JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 102, NO. A8, PAGES 17,611-17,624, AUGUST 1, 1997
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Abstract. On April 11, 1986, at about 0600 UT a long Pc 1 wave event of the
hydromagnetic chorus type started on the ground, as registered by the Finnish
pulsation magnetometer network. The main pulsation band at about 0.3 Hz was
observed for several hours. Soon after start, this band smoothly extended to higher
frequencies, forming another separate wave band which finally reached up to 0.5 Hz.
During the event the Viking satellite was on its southbound pass over Scandinavia,
close to the MLT sector of the ground network. From 0650 until 0657 UT, Viking
observed a chain of Pc 1 bursts with increasing frequency. The strongest bursts
could be grouped into two separate wave regions whose properties differed slightly.
The higher-latitude region had a frequency of 0.3 Hz, well in agreement with the
main Pc 1 band on the ground. The lower-latitude region contained the highest
frequencies observed on the ground at about 0.5 Hz. The latitudinal extent of both
wave regions was about 0.5°. They had slightly different normalized frequencies,
Alfvén velocities, and repetition periods. Most interestingly, the repetition periods
of both wave sources were too short for the bursts to be due to a wave packet
bouncing between the two hemispheres. The results give new information about
the high-latitude Pc 1 waves, showing that they can consist of separate repetitive
but nonbouncing bursts. We suggest that the long-held bouncing wave packet
hypothesis is generally incorrect and discuss two alternative models where the burst

structure is formed at the equatorial source region of the waves.

1. Introduction

Energetic ions with temperature anisotropy are sub-
ject to the ion cyclotron instability and give rise to elec-
tromagnetic ion cyclotron (EMIC) waves [Brice, 1965;
Cornwall, 1965, 1966; Kennel and Petschek, 1966]. The-
se waves can, in favorable conditions, propagate to the
ground and be observed as Pc 1 pulsations [McPherron
et al., 1972; Bossen et al, 1976]. After their first obser-
vation in 1936 [Sucksdorff, 1936; Harang, 1936] the Pc
1 waves have been studied extensively on the ground
(for early reviews, see, e.g., Troitskaya and Guglielmi
[1967] and Saito [1969]) and later in situ by space obser-
vations, using low-altitude [e.g., Iyemori and Hayashi,
1989; Mursula et al., 1994a; Erlandson and Anderson,
1996], midaltitude [e.g., Taylor and Lyons, 1976; Er-
landson et al., 1990, 1992], geostationary [McPherron
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et al., 1972; Bossen et al., 1976; Rouz et al., 1982],
and high-altitude satellites [Kaye and Kivelson, 1979;
Anderson et al., 1992a, b; Fraser et al., 1996].

The different types of Pc 1 waves observed on the
ground have been classified according to their mor-
phological appearance in sonagrams (dynamic spectra)
[FPukunishi et al., 1981]. At low latitudes and midlati-
tudes the most common Pc 1 type is the pearl pulsa-
tion [Benioff, 1960], also called structured Pc 1, which
consists of clearly separate and regularly repeated wave
bursts or pearls. The generally accepted model of pearl
pulsations, which was already presented more than 30
years ago [Jacobs and Watanabe, 1964; Obayashi, 1965],
assumes that the pearls are due to a wave packet,
propagating along the magnetic field line and bounc-
ing from one hemisphere to another, with subsequent
losses at the two conjugate points being compensated
by wave growth at the equator [Criswell, 1969; Gen-
drin et al., 1971]. Different methods using ground-
based [Roth and Orr, 1975; Lewis et al., 1977; Webster
and Fraser, 1985] and satellite observations [ Taylor and
Lyons, 1976; Fraser et al., 1989; Erlandson et al., 1990,
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VIKING orbit 266; April 11, 1986
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Plate 1. Waveform (band-pass filtered for 0.2-0.8 Hz) and dynamic spectrum for (top) the
electric field E2 component (transverse to the magnetic field in spin plane) and (middle) for the
magnetic field 73 component (along spin axis, almost transverse to magnetic field). Waveform of
D component at IVA station (bottom) filtered in two frequency ranges (0.25-0.35 Hz and 0.5-0.6 -

Hz).

1992, 1996] locate the pearl Pc 1’s mainly inside but
close to the plasmapause where, because of the guid-
ance of waves by plasma gradients, appropriate con-
ditions for wave propagation and growth are expected
[Mazur and Potapov, 1983; Thorne and Horne, 1992}.
However, Pc 1 wave types other than pearl pulsa-
tions dominate the ground-based observations at high
latitudes above approximately L = 5 [Fukunishi et al.,
1981; Mursula et al., 1994b]. Also, satellite studies
show that very few structured Pc 1 waves are observed

at and beyond the geostationary orbit [Gendrin et al.,
1978]. Since the high-latitude Pc 1’s are not as clearly
structured as the pearl pulsations, they are sometimes
generically called unstructured pulsations. Note, how-
ever, that occasional pearls or other bursts of varying
intensity can appear among a more diffuse background
even in these Pc 1 types. This is true in particular for a
common high-latitude Pc 1 wave type called the hydro-
magnetic (HM) chorus [Fukunishi et al., 1981]. Satel-
lite observations show [Bossen et al., 1976; Anderson et
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al., 1992a) that EMIC wave occurrence at the equator
maximizes in the postnoon sector, with increasing prob-
ability of wave occurrence for increasing equatorial dis-
tance at least up to about L = 8. This is in agreement
with ground observations where maximum occurrence
of (mainly unstructured) Pc 1’s is found at auroral lat-
itudes [Troitskaya and Guglielmi, 1970]. Moreover, the
diurnal MLT distribution of unstructured Pc 1 waves
on the ground coincides with that of equatorial EMIC
waves [Mursula et al., 1996]. Accordingly, the spatial
distributions of structured and unstructured pulsations
are rather different. The former prefer the plasmas-
phere, and the latter prefer the plasmatrough (plasma
sheet) region.

