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Abstract. Since Mars does not possess a significant globall Introduction
intrinsic magnetic field, the solar wind interacts directly with

g‘ﬁoll\)ﬂ(?srfﬁgrlgr;zzggteﬁa?g%;apelszd(ﬁéggbessgslpafizr:rsogna\'}rhe first detailed measurements of the magnetic field at Mars
P By the Mars Global Surveyor (MGSACuina et al, 1998

srlown that the escaping 1ons are @s well as molecular 1999 has established that Mars, like Venus, does not have
O; and Cq. While O* escape can be understood by the - ;
) . a large-scale magnetic field. Although localized strong mag-
ion pick-up of non-thermal O corona extended around the = %2 - .

netic fields of crustal origin have been discovered, the ab-

planet, regarding the heavy molecula@ @nd Cq’ which sence of large-scale magnetic field implies that the solar wind

are buried in the Iower lonosphere, a novel escape meCha}hteraction with the Martian ionosphere would be Venus-like.
nism needs to considered. Here we attack this problem b

. . . : ndeed, magnetic structures, such as magnetic field rotations
global magnetohydrodynamic (MHD) simulations. First, we at the ionopause and magnetic field, suggesting Venus-like
clarify the global structure of the streamlines that result from. P 9 » SU9Y 9

the interaction with the solar wind. Then, by focusing on the Interaction have_be_en re_porte!dl()utler etal, 1999. In 1989

: o . . .~ the Phobos-2 mission discoveret Gutflow from Mars. The
streamlines that dip into the low-altitude part of the dayside. . . ) .
; . . ion loss routes are either ion pick-up by the solar wind or
ionosphere, we investigate the escape path of the molecular

ions. The effects of the interplanetary magnetic field (IMF) accelerated beam (up to several keV) from the ionosphere.

. . ) The estimated © outflow rate is~ 3.0x 10?°s~1 (Lundin et
on the molecular ion escape process are investigated by com-

paring the results with and without IMF. IMF has little ef- aI.,'1989. The resent pbservatlons by Mars Ex'press (MEX),
L . . - which was launched in 2003 and carried an ion mass ana-
fect on O" escape via ion pick-up mediated by solar wind .
; T i lyzer (IMA) onboard, has shown that the molecular ions of
electron impact ionization of the O corona; @nd Cq are

+ . .
shoveled from the low-altitude regions of the dayside iono-Oz and Cq are also escaping from the ionosphere. The loss

sphere by magnetic tension in the presence of IMF. TheS(!.\"’:tLeS ire:ﬁx1023s K 1‘5%10233 +and 80x 107257, for

ions are pulled by the U-shaped field lines to the north an , Oz and Cq’ respectlvelle_arabash et al20073.

south poles, and at the terminator, they are concentrated in The purpose of this study is 10 gnderstand the escape
the noon—midnight meridian plane. These ions remain conProcesses of moIecuIar}Oand Cq lons from the Mar-

fined to the noon—midnight plane as they are transported t(gian .ionqsprr\]ered. Fordthif, wel pegd _to undﬁrstandz (1) con-
the nightside to form the tail ray. Then they escape along thevchon n the ayside ow-altitude lonosphere, ( ) trans-
ort of ionospheric plasma from dayside to nightside and

streamlines open to the interplanetary space. Under a typp . L .
ical solar wind and IMF condition expected at Marst,O (3) the structure of the nightside ionosphere. We believe that

ot and Cq escape fluxes are®x 1023, 3.5 x 102 and a_gI(_)bfiI three-dimensional MHD simulation !ncluding are-
2 alistic ionosphere model, and that with sufficient spatial res-

olution in the low-altitude part of the ionosphere, is one of
the best approaches to the problem. Below, crucial elements
Keywords. lonosphere (planetary ionospheres) that show up in our study are reviewed.

Because simultaneous observations of magnetic field
and charged particles have not been made in the Martian

5.0x 10?2ion s~ 1, respectively, which are in good agreement
with the MEX observations.
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1344 Y. Kubota et al.: Molecular ion escape from Mars

ionosphere, a number of theoretical models for the solarthe horizontal pressure gradient force is sufficient to produce
wind—ionosphere interaction of an unmagnetized body haveahe observed acceleration of ionospheric plasma from day-
been based on the observations at Venus. One of the promside to nightside, and the nightside ionosphere can be main-
nent discoveries is the detection of large-scale magnetic fieldained by the plasma supply of this flow pattern. Because the
of solar wind origin in the dayside ionosphere well below simulated spatial range is 120-500 km, however, the upper
the ionopauseRussell and Vaisberdl983. lonopause is part of the nightside region was out of the scope of the study.
the plasma boundary between the solar wind and the iono- The part of a field line embedded in the dayside stagna-
spheric plasma. The interplanetary magnetic field (IMF) doegtion region moves slowly, while those in the solar wind move
not penetrate through this boundary in a “frozen-in” situ- at a rather fast speed. As a consequence, the magnetic field
ation. The models developed to account for the formationlines are stretched and draped around the planet. A three-
mechanism of the large-scale magnetic field followed thedimensional simulation does take into account the magnetic
“convection—diffusion” scenario. In this scenario, the key el- tension force arising from this field-line deformation that is
ements are the downward transport of magnetic flux fromcrucial for understanding the nightside ionosphere structure.
the ionopause region and the enhanced magnetic diffusiofanaka and Murawski1997 first calculated the nightside
due to smaller conductivities in the lower ionosphdrah(- structure of the Venus ionosphere by a three-dimensional
mann et al.1984 Cravens et al.1984 Phillips et al, 1984 MHD simulation that covered the altitude range from 140 km
Shinagawa et g11987 Shinagawa and Cravenk988 Shi- to 10Ry (Rv: Venus radius) including a realistic ionosphere
nagawa 1996ab). The model successfully reproduced the model. This simulation suggests that thé @ns from the
observed altitude profiles of the magnetic field that has a@onosphere are transported to a f&y altitude in the night-
long enough decay time in order to explain the observationsside, and then pulled anti-planetward by the magnetic ten-
However, they do not explain the reason why the downwardsion.

