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Work report
Introduction
The Martian poles are both covered by ice caps. Seasonal caps, which can extend toward the equator until approximately 55◦ N/S, consist of some ten centimeters of CO2 snow
which sublimes into the atmosphere during the respective summer season. By contrast,
the smaller residual polar caps within approximately 80◦ N/S are underlain by massive topographic structures, the so-called polar layered deposits. The composite systems of the
residual caps and the polar deposits, which are referred to as the north and south polar
cap (NPC/SPC), respectively, are the object of this study. It is aimed at simulating the
evolution and dynamics of both the NPC and SPC, understood as active components of
Mars’ climate system, over the last ten million years in response to orbital forcing (obliquity, eccentricity and anomaly of vernal equinox). This is done with the ice-sheet model
SICOPOLIS (SImulation COde for POLythermal Ice Sheets).

Implementation of a refined MOLA topography
When this project was launched (2005-04-01), the model SICOPOLIS had a module for the
NPC based on surface topography data from the Mars Orbiter Laser Altimeter (MOLA)
Initial Experiment Gridded Data Records (IEGDR) at a resolution of 0.25◦ in longitude
and latitude. Meanwhile, higher-resolution data have been made available for the entire surface of Mars, and therefore new topographic maps have been constructed on the
basis of the MOLA Mission Experiment Gridded Data Records (MEGDR) at a resolution of 0.015625◦ in longitude and latitude (http://pds-geosciences.wustl.edu/missions/
mgs/mola.html). These maps have been interpolated to a regular grid suitable for SICOPOLIS at optional resolutions of either 20, 10 or 5 km for both the NPC and SPC. For both
ice caps and all resolutions, the ice margin has been defined by comparison with available
geologic maps, and basal topographies have been constructed by extending the surrounding surface topographies under the ice area. The resulting surface topographies for the
NPC and SPC are shown in Fig. 1. Note the different appearances of the relatively smooth,
dome-shaped NPC and the irregular, jagged SPC, and also the giant, approximately 500 km
long chasm in the bottom left quadrant of the NPC map (“Chasma Borealis”), which cuts
through the entire depth of the ice cap.
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Figure 1: Surface topographies for the NPC (left) and SPC (right) based on the MOLA
MEGDR data. The heavy dashed lines mark the ice-cap margins.

Mars Atmosphere-Ice Coupler MAIC
The Mars Atmosphere-Ice Coupler MAIC provides the space- and time-dependent climatic input (surface temperature, surface mass balance) for the NPC and SPC modules
of SICOPOLIS. The version MAIC-1 which was available when the project was launched
is described in the papers by Greve et al. (2004), Greve and Mahajan (2005). It has been
improved in two steps. For the version MAIC-1.5, the old surface-temperature parameterization (based on a mean-annual radiation balance at the pole) has been replaced by the Local
Insolation Temperature (LIT) scheme laid down by Grieger (pers. comm. 2004). It is driven
directly by the orbital parameters obliquity, eccentricity and anomaly of vernal equinox
(Laskar et al. 2004), uses a daily and latitude-dependent radiation balance and includes a
treatment of the seasonal CO2 cap. The LIT scheme has been validated against the surface temperatures from the Martian Climate Database (http://www-mars.lmd.jussieu.fr/).
However, a common problem of the LIT scheme and the Martian Climate Database is that
neither of them reproduce the year-round CO2 -frost cover of the south pole and the resulting low mean-annual temperature of 148 K (condensation temperature of CO2 at Martian
atmospheric pressure). This is corrected by an additional, a-posteriori temperature offset.
In addition, for the version MAIC-2, the old mass-balance parameterization (equilibriumline approach in analogy to terrestrial glaciology) has been replaced by a buoyant-diffusion
scheme for evaporation (Ingersoll 1970), a condensation scheme which removes the water
excess beyond the atmospheric saturation pressure and a diffusive scheme for the redistribution of water vapour in the atmosphere. For simplicity, the new parameterization works
with surface values only (no vertical resolution) and is formulated in a zonally-averaged
fashion (only dependence on latitude).
So far, MAIC-1.5 has been integrated in SICOPOLIS, is fully operational and has been
used for the simulations described below. MAIC-2 has been formulated and coded, but it
is still in the phase of testing and parameter identification (in close cooperation with Dr.
Björn Grieger, Dr. Oliver Stenzel and Dr. Rupali Mahajan from the Max Planck Institute
for Solar System Research in Katlenburg-Lindau, Germany). Therefore, MAIC-2 will be
integrated in SICOPOLIS later.
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Simulation of the evolution of the Martian polar caps over the last
10 million years
With the improved model components described above, simulations with SICOPOLIS of the
NPC and SPC have been carried out for the last ten million years. They are driven by the
orbital parameters by Laskar et al. (2004). The reference simulations, which are discussed
here, use a horizontal resolution of 20 km, a time-step of 1 ka, Glen’s flow law with a stress
exponent n = 3 for the ice deformation, a uniform dust content of 20%, a geothermal heat
flux of 35 mW m−2 and a flexural rigidity of the underlying lithosphere of 1025 N m.
The NPC, which has a young ice surface directly exposed to the atmosphere, has very
likely not existed between 10 and 5 Ma ago due to the high average obliquity of ∼ 35◦
during that period. Therefore, the simulation assumes ice-free conditions at 5 Ma ago, and
the NPC is built up since then. The present-day accumulation rate, which is the main free
parameter in MAIC-1.5, is chosen as 0.2674 mm a−1 , which allows to reproduce the presentday maximum surface elevation of −1.95 km (with respect to the reference geoid). By
contrast, for the SPC, which has an old surface and is largely de-coupled from the atmosphere
by an insulating dust layer, the present-day topography is used as initial condition at 10 Ma
ago, and a zero surface mass balance is assumed.

