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[1] We report on the statistical properties of the plasma flows measured by the Cluster
spacecraft in the high-altitude cusp region of the Northern Hemisphere as a function of the
interplanetary magnetic field (IMF) orientation, with selected clock angle intervals. The
technique uses a magnetic field model, taking into account the actual solar wind
conditions and level of geomagnetic activity, in order to model the magnetopause and cusp
displacements as a function of these conditions. The distributions of the magnetic field
vector show a clear consistency with the IMF clock angle intervals chosen and
demonstrate that the technique used here fixes the positions of the cusp boundaries
adequately. The antisunward convection observed in the exterior cusp suggests that this
region is statistically quite convective under southward IMF, while for northward IMF the
region appears more stagnant. The presence of large parallel (downward) flows at the
equatorward edge of the cusp shows that plasma penetration occurs preferentially at the
dayside low-latitude magnetopause for southward IMF conditions; in contrast, under
northward IMF the results are suggestive of plasma penetration from the poleward edge of
the cusp, combined with a substantial sunward convection, but no flows are observed at all
at the dayside boundary with the plasma sheet. The comparison of the measured flow
speed with the Alfvén speed suggests that the magnetosheath adjacent to the external
boundary is more sub-Alfvénic, even for high magnetic latitudes, under northward IMF
than under southward IMF. This result is consistent with the preference for the plasma
depletion layer to develop under such conditions. The transverse plasma convection in the
exterior cusp appears to be controlled by the IMF BY component as well; for dawnward
(duskward) IMF orientations the convection is preferentially directed toward dusk (dawn).
These results are interpreted as strong arguments in favor of the cusp being structured, at large
scales, by the occurrence of magnetic reconnection at the high-latitude magnetopause for
northward IMF and at the low-latitude magnetopause for southward IMF.

Citation: Lavraud, B., A. Fedorov, E. Budnik, M. F. Thomsen, A. Grigoriev, P. J. Cargill, M. W. Dunlop, H. Rème, I. Dandouras,

and A. Balogh (2005), High-altitude cusp flow dependence on IMF orientation: A 3-year Cluster statistical study, J. Geophys. Res.,

110, A02209, doi:10.1029/2004JA010804.

1. Introduction

[2] The low- and middle-altitude cusp regions of the
Earth’s magnetosphere have been widely studied in the past
[Newell et al., 1989; Lockwood and Smith, 1992; Yamauchi
et al., 1996]. However, the high-altitude cusp region was
not explored extensively in the early days of space science,
with the notable exception of the HEOS-2 spacecraft which
undertook the first detailed investigations of this part of the

magnetosphere [e.g., Paschmann et al., 1976; Haerendel et
al., 1978]. More recently, major advances on the role of this
key region, which is in direct interaction with the solar
wind, have been provided by the Polar [Russell, 2000;
Fuselier et al., 2000a; Onsager et al., 2001], Interball [Savin
et al., 1998; Fedorov et al., 2000; Dubinin et al., 2002], and
four-spacecraft Cluster missions [Lavraud et al., 2002;
Nykyri et al., 2003; Cargill et al., 2004]. Much of this
work has focused on analysis of individual crossings, but a
few statistical studies of the high-altitude cusp region have
been undertaken using data from the HEOS-2 [Dunlop et
al., 2000], Hawkeye [Zhou and Russell, 1997; Eastman et
al., 2000], Polar [Tsyganenko and Russell, 1999], and
Interball [Grigoriev et al., 1999; Měrka et al., 2002] data
sets.
[3] Because of its high-quality data and its suitable orbit

the four-spacecraft Cluster mission is perfectly adapted for
high-altitude cusp investigations and therefore for large-
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scale statistical studies. Lavraud et al. [2004a] presented the
first results of the statistical distributions of the magnetic
field and plasma parameters in this region using Cluster data
organized by a specific spatial sampling method, which was
first introduced by Grigoriev et al. [1999]. Lavraud et al.
[2004a] showed the existence of the various boundaries
surrounding the exterior cusp diamagnetic cavity and fo-
cused on the ensemble of properties observed in this region
for all interplanetary magnetic field (IMF) conditions.
[4] The actual flow pattern of the exterior cusp region is

