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The work deals with ULF radar observations of the high-latitude ionosphere. Doppler data from the Norwegian
STARE instrument are analyzed for the moderate magnetic storm observed on December 31, 1999 — January 01,
2000. Upon averaging the Doppler signals along radar beams, the spectral power of signals is determined for each
beam as a function of frequency ranging from 1 to 10 mHz. Sharp drops (about 10 dB) of spectral powers with
frequency are found for all radar beams. A variational analysis of spectral powers is carried out by least squares,
with power drops being modeled by stepwise profiles constructed of mean spectral powers preceding and
succeeding the drops. Using this variational analysis, the frequency of the power drop is determined for each radar
beam. Being averaged over all beams, this frequency is 4.840.5 mHz. The results obtained are interpreted as
resonant absorption of ultra-low-frequency (ULF) waves occurring on eigenfrequencies of magnetic field lines over

wave propagation from the magnetopause deep into the magnetosphere.
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INTRODUCTION

The origin of ultralow-frequency (ULF) oscillations of magnetic and electric fields is often associated with the
excitation of magnetohydrodynamic (MHD) resonances in near-Earth plasma frozen in the geomagnetic field. In
[Chen, Hasegawa, 1974; Southwood, 1974], the authors theoretically analyze the excitation of resonant ULF
oscillations of magnetic field lines by surface MHD waves in the magnetosphere. Resonant frequencies of such
oscillations have been repeatedly calculated by numerical methods for both dipole [Lee, Lysak, 1989] and non-
dipole geomagnetic field models [Cheng, Zaharia, 2003]. The numerical calculations established typical values of
minimum resonant frequencies 3-5 mHz (in the dayside magnetosphere) for quiet geomagnetic conditions. A
significant limitation of such studies was the approximation of infinitely large ionospheric conductivity. This
approximation restricts field line resonances only to eigenoscillations of the so-called classical half-wave mode, i.e.
to standing waves for which an integer of half-waves fits between conjugated ionospheres along magnetic field
lines. In this case, resonant oscillations of the magnetic field line are analogous to acoustic oscillations of a string

whose ends are fixed in the E layer of the conjugated ionospheres [Nishida, 1980].

Taking the finite ionospheric conductivity into account revealed first and foremost a significant damping
decrement of the fundamental harmonic of the half-wave mode for sufficiently low ionospheric conductivity
[Newton et al., 1978]. In addition, the finite ionospheric conductivity supplemented field line resonances with
quarter-wave oscillations, for which an odd number of quarter wavelengths fits between the conjugated ionospheres

[Allan, Knox, 1979]. Such oscillations are similar to acoustic oscillations of a pipe whose one end is fixed and the
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other remains free. Unlike the half-wave oscillations symmetric about the equatorial plane, quarter-wave oscillations
are asymmetric and an asymmetric conductivity configuration is necessary for their excitation such that
Yen<Zw<Xps, wWhere X is the wave conductivity of the magnetosphere, Tpy and Xps are integral Pedersen
conductivities of conjugated ionospheres in the Northern and Southern hemispheres respectively [Alperovich,
Fedorov, 2007].

The finite ionospheric conductivity limits the Q factor of the magnetospheric MHD resonator. Yumoto et al.
[Yumoto et al., 1995] have carried out a detailed theoretical analysis of the effect of ohmic energy dissipation in the
ionosphere on the Q factor of the magnetospheric resonator. For favorable daytime conditions at middle latitudes,
such theoretical estimates yield Q~10-10°. However, experimental estimates give much lower values. For example,
Menk et al. [Menk et al., 2000] have obtained an experimental estimate of Q ~2 for L~2 under daytime conditions.
The differences between the experimental and theoretical estimates can be explained by a strong effect of non-
dissipative energy losses on the Q factor of the resonator [Poulter, Allan, 1985]. At high latitudes, i.e. at L~10 and at
low ionospheric conductivity under polar winter conditions, the theoretical Q-factor estimate taking into account
only ohmic dissipation [Yumoto et al., 1995] gives Q;~1. At high latitudes, there appear additional non-dissipative
losses produced, for example, by magnetospheric convection. Indeed, convection trajectories in the general case do
not coincide with constant-period magnetic surfaces of the field line resonance. In the drift motion, magnetospheric
plasma along with field-aligned currents leaves the resonance region. This causes additional losses of resonator
energy and reduces the Q factor. With a low Q factor of the resonator, the eigenoscillation amplitude does not
exceed the amplitude of background waves; this hinders the observation of resonant ULF oscillations at high

latitudes.

