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Abstract. The transport patterns of non-thermat Fnd during a significant number of passes of the Interball-2 satel-
O™ field-aligned flows from the dayside cusp/cleft, asso- lite.

ciated with transverse heating by means of Wave—particleKey words. Magnetospheric physics (auroral phenomena) —

g]ljiri)ciﬁen?n:n?]el?o;or:g l:ilgig?]cevgggntgfepig\lleevgritrggu_?_giSpace plasma physics (numerical simultation studies; wave-
9 P 9 ' article interactions)

has been accomplished by developing a steady-state, two-
dimensional, trajectory-based code. The ion heating is mod-
elled by means of a Monte Carlo technique, via the process

of ion cyclotron resonance (ICR), with the electromagneticl Introduction

left-hand circular polarized component of a broad-band, ex-

tremely low-frequency (BBELF) turbulence. The altitude de- The energization and outflow of ionospheric ions at auro-
pendence of ICR heating from 1000 km to 3 Earth raflji) ral latitudes have been an area of active research over the
is modelled by a power law spectrum, with an indexand  past three decades, since it was first observed by Shelley
a parametelvg that is proportional to the spectral density et al. (1972). Many observations and theories pointed out
at a referenced gyrofrequency. Because of the finite latituthat the ion outflow might be of sufficient strength to sup-
dinal extent of the cusp/cleft, the incorporation of the hori- ply the outer regions of the magnetosphere (see the reviews
zontal convection drift leads to a maximum residence timeby André and Yau, 1997; and Moore et al., 1999). The en-
tp of the ions when being energized. A large set of simula-larged cusp/cleft region has been identified as a major source
tions has been computed so as to study the transport patterad ionospheric ions for the magnetosphere (Lockwood et al.,
of the H™ and O" bulk parameters as a function gf, «, 1985a; Thelin et al., 1990). This region is located in the
andwg. Residence time effects are significant it @ensity ~ dayside auroral zone, extending between about 9 and 15h in
patterns while negligible for H. When comparing the re- magnetic local time (MLT) with a latitudinal width of a few
sults with analytical one-dimensional theories (Chang et al. degrees.

1986; Crew et al., 1990), we find that mean ion energies and In the cusp/cleft, much of the ionospheric ion outflow is
pitch angles at the poleward edge of the heating region arelirectly caused by energization of the major ion specie’s, (H
slightly influenced by, and may be used as a probe of ICR OT) transverse to the geomagnetic field (Amdand Yau,
parameterso, wp). Conversely, poleward of the heating re- 1997, @ieroset et al., 2000). In these regions, the heated
gion, upward velocity and mean energy dispersive patternglistributions form so-called conics in velocity space, with a
depend mainly omp (e.g. the magnitude of the convection peak flux in an oblique direction to the geomagnetic field.
drift) with latitudinal profiles varying versus,. In short, the  Statistical studies of the evolution of ion conics versus alti-
main conclusion of the paper is that any triples,(«, wo) tude in the cusp/cleft, from 1 to 4 Earth radiR£), using
leads to a unique transport-pattern feature of ion flows assobE-1 (Peterson et al., 1992) and up to 10 000 km, using Ake-
ciated with a cusp/cleft ionospheric source. In a companiorbono data (Miyake et al., 1993), pointed out that their char-
paper, by using high-altitude (1.5&3) ion observations as acteristic energies increase while their apex angle (the cone
constraints, the results from the parametric study are used tangle with respect to the upward direction) decreases much
determine the altitude dependence of transverse ion heatingnore slowly than expected from adiabatic motion. Both of
these findings are consistent with gradual heating of ion con-
Correspondence tavl. Bouhram (bouhram@mpe.mpg.de) ics as they move upward along the geomagnetic field lines.
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Depending on the altitude of observations, typical tempera- 544
tures of ion conics range from 10 eV up to at least a few keV  Velocity
(Moore et al., 1999).

In the dayside polar cap poleward of the cusp/cleft, obser-
vations by DE-1 revealed that outflowing ions, first heated
in the cusp/cleft, overcome gravity via the mirror force and
drift poleward under the effect of the magnetospheric con-
vection to form the so-called ion fountain (Lockwood et al.,
1985b). A scheme of a satellite moving across the ion foun- 100000
tain is given in Fig. 1. When observed at high altitudes, ] Free-energy
outflowing ion distributions are conical at high energies in 1 Source
the heating region, and field-aligned at lower energies pole- ]
ward to the heating region (Horwitz, 1986; Knudsen et al., ] \ A

/ /
/
/ /

/

1994; Dubouloz et al., 1998). Qualitatively, this picture can

/ 7
be formed by ion transverse heating in a region of finite ! ,/
latitudinal extent, followed by adiabatic convective flow to .
the satellite orbit. Poleward of the heating region, the lat- 7 Gotoliite,”

/ Aty

ter stage contributes to a velocity-filter effect as evidenced
by the latitude-energy dispersion on ion data. Many models § 10000 1
based on ion trajectory calculations have been developed in% ]
order to demonstrate that the high-altitude observed outflows

originate from the cusp/cleft (Horwitz and Lockwood, 1985;

Knudsen et al., 1994; Dubouloz et al., 1998, 2001). How-

ever, the effect of non-adiabatic processes, such as transverse

heating, have not been incorporated when modeling the ion | <—"_—M/

km)
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,’Ion/lfoupt'ain
v 0 7

/ /
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/7 Convection

9 lon Heating
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transport in the cusp/cleft.
Because all ionospheric species achieved non-thermal en- lonospheric

ergies when observed in the cusp/cleft, the heating is caused 4, Source

by the essentially perpendicular component of electric fields

of oscillating within some frequency range (Akdiand

Yau, 1997). Recent statistical observations from the Freja

(_Noqu|_st et al.,, 1998) and '_:AST (LU”C?' et al., 2000) satel- Fig. 1. Sketchiillustrating the transport patterns of ion outflows from
lites pointed out that a major part of ion transverse heathe cuspicleft in conjunction with a satellite crossing. The trajecto-
ing events are associated with an enhancement of the broages are projected in a meridian plane and are functions of invariant
band, extremely low-frequency (BBELF) wave turbulence. latitude and altitude.

