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A B S T R A C T

We report about our observations during one of the major storms of the solar cycle, the so-called St. Patrick’s Day
storm, which happened on 17 March 2015. The St. Patrick’s Day storm was the first storm of the current solar
cycle that reached the level “Severe” on the NOAA geomagnetic storm scale. The CME arrived at the Earth about
04:30 UT on the 17th, the sudden storm commencement (SSC) was recorded at ∼04:45 UT followed by a quick
drop of the SYM-H index. The Kp planetary index of the geomagnetic activity had reached the maximum value of
8. The z-component of the interplanetary magnetic field (IMF) was strongly northward at the storm’s day and
altered to southward direction on the next day. The ionospheric response to that severe geomagnetic storm was
detected using processed data from GPS-SCINDA receiver installed at Helwan station (Egypt; Geographic co-
ordinates: 29.86°N, 31.32°E) with a dual frequency (f1= 1.5 GHz, f2=1.2 GHz). Our results show that the
Vertical Total Electron Content (VTEC) and the ionospheric scintillation index S4 reached the maximum value on
the 17th. The ionospheric features during the storm are described within this study.

1. Introduction

A rapid fluctuation of amplitude and phase in radio signals can
occur over the equatorial and low latitude region when passing through
the ionosphere, this phenomenon is known as ionospheric scintillation
and is based on the occurrence of plasma density irregularities in the
ionosphere. The density irregularities are mostly indicators of the
equatorial Spread-F (ESF) at altitudes ranging from 200 to 1000 km,
with the primary disturbance region being between 250 and 400 km
(Groves et al., 1997). By cause of the complex interaction between
electric fields, the earth’s magnetic field, and neutral winds, the ESF
shows severe conditions within the F region of the ionosphere, extends
to± 20° of the magnetic equator (Sridharan et al., 2012). The existence
of enhanced eastward electric fields and meridional neutral winds at
night induce disturbance in the ionosphere producing plasma bubbles
containing irregularities of different size (McClure et al., 1977), which
cause scintillations in the passing radio signal through the ionosphere
(Zou, 2011).

Particularly strong ionospheric irregularities were caused by the
intense geomagnetic storm producing wave-like propagating structures
known as large-scale traveling ionospheric disturbances (LSTIDs). They

represent the manifestation of gravity waves created in the Auroral
zones in the Northern and Southern Hemispheres. Such disturbances at
the auroral oval can become a source of strong LSTIDs propagating
toward the Equator (Hunsucker, 1982; Hajkowicz and Hunsucker,
1987). The most discussed source mechanisms for the excitation of
LSTIDs are Joule heating, the Lorentz force (Oyama and Watkins, 2012)
and also particle heating has to be considered. As long as the com-
plexity of interactions between electric and magnetic fields together
with the thermospheric winds, the exact generation mechanisms of
LSTIDs are only poorly understood till now.

Several studies show that the ionospheric behavior during geo-
magnetic storms is changed from its normal behavior
(Blagoveshchensky et al., 2003). The geomagnetic storm produces
thermospheric winds, creates electric currents and changes the struc-
ture in the upper atmosphere. Every one of them can make a non-
normal variation in the photoionization, recombination, and transport
processes causing an irregular change in the electron concentration of
the ionosphere. Some main effects are the significant change in the
neutral wind circulation and atmospheric composition affecting the rate
of production and loss of ionization. These changes modify and redis-
tribute the atmospheric electron density. The neutral winds can also
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cause the production of F-region electric fields through the mechanism
of disturbance dynamo. Such electric fields can also redistribute the F-
region plasma, affecting the production and loss rates, and causes Total
Electron Content (TEC) to change (Galav et al., 2011). The ionospheric
scintillation is enhanced by these electron density variation (Shang
et al., 2008).

All space-based communications, surveillance, broadcasting and
reduce the accuracy of satellite based navigation and positioning as
well as of augmentation systems used in precise aircraft landing pro-
cedures may have affected by Ionospheric variation. Ionospheric irre-
gularities cause stresses to the tracking loop of Global Navigation
Satellite System (GNSS) receiver (Skone et al., 2001).

