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Abstract

A Pcl/IPDP event recorded by the Finnish search coil magnetometers on 15 December 1984 was analyzed in a
companion paper (Mursula et al., 2000. Non-stationary Alfvén resonator: new results on Pcl pearls and IPDP
events. J. Atmos. Solar-Terr. Phys. 62(4), 299-309) using numerical simulations of the ionospheric Alfvén resonator
(IAR). EISCAT incoherent scatter radar data were used to determine the vertical profiles of ionospheric plasma
parameters. In this paper, the detailed altitude profiles of several wave characteristics at the IAR eigenfrequency are
computed up to 1000 km height, including, e.g., the real normalized amplitude of the magnetic wave field
component, ellipticity and orientation of the polarization ellipse in the horizontal plane. We also calculate the
altitude profile of the energy flux density (Poynting vector). These features illustrate in detail the ionospheric effects
on the wave spectral structure in a non-stationary IAR, and their significance in the formation of the Pcl/IPDP
signal on the ground. © 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

The special type of geomagnetic pulsations called
IPDP, depicting a diminishing wave period, has been
studied for many years. It is known that IPDPs occur
mostly in the evening—midnight sector of the magneto-
sphere and their occurrence is related to the non-
stationary substorm processes in the magnetosphere
and ionosphere. IPDP events last usually for half an
hour to one and a half hour (Heacock, 1973; Maltseva
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et al., 1979; Kleimenova et al., 1995). According to
Kleimenova et al. (1995), an ionospheric trough is
often seen above the region of IPDP observation.

The generation mechanisms of IPDPs have so far
only taken into account the magnetospheric aspects of
generation, e.g., the azimuthal and radial drifts of
energetically charged particles across the magnetic field
during the substorm development (Heacock, 1973;
Kangas et al., 1974; Guglielmi, 1974; Koleszar, 1989;
see also the review by Kangas et al., 1998). However,
because the ionosphere plays a significant role for
ground-based observations of ion cyclotron waves, the
IPDP theories including only the magnetospheric pro-
cesses are not expected to describe completely the
IPDPs observed on the ground. Indeed, so far no
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Fig. 1. Frequency—time display of the IPDP event on 15
December 1984, recorded at Oulu, Finland. Three vertical
lines indicate the times for which the resonator properties
have been calculated.

direct observations of the frequency rise during a
ground-based IPDP event have been made in space by
satellites (see, e.g., Bossen et al., 1976).

In a companion paper (Mursula et al., 2000; to be
called P1), we have analyzed a structured Pcl event of
15 December 1984, which, after a substorm onset,
evolved into a structured IPDP event. Using simul-

taneous measurements of ionospheric parameters by
the EISCAT radar, we calculated the reflection and
transmission coefficients of Pcl/IPDP waves in the
ionospheric resonator. We showed that the wave fre-
quency observed on the ground corresponds to the fre-
quency of the maximum of the transmission coefficient,
i.e., the eigenfrequency of the resonator (Lysak, 1991,
1993). The calculated eigenfrequency could be
increased during the event so as to match the fre-
quency rise observed during the IPDP phase. We
suggested in P1 that the ionosphere has an active role
for Pc1/IPDP waves observed on the ground and that
the IPDP signal is a combined effect of the frequency
rise in the magnetospheric wave source and the simul-
taneous increase in resonator eigenfrequency.

In this paper, we present a detailed analysis of the
method used in P1. Moreover, a complete altitude pro-
file of the wave properties (e.g. amplitude, polarization
and energy flux) inside the ionosphere resonator has
been calculated.

2. The numerical method

The principle of a numerical calculation of the total
wave field at any ionospheric altitude, generated by

Oulu, 15 Dec 1984, 20:07 UT Oulu, 15 Dec 1984, 20:35 UT The trough model (20:54 UT)
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Fig. 2. The three altitude profiles of the electron densities (N.). Two first profiles at 2007 and 2035 UT are based on EISCAT
measurements at altitudes below 300 km, the profile at 2054 UT is a model profile fit to match the observed wave frequency.
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Fig. 3. The altitude profiles of electron (smooth line) and ion (smooth line with marks) collision frequencies for the three times.

