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3 CNRS, UMR 8539, Laboratoire de Météorologie Dynamique (IPSL), F-75005, Paris, France
4 LATMOS, CNRS/UVSQ/IPSL, Guyancourt, France

Global Climate Models (GCMs) have been successfully
employed to explain the origin of many glacial deposits on
Mars. However, the Latitude Dependent Mantle (LDM), a
dust-ice mantling deposit that is thought to represent a re-
cent “Ice Age”, remains poorly explained by GCMs. We re-
examine this question by considering the effect of radiatively
active water-ice clouds (RACs) and cloud microphysics. We
find that when obliquity is set to 35◦, as often occurred in
the past 2 million years, warming of the atmosphere and
polar caps by clouds modifies the water cycle and leads to
the formation of a several centimeter-thick ice mantle pole-
ward of 30◦ in each hemisphere during winter. This mantle
can be preserved over the summer if increased atmospheric
dust content obscures the surface and provides dust nuclei
to low-altitude clouds. We outline a scenario for its depo-
sition and preservation that compares favorably with the
characteristics of the LDM.

1. Introduction

Multiple lines of evidence have been documented for sur-
face deposits that formed as a result of recent quasi-periodic
climate change on Mars [Kreslavsky and Head , 2000; Mus-
tard et al., 2001; Boynton et al., 2002; Dickson and Head ,
2009; Levy et al., 2010, and images therein]. These data all
pointed to the presence of a succession of meters-thick, lati-
tude dependent surface deposits that are geologically young,
found poleward of 30◦ in each hemisphere and ice-rich when
formed [Head et al., 2003]. Latitude is the single variable
with which all of these diverse observations correlate, and
climate is the only process known to be latitude-dependent.
All of these factors provide compelling evidence for climate-
driven water ice and dust mobility and emplacement during
the recent period of higher obliquity. These observations
were interpreted to represent ice ages [Head et al., 2003],
during which deposition and removal of mixtures of dust and
water ice were controlled by climate variations resulting from
quasi-periodic variation in orbital and spin-axis parameters.
In this scenario [Head et al., 2003], meters of ice and dust
would have been deposited in the past millions of years to
form a Latitude Dependent Mantle (LDM) and, as obliquity
changed, surface ice stability zones shrank toward the polar
caps, creating a latitude-dependent sublimation of ice from
the uppermost ice mantle, and forming a protective dust
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lag over the remaining ice. In the recent interglacial period
(∼0.4 Ma until the present), obliquity variations damped
down, surface ice stability zones migrated to higher lati-
tudes [Schorghofer and Forget , 2012], and the mid- latitude
zone underwent preferential sublimation of ice, causing des-
iccation and pitting [Milliken et al., 2003] of these layered
deposits.

Assuming the same climate system and initial ice reser-
voirs (polar caps) as on present-day Mars, but assuming
higher obliquities, a first generation of GCMs (including
a simple representation of the water cycle) predicted the
formation of perennial ice deposits in the tropics when the
obliquity is above about 40◦ [Mischna et al., 2003; Levrard
et al., 2004; Forget et al., 2006]. These simulations have been
useful to interpret the origin of observed tropical and mid-
latitude glacier-like structures [Head and Marchant , 2003],
but could not simply explain the link between obliquity in-
crease and formation of the LDM. Nevertheless, Levrard
et al. [2004] showed that when Mars returns to lower obliq-
uity conditions after an excursion at high obliquity, the low
and mid-latitude glaciers formed at high obliquity become
unstable, water ice partially sublimes and tends to accumu-
late in both hemispheres above 60◦ latitude. However, these
simulations are not in complete agreement with the geolog-
ical record: the perennial ice cover does not extend to 30◦

latitude and the need for a tropical water source to form
the LDM (estimated to be a few million years old at most)
seems to be inconsistent with the estimated age of the trop-
ical glaciers [Head and Marchant , 2003; Shean et al., 2007].

