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Abstract Enhancements in electron density in the D-region ionosphere attributed to the precipitation of
high-energy electrons, have previously been inferred from increases in cosmic radio noise absorption (CNA)
using ground-based riometers. However, there have been few studies of CNA observations at multi-point
stations distributed in longitudes. Thus, the spatio-temporal development of the global distribution of CNA is
not well understood. In this study, we investigated the longitudinal extent of CNA using simultaneous riometer
observations at six stations at subauroral latitudes in Canada, Alaska, Russia, and Iceland. These stations are
located encircling the earth at ~60° north magnetic latitudes. We have conducted simultaneous observations
of CNA at these stations since October 2017. Here we focus on seven substorms during a geomagnetic storm
25-28 August 2018 and study the spatio-temporal development of the global distribution of CNA during these
substorms. For all seven substorms, some stations observed CNA enhancements after the substorm onsets. In
five cases, the CNA enhancements started around midnight and expanded eastward. The other two cases show
westward and anti-sunward development of CNA. The eastward expansion of CNA indicates the eastward
drift of high-energy electrons, which is the source of the CNA, due to gradient and curvature drift in the
geomagnetic field. The westward expansion of CNA may correspond to westward expansion of the substorm
injection region due to dawn-to-dusk electric fields. These results indicate that spatio-temporal development of
CNA at subauroral latitudes corresponds to high energy electron drift in the inner magnetosphere.

Plain Language Summary The inner magnetosphere contains plasma particles with a wide range
of energies. High-energy electrons (>30 keV) in the inner magnetosphere are accelerated and lost while rotating
longitudinally around the earth. They cause satellite failures and astronaut exposure. It is important to study
high-energy electrons and understand the dynamics of electrons in the inner magnetosphere for safe space
utilization and space weather forecasting. The electron density in the ionosphere, which is enhanced by the
precipitation of these high-energy electrons, has been inferred using sensitive ground-based radio receivers
called riometers as an increase in cosmic radio noise absorption (CNA). However, there have been few studies
of cosmic radio noise absorption (CNA) observations at multi-point stations distributed in longitude to show
how this takes place on a global scale. In this study, we investigated the longitudinal extent of CNA using
simultaneous riometer observations at six stations at subauroral latitudes in Canada, Alaska, Russia, and
Iceland, focusing on the 25-28 August 2018, geomagnetic storm. Our results show that CNA enhancements
started around midnight and expanded both eastward and westward around the Earth. Electrons are known to
systematically drift in the inner magnetosphere and we discuss the propagation of CNA by considering that.

1. Introduction

Energetic electron precipitation into the high-latitude atmosphere is an important aspect of space weather research
and has received much attention in recent years. Magnetospheric substorms are known to inject electrons and
ions of wide energy ranges into the nightside inner magnetosphere and the auroral ionosphere (Birn et al., 1997;
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Wing et al., 2013). This increase in energetic particles and its effect on the atmosphere has been widely studied
by ground-based and satellite-based observations (e.g., Arnoldy, 1974; Sotirelis et al., 2013).

Low-energy electrons (<30 keV) precipitating to the ionosphere are absorbed in the E and F regions of the iono-
sphere and sometimes cause spectacular optical auroral emissions at altitudes around 100 km. The low-energy
electrons also enhance the auroral electrojet current, which can be detected by ground-based magnetometers.
High energy electrons (>30 keV) can penetrate to altitudes below 90 km without causing significant optical
emissions (Baker et al., 1982; Wilson & Stoker, 2002). The substorm-associated electron density enhancement
in Earth's lower ionosphere (the D-region) has been inferred using ground-based riometers as an increase in
cosmic radio noise absorption (CNA) of radio waves (cosmic noise) originating in galaxies and radio stars
(Hargreaves, 1969). It is known that as the electron density in the ionosphere increases due to electron precip-
itation, the collisions between electrons and the atmosphere become more active, and thus, the cosmic noise is
attenuated and the amount of the CNA increases. Therefore, CNA is a method to indirectly identify ionization in
the D region ionosphere.

It is well known that CNA occurs in association with auroral and magnetospheric substorms. Kellerman and
Makarevich (2011) used CNA obtained from the Kilpisjarvi imaging riometer in Finland and substorm onsets
identified by IMAGE satellite auroral images to determine the position of energetic particle precipitation relative
to substorm initiation longitudes. They found that the location of CNA occurrence depends on the substorm
onset location, and the greater the distance between the observation point and the onset location, the greater the
delay of the CNA onset. It is also noted that when the observation point is close to the substorm onset location,
the CNA occurs 1~5 min prior to the substorm onset. Behera et al. (2015) performed a multiple case analysis of
CNA events at the Maitri station in Antarctica located at L = 5. They found that CNA events at high latitudes were
located in the magnetic local time (MLT) range of 23-05 hr during substorms. They also found that the intensity
of the CNAs was very well correlated with solar wind speed, interplanetary magnetic field (IMF) B,, and corre-
sponding eastward component of the interplanetary electric field (IEF) E,. Behera et al. (2016, 2017) showed that
CNAs were found to occur not only on the night side, but also on the noon and evening sides. Recently, Thomas
et al. (2022) have statistically shown using conjugate observations between the Arase satellite and ground riom-
eters over Finland that during ground CNA events, Arase observed elevated electron flux in the medium energy
range (2-100 keV) and plasma wave activity in the whistler-mode frequency range (0.5-3 kHz) of the spectra.

