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Abstract. Two-point observations made by the Interball
spacecraft pair unveiled a presence of a large vortex-like
structure filled by slow and heated plasma in the outer cusp
during periods of the positiveBZ interplanetary magnetic
field (IMF) component. We have observed the rotation of
the magnetic field and the decrease of its magnitude con-
nected with the presence of a hot plasma population inside
the vortex. The structure starts with a clear reversal of the
plasma flow caused by reconnection tailward of the cusp that
turns a part of the magnetosheath plasma into the cusp. We
compare the observations of two spacecraft in detail, discuss
the differences between them and suggest the way of a for-
mation such structure. Moreover, the statistical results have
confirmed that this phenomenon is probably a regular fea-
ture of the high-altitude cusp, however, this relatively small
structure cannot be observed too often. The alternative ex-
planation of presented observations as a flapping of the mag-
netopause is taken into account and discussed.

Keywords. Magnetospheric physics (Magnetopause, cusp,
and boundary layers; Solar wind-magnetosphere interac-
tions) – Space plasma physics (Magnetic reconnection)

1 Introduction

Classical theory of interaction between the solar wind and
the magnetosphere predicts the magnetopause to be an im-
penetrable boundary separating cold dense plasmas on mag-
netosheath magnetic field lines from hot tenuous plasmas
on magnetospheric field lines. Observations indicate that
a boundary layer of magnetosheath-like plasmas can be
found inside all regions of the magnetopause, including the
nightside equatorial magnetopause (Hones et al., 1972), the
low-latitude dayside magnetopause (Eastman et al., 1976;
Haerendel et al., 1978), and the high-latitude magnetopause
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(Rosenbauer et al., 1975; Paschmann et al., 1976). The
boundary layer is divided into the low-latitude boundary
layer, the entry layer near the polar cusps, and the plasma
mantle along the high-latitude magnetotail.

The interconnection of the interplanetary magnetic field
(IMF) with the Earth’s magnetic field has a dominant ef-
fect on the magnetosphere and ionosphere; it is believed
to be the main mechanism for both plasma and energy in-
puts from the solar wind. Several mechanisms of magne-
tosheath plasma entry have been suggested. Present obser-
vational facts are generally consistent with magnetic recon-
nection being a dominant source of the cusp plasma, whereas
other mechanisms can contribute to the cusp population un-
der specific circumstances. As notedSibeck et al.(1999), a
unique feature of reconnection is that it requires the relevant
physical processes to take place only in a narrow diffusion
region, while its consequences are global: Once the inter-
planetary and magnetospheric lines become interconnected,
they remain connected while being convected with the so-
lar wind, and plasma continues to enter the magnetosphere.
This is in contrast to all other mechanisms that operate only
locally.

Concerning the location of the reconnection site,Crooker
(1979) andLuhmann et al.(1984) suggested that reconnec-
tion occurs when antiparallel magnetosheath and magneto-
spheric magnetic field lines come into contact. Reconnection
on the dayside equatorial magnetopause can occur when IMF
points southward (Dungey, 1961, 1963; Reiff et al., 1977;
Reiff, 1984) and with open lobe magnetic field lines on the
polar magnetopause when IMF has a northward component
(Burch et al., 1980; Song and Russell, 1992). In this case,
reconnection occurs at high-latitudes poleward of the Earth’s
magnetic cusps (e.g.Gosling et al., 1991; Kessel et al., 1996;
Russell et al., 1998; Šafŕankov́a et al., 1998; Fuselier et al.,
2000; Onsager et al., 2001; Měrka et al., 2002; Cargill et al.,
2005; Escoubet et al., 2008).
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Fig. 1. The cusp configuration during a prolonged interval of north-
ward pointing IMF. The light lines represent IMF and Earth’s mag-
netic field lines; the heavy arrows show the dominating flow direc-
tions in the cusp and adjacent regions. The dotted circle shows the
region under study.