The GPS signal at L-band frequencies is important for studying the
features of ionospheric irregularities as it is affected by the irregula-
rities of few hundred meters’ scale sizes. Many researchers studied the
GPS morphology based ionospheric scintillation in terms of S4 index at
low latitude in different longitude regions. They found that the am-
plitude scintillation activity differs with magnetic activity, seasons,
geographical location, local time and solar cycle (Tanna et al., 2013;
Hlubek et al., 2014; Kriegel et al., 2017).

In the present paper, we investigate the behavior of VTEC and the
ionospheric scintillation index S4 recorded at Helwan, Egypt
(Geographic coordinates: 29.86°N, 31.32°E). The study is based on GPS-
SCINDA data collected near the northern crest of the equatorial
anomaly region during one of the major storms of the current solar
cycle (solar cycle 24), which occurred on 17 March 2015. The so-called
St. Patrick’s Day storm emerged after double-halo coronal mass ejec-
tions (CMEs) that hit the Earth’s magnetosphere at ∼04:30 UT. This G4
storm is caused by two large eruptions left the Sun on 15 March 2015.
These two Earth-directed CMEs added and accelerated together through
the interplanetary space, resulting in the large geomagnetic storm with
SYM-H index decreasing to its minimum of −223 nT.

2. Theory/calculations

The ionospheric contribution is proportional to the Total Electron
Content, TEC, along the ray path between receiver and satellite. TEC is
the total number of electrons in a column with one square meter cross-
section area along the GPS signal path. It is measured in total electron
content units (TECU; 1 TECU=1016 electrons/m2). Because of the
dispersive nature of the ionosphere, the two radio signals of the GPS are
delayed and their phases are advanced. Hence, the electron content
along the GPS signal path between the satellite and receiver (STEC) can
be obtained from (1) the difference between the pseudo ranges (P1 and
P2), and from (2) the difference between the phases (∅1 and ∅2) of the
two signals via the following two equation respectively (Sardón et al.,
1994):
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where f fand1 2 are the frequencies of the two GPS radio signals.
It is necessary to calculate an equivalent vertical value of TEC

(VTEC), which is independent of the elevation of the ray path and
calculated by taking the projection from the slant to vertical using the
thin shell model assuming a height of 350 km, given by (Klobuchar,
1986):
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where =R 6378 kmc , =h 350 kmmax , =θ elevation angle at the ground
station.

The amplitude scintillation index, S4, is computed over 60-s inter-
vals as the standard deviation of the received signal intensity (SI)
normalized by its mean value and is referred to as the Total S4, which is
computed as following (Gwal et al., 2006):
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where I is signal intensity (amplitude squared), 〈 〉 −〈 〉I I2 2 is the Signal
intensity standard deviation and 〈 〉I is the Signal intensity mean.

3. Material and methods

The Scintillation Network and Decision Aid (GPS-SCINDA) dual
UHF and L-band frequency receiver are installed at Helwan, Egypt lo-
cated near the northern crest of the equatorial anomaly region, shown
in Fig. 1. This system can track up to 11 GPS satellites at the L1
(1.57542 GHz) and L2 (1.2276 GHz) frequency simultaneously. The
GPS-SCINDA system consists of a GPS antenna, a GPS receiver, the GPS
-SCINDA data collection software and a computer running LINUX with
access to the Internet. The SCINDA software records data streams from
the receiver and computes post-processed parameters such as scintil-
lation intensity (S4) index and TEC. In addition, information about the
tracked satellite are shown on the computer screen. In this study, only
the measurements for satellite elevation angles above 30° are taken into
account in order to reduce the multipath effect on the observation. We
analyze theses data to study the ionospheric response to the St. Patrick’s
Day storm and the occurrence of scintillation at Helwan station.

