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Abstract. On 2 December 1999, the magnetometer stationsand Greifinger, 1968), and the spectral splitting by the mag-
in northern Finland registered structured Pc1 activity simul-netospheric heavy (Heand O) ions (Young et al., 1981;
taneously in three distinct frequency bands. Using simulta-Kozyra et al., 1984).
neous EISCAT radar measurements of the high-latitude iono- The effect of the ionosphere on Pc1 activity observed on
sphere, we have studied the ionospheric resonator propertighe ground has received more observational evidence re-
during this multiband Pc1 event. The frequencies of the threeently (Mursula et al., 2000; Prikner et al., 2000; Kerttula
structured Pc1 bands were found to closely correspond to thet al., 2001; Prikner et al., 2001). The Adfw speed has
second, third and fourth harmonic of the calculated funda-strong gradients above the ionospheric F layer which can
mental frequency of the ionospheric A#fa resonator (IAR).  cause wave reflection and lead to the formation of a reso-
In addition, those frequencies of the three pearl bands thahant cavity termed the ionospheric Atfla resonator (IAR)
were closest to the exact IAR harmonics were found to haveby Polyakov and Rapoport (1981). Since the scale size of
the strongest intensities. The results demonstrate that the reghe resonator is of the order of the Pc1 wavelength, it is able
onator can have an important role on ground-based Pcl age trap Pc1 waves incident from above the ionosphere and af-
tivity over a notably large frequency range, favoring trans- fect their spectral properties and even their appearance on the
mission of waves with frequencies close to the resonator'syround. For example, it has been found (Mursula et al., 2000)
eigenfrequencies. Since the frequencies of all three bandthat the Pc1 frequency on the ground corresponds to the fre-
correspond to the maximum rather than the minimum ofquency of the first maximum (minimum) of the transmission
the transmission coefficient, the traditional bouncing wave(reflection) coefficient, i.e. to the fundamental frequency of
packet model needs to be revised. the resonator (Lysak, 1991, 1993). This indicates that the
_IAR can act as a band-pass filter for Pc1 waves and deter-
mine, together with the magnetospheric wave source, the fre-
guencies of the waves that can be observed on the ground.
Earlier studies of the IAR effects on ground-based Pc1 pul-
sations have mainly concentrated on single-band events. In
this paper we study the resonator properties during a multi-

. . . band Pcl event by using EISCAT radar measurements of the
Pcl pulsations are magnetospheric electromagnetic ion cy-

clotron (EMIC) waves observed on the ground. At Subau_|0|.’1osphere above the station detecting Pc1 signals. The ob-
\ . ) tained results demonstrate that the IAR can affect ground-
roral latitudes Pcl events typically occur in the frequency

range of 0.2-3.0 Hz, showing only a single narrow frequencybased Pc1 activity over a notably large frequency range.
band in the dynamic spectrum. However, in addition to
these single-band events, one sometimes observes two qr )
even more bands occurring simultaneously. We call thes§ Observations
phenomena multiband Pcl1 events. There are two traditiona£ :
mechanisms to explain the generation of multiband Pc1 ac- -1 Pcl dynamic spectrum
tivity: ionospheric waveguide ducting of Pcl waves from

multiple sources in the equatorial magnetosphere (Greifinge

Key words. lonosphere (auroral ionosphere; ionosphere
magnetosphere interactions; wave propagation)

1 Introduction

Figure 1 shows the dynamic spectrum of the D-component of
multiband Pcl pulsations registered at the Kikpigj (KIL;
Correspondence tdK. Mursula geographic coordinates 69.latitude, 20.9 longitude, 65.9
(kalevi.mursula@oulu.fi) CGM latitude, 105.3 CGM longitude, L = 6.0) and Ivalo
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Fig. 1. The dynamic spectra (D-components) of a multiband Pcl event registered at thealiip{gjlL) and Ivalo (IVA) stations on
2 December 1999 between 10:00-11:00 UT.