The repetition period of pearls on the ground is typ-
ically a couple of minutes. Ground-based Pc 1 pearl
observations depict a fair correlation between the pearl
repetition rate 7 and wave period ¢ [see, e.g., Troitskaya
and Guglielmi, 1967] with a proportionality constant of
about 100 (when the times are given in seconds). The
pearl repetition period has also been estimated from a
number of satellite studies where repeated Pc 1 bursts
were observed. For example, Fraser et al. [1989] ob-
served repetition periods from 135 s to 160 s for a struc-
tured Pc 1 wave at frequency f = 0.65 Hz and source
region at L = 4.7. Erlandson et al. [1996] obtained
a repetition rate of 154 s at f = 0.6 Hz and L = 5.3.
Somewhat shorter repetition periods (T = 55-60 s) and
higher frequencies (f = 1.5 Hz) were observed by Er-
landson et al. [1992] at lower latitudes (L = 4). In
all these cases the above relation between the two pe-
riods holds reasonably well. In spite of this success the
results do not prove the bouncing wave packet (BWP)
hypothesis but only verify the experimental consistency
between satellite and ground wave observations. In or-
der to have strong support for the BWP model the ob-
served repetition periods should be the same as those
calculated theoretically. However, the theoretical esti-
mates are greatly dependent on various plasma parame-
ters, in particular, the amount and distribution of equa-
torial heavy ions which strongly affect the wave group
velocity when the wave frequency is close to a heavy ion
gyrofrequency [Fraser, 1972; Ludlow and Hughes, 1993].
Erlandson et al. [1992] calculated that, for example, a
change in latitudinal width of equatorial cold helium
ions from 1° to 10° increased the repetition time by
a factor of 2. Furthermore, Ludlow and Hughes [1993]
showed that the temperature (warm plasma) effects can
significantly change the repetition period compared to
the cold plasma estimate. Therefore the theoretical cal-
culations cannot give a sufficiently accurate estimate in
order to give firm evidence for the BWP hypothesis.

Several studies have investigated the direction of prop-
agation of waves in the magnetosphere. A common
method has been to calculate the wave Poynting flux.
This has been used for near-equatorial [Mauk and Mc-
Pherron, 1980; LaBelle and Treumann, 1992; Fraser et
al., 1996] as well as midaltitude [Erlandson et al., 1990]
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observations with the result that most flux is directed
away from the equator into the ionosphere. The same
result was obtained by Erlandson et al. [1996] using the
lag of the cross-correlation function of waves observed
in space at midaltitudes and ground. Furthermore, Fr-
landson et al. [1990] found that the waves at midalti-
tudes were propagating nearly in the direction of the
background magnetic field, suggesting that the wave
source was at a higher altitude along the field line. In
the bouncing wave packet hypothesis the observation of
downward propagating Pc 1 waves is reconciled by ar-
guing that while the wave energy is mainly directed into
the ionosphere, a sufficiently large fraction of waves are
reflected back toward the equator. However, Eriand-
son et al. [1992] found that especially during the most
intense Pc 1 pearl waves the amount of reflected wave
power was quite small, less than about 10-20%.

In this paper we present the firsts results of a de-
tailed analysis of a HM chorus type Pc 1 wave event
observed in the magnetosphere at midaltitudes by the
Swedish Viking satellite and on the ground by the
Finnish search-coil magnetometers at Kilpisjarvi (KIL),
Ivalo (IVA), and Rovaniemi (ROV) (see Table 1 for co-
ordinates of the stations). The event started on April
11, 1986, at about 0600 UT, and Pc 1 wave activity
lasted as a nearly continuous band on the ground until
about 1400 UT. Roughly 1 hour after the start of the
event the Viking satellite was on its southbound pass
(orbit 266) over Scandinavia at the altitude of about
13000 km in the late morning sector at 09 MLT. The
ionospheric footpoint of the satellite was close to the
Finnish network. (See Figure 1 for Viking footpoint lo-
cation. For a review of the Viking satellite, see Hultquist
[1987].) In the next section we will present the wave ob-
servations at Viking and on the ground. In section 3 we
will discuss the large-scale evolution of the event, which
led to the Viking observation of two separate and differ-
ent Pc 1 wave source regions. Several detailed proper-
ties of these sources (e.g., normalized frequencies, am-
plitudes, Alfvén velocities, latitudinal widths, and rep-
etition periods) are derived from Viking observations.
Both wave regions consist of separate bursts repeated
at a fairly short and nearly equal repetition period. We
will argue that the bursts cannot be due to a bouncing
wave packet and discuss some alternatives to the BWP
hypothesis. Finally, section 4 presents our summary
and conclusions.

2. Observations

2.1. Viking Observations

From 0650 until 0657 UT several bursts of Pc 1 activ-
ity were seen in both electric and magnetic field mea-
surements. Plate 1 depicts the waveform (filtered in
view of better visibility for relevant frequencies from
0.2 to 0.8 Hz) and the dynamic spectra for one elec-
tric component (E2, perpendicular to the ambient mag-
netic field) and one magnetic component (73, perpen-
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Figure 1. The track of the ionospheric footpoint of the
Viking satellite over Fenno-Scandia during the event.
The Viking wave observations were constrained between
the two times marked in the figure by crosses. The
three Finnish stations Kilpisjarvi (KIL), Ivalo (IVA),
and Rovaniemi (ROV) are marked by circles. Latitudes
and longitudes are geographic.

dicular to electric field and almost perpendicular to am-
bient magnetic field; magnetic components are residuals
where a model value has been extracted from the ob-
served field). Viking was in a cartwheel spinning mode,
measuring two components of electric field in the spin
plane, one mainly field-aligned, the other perpendicular
to the ambient magnetic field. During the time of Pc
1 wave observations, Viking was headed equatorward,
crossing invariant latitudes from L = 6.3 to L = 5.6 at
about 09 MLT.

The eight separate wave bursts (B1-B8) observed by
the electric field were numbered in order of detection
in Plate 1. The largest five bursts among these are
grouped in two separate wave regions: the first one at
about 0650-0651 UT consisting of B1 and B2 with a
low wave frequency of about 0.3 Hz, and the second
one consisting of B6, B7, and B8 at about 0655-0657
UT with a higher wave frequency of about 0.5 Hz. We
will thus call the first region the low-frequency wave
source and the second region the high-frequency source.
Between these two regions of large amplitude bursts a
few weaker wave bursts are observed. Of these, B3 has
a fairly high amplitude but a very short duration. It
has a similar frequency as waves of the high-frequency
source, which appear slightly later. Bursts 4 and 5 are
rather weak. The frequency of B4 is slightly above that
of the low-frequency source, and B5 has a frequency
of about 0.4 Hz, clearly between the frequencies of the
two main sources. Accordingly, there is indication of
a weak third source of Pc 1 waves, which we will call
the intermediate-frequency source. Note that neglect-
ing B3, the frequency of wave bursts observed by Viking
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increases continuously as the spacecraft flies from high
to low latitudes.

