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25.2°

Obliquity

The Seasons on Mars

Northern Autumn Equinox
Ls =180°

Perihelion

Ls = 251° Northern Summer

Solstice

Ls = 90°

Northern Winter
Solstice

Ls =270°

Aphelion
Ls =71°

In this drawing, eccentricity is exagerated

Northern Spring Equinox
Ls =0°
Ls, Solar Longitude
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The Seasons on Mars

25.2°

Obliquity

e - 30% of the global surface
pressure

e Seasonal ice cap forms down to
50°, with a thickness from mm
at mid latitudes to ~m at the
pole

Calvin et al., 2015
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The Seasons on Mars

25.2°

Obliquity

Calvin et al., 2015
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The Seasons on Mars - Water cycle

Water frost observed with THEMIS

Sublimation of water ice

ok

-

o

Water
Clouds

Lange et al. 2024
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The Martian Puzzle

There are multiple evidences of the widespread presence of subsurface water ice on Mars

Subsurface ice exposed on scarp at 58°S Impact crater excavating ice at 35°N Ilce at Phoenix landing site (61°N)

B Y, Ry o
Eg‘c.' nve | :
¢, 'y

Dundas et al., 2021 Dundas et al., 2023 Credits: NASA
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The Martian Puzzle

Evolution of the orbital parameters during the last 10 Million years

50°

45°

40°

* The obliquity of Earth has slightly varied by < 2° during the
recent past.

35°

Obliquity
S

25|

20°

15°

Laskar et al., 2004
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The Martian Puzzle

Evolution of the orbital parameters during the last 10 Million years
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* The obliquity of Earth has slightly varied by < 2° during the
recent past.

35°
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3

* The obliquity of Mars has strongly varied by > 15° during the
recent past, leading to significant changes on the planet.
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The Martian Puzzle

Hierarchy of models and what we learn

Model’s Complexity
(and computation time)
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions .
Modeling Past Climates with the Mars Planetary

— Climate Model

The planet is divided into rectangular grid meshes
(300 x 200 km at the Equator).

Hybrid coordinates on the vertical axis, ranging
from ~4 m above the surface to > 120 km).

Integration with a timestep of ~ min.

] g
- ‘x-T ‘-V‘EQQ-.&o

ST F R S

"
' ";"-A—«’-.'.“-"‘e"%." LR, 4
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Introduction Paradoxes

Limits/Improvements

Recent Past Conclusions

Modeling Subsurface Ice Equilibrium with the Mars
Planetary Climate Model
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meshes (300 x 200 km at the Equator).

Hybrid coordinates on the vertical axis,

ranging from ~4 m above the surface to
120 km).

Integration with a timestep of ~ min.

he planet is divided into rectangular gri
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Hierarchy of models and what we learn
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The variations of obliquity and orbital Parameters of Mars are
strongly chaotic.2!, Nevertheless, our knowlcdgc of the present
rotational state of Mays is sufficient to give a reliable solution of
their evolution for the past 10 Myr (refs 22, 23). Over this interval,
Mars’ obliquity is characterized by a marked transition around
4 Myr ago between a high-mcan-obliq uity regime of ~35 + 10°and
a more recent Iow-obliquity regime of ~25 + 1g° (Fig. 1), while
its eccentricity has varjed between 0 and ~0.12 with , dominant
~2.4-Myr modulating period. Here, we use the martian globa]
climate mode] (GCM)225 o the Laboratoire de Mété()rologic
Dynamigque (LMD) to investigate the evolution of surface ice
deposits across the large obliquity changes of this transition. We
used a horizonta] resolution of 7.5° iy longitude and 5.625° in
latitude and 25 vertical levels, The model includes g fy]] description
of exchange between surface ice and atmospheric water, transport
and turbulent mixing of water in the atmosphere and cloyg
formation-2. The radiative effects of water Vapour and clouds a5
well as the exchanges of water vapour with the subsurface are not
included. The surface albedo is set to0 0.4 when an jce layer thicker
than 5 pm g Present, enabling an ice-albedo feedback process. The
surface thermg] inertia is not modified, however. Control simy-
lations of seasonal water cycle for the Present-day orbita] Parameters
Provide latitudina] distributions of atmospheric Vapour and clouds
in very good agreement with TES Spectrometer observationg2.27
In a first set of simulations, we investigated the global stability of
the northern jce cap for obliquity valyes ranging from the present
value (25.19°) ¢o 45%in 5° steps. In each case, the model is spun up
from dry initja] conditions with , northern residual jce cap as the
only initial water source and then run until the atmosphere comes
‘0an intcrannuaﬂy Iepeatable state, The cap is ‘unstable’ (jt under-
j0€s a net loss) when the water lost in summer is not transported
'ack during the rest of the year. To first order, we found that the net
amount of water sublimed from the cap (per unit surface area) and
transported to nonpolar regjons depends mainly on the summer
polar insolation, which is a sensitiye function of both obliquity
orbital parameters values.
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The Martian Puzzle

