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Introduction

Detailed studies exist that explore the global, seasonal,
and interannual variations of the Martian lower atmo-
sphere (below 90 km) [e.g. Liu et al., 2003]. Key
findings indicate that observed temperatures are quite
repeatable from one Mars aphelion season to the next.
Conversely, perihelion temperatures can change radi-
cally on an interannual basis, depending on the timing
and intensity of dust events and the accompanying at-
mospheric heating that results. A growing climatology
of Martian lower atmosphere temperatures, derived ther-
mal winds, and dust opacity distributions is now avail-
able for investigating interannual variability [e.g. Smith,
2004].

However, no detailed climatology or analogous stud-
ies exist for the Martian thermosphere, despite the fact
that thorough characterization of this region is critical
to future aerobraking and aerocapture activities [e.g.
Bougher et al., 2004]. Our ongoing research is fo-
cused upon the detailed characterization of the interan-
nual variations of the Martian upper atmosphere (�100-
240 km) making use of available spacecraft data (Mars
Global Surveyor-MGS and Mars 2001 Odyssey-ODY)
and new simulations from the coupled Mars General
Circulation Model-Mars Thermosphere General Circu-
lation Model (MGCM-MTGCM). Thermospheric densi-
ties and inferred temperatures (�100-160 km) are avail-
able from MGS and ODY accelerometer datasets ob-
tained during aerobraking [e.g. Keating et al., 1998;
Withers et al., 2003; Keating et al., 2003; Bougher et
al., 2005]. An assortment of solar local times (SLT),
latitudes, and seasons is covered by this limited sam-
pling [Withers et al., 2005]. Also, MGS Radio Science
profiles of electron densities are used to track the height
of the primary electron density peak, from which inter-
annual variations of the underlying neutral atmosphere
near aphelion have been derived [Bougher et al., 2004].
Finally, higher altitude (160-240 km) nightside neutral
densities have recently been extracted from MGS Elec-
tron Reflectometer (ER) measurements in the vicinity
of crustal magnetic fields [Lillis et al. 2005], providing
upper atmosphere constraints above the region where
accelerometers typically sense the atmosphere. These
datasets provide a limited (spatial and temporal) clima-
tological database against which global thermospheric
model simulations must be judged.

A proper understanding of interannual variations of
the Martian upper atmosphere will be the product of

careful interpretation of these limited datasets using sev-
eral global thermospheric model simulations. Our strat-
egy is to focus on changing lower atmosphere condi-
tions from one Martian year to the next, while holding
topside forcing (e.g. solar fluxes) constant. For this
presentation, we have selected Martian solstice simu-
lations, which are driven by solar and aerosol heating
corresponding to aphelion (Ls = 90) and perihelion (Ls
= 270) conditions appropriate to existing MGS and ODY
observing periods. New MGCM-MTGCM simulations
are conducted using three available mapping years of
infrared (IR) optical depth data acquired by the Ther-
mal Emission Spectrometer (TES) instrument on board
MGS. Interannual variations in these dust opacity dis-
tributions of the Mars lower atmosphere are utilized to
investigate the dust’s subsequent impacts (both dynami-
cal and thermal) upon the Mars upper atmosphere struc-
ture and dynamics. Solar cycle effects are minimized
in this investigation by focusing the model-data com-
parisons on thermospheric features at and below �120
km. Our goal is to isolate the the impact of changing
lower atmosphere conditions (e.g. dust distributions)
upon the interannual variations of key features in the
Martian thermosphere. Consequences for aerobraking
planning exercises will be discussed.

MGCM-MTGCM Model Formulation

The Mars Thermospheric General Circulation Model
(MTGCM) itself is a finite difference primitive equation
model that self-consistently solves for time-dependent
neutral temperatures, neutral-ion densities, and three
component neutral winds over the globe [see formu-
lation details in Bougher et al., 1999; 2004]. MTGCM
prognostic and diagnostic thermosphericfields are simu-
lated on 33-pressure levels (at altitudes above 1.32 �bar
corresponding to �60-300 km), with a 5x5 � latitude
and longitude resolution. Recently, a fast non-Local
Thermodynamic Equilibrium (NLTE) 15-micron cool-
ing scheme was implemented in the MTGCM, along
with corresponding near-IR heating rates. These im-
provements are based upon recent detailed one dimen-
sional (1-D) NLTE model calculations for the Mars up-
per atmosphere [see Lopez-Valverde et al; 1998].

The MTGCM is currently driven from below by the
NASA Ames Mars General Circulation Model (MGCM)
code [e.g. Haberle et al., 1999] at the 1.32 �bar level
(near 60-80 km), permitting a detailed coupling across
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this boundary. This coupling scheme captures both
migrating and non-migrating upward propagating tides
plus the thermal expansion and contraction of the Mars
lower atmosphere with the passage of the seasons and
dust storm events [see details in Bougher et al., 2004].
Key prognostic (temperatures,zonal and meridional winds)
and diagnostic (geopotential height) fields are passed
upward from the MGCM to the MTGCM at the 1.32-
�bar pressure surface at every MTGCM gridpoint on
2-minute timestep intervals. No downward coupling
from the MTGCM to the MGCM is presently activated.
The inclusion of the Ames MGCM in providing a realis-
tic lower atmosphere is critical for achieving a realistic
simulation of the Mars upper atmosphere within the MT-
GCM domain [Bougher et al., 2005].