Some wave bursts are less clearly observed in the
magnetic field than in the electric field (see Plate 1).
"This is mainly due to the relatively lower sensitivity of
the magnetic field sensor for detecting waves of such
a small amplitude from the fairly large background
magnetic field at Viking altitude. (The viability of
the Viking magnetic field instrument to observe EMIC
waves was earlier demonstrated by Erlandson et al.,
[1990].) Accordingly, the magnetic field amplitudes of
the bursts in Plate 1 are rather low in comparison to
background noise. Nevertheless, bursts 2, 3, 6, and 7
are strong enough to stand out even in the waveform of
the magnetic r3 component. Furthermore, the magnetic
field spectrogram (Plate 1) shows a quite similar overall
pattern as the electric field and verifies that these four
bursts have the same frequencies in the magnetic and
electric fields. (The same results were obtained for the
other perpendicular magnetic component (72), where
some of the bursts, e.g., B2 and B8, are seen even more
clearly than in r3. However, since the corresponding
electric component (E3) is not available, we do not use
the 72 component in the paper.) Therefore the mag-
netic field amplitudes of these bursts are large enough
to be considered reliable measurements of the magnetic
component of corresponding Pc 1 waves. Finally, we
already note that (see Plate 1) the largest electric am-
plitudes are found for the low-frequency source, but the
largest magnetic field amplitudes are found for the high-
frequency source. A more accurate analysis of this and
other differences between the two main wave sources is
postponed to section 3.

2.2. Ground-Based Observations

Plate 1 also includes the waveform of the D compo-
nent observed at the IVA station simultaneously at the
time of the Viking Pc 1 wave bursts. The IVA wave-
form was band-pass filtered in two frequency ranges
(0.25-0.35 Hz and 0.5-0.6 Hz) around the frequencies
of the two Viking wave sources so as to increase the
correspondence between ground and Viking for bursts
from the two sources. Plate 1 shows that the ground
signal was modulated at roughly the same period as ob-
served by Viking. (This is more clear for the stronger
low-frequency signal). In a detailed comparison, for
example, the two Viking low-frequency bursts match
well with the two bursts observed at IVA some 15-20
s later. The higher-frequency signal is much weaker
and therefore more noisy, but even there, during the
Viking high-frequency bursts a sequence of bursts is
observed with repetition period and time delay in rea-
sonable agreement with Viking observations. The over-
all time delay of ground bursts corresponds well with
the expected time delay for waves propagating from
Viking to ground. Such a correlation between Viking
and ground bursts verifies, for example, that the bursts
observed by Viking are temporal rather than spatial.
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In a larger timescale, Figure 2 depicts the dynamic
spectra at three Finnish stations in an isocontour line
presentation from the start of the event prior to 0600
UT until after 0900 UT. As seen in Figure 2, the three
ground stations observe a nearly continuous band of
waves with maximum power at about 0.3 Hz for most of
the nearly 4 hour time interval depicted. This frequency
range corresponds well to the low-frequency wave source
observed by Viking. We have studied this question in
more detail by calculating power spectra for the three
ground stations and the Viking electric field at specific
time intervals: Figure 3a and 3b depict power spectra at
the time when Viking observed the low-frequency and
high-frequency wave source, respectively, and Figure 3¢
corresponds to a later time after the Viking flyby. Fig-
ure 3a shows that all three ground stations have a power
maximum at about 0.3 Hz, in good agreement with
the frequency of the simultaneous Viking low-frequency
source. Note also that during the observation of the
low-frequency waves, Viking was at a slightly higher in-
variant latitude than KIL, the highest-latitude station
of the chain. Figure 3a shows that the wave power of
the 0.3 Hz maximum decreases with decreasing latitude
of the station, with KIL having the largest power and
ROV having the smallest. This also suggests that the
low-frequency source was closest to the L shell of the
KIL station.
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Figure 2. The dynamic spectra of the H component
registered at KIL, IVA, and ROV showing Pc 1 waves
with frequency between 0.3 Hz and 0.5 Hz. The am-
plitude is given as isocontour lines with 6 dB per step.
(The narrow weak line in the ROV spectrum just above
1 Hz is due to a perturbation.)
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The low-frequency source is seen as a corresponding
maximum in the ground station power spectra even
at later times, for example during the Viking high-
frequency wave observations (Figure 3b) and after the
Viking flyby (Figure 3c). Note that the power of the
low-frequency source at KIL stays almost invariant for
the times plotted in Figure 3, demonstrating the great
stability and persistence of the low-frequency source.
The low-frequency power at the two lower-latitude sta-
tions (IVA and ROV) varies somewhat more but re-
mains the same within a factor of 2 between Figure
3a and 3c. (At the time of Figure 3b the low-frequency
source is divided into two peaks, which excludes straight-
forward comparison.)

Figure 3 shows that the Viking intermediate-frequ-
ency source at about 0.4 Hz is also observed on the
ground. This wave source is seen as a separate maxi-
mum at about 0.4 Hz in the power spectra of the two
lower-latitude stations at all the times plotted in Fig-
ure 3. The intermediate-frequency source is weakly seen
even at KIL, either as a small spectral peak (Figure 3a
and 3c) or as a spectral knee (Figure 3b). In particular,
during the Viking flyby (Figure 3a and 3b) the power
of intermediate-frequency waves is clearly strongest at
the IVA station. Furthermore, Figure 3b shows that
the power of the intermediate peak at IVA greatly ex-
ceeds that of the low-frequency source. These facts im-~
ply that the intermediate-frequency source is, at this
time, located at a lower latitude than the low-frequency
source, closest to the L shell of IVA station. Overall,
the power of the intermediate-frequency source at the
lower-latitude stations varies roughly by a factor of 4-5.

It is also interesting to note that the Viking high-
frequency (0.5 Hz) wave source is only observed as a
simultaneous spectral knee at the three ground sta-
tions (Figure 3b). (A similar knee is observed on the
ground in Figure 3a prior to the Viking observation of
this source.) However, there is clear evidence that the
spectral power of the Viking high-frequency source is
increasing with time at all three stations. This is partic-
ularly visible after the Viking flyby in Figure 3c, where
the related power is enhanced by a factor of 3-5 with
respect to Figure 3a and 3b and the spectral knees in
Figure 3a and 3b have turned to small spectral peaks
at 0.5 Hz in Figure 3c. This development is also seen in
the dynamic spectra of Figure 2 as a continuous exten-
sion of the spectrum toward higher frequencies during
the event. (This will be discussed more in the next
section.)

We have also included in Figure 3 the values of the
equatorial helium gyrofrequencies calculated for each
station corresponding to the conditions during the event
(see also Table 1). The gyrofrequencies of [IVA and ROV
stations are clearly but not very far above the 0.3-0.5 Hz
frequency range, where main wave power is observed.
Note that a sharp dropout in wave power is observed at
all stations close to the KIL gyrofrequency in Figure 3a.
As higher frequencies are further enhanced later in time
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Figure 3. Power spectra of Viking E field (upper solid line) and the H component of three
ground stations KIL (lower solid line), IVA (dashed), and ROV (dotted) for (a) 0650-0652 U'T,
(b) 0655-0657 UT, and (c) 0716-0718 UT. The power of the IVA (ROV) station has been scaled
down by 10 (100) with respect to KIL. The equatorial He™ gyrofrequencies of the stations (given
in Table 1) are noted in each plot as vertical ticks on the z axis.

