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Abstract Foreshock transient (FT) events are frequently observed phenomena that are generated by
discontinuities in the solar wind. These transient events are known to trigger global-scale magnetic field
perturbations (e.g., ULF waves). We report a series of FT events observed by the Magnetospheric Multiscale
mission in the upstream bow shock region under quiet solar wind conditions. During the event, ground
magnetometers observed significant Pcl wave activity as well as magnetic impulse events in both hemispheres.
Ground Pc1 wave observations show ~8 min time delay (with some time differences) from each FT event
which is observed at the bow shock. We also find that the ground Pc1 waves are observed earlier in the northern
hemisphere compared to the southern hemisphere. The observation time difference between the hemispheres
implies that the source region of the wave is the off-equatorial region.

1. Introduction

Electromagnetic ion cyclotron (EMIC) waves are kinetic scale plasma waves excited by an ion cyclotron insta-
bility with a frequency below the local proton gyrofrequency that usually falls into the ULF Pc 1-2 (0.1-5 Hz)
frequency band in the Earth's magnetosphere. In the classical resonant wave-particle interaction theory, EMIC
waves are generated with left-handed polarization and propagate along the background magnetic field (Anderson
et al., 1990, 1996; Fraser & McPherron, 1982; Kennel & Petschek, 1966; Noh et al., 2022). It is widely known
that EMIC waves play a key role in the charged particle dynamics in the Earth's magnetosphere, especially for the
loss of ring current ions and relativistic electrons (Blum & Breneman, 2020; Capannolo et al., 2019; Cornwall
etal., 1970; H. Kim et al., 2021; D.-Y. Lee, 2021; Meredith et al., 2003; Ni et al., 2015; Summers & Thorne, 2003;
Thorne & Kennel, 1971; Thorne et al., 2006; X. J. Zhang et al., 2019).

In the Earth's magnetosphere, there are two major drivers for the EMIC wave generation. One is the injected
energetic ions during geomagnetic storms and substorms. The supply of energetic source particles from the plas-
masheet increases free energy for the ion cyclotron instability and predominantly excites waves in the afternoon
side through their westward drift around the Earth (Blum et al., 2015; Clausen et al., 2011; Halford et al., 2010;
Jordanova et al., 2008; Jun et al., 2019; Noh et al., 2021; Remya et al., 2018; Usanova et al., 2010, 2012; Yahnin
et al., 2021). Another major driver is dayside magnetic field compression due to the enhancement of the solar
wind dynamic pressure (Cho et al., 2016, 2017; Engebretson et al., 2018; Keika et al., 2013; Usanova, 2021; Xue
et al., 2022). Dayside compression of the magnetic field can introduce betatron acceleration of the particles that
makes the particle distribution more anisotropic in the direction perpendicular to the magnetic field (7', /T, > 1).
In addition to the perpendicular heating, the off-equatorial minimum B pocket also can make the particle distribu-
tion anisotropic. McCollough et al. (2010) suggested that the particle distribution in the off-equatorial minimum
B region can be anisotropic enough to excite EMIC waves. There have also been observational reports of the
off-equatorially generated EMIC waves (Allen et al., 2015; Liu et al., 2013; Vines et al., 2019).

Hot flow anomalies and foreshock bubbles, two important types of foreshock transient (FT) events, are gener-
ated by discontinuities (tangential and rotational) in the solar wind magnetic field (Lin, 1997, 2002; Omidi &
Sibeck, 2007; Schwartz et al., 1985; Turner et al., 2013, 2020; H. Zhang et al., 2022). FTs have common features
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which are density depletion in their center, temperature enhancement, and decrease of the magnetic field as well
as pressure compared to the plasma environment in the solar wind. The effects of FTs on the Earth's magne-
tosphere are usually considered localized compared to the changes in solar wind dynamic pressure but can be
significant (Omidi et al., 2010; Sibeck et al., 1999). Since FTs mainly occur very close to the Earth's bow shock,
it is non-trivial to determine whether there is an FT event taking place only with solar wind observations at the
L1 point.