transport is generatedin et al.(2008 discussed the rela- Similarly, a Martian case has been simulatedviy et al.
tionship between the vertical convection and the solar wind(2004). The three-dimensional MHD simulation included a
dynamic pressure. Observationally, IMF penetration occursealistic ionosphere and the crustal field. The nightside struc-
when the solar wind dynamic pressure is relatively high.ture of the Martian ionosphere, however, was not the focus
They suggested that the vertical convection is directed downef the study.

ward when an ion deficit occurs in the lower ionosphere. As Various hybrid simulation studies have been made of the
the solar wind total pressure increases, the ionospheric presolar-wind—ionosphere interaction of unmagnetized planets
sure also increases in order to balance with the solar windModolo et al, 2006 2005 BolRwetter et a).2004 Kallio

total pressure. The increase of the ionospheric pressure leadsd Janhunen2002 2001 Shimazy 2001 1999 Brecht

to an increased ionospheric electron density because the tem997 Brecht et al, 1993. The hybrid simulations treat ions
perature at lower ionosphere does not almost change. The iras particles while electrons are considered as a massless
crease of the electron density leads to enhanced chemical losharge-neutralizing fluid. The hybrid simulations do have the
of Og“ by recombination. Thus an ion deficit occurs in the advantage of including ion kinetic effects. These simulations,
lower ionosphere, and a downward flow from the ionopausehowever, did not incorporate realistic ionosphere models, and
occurs to compensate for the ion deficit in the lower iono-the grid resolution in the ionosphere has been relatively low;
sphere. that is, the radial grid size is typically 100 km in the iono-

As for the observations of the Martian ionosphere, thesphere. Using a hybrid model, it has been difficult to study
Viking 1 and 2 landers are the only spacecraft that observedhe convection in the lower ionosphere, which is the crucial
ion profiles in the ionospherélanson et a).1977), butthey  element for understanding the molecular ion loss from Mars,
did not measure the magnetic field. MGS explored magnetiand where the importance of the ion kinetic effects is mini-
field structures globally in the low-altitude region. However, mal because of the collisional nature of the local plasma.
there has not been a detailed observation of IMF penetration These lead us to think that a global three-dimensional
into the ionosphere, because simultaneous charged particldHD simulation including a realistic ionosphere model, and
observations are absent. According to the Viking observathat with sufficient spatial resolution in the lower ionosphere,
tion, the ionospheric pressure at Mars is found to be insufdis one of the best approaches to understand the molecular ion
ficient to balance the solar wind dynamic pressitar(son  escape from the Martian ionosphere. Indééa and Nagy
and Mantas1988. Therefore, the case of Mars resembles (2007 calculated ion escape fluxes by using a multispecies
that of Venus to some extent. Theoretical models show thathree-dimensional MHD simulation code including a real-
the magnetic field of the solar wind origin penetrates intoistic ionosphere. This code included ionospheric processes
the Martian ionosphere and sustains the solar wind dynamisuch as ion production and loss due to photochemical reac-
pressure$hinagawa and Craverk989 Jin, 20049). tions, gravity and collisions with neutral atmosphere, with

Regarding the transport of the ionospheric plasma froma sufficiently small (10 km) radial grid spacing in the iono-
dayside to nightsideShinagawa(1996ab) performed two-  sphere. The estimated escape fluxes of O{ and Cq are
dimensional simulations for a Venus case. It was shown that

Ann. Geophys., 31, 1343:356 2013 www.ann-geophys.net/31/1343/2013/



Y. Kubota et al.: Molecular ion escape from Mars 1345

7.2x10%3,1.9x 1023 and 13x 10?%ions 1, respectively, un- The source terms are
der a solar minimum condition. While the estimated escape
fluxes are consistent with the MEX observatioMa and 5@ = Ms%s — Bsfs. ®)

Nagy(2007 did not elucidate the ion escape mechanisar.

jib et al. (2011 calculated ion escape fluxes by using a mul-

tifluid three-dimensional MHD simulation code that treats §, = —
asymmetry due to the convection electric field included in

the ionosphere process with a small (10 km) radial grid spac-

ing in the same way adla and Nagy(2007). The estimated S.= DpAB, @)
O5 escape flux is higher than that of Ma and Nagy (2007)

compared to the escape rates of the other species. They dis-

GMpr
5~ —v.npu—z;‘}s,os (6)

r

cuss that this higher escape flux might be due to the new dy- N,

namics observed through their model as asymmetric plumes¥s = — Za ksTo(h) — — Zﬁs P (8
However,Najib et al.(201]) did not elucidate the ion escape Ve Ne

mechanism. whereq; is the photochemical production rate per volume,

In this paper, we discuss the ion escape mechanism of the: is the mass per particlg, is the chemical loss rate per
molecular ions such asjOand CQ. lons of O and CG  particle for ion species, G is the gravity constant) is
are mainly produced in the lower ionosphere. Therefore, inthe mass of the planety, is the ion-neutral collision fre-
order to have these ionospheric molecular ions to escape by@uency,Dp is the magnetic diffusion coefficientg is the
large amount, the ions produced at such low altitudes need t8oltzmann constant, anth(h) is the assumed temperature
be transported upward to reach the altitudes where ions findf newly produced plasma as a function of altitude based on
themselves on streamlines that are open to the interplanetame Viking lander observationgl@nson and Mantad988.
space. We will show that the presence of finite IMF and its This temperature model is shown in Fig.N, is the number
magnetic tension in the dayside part is crucial for the escapelensity of ion species (N; = p;/my) andNe is the electron
of these two ion species from Mars. density that we assumed to be equal to the suriV,ofThe
ion-neutral collision frequency was setigf = 1.0 x 107°
{[O]+[CO2]+[H]} s~L. The diffusion coefficient is expressed
as Dp = me(ven+ vei) /toNee?, Whereme is the electron
mass,ven electron-neutral collision frequencyg; electron—
ion collision frequency and the electron chargeej andvep

A set of three-dimensional multispecies MHD equation is de-are given asej = 54.5 x Ne/ Te To/? 571 (T, the electron tem-
veloped, which includes the continuity equations separatelyoerature) anglen = 3.68x 10~ 8[COz] s~1, respectively (both

for HT, OF, O} and CQ ions, a common momentum equa- taken fromSchunk and Nagy2000. We replacede with the

tion, Maxwell’s equations and the energy equation. Theseplasma temperatur, (Tp = p/Ne/ kg/2) since we did not
equations are summarized below: separate ion and electron temperatures in the present model.

