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ARTICLE INFO ABSTRACT
ATfiC{E history: The condensing CO, south polar cap of Mars and the mechanisms of the CO; ice accumulation have
Received 20 November 2007 been studied through the analysis of spectra acquired by the Planetary Fourier Spectrometer (PFS) during
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: . the first two years of ESA’s Mars Express (MEX) mission. This dataset spans more than half a martian
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year, from Ls ~ 330° to Ls ~ 194°, and includes the southern fall season which is found to be extremely
important for the study of the residual south polar cap asymmetry. The cap expands symmetrically and

Keywords: . : ! : > .

Mars, polar caps with constant speed during the fall season. The maximum extension occurs sometime in the 80°-90°
Mars, climate Ls range, when the cap edges are as low as —40° latitude. Inside Hellas and Argyre basins, frost can be
Ices stable at lower latitudes due to the higher pressure values, causing the seasonal cap to be asymmetric.

Within the seasonal range considered in this paper, the cap edge recession rate is approximately half
the rate at which the cap edge expanded. The longitudinal asymmetries reduce during the cap retreat,
and disappear around Ls ~ 145°. Two different mechanisms are responsible for CO, ice accumulation
during the fall season, especially in the 50°-70° Ls range. Here, CO, condensation in the atmosphere, and
thus precipitation, is allowed exclusively in the western hemisphere, and particularly in the longitudinal
corridor of the perennial cap. In the eastern hemisphere, the cap consists mainly of CO; frost deposits,
as a consequence of direct vapor deposition. The differences in the nature of the surface ice deposits
are the main cause for the residual south polar cap asymmetry. Results from selected PFS orbits have
also been compared with the results provided by the martian general circulation model (GCM) of the
Laboratoire de Météorologie dynamique (LMD) in Paris, with the aim of putting the observations in the
context of the global circulation. This first attempt of cross-validation between PFS measurements and
the LMD GCM on the one hand confirms the interpretation of the observations, and on the other hand
shows that the climate modeling during the southern polar night on Mars is extremely sensitive to the
dynamical forcing.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction tic region (Kieffer et al., 2000), and during the polar night (Titus et
al., 2001). Because a large portion of the atmosphere condenses

Despite the large number of studies on the southern spring and in and sublimes from the seasonal caps in a cyclic way during
summer polar cap recession, with both satellite and ground-based ~ the year, the frost deposits play a significant role in the regional
observations, only few studies are available in the literature de- ~ and global atmospheric circulation. Understanding the nature of
scribing the seasonal progression of the martian south polar cap the seasonal.polar. caps 1s.esse.nt1al if we want to understand the
(SPC) during the fall and winter seasons; in addition, most of them  Current martian climate with high degree of confidence.
make use of model predictions rather than measurements. This is As much as 30% of the martian atmosphere condenses every
mainly due to limitations in the visible imaging technique which is ~ Year to form polar caps in both hemispheres (Tillman et al., 1993;
used to determine the contrast of albedo between the edge of the ~ Prettyman et al, 2003), inducing large variations of the surface
seasonal cap and the volatile free soil. Such contrast is practically ~ Pressure over the entire planet, as first observed by the Viking

undetectable where the CO; cap is dark, as in the south polar cryp- ~ landers (Hess et al, 1980; Hourdin et al, 1993). At first glance,
this phenomenon may seem straightforward, but several previ-

ous works on the thermal structure and thermal IR observations
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Banfield et al., 2003; Hinson et al., 2003; Colaprete et al., 2005).
Traveling weather systems (transient eddies) are prominent in both
hemispheres (Barnes, 2003; Banfield et al., 2004; Hinson and Wil-
son, 2002), while the large-amplitude and strongly upper-level dis-
turbances observed for the first time in the northern hemisphere
by the Viking Meteorology Experiment (Barnes, 1980, 1981) have
yet to be observed in the south, despite their prediction by Mars
GCM experiments (Barnes et al., 1993). A peculiar and very promi-
nent component of the southern winter circulation, as revealed by
the Thermal Emission Spectrometer (TES) and Radio Occultation
observations from MGS (Hinson et al., 2003), is a large-amplitude
quasi-stationary wave pattern. At lower altitudes this wave can
show a fairly strong wavenumber-2 pattern, but at upper altitudes
it is dominated by wavenumber 1. This planetary wave and the
complex dynamical processes that occur in the atmosphere during
the southern polar night have important effects on the regional cli-
mate of the southern hemisphere in winter time (Colaprete et al.,
2005).

Whether the CO; ice accumulation in the polar caps is the re-
sult of a direct vapor condensation at the ground (frost), or of
atmospheric condensation and precipitation (snow), cannot be eas-
ily addressed. The formation of CO, ice clouds and snowfall in the
martian polar night is far from being completely understood, and
the direct condensation of the main atmospheric constituent (car-
bon dioxide) in the polar regions during fall and winter is one
aspect of the martian meteorology that has no terrestrial coun-
terpart.

