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Abstract. The overall focus on the driver of toroidal Pc5
waves has been on processes located at or acting on the day-
side magnetopause and dayside flanks of the magnetosphere.
These processes can generate waves that propagate tailward
in the magnetosphere. However, an increasing number of
studies, both theoretical and experimental, have looked at
waves propagating sunward and that are caused by processes
in the magnetotail. Here we present an ultra low frequency
(ULF) wave observed in the post-midnight/morning sector
of the magnetosphere atL=16 RE . The wave has a toroidal
mode polarization. We estimate the azimuthal wave number
to m=3, consistent with a toroidal mode type pulsation. The
positive sign indicates that the wave is propagating sunward
and this is confirmed by looking at the Poynting flux of the
wave. The frequency of the wave is not constant with time
but shows a small increase in the beginning of the event up
to over 2.0 mHz. Then the frequency decreases to 1.0 mHz.
This decrease coincides with a drop in the total magnetic field
strength and we speculate if this is related to an observed re-
versal of the sign of the interplanetary magnetic field (IMF)
By-component. This event occurs during relatively quiet
magnetospheric conditions with a solar wind speed of ap-
proximately 400 km/s. Thus this event is highly likely to be
driven by a source in the magnetotail and the change in fre-
quency is an excellent example that the frequency of an ULF
wave may be modulated by changes of the plasma parame-
ters on the resonant field line.
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1 Introduction

ULF waves are common phenomena in the magnetospheric
dawn and dusk sectors. Despite their frequent appearance the
source or sources of these waves are still under considerable
debate. One of the central concepts in the theory of ULF
waves is that of the field line resonance (FLR), which was
first discussed by Tamao (1965) but made widely known to
the scientific community by the papers of Southwood (1974)
and Chen and Hasegawa (1974). An FLR is the coupling
of energy from a fast mode wave to an Alfvén wave at a
location where the local Alfv́en eigenfrequency of the field
line matches the frequency of the fast wave. The first can-
didate suggested as a source for the fast mode waves was
the Kelvin-Helmholtz instability acting at the magnetopause.
This driver can account for many of the observed features of
field line resonance. It cannot, however, explain the multiple
frequencies observed simultaneously.

A number of studies have shown that there seems to be
a preferred set of frequencies for FLR, often quoted to be
1.3, 1.9, 2.6 and 3.4 mHz (e.g. Samson et al. 1991, Ruo-
honiemi et al. 1991, Mathie et al. 1999). A theoretical
explanation for these frequencies can be found in a series
of papers by Kivelson and co-workers (Kivelson and South-
wood 1985, 1986). They showed that the magnetosphere
could act as a resonant cavity for the fast mode and that
the observed frequencies would be the eigenfrequencies of
this cavity. Walker et al. (1992) noted that a waveguide is
a better description since the magnetosphere is open down-
tail. This waveguide description has now been elaborated
by a number of authors (for a review of the waveguide the-
ory development see Wright and Mann, 2006). The pre-
dominant frequencies are not totally undisputed, however.
Baker et al. (2003) for instance conducted a large statistical
study based on CANOPUS magnetometer data. They con-
firmed some of the previously observed Pc5 pulsation char-
acteristics like the dawn/dusk occurrence asymmetry and the

Published by Copernicus Publications on behalf of the European Geosciences Union.

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/193749953?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


1568 P. T. I. Eriksson et al.: Magnetotail ULF

increase in Pc5 band power with increasing solar wind speed.
They did not find any preferred frequencies however. Mazur
and Leonovich (2006) on the other hand gave an explana-
tion for the stability of the observed frequencies. They used
a parabolic geometry for the magnetosphere and an Alfvén
velocity distribution based on satellite data and showed that
the eigenfrequencies of their system closely matched the ob-
served frequencies. One of their suggestions was that for an
eigenmode of the system to develop its characteristic param-
eters have to remain unchanged for several periods. Thus ge-
omagnetically quiet conditions are required for these modes
to develop.