ULF signal incident from above on the ionosphere,
was outlined by Prikner and Vagner (1991). The iono-
sphere is described as a stratified, inhomogeneous, ani-
sotropic (magnetized) and dissipative medium with a
two-component plasma (electrons and ions, N, = NN;),
and the characteristics of the medium are taken to
vary along the vertical z-axis only (Vagner, 1982; Pri-
kner and Vagner, 1983). Dissipation is characterized
by the effective collision of electrons (collision fre-
quency Vv.) and ions (v;) with the neutral particles in
the medium. The anisotropy is due to the presence of

the external geomagnetic field By(z), which is treated
in the dipole field approximation. The ionospheric
transition layer and the layer of non-ionized atmos-
phere are bounded from below by the Earth’s surface
with a homogeneous specific conductivity o.

Wave propagation through the ionosphere has been
modeled assuming a homogeneous plane wave mode
(L- or R-polarization) of a given frequency f and wave
vector k incident upon the upper boundary of the
ionosphere, in the plane of the dipole magnetic field
meridian. L-polarization is counterclockwise, when
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Fig. 4. The altitude profile of the effective ion mass (in units of proton mass) used in numerical calculations.
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Fig. 5. Frequency dependence of the normalized horizontal wave amplitude at different altitudes for: (a) 2007 UT, (b) 2035 UT,
and (c) 2054 UT.
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Fig. 5 (continued)

looking down along the k-vector of the incident wave
mode propagating to the ground. Thus, in the north-
ern hemisphere the L-polarized wave represents the
ordinary Alfvén wave mode. Based on the principles
mentioned by Prikner and Vagner (1991), the algor-
ithm to compute the total wave field simulation any-
where within the ionosphere was presented by Prikner
and Vagner (1995). The characteristics of the total
wave field (resolved into proper wave modes) can be
determined at any altitude level by solving a system of
four linear algebraic equations. These equations, first
presented by Vagner (1982), represent the coupling
between the matrix solutions of the total field
(described by means of the 4 x 4 transformation

matrices Q) at various levels of the stratified iono-
sphere.

The solution at a selected frequency f and an arbi-
trary altitude z consists of the three Cartesian com-
ponents of the complex electric E(f, z) and magnetic
B(f, z) wave field amplitudes and allows the various
characteristics of the total wave field to be determined.
For example, the horizontal and vertical amplitudes of
the total wave magnetic field (as also for the electric
field) can be obtained from the complex magnetic field
B(f, z) as follows:

A(f.2) = 1B 2+ 1By 212, ()
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A(fs 2) = |BA(f, 2)I. ()

For practical applications, we need normalized ampli-
tudes which are defined as the ratio between ampli-
tudes of Egs. (1) and (2), and the corresponding
amplitudes A", of the wave incident on the iono-
sphere (at altitude z =z, and frequency f). These
can be formally expressed as

TA, W z) = Ap, W, Z)/Ai:cv(/; Zmax)- 3)

Using the complex amplitudes, one can determine the
various wave polarization characteristics, e.g., the
sense of rotation of the polarization vector (L or R),
the flattening (ellipticity) of the polarization ellipse,
and deflection of the main axis of the polarization
ellipse from the magnetic meridian plane (for details,
see Vagner and Prikner, 1983).

Also, the electromagnetic energy flux density (i.e.,
the real part of the complex Poynting vector) can be
calculated at different altitudes (Vagner and Prikner,
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Fig. 6. The altitude profiles of the normalized horizontal wave
amplitude at the resonance frequencies corresponding to the
three time intervals.

1984). The gth coordinate of the real part of the
Poynting vector is given by

Re W,(f, z) = (21t9) ' Re(E x B*),, @)

where the asterisk indicates the complex conjugate,
e.g., Re W.(f,z), then represents the vertical com-
ponent of the energy flux density at frequency f and
altitude z, and the magnitude of the energy flux density
is

Re W(f.2)| = | (Re W,)>. (5)

g

Since the total energy flux density vector Re W does
not, in general, lie in the magnetic meridian plane, the
declination angle ¢ can be defined as an angle between
the y-axis (defined to be the magnetic meridian plane)
and the projection of the Re W-vector onto the hori-
zontal plane (x, y):

o(f, z) = arctan(Re Wy/Re W,), forRe W, >0, (6)

o(f, z) = arctan(Re W, /Re W,) + m sign(Re Wy),

™
forRe W, < 0.

