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Abstract. The comparative research of the influence of dif-
ferent types of auroral particle precipitation and polar cap
patches (PCPs) on the global positioning system (GPS) sig-
nals disturbances in the polar ionosphere was done. For
this purpose, we use the GPS scintillation receivers at Ny-
Alesund and Skibotn, operated by the University of Oslo.
The presence of the auroral particle precipitation and polar
cap patches was determined by using data from the EIS-
CAT 42m radar on Svalbard. The optical aurora observations
in 557.7 and 630.0 nm spectrum lines on Svalbard were used
as well for the detection of ionospheric disturbances. The
cusp identification was done with using SuperDARN (Han-
kasalmi) data.

We consider events when the simultaneous EISCAT 42m
and GPS data were available for the years 2010-2017, and
in this paper we present, in detail, typical examples describ-
ing the overall picture, and we present the statistics for 120
events. We considered the dayside/cusp precipitation, sub-
storm precipitation, daytime and nighttime PCPs, and pre-
cipitation associated with the interplanetary shock wave ar-
rival. We demonstrate that substorm-associated precipitation
(even without PCPs) can lead to a strong GPS phase (o)
scintillations up to ~ 1.5-3 radians, which is much stronger
than those usually produced by other types of considered
ionosphere disturbances. The value of the substorm-phase
scintillations in general correlate with the value of the geo-
magnetic field disturbance. But sometimes even a small geo-
magnetic substorm, when combined with the PCPs, produces
quite strong phase scintillations. Cusp phase scintillations
are lower than dayside PCPs scintillations. PCPs can lead to
stronger ROT (rate of total electron content) variations than
other types of ionosphere disturbances. So our observations

suggest that the substorms and PCPs, being different types
of the high-latitude disturbances, lead to the development of
different types and scales of ionospheric irregularities.

1 Introduction

The global navigation satellite systems (GNSS) have a great
influence on human society today. The ionosphere, as a
medium for radio wave propagation, can produce a neg-
ative impact on the quality of the received signal. The
global positioning system (GPS) uses two frequencies, i.e.
f1=1575.42MHz and f2=1227.60 MHz. There are a lot
of dual-frequency GPS receivers all over the world which
are used for ionosphere studies. Irregularities in the plasma
density can lead to rapid fluctuations in the amplitude and
phase of the signal, which are known as ionosphere scintil-
lations (Basu et al., 2002). Strong scintillations reduce the
quality of the signal and even lead to the signal loss. Thus,
the investigation of GPS scintillations is an important aspect
of space weather. The level of scintillations is characterized
by the phase (04) and amplitude (S4) of scintillation indices.
Amplitude scintillations are caused by the plasma irregulari-
ties with scale sizes ranging from tens to hundreds of metres,
while the phase scintillations are caused by the irregularities
with the sizes from hundreds of metres to several kilometres.
Tonospheric scintillations are most severe in the equatorial
region and at high latitudes (Basu et al., 2002; Kintner et al.,
2007).

The phase scintillations index is determined mainly by the
diffractive (stochastic) GPS signal variations. In order to cal-
culate scintillation indices, a long-term trend caused by the
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satellite motion in relation to the receiver and ionosphere
changes needs to be removed. A standard cut-off frequency
(0.1 Hz) is commonly used for signal detrending (Fremouw
et al,, 1978). This cut-off frequency is adequate for the
equatorial and midlatitude ionosphere. But the high-latitude
ionosphere is characterized by the high and variable iono-
spheric drift velocity (~100-1500ms~!), which adds re-
fractive variations to the phase scintillation index. The value
of the cut-off frequency affects the phase scintillation index.
So it often leads to strong phase scintillations without am-
plitude scintillation. To solve this problem, some researchers
introduce new scintillations indexes. Mushini et al. (2012) in-
troduced the improved phase—scintillation index (o¢hain), and
Forte (2005) introduced the S¢ index. The fast iterative fil-
tering signal decomposition technique was used to find the
optimal cut-off frequency (Ghobadi et al., 2020; Spogli et al.,
2021). De Franceschi et al. (2019) have demonstrated the dif-
ficulty in finding the optimum cut-off frequency for statistical
studies, and they proposed looking for actual scintillations
by investigating the simultaneous occurrence of S4 and o,
increase.

The high-latitude ionosphere is a very dynamic and unpre-
dictable structure forming plasma irregularities on a wide va-
riety of scale sizes (from 1000 km to decametre scale). Case
studies have indicated a relationship between auroral appear-
ance and GPS scintillations (Smith et al., 2008; Prikryl et al.,
2010; Kinrade et al., 2013). Mostly discrete aurora cause
strong scintillations and cycle slips (i.e. a jump in differen-
tial phase total electron content — TEC). Phase scintillations
are more prominent than amplitude scintillation in the po-
lar ionosphere (Prikryl et al., 2010). Ionospheric phase dis-
turbances over the auroral region are frequent phenomena
which often occur during nighttime (Prikryl et al., 2011).

One of the most dynamic ionospheric disturbances at high
latitudes is the substorm. A magnetosphere substorm is a
transient process originated on the nightside of the Earth,
when a significant amount of energy derived from the so-
lar wind—-magnetosphere interaction is stored in the magne-
tosphere tail and then released into the auroral ionosphere
(Rostoker et al., 1980). The substorms are characterized by
sporadic precipitation of energetic electrons from the mag-
netotail that lead to the appearance of the bright aurora.
GPS signal phase scintillations correlate well with substorm-
associated auroral disturbances.

It was found that polar moving auroral forms (PMAFs),
which are discrete auroral forms produced by the transient
magnetopause reconnection, have a big impact on GNSS
phase scintillations (Oksavik et al., 2015). Authors found that
the scintillation impact is strongest when the appearance of
the PMAFs coincides with the appearance of the PCPs. Stud-
ies (Van der Meeren et al., 2016) showed that the Sun-aligned
arc in the polar cap does not cause significant phase scintil-
lations.

