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Abstract. The results of a statistical study of oxygen ion relative abundance of the two ion species, including when the
outflow using Cluster data obtained at high altitude aboveO™ ions dominates. The thermal velocity of Qvas always

the polar cap is reported. Moment data for both hydrogenwell below that of H-. Thus perpendicular energization that
ions (H™) and oxygen ions (®) from 3 years (2001-2003) is more effective for & takes place, but this is not enough to
of spring orbits (January to May) have been used. The alti-explain the close to similar parallel velocities. Further paral-
tudes covered were mainly in the range 5Rl2geocentric  lel acceleration must occur. The results presented constrain
distance. It was found that Ois significantly transversely the models of perpendicular heating and parallel accelera-
energized at high altitudes, indicated both by high perpendion. In particular centrifugal acceleration of the outflowing
dicular temperatures for low magnetic field values as wellions, which may provide the same parallel velocity increase
as by a tendency towards higher perpendicular than parallefo the two ion species and a two-stream interaction are dis-
temperature distributions for the highest observed temperaeussed in the context of the measurements.

tures. The @ parallel bulk velocity increases with altitude
in particular for the lowest observed altitude intervalst O
parallel bulk velocities in excess of 60 km'swere found
mainly at higher altitudes corresponding to magnetic field
strengths of less than 100 nT. For the highest observed par-
allel bulk velocities of G the thermal velocity exceeds the
bulk velocity, indicating that the beam-like character of the 1  Introduction

distribution is lost. The parallel bulk velocity of theHand

O™ was found to typically be close to the same throughoutThe circulation and energization of ionospheric origin oxy-
the observation interval when the"tbulk velocity was cal-  gen ions play a fundamental role in the dynamics of the
culated for all pitch-angles. When theHbulk velocity was  earth’s magnetosphere (e 8helley et al. 1972 Winglee
calculated for upward moving particles only the paral- et al, 2002. The non-thermal energization and outflow
lel bulk velocity was typically higher than that of'O The  of planetary origin ions may also be an important loss-
parallel bulk velocity is close to the same for a wide range ofmechanism for planetary atmospheres as discussed by for ex-
ampleLundin et al.(1989; Seki et al.(2001). Understand-
Correspondence ta4d. Nilsson ing the full circulation of oxygen ions in the earth’s mag-
(hans.nilsson@irf.se) netosphere requires an understanding of all steps from the
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1100 H. Nilsson et al.: High altitude oxygen outflow characteristics

initial upflow in the ionosphere, subsequent energization and (1) In paper 1 an apparent relation between the field-
outflow along the magnetic field-lines and finally the trans- aligned bulk velocity of H and O~ was reported. Is this
port in the tail to the inner magnetosphere or loss through thea general result for outflow over the polar cap?
magnetopause. Such a coupling between the two ion species has been re-
The initial ionospheric upflow, usually associated with ported previously, mainly in the taiFfank et al. 1977 Seki
strong electric fields and associated Joule heating can bet al, 1998 but also at lower altitudes in the auroral zone
studied by incoherent scatter radar (&\Ngsson et al. 1996 (e.g.Mobius et al. 1998 and references therein). For the
Ogawa et a].2003. These upflows are gravitationally bound particular case of paper 1 the"Gons had a higher parallel
and may result in later downflows also observable by inco-bulk velocity than K, but when the latter was calculated for
herent scatter radars. However, in the topside auroral ionoupward moving particles only the velocity was close to the
sphere significant transverse heating is often observed (e.@ame. This indicates that an energization mechanism which
Norqvist et al, 1998. Such low altitude upflow and ener- is more efficient for heavy ion#ftonovg 1983 Guglielmi
gization are likely to determine the fluxes of all outflow also and Lundin 2001, Cladis 1986 and / or a two-stream insta-
at higher altitude as it represents a modulation of the sourcehility between the two ion specie8¢rgmann et al.1988
The transversely accelerated ions subsequently move out-udlow and Kaufman1989 Winglee et al. 1993 Krauklis
ward, their transverse energy gradually transformed to paralet al, 2007) is operating. In this paper we present a statis-
lel energy by the mirror force. Such transversely heated andical investigation of the relation betweerHand O" bulk
subsequently outflowing ions observed close to the heatingarallel velocities as observed over the polar cap.
region are known as “conics” (for recent reviews sgwlré (2) Do further heating/ cceleration of*Oions generally
and Yay 1997 Yau and Ande, 1997 Moore et al, 1999. take place at high altitude (5-H})?
At larger distances from the source the conic shape cannot Attempts to relate the energy of observed outflowing oxy-
be resolved and the ions are observed as “beams”. A beangen ions in the cusp region to observation altitude clearly
like distribution may also be caused by upward acceleratiordemonstrate that the energy increase with altitude at least
in an upward-directed field-aligned potential drop which fre- in the lower altitude intervals up to Rg (Dubouloz et al.
guently occur in the auroral zone. A two-stage acceleratior2001). Bouhram et al(2004) reported a saturation of the'O
involving first transverse heating at low altitudes followed by heating rates above&lR . Work based on Polaténnarts-
field-aligned acceleration has for exampled been suggesteson et al. 2004 showed that the © energy is significantly
by Klumpar et al.(1984. increased at 4—Rg as compared to perigee passes &iz2
The study presented here is a follow up of a case study obut no subdivision of the higher altitude region was per-
O™ outflow at high altitude over the polar cap reported by formed. This was done b#rvelius et al.(2005 (paper 2)
Nilsson et al.(20049 (paper 1). It thus constitutes a study who surveyed peak differential particle flux and energy of
of the link between the low (e.dNorgvist et al, 1998 An- peak differential particle flux for all ®ion beam events ob-
dersson et al2005 and mid altitude energization related to served over the polar cap by Cluster during January to May
the cusp region (e.d8ogdanova et al2004 and the tail & from 2001 to 2003. They demonstrated that the statistical

beams reported biyrank et al(1977); Seki et al.(1998. distribution of more energetic ions (1 keV and above) in the
O™ particles outflowing over the polar cap originate from 6-12R £ geocentric distance interval was not consistent with
the cusp region as has been showrbioypouloz et al(2002); just a velocity filter effect in combination with a low altitude

