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[1] During intervals of southward IMF, magnetic reconnection can result in the formation
of flux transfer events (FTEs) on the dayside magnetopause which travel along the
magnetopause in the anti-sunward direction. Of particular interest is their fate and the role
they play transporting solar wind plasma into the magnetosphere. We present the discovery
of FTEs far along the distant tail magnetopause (x = �67 Earth radii) using data from
ARTEMIS on the dusk flank magnetopause under southward/duskward IMF conditions.
The identification of several events is further supported by excellent fits to a force-free flux
rope model. The axis of each structure is principally north-south, i.e., perpendicular to the
Sun-Earth line. Simultaneous observations by THEMIS on the dayside magnetopause
indicate that FTEs are being produced there, although perhaps 2–4 times smaller in size.
The convection time from the dayside magnetopause to ARTEMIS is 30 min, and the FTEs
have a flux content comparable to those typically observed on the dayside magnetopause,
indicating that these features are in quasi-equilibrium as they are convected downtail.
By considering the relative orientations of the FTEs observed by THEMIS and ARTEMIS,
the magnetic field geometry is consistent with the FTEs being produced on the dayside
magnetopause along an extended X-line in the presence of IMF By and bending as they are
convected to the flanks.
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1. Introduction

[2] At Earth, the solar wind–magnetosphere interaction is
chiefly governed by the orientation of the interplanetary
magnetic field (IMF) as it impinges on the dayside magne-
tosphere. In particular, if the IMF points southward (i.e., Bz

< 0 in the Geocentric Solar Magnetospheric (GSM) coordi-
nate system), then subsolar magnetopause reconnection
leads to plasma entry and the so-called ‘open magneto-
sphere’ [Dungey, 1961; Fairfield and Cahill, 1966], with
plasma added to the magnetotail plasma sheet via recon-
nection in the magnetotail.

[3] This basic picture implies that the transport of recon-
nected plasma into the magnetotail is steady and smooth.
However, experimental evidence and computer simulations
suggest that even under relatively steady solar wind condi-
tions magnetopause reconnection can be unsteady and/or
multipoint in nature, leading to the formation of flux transfer
events (FTEs) which are observed on the magnetopause
[Russell and Elphic, 1978; Raeder, 2006; Omidi and Sibeck,
2007; Fear et al., 2008; Hasegawa et al., 2010; Øieroset
et al., 2011]. Various formation mechanisms have been
proposed based on patchy reconnection [Russell and Elphic,
1978], bursty reconnection at a single elongated X-line
[Southwood et al., 1988; Scholer, 1988] and multiple X-line
reconnection [Lee and Fu, 1985].
[4] The vast majority of FTE observations have been

made on the dayside magnetopause and to distances of
�10 RE downtail [Kawano and Russell, 1997; Fear et al.,
2005; Wang et al., 2006; Dunlop et al., 2011a, 2011b],
and so the evolution and fate of FTEs as they are transported
into the magnetotail is poorly understood. It has been pro-
posed that if they form as flux tubes in the manner described
by Russell and Elphic [1978] then their axes should rotate
toward orientations parallel to the Sun-Earth line, and ‘sink’
into the magnetospheric lobe [Sibeck and Siscoe, 1984].
However, if FTEs are formed by multiple X-line reconnec-
tion, they may become connected to the ionosphere at both
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ends, or open to the solar wind at both ends [Lee and Fu,
1985], in which case the term flux transfer event would be
a misnomer, since in the latter case these structures would
not transfer magnetic flux into the magnetotail.
[5] THEMIS and ARTEMIS [Angelopoulos, 2008, 2011;

Sibeck et al., 2011] provide a new opportunity to examine
global solar wind entry modes, by making simultaneous
subsolar and distant flank observations for the first time. Here
we present new observations from ARTEMIS showing the
survival of FTE flux ropes far along the tail magnetopause at
x = �67 RE on the dusk flank, with flux content similar to
that of FTEs at the dayside. These measurements are com-
plemented by simultaneous THEMIS measurements of the
dayside magnetopause and observations of FTEs there.

