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[1] We present a comparison of two events, monitored by the Double Star and Cluster
spacecraft at separate locations on the dayside magnetopause, which exhibit distinct
properties at high and low latitudes in the magnetopause boundary layer during the
occurrence of low-latitude reconnection. On 6 April 2004, the four Cluster and TC-1
spacecraft were on near-coincident, outbound transits of the dawnside magnetosphere at
north and south midlatitudes, respectively. The observations show a series of oppositely
directed flux transfer events (FTEs), fed by a low-latitude reconnection line located
between the spacecraft. Although both spacecraft locations were nearly equidistant from
the active reconnection region, the associated magnetopause boundary layer was
maintained at TC-1 but not at Cluster. We suggest an asymmetric north and south extent
of the LLBL so as to be more extensive at TC-1, where the local magnetic shear across
the magnetopause is small. On 4 January 2005, the Cluster and TC-1 spacecraft all
repeatedly traverse the northern, duskside magnetopause almost simultaneously, before
and after a strong reversal in the IMF from northward to southward during a period of
turbulent solar wind. Open flux tubes are observed within minutes of the southward
turning, arising from the sudden formation of a nearby subsolar reconnection line.
Before the IMF change, a complex and energized boundary layer, largely absent at the
lower latitudes of TC-1, and containing an energetic (>40 keV) electron population of
locally trapped and field-aligned distributions, is present at the high-latitude Cluster
locations. Following reconnection onset after the IMF reversal, the boundary layer is
seen to extend to TC-1, and the electron distribution, which depends on position through
the boundary layer, develops as an energetic, field-aligned (bistreaming) distribution.
The analysis is utilizes an extended electron distribution for energies ranging from a few
to 400 keV and by reordering the transition through the magnetopause to the electron
distribution.

Citation: Dunlop, M. W., et al. (2008), Electron structure of the magnetopause boundary layer: Cluster/Double Star observations,

J. Geophys. Res., 113, A07S19, doi:10.1029/2007JA012788.

1. Introduction

[2] The launch of the two spacecraft Double Star mission
in coordination with the quartet of Cluster spacecraft has
provided the opportunity to monitor events at distinct
locations on the Earth’s dayside magnetopause. The mag-
netopause boundary layers contain modified plasma distri-
butions and a system of electromagnetic fields and currents,
which are known to depend upon the properties of the
adjacent magnetosheath and on the local magnetosphere.
The process of magnetic reconnection of the Earth’s dayside
magnetic field with the adjacent magnetosheath magnetic
field [Dungey, 1961] readily facilitates the transfer of
momentum and energy from the solar wind into the Earth’s
magnetosphere and is widely thought to be a dominant
process occurring in the dayside boundary, whose resulting
structure ultimately controls pressure balance across the
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boundary. Linking the local magnetic field to the upstream,
interplanetary magnetic field (IMF) orientation therefore
provides a global context for the influence of the solar wind
on the magnetosphere-ionosphere system. Both high- and
low-latitude reconnection sites are possible so that the
resulting magnetopause behavior (e.g., the onset of mag-
netic merging) is sensitive both to magnetopause location
and the prevailing conditions.
[3] Different IMF orientations or solar wind conditions

give rise to varying rates of reconnection [Crooker, 1979] as
well as variations in the location of the reconnection site
[e.g., Gosling et al., 1991; Kessel et al., 1996; Russell and
Elphic, 1978]. Under southward IMF the signatures of
transient or bursty (sporadic) reconnection in particular are
usually observed to correspond to bundles of newly recon-
nected magnetic flux at the subsolar region, which subse-
quently convect tailward in the form of tube-like structures
threading the magnetopause (considered to be a flux transfer
event (FTE) [Russell and Elphic, 1979; Rijnbeek et al.,
1982, 1984; Sibeck et al., 1989; Berchem and Russell, 1984;
Smith and Lockwood, 1996]). Under northward IMF, tran-
sient reconnection is most often observed to occur on high-
latitude, lobe field lines, tailward of the cusps [e.g., Lavraud
et al., 2002; Twitty et al., 2004; Bogdanova et al., 2005;
Lavraud et al., 2005a]. A number of open questions on FTE
occurrence and reconnection rates remain. For example, an
aspect of the debate on dayside magnetic merging centers
on the issue of whether antiparallel or component merging
dominates the reconnection process, which in turn controls
the most likely sites for X line formation. Investigations of
X line formation are assisted either by direct sampling of the
X line (which is relatively rare), or indirectly, by monitoring
FTE and open boundary layer occurrence and location. For
example, the polarity of the magnetic field signature of an
FTE may be used as an indication of to which hemisphere
the flux tube is connected [e.g., Rijnbeek et al., 1984;
Lockwood et al., 2001]. This interpretation, however, is
most clear only when the flux tubes are well sampled
sufficiently near the subsolar region and where the magne-
tosheath flow is sub-Alfvenic. It is expected that FTEs will
have corresponding signatures when sampled in the high-
altitude cusp region and on the flanks, although the char-
acteristic signatures could differ from dayside exterior
boundary layer observations owing to the different magne-
tospheric field configuration at these locations [Dunlop et
al., 2001; Marchaudon et al., 2005]. Sampling of flux tubes
may also give rise to nonstandard FTE signatures [Wang et
al., 2006].
[4] During periods of active reconnection, associated

with momentum and energy transfer, both the ion compo-
sition and the electron distribution in the magnetopause
boundary layer are seen to change locally as a result of
mixing of magnetospheric and magnetosheath populations
and are dependent on proximity to the magnetic merging
site. The low-latitude boundary layer (LLBL) has been
most extensively studied [e.g., Eastman and Hones, 1979;
Eastman et al., 1996; Paschmann, 1979; Fuselier et al.,
1997; Onsager et al., 2001]. The extent, morphology, and
dynamics of the boundary layer is still a very active area of
space plasma research. The boundary layer properties will
have a characteristic ordering through the transition from
magnetosphere to magnetosheath, depending on proximity

to the merging site and the reconnection history (opened or
closed magnetic flux). The boundary layer generally shows
a complex structure with the existence of inner and outer
parts of the LLBL and a magnetosheath boundary layer
(MSBL) [Le et al., 1996; Fuselier et al., 1997; Onsager et
al., 2001; Lavraud et al., 2005b]. Both hot bistreaming and
trapped electron populations may exist on adjacent, likely
magnetospheric, field lines. There is also evidence of a high
degree of substructure on the magnetopause [Song et al.,
1993; Hu and Sonnerup, 2003; Hasegawa et al., 2004a,
2004b]. These findings suggest that more than one mech-
anism may contribute to low and high BL formation [e.g.,
Phan et al., 2005; Lavraud et al., 2006].
[5] The four spacecraft, in situ measurements from the

