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Abstract Pcl geomagnetic pulsations correspond to electromagnetic ion cyclotron (EMIC) waves in the
magnetosphere and are excited there with frequencies of 0.2-5 Hz. The instantaneous longitudinal extent of Pcl
waves on the ground has not been estimated yet. In this study, we analyze the Pc1 pulsations observed at seven
longitudinally-distributed ground stations at subauroral latitudes at ~60° magnetic latitude for 1 year from July
2018 to June 2019. The hourly occurrence rates of Pc1 pulsations at all 7 stations have a peak (14%-39.6%) in
the post-noon sector and a local minimum (4.1%-8.1%) at midnight. The average frequencies become highest
(0.6-1.1 Hz) after midnight and lowest (0.3-0.5 Hz) after noon at all 7 stations. An increasing tendency of total
Pcl occurrence with respect to magnetic latitude was observed. Based on these observations, we obtained a
peak of probability distribution of the instantaneous Pc1 longitudinal extent as ~82.5° with a half maximum

at ~114°, though this probability distribution can be affected by the limitation of the number of the stations.
We also made model calculations on the possible longitudinal extent using artificial random Pc1 waves with
fixed extents. The comparison of the model results with the observation suggests longitudinal extent of 70°-86°
comparable to the peak of probability distribution (~82.5°). A superposed epoch analysis shows that the
longitudinal extent of Pc1 waves tends to increase during recovery phase of geomagnetic storms.

1. Introduction

Pcl geomagnetic pulsations are commonly observed on the ground at low to high latitudes (e.g., Engebretson
et al., 2002; K.-H. Kim et al., 2016; Mann et al., 2014) and are considered as an Ultra-low frequency (ULF)
waves in the frequency band of 0.2-5 Hz. The observational discovery of the magnetic pulsations, now called
Pcl, is credited to E. Sucksdorff from the Geophysical Observatory at Sodankyld, Finland, and L. Harang from
the Auroral Observatory at Tromsg, Norway in 1930s, (e.g., Kangas et al., 1998). Numerous studies have demon-
strated that the ground Pcl waves are generated by electromagnetic ion cyclotron (EMIC) waves near the equa-
torial plane of the magnetosphere over a wide range of L ~ 4—12 (e.g., Anderson et al., 1992a, 1992b; Usanova
et al., 2012). Sakaguchi et al. (2013) and Ermakova et al. (2016) reported Pc1 type waves at closer to the Earth
at L ~ 2.5. The EMIC waves propagate along geomagnetic field lines to be observed as Pcl pulsations on the
ground (e.g., Cornwall, 1965). In addition, Pcl waves are influenced by the helium gyrofrequency (e.g., Fraser
& McPherron, 1982; Young et al., 1981).The EMIC waves are generated because of the anisotropic (7, > Tj)
distribution of ions providing free energy for instability, where T, and Tj are ion temperatures perpendicular and
parallel to the background magnetic field, respectively (e.g., Cornwall, 1965; Yahnina et al., 2000).

Previous statistical studies have illustrated that the occurrence rates of EMIC waves in the magnetosphere
increase with increasing L value, that is, increasing radius and higher ground-trace latitude (e.g., Anderson
et al., 1992a, 1992b; Usanova et al., 2012). Grison et al. (2021) revealed based on measurements by the Time
History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft that EMIC occurrence
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rate is maximum within two Earth radii from the magnetopause and then it linearly decreases with an increasing
distance from the magnetopause. Pc1/EMIC waves at subauroral latitudes are considered to be generated near
the plasmapause and the occurrence rates at subauroral latitudes usually have a maximum at the post-noon and
a minimum after midnight (e.g., Cornwall et al., 1970; Kwon et al., 2020; Usanova et al., 2012). Fraser and
Nguyen. (2001) have indicated that drifting energetic ions are considered to cause the EMIC instability. The
occurrence peak post-noon is strongly associated with the overlap of energetic ring current ion injection from the
plasma sheet with the plasmaspheric bulge and plumes near the dusk sector.

The Pcl frequencies observed at a ground station at subauroral latitudes are mostly located between the helium
and oxygen gyrofrequencies at the conjugate equatorial plasmapause location (e.g., Kangas et al., 1998; K.-H.
Kim et al., 2016; Kwon et al., 2020; Sakaguchi et al., 2008). Thus, the variation of wave frequency with local time
is attributed to corresponding variations of the gyrofrequencies at the plasmapause.