Subsequent to that time, new observations and model-
ing work emphasized the importance of Radiatively Ac-
tive Clouds [RACs, Hinson and Wilson, 2004; Wilson
et al., 2008; Madeleine et al., 2012] and cloud microphysics
[Michelangeli et al., 1993; Montmessin et al., 2002]. Given
the impact of obliquity and orbital variations on the water
cycle, we can expect these processes to play a critical role
in recent climate history as well. Therefore, these processes
have been implemented in the LMD/GCM as described in
section 2, and we analyze in this paper their influence on
recent ice ages. We show that the new results compare very
well to the nature of the LDM, and we outline a new climate
scenario for the recent ice ages on Mars.

2. The LMD Mars Global Climate Model

2.1. New physical processes

The version of the LMD/GCM used in this study is
based on the model described in Forget et al. [1999] and
Montmessin et al. [2004], to which has been added a set
of new physical processes: a semi-interactive dust scheme
[Madeleine et al., 2011], a new cloud microphysics scheme
[Navarro et al., 2014], Radiatively Active Clouds [RACs,
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Madeleine et al., 2012], a parameterization of the mixing by
thermal plumes in the boundary layer [Coläıtis et al., 2013],
and the ice-thermal inertia feedback [Madeleine et al., 2009].

Compared to previously published paleoclimate sim-
ulations [e.g. Levrard et al., 2004; Forget et al., 2006;
Montmessin et al., 2007; Madeleine et al., 2009], the dust
cycle is still following a specified visible dust opacity τdust,
but in a “semi-interactive” way. Instead of using an analyt-
ical dust profile [modified Conrath profile, see Forget et al.,
1999], we constrain the GCM to specified dust column av-
eraged contents according to a given paleoclimatic scenario
while at the same time simulating the transport to interac-
tively compute the vertical distribution of the particles. This
dust scheme is coupled to a new cloud microphysics scheme
that accounts for nucleation and growth of water ice parti-
cles onto dust nuclei (with a constant contact parameter of
0.95) as well as scavenging of dust particles by clouds. The
radiative effect of water-ice clouds is taken into account, and
depends on the size of the particles [Madeleine et al., 2012].
In order to avoid numerical instabilities due to short time-
scale and large-amplitude variations in the infrared cloud
opacity, an implicit calculation of the CO2 15 µm band heat-
ing rates is performed following section 4a of Dufresne et al.
[2005] with α = 1 (implicit scheme).

2.2. Simulation setup

The ages of the LDM suggest that it was forming during
the past five million years, at periods when the obliquity
was ranging from 15◦ to 35◦. Therefore, we ran a set of sim-
ulations summarized in Table 1 assuming either a north or
south polar cap and an obliquity in the 15–35◦ range. The
simulations have a resolution of 32×24 grid points (Figures 2
and 1) or 64×48 grid points (Figure 3), with 29 vertical lev-
els going up to 80 km. The polar caps are simulated by
setting source points for latitudes poleward of ±80◦. In
order to accurately represent nucleation and cloud opac-
ity in the model, a time-splitting method was introduced
in the microphysics scheme by Navarro et al. [2014] and
the same method is applied to the paleoclimate simulations
presented here to make sure that clouds are correctly repre-
sented. The values of albedo and thermal inertia used for the
polar caps are set to 0.35 and 800 J s−1/2 m−2 K−1 respec-
tively, based on present-day simulations validated against
the TES (Thermal Emission Spectrometer) observations [see
Navarro et al., 2014]. When more than 5 µm of water ice

Table 1. Obliquity ε, eccentricity e, solar longitude of per-
ihelion Lp, water-ice reservoirs WIR, dust opacity τdust, sur-

face temperature T s, water vapor column qvap, and ice column

qice for the different simulations described in the paper. T s,
qvap and qice are global mean area-weighted values. RACs
stands for Radiatively Active Clouds. N ↑ means that man-
tle formation is favored in the northern hemisphere, and con-
versely for S ↓ (see section 3.2). RACs are responsible for a
25 K increase in the mean surface temperature when the obliq-
uity is increased from 25 to 35◦ (simulations x25 and x35).