At polar latitudes, polar cap patches can produce severe
ionosphere disturbances. Polar cap patches are 100—1000 km

Ann. Geophys., 39, 687-700, 2021

islands of enhanced F-region plasma density. The patches ap-
pear near the cusp and then propagate along the ionospheric
convection streams into the nightside auroral oval modulated
by the nightside tail reconnection; after that, patches returned
to the dayside (Lockwood and Carlson, 1992; Zhang et al.,
2013). During a strong and stable polar cap convection, seg-
mentation may not happen, and a continuous tongue of ion-
ization (TOI) may be formed across the polar cap (Foster
et al., 2005). Phase scintillations in TOI were studied in the
paper by Van der Meeren et al. (2014), who was observed
bursts of phase scintillations and no amplitude scintillations
in relation to the leading gradient of the TOI. Patches may
develop smaller-scale irregularities down to decametre scale
through the Kelvin—Helmholtz (KH) and gradient drift in-
stabilities (Oksavik et al., 2012; Clausen et al., 2016). In
the auroral oval, polar cap patches are termed auroral blobs
(Lorentzen et al., 2010). Several types of auroral blobs were
selected in previous investigations, i.e. boundary blobs, sub-
auroral blobs, and auroral blobs (Crowley et al., 2000). These
airglow emissions are detectable from ground optical instru-
ments as structures propagating from high to low latitudes.

Statistical studies found one peak in the occurrence rate of
GPS phase scintillation around magnetic noon and another
peak around magnetic midnight (Jin er al., 2015). It is also
found that the phase scintillation occurrence rate is higher in
the dayside, while the strong phase scintillation occurs more
frequently during night. Nonetheless, strong phase scintilla-
tion events can also be triggered at daytime in association
with the PMAF.

Jin et al. (2014) found that polar cap patches have their
biggest impact on GPS signals once they reach the night-
side auroral oval, in particular when combined with up-
ward field-aligned currents (Clausen et al. 2016). Jin et al.
(2014) focused on phase scintillation measurements inside
polar cap patches identified in airglow imager data and found
that patches have a moderate scintillation impact (o4 ~0.2).
They also found, however, that the strongest impact on scin-
tillations occurred when these patches cross from the polar
cap into the auroral oval to become auroral blobs (Jin et al.,
2016). It was shown in the literature (Jin et al., 2014, 2016)
that PCPs can produce GPS scintillations quite comparable
with scintillations during the particle precipitation with the
appearance of strong green aurora. But it was a case study;
therefore, this question needs further studies.

The high-latitude disturbances have a great negative in-
fluence on radio waves propagation. So, it is important to
know what type of the high-latitude ionosphere disturbances
has strongest influence on GPS navigation systems. In the
present work, we address the following question: what dis-
turbances in the polar ionosphere (particle precipitation or
polar cap patches) have a stronger impact on the scintilla-
tions of GPS signals?
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2 Instruments

The Ny-Alesund (NYA) GPS scintillation receiver of the
University of Oslo (UiO) was the main instrument used in our
study. Upon the availability of data, the Skibotn (Norway;
mainland) GPS receiver was also used. The UiO GNSS scin-
tillation receiver is the standard GNSS ionospheric scintilla-
tion/TEC monitor (GISTM; model GSV4004B; Van Dieren-
donck et al., 1993). The carrier phase and power at the L1
frequency (1.57542 GHz) are tracked and recorded at 50 Hz
rate. The phase (o) and amplitude scintillation indices (S4)
are also calculated and recorded automatically. The phase
scintillation index is defined as being the standard deviation
of the carrier phase that has been detrended by the high-
pass sixth-order Butterworth filter with a cut-off frequency
of 0.1 Hz. The amplitude scintillation index (S4) is defined
as the standard deviation of the received signal power, based
on the 50 Hz sampling rate and normalized to the average
signal power over 1 min periods.

In our paper, we use the standard detrending (0.1 Hz) in
order to be able to compare our results with previous results
obtained with using this GPS receiver on Svalbard (Clausen
et al., 2016; Jin et al., 2015, 2016, 2017, 2018). The choice
of the fixed cut-off frequency can add refractive variations
to the phase scintillation index. The term “phase scintillation
index”, used in our study, means the phase fluctuations due
to the presence of large-scale irregularities (above the Fresnel
radius).

The GPS TEC data have been post-processed by using
WinTEC-P (Carrano et al., 2009). The ROT (rate of TEC)
data over 1 min are also used to depict the TEC variations
(see, e.g., Alfonsi et al., 2011), where ROT = ATEC/ At.

To describe the ionospheric plasma parameters (density,
ion, and electron temperature and line of sight ion velocity
as a function of range), we used the Svalbard EISCAT 42m
radar and ultra-high frequency (UHF) radar in Tromsg. The
beam of the EISCAT 42m radar is directed along the geo-
magnetic field (azimuth = 184°; elevation = 82°). The UHF
radar beam was fixed at an azimuthal angle of 185° and an
elevation angle of 77° (i.e., in the field-aligned direction in
the F region).

For some convenient cases, the optical aurora observations
performed by the all-sky imager (ASI) of the UiO and Polar
Geophysical Institute (Russia) on Svalbard were used. The
ASI in Longyearbyen (named LYRS) is located at Kjell Hen-
riksen Observatory (KHO; 78.2° N, 16.0° E; 75.4° MLAT).
The LYRS AST uses an ICCD (intensified charge-coupled de-
vice). The imagers record emission intensity across the sky
with a 180° field of view fisheye lens at 630.0 nm every 30s
and 557.7nm every 15s, respectively. The intensity of the
ASI is calibrated into the standard kilo Rayleigh (kR) inten-
sity scale.

