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Summary: The ionospheric Alfvén resonator (IAR) control mechanism over the EMIC wave
transmission to the ground is demonstrated on a selected long-term frequency-variable subauroral
Pcl event. The proper ionospheric plasma data obtained from EISCAT were accessible in a wide
altitude range. Applying the numerical method of simulation of a realistic inhomogeneous IAR, the
problem of appearance and disappearance of the ground Pcl signal record was clarified on the
basis of coincidence between the EMIC wave frequency spectrum and the IAR fundamental
frequency peak (the frequency window). A shift of the signal source field line to lower latitudes
during the development of the disturbance was noticed, and the signal frequency variation on the
ground was modelled in the nonstationary IAR. Variation of the IAR altitude structure in the
fundamental frequency was illustrated on altitude profiles of the normalized wave magnetic field
amplitude in the horizontal and vertical components. Particular conditions of Ly- and Ry-wave
mode incidence were assumed. The electron density vertical profile of IAR determines the effective
resonator dimensions. In this way the IAR fundamental frequency window controls the signal within
the ionosphere and on the ground.

Keywords: Pcl pulsations, Pcl pearls, ionospheric Alfvén resonator, resonator response,
fundamental frequency window, EISCAT measurements.

1. INTRODUCTION

The idea of the ionospheric Alfvén resonator (IAR) was first suggested by Polyakov (1976), and
later developed by Polyakov and Rapoport (1981). The ionosphere up to altitudes of around
3000 km operates as an inhomogeneous Alfvén resonator for EMIC waves of frequencies 0.1 - SHz
propagating along magnetic field lines from the magnetosphere to the ground surface.
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Simultaneously the ionospheric layer centered on the F layer density maximum can operate as
a horizontal ionospheric waveduct (HIW) for magnetosonic waves of frequencies 0.2 -5 Hz
(Greifinger and Greifinger, 1968; Altman and Fijalkow, 1980; Fujita, 1987; Lysak, 1999).

The close connection between Pcl and the fundamental resonance frequency of IAR has been
studied in a series of papers (e.g., Demekhov et al., 1994), i.e. there is a close relation to the
eigenfrequency of the resonator (Belyaev et al., 1990; Lysak, 1991, 1993). Also a close connection
to the IAR fundamental frequency has been reported for subauroral IPDP events in the companion
papers by Mursula et al. (2000) and Prikner et al. (2000).

Both types of events, Pcl and IPDP, should have a similar origin based on EMIC wave
propagation through IAR under different disturbance conditions — Pcl under relatively quiet, and
IPDP under disturbed conditions in a nonstationary IAR during substorms. The IAR fundamental
frequency spectral peak (Prikner et al., 2000) controls the position and width of the frequency
window of the signal observed in the ionosphere and on the ground. Intensive signals can be
observed on the ground only if the EMIC wave frequencies match the resonance peak window of
IAR.

More questionable and speculative is the explanation of the fine pearl structure of Pc1 and IPDP
types of signals, which are usually preserved within the IAR frequency window. Various
mechanisms  have to be taken into account (Mursula et al., 2000). In the first place it is the
bouncing wave packet’s frequency dispersion mechanism (Jacobs and Watanabe, 1964; Obayashi,
1965) related to the inward motion of the equatorial sources and to the decreasing repetition period
of packets in IPDPs. This mechanism was criticized (Erlandson et al., 1 992, 1996, Fraser et al.,
1996). But the analysis of the repetition period in simultaneous ground and satellite observations of
structured Pcl pulsations once again points back to the problem of the wave packets bouncing
between conjugated hemispheres. The mechanism of Pcl pearl formation is discussed on the basis
of the Alfvén sweep maser operation in Trakhtengerts et al. (2000). The problem of wave bouncing
at the maxima of the resonator reflection coefficient and the ground observation of pulsation signals
at simulated IAR eigenfrequencies was discussed in Demekhov and Trakhtengerts (2000).

