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Abstract The present paper investigates the ionospheric re-
sponse to the severe geomagnetic storms on St. Patrick’s
Day (17 March 2015) and the strong geomagnetic storm (7
October 2015) over the low latitude Saudi Arab region. The
GNSS-TEC observations over low latitude RASH station
(28°29'N, 34°46'E) in Saudi Arab confirms that the spatial-
temporal alterations over the region not only solely depends
on the low latitude electrodynamics but also relies on the
high and mid electrodynamics. During the St. Patrick’s Day
storm, minimum Dst has reached to —223 nT with AE en-
hancement up to 2215 nT and VTEC values shown max-
imum enhancement of 250.16% with comparison to aver-
age quiet days VTEC, which is known as the positive effect
of geomagnetic storm. The positive response of the VTEC
has been observed over the region due to the coexistence of
Prompt penetration electric field (PPEF) with the prevailed
long duration Disturbance dynamo electric field (DDEF).
The F2 layer gets uplifted with the enhanced fountain ef-
fect through the equatorial E x B drift, which is observed
with the enhancement in hmF2 and enhancement in O/N2
ratio. Concerning the strong geomagnetic storm event on 7
October 2015, minimum Dst has reached to —124 nT with
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AE enhancement up to 1209.30 nT and VTEC values shown
minimum decrement of —72.14% as compared to the aver-
age quiet days VTEC, which is known as the negative effect
of geomagnetic storm. The negative response of VTEC has
been observed during the main phase of the storm, possibly
due to the consequences of suppressed equatorial ionization
anomaly (EIA) over the observatory station. The negative
response has been described by the downward movement of
F2 layer with apparent reduction in hmF2 and depletion in
O/N2 ratio over the low latitude region. The results during
the storm period also demonstrate that the intensity of am-
plitude scintillation is enhanced over the low latitude region
whose magnitude depends on the severity of the geomag-
netic storm.

Keywords St. Patrick’s Day storm - Space weather - Low
latitude region - Total electron content - Scintillation

1 Introduction

The electrical, neutral and electrodynamic coupling between
the magnetosphere and the high latitude ionosphere during
the episode of geomagnetic storm has proven its significant
impact on the equatorial and lower latitude ionospheric elec-
trodynamics. In brief, the particles precipitation and magne-
tospheric convection are primary source of electrodynamic
process on high latitude ionosphere (Huang et al. 2007;
Kikuchi et al. 2008; Kikuchi and Hashimoto 2016). The in-
creased energy and momentum deposition in the high lati-
tude region due to the particle precipitation and joule heat-
ing subsequently changes the plasma density and can cause
drifts over the equatorial ionosphere. The currents at high
latitude region transfer the energy to the neutral gases by
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the joule heating process. The ampere force works as an ex-
ternal force to move the neutral winds from polar region
to equatorial and low latitudes. The equatorward thermo-
spheric winds around F-layer height is the results of momen-
tum force and joule heating at high latitude region (Rich-
mond and Roble 1979). These thermospheric winds return to
E-layer altitudes in the vicinity of magnetic equator, which
were flowing from high latitude to equatorial region. The
uplifting of F2 layer is the result of these thermospheric
winds, which makes foF2 and hmF2 enhancement in day
time. They also enhance the total electron content and re-
sponsible for the global atmospheric composition changes
(Goncharenko et al. 2007; Lu et al. 2008; Ansari et al. 2019;
Reddybattula et al. 2019).

There are two major drivers of low latitude electrody-
namics during the progress of geomagnetic storm across the
low latitude zone on both the hemisphere. The first one is the
disturbance dynamo electric field (DDEF) which is charac-
terized by a long-lasting effect (Araki et al. 1985; Blanc and
Richmond 1980) on the plasma distribution, and second is
the prompt penetration electric field (PPEF) that is abrupt
and sustains for relatively shorter duration (Kikuchi and
Araki 1979; Kobea et al. 2000; Yamazaki and Kosch 2015).
A dawn to dusk electric field gets generated at high lati-
tudes due to the changes in the direction off interplanetary
magnetic field (IMF-Bz) i.e. when the IMF-Bz turns south-
ward from northward direction. Thus it develops under-
shielding at the low-latitude ionosphere (Somayajulu et al.
1987; Huang et al. 2005). The propagation of hydromagnetic
waves towards the low latitude region from the magneto-
sphere is the result of the undershielding electric field map-
ping towards the low latitude and equatorial region during
the main phase of the geomagnetic storm (Kikuchi 1986).

