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Abstract. We have analyzed geomagnetic variations
in the 2.5-12 Hz frequency range in the ionospheric F
layer above the electron density maximum, using data
from two SWARM satellites. The analysis is based on
the data obtained under weak and moderate magnetic
activity for 12 days in September and December 2016.
To separate spatial inhomogeneities from time varia-
tions of the magnetic field, we analyzed signal wave-
forms and cross-spectra in a 2.56 s sliding window. A
maximum in the occurrence and power spectral density
of the variations was found at latitudes above the polar
boundary of the auroral oval, which correspond to the
magnetospheric input layers and dayside polar
cusp/cleft. Typical waveforms of the high-latitude varia-
tions are the wave packets lasting for 5-10 periods, rec-
orded with a short time delay by two satellites spaced by
40-100 km. These variations might be the ionospheric
manifestation of the electromagnetic ion-cyclotron

waves generated at the non-equatorial magnetosphere
near the polar cusp. The waveforms and cross-spectra of
the variations are examined in more details for two cas-
es with different spatial distributions of the magnetic
field in the ionosphere. For the ionospheric conditions
corresponding to event 1 (September 17, 80° geomag-
netic latitude, afternoon sector), spatial distributions of
wave magnetic field in the ionosphere and on Earth are
estimated using a model of Alfvén beam with a finite
radius incident on the ionosphere [Fedorov et al., 2018].

Keywords: ionosphere, polar cusp, geomagnetic pul-
sations.

INTRODUCTION

Magnetic field measurements with a 10-100 Hz
sampling rate via low-orbit satellites have become
available to a wide circle of researchers relatively re-
cently. The region of hertz-range natural electromagnet-
ic oscillations lies between geomagnetic pulsations and
extremely low-frequency (ELF) radiation; properties of
these oscillations in the ionosphere are still poorly stud-
ied. The frequency range from a few to tens of hertz
corresponds to the highest harmonics of the ionospheric
Alfvén resonator (IAR) [Polyakov, Rapoport, 1981;
Belyaev et al., 1999]; and in the magnetosphere, de-
pending on altitude, to the frequencies of ion-cyclotron
and ion-ion hybrid (11H) resonators [Buchsbaum, 1960].
The mechanisms of occurrence and propagation of ion-
cyclotron and I1H waves in Earth’s magnetosphere have
been analyzed in the review [Mikhailova et al., 2022].

Another source of ionospheric oscillations in this fre-
quency range is penetration of Schumann resonance har-
monics into the ionosphere. Very few observations of pene-
tration of the SHR harmonics into ionospheric heights have

been published [Simdes et al., 2011]. Simdes et al. [2011]
indicate the constant existence of electric field oscillations in
the ionosphere at frequencies around 8 Hz, but no pro-
nounced spectral maximum was observed at these frequen-
cies in the magnetic field.

Due to the Doppler effect, the oscillations detected
by low-orbit satellites may be a manifestation of lower-
frequency small-scale oscillations [Le et al., 2011] or
may result from the passage of a satellite through a qua-
si-static region of high magnetic field inhomogeneity,
for example, when crossing the auroral oval. Multi-
satellite measurements are required to correctly separate
spatial inhomogeneities and time variations. This possi-
bility arose after the launch of the ST5 [Slavin et al.,
2008] and SWARM [Olsen et al., 2013] satellite mis-
sions. Three ST-5 satellites were set into quasi-meridian
orbits. Distance between the satellites varied from 5000
to 50 km, which made it possible to separate temporal and
spatial inhomogeneities on scales from ~10 s to 10 min.

The SWARM mission consists of three identical sat-
ellites: two at a distance of no more than 200 km from
each other, and the third at a distance of several hundred
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to several thousand kilometers from the first two satel-
lites. This configuration makes up a space gradient sys-
tem and allows us to study disturbances at different spa-
tial scales. The ionospheric satellites are proving to be
an effective tool for analyzing large-scale current struc-
tures, which is confirmed by simultaneous analysis of
ionospheric and ground-based data [Juusola et al.,
2016]. Liihr et al. [2015] have investigated the spatial
structures of field-aligned currents in the auroral zone,
using magnetic field measurement data from SWARM
satellites, and have shown that the period during which
changes in current structures with a spatial scale of 10
km may be neglected does not exceed 10 s. These stud-
ies were based on data with a sampling rate of 1 Hz.
Geomagnetic pulsations of the Pcl range (0.2-5 Hz) in
the ionosphere as measured by ST-5 satellites have been
studied in [Engebretson et al., 2008]. High-amplitude
pulsations (>10 nT) were classified according to the
number of satellites that recorded them. During three
months of observations, 48 such events have been de-
tected. Engebretson et al. [2008] have analyzed their
distributions over frequencies of spectral maxima, L
shells, and local time. Over a third of the events were
found in the outer magnetosphere (L>9), and frequen-
cies of all the pulsations recorded in this region were
below 1.5 mHz. Polarization and spatial scale of pulsa-
tions in the ionosphere and on Earth have been analyzed
in [Pilipenko et al., 2012]. Oscillations in the iono-
sphere at altitudes 1000-4000 km were studied using
magnetic field measurement data from ST-5 satellites.
For mid-latitude Pcl bursts recorded simultaneously by
at least two satellites, the time delay between wave
packets on the satellites was found to approximately
correspond to the time determined from the distance
between the satellites. This made it possible to estimate
the spatial scale of the disturbances as several tens of
kilometers.

