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Abstract. To advance our understanding of the effect of HT ions at altitudes below7 Rg, while it is important for al-
wave-particle interactions on ion outflows in the polar wind titudes above Re. For Of wave particle interaction is very
region and the resulting ion heating and escape from lowsignificant at all altitudes. (3) For certain and at points,
altitudes to higher altitudes, we carried out a comparisonaltitudes, where the ion gyroradius is equal to or less than
between polar wind simulations obtained using Barghouthix | , the effect of wave-particle interactions is independent of
model with corresponding observations obtained from dif-the velocity and it depends only on the altitude part of the
ferent satellites. The Barghouthi model describes &d  velocity diffusion coefficient; however, the effect of wave-
H* outflows in the polar wind region in the range R# to particle interactions reduce above that point, called satura-
13.7Rg, including the effects of gravity, polarization elec- tion point, and the heating process turns to be self-limiting
trostatic field, diverging geomagnetic field lines, and wave-heating. (4) The most interesting result is the appearance of
particle interactions. Wave-particle interactions were in- O" conics and toroids at low altitudes and continue to appear
cluded into the model by using a patrticle diffusion equation, at high altitudes; however, they appear at very high altitudes
which depends on diffusion coefficients determined from es-for H™ ions. We compare quantitatively and qualitatively be-
timates of the typical electric field spectral density at relevanttween the simulation results and the corresponding observa-
altitudes and frequencies. We provide a formula for the ve-tions. As a result of many comparisons, we find that the best
locity diffusion coefficient that depends on altitude and ve- agreement occurs when equals to 8 km. The quantitative
locity, in which the velocity part depends on the perpendic-comparisons show that many characteristics of the observa-
ular wavelength of the electromagnetic turbulenge Be-  tions are very close to the simulation results, and the qual-
cause of the shortage of information abaut, it was in- itative comparisons between the simulation results for ion
cluded into the model as a parameter. We produce differenbutflows and the observations produce very similar behav-
simulations (i.e. ion velocity distributions, ions density, ion iors. To our knowledge, most of the comparisons between
drift velocity, ion parallel and perpendicular temperatures) observations (ion velocity distribution, density, drift veloc-
for O and H' ions, and for different. ;. We discuss the ity, parallel and perpendicular temperatures, anisotropy, etc.)
simulations in terms of wave-particle interactions, perpen-and simulations obtained from different models produce few
dicular adiabatic cooling, parallel adiabatic cooling, mirror agreements and fail to explain many observations (see Yau
force, and ion potential energy. The main findings of the sim-et al., 2007; Lemaire et al., 2007; Tam et al., 2007; Su et
ulations are as follows: (1) Dions are highly energized at al., 1998; Engwall et al., 2009). This paper presents many
all altitudes in the simulation tube due to wave-particle inter-close agreements between observations and simulations ob-
actions that heat the ions in the perpendicular direction, andained by Barghouthi model, forOand H' ions at different
part of this gained energy transfer to the parallel directionaltitudes i.e. from 1. Rg to 13.7Rg.

by mirror force, resulting in accelerating'Qons along geo-
magnetic field lines from lower altitudes to higher altitudes.
(2) The effect of wave-particle interactions is negligible for
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1 Introduction ions with supersonic speed in the polar cap region. (3) Abe
et al. (1993) used the measurements conducted by Akebono
A variety of plasma flows along open magnetic field lines satellite and found that ©ion outflows turned to be super-
can be found in the solar-terrestrial plasma systems, for exsonic outflow at altitudes around 11000 km and they con-
ample, solar wind (a supersonic expansion of plasma blowfirmed that the source of Dions in the polar wind is from
ing out of the solar corona) and polar wind (an ambipolarthe polar ionosphere. In addition, they found that ©ns
outflow of thermal plasma from the terrestrial ionosphere atoutflow velocity monotonically increased with altitude, at-
high latitudes to the magnetosphere along open geomagnetigining supersonic flow at 10 000 km, and @ns observed
field lines of the Earth). The purpose of this paper is to re-to be the dominant ions at high altitudes. (4) Gurgiolo and
view the observations related to"Gand H' ions outflows  Burch (1982) confirmed the existence of-Qons at alti-
in the polar wind in order to compare them with the corre- tude 20000 km by analyzing data obtained by High Alti-
sponding simulations obtained by using Barghouthi modeltude Plasma Instrument (HAPI) aboard DE-1 satellite; they
(Barghouthi, 2008). We expect from this comparison to shedfound that O ions temperature is 2.75 eV due to perpendic-
light on the significant role of wave-particle interaction in ular heating in regions located at lower altitudes in the po-
controlling the ion outflow in the polar wind region. We also |ar wind. (5) Green and Waite (1985) reported a number of
want to discuss the potential role of finite wavelength effectsevents of outflowing O ions observed by the Retarding lon
(i.e. velocity dependent velocity diffusion coefficients), and Mass Spectrometer (RIMS) aboard DE-1 satellite.
provide the scientific community with the wavelength of the  As an example of more recent reports, Chugunin (2009)
electromagnetic turbulence that best matches many of the olstudied the polar wind by analyzing the measurements ob-
served features. The Barghouthi model can provide a goodained by the Hyperboloid mass-spectrometer installed on-
match to many observations, and we expect that we have Board the Interball Auroral probe satellite at heights of
lot to learn also from the cases with poor agreement, which~20 000 km. After the analysis of the moments of the veloc-
we also discuss. ity distribution function — namely, the densities, field-aligned

In particular we want to improve our understanding of the velocities, and temperatures of the ions in the polar wind re-
role of wave-particle interactions in the polar wind region, gion — a comparison between the characteristics of thermal
and highlight the role of finite wavelength effects and how ion outflows in the polar cap region with the results of theo-
these affect the observed ion velocity distributions and theretical models has been conducted. The comparison showed
altitude distributions of the ion moments. We limit our study that the current models of the polar wind did not describe
to the polar cap, i.e. the polar wind region. This is in contrastwell these observations; he found that the temperatures are
to the outflow in the auroral region, and in particular from the substantially higher than the model ones, and the measured
cusp, where wave activity is higher and the velocity diffusion field-aligned velocities of O fluxes are several times higher
coefficients are higher. than the model ones.

Many observations related to the ion outflows in the polar Recently it has become possible to measure low energy
cap region have motivated different theoretical studies to proion fluxes in the magnetotail lobes by analyzing the wake
vide the mechanism (mechanisms) that is (are) responsiblelectric field created by cold plasma streaming past a posi-
for these observations. Hoffman and Dobson (1980) sumtively charged spacecraft (Engwall et al., 2009). Nilsson et
marized polar wind data obtained by Explorer 33 and I1SIS-2al. (2010) studied the centrifugal acceleration of the ions in
under different geophysical conditions. The characteristicsthis magnetotail lobe data set and found it to be rather small,
of the polar wind mentioned in that paper and other polarmuch less than in the high altitude (abovR® cusp related
wind measurements obtained by several space instrumenien outflow reported in Nilsson et al. (2006, 2008). Demars
aboard DE-1 satellite were the major source of observationgt al. (1996) also studied the effect of centrifugal acceleration
for comparisons with different polar wind models. Lemaire with a particle in cell code and found that it was not signif-
et al. (2007) reviewed the history of kinetic polar wind mod- icant at low altitude. Polar wind and cusp-related outflow
els and early observations (i.e. observations of the polar windvill mix above the polar cap and in the magnetotail lobes,
conducted by space instruments before the data from Akedepending on the starting point and parallel velocities of the
bono and Polar satellites were available). They found thabutflowing ions. The magnetotail lobe ions are the ones start-
theoretical models constructed to explain these observationgg well into the polar cap (away from the cusp) and/or with
did not explain the nature of cool'Oions observed in the a long transport time (low velocity for a significant part of
polar wind. its transport path). It thus depends on the transport path of

