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Abstract. We have analyzed electromagnetic ion-
cyclotron oscillations of the Pcl range (~1 Hz) recorded
during the recovery phase of the March 25, 2023 mag-
netic storm at the network of ground stations in the Far
East and at low-orbit SWARM satellites passing over
the stations. The collected data made it possible to trace
propagation of Pcl waves through the ionosphere to
Earth’s surface and along the ionosphere. While long-
term (~1 hour) narrowband pulsations were observed at
ground stations, satellites recorded only a short (~40 s)
burst of transverse oscillations. Estimated coherence of
signals between close SWARM-A and -C satellites,
separated by ~1° longitude, gives a transverse scale of
the wave packet in the ionosphere equal to ~90 km. The
long duration of pulsations at ground stations is caused

by waveguide propagation of signals along the iono-
sphere due to which the station “collects” signals from a
large magnetospheric region. The presence of wave-
guide propagation is confirmed by the orientation of the
polarization ellipse of ground-based Pcl pulsations rela-
tive to the site of injection of waves into the ionosphere.
It is hypothesized that ion-cyclotron instability develops
in the form of localized and short-lived bursts, but the
mechanism of such a regime remains unclear.

Keywords: Pcl pulsations, electromagnetic
cyclotron waves, SWARM satellites.
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INTRODUCTION

Electromagnetic ion cyclotron (EMIC) waves in the
Pcl range of geomagnetic pulsations (from fractions of Hz
to a few Hz) have been observed with ground and satellite
magnetometers over the decades. The fundamental issues
concerning their physical nature and generation mecha-
nism are considered settled: EMIC waves are generated
near the equatorial plane of the magnetosphere due to reso-
nant interaction with ring current protons having an energy
10-100 keV [Horne, Thorne, 1994; Gary et al., 1995]. If
we assume a bi-Maxwellian energy distribution of energet-
ic protons with parallel T, and perpendicular T, tempera-
tures, kinetic EMIC instability develops under positive
anisotropy A=T, /T;~1>0. Waves with a finite proton fre-
guency-to-gyrofrequency ratio »/Q<1 having a left-handed
circular polarization in the region of the normal Doppler
effect (in a fixed reference, waves and particles move to-
ward each other) will be unstable. Anisotropy A>0 neces-
sary for the development of the instability occurs either
when protons are injected deep into the magnetosphere
with subsequent betatron acceleration [Kangas et al.,
1998], or when the magnetosphere is compressed by solar
wind dynamic pressure pulses [Engebretson et al., 2002;
Usanova et al.,, 2008]. The increment of EMIC-wave

growth becomes noticeable under the condition u;, >V,

where u; is the ion thermal velocity, V4 is the Alfvén veloc-
ity, i.e. with sufficiently dense background plasma [Arci-
movich, Sagdeev, 1979]. Thus, favorable conditions for
developing this instability arise either inside the plasmas-
phere, where the concentration of cold plasma is high [Hu,
Fraser, 1994], or outside the geosynchronous orbit, where
the magnetospheric magnetic field is low [Hansen et al.,
1992]. Satellite studies suggest that Pc1 pulsations do oc-
cur both in the outer magnetosphere (L>7) during the day-
time and in the inner magnetosphere (L<4) in the evening
[Anderson et al., 1992; Keika et al., 2013].