When reconnection takes place equatorward of the cusp,
the convective flow is antisunward and magnetospheric open
field lines are pulled poleward through the cusps. The
whole dayside magnetopause is open and should be prob-
ably placed through kinks of the magnetic field lines that
are in a permanent motion tailward. Magnetic field minima
at the cusps lead to indentation of the magnetopause. Such
indentation results from the pressure balance at the magne-
topause (e.g.Sotirelis and Meng, 1999) because the magnetic
field exhibits minima at these regions (e.g.,Cargill et al.,
2004). The indentation was predicted bySpreiter and Briggs
(1962) and later detected by the different spacecraft, HEOS-
2, ISEE, Hawkeye, Interball-1, Magion-4 (e.g.Paschmann
et al., 1975; Rosenbauer et al., 1975; Petrinec and Russell,
1995; Něměcek et al., 2000). Recently,Šafŕankov́a et al.
(2002a) suggested anďSafŕankov́a et al.(2005) confirmed
the presence of a magnetopause indentation in the cusp re-
gion. Zhang et al.(2007) have analyzed Cluster observa-
tions, both statistically and for individual crossing cases, and
concluded that the boundary between the magnetosheath and
cusp seems to be indented in theX−Y plane and it is less
clearly indented in theX−Z plane. This indentation can
slow down the magnetosheath flow (Něměcek et al., 2007).
Lavraud et al.(2004a,b) broadly discuss this problem and
suggest that the indented magnetopause is not the magne-
topause itself but the inner boundary of the exterior cusp.
However, regardless of which of these mechanisms dom-
inate, a careful analysis of Cluster observations made by
Cargill et al.(2005) has undoubtedly shown the sub-alfvénic
flow in the questioned region.

On the other hand, when the reconnection site is located
poleward of the cusp, the resulting convective flow is sun-
ward and an open field line is pushed equatorward through
the cusp in this case (Lavraud et al., 2002). The convec-
tive flow is slow because it opposes the fast magnetosheath
bulk flow. The subsolar magnetopause position and the cusp
latitude are not sensitive to reconnection rate variations dur-
ing northward IMF (e.g.Newell et al., 1989; Palmroth et al.,
2001; Šafŕankov́a et al., 2002b).

The present understanding of the structure of the cusp-
magnetosheath interface formed by northward pointing IMF
is illustrated in Fig. 1. The magnetic field lines reconnected
at one hemisphere can re-reconnect tailward of the conju-
gated cusp and close the magnetosheath plasma on dayside
magnetospheric field lines. On the other hand, the tail part
of the reconnected lobe line is decoupled from the Earth and
becomes an IMF line. This process leads to the creation of
a layer of tailward flowing plasma adjacent to the night-side
high-latitude magnetopause. This layer (called reconnection
layer in Šafŕankov́a et al., 1998; Longmore et al., 2005) has
similar properties as the plasma mantle that can be found at
the same location during southward IMF intervals but there
are two principal differences: the reconnection layer is out-
side the magnetopause and it is supplied with the magne-
tosheath plasma directly.

When dayside (LLBL) lines are closed the particles are
bouncing and they convect with the magnetic field to the
nightside. The presence of horizontal IMF components can
prevent re-reconnection and the dayside LLBL is on open
field lines in such a case. A broad region equatorward of the
entry point is filled with the heated plasma due to its convec-
tion equatorward, magnetic mirroring and turbulence excited
by the counterstreaming flows.

The magnetopause is indented due to the depressed mag-
netic field in this region. Consequently, there is a volume
above the magnetopause (encircled in Fig. 1) that would ex-
hibit a different plasma behavior than the free-flow magne-
tosheath.Sotirelis and Meng(1999) suggested a secondary
stagnation point in this region when the magnetic dipole is
tilted toward the Sun in a particular hemisphere andHaeren-
del et al.(1978) argued that the whole volume would be filled
with a stagnant plasma. The knowledge of the plasma pa-
rameters in this volume is very important because the plasma
there supplies the cusp during periods of the northward IMF.
Unfortunately, this region is visited by the spacecraft rather
rarely and thus there are only a few studies dealing with the
plasma flow and magnetic field just above the cusp (e.g.Dun-
lop et al., 2002; Něměcek et al., 2003; Bogdanova et al.,
2005; Zong et al., 2005; Dunlop et al., 2005; Panov et al.,
2008).
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2 Vortex-like structure observations on different scales

Different types of self-organized structures, vortices, were
frequently observed in a variety of environments including
the heliosphere (Burlaga, 1990; Zhou et al., 2004) and the
Earth’s ionosphere and magnetosphere (e.g.Hones et al.,
1981; Savin et al., 1998, 2002, 2004).

