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     Introduction : The past Martian climate, especially
over the last  few million years,  remains poorly con-
strained, with large uncertainties regarding the dust cy-
cle under different orbital configurations (eccentricity,
obliquity,  precession).  Global  circulation  models
(GCMs) currently struggle to realistically simulate the
present-day  dust  cycle,  particularly  the  interannual
variability of Global Dust Storms (GDS) and the recur-
ring seasonal patterns of regional Z, A, B and C storms
(Montabone et al. (2015),  Kass et al. (2016). As a re-
sult, our ability to model past dust cycles under vary-
ing  orbital  parameters  is  severely  limited.  Here  we
present an offline dust model based on the Mars Plane-
tary Climate Model (Mars PCM;  Forget et al., 1999)
simulations with prescribed dust opacity and subgrid-
scale  parameterizations  informed  by  high-resolution
models. This approach successfully captures key fea-
tures of the present-day dust cycle, including both sol-
stitial  and  equinoctial  GDS,  while  enabling  multi-
decadal simulations at low computational cost. It pro-
vides a necessary first step towards simulating realistic
dust cycles in past Martian climates.

Preliminary GCM simulations :  We perform six
simulations of one Martian year with the Mars PCM,
varying visible dust  opacity from τ = 0.05 to τ = 5,
kept  constant  throughout  the year.  The surface  wind
stress in the offline model is computed by interpolating
wind data from these GCM simulations, adjusted for
the  mean  dust  opacity  in  the  offline  model  and
weighted by large zonal dust gradients, as strong zonal
dust contrasts can enhance surface winds.

Dust Lifting, Transport,  and Deposition : Dust
lifting on Mars is driven by two main mechanisms: sal-
tation  by  surface  wind  stress,  dominant  during  the
storm  season  (late  northern  summer  to  winter),  and
dust devils, active in spring and early summer. The off-
line model uses two tracers (mass and number) to rep-
resent dust, allowing diagnosis of loading and particle
size under a log-normal distribution. Saltation flux is
computed from surface wind stress and a lifting thresh-
old,  with  subgrid  wind  variability  captured  using  a
Weibull  distribution,  following  Lorenz  (1996).  Dust

devil lifting is also included, with the flux computed as
a function of vertical wind variance, based on insights
from LES simulations.  Advection is handled using a
mass-conserving Van Leer scheme, while sedimenta-
tion is computed by discretizing the dust size distribu-
tion into 12 bins and applying mean fall speeds from
Rossow (1978).

Dust sinks and sources : A key challenge in dust
cycle modeling is the formation of dust sinks, where
dust  accumulates  in  low-wind  or  high-threshold  re-
gions,  leading to  a  gradual  depletion of  atmospheric
dust.  To  counter  this,  erosion  is  introduced:  empty
reservoirs can still lift dust if the wind exceeds a fixed
erosion threshold.

     Baroclinic waves : Baroclinic waves are included
in the offline model's wind fields, but the coarse reso-
lution  limits  the  proper  resolution  of  wave  fronts.
High-resolution  GCMs  show  stronger  winds  and
sharper  contrasts  during high baroclinic  activity.  Pa-
rameterizing  these  features  is  crucial  to  improve the
dust cycle simulation, especially for capturing A and C
storms.

   Storm edge lifting :  Dust storms often evolve as
fronts  with  sharp  opacity  contrasts  over  short  dis-
tances, which can enhance winds and trigger additional
lifting,  creating  a positive  feedback  loop (Wu et  al.,
(2021); Spiga and Lewis, (2010)). Due to model reso-
lution limitations,  these strong winds at  storm edges
must be parameterized.
    
    Cap Edge Lifting: Strong winds near the polar cap
edge, driven by temperature contrasts between Martian
soil and CO2 ice caps, are better captured in mesoscale
models (Smith and Spiga, (2018)). To simulate this in
our model, we add a surface wind stress term propor-
tional  to  the  thermal  contrast  between  adjacent  grid
cells,  accurately  representing  the  B  storm  near  the
South polar cap.

    Wind stress thresholds : In the offline model, we
use a distribution of wind stress thresholds instead of a



single value per grid cell. Each cell contains subgrid
reservoirs  with  unique  lifting  thresholds  and  limited
dust supplies, which are replenished equally by sedi-
mentation,  allowing  rapid  recovery  of  low-threshold
reservoirs. This setup introduces interannual variability
in GDS activity by modulating local dust availability
over time.

Results : The offline model reproduces both solstitial
and equinoctial global dust storms (GDS) with a realis-
tic interannual variability, some years producing GDS,
others not, as observed (see Figure 2). In the absence
of GDS, the model captures the main features of the
seasonal  dust  cycle,  with  recurring  regional  storms
matching the observed pattern of the Z, A, B, and C
storms, as illustrated in Figure 1. On average, the simu-
lated dust cycle closely resembles the climatology de-
rived from observations, supporting the model's capac-
ity to represent the baseline seasonal behavior of Mar-
tian dust.

Future work and perspectives: Time permitting,
we will  extend  our study to  preliminary  simulations
under different obliquity scenarios and present the re-
sulting  dust  cycles  obtained  with  our  model.  High
obliquity states, in particular, are expected to produce
stronger winds and possibly more intense dust storm
activity. An important question is whether the present-
day behavior, where Mars lies near the threshold be-
tween years  with GDS and years  with only regional
storms, is  unique to the current  climate.  Would past
climates exhibit the same interannual variability, with
years  alternating between GDS and regional  storms?
Or  would  some  epochs  favor  persistent  GDS  every
year, while others might suppress them entirely ? Our
offline model, with its ability to self-consistently adjust
(via  dust  reservoir  limitations),  offers  a  promising
framework to investigate these key questions.
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Figure 1:  Effect of different parameterizations in the offline
model on the visible dust optical depth as a function of lati-
tude  and  season  (zonal  mean),  compared  to  observations
(last  panel)  averaged  over  MY24 to  MY35,  excluding  the
GDS years MY25, MY28, and MY34.

Figure  2:  Planetary  mean  of  visible  dust  column  optical
depth in the offline model as a function of season. Most years
follow a similar seasonal pattern, but some exhibit GDS initi-
ating  around Ls = 200°  and  260°,  consistent  with  the  ob-
served range of GDS onset. The simulation was run for over
100 Martian years and still exhibits this type of interannual
variability