Through wave-particle interactions, Pcl waves can contribute to loss of radiation belt electrons and ring current
ions into the ionosphere, causing isolated proton auroras (e.g., Kennel & Petschek, 1966; Miyoshi et al., 2008;
Ozaki et al., 2016, 2018; Sakaguchi et al., 2015; Thorne & Kennel, 1971; Yahnina et al., 2000). Thus, studying
their longitudinal extent is of particular importance for quantitative evaluation of the loss of radiation belt elec-
trons. Engebretson et al. (2015) reported EMIC wave event extending over 12 hr in magnetic local time (MLT)
(=180° in longitudes) using multi-point ground and satellite observations. Yahnin et al. (2021) analyzed the
longitudinal extent of an event of Pc1/EMIC waves and associated proton precipitation by using multi-spacecraft
and multi-station data. Yahnin et al. (2008) have shown that Pc1 are observed within £2 hr in MLT of the ener-
getic proton precipitation region. There are also several studies of Pcl waves using latitudinally separated obser-
vations (e.g., Afanasyeva, 1978; Kerttula et al., 2001). These latitudinal studies emphasize the significance of the
ionospheric conditions for wave observations on the ground, and suggest that the attenuation may occur due to
deterioration of the ionospheric Alfvén resonator during the storm main phase.

Using the PWING project (study of dynamic variation of particles and waves in the inner magnetosphere using
ground-based network observations) started in 2016 (Shiokawa et al., 2017), for the first time on the global longi-
tudinal scale, longitudinal ground network observations of Pcl waves have been available at subauroral latitudes.
In the present study, we focus on the instantaneous longitudinal extent of Pcl waves using 1-year data of Pcl
waves obtained at seven ground stations by the PWING project. Through the PWING project, we can statistically
analyze the instantaneous longitudinal extent of Pc1 waves at all MLTs. This is a great advantage of the PWING
project compared with past statistical studies using single ground stations and/or satellites.

2. Observation

We statistically analyzed simultaneous Pcl events using the distribution at seven ground stations at subauro-
ral latitudes. The stations are located at Kapuskasing (KAP; 49.39°N, 277.81°E, magnetic latitude (MLAT):
59.0°N), Athabasca (ATH; 54.6°N, 246.36°E, MLAT: 61.5°N), Gakona (GAK; 62.39°N, 214.78°E, MLAT:
63.2°N), Husafell (HUS; 64.67°N, 338.97°E, MLAT: 64.9°N), Zhigansk (ZGN; 66.78°N, 123.37°E, MLAT:
62.23°N), Istok (IST; 70.03°N, 88.01°E, MLAT: 65.9°N), and Oulu (OUL; 65.08°N, 25.90°E, MLAT: 62.13°N).
The periods of analyzed data are for 1 year from 1 July 2018-31 May 2019 with an exception of Husafell (HUS)
from 1 September 2018-31 August 2019. Figure 1 shows a geographical map of these seven stations. All these
stations are located between 59° and 65.9° north magnetic latitudes and roughly form a circle with a similar
longitudinal separation. Using data from these stations, we can study the instantaneous longitudinal distribution
of Pcl waves at subauroral latitudes.

Figure 2 shows one example of spectral plots of H-component magnetic field variations at seven stations observed
on 13 October 2018. Through the Fast Fourier Transform with a non-overlapping data segment of every 128 s
(X64 Hz = 8,192 data points), we calculated power spectral densities (PSDs) and plotted them as dynamic spec-
tra every day in a logarithmic scale of 0.1-32 Hz in vertical axis. Because we do not have absolute value of the
magnetic field variations at OUL, we used spectral plots with arbitrary unit for OUL. Clear Pc1 wave events are
seen at 6:00-13:00 UT at KAP, and 8:30-12:40 UT and 13:50-17:00 UT at ATH, 2:00-5:00 UT, and 7:00-13:00
UT at GAK, and 2:00-9:00 UT at ZGN, and 3:00-9:30 UT at IST, and 0:30-1:30 UT and 3:30-5:00 UT and
6:00-13:00 UT at OUL, and at 6:00-17:00 UT at HUS.
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Figure 1. Map of the PWING ground stations in Altitude-Adjusted Corrected

Using these daily dynamic spectral plots, we picked up Pcl wave events and
their oscillation frequencies. The Pcl wave events are defined through visual
inspection of the spectra as (a) band emission at frequencies between 0.2 and
e R 5 Hz with certain bandwidths (which means the emission should disappear
below 0.2 Hz), (b) the PSD should be larger than 10~¢ (nT*/Hz), and (c) the
events are not artificial noise. For ATH, ZGN, GAK, HUS, and KAP, the

