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Abstract. The persistent outflows of Oions observed by 1999a Blanc et al, 1999 and references therein). Further-
the Cluster CIS/CODIF instrument were studied statistically more, the escape of ionospheric origin ions helps us to under-
in the high-altitude (from 3 up to 1Rg) and high-latitude  stand non-thermal energization and the loss of atmosphere in
(from 70 to~90 deg invariant latitude, ILAT) polar region. the field of planetary physics (e.gundin et al, 2004).

The principal results are: (1) Outflowing™@ons with more The main energization/acceleration mechanisms that have
than 1 keV are observed aboveRg geocentric distance and been known for ionospheric Dare wave-particle interac-
above 85deg ILAT location; (2) at 6-#8; geocentric dis- tions (resonance and heating), parallel potential drops, and
tance, the latitudinal distribution of Oion outflow is consis-  centrifugal acceleration. At low altitude®orqvist et al.

tent with velocity filter dispersion from a source equatorward (1998 have reported in their statistical study that most O
and below the spacecraft (e.g. the cusp/cleft); (3) however, alheating and outflows were caused by ion energization associ-
8-12Rr geocentric distance the distribution of @utflows  ated with broad-band, low-frequency (BBLF) waves and that
cannot be explained by velocity filter only. The results sug-the major source of ®ion energization is located in the pre-
gest that additional energization or acceleration processes faroon auroral region based on the Freja satellite observations
outflowing O" ions occur at high altitudes and high latitudes (between 50and 75 CGL (corrected geomagnetic latitude)

in the dayside polar region. and altitudes 14001750 km). Another obvious acceleration

. . . _mechanism is parallel potential drops. This is confirmed by
Keywords. Magnetospheric physics (Magnetospheric con mid-altitude satellites (2—8) (Lundin et al, 1995. Ho

I:gzgtlon and dynamics, Solar wind-magnetosphere mterac-et al. (1994 have reported that the increase of ©utflow

velocity below 5Rg can be explained in part by the centrifu-
gal acceleration(ladis 1986 Horwitz et al, 1994. How-
ever, it is not clear yet whether heating by waves and accel-
1 Introduction eration by parallel potential drop at low/middle altitudes are

sufficient for keV oxygen in the high-altitude regioseki
lonized atomic oxygen (@) ions of terrestrial origin et al(2003 discussed additional energization and different
are a good tracer to investigate how the Earth’s iono-Paths of outflowing O ions as candidates for the"Gupply
sphere/magnetosphere responds to solar activities. By trador cold OF beams, COBs) in the long-distance tail/lobe uti-
ing them and examining their properties and distributions inlizing both Geotail and FAST data. They suggest that cold
the magnetosphere we can also survey the dynamical stru¢Pflowing OF ions are further energized up te2.7 keV at
tures of the magnetosphere_ The @ons may also p|ay hlgh altitude, travelling over the pOIaI’ region, and eventu-
an important role in the dynamics of the magnetosphere, ir@lly reach the long-distance tail/lobe region. In fdgklund

particular, during large magnetic storms (eMpore et al, et al. (1997 have already shown the existence of keV O
near both sides of the high-latitude magnetopause, indicating

Correspondence tdS. Arvelius that the keV acceleration takes place inside the polar magne-
(sachiko.arvelius@irf.se) tosphere.




1910 S. Arvelius et al.: Statistics of high-altitude and high-latitudei@ outflows

The Cluster satellite project gives us a new and unpreceebserved simultaneously (e.g. regarding energy of maximum
dented database on this subject with mass-resolved energetimimber flux, H:60eV and G:96 eV at 08:16:00 UT, and
ion measurements at high altitudes (from 3 up taR}) and H*:410eV and 0:1.7 keV at 09:30:06 UT, wher& E / E of
high latitudes (from 70 to 90 deg ILATNilsson et al(2004) the CIS/CODIF is 0.16). The pitch angle time spectrogram
recently indicated that the high altitude polar cap magneto{PAD) panel shows that ©ions are mostly field-aligned
sphere (6—1y geocentric distance) is not just a passive and upgoing. Sample velocity distributions of polar outflow-
transport region, and that a significant energization at highing O ions are shown in Fig2, and the velocity distribu-
altitude was a likely explanation for the reported measure-tions correspond to a 4-spin (16 s) accumulation at around
ments. In their argument the increase in the €nergy to-  08:16 UT (6.75R g geocentric distance), 08:42 UT (7.R%)
ward the higher latitudes/altitudes cannot be explained onlyand 09:30 UT (8.1%g) in Fig. 1. The V}-V distribution

by the velocity filter effect (see Fid. and refer to, e.gHor- shows an almost field-aligned motion (drifted perpendicular
witz et al, 1994 concerning the velocity filter effect). We to the magnetic field with a velocity of 30-50 km/s during
further investigate this problem in this paper. this period) of O ions. The convectionk x B drift) veloc-

