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[1] A 3D, multi-species, non-ideal MHD numerical code
was used to calculate the ion escape fluxes from Mars. The
calculations were carried out for six cases with different
nominal solar wind, solar cycle and crustal field orientation
conditions and the total escape fluxes (the sum of the three
major ionospheric species, O+, O2

+, and CO2
+) varied by about

an order of magnitude from 2.7 � 1023 to 2.4 � 1024 sec�1.
These results were compared to the recently measured Mars
Express results of 3.2 � 1023 sec�1 (O+, O2

+, and CO2
+),

which were obtained near solar cycle minimum conditions,
indicating a good agreement between measured and
calculated fluxes. We also calculated the escape flux for
‘‘extremely’’ high solar wind conditions which leads to a
flux of 3 � 1025 sec�1. Citation: Ma, Y.-J., and A. F. Nagy

(2007), Ion escape fluxes from Mars, Geophys. Res. Lett., 34,

L08201, doi:10.1029/2006GL029208.

1. Introduction

[2] In a recent paper Barabash et al. [2007] presented the
results of their measured ion escape fluxes from Mars,
which was measured by the ASPERA-3 (Analyzer of Space
Plasma and Energetic Atoms) instrument [Barabash et al.,
2004] carried aboard the Mars Express spacecraft. These
published values were nearly two orders of magnitude lower
than earlier estimates based on data from observations
obtained with instruments from the Phobos spacecraft
[Lundin et al., 1989; Rosenbauer et al., 1989; Verigin et
al., 1991]. Therefore it is timely to again look at model
calculations of these fluxes. In this paper we present results
from new calculations obtained with our 3D, multispecies,
non-ideal MHD model.

2. Modeling Details

[3] The paper by Ma et al. [2004] described our Mars
model in quite some detail, so we will only summarize the
main features and the changes we made since the publica-
tion. Our model is a 3D, non-ideal MHD model, which
solves four continuity equations, a single momentum, a
single energy and a magnetic transport/diffusion equations,
using a spherical grid system. The four ions considered are
O+, O2

+, CO2
+ and H+ and the fact that we only use single

momentum and energy equations means that we assume
single plasma velocities and temperatures. The ion chemis-
try used is reasonably complete, as detailed by Ma et al.
[2004]. We use photoionization rates which take into
account optical depth effects. The one important change
we made recently is that instead of assuming a spherically

symmetric neutral atmosphere, we use the results of the
appropriate density and ionization rate from the 3D neutral
atmosphere model of Bougher et al. [2000, 2006]. This
model predicts significant variations of the density and
temperature with solar zenith angle, as well as solar cycle;
the model is constrained by observations from MGS (Mars
Global Surveyor), Mars Odyssey and MRO (Mars Recon-
naissance Orbiter). The hot atom densities were taken from
Kim et al. [1998] and were assumed to be spherically
symmetric. The calculations included both the H+-O+

charge exchange, as well as the photoionization and elec-
tron impact ionization effects; in order to calculate the latter
we assumed that the electron temperature is half of the
calculated plasma temperature and used the ionization rates
given by Cravens et al. [1987].
[4] We used a computational domain, which is defined by

�24RM < X < 8RM, �16RM < Y, Z < 16RM, where RM is
the radius of Mars (3396 km); the X axis points from Mars
toward the Sun, the Z axis is perpendicular to the X axis and
parallel to the projection of the planet rotation vector on a
plane perpendicular to the X axis and the Y axis completes
the right handed coordinate system. We selected such a
large computational domain to insure that our results are
independent of the outer boundaries. The nonuniform,
spherical grid structure allowed a radial resolution that
varied from 10 km at the lower boundary to 630 km near
the outer boundary. The angular resolution varied from
1.875� to 3.75�.
[5] The lower boundary was set at 100 km and the O+,