The stations mentioned in this study have, respectively, the
following geographic and corrected geomagnetic (CGM) co-
ordinates:
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Ny Alesund (NYA) — (78.92°N, 11.95°E), (75.25°N,
112.08°E)

— Longyearbyen (LYR) — (78.20° N, 15.82° E), (75.12° N,
113.00° E)

— Hornsund (HOR) - (77.00°N, 15.60°E), (74.13°N,
109.59°E)

— Tromsg (TRO) — (69.66°N, 18.94°E), (66.64°N,
102.90° E)

— Skibotn (SKN) — (69.43°N, 20.38°E), (66.28°N,
103.41° E).

IMAGE magnetometers were used for the geomagnetic
field observations. The OMNIWeb database was used for the
evaluating the solar wind and interplanetary magnetic field
parameters. We use the 1 min resolution symmetric compo-
nent of ring current (SYM-H) and auroral electrojet (AE)
indices to show the geomagnetic storm and substorm ac-
tivity. The SYM-H and AE indices were obtained from the
World Data Center for Geomagnetism at Kyoto University
(http://wdc.kugi.kyoto-u.ac.jp/, last access: 16 July 2021).

3 Analysis of ionosphere disturbances

In the present study, we consider the influence of differ-
ent geophysical phenomena on the GPS scintillations, i.e.
dayside/cusp precipitation, nighttime substorm precipitation,
daytime and nighttime polar cap patches, and precipitation
associated with the interplanetary shock arrival. We focused
mainly on the phase scintillation index because the ampli-
tude scintillation index (S4) has practically no significant
variations at high latitudes. The presence of the particle pre-
cipitation in the ionosphere, associated with the appearance
of the green line aurora, was determined as the density in-
crease between 100-200 km altitudes according to the EIS-
CAT radar data. The presence of the polar cap patches was
determined as a strong density increase above 200 km alti-
tude. We mainly consider the winter time because the EIS-
CAT radar works most often in the winter season. We present
120 different cases for the years 2010-2017, when the data
from the EISCAT 42m radar were available, and in this paper,
we analyse typical examples in detail. The presented con-
clusions are valid for the common picture. The preliminary
analyses was done in a proceeding paper (Belakhovsky et al.,
2020).

3.1 Dayside/cusp precipitation

The example of the dayside precipitation on 9 January 2016
is shown in Fig. 1. It was geomagnetically quiet period
(SYM-H = —10nT), and the solar wind speed had moder-
ate values (V =460kms~!). At the time intervals 04:00—
08:00 and 12:00-14:00 UT (universal time), the ionosphere
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Figure 1. Ionosphere plasma density according to the EISCAT 42m
radar data, phase scintillation index and amplitude scintillation in-
dex according to the GPS receiver at NYA station, TEC and ROT
variations according to the GPS receiver at NYA station, and geo-
magnetic field variations (X component) at NYA station for 9 Jan-
uary 2016.

density increase at altitudes 100-200 km, associated with the
charge particle precipitation according to the EISCAT 42m
data (MLT = UT + 3), is seen. The increase in the aurora in-
tensity in the 557.7 nm emission line measured by the NYA
all-sky imager testifies to presence of the particle precipita-
tion as well (Fig. 2).

During these geomagnetic conditions, the NYA station of-
ten was located near the cusp region. The cusp is a small
area near noon, and it reaches about 3 MLT in longitude and
some degrees in latitude. The cusp can be identified by the
spectral width of reflected ionosphere signal. In the region
of the cusp, an increase in the spectral width of the reflected
signal is observed due to an increase in the turbulence. The
cusp is observed with an increase in the spectral width of
the reflected signal up to 200ms ™! at near-noon hours. The
method of the cusp identification, using SuperDARN data,
was done, for example, in André et al. (2000) and Pilipenko
et al. (2015). According to the SuperDARN radar (beam 9)
observations in Hankasalmi (Fig. 2), the cusp near the Sval-
bard was registered approximately from 08:00 to 12:00 UT.
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The equatorial boundary of the cusp was located at 78° of
geographic latitudes and higher. The growth in the aurora
intensity in the 630.0 nm emission lines at 07:00-09:00 UT
during the low intensity in 557.7 nm may also testify about
the optical identification of the cusp.

The different colours in panels 2—5 (Fig. 1) are data from
the different GPS satellites. The GPS phase scintillation in-
dex reaches the value about 0.4—-0.5rad. It is possible that
the jumps in phase index variations during the time inter-
val 08:00-11:00 UT may testify to the passing of the station
near the cusp. There is no strong N, increase below 200 km,
testifying to the particle precipitation, according to the EIS-
CAT 42m data at 08:00-11:30 UT. At the moment of the
passing under the cusp region, the vertical total electron con-
tent (VTEC; up to 12 TECU) and ROT (up to S TECU min_l)
increase was also observed (Fig. 1).

The growth in the phase index was seen not during all pe-
riod of N, enhancement (100-200 km) measured by the EIS-
CAT radar. This is possibly due to the field of view of the
EISCAT radar not coinciding with the field of view of NYA
GPS receiver. So, for small-scale ionosphere disturbances
(i.e. with the scale size lower than overlap between EISCAT
and NYA GPS receiver fields of view), the N, increase does
not always correlate with phase index growth.

The ROT variations have small disturbances (2—
4TECUmin~") during the presence of the particle pre-
cipitation. The amplitude scintillation index has no distinct
response to the morning and daytime precipitation.

Substorm disturbances were not observed during this day.
Small amplitude Pc5 pulsations (10-20nT) were seen in the
X component of the geomagnetic field at NYA station during
morning precipitation. These Pc5 pulsations can contribute
to the charge particle precipitation in the ionosphere (Be-
lakhovsky et al., 2016).