The other mechanism suggested is non-bouncing Pcl wave bursts modulated by long-period
ULF waves (Pc3-5 pulsations — global modes) around the equatorial source region (Mursula et al.,
1997, 1999a; Rasinkangas and Mursula, 1998). But this mechanism “has difficulties with
interpreting the alternative appearance of signals at conjugate points, and with the properties of their
dispersion associated with signal propagation along the field line. The final conclusion still requires
further experimental verification.

According to Mursula et al. (2000) the IPDP frequency increase has been interpreted on the basis
of a non-stationary TAR mechanism. IPDP occurs simultaneously with the extension of the
ionospheric trough region to lower latitudes in substorms (Kleimenova et al., 1995). It indicates non-
stationary IAR plasma conditions during the event.

The sweeping out of the plasma from the higher ionosphere above the F-layer (possibly in
connection with the feedback instability mechanism according to Lysak, 1991), and the plasma
density increase in the lower E-F1 region during the substorm expansion phase (Bauske et al., 1997)
cause the IAR frequency characteristics to vary and a gradual fundamental frequency increase.
Simultaneous inward shifts of the equatorial EMIC wave sources, usually accompanied with a shift
of the plasmapause to lower L-shells, provide a consecutive shift of the ground-observed IPDP
disturbance to lower latitudes. A similar process in IAR will be demonstrated on a special selected
frequency-variable Pcl event recorded at a chain of Finnish observatories, using the simultaneous
Scandinavian EISCAT incoherent scatter radar measurements of ionospheric plasma characteristics
with the application of the numerical method simulating the IAR operation mechanism.
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The dynamic spectra of the ground signal records of the horizontal N-S (H) and azimuthal
(D) magnetic field components at the Finnish stations of Ivalo (a) and Oulu (b).
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2. OBSERVATIONS

The long-term frequency-variable Pcl event was observed on May 14, 1997, within
the interval 1600 UT to 1915 UT at the latitude chain of Finnish observatories (especially
at Kilpisjarvi, Ivalo, Rovaniemi, and Oulu). During the development of the pulsation the
disturbance showed a tendency to spread to lower latitudes. The intensive dynamic spectra
of the search-coil magnetometer records from the two Finnish observatories, Ivalo
(L=5.5) and Oulu (L =4.3) are shown in Fig. 1. They characterize the signal in two
horizontal components, N-S (H), and azimuthal E-W (D).

The geographical and geomagnetic (Gustafsson’s model) coordinates of both the
observatories are: Ivalo, @=68.55°N, A=27.28°E, ®=64.9°N, A=109.5°E. Oulu,
@ = 65.05°N, A=2554°E, @=61.5°N, A =106.1°E. The situation between the points, at
which the signal was observed, is illustrated on the map of Scandinavia in Fig. 2. The
geomagnetic field variation through the whole of 14 May is depicted in Fig. 3 for the
intermediate auroral observatory Sodankyld (L =5.2). The Pcl interval of occurrence is
marked by horizontal abscissae.

The detailed analysis of the dynamic spectra in Fig. 1 shows continuous structured
pearl bands during almost the whole interval of the event at both the stations separated in
~latitude. The central frequency increased very slowly from about 0.31 Hz to 0.33 Hz
within the first interval of the event, between 1600 UT and 1720 UT. The signal was of
the Pc1 pearl structure type. Also one can see that the Ivalo station was very near the foot
of the source magnetic field line with oscillations of comparable amplitudes in both the
components, whilst at Oulu the azimuthal D-component was much less intensive, possibly

due to the effect of the meridional compressional waveguide modes according to Lysak
(1999).
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Fig.2. A map of Scandinavia depicting the situation of the Pc1 event observation.
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Fig.3. A view of the external magnetic field variation at Sodankyli on 14 May 1997. The interval
of the Pcl event examined is the marked time interval.