In this paper we try to address, at least partially, the lack of
information about the condensing CO, south polar cap of Mars,
studying in particular, the progression (advancing or expanding
cap) and the recession rate of the CO, ice deposits towards lower
(higher) latitudes and the mechanisms of the CO, ice accumula-
tion. For this purpose, we have analyzed the PFS spectra acquired
during the first two years of the MEX mission. We also provide
new insights into the explanation of the residual south polar cap
asymmetry which has been proposed by Colaprete et al. (2005).

It is important to note that, in this paper, we focus our interest
only on the CO; cap and the mechanisms of CO, ice accumulation.
The actual extension of the polar ices, including the water ice cap,
may be found at different latitudes than those reported for the
cap edges in this paper; the values presented here being the bound
only for the CO; ice deposits. Hereafter, we will always refer to the
polar cap as the CO ice polar cap. Moreover, we will use the word
“frost” to indicate CO, that condensed directly onto the surface,
with no implications for grain sizes.

1.1. Data set and treatment

The Planetary Fourier Spectrometer (PFS) for the Mars Express
mission is an infrared spectrometer operating in the wavelength
range from 1.2 to 45 pm separated in two spectral channels,
called SWC (short wavelength channel) and LWC (long wavelength
channel). These channels cover, respectively, 1.2-5.5 pm (1800-
8200 cm~!) and 5.5-45 pum (220-1800 cm~!). The spectral res-
olution from the measured monochromatic transfer function is
13 cm~! when no apodization function is applied, and about
2 cm~! when a Hamming function is applied to the interferograms
(this is the case for the present work). The spacecraft is orbiting
Mars in a polar orbit having an inclination of 87°, a pericenter al-
titude of ~250 km and an orbital period of 7.5 h. The instrument
field of view (IFOV) is about 1.6° (FWHM) for the SWC and 2.8°
(FWHM) for the LWC, which corresponds to a spatial resolution
of, respectively, 7 and 12 km at the pericenter. Additional details
about the PFS design, specifications, and operation may be found
in Formisano et al. (2005). The spectral and radiometric calibration
procedure for both channels has been discussed in detail by Giu-

ranna et al. (2005a, 2005b). Essentially, only the LWC spectra were
used in this work, since during the polar night the SWC is “blind”:
there is no reflected sun light to measure and only negligible ther-
mal emission from the cold CO, ice (temperature ~145 K) in the
thermal range of the SWC. The observed LWC radiance depends
on several parameters of the atmosphere and surface of Mars, as
described by radiative transfer theory: the surface temperature and
emissivity, the column density of dust and water ice aerosols in the
atmosphere, the air temperatures as a function of altitude, the sur-
face pressure, and the column density of water vapor and carbon
monoxide. Adopting the very general formalism of Bayesian analy-
sis, an algorithm for the scientific analysis of individual calibrated
PFS measurements has been developed, allowing the simultaneous
retrieval of the above mentioned parameters. A full description of
the adopted method can be found in Grassi et al. (2005). The cases
presented in this study were carefully selected imposing a value
of chi-square test close to 1 in the selected spectral range of 400-
800 cm~!. The Hamming apodization has been applied to all the
interferograms used in this study; the effective spectral resolution
is thus ~2 cm~!. Typical quality of modeling is presented in Fig. 1
for different thermal conditions of the atmosphere.

In our retrieval scheme, the entire range 400-1100 cm™" is
used simultaneously for the self-consistent retrieval of the follow-
ing parameters (state vector elements):

1

) surface temperature;

) air temperature profile (in the indicative range 1-50 km);
) integrated silicate dust content;

(d) integrated water ice content.

(a
(b
(c

Noteworthy, the high spectral resolution of PFS allows the detec-
tion of several different thermal gradients in the atmosphere, as
demonstrated by the effective modeling in the same spectrum of
absorbing and emitting Q-branches (lower curves of both panels of
Fig. 1, black arrows).

The general retrieval code adopted for the analysis of PFS cal-
ibrated data (Grassi et al, 2005) was designed for a general-
purpose usage. In this perspective, an important characteristic is
given by its robustness against possible run-time errors due to
occasional residual instrumental features in calibrated data and
inherent numerical instability of the retrieval inverse problem.
Therefore, physical parameters of martian atmosphere computed
from PFS data are constrained to lie within realistic ranges. For
air temperature, the lower limit was fixed—quite arbitrarily—to the
CO, condensation temperature, assuming an average CO, mixing
ratio of 0.9532. This choice is motivated by

(1) the need to avoid extrapolation of gaseous absorption coef-
ficients outside the temperature range for which they have
originally been tabulated;

(2) the ambiguity to define a more realistic lower limit without
introducing a complete microphysical scheme for the conden-
sation inside the retrieval code.