Another generation of observations provided more impor-the ions if we expect centrifugal acceleration to be important
tant results: (1) The observations of supersonic outflows ofor not. In this paper we do not include centrifugal acceler-
H* ions by DE-1 satellite have been confirmed by Nagai etation, but will discuss how much this neglecting affects our
al. (1984), i.e. the supersonic nature of polar wind. (2) Gurgi-results. Away from the cusp, a model of the polar wind re-
olo and Burch (1982) and Waite et al. (1985) investigated thegion, which we use here, is suitable regardless of the starting
measurements of DE-1 and observed the suprathermal Opoint of the ions, but the changing initial conditions between

Ann. Geophys., 29, 2062079 2011 www.ann-geophys.net/29/2061/2011/



I. A. Barghouthi et al.: A comparison study between observations and simulation results of Barghouthi model 2063

different regions may give discrepancies between our modeWe present polar wind simulations in Sect. 3. In Sect. 4,

results (which use fixed initial conditions) and observations. we compare between the simulation results for bothadd
Regarding the observations of the ion velocity distribution H* ions and the corresponding observations. In Sect. 5, we

functions, non-Maxwellian ion velocity distributions such as present the conclusions.

elevated conics and toroids have been reported in the dif-

ferent high-latitudes regions (Winningham and Burch, 1984;

Huddleston et al., 2000; Waara et al., 2010; Slapak et al.2 Theoretical formulations

2011). Particle measurements performed onboard the Dy-

namics Explorer 1 (DE-1) satellite have revealed the exis-The continuous outflow of thermal plasma escaping from the

tence of a population of ®ion conic extended in latitude Polarionosphere at high latitudes to the magnetosphere along

throughout the equatorward portion of the auroral zone (Win-‘0pen” geomagnetic field lines is called the polar wind (Ax-

ningham and Burch, 1984). Huddleston et al. (2000) examford, 1968). The outflow consists of light thermal Hons

ined events where the TIDE and TIMAS ion instruments on-2and heavy energized Oons and electrons. There are many

board the Polar spacecraft observed transversely accelerat@jternal forces and processes that affect this polar wind out-

jons at h|gh altitudes equatorward of the cusp. They reported'OW, such as gravitational force, polarization electrostatic

both Ht and O populations’ heated perpendicular to the lo- field, mirror force, collisions between ions, and the interac-

cal geomagnetic field and the heated iond (hd O") had  tion between ions and the electromagnetic turbulences (i.e.

the form of toroids in velocity space. wave-particle interactions). It is convenient to describe each
Because of the observational features of the polar windion species in the polar wind plasma by a separate veloc-

two terms appeared in the literature: they are classical poity distribution function fs(vs,7s,7). This velocity distribu-

lar wind and non-classical p0|ar wind. The classical p0|arti0n function is Changed with time due to the effects of these

wind theory related to ® and H" ion outflows assumed €xternal forces, collisions of ions, and wave-particle interac-

that transport and dynamic effects control the behavior oftions. The mathematical description of this evolution process

these ions. However, in the non-classical polar wind theory,in time is given by the well-known Boltzmann equation:

the effects of wave-particle interaction, centrifugal accelera—a 7 1 5f

tion, and other mechanisms affect ion outflows in the polar =5 4 ;. V fs+ [g + s (E + Zvgx B>:| Vs fs= A (1)

wind (Tam et al., 2007). Most of the models of the clas- 97 ms ¢ ot

sical polar wind theory did not deal with®Oions but they

dealt with H" outflows. As mentioned above, Lemaire et

al. (2007) reviewed early observations of polar wind and Yau o) are the charge and the mass of the ion (i.e. eitheioH

et al. (2007) continued and reviewed recent observations og+’ respectively), ) is the speed of lightd /1) is the time
polar wind. They concluded that satellite-borne ion ComPOSi'derivatives,(V) is the coordinate space gradient, ats}

tion observations over the past 4 decades have confirmed tqg the velocity space gradient. The right-hand side of the
existence of the polar wind as well as its basic characteristicsl?)o|tzmalnn equations(s/st) represents the rate of change

These observations cover the altitude range from 1000 kn?)f /) in a given region of phase spade as a
to 50 500 km above the polar cap region and revealed sev, Fs(vs,rsr1) v d P pades, rs)

. esult of collisions and wave-particle interactions.
eral features of the polar wind that are unexpecied from the In this study, we are interested in the collisionless region
classical polar wind theories. Some of these features are th&c the polar wi,nd i e. the ions move in the simulation tube
day-night asymmetry in polar wind velocity, appreciabfe O o

| t hiah altitud d sianificant elect ¢ which extends from 1.Rg to 13.7Rg under the effects of
outflow at high atitudes, and signilicant electron empera'gravitational force, polarization electrostatic field, diverging
ture anisotropy in the sunlit polar wind. In addition, Yau et

al. (2007) raised several questions related to the polar Wim?eomagnetic field, and wave-particle interactions. The po-
; . o .. tential ener rofil owing to gravitational force and
still unresolved, such as the relative contribution of the dif- gy profilep (r) glog

ferent sources of the high-altitudetQpolar wind, and the polarization electrostatic field is given by
relative importance between the classical and non-classical ne 1 1
ion acceleration mechanisms. In particular they noted as aff (") =kTe|”< > + (G Mgm) (1 TRe ;) &)
outstanding question that it is possible that the cusp (i.e. cleft ’
ion fountain) could be the sole source for @ns inthe polar  where(k) is Boltzmann’s constantT) is the electron tem-
cap. perature; £e) and (ne)g are the electron densities atand

In this paper, we tabulate different observations for O 1.7 Rg, respectively, which can be calculated from the quasi-
and H' ion outflows in the polar wind that covers the altitude neutrality condition fe = n(O%) +n(H")); (G) is the grav-
range from 1. Rg to 13.7Rg obtained from different satel- itational constantMg is the mass of the Earth; amdis the
lites, in order to compare it with the corresponding simula-ions mass. The geomagnetic fielklwas taken to be pro-
tion results from Barghouthi model. This paper is organizedportional tor—2 wherer is the geocentric distance. At very
as follows: theoretical formulations are presented in Sect. 2high altitudes, the reaB field may fall off at a slower rate,

where @) is the acceleration of gravity,H) is the polar-
ization electrostatic field,R) is the geomagnetic fielded,

€o
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which would yield higher perpendicular temperatures andpeated for successively decreasing value\ofuntil the re-
lower parallel velocities than what we obtain in our model. sults became insensitive to the specific valuezof In par-

As mentioned above, there are many observations (Abe eticular, the optimum value of the time step was found to be
al., 1993; Su et al., 1998; Yau et al., 2007; Huddleston et al. At ~ O.Olthh/DL, whereuvy, is the thermal speed of the ion
2000; etc.) at high-altitudes and high-latitudes such as ionspecies that is being simulated. This condition guarantees
density, drift velocity, temperature, non-Maxwellian features that the average velocity perturbation per unit time step is
of HT and OF ion velocity distributions, and the existence much smaller than the thermal speed of the ambient ions. We
of heavy and energized'Oons, obtained from several polar notice thatAr depends on both the ion’s type and its position.
orbiting satellites. These observations of the ion outflows Barghouthi (1997) and Barghouthi et al. (1998) computed
in the polar wind and auroral regions need to be explainedhe altitude dependence ab( ) by analyzing experimental
theoretically in order to understand which mechanisms arelata of electric field spectral density obtained by PWI on-
responsible for producing these features and behaviors of thboard the DE-1 satellite (i.e. for high solar activity condi-

polar wind ions. tions); they obtained the following expression for the veloc-
Many theoretical studies (Chang and Coppi, 1981; Changty diffusion coefficientD in the polar wind region:
et al., 1986; Retterer et al., 1987a, b, 1994; Crew et al.
’ e o P I N _ [5.77x10%r /Rg)*Pcm?s™3,  for HT
1990; Barghouthi, 1997, 2008; Barghouthi and Atout, 2006; D (r) = { 9,555 loz(r/RE)l?’.g cn?s-3. for OF (5)

