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Abstract. On 14 August 2004 a large-scale magnetic struc-
ture was observed by Double Star TC-1 in the southern lobe
and by Cluster in the northern lobe of the magnetotail. The
structure has the signature of a (localized) dipolarization, de-
creasingBx accompanied by an increasingBz and a strong
earthward flow. The propagation direction of this structure,
however, seems to be more in the dawnward direction than
earthward. The structure is accompanied by ULF waves with
a period of∼5 min, which are simultaneously observed by
the ground magnetometer station DIK, at the magnetic foot-
points of the spacecraft. We interprete these waves as modes
driven by the plasma flow and propagating in the flow chan-
nel.

Keywords. Magnetopheric physics (Magnetotail, MHD
waves and instabilities, Plasma sheet)

1 Introduction

The Cluster mission was developed to obtain a three-
dimensional view of the Earth’s magnetosphere at different
scales (varying from 500 km separation in 2003 to 4000 km
in 2002). In the study of the dynamics of the Earth’s magne-
totail, this mission has provided us with a detailed view of the
processes taking place at radial distances of∼19RE . Pro-
cesses that have been studied experimentally in the magne-
totail, like compressional waves (Chen and Kivelson, 1991;
Bauer et al., 1995a,b) and bursty bulk flows (Angelopoulos
et al., 1992, 1994), are subject to a multipoint analysis now,
which has been shown to be very fruitful (Zhou et al., 1997).
Similarly, the theoretical and numerical studies of waves in
the magnetotail (Fruit et al., 2002a,b; Louarn et al., 2004),
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can now be tested with observations. This 3-D view has
shown us the details of the so-called flapping motion of the
current sheet (Sergeev et al., 2003, 2004; Zhang et al., 2002,
2005), kink mode oscillations (Volwerk et al., 2003a), and
other processes that re-arrange the magnetic field in the mag-
netotail, like dipolarization (Nakamura et al., 2002) or recon-
nection (Runov et al., 2003; Volwerk et al., 2004; Oieroset
et al., 2001). Also the structure of the current sheet (Runov
et al., 2003, 2004, 2005) and of the plasma flows (Nakamura
et al., 2002, 2004) has been studied.

With the launch of the Double Star (TC) spacecraft an ex-
tra “dimension” has been added to the investigation of the
magnetotail. TC-1 has an equatorial orbit with an apogee
of approximately 13RE . This way, during conjunctions
of Cluster and TC-1, one can obtain simultaneous data for
points separated by∼3−6RE . In this way more informa-
tion is obtained about, e.g., the propagation of dipolarization
fronts (Nakamura et al., 2005) and the radial extension of the
flapping motion (Zhang et al., 2005). Indeed, with this extra
scale of∼3−6RE the wave propagation and/or mode con-
version in the tail can be studied and compared with theory
and numerical models.

In this paper we discuss an event on 14 August 2004 when
the Cluster spacecraft and TC-1 were located in the post-
midnight region of the magnetotail, with their magnetic foot-
points close together near the ground station Dikson (DIK)
in Russia. Both TC-1 and Cluster enter the magnetotail
plasma sheet during an earthward flow, albeit that TC-1 en-
ters approximately 29 min earlier. Interestingly, both TC-1
and Cluster, although separated by 3RE , observed similar
ULF waves during this event. In the following sections, we
will discuss the magnetometer data in detail in Sect.2 and
perform wave and timing analysis on the observed structures
in Sect.3. In the Sect.4 we will come to an interpretation of
the data presented in this paper.
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Fig. 1. Top panels: The location of Cluster (black, red, green and blue) and TC-1 (magenta) in GSM coordinates in thexy- plane (left) and
thexz-plane (right). Bottom panels: The relative locations of the 4 Cluster spacecraft in GSM coordinates with the usual colours in thexy-
plane (left) and thexz-plane (right).

2 Cluster and Double Star data

Between 19:00 and 21:00 UT on 14 August 2004, the Clus-
ter spacecraft were located in the northern lobe of the Earth’s
magnetotail. TC-1 was located in the southern lobe of the
magnetotail. All spacecraft were at approximately the same
yGSM≈−6RE with TC-1 atxGSM≈−11RE and Cluster at
xGSM≈−14RE . Note that although TC-1 is atzGSM≈2RE

and Cluster moves fromzGSM≈5.2 tozGSM≈3.0RE over the
event, i.e. both at positivezGSM, they are situated in different
hemispheres of the magnetotail. The location of the space-
craft is shown in Fig.1. In the same figure the configuration
of the Cluster spacecraft is shown in GSM coordinates.