The second interval of the event started at 1720 UT. The simultaneous increase of the
mean frequency of the pulsation band was observed (Fig. 1) at Ivalo as well as at Oulu in
both the components, H and D. Intensive oscillations of comparable amplitudes in both
components at Oulu and a gradual decrease of amplitudes at Ivalo indicated a latitude shift
of the feet of the source field lines towards Oulu, i.e. possible inward motion of the
equatorial EMIC wave sources to lower L-shells. The mean frequency near ~0.5 Hz
merged with the first harmonic resonant mode of the ionosphere waveguide cavity,
according to Lysak (1999). There exists a high possibility of horizontal propagation of
generated compressional modes.

During the whole pulsation event the pearl structure was preserved. The pulsation
bands became consecutively damped and disappeared completely after 1915 UT. The
vertical plasma profile’s variation of IAR and the variation of the IAR fundamental
frequency™ response on the ground during the whole pulsation event will be demonstrated
later for the Ivalo region.

By the term “fundamental frequency” of IAR we shall hereinafter understand the central
frequency peak of the horizontal amplitude transmission coefficient through the IAR
simulation domain (ionosphere layer up to an altitude of 1000km), however,
“eigenfrequencies” of a resonator are defined on the basis of the energy stored in the resonator,
and may or may not exactly coincide with maxima of the transmission coefficient.
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Fig.4. The time variation of averaged values (averaging was carried out in the marked time
intervals in part a of the figure) of the mean signal frequency in the D-component at Ivalo from
Fig. 1a (a), the repetition periods (b), and the dispersion slope of particular pearl wave packets (c).
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The direct treatment of the dynamic spectra of Ivalo and Oulu records (Fig. 1) with
like amplitude sensitivities yielded some characteristics illustrating the event’s
development in the region. Within the first mentioned interval the frequency band limits
were nearly the same both at Ivalo and Oulu. Ivalo seems to be the principal disturbance
region. But within the second interval, after 1730 UT, the principal disturbance region
seems to have shifted nearer to Oulu. The signal at Ivalo weakened (Fig. 1) and its band
limits narrowed down with respect to the Oulu signal. This is an indication of a latitude
shift of the disturbance with a possible inward motion of the equatorial EMIC wave
sources. Also a gradual slow increase of the mean signal frequency is evident during the
whole interval of the event.

The gradual systematic increase of the mean frequency, f, (Hz), determined from the
Ivalo D-record at selected time intervals with a distinct pearl-packet structure is shown in
Fig. 4a. The variation of the mean repetition period, 7 (s), determined in the same time
intervals marked in Fig. 4a, is depicted in Fig. 4b. A similar variation of the mean
frequency dispersion slope of the individual pearl packets, S (Hz/s), is shown in Fig. 4c.

Four intervals of the packets’ development have been selected in Fig. 4. Three groups
of pearls existed till 1800 UT, and one later:

i) 1608 —1630 UT, f5=0.31Hz, 7=295s, S=5.6x10%Hz/s. Then fyr=91, and

Tfo = 952.

i) 1700-1720 UT, f5=0.325Hz, 7=248s, $=9.8x10%Hz/s, and fyr=81, and
/fo = 763.

i) 1748 - 1802 UT, fy=0.42Hz, 7=189s, S=1.37x103Hzs, and fr=79, and
Tfy = 450.

iv) 1825-1848 UT, f,=0.50Hz, 7=240s, S=1.04x103Hz/s, and fy7=120, and
fo = 480.

According to Mursula et al. (1999b) the ratio T/ can be used as the parameter of the
dependence of the L-shell source field line shift. Decreasing 7 and increasing f; could
indicate a shift to a lower L-shell, and vice versa.

