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ABSTRACT

The terrestrial origin O+ outflow, which is persistently
observed by the Cluster CIS/CODIF instrument, was
studied statistically in succession in the dayside high-
altitude (from 5 up to 11RE) and high-latitude (from 75
to 90 degrees invariant latitude, deg ILAT) region. We ex-
tended the previous study (Arvelius et al., 2005a), investi-
gating correlations between the properties (namely, maxi-
mum or ’dominant’ differential particle flux,MDPF , and
its energy,PE) of dayside high-altitude polar outflowing
O+, solar winds (solar wind moments and the interplane-
tary magnetic field, IMF, conditions), and local mid-/low-
latitude geomagnetic activity (measured byASY /SYM

indices). In this study, we found firstly that energization
and/or acceleration of dayside high-altitude polar out-
flowing O+ is(are) controlled by both strong southward
IMF (defined by intensity,Bt, and clock angle,θ. in this
case,|θ|>135◦) and solar wind moments (except solar
wind electric field), but it(they) occur(s) at two different
places: one is the poleward cusp and/or the mantle re-
gion controlled by the IMF, the other is the entire polar
cap controlled by the solar wind moments. Secondar-
ily outflowing O+ flux enhancement and O+ keV ener-
gization/acceleration process(es) are different in termsof
occurence time scale and location, even tough both are
controlled by solar winds and the IMF. Thirdly both en-
ergization/acceleration and flux enhancement of dayside
high-altitude and high-latitude outflowing O+ correlate
to local mid-/low-latitude geomagnetic activity (as mea-
sured byASY /SYM indices), i.e. higher energy of out-
flowing O+ appears at higher altitudes and more equator-
ward (a similar trend to that of theKp index (Arvelius
et al., 2005a)), and flux enhancement of outflowing O+

appears at lower altitudes and more poleward. However

the correlation is not as clear as the case of the IMF con-
ditions / the solar wind parameters.

Key words: Solar wind-magnetosphere inter-
actions; Magnetosphere-ionosphere coupling;
O+energization/acceleration; O+outflow..

1. INTRODUCTION

The previous study (Arvelius et al., 2005a) is extended
in this study in terms of correlations between the prop-
erties of dayside high-altitude and high-latitude outflow-
ing O+, solar winds (IMF conditions and moments), and
local mid-/low-latitude geomagnetic activity. The corre-
lations are investigated particularly with a “time-shifted”
comparison at the time scale of from tens of minutes to
an hour.
The data set of dayside high-altitude and high-latitude
outflowing O+ is provided by the Cluster CIS/CODIF
instrument. We selected 129 Cluster traversals in the
dayside polar region (year of 2001-2003, from January
to May), and the observation points are counted to more
than 80,000. The data set utilized in this study is the same
as that in the previous study (Arvelius et al., 2005a). A
sample data is shown in Figure 1.

1.1. Previous results

The results from the previous study (Arvelius et al.,
2005a) are shown in Figure 2 and Figure 3. We concluded
that (1) the latitudinal distribution of outflowing O+ in
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Figure 1. A Sample data on 12 April, 2001. (Upper) The
3rd-6th panels from the top are a time-energy spectro-
gram of H+ in the unit of flux [part/(cm2·sec·sr·keV)], a
time-pitch angle distributions (PADs) of H+ in the unit
of energy flux, JE [keV/(cm2·sec·sr·keV)], a time-energy
spectrogram and time-PADs of O+, respectively. We
identified field-aligned upward-going O+ by sight, e.g.
selecting the time interval between 07:00-10:00 UT from
the upper figure. (Bottom) The properties of outflow-
ing O+ (the energy of maximum differential particle flux,
termd byPE, and the maximum differential particle flux,
termed byMDPF ) as functions of geocentric distance
(RE) and deg ILAT. In the figure, 670 observation points
are plotted.
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Figure 2. PE occurrence rates of differentPE levels in
the dayside polar region. The whole region (6–12RE

geocentric distance and 75–90 deg ILAT) is divided into
2RE×5◦ subregions. The pairs of bars in each panel
denoteKp≤3 (in red) andKp≥5 (in blue), ordered in
horizontal line from the left-hand side, (1) 10≤PE<100
eV, (2) 0.1≤PE<1.0 keV, (3) 1.0≤PE<10 keV, and (4)
PE≥10 keV.