ZGN \ PSD are shown in unit of (V?/Hz). Because of the increasing sensitivity with

Sy @ frequencies of the induction magnetometer, the plots in (V?/Hz) compensate

4 ; | the decreasing tendency of natural wave amplitudes with increasing frequen-
ST | cies, and make it easier to pick up Pc1 pulsations above the instrumental noise

80, ZO. 60 50 40 ‘ level in visual inspection. When we pick up the Pc1 waves, we converted the

PSDs to (nT?/Hz) using sensitivity curves of the magnetometers shown by

J Shiokawa et al. (2010, 2017). For OUL, we used spectral plots with arbitrary
OU L ) f unit, so that we picked up the Pcl waves by visual inspection without the
B ‘ intensity criterion (b).

Figures 3a and 3b show the total occurrence rate (the blue bars) and the
occurrence rate at night (18-06 MLT, the black bars) at each station sorted by
s magnetic latitudes and longitudes, respectively. The error bars in Figure 3 are
estimated by defining the number of Pcl events m which is shown in the top
of the occurrence rate bars in Figure 3. In this case one Pc1 event is defined
as a continuous Pcl event irrespective to its duration. Then, we defined the

Geomagnetic (AACGM) coordinates (epoch: 1 January 2018). All of the statistical error of the number of Pc1 events as square root of the number of
stations are located at subauroral latitudes (~60° magnetic latitude) in the Pcl events per station (\/E ). Then the error bars in Figure 3 are estimated by
northern hemisphere. The stations are Kapuskasing (KAP, 49.39°N, 277.81°E,  multiplying average duration of the Pc1 events to this statistical error and by

magnetic latitude (MLAT): 59.0°N), Athabasca (ATH, 54.60°N, 246.36°E,

dividing it by the total time length of observation.

MLAT: 61.5°N), Gakona (GAK, 62.39°N, 214.78°E, MLAT: 63.2°N),
Zhigansk (ZGN, 66.78°N, 123.37°E, MLAT: 62.23°N), Istok (IST, 70.03°N, The total occurrence rates in Figure 3a increase with increasing magnetic

88.01°E, MLAT: 65.9°N), Oulu (OUL, 65.08°N, 25.90°E, MLAT: 62.13°N),
Husafell (HUS, 64.67°N, 338.97°E, MLAT: 64.9°N).

latitudes with an exception of OUL. The growth rate of EMIC wave inside
the plasmapause is generally lower than that outside the plasmapause, though
there is a local enhancement of growth rate near the plasmapause (Cornwall
et al., 1970; Horne & Thorne, 1993). This general tendency seems to be consistent with Figure 3a, because the
average plasmapause location is at ~60° MLAT (e.g., Carpenter & Anderson, 1992; Moldwin et al., 2002). Min
et al. (2012) found the larger occurrence rate of EMIC waves at higher L-shell (higher MLAT), though their
results are mainly outside of L = 4. In Figure 3b, we do not find clear tendency of longitudinal variation of occur-
rence rate. The low occurrence rate in OUL may be due to higher noise level at this station compared with other
stations, as shown in the spectral examples in Figure 2.

Figure 4 shows the Pcl wave occurrence rate at seven stations during the available interval. The red curves in
these panels show the valid time intervals useable for the data analysis for each MLT hour. Some stations, particu-
larly in ATH and IST, have some data gaps due to instrumental problems, so that the valid time intervals do not
reach 1-year value (21,900 min per hour per year). The blue bars indicate the occurrence rates which were derived
from the summation of Pc1 event duration times divided by the valid time intervals for each magnetic local-time
hour. These seven panels reveal similar tendency that the occurrence rates have the maximum at post-noon local
times, except for KAP at 11 MLT, and have the minimum at around midnight in MLT. Additionally, the daytime
maximum in the MLT distribution becomes much sharper with increasing latitudes, particularly at IST and HUS
and then at GAK. The maximum occurrence rates are highest at IST reaching to 40% and lowest of ~8% at OUL.
The minimum occurrence rates are mostly 5%—10% around the midnight.