Bouhram et al., 2003a, b, 2004, and others) concluded that it
is very essential to take into consideration the effect of wave-Barghouthi (2008) developed a new form for the diffusion
particle interactions when investigating auroral and cusp ioncoefficient and found it to be velocity dependent in addition
outflows. Also, Barakat and Barghouthi (1994); Barghouthi to its dependence on altitude. Finally, to model the heating
et al. (1998); Lemaire et al. (2007); and Tam et al. (2007)process (i.e. wave-particle interactions), we specify a model
found that wave-particle interactions (WPI) play an impor- for the diffusion coefficient ) as a function of perpen-
tant role in determining the behavior of ion outflows in the dicular velocity ¢ ) and position £/ Rg) along geomagnetic
polar wind region. To include the effect of WPI in a colli- field lines of the Earth. For the spatial variation (i.e. the al-
sionless region, we replace the right-hand side of Boltzmanriitude dependence), we choose the form obtained by Bargh-
equation by the term that represents the interaction betweeauthi et al. (1998), while for the velocity dependence, we
ions and the electromagnetic turbulence, which is resonanthoose the form obtained by Barghouthi (2008). The final
interactions at ion gyrofrequency. This is represented by parform for D, is altitude and velocity dependent and given by
ticle diffusion equation in the velocity space and is given by the following expression:

Retterer et al. (1987a): 1 for (kLvL) 1
=) <
5f; 1\ 9 af; .
[ﬁ} _ (_) 2 [DL . ULL} (3 DL =D (6)
WPI VL

8t vl v r -3 X
) o o o (L—”) for(i—“_i>zl
where(D) ) is the quasi-linear velocity diffusion coefficient. i i
The influence of WPI on the ion during\¢) is taken into  where the diffusion coefficiend, (r) is given in Eq. (5);
consideration by incrementing the ion’s perpendicular veloc-is the ion gyrofrequency, arid, is perpendicular wave vec-
ity by a random incrementXv ), such as the ion heating tor and it is related to the characteristic perpendicular wave-
rate due to these random increments is consistent with théength of the electromagnetic turbulence.

velocity diffusion coefficient: Introducing a velocity dependence of the velocity diffu-
5 sion coefficient formally makes it more difficult to solve
((AUJ_) >:4DJ_At (4)  Eq. (3). This problem has been addressed by Retterer et

al. (1983), who showed that in order to recover the quasi-
linear diffusion formulation of wave-particle interactions

when the diffusion coefficient has a velocity dependence,
one must include two terms: a mean velocity change that

the t ts kv inthe ol dicular to th is proportional to the velocity divergence of the diffusion co-
€ two components v Inthe plane perpendicularto tn€ - o(hicient timesat, and a second order mean velocity change

geomagnetic field lines are chosen to be Gaussian rando%at is proportional to the diffusion coefficient timas (i.e.

variables such 3@”3)=<AU§> =2D, Ar; the vectorAvy  Eq. 4). If the velocity dependence of the diffusion coeffi-

is added to the ion’s transverse velocity, assuming a randongient is weak, as itis for ion cyclotron wave interactions, then

orientation with respect to the gyrophase. the term related to the mean velocity change can be ignored
The time stepAr should be infinitesimal4r — 0). How- (J. Retterer, personal communications, 2010).

ever, asAt decreases, the computational time increases. In Now, all cards in Boltzmann equation are on the table.

order to select an optimum value oft that strikes a com- To solve this equation, i.e. to find the velocity distribu-

promise between speed and accuracy, the simulation was réton function fs(vs,rs,t) and its velocity moments, we will

where (A¢) is the time interval chosen randomly and ( =
(1/2m) dWwavddt) is the velocity diffusion coefficient,
(dWwavddt) is the ion heating rate due to wave particle in-
teraction and#) is the ion mass. It is important to note that

Ann. Geophys., 29, 2062079 2011 www.ann-geophys.net/29/2061/2011/
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use Barghouthi model that has been explained and tested in 14f
Barghouthi (2008). In that model, the ion is injected into the

simulation region at the lower boundary (i.e. Rg) with a Tu12-
random initial velocity that corresponds to the ion velocity @ 10}
distribution immediately below the lower boundary; the ion L 8t
moves under the influence of gravitational force, polarization 2 6}
electrostatic field (the altitude profile for the potential energy g a1
due to these forces is presented in Fig. 1), mirror force, and ol
the effect of WPI. In the simulation tube and at different al- 0

titudes, statistical data were accumulated about the injected 10
ions and finally it has been used to compute the velocity dis-
tribution function and the following velocity moments:

”52/ Jsws)dvs 7) 14f
12}
_ Juisfswedivs @) 210}
T ffS(Us)davs % 8 [
S 6}
_ %f(vlls—us)zfs(vs)d%s E al
fle= T fs(ve)d3us ) 24
3t [ v ° N
- BIURCo 6 30 3 6 9 12 15
fhs= [ fs(vs)d3us (10)

:_r|1+the aob+0\{eEequat7|onsl,Os del:[]r(])te.s th(; typi Ofdthff 'OT (I'e'Fig. 1. Altitude profiles of ions potential enerdy) due to the grav-
or ); Egs. (7)~(10) are the ion density, drift veloc- itational force and polarization electrostatic field, for @ns (solid

iFy, paralle_l t_emperature, perpendicular temperature,_ respeql-ne) and Hf ions (dashed line), when perpendicular wavelength of
tively. It is important to note that here we are using the he electromagnetic turbulenze = 8 km.

Barghouthi model with initial conditions and velocity dif-
fusion coefficients suitable for the polar wind region. The

model. can also describe th.e.auroral region; the only diﬁe,r'gravity and upward forces, and can lead to long horizontal
ence is the boundary conditions that reperesent the regioftangport times. This is consistent with the cusp as the initial
and the altitude dependence (i2, (r)) of the diffusion co- g rce of the O ions. If that is the case we would expect
efficient. our model to reach too low number fluxes of outflowing O
ions in steady state, as most outflow observed at high alti-
tude will be caused by a gradual depletion of the drifting flux
tube, i.e. steady state does not apply. The electron tempera-

The boundary conditions selected for the polar wind regionture was kept constant at 108K along the entire simulation

are similar to those of Barghouthi et al. (1998): at lower tube (1.7-13.Rg), this assumption is justified by the fact
boundary (i.e. 1.Rg), we set the O ion drift velocity at  thatitis resonable at low altitudes and the effect is negligible
0.0kms1, the oxygen ion density at 100 ¢ty and the & at high altitudes. The velocity distribution functions for both
ion temperature at 300K. However, for H" ions, we set H* and O ions are assumed to be Maxwellian at the lower
the H' ion drift velocity at 11 km s, the hydrogen ion den-  boundary. Also, we considered a wide range of characteris-
sity at 200cnt3, and the H ion temperature at 300K. tic wavelengths for the electromagnetic turbulerice £ oo,

The values chosen are consistent with observations reporte?0, 20, 8, and 1km), since the data obtained by PWI instru-
for this altitude range, e.g. Chandler et al. (1991), Su etment aboard DE-1 spacecraft or any other satellites do not
al. (1998). One may note that the Su et al. (1998) studyinclude information about the perpendicular wavelength of
shows on average a small downward velocity for i@ this  the electromagnetic turbulence.

altitude range, but a perpendicular temperature that will lead One question which remain regarding the boundary con-
to mirroring slightly below the observation altitude. Under ditions is how dependent these are on the geomagnetic ac-
such circumstances a close to zero initial velocity is a readivity (Kp index), solar EUV (F10.7 cm index), season, solar
sonable boundary condition, where the precise value shouldenith angle and other conditions. Any such dependence is
be tuned to give a reasonable number flux. The close to zeraot well established, though the dependence seems not to be
velocity of OF results from an approximate balance betweenvery strong for the polar cap (Abe et al., 1993, 1996, 2004).

3 Polar wind simulations

www.ann-geophys.net/29/2061/2011/ Ann. Geophys., 29, 206193-2011
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Fig. 2. OT ions velocity distribution functions at different geocentric distances (1.7, 4.27, 5.29, 5.97, 6.66, 7.0, 7.34 atg) 8089
different electromagnetic turbulence wavelengths)( the wavelengths considered here afe— oo (1st panel)A | =50km (2nd panel),
A =20km (3rd panel). | =8km (4th panel), and | =1 km (5th panel).f (O1) is represented by equal values contours in the normalized

velocity (¢)|.¢ 1) plane, where = [v — u(O+)]/[2kT(O+)/m(O+)]1/2. The contour levels decrease successively by a faétdrrom the
maximum.