In the outer magnetosphere, especially in the zones
of maximum magnetic field gradients, as in the polar
cusp, there are sharply anisotropic distributions of
charged particles (such as oxygen of ionospheric
origin), which effectively interact with ion-cyclotron
waves [Le Queau, Roux, 1992]. Of particular signifi-
cance for the oscillations of interest is a layer of the
outer magnetosphere, such as the mantle, in which the
ion flux is predominantly directed from the iono-
sphere. Comparative analysis of ion flux oscillations in
the mantle region, as well as the magnetic field in the
magnetosphere, as measured by the POLAR satellite,
and in the cusp/cleft regions on the Earth surface
[Engebretson et al., 2005] has shown that it is the man-
tle region that is the source of Pcl1-2 (<1 Hz) waves
propagating earthward. At the same time, there was no
correspondence between frequencies of the oscillations
and individual wave packets in the magnetosphere and
on Earth. This is because the Pc1 waves do not propa-
gate strictly along the magnetic field. For them there
are waveguide propagation regions near Alfvén veloci-
ty minima in the magnetosphere [Leonovich et al.,
1983] and in the ionosphere (see [Kim et al., 2011] and
references therein). Kim et al. [2021] have studied
ionospheric propagation of Pcl pulsations (f<5 Hz),
using SWARM measurements. The authors have
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shown that the maximum occurrence of pulsations is
observed at auroral latitudes, falling sharply as polar
cap latitudes are approached.

Solar wind dynamic pressure jumps [Arnoldy et al.,
2005] and magnetic impulse events observed as bursts
lasting for about several minutes at the polar cusp/cleft
latitudes [Lanzerotti et al., 1991; Kataoka et al., 2003]
are considered as sources of Pcl surface high-latitude
waves. With sharp changes in the dynamic pressure, the
proton temperature anisotropy increases and Pcl pulsa-
tion bursts occur in the latitude range from the polar cap
to the auroral oval [Arnoldy et al., 2005; Parkhomov et
al., 2010]. The largest-scale Pcl bursts are recorded
from polar to midlatitudes and are associated with the
arrival of the leading edge of an interplanetary shock
wave even before the development of the main storm
disturbance [Parkhomov et al., 2014]. Bursts of Pcl
pulsations at the latitudes of the dayside polar cusp are
attributed to magnetic pulses [Sato et al., 1999]. Francia
et al. [2020] deal with the Pcl pulsations at frequencies
below 1 Hz, which occur in two hemispheres from polar
to auroral latitudes. In polar latitudes, in contrast to au-
roral ones, favorable conditions for generating the pul-
sations arise during weak and moderate disturbances.
Under these conditions, the excitation of pulsations with
close frequencies in a wide range of latitudes and iono-
spheric irregularities are observed simultaneously. At
the polar cap latitudes, Pcl pulsations occur as the so-
called serpentine emission, i.e. quasi-regular pulsations
with frequencies up to 5 Hz, whose occurance rate and
amplitude are modulated with a period from a few to
tens of minutes (see [Guglielmi et al., 2015] and refer-
ences therein). They are likely to be related to electro-
magnetic ion-cyclotron (EMIC) waves in the interplane-
tary medium.

Magnetic field oscillations at frequencies above the
nominal Pcl range have been studied worse than Pcl
pulsations, and only a small number of publications are
devoted to observations of these oscillations on Earth
and in space. So, pulsations with frequencies to 15 Hz
were detected at the mid-latitude station Novaya Zhyzn
(Mcllvain parameter L=2.6) during a magnetic storm in
2004 [Ermakova et al., 2015]. Calculations made by
Ermakova et al. [2015] allow us to conclude that a
source of these oscillations are ion-cyclotron waves
excited at unusually low L shells due to the equatorial
displacement of the auroral oval during the storm.

The sources of the disturbances in a wide frequency
range are the polar cusp and the boundary layers of the
magnetosphere. The launch of the Cluster satellite mis-
sion consisting of four spacecraft, spaced several hun-
dred to several thousand kilometers from each other,
made it possible to study the spectral distributions of
magnetic field variations in the cusp and in the magne-
tospheric input layers. Nykyri et al. [2006] have exam-
ined magnetic field variations and distributions of 10—
40 keV ions when the Cluster satellites crossed the cusp
at a distance of ~8 Rg from the center of Earth. The os-
cillations had a power law spectrum with a constant
slope from 1 to 8 Hz exhibiting up to five maxima cor-
responding, according to Nykyri et al. [2006], to the
proton-cyclotron resonance harmonics. Jacobsen, Moen
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[2010] have investigated electric field oscillations in the
range from 1 to 100 Hz at intermediate altitudes in the
cusp and their relationship with ion fluxes as measured
by the Cluster-4 satellite. Significant positive correla-
tions between ion fluxes and oscillation amplitude at
averaging times of 30 and 60 s and the spectrum break
at the local proton gyrofrequency, which was ~8 Hz for
the events under study, argue for the local wave genera-
tion at intermediate altitudes in the cusp. Simultaneous
study into electron and ion fluxes at medium distances
from the equator in the cusp, cleft, and mantle, carried
out in [Bogdanova et al., 2004] based on Cluster satellite
measurements, has shown that an increase in the transverse
temperature anisotropy of ions and the 1-10 Hz broadband
electromagnetic emissions are associated with bursts of
superthermal electron fluxes in the cleft region.