The repetition period 7 decreased together with increasing frequency dispersion slope
S within the first three intervals (i — iii) indicating possible inward motion of the EMIC
wave sources to lower L-shells. But the repetition period 7 increased again in interval iv),
and the frequency dispersion slope decreased, preserving the tendency of increasing mean
frequency, fy. Then the inverse outward extension of the equatorial EMIC wave source
region could be considered after 1800 UT. The L-region width of the sources should had
been broadened so that intensive ground signals could be observed within the extensive
region in latitude between Ivalo and Oulu. One can also be considered that the plasma
characteristics’ conditions of the EMIC wave propagation were conserved in the
magnetosphere and the increased mean spectral frequency of EMIC waves was preserved
during the observation of the whole final period of the ground event.

During the one-hour slow development (1800 — 1900 UT) the magnetic field intensity
at Sodankyld approached normal values (see Fig. 3). The ground signal systematically
weakened and disappeared both at Ivalo and Oulu after 1920 UT. One can consider that
the EMIC wave spectrum, preserved at higher frequencies, did not match the TAR
fundamental frequency window when the IAR plasma conditions above the point of
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observation reverted to normal. The Pcl signal on the ground then had to disappear
quickly. Later we will demonstrate the relation between the EMIC wave mean frequency
variation and variation of the IAR response at the fundamental frequency peak, forming
the signal frequency window on the ground.

3. METHOD OF IAR NUMERICAL SIMULATION

The numerical method of simulating the frequency response of IAR in the ionosphere
and on the ground was developed on the basis of the 4x4 transformation matrix method
applied to a finely stratified inhomogeneous medium according to Vagner (1982), and
Prikner and Vagner (1983, 1991). The inhomogeneous and anisotropic (magnetoactive)
medium of the ionosphere has been modelled as finely plane-stratified with external
dipole magnetic field By. Generally the homogeneous plane wave mode of frequency f
with wave vector k is assumed to be incident at the ionospheric transition layer (under
different local angles kABg) and propagating to the ground across the elementary
homogeneous thin layers coupled with boundary conditions.

The input characteristics of the ionosphere model are the realistic altitude profiles of
the electron density, N.(z), mass of the effective ion in the plasma composition, and
profiles of effective ion and electron collisions (electron <> ion, and electron and ion with
neutrals). Also see eq. (3 — 11) below and Figs 5 — 6.

The general output characteristics are the complex amplitudes of the total wave field
(B, E) at an arbitrary altitude level inside the ionospheric transition layer, at its upper
boundary, and on the ground surface. The various real wave characteristics can be
defined and determined on the basis of the complex amplitudes, e.g., transmission and
reflection coefficients, Cartesian components of normalized total amplitudes of both the
fields everywhere within the ionosphere, or different polarization characteristics as, e.g.,
in Prikner et al. (2000).

Altitude (km)
Altitude (km)
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-4 -2 ] 2 4 6 0 S 10 15 20 25 30

Log CF (1/s) Eff. ion mass (m))

Fig.5. Examples of the altitude profiles of electron (the smooth curve) and ion (the marked
curve) collision frequencies (a), and the effective ion mass in proton mass units (b), applied to the
IAR modelling. These profiles were computed for the 1630 UT point in time.
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The normalized real amplitudes of the wave magnetic field in the arbitrary z-altitude
layer and at frequency f are treated here in the form

NApy(f, 2) = Bro(f, 2B y™(f, Zma) » (1)

where h and v represent the horizontal and vertical real amplitude, respectively, index
“inc” indicates the wave incident at the upper ionosphere .boundary at z = zp.,. The
incident wave can be defined with L- or R-polarization. The L-wave in the Northern
Hemisphere is a counterclockwise polarized ordinary Alfvén wave, when viewed along
the By, field line, the R-wave is a clockwise polarized isotropic magnetosonic wave.

The normalized amplitude (1) transforms into the amplitude transmission coefficient
for a wave with frequency f on the ground surface z=0, defined on the basis of real
horizontal B-wave field amplitudes,

TAL() = By(f, z=0)/ Bhinc(f’ Zmax) - (2)

The angle between k and By (in the By meridional plane) represents different angles of
incidence 8 with respect to the horizontal plane. E.g., By indicates incidence with
k Il Bo(zmax) at the ionosphere boundary z = z;,,4-

The numerical simulation method utilizes altitude profiles of the electron
concentration N,, the effective mass of ions in medium M;, and electron and ion effective
collision frequencies v, and v; under the assumption that the main ionospheric ULF
resonator covers a layer of thickness ~1000 km (where the significant N, can be found).

