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[1] We analyze the structure of the high-latitude magnetopause under steady
interplanetary magnetic field (IMF). We use 56 magnetopause encounters of Cluster
spacecraft from 2001 to 2003 to explore the statistical properties of the magnetosheath
electron boundary layer, observed outside the high-latitude dayside magnetopause. We
focus on the occurrence of low absolute parallel heat flux in this layer and its dependence
on the magnetic field clock angle simultaneously measured by Cluster. The low absolute
parallel heat fluxes result from the presence of bidirectional heated electrons in the
magnetosheath electron boundary layer and are primarily observed when the local
magnetic field is northward. The bidirectional heated electrons are interpreted as the
signature of newly closed magnetosheath field lines that have reconnected at the high-
latitude magnetopause, tailward of the cusp, in both hemispheres. This study strongly
suggests that double high-latitude reconnection is a tenable mechanism for the formation
of the low-latitude boundary layer and potentially of the cold, dense plasma sheet under
northward IMF. Although the efficiency (in terms of mass and energy transfer) of this
mechanism is still to be investigated, it is an obvious way of capturing solar wind plasma
under northward IMF.
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1. Introduction

[2] The magnetospheric boundary layer of the magneto-
pause has been studied extensively [e.g., Eastman and
Hones, 1979; Mitchell et al., 1987]. Its presence has been
related to a number of processes, of which magnetic
reconnection, diffusive entry, and Kelvin-Helmholtz insta-
bility are the leading candidates [e.g., Eastman and Hones,
1979; Mitchell et al., 1987; Song and Russell, 1992;
Paschmann et al., 1993; Sibeck et al., 1999; Hasegawa et
al., 2004]. In the case of magnetic reconnection, the
admixture of magnetosheath and magnetospheric plasmas
on magnetospheric field lines, inside the magnetopause, has
been attributed to an open magnetic field topology where
the magnetopause is an open boundary (e.g., rotational
discontinuity) allowing plasma to flow through it. This
reconnected topology also results in a boundary layer of
reconnected field lines outside of the magnetopause: the

magnetosheath boundary layer [Fuselier et al., 1997]. The
open magnetic topology leads to the presence of leaking
magnetospheric particles in this layer. Furthermore, heated
magnetosheath plasma is also observed in this layer and has
been interpreted as having twice passed through the open
magnetopause [Fuselier et al., 1997].
[3] Under northward IMF, high-latitude reconnection

likely occurs at the magnetopause tailward of the cusps
[Kessel et al., 1996]. Song and Russell [1992] proposed that
the formation of the low-latitude boundary layer may be the
result of this mechanism occurring nearly simultaneously in
both hemispheres. This prediction was later given support
through satellite observations [Le et al., 1996; Onsager et
al., 2001] and MHD simulations [e.g., Ogino et al., 1994;
Fedder and Lyon, 1995; Raeder et al., 1997; Song et al.,
1999]. On the basis of a detailed event study, Onsager et al.
[2001] suggested that the presence of heated magnetosheath
electrons streaming (unidirectional) in the magnetosheath
boundary layer, outside the magnetopause at high latitudes
under northward IMF, is the signature of high-latitude
reconnection. They further proposed that the observation
of bidirectional heated electrons there is the result of
reconnection having occurred in both hemispheres.
[4] Lavraud et al. [2005] performed a statistical survey of

the directionality of heated, streaming electrons in the
magnetosheath boundary layer under steady northward
IMF. Their presence and directionality was consistently
shown to be the result of magnetic reconnection having
occurred tailward of the cusp in one hemisphere, while not
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yet in the other. Furthermore, the hemisphere of initial
reconnection was shown to be primarily controlled by the
dipole tilt angle. Lavraud et al. [2005] also highlighted the
possible signature of magnetosheath field lines having
reconnected in both hemispheres and listed potential can-
didates. Identification was based on electron temperatures
being elevated in both parallel and anti-parallel direction
(i.e., low heat flux) in the presence of undisturbed magneto-
sheath ion populations (low temperature). By contrast, the
layers of unidirectional heated electrons they analyzed were
suggestive of higher parallel heat fluxes.
[5] Figure 1a illustrates the magnetic structure (topology)