Savin et al.(1998) discussed non-linear vortex waves on
medium time-scales in the so-called outer cusp throat and
outside the magnetopause in the turbulent boundary layers.
The authors supposed that their vortices form due to tailward
reconnection and propagate upstream of the outer throat de-
flecting the magnetosheath flow at the outer boundary. In a
comprehensive study,Savin et al.(2004) presented that three
types of populating processes should be in operation at the
magnetosheath-cusp interface: (1) large-scale (∼fewRE) an-
tiparallel merging at the sites remote of the cusp, medium-
scale (few thousand of km) local merging at the turbulent
layer, and (3) small-scale (few hundred of km) bursty recon-
nection of fluctuating magnetic fields.

Alexandrova et al.(2006) have reported space localized
coherent magnetic structures in the form of Alfvén vortices
in the magnetosheath downstream of a quasi-perpendicular
bow shock. The authors discuss the possible origins of these
vortices and suggest a strong turbulence or the filamentation
instability of an Alfvén wave.

In the cusp region,Sundkvist et al.(2005) have stud-
ied short-scale drift-kinetic Alfv́en vortices. Their dynamic
structures observed by the Cluster spacecraft have a charac-
teristic scale of the order of the ion gyroradius (∼25 km) and
correspond to an isolated vortex model (Shukla et al., 1986;
Liu and Horton, 1986) for conditions applicable to the cusp
plasma.

These structures contrast to a recent observation
(Hasegawa et al., 2006) of larger Kelvin-Helmholtz
vortices with a typical diameter of∼6RE . These vortex-like
structures were reported usually in the LLBL and they are
associated with the Kelvin-Helmholtz instability at the mag-
netospheric flank (e.g.Hasegawa et al., 2004, 2006; Nykyri
et al., 2006; Volwerk et al., 2007, 2008). Hasegawa et al.
(2004, 2006) demonstrated the non-linear rolled-up nature
of such vortices. They proposed the Kelvin-Helmholtz
instability as a candidate of local entry mechanisms of a
solar wind transport during northward IMF orientation in
the absence of active reconnection at low-latitudes. Recent
numerical simulation models (e.g.Otto and Fairfield, 2000;
Nykyri and Otto, 2001) suggest that fast plasma transport
across the magnetopause can be mediated by the Kelvin-
Helmholtz instability only when it is growing sufficiently
to form rolled-up vortices that can mix plasmas from both
sides of the magnetopause. In these models, the collapse of
or reconnection within such a vortex is responsible for the
plasma transport.

From this short survey it follows that the occurrence
of vortices is a very common feature of the solar wind-

magnetosphere interaction. Their sources are connected
with a turbulent environment, for example with a non-linear
growth of either Alfv́en waves or Kelvin-Helmholtz insta-
bility. During a period of positive IMFBZ, Šafŕankov́a et
al. (2002b) andMěrka et al.(2005) have discussed a vortex-
like cavity filled by slow-moving heated plasma inside the
boundary layer in the outer cusp. However, both papers leave
this interesting event without an explanation. The present
paper continues this study; discusses this kind of a vortex-
like structure created by a turbulent plasma flow around the
magnetopause indentation above the cusp and, using the data
from Interball-1 and Magion-4, finds necessary conditions
and a possible mechanisms to creation of such structures.

3 Upstream conditions and overview of the event

The study is based on plasma flow and magnetic field pat-
terns observed by the Interball-1 and Magion-4 spacecraft
that moved along the same orbit. The inclination of the or-
bits was 68◦, thus the spacecraft often scanned the vertical
profile of the cusp region from middle altitudes toward the
magnetopause (Sandahl et al., 1997). Both satellites were
spin stabilized with the spin axis pointing toward the Sun
and both were equipped with magnetometers, ion flow mea-
surements, and ion spectrometers (e.g.Něměcek et al., 1997;
Šafŕankov́a et al., 1997; Klimov et al., 1997; Yermolaev et
al., 1997). The entry windows of each spectrometer created
a fan which covered nearly the whole 4π of a spatial an-
gle during one satellite revolution. Interball-1 rotated with
the period of about∼120 s and the spin period of Magion-4
was∼60 s in the analyzed case. The plasma spectrometers
used the spacecraft spin for angular scanning of the velocity
distribution and thus the basic plasma moments are available
with the spin time resolution. The magnetic field vector is
available with a 1 s resolution.

