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Atmospheric dynamics of IR-active particles released from Mars' surface.
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Key points:

e Using a plume-tracking climate model, we investigate radiative-dynamical feedback from
release of two particle compositions at Mars' surface.

e For a single, constant source, global particle abundance saturates in no more than 4 Mars
Years, enabling Mars surface and atmospheric warming.

o Self-lofting helps particles rise and spread, and an enhanced Hadley cell aids global mixing.
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Plain language summary.

Both aerosols and gases have been proposed as ways of warming Mars. For the aerosol method,
particles released locally must disperse globally. We address this question for the first time using
a plume-tracking, dry Martian global atmospheric model. We find that for a single, constant source,
global particle abundance saturates in <4 Mars Years, enabling Mars surface and atmospheric
warming. Self-lofting helps particles rise and spread, and stronger winds help global mixing.
Warming is strong, but varies depending on model set-up (stronger in 3-D models than in 1-D
models). Many open atmospheric science questions remain, including the role of agglomeration,

dry-deposition rate uncertainty, and modeling water cycle feedbacks.

Abstract.

Surface release of radiatively active particles, with high infrared- (IR-)to-visible extinction ratios,
has been proposed as a method of warming Mars. However, to warm Mars using aerosols, particles
released locally must disperse globally. Here we provide an initial reference study in a plume
tracking, dry Martian atmospheric model to address this question. The winds that transport aerosols
respond to the aerosol's IR forcing, implying strong radiative-dynamical feedbacks (RDF). We
investigate RDF from surface release of two particle compositions: carbon (graphene) and metal
(Al). Self-lofting helps particles rise and spread locally and regionally, and the Hadley cell
strengthens under warming, aiding latitudinal mixing. Within our model, Mars RDF enable
engineered-aerosol warming. Warming is slightly greater for three-dimensional vs. 1D-models and
also depends on spectral resolution of radiative transfer. We assess implications for Mars warming.
Many open atmospheric science questions remain, including the role of agglomeration, dry-

deposition rate uncertainty, and modeling water cycle feedbacks.

1. Introduction.

Mars is a cold desert, with a weak greenhouse effect (+5 K from its 6 mbar CO; atmosphere),
abundant frozen H,O (Carr & Head 2015), and 7-100 mbar of sequestered volatilizable CO»
(Bierson et al. 2016, Buhler & Piqueux 2020). It has been debated for decades whether or not
humans should warm Mars for the purposes of human habitation, with arguments both for (McKay
1990) and against (Marshall 1993). If we decide in the future to modify Mars' environment (Sagan

1973), there is consensus that warming Mars by >30 K would be needed for seasonal meltwater
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(e.g., Averner et al. 1976, McKay et al. 1991, Pollack & Sagan 1993, Graham 2004, Marinova et al.
2005); an up-to-date review is DeBenedictis et al. (2025). While such warming long seemed
impractical (Jakosky & Edwards 2018), recent developments suggest new Mars-warming methods
(e.g., Wordsworth et al. 2019), including release of IR-active particles (Ansari et al. 2024).
However, prior work on warming with IR-active particles assumed static aerosol distributions
based on natural dust aerosol distribution (Ansari et al. 2024) rather than modeling the dynamical
behavior of engineered aerosol.

Aerosols are an important radiative agent in planetary atmospheres (Yung & DeMore 1999,
Kahre et al. 2017). Previous studies have examined aerosol feedbacks on Mars for natural particles,
from local "solar escalator" effects (Spiga et al. 2013, Daerden et al. 2015, Batterson et al. 2023)
to larger scales (e.g., Murphy et al., 1993, Wilson and Hamilton, 1996, Newman et al., 2002,
Rafkin 2009, Kahre et al. 2015, Gebhardt et al. 2021, Urata et al. 2025) and on Earth for smoke,
volcanic ash, and other applications (De Laat et al. 2012, Yu et al. 2019, Khaykin et al. 2020,
Visioni et al. 2020, Gao et al. 2021, Ohneiser et al. 2023). However, the engineered aerosols
considered for warming Mars have (by design) much stronger interaction with thermal-IR
emission than with sunlight, whereas previous work has focused on self-lofting driven by
absorption of sunlight. Ansari et al. (2024) considered IR-active particles but assumed a static
particle distribution. Given that RDF will be strong for IR-active particles released from Mars'
surface, key atmospheric-dynamics questions remain: How high are aerosols lofted? How widely
do they disperse? How do they couple with atmospheric circulation locally and globally? How
long until steady state is reached? Does release location matter? Any Mars-warming method would
face problems of manufacturing and environmental impact (e.g., both potential impact on humans
and/or introduced plant life, and on, e.g., planetary climate via albedo changes) as well, but the
radiative-dynamical questions must be addressed first. To this end, we added radiatively active
engineered nanoparticle tracking to the Mars Weather Research and Forecasting (MarsWRF) code
(Richardson et al. 2007, Toigo et al. 2012), building on previous work tracking methane plumes
(Mischna et al. 2011, Luo et al. 2021) (Methods). We specifically focus in this initial study on the
simplest case of non-coagulating particles in a dry atmosphere released from a single, continuous
source. This is done to minimize process complexity for this initial study and is not due to
limitations with the model. More complex modeling will be necessary in the future to more