This constraint implies that, in our retrievals, any physical sit-
uation consistent with a supersaturated CO, atmosphere is actu-
ally represented with a temperature profile coinciding with the
condensation profile. For this reason, one must be careful in the
interpretation of the results. Based on the derived vertical temper-
ature profiles alone, one cannot distinguish whether it is radiative
or adiabatic cooling that is controlling the CO, condensation in the
atmosphere.

In this study we have collected and analyzed a set of 467 or-
bits acquired during the first two years of PFS activity. This dataset
spans more than half a martian year, from Ls ~ 330° to Ls ~ 194°,
although there are some gaps. For instance, during the whole win-
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Fig. 1. Typical quality of PFS spectra modeling for different thermal conditions of the atmosphere. Black curves: single spectra measured by PFS. Colored curves: synthetic
spectra computed by the algorithm for the scientific analysis of individual calibrated PFS measurements, developed by Grassi et al. (2005). Black arrows indicate the CO,
Q-branches. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

ter season the orbit geometry is such that we rarely observe lat-
itudes poleward of —60°, making it impossible to compute longi-
tude the cross-sections of the vertical profiles of (T — Tsa¢) at polar
latitudes that are needed for a comprehensive study of the mecha-
nisms of the CO, ice accumulation. Some other short Ls ranges are
also missing, such as the 39°-49° range. Nevertheless, the data al-
low a detailed study of the CO, south polar cap formation rates
and mechanisms, especially during the fall season which has been
found to be of great importance for the explanation of the residual
south polar cap asymmetry.

1.2. CO; ice clouds and snowfalls: theoretical considerations

Before showing the vertical structure of the atmospheric tem-
perature above the southern polar cap during the polar night as
measured by PFS and discussing the possible implications for the
martian climate and the mechanisms of the CO, ice accumulation,
it is important to analyze the various processes which lead to cool-
ing and condensation of the atmosphere, and thus to CO; snowfall.
Although it is generally assumed that most of the dry ice con-
denses directly on the surface, a fraction might also condense in
the atmosphere, strongly influencing its radiative properties.

Since CO; ice clouds essentially form in the polar night, the
evidence of their existence has remained theoretical or indirect.
It is only recently that a variety of cloud shapes varying over
space and time has been observed by the MGS laser altime-
ter MOLA (Pettengill and Ford, 2000; Colaprete and Toon, 2002;
Tobie et al., 2003). The radiative effect of snow would strongly al-
ter the radiative balance of the condensing polar caps and thus the
CO, cycle and the global climate. Forget et al. (1995) showed that
the low emission zones observed by the infrared thermal map-
per (IRTM) instrument aboard Viking (Kieffer et al., 1976) and
by Mariner 9 IRIS (Paige et al, 1990), were likely due to the
radiative properties of CO, snowfalls (falling snow particles or
fresh snow deposits). CO, snowfall has never been directly ob-
served on Mars, although several authors reported circumstan-
tial evidences of a possible CO, snowstorm (Titus et al, 2001;
Ivanov and Muhleman, 2001). Nevertheless, climate simulation
with general circulation models (GCMs) showed that a fraction of
the total CO, condensation could take place in the atmosphere,
especially when it is dust laden, because of the increased atmo-

spheric emissivity (Pollack et al., 1990). In this case, atmospheric
condensation is the result of radiative cooling. Atmospheric conden-
sation may also result from adiabatic cooling in upward motions
(Forget et al., 1998). The change in temperature with expansion or
compression is called the adiabatic process. When a parcel of air
changes its altitude, its pressure changes; consequently, its tem-
perature changes as well. If an air parcel rises, it expands, and the
temperature decreases (adiabatic cooling); if an air parcel falls, it
compresses and the temperature increases (adiabatic heating). This
process can be very efficient locally.

1.2.1. Radiative cooling

During the polar night, the radiative balance of surface CO; is
negative, barring an extraordinarily warm atmosphere. The radia-
tive budget is reduced to cooling due to the emission of thermal
infrared radiation. When the surface is cooled to the frost point,
its temperature is kept constant by the latent heat released by
surface condensation, while the atmosphere is radiatively warmed
by the surface infrared emission. Gierash and Goody (1968) and,
more recently, Paige and Ingersoll (1985) pointed out that the ra-
diative equilibrium of a surface plus atmosphere column is always
colder than the condensation temperature profile. Thus, in the po-
lar night, the atmospheric column may rapidly cool and condense
out. The latent heat released by condensation would then balance
the radiative cooling to keep the temperature at the frost point
value everywhere in the atmosphere (actually, everywhere that
condensation is taking place). Forget et al. (1998) have shown that,
in such conditions, the cooling and condensation rates depend only
on the radiative properties (emissivity and transmittivity) of the
ground and the atmosphere; these are lowest for a clear atmo-
sphere (t = 0) above a blackbody surface (¢ = 1): only 3% of the
CO, condenses in the atmosphere in that case. The presence of
dust strongly increases the emissivity of the atmosphere and thus
the cooling rate. The radiative properties of the surface also affect
the equilibrium of the atmosphere: when the cap surface emis-
sivity is lower than one, the infrared heating of the atmosphere
by the ground is reduced, and the atmospheric condensation in-
creases. With surface emissivity ¢ = 0.7 and t =1, the fraction
of CO, condensing in the atmosphere reaches 25% (Forget et al.,
1998).
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1.2.2. Adiabatic cooling