Bouhram et al (2003 2004; Nilsson et al.(2004; Bog- heating source. Additional energization at high altitude (8—
danova et al(2004. Paper 1 reported both increasing par- 12 Ry geocentric distance) was clearly evident. The nature
allel velocity and increasing isotropic temperature of the O of this further heating / acceleration could not be identified
beam with altitude. The temperature estimates in paper based on the used data set. The first question has thus already
were of the kinetic temperature, i.e. an integration of ob-been answered, but the precise nature of this high altitude en-
served particles, not a fit of a Maxwellian. The observedergization remains poorly understood. We use moment data
distribution of O parallel bulk velocity could be explained of both OF and H" to shed more light on the high altitude

by transverse heating at around R altitude in combina-  energization of O ions. In particular the perpendicular ion
tion with the velocity filter effect and observed convection. temperature is an important complement to paper 2, as high
However this explanation was not consistent with observedperpendicular temperatures at high altitudes are inconsistent
perpendicular temperatures and the parallel to perpendiculawrith passive transport due to the action of the mirror-force.
temperature ratios (which were isotropic). Gradual (though (3) In paper 1 the ion temperatures reported showed a ten-
not necessarily continuous) heating over extended altitudelency towards isotropy (though with large deviations for sin-
intervals up to at least close to the observation altitude wagjle measurement points). What causes the tendency towards
suggested as a plausible explanation of the observations. Thsotropic temperature of the'‘Obeam observed at high alti-
questions which arose out of the case study but which couldude, and is it a general result?

not be answered with confidence based on just one case were:
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Simple calculations and simulations performed in paper 1 CIS—CODIF
showed that if the upper magnetosphere is a passive trans-
port region the observed kinetic temperature of the ion beam 151
should not be isotropic. The perpendicular temperature iscoor uocds ]
continuously decreased by the action of the mirror force, and °3

TANGO (SC 4) 18/Apr/2002

—BM3
F s/c Mode
1

both the parallel and perpendicular range of particle veloci- """ " ) "

ties observed (i.e. the kinetic temperature) is determined by 100002 | it i .f.;r s

the time of flight dispersion, i.e. higher temperatures for a % 10002 e 70

shorter time-of-flight from the source. We follow up paper 1 “ 1002 1 |"f”h‘ L oAl 5.7

with a study of how temperature ratios and the perpendicu- 10 ] i . . . } — o 44
T NULUTRRR A |

lar temperature varies with altitude. A more complete study 10000
of the case reported in paper 1 has now been performed, in-
volving also wave data and simulations (Hobara et al., 2005,
paper 3}. The statistical data is discussed in the light of this
more complete case study.
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We use data from the Cluster lon Spectrometer (CIS) on- 3 50 il | I " H ‘IO l,‘,lll.“"‘;_ g 0.7
board Cluster Il spacecraft 4. The CIS instrument is de- . I C U T E ¢ B
scribed in detail irRéme et al(200]). CIS consists of two : : : : -
different ion spectrometers, Composition Distribution Func- -
tion (CODIF) which can resolve the major magnetospheric o et
ions and Hot lon Analyzer (HIA) which has no mass resolu- :Bi';e_m

tion but higher angular and energy resolution. We will only
present results from the CODIF instrument.

12:00 13100 14100 15:00 16:00 17:00 18:00 19:00

A . X . R
CODIF can resolve H, Het™, He™ and O through a s 038 p 52 %
1 ' ZGSE 5.94 7.43 8.09 8.24 8.06
6.41 8.25 9,98 11,54 12,92

time-of-flight technique. The detector has a field-of-view of T
360 orthogonal to the spin plane, divided into 16 sectors of
225° each. The angular resolution is likewise.®22in the ~ Fig- 1. Cluster spacecraft 4 data from 20020418. Panel 1 shows
spin plane. The energy coverage in the modes of interest t5pacecraft and instrument mode, panel 2 instrument sensitiyity.
us is from 15 eV per charge up to 38 keV per charge in up tc)Panels 3 and 4 show the™Hand O energy spectrograms, parti-
30 logarithmically spaced steps wit JE of 0.16 cle flux integrated over all directions. A part of thé @pectrogram

contaminated by H is indicated with a red circle. Panels 5 and 6
Furthermore we use data from the Cluster fluxgate magnezn s pitch-angle spectrograms of Hind OF respectively. The

tometers Balogh et al. 2001). angles are in the spacecraft reference frame so the apparent pitch
angle for the cold & beam is actually the angle between the par-
2.2 Dataset allel velocity and convection velocity. Pitch-angle 0 is along the

_ _ direction of the magnetic field so that 1813 outflow in the north-
The data set consists of alffCbeams clearly seen in the en- ern hemisphere. Panel 7 shows the magnetic field, both total (red

ergy spectrograms of the CODIF data for spring (January tdine) and GSE components (orange, black and blue for x, y and z
May) of the years 2001 to 2003. This corresponds to highrespectively).

altitude passes over the polar cap. Most of the ion beams

were observed at geocentric distances between 5 aRg 12

-Ie-Pgey Zf)aer(;fogre;ri;deﬁr\ltcn;f:r t:;gtiggi;’;i"ﬂ;gspﬁzﬁgzr;g\fvﬁ? beams are n_ot included in this work (ekdstler et al, 2002.

. ' : "Characteristic features of the energy spectrograms are the rel-

.F Igll ﬁ dOnth bearr;] events Iasftmg m%re thap al? hour W.ereatively narrow structure in the Ospectrogram distribution,

included. Thus other types of more dynamically OCCUMNY e continuous increase of energy in the higher altitude part
1Hobara, Y., Nilsson, H., Arvelius, S., Lundin, R., Sundkvist, of the orbit (vv_hich also maps to Iowgr geqmagnetic latitude)

D., Andté, M., Cornilleau-Wehrlin, N., Balogh, A., Buchert, S. C., for both species, and the general similarity between the O

Reme, H., and Sauvaud, J.-A.: Cluster observations of high altitudd>¢@m and the high-energy cut-off of the flux distribution.