terms of peak energy, i.e.PE, is consistent with veloc-
ity filter dispersion at 6-8RE geocentric distance (or be-
low 8 RE geocentric distance), while that of above 8RE

geocentric distance cannot be explained by velocity filter
effect only, and that (2) a tendency to observe outflowing
keV O+ is obvious forKp≥5 thanKp≤3 at higher alti-
tudes.
Concerning above (1), we suggest additional energization
and/or acceleration mechanism(s) of outflowing O+ in
the dayside high-altitude and high-latitude region. Two
candidates examined in the previous paper are (a) cen-
trifugal force and (b) ponderomotive force, and both of
them might contribute to energy gain of outflowing keV
O+ partially, but not be major process.
On the other hand, the result (2) above indicates that
higherKp is in general related to strong magnetospheric
convection, however, as shown in the result (1) above, lat-
itudinal distribution of outflowing keV O+ ions cannot be
explained by velocity filter effect, which is caused by the
anti-sunward magnetospheric convection) only. There-
fore we aim to examine correlations between the proper-
ties of dayside high-altitude and high-laitutde outflowing
O+ and the solar winds as well as geomagnetic activity
as measured byASY /SYM indices with high time reso-
lution (1 minutes). In Figure 4 the definition of IMFBx

(anti-)parallel to the geomagnetic field and the legend of
gray-scaled bar are shown.
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Figure 3. The schematic (not scaled) for interpreting Fig-
ure 3. This sketch shows that we can explain the lati-
tudinal distribution of outflowing O+ observed below 8
RE geocentric distance by velocity filter effect, whereas
that of outflowing O+, in particular with more than 1
keV, observed above 8RE geocentric distance cannot be
explained by velocity filter effect only. Therefore we sug-
gest that additional energization and/or acceleration pro-
cess(es) may take place at high altitudes. The potential
candidates for outflowing O+ energization/acceleration
process are examined in the paper by Arvelius et al.
(2005a). Note that effects by geomagnetic activity, e.g.
Kp dependence, are not taken into account in this sketch.
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Figure 4. (Left) Definition of the IMFBx which is “par-
allel to the geomagnetic field” (Bx,‖) or “anti-parallel to
the geomagnetic field” (Bx,∦) by schematic. (Right) The
legend of gray-scaled bar adopted in this paper.

2. RESULTS

2.1. Solar wind dependences onPE

The spatial (both altitudinal and latitudinal)PE distribu-
tion of dayside high-latitude and high-latitude outflowing
O+ are examined in response to the IMF conditions / the
solar wind moments at different time lags (60, 30, 20, and
10 minutes). The “time lag” means that the solar winds
which are estimated to reach the subsolar point precede
observing outflowing O+ events by 60, 30, 20, and 10
minutes.
The optimum time lag for the best correlation is 10 min-
utes and the clearest correlation can be seen at the alti-
tude interval of 10–12RE geocentric distance. The posi-
tive correlations can be seen for (a) strong southward IMF
(clock angle,θ, is defined as|θ|>135◦) and (b) solar wind
velocity x-component,Vx, while the negative correlations
can be seen for (c) solar wind proton density,Np and (d)
solar wind dynamic pressure,Psw. There is no correla-
tion seen for the solar wind electric field (E4).
The latitudinal distributions ofPE occurrence rates in re-
sponse to (1) strong southward IMF,Bt (|θ|>135◦), (2)
IMF Bx parallel to the geomagnetic field (Bx,‖), and the
solar wind moments (3–6) are shown in Figure 5. As
shown in Figure 5, the energization and/or acceleration
of dayside high-altitude and high-latitude outflowing O+

