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Abstract. We present results from the Met Office Unified Model (UM), a world-leading climate and weather model, adapted
to simulate a dry Martian climate. We detail the adaptation of the basic parameterisations and analyse results from two sim-
ulations, one with radiatively active mineral dust, and one with radiatively inactive dust. These simulations demonstrate how
the radiative effects of dust act to accelerate the winds and create a mid-altitude isothermal layer during the dusty season. We
validate our model through comparison with an established Mars model, the Laboratoire de Météorologie Dynamique Mars
Planetary Climate Model (PCM), finding good agreement in the seasonal wind and temperature profiles, but with discrepan-
cies in the predicted dust mass mixing ratio and conditions at the poles. This study validates the use of the UM for a Martian
atmosphere, it highlights how the adaptation of an Earth GCM can be beneficial for existing Mars GCMs and provides insight

into the next steps in our development of a new Mars climate model.

1 Introduction

Understanding Mars’ climate has been the motivation for many missions and numerical models for decades and through these,
many of the mechanisms driving the Martian climate have been unveiled. With our expanding comprehension of Mars’ climate,
studies have been able to build, refine and apply 3-dimensional general circulation models (GCMs). Such models include, but
are not limited to, the NASA AMES model (Pollack et al., 1993; Haberle et al., 2019) and the Laboratoire de Météorologie
Dynamique Planetary Climate Model (PCM, see Forget et al., 1999; Millour et al., 2018). Through the use of numerical models
we are able to characterise Mars with limited observational data, allowing us to simulate areas where observational data is
limited (Read et al., 2015; Martinez et al., 2017). Through these efforts our understanding of many atmospheric processes has
been refined, including the annual CO4 cycle (Forget et al., 1998; Malin et al., 2001; Aharonson et al., 2004; Hayne et al., 2012;
Holmes et al., 2018; Banfield et al., 2020), CO- availability in the interest of terraforming (Jakosky and Edwards, 2018), its
hydrological cycle (Houben et al., 1997; Haberle et al., 2001; Brown et al., 2014; Shaposhnikov et al., 2016, 2018; Singh et al.,
2018; Pél et al., 2019), its surface topography (Smith et al., 1999; Richardson and Wilson, 2002; Zalucha et al., 2010) and the
effects of the climatically dominant dust cycle (Kahre and Haberle, 2010; Wang and Richardson, 2015; Forget and Montabone,
2017; Wang et al., 2018; Gebhardt et al., 2020; Ball et al., 2021; Chaffin et al., 2021). Simulations have been performed ranging
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in scale from global (Navarro et al., 2014; Streeter et al., 2020; Kass et al., 2020) to mesoscale levels (Montabone et al., 2006;
Spiga and Forget, 2009; Newman et al., 2021).

There are, however, still processes which are dif cult to capture in climate models. One of these is dynamically modelling
annular shifts in C@freezing and thawing and the subsequent change in surface pressure this causes (Paige and Wood, 1992
Forget et al., 1999; Haberle et al., 2008; Kahre and Haberle, 2010). Simulating this in a self-consistent way using a GCM is
dif cult and efforts so far have relied on parameterisations (described by Forget et al., 1998, 1999; Spiga et al., 2017; Singh
et al., 2018; Gary-Bicas et al., 2020). Recent model developments by Way et al. (2017) have included #fe@Ody-
namically, providing a promising avenue for the development of existing Martian GCMs. This is bene cial because it captures
the secondary effects of GQrecipitation between the atmosphere and surface as it descends. Another major challenge these
GCMs face is accurately underpinning the cause of inter-annual dust storms and characterising dust uplifting rates prior to
and following the dust season (Mulholland et al., 2013; Spiga et al., 2013; Forget and Montabone, 2017). Parameterising the
methods for dust uplifting has been essential to simulate the climate and weather of Mars, but has still required periodic manual
adjustments in order to match observations (Montabone et al., 2020). This limits the ef cacy and self-suf ciency of Martian
climate models, leading to dif culty in simulating global dust storms that should occur without forcing across multiple years
and dif culty in predicting more local dust storms. As Way et al. (2017) has highlighted by dynamically solving for pressure
variation as a consequence of £frecipitation, a more complete physical model capable of capturing dust processes should
also have bene cial feedback on the system.