In this way, the declination ¢ € {(—n, + n) is defined as
an angle from the North direction, positive to the
East. The spatial orientation of the vector Re W is
complemented by the inclination angle between the
vector and the horizontal plane:

O, z) = arctan|:Re WZ/\/(Re W\.)2—|—(Re W})2:| (8)

The inclination © is thus defined in the interval @ €
(—m/2, 4+ mn/2) and, since the positive z-axis is oriented
upward, O is positive for Re W directed above the
horizontal plane.

In analogy with the normalized amplitude (Eq. (3)),
we also define the normalized energy flux density (for
frequency f and at altitude z) by
TW, \(f. 2) = Re Wi (/. 2)/Re WS/, Znax), ©)
where the indices t and v refer to the total amplitude
and the vertical component, respectively.

3. Altitude profiles of wave characteristics

In P1, we analyzed a structured Pcl/IPDP event
which was observed by the Finnish search coil magnet-
ometer network on 15 December 1984. Fig. 1 depicts
the observations in the D-component of the Oulu
station (GGlat = 65.1°, GGlong = 25.5°, CGMlat =
61.4°, CGMlong = 105.9° L = 4.4). As described in
more detail in P1, the Pcl pearl chain with average fre-
quency 0.3-0.4 Hz developed, after the substorm onset
at about 2030 UT, to a structured IPDP event with
average frequency reaching up to 0.9 Hz, at the end of
the event at 2100 UT.

As discussed in P1, the EISCAT incoherent scatter
radar was scanning the mid- to high-latitude iono-
sphere along the magnetic meridian during part of the
Pcl/IPDP event time. We used these radar measure-
ments in P1 to calculate the ionospheric resonator
properties around the Oulu station for a few times
when the radar was measuring the relevant mid-lati-
tude ionosphere. Fig. 2 depicts the altitude profiles of
the electron density N. up to 1000 km for two times
(2007 and 2035 UT) when the radar was operating,
and another, later time (2054 UT) where we have mod-
eled the ionosphere with a simple trough-like profile.
We note that the electron density is the controlling
parameter for the resonator properties of Alfvén
waves. Accordingly, the high-altitude slope of the den-
sity profile outside (or in absence of) the region of
direct radar measurements was adjusted so that the
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resonator eigenfrequency would better coincide with
the wave frequency observed simultaneously.

Moreover, in order to determine the ionospheric
resonator properties in detail, it is necessary to know
the vertical profiles of the effective collision frequencies
of electrons (CF.) and ions (CF;) with neutral particles,
as well as the profile of the effective ion mass (M;) in
the ionosphere. The profiles of the collision frequencies
are shown in Fig. 3 for the same times as the electron
density profiles depicted in Fig. 2. As in Fig. 2, the
results for the first two times are based on EISCAT
data, and the third on a model. The altitude profile of
the effective ion mass, shown in Fig. 4, is based on the
results by Krinberg and Taschilin (1984).

We have assumed an L-polarized Alfvén plane wave
of frequency f incident upon the upper boundary of
the ionosphere at zy,x = 1000 km with k||BO. For the
Oulu region, the inclination of B, is about —70°
(downwards). The other constants necessary for model-
ing the wave with the matrix procedure (Prikner and
Vagner, 1983, 1991) are the Earth’s magnetic dipole
moment, Mg = 8.17 x 102 Am? the specific conduc-
tivity of the Earth’s surface, og = 1072 S/m, and the
altitude stratification of the ionosphere, Az = 10 km.
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3.1. Frequency and altitude dependence of the horizontal
wave field

The normalized horizontal amplitudes of the total
wave magnetic field calculated according to Eq. (3)
have been depicted in Fig. 5(a)—(c) as a function of fre-
quency at several altitudes. Fig. 5(a)—(c) correspond to
the same, three times as those used in Figs. 2 and 3.
Fig. 5(a)—(c) clearly show the altitude variation in the
resonance structure of the horizontal wave component.
In each Fig. 5(a)—(c), the resonance structure is seen at
a frequency for which the minimum amplitude is
found on the upper boundary of the resonator, and for
which the maximum amplitude is found in the central
and lower part of the resonator. These frequencies can
be considered as the fundamental resonance frequen-
cies of the changing resonator. The time development
of the N, profile depicted in Fig. 2 leads to dramatic
changes in the resonance structure in Fig. 5(a)—(c). The
decrease in N, values at higher altitudes and their
increase in the lower ionosphere result in the increase
of the resonance frequency and the decrease of the alti-
tude, where the maximum amplitude occurs.

