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Abstract

The aim of the present article was to analyze features of interactions between an interplanetary
shock wave and the magnetosphere on the basis of comparative analysis of geomagnetic varia-
tions observed during a sudden commencement (SC) by satellites and ground-based stations with
high time resolution. A case study of the interaction of an interplanetary shock wave (ISW) with
the magnetosphere was carried out on April 23, 2012. Statistical analysis was based on 11 SC
events occurring from 1988 to 2012. A precursor of SC in the form of a broadband electro-mag-
netic pulse is detected globally in the frequency range of 0.2 to 6.5 Hz. The spectrum of pulses has
a resonant structure. It is assumed that the structure results from a filtering effect of the ionos-
phere on MHD waves generated at the front of the ISW or in its interaction with the magneto-
pause.
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1. Introduction

One direction for investigation of the influence of the interplanetary medium on space weather is analysis of
magnetospheric responses to interactions with solar wind inhomogeneities and plasma discontinuities. At the
front of a discontinuity, an abrupt change occurs in solar wind parameters such as plasma density, velocity,
temperature, and the magnitude and direction of the interplanetary magnetic field (IMF). In particular, a magne-
tohydrodynamic (MHD) disturbance resulting from the interaction can be used as a tool for diagnosis of intra-
magnetospheric plasma (so-called magneto-seismology, see, for example [1]).

A sharp jump in solar wind parameters permits easy association of magnetospheric disturbances with solar
wind variations because the time moment of the discontinuity interaction with the magnetopause (hereafter To)
can be determined unambiguously. As a rule, satellite data are used to determine the time propagation of an in-
terplanetary front from an upstream monitor to the subsolar point of the bow shock. Unfortunately, this method
has an uncertainty of several minutes because the interaction with the magnetopause is preceded by propagation
of a solar wind structure through the magnetosheath, where the speed and configuration of the structure can
change dramatically. In this case, ground-based observation can be an additional or even alternative method of
T, determination.

A number of techniques are used for determination of Ty, such as monitoring of wave processes in a wide
frequency range (geomagnetic field variations, pulsations, VLF emissions) and effects of precipitating particles
(auroral absorption of space radio noise, auroras and ionospheric disturbances). The present study uses the geo-
magnetic response of the magnetosphere to interaction with an interplanetary shock wave (ISW).

In describing geomagnetic data (standard magnetograms), sudden commencement of magnetic storms is ab-
breviated as SSC and sudden impulse is abbreviated as Sl. In addition, an asterisk in SSC* and SI* denotes the
presence of a sharp decrease in the horizontal component of the geomagnetic field right before a sharp increase. A
preliminary reverse impulse is abbreviated as PRI, and a sharp increase or a major impact is denoted as main
impulse (MI) [2].

Variations in the geomagnetic field recorded during SSC are a combination of fields produced by various
current systems arising at sharp perturbations of the magnetosphere, which is reflected in magnetograms in the
form of variations with positive or negative signs. During SSC, various kinds of geomagnetic pulsations are ex-
cited in a wide frequency range from Pcl to Pc5 with the nomenclature Pscl to Psc5 [3]. Activation of Pcl os-
cillations after SSC and Sl is described in detail by Kangas et al. [4]. Safargaleev et al. [5] show that PRI is as-
sociated with an increase in the flux of precipitating particles, which is initiated when an ISW hits the magneto-
pause and generates a burst of wide-band geomagnetic pulsations in the frequency range 0.1 Hz to 2 Hz.

Parkhomov [6] [7] finds a fine structure of PRI in the form of specific packets of oscillations with a discrete
spectrum in the frequency range 0.1 Hz to 2 Hz and with a duration equal to the duration of PRI. These packets
are called “the oscillatory structure of the preliminary impulse”.