In this paper, we analyze geomagnetic variations in
the frequency range from 2.5 to 12 Hz, which partially
coincides with the nominal range of Pcl pulsations, but
also includes higher frequencies. The analysis is based
on magnetic field measurement data from the SWARM-
A and -C satellites. The satellites’ orbits are quasi-
meridional; the distance between the satellites varies
from 40 km near the pole to 160 km at the equator. This
allows us to separate disturbances of different spatial
scales. In extreme cases, the oscillation frequencies rec-
orded by the satellites may coincide with the frequency
recorded by a stationary sensor, or may differ arbitrarily
much from it. The former case is peculiar to wave dis-
turbances whose spatial scale is much larger than the
distance between the satellites; the latter corresponds to
the passage of the satellite through quasi-static spatial
inhomogeneities. In single-point observations, it is im-
possible to separate these cases, using measurements of
the magnetic field alone. If measurements from two or
more satellites are available, in the former case the max-
imum coherence will be observed with a time shift t
shorter than the oscillation period; and in the latter, with
T determined from the spatial scale of the wave disturb-
ance structure and the satellite velocity. We deal with
disturbances of the first type. Section 1 describes the
measurement data and the processing method; Section 2
presents the results of data analysis; Sections 3 and 4
discuss the spatial structure of the Alfvén beam field of
finite radius and the sources of the observed oscillations.

1. DATA AND PROCESSING

Twelve days in September and December 2016 have
been selected for the analysis. The selection criterion was
the absence of magnetic storms with Dst<—40 nT during
the whole day and four previous days. Auroral activity
varied from weak to moderately high, and the minimum
vertical component B, of the interplanetary magnetic field
(IMF) for ten of the twelve days did not drop below -5 nT.
Data on minimum and median B, and geomagnetic activity
indices for 24 hours is given in Table.

The height of the satellites’ orbits was around 450 km,
i.e. above the maximum electron density. The measure-
ment data on the three magnetic field components is avail-
able with a time resolution of 0.02 s. The analysis is based
on the data after high-pass filtration with a cutoff frequency
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of 1 Hz, which eliminates the effect of spatial variations in
a constant field with a scale of the order of or larger than
10 km. We examine the time forms of oscillations of hori-
zontal geomagnetic field components and their spectral
parameters.

Magnetic field measurement data from SWARM
satellites is available in the NEC (North-East-Center)
satellite system oriented along geographic coordinates:
the X component is oriented along the meridian; Z is
directed to the center of Earth; and Y, to the east. For
the high-latitude regions of interest, the angle between
the main geomagnetic field and the vertical is small, i.e.
the horizontal field components roughly correspond to
the transverse ones. That said, the azimuth angle be-
tween the geographic and geomagnetic meridians at
high latitudes can vary from 0 to 90°. Therefore, for
each moment of time, using the adapted GEOPACK
code [Papitashvili et al., 1997], we have recalculated the
horizontal field components into a system oriented
along corrected geomagnetic coordinates (CGM), where
By is the northward meridional field component, Bg is
the eastward latitudinal component. Since the model we
employ does not allow calculations for the near-equatorial
region, we analyze only the field variations for the geo-
magnetic latitudes above 27° in both hemispheres.

Cross-spectra were calculated by the Blackman—
Tukey method in a window of 128 points (2.56 s) with
smoothing by a 16-point Kaiser window [Jenkins,
Watts, 1972]. The selected time window corresponds to
a satellite passing a distance of ~20 km. For ~70 % of
the intervals, the geomagnetic latitudes of the satellites
at the same time point differ by more than 0.2° (22 km).
We have chosen these intervals for the analysis because
for them the difference in the time of passage of satellites
over one geomagnetic latitude exceeds the length of the
interval for which the spectrum is calculated, and several
times exceeds the period of the oscillations under study.

From all the intervals for which we perform the
spectral analysis, we have selected two groups for fur-
ther study, determined from the power spectral density
(PSD) at frequencies of local spectral maxima and spec-
tral coherence of variations in the latitude component
for the two satellites. We analyze the ratio of the total
duration of the intervals for which PSD exceeds a given
threshold to the total duration of all intervals, and the
mean PSD value at the frequencies of spectral maxima.
The threshold value of the spectral power density PSDy
is set equal to 3-10° nT%Hz, which corresponds to an
oscillation amplitude of ~0.1 nT.

The same parameters are studied for the oscillations
with the signal coherence in the two satellites above the

threshold value of the coherence coefficient y, =0.5.
Coherent intervals for which the difference between the
geomagnetic latitudes of the satellites was small are
excluded from consideration (|Ad|<0.2°)since in this

case the similarity between the recorded signals can be
caused by the simultaneous passage of the satellites
through the structure stretched along the latitude. With
such parameters, the high spectral coherence and the
consistent change in the signal amplitude and frequency



Days under analysis and related magnetic activity parameters

N | month/day IMF B,, nT Dst, nT AE, nT
min 24 hrs | median | min, 96 hrs | max, 24 hrs | median

254 09/10 -3.4 -0.3 -38 421 60
257 09/13 -6.1 2.7 -19 606 130
260 09/16 4.2 2.1 -34 259 33
261 09/17 -4.3 2.5 -34 117 34
266 09/22 -35 1.7 -35 295 37
336 12/01 -39 2.8 -23 263 25
337 12/02 -3.4 -1.2 -18 339 48
338 12/03 -2.8 -0.6 -18 270 34
349 12/14 -3.4 0.3 27 393 43
350 12/15 -2.8 0.6 -19 240 29
351 12/16 2.6 0.7 -16 212 23
352 12/17 -10.6 0.0 -12 718 67
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Figure 1. PSD distribution at frequencies of spectral maxima of variations in the magnetic field latitude component Bg over
geomagnetic latitude and frequency for all SWARM-A over-threshold oscillations (top panels) and those coherent to SWARM-A
and -C oscillations (bottom panels) for the Southern (left) and Northern (right) hemispheres

in the time domain imply that the Doppler frequency
shift is small and the signal frequency in the ionosphere
is close to the frequency determined from satellite
measurements.