It has been known that the FTs are related to and can excite ULF waves in the Earth's magnetosphere (Eastwood
et al., 2011; Engebretson et al., 2013; Hartinger et al., 2013; Shi et al., 2021; Sibeck et al., 1999; B. Wang
et al., 2020, 2021). Eastwood et al. (2011) reported ground Pc3 wave observations possibly triggered by a hot
flow anomaly. They estimated that the time difference between the hot flow anomaly near the bow shock and
ground signatures is ~8 min and it is consistent with the estimated traveling time of the Pc 3 wave from the bow
shock to the ground.

In this study, we report a series of FT events observed by the magnetospheric multiscale (MMS) mission and
two different but related ground ULF wave observations captured by a high-latitude, interhemispheric ground
magnetometer array.

2. Data

The MMS mission consists of four identical satellites that are mainly designed to observe the dayside and night-
side reconnection regions (Burch et al., 2016). The orbit of MMS covers from 1 up to 12 R; with 28° inclination.
The Fast Plasma Investigation (FPI, Pollock et al., 2016) provides high cadence plasma measurements that cover
ion energies from 10 eV to 30 keV. The sampling rate of the burst mode is 120 ms which allows us to analyze
the fine structure of the FT within a few minutes scale. The FPI is used for ion density and temperature. The
fluxgate magnetometer (Russell et al., 2016) in the Field suite (Torbert et al., 2016) is used to measure the vector
magnetic field.

We use arrays of ground magnetometers installed at high latitudes in both the northern and southern hemispheres
to measure signatures that propagated down to the ground (C. R. Clauer et al., 2014; Lanzerotti et al., 1990).
Table 1 shows a summary of ground stations used in the present study. Ground stations in the northern hemi-
sphere are longitudinally distributed in similar magnetic latitudes (as well as L-values). See also Figure 3 in which
star symbols indicate equatorial mapping of ground stations based on IGRF and TS05 magnetic field models
(Thébault et al., 2015; Tsyganenko & Sitnov, 2005). Southern hemispheric stations have wider latitude coverage.
The PG2 to PGS stations are latitudinally distributed in a similar magnetic longitude. SPA station is in the lati-
tude between PG3 and 4, but with different longitude. For the DC magnetic field measurements, we use fluxgate
magnetometers installed in each station. The DC magnetic field data from STF was not available during the
interval of interest. For Pc1 wave observations, higher sensitivity is required since the background magnetic field
intensity is strong (~10* nT), but the wave signatures are relatively weak (a few nT or lower). We use induction
coil magnetometers which can measure the AC magnetic field.

Solar wind dynamic pressure and magnetic field data are obtained from the OMNI data set (Papitashvili &
King, 2020). We use SuperMAG ring current and substorm aurora electrojet (SME) indices (Newell &
Gjerloev, 2011, 2012) as a proxy of geomagnetic storms and substorms, respectively.

3. Foreshock Transient Events and Ground Responses Under Quiet Solar Wind
Conditions

3.1. Foreshock Transient Events on 1 December 2017

Foreshock bubbles and hot flow anomalies (referred to as FTs hereafter) have common features such as (a) veloc-
ity deflection, (b) temperature enhancement, (c) density reduction, and (d) magnetic field reduction (H. Zhang
et al., 2022). Figure 1 shows burst-mode MMS]1 observations of ion bulk velocity (first row), ion and electron
temperature (second row), proton density (third row), and (fourth row) magnetic field in the GSM coordinate
system. We found six FT events from 13:57 to 14:42 UT on 1 December 2017. During this time interval, MMS1
was located in the solar wind upstream of the bow shock (see blue square in Figure 3). The first five events turned
out to be foreshock bubbles and the last event is a hot flow anomaly. Differentiating foreshock bubbles and hot
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Table 1

Information of the Ground Magnetometer Stations Used in This Study

Station

Location

Geo. Lat. (Mag. Lat.)