The BBELF turbulence covers frequencies from less than

1 Hz up to several hundred Hz, thus including the &hd

O™ gyrofrequencies at altitudes from about 1000 km up to

a few Rg. Its profile versus frequency exhibits generally a heated.

power law spectrum (Kintner, 1976; Gurnett et al., 1984),
which may be modelled by an index In terms of ion en-
ergization, the theory of ion cyclotron resonance (ICR) heat-
ing by the electromagnetic left-hand circular polarized com-

Invariant Latitude

In the present study, a steady-state, 2-D, Monte Carlo
model has been developed. A large set of simulations is com-
puted so as to study the effects of different geophysical pa-

. . ters, h as the altitude d d f the ion heati
ponent around the ion gyrofrequencies (Chang et al., 19865ame ers, such as fhe allilude dependerice of ne lon healing

. . . ate or the magnetospheric convection drift, on the transport
seems the most plausible mechanism. Adopting a power la

) . . . . fH ions. The aim of thi i
altitude-dependent ion heating profile and computing Monte‘ﬁf)atterns of H and O" ions. The aim of this parametric study

Carlo simulati th firmed that onl II|s focussed on determining the altitude dependence of ion
arlo simuiations, many authors contirmed that only @ Smally, g, /erse heating for a specific event, providing that high-
fraction of the wave intensity in the BBELF spectrum is

. . altitude (below 3Rg) ion observations inside and poleward
needed to cause the observed ion energies through ICR h ftude ( W Rp) | vad s polew

eal: .
ing (Retterer et al., 1987; Crew et al., 1990; Amdit al., a&f the cusp/cleft are available.
1990; Norgvist et al., 1996). Except for the work of Aadr The outline of the paper is as follows. A description of the
et al. (1990), where detailed wave and particle observationsimulation model is given in Sect. 2, along with a summary
available for one event have been used to carry out a 2-Ibf the key parameters used as input to a simulation. For a
Monte Carlo simulation, all the previous models neglectedfew simulations, brief results and some tests are discussed in
the horizontal convection drift. Because of the finite latitudi- Sect. 3. The results of the parametric study applied to H
nal extent of the cusp/cleft, the effect of a poleward convec-and O™ ion flows are discussed quantitatively in Sect. 4. A
tion leads to a limited residence timg of ions when being  summary of conclusions is presented in Sect. 5.
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Fig. 2. Transport patterns of ©moments in thé X, s) plane :(a) density in cn3 for a value of 5000 cm® at the low-altitude boundary,

(b) upward mean velocity in kng!, (c) mean energy in e\(d) fluence in Log(crrr2 s~ 1), (e) perpendicular mean energy in &Y} parallel

mean energy in eMg) mean pitch angle ifi, and(h) energy density flux in Log{W m~2). The vertical white line corresponds to the
poleward heating boundarX(= 1).
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2 Model a more accurate description of the low-latitude side of the
heating region.
2.1 Model geometry and applicability The structure of the steady-state ion flow patterns is carried

out from the computed ion trajectories. The ions dynamics
The model geometry considered here is similar to the onénclude the effect of the wave-patrticle interactions (WPI), the
used by Ande et al. (1990). According to the scheme in different macroscopic forces (gravigy, mirror force), and
Fig. 1, the coordinate system is defined by two spatial di-the poleward drift motion caused by the convection. On the
mensions:s and X, wheres denotes the length of the ge- other hand, the model neglects the curvature of the field lines
omagnetic field line from its footprint, plus the Earth’s ra- and therefore their effects: curvature and gradient drifts, and
dius. For high-latitude regions associated with opened field-centrifugal acceleration (Cladis, 1986). The effects of WPI
lines and in our altitude range<4 Rg), the curvature of the  are modelled using a Monte Carlo technique, as described in
magnetic field lines may be neglected and s is close to thehe next section.
geocentric distance. On the other hand, we take into con-
sideration the divergence of the magnetic field lines by in-2.2 lon heating model
troducing an altitude dependence proportional t3.1The o )
dayside heating regions, such as the cusp or the cleft, havé2-1 Kinetic formulation

longitudinal boundaries at equal latitudes (Newell and Meng, . . . N

1992). Hence, by applying a 2-D model to a data set, it iSFor atype of ion, the time evolution of its (_jIStl‘.IbutIOI’] func-
assumed that the heating region is longitudinally homoge-t'.On E(r' V’.t) n th_e phase spa}ceﬂ,(V) Is given by the
neous. The poleward drift, caused by th& x B convec- Kinetic equation (Ichimaru, 1973):
tion is taken into consideration by introducing a poleward [ 3 9 gi 9
abscissar, wherex is a measurement of the poleward dis- {5 +V- PP [g + m_,-(E +V x B)} : W}
tance from the equatorward border of the heating region. For

convenience, we introduce a distari¢eormalized with re- Rl
spect to the thickness of the region. The relation betw&en Fi(r. V) =
and the invariant latitudd is given by:

W'Di'%ﬂ(r,v), 2
whereg; andm; are the ion charge and mass, respectively.
X = (A — Agg)/A, (1) The right-hand side term of Eq. (2) expresses the heating
of ions resulting from the wave-particle interactions, as de-
whereA,, is the invariant latitude of the equatorial boundary scribed by a quasi-linear velocity diffusion tendorD; . Be-
andA the latitudinal width of the heating region. causer;(r, V, 1) is gyrotropic in our problem, and its mea-

In the present study, in order to have a reasonable numbeturement takes place on times greater than the ion cyclotron
of free parameters in the simulation, we consider a constanPeriod, we may consider the evolution of the distribution
drift v, along theX axis. In the §&, s) frame, the effect of ~ fi, which is the gyrophase average &f(r, V). The phase
the drift leads to a limited residence time for ions given by SPace velocity is then decomposed in two componéfjts
tp = A/v,, whereA is the width of the heating region in andV., parallel and perpendicular ®, respectively. Con- -
kilometers. In the high-latitude ionosphets, ranges from ~ Sidering the approximations discussed above (i.e. neglecting
100 to 1000 mst, and A is about a hundred kilometers. the field-line curvature, including the convection drift only),
Thereforey, varies typically between 100 and 1000s. the evolution of fi(s, X, Vy, V1) is given by the equation

lonospheric convection patterns depend strongly on the inf-fi(s: X, V|, V1) = 0 (Crew and Chang, 1985), whefe
terplanetary magnetic field (IMF) orientation (Ruohoniemi IS @ kinetic operator, that includes the phase space flow, and
and Greenwald, 1996). In the same way, the position ofc@n be expressed as:
the cusp may be strongly modulated by the IMF orientation 9 1 9 gi d¢ d 1d(In B)