Effect of changing the obliquity on the Martian Climate from previous climate studies: current view
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The Martian Puzzle

Evolution of the orbital parameters during the last 10 Million years
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The Martian Puzzle

Evolution of the orbital parameters during the last 10 Million years
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Paradoxes

Discovery of Subsurface Ice Excavated by Impacts at
Mid-Latitudes

- = e, e : -
60°N—_ —
- D
40°N — - .
1 How subsurface ice can be present at such low latitudes ?
ZOON_- :
o 1) Ice is actually stable because they are other feedbacks which stabilize the subsurface ice -> -
E 0°N — Incorrect (Lange et al. 2024, Lange et al. in prep) B
= ] B
- i 2) This low-latitude ground ice is a remnant of the last-ice age on Mars, slowly subliming -> Ice is L
20°S — predicted to be much deeper than what observed (Schorghofer & Forget 2012) R
40°S—- )4:
S N % % kel
60°S __ T T - 3 r
— == e i e S T, R S e e +
||||_“|||||‘_|i||||||||||||||||||||||||||||||||||'||||'|||||||’||i||||||’||||||
-180° -150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180°
. Longitude .
17/02/2026 The Many Faces of Mars During Its Recent Past 23/56



Introduction Paradoxes Limits/Improvements Recent Past Conclusions

Discovery of Subsurface Ice Excavated by Impacts at
Mid-Latitudes

60°N 2% e _
| it

40°N SR L S e

20°N .
. 2nd Problem: No Models to date explain the presence of
2 on mid-latitude subsurface ice at shallow depth
© Qe

20°S

40°S

R B S T g e T

-180° -150° -120° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180°

Longitude

17/02/2026 The Many Faces of Mars During Its Recent Past 24/56



Some Characteristics of Mars
goeN 180°_ 90°W  (Q° 90°E_ 180°E

S 7 » N7 i —— - ‘é .
- e - N — — . > —_—
- — - o
~ -

i

J Milankovié

VIKING 2 (U.S.) 4 \ Mie
Landed September 3, 1976

Alba
Patera

Hecates
Tholus

CHRYS ‘
LY CUS IS 74 c) Urahils 3 p Eb/hjium e
i ! Tholus , PLANIT ' &

v/ +VIKING [ (US)
/ Landed July 20, 1976

"Olympus Mons ! 3
Highest point on Mars rcus
69,844 feet w Patera

21,287 meters o LUNAE

Tharsis
Tholus

PLANUM
4% s

7 4
Lucus
EQUATOR \ § ! ! EQUATOR

PLANUM

Herschel

HESPERIA

PLANU M

Credits - HiRISE /| NASA/JPLIUArizona

$MARS 3 (US.
Landed Decerqber 2, 19,
Lowell

60°S

Schmidt &

DEEP SPACE 2 PROBES.(U.S.)
Crashed December 3, 1999

redits : MSSS / MOC/ JPL /| NASA / s R -

I\/ £ 11 /) ODNOTVINN




Some Characteristics of Mars

sclsucs@omicr-

Icarus 171 (2004) 272-283

ICARUS

www.elsevier.com/locate/icarus

Seasonal melting of surface water ice condensing in martian gullies

1

Konrad J. Kossacki **, Wojciec
# Institute of Geophysics of Warsaw University, Pas}
b Max-Planck-Institut fiir Aeronomie, Max-Planck-Str. 2, I

Received 26 May 2003; revised 2]

Available online 14 Augus

Abstract

In this work we consider when and how much liquid water during present ¢
of Mars. These features are usually found on poleward directed slopes. We ana
condenses within the gullies. We follow full annual cycle of condensation ang
the heat and mass transport in the soil. During the summer, once the facets of
evaporate. Two mid latitude locations in both hemispheres are considered. The 1
as the slope of the surface where the gullies appear. It is an extension of the moq
of different sizes, including polygonal features on Mars (Kossacki and Markiew
Sci. 51, 569). We have found, that water ice accumulated during winter can und
of CO3 ice. The amount of liquid water depends on water content in the atmos|
to destabilise the slope and cause flow of the surface material. However, eve
important role in surface chemistry, in increasing the cohesive strength of the s
implications.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Mars; Surface; Water

M local occurrence of a fluid emanating from

Camera (MOC) aboard Mars Global Surveyor (Malin and .
catas

Edgett, 2000; Costard et al., 2002). Most recently they have
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Formation of Recent Martian

Debris Flows by Melting of
Near-Surface Ground Ice at
High Obliquity
F. Costard,” F. Forget,?* N. Mangold," J. P. Peulvast’

