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The aim of the present study is to investigate the response of ionospheric total electron content (TEC),
Global Positioning System (GPS) and Global Navigation Satellite System (GLONASS) scintillations
during 17 March 2015 St. Patrick’s Day geomagnetic storm over Visakhapatnam, which is popularly
known as Waltair (WALT) in the literature. GPS TEC observations obtained from five IGS stations
(SGOC, IISC, HYDE, LCK4 and LHAZ) and WALT during the storm have been compared. The TEC
derived from GPS, GLONASS constellations and CODE global ionosphere TEC map (GIM) over WALT
has also been compared. Positive storm effect during the main phase of the storm and negative storm effect
during the recovery phase of the storm were observed over the said stations. The variation of northern
equatorial ionisation anomaly TEC (CODE GIM TEC maps) in response to the St. Patrick’s Day storm
over four Indian longitudes (75°E, 80°E, 85°E and 90°E) has also been presented. Strong amplitude
and phase scintillations were observed in the L-band signals of GPS and GLONASS constellations over
WALT. Twelve satellite (Pseudo Random Noise) PRNs of GPS L1 and nine PRNs of each GLONASS
L1 and L2-band signals were affected by strong amplitude and phase scintillation. The peak amplitude
scintillation index (S4) obtained from the effected PRNs of GPS L1 signal and GLONASS L1-band
signals over WALT range from 0.36 to 0.74 and 0.36 to 0.76, respectively. Strong fluctuations in rate of
TEC index are noted over the said stations. This enhanced scintillation activity is mainly due to the
main phase of the storm falls in the evening sector over the Indian region.
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1. Introduction

Severe space weather induces perturbations in
the composition, dynamics and geomagnetic field
of the Earth’s upper atmosphere, which some-
times causes serious threats to the global navi-
gation and satellite communication systems. The

geomagnetic disturbance of ionosphere induced
by the interaction of solar wind energy with
magnetosphere—ionosphere—thermosphere system
is popularly known as ionospheric storm (e.g., lit-
erature reviews by Gonzalez et al. 1994; Prolss
1995; Abdu 1997; Loewe and Prolss 1997; Forster
and Jakowski 2000; Danilov 2013). During the
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storm, the neutral and electrodynamical processes
couple the high- and low-latitude ionosphere—
thermosphere system, which lead to severe mod-
ifications in the electric fields of equatorial and
low-latitude ionosphere (Nishida 1968; Blanc and
Richmond 1980; Kikuchi et al. 2000). As a result,
the global scale equatorial zonal electric field
was severely perturbed and would cause distur-
bances in the ionosphere electrodynamics. Dur-
ing the storm, dusk side strong perturbations in
the electron density of the ionosphere and their
related electrodynamics severely disturb the trans-
ionosphere radio wave propagation. The occurrence
of disturbances in ionosphere is distinct and com-
plex for each individual storm and affects the
radio wave communication, which has gained much
importance in the present research scenario.

Storm time perturbations are mainly caused
by two dynamic electric field processes, namely
prompt penetration electric field (PPEF) and dis-
turbance dynamo electric field (DDEF). The for-
mer is due to the penetration of the high-latitude
electric field with global scale equatorial electric
field (Nishida 1968). The relative polarities and
magnitudes of R1 and R2 currents can cause field-
aligned convection currents, i.e., associated electric
fields (under shielding/over shielding) fed into the
global scale zonal electric field. The R2 field-aligned
currents during southward IMF Bz period, and
their associated convection electric fields, penetrate
into the global scale electric fields in the equato-
rial latitudes, which result in PPEF (Nishida 1968;
Kikuchi et al. 1996, 2000). PPEF will be gener-
ated simultaneously with the changes in IMF Bz
and lasts for a few minutes (~30-120 min). This
short-lived PPEF can couple with the global scale
equatorial zonal electric field and cause enhance-
ment (suppression) in the net electric field. Hence,
the consequent electrodynamics lifts the ionosphere
plasma upward (downward) where ion recombina-
tion rate is very less (high). This will enhance (low)
plasma at higher (lower) altitudes, resulting in the
modification of diurnal variation of the plasma den-
sity. The plasma density is higher (lower) than the
quiet time values, which can cause positive (nega-
tive) storm effect (Prolss 1995; Fuller-Rowell et al.
1996). The onset of the sub-storm may also induce
eastward electric field in the dayside of equatorial
ionosphere when the IMF Bz is in a southward
direction (Huang 2009, 2012).

