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Abstract We report first results on the study of the high-latitude ionospheric irregularities observed
in worldwide GPS data during the St. Patrick’s Day geomagnetic storm (17 March 2015). Multisite GPS
observations from more than 2500 ground-based GPS stations were used to analyze the dynamics of
the ionospheric irregularities in the Northern and Southern Hemispheres. The most intense ionospheric
irregularities lasted for more than 24 h starting at 07 UT of 17 March. This period correlates well with an
increase of the auroral Hemispheric Power index. We find hemispheric asymmetries in the intensity and spatial
structure of the ionospheric irregularities. Over North America, the ionospheric irregularities zone expanded
equatorward below ~45°N geographic latitude. Additionally, the strong midlatitude and high-latitude GPS
phase irregularities in the auroral oval were found to be related to the formation of storm enhanced density
and deepening of the main ionospheric trough through upper atmosphere ionization by energetic particle
precipitation. Significant increases in the intensity of the irregularities within the polar cap region of both
hemispheres were associated with the formation and evolution of the storm enhanced density/tongue of
ionization structures and polar patches.

1. Introduction

The most intense ionospheric irregularities have been observed during ionospheric storms, resulting from
significant increases in auroral particle precipitation and high-latitude ionospheric electric fields and currents
lasting several hours or more during magnetospheric disturbances [e.g., Phelps and Sagalyn, 1976; Keskinen
and Ossakow, 1983; Tsunoda, 1988]. Auroral particle precipitation creates highly structured enhancements
of the ionospheric plasma density. Such ionospheric irregularities occurring during strong geomagnetic
storms can cause rapid phase fluctuations in Global Positioning System (GPS) signals. Today, the GPS-based
technique is a proven method for detection and near real-time monitoring of the occurrence and dynamics
of ionospheric irregularities [e.g., Aarons, 1997; Pi et al., 1997; Jakowski et al., 2005; Coster and Komjathy, 2008;
Kintner et al., 2007; Smith et al., 2008; Prikryl et al., 2010; Tiwari et al., 2013; Cherniak et al., 2014a]. Our earlier
results on GPS data analysis during geomagnetic storms reveal that the major features of the irregularity
pattern are the intensity of the GPS-based Rate of TEC (total electron content) index (ROTI) and the position
of the irregularity oval’s equatorial border [Cherniak et al., 2014b].

In this paper, we report the features of the intense ionospheric irregularities occurring during the St.
Patrick’s Day storm of 17 March 2015. This storm is the largest geomagnetic storm since the beginning
of the 24th solar cycle. We collected and processed data from several global and regional ground-based
GPS networks. More than 2500 stations were involved in the analysis. To detect the high-latitude
ionospheric irregularities, we used the Rate of TEC (ROT) and ROTI estimates to study the occurrence of
TEC fluctuations [Pi et al., 1997]. The ROTI maps allow us to estimate the overall fluctuation activity and
the dynamics of the ionospheric irregularities.

2. Space Weather Conditions During the St. Patrick’s Day Geomagnetic Storm

This disturbance in the ionosphere-plasmasphere-magnetosphere system was the result of a severe
geomagnetic storm (G4 level) occurring on 17 March 2015. The Earth-directed coronal mass ejection
produced by the long duration C9 solar flare arrived at the Earth magnetosphere and lead to the sudden
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storm commencement that was regis-
tered on 17 March 2015 at 0445 UT. A
sudden increase in the solar wind and
interplanetary magnetic field (IMF) para-
meters was recorded by the Advanced
Composition Explorer satellite’s payload
(see Figures 1a–1d). On 17 March, the
solar wind speed increased from 400 to
650 km/s. During the following days,
the solar wind speed varied within
500–650 km/s. Kamide and Kusano [2015]
reported that this severe geomagnetic
storm resulted from the superposition
of two successive moderate storms
driven by two successive southward
IMF structures.