2. Overview of the Observations

[6] THEMIS initially consisted of five identical satellites,
or probes, placed in orbit around the Earth to study the
physics of substorms. In 2009, two of the probes (P1 and P2)
were removed from the THEMIS constellation to form
ARTEMIS, and in mid-2011 were finally placed in lunar
orbit, following nine months when the probes were located
at the Earth–Moon Lagrange points. The present observa-
tions were made after P1 had been inserted into a Lissajous
orbit around the L2 Lagrange point (P2 was still in a trans-
lunar orbit, approaching its own Lissajous orbit insertion at
the L1 Lagrange point).
[7] On 20 September 2010 the THEMIS and ARTEMIS

satellites were simultaneously observing both the dayside
magnetosphere and the flanks of the magnetosphere
(Figure 1a). ARTEMIS P1 was on the dusk flank of the
magnetosphere at x = �65 RE (the dotted line shows a
simple straight-line extrapolation of the magnetopause from
the Farris et al. [1991] model) while THEMIS P4 crossed
the dayside magnetopause near the nose of the magneto-
sphere. ARTEMIS P2 was on the dawn flank of the mag-
netosphere at x = �90 RE, but is not discussed further
because it did not observe the magnetopause during the

interval to be considered. Figure 1b shows the satellite
locations projected into the y-z GSM plane. The dashed cir-
cle represents an estimated magnetopause at the x-location
of ARTEMIS P1.
[8] Figure 2 shows an overview of the data. The upstream

solar wind magnetic field, measured by Wind, is shown in
Figures 2a–2c. Based on an inter-comparison of Wind and
THEMIS P4 data in the magnetosheath, the Wind data has
been lagged by 87 min so that it corresponds to the condi-
tions at the nose of the magnetosphere. The magnetic field,
initially northward, turned southward and duskward (By > 0)
at �17:30 UT. Based on the location of P1 and the measured
magnetosheath flow speed (�300 km s�1), it took approxi-
mately 27 min for the shocked solar wind, and the associated
frozen-in IMF orientation, to flow from the nose of the
magnetosphere (�x = 10 RE) to the flanks where P1 was
situated. This advection time is confirmed by the later
northward turning in Bz which occurred at �19:30 UT at P4
and �20:00 UT at P1 (at the end of the interval shown in
Figure 2).

3. ARTEMIS P1 Dusk Flank
Magnetopause Observations

[9] At 18:00 UT, P1 was located in the magnetosheath (vX
��300 km s�1 in Figure 2e), and subsequently encountered
the magnetospheric plasma sheet three times (marked by
blue bars in Figure 2d, characterized by stagnating flow and
Bz > 0). Identification of the distant tail magnetopause can
be difficult because the magnetosheath Alfvén speed is low
and plasma properties can change very little across the
magnetopause [Hasegawa et al., 2002a, 2002b]. Around
18:02 UT and 18:14 UT, the flow speed decreases somewhat
and the magnetic field points Earthward (Bx > 0). We
identify this as the mantle, where relatively fast flowing
plasma is contained on field lines of magnetospheric con-
figuration [Maezawa et al., 1997]. P1 subsequently returns
to the magnetosheath, and then crosses fully into stagnant
plasma at just before 18:50 UT.

Figure 1. (a) Satellite orbit plot in the x-y GSM plane between 12:00 UT and 20:00 UT on 20 September
2010. (b) Plot in the y-z GSM plane. The symbols indicate the location of each probe at the start of the
interval. The dashed line represents the model magnetopause, calculated according to the Farris et al.
[1991] model with appropriate solar wind conditions (n = 8 cm�3, v = 330 km s�1). In the absence of
an appropriate tail magnetopause model, the dotted line is a linear extension to ARTEMIS P1. In Figure 1b,
the circle has radius 28 Re, corresponding to the location of the magnetopause at the x location of ARTE-
MIS P1.
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Figure 2. (a–c) Wind measurements of the BX, BY, BZ components of the IMF in the GSM coordinate
system, lagged by 87 min. (d–h) ARTEMIS P1 ion energy flux spectrogram, ion velocity, ion density,
magnetic field components and magnetic field strength. (i–m) THEMIS P4 ion energy flux spectrogram,
ion velocity, ion density, magnetic field components and magnetic field strength. Vectors are presented
using the GSM coordinate system.
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[10] The interval 18:20–18:40 UT, just prior to the first of
these magnetopause encounters, is shown in more detail in
Figure 3. The data have been transformed into a local
boundary coordinate system [L,M, N] where L contains the
main magnetic field reversal and N is the boundary normal.
This coordinate system is derived from minimum variance
analysis of the current sheet crossing between 18:36:40 UT–
18:40:24 UT, with the maximum, intermediate and mini-
mum variance directions corresponding to L, M and N
respectively. Here L = (0.948, �0.017, 0.319), M = (0.319,
0.101, �0.942) and N = (�0.016, 0.995, 0.102), with
eigenvalues {l1 = 1.31, l2 = 0.27, l3 = 0.10}. As expected
from the location of P1 shown in Figure 1, the local mag-
netopause normal points in the +yGSM direction. Note that
magnetic field draping changes +By in the subsolar magne-
tosheath to �BL (i.e., �Bx) in the flank magnetosheath. The

