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Abstract. Studies on terrestrial oxygen ion (O+) escape into
the interplanetary space have considered a number of dif-
ferent escape paths. Recent observations however suggest
a yet insufficiently investigated additional escape route for
hot O+: along open magnetic field lines in the high altitude
cusp and mantle. Here we present a statistical study on O+

flux in the high-latitude dayside magnetosheath. The O+ is
generally seen relatively close to the magnetopause, consis-
tent with observations of O+ flowing primarily tangentially
to the magnetopause. We estimate the total escape flux in
this region to be∼ 7×1024 s−1, implying this escape route
to significantly contribute to the overall total O+ loss into
interplanetary space.

Keywords. Magnetospheric Physics (Magnetosheath)

1 Introduction

Ionospheric outflow in Earth’s polar cap occurs on open field
lines and is therefore the most likely source of atmospheric
origin to escape into the solar wind. One of its main con-
stituents is oxygen ions (O+). The motion of the upflowing
plasma is governed by magnetospheric processes and interac-
tions between the magnetosphere and the solar wind. When
studying these interaction mechanisms, a study of O+ is
preferable, since H+ of ionospheric origin can be difficult to
distinguish from H+ of magnetosheath origin, which enters
the magnetosphere along the open magnetic field lines of the
cusps. Inflow of solar wind plasma into the cusps provides
not only particles but also electromagnetic plasma waves, ef-
fective in heating and accelerating the upflowing ionospheric
plasma (see, e.g.,André et al., 1997; Waara et al., 2011; Sla-
pak et al., 2011). Ions that reach the high altitude magneto-
sphere above the polar cap have been energized sufficiently

to overcome gravity and are flowing along field lines leading
downstream in the magnetotail.

O+ in the magnetotail lobes is observed as cold beams
(Seki et al., 1998; Liao et al., 2010). The cold beams are an
effect of velocity dispersion (Horwitz, 1986), where a combi-
nation of perpendicular convection and differences in parallel
velocity separate the tailward-streaming ion populations into
narrow velocity distributions. Tailward-streaming ions will
convect to the tail plasma sheet or (if the parallel velocity
is high enough) pass the neutral point and be lost.Haaland
et al.(2012) modeled the motion of low energy and cold ions
with parallel velocities typically around 25–30 km s−1, and
concluded that their fate was strongly dependent on the con-
vection speed, mainly driven by dayside reconnection.

Nilsson et al.(2012) presented observations of spatial dis-
tributions of O+ ions and wave activity in the high altitude
polar cap. The efficient heating in the cusp leads to high
O+ temperatures and parallel velocities (> 100 km s−1) in
the high altitude cusp/mantle. This region is also where the
strongest fluxes are observed, and the high parallel veloci-
ties will cause the majority of this plasma to escape into in-
terplanetary space. The escape does not necessarily have to
take place in the distant magnetotail after passing the neu-
tral point, but may flow across the magnetopause into the
magnetosheath along open field lines. A case study of O+

in the dayside magnetosheath was presented bySlapak et al.
(2012). They concluded that the ions had escaped along open
magnetic field lines directly from the cusp/mantle, and they
showed that this escape route is possible if the upflowing ions
are heated sufficiently in the cusps.

Studies on O+ escape into the dayside magnetosheath
have been reported, and both flow along open field lines
and finite gyroradius effects have been suggested as feasi-
ble escape mechanisms. Observations of O+ in the dayside
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magnetosheath during storm conditions were presented by
Zong and Wilken(1998) andZong et al.(2001), who sug-
gested the ions to be of ring-current origin, and referred to
both flow along open field lines and finite gyroradius ef-
fects as possible escape mechanisms. Dayside observations
of O+ escape close to the equatorial plane correlated with
a northward IMF were reported byKasahara et al.(2008),
who showed that the escape took place along open field
lines in relation to reconnection processes.Hirahara et al.
(1997), Marcucci et al.(2004) andTaktakishvili et al.(2007)
are other examples of observations and studies of O+ es-
cape.Seki et al.(2001) reported that the total flux of O+

