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Abstract. Multi-spacecraft observations from the CIS ion 1 Introduction
spectrometers on board the Cluster spacecraft have been used
to study the structure of high-altitude oxygen ion energiza-Since the first report on oxygen ions at plasma sheet energies
tion and outflow. A case study taken from 12 April 2004 is in the magnetosphere by Shelley et al. (1972) (observation
discussed in more detail. In this case the spacecraft crosseshergy range 0.7-12 keV) a number of studies have investi-
the polar cap, mantle and high-altitude cusp region at alti-gated the energization and outflow of ionospheric origin ions
tudes between R and 8Rg and 2 of the spacecraft pro- (e.g. Gorney et al., 1981; Yau et al., 1984; Miyake et al.,
vided data. The oxygen ions were seen as a beam with nart993). Energization is typically transverse to the magnetic
row energy distribution, and increasing field-aligned veloc- field and may start just above the ionosphere. The mirror
ity and temperature at higher altitude further in the upstreanforce folds the transversely heated distributions into “con-
flow direction. The peak © energy was typically just above jcs”. For an introduction and recent reviews, see Yau and
the highest energy of observed protons. The observed enepndré (1997); Andé and Yau (1997); Moore et al. (1999).
gies reached the upper limit of the CIS ion spectrometer, i.eA particularly important source of upflowing ionospheric
38keV. Moment data from the spacecraft have been crossions is the cleft ion fountain (Lockwood et al., 1985) asso-
correlated to determine cross-correlation coefficients, as weltiated with the ionospheric projection of the polar cusp/cleft.
as the phase delay between the spacecraft. Structures in idfhe exact relation between ionospheric upflow in the cusp
density, temperature and field-aligned flow appear to driftas measured by incoherent scatter radar (e.g. Nilsson et al.,
with the observed field-perpendicular drift. This, together 1996; Ogawa et al., 2003) and the more energized ions ob-
with a velocity dispersion analysis, indicates that much ofserved further out in the magnetosphere is still not clear. The
the structure can be explained by transverse heating well befurther energization of ions of apparently ionospheric cusp
low the spacecraft. However, temperature isotropy and therigin and subsequent outflow is the subject of several recent
particle flux as a function of field-aligned velocity are in- studies; Valek et al. (2002) used observations of isotropic
consistent with a single altitude Maxwellian source. Heatingmagnetosheath-like ions in the dayside magnetosphere (i.e.
over extended altitude intervals, possibly all the way up tothe cusp) as a spatial reference for observations of upflowing
the observation point, seem consistent with the observationgonospheric ions (of energies up to 450eV) and could con-
firm the vicinity of the cusp as the source region. Dubouloz
et al. (1998, 2001) used Interball data together with convec-

Key words. Magnetospheric physics (Magnetopause, cusp, i ; : :
tion estimates and a test particle simulation to backtrace the

arid boundary layers; Magnetosphere-ionosphere interac ) _ e

tions) observed particles and obtain an even better determination
of the source region: a°2atitudinal width region inside

Correspondence td4. Nilsson the dayside cleft. Some energization was observed to oc-

(hans.nilsson@irf.se) cur up to 10000 km altitude, though less efficient at higher
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altitude. This work has been further extended by Bouhramcussed here we compare moments of the distribution function
et al. (2003a, b), who found heating occurring up t8:3 through cross-correlation of the time series from the different
Krauklis et al. (2001) used Polar observations at abaRit5 satellites. This can primarily yield the phase delay between
altitude to study the acceleration of ionospherit ©ns in the spacecraft but possibly also some information on spatial
the cusp low-latitude boundary layer and suggested the twoscale sizes and/or time lags over which a good correlation
stream instability as a mechanism for energy transfer fromcan be found.

faster flowing H ions to the O ions, based on work by

Bergmann et al. (1988); Ludlow and Kaufman (1989). Re-3.1 Cross-correlation of multi-spacecraft data

cent observations further out in the magnetosphere include ) . . o ) .
the observations of very high energy ions of ionospheric ori-OUr Primary aim with a cross-correlation is to find out if

gin observed in the cusp by Polar (Chen and Fritz, 2001) andtructures seen with the different spacecraft have similari-
the observations of cold oxygen beams in the tail lobe reties (high correlation) and to determine the phase delay for
ported by Seki et al. (1998). maximum correlation. The data from the spacecraft are re-

We will complement these studies with Cluster multi- sampled with the average time separation of the data points in

spacecraft studies of high altitude (4R8) ion outflow over (e interval around 4 s (one spin). From each datavseata
the polar cap, mantle and high-altitude cusp. The energie?o'ms are picked out_, with a successive dlsplacemen_t of the
reported in the above cited papers tend to increase with ob_g,econd data-set relative to the first. The number of points be-

servation altitude, consistent with heating over extended alti!Nd cross-correlated is thug for all relative displacements.

tude intervals, as inferred by Miyake et al. (1993); Bouhram Furthermore, any data gaps are interpolated. The larger the
et al. (2003b). However, it is an important question as toParameteV, the less noise sensitive the estimate will be, but
how much further energization takes place at high altitude &/SC vulnerable to phase delay changes onNhefresample