of the magnetopause if reconnection of a given magneto-
sheath field line (labeled 1) occurs in both hemispheres
under purely northward IMF. In the case shown here,
magnetosheath field lines may reconnect first in the south-
ern hemisphere (field line 2) (see also Lavraud et al.
[2005]). The same field line may later reconnect in the
opposite hemisphere and create a newly closed field line
(field line 3). This mechanism may hold not only for purely
northward IMF, but also for a range of IMF clock angles
extending each side of the purely northward direction.
Figure 1b illustrates such a possible influence of the IMF
clock angle (tan�1(BY/BZ)). The (quasi) purely northward
IMF (clock angle of 5�) case is represented by field line a.
The field line labeled b has a magnetosheath clock angle of
�40�. This field line is antiparallel to the magnetospheric

field near the cusps in both hemispheres and would poten-
tially reconnect in the dawn (dusk) quadrant for the northern
(southern) hemisphere.
[6] In this paper, we study the combined occurrence of

low absolute parallel electron heat flux and parallel heated
electrons in the magnetosheath boundary layer, as a function
of the local magnetic field clock angle, to assess the
tenability of the mechanism proposed by Song and Russell
[1992]. We will show direct statistical evidence (in situ
observations) of the occurrence of this mechanism, which
has been suggested as a way to form the low-latitude
boundary layer as well as the cold, dense plasma sheet
[e.g., Lavraud et al., 2005; Li et al., 2005; Øieroset et al.,
2005].

2. Instrumentation and Definitions

2.1. Instrumentation

[7] We primarily use electron data from the PEACE
(Plasma Electron and Current Experiment) instrument on
board Cluster [Johnstone et al., 1997]. The data come from
the LEEA (Low Energy Electron Analyzer) sensor which
measures electrons in the energy range 0.6 eV to 1 keV. We
use electron temperature and parallel heat flux moments
which were computed from onboard-selected two-
dimensional (2-D) pitch angle data. Photoelectrons were
removed by use of a lower energy cutoff equal to the

Figure 1. Schematics of the dayside magnetosphere magnetic topology under northward IMF.
(a) Illustration of the high-latitude magnetopause and magnetosheath boundary layer structure under
northward IMF in the context of double high-latitude reconnection. The blue arrows (top of the sketch)
adjacent to the field lines numbered 1 and 2 illustrate the presence and direction of streaming, cold
magnetosheath electrons. The red arrows, on field lines numbered 2 and 3, correspond to streaming
heated electrons. Field line 1 is a pristine magnetosheath field line. Field line 2 is a magnetosheath field
line which has reconnected in one hemisphere (southern in the present example). Field line 3 has
reconnected in the lobes of both hemispheres and is thus newly closed. (b) Illustration of the effect of a
nonpurely northward IMF on the occurrence of double high-latitude reconnection. For a small
magnetosheath magnetic field clock angle of 5� (field line labeled ‘‘a’’), reconnection in both
hemispheres may easily occur. For larger clock angles, such as �40� for field line labeled ‘‘b,’’ this
process may also occur. However, the larger the clock angle, the smaller the chance of reconnecting in
both hemispheres and this probability ought to vanish when approaching 90�.
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floating spacecraft potential when available (7 eV other-
wise). Cluster Ion Spectrometry/Hot Ion Analyser (CIS/
HIA) [Rème et al., 2001] and Flux Gate Magnetometer
(FGM) [Balogh et al., 2001] data were also utilized for the
analyses. This study makes use of perpendicular ion tem-
perature only. The use of the parallel ion temperature leads
to similar results. Only data from Cluster spacecraft 3 are
used in the present study. Data resolution is 4 s, except
during 2001 when it is 20 s (see section 3.2).

2.2. Magnetosheath Boundary Layer and
Magnetopause

[8] Figure 2 illustrates schematically the open magneto-
pause structure that forms the interpretive foundation for our
investigation. Observations show that magnetosheath
plasma is heated upon traversal of the magnetopause current
layer [Paschmann et al., 1993; Phan et al., 1994; Fuselier et
al., 1997]. Potential plasma heating mechanisms have been
studied by Lee et al. [1994] and Johnson and Cheng [1997,
2001]. Both heated magnetosheath ions and electrons may
enter the magnetosphere at the onset of reconnection (and
thereafter along the open magnetopause), mirror at low
altitude, and return to the magnetopause. From there, they
may escape back into the magnetosheath, through the open
magnetopause, to form an observable magnetosheath
boundary layer outside of the main current layer. The
convection imposed by reconnection, combined with the
finite field-aligned velocity of the entering/escaping par-
ticles, results in a velocity filter effect. Because electrons are
much faster than ions, this effect leads to a layered structure