To work towards rectifying these gaps in our modelling capabilities, we have adapted the Uni ed Model (hereafter; UM) to
the study of the Martian climate, as a foundation step in building a comprehensive Martian climate model complementary to
existing modelling efforts. The UM is used routinely for Earth weather and climate modelling. It has also been used for other
planetary climates, including Earth-like exoplanets (Boutle et al., 2017; Sergeev et al., 2020; Eager et al., 2020), hot Jupiters
(Mayne et al., 2014; Lines et al., 2018; Drummond et al., 2018), and mini-Neptunes (Mayne et al., 2019). By adapting the
existing and well-tested Earth parameterisations to Martian conditions, we can model climate processes in comparative ways
to existing Mars GCMs (e.g. the quantity of available dust and size of the particles in the atmosphere). Such steps are key if
GCMs are to progress to characterising Mars' climate with less manual prescription of parameters (Forget and Montabone,
2017; Montabone et al., 2020). In this aspect, the UM is self-consistent, dynamically solving for dust availability and using
that prognostically to simulate Martian dust content throughout the varying seasons. In this rst study, we focus on a dry
climate, including orography and dust, and highlight the importance of capturing dust accurately and its in uences on the
Martian climate. We also show that our adapted UM simulations capture key large-scale features of the Martian atmospheric
circulation, including a periodic dust cycle without the prescription of xed dust parameters.

In this paper, we present a description of the UM and the adaptations made for the Martian climate (Sect. 2). Namely, we
describe the key model adaptations to simulate a dry Martian climate, such as planetary variables (atmospheric composition
and orbital parameters, Sect. 2.1), radiative transfer (Sect. 2.2), orography (Sect. 2.3), dust (Sect. 2.4) and atmospheric surfac
pressure (Sect. 4.1). In Sect. 3 we describe how we con gure the UM output for analysis, including con guration for two

scenarios where one features radiatively active Martian dust (RA dust) and one with radiatively inactive dust (RI dust). In
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Sect. 4 we present results from the two con gurations of the UM for Mars and validate the UM with RA dust against the PCM.
We highlight how differences in dust parameterisation create differences between outputs, both within the UM scenarios and
between the RA UM and PCM, then discuss the reasons for these and their implications. Finally, in Sect. 5, we discuss how
the model can be further developed to improve its accuracy, mainly via the inclusion of schemes capturing the effects of CO
ice and water vapour planned in future work.

2 Model description

For this study, we take the Global Atmosphere 7.0 science con guration of the UM (Walters et al., 2019) and adapt it to Martian
conditions. The UM dynamical core (ENDGame, described by Wood et al., 2014) simulates the atmosphere as a non-hydrostatic
fully compressible uid and its numerical formulation uses a semi-implicit timestep and semi-Lagrangian advection scheme
(Benacchio and Wood, 2016). A full description of the model's dynamical core is given by Staniforth and Wood (2003, 2008);
Wood et al. (2014), with a global climate con guration further detailed by Walters et al. (2019). The bene t of using existing
schemes in a GCM instead of creating new ones is that they capture essential atmospheric physics and are veri ed under ¢
variety of conditions (e.g. dust on exoplanets Boutle et al., 2020). Fig. 1 shows an illustrative example of output from the UM
con guration used to simulate the Martian climate.

The UM grid con guration used in the present study has 90 by 144 grid points, corresponding to a resolutioim of 2
latitude and 2.5in longitude (i.e. a grid spacing of 118 and 147.5 km at the equator, respectively). This resolution allows
us to accurately capture climate trends at a relatively high spatial resolution (Forget et al., 1999; Way et al., 2017), with even
higher spatial resolutions available at a cost of increased computational power. This resolution is suitable for observing seasona
patterns within the Martian year (Navarro et al., 2014; Madeleine et al., 2011; Pottier et al., 2017), but higher spatial resolutions
could readily be used to investigate selective regional climates (see for example, Sergeev et al., 2020)— a promising prospec
for future applications.