completely address realistic release scenarios, particulate microphysical behavior, and climate



85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

physics. Instead, this study provides the necessary next step from idealized and/or 1D work that
has been undertaken so far and provides a reference baseline for interpretation of future, more

complex simulations.

2. Methods.

We carry out separate numerical experiments that each consider one of two particle types for Mars
warming: carbon (graphene disks) and metal (Al rods). Both target Mars' thermal infrared (TIR)
windows at ~10 um and ~20 um via different mechanisms. Few-hundred-nm diameter graphene
disks resonantly absorb TIR (Fang et al. 2014). To cover both spectral windows (Fig. S3), in the
graphene trials we used 16 parts (by number) 250 nm diameter disks to one part 1000 nm diameter
disks. Graphene is translucent to visible light, though it requires potentially costly modification
for optimal performance (Supporting Information). Here, we adjust the electronic properties of the
simulated graphene to give resonance height and width similar to Al rods. This implicitly assumes
graphene is modified ("doped") to increase the carrier concentration (Supporting Information).
The Al rods (60 nm-diameter, 8 um long, one-eighth the weight of the particles considered in
Ansari et al. 2024) both absorb and scatter thermal IR (Forget & Pierrehumbert 1997). Either or
both particle types might require anti-stick coatings, which are not modeled here. The goal is to
examine plausible particles that might be produced: the chosen particles are not optimized for
warming. As such, this study yields potentially realistic heating. It does not represent an upper
limit on heating.

In our 3D (MarsWRF) modeling, we simulated continuous near-surface release of IR-
active particles at both a northern-hemisphere midlatitude site (202°E 40°N, Arcadia Planitia), and
separately at an equatorial site (135°E 0°N, Elysium Planitia), expressing release rate in
liters/second (L/s) of solid aerosol (ranging from 0-60 L/s, Table S3). Particles can settle at the
surface and we do not include any re-lofting mechanism. For natural dust, we imposed a time-
varying background of radiatively active natural dust derived from an observational database
(Montabone et al. 2015) for Mars Year 30, corresponding to a relatively storm-free scenario. The
vertical distribution was further adjusted to that observed by Mars Climate Sounder (Kleinbohl et
al., 2024). Dust was not allowed to interact with the engineered particles. Particle agglomeration
is not included in the model, which is a significant limitation (Discussion). Gravitational settling

speeds are obtained from analytical free molecular calculations for the appropriate shapes
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(Supporting Information). We also set the dry deposition velocity in the lowermost model layer,
which is ~9 m thick, to a minimum of 0.03 cm/s, to represent the effect of diffusive removal of
small particles (Supporting Information). For comparison, the empirical exponential decay
timescale for natural dust optical depth is ~50 sols (Kahre et al. 2017).

We also used a 1D radiative-convective equilibrium model with Mars-average insolation
(e.g., Ramirez 2017) and a Single Column Model (SCM) version of WRF as a cross-check on
warming. Results are shown in Figs. S14-S15 and Table S4. The warming in 1D and 3D models
differ (as do baseline global temperatures with no nanoparticle opacity), even when the same
radiative transfer scheme is used (WRF SCM vs. GCM). The differences can be traced to
differences in the vertical temperature profiles (and specifically temperature assumptions at the
tropopause), the spectral resolution for radiative transfer, and the treatment of the atmosphere as a

3D system (see Supplementary Materials).