oxygen outflow burst and associated wave activities, Ann. GeophysThe intense Fi fluxes are clearly of magnetosheath origin

in preparation, 2006. (see paper 1 and papersBguhram et al(2003; Bogdanova

www.ann-geophys.net/24/1099/2006/ Ann. Geophys., 24, 100122006



1102 H. Nilsson et al.: High altitude oxygen outflow characteristics

the lowest energy channels of CODIF. The CCAT software
was used to calculate the moments from the 3-D distribu-
tions transmitted to ground. Measurements of the magnetic
field were used in the calculation of parallel and perpendicu-
lar temperatures (not the diagonalization method sometimes
used). The temperature is thus a kinetic temperature calcu-
lated by numerical integration of the measured particle distri-
bution. The data set consists of 120 events and about 350 000
data points of 16 s. (4 spin accumulation) moment data. This
was further reduced to 34 000 datapoints of 1-min resolution
where both H and OF data were present and valid. The
initial validation consisted of a check that the perpendicular
ion temperature estimate was non-zero and that the absolute
value of the GSE z coordinate was larger than 3. Data with
an O field-aligned velocity of less than 22 kmswas ex-
cluded, as this corresponds to the minimum usede@ergy
(for the cold beam of Figl this corresponds to the lowest
energy part of the beam observed just after 12:00 UT). Fur-
ther data validation is discussed in Se&t.The same time
periods were used in paper 2, but then only peak differential
2 flux and energy of peak differential flux were used, not the
X GSE [Rg] moment data used in this study. Fig@rehows the GSE co-
ordinates of all valid data points (black) and the projection
Fig. 2. GSE coordinates of all valid data points used in the study Of the location of the data points on the X-Z and X-Y planes
(black dots). The points usually forms continuous lines (individual (Qrey).
orbits). The projection on the X-Z and Y-Z plane is shown with grey
points.

ZGSE[Ry]

Y GSE [R

g

3 Data validation

et al.(20049 for further discussions on this). The low energy The CODIF moment data used in this study may suffer from
H* fluxes seen at the highest latitudes may in principle betwo important limitations which must be followed up care-
of ionospheric origin but they may also be of magnetosheattully: Contamination of the @ mass channel from high
origin, the low energy resulting from time-of-flight effects. fluxes of H" and incorrect moment estimates due to the lim-
As the large fluxes of H are of magnetosheath origin we ited resolution of the instrument. The polar cap Geams
will in the discussion treat all H as being of magnetosheath represent a challenge in both cases as will be discussed in
origin. the following sections.

The characteristic feature of the"Qpitch-angle distribu-
tion is the narrow distribution (the angular resolution of the 3.1 Contamination of the ©mass channel
instrument can be seen in Fi@.panel 6 as the width of
the region with significant flux observed between 12:00 andThe CODIF instrument achieves mass separation through
16:00 UT). Because the thermal velocity for @ lowerthan  a time-of-flight system which is in principle very good at
the drift velocities (it is “cold”) the apparent pitch-angle of separating different masses (or more specifically mass per
the distribution is actually the angle between the parallel bulkcharge). In spite of this, for intense fluxes of ldther mass
velocity and the perpendicular bulk velocity (the convection). channels may be affected by false counts (an example is in-
This is because the pitch-angle is calculated in the spacecratticated with a red circle in the energy spectrogram of O
reference frame and for the relatively cold @his makes a  shown in Fig.1). This is due to chance start-stop coinci-
significant difference. After 16:00 UT the'Opopulation is  dences caused by high proton count rates. For intense enough
less beam-like and hotter than the lopulation. The en- fluxes of H" these chance coincidences will produce signif-
ergy spectrogram may still look thinner forfQhan for H" icant background counts also in theé @me-of-flight range.
but this is because of the higher bulk drift energy in combi- This can be checked a posteriori most of the time, because a
nation with the logarithmic y-scale. The statistics were cal-data product containing the time-of-flight histogram (product
culated for all three spacecraft with working CODIF instru- 28, seeRéme et al(2001J)) is often transmitted to ground for
ments (1, 3, and 4) though we will use only data from space-at least one spacecraft at a time. One may then check if the
craft 4 in this report. Moments were calculated for energiesO™ counts correspond to a local maximum at the correspond-
above 40eV to avoid the problems that sometimes occur iring times in the time-of-flight histogram. We have done this

Ann. Geophys., 24, 1099412 2006 www.ann-geophys.net/24/1099/2006/
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for a number of cases, for example the case 2001-04-12 dis-
cussed in paper 1, but it is not feasible to use this technique

in a statistical study. Instead we have utilized the fact that
the E x B drift should dominate perpendicular drift and be 35
the same for all ion species in the energy range and loca<
tion studied (below 40keV in the polar cap). For the case g
when the G counts are all false counts caused by the intense
H* fluxes seen simultaneously the estimate of tHelx B

drift will be 1/4 of the estimate of the HE x B drift. This

is because the false'Ocounts appear in the same energy
channels as the realHcounts (though at much lower inten-
sity). When these counts are interpreted asdll velocity
moments are one-fourth of the corresponding telocity
moments (the difference in velocity for the same energy be-
ing the square root of the mass ratio which is 16). The data *°
set indeed shows a clear peak in the distribution Bf\@.

H™* E x B drift at the one-to-four ratio (not shown). Because

of limited angular and energy resolution (mostly affecting the
cold O" population, see next section) one cannot demand
that the O to H* E x B ratio should be close to unity for 50 ‘ ‘ ‘ ‘ ‘ Jis0
uncontaminated data, there will be considerable scatter. Em- ‘oo “Iliiiiiii m 1s
pirical tests indicate that demanding the ratio to be above 0.5 ° number o datapoints 0
is suitable. This test removes a significant amount of data-

points, the remaining points are approximately 15000. In-gig 3 ypper panel: Distribution of perpendicularQemperature
terestingly enough, the removal affects mainly the/&* [log eV] for each interval of & bulk velocity [km s™1]. Each col-
parallel velocity ratio distribution. Most of the other statis- umn is normalized, the sum of all data bins in a column is 100%.
tics shown in this paper looked very similar when th& H Also shown are the line of equal thermal and bulk velocity (white)
contaminated data was included. This is because high fluxeand the line of 16% thermal to bulk energy ratio (red). Lower panel:
of magnetosheath ions are mainly seen in regions where theumber of data points contributing to each column (blue bars, left
O™ population is hotter than the Hpopulation so that the y-axis), and 'Fhe n_umber o_f measurement days contributing to the
contamination does not affect the temperature so much. ~ column (red line, right y-axis).

