc,E (195,GLO-L1)
0.6} : i
)
op
s
5 osst i
-
=
S
2
= OS¢ (88,GALED
)
-
7))
0.45 4
: (81, SBAS-L1) *
(103, SBAS-L1)
0.4+ -
0.35|- i
03 I i I 1 1 1 i 1 1
1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650
Frequency(MHz)

(b)

300

250

200+

150

100

Number of Events

50

Pre-mid night GPS L1-GPS L5

0 0.2
S4 Difference

Pre-mid night GLONASS L1-GLONASS L2

300

250

200

150

100

Number of Events

50

0.2 0 0.2 0.4 0.6
S4 Difference

-0.4

0.75

S4 Index (average)

Number of Events

Number of Events

0.55-

1769

0.5+

0.41(40,35,39) . - :
GAL-ESB,AltBoc,ESA

(106, GLO-L2)

(116,GPS-LS)

Post-Mid Night (24:00-06:00 LT)

(169, GPS-L1)

(21, SBAS-L1)

(30, GAL-E1)

I 1 1 1 I i 1

0.3
1150

1
1250 1300 1350 1400 1450 1500 1550 1600 1650

Frequency(MHz)

300

250+

200

150+

1001

S0F-

Post-mid night GPS L1-GPS L5

- _Hm_
0 0.

Post-mid night

-0.4 -0.2 .2 0.4 0.6

S4 Difference

GLONASS L1-GLONASS L2

300

250

150+

1001

S0

-0.2 0 0.2 0.4 0.6
S4 Difference
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backdrop of changing solar activity in all the above cate-
gories of observations.

3.1. General observations

As noted above, Fig. la and b present per minute peak
S4 for all the GNSS observations. The first panel of Fig. la
shows the maximum scintillation occurrence in equinoctial
months followed by winter and summer months during the
concerned period of observations. It is obvious that there
exists a decreasing trend in scintillation occurrence with
seasonal highs (around equinoxes) and lows (around sol-
stices). The occurrence of scintillations is mostly dominant
between 19:00-02:00 IST, however, the scintillation is
observed up to 03:00 IST for a very few events. Also it is
noteworthy that the occurrence of scintillations is more
severe around the March equinox of 2015 than any other
seasons in the whole concerned period. As far as the occur-
rence of scintillation among different frequencies is con-
cerned, the GPS L1 frequency shows highest occurrence
and temporal width whereas GPS L5 show highest strength
of scintillation compared to other frequencies of GLO-
NASS, SBAS and Galileo in L1 band. Similar results are
obtained in Fig. 1b for different frequencies in L2 and other
bands. Table 1 shows that each of the frequency is sensitive
to a particular Fresnel scale of irregularities ranging from
361 m to 422 m for all the GNSS signals. Hence a direct
comparison is not warranted because theoretically, the
Fresnel scales not too widely spaced to get affected by scin-
tillation in so drastically different manner. Also it is intrigu-
ing to note that E1 and E5 frequencies of Galileo show the
weakest and least occurrences, whereas L1 of SBAS
remains lesser in all respect than L1 and L2 of GLONASS.
Such a conclusive and direct comparison remains incom-
plete from the present study with due knowledge that var-
ious constellations have different number of satellites and
visibility over a site. Thus, with a bird’s eye view of general
observations presented in Fig. la and b, the comparative
analyses of the occurrence and strength of S4 call to
account for the availability of satellites and number of
satellite passes affected by S4. This analysis, which is
uniquely performed in this study, is detailed below.