(Chen et al., 1997). Hence, when assuming a constant drift id- = Vlla— t oyt 75— 5
. . -, . N tp 0X m; ds 3V” 2 ds
the model, it implies steady IMF conditions during the trans-
port of the ion field-aligned flows between the ionosphere 5 9 3 1 9 P
and the satellite orbit. (VJ_B_V” i VLm) - V—lm(VLDth)- ®)

The simulation region extends in s from the topside iono-
sphere (at 1000 km altitude) toRf, and in latitude from  The spatial variations of; are entirely controlled by the first
X =0toX = 10. As onset to a simulation,"Hand O" test  two terms in the right-hand side. The first term describes the
particles are launched from the topside auroral ionospherenotion along the magnetic field lines, while the second term
(s = so and O<X <1) and possibly along the equatorward ((1/¢p)d/9X = v,9/dx) follows the poleward motion due
edge of the heating region. When considering homogeneout the E x B convection. The next terms force the distribu-
heating region in latitude and a constant drift, the ions as-ion to respond to the action of macroscopic forces, such as
sociated with those two flux tubes do not mix. Hence, thethe potential gradiente /ds = —(E} + (m;/q;)g(s)) due to
transport of those populations may be computed as indeperthe gravityg(s) and a possible parallel electric fietg} (third
dent elements, with the equatorward population leading taerm) and the mirror conversion (fourth term). We remind the
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Fig. 4. Evolution of the perpendicular (red points) and parallel (blue Fig. 5. Evolution of the integrated particle (left-hand side) and the
points) energies of O (top) and H- (bottom) test particles inside  energy density (right-hand side) fluxes ofGtop) and H~ (bot-
the heating region as a function of altitude. The corresponding solidom) ions. Red and blue curves correspond to the integrated fluxes
curves are inferred from the mean ion theory of Chang et al. (1986)over the poleward bordetX( = 1) up to an altitude;, and over
the horizontal extent of the heating region{0X < 1) at an al-
titude z, respectively. The black curves correspond to the sum of
reader that the mirror term has this simple, one-dimensiona#ll contributions and the dashed curve (right-hand side) denotes the
form because of the neglect Of curvature and gradlent drlft§ransferred from the waves to pal’tlcles belo.WA“ quantltles are
and centrifugal acceleration, as discussed in Sect. 1. In th8ormalized to the values at the low-altitude boundary.
case of ICR heating at the ion gyrofrequengy, the compo-
nent of the diffusion tensor perpendicularBois dominant, o ) , )
ie. D;iL > D). For wavelengths greater than the ion gy- distribution Sp(r, V) in velocity and space, the calculation

roradius,D; | can be expressed as (Chang et al., 1986; Crew?f fi(s, X, Vj, V1) proceeds by following the kinetic gyro-
et al., 1990): centers of test particles. The motion of an ion gyrocenter is

described by the set of equations:
2

q; .
D 1(s) ® —5 SL[ fei (5)], 4 X=1/mp ()
4m
wheresS, [ f.:]is the left-hand component of the electric field 7 Vi = qi Ej — mig(s) — Wi(dIn B/ds), (6)
spectral density af,;. This results in a useful simplification

of having a velocity-independent diffusion term. where V) and v, are the parallel and perpendicular veloc-
ity components, andV, is the perpendicular energy. Equa-

2.2.2 A Monte Carlo technique tion (5) describes the poleward drift motion aloKgdue to

the convection. Equation (6) gives the variation of the par-
The solutionf; (s, X, V, V1) of Eq. (3) is carried out using a  allel velocity under the effect of macroscopic forces, as de-
Monte Carlo technique, as usually applied to investigate thisscribed in Sect. 2.2.1. In the simulations, we Bgt= 0 for
kind of problem (Retterer et al., 1983, 1989). In the high- several reasons. First, introduciity # 0 would be phys-
altitude cusp/cleft region, the ionospheric population is a mi-ically meaningful only if its two-dimensional variations can
nority constituent of the plasma (when compared to the magbe taken into consideration and in a self-consistent manner
netosheath ion population). Therefore, we may treat themnthat imposes the inclusion of all ion and electron populations
as test particles in externally imposed fields, rather than calin the model (see, for example, Jasperse, 1998). Because
culating the fields self-consistently. From the initial source we focus on a parametric study associated with a reasonable
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10000 of AV, with respect to the ion gyrophase is assumed to be
random. Thus, the variatioAW;, ,.s; of the perpendicular
(a) 10007 energy due to an impulse in a time st&pis given by:

G - 1 2 1 2
g N AWil res = Emi(VL + AV )" — Emi|Vl|

1
1 \ :miVlAVLCOS@+§mi|AVl|2. (7)

1000 10000 100000 Becaused is randomly oriented, only the last term of the
Log(Altitude) right-hand side of Eq. (7) contributes statistically to a mean
ion heating rate given by:

(b) ] .
150 W; 1 (s) =2m;D; |. (8)

100 | Inside the heating regiorX( < 1), the time stepAr must sat-
isfy the conditionW; | (s) x At < W; | (s), so that the test
50 particle keeps its energy; and first adiabatic invariant;
constant between two random impulses. Typically, we use
At = eW; 1 /W; 1 with ¢ ~ 0.01. Outside the heating re-
gion, the transverse heating is turned off, axdis imposed

by the adiabatic motion (typicalljss ~ 0.3/w.;)).

