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Abstract

Ionospheric irregularities cause fluctuations (scintillations) in received satellite signal strength, degrading communication and naviga-
tion signals. The scintillation strength depends on the scale sizes of the irregularities and the frequency of the radio signal. The parameter
S4 index describes the scintillation strength derived from the amplitude of high rate received signal sampled at 50 Hz, usually from special
GNSS receivers. Most GNSS receivers have a lower data sampling rate, so an alternate parameter, Rate of Change of TEC Index
(ROTI), is derived from the total electron content (TEC) sampled at 30 s. Here, the correlation between ROTI and S4 is performed
for the Indian ionospheric region, with different elevation mask angles and ROTI calculated over different averaging intervals. An esti-
mate of the S4 value from ROTI is unreliable even though the correlation between them is better than 0.6. Different elevation mask
angles and ROTI with varying averaging intervals do not significantly affect the correlation between S4 and ROTI. Further, the corre-
lation and occurrence percentages of S4 corresponding to ROTI are analyzed. An 80% confidence range is obtained to correlate the
observed ROTI with the corresponding S4 index. These probability estimates of S4 values derived from ROTI values also vary with lat-
itude. This relation between ROTI and S4 will be beneficial in using standard GNSS receivers for the studies of ionospheric scintillations.
� 2021 COSPAR. Published by Elsevier B.V. All rights reserved.

Keywords: Ionospheric irregularities; ROTI; Total electron content; Correlation between ROTI & S4
1. Introduction:

Fluctuations in the received phase or amplitude of radio
signals traversing the ionosphere are known as scintilla-
tions (Yeh & Liu, 1982). Intense signal fluctuations may
cause Global Navigation Satellite System (GNSS)/ Global
Position System (GPS) receivers to stop tracking or locking
on to the signals from satellites. The latter phenomenon is
known as ‘‘loss of lock.” The reduction in the number of
visible satellites may decrease the position accuracy, cause
fluctuations in the estimated position or in many cases,
may even cause navigation failure. Also, these fluctuations
are measured to study ionospheric irregularities. These
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0273-1177/� 2021 COSPAR. Published by Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: gopi.seemala@iigm.res.in (G.K Seemala).

Please cite this article as: C. Kapil, G. K. Seemala, D. J. Shetti et al., Re
Advances in Space Research, https://doi.org/10.1016/j.asr.2021.10.026
scintillations are caused by the diffraction of radio wave
signals passing through the moving (small or medium-
scale) electron density irregularities in the ionosphere
(Kintner et al., 2007). The signals that pass through the
ionospheric irregularities experience changes in the refrac-
tive index. A radio wave signal that enters the irregular
medium with a uniform phase will experience phase
changes due to the diffraction phenomenon. Received sig-
nals may combine either constructively or destructively to
increase or decrease the wave amplitude, resulting in ampli-
tude fluctuations (Kintner et al., 2007; Yeh & Liu, 1982).
The scintillation occurrence is highly dependent on season,
solar activity and geographical locations. Other factors can
affect these irregularities, such as space weather conditions
and induced ionospheric electric and magnetic fields. Iono-
spheric scintillations observed through GPS receivers at the
ckoning ionospheric scintillation S4 from ROTI over Indian region,
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L1 frequency (1.575 GHz) are called L-band scintillations,
and hereinafter, we refer to them as scintillations.

Depletions in ionospheric plasma density in equatorial
and low latitude regions are referred to as equatorial
plasma bubbles and are generated through Rayleigh-
Taylor (RT) instability mechanism (Fejer, 1997). In post-
sunset hours, the ionization density and the dynamo action
of the electric field in the E-region of the ionosphere
decrease, and a dynamo-electric field develops in the F-
region. The polarization charges set up by the longitudinal
conductivity gradients at the day-night terminator enhance
the eastward electric field for about an hour after sunset.
This phenomenon is known as Pre-Reversal Enhancement
(PRE) (Abadi et al., 2015). As ionization density decreases
in the E-region after post-sunset hours, a steep vertical
plasma density gradient forms in the bottom side F-
region, which is opposite to the gravity vector (down-
wards). These conditions are conducive for Rayleigh-
Taylor (RT) instability, allowing plasma density irregular-
ities to form (Kelley, 1985; Huang & Kelley, 1996; Hysell,
2000). As they rise into the region above the peak of the F-
layer, these irregularities can grow into large plasma deple-
tions, generally known as Equatorial Plasma Bubbles
(EPBs). The steep density gradients at the edges of the bub-
bles help generate smaller-scale irregularities responsible
for the scintillations in L-band frequencies (Otsuka et al.,
2009). Equatorial plasma bubbles can be detected as dif-
fused echoes in ionograms, plumes in VHF radar maps,
intensity bite-outs in night time OI 630 nm airglow inten-
sity, electron density depletions in in-situ satellite measure-
ments, and scintillations in VHF/L- band satellite beacon
signals (Basu et al., 1978; Farley et al., 1970; Kelley,
1989; McClure et al., 1977; Ossakow, 1981; Rama Rao
et al., 2006a).

