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Introduction: A significant fraction of the Mar-
tian atmosphere condenses on the surface in the po-
lar regions during the local Fall and Winter. As a
result, the volumic mixing ratio of non-condensable
gases, i.e. Ar (~1.9%), N; (~1.9%), O, (~0.1%), and
CO (~0.1%) [1] is expected to increase as a function
of season and latitude [2,3,4,19]. Observations have
confirmed this depletion [5,6], at least in the South.
The low brightness temperatures of CO, ice noticed
in places may also be an expression of non-
condensable gas enrichment near the surface [7,8,9].
As the non-condensable gases are enriched, the par-
tial pressure of CO, decreases. The decrease in par-
tial pressure results in a decrease in equilibrium con-
densation temperature for the surface frosts.

Here, we present an analysis of North and South
CO, seasonal caps surface temperature observations
by the Mars Climate Sounder (MCS) [10,11]
onboard the Mars Reconnaissance Orbiter. In the
South, we show that ground temperatures associated
with frozen surfaces are ~0-4 K lower than anticipat-
ed, with latitudinal and seasonal trends generally in
phase with the growth and retreat of the seasonal
polar cap. Near-surface non-condensable gas mixing
ratios implied by these low measurements approach-
es ~50%, close to modeled values [2,3,4,19], but
larger than measured for the entire atmospheric col-
umn (e.g., ~20% [5,6]). In the North, a deep deple-
tion is observed near the pole (0-5K, equivalent to
<50% CO,), but with a transient increase near the
peak of the polar night (near Ls~270).

Methodology: To quantify the depletion of at-
mospheric CO, gas in the polar regions, we compare
the temperature of the CO, seasonal caps with a pre-
diction of the local frost point temperature (7o)
assuming a non-depleted atmosphere. The theoretical
local frost point T¢p, is determined using MOLA
topography and season (to calculate the local atmos-
pheric pressure [12]) in conjunction with Clausius
Clapeyron’s law [13].

The kinetic temperature of CO, ice (7}) is not ac-
cessible from remote surface temperature measure-
ments with a single wavelength, but multispectral
observations can be used to characterize the surface
emissivity, and derive the kinetic temperature 7} of
CO, ice. We use MCS atmospherically-corrected
surface brightness temperatures observations [11,15]
acquired at multiple wavelengths to derive the emis-
sivity of the surface (itself controlled by the equiva-
lent crystal sizes d [7,14]) and then access the kinetic

temperature of the surface CO,; ice 7;. To do so, we
derive the mathematical solution for {7};d} satisfy-
ing surface temperatures observations 7T and T,
(MCS channels Al and A4). In other words, we
solve for Eq. I, which is a system of two equations
linking two unknown (7} and d), with two measure-
ments (75 and 7).

T = T; Ed
(Td} <=> " ST =d) (1)
1, =f(Tk;g12 Ed)

In Eq. 1, fis a function obtained from modeling (Fig.
1), and linking CO,; ice emissivity with crystal size
and wavelength. Fig. I assumes no surface dust or
water ice contamination, such that the emissivity ¢ of
CO; ice crystals is only a function f of the crystal
size d [7,15,16].
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Figure 1: Modeled emissivity for CO; ice as a func-
tion of crystal size and wavelength. MCS channels
are indicated at the bottom. Modified from [15].

We favor T;s and T;, over other measurements be-
cause the emissivity of CO; ice at these wavelengths
is least sensitive to the crystal size d, and closest to
T;. We note that T|5 (A3) and T;s5 (A2) have signifi-
cant gaseous CO, opacity and are unsuitable for ob-
serving the surface. We eliminate low derived emis-
sivity observations (or brightness temperatures) cor-



responding to CO, crystal sizes smaller than ~500
um because they are associated with non unique
{T};d} solutions (Fig. 1) that could be confused with
micrometer size crytals. Specifically, we eliminate
families of observations where 73, < 110 K corre-
sponding to emissivities &;,~< 0.35. Observations
matching this criterion are rather uncommon.

Results are presented in terms of temperature differ-
ence 4 (Fig. 2) between the derived kinetic tempera-
ture of CO, ice and the predicted local frost point:

A =Teos - Ty (2)
Because Tco» accounts for both the seasonal and
elevation-driven variations of the local pressure, we
assume that 4 is solely a function of the CO, deple-
tion in the near surface atmosphere, and ignore sur-
face contaminations and instrumental errors.
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Figure 2: Evolution of the CO; frost point tempera-
ture depression with season and latitude. Values
above 0 are thought to be a consequence of assum-
ing a fixed scale height.

