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Abstract

The current version of Laboratoire de Météorologie Dynamique (LMD) Mars GCM (original-
MGCM) uses annually repeating (prescribed) CO, snow albedo values based on the Thermal
Emission Spectrometer observations. We integrate the Snow, Ice, and Aerosol Radiation
(SNICAR) model with MGCM (SNICAR-MGCM) to prognostically determine H,O and CO,
snow albedos interactively in the model. Using the new diagnostic capabilities of this model, we
find that cryospheric surfaces (with dust) increase the global surface albedo of Mars by 0.022.
Over snow-covered regions, SNICAR-MGCM simulates mean albedo that is higher by about
0.034 than prescribed values in original-MGCM. Globally, shortwave flux into the surface
decreases by 1.26 W/m?, and net CO, snow deposition increases by about 4% with SNICAR-
MGCM over one Martian annual cycle as compared to original-MGCM simulations. SNICAR
integration reduces the mean global surface temperature, and the surface pressure of Mars by
about 0.87% and 2.5% respectively. Changes in albedo also show a similar distribution to dust
deposition over the globe. The SNICAR-MGCM model generates albedos with higher sensitivity
to surface dust content as compared to original-MGCM. For snow-covered regions, we improve
the correlation between albedo and optical depth of dust from -0.91 to -0.97 with SNICAR-
MGCM as compared to the original-MGCM. Dust substantially darkens Mars' cryosphere,
thereby reducing its impact on the global shortwave energy budget by more than half, relative to

the impact of pure snow.
1 Introduction

Surface albedo plays an important role in any planet’s energy budget and driving its
climate system. Water-vapor, cloud, and albedo feedbacks are the three most powerful positive
feedback mechanisms operating within the current climate system on Earth [e.g., Bony et al.,
2006; Winton, 2006; Randall et al., 2007; Soden et al., 2008; Shell et al., 2008; Flato et al.,
2013; Singh et al., 2015]. Due to the small amounts of water-vapor on Mars (as compared to
Earth) [e.g., Jakosky and Farmer, 1982; Smith, 2002; Maltagliati et al., 2011], cloud (consisting
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of condensed water or carbon dioxide) and albedo feedbacks are the primary feedback
mechanisms of climate on Mars. Dust is a critical component of Martian climate [e.g., Haberle
et al., 1982; Hourdin et al., 1995; Clancy et al., 2000; Newman et al., 2002a, 2002b; Madeleine
et al., 2011], and it can significantly amplify or weaken the other feedback mechanisms.

Dust is tightly coupled with the other components of the climate system. Global dust
events can cause changes in meteorological phenomena (i.e., dust storms, dust devils, clouds,
recession of the polar caps, and surface temperatures) that can persist for periods ranging from a
few weeks to more than one Mars year [Cantor, 2007; Montabone et al., 2015; Wang and
Richardson, 2015; Guzewich et al., 2017]. The dust and CO; cycles have long been known to
greatly affect the present-day climate of Mars. Although dust cycles are highly variable on Mars,
the CO, condensation cycle is highly repeatable on multi-annual timescales [Hess et al., 1980;
Kieffer and Titus, 2001; Brown et al., 2010; Brown et al., 2012]. Viking landers measurements
(VL1 and VL2) show a highly variable dust cycle (including large dust storms) over the years
[e.g., Zurek and Martin, 1993]. Snow albedo is strongly affected by the amount, types, and sizes
of dust impurities present in the snow [e.g., Wiscombe and Warren, 1980; Warren, 1984; Kieffer,
1990; Singh and Flanner, 2016].

