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[1] We present Cluster observations made during an outbound orbit on 10 December
2000. After exiting the magnetosphere at midlatitude, Cluster spent a long time skimming
the magnetopause moving to lower latitude along an orbit approximately in the ZYGSM
plane on the dusk flank of the magnetopause. During this time, magnetospheric oxygen
with energy �10 keV was observed continuously both in the magnetosphere and in the
magnetosheath by the Cluster Ion Spectrometry (CIS) plasma experiment. While the
oxygen density is roughly constant in the magnetosheath throughout the event, its velocity
shows a strong dependence on the magnetosheath magnetic field orientation: low speeds,
corresponding to almost isotropic distribution functions, occur for northward magnetic
field, and high speeds, corresponding to ‘‘beam-like’’ distribution function occur for
southward magnetic field. Mainly, two different processes have been discussed to explain
the energetic particles escaping from the magnetosphere: flow along reconnected
magnetospheric and magnetosheath field lines or crossing of the magnetopause when the
particle gyroradii are comparable with the magnetopause thickness. The presence of the
oxygen population cannot be readily explained in the framework of the reconnection
theory. Instead, the observations are successfully reproduced by a model based on
magnetopause crossing by finite gyroradius, provided the magnetosheath convection is
taken into account together with the magnetosheath magnetic field orientation. Moreover,
the presence of quasi-periodic motion of the magnetopause surface with period of
approximately 5 min are evidenced by the analysis. INDEX TERMS: 2724 Magnetospheric

Physics: Magnetopause, cusp, and boundary layers; 2116 Interplanetary Physics: Energetic particles,

planetary; 2784 Magnetospheric Physics: Solar wind/magnetosphere interactions; 2728 Magnetospheric
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1. Introduction

[2] Magnetospheric energetic particles have often been
observed in the magnetosheath near the magnetopause.
They can escape from the magnetosphere along reconnected
magnetic field lines [Speiser et al., 1981; Scholer, 1983;
Daly et al., 1984] or leak in the magnetosheath, namely
crossing the magnetopause by means of their large gyrora-
dius and being lost from the magnetosphere [Eastman and

Frank, 1982; Papamastorakis et al., 1984]. Sibeck et al.
[1987], through the reexamination of observations made in
the past together with the study of new observations made
by the CCE satellite during the AMPTE program, evidenced
that the leakage model predictions account for the observa-
tions as well as the predictions by the merging model. They
also showed that at the low-latitude subsolar region, the
motion of the ions crossing the magnetopause should
depend on the orientation of the magnetosheath field: they
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should move dawnward and northward in a duskward field
and dawnward and southward in a dawnward field. More
recently, Paschalidis et al. [1994], studying several cross-
ings both of the dawnside and duskside equatorial magne-
topause, showed that �50 keV ions, observed by the CCE/
AMPTE satellite, are of magnetospheric origin and that a
continuous leakage across a tangential discontinuity mag-
netopause is the most probable escaping mechanism. Zong
et al. [2001] instead reported on Geotail observations of
energetic magnetospheric oxygen ions outside the dayside
magnetopause and interpreted such observations in terms of
large-scale steady reconnection at the subsolar magneto-
pause opening a path for the escape of the ring currents ions
into the magnetosheath.
[3] Here we present Cluster observations in which mag-

netospheric oxygen with energy �10 keV was observed in
the dusk flank, mid latitude magnetosheath. The oxygen
particles were present in the magnetosheath for over three
hours and their distribution functions changed depending on
the magnetosheath magnetic field orientation. We discuss
on the cause of the oxygen escape and present a simple
model which reproduces the observations throughout the
event on the basis of large gyroradius crossing of the
magnetopause. Moreover, the analysis reveals the occur-
rence of quasi-periodic motion of the magnetopause surface
during the period of observations.