Figure 1a shows the variability of the IMF Bz
component. After the shock arrival, the
northward IMF Bz component reached the
value of ~25nT. At ~0530 UT, the IMF Bz
turned southward and reached the first
minimum value of �18nT at 0615 UT.
Then the IMF Bz sharply turned northward
and varied drastically between north and
south over ~8h. After ~1340 UT, the Bz
turned southward again and remained
southward directed until the end of this
day. The SYM-H index reached two local
minima of �93 and �150nT at 0940 and
1630 UT, respectively. The minimum of the
SYM-H index of �226nT occurred at 23 UT.

The auroral activity index AE and Polar
Cap (PC) index indicate the presence of
two intensification peaks at ~09 UT and

~14 UT. Between these two peaks, a northward turning of Bz was observed. Also, we use the NOAA
Hemispheric Power (HP) index, which estimates the power in gigawatts (GW) deposited in the polar regions
by precipitating auroral energetic particles. The HP index increases strongly just after SSC and its behavior is
correlated with solar wind pressure, AE, and SYM-H variations. Themidlatitude magnetic activity index Kp (not
shown) reached the value of 8. There was also an increase in the solar wind speed and dynamic pressure
together with an IMF rotation before the main phase. These premain phase processes lead to a short-term
ionospheric disturbance on 16 March and the subsequent development of the plasma density irregularities
in the ionosphere.

The strong disturbance of the geomagnetic field on 17March 2015 led to intense particle precipitation and an
enhancement in substorm activity. It was reported that during 17–18 March 2015 aurora was observed at
different locations around the globe, even at midlatitudes as equatorward as Tasmania and New Zealand
in the Southern Hemisphere as well as in the United States, Europe, and Japan in the Northern Hemisphere
[e.g., Nishitani et al., 2015; Kamide and Kusano, 2015; GUVI TIMED JHU/APL website, 2015, http://guvitimed.
jhuapl.edu; U.S. Geological Survey [2015], NGP website http://geomag.usgs.gov/storm/22, and links therein].
For this case, the authors also analyzed the ionograms of the ground-based ionosonde networks (not shown)
and found a considerable increase in absorption at Northern Hemisphere midlatitudes associated with
expanded auroral particle precipitation. Such severe storming resulted in significant consequences on
satellite operations, radio wave propagation, and Global Navigation Satellite Systems (GNSS)-related services
and applications. The effects of the severe geomagnetic “Halloween Storm” event in October 2003 on the

Figure 1. Geomagnetic conditions on 15–20 March 2015: IMF (a) Bz,
(b) Bx and By components (Geocentric Solar Magnetospheric),
(c) density, (d) velocity and dynamic pressure of the solar wind, and
the (e) auroral electrojet (AE), (f) Hemispheric Power (HP), (g) Polar Cap
(PC) indices for the Northern (black) and Southern (red) Hemispheres,
and (f) SYM-H indices. We do not time shift the OMNI data.
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differential GPS positioning and Wide Area Augmentation Service (WAAS) systems was studied in detail by
Skone and Yousuf [2007]. The statistics of the GPS Loss of Lock on a global scale during four geomagnetic
storms of the 23th solar cycle was also estimated in Astafyeva et al. [2014]. For the 17 March 2015 storm,
the degradation of positioning performance was also reported by the WAAS Test Team [Wanner, 2015].

3. Data and Methodology

In this study, we made use of raw GPS measurements provided by ground-based networks of GPS receivers.
Here we considered the polar, subauroral, and midlatitude regions of the Northern and Southern Hemispheres,
from 30° geomagnetic latitude to the poles. These regions are covered by permanent GNSS stations of the
International GNSS Service (IGS), University NAVSTAR Consortium (UNAVCO), Continuously Operating Reference
Stations (CORS), and European Reference Frame Permanent Network (EPN) and complemented by several
regional networks located in Australia, New Zealand, Argentina, and Canada. We note significant progress in
the evolution of the global/regional GPS networks, especially in the high-latitude region. In total, these networks
provide much better spatial coverage than was accessible during storms and superstorms of the 23rd solar
cycle. We have a unique opportunity to use this expanded GPS network to examine the largest storm since the
beginning of the new cycle.