Observations show that EMIC instability can devel-
op in different modes, and the mechanisms of formation
of such modes remain unclear [Trakhtengerts, Rycroft,
2011]. It is generally believed that EMIC instability of
ring current protons is convective, i.e. the instability
region at the top of the field line acts as an amplifier of
traveling EMIC waves [Horne, Thorne, 1993]. The
wave packets themselves oscillate between reflective
conjugate ionospheres and experience enhancement
each time they pass through the equatorial region of the
magnetosphere (the Bouncing Wave Packet (BWP)
model) [Guglielmi, 1979]. This model is designed to
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explain the specific type of Pcl pulsations — “pearls”,
which are a regular sequence of wave packets that alter-
nately appear at geomagnetically conjugate points.
Nonetheless, this model is becoming increasingly ques-
tionable [Mursula et al., 2007]; in particular, there is no
model-predicted doubling of the frequency of occur-
rence of EMIC wave packets in a geostationary satellite
as compared to the conjugate ground station [Usanova
et al., 2008]. The pearl generator can be EMIC instabil-
ity in the mode of backward wave oscillator [Trakhten-
gerts, Demekhov, 2007]. The positive feedback in this
mode occurs due to the interaction of an EMIC wave
with a modulated beam of particles. At the same time,
depending on the beam density, this absolute instability
can exist both in the continuous generation regime and
in the periodic regime [Demekhov, 2007].

Most Pcl pulsations are observed as continuous nar-
rowband emission, i.e. they are generated by absolute
instability. In a multicomponent plasma with an admix-
ture of heavy ions (He*, OY) in the region where the
wave frequency is equal to the crossover frequency,
polarization inversion, wave partial reflection and ab-
sorption can occur [Rauch, Roux, 1982; Johnson,
Cheng, 1999; Mikhailova et al., 2012]. With a suffi-
ciently high concentration of heavy ions, EMIC waves
can even be trapped near the equatorial plane of the
magnetosphere [Guglielmi et al., 2000]. In the Pcl fre-
quency range, so-called ion-ion hybrid modes propagat-
ing across magnetic shells are also recorded in the mag-
netosphere [Mikhailova et al., 2022]. As a result, in the
multicomponent plasma EMIC waves can be trapped
not only along the field line, but also across it, in the
region with a local minimum of the radial profile of the
Alfvén velocity [Mikhailova et al., 2014].

Upon generation, EMIC waves propagate along mag-
netic field lines, reaching the ionosphere and eventually
Earth's surface. As the ionosphere is approached, the m/Q
ratio becomes so small that the Pc1 waves incident on the
ionosphere can be considered magnetohydrodynamic
(MHD) modes. Inside the ionosphere, the EMIC wave is
partially transformed into a fast magnetosonic (FMS)
mode, which can be transported along the ionospheric
waveguide at distances up to 1000 km from the injection
site of the wave into the ionosphere [Kim et al., 2010].
Thus, the ionosphere acts as a large receiving antenna that
collects magnetospheric EMIC signals from a large area
at one station. When Pcl pulsations propagate through
the waveguide, their spectral composition at remote
stations is cut off from below at the cutoff frequency —
the critical frequency of the ionospheric waveguide.
Modeling the interaction of EMIC waves with the iono-
sphere predicts that in the source region the ground re-
sponse should be predominantly formed by the field of
an Alfvén wave incident from the magnetosphere along
field lines [Fujita, Tamao, 1988]. At larger distances, the
wave field should be caused mainly by the FMS wave
propagating along the ionospheric waveguide. As a re-
sult, polarization of Pcl oscillations in the horizontal
plane at different distances from the point where the
wave is incident on the ionosphere should differ [Fedo-
rov et al., 2018]. In general, the properties of Pcl waves
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on Earth are determined by processes of generation in the
near-equatorial plane of the magnetosphere, propagation
through magnetospheric plasma along field lines to the
upper ionosphere, ionospheric propagation, and passage
through the ionosphere to Earth.

We have tried to trace and analyze propagation of Pcl
waves through and along the ionosphere, using data from
low-orbit satellites and a network of ground stations.

GROUND
AND SATELLITE OBSERVATIONS

We have analyzed data from a network of three-
component induction magnetometers located in the Far
East and Japan at ~20°-56° N. Most of these stations
are part of the PWING project (Nagoya University)
[Shiokawa et al., 2017]. Geographic and geomagnetic
coordinates of the stations are given in Table; the map
of the stations is shown in Figure 1. The horizontal
components B, and B, are oriented in S-N and W-E di-
rections respectively. Since each station has its own
frequency response and sensitivity, we cannot directly
compare amplitudes at different stations; therefore, we
compare waveforms, spectral composition, and polari-
zation of oscillations. However, since we deal with nar-
rowband pulsations at a central frequency of ~ 1 Hz, the
amplitude can be approximately estimated by introducing
conversion rates from V to nT at the frequency of 1 Hz
[https://stdb2.isee.nagoya-u.ac.jp/magne/magne
_stations.html]. The rates are listed in a separate column
of Table.