poorly known. While the exterior cusp is expected to be
largely convective for southward IMF conditions and sub-
sequent low-latitude reconnection [Vasyliunas, 1995], the
occurrence of lobe reconnection for northward IMF may
rather lead to the presence of more stagnant plasma in this
region [Lavraud et al., 2002].
[5] The possible occurrence of continuous reconnection at

the low-latitude magnetopause under southward IMF con-
ditions is now generally accepted [Gosling et al., 1982; Phan
et al., 2004]. For northward IMF, however, strong evidence
for such a reconnection regime at high latitudes, tailward of
the cusp, was only recently provided by the remote detection
of theUVemissions of accelerated protons precipitating in the
ionosphere [Frey et al., 2003]. Indeed, gas-dynamic models
of the magnetosheath predict that the flows are super-
Alfvénic near the high-latitude magnetopause, therefore
preventing any reconnected magnetic field line from
moving sunward and participating in the cusp formation.
Fuselier et al. [2000b] postulated that the presence of a
plasma depletion layer (PDL) [Zwan and Wolf, 1976] may
render the flows in this region sub-Alfvénic, as indeed
indicated by recent satellite observations [Avanov et al.,
2001; Phan et al., 2003; Lavraud et al., 2004b].
[6] In the global survey by Lavraud et al. [2004a]

(hereinafter referred to as paper 1), high-altitude cusp
properties were studied statistically without consideration
of specific IMF orientations. The present study particularly
focuses on a separate investigation of flow characteristics in
the region for different IMF clock angle (CA) intervals. We
give statistical results, in the form of spatial distributions, of
the flow properties as a function of the IMF orientation.
[7] Section 2 summarizes the sampling technique used

for ordering the data in space, as well as the results of paper 1.
In section 3 we show the characteristics of the various
distributions and discuss those in terms of (1) the magnetic
field configuration of the magnetosphere around the high-
altitude cusp for southward and northward IMF orientations,
(2) the large-scale plasma convection in the exterior cusp for
southward and northward IMF cases, (3) the location of
magnetosheath plasma entry for southward and northward
IMF cases, (4) the eventual effects of the presence of a sub-
Alfvénic plasma depletion layer under northward IMF
conditions, and (5) the IMF BY control of the transverse
flows in this region. Conclusions are finally drawn in
section 4.

2. Instrumentation, Methodology, and Summary
of Paper 1

2.1. Instrumentation and Orbits

[8] In the present study we make use of the Cluster ion
and magnetic field data from the Cluster Ion Spectrometry

(CIS) [Rème et al., 2001] and FluxGate Magnetometer
(FGM) [Balogh et al., 2001] instruments. The ion data
come from the Hot Ion Analyser which allows measure-
ments of the full three-dimensional ion distribution func-
tions and moments up to a resolution of �4 s (spin). Solar
wind measurements come from the ACE spacecraft. Prop-
agation lag times are calculated for each crossing by using
the measured solar wind velocity and spacecraft location
and are further adjusted by visual inspection. Because of the
sampling method, all data are averaged as described in
section 2.3.
[9] During the 2001 and 2002 periods the Cluster inter-

spacecraft separation was �600 and �100 km, respectively.
Consequently, only the data from spacecraft 3 are used for
these periods. In 2003, however, the interspacecraft distance
was about �1 RE, and the data from both spacecraft 1 and 3
are used.

2.2. Coordinate Transformations

[10] The orbit sampling is based on a technique (cf.
paper 1) that takes into account the actual lagged solar
wind (IMF and dynamic pressure (Pdyn)) and geomagnetic
(DST) conditions, by use of a magnetospheric magnetic
field [Tsyganenko, 1995, 1996] (Tsyganenko [1996] here-
inafter referred to as T96) and magnetopause [Shue et al.,
1997] model. The technique fixes the positions of the
cusp boundaries in accordance with these external con-
ditions by modeling the effects of these parameters on the
location of the cusp and magnetopause. The advantage of
this method is to enable spatial distributions of the
measurements for the ensemble of possible IMF orienta-
tions (see paper 1). For the present paper, however, we
instead sort the data according to a selection of IMF
clock angle (tan�1(BY/BZ) in GSM) intervals.
[11] The Cluster spacecraft orbits are sampled every 2 min