DDEFs will be generated by the deposition of
solar wind energy into the high-latitude thermo-
sphere, and consequent Joule heating can cause
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disturbance dynamo in electric fields via global
scale thermosphere wind circulation (Blanc and
Richmond 1980). These DDEFs will be gener-
ated few hours after the storm commencement and
last for several hours to several days (Scherliess
and Fejer 1997; Richmond et al. 2003). Disturbance
dynamo induces downward (upward) drifts on the
dayside and suppresses (enhances) the equatorial
ionisation anomaly (EIA) (Scherliess and Fejer
1997). PPEFs, DDEFs and their superposition
on equatorial electric fields can cause complex
variability in the vertical plasma drifts of the
ionosphere (Sastri et al. 2003; Tulasi Ram et al.
2008). In addition to above fields, the increased
(decreased) O/N, ratio, storm-time thermosphere
winds and plasma sphere downward fluxes manifest
the occurrence of positive (negative) storm effect
(Rishbeth 1991; Prélss 1995; Fuller-Rowell et al.
1996).

It is well known that the neutral and electro-
dynamic interactions induced by the storms on the
ionosphere-thermosphere vary with latitude, alti-
tude, local time, season and phase of the solar
activity. If the main phase of the storm falls dur-
ing dusk-to-dawn sector, then the storm-induced
perturbation equatorial electric fields in addition
to pre-reversal enhancements (PRE) would be
responsible for the altitudinal uplift/suppression
of plasma in the equatorial ionosphere. This leads
to the development /inhibition of post-sunset equa-
torial spread-F (ESF) irregularities (Blanc and
Richmond 1980; Yeh and Lui 1982; Abdu 1997;
Fejer et al. 1999; Kikuchi et al. 2000; Huang
et al. 2001) through generalised Rayleigh—Taylor
instability mechanism. Fejer et al. (2008) have
investigated the seasonal dependence of longitudi-
nally averaged equatorial PPEF and disturbance
dynamo vertical drifts, and found that the prompt
penetration drifts are mostly upward/downward
during night-time/daytime in all seasons, respec-
tively. Many researchers have been studying the
scintillations on Global Positioning System (GPS)
L-band signals during quiet and disturbed peri-
ods over Indian sector (Tulasi Ram et al. 2008,
2015; Ramsingh Sripathi et al. 2015; Srinivasu et al.
2017).

On St. Patrick’s Day of 17 March 2015, a dis-
tinct class of two-step storm was formed by the
superposition of two moderate storms (Kamide and
Kusano 2015), which is a distinct type of geo-
magnetic storm during the 24th solar cycle so far.
Many studies have been conducted on this storm
over various sectors around the globe and observed
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distinct features in electron density, O/N,, F-layer
parameters, total electron content (TEC), global
total electron content (GEC) and regional total
electron content (REC) by using various ground
and satellite-based instruments (Astafyeva et al.
2015; Ramsingh Sripathi et al. 2015; Tulasi Ram
et al. 2015; Borries et al. 2016; Fagundes et al.
2016; Huang et al. 2016; Kalita et al. 2016; Kuai
et al. 2016; Nava et al. 2016; Patra et al. 2016;
Zakharenkova et al. 2016; Nayak et al. 2017;
Venkatesh et al. 2017). Astafyeva et al. (2015)
have reported the occurrence of positive storm,
negative storm and hemispherical asymmetry over
Eastern Pacific, European, African and American
sectors. Borries et al. (2016) have reported per-
turbations in TEC and wavelike characteristics of
large-scale travelling ionosphere disturbances prop-
agating towards equator over African-European
sector. Fagundes et al. (2016) have shown anoma-
lous behaviour of EIA caused by wavelike struc-
tures during the main phase of the storm and the
suppression of EIA (negative storm effect) dur-
ing the recovery phase of the storm over east
and west Brazilian sectors. Venkatesh et al. (2017)
have reported the rapid uplift of F2 layer peak,
redistribution of plasma into F2 and F3 lay-
ers and their consequent signatures on TEC and
EIA over Brazilian sector including the storm-
time hemispheric asymmetry. Carter et al. (2016)
have demonstrated the equatorial plasma bubbles
(EPBs) using coupled thermosphere-ionosphere
model and the influence of DDEF on the equatorial
ionosphere after the storm commencement and the
resulted suppression and growth of the post-sunset
and post-midnight EPBs. Zakharenkova et al.
(2016) have investigated the travelling ionospheric
disturbances (TIDs) from GPS and GLONASS
observations, particularly over Europe and Ameri-
can sectors.

Over Indian sector, Ramsingh Sripathi et al.
(2015) and Tulasi Ram et al. (2015) have reported
that the h’F over Tirunelveli (equatorial station)