The atmospheric circulation affects the thermal structure of the
polar atmosphere. It is well known that the atmosphere transports
heat from the insolated latitudes to the polar regions (Pollack et
al., 1990; Hourdin et al., 1995). In addition, the circulation can lo-
cally warm or cool adiabatically the atmosphere. Cooling occurs in
upward motions. Forget et al. (1998) have simulated both the heat
advection and the large-scale adiabatic effects during the southern
winter (Ls = 120°), using a 1D version of the LMD martian GCM
radiative transfer code (Hourdin et al., 1993, 1995) with 25 layers.
As a result, they found that, according to the model, the atmo-
spheric condensation rate reaches more than ten times the value
corresponding to the radiative cooling alone in two special con-
densation zones around 75° S-135° W and 67.5° S-20° W. These
areas are created by a dynamic mechanism originating around two
low-pressure zones located at about 60° W and 300° W and re-
lated to the Argyre and Hellas basins. This is a typical effect of
the southern winter stationary waves which are forced by to-
pography (Hollingsworth and Barnes, 1995; Banfield et al., 2003;
Hinson et al.,, 2003).

2. The residual south polar cap (RSPC)

The first spacecraft observations of the south residual polar
cap of Mars were obtained by the Mariner 9 orbiter during the
martian southern summer season, in 1971-1972. Viking orbiter
observations obtained three Mars years later (in 1977) have first
shown that residual carbon dioxide ice was present at the south
polar cap (Kieffer, 1979). As shown in Fig. 2b, PFS observations
of the residual cap clearly show the spectral characteristics of
CO, ice and have been used to study its composition in terms
of CO, grain size, and dust and water ice contamination (Hansen
et al.,, 2005). In fact, the carbon dioxide survives all year long in
the south residual cap (Bibring et al., 2004; Hansen et al., 2005;
Douté et al., 2005); this behavior is surprisingly different from
what has been observed in the north, where the CO, completely
sublimes by the beginning of the summer season. Paige and In-
gersoll (1985) calculated the annual radiative budgets and infer
the annual CO; frost budgets, showing that the CO, sublimation
rates are much smaller in the south than in the north, due to the
higher albedo of the RSPC relative to the north cap. This difference
in albedo, added to the difference in subsurface heat conduction—
which is rather high on the residual north cap and close to zero on
the RSPC where the temperature is constant all year long (Jakosky
and Haberle, 1990)—explains why the north and south residual po-
lar caps are so different. What still has to be explained is the
position of the south permanent cap. Fig. 2a shows the RSPC in
a mosaic of three OMEGA images. The residual south polar cap is
approximately 400 km across and the cap center is displaced by
about 3° from the geographic pole. Mars eccentricity or local to-
pographic irregularities cannot straightforwardly account for this
asymmetry, nor the above mentioned energy balance models can
reproduce it. In fact, this has been a major issue in Mars science
for many years. A possible explanation has been recently suggested
by Colaprete et al. (2005). In this work, we provide new insights
for the explanation of the RSPC asymmetry.

3. Ls = 0°-25°: the early-fall south polar cap

Direct observations of frost deposition are generally difficult to
obtain due to the fact that most of the frost at high latitudes is
deposited when the region is in darkness. However, radiometry
data obtained by MOLA suggest that frost at the higher latitudes
starts to form on the surface before the end of (southern) sum-
mer, when the subsolar point is approaching the equator but the
pole is still illuminated (Zuber and Smith, 2003). Indeed, in the
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Fig. 2. (a) Mosaic of Mars Express OMEGA images showing the residual south polar
cap (Ls =330°-360°). It appears clearly asymmetric, the cap center being displaced
by 3° far from the geographic pole. (b) An example of PFS-data fit used to re-
trieve the RSPC composition. Black: PFS SWC spectrum of the RSPC (86° S, 20° W;
Ls =338°). Red: Bi-Directional Reflectance model (DISORT; Stamnes et al., 1988). In-
timate granular mixture of 7-mm CO; ice, 0.005 wt% water ice and 0.02 wt% dust
(modified from Hansen et al., 2005). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

range of Ls examined in this section, soon after the end of sum-
mer (Ls = 0°-25°), the asymmetry observed in the residual cap
(Fig. 2a) has completely vanished; the cap appears symmetric and
extends already up to —70° latitude, as we can see from the mo-
saics of tracks of the surface temperatures in Fig. 3 (top-left panel).
The colored symbols used in the maps have fixed size and are not
representative of the actual PFS footprints.