The current version of the Laboratoire de Météorologie Dynamique (LMD) Mars GCM
(hereafter original-MGCM) uses annually repeating albedo values for CO, snow, derived from
the Thermal Emission Spectrometer (TES) observations, and a constant albedo value for H,O
snow-covered surfaces. These observations also show significant seasonal variation of snow
(both H,O and CO,) albedo [Kieffer et al., 2000; Kieffer and Titus, 2001]. Small changes in
albedo can have strong impacts on Martian climate dynamics, especially due to the very low
surface pressure (<1% of Earth’s atmosphere). Changes in albedo will alter the heating rate at the
surface, therefore affecting the CO, snow sublimation rate, and hence the Mars CO; cycle [e.g.,
Wood and Paige, 1992; Hourdin et al., 1995; Brown et al., 2016]. Therefore, it is important to
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prognostically determine snow (both H,O and CO;) albedos interactively in models of Mars’

climate.

In this paper, we use the framework of Singh and Flanner [2016] to integrate the extended
Snow, Ice, and Aerosol Radiation (SNICAR) model [Flanner et al., 2007; Flanner et al., 2009]
with the original-MGCM to simulate the impact of H,O and CO, snow albedo on the Martian
energy budget. We then analyze subsequent changes in the Mars CO,, temperature, and pressure
cycles. We perform multiple analyses to determine the sensitivity of the Martian energy budget
to cryospheric surfaces and dust presence in snow. We also compare our simulations with
observed Mars surface pressure from VL1 measurements. Finally, we assess the correlation
between atmospheric dust and snow albedo on Mars in simulations with and without prognostic

snow albedo.

2 Methodology

We incorporate the extended SNICAR model into the original-MGCM to calculate real-
time interactive surface broadband snow albedo. SNICAR is a two-stream multiple scattering
radiative transfer model used to simulate the albedo, transmission, and vertical absorptivity of
snow surfaces consisting of different mixtures and size distributions of H,O snow, CO; snow,
and light-absorbing impurities like dust [e.g., Flanner et al., 2007; Singh and Flanner, 2016]. It
has been applied extensively to represent terrestrial snow surfaces, and details of model
adaptation and model evaluation for Martian cryospheric surfaces are described by Singh and
Flanner [2016]. The extended version of SNICAR utilizes 480 bands spanning 0.2-5.0 um at 10
nm spectral resolution. We divide the broadband (0.2-5.0 um) into two sub-regions (0.2-0.5 pum
and 0.5-5.0 um) which are used for atmospheric radiative transfer calculations in the original-
MGCM. These band-averaged values are weighted with solar spectral irradiance measurements
from Labs and Neckel [1968]. We use the optical properties [Singh and Flanner, 2016] of
Martian dust [Wolff et al., 2006; Wolff et al., 2009; Wolff et al., 2010] determined using Mie
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Theory with an assumed gamma size distribution [Hansen and Travis, 1974] with reg = 1.5um
and effective variance (verr) = 0.3 [Wolff et al., 2006].

2.1 Original-MGCM scheme

The original-MGCM described in Pottier et al. [2017] and includes schemes to account for
the CO, [Forget et al. 1998; 1999], water [Navarro et al., 2014], and dust [Madeleine et al.,
2011] cycles. As demonstrated in Haberle et al., [2008], the presence of sub-surface polar water
ice tables act as heat reservoirs and significantly impact the CO, cycle, along with CO; snow
albedo and emissivity values [Wood and Paige, 1992]. Thus to correctly tune the original-
MGCM CO; cycle (i.e. to obtain surface pressures at VL1 site which match the observations),
following Hourdin et al., [1995], a minimizing technique to optimize north and south sub-surface
water ice table depths and surface CO2 snow albedo is initially used. In addition, to improve the
realism of the modeled CO, cycle, when CO, snow is present at the surface, its albedo is set to
the broadband albedo measured by the TES solar channel times a tuning coefficient to account
for the effect of airborne dust on measurements and the non-Lambertian behavior of the snow
(this coefficient is also optimized to obtain a better fit when comparing to the VL1 annual

pressure cycle).