Geo. Lon. (Mag. Lon.)

L-value (IGRF + TS05)

Sampling rate
(fluxgate/search-coil)

Organization
(fluxgate/search-coil)

Iqaluit (IQA)
Sondrestrom (STF)
PG2

PG3

PG4

PGS

South Pole (SPA)

63.45°N (70.78°N)
66.59°N (71.17°N)
84.42°S (75.41°S)
84.81°S (73.69°S)
83.34°S (70.96°S)
81.96°S (69.57°S)
90.00°S (74.32°S)

68.31°W (15.20°E) 8.76 1 Hz/10 Hz NRCan/UNH
50.57°W (39.06°E) 8.85 1 Hz/10 Hz DTU/UNH
57.96°E (39.41°E) 9.94 1 Hz/10 Hz VT/UNH
37.63°E (36.84°E) 9.53 1 Hz/10 Hz VT/UNH
12.25°E (36.50°E) 8.59 1 Hz/10 Hz VT/UNH
5.71°E (37.35°E) 8.02 1 Hz/10 Hz VT/UNH
N/A (19.02) 9.91 1 Hz/10 Hz NIIT/UNH

Note. Each station provides both fluxgate and search-coil magnetometer data.

flow anomalies can be achieved by the edges of their shock. Foreshock transients are usually observed with a
shock only in their trailing edge. On the other hand, hot flow anomalies have shocks in both leading and trailing
edges (Omidi et al., 2010; Turner et al., 2013). For events 1-5, there is only one shock boundary (trailing edge)
right after the core region where density and magnetic field show dips. The core can be more easily found from
the anti-correlated behavior between temperature (increase) and density (decrease). The dip is less clear for event
4 but the trailing shock is still clear (~14:23:15). In contrast, event 6 shows both leading and trailing shocks
before and after the core. All 6 events show clear velocity deflections (top panels). However, both foreshock
bubbles and hot flow anomalies are known to play a similar role in the Earth's magnetosheath and magnetopause
with depletion of the pressure in the magnetosheath followed by inward and outward motion of the magnetopause
(Archer et al., 2014, 2015; Omidi et al., 2016; C.-P. Wang et al., 2021; H. Zhang et al., 2022).

Figure 2 shows the solar wind and geomagnetic conditions from 12 to 17:00 UT. The SuperMAG auroral electro-
jet index indicates that there was a certain level of auroral electrojet activity (~200 nT) but severe substorms are
not expected as the index did not change significantly during the events. The ring current index was mostly close
to 0 nT which indicates there was no ring current enhancement, therefore no storm was present during the event.
With relatively quiet substorm and geomagnetic storm activity, it is hard to expect that injected energetic ions can
trigger significant disturbances that can cause strong wave activity, especially in the dayside magnetosphere. The
solar wind dynamic pressure remained at the quiet level (~2 nPa) and did not show considerable enhancement
during the event. The solar wind magnetic field pointed southward at the beginning of the events but was mostly
close to O nT before and during the event interval. This small fluctuation in Bz maintained from before the event
could supply particles into the inner magnetosphere to maintain the SME index to a certain level. However, the
overall solar wind and geomagnetic conditions were not in a favorable condition to cause strong magnetic distur-
bances in the outer dayside magnetosphere.

