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The Seasons on Mars
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25.2°

In this drawing, eccentricity is exagerated

Obliquity

Ls, Solar Longitude
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Obliquity
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• - 30% of the global surface 
pressure  

• Seasonal ice cap forms down to 
50°, with a thickness from mm 
at mid latitudes to ~m at the 
pole
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The Seasons on Mars - Water cycle

 
Credits : NASA / ESA

Water frost observed with THEMIS

Lange et al. 2024
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The Martian Puzzle
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There are multiple evidences of the widespread presence of subsurface water ice on Mars

Impact crater excavating ice at 35°N

Dundas et al., 2021

Subsurface ice exposed on scarp at 58°S

Dundas et al., 2023

Ice at Phoenix landing site (61°N)

Credits: NASA
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Laskar et al., 2004
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• The obliquity of Earth has slightly varied by < 2° during the 
recent past. 
 

• The obliquity of Mars has strongly varied by > 15° during the 
recent past, leading to significant changes on the planet.
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Laskar et al., 2004

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

• 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
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Kahre   

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.
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Modeling Past Climates with the Mars Planetary 
Climate Model



Modeling Subsurface Ice Equilibrium with the Mars 
Planetary Climate Model

Kahre et al., 2023
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.


UPDATE AND STATUS OF THE MARS CLIMATE MODELING CENTER 
AT NASA AMES RESEARCH CENTER 
 
M. A. Kahre (melinda.a.kahre@nasa.gov), R. J. Wilson, A. S. Brecht, R. M. Haberle*, C.E. Harman, NASA 
Ames Research Center, Moffett Field, CA, USA, R. A. Urata, A. Kling, K. E. Steakley, C. M. Batterson, Bay 
Area Environmental Research Institute, Moffett Field, CA, USA, V. Hartwick, L. Gkouvelis, NASA Postdoctoral 
Program, NASA Ames Research Center, Moffett Field, CA, USA, T. Bertrand, LESIA Observatoire de Paris, 
MEUDON, France. *retired Jan 4, 2022. 

Introduction:  NASA Ames Research Center has 
a long-established history in the study and numerical 
modeling of Mars’ atmosphere and climate.  Such 
studies began with the late Jim Pollack and have con-
tinued under the leaderships of Bob Haberle, Jeff Hol-
lingsworth, and now Melinda Kahre.  Our group has 
grown to more than 10 members, including civil serv-
ants, research scientists, postdocs, and students.  
While we still prioritize science and the model devel-
opment that supports it, we have recently enhanced 
efforts to make our codes and output publicly availa-
ble and boost community engagement through the 
hosting of modeling tutorials, etc. Here our goal is to 
present the status of the Ames Mars GCM, our ongo-
ing science projects, the tools we have recently made 
publicly available, and our plans for releases and con-
tinued community engagement. 

Status of the New Ames Mars GCM:  We are 
retiring our older, latitude-longitude dynamical core 
(our Legacy Mars GCM) and are completing the tran-
sition to the NOAA/GFDL cubed-sphere finite vol-
ume (FV3; Figure 1).  This new dynamical core is 
highly parallelizable and scalable, which allows for 
higher resolution simulations and vastly improved 
throughput, has improved conservation properties, 

and does not have the “pole problem” that arises due 
to the singularities that are produced by the converg-
ing meridians at the poles in latitude/longitude grids.  
Additionally, this dynamical core has non-hydrostatic 
and nesting/stretching grid options.  

We have completed the porting of Ames-devel-
oped Mars physics routines [1] into the new GCM to 
complement the Mars physics routines that previously 
existed in the NOAA/GFDL FV3-based Mars GCM, 
and we have completed initial testing of this new ca-
pability by comparing the new GCM results to both 
the Legacy results and to available observations.  We 
are now continuing model development efforts with 

Figure 2: Current Mars processes diagram. 

 

Figure 1: The Cubed-sphere grid. 

 

30 Mars la Rouge

FIGURE 1.14 – Représentation schématique de la structure de la partie physique du GCM : calcul succes-
sif des différentes paramétrisations appliquées aux différentes variables (température, rapport de mélange
des traceurs, pression de surface, vents).

3.4 La Mars Climate Database

La Mars Climate Database (MCD) est une banque de données atmosphériques statistiques obtenues
par un ensemble de simulations du GCM (Millour et al., 2014, 2015, 2017). Le but est de réaliser une
prédiction du climat martien la plus réaliste possible à n’importe quelle année, n’importe quel mois,
n’importe quel jour, n’importe quelle heure et en n’importe quel point du globe martien (voir Figure 1.15).