Table 1. List of stations and their coordinates.
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was lifted to ~560 km with a vertical drift of
70 m/s. Patra et al. (2016) have observed the uplift
of the F layer to ~470 km with a peak upward
velocity 50 m/s over Gadanki (off-equatorial sta-
tion), subsequent generation of post-sunset ESF
irregularities and GPS L-band scintillations. Patra
et al. (2016) have reported that the observed EPBs
and irregularities were confined to a narrow lon-
gitudinal zone extending from 69°-98°E, which
is due to the reversal of the zonal drift of the
irregularities from eastward to westward within a
short span (~30 min) at around 21:45 IST. Tulasi
Ram et al. (2015) have found that an uplift of
plasma over a narrow longitudinal sector on sun-
set terminator, which has an extension of EPBs
between 27.13°N and 25.98°S magnetic dip lati-
tudes at an apex altitude of ~1670 km. From these
studies, it is clear that if the main phase of the
storm falls on dusk-to-dawn sector, then it is more
favourable for the generation of electron density
irregularities. An attempt is made in this study
to understand the irregularity signatures and their
strengths on L-band signals of GPS, GLONASS
constellations along with the TEC variations over
Waltair (WALT) during 17 March 2015. To sup-
port and know the global ionosphere TEC map
(GIM) TEC response over Indian sector, we consid-
ered time series GIM data over four closely spaced
(with 5° difference) longitudes during 16-19 March
2015. To study the scintillation signatures on GPS
TEC in terms of rate of TEC index (ROTI) during
dusk-to-dawn sector on 17 March 2015, we have
considered five IGS stations over the said Indian
longitudes and discussed the salient features and
their probable physical mechanisms.

2. Data and methodology

Tonospheric vertical TEC derived from GPS and
GLONASS constellations over WALT during 16—
19 March 2015 was considered. The Rinex data

Sl Geomagnetic
no. Station and country Code Network Latitude Longitude latitude
1 Narahenpita, Sri Lanka SGOC 1GS 6.89°N 79.87°E 1.76°S

2 Bangalore, India 1ISC 1GS 13.02°N T7.57°E 4.49°N

3 Waltair, India WALT GPStation 6 17.73°N 83.32°E 8.71°N

4 Hyderabad, India HYDE 1GS 17.41°N 78.55°E 8.77°N

5 Lucknow, India LCK4 1GS 26.91°N 80.95°E 18.01°N

6 Lhasa, China LHAZ 1GS 29.65°N 91.10°E 20.16°N
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Figure 1. Geographic locations and their station codes of
five IGS and GPStation-6 receiver.

files obtained at five IGS stations listed in table 1
during the storm period are used. The geographic
locations of the stations listed in table 1 are shown
in figure 1. The Rinex data files were processed
and GPS TEC values are computed according to
Seemala and Valladares (2011) and ROTT accord-
ing to Pi et al. (1997). TEC observations with
an elevation >50° (Rama Rao et al. 2006) are
only considered. To observe the TEC trend over
Indian longitudes, CODE GIM data have been
taken from the web page ftp://cddis.gsfc.nasa.
gov/pub/gps/products/ionex. The 2 hourly GIM
data files are processed by using C programming
and interpolation (temporal as well as spatial)
is adopted to obtain a continuous time series of
hourly vertical total electron content (VTEC) for
every latitude and longitude with an interval of
2.5° (lat.) and 5° (lon.), respectively. We extracted
the time series TEC data from a CODE GIM
TEC over four longitudes 75°E, 80°E, 85°E, and
90°E during storm periods. GIM CODE TEC at
WALT was computed by taking mean TEC over
a grid of 2.5° x 5°(lat. x lon.) around WALT.
To get a rough idea of PPEFs over the said
longitudes during the storm period, we have con-
sidered model-derived prompt penetration equa-
torial electric fields (PPEFs). These PPEFs were
taken from http://geomag.org/models/PPEFM/
RealtimeEF.html (Manoj and Maus 2012). The
amplitude and phase scintillation data (respec-
tively, per minute S4 and 60 s phase sigma)
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on 17 March 2015 over WALT obtained from
Novatel ISM REDOBS logs were used in this study.
These NovAtel ISM REDOBS logs are derived
from raw data using PARSEREDUCED utility,
and they do not include GPS L2 scintillation
measurements (GPStation-6TM 2012). To com-
pare the storm time observations with quiet day
observations, five magnetically quiet days were
taken from the World Data Centre (WDC) for
Geomagnetism, Kyoto (http://wdc.kugi.kyoto-u.
ac.jp/qddays/index.html). The storm time param-
eters of per minute interplanetary solar wind speed
(SW), IMF Bz, auroral electro jet indices (AE, AU
and AL) and SYM-H and 3-h KP index were taken
from the OMNI Web interface (https://omniweb.
gsfc.nasa.gov/form/omni_min.html).