A vortex-like structure (Měrka et al., 2005) was observed
by both spacecraft on 5 June 1996 between 18:20 and
19:00 UT. The spacecraft moved outward from the magneto-
sphere and crossed the magnetopause at(2.9; −2.2; 8.7) RE .
The “temporal separation” of the spacecraft was≈540 s,
Magion-4 being ahead of Interball-1. The spatial separa-
tion slightly varied during the interval under study and was
(0.22; −0.7; 0.13) RE at 18:30 UT.

The locations of both spacecraft with respect to the mag-
netopause position is shown in Fig. 2. The full line shows
the magnetopause position according to thePetrinec and
Russell(1996) model and the dashed line uses the correc-
tion suggested by̌Safŕankov́a et al.(2005) for the position
of the high-latitude magnetopause near the cusp. We note
that both spacecraft cross the magnetopause inside the in-
dentation caused by the depression of the magnetic field in
the cusp region; first by Magion 4 at 18:41 UT and then by
Interball-1 at 18:51 UT.

www.ann-geophys.net/26/3375/2008/ Ann. Geophys., 26, 3375–3387, 2008
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Fig. 2. The locations of both Interball spacecraft inside the cusp
region near the magnetopause. The full line displays the magne-
topause location according to thePetrinec and Russell(1996) model
and the dashed line shows the corrected magnetopause location (ac-
cording toŠafŕankov́a et al., 2005).

Solar wind parameters, IMF strength and components
monitored far upstream by Wind (181, 0; 6, 3; −13, 2RE in
GSM coordinates) and IMP 8 (close to the bow shock) are
displayed in Fig. 3 and show relatively stable conditions (so-
lar wind dynamic pressure≈2.7 nPa with the solar wind
speed≈vSW=350 km/s and density varying between 9 and
11 cm−3). The best agreement of the IMF changes with those
observed by IMP 8 (located in (19, 7; −25, 3; 23, 5)RE in
GSE coordinates) was achieved for the time lag of 38 min
that is lower than the lag computed from the spacecraft sep-
aration and solar wind velocity (49 min). For this reason, we
use the propagation speed derived from this comparison and
apply it for determination of the time lag of both Wind and
IMP 8 data in Fig. 3.

For our study, it is important that the IMF points generally
tailward and northward and the IMFBY component is nega-
tive or nearly zero during the investigated interval. A small
value of IMF BY makes the analysis easier because a large
BY value shifts the reconnection site dawnward/duskward of
the cusp proper and the possible inflow from the conjugated
hemisphere should be considered (e.g.Něměcek et al., 2003).

4 Magion-4 and Interball-1 measurements

The studied structure was first observed by Magion-4 in
the time interval from 18:41:00 to 18:45:30 UT and can be
clearly identified in the changes of the magnetic field di-
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Fig. 3. Overview of solar wind and IMF WIND and IMP 8 measure-
ments during the 5 June 1996 event. From top to bottom: WIND so-
lar wind dynamic pressure; WIND IMF magnitude and three com-
ponents (two panels); and IMP 8 IMF magnitude and three compo-
nents (two panels). The Wind and IMP 8 data are propagated to the
Interball-1 location.

rections (Fig. 4) that exhibit a complicated rotation during
the crossing of a thick boundary layer. At the beginning
of the interval (until 18:41:30 UT), the measured magnetic
field has the magnetospheric orientation and its orientation
is magnetosheath-like at the end of the event (18:45:30 UT).
The ion energy spectra in the middle panels of Fig. 5 were
measured in antisunward (Ei0), perpendicular (Ei90) and
sunward (Ei180) directions. The black lines inside the pan-
els indicate a pitch angle of a particular analyzer. The detail
inspection of the spectrograms allows us to divide a whole
interval into several parts that are distinguished by the lines
and numbers in Fig. 4. The properties of the plasma and mag-
netic field inside the numbered intervals can be described as
follows:

1. Magnetospheric magnetic field and upgoing ions of
magnetosheath energies are signatures of the plasma

Ann. Geophys., 26, 3375–3387, 2008 www.ann-geophys.net/26/3375/2008/
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Fig. 4. Vortex-like structure observed by Magion-4. From top to bottom: the strength and the components of the magnetic field (the GSM
coordinate system,Bx – red,By – green,Bz – blue); spectrograms of tailward (Ei0), perpendicular (Ei90), and sunward (Ei180) streaming
ions in the energy range from 100 eV to 25 keV together with their pitch angles (black lines inside the spectrograms) and ion fluxes in units
of 108 cm−2 s−1 measured in tailward (f0) and perpendicular (f2) directions. The vertical lines and numbers denote the different regions of
plasma populations (for their description see to the text).

mantle. These ions entered at the subsolar region during
the previous period of southward IMF.

2. The mantle population vanishes because the IMF turned
northward and subsolar reconnection was terminated.

3. The changes of the magnetic field and bursts of downgo-
ing ions suggest that the spacecraft entered the outflow
region of lobe reconnection proceeding tailward of the
spacecraft.

4. The spacecraft crosses the boundary where the magnetic
field turns towards the magnetosheath orientation and
the direction of the bulk ion motion changes because
the ion flux in the perpendicular direction (f 2) becomes
much larger than that in the parallel direction (f 1).

5. The plasma is nearly stagnant, the counts in all spec-
trometer channels are similar and do not depend on the

pitch angle. This interval is bounded by a sharp turn of
the magnetic field at∼18:45:30 UT.

6. The spacecraft entered the magnetosheath.

Last two panels show the tailward and perpendicular ion
fluxes measured by wide-angle Faraday cups. One can see
a very low flux in first two intervals because the mantle pop-
ulation is tenuous and slow. The perpendicular flux exhibits
two sharp peaks that correspond to crossings of the bound-
aries of the analyzed structure. The magnetosheath proper
can be identified by the increase of the tailward flux.

We would like to stress out that we have found two mag-
netic field rotations from magnetospheric to magnetosheath
orientations – at 18:41 and at 18:45:20 UT, however, only
the first of them possesses all attributes of the high-latitude
magnetopause. The spacecraft detects a burst of field aligned
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(a)

(b)

Fig. 5. Projections of magnetic field vectors measured along the orbits of Magion-4 (top) and Interball-1 (bottom). Both spacecraft moved
from right to left, the circles on spacecraft trajectories denote the minutes after 18:40 UT (top panels) and after 18:50 UT (bottom panels).
The rightmost points denote the time 18:41:00 UT in the top panels and 18:51:00 UT in the bottom panels. In the bottom panel (Interball-1),
the red vectors show averaged directions of the ion flow.

ions (spectrogramEi90 in Fig. 4) and the ion density signif-
icantly increases in course of the first rotation. The second
rotation is accompanied with the change of the flow direction
but no reconnection outflow was detected. As it can be esti-
mated from the color coding of the spectrograms, the density
is similar on both sides of this discontinuity.

A similar structure was registered by Interball-1 about
8 min later, between 18:49:00 and 18:56:30 UT, as it is
demonstrated in Fig. 5 where the projections of magnetic
field vectors along the spacecraft orbits are shown in time
intervals corresponding to the observations of the discussed
structure. The spacecraft move from right to left and one can
see that both spacecraft observe the magnetospheric orienta-
tions at the beginning and, after several rotations, they enter
the magnetosheath proper. If we follow the magnetic field
changes as observed by Interball-1 (bottom panel in Fig. 5)

we can note that the event starts with a sharp turn from a
magnetospheric field direction to that resembling the mag-
netosheath field. A following more or less smooth rotation
back toward the magnetospheric orientation is terminated by
a new sharp turn to magnetosheath field direction.