The observation of small gullies associated with recent surface runoff on Mars has
renewed the question of liquid water stability at the surface of Mars. The gullies
could be formed by groundwater seepage from underground aquifers; however,
observations of gullies originating from isolated peaks and dune crests question this
scenario. We show that these landforms may result from the melting of water ice
in the top few meters of the martian subsurface at high obliquity. Our conclusions
are based on the analogy between the martian gullies and terrestrial debris flows
observed in Greenland and numerical simulations that show that above-freezing
temperatures can occur at high obliquities in the near surface of Mars, and that such
temperatures are only predicted at latitudes and for slope orientations corre-

that are dissected by funnels (Fig. 1A). Malin
and Edgett (/) convincingly argued that the

deposits suggest that the gullies are among
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MARTIAN GEOLOGY

Gullies on Mars could have formed by melting of
water ice during periods of high obliquity

J. L. Dickson**?, A. M. Palumbo?, J. W. Head?, L. Kerber?, C. I. Fassett*t, M. A. Kreslavsky®

Gullies on Mars resemble water-carved channels on Earth, but they are mostly at elevations where

liquid water is not expected under current climate conditions. It has been suggested that sublimation

of carbon dioxide ice alone could have formed Martian gullies. We used a general circulation model to show
that the highest-elevation Martian gullies coincide with the boundary of terrain that experienced pressures
above the triple point of water when Mars’ rotational axis tilt reached 35°. Those conditions have occurred
repeatedly over the past several million years, most recently ~630,000 years ago. Surface water ice, if
present at these locations, could have melted when temperatures rose >273 kelvin. We propose a dual gully
formation scenario that is driven by melting of water ice followed by carbon dioxide ice sublimation.

ullies on Mars resemble H,O-carved

channels on Earth (7). Their concentra-

tion at Mars’ midlatitudes, where near-

surface ice is stable (I-3), is consistent

with an H,O-melting model for their
formation. However, the observed distribution
includes elevations where present-day atmo-
spheric pressure is always below the triple
point of HyO (2, 4), so solid H,0 ice is expected
to sublimate to form vapor rather than melt
to form liquid. The seasonal timing of con-
temporary mobilization of surface material
within gullies is consistent with sublimation
of solid CO,, (5, 6), so it is possible that gullies
formed from CO,-mediated processes alone
(7). However, the mechanism of such a COo-
only process is uncertain and lacks an Earth

1. Introduction on si sponding to where the gullies have been observed on Mars. analog. Repeat orbital imaging shows that

€xam present-day erosion of gullies is rare. Although

One of the most intriguing discoveries of the recent high Russ{  The observation of small gullies on Mars was  alcoves located mostly in the upper part of examples have been documented (5, 6), ero-

resolution 0rl|>|i_ter imagling Offthe SUffacedOf l\;larsd a}zs tll:e ?;:; one of the more unexpected discoveries of the  poleward-facing slopes at mid- and high lat- §i(;n of gu]:y ::lliil’mlflls i?tm;nor (’F;i)go lA)hand

s il e of g bk ) Mars Obsever Cames (MOC) sbosrd the  tdes. Thick ccumultons of debs cove . A e CT0) e

presumably of liquid water. Hundreds of these small and a floy Mars Glc')bfll Surveyor spacecraft (/). The the bases of escarpments, whereas the upper year, ~98.3% of gullies show no activity and
young gullies can be found in images of Mars Observer detail  characteristics of these landforms suggest the  parts of the walls have generally steep slopes none experience channel erosion (8).

An alternative possibility is that gullies were
incised by small amounts of liquid H,O during

also been imaged by the Mars Odyssey Thermal Emission ;?}%izl 'UMR8616, Centre National de la Recherche Scienti-  gullies were probably created by debris flows I earlier climate conditions that were more con-
Imaging System (Christensen, 2003). The gullies are found | fique (CNRS), OrsayTerre, Equipe de Géomorphologie  composed of liquid H,O mixed with rocks ducive to melting of H,0 ice. This scenario
mostly in mid and high latitudes in both hemispheres. Most Planétaire, Université Paris-Sud, 91405, Orsay Cedex, . . . . would be consistent with the stratigraphy of
of them are found on slopes of craters but they also occur Tite:l;l France. ?Laboratoire de Météorologie Dynamique, andl r;sndual \lNaFer lceb [altfl:'ma.t(livz CS)CG: ar;is gully fans (9, 10), which indicates cycles of em-
o | CNRS, Université Paris 6, Bolte Postal 99, 75252 Paris CIMIE SPCCREIEMNNS. SDOWS OUS LA, DRcak:= placement of fan sediment, fracturing (Fig. 1B),

o i suthor (200 05, France. out (2) and saline gpundwater or brine (3)]. and incision. Mars axial tilt (obliquity) is known
E_mais,p:ddmgs: kjkosgac@ﬁlw.cdu_p, (K.J. Kossacki). inval *To whom correspondence should be addressed. E- The lack of fresh impact craters and dust to vary over hundreds of thousands of years

(1D), so earlier periods of higher obliquity could
have provided more-favorable climates for lig-

uid H,0. Previous studies have shown that at
35° obliquity, H,O ice accumulated on mid-
latitude (30° to 45° in each hemisphere),

pole-facing slopes (11-15), locations that : Check for

updates

contain gullies (74, 15). Meanwhile, large s.....
of CO, ice (currently sequestered in the south-
ern polar ice cap) sublimated (16), producing
an atmosphere with double its current pres-
sure (17). The extent of terrain that exper-
ienced conditions capable of hosting liquid
H,0O would have been greater at that time
than in the present.

