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Abstract. A long lasting narrow-band (4–7 mHz) Pc5 fluc-
tuation event at geosynchronous orbit is presented through
measurements from GOES-8 and GOES-10 and the response
of energetic electrons with drift frequencies close to the
narrow-band pulsation frequency is monitored through a
spectral analysis of flux data from the LANL-SOPA ener-
getic electron instrument. This analysis shows electron flux
modulations at the magnetospheric pulsation’s frequency as
well as at various other frequencies in the Pc5 range, related
to the particles’ drift-frequencies and their harmonics. A drift
resonance effect can be seen, with electron flux modulation
becoming more evident in the energy channels of electrons
with drift frequencies closer to the wave frequency; how-
ever no net increase or decrease in energetic electron flux is
observed, indicating that the net energy transfer and trans-
port of electrons is not significant. This Pc5 event has a
long duration, being observed for more than a couple of days
at geosynchronous orbit over several traversals of the two
GOES satellites, and is localized in azimuthal extent. Spec-
tral analysis shows that most of the power is in the transverse
components. The frequency of the narrow-band event, as ob-
served at geosynchronous orbit shifts during the time of the
event from 7±0.5 mHz to about 4±0.5 mHz. On the ground,
CARISMA magnetometers record no distinct narrow-band
fluctuation in the magnetic field, and neither does Geotail,
which is traversing the outer magnetosphere a fewRE fur-
ther out from geosynchronous orbit, at the same UT and LT
that GOES-8 and -10 observe the pulsations, suggesting that
that there is no connection to external fluctuations originat-
ing in the solar wind. An internal generation mechanism is
suggested, such as could be provided by energetic ring cur-
rent particles, even though conclusive evidence could not be
provided for this particular event. Through a statistical study,
it is found that this event belongs to a class of similar events,
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occurring predominantly in the post-noon region in the inner
magnetosphere.
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1 Introduction

Geomagnetic pulsations in the Pc5 range of frequencies
are Ultra Low Frequency (ULF), large-scale oscillations in
Earth’s magnetic field. Such pulsations are often observed in
the magnetosphere: some events show a single spectral peak
(e.g. Kivelson and Chen, 1995; Ohtani et al., 1999), whereas
other observations have reported simultaneous spectral peaks
over a number of different frequencies (e.g. Ruohoniemi et
al., 1991; Samson et al., 1991; Walker et al., 1992; Fran-
cia and Villante, 1997; Kepko et al., 2002). Their excitation
mechanism has been associated with various magnetospheric
processes, which are generally divided into external or “up-
stream” processes, related to the solar wind flow, and internal
magnetospheric processes, in which ULF waves are gener-
ated by, for example, strong anisotropies in the ring current
ion populations.

In one upstream model of externally generated pulsations,
compressional variations in the bow shock caused by so-
lar wind pressure variations propagate directly through the
bow shock, magnetosheath, and magnetopause into the lower
magnetosphere. In this description the compressional pulsa-
tions can reflect between an outer boundary and a turning
point within the magnetosphere (possibly the magnetopause
and plasmapause respectively), forming standing waves (e.g.
Mann and Wright, 1995). In another upstream model, a ve-
locity shear at the boundary between plasmas of different
flow velocities, such as observed between the magnetosheath
flow and the magnetopause, generates surface waves which
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are toroidal Pc5 waves in nature. There are several observa-
tions that have attributed the pulsations to external oscillatory
sources in the solar wind: for example, Sarafopoulos (1995)
reported Pc5 polarization signatures in the lobes that are very
similar to those in the solar wind; Ohtani et al. (1999) inves-
tigated a narrow-band event which showed the same oscilla-
tion frequency on the ground, at geosynchronous orbit and in
the morning-side flank of the magnetosphere and attributed
the excitation to a Kelvin-Helmholtz instability at the mag-
netopause; and Kepko et al. (2002) reported correlations be-
tween multiple discrete frequencies in the solar wind number
density, dynamic pressure, and in the geosynchronous mag-
netic field: they concluded that variations in the solar wind
preceded and drove the geosynchronous signatures.

ULF pulsations may also originate through a variety of
internal magnetospheric processes. In these processes, the
pulsations are produced by the interaction between stand-
ing wave modes and unstable ion populations in the ring
current, which are produced by large positive gradients in
its distribution function in energy and/or L-shell (Hasegawa,
1969; Southwood et al., 1969). Standing wave modes have
been studied systematically by Takahashi et al. (1992), who
used spacecraft and ground data to determine the generation
mechanism for Giant Pulsations, which show many simi-
larities to Pc5 pulsations. The pulsations produced by ion
anisotropies are expected by theoretical estimates to have
large azimuthal wave numbers (m), to be heavily damped,
and to remain close to the source region. Such high-
mpulsations have been reported by, e.g., Misra et al. (1985),
who used radar observations to determine the azimuthal
mode number and phase velocity of the Pc5 waves. Such
ULF pulsation signatures are expected to move westward,
following the drift motion of the unstable ion population.
These theoretical predictions were confirmed by Takahashi
et al. (1985a), who showed multi-spacecraft observations
of compressional Pc5 waves at geosynchronous orbit which
have largem-values (between 40 and 120) and propagate
westward. A theoretical explanation for the internal gener-
ation of magnetospheric pulsations has also been given by
Vetoulis and Chen (1994, 1996), who placed the excitation
area of the pulsations in a region in which there is a mini-
mum in the poloidal mode frequency with respect to L and
associated the location of this minimum with a minimum in
pressure. Denton et al. (2003) tested whether this mecha-
nism actually occurs, and found instead that the minimum in
the poloidal mode frequency is associated with sudden de-
creases in plasma density, which typically occur in regions
localized in L at the plasmapause. Lately, Ozeke and Mann
(2001) developed a model which would result in favourable
locations for the development of unstable ion distributions at
the boundary between open and closed electron orbits; their
model predicts the occurrence of localized storm-time Pc5
pulsations with monochromatic signatures, expected to ap-
pear mostly in the afternoon sector.