where heated magnetosheath electrons form the outermost
layer of the open magnetopause. This layer is characterized
by heated magnetosheath electrons streaming away from the
magnetopause (grey area in Figure 2) [Fuselier et al., 1997].
Heated magnetosheath ions are not yet present in this layer
due to their lower velocities. These also form a similar layer,
but its outer edge is closer to the magnetopause current layer
[Gosling et al., 1990]. In addition to the scenario described
above, the magnetosheath boundary layer structure may
also result from (1) the direct escape of hot magnetospheric
particles originally trapped on dayside closed field lines
(primarily for the southward IMF case) [Gosling et al.,
1990] and (2) the direct reflection of particles at the
magnetopause current layer [Fuselier et al., 1991]. All these
effects produce distinct ion and electron edges located
outside the magnetopause current layer (see Figure 2), and
correspond to temperature enhancements observable in the
respective distribution functions (see section 3.2 for an
event illustration).
[9] As shown in Figure 2, the magnetopause is identified

as the current layer where the main magnetic field rotation
occurs. However, in many of the crossings we study here
(particularly those under northward IMF) there is little
discernable magnetic shear. Therefore we use the increase
in the ion temperature as a proxy for the actual magneto-
pause, realizing that in the open geometry this transition lies
somewhat outside the magnetopause. With this working
definition, we then identify the magnetosheath electron
boundary layer by elevated electron temperatures while
the ion temperature retains its magnetosheath value.

Figure 2. Illustration of the structure of the reconnected magnetopause. The magnetopause current layer
is represented as a thin horizontal black line (labeled on the left-hand side of the plot). The magnetosheath
is located in the upper portion of the schematic while the magnetosphere is the lower portion. Magnetic
field lines are drawn as thin black lines with the separatrix (passing through the reconnection site) being
thicker. Reconnection induces a convection directed away from the reconnection region each side of the
reconnection line as indicated by the red arrows. Ions and electrons are heated at the magnetopause
current layer. This does not necessarily happen only near the reconnection region but rather all along the
magnetopause current layer [e.g., Fuselier et al., 1997; Onsager et al., 2001]. The magnetosheath
boundary layer results from a velocity filter effect which produces an electron edge further on the
magnetosheath side than the ion edge [Gosling et al., 1990]. The magnetosheath boundary layer thus
contains heated particles which delineate separate ion and electron edges as a combined result of
(a) particle passage through the magnetopause, reflection at low altitude and subsequent escape back
through the magnetopause, (b) direct escape of hot magnetospheric particles originally trapped on
dayside closed field lines [Gosling et al., 1990] and (c) direct reflection at the magnetopause current layer
[Fuselier et al., 1991] (see text for details). The eventuality of double high-latitude reconnection is
described in the text.
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[10] The schematic of Figure 2 illustrates the magneto-
sheath boundary layer for either a reconnection site located
at high latitude under northward IMF or low latitude under
southward IMF. However, it does not describe the case of
possible double high-latitude reconnection. As discussed by
Onsager et al. [2001], under northward IMF and in the
presence of newly closed field lines, the expected electron
signatures of the different regions from the magnetosheath
inward are as follows (cf. Figure 1a and Figure 2): (1) pris-
tine magnetosheath field lines disconnected from Earth,
with typical cold magnetosheath electrons in all directions,
(2) magnetosheath boundary layer field lines with one end
connected to the Earth, and characterized by heated stream-
ing electrons in one direction (parallel or antiparallel) and
cold magnetosheath electrons in the other, (3) newly closed
magnetosheath boundary layer field lines with both ends
connected to Earth and with heated electrons in both
directions along the field lines, i.e., with balanced fluxes,
and (4) low-latitude boundary layer (or cusp) field lines
with similar balanced heated electron fluxes but located
inside the magnetopause. Such electron properties can be
associated with characteristic signatures in the appropriate
moments of the electron distribution functions in the follow-
ing manner, and in the same order: (1) typical, low magneto-
sheath electron and ion temperatures with arbitrary electron
heat flux, (2) low ion temperature, but higher electron
temperature with high (parallel or antiparallel) heat flux due
to the streaming, (3) low ion temperature with high electron
temperature and low heat flux owing to balanced electron
fluxes, and (4) high electron temperature and low heat flux,
but high ion temperatures as well starting once the spacecraft
encounters the ion edge of themagnetosheath boundary layer.
With this association (illustrated in section 3.2), we base our
study on the quantitative analysis of the appropriate moments
of the ion and electron distributions.

