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Abstract Global Navigation Satellite System (GNSS) signals strongly depend on the ionospheric
conditions, which are composed of electrons and ions generated by solar radiation and particle
precipitation. Ionospheric plasma irregularities may cause the scintillation of the GNSS signals or even
the loss of signal lock, resulting in the reduction of positioning accuracy and timing precision. Phase
scintillation phenomenon is known to occur frequently at high latitudes and primarily related to a
significant plasma density gradient, which is due to fast plasma flows in the polar region, energetic particle
precipitation in the auroral region, polar cap patches, or several instability mechanisms. Statistical

studies are required to understand the characteristics of ionospheric (both phase and amplitude)
scintillations at high latitudes. Here, we report the results of ionospheric scintillation measurements at Jang
Bogo Station (JBS; 74.62°S, 164.22°E), located inside the polar cap region in Antarctica. The occurrence
rates of ionospheric scintillations over the JBS are recorded for 2 years (2017-2018) during solar minimum
conditions. The occurrence rates of amplitude scintillations increase only at lower elevation angles

(below 30°), which are hard to determine whether the source is ionospheric irregularity or ambient

noise such as multipath. In contrast, the occurrence rates of phase scintillations depend on the azimuth
angle, season, magnetic activity, magnetic local time, and signal frequency. The results of our analysis
suggest that users of the GNSS should consider these parameters to prepare for the degradation of the GNSS
performance at high latitudes in the Southern Hemisphere.

1. Introduction

The ionosphere is composed of electrons and ions, which are mainly photoionized by solar radiation.
Tonospheric plasma can affect transionospheric radio waves such as Global Navigation Satellite System
(GNSS) signals. Especially, the ionospheric irregular plasma density causes the fluctuation of the signal
strength or signal phase differences between satellites and receivers (Aarons, 1982, 1997). These fluctuations
in the amplitude and phase are called amplitude scintillation and phase scintillation, respectively. When
amplitude scintillation occurs, it can be hard to distinguish GNSS signals from noise due to reduction of sig-
nal-to-noise ratio. In contrast, the phase scintillation causes a phase shift exceeding the locked loop band-
width in a worst case (Basu & Groves, 2001). The receiver then loses the signals, and time is wasted to
recover the signal lock. Because the navigation services of the GNSS, including positioning and timing,
are used anywhere, it is important to investigate the characteristics of ionospheric scintillations.

Ionospheric electron density irregularities related to scintillation at high latitudes have been investigated
over the last few decades (Aarons, 1982; Basu et al., 1995, 1998; Clausen et al., 2016; Kelley et al., 1982;
Prikryl et al., 2015; Spogli et al., 2009). From those studies, it is discovered that the phase scintillation fre-
quently occurs at high latitudes near dayside polar cusp and nightside auroral region. The occurrences of
the phase scintillation increase with solar activity and geomagnetic activity. At high latitudes, a two-cell con-
vection pattern forms under a southward interplanetary magnetic field (IMF) (Knudsen et al., 1977).
Following the convection, the ionospheric plasma moves antisunward in the noon sector in magnetic
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local time (MLT). Large amounts of photoionized plasma flow from the midlatitude into the high-latitude
region along the convection; this stream is called tongue of ionization (TOI) (Foster et al., 2005; Sojka
et al., 1993). Occasionally, a high-density plume can detach from the TOI and form a polar cap patch
(Carlson et al., 2004; Crowley et al., 2000; Zhang et al., 2013). Generally, the polar cap patch is defined as
the region in which the ionospheric electron densities are at least 2 times greater than the background elec-
tron density. This means that the steep plasma density gradient in the polar cap patch exceeds the longitu-
dinal and latitudinal density gradients that are naturally formed by solar radiation. Based on simulations,
Sojka et al. (1998) showed that the growth rate of the gradient drift instability, which causes the ionospheric
irregularity, is large around the polar cap patch. Therefore, the fast plasma flows (few kilometers per second)
(Valladares et al., 1994) and accompanying steep plasma density gradients near the edge of the TOI or polar
cap patch may cause large-scale (a few kilometers) ionospheric irregularities, which in turn induce phase
scintillation at high latitudes (Basu et al., 1990). The effects of the polar cap patch on the electromagnetic
signals have been studied in the very high frequency (Basu et al., 1990; Weber et al., 1986) and
ultrahigh-frequency ranges (Jin et al., 2014; Van der Meeren et al., 2014).

In addition to the fast flows of plasma along the convection, the energetic particle precipitation in the polar
cap region (open magnetic flux tubes connected to the IMF) or auroral region (closed flux tubes of the
plasma sheet) may be another cause of ionospheric electron density irregularities. The energetic particles
from the magnetosphere can penetrate the altitudes of the E or F layers and partially ionize atmospheric
neutral components in these regions (Voss & Smith, 1979). Resultant sporadic plasma density discontinuities
near the aurora can create phase scintillation (Jin et al., 2015; Spogli et al., 2009). Wang et al. (2016) also
reported that the main sources of the phase scintillation at high latitudes are fast flows of plasma and/or
energetic particle precipitation. The polar cusp is the region in which solar wind plasma can directly enter
the low altitudes from the magnetosheath and ionize thermospheric neutral components (Heikkila &
Winningham, 1971). Particle precipitation in the polar cusp produces polar cap patches without the TOI
or enhances preexisting patches. When additional ionization processes by cusp precipitation are sufficient
to differentiate the higher-density region from the background, a polar cap patch is created (Smith et al., 2000;
Walker et al., 1999). The polar cap patches produced by cusp precipitation also move antisunward along con-
vection flows, similar to classical polar cap patches that detach from the TOI (Goodwin et al., 2015).
Therefore, the polar cusp region is also related to ionospheric scintillation (Basu et al., 1994; Jin et al., 2017,
Prikryl et al., 2010).