in the magnetotail lobes decreases with distance, and argued
that this property was due to convectional transport into the
plasma sheet and subsequent return flux to the lower latitude
ionosphere. They estimated the total O+ loss rate (includ-
ing escape in the tail lobes, via plasmoids, and leakage of
plasma sheet and ring-current ions through the dayside mag-
netopause) to be∼ 5×1024 s−1. However, they did not con-
sider direct O+ escape along open magnetic field lines from
the cusp/mantle into interplanetary space, which the studies
of Slapak et al.(2012) andNilsson et al.(2012) indicate can
be significant and therefore worth investigating. Studies of
polar cap/cusp O+ flows have been performed by several au-
thors (Abe et al., 1996; Yau and Andŕe, 1997; Lennartsson
et al., 2004; Nilsson, 2011) who all estimated a total outflow
flux of the order∼ 1025 s−1. The total O+ flux in the near-
Earth tail (0–75RE) was estimated bySeki et al.(2001) to
be 1.8× 1024 s−1. This is much smaller than the total fluxes
observed in the cusps, and the difference may be caused by
significant direct escape of O+ into the magnetosheath.

In this paper we present a statistical study of oxygen ions
in the dayside magnetosheath, in order to estimate a total O+

flux and determine whether this escape route is significant or
not. To be able to perform this study, two main issues had to
be considered: the considerable amount of contamination of
the O+ data due to intense H+ fluxes and the sometimes non-
trivial task of distinguishing magnetosheath data from mag-
netospheric data. The latter was done by visual inspection of
dayside magnetopause crossings. To avoid significant con-
tamination from intense magnetosheath H+ flows we consid-
ered only O+ ions with energies> 3000 eV. The process of
making the magnetosheath data set is discussed in Sect.2.1.

2 Measurements

The data used in this statistical study are obtained by the
composition distribution function (CODIF) spectrometer on-
board Rumba, spacecraft 1 in the Cluster mission (Escoubet
et al., 2001). A brief presentation of the instrument will be
given, followed by a description of the magnetosheath data
set used for the O+ flux analysis.

The CODIF instrument provides ion composition data in
the energy-per-charge range 40 eV e−1 to 38 keV e−1. It uses

a time-of-flight technique and can resolve the major magne-
tospheric ion species with an energy and angular resolution
of dE/E ≈ 0.16 and 22.5◦, respectively. The CODIF instru-
ment is described in more detail byRème et al.(2001).

2.1 The data set

The data set we use in this study was obtained by the Clus-
ter spacecraft and covers the high-latitude dayside magne-
tosheath during January to May (2001–2003), when the Clus-
ter formation had an apogee at the dayside (19RE), and
passed through the high-latitude magnetosheath, cusp and
mantle two times per orbit. The identifications of the mag-
netopause crossings have been made manually. A magne-
topause crossing is often clearly seen as distinct changes in
different physical quantities (Paschmann et al., 1978), where
the most profound one often is a sudden change of the mag-
netic field direction. The H+ density is a strong indicator as
well, since the density (a few tens of cm−3 in the magne-
tosheath) quickly decreases to much lower values (typically
of the order 1 cm−3 or smaller) in the magnetosphere. The
same behavior is observed for the ratio of the plasma pressure
over magnetic pressure (β); in the magnetosheathβ ≈ 1, but
it decreases quickly to values that are several orders of mag-
nitude smaller in the magnetosphere. For the cases where a
distinct magnetopause could not be determined, we picked
data from a point where we were sure that the satellites were
positioned in the magnetosheath. Based on that, the typical
magnetosheath characteristics were fulfilled in the observed
plasma.