(Figure 3b and 3c), this dropout becomes more diffuse
and moves to a slightly higher frequency between the
KIL and IVA gyrofrequencies.

3. Discussion
3.1. Large-Scale Evolution of Wave Sources

The period of observations studied in this paper was
very quiet geomagnetically, and Kp was 14 during the
3 hour interval from 0600 to 0900 UT. Dst was about
-25 nT after a minor storm (minimum -50 nT) that oc-
curred during the previous day. This indicates that a
considerable amount of energetic ions existed in the ring
current during the observations. Furthermore, a con-
siderable substorm with an AFE index reaching nearly
500 nT occurred at 0400-0500 UT. This caused a small
decrease in Dst at 0500 UT, indicating a new enhance-
ment of the ring current by substorm particles. The
Pc 1 wave activity studied here started soon after this
additional ring current enhancement.

As mentioned above, the energy for EMIC waves is
supplied by energetic ions with temperature anisotropy

(TL > Ty) [Brice, 1965; Cornwall, 1965, 1966; Ken-
nel and Petschek, 1966; Mauk and McPherron, 1980;
Young et al., 1981]. The ions are also drifting around
the Earth on some range of L shells. The main drift
shell of ions producing the low-frequency EMIC waves
was, at least over this 2 hour MLT range in the late
morning sector, at about L = 6.1-6.3, as determined by
Viking (see Plate 1). As seen above (Figures 2 and 3),
the low-frequency wave source was quite stable, attain-
ing a comparable high power for more than 2 hours.
Given the above mentioned connection between waves
and ions, the stability and persistency of low-frequency
waves on the ground must reflect the similar stability of
source ions. Low geomagnetic activity during the event
suggests that no major changes occurred in the mag-
netospheric structure. Accordingly, ion drift conditions
remained fairly stable, leading to a smooth evolution of
wave activity on the ground.

In addition to the low-frequency band at 0.3 Hz, there
were waves even at higher frequencies. As depicted in
Figure 2, waves above the low-frequency band appeared
soon after the start of wave activity on the ground, and

Table 1. Data of Three Finnish Search-Coil Magnetometer Stations

Geographic Corrected Geomagnetic L MLT at Equatorial
Station  Latitude Longitude Latitude Longitude Value 0650 UT  fy(He™), Hz
Kilpisjarvi 69.0 20.9 65.9 105.3 6.0 0904 0.49
Ivalo 68.7 27.3 65.0 109.8 5.6 0923 0.58
Rovaniemi 66.8 25.9 63.4 107.3 4.7 0913 0.82

Here f,(He'), equatorial He® gyrofrequency.
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by 0620 UT they already formed a separate spectral
maximum, i.e., a separate wave band. This second band
was continuously and smoothly extending to higher fre-
quencies during the whole time of its existence until a
decrease in intensity after 0720 UT. This band includes
the intermediate-frequency (0.4 Hz) waves observed, for
example, during the Viking flyby (Figures 3a and 3b)
and the high-frequency (0.5 Hz) waves slightly later.
The existence of this second band and its continuous
extension to higher frequencies can be understood by a
radially inward spreading or diffusion of energetic ions
to lower L shells with a higher magnetic intensity and
ion gyrofrequency. The common origin of the two wave
bands and their smooth separation suggests that the
ions producing the second band are originally part of the
ion population responsible for the low-frequency band.
When moving to lower L shells, increasing plasma den-
sity can lower the critical ion energy [Gendrin et al,
1971] and thus enhance wave growth at the leading edge
of the spreading ion cloud. This can explain why Viking
observes two separate wave bands with minor wave ac-
tivity in between, rather than one band with a large
frequency spread and equally distributed wave power.

The second band and its development is most clearly
seen at the IVA station, where its intensity was roughly
equal to the intensity of the low-frequency band for a
long time (see Figures 2 and 3). In particular, during
the Viking flyby (Figures 3a and 3b) the power of the
second band was clearly higher at IVA than at KIL or
ROV. This verifies that by this time the source region
of the second band was located equatorward of the low-
frequency band, closest to the IVA station. Somewhat
later, soon after 0700 UT the second band attains its
highest power at ROV (see Figures 2 and 3c). This de-
velopment gives further evidence that the source region
of the second band was really moving to lower latitudes
during the event.

3.2. Frequencies of Viking Wave Bursts

As already mentioned (see also Plate 1), the fre-
quency of all Viking wave bursts except for B3 in-
creased with decreasing latitude of the satellite. This
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is, of course, expected because of the higher value of the
equatorial magnetic field and the higher equatorial ion
gyrofrequency at lower latitudes. We have tabulated
in Table 2 some properties of four of the main Viking
bursts (B2, B3, B6, and B7). The frequencies (denoted
by f) of all bursts are below the calculated equatorial he-
lium gyrofrequency f,(He™) [Tsyganenko, 1989]. This
frequency range corresponds well to the wave growth re-
gion between oxygen and helium gyrofrequencies, which
is favored when a nonnegligible amount of He™ ions ex-
ists [ Kozyra et al., 1984, and references therein]. On the
basis of earlier Viking Pc 1 wave observations, Erland-
son et al. [1990] found that in the L value range from
L = 4.5 to about L = 8 (including the present case),
waves were generated both above and below the cor-
responding equatorial helium gyrofrequency. However,
at higher (lower) L the waves were found dominantly
above (below) the helium gyrofrequency. Gomberoff
and Neira [1983] noted that in the case of a large tem-
perature anisotropy the waves are preferably produced
above the helium gyrofrequency. This suggests a mod-
erate anisotropy of about A ~ 1 in the present case.
Horne and Thorne [1994] calculated the wave growth
in the outer magnetosphere and found great differences

* in the unstable frequency for different density condi-

tions at different MLT sectors. Our observation in the
prenoon sector agrees with their result of enhanced wave
growth below f,(He™) at dayside.