According to EISCAT data measurements of N,.(z), T.(z) and Tyz) (at altitudes
z < 600 km) the prevailing NO*+O,* content has been considered at z < 150 km. The O+
content starts to prevail at higher altitudes. At altitudes z = 600 — 1000 km a moderate
change from prevailing O* to H* can be expected, especially at night and in winter-type
models (Krinberg and Taschilin, 1984; Prikner et al., 2000). For the purpose of resonator
modelling, the M;(z)-profile used for the event examined here is demonstrated in Fig. 5b.
It corresponds to high latitudes (L =5) in the summer-type ionosphere under disturbed
conditions, according to Krinberg and Taschilin (1984).

In conformity with Fatkullin et al. (1981) and on the basis of the EISCAT
measurements, the altitude profiles of v, and v; were constructed with regard to the ion-
species content in the medium. After Prikner (1986), the formulae containing terms with
the 7; quantities were neglected here because their contribution was less by almost one
order of magnitude in comparison with the terms of the T, quantities.

Then at any height the local values are

Ve =Ven t+ Vei » 3)
Vgi = S4x10°6 NJIT,32 \ @)
where v,,, # 0 at z < 150 km, and v, = v,; at = 200 km.

Vi=Vip+ Vi, (5)
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where the data from the EISCAT databank were used for v;, at z< 130 km. Ion-ion
collisions (v;;) were not considered, since they do not play a part in wave dissipation. Also
at z> 600 km v;, = 0.

Vie = [(v X N)NO,0,, + (v X N)o,I/N, (at z <200 km) , (6)

Vie=[(VX N)o, + X N)y,l/N, = v; (at z> 600 km) . (7)
The indices on the r.h.s. of eqs (6 — 7) indicate particular 10n species, and

VNO,O,, = 945 X 10710 N /T 32, (8)

vo, = 1.84 X 107 N/T,3/? 9)

vy, = 2.94 X 108 NJT,2, (10)

where concentration N, is expressed in m and T, in degrees Kelvin (K).
The altitude profile M;(z) in proton mass units m;, can be expressed at the arbitrary
height level z using local values (Fig. 5b),

M,‘ = (30.5 NNO+02+ + 16 IVO+ + NH+)/Ne . (1 1)

To construct the altitude profiles of v,, v;, the smoothing of values has been applied
throughout the transient altitude regions. Nevertheless, testing showed that the positions
of the resonant peaks in the frequency spectra slightly depend on the practical variations
of the v-profiles, and the N,(z)-profile remains the principal controlling variable of the
resonator with respect to the fundamental frequency response. Examples of the v,- and v;-
altitude profiles (eqs 3, 5) used for modelling in the selected pulsation time 1630 UT and
computed on the basis of the EISCAT plasma data are displayed in Fig. 5a.

4. APPLICATIONS

Taking into account the IAR mechanism of Pc1 signal formation on the ground and in
the ionosphere, Prikner et al. (2000) showed that the Lj-wave generated by incidence of
the L-wave mode with k |l By conforms well ta the IAR wave and plasma altitude profile
modelling. The IAR was represented by the main lower 1000 km thick part of the
ionosphere (higher low-electron-density layers contribute only a little to the variation of
resonator characteristcs mainly at higher harmonics).

The EISCAT incoherent scatter radar in the CP-1 programme scanned the high-
latitude ionosphere (geogr. lat. ~69.6°N) up to an altitude of 600 km in the region of
Tromss, which differs in longitude from Ivalo by about 8° to the west. But the very near
similar latitudes of both the regions allow the EISCAT data to be combined with JAR
modelling above the Ivalo station, where also the intensive pulsation event was recorded.