2 Simulation model

2.1 Governing equations

0 2.2 The neutral environment and photochemical
o+ =S, 1 ' .
91" T gp (W) = 5 @) reactions

Neutral atmospheric profiles are necessary for calculating ion
B? production and loss rates due to photochemical reactions, and
p+ ﬂ Iy =35, 2) ion-neutral and electron-neutral collision frequencies. The
neutral atmosphere has the thermal components and the non-
thermal component. The non-thermal component is repre-
—rot(u x B) = ©) sented by oxygen atoms that are produced by the dissociative
ot recombination of molecular ionsEOThe radial variation of
the number density in the gravity field of the planet can be
3y p P y ap . expressed as
aty — 1+ (y 1 ) uE)r_Sd’ @)

n,-(h>=ni<ho>exp[GM'"i( t 1 )} ©)

where p, is the mass density for the ion component keTi \Ru+h  Ru+ho
(s=H*, O, O; and Cq), p is the total mass density, wheren; (h) is the number density at the heightfor the

0 1
Py u—+ —{,ouu — —BB+

is the common velocityB the magnetic field ang the total i neutral component €H, O, CQ), 7; is the neutral tem-
thermal pressure. is the ratio of specific heats (and taken to perature. The equivalent temperature of non-thermal O is as-
be 7/5).u0 is the magnetic permeability. sumed to be 2900 K. The density of the non-thermal oxygen

www.ann-geophys.net/31/1343/2013/ Ann. Geophys., 31, 134356 2013
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Fig. 1. The neutral atmosphere profiles (left) and the temperature profile (right) used in the present model.

atom at the altitudehp = 400 km) was set at.0x 10% cm3. Table 1.List of chemical reaction and rates considered in the model.
This radial profile is consistent with the profile &fim Units are crs™1. The reaction coefficients for the ion-neutral
et al. (1999 that was obtained by a Monte Carlo simula- charge exchange (Reactions R1, R2 and R4) were takenArom
tion. The thermal components are composed of H, O andich (1993, those for the recombination (Reactions R5 and R6)

CO,. The same constant temperature of 200K is assumedere taken fronSchunk and NagYZOOQ and those for the proton-

for the altitude higher than 200km. The neutral densitiesneutral charge exchange (Reactions CE1 and CE2) and for the elec-

at the altituden 200 km were set .to  x 107 cm-3 for tron impact ionization (Reactions Ell1 and Ell2) were taken from
0= .

Jin et al.(2006.
O, 30x 107 cm~3 for COp and 90 x 10°cm™2 for H, Ar " ot aH2009
altitudes lower than 200km, the density profiles of H, O
and CQ were taken fromKrasnopolsky(1993 for a so- —
lar minimum condition. The altitude profiles of the temper- 0%2::” _’gfi ;' e
atures model are fror{rasnopolsky and Gladstor{&996. v o\ 10
The neutral atmosphere model used in this study is shown in (R1)  COj+0— 0" +C0p 260 107 x 0.37

Reaction Rate coefficient

. (R2) OF+C0O,— Of +CO 110x 109

Fig. 1. _ _ (R O +H— Hf+0 9/8x (CE2)
In the present model, photochemical reactions for four ion  (r4) Ca} +0— O} +CO 260% 10-19 % 0.63
. " " ; T2 <
species (H, O, CO; and Q) are taken into account. The  (rs) ccgL +e" > CO+0 31x 1077 x (300/Te)%®
considered photochemical reactions and their reaction coef- (R6) O, +e -~ 0+0 195x 10~7 x (300/ Te)%7
ficients are listed in Table 1. The photoionization frequencies for Te < 1200K
at Mars were setat@x 10’ s 1 for Ot and 26 x 10" s 1 7.38x 1078 x (1200/ Te) *2°
for COJ under a solar minimum condition, which were taken . for Te > 1200K
from Torr and Torr(1989 for Earth’s case and adjusted to (CEL) HY+H— HY 4 H Jin et al(2009
‘ on ) (CE2)  Ht+0— Ot +H Jin et al.(2009

the heliocentric distance of Mars. The absorption of EUV g1y H+e - Ht +e+e Jin et al.(2009
flux by the neutral atmosphere is included in the model. The (EI12) O+e — Ot +e +e” Jin et al.(2009

photoionization frequencies are assumed to depend on solar
zenith angle asc cos(SZA). Reaction rates with solar wind
protons and electrons need special care because they depend

strongly on the temperature of incident ions and electronsof the simulated region is from 120 km (the bottom of the
Reaction rates and average energy of ejected particles for thenosphere) to 1Ry (Rv: Mars radius). By changing bin
proton-neutral charge exchange (CE) and for the electron imsize along the radial directioifanaka and MurawsKiL997)
pact ionization (Ell) reactions are obtained by Monte Carlo numerically simulated the solar-wind—Venus interaction with

simulations, whose details are givenlin et al.(20086. sufficient resolutions for the entire region of interaction in-
cluding the formation of the bow shock and detailed inter-
2.3 Numerical method action processes occurring in the ionosphere. A similar idea

was adopted in the present model in treating both the iono-
A triangular grid has been generated on spherical surfacesphere and the boundary region with sufficient spatial resolu-
In the construction process of the grid system, it is desirableions (Ar = 10-4967 km). To solve the MHD equations, the
that two-dimensional spherical surfaces are covered by contax—Wendroff scheme was used. This scheme has a second-
trol volumes of similar size, because the integration time sterder accuracy both in time and space, but generates numer-
is restricted by the smallest control volume. The number ofical oscillations near discontinuities and shocks. Therefore
grids on the spherical surfaces is 8000, which correspondsumerical diffusion is required to suppress the oscillations.
to 93kmx 93 km at the inner boundary. The altitude range In the present calculation, numerical oscillations were kept at

Ann. Geophys., 31, 1343t356 2013 www.ann-geophys.net/31/1343/2013/
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minimum by controlling the coefficients of numerical diffu-
sion, which are of the third order as compared to the second
order numerical accuracy of the Lax—Wendroff code. For the
outer boundary, the variables were fixed at the solar wind
values (as given in Sect. 2.4) at the upstream boundary. Freq
boundary conditions are used for the downstream boundary
For the inner boundary at the bottom of the ionosphere, the
vertical plasma velocity was assumed to vanish, and the mag
netic field magnitude was also assumed to vanish.