3.2 Substorm precipitation

The example of the substorm precipitation and the GPS scin-
tillations response to it is shown in Fig. 3 (11 December
2015). A total of two substorms were observed during this
day. The first one was at 15:30-17:00 UT, and the second
was at 20:00-22:00 UT. They were polar substorms because
they were mainly observed at latitudes higher than 70°. It can
be noticed that the amplitude of the first substorm reaches
the value about 1400 nT at Hornsund (HOR) station; at NYA
station, the amplitude of the substorm was 600 nT. The sec-
ond substorm has a lower amplitude than the first substorm
(600nT at HOR station). These substorms were observed
without geomagnetic storm (SYM-H ~ —10nT); however,
the solar wind speed was quite high (V =640-680kms™1),
according to the OMNIWeb database (data not shown).

The ionosphere plasma density AN, increases during
substorm on two orders of magnitude, from 1 x 104 to
1 x 10% cm™3, at an altitude of about 104 km. At an altitude
of 125km, AN, increases from 1 x 10* to 5x 10° cm™3.
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Figure 2. Latitude—time plot of the spectral width, according SuperDARN Hankasalmi radar, and keograms (557.7 and 630.0 nm emission

line) from the all-sky imager at NYA station for 9 January 2016.

The substorms were accompanied by the strong increase in
aurora intensity along different spectrum lines. The growth
of the phase scintillation index was accompanied by the ap-
pearance of the bright aurora arc, according to LYR all-sky
camera observations (Fig. 4), oriented approximately in an
east—west direction. We have plotted the ionosphere pierce
points (IPPs) of the GPS signals to show how they over-
lap with the EISCAT 42m and all-sky camera fields of view
(Fig. 4). For large-scale disturbances (hundreds of kilome-
tres) which were considered in this paper, this overlap does
not matter. Some GPS satellites can always be used to regis-
ter the large-scale ionosphere disturbance.

The phase index reaches the value of about 2rad during
the first substorm. The growth in the phase scintillation index
was seen mainly during the substorm expansion phase (30—
40 min). During the second substorm, the phase scintillation
index has the lower value (0.5-1.5rad). The growth in the
phase scintillation index was seen as sharp increases during
5-10 min time intervals.

Substorms do not lead to significant TEC increase. It is
seen in the absence of the TEC data during the substorm and
testifies about the cycle slips of GPS signals at this moment.

The ultra-low frequency (ULF) waves in Pi3 frequency
range embedded into the substorm structure contribute to the
particle acceleration into the ionosphere and growth of the
field-aligned currents (FACs), which leads to such strong val-
ues of the phase scintillation index.

https://doi.org/10.5194/angeo-39-687-2021

3.3 Precipitation associated with the interplanetary
shock arrival

We considered the example of the interplanetary shock in-
fluence on the scintillations of GPS signals. Here, the ex-
ample of the event on 22 January 2012 is presented. It is
well known that the interplanetary shock interaction with
the Earth’s magnetosphere leads to strong particle precip-
itation into the ionosphere and leads to the appearance of
the so-called shock aurora (Zhou et al., 2003). The inter-
planetary shock interaction with the Earth’s magnetosphere,
which leads to the development of the geomagnetic storm,
is known as SSC (storm sudden commencement); otherwise,
when there is no geomagnetic storm, it is named SI (sud-
den impulse). In the paper by Belakhovsky et al. (2017), it
is shown that shock wave arrival produces to the global TEC
increase at high latitudes by up to 40 %.

The considered interplanetary shock is accompanied by
an abrupt increase in the solar wind velocity (from 320
to 400 km s_l), density (from 20 to 40 cm_3), temperature,
and magnitude of the interplanetary magnetic field (from 12
to 25nT); according to the OMNIWeb database, there was
abrupt growth of the SYM-H index at 06:10 UT (Fig. 5).
The NYA station at the moment of interplanetary shock ar-
rival was located on the morning side (09 MLT). For the SSC
event, the phase index reaches the value near 0.3-0.4 rad
(Fig. 6). The ROT reaches the value about 4 TECU min~ .

Ann. Geophys., 39, 687-700, 2021
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So, the SSC event does not lead to the strong GPS scintilla-
tions.

For the considered interplanetary shock cases, the phase
index reaches similar values (less than 1 rad).

3.4 Polar cap patches

Nighttime polar cap patches. The example of the evening—
nighttime polar cap patches (PCPs) is shown in Fig. 7a
for 10 February 2015. The PCPs were observed at 19:00—
23:30 UT as a density increase above 200 km, according to
the EISCAT 42m radar data. The ionosphere plasma density
AN, increases during PCPs from 8 x 10* to 7 x 10° cm™3 at
an altitude of about 321 km. At the NYA GPS receiver, the
phase scintillation index reaches the medium value (0.4 rad).
However, the ROT variations for the PCPs reach the high val-
ues (10-15 TECUmin ™).

During the PCPs appearance, the B, component of the
IMF has negative values (—6 nT) during 3 h (data not shown).
It leads to the development of the small substorm. The am-
plitude of the substorm is 120-140nT in the X component
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Figure 4. The all-sky camera image (557.7 nm emission) at LYR
station projected into the map for 15:50 UT on 11 December 2015.
The rose triangle is an EISCAT 42m radar, the white triangle is
a GPS receiver at NYA station, and the G7, G9, G5, G16, G29,
and G26 are ionosphere pierce points of the corresponding GPS
satellites.

of the geomagnetic field at NYA station. The PCPs are also
identified in the aurora intensity variations as forms propa-
gating from the polar to low latitudes in 630.0 nm (red line),
and emissions (Fig. 8) occurred at 19:00-23:00 UT, accord-
ing to LYR all-sky camera observations.

