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Abstract. Investigation of the relationship between ionospheric scintillations and equatorial spread F (ESF)
during adverse space weather conditions is of paramount significance for developing ionospheric scintillation
mitigation strategies for Global Navigation Satellite System (GNSS) receivers. In this paper, we present
correlation analysis between equatorial spread F (ESF) and L-band amplitude scintillations conducted at lowlatitude Hyderabad station (17.47° N, 78.57° E) during the severe geomagnetic storm event of 17 March
2015 (St. Patrick’s Day). Hyderabad location comes under the region between the magnetic equator and the
northern crest of equatorial ionization anomaly (EIA). ESF information is derived from ionograms of
ionosonde located at the Tata Institute of Fundamental Research (TIFR) Balloon Facility, Hyderabad,
whereas amplitude scintillation index (S4) data have been obtained from the GPS receiver at Hyderabad
(GAGAN network). Intense spread F (SSF) signatures were observed during post-sunset hours of 16 March
(pre-storm day) and 17 March (storm day), 2015, where the spread F (SF) index is higher than 1 MHz. GPS
satellite vehicle with pseudo-random noise code (PRN) 24 experienced strong scintillation (S4 = 1.06) at
18:53 UT on the pre-storm day of 16 March 2015. GPS PRN 30 satellite was affected severely on 17 March
(storm day), when the observed S4 index is 0.99. Development of ESF and subsequent scintillations are due
to the strong eastward prompt penetration electric fields over the Indian region. The inhibition of spread F
and scintillations noticed on 18 March 2015 are because of disturbance dynamo electric fields and disturbance winds. The SSF occurrences were well correlated with scintillation index values at Hyderabad station,
India. Variations of the virtual height of the F layer (h0 F) and drift velocity (Vd) are related to the S4 values
during the period of interest. The outcome of the preliminary results would be useful for development of
ionospheric scintillation prediction algorithms for GPS users.
Keywords. Global navigation satellite system—Ionospheric scintillations—Equatorial spread F—
Geomagnetic storm.

1. Introduction
The St. Patrick’s Day storm of 17 March 2015 was the
strongest geomagnetic storm of the 24th solar cycle.
This storm was associated with the coronal mass
ejection (CME) event that occurred on 15 March.
From the National Oceanic and Atmospheric
Administration (NOAA) geomagnetic scales, it was
considered as G4 level storm and sustained for 12
hours with G3/G4 conditions. Investigations on