When selecting the Pcl waves, we measured the upper and lower boundary frequencies by visual inspection
for each Pcl event. They are defined as maximum and minimum frequencies where the Pcl power exceeds the
criterion of Pc1 intensity (the PSD should be larger than 107 [nT?/Hz]) to pick up the Pc1 events. For example,
the upper and lower boundary frequencies are 0.2 and 0.8 Hz, respectively at Figure 2g at 1200 UT. Figure 5
indicates upper (red), and lower (blue) boundary frequencies averaged over each magnetic local hour. The black
curve shows averages of the upper and lower boundary frequencies. All these curves show a similar tendency
for frequency variation, which has the lowest after noon and the highest after midnight, as has been reported in
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Magnetic Field Spectra Oct. 13,2018
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Frequency (Hz)
log(PSD)(VA2/Hz)

Frequency (Hz)

W e e |

in arbitrary units

log(PSD)(VA2/Hz)
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Universal Time

Figure 2. An example of 1-day spectra of H-component magnetic field variations observed (a) Kapuskasing (KAP), (b)
Athabasca (ATH), (c) Gakona (GAK), (d) Zhigansk (ZGN), (e) Istok (IST), (f) Oulu (OUL), and (g) Husafell (HUS) on 13
October 2018. Magnetic local midnight is shown by a vertical black line in each panel. The vertical axis is in a logarithmic
scale of 0.1-32 Hz. Note that the unit of the power is (V2/Hz) for most stations except for IST (nT?/Hz) and OUL (arbitrary
unit).
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Figure 3. Occurrence rate of Pcl waves at 7 stations as a function of (a) magnetic latitudes and (b) magnetic longitudes. Numbers shown at the top of the occurrence
rate bars are the numbers of Pcl events. The blue bar indicates the total occurrence rate, while the black bar indicates the occurrence rate at night (18-06 MLT). The
error bars are estimated from statistical error of the number of Pc1 events.

previous studies (e.g., Afanasyeva, 1978; Kwon et al., 2020). The lowest and highest average frequencies are
0.3-0.5 and 0.6-1.1 Hz, respectively. The maximum frequencies at lower-latitude stations (e.g., KAP and ATH)
tend to be higher compared with those at higher-latitude stations (e.g., HUS and IST).

In order to investigate the typical longitudinal extent of Pcl waves, we calculated the occurrence rate of Pcl
waves for all single stations and all sets of multiple stations. Figure 6 reveals the occurrence rate for each longitu-
dinal extent. The red stars represent minimum longitudinal extent for Pc1 waves, which are the actual longitudinal
separation of stations that observed the Pc1 waves simultaneously. The blue lines indicate the maximum longitu-
dinal extent which is estimated from the observations at multiple stations. For example, for a single station, the
minimum longitudinal extent is zero, and the blue bar length is defined as the separation between the neighboring
two stations. For multiple stations, the minimum extent (red stars) comes from the separation among the stations
where Pc1 waves were detected, and maximum extent (right edge of blue bars) is from the longitudinal separation
between the next western and eastern stations. A longitudinal extent shown by blue crosses is estimated to be the
mean of the minimum and maximum values (center point of the blue bars).

Figure 6 indicates that the occurrence rate decreases with increasing longitudinal extent. The rate of decrease
may indicate the typical longitudinal extent of Pc1 occurrence. The red line indicates fitting to the blue crosses by
assuming an exponential function y = A X exp(—Bx) with (A, B) = (27.07, 0.0164) through the least square fitting
method, where x and y are the longitudinal extent and the occurrence rate, respectively. A (%) corresponds to the
occurrence rate for a single station (in case of x = 0), and B is the natural logarithm of A divided by inter-station
separation, respectively. More detailed explanation of this exponential function is given in the Appendix A of this
paper. If the EMIC wave occurrence does not depend on stations, we can expect an exponential decrease of the
occurrence rate with increasing longitudinal extent. The average fitting error was ~1.4%.

Figure 7 shows the probability distribution of the longitudinal extent of Pc1 waves obtained by integrating all the
occurrence rates shown in Figure 6. The peak of the curve is ~82.5° and a half maximum value at ~114°. The
peak value may indicate the most likely occurrence at ~82.5° in the longitudinal extent. We should note that this
probability distribution can be affected by the station distributions, that is, the distributions of blue horizontal
lines for each (pair) stations in Figure 6.

Figure 8 shows occurrence rates similar to Figure 6 but divided by two Dst index levels. The blue lines and
the blue curve are obtained for Pcl events during Dst index smaller than —15 nT. Only ~2 months of data are
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Figure 4. Magnetic local time (MLT) dependence of occurrence rate of the Pc1 waves at (a) Kapuskasing (KAP), (b)
Athabasca (ATH), (c) Gakona (GAK), (d) Zhigansk (ZGN), (e) Istok (IST), and (f) Oulu (OUL) from 1 June 2018-31 May
2019 with an exception of (g) Husafell (HUS) from 1 September 2018-31 August 2019. The red curve indicates the valid
time interval in unit of 100 min and the blue bars show the occurrence rates for each MLT hour.
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Figure 6. Occurrence rates of Pcl waves as a function of longitudinal differences between stations. Each line starts from a
red star as the actual longitudinal difference of the selected stations (minimum longitudinal extent) and extends to the possible
maximum extent which is the longitudinal difference of the neighboring two stations for the selected stations. The red curve
shows fitted function of the occurrence rates (y = A X exp(—Bx)) to the mean values of the possible longitudinal extent

indicated by blue crosses.