The magnetosheath data set was then visually inspected
for high energy O+ (> 3 keV). The reason for a lower en-
ergy limit is to avoid contamination of the O+ data when
intense proton fluxes are present. From inspection it is clear
that significantly heated and accelerated O+ ions reach par-
ticle energies up to at least 38 keV (the maximum energy
per charge to be measured by CODIF), whereas the mag-
netosheath protons seldom reach energies above 3 keV; see,
e.g., the case study presented bySlapak et al.(2012). There-
fore, an O+ set containing ions of energies> 3 keV is assum-
ably unaffected by the intense proton fluxes, whereas a low
energy subset (< 3 keV) is strongly contaminated. This con-
dition is confirmed when correlating the proton fluxes with
the fluxes of high and low energy O+ respectively. There is a
clear correlation between the H+ flux and the low energy O+

flux for the magnetosheath data. A similar correlation can-
not be seen when high energy O+ flux is compared to the
H+ flux. Also, if the O+ data are contaminated, a peak at
v⊥(O+)/v⊥(H+) = 1/4 would be expected (Nilsson et al.,
2006). This property is not seen; on the contraryv⊥(O+) is in
general similar to but somewhat larger thanv⊥(H+). These
statistical characteristics of the magnetosheath data confirm
the assumption that the set of high energy O+ is not effected
by contamination.
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Fig. 1. Left: Average O+ escape flux in the magnetosheath, given in cylindrical GSE coordinates. The flux

(m−2s−1) is given by a color scale, and the bulk velocity (magnitude and direction) is given by black arrows.

In the top right corner an arrow’s length defines the velocity corresponding to 200 km/s. The eight blue lines

divides the magnetosheath data set into seven segments (numbered 1−7) with a width of∼ 1 RE. The lines are

theoretical magnetopauses (Shue1998) cutting the XGSE−axis at 6, 7, ..., 13 RE. Right: The spatial distribution

of the of the data set is shown.

were positioned in the magnetosheath, based on that the typical magnetosheath characteristics were
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Fig. 1. Left: average O+ escape flux in the magnetosheath, given
in cylindrical GSE coordinates. The flux (m−2 s−1) is given by a
color scale, and the bulk velocity (magnitude and direction) is given
by black arrows. In the top right corner an arrow’s length defines
the velocity corresponding to 200 km s−1. The eight blue lines di-
vide the magnetosheath data set into seven segments (numbered 1–
7) with a width of∼ 1RE. The lines are theoretical magnetopauses
cutting theXGSE-axis at 6, 7, . . . , 13RE. Right: the spatial distri-
bution of the of the data set is shown.

3 Observations

Figure1 (left) shows the flow of high energy O+ (> 3 keV)
observed in the high-latitude magnetosheath. We use a cylin-
drical reference frame withXgseandRgse= (Y 2

gse+Z2
gse)

1/2

as spatial coordinates. Each bin is a 1× 1RE square, for
which mean values for the flux and bulk velocity have been
calculated. No O+ was observed further out in the magne-
tosheath than indicated in the figure, although many hours
of magnetosheath data were available. The mean direction of
the flow and the magnitude of the bulk velocity are given by
black arrows, centered in each bin. An arrow in the upper
right corner of the figure defines the length corresponding
to 200 km s−1. Each square bin is designated with a color
defining the average escape flux of that particular bin. The
flux values are defined by the logarithmic color bar to the
right in the same figure, and the escape flux of a particu-
lar bin is defined as the average flux of observed O+ in that
bin times the O+ occurrence rate in the magnetosheath of
that bin. The occurrence rate of each bin is defined as the
number of data points where O+ is observed in the mag-
netosheath divided by the total number of data points. The
occurrence rate is needed to calculate the total O+ escape
flux in the magnetosheath. This will be further discussed be-
low. Figure1 (right) gives an overview of the spatial distri-
bution of the O+ magnetosheath data set, which contains a
total of nearly 100 000 data points. The majority of the mea-
surements is obtained in a region where each bin typically
contains a few thousand data points and where most of the
considered spacecraft trajectories are. The rest of the bins
(where magnetosheath O+ is observed) contain a few hun-
dred data points each, sufficient for a statistical analysis.

The blue lines in Fig.1 are theoretical magnetopauses
(Shue et al., 1997), used to divide the magnetosheath data set
into spatial segments, numbered 1 to 7, such that Segment 1
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Fig. 2. A) Average flux, B) magnetosheath O+ occurrence rate, and C) O+ escape flux (Average flux times

occurrence rate), as functions of outward distance, with segment 1 and 7 corresponding to the innermost and

outermost segment respectively.
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tained in a region where each bin typically contains a few thousand datapoints and where most of the

considered spacecraft trajectories are. The rest of the bins (where magnetosheath O+ is observed)125

contain a few hundred datapoints each, sufficient for a statistical analysis.