geomagnetic storm effects over low-latitude ionosphere seem to be of significant interest due to the
dynamic and complex nature of the ionosphere. Due
to variations in the equatorial zonal electric field
during geomagnetically disturbed conditions, significant changes are observed in electro-dynamical processes. The low-latitude ionosphere is characterized
by intense plasma irregularities such as equatorial
ionospheric anomaly (EIA), post-sunset equatorial
plasma bubble/equatorial spread F (ESF), travelling
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ionospheric disturbances, equatorial electro jet, etc.
(Venkatesh et al. 2017). ESF irregularities scale over
sizes varying from centimetres to several kilometres
and cause severe impact on Global Navigation Satellite System (GNSS) based navigation, precise positioning, and communication systems (Shiokawa et al.
2015; Yue et al. 2016). Prompt penetration electric
fields (PPEF) and disturbance dynamo electric fields
(DDEF) are the two factors that affect the zonal
electric fields at equatorial and low latitudes during
storm conditions (Joshi et al. 2016; Kuai et al. 2016).
The intensification and suppression of ionospheric
irregularities due to PPEF and DDEF during storm
conditions have been investigated in detail by several
authors (e.g. Zhou et al. 2016; Olwendo et al. 2017;
Venkatesh et al. 2017; Astafyeva et al. 2018). PPEF
strongly depend on the interplanetary magnetic field
IMF-Bz parameter. An abrupt southward movement
of IMF-Bz from the steady northward progress gives
rise to the eastward electric field (during daytime),
which is generally considered an undershielding
condition (Singh et al. 2015 and references cited
therein). This electric field is active during the main
phase of the geomagnetic storm and elevates the
prereversal enhancement (PRE) of the vertical plasma
drift at post-sunset hours. It leads to the generation of
ESF due to favourable conditions of the Rayleigh–
Taylor (RT) instability growth rate (Ray et al. 2015;
Singh & Sripathi 2017; Abdu 2019). ESF and its
dependency on IMF-Bz is well described by Rastogi
et al. (2017). Tulasi Ram et al. (2008) carried out an
investigation on the enhancement/suppression of ESF
during post-sunset hours of geomagnetic storms of the
years 2004 to 2006. The unusual rise of the height of
the F layer to higher altitudes than during quiet-day
conditions can provide favourable conditions for onset
of ESF development. Also, ESF and subsequent
ionospheric scintillations were observed due to strong
eastward electric fields over the Indian region.
When IMF-Bz turns back to the northward
direction from the southward movement, the overshielding electric field (westward) occurs and is
active during the recovery phase of the storm.
DDEF are slow-varying electric fields moving
westward during daytime and eastward in nighttime.
Because of DDEF, the ionospheric response at low
latitudes can be seen even one or two days after the
main phase of the storm. During the recovery phase
of the storm, the behaviour of the ionosphere is
different from that during ionospheric quiet-day
conditions because of DDEF and disturbance
meridional wind effects. During daytime of the
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post-storm day, because of intense westward DDEF,
PRE drift and EIA generation may be suppressed
(Singh et al. 2015; Joshi et al. 2016). The latitudinal
variations in DDEF are responsible for inhibition of
ESF and scintillations during the recovery phase of
geomagnetic storms (Sreeja et al. 2009; Sripathi
et al. 2018). Singh et al. (2015) reported that smallmagnitude oscillations were observed in F-layer
parameters like h0 F, hpF2, electron density, etc. over
low-latitude Indian sector during the recovery phase
of the storm (18 March), confirming suppression of
EIA and subsequent ESF. The structuring of ESF
irregularities over the Indian region during the
geomagnetic storm on 17 March 2015 is well
described by Kakad et al. (2016). The irregularities
triggered by the geomagnetic conditions on 17
March rose to very high altitudes during the
post-sunset hours.
Further, studies have been carried out emphasizing
the relation between E layer and evening-time PRE
drift and ESF during quiet geomagnetic conditions
(Joshi et al. 2013; Abdu 2019). Investigations have
been done by Singh and Sripathi (2020) to identify the
relation between ESF and Es layers at low-latitude
Indian region during geomagnetic storm events. The
existence of Es layers during the evening hours affects
the magnitude of PRE enhancement and is also able to
change the longitudinal gradient in E-region
conductivity.
Investigation of the relationship between scintillations and ESF during adverse space weather conditions is still challenging for space weather and
GNSS research communities. Ionospheric scintillations are rapid fluctuations in amplitude and/or
phase of GNSS signals when traversing through
ionospheric ESF irregularities. The loss of lock and
severe scintillation fading in GNSS receivers limits
positional accuracy for GNSS users. Proper design
of tracking algorithms for GNSS receivers under
severe ionospheric scintillation conditions is necessary. According to International Civil Aviation
Organization (ICAO) guidelines, a suitable ionospheric irregularity detector is recommended for low
and equatorial regions for mitigating ionospheric
effects (www.icao.int/APAC/Meetings/2012_ISTF_
1). Ray et al. (2017) investigated ionospheric scintillations during the tremendous geomagnetic storm
in March 2015 over the Indian region using GPS
and CNOFS satellite observations. Singh & Sripathi
(2020) investigated the geomagnetic storm effects
on ESF irregularities using ionosonde data at Tirunelveli and Hyderabad. Alex et al. (1989), from
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their studies at two low-latitude Indian stations,
concluded that strong scintillations are possible with
spread F formation. Valladares et al. (2001) investigated correlation between total electron content
(TEC) and ESF from Global Positioning System
(GPS) and ionosonde measurements and found that
TEC depletions and ESF observations are in correlation during equinox seasons. Iyer et al. (2003),
from their studies in India and Brazil, interpreted
that range spread F and ionospheric scintillations
occur significantly near the magnetic equator at premidnight periods, and the occurrence rate increased
with solar activity. Shi et al. (2011) carried out
ionospheric studies using multiple instruments at
Hainan station, and observed that range spread F
and GPS L-band scintillations highly correlated with
each other. Alfonsi et al. (2013) have inferred that
there is a good correlation between range spread F
and scintillations at the low-latitude Tucuman
region, which falls under the southern crest of EIA.
Abdu et al. (1983) and Whalen (1997) have also
found that the equatorial ‘‘plasma bubbles’’ or
‘‘plumes’’ at and above the F2 peak are responsible
for leading to ionospheric scintillations. Manju et al.
(2011) investigated the relationship between ESF
time duration and GPS ionospheric amplitude scintillations (S4 index) to predict ionospheric scintillations and their inverse relation to solar activity
(F10.7). The duration of ESF (at the equator) and
L-band scintillations (in EIA) are correlated.
In this paper, ESF and ionospheric scintillation data
recorded at Hyderabad (17.47° N, 78.57° E), which
comes under the transition zone of northern equatorial
crest EIA, during a severe geomagnetic storm event
(17 March 2015) are analysed.
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2. Methodology
To investigate the relationship between spread F and
ionospheric scintillations, data from ionosonde
(TIFR) and dual-frequency GPS receiver, a part of
GPS-aided geo-augmented navigation (GAGAN) at
Hyderabad, during the geomagnetic storm of March
2015 were considered. Data for the storm day of the
intense geomagnetic storm event which occurred on
17 March 2015 (St. Patrick’s Day), along with data
on pre-storm and post-storm conditions, were analysed. Data on space weather parameters such as
interplanetary magnetic field (IMF-Bz), solar wind
(SW), and symmetric disturbance index in H
direction (SYM-H) for the period of consideration
were downloaded from http://wdc.kugi.kyoto-u.ac.jp/
wdc/Sec3.html.
A Canadian advanced digital ionosonde (CADI) is
located at and maintained by Balloon Facility of Tata
Institute of Fundamental Research (TIFR), Hyderabad
(Latitude: 17.47°N, Longitude: 78.57°E). Figure 1
illustrates the typical ionograms recorded from 15 to
18 March 2015 at TIFR Hyderabad. Spread F information is identified during the adverse space weather
conditions of the storm. The ionograms were recorded
with a sampling rate of 10 min continuously. Ionospheric E, F1 and F2 layer reflected echoes split into
ordinary (o) and extraordinary (x) traces in ionograms
of ionosonde. These ionospheric features represent
lower- and high-frequency traces, respectively, and
their critical frequencies are detected as foE and fxE,
foF1 and fxF1, and foF2 and fxF2, respectively. The
difference of the vertical traces f0 and fx near the
critical frequencies of the F2 layer is indicated as the
spread F index (Penndorf 1962).