Another item to be examined is the dependence on the geities of O ions across the magnetic field calculated on the
omagnetic activities. The flux of ionospheric outflow is af- basis of two differentinstruments (CIS and EDI) on board the
fected by the solar condition, i.e. it increases as solar EUVCluster S/C-3 are consistent with each other (not shown). In
flux (F107) increasesYau and Andé, 1997. Norgvist et  our statistical study, we use differential particle flux because
al. (1998 also showed that ©ion outflows are stronglk, this is a robust and basic measurement of the instrument and
dependent (see al&@u and Ande, 1997). Recently,Cully it is possible to avoid, for example, effects of cross-talk be-
et al. (2003 have reported correlations between the iOn tween the H and O" channels which may affect moment
outflow rate (energy range from1 to 70 eV) and the solar calculations in the presence of very intense ftuxes, such
radio flux (F107), geomagnetic activityX ,) and solar wind  as in the cusp. We first survey maximum differential parti-
parameters. cle flux (hereafteMDPF) as a function of energy for several

There are two scientific issues that require further studiesorbits, i.e. what the distribution function of the source of O
(1) statistical evidence of high-altitude acceleration of out-ion outflow looks like on the basis of
flowing O™ ions, and (2) the high altitude ion outflow during 5
different magnetospheric conditions. For (1) we investigate j (W, o, x):v_f(vu, V1, a,x), (1)
the energy of maximum number flux (more precisely, max- m
imum differential particle flux) as functions of altitude and whereJ is a differential particle flux,f a distribution func-
latitude. For (2) ther dependence on Oion outflow in tion (or phase space densityy, the energy (mUZ/Z), and
the high-altitude and high-latitude needs to be investigatedy the solid angle. We also look at the total number density
and compared with previous works, as mentioned above. (hereafteN) as a supplementary variable MDPF due to

the relation;,/=N-v.
o In our statistical study, we first identified by sight these
2 Data description beam-like outflowing @ ions in the 129 Cluster traversals
) _ ) ) of the polar cap and cusp (years 26(@D03 and January to
The O!’blt an_d mstrumentgtl(_)n of the Clus.ter_ satellltes_ enablq\/,ay), and then calculated variables, such as energy of maxi-
us to investigate the statistical characteristics of tHei@h mum differential particle flux (hereafteP,.E), maximum dif-

outflow in the high-altitude and high-latitude polar region. tarential particle flux IDPF) and total number densityj,

The CIS/CODIF instrument on board the Cluster satellitesys o+ jons during every 16, corresponding to the CODIF

is capable of identifying field-aligned upgoing"@ons with | time-resolution mode. For example, Flgcontains 670

good pitch-angle resolution (e.geme et al.2001). ~ observation points plotted against location in the right side
“An example of polar outflowing © ions is shown in  panels (with %" marks). In this way we have a total of more

Fig. 1. This data was collected during a storm period than eighty thousand points. These values were compared

(K index was 6 between 06:00-09:00 UT, and 5 betweeng geomagnetic activity at different altitudes (or geocentric
09:00-12:00 UT). According to the ACE/MAG data, the in- gistances iR z) and invariant latitudes (ILAT).