Figure 2: Simulated surface topographies for the NPC (left) and SPC (right). The heavy
dashed lines mark the ice-cap margins.
The simulated present-day surface topographies for the NPC and SPC are shown in
Fig. 2. Comparison with the measured topographies (Fig. 1) shows that the large-scale
extent and shape of the NPC are well modelled. However, the almost axially symmetric
simulated cap falls short of reproducing the exact shape of the real cap, which is no surprise in view of the simple, axially symmetric mass-balance parameterization provided by
MAIC. The maximum basal temperature is −69.30◦ C (relative to pressure melting), and
the maximum flow velocity at the ice surface is 0.66 mm a−1 .
By contrast, the simulated SPC is essentially stagnant over the entire 10 Ma, so that the
present-day topography is almost indistinguishable from the topography at 10 Ma ago. This
is so because of the de-coupling from the atmosphere (negligible mass exchange) and the
very low temperatures (maximum basal temperature relative to pressure melting 89.52◦ C),
which entail extremely low ice-flow velocities (maximum surface velocity 0.0237 mm a−1 ).
In summary, the simulations demonstrate that the NPC is dynamically active and has
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undergone major changes during the last ten million years, whereas the SPC has been an
essentially static feature on this time-scale.

Scenarios for the formation of Chasma Borealis, NPC
Flow structures and sediment deposits outside of Chasma Borealis (NPC) indicate that it
was likely formed by an outflow of water similar to a terrestrial jökulhlaup (Fishbaugh and
Head 2002). In order to investigate the feasibility of such a scenario, a series of simulations
have been conducted for which a locally increased geothermal heat flux (thermal anomaly) is
assumed in the region of Chasma Borealis. Here, one of these simulations shall be discussed,
with a locally increased heat flux of 10 W m−2 , active between t = −100 ka and t = 0.
Otherwise, the settings of the simulation are the same as described in the previous section.
t = −60 ka

t = −40 ka

t = −20 ka

t = 0 ka

Figure 3: Sequence of simulated surface topographies (left) and surface velocities (right) for
the NPC under the assumption of a thermal anomaly in the region of Chasma Borealis. See
main text for details.
Figure 3 shows the simulated sequence of surface topographies and surface velocities
in the vicinity of Chasma Borealis. At t = −60 ka, which is 40 ka after the onset of the
thermal anomaly, the surface topography is essentially undisturbed, but a local acceleration
of the ice flow is already visible. The basal temperature in the region of the thermal
anomaly reaches the melting point at around t = −56 ka, and from then on a topographic
depression forms, accompanied by local flow velocities of up to ∼ 500 mm a−1 . Under the
(questionable) assumption of instantaneous meltwater drainage, the maximum discharge
rate is about 0.6 km3 a−1 . At t = 0 (present-day), the topographic depression is fully
developed and resembles very much the real chasm. The maximum flow velocity has fallen
back to ∼ 25 mm a−1 , and the remaining discharge rate is about 0.05 km3 a−1 .
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Additional tests have shown that, when the thermal anomaly is switched off, ice flow
velocities and temperatures fall back rapidly to low values, and therefore the chasm stays
open over millions of years without any additional mechanism like increased wind erosion
or increased evaporation.

Future work
It is envisaged to continue this project in FY 2006 (2006-04-01 – 2007-03-31). For this
period, the following works are planned:
• Completion of the development of the Mars Atmosphere-Ice Coupler MAIC-2, integration in SICOPOLIS.
• Development of a coupled climate model MCS/SICOPOLIS for Mars (MCS, or “Mars
Climate Simulator”, is an atmosphere model currently developed at the Max Planck
Institute for Solar System Research in Katlenburg-Lindau, Germany).
• Detailed simulations on the formation of the light-dark layers which make up the polar
layered deposits and are thought to represent a climatic archive.
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