Early observations have shown that, during the time that
Pc5 waves are observed, energetic particle flux is modu-
lated by the waves (Lanzerotti et al., 1969; Kokubun et al.,
1977). Theoretically, the relation between wave activity and
energetic particle dynamics has been explored by radial dif-
fusion theory, in which stochastic variations in the electric
and magnetic fields result in diffusion of particles across
drift shells through violation of the third adiabatic invari-
ant (Falthammar, 1968; Schulz and Lanzerotti, 1974). By
the radial inward or outward motion of particles across drift
shells, flux changes (increases or decreases) could be ob-
served by the “flattening” of a radial gradient of phase space
density (outward or inward, respectively) (Green and Kivel-
son, 2004). Drift-resonant interactions between waves and
energetic electrons have been demonstrated by MHD simu-
lations, which have shown that in the magnetosphere ULF
waves of frequencyω will preferentially accelerate electrons
when the resonant conditionω=mωd or ω=(m±1) ωd is met
(see, for example, Elkington et al., 1999), whereωd is the
electron drift frequency andm is the azimuthal mode number
of the fluctuation. However such interactions are generally
difficult to observe in the magnetosphere, as most of the time
multiple magnetospheric processes occur at the same time,
affecting energetic particles in a complex way. In addition
broadband ULF fluctuations affect the whole energy spectra
of energetic particles simultaneously, making it hard to iden-
tify resonant interactions with particles having a particular
drift frequencyωd .

In this study we present a narrow-band magnetospheric
pulsation event that occurs during quiet magnetospheric con-
ditions for a prolonged time, focusing on the spectral and
temporal characteristics of the pulsation and on the interac-
tion of the pulsation with energetic electrons. This magne-
tospheric pulsation is continuous with frequencies in the Pc5
range, which includes pulsations from 2 to 8 mHz, or 500 to
125 s periods (Jacobs et al., 1964). What is of particular in-
terest is the long duration (several days) of the selected event,
observed through multiple passages of the GOES geosyn-
chronous satellites, and its spatial localization (few hours
of local time in azimuth) in the dayside region. Over time,
a shift in the frequency is observed at geosynchronous or-
bit. Through a spectral analysis of geosynchronous energetic
electron flux, we monitor the energetic electron flux mod-
ulation caused by these pulsations, as observed by LANL
satellites. By monitoring multiple LANL-SOPA electron en-
ergy channels we show evidence for a drift resonant interac-
tion, with flux modulation being more intense for electrons
whose drift frequencies are close to the frequency range of
the pulsation event. However no net flux change is observed,
which we attribute to a lack of sufficient gradient in phase
space density. The narrow-band pulsation event is also mon-
itored through CARISMA ground magnetic field and Geotail
outer magnetosphere magnetic field measurements. The ob-
servations show that the pulsation is more likely tied to an
internal generation mechanism, since there is no noticeable
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Fig. 1a. The magnetic field of the pulsation measured by GOES-8 from 16 to 18 February 2001 is plotted in the Mean Field-Aligned
coordinate system.Bt : total magnetic field,Bb: field-aligned component,Bn: normal – radially outward at the magnetic equator, andBe:
eastward. The Dynamic Power Spectra of each component are plotted in color for frequencies up to 8 mHz (Pc5 range). The color scale
corresponds to the logarithm of the power, in nT2/Hz. The red lines correspond to midnight in Local Time, or 05:00 UT.

narrow-band pulsation signature in the solar wind. There is
also no noticeable signature on ground magnetometers for
this event. A long term study of the occurrence distribution
of similar narrow-band ULF pulsations is also presented, as
observed during an 8-year interval by GOES-8 at geosyn-
chronous orbit.

2 Observations

In this section the narrow-band fluctuation event is presented.
In Sect. 2.1 the dynamic power spectra of magnetic field
measurements from GOES-8 and GOES-10 geosynchronous

satellites are shown over the course of 3 consecutive days.
In Sect. 2.2 a statistical study of many similar events over
an 8-year period is presented, focusing on the distribution of
the events in local time and frequency. In Sect. 2.3 ground
magnetometer measurements at the footprint of the geosyn-
chronous satellites are presented. During the same period,
Geotail was fortuitously traversing the dayside outer magne-
tosphere in the equatorial plane; its magnetic field measure-
ments are presented in Sect. 2.4. Energetic electron mea-
surements, available from LANL geosynchronous satellites,
enable us to monitor the flux modulation caused by drift res-
onant interactions between energetic electrons and these fluc-
tuations; these measurements are presented in Sect. 2.5.
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Fig. 1b. The magnetic field of the pulsation measured by GOES-10 from 16 to 18 February 2001 is plotted in the Mean Field-Aligned
coordinate system, similar to Fig. 1a. The red lines correspond to the time when GOES-10 crosses local midnight, which is at 09:00 UT
every day.

2.1 Dynamic power spectra of the fluctuations

The magnetic field measurements and their Dynamic Power
Spectra (DPS) over the three-day period that the fluctuations
were observed, from 16 to 18 February 2001, are plotted in
Figs. 1a and b using 1-min time resolution measurements
from satellites GOES-8 and GOES-10 respectively (Singer
et al., 1996). GOES-8 was located at geomagnetic longitude
75◦ West and GOES-10 at 135◦ West, at geosynchronous
orbit. In order to separate the ULF field variations perpen-
dicular to as well as along the magnetic field direction, the
components of the magnetic field vector are projected in the
Mean Field-Aligned (MFA) coordinate system. The unit vec-
tors of the MFA coordinate system are denotedb̂, n̂, andê, in

which b̂ is the direction of the mean magnetic field, obtained
from a 30-min running average of the instantaneous magnetic
field direction,ê is perpendicular to both the radius from the
Earth’s center and tôb, pointing eastward, and̂n completes
the orthogonal system, pointing radially outward at the mag-
netic equator. The average magnetic field was subtracted
from the projection of the magnetic field onto the average
unit vectorb̂. The total magnetic field,Bt is plotted in the
top panel, whereas below are plotted theBb, Bn andBe com-
ponents (black and white plots) and their corresponding DPS
(color plots), as denoted in each figure. The DPS calculations
were performed by sliding an 80-min wide Hanning window
through the data and performing an FFT on the subset of
the signal within the window. For a one-minute sampling
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frequency, the Nyquist frequency (and hence the maximum
frequency we can monitor in this data set) is 8.3 mHz. The
frequency resolution in this analysis is 0.2 mHz.