With the onset of an era of navigation satellites, scintil-
lations were investigated at higher frequencies, including
those used by the GPS satellites, L-band (1.2 to
1.5 GHz). In a satellite-based navigation system, radio sig-
nals are adversely affected by ionospheric post-sun-set scin-
tillations. Ionospheric scintillations thus draw interest to
study their impact on radio signals. The intensity of iono-
spheric scintillations is indicated by two indices (1) ampli-
tude scintillation index S4 and (2) Rate of Change of
TEC Index (ROTI). The total electron content (TEC) is
defined as the integral of electron density along the
satellite-receiver path (Klobuchar et al., 1977). TEC is mea-
sured in electrons per square meter or TEC units (TECU).
The 1 TECU is equal to 1016 electrons/m2 (or el/m2).

A special GNSS receiver known as an Ionospheric Scin-
tillation Monitor (ISM), with signal amplitude observa-
tions at a sampling rate of 50 Hz or more is required to
measure the S4 index (Yang & Liu, 2016a). Most often,
standard GNSS receivers, because of their low data sam-
pling cadence, i.e., 1 to 30 s, are technically unable to mea-
sure S4, which corresponds to irregularities of Fresnel scale
size (Olwendo et al., 2018). Fresnel scale size is defined as df
2

=
ffiffiffiffiffiffiffi
2kz

p
, where k is free-space wavelength of the radio sig-

nal and z is the altitude. Now, for the GPS L1 wavelength
of 0.19 m and at 350 km altitude irregularities, the Fresnel
scale is df = 360 m, also the timescale of GPS scintillation is
4 s as a consequence of equatorial irregularities with drift
velocity of 100 m/s (Beach and Kintner, 1999; Jacobsen,
2014). At present several GNSS networks have been
deployed throughout the world. Pi et al. (1997) suggested
an index, known as ROTI to observe scintillations from
low sampling data. ROTI is the standard deviation of the
rate of change of TEC over a period of 5 min (Tiwari
et al., 2013). In 2006, Ma and Maruyama stated that gen-
erally, ROTI greater than 0.5 TECU/min indicates the
presence of ionospheric irregularities with scale sizes of a
few kilometers. The Amplitude scintillation index S4 is
defined as the normalized variance of the intensity of the
signal. Basu et al., (1999) compared amplitude scintillation
measurements of GPS-L1 frequency (1.575 GHz) signals
with fluctuations of the TEC. They suggested that ROTI
can be used as a proxy in place of S4, indicating the pres-
ence of small-scale ionospheric irregularities, especially in
the equatorial region. They also suggested that the ratio
of ROTI/S4 can vary between 2 and 10 and indicated that
the variation of ROTI to S4 ratio is dependent on the geo-
graphical location. Several studies have been done by
detecting ROTI and S4 simultaneously from the co-
located instruments (Krankowski et al., 2006; Basu et al.,
1999).

The results indicate that large normalized ROTI with
small S4 and similarly large S4 with very small ROTI can
be found, showing that ionospheric scintillations are not
directly related to ROTI (Yang & Liu, 2016b). In many
studies, it is found that during an intense scintillation
event, a corresponding ROTI exists of proportional
strength with S4. However, there is no definite relation
between ROTI and S4, as many other factors cause scintil-
lations apart from ionospheric irregularities such as multi-
path, tropospheric scatter, etc. It is also evident from the
theoretical models, such as given by Rino (1979) and
Carrano et al., (2019). In 2019, Acharya and Majumdar
found that the samples separated for quiet and disturbed
geomagnetic conditions do not significantly vary in their
probability density distribution features.

The methodology to calculate ROTI is the same among
all studies. However, the GNSS receiver data’s sampling
rate and the time interval over which a value of ROTI is
calculated varies from study to study. The time interval
for which ROTI is calculated is a factor that must be taken
into account whenever ROTI is compared or checked to
indicate the scale size of irregularities (Jacobsen, 2014).
The choice of the time interval is generally accepted as
5 min, which is a standard time interval by definition from
Pi et al. (1997) that compromises between time resolution
and the quality of the ROTI value. Krankowski et al.
(2006) used 30 min time interval to calculate ROTI, and
the reason stated to use 30 min is to capture the size of
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400–1000 km of irregularity size and the speed of the patch
structure of 600–800 m/s, the duration of TEC recognized
patch is within 15–30 min. Carrano et al. (2019) developed
a theoretical relation between ROTI and S4. In this study,
an attempt has been made to evaluate the correlation of
ROTI and S4 with different averaging intervals to calculate
the ROTI, i.e., 3 min, 5 min, and 10 min, and their depen-
dence on various factors. To further investigate the corre-
lation of ROTI and S4 a detailed statistical analysis has
been performed.