D’Costa and Dovbnya [8] showed that right after interaction of an ISW with the magnetosphere, Pcl geo-
magnetic pulsations (~0.2 to 0.6 Hz) with a sharp front were excited in the polar cup. Guglielmi [9] suggested
that such pulsations were created by the interaction of the magnetosphere with a spatially periodic oscillation
structure at the front of an oblique shock wave. Parkhomov et al. [10] analyzed the propagation of unstructured
Pcl pulsations. They established that the sharp leading edge of the pulsations was similar to that shown by
D’Costa and Dovbnya (1974) during an SSC that was associated with compression of the magnetosphere and
with a change in the frequency of emitters due to changes in the geomagnetic field strength in the region of de-
velopment of cyclotron instability.

It is also important to note that interplanetary shock waves can also have an oscillatory structure, which is
observed in situ by satellites [11] [12]. Therefore, a review of the literature shows that there are still inconsisten-
cies in both observations and interpretations as well as the proposed mechanisms.

The present article is devoted to analysis of the interaction of an ISW with the magnetosphere on the base of
satellite and ground-based observations with high temporal resolution and the possibility of determining interre-
lated effects. First, we analyze features of contact by an ISW with the magnetosphere on April 23, 2012. We
then present statistical data on 11 SSC* events for the period 1988 to 2012.

2. Observations and Analysis

An SSC* event on April 23, 2012 was caused by interaction of the magnetosphere with a solar wind inhomo-
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geneity that was identified as an ISW. The analysis is based on experimental data on parameters of the solar
wind and IMF acquired from 11 satellites (see Table 1). The GSM coordinates of the satellites are shown in
Figure 1. According to OMNI data (http://cdaweb.cdaweb.gsfc.nasa.gov/), the distance to the subsolar bow
shock was 13.02 Re at 0323 UT and it moved to 11.88 Re at 0324 UT.

The statistical analysis was based on observation data for the solar wind and IMF acquired from the Wind,
ACE, Geotail (GTL) and IMP-8 satellites with a sampling rate of 0.017 Hz to 0.012 Hz. The geomagnetic pulsa-
tions were recorded on the Russian network of observatories and the CARISMA network
(http://www.carisma.ca) by highly sensitive induction coil magnetometers with a sampling rate of 20, 40 and 64
Hz. The list of stations is shown in Table 2. Data from Intermagnet, the global network of magnetic observato-
ries, were also used (http://intermagnet.org).

Preliminary analysis of the initial digital data was carried out using the spectral-temporal Fourier analysis [14].
The spectral-temporal analysis of the records was made using the SpektraPro program [15].

Table 1. Orbital coordinates and time of solar wind passage.

Satellite Data Xgse Ygse Zgse
WIND 02.15.09UT 260.15 31.9021.54
SOHO 02.20.00UT 200.4054.1813.25
ACE 02.26.28UT 223.94-17.50-12.41
THC 03.06.21UT 59.87 24.56 147
THB 03.06.31UT 59.04 24.43 0.84
GTL 03.20.06UT 12.14 23.83 7.75
C2 03.20.28UT 9.89 —25.63
C1 03.20.29UT 9.85 —24.62
C3 03.20.35UT 9.45 —25.14
C4 03.20.35UT 9.46 —25.15
S_ R 03.20.50UT 0.33 30.65 —-10.89

Table 2. Observatory locations and types of magnetometers.

Observatory (Abbreviation) Latitude geodet. Longitude geodet. Type of magnetometer
Barentsburg (BRB) 70°.20 15°.82 Induction Coil
Lovozero (LOZ) 67°.97 35°.08 Induction Coil, Fluxgate
Borok (BOR) 58°.03 38°.33 Induction Coil
Uzur (UZR) 52°.17 104°.45 Induction Coil, Fluxgate
Mondy (MND) 51°.6 100°.9 Induction Coil.
Dawson (DAWS) 64°.05 220°.89 Induction Coil, Fluxgate
Fort Smith (FSMI) 60°.02 248°.05 Induction Coil, Fluxgate
Fort Churchill (FCHU) 58°.76 265°.92 Induction Coil, Fluxgate
Pinawa (PINA) 50°.20 263°.96 Induction Coil, Fluxgate
Barrow (BRW) 71°.32 203°.38 Fluxgate
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2.1. Case Event of ISW Interaction with the Magnetosphere

On April 23, 2012, an ISW was observed at all 11 near-Earth satellites. It was detected by the following se-
quence of satellites: THB at 03:06:21.860 UT; THC at 03:06:37.725; Geotail at 03:20:06 UT; the Cluster satel-
lites sequentially: C2—03:20:28 UT, C1—03:20:29 UT, C3—03:20:35, C4—03:20:35; and Spektr-R at
03:20:50 UT (Table 1 and Figure 1).