Multi-point observations of CNAs are necessary to clarify the spatio-temporal development of high-energy parti-
cle precipitation (Berkey et al., 1974; Grandin et al., 2017; Kavanagh et al., 2007; Ranta et al., 1981; Rosenberg
& Dudeney, 1986; Spanswick et al., 2007). Rosenberg and Dudeney (1986) reported the dependence of CNA on
substorm, local time, and season statistically using a one-year data set obtained at the Siple and Halley stations
located in Antarctica at L = 4. This was the first study of CNA using two ground stations. Spanswick et al. (2007)
studied the radial and azimuthal extent of dispersionless electron injection using the Canadian NORSTAR
(NORthern Solar Terrestrial ARray) riometer and the CRRES MEB (Combined Release and Radiation Effects
Satellite Medium Energy B) particle detector. They found that the initial electron injection region must have a
radial extent of less than 1 Earth radius and is capable of having an azimuthal extent of at least 1 hour of local
time. Grandin et al. (2017) measured energetic particle precipitation from 95 solar wind high-speed streams
(HSS) that occurred in 2006-2008 in a Finnish riometer chain deployed latitudinally at L = 3.8-5.7. Their results
showed that CNAs occurred frequently and extended to subauroral latitudes when the HSS lasted more than
one day. Berkey et al. (1974) studied the development of auroral absorption during substorms on a global scale
using 40 high-latitude stations for 60 substorm events, in which the activity begins near magnetic midnight at a
magnetic latitude near 65° and then spreads to higher and lower latitudes as well as eastward and westward. Ranta
et al. (1981) observed a progression of absorption onset in 13 cases using 43 globally distributed stations. In 6
cases the onset of sharp enhancements in the absorption progressed westward. In 4 cases the absorption onset
progressed eastward, and in 3 cases the progression was both eastward and westward.

Although previous observations have revealed the development of high-energy electron precipitation,
spatio-temporal development of the global distribution of CNA associated with substorms is not well understood,
particularly at subauroral latitudes. In this study, we focus on a magnetic storm that occurred 25-28 August 2018,
to analyze the longitudinal spatial-temporal development of CNAs during storm-time substorms for the first
time by using six ground-based riometer stations distributed globally at subauroral latitudes at L ~ 4. Previous
multi-point studies of CNA have focused on CNA development mainly in the auroral zone. During geomagnetic
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Table 2

Magnetometer Stations and Their Locations Used in This Paper

Table 1
Riometer Stations and Their Locations and Start Date of Observation

Station Abbr. Geolat (N) Geolon (E) Maglat (N) Maglon (E) L-value Start date

Athabasca ATH 54.60 246.36 61.5 308.3 4.4
Kapuskasing KAP 49.39 277.81 59.0 353.4 3.8
Husafell HUS 64.67 338.97 64.9 66.5 5.6
Istok IST 70.03 88.01 65.9 162.6 6.0
Zhigansk ZGN 66.78 123.37 61.9 195.7 45

Gakona GAK 62.39 214.78 63.2 271.0 4.9

25 Oct 2016
24 Feb 2017
20 Mar 2017
29 Oct 2017
27 Sep 2017
9 Jan 2017

storms, CNA expands more to subauroral latitudes, as manifestation of dynamical variations of high-energy elec-
trons in the inner magnetosphere. Thus, our six riometer stations at subauroral latitudes are suitable for studying
spatio-temporal CNA development during storm-time substorms related to the high-energy electron dynamics in
the inner magnetosphere.