There are two fundamentally different ways to construct a
waveguide description of the magnetosphere. One is where
the magnetospheric flanks are considered and are modeled
using a box-geometry where the coordinates usually are cho-
sen to bex radially outward from the Earth,y along the flank
positive tailward andz is in the direction of the magnetic field
(where the field lines are considered straight) (e.g. Wright,
1994; Rickard and Wright, 1994, 1995; Wright and Rickard,
1995).

The other type of magnetospheric waveguide is the mag-
netotail. This second type of waveguide is inherently dif-
ferent from the first type as the ambient magnetic field is di-
rected along the waveguide as opposed to across it. Allan and
Wright (1998) used the following box model for the magne-
totail waveguide. The coordinatex extends from a position
in the tail atx=0 to x=xE , the “Earth”. The magnetic field
is assumed to be uniform in the x-direction,B=B0x̂. The
z-coordinate extends across the waveguide so the southern
magnetopause is assumed to be located atz=−zM and the
northern magnetopause located atz=zM . The y-coordinate
can be regarded as the azimuthal component. In this geom-
etry, field line resonance of the flank type is not possible.
The magnetotail waveguide shows dispersion so that waves
with the largestk|| and smallestkz propagate fastest down the
waveguide, while components with smallerk|| and largerkz

propagate much slower down the waveguide, similar to the
dispersion in the flank waveguide.

Mathews et al. (2004) presented multi-instrument obser-
vations of periodic, multiple east-west aligned auroral arcs in
the dusk sector that were propagating sunward and equator-
ward from the poleward boundary of the auroral oval. They
showed that the periodicity of the arcs matched the period-
icity of fluctuations of the local magnetic field. They fur-
thermore suggested that the observed sunward propagation
of the arcs can be explained if they are excited by field line
resonances that are driven by waveguide mode waves that
propagate sunward from the magnetotail. In a recent study
by Takada et al. (2006), ULF waves in the magnetotail lobes
were investigated using the Cluster spacecraft. This study
focused on the transport of energy from the magnetotail to-
wards the Earth by these waves. Their events were in gen-
eral not associated with high solar wind speeds and they sug-
gested that these waves were caused by an internal source in

the plasmasheet or plasmasheet boundary layer. Also Zheng
et al. (2006) used Cluster to study ULF waves in the mag-
netotail. The waves were observed to propagate westward
(anti-sunward for this event), to have amplitude and phase
structure of an FLR as deduced from ground-based magne-
tometers and to have a frequency of 1.1 mHz. This event oc-
curred during high solar wind speed conditions (average so-
lar wind speed of 680 km/s), suggesting a Kelvin Helmholtz
instability at the magnetopause as the driving mechanism al-
though the authors could not rule out other possibilities.

This paper focuses on a Pc5 pulsation in the post-midnight
magnetotail flank observed by the Cluster spacecraft. The
wave shows two properties that deserve attention. Firstly the
wave appears to propagate sunward. Secondly the frequency
is changing with time. The paper is organised as follows.
Section 2 describes the instruments used in this study. Sec-
tion 3 presents our observations and Sect. 4 discusses our ob-
servations with previously published results. Finally Sect. 5
gives a short summary of our observations.

2 Instrumentation

This study mainly focuses on measurements from the Clus-
ter spacecraft. We use data from the electric field and waves
instrument (EFW, Gustafsson et al., 1997) and the fluxgate
magnetometer instrument (FGM, Balogh et al., 1997). Fig-
ure 1 shows an illustration of the Cluster orbits (red lines)
plotted from 22:00 UT 21 July 2004 to 01:00 UT 22 July
2004. The magnetic field lines on which the spacecraft are
located at 00:00 are plotted and also the outermost field lines
of the magnetosphere. The magnetic field is calculated using
the T01 model (Tsyganenko, 2002a, b). Figure 1a shows the
projection in the GSM xy-plane, Fig. 1b shows the projec-
tion in the xz-plane and Fig. 1c shows the magnetic footprint
of s/c 3 (red circles). The locations of the IMAGE magne-
tometers and four Russian magnetometers (black circles) are
also shown. The footprint of Cluster moves westward during
the time interval so that at 01:00 the footpoint is located at
the southern tip of Svalbard. At 23:34 UT when the oscilla-
tions appear in the electric field, Cluster is located at [−9.25,
−12.0, 4.00]RE GSE-coordinates and when the oscillations
no longer are present at around 01:15 UT, Cluster is located at
[−10.3,−12.5, 3.05]RE . Thus the satellites are moving tail-
ward and towards the magnetic equator during this event. To
get a better understanding of how the satellites are positioned
we have plotted their location with respect toL-value, angle
from the magnetic equator and magnetic local time (MLT)
in Fig. 1d. These values have been calculated from just the
IGRF model of the magnetic field and the magnetic equa-
tor is defined as the plane withz=0 in SM-coordinates so
that the absolute values may differ greatly from the real ones
(apart from MLT) but the relative values are still meaning-
ful. For this event the spacecraft separation is of the order of
1000 km.
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Fig. 1. Sketch of the magnetosphere at 00:00 UT from the T01 model, the field lines which the Cluster satellites