Of the available 3500 permanent worldwide stations, we excluded the equatorial and low-latitude stations to
yield ~2500 and ~180 stations for the Northern and Southern Hemispheres, respectively. Figure 2 presents
the geographical location of the available GPS stations for both hemispheres. All raw Receiver Independent
Exchange Format data were resampled to 30 s resolution. We processed GPS measurements to obtain several
GPS-based parameters. We calculated slant total electron content (TEC) values from the frequency-differenced
GPS phase delay [e.g., Blewitt, 1990]. We used the ROT as a measure of phase fluctuation activity and the ROTI as
a GPS-based index that characterizes the severity of the GPS phase fluctuations and detects the presence of
ionospheric irregularities, and measures the irregular structures of TEC spatial gradients [Pi et al., 1997].

In order to calculate ROT, the algorithm was applied to the slant TEC estimates (equation (1))

ROT ¼ TECi
k � TECi

k�1

tk � tk�1ð Þ (1)

where i is a GPS satellite and tk is an epoch time. ROT is calculated in units of total electron content unit
(TECU)/min for each visible GPS satellite over a permanent ground-based GPS station. One TECU equals
1016 el/m2. The ROT values were calculated for all visible GPS satellites for elevation angles over 30°. Then,
the ROT data were detrended and used to obtain the ROTI values as a standard deviation with a running
window of 5min (equation (2))

ROTI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ROT2
� �� ROTh i2

q
(2)

To retrieve specific features of the dynamics of the ionospheric irregularities, the multisite GPS database was
processed by utilizing several techniques. We analyzed the diurnal ROTI polar maps to develop an overall

Figure 2. Location of the used GPS permanent stations in geographic coordinates (polar projection). Black triangles
indicate the position of the corrected geomagnetic poles.
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representation of the high-latitude irregularities including their spatial evolutions and linkage with the Earth’s
magnetosphere (due to strong connections between the Earth’s magnetic field and the ionosphere). The
ROTI mapping technique is described in detail by Cherniak et al. [2014a, 2014b]. Here ROTI behavior is
represented as a function of magnetic local time (MLT) and corrected magnetic latitude (MLAT) for a specific
day. We use the corrected geomagnetic (CGM) coordinates with the Definitive/International Geomagnetic
Reference Field models. The resultant polar map is a daily map with a 00–24 MLT time frame and a magnetic
latitude range of 40°–90°. ROTI data were binned and averaged in cells of 2° magnetic latitude by 8min MLT,
i.e., the map resolution is 25 cells along the MLAT axis and 180 cells along the MLT axis.

The second approach was implemented to estimate the global dynamics of the ionospheric irregularities
during the main and recovery phases of the geomagnetic storm. We created and analyzed polar ROTI maps
in geographical coordinates for both hemispheres. Large ROTI values correspond to an increased probability
of phase fluctuations of the GPS signal. The fluctuations occur when the radio signals pass through plasma
density irregularities in the ionosphere. The value in every cell is calculated by averaging all ROTI values
within this cell area, and it is proportional to the fluctuation event probability in the current sector.

The third approach was based on the detailed analysis of the ROT variability along passes of all visible
satellites over a GPS station. We considered ROT values for a selected chain of GPS stations in the
European, North American, and Australian sectors. The ROT variability with a 30 s temporal resolution allows
us to identify the temporal dependencies of the occurrence of ionospheric irregularities and their intensity
against changes in the space weather parameters.

4. Results

Three types of the GPS data processing were implemented to analyze the dynamics of the high-latitude
ionospheric irregularities produced by the St. Patrick’s Day geomagnetic storm.

