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Introduction

Over the past several years, a model of the Martian
atmosphere has been under development. The goal of
the Mars Thermosphere-lonosphere Model (M-GITM)
is to be able simulate the state of Mars’ upper atmosphere
in a realistic manner under a wide range of solar and
Mars geophysical conditions. In particular, the model
has been developed with the goal of better understanding
the response of the martian upper atmosphere to dynamic
external forcing, or space weather.

M-GITM has recently been benchmarked against ex-
isting upper atmospheric datasets as well as other Mars
upper atmosphere models. The results indicate that M-
GITM captures expected trends in the global neutral tem-
peratures and densities as well as in the ion composition.
Additionally, M-GITM is in the process of being inte-
grated into the University of Michigan’s Space Weather
Modeling Framework (SWMF). In particular, M-GITM
is currently being coupled to existing and MHD model
and an existing monte carlo model of the Mars space en-
vironment. Ultimately, the goal of these coupled models
is to make it possible to accurately follow the flow of en-
ergy and momentum from the solar wind into the upper
atmosphere, thereby enabling a better understanding of
the effects of space weather on the Mars space environ-
ment.

Model Background

M-GITM has been adapted from the existing Earth
GITM framework (Ridley et al., 2006). It combines
the Mars fundamental physical parameters, ion-neutral
chemistry, and key radiative processes with the core nu-
merics developed for use at Earth in order to capture
the basic observed features of the thermal, composi-
tional, and dynamical structure of the Mars atmosphere
from the ground to the exosphere (Bougher et al., 2008,
2011; Pawlowski et al., 2010, 2012). The M-GITM code
utilizes a 3-D spherical grid with an altitude based ver-
tical coordinate. This allows for the relaxation of the
assumption of hydrostatic equilibrium and enables the
model to resolve sound and gravity waves in both the
vertical and horizontal directions. GITM solves for the
bulk horizontal neutral winds, while in the vertical di-
rection, the momentum equation is solved for each of the
major species and the bulk vertical wind is specified as
a mass density weighted average of the individual verti-

cal velocities. The model is fully parallel and utilizes a
block-based 2-D domain decomposition that allows for
an extremely flexible horizontal resolution that can be
specified at run time.

Neutral temperatures are solved for self-consistently,
but ion and electron temperatures are presently pre-
scribed based upon Viking measurements (Fox et al.,
1993). M-GITM currently solves for 6 major neutral
species: COz, CO, O, N2, Oz, and Ar as well as 5
minor species N(4S), N(2D), NO, He and H. Key ion
species (6) currently include: O+, Oz+, CO2+, N2+ and
NO+. Plasma velocities (zonal and meridional ion ve-
locities) are not calculated, but await the coupling with
a solar wind interaction (plasma) code. As mentioned
previously, the M-GITM code can be run for various
horizontal and vertical resolutions. Typically, produc-
tion runs are conducted for a 5°x5° regular horizontal
grid, with a constant 2.5 km vertical resolution (~0.25
scale height) above the lowest ~80 km. A "stretched"
vertical grid is used at lower altitudes to accommodate
the variable terrain.

The solar fluxes and cross sections (0.1 to 175.0 nm)
that are included span 59-wavelength intervals. Cross
sections (and yields) for EUV bins are adopted from
(Schunk and Nagy, 2009). The solar irradiance can be
specified using a variety of solar flux models, includ-
ing those based on the Fio.7 proxy (Hinteregger et al.,
1981; Tobiska and Barth, 1990; Richards et al., 1994).
Additionally, M-GITM is capable of using Earth-based
data from the Solar Extreme Ultraviolet (SEE) (Woods
etal., 2005) or EUV Variability Explorer (EVE) (Woods
et al., 2010) instruments as well as model results from
the Flare Irradiance Spectral Model (FISM) (Chamber-
lin et al., 2008). Once the solar flux is calculated, the
values are adjusted by the inverse of the Mars—Sun dis-
tance squared for the Mars’ precise orbital position. A
heating efficiency of 18% is used to specify the EUV
heating.

A comprehensive set of 30+ key ion-neutral chem-
ical reactions and rates has been incorporated into the
M-GITM code (Fox and Sung, 2001), based upon those
used previously in the modern Mars Thermospheric
General Circulation Model (MTGCM) (Bougher et al.,
2004, 2006, 2009). In order to calculate chemical
sources and losses, M-GITM utilizes a sub-cycling tech-
nique whereby several chemical time steps may be taken
during a single advective time step.