Instead of using a prescribed surface albedo from TES observations, SNICAR coupled
with the original-MGCM (SNICAR-MGCM) calculates the surface albedo (of both H,O and
CO; deposits) interactively using surface dust deposition flux (already present in the model) as
an input. As pure snow albedos are much higher [Singh and Flanner, 2016] than the TES
observed albedos, a first step in this process was to determine a base amount of dust to constrain
simulated albedos within realistic limits. First the original model was run for a long period with
dust accumulation in snow occurring throughout the run. We calculate accumulated dust and
SNICAR albedos as diagnostic variables for this purpose. The accumulated dust amount at the
time-step (~550 sols) for which minimum difference between annual global averages of TES

observed albedo and modeled albedo is achieved is used as a “baseline dust” for model
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initialization. This albedo difference was minimized only for snow-covered regions. The

“baseline dust” varies spatially, and has the same surface grid-resolution as the original-MGCM.

2.2 Dust Scheme

The next step in the process was to simulate realistic amounts of dust in snow for long
duration model runs. The original-MGCM uses a prescribed airborne dust climatology
[Montabone et al., 2015] specific to each Martian year. This dust scheme is semi-interactive,
which uses a virtual tracer to keep track of the dust content in the atmosphere and that the
scheme implies adding a flux of that virtual tracer from the surface (which is vertically
transported by the GCM's turbulence scheme, sediments, etc.; that tracer is also advected by the
dynamics) at all locations and times. The columnar value of this virtual tracer is then rescaled to
match the column optical depth to be prescribed using the dust scenario. In that sense, the total
(column) amount of dust is prescribed, but not the shape of the vertical profile. Once the
rescaling done, one has access to a dust vertical profile from which one may derive an evaluation
of vertical dust gradient, dust fallout etc. We do not enforce (or track) any conservation of dust

(again because we prescribe the columnar amount of dust).

We used an exponential decay mechanism to achieve stable dust amounts in snow. Our
dust scheme is an implicit dust removal function that we incorporated to prevent dust burdens in
perennial ice from continuously increasing. The chief physical process on Mars that is likely
responsible for dust removal from permanent ice is exposure of dust deposits from sublimation,
followed by wind scouring and remobilization. Adequately resolving these processes, however,
would require a multi-layer fine resolution snow model that keeps track of very thin dust deposit
layers. Since we cannot explicitly resolve re-exposure of dust and wind scouring with the bulk
(single layer) snow model in the original-MGCM, we incorporate it as an implicit e-folding
decay scheme. In rare circumstances, snow and ice melt may also carry dust particles down
through the ice column into the underlying soil, but vertical redistribution of dust particles also

cannot be resolved without a multi-layer model, hence this process is also represented implicitly
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in our decay scheme. Finally, we note that when seasonal ice is completely eliminated from the
surface, dust concentrations in snow are reset to zero in advance of any subsequent ice
deposition, thus effectively removing any dust that had been in the snow. When the snow melts
or sublimates completely, the dust is effectively transferred back to the soil. For a given time ‘t’,

net dust burden in snow (kg/m?) in snow d(t) at the surface is given by:
d(t)=[d(t-1)+d,]Je™" (1)

where “do’ is the dust deposition (at surface) occurring during the time step in the original-
MGCM, ‘“ty’ is the physical time-step (1/96 sol; 1 sol = 88775 seconds) of the model run, and ‘7’
is the decay constant. For t = 0, we use baseline dust to representd(t —1). To calculate the value
of ‘1’, we first run the model for one Martian Year (MY) without any decay mechanism. Next,

we replace d(t) with the average baseline dust determined earlier, [(d(t —1)+d, )] with average

model accumulated dust at the end of run, and ‘ty” with the total run-time (in seconds) of the
model. We found the optimal value of ‘=’ to be equal to 1.36x10° seconds (~1528 sols) using

above mentioned technique.

Here, the relaxation timescale for dust burdens in snow is spatially uniform. As shown
later, the optimal timescale that we found produces stable global burdens of dust in snow, but we
acknowledge that removal timescales must vary spatially. Exponential decay scheme is easy, and
robust to implement without hampering the actual dust content calculations much. Understanding
and implementation of a more sophisticated decay mechanism would require a separate study,
and a different approach. More sophisticated and vertically-resolved snow models will enable

future removal schemes to be coupled more closely to model physics.