is controlled by the solar wind moments (Np, Vx and
Psw) and the IMF conditions (Bt (|θ|>135◦)), however at
two different places. One is the poleward cusp and/or the
mantle region (below 80 deg ILAT) at higher altitude (i.e.
10–12RE geocentric distance) where the strong south-
ward IMF influences. The other is the entire entire polar
cap, in particular 80–85 deg ILAT, at vertically broader
altitude intervals (i.e. above 8RE geocentric distance)
where the solar wind moments influence dominantly.

2.2. Solar wind dependences onMDPF

The spatial distributions ofMDPF occurrence rates are
also examined in response to the IMF conditions / the so-
lar wind moments at different time lags (60, 30, 20, and
10 minutes). The optimum time lag for the best correla-
tions is chiefly 60 minutes and the best correlations can
be seen at the altitude interval of 6–8RE geocentric dis-
tance.
The positive correlations can be seen for (a) strong south-
ward IMF, (b) IMFBx,‖ but at the time lag of 10 minutes,
(c) solar wind proton density, (d) solar wind dynamics
pressure, and (e) solar wind electric field. The negative
correlation can be seen only for the solar wind dynamic
pressure at the time lag of 10 minutes.
The latitudinal distribution ofMDPF occurrence rates in
response to (1) strong southward IMF,Bt (|θ|>135◦) at
the altitude interval of 8–10RE geocentric distance, (2)
Psw (also representative forNp), (3) E4, and (4)Bx,‖ at
the time lag of 10 minutes are shown in Figure 6, respec-
tively. The altitude interval chosen for (1) is due to a bet-
ter statistics. As shown in Figure 6, flux enhancement of
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(1) Bt, |θ|>135◦ / 10-12RE / Dayside / Time lag: 10 minutes /PE

(2) Bx,‖

(3) Np

(4) Vx
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integration 75-80 deg ILAT 80-85 deg ILAT 85-90 deg ILAT

Figure 5. Latitudinal distribution ofPE occurrence rates
at the altitude interval of 10–12RE geocentric distance
and at the time lag of 10 minutes. The left-most columns
are latitudinal integration between 75–90 deg ILAT.

outflowing O+ is also controlled by both the solar wind
moments (Np, Psw and E4) and the strong southward
IMF (Bt (|θ|>135◦)), however the optimum time lag and
location for the best correlations are different from those
in the case of outflowing keV O+ energization and/or ac-
celeration process(es). The optimum time lag is in prin-
ciple 60 minutes. The location for the best correlations is
at the altitude interval of 6–8RE geocentric distance and
more poleward (i.e. 85–90 deg ILAT). Furthermore, this
result indicates also that flux enhancement of outflowing
O+ is influenced by dynamics of the ionosphere.

2.3. Geomagnetic activity dependences

Both PE andMDPF occurrence rates at different time
lags (60, 40, and 20 minutes) in response toSYM -H and
ASY -D indices are also examined.
The best correlations can be seen at different places for
eitherPE or MDPF occurrence rates of outflowing O+:
at the altitude interval of 10–12RE geocentric distance
for PE, and at the altitude interval of 6–8RE geocentric
distance forMDPF . These trends are similar to the cases
for the solar winds, while independent of character of ge-
omagnetic activity (i.e. large negative value ofSYM -H
index, e.g. less than -50 nT, indicates a ring current en-
hancement associated with geomagnetic storms, whereas
large positive value ofASY -D index, e.g. more than
20–30 nT, indicates a east-west auroral electrojet intensi-
fication at the nightside associated with substorm onsets).
Only the optimum time lag for the best correlations is dif-
ferent forSYM -H andASY -D indices.
The spatial (both altitudinal and latitudinal) distributions