During the interaction of the ISW with the magnetosphere between 0300 and 0320 UT, the Cluster satellites
were located upstream from the bow shock, as shown in Figure 1. The jump in solar wind parameters observed
by Wind was as follows: AP = 6.15 nPa, AN =19 cm 3, AV = 66 km/s, AB = 5 nT. It is important to note that the
IMF was northward, and its average value was Bz = 0.33 nT for the 1-hour period prior to arrival of the ISW,
and on the wave front the jump was positive: ABz = +1 nT. The jump in solar wind pressure caused motion of
the bow shock and magnetopause toward earth. Various magnetopause models predict standoff distances vary-
ing from 8 Re to 9 Re for given solar wind conditions [16]. The model proposed by Lin et al. [17] was the most
robust and advanced model; it gives a subsolar magnetopause distance of 8.26 Re for dynamic pressure Pd = 9
nPa, IMF strength B = 9 nT, IMF Bz = 6 nT (observed by Wind) and an Earth dipole tilt angle of psi = 0° (equi-
nox). The calculated bow shock and magnetopause positions (Figure 1) convince us that the Cluster satellites
were in the solar wind during the entire time interval.

Contact of the ISW with the magnetosphere caused a global SSC. Stations in the auroral zone recorded an
SSC* with PRI. The greatest SSC* amplitude was observed in the afternoon sector at the Barrow Intermagnet
station (BRW) at 0321 UT (1521 MLT): amplitude of PRI Apg; = 171 nT and amplitude of main pulse Ay, = 282
nT. The T, at this observatory was calculated as suggested by [1], To = 03:21:00 + 00:30 UT. If T, is determined
by the difference between the values of the H component at 03:20:00 and 03:21:00, then Ty = 03:20:30 UT (see
Figure 2(a)).
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Figure 1. Positions of the satellites during the arrival of ISW 23.04.2012.
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Figure 2. Magnetospheric response to the contact with the ISW according to network coil induction and fluxgate magneto-
meters. (@) Fragment of magnetogram SSC* from BRW. X—is a component, PRI—preliminary recovery impulse, Ml—
main impulse, To—beginning of magnetic field change. (b) Fragment of magnetogram of the X-component from the fluxgate
magnetometer at FCHU observatory. The vertical arrows Ty indicate the beginning of the SSC*. The rectangle is a precursor.
(c) Fragment of magnetogram of the X-component from the coil induction magnetometer at FCHU observatory, showing a
precursor SSC. The rectangle—a precursor. (d) Fragment of magnetogram IMF (Bz-component) obtained from the C2 Clus-
ter 2 satellite that is near the magnetopause. The rectangle is a precursor or ISW oscillatory structure. (e) Fragment of mag-
netogram IMF (Bz-component) obtained on the satellite Cluster 2 which is near the magnetopause with more details. Rectan-
gle is a precursor or ISW oscillatory structure. (f) Fragments of magnetograms from coil induction magnetometers on the
network of observatories, showing a precursor SC. The rectangle is a precursor.
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We will define SSC* in according to simultaneous data of fluxgate and induction coil magnetometers. In
Figure 2(b) one can see the FCHU-X is the fluxgate magnetometer at Fort Churchill observatory and Ty is the
beginning of ISW contact with the magnetopause. A portion of recorded component X of the induction coil
magnetometer at the same observatory is shown in Figure 2(c); we can see a train of oscillations before T, with
duration of 15 s (denote rectangular At). That train is represented in more detail in Figure 2(f) using magnetic
data from two observatories of the CARISMA chain (the same train was detected at the Pinawa and Rabbit Lake
stations) and at three stations in the Russian network. We see that modes of SSC* recording at the magneto-
meters were different. The records of the induction coil magnetometers at all observatories at 03:20:15 UT fixed
the beginning of increasing amplitude of oscillations (A ~ 5 nT at the FCC observatory). Oscillations lasted ~15
seconds (indicated by a rectangle in Figure 2(c), Figure 2(f)).