We will try to test both the assumption of a “single source '

time scale. In our analysis we found that 160 samples (about
altitude”, which means that most heating/acceleration takes0 Min) was a good compromise. Smaller windows gave con-

place well below the spacecraft, and the assumption that w&Stent but more noisy results.
have heating over extended (though not necessarily contin;

uous) altitude intervals. For the likely case of an upstream?"2 Estimating phase-delay due to convection

source any outflow related structures should be brought fromry yetermine the delay time we assume a locally plane struc-

the source by the convection and we will use multi-spacecrafy,rq extending orthogonally to the convection and along the
correlation techniques to see if this is the case. We will alsofield-line which yields the delay time as

examine the correlation data to see if anything can be said

about scale-sizes of structures using the rather small space;, . — r2—n. 1)
. . elay = 7 Ve

craft separation distances. [vel

wherery; andr; are the position vectors for the spacecraft
andv, is the field-perpendicular plasma drift vector obtained
We use data from the Cluster lon Spectrometers (CIS) orffom the CIS O moment of the first spacecraft, assumed to
board Cluster Il spacecraft 1, 3 and 4. The CIS instrument i?€ constant on the time scale of the lag between the space-
described in detail in Bme et al. (2001). CIS consists of two craft. The assumption about a plane structure is necessary but
different ion spectrometers, Composition Distribution Func- it can easily be tested a posteriori, since the cases when the
tion (CODIF), which can resolve the major magnetosphericspacecraft separation is along the convection are independent
ions, and Hot lon Analyzer (HIA), which has no mass reso- of this assumption. The position of the second spacecraft
lution but higher angular and energy resolution. We will only should be for the time when the front actually arrives, mak-
present results from the CODIF instrument. ing it either a recursive problem or dependent on the phase
CODIF can resolve H, Het™, He™ and O through a  delay calculated from the cross-correlation results.
time-of-flight technique. The detector has a field-of-view of o i
360 orthogonal to the spin plane, divided into 16 sectors of -3  Estimating the source region
22.5° each. The angular resolution is likewise.22in the A
spin plane. The energy coverage in the modes of interest

2 Measurement technique

s ionospheric particles are energized and flow outward in
the magnetosphere they are also brought from the source re-

to us s from .15 e\_/ per charge up to 38 keV per charge, Ingion by the convection. For the cases we are studying con-
up to 30 logarithmically spaced steps witth& / E of 0.16. : : . .
vection was antisunward over the polar cap. Figure 1 illus-

Furthermore, we use data from the Cluster fluxgate Magner o< the path of a number of particles emanating from a
tometers (Balogh et al., 2001). P P 9

source region with a finite spatial width in the direction of
the flow, i.e. each convecting field-line will experience the
3 Data ana|ysis technique source for a limited time.

Particles with a high field-aligned velocity will reach a
The analysis of multi-spacecraft data is discussed extenhigh altitude (y-axis) quickly (line to point 1 in Fig. 1 rep-
sively in Paschmann and Daly (1998). For the ion data dis+esents highest velocity observed). The observed change in



H. Nilsson et al.: The structure of high altitude"@nergization and outflow 2499

the parallel velocity with time can be used to estimate the dis- 5 it de

tance to the source region along the field lifg, This and ) 1
all other variables mentioned below are illustrated in Fig. 1.

The estimation of the time for convection to bring a field-line Salt
from one spacecraft measuring position to the next is analo-

gous to the discussion in the previous section, except that we
use consecutive locations of the same spacecraft instead of

two different spacecraft. We can thus calculatgemy ac- Sd 2
SRR

cording to Eq. (1) for our satellite trajectory and sum up the
result as a “convection timet?,. After a timer, (x-axis of | — >
Fig. 1) we expect to see particles with a field-aligned velocity Al _convection time t¢’

v of S4/t., wherer. = 1. + 19 andrq represents the initially to Tt o

unknown convection time between the source and the start of

our Qbsgrvatlons. The.fleld-allgned velocity and the con- Fig. 1. lllustration of particle trajectories for particles with different
vection timer, are obtained from our measurements, so thatye|ocities emanating from a finite low altitude source region. The
S4 andrg can be estimated. This is done through a first orderx-axis shows the time the particle has been convecting away from
least-square fit o:fl‘l tot.. In practice, as we observe the ion the source, which for constant convection would be a distance scale.
beams for several hours, it is necessary to take the increasekhe point labeled 1 indicates the fastest particles which are thus ob-
altitude of the spacecraft into account as well. The time itserved furthest upstream. All trajectories between the two indicated
takes the particles to travel the increased altitutigz( vy, trajectories_ reaching point 2 represent the v_elocities (i.e. differen_t
wheresalt is the difference between the observation altitude SI0Pes) which can reach that observation point from a source of fi-

and the minimum altitude of observations used for the fit) iSnite extent (if particles with that velocity exist). At point 3 the extent
subtracted from the estimated convection time of the source region is less significant and the range of observable