It was done by comparing the PCPs development on EIS-
CAT 42m radar (Svalbard) and EISCAT UHF radar located
at lower latitudes in Tromsg (Fig. 7b). The sharp increase in
the plasma density (Fig. 7b) from 12:00 to 17:00 UT above
200km is caused by the sunlight. During an appearance of
PCPs near Svalbard at latitudes of the SKN (TRO) stations, a
long-lasting substorm (more than 4 h duration) with the am-
plitude 200-250 nT was observed. This substorm produces a
strong AN, increase below 200 km and at altitudes of 200—
550km (Fig. 7b). At the SKN station, the phase scintilla-
tion index has approximately the same values (0.4-0.5 rad)
as in polar latitudes (NYA station), but for one moment,
oy reaches the value of about 0.7rad. ROT variations at
SKN station have lower values (6 TECUmin™') than those
on Svalbard.

Daytime polar cap patches. The influence of polar cap
patches, which were observed on the dayside, on GPS sig-
nals scintillations were also analysed. We considered the ge-
omagnetic storm on 22 January 2012 (Figs. 5 and 6). The
SSC event for this storm was considered in Sect. 3.3 of
this paper. It was CME (coronal mass ejection) geomagnetic
storm conditions, the SYM-H index reached the value about
-80nT, and the solar wind speed had a maximum of about
480kms™!, according to the OMNIWeb database.

According to the ionosphere plasma density measure-
ments on EISCAT 42m radar, the PCPs were registered after
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Figure 5. Solar wind speed V' (kilometres per second), solar wind
density N (cubic centimetres), magnitude of the IMF (interplane-
tary magnetic field) B (nanoteslas), B; component (nanoteslas) of
IMF according to the OMNIWeb database, SYM-H index (nanotes-
las), and AE index (nanoteslas) for 22 January 2012.

the development of the geomagnetic storm in the time in-
terval 08:00-12:00 UT (11:00-15:00 MLT; see Fig. 6). The
ionosphere plasma density A N, increases during PCPs from
5% 10* to 7 x 103 cm ™3 at an altitude of about 321 km. The
negative bay in the geomagnetic field variations, with an am-
plitude of about 300 nT is seen at NYA station.

During this event, the strong GPS phase scintillations
(0.5-0.8rad) were registered in the whole time interval of
the PCPs appearance. The S4 index amplitude has no clear
response to the PCPs. A VTEC increase was observed (from
5 to 18 TECU), which was caused by the PCPs contribution.
ROT variations have high values (7 TECU min~ ).

For the all of the considered PCPs, the cases phase index
has a value less than 1.

3.5 Statistical analysis

To statistically confirm the results of our case studies, we
present four tables which include values of phase scintillation
index and ROT values for the considered types of the iono-
sphere disturbances. Tables 2 and 3 also include the magni-
tude of the geomagnetic field disturbance (X component) for
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Figure 6. lonosphere plasma density according to the EISCAT 42m
radar data, phase scintillation index and amplitude scintillation in-
dex according to the GPS receiver at NYA station, TEC and ROT
variations according to the GPS receiver at NYA station, and ge-
omagnetic field variations (X component) at NYA station for the
22 January 2012.

the substorms, and SSC/SI events. Often, during the whole
day, some types of the ionosphere disturbances were ob-
served.

Table 1 presents 33 dayside/cusp precipitation events. The
phase scintillation index is less than 1 rad, with the medium
values of about 0.5-0.6rad. ROT values are no more than
6 TECUmin~!

Table 2 presents 35 substorm events. For many substorm
events, the phase scintillation index is more than 1 and ROT
values are no more than 6 TECU min~!. The maximum value
of the phase scintillations is 2.9 rad fixed for the 20 January
2010 event when the geomagnetic field disturbance AX at
NYA stations is about 750 nT. We also separately selected
substorms which were observed during the PCPs appearance.
It is seen from the substorm statistics that, in general, the
phase index increase correlates with the level of the geomag-
netic disturbance. But sometimes even small amplitude sub-
storms lead to the significant values of the phase index when
combined with the PCPs. Possibly the presence of the PCPs
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Figure 8. Keogram (630.0 nm emission line) from the all-sky imager at LYR station for 10 February 2015.

gives growth to the level of scintillations (Jin et al., 2014;
Clausen et al. 2016).

Table 3 presents 14 SSC/SI events. Shock-induced pre-
cipitation leads to medium values of the phase scintilla-
tion index (0.4-0.5rad) and medium values of the ROT (4-
6TECUmin_1). SSC events, when they were observed at
nighttime, often trigger the development of the geomagnetic

Ann. Geophys., 39, 687-700, 2021

substorm. So, high values of the phase scintillations (near
1 rad) can be caused by the triggering of the substorm imme-
diately after SSC. Often there is no significant increase in the
GPS phase scintillations observed after the SSC.

Table 4 shows 38 daytime and nighttime PCPs events. It is
seen from Table 4 that phase scintillations during PCPs are
less than 1. An analysis of Table 4 shows that PCPs produce
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Table 1. The values of the phase scintillation index and ROT, deter-
mined from the GPS receiver at NYA station, during dayside/cusp
precipitation events.

Phase index, ROT,
radian TECU min~!