2. Instruments

We have conducted simultaneous continuous observations of CNA using broad-beam riometers installed at six
ground stations to estimate the longitudinal development of CNA. The stations are located at Athabasca (ATH)
and Kapuskasing (KAP) in Canada, Husafell (HUS) in Iceland, Istok (IST) and Zhigansk (ZGN) in Russia, and
Gakona (GAK) in Alaska, as shown in Table 1. These stations are located within 59°-66° north magnetic latitude,
surrounding the magnetic north pole. The broad-beam riometers were installed by the PWING (study of dynam-
ical variation of Particles and Waves in the INner magnetosphere using Ground-based network observations;
http://www.isee.nagoya-u.ac.jp/dimr/PWING/) project (Shiokawa et al., 2017). The broad-beam riometer is made
by La Jolla Sciences with an operating frequency of 30 MHz and a frequency bandwidth of 250 kHz. The riome-
ter has dual half-wave dipole antennas with a separation of 14 feet (4.27 m) at more than 60 inches (1.52 m) above
the ground. The riometer records the intensity of radio waves at a frequency of 30 MHz coming from galaxies and
radio stars with a sampling rate of 64 Hz. The half-power beam width of the riometer is about 60°. In this study,
we first analyzed the riometer data for a five-month period from May to September 2018. Although the PWING
project started in 2016 to deploy riometers on global scale, this five-month period is the only interval when all
six-station riometers were in operation, because some riometers had troubles with instruments, A/D converters,
and/or environmental noise. During these five months, we focus on the geomagnetic storm of August 25-28
2018, which is the only storm for which all six stations provided meaningful data (except for ATH and KAP for
the first two days). Thus, this storm is really a unique opportunity to examine the CNA development on global
scale at subauroral latitudes using all six stations. During this storm, clear CNAs were identified in association
with seven substorms. Magnetic storm development and decay, was evalu-
ated using the Dst index available from the Kyoto World Data Center (http://
wdc.kugi.kyoto-u.ac.jp/acasy/index.html).

Station

Geolat (N) Geolon (E)

Maglat (N) Maglon (E) In order to determine the MLT range and universal time of substorm onset,

Honolulu (HON)
Fresno (FRN)
Boulder (BOU)
Bay St Louis (BSL)
San Juan (SJG)

San Fernando (SFS)
Surlari (SUA)
Alma Ata (AAA)
Lanzhou (LZH)
Kakioka (KAK)

21.3
37.1
40.1
30.4
18.1
36.7
453
433
36.1
36.2

270.9 we used magnetic field data obtained from ground-based magnetome-
ters and the SMU/SML index provided by SuperMAG (https://supermag.
jhuapl.edu/). SuperMAG is a worldwide collaboration of organizations

202.0 20.9
240.3 42.6 305.1
254.8 48.5 321.3
270.4 40.7 342.1
293.9 26.8 11.9
354.1 27.1 70.5

26.3 40.2 99.9

76.9 38.8 150.2
103.9 30.6 177.3
140.2 29.1 213.0

and national agencies that currently operate more than 300 ground-based
magnetometers. Table 2 shows the abbreviations, geographic coordinates,
and geomagnetic coordinates of the ground-based magnetometer stations
used in this study. Figure 1 shows the PWING ground-based stations and
the ground-based magnetometer stations used in the present analysis. These
stations were located at 20°N-50°N magnetic latitudes. The substorm onset
MLT range was estimated from the MLT range of the reversal of the zonal
(east-west) component of the mid-latitude magnetic field variation (Clauer &
McPherron, 1974). The SMU/SML index was calculated from the maximum

KATO ET AL.

3of 15

d ‘1 *vT0T ‘TO¥6691T

Iy wouy papeoy

ASUAOIT suowwoy) aanear) a[qearjdde oy g pauIaAoS are sa[onIe Y 1asn Jo sa[nI 10§ AIeIqIT aurjuQ) K3[IA\ UO (SUONIPUOI-PUEB-SULIA)/W0d K[ 1M’ AIrIqijautjuo//:sdny) suonipuo)) pue swd ], ay) 22§ *[+70g/10/2Z] uo Areiqry auruQ L3[1py ‘syueqre eyse[y JO Lnsioarun £q 0$61£0VIEZ0T/6201 01/10p/wod Kapim’ Kreiqrjauly



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Space Physics 10.1029/2023JA031950

Figure 1. The MLAT and MLT map of PWING stations (red) and

magnetometer stations (blue).

auroral electrojet intensity at stations with magnetic latitudes of 40°N-80°N
(Gjerloev, 2012; Newell & Gjerloev, 2011).

The wave and planetary (Wp) index (https://www.isee.nagoya-u.ac.jp/~nose.
masahito/s-cubed/) developed by Nosé et al. (2012) was used to determine
more accurate timing of the substorm onsets. This index is derived from wave
power of low-latitude Pi2 pulsations. It is well-known that pulsations of this
type are clearly observed at mid- and low-latitude ground stations on the
nightside at substorm onset. Therefore, with 1-s data from multiple stations
distributed in longitude around the Earth's circumference, substorm onset can
be regularly monitored. To examine the CNA in relation to interplanetary
space parameters, we also used IMF and solar wind parameters provided by
the OMNIWeb (http://omniweb.gsfc.na-sa.gov/form/omni_min.html; King
and Papitashvili (2005); Papitashvili and King (2020)).