magnetic field points Earthward in the magnetosphere (BL >
0). The overall geometry is discussed in more detail in
section 5.
[11] P1 observed four enhancements in the magnetic field

strength (marked by vertical arrows in Figure 3h), accom-
panied by in/out (�, +) perturbations in BN, the component
of the magnetic field normal to the magnetopause at 18:24
UT, 18:29 UT, 18:33 UT and 18:36 UT. Although the
density is reduced in some events (e.g., #2), the total pres-
sure increases inside each event (particularly in #3). Based
on these characteristics, these features are identified as flux
transfer events. If they were due to boundary fluctuations
caused by the Kelvin-Helmholtz instability, then this would
induce a vorticity i.e., a significant perturbation in vN
[Hasegawa et al., 2004] which is not observed.

Figure 3. (a, b) ARTEMIS-P1 electron and ion energy flux spectrograms, (c, d) ion velocity and density,
(e–h) magnetic field components and strength, and (i) total ion pressure. FTEs are identified by vertical
arrows. Data are shown in a local boundary normal coordinate system.
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[12] In order to determine their properties more quantita-
tively, a force-free flux rope model (i.e., J � B = 0) whose
solution is a cylindrically symmetric helical magnetic field:
Bz(r) = B0J0(ar), Bq(r) = B0HJ1(ar), Br = 0 (B0 = peak core
magnetic field, a = constant, H = handedness, Bessel func-
tion Jn) was applied to each structure [Burlaga, 1988;
Lepping et al., 1990, and references therein]. It is assumed
that the satellite follows a straight-line trajectory through the
rope, which is defined by the impact factor (the closest
approach to the flux rope axis). The interval is first trans-
formed using MVA and the intermediate variance direction,
containing a unipolar variation in the magnetic field, is
identified as the axis of the flux rope without further opti-
mization [e.g., Lepping et al., 1990]. A least squares fit is
then performed between the data and the model, varying the
model core field and the model impact parameter. We note
however that MVA would not necessarily work if the flux
rope was not force free [Xiao et al., 2004].
[13] This model was applied to each of the four FTEs.

Excellent fits to the force free model were recovered for #3
and #4. Figure 4 shows flux rope #3 together with the best fit
to the force-free model (note the data are shown in the GSM
coordinate system). The axis of flux rope #3 is calculated
to be n = [�0.514, �0.094, 0.853], with an impact factor

Y0 = 0.05 (Y0 = 0 is the center of the flux rope whereas at
Y0 = 1, the magnetic field is perpendicular to the flux rope
axis). The model core field is B0 = 5.1 nT. The fit to flux
rope #4 is shown in the same format in Figure 5. Here, the
axis is calculated to be n = [�0.169, 0.222, 0.960]. In this
case, Y0 = 0.35, indicating that the satellite did not pass as
close to the axis of the flux rope. As such, although the
observed peak field in #4 is slightly less than that observed
in #3, the model core field B0 = 5.5 nT for flux rope #4. In
both cases, the flux ropes have positive (right) handedness.
[14] Relatively poor fits to #1 and #2 were found, possibly

because the satellite, being slightly further from the magne-
topause, did not pass close enough to the center of the flux
rope [Rees, 2002]. If a satellite encounters the draped fields
around the FTE, rather than the core of the FTE itself, then
the minimum variance direction should be identified as the
FTE axis [Farrugia et al., 1987]. For FTE #1, the minimum
variance direction is found to be n = [�0.608, �0.285,
0.740] (l2/l3 = 11.6), and for FTE #2, n = [�0.721,�0.390,
0.573] (l2/l3 = 5.0).
[15] Given the consistency in the orientations of the four

FTE axes (all pointing in the �x/+z direction), it therefore
appears that P1 encountered the first two FTEs further away
from the magnetopause, and observed draped field sig-
natures, whereas it encountered the core regions of the third

Figure 4. (a, b) ARTEMIS-P1 observations of FTE #3 and
the best fit to a force free flux rope model.

