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Abstract During the St. Patrick's Day storm on 17 March 2015, an all‐sky imager at King Sejong Station
(KSS; geo: 62.2°S, 58.8°W; mag: 50.2°S) captured diffuse aurora and a stable auroral red (SAR) arc.
Ground‐based Global Positioning System observations were also simultaneously conducted at KSS, but there
was no significant increase in the total electron content's rate‐of‐change index or the ionospheric
scintillation indices around the SAR arc region. Auroral activities including a SAR arc were also detected by
the all‐sky imager at Millstone Hill Station (geo: 42.6°N, 71.4°W; mag: 52.5°N), which is magnetically
conjugate to KSS. The total electron content's rate‐of‐change index map around Millstone Hill Station, too,
indicates that the ionospheric irregularities occurred only near the diffuse aurora and not in the SAR arc.
The northern SAR arc is broader than the southern one and also shows a multiplicity pattern, which may be
due to latitude structure within the seasonally dependent midlatitude ionospheric trough. These conjugate
observations, despite their hemispheric differences, validate the classical SAR arc mechanism of emission
driven by heat conduction from the inner magnetosphere that does not generate small‐scale ionospheric
irregularities that can affect Global Positioning System radio signals. Previous studies of SAR arcs and very
high frequency radiowave scintillations did show a positive correlation.

1. Introduction

Stable auroral red (SAR) arcs have been studied for decades (Alexeyev et al., 2009; Baumgardner et al., 2007;
Craven et al., 1982; Hoch, 1973; Kozyra et al., 1997; Rees & Roble, 1975) as a rarely observed optical phenom-
enon, which is seen in the subauroral ionosphere. They have purely red emission, are almost stationary, and
can last for an entire night. The general mechanism for a SAR arc is well established (Rees & Roble, 1975,
and references therein). When a geomagnetic storm occurs, the ring current strengthens and interacts with
the plasmapause. Energetic protons of the ring current induce ion cyclotron wave turbulence, which dissi-
pates approximately half the energy by Landau resonant interaction with the plasmaspheric electrons
(Conrwall et al., 1971). Through thermal conduction along geomagnetic field lines connecting the iono-
sphere with the plasmasphere, the ionospheric electrons at F layer heights (~400 km) are heated to more
than 3,000–4,000 K and collide with thermospheric oxygen atoms. The O(1D) atoms, which are excited by
high‐temperature electrons, radiate at the 630.0 ‐nm wavelength. Because the number of electrons with
kinetic energy greater than or equal to 4.12 eV is extremely small, emission of 557.7 nm from O(1S) is neg-
ligible. Thus, SAR arcs are spectrally pure redline emission. Damping of plasma waves such as ion cyclotron
waves or kinetic Alfven waves is also suggested for additional energy source as a SAR arc's long‐lived emis-
sion (Kozyra et al., 1997). These processes mainly occur in the subauroral range of 2 < L < 4, where the L
value, introduced by McIlwain (1961), represents the set of geomagnetic field lines that cross the geomag-
netic equator plane at L earth radii from the center of the Earth. However, the location of a SAR arc depends
greatly on the magnitude of geomagnetic disturbance as characterized by the disturbance storm time (Dst)
index (Kozyra et al., 1997). Kozyra et al. (1982) suggested that a SAR arc mainly occurs near the equatorward
edge of the ionospheric trough where the electron density suddenly decreases. This reduced electron density
region allows electron temperature to increase for a given heat flux from the magnetosphere.
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SAR arc occurrence rates are also related to solar activity. Slater and Smith (1981) showed that SAR arc
occurrence rates correlate well with sunspot number. Recently, Mendillo, Baumgardner, and Wroten
(2016) established several categories of various SAR arc phenomena. They showed not only very long lasting
SAR arcs but also multiple patterns, zonal/horizontal inhomogeneity, and geomagnetic tilts of SAR arc.
Mendillo, Finan, et al. (2016) also described a rare kind of SAR arc that includes patches of green line emis-
sion induced by low energetic particle precipitation. Ongoing research deals with additional energy source
mechanisms for SAR arcs, the influence of ring current evolution upon SAR arcs, and the roles of neutral
composition and density.