2.4 Solar wind parameters

For simulations with finite IMF, the solar wind parameters
are as follows: plasma density of,, = 3.0 cmi~3, velocity of

Vew = 400 kms 1, magnetic field ofBsy = 4.0 nT and tem-
perature ofls,y = 1.0 x 10° K. The direction of IMF was as-
sumed to be perpendicular to the solar wind flow. To clarify
the role of IMF in the molecular ion escape process, compar-
ison between the cases with and without IMF is made. In the
case of no IMF, the solar wind parameters are chosen suc
that the total pressure, the velocity and the temperature in thq
post-shock region are the same as the corresponding valu
from the finite IMF caseJin (2004 suggests that IMF pen-
etration into the ionosphere occurs when the solar wind total
pressure is relatively high. The present solar wind condition
enables IMF to penetrate into the ionosphere.

3 Simulation results

The system was allowed to develop in time, and eventually
a steady state was obtained. Figa@rshows how IMF lines  rig 2. The distribution of g density is shown by color contours,
deform as they interact with the Martian ionosphere. The fig-and the three-dimensionai configuration of magnetic field lines is
ure also shows the coordinate system: The solar wind flowshown by white lines. The direction of the solar wind flow is toward
is toward —x direction. The IMF is directed in the-y di- —x direction. The IMF is directed in the-y direction and the
rection and the axis completes the right-handed coordinate axis completes the right-handed coordinate system.The field line in
system. Thex-y plane (thez = 0 plane) is called the equa- Panel(a) is atz =1Ry initially. The field line in panelb) is at
torial plane, and the-z plane (they = 0 plane) is called the 2= 0.1 Rw initially.
meridian plane hereafter.

The field line in panel (a) is at= 1 Ry initially. With this o
shallow impact, the field line is only weakly bent as it is con- ferent structures as shown in Fig. The top half of each
vected anti-sunward. On the other hand, the field line showrP@nel shows the meridian plane, while the bottom half shows
in panel (b), which initially hag = 0.1 Ry, impacts deep the equatorial plane. We used a multispecies MHD model.
into the ionosphere. Then the part of the field line embedded' herefore our model results are plane symmetry; that is, the
inside the ionosphere is slowed down so greatly that this parf > 0 result is a mirror image of the < 0 result, and the
is delayed substantially from its ends in the solar wind. Thisy > O resultis a mirrorimage of the < 0 result. A ray struc-
results in significant bending of the field line — that is, the ture can be recognized at the center of the tail. The ionsin the

U-shaped field line shown in the panel. The field line exertstail ray are composed of, in orders of decreasing density, H

+
magnetic tension on the ionospheric plasma. This is one of2 '_O+ and Cq- ) ] ) N
the key elements of the present study. Figure4 shows the altitude profiles of the ion densities at
the subsolar point. We compare our density distribution with
3.1 The Martian nightside density structure Viking 1 lander observation in Sect. 4. There are peaks of

H* and O" at~ 240 km altitude. The peak of His created
In our simulation, we obtain the densities of four ion speciesby the chemical reaction in the ionosphere. The heavy ions
(H*, Of, Of and CQ) by integrating the equation of con- such as @ and CQ are produced at the low-altitude region,
tinuity for each species. Each density distribution shows dif-and the densities are peaked~al20 km altitude. While the

www.ann-geophys.net/31/1343/2013/ Ann. Geophys., 31, 13#354 2013
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Z , X-Z (Meridian plane) Z,X-Z (Meridian plane)

104

Fig. 3. The distribution of H* (top left), O (top right), O; (lower left) and Cq (lower right) densities shown by color contours. The solar
wind flows from the right. The top half of each panel represents the meridian plane, while the bottom half represents the equatorial plane.

500 side. The same is seen for ¢OTo transport § and CQ

to high altitude on the nightside, JOand CQ need to be
shoveled from the lower ionosphere in the dayside and ac-
celerated into the tail ray. It is this mechanism that will be
studied in this paper.

In order to understand the role of the solar wind mag-
netic field in the molecular ion transport, we show the den-
sity distribution of q and O obtained in the case without
IMF in Fig. 5. Comparison with Fig. 3 shows the following:
(1) along the tail axis at Ry altitude, G density is less

H+
400

300

Vi
i
1"

altitude [km]

200 .
Y

L L L

-
o Lo
o

A than 0.1 cm? for the case without IMF. The Ddensity at
o IR the same location for the case with IMF is 10chimplying
10 1(‘)0"' ) 161 162 1(‘)3' - 104 1'(‘)5 2 orders of magnitude reduction in the molecular ion density

ion densities [cm”] at the high-altitude position in the tail. That is, the ray struc-

ture of Of forms only in the presence of IMF. (2)/Ostarts

Fig. 4. The altitude profiles of the ion densities at the subsolar point.to be elevated to higher altitude already at the terminator for
the case with IMF, while such a signature is absent in the
case without IMF. This implies that only in the presence of
IMF is O; shoveled from the dayside lower ionosphere and

dayside profile shown in Fig. 4 shows that the moleculfir O transported to hi_gher alt_itude in the _meri_dian plane as they

is distributed at lower altitudes thartQthe tail ray structure &€ convected ta|lward_W|th the bent field line. (3) !n contrast,

shown in Fig.3 indicates that 9 shows a pronounced ex- regarding d the density pattern from the caseIW|thout IMF

tended feature — first (at lower altitude) in the meridian planeSnOWs a similar pattern to that on the equatorial plane from

(top) and then in the equatorial plane (bottom), into the night-the case with IMF (Fig. 3¢, bottom).