2.3 Coupling with SNICAR

Finally, we couple the extended version of SNICAR [Singh and Flanner, 2016] with the
original-MGCM to provide more physically realistic albedo simulations for snow covered
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surfaces, and higher spectral resolution (different albedo for each wavelength band in original-
MGCM). We also determine the impact of cryospheric surfaces and dust in snow on the
shortwave energy flux of Mars. In this study, all grid-boxes with at least 0.01 kg/m? surface
snow are considered part of the “snow-covered” region. We assume zero change in all physical
quantities at non-snow covered regions for all scenarios in this study. Therefore changes over
non-snow covered regions are not plotted in any maps, except the dust deposition at surface. All
global average parameters are area-weighted means for that particular quantity. Snow-covered
averages are area-weighted means for snow-covered regions only. We determine the Pearson
correlation coefficient to measure the linear correlation between two variables. All the changes

reported in this paper are with respect to the original-MGCM, unless stated otherwise.
3 Results and Discussion

We run the original-MGCM for various Martian Years (MY24 — MY31) [Clancy et al.,
2000] using separate dust climatologies [Montabone et al., 2015] specific to each year. Figure 1
shows the global annual mean surface albedos for various scenarios on Mars. Snow-free albedo
is bare ground albedo (prescribed in the model) without the presence of any snow. MGCM
albedo is that simulated using the original-MGCM (without SNICAR), Dust-free albedo is pure
snow albedo as simulated with the integrated version of SNICAR but assuming no dust in snow,
and finally SNICAR albedo is the albedo computed after the integration of SNICAR into the
MGCM (SNICAR-MGCM) and including the effects of dust in snow. Due to higher sensitivity
to dust, SNICAR albedos are slightly lower than original-MGCM albedos for Martian Years with
higher dust deposition (e.g. MY25), and higher for years with lower dust deposition (e.g. MY30).
We observe a correlation of 0.861 between annual mean values of SNICAR-MGCM and
original-MGCM surface albedo (area weighted average over snow-covered area). Dust-free and
snow-free albedos are derived from diagnostic dust-free and snow-free albedo calculations
respectively within the original-MGCM. These diagnostic calculations are computed within the

same simulation. However, the diagnostic calculations do not affect the simulated climate state.
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The global annual mean values differ little between the original-MGCM and SNICAR-
MGCM scenarios (Table 1), indicating physical stability of the model with SNICAR integration.
Table 1 also presents mean albedo values calculated over snow-covered surface only. Dust-free
albedos are much higher than the SNICAR-MGCM albedos due to the presence of high amounts
of light-absorbing dust within snow in the latter case. We also note that CO, snow is more
susceptible to dust darkening as compared to H,O snow, especially in the near-IR spectral region
[Singh and Flanner, 2016]. Table 2 lists the changes caused in net surface shortwave flux

between various scenarios discussed in the following sections.

Table 1: Eight Martian years (MY24-MY31) annual mean albedo for various scenarios on Mars.
All means are area-weighted.

Scenario SNICAR MGCM Dust-free Snow-free
(with SNICAR)

Mean Albedo

(Global) 0.23 0.23 0.29 0.20

Mean Albedo

(Snow-covered) 0.41 0.37 0.73 0.20

Table 2: Surface shortwave flux changes between various scenarios (Scenario 1 — Scenario 2)
discussed in this paper.