. . velocities small.
The range of different slopes which can be drawn from an

observation point (e.g. point 2 in Fig. 1) to the source repre-
sents the range of velocities which can be observed. Analyt- 4*7

ically, this can be expressed as /

-
Ay= L, 2 \

Sa CUSP

/ W
where At is the source size in time units (Fig. 1) which can CLEFT A./ %‘b@
also be described as the residence time of the ions in th \ /§

source region. As this expression describes which particles
can be observed, it will determine the parallel temperature
if the velocity rangeAv) is small compared to the range of

velocities emanatlng from.the Sourge. . . Fig. 2. lllustration of the satellite trajectory orthogonal to the
When particles are moving up a field-line, the mirror force pjasma flow. The important parameters defining the uncertainty in

will act to conserve the magnetic moment, thus changinga velocity dispersion analysis are the anglgow — source angle)
transverse energy into field-aligned until essentially all ki- andg (spacecraft trajectory — flow angle).

netic energy is in the field-aligned direction (the upward fold-
ing of a “conic”). This means that the fit achieved in the
above discussion is an underestimate of the source altitudeyajectory 8=0°, where the angl¢ is defined in Fig. 2), it
as the particles will have had a lower field-aligned velocity does not matter if the source is extended orthogonally (an-
during part of their journey. This is also true if the particles gle o as defined in the figure is’Pto the flow or if there is
have passed through a field-aligned potential drop. In princi-any other variation along the the distribution of the source
ple one may take the mirror field into account analytically or orthogonally to the flow. Approximately the uncertainty due
release random non-interacting particles in a mirror field into a finitea will be S,;- tana- tang, from geometrical consid-
a simple code and make the above fit to the model where therations (Fig. 2S5, scale with distance downstream).
start altitude is adjusted until the fitted altitudes agree.

The result thus obtained assumes a single source altitud&.4 Parallel to perpendicular temperature ratios
a constant position of the source region and no dependence
on the spacecraft motion orthogonal to the flow. The firstAs discussed in the previous section the velocity dispersion
limitation is something we want to test so that is not a prob-effect will determine the range of parallel velocities which
lem. The importance of the other two limitations is describedcan be observed from a single altitude source and influ-
in Fig. 2, and also discussed in Dubouloz et al. (1998). Es-ence the range of velocities seen above any source in the
sentially, if the convection is entirely along the spacecraftsame way. The mirror force will transfer energy from the
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Fig. 3. Cluster spacecraft 3 (Samba) data from 12 April 2001. Panel 1 shows spacecraft mode, panel 2 instrument mode. Panels 3 and 4
show the H™ and O" energy spectrograms, particle flux integrated over all directions.

transverse to the parallel direction, thus affecting both theestimate ignores the curvature of the field lines and the as-
parallel and perpendicular temperature in a predictable waociated effect on parallel acceleration, e.g. the centrifugal
(i.e. the “folding” of the conic distribution). In practice, a force (Cladis, 1986). With this simple expression one can
certain part of the conic will be seen (determined in the caseestimate if it is feasible to assume that the observed parallel
of a limited distant source by the velocity dispersion) andkinetic energy has been transferred from extended transverse
the expected temperature ratio will not only be determinedheating of the particles. We will assume that the perpendic-
by the change in the magnetic field. For our discussion itular energy has been kept constant at the thermal velocity of
suffices to note that the mirror force will decrease the transthe observation altitude from the lowest altitude used in our
verse energy at high altitude and also decrease the ratio of thestimate, i.e. assuming the temperature is a function of dis-
transverse to parallel velocity ranges with the upward foldingtance downstream only. This assumption is used solely for
of the conic. The velocity dispersion will decrease the rangesimplicity.
of observed energies with travel time from the source (Eq. 2,
travel time=S; /v)).

4 Observations
3.5 Effect of heating from a source extended in altitude

The case discussed in this paper has been picked out among
To complement the discussion in the previous section wea number of several keV energy oxygen beams observed by
here consider a simple estimate of what field-aligned out-the Cluster Il satellites in spring 2001. For this time period
flows can be expected from transverse heating over an exthe Cluster spacecraft crossed the dayside magnetopause and
tended altitude interval. A very useful order of magnitude polar cap at high altitude. The events are rather striking from
estimate is to assume that the perpendicular energy of théhe energy spectrograms, last several hours (appear limited
ions is held constant as they flow outward into weaker mag-by spacecraft position rather than the lifetime of the struc-
netic field regions, despite the mirror force. This leads to atures) and appear to be fairly common (though a statisti-
particularly simple expression for the field-aligned flow as acal study is a future project). Of these days 12 April 2001

function of the observed perpendicular energy; was chosen for a correlation and velocity dispersion study
) cma dB 12 to complement the detailed single spacecraft report on this
V) (zmax)? = vy (zmin)? + [ 48 L2 dz (3) eventbyJokoetal. (2003a)