High oscillation amplitudes at 2.7, 3.5, and 3.9 mHz, found in high-latitude Doppler radar data, are interpreted
in [Walker et al., 1979] as observations of field line resonances on the assumption that standing Alfvén waves of the
observed resonances have an antinode of the transverse electric field in the ionosphere. However, to match radar
measurements of the electric field with magnetic observations, the authors had to assume that the integrated
ionospheric conductivity at the observing site was about 10 S. Further studies [Alperovich, Fedorov, 2007] have
showed that these two assumptions are incompatible, in particular at the ionospheric conductivity of 10 S the
standing Alfvén wave of field line resonance has an electric field node in the ionosphere. Note that the
measurements were carried out in polar winter conditions when the zenith angle of the Sun was about 90°. The
ionospheric conductivity values obtained with the IR12012 model for these conditions are 1-2 S
[http://wdc.kugi.kyoto-u.ac.jp/ionocond]. This considerable difference between the model and required ionospheric
conductivity values points to intense precipitation of energetic particles. OMNI data support this conclusion with
energetic protons observed in a wide energy range in the magnetosphere. Intense precipitation of particles is usually
localized in space. This implies the excitation of waves with high azimuthal numbers, which is not typical for
toroidal oscillations. In the same frequency range [Allan et al., 1982] there were waves with high azimuthal numbers
excited by energetic magnetospheric protons presumably through bounce-drift instability. SuperDARN radars have
repeatedly observed excitation of ULF waves such as drift-compressional waves by energetic protons. Let us focus
on recent observations made by SuperDarn radars in Russia [Mager et al., 2015; Chelpanov et al., 2016]. Note that
James et al. [James et al., 2016] employed several radars to observe different frequencies in one event at the same

geomagnetic latitude; Bland and McDonald [Bland, McDonald, 2016] observed frequencies of this range in the
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polar cap. This is incompatible with the conception of field line resonances. Finally, Badin [Badin, 2016] through
narrow-band filtering in Doppler data of the same frequency range has revealed excitations that are geometrically

inconsistent with field line resonances.

Walker et al. [Walker et al., 1979] stated that the plasma density in the outer magnetosphere estimated at
frequencies they found was overestimated. This suggests that the frequencies of field line resonances were supposed
to be higher than those found. Note that the resonant frequencies estimated from magnetic observations give in
general higher frequency values than those from Doppler radar data. For example, in [Anderson et al., 1989] values
of frequencies of toroidal standing waves f.s=5 mHz were obtained from satellite magnetic observations. These
discrepancies between different estimates of resonant frequencies make the problem of identifying eigenoscillations
of magnetic field lines particularly acute. To solve this problem, special techniques are being developed, for
example [Pilipenko et al., 2012], and data from several measuring instruments are used [Belakhovsky et al., 2015].
Antarctic magnetic ULF observations near the geomagnetic pole enable estimating the lowest frequency of the field
line resonance, i.e. the eigenfrequency of the longest field line in the dayside magnetosphere. To do this, diurnal
variations are examined of the residual spectral power after subtraction of the average, i.e. the background spectral
power of ULF oscillations. In resulting diurnal variations, obvious lower limitations of the spectral power on the
frequency [Lanzerotti et al., 1999] or upper ones on the period [Urban et al., 2011] of oscillations are identified. The
most convincing limitations of the residual spectral power were observed in the morning MLT sector. The lowest
resonant frequency of around 5 mHz is interpreted as the frequency of a standing Alfvén wave on the last closed
magnetospheric field line. Note that the need to subtract the background spectral power and analyze the residual

power indirectly suggests that the Q factor of the magnetospheric MHD resonator at high latitudes is quite low.

The detailed theoretical study of the excitation of resonant field line oscillations in the MHD theory has shown
that this phenomenon is particularly typified by absorption of the energy of an external wave exciting the resonance
[Guglielmi, Potapov, 1984; Kivelson, Southwood, 1986]. Such resonant absorption occurs under any arbitrarily
small dissipativity of the medium. With a low Q factor of the resonator, the eigenoscillation amplitude does not
exceed the amplitude of background ULF waves. Under such conditions, the observation of resonant absorption of
background ULF oscillations can prove to be a more accessible means of studying resonance phenomena in the
magnetosphere. Determination of resonant ULF absorption from Doppler radar observations under magnetic storm

conditions is the main goal of this work.