This particular narrow-band fluctuation event occurred
during a 3-day period of very quiet magnetospheric con-
ditions: the KyotoDst index during this time ranged be-
tween−10 and 0, recovering from aDst value of−50 on
∼00:00 UT of 14 February, 2 days prior to the time-period of
interest. The successive passages of GOES-8 and GOES-10
satellites on each day provides a unique opportunity to study
the duration and azimuthal extent of the narrow-band fluctu-
ations. On 16 February, both GOES-8 and GOES-10 observe
a faint, low-power narrow-band fluctuation signature mainly
in the Be but also in theBn components while they cross
the dayside region, at a narrow band of frequencies around
∼7.5±0.5 mHz at GOES-8 and∼6.5±0.5 at GOES-10. One
possible reason for that is the fact that the two geosyn-
chronous satellites traverse different L-shells, as described
by Onsager et al. (2004), thus monitoring plasma populations
with different densities; another possible reason is that the
two s/c monitor plasmas with an azimuthal gradient in mass
density, or that the frequency changes in time. This is fur-
ther discussed in Sect. 3. There is a narrow-band pulsation at
∼5–6 mHz earlier on the 16th that occurs at a pre-noon local
time; we believe that it is unlikely that this is related to the
event studied. On 17 February the narrow-band fluctuation
can still be seen with the same intensity in theBe compo-
nent, while its frequency has dropped to∼5.5±0.5 mHz; five
hours later, by the time GOES-10 crosses the same region,
the narrow-band fluctuation has intensified. The azimuthal
extent of the pulsations at this time is found to be about 7 h
of local time, as they are observed from 18:00 UT, when
GOES-10 is located at about 09:00 LT, until 01:00 UT of
18 February when GOES-10 is located at 16:00 LT. The fre-
quency of the narrow-band fluctuation event on this passage
gradually shifts from 5.0±1.0 mHz at the beginning of the
event to 4.0±1.0 mHz. An intense narrow band fluctuation
is also observed at the time of the next passage of GOES-8,
on 18 February (from 19:00 UT until 22:00 UT correspond-
ing to 14:00 LT to 17:00 LT), and also at the time of the
next passage of GOES-10 (from 18:00 UT until 22:30 UT
corresponding to 09:00 LT to 13:30 LT), leading to the as-
sumption that it is the same phenomenon that continues. A
few hours later, by the time GOES-8 crosses the same region
again, the narrow-band fluctuation has disappeared, at least
on the L-shells that GOES-8 and GOES-10 are monitoring.
The pulsation is very faint in the DPS of the total magnetic
field for both spacecraft. The immediate implication of the
above observations is that the narrow-band fluctuation is non-
compressional and is occurring mostly in the transverse com-
ponents; furthermore, it is a localized event, with distinct and
localized spatial (azimuthal) extent, rather than a more global
oscillation with distinct and short temporal duration.

As it can be seen in Figs. 1a and b, there is a time period
on 18 February over which the pulsations are observed si-

Fig. 2. Distribution in frequency (2 to 8 mHz) and local time of the
narrow-band Pc5 pulsation events from GOES-8 geosynchronous
measurements in the period from 1995 to 2003.

multaneously by both GOES-8 and GOES-10 (20:00 UT un-
til 21:30 UT). During this time, the 4-h local time separation
between the two GOES satellites would allow waves of mode
numbersm<6 (=24 h/4 h) to be observed with a coherent
shift in phase throughout the time that both satellites observe
the pulsations simultaneously. In order to investigate if there
are such periods of consistent phase difference we performed
a comparison between the phases (cross-phase spectrogram)
of GOES-8 and GOES-10 magnetic field on 18 and 19 Febru-
ary, when both spacecraft were in the active region. This
calculation has shown no cross-correlation between the two
signals (plot of cross-phase spectrogram not shown here), in-
dicating that mode numberm should be higher than 6.

2.2 Distribution of narrow-band fluctuations

A survey of the Dynamic Power Spectra of variations in the
total field strength from GOES-8 measurements from 1995
to 2003 has yielded a total of 140 events of azimuthally (or
temporally) localized narrow-band fluctuations in the total
magnetic field. The distribution in local time and frequency
of these events is given in Fig. 2. In this figure, each trian-
gle marks the local time and frequency of the peak in power
of the fluctuation, regardless of the local time extent and
bandwidth of the fluctuations. The events were selected as
narrow-band fluctuations if the power of the fluctuations at
any frequency in the range 2 to 8 mHz exceeded the power
of the low-frequency background noise by at least a factor
of 5. This factor was arbitrarily selected; however for most
events the power at the peak of the narrow-band fluctuation
exceeded the power of the background noise by at least an
order of magnitude. The events varied among themselves
in intensity, azimuthal/temporal extent and bandwidth; com-
pared to all the narrow-band fluctuation events shown in this
figure, the event presented in Fig. 1 could be described as
moderately active. The particular event was selected as a
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Fig. 3. Ground magnetometer measurements from station Fort Smith (67.45◦ geomagnetic latitude, 306.15◦ longitude and L=6.84), close to
the footprint of GOES-10 (66◦ latitude, 296◦ longitude). Local midnight on each day is shown with the red lines.

case study because of the duration of the event, as well as
because of the quiet magnetospheric conditions during the
three-day period around the pulsations, which enabled the
study of the interaction of the pulsations with the energetic
electron population that is presented below in Sect. 2.5.