(IVA, geographic coordinates 68.1atitude, 27.3 longitude, 2.2 EISCAT measurements and the numerical method of
65.0° CGM latitude, 109.8 CGM longitude, L = 5.6) sta- the IAR simulation

tions in northern Finland on 2 December 1999, from 10:00 to
11:00 UT. (There LT is about 2 h ahead of UT.) The magne-
tometer data (sampling rate 20 Hz) have been analyzed usin
an FFT width (and spectral window size) of 2048 points, and
atime step of 512 points.

Simultaneously with the multiband Pc1 activity, the EISCAT
Fdar was monitoring the high-latitude ionosphere at Tromsg.
Since the radar operated in the CP1 mode, where the radar
beam was directed along the background magnetic field, the
At about 10:20-10:45 UT, both stations register threeMeasurements correspond quite well to the ionospheric con-

simultaneous and fairly stable frequency bands located afiitions above KIL which is situated nearly at the same lati-
>~0.68 — 0.85Hz, f3~1.12 — 1.31 Hz, and atfa~1.44 — tude but~2° eastward of Tromsg. Figure 2 depicts the alti-
157 Hz. (Band numbering will be discussed in Sect. 2_3.)tude profiles of electron density from EISCAT observations

@), the modelled electron and ion collision frequencies (b),

One can also see that there is a fourth narrow and muc Al ]
the local effective ion mass (c), and A#f velocity (d), up to

weaker band af ~0.53—0.59 Hz which is more pronounced x
at KIL. All the f» — f4 bands show systematic variation in 2000 km at 10:30 UT. One can see that all these profiles are

intensity typical for the so-called structured or “pearl” pulsa- very smooth, indicating very stable local ionospheric condi-

tions. Moreover, the frequency range of about 0.2—2.0 Hz idionS at that time. The corresponding profiles (not shown)
typical for Pc1 pearls. At both stations, the intensity within OPtained at a slightly earlier10:00 UT), as well as at a
the three pearl bands varies with frequency, so that the uplater time ¢-12:00 UT) indicate that quiet conditions per-
per part of thef, band is more intense than the lower part, s!sted during sevgral hours. Quiet conditions are _expected,
whereas the lower part dominates in tfieand f4 bands.  Since the Sodank&lX index was 2, 0, 0, and 0 during the
(Note that the upper-1.3 Hz part of thefs band is hardly ~ firstfour 3-hour intervals on that day.

visible at KIL.) The f3 and f4 bands do not last much longer Note that the EISCAT measurements extended only up to
than displayed in Fig. 1, whereas bayig starting at about 600km and that the profiles have been extrapolated from
10:00 UT, lasted up to about 11:30 UT. this altitude upward. Due to practical reasons concerning
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Fig. 2. The altitude profiles of electron dens{s), electron (solid line) and ion (solid line with points) collision frequen¢®slocal effective
ion mass in units of proton mass), and Alfvén velocity(d) based on EISCAT measurements at Tromsg on 2 December at 10:30 UT. Note

that extrapolation has been used at altitudes above 600 km.

numerical simulation method, the ionospheric transmission b) Wave propagation characteristics, including the polar-

layer has been constrained to a region where heavy ions
(mainly O™) play a significant role, i.e. up to the altitude
of about 2000 km. The ©ion density was assumed to de-
crease exponentially with height. At higher altitudes the light

ions (H"™ and partially H&") dominate, contributing mainly

to wave attenuation, but not significantly to the resonator fre-

quency characteristics. The decreas#/ins slower than the
exponential due to the increasing content of the ibins at

higher altitudes. This can also be seen in Fig. 2c as a gradual

decrease in the effective ion mass at altitudes above 700 km.
The effect of the ionosphere on ion cyclotron waves was

ization of the incident homogeneous plane wave (in
general Alf¥enic L- or isotropic R-mode), its fre-
quency, and the orientation of the wave vedtowith
respect taBge(z) in the magnetic meridian plane. The
inclination «g of Be(z) is assumed constant with al-
titude above the ground and is negative in the North-
ern Hemisphere. We have assumed here a parallel in-
cidence(k||Bg) of a left-handed field-aligned Alinic
(L;;-mode) wave. Thus the incidence anglekoivith
respect to the horizontal plaly = —ag = 77° in the
Kilpisjarvi region was used.