(1) Bt, |θ|>135◦ / 8-10RE / Dayside / Time lag: 60 minutes /MDPF

(2) Psw / 6-8RE

(3) E4

(4) Bx,‖ / Time lag: 10 minutes

integration 75-80 deg ILAT 80-85 deg ILAT 85-90 deg ILAT

Figure 6. Latitudinal distribution ofMDPF occurrence
rates at the altitude interval of 6–8RE geocentric dis-
tance (default) and at the time lag of 60 minutes (default).
The left-most columns are latitudinal integration between
75–90 deg ILAT.

of PE andMDPF occurrence rates in response toASY -
D index at the time lag of 20 minutes are shown in Fig-
ure 7 and Figure 8. As shown in these figures, both en-
ergization/acceleration and flux enhancement of dayside
high-altitude and high-latitude outflowing O+ correlate
to ASY -D index, i.e. higher energy of outflowing O+

appears at higher altitudes and more equatorward, while
flux enhancement of outflowing O+ appears at lower al-
titudes and more poleward. The former trend is similar to
the case forKp index (Arvelius et al., 2005a). However
these correlations are not as clear as those for the solar
winds.

3. SUMMARY

We summarize this investigation and conclude as follows:

1. The energization and/or acceleration of dayside out-
flowing O+ at high altitudes and high latitudes is
directly (i.e. nearly immediately in time scale) con-
trolled by solar winds. The processes occur at two
places: one is at the high-altitude poleward and/or
the mantle region controlled by the IMF, the other at
the entire polar cap above 8RE geocentric distance
controlled by the solar wind moments (Np, Vx and
Psw, but not byE4).

2. The keV O+ has a positive correlation to strong
southward IMF andVx, but a negative correlation to
Np andPsw. There is no correlation between keV
O+ and the solar wind electric field (E4).
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(1) 10-12RE / ASY -D / Time lag: 20 minutes /PE

(2) 8-10RE

(3) 6-8RE

integration 75-80 deg ILAT 80-85 deg ILAT 85-90 deg ILAT

Figure 7. Spatial distribution ofPE occurrence rates in
response toASY -D at the altitude interval of 10–12RE

geocentric distance. The left-most panels are latitudinal
integration between 75–90 deg ILAT.

(1) 10-12RE / ASY -D / Time lag: 20 minutes /MDPF

(2) 8-10RE

(3) 6-8RE

integration 75-80 deg ILAT 80-85 deg ILAT 85-90 deg ILAT

Figure 8. Spatial distribution ofMDPF occurrence rates
in response toASY -D at the altitude interval of 6–8RE

geocentric distance. The left-most panels are latitudinal
integration between 75–90 deg ILAT.

3. The energization and/or acceleration process(es) of
dayside outflowing O+ in which the energy level
achieves more than 1 keV occurs locally at high al-
titudes. On the other hand, the flux enhancement of
dayside outflowing O+ occurs in the entire polar cap
region and is strongly related to the dynamics of the
ionosphere. These differences are confirmed by the
investigation of optimum time lags for the best cor-
relation to the solar wind moments / the IMF condi-
tions.

4. The peak flux of dayside outflowing O+ has a pos-
itive correlation to strong southward IMF,Psw, and
E4, which is fully consistent with other previous
studies.

5. Both keV energization/acceleration and flux en-
hancement of dayside outflowing O+ correlate to
geomagnetic activity, i.e. higher energy outflowing
O+ appears at higher altitudes and more equator-
ward, and flux enhancement of outflowing O+ ap-
pears at lower altitudes and more poleward. How-
ever these correlations to geomagnetic activity are
not as clear as those to the solar winds.

The contents of this paper are excerpted from Arvelius
et al. (2005b). The investigation of relationships be-
tween 3-hour-averaged solar wind parameters (including
the IMF conditions) andKp index has also been done and
the results are described in Arvelius et al. (2005c).
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