Date Time,
(day/month/year) UT

Dayside/cusp precipitation

16 Jan 2012 09:00-14:00 0.7 4
9 Jan 2014 05:30-11:00 0.5 6
20 Jan 2014 08:00-10:00 0.9 4
21 Jan 2014 05:00-09:00 0.6 4
23 Jan 2014 04:00-07:00 0.85 4
25 Jan 2014 04:00-08:00 0.35 4
26 Jan 2014 06:00-09:00 0.35 3
17 Dec 2014 06:00-12:00 0.5 4
18 Dec 2014 05:00-10:00 0.55 3
19 Dec 2014 06:00-11:00 0.55 5
10 Dec 2015 05:00-11:30 0.6 5
11 Dec 2015 05:00-12:00 0.7 4
13 Dec 2015 05:00-12:00 0.55 5
6 Jan 2016 05:00-12:00 0.55 35
7 Jan 2016 05:00-12:00 0.6 4
9 Jan 2016 04:00-12:00 0.5 6
10 Jan 2016 05:00-12:00 0.7 4
12 Jan 2016 06:00-12:00 0.8 5
12 Jan 2016 14:00-16:00 0.5 6
6 Feb 2016 08:00-13:00 0.3 6
7 Feb 2016 09:00-14:00 0.4 6
8 Feb 2016 07:00-15:00 0.4 4
10 Feb 2016 06:00-12:00 0.35 3
5 Oct 2016 04:00-08:00 0.8 4
27 Oct 2016 07:00-11:30 0.65 4
1 Dec 2016 04:00-10:00 0.35 4
20 Jan 2017 12:00-14:00 0.5 4
25 Jan 2017 06:00-12:00 0.8 5
1 Feb 2017 08:00-12:00 0.6 4
2 Feb 2017 08:00-12:00 0.6 4
4 Feb 2017 11:00-14:00 0.75 6
17 Dec 2017 07:00-13:00 0.9 4
18 Dec 2017 05:00-12:00 0.7 4

more strong ROT variations (even > 10 TECU min~!) than
other types of the polar latitude ionosphere disturbances.

Jin et al. (2017) investigated the GPS scintillations around
the cusp region and found that cusp precipitation has a
stronger influence on GPS phase scintillation when com-
bined with the PCPs. Our research shows that daytime PCPs
can produce stronger GPS phase scintillations than day-
side/cusp precipitation (see Tables 1 and 4).

It is also seen from the tables that often one type of the
ionosphere disturbance was registered during several consec-
utive days. For example, for the PCPs it is 28-30 Novem-
ber 2011, 4-6 November 2013, and 20-26 January 2014,
for the substorms it is 10—13 December 2015, and for the
cusp/daytime precipitation it is 17-19 December 2014. Of
course, there are more events with a significant increase in
the phase scintillations during the years 2010-2017. But we
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Table 2. The values of the phase scintillation index and ROT, de-
termined from the GPS receiver at NYA station, and corresponding
levels of the geomagnetic field disturbance (A X) during substorm
and substorm during PCPs events.

Date Time, Phase index, ROT, AX,nT
(day/month/year) UT radian TECUmin~!
Substorms
20 Jan 2010 17:00 2.9 4 750
1 Dec 2011 02:30 1 3 300
1 Dec 2011 20:00 0.55 4 200
16 Jan 2012 21:00 1.15 4 300
9 Jan 2014 20:30 0.7 6 450
10 Dec 2015 17:00 1.8 6 550
10 Dec 2015 20:30 1 4 600
11 Dec 2015 16:00 1.8 - 600
11 Dec 2015 20:00 1.3 6 650
12 Dec 2015 21:30 1.1 2 180
12 Dec 2015 22:30 0.7 2 70
13 Dec 2015 21:00 1.3 2 120
6 Jan 2016 01:20 1.3 4 700
7 Jan 2016 20:00 0.75 4 250
10 Jan 2016 21:00 0.75 2 180
5 Feb 2016 19:30 12 6 300
8 Feb 2016 03:00 1.3 4 300
17 Mar 2016 17:30 1.6 4 650
17 Mar 2016 21:00 0.9 2 300
17 Mar 2016 22:00 0.9 4 170
3 0ct 2016 17:00 0.6 4 150
3 Oct 2016 19:00 1.6 4 600
27 Oct 2016 18:00 1.2 4 200
27 Oct 2016 21:00 1.35 5 500
20 Jan 2017 19:00 1.1 5 370
26 Jan 2017 19:30 1.1 4 400
27 Jan 2017 21:00 12 45 200
17 Dec 2017 20:30 1 4 400
18 Dec 2017 19:00 1.15 4 300
Substorms during PCPs

28 Nov 2011 22:30 1.25 6 200
18 Jan 2012 23:00 1.15 4 75
4 Dec 2013 19:00 0.9 4 150
15 Dec 2014 19:00 1.3 6 110
11 Jan 2016 19:30 1.5 2 400
11 Jan 2016 23:00 0.5 6 200

mainly pay attention to the events when the GPS and EIS-
CAT data were available simultaneously to precisely define
the physical nature of the ionosphere disturbance. Only for
the SSC/SI events do we not always use the EISCAT radar
data. So, an analysis of the group of the events confirms in
general the detailed analysis of the individual events.
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Table 3. The values of the phase scintillation index, ROT, deter-
mined from the GPS receiver at NYA station, and corresponding
levels of the geomagnetic field disturbance (AX) during SSC/SI
events.