3. Results.

High-spatial-resolution simulations show RDF during the initial release of IR-active particles in a
nested version of MarsWREF. Fig. 1 shows results for release from the midlatitude site for 60 nm
diameter Al rods at a rate of 60 L/s. The plume self-lofts and thickens the Planetary Boundary
Layer (PBL) height (Fig. 1a,b show column visible opacity and PBL height at 1AM local time at
the release site), which is ~2x thicker than without self-lofting (Fig. S7). Above the release point
(Fig. 1c, top row), particles accumulate in the nighttime PBL before mixing upward during
daytime. In adjacent grid boxes (Fig. 1c, middle row), particles mix across the surface layer during
late night and predawn, while early evening winds leave this region particle-free. Several grid
points downwind (Fig. 1c, bottom row), a detached high "anvil" of particles dominates the
nanoparticle mass mixing ratio (mmr) between 5 and 10 km above the surface. Further from the
plume (Fig S7), the particle mmr peaks between about 7.5 and 12.5 km, at or above the top of the
plume-free PBL. The vertical distribution of particles evolves as follows. While initially depleted
at altitude, within 100 days an aerosol-enriched layer forms above 7 km. During southern spring,
the strong Hadley cell temporarily halts particle buildup (Fig. S6). These vertical variations
diminish to 10% over years as mixing homogenizes the atmosphere. The steady-state particle

distribution shows only a modest longitudinal enhancement (15° full-width-at-half-maximum)
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centered on the release site. Particle optical depth in steady state varies seasonally by 15-20%,
rising during northern summer when winds are weakest, regardless of release location.

Fig. 2a-f shows the global spread of nanoparticle mmr in lower resolution simulations
(5°x5°), for release at an equatorial site. The lower resolution is used to allow many more
simulations to be undertaken than is possible for nested cases (such as for Fig. 1). The high
resolution allows more detail to be seen in the plume distribution but does not change the main
results. The warming plume spreads eastward at all altitudes and also westward at high altitude in
the high latitudes, with inter-hemispheric mixing occurring within months. These particles achieve
warming much more efficiently than previous designs—a visible optical depth (tvis) of 0.2 requires
only ~45 mg/m? of aluminum rods in the aluminum simulations, and the same optical depth
requires just over ~17.5 mg/m? of graphene in the graphene simulations. The particles are more
than twice as radiatively effective (in the thermal IR, per unit mass) than previous designs. The
warming atmosphere inflates both in the sense of vertical expansion due directly to increased scale
height, but also due to reduction in total mass of the seasonal CO ice caps, see Table S3. This
inflation combined with the RDF self-lofting lifts the suspended particles high into the atmosphere.
The system approaches steady state with an e-folding timescale of ~1.1 Mars years (Fig. 3, Fig.
S8). The total time to achieve warming is about the same as the particle atmospheric lifetime.
Cooling after particle release ends follows the same timescale. This timescale emerges from the
model as the timescale for mixing any aerosol with similar radiative properties. Nothing has been
done to make the particles mix more rapidly.

Fig. 2d shows warm season surface temperatures. The warm season surface temperature is
defined as the average surface temperature during the warmest 36° of solar longitude (~70 days)
of the year. This corresponds to southern summer in the southern ground ice zone, and northern
summer in the northern ground ice zone.

The warmed climate develops a stronger meridional overturning circulation (Fig. 4). The
Hadley cells strengthen by a factor of 4 and shift upwards while the seasonal strength asymmetry
(Richardson & Wilson 2002) largely disappears. Because the particles are relatively well mixed in
steady state, the mass streamfunction corresponds to the meridional overturning circulation of
particles. Near-surface winds increase by 60% (global and annual average). Steeper temperature
gradients develop between sunlit regions and the winter pole. This is the opposite of Earth's CO»-

warming response, which preferentially warms the poles and weakens circulation (Xia et al. 2020).
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Surface pressure increases as seasonal CO; seasonal ice caps shrink. We do not consider
release of additional CO> from perennial CO> ice nor from adsorbed regolith reservoirs, which
would at least double the atmospheric pressure under warming (Bierson et al. 2016, Buhler &
Piqueux 2020). This thicker CO; atmosphere would add to the greenhouse effect, moderate the
equator-pole temperature gradient, and expand the percentage of surface area above the triple point
of water (Dickson et al. 2023).