are located and the Cluster orbits (red lines) in GSM coordinates. (a) Projection in the GSM xy-plane. (b)

Projection in the xz-plane. (c) Magnetic footprint for s/c 3(red circles). Ground-based magnetometers are

indicated by black circles. (d) Clusters position with respect to L-value (calculated from the IGFR model),

angle from the dipole magnetic equator and magnetic local time (MLT).
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Fig. 1. Sketch of the magnetosphere at 00:00 UT from the T01 model, the field lines which the Cluster satellites are located and the Cluster
orbits (red lines) in GSM coordinates.(a) Projection in the GSM xy-plane.(b) Projection in the xz-plane.(c) Magnetic footprint for s/c 3
(red circles). Ground-based magnetometers are indicated by black circles.(d) Clusters position with respect to L-value (calculated from the
IGFR model), angle from the dipole magnetic equator and magnetic local time (MLT).

We also include solar wind observations from the ACE
spacecraft. At 22:00 UT 21 July 2004 ACE was located at
[234,−40.2, 22.7]RE (GSE-coordinates). From the average
solar wind speed during the interval we estimate the propa-
gation time from ACE to the Earth to 63 min. Figure 2 shows
field and particle measurements from ACE from 22:00 UT to
01:00 UT. The solar wind speed is approximately 400 km/s
and the density approximately 2.5 cm−3 during the interval.
The most prominent feature is a reversal in the IMFBy-
component at 23:35 UT. This reversal is associated with a
drop in the geomagnetic magnetic field strength at the loca-

tion of Cluster and we shall later discuss the implications of
it.

3 Observations

In Fig. 3 we have plotted the duskward electric field mea-
sured by all four Cluster spacecraft. The oscillations are
clearly visible as they are superimposed on a quiet back-
ground. The signal is strikingly similar on all four satellites
which gives an indication of the scale-size of the wave. Also
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Fig. 2. Solar wind parameters measured by the ACE spacecraft.

visible to the naked eye is the changing distance in time be-
tween the peaks of the wave indicating that the frequency
is changing with time. In particular, there is an almost lin-
ear change in the electric field strength from 00:26 UT to
00:33 UT, most prominent on s/c 1. We will return to this
in the discussion section.

To obtain the polarisation of the wave we have transformed
the electric and magnetic field into a field-aligned coordinate
system. The coordinate system is the same as the one used
by Eriksson et al. (2005). Before performing the transforma-
tion we calculate the third component of the electric field
by assuming that the electric field is perpendicular to the
magnetic field (i.e.E×B=0). Figure 4 shows the electric
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Fig. 3. Duskward electric field measured by s/c 1 (black), s/c 2(red) s/c 3 (green), s/c 4 (blue).

and magnetic field measured by s/c 4 in field-aligned coor-
dinates. The data have been bandpass filtered with a fifth
order Butterworth filter with passband 0.9–4 mHz. Inspec-
tion of the two electric field components reveals that the ra-
dial component is the dominant, with a peak amplitude of
approximately 6 mV/m which is three times that of the east-
ward electric field component which has a peak amplitude of
2 mV/m. The dominant component of the magnetic field is
the eastward component, consistent with what is seen in the
electric field, although the amplitude of the magnetic field
component seems more strongly modulated than the ampli-
tude of the electric field component.