and are transformed into a normalized frame of reference.
The objective of this transformation is to organize the data
in a given spatial plane, and thus we first need to fold the
orbit points into the (X, Z)SM plane. The next step aims to
take into account the cusp latitudinal displacement, based
on the T96 magnetic field model and according to some
reference solar wind and geomagnetic conditions. The last
step consists of a radial adjustment of the orbit points to take
into account the magnetopause displacement as a function
of these conditions. The exact steps of this superposed
analysis technique may be detailed as follows and are
illustrated in Figure 1:
[12] 1. Each orbit point A (SM coordinates) is trans-

formed into A0 through rotation about the XSM axis into the
(X, Z)SM plane (Figure 1a). The resulting upward axis is a
radius; the distributions plane is called (X, R)Norm.
[13] 2. The T96 magnetic field model is used to fix a

reference frame for the following reference conditions:
IMF = (0.0; 2.0; 0.0) nT, Pdyn = 2.5 nPa, and DST =
�10.0 nT. These dynamic pressure and DST parameters
are chosen as typical values. The duskward IMF orienta-
tion is used to avoid biasing the reference frame toward
the equator (southward IMF) or the poles (northward
IMF) [Newell et al., 1989]. In the T96 model and for
these conditions we identify the latitude of the separatrix
between the last field line that is bent (or draped) toward
the dayside and the first field line that extends back onto
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the nightside. This latitude angle is used as the ‘‘refer-
ence’’ angle of the reference separatrix (Figure 1b).
[14] 3. Each orbit point A0 is then transformed as follows.

The actual lagged solar wind conditions and geomagnetic

activity levels are used in the T96 model. A new, ‘‘current’’
separatrix angle between the dayside and nightside field
lines is then defined for these conditions. A0 is rotated about
the YSM axis so that its angular separation from the reference
separatrix is equal to the original separation between A0 and
the current separatrix. This rotation allows normalization of
the orbit point to the reference frame. The resulting orbit
point is A00 (Figure 1b).
[15] 4. Finally, a radial adjustment is performed. By use

of the Shue et al. [1997] magnetopause model we define a
reference magnetopause location for the reference solar
wind and geomagnetic conditions given above. We then
scale radially the point A00 proportionally to the ratio of the
reference magnetopause position to the one calculated for
the actual external conditions. This final orbit point is A000

(Figure 1c).
[16] These coordinate transformations are applied to all

the Cluster orbits for which CIS, FGM, and ACE data are
available. The magnetic field and flow vectors are also
transformed according to the above steps. The spatial
distributions are shown in the resulting normalized (X,
R)Norm plane.

2.3. Orbit and Data Sampling

[17] Cluster CIS and FGM measurements are averaged
over intervals of 2 min to match the orbit sampling. The
interplanetary conditions are sampled for intervals of 10 min,
and averages over these intervals are made. These values are
thus used for five successive orbit samples. In the present
survey we make use of 163 cusp passes.
[18] Only orbit points for which the radial direction forms

an angle with the (X, Z)SM plane <25� have been used, so
that encounters with the flank low-latitude boundary layer
and plasma sheet are avoided. By using the technique
described in section 2.2, we obtain spatial distributions of
the data in a predefined grid of the (X, R)Norm plane by
averaging the measurements coming from all the orbit
points that fall into square bins of size 0.3 RE. In the
displays of the statistical properties in Figures 3–6, each
square bin is presented as proportionally sized according to
the amount of samples averaged but saturated at a maximum
size of 0.3 RE when more than 20 samples are averaged. In
Figures 2–6 the T96 magnetic field configuration, for the
reference conditions, is displayed as a background for
guidance (black field lines).