Table 2

3.2. Satellite visibility and frequency dependence of S4

Fig. 2a and b emphasize this aspect of aimed compar-
ison between different frequencies and constellations in
pre-midnight and post-midnight periods. The results of
Fig. 2a and b clearly show the peak S4 on a particular fre-
quency in respective durations of 6 h per night over Waltair
irrespective of specific satellite of a system. These figures
show the severity of scintillation and its daily variation
for different frequencies. It is obvious that a reasonable
agreement exists among the frequencies for the peak value
of S4 index as given in each panel of Fig. 2a and b. The clo-
sely spaced bars in these figures indicate the higher daily
occurrence. Evidently, the occurrence of scintillation for
GPS and GLONASS in both pre and post-midnight win-
dows remain higher than Galileo and SBAS satellites (see
Table 2 for details on number of available satellites). It is
well known the EPBs are formed in the equatorial iono-
sphere, preferably, in the post-sunset sector, through non-
linear Rayleigh-Taylor instability process in conducive
background conditions on a given night (Haerendel,
1973; Woodman and La Hoz, 1976; Zalesak and
Ossakow, 1980, etc.). A detailed treatise of scientific litera-
ture on various aspects of EPBs is provided by Kelley
(2009). The variability in the triggering, evolution, drift
and decay characteristics of this plasma instability have
well been reported from various longitude sectors e.g.
Fejer et al. (1999), Fritts et al., (2009), Tsunoda (2010),
Yokoyama et al. (2011) and references therein. The theo-
retical framework for ionospheric scintillations associated
with EPBs is well founded by Yeh and Liu (1982),
Bhattacharyya et al. (1992), Wernik et al. (2003) and
Rino (2011) and the observational evidences of the vari-
ability in GPS scintillations due to EPBs are reported from
around the globe e.g. Groves et al. (1997), Dashora and
Pandey, (2005), Rama Rao et al. (2006) and Paznukhov
et al. (2012) and many previous studies. In view of the pre-
sent understanding of this phenomena, the above men-
tioned results from Figs. 1 and 2 highlight the contrast
among the various GNSS systems for scintillation occur-
rence as well as strength. This signifies spatial as well as
temporal variability of the EPBs in the coverage area above

Duration of data records over Waltair and number of available satellite in pre and post midnight time windows.

GNSS system GPS
Data available July 2014-August 2016
Over Waltair

GLONASS

November 2014-August 2016

Galileo
November 2014-August 2016

Indian SBAS
May 2015-August 2016

Frequency L1 LS L1 Band L2 Band El E5A ESB AItBOC Ll

Pre mid night Max. available 16 8 11 11 6 6 6 6 2
Avg. available 13 4 9 3 3 3 2 2
Max. affected 12 7 9 9 4 4 4 4 2

No. of PRNs

Post mid night ~ Max. available 16 7 11 11 6 6 6 5 2
Avg. available 13 4 9 3 3 3 2 2
Max. affected 16 6 7 8 3 3 3 3 2

No. of PRNs
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Waltair and the associated scintillation for a given satellite
system for time interval of 6 h. In fact, Fig. 3a and b illus-
trates this contrast further in terms of visible and affected
number of satellites over Waltair. The first interesting fact
to note is that number of visible satellites transmitting GPS
L5 signal are significantly less (by one third) than that
transmitting GPS L1 for a given time window on a given
night. Also the number of visible satellites in GPS L5 fre-
quency shows an annual variability peaking around winters
for pre-midnight and around September equinoxes in post-
midnight windows. Nevertheless, as mentioned above,
Fig. 2a and b showed similar pattern in terms of the peak
S4 and daily occurrence for GPS L1, GPS L5 and GLO-
NASS L1 and L2 band of frequencies. This leads to a
new result that the magnitude of the peak S4 over Waltair
remains independent of frequency, satellite and the system
for a given night as far as GPS and GLONASS are con-
cerned. Whereas the lesser number of visible satellites in
Galileo and constant number of visible satellite in SBAS
produce a less populated daily occurrence pattern with
comparable peak S4 to GPS and GLONASS
(Fig. 2a and b). The availability of Galileo satellites up to
January 2016 remained very low (Fig. 3a and b), and the
satellite passes visible within the elevation cutoff remained
limited to a few minutes for each pass occupying less cov-
erage arca. Whereas, both the SBAS satellites have been
continuously visible but they exhibit a daily occurrence
pattern (Fig. 2a and b) similar to the Galileo satellites in
the respective time windows. In nutshell, the daily occur-
rence and the peak magnitude of scintillation partly seems
to be frequency and system independent. This illustrates
that on a given night, when EPBs occur over Waltair, the
peak S4 in a large volume over this site in a time window
of 6 h exhibit frequency independence. Also it is noted that
the percentage of visible satellites affected by scintillation
shows a frequency and system dependence (discussed in
later sections).

3.3. Seasonal, pre- and post-midnight dependence

Monthly percentage occurrence of scintillation for the
two time windows is respectively shown in Fig. 4a and b.
The occurrence data from Fig. la and b has been used to
prepare this result for both the time windows. It is obvious
from Fig. 4a that the percentage occurrence exhibit maxi-
mum for March equinoxes (February, March, April
months) followed by September equinoxes (August,
September, October months), winters (November, Decem-
ber, January months) and summers (May, June, July
months). There are a few interesting observations in this
figure for example, the occurrence in the months of August
(i.e. equinoctial period) are less compared to the months of
November (winters) and no scintillation is observed in the
months of May and June 2016 except for SBAS PRN 127.
Besides it can be noted that highest occurrence for GPS L1
is as large as about 80% in April 2015 and least in July 2015
and July-August of 2016 (top left (i) panel of Fig. 4a). The