General circulation models

We tested the hypothesis that liquid H,O was
involved in the formation of gullies by in-
vestigating whether the mapped locations
of gullies (3) correlate with the locations of
terrain that could host liquid H,O when Mars
experienced 35° obliquity. We used a three-
dimensional general circulation model (GCM)
of Mars (13, 18) to simulate climatic condi-
tions at three obliquities and associated pres-
sures (16, 17) that occurred in the past million
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Fig. 1. Active gullies and gully stratigraphy on Mars. (A) Orbital image of Terra Sirenum (37.45°S, -137.05°E)
showing a gully channel-forming event (5). The image was taken with the High Resolution Imaging Science Experiment
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Mars: Occurrence of Liquid Water
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5
layer is thin relative to the atmospheric

scale height H =RT/g, where R is
the gas constant of the atmosphere.
Combining these equations and mul-
tiplying by the heat of vaporization of
ice A, we obtain an expression for AE,
the rate of heat loss of a frost at tem-
perature T in 2 carbon dioxide atmo-
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Abstract. In the absence of juvenile liquid water, condensation of water vapor
to ice and subsequent melting of ice are the only means of producing liquid
water on the martian surface. However, the evaporation rate is so high that the
available heat sources cannot melt pure ice. Liquid water is therefore limited to
concentrated solutions of strongly deliquescent salts.

)

fails because of thermal diffusion ef- CHRYS

The purpose of the study reported
here was to determine whether sun-
light or other heat sources could melt
water ice on Mars; the action of sun-
light is probably the most likely mech-
anism by which liquid water might
naturally occur on the martian surface.
If all the water were to condense out
of the atmosphere, it would cover the
surface with a layer 10 to 20 pm thick
(1). On the other hand, if this amount
of water vapor were mixed uniformly
with other atmospheric gases, conden-
sation would occur at temperatures be-
tween 190° and 200°K (2). This
means that only ice will condense di-
rectly out of the atmosphere, and also
that frosts at temperatures above 200°K
will cool by evaporation unless there
is an adequate heat source. Thus, the
circumstances most favorable to melt-
ing occur when the rate of evapora-

tion of a frost at 0°C is at its minimum.

In order to estimate this minimum
rate, 1 have assumed that there is no
wind, and that the only atmospheric
motions are those generated by the
evaporation itself. However, water
vapor is intrinsically lighter than car-
bon dioxide, the principal constituent
of the martian atmosphere, and sO the
saturated fluid layer near the ground
is dynamically unstable. The situation
is analogous to thermal convection
above a heated horizontal surface, and
thus I have used thermal convection
data to estimate the evaporation rate.

There are two aspects of the similar-
ity between heat convection and mass
exchange (3): The distributions of T
and 1/m are governed by the same con-
servation equation, where T is the tem-
perature and m is the mean molecular
weight; in addition, equal relative
changes of T and 1/m have the same
effect on buoyancy. The analogy is
not exact, however, but the error leads
to our underestimating the evaporative

. .
L e ety 1™

fects. Again this leads one to under-
estimate the evaporation rate, since
heat tends to diffuse toward fluid of
lower molecular weight (5), thereby
increasing the instability of the system.

Thus the estimate which follows will
be a lower bound on the evaporation
rate of water ice on Mars. The basic
experimental data are measurements of
heat flux above a heated horizontal
plate in air as a function of the physical
properties of air and the temperature
difference between the plate and its sur-
roundings. Using these data (3, p. 535)
and the thermal convection analogy
(3, p- 593), 1 obtain

i‘_e }
E = (0.17) AnpD {( p ) g] 1)
v?

for the mass flux of water vapor E
above an evaporating frost. Here A7y is
the difference between the water vapor
concentration (by mass) of the gas at
the evaporating surface and that of the
gas away from the surface; p is the
total density of gas at the surface; D
is the diffusion coefficient of water
vapor in carbon dioxide; g is the ac-
celeration of gravity on Mars; v is the
Kkinematic viscosity of carbon dioxide;
and (Ap/p) is the difference between
the density of the ambient gas and
that of the gas at the surface, divided
by the density of the gas at the sur-
face. Since the gas is saturated near
the frost, and since the surroundings
are almost completely dry, we have

Ap=-E= 2)
P

where py is the saturation density of
water vapor at the temperature of the
frost T,. Moreover, since both com-
ponents of the mixture behave ap-
proximately as ideal gases, we have

_ (me — mw)e
Ap/p = [mePo — (me — mw)el 3

sphere at pressure P, (Table 1). These
results are based on published values
of the gravitational acceleration on
Mars, the vapor pressure and heat of
vaporization of ice, the viscosity of
carbon dioxide, and the mass diffusiv-
ity of water vapor in carbon dioxide
(6). The rate of evaporation, and
hence the necessary heat flux, varies
directly as the partial pressure of water
vapor, and inversely as the martian
surface pressure.