The MEX orbit is elliptical, with a precession of its pericenter.
In early fall (Ls = 20°) the pericenter is around —55° latitude and
the cap edges are close to —70° latitude, where the PFS footprint
is less than 20 km. At Ls = 50° the pericenter is close to the south
pole, while the cap edges are around —50° latitude, which cor-
responds to a footprint of ~30 km. In early winter (Ls = 110°),
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Fig. 3. Surface temperature maps of the south polar region for five Ls ranges covering the fall and winter seasons.

the pericenter is close to the equator, and the PFS footprint at the
polar edges (around —50° latitude) is ~40 km. At Ls = 190°, the
pericenter is close to the north pole and the footprint is now close
to 350 km. The most favorable condition for cap edge detection
occurs at Ls ~ 30°, where the pericenter is essentially at the same
latitude as the polar edges (—65°; see Giuranna et al., 2007a).
Whether the CO, ice at these values of Ls is frost or snow can-
not be addressed only on the basis of the surface temperatures.
In both cases these temperatures are similar, forced by the va-
por pressure equilibrium with the atmosphere (Giuranna et al.,
2007a). In principle, a first discrimination may be done on the
basis of the grain sizes. CO, snow grain sizes are expected to be

smaller than those derived by a continuous vapor deposition. Un-
fortunately, when the cap is not illuminated (polar night or night
side of a sol) the PFS Short Wavelength Channel, which has shown
great capabilities of retrieving ice grain sizes with its NIR spectra
(Hansen et al., 2005; Giuranna et al., 2007b), is unusable. Never-
theless, a detailed study of the temperatures in the atmospheric
column over the cap can be done using the thermal infrared radia-
tion measured by the PFS Long Wavelength Channel, allowing us to
answer the question straightforwardly. Indeed, if the atmospheric
temperatures are always above the CO, condensation temperature
in the whole column, the snowfall hypothesis can be reasonably
rejected. As anticipated in Section 1.1, the algorithm developed by
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Fig.4. Orbit #287 (Ls = 17°), a typical early-fall south pole scenario: the CO, ice deposits consist of CO, frost directly condensed on the surface. Atmospheric CO, condensation
occurs only occasionally. Top-left: latitude versus time (in seconds) elapsed from the beginning of the acquisition of the first spectrum. This plot can be used to obtain the
latitudes in the other figures. Top-right: the surface temperatures (black curve) are “frozen” to the CO, condensation temperature (140-147 K, depending on the surface
altitude—i.e. surface pressure—given by the red curve) up to —70° lat, where they finally increase roughly following the Sun elevation gradient (light blue). Middle-left: CO,
condensation temperature at different altitudes. Middle-right: the polar crossing of orbit #287; white spots indicate when and where CO, snow fall is allowed, according
to the vertical profile of T — Tgy shown in the bottom figure. The black area is where the atmospheric temperature, at a given altitude, goes below the CO, condensation

temperature at the same altitude.

Grassi et al. (2005), allows, among other things, the simultane-
ous retrieval of surface temperature, integrated content of water
ice and dust suspended in the atmosphere, and, most important
for the issue we want to address, the air thermal fields up to
an altitude of about 50 km. By comparing the measured verti-
cal temperature profiles with the CO, condensation temperature
at different altitudes we can establish if, where and at which alti-
tudes CO, snow falls may be allowed.

Our results show that, at these values of Ls, the south polar
cap essentially consists of CO, frost deposits condensed directly

on the surface. A typical situation is depicted in Fig. 4, where we
show the study for a single representative orbit. Orbit number is
287 and Ls is 17°, right in the middle of the Ls range examined
in this section. The surface temperatures (top-right panel) reveal
the presence of CO, ice up to —70° latitude, which is essentially
frost. This can be confirmed by monitoring the vertical profiles of
ATsat(z2) = T(2) — Tsat(z) (where z is the atmospheric altitude): as
shown in the bottom panel of Fig. 4, the atmospheric temperatures
are far above the saturation value in the entire column and at ev-
ery latitude, with only one exception in a narrow region centered



392 M. Giuranna et al. / Icarus 197 (2008) 386-402

around —85° latitude (mid-right panel; this is one of the very few
ATsat < 0 occurrences in the Ls range here examined).

If we repeat this study for the whole set of orbits, and thus for
the whole Ls = 0°-25° range, we can confirm that the situation
described for orbit 287 is indeed the typical early-fall south pole
situation. In Fig. 5 we show the ATgyc =T — Tsat for a longitude
cross-section at —85° latitude as a function of altitude: the CO,
condensation in the atmosphere is forbidden almost everywhere,
the atmospheric temperature being always few or several degrees
above the CO; condensation temperature at any altitude.

Consequently, we can conclude that the early-fall south po-
lar cap consists of CO, frost deposits that directly condense on
the surface. Atmospheric condensation is allowed only occasion-
ally and only for latitudes <—84°. Thermal inversions are present
almost everywhere, especially in most of the eastern hemisphere,
and centered around 5 km above the surface.