Since a SAR arc is one of many ionospheric phenomena associated with severe ionospheric gradients, it is a
possible site for ionospheric irregularities (see Kelly, 2009) that influence radio signals of the Global
Positioning System (GPS) used for high precision geolocation. This practical reason is also a motivation to
study SAR arc effects on the ionosphere.

One of the strongest geomagnetic storms in solar cycle 24 occurred inMarch 2015, known as St. Patrick's Day
storm. Several studies (Cherniak & Zakharenkova, 2016; Liu et al., 2016; Ramsingh et al., 2015) investigated
its effects on the Earth's ionospheric system from low‐ to high‐latitude regions. Even though this geomag-
netic storm was severe enough to affect midlatitude regions, there was no study to date about SAR arcs
induced by this major storm. Here we report that SARs were simultaneously captured by a ground‐based
all‐sky imager (ASI) at King Sejong Station (KSS) in Antarctica, as well as at its conjugate point in the north-
ern hemisphere (Millstone Hill Station, MHS). GPS receivers in Antarctica and space‐based data from the
DMSP (Nichols, 1976) and Swarm satellites (Friis‐Christensen et al., 2008) are used to describe the iono-
spheric patterns associated with this SAR arc.

2. Observations

The Korea Polar Research Institute has operated a KSS since 1989 in King George Island, Antarctica (geo;
62.2°S, 58.8°W/mag; 50.2°S). Being at a geomagnetically midlatitude location, KSS normally experiences
no auroral activity under geomagnetically quiet conditions and very rarely phase scintillations of GPS sig-
nals. The ASI at KSS has been operated since 2008 to mainly investigate gravity waves in the mesosphere
and lower thermosphere over the Antarctic peninsula. The ASI uses filters to obtain images at four airglow
emission lines: O2, OH, O (557.7 nm), and O (630.0 nm). During the 17March 2015 storm, diffuse aurora and
a SAR arc were imaged using the 630.0‐nm emission line. The imaging was carried out with an exposure
time of 150 s, and the observation cycle was about 5 min in order to include other emission lines and dark
images. The observation schedule for the ASI depends on the location of the Sun and the Moon (to avoid dis-
ruption by lights from them). For this SAR arc, ASI observations started at 01:06 UT, 18March. Observations
ended at 03:07 UT due to an unexpected malfunction of the ASI. In general, the ambient 630.0‐nm airglow
emission is strongest at an altitude near 250 km, but SAR arcs occur at 400 km (Roach & Roach, 1963).
Therefore, we projected the ASI images onto a geographical map at an altitude of 400 km in order to inves-
tigate the spatial characteristics of this SAR arc over KSS.

To assess ionospheric variations, we used observations of total electron content (TEC) made by a small net-
work of GPSmonitoring stations. Specifically, we used five stations south of the KSS site (see Movie S1 in the
supporting information). Slant total electron content (STEC) values with elevation angle greater than 20°
were used to calculate the rate of TEC (ROT) and rate of TEC index (ROTI) to monitor ionospheric irregula-
rities, as described by Pi et al. (1997):

ROT ¼ STECi
k− STECi

k− 1

tk− tk− 1
(1)

ROTI ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
< ROT2>− < ROT>2

p
(2)

where i and k are indices for the GPS satellite and time step, respectively. STEC, ROT, and ROTI values were
computed every 30 s. ROTI values were derived as the standard deviation of ROT within a 5‐min running
window. As is the standard practice for GPS TEC data, we projected TEC patterns onto a plane at 350 km
in altitude.
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The northern hemispheric counterpart of the SAR arc was investigated by using ASI images at MHS, located
close to the magnetic conjugate point (geo; 42.6°N, 71.4°W/mag; 52.5°N) of KSS. In addition, spaceborne
data sets from the Swarm and Defense Meteorological Satellite Program (DMSP) satellites were utilized to
inspect electron temperatures and energetic particle precipitation in the topside ionosphere.