2.4. Summary of Paper 1

[19] In Figure 2 of paper 1 the distributions of the solar
wind and geomagnetic parameters for the entire data set
were presented. In particular, it was shown that the coverage
of the data set in terms of IMF clock angle (tan�1(BY/BZ) in
GSM) was complete, with a large number of samples for
any given direction. The use of selected IMF clock angle
intervals in the present survey is therefore not a priori biased
by a lack of statistics (see details in paper 1).
[20] The global properties of the high-altitude cusp have

been discussed in paper 1 for distributions using all IMF
directions. The results of that paper may be summarized as
follows. (1) The magnetic field distribution clearly showed
the presence of an intermediate region between the
magnetosheath and the magnetosphere: the exterior cusp.
(2) This region was characterized by the presence of

Figure 1. Representation of the various coordinate
transformations: (a) rotation of all orbit points about the
XSM axis, which results in a projection into the (X, Z)SM
plane, (b) rotation about the YSM axis as defined by the
current separatrix angle (see text) by use of the T96
magnetic field model, and (c) radial scaling of the orbit
points as a function of the reference magnetopause position
for the actual solar wind conditions (model from Shue et al.
[1997]).
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dense plasma of magnetosheath origin, and a comparison
with the T96 magnetic field model showed that the
exterior cusp is diamagnetic in nature. (3) The spatial
distributions of most parameters demonstrated that three
distinct boundaries with the lobes, the dayside plasma
sheet, and the magnetosheath surround the exterior cusp.
(4) The external boundary with the magnetosheath has a
sharp bulk velocity gradient as well as a density decrease
and temperature increase as one goes from the magneto-
sheath to the exterior cusp. (5) While the two inner
boundaries formed a funnel, the external boundary
showed no obvious indentation. (6) The plasma and
magnetic pressure distributions suggested that the exterior
cusp is in equilibrium with its surroundings in a statistical
sense. (7) Finally, a preliminary analysis of the bulk flow
distributions suggested that the exterior cusp may be
stagnant under northward IMF but convective under
southward IMF. In the present paper we focus on the
detailed characteristics of the flows in the high-altitude
cusp for various IMF clock angle intervals.

3. Results and Discussion

[21] In this section we show and discuss the results of the
technique, when applied to Cluster CIS and FGM measure-
ments for selected IMF clock angle intervals. We interpret
the distributions of the plasma flows in the context of solar
wind plasma penetration, convection, and transport into the
cusp and magnetosphere.

[22] All the figures presented in this paper show spatial
distributions of the plasma and field parameters in the high-
altitude and high-latitude regions of the northern magneto-
sphere. In all the plots the high-altitude exterior cusp region
is shown to be bounded by three distinct boundaries
indicated by red lines. These boundaries were defined in
paper 1 by use of the bulk velocity, density, and temperature
distributions calculated for all IMF conditions. Here these
lines are only meant to serve as guides. They separate the
exterior cusp from the lobes (or plasma mantle) on the
poleward side from the dayside plasma sheet on the equa-
torward side and from the magnetosheath outward.

3.1. Magnetic Field Configuration

[23] We present the magnetic configuration of the whole
region in the form of averaged magnetic field vectors
measured by FGM in Figures 2a and 2b (normalized
coordinates) for southward (jCAj > 120�) and northward
(jCAj < 60�) IMF orientations, respectively. The magnetic
field vectors are scaled logarithmically to their magnitude,
and their color coding represents the deviation of the
measurements from the T96 model magnetic field (see
caption for details). Because the T96 model sets the
magnetosheath field to the actual IMF values (BY and
BZ, but BX = 0 nT), the deviations (colors) observed in
the magnetosheath should be given no particular meaning
(see also paper 1).
[24] From both the vector orientations and the deviations

from T96, one can see that the location of the equatorward

Figure 2. Spatial distributions of the magnetic field vectors measured by FGM in the high-latitude,
high-altitude northern magnetosphere for (a) southward IMF (CA = tan�1(BY/BZ) in GSM coordinates;
jCAj > 120�) and (b) northward IMF (jCAj < 60�). Magnetic field vectors correspond to a projection
using the transformations described in section 2. Size of each vector is jBj magnitude in logarithmic
scale. Color of the vectors corresponds to the deviation of the measured B from the model B T96:
(hjBmeas � BT96ji). Corresponding color scale is given at the top right-hand corner of each distribution.
Background magnetic field lines have been computed from the T96 model for the reference conditions.
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boundary of the exterior cusp is independent of the IMF
direction. In both IMF cases this boundary manifests itself
by large deviations from the T96 magnetic field model. This
fact proves that the coordinate transformation technique
used here allows an adequate epoch superposition for each
IMF orientation. In between the three boundaries the
exterior cusp shows clear deviations from the T96 model.
This vacuum model does not make use of diamagnetic
current systems and therefore does not reproduce the
diamagnetic nature of this region. Further discussion on
that topic may be found in paper 1.
[25] A second interesting feature is the relatively weak