Scenarios Results
# ε e Lp WIR τdust T s qvap qice

(◦) (◦) (K) (pr.µm) (pr.µm)
x15 15 0 NPC 0.2 205.9 0.058 0.0014
x25 25 0 NPC 0.2 213.4 38.6 9.9
x∗35 35 0 NPC 0.2 202.0 41.0 4.0
x35 35 0 NPC 0.2 238.9 1874.5 296.6

xS↓35 35 0.1 90 NPC [0.2–2] 232.4 1142.4 144.7

xN↑35 35 0.1 270 SPC [0.2–2] 230.4 874.7 109.5
∗ For this simulation, RACs are turned off.

is deposited on the ground, the albedo is set to 0.35. The
thermal inertia of the different subsurface layers is also set to
800 J s−1/2 m−2 K−1 as ice accumulates [Madeleine et al.,
2009]. In order for equilibrium to be reached, the results
shown are those of the sixth Martian year of simulation.

3. Results

3.1. Radiatively Active Clouds (RACs)

We start by analyzing the impact of RACs on the water
cycle when the obliquity is either decreased or increased by
10◦ compared to the present-day value of ∼25◦. The an-
nual evolution of the water vapor (contoured) and cloud ice
columns (shaded) are represented in the first row of Fig-
ure 2 for simulations x∗35, x35 and xS↓35 . Table 1 gives the
parameters used for these simulations and the predicted an-
nual mean surface temperatures, water vapor columns and
ice columns. Without RACs, an increase in the obliquity
from 25◦ to 35◦ results in similar changes as those already
described in the introduction as well as in Mischna et al.
[2003], Haberle et al. [2003], Levrard et al. [2004], Newman
et al. [2005], Forget et al. [2006] and Madeleine et al. [2009].
Summer insolation at the pole is increased, cap sublimation
is intensified, and more water vapor is introduced into the
atmosphere. In contrast, at low obliquity (15◦), the atmo-
sphere stays dry because of the low insolation over the polar
caps (see Table 1), and ice remains at the poles. As men-
tioned in the introduction, the results of the low obliquity
simulations performed by Levrard et al. [2004] were different
because of the presence of water sources at the equator.

When the effect of RACs is taken into account, the re-
sponse of the water cycle to an increase in obliquity is consid-
erably amplified. When comparing two simulations without
and with RACs (simulations x∗35 and x35), an increase in
the water vapor content of the atmosphere of more than an
order of magnitude is found, as can be seen by comparing
the contours of panels a and b of Figure 2. The global an-
nual mean water vapor column rises from ∼40 pr.µm at 25◦

obliquity to almost 1900 pr.µm at 35◦ (see qvap in Table 1;
precipitable micrometers, or pr.µm, refer to the equivalent
depth of a column of liquid water that would be produced
by condensing out all the water vapor in the atmosphere).
As discussed in Hinson and Wilson [2004], Wilson et al.
[2008] and Madeleine et al. [2012], clouds have multiple ef-
fects on the martian climate and thermal structure of the
atmosphere. By comparing simulations x∗35 and x35, the net
effect of RACs in the polar regions is found to correspond
to a warming of the surface of ∼20 K by infrared emission

Figure 1. Zonal mean temperature (contoured with an
interval of 10 K) and cloud ice mole mixing ratio (shaded,
ppm) during northern summer (Ls = 60–90◦) for simula-
tions x∗35 (a) and x35 (b). The 5×109 kg s−1 contour of
the stream function is also represented in red. Y-axis is
altitude in km.
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Figure 2. (a) Annual evolution of the water vapor column (contoured, pr.µm) and water ice column (shaded, pr.µm) as a

function of Ls for simulation x∗35. (b) Same as (a) for simulation x35. (c) Same as (a) for simulation xS↓35 . The parameters
used for these simulations are listed in Table 1. The dashed red line indicates regions of net sublimation, whereas the solid
red line shows the regions where more than 5 cm of ice is present on the surface. (d) Globally specified dust optical depth

at a reference pressure of 610 Pa in simulations x35 (black) and xS↓35 (red). (e) Annual evolution of the zonal mean surface

ice thickness at 50◦S for simulation x35 (black) and xS↓35 (red). (f) Same as (e) for daily mean surface temperature (K).