3. Results
3.1. Geomagnetic Activity

Figure 1 presents solar wind and geomagnetic activity indices for 16–18 March 2015. In Figure 1a, the Bx and
By components of the interplanetarymagnetic field showed typical variations of a few nanotesla, while the Bz
component was northward on 16 March. The Bz component abruptly increased and turned southward
around 06 UT on 17 March and returned to northward around 10 UT. The interplanetary magnetic field
Bz turned again to southward at ~12 UT and stayed southward until 03 UT (local midnight at KSS) on 18
March. In Figure 1b, SYM‐H and Kp indices showed generally quiet conditions until 06 UT on 17 March
when a sudden increase of the SYM‐H index, corresponding to the storm sudden commencement, occurred.
Shortly after the storm sudden commencement, the SYM‐H index turned to negative, indicating the first
main phase of the geomagnetic storm. The second main phase started at ~12 UT on 17 March, and the
SYM‐H index reached a minimum of −234 nT at 22:47 on 17 March. The Kp index started to increase at
~03 UT on 17 March and maintained high values of ~8 during the second main phase. In Figure 1c, the aur-
oral electrojet (AE) index also showed very low values except at ~06 UT on 16 March, and then increased to
~1,000 nT during the first main phase, and exceeded 2,000 nT during the second main phase. After the sec-
ond main phase, the recovery phase started and lasted for a few days. During the recovery phase, the AE
index still showed active conditions of a few hundred nanotesla and Kp values were >4.

3.2. SAR Arc Morphologies

The red shading in Figure 1 represents the period when the SAR arc was observed at KSS, that is, during the
storm's recovery phase. Takagi et al. (2018) and prior studies have shown that a SAR arc typically starts to
form during the recovery phase of a geomagnetic storm. Yet, as pointed out in Mendillo, Baumgardner,
and Wroten (2016), improved detector capabilities reveal that SAR arcs can be observed closer to the

Figure 1. Geomagnetic activity indices fromOMNIWeb service during the St. Patrick's Day storm. (a) Three different col-
ors indicate the three components of the interplanetary magnetic field (IMF), respectively. (b) Kp and SYM‐H indices are
represented in black and red lines, respectively. (c) The black line denotes the auroral electrojet (AE) index. The red
shading indicates the period of the stable auroral red arc observed at King Sejong Station.
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diffuse aurora, and thus much earlier in a storm—specifically during main phase onset. While the AE index
decreased after 00:00 UT on 18 March, auroral activity had already expanded to near the KSS region. When
KSS entered into the night‐time sector, auroral 630.0‐nm emission was actually observed over KSS (see
Movie S1). Diffuse aurora started to be seen in the southern direction by KSS/ASI at 01:12 UT, and then cov-
ered most of the all‐sky view over KSS. The SAR arc appeared over KSS at 01:39 UT. As time went by, the
SAR arc feature was zonally elongated along a specific L‐value line and increasingly more distinct in the
ASI images. Auroral activity lasted steadily until 03:07 UT when, unfortunately, observation ended due to
an unexpected malfunction of the ASI.

Based on the observation overMHS, the expanded diffuse auroral activity and SAR arc lasted longer than our
observation over KSS. As evidence for that, the diffuse aurora and SAR arc were observed over MHS until
around 06 UT (see Movie S2). The SAR arc over MHS, located close to the magnetic conjugate point of
KSS, started to appear earlier than at KSS. The SAR arc already existed when the MHS/ASI started observa-
tion at 00:06 UT. The northern hemisphere SAR arc was somewhat broader in latitude and showed multi-
plicity patterns, one of the SAR arc types categorized by Mendillo, Baumgardner, and Wroten (2016).
Although it became faint, it lasted until the end of the observations, at 09:47 UT. It is worth noting that
the southern SAR arc started to appear about 1.5 hr or more later than the northern counterpart. In addition,
the southern SAR arc was thinner and simpler than the northern one. In the supporting information, Movie
S2 provides the full 10‐hr data set from Millstone Hill.