The blue lines in Fig. 1 are theoretical magnetopauses (Shue et al. (1997)), used to divide the mag-

netosheath data set into spatial segments, numbered 1 to 7, such that segment 1 is the one closest

to Earth. The binning of the data is made with no consideration to an actual distance to the mag-

5

Fig. 2. (A) Average flux,(B) magnetosheath O+ occurrence rate,
and (C) O+ escape flux (average flux times occurrence rate), as
functions of outward distance, with Segment 1 and 7 corresponding
to the innermost and outermost segment respectively.

is the one closest to Earth. The binning of the data is made
with no consideration to an actual distance to the magne-
topause because of the large variation of its position. Many
observations of O+ have been made up to several hours af-
ter crossing the magnetopause, leaving us with no control of
the magnetopause position at the given measurement points.
A total of 85 % of the recorded magnetopause crossings take
place within Segments 2, 3 and 4. As it turns out, these seg-
ments will contribute most to the total flux calculation. Mag-
netopause crossings are however experienced in all of the
segments, reflecting the high variability of the magnetopause
position.

The spatial segments defined in Fig.1 have been used to
investigate the characteristics of the O+ flux in the outward
direction relative to Earth. The results are demonstrated in
Fig. 2. Plot a shows the average O+ flux of each segment,
with error bars indicating one standard variation. There is
a clear trend that the measured fluxes in general decrease
with the distance from Earth. The decrease from Segment
1 to Segment 7 is about one order of magnitude (1010 to
109 m−2 s−1). This result could give the impression that the
closer the segment is to Earth, the more it contributes to the
total magnetosheath flux, but this is not true. As mentioned
above, Fig.2A shows the average O+ fluxes when O+ is ob-
served, and thus we also have to take into account how often
we observe O+ in the magnetosheath for the particular seg-
ments. For this cause we calculate the occurrence rate for
each segmenti by Ni(O+)/Ntot,i , whereNi(O+) is the num-
ber of data points in segmenti for which magnetosheath O+

is observed, andNtot,i is the total number of data points in
segmenti. The result is shown in Fig.2b. The highest occur-
rence rates (∼ 22 %) are within Segment 3 and 4. Segment 1,
where the highest average flux is observed, has on the other
hand very low occurrence rate (∼ 1 %). For the most out-
ward segments, the occurrence rate drops quickly to just a
few percent. Even further out the occurrence rate becomes
zero, since no O+ was observed there. Multiplying the re-
sults in Fig.2a and b segment by segment yields the aver-
age escape flux,Fi , of each segmenti (Fig. 2c). Due to the
low occurrence rates of the outermost segments, we now get

www.ann-geophys.net/31/1005/2013/ Ann. Geophys., 31, 1005–1010, 2013
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for which magnetosheath O+ is observed, and Ntot,i is the total number of datapoints in segment i.

The result is shown in Fig. 2B. The highest occurrence rates (∼ 22%) are within segment 3 and 4.

Segment 1, where the highest average flux is observed, has on the other hand very low occurrence

6

Fig. 3.The escape flux in the YZGSEplane, showing the spatial dis-
tribution of our measurements. The observed O+ flux is given by
the color scale to the right, ranging from 105–1010m−2 s−1. Re-
gions colored in beige correspond to regions where measurements
have been taken place but no O+ has been observed. The black ar-
rows correspond to the YZ-component of the average flow velocity.
The majority of the observed significant escape fluxes are within an
angular extent of 106◦.

two orders of magnitude in difference between the highest
and lowest fluxes. We also note that the escape flux of Seg-
ment 1 is lower compared to Segments 2–5. The error bars of
Fig. 2c show relative standard deviations, obtained by mul-
tiplying the standard deviation from the average fluxes with
the corresponding occurrence rate.