= (Zmln) + [ln(B(Zmln)) - l”(B(Zmax))]Ul»

o ) 1Joko, S., Lundin, R., Nilsson, H., Sandahl, I.gRe, H.,
wherezmin andzmax are the minimum and maximum of the Bosqued, J.-M., Sauvaud, J.-A., Dandouras, Bpis, E., Kistler,
altitude range over which the calculation is performed. ThisL. M., Klecker, B., Carlson, C. W., McFadden, J. P., Parks, G. K.,
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Fig. 4. Moment data for spacecraft 3 (unless otherwise mentioned). Panel 1 shows the field-aligned velocity (positive in the direction of B),
where red and cyan show'Hfrom spacecraft 3 and 4, respectively, and blue and green shofospacecraft 3 and 4. Also included is

a simple estimate of the parallel velocity (thin black line, see text for details). Panel 2 shows the field-perpendicular velocity panel in GSE
coordinates (blue, green, red are X, y, z coordinates, respectively), panel 3 the density (same colour code as parallel velocity), panel 4 the
parallel and perpendicular temperatures for,@anel 5 the magnetic field components and panel 6 thexmber flux normed with the

magnetic field strength at 07:00 UT.

The IMF for the time period showed a dominaBf of crease from 0.5 to 3.5 nPa. Average solar wind velocity was
—20nT, and a variabl®, of about—8nT before 07:00 UT 650 knT %, yielding an approximate delay time from ACE of
(at ACE spacecraft) and then about 0 nT, except for an ex36 min. Data were available from spacecraft 3 and 4. Energy
cursion to —5 to —10nT between 08:10 and 08:20 UT. spectrograms of H and O" from spacecraft 3 are shown in
This excursion was coincident with a dynamic pressure in-panels 3 and 4 of Fig. 3. The moments are summarized in

Fig. 4, from spacecraft 3, obtained at altitudes between 3.4

Bavassano-Cattaneo, M. B., Korth, A., and Eliasson, L.: Outflowing and 7.8R.

O ions at high altitudes in the dayside magnetosphere observed by Panel 1 shows the field-aligned (parallel) velocity (posi-
CIS/Cluster, Case study: April 12, 2001, Ann. Geophys., submit-tive in the direction of the magnetic field, i.e. for injected
ted, 2003a. particles) of H (red spacecraft 3, cyan spacecraft 4) and
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Fig. 5. Parallel velocity for O (blue) and H-, calculated for upward moving particles only (red).

O™ (blue spacecraft 3, green spacecraft 4), panel 2 the fieldallel, and red and green perpendicular temperatures) with a
perpendicular velocity of ® (GSE coordinates, blue, green noisy deviation from isotropy. Cross-correlating the parallel
red for x, y, z, respectively), panel 3 the density of H to perpendicular temperature ratio yields very low correlation
and O" (same colour code as parallel velocity), panel 4 thebetween the two spacecraft (not shown).
parallel and perpendicular temperatures, panel 5 the mag- We now turn to the cross-correlation of the rest of the data
netic field which shows that the spacecraft was well insidefrom this event. The relative position of spacecraft 3 and 4,
the magnetosphere and panel 6 shows tten@mber flux  defined as spacecraft 3 position minus spacecraft 4 position,
normed with the magnetic field strength at 07:00 UT to takewas, on average, (GSE coordinates) (68391, 448)km
into account the widening of the flux tube. Also shown in during the event. Figure 6 shows the correlation coefficient
panel 1 of Fig. 4 is the simple estimate of the parallel veloc-(panels labeled a) and phase delay for maximum correlation
ity of O* resulting from extended transverse heating (black(red crosses in panels labeled b), along with the expected
line), as described in Sect. 3.5. Noteworthy features argphase delay due to convection (solid black line) and field-
the increase in the oxygen ion energy with altitude and/oraligned outflow (green line). Positive phase delay means that
time, which may also be interpreted as distance upstreante structure is seen first at spacecraft 3. The cross-correlated
as the convection is antisunward. Thé @nergy spectro-  parameters are for panels 1 @Geld-aligned velocity, panels
gram is wider in the region with magnetosheath plasma (aftep magnitude of @ field-perpendicular velocity, panels 30
09:00 UT, also seen in the temperature estimates), wideningbgarithm of density and panels 4 the high-pass filtered (pe-
also for energies below the peak flux. For velocity disper-riod below 26 min to remove the background magnetic field)
sion from a source with a distinct onset there should be amagnetic field components. Blue line crosses stkwre-
relatively sharp cut-off at the energy of the slowest particlessylts, greenB, and redB,, respectively. The cross correla-
which reach the observation point. The number flux does notion window size was 160 lags with 4-s resolution, i.e. about
show a clear trend, but increases somewhat at the highest eno min. As can be seen the phase delay for the field-aligned
ergies and/or altitudes in the upstream direction. This is notelocity and the density agree well with what can be expected
consistent with the flux from a single Maxwellian source of from convection. The spacecraft motion in the direction of
any temperature. convection is at most 10% of the convection and ignoring it
Both O™ and H" show a net outflow. The Dions increase  does not significantly affect the result. The delay time range
their energy with time in a manner very similar to the upper from 10 to 60 s, which is not a major problem for our assump-
energy cut-off of the protons, but at somewhat higher ener+ion that convection, was locally constant. The perpendicular
gies. In Fig. 5 we compare the parallel velocities of the two drift shows close to zero phase delay, also if it is subdivided
ion species when the Hmoment is calculated for upward into flow along and perpendicular to the spacecraft separation
moving particles only; the two velocities are now much more vector. The components of the magnetic field show an excel-
similar. We show here only theHdata after 08:48 UT when  |ent agreement with what is expected from convection most
there is a significant flux of H. This H outflow cannot  of the time. Notable are the periods with zero delay in the
be separated into ionospheric and mirroring magnetosheatmagnetic field components, in particular at around 08:50 UT.
ions. Finally, we note that at the highest altitudes some high-The latter case corresponds to a heating outflow event clearly
energy O are also seen in the downgoing direction, asso-seen also in Fig. 4 and discussed in more detail in Sect. 5.3.
ciated with partial shell-like distributions (described in Joko Convection was antisunward (against satellite motion) so that
et al., 2003b). This seems to be associated with processasarly measurements were downstream; (Fig. 4), panel 2. In
at an even higher altitude and will not be further consideredthe upstream region there was a strong dawnward compo-
here. nent, as can be expected from the IMF conditions. It is
Concerning the O temperature one may note that the ions thus possible that the entire observed structure was caused
are essentially isotropic (Fig. 2, panel 4, where blue is par-by energization in a small region somewhat upstream of the
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By and redB; (GSE coordinates). Panel 4b uses the same colour code for the delay time.