We show the magnetic field data from Cluster (Balogh
et al., 2001) and TC-1 (Carr et al., 2005) in Figs.2 and3. We
show the low-pass filtered data (for periodsτ≥1.5 min) to
clearly show the low frequency oscillation in the data. In the
different panels, the Cluster spacecraft are labeled with their
usual colours (black, red, green and blue), whereas the TC-1
data are plotted in a solid line, in magenta. The data show a
magnetic structure passing by TC-1, starting at∼19:15 UT,
with the signature of a dipolarizing field or plasma sheet ex-
pansion region, i.e. a decrease inBx combined with an in-
crease inBz. The spacecraft thus enters the plasma sheet and
remains there. Similarly, the Cluster spacecraft see a mag-
netic structure with the signature of a dipolarization starting
∼20:00 UT. Note that for Cluster, this structure has a sig-
nificant By component, which is often associated with the
presence of field-aligned currents. This structure in Cluster
is also reminiscent of the current sheet flapping structures
discussed bySergeev et al.(2003, 2004). Visual inspec-
tion shows that the data from TC-1 and Cluster can be well

aligned by shifting TC-1 by∼29 min. To clarify the corre-
spondence between the observations of TC-1 and Cluster we
have added a gray line, representing the TC-1 data shifted
by 29 min, and forBx andBy the sign has been reversed, in
order to compensate for the different hemispheres where the
spacecraft are located.

There is a surprisingly good match between the two data
sets, both sets show the dipolarization-like structure over ap-
proximately the same time interval, and both show the low
frequency oscillations of the magnetic field with a period of
nearly 5 min (these will be discussed in Sect.3). However,
there are differences in the two data sets from Cluster and
TC-1. First, inBx one sees that for TC-1 this field com-
ponent decreases from approximately –18 nT to –8 nT, and
does not return to its pre-event value, and thus the spacecraft
remains in the plasma sheet. For Cluster one sees that the
x-component of the magnetic field first returns again to al-
most pre-event values after 1 h, i.e. Cluster enters the plasma
sheet and then exits again. ThenBx decreases again, most
likely as a result of Cluster nearing the neutral sheet and
motion of the magnetotail. Another difference is that the
dipolarization-like sturcture in Cluster is accompanied by a
strongBy signature (1By≈10 nT), whereas TC-1 has no sig-
nificantBy signature.

The magnetospheric activity level is very low, the AE in-
dex (not shown) only shows a slight increase over the in-
terval observed, from∼100 to ∼250. High latitude mag-
netometer stations may be better indicators for the magne-
tospheric activity seen by TC-1 and Cluster. We show the
data from ground stations near the footpoints of Cluster and
TC-1 in Fig.4. In the top panel we show theBH components
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Fig. 2. The low-pass filtered (τ≥1.5 min) magnetic field data,Bx andBy, for Cluster (usual colours) and TC-1 (solid magenta line). The
gray line shows the TC-1 data shifted by 29 min and sign-reversed to compensate for the opposite hemispheres.
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Fig. 3. The low-pass filtered (τ≥1.5 min) magnetic field data,Bz andBm, for Cluster (usual colours) and TC-1 (solid magenta line). The
gray line shows the TC-1 data shifted by 29 min.

of the Russian AARI (Arctic and Antarctic Research Insti-
tute) magnetometer station Dikson (DIK, CGM Lat. 68.3◦

and CGM Lon. 155.9◦, red line) and Cape Chelyuskin (CCS,
CGM Lat. 71.6◦ and CGM Lon. 175.3◦, black line), and in
the bottom panel theBZ components. It is clear that there is a
strong current system between these two stations, with DIK
showing a negative and CCS showing a strong positive bay.

During the event at∼20:00 UT, the CIS instrument on
board Cluster (Rème et al., 2001) shows a strong earth-
ward flow, vx≈600 km/s (data not shown in this paper). In

the TC-1 CIS data (R̀eme et al., 2005) we find that for
the event at∼19:30 UT there is a less strong earthward
flow, vx≈300 km/s (data not shown in this paper, summary
plots available at the DSDSwebhttp://edds02.iwf.oeaw.ac.at/
dsdsweb/). This flow is maintained until after 20:00 UT.

3 Wave analysis

From a visual inspection one can see that the oscillations in
Bx, observed between 19:30 and 20:00 UT by TC-1, agree

http://edds02.iwf.oeaw.ac.at/dsdsweb/
http://edds02.iwf.oeaw.ac.at/dsdsweb/
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Fig. 4. TheBH andBZ components measured by DIK (red) and CCS (black) of the AARI magnetometers. A negative bay inBH, with large
oscillations, starts almost simultaneously with the dipolarization observed by TC-1, which has its magnetic footpoint near DIK; CCS shows
no such oscillations. TheBZ component shows a negative bay in DIK, however, a strong positive bay in CCS.

very well with those seen by Cluster 29 min later, albeit not in
amplitude. We investigate the waves using spectral analysis
of the non-filtered data, and use a timing method (Harvey,
1998) on the Cluster data to obtain the propagation direction
of the waves.