The total length of the intervals such that PSD>PSD,
is ~50 hrs. Hereinafter, we call these intervals over-
threshold. The length of the intervals for which the con-

ditions y® > 0.5and |A®|>0.2° hold is ~1.3 hrs. Fur-

ther, they are termed as coherent and it is believed that
the magnetic field variations recorded at that time can
be considered as coherent oscillations observed simulta-
neously by two satellites.

2. RESULTS

2.1. Spatial distributions of spectral parame-
ters

To localize sources of the ionospheric oscillations,
let us figure out at which geomagnetic latitudes the over-
threshold magnetic field variations and coherent oscilla-
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tions in this frequency band generally occur, as well as
how their occurrence is distributed over frequency.

Figure 1 illustrates the spatial distribution of PSD at
the frequencies of spectral maxima of the latitude com-
ponent Bg for all SWARM-A over-threshold oscillations
and those coherent at SWARM-A and SWARM-C.
Along the X-axis is the corrected geomagnetic latitude
®; and along the Y-axis, the spectral maximum fre-
quency f. For both types of signal, the maximum PSD
value is observed at latitudes above 70° in both hemi-
spheres. For the intervals with an arbitrary coherence
value (top panels), the high-latitude maximum is seen at
all frequencies, covering lower latitudes (up to 60°) at
the low-frequency edge of the spectrum. For coherent
intervals, we can identify specific maxima in the distri-
bution. Thus, in the Southern (summer) Hemisphere,
maxima are observed at frequencies of ~5.5 and 9.5 Hz
at a latitude around —80° and at 4.5-5 Hz at —75°. In the
Northern (winter) Hemisphere, wider maxima occur at
5-6 and 8-9 Hz at 75°-80°. Moreover, in both hemi-
spheres at the low-frequency edge of the spectrum there
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is a maximum at a latitude around 60° and small in-
creases in PSD at frequencies below 7 Hz at lower lati-
tudes. The presence of intervals with high signal coher-
ence suggests that the observed magnetic field fluctua-
tions are pulsations, and their frequencies are close to
those recorded by the satellite. Let us next consider the
regions of most intense variations corresponding to ge-
omagnetic latitudes from 68° to 80° in both hemi-
spheres.

Pin down how the occurrence and spectral power are
distributed over geomagnetic latitudes ® and local magnet-
ic time (MLT). Figure 2 shows MLT distributions of a
fraction R of the intervals of coherent oscillations and the
PSD at spectral maximum frequencies for four latitudinal
zones in the two hemispheres. For most of the day, R for
all latitudinal zones varies between 0.02 and 0.04, and no-
ticeable maxima of the occurrence of coherent oscillations
are observed in the Southern Hemisphere at the highest
latitudes in the morning (MLT=6) and afternoon
(MLT=15) hours, with the afternoon maximum recorded in
all latitudinal zones. In the Northern Hemisphere, the main
maximum lies in the predawn sector (MLT=3) at latitudes
74°-77°.

During the daytime, PSD is significantly higher at
higher latitudes (|®>74°). This effect is most pro-
nounced in the prenoon hours in both hemispheres when
the difference between maximum and minimum PSD is
as large as two orders of magnitude. The main differ-
ence in the PSD diurnal variation between the latitudinal
zones |®>74° in the Southern and Northern hemi-
spheres is associated with higher values in the afternoon
for 74°-77° in the Northern Hemisphere, where its val-
ues practically do not differ from those in the latitude
range 77°-80°. In the Southern Hemisphere at
74°<|®|<77°, there is a weak minimum near noon, and

two maxima correspond to morning and afternoon
hours. In the pre-midnight and midnight sectors, PSD in
high-latitude zones decreases and its maximum shifts to
auroral latitudes.

Thus, the main contribution to the high-latitude
maxima in Figure 1 is made by the oscillation occurring
during the daytime at geomagnetic latitudes from 74 to
80°. Magnetospheric projections of these regions are
zones of the dayside polar cusp and input layers such as
the mantle and the low-latitude boundary layer. The
PSD values in the lowest latitudinal zone considered,
which corresponds to the nominal auroral zone, are sig-
nificantly lower. The decrease is also observed at high
latitudes at night, i.e. near the polar caps. The maxima
observed at the low-latitude edge of the region (|®@|~60°)
under study correspond to the Pc1 frequencies; and their
position, to the plasmapause zone.

Estimates of the auroral oval position within the em-
pirical model by Feldstein [1963] using the approxima-
tion by Holzworth, Meng [1975] of the auroral oval
boundaries for the intervals of both over-threshold dis-
turbances and coherent pulsations indicated that in fact
in 75 % of cases coherent oscillations obtained by two
satellites were detected above the auroral oval polar
boundary. Thus, the oscillations considered generally
occur near and above the auroral oval polar boundary;
the auroral latitudes themselves feature noticeably lower
oscillation amplitudes.