4.1. Diurnal ROTI Maps

Figure 3 presents the diurnal ROTI maps for the Northern and Southern Hemispheres in magnetic coordinates.
For the relatively quiet day of 16 March (see Figure 3a), the position of the irregularities oval is within 75° MLAT
and the ROTI values have their peak intensity around 14–16 MLT in both hemispheres. An increase in the
occurrence of irregularities was also observed within 65°–70° MLAT in the premidnight sector for the

Figure 3. (a–e) Diurnal ROTI maps in corrected geomagnetic coordinates for the Northern and Southern Hemispheres (indicated as NH and SH, respectively) for
16–20 March 2015. Polar view map covers 00–24 MLT and 40°–90° MLAT. In each map, magnetic noon/midnight is at the top/bottom.
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Figure 4. Hourly ROTI maps over the Northern and Southern Hemispheres in geographical projections. Each vertical panel represents sequence of ROTI maps for
(a) 17 March and (b) 18 March. Polar view map covers the geographical longitude range of �180° to 180° and latitude range of 30°–90°. Dashed lines represent
the grid at every 30° of latitude/longitude. Black triangles indicate the position of the magnetic poles in corrected geomagnetic coordinates.
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Northern Hemisphere and in the postmidnight sector for the Southern Hemisphere. Most probably, it was
initiated by an increase in the solar wind speed and pressure on the magnetosphere together with rotation
of the IMF. The resultant particle precipitation, implied by the heightened HP index (see Figure 1f), intensified
the occurrence of ionospheric irregularities near and in the auroral region.

During the main phase of the storm (0445–2300 UT), a series of substorms occurred starting at ~06 UT. These
substorms resulted in the development of enhanced auroral activity, increased visible discrete aurora, and a
persistence of strong ionospheric irregularities. The diurnal ROTI map corresponding to the most disturbed
day of 17 March 2015 (see Figure 3b) shows dramatic changes in the pattern of the high-latitude ionospheric
plasma irregularities. A significant increase of the ROTI intensity was accompanied by an expansion of the
equatorial border of the irregularities oval (to ~55° MLAT). This pattern of the ionospheric response was
observed in both hemispheres, but with some differences. In the Northern Hemisphere, the most intense
ionospheric irregularities were found within 60°–70° MLAT during ~20–09 MLT and one noontime peak
was observed at ~11–13 MLT. Distinctly separated maxima of the irregularities intensity can be found within
50°–60° MLAT at ~15–17 MLT. In the Southern Hemisphere, there are two intense maxima along the oval: one
nighttime maximum at ~04–06 MLT and one in the noon sector at ~09–15 MLT.

4.2. Hourly ROTI Maps

Figure 4 shows hourly ROTI maps in geographic projections for 17–18 March 2015 at specific UTs. The full
sequence of the hourly maps is available in Movies S1–S4 of the study’s supporting information. These hourly
ROTI maps demonstrate the dynamics of the ionospheric irregularities in a geographic view. The map for
00 UT means that here we averaged data from 0000 to 0059 UT. The dramatic changes of the irregularities
pattern start after 07–08 UT on 17 March, initiated by the intensification of auroral activity (see AE and HP
indices in Figures 1e and 1f). The most intense irregularities corresponded to very high ROTI values (greater
than or equal to 1 TECU/min) and were found to form an oval-like structure around the geomagnetic pole. It
was more obvious for the Northern Hemisphere. The GPS-detected irregularity oval expanded equatorward
during several hours, and its equatorial edge was detected in the North American sector at ~45–50°N latitude
for more than 6 h. It is necessary to note that the North American region has better data coverage, and the
hourly ROTI maps provide their best resolution in this region. This elongated formation mainly occurred over
North America, and it appeared as the separated daytime maximum (50°–60° MLAT) in the diurnal ROTI map
(see Figure 3b, top). Intensification and expansion of the irregularity zone toward midlatitudes was also seen
over the Southern Hemisphere. But due to the poorer coverage of GPS data over this region, such effects
were observed in the longitude range of 30°E–180°E (over GPS stations of the New Zealand and Australia
networks and islands in the Pacific Ocean).