In order to estimate a total O+ escape flux in the day-
side magnetosheath, we have to define a typical area through
which the observed fluxes flow. To a first approximation, one
can assume a cylindrically symmetric flow, in which we let
the average flux of a segment cross a corresponding annulus
with a width similar to the segment width (∼ 1RE). How-
ever, it is clear from Fig.3 that most O+ is observed at
higher latitudes within a sector angle of 106◦, in the YZGSE-
plane. Hence, we consider the escape flux of each segment
(i = 1,2, . . .,7) to flow through a corresponding annulus sec-
tor with an areaAi = 0.59π(r2

i+1 − r2
i ), where we have cho-

senri = (9+i) RE. The factor 0.59 (= 106/180) corresponds
to escape fluxes mainly taking place at high latitudes (along
open magnetic field lines) and not being significant far out
on the flanks.

In Fig. 4 the calculated total flux segment by segment
(Ftot,i = Fi ·Ai) is shown (red line/circles). The result yields
the significance of the different segments to the overall total
flux. Again Segment 2, 3 and 4 are dominant. Further out-
ward the segment total flux decreases quickly. An estimate of
the overall total flux is achieved by simply summing the seg-
ment total fluxes together. The blue line/circles in Fig.4 il-
lustrate the total flux, where circlei corresponds to the value∑i

k=1Ftot,k. Due to the small contributions from the most
outward segments, the estimated total fluxFtot (blue line)
approaches a constant value of 7× 1024 s−1.
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The total escape flux is calculated by summarizing the flux from respective segment in the sunward direction.

defined annuluses with a thickness of 1 RE through which we assume the escape flux crosses. We

found it reasonable to multiply the annulus area with 0.59, since most of the magnetosheath O+185

escape at high latitudes (from cusp and mantle), as indicated in Fig.3. With these choices we estimate

the total flux in the dayside magnetosheath to be 7 ·1024 s−1.

Nilsson (2011) measured O+ fluxes of the order 1025 s−1 in the high altitude cusp and mantle.

The ions reaching these regions were energized significantly (e.g. Waara et al. (2011); Slapak et al.

(2011); Nilsson (2011); Nilsson et al. (2012)) and will typically have too high parallel velocities190

to convect to the tail plasma sheet (Haaland et al. (2012)). Hence, presumably most of the O+

in the high altitude cusp and mantle will eventually escape, either downstream passing the neutral

point or directly through the magnetopause along open magnetic field lines. The main portion of

the dayside magnetosheath O+ reported in this study can be seen as a population distinct from the
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Fig. 4. Average escape flux for respective segment (red curve; see
Fig. 1) and the total escape flux (blue curve). The total escape flux
is calculated by summarizing the flux from respective segment in
the sunward direction.

4 Discussion

The O+ magnetosheath data set is described in Sect.2.1.
The lower limit of the ion energy (3 keV) does not exclude
much real O+ data, since O+ ions have to be accelerated sig-
nificantly in order to escape directly into the magnetosheath
from the dayside mantle or the cusp (Slapak et al., 2012). The
decrease in the average flux (Fig.2a) is correlated to a corre-
sponding decrease in number density. This property is con-
sistent with broader cusp/mantle flux tubes when the mag-
netopause reaches further out into space compared to when
the magnetosphere is more compressed. Figure2b shows the
occurrence rate. The reason for a low value in Segment 1
is because the magnetopause seldom is compressed beneath
that region (i.e., Segment 1 is normally within the magneto-
sphere). The occurrence rate in Segment 5–7 is low mainly
because O+ rarely reaches that far, consistent with the fact
that the O+ predominantly flows tangentially to the magne-
topause. In Sect.3 we defined annuluses with a thickness
of 1RE through which we assume the escape flux crosses.
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We found it reasonable to multiply the annulus area with
0.59, since most of the magnetosheath O+ escape at high lat-
itudes (from cusp and mantle), as indicated in Fig.3. With
these choices we estimate the total flux in the dayside mag-
netosheath to be 7× 1024 s−1.