For the recorded wave events, SWARM satellites' or-
bits passed over the network of stations
[https://www.esa.int/Applications/Observing_the Earth/
FutureEO/Swarm]. Three identical SWARM satellites A,
B, C operate in an almost circular circumpolar (87.3° incli-
nation) orbit in the following configuration: SWARM A
and C fly side by side with a longitude difference of ~1°
at a height of 460 km; Satellite B, at 530 km. SWARM
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Figure 1. Position of PWING stations. The grid of geo-
graphic and geomagnetic coordinates is shown by dotted and
solid lines
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Information on ground stations

. . . Geomagnetic | Geomagnetic Sensitivity at
Station | Code | Latitude | Longitude latitude longitude Institute | 1 Hz frequency,
VinT
Yakutsk YAK 62.02 129.72 56.2 200.5 H, D:
SHICRA 0.19376
H: 0.247
Magadan | MGD 60.05 150.73 51.9 213.2 IKIR D: 0.253
H: 0.243
Paratunka | PTK 52.97 158.28 45.8 2214 IKIR D: 0.246
- H: 10.279
Moshiri MSR 44.37 142.27 35.6 209.5 ISEE D: 10.501
Rikubetsu | RIK 43.46 143.77 34.7 210.8 ISEE H, D: 0.459
H: 0.161
Sata STA 31.02 130.68 21.2 200.5 ISEE D: 0.163

satellites are equipped with a three-component Vector
Field Magnetometer (VFM) with a sampling rate of 50 Hz,
a Langmuir probe for measuring plasma density (sampling
frequency of 2 Hz), and other instruments. Initial magne-
tometer data is given in the NEC (North—East-Center)
coordinate system: the N and E components lie in the hori-
zontal plane, pointing to the north and east respectively; C,
to the center of Earth.

The magnetometer data was converted to the Mean
Field-Aligned (MFA) coordinate system, oriented along
the current geomagnetic field B,, which is directed from
the Southern Hemisphere to the Northern Hemisphere.
As a result, the disturbance field is divided into the
field-aligned component B,, which coincides with B,
and transverse components B,={B,, B,}: the Y-axis is
perpendicular to the magnetic meridian and eastward,
the X-axis is orthogonal to Z and Y. To compare ground
and satellite data, using the Satellite Situation Center
resource (NASA) [https://sscweb.gsfc.nasa.gov], we
have constructed a projection of orbits of all SWARM
satellites along the field line onto the ionosphere (at an
altitude of 100 km) for the time intervals considered.

THE MARCH 23-25, 2023 STORM

A strong magnetic storm began on March 23, 2023.
During the main phase, the SYM-H index was as high as
—170 nT. Distinct Pc1 wave packets were observed only
during the recovery phase on March 25, 2023 at middle-
and low-latitude stations. Pc1 pulsations in two intervals
have been selected for detailed analysis.

Interval A. Long-term narrowband (~1 Hz) pulsa-
tions at ground stations occurred at night at 11:40-12:40
UT (~21 LT for Japanese stations and around midnight
for Kamchatka). Figure 2 displays spectrograms (B,)
from the chain of stations according to decreasing lati-
tude: YAK, PTK, MSR, RIK, STA. The signal at RIK is
complicated by high-frequency interference.

Interval B. At 14:15-14:45 UT (~23:30 LT for Jap-
anese stations, and ~02:30 LT for Kamchatka), there
was the most pronounced series of Pcl pulsations. The
B, spectrograms (Figure 3) show the presence of nar-
rowband pulsations with a central frequency of ~1.3
Hz at both subauroral stations (MGD, YAK) and the
low-latitude stations (PTK, MSR, RIK, STA).