Corresponding patterns can be identified in ion flows that
are shown by the red arrows in Fig. 5. The time resolution of
the ion flow is rather poor but the figure shows that the direc-
tions of the ion flow roughly coincide with the magnetic field
orientations. It is natural for the rightmost arrow that cor-
responds to the reconnection jet but a similar alignment can
be seen for the rest of the interval that was attributed to the
magnetosheath population. Since the ratio of plasma to mag-
netic pressures,β, is rather high in this region (∼80; plasma
parameters are shown in the next figure), we can expect that
the magnetic field is frozen into the plasma flow and take the

Ann. Geophys., 26, 3375–3387, 2008 www.ann-geophys.net/26/3375/2008/
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Fig. 6. The same event as in Fig. 4 registered by Interball-1. From top to bottom: the strength and three components of the magnetic field
(the GSM coordinate system,Bx – red,By – green,Bz – blue); three components of the ion velocity in km/s; spectrograms of tailward,
and sunward streaming ions in the energy range from 100 eV to 25 keV; plasma density and ion fluxes in units of 108 cm−2 s−1 measured
in tailward (f 0) and perpendicular (f M) directions. The vertical lines and numbers denote the different regions of plasma populations (for
their description see to the text).

magnetic field direction that was measured with a sufficient
time resolution as a proxy for direction of the plasma flow.

Here, we should repeat that both satellites moved essen-
tially along the same orbit from the magnetosphere outward
and their separation along the orbit was approximately the
same as the time lag between observations of the analyzed

structure. Thus, we can expect that the whole region was
nearly stagnant and we can use the measurements of a more
complete plasma spectrometer onboard Interball-1 that are
shown in Fig. 6. The organization of the figure is similar
to that in Fig. 4 and the vertical lines and numbers of re-
gions have the same meaning. We start with the rest of the
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Fig. 7. Plasma flow parameters computed from Interball-1 Faraday
cups. From top to bottom: the ratio of bulk-to-thermal velocities,
v/vth and two directional angles:θ (the angle between the flow
vector and the Z-axis),φ (the angle between the positive Y-direction
and the flow vector projection onto the YZ-plane).

mantle population (region 2) that changes to the downstream-
ing plasma products of lobe reconnection (region 3) that are
denser closer to the magnetopause that divides regions 4 and
5. Inside the region 5, the magnetic field as well as the ion
velocity smoothly rotate toward the orientation that was ob-
served prior the mentioned magnetopause crossing. This ro-
tation is terminated by a sharp turn of the magnetic field
and velocity directions toward those typical for the magne-
tosheath.

The last two panels show again the ion fluxes measured
by Faraday cups in antisunward (f 0) and perpendicular (f 2)
directions. These data have a better time resolution and thus
allow us to compute the direction of the velocity vector using
the procedure developed byKoval et al.(2005). The proce-
dure provides the ratio of bulk-to-thermal velocities (v/vth)
and two angles of the ion flow direction:θ andφ. In order
to emphasize the changes of the ion flow direction, the theta
angle shows the deviation of the ion flow direction from the
positiveZGSE axis (positive values point tailward) and the
phi angle is an angle between a projection of the flow vector
onto theYZGSE plane and the positiveYGSE direction. The
results of this analysis are depicted in Fig. 7. One can iden-
tify the crossing of the magnetopause characterized by an in-
crease of thev/vth ratio in the region 4 and following smooth
rotation of the velocity vector through the region 5. This ro-
tation is terminated by a sharp turn of the ion flow direction
toward the magnetosheath orientation (region 6). We should
point out that, although these data show generally the same

features as velocity components in Fig. 6, there are differ-
ences caused by different measuring methods. The Faraday
cups integrate over large spatial angles, and thus they regis-
ter but they cannot distinguish different components of the
plasma flow like reconnection outflows. On the other hand,
the electrostatic analyzers scan in time and space and they
miss short-living flows that are currently out of their field of
view.

As we noted in comments to Fig. 5, the plasma and mag-
netic field rotate in accord as it can be seen in Fig. 8 where
two scans of the ion distribution are plotted in thevpar/vperp
coordinates. The left panel corresponds to the beginning and
the right panel to the end of the interval 5. The majority of
ions are seen in the direction parallel with the magnetic field
(vyn) in both panels in spite of the fact that both magnetic
field and plasma flow changed significantly their directions.
We think that it further confirms that the magnetic field is
frozen into the plasma flow.