To determine typical scintillation characteristics, several climatological studies of ionospheric phase scintil-
lation at high latitudes (Prikryl et al., 2015; Spogli et al., 2009) and model studies (Secan et al., 1997; Wernik
et al., 2007) have been conducted. Li et al. (2010) reported that phase scintillation occurs more often in win-
ter than in summer over Svalbard. Prikryl et al. (2015) showed that phase scintillations are more frequent
during the solar maximum period and that the seasonal variation of phase scintillation maximizes in
autumn and winter in the Northern Hemisphere. The high-latitude scintillation in the Southern
Hemisphere was investigated during the geomagnetic storm period (Kinrade et al., 2012). The results
showed that phase scintillation occurrences are associated with enhanced energetic particle precipitation
in the dayside polar cusp region as well as an enhanced plasma density structure such as polar cap patch.
Kinrade et al. (2013) statistically analyzed the association between GNSS scintillation and auroral emission.
The correlation levels between optical auroral activities based on atomic oxygen emission peaked at 557.7
and 630.0 nm and the phase scintillation index reached up to 74% and 63%, respectively. However, that study
was limited to auroral activities based on ground-based all-sky imager measurements; therefore, the overall
characteristics of ionospheric scintillation in the Southern Hemisphere could not be determined. Thus,
investigation of the ionospheric scintillation in the Southern Hemisphere is required.

To quantify the ionospheric scintillation, S, and o4 were defined as amplitude and phase scintillation
indices, respectively (Briggs & Parkin, 1962; Yeh & Liu, 1982). The equations for these indices are as follows:
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where I is the signal strength, ¢ is the detrended carrier phase, and <a> represents the mean value of a data
set a. It is known that the ionospheric scintillation index is related to the sizes of ionospheric irregularities
(Forte & Radicella, 2002). Amplitude scintillation is caused by the irregularities smaller than the Fresnel
radius (~300 m at L-band frequency) (Kintner et al., 2007). In contrast, phase scintillation is highly sensitive
to large-scale (few kilometers) irregularities, causing refraction in signals (Forte, 2005). Since Fremouw
et al. (1978) used the fixed cutoff frequency of 0.1 Hz for detrending wideband satellite data, it has been gen-
erally adopted to filter GNSS signals. However, the Fresnel frequency is expressed as function of the relative
drift velocity of plasma (Forte, 2007; Forte & Radicella, 2002) such that 0.1 Hz corresponds to the relative
drift velocity of ~30 m/s, which is significantly smaller than the typical plasma velocity at high latitudes of
few hundreds of meters per second (Ruohoniemi et al., 1987; Tsunoda, 1988). Therefore, appropriate cutoff
frequency corresponding to the plasma velocity is suggested, and there was an attempt to differentiate dif-
fractive and refractive effects using a band-pass filter and obtained pure diffractive effects representing the
ionospheric scintillation (McCaffrey & Jayachandran, 2019; Mushini et al., 2012). However, it is difficult
to select the proper cutoff frequency, especially in statistical studies (De Franceschi et al., 2019). Although
the detrending GNSS signal using 0.1 Hz may not be fully understood as phase scintillation, we used the typi-
cal 0.1 Hz as fixed cutoff frequency in this study to statistically investigate the characteristics of the iono-
spheric irregularities.

Multi-instruments-based studies including the provision of a scintillation map are helpful to determine the
large-scale morphology of scintillation. However, single-point investigations are very similar to the environ-
ments of the users of GNSS-related services. A single-frequency system is applied to most of the commercial
portable devices. This means that an ionosphere-free technique using dual-frequency cannot be used to
remove the ionospheric effects from signals; therefore, the use of commercial devices is very sensitive to
ionospheric conditions. In addition, it is not serviceable when strong scintillation accompanies the loss of
signal lock. Therefore, user guidance must be established by characterizing the high-latitude ionospheric
scintillation recorded at a single station. Here, we determined the characteristics of ionospheric scintillation
indices using data measured at a high-latitude station in the Southern Hemisphere. Statistical analyses of
ionospheric phenomena causing plasma density irregularities, such as the polar cap patch, polar cusp,
and auroral oval, were conducted. We also statistically analyzed field-aligned currents (FACs) having the
sizes of several kilometers and compared them with the scintillation results to determine which phenom-
enon is related to the climatological morphology of the scintillation.

2. Data and Methodology

The Korea Polar Research Institute (KOPRI) established Jang Bogo Station (JBS) in Antarctica (74.62°S,
164.22°E) in 2014. The geomagnetic latitude of JBS is 77.21°S. Therefore, JBS is suitable for investigations
of the high-latitude ionosphere in the polar cap region. The Korea Astronomy and Space Science Institute
(KASI) has been operating an ionospheric scintillation monitor, Connected Autonomous Space
Environment Sensor (CASES), since December 2016. It can detect Global Positioning System (GPS) signals
in both the L1 (1575.42 MHz) and L2 (1227.60 MHz) channels with high- and low-resolution modes. In low-
resolution mode, the scintillation monitor records the carrier phase, pseudorange, and satellite position.
When the user sets the parameters for the calculation of ionospheric scintillation indices (amplitude scintil-
lation index: S4; phase scintillation index: a¢), it routinely calculates the indices. In this study, we set the cut-
off frequency to 0.1 Hz for the high-pass filtering of the signal intensity and phase. The time window was
fixed to 100 s for the calculation of the scintillation indices. Raw information of GNSS signals, such as the
carrier phase, in-phase accumulation (I), and quadrature accumulation (Q), was recorded at a high resolu-
tion of 100 Hz when the filtered signal power ratio reached a threshold. Figure 1 shows the locations of JBS
(blue star) and south geomagnetic pole (red star). The blue and red circles represent the area corresponding
to an elevation angle of 30° with respect to JBS at the altitude of 350 km and the geomagnetic latitude of 75°S
at the same altitude, respectively. Note that the geomagnetic pole is located southwest of JBS.