In the Ivalo region inclination By is about —78°. The angle of the Lj— wave mode
incidence can then be taken to be B = 78° with respect to the horizontal plane boundary of
the ionosphere at altitude z = zp,x = 1000 km. The Earth’s magnetic field dipole moment,
Mg =8.17x10?2 Am?, the Earth’s surface specific conductivity, og =102 Sml, and the
altitude stratification of the ionosphere model, 10 km, were assumed.
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Fig. 6. The eight selected examples of the time variation of the N, altitude profiles during the Pcl
event, modelled for the Ivalo region on the basis of the EISCAT plasma data given up to 600 km.
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The 1000 km thick ionospheric transition layer is the main region determining the IAR
fundamental frequency (Prikner et al., 2000). Computations of the transmission
coefficient (eq. 2) in a broad frequency spectrum can thus illustrate the frequency — time
variation of the Pcl event recorded at Ivalo, using the above mentioned EISCAT plasma
profiles, with high accuracy. Computations at 29 points in time during the time interval
1600 - 1910 UT were carried out.

In Fig. 6 eight examples of the N,-altitude profiles based on the EISCAT data (up to
600 km) are modelled for the Ivalo region providing an image of the local ionosphere N,-
variation during the event. The smooth slopes of the N,(z) exponential decrease above the
F-layer maximum up to 600 km allowed smooth exponential extrapolation of N,(z) up to
Zmax = 1000 km with a constant exponential scale factor. The slow increase of the central
frequency (see Fig. 1, 3 —4) required a slow decrease of N, at higher altitudes above the
F-layer maximum, accompanied by a distinct increase of N, in the lower E — F1 region.

Examples of transmission coefficient (eq. 2) computations using the IAR N, -profiles
from Fig. 6 and other EISCAT plasma characteristics for determining the resulting v,- and
v-profiles are shown in Fig. 7. There Lj-wave transmission through IAR is assumed. The
frequency band limits (the width of the real frequency window) of the signal on the Ivalo
H-record are marked on the T7A,, spectral curves. It can be distinctly seen that the pulsation
signal on the ground appears on the record when the fundamental frequency spectral peak
matches the EMIC wave spectral frequency band (from about 1600 UT). The intensive
and continuous long-lasting pulsation develops when the EMIC wave spectrum entirely
merges with the TIAR fundamental frequency peak (1630 — 1830 UT), and the TAR
fundamental frequency response window is then opened to signals propagating towards
the ground. On the contrary the pulsation on the ground weakens and gradually vanishes,
when the EMIC wave spectrum misses the IAR fundamental frequency window (between
1845 - 1910 UT).

The process of appearance and disappearance of the signal on the ground is more
objectively shown in Fig. 8 for the Ivalo region, including the results of all the 29
transmission coefficient (eq. 2) computations. Moreover, also the results computed for the
magnetosonic Rj-wave transmitting IAR with &k || Bg at z = zjpax = 1000 km are given. The
control role of the L-wave mode incident at and transmitting through IAR is distinctly
shown within the Ivalo signal spectrum limits in Fig. 8. There the central frequencies of
the Lj-wave transmission coefficient peak follow the centres of the pulsation frequency
band (after the Ivalo dynamic spectra in Fig. 1).

A tendency for the IAR to recover its initial quiet condition appears at the Ivalo
latitude around 1830 UT. The IAR fundamental frequency markedly decreased, but the
central frequency of the magnetospheric EMIC wave band evidently remained high. The
EMIC wave spectrum missed the JAR fundamental frequency window (see also Fig. 7,
after 1850 UT). This led to a rapid weakening and later extinction of the ground signal
record between 1845 — 1915 UT. A similar ionosphere — magnetosphere effect evidently
also affected the Oulu region (compare Fig. 1 and 8).
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Fig. 7. The time variation of the magnetic field amplitude transmission coefficient modelled for
the propagating L;-Alfvén wave in the Ivalo region (incidence under angle ) = 78° at z = 1000 km).
The IAR profiles were used for the same times as in Fig. 6. The boundaries of the ground signal
frequency windows are demarcated by circles.
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5. THE IAR VERTICAL PROFILE OF MAGNETIC FIELD AMPLITUDE AT THE
FUNDAMENTAL RESONANCE FREQUENCY