highest energy ions observed, and well below the lowest altibroadening of the energy spectra and represents a sudden in-
tude of observations, as discussed in Sect. 3.3. Fiﬁﬂ‘ﬁgo crease in the outflow velocity. The sudden onset and subse-
t.—Aalt /v yields an estimate of the source altitude of about quent decay with time (and further upstream) is inconsistent
1.5Rg altitude. Usingu£1/2vr| yields +£0.5Rg in the fit  with velocity dispersion. To obtain lower velocities further
result @7 is the thermal parallel velocity). A further test of upstream in the velocity dispersion scenario the source must
the velocity dispersion scenario can be made by investigatingnove downstream. The temperature is isotropic. An inspec-
vT|| Sd/vﬁ (see Sect. 3.3;r is a measure of the range of par- tion of both spacecraft data shows that they did not encounter
allel velocities observed) which is an estimate of the sourcethe outflow/heating event at the same time. The sharp onset
region size measured in seconds. This value is rather noisis thus a spatial feature. The event appears related to a sud-
but centered around 400s. Using this value and the valueden change in IMRB;, beginning at 08:10 UT at the ACE
from the least-square fit, which yielded source distance angpacecraft.

a time offset (the constant of the fit), as well as the altitude
change of the spacecraft, one can reconstruct the expected
parallel energy spectrogram time series and achieve a gooﬁ
similarity with observations. The upstream high altitude data
closer to the source (in time, not altitude) is predicted to be

hotter in parallel temperature compared to the low alt't“(,jeThe observed structures are readily explained by structures
downstream data (as observed), but the relat!ve perpenQ'CLi:Irifting with convection. The only exception is the perpen-
lar temperature should b? Iowgr due to the mirror force (i.€.gic|4r jon drift, where it is reasonable that changes are prop-
upward TOld'ng O_f the conic). Finally, we note that the angle agating along the magnetic field as Adfvwaves. There are

p as definedin Fig. 2 was, on average, Bétween 97'00 and_ also some cases where there seems to be no phase delay in
10:00 UT fpr spacecraft 3 gnd_thus fairly well suited for this the components of the magnetic field and one such case is
type gf estimate. .If we arbltranlé/. choose=15 (Sect._ 3&3)' discussed in Sect. 5.3. We have also investigated the corre-
we obtain a consistent source distance error.ﬁm, Inal- lation coefficient as a function of time delay for maximum
cating that this uncertainty is large but not a major problem. ¢, e|ation and as a function of distance between the space-

Further information can be gained from a detailed studycraft along the assumed propagating front. Neither show any
of the mesoscale Oheating and outflow events which oc- correlation. The latter means that the structures are typically
cur; a particularly clear example can be seen at 08:48 UTlarger than the spacecraft separation distance but have sharp
reproduced in detail in Fig. 7. This is the first case of clearenough borders that low correlation is sometimes obtained

Discussion

5.1 Correlation results
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o0 - hgating, i_t mgst be well bel_ow the spacecraft as the field-
@ Tg 100 "\;h\f\ VAN il aligned kinetic energy dominates, or gradual heating over
2t N extended altitude intervals. As the magnetosheatipblpu-
i = s 1 ] lation is initially hotter and reasonably faster flowing than the
OB igg /- /\ ionospheric @ population, item 2) indicates that the heating
) LS Sees and acceleration mechanism is more efficient for the heavier
8:45 8:48 8:51 and/or colder ions or takes place where the magnetosheath