3.2. Ground Observations

Under the relatively quiet solar wind and geomagnetic conditions with a series of FT events shown in Section 3.1,
the high-latitude ground magnetometer network observed strong Pcl wave activity in both the northern and
southern hemispheres. Figure 4 shows spectrograms of the AC magnetic field measured by induction coil
magnetometers and the two average-subtracted horizontal components of the DC magnetic field measured by
fluxgate magnetometers. The top two stations (IQA and STF) are the northern hemispheric stations and the other
five stations (PG 2, 3, 4, 5, and SPA) are the southern hemispheric stations. Note that the STF station is located at
a latitude between the PG3 and PG4 stations in magnetic coordinates, with a closer L value to PG4, (see Figure 3
and Table 1) based on the IGRF + TS05 model. In both hemispheres, strong and well-defined wave activity is
observed during the event interval. Vertical magenta lines in each panel indicate the onset times of FTs observed
by MMSI1. Orange lines are 8 min after the FT events. The spectrograms show that wave activity is observed
~8 min after FT events, especially for events 1, 4, 5, and 6. This indicates that the 8-min time delay is related to
the energy transfer time between the FTs and ground stations in the form of the Pc1 waves. Note that the ground
Pc1 waves are not always observed exactly 8 min after each FT event but there are 1-2 min deviations in addition
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Figure 1. MMS1 observations of the ion bulk velocity (x in blue, y in green, and z in red) in GSM coordinates (first row), proton temperature in perpendicular (red)
and parallel (black) directions (second row), proton density (third row), and magnetic field in GSM coordinates (fourth row) for five selected time intervals (a—e) that
contain six foreshock transient (FT) events. The numbers at the top of each figure indicate the event number of the FTs. Dashed vertical magenta lines in each plot
indicate the start and end time of FT events.

to the 8-min. For example, ground responses related to event 1 occurred slightly later than 8 min but event 4
related waves were observed slightly earlier than 8 min.

The Pc1 wave activity was stronger in the PG2 station where the L value was the highest among the stations and
the closest station to the magnetopause (Figure 3). Stronger activity in the outer L stations (with the maximum
wave amplitude of 0.16 nT at 14:11 in PG2) and weaker activity for the inner L stations (with the maximum wave
amplitude of ~0.020 nT at 14:11 in PGS5) implies that the source of the wave was located close to the magneto-
pause and their activity was radially localized since Pc1 waves are generally known to propagate parallel to the
background magnetic field. The typical spatial scale of EMIC waves is known to be about 1 Rj; in the magneto-
sphere (Blum et al., 2017; J. Lee et al., 2013). This could be evidence of wave energy transport from outside of
the magnetosphere. The IQA station in the northern hemisphere and the SPA station in the southern hemisphere
show less clear and weaker wave activity compared to other stations that are closer to MMS 1. This is because
IQA and SPA are longitudinally distant from other stations. The magnetic local time differences between MMS
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Figure 2. (a) SuperMAG auroral electrojet index (substorm aurora electrojet),
(b) SuperMAG ring current (SMR) index, (c) solar wind dynamic pressure,
and (d) solar wind magnetic field in GSM coordinates. Vertical magenta lines
in each panel indicate 14:00-15:00 UT when the foreshock transient events
were observed by MMS|1. The solar wind dynamic pressure and magnetic field
data were obtained from OMNIWeb.
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Figure 3. Top-down view of the equatorial magnetic field configuration at
14:12 UT obtained from the IGRF + TS05 magnetic field model. Star symbols
indicate the location of the ground stations mapped to the magnetic equator.
Square symbols indicate the location of various spacecraft.

and STF and PG stations were mostly about 1 hr, but IQA and SPA stations
were about 3 hr separated from MMS. This means that the observed Pcl
waves were localized in their longitudinal extent as well and the source loca-
tion was close to MMS.

The DC magnetic field observation showed a clear magnetic impulse event
(MIE) at all stations slightly before the Pc1 waves were observed (~14:07).
The MIEs were also observed in IQA and SPA stations several minutes after
other stations. This indicates longitudinal (westward) propagation of MIEs.
The traveling feature of the disturbances is more clearly seen in the spher-
ical elementary currents estimated from ground magnetometers (Weygand
et al., 2011) (Figure 5). The vortical current features started at 14:10 near
the STF station (Figure 5b) and traveled westward over time in Figures Sc
and 5d. Since a close relationship between FTs and MIEs has been reported
by several papers (Fillingim et al., 2011; Jacobsen et al., 2009; Sibeck
et al., 1999), we do not further discuss the observation of MIEs in this study.
Note that longitudinal propagation is not present in the observed Pcl waves.