available for this condition. The green lines and the green curve are for Dst index larger than —15 nT (~10 months

of data). We consider these two Dst levels as geomagnetically active period and quiet period, respectively. For

most of the longitudinal extents, the occurrence rates in the active period are a little higher than those in the quiet

period. However, the difference is not very significant. Due to the limited data sources, we cannot change the

threshold Dst value (—15 nT) to further low values to see the difference more clearly.

Probability Distribution of the Longitudinal Extent

maximum:82.5°

half maximum:114°

150 200
Longitudinal Extent [°]

250

300

360

Figure 7. Probability distribution of the longitudinal extent of Pcl waves
obtained by integrating blue bars in Figure 6.

In order to analyze the variation of the longitudinal extent on different

geomagnetic activities including storms, we show the relationship between
the number of stations with Pc1 per day (the blue curves) and the Dst index
(the red curves, daily averages) in Figure 9 for nine months from September
2018 to May 2019. The number of stations with Pc1 per day is defined as the
number of stations which observed Pc1 pulsations at least more than 10 min

during that day.

In Figure 9, we found a clear tendency that the numbers of stations with

Pc1 (blue curves) increase during the recovery phase of geomagnetic storms,
for example, in 10—17 September 2018 (the first red box). This suggests the
increase of longitudinal extent of Pcl during the storm recovery phase. For

further analysis, we selected seven geomagnetic storms, as indicated by the

red boxes in Figure 9, based on visual inspection of daily Dst index. The start
of the storm is defined as the sudden decrease of the Dst index, which is the
start of the storm main phase. Then the storm recovery phase is defined as

the time interval after the Dst minimum. As shown in these red boxes, the

number of stations with Pc1 tends to increase during the recovery phase. The

end times of the red boxes are taken as the times when this increase of the

number of Pcl stations end.

Figure 10 shows superposed epoch plots of the Dst index and the longitudinal

extent of Pcl waves for the selected seven geomagnetic storms from 3 days
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Occurrence Rate Separated by Dst Index
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Figure 8. Occurrence rates of Pcl waves as a function of longitudinal differences between stations (similar to Figure 6)
and divided by two Dst ranges. The blue and green indicate active (Dst < —15 nT) and quiet (Dst > —15 nT) intervals,
respectively.

before the storm onset (day —3 to day 0) and 10 days after the storm onset (day O to day 9). Because the number
of stations with Pc1 in Figure 9 may not reflect the actual Pc1 longitudinal extent, we calculated the Pc1 longitu-
dinal extent every hour in the same way to that used to define blue crosses of Figure 6, that is, the average of the
extent between the continuous Pc1 stations and the extent of neighboring two stations. If we obtain more than two
longitudinal extent values in an hour, we took the maximum value.

In Figure 10, day O is mostly the storm main phase where the Pcl longitudinal extent tends to be small. The Pcl
longitudinal extent start to increase after day 1 when the storm recovery starts. The increase can continue up to
7 days in the recovery phase.

3. Discussion

We have analyzed simultaneous observation of Pc1 waves using seven ground stations at subauroral latitudes, then
obtained the occurrence rates of Pcl waves statistically to estimate the features in longitudinal extent. The pres-
ent research is the first time the instantaneous longitudinal extent of Pc1 waves at subauroral latitudes has been
analyzed statistically, which is important in estimating quantitative loss of relativistic electrons (e.g., Usanova
et al., 2014) and subrelativistic electrons (e.g., Blum et al., 2019; Capannolo et al., 2019; Hendry et al., 2019)
from the radiation belts. We estimate the maximum occurrence of longitudinal extent of Pcl waves as ~82.5°
with a half maximum at ~114° from the probability distribution of the occurrence rate in Figure 7. However, this
value can be affected by the limited number of stations (seven) used in the present analysis.