For the Mars upper atmosphere (~80 to 250 km), an
existing fast formulation for NLTE CO 15-micron cool-
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ing was implemented into the M-GITM code (Lépez-
Valverde et al., 1998) and includes a correction for NLTE
near-IR heating rates. Additionally, the effect of the
O(3P) emission from the fine structure of atomic oxygen
is also included using an optically thin LTE formulation
(Banks and Kockarts, 1973) with an NLTE correction
(Roble et al., 1987). For the Mars lower atmosphere
(0-80 km), a state-of-the-art radiation (RT) code was
adapted from the NASA Ames MGCM (Haberle et al.,
2003) for incorporation into M-GITM. This provides
solar heating (long and short wavelength), seasonally
variable aerosol heating, and CO. 15-micron cooling
in the LTE region of the Mars atmosphere (below ~80
km). The radiation code presently being used for Mars
is based on a two-stream solution to the radiative transfer
scheme with CO, and water vapor opacities calculated
using a correlated-k approach.

The coordinate system within M-GITM has been
modified to include the use of topography measurements
provided by the Mars Orbiter Laser Altimeter (MOLA)
instrument onboard MGS. The data are provided at 1/4°
by 1/4° resolution, and upon being read in to the model,
are interpolated to the M-GITM grid. The core M-GITM
solver and lower boundary condition has been adapted to
handle the terrain following coordinate system following
the work done by Kasahara (1974).

Sample simulation results during aphelion

M-GITM simulations have been performed for a wide
range of solar and seasonal conditions (see Table 1).
Figure 1 shows results from a 1D simulation during
equinox at the equator, F19.7 = 70. The model gives
realistic composition profiles and indicates a transition
from a CO; dominated atmosphere to an atomic oxygen
dominated one occurs just below ~ 200 km altitude. In
this simulation, the exospheric temperature is just above
200 K.
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Figure 1: M-GITM results from 1D simulation of equator
during equinox for F19.7 =70. The neutral composition (left
panel) and neutral temperature (right panel) are shown as a
function of altitude.

Figure 2 shows the exospheric temperature (200 km)
and neutral wind vectors during aphelion (Ls = 90, F10.7
= 70) for a full 3D simulation. The simulated global
wind patterns are as expected with divergence from mid-
afternoon local times near the sub-solar latitude and con-
vergence just after midnight just south of the equatorial
region. Dayside temperatures of 180 - 200 K are inline
with observations under these conditions. Winter polar
warming is minimal in this simulation in agreement with
MGS aerobraking observations (Bougher et al., 2006).

Additionally, the ionospheric composition (not
shown) is simulated realistically and the dayside ion
densities below 200 km are similar to Viking observa-
tions (Hanson et al., 1977). The peak dayside electron
density occurs just below the observed height of ~ 130
km. This simulation did not include the effects of the
elevated dust levels that were observed by Viking which
would have caused the simulated ionospheric peak to be
slightly higher.
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Figure 2: M-GITM neutral densities and neutral wind vectors
at 200 km for Ls=90 and F19.7 = 70.

Current efforts

M-GITM is currently being used to investigate the state
of the thermosphere and ionosphere under a range of so-
lar and Mars geophysical conditions. Additionally, the
model is currently being used to investigate the effects
of solar flares and dust storms on the Martian thermo-
sphere. M-GITM is also starting to be integrated with
the existing Michigan Space Weather Modeling Frame-
work. Currently, M-GITM is coupled directly to the
Michigan Mars MHD model (Najib et al., 2011; Dong
etal., 2013). At this state, the coupling is one-way, such
that the MHD code uses fields that are calculated by
M-GITM, but M-GITM does not use any information
from the MHD model to update it’s own calculations. In
the coming years, a full two-way coupling will be per-
formed. Additionally, M-GITM is in the process of be-
ing coupled to a Direct Simulation Monte Carlo (DSMC)
model (Valeille et al., 2010) of the Martian exosphere.
As with the MHD model, a one-way coupling already
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exists between M-GITM and the DSMC code, from M-
GITM to DSMC. The integration of these three models
will allow for detailed studies of the processes that lead
to volatile escape from the Martian atmosphere. Fig-
ure 3 provides a graphical overview of the current state
and future goals of this coupled framework. Results

ffuture _ _ _
coupling

r
: 1
: 1
1 + '
[O27],[e]a [Hot O, [o[]é[_]o?z]T, [?2 1 :Qn(OHm
T T : ([Hot C] and it |
' UFE'ZS;'?JQ, (cofand [COY| !
1 upcoming) "
: 1
Iy [0],[CO2],Tn, H

lonization frequencies
(CO,~CO,r, 0-07,C0O,~0)