modelled using the x4-matrix procedure of Prikner and  ag an output from computations we obtain the altitude pro-
Vagner (1983, 1991). The simulation uses the following in- fijes of the complex amplitudes of the- and B-wave fields.

put data:

Using this data we can determine the normalized real hor-
izontal and vertical components of the wave fields at any

a) Characteristics of the plasma medium, including realis-frequency and altitude. Normalization is made by divid-
tic height profiles of the electron density, effective ion ing the horizontal real wave amplitude by the corresponding
mass and patrticle collision frequencies. The ionosphereamplitude of the incident wave. Thus, the reflection coeffi-
is presented as a stack of thin (10 km) and homogeneousient RC(f) is determined as the ratio of the reflected field
planar layers from 50km up to 2000km in an exter- magnitude on the upper boundary of the ionosphere to the

nal dipole magnetic field with = 8.17 x 10?2 Am?2.

magnitude of the incident wave, and the transmission coeffi-

Below 50 km the atmosphere is taken to be neutral anctient TC(f) is the ratio between the wave transmitted to the

the conductivity of the Earth’s surface is 10S/m.

ground and the magnitude of the incident wave.
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Figure 4 depicts the calculated frequencfes- f4 of the
resonator’s transmission maxima and the observed frequen-
cies of the Pcl bands at KIL between 10:00-11:00 UT at
the EISCAT data sampling interval &7 = 5min. The fre-
guencies of all the three pearl banfis- f4 correspond quite
well to the respective harmonic frequencies of the resonator,
in particular during the latter half of the interval studied. (The
numbering of the Pc1 bands presented above is based on this
correspondence.) However, this matching is slightly weaker
in the case of the unstructured Pc1 bangd-a0.53—0.59 Hz.

This may at least partly explain why the signal is so weak on
the ground.

The normalized altitude profiles of the modeled wave
magnetic (electric) horizontal and vertical components at fre-
T T guenciesfy — f4 are shown in Figs. 5a and 5b (5¢ and 5d),
0 0.5 1 1.5 2 respectively. As above, we have assumed a field-aligned in-

d cident L mode wave at 10:30 UT. The profiles of all these
10 1 standing wave modes are highly nhon-monotonic in the verti-
cal direction. The amplitudes of antinodes Ry increase
with decreasing altitude down to about 300 km, which is op-
1.5 posite toByert and bothE-field components.Bpor maxima
(i.e. antinodes) correspond to minima (nodes)BiR.t and
vice versa. The nodes (antinodes)Agt coincide with the
nodes (antinodes) in the bdixfield components. ThuBnor
is the largest component in the F region. This is also true on
the ground, where onlBnor has a perceptible value. We have
also made calculations of the altitude profiles of the total
0.5r Poynting vector for all harmonics using the method presented
by Vagner (1982) and by Prikner and Vagner (1983, 1991).
These calculations (not shown here) show that the normal-

TC (Bhor)

0._

TC (Ehor)

ol ized vertical component of the Poynting vector is practically
Lo b by by o | constant in the whole ionosphere and always directed down-
0 0.5 1 1.5 2 b wards.
Frequency [Hz]

3 Discussion
Fig. 3. The transmission coefficient of the left-handed field-aligned

Alfv énic (L) wave horizontal magneti@) and electrigb) field at 3.1 Resonator properties
10:30 UT. The model ionosphere extends up to 2000 km.