In the records from the fluxgate magnetometers, deviation of the magnetic field component from undisturbed
levels was detected at 03:20:30 UT (arrows in Figure 2(b)). This time coincides with the time of SSC* deter-
mined using a standard magnetogram at the Barrow observatory (Figure 2(a)). The data show a difference in Ty
depending on the type of device: The more sensitive induction coil magnetometers allow determination of ef-
fects that are invisible to the fluxgate magnetometers. The pulsation train was simultaneously detected by coil
induction magnetometers while preserving the shape and period at observatories in longitude range of about
250° and latitude range of ~20° (surrounded by the rectangle in Figure 2(f)).

Let’s compare T, with the ISW arrival time at the C2 Cluster satellite, the one closest to the magnetopause.
This point is considered the moment of ISW contact with the magnetosphere. The record of the IMF vertical
component at Cluster C2 is presented in Figure 2(d) and in more detail at the top of Figure 2(e). It is clearly
seen that the ground effect of the beginning measurement for the magnetic field by the fluxgate magnetometer
(arrows in Figure 2(a), Figure 2(b)) coincides with the jump in IMF at the ISW (Figure 2(d), Figure 2(e)).

Therefore, in the beginning, 03:20:30 UT can be taken as the SSC* (T,). However, we emphasize that up to
this point the train of oscillations had already been recorded (starting at 03:20:15 UT), which is readily identifi-
able in the recordings by induction coil magnetometers on both the day and night sides of Earth (denoted by the
rectangle in Figure 2(c), Figure 2(f)). The beginning and duration of the train of oscillations coincided with the
duration of the train of oscillations in the interplanetary magnetic field (oscillatory structure of the ISW), which
was observed by Cluster C2 upstream of the bow shock.

Combining all the observations leads to two preliminary conclusions:

1) Determination of the start time T, for the magnetospheric response depends on the type of magnetometer.

2) If Ty is taken as the start of geomagnetic field changes on fluxgate magnetometers, the train of oscillations
recorded by induction coil magnetometers can be seen as a precursor of SSC*.

Figure 3 can serve as confirmation of the preliminary findings, which showed the IMF (Bz) measured by
Cluster C2 (Figure 3(c)), the solar wind flux (nV) measured by Spektr-R (Figure 3(d)), and ground-based data
from induction coil (component X) (Figure 3(b)) and fluxgate magnetometers (components H, D) (Figure 3(a))
at the Lovozero observatory (MLT = 0620). In Figure 3 one can accurately determine the casting time SSC* (a
vertical arrow on Figure 3(a), Figure 3(b)), which coincides with a jump from 4 to 10 nT of the Bz component
of IMF at the ISW front detected by Cluster C2 at 03:20:28 UT (the arrow in Figure 3(c)). The recording from
the induction coil magnetometer showed a train of oscillations (indicated by a rectangle) with frequency range
changes within 0.26 + 0.08 s. The train was detected before the start of the preliminary impulse of sudden com-
mencement, as can clearly be seen in component D as a decrease before a sharp increase. The oscillation train on
Earth outran the magnetic field jump detected in front of the ISW by the Cluster satellites. It is noteworthy that
the oscillation structure was detected by the Cluster satellites in all components of the IMF (oscillations of the
Bz component are shown by a rectangle in Figure 3(c)). It is well known that waves with frequencies below 3
Hz are observed upstream of low Mach number (2 - 3) interplanetary shocks [11] [12]. The amplitude of oscilla-
tions increases towards the ISW front. The oscillation period varies in the range ~2.1 + 3.65 (faverage ~ 2.74) Hz
(Figure 3(e)). Note that at the ground stations, the frequencies of pulsations varied in the range 0.26 + 2.0 Hz
with falling frequency (Figure 3(f)).