For each interval, we have drawn a map of the stations
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and the geomagnetic projection of the orbit of each
SWARM satellite along the field line onto the lower iono-
sphere (100 km) (Figure 4). In interval A, SWARM A and
C passed over the stations; and in interval B, SWARM B.
The Pcl burst in the ionosphere was recorded when the
satellite's orbit projection was at a geomagnetic latitude of
~50° between YAK and MSR.

SYNCHRONOUS SATELLITE
AND GROUND OBSERVATIONS
OF Pc1 PACKETS

Pcl oscillations were recorded by SWARM A and C
at the same frequency as ground Pcl pulsations. In the
analyzed intervals, SWARM A and C flied over the
stations of the latitudinal profile from the Southern
Hemisphere to the Northern Hemisphere. We compared
the B, spectrogram from YAK with the spectrogram
from the SWARM satellite (B, in the MFA coordinate
system) for intervals A (Figure 5) and B (Figure 6).

To represent the position of the proposed source of
Pcl pulsations relative to the plasmapause, we have plot-
ted variations in plasma density N, using SWARM data
(top panel in Figures 5, 6). The observed deep trough in
N. — the so-called plasma trough — corresponds to the
ionospheric projection of the plasmapause. In interval A,
the satellite entered the plasma trough at ~11:48 UT; and
in interval B, at ~14:17 UT. Thus, in both intervals the
Pc1 signal was detected inside the plasmasphere near the
plasmapause.

LATITUDINAL STRUCTURE
OF THE Pcl1 PULSATION FIELD

To examine in more detail the change in spectral com-
position as it propagates, we have obtained normalized
signal spectra of all stations according to the B, compo-
nent for intervals A and B (Figure 7, a, b). In interval A,
the spectral maximum on the satellite was at a frequen-
cy of 1 Hz; at ground stations, the spectral maximum
splits into 0.95 and 1.1 Hz. In interval B, the spectral
maximum on the satellite is observed at 1.35 Hz; and on
Earth, at 1.3 Hz. The frequency of oscillations, recorded
at all ground stations, coincides with the frequency of
oscillations on the satellite and does not change as they
propagate to low latitudes. The relative half-widths of
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the Pc1 pulsation spectrum Af/f..x (Af is the width of the
spectral peak at half of the spectral maximum) on Earth
and on the satellite are 0.12 and 0.07 respectively. The
narrow spectral width Af/f.,~0.1 suggests that in terms
of plasma physics Pcl pulsations should be considered
in the approximation of a monochromatic wave.
Consider the orientation of the polarization ellipse.
Polarization is highly susceptible to noise and was sta-
ble only at YAK and MSR. Hodographs of magnetic
field variations in the horizontal plane B, By, filtered in
the band 0.5-2 Hz, are shown for interval B. The hori-
zontal plane polarization hodograph for the 10 s interval
at ~14:20:20 UT is superimposed on the map with the
orbit's position (Figure 8). The major axis of the polari-
zation ellipses at these stations is seen to “looks at the
epicenter” of Pcl activity according to satellite data.

SPATIAL AND POLARIZATION
STRUCTURE OF Pcl1

WAVE PACKETS

IN THE IONOSPHERE

To thoroughly define polarization and duration of the
wave packet in the ionosphere, let us examine the magne-

tograms (B, By, B,) of variations from SWARM C (filtered
in the 0.1-5 Hz band) for interval A (Figure 9) and from
SWARM B for interval B (Figure 10). In the MFA coordi-
nate system, the field-aligned magnetic field component of
the wave is practically absent B,~0, i.e. the oscillations are
indeed transverse. The oscillations are Alfvén wave pack-
ets incident on the ionosphere rather than FMS modes of
the ionospheric waveguide. The most intense is the trans-
verse radial component B,. The peak-to-peak amplitude in
this component is ~0.4 nT in interval A and ~1.8 nT in
interval B. On Earth, the peak-to-peak amplitude of the
most intense B, component is ~15 nT in both events.