Geomagnetic conditions were very quiet during the morn-
2.3 Model results ing hours on 2 December 1999. At that time the EISCAT

radar measured high electron densities around the F region
Figure 3 presents the frequency spectrum of the transmissiomaximum and a very smooth decrease in density at greater
coefficient of the horizontal component of the wave magneticheights. These ionospheric conditions led to a formation of
(a) and electric (b) field at 10:30 UT at Ivalo. As depicted in an ionospheric resonator with a fundamental frequency peak
Fig. 3, altogether six maxima exist below 2.0 Hz. The first of about 0.20 Hz. This is significantly smaller than the funda-
and highest maximum at aboyy = 0.20Hz corresponds mental frequency of about 0.5Hz found in our earlier study
to the fundamental frequency of the resonator and the fivavhen a substorm process strongly decreased the resonator
smaller maxima, located gy = 0.48Hz, f» = 0.80 Hz, dimensions (Mursula et al., 2000; Prikner et al., 2000). The
f3 = 1L12Hz, f4 = 1.44Hz andfs = 1.75Hz are corre- substorm effects on the ionosphere were discussed in terms
spondingly the first five harmonics. The TC maxima corre- of the formation of an ionospheric trough above the station
spond to frequency windows for EMIC waves to propagateobserving an IPDP (Interval of Pulsations with Diminishing
through the ionosphere to the ground. Note that the posiPeriod) wave event. The trough is formed during the sub-
tions and widths of these maxima are mostly determined bystorm by enhanced electric currents which lead to a plasma
the electron density profile. It is also important to note thatoutflow from the high altitude ionosphere and increase the
reasonable variations in the extrapolatégprofile do not O™ density gradient. As a result of this outflow the IAR fun-
practically affect the positions of TC maxima. damental frequency increases, in accordance with the simul-
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Fig. 4. Calculated harmonic frequencies of the resonator (horizontal lines) and the observed frequencies of the Pc1 bands (vertical lines) at
KIL station on 2 December at 10:00-1100 UT. The calculations were carried out on the basis of the EISCAT data sampling intervals with

AT = 5min. The input parameters (inciden} mode wave andmax = 2000 km) are the same as in Fig. 3.

taneously observed increase in IPDP frequency. Moreovering between the opposite hemispheres (Jacobs and Watan-
the increase in fundamental frequency naturally leads to arabe, 1964; Obayashi, 1965; Kenney and Knaflich, 1967).
increase in the harmonic frequencies. Thus, the harmoni¢lowever, it has been found that the ionospheric reflection
frequencies during the substormrelated IPDP event studie@s very small (e.g. Erlandson et al., 1992; Mursula et al.,
by Mursula et al., 2000 were located above 1.5 Hz, while2000) while a rather strong amplification would be neces-
four harmonics were found below 1.5 Hz in the present casesary in the source region in the standard bouncing model.
During quiet geomagnetic conditions, as studied here, theAccording to an alternative model that has obtained more ob-
plasma density decreases more slowly with altitude. Accord-servational evidence recently, long-period ULF waves (Pc3-5
ingly, such conditions give lower resonator frequencies thampulsations) modulate the equatorial plasma, leading to repet-
substorm conditions and quiet geomagnetic conditions favoitive enhancements in the Pcl intensity with a period of a
the formation of multiband Pc1 pulsations on the ground, asmodulating ULF wave (Rasinkangas et al., 1994; Plyasova-

indicated by the present study. Bakounina et al., 1996; Mursula et al., 1997; Rasinkangas
and Mursula, 1998; Mursula et al., 2000; Mursula et al.,
3.2 Multiband Pc1 pearls 2001). In this model, the classical tenet of the bouncing wave