EXPERIMENTAL DATA

Doppler measurements of the Norwegian STARE ionospheric radar (Greenwald et al., 1978) have been used to
experimentally evaluate the resonant absorption of ULF oscillations in the magnetospheric MHD resonator. From
OMNI data, we selected the period of completion of the main phase and the beginning of the recovery phase of a
moderate magnetic storm (K,~5, Dst~ -40 nT) when the radar was in the morning MLT sector. This choice of data
facilitates the study of resonant absorption on the flank of the magnetosphere, avoiding magnetic field lines that go
far into the tail on the night side.

The heliogeophysical characteristic of the magnetic storm is shown in Figure 1 presenting B, component of the

interplanetary magnetic field (IMF) as well as the geophysical indices K, Dst, and AE as a function of the universal
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time UT. The universal time in the figure is measured consecutively from 0 h of December 31, 1999 and includes a
part of the next day, January 01, 2000. Time variations of AE and Dst demonstrates successive injections of
energetic plasma and enhancements of the magnetospheric ring current intensity. The ring current reaches its
maximum development by midnight, i.e. by the early year two thousand. The Doppler radar measurements have
been analyzed for the period of the greatest development of the ring current to ensure that the observed ionosphere
was in the dayside magnetosphere. A period from 28 to 32 hours of the storm (04:00-08:00 UT) satisfies these

conditions. To this period corresponds a Dst value of about —40 nT and mostly negative IMF B, values.

SPECTRAL ANALYSIS RESULTS

Processing of Doppler measurements involves data averaging along each radar beam, calculating the discrete
Fourier transform (DFT) of the averaged data, and variational analysis of the obtained spectral power. Figure 2
shows the result of the DFT calculation for the third of eight available STARE beams. Spectral power in dB (gray
curve) is given as a function of ULF oscillation frequency in mHz. We can clearly see a stepwise drop in the spectral
power in the middle of the frequency range near 5 mHz. Dotted lines indicate mean values of the spectral power
preceding and succeeding the stepwise drop of the latter. Dashed lines mark standard deviations. Similar results
were also obtained for other radar beams. A possible physical explanation for the stepwise drop of the frequency-
dependent spectral ULF power lies in the effect of resonant absorption of background ULF oscillations by the

magnetospheric MHD resonator. The effect of resonant absorption of MHD waves was first studied theoretically
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Figure 1. Characteristic of the magnetic storm. From top to bottom, the IMF B, component and the geophysical

indices Ky, Dst, and AE as functions of UT
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Figure 2. Spectral power of a Doppler signal of the third STARE beam (gray curve) as a function of frequency
ranging from 1 to 10 mHz. Dotted lines show average values of spectral power in respective frequency intervals.

Dashed lines mark standard deviations

[Guglielmi, Potapov, 1984]. The resonant absorption observed in Doppler measurements of the velocity of
transverse drift of ionospheric electrons refers to the conversion of the energy of ULF oscillations of the transverse
electric field to the energy of field-aligned currents of field line resonances. These resonances are standing Alfvén
waves whose frequency is primarily determined by the length of a magnetic field line. In the dayside
magnetosphere, the length of the magnetic field line is limited by the spatial position of the magnetopause. This is

the reason for the existence of the minimum resonant absorption frequency.

The visual control of the spectral power of ULF oscillations of the transverse electron drift velocity in the E
layer proved to be a convenient qualitative method for observing the resonant absorption. To estimate quantitatively
the minimum frequency of the resonant ULF absorption, we carry out a least-squares variational analysis. The
resonant absorption effect in the frequency continuum is modeled by a stepwise drop in the spectral power at the
minimum frequency of resonant absorption. In this case, the power steps are arithmetic mean values of the spectral

power at frequencies below and above the minimum frequency of resonant absorption respectively. Then, we solve a
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variational problem of finding the absolute minimum (in the frequency range under study) of the sum of squared
differences between the spectral power at each frequency of the range and the mean spectral power in the frequency

intervals below and above the minimum frequency of resonant absorption respectively.

The solution of this variational problem best integrates the stepwise model of resonant absorption into the
spectral power of DFT, inferred from Doppler radar data. As a result, we obtain a quantitative experimental estimate

of the minimum frequency of the observed resonant ULF absorption.

It is important to emphasize that the spectral power of DFT contains a significant random component that
derives from the calculation of the Fourier transform in a finite interval of observation time. For this reason,
individual values of spectral power are of little interest. Only its averaged or smoothed values are significant.
Spectral power is commonly smoothed with spectral windows. However, in this case the use of a spectral window is
undesirable because such a window can also smooth out the drop in the spectral power, thus making it shallow
instead of stepwise. Therefore, the mean values which provide the most severe smoothing but retain the stepwise
character of the spectral power drop are used as smoothed values. Note also that the search for the minimum
frequency of resonant absorption in terms of its physical meaning is analogous to the search for a lower bound on

frequency in magnetic observations of resonances of “the last closed field line” [Lanzerotti et al., 1999].