O2
+, CO2

+ densities were taken to be the photochemical
equilibrium values. The H+ density was set to 0.3 cm�3.
A reflective boundary condition for u was used, which
results in near zero velocity at the inner boundary as
expected. The plasma temperature at the inner boundary
was set to be twice the value of the neutral temperature,
because at that low altitude, both ions and electrons have
roughly the same temperature as neutrals. For solar mini-
mum and maximum the neutral temperatures values were
taken to be 117 and 134�K, respectively, and the pressures
were set accordingly. The upstream solar wind plasma
temperatures were set to 3.5 � 105 K, the interplanetary
magnetic field (IMF) was assumed to be a Parker spiral in
the X-Y plane with an angle of 56�. We carried out
calculations for different interplanetary field magnitudes
and solar wind density and velocity values, in order to
evaluate their effects. We used the 60 harmonic expansions
given by J. Arkani-Hamed (personal communication, 2001)
to describe the observed [Acuna et al., 1998] crustal
magnetic fields. Arkani-Hamed [2004] showed that such
an expansion is sufficient to represent the observed crustal
fields.
[6] Our earlier calculations [Ma et al., 2004] showed that

our model agrees very well with the ionospheric results
from Viking [Hanson et al., 1977], as well as the bow shock
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positions observations by Phobos and Mars Global Survey-
or observations [Vignes et al., 2000]. This gives us confi-
dence to use our improved model to undertake a set of
calculations to estimate escaping ion fluxes from Mars,
resulting from ionospheric flows as well as charge exchange
ionization processes.

3. Results

[7] We carried out calculations for seven different cases.
We ran our model for solar minimum conditions
(corresponding to an ‘‘Earth based’’ F10.7 of 70; that is
the value of the 10.7 flux at the Earth) and assumed that the
strongest crustal magnetic field position faced the Sun, was
90� and 180� away from the subsolar location. We ran these
three cases (and will refer to them as cases 1, 2, and 3,
respectively) in order to see how important an influence the
crustal field orientation has on the escape flux. We assumed,
for these three cases, a magnetic field magnitude of 3 nT
and solar wind density and velocity of 2 cm�3 and
300 km sec�1, respectively. We repeated our case 1 calcu-
lations for increased solar wind parameters of 4 cm�3 and
400 km sec�1; we refer to that set of high pressure
calculations as case 4. We turned off the photoionization
and electron impact ionization terms for case 1, in order to
get an idea of their importance; these calculations we refer
to as case 5. We also carried out calculations for solar
maximum conditions in order to see how large the variations
in the escape flux are for changing solar conditions. These
calculations again used neutral density and ionization rates
from the Bougher model corresponding to an ‘‘Earth based’’
F10.7 of 200 the crustal magnetic field orientation was the
same as for case 1. This set of calculations is referred to as
case 6. In a very recent paper Luhmann et al. [2007] show,
using Pioneer Venus observations, that during significantly
increased solar wind pressure conditions the measured
escaping ion fluxes from Venus was are very high. Prompted
by these findings we ran a case (case 7) for solar maximum
and extremely high solar wind parameters, to estimate how
high the escape flux can be for such limited time periods.
Table 1 summarizes the parameters used for the seven
different cases and Table 2 presents the calculated fluxes.

4. Discussion

[8] We calculated by integrals of the plasma density times
the radial velocity component at the surface of a sphere with

appropriately far from the planet; we chose that to be at
5 Rm. We established that the calculated flux does not
change to any significant degree as long as the radius
exceeded about 4 RM. Our model calculations indicate that
while there are variations in the calculated escape fluxes
during solar minimum, with the changing locations of the
crustal magnetic field with respect to the subsolar position,
these changes are within a factor of about two to three,
which are probably within the range of uncertainties asso-
ciated with the assumed parameters (e.g., neutral densities)
in these calculations. The variations between solar cycle
minimum and maximum conditions (cases 4 versus 6) is
about a factor of 2.5, indicating that these fluxes do depend
on solar cycle variations, but do not change by an order of
magnitude or more and are significantly less than the values
based on the Phobos observations. The drop of about nearly
a factor of three in the O+ escape flux, caused by the
removal of photo and impact ionization is a clear indication
of the important contribution of direct ionization of the
extended oxygen corona. Solar wind pressure conditions
during a ‘‘space weather event’’ are, as expected very high,
and not surprisingly result in a significant increase in the
escape flux. The increase is of an order of magnitude, but
these conditions last only relatively short periods and thus
their contribution to the overall escape rate is limited.
[9] These calculated numbers can now be compared with

the fluxes obtained from the Mars Express ASPERA
measurements (Barabash et al., 2007), which correspond
to solar minimum conditions and were obtained with
variable crustal field locations. The measured values are
1.6 � 1023, 1.5 � 1023 and 8 � 1022 sec�1 for O+, O2