Scenario 1 Scenario 2 Global (W/m?) Snow-covered
(W/m?)
SNICAR-MGCM Original-MGCM -1.26 -6.79
Snow mixed with dust No cryosphere -0.44 -2.25
Snow mixed with dust Pure snow 0.25 3.33
9
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Figure 1: Annual global (top) and snow-covered (bottom) mean surface albedo of Mars

calculated for various scenarios.
3.1 Comparison between SNICAR-MGCM and original-MGCM simulations

Figure 2a shows the global map of difference in annual mean albedo simulated using
SNICAR-MGCM and original-MGCM (SNICAR minus MGCM albedo). In general, SNICAR-

MGCM albedos are higher than original-MGCM albedos near the poles and are smaller near

10
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mid-latitudes. Original-MGCM simulates much higher dust deposition near mid-latitudes as
compared to the poles (Figure 2b), resulting in lower snow albedo simulated by SNICAR-
MGCM. This effect was not present in the original-MGCM because the albedo was insensitive to
dust variability on the surface. Albedo changes also follow a similar distribution as the surface
dust deposition (positive with lower dust deposition and negative with higher dust deposition),
especially in Northern Hemisphere. We observe a larger change in albedo in Southern
Hemisphere due to higher abundance of CO, snow [e.g., Kieffer et al., 2000], which is brighter
than H,O snow [Singh and Flanner, 2016]. These changes in albedo significantly impact the

shortwave flux, especially at the surface (Figure 3).

We do not observe a direct correlation between change in the albedo and net shortwave
flux because of high variation in the atmospheric dust content from one year to another on Mars.
Due to global dust storms (e.g. MY25), the amount of dust in the atmosphere increases by almost
a factor of two from the previous year. Atmospheric dust can significantly change the
downwelling flux, therefore it acts as an important contributing factor for change in the net
shortwave flux. After the SNICAR integration, we estimate global (snow-covered) annual mean
change in albedo and net shortwave flux (at surface) of 0.001 (0.034) and -1.26 (-6.79) W/m?,
respectively, relative to the original-MGCM. Since the SNICAR-MGCM uses higher dust
content in the snow as compared to the original-MGCM, the dust have a significant effect on the
downwelling flux in snow-covered regions. Due to relatively higher dust deposition in mid-
latitudes, the downwelling flux increase substantially. Generally, this causes SNICAR-MGCM

obtained net shortwave flux to be lower than mean original-MGCM net shortwave flux.

11
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Figure 2: Eight Martian years (MY24-MY31) annual mean maps highlighting (a) mean albedo
difference between SNICAR-MGCM and original-MGCM (mean SNICAR-MGCM albedo —

mean original-MGCM albedo); (b) mean surface dust deposition.
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Figure 3: Global map of mean shortwave flux difference at the surface between SNICAR-
MGCM and original-MGCM (mean SNICAR-MGCM flux — mean original-MGCM flux).

Due to albedo changes imparted by the SNICAR integration, we observe an average net
increase (~ 4%) of CO, snow deposition on Mars surface over one annual cycle (Figure 5a) as
compared to the original-MGCM simulations. On average all regions experience an increase in
CO, snow deposition, except at (and nearby) the South Pole (Figure 4). SNICAR integration
reduces the net mean global surface temperature (Figure 5b) of Mars by about 1.7 K (0.87%),
with variation in temperature drop ranging from 1.5 K for high-dust years (e.g. MY25) to 2.0 K
for low-dust years (e.g. MY30). This leads to the conclusion that the polar albedo increase and
associated temperature drop caused by SNICAR integration are primarily responsible for higher
CO; snow surface deposition. Due to higher CO, deposition, we also observe a net reduction of

about 2.5% in the surface pressure (Figure 5c) annually.
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Figure 4: Global map of net annual mean CO, snow deposition difference between SNICAR-
MGCM and original-MGCM (mean SNICAR-MGCM CO, snow deposition — mean original-
MGCM CO; snow deposition).
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Figure 5: Annual variation (1 MY = 669 sols) of global means for (a) net CO, snow deposition
(top), (b) surface temperature (middle), and (c) surface pressure (bottom). Values are averaged
over eight Martian years (MY24-MY31).