3.3. Observation Time Difference Between the Hemispheres

In addition to the clear response time between FTs and ground features, there
are observation time differences in Pc1 wave activity between the hemispheres.
For simplicity of the comparison, we focus on events 1, 4, and 5 observed by
STF (NH, L = 8.85) and PG4 (SH, L = 8.59) stations. Since the sensitivity of the
sensors is different and not intercalibrated, we do not compare the onset time of
the waves but rather use the cross-correlation of integrated power of frequency
between 0.2 and 0.9 Hz to estimate the time difference. The results are shown
in Table 2. Although the time differences varied by the events, all events were
observed earlier in the northern hemisphere than in the southern hemisphere.
Note that the time difference between peak power times and the delay time esti-
mated from cross-correlation can be different but the trend that Pc1 waves were
observed earlier in the northern hemisphere is still the same.

EMIC waves excited in the magnetosphere are often considered to propa-
gate bi-directionally from the generation region (Loto'aniu et al., 2005) when
the waves are excited by the anisotropic particle distribution. One possible
source location of the wave activity can be found by radially extending down
the location of FT events observed by MMS1 to the magnetopause. As the
pressure impact propagates radially with the fast magnetosonic mode from
its source region, the closest location on the magnetopause from the FT is the
most probable region where the plasma would be intensely affected by the
pressure change. For a more realistic estimation of the wave traveling time,
we conducted an MHD simulation of our event to get the background plasma
(density, temperature, and velocity) condition and magnetic field configura-
tion using the University of Michigan Space Weather Modeling Framework
(SWMF) Geospace Model configuration (Gombosi et al., 2021; Welling
et al., 2021). The SWMF simulations were driven with propagated 1-min
resolution OMNI data, using solar wind velocity (in km/s), density (in cm~3),
temperature (in K), and magnetic field vector (in nT). These values are used
as upstream boundary conditions 32 Ry away from the Earth at the subsolar
point. The simulations were first run on steady-state and then switched off.
Time-accurate runs started at 11.00 UT using the OMNI data to allow for the
system to reach a steady state before studying the observed phenomena. Note
that the FT is related to the kinetic physics of ions. So, the MHD simulation
does not incorporate the entire physical process from the formation of FT and
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Figure 4. Spectrograms of the AC magnetic field (top panels) and horizontal components of the DC magnetic field
measurement (bottom panels) from the northern hemispheric stations (IQA and STF) and the southern hemispheric stations
(PG2, PG3, PG4, PGS, and SPA). The magenta lines in each panel indicate the event time of each foreshock transient (FT)
event and the orange lines are 8 min after each FT event.
consequent wave generation but just provides global/background information near and in the Earth's magneto-
sphere. Considering the localized effect of FTs on the outside magnetosphere and our estimation depends heavily
on the global scale plasma condition, however, the MHD simulation can be a good substitute for the global hybrid
simulation which requires enormous computing resources.
Figure 6 shows the plasma density sliced in the meridional plane at MLT = 13.3 where MMS was located during
the events. The magnetic field lines are traced in 3D space and then mapped to the plane. Assuming the pressure
effect due to FT events is strongest at the closest location on the magnetopause, the possible impact location is
located slightly below the magnetic equator (Zgy, < 0). This location is in the quasi-parallel bow shock region
under the positive IMF X, dominant with small negative IMF Z,, (see also Figure 2d). The cyan star indi-
cates the location where the magnetic field line from the STF station crosses the radial line from MMS to the
Earth, which could be considered as a source region of the wave. Thus, the traveling path of the wave along
the magnetic field line is shorter toward the southern hemisphere than toward the northern hemisphere. This
essentially indicates that the southern hemispheric stations should observe the wave activity earlier than the
northern hemispheric stations unless the wave's propagation velocity is much faster in the northern hemisphere
compared to the southern hemisphere. Our ground observations show the opposite trend. These observational
results raise a question about bi-directional wave propagation. In order to explain the observed time difference
between the hemispheres, we suggest that the possible wave generation region is not located at the impact region
on the magnetopause but located at the two minimum B pockets which are represented by green stars in Figure 6.
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Figure 5. Spherical elementary current systems map of currents in the northern hemisphere for (a) 14:04, (b) 14:10, (c) 14:13, and (d) 14:19 during the foreshock
transient events. The green dotted line indicates noon. STF (blue) and IQA (purple) stations are marked with star symbols. The orange dashed circles in (b—d) highlight