In the present study, we utilized automatically computed scintillation indices to investigate the statistical
characteristics of ionospheric scintillation at high latitudes. Although the scintillation indices used in this
study have a low resolution (100 s), they can be used to explore the statistical behavior. Scintillation indices
with high resolution (e.g., 1 s) can be achieved using high-resolution measurements of raw signal
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Figure 1. Locations of the Jang Bogo Station (JBS) and south geomagnetic pole. The blue circle indicates the sector with
an elevation angle of 30° with respect to JBS at an altitude of 350 km. The red circle represents the geomagnetic
latitude of 75°S at the same altitude.

information (100 Hz) and can be used to more sensitively detect scintillation events. However, the
high-resolution data set for the statistical study is considerably dense; therefore, the analysis is time-
consuming. The total number of the scintillation indices based on the low-resolution data for both
amplitude and phase is 9,463,055 for the 2-year period (2017-2018); it is sufficient for a statistical study.
The scintillation indices measured by CASES were binned with an elevation angle of 10° and azimuth
angle of 15° to obtain the distribution of the scintillation occurrence rates. The occurrence rate of the
ionospheric scintillation in each bin was computed as follows:

__ number of scintillation index > 0.2
~ total number of scintillation index

occurrence rate [ %] x 10 3)
We set both S, and o to 0.2 to detect all scintillation events including weak ones. The occurrence rates of the
scintillation in each bin were calculated for different groups following parameters: MLT, seasons, geomag-
netic activity, and signal type. Details of the distributions are listed in Table 1.

Table 1
Parameters and Their Criteria for Grouping the Ionospheric Scintillation Cases Over the Jang Bogo Station (JBS)

Parameters Criteria

Magnetic local time (MLT) (hour) 21-03 (midnight)/03-09 (dawn)/09-15 (noon)/15-21 (dusk)

Season March Equinox (February—April)/June Solstice (May-July)/September
Equinox (August-October)/December Solstice (November-January)

Geomagnetic activity High Kp (>2)/low Kp (<£2)

Signal type L1 (1575.42 MHz)/L2 (1227.60 MHz)

HONG ET AL.

4 of 17



) . Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Space Weather 10.1029/2020SW002536

S4/L2/high Kp (> 2)

® ©

(<]

(6]

N W A

lonospheric Scintillation Occurrence Rate [%]

Figure 2. (a-p) Occurrence rates of the amplitude scintillation index (S4) in the GPS L2 channel over the Jang Bogo
Station (JBS) during 2 years (2017-2018) under geomagnetically disturbed conditions. The upward direction

indicates geographic north and the center of the plot is the zenith of JBS. From left to right, each column shows the dawn,
noon, dusk, and midnight sectors based on magnetic local time, respectively. From top to bottom, each row displays
the March equinox, June solstice, September Equinox, and December solstice, respectively.

Magnetized solar wind, including charged particles, encounters the magnetosphere and the IMF is recon-
nected with the Earth's magnetic field. The induced dawn-to-dusk electric field and the perpendicular mag-
netic field line at high latitude cause the antisunward movement of plasma. Hence, it is more appropriate to
divide the data with respect to the MLT rather than universal time (UT) or solar local time (LT) based on the
electrodynamical coupling at high latitude. The MLT sectors are centered at 0 (midnight), 6 (dawn), 12
(noon), and 18 (dusk). To explore the seasonal effects and geomagnetic dependencies, the data set was
divided based on seasons (equinoxes and solstices) and the Kp index (>2 and <2). All processes were equally
applied to both the L1 and L2 channels to determine signal frequency dependencies.

3. Results

3.1. Occurrence Rates of the Amplitude Scintillation Index

Figure 2 shows the occurrence rates of amplitude scintillation index (S,) in the GPS L2 channel during high
geomagnetic activity (Kp > 2). The outermost bins of each plot indicate the lowest elevation angle (0-10°)
with respect to JBS and the elevation angle increases by 10° toward the center of the plot (zenith of JBS).
The upward direction toward the top of the page represents the geographic north and the azimuth angle
increases in the clockwise direction. White and red colors represent lower and higher occurrence rates of
amplitude scintillation, respectively. In Figure 2, each row from the top to bottom represents the March
equinox (local fall), June solstice (local winter), September equinox (local spring), and December solstice
(local summer), respectively. Each column from the left to right represents the MLT dawn, noon, dusk,
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Figure 3. (a-p) Occurrence rates of the phase scintillation index (o) in the GPS L1 channel over the Jang Bogo Station
(JBS) during 2 years (2017-2018) under geomagnetically quiet conditions. The upward direction indicates geographic
north, and the center of the plot is the zenith of JBS. From left to right, each column shows the dawn, noon, dusk, and
midnight sectors based on magnetic local time, respectively. From top to bottom, each row displays the March
equinox, June solstice, September Equinox and December solstice, respectively.

and midnight sector, respectively. The figure shows that the occurrence rates of amplitude scintillation can
be divided into two parts by the elevation angle of 30°. Amplitude scintillation occurs very frequently at
lower elevation angles below 30° irrespective of the MLT, season, and azimuth angle. However, amplitude
scintillation is almost absent (lower than 1%) at higher-elevation angles above 30°. Similar distributions
are obtained for the GPS L1 channel and geomagnetically quiet conditions (not shown).

