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Introduction: Carbon dioxide is the principal
component of the Martian atmosphere and its interac-
tion with the polar caps forms the CO2 seasonal cycle
on the planet.  A significant fraction of the atmospheric
constituent condenses on the surface during the polar
winter and sublimes back during spring.  The basic
aspects of the CO2 cycle have been outlined by
Leighton and Murray [1] and a number of follow-up
theoretical models ranging from energy balance to
general circulation models have been used to study the
physical processes involved in the cycle [2,3].

Observations of the boundaries of the seasonal CO2

caps and the pressure curves measured by the Viking
landers have been used to search for interannual vari-
ability in the carbon dioxide cycle.  An important as-
pect of these studies is the lack of evidence for a strong
coupling between the Martian dust cycle and the CO2

cycle. Ground-based historical data suggests some
connection, but disentangling real differences from
systematic errors is problematic [4].  On the other
hand, the Viking pressure curves for years with vastly
different dust storm histories have showed only subtle
differences [2].

MGS Observations: The 1999 and 2001 spring
regressions of the south seasonal polar cap have been
observed in unprecedented detail by MGS in both vis-
ual (MOC) and IR (TES) wavelengths.  This has pro-
vided an excellent opportunity for a precise compari-
son between the cap regression rates for years with
very different atmospheric conditions in early spring.
While the early phase of the 2001 regression occurred
during a global dust storm [5], the 1999 season was
significantly less dusty.  It should be emphasized that
the MGS observations allow studies not only of the
average cap decay but also of localized regions with
distinctive albedo properties, such as the Cryptic re-
gion [6] (low visual albedo) and the Mountains of
Mitchel [6,7] (high visual albedo).  A schematic repre-
sentation of the main observational results is shown on
Figure 1:

1.  Low visual albedo regions displayed slower re-
gression (by Ls~4˚-5˚) in 2001 compared to 1999 [6].

2.  Bright regions showed faster regression rates by
the same amount [6,7].

3.  Our preliminary average regression curves for
2001 and 1999 are very similar despite the very differ-
ent dust storm history.
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Figure 1. A schematic summary of the MGS observations of the 2001 south polar �
               cap decay. MOC images show that a significant fraction of the cap �
               was obscured by dust in early spring. The regression rates are compared 
               qualitatively to the 1999 season. Dark areas displayed slower decay [6], �
               while areas with high visual albedo regressed faster than in 1999 [6,7].   

Modeling the CO2 Frost Sublimation As a Func-
tion of the Atmospheric Dust Load: The three types
of surface responses to increased atmospheric dust
have been predicted using a radiative transfer model
through a dusty atmosphere bounded by a sublimating
CO2 surface.  The basic model has been described in
[7].  These are monte carlo calculations which use the
condition of radiative equilibrium and year-to-date
dust single scattering properties for both visual and IR
wavelengths [8].  The model considers two effects of
dust: atmospheric dust which redistributes the
radiation incident to the surface from visual frequen-
cies to the IR, and surface dust intermixed in the frost,
which is the main factor determining the surface al-
bedo spectrum [9].  Pure CO2 frost has a high visual
albedo and a distinct minimum in the IR emissivity
near 25 µm.  Intermixed dust on the surface tends to
lower significantly the visual albedo and to bring the
IR emissivity close to unity.  The second important
surface parameter is the grain size of the CO2 frost.

While in [7] we have considered only the limiting
cases of very high and very low visual albedos, here
we present a detailed parameter study spanning various
dust-to-ice mixing ratios and frost grain sizes.  The
results are shown in Figure 2a-2c which plots the CO2
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sublimation flux (SF) versus the total atmospheric dust
optical depth at 550 nm.  The SF has been normalized
to the total flux incident on the atmosphere and calcu-
lated as a difference between the spectrally integrated
fluxes absorbed and emitted by the surface (set to sub-
limate at 147 K).