Ann. Geophys., 31, 1343t356 2013 www.ann-geophys.net/31/1343/2013/
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In order to see where the%O'n the tail ray originates, we
shown in Fig9 the distribution of q flux (color) at the iono-
spheric altitudes. The horizontal axis is SZA and the vertical
axis is the altitude. Here we focus on the altitude range from
100 to 850 km. The top panel shows the meridian plane. The
bottom panel shows the equatorial plane. The black lines in
the top and the bottom panels are the demarcation lines be-
tween the open and the closed streamlines. Here we define
the topology of stream lines as follows. Stream lines that are
connected to infinity of downstream are defined to be “open”.
Thus particles forming g)flux on the open region escape to

the interplanetary space. The lines that have ends in the iono-
i Zioom—m’mﬂ sphere are defined to be “closed”. Particles formingfidx
on the close region do not escape, because the stream lines
Fig. 5. The distribution of q and O density for the case without ~are connected to the ionosphere. Of course, we assume here
IMF. The vertical axis is/y2 + z2 because of -axial symmetry. that the simulation has already reached a quasi-steady state.
Comparison of two panels shows that th§ @ux in the
x-z (meridian) plane is much larger than they (equatorial)
plane. q is produced at a low altitude of 200 km. In they
3.2 The ion flow pattern leading to the ray structure plane, § production region is not on the open region but is
connected to the lower ionosphere. In the plane, the §
production region at 200 km is in the open region. Produced
O3 on the open stream lines are accelerated by the magnetic
tension and escape to the interplanetary space. T{ﬂﬁL@
creates the molecular tail-ray structure.

10* 106 cm?

Figure 6 compares the nightside density distribution of O
with the flow pattern. The flow pattern in the meridian plane
is heavily affected by magnetic tension%r Celevated to
higher altitude upon crossing the terminator is shifted to-
wards the equatorial plane in the nightside. The pair of flows
from north and south collide on the tail axis at ®& above

the surface. Then the converging flows are redirected to th?n MHD simulations, the ion escape rate is usually estimated

anti-sunward direction. . . . T
. . . .by numerically integrating the escaping ion flux across a
One can also see that, in the equatorial plane, there is lit- y Y 9 9 ping

. : k . plane placed perpendicular to the solar wind at a reason-
_tle connection between the_ Iow—aluFudeth thg n|ghtS|d«_3 ably large distance behind the planbta and Nagy 2007).
ionosphere and the pat higher altitude forming the tail-

M This method is hereby called Method 1. We, however, found
ward jetting ray. We conclude that the transport of the heavyy, ¢ this method tends to give a value larger than the one
ions in the meridian plane from dayside to nightside is crucial ygimated independently from the chemical balance between

for forming the anti-sunward-flowing ray in the tail. Since 0 jon production and loss rates. The reason is the follow-
the ions in the ray are eventually lost into the mterplanetarying: in MHD simulations, an artificial viscosity should be in-

space, the ray formation is the process that causes the eayyjeq to avoid numerical oscillations. The artificial relax-

moleculqr lons Fo b_e lost from the planet. , ation tends to be large at a sharp boundary, one of which
_ What is missing in the above argument is the flow pattemg the one between the stagnant ionospheric plasma and the
in the dayside, which is now shown in Fig. Color con-  q4ing solar wind plasma. This region is the key to deter-
tours forVy, Vy andV? at the ionospheric altitude of 400km - ining the molecular ion process. Indeed, the escape fluxes

are shown. The tailward flowWy <0 andVz >0 in the  j, yhe cases without IMF (Table 2) arel0?2s 1 in the case
Northern Hemisphere) converges towards the meridian plangvhere 10km is the minimum grid size, and10®3s1 in

(V’f >0 on they < 0 side, and vice .versa) at SZATS’. the case of 20 km. Therefore we decided to estimate the ion
This flow pattern is created as the ions are accelerated b)éscape flux using another method as well.

the magnetic tension of a U-shaped field line whose apex is are \e introduce the idea of calculating the ion escape

embedded in the ionosphere. In a sense, one may say thal,y that is less vulnerable to the artificial diffusion. This
the escaping ionospheric ions are dragged by the solar W'ngnethod, which is called Method 2 hereafter, is as follows.

ions. However, because the momentum exchange is medial§f} y,o steady state that we are dealing with, the ion escape
by the deformed field lines, the process involves the forma-ﬂux F; can be also calculated by
J

tion of the tail ray. Figure3 shows the resultant Odensity
concentration on the meridian plane at the terminator. The

flow pattern of these concentrateg* ®eyond the terminator

is what has been discussed in the previous paragraph (Fig. Gfi = / [Q.i - L.i]dV’ (10)

3.3 Quantifying the ion escape flux
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Fig. 6. The distribution of q density (color) superposed by the velocity vectors (white arrows). The solar wind flows from the right. The
left panel represents the meridian plane, while the right panel represents the equatorial plane.

lines. The interface between a closed and an open streamline
tends to be associated with enhanced velocity shear and thus
more vulnerable to the artifact.