The IR-active aerosols spread broadly, unlike patchy dust storms on Earth and Mars,
because they settle very slowly. When artificially ballasted to give a settling speed corresponding
to the diameter of natural Mars dust (3 um), the particles produce strong concentration gradients—
column depth varies by 5x between the release latitude and south pole, and particles remain below
200 Pa altitude. This creates localized warming, with a 2000 km-wide +10 K warming zone,
though less efficiently than global warming.

Among the two release sites tested, steady-state temperature is modestly warmer for
equatorial release (Fig. S9), with greater temperature differences for higher particle loads. The
steady-state particle loading is also slightly higher, as expected given the longer distances (and
correspondingly longer time for sedimentation) for particles released from a far northern site to
spread globally.

4. Discussion.

For the first time, we modeled the atmospheric dynamics of IR-active particles released from Mars'
surface in a global 3D model. Further research is needed on both Mars and warming options before
committing to any plan for Mars' future (DeBenedictis et al. 2025). For example, the case for
maintaining Mars' surface as a pristine wilderness indefinitely is given in Marshall (1993).
Moreover, making Mars' surface suitable for life involves many steps beyond initial warming, for
example, soil chemistry and suitability for biology (DeBenedictis et al. 2025). Progress here would
be useful for both investigations of Mars' possible future habitability and for astrobiology research
(Wordsworth & Cockell 2024, Wordsworth et al. 2025).

As warmer climates have more water vapor, and water vapor is a greenhouse gas, water
vapor feedback will strengthen warming. Water ice clouds have also been proposed to provide
strong positive feedback for Mars warming (e.g., Wilson et al, 2008, Madeleine et al. 2014),
although this depends on grain size and cloud height. As the water cycle intensifies, acrosol may

act as ice nuclei / cloud condensation nuclei, which may scavenge aerosol. Even if snow does not
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reach the ground, scavenging can still transport aerosol vertically downward prior to sublimation
(i.e., virga). These examples show that water cycle feedbacks require further study. Additionally,
a more active water cycle within a circulation that has enhanced “dust storm-like” global
circulation (Fig.4d) will likely greatly increase water atmospheric loss rates to space (Heavens et
al. 2018, Chaftfin et al. 2021) above the current rate of approximately 0.005% of Mars' confirmed
water inventory per million years.

Several unmodeled dust feedbacks are potentially important. Initially, stronger surface
winds would lift more dust (Hartwick et al. 2022), creating a potential negative feedback since
dust reduces dayside temperatures despite causing net warming (Streeter et al. 2020). However,
strong warming would eliminate the CO» ice cap edge where strong dust lifting generates most
Martian dust storms (Kahre et al. 2017). Additionally, dust can be trapped both by surface liquid
water and in high-altitude 'duststones' (Bridges & Muhs 2012).

Aerosol-aerosol and aerosol-surface interactions warrant further research. Agglomeration
of particles (Bertrand et al. 2022) is most likely during dispersal. Scavenging by condensation of
water onto the engineered aerosol could remove a significant fraction of the particles. Possible
mitigations include anti-stick coatings, more dispersal points, charging, and day-only release.
Since coatings can be very thin (atomic scale), they need not matter much for radiative properties.
Agglomerates are deliberately produced during aerosol synthesis (and their properties tuned)
(Friedlander 2000, Buesser & Pratsinis 2012), and it is possible that agglomerates will remain both
efficient at Mars warming and also easily wind-transported, depending on their fractal dimension.
Agglomeration between engineered aerosols and natural dust might also occur. Few data exist
regarding dry deposition of submicron particles on desert surfaces, and this uncertainty is
important (e.g., Zhang & Shao 2014, Emerson et al. 2020, Li et al. 2025). If the dry deposition rate
is 3% greater, then the particle lifetime will be 3% shorter for slow-settling particles such as
graphene disks.

Particles must be engineered to break down in the natural environment. Methods include
adding spacers, designing for water solubility, further thinning for oxidation frangibility, and
functionalization. Graphene particles could offer additional benefits if doped with soil nutrients.

In our simulations, even though Mars' low-latitude temperature swings are reduced, they

remain ~100 K, and winter-minimum temperatures in the ground-ice-rich latitudes remain cold
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(<230 K for latitudes poleward of 30°). These swings will moderate as Mars' atmospheric thickness
further increases but will remain severe by Earth standards.

Other particle release strategies might lead to stronger warming than the continuous and
steady one used here. For example, particles could be released during the season when the
circulation at the site is upward, or at locations and times that have strong diurnal updrafts.