ESA Cluster mission [Escoubet et al., 2001] have provided
extremely detailed multipoint measurements since 2001.
The recent coordination of Cluster with the Chinese Double
Star mission has additionally provided a significant oppor-
tunity to simultaneously monitor the properties of the
dayside boundary at multiscale locations on the magneto-
pause. Such simultaneous coverage over a wide range of
different magnetopause sites was previously only available
through fortuitous spacecraft conjunctions [e.g., Wild et al.,
2005, 2007]. The combined six spacecraft from the two
missions, however, have provided simultaneous coverage of
the high and low latitudes, cusp, and low-latitude boundary
layer. Recent studies have investigated X line formation
(directly and indirectly) and the development of the bound-
ary layer at both high and low latitudes. For example, Pu et
al. [2005, 2007] surveyed a number of direct reconnection
events under large BY and low clock angle, finding evidence
of predominantly component-driven low-latitude merging in
conjunction with predominantly antiparallel high-latitude
sites. The identification of oppositely moving FTEs at the
Double Star TC-1 and Cluster spacecraft and detailed
tracking of flux tube motion between TC-1 and Cluster
along the MP was made by Wild et al. [2005], Dunlop et al.
[2005], Fear et al. [2005], and Wang et al. [2007] and has
been recently compared to MHD simulation results by
Berchem et al. [2008]. Comparison of the electron boundary
layer in the cusp and the low-latitude boundary layer
(LLBL) under northward directed interplanetary field
(IMF) has been investigated recently by Bogdanova et al.
[2008].
[6] In this paper we present results of the analysis of two

previously studied Double Star/Cluster conjunctions on
6 April 2004 [Dunlop et al., 2005] and 4 January 2005
[Wang et al., 2007], which are sampled simultaneously at
middle and high latitudes. These events were investigated in
terms of the evolution of FTEs across the dayside magne-
topause but also provide a particular comparison of mag-
netopause properties in terms of boundary layer
composition and extent, as discussed here. The former event
serves as a comparative situation for a standard LLBL
during southward IMF. The latter event occurs during a
sudden southward turning of the IMF, resulting in a switch
on of reconnection, and shows significant energization of
the electron population. Here, we investigate the boundary
behavior in some detail, focusing in particular on the
occurrence of electron energization and on the boundary
layer extent. Instrumentation is described in section 2, the
data sets are presented in section 3, and analysis and
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discussion is presented in section 4. We summarize the
results in section 5.

2. Instrumental Arrangement

[7] The Cluster spacecraft were launched in pairs in July
and August 2000 into polar orbits, each with an orbital
period of 57 h and each with perigee and apogee of 4 and
19.6 Earth radii (RE), respectively. Since the orbital plane of
Cluster is fixed in the inertial frame of the Earth, apogee
precesses through 24 h of local time (LT) with a 12-month
periodicity. In April 2004, apogee was in the prenoon
sector, near 1000 LT and in January apogee lay on the
postnoon flank at �1600 LT. In this paper we compare
observations from Cluster with those from TC-1, one of the
pair of Double Star spacecraft [Liu et al., 2005]. The TC-1
spacecraft was launched in December 2003 into a near
equatorial orbit at 28.2� inclination, with an orbital period
of 27.4 h, a perigee altitude of 570 km and an apogee of
13.4 RE.
[8] We concentrate, in this study, on data from the

magnetic field and thermal plasma instruments on Cluster
and TC-1 and from the energetic electron instrument on
Cluster. This is facilitated by common instrumentation on
the two missions. The four Cluster spacecraft and both
Double Star satellites carry Fluxgate Magnetometers
(FGM). Each FGM instrument comprises a pair of fluxgate
magnetic field sensors mounted on an axial boom, although
Double Star uses a sensor design different to that used on
Cluster (for descriptions of each, see Balogh et al. [2001]
and Carr et al. [2005]). We employ spin resolution (4 s) and
recalibrated high-resolution magnetic field data, as appro-
priate and as indicated in the text. The Plasma Electron and
Current Experiment (PEACE) instrument on Cluster, as
discussed by Johnstone et al. [1997], consists of two
oppositely mounted instruments each comprising two sep-
arate electron sensors: Low-Energy Electron Analyzer
(LEEA) and High-Energy Electron Analyzer (HEEA). On
the Double Star TC-1 the Cluster flight spare of the PEACE/
LEEA sensor is mounted, while the spare PEACE/HEEA
sensor is carried on the polar Double Star TC-2 spacecraft
[Fazakerley et al., 2005]. The PEACE instruments nomi-
nally obtain the electron distribution at spin resolution for
the energy range 0.6 eV to 26 keV (for Cluster). Similarly,
while the Cluster Ion Spectrometry (CIS) [Rème et al.,
2001] experiment on board Cluster comprises both CODIF
(Composition Distribution Function) and HIA (Hot Ion
Analyzer) components, TC-1 carries only the HIA instru-
ment [Rème et al., 2005], which provides three-dimensional
distributions of the ions (assumed to be protons) at spin
resolution. The distributions cover the energy range 0.02–
38 keV/q. Energetic electron measurements, taken from the
RAPID instrument [Wilken et al., 1997], on Cluster, are also
used in the second event and these extend the measured
electron spectrum up to 400 keV.
[9] We also employ measurements taken from the ACE

spacecraft [Stone et al., 1998] which is orbiting the L1
libration point upstream in the solar wind. The interplane-
tary magnetic field (IMF) data are used at 16 s resolution
and come from the Magnetic Field Experiment [Smith et al.,
1998]. Solar wind density and velocity come from the Solar
Wind Electron Proton Alpha Monitor [McComas et al.,

1998] and are used with 64-s time resolution. Suitable time
lags are calculated simply as the convection times from
ACE to the Cluster or TC sites.