3.2. Occurrence Rates of the Phase Scintillation Index

Figure 3 is the same as Figure 2 but for the occurrence rates of phase scintillation (o) of the GPS L1 channel
under the geomagnetically quiet conditions. The phase scintillation also has higher occurrence rates at lower
elevation angles, similar to the amplitude scintillation, but not as extreme. The high occurrence rates of
phase scintillation are concentrated at slightly lower elevation angles (10-20°) than those of amplitude scin-
tillation (30°). In these cases, only a few bins exceed 10%, and mostly higher occurrence rates (>10%) are
observed for amplitude scintillation. In contrast to the amplitude scintillation occurrence rates, the occur-
rence rates of phase scintillation above 30° show significant values with distinct seasonal/MLT dependen-
cies. First, the occurrence rates are maximal during the December solstice and minimal during the June
solstice. Second, the occurrence rates in the MLT dawn and noon sectors are higher than those in the
MLT dusk and midnight sectors. Third, phase scintillation frequently occurs in the geographically northeast-
ern parts with respect to JBS. Figure 4 is the same as Figure 3 but for the GPS L2 channel; the occurrence rate
distributions are very similar to those of L1.
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Figure 4. (a-p) Occurrence rates of the phase scintillation index (o) in the GPS L2 channel over the Jang Bogo Station
(IBS) during 2 years (2017-2018) under geomagnetically quiet conditions.
Figures 5 and 6 are the same as Figures 3 and 4 but for geomagnetically disturbed conditions. The compar-
ison of Figures 3—-6 shows that the occurrence rates are not only higher in the GPS L2 channel than in the L1
channel, but they are also higher under disturbed geomagnetic conditions than under quiet conditions. As
an extreme example, in the GPS L2 channel under disturbed geomagnetic conditions in the MLT noon sector
in December (Figure 6), the phase scintillation occurrence rates exceed 10%, even in the vicinity of the zenith
where the GNSS signal passes through the ionosphere via the shortest path. Furthermore, from Figures 3-6,
the scintillation occurrence rate variations depending on the MLT, season, and azimuth angle are increas-
ingly recognizable. Although the occurrence rates are dramatically enhanced in the GPS L2 channel under
disturbed geomagnetic conditions (Figure 6), the occurrence rates almost remain constant at low magni-
tudes in the MLT dusk, midnight sectors, and during the June solstices (Figures 6g and 6h). The occurrence
rates southwest of JBS also remain low in all seasons and MLT sectors (Figure 6).
3.3. Effects of the Elevation Cutoff
Generally, a cutoff elevation angle of 15-20° is used in ionospheric research. In this study, all occurrence
rates of amplitude scintillation below 20°, and several bins at the elevation angles of 20-30° show very high
magnitudes. This implies that slant GPS signals with low-elevation angles can be contaminated by multipath
effects such that it is not appropriate to consider them as ionospheric irregularity effects. It is a matter of
course that the GPS signals might be affected by the ionospheric irregularities. However, it is difficult to dis-
tinguish two effects at low-elevation angle. Hence, we only considered the region with an elevation angle
above 30° to determine correlations with ionospheric irregularities. Figure 7 presents the averaged phase
scintillation occurrence rates at elevation angles above 30° as a function of the azimuth angle. Different col-
ors indicate different seasons. From top to bottom, each row represents the MLT dawn, noon, dusk, and
HONG ET AL. 7 of 17
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Figure 5. (a-p) Occurrence rates of the phase scintillation index (o) in the GPS L1 channel over the Jang Bogo Station
(IBS) during 2 years (2017-2018) under geomagnetically disturbed conditions.
midnight sectors, respectively. Red arrows represent the direction of the south geomagnetic pole with
respect to JBS. The vacancies around the azimuth angle of 180° are due to the observation limit imposed
by the GPS satellite inclination. The figure shows that the phase scintillation occurrence rates are higher
in the MLT dawn and noon sectors, but almost 0 in the MLT dusk and midnight sectors. During
May-July (green lines), the occurrence rates are extremely low in all MLT sectors. The occurrence rates
increase into the northern and eastern directions from the JBS. In contrast, the occurrence rates decrease
toward the south geomagnetic pole (~223°). The occurrence rates are ~1% in the northern and eastern
directions, except for the June solstice (Figures 7a and 7b). The strongest occurrence rates during the
December solstice reach up to ~4% in the MLT dawn sector (Figure 7a).
Figure 8 is the same as Figure 7 but for the GPS L2 channel. The occurrence rates of the L2 channel under
geomagnetically quiet conditions slightly increase by ~1% in the northeastern direction (0-45°) in the MLT
dawn and noon sectors compared with the L1 channel. The maximum occurrence rates exceed 5% during the
December solstice in the MLT dawn and noon sectors, except for outliers (Figures 8a and 8b). However, the
occurrence rates in the MLT dusk and midnight sectors are very low (Figures 8c and 8d). Figures 9 and 10 are
the same as Figures 7 and 8, respectively, but for geomagnetically disturbed conditions. Phase scintillation
more frequently occurs under geomagnetic disturbances. Although the maximum value of ~4% is similar
to the value under quiet geomagnetic conditions, the occurrence rates of the L1 channel in the MLT dawn
and noon sectors increase by ~1-3% at all elevation angles, except for the geomagnetic pole direction
(Figures 9a and 9b). The L2 channel shows very high occurrence rates under geomagnetic disturbances com-
pared with other cases. Although we set vertical axis range to 0-5% to easily compare different cases, the
maximum occurrence rate reaches 12.6% in the MLT noon sector during the December solstice
(Figure 10b). The occurrence rates during the equinoxes also increase and sometimes exceed 5%. Despite
HONG ET AL. 8 of 17
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Figure 6. (a-p) Occurrence rates of the phase scintillation index (o) in the GPS L2 channel over the Jang Bogo Station
(IBS) during 2 years (2017-2018) under geomagnetically disturbed conditions.

the increase in the scintillation occurrence rate, the MLT dusk and midnight sectors still show negligible
phase scintillations, similar to geomagnetically quiet conditions (Figures 10c and 10d).

3.4. Statistical Characteristics of Ionospheric Phenomena Related to Scintillation

As mentioned in section 1, ionospheric scintillation is caused by ionospheric irregularities. Therefore, the
statistical characteristics of the ionospheric scintillation should be strongly related to various ionospheric
phenomena. In this part, we determined the sources of the ionospheric scintillation characteristics based
on the statistical analysis of various irregularities. The Swarm mission by the European Space Agency
(ESA) was launched in 2013 (Friis-Christensen et al., 2008). One pair of satellites (A and C) has an altitude
of ~456 km and another satellite (B) has a higher altitude of ~530 km. These satellites conduct in situ mea-
surements of the magnetic field as well as the electron density along their trajectories. Ionospheric electron
densities measured at the altitudes of Swarm satellites with 0.5-s time resolution are used to detect the polar
cap patches. Magnetic field measurements with 50-Hz time resolution in the instrument (Vector Field
Magnetometer) frame after rotation into the spacecraft coordinate system by a matrix are used to estimate
small-scale FACs. The Defense Meteorological Satellite Program (DMSP) mission by the National Oceanic
and Atmospheric Administration (NOAA) has been operated to monitor not only meteorological and ocea-
nographic phenomena but also solar-terrestrial physics since the 1960s (Nichols, 1976). Energetic particle
precipitation measurements by the Precipitation Electron/Proton Spectrometer SSJ/5 on board the DMSP
are used to estimate the polar cusp location and time.