25

log10 O perpendicular temperatu

30 40 50 60 70 80 90 100 110 120 130
0" bulk velocity [km/s]

3.2 Effects of limited angular and energy resolution

for our data we present a plot in Fig.of the distribution of
The O ion beams observed over the polar cap are often coldperpendicular © temperature for each interval offCoulk
With this we mean that the width of the energy spectrumvelocity. Each column is normalized, the sum of all data bins
(the temperature) is small compared to the bulk drift veloc-in a column is 100%. The lower panel of the figure shows
ity which is mainly along the field-line. This means that the the number of data points contributing to each column (blue
field-aligned bulk velocity is well estimated but somewhat bars, left y-axis), and the number of measurement days con-
limited in accuracy by the logarithmic steps of the energy tributing to the column (red line, right y-axis). Also shown
sampling (which reflects the actual energy resolution of theare two lines, one showing the equal thermal and bulk ve-
instrument). The logarithmic stepping of the energy sam-locity (white line) and one showing the 40% thermal to bulk
pling also limits the accuracy of the temperature estimatesvelocity ratio (red line, corresponding to the energy resolu-
The temperature must be high enough to cover several ertion of 16% of the instrument). Measurements closer to the
ergy sample intervals for a decent temperature estimate. Thehite line provide good estimates of temperatures, whereas
dominance of the bulk velocity may also mean that the beanthose closer to the red line will suffer from limited resolu-
is seen only in one sector (& resolution) of the instru- tion effects. Most of the actual samples fall in the region
ment. This may lead the moment computation to attributebetween the red line (energy resolution limit) and the upper
tan22.5° /2 or 20% of the bulk speed to thermal speed or setwhite line (equal thermal and bulk velocity energy). Mea-
it to zero, depending on how the algorithm to determine tem-surements well below the 40% line may also suffer from the
perature is implemented. These limitations are discussed itimited angular resolution effect mentioned above, but this
Paschmann and Dalj1998. When only one sector detects is not a large problem for this data set. The limited reso-
the particles our analysis sets the temperature to zero, anldtion is clearly seen in the large scatter of the parallel to
this data is removed from our data set in the initial valida- perpendicular temperature ratios, as discussed in 863t
tion. For an estimate of how important these limitations arebut it is possible to estimate both parallel and perpendicular

www.ann-geophys.net/24/1099/2006/ Ann. Geophys., 24, 100122006



1104 H. Nilsson et al.: High altitude oxygen outflow characteristics

lel velocity ratios for a given density ratio. Two white lines,
one above and one below the peak occurrence frequency, in-
dicate the narrowest region which contains 50% of the data
points. Two similar red lines are also shown but these are
specific for this particular plot and will be discussed later.
The lower panel of the figure indicates the statistical signifi-
cance of each column by showing the number of data-points
contributing to each column (dark blue bars, left y-axis scale)
and the number of different days contributing to each column
(red line, right y-axis scale). The latter is important, because
a large number of different days contributing to the same re-
sult indicates that what is seen is common. If almost every
data point of a few days contribute to the same column the
result will seem significant from the number of data points
but the result need not be generally valid.

log O*/ H* parallel velocity ratio

@S2 s s 0 08118 2 4.1 Parallel bulk velocity relation

log O*/ H* density ratio

2000 T T T T T — 200 . . . . . .
1500 1150 To investigate question (1) posed in the introduction we com-
a0 15 pare the parallel bulk velocities ofHand O in Fig. 4. This
0 umber of datapoints 0 is done by plotting the © to H* parallel velocity ratio as
function of the O to H* density ratio. The observations
Fig. 4. Upper panel: Distribution of parallel bulk velocity ratio Were made p0|eward of the cusp Where the_ observéd H
of Ot over Ht for each interval of & over H' particle density ~ fluxes are also flowing out, having mirrored in the Earth’s
ratio (log scale). Each column is normalized, the sum of all datamagnetic field. Therefore the direction of flow is the same
bins in a column is 100%. White lines indicate the narrowest re-for almost all cases. The few cases of downgoingdd not
gion around the maximum in each column which contains 50% ofmake a significant contribution and are not included in Big.
all data points. The two similar red lines show the same distribu-as it is the logarithm of the velocity ratio which is shown.
tion limits fo_r the case when the Hmoments were calc;ulated for It can immediately be seen in Fig.that the distribution
upward moving particles only (see text for further details). The ver- et
peaks where the parallel bulk velocities are close to the same

tical red line indicates where the mass density ratio bfatid OF is 0 rati he | o). The 50% li tively cl
unity. Lower panel: number of data points contributing to each col-( ratio on the log scale). The 0 lines are relatively close

umn (blue bars, left y-axis), and the number of measurement day&C the central peak and typically withia0.2 on the log scale
contributing to the column (red line, right y-axis). which means that the two parallel velocities are within a fac-

tor 1.5 of each other. Thus close to the same parallel bulk ve-
locity for the two ion species is the most common situation,

temperatures from the data. One may also note that for th&ot just frequent enough to stand out in the statistical dis-
higher bulk velocities (most pronounced above 100 k) s  tribution. It is particularly noteworthy that the parallel bulk
the thermal velocity typically exceeds the bulk velocity, i.e. velocity ratio is close to unity for a wide range of density
the distribution has lost its beam character. ratios. A vertical red line in Figd indicates the particle den-
sity ratio where the mass density ratio is unity. This shows
that the O population dominates in mass for a significant
4 Results part of these cases. This may be important if a two-stream
interaction is the explanation for the close to similar parallel

The statistical results will all be shown in the same format velocity ratio.

used in Fig4 which we will take as an example to describe  In paper 1 better agreement was found when the H
the format. The upper panel shows the occurrence frequencgnoment was calculated for upward moving particles only.
of the data on the y-axis for each corresponding data on th&herefore we have investigated the same relation as was
x-axis. The data is normalized for each column. Thus if all shown in Fig.4 but with the H- moments calculated for
data is contained in the plot, the sum of the occurrence freupward moving particles only. The result is shown by in-
quency over each column is 100%. In Fgthe ratio of the  cluding the smallest region which contains 50% of the data
field-aligned (parallel) component of the bulk drift velocity as two red lines in Figd. As can be seen the distribution
of O™ and H' is compared with the density ratio of the two is now shifted towards higherHthan O" velocity. Clearly

ion species. The density ratio is found on the x-axis, and thehe parallel bulk velocity of the two ion species is in general
plot thus illustrates the relative occurrence of different paral-much more similar when the full distribution is used for the

Ann. Geophys., 24, 1099412 2006 www.ann-geophys.net/24/1099/2006/
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Magnetic field [nT]
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Fig. 5. Upper panel: Distribution of magnetic field intensity [nT]
for each interval of & parallel velocity [km §1]. Each column