From the distribution of events that is shown in Fig. 2,
there is a clear preference for the post-noon region for the
narrow-band pulsations. In previous studies, the occurrence
of pulsations in the post-noon region has been related to in-

ternal processes of the magnetosphere, such as kinetic in-
stabilities of ring current ions and high beta plasma clouds
(Anderson, 1993; Ohtani et al., 1999); also, pulsations in
the post-noon region have been associated phenomenologi-
cally with poloidal wave modes, which are more commonly
radially polarized (e.g. Arthur and McPherron, 1981; Enge-
bretson et al., 1992; Anderson, 1993). The occurrence distri-
bution and characteristics of the pulsations in the post-noon
region are further discussed in Sect. 3.
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2.3 Ground measurements

For the present event, ground magnetic fluctuation signatures
were acquired from the Canadian Array for Real-time Inves-
tigations of Magnetic Activity, CARISMA, formerly known
as the CANOPUS magnetometer array (Samson et al., 1991).
The ground magnetometer closest to the magnetic “foot-
print” of GOES-10 (66◦ geomagnetic latitude and 296◦ geo-
magnetic longitude) is located at station Fort Smith (67.45◦

geomagnetic latitude, 306.15◦ longitude and L=6.84); its
measurements are presented in Fig. 3, using the same spectral
analysis technique described above. In these figures, three
days of ground magnetic field measurements around the local
time of the narrow band fluctuation are plotted, correspond-
ing to the same time-period as in Fig. 1. The plots correspond
from top to bottom to the magnetic H, D, and Z components
in geomagnetic coordinates, where H points in the horizon-
tal magnetic north-south direction, D points east-west, with
eastward positive, and Z points vertically downward into the
Earth. The red lines correspond to the times that the ground
station crosses local midnight.

From these plots it can be seen that there are significant
broad-band ULF fluctuations in the morning-noon region on
16 February. These fluctuations gradually decrease on the
17th and 18th, at the time that the narrow band pulsations at
the GOES-10 location are intensifying. Narrow-band fluctu-
ations can be distinguished in the Z-component; around the
noon region, narrow-band fluctuations can be identified at
∼6.8 mHz on 16 February, at∼4.2 mHz on the 17th and at
∼2.4–3.0 mHz on the 18th. However they cannot be uniquely
identified and associated with the strong fluctuations that are
observed at geosynchronous orbit during these days. Pos-
sible reasons that inhibit waves in space from being ob-
served on the ground are discussed in Sect. 3. Measurements
from stations on the Churchill line of ground magnetome-
ters, which are aligned close to the geomagnetic longitude
of GOES-8, also show a weak correlation with the geosyn-
chronous measurements.

2.4 Outer magnetosphere measurements

On the days that GOES-8 observed the narrow-band fluctu-
ations, Geotail was fortuitously traversing the dayside outer
magnetosphere in the equatorial plane. The orbit of Geo-
tail is plotted in Fig. 4, together with the orbits of GOES-8
and GOES -10, in the X-Y plane (left panel) and X-Z plane
(right panel), in GSE coordinates. Small triangles mark the
spacecrafts’ locations every hour. The locations of Geotail
at 00:00 UT 17, 18 and 19 February are marked with as-
terisks. GOES-8 and GOES-10 cross the midnight meridian
(00:00 LT) at 05:00 UT and 09:00 UT, respectively, each day;
their locations at 00:00 UT every day are also marked with
asterisks.

The magnetic field measurements from the Geotail space-
craft are plotted in Fig. 5 with 64-s resolution in the same

Fig. 4. The orbits of Geotail, GOES-8 and GOES-10 are plotted on
the X-Y (left) and X-Z (right) planes in GSE coordinates for the pe-
riod from 17 to 19 February 2001. The asterisks and triangles mark
the location of the satellites at 00:00 UT and at every hour in UT,
respectively. The orange-shaded areas indicate the regions where
Geotail observes intense ULF fluctuations; the overlapping regions
marked in blue and cyan mark the regions where narrow band fluc-
tuations are recorded by GOES-8 and GOES-10 respectively on 17
and 18 February.

format as in Fig. 1, i.e. the total magnetic field (Bt ) and the
three components of the magnetic field in the MFA coordi-
nate system (Bb, Bn andBe) are plotted in black and white
as marked, and their corresponding DPS are plotted below in
the color panels; the DPS were calculated in a similar man-
ner as described for the GOES magnetic field measurements.
During the two-day passage of Geotail through the dayside
magnetosphere there are two distinct time intervals of intense
ULF fluctuations, marked in orange in the three MFA com-
ponents of the magnetic field in Fig. 5; the spatial extent over
which these fluctuations were observed are also marked in or-
ange in Fig. 4. From the location of the orange areas we can
conclude that these intense fluctuations correspond to Geo-
tail crossings of the magnetopause-magnetosheath: it is well
established that in the region which forms between the so-
lar wind and terrestrial regimes, earthward of the bow shock,
the magnetic field is usually highly disturbed, as the shear
in the flow across the magnetopause leads to the formation
of instabilities such as the Kelvin-Helmholtz instability (e.g.
Wu, 1986). The observations by Geotail are consistent with
this picture, showing intense fluctuations in the morning and
afternoon flanks, where the shear in the flow gets bigger and
hence the disturbance in the magnetic field is stronger.