H™ ions are not affected (i.e. below their mirror altitude or
Fig. 7. Detailed plot of data from a mesoscale heating event. Paneh field-aligned potential drop). Outflow with the same ve-
(a) shows the field-aligned velocity for Ofor spacecraft 3 and 4. locity for both species may indicate energization up to the
Panel(b) shows the parallel and perpendicular temperatures measame velocity (though it is not clear if His energized at
sured by the same satellites (solid line is parallel temperature). all). Concerning the possibility of a field-aligned potential

drop as the acceleration mechanism, item 2) shows that this

, o cannot operate on both ion species, as $hould then at-

also for small separations in time and space. The lack of degip, 4 higher velocity than ©. However, the magnetosheath
pendeqce on delay time means the same but for field-aligne8|asma may have entered the potential drop from above and
scale sizes. been reflected, ending up unaffected, though then we can-
not explain the approximate similarity. Items (1), (3) and
(4) are consistent with a cusp related source, as even if the

The oxygen ion structures reported here show a number o usp 1S mtermlt.tent and b“TStV* any new cusp flux gdded to
. . . the polar cap will be added just adjacent to the previous bun-

features which can tell us something about the source region,, - (assuming dominating. negative or strongg, condi-

The main features are: 9 g. neg By

tions). The velocity dispersion analysis and the fact that the
1. A significant flux is seen mainly in a narrow energy flow was essentially antisunward as well as the presence of
range. The mean energy and range of observed energidg® magnetosheath-like plasma further strengthen the argu-
(temperature) increase with altitude, distance and/or inments for a cusp-related source. Item 4) in itself is a nec-
the upstream flow direction. The kinetic energy is dom- €ssary (but not sufficient) condition for an upstream (not lo-
inated by the field-aligned velocity. cal) source. Item 5) tells us that velocity dispersion from
a single altitude cannot explain our observations. Nor can
2. The O field-aligned velocity is approximately equal to we identify the two-stream instability as a mechanism of en-
that of H" when the latter is calculated for outflowing ergy transfer from Fi to O" using temperature anisotropy, as
ions only. was discussed in Krauklis et al. (2001) (nor exclude it). Item
6) finally points further towards gradual heating acceleration
3. Heating and/or acceleration is continuous for at leastrather than a strong heating event in a limited altitude inter-
several hours in the sense that no “holes” in theya| (assuming this yields a Maxwellian distribution), though
ion structure (i.e. absence of outflowing particles) not necessarily up to the observation altitude. However, a
are observed, i.e. all field-lines experience heat-careful examination shows that a bi-Maxwellian distribution
ing/acceleration. of a cold (thermal velocity 30 km/s) and a hot (of the order
of magnitude of the highest flows, i.e. 200 km/s) is consis-

4. The outflow structures are drifting with convection at ¢ \yith the observed number flux as a function of particle
the altitude and time of observation, though mesoscalevebcity

events may show temporal change.

5.2 Structure of outflowing ions and of the source region

Heating over extended altitude intervals as reported in
Bouhram et al. (2003b) is essentially consistent with the ob-
6. The number flux shows no clear trend, except for anServations, as further indicated by the simple estimate we
increase at the highest altitude and/or energy. performed according to the scheme described in Sect. 3.5.
In general, one can adjust the parallel to perpendicular tem-
Item 1) tells us that the source (energization region) musiperature ratio by releasing particles at several altitudes in-
be limited in time for each field line or an acceleration pro- stead of over an extended time. This allows for a change in
cess with little heating. There are three ways to explain thethe relation between parallel and perpendicular temperature,
large-scale O energy structure; (i) velocity dispersion from and one may possibly use this for a more advanced veloc-
a limited heating region well below the spacecraft where theity dispersion analysis. However, such simulations should
velocity dispersion yields the limited energy range (thoughbe performed with a proper model, such as that of Bouhram
one then expects a rather sharp low-energy cut-off which iset al. (2003a), allowing for a proper description of the heat-
not observed in the hotter high-altitude part); (ii) altitude ing. That model is currently limited to altitudes up t&R3,
dependent heating/acceleration and/or (iii) distance downbut for the case of 12 April 2001 that could explain much of
stream dependent heating/acceleration. If it is transverséhe observations.

5. The O" temperature is essentially isotropic.
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5.3 Mesoscale heating event et al. (1998), consistent with one of their suggested supply
routes.