packet model, the roughly alternate appearance of packets

As seen in Fig. 1, a multiband pearl Pc1 event was observed conjugate hemispheres, may be explained by antisymmet-
at IVA and KIL during about 30 min around 10:30 UT. The fic ULF wave modes. Note also that the ULF modulation
pearl bands were located At~0.68 — 0.85 Hz, f3~1.12 — operates more effectively in a region of large plasma den-
1.31Hz and atfs — 1.44 — 1.57 Hz. Pearls are the main Sity gradients. Therefore, both models naturally explain the
type of Pcl pulsations at low- and mid-latitudes (e.g. Be-Wwell-known preferred occurrence of Pcl pearls around the
nioff, 1960), showing often a close connection to the plasma-Plasmapause (Mursula et al., 2001). However, it is clear that
pause (e.g. Fraser et al., 1989; Erlandson et al., 1992; Murnore studies, both by ground and satellite observations, are
sula et al., 2001). It is worthwhile to note here that the Needed in order to re-examine these basic properties of pearl
pearl structure is generated in the magnetosphere, and n#ulsations.

in the ionosphere, for example due to the IAR operation. Let us next discuss the possible mechanisms producing
Conjugate studies where pearl events have been observed $he observed multiband pearls. A closer inspection of Fig. 1
multaneously on the ground and in the magnetosphere corshows that the pearl repetition period decreases with increas-
firm the view that the pearl structure is indeed generated inng band frequency. At about 10:20-10:45 UT, the average
the magnetosphere (Mursula et al., 2001). The traditionakepetition periods for bandg, f3 and f4 are about 1725,
model assumes that pearls are due to a wave packet bount21s, and 98s, respectively. As a rough estimate, the av-
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Fig. 5. The normalized altitude profiles of amplitudes of the magnetic field horizontal compBpgr(), the vertical componerByer (b),
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erage pearl dispersion around 10:30 UT for barfds f3 3.3 Correspondence of resonator harmonics and pearl Pcl
and f4 is about 2300 s/Hz, 1000 s/Hz and 800 s/Hz, respec- frequencies

tively (zero meaning no dispersion). In the bouncing wave

packet model, the decreasing repetition period with increasAssuming a dipole field and using the observed wave fre-
ing frequency can be explained by a shorter path length aguencies we can calculate the L shell of bgfado be some
lower L shells, where a higher magnetic field intensity yields 20% larger than that of bang. However, due to the con-

a higher ion gyrofrequency and, correspondingly, a highervergence of field lines this implies an ionospheric distance of
Pcl wave frequency. In the ULF modulation model, this is about 300 km between the footpoints of these waves. Taking
explained by the shorter ULF period at inner L shells. Theinto account the extremely quiet conditions, we can therefore
increasing pearl slopes (smaller dispersion) with increasingieglect the latitudinal change of the ionosphere and use the
frequency indicate, in both models, that the pearl dispersiorsame model ionosphere for all three wave bands. Moreover,
has less time to evolve on shorter field lines of the inner Lthe small difference in the wave inclination angle for calcu-
shells. Accordingly, these two observations suggest that théations can be neglected (it does not affect substantially the
three pearl bands are due to an ionospheric ducting of Pciransmission coefficient spectra).

waves from multiple sources, with thé(fs) band being As depicted in Fig. 4, the frequencies of the three Pcl
generated in the outermost (innermost) L shell. The formulabands were found to coincide well with the resonator har-
Lp = 5.6 — 0.46 Kpmax (Where Komax is the maximum I in- monics f» — f4 during most of the one-hour interval studied.