4. Ls = 25°-38°: early/mid-fall cap and evolution of edges from
fall to winter

Unfortunately, as can be seen in Fig. 3 (top-right panel), during
this Ls range we observed latitudes poleward of —80° only twice,
during orbit 371 and 378. It is, therefore, impossible to study in
detail the mechanisms of the CO, ice accumulation as we did in
the previous section for the early-fall season, by computing longi-
tudinal cross-sections of T — T, at polar latitudes (Fig. 5). Never-
theless, repeating the same study as in Fig. 4 for these two orbits,
and for all the other orbits within this Ls range, we found that, at
least for the observed latitudes and longitudes, no CO, condensa-
tion zones were present anywhere in the atmosphere, suggesting a
scenario similar to the one described in the previous section, with
a cap mainly consisting of CO, frost deposits directly condensed
on the surface.

The south polar cap edges are advancing towards lower lati-
tudes throughout the autumn. During the 25°-38° Ls range the
edge of the cap appears symmetric, located near —60° latitude.
If we compare the first two panels of Fig. 3 (the top-left and the
top-right panels) we see that the cap edge has grown by 10° of
latitude in about 15° of Ls. The PFS south pole observations pause
at Ls = 38° and start again at Ls = 50°, when a large amount of
polar spectra have been acquired up to Ls = 70°. At that Ls the
cap is close to its maximum observed extension, with CO; ice de-
posits as equatorward as —40° latitude (Fig. 3, middle-left panel).
This is exactly the latitude we would get if we assume a con-
stant progression rate over the whole 25°-70° Ls period. These
simple considerations lead us to a first estimation of the cap pro-
gression speed during the expansion phase, that is most of the fall
season, until Ls ~ 70° when the cap slacks its expansion and even-
tually starts to shrink. A detailed tracking of Mars’ south polar cap
edges has been recently performed by Giuranna et al. (2007a), ex-
ploiting the rapid increase (decrease) of surface temperature that
occurs when CO; ice is removed (deposited). The dataset used in
Giuranna et al. (2007a) is exactly the same as the one used for
the present study. By using a technique for the cap edge detection
that keeps into account the actual CO; partial pressure at the sur-
face (upon which the actual CO, condensation temperatures at the
surface depend), they have shown that the cap actually expands
with a constant speed of about 10° of latitude per 15° of Ls dur-
ing most of the fall season (until Ls ~ 70°) at every longitude. The
latitude of the edge of the south polar cap as a function of sea-
son is shown in Fig. 6. The maximum extension of the south polar
cap occurs sometime in the 80°-90° Ls range, when the cap edges
are as low as —40° latitude. The CO; ice south polar cap will then
recede with a constant speed of ~5° of latitude every 25° of Ls
during the whole winter. Interesting, inside the Hellas and Argyre
basins (red triangles in Fig. 6) the CO, condensation temperature
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Fig. 5. Ls = 0°-25°. Longitude cross-section at —85° latitude showing T — Ty as a
function of altitude. Red color is used for T — Ts¢ > 20 K.

is several degrees higher than that of the rest of the south polar
region according to the Clausius-Clapeyron’s law due to the higher
pressure. Therefore the CO;, frost can be stable at lower latitudes
(and higher temperatures), extending up to —30° latitude (occa-
sionally even at lower latitudes), causing the cap to be asymmetric.
Thus, the two major martian basins appear to be responsible for a
south polar cap asymmetry.

A comparison with MGS Thermal Emission Spectrometer ob-
servations during the two previous martian years (Titus, 2005)
suggests that this asymmetry repeats every year (solid lines in
Fig. 6), although significant differences are present between the re-
sults of the two experiments, especially in the 50°-100° Ls range,
with PFS data showing a much more extended cap. As Giuranna et
al. (2007a) pointed out, these differences may be either due to ac-
tual interannual variability or, more likely, caused by differences in
the dataset and the techniques adopted for the cap edge detection
(see Kieffer et al., 2000 for a description of the TES data analysis
technique).

The longitudinal asymmetries decrease during the cap retreat,
as the CO; ice/frost sublimates, and disappear completely around
Ls ~ 145°. Afterwards, the cap continues to recede symmetrically
for the rest of the winter season.

5. Ls = 50°-70°: two distinct regional climates
5.1. Two distinct regional climates close to the pole

In the two previous sections we have shown that during the
first half of the southern fall the cap consists of CO, frost de-
posit, the atmospheric temperatures being always above the CO,
condensation temperature in the whole column, at every latitude
and longitude (with few sporadic exceptions in the western hemi-
sphere). A detailed study of the vertical temperature profiles above
the cap, retrieved by the PFS LWC spectra, reveals that the mid-late
fall season offers a much more complex and interesting scenario.