Thus, the amplitude of ground pulsations is almost two
orders of magnitude lower than the wave amplitude in the
ionosphere.

The filtered oscillations are a series of wave packets
from the satellite and the ground observatory that do not
match. For example, Figure 9 shows the delay in the
ground response to a satellite wave packet At~10 s. At
the beginning of interval A, the distance between YAK
and the projection of the SWARM-C orbit onto the iono-
sphere is ~1350 km. At the beginning of interval B, the
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Figure 2. Spectrograms of the B, components from a chain of stations given according to decreasing latitude (YAK, PTK,
MSR, RIK, STA) for interval A (11:40-12:40 UT) on March 25, 2023
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Figure 3. Spectrograms of horizontal B, from YAK, MGD, PTK, MSR, RIK, and STA for interval B (14:15-14:45 UT) on March
25,2023
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indicates the section of the orbit where Pcl oscillations were recorded-
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Figure 9. Magnetograms (B,, B,, B,) of variations from
SWARM C (filtered in the 0.1-5 Hz band) and magnetogram
(By) from YAK for the time interval 11:44:50-11:45:40 UT

distance between PTK and the SWARM-B orbit projec-
tion is ~2790 km. The observed delay of ~10 s at ~1350
km distances to the site of wave incidence corresponds to
propagation along the ionosphere with an apparent ve-
locity of ~ 135 km/s. In order of magnitude, this estimate
matches the typical values of the Alfvén velocity at the F-
layer maximum of the dayside ionosphere.

The short burst of the intensity of Pcl oscillations
detected by the satellite can be attributed to the intersec-
tion of a localized region occupied by a wave packet.
For interval A, the duration of the burst observed by
SWARM C t~25 s; and for interval B by SWARM B,
t~45 s. During this time, the satellites at a velocity
V,~7.5 km/s pass the distance V;t~180 km and ~340 km
respectively. This rough estimate can be taken as the trans-
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verse size of the wave packet. When projected onto the
ionosphere at an altitude of 100 km, it is ~170 and ~320
km. Yet, using the data from one satellite it is impossi-
ble to determine whether the modulation of the packet
amplitude is a consequence of fluctuations in the signal
generator in a given flux tube or the intersection of sev-
eral close flux tubes of different scales with various
signal amplitudes. The presence of two close satellites
suggests that when they are in the same flux tube, the
coherence of the recorded signals is high; if one of them
leaves the tube, the coherence decreases. For a more
rigorous quantitative assessment of the spatial scale of
the wave packet detected by SWARM A and C, we
have obtained a dynamic squared wavelet coherence
Y*() [https://pycwt.readthedocs.io/en/latest/] for interval A
(Figure 11). According to [Grinsted et al., 2004], the
wavelet coherence is found as

s(ew o)

S(t’1|\NX (t)|2)8(t’1|WY (t)|2)

where WX, W', W=W*W" are wavelets and cross-
wavelets of signals X and Y; S is the smoothing operator; *
is the complex conjugation. High coherence (y*>0.8) is
observed only in the interval 11:45:04-11:45:16 UT, i.e.
for 12 s. It is assumed that during this period both satellites
are located inside a spatially limited wave packet. So, the
transverse size of the flux tube occupied by the wave pack-
et is ~90 km.