Les variables climatologiques (telles que la température, la pression, les vents), ainsi que la composi-
tion atmosphérique (incluant les rapports de mélange du CO2, de la poussière et de l’eau) sont moyennées
et stockées sur chacun des 12 mois martiens à 12 temps locaux par jour, de la surface jusqu’à l’exobase,
c’est-à-dire le haut de la thermosphère à environ 300 km d’altitude. Chaque mois est donc représenté par
un jour typique de 12 temps locaux. La MCD représente ainsi la variabilité d’un mois et d’une année à
l’autre. Afin de représenter malgré tout la variabilité d’un jour à l’autre au sein d’un même mois martien,
la MCD utilise une analyse par Empirical Orthogonal Function (EOF), méthode fréquemment employée
dans l’exploitation des données météorologiques. Il s’agit dans le langage de la MCD des « large scale
perturbations », que l’utilisateur peut activer ou non selon ce qu’il veut simuler.

M.Vals,2019

« Physics » which has been 
validated with comparison with 
present-day observations.
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Effect of changing the obliquity on the Martian Climate from previous climate studies: current view 
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II. A New Generation Model: The Mars Planetary Climate Model
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Laskar et al., 2004

• The obliquity of Earth has slightly varied by < 2° during the 
recent past. This is because of the presence of the Moon 
which stabilizes the Earth’s obliquity 
 

• The obliquity of Mars has strongly varied by > 15° during the 
recent past, leading to significant changes on the planet.
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Laskar et al., 2004

• The obliquity of Earth has slightly varied by < 2° during the 
recent past. This is because of the presence of the Moon 
which stabilizes the Earth’s obliquity 
 

• The obliquity of Mars has strongly varied by > 15° during the 
recent past, leading to significant changes on the planet.
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1st Probelm: Global Climate Model do not predict the 
formation of the recent ice mantle at mid-latitudes on 

Mars



 

Butcher, 2024
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Credits : NASA 

Water Ice in the Subsurface Detected by MONS
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Discovery of Subsurface Ice Excavated by Impacts at 
Mid-Latitudes
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Schorghofer et al., 2005
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Discovery of Subsurface Ice Excavated by Impacts at 
Mid-Latitudes

Byrne et al., 2009

21/56


Byrne et al., 2009
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Carte Lat - Lon MONS impact 

Discovery of Subsurface Ice Excavated by Impacts at 
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Carte Lat - Lon MONS impact 

Discovery of Subsurface Ice Excavated by Impacts at 
Mid-Latitudes
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Equilibrium Boundary 

Equilibrium Boundary 
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Equilibrium Boundary 

Equilibrium Boundary 

How subsurface ice can be present at such low latitudes ? 
 

1) Ice is actually stable because they are other feedbacks which stabilize the subsurface ice -> 
Incorrect (Lange et al. 2024, Lange et al. in prep) 

 
2) This low-latitude ground ice is a remnant of the last-ice age on Mars, slowly subliming -> Ice is 

predicted to be much deeper than what observed (Schorghofer & Forget 2012)
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Equilibrium Boundary 

2nd Problem: No Models to date explain the presence of 
mid-latitude subsurface ice at shallow depth

Equilibrium Boundary 
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Credits : HiRISE / NASA/JPL/UArizona

Ingersoll, 1970

3rd 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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What can explain the discrepeancies between the models 
and the observations?
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1. Some key mechanisms are missing 
 

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

3. ???

 
Credits : HiRISE / NASA/JPL/UArizona
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The PEM gives a 
new initial state to 

the Mars PCM
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The PEM gives a 
new initial state to 

the Mars PCM
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the Mars PCM
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Modeling Slope Microclimates in a coarse global Climate Model
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• 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.

Lange et al., 2023

The Many Faces of Mars During Its Recent Past17/02/2026       
 35/56




Modeling Slope Microclimates in a coarse global Climate Model

The Many Faces of Mars During Its Recent Past17/02/2026       
 36/56


Lange et al., 2023



Modeling Slope Microclimates in a coarse global Climate Model

The Many Faces of Mars During Its Recent Past17/02/2026       


Lange et al., 2023

36/56




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 
interactions 

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

3. ???

 
Credits : HiRISE / NASA/JPL/UArizona
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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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Forget & Naar, in prep.

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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Vos et al., in prep

Adapted from Madeleine  
et al., 2014, Forget & Naar, in prep.
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Vos et al., in prep

Take-home message #2: Mid-latitudes subsurface ice is 
most-likely a remnant of the last-ice age of Mars, 630 kyr ago



The formation of Gullies on Mars
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• Ingersoll (1970) demonstrates that the sublimation 
cooling prevents the melting of water ice on present-
day Mars 
 

• 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?



The formation of Gullies on Mars
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Even with a 10-10 times wetter 
atmosphere, the significant 

sublimation cooling prevents 
melting at high obliquity 

 
-> other mechanisms have created 
gullies ? (e.g., CO2 ice sublimation) 
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Take-home message #3: Melting of pure ice is not likely 
during late Amazonian because of the sublimation cooling.  
CO2 cycle seems to be buffered by radiative active clouds 

How are formed Gullies ?
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Effect of changing the obliquity on the Martian Climate from previous climate studies: current view 
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Effect of changing the obliquity on the Martian Climate from previous climate studies: current view 
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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. CO2 cycle seems to be 
buffered by the radiative effect of clouds. What could have triggered the formation of gullies? 
 