The St. Patrick’s Day storm on 17 March 2015 is the
strongest event of solar cycle-24 (Dst index —223 nT). The
origin, development and ionospheric effects of this partic-
ular geomagnetic storm have been discussed by many re-
searchers around different part of the globe (Sahai et al.
2011; De Jesus et al. 2012; Seif et al. 2012; Panda et al.
2014; Astafyeva et al. 2015; Zhou et al. 2016; Kil et al. 2016;
Chen et al. 2016; Borries et al. 2016; Hairston et al. 2016;
Reddybattula and Panda 2019). These exploit the unique and
new characteristics of the equatorial, lower, and higher lat-
itude ionosphere at different longitudes during this specific
event. There are also studies on equatorial plasma bubbles
(EPBs) during the St. Patrick’s event reporting depletion in
the EPBs growth during the post-sunset hours but enhance-
ments during the post-midnight hours during the storm day
(Carter et al. 2016).

The present study exploits the recorded GNSS data at the
RASH station in Saudi Arab to investigate the low latitude
ionospheric response to the severe storm event during the
St. Patrick’s Day (17 March 2015) and the strong storm on
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7 October 2015. The work also includes the global behav-
ior of Ionospheric F-layer parameters (NmF2, hmF2) and
neutral O/N2 ratio supporting compositional changes during
the storm period. Ground based Global Navigation Satellite
System (GNSS) derived TEC data and the global distribu-
tions of ionospheric parameters have been utilized to ana-
lyze the storm-time ionospheric abnormalities during two
different events with varied seasonal characteristics. Further,
the work includes analyzing the severity of scintillations due
to the plasma gradients in the equatorial and low latitude
ionosphere. There are recent investigations on the diurnal,
monthly and seasonal variations of ionospheric TEC and
performance analysis of International Reference Ionosphere
(IRI) model over Bahrain, falling the close vicinity of Saudi
Arabia (Sharma et al. 2018; Sharma 2019). However, to the
best of our knowledge, although there are several papers on
large scale global as well as regional storm-time ionospheric
characteristics, there are hardly any works on investigating
the St. Patrick’s Day storm effect Saudi Arabian low lati-
tude ionosphere due to unavailability of sufficient data. In
the present study, a new set of database has been used to
study the TEC variation over the region.

The second section describes the data and analysis
method used to extract the VTEC data from GNSS observ-
ables. Third section presents the results and discussion part
of the work including the effect of geomagnetic storm on St.
Patrick’s Day and that of 7 October 2015. It also includes
the scintillation occurred during both geomagnetic storms.
In section four, the conclusions have been drawn from the
analysis of the results.

2 Data and analysis

This work has been performed using the dual frequency
ground-based GNSS observations at RASH station (28°29'N,
34°46’E) in Saudi Arab. The Rinex GPS-TEC program de-
veloped by Gopi Seemala has been used for determining the
vertical TEC (VTEC) from the differential carrier phase and
pseudorange observations (Seemala and Valladares 2011).
This GNSS-TEC analysis program uses the differential code
biases (DCBs) and ephemeris data for estimating the slant
TEC. The smoothing of GNSS pseudorange by the method
of carrier phase labeling helps to remove the noises in the
pseudorange TEC data. The following equation (1) has been
used to calculate the STEC along the satellite receiver and it
also includes the instrumental bias (B).

STEC = VTEC + B 1

So STEC can be converted into VTEC after removal of in-
strument biases. The STEC is converted to VTEC using
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Eq. (2):

12
VTEC = STEC x (1 - (M» )
(RE + hmax)

Where, Rg represents the radius of the earth, « is the ele-
vation cutoff and hpax is the altitude of ionospheric pierce
point (IPP) that is considered to be at 350 km. The elevation
cutoff is chosen greater than 20° to avoid the error due to
multipath, tropospheric effects, and changes in the geome-
try of satellites.