3. Results

3.1. Event of 6 April 2004

[10] We first summarize the properties of the event
analyzed by Dunlop et al. [2005]. The spacecraft tracks in
the X-Y Geocentric Solar Magnetic (GSM) plane for both
Cluster spacecraft 1 and TC-1 are shown in Figure 1a for
the interval 0300 to 0800 UT on 6 April 2004. Also shown
are enlarged configurations of the Cluster spacecraft array,
at two points along the orbit, where the interspacecraft
separations were a few hundred kilometers. During the
interval, the Cluster array crosses through the dayside
magnetosphere to exit through the magnetopause into the
magnetosheath at high northern latitudes at about 1000 LT
as shown, while TC-1 passed outbound through the mag-
netopause, dawnward of Cluster at �8 LT at southerly
latitudes (note that the actual magnetopause crossing
occurred at �0430 UT at Cluster and about 15 min earlier
at TC-1). This pass therefore corresponded to a parallel
traversal through the dayside boundary layer at middle to
high latitudes, adjacent to, but not through, the north/south
cusps. During the interval, the solar wind conditions mea-
sured by the ACE spacecraft corresponded to a predomi-
nantly southward, and exclusively dawnward, IMF. In the
core interval around the magnetopause exits, 0400–
0540 UT (lagged time), the resulting IMF clock angle first
decreased from around �100� to �150� at 0500 UT and
subsequently increased back to ��100�. The prevailing
solar wind dynamic pressure remained between �2 and
3 nPa. These conditions are conducive to the onset of
dayside merging and using these parameters Dunlop et al.
[2005] employed the model implemented by Cooling et al.
[2001] to track the motion of newly reconnected flux tubes,
arising from an assumed X line, across the dayside magne-
topause. Figure 1b shows the result for the lowest IMF clock
angle. The model uses the most probable X line orientation
(direction of the merging current) for the prevailing con-
ditions and computes the flux tube speed and direction of
motion, resulting in the array of predicted tracks as shown in
Figure 1. The positions of the spacecraft show that for a low-
latitude X line the spacecraft would be expected to sample
FTEs moving in the directions indicated.
[11] The event indeed showed an active period of recon-

nection, which generated a series of FTE signatures, oppo-
sitely moving away from an apparent low-latitude
reconnection site lying near the subsolar point between
the spacecraft locations. These FTE observations are sum-
marized in Figure 2 (first to fourth panels), which shows
magnetic field data from all four Cluster spacecraft and for
the Double Star TC-1 spacecraft as a superimposed times
series plot in local LMN coordinates [Russell and Elphic,
1978], with the boundary normals based on MVA analysis
[Sonnerup and Cahill, 1967] at each magnetopause position
as describe in the caption. The clearest FTEs in the data
from both spacecraft are identified by the dashed, vertical
arrows (red for northward moving FTEs at Cluster and blue
for southward moving FTEs at TC-1). The Cluster space-
craft are close enough to allow confirmation of the FTE
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motions by multispacecraft analysis [Dunlop et al., 2005],
since the profiles are similar and each identified FTE is
sampled by all Cluster spacecraft. The motion of the flux
tubes, although consistently northward at Cluster, appeared
to be sensitive to prevailing conditions (the changing IMF
clock angle) and precise spacecraft locations, as would be
implied by the fan of tracks in Figure 1b. The flux tubes
connected to the southern cusp have southwest motion
which is confirmed by de-Hoffmann-Teller analysis on the
FTEs at TC-1. Some FTEs seen simultaneously at each
location represent coincidently generated flux tube pairs
[Dunlop et al., 2005], as is suggested by the tracks passing
through TC-1 and Cluster in Figure 1b. Moreover, fewer
and weaker FTEs are observed by TC-1 since it appears it
lies on the edge of the implied set of flux tube tracks.
[12] All these FTE signatures were found to correspond

closely to the Cooling model calculation: from the timing of
FTE occurrence and the motions, the X line position was
shown to be centrally located between the TC-1 and Cluster
locations. The observations therefore confirm that quasi-
steady or sporadic reconnection was ongoing during the
event, where Cluster and TC-1 were nearly equidistant from
the X line, suggesting that a single reconnection site occurs
near the subsolar point.
[13] Figure 2 (fifth to seventh panels) shows the ion

energy spectra for the TC-1 spacecraft and the Cluster 3
spacecraft, and the energy averaged pitch angle distribution
for Cluster 3, as taken from the HIA-CIS detector. Cluster 3
is chosen since it shows the most typical plasma distribu-
tions and is representative of the other Cluster spacecraft.
Exits into the magnetosheath are clear both in the plasma
and magnetic field data, and indicate magnetopause cross-
ings at 0415 UT for TC-1 and 0433 UT for Cluster. Because
of its southerly and duskward location, there is a much
lower local magnetic shear across the magnetopause at TC-
1. The ion data from TC-1 shows a number of partial
crossings of the boundary layer before final entry into the
magnetosheath and closer analysis (not shown here) reveals
that there is a well developed boundary layer at the TC-1
magnetopause traversal around 0415 UT. The spectra
shown do show a smooth transition between magnetosheath
and magnetospheric plasma around this time. For Cluster,
the boundary layer appears to be less developed so that the
magnetopause crossings show more distinct magnetospheric
and magnetosheath populations in both the spectra and the
pitch angles. We investigate the boundary layer properties
further below. The FTEs are also apparent in the ion data
shown in Figure 2, superimposed on the main transition into
the magnetosheath as transient, mixed plasma signatures.
There is also some evidence of field aligned populations on
opened flux near the magnetopause crossings (bursts of near
zero pitch angle flux after 0415 UT in Figure 2 (fifth to
seventh panels)). The low magnetic shear across the mag-
netopause at TC-1 further confirms that the FTEs are not
expected to be locally generated at TC-1, whereas, despite
the high local magnetic shear at Cluster, the confirmed FTE
motions were previously shown to originate at the low
latitude merging site. This limit on the local extent of the
boundary layer, measured at about 5 RE from the low-
latitude X line, either north or south, is also demonstrated
from the bulk hot ion parameters, calculated from the HIA
data and shown in Figure 3. The Cluster velocities, in

Figure 1. (a) Cluster s/c1 and Double Star TC-1 tracks in
GSM coordinates for the interval 0300 to 0800 UT on
6 April 2004. The Cluster orbit also shows two spacecraft
configurations (scaled up by a factor X50). Each orbit has
hour markers. Model field lines are shown for the projection
into the X, Z plane and cuts through the bow shock and
magnetopause are shown for the X, Y plane. (b) The result
from the Cooling model is projected in the YZ plane,
looking earthward from the Sun. Concentric dotted circles
are magnetopause radii at 5 RE intervals along the
X direction, with the innermost representing X = 5 RE.
The diamonds represent the cusps for a MP standoff
distance of 9 RE. The triangle is the position of Double Star
and the square, Cluster. Pairs of open reconnected flux tubes
are initiated along the merging line (dot-dashed), with the
motion of each calculated for 500 s. The IMF is indicated by
the arrow in the upper right-hand corner but becomes more
dawnward during the event.