Figure 1. Ionograms recorded on 15–18 March 2015 over Hyderabad region after post-sunset hours.
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Spread F traces in ionograms are generally categorized as frequency spread F (FSF), range spread F
(RSF), strong range spread F (SSF), and mixed spread
F (MSF). The classification of spread F traces was
carried out according to Handbook of ionogram
interpretation and reduction issued by Piggott &
Rawer (1972). Spread F echo trace along the frequency axis with identical peaks at different frequencies is detected as FSF. The range spread F echo
traces that significantly extend beyond the local critical frequency of F layer are categorized as strong
range spread F. The ionogram data features were
manually scaled and represented as unity spread F
index value in case of SSF signatures and below unity
index value for FSF signatures.
In ionogram manual scaling of frequency spread F
(FSF) signatures, when both ordinary and extraordinary components of the F trace are in spread condition
critical frequency (foF2) is scaled from the ordinary
frequency trace inner edge and fxI specifies the
extraordinary frequency trace value. Similarly, when
only the ordinary component of the F trace is in spread
condition critical frequency (foF2) is scaled from the
inner edge, and spread frequency value (foI or fxI) is
scaled from the outer edge.
The ionograms are processed to extract foF2 and
hmF2 values using UNIVAP digital ionosonde data
analysis (UDIDA) software (Pillat et al. 2013). The
first panel of Figure 1 shows the ionogram on 15
March 2015 at 17:10 Universal Time (UT) where the
F-layer trace is noticed without spread F, indicating
quiet-day conditions after post-sunset hours. From the
ionograms recorded on 16 March (pre-storm day) and
17 March 2015 (storm day), multiple echoes are
observed, illustrating the existence of ionospheric
irregularities around 17:00 and 14:40 UT, respectively. More spreading is noticed for frequencies
between 5 and 10 MHz. During post-storm day (18
March), a minimal spread is observed for frequencies
below 5 MHz, and the growth phase of spread F is
evident from the ionogram taken at 16:30 UT.
Magnetic field B is almost parallel to the Earth’s
surface at equatorial latitudes, and daytime E-region
dynamo electric field E is eastward. The E 9 B drift at
the magnetic equator uplifts the F-region plasma. It
moves along the magnetic lines in response to gravity
and pressure gradient forces resulting in equatorial
anomaly with minimum ionization density at the
magnetic equator and maxima at two crests (equatorial
fountain effect). Dynamo electric fields and plasma
densities drop in the E region, and deterioration of
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equatorial anomaly begins close to sunset time. But a
dynamo develops in the F region at this local time.
After sunset, the enhancement in the eastward
electric field is due to the conductivity gradient
polarization charges and moves the ionospheric
plasma upward, resulting in enhancement of equatorial anomaly crests. The F region quick movement and
bottom side gradient sharpening in post-sunset hours
lead to Rayleigh–Taylor (RT) instability (e.g. Jin et al.
2008), which allows formation of plasma density
irregularities. The extensive scale development of
irregularities is called equatorial plasma bubbles.
Irregularity development signatures are noticeable in
the high-frequency (HF) vertical soundings in the
form of spread F (spread of the F region echo) and in
the GPS signal samplings in the form of phase and
amplitude scintillations index S4. Alfonsi et al. (2013)
and Shi et al. (2011) also reported that there is a
correspondence between SSF and S4 and no evidence
of S4 during FSF and MSF.
GPS ionospheric scintillation data from receiver
located at Hyderabad airport (station ID: 301) (latitude: 17.47° N, longitude: 78.57° E) was considered
for obtaining the S4 values during March 2015. To
avoid multipath effects, elevation angles above 30°
were considered for the analysis. The ionospheric
amplitude scintillations are categorized as weak
scintillations (0 \ S4 \ 0.3), moderate scintillations
(0.3 \ S4 \ 0.5), and severe scintillations (0.5 \ S4
\ 1).