Figures 2a and 2c show original 630.0‐nm ASI images from KSS and MHS, respectively, taken near simulta-
neously at approximately 02:00 UT. In both ASI images, diffuse aurorae are clearly captured in poleward
directions (south at KSS and north at MHS). The zonally extended emission features of the SAR arc are
clearly seen equatorward, and considerably separated from, the diffuse aurora at both sites. Figures 2b
and 2d are the projected ASI images over each station upon the 400‐km altitude plane, together with several
L‐value lines shown in white. The yellow star in Figure 2b indicates the KSS's zenith, and the solid dot and
the asterisk in Figure 2d mark the MHS's zenith and the conjugate point of KSS, respectively. The diffuse
aurora shown in Figure 2b expanded to the southern corner of the projected plane, corresponding to the
Antarctic peninsula where a network of GPS receivers is located. Note that the diffuse auroral boundary is
actually closer to KSS than shown in the projected plane because diffuse auroral 630.0‐nm emission mainly
originates from the altitude of ~250 km. A distinct SAR arc shape can be seen from the north‐east to
south‐west direction—equatorward of the auroral boundary. The north‐east side of the SAR arc is well
matched to the 2.5 L‐value line, while the south‐west side of the SAR arc is off from the 2.5 L‐value line
toward higher geomagnetic latitudes by ~0.15 L value. Similar features of the SAR arc can be seen in the
MHS projected image.

To verify that the ASI observed feature was indeed a SAR arc, we have looked into corresponding spaceborne
data sets. Figures 3a and 3b present energetic particle precipitation data measured by the DMSP satellite F19
in the northern and southern hemispheres, respectively. The F19 satellite passed the 2.5 L‐value lines during
the SAR arc period at geographic longitudes of 110°W and 80°E in the northern hemisphere and 60°E and
110°W in the southern hemisphere. Yet it is expected that a SAR arc induced by thermal heat conduction
from enhanced ring current‐plasmapause interactions will appear along the constant L‐value footprints
for a wide range of longitudes and thus be captured at the different longitude sectors sampled by the satellite.
In Figure 3a, precipitations of energetic electrons and ions were recorded up to about 63 and 55°N in geo-
magnetic latitudes, respectively. These correspond to L values of about 5.49 and 3.45 at the DMSP altitude
of 850 km, respectively. Similarly, energetic electrons and ions precipitations in the southern hemisphere
had boundaries at about 54 and 57°S in geomagnetic latitude, equivalent to L values of about 3.28 and
3.82, respectively. Thus, there was no energetic particle (electron or ion) precipitation at the observed SAR
arc region (~2.5 L value) in either hemispheres. As expected, energetic particle precipitations were detected
at the higher latitude regions where diffuse aurora were observed by the ground‐based ASIs.

Figure 3c presents electron temperatures (black line) and electron densities (red line) recorded by the Swarm
B satellite at ~520‐km altitude. Swarm B passed to the west of the ASI observational coverage—close to 90°W
during the SAR arc period. In the southern hemisphere, the electron temperature clearly increased to
4,000°K around the observed SAR arc latitude. This is high enough to excite the atomic oxygen 630.0‐nm
emission. Electron densities conversely decreased in the SAR arc region. In the northern hemisphere, the
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increase of electron temperature and the decrease of electron density are more dramatic. The electron
densities around 03:24 UT (or 3.39 UT) suggest double minima within the region of elevated election
temperatures. By comparing the conjugate ASI images with the satellite measurements, we documented
for the first time that different shapes of a SAR arc can occur due to variations in either or both the
electron densities and temperatures. Overall, the measurements of DMSP and Swarm B clearly verified
that the bright 630.0‐nm arc features observed at the two conjugate points was the classic SAR arc
phenomenon—emission from thermally excited atomic oxygen caused by heated ionospheric electrons
and not due to particle precipitation.