terplanetary magnetic field (IMFB, (in GSM coordinate)

was almost constanth+20 nT during the period from 06:00

to 11:00 UT, and the IMFB, 4, turned suddenly south- 3 Result

ward (from~+5nT to —5nT) at around 08:48 UT when a

sharp energy enhancement of @ns was observed inci- We first examine the spatial distribution of dayside™ O
dentally. The Cluster satellites traversed over the polar reoutflow events for different energies. To have enough
gion and presumably entered the poleward cusp or the marstatistics (since we have only 129 traversals), we clas-
tle at around 09:00 UT, then crossed the magnetopause &ify the energy of the maximum number fluX £) into
around 10:10 UT. Figur& shows clearly a narrow energy 4 categories: (1)18PE<100eV, (2) 0.KPE<1.0keV,
band of O ions between 07:00-10:00 UT, with a clearly (3)1.0<PE<10keV and (4) PE>10keV. We then look
different energy distribution compared to that of” Hons at the occurrence rates of the differe®E levels in
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Fig. 1. Sample data on 12 April 2001. Upper panel: There are 6 panels and the first two panels from the top are detection mode

and sensitivity of the CIS/CODIF instrument. Regarding the-3th panel from the top, time-energy spectrogram df given by flux
(part/(cn?-ssrkeV)), time-pitch angle distributions (PADs) ofHgiven by energy flux, JE (keV/(cfrs srkeV)), and time-energy spectro-
gram and time-PADs of ®. The observation time interval of field-aligned upgoing (or outflowing) ions is selected between 07:00 and
10:00 UT. (Bottom panel) The energy (eV) of maximum differential particle flux (abbreviatBdthereafter) and the maximum differential
particle flux MDPF (part/(cnf-s-sr-keV))) of field-aligned upgoing ® (12 April 2001, 07:00-10:00 UT) as functions of geocentric distance
and invariant latitude (ILAT).
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Fig. 2. Sample velocity distributions on 12 April 2001. The figures shigw-V, distribution and 4-spin (16 s) accumulation. The negative
sign in the V) axis means upward-going along the field line and the unit of distributioA/ier€. From the top-left and clockwise: at
08:16 UT (6.75R ¢ geocentric distance), 08:42 UT (7.R%), and 09:30 UT (8.1&f). As obvious in the figures, the convection velocity
of OT ions perpendicular to the magnetic field is calculated abeift km/s.

each 2Rg x5° lattice for 6-12Rg geocentric distance and This tendency is more obvious whéf),>5 thank , <3, i.e.
75-90deg ILAT. The occurrence rates are taken for differentwhen we expect stronger poleward convections. From the
geomagnetic activities, i.e. they are defined as the corK, dependence, one may interpret this result as a sign of the
responding number of data points sorted by the criterionvelocity filter effect Horwitz et al, 1994. Let us examine

(K ,<3 for geomagnetic “quiet” period ankl,>5 for “ac- this interpretation successively below.

tive”), divided by the total number of data points in each e first consider © with energy less than 1 keV ob-

2 Rpx5° lattice. The occurrence rates for differéPE lev-  served at 6-& geocentric distance, i.e. 5K in altitude.

els in different regions with regard to the daysifig de-  Figure 3 shows that @ with energy more than 0.1keV is
pendence are shown in Fig. We show the result only for - gominant at lower latitudes (75-80 deg), and thdt ions
lattices where data points exceed more than 200, to obtaifyth energy less than 0.1 keV is dominant at higher latitudes.
good statistics in this figure. The different colours of bars ypger the assumption that outflowing Gons have a field-

representk,, dependence, i.e. the red bar impli€g<3 or ) ) . 2w,
“quiet” and the blue bar impliex ,>5 or “active”. aligned velocity defined by =,/ =, whereW represents

Let us look at the altitudes of 7-Ry (8—12Rj geo- the parallel kinetic energy and is equivalentA& here, O
centric distance). ® more than 1 keV is found (more than ions with 500 eV and 50 eV have velocities of 77 km/s and
10%) in all the lattices at altitudes of more tha® §, while 25_km/s, respectivel_y. If both ©ions start simultanequsly
those ions are found only at latitudes of less than 80dedl0ing up from the ionosphere, they traveRp elevation
for the altitudes between 7 andkg (less than 5% for lat- with a time difference 0f~890s. Taking the velocity filter
itudes are more than 80 deg). We did not obserden@re effect into account with the ionospheric convection empir-
than 1keV at altitudes less tharRZ and at latitudes higher  ically <.01°/s, lower energy (50 eV) Oions are convected
than 75deg. Thus, accelerated @t high altitudes dis- about 9 poleward. This agrees with the data shown in Big.
tribute wider towards the pole than those at low altitudes. We next consider the source of"Qvith energies of 1.0-
The same tendency is found forQvith energy 0.1-1.0keV. 10keV at 10-1Ry and 85-90deg or the destination of
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Fig. 3. The occurrence rates of differeRtE levels in the dayside region showing in eacR2x5° lattice. The pairs of bars are separated
regarding the differenP E levels in the horizontal axis (from the left, (1) 4® E<100¢eV, (2) 0.k PE<1keV, (3) 1..cPE<10keV, and
(4) 10keV< P E) and the colour of bar implies “Quiet” in red and “Active” in blue, according toAhgindex. The definition of Quiet/Active

is Kp<3/K;>5.