The Specktr-R satellite did not detect any oscillations in the solar wind flux (Figure 3(d)). A 20-second delay
in the time that the ISW passed through Spektr-R relative to the Cluster satellites in terms of the moment of the
IMF jump is of interest. This delay was probably related to separation of the satellites within ~10Re in the X
coordinate and a slightly inclined interplanetary shock wave front.
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Figure 3. Ground response to contact of the magnetosphere with ISW. (a) Fragment of fluxgate magnetogram from Lovoze-
ro observatory (H, D are components). (b) Fragment of the induction coil magnetogram (X is a component) from the same
observatory. (c) Fragment of the magnetogram IMF (Bz is a component) obtained from the C2 Cluster satellite that is near
the magnetopause. (d) Variations in the solar wind flux registered at the Spectrum R satellite. (¢) Dynamic spectrum of os-
cillations Bz IMF measured by C2 Cluster 2 satellite. Af—difference between maximum and minimum frequency in the burst.
(f) Dynamic spectrum of oscillations X component measured by coil induction magnetometer at the Lovozero observatory.

Let’s consider the spectrum properties of the precursor. In the spectrograms obtained from analysis of the
taped records of induction coil magnetometers with the help of the SpectraPro program (Figure 4), the oscilla-
tion train (the precursor) looked like a broadband outburst (denoted by the white arrows) in the range of periods
of 0.5 + 3.8 5 (0.26 + 2.0 Hz). The outburst was identical in all observatories in longitude range ~ 250° and lati-
tude range ~ 20°. The spectra in all observatories had a common feature — a discrete structure. The discrete na-
ture was revealed in strengthening and weakening of the spectral signal power in certain frequency ranges. In
that case, the maximum distribution of power in the spectrum were fixed in ranges of 1.75, 0.81, 0.53, and 0.29
Hz. We will call this structure of energy distribution in the spectrum “similar resonance” and named SRS—
spectral resonance structure [18]. The main spectral maximum was observed in the range 0.55 + 0.66 Hz at all
observatories from low latitudes up to the polar cap.

The resonance structure of the spectrum for the network of stations can also be traced in the spectrograms ob-
tained using spectral-temporal analysis (see Figure 5). The maximum spectral frequency fell in frequencies of
1.75, 0.81, 0.53, and 0.29 Hz. Another important feature of the spectrum was simultaneous decreases in the os-
cillation frequency at all observatories by the end of the event (a white broken line in Figure 5). These spectrum
properties could indicate a common source of the oscillation mode in the space-distribution observatories.
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Figure 5. Pictures of the dynamic spectrums of broadband pulses indicated by the arrows in Figure 4.

Thus, on the basis of the data, it can be concluded that in the event considered, contact of the sharp front of
the ISW with the oscillatory structure in front of it generated a train of damped oscillations with durations of 15
s. The amplitude of the oscillations in the train increased and the frequency decreased by the beginning of the
actual SSC* generation. The oscillation amplitude recorded by observatories on the night side reached ~5 nT.
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As for dayside observatories, there was no available data for the amplitude frequency characteristics of induc-
tion coil magnetometers, so the oscillation amplitudes in Figure 2 and Figure 3 are given in arbitrary units. The
spectrum of oscillations in the train had a resonance structure at all observatories, and that data was used. The
distribution of energy in the spectrum contained four spectral maxima at frequencies of 1.75, 0.81, 0.53, and
0.29 Hz. Simultaneous observations that the oscillation train showed a similar spectral structure at the network
of stations confirmed that the phenomenon observed was not random, and that it preceded the beginning (T,) of
SSC* on the Earth's surface. Let’s call this a broadband impulse (oscillation train) as a precursor of SSC*.

The precursor was detected globally as an oscillation train up to 30 seconds in duration with amplitude in-
creasing by the end of the train. The spectrograms showed the precursor to be like a broadband impulse of fall-
ing frequency (outburst) within the range of 0.2 + 2 Hz with spectral resonant structure (SRS).