2. Observations

[4] The data we present were taken by the Cluster Ion
Spectrometry (CIS) plasma instrument [Rème et al., 2001]
and by the Fluxgate Magnetometer (FGM) experiment
[Balogh et al., 2001] on board Cluster during 10 December
2000. CIS experiment consists of two different instruments:
a Composition and Distribution Function Analyzer
(CODIF) which gives the three-dimensional distribution
functions for H+, He++, He+, and O+ in the energy per
charge range 20–40,000 eV/e and a Hot Ion Analyzer
(HIA) which gives the ion three-dimensional distribution
functions in the energy per charge range 5–32,000 eV/e
with no mass separation. The data of the present study were
taken in the early part of the Cluster mission, during the
commissioning phase, and CIS was operating only on SC 3
and SC 4. Observations were made while Cluster was
moving along an outbound orbit on the duskside of the
magnetosphere very close to the YZGSM plane. We will
concentrate in the time interval 0100–0500 UT: during this
period, high-energy magnetospheric oxygen ions were ob-
served in the magnetosheath by CODIF. In Figure 1 the
Cluster orbit is projected onto the YZGSM plane (dashed
line); the solid line segment of the orbit identifies the period
under study, during which Cluster moved from �36� to
�19� GSM latitude always skimming the magnetopause,
whose model is also drawn. The insert in Figure 1 shows the
positions of SC 3 and SC 4 (spacecraft separation �350 km)
relative to the model magnetopause and will be described in
more detail in section 5, where the comparison of SC 3 and
SC 4 observations will be discussed. We concentrate on SC
3 data, which are reported in Figure 2, since SC 3 and SC 4
observations are similar. From top to bottom, ion tempera-
ture, density and bulk velocity, oxygen density and velocity
in the energy range 10–40 keVand, in the bottom panel, the

magnetic field clock angle (defined as tan�1 (By/Bz)) are
plotted. The ion data were provided by HIA with a 4 s time
resolution; CODIF was providing the O+ data with a time
resolution of 16 s; the magnetic field data are 4 s averages.
Looking at the ion data, it can be seen that Cluster remains
in the magnetosheath, where high velocity and density and
low temperature values are observed, after the magneto-
pause crossing of 0130 UT, apart from some brief excur-
sions in the magnetosphere/magnetosphere boundary layer
(MSP/BL) (lower density and velocity, higher temperature
values). Inside the magnetopause the magnetic field is
directed almost northward and its magnitude (not shown)
is approximately equal to that of the magnetosheath mag-
netic field. As far as the O+ observations are concerned, the
detailed inspection, throughout the event, of the three-
dimensional distribution functions and of the Time of Flight
(TOF) histograms (not shown) reveals that the magneto-
sheath O+ population of the present study does not extend to
energies below �10 keV. On the other hand, spurious
counts are observed by the CODIF O+ TOF channel at
energies corresponding to magnetosheath H+, in this event
below �10 keV. Such spurious counts due to the contam-
ination from high H+ fluxes should be excluded from
the analysis [e.g., see Rème et al., 2001]. Therefore all the
oxygen moments referred to hereafter are computed in the
10–40 keV energy range. The O+ density and velocity
reveals some interesting features. First of all, the O+

particles, whose source is inside the magnetosphere, are
observed throughout the period under study. The O+ density
is always above ’10�3 cm�3 apart from some short
intervals (e.g., 0418 � 0426 UT) and remains roughly
constant throughout the interval: therefore the magneto-
spheric oxygen is continuously escaping in the magneto-

Figure 1. Cluster orbit in the ZY GSM plane for the
period under study (heavy solid line). A model magneto-
pause (solid line) is also reported. In the insert, SC 3 and
SC 4 positions relative to the model magnetopause are
shown together with the Fairfield magnetopause normal.
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sheath through some process active at the magnetopause. At
the same time the velocity of O+ is characterized by large
variations, attaining values ranging from �600 km/s to
�100 km/s, the density having roughly the same values,
as already mentioned. Comparing the O+ velocity and the
magnetic field clock angle, it is important to note that the
high speed values are observed whenever the magneto-
sheath magnetic field is directed southward. In fact, the
analysis of the particles distribution functions throughout
the period under study shows that in the MSP/BL the
oxygen distribution functions are almost isotropic, with
bulk velocity �50 km/s, and covering the velocity range
from �200 km/s to the upper limit of the instrument
(�700 km/s), and possibly beyond this limit; in the mag-
netosheath during southward magnetic field the distribution
function is restricted only to a small angular sector and often
to very high velocity values, appearing as a ‘‘beam-like’’
distribution function; in the magnetosheath during north-
ward magnetic field, instead, the distribution function does
not show any preferred direction with values scattered both
in energy and angle. In the next section the possible cause

for the O+ crossing of the magnetopause and for the
magnetic field orientation dependence will be discussed.