3.1 Spectral analysis

We perform spectral analysis on the mean field-aligned
(MFA) magnetic field data from Cluster (sampled at 2 Hz)
and from TC-1 (sampled every 4 s). The mean magnetic
field is obtained by a low-pass Butterworth filter and the data
are transformed into compressional, left-handed and right-
handed polarized components. The spectra are averaged over
7 harmonics. The analysis of the data sets shows that in-
deed the same oscillations appear in the data sets (see Fig.5).
There is a broad peak in the Cluster compressional spectrum
at f ≈2 mHz, corresponding to periods of 500 s or 8.3 min.
More interesting, however, are the already mentioned low
frequency waves near the 5-min period. The vertical dashed
lines in Fig.5 shows the location of the 5-min waves, i.e.
f ≈3.3 mHz. In the Cluster spectra these waves show up in
both the left- and right-handed components at equal power,
indicating that the waves are linearly polarized. In the TC-1
spectra, however, we find that these waves are present in the
compressional component.

Almost simultaneously, with the large oscillations seen in
TC-1, starting at∼19:30 UT, there are large oscillations in
theBH component of the ground station DIK. Although the
sampling rate is rather low (1 min), the peaks are well de-
fined by 5 data points per peak, indicating a period of around
5 min. Indeed, in the DIK spectra the waves observed by

TC-1 are also present in both the H and E components, i.e. in
an elliptical polarization.

This means that we may be seeing a large-scale oscilla-
tion in the Pc5 range (2–7 mHz). However, these waves are
first present when the magnetic structure is near the space-
craft, and the earthward flow is present. This might indicate
that the flow is driving these oscillations (see, e.g.Baumjo-
hann and Glassmeier, 1984, for a similar event involving Pi2
waves). We will discuss this further in Sect.4.

3.2 Timing analysis

We use a timing method on the Cluster data (see, e.g.Har-
vey, 1998; Volwerk et al., 2003a), where we make a cross-
correlation of thex-component of the magnetic field data to
obtain the lag times between the spacecraft. We have timed
the Cluster data for the ULF waves in the interval 20:06–
20:18 UT, when the Cluster spacecraft enter the plasma sheet
and observe the fast earthward flow (vx≈600 km/s). For the
ULF waves seen inBx we find the following propagation ve-
locity: v=(−84, 194, −4) km/s. This means that the waves
are moving mainly towards midnight, and tailward. This is
the wave velocity in the Cluster rest frame; to obtain the wave
velocity in the plasma rest frame, we will have to add the
plasma flow velocity, which would result in the waves trav-
elling tailward with a velocityvx,wave≈684 km/s. Assum-
ing a density of∼0.1 cm−3 and a magnetic field strength
of ∼10 nT we obtain an Alfv́en velocity ofvA≈700 km/s,
which means that these linearly polarized waves are travel-
ling with the Alfvén velocity.

To obtain the velocity of the low frequency magnetic struc-
ture (the spacecraft moving from the lobes into the plasma
sheet), we perform a timing analysis on low-pass filtered data
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between 19:54 and 20:06 UT, determining the passage of
Bx=B0 for 15≤B0≤22 nT in steps of 1 nT. The determina-
tion of the velocity is very stable, giving a mean value of
v≈(0.8, −6.6, −0.2) km/s. This is a much smaller veloc-
ity (by an order of magnitude) than similar events found by
Sergeev et al.(2004), which were determined to be magne-
totail flapping. Interestingly, we find that the structure itself
is moving away from midnight, as also shown bySergeev
et al.(2004) for flapping motions, whereas the low frequency
waves are moving towards midnight.

In comparison, we can determine the velocity of the struc-
ture moving from TC-1 located at (−11.8, −5.4, 1.5) RE

to Cluster located at (−12.9, −6.1, 6.8) RE , under the as-
sumption that the dipolar field region, or the plasma sheet
expansion, is moving from TC-1 to Cluster. The signal
is observed at Cluster 29 min later than at TC-1, which
means it would travel in thexy-plane with a velocity of
vxy≈(−4, −2.6) km/s; the structure moves down the tail, ex-
panding the low magnetic field region in the centre of the
tail. Apparently, either there are spatial variations in the
large structure which cause the timing analysis on the Clus-
ter data show a slow positivevx, or our assumption that the
structure is moving from TC-1 to Cluster is wrong. We will
discuss this in Sect.4. Nakamura et al.(2002) found that
a 2000-km thick dipolarization front moved over Cluster in
an earthward-dawnward direction with a velocity of 77 km/s;
these kind of structures move much faster than what is ob-
served in this paper. The plasma flow was directed almost
parallel to the dipolarization front. Apart from the absolute
velocity, the event in this paper shows similarities in the prop-
agation direction of the dipolarization front with theNaka-
mura et al.(2002) event.