The radio wave intensity received by a riometer undergoes diurnal variation
with a period of one sidereal day due to the rotation of the earth under the
cosmic noise sources. When the geomagnetic activity is quiet, this diurnal
variation becomes dominant as the output voltage of the riometers and is
called the Quiet Day Curve (QDC). When the electron density in the lower
ionosphere increases due to high-energy electron precipitation from the
magnetosphere, the radio waves are partially absorbed mainly in the iono-
spheric D region. In this case, the output voltage of the riometer decreases
from the value of the diurnal variation. The amount of radio wave absorption
is measured as the integral of the amount of absorption at each altitude along
the propagation path. The absorption of these radio waves is positively corre-
lated with the electron density in the lower ionosphere and varies with the collision frequency of electrons and
neutral particles. In the case of a riometer measuring 30 MHz radio waves, the height-resolved CNA peaks around
90 km altitude (Tanaka et al., 2007; Turunen et al., 2009). Thus, we can estimate the amount of ionization at an
altitude of 90 km due to high-energy electron precipitation using a riometer as the attenuation of output voltage
relative to the QDC. The absorption (CNA) is given by the following equation (Armstrong et al., 1977).

1Z
CNA@dB) =-10- 10g10<Q(]))Ué> =10 - (log,(QDC) — log,,(Vour))s

where V, ;; represents the output voltage of the riometer. The QDC was determined every 1 s as the 70th percen-
tile of the 1984 (64 Hz x 31 days) data points of the output voltages for + 15 days before and after the day of
observation (31 days in total) (Shiokawa et al., 2017).

3. Results

Figure 2 shows variations of IMF B, solar wind flow speed, solar wind proton density, Dst index, SMU/SML
index, and CNA at the six stations for the 4 days from 25 August 2018, during a strong geomagnetic storm. The
IMF B, shows a decrease starting at ~15 UT on August 25, which is consistent with the sharp decrease in Dst
and SML indices. The solar wind velocity increased from ~9 UT on August 26 and reached about 650 km/s.
The proton density fluctuated sharply and reached ~30 cm~ on August 26, but it did not fluctuate sharply after
August 27 and remained stable at ~5 cm~3. The Dst index decreased to —175 nT at about 07 UT on August 26,
indicating that a strong magnetic storm occurred. Figure 2e shows that around the end of the main phase of the
magnetic storm, a large substorm with SML index less than —2000 nT was observed, while during the recovery
phase, seven substorms with values less than —1000 nT were observed. In this study, we focus on these seven
substorms (indicated by arrows) during the recovery phase of the storm. We have not discussed some substorms
in which there were no CNA enhancements at any of the stations, as we believe that the CNA signature was
masked by the preceding substorm. Associated with the chosen substorms, we can see CNA enhancements at
several stations.

Figures 3—5 show the SMU/SML index, Wp index, zonal component of the magnetic field, and CNA for three
substorm events. The remaining four substorm events are listed in Supporting Information S1 (Figures S1, S2, S3,
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Figure 2. The variations of (a) IMF B,, (b) solar wind flow speed, (c) solar wind proton density, (d) Dst index, (¢) SMU and SML indices, (f) CNA intensity at ATH,
KAP, HUS, IST, ZGN, GAK during a strong magnetic storms on August 25-28, 2018. In (e), red arrows show seven substorms with decreases of SML index during the
storm recovery phase.

and S4). On the right side of panels showing the zonal component of the magnetic field, the MLTs of the stations
at the time of substorm onset are shown. For the substorms No.1 to No.4, we used CNA data at Meanook (MEA,
MLAT: 62.05°N, MLON: 305.76°E) which is 21 km east of ATH, because CNA data were not available at ATH
in this period. The riometer at MEA is a 30-MHz broad-beam riometer similar to those of PWING. Similarly, for
the CNA panels, the UTs and MLTs of the stations at the times (red arrows) of CNA onset are given. The follow-
ing criteria were defined to identify CNA onset time #,: (a) dcd’:' 4 is larger than 0.04 [dB/min] at ¢ = 1, (b) CNA
should reach a value of 0.25 dB above CNA(Z), and (c) the CNA rise time to the maximum is less than 30 min

Figure 6 schematically shows the longitudinal development of CNAs and the substorm onset MLT range inferred

from Figures 3-5, Figures S1, S2, S3, and S4 in Supporting Information S1. The velocities in the figure indicate
propagation velocities of CNA in the source plasma at L = 4.9 (left) and in the ionosphere (right). We defined
substorm onset MLT range, shown by blue curves in Figure 6, as the MLT of the reversal of zonal component of
the magnetic field in Figures 3—5 and Figures S1, S2, S3, and S4 in Supporting Information S1, by considering
the zonal magnetic field variations caused by substorm current wedge (Clauer & McPherron, 1974). It should be
noted that the longitudinal width of the blue curve is not the width of the substorm current wedge, but the longi-
tudinal difference of two ground stations where the zonal component reversal of magnetic field was observed.