highest percentage occurrence for GPS L5 is about 68% in
February—March 2015 and the least in the summer months
of 2015 and 2016 (Fig. 4a—vi). It is evident that GPS L1 and
L5 occurrences are largely controlled by the number of sig-
nals transmitted by the satellites in view, which is very
small for L5 frequency in this time window. The (ii) and
the (vii) panels of Fig. 4a show percentage occurrence for
GLONASS L1 and L2 bands respectively and the highest
scintillation activity of about 68% is observed in March
2015 in both the frequency bands. The summer months
of 2016 show no scintillation activity for L2 band of GLO-
NASS. The Galileo signal in bands of E1, E5A, E5B, Alt-
BOC and SBAS PRN 127 and 128 signals (in L1) show the
highest scintillation activity in March 2016 with 42%, 49%,
48%, 46%, 55% and 55% respectively and no scintillation is
observed in the month of July 2015. The SBAS PRN128
showed no scintillation activity in May 2016 in addition
to aforementioned occurrence pattern.

Thus, the results show a strong seasonal character in
percentage occurrence pattern as has been reported in
many previous studies for VHF and L-bands (Aarons,
1993; Basu et al., 1988; Paznukhov et al., 2012; Akala
et al., 2016). The largely accepted mechanism for equinox
(high) and solstice (low) climatology is given by Tsunoda
(1985) illustrating the alignment of local geomagnetic field
line with evening solar terminator that affect the seeding
and growth of EPBs (Fejer et al., 1999; Tsunoda, 2010).
While, grossly, the results of this study follow this climatol-
ogy, but from a GNSS user point of view, the climatology
differs in various regards to the previous studies for exam-
ple it is found that the seasonal pattern largely differs from
one frequency to another and same is true for different
GNSS systems (see Groves et al., 1997 and the aim of
SCINDA network). In this regard, the difference of clima-
tology between GPS L1 and L5 is significant due to visibil-
ity but the difference is insignificant between GLONASS
L1 and L2 bands due to similar visibility over Waltair.
Thus, it is not only the frequency but also the number of
satellites in a given system transmitting a particular signal
that plays a major role in defining percentage occurrence
over a site. In view of work by Wiens et al. (2006) that
the scintillations in L-band in later hours of evening are
affected by evolving and drifting EPBs and depend largely
on the background conditions from night to night in a
given season, a large variability is not unexpected. But, in
addition to such large variability in occurrence of EPBs
and their relation with L-band scintillation, our results
exhibit further complexity to apprehend the kind of GNSS
system, number of available satellites and frequency used
by the GNSS system.

In fact novel results as shown in Fig. 4b for the post-
midnight window are significant due to the fact that a large
percentage occurrence is noted in GPS and GLONASS
observations compared to other systems. It is also interest-
ing to note that the peak seasonal occurrence is observed in
September equinoxes for GPS L1 and L5 compared to
March equinoxes. This result is reverse of the occurrence
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pattern as observed in pre-midnight window, specifically
applicable for GPS signals. In case of pre-midnight occur-
rence, the peak percentage occurrence as well as the sea-
sonal pattern showed almost similar values. The post-
midnight occurrence in case of solstices is seen to be
favored more by winter background than summer. Specif-
ically, the May, June and July months of summer have
shown negligible scintillations during post-midnight.

3.4. Strength of scintillation and affected satellites passes

The statistical analysis presented in Fig. 4a and b was
aimed to count the number of days irrespective of affected
satellites and the strength of scintillation. Thus, to estimate
the magnitude of scintillation over the different GNSS sig-
nals and to find the affected number of satellite passes, the
S4 data is segregated in three categories of weak, moderate
and strong scintillations as mentioned in Section 2. The
results for the two time windows are presented in
Fig. 5a and b, respectively for pre-midnight and post-
midnight periods. The abscissa of the columnar panels of
the figures show the number of satellite passes having scin-
tillations in three categories (mentioned above) for a given
month and the ordinate show the month of the year. On
top of each panel in both the Fig. 5a and b, the highest per-
centage occurrence of affected satellite passes for each cat-
egory found in a specific month is given. It can be seen
from the Fig. 5a (pre-midnight window) that the magnitude
of S4 over GPS Llfrequency show highest number of
passes with strong scintillation occurring in April 2015
(138 out of 178 passes); with moderate scintillations occur-
ring in February 2015 (29 passes out of 67) and with weak
scintillations occurring in January 2016 (25 out of 46). Sim-
ilarly, the other panels of Fig. 5a show that the strong scin-
tillations occur in majority of passes during equinoxes over
all frequencies, however, the solstice seasons generally
show higher number of passes with weak and moderate
scintillations compared to the strong scintillations. A very
noteworthy feature that can be clearly seen from Fig. 5a
is effect of decreasing solar activity on the magnitude of
the scintillations in the three categories over different
frequencies.