We have therefore chosen to use one set of boundary condi- To study the effect of WPI (altitude-dependent and
tions to the model, which we will compare with all data. velocity-dependent) on ©ions, we compute the ion ve-
locity distribution functionf (O™) at several altitudes in the
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simulation region and for different values bf . The simu- Figure 3 presents the altitude profiles of lower order mo-
lations of O" ions velocity distribution functiory (O*) are  ments of O ions. The drift velocity (top-right panel) of ©
shown in Fig. 2. For the case.( — o0) i.e. k; — 0O, the ions u(O™) increases with altitude for all |, because the
diffusion coefficient(D ) becomes altitude dependent and role of WPI is to heat the ions in the perpendicular direc-
velocity independent according to Eqg. (6). The distribu- tion, part of this gained energy due to heating process trans-
tion function £ (O™) at 1.7Rg is Maxwellian and consistent fer from the perpendicular direction to the parallel direction
with the assumed boundary conditions. As geocentric alti-due to the mirror force, thus the acceleration of the ions in
tude increases, the diffusion coefficieRt, (O") increases, the upward direction will be increasesd. However, we note
according to Eq. (5), then the role of WPI becomes signif-that the drift velocities at low altitudes (i.e. below &p)
icant in heating the ions in the perpendicular direction (i.e.are the same for different values of , since the argument
the strength of WPI increases), the resulting perpendiculakLvl/Q is less than unity (i.e. the behavior of"Gons be-
heating leads to the formation of “pancake-like” distributions low that altitude (4.Rg) is the same for all values of) ).
[T.(O") > T (O")], which folds into O" conics due to the  For the caseX(, = 50km), the acceleration rate decreases,
effect of mirror force. For the case of ( =50km), the be-  the drift velocityx O still increasing but with a smaller rate
havior of ions remains the same as the cask 0f> co, up above the saturation point which occurs at Bg5 For the
to 7.0Rg, the toroidal features start to appear at 7834be-  case [, =20km), we see that the saturation appears earlier
come obvious at 8.68g, and saturate above that altitude. at 6.5Rg, for the caseX; = 8 km), the saturation appears at
The toroidal features appear when the finite wavelength oflower altitude (6.0 Rg), for the caseX | = 1km),u(O™) is
the electric field turbulence limits the velocity diffusion for reduced more and more and the saturation appears Bt4.5
particles with a gyroradius comparable to the wavelength.These results have a close agreement with the velocity distri-
The formation of ion toroids can be explained in terms of bution functions displayed in Fig. 2.
the expression of the diffusion coefficiefi®, ). According The drift velocityu (O™) still increases but with a smaller
to Eq. (6), D) (r,v1) has a maximum value near zero per- rate as.; decreases, because of the reduction in the heating
pendicular velocity (i.ev; ~0) (i.e. (kLvL/Q) < 1), and rate. This can be explained as follows: the expression for the
decreases rapidly for large valueswf (i.e. kLvL/Q >1); diffusion coefficient(D ) is a function of altitude and ve-
therefore, the ions (Hor O") tend to move out of the region locity as shown in Eq. (6). Aa, decreases, the expression
of large diffusion coefficienD, (i.e. k) vL/Q <l andac- (kpvy/ Q)3 decreases, so the diffusion coefficient, ) de-
cumulate in region of relatively low diffusion coefficiemt; creases, thus the strength of WPI decreases and the heating
(i.e.klvl/Q > 1), forming the aforementioned toroidal dis- process becomes negligible. However, below the saturation
tribution. For shorter wavelengths of the electric field turbu- points mentioned above, the effect of WPI is the same; in
lence, this occurs at progressively lower altitudes. It will also other words, it is independent @f , i.e. below the saturation
affect O™ at a lower altitude than H because of the larger points the effect of velocity dependent WPI is negligible and
gyroradius of G for a given perpendicular velocity. the main contribution to the heating process is coming from
For the caseX; =20km), the distribution functions be- the altitude-dependent part of the diffusion coefficient. Since
haves as in the case of (— oo) and ¢, =50km) upto  OT ions are in the flux-limiting flow condition (Barakat and
(~5.97RE), but the toroidal features appear at a lower alti- Schunk, 1983), a corresponding increase in the ions density
tudes (i.e~6.66RE), they are well established at{ Rg), is expected to compensate the decrease in the ions drift ve-
and saturate above that altitude. However, for the caséocity, and hence to keep the net escape flux constant.
(r.L = 8km), the toroidal shape appears at lower altitudes, The lower left panel of Fig. 3 presents-Gons perpendic-
it starts to appear at altitude-6.97Rg) and becomes well ular temperature. The behavior of this (O™) is due to the
established at altitude~6.66Rg). Moreover, for the case effect of WPI that heats ©ions in the perpendicular direc-
(r1L = 1km) the toroidal features appear at lower altitude tion, and to the effect of perpendicular adiabatic cooling, in
(~4.27RE), become obvious at 5.28, and the distribution  which part of the energy is transferred from perpendicular di-
function £ (O™ )becomes saturated above 5B9 rection to the parallel direction in order to keep the first adia-
For the cases\(i =50km, 1, =20km,A, =8km, and  batic invariantx constant (i.ex = mv2/2B). As altitude in-
A1 =1km), the O velocity distribution functionf (O™") sat- creasesT| (O1) increases due to the effect of WPI that dom-
urates after forming the toroidal shape, because the effect ahates the effect of perpendicular adiabatic cooling. Also, it
WPI becomes negligible and the perpendicular heating turnss clear from the altitude profile of ©ions perpendicular
to be self-limiting. In other words, as, decreases, the ar- temperature that a@s, decrease%, (O™) decreases, because
gumentkLvL/Q or the ratio of the ion gyroradius to the D, decreases, and consequently the heating rate decreases.
wavelengthh | approaches one at lower altitudes and conse-At lower altitudes the heating is enhanced owing to the pres-
quently, the toroids appear at these altitudes, namely for theure cooker effect (Barakat and Barghouthi, 1994), which re-
case £, = 1km) the toroids appear at 4.Z¢, and become  sults from the temporary trapping offOons between the
well established at 5.2R¢. lower magnetic deflection point and the upper gravitational
point (see Fig. 1), when an ion bounces between these two
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Fig. 3. Altitude profiles of the lower order ©® moment for different electromagnetic turbulence wavelengths.( The wavelengths
considered here arve; — oo (double-dotted dashed ling), =50km (dotted dashed line),; =20km (dotted line)) | =8 km (dashed
line), A | =1km (solid line). The @ moments considered here are: densit®™) (top left), drift velocityx (O1) (top right), perpendicular
temperaturd’| (O1) (bottom left), and parallel temperaturg (OT) (bottom right).

deflection points, it gains more and more energy due to WPk major problem for the model, it may just reflect temporal

and then its perpendicular temperature increases. This invariations of the heating process. The most important fea-
creases transport times, and thus the distance the flux tubeires are rather the altitude profiles of the perpendicular tem-
will drift in the perpendicular direction at the time an ion has perature and the parallel velocity. Density profiles, though
reached a given altitude. important to reproduce accurately, are mainly a function of

The prof“es of O ions para||e| temperatum‘ (O+) isin- boundary conditions and the drift velocity profile.
fluenced by WPI, because as @ns perpendicular temper- Figure 4 shows the simulation results of kbns velocity
ature increases due to WPI, part of this energy is transferredistribution functiong' (H™). Itis clear that the velocity dis-
from the perpendicular direction to the parallel direction, andtribution is Maxwellian at the lower boundary (i.e. 1R¢)
consequently, the parallel temperature increases at high altnd this is consistent with the assumed initial conditions. At
tudes. At low altitudes ® ions parallel temperatutg (O™) 5.29Rg, the width of the velocity distribution function in the

decreaseS, Owing to para”e| adiabatic Coo”ng (Barakat and)erpendicular direction is less than the width in the parallel
Lemaire, 1990) in which the WPI heats the ions in the per-direction, in other words as altitude increases perpendicular

pendicular direction and then part of this energy is trans-temperature decreases and parallel temperature increases i.e.
ferred to the parallel direction which enhances Ons drift ~ 7)(H") > TL(H™). This is due to the effect of perpendicular
velocity, and consequently parallel temperature decreases @liabatic cooling in which part of energy is transfer from per-
shown in Eq. (9). One should note when comparing para||e|pendicular direction to the parallel direction in order to keep
temperatures of models and observations that observed pae first adiabatic invariant constant. At 8.2, the heating

allel temperatures can be affected by temporal variations ifate in the perpendicular direction due to WPI increases and
addition to the energy transfer through the mirror force whichdominates the effect of perpendicular adiabatic cooling, i.e.
is described by the model. Therefore, a larger parallel temZL(H) > T (H™).