5 Discussion

The region 5 observed by Magion-4 and about eight min-
utes later by Interball-1 is bounded from both sides by the
magnetic field rotation from the magnetospheric to magne-
tosheath orientation. First of them exhibits principal features
of a crossing of the high-latitude magnetopause under north-
ward IMF, i.e. hight magnetic shear and a presence of the
ions accelerated by reconnection proceeding tailward. How-
ever, the second magnetic field rotation was observed inside
a region of a high density and no reconnection outflow was
detected. Although lobe reconnection can be bursty (e.g.
Šafŕankov́a et al., 1998) and thus, reconnection products can
absent, we suggest that the second magnetic field and flow
rotations cannot be attributed to the magnetopause cross-
ing but that the spacecraft crosses a structure in the magne-
tosheath and the direction of the magnetic field is determined
by a slow plasma motion. The high temperatures inside this
region together with the high plasma density cause a diamag-
netic effect. Sharp changes of the magnetic field direction on
the edges of this structure and a magnetic field rotation in-
side that can be clearly identified in spite of a high fluctuation
level suggest a vortex-like shape of this structure.

Our understanding of a formation of such structure in the
cusp region is presented in Fig. 9. This figure repeats Fig. 1
with an addition of the magnetic field line rotating consis-
tently with observations. The figure shows a magnetopause
indentation (see also Fig. 2) that creates an obstacle to the
plasma flow. We assume that when the fast magnetosheath
flow encounters the tailward edge of the magnetopause in-
dentation, an eddy is created and the frozen-in magnetic field
lines are rolled up. Since the estimated dimension of the eddy
is only about 0.25RE , it is oversized in the figure for a better
readability. We would like to point out that a similar mech-
anism was suggested for a plasma penetration through the
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Fig. 8. Ion distribution functions in magnetic field aligned coordinates (vyn is the component parallel to the magnetic field) for two times.
The time of a particular observation is given at the top of each panel.

magnetopause at the flank LLBL (Nykyri et al., 2006) due
to the Kelvin-Helmholz instability. The analyzed observa-
tions are consistent with crossings of the depicted structure
near its tailward edge by Interball-1 and close to its center
by Magion-4. According to this scenario, Interball-1 would
observe a reconnection jet directed sunward/southward just
prior the exit to the magnetosheath. It is clearly seen in ion
spectra and Faraday cup data around∼18:49 UT. A fast tail-
ward/northward flow would be seen after the magnetic field
rotation. This flow can be identified by a comparison of
counts from different analyzers of the ion spectrometer but
it cannot be seen in the computed velocity because the full
scan of a 3-D distribution needs two minutes. An indication
of this flow direction reversal can be seen around∼18:50 UT
in Fig. 7. Later, Interball-1 would observe a continuous mag-
netic field and plasma velocity rotations inside the structure
(Figs. 5 and 6). New magnetic field and flow direction rever-
sals are observed on the exit from this structure into free-flow
magnetosheath (∼18:55 UT; Figs. 5, 6, 7).

A more complicated magnetic field behavior together with
nearly zero net ion flux inside the structure would charac-
terize Magion-4 measurements, consistently with the data in
Figs. 4 and 5. The observed structure is nearly standing in
space because it was observed by two spacecraft with a delay
corresponding to their temporal separation along the orbit.
Moreover, although the velocity inside the structure is highly
variable, the mean velocity computed across the whole struc-
ture has only a smallVy component that is probably con-
nected with the 3-D nature of the structure and a location of
the spacecraft with respect to its center. It allows us to deter-
mine the dimension of the structure in the direction of a satel-
lite motion. This width is rather small, about 1800 km, and
it can be the reason why it is not observed too often. Taking
into account a typical velocity of the magnetopause motion
(on average 40 km/s according toDunlop et al., 2005; Es-

IMF

magnetopause

LLBL

cusp

reconnection
layer

Fig. 9. A sketch of the high-altitude cusp formation under north-
ward IMF with an illustration of a probable shape of the analyzed
structure.

coubet et al., 2006), such structure would pass the spacecraft
within a minute and it is not clear how such structure would
look like when moving together with the magnetopause be-
cause its speed is comparable with the speed of the plasma
flow within the structure (Fig. 6).