A07S19 DUNLOP ET AL.: BOUNDARY LAYER ENERGIZATION

4 of 21

A07S19



Figure 2
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particular, show well separated magnetosheath and magne-
tospheric regimes, whereas the TC-1 velocities are rather
turbulent and show some evidence of local ion jets, distinct
from the magnetosheath flow.

[14] Figure 4 shows the electron distributions for the same
interval as Figure 2, also for TC-1 and Cluster 3, which
broadly confirm the results taken from the ions. Figure 4a
(first and fourth panels) present spectrograms of spin-

Figure 3. The ion bulk parameters (density, n, velocity, V, and temperature, T) are presented for TC-1
(first to third panels) and Cluster 3 (fourth to sixth panels). The Walen relation is not closely satisfied for
the ion flows seen in the TC-1 data in the boundary layer between 0415 and 0430 UT.

Figure 2. (first to fourth panels) A multispacecraft plot of the magnetic field in LMN (MVA) coordinates, taken from
TC-1 (blue), and the four Cluster spacecraft (black, red, green, magneta). The analysis of Cluster gives [n = 0.72 0.16
0.68, m = �0.38 �0.72 0.58, l = �0.58 0.67 0.46] and TC-1 gives [n = 0.23 �0.68 �0.69, m = �0.68 �0.63 0.39, l =
0.70 �0.38 0.61] (components in GSM). Clear FTEs are observed at Cluster (all spacecraft) with +/� polarity. The FTEs
at TC-1 are less clear, but most have �/+ (reverse) polarity. (fifth to seventh panels) Spin-integrated differential ion energy
flux for TC-1 and Cluster 3, respectively, and the ion pitch angle distribution for Cluster 3 from the HIA sensor.
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averaged, differential electron energy flux from the
PEACE instrument on TC-1 (Figure 4, first panel) and
the combined data from the PEACE instrument and the
RAPID-IES sensor from Cluster 3 (Figure 4, fourth panel).
Together, these measure an energy range extending to
400 keV. The magnetic field data from the FGM instru-
ment on TC-1 (Figure 4a, second and third panels) and
Cluster 3 (Figure 4a, fifth and sixth panels), respectively,
are shown again for guidance. The FTE signatures are

clearly seen, particularly for Cluster, and show a mixed
distribution of heated magnetosheath and magnetospheric
plasmas, extending to the energetic electron energies. Sim-
ilarly to the ions, the magnetopause crossings at Cluster
show sharp boundaries with well separated magnetosheath
and magnetospheric distributions, even during the partial
exits before 0435 UT, suggesting a narrow boundary layer.
The magnetopause current at Cluster, corresponding here to
the BZ reversal, is only encountered at the final exit into the

Figure 4a. Summary of the extended electron distribution from the PEACE/Rapid measurements of
spin-integrated, differential energy flux for the interval shown for Cluster 3 and TC-1, respectively. The
magnetic field from Cluster 3 is also shown.
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magnetosheath. At TC-1 the boundary layer appears to be
thicker, and, as for the ion distribution, shows a more
gradual change from magnetospheric to a magnetosheath-
like distribution.
[15] These facts have significance for the relative space-

craft positions on the magnetopause, as shown in Figure 1,
and suggest a dawn-dusk asymmetry, perhaps linked to the
local magnetic shear angle. This is lower at the TC-1
location as is clear from the change in field direction at
the magnetopause crossings around 0430 UT in Figure 2
(the inferred value of the angle between the magnetosheath
and magnetospheric fields, lies close to that inferred from
the model field and a mean IMF direction for both the TC-1
and Cluster locations). As discussed earlier and as analyzed
in Dunlop et al. [2005], these particular spacecraft locations
allowed both the north and south reconnection region to be
quantitatively mapped simultaneously, thus fixing the loca-
tion of the reconnection line as nearly equidistant from each

spacecraft location. The limited boundary layer at Cluster,
lying more then 5 RE north of the X line, is perhaps
understandable, therefore, in terms of a limited, latitudinal
extent of the LLBL. The TC-1 result, that a more extensive
boundary layer occurs south of the reconnection line, is less
clear, however, and appears to be related only to the lower
shear angle and more dawnward location. Below we inves-
tigate the details of the electron properties to show these
differences further.
[16] Figure 4b shows the details of the electron pitch

angle distributions, and its dependence on energy, from the
PEACE instrument on both TC-1 (Figure 4b, top) and
Cluster 3 (Figure 4b, bottom), starting at 48 eV and
9.5 eV, respectively. These plots each show a stacked set
of differential energy flux as a function of pitch angle
(vertical direction), for the energy bins indicated by the
center values. The pitch angle runs from 0 to 180� from
bottom to top in each panel. The dominant flux is a locally

Figure 4b. The thermal electron pitch angle distributions from the PEACE instrument. Stacked energy
plots (top) for TC-1 and (bottom) for Cluster3. The Cluster data are binned at a higher resolution in
energy. The pitch angles run from 0 to 180�, from the bottom to top of each panel.
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trapped distribution at 90� pitch angle at both locations and
in addition shows a field-aligned population at low energies,
throughout most of this interval. For Cluster, the trapped
distribution lies at energised magnetosheath energies (rang-
ing from 66 eV to 21 keV during the interval 0400–
0435 UT). For TC-1 the trapped distribution is during the
period 0400–0415 UT at energies �3–20 keV. Antiparallel
flux (outflowing electrons) is observed at each FTE, but
also outside the FTEs, in the energy range 130–470 eV for
Cluster. For TC-1, the distribution shows both a field-
aligned population below about 1 keV and a locally trapped
population above 1 keV, which disappear as the boundary
layer is traversed. At energies above 1 keV, the 90� pitch
angle distribution is dominant. A bistreaming population at
(heated) magnetosheath energies is consistent with recently
closed field lines [Onsager et al., 2001; Lavraud et al.,
2006] (previously opened flux), whereas the trapped popu-
lation at high energies is consistent with a magnetospheric
plasma distribution in the dayside plasma sheet. TC-1 sees
the bidirectional population before 0430 UTand just after the
magnetopause crossing at 0415 UT. After 0430 UT, the TC-1
distribution evolves into an isotropic, convecting, magneto-
sheath distribution at the lower energies, whereas Cluster
detects an outflowing population at energies 130–470 eV in
the magnetosheath. The TC-1 distribution is appears to be
more field aligned at the higher (magnetospheric) energies.
[17] These electron distributions may be investigated