3. Results and discussion
Ionosonde and GPS ionospheric parameters (spread F,
vertical TEC, S4) along with space weather parameters such as IMF-Bz and SYM-H were considered for
investigation of relation of spread F with ionospheric
scintillations during the intense geomagnetic storm
conditions of March 2015. IMF-Bz and SYM-H values were used with a 1-min resolution. Figure 2
depicts the variations in the IMF-Bz, SW, SYM-H,
VTEC, S4, and spread F index on pre-storm day (16
March 2015), storm day (17 March 2015) and poststorm day (18 March 2015). The three phases of the
geomagnetic storm are indicated in Figure 2. Sudden
storm commencement (SSC) occurred at 04:00 UT on
17 March 2015 and is indicated by a sudden rise in
IMF-Bz towards the northward direction, which is
also verified with a rise in SYM-H index. The main
phase of the storm follows immediately after SSC,
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Figure 2. Variations of ionospheric parameters and SSF at Hyderabad station during 16–18 March 2015.

which is clearly illustrated by the southward movement of IMF-Bz. The variation in IMF-Bz is higher
than 10 nT, and the duration is more than 3 hours,
indicating the severity of the storm. Solar wind speed
also exceeded 400 km/s during the primary phase. The
recovery phase of the storm is observed on the poststorm day (18 March), when the SYM-H index
reaches the quiet-time value (Figure 2c). Figure 2(d) shows the VTEC variations observed from all
the visible satellites for 16 to 18 March 2015 at

Hyderabad location. The different colours represent
the TEC tracks provided by visible satellites in that
instant of time. The solid black line represents estimated mean TEC values from satellite ray-paths. TEC
increments of about 10 TECU on 17 March 2015 are
noticed compared with the previous day (16 March
2015). Slight decrements in TEC are noticed on the
post-storm day (18 March 2015). Several GPS satellites with pseudo-random noise codes (PRN) are
affected (S4 [ 0.5) due to the spread in the F region,
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indicating presence of electron-density irregularities
in the ionosphere, as depicted in Figure 2(e). The
occurrence of strong spread F is well associated with
southward movement of IMF-Bz on 16 and 17 March
2015, as shown in Figure 2(f). Alfonsi et al. (2013)
and Shi et al. (2011) also reported that there is a
correspondence between SSF and S4 and no evidence
of S4 during FSF. No correlation is observed between
S4 and frequency spread F from Figure 2 during
12:00–16.00 UT. Detailed analysis of the data is
presented below.
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towards north-east to CADI location. Later, the scintillation recorded from PRN 20 is much closer to the
CADI instrument at 17:17 UT with S4 of about 0.8. At
17:32 and 17:34 UT, the plasma bubble structures
travelled towards north-west of the CADI receiver
with an S4 value of 0.764. Later, the movement of
plasma bubbles is towards north-east at 18:27 UT with
an S4 value of 0.781. Within 26 minutes, i.e. from
18:27 to 18:53 UT, the S4 movement is towards northwest of the CADI location. It is observed from Figure 3(h) that PRN 24 satellite experienced maximum
scintillation index value of 1.04 at 18.53 UT on 16
March.