3.3. Ionospheric Response to the SAR Arc

Ionospheric pierce points (IPPs) of two GPS satellites (designated PRN 3 and PRN 20) passed over the KSS
region during the SAR arc period. Figure 4 compares the observed optical emissions with vertical TEC

Figure 2. Simultaneous images of stable auroral red arc events observed by all‐sky imagers at two magnetic conjugate points, King Sejong Station (KSS) and
Millstone Hill Station (MHS). (a and c) Original images of atomic oxygen 630.0‐nm emission over KSS and MHS, respectively. (b and d) Images portrayed geo-
graphically at a height of 400 km (the assumed altitude of stable auroral red arc emission). Brighter colors toward white indicate brighter 630.0‐nm emission. The
yellow star symbol in (b) denotes KSS. The white dot and yellow asterisk in (d) denote zenith at MHS and the conjugate point of KSS, respectively. Three white lines
denote 2.5, 3.0, and 3.5 L‐value lines at 400‐km altitude calculated using altitude‐adjusted corrected geomagnetic coordinates, respectively.
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Figure 3. Energetic particle precipitations during the stable auroral red arc period recorded by DMSP satellite F19 in the
(a) northern hemisphere and (b) southern hemisphere, respectively. (c) Electron temperature (black line) and electron
density (red line) measured by Swarm B satellite. The vertical dashed lines (magenta) indicate 2.5 L value, the stable
auroral red arc location.
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(VTEC) and ROTI values along the ionospheric intersection/pierce points for five GPS receivers. Figures 4a
and 4c show the observations made while crossing the SAR arc (PRN 3). Figures 4b and 4d show the data
acquired while crossing the diffuse auroral boundary (PRN 20). The upper line plots in each panel
represent relative values of OI 630.0‐nm brightness (right axis units) along the tracks from the five
receivers. In Figures 4a and 4b, 630.0‐nm brightness values show drastic increases when the satellites
cross the SAR arc and diffuse auroral boundary, respectively. In both cases, VTEC had characteristically
low nighttime values, as shown by the lower lines in Figures 4a and 4b. Yet slight fluctuations of VTEC
can be noticed when the IPPs of ray paths from PRN 20 crossed the diffuse auroral boundary near 02:30
UT in Figure 4b. This did not occur for VTEC observations when the IPPs of ray paths from PRN 3
crossed the SAR arc in Figure 4a.

The presence of strong ionospheric irregularities can be inferred using the ROTI values. In Figures 4c and 4d
the ROTI values are presented for the SAR arc and diffuse aurora, respectively, along with the optical pat-
terns in the top curves that are repeated from Figures 4a and 4b. Note that there are strong increases of
ROTI in Figure 4d up to about 1.2 TEC unit/min near the diffuse aurora. This is consistent with previous
studies (Jin et al., 2015; van der Meeren et al., 2015) that showed an association between diffuse auroral
activity and the ionospheric‐induced scintillation of GPS signals. On the other hand, there is no increase
of ROTI when PRN 3 passed through the SAR arc region in 3Figure 4c. Furthermore, amplitude and phase
scintillation indices (S4 and σφ) for GPS signals measured by a GPS scintillation monitor [the Connected
Autonomous Space Environment Sensor (CASES)] at KSS also did not detect any noteworthy features
(not shown here).