3. Escaping Process

[5] To investigate on the nature of the escaping mecha-
nism, we analyze the oxygen observations in more detail. In
Figure 3 only O+ data are displayed. In the upper panel the
O+ velocity (solid line) and the computed �V � B � B
(Vdrift) velocity (grey shaded) are plotted. In the two middle
panels the O+ velocities perpendicular and parallel to the
magnetic field are displayed. The lower panel displays again
the magnetic field clock angle. Looking at the upper panel,
it can be noted that remarkably the O+ velocity sometimes is
smaller than the Vdrift velocity. This occurs during north-
ward magnetic field. During southward periods the O+

velocity is greater than Vdrift velocity except for the short
period �0152 � 0157. As far as the perpendicular velocity
is concerned, a clear relation with the orientation of the
magnetosheath magnetic field can be observed: when it is
southward directed, Vperp is well above 400 km/s, otherwise

Figure 2. From top to bottom: the ion temperature, density, and bulk velocity; the oxygen density and
velocity computed for the energy range 10–40 keV; the magnetic field clock angle (dotted line) measured
on board SC 3.
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it is below 200 km/s; on the other hand, the parallel velocity
does not show any relation with the magnetic field orien-
tation being most of the time much smaller than the
perpendicular velocity and highly variable. Some tentative
conclusions may be already drawn starting from these
observations.

3.1. Escaping Via Reconnection

[6] Magnetospheric oxygen may flow in the magneto-
sheath along reconnected magnetic field lines. There is
overwhelming evidence that the reconnection process
occurs at the terrestrial magnetopause. In situ evidence for
reconnection is based on the observation in the magneto-
pause current sheet of magnetosheath plasma flows which
are driven by the tension of the bent reconnected magneto-
spheric and magnetosheath field lines [e.g., Paschmann et
al., 1979; Sonnerup et al., 1981; Paschmann et al., 1982,
1986; Gosling et al., 1982, 1990]. Such flows sometimes
are accelerated with respect to the adjacent magnetosheath
and sometimes are deflected and/or decelerated, depending
on the magnetosphere and magnetosheath magnetic field
topology. In fact, when the terrestrial and the interplanetary

magnetic fields are connected, the magnetopause can be
described as a rotational discontinuity and, in the framework
of MHD, the tangential components of the transmitted
plasma flows are determined by the variations of the
tangential magnetic field components across the magneto-
pause according to the Walén relation [Hudson, 1970]. In
the present case the test of the Walén relation across the
magnetopause crossings (not shown) does not provide any
evidence of reconnection signatures. It must be noted,
however, being the Walén test local in nature, that recon-
nection can be occurring at some other location or has
occurred in the past. It could also be the case that the
magnetopause crossings during this event are too fast to
permit the detection of the reconnection flows. Besides, it
has to be noted that at some magnetopause crossings a very
low density BL is detected, but this fact alone can not
be taken as an indication of open magnetic field lines
[Lockwood et al., 2001, and references therein].
[7] As far as the large-scale configuration of the recon-

nection at the magnetopause is concerned, the location
where the magnetospheric and magnetosheath field lines
become interconnected should depend on the relative ori-

Figure 3. The O+ velocity (solid line) and the computed Vdrift velocity (grey shaded) are reported in the
upper panel. In the two middle panels, the SC 3 O+ velocities perpendicular and parallel to the direction
of the magnetic field are displayed. Lower panel: magnetic field clock angle as in Figure 2.
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entation of the two magnetic fields according to the two
models: the ‘‘antiparallel merging’’ [Crooker, 1979;
Luhmann et al., 1984] and the ‘‘component merging’’
[Gonzales and Mozer, 1974; Sonnerup, 1974]. In the event
under study the orientation of the magnetosheath magnetic
field undergoes several variations which should imply
different reconnection sites even far away from the space-
craft position; despite this the density of the O+ observed in
the magnetosheath does not change as it could be expected.
Moreover, it has been shown that the O+ ions velocity is
either very low or is high but directed almost perpendicular
to the magnetic field; parallel velocities are small in
comparison with the total velocity and highly variable. This
seems to be inconsistent with a unidirectional streaming
along reconnected field lines as expected for reconnection.
Because of all these facts it is difficult to readily interpret
the escaping process in terms of reconnection.