from clouds [an effect that is also observed in the tropics at
night on present-day Mars, see Wilson et al., 2007]. Conse-
quently, the amount of ice that is sublimated from the north
polar cap when clouds are active is around ten times that
sublimated when clouds are not active.

In the simulation that includes RACs, the atmosphere
is also warmed on average by cloud absorption of both so-
lar radiation and infrared radiation emitted by the surface.
An increase in the annual mean atmospheric temperature of
∼50 K is therefore simulated in the tropics at an altitude of
∼20 km when comparing simulation x∗35 to simulation x35.
This net warming results from the net effect of clouds that
can otherwise cool or warm the atmosphere or surface de-
pending on the specific region and time period [Madeleine
et al., 2012]. This warming is apparent when comparing
panels a and b of Figure 1 where the zonal mean temper-
atures during northern summer are contoured for the two
simulations. It increases the meridional temperature gradi-
ent and enhances the meridional circulation [as was the case
in Madeleine et al., 2012], which favors the mixing of water
vapor. This is also shown in Figure 1 where the 5×109 kg s−1

contour of the stream function is represented in red and il-
lustrates the latitudinal and vertical extension of the Hadley
cell due to RACs. The changes in the thermal structure of
the atmosphere when clouds are active result from a sharp
increase in the amount of water-ice clouds that is apparent
when comparing panels a and b of Figure 2. This increase
in the cloud content is also apparent on Figure 1, where the
cloud ice mole mixing ratio (shaded, ppm) is around two
order of magnitude higher when clouds are active (see also
qice in Table 1). By their own radiative effect, clouds warm
the atmosphere, increase the water vapor holding capacity
of the atmosphere, become even more opaque and trigger
an efficient positive feedback loop. The result is a glacial
climate that is significantly warmer and more humid than
the present interglacial.

The impact of this increased cloud cover on surface water
ice is significant. When clouds are not active, the atmo-
sphere is drier (see qvap in Table 1), and even though a sea-
sonal ice layer forms in the winter hemisphere, its thickness
at 50◦ latitude (which is later used as a reference in both
hemispheres) does not exceed one millimeter. When clouds
are active, the zonal mean ice thickness at 50◦ latitude al-
most reaches 10 cm (see Figure 2e, black). This mantle is
entirely formed by precipitation from clouds, direct conden-
sation of water vapor on the surface being only predicted at
the poles. When clouds are not active, the atmosphere holds

less water vapor, and the precipitation rates in ice-covered
regions are of the order of 2 micrometers per day. When
clouds are active, the atmosphere is warmed on average and
holds more water vapor, which results in ice precipitation
rates of around one hundred micrometers per day.

Precipitation comes from a cloud belt that forms in the
30–50◦ latitude band, at the margin of the polar hood, and
which has a water ice column of ∼250 pr.µm. This cloud
belt can be seen in Figure 2b, around 50◦S during south-
ern winter (Ls = 30– 120◦), and extends to the north pole
during northern winter (Ls = 210–300◦). Water is provided
by the subsiding branch of the Hadley cell, and clouds form
along the winter jet, as can be seen in Figure 1b. The de-
flection of the jet, strongly controlled by stationary plan-
etary waves, results in a longitudinally uneven cloud belt,
and thereby forms an equally uneven mantle. This several
centimeter-thick mantle extends down to 30◦ in both hemi-
spheres, in agreement with the observed LDM. During sum-
mer however, the mantle becomes unstable and sublimates
away. The global net effect of RACs is indeed a warming
of the atmosphere but also of the surface by a strong green-
house effect. This large increase in surface temperature due
to RACs is evident in Table 1. In order for the mantle to be
preserved, another process needs to be invoked.