The first feature is that the total number occurrence of
S4 over GPS and GLONASS frequencies has reduced by
about half after August 2015 compared to before it. How-
ever, there is an increase in number occurrence for Galileo
signals in 2016 which is directly correlated with increase of
number satellites after January 2016 (refer to Fig. 3a and b
for number of visible satellites). The second feature is that
the solar activity related decrement has occurred only for
the strong scintillations whereas the decrement in solar
activity has resulted in increase in number of passes having
weak or moderate scintillations and that has occurred only
for GPS and GLONASS signals. When comparing the
magnitude of S4 between GLONASS L1 and L2 bands,
it is found that L2 band shows higher total number of
passes with more weak and moderate scintillations than

on L1 band after August 2015 compared to before it. So,
it seems that strength of scintillations show a frequency
dependence that reverses when solar activity is declining.
Thus, for higher solar activity, the scintillations in L1 band
dominate with more number of strong cases but for
decreasing solar activity, the scintillations in L2 band dom-
inate with more weak and moderate cases. To the best of
our knowledge, we believe that such a result has not been
reported so far and makes a case of novelty from this work.
As far as variations in magnitude of S4 for GPS LS5 is con-
cerned, it needs to be seen in light of visibility when com-
paring it with GPS L1. As noted above, that there is a
concern of visibility for Galileo satellites which increased
after January 2016 so a direct effect of solar activity on
the magnitude and satellite passes cannot be gauged.
Another interesting statistics that is estimated from
Fig. 5a is the highest number of passes affected by each cat-
egory of scintillation out of all months indicated above the
top of each of the panels. According to the maximum vis-
ibility (from Fig. 3a and b) the GPS L1 and GLONASS L1
and L2 bands could provide a reasonable estimate of the
statistics of passes affected by scintillation. Thus, including
the results from GPS L1 and GLONASS L1 and L2 results
to arrive at this percentage, it is found that in the pre-
midnight window, the peak number of passes affected by
strong, moderate and weak scintillations range from 69%
to 87%, from 21% to 27% and from 36% to 54%, respec-
tively. In nutshell, the results show significant effects of
strong, moderate and weak scintillations on GNSS signals
in Indian zone.

Coming to the case of post-midnight scintillations as
shown in Fig. 5b, it is found that the scenario changes dras-
tically both in terms of magnitude and number occurrence
of affected satellite passes. The effect of decrease in solar
activity has resulted in an overall decrement in post mid-
night scintillation after August 2015 by three times than
before. However, in case of pre-midnight scintillations,
the decrement after August 2015 is less observed than
before. For GPS L1 and GLONASS L1 and L2, it is found
that in the post-midnight window, the peak number of
passes affected by strong, moderate and weak scintillations
range from 31% to 60%, from 25% to 59% and from 30% to
55%, respectively. Thus, a very important aspect coming
out of this study is the presence of majority of moderate
and weak scintillations in post-midnight compared to
majority of strong scintillations in case of pre-midnight
window. The seasonal pattern remains almost comparable
to the pre-midnight case, albeit with very low number
occurrence. Very intriguingly, the summer solstices do
not exhibit higher number occurrence during post-
midnight window at any level of solar activity, in contrast
to previous studies for VHF scintillations. Thus in post-
midnight window, a drastic difference noted above remains
a puzzle to explain during low solar activity periods as also
has been reported by Yokoyama et al. (2011) using C/
NOFS observations during 2008-2009. It has remained a
recent scientific quest centered about two particular
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hypotheses, the first one belongs to identifying suitable
source mechanisms that could sustain the EPBs in post-
midnight (Patra et al., 2009) and second belongs to identi-
fying the source within EPB that could produce 300-
400 m-scale irregularities and cause L-band scintillations
in this period. While fresh generation of EPBs in midnight
local longitude sector is so far not implied in most theories
but MSTID (medium scale traveling ionospheric distur-
bance) are found to be a plausible answer behind meter-
scale radar backscatter in post-midnight (Otsuka et al.,
2009) during declining and low solar activity periods. With
regard to GPS scintillations, recently Abadi et al. (2014)
presented post-midnight observation from rising phase of
solar activity with an elevation cut-off of 30°. However,
our observations are from declining and low solar activity
period and report probably the first longest term continu-
ous activity in post-midnight with decreasing solar activity.
Moreover, present results show a peak in September (equi-
nox) rather than summer period in contrast to previous
radar observations. The low solar activity and its impact
on nocturnal ionosphere have been studied for the last
solar cycle 23 in various studies as referred in Sections |1
and 3 above. The most peculiar question is on intriguing
occurrence of post-midnight L-band scintillation as solar
activity tends towards minima. The cause probably lies
either in the drifting EPBs that are not fossil bubbles and
could sustain the 300 m scale irregularities or the equator-
ward traveling MSTIDs that scatter the GNSS signals in
peculiar fashion as seen in radar observations (Patra
et al., 2009) to cause weak/moderate scintillations. It is
planned to take a coordinated study to understand the phe-
nomena in upcoming solar minima of cycle 24.