An important property of Pc5 pulsations is the azimuthal
wave number. From the observed toroidal polarisation of this
wave we expect it to have a small azimuthal wave number. As
discussed by Eriksson et al. (2006), there are primarily two
methods for determining the azimuthal wave number. One

is to compute the analytic signal for the wave. The imag-
inary part of the analytic signal is the instantaneous phase
and thus the phase difference between two spacecraft can be
obtained. The other is to compute the cross spectral density
between the signals from two spacecraft. Again the phase
(difference) can be extracted by looking at the imaginary part
of the cross spectral density. The second method is more suit-
able for waves with smallm and thus this is the one we will
use here as we shall see that this event has a small azimuthal
wave number. By calculating the phase difference between
the six different satellite pairs we obtain six different esti-
mates ofm, all of which givesm=3 with little deviation.
Obviously we need to consider that the frequency is not con-
stant during this event and the question then arises at what
frequency the phase difference should be taken. Fortunately
the cross spectral density yields a high coherency (0.99) at
1.9 mHz. So we use the phase difference at this frequency.

www.ann-geophys.net/26/1567/2008/ Ann. Geophys., 26, 1567–1579, 2008
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Fig. 4. Field in field-aligned coordinates for s/c 4.

To study the change in frequency in more detail we have
calculated a spectrogram from the duskward electric field
component measured by s/c 1. The spectrogram is calcu-
lated as follows. The electric field data are divided into seg-
ments, each with the length 2048 s and with an overlap of
1900 s. A Hamming window of the same size is then ap-
plied to each segment. The number of frequency points used
to calculate the discrete Fourier transforms is 1024. The re-
sult is plotted in Fig. 5 with time on the x-axis, frequency
on the y-axis and the logarithm of the intensity is given by
a colour-scale. At the beginning of the event the wave fre-
quency is approximately 1.5 mHz and it increases gradually
to more than 2 mHz at 00:15 UT. From Fig. 3 we saw that the
duskward electric field had an almost linear behaviour be-
tween 00:26 UT and 00:33 UT. This is reflected in the spec-
trogram as a rapid decrease in the frequency. After approxi-
mately 00:33 UT the wave displays a slower decrease in fre-
quency to almost 1.0 mHz at the end of the event at around

01:00 UT. Of course it is questionable to speak of the fre-
quency as something instantaneous but this analysis at least
highlights the changing nature of the wave.

The changing frequency of this event naturally raises the
question of the underlying cause. The travel time approxima-
tion (e.g. Schulz, 1996) givesω∼(

∫
ds
vA

)−1 for the eigenfre-
quency of a magnetic field line, wherevA is the Alfvén speed
and the integrations is performed along the entire field line.
Thus an increase in the magnetic field strength causes an in-
crease in the eigenfrequency and an increase in the plasma
density causes a decrease in the eigenfrequency. In Fig. 6 we
have plotted the absolute magnetic field strength measured
by s/c 3 (green curve) and the field strength at the location
of s/c 3 computed from the T01 model (pink curve). The be-
haviour of the magnetic field at the location of the other three
satellites closely resembles that of s/c 3 so we have omitted
those for clarity. At the start of the event at 23:34 UT the
field strength is approximately 13.2 nT followed by a small
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depression at around 23:37 UT and a spike at 23:40 UT. The
spike is followed by another depression reaching a minimum
of 12.2 nT at 23:45 UT. From 23:53 UT the field strength in-
creases from 12.2 nT up to 13.9 nT at 00:02 UT after which
the field seems to oscillate around 13.5 nT until 00:33 UT.
From 00:33 UT to 00:40 UT there is a drop in the magnetic
field strength down to 10.7 nT after which the field continues
to decrease down to 8.3 nT at 01:13 UT apart from a small
peak at 00:48 UT. The magnetic field strength continues to
decrease and reaches a minimum of 8.6 nT at 01:13 UT. As
for the model field, it shows in overall an overestimate of the
field strength but the qualitative behaviour is similar. This
makes us confident that the overall trend of the measured
magnetic field is due to global variations of the geomag-
netic field rather than being a localised behaviour and ac-
cordingly these changes would affect the eigenfrequency of
the field lines. The model field decreases from the beginning
of the plot to 13.9 nT at 23:30 UT. It then stays fairly constant
above 14 nT until 00:15 UT where it starts to drop to 12.3 nT
at 00:20 UT. From 00:40 UT it makes another drop down to
10.5 nT at 00:55 UT. At 00:10 the model field start to re-
cover again increasing to 13.6 nT at 01:35 UT, mimicking the
behaviour of the real magnetic field although the amplitude
is overestimated. Our interpretation of the large scale be-
haviour of the magnetic field is illustrated by the dash-dotted