perature in the observations than in the model need not be
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Fig. 4. HT ions velocity distribution functions at different geocentric distances (1.7, 5.29, 8.19, 9.39, 11.1, 12.8, akg) I8t tlifferent
electromagnetic turbulence wavelengths ), the wavelengths considered here are— oo (1st panel),. | =50km (2nd panel)a; =
20km (3rd panel)p | =8km (4th panel), and | =1km (5th panel). f(HT) is represented by equal values contours in the normalized
velocity (¢),¢ 1) plane, wheré=[v — u(H+)]/[2kT(H+)/m(H+)]1/2. The contour levels decrease successively by a faétérfrom the
maximum.

To be specific, for the case. [ — o0), the distribution  the energy transfer from perpendicular direction to the paral-
function is Maxwellian at the lower boundary. As geocen- lel direction in order to keep the first adiabatic invariant con-
tric altitude increases, the diffusion coefficieht (H) in- stant is larger than the gain due to WPI. Therefore, perpen-
creases, which means that the heating rate increases and catieular temperature decreases in the altitude rangerR@.7
sequently the perpendicular temperature increases. Initiallyto 5Rg), and consequently the velocity distributigifH™)
the effect of perpendicular adiabatic cooling is dominant, i.e.develops large temperature anisotropy (H*) > 7. (H1)],
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Fig. 5. Altitude profiles of the lower order H moment for different electromagnetic turbulence wavelengths.( The wavelengths
considered here ave; — oo (double-dotted dashed ling), =50 km (dotted dashed line),; =20 km (dotted line)x | =8 km (dashed
line), 2| =1km (solid line). The H moments considered here are: density ™) (top left), drift velocityuz (HT) (top right), perpendicular
temperaturd’| (H) (bottom left), and parallel temperattﬂ“@(HJ“) (bottom right).

but at 8.19Rc the temperature anisotropy is inverted [i.e. Moreover, for the caser( =1 km), the toroidal features ap-
T, (HT) > T (H")] because the effect of WPI increases with pear at a lower altitude~9.39Rg), and become more pro-
altitude and dominates the effect of perpendicular adiabaticyounced at geocentric altitude {1.1Rg).

cooling. At higher altitudes, the role of WPI becomes signifi- Figure 5 shows the altitude profiles for*Hower order

cant and this yields H conics at geocentric altitude 9.%g, moments for wide range af, . The drift velocity of H- ions

which become obvious at 11RE, and above this altitude the : : L :

conics features are saturatelcliaEAlso for the case<{ 50 km) u(H*) increases with altitude, owing to the effect of WPl
T N T and its role in heating the ions in perpendicular direction.

the velocity dlstrlbut:I()n functlor_l rerln_alr;s thehs_ame as forhthe.l.he caseX, =50km) is similar to the case of( — oo),

case k. g O.o) ata geoceqtrlc at|t_u es, t. IS means ¢ _at where the two cases are the same for all altitudes in the sim-

the contribution of the velocity part in the diffusion coeffi- ulation tube. But for the case ( = 20 km), the heating rate

F:ient is.negligitl)le and stilD, is velocit_y independent. This decreases .and so drift velocityH™) is réduced more and

![S ((:;)+n5|stent with the smaller gyroradius of tds compared more above the saturation point which occurs at ®&.0For

0L the caseX, = 8km), the saturation point appears at 1RgH

For the caseX(, =1km),u(H™) is reduced more and more

and the saturation point occurs at lower altitude i.e.RE8

The drift velocityu (H™) decreases as, decreases, because

50km) up to 12.&e, but at 13.7Re the distribution func- of the reduction of the heating rate. The density df idns

tion begins to display toroidal features. For the case=£ o i s d o k th f
8km), the distribution function remains the same as the’éénst)a I!]r;creases as decreases lo keep the escape flux

cases X1 — o0), (AL =50km), and £, =20km) up to
(~11.1RE), but at 12.8RE the distribution function starts to The behavior of H ions perpendicular temperature
display toroidal features, which become obvious at K7 T, (H™) at altitudes above Bg is increasing monotonically

For the case)(; = 20km), the velocity distribution func-
tion remains the same as the casks {> oc0) and (., =
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with altitude, since the effect WPI is greater than that of per-  First of all we have used a fixed set of lower boundary con-
pendicular adiabatic cooling (i.e. WPI is dominant). But at ditions. If wave-particle interaction during the transport path
lower altitudesT', (H™) is decreasing with altitude, since the is dominant, the lower boundary conditions will not be so im-
perpendicular adiabatic cooling effect dominates the effect ofportant for the shape of the ion distributions at high altitude.
WPI. Due to the action of the mirror force almost all initial energy
As a result of WPI, H ions are energized through heating will have been turned into parallel energy, so that the bound-
in the perpendicular direction, part of this energy is trans-ary conditions mainly affect the parallel bulk velocity at high
ferred to the parallel direction, and consequently, the paralaltitude. The effect of the boundary conditions is by far most
lel temperature increases at high altitudes, but at lower altiimportant for the number flux and density, which will be to-
tude H" ions parallel temperaturg, (H*) decreases, since tally determined by the boundary conditions if all other pa-
the parallel adiabatic cooling (Barakat and Lemaire, 1990)rameters are kept constant. Therefore, absolute values of
is dominant and the effect of WPI is weak. On the otherdensity and number flux are less important for our compar-
hand, at relatively intermediate altitudes the effect of WPlison, while shape of the distribution functions and altitude
is strengthened, but parallel adiabatic cooling is still dom-profiles of all parameters are important. Comparison with
inant; therefore, H ions parallel temperatur&; (H*) de-  statistical studies makes most sense for an average model.
creases slowly with altitude. For case studies one should in principle adjust both heating
rates and lower boundary conditions to those corresponding
to the time of measurements. We have chosen to include
4 Comparison between simulation results and some case studies anyway, to see how they fit into our gen-
observations eral model, to illustrate the range of different observations
that exist. Before discussing the quantitative and qualitative
Barghouthi (2008) compared between the simulation resulcomparisons between simulations and corresponding results,
of Barghouthi model for Fi and O" ions outflows in the au- it is important to note, in observational studies they use the
roral region with the corresponding observations, he foundterms velocity, parallel velocity, and drift velocity. All these
an excellent agreement, in particular when the characteristiterms are the same in observational studies and correspond
perpendicular wavelength of the electromagnetic turbulencdo drift velocity in simulation studies.
was 8 km. Also, according to comparison between the sim- Table 1, Figs. 6, 7, and 8 present a comparison between
ulation results of the polar wind for different wavelengths, H" observations with the corresponding simulation results
we find a general agreement with the corresponding obserebtained by Barghouthi model. We find three levels of agree-
vations for this wavelength, therefore we choose to presenment:
the comparison for the case when =8 km. In this paper, ]
we searched the literature and looked for different observa- 1+ Very close agreement, for example? idarallel velocity
tions related to the polar wind over the range from Rgfto at 4.17Rg, H* perpendicular temperature at 1.78,
13.7Re. We found observations concerning density, veloc-  and H" parallel velocity at altitudes around 2&g.

ity, parallel velocity, perpend|cularte(;nperature, parallgl tem- 2. The simulation results are in the range of observa-
perature, temperzitrl:re, energy, and temperature anisotropy tions, for example, H density at 9.(Rg, H™ velocity