Date Time, Phase index, ROT, AX,nT
(day/month/year) UT radian TECU min~!
SSC/SI events

22 Jan 2012 06:20 0.4 4 300
24 Jan 2012 15:00 0.3 4 400
8 Mar 2012 11:00 0.35 3 200
14 Jul 2012 18:00 0.2 2.5 50
17 Mar 2013 06:00 0.8 3 550
2 Oct 2013 02:00 0.6 3 250
13 Dec 2013 13:30 0.3 2 50
12 Sep 2014 16:00 0.55 4 200
21 Dec 2014 19:30 0.7 7 80
7 Jan 2015 06:30 0.25 2 50
15 Aug 2015 08:30 0.3 2 400
14 Dec 2015 13:30 0.35 3 100
4 Apr 2017 04:40 0.5 3 70
7 Sep 2017 23:00 0.9 7 300

4 Discussion

The high-latitude ionosphere is a very dynamic structure, due
to the charge particles (mainly electrons and protons) pene-
trating from outer space, which can lead to the appearance of
the different timescale ionosphere irregularities. Variations in
the ionospheric electron density cause the variable group de-
lay and phase advance of the radio wave, resulting in rapid
phase fluctuations or phase scintillations. The scintillations
of the GPS radio signal are caused by the refraction and
diffraction of radio waves passing through ionospheric irreg-
ularities on scales from tens of metres to a few kilometres
(Basu et al., 2002; Kintner et al., 2007). There is a prob-
lem with finding the optimal cut-off frequency during phase
detrending. The choice of the standard cut-off frequency
(0.1 Hz) can lead to the presence of the refractive variations
in the phase scintillation index (Forte, 2005; Mushini et al.,
2012; Ghobadi et al., 2020; Spogli et al., 2021).

There are a lot of disturbances in the polar ionosphere. The
main phenomena are substorm and polar cap patches. In this
work, it is considered the influence of different types of the
high-latitude ionosphere disturbances (such as dayside/cusp
precipitation, substorms, nighttime and daytime polar cap
patches, and interplanetary shock waves) on perturbations of
GPS signals, using the GPS scintillation receiver on Sval-
bard. For some events, the SKN GPS scintillation receiver on
mainland (Norway) was also used. In this paper, we present
case studies and statistical analyses.

Concerning amplitude GPS scintillations at high latitudes,
we confirm the previous findings and did not found any cer-
tain reaction of the S4 index to the considered disturbances.
However, Jin et al. (2018) have found S4 scintillations for
the very strong geomagnetic storm on 17 March 2017. But it
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Table 4. The values of the phase scintillation index and ROT, deter-
mined from the GPS receiver at NYA station, during PCPs events.

Phase index, ROT,
radian TECU min~!

Date Time,
(day/month/year) UT

Polar cap patches

28 Nov 2011 17:00-22:00 0.4 8
29 Nov 2011 00:00-08:00 0.8 11
29 Nov 2011 14:00-22:00 04 6
30 Nov 2011 16:00-22:00 0.7 9
30 Nov 2011 10:00-14:00 0.5 7
18 Jan 2012 16:00-22:00 0.6 8
22 Jan 2012 08:00-12:00 0.9 6
22 Jan 2012 17:00-23:00 0.5 9
13 Jan 2013 17:00-22:00 0.6 10
4 Nov 2013 16:00-23:00 0.85 9
5 Nov 2013 20:00-24:00 0.35 6
6 Nov 2013 15:00-24:00 0.75 8
7 Nov 2013 06:00-12:00 0.8 10
4 Dec 2013 18:00-22:00 0.8 9
20 Jan 2014 08:00-10:00 0.9 3
21 Jan 2014 12:00-21:00 0.3 7
22 Jan 2014 06:30-15:00 0.8 7
22 Jan 2014 19:30-22:00 0.2 4
23 Jan 2014 19:00-22:00 0.4 7
24 Jan 2014 17:00-21:00 0.3 4
26 Jan 2014 18:00-24:00 0.3 2
28 Jan 2014 16:30-24:00 0.5 10
30 Jan 2014 19:00-22:00 0.3 5
18 Dec 2014 21:00-24:00 0.7 6
15 Dec 2014 09:00-24:00 0.4 7
16 Dec 2014 18:00-24:00 0.2 7
10 Feb 2015 20:00-24:00 0.4 15
11 Feb 2015 12:00-22:00 04 6
12 Feb 2015 15:00-23:00 0.3 7
13 Feb 2015 19:00-24:00 0.3 9.5
28 Feb 2015 17:00-23:00 0.35 11
20 Mar 2015 07:00-13:00 0.7 11
5 Jan 2016 12:00-18:00 04 5
7 Feb 2016 16:00-22:00 0.2 4
9 Feb 2016 19:00-23:00 0.2 4
9 Feb 2016 09:00-12:00 0.6 4
10 Feb 2016 18:00-23:00 0.2 4
12 Feb 2016 08:00-13:00 0.65 7

was extreme event. For the ordinary events S4 index at high
latitudes does not experience great increases.

The analysis shows that the polar substorms, even if they
are observed without PCPs, lead to the maximum values of
the phase scintillation index (1.5-3 rad). From one side it is
obvious because the substorm is the most powerful distur-
bance in the magnetosphere—ionosphere system, and it leads
to the growth of the ionosphere plasma density on two orders
of magnitude. The ULF waves (Pi3 pulsations), embedded
into substorm, can accelerate electrons along the geomag-
netic field lines and produce auroral arcs. The duration of
the substorm is about 1.5-3 h, while the growth of the phase
scintillation index was observed during 30—40 min (expan-
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sion phase). So, the substorm leads to the high, but short-
term, growth of the phase index. Kim et al. (2014) showed
that ULF waves in the Pi2 frequency range have a dominant
role in producing accelerated auroral electrons. During the
substorms, bright and discrete auroral forms appeared in the
sky. Such inhomogeneous ionization structures produce sig-
nificant changes in the refractive index and enhance the phase
scintillation index (Hosokawa et al., 2014). In addition, field-
aligned currents and produced field-aligned irregularities can
be the major drivers of high-latitude ionospheric irregulari-
ties (Prikryl et al., 2011).

