Rapid decay of Martian Global Dust Storms driven by small-scale deposition
processes in the lower planetary boundary layer.
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Introduction

Atmospheric dust is a key driver of Martian cli-
mate and weather, analogous to the role of water vapor
on Earth [12]. Through its interaction with solar and
infrared radiation, dust modulates atmospheric heating,
circulation, and seasonal variability [3] [4]. A crucial
component of the Martian dust cycle is dry deposition,
which regulates the vertical and horizontal distribution
of airborne dust and ultimately determines its atmo-
spheric residence time[5] [6].

While gravitational sedimentation is the primary
process considered in most Martian general circula-
tion models (GCMs), several additional near-surface
mechanisms—such as turbulent transfer, Brownian dif-
fusion, impaction, interception, and rebound—are known
from terrestrial wind tunnel experiments to significantly
influence aerosol removal [13][14]. These processes
have been incorporated into Earth-based atmospheric
models using resistance-based approaches, yet remain
largely unaccounted for in Mars GCMs [5] [6]. Fur-
thermore, the lack of particle-size resolution in most
Martian models limits their ability to capture important
microphysical feedbacks [2] [7] [10], particularly under
dust-rich conditions such as global dust storms (GDSs).

In this study, we implement a new, physically
based, size-resolved dry deposition scheme into the
MarsWRF general circulation model. The scheme
includes a comprehensive set of near-surface deposition
processes and explicitly resolves eight discrete dust
particle size bins. Our objective is to evaluate how
this improved representation of dry deposition affects
the Martian dust cycle during non-global dust storm
(non-GDS) years, and to investigate the role of particle-
size-dependent removal in shaping the evolution and
decay of global dust storms.

Methodology

The dry deposition scheme presented in this study
is based on [13], which was specifically developed for
rough surfaces. This scheme encompasses all types of
dry deposition processes (as illustrated in Figure 1). A
key concept in the study of dry deposition processes is
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Figure 1: Schematic of the two-layer model for dry deposition.
Adapted from [13] and [15].

the deposition velocity, described as follows:
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where z is the height above the surface (m), r, is the grav-
itational resistance, r, is the aerodynamic resistance, and
r, is the surface collection resistance.
The gravitational resistance r, is defined as the

inverse of particle gravitational sedimentation velocity
(vg, m s 1Y), ie.,

vi(z) = | rg +
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For the aerodynamic resistance r,, it focuses on
the effects of turbulent transfer occurring in the transfer
layer as shown in Figure 1. The formula is given by
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where « is the von Karman constant, ,, is the stability
function, z4 is the zero-plane displacement height, A. is
the height of a roughness element. In this work, sand
particles are assumed to be the roughness elements on
the surface with h. being 0.1 mm.

The surface collection resistance, rs, is governed by
a combination of near-surface microphysical processes,
including Brownian diffusion, impaction, interception,
rebound, and gravitational sedimentation. Itis expressed
as:
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where R denotes the fraction of particles that remain ad-
hered to the rough surface after accounting for rebound,
vam 18 the conductance for momentum transfer, C,; rep-
resents the drag coefficient for the isolated roughness
element. The term E represents the combined collec-
tion efficiency due to Brownian diffusion, impaction,
and interception on the side areas of surface roughness
elements. EZ and E*™ denote the collection efficiencies
due to Brownian diffusion and impaction, respectively,
on the upward-facing surface.

Results

To account for the strong size dependence of dry
deposition velocity, eight particle size bins ranging from
approximately 0.039 um to 10 pm are used to represent
the lifted dust particle size distribution. In the Exp-
Microphy experiment, a size-resolved dry deposition
scheme is implemented at the lowest model level (eta =
0.998), while the Exp-Gravity experiment includes only
gravitational sedimentation as the dust removal mecha-
nism. Above the near-surface layer, both experiments
apply gravitational sedimentation uniformly to all parti-
cle sizes.