500
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log O / H* parallel velocity ratio
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Fig. 6. Upper panel: Distribution of logarithm of ©to H* bulk
parallel velocity ratio for each interval of magnetic field intensity

is normalized, the sum of all data bins in a column is 100%. White [nT]. Each column is normalized, the sum of all data bins in a col-
lines indicate the narrowest region around the maximum in each column is 100%. White lines indicate the narrowest region around the
umn which contains 50% of all data points. Lower panel: Number maximum in each column which contains 50% of all data points.
of data points contributing to each column (blue bars, left y-scale),Similar red lines indicates the same but fof homents calculated
and the number of measurement days contributing to the columror upward moving particles only. Lower panel: number of data
(red line, right y-scale). points contributing to each column (blue bars, left y-scale), and the
number of measurement days contributing to the column (red line,
right y-scale).
H* moments. In the following section we will also compare
the parallel bulk velocity ratio as a function of magnetic field
strength / altitude. rather indistinct peak in the distribution. Plotting the vari-
ables the other way around would yield the opposite visual
result (though the meaning of the plot would be the same). It
is clearly seen that the highest velocities are only seen at low
To contribute to question (2) posed in the introduction we magnetic field intensities, but there is otherwise no strong
compare the parallel velocity and perpendicular temperatur@nd simple relation between observed magnetic field inten-
of OT to the magnetic field strength. The magnetic field is sity and parallel velocity of O.
used as a proxy for altitude because of the importance of We also complement the discussion about the parallel bulk
the magnetic mirror force. For passive (adiabatic) transporielocity ratio of O" and Ht of the previous section by show-
along the field-lines the mirror force will transfer perpendic- ing the altitude dependence of this ratio in FégAs can be
ular energy to parallel energy, and the perpendicular temperseen the ratio is closest to unity in the altitude range corre-
ature should thus decrease with altitude. sponding to magnetic field-intensities between 50 and 150 nT
Figure 5 shows the distribution of magnetic field inten- (corresponding on average to geocentric distances of 11.7
sity for each interval of parallel velocity. This is opposite and 7.5Rg respectively for our data set). The velocity ratio is
to what is otherwise used in the paper where the distributiortypically above —0.6 on the logarithmic scale throughout the
for each magnetic field intensity interval is shown. This is observation interval which means that thé Hulk velocity
because a large range of high velocities can be seen for thigpically is less than 4 times higher thart OThus the par-
lowest magnetic field intensities. This is now clearly seen inallel bulk energy of @ is essentially always higher than that
the plot, whereas the large spread of different relatively highof H*. Two red lines in Fig6 indicate the narrowest region
magnetic field values for the low parallel velocity yields a which contains 50% of the data when the homents are

4.2 Altitude dependence
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log10 O* perpendicular temperature [eV]
log10 H' perpendicular temperature [eV]
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Magnetic field [nT] Magpnetic field [nT]
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Fig. 7. Upper panel: Distribution of ® perpendicular temperature  Fig. 8. Upper panel: distribution of H perpendicular temperature
[log eV] for each interval of magnetic field intensity [nT]. Each [log eV] for each interval of magnetic field intensity [nT]. Each
column is normalized, the sum of all data bins in a column is 100%.column is normalized, the sum of all data bins in a column is 100%.
White lines indicate the narrowest region around the maximum inWhite lines indicate the narrowest region around the maximum in
each column which contains 50% of all data. Lower panel: numbereach column which contains 50% of all data. Lower panel: number
of data points contributing to each column (blue bars, left y-scale),of data points contributing to each column (blue bars, left y-scale),
and the number of measurement days contributing to the columrand the number of measurement days contributing to the column
(red line, right y-scale). (red line, right y-scale.

calculated for upward moving particles only. The BBulk values of 100 nT. For higher values the temperature is ap-
parallel velocity is then consistently higher for the khan proximately the same as for the lowest magnetic field values,
for O*, and agreement is much less close. The two veloc-a few hundred eV. The assumed source of intense fluxes of
ities are closest at around 75nT, and slope down towards & is the magnetosheath, where the typical temperature is
velocity ratio of about 4 (logarithm —0.6) on both sides of 100 to 200 eV. The most frequently observed temperature for
this maximum. Clearly the similarity between the two par- HT at 100 nT is thus at or below the lowest expected temper-
allel bulk velocities is much higher for all altitude intervals ature of the magnetosheath source. The most frequently ob-
when the H moments are calculated for all particles, not served temperature at 50 nT is more than twice the expected
just upward moving. source temperature and a significant amount of samples are
We now turn to the distribution of the perpendicular tem- seen above 1keV. Clearly the*Hons are also energized
perature with altitude (magnetic field strength). The per-compared to the source in the magnetosheath, in the same
pendicular energy clearly increases for magnetic field val-region as where the Oions are energized. However, as the
ues below 150nT as can be seen in Fg.This increase main H™ source is above the mirror field of the Earth’s mag-
with decreasing magnetic field / increasing altitude indicateshetosphere, we cannot tell if they were energized on their
high altitude perpendicular energization because for adiaway up or down. Significant energization of downgoing mag-
batic transport we would expect the temperature to fall duenetosheath H fluxes would lead to mirroring at higher alti-
to the action of the mirror force. The temperature increasegudes than without the heating and contribute to a net outflow
from a few tens of eV to above 1keV at the highest altitudesof H*. In both cases the heating would contribute to subse-
(lowest magnetic field)). A similar plot for His shown in  quent outflow of both ion species, irrespective of the initial
Fig. 8. The tendency is similar as forObelow 150 nT, but  direction of flow of H*.
increases from just below 100 eV up to about 500eV. The In the previous section we compared two simultaneously
H* temperature exhibits a clear minimum at magnetic fieldobserved moments with each other which is a very robust
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log10 O particle flux cm™?s™*

log10 O* perpendicular temperature [eV]
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Magnetic field [nT] log10 H' perpendicular temperature [eV]
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Fig. 9. Upper panel: distribution of ® particle number flux  Fig. 10. Upper panel: distribution of ©® perpendicular temperature
[log cm‘zs_l] for each interval of magnetic field intensity [nT]. [log eV] for each interval of H perpendicular temperature [log
Each column is normalized, the sum of all data bins in a column iseV]. Each column is normalized, the sum of all data bins in a col-
100%. White lines indicate the narrowest region around the maxi-umn is 100%. White lines indicate the narrowest region around the
mum in each column which contains 50% of all data. Lower panel: maximum in each column which contains 50% of all data. Lower
number of data points contributing to each column (blue bars, leftpanel: number of data points contributing to each column (blue
y-scale), and the number of measurement days contributing to théars, left y-scale), and the number of measurement days contribut-
column (red line, right y-scale. ing to the column (red line, right y-scale).