Figure 5. (a, b) ARTEMIS-P1 observations of FTE #4 and
the best fit to a force free flux rope model.
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and fourth FTEs. This is also consistent with the overall
trajectory of P1 being directed from the magnetosheath to
the magnetosphere.
[16] It is expected that the flux ropes should lie parallel to

the plane of the local magnetopause, and so a simple con-
sistency check can be made by calculating the angle between
each flux rope axis and the current sheet normal. The angles
between the four flux rope axes and the current sheet normal
are 101�, 109�, 90� and 97� respectively, confirming that the
structures lie parallel to the plane of the local magnetopause.

4. THEMIS P4 Subsolar
Magnetopause Observations

[17] During the interval shown in Figure 2, P4 was on the
outbound leg of its orbit and crossed the magnetopause

several times between 18:00 UT–19:00 UT. Similar obser-
vations were made by THEMIS P3 and P5 located nearby.
The data are shown in Figure 6, again transformed into a
local boundary normal coordinate system based on the
magnetopause crossing that occurred between 18:10:30 UT–
18:12:30 UT. As before, [L, M, N] correspond to the max-
imum, intermediate and minimum variance directions with
L = (0.029, �0.288, 0.957), M = (0.164, �0.943, �0.289)
and N = (0.986, 0.165, 0.021). The corresponding eigenva-
lues are {l1 = 875.7, l2 = 33.3, l3 = 4.74}. The magne-
tosheath flow itself is predominantly in the �M (duskward)
direction, as expected given that P4 is duskward (y > 0) of
the subsolar point. At several of the magnetopause crossings,
plasma jets perpendicular to the current sheet normal are
observed. This is indicative of ongoing magnetopause
reconnection [Phan et al., 2000]; for example at 18:17 UT a

Figure 6. (a, b) THEMIS-P4 electron and ion energy flux spectrograms, (c, d) ion velocity and density,
(e–h) magnetic field components and strength, and (i) total ion pressure. Data are shown in a local bound-
ary normal coordinate system.
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jet in the �L/�M direction is observed (i.e., southward and
duskward). At 18:30 UT a jet (vL � 130 km s�1) in the +L
direction is observed, reversing to the �L direction at
18:32 UT. The reversal in the jet direction suggests that the
satellite is in the vicinity of an X-line. Similarly there is a
reversal in vL from positive to negative at 18:40 UT
(although note that there is a short data gap in the ion plasma
data between 18:40:24 UT–18:41:16 UT).
[18] In addition to plasma jets, several bipolar perturba-

tions to the normal magnetic field, indicative of FTEs, were
observed. For example, there is an in/out (�, +) perturbation
in BN between 18:41:00 UT–18:43:30 UT, which occurs for
negative vL and negative vM (although there is a data gap as
noted above). This negative/positive perturbation is consis-
tent with a southward moving FTE. A good fit to the force
free model could not be obtained; this appears to be due to
the double-peak structure in the total field. However, there is
a negative enhancement in the BM component of the field in
the FTE, which indicates that the axial field of the FTE
points duskward and northward. Consequently, this flux
rope has positive (right) handedness. Signatures of active
multiple X-line FTE formation such as converging flows
reversing across the FTE or bi-directional electrons on the
magnetosheath side [Hasegawa et al., 2010; Øieroset et al.,
2011] were not captured in this event, which is not unusual
given their rarity in the data [Zhang et al., 2012]. Other
FTEs were also observed, for example at 18:05 UT and
19:08 UT. While this flux rope is evidently not the one of
those observed on the flank by ARTEMIS, it does indicate
that under the prevailing solar wind conditions, FTEs were
being produced on the dayside magnetosphere.

5. Discussion

[19] The observations made by P1 are most consistent with
the passage of FTEs carrying a helical flux rope magnetic field
structure. It is unlikely that these flux ropes are generated
locally on the tail flank magnetopause, since the flow shear
between the magnetosheath and magnetosphere is very large:
vL � 280 km s�1, whereas the Alfvén speed in the magne-
tosheath is �30 km s�1 (given ∣B∣ = 2 nT and n = 2 cm�3).