First, we discuss the substorm No. 6 in Figures 3a—3d, which is characterized by eastward CNA expansion. From
Figures 3a and 3b, we can see that the substorm onset time is 1713 UT, as indicated by the vertical dashed line in
the figure. From the variation of the zonal magnetic field in Figure 3c, the substorm onset MLT range is inferred
as 2231-0007 MLT, as the boundary MLT of positive and negative responses of zonal magnetic field variations
(Clauer & McPherron, 1974). The red arrows in Figure 3d indicate the onset timings of CNA enhancements.
The CNA enhancements started almost simultaneously at IST at 2316 MLT (1716 UT) and ZGN at 0102 MLT
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No.6 - Aug. 27, 1713 UT
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Figure 3. From top to bottom, (a) SMU and SML index, (b) Wp index, (c) zonal component of low-latitude magnetic fields,
and (d) CNAs at ATH, KAP, HUS, IST, ZGN, GAK over 5 hr for the substorm No.6. On the right side of the panels of zonal
component of the magnetic field, the MLTs of the stations at the timing of substorm onset are represented. On the right side
of CNA panels, the UTs and MLTs of the stations at the timing of CNA onset are represented. Red arrows show the timing of
CNA onset at each station. Vertical dashed line shows substorm onset time.

(1714 UT), which may suggest that the CNA start MLT range has a finite extent in longitudes. We can see that
the CNAs increase in the order from GAK at 0645 MLT (1727 UT) to ATH at 0943 MLT (1740 UT). Figure 6f
shows development of CNAs and the substorm onset MLT range in the polar map from the magnetic north pole.
The substorm onset MLT range are shown in blue, the CNA start MLT range in orange, and the ground-based
stations with increased CNA are circled in red, with the arrows indicating the direction of spatial expansion. The
velocities indicate the propagation velocities of CNA in the source plasma at L = 4.9 (left) and in the ionosphere
(right). From this figure, we can see that the substorm and CNA start MLT range coincided at night, and the CNA
developed eastward from night to dawn.

Next, we discuss the substorm No. 1 in Figures 4a—4d, which is characterized by westward CNA expansion.
Figures 4a and 4b show that the substorm onset time is 1121 UT, and Figure 4c shows that the substorm onset
MLT range is 2021-0021 MLT. Figure 4d shows that CNA enhancement started almost simultaneously at MEA
at 0311 MLT (1121 UT) and at GAK at 0039 MLT (1121 UT), IST at 1724 MLT (1124 UT), followed by ZGN
at 1921 MLT (1132 UT) and HUS at 1151 MLT (1209 UT). Figure 6a shows that the CNA start MLT range is
very wide over ~10 MLT. CNA enhancements occurred nearly simultaneously at GAK and IST, but not at ZGN
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Figure 4. From top to bottom, (a) SMU and SML index, (b) Wp index, (c) zonal component of low-latitude magnetic fields,
and (d) CNAs at MEA, HUS, IST, ZGN, GAK over 5 hr for the substorm No.1.

which is located between GAK and IST, possibly because ZGN is slightly at lower latitudes than GAK and IST.
The CNA developed westward from night to dusk.

The substorm No. 4 in Figures 5a—5d is characterized by CNA start MLT range in the dayside. In Figures Sa
and 5b, the SMU/SML change is small, but from the Wp index, the substorm onset time is definitely 0354 UT, and
Figure 5c shows that the substorm onset MLT range is 2154-2336 MLT. In Figure 5d, CNA increases at ZGN at
1142 MLT (0402 UT) first, followed by IST at 1022 MLT (0422 UT), and GAK at 1804 MLT (0446 UT) in that
order. Figure 6d shows that the substorm onset MLT range is located on the night side, while the CNA start MLT
range is located in the dayside. There is a possibility that the CNA developed anti-sunward from ZGN to GAK and
ZGN to IST. From 0520 to 0550 UT, there are two CNA increases simultaneously at IST and ZGN. The variation
in CNA and Pc5 shows some similarity, as reported by Motoba et al. (2013). However, the CNA amplitude at GAK
is small, so we consider it may not be propagating from the ZGN to the GAK. This event is futher discussed below.

We also briefly introduce the other four cases. For substorm No.2 (Supporting Information S1, Figures Sla, S1b,
S1c and 9d), Figure 6b shows eastward CNA expansion from ZGN at 2330 MLT (1542 UT) to GAK at 0512 MLT
(1554 UT) and MEA at 0748 MLT (1558 UT). For substorm No. 3 (Figures S2a, S2b, S2c and S2d in Supporting
Information S1), Figure 6¢ shows eastward expansion from HUS at 1919 MLT (1937 UT) to IST at 0158 MLT
(1958 UT), ZGN at 0343 MLT (1955 UT), GAK at 0931 MLT (2013 UT) and MEA at 1214 MLT (2024 UT).
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Figure 5. From top to bottom, (a) SMU and SML index, (b) Wp index, (c) zonal component of low-latitude magnetic fields,
and (d) CNAs at MEA, KAP, HUS, IST, ZGN, GAK over 5 hr for the substorm No.4.