3.2. O++++ Crossing of the Magnetopause: A Model

[8] The other mechanism proposed to account for the
presence of energetic magnetospheric particles in the mag-
netosheath is crossing due to the finite gyroradius effect:
energetic particles whose gyroradii are comparable with the
magnetopause thickness simply cross it, get out of the
magnetosphere and gyrate around the magnetosheath field
and possibly reenter the magnetosphere. If this is indeed the
case, the magnetic field orientation dependence must be
explained. Similarly to Sibeck et al. [1987], we elaborate on
the energetic ions motion in the magnetosheath and propose
a simple model which could account for the observations.
The model predictions are presented in Figure 4 for the two
cases of northward and southward magnetosheath magnetic
field. Hereinafter, the GSE reference system will be used.
Let a planar magnetopause along the XZ plane separate the
magnetosphere from the magnetosheath and let the intensity
of the magnetic field be approximately the same on the two
sides of the current sheet. In the magnetosphere the mag-
netic field is directed northward. In Figure 4a the orbit of a
particle whose gyrocenter is just outside the magnetopause
is shown in the XY plane: for northward directed magneto-
sheath field (left side) the particle, once it goes out of the
magnetosphere, will gyrate around the magnetosheath field
having Vx � 0. In the case of southward external field
(right), the particle gyration will be opposite and it will have
Vx � 0 in the magnetosheath. The difference in the single
particle orbits will result in different distribution functions
when a collection of particles of different energies is
considered. In Figure 4b the cut of the distribution functions
on the VxVy plane, as they would be observed by a satellite
just outside the magnetopause, is sketched for the two
different magnetic field orientations; the distribution func-
tion inside the magnetosphere is also sketched and can be
considered as a proxy of the distribution functions observed
in the magnetosphere for the interval under study. In the
northward (left) case only particles with Vx � 0 are present
just outside the magnetopause while Vy, the velocity com-
ponent along the magnetopause normal, can be either
positive or negative, since particles go out and reenter the
magnetopause gyrating around the magnetic field; therefore
only the Vx � 0 part of the original magnetospheric
distribution is observed in the magnetosheath. In the south-
ward case (right), just outside the magnetopause particles

will have only Vx � 0: also in this case half of the
magnetospheric distribution is observed, but now it has
only Vx � 0. To summarize, only half of the distribution
function is transmitted across the magnetopause, with Vx� 0
or Vx � 0 depending on the magnetosheath magnetic field
orientation. The same shape of the distribution function is
predicted also for the VxVz plane: once again the sign of Vx

depends on the orientation of the magnetic field, while Vz

can be either positive or negative because particles maintain
their parallel velocity on entering the magnetosheath. Even-
tually, in the VyVz plane the isotropy of the distribution
function is maintained since particles can move in any
direction along the magnetic field and the magnetopause
normal. In a three-dimensional view, a Vx � 0 half-sphere is
transmitted in the northward case and a Vx � 0 half-sphere
is transmitted in the southward case. In order to compare the
model with the observations, it is necessary to take into
account the effects of magnetosheath convection. In fact,
during the period of observation, Vdrift attains values some-
times as high as 500 km/s. In our simplified case, let Vdrift

be directed along negative X. In Figure 4c the predicted
distribution functions are shown taking into account the
convection. In the northward case (left) the distribution
function will be shifted toward Vx � 0 and becomes more
isotropic; O+ going along X with the highest velocity could
still be observed (dotted area) if particles with energy
beyond the upper limit of the instrument are present in the

Figure 4. Sketch of particle orbits and distribution
functions for northward (left side) and southward (right
side) magnetosheath magnetic field. (a) The single particle
orbits in the XY GSE plane are shown. (b) The expected
cuts of the distribution functions in the VxVy plane are
represented for the two cases together with a sketch of the
distribution function observed inside the magnetopause.
(c) The distribution functions are shown after the effect of
the magnetosheath convection in the antisunward direction
has been taken into account.
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magnetosphere. In the southward case (right) the distribu-
tion function, already in the Vx � 0 plane, is further shifted
toward negative Vx values: the lower energy limit of the
observed velocities will increase, while the part of the
distribution function exceeding the upper energy limit of
the instrument will be lost: this results in a more ‘‘beam-
like’’ distribution function. Therefore this simplified model
is in qualitative agreement with the observations predicting
more isotropic oxygen distribution during northward mag-
netosheath magnetic field and more ‘‘beam-like’’ distribu-
tion function during southward magnetosheath magnetic
field. In the following, we will first show a comparison
between the observed and predicted distribution functions
for different orientations of the magnetic field and then the
comparison between the observed oxygen velocity and the
velocity computed from a model distribution function
throughout the event.