3.4.1. Polar Cap Patch Effect

As mentioned in section 1, the polar cap patch is one of the major sources of ionospheric irregularities at
high latitudes. Hence, we statistically analyzed the polar cap patch occurrences over JBS during the study
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Figure 7. (a-d) Averaged occurrence rates of the phase scintillation index
(0g) at elevation angles above 30° versus the azimuth angle in the GPS L1
channel over the Jang Bogo Station (JBS) during 2 years (2017-2018)
under geomagnetically quiet conditions. The red arrows indicate the
direction of the south geomagnetic pole with respect to JBS. The four
different colors represent the different seasons. From top to bottom, each
row shows the dawn, noon, dusk, and midnight sectors based on magnetic
local time.
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Figure 8. (a-d) Averaged occurrence rates of the phase scintillation index
(0g) at elevation angles above 30° versus the azimuth angle in the GPS L2
channel over the Jang Bogo Station (JBS) during 2 years (2017-2018)
under geomagnetically quiet conditions.

period. Noja et al. (2013) counted polar cap patches using up-looking total
electron contents (TECs) data produced by the Challenging Minisatellite
Payload (CHAMP) satellite. They reported a higher number of polar cap
patches during the December solstice and equinoxes in both hemispheres.
On the other hand, Spicher et al. (2017) used in situ plasma density mea-
sured by Swarm satellites and reported frequent polar cap patches in the
winter hemisphere. Chartier et al. (2018) proved that the inconsistency
between the two studies regarding the polar cap patch occurrence origi-
nates from the different methodologies; both techniques have defects,
the erroneous detection of polar cap patches. They suggested a better algo-
rithm to more precisely detect the polar cap patches. By applying the algo-
rithm suggested by Chartier et al. (2018) to in situ electron density data
measured by the Swarm Satellites A, B, and C, we counted the polar cap
patches over JBS. The three major contents detecting the polar cap
patches introduced by Chartier et al. (2018) are follows: (1) in situ mea-
surements of ionospheric electron density applying smoothing filter must
show a 40% increase within 140 km and a 40% decrease within following
140 km, (2) the highest density within the patch must be greater than dou-
ble the background density, and (3) the patch peak is defined to be greater
than 1,500-km mean by 1,000 times the 81-day-averaged F; solar flux
index. The total number of polar cap patches in the Southern
Hemisphere in the period of 2017-2018 is 10,345. The number of polar
cap patches over JBS, which was determined by filtering the polar cap
patches within 800 km from the zenith of JBS at Swarm satellites altitudes
(A and C ~456 km; B ~530 km), is 807. Figures 11a and 11b show the num-
ber distributions of polar cap patches over JBS as a function of the MLT
and day of the year (DOY), respectively. The four different colors in
Figure 11b indicate the four seasons. Figure 11a shows that the polar
cap patches occur most frequently in the MLT noon sector and least fre-
quently in the MLT dawn and dusk sectors. This implies that the polar
cap patches mainly form on the dayside and then move, following the con-
vection pattern of plasma at high latitudes. The MLT variations of the
polar cap patches match our results for the phase scintillation MLT varia-
tion over JBS (Figures 7-10). Figure 11b shows the clear seasonal varia-
tions of the polar cap patches over JBS. Polar cap patches barely occur
during the June solstices (green), whereas they are maximal during the
December solstices (black), which is very similar to the seasonal variation
of the phase scintillation over JBS (Figures 7-10). Noja et al. (2013) sug-
gested that the mechanism that enhances the TECs during the
December solstice due to the global ionospheric seasonal asymmetry
may increase the potential to transport the higher plasma densities to
the polar cap region, which would lead to the more frequent formation
of polar cap patches during the December solstice. Hence, we infer that
the higher occurrence of polar cap patches during the December solstice
may induce the higher occurrence of the phase scintillation during the
December solstice.

3.4.2. Polar Cusp Effect

To compare the seasonal and local time variations of the phase scintilla-
tion with that of the polar cusp, we determined the polar cusp locations
by analyzing data from the Precipitation Electron/Proton Spectrometer
(SSJ/5) on board the DMSP satellites. Newell and Meng (1988) suggested
criteria for estimating the polar cusp location from SSJ/5 data (i.e., energy
flux of electrons, energy flux of ions, mean energy of electron, and mean
energy of ion). By using the same method, we estimated the polar cusp

HONG ET AL.

10 of 17



) . Yed N |
M\
ADVANCING EARTH
AND SPACE SCIENCE

Space Weather

10.1029/2020SW002536

L T T T
(a) MLTI DAWN (03-09) 7

@

T T T T
(b) MLT NOON (09-15) |

1

M

&

T T T T T
(c) MLT DUSK (15-21)

%

T
[ Feb-Apr
[ May-jul
[ Aug-Oct
I Nov-Jan

Occurrence Rate of Phase Scintillation [%]
O H N W H» VIO H N W H IO P N W H UIO B N W B UL

T T T ] T T T T
(d) MLT MIDNIGHT (21-03) |

:

M
0 90

180

N
~
o

Azimuth Angle [°]

Figure 9. (a-d) Averaged occurrence rates of the phase scintillation index

(a¢) at elevation angles above 30° versus the azimuth angle in the GPS L1
channel over the Jang Bogo Station (JBS) during 2 years (2017-2018)
under geomagnetically disturbed conditions.

location and MLT using DMSP {16, {17, and f18 satellites during the study
period (2017-2018). The total number of the estimated points for the polar
cusp is 48,906. Table 2 presents the average polar cusp locations and MLTs
for four seasons. The polar cusp mainly forms in the MLT prenoon sector
(10-11 MLT) in all seasons. The polar cusp is located at geomagnetic lati-
tudes of 73-74°S. In Figure 1, the circle of the elevation angle of 30° from
JBS is tangent to the circle of the geomagnetic latitude of 75°S at opposite
direction toward southern geomagnetic pole. Therefore, the polar cusp is
generally located at northeast of JBS. The location of the polar cusp
slightly changes depending on the season; it is at the highest geomagnetic
latitude during the December solstice. Thus, the polar cusp analysis has
two similarities to the phase scintillation analysis, that is, higher occur-
rence rates of the phase scintillation in the (1) MLT noon sector during
the (2) December solstice. The higher occurrence rates of the phase scin-
tillation in the MLT noon sector (09-15 MLT) match the MLT of the gen-
erated polar cusp. This indicates that the polar cusp near the MLT noon
contributes to ionospheric phase scintillation events through the addi-
tional ionization processes based on cusp precipitation. Although the sea-
sonal variation of the polar cusp location is very small, it is reasonable to
presume that the proximity of the polar cusp to JBS during the December
solstice may play a part in the frequent occurrence of phase scintillation in
this period compared with other seasons.