From the Geotail orbit and the local time occurrence of the
pulsations that is extracted from Fig. 1, it can be seen that at
00:00 UT 18 February (the time of most intense narrow-band
field fluctuations, according to Fig. 1) Geotail would be in an
ideal location to measure narrow-band compressional pulsa-
tions, if these were extending just a fewRE further out from
geosynchronous orbit, or if they were related to externally
produced oscillations of the bow shock caused by solar wind
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Fig. 5. A sequence of 2 days of Geotail magnetometer measure-
ments, from 17 to 19 February 2001. The total magnetic field and
the three components in the Magnetic Field Aligned coordinate sys-
tem are plotted in black & white, in nT, as marked; the correspond-
ing Dynamic Power Spectra are plotted below in color, in nT2/Hz.
The two orange-shaded time periods in each MFA component mark
the regions of intense ULF fluctuations in Geotail data; the corre-
sponding extent along Geotail’s orbit is also marked in orange in
Fig. 6.

pressure pulses; such pulsations would be expected to prop-
agate through the shock, sheath, and magnetopause into the
lower magnetosphere, carrying similar frequency signatures
throughout the whole region. However no particular fluctu-
ations are detected in the noon or post-noon region in Fig. 5
that could be associated with the narrow-band fluctuations in
the corresponding regions at geosynchronous orbit.

2.5 Energetic electron flux measurements

The narrow-band fluctuation on 18 February has its peak am-
plitude at 4 mHz, corresponding to a 250 s period; this pul-
sation period is of the order of the gradient-B drift-period
of 3 MeV electrons at geosynchronous orbit. Thus it is ex-
pected that the narrow-band fluctuations will resonantly in-
teract with 3 MeV electrons. In order to monitor the na-

ture and the effects of this interaction, we examine ener-
getic electron flux measurements from four different energy
channels of the LANL Synchronous Orbit Particle Analyzer
(SOPA) instrument on the geosynchronous satellites main-
tained by the Los Alamos National Laboratory (Belian et
al., 1992; Reeves et al., 1997). Measurements from satel-
lite LANL 1989-046 on 18 February are presented in Fig. 6
for four selected differential energy channels. The time res-
olution of the measurements is 1 min and the energy ranges
for the four channels are: 0.5–0.75 MeV, 0.75–1.1 MeV, 1.8–
3.5 MeV, and 3.5–6.0 MeV. Electron flux measurements for
each of the four energy channels are given in the upper (black
& white) panel, while in the lower (color) panel we plot the
corresponding dynamic spectra of the flux measurements. In
this analysis we treat the 1-min-resolution flux measurements
in a fashion similar to the spectral analysis performed for the
magnetic field measurements described in Sect. 2.1 in order
to extract flux modulation signatures; the yellow vertical line
in each plot indicates the time when LANL 1989-046 crosses
the local noon meridian. In order to investigate any drift res-
onant effects, the range of drift frequencies of the electrons
within each energy channel were calculated numerically; the
upper and lower drift frequencies for each channel are plot-
ted as red horizontal lines at the corresponding frequencies
on the plots of the dynamic spectra of the flux fluctuations.
It should be noted however that, due to the exponential drop
of particle flux as their energy increases, electrons towards
the lower end of the energy range of a detector are expected
to be more abundant, and are thus expected to dominate the
behavior of the population within the energy channel.

In Fig. 6a it can be seen that there is more intense flux
modulation around the post-noon regions, hence around the
local time that the narrow-band fluctuation is recorded by
the GOES spacecraft, which was 14:00–17:00 LT. In par-
ticular, there is a distinguishable flux modulation at 4 mHz,
i.e. at the frequency of the narrow-band pulsation. This is
expected, since the narrow-band pulsation will cause a lo-
cal fluctuation of the magnetic field at that location: elec-
trons gradient-B drifting through this region will be forced
to move radially inward and outward at the frequency of the
fluctuation while they follow constant-B contours, which ap-
pears as a flux modulation at the same frequency. The range
of electron drift frequencies within this energy channel is
1.0 to 1.4 mHz. It can be seen that there is also enhanced
flux modulation close to the drift frequencies of electrons
in this energy channel: this effect is also expected, since
any non-adiabatic disturbance in the magnetic field (in this
case, any disturbance on a time scale much shorter than the
electrons’ drift period) will cause a local disturbance in the
electron population, which will drift-echo around the earth,
and which will appear as a flux modulation at the electrons’
drift frequency. In Fig. 6b the range of drift frequencies is
1.4 to 1.9 mHz, with most of the electrons drifting closer to
1.4 mHz, as described above; the flux modulation at 4 mHz
as well as at the electrons’ drift frequencies appears again,
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(a) (b)

(c) (d)

Fig. 6. Dynamic Spectra of the flux modulation of electrons measured by the SOPA instrument onboard LANL 1989-046 geosynchronous
satellite on 18 February 2001 from four different energy channels. Distinct flux modulation is observed around the local time of the narrow-
band magnetic field fluctuations. The red lines on these plots mark the drift-frequencies of electrons at the lower and upper ends of each
energy channel and the yellow line marks the time when the spacecraft crosses local noon.
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however there are fluctuations at other isolated frequencies as
well. A careful examination shows that, excluding the mod-
ulation at 4 mHz, the other modulations appear at∼3 mHz
and∼6 mHz, which corresponds to approximately twice and
four times the electrons’ drift frequency. Electrons in the en-
ergy range shown in Fig. 6c have drift frequencies within 2.9
to 4.9 mHz that encompass the 4 mHz narrow-band fluctu-
ation; the flux modulation in this case is concentrated on a
single dominant frequency that shows the most intense flux
modulation. In Fig. 6d, which refers to higher energy elec-
trons and drift frequencies 4.9 to 8.3 mHz, higher than the
narrow-band magnetospheric frequency, the flux modulation
is weaker and occurs again at several sub-harmonics. All
other LANL SOPA energy channels were similarly analyzed
and a consistent picture was observed, with the flux modu-
lation signatures becoming less intense the further the drift-
frequencies of the electrons within each channel deviate from
the narrow-band pulsation’s frequency.

3 Discussion

Following is a discussion of the various features of the
narrow-band fluctuation that was observed at geosyn-
chronous orbit, as well as the 8-year statistical survey of sim-
ilar pulsations.