Figure 2a. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 100 µm and various contents �
                 of intermixed surface dust.�
�

Figure 2b. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 1 mm and various contents �
                 of intermixed surface dust.�
�

The main model results reproduce qualitatively the
observations presented schematically on Figure 1:

1.  The absorption of surface frost with a high dust
content (1 wt% being the upper limit [9]) is dominated
by visual photons.  Therefore the attenuation of direct

solar radiation by atmospheric dust results in retarded
sublimation.

2.  Conversely, the absorption of regions with low
dust content is dominated by IR photons, owing to the
high visual albedos.  In this case the visual-to-IR re-
distribution of the energy incident to the surface,
caused by atmospheric dust, leads to increased subli-
mation rates.

Figure 2c. CO2 Sublimation Flux vs. Total Atmospheric Dust Optical Depth �
                 at 550 nm for a frost grain size of 1 cm and various contents �
                 of intermixed surface dust.�
�

3.  There is a wide range of combinations between
surface dust content and frost grain size for which the
CO2 sublimation rates show only subtle variations with
the amount of atmospheric dust load.  In these cases
the surface absorption is distributed equally between
visual and IR wavelengths, so the overall atmospheric
dust effect is not important.  It should be emphasized
that the discussed region of the parameter space repre-
sents a "typical frost" [9] and consequently explains
the apparent insensitivity of the average decay rate of
the south seasonal cap to dust storm activity.  Strong
coupling between sublimation and atmospheric dust
exists primarily on local scale for regions with "devi-
ant" surface albedos.

A note should be made about the possibility that
newly deposited surface dust played a role in the faster
regression of bright regions (like the Mountains of
Mitchel) by lowering the surface albedo and thus in-
creasing the absorbed flux and consequently the subli-
mation rate.  While this scenario cannot be ruled out, it
fails to explain the slowing down of the dark regions
such as the Cryptic region, which is consistent with the
effect of atmospheric dust.
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Modeling improvements:
Surface properties. The surface albedo is a major

parameter and its accurate modeling is of primary im-
portance.  Compared to our first limiting case study [7]
we have examined in depth the albedo changes with
surface dust-to-ice mixing ratio and frost grain size;
the variation of the albedo with photon incident angle
and the dependence on the ratio of direct/diffuse inci-
dent radiation have been included.  In monte carlo cal-
culations the albedo dependence on the direction of the
reflected photons is also important. This variable has
been held as a free parameter by simulating different
laws of surface reflection.  A good constraint of the
best directional distribution of the photons reflected
would enable incorporating this factor accurately into
our model.

Atmospheric radiative transfer. The results pre-
sented are based on radiative transfer through atmos-
pheric dust.  The successful interpretation of all obser-
vations with this model is primarily due to the fact that
(1) the surface boundary conditions include sufficient
detail, and (2), that the radiative equilibrium calcula-
tions are fairly good in representing the visual-to-IR
redistribution of incident photons caused by atmos-
pheric dust.  At the same time an improved accuracy
and wider applicability is achievable only by including
the CO2 15 µm band as a second opacity source.  Us-
ing well-constrained dust single scattering properties
enables fairly accurate calculations in the visual, but in
the IR the CO2 band "screens" part of the thermal dust
emission (and vise versa). This interaction can be rep-
resented accurately only if these two opacity sources
are considered together.

The challenge is that our monte carlo calculations
use the condition of radiative equilibrium, i.e. the at-
mospheric temperature profiles are not used as input
but have been calculated based on the opacity sources
given.  The original algorithm [10] was built for tem-
perature-independent opacity sources like dust, and for
this case the whole procedure is non-iterative.  The gas
opacity is temperature and pressure dependent, and
therefore its inclusion causes a major change in the
model.  Addressing this, we first calculated the CO2

extinction coefficients averaged over parts of the 15
µm band using the correlated-k approach [11].  This
allowed the building of a simple "dust-and-gas" model
in which the CO2 opacity is calculated for some "char-
acteristic" pressure and temperature.  The next step has
been (April 2003) developed, and it includes self-
consistent calculations in which the gas opacity varies
with altitude through pressure and temperature.  Ulti-
mately such modeling can be used outside the polar
conditions to accurately simulate radiative effects
during global dust storms.
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