3.5. Frequency dependence of mean S4

As noted above, the simultaneous availability of S4
measurements over all GNSS signals provide an opportu-
nity to derive a relation between mean S4 and different fre-
quencies. Fig. 6 presents the plots of average of all peak S4
indices obtained from all the visible satellites in the 6 h time
window for a given constellation from all observations.

The red line shows the results from GPS, green for
GLONASS and blue for Galileo signals respectively for
pre-mid night (left panel) and post-mid night (right panel)
windows. The number given in brackets near each square
marker on the lines show the number of nights for which
the peak of S4 is averaged for that frequency of signal.
An obvious appearance of negative slope for all three lines
in both time windows illustrates the mean dependence of
S4 on frequency. The negative slopes for GPS, GLONASS
and Galileo frequencies are 0.16, 0.31 and 0.37 per GHz for
pre-mid night and are 0.03, 0.33 and 0.24 per GHz for the
post-mid night time windows. The slope for GPS and Gali-
leo may be affected by the simultaneous visibility of satel-
lites transmitting the concerned signals. Also an obvious
difference between the pre-mid night and post-mid night
S4 variations for each GNSS system is visible in terms of

mean value of S4 for a given frequency. Additionally, this
fact is quantified in Fig. 6b which shows the number of
events with regard to difference in mean S4 magnitude
between GPS L1 and L5 (top panels) and GLONASS L1
and L2 bands (bottom panels). Clearly, the more number
of events showing negative difference indicate that most
of the time the S4 remains larger on lower frequency L2
than L1. Theoretically, the variations in S4 index are inver-
sely proportional to square of the frequency
(Bhattacharyya et al., 1992), but on average not all sig-
nals/satellites show such relation in this study; besides on
average S4 is inversely proportional to the frequency of
the signal even at mean of several such cases. Also it shall
be noted that each system show a remarkable difference
with other systems/signals for the similar cases and it high-
lights the issues of tracking multiple GNSS signals in a
receiver and future GNSS users at large because each sys-
tem would require addressing scintillations separately.

4. Summary

This study reveals a few new and unique features of
multi-frequency multi-GNSS scintillations by using, so
far, the longest and continuous data records from the solar
cycle 24. Waltair is located at the crest of ionization anom-
aly in Indian sector and hence the results are also the first
of this kind from India from such a geophysical location of
importance for scintillation studies. A robust comparative
analysis of effect of ionospheric irregularities on different
frequencies of various satellite navigation systems is per-
formed. The results are presented from point of views of
scientific quest as well as effects of ionosphere on the GNSS
applications. The quantitative analysis uniquely reveals
that apart from the solar cycle and seasonal effects, the
number of visible satellites of a selected GNSS markedly
affect the occurrence and also the strength. The strength
and occurrence of strong scintillations decrease with declin-
ing solar activity during pre-midnight hours but remark-
ably increase for moderate and weak scintillations during
post-midnight. Finally, inter-GNSS signal analysis in terms
of the effect of strong, moderate and weak scintillations is
presented with due consideration of number of satellite
passes affected and frequency dependence of mean S4.
The results of this study are valuable considering the scope
of GNSS applications that require precise positioning with
integrity in various domains. Particularly, from point of
view of scintillations in equatorial zones, the performance
of a GNSS receiver is affected when the code and carrier
phase tracking loops lose the lock on the incoming signals.
The results of this study emphasize for the first time the
effects of low latitude scintillation on different types of
GNSS signals in Indian zone under changing background
conditions. In future we aim to study the effect of equato-
rial scintillations on the events of loss of lock under various
background conditions in quiet as well as space weather
events with varying levels of solar activity.
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