4.3. High-Resolution ROT Variability for Selected GPS Station Chains

For further analysis, we traced the dependency of the ionospheric irregularities occurrence on auroral activity
with higher temporal resolution. Here we considered three north-south chains of GPS stations over North

Figure 5. Chains of the selected GPS stations in the North American, European, and Antarctica-Australian sectors. Dashed
lines show the isolines of 50°, 60°, 70°, and 80° MLAT, and black triangles indicate the position of the magnetic poles in
corrected geomagnetic coordinates.
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America, Europe, and Australia (see Figure 5). Figure 6 presents the ROT variability, induced by GPS signal
fluctuations, for visible satellites over selected GPS stations. During the first particle precipitation event with
HP peaking within 07–09 UT, we can see intensification of the GPS fluctuations at all sectors. However, for the
Northern Hemisphere we found different intensities over America and Europe. GPS fluctuations in America
were much more intensive and were observed for all stations from the polar region down to 60° MLAT.

Figure 6. Variability of ROT values along satellite passes over chain of selected GPS stations: (a) the North American sector,
(b) the European sector, and (c) the Antarctica-Australian sector. Right vertical axis shows the PRN (pseudo random noise)
satellite number. Labels on the vertical axis indicate the station name, its geographical (first line below name) and
geomagnetic coordinates.
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Over Europe, this effect was rather weak andwas observed at two stations above 65°MLAT. This difference can be
caused by European stations that were in the morning sector, as the most intense fluxes of precipitating particles
come from the nightside magnetosphere. Decreases in GPS fluctuation activity was observed by all stations near
10–12 UT, corresponding to the sudden minimum of HP. After 13 UT, a new series of GPS fluctuations started. In
both hemispheres, the zone with strong GPS fluctuations expanded equatorward and included the GPS stations
located as equatorward as 50° MLAT.

During the recovery phase of the storm, lasting for several days, the auroral activity persisted (see AE, HP in
Figures 1e and 1f). The diurnal ROTI maps indicate the presence of ionospheric irregularities but with lower
magnitudes (see Figures 3c and 3d). The irregularities oval shifted poleward and its equatorial border was not
observed below 60° MLAT. For these days, ROT values for GPS station chains indicated a gradual decrease
of the irregularity intensity and a disappearance of the GPS fluctuations over stations located below
55° MLAT (see Figure 6). However, the GPS fluctuations were observed for GPS stations above 60° MLAT at
both hemispheres during 18–20 March 2015.

5. Discussion

The periods of the most intense irregularity occurrences in GPS data coincided with strong increases in the
auroral HP index. The Hemispheric Power index is often used as a measure of auroral particle precipitation
activity [Fuller-Rowell and Evans, 1987; Emery et al., 2008; Newell et al., 2009]. The present study uses the HP
index produced by the NOAA Space Weather Prediction Center (SWPC), which is calculated using the Oval
Variation, Assessment, Tracking, Intensity and Online Nowcasting (OVATION) Prime empirical model
[Newell et al., 2009, 2010]. The version of the OVATION Prime model used in this study was built on roughly
two decades of precipitating particle observations collected by the Defense Meteorological Satellite Program
(DMSP) spacecraft. The DMSP particle detectors used in the model development point toward local zenith
and thus for the case of an extremely expanded auroral oval, the OVATION Prime derived HP index is likely
an underestimate (R. Viereck, private communication, 2015). OVATION Prime uses solar wind observations
via the Newell et al. [2007] solar wind coupling function (a measure of dayside magnetic merging) to predict
the intensity and characteristic energy of diffuse and discrete precipitating particle spectra. Due to the
high temporal resolution of the HP estimate, we can correlate the occurrence of GPS-detected ionospheric
irregularities with particle precipitation. The HP estimates were about 10GW before 0650 UT. After
0650 UT, HP started to rise and quickly reached ~40GW at 0730 UT and first peaked at a value of 90GW at
0940 UT. Dynamics of the ionospheric irregularities intensity were found to follow these HP changes. The first
rapid increase of the irregularity intensity with the equatorward expansion of this zone was shown in the
hourly ROTI map of 06 UT (see Movie S2). During 07–09 UT, the zones of intense irregularities (ROTI values
equal to 1 TECU/min and higher) extended equatorward in both hemispheres and for the first time during
this storm the equatorial border of this zone reached 45°N (MLAT) in the North American sector in
the ROTI map for 09 UT. After that, the intensity of the irregularities started to decrease until 13 UT, which
corresponded to a decrease in HP down to 35GW near 1230 UT. This decrease was initiated by the northward
turn of the IMF Bz. After 13 UT, the HP values started to rise again and reached the peak of 116GW near 16 UT.
Subsequently, HP values exceeding 100GW persisted for about 10 h until 0130 UT of 18 March. Within the
very same period, we observed the second series of significant intensification of the irregularities structures
detected in GPS data over both hemispheres. Despite data coverage limits in the Southern Hemisphere, we
can still recognize features of hemispheric asymmetries during this time.