In the vertical, we adopt 50 hybrid-height atmospheric levels up to a model top of 80 km above the areoid level. We use a
quadratically stretched grid to enhance resolution near the surface. Levels nearer the surface follow the terrain, but are smoothe
out gradually as the height increases, reaching a constant level height towards the highest altitudes (for our study this happen:
at 52 km, Wood et al., 2014). The level heights can be seen in table A2, where values are shown for a point with 0 m surface
height.

For this study we use planetary parameters (Sect. 2.1), radiative transfer effects (Sect. 2.2), orography (Sect. 2.3), prognostic
dust (Sect. 2.4) and pressure (Sect. 4.1) set to Martian values, with more description on each process in the respective sectior

2.1 Planetary parameters

Mars has an eccentric orbie € 0:0934 compared to Earth'® =0:0167) leading to an annual oscillation in the received
irradiation. To capture this in the UM, we con gure the model to run with this orbit starting froby @L 5 is the ecliptic
longitude of the sun), Qs corresponds to Northern Hemisphere (NH) spring equinox. We use the stellar output for the
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Figure 1. Overview 3D plot of example output during Southern Hemisphere sumimer260°). Included is a segment of the extracted
regional dust layer as an isosurface, wind vectors at 1 km height (arrows) and orography. Grid cells are cropped to 30 km. Higher resolution

GIF and code are available at https://github.com/dannymcculloch/3d_Mars_gif.

present-day Sun, but our simulated planet is placed at the Martian distance. Table 1 shows the values we implement for Mars'

planetary values.
2.2 Radiative transfer

For calculating radiative transfer, we use the SOCRATES radiation scheme (described by Edwards and Slingo, 1996; Walters
et al., 2019). This scheme uses a two-stream correlatedthod as described by Walters et al. (2019) and references therein.
This scheme has been used extensively for studies of Earth (Spafford and Macdougall, 2021), in addition to hot Jupiters (Mayne
et al., 2014), sub-Neptunes (Drummond et al., 2018) and rocky exoplanets (Boutle et al., 2020; Eager et al., 2020).
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Table 1.Orbital, planetary and atmospheric parameters in our simulations.

Constant Value

Epoch (Julian date) 2451545.0
Eccentricity 0.0934
Obliquity (radian) 0.4397

Mean acceleration due to gravity (s 3.711

Solar irradiance at 1 AU (W/f) 1361.0
Semi-major axis (AU) 1.52368
Angular speed of planet rotation (radian/s) 7.0882 10 °
Radius (km) 3389.5

For radiative properties, we use an adapted version of the ROCKE-3D spectrfalwleich are appropriate for the GO
rich Martian atmosphere. We then added dust optical properties based on parameterisation from Walters et al. (2019). Mars'
atmosphere primarily consists of GO 95 %), N> (1.89 %) and Ar ( 1.93 %) (Read et al., 2015; Martinez et al., 2017); we
simplify this to 95 % CQ and 5 % N in our simulations. Ar was omitted in this study as the effects would be minimal on
seasonal averages. The prescribed gas ratios throughout the atmosphere are assumed to be well mixed (Walters et al., 2019).

The Martian atmosphere features small amounts of water vapour which are generally increased during colder aphelion
months (Nazari-Sharabian et al., 2020). This humidity affects the radiative transfer in every layer through water vapour
molecules and cloud condensate (Shaposhnikov et al., 2016; Steele et al., 2017; Shaposhnikov et al., 2018; Fischer et al., 2019
Mars has water ice clouds which in uence radiative transfer between the surface and the upper atmosphere (e.g. Navarro et al.
2014). For our setup, we use a completely dry atmosphere and surface. This is done to simplify the dust-uplifting processes
and to be able to correctly capture Martian seasonal trends initially. This allows for a benchmark comparison which can be
expanded on in future studies, with a similar approach being carried out by Turbet et al. (2021).