Note also that the frequency of the bursts increased
somewhat faster with decreasing latitude than with the
calculated He™ gyrofrequency, thus leading to the ob-
servation that the normalized frequency f/f,(He™) of
the low-frequency source was slightly lower (about 0.6)
than that of the high-frequency source (about 0.8). Of
course, this result suffers from problems related to field
line mapping and is based on small statistics. How-
ever, taken at face value, this observation may sound
somewhat surprising, and it is interesting to study pos-
sible causes of the difference. Therefore we calculated
the wave growth rate for reasonable plasma parameter
values (at the equator where EMIC waves are gener-
ated) and its variation as a function of invariant lati-

Table 2. Properties for Four Viking Pc 1 Wave Bursts

B2 B3 B6 B7
UT 0651:00 0652:20 0655:30 0656:10
L 6.2 6.1 5.8 5.7
f, Hz 0.28 0.49 0.46 0.51
fo(He™), Hz 0.46 0.50 0.58 0.59
f/fq(He™) 0.61 0.98 0.79 0.86
A(E2)pp, mV/m 6.8 5.1 5.0 5.3
A(B3)pp, nT 2.4 3.1 4.6 4.1
Va, km/s 2800 1600 1100 1300

Here f, wave frequency; f,, equatorial Het gyrofrequency; f/f,, fre-
quency ratio; A(E2), electric field amplitude; A(B3), magnetic field ampli-

tude; Va, Alfvén speed.
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tude, while keeping the plasma parameters fixed. (A
change in L value leads to a corresponding change in
magnetic field intensity in the dipole model.) For ex-
ample, for a mixture of cold plasma (90% protons, 10%
helium, density 50 cm~3) and warm ions (99% protons,
1% helium, density 1 cm~3, perpendicular temperature
50 keV, anisotropy A = 1) we found that the normal-
ized frequency attains the value of 0.6 at about L = 6,
which agrees very well with the observed normalized
frequency of the low-frequency waves. Even more in-
terestingly, the normalized frequency increases with de-
creasing invariant latitude and, for the above-mentioned
parameter values, explains about half of the observed
increase in normalized frequency between the two main
wave regions. Moreover, the same qualitative behavior
was observed for a large range of reasonable parameter
values, not only for those mentioned above. Accord-
ingly, the observed increase in normalized frequency is
indeed expected and can be understood without sizable
changes in plasma environment between the two main
wave regions.

As an additional exercise, we also studied the varia-
tion of the normalized frequency as a function of some
equatorial plasma parameters. For example, there is
hardly any change in normalized frequency when the
density of energetic ions is varied in a reasonable range
of values (but keeping other plasma parameters and L
shell fixed). However, increasing equatorial cold plasma
density will decrease the normalized frequency, but the

change is very slow. In order to counteract the above

mentioned increase of normalized frequency with de-
creasing latitude, equatorial plasma density of the high-
frequency waves should be about 10 times larger than
that of the low-frequency waves. Given the short dis-
tance between the two wave regions, such a large change
is not expected.

More interestingly, we found that the normalized fre-
quency increases when the perpendicular temperature
of the energetic ions decreases. A change of tempera-
ture from 50 keV to about 20 keV can alone explain the
observed increase of the normalized frequency from 0.6
to 0.8. Taking the decrease of the L shell into account,
even a smaller decrease in temperature is sufficient to
explain the whole change. Therefore the observed in-
crease in normalized frequency suggests that the ener-
getic ions have indeed lost some energy into waves be-
fore reaching the lower latitudes of the high-frequency
wave region. Note that the same mechanism, i.e., a
gradual loss of ion energy during the event, can also
explain the finite duration of the high-frequency wave
band. This mechanism would imply that the ampli-
tude of the second band decreases unless other factors
compensate the effect. However, while moving to lower
latitudes, the increasing cold plasma density could act
as such a compensating factor, since wave growth in-
creases with increasing plasma density [Cornwall, 1965;
Gendrin et al., 1971]. Therefore the second band may
have a considerable power for some time even at quite
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low latitudes, in agreement, for example, with the large
power of the ROV station in Figure 3c. This is also in
agreement with the above mentioned view that waves
are enhanced at the equatorward edge of the expanding
ion cloud, leading to two distinct wave bands with only
minor activity between these two regions.

3.3. Amplitudes and Alfvén Velocities of
Viking Wave Bursts

Table 2 also depicts the electric and magnetic field
amplitudes of the four Viking wave bursts. As already
noted above, the Viking electric and magnetic fields
seem to vary differently, the former slightly decreas-
ing and the latter sizably increasing with decreasing
latitude. Accordingly, the electric F2 component of
the low-frequency waves (e.g., B2) is somewhat larger
than that of the high-frequency waves (e.g., B6 and B7),
while the reverse is true for the corresponding magnetic
r3 component. We have calculated the ratio of these
orthogonal electric and magnetic components in order
to obtain a rough estimate for the local Alfvén velocity.
(Actually, this estimate requires field-aligned propaga-
tion of waves. Since the waves were observed at rather
high magnetic latitudes, far away from their equato-
rial source region, they are most probably class I waves
which prefer field-aligned direction, see, e.g., Rauch and
Rouz [1982]. Also, the fact that the two wave frequen-
cies correspond well to the field-aligned calculated equa-
torial He' gyrofrequencies supports this assumption.)
Alfvén velocity decreases from above 2500 km /s for low-
frequency waves to below 1500 km/s for high-frequency
waves. Unfortunately, these estimates are undermined
by the lack of the other perpendicular electric field com-
ponent. Furthermore, the magnetic 72 component (not
shown), which corresponds to the missing electric com-
ponent, displays somewhat different relative amplitudes
for the various bursts than the r3 component, imply-
ing changes in wave polarization. Therefore, although
the overall range of the observed Alfvén velocities is
reasonable, the present estimates cannot be taken too
rigorously.

However, despite the caveats noted above, it is inter-
esting to study how the difference in local Alfvén veloc-
ity between the two wave regions could be explained.
Alfvén velocity is proportional to magnetic field den-
sity and inversely proportional to the square root of
plasma mass density. During the Pc 1 wave observa-
tions, Viking was flying to lower latitudes at a slowly
decreasing altitude such that magnetic field intensity
remained almost constant during this time, decreasing
by less than 1%. Thus a change in magnetic field inten-
sity is far too small to explain the observed decrease.
However, plasma (mass) density is expected to increase
both toward lower latitudes and lower altitudes, and
the rate of change can be considerably faster than for
the magnetic field. This offers the possibility that the
local plasma mass density indeed increased between the
two wave sources, leading to the observed decrease in
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Alfvén velocity. Thus a decreasing value of Alfvén ve-
locity along the Viking orbit is expected and can be un-
derstood in terms of general magnetospheric conditions.
Moreover, using the measured magnetic field intensity
(about 1650 nT) and the above calculated Alfvén ve-
locity, one can get a rough estimate of the local mass
density. Assuming the plasma consists mainly of pro-
tons, the number density is about 320 cm 3 for Alfvén
velocity of 2000 km/s. While this estimate is in the
generally correct order of magnitude, it may vary by
a factor of 3 around this value for the range of Alfvén
velocities mentioned above.