Table 2 compares ion escape fluxes estimated by using
Methods 1 and 2 and those obtained by MEX observations.
In the case of no IMF, the escape fluxes ¢f @nd CQ are
negligible when calculated by Method 2, while they are es-
timated to be significant by Method 1. The values obtained
by Method 2 have very small absolute values of less than
[m/s] log 10'8s~1 and a negative sign. We note that the escape flux

e calculated by Method 2 can become negative. There are ions
that come onto the open streamlines by artificial diffusion
Fig. 7. The velocity components at the altitude of 400 km in the @nd that are lost via chemical reactions. If this artificial loss
dayside ionosphere. From left to righty, Vy andVy. is more than the integration of the source term along the open

streamlines (which is-10*s~1 in this case), the flux is cal-
culated to be negative. That is, the numerical diffusion tends
to reduce the estimated escape flux by Method 2, while it
where V is volume, Q; is the ion production rate and; tends to increase the estimated flux by Method 1. The true
is the chemical loss rate for ion specigsThe crucial point  escape flux should be on the order of, or less thdr®'4 s,
here is that the integration should be made only over the volwhich is negligible as compared to the estimate by Method 1
ume through which the streamlines that are open to the inter¢Table 2). On the other hand, in the case of simulation with
planetary space pass. The ionospheric ions can escape ordyfinite IMF, q and Cq escape fluxes obtained indepen-
if they are situated on these streamlines. If the integration islently by Methods 1 and 2 are in reasonably good agreement
made over the whole simulation box, we cannot distinguish(the largest difference is the factor of 2 for thg ®ux). We
the ion escape flux from the artificial diffusion flux. Method 2 consider that errors due to the artificial diffusion coming into
is less damaged by the worst effect of the artificial viscositythese escape flux estimates are within the acceptable range.
that brings fluxes on a closed streamline onto an open stream-
line via diffusion in the direction perpendicular to the stream-

-1 11 103
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Fig. 9.Contour plots of the 9 flux distribution. The horizontal axis
is in the solar zenith angle and the vertical axis is the altitude. Here

10° 101 102 108 cm we are focusing into the ionospheric altitude. The flow patterns are
superposed by the white arrows. The top panel shows the meridian
Fig. 8. The q density pattern on the = 0 plane. plane, and the bottom panel shows the equatorial plane. The label

“open” (“closed”) indicates the region that is filled by open (closed)
streamlines. The black lines in the top and the bottom panels are the
demarcation lines between these two regions.

Now we discuss the ion loss rate obtained by Method 2.
In the presence of IMF, it is found thatjOand CQ escape
flux are 35x 1073s~1 and 50x 10?2571, respectively. These
values are in relatively good agreement with the MEX ob-
servation. The molecular ion loss rates are negligible in the Ar or o} cof
absence of IMF, which indicates that the shoveling from the
dayside lower ionosphere and acceleration into the tail ray

Table 2. List of the ion escape flux s]. The ion escape fluxes of
the observation were taken froBarabash et a(20073.

Method 1 (no IMF) 10km 121024 12x10%2 3.9x 100

) : i Method 2 (no IMF) 10km 6+ x 1023 ~0 ~0
require the magnetic tension. The escape flux dfi©rather Method 1 (finite IMF)  10km 11 x 1024 64x 1073 4.8x 1022
insensitive to IMF. This fact is consistent with the interpreta-  vethod 2 (finite IMF)  10km @ x 10?% 35x 1083 5.0x 102
tion that most of the escaping'@ire produced by ionizations  Observation Bx1023 15x10% 80x10%2

of the non-thermal O corona that is extended to very high al- Method 1 (noIMF) ~ 20km  1Lx10%* 13x102 30x10%
titudes. Note that the ionizedOis not accelerated by the

convection electric field in the case without IMF. However,

62 % of non-thermal O made by the dissociative recombinajonization of the O corona above 250 km altitude. The O
tion of OJ has more than 2 eV, which is the energy of escapeescape flux is ® x 1023s~1 in the case of finite IMF, which
velocity for oxygen Nagy and Cravend988. Therefore we s |arger than the MEX observations by a factor of 5. At this
consider that @ has more than 2 eV after non-thermal O is stage, in the lack of further detailed information, we would
ionized. O™ can escape becausée @as more than 2eV. The judge this as reasonable agreement.

magnetic tension effects are crucial for the dynamics in the

dayside lower ionosphere and in lifting the streamlines into3.4 Molecular ion production on open streamlines

the tail ray. While most of the molecular ions escape along

this path, O are already on the solar-wind-like streamlines From the arguments deployed above, it is now clear that, for
when they are ionized. Indeed, a step in Method 2 allows ughe molecular @ to escape, the crucial issue is how to sit-
to confirm that the O escape rate is sufficiently provided by uate the molecular ion production regionch on the open
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streamlines. In order to clarify this better, we plot in Fi§. Alt
the color contour of the p production/loss rates. The hori- [lexa]
zontal axis is SZA, while the vertical axis is the altitude. The 700
three panels show no IMF case (top), the equatorial plane for
the case with IMF (middle) and the meridian plane for the 400
case with IMF (bottom), respectively.

As shown in the top panel, the;Oproduction region is
located at the altitude of 200 km in the dayside. The pro-
duced q are transported downward and are subject to the Alt
loss process at the altitude of 150 km, where the recombina-km]
tion reaction of Reaction (R6) in Table 1 occudn(et al, 700
2008. In the nightside, the pproduction region is located
in a thin region at the altitude 200 km. The production is due 400
to the precipitation of @ from higher altitude. @ impact to
neutral CQ at the altitude of 200 km andp's generated by
the Reaction (R2). Also shown in Fij0 are the flow vector
(white) and the open/closed demarcation line. In the absenceilt
of IMF, the open/closed boundary is located above 400 km [lern]
altitude — that is, far above the altitude of thg @roduc- " &
tion region (top). We have seen tha:f @scapes little in such
cases because the production region is not embedded in thd00
region of “open” streamlines.

When IMF is present, the field lines are deformed to exert
tension force on the ionospheric plasma. In particular, mag-
netic tension changes the flow direction on the nightside from
planetward to anti-planetward. This shifts the open/closed
boundary downward in the equatorial plane as shown in the
middle panel. This, however, is not enough to make it touch
the q production region. Note that the magnetic tension ef-
fects are smallest on the equatorial plane.