In the present study, as from the literature survey, it is
found that the correlation between ROTI and S4 is not reg-
ular. The primary objective is to evaluate the feasibility of
using ROTI as a proxy for S4 in the Indian region, which
will help use standard GNSS receivers for ionospheric stud-
ies. Yang and Liu (2016b) demonstrated that ROTI and S4
correlate well when strong scintillations were considered.
In this present work, both strong and weak scintillations
are considered.

In the current study, the dependence of the correlation
between ROTI and S4 on different factors such as elevation
angle, geographic locations, and solar flux (F10.7) was
studied in the Indian region. Earlier studies in different geo-
graphic sectors have shown that ROTI and S4, are related
(Basu et al., 1999; Pi et al., 2013). The Indian region is
mainly composed of equatorial and low latitude iono-
spheric regions, which are more prone to ionospheric irreg-
ularities than regions at higher latitudes. The present work
primarily focuses on quantifying ROTI in terms of the
magnitude of ionospheric scintillation (compared to S4)
rather than just an indicator for the presence of scintilla-
tion. As most standard receivers do not have a high sam-
pling rate, as discussed above, this study will enable
ROTI to be used as a proxy for S4. In this study, the vari-
ation of integration time and elevation angle threshold on
the ROTI/S4 ratio were investigated to capture the broader
aspect of the correlation and variation of ROTI/S4.

2. Data and methodology

In this study, ionospheric scintillation (S4) data and
TEC data were collected from Ionospheric Scintillation
Monitoring (ISM) - GPS receivers installed at the 25 sta-
tions shown in Fig. 1. These special GPS receiver stations
were established under the GPS Aided Geo Augmented
Navigation (GAGAN) program in collaboration with the
Airport Authority of India (AAI). The model of these
ISM receivers is Novatel 4004 (Van Dierendonck et al.,
1996; Rama Rao et al., 2006a, 2006b; Acharya et al.,
2007) and the type of antenna used is the choke ring
antenna. The S4 data sampling interval is 1 min, and the
TEC data sampling interval is 30 sec that is recorded by
the same ISM receiver. The data for years 2014 to 2016,
which includes solar activity maximum (the year 2014) of
solar cycle 24 and the descending years 2015 and 2016,
are used in this study. The following stations, Trivandrum
and Port Blair (near-equatorial), Hyderabad (low latitude
3

region), Mumbai and Kolkata (equatorial ionization
anomaly region), and Delhi & Jodhpur (beyond ionization
anomaly region), are chosen in this present study. These
stations selected for the study cover all three geomagnetic
latitude zones, viz. equatorial, low latitude, and equatorial
ionization anomaly (EIA) regions of the ionosphere in the
Indian region.

The scintillation index S4 used in this study is given in
equation (1), which is defined as the normalized variance
of the intensity of the signal (Yeh & Liu, 1982).

S4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< I2 > �< I >2

< I >2

s
ð1Þ

This S4 index measures the severity of amplitude scintil-
lations caused by trans-ionospheric signals. This index
measures rapid variations in the amplitude of radio wave
signals caused by small-scale structures of ionospheric
irregularities in the ionosphere. The GPS ISM receivers
directly calculate the S4 index from the raw data sampled
at a 50-Hz as given by equation (1) which is implemented
in the receiver firmware (Van Dierendonck et al., 1996;
Rama Rao et al., 2006a). Severe scintillation conditions
can prevent a GPS receiver from locking on to the received
signal and can severely reduce the accuracy of position esti-
mates. Thus, scintillation conditions can reduce the accu-
racy of positioning results.

ROTI is defined as the standard deviation of the rate of
change of TEC, which was estimated from TEC derived
from 30 s dual frequency GPS data and averaged over a
5 min period by Pi et al. (1997) as given by equation (2).
The rate of change of TEC for the time interval of 1 min
is abbreviated as ROT (TECU/min).

ROTI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< ROT 2 > �< ROT >2

p
ð2Þ

We have also estimated ROTI from 30-second dual-
frequency (L band) GPS TEC data averaged over 3 min,
5 min, and 10 min time periods as discussed in the later
sections.