Figure 4. Vertical total electron contents (VTEC) and the rate of change of total electron content index (ROTI) from UNAVCO receivers and the brightness of
atomic oxygen 630.0‐nm emission corresponding to the locations of the satellites with respect to the images above King Sejong Station (KSS). The (a and b)
VTEC and (c and d) ROTI are plotted by asterisk symbols. The left and right panels are for Global Positioning System satellites PRN 3 and PRN 20, whose lines of
sight from the UNAVCO receivers traversed the SAR arc and diffuse aurora, respectively. Line plots in each panel represent 630.0‐nm brightness corresponding to
ionospheric pierce point of VTEC or ROTI. Five different colors indicate observations from the five UNAVCO stations.
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4. Discussion

Unusually bright 630.0‐nm emission was simultaneously detected by ASIs at both magnetic conjugate sites,
KSS and MHS, respectively. A zonally stretched bright arc was seen along with strong diffuse aurora. The
bright arcs captured by the ASI instruments at two conjugate points are confirmed as SAR arcs by DMSP
and Swarm satellite over‐flight observations. The SAR arc was well formed at the zenith of KSS, and it
was stretched along L = 2.5, except in the south‐west. Mendillo, Baumgardner, and Wroten (2016) reported
five types of SAR arc including SAR arcs tilted with respect to geomagnetic latitude, and they suggested that
the tilt of a SAR arc is due to distortion of the inner magnetospheric morphology under greatly disturbed geo-
magnetic conditions (as occurred with this St. Patrick's Day storm). Mendillo, Baumgardner, and Wroten
(2016) also noted that tilted SAR arcs eventually returned to the normal pattern, that is, along a specific
L‐value line. Unfortunately, our ASI observation ended too early to ascertain whether the tilted SAR arcs
return to a constant L‐value line or not. On the other hand, the SAR arc over MHS shows not only tilted pat-
terns but also multiplicity patterns that we relate to double electron density minima within a broad trough as
shown in Figure 3c. Themorphology differences in the two SAR arcs are consistent with seasonal differences
between both hemispheres. Lower electron densities of the ionosphere during winter nighttime result in
higher electron temperatures (Martinis et al., 2019). Even though the event occurred at the March equinox,
the northern (southern) hemisphere was still in “ionospheric seasons” of winter (summer). As clearly cap-
tured by the Swarm satellite in Figure 3c, the background electron densities over MHS were lower than
KSS, while the electron temperatures were higher over MHS than KSS. This feature is consistent with the
hemispheric asymmetry of the SAR arc appearance times and widths.

The 630.0‐nm emission originates from the transition of atomic oxygen's meta‐stable state, O(1D) to the
ground state, O(3P). The O(1D) state can be produced by direct excitation of atomic oxygen and dissociative
excitation of molecular oxygen by energetic electrons (auroral region), and by direct excitation of atomic oxy-
gen by thermal electrons found in SAR arcs (e.g., Schunk & Nagy, 2009). Normally, energetic electrons of
103–104 eV are precipitated into the auroral region and thermal electrons are produced in situ by thermal
conduction from the plasmasphere. In the case of auroral precipitation, Kinrade et al. (2012) suggested that
particle precipitation at the auroral boundary can cause plasma density irregularities of ~10 km in scale in
the ionosphere. van der Meeren et al. (2015) also investigated the relation between phase scintillation and
auroral activity. Auroral precipitation has enough energy to excite atomic oxygen to the O(1D) state and also
to ionize neutral species in the thermosphere. The highly structured increases in plasma density distribution
resulting from spatially uneven auroral precipitation may trigger severe ionospheric scintillation. On the
other hand, since thermal electrons cannot ionize neutral oxygen, no increase of plasma is expected, and
thus, no significant ionospheric scintillation would occur in association with the 630.0‐nm emission. In
the ionospheric F layer at the plasmapause position, ionospheric electrons are heated by conduction via
Coulomb collisions along the magnetic field and excite oxygen atoms to the O(1D) state (Rees & Roble,
1975). The fact that there was no auroral feature seen in 557.7‐nm emission over KSS confirms that the
energy associated with thermal heat conduction from the inner magnetosphere to the topside ionosphere
is insufficient to cause electron density irregularities capable of causing scintillation in GPS signal data.
This is in contrast to the rarer case of a SAR arc with structured patches of emission. Mendillo, Finan,
et al. (2016) showed unusual SAR arcs that included regions of enhanced 630.0‐ and 557.7‐nm emission that
did exhibit GPS phase fluctuations. These resulted from low energetic particle precipitation due to inward
motion of ring current particles (Shiokawa et al., 2013).