On the basis of these data the most
favorable martian sites for the occur-
rence of liquid water are those at low
elevations where the surface pressure
is high. Slopes that face the sun di-
rectly during part of the day are also
favored. However, the solar constant at
the orbit of Mars is about 0.85 cal
em—2 min—!, and the mean surface
pressure is about 5 to 7 mb (7). Even
at points of lowest elevation the pres-
sure is probably less than 10 mb (8),
and, since the albedo of frost is high,
it appears that water ice may never
melt on the martian surface. Under
these circumstances, a frost exposed to
sunlight simply evaporates at a tem-
perature below the melting point.

A separate issue cONCErns the life-
time of a frost of typical thickness
relative to the time necessary to melt
it. Even if all the atmospheric water
vapor were o condense out during the
martian night, the morning frost layer
would be only 10 to 20 pm thick. On
the basis of the data in Table 1 and a
value for A of 676 cal/g, the lifetime
of such a frost at —10°C would be
several minutes, and, since the frost is
likely to spend more time than this in
warming from —10° to 0°C, it will
probably disappear before the tempera-
ture reaches the melting point. The
greatest accumulation of frost probably
occurs at the poles during the martian
winter (9). However, the solar heating
is also more gradual at the poles, since
vt ellawe an annual rather than a daily

PLA NI'T

3'd Problem
_The latent heat cooling during the
sublimation of water ice prevents it to reach
273.15 K, and thus allow melting on present-
day (Ingersoll, 1970; Schorghofer 2022), and
possibly recent-past |
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Il. A New Generation Model: The Mars Planetary Climate Model
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions

What can explain the discrepeancies between the models
and the observations?

&l
{‘4 ; [<‘P:~,.

R?”{,“)','W’ Ig \ ,r.“’.r‘ ‘(ﬂ)‘f'r &

1. Some key mechanisms are missing

2. The models can not capture some microclimates
conductive to ice accumulation/melting

Credits : HIRISE /| NASA/JPL/UArizona
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Key mechanisms are missing: the effect of water ice cloud

Geophysical Research Letters
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and cloud microphysics
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Modeling Martian Paleoclimates:
The Planetary Evolution Model (PEM)

N years of The PEM evolves the reservoir A
N PCM runs over longtime step {C)ZD
Initial State v
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— The PCI\a/I gives Tsurf, accumulation .y, i
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Water vapor diffusion Flow
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Modeling Martian Paleoclimates:
The Planetary Evolution Model (PEM)
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Modeling Martian Paleoclimates:
The Planetary Evolution Model (PEM)

N years of The PEM evolves the reservoir A
N PCM runs over longtime step {C)ZD
Initial State v
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The PEM calls the Tsoil, =, etc. as » Siacier meling
Water vapor diffusion Flow

((

N ':'é\f\ inputs of the PEM

ANy \. y \‘\
J ‘ :1\“ A .
AN Lag Deposit I

PCM

. )
0° oy
K ‘j Pore-filling ice 1 %% 0%%%°% 0%0%%° ¢* .0
Sl
1 ,»1(/"} Massive Burried
Ice
4
e TR S e /\/\/\/_\
180°W120°W 60°W 0° 60°E 120°E180°W
Geothermal Flux
N years of :
Pé’M o The PEM gives a
new initial state to

Final State

. = .............. R ‘ .................. ....... o = |teratiOnS

the Mars PCM

The PEM calls the
PCM

00

E180°W

.................................................

60°W 0% B0°E 120°E180°W

17/02/2026 The Many Faces of Mars During Its Recent Past

33/56



Modeling Slope Microclimates in a coarse global Climate Model

17/02/2026 The Many Faces of Mars During Its Recent Past 34/56



Modeling Slope Microclimates in a coarse global Climate Model

n ¥
N\ g u®
l'l‘l smpmnnt
I/

Lange et al., 2023

 Each slopes on Mars can be represented on average by an equivalent North/South facing slopes.