For the current studies, two types of S4 data sets are
considered. (1) S4 values measured from each of the PRNs
representing values at each of the ionospheric pierce point
(IPP) of that PRN and (2) diurnal S4 values derived from
the signals along the ray paths to all PRNs to represent the
station where the GPS receiver is installed.

2.1. Derivation of diurnal S4 and diurnal ROTI

For the seasonal and statistical studies of scintillations,
a characteristic or diurnal variation of S4 of the particular
location is needed. So, the S4 values at ionospheric pierce
point locations (IPPs) from different GPS satellites, which
are simultaneously visible for a few hours of the day, had
to be collectively combined to represent a continuous 24-
hour variation. For this, the maximum S4 value from mul-
tiple S4 values recorded along the ray paths from different
satellites at the same epoch was chosen to represent the



Fig. 1. The locations of the GPS receiver stations in the Indian region. The GPS receivers are indicated by square-filled boxes with station names next to
them. The stations marked with green squares have been used in the study. The horizontal dotted lines indicate the magnetic dip latitudes (MLat) with
respective values to the right of the figure. The magnetic dip latitudes are calculated using IGRF model with year 2015 coefficients at 350 km ionospheric
height. The green circles depict the region covered at 350 km height by selected stations for elevation mask angle of 30 degrees. The crest of EIA lies about
at 15 +/- 5 degrees magnetic dip latitudes, which varies with season and solar activity. (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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worst possible scenario or the maximum ionospheric scin-
tillation encountered by the GPS receiver at that instant.

Fig. 2 shows the diurnal variation of the S4 index
derived for all PRNs marked on the y-axis (using an offset
for S4 with each PRN) for a typical scintillation day of 31
March 2014, at the station Mumbai. The top panel of
Fig. 2 shows the S4 indices for each PRN-wise in blue,
and the S4 outlier values as discussed below are indicated
in red. From this figure, we can observe noise and multi-
path induced S4 values at lower elevation angles (at the
onset and end of each satellite S4 values) even after an ele-
vation mask of 30 degrees was applied. Such multipath
related noisy S4 is particularly evident at 03:00 UT (08:30
local time), when ionospheric scintillations at L-band fre-
quencies are usually absent. Thus to clean the outliers in
the data, a systematic approach is followed, as discussed
in the following steps.
4

It is observed that the data contains a considerable
amount of noise at lower elevation angles. This noise is
attributed to tropospheric scatter and due to multipath
(Williams and Neivinski, 2017). This noise has to be
removed to observe actual data points that represent scin-
tillations during post-sunset hours. For ionospheric studies
using satellite data, the elevation mask is always used by
many researchers to reduce the non-ionospheric interfer-
ences or spurious scintillations due to multipath signals
coming from the horizon (Yang and Liu 2016b,
Hernandez-Pajares et al., 2006; Rose et al., 2011). In the
present study, the elevation mask angle of 30 degrees was
considered to reduce the multipath effects. After applying
the elevation mask to the observed data, attempts were
made to remove outliers in S4 data due to other noise
sources. The outliers are defined as elements that are more
than two local scaled Median Absolute Deviation (MAD)



Fig. 2. Noise removal from S4 from individual PRNs and collectively for diurnal variation at station Mumbai for 31 March 2014. In the top panel the y-
axis indicates PRN Numbers (constant values), and the S4 is represented with an offset by PRN number. The blue points represent S4 values that are
considered for data analysis, the red points are outliers that are omitted and the green points are outliers removed from the populated data points from all
PRNs. The diurnal S4 values are plotted in a solid black line in the lower panel, along with S4 values from all PRNs (that are shown individually in top
panel). (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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(Leys et al., 2013) from the local median over a specified
window length given by the Eq. (3) and also those values
that fall beyond the set percentile threshold values as given
in the Table 1.

yi ¼
xi; xi � lj j < 2r

outlier; xi � lj j � 2r

�
ð3Þ

where xi is the data sequence that belongs to fixed window
length (see Table 1), the m is local mean of the selected win-
dow length, and r is its local standard deviation. When the
difference between the value xi and the local mean is greater
than two times the local standard deviation, and also it
falls beyond set percentile limits given in the Table 1 then
it is considered as an outlier.

During the local day time, the outliers that are beyond
threshold levels (<1 or > 90 percentile) in each of one-
hour bins are marked as outliers in red points for each of
the PRN in Fig. 2. As observed from decades of studies,
the ionospheric scintillations at L-band frequencies are
Table 1
Window lengths for MAD and percentile limits for outlier detection.

Time (UT) Window length for MAD

For individual PRNs – as shown in top panel of Fig. 2
00:00 to 12:30 UT 1 h
12:30 to 23:00 UT 1 h
For data from all PRNs – as shown in bottom panel of Fig. 2
00:00 to 24:00 UT 30 min.