While the main spectral power of the oscillations is
concentrated at frequencies below 6 Hz, local spectral
maxima are regularly found at higher frequencies as
well. Figure 3 shows probability density functions
(PDF) of local spectral maximum frequencies for latitu-
dinal zones above 71°. To ensure a sufficient number of
cases for the analysis, the lower limit of the coherence

South North
—68-71
0.06 —T71-74
74-77
—77-80
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Figure 2. Occurrence rate (top panels) and spectral power (bottom panels) of coherent oscillations in four latitudinal zones

for the Southern (left) and Northern (right) hemispheres
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Figure 3. Empirical distribution functions (PDF) of frequencies of spectral maxima of coherent oscillations in three latitudinal

zones for the Southern (left) and Northern (right) hemispheres

coefficient is set at y>, =0.36. In the Southern Hemi-

sphere for the latitude zone 77°-80°, distribution maxi-
ma are at frequencies 5-6, 7.8, and 9.3 Hz. In the cusp
zone 74°-77°, there is also a maximum at 9.3 Hz, and
the highest maximum is observed in the frequency band
7-8 Hz. At 71°-74°, the distribution has the form of a
wide dome with a maximum at 8.6 Hz. In the Northern
Hemisphere, the distributions for all latitude intervals
are shifted to lower frequencies with a main maximum
at 7.8 Hz for two higher-latitude zones and two almost
equal maxima at 6.3 and 8.6 Hz for 71°-74°.

Thus, the region of geomagnetic latitudes and MLT
intervals corresponding to the dayside polar cusp and
the magnetospheric input layers is the most favorable
for the occurance of coherent magnetic field variations
at frequencies of several hertz at distances of tens of
kilometers in the ionosphere. The spectral maxima
above 5 Hz, i.e. the upper boundary of the nominal
range of Pcl geomagnetic pulsations, are observed no
less frequently than those below 5 Hz.

2.2. Analysis of individual events

Let us have a closer look at the signals in the time
domain and the spectra of high-latitude oscillations ob-
tained by the two satellites for separate intervals, here-
inafter referred to as events 1 and 2. For event 1
(07:30:26 UT on September 17, 2016), intense oscilla-
tions were recorded at a geomagnetic latitude around
80° in the afternoon sector (MLT=15.9). The distance
between the satellites was about 40 km, and the difference
between geomagnetic latitudes was 0.35°, i.e. the satellites
were located almost strictly along the magnetic meridian.
According to the OVATION Prime model [Newell et al.,
2002, 2010], at 7-8 UT the satellites’ latitudes were slight-
ly above the polar boundary of diffuse precipitation, and
discrete precipitation was weak (Figure 4).

This position of the oval and the precipitation inten-
sity fit the conditions of weak disturbance, as confirmed
by the geomagnetic indices. The Dst index minimum for
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four days (Dst=—34 nT) was detected two days before
the event of interest — on September 15, which indi-
cates a very weak magnetic storm whose recovery phase
completely ended by the beginning of September 17
(Dst>-2 nT). The auroral activity index AE was lower
than 50 nT during the last five hours, i.e. there were no
auroral disturbances during that period. Such conditions
inside the magnetosphere were determined by parame-
ters of the interplanetary medium with its long-term
positive vertical component and minor solar wind dy-
namic pressure fluctuations near 2 nPa.

Figure 5 shows the waveforms and spectral param-
eters of variations in magnetic field horizontal compo-
nents as observed by SWARM-A and -C. Both satel-
lites observed oscillations with an amplitude of ~2 nT
in the time interval 0—1 s, then a wave packet with a maxi-
mum amplitude of the latitude component Bg appeared (the
amplitude was as high as 10 nT according to SWARM-A

2016, 09/17 (DOY=261), 07-08 UT

az

@VARMA (UT=7.5)

*

0

0.00

Figure 4. Diffuse precipitation intensity in the Northern
Hemisphere for 07-08 UT on September 17, 2016 (day 261)
as obtained by the OVATION Prime model
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Figure 5. Coherent oscillations recorded in the afternoon sector on September 17, 2016 (day 261, event 1). From left to right: time
domain signal, PSD spectra, spectral coherence, and phase difference. Oscillations (a, b) and PSD spectra (c, d) for SWARM-A (top
panels) and SWARM-C (bottom panels). For coherence spectra (e, f) and phase difference (g, h) the top panel shows cross-spectral pa-
rameters of the components according to the data from each satellite (SWARM-A (top panels) and SWARM-C (bottom panels)) and
between the components according to the two satellites. The legend has the following structure: the letters N and E denote the meridional
and latitudinal field components respectively, the index is a satellite, for example, No—Ec corresponds to By (SWARM-A) — Bg

(SWARM-C)

and 12 nT according to SWARM-C). The Bg variations
according to both satellites’ data have maximum PSD at
a frequency of ~4.7 Hz, and maximum PSD of Bg is
0.22 nT¥Hz (SWARM-A) and 0.3 nT?/Hz (SWARM-C).
The By oscillation amplitudes are noticeably lower —
in both satellites their maximum amplitude is ~5 nT. At
4.7 Hz, the By PSD spectrum is maximum only in the
case of SWARM-C; as for SWARM-A, this frequency
exhibits a plateau. At this frequency, the spectral coher-
ence y* of the latitudinal and meridional components
according to SWARM-C, as well as according to the
two satellites, exceeds 0.5. Let us consider the phase
differences at this particular frequency since both max-
imum PSD of the latitudinal component and a high co-
herence are observed at it. The phase difference be-
tween Bg and By for SWARM-A is —20° (340° in Fig-
ure 5, g) and —25° for SWARM-C; in both satellites, the
ratio of PSD Bg to PSD By is about 3. At 4.7 Hz under
high coherence, there are also maximum Bg PSD varia-
tions, PSD of oscillations, recorded by the two satellites,
differ less than 1.5 times, and the oscillations have al-
most the same polarization, as derived from the small
differences in the PSD ratio to the phase difference be-
tween Be and By . The phase difference in Bg according
to the two satellites is 132°. Thus, the latitudinal com-
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ponent variations in this event feature a significant
phase change with a small change in amplitude at a dis-
tance between the satellites, and the amplitude increases
with latitude. This suggests that the source of the oscil-
lations in the ionosphere is located at a latitude interme-
diate between the geomagnetic latitudes of the satellites
closer to SWARM-C.