3.4.3. Poleward Auroral Oval Effect

Although the JBS is located in the polar cap region, we need to consider
the relationship between the phase scintillation and the auroral oval loca-

tion to determine the azimuth angle dependency and MLT dawn-dusk asymmetry. Xiong et al. (2014) statis-
tically investigated the auroral oval location using CHAMP magnetic field data during a solar cycle. They
estimated the equatorward and poleward boundaries of the auroral oval for various geomagnetic activities
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Figure 10. (a-d) Averaged occurrence rates of the phase scintillation index
(0g) at elevation angles above 30° versus the azimuth angle in the GPS L2
channel over the Jang Bogo Station (JBS) during 2 years (2017-2018)
under geomagnetically disturbed conditions.

and then derived the ellipse parameters of the auroral oval boundaries.
We reproduced the auroral oval in the Southern Hemisphere using the
ellipse parameters of Xiong et al. (2014). Figure 12 presents the auroral
oval reproduced for the Southern Hemisphere under three different geo-
magnetic conditions. Gray shades indicate the modeled auroral ovals.
The blue dotted lines represent the geomagnetic altitude of 75°S, which
is close to the limit for meaningful measurements for ionospheric study
using GNSS, as previously mentioned in Figure 1. The areas marked with
a light shade denote the meaningful observation limits overlapping with
the auroral oval. The marked area is wider in the MLT dawn sector than
in the MLT dusk sector, implying that the dawn sector is more affected
by auroral activities and thus more prone to phase scintillation.
Furthermore, Drury et al. (2003) noted that poleward-moving auroral
forms (PMAFs) in the Southern Hemisphere have morning bias.
Oksavik et al. (2015) also reported that PMAFs caused strong plasma irre-
gularities with scales ranging from a few hundred meters to a few kilo-
meters and severe phase scintillation events. Furthermore, Van der
Meeren et al. (2015) reported severe phase scintillation at the poleward
edge of the auroral oval during an intense substorm aurora. This means
that more active auroral activities, including PMAFs in the MLT dawn
sector, may be the sources of the higher phase scintillation occurrences
in the MLT dawn sector detected by ground-based observations.
Furthermore, the auroral oval is located in the sector northeast of JBS
(away from the pole), which may cause higher scintillation occurrence
rates northeast of JBS compared with the part southwest of JBS (close to
the pole).
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3.4.4. Effects of FACs

Although we find more poleward expanded auroral oval in the MLT dawn
sector may be related to the higher occurrence rates of phase scintillation,
it is not sufficient to create the dramatic asymmetry of the phase
scintillation occurrence rates between the MLT dawn and dusk sectors.
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Hence, we further investigated the FACs. Park et al. (2012) showed that
medium-scale FACs (based on 1-Hz magnetic field data) are colocated
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Figure 11. Number of polar cap patches over Jang Bogo Station (JBS)
estimated from Swarm satellites versus the (a) magnetic local time and
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with ionospheric irregularities, which may lead to stronger ionospheric
scintillations in the prenoon sector than in the postnoon sector.
Large-scale FAC structures are unlikely to induce ionospheric scintilla-
tion, whereas small- or medium-scale FAC structures can generate irregu-
larities that cause scintillation. Each Swarm satellite measures the
magnetic field at high-resolution (50 Hz). Ritter et al. (2013) introduced
the calculation of FACs from in situ measurements of the magnetic field.
The ESA provides Level-2 processed FACs data with low resolution (1 Hz)
from Swarm observations (Ritter et al., 2013). However, we focused on

(b) day of year, respectively. The four different colors indicate the different  small-scale structure below 1 Hz in this study; therefore, we used

seasons.

Table 2

Swarm Level-1 high-resolution magnetic field data with a 50-Hz time

resolution. Because of the huge amount of high-resolution data, we only
chose 20 days close to the equinoxes and solstices for the Swarm Satellites A, B, and C. Only components
of magnetic field data between 1 and 25 Hz (corresponding to a spatial resolution of ~7.5 and ~0.3 km,
respectively) were filtered. The FACs were then derived by using a method similar to that reported in
Ritter et al. (2013). Subsequently, only the FAC data points within 800 km from the zenith of JBS were
selected as the FACs over JBS, similar to the methodology used to detect the polar cap patches.

Figure 13 displays the mean absolute deviations (MADs) of the small-scale FAC amplitudes as a function of
the MLT for four seasons. The amplitudes of small-scale FACs show seasonal dependencies, with minima
during the June solstice (green). The MLT variations intensify in the MLT dawn (03-09) sector compared
with the MLT dusk (15-21) sector. The averaged amplitudes of the MADs in the MLT dawn and dusk sectors
are presented in Table 3. The average amplitudes in the MLT dawn sector are almost 2 to 3 times those of the
MLT dusk sector. Notable asymmetries of the small-scale FAC structures may lead to more frequent phase
scintillation in the MLT dawn sector as well as during the December solstice. However, the exact causes for
the FAC asymmetries in the MLT dawn and dusk sectors remain unclear and will be addressed in future
studies.