comparison with few underlying assumptions. For the com-field strengths between 50 and 100 nT. Finally one may check
parison with magnetic field and (implied) altitude the situa- the correlation coefficient for magnetic field strength and in-
tion is a bit more complicated. For each individual orbit of variant latitude for our data set which is 0.0244 for magnetic
the satellite the bulk drift energy and temperature decrease telds between 50 and 150 nT. Thus there is some bias in the
higher latitudes (and for a typical orbit this also means lowerlatitude—altitude interval, but it is much weaker than the cor-
altitude and higher magnetic field) which may be due to a\,e_re_zlations found between _magnetic field (altitude) and perpen-
locity dispersion effect. Far away from the source (the opendicular temperature. A final check can be made by looking
magnetopause of the cusp for magnetosheath origiroly qt the particle numper flux forf] nprmahzed toa mag.net[c
the slowest particles from the initial injection still remain. field of 50000 nT (ionospheric altitude). The normalization
The apparent altitude dependence can thus be a latitude dé& Made to take into account the widening of the flux tube.
pendence. For our statistical data set the orbits vary and sanit N0 new particles are introduced at higher altitudes there
ple the same latitude at different altitudes, but effects due toshould not be an altitude dependence of the particle flux. In
a biased sampling in latitude—altitude space may still remainPrinciple cold particles could be brought into the instrument
Comparing the data versus estimated invariant latitude of thén€asurement range at any altitude but significant counts are
satellite instead of magnetic field value yields a much weake©nly seen in the lowest energy channels at low altitude when
or no correlation judging from a plot of the same type asthe entire O beam has a low energy (see Fig. A plot

in Figs. 7 and8. This can be quantified by calculating the of O™ particle flux vs. magnetic field strength is shown in
cross-correlation coefficients between the data sets. Thesgd- -

are for the relation logarithm of ©Otemperature to magnetic As can be seen the particle flux is fairly constant for
field strength and invariant latitude —0.57 and —0.011 respecmagnetic field values between 50 and 150 nT. The generally
tively, for magnetic field strengths between 50 and 150 nT.lower fluxes at higher magnetic field values and the higher
For H™ these coefficients are —0.17 and —0.048 for magnetidluxes at low magnetic field values are likely latitude effects.
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corresponding to a factor 3 difference. The high-energy cut-
off of the instrument may to some extent affect this result,
but very few datapoints show temperatures above 10 keV.

4.3 Perpendicular to parallel temperature ratios

In order to contribute to question (3) posed in the introduc-
tion we show in Fig11 the distribution of the logarithm of
perpendicular to parallel temperature ratio of @r a given
perpendicular ® temperature.

For temperatures below a few hundred eV there is large
scatter around O (i.e. isotropic distribution). This is consis-
tent with the temperature typically being smaller than the
bulk kinetic drift energy for these temperatures (RAjthus
making accurate temperature and in particular temperature
anisotropy estimates more difficult. Above 1keV tempera-

ture the data is much less scattered and shows a clear ten-
15 2 25 3 35 . .
log10 O* perpendicular temperature [eV] dency towards higher perpendicular than parallel tempera-
1000 ‘ ‘ ‘ ‘ ‘ . tures. This is often a signature of local heating, as the mirror
o0 o force will decrease the kinetic perpendicular temperature if
Eﬁillllll“Illllllllllljl]ii the ions move up along the field-line. lons may in principle
° nurmber of datapoints ° have been energized in both perpendicular and downward di-
rection above the observation point, but once again the mirror
Fig. 11. Upper panel: distribution of logarithm of Operpendicular  force will limit how far such a population can move down the
to parallel temperature ratio for each interval of @erpendicular  field-line before it mirrors.
temperature [log eV]. Each column is normalized, the sum of all
data bins in a column is 100%. White lines indicate the narrowest
region around the maximum in each column which contains 50% of5  Discussion
all data. Lower panel: number of data points contributing to each

column (blue bars, left y-scale), and the number of measurement; Nearly equal Ff and O parallel velocities
days contributing to the column (red line, right y-scale).

o W |
AN/

log10 O* perpendicular to parallel temperature ratio

Figures4 and 6 show very clearly that nearly equal field-
aligned velocity is the most common situation for knd
To study latitude dependence in detail one must compar&™ observed in the polar cap / mantle region. There are es-
with the distance to the cusp/injection region and take thesentially three ways to obtain this situation:
observed convection into account, just a fixed invariant lat-
itude is not good enough (e.walek et al, 2002 Dubouloz 1. Both species can in some sense be said to come from the
et al, 2001). This will be left for a future study. same limited source region and particles with the same
velocity are seen at the same time some distance away

Finally it is worthwhile to also directly compare the per- . )
from the source (a time-of-flight effect).

pendicular temperature of Owith that of H", as shown in

Fig. 10. . . .
9 o ) o , ) 2. Bothion species are energized to nearly the same veloc-
The relation is very tight, but it is not the linear relation- i

ity.
ship seen for the parallel bulk velocity. Instead the 8m- Y
peratures cover a much wider temperature span. The relation 3 Energy is transferred between the populations through a

is log;p To+=1.55 log;o T+ —1.1 for Ht temperatures up to two-stream interaction.
1keV. If both species were heated to the same thermal ve-
locity, i.e. O 16 times higher temperature thar khen the Possibility (1) cannot be the explanation for our observa-