further in terms of the electron anisotropy (ratios of parallel
to perpendicular and parallel to antiparallel differential
energy fluxes) and these are shown in Figure 5 (note that

the time intervals chosen, 0310–0530 UT for TC-1 and
0350–0530 UT for Cluster, are slightly different to the
previous plots in order to position the magnetosphere/
magnetosheath transition more centrally in each case). In
Figure 5a, the anisotropy is calculated as a function of
energy and time. The TC-1 anisotropy shows that the
boundary layer population at magnetosheath energies is
primarily bidirectional (the ratio, parallel/perpendicular
�1, while the ratio field aligned/perpendicular �3) until
the final magnetopause crossing at �0415 UT. We should
note that actually, the region either side of the boundary
layer on TC-1 is now seen during the interval 0340–
0410 UT. The magnetospheric side is missing on the
previous plots, as they start from 0400 UT. Thus, the wider
extent of the boundary layer in TC-1, is now confirmed by
the anisotropy ratios in Figure 5a, which highlight the
dominant, bistreaming population encountered between
about 0340 and 0420 UT, for TC-1, whereas a (less
dominant) bidirectional population is contained in the brief
intervals near the magnetopause crossings (around 0418 and
0425 UT), for Cluster. The FTE signatures (identified in
Figure 2) contain dominant field parallel populations, con-
sistent with out-flowing electrons on south connected
opened flux. The Cluster anisotropy also shows a more
extensive field antiparallel population in the magnetosheath,
again consistent with outflowing electrons on north
connected opened flux. These anisotropies are therefore
consistent with the scenario discussed above, which implied
a local time dependence linked to the IMF orientation, since
they broadly support the existence of an old (established)

Figure 5a. Electron anisotropies from the PEACE-HEEA sensor on both (left) TC-1 and (right) Cluster
3 and for the interval indicated.
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reconnection layer containing bidirectional flux and showing
strong dawn-dusk asymmetry north and south of the X line.
[18] We can also investigate the electron anisotropy using

the natural ordering of the electron distribution through the
magnetosphere to magnetosheath transition. A method,
designed to resort the data according to position in the
boundary layer, was devised by Hapgood and Bryant
[1992]. This uses a fit to the monotonic trend in the electron
density and temperature in order to obtain a transition
parameter (TP). This parameter is normalized to give zero
for the low-temperature, high-density extreme of this fit
(corresponding to magnetosheath populations) and 100 for
the high-temperature, low-density extreme (corresponding

to magnetospheric populations). This ordering of the tran-
sition from the magnetosphere to the magnetosheath by the
properties of the electron distribution was further interpreted
by Lockwood and Hapgood [1997] as loosely representing
the time elapsed since reconnection in an active boundary
layer. It therefore can provide a technique for reordering the
time series data according to positions through the boundary
layer and takes out the effect of boundary motion relative to
the spacecraft to a large degree. Figure 5b shows the
transition parameter ordering for this event, for TC-1
(Figure 5b, left) and Cluster3 (Figure 5b, right) with the
TP fits shown in Figure 5b (first panels). The TP analysis
shows clearly how limited the boundary layer at Cluster is,

Figure 5b. (first panel) Transition parameter fits and (second to sixth panels) the sorted electron
anisotropies as a function of the transition parameter for (left) TC-1 and (right) Cluster 3.
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while the range of TP values at TC-1 shows a more
extended coverage over all values. The resorted data shows
the outflowing distributions in the magnetosheath range
(TP = 0–15): a dominant parallel (antiparallel) population
for TC-1 (Cluster). The bi-directional population in the
boundary layers extends over TP = 15–80, for TC-1,
whereas that for Cluster extends over TP = 30–50, and
the field-aligned distribution is again shown to be less
dominant. The FTE signatures overlap with the TP range
over the boundary layer and therefore, although this is not
inconsistent, they are rather hidden in this representation. In
addition, the Cluster data is less well sorted than for TC-1.

3.2. Event of 4 January 2005

[19] The second Cluster and TC-1 conjunction occurred
during the core interval 06 to 0800 UT, on the 4 January
2005 and has been briefly studied by Wang et al. [2007] in
terms of a single, tailward moving flux tube, sampled
simultaneously along its length by both Cluster and TC-1.
Figure 6a shows the spacecraft configuration during the
event in the same format as for Figure 1a. During the
interval, the Cluster array moves about 2 RE from high
latitudes (initially at �6 RE north) and moves outbound,
almost along the surface of the duskside magnetopause at
about 1600 LT. At the same time TC-1 crosses the Cluster
LT at midlatitudes, but still in the Northern Hemisphere, as
indicated. The orbit segments are shown for the interval
0600–0900 UT and the Cluster configurations are scaled up
by a factor of 5; the Cluster spacecraft separations being
�1100 km at this time. The TC-1 spacecraft is separated
from Cluster by �3 RE in ZGSM, but clearly lies close to the
same radial position as Cluster. All five spacecraft are
therefore expected to exit the duskside magnetosphere
almost simultaneously, since all spacecraft lie at the same
LT and at the same radial position, but with Cluster lying at
higher latitudes. The main magnetopause exit actually
occurred at �0708 UT for all spacecraft (see later discus-
sion of Figure 7). After this time, the solar wind conditions
corresponded to a southward orientation of the IMF, but this
followed a sudden turning from an initially northward
orientation, just before 0700 UT [Wang et al. 2007]. This
reversal of the IMF corresponded to the arrival of a Helio-
spheric Current Sheet (HCS) at the magnetopause and
occurred just before the Cluster and TC-1 spacecraft moved
from the magnetosphere into the magnetosheath. This event
is of interest since it represents a close, five spacecraft
sampling of the magnetopause boundary layer, which de-
veloped during the few minutes following a sudden switch
on of dayside reconnection. It is also of interest since it
corresponded to a period of turbulent and energetic solar
wind and the plasma distributions were significantly ener-
gised into the high energy regime (>30 keV).
[20] Figure 6b shows the Cooling analysis employed by