We note that although self-lofting helps particles rise and spread for initial deployment
(Fig. 1 and Fig. S7), and we run to steady state, we have not determined whether the self-lofting
is important in maintaining, as opposed to establishing, the steady-state warmed atmosphere.

Either carbon or metal particles could warm Mars from near-surface release, if produced
at scale. The details of how particles are prepared with both high throughput and sufficient
uniformity are challenging (Supporting Information).

Analyzing Mars with stronger longwave forcing but the same orbital forcing
is scientifically interesting, especially as comparison to Mars' geologically recent past, with similar

longwave forcing but different orbital forcing, is a major scientific goal (MEPAG 2025).

S. Conclusions.

Using a particle-tracking climate model, we simulated the atmospheric dynamics of warming Mars
with engineered aerosol. We find that radiative-dynamical feedbacks, including local self-lofting
and stronger large-scale circulation, aids particle spread. This study addresses only some aspects
of the question of IR-active particle release might modify Mars' climate: atmospheric processes
are inherently complex, and many open questions remain. These include water cycle feedbacks
and agglomeration mitigation approaches.
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Fig. 1. Local plume dynamics during initial deployment of 60 nm diameter Al rods at
60 L/s. Results are captured ~6 sols from the time the plume is initiated. (a) Column-integrated
opacity of particle plume at wavelength = 0.67 um (tvis, unitless). (b) Planetary boundary layer
(PBL) height (m). Both panels are for the same timestep, with a true local solar time of 11AM
at the source site. A mix of shadowing of the ground by plume particles and radiative heating of
plume particles leads to a mixture of PBL suppression and augmentation in different locations.
(c-e) Time-height cross-sections of plume mass mixing ratio in the lowest 10 km. (¢) is centered
over the plume release site, (d) is one grid point (~10 km) to the east, and (e) is ~100 km further
east. Nighttime accumulation in the stable surface layer is evident as a lighter color / yellow
band; daytime convection ventilates the accumulated particles deep into the atmosphere, which
can then advect downwind in the free atmosphere. Results are for release at Arcadia Planitia
(202°E 40°N). MarsWRF has been set up to nest from 2°x2° GCM domain, with two levels of
nesting. The nested domain shown has 120x120 grid points and a grid spacing of 0.222°,
corresponding to less than 13 km.
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Fig. 2. Dynamics of particle spread and steady-state global warming. Left: 15 L/s carbon
(graphene) disks (run Cc41). Right: 60 L/s metal rods (run Cc16). Both assuming 0°N 135°E
release. (a-f) Particle optical depth at 0.67 um (tvis). (g and h) Filled color: warm season
temperatures (K). Black topographic contours correspond to elevations of —5 and —2 km
(dashed), and 0, +2, and +5 km (solid). White contour: 610 Pa (~6 mbar) mean pressure level.
Blue contour: Approximate equatorward extent of H>O ice at <1 m depth based on GRS data
(Feldman et al., 2004). Red contour: Highlights warm-season average surface temperatures
above 273K.
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Fig. 3. Time evolution of global average surface temperature, assuming a 3 L/s IR-active particle
release starting at the northern equinox for the first 5 Mars years (just over 9 Earth years), followed
by increase to 60 L/s. Al particles assumed. These two different rates show that the response
timescale is almost independent of the release rate. After 8 Mars years (15 Earth-yr, indicated by
blue arrow), the average warm-season temperature at 47.5°S exceeds 280 K. The line is
constructed by taking the daily global average surface temperature and removing from it the global
average temperature for the same day-of-year (sol) from the steady-state reference run. Note that
net warming is a modest function of season due to the distribution of nanoparticles. If a choice is
made to cease warming, then the planet rapidly cools to the no-warming state (roughly following

the white arrow to zero warming).
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a) Northern Summer - Reference Case b) Northern Summer - Al 60 L/s Case
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Fig. 4. Atmospheric circulation strengthens under aerosol warming. Streamfunctions (kg/s)
for (a, ¢) control and (b, d) 60 L/s Al-particle warming cases. (a-b) Northern summer, (c-d)
southern summer. Positive values: clockwise mass flux (looking toward the west). The surface
pressure changes due to the reduction in seasonal CO; ice in the warmed case. Note that the plot
is limited to 50 km to focus on the lower-to-mid tropospheric circulation, but the model top is at
roughly 100 km.
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