3.4. Burst Durations and Latitudinal Width of
Wave Regions

As already discussed above, the Viking electric field
instrument observed two intense bursts (Bl and B2)
of the low-frequency source and three bursts (B6-B8)
of the high-frequency source. The durations of the
two low-frequency bursts were roughly similar, about
40 s. However, the high-frequency bursts were slightly
shorter, and their duration varied by a factor of 2.
The shortest burst (B7) was about 20 s long, and the
longest (B6) was about 35 s. (Note also that the am-
plitude envelope of the low-frequency bursts changed
more smoothly than that of the high-frequency bursts.)
Nevertheless, the average burst duration observed now
is close to that of a sequence of Pc 1 pearls detected
by Viking at the same altitude and MLT sector but at
somewhat lower latitudes [Erlandson et al., 1992]. As a
comparison, it is interesting to note that on the basis of
observations from satellites at different altitudes the av-
erage duration of EMIC wave bursts seems to increase
with altitude from about 5-10 s at a low ionospheric
orbit [Iyemori and Hayashi, 1989], to 10-25 s above the
main ionosphere [Mursula et al., 1994a], and to 30-40
s at the Viking altitude. In a recent statistical survey
by DE 2 at an altitude of 300-1000 km, Erlandson and
Anderson [1996] observed wave durations from a few
seconds to above 60 s, with a median of 14 s.

The two low-frequency bursts (B1 and B2) were lo-
cated at L = 6.2 and covered (from start of B1 to end
of B2) an L shell range of about 0.18-0.20. This corre-
sponds to an invariant latitude range of about 0.4°-0.5°.
Interestingly, nearly the same value (0.5°) is found also
for the high-frequency wave region consisting of three
bursts (B6-B8). This common estimate for the latitudi-
nal width of the two main EMIC wave regions observed
by Viking is in excellent agreement with the earlier re-
sult obtained at lower altitudes by the Freja satellite
[Mursula et al., 1994a]. There, because of the lower al-
titude of the Freja satellite only single Pc 1 bursts were
observed during a passage through a wave region, and
the latitude range was derived from the variation of the
burst duration as a function of the geomagnetic incli-
nation of the satellite orbit. Accordingly, the present
results give independent and more direct evidence for
the previously obtained value and verify the estimate
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for waves observed at higher altitudes. (We would also
like to note that both the previous Freja and the present
Viking estimates were obtained during geomagnetically
quiet times.) In the present event, more than one burst
is observed for both wave regions, and the burst repe-
tition period can be derived for both (see later). If no
information about the repetition period exists and only
one burst is observed in a wave region, the accuracy
of the estimate for the latitude width remains undeter-
mined. This was the case in the earlier low-altitude
method [Mursula et al., 1994a], where only statistical
arguments could be given in order to exclude the pos-
sibility that additional wave bursts might have been
missed. Moreover, the burst repetition period observed
now 1is quite short, which makes the latitude width es-
timate fairly accurate. Accordingly, the present results
strongly support the view that the EMIC waves are, at
least during geomagnetically quiet times, concentrated
to latitudinally fairly narrow shells. (They may, how-
ever, be longitudinally much more extended.)

The observed latitudinal width may reflect condi-
tions at the equatorial source region or those during
wave propagation from the source toward lower alti-
tudes. The latter may include, for example, density
gradients forming suitable ducts for wave propagation
[Mazur and Potapov, 1983; Thorne and Horne, 1992].
Equatorial density enhancements may also exist, which
restrict the wave occurrence to the observed narrow lati-
tude width. However, in both models it is quite difficult
to explain the two simultaneous Viking sources with
similar widths, since a rather fortuitous plasma distri-
bution is needed. Furthermore, the temporal evolution
of the high-frequency source would require an appropri-
ate motion of the density enhancement, while the other
enhancement of the low-frequency source stays constant
for several hours.

Another possibility is that the latitude width is de-
termined by the radial width of the energetic ion popu-
lation at the equatorial source region of waves. Taking
the equatorial magnetic field value of about 130 n'T,
the Larmor radius of a 100 keV proton is about 0.06
Re. Thus, the obtained latitude width of about 0.2
L corresponds to only a few equatorial Larmor radii of
protons of appropriate energy. Moreover, the equatorial
distance between the two wave sources (from L = 6.2
to L = 5.6) is about ten Larmor radii long. This would
suggest that each wave band is produced by a rather
localized and coherent group of ions.

3.5. Burst Repetition Period

Let us now study the time differences between the
various Viking bursts. We will call the time difference
between two subsequent bursts of the same frequency
the repetition period of the respective wave source. As
we will argue in this section, this is not the repetition
period of one and the same wave packet bouncing be-
tween the two hemispheres. The repetition period of
the low-frequency source (B1-B2) was estimated with
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different methods, which gave values varying between
42 s (from burst half widths) to 45 s (from amplitude
peak to peak). The repetition time estimated from the
lag of the autocorrelation function maximum was 44
s. Accordingly, all these estimates agree within a cou-
ple of seconds at T(low f) = 43-44 s. The two rep-
etition periods obtained from the three bursts of the
high-frequency source were somewhat different, about
45 s (B6-B7) and 35 s (B7-B8), giving an average rep-
etition period of about 40 s. Moreover, the maximum
autocorrelation for bursts B6-B8 was obtained with a
lag of about 42 s. Thus the repetition period of the
high-frequency source was about T'(high f) = 40-42 s,
i.e., a few seconds shorter than that of the low-frequency
source.

The field line lengths of the low- and high-frequency
wave regions are about 15 R, and 13.5 R., respectively.
(Very similar values were obtained both from the dipole
model and the Tsyganenko [1989] model. Note that the
late morning MLT sector, moderate invariant latitude,
and low geomagnetic activity suggest fairly dipole-like
field lines.) If one would assume that the two low-
frequency bursts are due to one wave packet bouncing
between the two hemispheres along the field line, one
obtains, using the above estimate for the burst repeti-
tion period, an average propagation velocity of about
4400-4500 km/s. Similarly, the average velocity of
the bouncing wave packet producing the high-frequency
waves should be about 4200-4400 km/s. (Note that ac-
cording to the BWP model the Viking bursts should
contain both downgoing and upcoming waves which,
however, cannot be resolved in the waveform because of
the low satellite altitude and high wave speed. There-
fore the burst repetition periods derived above corre-
spond to the full length of the field line rather than just
the portion above Viking.)