3. Results and discussions

3.1 St. Patrick’s Day storm morphology

Coronal mass ejection associated with solar flare
C9.1 originated from sunspot AR2297 hit the
Earth’s magnetosphere at ~04:45 UT on 17 March
2015. As a result, sudden enhancement occurred in
an interplanetary magnetic field component (IMF
Bz), turned northward and started a sudden storm
commencement (SSC), which was a great geo-
magnetic storm during solar cycle 24. Figure 2
shows the variation of SYM-H, solar wind parame-
ters (SW velocity, SW density), auroral electro-jet
indices (AE, AU and AL) and Kp index during
16-19 March 2015. After the SSC, a large enhance-
ment was observed in the solar wind parameters
(wind speed and density) and symmetrical ring
current index (SYM-H). Enhancement was noted
in auroral electro jet indices (AE and AL) after
the SSC with some time delay, which is shown
in figure 2. Northward-turned IMF Bz reached to
~25 nT after SSC, and SYM-H raised to ~67 nT
and solar wind speed reached to ~550 km/s. On
17 March 2015, at ~07:00 UT by the turning of
IMF Bz towards the south, the onset of the main
phase of the storm was started. During the main
phase, the solar wind speed, Kp index and the
AE index rose to a maximum of ~600 km/s, 8
and ~2300 nT, respectively. Complex behaviour
in the orientation of IMF Bz and large fluctu-
ations in auroral electro jet indices were noted
during this phase. The main phase of the storm
was lasted for about ~18 h. During this period,
IMF Bz turned southward at ~07:00 UT, and after
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Figure 2. Temporal variations of IMF Bz, solar wind speed, solar wind density, auroral electro jet indices (AE, ASU and

AL), SYM-H and Kp index during 16-19 March 2015.

suffering few north-south fluctuations, it again
turned southward at ~12:30 UT. Consequently,
the symmetric ring current (SYM-H) decreased to
—100 nT at ~09:30 UT, and after a brief recov-
ery, SYM-H rose to a minimum value of —232 n'T
at around 23:04 UT. Kamide and Kusano (2015)
have observed that this storm has occurred with-
out any precursory X- or M-type solar flares, and
this was a distinct class of two-step storm formed
by the superposition of two successive moderate
storms driven by two southward IMF Bz turnings.
Recovery of SYM-H had started at 23:05 UT on 17
March 2015 and continued for a few days to reach
a quiet time value. During this recovery phase, the
solar wind speed remained higher at ~550 km/s
and the same continued until 26 March (up to 19
March only shown in figure 2).

3.2 Response of TEC during St. Patrick’s Day
storm

It is very important to study the TEC response
during the storm from various constellations, which
can increase the spatial coverage in assuming vol-
ume over a station. Figure 3 represents the vari-
ation of difTEC (Disturbed day TEC-5 Quite

days mean TEC) from GPS and GLONASS
constellations and GIM during 16-19 March 2015
over WALT. In figure 3, red, magenta and green
colours represent the diff TEC of GPS, GLONASS
and GIM, respectively. It is observed that the
GLONASS diff TEC remained higher than that of
GPS about ~4 TECU during the period. From
figure 3 on 17 March 2015 during the 08:00 to
~12:30 UT, all the systems (GPS, GLONASS and
GIM CODE) showed positive storm effect, which
was consistent with earlier reports over Indian sec-
tor. At around ~12:30 UT, a sharp downfall of
diff TEC was seen in all the systems, and at the
same time, diff TEC became negative and resulted
in a negative storm effect. This negative storm
phase had continued till ~23:00 UT on 17 March
2015. During this period, it was observed that
the negative storm effect was larger in dif TEC of
GPS and GLONASS (a depression of ~30 TECU)
when compared to that of GIM (a depression of
~10 TECU). Positive and negative storm effects
observed over WALT during the main phase of the
storm are well consistent with the previous reports
on this storm by Ramsingh Sripathi et al. (2015)
and Tulasi Ram et al. (2015) over Indian sec-
tor. Some jumps were observed on the GLONASS
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diff TEC curve, which are due to the lesser temporal
coverage of GLONASS satellites compared to GPS
over WALT. The spatial (in the sense visibility
of satellites over a particular time epoch) and
temporal coverage of GPS constellation are better
than that of the GLONASS constellation over
WALT (Srinivasu et al. 2017).

During the recovery phase of the storm on 18
March 2015, except for GIM, positive storm effect
was observed in GPS and GLONASS between 0000
and ~06:00 UT. Three peak structures of positive
storm effect were observed in GPS and GLONASS
on 18 March 2015. A depression in TEC was seen
with GPS and GLONASS at ~14:00 UT on 18
March 2015; this may be due to north—south fluctu-
ations of IMF Bz and rise in AE. A positive storm
effect during 0000 to ~02:30 UT and a strong neg-
ative storm effect during ~02:00 to ~23:55 UT on
18 March were observed in GIM diff TEC. Dur-
ing the recovery phase of the storm, on 19 March
2015, the GIM diffTEC showed a negative storm
effect and was anti-correlated with that of GPS
and GLONASS. Generally, the CODE GIM TEC
data are modelled in a solar-geomagnetic reference
frame using a spherical harmonic expansion from
GPS/GLONASS-combined data sets from IGS sta-
tions by adopting an interpolation technique. The
WALT station is in the ionisation anomaly region.
Over the Indian region, during this storm, the
GPS/GLONASS-combined data sets from the IGS
stations HYDE, IISC and LHAZ are only used for
generating the GIM TEC, which may be one of

the causes for the underestimation of the TEC.
AEFE index had risen to a value of ~12:30 UT on 18
March around ~09:00 UT, and thereafter, DDEFs
strongly influenced the ionosphere electrodynam-
ics, and hence, O/N, ratio decreased (Astafyeva
et al. 2015; Huang et al. 2016; Nava et al. 2016).
As a result, a large suppression of the ionisation
was observed over mid-latitudes compared to low-
latitudes (Astafyeva et al. 2015).