Moreover, we have plotted in Fig. 6 the altitude pro-

'103 -

~

£ 0.6

X

SN

-

=

o

[

I 0.4}
0.2}

0}

T ST S N S S S S H U G S N SO N G R

-50 0 50

Deflection (deg) b)

Fig. 7. The altitude profiles of: (a) ellipticity of the wave polarization ellipse in the horizontal plane and (b) deflection of the major
axis of the polarization ellipse from North to East. The profiles refer to the same times and resonance frequencies as in Fig. 6(a).
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Fig. 8. The altitude profiles of the normalized energy flux den-
sity (PV') for the same times and resonance frequencies as in
Fig. 6.

files of the normalized horizontal amplitude for fre-
quencies corresponding to the eigenfrequency of the
resonator at the respective three time intervals (f =
0.40 Hz at 2007 UT; f = 0.49 Hz at 2035 UT and f =
0.93 Hz at 2054 UT). During the Pcl phase, before the
IPDP event (2007 UT), the amplitude maximum at the
resonance frequency is large over a wide altitude range
(170-500 km), while later, during the IPDP event, the
maximum amplitude region is narrower and more con-
centrated below 300 km. This follows from the change
in the electron density profile depicted in Fig. 2, and
this decrease indicates a shortening of the resonator’s
fundamental wave length.

3.2. Wave polarization characteristics

Similarly, we have calculated the ellipticity (defined
as the ratio of the major to minor axis of the polariz-
ation ellipse), sense of rotation (L or R) of the polariz-
ation vector and deflection of the main axis from the
magnetic meridian plane at the resonance frequencies
for the three time intervals. The three altitude profiles

of ellipticity are shown in Fig. 7(a). The positive values
practically within the whole resonator indicate that the
ordinary left-hand (L) polarized Alfvén wave persists
during the wave propagation through the ionosphere.
A change to a right-hand (R) polarized wave (negative
ellipticity values) has only been found for the 2054
UT-model below the ionosphere, i.e., below 60 km.
The main feature in the time development of the ellip-
ticity profile is the fact that the ellipticity becomes
nearly circularly polarized inside the resonator during
the IPDP development. A sharp drop of ellipticity is
seen below the ionosphere, and a linear polarization in
the magnetic meridian plane is obtained on the
ground.

The height profiles of the deflection of the polariz-
ation ellipse axis from the magnetic meridian plane are
shown in Fig. 7(b). A clear difference is seen between
the profiles before and during the IPDP phase. In the
pre-IPDP model (2007 UT), the Alfvén L-wave has the
main polarization axis practically perpendicular to the
magnetic meridian plane at the upper ionospheric
boundary. Within the ionospheric resonator, the west-
ward deflection smoothly decreases and approaches the
meridian plane in the lower ionosphere and on the
ground. In the two other cases during the IPDP phase
(2035 UT and 2054 UT), the deflection changes from
West to East, reaching its eastward maximum close to
the amplitude maximum. The counterclockwise ro-
tation of the polarization axis below the E-layer of the
ionosphere has been numerically predicted earlier
(Nishida, 1964; Hughes, 1974).

3.3. Altitude profiles of the energy flux density

Using Egs. (4), (5) and (9), we have calculated the
altitude profiles of the normalized energy flux densities
at the resonance frequencies in the three models. The
results are shown in Fig. 8. High in the ionosphere
(above 300 km), the energy flux is not markedly
damped. Attenuation rapidly increases in the E-F1
region. Below the ionosphere and on the ground, the
energy flux density is only a small fraction of the orig-
inal value (of the order of 107>~10~* at the end of the
IPDP). The higher damping of the energy flux density
during the IPDP phase at high altitudes (see Fig. 6) is
due to the increased damping in the lower ionosphere
when the electron density there is increased. In such a
case, waves reflected from the ground back to the
ionosphere are more damped and contribute less to the
total resonance effect.