4. Comparison Between the Model and the
Observations

[9] In the general case, just outside the magnetopause,
when the magnetosheath convection can be neglected and
the intensity of the magnetic field is approximately the same
on the two sides of the magnetopause, the shape of the
model distribution function is determined by the directions
of the magnetopause normal, n, and of the magnetosheath
magnetic field, B. Particles can attain both positive and
negative velocity along the magnetopause normal, as al-
ready mentioned. The particle velocity along B can attain
any positive or negative value when B and the magneto-
spheric field are aligned (see section 3.2). When B is
perpendicular to the magnetospheric field, namely in the
XY plane, the majority of particles is expected to flow
parallel (antiparallel) to B when it has positive (negative)
X component, since the majority of particles cross the
magnetopause with positive X velocities, while only a small
fraction goes in the opposite direction due to particle
scattering [Sibeck et al., 1987]. We will make the simplify-
ing assumption that particles can freely move back and forth
along B, so that in the nB plane the model distribution
function will be isotropic. This assumption will be shown to
be acceptable when comparing the model predictions with
the observations. Moreover, outside the magnetopause the
particles gyration is such that only particles whose velocity
component along the magnetopause is directed as n � b
(b = B/B) will be observed. Therefore the model distribution
function is represented by a half-sphere cut along the nB
plane located on the side of the n � B vector. Finally, to
take into account the magnetosheath convection, the model
distribution function must be shifted in the appropriate
direction like in the simplified case of section 3.2.
[10] In Figure 5, observations and model predictions are

compared. We remind that SC 3 is always very close to the
magnetopause throughtout the event. The normal to the
Fairfield magnetopause model [Fairfield, 1971] for this
event is n = (0.45, 0.77, 0.44) at 0230 UT and does not
change significantly throughout the event; the magneto-
sheath convection is directed principally along negative
X and positive Y. The magnetosheath magnetic field
rotates during the event and in Figure 5 four times are
reported when it is predominantly northward, southward,

tailward, and sunward. For each time a sketch of the three-
dimensional distribution function of escaping oxygen ions is
shown together with the observed distribution function in
the energy range 10–40 keV. In each case the drift velocity
and magnetic field averages over the time interval of
the distribution function measurement are reported. The
observed distribution functions are displayed in the j-q
plane in order to simplify the comparison with the model.
The j and q angles are the longitude and latitude in the GSE
frame, respectively. Let us now examine the different cases.
In the two upper cases, Vdrift is large and directed tailward
and duskward: this is due to the large Bz component,
regardless of its sign. In the northward case the escaping
particle distribution function is almost contained in the Vx

positive space; the �V � B � B drift will shift it toward
negative Vx so that the resulting distribution function will
become more isotropic. In the southward case, the distribu-
tion function is almost contained in the Vx negative space
and the drift moves it further towards negative Vx: the
resulting distribution function will be concentrated around
the Vdrift direction. Comparison with the observations shows
that this is exactly the case: during northward magnetic field
the distribution function spreads over almost all the obser-
vation directions and even sunward moving particles are
observed; in the southward case the distribution function is
concentrated in j � 140 and q � �20 which means that the
velocity is directed mostly along Vx negative, with Vy
positive and Vz slightly negative. In the two bottom cases
the magnetic field has a predominant Bx component, there-
fore the �V � B � B drift is drastically reduced: particles
that cross the magnetopause will simply gyrate around the
magnetic field and will only have Vz � 0 when the magnetic
field is directed tailward and Vz � 0 when the magnetic field
is directed sunward. Once again this is in agreement with
the observations: during tailward magnetic field the distri-
bution function is mostly contained in the q � 0 sector while
for sunward magnetic field it is restricted to q � 0 values.
We note that in all the cases, there is no clear asymmetry
with respect to the field direction thus justifying the
simplified assumption of isotropy of the distribution func-
tion in the nB plane.
[11] To check the validity of the model throughout the