Figure 3: Current and future state of the coupling between
M-GITM, the Mars MHD and Mars DSMC codes.

from M-GITM and the coupled models will be used to
complement observations from the upcoming MAVEN
mission (2013 - 2016) and help to achieve science clo-
sure. In preparation for the MAVEN mission, a set of 12
baseline simulations have been performed using both M-
GITM and DSMC model. Table 1 shows the parameters
used in these simulations.

Parameters M-GITM DSMC
Ls (season) 0, 90, 180, 270 | 0,90, 180, 270
Fi0.7 (solar cycle) 70, 130, 200 70, 130, 200
7 (CR) (Dust) 0.5 (0.003) 0.5 (0.003)

Table 1: Parameters used in 12 simulations by M-GITM and
the DSMC model in preparation for the MAVEN mission

References

Peter M Banks and Gaston Kockarts.
Aerospace UK, 1, 1973.

Aeronomy.

S. W. Bougher, S. Engel, D. P. Hinson, and J. R.
Murphy. MGS Radio Science electron density pro-
files: Interannual variability and implications for the
Martian neutral atmosphere. Journal of Geophysical
Research (Planets), 109:E03010, March 2004. doi:
10.1029/2003JE002154.

S. W. Bougher, J. M. Bell, J. R. Murphy, M. A.
Lopez-Valverde, and P. G. Withers. Polar warm-
ing in the Mars thermosphere: Seasonal variations
owing to changing insolation and dust distributions.
Geophys. Res. Lett., 330:L02203, January 2006. doi:
10.1029/2005GL024059.

S. W. Bougher, P-L. Blelly, M. Combi, J. L. Fox,
I. Mueller-Wodarg, A. Ridley, and R. G. Roble.
Neutral Upper Atmosphere and Ionosphere Model-
ing. Space Sci. Rev., 139:107-141, August 2008. doi:
10.1007/s11214-008-9401-9.

S. W. Bougher, T. M. McDunn, K. A. Zoldak, and J. M.
Forbes. Solar cycle variability of Mars dayside exo-
spheric temperatures: Model evaluation of underly-
ing thermal balances. Geophys. Res. Lett., 360:L05201,
March 2009. doi: 10.1029/2008GL036376.

S. W. Bougher, A. Ridley, D. Pawlowski, J. M. Bell,
and S. Nelli. Development and Validation of the
Ground-To-Exosphere Mars GITM Code: Solar Cy-
cle and Seasonal Variations of the Upper atmosphere.
In F. Forget & E. Millour, editor, Mars Atmosphere:
Modelling and observation, pages 379-381, February
2011.

P. C. Chamberlin, T. N. Woods, and F. G. Eparvier. Flare
irradiance spectral model (fism): Daily component al-
gorithms and results. Space Weather, 6:5S05001, 2008.
doi:10.1029/2007SW000372.

C. Dong, S.W. Bougher, Y. Ma, G. Toth, A. Nagy, and
D. Najib. Solar wind interaction with mars upper
atmosphere: Results from the one way coupling be-
tween multi-fluid mhd model and the mtgecm model.
Geophys. Res. Lett., (submitted), 2013.

J. L. Fox and K. Y. Sung. Solar activity varia-
tions of the Venus thermosphere/ionosphere. J. Geo-
phys. Res., 106:21305-21336, October 2001. doi:
10.1029/2001JA000069.

J. L. Fox, J. F. Brannon, and H. S. Porter. Upper limits to
the nightside ionosphere of Mars. Geophys. Res. Lett.,
20:1339-1342, July 1993. doi: 10.1029/93GL01349.