In event 2 (18:18:26 UT on December 3, 2016), os-
cillations with an amplitude of several nT occurred at a
geomagnetic latitude of ~78° in the pre-noon sector
(MLT=10.66) under low geomagnetic activity. The Dst
index did not decrease below —18 nT for previous four
days, i.e. there was not even a weak magnetic storm.
Current auroral activity was low (AE<50 nT), but two
hours before the event there was a substorm with
AE=140 nT. As in the previous event, there were no
significant variations in the solar wind dynamic pres-
sure, its absolute value fluctuated around 2 nPa, yet,
unlike event 1, the IMF vertical component was nega-
tive: B,~—2nT.

Time forms and spectra of a signal are shown in Fig-
ure 6: signal distortions at a distance between the satel-
lites are more significant than in event 1. The distance
between the satellites was 75 km with ~0.5° difference
between their geomagnetic latitudes, i.e. they were



2016, DOY= 338, UT=18:18:206, fI’I— 77.96, ¢ =78.48, MLT=10:39

_ SWARM-A )
15 1 180
12 (c) (2)
0.8
x I 90
S08
E o 0.6 .
0.6 o
g 0.4
o 04 00
N I
0.2 0.2
3 0 ] -180
_ SWARM-C |
hl
1.2 (d) (h)
, 180
| 08
T
=08 90
t (“\'[: o 0.6
- = e
- =) 0:s 0.4 0
& 04
2 90
02 0.

6 9

[, Hz

-180
3 6

f, Hz

9

Figure 6. The same as in Figure 5 for coherent oscillations recorded in the pre-noon sector on December 3, 2016 (day 338,

event 2)

spaced away by 55 km along the meridian. The signal
amplitude was higher for SWARM-C, located closer to
noon and at a higher latitude than SWARM-A. The max-
imum amplitude of Bg was ~20 nT for both satellites, and
By was 18 nT for SWARM-C and 10 nT for SWARM-A.
Meanwhile, the small shift in the time of onset of the dis-
turbance and almost synchronous amplitude variations
suggest a common origin of the signal.

The main spectral maximum of Bg lies at a frequency
of 4.7 Hz for SWARM-A and 4 Hz for SWARM-C.
Moreover, in both cases an additional maximum in the
spectra is seen at around 9 Hz. Nevertheless, only the
main spectral maximum at 4.7 Hz falls into the region of
high spectral coherence y*~0.6 of variations in Bg and By
for SWARM-C and in latitudinal components for the two
satellites. In the vicinity of the second maximum, the
coherence of the latitudinal components turns out to be
low. Thus, it makes sense to estimate the phase difference
between Bg variations for the two satellites only at the
main spectral maximum frequency of 4.7 Hz. It is —150°.
At the same frequency, the phase difference between the
horizontal components for SWARM-C is 135°, which
corresponds to elliptical polarization.

According to data from both satellites, the meridio-
nal component dominates at frequencies below 3.5 Hz;
and the latitude component, above the frequencies; yet,
for SWARM-A at f>3.5 Hz the power ratio By/Bg is
significantly lower than for SWARM-C. For the meridi-
onal component in the case of SWARM-A, maximum
PSD is observed at the left spectrum edge (2.7 Hz); and
in the case of SWARM-C, at 4 Hz. In addition, in the
meridional component spectra at around 7 Hz, there is a
slowdown in the decrease (SWARM-C) and a plateau
(SWARM-A). Coherence spectrum maxima are indicat-
ed as the maximum PSD spectrum frequency of 4 Hz at
which y?~ 0.4, and as the 7.8 Hz frequency at which y°~
0.6. The phase difference in By at these frequencies is
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about 0 and 90° respectively, i.e. it differs significantly
at the frequencies of the two maxima, which is typical
for harmonics of different parity.

For this event, the ratios of PSD to the phase differ-
ence between By and Bg for the two satellites are differ-
ent and depend greatly on frequency, thereby making a
simple estimate of the source position impossible. This
spatial distribution of amplitude and phase is probably
related to the excitation of resonance and waveguide
modes in the ionosphere.

For both events, disturbances begin almost synchro-
nously, and high coherence is observed at the frequen-
cies of the main spectral maxima. This allows us to in-
terpret the observed magnetic field variations as pulsa-
tions. Their amplitude is much higher than that of the
background magnetic field variations in the ionosphere,
which does not exceed 0.1 nT. The vertical component
amplitude (omitted in the figure) is more than an order
of magnitude lower than that of the horizontal compo-
nents, which corresponds to an Alfvén wave. In the
former event, at a distance between the satellites, the
oscillation spectra vary slightly; and in the latter, con-
siderably. This suggests that the spatial scale of the os-
cillations in the former case is larger than the distance
between the satellites; and in the latter, of the order of
the distance between the satellites. Thus, the disturb-
ances considered can be represented as a beam of Alf-
vén waves with a diameter of several tens to several
hundreds of kilometers. Let us consider the passage of
such a beam through the ionosphere for event 1.