magnetic deviation (measured against the model) observed
near the poleward edge of the exterior cusp. Although both
density and temperature may on average be nonnegligible in
this region (see paper 1), the magnetic field magnitude there
is higher than that in the outermost part of the cusp. This
probably results in a lower plasma Beta and hence a lower
diamagnetic effect on the lobe/plasma mantle field lines.
[26] The magnetosheath magnetic field configuration near

the outer boundary is consistent with that expected from the
selected IMF orientation in both Figures 2a and 2b. It is
worth noting that the configuration of the whole region
appears compatible with an open magnetosphere where the
topology results from low- and high-latitude reconnection
for southward and northward IMF directions, respectively.
While the southward IMF case displays some evidence for a

possible normal component of the field across the boundary,
the northward IMF case shows a more draped magnetic
field topology close to the outer boundary.

3.2. Plasma Convection

[27] Figures 3a and 3b show the spatial distributions of
the X component of plasma convection (VperpX in normal-
ized coordinates) for southward and northward IMF, respec-
tively. In both IMF cases the magnetosheath always shows a
large tailward convection on average, which is expected. As
also expected, the dayside plasma sheet, equatorward of the
cusp, shows basically no flows (VperpX � 0 km/s).
[28] Within the exterior cusp and adjacent magneto-

spheric regions, clear differences are observed between
the southward and northward IMF cases. A clear tailward
convection (all VperpX < �20 km/s) is observed in the
region XNorm = 5–7 and RNorm = 6–9 RE near the
boundary with the dayside plasma sheet for southward
IMF. The tailward convection is large compared to that of
the adjacent plasma sheet. It is observed to decrease with
increasing latitude into the plasma mantle and lobe
regions, but it always keeps a tailward orientation.
[29] For the case of northward IMF the distribution looks

very different. No particular feature appears near the equa-
torward cusp boundary. The average tailward convection
speed in most of the cusp region is lower than 10 km/s, so
that the region may be considered as stagnant for the given

Figure 3. Spatial distributions of the X component of the convection (perpendicular to the magnetic
field, VperpX) velocity in the high-altitude cusp and surrounding regions for (a) southward (jCAj > 120�)
and (b) northward (jCAj < 60�) IMF. Velocity vectors correspond to a projection using the
transformations described in section 2. Observations have been collected and then averaged over spatial
bins of 0.3 RE. Size of the displayed color squares is proportional to the number of samples accumulated
in the appropriate spatial bin. Their size is saturated at 0.3 RE when the number of samples exceeds 20.
Color of the bins indicates the magnitude of VperpX. Corresponding color scale is shown in the top right-
hand corner of each distribution, with blue (red) color indicating tailward (sunward) convection.
Background magnetic field lines have been computed from the T96 model for the reference conditions.
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northward IMF conditions. Furthermore, a small sunward
convection (VperpX > 0, indicated by red in the color scale) is
clearly seen at the poleward edge of the cusp, near XNorm =
1–3 and RNorm = 6–9 RE.
[30] The enhanced tailward convection at the equator-

ward edge of the cusp when the IMF is southward as well as
the signature of sunward convection near the poleward edge
of the cusp for northward IMF are consistent with the
hypothesis that the reconnection site moves from the
low-latitude magnetopause to the high-latitude (lobe)
magnetopause if the IMF direction turns from southward
to northward. Another proof for this hypothesis would be
the observation of an asymmetry in the field-aligned
plasma flows, given the expected different location of
the reconnection site for each IMF orientation.