3.1 Pre-storm day (16 March 2015)
On the pre-storm day (16 March), small perturbations
of IMF-Bz are observed, with a magnitude of less than
*6.6 nT till 06:00 UT. Solar wind (SW) was 314 km/
s at 00:00 UT, attained *361 km/s at 06:00 UT, and
crossed *400 km/s at 14:00 UT (Figure 2b). SYM-H
index values indicate quiet-day conditions, as shown
in Figure 2(c). Strong spread F signatures are observed
between *16:50 and *18:30 UT during the prestorm day from ionosonde data at Hyderabad station.
The occurrence of strong spread F may be due to IMFBz directed towards north for more than 3 h from
07:00 UT with a peak magnitude of *12 nT at 11:00
UT. Spread F (SF) index is greater than 1, indicating
extreme spread in the ionosphere (Figure 2f). The
gaps in spread F data from 21:00 to 22:40 UT are due
to artifacts in ionogram data. Strong amplitude scintillations were observed for most of the GPS satellites
during the pre-storm day (Figure 2e). The correlation
between amplitude scintillations (S4) and SSF
occurrences on the pre-storm day are presented in
Figure 3. To avoid multipath effects, satellite PRNs
with elevation angles greater than 30° were considered, as illustrated in Figure 3. The satellite IPP latitude and IPP longitude were calculated. It is noticed
that on 16 March 2015 there is a spread F between
17:00 and 19:00 UT (Figure 3). Also, substantial
formation of ionospheric scintillations are seen
between 16:37 and 18:53 UT. The details are summarized in Table 1. The movement of electron density
irregularities is depicted by the observed S4 values of
different PRNs between 16:37 and 18:53 UT, as
shown in Figure 3(d) to 3(i). The distances between
CADI location coordinates and each satellite-wise IPP
coordinates (DLat and DLon) were estimated. It is
evident that at 16:37 UT there is an S4 value of about
0.549 for PRN 6, and plasma bubble structures are

3.2 Storm day (17 March 2015)
IMF-Bz started with *6.6 nT on storm day, and
maintained a magnitude of *9 nT at 04:00 UT. IMF
variations attained a peak value of *20 nT at 05:00
UT just before turning towards south (Figure 2a). SW
also maintained *400 km/s till 04:00 UT on storm
day and started to intensify at 05:00 UT, with a
magnitude of *490 km/s (Figure 2b). SYM-H
maintained positive values with a magnitude of *25
nT at 04:00 UT, and before turning towards its primary phase it attained peak value of *56 nT at 05:00
UT (Figure 2c). Several researchers have reported that
IMF-Bz with peak magnitude and travelling towards
south for more than 3 h influences the ionosphere and
consequently affects radio navigation signals. (Astafyeva 2009; Liu et al. 2014). IMF-Bz maintained the
same southward direction until 08:00 UT and then
turned towards north. It maintained northward direction during 10:00 to 11:00 UT and turned to move
towards south till 14:00 UT and attained peak magnitude of *-18.1 nT (Figure 2a). During the main
phase of the storm, SYM-H attained a magnitude of
*-73 nT at 09:00 UT, a spike during 10:00 to 11:00
UT, and attained peak magnitude of *-234 nT at
22:47 UT, indicating onset of geomagnetic conditions
(Figure 2c). More details about storm-day conditions
and PRNs affected are depicted in Figure 4. GPS
PRNs whose elevation angles are more than 30° were
considered.
Because of storm-time SYM-H and IMF-Bz conditions, eastward electrical fields rapidly penetrate low
latitudes around local sunset hours due to undershielding effects. This situation increases the strength
of EEJ, as reported by Singh et al. (2015) for stormday conditions of 17 March 2015. Enhancement in
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Figure 3. Ionospheric S4 and SSF observations at Hyderabad on 16 March 2015.