The percentage variation in VTEC has been calculated to
show the maximum and minimum changes in VTEC values
during the storms days. The percentage VTEC is the dif-
ference between the storm days VTEC and average of 10
quiet days of the respective month. The %VTEC is calcu-
lated from Eq. (3):

%VTEC = (VTECsp — VTECaq)/VTECsp * 100 3)

Where, VTECsp is the VTEC during storm day and VTECxq
are Average 10 quiet days VTEC.

To study the response of ionosphere during the geomag-
netic storms, top two geomagnetic storms of year 2015
(based on the geomagnetic storm time index, Dst) have
been chosen i.e., 17 March 2015 (St. Patrick’s Day storm)
and 7 October 2015. The background geophysical con-
ditions data (IMF-Bz, Proton density, solar wind speed
and interplanetary electric field-Ey, Kp index, and AE in-
dex) have been downloaded from the OMNI Web server
(https://omniweb.gsfc.nasa.gov/form/dx1.html). The Sym-
H data has been downloaded from the World Data Center for
Geomagnetism, Kyoto website (http://wdc.kugi.kyoto-u.ac.
jp/aeasy/index.html). The global distribution of the O/N2 ra-
tio graphs has been downloaded from the integrated space
weather analysis system (ISWA) https://iswa.ccmc.gsfc.
nasa.gov. The auto scale data of F2 layer critical fre-
quency (foF2), its height (hmF2), and minimum virtual
height of F2 layer (hF2) have been downloaded from the
Global Ionosphere Radio Observatory (GIRO) archives
http://giro.uml.edu/drift-data.html. In this case, due to un-
availability of direct observation of ionospheric F layer pa-
rameters from collocated or nearby ionosonde/digisonde/
incoherent scatter radar observation, the digisonde param-
eters at an approximate equivalent latitude station Athens
(38°N, 23°E) has been considered in this study to support
the GNSS TEC analysis. The location of GPS TEC obser-
vatory station (RASH) and Ionosonde observatory station
(Athens) is shown in Fig. 1.

3 Results and discussion

We tried to investigate the response of low latitude iono-
sphere over the RASH station (28°29'N, 34°46'E) in Saudi
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Fig. 1 The graph shows the location of the GPS measurement RASH
station (28°29'N, 34°46'E) and Ionosonde measurement Athens sta-
tion (38N, 23E)

Arab to the occurrence of geomagnetic storms. The study
has been divided into three different parts. The first part de-
scribes the Positive storm effect of St. Patrick’s Day event
(17th March 2015) on the diurnal TEC variation over the
observatory station. Second part describes the negative re-
sponse of ionospheric TEC due to the occurrence of strong
storm on 7th October 2015. Third part describes the scin-
tillation observed during both geomagnetic storms and their
inter comparisons on the basis of intensity of the scintilla-
tion.

Figure 2 describes the diurnal variation of VTEC and
Averaged Quiet days VTEC with standard deviation during
the storm days 17 March 2015 and 7 October 2015 in the
top panel and the percentage variation in VTEC on storms
days as compared to the averaged quiet days VTEC in the
below panel. It can be seen from Fig. 2 that the VTEC is
250.16% higher as compared to the average ten quiet days
VTEC of March month during the geomagnetic storm oc-
curred on 17 March, which leads to positive response of
storm, while during the storm on 7 October 2015, VTEC
is 72.14% lower as compared to ten quiet days of Octo-
ber month, which is indication of negative response of the
storm. The initial, main and recovery phase of storms has
been discussed in Sects. 3.1 and 3.2 by observing the vari-
ation of VTEC during precursor and successor day of the
storm. The Root Mean Square Error (RMSE) is calculated
between VTEC values and monthly median values are 6.32
and 7.96 during 17 March 2015 and 7 October 2015 respec-
tively.
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Fig. 2 Diurnal variation of VTEC and averaged ten quiet days VTEC
with its standard deviation during the 17 March 2015 and 7 October
2015 on the left top and right top panel respectively. The % VTEC vari-