In addition, we also use the terrain shading scheme described by Manners et al. (2012), which corrects the surface insolatior
depending on the zenith angle and obstructing elevation. This allows for a better representation of the effect that Martian
orographical extremes have on their surroundings, e.g. the lone peak from Elysium Mons (284221 E) casting a large

shadow on the Northern Lowlands, or the depths of Valles Marineris canyons often being in a shade.
2.3 Orography and surface

Orography affects various aspects of the Martian climate such as dust deposition and global circulation (Smith et al., 1999;
Zalucha et al., 2010; Pottier et al., 2017). Dominant orographic features include the Tharsis region and Hellas Basin, but

also a general hemispheric dichotomy featuring a higher southern hemisphere that gradually descends northward (Richardsol

IFiles sp_sw_42_dsa_mars_sun" and "sp_lw_17_dsa_mars", available at https://portal.nccs.nasa.gov/GISS_modelE/ROCKE-3D/spectral_ les/
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Figure 2. Original MOLA elevation data (left) compared to the regridded elevation data used in the UM (right). Colour scales are matching
between plots.

and Wilson, 2002). Mars' hemispheric asymmetry heavily in uences the atmospheric circulation, leading to large seasonal
differences ampli ed by Mars' orbital eccentricity (Richardson and Wilson, 2002; Zalucha et al., 2010). Therefore, in order to
better characterise Mars' climate and atmospheric processes, correctly capturing the surface elevation hemispheric dichotomy
in Martian climate models is important (Zalucha et al., 2010).

For this study, we use the sub-grid orographic drag parameterisation already present and veri ed in the UM (as described
in detail by Lott and Miller, 1997; Webster et al., 2003; Vosper, 2015; Walters et al., 2019) but for Martian values. This
parameterisation allows for inter-gridcell shading caused by areas of higher elevation (e.g. the upper edges of the Valles
Marineris shading the crevice below). We obtained the widely-used, high-resolution MOLA elevation data (Fig. 2a, described
by Smith et al., 199%) We regrid the MOLA dataset to the resolution used in the current study. We choose to use the resolution
of 90 144 as it allows for an adequate global representation needed to simulate global climate patterns present on Mars. In
regridding, the cells from the original dataset that encompass a single grid cell are averaged which leads to some height loss a
the highest peaks, where sub-grid elevation is varied. The effects of the regridding can be seen in Fig. 2b, where the MOLA
dataset is compared to the regridded version. There is some inevitable height smoothing with regridding, Olympus Mons
changes from 25km height to 19 km and the lowest parts of the Hellas Basin from -7.5km to -7.3km.

For surface albedo, we assume a uniform value of 0.3. Although this is higher than the average albedo forOM&rs (
Kieffer et al., 1977), this was chosen as it compensates for the lack of polaic€ @vhich has an albedo 0f0.5). For surface
thermal inertia, we use a constant value of 368.646 3 K ! s %5 across the surface (prescribed as a thermal capacity of
1:359 10 ®J n? K 1), which is representative for the majority of the Martian surface (Kieffer et al., 1977; Palluconi and
Kieffer, 1981; Mellon et al., 2008).

2MOLA dataset available at https://astrogeology.usgs.gov/search/map/Mars/Topography/HRSC_MOLA_Blend/Mars_HRSC_MOLA_BlendDEM_
Global_200mp_v2
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2.4 Dust and surface roughness

Dust is synonymous with Mars, it is a key driver in a wide range of atmospheric phenomena, ranging from mesoscale dust
devils, effective at uplifting local surface dust (Neakrase et al., 2016), to global dust storms affecting global temperatures for
long periods of time (Forget and Montabone, 2017; Wang et al., 2018; Streeter et al., 2020). Dust is a crucial contributor to
the greenhouse effect on Mars. Because of this, large uctuations in atmospheric dust content can have serious effects on the
lower altitude temperatures (below25 km) during global dust storms and has been well described by Streeter et al. (2020)
and Wang and Richardson (2015). Dust also affects the diurnal cycle of temperatures, retaining thermal radiation during the
night and re ecting solar radiation during the day (Madeleine et al., 2011). The dust quantities vary across the Martian year,
with months 6 to 12 (month timings shown in Table A1) having much higher atmospheric dust than the other months (Forget
and Montabone, 2017). Months 1 to 6 are generally colder on Mars, leading to weaker wind speeds and subsequently less dus
uplifting during the colder months. Intra-annual shifts from the dust storm season to a colder less dusty season are dif cult to
self-consistently capture in 3D GCMs (Madeleine et al., 2011; Forget and Montabone, 2017).