post-sunset PRE and rise in the F layer to higher
altitudes created favourable conditions for ESF
growth (Singh et al. 2015; Tulasi Ram et al. 2016).
Also, positive gradient of IMF-Bz for longer time
generates sustained ESF irregularities (Rastogi et al.
2017). On storm day 17 March 2015, higher scintillations were recorded from 14:30 to 17:00 UT. From
Figure 4 it is also evident that strong spread F values
are noticed during 15:00 to 16:00 UT and 17:00 to
18:00 UT. It is estimated that the movement of

ionospheric irregularities started at 14:30 UT from
north-west of CADI location. At 15:07 UT the
movement is towards north-east and continues till
15:28 UT, with an S4 index greater than 0.7. Later, at
16:10 UT, the movement is towards north-west, with
S4 of about 0.997 for GPS PRN 30. At 16:35 UT the
movement is towards north-east of CADI location.
Later, at 17:05 UT, the direction is towards north-west
with S4 of about 0.763. Due to artifacts in ionograms,
spread F information is not available from 16:30 to
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Table 1. GPS S4 values during pre-storm conditions at Hyderabad on 16 March 2015.
PRN

IPP
latitude

IPP
longitude

S4

6
20
28
10
5
24

17.012°
14.314°
16.557°
14.292°
13.049°
16.778°

78.422°
80.722°
82.23°
81.267°
78.480°
73.915°

0.549
0.8
0.764
0.833
0.781
1.06

Time in LT
Time in UT (UT ? 5.30)
16:37
17:17
17:32
17:34
18:27
18:53

17:20 UT. Table 2 presents the peak values of
amplitude scintillation of individual PRNs.

3.3 Post-storm day (18 March 2015)
Longer time of recovery phase of SYM-H till the end
of the post-storm day was noticed (Figure 2c and
Figure 5b). Even though IMF-Bz shows southward
variation from 2 to -5 nT from 14:00 to 15:00 UT
(Figure 5a), inhibition of ESF and scintillations is
observed during the recovery phase of the geomagnetic storm on 18 March 2015. The suppression of
PRE with subsequent ESF and scintillations is due to
strong DDEFs and disturbance winds (Sreeja et al.
2009; Singh et al. 2015). Because of the variation in
IMF-Bz, some range spread F (RSF) events are
noticed after *14:14 UT (Figure 5c). S4 values for
almost all PRNs are less than 0.2 during 18 March
(Figure 5d), indicating recovery conditions.
To indicate strength of scintillations during the period
of interest, polar plots are used. Figure 6 shows the IPP
tracks of visible satellites from 14:00 to 24:00 UT for 16
to18 March 2015. The colour bar indicates a range of S4
index values from 0 (dark blue) to 1 (red). On 16 March
2015, the S4 index values are more significant for longitudes ranging from 80° to 82° E and latitudes between
14° and 15° N. Smaller S4 index values are noticed for 16
March 2015 near Hyderabad location. For 17 March
2015 (storm day), larger S4 index values are noticed
around Hyderabad location, indicating severe scintillation occurrence. The maximum S4 index value is seen at
82° E and 10° N. Scintillation activity is high for eastern
longitudes on 16 March 2015, whereas high scintillations
are seen over western longitudes on 17 March 2015
(Figure 6). Similarly, on 18 March 2015 (post-storm day)
absence of scintillations (blue IPP tracks) is seen near
Hyderabad location.
Figure 7 shows the relation between ESF and
ionospheric scintillations for 17 March 2015 during

22:07
22:47
23:02
23:04
23:57
00:23

DLat
(CADILat-IPPLat)

DLon
(CADILon-IPPLon)