Two points in time were selected to illustrate the variation of the IAR vertical profile
of the L- and Ry-wave magnetic field amplitude at fundamental resonance frequencies in
the Ivalo region. At 1630 UT, under initial IAR conditions, the fundamental resonance
peak of the Lj-wave generated by the incidence under angle [B;,=78° centered at
frequency 0.3 Hz, and of the Rj-wave at frequency 0.4 Hz. Under final IAR conditions at
1830 UT, the fundamental resonance for the L-wave centered at frequency 0.4 Hz and for
the Ry-wave at 0.45 Hz (see also Fig. 8). The B-field fundamental resonance was studied
separately in the two components — normalized horizontal By,,,, and vertical B,,,; (eq. 1).

The vertical profiles of the normalized By,, amplitude (a, ¢) and normalized B,
amplitude (b, d) on a logarithmic scale are depicted for both the above mentioned Lj- and
Rj-waves in Fig. 9. The maximum By, fundamental resonance amplification (the standing
wave antinode) was found within the 150 — 200 km altitude levels in both the points in
time, i.e. at the bottom of the F-layer maximum (Figs 9a,c). The Bp,, fundamental
resonance amplification continuously decreased with increasing altitude, its standing wave
node being located far above the dense ionosphere. The width of amplification region
reached 700 — 800 km. There is the main resonator domain in the fundamental resonance
frequency. An antinode in the By, amplitude locates inside the ionospheric F-layer
(horizontal waveguide region according to Lysak, 1999).

May 14, 1997 0.1 (B = 78 deg)
Ilvalo H ; X ... R”

Frequency (Hz)

I T N T N R R I R S ST AT ST AN N A N AT A
16 17 18 19

Time (UT)

Fig.8. The time variation of the ground signal frequency window at Ivalo (the H-component,
smooth curves) in comparison with the central frequencies of the modelled IAR fundamental
frequency peaks of Lj- and R-waves on the ground.
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Fig.9. The altitude profiles of normalized By, (a, ¢) and By, (b, d —on a logarithmic scale)
modelled at the selected two points in time for the Ivalo region and both the L- and Ry-waves at the
fundamental resonances. At 1630 UT: fyosL = 0.3 Hz and f,, X = 0.4 Hz; at 1830 UT: f,,s~=0.4 Hz
and freSR =0.45 Hz (see also Fig. 8).
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There is not the first-hand analogy with the simple model of standing wave generation
in Jordan and Balmain (1968) (the vacuum medium and perfect conductivity of the
Earth’s surface). Within the realistic inhomogeneous ionosphere the standing wave
structure presents as an altitude-sliding phenomenon in dependence on the N, (z)-profile
variation. The shear Alfvén wave resonance producing compressional modes can be
transported into the horizontal waveguide, if the resonant frequency matches the first
harmonic resonance of the waveguide (Lysak, 1999).

From Fig. 9c (1830 UT) it is evident that the By, amplification was sharper and the
width of the amplification region became smaller towards the lower altitudes (< 600 km)
in comparison with the 1630 UT time in Fig.9a. It indicates decreasing effective
dimensions of IAR during the pulsation event examined. The B}, fundamental resonance
amplification near the value of 2 was found below the ionosphere and on the ground
surface. It agrees with the simple model of wave reflection at the boundary with high
conductivity as in Jordan and Balmain (1968).

The normalized B,,,; amplitude profiles in Fig. 9b, d, show the standing wave node at
the fundamental B,,,,; resonance at the bottom of the ionosphere and on the ground, and
the antinode far above the dense ionosphere. Comparing the normalized By, and B,,,;
profiles, it is evident that the IAR resonance maximum amplification has been found
mainly in the horizontal magnetic field component By, quite below the ionospheric
F-layer maximum. The maximum amplification there was as much as ten times higher
than the amplitude of the incident wave at zy,x = 1000 km.