Nilsson(2011) measured O+ fluxes of the order 1025 s−1

in the high altitude cusp and mantle. The ions reaching these
regions were energized significantly (e.g.,Waara et al., 2011;
Slapak et al., 2011; Nilsson, 2011; Nilsson et al., 2012) and
will typically have too high parallel velocities to convect to
the tail plasma sheet (Haaland et al., 2012). Hence, presum-
ably most of the O+ in the high altitude cusp and mantle
will eventually escape, either downstream passing the neu-
tral point or directly through the magnetopause along open
magnetic field lines. The main portion of the dayside magne-
tosheath O+ reported in this study can be seen as a population
distinct from the O+ in the high altitude cusp and mantle in-
vestigated byNilsson(2011). For instance, the average mag-
netospheric O+ flight trajectories studied byNilsson et al.
(2012) do not necessarily lead to the dayside magnetosheath.
Also, in the studies ofNilsson (2011) and Nilsson et al.
(2012), all magnetosheath data were discarded due to con-
tamination from strong proton fluxes. Given that we observe
O+ in the magnetosheath over a similar range ofXGSE posi-
tions as the observations made inside the magnetosphere, it
seems feasible that the magnetosheath fluxes should be added
to the fluxes inside magnetosphere. An even stronger argu-
ment is that the observed magnetosheath O+ better agrees
with the mid-altitude flows at the equatorward edge of the
cusp reported byBouhram et al.(2004), which have higher
perpendicular temperatures and parallel velocities than typi-
cally observed byNilsson et al.(2012).

Adding the total flux in the dayside magnetosheath (al-
ready escaped) and the total flux in the high altitude
cusp/mantle (will eventually escape) gives an escape rate of
∼ 1, 7× 1025. Yau and Andŕe (1997) reported a cusp out-
flow at lower altitudes of∼ 2×1025 s−1, which indicates that
a majority of the outflowing O+ ions directly escape along
open field lines.Seki et al.(2001) estimated a total escape
rate of 0, 5× 1025 s−1, including leakage of dayside plasma
sheet and ring current O+ across the magnetopause through
finite gyroradius effects, escape with so-called plasmoids and
escape in the tail passing the neutral point. This result points
to the direct escape into the interstellar space along open
magnetic field lines being the dominant loss route for O+

plasma in the terrestrial magnetosphere.
The position of the magnetopause depends on the solar

wind conditions, and it is consequently highly variable. We
observe O+ in the magnetosheath up to several hours after
the satellites cross the magnetopause, and it is therefore im-
possible to determine a measurement position relative to the
magnetopause, simply because we do not know where the
magnetopause is positioned at that specific moment. In this
study we have not taken into consideration the position of
the magnetopause, but stayed in a fixed reference frame (the

GSE coordinate system), and therefore can not draw any ex-
plicit conclusions on the O+ magnetosheath flux character-
istics as a function of distance to the magnetopause. How-
ever, it is obvious from visual inspection that most O+ ob-
servations in the magnetosheath are made immediately at
or close to the magnetopause. Therefore, it may be possi-
ble to study the magnetosheath O+ characteristics as a func-
tion of distance to the magnetopause after all, if consid-
ering only the close-to-magnetopause observations and us-
ing multi-spacecraft in situ measurements for determining
the positions relative to the magnetopause. A study like that
should be interesting to consider in the future, in order to get
a more complete picture of the magnetosheath O+ character-
istics.

5 Conclusions

We have presented a statistical study on O+ escape flux in
the high-latitude dayside magnetosheath.The flow is predom-
inantly tangentially to the magnetopause, and the majority of
the O+ is observed close to the magnetopause. Consequently,
O+ generally does not reach much further out into the mag-
netosheath at the dayside, but is quickly picked up by the
solar wind and flows anti-sunward.

The total escape flux in the dayside magnetosheath is es-
timated to be 7× 1024 s−1. Considering also the hot and fast
O+ observed in the high altitude cusp and mantle (which can
be assumed to eventually escape), a significant part of the ob-
served outflow/upflow of O+ in the cusp/polar cap presum-
ably escape directly along open magnetic field lines from the
high-latitude dayside magnetosphere or further downstream
in the tail.
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