Limitations and potential mitigation: There are
a number of caveats, limitations and considerations
to the approach:
1: Tcos is calculated assuming a fixed atmospheric
scale height H (here taken as 9 km). [12] has shown
that A varies locally and seasonally, hence impacting
the local pressure and therefore 4. Future work will
incorporate a space- and time-dependent estimation
of H constrained by MCS retrievals and circulation
modeling. The use of the fixed scale height implies
that the relative 4 difference between the North and
the South may not be meaningful. At the workshop,
we will present an analysis using a better estimation
of the scale height;
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Figure 3: Evolution of the CO; mixing ratio (called
here %CO,) with season and latitude. Values above
1. are thought to be a consequence of assuming a
fixed scale height.

2: Solving for Eg. 1 assumes no dust and water ice
contamination on the surface. While the validity of
this assumption is debatable in the polar night,
springtime jetting activity on the ice brings dust on
the cap that partially masks the spectral properties of
CO, ice and yields a diurnal temperature cycle
[17,18]. For this reason, the technique presented here
cannot be used at times and in regions where jetting
activity occurs (e.g., no usable data in the North at
0<Ls<70, and Ls>200 in the South).

3: The proposed approach requires the presence of
surface CO, ice, and is therefore limited to the polar
regions. Future work will explore the possibility to
leverage the presence of diurnal CO, frost to expand
this work at nearly all latitudes, even though little to
no depletion is generally expected beyond the poles.

Results: The evolution of 4 (and equivalent mix-
ing ratio) versus season and latitude band is present-
ed in Fig. 2 and Fig. 3 and shows in the South:
¢ a decrease of the frost point temperature from the
early Fall (Ls~0) to Ls~110, which corresponds to
the time of the maximum extent of the cap [15].
This timing is consistent with GRS observations
[5,6] but less so with the GCM results of [3,4]
where the peak depletion is predicted near Ls~150.
We Note that [19] predicts the peak depletion at
Ls~110;

¢ the CO, depletion generally increases towards the
pole in agreement with GRS observation [5,6], and
we note that mapping (Fig. 4) indicates that the
peak depletion occurs a few degrees off the geo-
graphic pole, in correlation with the offset of the
perennial CO, cap;



Figure 4: Map of the CO, frost point depression
derived from 29<MY<33 data around the South
Pole of Mars (-90° to -50°N), at 90<Ls<I20. Red:
No depletion; Purple: 5K depletion (equivalent to
~50% CO; and ~50% non condensables).

¢ the evolution of the CO, depletion does not follow
the monotonic pace of the growth and retreat of
the cap, but instead follows periods of accelera-
tions generally when the cap is growing (e.g.,
0<Ls<50), of pause (e.g., 5S0<Ls<60) and reduction
of the depletion, generally when the cap is retreat-
ing (e.g., 110<Ls<200);

In contrast, in the North, we find:

¢ a decrease of the frost point temperature from the
early Fall (Ls~180) to Ls~220, which corresponds
to a phase of seasonal cap growth [15]. Between
Ls~220 and Ls~280, the depletion decreases, while
the cap continues its growth, possibly indicating
an injection of non-depleted atmosphere into the
polar vortex. The trend is symmetrical after
Ls~280, with a re-decrease of the mixing ratio of
CO, gas, and the final decrease until the cap dis-
appears past Ls~20.

* These observations contrasts with published work
using GRS observations [5,6] indicating no clear
non-condensable enrichment near the North Pole,
as well as eith GCM simulations [3,4]. They are
consistent with the modeling results of [2].

Discussion: The kinetic surface temperatures de-
rived from MCS measurements provide a clear sig-
nal into the local enrichment of the atmosphere with
non-condensable species due to the condensation of
CO,. This will allow us to map and characterize the
relationship between the atmosphere and the surface
in the Martian polar night.

In the North, the complex depletion pattern in-
duced by the evolution of 4 suggests an injection of
atmospheric gas from outside the polar vortex. This
permeability of the North polar vortex contrasts with

the observations in the South suggesting a significant
enrichment near the surface in non-condensable gas-
es reaching up to ~50% at Ls~110. Maintaining both
this latitudinal and vertical gradient is challenging
because of the density gradient induced by this de-
pletion [3,4] and other mixing processes [19].

The lowering of the kinetic temperature of CO,
ice reduces the ability of CO, ice to efficiently radi-
ate heat in the winter, might have an impact on the
mass budget of the seasonal caps, and can help us
constrain the general circulation.

Ongoing work will further refine these results
and mitigate some of the above limitations. It will
also further explore the implications for the inferred
enrichments.

Nomenclature: T kinetic temperature of sea-
sonal CO, ice; T¢p;: predicted kinetic temperature of
CO, ice assuming no enrichment by non-
condensable gases; d: surface seasonal CO; ice crys-
tal size; 7, where # is an integer: brightness tempera-
ture at n pm; &, where n is an integer: emissivity de-
rived at n um; H: Atmospheric scale height (9 km in
this work).
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