Specific MGCM-MTGCM model inputs are pre-
scribed for six cases which include the MGS (aphe-
lion) and ODY (perihelion) sampling periods described
above. For all six cases, solar moderate fluxes (F10.7-
cm index = 130 at Earth) are specified. Over the life-
time of the MGS TES observations, a dust climatologi-
cal database has emerged, that provides comprehensive
spatial and temporal coverage for three consecutive Mar-
tian years. Hence, detailed horizontal maps of integrated
dust opacity distributions are obtained from MGS TES
observations for mapping Years #1, 2, and 3 [as de-
fined in Liu et al., 2003]. A factor of 2 is used to scale
IR to visible integrated dust opacity values. For Ls =
90 conditions, a � � 0.3 globally averaged vertically
integrated visible dust opacity is acheived. For peri-
helion, corresponding detailed horizontal dust opacity
distributions are likewise obtained from the same MGS
TES datasets. Now for perihelion, visible opacity values
achieve a global average of �1.0.

The vertical dust distributions for the two simula-
tions are prescribed making use of the Conrath parame-
ter (CR) [Conrath et al, 1975], which defines a pressure
to which dust is essentially well mixed, with a decreas-
ing mixing ratio above this level. For both aphelion and
perihelion, the depth of vertical mixing is permitted to
vary locally with the TES horizontal dust distribution,
so that the deepest mixing regions (e.g. up to �50 km)
correspond to the largest integrated dust opacities (� =
1.3-1.5) [see Bougher et al., 2005]. These chosen dust
distributions (both horizonal and vertical) are crucial
to providing improved MGCM-MTGCM simulations of
the thermospheric winter polar regions over previous
simulations using the MTGCM alone [see Keating et
al., 2003; Bougher et al., 2005].

Model Results Illustrating Variability

Results from coupled MGCM-MTGCM simulations com-
paring TES year #1 and 2 dust forcing for aphelion (Ls =
90) conditions suggest that interannual variations in ther-
mospheric temperatures, densities, and winds are small.

Figure 1: MGCM-MTGCM simulation for Ls = 90 conditions
appropriate to the end of MGS aerobraking. A comparison is
illustrated of percent temperature changes at 120 km resulting
from two MGCM-MTGCM simulations driven by dust distri-
butions obtained from MGS TES mapping years #1 and 2.

Figure 1 illustrates percent changes in 120 km tempera-
tures for these two Martian seasons during which MGS
TES dust opacities where measured and mapped. Global
temperature varations are typically less than 20% (10-20
K), particularly in the winter polar night region poleward
of 60� S latitude. Previous MGS Radio Science stud-
ies also indicate repeatability of the neutral atmosphere
near aphelion conditions [Bougher et al., 2004]. This
implies that mean thermospheric densities encountered
at aerobraking altitudes during this season (even in polar
night regions) are likely to be similar from one Martian
year to the next.

Conversely, results from coupled MGCM-MTGCM
simulations comparing TES year #1 and 2 dust forcing
for perihelion (Ls = 270) conditions suggest that interan-
nual variations in thermospheric temperatures, densities,
and winds can be significant. Figure 2 illustrates percent
changes in 120 km temperatures for these two Martian
seasons. Global temperature varations can be as much
as 40-60% (up to 60 K), particularly in the winter polar
night region poleward of 60� N latitude. Corresponding
density changes (not shown) can be as large as 50-75%.
Changes in the near-perihelion dust distributions from
one Martian year to the next are often due to interannual
variations in the onset and decay of dust storm events
[e.g. Smith, 2004]. These variations are shown here
and elsewhere to drive changes in the inter-hemispheric
(summer to winter) global circulation, and the resulting
winter polar warming at thermospheric altitudes. This
implies that mean thermospheric densities encountered
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Figure 2: MGCM-MTGCM simulation for Ls = 270 condi-
tions appropriate to mid-to-late Odyssey aerobraking. A com-
parison is illustrated of percent temperature changes at 120
km resulting from two MGCM-MTGCM simulations driven
by dust distributions obtained from MGS TES mapping years
#1 and 2.

at aerobraking altitudes during this season (especially in
the polar night regions) are likely to be highly variable
from one Martian year to the next.

Future Work Planned

It is demonstrated from this current research and previ-
ous studies that the entire Mars atmosphere is an inte-
grated system that is highly coupled dynamically, ther-
mally, and chemically. Therefore, systematic progress
in the investigation of Mars atmospheric coupling pro-
cesses will require ground-to-exobase (0-250 km) mod-
els to be developed, tested, validated, and exercised [e.g.
Gonzalez Galindo et al., 2006]. Our group is now em-
barking on the development and testing of such a Mars
Whole Atmosphere Climate Model (MWACM) [Rid-
ley et al., 2004] making use of many of the physical
processes already incorporated within the NASA Ames
MGCM and Michigan MTGCM codes described above.
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