In the bottom panel, the pproduction region (colored
red) is located at about 200 km altitude on the dayside. The
open/closed boundary is located at the altitudes of 150-ig. 10. Contour plots of the net D production/loss obtained by
250km on the dayside, and it ascends up to about 600 kndur MHD simulation. The arrows on the panels indicate velocity
altitude on the nightside. Note that at certain places thevectors. The top panel corresponds to the values in the case of no
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open/closed boundary penetrates into below th}z‘e [fDo- IMF. The middle panel corresponds to the values in the equatorial
duction region shown by red (the solar zenith angle rangé)lane containing IMF. The bottom panel corresponds to the values
of 45-90). This means that some of the;’O'ons pro- in the meridian plane affected by magnetic tension. An enlargement

(pf the white rectangular area in the bottom panel is shown. These
are shown as functions of the solar zenith angle (horizontal axis) and

the open streamlines pass through a pair of production (re he altitude (vertical axis). The label “open” indicates the region in
P P 9 P P hich the open stream lines exist. The label “closed” indicates the

and loss (que). layers with the loss “?9'0,” encountered af'region in which the closed stream lines exist. The red arrows in-

ter the production layer. Such a combination gf @roduc-  gicate the characteristic flow direction. The flow direction on the

tion/loss layers is generally a signature of the presence ohightside is planetward in the case without IMF, while the flow di-

an upward flow in the Martian ionosphere. The production rection on the nightside is anti-planetward in the case with IMF. The

of OZ“ at the lower altitude and upward flow from there is flow direction on the dayside is downward in both cases; that is, the

because the electron density in the lower ionosphere is lessolar wind penetrates into the ionosphere.

than what causes the recombination loss rate to balance the

Oj production rate. A part of the excesgk @ransported to

higher altitudes is chemically lost, signifying the loss layer of 170 km at SZA =45-90 There are two issues that cause

on top of the production layer. this to happen. One is the elongation of thg Production

One can clearly see that only in the meridian plane for theregion to SZA =90, which is explained above. The other is

case with IMF is the g) production region (colored in red) the severe downward shift of the open/closed demarcation

situated on the open streamlines. This happens at the altitudée, which happens because the streamlines that touches the
O} production region do not come back to the ionosphere

duced may escape. The enlarged plot of the key regio
(40° < SZA < 100, 140 km< altitude< 350 km) shows that

Ann. Geophys., 31, 1343:356 2013 www.ann-geophys.net/31/1343/2013/
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Alt X7 CO§r are shoveled from low-altitude regions of the dayside

liem] § ‘ R ionosphere by the magnetic tension. Without IME, @nd

700 75775_ A CO§r transported from the dayside form a vortex in the night-
%2 2 'é ] é } side and return to the ionosphere. With a finite IME, &d

400 B ",‘;79 COf ions transported to the nightside form a ray structure at

the center of the tail. They are pulled anti-planetward by the

H
[

100 ™ & ) U-shaped field lines, and the ions do not return to the Mar-
0 g — 90 _SZA [degree] 180 tian ionosphere. For this process to be effective, IMF-lines
14 07 0 o7 14 X10[ms] need to penetrate into the low-altitude ionosphere where the

Alt X7 molecular ions are produced. It is noted that, for the typical
[km] , 07 solar wind parameter adopted in our simulation, IMF pene-
700 ¢ ;2 trates into the low-altitude ionosphere to shovel the molecu-

—han st NSNS
|

lar ions.
We have shown that the spatial distribution of plasma in
the tail puts on a ray structure at the center. The distribu-
: ; tion of ion fluxes observed by MEX at the altitude oRj
90 SZA [degree] 180 on the nightside is shown bBarabash et a(20073. They
_IH [ - 10 ] show that the ions including the molecular ions are concen-
trated at the center of the tail and create a sheet-like struc-
Fig. 11. Contour plots of the net © (upper panel) and CP(lower  ture corresponding to the current sheet in the induced mag-
panel) production/loss rates obtained by our MHD simulation in thenetosphere tail. We can find this sheet-like structure in the
case of a finite IMF. The format of the figure is the same as that formeridian plane in our simulation. The same tail structure in
Fig. 10. Venus was observed by Venus Express (VER@dorov et
al,, 2011). The observed distribution of ion fluxes is consis-
tent with our simulation result and would signify the effects
in the nightside. In conclusion, we have shown that, in theof the magnetic tension. However, we should point out dif-
case of finite IMF, G produced at the altitude of 170km ferences between our simulation result and the observations.
and SZA=45-90find themselves on open streamlines and The observations suggest that the observed heavy ion escape
escape from the planet. As shown in the previous parts, th@luxes are higher in the positivehemisphere, which is the
magnetic tension of the anti-sunward-convecting magnetiairection of the solar wind convection electric field, than in
field gathers these molecular ions to the poles and then liftshe negative= hemisphereBarabash et 3120074. Because
them to higher altitude to form the tail ray. our simulation is a multispecies MHD code, it does not in-
Having seen that the format of Fig. 10 is eloquent in telling clude the effect of ion-finite gyro radius and asymmetry due
the O escape mechanism, we create the same plot for O to the convection electric field. In our simulation, the distri-
and Cq ions. Figurell shows the results in the meridian bution of heavy ions is symmetrical to thedirection. The
plane for O (upper panel) and CPD(lower panel), respec- observed asymmetry would be understood by taking into ac-
tively. The O production region (colored in red) is located count the finite-radius effect under thedirected solar wind
above 300 km altitude on the dayside and is on open streansonvection electric field by using multifluid MHD simula-
lines. It clearly shows that the pick-up from the extendedtion or hybrid simulation, which is out of the scope of the
O corona is the major mechanism of the ®scape. About present study. Another difference between our simulation re-
50 % of the whole escape flux of'Os produced in the open sult and the observations is low-energy ions distributed as a
region above 400 km. As compared with the no IMF case,ring (like a smile) in the Southern Hemisphere observed by
O™ escape flux is almost the same. One can see that tg“e COMEX and VEX (Barabash et gl2007gb). These ions are
production region at the altitude of 170 km and SZA = 45— observed on the field lines instantly connected to the day-
9 is on open streamlines. This indicates that thejGﬁ— side ionosphere. This escape process does not occur in this
cape mechanism is the same as that f§r Dhe production ~ paper’s results. However, in the case of low solar wind dy-
rate of CQ, however, is less, which leads to the smaller es-Namic pressure in our simulation, heavy ions at low energy
cape flux of Cq shown in Table 2. escape on the field I_mes_, in the V|C|_n|ty_ of equatorlgl plane
because the convection in the dayside ionosphere is upward
and the heavy ions that flow at high-altitude are transported
from dayside to nightside. This escape process may indicate
the observations of low-energy ions distributed as a ring.
Franz et al.(2010 suggests that a ratio of*O)Oé* is al-
most 1 at an altitude of 290-500 km at the terminator. In our
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4 Discussion and summary