3.2 Comparison between snow-covered and snow-free scenarios

After integrating SNICAR into the original-MGCM, we estimate the impact of cryospheric
cover on Martian albedo and shortwave energy flux via diagnostic calculations. Both snow-free
and snow-covered simulations are performed using the dust scheme described in section 2.2.
Snow-free calculations are separate diagnostic output calculated within the same simulation.
However, being a diagnostic output, snow-free calculations do not alter the simulated climate
state. We determine the net content of dust in snow using both original-MGCM predicted dust
deposition flux and baseline dust along with the decay mechanism (Equation 1). Figure 6 shows
the global difference map of bare ground albedos from snow-covered albedos. Some grid-points
near the mid-latitudes show a slightly higher albedo for bare ground as compared to snow-
covered albedo. In these regions snowfall frequency and amount are both lower as compared to
polar regions. A high concentration of dust within a small amount of snow can decrease the
surface albedo significantly, and bring it lower than the actual bare ground albedo. Also, the
strong absorption features of CO, snow at various wavelengths disappear with high dust
concentrations [Singh and Flanner, 2016]. Figure 7 shows the changes in shortwave energy flux
at the surface between snow-covered and snow-free scenarios. On Mars, the cryosphere causes a
global (snow-covered) annual mean change of 0.022 (0.202) and -0.44 (-2.25) W/m? in albedo
and net surface shortwave flux respectively, compared to there being bare ground at these
locations. The global annual-mean net surface shortwave flux on Mars is currently about 120
W/m?.
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Figure 7: Global map of mean shortwave flux difference at the surface between snow-covered

and snow-free scenarios using SNICAR-MGCM.
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3.3 Impact of dust

Next we calculate the impact of dust darkening on Martian snow albedo and shortwave
energy flux. As for the snow-free calculations, dust-free calculations are also diagnostic outputs,
and they do not alter the simulated climate state. Net global (snow-covered) annual mean dust-
free albedo is higher by about 0.06 (0.32) than the actual albedo calculated using the SNICAR-
MGCM (Figure 8). Differences are negligible near the cap edge due to the scarcity of snow.
Except for those edges, the albedo change is higher near mid-latitudes as compared to the poles.
This happens due to the decrease in dust amount from mid-latitudes to poles (Figure 2b). Dust
causes a global (snow-covered) annual mean change of 0.25 (3.33) W/m? in shortwave flux at
the surface, compared to there being pure snow at the snow-covered locations (Figure 9). The
absolute change in albedo caused by dust in snow (for snow-covered regions) relative to pure
snow is larger than the albedo change caused by the dusty cryosphere relative to the bare ground.
This illustrates the importance of dust in the Martian climate system.
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Figure 8: Global map of mean albedo difference between SNICAR-MGCM albedo and
SNICAR-MGCM dust-free albedo.
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MGCM albedo and dust-free scenarios using SNICAR-MGCM.
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We observe a higher sensitivity of surface albedo to atmospheric dust with SNICAR-
MGCM, as shown in Figure 10. We initially observe that the original-MGCM albedos are not
very sensitive to dust optical depth over the years. For snow-covered regions, we improved the
correlation between albedo and dust optical depth from -0.91 to -0.97 with SNICAR-MGCM as
compared to the original-MGCM. We use global annual values from eight Martian Years (Figure
9) to compute correlation coefficients. In general, net snow-albedo decreases with increasing
dust content in the snow [e.g., Singh and Flanner, 2016]. Since the dust optical depth is directly
correlated with dust deposition, an anti-correlation is expected between albedo and optical depth.
Therefore more negative correlation coefficient indicates a better agreement between the two
quantities. On a global scale, albedo and optical depth have a positive correlation of 0.41 in
original-MGCM, indicating no relationship between the two quantities. This happens because the
original-MGCM uses prescribed TES surface albedo irrespective of dust content. We observe a
correlation of -0.72 between albedo and optical depth with SNICAR-MGCM on a global scale.