3. Event Selection and Statistical Analysis

3.1. Event Selection

[11] We used magnetic field and ion observations to
identify all spacecraft 3 magnetopause crossings from the
first three years of Cluster operation (2001–2003), between
January and May (dayside). We used time-lagged ACE solar
wind measurements (cf. Lavraud et al. [2005] for details)
and selected the events for which the IMF clock angle
(tan�1(BY/BZ) in GSM) was steady, varying by less than
30� during a 30-min interval centered on each magneto-
pause crossing. This selection criterion avoids variable
events for which dynamic effects may prevent the formation
of a steady boundary layer. Fifty-six events met these
criteria and had good data from all instruments.

3.2. Event Illustration

[12] Figure 3 presents Cluster spacecraft 3 observations
from PEACE, CIS and FGM for the high-latitude southern
hemisphere magnetopause crossing on 4 May 2002. The
details may be found in the figure caption. This event is one
of the 56 events selected.
[13] At the start of the interval, Cluster spacecraft 3 was

in the magnetosheath and observed low ion and electron
temperatures and large plasma flows (Figures 3e, 3f,
and 3h). This is an inbound pass in the southern hemisphere.

The entry into the magnetosheath electron boundary layer
occurred at �1403 UT. This is indicated by the increase in
the spectral width of electron distributions in Figures 3a, 3b,
and 3c, and the corresponding increase in the parallel
electron temperatures in Figure 3h. Within the magneto-
sheath electron boundary layer (until �1415 UT), the ion
temperature is generally low and typical of the magneto-
sheath. Electrons in this boundary layer are mostly seen to
be heated in both parallel and antiparallel directions, with
generally low parallel heat flux (Figure 3g), so that by the
above interpretation, most of the interval until �1416 UT
(see next paragraph for magnetopause current layer signa-
tures) presumably corresponds to a newly closed magneto-
sheath boundary layer (region 3 from section 2.2 and
Figure 1a). At times, however, more unidirectional heated
electrons are observed, e.g., 1408–1409 UT (see also
examples by Onsager et al. [2001] and Lavraud et al.
[2005]). These presumably correspond to field lines that
are reconnected in only one hemisphere.
[14] The magnetopause current layer crossing is ob-

served at �1416 UT (second dotted vertical line in
Figure 3) as a slight rotation in the magnetic field
components (BX in particular) together with a net de-
crease in the ion flow speed (Figures 3e and 3i). The ion
perpendicular temperature is low in the magnetosheath
but increases abruptly on approach to the magnetopause
(first dotted vertical line in Figure 3). The red arrows
indicate the times for which four selected ion distribution
functions are shown in Figure 4. Figure 4a displays a
typical, cold, streaming magnetosheath ion distribution.
Figure 4b is a similar cold magnetosheath distribution but
corresponds to a time when electrons are already sub-
stantially heated: the magnetosheath electron-only bound-
ary layer (c.f. Figure 2). Figure 4c displays an ion
distribution close to the increase in ion temperature at
1414:52 UT. This distribution shows the appearance of
counterstreaming ions. These may be interpreted as
heated and/or reflected magnetosheath ions returning to
the spacecraft from the open magnetopause [Fuselier et
al., 1991]. Finally, Figure 4d shows that ions inside the
magnetopause are both hot and isotropic, as also found
by Lavraud et al. [2002]. These observations are all
compatible with expectations from the boundary layer
structure described in section 2, in which the ion edge
of the magnetosheath boundary layer should be much
closer to the magnetopause than the electron edge.
[15] The observation of heated magnetosheath electrons

together with colder ions thus appears as an unambiguous
signature that the spacecraft is outside the magnetopause. In
Figures 3f, 3g, and 3h, the dashed green lines correspond to
the threshold used for the analysis described in section 3.3.
Times where the analysis identifies doubly-reconnected
field lines during the event of 4 May 2002 are displayed
as asterisks at the bottom of Figure 3g.