O™ with energies of 1.0-10keV at 8—K): and 75-80deg. means that 1-keV O at 75-80deg at 8—1R; can hardly
If we use the convection velocity-40 km/s in the case convectto 85-90 deg at 10—EZ geocentric distance.

of 12 April 2001 (~40km/s on averaged between 09:00—

10:00 UT), during this 1-keV O goes up Rg elevation,

where the convection distance during 2 elevation is esti- 4 piscussion

mated as
40 kmy/s The above result indicates that"Qons are eventually ac-
ZREXMZO-RRE ) celerated from less than 1 keV to more than 1 keV be-

tween 8 and 1Ry geocentric distance. Our result agrees
O™ with energy of 1 keV has a velocity ef110 km/s under  with the indication byNilsson et al.(2004. The ques-
the same assumption above. This distance is nearly equiwion is then what kind of mechanism causes the acceleration
alent to 4.2 in latitude at 10Rg geocentric distance. This of O" at altitudes above Rr. Obvious candidates from
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low-/mid-altitude studies are parallel electric field (poten- 4.2 Parallel electric fields
tial drops), wave-particle interaction and centrifugal accel- o o
eration. In this section we assess the possible contribution§arallel electric field acceleration is well known to produce

from these three candidates. an upward ion beam over the aurora. However, such a par-
allel acceleration is generally weak over the polar cap (e.g.
4.1 Centrifugal acceleration Eliasson et a).1996. Another problem is the energils-

son et al.(2004 showed that the © field-aligned velocity
Horwitz et a|(1994) showed that bulk acceleration of paral- is approximate|y equa| to that of Hwhen the latter is cal-
lel ion outflow agrees with the centrifugal force of magnetic cylated for outflowing ions only. The parallel electric field
field curvature below &:. The centrifugal acceleration is accelerates both Hand O" to the same energy instead of

given as the same velocity. It is less likely that the acceleration is
aV db ab caused by field-aligned potential drop.
(ﬁ) =VExBE=VExB<§+V|' v b>, 3)
I 4.3 Wave-particle interaction

where Vg p is the E x B drift velocity (scalar), and is ] ]

the unit vector of geomagnetic fiel@(|B). The centrifu- It is well known that low-frequency waves energlzé @ns

gal acceleration is expected to be very efficient poleward ofUP t0 several hundred eV below 2000 kiNogqvist et al,

the cusp because of the bending direction of the geomag!998. Resonant wave heating/energization (see,Angre
netic field. For the sample event (shown in Fiy, the field ~ and Yay 1997 for a review) may increase the perpendicular
lines are not straight, but curved. The region of interest is€Nergy of ions, and the magnetic mirror force subsequently
quite close to both the cusp and the magnetopause, whicf?lq the ion distribution to become more beam-like at high
implies that the field lines are significantly bent. During the altitudes. o _

time interval from 09:00 to 10:00 UT (about 7.5 to ®5 If the combination of transversal heating and the mag-

geocentric distance), the magnetic field,rotates by 45 deg netic mirror force _is the main mechanism requnsible for
(not shown), and the drift velocity increases gradually. Ig- the observed keV ion beam, both the wave activity and the

noring the smaller first term of the right-hand side of Bq. Source of the wave activity must be identified. Unfortunately,
and assuming a constant drift velocity (40km/s at aroundthere are no systematic studies of low-frequency waves in