We adapt the dust scheme available in the UM, which handles dust parameterisation using 9 particle radial size bins (0.03—
1000 m). A normalised distribution characterising the surface dust is set, with the values in bins 1-6 (0.68+8@scribed
and the remaining dust equally distributed across bins 7-9 (30-1600 This is described in detail by Marticorena and
Bergametti (1995); Woodward (2001, 2011) and an example of its application in a non-Earth climate can be seen in Boutle
et al. (2020). Atmospheric dust is absent upon initialisation and is calculated throughout the model simulation. Dust particles
are transported by atmospheric dynamics, turbulence (Lock et al., 2000), saltation (for uplifting larger particles, Woodward,
2001; Woodward et al., 2022) and dry deposition. Absorption and scattering of short/long-wave radiation is calculated using
Mie theory with the assumption that dust particles are spherical.

To determine the size distribution for the respective dust bins in the UM for Mars, we applied the same formula as used in

the second scenario by Madeleine et al. (201;1&2 namely

_ 2
()= p—y—exp © M=) T 1)
2 or 2 0

wherer is the potential size of the dust particle, between 0.03 and 30 micrgris.the variance and, is the mean, given

by Madeleine et al. (2011) as 0.81 and 1.5 m, respectivelyN is the normalised maximum (to unity) number of particles
available anch(r) is the probability of dust radii being present dependent omhis provides the distribution presented in

Fig. 3, giving the probable radial size of any given particle. The dust bin size ranges used have been overlaid with coloured
bars for each bin. The majority of dust resides in bin 4, but all bins are used in this study.

Dust production, uplifting and deposition are all characterised dynamically throughout the simulation. For dust production,
upon initialisation, the surface is assumed to have an in nite amount of available dust to be uplifted. Dust production for a
particle at rest is dictated by weight (primarily driven by particle size and composition), interparticle cohesion forces and wind
shear stress along the surface (Marticorena and Bergametti, 1995). As the setup is completely dry in the current con guration
and we use a dry sand composition, the main factor which will impact dust production in this scenario is the particle size.
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Figure 3. Dust size probability distribution used for the UM following Madeleine et al. (2011). Dust bin ranges are shown by the coloured
bars.

Dust uplifting is primarily driven by aeolian processes. Dust that has been freed from the surface is then transported via
turbulent eddies (“suspension”), saltation and creeping. The ability for particles of a given size to be uplifted is proportional
to their weight against the aerodynamic drag experienced (Marticorena and Bergametti, 1995; Woodward, 2001). Further dust
uplifting as a consequence of saltation and creeping is in uenced by the aerodynamic roughness length, which dictates how
much dust is further uplifted via the impact of larger particles. This threshold value thus dictates how easy it is for smaller dust
particles to be uplifted following an impact via saltation or creeping from a larger particle @ ®® an Earth atmosphere,
Marticorena and Bergametti, 1995). In the UM, horizontal dust ux is a tunable parameter. In this study, the horizontal dust ux
was tuned to 7.5 to match atmospheric dust levels in the PCM for month 9. Initial testing of this parameter with different values
did not change the distribution of the uplifted dust, but solely changed the amount of uplifted dust in the localised regions.

In the UM, we use the aerodynamic roughness length map from Hébrard et al. (2012), shown in Fig. 4. This aerodynamic
surface roughness threshold value could be set to a constant value in order to make sure that dust is being uplifted equally
across the planet, but this is likely to oversimplify the climate. By using these values, we are able to simulate regional dust
production dispersion, as opposed to a globally uniform dust production rate (Hébrard et al., 2012).

For dust optical properties, we used Earth dust optical values as shown in Tab. A3 and described in Balkanski et al. (2007).
These values are primarily used for Earth dust, but as these values are highly similar to those used by Madeleine et al. (2011]
and references therein, they were not changed.