Wang et al. [2007], which interpreted the observed FTE
motion in terms of a tilted, low-latitude X line generating an
inclined flux tube moving duskward and tailward. The
observed motion was consistent with the predicted tracks
shown, which are similar at Cluster and TC-1, and the time
delays between the Cluster and TC-1 FTE encounters
suggested that the magnetosheath branch of the flux tube
lay across the magnetopause in a northeasterly orientation.
Figure 7 shows the multispacecraft magnetic field data

which contained these signatures, together with the hot
ion measurements from the HIA instrument on TC-1 and
Cluster 3 in the same format as for Figure 2. The magnetic
field data are plotted in equivalent LMN coordinates using
the MVA magnetopause normal, as for the previous event,
at spin resolution to clarify the signatures, although the
analysis has been carried out on recalibrated, high-
resolution Custer data. The main magnetopause crossing
at 0708 UT can be seen in the BL component, although there
is a partial exit into the magnetosheath at about 0705 UT,
and timing analysis on this boundary suggests it represents a
fast crossing at �130 km/s. The magnetopause normal is
consistent with this LT and latitude for Cluster. There are a
number of other reentries into the boundary layer in the
interval plotted, which imply that the spacecraft remain in
the adjacent magnetosheath. It is remarkable that all five
spacecraft traces are closely similar throughout the interval,
which arises from the similar locations relative to the
magnetopause surface. The individual crossings show sim-
ilar timescales for all spacecraft which implies that the gross
magnetopause structure is very similar at all locations
especially before 0725 UT. Analysis of the TC-1 crossings
confirms that the magnetopause motion is similar to that
found for Cluster.
[21] For the reconnection signatures, the first red dashed

line and solid blue line mark the FTE, seen first at Cluster
then TC-1, studied by Wang et al. [2007], who employed a
number of techniques to compute the motion and orientation
of the implied flux tube, and to reconstruct its geometry.
The orientation was consistent with a draped flux tube,
connected to the northern cusp, which was dragged dusk-
ward to cross first Cluster and then TC-1 at a lower-latitude
position (more earthward) along its length. There are a
number of other paired FTE encounters in the interval, and
we mark these on the magnetic field plot by dashed red
lines. Each of these has been studied and all show individual
motions and implied flux tube orientations which are
broadly consistent with each of the time delays observed
between the Cluster array and TC-1. The orientation of the
flux tubes in Z,YGSM has a dominant Z component, whereas
the velocity has a dominant Y component, so that the
precise orientation and direction of motion will be critical
to the resulting time delay between each location. These
observations are the first time flux tubes have been sampled
at multiscale positions: through their cross section and along
their length.
[22] The ion distributions, in Figure 7 (fifth to seventh

panels), show the boundary layer crossings are indeed
similar between Cluster 3 and TC-1 (note that the dropout
in the TC-1 spectrogram between 0725 and 0731 UT is a
mode change on the HIA instrument and is not real). This
short interval suggests that the boundary layer is narrow
since the magnetosheath and magnetospheric populations
are distinct. Cluster 3 lies a little further out with respect to
the magnetopause, and this is apparent later in the interval,
after 0730 UT, when TC-1 may enter the inner boundary
layer region while Cluster 3 remains in the outer boundary.
Nevertheless, the magnetosheath signatures are similar for
each spacecraft and show the FTE signatures, superimposed
on the main magnetosheath distribution, as for the previous
event. The energy averaged pitch angle distribution for
Cluster 3 (bottom) shows a high degree of structure,
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particularly in the later interval and partly relating to the
turbulent nature of the magnetosheath following the HCS
arrival, and this represents a rather unstable distribution
which we discuss further below.

[23] We now turn again to the electron measurements.
Figure 8a shows the electron distributions, with those from
Cluster extended as before into the energetic energy range,
for the overall interval, 0600–0800 UT. The magnetic field
is also shown for the whole interval and now reveals that an

Figure 6. (a) As for Figure 1a in the X,Y plane, but for the event of the 4 January 2005. The orbital
configuration is shown near the conjunction at 0700 UT, where Cluster lies about 4 RE northward and
TC-1 remains nearly equatorial. (b) The result from the Cooling model is shown in the same format as
Figure 1b.
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initial traversal into the magnetosheath occurs at around
0630 UT during northward IMF conditions on both the
Cluster spacecraft and TC-1 (marked by the dashed red
line). Following this low shear crossing, the spacecraft all
remain in the adjacent magnetosheath in a strongly north-
ward magnetosheath field, until the HCS arrives just before

0700 UT (timed by the convection time from ACE and
marked by the dashed black line). The electron energy
spectra show a number of partial traversals either side of
the magnetopause throughout the interval 0600–0700 UT
and no FTE signatures are observed. After this time there
are two clear reentries into the magnetosphere, the last

Figure 7. (first to fourth panels) A multispacecraft plot of the magnetic field in LMN (MVA)
coordinates, in the same format as Figure 2. The analysis of Cluster gives [n = 0.65 0.71 0.26, m = �0.58
0.69 �0.43, l = �0.49 0.13 0.86], and the analysis of TC-1 gives [n = 0.72 �0.60 �0.36, m = 0.69 0.68
0.25, l = 0.09 �0.43 0.90] (components in GSE). The dashed lines refer to selected pairs of simultaneous
FTEs at Cluster and TC-1. (fifth to seventh panels) Spin-integrated differential ion energy flux for TC-1
and Cluster 3, respectively, and the ion pitch angle distribution for Cluster 3 from the HIA sensor.
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marked by the high shear crossing discussed above. At each
of these crossings the magnetopause exhibits properties of a
rotational discontinuity and the Walen relation is well
satisfied, suggesting the magnetopause becomes open at
these times. The electron data also suggest that there is a
limited or no boundary layer at TC-1 until the HCS reversal.
Cluster, on the other hand, shows a well developed and
complicated boundary layer, with significant mixing be-
tween the magnetosheath and magnetospheric plasma and
significant fluxes at higher energies. Following 0700 UT it

appears that the boundary layer seen at the high Cluster
latitudes becomes more limited in extent, after the onset of
low latitude magnetic merging, and in contrast the boundary
at TC-1 develops. This again suggests there is a rapid
response of the global boundary layer structure to changes
in the IMF orientation (transmitted to the magnetosheath).
This event also shows a dependence on position on the
magnetopause in a similar manner to the previous event,
although here TC-1 and Cluster lie at similar locations, with
Cluster at higher latitudes.