4. Discussion

In this study, we investigated statistical morphologies of the amplitude and phase scintillations at high lati-
tudes. The 0.1 Hz of cutoff frequency is used to automatically calculate the scintillation indices. Although it
has been proposed that variable cutoff frequencies should be applied to removing refractive effects in case of
deriving the scintillation indices at high latitudes (McCaffrey & Jayachandran, 2019; Mushini et al., 2012), it
is very hard to be used in our statistical study. As described in the intro-
duction section, choosing an appropriate cutoff frequency for all cases is
difficult without information regarding the plasma velocity or size of the

Average Locations and Magnetic Local Times (MLTs) of the Polar Cusp
Estimated From Data Obtained With the Precipitation Electron/Proton
Spectrometer (SSJ/5) On Board the Defense Meteorological Satellite
Program (DMSP) Satellites in the Southern Hemisphere During 2017-2018

March June September  December
equinox solstice equinox solstice
Location 73.98°S 73.49°S 73.36°S 74.14°S
(geomagnetic
latitudes)

Time (magnetic  10.96 MLT 11.64 MLT 11.02 MLT 10.37 MLT
local time,
MLT)

irregularity. Recently, De Franceschi et al. (2019) used four different cut-
off frequencies (0.1, 0.25, 0.4, and 1.0 Hz) to statistically investigate the
phase scintillation in the Northern Hemisphere. The phase scintillation
characteristics obtained by using different cutoff frequencies have a nota-
ble mismatch. The statistical analysis of the phase scintillation index, oy,
using 0.25- and 0.4-Hz cutoff frequencies was similar to the amplitude
scintillation index, S4. The results obtained for the 0.1 Hz case were very
similar to those of our study. Therefore, it should be noted that the results
in our study might change if different cutoff frequencies were adopted. De
Franceschi et al. (2019) used a cutoff frequency of 0.1 Hz to determine the
statistical characteristics of large-scale ionospheric irregularities. Note
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Figure 12. (a-c) Auroral oval (gray shades) reproduced for the Southern Hemisphere using ellipse parameters
reported by Xiong et al. (2014). The blue dotted lines indicate the geomagnetic latitude of 75°S, which corresponds to
observation limit over Jang Bogo Station (JBS). The areas with oblique lines represent regions in which the auroral oval
overlaps with the observation limit. Each panel represents different geomagnetic conditions.

that Spicher et al. (2020; section 2) also adopted the conventional cutoff frequency of 0.1 Hz and justified
their choice in detail. Therefore, the scintillation indices using 0.1 Hz of cutoff frequency are still valuable
to explore the characteristics of the ionospheric scintillation at high latitudes. Although the phase
scintillation occurrences in our study may partially originate from refractive effects (or both diffractive
and refractive effects), the statistical approach to determine the characteristics of GNSS signal scintillation
indices at high latitudes (especially Antarctica) provides insights into ionospheric irregularities.

The statistical characteristics of amplitude scintillation are simple; the high occurrence rates at elevation
angles below 30° can be continuously observed throughout the entire season and time. As the elevation
angle decreases, the ionospheric path of the GNSS signals from the satellites to the receivers increases,
and thus, the distance passing through the irregular medium also increases. Briggs and Parkin (1962)
reported the exponential increase of the relative scintillation depth for radio signals of stars and satellites
at lower elevation angles. The amplitude scintillation index is expressed as a function of the cosecant of
the elevation angle and the geometry propagation factor, which is given by the function of the elevation
angle, as shown in Equations 31 and 34 in Rino (1979). Therefore, it has a complex relationship with the ele-
vation angle. Although the irregular medium is not enough to cause the amplitude scintillation over 0.2 at
higher-elevation angle, the amplitude scintillation index can be amplified at lower elevation angle.
Priyadarshi and Wernik (2013) analyzed GPS scintillations based on the elevation angle. They compared
them with the simulation results, confirming their strong dependence on the elevation angle; that is, the
amplitude scintillation index exponentially intensifies with decreasing elevation angle. In addition, the mul-
tipath of the GNSS signals could also enhance the scintillation at low-elevation angles. The multipath effect,
that is, the mixture of the GNSS signals from the ground or nearby objects with direct GNSS signals, causes

errors in the measurements of the pseudorange or carrier phase (Kaplan &

Hegarty, 2006). Hence, the observed high occurrence rates of amplitude

» v

w

MADs of Amplitude of ,
smalll scale FAC [uA/m?]

=

Feb-Apr scintillation at low-elevation angles, as shown in Figure 2, might originate
2\4:3_:% E from ionospheric irregularities or contamination from ambient noise such
as the multipath effects. However, it is very difficult to determine the
source of the high scintillation index at an elevation angle below 30°.
On the other hand, no distinct amplitude scintillation at elevation angles
above 30° in Figure 2 matches the results of previous studies (Jiao
et al., 2013), which indicated infrequent amplitude scintillation at high
latitudes.
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Figure 13. Amplitudes of small-scale field-aligned currents (FACs) over
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MLT [hr]
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4 In contrast to amplitude scintillation, the occurrence rates of the phase
scintillation index show various characteristics. As we mentioned in the
previous paragraph, the phase scintillation using a fixed cutoff frequency

Jang Bogo Station (JBS) derived from Swarm satellites with a 1-Hz cutoff ~ May be contaminated by refractive effects, but it still strongly correlates

frequency.

with the large-scale density irregularities. Statistical comparisons with
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Table 3

Averaged Mean Absolute Deviations (MADs) of Small-Scale FAC
Amplitudes (Below a Spatial Resolution of 7.5 km) Over JBS in the MLT
Dawn (03-09) and in Dusk (15-21) Sectors Derived From High-

ionospheric phenomena show notable similarities of seasonal and local
time variations. The polar cap patch causing a steep plasma density gradi-
ent commonly occurs during the December solstice and in the MLT noon

Resolution Swarm Satellites Measurements sector. It matches the maximum occurrence rates of the phase scintilla-

MLT dawn MLT dusk tion during this season and time. In addition, the polar cusp region in

March Equinox (February—April)
June Solstice (May-July)
September Equinox (August-October)