3.4 Comparison with observed data

Finally, we compare our simulated surface pressures (diurnal averages) with VL1 observed
surface pressures (diurnal averages). The Viking lander (VL1) recorded surface pressure data for
Mars at a particular location in Northern Hemisphere (22.5°N, 48°W) [e.g., Hess et al., 1980;
Hourdin et al., 1993]. First, we extract the pressure data from the original-MGCM and the
SNICAR-MGCM runs at VL1 location with a hydrostatic rescaling to the actual Viking Lander
altitude to enable comparisons with the Viking Lander records. Next, we average this surface
pressure data over eight Martian years (MY24-MY31). Lastly, we compare this rescaled and
averaged surface pressure data with observed surface pressure data (VL1). The original-MGCM
yields an average difference of about 6% in the surface pressure as compared to VL1 (Figure
11). Comparatively, the SNICAR-MGCM vyields an average difference of about 8.4% in the
surface pressure as compared to VL1 (Figure 11) observed surface pressure. The simulated

surface pressure reduction with the SNICAR-MGCM is consistent with the global reduction of
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2.5% in surface pressure discussed in section 3.1. This annual offset between model and
observations in surface pressure is not fundamental. This can be easily minimized with changing
global atmospheric mass in the model. This comparison illustrates the impact of introducing
SNICAR with respect to the original-MGCM, and the resulting shift in CO, polar caps
progression and regressions. For full evaluation of the SNICAR-MGCM scheme with respect to
the observations, one should re-tune the CO; cycle (using the same procedure as used for the

original-MGCM, described in section 2.1), which is beyond the scope of this paper.
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Figure 11: Comparison of annual variation of surface pressure at VL1 landing site along with the
same (see text) obtained with the original MGCM and SNICAR-MGCM simulations.
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4  Conclusions

We successfully integrate the extended version of SNICAR [Singh and Flanner, 2016] into
the current version of the LMD Mars GCM to calculate real-time interactive snow albedo,
dependent on dust deposition fluxes determined by the model. We use a baseline dust content to
constrain the surface albedo within realistic boundaries for Mars. We also use an implicit

exponential decay method to release dust on the surface over time.

On a global scale, there is no significant difference between SNICAR-MGCM and
original-MGCM surface albedo. However, the SNICAR-MGCM model generates albedos with
higher sensitivity to surface dust content as compared to the original-MGCM. In some cases
SNICAR-MGCM albedo is smaller because of higher dust in that region. SNICAR integration
also alters the planet’s CO; cycle. On a global scale, net CO, snow deposition increases annually
by about 4%. Changes in albedo and surface dust content also impact the shortwave energy flux
at the surface. With SNICAR integration, net shortwave flux into the surface changes by -1.26

W/mZ. Changes in albedo also show a similar distribution to dust deposition over the globe.

Real snow albedos are much lower than the dust-free albedos due to the high amount of
dust deposition on Mars, and higher susceptibility of CO, snow albedo to dust darkening as
compared to H,O snow. Dust is one of the key elements in determining the climate state of Mars.
We quantified several diagnostic radiative flux quantities for this study. First, we diagnosed the
instantaneous difference between the SNICAR-MGCM net shortwave flux and what the flux
would have been if there were instead bare ground where the model predicts dusty cryosphere.
Over snow-covered regions, we calculated this cryosphere forcing term to be -2.25
W/m?. Second, we quantified the instantaneous difference in net shortwave flux between the
dust-laden cryosphere and the pure cryosphere; i.e., between the SNICAR-MGCM result and the
result that would have been obtained if the predicted snow-covered areas had contained no
dust. Over snow-covered regions, we calculated this difference to be 3.33 W/m?, which is about

1.5 times greater than the impact of the dust-laden cryosphere relative to the no-cryosphere case.
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We also achieve a better correlation between dust deposition (as gauged by atmospheric dust
optical depth) and surface albedo with the SNICAR-MGCM, indicating higher dependency of
surface albedo on dust. We expect this study will lead to better understanding of various other
physical processes connected (directly or indirectly) with surface albedo on Mars, including

energy transfer and dust movement.
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