 On each sub-grid surface, we compute the surface energy budget, update temperature, ice amount, etc. The atmosphere sees an
average of these sub-grid fields.
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Modeling Slope Microclimates in a coarse global Climate Model
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Modeling Slope Microclimates in a coarse global Climate Model

Former PCM New PCM with the sub-grid slopes
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions

What can explain the discrepeancies between the models
and the observations?
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1. Some key mechanisms are missing
-> Radiative effect of clouds, (sub)surface-atmosphere
iInteractions

2. The models can not capture some microclimates
conductive to ice accumulation/melting
-> slope parameterization

3. 277

Credits : HIRISE /| NASA/JPL/UArizona
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lll. A New Perspective on Mars' Recent Past
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions

The Mysterious presence of Mid-Latitudes Subsurface Ice
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The Mysterious presence of Mid-Latitudes Subsurface Ice
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The Martian Puzzle

Effect of changing the obliquity on the Martian Climate from previous climate studies

-
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Review : Forget et al. (2017) Forget & Naar, in prep.




The Martian Puzzle

Effect of changing the obliquity on the Martian Climate from previous climate studies
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The Martian Puzzle

Effect of changing the obliquity on the Martian Climate from previous climate studies
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Take-home message #1: The radiative effect of water ice
clouds has been significant in the recent-past of Mars,
and allows the formation of an ice-sheet at mid-latitude

recently (e.g., 630 kyr ago).
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Recent Past

The Mysterious presence of Mid-Latitudes Subsurface Ice

A Obliquity 35°, Lsp = 270°
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Recent Past

The Mysterious presence of Mid-Latitudes Subsurface Ice
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Modeling Martian Paleoclimates:
The Planetary Evolution Model (PEM)
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The Mysterious presence of Mid-Latitudes Subsurface Ice
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Recent Past

The Mysterious presence of Mid-Latitudes Subsurface Ice
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The formation of Gullies on Mars

RESEARCH

MARTIAN GEOLOGY

Gullies on Mars could have formed by melting of
water ice during periods of high obliquity

J. L. Dickson*'2, A. M. Palumbo?, J. W. Head?, L. Kerber?, C. I. Fassett*t, M. A. Kreslavsky®

Gullies on Mars resemble water-carved channels on Earth, but they are mostly at elevations where

liquid water is not expected under current climate conditions. It has been suggested that sublimation

of carbon dioxide ice alone could have formed Martian gullies. We used a general circulation model to show
that the highest-elevation Martian gullies coincide with the boundary of terrain that experienced pressures
above the triple point of water when Mars' rotational axis tilt reached 35°. Those conditions have occurred
repeatedly over the past several million years, most recently ~630,000 years ago. Surface water ice, if
present at these locations, could have melted when temperatures rose >273 kelvin. We propose a dual gully
formation scenario that is driven by melting of water ice followed by carbon dioxide ice sublimation.

ullies on Mars resemble H,O-carved
channels on Earth (7). Their concentra-
tion at Mars’ midlatitudes, where near-

uid H,0. Previous studies have shown that at
35° obliquity, H,O ice accumulated on mid-
latitude (30° to 45° in each hemisphere),

of CO, ice (currently sequestered in the south-
ern polar ice cap) sublimated (16), producing
an atmosphere with double its current pres-
sure (I7). The extent of terrain that exper-
ienced conditions capable of hosting liquid
H,0O would have been greater at that time
than in the present.

General circulation models

We tested the hypothesis that liquid H,O was
involved in the formation of gullies by in-
vestigating whether the mapped locations
of gullies (3) correlate with the locations of
terrain that could host liquid H,O when Mars
experienced 35° obliquity. We used a three-
dimensional general circulation model (GCM)
of Mars (13, 18) to simulate climatic condi-
tions at three obliquities and associated pres-
sures (16, 17) that occurred in the past million

L)

pole-facing slopes (11-15), locations that : %’L%Ca'&;gr
contain gullies (14, 15). Meanwhile, large s—‘_w-

* Ingersoll (1970) demonstrates that the sublimation
cooling prevents the melting of water ice on present-
day Mars

surface ice is stable (I-3), is consistent

with an H,O-melting model for their
formation. However, the observed distribution
includes elevations where present-day atmo-
spheric pressure is always below the triple
point of HyO (2, 4), so solid H,0 ice is expected
to sublimate to form vapor rather than melt
to form liquid. The seasonal timing of con-
temporary mobilization of surface material
within gullies is consistent with sublimation
of solid CO,, (5, 6), so it is possible that gullies
formed from CO,-mediated processes alone
(7). However, the mechanism of such a CO,-
only process is uncertain and lacks an Earth
analog. Repeat orbital imaging shows that
present-day erosion of gullies is rare. Although
examples have been documented (5, 6), ero-
sion of gully channels is minor (Fig. 1A) and
infrequent. At high latitudes (>70°), where
solid CO, ice is emplaced and removed every
year, ~98.3% of gullies show no activity and
none experience channel erosion (8).

An alternative possibility is that gullies were
incised by small amounts of liquid H,O during
earlier climate conditions that were more con-
ducive to melting of H,O ice. This scenario
would be consistent with the stratigraphy of
gully fans (9, 10), which indicates cycles of em-
placement of fan sediment, fracturing (Fig. 1B),
and incsion. Mars’ axial tilt (obliquity) is known
to vary over hundreds of thousands of years
(1I1), so earlier periods of higher obliquity could

17/02/2026

* This cooling is proportional to the difference of humidity
between the atmosphere and the surface.