December Solstice (November—January) 2.71 V,A/m2

3 5 which energetic particles mainly precipitate into the ionosphere and par-
1.33 pA/ iy 0.77 pA/ s tially ionize the neutrals causes the MLT noon dominance of the phase
UL o UZ5 ke scintillation. Although a seasonal change of the polar cusp location is

137 yA/m>  0.50 pA/m> . i .
082 uA/m> Dot noticeable, the polar cusp is mostly close to the JBS during the

December solstice, maximizing the phase scintillation occurrence rates.
Auroral activity is considered to be another source of phase scintillation
despite the location of JBS. The poleward edge of the auroral oval expands toward high latitudes in the
MLT dawn sector, more than in the MLT dusk sector. Based on the reproduction of a previous study
(Xiong et al., 2014), we confirm that the overlap of the GNSS observation area with the auroral oval is large
in the MLT dawn sector. Although the polar cap patch, polar cusp, and auroral activity are well-known
sources of ionospheric irregularity, we suggest a potential relationship between small-scale FACs and the
ionospheric irregularity in this study. Energetic electrons (ions) can penetrate the ionosphere along upward
(downward) FACs. Therefore, the horizontal changes of the FAC direction at high latitudes may lead to
periodic precipitation of energetic electrons or ions and the partially enhanced plasma density structure
based on energetic particles is distributed according to the change of the FAC direction. If the changes of
the FACs are considerably small (a few kilometers in size), phase scintillation might occur. Although the
asymmetry of small-scale FACs between the MLT dawn and dusk sectors has not been discussed in detail,
it has been reported in previous studies (McGranaghan et al., 2017; Rother et al., 2007). A study of
kilometer-scale FACs using high-resolution CHAMP measurements (50 Hz) revealed that the occurrence
rates of strong kilometer-scale FACs in the MLT dawn sector are higher than those in the MLT dusk sector
(see Figure 8 in Rother et al., 2007). Multiscale FACs were also compared using Swarm Level-2 FAC data;
the results indicated higher amplitudes of small-scale FACs in the MLT dawn sector and symmetric
large-scale FACs between the MLT dawn and dusk sectors (see Figure 15 in McGranaghan et al., 2017).
Although the mechanism causing the asymmetry of small-scale FACs remains unclear, it might be the
source of the phase scintillation asymmetry between the MLT dawn and dusk sectors. Phase scintillations
more frequently occur in the L2 channel with lower signal frequency. It is known that the phase scintilla-
tion index anticorrelates with signal frequency such that o4 of the L2 channel theoretically is 1.28 times
greater than that of the L1 channel (Kaplan & Hegarty, 2006). Although we statistically compared the
results obtained for the L1 and L2 channels, higher occurrence rates of the L2 channel manifest the signal
frequency dependencies.

5. Conclusions and Summary

We statistically analyzed the ionospheric scintillation indices of L-band GNSS signals recorded at a
high-latitude single station in the Southern Hemisphere during a 2-year period (2017-2018). The occur-
rence rates of the ionospheric scintillation indices were computed and categorized according to the signal
frequency type, geomagnetic conditions (Kp index), MLT, and season. Amplitude scintillations mostly
occur at elevation angles below 30°. These might originate from ionospheric electron density irregularities
or multipath contamination. However, it is hard to determine the actual source. We only considered eleva-
tion angles above 30°, which are considered to be ionospheric effects. Fluctuations of the electromagnetic
waves intensity and phase penetrating the ionosphere can be expressed as a function of the inverse propor-
tion of the signal frequency. Hence, higher occurrence rates are expected in the lower frequency channel
(L2 channel in this case). However, there are no distinct amplitude scintillation occurrences at L2 as well.
This means that the ionospheric irregularities smaller than the Fresnel radius are rarely created at high lati-
tudes. In contrast, phase scintillations have various characteristics. The occurrence rates of phase scintilla-
tions show signal frequency dependency as expected that higher occurrence rates of the phase scintillation
exist at the lower frequency channel (L2). The results show that ionospheric phase scintillations increase
with geomagnetic disturbances, as generally expected. The occurrence rates of phase scintillations strongly
correlate with the polar cusp, small-scale FACs, and the poleward edge of the auroral oval. Based on the
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analysis of Swarm and DMSP data, the variations of ionospheric events over the JBS are similar to those of
the observed occurrence rates of phase scintillations in terms of both the MLT and season, strongly suggest-
ing that the polar cusp, FACs, and auroral activities significantly contribute to ionospheric scintillations.
Because these phenomena depend on both the geomagnetic latitude and local time, ionospheric scintilla-
tions at high latitudes also strongly depend on the geomagnetic latitudes, in addition to the orientation rela-
tive to the geomagnetic pole. The phase scintillation characteristics over the JBS can be summarized as
follows:

1. The phase scintillation occurrence rates are higher at lower frequency signals (L2 channel in this study),
corresponding to the signal frequency dependency of the scintillation index.

2. The phase scintillation occurrence rates increase under geomagnetic disturbance, representing favorable
conditions for the creation of ionospheric irregularities.

3. The occurrence rates of the phase scintillation are maximal (minimal) during the December solstices
(June solstices), which is related to the seasonal dependencies of the polar cap patch, polar cusp, and
FACs.

4. The MLT noon and dawn sectors exhibit higher occurrence rates. The asymmetries of small-scale FACs
and the poleward edge of the auroral boundary cause the MLT dawn-dusk asymmetry of the phase
scintillation.

5. Because of the location of the JBS, the number of phase scintillation occurrences is higher northeast of
the JBS (absence southwest of the JBS).

Because this study is based on measurements of a single station, it is very similar to the environments of
GNSS service users. Therefore, the results of this study provide guidelines for GNSS users regarding the
degradation of the GNSS performance at high latitudes.

Data Availability Statement

The data set recorded at the JBS can be accessed online (at https://kpdc.kopri.re.kr/). Swarm satellite data
are available on the website of the European Space Agency (ESA; http://swarm-diss.eo.esa.int/). The
DMSP satellites data are available on the website of the National Centers for Environmental Information
(NCEI) of the National Oceanic and Atmospheric Administration (NOAA; https://satdat.ngdc.noaa.gov/
dmsp/data/).
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