This is expected to suppress the local onset of reconnec-
tion [La Belle-Hamer et al., 1995; Cassak, 2011].
[20] It is worth noting that the flow shear is less between

the mantle and the magnetosheath, and therefore it may be
possible to imagine a scenario whereby reconnection could
occur on the tail flank closer to P1. The appearance of the
plasma sheet just next to the magnetopause (at �18:40 UT)
could be linked to the erosion of mantle field lines through
reconnection between the mantle and magnetosheath, which
led to the creation of the flux ropes. However, in the case at
hand, the flow speed in the mantle observed just prior to the
FTEs at 18:14 UT was of the order of vL � 200 km s�1, and
so the velocity shear still exceeds the Alfvén speed. Fur-
thermore, reconnection can be suppressed if the jump in the
plasma beta exceeds some critical parameter based on the
magnetic shear [Swisdak et al., 2003, 2010 equation 3].
Evidence for this mechanism has been observed at recon-
necting solar wind current sheets and Saturn’s magnetopause
[Phan et al., 2010; Masters et al., 2012], and so it is rea-
sonable to assume it is also relevant here. In this event, the
change in the plasma beta is �12.3 since bmagnetosheath � 16
(〈n〉 � 2.8 cm�3, 〈T〉 � 0.5 MK and 〈B〉 � 1.7 nT) and
bplasma sheet � 3.7 (〈n〉 � 0.4 cm�3, 〈T〉 � 2.7 MK and 〈B〉
� 3 nT). The magnetic shear is 148�, thus suggesting that
magnetic reconnection is suppressed. We therefore consider
how the observations may fit with FTE dynamics on the
dayside magnetopause.
[21] At the dayside magnetopause, the incident solar wind

magnetic field pointed southward and duskward (By posi-
tive, and ∣By∣ > ∣Bz∣). Under IMF conditions that are
southward with a dawn-dusk component, recent Cluster/
THEMIS/Double-Star observations indicate that a compo-
nent reconnection X-line can form, extending across the
dayside magnetopause [Dunlop et al., 2011a, 2011b]. In a
recent modeling study, it has been shown that under these
conditions, such component reconnection along an extended
X-line can result in flux ropes whose axes point in the +y,
+z direction, where the core magnetic field, defined by the
guide field, points along the axis [Sibeck and Lin, 2011].
This is illustrated in Figure 7. Note that if By is positive, the
resultant flux ropes have positive handedness. If the flux
rope is generated by multiple X-line reconnection and moves
southward, it will move toward the dusk flank, generating an
in/out (�, +) Bn perturbation as shown in Figure 7. This is
consistent with the THEMIS P4 observations.
[22] As the flux rope convects anti-sunward and duskward

on the magnetopause, the model shows that the flux rope
will occupy the +y/�z quadrant of the magnetopause [Sibeck
and Lin, 2011]. This model therefore predicts that flux ropes
observed on the dusk flank under such IMF conditions
should have a positive handedness and a �/+ normal mag-
netic field perturbation, all of which is consistent with the
observations made by ARTEMIS P1. The model predicts
that the FTE can have a significant curvature on the flanks,
with the part of the FTE below the ecliptic oriented north-
south, (as seen by ARTEMIS P1 at zGSM < 0) but near the
ecliptic the FTE is more confined to the ecliptic plane. We
note that if they were formed in the manner originally pro-
posed by Russell and Elphic [1978], one might expect the
axis to be more aligned to the Sun-Earth line, perpendicular
to the observed orientation [Sibeck and Siscoe, 1984]. FTEs
which have axial orientations that are perpendicular to the

Figure 7. Cartoon showing the transport of an FTE flux
rope from the dayside magnetopause to the dusk flank tail
magnetopause in a manner consistent with observations,
under conditions of IMF By > 0 and Bz < 0.
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prediction of Russell and Elphic [1978] and closer to that
expected of extended X-line models have also been reported
in the subsolar region [Fear et al., 2012]. Figure 7 shows the
North-South orientation of the FTE at ARTEMIS P1, and its
possible extension toward the polar tail magnetopause.
[23] It is of interest to consider how the flux rope FTEs

evolve as they move from the subsolar to the distant tail
magnetopause. First, if the observed flux-rope FTEs are
sourced from the dayside magnetosphere, this indicates that
they remain coherent for a long time, since the transport time
from the dayside magnetopause to the observation point is of
the order of 30 min. They must therefore achieve a state of
quasi-equilibrium which is consistent with the observations
of internal structure reaching a force-free configuration.
[24] At P1, if it is assumed that they are moving at the

magnetosheath flow speed (approximately 280 km s�1), the
duration of each event (56 s, 50 s, 148 s and 74 s respec-
tively) leads to an estimated size of 2.5 RE, 2.2 RE, 6.5 RE,
and 3.3 RE. In the two cases where a good fit to the force free
model was obtained, the impact factors were small indicat-
ing that these sizes essentially correspond to the flux rope
diameter. From this, we can calculate the flux content. It can
be shown that for a force-free flux rope, the flux content F is
given by