09:30 UT), the acceleration is estimated roughly the region we are looking at. Recenthypbara et al(2003
reported, using Cluster EFW data, examples including the
(dV> —40[km/S]- V- /4 (dV> _5x10-3/5].V same event as Fig. They saw very little wave activity in
dt J, I"63711km \ ar I ” the low-altitude region (up te-7.3Rg), while rather strong
V”=Voexp(5x10‘3.t[s]). @) wave activity &1 mV/m) was observed around the&/.6 Rg
region at low frequency range, including local oxygen cy-
Let us take O of 600 eV (87 km/s) at 7.Rr geocentric dis-  clotron frequency.
tance (see Dist. vs. PE, upper middle panel in E)gwith A general form of parallel acceleration by the combina-
a 45deg pitch angle. The acceleration value given in4Eq. tion of the magnetic mirror force and transversal heating by a
means that for R travel of upward going O, wave is formulated in the framework of ponderomotive force

y (magnetic moment pumping) (e.gundin and Hultqvist
/ exp(5x 1073.¢[s])dt=elevation distance/initial velocity 1989 Guglielmi and Lundin200]). Let us estimate the max-

0 imum resonant perpendicular energy. The energy @ain
=6371kny (87 kny's). (5)  from this resonant interaction is
This gives us a travel time of 73 s with the final velocity of Ae:quvL AL, (6)

125 km/s (1.2 keV). While this is not enough acceleration to 0

account for the data, which goes to about 3keV (190 km/s)where E is the amplitude of the resonant waue, ;, At is

it is not negligible. However, the centrifugal acceleration is substituted for the origindl, (a characteristic transverse size
less likely to be the major contribution to the present caseof the wave field)y, ;5 is the perpendicular thermal veloc-
because of the following reason. If the centrifugal acceleradity and Ar is the time that an ion spends in the accelera-
tion is the main contributer, we should observe energizatiortion region. During the above period (12 April 2001, 09:00—
exclusively in the parallel direction to the magnetic field, be- 10:00 UT),v ;5 iS no more than about 100 km/s (see Q.
cause this mechanism converts the perpendicular energy té is about 1 mV/m, and\r is about 70s. These values give
parallel energy (e.dRussell et a].1999. What we observed us a maximum energy gain of about 4.5keV. In this case,
in Fig. 2 is an energization in both perpendicular and paral-600eV O" can be accelerated up te5keV, although we

lel directions to the magnetic field, which contradicts what have many uncertainties in this estimation, for example, in-
centrifugal acceleration predicts. We should also note that irteraction time A¢, and resonant wave field amplitude, For

our previous reportNilsson et al.20049), the parallel to per- the wave electric field we must consider the fact that ions do
pendicular temperature ratio of'Gvas isotropic at altitudes not feel this electric field (1 mv/m) all the time during the
between 4 to K. elapse time. Therefore, the average amplitude of the electric
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field that an ion feels was less than 1 mV/m. However, even if u
we assume 0.1 mV/m, the energy gain is more than 0.5 keV. Geocen. dist. 2ReX(40km/s)/(110km/s)
These values are comparable to the contribution from cen- ~ ;====/=======yfmmmmmmmm o4
trifugal acceleration or more, and it is consistent with the ** 0.73RE=4.2 deg:
observed data when the casefof 1 mV/m. Therefore, low- < > . :
frequency wave activity close to the oxygen gyrofrequency ~40km/s . <EnergizegfAcceleyated>
(<1 Hz) may provide some energization. However, we need ! c

systematic comparisons between theé Beam energy and
the wave intensity before making any conclusion, because
this is the region where the wave activity is generally very

0 Re

¥

weak. Furthermore, we know that unusual transversal heat- 1kei/ O+
ing may take place at high altitudes where shell-like distribu- i ?27??
tion of O" is reported Joko et al. 2009, indicating that an 8Re:
unknown wave-particle interaction may exist. : $00eV (77km/s)
4.4 Sudden impulse
p : +/-890 sec 50eV (25km/s?

. : . : ! < > :

Figure 1 shows a burst-like appearance of near-isotropic 6 Ret--\f-d-caofoadeoado A L2 AT

mantle-like protons at around 08:50 UT, repeating every 5— 75 deg 80 deg.