3.1 On the nature and excitation mechanism of the pulsa-
tion

As discussed by Takahashi et al. (1985b) and Li et al. (2006),
a factor that might determine the wave excitation is the po-
sition of the plasmapause, which is known to expand dur-
ing times of reduced geomagnetic activity (Chappell et al.,
1970). Transverse Pc4 and Pc5 pulsations have been ob-
served near the plasmapause (Singer et al., 1982) as well as
near detached density enhancements (Lanzerotti et al., 1975).
The post-noon preference in the occurrence distribution of
the observed narrow-band events shown in Fig. 2 might be
related to the formation of plasma tails or drainage plumes
that often form in the dusk sector and can either remain fairly
stationary in local time or “wrap” around the plasmasphere
as it corotates toward midnight (e.g. Chen et al., 1976).

A study of the LANL-MPA plasma instrument onboard
the LANL 1989-046 satellite has shown (although not pre-
sented here) an increase in plasma number density by about
50% in the 1 eV/e to 130 eV/e ion channel around the lo-
cal time of the Pc5 pulsations; a spectral analysis carried
out in a similar fashion to that of the LANL-SOPA data, as
described in Sect. 2.5, has shown a density modulation at
4 mHz. The higher energy ion channel, 130 eV/e to 45 keV/e,
and the electron channel, 30 eV–45 keV, show no response
to the magnetic field fluctuation; however, we note that this
energy range is very broad and its behavior will be deter-
mined mostly by the lower part of the energy spectrum, so

that any populations in the keV-range with sufficient amounts
of free energy to resonantly interact via bounce-motion reso-
nance with the fluctuating magnetic field would be averaged
out. Thus better energy resolution of the low-energy plasma
would allow us to address the causal mechanism of these pul-
sations with greater certainty.

It has been suggested that unstable distributions can be
generated by the splitting and divergence of adjacent ion or-
bits (Cowley and Ashour-Abdalla, 1976; Hughes et al., 1978;
Ozeke and Mann, 2001), favorably at the boundary between
open and closed ion orbits. What is of particular interest
in this model is that it predicts the occurrence of localized
storm-time Pc5 pulsations with monochromatic signatures,
most notably in the afternoon sector, making it a very likely
candidate mechanism for this event. A detailed study of the
ion distribution and the amount of free energy contained,
together with a simulation that would reveal the boundary
between open and closed particle orbits for the conditions
on the days of this event could identify the exact excitation
mechanism and energy source for these pulsations.

3.2 On the frequency signatures of the pulsation

An interesting feature of this event is the drop in frequency
that is observed in Fig. 1 from 16 February to 18 February,
which is particularly evident in GOES-8 data. If these pul-
sations were cavity mode oscillations between the magne-
topause and plasmapause, then an increase of the cavity size
following the relaxation of the magnetosphere after a storm
could lead to such a frequency drop. As both the magne-
topause and plasmapause are known to expand in the recov-
ery phase after a storm, this would mean that the magne-
topause expands faster than the plasmapause. On the other
hand, if these pulsations are of internal origin, resulting from
wave-particle interactions between resonating field lines and
plasmas of a particular energy in a localized area of the plas-
masphere or plasmapause, then a repopulation of the plas-
masphere and the subsequent increase in density would sim-
ilarly lead to a decrease of frequency.

From Fig. 1 it can be seen that there is a difference in
the frequency of the narrow-band fluctuation between the
two satellites, with GOES-10 consistently recording a lower
frequency than GOES-8. One possible reason is the fact
that the two geosynchronous satellites traverse different L-
shells. This effect has been described in detail by Onsager
et al. (2004): although both spacecraft are located at the
geographic equator, the Earth’s magnetic dipole is tilted to-
ward the geographic equator in approximately the longitude
of GOES-8. This has the effect that GOES-10 will be lo-
cated at smaller geomagnetic latitudes than GOES-8 and will
be measuring particles and fields at lower L than GOES-8,
thus monitoring different plasma populations. The frequency
of oscillation for Alfvén wave mode forms is proportional
to the magnetic field strength and inversely proportional to
the effective magnetic field line length and plasma density
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(Dungey, 1954); however, the Alfvén velocity is at minimum
near the equatorial plane, close to which both spacecraft
are located, and thus the field line resonant frequency will
be mostly affected by plasma density (Waters et al., 1996).
As, in general, plasma density around the equatorial plane
will increase with decreasing L, the innermost satellite is ex-
pected to record lower frequencies. To investigate if this is a
reasonable assumption we consider the following:

Field line eigenfrequency in the magnetosphere is propor-
tional to the Alfv́en velocity and inversely proportional to the
field line length,l, which is approximately proportional to L.
Thus it varies asBeq /L n1/2 whereBeq is the equatorial value
of the magnetic field strength andn is the equatorial value of
the mass density. SinceBeq decreases withL asL−3 in a
dipole field,n must decrease faster thanL−8 for eigenfre-
quency to increase withL. A density gradient this sharp
could be observed at the plasmapause, however the LANL
MPA measurements described above are not showing indi-
cations of a plasmapause crossing. Other possible reasons
are either a change of the frequency with time, as GOES-8
and GOES-10 observe the waves at different UT, or perhaps
an azimuthal gradient in plasma mass density; however more
measurements are needed to conclude the exact cause of the
frequency difference between GOES-8 and GOES-10.

3.3 On the lack of narrow-band signatures on the ground

Narrow-band fluctuation signatures detected at the same time
on the ground and in the magnetosphere have been reported
in the past (e.g. Kivelson and Chen, 1995; Ohtani et al.,
1999); however for this particular event, as shown in Fig. 3,
there are no distinct narrow-band signatures in ground mea-
surements. The fact that some pulsations do not reach the
ground has been discussed in many studies, which point out
that ULF waves are modified in a very complex way by
both ionospheric and ground currents along their propaga-
tion from the equatorial regions through the ionosphere to the
ground (e.g. McPherron et al., 1972, and references therein).
The ionosphere affects particularly high-m magnetospheric
ULF waves, rotating, reflecting and/or attenuating the mag-
netic signatures of the waves as detected on the ground (e.g.
Hughes and Southwood, 1976). Thus ground magnetometer
data are far from optimal for the study of high-m ULF waves.
The lack of definite ground signatures is in fact reinforcing
the hypothesis that the observed Pc5 pulsations are high-m,
internally generated Alfv́enic waves.