R. M. Haberle, J. L. Hollingsworth, A. Colaprete,
A.F. C.Bridger, C. P. McKay, J. R. Murphy, J. Schaef-
fer, , and R. Freedman. The NASA/AMES Mars Gen-
eral Circulation Model: Model Improvements and
comparison with observations. In Published Confer-
ence Abstract, International Workshop: Mars Atmosphere
Modelling and Observations, 2003.

W. B. Hanson, S. Sanatani, and D. R. Zuccaro. The Mar-
tian ionosphere as observed by the Viking retarding
potential analyzers. J. Geophys. Res., 82:4351-4363,
September 1977. doi: 10.1029/JS082i028p04351.



REFERENCES

H.E. Hinteregger, K. Fukui, and B.R. Gibson. Observa-
tional, reference and model data on solar EUV from
measurements on AE-E. Geophys. Res. Lett., 8:1147,
1981.

Akira Kasahara. Various vertical coordinate systems
used for numerical weather prediction. Monthly
Weather Review, 102(7):509-522, 1974.

M. A. Lépez-Valverde, D. P. Edwards, M. Lopez-
Puertas, and C. Rolddn. Non-local thermodynamic
equilibrium in general circulation models of the Mar-
tian atmosphere 1. Effects of the local thermodynamic
equilibrium approximation on thermal cooling and so-
lar heating. J. Geophys. Res., 1031:16799-16812, July
1998. doi: 10.1029/98JE01601.

Dalal Najib, Andrew F Nagy, Gabor T6th, and Yingjuan
Ma. Three-dimensional, multifluid, high spatial res-
olution mhd model studies of the solar wind interac-
tion with mars. Journal of Geophysical Research: Space
Physics (1978-2012), 116(AS), 2011.

D. Pawlowski, S. Bougher, and A. Ridley. The effect
of solar variability on the martian thermosphere and
ionosphere system. In 38th COSPAR Scientific Assembly,
volume 38, pages 1100—+, 2010.

D. J. Pawlowski, S. W. Bougher, A.J. Ridley, and J. Mur-
phy. Modeling the Martian Upper Atmosphere Us-
ing the Mars Global Ionosphere-Thermosphere Model
(Invited)". In Fall AGU, 2012.

P. G. Richards, J. A. Fennelly, and D. G. Torr. EUVAC:
A solar EUV flux model for aeronomic calculations.
J. Geophys. Res., 99:8981, 1994.

AJ. Ridley, Y. Deng, and G. Toth. The global
ionosphere-thermosphere model. J. Ammos. Sol-Terr.
Phys., 68:839, 2006.

R.G. Roble, E.C. Ridley, and R.E. Dickinson. On the
global mean structure of the thermosphere. J. Geophys.
Res., 92:8745, 1987.

Robert Schunk and Andrew Nagy. lonospheres. Cam-
bridge University Press, 2009.

W.K. Tobiska and C.A. Barth. A solar EUV flux model.
J. Geophys. Res., 95:8243, 1990.

Arnaud Valeille, Michael R Combi, Valeriy Tenishev,
Stephen W Bougher, and Andrew F Nagy. A study
of suprathermal oxygen atoms in mars upper ther-
mosphere and exosphere over the range of limiting
conditions. Icarus, 206(1):18-27, 2010.

T. N. Woods, FE. G. Eparvier, S. M. Bailey, P. C.
Chamberlin, J. Lean, G. J. Rottman, S. C. Solomon,

W. K. Tobiska, and D. L. Woodraska. Solar EUV
Experiment (SEE): Mission overview and first re-

sults. J. Geophys. Res., 110:1312—, 2005. doi:
10.1029/2004JA010765.

T. N. Woods, F. G. Eparvier, R. Hock, A. R. Jones,
D. Woodraska, D. Judge, L. Didkovsky, J. Lean,
J. Mariska, H. Warren, D. McMullin, P. Chamberlin,
G. Berthiaume, S. Bailey, T. Fuller-Rowell, J. Sojka,
W. K. Tobiska, and R. Viereck. Extreme Ultraviolet
Variability Experiment (EVE) on the Solar Dynamics
Observatory (SDO): Overview of Science Objectives,
Instrument Design, Data Products, and Model De-
velopments. Solar Phys., page 3, January 2010. doi:
10.1007/s11207-009-9487-6.