Figure 2 illustrates the spatial distribution of the dif-
ference in near-surface dry deposition velocity between
Exp-Microphy and Exp-Gravity across the eight particle
size bins during the non-GDS year. The inclusion of the
full dry deposition scheme leads to consistently higher
deposition velocities for all sizes. The enhancement
exhibits a clear seasonal pattern, with the largest dif-
ferences occurring during southern spring and summer,
and smaller differences during the northern warm sea-
sons. The magnitude of the enhancement increases with
particle size up to the 0.884 um bin-reaching a peak
difference of over 0.024 m/s—then declines for larger
particles.

Spatial variations further reveal size-dependent
patterns. For smaller particles, the most significant
enhancements are concentrated in the southern mid-
latitudes (around 30°S5), especially along the retreating
edge of the CO, seasonal ice cap, coinciding with re-
gions of elevated friction velocity. In contrast, for larger
particles, the greatest enhancements shift toward the
high latitudes of the northern hemisphere, highlighting
the size- and latitude-dependent nature of the additional
dry deposition processes.

Figure 3 compares observational records of global
dust storms (GDSs) with model simulations. Observa-
tions (Figure 3a) show that GDSs occurred in Mars Years
(MY) 25, 28, and 34, with a consistent seasonal prefer-
ence for southern spring and summer [1] [8] [9]. The
events in MY25 and MY34 initiated near L, = 185°,
rapidly expanded to global scales, and reached peak
mid-level atmospheric temperatures (T15) of ~216 K
and ~214 K, respectively. In contrast, the MY28 storm
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Figure 2: Seasonal variation of the difference of total dry depo-
sition velocity in Exp-Microphy to gravitational sedimentation
velocity in Exp-Gravity corresponding to the 8 bins of dust
particles.

began later, around L, = 260°, and was weaker,with T15
peaking near 210 K. All three events underwent rapid
decay following peak intensity, with dissipation com-
pleted by early southern summer. The strongest storm
(MY25) persisted the longest, while the weaker MY28
event decayed more quickly.

Simulated results in Figures 3b and 3c show that
both Exp-Gravity and Exp-Microphy successfully cap-
ture the key seasonal characteristics of GDSs, including
their timing (between Ls = 185° and L, = 300°) and
intensity (T15 > 210 K). In Exp-Gravity, GDSs occur
in years 4, 7, and 11, with peak T15 reaching ~220
K. Exp-Microphy simulates similarly intense storms in
years 12, 18, and 19, though with a delayed onset.

While both experiments slightly overestimate
GDSs strength, Exp-Microphy uniquely captures the
rapid decay phase, a long-standing challenge in Martian
dust modeling. In Exp-Gravity, storm decay is gradual,
beginning around Ls; = 325° and extending well into
the following year. In contrast, Exp-Microphy shows
much faster dissipation, with dust loading and T15
returning to background levels by early northern spring.
This shortens the decay period by over half a Martian
year and brings the seasonal temperature evolution into
much better agreement with observations—particularly
the cooler conditions during northern spring and sum-
mer, attributed to reduced atmospheric dust loading [2]

[7].

Summary

The implementation of a size-resolved dry deposi-
tion scheme in the lower part of the planetary boundary
layer in MarsWRF enhances the model’s ability to (1)
accurately represent near-surface dust removal across a
wide particle size range, (2) effectively remove small
particles through additional deposition processes, and
(3) realistically capture the decay phase of global dust
storms—particularly the timing and magnitude of post-
storm atmospheric cooling.
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Figure 3: Seasonal variation in zonal-, latitudinal- and daily-
mean T15 (42.5°S to 42.5° N) for (a) multi-years observations.
The Mars Analysis Correction Data Assimilation (MACDA)
dataset version 1.0 is used for MY 24 to 27, and Mars Climate
Sounder (MCS) observations for MY 28 to 34. These MACDA
and MCS temperatures are corrected using a vertical weighting
function centered at 25 km, similar to the Viking IR-TM 15-um
channel[11]. Panels (b) and (c) show the same as (a), but for the
MarsWRF simulated T15 for Exp-Gravity and Exp-Microphy
over ten years, respectively. The black dashed line denotes the
climatological background, with storm peaks removed from
the averaged T15, as provided by [2].
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