Upward velocity (km/s)

1000 10000 100000
Log(Altitude)
1000

(c) 2.2.3 Altitude dependence of ion heating

100 +
As discussed in Sect. 1, the wave power spectra exhibit gen-
erally a power law in frequency (Gurnett et al., 1984; Andr
etal., 1990):S(f) = So(fo/f)%, whereSg denotes the spec-
tral density at a given frequengl, anda the spectral index.
As assumed in previous models (Abdt al., 1990; Crew et
1000 10000 100000 al., 1990), the wave spectrum does not vary versus altitude,
Log(Altitude) and the fraction due to the left-hand polarized component
is constant versus frequency. Recently, a statistical profile
Fig. 6. Evolution of OF moments along the poleward heating has been reported for altitudes up to 10 000 km using wave
boundary: (a) density, (b) upward mean velocity(c) perpendic-  measurements from Akebono correlated with transversely
ular (red) and parallel (blue) mean energies. The solid and dashefleateq jons (Kasahara et al., 2001). Plots on the altitude dis-
curves are associated with a source distribution vv_nhout temperaturg.,. +on of the wave power at a frequency of 5Hz, which
and with a parallel temperature of 0.3 eV, respectively. corresponds roughly to the*Ogyrofrequency at 8000 km,
pointed out that the wave power remains approximately con-
stant versus altitude in the dayside cusp/cleft (Plate 5b of
number of free parameters in the simulations, the introduckasahara et al., 2001), ranging from about910~8 to
tion of an £ # 0 component is beyond the scope of the 2.5 x 10-7Vv2m~2Hz~1. This latter result is at least com-
paper. However, it should be noted that in other regions tharpatible with the assumption that the wave power spectrum is
the dayside cusp/cleft, such as in the downward current prenot altitude dependent. Considering these assumptions, since
midnight aurora, the field-aligned currenfsandE) are usu-  the jon gyrofrequency is proportional to 3/she altitude de-
ally stronger. Therk| has a direct consequence in the ion en- pendence of the ion heating rate is given by:
ergization, since the heating rate is found to be proportional .
to the dissipation termiy £, (Lynch et al., 2002). Hence, in  WiL(s) = WiL(s0) x (s/50)*, 9)

the companion paper, simulations are consequently applied . 5 ' _
to data sets in the cusp/cleft, where the effecEpfis esti- where Wi (so) = (g;/2m:)SL[(fei(s0)] denotes the heat-

mated to be negligible, using the observed electron and o9 rate at the lower boundary distange For heawey_olns
A . ! of mass numbeM; = m;/myg, W; (sg) scales asv¥ -.

distributions at high altitude. . . . ; . e

. _ For comparing simulation results for different ions, it is more
~ Inthe plane perpendicular B, the effect of a stochastic  ¢onyenient to associate the altitude profile, given by Eg. (9),
ion heating results in disturbing the veloci¥y, with aran- jith two parameters that do not depend on the type of ion. In
dom impulseAV at each time stepr. The two components doing so, we introduce the second parameiggiven by:
AV,, AV, of AV, are generated by a centered Gaussian dis-

tribution, such thatAV2) = (AV2) = 2D, At (Retterer et V3. | 2/3
LAVE) = (AVD) 1A ( (@) [SOWM(SO)M}_Q] _

al., 1983, 1989). The angleThat describes the orientation 0= | 75



UER 2/3
(’"TH) [soWHL(so)] , (10)

where wo has the dimension of energy.
basis of typical wave observations (see,
ple, Andie et al. (1990),
1077 < S(fi) < 1074V2m—2Hz L for Ot ats = 4 Rg, wo

ranges from 0.1 to 1000 eV. Let us note that using a powe
law dependence versuiss also consistent with the statistical

results on the evolution of ion conics along the field lines,
which suggest a gradual heating of ions in the cusp/cleft (PeJ w; (s, X) = (m;/2)

terson et al., 1992; Miyake et al., 1993).

2.3 Steady-state solution

There is a fundamental identity between the time integrate(Jn Egs. (13)-(18), i
solution of an initial value problem and a steady-state pro
lem (Tajima, 1989). Let us notE(r, V, t) for the distribu-
tion function associated with test particles at a tintiring
the simulation. The evolution of is governed by the dy-

namical kinetic equation:

9F
5 tLE=0. (11)

On the

where 05a <2.5 and

b_ni ’
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V=400
/ _ VP2 fils, X, V), Vi) x 2wV, dvydv,y (16)
Vj=+oo
for exam-wil (s, X) = (m;/2n;)
Vj=—00
V=400
|:/ foi(sv X, V|, V) x 2z vV, dVdv, a7)
V=0
Vj=too

Vi=teo 2, 1,2
/ VH(V” + VJ_)
vV, =0

V|=—o00
fi(s, X, V), V1) x 27TVLdVHdVl. (18)

denotes the type of ion'(tér O*) and

ui, Ji, wip, wi1, andJw; are the ion density, upward
drift velocity, ion fluence, mean parallel energy, mean per-
pendicular energy, and energy density flux, respectively. In
Eq. (15), the parametet(s) = B(so)/B(s) = (s/s0)° is a
geometric factor, due to the divergence of the geomagnetic
field lines. If the convection drift is turned offi (s) would
correspond to the ratio of cross-section areas of a flux tube
betweensg ands. At r = 0, about 180 and Ht test par-

whereL is the kinetic operator, as described in Eq. (3). At ticles are injected with an upward mean veloaity (so) of

t = 0, the distribution function is determined by the initial
condition: F = So(r, V) = n;(s0)8(s — so) f; (V) (injection
ats = sg) and after a timeAT, F = 0 (i.e. no more test

0.4kms 1 and 5kms?, respectively. Such values are con-
sistent with typical observations at this altitude (Chandler et
al., 1991). The parallel temperatufg, (so) associated with

particles inside the simulation domain). Integrating Eq. (11)those populations is about a fraction of 1 eV. In most of the

froms = 0tor = AT, with f; = AT~ [* Fdr, yields:
Lfi =0, (12)

with the boundary conditiorf; = So(r, V) ats = so. Note

simulations, we sef; (sg) = 0. However, we show in Sect. 3
that the results at higher altitudes are insensitive to the mo-
ments characteristics of the initial distributiGga(r, V).

that the solutiory; (s, X, V}, V1) of this time-averaged equa- 3 First results, model tests
tion is the same as in the steady-state kinetic equation for a
sourceSy (Eq. 3). Therefore, we may carry out the solu- 3.1 Simulation example

tion fi(s, X, V|, V1) by integrating over time the motion of
test particles associated with the sousgeln this approach,

We ran a Monte Carlo simulation with the following param-

each test particle contributes to the phase space density ofgfers: time of drift, = 500s, spectral index = 1, and
cell by the time spent in that cell. In the same way, the steadywo = 62 €V (see Eq. 11). Figures 2 and 3 show theahd

state moments of; (s, X, V}, V1) are calculated. As output

H* moments, respectively, in a plaie— s. Inside the heat-

of a simulation, only the following moments are conserveding region, the density decreases verstaster than %7, in

at any locatior(s, X):