These values are clearly far above any estimates for
the propagation speeds of ion cyclotron waves in the
magnetosphere. Also, they are considerably higher
than the estimates for local Alfvén velocity derived
above. The above BWP estimate is the average prop-
agation speed over the whole path, but local velocities
vary. Theoretical estimates of the local Alfvén velocity
suggest that the velocity decreases at altitudes above
Viking but increases at lower altitudes, reaching a max-
imum at the altitude of a few thousand kilometers and
then rapidly decreasing (see, e.g., Leonovich and Mazur,
1991; R.L. Lysak, Propagation of Alfvén waves through
the ionosphere, submitted to the Journal of Geophysi-
cal Research, 1997). Accordingly, the local Alfvén ve-
locity measured at Viking gives an upper limit for the
Alfvén velocity at altitudes above the spacecraft and a
lower limit below it (until the maximum). For a wave
packet bouncing back and forth between the two hemi-

spheres the part of the propagation path at altitudes

below Viking is only about one third (4 times Viking to
ground; about 8-10 R.) of the whole propagation path.
Thus the effective overall velocity below Viking alti-
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tude should be correspondingly higher than the Alfvén
velocity measured at Viking. However, we noted in sec-
tion 2.2 that the Viking bursts were observed on ground
some 15-20 s later than at Viking. This gives an average
propagation speed of about 800-1100 km/s for the path
from Viking to ground, i.e., even smaller than the local
Alfvén velocity at Viking. This value is also in good
agreement with a recent similar estimate by Erlandson
et al. [1996], who derived the Pc 1 wave transit time
from Viking to ground to be 12 + 2 s (corresponding
to average propagation speed of 1000-1100 km/s) at a
similar altitude and only slightly lower L. Assuming the
effective propagation speed at altitudes below Viking
to be about 1100 km/s implies that the wave spends at
least 48 s at these low altitudes, i.e., longer than the ob-
served burst repetition period, leaving no time for prop-
agation at altitudes above Viking. This result is a clear
contradiction with the BWP hypothesis. Moreover, as
noted above, the Alfvén velocity is expected to decrease
above Viking. Using the measured Alfvén velocity of
the Viking low-frequency source implies that the wave
spends at least 45-50 s at altitudes above Viking. Note
also that the heavy ion effects (nonzero frequency ef-
fects) tend to decrease the wave group velocity close to
the equator where wave frequency approaches the lo-
cal heavy ion gyrofrequency [Fraser, 1972; Ludlow and
Hughes, 1993]. It has been estimated [Erlandson et al.,
1992] that this effect decreases the overall propagation
speed to approximately one half of the Alfvén velocity.
Accordingly, the nonzero frequency effect will further
strengthen the disagreement with the BWP hypothesis.
However, one might think that the two bursts of the
low-frequency source might be due to one packet that
is first going down and soon coming up. Using the path
length of 4-5 R, and the above time difference, one
finds an average speed of about 600-750 km/s, which
is quite a reasonable estimate [Erlandson et al., 1996;
Erlandson and Anderson, 1996]. However, there are
several arguments which deny this possibility. First,
according to this scenario the upcoming burst should
be clearly weaker than the downgoing wave. The frac-
tion of reflected (upcoming) wave flux has been lim-
ited quite small, below 10-20%, by Erlandson et al.
[1992]. However, our observations show that the second
burst is at least as strong as the first one. Second, we
calculated the field-aligned component of the Poynting
flux and found no significant difference between the two
bursts. Both bursts included both upward and down-
ward parts with the latter dominating. Third, the same
idea does not apply to the three bursts of the high-
frequency source, because either of.the two time dif-
ferences should correspond to the (nearly) full path to
and from the other hemisphere, leading to the above dis-
cussed difficulty. The longer time gap between B6 and
B7 of course would suggest that B6 and B8 are upcom-
ing and B7 is downgoing. Taking into account that B7
is weaker than the two other bursts, this leads to the
same problem with amplitudes as in case of the low-
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frequency bursts. Also, the Poynting flux of the three
high-frequency bursts was even more clearly downward
dominated than for the low-frequency bursts. There-
fore we are convinced that the bouncing wave packet
hypothesis cannot be reconciled with the present obser-
vations in any possible configuration of the wave bursts.

3.6. Alternate Models of Burst Generation

Two alternatives to the bouncing wave packet hy-
pothesis, which both include an equatorial modulator
of Pc 1 waves, were discussed recently by Erlandson et
al. [1992]. One mechanism is based on the observation
that the bounce period of ions with energies suitable
for Pc 1 production are close to the observed wave rep-
etition period. For example, the appropriate proton
energy corresponding to the observed wave repetition
period ranges from about 35 keV to about 120 keV,
depending on the pitch angle varied here from 85° to
5°. (The energy required from heavier ions would be
correspondingly higher.) Accordingly, phase-bunched
ions bouncing from one hemisphere to another would
produce one wave packet at every equatorial crossing.
The wave repetition period on the ground would, how-
ever, be the same as the ion bounce period, since the
resonance condition requires an antiparallel motion of
ions and waves. Thus only every second crossing would
produce a wave packet propagating in the same direc-
tion. However, the main problem for this model is to
develop a detailed physical theory for the phase bunch-
ing of ions. Moreover, observational evidence for this
mechanism is still quite meager.

Another alternative model for producing nonbounc-
ing Pc 1 wave bursts invokes long-period ULF waves.
This model is based on the idea that a ULF wave that
has a sufficiently large amplitude at the equatorial Pc 1
source region could affect the relevant plasma parame-
ters and thus modify the Pc 1 growth rate. This would
lead to Pc 1 wave generation whose amplitude varies at
the period of the long-period wave. For example, varia-
tions of magnetic field intensity induced by a compres-
sional ULF wave could cause a change in Pc 1 growth
rate by increasing the ion temperature anisotropy above
the critical value [Cornwall, 1966; Kennel and Petschek,
1966; Olson and Lee, 1983]. In order to have large varia-
tions in Pc 1 wave growth (and little growth at a certain
phase) this model requires that plasma is close to the
conditions leading to ion cyclotron instability. EMIC
wave generation in such marginally stable conditions
was studied recently [Gail, 1990].

FErlandson et al. [1992] did not observe long-period
waves during their pearl Pc 1 event, making them con-
clude that if the ULF wave model should work at all,
the long-period waves should be localized around the
equator. Such localized waves have indeed been found
[Engebretson et al., 1988]. However, they were found
to be mainly radially polarized with little power in the
compressional component, excluding a straightforward
identification with the proposed mechanism. In a recent

17,621

paper, Plyasova-Bakounina et al. [1996] studied events
where simultaneous Pc 1 and Pc 4/5 pulsations were ob-
served on the ground and Pc 1 bursts were repeated at
Pc 4/5 oscillation period. Similar observations have also
been made close to the equator by the CRRES satellite
[Rasinkangas et al., 1994]. In the present event, strong
Pc 3/4 waves were observed on the ground at all sta-
tions with a period close to 40 s. Therefore the ULF
wave model seems to be supported in the present case.
These observations are currently being analyzed, and
the results will be published in another paper.