event we simulated the expected distribution function and
computed the corresponding ions velocity to compare it
with the observations. Starting from the hypothesis that the
s/c is at a fixed distance from the magnetopause and within
1 gyroradius of the lowest energy limit of the instrument, for
each time of observations we simulated the expected parti-
cle distribution in three steps. First an isotropic particle
distribution is created over 16 � 8 � 8 measurement bins
with eight different velocity values in the range 100–
800 km/s and 16 � 8 different directions identified by 16
azimuthal angles in the range 0�–360� and eight polar
angles in the range �90�–90�. This is a proxy of the
magnetospheric ions distribution function. Second, the
vector n � b is computed, using the magnetic field averaged
over the acquisition time of each O+ distribution function
and the normal to the Fairfield magnetopause model for
0230 UT; the angle between this vector and each ion
velocity is calculated and only particles for which this angle
is �90� are retained for the subsequent analysis. This
distribution accounts for the density gradient and magnetic
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field orientation effects. The third step is to add the �V �
B � B drift to each particle velocity. The velocity of the
simulated distribution function is computed in the energy
range 10–40 keV and compared with the observations.
Figure 6 displays the proton temperature (Figure 6a) and
the oxygen density (Figure 6b), the observed oxygen
velocity and its components (continuous line), the �V �
B � B velocity and its components (shaded area), the
simulated oxygen velocity and its components (line marked
with open dots) in Figures 6c–6f, respectively; the magnetic
field components (Figures 6g–6i). Periods when the oxygen
density is very low must be excluded from the comparison
since the measured velocity could be unreliable. Such
periods and periods when the s/c is inside the magnetopause
have not been reported in Figures 6c–6f. It is evident that
the overall trend of the oxygen velocity, both its absolute
value and its components, is very well predicted by the
model, apart from some enhancement of the oxygen veloc-

ity during the southward magnetic field period of 0150–
0323 UT which will be discussed in section 4.1. In partic-
ular, the model predicts the very low oxygen velocity during
northward magnetic field intervals, e.g., 0130–0150 UT and
0323–0328 UT; notably, during these time intervals the
oxygen velocity is even lower than the Vdrift velocity. The
model is very successful in predicting the oxygen velocity
also during periods when the magnetic field is mainly
contained in the XY plane; such periods are present in the
interval 0348–0407 UT, when the magnetic field, while
being tangent to the magnetopause surface, is first directed
toward the sun and then rotates northward and eventually
tailward. During this period the oxygen velocity is almost
along the Y and Z plane and changes according to the
magnetic field orientation as it is expected by the model;
also in this case the �V � B � B drift alone cannot account
for the observations being almost oppositely directed to the
observed velocity during all the interval. The differences

Figure 5. The sketch of the predicted distribution functions together with the SC 3 observations are
reported for different orientation of the magnetosheath magnetic field. In each panel are shown: the Vdrift

velocity, VD, and magnetic field averaged over the time interval of the distribution function measurement,
the sketch of the predicted three-dimensional distribution function and the observed distribution function
for the energy channel 10–40 keV plotted as a function of longitude and latitude in the GSE frame.
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between the model and the observations which arise some-
times, during very short periods, could be due to the fact
that a constant magnetopause normal has been used in the
model, whereas the actual magnetopause normal is likely to
change on a small temporal scale, due to magnetopause
motions, such as the ones which cause the brief excursions
of the s/c into the magnetosphere. Therefore we conclude
that the model is able to predict well the overall trend of
each component of the observed oxygen velocity implying
that the oxygen particles cross the magnetopause because of
their large gyroradius. The next section will be dedicated to
the study of the oxygen velocity enhancements not pre-
dicted by the model and to the description of a possible
interpretation.

4.1. Remote Sensing of Magnetopause Motion?

[12] In Figure 7 a blow up of the oxygen velocity and
density measured by SC 3 is plotted for the time period
0140–0330 UT. Similarly to Figure 6, periods when the
oxygen density is very low and when the s/c is inside the

magnetopause have not been plotted. It is evident that
several velocity peaks, in which the oxygen velocity
increases from a minimum (�400 km/s) to the peak value
(�500 km/s) and then decreases, are superposed on the
southward B high velocity interval. In the figure these
velocity peaks are highlighted by shaded areas. The
duration of the velocity enhancements, the interval be-
tween the two velocity minima in the shaded areas, is
almost the same for all the peaks and is approximately
5 min. A detailed analysis of the distribution functions
may help to understand the cause of such periodic
variations. In Figure 8 the observed distribution function
cuts in the VxVy plane have been plotted for the interval
0249:28–0254:33 UT which corresponds to the fourth
shaded region in Figure 7. The squared distribution
function corresponds to the velocity maximum. It can be
noted that the velocity increase corresponds to progressive
reductions both in the energy range, namely lower energy
particles disappear, and in the angular width of the
measured distribution functions. This could be explained