5

least expected during the local daytime (Rama Rao et al.,
2006a). Likewise, for the night-time period, the S4 values
for 12:30 to 23:00 UT (18:00 to 04:30 LT) the outliers that
fall beyond percentile thresholds (<1 or > 97 percentile) are
removed. This will ensure that any significant S4 value
other than random spikes are retained to represent iono-
spheric scintillation and not removed inadvertently.

In the lower panel of Fig. 2, the S4 values from all the
PRNs were populated with corresponding time on the x-
axis. Now, outliers that fall beyond threshold percentiles
(<1 or >98 percentile) from all the data points collectively
from all PRNs binned at 30-minute intervals, were elimi-
nated and indicated by green color. This process is done
to remove any outliers whose value is very high or low,
compared to the rest of the group in the bin.

From the resultant S4 values, the diurnal S4 variation
for the receiver’s location was chosen as the series of max-
imum values among every 5-minute averaging interval
from 0 to 24 h. These values would represent the worst pos-
sible scenario or the maximum ionospheric scintillation
Percentile limits Outlier color

< 1, > 90 red
< 1, > 97 red

< 1, > 98 green



Fig. 4. Diurnal variations of ROTI and S4 for 31 March 2014 after noise
removal, at Mumbai station.
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encountered by the GPS receiver at that instant. This
method is validated manually by checking the resultant
S4 data set from a couple of selected stations and for cho-
sen scintillation dates to check for any unwanted removal
of data or any artificial induced ionospheric scintillation
signatures. From here on, the terms mentioned in this
paper, ‘‘diurnal S400 and ”diurnal ROTI,‘‘ means the max-
ima of the values binned at 5-minute intervals from multi-
ple PRNs present in those time bins, as described in this
section.

Fig. 3 shows the diurnal variation of S4 for one year
with days on the x-axis and time on the y-axis for the sta-
tion Mumbai. The color scale on the right-hand side gives
S4 values color-coded in the figure. This figure is drawn
using the diurnal S4 following the above-discussed proce-
dure. This figure clearly shows the diurnal variation of each
of the days and collectively shows the seasonal occurrence
pattern of S4, which is well in agreement with previous
studies. Also, selected cases have been carefully examined
to validate diurnal S4 values and compared with S4 values
from each of the satellites. And it is noticed that they match
very well, representing the scintillation durations and inten-
sities. From Fig. 3, the multipath is seen as diagonal pat-
tern of low S4 values, their slope is nearly 4 min per day
as the GPS satellite orbital period is exactly half a sidereal
day. The multipath S4 values are below 0.1 that is consid-
ered as noise. This confirms that outlier removal was used
carefully to eliminate noise but not scintillation data due to
the ionospheric origin, and most of the scintillation data
has been captured in the diurnal S4.

Similarly, after calculating ROTI from 5-min ROT val-
ues (Pi et al., 1997), the spikes and noisy data were
removed as discussed in the above section of outlier and
noise removal. Similarly, diurnal ROTI is calculated as a
series of maximum values among every 5-min interval bin
from 00:00 to 24:00 UT. Fig. 4 shows diurnal S4, and diur-
nal ROTI values. The Fig. 4 depicts that both the onset and
duration of ROTI correspond well with that of the S4
index, but the magnitudes do not correspond as docu-
mented in earlier studies (Basu et al., 1999). Hence in this
Fig. 3. The temporal variation of the S4 index throughout the year 2014 at
station Mumbai after removing outliers.
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study, attempts are made to estimate S4 values from the
derived ROTI.

3. Results and discussion

As it is evident from the definition of S4, a special Iono-
spheric Scintillation Monitoring - GPS receiver is required
to record the S4 index, as it is derived from the high rate
amplitude of the received signal. Thus, the regular dual
GNSS frequency that most commonly records the pseudo-
range and phase observables at 30 s or 1-second sampling
interval cannot be used to derive the S4 index. The S4 index
is a helpful parameter to check whether the received signal
is subjected to ionospheric scintillation or not. Many
research studies have been carried out to derive similar
index from TEC data which can be a proxy to the S4 index.
ROTI is the most frequently used alternate parameter to
the S4 index (Li et al., 2020). One can check the presence
of ionospheric scintillation from the ROTI value but can-
not estimate the exact magnitude of ionospheric scintilla-
tion index S4. Many studies done so far have given the
range of ratios of S4 to ROTI values, but those ratios were
found to be varying geographically (Basu et al., 1999).
Hence in this study, the S4 and ROTI values were studied,
employing correlation and statistical methods to see how
they relate in the Indian ionospheric regions.