To get a rough idea on perturbing electric fields
during the main phase of the storm, model-derived
PPEFs (Manoj and Maus 2012; Kakad et al. 2016;
Nayak et al. 2017) over Indian longitudes were pre-
sented in figure 4. Figure 4 shows the variation of
PPEFs over 75°, 80°, 85° and 90°E longitudes (top
to bottom panels, respectively). The blue curve
represents background quiet time electric field,
whereas the red curve represents the total electric
field (PPEFs are superimposed on quiet time elec-
tric fields). On 17 March, wavelike structure, two
large peaks centred at ~06:00 and ~13:00 UT were
observed in PPEF's over the said longitudes. Gener-
ally, PPEFs will be generated simultaneously with
the SSC and has coupled with the zonal eastward
electric fields. This may be seen over the above-
said longitudes in figure 4 during this storm. The
observed fields can enhance the upward vertical
drifts, and a consequent enhancement in the elec-
tron density will be observed over an EIA region
on the dayside.

To study the variation of GPS TEC over the
five IGS stations (table 1) over Indian longitudes
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along with WALT, we analysed the GPS TEC
data and the results were presented in figure 5.
We also considered model-derived CODE GIMs to
know the variation of TEC over Indian longitudes
and are presented in figures 6 and 7. Figure 5
represents the GPS TEC variation over the sta-
tions listed in table 1. The blue curve represents
mean TEC of five geomagnetic quiet days and red

12 16 20 00 04 08 12 16 20 00

storm time TEC) during 16-19 March 2015.

curve represents the TEC during the storm. Each
panel of figure 5 from bottom to top was arranged
in the latitudinal order. Figures 6 and 7 show the
variation of GIMs and diff TEC GIMs (difference of
GIM TEC with respect to quiet time mean GIM
TEC) over Indian longitudes 75°E, 80°E, 85°E
and 90°E, respectively, for the period of 16-19
March 2015.
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Figure 7. Delta GIM TEC (difTEC) over 75°E, 80°E, 85°E and 90°E longitudes during 16-19 March 2015.

From figure 5, during the initial phase (~04:45
to ~07:00 UT) on 17 March 2015, the GPS TEC
almost coincided with the quiet time mean values
over all the stations. Except for LHAZ and LCK4,
a positive storm effect during ~07:00 to ~12:30 UT
and negative storm effect during ~12:30 UT to till
the end of the main phase had been observed over
other stations. LHAZ and LCK4 stations lay the
outer edge of the northern anomaly over Indian

sector. The observed positive storm phase is in
agreement with the earlier reports by Astafyeva
et al. (2015) and Nava et al. (2016) over the Asian
sector, particularly at mid-latitudes. The positive
storm effect observed during 07:00 to 12:30 UT
(i.e., 12:30 to 18:00 IST) was mainly due to
the eastward PPEF-enhanced electric field (Fuller-
Rowell et al. 1994, 1996). The negative storm
effect after ~12:30 UT is due to energy inputs
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from AE index, decrease of O/N, (Astafyeva et al.
2015; Nava et al. 2016) and also due to equator
ward meridional winds (Ramsingh Sripathi et al.
2015; Kalita et al. 2016). Another important point
noted here is that for the HYDE station around
~14:00 UT, a large peak was observed. At this
time, only five PRNs were contributing the TEC
within an assumed cut off. Among these PRNs,
one of the PRN contributes very high TEC value
about ~127 TECU and the remaining contributed
between ~15 and 75 TECU. On an average, a
large peak was observed. From this case, it is clear
that the different lines of sights from satellites to
receiver provide different values, which is a some-
what serious concern particularly during the storm
period. The positional estimation with the trian-
gulation method will provide large errors in the
ranging measurements, and hence, one must be
cautious on the line of sight during severe geomag-
netic storm conditions.

During the early hours (UT) of 18 March,
except for LCK4 and LHAZ, the remaining sta-
tions (figure 5) showed positive storm effect with
higher TEC values over low-latitude stations. Dur-
ing these hours, from low latitudes to mid-latitudes
(SGOC to LHAZ), the positive storm effect dimin-
ished and turned into a negative storm effect and
the same was also observed in figures 6 and 7. This
confirms that there is a large deposition of electron
density near magnetic equator and it was consis-
tent with the results of Ramsingh Sripathi et al.
(2015) during this storm over Indian sector. Ram-
singh Sripathi et al. (2015) have reported that on
18 March 2015, initially during the morning hours,
the EIA initiated to develop due to daytime E x B
drifts and strong equatorial electrojet (EEJ) cur-
rents, and as time progressed, the EIA weakened
due to the development of the counter electrojet
(CEJ) currents. Due to this westward DDEF, the
development of EIA is reduced and the ionisation is
confined near magnetic equator over Indian sector.
Sastri (1988) suggested that the westward DDEFs
caused the reduction in EEJ during daytime and
the consequent effect of inhibition of EIA. During
the recovery phase, a large negative storm effect
was seen at a mid-latitude station LHAZ, whereas
it was moderate at LCK4, which was consistent
with the earlier reports by Astafyeva et al. (2015)
and Nava et al. (2016).