The phase cross-spectrum between the pulsations for
SWARM A and C was also estimated using the Black-
man—Tukey method (Figure 12). In the frequency do-
main with high coherence (y*~0.5) and high amplitude

of autospectra, the phase shift Ap~80°. From the fact
that SWARM A flies further east than SWARM C, and

2

v (t)=
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Figure 12. Phase cross-spectrum between pulsations on
SWARM A and C, calculated using the Blackman—Tukey
method

the signal on SWARM A is clearly ahead that on
SWARM C (see Figure 12, a) it follows that the appar-
ent phase velocity of the signal has an azimuthal wester-
ly direction (i.e., the proton drift direction). The magni-
tude of the transverse wave vector can be estimated
from the ratio k, ~(/180°)Ap/Ax, which, when the dis-
tance between the satellites is Ax~100 km, vyields
k. ~4-10° km™. The longitudinal wavenumber can be
estimated from the ratio k~@/Va~6-10° km™* (at
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VA=10® km/s). Thus, the selected phase shift indicates
that the wavefront deviates significantly from field-
aligned propagation k, ~kj.

DISCUSSION

One of the fundamental questions of magnetospheric
physics is how well Pcl ground observations character-
ize activity of EMIC waves in the magnetosphere [Gug-
lielmi, Potapov, 2019]. It is important because Pcl pul-
sations are considered responsible for pitch-angle scat-
tering and precipitation of relativistic radiation belt elec-
trons [Miyoshi et al., 2008] and energetic ring current
protons [Kennel and Petchek, 1966; Yahnina et al.,
2000] into the atmosphere, i.e. EMIC wave activity is
one of the factors that control the dynamics of the radia-
tion belt and the ring current.

Analysis of this event has shown that ground Pcl
pulsations are not just a “copy” of magnetospheric
EMIC waves. A significant difference between the sig-
nals received by the satellite and ground stations is re-
lated to the effective propagation in the ionospheric
waveguide. As it propagates, polarization of the ground
geomagnetic response changes due to a change in the
type of signal in the ionosphere. Near the source (at a
distance from the point of incidence of the order of the
transverse scale of the wave beam), the Alfvén mode
such that the 2D vector divB, =0 prevails in the signal
structure. Thus, the signal should be polarized perpen-
dicular to the propagation direction specified by the
vector k. At a distance from the source (i.e., at a dis-
tance of more than several scales of the wave beam), the
waveguide FMS mode such that rotB, =0 prevails. In
this case, the signal should be polarized along k|, i.e.
the major axis should face the source. The orientation of
the polarization ellipse observed at the mid-latitude
YAK and MSR stations (see Figure 8) confirms these
ideas. At lower-latitude stations, the polarization ellipse
becomes unstable.
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Due to the presence of two close satellites, we man-
aged to determine in detail the amplitude-phase struc-
ture of the wave packet in the ionosphere. The wave
packet is limited in the transverse direction by a flux
tube ~100 km in size. The phase front of the wave prop-
agating inside the tube deviates significantly from field-
aligned propagation along the geomagnetic field, k, ~k;.
The theory of EMIC wave generation is based on the
assumption of their quasi-longitudinal propagation in
which the wave vector remains parallel to the external
magnetic field By since it is precisely such waves that
can effectively interact with resonant protons. However,
in inhomogeneous plasma transverse inhomogeneity
inevitably leads to a rapid growth of the transverse
component of the wave vector ky, i.e., to fragmentation
of the transverse spatial structure of the packet [Gug-
lielmi, 1970]. The transverse wave vector when passing
along the field line for a distance S grows according to
the law Ak, =0@a(X)(S/V,a), where wa=KVa. At the
scale of the longitudinal inhomogeneity of the Alfvén
velocity a=Rg, the Alfvén packet wavefront having
traveled the distance along the field line S>Rg becomes
inclined — |k, /k|>1. Additional fragmentation of the
transverse scale of the wave packet incident on the ion-
osphere along the geomagnetic field with inclination I,
i.e. an increase in the wave vector transverse compo-
nent, can occur upon reflection from the ionosphere by
Ak, =2 kcotl. This relation follows from Snell's law on
the conservation of the horizontal component of the
wave vector {ki,}=0. An increase in k. should remove
the wave packet from resonance with energetic protons
since EMIC instability effectively enhances only quasi-
longitudinally propagating waves for which k, <k, . The
critical transverse scale is determined by the value