For substorm No. 5 (Figures S3a, S3b, S3c and S3d in Supporting Information S1), Figure 6e shows eastward
expansion from IST at 1944 MLT (1344 UT) and GAK at 0255 MLT (1337 UT) to ATH at 0551 MLT (1357 UT).
For substorm No. 7 (Figures S4a, S4b, S4c and S4d in Supporting Information S1), Figure 6g shows eastward
expansion from HUS at 0009 MLT (0027 UT) to IST at 0654 MLT (0054 UT) and ZGN at 0855 MLT (0107 UT).

These seven substorm events are summarized in Table 3. The substorm onset MLT range is around midnight for
all substorms. This result is consistent with Frey and Mende (2006) which reported using the global auroral images
obtained by the IMAGE satellite that the average MLT of the substorm onsets is 2250 + 0127 hr. The CNA start MLT
range are nightside for the six of the seven cases except for No. 4 which is in dayside. The directions of expansion are
eastward for the five of the seven cases, one is westward, and the other one is eastward or anti-sunward.

4. Discussion

When high-energy electrons precipitate into the ionosphere, a variety of effects are observed depending on
their energy. The westward auroral electrojet current is associated with auroral electrons precipitating into the
E-region, and higher energy electrons cause absorption of cosmic radio noise in the D-region (Baker et al., 1982;
Wilson & Stoker, 2002). In this study, we searched for substorms during the storm of 25-28 August 2018, using
the SMU/SML index, which is calculated from the maximum auroral electrojet current intensity, and investigated
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Figure 6. The longitudinal development of CNAs and the substorm onset MLT range for the seven substorm events. The substorm onset MLT range are shown by blue
line, the CNA start MLT range by orange line, and the ground-based stations with increased CNA are circled in red, with the arrows indicating the direction of CNA
expansion. The velocities indicate the propagation velocities of CNA in the source plasma at L = 4.9 (left) and in the ionosphere (right).

Table 3

the spatio-temporal relationships of the increased CNA after the substorm onsets for seven of them. The results
showed that the substorm onset MLT ranges coincided with the CNA start MLT range in five out of seven cases.
The fact that substorm onset MLT range are found on the nightside is consistent with the statistical results of
auroral substorm onset from the IMAGE satellite (e.g., Frey & Mende, 2006). It is also consistent with previous
studies that substorm-related CNAs occur at midnight (Behera et al., 2015; Kellerman & Makarevich, 2011).
High-energy electrons injected into the inner magnetosphere by substorms may directly collide with the atmos-
phere and cause CNAs on the night side. At local times away from nightside, pitch-angle scattering of high-energy
electrons caused by wave-particle interactions may play an important role in causing CNAs. Therefore, it is also
necessary to clarify the relationship of CNA with magnetospheric ELF/VLF waves (e.g., Ozaki et al., 2009;
Shiokawa et al., 2014). Magnetospheric chorus waves in the upper band and lower band frequencies resonate
with electrons in a wide energy range (Ozaki et al., 2022), so the comparison between the longitudinal develop-
ment of the ELF/VLF wave activity (Takeshita et al., 2019; Yonezu et al., 2017) and CNA would be important
future work. Kellerman and Makarevich (2011) reported that the CNA increases during the growth phase of the
substorm, that is, before the substorm onset. In this study, events No. 3 and 7 show CNA increases at HUS just
before the substorm onset. This may be related to small injections (auroral pseudo-breakups) in the nightside
magnetosphere during substorm growth phase (Hsu & McPherron, 2007; Koskinen et al., 1993; Shiokawa
et al., 1996). For substorm No.3, the Wp index shows that the Wp index increased at the same time as the start of

List of Seven Substorms With Their Onset Magnetic Local Time (MLT), CNA Start MLT Range, and Expansion Direction of CNA

No. Substorm onset time [UT] Substorm onset MLT range [MLT] CNA start MLT range [MLT] Expansion direction
1 26 Aug. 1121 2021-0021 MEA[0311], GAK [0039], IST [1724] Westward

2 26 Aug. 1544 0044-0444 ZGN [2330] Eastward

3 26 Aug. 1949 2207-0107 HUS [1919] Eastward

4 27 Aug. 0354 2154-2336 ZGN [1142] Anti-sunward

5 27 Aug. 1320 2220-0456 IST[1944], GAK [0255] Eastward

6 27 Aug. 1713 2231-0007 IST [2316], ZGN [0102] Eastward

7 28 Aug. 0040 2022-0258 HUS [0009] Eastward
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the increases in HUS (~1932 UT). For substorms No.7, the Wp index increased slightly at the same time as the
start of the increases in HUS (~0022 UT).