Vi=+o0 V=400
”i(S»X):/ / fils, X, V), V1) x
V \4

j=—00 JV1=0
ZJTVLdV”dVL (13)
Vi=+0o0
ui(s, X) = (1/n;)
Vj=—o00
Vi=+40c0
/ W fits, X, V), V1) x 27TVJ_dV||dVJ_ (14)
V,=0
Ji(s, X) = ni(s, X) x u;j(s, X) x A(s) (15)
V|=+o00

w;| (s, X) = (m;/2n;)

Vj=—00

order to satisfy the flux conservation. Conversely, the den-
sity decreases as a function ¥fslowly outside the heating
region (X > 1). In the panels showing the upward mean ve-
locity u; and the parallel mean energy ||, we can identify

at larger altitudes a dispersion verskidue to the convec-
tion. The spread of ion flux tubes also appears clearly in
the contours of ion fluencé. This effect is even more sig-
nificant for heavier ions, such astQwhich have a longer
time-of-flight for reaching a geocentric distancelhis may
also explain the absence of"Hat large poleward distances
X.

Inside the heating region, the perpendicular temperature
T, and the average pitch angle of ion conics increase grad-
ually versuss. This effect is a consequence of the heat-
ing profile increasing versus with the perpendicular ener-
gies being progressively transferred into parallel energies via
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10000 polar cap (Horwitz, 1984).
1000 1 “ 3.2 Tests
1004 3.2.1 Validation of ion trajectories
§ o e .; In the casep — oo (1-D model, i.e. no convection drift)
and neglecting gravity, it is possible to derive an asymptotic
1] solution of the equations describing the motion of a mean
A particle (Chang et al., 1986). In the limit of high energies,
0.1 : the perpendicular and parallel energy componefits, (W)
1000 10000 100000 are obtained by using the following expressions:
Log(Altitude)
200 1 QuoM V73 5 \20+2/3
] Wi” (S) = 173 ! 2/3 <_) (19)
2173[(3e 4 1) (6 + 11)]1%/3 \ 5o
w150
55; ] Wil (s) = (6 + QuoM ™V )201+2/3 (20)
g T AR Ba + 1) (6a + 10123 5o
E ' Figure 4 shows the evolution d¥;; and W;; as functions
3 504 of s for wg = 62eVs?!anda = 1. The convection drift
] - has been turned off so that the test particle stays inside the
ol heating region. Here, we found that the evolutionVgf,

1000 10000 100000 andW; is in good agreement with the mean particle theory
Log(Altitude)

developed by Chang et al. (1986). These results allow us to

- validate the computation of ion trajectories inside the heating
Log (W)) region.

Log (W,)

3.2.2 Global conservation laws

For any simulation we run, itis possible to validate the spatial
structure of ion flows by using global conservation laws. By
integrating the kinetic equatiobh f; = 0 over all velocity
space, we obtain the local conservation equation of particle
; ‘ flux densities:

1000 10000 100000 1 aNl

0
Log(Altitude) ——— 4+ —(N;ju;) =0, 21
9 iy 9X + 3S( iu;) ( )
Fig. 7. Evolution of Of moments along the poleward heating whereN; = A(S)n;(s, X). When integrating Eq. (21) over
boundary: (a) density, (b) upward mean velocityic) perpendic-  the box limited by O< X’ < X andsp < s’ < s, we obtain

ular (red) and parallel (blue) mean energies. The solid and dashethe global conservation law of particle flux densities:
curves are associated with a source distribution injected at an alti-

tude of 1000 and 2000 km, respectively. s'=s X'=X
P Y / Ni(X, s")rptds' +f Ni(X', s)ui(X', s)dX’ =
s'=s0 X'=0
the mirror force. Poleward of the heating regigdi > 1), s'=s L X'=X
. . . . . — / /
only the mirror force is acting along with gravity for heavy [~ Ni(0, ")ty "ds +/, Ni (X', so)u; (X', s0)dX".(22)
ions, and leads to a steep decreas®& of/ersusX. Another =50 X'=0

counterintuitive result appears in the mean pitch angle panelg,, myltiplying the kinetic equation b = m,-(VerV”z)/Z,

(Figs. 2g and 3g), where'Hand O" contours exhibit differ-  anq by integrating over all velocity space, we obtain the local
ent values outside the heating region at the lower boundarysonservation equation of energy flux densities:

Here, we should note that the lower limit for@s ¢° (down-

ward flow) instead of 90 Unfortunately, this does not ap- ii(N-(w- T gidi))+

pear in Fig. 2g, because the color scale is set betwe&n 907p 9X o e

and 180, in order to keep the discontinuity at the poleward

heating boundaryX = 1) visible for both ions. We will — —(N;(Q; + uiqi¢;)) = N; Wi (s), (23)
see in Sect. 4.1.2 that the difference can be explained by thgs

influence of the gravity for low-energy heavy ions, with the whereg;¢; includes the gravitational and electric potential
corresponding trajectories being parabolic in the low-altitudeenergy, and); denotes the energy flux. Equation (23) may
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Fig. 8. Evolution of OF (left) and Ht (right) moments along the poleward heating boundary. From top to bottom: density, upward mean
velocity, perpendicular mean energy, parallel mean energy, and apex. The colours are associated with different values of the residence time
as listed in the toper plots.

be simplified by introducing the following approximation: flux densities for our model:

Q; ~ u;w;, which physically means tha4tl.2 and w; have s'=s .
the same scaling versus(Crew et al., 1990; Jasperse and | Ni (X, shwi (X, s ), dS'+
Grossbard, 2000). Then, Eg. (23) may be rewritten as: §=s0

X'=X
1 9 9 _ /X,_O Ni (X', )wi (X', s)ui (X', s)dX’
gﬁ(Niw?) + ﬁ(Niw;kui) =N;W., (24) o

—/ n;i (0, s"HYwi (0, syt~

wherew! = w; + g;¢; is the mean total energy. When in- §'=s0
tegrating Eq. (24) over the box limited by X’ < X and X'=X

! ES / / /
so < s’ < s, we obtain the global conservation law of energy | ,_. Ni (X, so)w; (X', so)ui (X', so)dX
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X=X ol : t | lerated ions at th torward edge of th
_ f / Ni(X'. s YW (X, s)dX'ds’. (25) ransversely accelerated ions at the equatorward edge of the
X'=0 Js'=s0 dayside cusp/cleft (Andret al., 1988; Whalen et al., 1991).