3.4 On the distribution of pulsations in local time

The 8-year statistical study of narrow-band pulsations at
geosynchronous orbit that was presented in Fig. 2 found
a distribution of compressional narrow-band pulsations that
was skewed towards the post-noon/evening sector, showing
a different behaviour between the morning and evening side
magnetosphere. What is of particular interest is the fact that,

in the pre-noon region there are a large number of events with
frequenciesf <3 mHz, whereas after noon there are essen-
tially no events withf <3 mHz; an explanation for this asym-
metry cannot be provided at this point. Past statistical studies
of the distribution of geomagnetic pulsations using smaller
statistical samples have found that morning and afternoon
pulsations vary significantly. These studies have shown that
morning-side Pc5 waves are mostly standing Alfvén waves
with a fundamental odd mode as their dominant mode of os-
cillation (Singer and Kivelson, 1979), even though harmon-
ics of higher frequencies have also been reported; such pul-
sations are more commonly transverse to the direction of the
magnetic field, polarized in the azimuthal direction (Taka-
hashi and McPherron, 1984; Anderson et al., 1990), and have
been attributed to external excitation mechanisms, and in par-
ticular the Kelvin-Helmholtz instability on the morning flank
of the magnetosphere. On the other hand, pulsations in the
post-noon and evening sector have been found to be more of-
ten related to internal excitation mechanisms in the magne-
tosphere (Takahashi and McPherron, 1984; Anderson et al.,
1990; Ohtani et al., 1999), such as kinetic instabilities of ring
current ions and high beta plasma clouds, and are more com-
monly radially polarized waves (e.g. Arthur and McPherron,
1981; Engebretson et al., 1992; Anderson, 1993). This asym-
metry between morning end afternoon pulsations has been at-
tributed to a greater stability of the afternoon magnetopause
to shear-flow instabilities such as the Kelvin-Helmholtz in-
stability with respect to the morning flank (Mann et al.,
1999).

3.5 On the distribution of pulsations in frequency

There have been various observations of fluctuations that
show simultaneous pulsations at various harmonics with a
structured distribution of frequencies; this phenomenology
has been theoretically described by the cavity mode model
of Samson et al. (1991). Observations of multiple dis-
crete frequencies have utilised radars, ground magnetome-
ters, geosynchronous satellites and satellites in the solar
wind, and report a superposition of frequencies 1.3, 1.9, 2.6,
3.4, and 4.2 mHz, with small variations in the actual numbers
between the various studies. At higher frequencies, Shimazu
et al. (1995) have reported observations of Pc5 pulsations
at frequencies of 3.3, 4.7, 5.9, and 7.1 mHz simultaneously.
Samson et al. (1992) and Walker et al. (1992) have reported
that these frequencies vary little and do not depend on the ge-
omagnetic condition. The statistical analysis of narrow-band
events over a period of 8 years which was presented in Fig. 2
does not show any particular pattern in the distribution of
the events as a function of frequency, however, it is possible
that the statistical sample of events is not large enough to test
whether a preference for certain frequencies is present in this
data set. It should be noted that, although it is true that the
use of the windowing method in the Dynamic Power Spectra
as described in Sect. 2.1 acts as a high-pass filter, blocking
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pulsations of periods longer than the window length, for the
80-min long Hanning window used here, only pulsations of
frequencies less than 0.4 mHz cannot be detected, which is
lower than the Pc5 range of pulsations that are being studied.

3.6 On the drift-resonant interaction of the pulsation with
energetic electrons

From the theory of radial diffusion it is known that fluctu-
ations in the magnetospheric electromagnetic fields on the
timescale of the bounce-averaged drift period of energetic
particles can violate their third adiabatic invariant; these fluc-
tuations will cause a net radial motion in the particles’ orbits
that doesn’t average to zero over a time much longer than
their drift period (e.g. Chan et al., 1989; Elkington et al.,
1999). However fluctuations in the magnetosphere are usu-
ally broad-band in nature, making the observation of such
drift resonant interactions rather hard to directly detect. The
phenomenon on 16–18 February gives the opportunity to
monitor the interaction of a narrow-band fluctuation with
energetic electrons of various drift frequencies around the
frequency of the fluctuation. In order to explore the nature
of this interaction, we performed a spectral analysis on the
LANL energetic electron flux measurements, and plotted the
corresponding dynamic spectra as a function of time. A sim-
ilar method of treating flux data as field measurements, in
the sense that a spectral analysis is performed on the particle
count data to extract flux modulation in particular frequen-
cies, was demonstrated by Lessard et al. (2003).