magnetic impulse event signatures.

The minimum B pockets are determined by choosing the location where the magnetic field intensity is minimum
in both hemispheres. Note that the magnetic field line in Figure 6a is projected from the 3D magnetic field line to
the 2D plane (R and Z). The wave path from the minimum B pockets is shorter in the northern hemisphere than
in the southern hemisphere. Therefore, waves can arrive on the ground in the northern hemisphere first then in
the southern hemisphere.

We calculated the group velocity (V, = dw/dk, where  is the angular frequency and k is the wave number)
of a monotonic wave with f/f g+ = 0.5, where f_p+ is the proton gyrofrequency at the generation region,
propagating along the field line. For the calculation, we used the plasma properties obtained from the MHD
simulation result and assumed a proton-electron cold plasma dispersion relation for simplicity (Summers, 2005;
Swanson, 1989).

2 1+ 2
m,

(%)2 1 v
® B (21)(2 _&>’ M
Qe 1D m,,
where ¢ is the speed of light, w,, is the electron plasma frequency, m, and m,, are the electron and proton mass,
respectively.
Table 2

Peak Power Times of Pcl Wave Events and Time Delays Estimated by Cross-Correlation for Events 1, 4, and 5 at STF and
PG4 Stations

Event 1 Event 4 Event 5
Wave peak at PG4 14:10:21 14:33:00 14:53:02
Wave peak at STF 14:08:35 14:31:37 14:52:05
Time delay between PG4 and STF from cross-correlation 76.8 s 25.8s 51.0s
Note. Please see the main text for the details of the time delay estimation.
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Figure 6. (a) Plasma density and magnetic field configuration and (b) plasma beta along the field line connected to STF
station (magenta) obtained from MHD simulation at 14:00 UT. Blue triangle is the Magnetospheric Multiscale (MMS)
location when foreshock transients are observed. Cyan star indicates the closest location to the field line from the MMS
location. Green stars are the off-equatorial minimum B region on the magnetic field connected to the STF station.

Since the inner boundary of the MHD simulation is down to 2.5 R, we calculate the wave propagation time down
to the inner boundary. The path length of the northward propagating wave along the field line from the northern
hemispheric source region is ~8.0 R and the transit time is 104.5 s. The path length for the southward propa-
gating wave from the southern hemispheric source region is ~9.5 R; and the transit time is 186.4 s. Therefore,
considering the wave excited at the off-equatorial minimum B pockets could be one possible mechanism for the
FT-induced waves. In real space, of course, the plasma parameters may be different from the MHD simulation
results. Therefore, the propagation velocity can be slightly different and the transit time difference between the
hemispheres may vary. We discuss more details on the wave generation hypothesis in Section 4. Note also that the
inclusion of heavier ions, such as He* and O+, introduces a stopband, where the dispersion relation of the wave is
not defined. Waves cannot propagate across the stopband without mode coupling and polarization reversal. Thus,
the stopband makes the wave propagation complicated.

4. Summary and Discussion

In the present study, we reported a series of FT events observed by the MMS spacecraft and two types of ground
signatures related to them, MIEs and Pcl waves. MIEs were observed both in the northern and the southern
hemispheres at the stations longitudinally close to the MMS location. Then the MIE traveled westward over time
in both hemispheres. This longitudinal travel characteristic of MIE has been reported by several papers (Archer
et al., 2015; Eastwood et al., 2008; Engebretson et al., 2013; H. Kim et al., 2017) as traveling convection vortices.
The Pcl wave observations from the array of ground magnetometers showed a systematic time difference of
about 8 min between the FT events and ground responses in both hemispheres. The time difference is somewhat
similar to the estimated time delay between a hot flow anomaly and a ground Pc3 wave observed by Eastwood
et al. (2011).