3.3. Events Analysis

[16] For each of the 56 events, we selected a time interval
starting from the boundary layer (or cusp) well inside the
magnetopause and ending in typical magnetosheath. The
times were selected so that the perpendicular ion temper-
atures in the inner boundary layer and magnetosheath were
typical of each region (generally about several hundred eV

A05211 LAVRAUD ET AL.: EVIDENCE FOR NEWLY CLOSED FIELD LINES

4 of 10

A05211



Figure 3. Overview plot of PEACE, CIS and FGM data for the southern hemisphere magnetopause
crossing interval on 4 May 2002. The location of the spacecraft at 1410 UT is (1.3, �8.0, �10.4) RE in
GSM or (5.4, �8.0, �9.0) RE in SM coordinates. (a), (b), and (c) Three spectrograms are shown for
electrons flowing parallel, perpendicular, and antiparallel to the magnetic field, respectively. (d), (e) and
(f) The CIS/HIA ion density, velocity components (in GSM) and magnitude, and perpendicular
temperature, respectively. (f) The dashed green line represents the ion temperature threshold used to
define magnetosheath measurements. (g) The parallel electron heat flux and (h) the parallel and
perpendicular electron temperatures. In Figure 3g, the dashed green lines delimit the thresholds of �15
and +15 mW/m2 used in the statistical analysis. In Figure 3h, the threshold of 1.1 for parallel electron
temperature enhancement is shown. (i) FGM magnetic field measurements (GSM). The asterisks at the
bottom of Figure 3g show the times at which electron heat flux, anisotropy and temperature ratio criteria
(c.f. section 3.4) are met in the magnetosheath (i.e., for ion temperatures lower than threshold). Two
vertical dotted lines indicate the location of the current layer (observable in both magnetic field and
velocity) and of the ion temperature boundary. The four red arrows mark the times of the ion distribution
functions of Figure 4. See text for further details.
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and a hundred eV, respectively). Averaged over 20 s from
the beginning and the end of each interval, these two
temperatures were used as reference. The spacecraft loca-
tion is deemed to be outside the magnetopause (i.e.,
‘‘magnetosheath’’) if the perpendicular ion temperature is
less than a threshold value, taken to be the magnetosheath
ion temperature of reference plus a quarter of the difference
between the inner boundary layer and magnetosheath ion
temperatures of reference (i.e., T < TSH + (TBL � TSH)/4;
see Figure 3f for illustration). Then the parallel electron heat
fluxes and electron temperatures from PEACE and the
magnetic field clock angles from both FGM and ACE were
interpolated to the times of the ion measurements. We made
the interpolation onto the ion measurement time tags be-
cause this dataset contains a number of data gaps. Electron
data from 2001 have a resolution of 20 s owing to onboard
calculation issues (12 events out of 56). In this case, the
interpolation was made to the electron measurement time
tags, resulting in fewer measurements to analyze. Thus, the

statistical weight of the events from 2001 is a factor of 4
lower than those of 2002 and 2003.
[17] Figure 5a shows a scatter plot of the parallel electron

heat flux as a function of the parallel electron temperature
normalized to the reference parallel electron temperature of
the magnetosheath. Only measurements defined as magne-
tosheath, based on the ion temperature criteria, are dis-
played. A normalized temperature significantly higher than
one indicates the presence of heated electrons in the
magnetosheath. Figure 5a shows a large spread in both
parallel heat flux and normalized parallel temperature. For
large normalized temperature the absolute parallel heat flux
is generally low. The median absolute parallel heat flux is
20.5 mW/m2 (mean of 31.0 mW/m2) and the median nor-
malized temperature is 1.04 (mean of 1.09). To focus on
events that may indicate double high-latitude reconnection
(i.e., those with high parallel electron temperature and low
parallel heat flux, outside of the magnetopause), we identify
those magnetosheath measurements with a parallel heat flux
jQkj < 15 mW/m2 and a normalized temperature greater

Figure 4. Ion distribution functions from the CIS/HIA instruments for four selected times during the
magnetopause crossing on 4 May 2002. These are two-dimensional cuts of the distributions in the
(Vk, V?) plane. The times are given in each plot and are marked by red arrows on Figure 3.