3. FIELD SPATIAL
STRUCTURE. MODEL

The wave field spatial structure can be estimated
within the framework of a model of Alfvén wave beam
passage through the ionosphere [Fedorov et al., 2018].
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We consider the ionospheric parameters, using the IRI-
2007 model [Bilitza, Reinisch, 2008)]. For event 1, ver-
tical distributions of the amplitude of the three magnetic
field components for two beam radii po are illustrated in
Figure 7. The distance from the beam center is 0.8po,
which is close to the position of the radial amplitude
distribution maximum. The azimuthal magnetic field
component B, prevails at ionospheric heights
h>150 km; the radial component B, on Earth. Assum-
ing that the beam center is between the satellites and
considering that the satellites are located almost strictly
along the geomagnetic meridian, we obtain that in the
ionosphere B, approximately corresponds to the latitu-
dinal component; and B, to the meridional one. At ion-
ospheric heights, the amplitude oscillates with height
with a spatial period of ~100 km, and positions of the
extremes depend on the beam radius.

Radial distributions of magnetic field component
amplitudes at the height of the satellite and on the Earth
surface are shown in Figure 8. The maximum amplitude
of the azimuthal component prevailing in the ionosphere

is at radial distances (0.7+0.8)po. On the Earth surface,
the vertical component prevails in a narrow region near
the projection of the beam axis; the radial component, at
distances larger than 30 km from the axis projection.
The main difference of the surface distribution
from the ionospheric one is a weaker dependence of
the magnetic field amplitude on the radial distance.
Figure 9 depicts the dependence of the ratio Rg, of the
magnetic field amplitude on Earth to the maximum
amplitude in the ionosphere on the distance to the
beam center. The position of the maximum and the
maximum value of Rg, depend on the beam radius py,.
The ratio of the distance between the beam center and
Pmax t0 po iNcreases, and Rg, at a maximum decreases
with decreasing beam radius (pma/po=1 and
Rg=6-107 at po=100 km, and at pg=25 km pmax/po=2
and Rg=5-10"%). Thus, supposing that the pulsations
detected in event 1 occurred near the maximum of the
radial amplitude distribution in the ionosphere, we
obtain a lower-bound estimate for the amplitude on
the Earth surface. Depending on the beam radius, it can
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at a satellite height as a function of wave beam radius for a frequency of 4 Hz under the same ionospheric conditions as in Fig-

ures 7,8

it can range from several hundredths to several tenths of
nT. In the latter case, these pulsations can be detected
on Earth even with a flux gate magnetometer at a dis-
tance to 200 km from the beam center projection.

4. DISCUSSION

The signals considered can have both magnetospher-
ic and atmospheric origin associated with penetration of
the Schumann resonance into the ionosphere [Ni, Zhao,
2005; Surkov et al., 2013]. Until the present, experi-
mental evidence for the penetration of the Schumann
resonance to ionospheric heights has been observed
only for the electrical component, although the weak
maxima in Figure 1 detected at low and middle latitudes
can have an atmospheric origin. A possible source of
such signals can be individual slow discharges caused
by an upward current with a charge moment of the order
of or greater than 100 C-km [Rakov, Uman, 2003]. The-
oretical analysis of the field structure from an atmos-
pheric discharge with a charge moment of 10° C-km
under nighttime ionospheric conditions [Mazur et al.,
2018] has shown that the field from the discharge slow-
ly (as 1/p) decreases with horizontal distance, which
makes it possible to detect a signal with an amplitude
above 1 nT at distances of the order of 10° km from a
point above the lightning discharge. At distances to 400
km, positions of spectral maxima are determined by
IAR; at longer distances, the spectrum is mainly defined
by the waveguide mode, and maxima appear in it at
frequencies above 4 Hz. Discharges with a charge mo-
ment above 100 C-km account for several percent of all
recorded lightnings, and their occurrence decreases with
increasing intensity, so that the discharges with a charge
moment of the order of or greater than 10° C-km are rare
events for which the presence of ionospheric disturb-
ances can be directly monitored. What might argue for
the atmospheric origin of the maxima observed at low
and middle latitudes is their coincidence in time with
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discharges of extreme intensity, as well as spectra con-
sistent with the calculated ones. The spatial distribution
can be analyzed using SWARM data only for individual
events for which the distance between satellites A/C and
B is 10°-10° km.