3.3. Field-Aligned Plasma Flow

[31] Figures 4a and 4b show the spatial distributions of
the field-aligned ion flows for southward and northward
IMF, respectively. In the case of southward IMF, large
downward field-aligned flows (red color) are clearly
observed at the equatorward boundary of the cusp. This
layer is thus collocated with the region of large tailward
convection. The combination of plasma injection at this
location and of the subsequent tailward large-scale con-
vection in the region is compatible with the generally
accepted cusp model for southward IMF [Lockwood and
Smith, 1994]. In this model the magnetic field lines
adjacent to the equatorward cusp boundary are magneti-
cally connected to the open magnetopause at low lat-
itudes. Magnetosheath plasma enters the magnetopause
boundary layer and populates those field lines. The large

speeds are the result of the large magnetic shear at the
low-latitude magnetopause for such IMF orientations, and
the large tailward convection renders the flows clearly
detectable due to the velocity filter effect.
[32] By contrast, no such plasma precipitation is observed

near the plasma sheet boundary in the northward IMF case.
Rather, some indication of downward field-aligned flows at
high latitudes is observed near XNorm = 2–4 and RNorm = 6–
9 RE. Although these look fainter (and will merit further
inspection when more Cluster passes are available), they are
correlated with the presence of the sunward convection
observed near the poleward cusp boundary reported in
section 3.2. These distributions therefore suggest the occur-
rence of reconnection at the high-latitude lobe magneto-
pause. In contrast to the low-latitude reconnection, which
generally covers a wide longitudinal region, the plasma
precipitation from high-latitude reconnection is confined to
a small spatial region [Frey et al., 2003]. This may explain
the weaker evidence for sunward convection and high-
latitude field-aligned flows in our statistics for northward
IMF.

3.4. Alfvén Mach Number

[33] Figures 5a and 5b display the spatial distributions of
the Alfvén Mach number (MA = jVionsj/jVAlfvénj) in the high-
altitude cusp region for southward and northward IMF
conditions. On average, it is seen that the Mach number is
low (MA < 1) inside the magnetosphere and in the exterior
cusp region, for both IMF conditions. Outside the external
boundary the magnetosheath flow is overall super-Alfvénic
for both IMF cases, but a specific feature appears for
northward IMF in Figure 5b.

Figure 4. Spatial distributions of the field-aligned ion flows observed in the region for (a) southward
(jCAj > 120�) and (b) northward (jCAj < 60�) IMF. Field-aligned velocity magnitude is color coded.
Appropriate color scale is shown in the top right-hand corner of each distribution. Red color indicates
field-aligned flow. See Figure 3 caption and text for details.
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Figure 5. Spatial distributions of the Alfvén Mach number are shown for (a) southward (jCAj > 120�)
and (b) northward (jCAj < 60�) IMF. Color of the bins indicates the logarithm of the Alfvén Mach
number. Corresponding color scale is shown in the top right-hand corner of each distribution. Green color
corresponds to the transition from super- to sub-Alfvénic flows. See Figure 3 caption and text for details.

Figure 6. Spatial distributions of the Y component of the convection (perpendicular to the magnetic
field) velocity (VperpY) for (a) duskward (45� < CA < 135�) and (b) dawnward (�135� < CA < �45�)
IMF. Color of the bins indicates the magnitude of VperpY. Dark green to blue colors indicate dawnward
flows, while yellow to red colors correspond to duskward flows. See Figure 3 caption and text for details.
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[34] The region just outside the external boundary is
clearly characterized by super-Alfvénic flows (orange or
red) under southward IMF. In contrast, for northward IMF,
the flows are close to MA = 1 or less (greener) within a layer
just adjacent to the outer boundary. On average, the transi-
tion from super- to sub-Alfvénic flows seems to be located
at larger radial distances for northward IMF, apparently well
inside the magnetosheath. This characteristic is further
supported by the examination of the velocity distributions
of Figures 3 and 4. In these latter figures the flows (both
parallel and perpendicular) are large and characteristic of the
magnetosheath outside the outer boundary (red line) for
both the southward and northward IMF cases.
[35] This layer is possibly due to the presence of PDLs in

this region. Such layers are the result of magnetic field
piling up on the front side magnetosphere, combined with
plasma depletion by flowing along the draped magneto-
sheath field lines [Zwan and Wolf, 1976]. While a PDL may
easily form and be observed under northward IMF, even at
high magnetic latitudes, the magnetic pileup process is
partially suppressed for southward IMF when low-latitude
reconnection takes place [Fuselier et al., 2000b]. A PDL is
thus characterized by an increased magnetic field magnitude
and a decreased density, thus eventually rendering the flows
in this region sub-Alfvénic, as observed in our distribution
for northward IMF. This finding is compatible with the
possible stability of the high-latitude reconnection site
[Fuselier et al., 2000b].