The correlation between the indices, S4 and ROTI, was
analyzed from seven stations for three years individually
from 2014 to 2016 to understand the relation between
them. Also, ROTI is calculated for three averaging periods.
The findings obtained from this study will enable us to take
advantage of the large amount of GPS data recorded by
standard GPS receivers to study ionospheric scintillations
using ROTI as a proxy for S4.

Fig. 5 shows the correlation between diurnal ROTI and
diurnal S4 values (a, b, c), and also the correlation between
ROTI and S4 values (d, e, f) for different elevation-mask
angles of 30, 50, and 70 degrees, respectively. In this figure,
the data from the Mumbai station for the year 2014 is
shown. For this correlation analysis, the data was chosen
from scintillation days and for the duration of scintillation



Fig. 5. Correlation between diurnal S4 and diurnal ROTI (figures a, b, and c), correlation between S4, and ROTI values (figures d, e, and f) for different
elevation angles greater than 30, 50, and 70 degrees, respectively.

C. Kapil et al. Advances in Space Research xxx (xxxx) xxx
identified from the S4 index. The scintillation days are
marked when the S4 values are greater than 0.2 for at least
5 min. Many studies have categorized S4 values of 0.2 as
weak scintillations (Bhattacharyya et al., 2017). In the pre-
sent study, also S4 greater than 0.2 is considered. An addi-
tional 5 min of data before and after the event time is
added to the scintillation patch to capture the evolution
and include how ROTI varies with S4 values less than
0.2. These conditions are used for selecting data from both
diurnal and regular (individually from all PRNs) values of
S4 and ROTI.

As we can see from Fig. 5, the ROTI and S4 values (d, e,
and f) correspond to each other (from correlation ratio)
better than the diurnal ROTI and diurnal S4 (a, b, and
c). This is expected as both the values S4 and ROTI reflect
the data observed from the same PRN. And in the case of
diurnal S4 and diurnal ROTI, they represent values of the
station, selected as the maxima of data points from all
PRNs in that time bin observed. Therefore, in that time
bin, which also includes spatial data from different satel-
lites, the maxima values of diurnal S4 and diurnal ROTI
may not be from the same PRN. Thus, the correlation
between diurnal S4 and ROTI is relatively less than S4
and ROTI, and the correlation values improve with
increasing elevation angle.

From Fig. 5(a, b), we can see that there are many values
of diurnal S4 corresponding to lower values of diurnal
ROTI. This is expected as the ROTI value is calculated
for every 5 min, resulting in few values, i.e., one value in
each 5 min time bin. But in the S4 dataset, there will be
many values in each of the 5-min time bin (for each
PRN). The maximum S4 value (diurnal S4) is chosen from
that 5-min time bin from all the PRNs. Also, scintillation
may not be equally present in all the PRNs due to spatial
7

variations. So we see a wide variation of diurnal S4 values
corresponding to low values of diurnal ROTI. As the eleva-
tion angle is increased, the data is limited and converged to
the station’s overhead, and the spatial variation is reduced.
Thus, both diurnal S4 and diurnal ROTI correspond better
with higher elevation, as shown in Fig. 5(c). We can see
that the diurnal values (diurnal S4, diurnal ROTI) can rep-
resent the onset effect of ionospheric scintillation and its
duration at that station from Fig. 4. Due to the poor cor-
relation between diurnal ROTI and diurnal S4, we use S4
and ROTI for further analysis.

Many researchers have also studied ROTI with different
averaging intervals to capture different scale sizes of irreg-
ularities, obviously much larger than the Fresnel zone size
(at L-band frequency) as the sampling interval is larger.
Therefore, in this study, ROTI of two other averaging
intervals, 3 min, and 10 min, along with standard 5-min
ROTI were also calculated to see how they correlate with
the S4 index in the Indian region. Fig. 6 shows the correla-
tion between S4 and ROTI values from different averaging
intervals, for elevation angles from 30 to 70 degrees, for
three years 2014, 2015, and 2016.

From Fig. 6, we can see that for equatorial and low lat-
itude stations, there is some increase in correlation with
increasing elevation angle for the year 2014. Otherwise,
for other years 2015 and 2016, the correlation increases
up to 50 degrees elevation, and afterward, it decreases for
many stations. Also, the solar activity is in declining phase
during the years 2015 (mean sunspot no. 69.80) and 2016
(mean sunspot no. 39.80), which is less active compared
to the year 2014 (mean sunspot no. 113.30), resulting in less
ionospheric scintillation occurrence rate (Rama Rao et al.,
2006a) as well as lower TEC values. With higher elevation
angles, the number of data points will be less. For example