No fundamental differences were found between the Ly- and Rj-wave B-amplitude
profiles. However, Figs 9b,c,d show the lower normalized B,., and greater By,
amplitudes for the Ry-wave as compared to the Lj-wave especially within the dense
F-layer ionosphere. The Ry-wave is a resultant isotropical wave. On the other hand, the
Lj-wave is well guided along the external magnetic field lines. It accounts for the
differences between the both resonance frequencies.

6. DISCUSSION

The analysed Pcl event of May 14, 1997, recorded at the chain of Finnish
observatories, was one of the rare long-term events with simultaneous EISCAT
measurements providing plasma profiles over a wide altitude extent up to 600 km. The
EISCAT measurements were performed at latitudes close to the latitude of the signal
observation point. The time variation of the dynamic pulsation spectra can then be well
correlated with the variation of the IAR fundamental frequency response modelled on the
basis of varying real EISCAT ionosphere plasma characteristics.

An analytical extension of the plasma profiles at altitudes between 600 — 1000 km
with the electron density decreasing exponentially was possible and appropriate small
deviations in its scale factor could not affect the IAR fundamental frequency value much.
The Alfvén Lj-wave fundamental resonance peaks followed the variation of the frequency
band of the signal dynamic spectra exactly within the interval of the well-developed
ground Pc1 event.

The initial part of the ground Pcl record with the clearly defined frequency band
appeared around 1610 UT, when the EMIC wave spectrum matched the well-developed
IAR fundamental frequency peak. On the contrary, the ground signal dimmed after
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1900 UT and finally disappeared when the EMIC wave frequency spectrum and the IAR
fundamental frequency peak began to differ. Especially the combination of these initial
and final effects supports the idea of IAR control mechanism of Pcl and IPDP signals
within the ionosphere and on the ground.

The IAR fy-antinode in the horizontal magnetic field amplitude is located within the
F-ionosphere region both for the L- or R-wave types. The Alfvén Lj-wave with parallel
incidence k |l By represents the center of the possible incident k-wave beam (assumed
k-fan bunch in the meridional plane), generating the Pcl signal as a multiple-wave
response of IAR in the fundamental frequency window within the ionosphere and on the
ground. Continuously variable effective dimensions of IAR are specified mainly by the
vertical profile of the plasma composition (i.e. electron density profile). The nonstationary
plasma composition along the vertical gives rise to the frequency variable Pcl, as well as
the IPDP types of pulsations in high-latitude substorms in dependence on the movable
IAR fundamental frequency spectral window.

7. CONCLUSION

A slow shift of the EMIC-wave source to lower L-shells during the event was
established by studying the signal pearl structure. The disturbance source field lines
gradually shifted to lower latitudes from the Ivalo to the Oulu region at about 1730 UT.
After 1800 UT an indication of the tendency for the outward shift of the EMIC-wave
source L-shell to recover was observed (changes in parameter 7/f; according to Mursula
et al., 1999b). These variations were followed by the variations of the IAR frequency
characteristics.

The applied numerical method of ionospheric wave filtration is able to illustrate the
variation of the IAR fundamental frequency window. The comparison between the
ground-observed dynamic characteristics of the signal and the simulated variation of the
IAR frequency window (based on the EISCAT data) was able indicate the times of the
beginning and extinction of the ground-observed signal (the control effect). The
discrepancy between the magnetospheric EMIC-wave frequencies and the IAR
fundamental frequency window (during the ionosphere recovery, if any, after 1850 UT at
higher latitudes) led to the dimming and disappearance of the signal on the ground record
after 1915 UT (see Figs 1 and 8). Then we can anticipate the IAR control mechanism on
the signal transmitting to the ground.
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