4 Discussion

We have studied the magnetic structure observed both by TC-
1 and Cluster, under the assumption that this structure was a
dipolarized field region moving past the spacecraft. It con-
sists of a decrease in thex-component of the magnetic field,
combined with an increase in thez-component and an earth-
ward plasma flow. In the Cluster data there is also a consid-
erabley-component to the structure moving past the space-
craft. It may be due to a temporal/localized expanded plasma
sheet structure.

The flapping motion of the current sheet, as discussed by
Sergeev et al.(2004) and Zhang et al. (2005), which tends
to move mainly in they-direction, could be related to the
structure observed by TC-1 and Cluster. Minimum variance
analysis of the structure passing by TC-1 shows that the di-
rection with minimum eigen value is (0.1, 0.6, –0.8). This
indicates a motion in theyz-direction. Therefore, the struc-
ture observed is more like a flapping of the current sheet,
although the average plasma flow for these cases is much
smaller than observed in this paper, and the propagation ve-
locity of the structure in this paper is almost an order of mag-
nitude smaller than inSergeev et al.(2004).
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Fig. 5. Power spectra for Cluster, TC-1 and DIK for the interval
19:00–21:00 UT. For C1 and TC-1 the spectra are shown in a MFA
coordinate system with compressional, left- and right-handed polar-
ized waves. The DIK spectra are from the H, E and Z components
of the ground magnetic field. Note that they-axis for DIK is dif-
ferent from the other two. The vertical dashed line indicates the
location for 5-min waves atf ≈3.3 mHz.
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creation of the flow channel and remains in this channel. The low velocity flow is maintained until after 20:00 UT. Twenty-nine min later,
Cluster has moved inzGSM and enters the flow channel, observing that the magnetic field “dipolarizes” and the plasma flow.

There is, however, an alternative interpretation of the ob-
served structure, which avoids the mismatch in velocities.
Nakamura et al.(2004) has shown that the plasma flow chan-
nel in the magnetotail is of limited size, i.e.∼3RE in the
y-direction and∼2RE in the z-direction. Indeed, the ver-
tical separation between TC-1 and Cluster is at “onset TC-
1” ∼3RE . TC-1 observes earthward flow at∼300 km/s and
thereby the creation of a flow channel, whereas Cluster ob-
serves an unperturbed lobe field. After 29 min, when TC-1
still observes the low velocity plasma flow, the Cluster space-
craft have moved approximately 0.4RE in zGSM. This will
move Cluster to the boundary of the flow channel already ob-
served by TC-1. Here we have to assume that TC-1, which
basically does not move inz, was located inside the flow
channel region already before the flow started. Thus, the
structure observed by Cluster is the entry of the spacecraft
into the flow channel, which also explains the slow motion
of, what we called before, the “local dipolarization” or “flap-
ping.” The flow perturbs the magnetic field, bending it from
Bx into Bz. The difference in flow velocity between TC-1
and Cluster,∼300 and∼600 km/s, respectively, is then ex-
plained by flow braking, where the assumption is made that
the plasma flow channel can exist for as long as half an hour,
which is shown from the TC-1 CIS data to be the case. The
flow velocities measured are, in general, in good agreement
with those measured in flow channels by, for example,Vol-
werk et al.(2003b) andNakamura et al.(2004). A schematic
view of this process is shown in Fig.6.

The ULF waves in the PC5 range, observed by both TC-
1 and Cluster, are mainly present during the passage of the
magnetic structure, during the earthward plasma flow. As
the ULF waves are mainly located around the front, which
we now can assume is the boundary of the flow channel, one
can imagine that they are created by a streaming instabil-
ity on that boundary (see, e.g.Holter et al., 1995; Volwerk
et al., 2003b). The waves may be eigen modes of the flow
channel. The propagation direction measured by Cluster is
tailward, with a velocity near the local Alfvén velocity, and
the waves are linearly polarized. In contrast, the waves are

also observed by the ground stations, possibly indicating a
central source of the waves. Also, TC-1 shows the waves as
compressional, which means that between TC-1 and Cluster
there has to be a mode conversion. Similarly, these waves
have an elliptical polarization on the ground. DIK shows a
peak in the spectra of both the H and E components. Further
investigation of the wave characteristics, mode conversion
and generation for this event is underway.
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