T /Tl), for both HF and O" ions an_d at different altitudes. at 2.0Rg, H* parallel velocity at 1.7®g and 9.0Re,
Therefore, for the sake of comparison, we have computed and H+ temperature at 2.8¢.

from the simulation results presented in Sect. 3, the follow-

ing: lower order moments (i.e. density, drift velocity, per- 3. |n the same order, i.e. good agremeent, for exampte, H
pendicular and parallel temperatures for both ions (Fig. 6), parallel temperature at 1.7& , H* perpendicular tem-
temperatures for both ions (Fig. 7), and Hnd O tem- perature at 9.®g, and H- density at 4.1Rg.

perature anisotopiedj / 71) (Fig. 8). We have used these

figures either to obtain numerical values or to investigate theWe also note that the Barghouthi model results are consis-

qualitative behavior of ion outflows. tent with the observations of Engwall et al. (2009), in terms
of our parallel velocities of about 20-30 km'sat 10—14RE.
4.1 Quantitative comparison Furthermore the wake effect used by Engwall et al. (2009)

exists when the thermal energy is smaller than the drift en-
In this sub-section, we compare between the observationsrgy which is in turn smaller than the spacecraft potential
and simulation results of Barghouthi model quantitativly, the which can reach several tens of volts for a sunlit spacecraft
comparisons are tabulated in Table 1 fof kbns, and Ta- inthe lobes. This is consistent with the low Hemperatures
ble 2 for O" ions. We will compare a fixed model with both predicted by Barghouthi model. We note also that Nilsson et
statistical and case studies of the polar wind. This will affectal. (2010) concluded that there was room for very little addi-
the comparison in a number of ways which we will discusstional acceleration in the lobes apart from the relatively small
below. centrifugal acceleration. This may mean that wave activity in
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Fig. 6. Altitude profiles of the lower order moment forfGions (solid line) and H ions (dashed line) wheh; =8km. The moments
considered here are: dens'rt{cm—ﬂ (top left), drift velocityu[cm—3] (top right), perpendicular temperaturfg [k] (bottom left), and
parallel temperaturg [k] (bottom right). Different corresponding observations are marked on the profiles.

the lobes is less than in Barghouthi model and that revised ve- 3. In the same order, i.e. good agreement, for example,

locity diffusion coefficients may be needed for the conditions
described in the observations of Engwall et al. (2009).

We also find some discrepancies, mainly related to the H
perpendicular to parallel temperature ratio (Fig. 8), which
is above unity at low (i.e. below Bg) and high (i.e. above
6 Rp) altitudes and less than unity at intermediate (i.e. 2—
6 Rp) altitudes, however it is below than unity in Su et
al. (1998) observations.

Table 2, Figs. 6, 7, and 8 present a comparison betwéen O

observations with the corresponding simulations obtained by o

Barghouthi model, also we find three levels of agreement,
they are:

1. Very close agreement, for example® Qarallel temper-
ature at 1.7Rg, O velocity at 5.0Rg, and O" temper-
ature at 4.1 Rg.

2. The simulation results are in the range of obsevations,
for example, O density at 1.7Rg, OT parallel veloc-
ity at 9.0Rg, and O" temperature in the range 2RE—
2.58RE.

Ann. Geophys., 29, 2062079 2011

O™ temperature anisotropy at 1.Rg, O" perpendic-
ular temperature at 1.78=, and O" parallel velocity at
4.17Rg.

We also find some notable disagreements. These are:

1. The O" density at 9.QRg is much lower in the model
than in the observations of Su et al. (1998), about three
orders of magnitude too small.

The O" perpendicular temperature is much higher in
the model than in the observations of Su et al. (1998)
at 9.0Rg, 52 eV as compared to an average of just 3.4
(with a typical range of 0.35-22 in the measurements).

3. The O" perpendicular to parallel temperature ratio is

far too high in the model (about 50) as compared to just
0.54 in the Su at al. (1998) observations atRg0

4. T, (O)/TL(H') is equal to 3.43 at 9.8 (Su et al.,

1998); however, in this study it is 2 order of magnitude
larger.

www.ann-geophys.net/29/2061/2011/
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Table 1. Comparison between the observations and simulation results of Barghouthi modélimn$d Please note, in observational studies
they use the terms velocity, parallel velocity, and drift velocity. All these terms are the same in observational studies and correspond to drift
velocity in simulation studies.

Altitude (Rg) HT ions  Characteristics Barghouthi model Observations
predictions
1.79Rg Density 100 (0.1-100) (Su et al., 1998)
n (cm—3)
9.0RE Density 0.7 (0.01-2, and its average was 0.3) (Su et al., 1998)
n (cm™3)
4.17Rg Density ~4 0.5-2 (Chugunin, 2009)
n (cm™3)
2.0RE Drift velocity 16.1 (16—25) (Nagai et al., 1984)
v (kms1
2.58RE Velocity 17.2 12 (Abe et al., 1993)
v (kms1)
1.79Re Parallel velocity 134 (10-21, and its average was 15) (Su et al., 1998)
v (kms™1)
4.17Rg Parallel velocity 20 21 (Chugunin, 2009)
vy (kms™1)
~2.3Rg Parallel velocity 16.1 14 (Drakou et al., 1997)
v (km s
9.0RE Parallel velocity 22.8 (20-110, and its average was 45) (Su et al., 1998)
v (kms™1)
1.79Rg Perpendicular 0.22 0.23 (Su et al., 1998)
temperature
T, (eV)
9.0RE Perpendicular 0.7 1.1 (Suetal., 1998)
temperature
T, (eV)
1.79Rg Parallel temperature 0.082 0.12 (Su et al., 1998)
T) (eV)
2.0RE Temperature 0.15 0.12-0.2) (Nagai et al., 1984))
T (eV)
2.1Rg—2.58REg Temperature (0.11-0.07) (0.05-0.35) (Drakou et al., 1997; Su et al., 1998)
T (eV)
1.78Rg T)/T, 0.4 0.52 (Su et al., 1998)

5. n(OM)/n(H™) 9.0RE is in the range 0.016-1, with an fountain source for the ®ions. Furthermore we will need
average value of 0.156 (Su et al., 1998); however, into look into the magnitude of the heating of"Gf the values
this studly it is of order of 10°. reported by Su et al. (1998) are typical.

From these comparisons, we can say that the simulation re4 2  Qualitative comparison

sults obtained by Barghouthi model are close to many of

the corresponding observations at different altitudes for H In addition to the above numerical comparisons, we com-
whereas some improvements are needed for\@e believe  pare between the qualitative behavior of the ions outflows in
the improvements needed forfGare mainly related to the the polar wind with different observations. The comparisons
number flux at the lower boundary. As our densities at loware summarized in Table 3. Similarly, from the correspond-
altitude are in good agreement with observations, the numing comparisons shown in Table 3, we can conclude that the
ber flux must be increased with a higher drift velocity. This qualitative behavior of F ions and many properties of the
will mainly affect the velocities at low altitude, whereas as O™ ions in the polar wind are close to the observations at
the initial velocity becomes negligible the initial number flux different altitudes and for both ions. The list is relatively self-
will mainly affect the densities at high altitude. We also note described, so we only providde a very brief summary here:
that such a higher number flux than the value provided usinghe model reproduces the gross features that the ion veloc-
Polar data as boundary condition is consistent with a cleft ionity increases with altitude and is supersonic at high altitude,
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Table 2. Comparison between the observations and simulation results of Barghouthi modél imn®© Please note, in observational studies
they use the terms velocity, parallel velocity, and drift velocity. All these terms are the same in observational studies and correspond to drift
velocity in simulation studies.