The cumulative results of the variational analysis for all radar beams are presented in Figure 3. Gray curves
indicate the spectral power of ULF oscillations calculated by DFT of Doppler observations for each radar beam.
Dotted lines are arithmetic mean values of spectral power for the frequencies lower and higher than the minimum
frequency of resonant absorption respectively. The value of the minimum resonant absorption frequency is chosen
such that the sum of squared distances (vertically) from the gray curve to the dotted step is minimum. In Figure 3
from bottom up, polar radar beams are replaced by equatorial ones. For convenience of presenting the results, 40 dB
are added to each overlying curve relative to the underlying curve. Being averaged over all beams, the minimum
frequency of resonant ULF absorption is 4.8+0.5 mHz for this event. Under magnetic storm conditions, the relative
error in this estimate (more than 10%) appeared to be higher than that in the similar estimate under weakly disturbed
conditions [Badin, 2016].

DISCUSSION AND CONCLUSIONS

The value of the minimum frequency of resonant ULF absorption obtained here is compatible with the well-
known numerical calculations of resonant MHD frequencies in the magnetosphere [Lee, Lysak, 1989; Cheng,
Zaharia, 2003], which took into account eigenoscillations only of the classical half-wave mode. The 5 mHz
frequency is also consistent with experimental magnetometric estimates of the lowest resonant frequency of
magnetic field lines [Anderson et al., 1989; Lanzerotti et al., 1999; Urban et al., 2011]. This allows us to assume that
quarter-wave oscillations were not excited because of sufficiently high ionospheric conductivity despite winter
conditions in the polar ionosphere of the Northern Hemisphere. Indeed, the well-known models of ionospheric
conductivity, which generalize experimental observations at high latitudes [Wallis, Budzinski, 1981; Hardy et al.,
1987], show that only due to precipitation of energetic electrons, the integral Pedersen conductivity in the auroral

ionosphere (excluding the polar cap) exceeds 1 S even in weakly disturbed conditions Ky,=2. Under magnetic storm
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Figure 3. Cumulative results of the variational analysis of spectral power for all radar beams. Gray curves
show the spectral power. Dotted lines indicate the average spectral power for each radar beam at frequencies below
and above the minimum frequency of resonant absorption. From bottom up, polar radar beams are replaced by
equatorial ones. For convenience of presenting the results, 40 dB are added to each overlying curve relative to the
underlying one

conditions, the ionospheric conductivity is even higher. As for the wave conductivity of the magnetosphere, in
Siemens it is represented by the simple formula =10 /(4w V), Where Vy is the Alfvén velocity in thousands of
kilometers per second. According to current conceptions of the Alfvén velocity in the magnetosphere, under the
magnetopause V,>1000 km/s and, consequently, the wave conductivity is lower than 1 S. In this case, the integral
Pedersen conductivity in both conjugated ionospheres exceeds the wave conductivity of the magnetosphere, thus
excluding the excitation of quarter-wave oscillations.

Of course, we do not know exact values of the Alfvén velocity and ionospheric conductivity in the event under
analysis; and the excitation condition for quarter-wave oscillations has been obtained in the simplified model of the
magnetosphere [Alperovich, Fedorov, 2007]. Nevertheless, we can assume that the excitation of quarter-wave

oscillations is unlikely. This, in turn, leads to the following significant conclusions. As is known, in the classical
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half-wave eigenoscillation of the magnetic field line, nodes of the electric field of a standing Alfvén wave are in the
E layer of the ionosphere [Nishida, 1980]. For this reason, Doppler radar measurements of the electric field in the E
layer provide information, first, about background, i.e. non-resonant oscillations. This allows us to observe a sharp
drop in the spectral ULF power as soon as the oscillation frequency enters the resonant continuum. This is also
facilitated by a rather low value of the Q factor of the magnetospheric MHD resonator. On the other hand, a
significant (about 10 dB) drop in the spectral power of a Doppler signal means that for high-latitude Doppler radar
measurements in the E layer, the field line resonance serves as a rejection filter, weakening the useful signal at

resonant frequencies.