ation during 17 March 2015 and 7 October 2015 on the left bottom and
right bottom panel respectively
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3.1 Positive response of diurnal variation of TEC to
St. Patrick’s storm during 16 to 18 March 2015
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Diurnal variation of IMF-Bz, Proton density, solar wind
speed and dawn-dusk component of interplanetary electric
field (Ey) are shown in Fig. 3. They represent the back-
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time ring current intensity (SYM-H), AE, Kp Index and
TEC variation over the observatory station from top to bot-
tom panel respectively. Kataoka et al. (2015) shows that,
a halo CME was detected on 15 March 2015 and high speed 20
solar wind stream was traveling behind the CME from the
large coronal hole. The variation of SYM-H shows that the
geomagnetic storm occurred in two phases, first one was ob- -30
served at 0800 UT with SYM-H magnitude of —91 nT and
second phase was occurred around 2200 UT with SYM-H
magnitude of —221 nT. The AE index has shown the sig-
nificant enhancement on 17 March 2015 with magnitude
of 2215 nT. This enhancement in the AE index during the
episode of geomagnetic storm indicates the generation of
energy source in the high latitude region, which produces
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Fig. 3 Diurnal variation of IEF-Ey, Solar wind speed, Proton density
and IMF-Bz on 16 March 2015 to 18 March 2015 from top to bottom
panel

the equatorward wind and surges. The daytime westward
and nighttime eastward Dynamo electric field is the results
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Fig.4 Diurnal variation of Sym-H, AE index, Kp Index and VTEC on
16 March 2015 to 18 March 2015 from top to bottom panel

of equatorward winds and surges (Zhao et al. 2005; Kumar
and Singh 2011).

The variation of VTEC also shows two step positive
storm effects. First positive response of TEC was marked
at 1000 UT with magnitude of 52.45 TECU and second pos-
itive response was noted around 1700 UT with magnitude
of 27.32 TECU. The VTEC observed on 17 March 2015 is
higher in magnitude as compared to its preceding and suc-
ceeding days (16 March and 18 March 2015). The short term
positive response of the geomagnetic storm could be due to
the traveling atmospheric disturbances (TADs) as suggested
by Prolss and Jung (1978). TADS are the prior reason for
positive ionospheric storm effect and geomagnetic activity
effect at low latitude. Prolss (1993a,b) reported that these
TADS originates from the high latitude regions and travels
with high speed towards the mid and low latitude region.
They are accompanied with meridional winds which could
lift up the ionospheric F2 layer by many tens of kilometers
in a span of half an hour or less.

Figure 5 shows that on 17 March 2015, the F2 layer crit-
ical frequency (foF2), its height (hmF2), and minimum vir-
tual height of F2 layer (hF2) have increased after the trigger
of storm and it can be seen that all three parameters gets
higher in magnitude as compared to average ten quiet days
values. The enhancement in hmF2 started around 11:50 UT,
after the first time trigger of the storm and persisted for a
longer period of time. Zhang et al. (2015) also observed
the positive response of St. Patrick’s Day storm in term of
enhancement in foF2 and hmF2 over the low latitude re-
gion. The concentration of O+ ions starts increasing in the
F2 layer due to lower recombination rate with simultaneous
decrease in the concentration of N2 resulting in the overall
enhancement of O/N2 ratio. The global hourly variation of
O/N2 ratio is shown in Fig. 6. The phenomena of the O/N2

Storm day hF2
Strom day hmF2
Storm day foF2
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Fig. 5 Diurnal variation of hF2 (blue), hmF2 (green), and foF2 (red)
and averaged ten quiet days of hF2, hmF2, and foF2 on 17 March 2015
from top to bottom panel

ratio enhancement during the positive storm effects is very
well explained by the Burns et al. (1995), in which they have
reported that Oxygen atom density shown enhancement by
50-60% while the Nitrogen molecules density are depleted
by the 30-35% at the constant height surfaces. During the
geomagnetic storm it is observed that there was rapid en-
hancement in the foF2 indicating participation of daytime
prompt penetration electric field (PPEF). The PPEF is orig-
inated at the magnetospheric region and is mapped down
to manifest the effects across the low latitude ionosphere.
Sharma et al. (2012) reports instances of simultaneous ex-
perience of PPEF over a broad range of latitudes. Nava et al.
(2016) also demonstrates occurrences of positive storm ef-
fect on ionosphere during the storm main phase over low
altitudes and explaining the enhancement in TEC through
the enhancement in hmF2. This could be due to the conse-
quence of decreased recombination rate at higher altitudes
(Prolss 1993a,b; Bauske and Prolss 1997).