10 min afterwards. A sudden impulse may give nonlinear ac-

celeration.Cladis et al(2000 have reported a 75 km/s jump <0.01 deg /sec

in Ot parallel velocity in the same region, in response to a _"* 5Rel(77km/s) - 5Re/(25km/s)

CME (coronal mass ejection) (see aldoore et al, 19991. e

Such atime-dependent effect (e.g. a compression of the mag- N

netosphere accompanied by an additional centrifugal acceler- _ (cusp/cleft)

ation (Cladis et al.2000 and/or magnetic moment pumping)

might account for our observation. Fig. 4. The schematic (not scaled) of our conclusion. This sketch
shows that we can explain outflowing™Qons in the polar region

45 K, dependence by the velocity filter effect below & g geocentric distance, whereas

the latitudinal distribution of @ ions above 1®g cannot be ex-

Figure 3 also shows theX, dependence of the dayside"O Plained by the velocity filter effect only. Thus, we suggest that ad-
outflow, i.e. we found an extensive keVQutflow at high dlt!onal energization/acceleration occurs aF hlgh_a_ltltudes and high
altitudes mainly during higtk ,. This dependence is more latitudes. Note the effects by geomagnetic activity, for example,
obvious below 85 deg than above 85 deg, which cannot beKP
explained by the velocity filter effect only, as we discussed
above. Therefore, &, dependence indicates that the anony-
mous acceleration mechanism depends on geomagnetic a8t altitudes less than Bz. This result can hardly be ex-
tivity. plained by velocity filter effect alone. On the other hand,

Recently, Bouhram et al(2004) reported, using the Clus- outflowing O ions with energy less than 1 keV in the high-
ter perigee (3.5 to 6.Bz) data, that (1) @ ion outflows altitude and high-latitude polar region are consistent with
vary temporally on a time scale of a few minutes and (2)the velocity filter effect. Hence, the continued accelerated
the global outflow rate is much more stable and dependgnd/or energized Oions observed at high altitudes and high
on the solar wind dynamic pressure, even though the localatitudes in the polar region imply (an) additional energiza-
fluxes are highly variable. Regarding the latter, this gener-tion/acceleration process(es). Figdrshows our conclusion
a||y agrees with our result OKp dependence becau%p SChematica”y, i.e. not exactly scaled. The Strong wave ac-
is generally high during high solar wind dynamic pressure.tivity, preferentially electromagneticHpbara et al. 2009
However, their study did not cover many orbits and hencefound at high altitude £7.6Rg), correlates well with the

the dependence on the solar wind parameters must be stati€Xtra energization/acceleration, and outward acceleration is
tically studied. therefore a wave-particle interaction, possibly Afvwaves

causing traverse heating and parallel acceleration by pon-
deromotive (magnetic moment pumping) forces. However,
5 Conclusions we cannot exclude the possibility of centrifugal accelera-
tion, especially time-dependent and associated with magne-
Cluster statistics of the ©outflow show that dayside kev tospheric compression.
O™ exists in over 10% of the cases at all latitudes between A tendency to observe keV ions at high latitude is more
75 and 90 deg at altitudes oveR@. However, dayside keV  obvious for K,>5 than K,<3. We do not know if this
O™ exists in less than 5% of the cases between 80 to 90 deg , dependence is due to the velocity filter effect or due

dependence, are not taken into account in this sketch.



1916 S. Arvelius et al.: Statistics of high-altitude and high-latitudei@ outflows

to an unknown energization mechanism. To confirm theHobara, Y., Nilsson, H., Arvelius, S., Lundin, R., Sundkvist, D.,
K, dependence of ©outflows we are putting forward an- André, M., Cornilleau-Wehrlin, N., et al.: Cluster observation of
other study on (local) geomagnetic activity dependence using high altitude oxygen outflow burst and associated wave activities,
ASY/SY M indices. Furthermore, a study should be made of EGU General Assembly (abstract), 2005.

the solar wind parameters (IMF, tilt angle of IMF, dynamic Howitz, J. L., Ho, C. W., Scarbro, H. D., Wilson, G. R., and
pressure, and solar wind convection electric field) and their Mo°'e. T- E.: Centrifugal acceleration of the polar wind, J. Geo-

. . phys. Res., 99, 15051-15 064, 1994.
gﬁg?\g on the properties of outflowing(PE, MDPF, Joko, S., Nilsson, H., Lundin, R., Popielwaska, Bgnfe, H.,

Bavassano-Cattaneo, M., Paschmann, G., Korth, A., Kistler, L.,
and Parks, G.: Shell-like configuration infQon velocity dis-
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