There have been several studies that discuss the possible relationship between foreshock transients and ground
Pcl activities (Engebretson et al., 2013; Posch et al., 2013; Suvorova et al., 2019). Our study reports unique and
clear observational characteristics which are distinct from previous studies.
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(a) (b) 1.  We found that there were at least 3 events (events 1, 4, and 5 or 6) show-
BS ing ~8 min time delay between space FT observations and ground Pcl

wave observations.
Waves were observed in both hemispheres in the high-latitude region.

3. During the entire event period, no inner magnetospheric EMIC waves
were observed by spacecraft, such as Van Allen Probes, THEMIS, and

s |:> . AL GOES13 (Figure S1).

4. Wave observation times were slightly different between the hemispheres.
Especially for STF and PG4 stations, waves were observed in the north-
MS ern hemisphere first and then the southern hemisphere later.

4= Pc1 propagation

The absence of Pc1 wave observation at SPA and IQA stations, longitudinally
distant stations from the latitudinal array (PG and STF stations), indicates

X Minimum B that these waves were longitudinally localized. The finite spatial structure of
Pressure impact waves in the radial direction can be deduced from decreasing wave amplitude

from PG2 to PGS. The overall observations indicate the Pc1 waves originated

Figure 7. Schematics of wave propagation due to foreshock transients at (a) from the outer magnetosphere in a localized area.

the outward motion and (b) the inward motion of the magnetopause.

The outer magnetospheric source region is supported by magnetospheric
satellite observations. We have checked for wave activity using Van Allen
Probes, THEMIS-D, and GOES13 data. These satellites are located inside the magnetosphere on the dayside (see
Figure 3). None of them observed Pcl waves during the event. Both Van Allen Probes and THEMIS-D showed
lower frequency perturbations which might be a compressional mode produced by the fluctuation in the outer
magnetosphere (Figure S1).

Our simultaneous observations of MIEs and Pc1 waves provide more information on the source region. While
there is clear evidence that the MIE propagates westward, Pc1 waves are not observed (or very weak) in different
longitudes at stations IQA and SPA. The MIE and Pc1 were probably triggered by the same FT at the same region
where the impact was strongest, but the source of MIE latitudinally propagated through the surface wave (H.
Zhang et al., 2022). On the other hand, the source of the Pc1 wave near the magnetopause is affected by pressure
changes due to the impact of the FT in the upstream solar wind. The perturbation in the propagated region in the
different longitudes is somehow not enough to excite Pcl waves.

Here, we would like to elaborate on a possible scenario that can support the source region of the Pc1 waves in the
off-equatorial minimum B pockets. Figure 7 shows a schematic of the propagation of the wave generated by FT
events. First, the FT generates depletion of plasma pressure in the magnetosheath resulting in the outward motion
of the magnetopause. The FT propagates the energy in other directions (could be longitudinally on the bow
shock surface) so the bow shock and the magnetopause at the MMS longitude move inward due to the magnetic
tension force. This out- and inward motion of the magnetopause could create the MIE event observed in the DC
magnetic field. When the magnetopause moves inward, the minimum B pockets off the equator could be more
distinct. Consequently, the plasmas at the minimum B region become anisotropic by the Shabansky orbit effect
(McCollough et al., 2010) and then excite Pc1 (EMIC) waves. This scenario is based on the assumption that the
waves are simultaneously excited at the off-equatorial minimum B pockets in both hemispheres. The simultane-
ous excitation of waves can be realized when the plasma condition is in the marginal state for the ion cyclotron
instability; then the wave can be easily triggered by a small addition of free energy in the system. There have been
several papers reporting magnetospheric plasmas are often in the marginal state for the ion cyclotron instability
(Engebretson et al., 2018; Gary et al., 1994; Noh et al., 2018, 2021). This scenario is supported by the plasma
beta estimated from the MHD simulation. Figure 6b shows the plasma beta distribution from the impact location
(cyan star) along the magnetic field line indicated with the magenta curve in Figure 6a. It is well known that the
ion cyclotron instability threshold condition has the inverse relationship between the temperature anisotropy and
the plasma beta in which the anisotropy threshold for the instability gets lower in the high beta condition (Gary
et al., 1976, 1994). The plasma betas at the minimum B pockets are high enough (>1) to consider the wave
excitation. That means a small addition of anisotropy can make the plasma condition unstable to the ion cyclotron
instability.