This law tells us how much energy density rate goes into (first 1€7€: ions may be preheated before entering the energization

two terms) and goes out of (next two terms) the box, limited region, which results in significant density of ions at high
by 0 < X' < X andso < s’ < s. This is balanced by the altitudes. The contribution of this component to the high-

transferred power from waves to particles inside the saméiltitude observations usually depends on the residence time
domain (right-hand side term) tp and the strength of the heating. As mentioned in Sect. 2.1,
Figure 5 displays, for the previous simulation, the varia- we should also remind the reader that when considering a ho-

tions of the outflow rate and the energy density rate, as funcM9eneous heating region in latitude and a constant drift, the
tions ofs, through the top and the poleward border of a box ions associated with the population flowing from the topside
limited by 0< X < 1,50 < s’ < 5. As shown in Fig. 5a, the ionosphere and the one from the equatorward boundary do
sum of the two contributions is still equal to the outflow rate not mix. Here, for the values of, considered, we found that

of ions injected ak = so, and therefore Eq. (23) is checked. the equatorward population leads to a more accurate descrip-

As shown in Fig. 5b, the conservation of the energy densitytion of the low-latitude side of the heating region and does

flux is approximately verified, with the calculation of mo- not driftinto the polar cagX > 1). As reported in earlier
ments of high order being less accurate numerically. works using a 2-D model (Anéret al., 1990), the results
at high altitude are not very sensitive to the temperature of

3.3 Sensitivity of the results to the boundary conditions  the initial distribution. In the companion paper (Bouhram et
al., 2003), when applying the results to a few specific data
3.3.1 Influence of the form of the initial distribution func- sets, the contribution of the equatorial population is quanti-
tion fied. For doing so, the ion density, may be inferred from
particle measurements at the satellite altitugg. Then,
We Study here the SenSitiVity of the characteristics of the ini'because energization processes are less important equator-
tial ion source diStribUtiOl’So on the Steady-state solution of ward from the heating region, it is reasonable to assume that
the kinetic equation. Figure 6 shows the profiles of @o-  the density is inversely proportional to the cross-section area
ments, along the poleward heating boundaty= 1), with  4(s) = (s/50)3 of a magnetic flux tube along the boundary,
the parametersp = 62eV ande = 1, when introducing a in order to satisfy the particle conservation law.
parallel temperature in the source distributify The inter- The results discussed in Sects. 3.3.1 and 3.3.2 point out
esting result is the insensitivity of the moment profiles to thethat the achieved energies of ionospheric ions are sufficiently
source distributioro. Basically, the conjugate action of the jmportant at higher altitudes, so that the characteristics of
diffusion and mirror forces is sufficiently strong so that the the jon source distribution have been forgotten, as reported
form of S is rapidly rearranged into a heated distribution. in previous works (Retterer et al., 1987; Crew et al., 1990).
For H" ions (not shown), the effect of gravity is negligible | the same way, the low-altitude boundary of the simula-
and the change on moment profile is therefore insignificant. tion domain has a weak influence on the results at higher
altitudes. This justifies that, in our case study, an accurate
modelling of physical processes taking place at low altitude
(< 2000 km) is not necessary.

3.3.2 Influence of the low-altitude boundary

By considering the altitude range (1.5R3) covered by
Interball-2 in the dayside auroral zone, it might be interesting
to analyze the sensitivity of the results to the lower geocen-  pgrametric study

tric distance boundaryy, of the simulation domain, where

ionospheric particles are injected. Figure 7 shows the pro4.1 Effect of the horizontal drift

files of OY moments along the poleward heating boundary

(X=1) when considering two different values gf. In both In this section, we quantify the effects of the parametger
cases, the heating profile is the same as used above. It turnghich characterizes the horizontal transport in the poleward
out that the moments are more slightly sensitive to the valueX direction, on the spatial structure of ion outflows. Let us
of so than the characteristics of the source distributign ~ remember that when the width of the heating region is
However, the difference in upward velocity and mean energyfixed, p is proportional to the poleward convection driff.
components is small, abot#t 5% and~ 10%, respectively.  Inside the heating region, we also analyze the differences in
In addition, there are no changes in the asymptotic evolutiorterms of ion energization with a 1-D model, where the con-
of all moment profiles versus vection drift is turned off{p — o0).

3.3.3 Influence of the low-latitude boundary 4.1.1 Influence inside the heating region

Another possible sensitive parameter is the distribution ofFigure 8 compares Hand O- moment profiles along the
ions along the equatorward border of the heating region, fronpoleward heating boundaiyx = 1) for different values of
which ions flow into the region under the effect of the magne-rp along with the same heating profiled = 62 eV,a = 1).
tospheric convection. A few papers reported the presence dBasically, an ion drifts out of the heating region at an altitude
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Table 1. Values of the transferred power per unit area and flux from the source (at 1000 km) from wavestm ®ft ions, as a function
oftp

tp (s) (Jowo)/{(Jo(s0))(eV) (Jgwgy)/{Ju(s0))(eV)

200 87 160
300 139 245
500 358 315
800 622 354
+00 940 375

proportional to its resident time<(zp) inside the heating re- upward velocity profileg; (s, X = 1) increase strongly ag

gion. Therefore, density profiles af(s, X = 1) decrease decreases: an ion reaching a fixed distance s needs a larger
strongly astp decreases. In the same way, a more signifi-upward velocity as its residence time decreases. Because of
cant fraction of O ions is spread out of the heating region such velocity filter effects, ion distribution functions have a
(in the polar cap) for smallerp. For time-of-flight effects, smaller parallel temperature than their directed parallel en-
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Fig. 10. Evolution of HF moments versuX at an altitude of R. The format is the same as in Fig. 8.