3.2. Coupling between the dust and water cycles

As discussed in the previous section, summer temper-
atures are too high to allow preservation of the mantle,
which would undergo sublimation. Right after southern
spring equinox, surface temperature at 50◦S reaches more
than 260 K (Figure 2f, black), and ice starts to sublimate
(Figure 2e, black). To further explore the sensitivity of the
mantle to climate conditions, we ran simulations xN↑35 and
xS↓35 , where the atmospheric dust content varies over the year
in a similar manner as today’s dust content. To do so, we
simply used a Gaussian function whose minimum and max-
imum are located 180◦ of Ls apart and equal to τdust = 0.2
and 2, respectively (see Figure 2d). In simulation xS↓35 , the
conditions were chosen to favor the preservation of a mantle
in the southern hemisphere by taking into account the effect
of climatic precession, which has a period of about 51 kyr
[Laskar et al., 2002]. To do so, the eccentricity of the orbit
was set to 0.1, the solar longitude of perihelion Lp was set
to 90◦, and the Ls of the dust opacity maximum was set to



X - 4 MADELEINE ET AL.: CLIMATE MODELING OF MARS ICE AGES

270◦. A polar cap (source of water vapor) was also intro-
duced at the north pole. This configuration favors a high
sublimation of the cap during northern summer when the
planet is closest to the Sun and a reduced insolation during
southern summer to preserve the mantle. The timing of the
peak in dust opacity is also chosen to reduce the amount of
sunlight reaching the surface during southern summer. The
opposite conditions (i.e. a south polar cap, Lp = 270◦ and
dust peak at Ls = 90◦) were set up for simulation xN↑35 to
favor the formation of a mantle in the northern hemisphere.

The water cycle for simulation xS↓35 is represented in Fig-
ure 2c. The red contours in Figures 2b and 2c give an in-
dication of the sublimation and accumulation of ice on the
surface. When the atmosphere is not dusty during southern
summer, more than 5 cm of ice is present on the surface
around the equinox (see the red contour around 60◦S after
Ls = 120◦ in Figure 2b), but these deposits are sublimated
before the summer solstice. They do not sublimate during
a dusty southern summer. In this case, the mantle is pre-
served (see the red contours at 40 and 70◦S in Figure 2c)
due to a decrease in the surface temperature both at night
and day which is shown in Figure 2f (in red). During the
day, the lower temperature is due to the obscuration of the
surface induced by the higher dust optical depth. During
the night, surface temperature is dominantly controlled by
a low-altitude cloud layer that forms by condensation of the
water vapor released by the mantle during the day. This
cloud layer extends from the surface to an altitude of ∼10 km
and produces a warming of the lower atmosphere and surface
by absorption and emission of infrared radiation. Increas-
ing the dust optical depth in simulation xS↓35 also results in
more dust nuclei to condense onto in the lower atmosphere,
resulting in a shallower cloud layer whose top altitude is
reduced by up to 5 km compared to non-dusty conditions
(x35). Due to the lower vertical extent of this optically thick
layer of clouds, nighttime atmospheric and surface tempera-
tures are reduced by up to 20 K. This response of the model
is made possible by the new microphysics scheme, which bet-
ter represents the coupling between dust particles and cloud
formation. After Ls = 180◦, the rise in surface tempera-
ture is sufficiently reduced to allow preservation of ∼2 cm
of additional ice each year (see Figure 2e and f, in red).

Figure 3. Annual ice accumulation rates (mm/yr) for

simulation xN↑35 (a) and xS↓35 (b). The boundary of the Lat-
itude Dependent Mantle (LDM) is indicated by the blue
dotted line, based on the roughness map of Kreslavsky
and Head [2000]. The red line shows the 1 cm contour of
the annual maximum ice thickness.