4.42°N
0.46° N
3.18° N
3.16° N
0.7° N
0.9° N

0.09° E
0.15° E
2.69° W
2.15° W
4.66° E
3.66° W

pre-midnight and post-midnight hours. S4 index values are higher during 14:00 to 17:00 UT. The virtual
height values are in the range of 250 to 400 km, and
estimated velocity is in the range of ±50 m/s during
pre-midnight and post-midnight hours.
It is evident that SF index of unity for 15:00 to
17:00 UT explains the occurrence of strong spread F.
For 18:00 to 19:00 UT, the SF index of less than unity
explains the occurrence of frequency spread F. During
the time of strong spread F significant rise in S4 index
values are noticed; also, correspondence of ESF with
ionospheric scintillations during pre-midnight hours.
Similarly, for post-midnight hours (storm recovery
phase started) there are no significant ESF (SF index is
zero), and the S4 index is minimal. The movement of
electron density structures is illustrated with the help
of direction and magnitude of vertical drift velocity
obtained from the CADI instrument. The correlation
between ionospheric scintillations and vertical drift
velocity during the period of consideration is shown in
Figure 8. h0 F is the virtual height of the bottom-side of
the ionospheric F layer, and its time derivative gives
the information of vertical drift velocity (Vd). In this
study, Vd is derived from the virtual height variations
(dh0 F/dt) only, without correction factors such as
recombination and meridional wind information. The
data gaps in the figure are due to non-availability of
ionosonde data. On the pre-storm day 16 March, the
variations in h0 F indicate normal quiet-day conditions
and correlate with equatorial electrojet (EEJ) variations. The vertical drifts are between ±30 m/s for
12:00 to 24:00 UT. From 16:00 to 19:00 UT high S4
index values are observed (greater than 0.6), representing moderate and strong scintillation occurrence.
During 17 March, the enhancement initiated in
0
h F between 14:00 and 16:00 UT may be due to the
southward movement of IMF-Bz and also eastward
prompt penetration electric field (Singh et al. 2015).
The increase in virtual height and velocity coincides
with S4 values showing strong scintillation activity, as
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Figure 4. Ionospheric S4 and SSF observations at Hyderabad on 17 March 2015.
Table 2. GPS S4 values during storm-time conditions at Hyderabad on 17 March 2015.
PRN IPP latitude
7
28
6
30
2
10

15.929°
15.349°
14.797°
14.863°
13.635°
13.198°

IPP
longitude

S4

80.675°
72.969°
78.183°
79.865°
76.032°
81.28°

0.574
0.798
0.724
0.997
0.687
0.763

Time in LT
Time in UT (UT ? 5.30)
14:30
15:07
15:28
16:10
16:35
17:05

20:00
20:37
20:58
21:40
22:05
22:35

DLat
(CADILat-IPPLat)
1.55°
2.13°
2.68°
2.61°
3.84°
4.28°

N
N
N
N
N
N

DLon
(CADILon-IPPLon)
2.1°W
5.61° E
0.39°E
1.29°W
2.53° E
2.71° W
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illustrated in the middle plots of Figure 8. Patra et al.
(2016) observed formation of irregularities and
plasma bubbles along with severe scintillations
between longitudes 69° and 98° E on 17 March 2015.
They reported that peak upward drift velocity on 17
March 2015 at Gadanki (13.5° N, 79.2° E) was about
60 m/s with base of F layer at 470 km around 13:15
UT (18:45 IST), eventually manifesting equatorial
plasma bubbles and irregularities, causing strong
ionospheric scintillations. Similarly, we observed
severe scintillations (S4 [ 0.7) over Hyderabad location (17.45° N, 78.47° E). From Figure 8 it is evident

Figure 5. Ionospheric S4 and spread F observations at
Hyderabad on 18 March 2015.

Geographic Latitude (deg)