In order to avoid this possible systematic error on the estimation of the typical longitudinal extent, we have
made simulations about the occurrence rate of artificial Pcl waves with fixed longitudinal extent. In the
simulation, we assume that the Pcl waves occur with a fixed longitudinal extent (@) throughout 1 year
randomly at different longitudes with an average occurrence rate of all the seven stations. In other words, the
artificial Pc1 waves occur at various longitudes randomly with the fixed longitudinal extent @ . The seven
ground stations used in the present study make virtual observation of these artificial Pc1 waves and generate
the occurrence rate distribution similar to that shown in Figure 6. Because the total occurrence rate increases
when increasing the artificial longitudinal extent, we normalized the total occurrence rate of the artificial
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Figure 9. The relationship between the number of stations with Pcl (blue) for each day and the Dst index (red, daily averages) from 1 September 2018 to 31 May 2019.
The red boxes indicate the seven geomagnetic storms focused on in this paper and associated increase of the number of Pc1 stations during their recovery phases.
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90-Occurrence Rate for Each Longitudinal Extent
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Figure 11. Occurrence rates of Pcl waves as a function of longitudinal differences between 7 stations, similar to Figure 6,
based on simulations of artificial random Pc1 waves with a fixed longitudinal extent ® = 90°. The red curve shows fitted
function of the occurrence rates (y = A X exp(—Bx)) to the mean values of the possible longitudinal extent indicated by blue
Crosses.

waves by the total occurrence rate of actual observation. An example of such a virtual observation result is
shown in Figure 11 for @ = 90°. Then we fit an exponential function as shown in the red curve in this virtual
observation. It should be noted that because of the assumption of fixed extent, all the occurrence rates at
longitudinal separation of more than ® = 90° become zero. We did not use the data points with these zero
values in the fitting.

Figure 12 shows the fitted exponential functions for different longitudinal extents of artificial Pcl waves and the
curve from the actual observation in Figure 6 (red dotted curve). The order of these lines from bottom to the top
is ® =60°, 76°,71°, 80°, 74°,75°, 85°, actual, 86°, 70°, 87°, 88°, 89°, 90°, 100°, and 120°. The reason
why this order does not follow the order of & but suddenly jumps back and forth is because of finite number (7)
of the stations of observation. The closest curves to the actual observation are those at ® = 85° and 86°, but the
curves with 75° and 70° are also close. These values are comparable to the maximum occurrence of longitudinal
extent of Pcl waves as ~82.5°.

It is known that the Pcl waves can propagate horizontally along the ionospheric duct with a typical attenuation
rate of 10 dB/1,000 km (e.g., Fujita & Tamao, 1988; Neudegg et al., 2000). In addition to the effects of the iono-
spheric ducts, Ozaki et al. (2021) reported that ionospheric current variations induced by proton precipitation
scattered by EMIC waves in the magnetosphere can be detected as the ground observations of Pcl waves. Mann
et al. (2014) illustrated that the Pc1/EMIC wave emissions can extend ~40° in longitude during propagation from
the equatorial plane of the magnetosphere to the ionosphere. The present result of 82.5° should contain these two
effects of Pc1/EMIC wave propagation in addition to the longitudinal extent of the EMIC source region in the
equatorial magnetosphere.

In Figure 8, we classified the Pc1 occurrence by two Dst levels. The lower Dst curve shows either higher occur-
rence and/or larger longitudinal extent. By comparing these two curves with simulation of fixed longitudinal
extent in Figure 12, we found that the curves at Dst < —15 nT and Dst > —15 nT most fit to the simulation curves
with longitudinal extent of 110° and 108°, respectively. This difference is rather small, so we cannot identify a
recognizable difference between these two values.
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Figure 12. Fitted function of the occurrence rates for simulated artificial random Pc1 waves with various fixed longitudinal
extents (@ ). The red dotted curve is fitted from the actual observation taken from Figure 6.