Fig. 9 depicts the altitude profiles of the declination
and inclination of the normalized energy flux density
vector for the three cases at the corresponding reson-
ance frequencies. Through a large part of the high-alti-
tude resonator, the energy flux vector is strongly
directed downward (large negative inclination values
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and only moderate declination), declining slightly to
the East from the magnetic meridian plane. Great
changes are found in the low ionosphere below 200
km. There, due to the decreasing absolute value of in-
clination and increasing declination, the energy flux
vector turns, rather sharply, nearly eastward. Simul-
taneously, its magnitude decreases rapidly (see Fig. 8).
These characteristics indicate a conversion of wave
energy to horizontal propagation in this altitude range,
as earlier studied by Greifinger and Greifinger (1968)
and Altman and Fijalkow (1980) (see also Prikner and
Vagner, 1985). However, despite the small absolute
values of inclination at some altitudes, the energy flux
density vector is always directed downward (below the
horizon), and never upward.

4. Conclusions

This paper and its companion paper (Mursula et al.,
2000; P1) study the effect of the ionospheric Alfvén
resonator on a structured Pcl/IPDP wave event
observed on 15 December 1984. The purpose of the
present paper has been to provide additional infor-
mation on the methods used in P1, as well as to pre-

sent a more detailed description of the calculated
properties of the waves at different altitudes of the
resonator and at three different times of the Pcl/IPDP
wave event.

In particular, we have demonstrated the altitude
structure of the total wave inside the resonator, includ-
ing its polarization properties. Moreover, we have stu-
died the changes in wave characteristics due to changes
in the local ionospheric plasma profiles during the Pcl/
IPDP event. The most important parameter affecting
the resonator is the electron density (N.) profile. In P1,
we used three different N, profiles (two profiles
measured by EISCAT; one model profile) to demon-
strate how the resonator eigenfrequency increases due
to changes in the ionospheric plasma distribution (den-
sity depletion at high altitudes and density increase at
low altitudes; Bauske et al., 1997). This increase in
resonator eigenfrequency was found in P1 to corre-
spond well to the increase of the wave frequency
observed on ground during the IPDP phase. During
the IPDP development, the resonator eigenfrequency
increases due to the decrease in resonator dimensions
(shortening of the effective resonance wavelength).
Moreover, the above mentioned changes in the iono-
spheric plasma distribution support the observation
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(Kleimenova et al., 1995) that the ionospheric trough
is often found above the region of observation of an
IPDP event.

Studying the orientation (and size) of the energy flux
vector at different ionospheric altitudes, we have
shown that favorable conditions for horizontal ducting
of waves (Greifinger and Greifinger, 1968; Altman and
Fijalkow, 1980) seem to appear in the lower part of
the resonator below about 200 km. Horizontal ducting
allows the waves to propagate away from the iono-
spheric footpoint of the source field line. Horizontal
ducting of Pcl pulsations has been observed in several
studies. However, a more accurate modeling of hori-
zontal propagation is outside the scope of the method
applied here.

Although the vertical profiles of the AR were mod-
eled using realistic vertical profiles of the ionospheric
plasma parameters, some idealized assumptions were
made. For example, we assumed an L-polarized,
homogeneous plane wave incident upon the upper
ionosphere. Taking the incident wave with a fixed fre-
quency, we studied the ionospheric response. Then,
varying the wave frequency, we obtained the complete
spectral response of the IAR. However, when dealing
with natural Pcl/IPDP pulsations, one should take
into account nonlinear and inhomogeneous effects due
to a wave packet consisting of a bunch of k-vectors
and frequencies. Although an important task, this is
clearly outside the scope of the present paper. More-
over, the good match between the observed wave fre-
quency and the modeled resonator frequency even in
the present, simplified case suggests that the frequency
response of the resonator does not dramatically change
in a more realistic case of waves consisting of a rather
broad bunch of k-wave vectors and frequencies.

Finally, we would like to note that observations of
large-amplitude (5-30 nT) Pcl pulsations in the iono-
spheric F-region near the plasmapause by the Magsat
satellite (Iyemori and Hayashi, 1989), may support the
role of the ionospheric resonator amplifying waves at
certain frequencies and altitudes. Amplitudes measured
on the ground were more than two orders of magni-
tude smaller than those observed simultaneously by
the Magsat satellite.
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