3.2 Negative response of diurnal variation of TEC to
the geomagnetic storm on 7 October 2015

Figure 7 shows the diurnal variation of interplanetary mag-
netic field (IMF-Bz), Proton density (PD), Solar wind speed
(SW) and interplanetary electric field (Ey) from bottom to
top panel respectively. The storm sudden commencement
(SSC) was observed in two steps. First SSC was felt at
0500 UT with IMF-Bz magnitude of —8.45 nT (southward)
and PD also showed a peak around 0300 UT with magni-
tude of 25.55 n/cc. While second SSC occurred around at
1500 UT with IMF Bz magnitude of —8.01 nT (southward)
and PD of 28.8 n/cc at 1400 UT. The SW showed an en-
hancement exactly at 1400 UT with eastward electric field

@ Springer
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Fig.6 Hourly global variation
of O/N2 from 1100 UT to
1400 UT on 17 March, 2015
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Fig. 7 Diurnal variation of IEF-Ey, Solar wind speed, Proton density
and IMF-Bz on 6 October 2015 to 8 October 2015 from top to bottom
panel

magnitude of 5.34 mV /meter. The IMF-Bz and IEF-Ey are
very well correlated with eastward directed Ey during south-
ward turning in Bz and vice versa.

Figure 8 depicts diurnal plot of Sym-H, AE, Kp index
and diurnal variation of VTEC at the observatory station
from top to bottom panel respectively. It can be observed
from the Sym-H variation that the storm commenced around
0300 UT and 1300 UT and then the main phase of the storm
at 1900 UT with magnitude of Sym-H —116.42 nT on 7 Oc-
tober 2015. The main phase of the geomagnetic storm per-
sisted till early morning of 8 October 2015. The AE in-
dex indicates a significant enhancement from 2200 UT on
6 October 2015 where IMF-Bz first time went southward
from northward direction and then AE index shows peak at
0500 UT and 1800 UT on 7 October 2015 with magnitude
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Fig.8 Diurnal variation of Sym-H, AE index, Kp Index and VTEC on
6 October 2015 to 8 October 2015 from top to bottom panel

of 1065.34 nT and 1209.30 nT respectively, during the storm
main phase.

The VTEC gets depleted during the geomagnetic storm.
The maximum value of VTEC was observed 16.01 TECU
on 6 October 2015, while on the storm day the observed
maximum VTEC was only 10 TECU, which indicated a
negative ionospheric effect of geomagnetic storm. VTEC
depletion started from the Storm commencement i.e., from
the 2200 UT on 6 October 2015. The corresponding mag-
nitude of VTEC during the storm main phase was very low
on 7 October 2015 at the observatory station. The Ey field
is westward on the storm commencement period with mag-
nitude of 5.52 mV /meter and it inhibits the equatorial ion-
ization anomaly (EIA) causing negative ionospheric effect.
Studies of Kalita et al. (2016) reports the negative effect in
the low latitude during the storm recovery phase attribut-
ing it to the inhibited EIA as well as modifications in the
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Fig. 9 Diurnal variation of hF2 (blue), hmF2 (green), and foF2 (red)
and averaged ten quiet days of hF2, hmF2, and foF2 on 7 October 2015
from top to bottom panel

thermospheric composition. When the EIA inhibition region
overlaps with the O/N2 depletion region to the low latitude
region, it causes the negative ionospheric effect.

Figure 9 shows that on 7 October 2015, the F2 layer crit-
ical frequency (foF2), its height (hmF2), and minimum vir-
tual height of F2 layer (hF2) are declined over the station
after the storm triggered and the values of all three parame-
ters shown the decrement with respect to averaged ten quiet
day’s values. This negative response of geomagnetic storm
could be because of the downward E x B drift (i.e. depletion
in hmF2) and depletion of O/N2 over the observatory region.
The hmF2 depletion over the low latitude region is the com-
bined effect of thermospheric neutral wind and O/N2 deple-
tion. Figure 10 shows the global variation of O/N2 ratio on

7 October 2015 and it shows the O/N2 ratio is very much
higher at northern hemisphere region and equatorial region
as compared to the low latitude region. During the geomag-
netic storm period O+ ions gets converted into NO+ due to
the enhancement in the ion temperature. The conversion of
O+ ion is very fast as compared to the O+ generation in the
ionosphere, which leads to depletion in O/N2 ratio. Rish-
beth et al. (1987) also explained that if O/O2 and O/N2 ratio
shown depletion, it could cause decrement in the VTEC or
could be the cause of negative ionospheric effect of storm.