ki =k (o/Q;) [Leonovich, 1984]. Therefore, as the

packet propagates, it should become quasi-transverse,
and its enhancement is impossible. It is only under spe-
cial conditions in the region with a sharp plasma gradi-
ent (plasmapause) that the plasma and magnetic field
irregularities can partially balance each other and the
multiple enhancement mode becomes possible when a
wave passes through the near-equatorial region of the
magnetosphere [Dmitrienko, Mazur, 1992]. However, in
the real magnetosphere the radial plasma structure is
quite rugged which can give rise to local waveguides for
EMIC waves due to the combined action of the trans-
verse wave dispersion and the nonmonotonic distribu-
tion of V4 across By. Waveguide propagation is possible
only in the vicinity of the top of the field line, where the
finite frequency ratio w/€Y;, which defines the transverse
dispersion, is finite. In the event considered, as well as
in the events described in the literature, the ratio be-
tween the Pcl transverse and longitudinal scales of the
wave packet [k, /k>1, i.e. the quasi-transverse propaga-
tion mode is rather realized. The available theoretical
models of longitudinal waveguide propagation of EMIC
waves [Leonovich et al., 1983] do not yet provide an
explanation for the mechanism of formation of the lo-
calized transverse structure of Pcl waves. The question
of how the transverse scale of EMIC waves in the mag-
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netosphere is determined remains open. It is possible
that the quasi-longitudinal propagation mode is imple-
mented in the vicinity of the top of the field line, but as
it approaches the ionosphere, refraction makes the
wavefront inclined. The adoption of such a mechanism
makes the possibility of effective reflection of the wave
from the ionosphere and its return to the generation re-
gion doubtful.

One of the fundamental problems in studying the
spatial structure of wave disturbances in near-Earth
plasma is related to the inability to separate spatial and
temporal variations in single-satellite observations. Ob-
servations on magnetospheric satellites provide much
information about temporal evolution of Pcl waves in
the near-equatorial region of the magnetosphere, but it is
impossible to identify the transverse spatial structure of
the waves from them. Due to the possibility of long-
range (up to a thousand kilometers) propagation of Pcl
signals in the ionospheric FMS waveguide, ground ob-
servations also cannot be used to determine the trans-
verse structure of EMIC waves incident on the iono-
sphere. Based on indirect data, Erlandson et al. [1990]
attributed the short duration (<5 min) of Pcl wave
bursts, recorded on the Viking satellite, to small-scale
wave structure, which was 40-150 km in projection
onto the ionosphere. EMIC waves on the Arase and
RBSP satellites were observed in a narrow region of L
shells ~185 km in size in the ionosphere [Matsuda et al.,
2021]. Precipitation of energetic (>30 keV) protons
caused by scattering by EMIC waves [Yahnina et al.,
2008] and subauroral aurorae [Yahnin et al., 2007;
Sakaguchi et al., 2008] are also limited in latitude
A®~1.0°. During the ST5 experiment, three low-orbit
microsatellites were placed into the same orbit, forming
a configuration of pearls on a string, and crossed the
same region of space with a delay ~1-10 min [Enge-
bretson et al., 2008]. Analysis of Pc1 wave packets rec-
orded during ST5 allowed us to separate spatial and
temporal structures of EMIC waves and showed their
narrow localization in latitude with characteristic scales
from the first tens to hundreds of kilometers [Pilipenko
et al., 2012]. Thus, estimated scale of Pcl waves from
the pair of SWARM satellites is consistent with the
available fragmentary information from other observa-
tions in the upper ionosphere.