Figure 6. Comparison between the reconstructed and the observed SC 3 O+ velocity. (a) Proton
temperature; (b) oxygen density; (c)–(f) the observed oxygen velocity and its components (continuous
line), the �V � B � B drift velocity and its components (shaded area), the simulated oxygen velocity and
its components (marked line); (g)–(i) the magnetic field components.
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as a distance effect: as the distance from the magnetopause
increases lower energy particles, which have smaller gyro-
radii, are progressively lost by the instrument until only
particles with the largest energies (i.e., largest gyroradii) and
directions tangent to the magnetopause will be observed by
the spacecraft; in fact, the velocity peaks correspond to lower
density values. Such interpretation is also supported by the
disappearance of O+ particles occurring at two of the
velocity maxima (0258 and 0316 UT): at these times
the distance from the magnetopause has increased until no
more O+ particles are detected within the energy range of the
instrument. The progressive disappearance of lower ener-
gies, which causes the apparent acceleration, has not been
considered in the model, which assumes that the observa-
tions are made at a fixed distance from the magnetopause
(see section 4) and that particles of all energies are observed.
This is the reason of the disagreement between model
predictions and observations. We interpret the apparent ions
acceleration as due to oscillations of the magnetopause
which vary the distance between the spacecraft and the
magnetopause and hence the characteristics of the oxygen
distribution function.

5. Comparison Between SC 3 and SC 4

[13] The position of SC 3 and SC 4 relative to a
model magnetopause is presented in the insert in Figure 1
for 0215 UT. While moving to lower latitudes, skimming
the magnetopause, the two spacecraft have their largest
separation (�350 km) mainly along the Fairfield magneto-
pause normal: therefore the spacecrafts’ spatial configura-

Figure 7. Oxygen density (upper panel) and velocity
(lower panel) measured by SC 3 in the energy range 10–
40 keV during the prolonged period of southward
magnetosheath magnetic field.

Figure 8. SC 3 O+ cuts of the distribution function in the VxVy plane for the time interval 0249:28–
0254:33 UT corresponding to the fourth shaded region in Figure 7. The squared distribution function
corresponds to the velocity maximum of 0252:08 UT. The H+ contamination at low energies has been
removed.
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tion would be most favorable for the observation of
differences due to different distances from the magneto-
pause. For example, in the framework of our model, it could
be expected that lower-energy ions are only observed by the
satellite which is closer to the magnetopause. Actually, this
is not the case: the comparison of the observations of the
two satellites, not shown, does not reveal any appreciable
difference: the observations in the various energy channels
are the same for the two spacecraft. Nevertheless, some
simple considerations lead to the conclusion that this is not
in contrast with our interpretation. When considering oxy-
gen ions the relation between the Larmor radius and the
energy of the particle, E, is RL = 576

ffiffiffiffi

E
p

/B (where RL is in
km, E is in eV, and B is in nT). Therefore the analysis of the
particle energy spectra should enable us to compute the
distance between each spacecraft and the magnetopause. In
the case when the magnetosheath convection is low, for
example, the Larmor radius corresponding to the lowest
observed energy gives the distance from the magnetopause
of each spacecraft. However, it must be taken into account
the intrinsic instrument precision in the determination of
the particle energy DE which leads to a range of values
(DD) for the Larmor radius relative to a particular energy
channel. In detail DD = (288

ffiffiffiffi

E
p

(DE/E))/B where DE/E is a
characteristic constant depending on the telemetry product.
In our case the lowest energy channel observed is at 10 keV;
with a mean field B ’ 15 nT, this gives a DD ’ 860 km,
which is larger than the spacecraft separation computed
along the normal to the Fairfield magnetopause model
(�350 km). Therefore the two spacecraft are too close to
detect any difference and will detect particles in the same
energy channels most of the times. Moreover, it must be
taken into account that the instrument needs a finite time
interval to measure the full distribution function so that
possible differences are smeared out. Therefore no appre-
ciable difference between the energy spectra of the two
spacecraft is expected, in agreement with the observations.