Figure 5. (a) Scatter plot of the parallel electron heat flux as a function of the ratio of the parallel
electron temperature to the parallel electron temperature of the reference magnetosheath. Only
measurements defined as magnetosheath are displayed (based on ion temperature). The dashed white
lines delimit the threshold used in the analysis, which are respectively of jQkj < 15 mW/m2 and
Tk/TkSH > 1.1. (b) Polar distribution of the absolute occurrence of FGM clock angles for all the
measurements defined as magnetosheath in our analysis. It is binned into 12 clock angle ranges of 30�
each with the north direction upward and dusk toward the right-hand side. The scale is homogeneous and
an absolute value is given for one of the northward bins. See text for further details.
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than 1.1 (these criteria are shown in Figure 5a with dashed
white lines). In the analysis of section 3.5, we further
require an electron anisotropy such that Tk > T?. As was
illustrated in section 3.2, magnetopause electron heating
results in such an anisotropy in the magnetosheath boundary
layer. This latter criterion also allows us to avoid the effect
of electron temperature variability in the magnetosheath.
The main results of this paper do not change significantly
by applying other, stricter criteria; these basically only
reduce the statistics (see next section and Figure 7).

3.4. Statistical Criteria and Results

[18] The asterisks at the bottom of Figure 3g show the
times at which all the selection criteria are satisfied for the
magnetopause crossing on 4 May 2002. These criteria are
shown as dashed green lines in Figures 3f, 3g, and 3h, and in

summary correspond to (1) ion perpendicular temperature T?
< T?SH + (T?BL � T?SH)/4, (2) absolute parallel electron
heat flux jQkj < 15 mW/m2, (3) normalized parallel electron
temperature Tk/TkSH > 1.1, (4) electron temperature
anisotropy Tk > T?.
[19] In addition, we require that the magnetic field mea-

sured by FGM does not vary by more than 20� between two
adjacent measurements and that the above criteria be met for
at least two contiguous measurements. The former is meant
to avoid time aliasing, while the latter is meant to remove
bad measurements. However, the main results hold even if
these two requirements are not used. These criteria should be
met when the spacecraft samples a closed magnetosheath
electron boundary, where electrons are heated and the heat
flux is low, as seen for example in Figure 3.

Figure 6. Results of the statistical analysis performed on the 56 magnetopause crossing events. All four
plots are polar distributions of FGM magnetic field clock angle measurements, in the same format as
Figure 5b. (a) Absolute clock angle distribution of all magnetosheath measurements having low parallel
electron heat flux (jQkj < 15 mW/m2). (c) Absolute clock angle distribution of all magnetosheath
measurements which meet the criteria on electron heat flux, anisotropy (Tk > T?) and parallel electron
temperature ratio (> 1.1). The distributions ((b) and (d)) are the same as Figures 6b and 6c, respectively
but normalized to the original clock angle distribution of magnetosheath measurements from Figure 5b.
One axis value is specified for each distribution.
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[20] Figure 5b shows the clock angle distribution of all
magnetosheath measurements, defined using the ion tem-
perature threshold, for the 56 events of this study. This
distribution shows some preference for duskward magnetic
field orientation but is overall fairly evenly distributed. The
polar distribution of Figure 6a shows the absolute clock
angle distribution of the magnetosheath measurements that
have a low absolute parallel electron heat flux. This distri-
bution shows some tendency for low heat flux to occur
under northward IMF orientation. However, the occurrence
for southward IMF is not negligible. The distribution of
Figure 6b is the same but normalized to the distribution of
all magnetosheath measurements from Figure 5b. It shows
that low electron heat flux observations in the magneto-
sheath are relatively evenly distributed in terms of clock
angle, although some clear deficit is observed for strongly
southward directions.
[21] The application of all criteria defined above results in

the absolute polar distribution of Figure 6c and the normal-
ized distribution of Figure 6d. The clock angle distribution
of magnetosheath measurements satisfying the criteria is
clearly confined to northward IMF. These distributions
demonstrate conclusively that the combination of low
parallel electron heat flux and parallel heated electrons with
Tk > T? (i.e., bidirectional heated electrons) only occurs
when the magnetosheath magnetic field has a northward
component. The occurrence of such measurements is
strikingly low for absolute clock angles larger than 60�.