For the high-latitude oscillations under study, the
magnetospheric source seems to be the most likely. This
hypothesis is supported by the coincidence of the zones
of the highest oscillation power with the latitudes of
ionospheric projections of the polar cusp/cleft and mag-
netospheric input layers. In these regions, the main
magnetic field in the magnetosphere is highly nonuni-
form in strength and direction, which can lead to unsta-
ble particle distributions, including temperature anisot-
ropy. Transverse proton temperature anisotropy is a
condition for the excitation of ion-cyclotron oscillations
[Sagdeev, Shafranov, 1960]. In the inner magneto-
sphere, the generation region of ion-cyclotron waves
lies near the equator at distances no greater than 11°
[Loto'aniu et al., 2005], and their frequencies fall within
the Pcl range. The ionospheric oscillations of higher
frequencies we have examined generally occur at lati-
tudes near and above the auroral oval polar boundary,
and their frequencies correspond to the frequencies of
proton-cyclotron resonance for the magnetic field B of
the order of hundreds of nT. For the polar cusp/cleft,
mantle, and magnetospheric input layers, B corresponds
to intermediate magnetic latitudes (30-60° from the
equatorial plane of the magnetosphere).Intense oscilla-
tions with frequencies from fractions of hertz to several
hertz outside the equatorial region of the magnetosphere
in the field lines corresponding to cusp/cleft projections
were recorded by the POLAR satellite [Le et al., 2011].
This is due to the fact that the region of ion-cyclotron
wave generation is linked to the region of the minimum
absolute magnetic field, which is shifted from the equa-
tor in the vicinity of the polar cusp/cleft and in the mag-
netospheric input layers [Shabansky, 1971]. The statis-
tical distribution of occurrence of ion-cyclotron waves
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in the magnetosphere in the Pc1-2 frequency range in-
dicates that they are generally recorded in the daytime
sector for L>8 (see [Usanova et al., 2012] and refer-
ences therein). This possibility has been explored theo-
retically in [McCollough et al., 2010, 2012]. A magnetic
storm [Blum et al., 2009] or an abrupt change in the solar
wind dynamic pressure [McCollough et al., 2010] is con-
sidered as external causes of unstable ion populations.
Vines et al. [2019] give experimental evidence of a
source of ion-cyclotron waves remote from the equator
(at a magnetic latitude of ~25°) in the afternoon sector
of the outer magnetosphere. Simultaneous observations
of the electromagnetic field and ion distributions made
it possible to localize the source of the oscillations and
establish that the observed ion distributions correspond
to the distributions necessary for the excitation of ion-
cyclotron waves. At the same time, the conditions out-
side the magnetosphere and the geomagnetic activity
indices pointed to a weak disturbance. Thus, Vines et al.
[2019] have demonstrated that there may be unstable
ion distributions in the outer magnetosphere and associ-
ated ion-cyclotron waves without strong disturbances,
which is indirectly confirmed by the results of our work.
Occurrence of EMIC waves in the outer magneto-
sphere at large distances from the equator was recorded
by Cluster satellites [Réme et al., 2001], whose orbit cov-
ered the interval of L shells from 4 Rg to 20 Rg and geo-
magnetic latitudes from 0° to 45°. Statistical analysis of
occurrence of EMIC waves in the magnetosphere for ten
years (2001-2010) has shown [Allen et al., 2015] that in
the daytime sector (9-15 MLT), the maximum occur-
rence of waves in the outer magnetosphere L>8 falls
within geomagnetic latitudes 15°-30° and exceeds 10 %;
and at a distance 30°—45° from the equator, it decreases to
several percent. Meanwhile, in the dusk sector (15-21
MLT), even for L>14 for magnetic latitudes 30°-45°, the
average occurrence is several percent, running to 10 %
for individual sectors. The dependence of the occurrence
of magnetospheric EMIC-waves on L and MLT accord-
ing to [Allen et al., 2015] is qualitatively consistent with
those shown in Figure 2 and PSD of the ionospheric os-
cillations studied in this work. Parameters of cold plasma
and hot protons with energies from 10 to 40 keV for the
same observation period have been analyzed in [Allen et
al., 2016]. In the outer magnetosphere, for all magnetic
latitudes at which EMIC waves were observed, higher
levels of transverse temperature anisotropy and ratio 3 of
hot proton pressure to the magnetic pressure have been
found, with maximum 3 at the magnetic latitude of ~45°.
The high-latitude ionospheric oscillations in the range of
several hertz we have studied are most likely to be a mani-
festation of magnetospheric EMIC waves generated by
anisotropic proton distributions in extra-equatorial regions
of the outer magnetosphere [Allen et al., 2015, 2016].
Another source of the ionospheric oscillations in the
range above the nominal Pcl is lower-frequency magne-
tospheric EMIC waves generated at shorter distances
from the equator. Liu et al. [2019] reported Pcl pulsa-
tions recorded simultaneously by four MMS satellites in
the outer magnetosphere at approximately the same dis-
tance from the equator as in [Vines et al., 2019]. The
distance between the satellites in the magnetosphere
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was 50-100 km, the meridional distance between the
ionospheric projections, 0.02°, i.e. ~2 km. Dynamic
spectra of the pulsations were similar, but not identical
for all MMS satellites, and the differences were notice-
able even in the figures given in the article, where the
total time was 90 min. Thus, the Pc1 pulsations of mag-
netospheric origin, which have kilometer transverse
scales at the ionospheric height, can contribute to the
higher-frequency magnetic field variations in the iono-
sphere recorded by low-orbit satellites.

The analysis of coherent ionospheric oscillations we
have carried out using a time window of 2.56 s allows
us to separate the temporal and spatial field variations
on the time scales of the order of or greater than 10 s,
and the amplitude threshold used makes it possible to
classify wave packets observed simultaneously by two
satellites with a duration of several periods, similar to
those shown in Figures 5, 6, as oscillations whose spec-
tra vary slightly when measured by a low-orbit satellite
and a stationary sensor. The intermediate frequency
range from fractions to a few of hertz, kilometer spatial
scales, and wave packet durations from 3 to 10 s re-
quires special analysis methods to separate spatial and
temporal variations.

CONCLUSIONS

1. Geomagnetic variations at frequencies 2.5-12 Hz
in the ionospheric F layer above the maximum electron
density recorded by SWARM satellites exhibit the max-
imum occurrence and amplitude at latitudes near and
above the auroral oval polar boundary corresponding to
the regions of magnetospheric input layers and dayside
polar cusp/cleft.

2. The high coherence of variations for two spaced
satellites makes it possible to identify them as wave
disturbances with a scale larger than the distance be-
tween the satellites.

3. A possible source of these disturbances is ion-
cyclotron waves in the extra-equatorial regions of the
outer magnetosphere.

We are grateful to the reviewers for useful com-
ments. The work was performed under Government
assignment of IPE RAS (all authors) and GC RAS
(V.A. Pilipenko). The magnetic field measurement data
from SWARM satellites is available on the website of
the European Space Agency (ESA) [https://swarm-
diss.eo.esa.int]. The interplanetary magnetic field data,
recalculated to the subsolar point of the magnetosphere,
and the geomagnetic indices are available on the web-
site [https://cdaweb.gsfc.nasa.gov].
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