2.2. Results of Statistical Analysis

The statistical analysis used experimantal data on geomagnetic pulsations measured by the induction coil mag-
netometer of the Borok observatory and recorded on an analogue tape recorder. The analysis was based on a
number of sudden changes in H-component corresponding to the preliminary and main impulses. The width of
frequency range of the pulses was determined. The spectral-temporal analysis of the records was performed us-
ing SpectraPro® software. We also used information about solar wind conditions at fronts of ISW. The key
numbers used in the statistical analysis are listed in Table 3.

Non-randomness of the observed phenomenon was confirmed by statistics on broadband outburst observa-
tions detected during sudden commencements with giant amplitudes in the auroral zone from 1988 to 2012 at
the Borok observatory. Some of the statistical data is presented in Figure 6 in the form of spectrograms of out-
burst fragments of magnetograms of auroral observatories during the hours when the observatory was in the af-
ternoon sector. First of all, Figure 6 shows that in all cases, the broadband impulses with a resonant spectral
structure were accompanied by sudden commencement with large amplitudes of the preliminary impulse (aver-
age value AHp = 40.5 nT) and the main impulse SSC (average value AH,, = 219.9 nT) (see Table 3). It is im-
portant to note that all cases of broadband outbursts with discrete spectral structures were observed at large
jumps in solar wind density and velocity under northward IMF and at positive jumps in IMF Bz at the front of
the ISW.

The last column of Table 3 gives the range of frequencies occupied by the precursor. The range of changing
Af is equal to 0.24 Hz to 6.5 Hz. In Table 3, most of the events (8) of outbursts with frequency bursts range in
the interval Af 0.24 Hz to 3.5 Hz. These frequencies correspond to the frequency band of the ionospheric Alfven
resonator (IAR) of 0.5 Hz to 3 Hz [18] [19] and over the IAR of 0.15 Hz to 0.3 Hz [20] [21].

Table 3. Characteristics of interplanetary shock waves.

JHara Bpems UT AHpi nT AHg NT ABje NT ABzwe NT AV km/s AN sm® Af T’y
07.12.1988 18.24 - 441 - - - - 6.2
20.01.1989 12.32 15 35 - - - - 3.5
13.03.1989 01.27 12 64 - - - - 6.1
16.03.1989 05.32 48 78 17 +16 220 8 6.5
29.12.1989 06.54 40 129 15 +10 120 12 2.6
04.06.1991 15.36 10 65 12 +10 150 12 11
08.06.1989 19.53 - 137 16 +2 - - 0.8
20.03.1990 22.43 29 368 14 +18 100 27 0.24
23.04.1991 10.41 171 282 - - - - 0.7
06.04.2000 16.30 100 400 18 +2 195 12 0.4

24.01.12 15.03 20 100 19 +16 160 9 0.3
Average 52 196 16 +14 158 10 2.35

AH, AByr, ABzymr, AV, AN—jump in solar wind and IMF parameters at the front of the interplanetary shock wave.
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Figure 6. (a) Fragments of magnetograms from the auroral observatories, taken at the time of registration of
SSC on the dayside of the magnetosphere; (b) Examples of broadband bursts - precursors SC.

3. Discussion

Mishin et al. [22] reported geomagnetic pulsations with a resonant spectral structure in the frequency range of
0.2 Hz + 0.02 Hz that were excited by switching a gutter unsteadiness on the magnetopause during sharp com-
pression and expansion of the magnetosphere when a magnetic cloud was passing Earth on January 10-11, 1997.
Safargaleev [23] mentioned a similar response of the geomagnetic field (a short-term broadband outburst on so-
nograms) to a pressure jump in the solar wind. However, that study did not discuss the morphological properties
or nature of the outburst.