16-03-2015

that on 17 March 2015 the drift velocity reached 40
m/s around 14:00 UT. Also, the S4 index values are
greater than 0.6, indicating cause of strong ionospheric scintillations around the Hyderabad location.
SF index values are unity for 14:50 to 16:20 UT and
17:30 to 18:00 UT (Figure 4). During the period of
consideration, it is evident that vertical drifts are in the
range of ±50 m/s (Figure 8). Also, a sudden drop in
peak height from 350 km to 250 km is observed for
15:00 to 16:00 UT and 16:00 to 17:00 UT successively (Figure 8). In corollary, recorded S4 index
values are higher, greater than 0.6, during the time
(strong scintillation occurrence). On post-storm day
S4 values are less predominant during the post-sunset
hours, indicating the recovery phase of the storm.
Inhibition of spread F and scintillations on 18 March
2015 are observed over the Hyderabad location.
SF index is always less than one (indicating there
are no strong spread F formations), and S4 index is
always less than 0.2 (indicating absence of scintillations) (Figure 5). From Figure 8 it is evident that on 18
March 2015 the virtual height profile was below 300
km (suppression), and drift velocity was low compared with 17 March 2015. These signs are clear
indicators that PRE got suppressed due to the prominence of disturbed dynamo electric fields (DDEF) on
the recovery phase of the geomagnetic storm. Further,
small oscillatory fluctuations are observed in h0 F during the recovery phase of the storm (daytime), which
is a favourable condition for suppression of EIA and
ESF (Singh et al. 2015; Patra et al. 2016).
Figure 9 shows the raw ionograms obtained from
CADI for Hyderabad location during pre-storm day
(16 March). From the ionograms attached, it is evident
that peak height of electron density is below 350 km.
From Figure 3 and Figure 8 it is seen that moderate to
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Figure 6. S4 index values recorded over Hyderabad location (17.47° N, 78.57° E; red triangle) between 14:00 and 24:00
UT during 16–18 March 2015.
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Figure 7. Comparison between SF index and S4 index
variations for pre-midnight and post-midnight hours of 17
March 2015.
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strong scintillations occurred subsequently with
spread F occurrences. Also, from Figure 8, vertical
drift variations (±30 m/s) are recorded, as discussed
earlier. Hence, it is observed that the ionospheric
scintillations are due to equatorial spread F during prestorm day.
Figure 10 shows the ionogram profiles for 17 March
2015 at 15:10 to 18:00 UT. There is a data gap from
16:30 to 17:20 UT on 17 March 2015. Three dashed
lines, black (300 km), red (400 km), and green (500
km), are shown to check whether there is deposition of
electron density at higher altitudes.
Plasma depositions above 400 km are visible even
in the 17:40 and 17:50 UT ionograms. In support of
the earlier discussion of storm-day conditions, it is
evident that the occurrence of scintillations during
14:00 to 16:20 UT is due to equatorial spread F alone
rather than due to density at higher altitudes. However, for 17:30 to 17:50 UT the occurrence of scintillation could be a combination of equatorial spread F
and plasma at higher altitudes ([400 km), as observed
from Figure 10.

Figure 8. Top panel: Variations of virtual height h0 F and drift velocity Vd during 16–18 March 2015 at Hyderabad
station. Bottom panel: S4 index values for different PRNs with elevation angle [30°.
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ionosonde stations with noticeable ionospheric scintillations. Wang et al. (2015) also concurrently
observed SSF and scintillations along with equatorial
plasma bubbles over Hainan station during geomagnetic storm conditions.

4. Conclusions

Figure 9. Ionograms recorded over Hyderabad location
for 16:50–18:40 UT.

In this paper, the relation between spread F and
scintillations is investigated using low-latitude GNSS
station and ionosonde located at Hyderabad for
intense geomagnetic storm conditions (16–18 March
2015). SSF was observed as a proxy of ionospheric
scintillations. Spread F events were recorded between
16:30 and 19:00 UT on pre-storm day due to strong
eastward prompt penetration electric fields. At the
same time, GPS PRN 24 satellite was also affected,
when the maximum amplitude scintillation index
value of 1.04 was observed at 18.53 UT. GPS PRN 5
satellite experienced maximum scintillation index
value of 0.781 at 18:22 UT. Information about F layer
(h0 F, vertical drift, etc.) with subsequent ESF occurrences and variations in geomagnetic parameters like
SYM-H and IMF-Bz are discussed. Strong spread F
and GPS amplitude scintillations are well correlated
for both pre-storm and storm days because of undershielding electric fields. The temporal variations of
h0 F and Vd are also well related to the scintillations,
which can be depicted by the observed S4 values of
PRNs with elevation angles higher than 30°. Scintillations observed on pre-storm day (16 March) and
between 14:00 and 16:20 UT on storm day (17 march)
may be due to equatorial spread F alone. Later, from
17:30 to 17:50 UT, the occurrence of scintillation
could be due to combined effects of equatorial spread
F and plasma at higher altitudes ([400 km). Interestingly, spread F and scintillation events are not
noticed due to inhibition of ionospheric irregularities
during post-storm day with latitudinal variations of
DDEFs. Spread F information would be useful for
forecasting ionospheric scintillations, and in turn to
provide alerts to GNSS users.

Figure 10. Ionograms recorded over Hyderabad location
for 15:10–18:00 UT.
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