Figure 8a. Summary of the extended electron measurements of spin-integrated, differential energy flux
from PEACE/Rapid, together with the magnet field in a similar format to Figure 3. The whole interval is
shown to identify the development of the boundary layer and Cluster 1 is now used since this was the
only Cluster spacecraft to take data over the whole interval.
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[24] The electron data confirms that all spacecraft remain
very close to the magnetopause throughout the interval,
resulting in many partial crossings and traversals through
the boundary layer, and therefore they closely sample the
magnetopause during the sudden onset of dayside recon-
nection. The pitch angle distributions are shown in Figure 8b
for both TC-1 (Figure 8b, top) and Cluster 1 (same format
as Figure 4b). These plots show a number of features. First
at magnetosheath energies, it is clear that the turbulent
nature after 0700 UT, seen in the ion data, is reflected in
the electrons. Second, the Cluster distributions show a more
structured distribution than TC-1 in the period 0600–0700
UT: at magnetosheath energies TC-1 shows an almost
isotropic distribution, whereas Cluster shows temporal
changes between locally trapped and more complex behav-
ior, which appears to be correlated with proximity to the
magnetopause. This behavior, which is linked to the strong
northward IMF direction at this time, may be related to the

higher-latitude location of Cluster. In the boundary layer
traversals, after 0630 UT (but before 0700 UT), bistreaming
populations appear, which are most clear at mid energies,
and are consistent with recently closed field lines, perhaps
arising from a period of lobe reconnection [Bogdanova et
al., 2008]. After 0700 UT the distributions become very
similar between TC-1 and Cluster, in line with the midlat-
itude locations and development of a low-latitude X line.
The boundary layer is in fact very active, containing
energized plasma, during the whole interval for this event
and the electron behavior on both sides of the magnetopause
can be seen in more detail from the high-energy pitch
angles.
[25] Figure 9a (first to fifth panels) shows the energy bins

above 1 keV, and below 400 keV, using combined RAPID-
IES and PEACE Cluster data, with the IES pitch angles at
the top. The pitch angle distribution in the magnetospheric
boundary layer before 0700 UT undergoes rapid changes

Figure 8b. The pitch angle distribution from TC-1 and Cluster 1, in the same format as for Figure 4b.
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from a nearly isotropic, to field-aligned, bistreaming distri-
bution to a locally trapped distribution, in the energy range
above 30 keV. By comparing these changes to the differ-
ential energy flux, it appears that the isotropic population is
mostly associated with the region (dashed red lines) nearest
to the magnetopause. In the magnetospheric boundary layer
both bistreaming and 90� pitch angle distributions are seen.
At lower energies the distributions are similar and these
distributions correspond to the interval before the HCS

arrives, i.e., at low shear conditions (northward IMF) at
the magnetopause. Figure 9a also shows that there are
significant enhancements in the flux of energetic electrons
observed at the later magnetopause crossings after 0700 UT
(the time of the IMF reversal), where at the reentries into the
magnetosphere the populations have developed into bidi-
rectional pitch angle distributions in the magnetopause layer
(marked by the dashed red lines). These later reentries into
the magnetospheric boundary layer are therefore consistent

Figure 9a. (first to fifth panels) The Cluster energetic electron pitch angle distributions taken from the
Rapid-IES instrument and the high-energy channels from the PEACE instrument, above 1 keV. (sixth to
tenth panels) The differential flux and FGM data as in Figure 7a. Reentries to the magnetosphere are
indicated by the dashed red lines.
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Figure 9b. Energetic electron, pitch angle distribution is shown in conjunction with the curvature
analysis on the magnetic field for the short interval around the last magnetosphere reentry at 0708 UT.
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with the previous event for a low-latitude merging scenario,
except that there is significant electron energization. The
FTE signature which occurs at 0713:30 UT at Cluster and
0715 UT at TC-1 contains a field-aligned beam of energetic
electrons (perhaps suggesting recently reconnected field
lines on this flux tube). There is also a lower-energy
(�5 keV) trapped population during the FTE encounter.
[26] Figure 9b shows the short interval surrounding the

crossing at 0708 UT in conjunction with curvature and
current analysis of the magnetic field [Shen et al., 2007].
Figure 9b (first and second panels) shows the electron data
and Figure 9b (third to ninth panels) shows the curvature,
field gradient and current (inferred from curlB). The pa-
rameter gamma is the angle between the current and the
magnetic field. The plot shows that at 0707 UT the current
density becomes close to zero as the outer edge of the
boundary is encountered. Inside this position the radius of
curvature grows and becomes more stable as the spacecraft
enters deeper into the magnetosphere. On exit back to the
magnetosheath the same behavior is seen. The field gradient
shows a strong pressure at the outside edge of the boundary,

coincident with the current density. The value of gamma
becomes close to 180� only outside the boundary layer
(although the exit is a little confused). The plot shows that
the field-aligned electrons are dominant in the energetic
energy range and support a field-aligned current layer at the
outer edge of the magnetopause.
[27] Figure 10 shows the electron anisotropies and tran-

sition parameter plots in a similar format as for Figure 5, for
the thermal plasma, and for the interval 0600–0800 UT.
These confirm that overall, the transition layer is much more
limited for TC-1 (cf. the gaps in the TC-1 plot of anisotropy
against transition parameter, in the range TP = 20–80). This
result arises from two factors: first, the extensive sampling
of the boundary layer comes from the early period between
0600 and 0700 UT, since there are only few reentries in the
later period, and second, the electron distribution for TC-1
during this period (corresponding to northward IMF) has
values of density and temperature which cluster into either
the magnetospheric or magnetosheath range. We note here
that the conditions appear very similar at all spacecraft
locations, which all lie at closely similar positions relative to
the magnetopause, as illustrated by the multispacecraft
magnetic field plot in Figure 8a. All traces including TC-
1 follow the in/out motions of the magnetopause after
0700 UT, so it is unlikely that the different transition ordering
seen at TC-1 represents a more highly dynamic conditions
there. Similar motions at TC-1 and Cluster were calculated at
the magnetopause crossings by Wang et al. [2007].
[28] In contrast, therefore, the electron distribution for

Cluster has a spread out range of density and temperature,
which allows an even resorting of the energy anisotropy
with respect to the TP. This is consistent with the distribu-
tion of differential energy flux over all energies during the
boundary layer traversals, shown again in Figure 10a and as
a function of TP in Figure 10b (first panels). Figure 10a
showa that the dominant distribution in the boundary layer
is a heated, bistreaming population, until entry into the
magnetosheath. When resorted, we see that for Cluster the
energetic boundary layer ranges across the full range of TP
= 20–80 and shows an almost constant energization of the
magnetosheath population to �800 eV, mean energy. Such
energies for the heated magnetosheath electrons are unusu-
ally high; the mean energy is usually �500 eV maximum.