56/56


Future works:
• Model the penetration of solar radiation 

into dusty ice to check wheter melting is 
possible (or not?) - snowpack model -> 
former JPL’s postdoc A.Khuller-

• Have an interactive dust cycle • Model the formation of the layered 
deposits

The Many Faces of Mars During Its Recent Past17/02/2026       


Introduction Paradoxes Recent Past ConclusionsLimits/Improvements

Thank you !



Credits: ESA/DLR/FU Berlin

Back-up

15 km



Lange et al., 2023

Geothermal Flux

Water vapor diffusion   Glacier  
Flow

Lag Deposit

Pore-filling ice

Massive Burried 
 Ice

Ice  
 sublimation /  

melting

Ice  
accumulation

Initial State

The PEM calls the 
PCM

The PEM gives a 
new imput to the 

Mars PCM

The PEM calls the 
PCM

N years of  
PCM runs

The PCM gives Tsurf, 
Tsoil,      , etc. as 
inputs of the PEM

The PEM evolves the reservoir 
over longtime step

N years of  
PCM runs

Final State
Iterations 

∂mice

∂t

Geothermal Flux

Water vapor diffusion   Glacier  
Flow

Lag Deposit

Pore-filling ice

Massive Burried 
 Ice

Ice  
 sublimation /  

melting

Ice  
accumulation

The PEM gives a 
new initial state to 

the Mars PCM

Modeling Martian Paleoclimates: 
The Planetary Evolution Model (PEM)



Mars at Low Obliquity (5°)
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• At 5° obliquity, the pressure drops to 60 Pa, with an 
atmosphere mainly composed of Ar/N2. 

• Mars's surface pressure at 15° obliquity is ~ 260 
Pa, with an atmosphere that is still composed of 
90% CO2.
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Mars at Low Obliquity (15°)
North South
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Melting water ice on the surface of Mars

Lange et al. 2024

Water frost observed with THEMIS

S



Water frost observed with THEMIS

Lange et al. 2024
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Melting water ice on the surface of Mars

Lange et al. 2024

Water frost observed with THEMIS
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Water frost temperature measured with THEMIS

Lange et al. 2024

Melting water ice on the surface of Mars
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The Key Effect of the Sublimation Cooling by Latent Heat
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The Martian Puzzle
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300 m

Gullies on Mars at 39.1°S, 166.1°W

 
Credits : MOC/MGS/NASA Dundas et al., 2022

Destabilization of Subsurface Water Ice by CO2 sublimation



300 m

Gullies on Mars at 39.1°S, 166.1°W

 
Credits : MOC/MGS/NASA Dundas et al., 2022

Gullies activity

Destabilization of Subsurface Water Ice by CO2 sublimation



The Best Way to Melt Subsurface Ice: Destabilize Subsurface Ice

Melting?

A B

C D

Strong sublimation &

latent heat cooling Formation of a lag deposit

Diffusion barreer? Melting ? Ice stable, cold ice

First mechanism: gully activitiy Second mechanism: lag formation 

E F

G H

Pilorget and Forget, 2016



The Best Way to Melt Subsurface Ice: Destabilize Subsurface Ice
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Equilibrium Condition

Surface

Ice exposed to the atmosphere 
warms and sublimes quickly.

Strong sublimation

Ice

∝ (ρvap,atm − ρsat,ice(Tice))

Exponential dependance to Tice



Equilibrium Condition

Surface

Strong sublimation

Surface

When ice is covered by a layer of 
regolith, it is protected from the sun. 

Ice is colder and can be stable.

Reduced  
sublimation

Ice

Ice

Sand

Ice exposed to the atmosphere 
warms and sublimes quickly.

∝ (ρvap,atm − ρsat,ice(Tice))

Exponential dependance to Tice



Equilibrium Condition

1966

(
pvap,surf

Tsurf ) = ( psv(Tsoil(zice))
Tsoil(zice) )

Subsurface water ice is stable at depth zice if:

Surface

Reduced  
sublimation

Ice

Sand

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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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges

• 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. 

• Vapor remains in the subsurface, stabilizing ground 
ice.

Ice forms 
during the 

night
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges

Sublimation of  
subsurface frost

• 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. 

• Vapor remains in the subsurface, stabilizing ground 
ice.
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges

Vapor can not be 
evacuated by the 

near-surface 
turbulence/
convection

• 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. 

• Vapor remains in the subsurface, stabilizing ground 
ice.
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Physical Improvement in the Subsurface Ice-Atmosphere Exchanges

Enrichment of water vapor 
at the surface is measured 
in Antartica! (Factor 1.5-2)
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Triple Near-Surface Humidity
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1B

Modeling Subsurface Ice Equilibrium with the Mars 
Planetary Climate Model

Corrected surface humidity

Subsurface ice 
detected within 

the 50 cm

Subsurface 
ice detected 
within 1 m of 

the soil

Lange et al., 2023b