Fig. 6. The elevation dependence of correlation between ROTI and S4 for years 2014–2016, and also using different averaging time intervals for ROTI
calculation, i.e., 3 min, 5 min, and 10 min indicated on y-axis, for seven chosen stations. The increased elevation mask angle from 30 to 70 degrees is shown
on the x-axis. The correlation coefficient is color-coded (filled square boxes) as per the color bar on the right-hand side.
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from Delhi, the scintillations observed will be mostly in
south direction and away from zenith as this station’s loca-
tion is north of EIA region. As elevation mask angle
increases, the lower elevation data points are removed
which may contain scintillation particularly if those con-
tain scintillation observations at locations far away from
zenith. Thus increased elevation mask at times may pro-
gressively eliminate the visible regions where scintillations
occur. Thus at Delhi, the correlation at higher elevation
angles might have become less for the years 2015 and
2016. This could be the reason why the correlation between
S4 and ROTI is not systematic with increasing elevation
angle in all the cases. The correlation between 10-min
ROTI and S4 is lower than for the other two ROTI aver-
aging intervals and is not proportional to elevation angle
in most cases. The correlation values of 3-min ROTI vs.
S4 are marginally high at few instances when compared
to 5-min ROTI and 10-min ROTI cases. The reason could
be the size of irregularities detected by ROTI, which are the
order of a few km, and becomes larger as we increase the
time interval and does not correlate well with small size
(�360 m) irregularities detected by S4 at GPS L1 fre-
quency. So, to use ROTI as a proxy for S4, it is observed
from this study that the time duration over which averag-
ing is done plays a significant role depending on the size
of irregularities detected by S4. Hence, ROTI calculated
8

from a 5 min interval is good enough as a proxy for S4
in the Indian region.

Thus, except for the year 2014 and at equatorial & low
latitude regions, the correlation between S4 and ROTI (all
three averaging intervals 3, 5, and 10 mins) do not have a
proportional increase with elevation angle. There is no strict
increase in correlation coefficient with increasing elevation
mask angles, as shown in Fig. 6 for EIA and beyond EIA
regions for years 2015 and 2016. This could be attributed
to the reduced number of data points, or spatial coverage
of scintillation affected areas is reduced/eliminated due to
elevation mask angle. From this exercise, it can be observed
that the elevation threshold does not play a significant role
in affecting the correlation between S4 and ROTI values.
The 3-min interval ROTI values have a marginally high cor-
relation with S4 compared to 5-minROTI. Hence, in the rest
of the results, only 5-min standard ROTI is considered. A
similar exercise was carried out to see if the correlation coef-
ficient between S4 andROTI varies with F10.7 values for the
data of 3 years 2014–2016, but not no conclusive propor-
tionality is found.

From Fig. 5 (d, e, and f), statistically, ROTI and S4 cor-
relate well. To reduce observation bias due to the density of
data points, binning is done using a step size of 0.1 for
ROTI and a step size of 0.05 for S4. These binned values
are scaled with a total number of data points present in



Fig. 8. The figure shows the most probable S4 ranges corresponding to
ROTI values at different locations viz Trivandrum (equatorial region),
Hyderabad (low latitude region), Kolkata (EIA region) indicated by blue,
red, and green lines (for both upper and lower bounds) respectively. The
area between respective lower & upper boundary lines is filled with
symbols of triangles, plus signs, and diamonds of the same colors,
respectively. (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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the ROTI columns with the same bin value. These scaled
values are shown in Fig. 7, in percentages of that bin with
respect to total data points across all S4 bins to the corre-
sponding ROTI value. For example, in Fig. 7, each value
S4 bin for the given ROTI (say ROTI bin = 0.5 to 0.55) is
the percentage of data points in that bin to the total number
of all data points in all S4 data bins (for all S4 values from 0
to 1.0) that correspond to that ROTI bin (of 0.5 to 0.55).

TheFig. 7 (a, b, and c) shows the percentage occurrence of
diurnal S4 value to corresponding diurnal ROTI value, and
the Fig. 7 (d, e, and f) show percentage occurrence of S4 to
corresponding ROTI values for the respective stations Tri-
vandrum (equatorial region), Hyderabad (low latitude
region), and Kolkata (EIA region). As can be seen from
Fig. 7 (top panel), except at the equatorial station Trivan-
drum, the percentage of diurnal S4 values varies in a wide
range that corresponds to each of the diurnal ROTI bin
value, in comparison to S4 vs. ROTI (figures on bottom pan-
els). At equatorial stations, irregularities scale sizes are larger
than low latitude and EIA regions (Wernik et al., 2003), and
ROTI represents large scale irregularities, which could be
one reasonwhy diurnal S4 andROTI values correspond bet-
ter (relative to other stations) at this equatorial station
Trivandrum.