The intense irregularities observed in the diurnal and hourly ROTI maps can be explained by the significant
storm-induced gradients of the ionospheric plasma density, both caused by auroral particle precipitation
and plasma flows. In the midlatitude and high-latitude ionosphere, there are several sources of large-scale
plasma gradients such as ionization of the neutral component by energetic particles, the formation of a storm
enhanced density (SED) and the evolution of a SED plume into a polar tongue of ionization (TOI), and the
development of the midlatitude ionospheric trough. A SED has been described as a spatially narrow, distinct,
region of enhanced plasma density (plume) observed in the postnoon and premidnight sectors extending
from the equatorward edge of the main ionospheric trough to the noon time cusp [Foster, 1993; Coster
et al., 2007]. The evolution and dynamics of the SED can be successfully monitored with the high-resolution
GPS TEC maps [Coster et al., 2007; Coster and Skone, 2009]. The dayside source of the TOI is the SED plume
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transported from lower latitudes in the postnoon sector by the subauroral disturbance electric field. These
subauroral electric fields and plasma flows are specific phenomena determined by Foster and Burke [2002]
as subauroral polarization streams. Antisunward convection carries this material through the dayside
cusp and across the polar cap to the nightside where the auroral F region is significantly enhanced by
the SED material [Foster et al., 2005]. During the SED/TOI convection across the polar cap, there occurs
a fragmentation of the TOI into discrete polar cap patches [e.g., Sojka et al., 1993]. A polar cap patch
typically has a density that is 2–20 times larger than the surrounding background electron density, and
its horizontal size ranges from 100 to 1000 km [e.g., Tsunoda, 1988; Crowley et al., 2000]. They can be
successfully observed in GPS measurements due to the steep density gradients and irregularities developed
at their boundaries.

Figure 7. Concurrent observations of GPS ROTI and GPS TEC over the Northern Hemisphere for selected moments of time:
(a) 07 UT, (b) 17 UT, and (c) 22 UT of 17 March 2015. The geographic latitude range is 30°N to 90°N.
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In the hourly maps for the Northern Hemisphere (see Figure 4), we observe radial-oriented structures in the
day-night direction. These structures can be associated with the formation of the SED/TOI structures and their
further transformation into large-scale polar cap patches, which follow the convection pattern antisunward
across the polar cap. Figure 3b confirms the presence of the TOI structures occurring in the postnoon sector
in both hemispheres. This signature was observed from 13 UT on 17 March 2015 to 02 UT on 18 March 2015
(see supporting information Movies S2 and S3). The SED/TOI structure rotated from 90°W through 120°W to
150°W longitude as the dayside cusp moved. The intensity of SED/TOI-related ionospheric irregularities was
decreased after 22 UT on 17 March.