We have shown thatand CG can escape from the Mar-
tian ionosphere in the presence of finite IMF becau§ea@d

www.ann-geophys.net/31/1343/2013/ Ann. Geophys., 31, 13#354 2013



1354 Y. Kubota et al.: Molecular ion escape from Mars

evaluated escape fluxes, the ratic\2.3 derived from Ta-  sity distribution below 250 km is the same as photochemi-
ble 2. The difference of the ratio is due to difference of the cal equivalence, while density distribution above 250 km de-
evaluated region. The non-thermal O is distributed at an alpends on the solar wind dynamic pressure. Therefore it is
titude of a fewRy and escapes by pick-up process. Our es-difficult to compare our result with the Viking 1 lander obser-
cape flux includes the ion escape at high altitude because owation at SZA =48 directly. Shinagawa and Crave(989
evaluated region is all simulation boxes. In our simulation, andFox and H& (2009 simulate the altitude profiles of the
the O*/OQ“ ratio at altitude 290-500 km at the terminator is ion densities using one-dimensional simulation, and compare
almost 1. This is consistent with their result. with the Viking observationShinagawa and Crave($989
We compared heavy ions escape fluxes in our simulatiorpoint out that the ionosphere should have downward velocity
with the observation oBarabash et a[20073 as shown in  and horizontal ion loss due to large-scale horizontal plasma
Table 2. The escape fluxes observed at tail region are consigonvection in order to explain the observed ion profiles such
tent with our simulation results. However, the escape fluxesas q and O". However, they suggest that the horizontal loss
are estimated in the energy range to be more than 30 eV. Baates are artificially reduced in their model because the hori-
cause MHD escape rate contains the whole energy range, zontal loss is strong when the ionosphere has the downward
realistic MHD escape rate should be larger than the measuredelocity. Fox and H& (2009 show that their density distribu-
values. It is important that we mention this inconsistency.tion is consistent with the Viking observation when vertical
Our MHD model cannot treat the non-MHD escape processvelocity in the ionosphere is upward. These simulation re-
such as that of sputtering. We need to consider the non-MHDBsults indicate that it needs the ion loss due to horizontal or
escape process in order to compare the observed escape flupward convection in the ionosphere to explain the obser-
more carefully. In addition, our simulation model does not vation profile. In our simulation under the used solar wind
include crustal field. The crustal magnetic field can protectparameters, the density profiles at SZA £ @the meridian
the low-altitude ionosphere from IMF. This should reduce plane is in good agreement with the Viking 1 lander observa-
the total escape rate provided by the presented mechanismtion because ions such a;*(and O" are lost due to the hori-
Lundin et al.(2009 estimated the escape flux including zontal and upward convection produced by magnetic tension.
the low-energy escape fluxes to be less than 50eV at th&@he density profiles at SZA = 45where the vertical velocity
terminator region. Those escape fluxes are=92.1 x 10?4, is downward, in our simulation are smaller than the densities
O4 =1.4x 10?4, COj =3.5x10?3s1. These escape fluxes of the Viking observation because the horizontal ion loss is
are larger than our simulation results. Reasons for these difstrong. In order to reproduce the Viking density profiles at
ferences could be that (1) these escape fluxes were evaluat&¥A =45 in our simulation, we need to calculate a case of
at the terminator region supposing that these escape fluxes &w solar wind dynamic pressure in which the vertical con-
the terminator were-axial symmetry and that (2) a part of vection is upward in the ionosphere.
observed flux could not escape but could return to the night- We have also studied how the escape fluxes of differention
side ionosphere. Consequently, these values are larger thapecies depend on the solar wind dynamic pressure. Two ad-
our simulation results. ditional cases with IMF, in which the solar wind density and
We should discuss the limitations of the used multispecieghus the dynamic pressure are switched to 0.1 and 10 times
MHD model. In our simulation, all ion species have the samethe value used in the run shown above, have been performed.
bulk velocity. This supposition is not useful in the case of The escape flux of ®is found to be in direct proportion to
a high-temperature region such as the solar wind, but it ighe solar wind density. This is understandable if we note that
useful in the case of a low-temperature region such as thé¢he rate of electron impact ionization of O corona is propor-
ionosphere because bulk velocity of pick-up ions becometional to the solar wind electron density. What is interesting
the background fluid velocity and the gyro radius is pro- is that the escape flux of the molecular ion§(67nd CC}L)
portional to the square root of temperature. Molecular ionshas a weaker dependence on the solar wind pressure than O
are produced at low altitude in the ionosphere. Therefore wéThe escape flux of Dvaries from 20x 10?3 to 9.0x 10%3s1
could estimate these escape fluxes by integrating productiowhen the solar wind density is changed by 2 orders of mag-
and loss on the open streamline in the ionosphere. Howevenitude. The molecular ions are produced in the low-altitude
the molecular ions produced at low altitude are transportedegion where CQis abundant. When the solar wind density
to high altitude. At high altitude, the gyro radius becomesis elevated by a factor of 10, since the open/closed bound-
longer, and the escape path of these ions would cause asyrary is already located at below 200 km altitude, where strong
metry as mentioned above. Moreover, a part of an ion pickectollisions with neutrals exist, it is not possible to lower the
up at high altitude such as'Omay return to Mars because boundary substantially. The escape flux is only slightly in-
gyro radius at the solar wind region is a few times the Martiancreased. When the solar wind density is reduced to 1/10, un-
radius. We do not consider the effect of this return. der the low dynamic pressure, the convection in the dayside
We have shown the ionosphere density distribution at subionosphere becomes upwardini 2004. Therefore q and
solar point. We should compare our density distribution with (_“,05r flow out from the low-altitude regions in the dayside
the Viking 1 lander observatiorHanson et a).1977). Den-
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