Altitude (Rg) OT Characteristics Barghouthi model Observations

ions predictions

1.79Rg Density 30 (0.1-100, and its average was 7.7) (Su et al., 1998)
n (cm3)

5.0RE Velocity 15 20 (Nilsson et al., 2008)
v (kms1)

4.17Rg Parallel velocity 2 5 (Chugunin, 2009)
v (kms™1)

9.0RE Parallel velocity 275 (8-32, and its average was 17), (Su et al., 1998)
vy (kms™1)

1.79Rg Perpendicular 0.28 0.61 (Su etal., 1998)
temperature
T, (eV)

1.79Rg Parallel temperature 0.28 0.34 (Su et al., 1998)
T) (eV)

2.1Rg—2.58REg Temperature 0.25 (0.05-0.35) (Drakou et al., 1997; Su et al., 1998)
T (eV)

4.17Rg Temperature 11600 10000 (Chugunin, 2009)
T (K)

1.79Re T)/Ty, 0.95 0.55 (Su et al., 1998)

~8 RE Temperature (eV) 28 8 (Gurgiolo and Burch, 1982)

the density decreases and ks the dominant species. TO  for producing the observations, i.e. the physics behind the

is more energized than'Has seen both in a more rapidly ion outflow behavior will be known and can be used to ex-

increasing parallel velocity and higher temperatures. plain other observations that have been measured in similar
. . i _ conditions.

It is very important to note that the simulation results e finally note that Barghouthi model lacks one accelera-
obtained in this study (i.e. Sect. 3) have been used in thgjon mechanism, the centrifugal acceleration (Horwitz et al.,
above comparisons and are computed by using the Barghrggs) which has been experimentally estimated using Clus-
outhi model with a fixed set of velocity diffusion coefficients o, gata (Nilsson et al., 2008, 2010). For the cusp/mantle
(appropriate for the average polar wind); and we have used &|ated outflow reported in Nilsson et al. (2008), the centrifu-
set of typical boundary conditions for ions and electrons tem-ga| acceleration added about 20—30 kth detween 5 and
peratures, ion drift velocities, and ion velocity distributions 14 g. The centrifugal acceleration of cold ion outflow in the
at the injection point. On the other side, the observations argspes was much less: for particles with initial parallel veloc-
conducted at different conditions: day side, night side, SOMe4ty of 20 km s~1 at 5Re, the additional velocity at 18 due
times high and sometimes low g'eomagnetic activities', €2t centrifugal acceleration would be about 5 km gNils-
sons, and many other ionospheric and magnetospheric corgp, et gl., 2010, their Fig. 3). Low parallel velocities at low
ditions. Therefore, it is expected and accepted to have diszyiityde will lead to long transport times for the polar wind
crepancies between both results, but as soon as the modglasma, which will most likely end up in the lobes rather
produces numerical simulations that are in the same order of,4 in the high altitude cusp/mantle. The cold, supersonic
the observations, and the simulated ion outflows have Sim"ablasma discussed in Nilsson et al. (2010) agree with the pre-
behavior to the observed ones, we have to modify the boundgiction of the Barghouthi model and with other polar wind
ary conditions and to use the appropriate ones that have begfhservations, whereas the cusp/polar cap proton population
measured in the same conditions t.hat th_e _observatl_ons h.a‘f%ported in Nilsson et al. (2008) is mainly of magnetosheath
been observed and measured. Taking this into considerationyigin. Omission of the centrifugal acceleration will there-
many of the discrepancies between the simulations and thgyre not have a strong impact on the final result of the model.
observations either disappear or decrease. This study and
another similar studies (e.g. Nilsson et al., 2010) are impor-
tant because they try to explain the observations and to dis-
cuss the mechanism (mechanisms) that is (are) responsible

Ann. Geophys., 29, 2062079 2011 www.ann-geophys.net/29/2061/2011/
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Table 3. Comparison between Barghouthi model predictions and experimental verifications. Please note, in observational studies they use
the terms velocity, parallel velocity, and drift velocity. All these terms are the same in observational studies and correspond to drift velocity

in simulation studies.

Experimental verifications

Barghouthi model predictions

1. The polar wind dominated by Hions at 9Rg (Su et al., 1998).

The densities oftOand H" ions at 9Rg are equal to B x 107> and
0.7 e 3, respectively, as shown in Fig. 6. Therefore, at this altitude H
ion is the dominated species.

2. Of density was an order of magnitude smaller than tHedénsity in the O density is much smaller than'Hdensity in the altitude range (5.5-8g),

geocentric altitude (5.5-88) (Elliott et al., 2001)

as shown in Fig. 6.

3. Atvery high altitudes (above9 Rg), the polar wind ions have large veloc-At 9 Rg, the velocities of & and H ions are 30 and 20 knT4, respectively,

ities (Su et al., 1998)

also at 13.Rg these velocities are 45 and 32 kimis respectively (Fig. 6).

4. As polar wind ions flow upward, an increase in drift speed of the polar wiffthe drift velocity of OF ions increases with altitude as shown in Fig. 6.

ions observed (Yau et al., 2007)

5. Compared with Ff ions, OF ions attain significant average upward velocityCompared with H ions, OF drift velocity increases very dramatically with

at higher altitudes (Abe et al., 1993).

altitude as shown in Fig. 6

6. Polar wind ion velocity increases linearly with geocentric distance over thecording to Fig. 6, & and H" velocities are, approximately, linearly in-

altitude range (2.1 to 4.68g) (Persoon et al., 1983)

crease with geocentric altitude in the range (2.1 to #66

7. At altitude about Rg outside the plasmasphere, the plasma density waike densities of © and H' ions at 2Rg are 13 cnr3 and 100 crm3, respec-

typically below 1¢ cm~3 (Yau et al., 2007)

tively.

8. The polar wind plasma density was very low (typica#t0 cni-3) near
9 R (Moore and Delcourt, 1992)

The densities for @ and H ions at 9Rg are equal to & 10~° and 0.7 cnT3,
respectively.

9. In general, the velocity of © ions increases with altitude above 2R3

The velocity of O ions increases rapidly at low altitudes and increases slowly

,however for some geophysical conditions it may decrease at high altitudest high altitudes, as shown in Fig. 6.

(Abe et al., 2004)

10. The velocity of the polar wind ions increases with altitude
(Drakou et al., 1997)

Ot and Ht velocities are increasing monotonically with altitude as shown in
Fig. 6.

11. The polar wind ions are supersonic &9
(Suetal., 1998)

At 9 R, the velocities of & and Ht ions are 30 and 20 knd, respectively,
so they are supersonic at this altitude, since the thermal velocitied efr@
H* ions are 2.16 and 8.62 kn$ at the injection point, respectively.

12. At 1.8Rg, HT ions are supersonic, while'Oions are subsonic
(Su et al., 1998)

The velocities of O and H' ions at 1.8Rg are equal to 0.004 and 16km s
respectively, so H ions are supersonic, while ‘Oions are subsonic, since
O™ and Ht thermal velocities are 2.16 and 8.62 kimsat the injection point,
respectively.

13. The polar wind species were supersonic abov&g.1
(Drakou et al., 1997)

H* ions are supersonic above R, and O ions are supersonic above
4.0Rg, as shown in Fig. 6.

14. The H polar wind ion outflow is supersonic at high altitude
(Nagai et al., 1984)

The velocity of H™ ions equals to 15knTg at 1.7Rg and it increases with
altitude. Therefore, M ion outflow is supersonic flow above 1RE.

15. The averaged perpendicular to parallel temperature ratiofoioHs de-
creases with altitude in the range (1.79-1%%5
(Su et al., 1998)

The perpendicular to parallel temperature ratio fof kns decreases with
altitude in the range (1.7 - Bg), as shown in Fig. 8.

16. OF/H* parallel temperature ratiox 7// (O1)/IT// (HT) >~ 4.6 at
1.87Rg
(Su et al., 1998)

O*t/Ht parallel temperature ratio< 7// (OY)/IT// (HT) >~ 352 at
1.87RE.

17. Of ions have a higher temperature than the idns in both the parallel The parallel and perpendicular temperatures 6fi6ns are greater than that

and perpendicular directions
(Suetal., 1998)

of H' ions at all altitudes, as shown in Fig. 6.

18. The perpendicular temperature exceeds the parallel temperaturé forFhe parallel and perpendicular temperatures of idns at 1.8Rg are 1100

ions at 1.8Rg
(Suetal., 1998)

and 3000k, respectively.