The ice accumulation rates simulated by the GCM for
simulations xN↑35 and xS↓35 are represented in Figure 3. In the
northern hemisphere (panel a), ∼2 cm of ice is deposited ev-
ery year down to a latitude of ∼45◦. The spatial distribution
is in good agreement with the diffuse roughness boundary
(blue dotted line), which is consistent with the presence of
the LDM [Kreslavsky and Head , 2000]. If the polar cap, Ls

of perihelion and dust cycle are changed to favor deposition
in the southern hemisphere (panel b), the GCM results agree
with the geology only between 90 and 240◦E. Outside this
longitudinal band, the observed LDM extends closer to the
equator and down to a latitude of ∼30◦S, whereas the GCM
mantle reaches this latitude only seasonally (red line).

The formation of the mantle was thus possible under the
conditions of the ∼2.1–0.4 Ma period and appears to be ex-
tremely sensitive to the dust cycle. Simulations xN↑35 and xS↓35
are only part of a wider range of conditions under which the
mantle can form but probably at a more moderate pace. We
also assessed the sensitivity of these simulations to the model
parameters (introduced in sections 2.1 and 2.2), especially
the ice albedo and thermal inertia which probably varied in
the past. We found that the net accumulation rates can be
modulated by the resulting change in the sublimation of the
polar caps (north or south), and the mantle accumulation
can even stop for relatively high values of albedo and ther-
mal inertia (∼0.5 and 1500 J s−1/2 m−2 K−1, respectively).
Moreover, when the polar cap is exposed and sublimates, a
dust lag might cover the ice and decrease sublimation. In
simulation xS↓35 , the cap loses tens of centimeters of ice every
year. In this case, a dust lag would also limit the amount of
water vapor provided by the cap, an effect that we do not
yet take into account.

4. Application to recent Mars history

Our results allow us to revisit the recent history of Mars.
Using the data from Laskar et al. [2004], we can determine
that conditions close to simulations xN↑35 and xS↓35 happened
multiple times over the last 2.1 million years for about one
thousand years each time. Due to the increased obliquity
and influence of Radiatively Active Clouds (RACs), surface
warming favored sublimation of the polar caps, whereas at-
mospheric warming increased water vapor holding capacity,
strengthened the meridional circulation by up to a factor of
2, and formed a cloud belt in the 30–50◦ latitude band of
both winter hemispheres. Each year, this all resulted in the
deposition of a several centimeter-thick ice seasonal mantle
poleward of 30◦ in both hemispheres. If we assume that
during these excursions, climate processes such as the dust
storms prescribed in simulations xN↑35 and xS↓35 occurred ev-
ery year, then the mantle can be preserved and an upper
estimate of ten meters of ice was accumulated during each
of these excursions.

When the obliquity started to decline, the atmosphere
became dry again, and part of the mantle sublimated away.
The new microphysics scheme allows us to quantify the
amount of dust that is scavenged by clouds and embed-
ded within the ice deposits. The simulated mantle is made
of up to 5 wt% of scavenged dust particles, assuming that
these dust particles are not remobilized by wind. If we as-
sume that a few centimeters of dust particles are necessary
to protect the mantle from sublimating [Schorghofer , 2010],
then more than a meter of ice must be sublimated to gen-
erate a sufficiently thick dust cover. Recent obliquity cycles
would result, in this case, in the formation of a succession of
meters-thick layers made of relatively pure ice and topped
by a layer of dust particles of a few centimeters.



MADELEINE ET AL.: CLIMATE MODELING OF MARS ICE AGES X - 5

The mantle spatial distribution simulated by the GCM
and the assessment of its thickness and stratigraphy based
on our results are, to first order, consistent with the observed
properties of the LDM [Head et al., 2003] and suggest that
the mantle is indeed recent and formed in the last few mil-
lion years. This study underlines the key role of radiatively
active clouds in the recent climate history of Mars and the
sensitivity of the whole climate to the dust cycle and cloud
microphysical properties.
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