ergy(miuiz/Z). Hence, the mean parallel energy is close  nificant part of the ion outflow is still contained inside the
to (miul.z/Z), and its profilew; (s, X = 1) increases strongly heating region. Therefore, all moment profiles have the same
astp decreases. On the other hand, perpendicular temperghape as given by a 1-D model, on which the ion flux tube is
ture profilesw; | (s, X = 1) are insensitive to,. For out-  completely contained inside the heating region. Foribhs,
flowing ions, the mirror force converts the perpendicular en-the parameter, does not affect the moment profiles. Be-
ergy into parallel energy along the geomagnetic field lines.cause the Fl mass differs by an important factor (=16) from
Therefore, the achieved perpendicular energies are only duthe OF mass, their average time of flight through the simu-
to ICR heating and do not depend gn The apex angl&;, lation domain remains always smaller than typical values of
which is a function of the ratiav; ; /w;|, reaches different p.

asymptotic values. As expected, whegntends to infinity,

W; tends to a value (43°3as given by 1-D models (Crew et 4.1.2 Influence outside the heating region

al., 1990):

w2 (6 +2)Y2 Figures 9 and 10 compare the"@nd H" moment profiles
) = . (26) versusX ats; = 3 Rg for the same set of simulation param-
3 eters as in Fig. 8. We note that the perpendicular temperature
Qualitatively, whenp is larger than the average time of flight w;, and apex angla; profiles fall down poleward of the
for reaching the top of the simulation domainKz), a sig-  heating region X > 1). As previously mentioned, an ion

tanw, = (
w; |
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drifting out of the heating region is only subject to the mir-  The effect of the horizontal drift has a major influence on
ror force and gravity. Because of the absence of transversthe ionospheric mass loading outside the heating region (po-
energization, heated ion distributions are rapidly folded intolar cap), as evidenced in density(s1, X), fluenceJ; (s1, X),
upwelling ion distributions inside a thin horizontal region as- and energy density fluy; w; (s1, X) profiles. By integrat-
sociated with the sharp gradient aloKgf w;; andVy;. ing J;(s1, X) and J;w; (s1, X) over X, we estimate the net
outflow rate and the transferred power due to WPI below
s1 (Egs. 22 and 25), respectively. For smaller valuesyof

the energies associated with the maximum fluence decrease
strongly for O". In the same way, the transferred power is

governed by the parametey. For X > 2, the apex angl&; as small agp is small,_as given by the area below the curves
of O* increases because of the conjugate action of poleward: i (51. X). Table 1 gives the transferred power from waves
drift and gravity. WhenX increases, the field-aligned flow to O and H" for different values ofp. We have added the
turns downward by increasing in magnitude, andendsto  Values as deduced from a 1-D modg (> +o0). It turns
18C°. This asymptotic limit is not observed in Fig. 9, because °ut that using a 1-D model leads to a strong overestimation
the simulation domain is not sufficiently extendedsinince ~ ©f 9lobal energy density transfers to heavy ions, suchas O

the effect of gravity is negligible for H, ; does not increase On the other hand, the effect of the horizontal drift is less sig-
for X > 2. nificant for H™ global energy density transfers. Once again,

Poleward of the heating region, ions are filtered owing to
their time of flight for reaching; = 3 Rg, which is inversely
proportional to their mean upward drift (s1, X). We will
see in the next section that the dispersigf1, X) is mainly
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this difference is due to their lower mass and leads to averageean perpendicular energy and the apex, respectively, at the

times of flight smaller thary,. poleward heating boundary (PHB) at a distance s for a type
of ion i. As shown in Fig. 11, the value af, | , increases
4.2 Influence of the heating profile strongly versusug. Conversely, the value of;, is approxi-

. _ mately constant for M and slightly dispersed for ©(~5°).
Figure 11 compares the'Cand H™ moment profiles versus |n the following, we will see that; | , and¥;, may be used

X at S1 = 4RE for different heating proﬁles withy = 1 as a probe of the heating parameteﬂs,(a)_
fixed, andtp = 500s. For a fixed value af,, the velocity

dispersion inX remains insensitive to the heating parame- Figure 12 displays the variation df;, andw;,, ats =
ters. On the other hand, Figs. 9 and 10 have pointed out that R as functions ofwg anda. Solid curves correspond to
the dispersion; (s, X) exhibits different shapes when con- the variations otw;  , and¥;, in the 1-D case. In this ap-
sidering different values af,. Therefore, we may conclude proximation,¥;, is given by Eq. (26) and depends @mnly.
that the simulated velocity dispersion versuss a function  Forw; ,, there is no analytic formula. However, on the basis
of tp. This result is important when studying an upflowing previous studies (Crew et al., 1990; Barghouthi, 198957),,

ion event, because it suggests that the convection drift camay be approximated as the perpendicular ené¥gy of a

be determined from the observed velocity filter effect. Let ussingle mean ion (Eqg. 20). As evidenced in Fig. 12, the val-
introduce the parametens | , and¥;,, corresponding tothe  ues ofw; , remain close to the 1-D limit given by Eq. (20).
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Fig. 14. Patterns in a planeg — «
of the apex and the mean perpendicu-
lar energy of O ions at the poleward
edge of the heating region at two alti-
tudes: 1.%Rg (left) and 3Rg (right).
The oblique curves correspond to con-
tours of the mean perpendicular energy
(in eV) while the curves approximately
horizontal correspond to contours of the
T T — ] apex with a constant step of 2Crosses
ol b 10 10 o - 10 o e correspond to values inferred from nu-
wo (eV) wo (eV) merical simulations.

=300 s

Slight differences appear ob, profiles for OF, where val-  tween the tripletd; , ,, ¥;,, dLog(;)/dLog(X)], associated
ues remain lower than the 1-D limit, because of limited res-with parameters which are experimentally available, and the
idence times (see Sect. 4.1.1). However, wheincreases, triplet (¢p, wo, &) associated with the horizontal drift and the
¥;, changes little and tends to the 1-D limit. transverse heating.