+ and
CO2

+, respectively. The ASPERA instrument only measures
ion fluxes with energies greater than about 30 eV, thus the
fact that our estimated flux values are somewhat higher than
the observed fluxes are expected and the measured and
calculated values are reasonably consistent.
[10] Beyond comparing our results with the observed

fluxes, it is appropriate to look at two recent model
estimates of the escaping ion flux [Modolo et al., 2005;
Harnett and Winglee, 2006]. As indicated earlier the two
main sources of the escaping ion flux are the dayside
ionospheric plasma originating in a region between about
250 to 350 km on the dayside and charge exchange between
the shocked solar wind and the neutral corona, as well as
photo or electron impact ionization of this corona. The
above mentioned two models, a hybrid and a multifluid
MHD model, are excellent ones to address a number of
important issues associated with the interaction of the solar
wind with Mars, but not the ionospheric escape problem.
The inner boundary of the multifluid MHD model [Harnett

Table 1. Input Parameters Used for the Different Calculations

Solar Wind
Density, cm�3

Solar Wind
Velocity,
km/sec

Solar
Condition

‘‘Position’’ of
Crustal Field

Case 1 2 300 solar minimum 0�
Case 2 2 300 solar minimum 90�
Case 3 2 300 solar minimum 180�
Case 4 4 400 solar minimum 0�
Case 5a 2 300 solar minimum 0�
Case 6 4 400 solar maximum 0�
Case 7b 20 1000 solar maximum 0�

aCase 5 is the same as case 1 except that charge exchange and impact
ionization of the corona were not included.

bThe magnetic field was set to By = 20 nT for case 7.

Table 2. Calculated Escape Ratea

O+ O2
+ CO2

+ Total

Case 1 3.3 � 1023 1.00 � 1023 5.7 � 1022 4.9 � 1023

Case 2 4.7 � 1023 2.8 � 1023 1.1 � 1023 8.6 � 1023

Case 3 4.4 � 1023 2.5 � 1023 1.2 � 1023 8.1 � 1023

Case 4 7.2 � 1023 1.9 � 1023 1.3 � 1023 1.0 � 1024

Case 5 1.3 � 1023 9.3 � 1022 4.9 � 1022 2.7 � 1023

Case 6 1.8 � 1024 4.1 � 1023 1.8 � 1023 2.4 � 1024

Case 7 2.3 � 1025 3.3 � 1024 4.1 � 1024 3.0 � 1025

aEscape rates in sec�1.
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and Winglee, 2006] is at 300 km and the size of the first cell
is 109 km, thus basically missing the ionosphere and
therefore the calculated ionospheric outflow is set by the
inner boundary conditions. Similarly the cell size of the
hybrid model is 300 km; they establish their ionospheric
plasma densities by the direct ionization of the neutrals and
setting a value on the escape flux. Having said this, we can
now proceed to compare our results with the ones from
these two models. Modolo et al. [2005] estimate, for solar
minimum conditions, escape fluxes of 5.2 � 1023 and 5 �
1022 sec�1, for O+ and O2

+, respectively, with most of it
coming from pick up ions and very little from the iono-
sphere, which may be the result of their large cell size in the
ionosphere and their boundary conditions. The MHD results
of Harnett and Winglee [2006] estimate an O2

+ escape rate of
2.5 � 1025 sec�1 for their nominal case (solar wind density
2 cm�3, u = 400km/s and B = 2nT); their calculated escape
rate for all the other cases they considered is within the
same order of magnitude. Their model only considered O2

+

and thus they have no results for O+.
[11] In summary our model predicts ion escape fluxes

which are in good agreement with the latest observed
values, indicating that our basic understanding of the
current ion escape mechanism(s) from Mars are reasonably
well in hand. Of course, there is still a great deal of
uncertainty in predicting how these fluxes varied over the
life of Mars and how they compare with other competing
atmospheric escape processes.
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for her suggestion to make calculations for very high solar pressure
conditions. The work presented here was supported by NASA grant
NNG06GF31G and NSF grant ATM 0455729.