dex in the preceding 24 h) by Carpenter and Anderson (19927 his indicates that the resonator can act as a band-pass fil-
gives an approximate plasmapause locatign~L4.7 in the  ter, determining the frequencies of Pcl waves that can prop-
present case. This suggests that the source producing tl&gate to the ground. This result is in qualitative agreement
pearl bands is situated at equatorial latitudes lower than KILwith our earlier studies (Mursula et al., 2000; Prikner et al.,
(L =6.0) and IVA (L = 5.6). 2001, 2002), where we found that the Pc1/IPDP frequency
on the ground corresponds to the fundamental frequency of
the resonator. However, there the resonator harmonics did
On the other hand, multiband Pc1 activity can also be pro-not appear because of the effect of substorm activity on the
duced by magnetospheric heavy ions (mainly'Head O"). resonator.
Dynamic spectra of Pcl waves often show a gap in spectral Further evidence for the possible resonator effect can be
power just above each heavy ion gyrofrequency (Mauk et al.seen in Fig. 1. As already mentioned above, the Pcl in-
1981; Young et al., 1981; Kozyra et al., 1984). Theoretically, tensity during the one-hour interval is not the same over the
the wave growth is divided into separate branches divided bypand. This is true for both stations and all three bands. The
heavy ion gyrofrequencies. Assuming that the source conhigh-frequency{0.8 Hz) part of thef, band is significantly
taining heavy ions is located around=L 4.5 — 5.0, the ap-  stronger than the low-frequencyQ.7 Hz) part. In contrast,
proximate values of the equatoriattHHet and O gyrofre-  in the case of thefz(f4) band, the low-frequency1.15 Hz
guencies in this L range vary for'Hfrom 5.4Hz to 3.9Hz, (~1.45Hz) part of the band is more intense than the high-
for Het from 1.3 Hz to 1.0Hz, and for ©from 0.3Hz to  frequency~1.3 Hz (~1.55Hz) part. This indicates that the
0.2Hz. Since the frequencies of all three pearl bands areesonator suppresses that part of the band whose frequency
much higher than the calculated@yrofrequency in this L significantly differs from the respective harmonic frequency.
shell range, @ ions were not able to produce any of these Also, the weakness of the unstructured band at about 0.6 Hz
bands. (If the lowest bang> were produced by ©, the may be due to the fact that its frequency is only partly coin-
source should be at+3.5, which is unrealistically far in- cident with the IARf1 frequency.
side from the estimated plasmapause.) Assuming that the According to the bouncing wave packet hypothesis, pearl
source region is located around-b, the f> band could then  Pcl waves can only grow at those frequencies where the
be produced by He ions and thefs and f; bands by H ionospheric reflection coefficient (RC) has a maximum (e.g.
ions. On the other hand, if the source region is around LBelyaev et al., 1984, 1987; Feygin et al., 1994). However,
~4.5, the f» and f3 bands could be produced by Hand  as shown above, the frequencies of all the three pearl bands
f4 by H' ions. This implies that in this scenario bothHe correspond to a maximum of the modelled transmission co-
and H" ions would have been involved in the generation of efficient and, therefore, to a minimum of the reflection co-
the three bands. However, since the pearl repetition perioefficient. This gives further evidence to support our earlier
and dispersion systematically correlate with band frequencyyiew (Mursula et al., 2000), that the pearl generation can-
which cannot easily be explained in terms of heavy ions, wenot be explained in terms of the traditional bouncing wave
conclude that the multiband structure is probably due to thepacket model. Calculations (not shown here) indicate that
ionospheric ducting of waves from a radially wide multifre- even considerable changes in heavy ion concentration and
guency source in the equatorial magnetosphere. In order telope of the exponential decreaseNyfabove 600 km do not
fully solve the origin of this multiband event, satellite mea- significantly change the frequency spectra of TC and RC. In
surements of Pc1 waves would be needed from the equatoriarder to make a more detailed analysis, ionospheric (EIS-
magnetosphere (see related observations for another multiZAT) measurements up to about 2000 km during a Pc1 event
band Pcl event in Mursula et al., 2001). would be helpful.
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3.4 Normalized vertical profiles of wave characteristics  pearls grow at frequencies where the ionospheric reflection
has a maximum.
As observed in Fig. 5, all the wave modes are highly non-

monotonic with altitude, because of the nearly exponentiaIAckn0W|edgememg. K., R. K. and K. M. gratefully acknowledge
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