6. Discussion and Conclusions

[14] In this paper we presented observations made by two
Cluster spacecraft on the dusk flank of the magnetopause.
While Cluster was moving along the dawn-dusk meridian,
always skimming the magnetopause, high-energy magneto-
spheric oxygen was continuously observed out in the
magnetosheath during an interval of about 4 hours. The
oxygen particles distribution function appeared to depend
strongly on the orientation of the magnetosheath magnetic
field, which varied during the period of observations. In
particular, it was beam-like during southward magnetic
field, with a very high velocity tangent to the magnetopause
and perpendicular to the magnetic field; during predomi-
nantly northward magnetic field the distribution function
was scattered both in energy and in angle, correspondingly
the velocity was very low. Although the analysis of the data
does not preclude that reconnection may be occurring at the
magnetopause for this event, the observations have been
very successfully reproduced by a model assuming that the
oxygen particles cross the magnetopause simply because of
their large gyroradius and taking into account the combined
effect of the density gradient across the magnetopause and
the magnetosheath convection. During southward magnetic

field, the oxygen particles exit in the magnetosheath and,
gyrating around the field, move tailward in the same
direction as the magnetosheath convection, attaining a high
tailward velocity, tangent to the magnetopause and perpen-
dicular to the magnetic field. On the contrary, during
northward magnetic field, the particles going out into the
magnetosheath move sunward while being convected tail-
ward so that the observed velocity is very low and they
appear as an isotropic population attached to the magneto-
pause. Sibeck et al. [1987] elaborated on the motion of
energetic ions oscillating between the magnetosphere and
the magnetosheath at the subsolar magnetopause. Consid-
ering the motion of a single particle crossing the magneto-
pause, they pointed out that in a dawnward (duskward) field
particles should move southward (northward); they did not
take into account the magnetosheath convection as is
appropriate at the subsolar magnetopause. In the present
study we successfully reproduce the distribution functions
and the oxygen velocity observed on the dusk flank of the
magnetopause continuously, during over 3 hours, for any
orientation of the magnetosheath field. The ion distribution
functions have been inferred assuming that outside the
magnetopause particles move back and forth along the
magnetosheath magnetic field, have velocity component
along the magnetopause directed as n � b, and are shifted
according to the magnetosheath convection. The moments
of the model distribution functions have been computed in
the same energy range (10–40 keV) as the observed ones.
[15] Although the overall trend of the observations is very

well reproduced by our model, some quasi-periodic velocity
enhancements, with period of about 5 min, superposed on
the high velocity period of 0210–0320 UT, are not pre-
dicted. We interpret these velocity peaks as due to magne-
topause surface motions. If the distance between the s/c and
the magnetopause becomes larger, low-energy particles,
with small gyroradii, will no longer be detected and at the
same time the observed particle directions will be more
tangent to the magnetopause. Therefore the particle distri-
bution function will be reduced to high energy in a limited
angular sector so that correspondingly, the bulk velocity will
become larger. According to this interpretation, the almost
periodic flow enhancements would correspond to oscilla-
tions of the magnetopause which vary the distance between
the s/c and the particle source. Mann et al. [2002], by means
of a detailed analysis of ground-based data (magnetometer,
optical, and radar) from both the dusk and dawn sector
ascertained the occurrence of global scale PC 5 ULF waves
during the period of fast solar wind speed between 9 and
10 December 2000. In particular, Pc 5 wave activity is
evident in CANOPUS magnetometer data between 2200
UT on 9 December and 0400 UT on 10 December 2000,
while CANOPUS stations were in the dusk sector. The
discrete frequency features of these ULF waves are consis-
tent with the occurrence of magnetospheric waveguide
modes and subsequently Field Line Resonances. In the
same paper Cluster FGM observations were presented for
the time interval 2200–2400 UT on 9 December 2000,
showing quasi-periodic motion of the magnetosheath
boundary layer of the same period (6–7 min) as the
ULF pulsations observed on ground, which the authors
considered to be the result of Kelvin-Helmoltz Instability
(KHI) acting at the magnetopause. Mann et al. [2002]
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concluded that Cluster and ground based coordinated
observations strongly supports the hypothesis that magne-
topause KHI induces the excitation of global scale wave
guide modes. We believe that CIS plasma observations
confirm the occurrence of the magnetopause surface
oscillations also during the last part of the interval.
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