Finally, we would like to note that the ratio of the
field line length and the observed repetition period was
found to be almost the same for the two wave sources.
In the phase-bunching model this is trivially explained.
However, the ULF wave model may accommodate this
fact as well. It is well known, for example, that in
the case of a field line resonance the ULF wave period
changes with latitude. If the plasma density remains
constant with latitude (or changes slowly within the
limited latitude range), the period is essentially propor-
tional to the field line length, in agreement with present
observations.

4. Summary and Conclusion

In this paper we have analyzed a Pc 1 event where
initially one wave band on the ground was observed to
evolve smoothly to two separate bands. This separa-
tion was verified in space by the Viking satellite, which
passed through the two wave regions in the middle of
the event. The outer (inner) wave region at L = 6.2
(L = 5.6) had a frequency of about 0.3 Hz (0.5 Hz),
both below the calculated equatorial helium gyrofre-
quency. The higher frequency at lower latitude is in
agreement with the corresponding increase of the equa-
torial magnetic field intensity.

We estimated the Alfvén velocity from the ratio of
one transverse electric component and the correspond-
ing magnetic wave component. The low-frequency waves
had a somewhat larger Alfvén velocity (about 2500
km/s) than the high-frequency waves (1000-1500 km/s).
(However, this estimate suffers from the lack of the
other transverse electric field component.) In both
source regions the waves were constrained to a narrow
latitude range of about 0.5° of invariant latitude, in
accordance with similar estimates from satellite obser-
vations at lower altitudes [Mursula et ol., 1994a).

Both of the two Viking wave source regions consisted
of separate, repeated wave bursts. The burst duration
was about 30-40 s, well in agreement with earlier ob-
servations during a Pc 1 pearl event at similar altitudes
[Erlandson et al., 1992] and somewhat longer than ob-
served at lower altitudes [Iyemori and Hayashi, 1989;
Mursula et al., 1994a]. The burst repetition periods
were roughly the same for both wave regions, about 40-
45 s, and somewhat shorter than observed earlier during
a pearl Pc 1 event at a fairly similar spatial location [Er-
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landson et al., 1992]. After a detailed analysis of the
repeated bursts we conclude that the observed wave
bursts cannot be produced by a wave packet bounc-
ing between the two hemispheres, a hypothesis which
has been the paradigm for repetitive Pc 1 emissions ob-
served on the ground for more than 30 years [Jacobs
and Watanabe, 1964; Obayashi, 1965|.

We discussed two alternatives to the bouncing wave
packet model. One model invokes phase-bunched en-
ergetic ions, and the other invokes long-period ULF
waves. According to both models, Pc 1 wave growth
is modulated at or close to the equatorial source re-
gions of waves, where separate wave bursts are formed.
The wave bursts propagate from the equatorial source
region into the two ionospheres, explaining naturally
the fact that the Poynting flux is directed away from
the equator [Mauk and McPherron, 1980; Erlandson et
al., 1990; LaBelle and Treumann, 1992; Fraser et al.,
1996]. We noted that in the present event, strong Pc
3/4 waves are observed on the ground with a period co-
inciding well with the repetition period of the observed
Pc 1 bursts. These ULF waves will be analyzed in more
detail in a subsequent publication.

We note that the ground waves of the present event
were classified as hydromagnetic chorus type Pc 1’s
[Fukunishi et al., 1981] rather than pearl Pc 1’s because
of a strong diffuse background. However, the wave in-
tensity on the ground was strongly fluctuating, and sev-
eral dispersive pearls were observed among the diffuse
background. It is evident from the presented Viking re-
sults that the HM chorus events may consist of similar
repetitive bursts as observed for pearl waves. We found
that most properties (frequency, amplitude, burst du-
ration, latitude width) of the bursts of the present HM
event were the same as those of a pearl wave [Erlandson
et al., 1992]. This suggests a close connection between
the pearl and HM chorus type Pc 1’s.

The burst repetition period was somewhat shorter in
the present HM event than found earlier for a pearl
event at similar altitude and MLT sector but with a
lower L shell [Erlandson et al, 1992]. (In fact, the
higher repetition rate of HM bursts may be the reason
why these waves have a large diffuse background and
are classified as HM chorus. If there is more than one
wave source with slightly different repetition periods,
the bursts could interfere on the ground and lead to a
diffuse signal with no clear repetitive structure. This
would occur more easily in case of high than low rep-
etition rate.) The possibility that the higher-latitude
HM bursts might, generally, have a shorter repetition
period than the similar pearl bursts at lower latitudes
is very important, since it can be used to distinguish
between the two models discussed above as alterna-
tives to the bouncing wave packet model. The model
of phase-bunched ions predicts a continuous increase of
the repetition period with latitude (field line length),
thus contradicting with the above scenario. However,
the ULF model can explain the observations by the
effect of the plasma density on wave period. Consid-
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erably longer (shorter) wave periods for the same wave
mode are predicted inside (outside) the plasmapause on
rather close-by field lines. Since pearls are known to oc-
cur mainly inside the plasmapause [Taylor and Lyons,
1976; Fraser et al., 1989; Erlandson et al., 1990, 1992,
1996], their observed longer repetition period can be
understood by the ULF model. The shorter repetition
period of the HM bursts agrees with the fact that they
occur at higher latitudes, outside the plasmapause.

In the present case, spacecraft potential measure-
ments indicate a constant slow increase of plasma den-
sity before, during, and somewhat after the event. Al-
though no clear signal for plasmapause was observed
(most probably because of observational constraints),
the relative rate of change and absolute level of po-
tential suggest that plasmapause was located at about
L = 5.2. Also, the plasmapause model by Carpenter
and Anderson [1992], when calculated for conditions
prevailing during the present event, locates both Viking
Pc 1 sources close to the outer edge of the plasmapause,
in agreement with the ULF model.

Concluding, we note that the results presented in this
paper form a new and unifying scenario between differ-
ent Pc 1 wave types, in particular, the pearl Pc 1’s and
HM chorus. While the pearls are modulated Pc 1 waves
propagating within or at the plasmapause, the HM cho-
rus events consist of similar wave packets propagating
outside the plasmasphere. Moreover, since the bounc-
ing wave packet model could be excluded in the present
paper as an explanation for the exoplasmaspheric Pc
1 (HM chorus) bursts, it is natural to suggest that the
same is true for more clear (plasmaspheric) pearl events
as well. The above results suggest that Pc 1 modulation
by ULF waves is the more viable candidate out of the
two alternative models discussed.
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