As additional support, we further processed GPS data to estimate the absolute values of the vertical GPS
TEC. We processed GPS data for the Northern Hemisphere due to the much better coverage by the GPS
stations. We used the same choice of the elevation cutoff angle (30°) as for ROT/ROTI calculations. The
algorithm used is described in Blewitt [1990] and Zakharenkova et al. [2014]. The slant TEC was calibrated
from the instrumental biases. The differential code biases for GPS satellites were used from the CODE
(Center for Orbit Determination in Europe) biases product. Receiver biases for GPS stations were estimated
inside the algorithm processing. We constructed the TEC maps with TEC values binned into 2° x 2° geographic
latitude/longitude cells.

Figure 7 illustrates the concurrent observations of the GPS ROTI and GPS TEC for the three most interesting
cases. The first case corresponds to the first increase of auroral activity at 07 UT (see Figure 7a). Here the North
American region is in the late evening and night local time sector (~01 MLT for mid-North America), and we
found the first strong intensification of the GPS ROTI over this region with the equatorward expansion.
Figure 7a (right) shows the GPS TEC map. The main ionospheric trough is clearly detected near 45°N. Even
more interesting is the occurrence of the zone with increased density at the poleward edge of the trough.
This zone is observed at 50°–70°N, and its location coincides well with the position of the most intense
GPS irregularities in the ROTI map (left graph). We can conclude that, for this case, the GPS irregularities
were due to plasma density gradients caused by storm-induced particle precipitation and their subsequent
ionization of the neutral species. The enhancement of energetic particle precipitation within the auroral oval
and ion convection results in more plasma being accumulated at the poleward edge of the trough by direct
ionization as well as transport [Tsunoda, 1988; Rodger et al., 1992] and makes the poleward edges of the
trough steeper [Kersley et al., 1997]. So increases in particle precipitation at the beginning of the storm’s main
phase most probably lead to the formation of the large-scale ionospheric plasma enhancements at the
poleward edge of the trough and the steeper poleward wall of the trough in the nightside ionosphere.

Figure 7b shows ROTI and TEC for 17 UT shortly after the second intensification in auroral activity (see AE and
HP in Figure 1) as well as in the PC index (Figure 1). Here we observe more complicated behaviors in both GPS
ROTI and TEC. In the GPS TEC map (right column), we observe the beginning of the main trough formation at
55°N over the European sector and irregular formations of the plasma density enhancements in the area of its
poleward edge. The North American region moved to the dayside local time sector. The dayside TEC
enhancement was observed below 45°N. The formation of the SED/TOI structures is revealed in the longitude
range of 60°W–90°W. The latitude extent of the SED/TOI plasma density enhancement reached the north
magnetic pole. The GPS ROTI map shows the occurrence of ionospheric irregularities at the poleward edge
of the main trough. The most intense ROTI variations corresponded to GPS signal phase fluctuations caused
by the structured ionospheric plasma inside the auroral oval from 08 UT to 15 UT when the SED/TOI structure
started its development.

For the third case of 22 UT (see Figure 7c), we can see the further deepening and equatorward extension of
the main trough over the European region, as well as plasma density enhancements near 55°–70°N. For the
North American region, the storm-induced TEC behavior was observed with TEC enhancements below
middle latitudes and TEC decreases at the high latitudes. The large-scale SED structure was found within
the 60°W–120°W longitude range. The well-recognized TOI structure had a poleward direction extending
in longitude to 150°W. The discrete polar patches with different intensity can be found close to the magnetic
pole within the area of 80°–85°N latitude and 60°W–120°W longitude. The GPS ROTI map represents well the
development of the discussed TEC irregularities. We want to emphasize that the observed expansion of the
GPS-detected irregularities oval equatorward to ~45°–50°N latitude (seen also in Figure 3b, top) was related
to the SED structure formation in the Western Hemisphere (radial-oriented structures from local noon to
midnight) as well as auroral oval development in the Eastern Hemisphere.
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We should also note that this geomagnetic storm occurred close to the equinox, so we do not expect
pronounced seasonal (summer/winter) effects in the form of interhemispheric differences in particle precipitation
activity [e.g., Emery et al., 2008]. However, features of the ionospheric response to the auroral activity differ in
both hemispheres.