From figure 6, during the main phase of the
storm, latitudinal suppression (30°—0°) of TEC
was observed around ~13:00 UT over Indian
longitudes. This may be due to storm-induced
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perturbations, which are more favoured for
recombination rates in addition to the ceasing of
solar EUV flux (dusk sector over these longitudes).
Maximum TEC was observed over 80°E and 85°E
longitudes. Latitudinal stretching of the EIA was
seen during the main phase of the storm over
the above said longitudes, which was well corre-
lated with the earlier reports (Ramsingh Sripathi
et al. 2015; Venkatesh et al. 2017 observed in
Brazilian sector). Another interesting result from
figure 6 is that the crest of the northern EIA
shifted about ~10° towards the magnetic equator
during 18 March compared to 17 March. A peak
of enhanced TEC was observed at ~13:00 UT on
17 March over all longitudes, which may be due
to an enhanced PRE by the storm-induced east-
ward PPEF (figure 4). Enhancement in TEC (blue
shade) was observed on 17 March unlike 16 March,
which was centred at ~06:00 and ~12:00 UT as
shown in figure 7. The same was also evident in
the foFs over equatorial and off-equatorial stations
over Indian region as reported by Ramsingh Sri-
pathi et al. (2015), and they are mainly due to
PPEFs (figure 4). On 17 March, a large negative
storm effect (suppression of TEC) was observed
during ~3:00 to ~22:00 UT (between ~5°N and
~25°N latitudes) over the said longitudes and also
exhibited a butterfly-like structure (figure 7).
Large suppression of TEC over EIA was seen
over all the said longitudes during the recovery
phase, particularly on 18 March (figures 6 and
7). Figure 7 shows the peak structure of positive
storm effect observed at three time epochs centred
on ~05:00, ~09:00 and ~17:00 UT, which is also
manifested in figure 3. These observed regions of
peak positive storm effect are confined to low lati-
tudes. In other words, the northern crest of EIA
tends towards the magnetic equator or diffusion
of plasma along field lines. Further, on the same
day, the negative storm effect was seen between
~15°% and ~30°N latitudes over the said longitudes.
The peak of the negative storm effect centred on
~12:00 UT at ~25°N latitude declined towards
lower latitudes (Ramsingh Sripathi et al. 2015)
with the progression of time. This peak of the neg-
ative storm effect was more prominent over 90°E
longitude. During daytime, the evolution of EIA
was mainly controlled by the global scale zonal
eastward electric field. This electric field with the
horizontal north—south magnetic field will mani-
fest the vertical E x B drifts. These vertical E x B
drifts lift the ionosphere plasma to higher alti-
tudes, and also, the plasma diffuses downward
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along the geomagnetic field lines under gravity
and pressure gradients. Storm-induced PPEF dur-
ing dawn-to-dusk sector under southward turning
of IMF Bz conditions is in phase with the global
scale zonal eastward electrified. These PPEFs will
manifest large enhancements in the upward vertical
drifts and lift the plasma to higher altitudes where
the recombination rate is very less; consequently,
large enhancement of TEC in EIA occurs dur-
ing the daytime (Huang et al. 1989; Maruyama
et al. 2004). DDEFs induced by the equator ward
winds (Blanc and Richmond 1980; Fuller-Rowell
et al. 1994, 1996) are westward during the day-
time. These strong westward DDEFs during the
daytime may suppress the EIA generation, which
resulted in a large negative storm effect, and may
be one of the causes for the occurrence of nega-
tive storm on 18 March 2015. Nava et al. (2016)
have observed a large negative storm effect dur-
ing the recovery phase of the storm over Asian
sector, particularly at high and mid-latitudes, and
reported that this was mainly due to two large
energy inputs occurring during the evening and
the night side over Asian sector. From the spec-
tral analysis of magnetic field (H), they concluded
that the presence of DDEF and their oscillations
during the storm lasted for several hours after
the SSC. Huang et al. (2016) have reported the
disturbance dynamo-induced vertical drifts, com-
positional changes in the equatorial ionosphere
during night side from DMSP satellite data. They
concluded that the long lasting dynamo process
during the recovery phase may be related to fly-
wheel effect of disturbance neutral winds. During
the daytime, the GUVI (O/N2) maps (Astafyeva
et al. 2015; Kuai et al. 2016; Nava et al. 2016)
showed the confinement of ionisation over latitudes
near the magnetic equator over Asian sector dur-
ing the recovery phase of the storm. The results
observed in figures 5 and 6 are consistent with ear-
lier studies observed on this storm (Astafyeva et al.
2015; Huang et al. 2016; Nava et al. 2016).