4. Discussion and Conclusions

[29] In this paper we have presented data during two
magnetopause conjunctions between Cluster and the Double
Star TC-1 spacecraft, which exhibit distinct properties in the
dayside boundary layer during the operation of low latitude
reconnection. We have used the combined, multiscale
measurements of TC-1 and the four Cluster spacecraft to
reveal these properties. During the first event, a series of
oppositely directed flux transfer events (FTEs) are fed by a
low-latitude reconnection line located midway between
Cluster and TC-1. For the second event the spacecraft lie
at the same duskward LT at northerly latitudes. The space-
craft repeatedly traverse the magnetopause, almost simulta-
neously, before and after a strong reversal in the IMF from
northward to southward. The data suggest a sudden onset of
reconnection for turbulent solar wind conditions. Following
the IMF reversal correlated FTE signatures appear at all five

Figure 10a. The electron anisotropies for the PEACE-
HEEA sensor on Cluster 1.
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spacecraft, which are consistent with tilted, newly opened
flux tubes moving duskward and tailward across the mag-
netopause and which are therefore shown to arise from the
sudden formation of a near subsolar reconnection line
within minutes of the IMF reversal.
[30] In the first event, the spacecraft sample the magne-

topause at similar positions north and south, almost equi-
distant from the subsolar X line at about 5 RE. This results
in the sampling of reconnected flux tubes at each location,
which are remotely generated at the X line, together with
crossings of the local magnetopause. The details of the
plasma distributions show that outflowing electrons are
consistently present on each flux tube and at the outermost
edge of the magnetopause (most recently reconnected
region at the magnetosheath boundary). An extensive
boundary layer was maintained at TC-1, but not Cluster,
however. Hence, for these duskward IMF conditions, we
find a thicker boundary layer at the same distance south of
the X line than north of it, although the structure is similar
and consistent with the observed period of ongoing mag-
netic merging. For a dawnward location, south of the X line
and for a duskward directed magnetosheath field, the local
magnetic shear across the magnetopause is low as a result of
the magnetospheric field orientation. The LLBL therefore
appears to extend further south than its extent north of the X
line, where the local magnetic shear is large and this

suggests the extent of the LLBL is asymmetric north and
south. Although we have suggested here that local magnetic
shear is associated with this asymmetric extent, we cannot
rule out the possibility that a dipole tilt effect is changing
the local magnetic boundary layer as a result of different
magnetosheath flow properties (for example, affecting the
pressure balance). It is true that the local magnetosheath
signatures are more reminiscent of a plasma depletion layer
at Cluster than at TC-1. This question requires further
analysis of other events and will be pursued in a future
paper.
[31] In the second event, significant electron energization

and the recent opening of the magnetopause layer at low
latitudes, within minutes of reconnection onset, are clearly
identified. All five spacecraft remain close to, or within, the
magnetopause boundary layer for the 2 h period considered,
which shows a complex and energized boundary layer at
Cluster locations, which is largely absent at the lower
latitudes of TC-1. Following the IMF reversal, this recon-
nection layer is seen to extend to TC-1 and becomes similar
in character at both the Cluster and TC-1 sites. The
spacecraft therefore monitor the development of a boundary
layer structure following the IMF reversal and after the
formation of a low-latitude X line dawnward of the space-
craft. In addition, the tilted flux tubes, which are sampled by
all spacecraft at positions along their length, show a field-

Figure 10b. The sorted electron anisotropies with respect to the transition parameter for (left) TC-1 and
(right) Cluster 1.
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aligned energetic electron population. Before the southward
turning, locally trapped, isotropic and bistreaming popula-
tions of energetic electrons are seen at Cluster, extending up
to 3–400 keV. There is a high degree of structure in the
electron distributions, depending upon position within the
layer: changing from isotropic near the magnetosheath
boundary to bistreaming at deeper positions. During the
same time (northward IMF), this layer appears to be more
limited or absent at TC-1 at its lower-latitude location.
[32] Following the IMF reversal (a few minutes after

reconnection onset), the electron population at Cluster
develops as an energetic, field-aligned (bistreaming) distri-
bution in the energetic energy range (above 30 keV) in the
region adjacent to the magnetosheath boundary, whereas at
low energies the population remains trapped. This probably
indicates that these field lines are newly reconnected field
lines. The behavior therefore becomes consistent with that
expected, duskward of a low-latitude X line and the TC-1
distribution appears to be similar at this later time. The
bistreaming energetic electron populations appear adjacent
to the magnetopause current layer and the currents sur-
rounding this distribution are field aligned. The local con-
ditions for this second event are very similar at all spacecraft
locations, as exhibited by the magnetic field profiles, which
are similar for all five spacecraft. Thus, the changing
structure observed is a result only of spacecraft locations
and subsequently the sudden onset of dayside merging.
Nevertheless, the precise relation of the energization to
the boundary layer extent in this case is not clear and
studies searching for other events are planned.
[33] The analysis of the boundary layer structure and its

extent is assisted here by use of energy anisotropies derived
from the electron distribution and by reordering the mag-
netopause transition to the TP. For Cluster, we have used the
extended, measured energy range taken from the combined
energetic and thermal electron instruments (ranging from a
few to 400 keV). Multipoint measurements are needed to
fully estimate the thickness of the boundary layer at
different locations, as our observations show that the
boundary layer is not uniform and the thickness depends
on many factors. Thus, previous one-SC observations of the
thickness of the boundary layer might be incorrect. A
survey of other events which probe the extent and compo-
sition of the boundary layer under different conditions is
underway.
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