line. Here we have assumed that the smaller wiggles in the
magnetic field are small scale (local) variations at the posi-
tion of the spacecraft and that it is the behaviour marked by
the dash-dotted line that is important for the observed change
in frequency.

The sign of the azimuthal wave number is important here
because it indicates the direction of propagation of the wave.
To confirm the direction of propagation we turn our attention
to the Poynting flux. In Fig. 7 we have plotted the instan-
taneous Poynting flux in field-aligned coordinates calculated
from s/c 1 using the same bandpass filter as previously. The
red curve is the radial component (positive outward, away
from the Earth), green is the eastward component and blue is
the field-aligned component. If we first look at the eastward
component we see that it is predominantly positive for the
entire event. The radial component is also positive for most
of the interval with some exceptions in the middle of the in-
terval. Energy is thus transported away from the midnight
magnetotail towards the dayside. We note that the parallel
component of the Poynting flux oscillates around zero dur-
ing the majority of the time interval except for the very be-
ginning. The first period of oscillations in the parallel com-
ponent of the Poynting flux (corresponding to half a period of
the wave) has a positive offset from zero so that for this time
period energy is transported in the direction of the magnetic
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field. This is followed by a negative value of the Poynting
flux, suggesting that the wave has been reflected from the
northern ionosphere. After 00:00 UT the oscillations in the
parallel component of the Poynting flux are approximately
centred around zero, indicative of a standing wave along the
geomagnetic field.

In Fig. 8a we have plotted the duskward electric field from
all four satellites in the interval where the oscillations appear
in the Cluster data. We can see that the wave is first observed
by s/c 2 (red) at approximately 23:34 UT followed by s/c 3
(green), s/c 1 (black) although the difference between s/c 3
and s/c 1 is subtle and last by s/c 4 at 23:35 UT. Returning to
Fig. 1d the third panel shows the magnetic local time of the
satellites with s/c 2 the spacecraft closest to midnight. Then
there is a gap to the three other satellites which are closely
spaced together with s/c 1, s/c 3 and s/c 4 in increasing order.
This separation of the satellites can explain the arrival order
of the wave although s/c 3 sees the wave before s/c 1 but
s/c 1 is closer to midnight than s/c 3. This discrepancy can
be explained if we consider that the alignment of the wave

phase front does not need to be in the east-west sense defined
by magnetic local time. However for the spacecraft pair 2
and 4 that have a fairly large separation in azimuth (MLT)
the difference in arrival time becomes quite clear.

As for the disappearance of the wave, we have plotted the
end of the wave event in Fig. 8b. Again we have looked
at the duskward electric field from all four spacecraft. Un-
like the start of the event all of the curves follow each other
quite closely marking a temporal change in the evolution
of the wave. The damping is clearly evident with a peak
electric field of approximately 2 mV/m at 00:47 UT and a
full wave cycle later at 01:02 UT the electric field is only
0.25 mV/m. This means that the wave electric field has been
reduced by a factor of 8 during 15 min. After 01:10 UT the
wave is no longer visible in the electric field data with the
exception of s/c 3 that sees the wave for approximately an-
other half of a wave period. By allowing a complex wave
frequency,ω→ω+iγ we can calculate the damping coeffi-
cientγ . If we assume the wave starts to damp at 00:47 UT,
which coincided well with the drop in the total magnetic field
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strength, the damping should be described ase−γ1t
=1/8,

with 1t=15 min. From this we obtainγ=2.3×10−3/s. This
is a large number forγ , which is normally considered to be
only a fraction of the wave frequency (ω) (e.g. Newton et al.,
1978). The value is not unrealistic however, Glassmeier et
al. (1984) reported values of approximately 6×10−3 s−1 for
γ .