 The cooling might be reduced at high obliquity, when
the atmosphere is wetter?
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The formation of Gullies on Mars
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions

The formation of Gullies on Mars

Example of process : Gas fluidized debris flow
(Pilorget and Forget, Nature G. 2016)
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions

The formation of Gullies on Mars

CO:2 seasonal ice thickness at 35° obliquity, Lsp = 270° - NO RADIATIVE ACTIVE CLOUDS
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Introduction Paradoxes Limits/Improvements Recent Past Conclusions
The formation of Gullies on Mars
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The formation of Gullies on Mars
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The formation of Gullies on Mars

CO:2 seasonal ice thickness at 35° obliquity, Lsp = 270° - NO RADIATIVE ACTIVE CLOUDS
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The formation of Gullies on Mars

CO2 seasonal ice thickness at 35° obliquity, Lsp = 270° - RADIATIVE ACTIVE CLOUDS
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Recent Past

The formation of Gullies on Mars

CO2 seasonal ice thickness at 35° obliquity, Lsp = 270° - RADIATIVE ACTIVE CLOUDS
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The Martian Puzzle

Effect of changing the obliquity on the Martian Climate from previous climate studies: current view
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The Martian Puzzle

Effect of changing the obliquity on the Martian Climate from previous climate studies: current view
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Conclusions

1. Despite a significant amount of studies on the Martian Paleoclimates, most models fail to
explain the observations of recent ice features on Mars

2. The radiative effect of water ice clouds has been significant in the recent-past of Mars, and
allows the formation of an ice-sheet at mid-latitude recently (e.g., 630 kyr ago).

3. Mid-latitudes subsurface ice is most-likely a remnant of this Recent Past of Mars, 630 kyr ago

4. Melting of pure water ice is not possible in the last millions years. CO:2 cycle seems to be
buffered by the radiative effect of clouds. What could have triggered the formation of gullies?

Future works:

* Model the penetration of solar radiation e Have an interactive dust cycle * Model the formation of the layered
into dusty ice to check wheter melting is deposits
possible (or not?) - snowpack model ->

former JPL’s postdoc A.Khuller-
Thank you ! -
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Modeling Martian Paleoclimates:
The Planetary Evolution Model (PEM)
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Melting water ice on the surface of Mars

Water frost observed with THEMIS

Lange et al. 2024



Melting water ice on the surface of Mars

Water frost observed with THEMIS Modeled surface temperatures at 1 pm, Ls = 270°
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Melting water ice on the surface of Mars

Water frost observed with THEMIS

Lange et al. 2024



Melting water ice on the surface of Mars

Water frost observed with THEMIS Water frost temperature measured with THEMIS
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The Key Effect of the Sublimation Cooling by Latent

Science

Heat

IR flux

Ingersoll, 1970

Mars: Occurrence of Liquid Water

Abstract. In the absence of juvenile liquid water, condensation of water vapor
to ice and subsequent melting of ice are the only means of producing liquid
water on the martian surface. However, the evaporation rate is so high that the
available heat sources cannot melt pure ice. Liquid water is therefore limited to
concentrated solutions of strongly deliquescent salts.

The purpose of the study reported
here was to determine whether sun-
light or other heat sources could melt
water ice on Mars; the action of sun-
light is probably the most likely mech-
anism by which liquid water might
naturally occur on the martian surface.
If all the water were to condense out
of the atmosphere, it would cover the
surface with a layer 10 to 20 pm thick
(I). On the other hand, if this amount
of water vapor were mixed uniformly
with other atmospheric gases, conden-
sation would occur at temperatures be-
tween 190° and 200°K (2). This
means that only ice will condense di-
rectly out of the atmosphere, and also
that frosts at temperatures above 200°K
will cool by evaporation unless there
is an adequate heat source. Thus, the
circumstances most favorable to melt-
ing occur when the rate of evapora-

tion of a frost at 0°C is at its minimum.

In order to estimate this minimum
rate, 1 have assumed that there is no
wind, and that the only atmospheric
motions are those generated by the
evaporation itself. However, water
vapor is intrinsically lighter than car-
bon dioxide, the principal constituent
of the martian atmosphere, and sO the
saturated fluid layer near the ground
is dynamically unstable. The situation
is analogous to thermal convection
above a heated horizontal surface, and
thus I have used thermal convection
data to estimate the evaporation rate.

There are two aspects of the similar-
ity between heat convection and mass
exchange (3): The distributions of T
and 1/m are governed by the same con-
servation equation, where T is the tem-
perature and m is the mean molecular
weight; in addition, equal relative
changes of T and 1/m have the same
effect on buoyancy. The analogy is
not exact, however, but the error leads
to our underestimating the evaporative

. .
L et e 1AL

fails because of thermal diffusion ef-
fects. Again this leads one to under-
estimate the evaporation rate, since
heat tends to diffuse toward fluid of
lower molecular weight (5), thereby
increasing the instability of the system.