F ¼ 0:4158 2pB0R
2
f J1 2:40482ð Þ

h i
ð1Þ

where B0 is the core field strength, Rf is the flux rope radius
and J1 is a Bessel function. For flux ropes #3 and #4, the
total flux is estimated to be 2.96 MWb and 0.80 MWb
respectively. These values are comparable to previous esti-
mates of flux content in FTEs at Earth on the dayside mag-
netopause [Rijnbeek et al., 1984; Hasegawa et al., 2006].
[25] At THEMIS P4, the flow speed parallel to the mag-

netopause associated with the FTE discussed in the previous
section is �80 km s�1. If it assumed that this corresponds to
the speed with which the FTE is moving, then the duration
of approximately 2 min corresponds to a scale size of �1.5
Re. Even though a good fit to the force free model was not
recovered, a rough estimate of the flux content can be cal-
culated as 8 = p〈B0〉Rf

2 = 1.43 MWb given Rf � 0.75 Re and
the mean magnetic field 〈B0〉 � 20 nT. As such, it would
appear that although the FTEs may grow in size, perhaps by
a factor of 2–4 due to the reduction in the ambient magne-
tosheath pressure, the flux content does not seem to change
considerably. Although these observations demonstrate
qualitatively the existence of flux ropes FTEs far downtail,
quantitative results concerning changes in size and flux
content require many more such FTEs to be observed so that
statistics can be constructed.
[26] Finally, we briefly consider the connectivity of the

flux ropes. Unfortunately, we are unable to determine this
using electron distributions since P1 was in slow survey
mode and no fast 3d electron distributions were captured
inside any of the flux rope events, precluding analysis of
field aligned electron beams. However, the boundary layer
observed inside the magnetopause after the passage of the
FTEs consisted of a two component ion population (i.e.,
containing cold plasma) on closed field lines, indicated by
bi-directional electron beams. This boundary layer presum-
ably

formed during the previous northward IMF interval [e.g.,
Øieroset et al., 2005], but was observed after the FTEs were
encountered, and so was not destroyed by their passage.
Given that the modeling indicates P1 passed close to the
center of the flux ropes while in the magnetosheath flow, this
perhaps tentatively suggests that the flux ropes were not
closed into the magnetosphere at both ends. However, if
reconnection occurs in an asymmetric current layer, the
center of the FTE bulge is displaced toward the magne-
tosheath [e.g., Scholer, 1989]. Alternatively, if they are
indeed closed into the magnetosphere at both ends, it would
therefore appear that the flux ropes had not yet been
entrained across the magnetopause into the magnetotail
plasma, even at �67 RE downtail.

6. Conclusions

[27] Novel data from ARTEMIS has led to the discovery
of FTEs far along the tail magnetopause. A very good fit to a
force free flux rope model was found for the two FTEs
observed closest to the tail flank magnetopause. Given the
large velocity shear across the magnetopause, it is unlikely
that they are created locally. Simultaneous observations
from THEMIS on the dayside magnetopause show the
presence of reconnection jets and FTEs. The FTE size at
ARTEMIS is 2–4 times greater than that observed on the
dayside magnetopause, but the flux content is comparable to
FTEs observed on the dayside magnetopause. The magne-
tosheath convection time indicates that they must have a
long lifetime in order for them to survive far downtail, which
is consistent with them having reached a state of quasi-
equilibrium. The handedness and perturbations generated by
the FTEs at ARTEMIS can be explained by considering the
expected motion of flux rope FTEs generated by an
extended X-line on the dayside magnetopause in the pres-
ence of a dawn-dusk IMF field component.
[28] In the present case it is not possible to reach a defin-

itive conclusion as to whether the FTEs at ARTEMIS are
open or closed. Indeed it is likely that in general, FTEs are
not homogenous, and contain some fraction of open, closed
and disconnected field (relative to the Earth). If FTEs do
have a completely (or mainly) disconnected magnetic field
structure, then their role in solar wind-magnetosphere cou-
pling requires re-assessment, since the FTE itself would not
transport flux into the magnetotail. Other data from ARTE-
MIS, together with simulations, should be examined to
determine the statistical properties of flux ropes on the tail
magnetopause (particularly size, topology, geometry and
flux content), leading to an improved understanding of their
ultimate fate and role in plasma transport across the
magnetopause.
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