4 Discussion

The relatively small amplitude observed for the mag-
netic field is consistent with the findings of Chen and
Kivelson (1991). They studied ULF waves in the lobes
(−10.XGSM.−23RE) using data from the ISEE 2 satellite
and found the magnetic field amplitude to be below 0.8 nT
90% of the time for transverse waves in the frequency range
1 to 5 mHz.

For the discussion of the changing frequency we need to
establish what parameters control the eigenfrequency of a ge-

omagnetic field line. The problem of calculating the eigen-
frequencies for a closed geomagnetic field line has attracted
the interest of many authors. As mentioned earlier, in the
WKB approximation the (toroidal) eigenfrequency is depen-
dent of the magnetic field strength, the plasma density and
the field line length. For the poloidal mode it can be shown
(e.g. Klimushkin, 1998a, b) that the eigenfrequency is also
affected by field line curvature. In the real case the eigenfre-
quency of the toroidal mode is also affected by field line cur-
vature (D. Klimushkin, private communication). More so-
phisticated models have also been developed although these
models have to be solved numerically in general. Rankin et
al. (2000) numerically solved the MHD equation for a cold
plasma with the Tsyganenko 96 model as the background
magnetic field. They showed that the eigenfrequencies of
the magnetic field lines in the midnight sector are signifi-
cantly lower than the corresponding dipole values. Going
back to the WKB approximation for the eigenfrequency in a
dipole geometry it can be shown that it depends linearly on
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Fig. 8. (a)Duskward electric field measured by s/c 1 (black), s/c 2(red) s/c 3 (green), s/c 4 (blue) for the beginning of the event.(b) Same
as in (a) but for the end of the event.

the equatorial Alfv́en speed and accordingly it depends lin-
early on the equatorial magnetic field strength. As a zeroth
order approximation we can naively assume that the local
measurement of the field strength by Cluster is representative
of the entire field line. From the measurements of the field
strength we saw that it increased from 12.2 nT at 23:53 UT
to 13.9 nT at 00:02 UT., i.e. approximately a 14% increase.
The frequency shows approximately a 30% increase from
23:45 UT to 00:15 UT, with the major part of the change
occurring after 00:00 UT. So the frequency increases more
than predicted by the WKB theory but the causal relationship
holds with the magnetic field strength increasing before the
frequency. From 00:33 UT to 00:40 UT the magnetic field
dropped approximately 20%. The frequency starts to drop
fairly rapidly at approximately 00:26 UT until approximately
00:30 UT, consistent with the non-sinusoidal behaviour of
the electric field. Here the causal relationship appears to be
violated and we can only speculate that it is due to the im-
perfectness of a point measurement being representative of
the field strength along the entire field line. The trend is the
same however, since it would have been harder to explain the
drop in frequency if the field strength had increased. Also
the discrepancy in timing is on the order of five minutes, less
then the eigenperiod of the oscillations. After 00:30 UT the
frequency continues to decrease but more slowly. The drop
in the magnetic field strength observed at 00:33 UT corre-
sponds well to the reversal in the IMFBy-component if we
assume that the travel time from ACE to the Earth is given

by the solar wind speed, i.e. the magnetic field structure is
frozen into the solar wind plasma. If we assume that the
drop in the magnetic field strength is caused by the reversal
in the IMFBy-component this would also shed some light on
the discrepancy in timing. The disturbance in the magnetic
field caused by the IMF reversal would propagate tailward
affecting different parts of the geomagnetic field line at dif-
ferent times and as we can see from Fig. 1, Cluster is located
almost at the most “distant part” of the field line.

To see how the plasma density is behaving we have looked
at the probe to spacecraft potential as measured by the EFW
instrument. The relationship between the probe potential and
the electron density has been studied several authors (e.g.
Pedersen et al., 2001, for Cluster, Ishisaka et al., 2001, for
Geotail). For our event, the qualitative behaviour of the probe
potential is similar to that of the magnetic field strength,
with an increase in the beginning of the event followed by
a plateau in the middle and a decrease towards the end of the
event. So as the probe potential (density) increases approxi-
mately at the same time as the frequency increases and vise
versa we do not believe that changes in the plasma density
plays any major part in the change in frequency.