[22] As mentioned above, all magnetosheath measure-
ments were also assigned IMF values as described in
section 3.2. We checked for the compatibility between the
lagged IMF monitored by ACE and the local magnetic field
recorded by FGM at Cluster. The median absolute clock
angle deviation between the two datasets is 15.7� (mean of
22.9�). This modest difference may be attributed to IMF
passage through the bow shock and subsequent draping
along the magnetopause. It thus appears that the fact that
bidirectional heated electrons are almost exclusively ob-
served for northward local magnetic field in the magneto-
sheath boundary layer can be more generally extended to
northward IMF orientation.
[23] In the above, we presented results from the analysis

using an electron temperature heating criterion of 1.1
(compared to typical sheath value). This choice primarily
aimed at obtaining significant statistics. Similar analysis has
been performed for different heating factors. In Figure 7 we
show the absolute (i.e., in the range [0�, 180�]) magneto-
sheath clock angle distributions of low heat flux, heated
electrons in the magnetosheath boundary layer for electron
heating criteria of 1.1 (original), 1.2, and 1.4, respectively,
with the solid, dashed, and dash-dotted lines. These distri-
butions are displayed with 15� bins. It is observed that the
distributions are overall smoother in this representation
compared to the coarser polar plots of Figure 6. It is clear
from those distributions that such observation globally
becomes much less frequent for absolute clock angle greater

Figure 7. Histogram representation of the FGM absolute magnetosheath clock angle distributions of
low heat flux heated electrons in the magnetosheath electron boundary layer. Those correspond to the
result of the analysis by using an electron heating factor of 1.1 (solid), 1.2 (dashed), and 1.4 (dash-
dotted), displayed in 15� bins. See text for further details.
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than 60�. It may be noted, finally, that the orbit of Cluster
crosses the dayside magnetopause at rather high magnetic
latitudes (�50�–70�). This may result in the impossibility
to observe newly closed boundary layers for large magneto-
sheath clock angles. This potential effect ought to be further
examined in the future.

4. Discussion and Conclusion

[24] We have studied Cluster high-latitude magnetopause
crossings under steady IMF conditions from 2001 to 2003.
We have analyzed the statistical properties of the magneto-
sheath and searched for the presence of heated, bidirectional
electrons outside the magnetopause. As a signature of such
distributions, we sought a low absolute parallel electron heat
flux in the presence of an elevated parallel electron tem-
perature. We focused on the dependence of such measure-
ments on the local magnetosheath clock angle. We
illustrated our analysis with an event that occurred under
northward IMF. It showed the presence of such heated,
bidirectional electrons outside the magnetopause. This event
also illustrated that the ion temperature is a useful parameter
to identify locations outside the magnetopause. Statistical
results, based on 56 magnetopause crossings, showed that
low absolute parallel electron heat flux may be observed for
all IMF orientations. However, the observation of combined
low electron heat flux and parallel heated electrons is
restricted to local magnetosheath clock angles having a
northward component. The occurrence of such measure-
ments is strikingly low for absolute clock angles greater
than 60�.
[25] Visual inspection of all events confirms the finding

from the event illustration. The combined occurrence of low
absolute parallel heat fluxes and increased parallel electron
temperature results from the presence of bidirectional
heated electrons in the magnetosheath electron boundary
layer. These are interpreted as the signature of high-latitude
reconnection having occurred in the lobes of both hemi-
spheres. Twitty et al. [2004] recently found a high-latitude
reconnection occurrence rate of 90% when the IMF has a
northward component (i.e., for IMF clock angles between
�90� and 90�) and suggested that double high-latitude
reconnection may be common. Probably owing to simple
geometrical considerations, our study shows that this mech-
anism is mainly restricted to clock angles in the range
�[�60�, 60�].
[26] In essence, these results strongly support the fact that

bidirectional heated electrons are the signature of newly
closed magnetosheath field lines and that this mechanism
[Song and Russell, 1992] only occurs for magnetosheath
magnetic field, and correlated IMF, having a significant
northward component. This mechanism leads to the forma-
tion of the dayside low-latitude boundary layer and possibly
of the cold, dense plasma sheet under northward IMF.
However, although this mechanism is shown to be com-
monly operative, further work is needed to assess its
efficiency in terms of mass and energy transfer, as compared
to alternate processes such as the Kelvin-Helmholtz
instability [Hasegawa et al., 2004].
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