4. Results and discussion

A CME reached the Earth on March 17th 2015 around 04:30 UT
causing a geomagnetic storm as shown in Fig. 2(a–f) which lasts from
16th till 21st of March 2015. The solar wind speed Vx, Auroral Elec-
trojet AE, AU-AL indices, the Interplanetary Magnetic Field with a
southward Bz and Earth's magnetosphere (IMF-Bz), the global geo-
magnetic storm Kp index, and the symmetric disturbance field in H
direction SYM-H component of the magnetic field are presented from
the top to the bottom panel, respectively, as a function of the universal
time throughout the corresponding period. The vertical red line in-
dicates the storm onset time at 04:45 UT. Fig. 2 reveals that there was a
sharp increase from about 13 nT to 25 nT of the SYM-H index at about
04:45 UT on 17 March indicating the CME arrival and sudden storm
commencement (SSC) followed by an increase up to 56 nT at about
06:00 UT. At about 10:00 UT, the SYM-H began to decrease to −73 nT
as the storm started to intensify. The storm conditions persisted for
most of the day with some brief recoveries before the storm attained its
minimum SYM-H value of −222 nT around 23:00 UT. The storm re-
covered to pre-storm conditions on March 18th. There was a distinct

Fig. 1. SCINDA installation in Helwan University, Egypt.
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response to the solar wind parameters at the time of the SSC. The ve-
locity of the solar wind increased from about 420.3 to 599.3 km/s and
the Auroral Electrojet (AE) index was about 2000 nT after 12 UT. The z-
component of the interplanetary magnetic field (IMF) had a strong
northward direction at the first but changed sharply to a southward
orientation decreasing till −20 nT and remained predominately
southward with some northward fluctuations. The Kp planetary index
of the geomagnetic activity reached magnitude 5 and increased further
to its maximum value of 8 after 12:00 UT.

For more clarification about the behavior of the storm, we plot the
SYM-H index in Fig. 3 during the storm day on 17 March 2015 only. We
observed the effect of the shock wave associated with a cloud of plasma
ejected by the CME, as detected by the sudden storm commencement
(SSC), is indicated by a vertical red line. This shock was accompanying
to an increase in the magnetic SYM-H index (+13 nT to +56 nT). The
compression phase continued from 04:45UT to 06:20 UT. At the end of
the compression phase, the SYM-H decreased and reached the minimum
value of −73 nT around 10:00 UT. From 09:30 UT until 12:00 the SYM-
H increased from −73 nT to −44 nT. It is a partial recovery phase.
Then, the SYM-H slowly decreased from 12:00 UT to 24:00 UT, as an
effect of a second CME happened, and it reached its minimum value
−222 nT before midnight. This was the end of the main phase of the
storm that continued 18 hr.

In Fig. 4 the temporal change of the vertical Total Electron Content
(TEC) is shown, which gives direct insight about the ionospheric per-
turbations over Helwan induced by the St. Patrick’s Day storm (blue
line). The mean value of the most quiet days of the month was taken as
a reference (red line), where the dominant contribution to the diurnal

variation in TEC is due to ionization from solar radiation. Again, the red
vertical line indicates the SSC. According to the published results from
WDC-Kyoto website, we chose the five international quietest days of 10,
30, 5, 14, and 9 in March 2015, and calculate the mean for the TEC data
of those five days. The results show that during the storm day the
vertical TEC initially shows quite normal behavior even past the SSC
until 9:00 UT, followed by a sudden increase with two maxima at about
11:00 and 18:00. This increase is most dominant at 11:00 UT with mean
TEC values up to 72.2 TEC units (red arrow) showing a large deviation
to quiet ionospheric conditions. The vertical TEC at 18:00 increased
again to 51 TEC units while the mean vertical TEC value was 37.5, this
second enhancement is believed to be caused by the pre-reversal en-
hancement effect.

Fig. 5 represents the hourly variation of Delta TEC over Helwan
induced by Patrick’s Day storm. We observe a TEC enhancement (po-
sitive storm effect) post the SSC and during the partial recovery phase
of the storm on 17 March 2015. At 09:30 UT, the positive storm effect is
7.5% of the vTECquiet. At 11:00 UT, the positive storm effect is 106% of
the vTECquiet. Negative storm effect, i.e. ionization depletions, occurred
after the enhancements. Transient TEC depletions with a maximum
depletion of 84% of the vTECquiet occurred during the main phase at
14:30 UT.

The 3-d surface plot of the scintillation index showing the varia-
bility of S4 values during March 2015 with a notable peak during the
storm time, Fig. 6.

