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Work report
Introduction
On time scales of 105 -106 years, Mars experiences large periodic changes of the orbital elements
obliquity, eccentricity and equinox precession. These changes have an impact on the Martian
climate. The obliquity determines the strength of the seasons and the latitudinal distribution
of mean solar insolation. The eccentricity determines the magnitude of the asymmetry of
insolation with season, and the equinox precession determines the timing of the asymmetry
of solar insolation with season. On Earth, the so-called Milankovitch cycles of much weaker
orbital changes with periods of 20, 40 and 100 ka are considered driving forces for climate
variations like the glacial/interglacial cycles. It can, therefore, be expected that the main
Martian ±10◦ obliquity cycles with periods of 125 ka and 1.3 Ma and the secular shift from
high (∼ 35◦ ) to low (∼ 25◦ ) average obliquities at ∼ 4 Ma ago (Fig. 1; Laskar et al. 2004) have
significant impacts on the climate and the distribution of water ice deposits near the poles
(polar layered deposits, PLDs) and elsewhere on the planet due to large insolation changes in
the polar regions.
In a number of studies, General Circulation Models (GCMs) have been applied to the
Martian atmosphere (see references given by Greve et al. (2010)). These models, all derivatives of Earth GCMs, solve the equations of fluid dynamics and thermodynamics and include,
e.g., the processes of radiative transfer, cloud formation, regolith-atmosphere water exchange,
and advective transport of dust and trace gases. However, they have essentially been designed to simulate the present-day atmosphere in as much detail as possible, and thus are
computationally too expensive to permit long-term paleoclimate and future climate studies.
As an alternative, Greve et al. (2010) developed a much simpler model, termed the Mars
Atmosphere-Ice Coupler Version 2 (or MAIC-2 in short). In this study we simulate the evolution of the water ice deposits on the entire planet with MAIC-2 from 10 Ma ago until 10 Ma
into the future in order to address the following questions: (1) What is the history of the
Martian water ice deposits? In particular, how did they evolve under the conditions of high
average obliquity prior to ∼ 4 Ma ago? (2) Can we reproduce the volume and extent of the
present-day polar layered deposits (PLDs) and the absence of notable surface ice deposits
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Figure 1: Martian obliquity from 20 MaGreve,
ago until
10 Ma
the future (Laskar et al. 2004).
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Note the period of high average obliquity prior to 4 Ma ago (“stage 1”) and the subsequent
period of low average obliquity (“stage 2”).
elsewhere? (3) How will the present-day PLDs evolve into the future? Are they expected
to grow or to shrink, and what are the consequences for water ice deposits elsewhere on the
planet? Does glacial flow play a role in their evolution?

Model MAIC-2
The Mars Atmosphere-Ice Coupler MAIC-2 is a simple model that depends only on latitude
and time. It consists of a set of parameterizations for the surface temperature, the atmospheric
water transport and the surface mass balance (condensation minus evaporation) of water ice.
It is driven directly by the orbital parameters obliquity, eccentricity and solar longitude (Ls )
of perihelion. Surface temperature is described by the Local Insolation Temperature (LIT)
scheme, which uses a daily and latitude-dependent radiation balance. The evaporation rate of
water is calculated by an expression for free convection, driven by density differences between
water vapour and ambient air, the condensation rate follows from the assumption that any
water vapour that exceeds the local saturation pressure condenses instantly, and atmospheric
transport of water vapour is approximated by instantaneous mixing. Glacial flow of ice deposits
is neglected.
Since the numerical time step of MAIC-2 is typically of the order of a few Martian days (or
“sols”) and the evaporation module even resolves the daily temperature cycle by a sub-daily
time step, simulations over millions of years are a computational challenge even for a model
as simple as MAIC-2. Therefore, some optimization of the coding was carried out, and in the
end all simulations could be run on the available cluster of Linux computers operated by the
Glacier and Ice Sheet Research Group.