3.2.1 Storm time scintillation

PRE is one of the important drivers for the post-
sunset uplift of the ionosphere plasma to higher
altitudes, which leads to the generation of irregu-
larities in the ionosphere particularly during the
dusk sector. Earlier studies (Ramsingh Sripathi
et al. 2015; Tulasi Ram et al. 2015; Kakad et al.
2016; Patra et al. 2016) revealed that the Indian
sector was more favourable for the generation of
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intense post-sunset ESF irregularities and EPBs,
which was mainly due to the main phase of
the storm that falls in dusk sector. Storm time
PPEF at dusk sector further enhances the PRE
and triggers the post-sunset rise of the plasma
to higher altitudes, which leads to the onset of
electron density irregularities (Kakad et al. 2016;
Kalita et al. 2016; Nayak et al. 2017). During this
storm, over Indian longitudes, the eastward PPEF
was enhanced by the PRE around ~13:00 UT
(figure 4), which leads to the uplift of plasma to
higher altitudes, and resulted in the consequent
generation of EPBs.

Ramsingh Sripathi et al. (2015) and Tulasi
Ram et al. (2015) have observed that the h'F
over Tirunelveli (equatorial station) was lifted to
~560 km with a vertical drift of 70 m/s. Patra et al.
(2016) have observed an uplift of the F layer to
470 km with a peak upward velocity of 50 m/s
over off-equatorial station, Gadanki, which is a
subsequent generation of post-sunset ESF irregu-
larities causing scintillation on GPS L-band signals.
Above studies revealed that these intense irregular-
ities and EPBs extended from 27.13°N to 25.98°S
magnetic dip latitudes and longitudinally in a nar-
row zone between 69°E and 98°E over Indian
sector. In this section, we made an attempt to
estimate how much these irregularities caused the
scintillation on L-band signals of GPS, GLONASS
constellations over WALT. The scintillation obser-
vations with an elevation >30° were considered for
avoiding the site-specific multipath effect. The
amplitude scintillations (S4) and phase scintilla-
tions (0,) on L1 signal of GPS and Ll-band and
L2-band signals of GLONASS are presented in the
following sections.

3.2.2 L-band scintillation of GPS and GLONASS

constellations

Figure 8 shows scintillations on GPS L1 (1575
MHz) signal over WALT. The colours green, red
and black represent the phase scintillation index
(phase sigma o), amplitude scintillation index
(S4) and TEC, respectively. For GPS L1 signal,
almost 12 PRNs (90% of visible PRNs) show
phase and amplitude scintillation during 13:30 to
19:30 UT (19:00 to 25:00 IST). Except for PRN
numbers 5 and 12, the remaining 10 PRNs show
strong amplitude scintillation (84%) and their cor-
responding peak S4 index ranges from 0.36 to
0.74. In except few cases, the occurrence of phase
scintillations was correlated with amplitude
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Figure 8. GPS L1 frequency (1575 MHz) scintillations over WALT during 17 March 2015. The colours represent, red:
amplitude scintillation index (S4), green: phase scintillation index (o) and black: TEC.

scintillations. The PRNs 10, 20 and 28 show large
phase deviations (phase slips). In most of the cases,
wavy structure was seen in TEC. The trough of the
wave structure indicates the depth of the drifting
cross-section of a drifting EPB.

Figures 9 and 10 represent scintillations on
GLONASS Lil-band (1238-1254 MHz) and L2-
band (1593-1609 MHz) signals over WALT. L2-
band signals show higher scintillation indices than
L1-band signals, which is due to the frequency
dependence of scintillation. L2-band shows higher
number of phase slips than L1-band for the same
satellite PRN. Very few of them on L2-band coin-
cide with the phase deviations of same PRN trans-
mitting on the L1-band and have higher values of
phase scintillation indices instead of phase slips on
L1-band. The satellite PRNs 10, 14 and 20 show
weak phase scintillation on both the signal bands,
but there are no considerable amplitude scintilla-
tions. The peak S4 index for GLONASS ranges
from 0.16 to 0.70 and 0.18 to 0.94, respectively,
for L1 and L2-band signals.

The enhanced scintillation activity observed on
17 March compared to quiet days during the post-
sunset period is mainly due to PPEFs (figure 4)
and their consequent effect on vertical drifts of the
plasma in the ionosphere. From figures 7 to 10,

it is clear that 12 PRNs of GPS and nine PRNs of
GLONASS show phase/amplitude scintillation on
the carrier signals of L1, L1-band, and L2-bands
of their respective constellation. Most of them
are strong scintillation, and almost all the visible
satellites over a site were affected by scintillation.
The temporal and spatial coverage of GPS over a
station is better than that of GLONASS (Srinivasu
et al. 2017). Because of this specific reason, higher
number of PRNs of GPS was affected by scintil-
lation. It is clear that most of the assumed space,
L-band signals, severely suffered by strong scintil-
lation, which is a serious threat to satellite navi-
gation/aviation systems particularly during severe
storm periods. The degree of severity leads to the
loss of information on these carrier signals. If it
is more severe, then it further leads to a commu-
nication failure between the satellite and the user
receiver. In such severe cases, combined observa-
tions from various constellations will give a better
estimation of scintillation, because within a same
common volume over a station, each satellite of the
respective constellation will make a different line
of sight with the receiver and hence covers larger
space.