We can observe from Figs. 5 and 7 that ROTI and S4
values correspond better than the diurnal values, which is
expected, as they are determined along the ray paths from
the same PRN to the same receiver location. Therefore, to
Fig. 7. The top panel (a, b and c) shows the percentage occurrence of diurnal S
(equatorial region), Hyderabad (low latitude region), and Kolkata (EIA regio
value to the corresponding ROTI value for the same respective stations. The
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estimate the probable S4 value from the calculated ROTI,
the percentage occurrence from Fig. 7 (d, e, and f) are used.

Even though the correlation is in the range of 0.6 to 0.8
for the considered stations (see Fig. 6), there is a spread of
data points, and one will not be able to use a linear
4 value to corresponding diurnal ROTI value for the stations Trivandrum
n). The bottom panel (d, e, and f) shows the percentage occurrence of S4
color bar indicates the color code of the percentage occurrence of S4.



Table 2
The probable range of S4 at corresponding regions for a given ROTI value.

ROTI value Equatorial region, S4 values Low-latitude region, S4 values EIA region, S4 values

0 0–0.1 0–0.1 0–0.1
0.5 0–0.2 0.05–0.25 0.05–0.3
1.0 0.05–0.25 0.1–0.35 0.15–0.4
1.5 0.1–0.3 0.15–0.4 0.25–0.55
2.0 0.1–0.35 0.25–0.55 0.3–0.7
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equation to estimate S4 from ROTI with reasonable accu-
racy. It is observed from Fig. 7(d, e, and f) that a range of
S4 values with up to 80% probability corresponds to a sin-
gle calculated ROTI value. Fig. 8 shows the lower and
upper bounds of the S4 values range for each of the ROTI
bin for three different stations as considered in Fig. 7.
These lines are drawn in Fig. 8, indicating the ranges cho-
sen so that at least 80% of the S4 data points fall within the
station’s respective upper & lower ranges. The upper and
lower range of S4 values obtained from Fig. 8 and shown
in Fig. 7 are tabulated in Table 2.

Thus for a given ROTI value from the region (equatorial,
low latitude, and EIA region) will have a corresponding S4
value within the given range, as shown in Table 2. As
observed from Fig. 7 (d, e, f) and 8, and Table 2, this range
of S4 values corresponding to ROTI value systematically
increases with geographic latitudes from equatorial to EIA
region in the present study of the Indian ionospheric region.
4. Summary

The present study focuses on the possibility of estimat-
ing the S4 index from the ROTI value that is calculated
from TEC. As known from earlier studies (Basu et al.,
1999), the S4 index is a good measure of ionospheric scin-
tillation that affects the L-band signals (in GNSS receivers).

For calculating the S4 index, a high sampling (50 Hz) of
the signal-to-noise ratio is needed (Yang&Liu, 2016a). Only
special GNSS receivers, i.e., ionospheric scintillation moni-
tors with high sampling rates, are specificallymeant for these
ionospheric scintillation studies. The dual-frequency GNSS
receivers that are very popularly used for various studies, in
general, have a lower sampling interval of 30 s. ROTI at 5-
minute intervals can be calculated from these receivers that
are widely used. ROTI values are also calculated for inter-
vals of 3 mins and 10 mins, apart from 5 mins to study the
correlation with S4 values. It is found out that 10-min ROTI
values did not have a good correlation with S4. Also, 3-min
ROTI had a marginal increase (of about 0.05) correlation
with S4 at low latitude region, compared to ROTI and S4.
Therefore, changing the standard interval (5 min) for ROTI
calculation is not effective in the Indian region. It is observed
that diurnal ROTI and diurnal S4 are suitable to study the
specific station temporally and not useful in correlating
ROTI with S4, as they take only maximum effect from all
the values ignoring spatial variation.

The correlation between ROTI and S4 had been studied
by several researchers, and results indicate that the correla-
10
tion and ratio changes with geographic location. From the
present study, the correlation between S4 and ROTI is in
the range of 0.6 to 0.8. And the median ratio of ROTI to
S4 values are of the order of 10, 5, and 4 respectively at
equatorial, low latitude, and EIA regions, respectively. It
is observed from Fig. 8 and Table 2 that the ROTI/S4-
ratio systematically decreases from the equatorial region
to EIA region latitudes.

An exact value of S4 cannot be estimated from the
ROTI value, as the ROTI usually responds to the irregular-
ity of large scale sizes, whereas the S4 index is caused by
Fresnel zone scale irregularities that are orders of magni-
tude smaller than those detected by ROTI. Thus, from
the present study, the most probable range of S4 value is
estimated from the ROTI value as given in Table 2.
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