Next, we discuss the results of five of the seven cases in which the CNA developed eastward on the dawn side. This
can be due to the eastward drift of high-energy electrons in the inner magnetosphere caused by the gradient B and
curvature drifts. In addition, the sunward E X B drift due to the dawn to dusk convection electric field also contribute
to the eastward drift on the dawn side. Figure 6 shows the longitudinal drift velocities of high energy electrons in the
magnetosphere estimated from the time difference of CNA start at neighboring stations for an average L value of the six

stations (L = 4.9). From Figure 6, we can see that the velocity of eastward expansion there is 20-89 km/s. The gradient

mv? . . . . mv?
B drift velocity v, is given by ve = zq—BiS(B X VB), the curvature drift velocity v, is given by vg = q—Bﬂ(B X VB),
so eastward drift velocity v is given by vp = vg + vr = q'"? (vi + %vﬁ)(B X V B) (m: electron mass, ¢: elemen-
tary charge, B: magnetic field) (Nicholson, 1983). For substorm No.2 (Figure S1 in Supporting Information S1),
from ZGN (1542 UT/2330 MLT) to GAK (1554 UT/0512 MLT), the MLT difference is 342 min (0512-2330 MLT)
and timing difference is 12 min. Thus the CNA velocity at L = 4.9 can be estimated as 2nRe X 4.9 X (342/1440)/
(12 x 60) = 65 km/s. The CNA velocity at a 90 km altitude is estimated as 2n(Re + 90) X cosé X 342/1440 = 6.0 km/s
for @ = 63.3° which is an average latitude of the stations. Assuming that L = 4.9 and a simple dipole magnetic field B,
we obtained 20 km/s at an energy of 37 keV and 89 km/s at an energy of 164 keV, very similar values to those inferred
from observations. This indicates that electrons in a wide range of energies were expanding eastward and precipitating
into the D-region ionosphere.

In one of the seven cases (substorm No. 1), the CNA developed westward on the dusk side. It is possible that the elec-
trons drifted westward in the evening side due to the E X B drift in the sunward direction. The E X B drift velocity v,
is given by vy = % . We calculated the westward drift velocity of 17 km/s in Figure 4 from the time difference of
CNA enhancement at IST and HUS. This velocity corresponds to the electric field of 4.5 mV/m in the dipole field at
L =4.9. The background eastward drift by gradient and curvature of magnetic field discussed above (~20 km/s) would
further increase the values of necessary electric field to ~10 mV/m to cause the observed westward drift. This value is
about an order of magnitude larger than the normal average magnetospheric dawn-to-dusk electric field (e.g., 50 kV/20
Re = 0.4 mV/m, Boyle and Reiff (1997)). According to the in-situ measurements of electric field by the Akebono
satellite by Nishimura et al. (2006), strong electric field appears between L =2 and L = 6 in both dawn and dusk sectors
with the magnitude from 2 to 4 mV/m during the main phase of geomagnetic storms. But this value seems to be smaller
than the required electric field (~10 mV/m) to explain the present observation of westward CNA development. Another
possibility may be the E X B drift by intense poleward electric field associated with subauroral ion drift (SAID). The
expansion velocity of the IST and HUS is 1.6 km/s, which is comparable with the E X B drift speed seen in the SAID
(e.g., Maynard, 1978; Smiddy et al., 1977; Spiro et al., 1979). We should note that the SAID plasma drift velocity is for
ionospheric low-energy electrons which would be different from the drift velocities of energetic electrons in the magne-
tosphere. As the other possibility, Kellerman and Makarevich (2011) reported that the westward expansion may be not
due to electron drift, but due to the longitudinal expansion of the injection region of electrons. Kennel (1969) reported
westward expansion of auroral absorption caused by penetration of hot electron from the tail into the inner magneto-
sphere over the entire width of tail. If the injection region has a dawn-dusk extent, their consequences of precipitation
of these particles into the ionosphere could expand longitudinally.