In addition to amplitude and phase scintillation
over WALT, further, we analysed the scintillation
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Figure 9. GLONASS scintillation L1-band (1593-1609 MHz) over WALT during 17 March 2015. The colours represent, red:
amplitude scintillation index (S4), green: phase scintillation index (o) and black: TEC.
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Figure 10. GLONASS scintillation L2-band (1238-1254 MHz) over WALT during 17 March 2015. The colours represent,
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Figure 11. Variation of rate of TEC index (ROTI) over the stations LAHZ, LCK4, HYDE, WALT, VADD, IISC and SGOC.

signatures on TEC in terms of ROTI of each
satellite PRN over six stations. For each station,
the ROTI index of each PRN is presented with a
colour code, as shown in figure 11, during 12:30 to
22:30 UT (18:00 to 04:00 IST) on 17 March 2015.
The panels of figure 11 from top to bottom rep-
resent the stations LHAZ, LCK4, WALT, HYDE,
IISC and SGOC, respectively. Except for LHAZ, all
stations show strong fluctuations in ROTT during
13:30 to 21:30 UT (19:00 to 03:00 IST), which is
consistent with the previous studies over Indian
region (Ramsingh Sripathi et al. 2015; Tulasi Ram
et al. 2015; Kakad et al. 2016; Patra et al. 2016;
Nayak et al. 2017; Sau et al. 2017). LHAZ lies
around 90°E longitude also beyond the northern
EIA region, and this may be one of the reasons
for the absence of fluctuations in ROTI. During
the post-sunset hours, the magnitude of ROTI has
higher values, whereas during post-midnight hours,
the magnitude drastically diminishes. The ROTI
over WALT was well correlated with the amplitude
and phase scintillation particularly during

13:30 to 18:30 UT (19:00 to 0000 IST). Patra
et al. (2016) have observed considerable irregu-
larities during post-midnight hours of GIRI (30
MHz) observations over Gadanki. We also observed
weak scintillations on the L-band signals with small
durations and also in ROTI during post-midnight
hours over the said stations.

4. Conclusions

The response of ionospheric TEC, scintillations
(amplitude and phase) from GPS and GLONASS
constellations, and ROTI during the St. Patrick’s
Day storm of 17 March 2015 has been investigated.
The important results are summarised as follows:

e The variation of diff TEC over WALT from two
different constellations GPS, GLONASS and
GIM CODE TEC has been compared. Most
of the time, the GLONASS-derived diffTEC
follows the same trend but have higher values
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(~4 TECU) than that of GPS, which may be
due to different frequency set of each satel-
lite of GLONASS for calculating TEC. The
diff TEC derived from CODE GIM TEC is under-
estimated and anti-correlated with GPS and
GLONASS mainly during the recovery phase of
the storm on 19 March, which may be due to
limited availability of data sets over the Indian
sector to the input of the model to derive the
CODE GIM TEC data.

e The positive and negative storms observed at
WALT during the main and recovery phases of
the storm in diffTEC and CODE GIM TEC
maps are well correlated with the previous stud-
ies on this storm by Ramsingh Sripathi et al.
(2015). The daytime positive storm effect during
the main phase of the storm is mainly due to
PPEF and negative storm effect during recovery
phase is due to DDEFs.

e On 18 March 2015, large deposition of TEC near
magnetic equator was observed in Indian longi-
tudes in CODE GIM TEC maps. Three positive
storm peaks were also observed. These peaks are
also implicated in GPS and GLONASS TEC over
Indian sector. This is mainly due to the influence
of DDEF's on the daytime eastward electric field
(Ramsingh Sripathi et al. 2015). The large neg-
ative storm effect was observed over LHAZ and
LCK4 on 18 March.

e Strong amplitude and phase scintillations were
observed over WALT in L-band signals of GPS
and GLONASS constellations. Twelve satellite
PRNs of GPS L1 and nine PRNs of GLONASS
L1 and L2-band signals were affected by ampli-
tude and phase scintillations. The peak ampli-
tude scintillation index (S4) obtained from the
effected PRNs ranges from 0.36 to 0.74 for GPS
L1 signal and 0.36 to 0.76 for GLONASS L1-
band signals. The fluctuations in TEC in terms
of ROTI are also observed on 17 March 2015.
The results suggest that the scintillation activ-
ity during this storm over Indian longitudes was
enhanced due to the main phase of the storm
falls on dusk-to-dawn sector and its consequent
enhancement of the PRE.
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