Model experiments
We are going to discuss two different experiments. Simulation #21 has the same set-up as
the best-fit simulation #6 described by Greve et al. (2010); however, the simulation time is
extended from 10 Ma ago until 10 Ma into the future (rather than only until the present). For
simulation #40, the following changes have been made:
• Initial ice layer of 5.25 m thickness on the entire surface of Mars (rather than 19 m).
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Figure 2: Instantaneous mixing of the atmospheric water content ω with prescribed northsouth gradient.
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Results and discussion
For simulation #21, the maximum thickness of the water ice deposits from −10 Ma until
+10 Ma is shown in Fig. 3a. The simulation produces a variable glaciation with two distinctly
different regimes. Stage 1, the period of high average obliquity prior to −4 Ma, is characterized
by ice thicknesses less than 400 m and a very mobile glaciation all over the planet. By contrast,
during stage 2, the period of low average obliquity from −4 Ma until today and into the future,
the position of maximum thickness changes much less rapidly, flip-flops between the poles only
and remains at the south pole from −0.6 Ma on (not shown). The polar ice deposits grow
almost monotonically to their present-day thicknesses and beyond that, only interrupted by
episodic erosion events at times when maximum amplitudes of the main obliquity cycle of
125 ka occur (most pronounced at approximately −3.2, +3.0, +7.6 and +8.8 Ma).
For the three times indicated by circles in Fig. 3a, the ice thickness distributions are
shown in Fig. 3b. Greve et al. (2010) already noted that, for the present (t = 0), a very good
agreement with the observed polar deposits is achieved (volumes match within ∼ 3% and
thicknesses at the poles within ∼ 20%). The continued growth into the future is illustrated
by the two time slices at +7.61 and +10 Ma. The simulated deposits at +7.61 Ma show a
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Figure 3: Simulation #21: (a) Maximum thickness Hmax of the water ice deposits as a function
of time. (b) Ice thickness H for three selected time slices (corresponding to the marks in panel
a).
metres-thick ice ring between 52◦ S and 14◦ N in addition to the polar ice. At +10 Ma, ice
thicknesses reach ∼ 5 km at the south pole and ∼ 4 km at the north pole.
The problem with the results of simulation #21 is that both the present-day north and
south polar layered deposits (NPLD and SPLD, respectively) have formed during the most
recent 4 Ma. This is compatible with surface ages derived from impact crater statistics for the
NPLD, but not for the SPLD, which appear to be significantly older (Herkenhoff and Plaut
2000). Therefore, the above-listed changes for simulation #40 were devised, the crucial point
being the instantaneous mixing of the atmospheric water content with a prescribed northsouth gradient that makes the north wetter and the south dryer. The initial ice layer of 5.25 m
thickness on the entire Martian surface corresponds to the ice inventory of the NPLD without
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Figure 4: Simulation #40: Ice thicknesses of the NPLD for the most recent 5 Ma at 80, 82,
84, 86, 88 and 90◦ N.
Ice thicknesses computed by simulation #40 for the NPLD are shown in Fig. 4 for the
period from −5 Ma until today. Prior to that, results are very similar to those of simulation
Greve, Grieger and Stenzel
#21, featuring a thin, but very mobile glaciation
all over the planet. Growth of the NPLD
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starts at approx. −4 Ma, and from then on they grow essentially monotonically, interrupted
by erosional events at about −3.2, −1.9 and −0.7 Ma. This is, to first order, consistent with
the finding of at least two, and possibly three, large-scale erosional events within the internal
stratigraphy of the NPLD (Holt et al. 2012). It is also clear from the variation of modelled ice
growth with latitude that the effects of these erosional events are stronger below 86◦ N than
at higher latitudes, although erosion is apparent even to 90◦ N.
For the present, simulation #40 produces an NPLD volume of 8.0394 × 105 km3 (observed
8.0355 × 105 km3 ) and an ice thickness at the north pole of 2.256 km (observed 2.367 km),
which is a very good agreement. Note that the observations are for the NPLD without the
basal unit (T. C. Brothers and J. W. Holt, pers. comm. 2012). In the south, no significant new
ice deposition on top of the old SPLD sequestered in the ground takes place. The simulation
produces an active SPLD volume of only 2.2236 × 104 km3 (∼ 2.8% of the NPLD volume) and
19
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Figure 5: Simulation #40: Ice thicknesses ofGreve,
the NPLD
Ma into the future at 80, 82,
◦
84, 86, 88 and 90 N (top panel), and for the active SPLD at 90◦ S (bottom panel). Note the
different scales of the ordinate axes.

The modelled ice growth 10 Ma into the future is shown in Fig. 5. Similar to simulation
#21, the NPLD continue to grow almost monotonically, interrupted by episodic erosion events,
of which the strongest is predicted to occur at approximately +7.6 Ma when the obliquity is
largest (∼ 40◦ ) during stage 2 (Fig. 1). By contrast, active glaciation in the south polar region
is transient; the predicted ice cover on top of the inactive, sequestered SPLD never exceeds
100 m and occasionally disappears completely.
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Intellectual property rights
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