The reason for the absence of the ground wave observations corresponding to the FT events 2 and 3 is somewhat
unclear. One possible explanation is the wave propagation effect. Propagation characteristics of EMIC waves
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become more complicated when the waves are generated and propagated in the heavy ion plasma environment.
In the cold plasma theory, the presence of heavy ions yields stopbands, thus waves cannot propagate across
them without mode conversion, polarization reversal, or tunneling (E.-H. Kim & Johnson, 2016 and references
therein). During the propagation, waves cannot penetrate the bi-ion frequency, where the polarization of the wave
can be changed, thus they do not reach the ground. There is also high-frequency wave damping through iono-
spheric propagation (Fedorov et al., 2018; Noh et al., 2022). Noh et al. (2022) reported that ~54% of the waves
observed in the geosynchronous orbit show coincident wave events on the ground at a magnetically connected
ground station. On the other hand, E.-H. Kim and Johnson (2023) recently reported that EMIC waves started
from high latitudes can easily propagate down to the ground since the efficiency of mode conversion during the
propagation dramatically increases. Thus, without a conjugate observation at high latitude in the path of waves,
the propagation effect cannot be confirmed.

Changes in the dispersion relation of waves may significantly affect the propagation characteristics. The ion
outflow also can be different between the hemispheres due to different solar illumination, especially in summer
and winter (M. J. Kim et al., 2023; Kitamura et al., 2021; Kronberg et al., 2014; Strangeway et al., 2005). The
heavy ion content also can vary since the O* ions are more dependent on season than H+ ions (Glocer et al., 2020;
Lennartsson et al., 2004). Therefore, a comprehensive modeling effort both in ion composition and wave propaga-
tion is necessary to study the interhemispheric wave propagation in the asymmetrically distributed ions between
the hemispheres. This modeling effort is well beyond the scope of this paper which is an observational case study,
and we leave this for future work.

Data Availability Statement

All search coil magnetometer data used in this study is available at http://mirl.unh.edu/ULF/cdf/ (Lessard, 2020).
Fluxgate magnetometer data for all PG stations is available both at http://mist.ece.vt.edu/ and http://mist.nianet.
org/CDFdata/ (R. Clauer et al., 2017). Fluxgate magnetometer data for SPA and IQA stations are available at
https://antarcticgeospace.njit.edu/Data/ and https://imag-data.bgs.ac.uk/GIN_V1/GINForms2, respectively
(Gerrard, 2017; INTERMAGNET, 2017). MMS burst mode data are available at https://lasp.colorado.edu/mms/
sdc/public/datasets/ (Burch et al., 2015). Magnetometer data from Van Allen Probes, GOES13, and Themis-D,
used in Figure S1 are available at https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/, https://www.ncei.noaa.gov/
data/goes-space-environment-monitor/access/science/mag/goes13/, and https://cdaweb.gsfc.nasa.gov/pub/data/
themis/thd/12/fgm/, respectively (Angelopoulos, 2021; Kletzing, 2022; Redmon, 2017). The SWFM simulation
results are available at https://zenodo.org/record/8084912 (Noh, 2023).
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