3.5. Transverse Plasma Flows

[36] Figures 6a and 6b display the spatial distributions of
the Y component of the convection (VperpY, perpendicular
velocity in normalized coordinates) for IMF orientations
toward dusk (45� < CA < 135�) and dawn (�135� < CA <
�45�), respectively. An obvious dawn-dusk asymmetry is
seen close to the poleward boundary in the exterior cusp.
The convection is on average directed dawnward for dusk-
ward IMF while it is directed duskward for dawnward IMF.
Such a behavior (convection opposite to the IMF direction)
is that expected from the tangential stress exerted on a
reconnected field line in the Northern Hemisphere. This
property is compatible with case study observations at both
the low- [Gosling et al., 1990] and high-latitude magneto-
pause [Gosling et al., 1991]. However, it is noted that, while
this behavior is well pronounced in the case of duskward
IMF, the dawnward IMF case shows a more complex
structure, in particular near the equatorward boundary.

4. Conclusion

[37] We have presented statistical spatial distributions of
the magnetic field configuration and plasma flows in the
high-altitude cusp and surrounding regions. Here we sum-
marize our findings and their implications.
[38] For southward IMF the large downward flows ob-

served at the equatorward edge of the high-altitude cusp are
correlated with large tailward convection in our distribu-
tions. By contrast, these flows are absent at this location for
northward IMF. Rather, the flow distributions for northward
IMF conditions are suggestive of plasma penetration taking
place at the poleward edge of the cusp, combined with a
sunward convection there. These results indicate that the

exterior cusp flow structure is compatible with the prefer-
ential presence of reconnection at low latitudes for south-
ward IMF and at high latitudes in the lobes for northward
IMF.
[39] When reconnection occurs at high latitudes, the

rotational discontinuity and thus the reconnected field lines
propagate opposite to the external magnetosheath flow,
contrary to the case of low-latitude reconnection and tail-
ward convection (where the propagation is in the sense of
the magnetosheath flow). As a result the convection patterns
are opposite in terms of direction between the two IMF
cases, but the flows are much lower in terms of magnitude
in the northward IMF case, leading to the presence of
stagnant plasma in the exterior cusp [Lavraud et al.,
2002, 2004b]. This property is shown statistically in the
present study.
[40] This scenario, in the context of possible steady

reconnection in the lobes [Frey et al., 2003], may only be
sustained by the presence of sub-Alfvénic flows in the
magnetosheath just adjacent to the external boundary and
possibly at the lobe reconnection site under northward IMF.
This possibility had been suggested by Fuselier et al.
[2000b], and observational evidence was presented by
Avanov et al. [2001], Phan et al. [2003], and Lavraud et
al. [2004b]. Our statistics have shown the possible recurrent
presence of a sub-Alfvénic PDL at high magnetic latitudes.
However, Cluster only passes infrequently through the high-
latitude magnetopause [Phan et al., 2003]. The number of
samples near the possible lobe reconnection site is thus low,
and we cannot yet address the possibility of a permanent
sub-Alfvénic flow in the magnetosheath near this region for
northward IMF.
[41] These findings suggest that reconnection deter-

mines the large-scale structure of the high-altitude cusp.
This is further supported by the clear dependence of the
transverse convection in the region on the IMF BY

component (Figure 6).
[42] From these global characteristics it is seen that the

penetration location and subsequent convection of the
plasma in the high-altitude cusp region are substantially
different for the particular cases of southward and north-
ward IMF directions. For southward IMF and low-latitude
reconnection the solar wind plasma enters the cusp from its
equatorward edge. It is convected tailward and therefore
transported into the plasma mantle and eventually into the
tail regions of the magnetosphere. For northward IMF the
global dynamics are different. The solar wind plasma enters
the cusp from its poleward side. It is decelerated (in terms of
convection) upon entry and forms a rather stagnant region
made of cold (compared to the dayside plasma sheet), dense
plasma. Therefore, in the eventuality of reconnection occur-
ring at the lobes of both hemispheres during northward IMF
conditions, the exterior cusp may be viewed as a potential
plasma source for the low-latitude boundary layers and the
cold, dense plasma sheet.
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