References
Acuna, M. H., et al. (1998), Magnetic field and plasma observations at
Mars: Initial results of the Mars Global Surveyor Mission, Science,
279, 1676.

Arkani-Hamed, J. (2004), A coherent model of the crustal magnetic field of
Mars, J. Geophys. Res., 109, E09005, doi:10.1029/2004JE002265.

Barabash, S., et al. (2004), ASPERA-3: Analyser of space plasmas and
energetic ions for Mars Express, inMars Express: The Scientific Payload,
Eur. Space Agency Spec. Publ., ESA SP-1240, 121–139.

Barabash, S., et al. (2007), Martian atmospheric erosion rates, Science, 315,
501.

Bougher, S. W., S. Engel, R. G. Roble, and B. Foster (2000), Comparative
terrestrial planet thermospheres 3. Solar cycle variation of global struc-
ture and winds at solstices, J. Geophys. Res., 105, 17,669.

Bougher, S. W., J. M. Bell, J. R. Murphy, M. A. Lopez-Valverde, and P. G.
Withers (2006), Polar warming in the Mars thermosphere: Seasonal var-
iations owing to changing insolation and dust distribution, Geophys. Res.
Lett., 33, L02203, doi:10.1029/2005GL024059.

Cravens, T. E., et al. (1987), Electron impact ionization in the vicinity of
comets, J. Geophys. Res., 92, 7341.

Hanson, W. B., S. Sanatini, and D. R. Zuccaro (1977), The martian iono-
sphere as observed by the Viking retarding potential analyzer, J. Geo-
phys. Res., 82, 4351.

Harnett, E. M., and R. M. Winglee (2006), Three-dimensional multifluid
simulations of ionospheric loss at Mars from nominal solar wind condi-
tions to magnetic cloud events, J. Geophys. Res., 111, A09213,
doi:10.1029/2006JA011724.

Kim, J., et al. (1998), Solar cycle variability of hot oxygen at Mars,
J. Geophys. Res., 103, 29,339.

Luhmann, J. G., W. T. Kasprzak, and C. T. Russell (2007), Space weather at
Venus and its potential consequences for atmosphere evolution, J. Geo-
phys. Res., doi:10.1029/2006JE002820, in press.

Lundin, R., et al. (1989), First measurements of the ionospheric plasma
escape from Mars, Nature, 341, 609.

Ma, Y., A. F. Nagy, I. V. Sokolov, and K. C. Hansen (2004), Three-dimensional,
multispecies, high spatial resolutionMHDstudies of the solarwind interaction
with Mars, J. Geophys. Res., 109, A07211, doi:10.1029/2003JA010367.

Modolo, R., et al. (2005), Influence of the solar EUV flux on the Martian
plasma environment, Ann. Geophys., 23, 433–444.

Rosenbauer, H., et al. (1989), Ions of Martian origin and plasma sheet in the
Martian magnetosphere: Initial results of the TAUS experiment, Nature,
341, 612.

Verigin, M., et al. (1991), Ions of planetary origin in the Martian magneto-
sphere (Phobos2/Taus experiment), Planet. Space Sci., 39, 131.

Vignes, D., et al. (2000), The solar wind interaction with Mars: Location
and shapes of the bow shock and magnetic pile-up boundary from ob-
servations of the MAG/ER experiment onboard Mars Global Surveyor,
Geophys. Res. Lett., 27, 49.

�����������������������
Y.-J. Ma and A. F. Nagy, Department of Atmospheric, Oceanic, and

Space Sciences, University of Michigan, Ann Arbor, MI 48109, USA.
(anagy@umich.edu)

L08201 MA AND NAGY: ION ESCAPE FLUXES FROM MARS L08201

3 of 3