The mesoscale heating event at around 08:50 UT described The correlation data also allowed us to tentatively identify
in Sect. 4 and shown in detail in Fig. 7 appears to be a structhe temporal decay of a mesoscale heating/outflow event with
ture drifting with convection according to the particle cor- @ sharp spatial border. The correlation coefficient variations
relation results. The magnetic field component correlationindicated that structures observed were typically larger than
analysis indicates no time delay for this event. The parti-the spacecraft separation but with sharp borders which also
cle structures are very heavily influenced by the sharp po|ea||OW8d for low correlation for small separation in time or
ward border, whereas there is very little structure otherwisealong an assumed convection front.
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ture are the same at the same time for both spacecraft onGfe swedish Space Board. We thank the ACE MAG and SWEPAM
they are both within the heating/outflow region. This leadsinstrument teams and the ACE Science Center for providing the
to the very straightforward conclusion that we are observingace data.
the temporal decay of a heating outflow event within a re-  Topical Editor T. Pulkkinen thanks M. Bouhram and another
gion with a sharp poleward border. The velocities observedeferee for their help in evaluating this paper.
are thus not determined by velocity dispersion from a distant
source. The sharp poleward border then indicates a spatiallﬁ f
limited cusp transient event, possibly triggered by a south- eterences
ward turning IMF and or dynamic pressure increase 0CCUr-angre, M. and Yau, A. W.: Theories and observations of ion ener-
ring 38 min earlier at ACE, consistent with the expected time  gjzation and outflow in the high latitude magnetosphere, Space
delay between ACE and the Earth. Sci. Rev., 80, 27—48, 1997.
Balogh, A., Carr, C. M., Acuna, M. H., Dunlop, M. W., Beek, T. J.,
Brown, P., Fornaon, K.-H., Georgescu, E., Glassmeier, K.-H.,
. Harris, J., Musmann, G., Oddy, T., and Schwingenschuh, K.:
6 Conclusions The Cluster Magnetic Field Investigation: overview of in-flight
performance and initial results, Ann. Geophys., 19, 1207-1217,
The data studied in this paper indicate that the observed O  2001.
ion outflow emanates from the cusp region, thus constitutingdergmann, R., Roth, I., and Hudson, M. K.: Linear stability of the
an energized high-altitude extension of the cleftion fountain. H*- O™ two-stream interaction in a magnetised plasma, J. Geo-
A velocity dispersion and multi-spacecraft correlation anal- _ Pys- Res., 93, 4005-4020, 1988.
ysis indicate that a source well below the spacecraft is con-BOUhram.’ M., Malingre, M., Jasperse, J. R, ar.'d DUbOL".OZ’. N.:
sistent with the data. However, the parallel to perpendicular Modelling transverse heating and outflow .Of lonospheric ions
S . . . . from the dayside cusp/cleft, 1 A parametric study, Ann. Geo-
temperature rat!o is noF consistent with a “single” altitude phys., 21(8), 17531771, 2003a.
source, where single altitude means a small source compargghyhram, M., Malingre, M., Jasperse, J. R., Dubouloz, N., and
to the travel distance to the observation point. Heating of sauvaud, J.-A.: Modelling transverse heating and outflow of
O™ over extended altitude intervals is consistent with all our  jonospheric ions from the dayside cusp/cleft, 2 Applications,
data. Most of it will then take place below and upstream of Ann. Geophys., 21(8), 1773-1791, 2003b.
the observations. It is thus worthwhile for future studies thatChen, J. and Fritz, T. A.: Energetic oxygen ions of ionospheric ori-
also include wave data to try to identify waves involved in ~ gin observed in the cusp, Geophys. Res. Lett., 28, 1459-1462,
particle acceleration and heating in the altitude region above 2001. _ _
4R, as well as waves associated with pitch-angle diﬁusion,CIad's' J. B.: Parallel acceleration and transport of ions from polar

as this affects the observed temperature ratios and their inteBL:ggglsopzhe'{le t%ﬂii?ﬁsrﬁfetmjﬁz(sghﬁ Rs:ft'hlrﬁéfgjf%énlgse'
pretation. v N , D., , M., .-,

Chugunin, D.: Remote analysis of cleft ion acceleration us-
The parallel bulk velocity of O is approximately the same  ing thermal plasma measurements from Interball Auroral Probe,

as that of H and the highest energy with a significant flux of  Geophys. Res. Lett., 25, 2925-2928, 1998.

H* is typically below the energy of peak'Cflux, both con-  Dubouloz, N., Bouhram, M., Senior, C., Delcourt, D., Malingre,

sistent with the observations of Seki et al. (1998). The energy M., and Sauvaud, J.-A.: Spatial structure of the cusp/cleft ion

of the two ion species appears coupled, though the details of fountain: A case study using a magnetic conjugacy between In-

this coupling remain to be studied. We could neither con- terball AP and a pair of SuperDARN radars, J. Geophys. Res.,

firm nor reject a two-stream instability, though it seemed not 106, 261274, 2001.

likely to take place at the observation site. Another possibil-G°MeY: D J. A, Clarke, A,, Croley, D., Fennell, J., and Luhmann,

itv is a heatina and/or acceleration mechanism which is more J.: The distribution of ion beams and conics below 8000 km, J.
Y 9 Geophys. Res., 86, 83-89, 1981.

efficient for the colder and heavier population, such as theGuineImi, A. and Lundin, R.: Ponderomotive upward acceleration

ponderomotive force (Guglielmi and Lundin, 2001), which  otions by ion cyclotron and Alfen waves over the polar regions,
could yield acceleration up to the same velocity for the two 3. Geophys. Res., 106, 13 219-13 236, 2001.

species. We suggest that the ions reported here are a viabl®ko, S., Nilsson, H., Popielwaska, B.gRe, H., Bosqued, J.-
source for the tail lobe mantle'‘Obeams reported by Seki M., Sauvaud, J.-A., Dandouras, I.,ddius, E., Kistler, L. M.,



2506

Klecker, B., Carlson, C. W., McFadden, J. P., Parks, G. K.,
Bavassano-Cattaneo, M. B., Korth, A., Lundin, R., and Elias-
son, L.: Shell-like configuration in ® ion velocity distribu-

tion at high altitudes in the dayside magnetosphere observed by

CIS/Cluster, Ann. Geophys., in print, 2003b.