slope would still be 1 but with an offset of 1.2 on the logarith- tions, because theHpopulation is warm (high temperature
mic scale. The difference betweerr@Qnd H" temperature  compared to bulk drift velocity), and a time-of-flight effect
never reaches 1.2 on the log scale in Hig. Therefore even  would make only a narrow range of velocities (energies) be
if the parallel velocity ratio is close to one-to-one through- seen at a significant distance from the source (see paper 1
out the observation region the thermal velocity is never thefor further discussion on the velocity dispersion effect). This
same for the two ion species and the temperature ratio for thalso means that it is not so simple that once two populations
two species changes with altitude. For the highest temperaare moving with the same velocity they will stay together.
tures the difference in FiglOis about 0.5 on the log scale The H' has a high thermal velocity compared to the bulk
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drift velocity. Only a narrow part of the population will ac- the change of magnetic field-direction occurs as the particles
tually follow the simultaneously observed (colderj @op- move along the field-line it also depends on the field-aligned
ulation. Note that for the polar cap it is possible that a regionvelocity of the particles. The latter also determines for how
limited in both altitude and latitude associated with the cusplong time the particle experiences the acceleration so that the
is a feasible source for both magnetosheath origin ions angbarallel velocity will not matter for the finally achieved ve-
energized O ions observed over the polar cap (Bguhram  locity increase. Making a proper estimate of the centrifugal
etal, 2003 Bogdanova et 812004. Magnetosheath ions en- acceleration requires estimates of the field-line change of di-
ter the magnetosphere and mirror in this region anddhs rection along the field-line, along the convection direction
get energized to significant energies in the same region. Asind with time. This is difficult to do properly but a multi-
discussed in paper 1 much of the narrowness in energy of thepacecraft technique could lead to a good estimate. Using
O™ beam may be due to velocity dispersion of ions emanat-a dipole magnetic field and the observed convection for our
ing from such a source region. However this cannot explaindata-set we obtain a typical velocity increase due to chang-
the similarity between the parallel bulk velocity of the two ing magnetic field-direction along the magnetic field-line of
species as the velocity distributions are so different. afew kms? to a few 10kms? per Earth radii Rz) travel
Possibility (2) may explain the observations of similaf H distance along time-independent field-lines. This is in agree-
and O parallel velocities if it can be said that the initially ment with the calculations dEladis (1986 who used a Kp
more energetic M ions are also further energized. If the dependent magnetospheric magnetic field model and a model
energization mechanism is more efficient for cold and heavyconvection electric field. In the model @ladis (1986 the
particles the initially cold heavier particles may quickly catch particles reached about 100 eV energy (35 ki) safter 2 h
up. Energization of particles of different mass up to the sameravel time along the highest altitude orbits (their trajectory
velocity rather than the same energy is discussed in somé&) which should be most similar to our high-altitude trajecto-
publications, e.g. acceleration associated with drifting in-ries. Energies above 1keV (above 100 krh)swere mainly
homogeneitiesAntonova 1983, through the ponderomo- found in the central plasma sheet region where the field-line
tive force (e.g.Guglielmi and Lundin2001, and references radius of curvature is small. This still indicates that the cen-
therein), through stochastic acceleration in A&lfivwaves trifugal acceleration is a feasible parallel acceleration mech-
(e.g. Chaston et a].2004 and references therein) and fi- anism which can partially explain the high and similar paral-
nally field-aligned acceleration associated with the convecdel velocities of H™ and O" above the polar cap. Centrifugal
tion electric field and curved magnetic field lines, termed acceleration cannot explain why the similarity is most pro-
centrifugal accelerationQladis 1986 Cladis et al, 2000. nounced when the full distribution function of'Hs used.
We will first consider the mechanisms which achieve paral- Possibility (3) can clearly explain the relation between the
lel acceleration through initial perpendicular heating. Thereparallel bulk velocity of H and O" reported in this paper.
is indication in the perpendicular ion temperature data thatAccording to the work ofLudlow and Kaufman(1989 a
the H™ population is energized in the perpendicular direction two-stream interaction may also lead to some perpendicu-
as the reflected magnetosheath particles travel out along thiar heating of the @ population. In paper 1 the Oparallel
field-lines (see Fig8 and Sect4.2). The details of thisis dis-  velocity was even higher than that for'tHwhich seems in-
cussed in Secb.2 Even though our data confirm a stronger consistent with a two-stream interaction. However when the
heating for G than for H" we never see the same thermal H* velocity was calculated for only upward moving parti-
velocity for the two ion species, whereas the similarity in cles the velocities were close to the same. We can note that
parallel bulk velocity is seen throughout the observation re-in the statistical data presented in this paper this is not the
gion. Therefore perpendicular heating contributes, givingtypical situation. Using Fi moments calculated only for the
O™ a higher energy than H but not enough to reach the upward moving population does not improve the statistics at
same parallel velocity. Furthermore perpendicular heating tall. What speaks strongly for a two-stream interaction is that
the same velocity and subsequent outflow involves only up-this very obviously should lead to close to the same parallel
ward moving particles and cannot explain why the similarity velocity for the two ion species and it is plausible that also
is better when the bulk velocity of His calculated for all downward moving H particles can have an influence. The
particles. other mechanisms can lead to a similar velocity increase, but
The so called centrifugal force mechanism on the otherwhen considering the different source locations (ionosphere
hand may provide precisely the needed further parallel acvs. magnetosheath) and source temperatures (of the order of
celeration. Whereas it cannot explain the perpendicular heatt eV vs 100 eV) it is not obvious that close to the same par-
ing of O* it contributes to the increase of parallel velocity. allel velocity should be the final result. What speaks against
Acceleration occurs when the magnetic field change of directhe twostream interaction is that the parallel velocity is close
tion has a component along tli&x B drift velocity (Cladis to the same for a large range of relative abundance of the two
1986 Northrop 1963 Horwitz et al, 1994. The velocity  particle species. There is not one faster major species from
increase depends on variables used in this study: the perpemhich energy is transferred to the same minor species for all
dicular drift velocity and magnetic field direction, and when conditions.
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5.2 High altitude heating of H#and OF time. Our statistical study confirms that higher perpendicular
than parallel thermal velocity is often observed at the high-
It has already been shown Byvelius et al.(2009 that ad-  est altitudes. It is therefore worthwhile to use the statistical
ditional energization occur for ©at high altitudes above database to find clear cases of high perpendicular to paral-
the polar cap. Our observation of increasing perpendiculatel temperature ratios and investigate the wave data for these
temperature for high altitude (low magnetic field) shows thatevents. This way it may be possible to learn more about the
there is persistent perpendicular heating of ionospheric oridetails of the heating mechanism. Relating the observations
gin ions over extended altitude intervals up to the highest obto wave data is more difficult than characterizing the parti-
served distances (about ®Z). The perpendicular to paral- cle data as we have done in this paper. This is because the
lel temperature ratio further emphasize high altitude heatingactual heating and/or two-stream interaction need not take
by showing a preference for higher perpendicular to paral-place just when/where the observations were made (if it is
lel temperature ratios for the highest observed temperaturesporadic and or limited in time as suggested by the results
(which occur at low magnetic field / high altitude). There ex- presented in paper 3). However it must reasonably take place
ists a clear relation between observed Bnd O" perpen-  on some occasions when and where the observations were
dicular temperature (Figl0). The strong increase of O  made and the statistical data base is suitable to chose some
temperature with altitude, despite the action of the mirrorlikely cases, i.e. when the perpendicular to parallel temper-
force, as well as the tight coupling between the temperatureture ratio or the H to OT parallel bulk velocity ratio was
of the two species points towards a mechanism which prefhigh. This will be done in a future study.
erentially heats @. This need not be one of the mechanisms
mentioned under possibility (2) in the previous section, in
principle a wave frequency spectrum which is stronger at thes Conclusions
O™ gyro frequency than at the'Hgyro frequency could lead
to stronger heating of ©. However the strong coupling in  We have made a statistical characterization of high altitude
temperature apparent in Figy0 should in such a case result (6—12Rg) O beams and the typical relation to simultane-
from the altitude dependence of the temperature of the twausly observed H fluxes of magnetosheath origin. It was
ion species. However the relation between the temperature dbund that the temperature of*Oincreases strongly with
the two species is much tighter than the altitude dependencaltitude and the associated decreasing magnetic field value
of the H" temperature (compare Figgand10). despite the effect of the mirror force. The"@erpendicu-
One may finally note that whereas the relation betweerlar temperature typically increases from a few tens of eV at
perpendicular ion temperature and magnetic field, as well ad50 n'T magnetic field strength to a few keV at 50 nT. For the
between parallel velocities and perpendicular temperaturebighest temperatures observed there is a tendency towards an
of the two ion species, are strong, the relation between paranisotropic temperature distribution with higher perpendicu-
allel velocity and magnetic field is not so strong. Clearly the lar than parallel temperature. Furthermore the perpendicular
highest velocities (above 60 kmare only observed at the temperatures of H and O appear coupled. There is not a
lowest magnetic field values (below 100 nT), but within that linear relation, rather the increase is much steeper foy O
region no clear relation can be seen between the two paranwith a factor of about 1.5 in the logarithmic relation.
eters. This seems to indicate a two stage process: (1) heating Another very clear relation between"@nd H' is that the
which is more effective for heavy ions and (2) a coupling be- parallel bulk velocity is typically close to the same. Heating
tween the parallel bulk velocities of the two ion species, ei-of both ion species up to the same velocity can explain both
ther through a two-stream interaction or a species dependertihe coupling between temperatures and parallel bulk veloc-
field-aligned energization such as the centrifugal force. Thdties. However the thermal velocity of Ois always below
bulk parallel velocity of O seems to be an effect of these that of H™ whereas the bulk velocity is close to the same
two processes acting together rather than there being sontroughout the observation region. At the highest observed
single clear species dependent parallel energization mechdemperatures (and thus altitudes) there is a factor of about