The spectral analysis has shown that, indeed, out of the
four energy channels monitored, the third channel (shown
in Fig. 6c), which includes electrons with drift frequencies
within 2.9 to 4.9 mHz that encompass the 4 mHz narrow-
band fluctuation, shows the most intense flux modulation.
The drift frequency range was calculated using 90◦ pitch
angle particles in a T96 magnetic field model (Tsyganenko,
1995). Even though drift frequency will vary with pitch an-
gle, the pitch angle distributions at times of slightly disturbed
magnetospheric conditions at the vicinity of geosynchronous
orbit were found to be peaked at 90◦ (Gannon et al., 2007);
thus our calculations of the particles’ drift frequencies are
expected to be valid. As seen in Fig. 6c, flux modulation
occurs in a single dominant frequency; in the other energy
channels, more resonant frequencies appear. These include
the frequency of the magnetospheric pulsation at 4 mHz, the
drift frequency of the electrons in the energy channel, as well
as harmonics and sub-harmonics of the narrow-band fluctua-
tion. It should be emphasized that the region of intense fluc-
tuations of the fluxes in Figs. 6a through 6d (red spots in the
DPS) are only indicative of more intense flux modulation at
the corresponding times and not changes in the average flux
level. The flux magnitude remains relatively unchanged dur-
ing and after the passage of the spacecraft through the region
of intense fluctuations, as can be seen in the flux measure-
ments, in the top panels of the four figures. Even though

a clear drift resonance effect is observed, with electron flux
modulation becoming more evident in the energy channels of
electrons with drift frequencies closer to the magnetic fluc-
tuation frequency, no net increase or decrease in energetic
electron flux is observed, indicating that the net transport of
electrons is not significant. We attribute this to the fact that
the source population may not have a strong gradient in the
phase space density, which is a necessary condition for en-
hanced radial diffusion and subsequent flux change to occur.

4 Summary and conclusions

A narrow-band Pc5 pulsation event was presented using
geosynchronous measurements of the magnetic field by
GOES satellites, ground magnetic field signatures by the
CARISMA chain of ground magnetometers, LANL-SOPA
energetic electrons, and outer magnetosphere magnetic field
measurements from Geotail. The dominantly transverse pul-
sation occurs in the post-noon region. It is polarized mostly
in the radial direction and does not compress the total mag-
netic field, leading us to believe that it is quasi-field-aligned,
and more closely described as an Alfvén wave. Geotail was
traversing the dayside outer magnetosphere near the equa-
torial plane in an ideal orbit that would allow the observa-
tion of solar wind-induced pulsations, if they were propa-
gating earthward through the bow shock, magnetosheath and
magnetopause. Therefore the waves observed at GOES are
attributed to an internal generation mechanism, as there is
no apparent connection to external pulsations originating in
the solar wind during the time the pulsation was observed.
However the exact generation mechanism could not be de-
termined by the available set of measurements. LANL MPA
plasma measurements that might show low-energy plasma
bumps-on-tail with sufficient amounts of free energy, which
could be the source of the pulsations, could be looked at
in detail for this event. A comparison between the phases
(cross-phase spectrogram) of GOES-8 and GOES-10 on 18
and 19 February (not shown), when both spacecraft were in
the active region, shows no cross-correlation between the two
signals. Taking into account the 4-h separation of the two s/c,
this indicates that mode numberm should be higher than 6.
The lack of pulsation signatures on the ground also indicates
thatm has most probably a high value.

The duration of the event that was studied is much longer
than the theoretical estimates for the conversion of ideal com-
pressional poloidal pulsations to toroidal and vise-versa, as
well as estimates of the damping rates of pulsations. Thus
it is speculated that the generation mechanism for the pulsa-
tions is acting over a prolonged time, and hence while pertur-
bations are mode converted and/or dampened, new ones are
produced. An expansion of the plasmasphere and the forma-
tion of related plasma tail or drainage plumes in the evening
sector that are sustained over a 3-day period could explain the
duration of the event. Another possible model was proposed
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recently by Ozeke and Mann (2001): it suggests that the
narrow-band Pc5 pulsations in the afternoon sector are gener-
ated at the boundary between open and closed particle orbits.
This boundary would have to remain stationary for the du-
ration of the event, which is reasonable for the particularly
quiet conditions in the magnetosphere during the time period
of interest. However a detailed survey of the composition and
energy distribution of the eV to tens-keV plasma is required
in order to associate the fluctuations with a particular inter-
nal generation mechanism and/or a particular ion distribution
function.

The statistical study of narrow-band compressional fluctu-
ations at geosynchronous orbit that was presented in Fig. 2
revealed an asymmetry in the occurrence distribution, with
an increased number of narrow-band fluctuation events in the
post-noon/evening region. Other statistical studies of smaller
samples have shown that pulsations in the post-noon and
evening sector are more often related to internal excitation
mechanisms, whereas morning and pre-noon pulsations are
mostly related to external excitation mechanisms, and in par-
ticular Kelvin-Helmholtz-type instabilities. The individual
event that was extensively studied was observed post-noon
and the various analyses presented suggest that it was caused
by an internal generation mechanism. The distribution of fre-
quencies in the statistical analysis of the narrow-band events
over the 8-year study does not show any particular pattern
in the distribution of the events as a function of frequency.
Thus the pulsations reported in the statistical study are most
probably not related to observations that have reported simul-
taneous spectral peaks over a number of different frequencies
that vary little in frequency between the various studies.

The pulsation event studied herein did not show a dis-
tinct narrow-band signature on the ground, even though there
have been reports in the past of co-temporal measurements
of fluctuation events with the same spectral characteristics in
the magnetosphere and on the ground. It is understood that
ground signatures are modified in a very complex way by
both ionospheric and ground currents, and that ULF waves,
in particular those of high mode number m, may be altered or
reflected along their propagation from the equatorial regions
through the ionosphere to the ground; however a thorough
statistical investigation of the narrow-band events in conjunc-
tion with a statistical investigation of ground signatures could
reveal the exact conditions under which pulsations can pene-
trate to the ground.

Finally, a spectral analysis on energetic electron flux mea-
surements has revealed that energetic electrons with drift fre-
quencies close to the narrow-band pulsation frequency show
a distinct flux modulation around the local time of the pul-
sation. A clear drift resonance effect is observed, with elec-
tron flux modulation becoming more intense in the energy
channels of electrons with drift frequencies closer to the field
fluctuation frequency. In addition, other modulations appear
in harmonics and sub-harmonics of the electrons’ drift fre-
quency within this local time. However no significant net

increase or decrease in energetic electron flux is observed.
This has been attributed to a lack of sufficient gradient in
the phase space density of the source population, which is a
necessary condition for flux changes that are associated with
radial diffusion.
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