3.3 Scintillation during both magnetic storm and
their intercomparison

Figure 11 shows that scintillation is higher during the main
phase and recovery phase of the St. Patrick’s Day storm
event on 17 March 2015. Scintillation was observed with
peak value of S4 index (0.8) prior to the storm main phase.
During the main phase of the storm, scintillation was in-
tense (average S4 index was 0.6), frequent, and persistent
till the recovery phase. Similarly, Fig. 12 shows that scintil-
lation on 7 October 2015, Scintillation was observed prior
to the main phase of the geomagnetic storm, on 6 October
2015 the S4 index was observed 0.72 and it continues till
the recovery phase of the storm. The average value of the
S4 index was 0.55 and frequency of scintillation was also
higher during all the phases of geomagnetic storm, while
highest S4 index value (0.75) was observed during the main
phase of the storm. The scintillation is produced by the de-
veloped ionospheric irregularities. The irregularities devel-
oped at low latitude region are observed at irregular intervals
and as it moves towards the equatorial region the time span
of the irregularity increases. The mechanism of development
of ionospheric irregularities frequently over the low latitudes
can be described in terms of ion neutral collision frequency,
gravity wave, large scale plasma gradient, neutral wind etc.

Fig. 10 Hourly global variation
of O/N2 from 1100 UT to
1400 UT on 7 October, 2015
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Li et al. (2007) explained that the during the geomagnetic
storm, eastward electric field enhances and forces to move
the plasma by the E x B drift, which results in the Rayleigh—
Taylor instability, manifesting plasma bubbles and spread-F
irregularities that are responsible for scintillations in the ra-
dio signals.

The enhanced scintillation during the St. Patrick’s Day
storm was the combined effect of enhanced neutral density
and traveling atmospheric disturbances over low latitude and
equatorial region. The intensity of the scintillation (S4 in-
dex) would be higher around the EIA crest region, because
in the EIA crest region plasma moves from the low latitude
to equatorial region accompanying the thermospheric neu-
tral wind, which produces the plasma density gradient. Dur-
ing the 7 October geomagnetic storm height of F layer de-
creases, which sparse a scintillation occurrence. If the storm
occurs at the day time, the scintillation is weak during the
main phase as well as the recovery phase, due to the sud-
den generation of DDEF (Basu et al. 2001) but if the storm
occurs during the early morning time or post-midnight time
(as in the case of 7 October 2015), the scintillation will be
higher during the main and recovery phases of the storm.

@ Springer

4 Conclusion

The diurnal variation of ionospheric TEC during the St.
Patrick’s Day storm and during the 7 October 2015 has
been investigated through GPS-TEC observations over the
RASH station (28°29'N, 34°46'E). The Scintillation gener-
ated over the observatory station due to the effect of geo-
magnetic storms has been also investigated and shows some
interesting results. The major result of the study as follows:

(i) The positive ionospheric response to the St. Patrick’s
Day storm may be caused by the combined effect of
traveling atmospheric disturbances (TADs) and Prompt
penetration electric field (PPEF) while the disturbance
dynamo electric field was in progress for an extended
period.

(i) The negative ionospheric response to the geomagnetic
storm of 7 October 2015 corresponds to the downward
movement of plasma due to the suppressed E x B drift
and inhibited equatorial ionization anomaly (EIA).

(iii) The scintillation generated during the geomagnetic
storms could be the result of development of plasma
bubbles and spread-F irregularities over the low lati-
tude region.

The investigation of severe and strong geomagnetic storms
during two different equinoctial seasons over the low lati-
tude Saudi Arabia region has been performed to strengthen
the understanding on ionospheric variability over the region.
The study complements a global effort towards clearer un-
derstanding and modeling of ionospheric variability and de-
lay error associated with the transionospheric satellite com-
munication, navigation and timing applications.
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