The asymmetry can be explained in part by the IMF orientation which can have a strong impact on auroral
asymmetries in the two hemispheres [e.g., Østgaard et al., 2005; Fillingim et al., 2005] as the IMF modifies
the ionospheric convection pattern leading to a hemispheric asymmetry in the intensity of field-aligned
currents (FACs). Besides southward IMF Bz, the IMF By component is also considered to be an important driver
of the FACs intensification. In particular, when IMF By is positive, there should be stronger upward FACs
(Region 1) on the dusk side of the Southern Hemisphere [Kozlovsky et al., 2003], and aurora should be brighter
andmore structured in the Southern Hemisphere [e.g., Fillingim et al., 2005]. On the other hand, when the IMF
Bx component dominates By, such conditions can lead to a more efficient solar wind dynamo and more
intense Region 1 FACs in the Southern Hemisphere [e.g., Laundal and Østgaard, 2009; Reistad et al., 2014].

During the main phase of the storm (17 March), the IMF orientation had a highly complex behavior. Three IMF
components fluctuated several times between positive and negative values and vice versa. From ~06 to
11 UT, IMF positive Bx and negative By conditions dominated with peak values of 16.5nT and �16.8 nT for Bx
and By, respectively. During 11–15 UT with a new southward turn of Bz, the opposite situation with Bx and By
domination occurred. Bx became negative, reaching a minimum value of �14nT while the By component
became positive, reaching a peak of 30nT. After 15 UT, IMF By turned sharply to negative values, reaching
�8nT and then transitioned to positive values with a new peak of 20nT around 18 UT. Large and rapid changes
in Bx and By domination can lead to differences in FAC intensity in the Northern and Southern Hemispheres.
As these changes had a rather short duration (few hours in UT), their possible impact on the ionospheric
irregularities occurrence can be captured at different locations and MLTs by the diurnal maps constructed for
the Northern and Southern Hemispheres (see Figure 3b). Besides the significant intensification of the large-scale
FACs during severe geomagnetic storms, the impact of small-scale FACs can be also important to the generation
of the ionospheric irregularities. For example, Park et al. [2012] reported that ionospheric irregularities observed
by the CHAMP (Challenging Minisatellite Payload) satellite at high latitudes are generally accompanied by bursts
of small-scale FACs, and they are related to Region 1 FACs. This question could be the subject of a future
investigation involving FAC data products derived from Iridium or Swarm observations.

6. Summary and Conclusion

In this paper, we present features of the high-latitude ionospheric irregularities observed in GPS data during
the 2015 St. Patrick’s Day geomagnetic storm. We conclude that current fast-growing networks of GPS
receivers can provide much more information about the ionospheric irregularities than it was possible for
the past superstorms in the years 2003–2004. To the best of our knowledge, the diurnal and hourly ROTI maps
for both Northern and Southern Hemispheres are presented here for the first time. The period of the most
intense irregularities occurrence was strongly correlated with changes in the auroral HP index, and it was
associated with processes related to enhanced auroral particle precipitation. The GPS-based results reveal
interhemispheric differences in the ionospheric irregularities occurrence. We suggest that this asymmetry
is related to the IMF orientation, which can lead to a hemispheric asymmetry in the Region 1 FACs.
Formation and further evolution of SED and TOI structures caused the storm-induced plasma density
gradients and the appearance of the strong GPS phase irregularities at the midlatitude and high latitude of
the Northern Hemisphere. Significant increases in the intensity of irregularities within the polar cap were
observed in both hemispheres associated with the formation and evolution of a polar tongue of ionization
and polar cap patches. Further studies of the high-latitude ionosphere response to the St. Patrick’s Day storm
with the use of satellite and ground-based observations will be valuable for understanding processes within
the ionosphere-magnetosphere system during geomagnetic storms.
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