In Fig. 7a we show the ATg;e =T — Ty for a longitudinal cross-
section in a narrow stripe of latitude (84°-86° S) as a function
of altitude. In this selected season range (50°-70° Ls) two dis-
tinct regional climates clearly characterize the south polar cap.
CO, snow falls are now allowed, but they occur exclusively in the
western hemisphere. In the eastern hemisphere (more precisely,
in the 30°-210° east-longitude range), the whole atmospheric col-
umn is several degrees above the saturation temperature; here,
the direct vapor deposition is the only allowed mechanism for the
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Fig. 6. Latitude-Ls plot of the south cap edge. Red triangles are measurements inside the Hellas and Argyre basins, where the CO, frost is stable at lower latitudes due to
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red curve is for 70° E longitude, that is inside Hellas basin.

CO; ice accumulation in the south polar cap. In the western hemi-
sphere, instead, atmospheric condensation is allowed in the entire
0-30 km column; here, surface ice accumulation may be domi-
nated by precipitation. This is especially true in two particularly
cold regions, located around 260° E and 320° E longitude, where
the CO, condensation is allowed to a large extent in the atmo-
sphere, from the surface up to 20 and 30 km, respectively. It is very
interesting to note that the coldest region (blue arrow in Fig. 7a)
is located right around the center of the south residual cap (blue
dotted line in Fig. 7b; the south residual cap extends roughly from
250° E to 45° W longitude, and is centered around 320° E longi-
tude).

Note that both the high-condensation rate zones predicted by
the 1D GCM simulations described in Section 1.2 are in agree-
ment with the two cold regions observed by PFS. In particular,
the coldest one, which is predicted by the models to be around
340° E longitude, is only 10° longitude away from the one we have
found in the present work. Note also that the warmest region is lo-
cated in the 40°-90° east-longitude range, i.e. right below (south)
the Hellas basin. An increase of the atmospheric temperatures be-
low Hellas and poleward of —60° latitude is also predicted by the
Mars GCM model, as a result of dynamical forcing by the largest
southern impact basin (Forget et al., 2006; EMCD 4.1 pre-computed
version, available online at http://www-mars.Imd.jussieu.fr).

Fig. 8 shows several PFS temperature retrievals in the “cold”
hemisphere (solid curves) and in the “warm” hemisphere (dashed
curves) at 85° S latitude for different longitudes, in the range of
areocentric longitude 50°-70°. The two hemispheres show very
different profiles at this time of year. As it has already been
pointed out using Fig. 7a, in the cold hemisphere we have areas
(longitudes) where the atmospheric temperature is close to (but
above) the CO, condensation temperature (black solid curves), and
areas where CO, condensation in the atmosphere is allowed in a
variety of altitudes (colored solid curves). Fig. 8 illustrates several
cases where condensation is allowed from the ground up to 10 km
(blue curve), 15 km (orange curve) and 20 km (red curve); we may

also have condensation areas located around 15 km (yellow and
green curves) and, occasionally, from ~15 to 30 km (cyan curve).

In the warm hemisphere (30°-210° east-longitude) the atmo-
spheric temperatures are always far above the CO, condensation
temperatures and three types of profiles can be distinguished.
Moving eastward we observe the following situations.

(a) The warmest region (red-dotted curves in Fig. 8) is located in
the 40°-90° E longitude range which corresponds essentially
to the margins of the Hellas basin. The whole atmospheric col-
umn is warm (at least 10-15 K above the CO, condensation
temperature), with strong temperature inversions around 5-
10 km altitude.

(b) A wide area (80°-180° E longitude) shows weaker inversions
at 5-10 km and a colder atmospheric column (light-blue-
dotted curves in Fig. 8). These are the “typical” profiles in the
warm hemisphere.

(c) A narrow area at the eastern limits of the warm region (180°-
210° E longitude) shows strong temperature inversions around
5 km altitude and a higher temperature gradient (and conse-
quently lower temperatures at 30-35 km altitude).

In all these cases, the polar warming starts at 30-35 km alti-
tudes.

The residual cap lies in the cold region, where CO, snowfalls
occur. The black dotted line in Fig. 7b separates the two hemi-
spheres as defined in Fig. 7a, where the black double-arrow in-
dicates the extension and the edges of the warm region. These
two distinct regional climates produce differences in the nature of
the surface ice deposits during the whole second half of the fall
season, and are the main responsible for the residual south po-
lar cap asymmetry. The scenario depicted in Fig. 7a starts around
Ls = 50°-55°, and remains essentially unaltered until the end of
the autumn. The only exception is that, after Ls = 70°, the atmo-
spheric temperatures above the polar regions are generally lower,
therefore CO, condensation in the atmosphere occurs in a wider
area and, occasionally, also in the western hemisphere (see Sec-
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[blue arrow in panel a] is located right around the center of the south residual cap
(blue dotted line).

tion 7). It is interesting to understand how this very peculiar sce-
nario with two distinct regional climates close to the south pole
can take place; we will show in the following section that the
observations from PFS confirm that it is essentially the result of
dynamical forcing by the largest southern impact basins, Argyre
and Hellas.