19. O ions have a higher temperature thah kbns, at 1.8 and &g
(Su et al., 1998)

The temperatures of Dand H' ions at 1.8Rg are equal to 0.26 and 0.18 eV,
respectively, and at Bg are equal to 36 eV and 0.5eV, respectively; there-
fore, the temperature of Dions exceeds the temperature of kbns at both
altitudes, as shown in Fig. 6.

20.7//IT L > 1 at 4.17Rg for H' ions, when there is no heating (Chuguninl’///T L > 1 at 4.17Rg for HT ions (Fig. 8), the effect of WPI on Hions is

2009).

negligible below this altitude.
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line) and H" ions (dashed line), when perpendicular wavelength of
the electromagnetic turbulenze =8 km. Different corresponding
observations are marked on the profiles.

5 Discussions and conclusions

The Barghouthi model was used to simulate the effect of
wave-particle interactions (i.e. altitude and velocity depen-
dent) on H and O ions outflows at high-altitudes and high-
latitudes in the polar wind region. This model also includes
the effects of gravity, polarization electrostatic field, and the
divergence of the geomagnetic field lines of the Earth. The
only major accleration mechanisms left out are the centrifu-
gal acceleration mechanism (Northrop, 1963), and the effect
of photoelectrons (Su et al., 1998). The effects of wave-
particle interactions (in which the ions get heated in the per-
pendicular direction and part of the gained energy transfer to
the parallel direction owing to the conservation of the first
adiabatic invariant) on H and O" ions outflows was mod-
eled. Because of the dependence of wave-particle interac-
tions on the velocity diffusion coefficiedd | (r,v, ), we de-
veloped a form for this coefficient as a function of position
(r/RE) along geomagnetic field lines of the Earth and in-
jected ion perpendicular velocity ). As shown in Eq. (6),

the diffusion coefficient depends on the perpendicular wave-

length of the electromagnetic turbulente. This i, has 2.

been included in the model as a parameter, thus in the sim-

Ann. Geophys., 29, 2062079 2011

ulation we considered the following valuest [= oo, 50,
20,
found the following:

8, and 1 km]. From the polar wind simulations we have

1. The temperature anisotropTl/TH ) for HT ions is re-

duced at lower altitudes, and it is reversed at higher
altitudes, because the effect of perpendicular adiabatic
cooling dominated the effect of wave-particle interac-
tions at low altitudes since the heating rate is very weak.
However, at higher altitudes the heating rate becomes
strong and consequently the heating process overcomes
the effect of perpendicular adiabatic cooling. This is not
in full agreement with some observations, so the heat-
ing at high altitude may be overestimated in the model.
On the other hand, the temperature anisotr(dpy/m )

for OT ions monotonically increases with altitude; this
is due to the strength of wave-particle interactions that
dominated other effects. The ratio is however too high
as compared to observations. We argue that non-steady
state situations will increase the range of parallel veloc-
ities of observed particles, so that in reality the parallel
temperature is not solely determined by perpendicular
heating and the mirror force as in the model, which can
explain a part of the discrepancy, but likely not all. We
note here that if the perpendicular temperature and par-
allel velocity are in good agreement with observations,
then the total energy input into the ion population is also
appropriately modeled.

The O and H" ions velocity distribution functions
[i.e. £(O") and f(H")] develop conic features owing

www.ann-geophys.net/29/2061/2011/
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to the effects of WPI (i.e. ion perpendicular heating) 7.
and the mirror force (i.e. diverging of geomagnetic field
lines). The perpendicular temperature becomes greater
than the parallel temperature. *Qons first develop

conic features at~4.27Rg), while HT ions first de-

velop conic features at(11.1Rg) for the case when the
perpendicular wavelength of the electromagnetic turbu-
lencer | =8km.

. Ot ions are preferentially heated comparing with H
ions, where the temperature of*Qons is higher than
that of H" ions at all altitudes. This is owing to the po-
tential energy of F ions: it is negative and decreasing
with altitude, while O potential energy is positive and
monotonically increasing with altitude. In addition, the
diffusion coefficient of & ions D, (OY) is greater than
the diffusion coefficient of Fi ions D | (H™).

. O* ions are heated more efficiently than"Hons at
low altitudes due to pressure cooker effect (Barakat and
Barghouthi, 1994). This is also consistent with the zero
initial velocity we use for @.

. As polar wind ions heated in the perpendicular direc-
tion, part of the energy is converted into the parallel
direction, owing to the mirror force, resulting in accel-
erating the ions in the upward direction. As the ions
move upward, the gyroradius at a given energy increases
due to the decrease @&, and the gyroradius may be-
come comparable to or exceeds the perpendicular wave-
length of the electromagnetic turbulence_§{. Above

this point, which we call the saturation poil, (r,v,)
decreases very dramatically, and then the heating pro-
cess decreases.

9.

. At low altitudes, the wavelength of the electromagnetic
turbulence X ) is much greater than the ion gyrora-
dius. Therefore, the simulation results of Barghouthi ¢
model are independent of the wavelength of the elec-
tromagnetic turbulencer( ), i.e. D, is velocity inde-
pendent, but at high altitudes and above the saturation
point, the ions gyroradius may become comparable to
or even more than the perpendicular wavelength of the
electromagnetic turbulence,, and consequently, the
heating of the ions becomes self-limiting. The satu-
ration point for H™ ions occurs at{10.5Rg) for the
perpendicular wavelength of the electromagnetic turbu-
lencer; =8km. Onthe other hand, the saturation point
for Ot ions occurs at{¢6.0 Rg) for the same perpendic-
ular wavelength of the electromagnetic turbulence. This
is similar to the results of Bouhram et al. (2004) for the
cusp: they found the saturation to occur at lower alti-
tude in the cusp (3.Be geocentric distances), consis-
tent with more intense heating in the cusp, so thatthe ion
gyroradius becomes large compared to the wavelength
of the electric field turbulence at lower altitudes.

11.
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Above the saturation point, the ion velocity distribu-
tion function displays toroidal features, because the ions
tend to move out of the region of large diffusion coeffi-
cient (v, =0) and accumulate in the region of relatively
low diffusion coefficient (i.e. the ions tend to diffuse out
of the heating zone in the velocity space). The velocity
distribution function of K ions displays toroidal fea-
tures at £12.8Rg), but for O" ions the toroidal fea-
tures appear at{5.97Rg) for the perpendicular wave-
length of the electromagnetic turbulerice = 8 km.

. The heating process is dramatically reduced above the

saturation point, since the ions tend to move out of the
region of large diffusion coefficient and accumulate in
a region of relatively low diffusion coefficient (i.e. the
ions tend to move out of the heating zone into a region of
negligible WPI); therefore, the effect of WPI becomes
negligible above the saturation point. This is very clear
from the saturations of the simulation above saturation
point. The model seems to show too much perpendic-
ular heating at the highest altitudes, and future work is
needed to decide if the effective wave length should be
set to less than 8 km or if the velocity diffusion coeffi-
cients should be reduced at high altitude.

Since the ion gyroradius will be comparable to or ex-
ceeds the wavelength of the electromagnetic turbulence
A1 at high altitude, also and when, decreases, the
saturation point occurred earlier, and consequently the
toroidal features appear at lower altitudes. Fadriens,
namely for the cask; = 8km, the toroidal features ap-
pear at~12.8Rg, but for the case.; =20km at geo-
centric altitude~13.7Rg. For O" ions, namely for
electromagnetic turbulence wavelength= 20 km, the
toroidal features appear at6.66Rg, but for the case
A1 =8km, the toroidal appear at5.97 Rg.

From the comparison quantitatively and qualitatively
between simulation results obtained by using Bargh-
outhi model and observations obtained from different
satellites, we found many close agreements between
both results for different ions and at different altitudes.
Because of this close agreement, we suggest that the
characteristic perpendicular wavelength of the electro-
magnetic turbulence is about 8 km. This claim is consis-
tent with the claim of Barghouthi (2008) in the auroral
region.

The major discrepancy between observations and the
current model relates to the density of @ns, which

is severely underestimated. As the drift velocity is ap-
proximately right, this means that our number flux is
severely underestimated. The number flux is of course
strongly affected by the number flux at the lower bound-
ary. We have used zero drift velocity as boundary con-
dition, because this is consistent with the average value
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