Krauklis, 1., Johnstone, A. D., and Peterson, W. K.: Acceleration
of ionospheric J ions on open field lines in the Low-Latitude
Boundary Layer and the cusp region, J. Geophys. Res., 106,
29611-29618, 2001.

Lockwood, M., Waite Jr., J. H., Moore, T. E., Johnson, J. F. E., and
Chappell, C. R.: A new source of Suprathermdl ©ns near the

dayside polar cap boundary, J. Geophys. Res., 90, 4099-4116,

1985.

Ludlow, G. R. and Kaufman, R. L.: Heating of upflowing auroral
H* and OF beams: results from quasi-linear theory, J. Geophys.
Res., 94, 319-328, 1989.

Miyake, W., Mukai, T., and Kaya, N.: On the evolution of ion conics

H. Nilsson et al.: The structure of high altitudé @nergization and outflow

cayce, D., Jacquey, C., Mazelle, C., d'Uston, C.pMus, E.,
Kistler, L. M., Crocker, K., Granoff, M., Mouikis, C., Popecki,
M., Vosbury, M., Klecker, B., Hovestadt, D., Kucharek, H.,
Kuenneth, E., Paschmann, G., Scholer, M., Sckopke, N., Sei-
denschwang, E., Carlson, C. W., Curtis, D. W., Ingraham, C.,
Lin, R. P., McFadden, J. P., Parks, G. K., Phan, T., Formisano,
V., Amata, E., Bavassano-Cattaneo, M. B., Baldetti, P., Bruno,
R., Chionchio, G., Lellis, A. D., Marcucci, M. F., Pallocchia,
G., Korth, A., Daly, P. W., Graeve, B., Rosenbauer, H., Va-
syliunas, V., McCarthy, M., Wilber, M., Eliasson, L., Lundin,
R., Olsen, S., Shelley, E. G., Fuselier, S., Ghielmetti, A. G.,
Lennartsson, W., Escoubet, C. P., Balsiger, H., Friedel, R., Cao,
J.-B., Kovrazhkin, R. A., Papamastorakis, I., Pellat, R., Scudder,
J., and Sonnerup, B.: First multispacecraft ion measurements in
and near the Earth’s magnetosphere with the identical Cluster ion
spectrometry (CIS) experiment, Ann. Geophys., 19, 1303-1354,
2001.

along the field line from EXOS D observations, J. Geophys. Res. Seki, K., Hirahara, M., Terasawa, T., Mukai, T., Saito, Y., Machida,

98,11127-11134, 1993.

Moore, T. E., Lundin, R., Alcayde, D., Anédr M., Ganguli, S. B.,
Temerin, M., and Yau, A.: Source processes in the high-altitude
ionosphere, Space Sci. Rev., 88, 7-84, 1999.

Nilsson, H., Yamauchi, M., Eliasson, L., Norberg, O., and Clem-

mons, J.: The ionospheric signature of the cusp as seen by inco-

S., Yamamoto, T., and Kokubun, S.: Statistical properties and
possible supply mechanisms of tailward cold ®eams in the
lobe/mantle regions, J. Geophys. Res., 103, 4477-4489, 1998.

Shelley, E., Johnson, R. G., and Sharp, R. D.: Satellite observations

of energetic heavy ions during a geomagnetic storm, J. Geophys.
Res., 77,6104, 1972.

herent scatter radar, J. Geophys. Res., 101, 10947-10 963, 199%alek, P. W., Perez, J. D., Jahn, J.-M., Pollock, C. Juedt, M. P.,

Ogawa, Y., Fujii, R., Buchert, S. C., Nozawa, S., and Ohtani, S.:
Simultaneous EISCAT Svalbard radar and DMSP observations
of ion upflow in the dayside polar ionosphere, J. Geophys. Res.,
108, doi:10.1029/2002JA009590, 2003.

Paschmann, G. and Daly, P. E.: Analysis methods for multi space-
craft measurements, Kluwer Academic Publishers, 1998.

Réme, H., Aoustin, C., Bosqued, J. M., Dandouras, |., Lavraud, B.,
Sauvaud, J. A., Barthe, A., Bouyssou, J., Camus, T., Coeur-Joly,
0., Cros, A,, Cuvilo, J., Ducay, F., Garbarowitz, Y., Medale, J. L.,
Penou, E., Perrier, H., Romefort, D., Rouzaud, J., Vallat, C., Al-

Friedel, R. H. W., Moore, T. E., and Peterson, W. K.: Outflow
from the ionosphere in the vicinity of the cusp, J. Geophys. Res.,
107, doi:10.1029/2001JA000107, 2002.

Yau, A. W. and Andée, M.: Sources of ion outflow in the high lati-

tude ionosphere, Space Sci. Rev., 80, 1-25, 1997.

Yau, A. W., Whalen, B. A., Peterson, W. K., and Shelley, E. G.:

Distribution of upflowing ionospheric ions in the high-altitude
polar cap and auroral ionosphere, J. Geophys. Res., 89, 5507—
5512, 1984.