nism. 3 difference between the temperatures of the ion species,
whereas a factor 16 is needed for the same thermal veloc-
5.3 Perpendicular to parallel temperature ratio of O ity. Thus in addition to the perpendicular heating of O

there must also be a parallel acceleration mechanism which
In paper 1 it was noted that thetQemperature had a ten- provides a similar parallel velocity to the two ion species.
dency towards isotropy and that this could be explained byThis can either be a two-stream interaction or the so called
heating over extended altitude intervals in combination withcentrifugal acceleration caused by the curvature of the mag-
adiabatic transport (i.e. the influence of the mirror force). netic field-lines in the direction of the magnetospheric con-
In paper 3 this was investigated further and this result wasvection. A rough estimate indicates that the latter is signifi-
confirmed. Furthermore paper 3 showed that there were ineant for our cases, yielding velocity increases of from a few
stances of strong heating that appeared limited in space an a few 10kms?! per R travel along the field-line. This
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is approximately enough to explain the observations, but @Bergmann, R., Roth, I., and Hudson, M. K.: Linear stability of
more advanced analysis of the centrifugal acceleration must the H* — O two-stream interaction in a magnetised plasma,
be performed before a more final statement can be made.  J- Geophys. Res., 93, 4005-4020, 1988.

The parallel bulk velocity of the two ion species is close to Bogda”ﬁ"a* Y. Vk']*l,':azaka”eY' A. N., Owen, C. J, K'ec',‘”er' B.,
the same for a large range of relative abundance of the two COrnilleau-Wehrlin, N., Grison, B., Andr” e, M., Cargill, P.,
. ) . . . Reéme, H., Bosqued, J. M., Kistler, L. M., and Balogh, A.: Cor-
ion species. This may be a problem for an explanation in-

Ving two-st int i d tain t be tak relation between suprathermal electron bursts, broadband ex-
volving two-stréam Interaction, and certainly must be taken tremely low frequency waves, and local ion heating in the mi-

into account when such an explanation is investigated in de- gqjtitude cleft/low-altitude boundary layer observed by Cluster,
tail. Speaking for some kind of interaction between the two 3. Geophys. Res., 109, doi.10.1029/2004JA010554, 2004.
ion populations is the fact that the parallel bulk velocity is Bouhram, M., Malingre, M., Jasperse, J. R., and Dubouloz, N.:
most similar when the H bulk velocity is calculated for all Modelling transverse heating and outflow of ionospheric ions
particles, not just upward moving. The other mechanisms from the dayside cusp/cleft. 1 A parametric study, Ann. Geo-
essentially concern similar acceleration of outward moving phys., 21, 1753-1771, 2003.
particles and the downgoing part of thé Idopulation should ~ Bouhram, M., Klecker, B., Miyake, W., &ne, H., Sauvaud, J.-A.,
not play a role. (I;/Ialingre;, M., Kistler,I L.r’] and ?giu /z Qn th_e arl]titude d;epl)efrt1-

. - . ence of transversely heated Q@istributions in the cusp/cleft,

Thls s_tatlstu_:al _study neeFjs to be foIIowe_d up with cases Ann. Geophys.. 22, 1787-1798, 2004,

studies investigating occasions when heating and the two;

. ) ) - Chaston, C. C., Bonnell, J. W., Carlson, C. W., McFadden, J. P.,
stream interaction seems likely to be taking place at the ob- Ergun, R. E., Strangeway, R. J., and Lund, E. J.: Auroral ion
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