We think that an alternative explanation of our observa-
tions by inward and outward motions of the magnetopause
within a range of≈1800 km or by a propagation of a magne-
topause surface wave with this amplitude encounters several
problems. We observed two sharp rotations of the magnetic
field at the edges of the analyzed structure (at 18:50:30 UT
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and 18:55:30 UT, in the Interball-1 data). Both of them are
consistent with sharp outward magnetopause crossings and
thus, there should be an inward crossing in between them.
However, neither magnetic field nor plasma data indicate a
presence of such crossing. On the other hand, the rotation
of the magnetic field at the leading edge of our structure is
accompanied with the reversal of theV z velocity component
that is consistent with the lobe magnetopause crossing during
northward IMF but only a weak change of theV z component
was observed at the trailing edge.

On the other hand, we are using data with a very lim-
ited time resolution and, as we pointed above, same impor-
tant features can be missed. The magnetopause is a layer
with a finite thickness and the plasma parameters change al-
most continuously across it if reconnection in the vicinity
of the observing spacecraft is temporarily stopped. Con-
sequently, we cannot exclude that the features observed by
both spacecraft can be explained by a periodic “saw-tooth”
motion of the magnetopause. In this interpretation, Interball-
1 crosses the reconnection outflow to the magnetosheath (at
∼18:50 UT). Then, reconnection is terminated and the space-
craft returns to the magnetosphere due to a slow outward
motion of the magnetopause. At∼18:55 UT, the magne-
topause suddenly jumps inward and the spacecraft appears
in the magnetosheath.

Magion-4 serves as a magnetosheath monitor throughout
the analyzed interval. Since it does not observe any signifi-
cant changes of the magnetic field or plasma parameters that
could be attributed to this magnetopause motion an intrinsic
oscillation of the outer cup region should be responsible for
the observed features.

On the other hand, our interpretation of observations in
terms of an eddy caused by the magnetopause indentation
can explain “gross scale” features. Fluctuations of all param-
eters that are superimposed on their averaged profiles suggest
that the whole region is in a permanent motion with an am-
plitude that does not exceed the dimensions of the reported
structure.

Based on the presented event, we have carried out a lim-
ited statistics of the presence of such structures in the high-
altitude cusp region. We have analyzed∼50 crossings of the
magnetopause registered by Magion-4 and Interball-1 and
found only 4 similar examples. We have made a survey of
the 2003 year Cluster magnetic field measurements at the
high-latitude magnetopause (Escoubet et al., 2001) and we
did not found any similar structure. However, the Cluster or-
bit is different from that Interball and thus, it is possible that
Cluster did not visit the region where such structures are cre-
ated. Consequently, we cannot make any ultimate conclusion
on upstream conditions favorable for creation of such struc-
tures. We should stress out that the suggested mechanism
is gasdynamic and it is not necessarily associated with re-
connection. This feature distinguishes the observed structure
from a plasmoid-like structure reported byZong et al.(2005)
that are created during lobe reconnection. On the other hand,

we cannot exclude that reconnection can close the magnetic
field lines rolled-up by the plasma flow (Fig. 9) but our anal-
ysis of the pitch-angle distribution of energetic particles (not
shown) suggests rather open than closed field lines.

6 Conclusion

We have analyzed one interesting structure in the cusp-
magnetosheath interface. We collected all available plasma
and magnetic field data connected with this event. Our anal-
ysis revealed that the observations are consistent with the
presence of a vortex-like structure inside the magnetopause
indentation with a diameter∼1800 km. We suggest that this
structure is created by the magnetosheath flow that encoun-
tered the tailward edge of the magnetopause indentation. The
creation of such structures is probably a part of the process
that slows down the magnetosheath flow within the cusp in-
dentation. These structures can be observed only during sta-
ble upstream conditions because their dimensions are small
and they could not be distinguished from an irregular tur-
bulence that is typical for the high-latitude magnetopause
around the cusp (e.g.Savin et al., 2001, 2002, 2004) when
the whole region is in a permanent motion. However, the
time resolution of the available data is poor and thus an al-
ternative explanation in terms of a “saw-tooth” motion of the
magnetopause cannot be ruled out.
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