On the other hand, it is justified to ask the question if
the change in frequency can be related to a change in fre-
quency of the driver. This change may be the effect of fre-
quency dispersion in the magnetotail waveguide as described
by Allan and Wright (2000). However we believe this to be
unlikely because the frequency changes approximately 50%
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(from 2 mHz down to 1 mHz) at the same time as the Poynt-
ing flux shows that the wave is a standing wave along the
geomagnetic field. Thus if the driver changes frequency the
wave would no longer appear to be standing in the Poynt-
ing flux plot. Movement of the spacecraft is also a factor to
consider. From Fig. 1d we see that Cluster moves less than
1RE in the radial direction (monotonically increasing) which
is hard to reconcile with the relatively large and non-linear
change in frequency. As for the length of the geomagnetic
field line at the location of Cluster we have calculated it to
be approximately 42RE from the T01-model, deviating no
more than 5% from this value during the time the waves is
observed. This suggests that variation of the field line length
alone cannot account for the observed frequency change but
it may be a smaller piece in a larger puzzle. Also, from just
a theoretical point of view, to incorporate the change in fre-
quency from a change in the field line length would require
an enormous stretching of the field. Our interpretation of the
change in frequency is thus that the parameters that control
the field line, in particular the magnetic field, change dur-
ing the time that the field line reverberates and so forcing the
system to adjust to these changes, much like if you pluck a
guitar string and then change the tension of the string causing
it to change its tone. The rate of occurrence for changes in
the frequency of the type studied here is of course yet to be
determined. This is also true for changes in frequency from
other causes at least to the best of our knowledge. Since re-
versals in one or several of the components of the interplan-
etary magnetic field are fairly common and that there almost
always is ULF wave activity going on in the magnetosphere
suggests that the process studied here has some significance.

The temporal damping observed at the end of the wave
event cannot be explained by the cold MHD theory in a slab
geometry as the dispersion relation for the shear Alfvén wave
readsω2

=V 2
Ak2

z and thusω2 cannot become negative. How-
ever, collisionless damping is non-zero in a curved magnetic
field geometry (Newton et al., 1978) which may explain the
observed damping. Another explanation for the wave to dis-
appear within a wave period is that the field line has been
opened by some reconnection process and thus energy would
simply follow the field line anti-sunward. We believe the
latter to be unlikely though, as Cluster appears to be well
within the region of closed field lines as indicated by the
Tsyganenko model. Ionospheric damping is another possi-
ble damping mechanism.

From the azimuthal wave number we can estimate the az-
imuthal wave length and the azimuthal phase speed of the
wave. The azimuthal phase velocity can be written as (e.g.
Mathie and Mann, 2000),Vp=|2πLREf/m|, whereRE is
the radius of the Earth andf is the wave frequency andL
is the McIlwain parameter. Although this formula is for a
dipole geometry it should at least give us the order of magni-
tude of the phase speed. Takingf =1.5 mHz as the (average)
frequency of the wave we getVp=320 km/s. From the dif-
ference in arrival time of the wave between the satellites we

may also estimate the group velocity of the wave. Again we
look for an order of magnitude estimate. Taking the sepa-
ration between s/c 2 and s/c 4 to be 1000 km and the differ-
ence in arrival time to be 1 min we get for the group velocity
vg=17 km/s, which is an order of magnitude smaller than
the phase velocity. This is in agreement with the results of
Rickard and Wright (1995), who showed that the group ve-
locity of a waveguide mode is an order of magnitude smaller
than the phase velocity (their Figs. 4 and 5). The group veloc-
ity is an order of magnitude larger than the satellite velocity,
justifying the latter to be neglected in the calculations above.