For the total occurrence rate of Pcl waves, we observed a similar tendency of the occurrence rate with a peak at
the post-noon sector among all ground stations except for KAP. The tendency is consistent with several previous
studies (e.g., Engebretson et al., 2008; Park et al., 2016; Usanova et al., 2012). Pc1 waves usually seen at the
ground are caused by EMIC waves due to westward-drifting ions from the nightside plasma sheet toward the
noon. Energetic drifting ions are considered to cause the EMIC instability in the plasmapause region according to
the linear growth theory (e.g., Cornwall et al., 1970; Fraser & Nguyen, 2001). Though Horne and Thorne (1993)
reported that the growth rate of EMIC wave inside the plasmapause is generally lower than that outside the plas-
mapause, they also pointed out that the largest amplification of EMIC waves can occur near the plasmapause
due to propagation effect in the large density gradient region. Usually, cold plasma extends to higher L-shell in
the plasmaspheric bulge in the dusk to post-noon local times (Borovsky et al., 2014). With the penetration of
energetic ions into the plasmaspheric bulge, the EMIC waves are expected to occur more frequently at the post-
noon sector (e.g., Keika et al., 2013; Usanova et al., 2012). Additionally, there are other possibilities for EMIC
wave generation in the dayside. In space, Tetrick et al. (2017) revealed using comprehensive plasma and wave
observations by Van Allen Probes that most EMIC waves occurred over an L-range of from —1 to +2 Re relative
to the plasmapause. Jun et al. (2019a, 2019b) reported that the post-noon sector near the plasmapause is the major
EMIC wave occurrence regions under active geomagnetic conditions in the He* band, while H* EMIC waves
are frequently observed in the morning and noon sectors with dynamic pressure variations. The combination of
these EMIC wave distributions can cause the day-night asymmetry of Pc1 occurrence rate at the ground stations
near the subauroral regions. The limitation of wave transmission from the magnetosphere to the ground may also
contribute to form the local time distribution.

Previous studies indicate that the localized proton enhancement (LPE) is formed by pitch angle scattering of
energetic protons by EMIC waves (e.g., Miyoshi et al., 2008; Yahnin & Yahnina, 2007). K.-H. Kim et al. (2016)
also investigated the occurrence relation between LPE and Pc1 waves observed in ground stations at subauroral
latitude and supported the relationship between LPE and EMIC waves. Through LPE locations, we can estimate
the source region of Pc1 waves. Those Pc1 waves observed at subauroral latitude are conjunction with LPE events
located in the vicinity of the plasmapause (e.g., Fraser et al., 1989). Some other articles (e.g., Yahnin et al., 2013)
also demonstrated that the Pc1 waves at subauroral latitudes have their source region around the plasmapause.
When EMIC waves are formed around the plasmapause region, they propagate along the magnetic field lines,
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conduct through the ionospheric ducts, and are observed as the Pcl waves. There are many articles reported
that the frequency distribution observed at subauroral latitudes is similar with the gyrofrequencies of helium
and oxygen at the plasmapause (e.g., Kangas et al., 1998; K.-H. Kim et al., 2016; Kwon et al., 2020; Sakaguchi
et al., 2008), which have a peak after the midnight and a minimum in the afternoon. Our present observation also
shows frequency peak after the midnight and minimum in the afternoon for all the 7 stations, which supports the
idea that these Pc1/EMIC waves are caused near the plasmapause.

The observations of isolated proton aurora associated with LPE by EMIC wave scattering of protons can show
distribution of source region of the EMIC waves at subauroral latitudes (e.g., Nomura et al., 2012; Sakaguchi
et al., 2008, 2015; Yahnin et al., 2007). According to these observations, the isolated proton aurora can appear
as spot-like features which are often extended in longitudes. This suggests that the overall generation region of
EMIC waves can be extended in longitudes, while they have smaller scale structures of stronger and weaker
EMIC wave generation within the extended area. Further study on the global distribution of isolated proton aurora
with EMIC waves will be important to clarify the longitudinal distribution of EMIC waves.

We obtained an increasing tendency of Pcl occurrence with respect to magnetic latitudes at the seven ground
stations in Figure 3. As we discussed previously, Pc1 waves at subauroral latitudes are considered to be produced
near the plasmapause. In the magnetospheric equatorial plane, the occurrence rate of Pc1/EMIC waves is known
to increase with the L-value from the inner magnetosphere toward the magnetopause (e.g., Anderson et al., 1992a;
Usanova et al., 2012). Grison et al. (2021) identified highest wave activity within 1-3 Re (dependent on MLT)
from the magnetopause boundary. This may be the reason of the observed increasing tendency of Pcl occur-
rence with increasing magnetic latitudes. The EMIC/Pc1 waves propagate from the magnetosphere to the iono-
sphere along the field lines. These waves are then trapped in the ionospheric duct and propagate latitudinally and
longitudinally with attenuation which is related to the electron concentration of ionospheric layer (Kawamura
etal., 1981).