4.3 Parametric survey
4.3.1 Evolution of the velocity filter

In the last section, we have studied qualitatively how the sim-
ulation parameters £, wo, @) control the moment evolution
at higher altitudes. Furthermore, we have established that iFigure 13 shows the evolution of the ion dispersion
the PHB the mean perpendicular energy , and the apex  Log[x; (X)] for different values ofp at two geocentric dis-
V;, associated with high-altitude heated conics are mainlytances. Here, the slope dLag)/dLog(X) turns out to be
controlled by the heating parameteus, anda. Conversely, flatter at higher altitudes. Let us consider the flow line
outside the heating region, the slope dugydLog(X) char-  crossing the pointsg, X1). From Eq. (21), at a geocentric
acterizing the velocity filter effect is insensitive to the heating distances, = s1 + As, the lineu; is translated along by
parameters and dependsen a distanceAX = t[_)l x As/u1, inversely proportional to

In this section, by gathering the results of a large setu;. Therefore, the slope Log][(X)] decreases flatly versus
of simulation runs, we construct a unique relationship be-X betweers; andss.
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Fig. 15. Patterns in a planeg — «

of the apex and the mean perpendicular
energy of H" ions. The format is the
same as in Fig. 14.

4.3.2 Relationship between heating and conic parametersinant terms, the slope can be expressed as:

[ ] o~ (27)
0Log(wo) 1w, 1 Log[M?%(s/50)?]

Therefore, the slope ab; | , contour decreases with respect
o the ion mass and the altitude. Furthermore, there is a
single intersection betweenw, , contour and a¥;, con-
tour. Therefore, a couplevp, «) leads at a fixed altitude to a
unique ion conic form at the PHB and is characterized by the
couple of momentsu; | p, ¥;p).

From a large set of simulations, we may construct, at a fixe
altitude, contour plots ofv; | , and ¥;,, as functions of the
ICR parametersufp, ). Figures 14 and 15 provide contour
plots ofw; | , and¥;,, for O* and H, respectively, by con-
sidering different altitudes and valuesm@f. These contours
have been constructed from 1-D fits, similar to Fig. 12. In
the limit of higherwg or «, the effect of the horizontal drift
becomes negligible and the contours follows those given bys  Summary and conclusion

the 1-D theory (Egs. 20 and 26). In the domaipy (< 1 eV,

a < 1), contours are not shown because such heating paranin this paper, we have studied the spatial structure, from
eters lead to ion distributions associated with insignificant1000 km up to 20 000 km in altitude, of dayside ionospheric
energiesy; 1, < 10eV) for being observed at the PHB. At ion outflow as a function of ion heating parameters and
a fixed altitude, thew; |, curves have flatter slope for'O  the convection drift using a two-dimensional (2-D), Monte
than H". By differentiating Eq. (20) and retaining only dom- Carlo, trajectory-based code. Since no analytic theory is
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available in 2-D, the results of the model have been testedChandler, M. O., Moore, T. E., and Waite, Jr., J. H.: Observations
successfully on the basis of global conservation laws. of polar ion outflows, J. Geophys. Res., 96, 1421, 1991.

In contrast to prev|ous Work based on 1-D Slmulanon, thechang, T., CI’eW, G. B., HerShkOWitZ, N., Jaspel’se, J. R., Retterer,
introduction of a poleward convection drift leads to a lim- J- M., and Winningham, J. D.: Transverse acceleration of oxy-
ited residence timey of ions when being heated in the day- gen ions by electromagnetic ion cyclotron resonance with broad-

side cusp/cleft. Residence time effects turn out to be impor- Zggdllggéhand'pmanzed waves, Geophys. Res. Lett, 13, 636-

tanf[ by modﬁymg the density pa'tterns off@utflows, while Chen, S.-H., Boardsen, S. A., Fung, S. F., Green, J. L., Kessel,
residence time effects on density patterns are small for H 3 | 1an L C. Eastman T. E. and Craven. J. D - Exterior and

outflows. These effects also control the_dispersive €Nergy interior polar cusps: Observations from Hawkeye, J. Geophys.

patterns of outflows poleward of the heating region (i.e. in Res., 102, 11 335-11 348, 1997.

the polar cap). Conversely, inside the heating region, lim-Cladis, J. B.: Parallel acceleration and transport of ions from polar

ited residence times lead to moderate and weak effects in the ionosphere to plasma sheet, Geophys. Res. Lett., 13, 893-896,

angle and energy characteristics associated wita@d H 1986. _ _ S

conics, respectively. Such parameters are to the first orde¢®W, G. B. and Chang, T.: Asymptotic theory of ion conic distri-

controlled by the strength of ion transverse heating, as char- Putions, Phyﬁ- fluids, 28, 2382-2394, 1985.

acterized in the model by the couple of parameters ). Crew, G. B., Chang, T., Retterer, J. M., Peterson, W. K., Gurr_lett,
. . . D. A., and Huff, R. L.: lon cyclotron resonance heated conics:

In terms of energy density flux exchanges, residence time )

ffects are important for heavy populations, such as Be- theory and observations, J. Geophys. Res., 95, 3959, 1990.
€ . p o yP p > Dubouloz, N., Delcourt, D., Malingre, M., Berthelier, J.-J., and
cause the ion density is overestimated using a 1-D model, thé cpygunin, D.: Remote analysis of cleft ion acceleration us-

introduction of a limited residence timg Ieads_ to S_ms_tller ing thermal plasma measurements from Interball Auroral Probe,
transfers of power between the waves and tHads inside Geophys. Res. Lett., 25, 2925, 1998.
the heating region. Dubouloz, N., Bouhram, M., Senior, C., Delcourt, D., Malingre,

The main conclusion of the paper is that the transport pat- M., and Sauvaud, J.-A.: Spatial structure of the cusp/cleft ion
terns of ion outflows when associated with a reasonable num- fountain: A case study using a magnetic conjugacy between In-
ber of free parameters,{, wo, «), lead to unique features in terball AP and a pair of SuperDARN radars, J. Geophys. Res.,
space. In a companion paper (Bouhram et al., 2003), pro- 106, 261-274, 2001.

. - - e Gurnett, D. A,, Huff, R. L., Menietti, J. D., Burch, J. L., Winning-
viding that our assumptions are satisfied, we reverse the pro ham. J. D., and Shawhan, S. D.: Correlated low-frequency elec-

cess by determining the str_ength of 'On heating, () for a tric and magnetic noise along the auroral field lines, J. Geophys.
large number of data sets in the dayside cusp/cleft from the r.s g9 g971-8985 1984.

Interball-2 satellite. Horwitz, J. L.: Features of ion trajectories in the polar magneto-

sphere, Geophys. Res. Lett., 11, 1111, 1984.
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