In the event considered, synchronous satellite and
ground observations confirmed that while long-term
pulsations are observed at ground stations, only short
bursts of Pcl pulsations are recorded by ionospheric
satellites. It is natural to assume that the generation re-
gion in the magnetosphere is very local and a wave
packet is detected only when a satellite directly crosses
the flux tube filled with EMIC pulsations, whereas a
ground station collects signals from a large area. Yet,
this explanation is not sufficient to interpret ST5 obser-
vations, where out of several dozen recorded Pcl pack-
ets in no case was the signal consistently observed by all
three satellites [Engebretson et al., 2008]. The EMIC
instability is likely to develop in the near-equatorial
magnetosphere with an intense ring current not in the
continuous pulsation mode, but in the form of a series of
relatively short (<10 min) highly localized irregular bursts
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Figure 13. Qualitative illustration of the proposed mode of excitation of localized bursts of Pc1 wave packets and their propagation

to ground stations

of instability, chaotically distributed in a finite region of
space, where there are intense energetic proton fluxes.
The region of occurrence of Pcl pulsations in longitude
covers, on average, an interval of ~82° and is deter-
mined by the scale of unstable energetic proton fluxes
rather than by ionospheric propagation [Liu et al., 2023].
Qualitatively, this mode of excitation and propagation of
Pcl pulsations is shown in Figure 13. The hypothesis
requires a more rigorous theoretical justification and
experimental verification.

It seems to us that the EMIC instability of ring cur-
rent protons primarily works not as a convective ampli-
fier of bouncing wave packets, but as a generator of
wave bursts. Indeed, as the thermal plasma pressure
increases, the group velocity of EMIC waves decreases,
which can lead to the transition of the instability from
convective to absolute. According to theoretical esti-

2
mates, such a transition occurs at B, (T, /T,) =35,

where B, is the ratio of the transverse thermal plasma
pressure to the magnetic pressure [Wandzura, Coroniti,
1975]. This condition may well be fulfilled for ring cur-
rent protons near the top of the field line even during the
magnetic storm recovery phase. The presence of finite
in the generation region of EMIC waves can be indicat-
ed by a diamagnetic decrease in the magnetospheric
magnetic field [Yin et al., 2024]. The increment of ki-
netic EMIC instability is small, and in one pass from the
generation region to the upper ionosphere the wave does
not have time to gain sufficient energy. Therefore,
EMIC instability is most likely to be excited not in the
soft mode, but in the hard self-excitation mode [Gug-
lielmi, 2015]. In the meantime, the physical causes of
many characteristic properties of Pcl pulsations remain
unclear: under what conditions does convective or abso-
lute EMIC instability develop? What determines the
transverse size of the generated wave packets? Why is
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there no long-term pulsation generation in the same flux
tube?

When studying the dynamics of Earth's radiation belt, it
is believed that Pcl EMIC waves can cause relativistic
electrons to precipitate from the outer radiation belt into the
atmosphere and thus reduce the level of “killer electron”
fluxes to a safe level for satellite electronics [Miyoshi et al.,
2008]. It follows from the resonant condition that a wave
packet traveling to the ionosphere during interaction scat-
ters particles (energetic protons or relativistic electrons),
which go into the conjugate ionosphere, into the loss cone.
It, however, remains unclear whether precipitation of rela-
tivistic electrons under the action of EMIC wave with
small transverse scales (<100 km in the projection onto the
ionosphere) can affect the overall electron balance of the
radiation belt.

CONCLUSION

The event considered — excitation of Pc1 pulsations
during the recovery phase of the March 25, 2023 magnet-
ic storm — is a fairly typical phenomenon for which a
unique set of satellite and ground data has been collected.
An attempt to explain the set of the observed properties
of Pcl pulsations necessitated to express a number of
hypotheses about mechanisms of generation of these
waves. Presumably, EMIC instability develops in the
“popcorn in a hot pan” regime as a long series of local-
ized bursts of generation lasting less than 10 min (see
Figure 13). In this case, each burst of instability develops
in another nearby flux tube. A low-orbit satellite can de-
tect only a short burst of EMIC pulsations when flying
directly through the generation region. A ground station
that collects ionospheric responses from a large area rec-
ords a long continuous series of oscillations. Nonetheless,
these assumptions have not yet been supported by any
theoretical modeling.
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