The phase scintillations are typically produced by varia-
tions in the refractive index due to ionospheric irregularities
of the scale from a few kilometres to a few tens of kilo-
metres (Kintner et al. 2007). The phase scintillations dur-
ing the substorm interval were produced through the refrac-
tive process caused by large-scale density irregularities as-
sociated with a rapidly moving auroral arc. Hosokawa et al.
(2014) found that phase scintillations were enhanced in re-
lation to substorm onset and decreased as the aurora became
more diffuse. They suggested that discrete aurora in the GPS
signal path is necessary for the occurrence of phase scin-
tillations during substorm intervals. In addition to scintilla-
tion, other effects, such as loss of lock (Smith et al., 2008)
and cycle slips (Prikryl et al., 2010), have been directly ob-
served in relation to auroral emissions. The long-term sta-
tistical study (De Franceschi et al., 2019) over Svalbard for
the years 2013-2016 shows that magnetic midnight region is
the most exposed to scintillations.

Polar cap patches are the source of decametre to kilometre-
scale irregularities causing scintillations. In some of the con-
sidered cases, the polar cap patches were observed during
6 h on EISCAT 42m radar. Analysis shows that PCPs are ac-
companied by the lower values of phase index than during a
substorm, but this growth is registered during longer time in-
tervals. At the same time, the PCPs lead to the substantially
higher values in the ROT variations. ROT is the time rate of
change of the differential carrier phases; it provides infor-
mation about scale size of the electron density irregularities
which produce GPS signal scintillations. We used a 1 min
ROT time resolution in our study. The typical velocity of the
plasma convection at high latitudes is between 100 ms~! and
1kms~!. So, 1 min ROT variations are caused by the irreg-
ularities with the scale of about 6-60km. Our observations
suggest that the substorms and PCPs, being different types
of high-latitude disturbances, lead to the development of dif-
ferent types and scales of ionospheric irregularities.

Comparison of the EISCAT observations on Svalbard and
in Tromsg shows that, during PCPs appearance on Svalbard,
a typical substorm at lower latitudes (Tromsg) was observed.
The levels of the phase scintillations are quite comparable at
high (Tromsg) and polar (Svalbard) latitudes, but the level of
ROT is higher at polar latitudes.

There are two plasma instabilities which can explain the
ionospheric irregularities at high latitudes, i.e. the gradient
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drift instability (GDI) and the Kelvin—Helmholtz instabil-
ity (KHI). The GDI requires a density gradient, and it can
produce irregularities at the trailing edge of a plasma patch,
while the KHI requires a velocity shear, and the irregular-
ities can be created around boundaries of velocity shears.
The GDI can work on these sharp density gradients very effi-
ciently (Moen et al., 2013) to produce small-scale irregular-
ities which cause scintillations. The polar cap patches rep-
resent the largest scale structure in the high-latitude iono-
sphere. During their convection in the polar cap, the GDI
acts on them and develops small-scale irregularities on the
trailing edge.

The identification of the cusp region, using the Super-
DARN and all-sky cameras, was done in our study. The cusp
region is a source of the plasma turbulence of the differ-
ent scales. It is found the medium growth of the TEC and
ROT near the cusp region. Cusp phase scintillations are lower
than dayside PCPs scintillations. On the dayside, the cusp
is an active region of the GPS scintillations (Moen et al.,
2013), where the loss of signal locks occurs (Oksavik et al.,
2015). By analysing GPS phase scintillations around mag-
netic noon, it is suggested that GPS phase scintillations are
sensitive to a combination of the cusp aurora and the intake
of solar extreme ultraviolet radiation (EUV)-ionized plasma
(Jin et al., 2015).

The common analysis shows that, for all of the considered
events, the significant phase scintillations were observed.
PCPs lead to the prolonged variations in the phase index
but with smaller values (less than 1). Shock-induced pre-
cipitation and daytime and cusp precipitation lead to the
medium values of phase index (0.4-0.5 radians) and medium
values of the ROT. But among the all types of the distur-
bances, the substorms lead to the greatest values in the phase
scintillations index. Thus, the substorm precipitation has the
strongest impact on the scintillations of GPS radio signals
in the polar ionosphere — even without PCPs. The substorm
leads to short times (10-20 min) and the strongest values
of GPS phase scintillations, while PCPs lead to long times
(some hours) and medium values of GPS phase scintillations.
So both types of these ionosphere disturbances are dangerous
for the quality of communications, navigation, and locations
at polar latitudes.

5 Conclusions

The influence of different types of the high-latitude iono-
sphere disturbances (such as daytime/cusp precipitation, sub-
storms, nighttime and daytime polar cap patches, and inter-
planetary shock wave) on perturbations of GPS signals, us-
ing receivers on Svalbard and in Skibotn, are considered. All
of the considered types of ionospheric disturbances lead to
growth in the phase scintillations index and ROT variations.

Substorms (even without PCPs) lead to the maximum val-
ues of the phase scintillation index (1.5-3 rad). The growth
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of the phase index was mainly observed during the substorm
expansion phase. ULF waves in the Pi3 frequency range dur-
ing a substorm producing auroral arcs can lead to such high
values of the phase scintillation index.

The values of the substorm phase scintillations in gen-
eral correlate with the values of the geomagnetic field dis-
turbance. But sometimes even small geomagnetic substorms,
when combined with the PCPs, produce quite strong phase
scintillations.

Polar cap patches lead to the prolonged variations in phase
index with smaller values (less than 1). At the same time,
polar cap patches can lead to strong ROT variations (10—
15TECUmin™") in comparison with the substorm distur-
bances. So our observations suggest that the substorms and
PCPs, being different types of the high-latitude disturbances,
lead to the development of different types and scales of iono-
spheric irregularities.

The cusp region, identified with SuperDARN radar, leads
to the moderate growth of the phase scintillation index
and ROT variations. Shock-induced precipitation leads to
medium values in the phase scintillation index (0.4-0.5 radi-
ans) and medium values in the ROT (4—6 TECU min~!). Our
analyses show that there is no clear response of the amplitude
scintillation index to the different types of the ionosphere dis-
turbances.
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