In Figure 6, the eastward velocities of 20-89 km/s in the magnetosphere are estimated from the observed eastward
CNA expansion velocities of 1.9-8.3 km/s in the ionosphere at an altitude of 90 km, based on the timing differ-
ence of the CNA onsets. Similarly, the westward velocities of 17-66 km/s in the magnetosphere corresponds to
1.6-6.1 km/s in the ionosphere. Berkey et al. (1974) reported that the eastward/westward expansion velocities of
the auroral absorption are 0.7-7 km/s and ~1 km/s, respectively, in the ionosphere. Ranta et al. (1981) reported
that the expansion velocity of the sharp onset of auroral absorption toward the east as 0.4-9 km/s and toward the
west as 1-31 km/s. These velocities in previous studies are comparable to the values in this study. These previous
observations were made mainly in the auroral zone, while the present observations were made at subauroral lati-
tudes. The particle drift velocities are proportional to the energy of the particles and inversely proportional to the
magnetic field intensity [for example, Nicholson, 1983; Chisham, 1996]. At subauroral latitudes, electron energies
will be larger, while the magnetic field intensity is stronger, compared with those at auroral latitudes. This may be
the reason why we obtained the comparable eastward velocities between present and previous studies.
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Figure 7. From top to bottom, (a) IMF B,, (b) solar wind flow speed, (c) solar wind proton density, (d) solar wind pressure,
and (e) CNA intensity at ZGN for 5 hr for the substorm No.4 when the CNA enhancement started from dayside.
Next, we discuss the anti-sunward expansion seen in substorm No. 4. From Figures 5 and 6d, the MLT range
where the CNA started was on the dayside and the CNA did not increase at the MEA, KAP, and HUS in the
nightside. These facts suggest that the CNA enhancement is not due to substorm-associated particle injection
from the nightside. Figure 7 shows the IMF B,, solar wind flow speed, solar wind proton density, solar wind
pressure, and CNA at ZGN for the period of the substorm No. 4. From this figure, there are no clear changes
in solar wind parameters that correspond to the CNA enhancement at ZGN. It is not likely that the electrons on
KATO ET AL. 11 of 15
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Figure 8. (a) CNA, (b) H-, (c) D-, and (d) Z-component of the ground magnetometer data from Tiksi (TIK, MLAT: 66.4°N,
MLON: 198.4°E) station. Correlation coefficients between CNA intensity and three component of magnetometer data are
shown to the left of each panel, respectively.

the noon side were precipitated by a sudden increase of solar wind. Figure 8 shows CNA at ZGN, and H-, D-,
and Z-component of the ground magnetometer data from Tiksi (TIK, MLAT: 66.4°N, MLON: 198.4°E) station
over 2 hr. We show the correlation coefficients between CNA intensity and three component of magnetometer
data to the left of each panel, respectively. TIK is located at about same magnetic longitude as ZGN. From this
figure, there is a good correlation between CNA intensity and magnetometer data, suggesting modulation of
CNA by geomagnetic pulsations that were seen with periods of 5-20 min before and after the substorm that
started at 0354 UT. Spanswick et al. (2005) have shown similar good correlation between Pc5 waves and CNA,
and suggested Pc5 wave modulation of high energy electron precipitation in the dayside magnetosphere to cause
dayside CNA. The present event may correspond to such a dayside modulation of energetic electron precipitation
due to Pc5-range waves.

Finally we should note that no CNA enhancements were found at KAP for the seven substorms discussed here.
This can be attributed to the fact that the magnetic latitude of KAP is 59.0 N° (L = 3.8) which is the lowest
latitude in the six PWING stations. Thus, the high-energy electrons injected by these seven substorms might not
reach the L-shell mapped to KAP.

5. Conclusion

This study attempts to understand the longitudinal development of CNA at subauroral latitudes during seven
storm-time substorms on August 25-28, 2018 when all the six PWING ground-based riometer data are available.
The results of this study can be summarized as follows.

1. Infive cases, there were CNA enhancements after the substorm onset. This suggests that the particle injection
associated with a substorm increases the CNA intensity.

2. Five cases show eastward CNA expansion from night to dawn. One case shows westward CNA expansion
from night to dusk. The other case shows anti-sunward CNA expansion at dayside.

3. The velocity of eastward expansion of high energy electrons is estimated to be 20-89 km/s. This velocity
corresponds to the gradient B and curvature drift velocity of 37-164 keV at L = 4.9 in a dipole magnetic
field.
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4. The velocity of westward expansion of high energy electrons are 66 km/s and 17 km/s for the two station pairs.
The latter velocity corresponds to the E X B drift velocity in E = 4.5 mV/m. The westward expansion of the
substorm injection region may also be a cause of this CNA westward expansion.

These results indicate that spatio-temporal development of CNA at subauroral latitudes corresponds to high
energy electron drift in the inner magnetosphere.

Data Availability Statement

The CNA data at ATH, KAP, HUS, IST, ZGN and GAK used in this paper are available from the ERG-Science
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by the SuperMAG (Gjerloev, 2012). The solar wind and IMF were provided by the National Aeronautics and
Space Administration (NASA) Coordinated Data Analysis Web (CDAWeb) (McComas et al., 2022; Smith &
Ness, 2022). The Wp index used in this paper was provided by the World Data Center for Geomagnetism, Kyoto,
and M. Nosé (2016). The Dst index used in this paper was provided by the World Data Center-C2, Kyoto Univer-
sity (World Data Center for Geomagnetism, Kyoto, et al., 2015).
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