Thus the estimate which follows will
be a lower bound on the evaporation
rate of water ice on Mars. The basic
experimental data are measurements of
heat flux above a heated horizontal
plate in air as a function of the physical
properties of air and the temperature
difference between the plate and its sur-
roundings. Using these data (3, p- 535)
and the thermal convection analogy
(3, p- 593), 1 obtain

9_& 3}
E = (0.17) AnpD {( P ) g] 1)
yz

for the mass flux of water vapor E
above an evaporating frost. Here An is
the difference between the water vapor
concentration (by mass) of the gas at
the evaporating surface and that of the
gas away from the surface; p is the
total density of gas at the surface; D
is the diffusion coefficient of water
vapor in carbon dioxide; g is the ac-
celeration of gravity on Mars; v is the
Kkinematic viscosity of carbon dioxide;
and (Ap/p) is the difference between
the density of the ambient gas and
that of the gas at the surface, divided
by the density of the gas at the sur-
face. Since the gas is saturated near
the frost, and since the surroundings
are almost completely dry, we have

Pw
An =— 2
1= (2)

where py is the saturation density of
water vapor at the temperature of the
frost T,. Moreover, since both com-
ponents of the mixture behave ap-
proximately as ideal gases, we have

(me — Mmw)e

M e ———
AP/P - [mePo— (me — mw)e] (3)

layer is thin relative to the atmospheric
scale height H =RT/g, where R i
the gas constant of the atmosphere.

Combining these equations and mul-
tiplying by the heat of vaporization of
ice A, we obtain an expression for AE,
the rate of heat loss of a frost at tem-
perature T in 2 carbon dioxide atmo-
sphere at pressure P, (Table 1). These
results are based on published values
of the gravitational acceleration on
Mars, the vapor pressure and heat of
vaporization of ice, the viscosity of
carbon dioxide, and the mass diffusiv-
ity of water vapor in carbon dioxide
(6). The rate of evaporation, and
hence the necessary heat flux, varies
directly as the partial pressure of water
vapor, and inversely as the martian
surface pressure.

On the basis of these data the most
favorable martian sites for the occur-
rence of liquid water are those at low
elevations where the surface pressure
is high. Slopes that face the sun di-
rectly during part of the day are also
favored. However, the solar constant at
the orbit of Mars is about 0.85 cal
em~—2 min—!, and the mean surface
pressure is about 5 to 7 mb (7). Even
at points of lowest elevation the pres-
sure is probably less than 10 mb (8),
and, since the albedo of frost is high,
it appears that water ice may never
melt on the martian surface. Under
these circumstances, a frost exposed to
sunlight simply evaporates at a tem-
perature below the melting point.

A separate issue cONCEINS the life-
time of a frost of typical thickness
relative to the time necessary to melt
it. Even if all the atmospheric water
vapor were to condense out during the
martian night, the morning frost layer
would be only 10 to 20 pm thick. On
the basis of the data in Table 1 and a
value for A of 676 cal/g, the lifetime
of such a frost at —10°C would be
several minutes, and, since the frost is
likely to spend more time than this in
warming from —10° to 0°C, it will
probably disappear before the tempera-
ture reaches the melting point. The
greatest accumulation of frost probably
occurs at the poles during the martian
winter (9). However, the solar heating
is also more gradual at the poles, since
v\ elawe an annual rather than a daily
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Destabilization of Subsurface Water Ice by CO: sublimation

Gullies on Mars at 39.1°S, 166.1°W




Dundas et al., 2022
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The Best Way to Melt Subsurface Ice: Destabilize Subsurface Ice
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The Best Way to Melt Subsurface Ice: Destabilize Subsurface Ice

Diffusion Coefficient lce Thermal Inertia
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Melting of destabilized subsurface ice impossible on present-day Mars, and
very unlikely at high obliquity



Equilibrium Condition
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Equilibrium Condition

Strong sublimation & (Pvap,atm — psat,ice(Tice))
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When ice is covered by a layer of
regolith, it is protected from the sun.
Ice Is colder and can be stable.
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Equilibrium Condition

Reduced
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Subsurface water ice is stable at depth zice If:

Ice
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When ice is covered by a layer of
regolith, it is protected from the sun.
Ice Is colder and can be stable.



Physical Improvement in the Subsurface Ice-Atmosphere Exchanges
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges
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* When subsurface frost is subliming, there is a
strong flux of water vapor upward.

 The vapor mixing through the surface layer is not
efficient in removing all of this water vapor.

e Vapor remains in the subsurface, stabilizing ground
ice.
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges
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Modeling Subsurface Ice Equilibrium with the Mars
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