In Figures 9 and 10, the number of the stations with Pc1 waves and the Pc1 longitudinal extent tend to increase
during storm recovery phase. From ground-based magnetometer observations, it has been reported that signifi-
cant Pc1 activities are not observed until the recovery phase during geomagnetic storms (e.g., Braysy et al., 1998;
Campbell, 1967; J. Kim et al., 2020). Pierrard and Lemaire (2004) illustrated that the plasmaspheric plumes are
mostly formed during the geomagnetic storm recovery phase. Engebretson et al. (2008) suggested that the Pcl
waves occurring during the early recovery phase are generated in association with plasmaspheric plumes in the
noon-to-dusk sector. On the other hand, Kerttula et al. (2001) proposed the deterioration of ionospheric Alfvén
resonator during the storm main phase to explain the attenuation of Pcl waves during the storm main phase.
Engebretson et al. (2008) also revealed that before the recovery phase the propagation of Pcl waves through the
ionospheric waveguide was inhibited severely. Paulson et al. (2017) also saw similar results in space, that is, Pcl
waves occur during magnetically quiet time, particularly during late recovery phase of geomagnetic storms. This
may suggest that the depletion of Pc1 during the storm main phase may not be due to an ionospheric effect.

4. Conclusions

We have conducted ground-based simultaneous observation of Pcl waves using seven stations located at subau-
roral latitudes for 1 year. We analyzed the occurrence rate of Pcl waves statistically to estimate the longitudinal
extent of the waves. The results of this study are summarized as follows.

1. The hourly occurrence rates have a peak (14%-39.6%) in the post-noon sector and local minimum (4.1%-8.1%)
at midnight. The average frequencies of the Pc1 waves become highest (0.6—1.1 Hz) after midnight and lowest
(0.3-0.5 Hz) after the noon. These tendencies are same at all the seven stations at subauroral latitudes. This
local time dependence of Pcl frequency suggests that the observed Pcl waves are generated near the plasma-
pause. An increasing tendency of total Pc1 occurrence with respect to the magnetic latitudes was observed at
the seven stations with exception of OUL.

2. Based on these observations, we statistically estimated the longitudinal extent of the Pc1 waves. The peak of
probability distribution of the longitudinal extent is ~82.5° with a half maximum of ~114°. We also made
simulations of the occurrence rate of random Pc1 waves with fixed longitudinal extents and obtained that the
simulated occurrence rate with 70°-86° longitudinal extent, comparable to the peak probability distribution,
provides the fit to the actual observation. We cannot find a recognizable difference of longitudinal extent for
intervals with Dst > —15 nT and Dst < —15 nT.
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3. Using a superposed epoch analysis, we concluded that the longitudinal extent of Pcl waves increases during
the recovery phase of geomagnetic storms.

These results show, for the first time, the longitudinal extent of ground Pc1 waves, which is important to estimate
the loss of the radiation belt electrons in the inner magnetosphere through wave-particle interactions quantitatively.
However, further study will need to check the PSDs of Pcl to identify whether the waves are coming from the
same resources or not. Such study will distinguish whether the longitudinal extent obtained by multi-point ground
stations corresponds to the source distribution in the magnetosphere or more affected by the propagation from
the source to the ionosphere and in the ionospheric duct.

Appendix A: Exponential Function of Occurrence Rate

In this appendix, we explain how the exponential function was assumed for fitting to the observed occurrence
rates in Figures 6, 8, 11, and 12. Figure Al shows the schematic figure of the explanation, where x and y are
longitudinal separation of stations and occurrence rate, respectively. Assuming that the occurrence rate («) of Pcl
at single station is identical (e.g., @ = 30%) for all the stations, then we can calculate the simultaneous occurrence
rate y among the three stations as the value @ X a X a = 0.3 X 0.3 X 0.3 = 0.027 (y(Station 1nStation 2NStation
3) = a(Station 1) X a(Station 2) X a(Station 3)). Thus, the occurrence rate curve becomes exponential, that is,
y=a@+Dh = g x ag¥D = A x ¢®9, where B = (1/L) X In(a) and A = a.

a:occurrence rate at a single station

X
a=30% a=30% a =30% a=30%
station 1 station 2 station 3 station 4

\ J
[
simultaneous occurrence rate between two stations: 0.3 x 0.3 =0.09
\ J
[
simultaneous occurrence rate between three stations: 0.3 x 0.3 x 0.3 = 0.027

\ J
I

simultaneous occurrence rate between four stations: 0.3 x 0.3 x 0.3 x 0.3 =0.0081

Figure Al. Schematic explanation of exponential function of longitudinal separation versus occurrence rate.

Data Availability Statement

Ground-based data from all the PWING stations can be accessed at the ISEE magnetometer network webpage
(http://stdb2.isee.nagoya-u.ac.jp/magne/) and from the ERG Science Center operated by ISAS/JAXA and ISEE/
Nagoya University (https://ergsc.isee.nagoya-u.ac.jp/index.shtml.en; Miyoshi et al., 2018). The Dst index data
were provided from OMNI Web (http://omniweb.gsfc.nasa.gov/).
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