Note that the sharp drop in the spectral power with increasing signal frequency cannot be explained by the
effects of MHD wave propagation in the magnetosphere. According to current conceptions, the observed ULF
background is formed as a result of propagation of magnetosonic waves from the magnetopause deep into the
magnetosphere. At the same time, higher-frequency waves penetrate deeper into the magnetosphere, while low-
frequency waves are reflected, at least in the geometrical optics approximation [Leonovich, Mazur, 2008].
Accordingly, the effects of MHD wave propagation would manifested themselves in the opposite orientation of the
spectral power step and in an increase in the frequency at which this step is observed in the transition from polar
radar beams to equatorial ones. Unlike wave reflection, the resonant absorption occurs in the continuum from the
minimum frequency and higher, field lines deep in the magnetosphere absorbing at higher frequencies. Therefore,

on average, the spectral power of a signal decreases with increasing frequency.

As an MHD wave propagates deep into the magnetosphere, ohmic dissipation of wave energy occurs. The
ohmic dissipation in the ionosphere is proportional to Z|E[*, where E is the amplitude of the transverse electric field
at a given frequency, and Xp is the frequency-independent integral Pedersen conductivity of the ionosphere. In
Doppler radar observations, the projection of electron drift velocity on radar beams is measured. Up to a constant
multiplier, the radar measures the electric field component perpendicular to the geomagnetic field and radar beam.
In turn, directions of radar beams cover an angle of about 30°. If we eliminate the unlikely case of linear polarization
of observed ULF waves along each radar beam, we can consider ohmic wave losses at each frequency proportional
to the spectral power of the Doppler signal at this frequency. Such ohmic energy losses of waves do not explain the
observed sharp drop in the spectral power of the Doppler signal with frequency; in any case, experimental data do

not reveal an increased ohmic dissipation of high-frequency power versus low-frequency one.

On the basis of current conceptions of the formation of the observed background of ULF oscillations by
magnetosonic waves coming from the magnetopause deep into the magnetosphere, when taking into account the
good agreement of the minimum resonant absorption frequency with the frequencies of standing Alfvén waves in
the last closed magnetospheric field line [Lanzerotti et al., 1999; Urban et al., 2011] and considering the fact that the
data analysis we carried out has not revealed an increase in the minimum frequency of resonant absorption in the
transition from polar radar beams to equatorial ones, we can assume that the minimum resonant frequency found
corresponds to the longest magnetic field lines, which are located near the magnetopause in the dayside
magnetosphere. However, the presence of intramagnetospheric ULF sources, associated, for example, with energetic
particles, can cast doubt on this conclusion, and the question concerning applicability and generality of the

assumption remains largely open. Nevertheless, the stepwise drop of the spectral power with frequency is most
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likely resonant, and this effect is difficult to explain in any other way. Determination of resonant absorption of
background ULF oscillations from Doppler measurements enables us to study resonant phenomena from data of one
radar. In turn, the use of available models of the geomagnetic field and distribution of plasma density along

magnetic field lines will allow us to clarify these values via experimental estimates of resonant frequencies.

Well-known satellite measurements [Roelof, Sibeck, 1993] show that, with other things equal, the north-south
IMF turning causes the magnetopause on the flanks of the magnetosphere to move away from Earth, and this should
lead to a decrease in the minimum resonant frequency on the flanks of the magnetosphere. The quantitative estimate
of the minimum frequency of resonant absorption obtained in this paper for magnetic storm conditions appeared to
be quite high (about 5 mHz), whereas the earlier estimate [Badin, 2016] of such a frequency for weakly disturbed
conditions with similar values of solar wind dynamic pressure and southern IMF component as well as with weak
Dst variation was much lower (2.3 mHz). To explain such a significant difference between the two frequencies of
resonant absorption found at the southern IMF direction, we can assume that there are different modes of
reconnection of magnetic field lines under storm and non-storm conditions. This assumption agrees with the idea of
instantaneous and delayed solar wind effects on Earth’s magnetosphere [Tsyganenko, 1995]. A simpler explanation
is the possible influence of solar activity. Although the current day’s solar activity for the low resonant frequency
was slightly higher than for the high resonant frequency, the frequency of 2.3 mHz was obtained for the epoch of
low solar activity 2004 when smoothed monthly average sunspot numbers were half as large as those in 2000. If
under low solar activity conditions magnetic storms occur comparatively rarely, at high solar activity in 2000 the
time interval between successive storms could be substantially shorter than the characteristic period of filling of
magnetic tubes with thermal plasma [Krinberg, Tashchilin, 1984]. Due to the effect of one or many successive
magnetic storms, the plasma density in the outer magnetosphere in 2000 might have been on average much lower
than in 2004. A higher plasma density at low solar activity could provide a low Alfvén velocity and thus a low
resonant frequency. Further investigations are needed to clarify the character of the dependence of resonant

frequencies on solar and magnetic activity.
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