Only the characteristics of precursors of sudden commencement have been studied to date; there have been no
reliable interpretations of the effect. There are three possibilities:
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1) Interplanetary shock waves with large, sharp increases in solar wind pressure at the front result in a gigan-
tic SSC followed by broadband outbursts of geomagnetic pulsations in the frequency range 0.2 Hz + 6.5 Hz. The
outbursts have a resonant spectral structure. Note that a similar distribution of energy in the spectrum is charac-
teristic of the ionospheric Alfven resonator, predicted theoretically and experimentally validated [18] [19]. Ac-
cording to those results, the first resonance frequency of the Alfven resonator varies between 0.5 Hz + 3 Hz de-
pending on the condition of the ionosphere; the energy distribution in the spectrum of electromagnetic noise in-
creases at the values of the harmonics of the fundamental frequency of the resonator. However, it is likely that
interpretation of the Pc1 wave precursor as an IAR response cannot be accepted. The IAR eigenfrequency depends
strongly on latitude and local time, in contrast with the observed wave feature.

In addition to the IAR, the work of Dovbnya et al. [20] shows that Over lonosperic Alvfen Resonator (OIAR)
is associated with the IAR. It is manifested as discrete specific multiple frequencies above 0.15 Hz + 0.3 Hz and
fills the range of frequencies below the fundamental resonance of the IAR.

Let’s compare our observations with the properties of the IAR and OIAR. First, in the event of April 23, 2012,
the frequency range of the observed oscillation train fell within the range of the resonator frequencies (Figure 5).
The number of harmonics in the spectrum varied by observatory and depended on latitude and components of
the geomagpnetic field. Thus, the harmonic of the 0.31 Hz frequency was absent from the Y component of the
Mondy and Uzur observatories and from the X component of the Lovozero observatory. Let’s also refer to the
work of Dovbnya et al. [24], which analyzed the impact of MHD resonators on geomagnetic pulsations. This ar-
ticle gave examples of dynamic spectra of different types of geomagnetic pulsations and electromagnetic im-
pulses observed on Earth during sudden storm commencements and earthquakes. The general nature of the dy-
namic spectra, which have a discrete character in the frequency band from 0.1 Hz to 6 Hz, allows the assump-
tion that appearance of discreteness in the pulsation spectrum is due to filtering of the MHD waves while they
are passing through the ionosphere.

2) Another possible source of the broadband pulse could be direct transmission of a wave structure from the
solar wind to the earth’s surface. However, origin of differences between the spectral patterns of oscillations
observed in the upstream solar wind and in the precursor recorded by the network of ground-based stations is
not clear.

3) The small delay between the entries of the train observed at mid-night observatories and in the midday ob-
servatory corresponds to the results of SSC* pulse propagation during a storm on 24 March 1991 [22]. It was
found a simultaneous worldwide start of the first impulse sudden onset. The authors suggested the presence of
almost instantaneous propagation mode below the ionosphere. However, the physical nature of such regime was
not discussed in the article [25].

4. Conclusions

1) It was found that a precursor appeared before the SSC*, caused by the interplanetary shock wave with a
large, sharp increase in solar wind pressure at the front with a mostly positive IMF Bz. On April 23, 2012, the
precursor was detected globally as a train of oscillations with frequency falling by the end of the event. The
spectrum of the impulse had a resonant (discrete) structure with a duration of up to 30 seconds and amplitude
increasing by the end of the train (up to 5 nT). On the spectrograms of geomagnetic pulsations associated with
the gigantic SSC, the precursor looked like a broadband impulse (outburst) in the frequency range of 0.2 Hz +
6.5 Hz of falling frequency with a resonant (discrete) spectral structure. Discreteness of the spectrum was
strengthening of oscillation energy on some frequencies and weakening on others.

2) Statistical analysis of 14 events allowed determination of the frequency range of the impulses as 0.2 Hz +
6.5 Hz.

3) Only the characteristics of precursors of sudden commencements had been studied; there were yet no relia-
ble interpretations of this effect. The broadband impulses generated by the interaction of interplanetary shock
waves with the magnetosphere were the precursors of sudden commencements and could lead to mistakes in the
determination of the T, of sudden commencements.
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