Fig. 7 shows the diurnal variation of L-band scintillation as re-
presented by S4 index over Helwan station as obtained using GPS
SCINDA receiver for the day 17th March 2015. The observations show

Fig. 2. The solar wind parameters and geomagnetic indices for St. Patrick’s Day Storm, from top to bottom: (a) Vx component of the solar wind speed in km/s, (b)
Auroral Electrojet index (values each min), (c) AU-AL indices (values each min), (d) the Bz component of the interplanetary magnetic field (at four min intervals), (e)
Kp index (three-hourly), (f) SYM-H component of magnetic field (one min values), shown versus UT. The red line indicates the storm onset at 04:45 UT. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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GPS ionospheric scintillation started occurring at 12:00 UT and con-
tinued until 14:00 UT with S4 index reaching 0.16 at 12:03 UT sug-
gesting disturbed scintillation behavior on this day. The scintillation
enhancement immerged corresponding to the local minimum SYM-H
value of −44 nT (showed by the red arrow in the bottom panel in
Fig. 3), enhancement in VTEC, and enhancement in delta TEC values
(positive storm effect). It is worthwhile to note that the triggered
scintillation probably associated with the local minimum SYM-H de-
termined time.

Whether a magnetic storm triggering/inhibiting ionospheric scin-
tillation or not is still a disputed topic. The debates mostly focused on
the dominated factor in the triggering inhibition effects during the
storm. The results of (Borries et al., 2016) showed that, the storm on 17

March 2015 in the European-African sector produced a large-scale
traveling ionospheric disturbances (LSTID) at the beginning of the
partial recovery phase at 10:30 UT, propagating toward the equator
from 60°N reaching 28°N at 12:15 UT. The LSTID had very large wave
parameters (wavelength: ≈3600 km, speed: ≈500m/s, and period:
≈120min). The results of Borries et al. (2016) estimates an arrival time
of the LSTIDs at Helwan station, at about 11:00 UT indicated in Fig. 4
by the red arrow. Thus, the weak features of a possible scintillation
event may be explained by the fact that a strong ionospheric pertur-
bation was engendered by Patrick’s day intense storm producing LSTID,
and we observed its signature over Helwan, Egypt resulting in a VTEC
enhancement, positive storm effect, may producing weak scintillation
activities.

Fig. 3. SYM-H component of magnetic field (one min values), shown versus UT during the storm day on 17 March 2015. The red line indicates the storm onset at
04:45 UT. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Comparison between the diurnal variation of VTEC at SCINDA-Helwan station (the blue line) and the mean of the referenced quiet days (the red line), during
the St. Patrick’s Day Storm (March 17th, 2015), the red vertical line indicates the SSC. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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5. Conclusion

The present paper reports about the features of VTEC and L-band
ionospheric scintillation S4 during the St. Patrick’s Day sever geomag-
netic storm on 17 March 2015 recorded by the GPS-SCINDA receiver at
Helwan low latitude station located near the northern crest of the
equatorial anomaly region.

The study shows that:

1. A sudden increase in VTEC values at 09:30 UT occurred after the
SSC with a positive storm effect of 2.3% of the vTECquiet. The super
storm seems to the enhancement of ionospheric electron density.

2. A weak scintillation enhancement reaching 0.16 at 11:30 UT, is

associated with the local minimum SYM-H value of −63 nT, abrupt
enhancement in VTEC, and positive storm effect of 127.6% of the
vTECquiet. The observations suggest that this feature of this scintil-
lation event may be explained by the fact that a strong ionospheric
perturbation was engendered by Patrick’s day intense storm pro-
ducing LSTID.

3. The vertical TEC also increased at 14:45 UT with a negative iono-
spheric storm with a maximum depletion of 94.3% of the vTECquiet.
This enhancement is believed to be caused by the Pre-reversal en-
hancement effect.

Fig. 5. Hourly variation of Delta vertical TEC over Scindia- Helwan station during the St. Patrick’s Day storm.

Fig. 6. 3D- surface plot for the scintillation index S4 during March 2015, showing the effects of the Patrick’s Day Storm (March 17th, 2015) on the signal scintillation.
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