As for the sunward propagation of the wave, this is estab-
lished by the sign of the azimuthal wave number (positive
in this case), the average direction of the Poynting flux and
by the onset timing on the four spacecraft. This places the
source of the pulsations tailward of the location of Cluster.
A magnetotail source of Pc5 pulsations has been suggested
theoretically by Allan and Wright (2000) and experimentally
by Mathews et al. (2004). These tail-waveguide eigenmodes
are thought to be generated by Earthward flows of the mag-
netotail plasma. An example of such an Earthward flow was
studied by Volwerk et al. (2005). They observed Earthward
plasma flow with the Cluster satellites on 14 August 2004, 23
days after our observations. At the time of their event Clus-
ter was located atxGSE≈−14RE , whereas for our event we
havexGSE≈−10RE . The plasma flow velocity was found
to bevx≈600 km/s and associated with a decrease in the x-
component of the magnetic field and an increase in the z-
component, indicating a dipolarisation of the magnetic field.
Volwerk et al. also observed ULF waves with a period of ap-
proximately 5 min during the passage of the magnetic struc-
ture. The waves propagated tailward but were also observed
by ground magnetometers. The findings of Volwerk et al.
show that processes can occur which can potentially gener-
ate ULF waves not far from the position of our observations.
Since direct measurement of a driver of FLRs has proven dif-
ficult (e.g. Waters et al., 2002) it is important to get as much
indirect information from the observed wave as possible.

5 Summary and conclusions

We have reported a Cluster observation of a ULF wave in the
post-midnight magnetosphere flank (Cluster approximately
located at [−10, −12, 4]RE GSE-coordinates). The wave
displays two peculiar properties that we have studied in de-
tail. The first is a sunward propagation as inferred from the
sign of the azimuthal wave number, the arrival time between
the satellites and the direction of the Poynting flux. This
leads us to suggest a source in the magnetotail, possible an
Earthward flow of plasma. The second property is a non-
linear change in frequency. We relate this change to changes
in the parameters that control the eigenfrequency of a field
line, in particular we contribute changes in the magnetic field
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strength to most of the observed change in frequency of the
wave.
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A. Pedersen, D́ecŕeau, P., Escoubet, C.-P., Gustafsson, G., Laakso,
H., Lindqvist, P.-A., Lybekk, B., Masson, A., Mozer, F., and
Vaivads, A.: Four-point high time resolution information on elec-
tron densities by the electric field experiments (EFW) on Cluster,
Ann. Geophys., 19, 1483–1489, 2001,
http://www.ann-geophys.net/19/1483/2001/.

Rankin, R., Fenrich, F., and Tikhonchuk, V. T.: Shear Alfvén waves
on stretched magnetic field lines near midnight in Earths magne-
tosphere, Geophys. Res. Lett., 27(20), 3265–3268, 2000.

Rickard, G. J. and Wright, A. N.: Alfv́en resonance excitation and
fast wave propagation in magnetospheric waveguides, J. Geo-
phys. Res., 99, 13 455–13 464, 1994.

Rickard, G. J. and Wright, A. N.: ULF pulsations in a magneto-
spheric waveguide: Comparison of real and simulated satellite
data, J. Geophys. Res., 99, 3531–3537, 1995.

Ruohoniemi, J. M., Greenwald, R. A., Baker, K. B., and Samson, J.
C.: HF radar observations of Pc5 field line resonances in the mid-
night/early morning MLT sector, J. Geophys. Res., 96, 15 697–
15 710, 1991.

Samson, J. C., Greenwald, R. A., Ruohoniemi, J. M., Hughes, T. J.,
and Wallis, D. D.: Magnetometer and radar observations of mag-
netohydrodynamic cavity modes in the Earth’s magnetosphere,
Can. J. Phys., 69, 929–937, 1991.

Schulz, M.: Eigenfrequencies of geomagnetic field lines and impli-
cations for plasma-density modeling, J. Geophys. Res., 101(A8),
17 385–17 398, 1996.

Southwood, D. J.: Some features of field line resonances in the
magnetosphere, Planet. Space Sci., 22, 483–491, 1974.

Takada, T., Nakamura, R., Baumjohann, W., Seki, K., Vörös, Z.,
Asano, Y., Volwerk, M., Runov, A., Zhang, T. L., Balogh, A.,
Paschmann, G., Torbert, R. B., Klecker, B., Rème, H., Puhl-
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