In this study, we reported that ROTI values, amplitude and phase scintillation indices for GPS signals, did
not increase over the SAR arc observed by the ASI in KSS. Spaceborne measurements by Swarm and
DMSP also confirm not only the absence of energetic particles but also the presence of electron density
reductions and elevated electron temperatures within the SAR arc regions in both hemispheres. However,
Basu (1974) and Aarons (1987) noted that the amplitude scintillation in very high frequency (VHF) radio sig-
nals (137 MHz) from satellite radio beacon measurements occurred in the SAR arc region. Such studies
before the GPS era reported scintillations of VHF signals for satellite communication in the midlatitude
trough that may or may not associate with SAR arcs (Aarons & Allen, 1971; Basu, 1978). The ROTI index
refers to GPS phase fluctuations that are caused by kilometer‐scale (or larger) irregularities, while the ampli-
tude scintillations (via S4 index) of a GPS signal are caused by much smaller scale irregularities (tens to
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hundreds of meters). Since the reported VHF scintillations are due to small scale (~1 km to ~100 m) irregu-
larities (Basu, 1978), the lack of GPS scintillations (in phase and amplitude) may imply that disturbances in
the SAR arc region are not severe enough in the small‐scale (sub‐100 m) domain to interfere with GPS sig-
nals (L1: 1575.42 MHz, L2: 1227.60 MHz).

We also noted that ROTI values at the diffuse auroral boundary increased with the 630.0‐nm emission
brightness observed at KSS. In addition, the ROTI maps over North America provided by the National
Institute of Information and Communications Technology also indicated distinct increases of ROTI values
only near the diffuse auroral region, the northern part of images from MHS (not shown here but see
Movie S3). The DMSP data also showed significant energetic particle fluxes in the diffuse auroral regions
observed by ASIs in KSS and MHS. Thus, our study demonstrates that the SAR arc did not cause GPS scin-
tillations due to the absence of particle precipitation, unlike the diffuse auroral region.

5. Conclusions

We observed simultaneous SAR arcs with ASIs at KSS and MHS, magnetic conjugate points, during the St.
Patrick's Day storm in 2015. We noted neither significant GPS scintillation nor significant increase of ROTI
values in the SAR arcs over KSS and MHS. In contrast, ROTI values were enhanced significantly in the
accompanied diffuse aurora over both conjugate points. This implies that SAR arcs are generated by thermal
conduction from the plasmaspheric ring current during geomagnetic storms, according to the classical
mechanism of SAR arc formation, which does not cause significant ionospheric plasma density irregulari-
ties. The fact that no significant 557.7‐nm emission from the arc was detected at both sites further strength-
ens the thermal conduction argument, rather than low energy precipitation, which occurs in rare cases of
SAR arcs accompanied with GPS phase fluctuation. Along with satellite measurements, our study observa-
tionally confirmed the classical mechanism of SAR arc generation and found that it does not lead to scintil-
lation of GPS signals in the L band (1–2 GHz). However, SAR arcs may cause scintillation in the VHF band
(30–300 MHz) as other studies reported, suggesting a size dependency of irregularities in SAR arcs. We also
found hemispheric differences in the SAR arcs: the northern arc showed a broader latitudinal extent and
multiplicity patterns due to structures within the background electron density in the broader midlatitude
trough in winter. Further studies are needed to understand the overall pattern of ionospheric irregularities
for various types and cases of SAR arcs, in association of 557.7‐nm emission and VHF versus GPS
signal fluctuations.
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