5.2. Hadley circulation, winds and planetary waves from PFS nadir
observations

The vertical temperature profiles inferred from measurements
of thermal emission by instruments aboard orbiting spacecrafts,
such as the MEX/PFS LW Channel, represent the best available
way to get indirect information on the atmospheric circulation.
These data can provide more complete spatial and temporal cover-
age of Mars than direct measurements from landers or rovers on
the surface, and can be used to infer winds. The vertical variation
of the horizontal wind components (i.e., the wind shears) can be
computed from global temperature fields, using the geostrophic or
higher-order approximations (Zurek et al., 1992), while the zonal-
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Fig. 8. PFS retrievals of air temperature profiles at 85° S latitude in the 50°-70°
Ls range in the “cold” hemisphere (solid curves) and in the “warm” hemisphere
(dashed curves). Dash-dotted curve is the CO, condensation profile (see text for
more details). The dash-dotted curve is the CO, condensation profile for the average
atmospheric condition of the areas where CO, condensation in the atmosphere is
allowed.

mean (longitudinal average) meridional and vertical winds can be
calculated by combining the thermodynamic energy and mass con-
tinuity equations. The zonal-mean component of the zonal wind
can be derived in a rather straightforward way from the observed
temperature field, by using the thermal wind relation (see, e.g.,
Holton, 1979; Andrews et al., 1987):

] itand R AT ;
az[(f+ a )u]_ ma 90’ M
where T is the zonal mean temperature, i is the zonal mean east-
ward wind component, 6 is the latitude, f is the Coriolis parame-
ter, a is the planetary radius, R is the gas constant, z is the relative
pressure, and m is the atmospheric mean molecular weight. This
relation cannot be used close to the equator; here the gradient
winds cannot be computed since the assumed force balance is
not valid at low latitudes (Holton, 1979). The computation of the
gradient winds requires a boundary condition for the zonal wind
speed. It is assumed here that u =0 at the planetary surface and
(1) is integrated upward, yielding the baroclinic component of the
wind field. Any nonzero surface wind must be added to the re-
sult to obtain the total wind speed. On the Earth, the contribution
of the surface wind to the total wind in the mid-troposphere is
usually small, and integration of (1) with &t =0 at z =0 provides
a good approximation to u(z). It is reasonable to expect this ap-
proximation to be valid on Mars (Leovy, 1969, 2001). Although the
calculation of u from (1) is simple in principle, care must be taken
because of the required numerical differentiation of the temper-
ature with respect to latitude. For this purpose the temperatures
were smoothed in latitude using a 4° wide window centered on
latitudes evenly spaced by 2°.

The mean meridional thermal structure as retrieved from the
PFS LWC thermal spectra in the 50°-70° Ls range, and the cor-
responding zonal mean eastward wind field derived from thermal
gradient wind balance (1) are shown in Fig. 9. For the tempera-
ture cross-section in the meridional plane (Fig. 9a) an adequate
coverage in longitude and latitude is ensured by the large set of
available PFS observations. Air temperatures from the individual
retrievals were binned in latitude (two-degrees wide bins) and
then averaged to obtain mean air temperature fields. This has been
done for each of the pressure levels at which temperatures were
retrieved. Generally speaking, the changes in the atmospheric tem-
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Fig. 9. (a) Zonal-mean thermal structure of martian atmosphere in the 50°-70° Ls
range, from the surface up to 50 km. (b) Zonal-mean component of the zonal wind
derived with Eq. (1) for the same range of solar longitudes as in Fig. 8a.

perature fields and, consequently, in the thermal wind fields, are
a consequence of the different solar heating with seasons. In the
winter hemisphere we have the minimum solar heating at the
corresponding solstice, when the atmospheric temperatures reach
minimum values. The highest atmospheric temperatures occur in-
stead during the summer solstice. Despite this, we observe from
Fig. 9a that the temperature field shows a local maximum at an
altitude of about 40 km in the polar night hemisphere, i.e. the
temperature field is warmer than the thermodynamic equilibrium.
This polar warming is dynamic: it is caused by adiabatic heating
produced by the mean meridional residual circulation (Zurek et
al.,, 1992). This type of circulation can be described in terms of an
ascending branch, near 30° latitude in the warm northern hemi-
sphere, and a descending branch near 60° latitude in the cold
southern hemisphere. It is similar to Earth’s Hadley circulation,
with the difference that the cells are much stronger and displaced
far from the equator (Leovy, 2001).

The local temperature maximum in the latitude belt 50-60°
of the winter hemisphere shown in Fig. 9a results from adiabatic
warming associated with the descending branches of the Hadley
cell. Although the Hadley circulation on Mars is stronger near the
solstices, we observe that it is already prominent during the mid-
late southern fall season. The resulting steep gradient gives rise to
strong zonal eastward winds. It is well known (Zurek et al., 1992;
Conrath et al, 2000; Leovy, 2001) that the general circulation
of Mars is characterized by strong eastward winds in the win-
ter hemisphere. Our results show that this is also true for the
mid-late fall season (50°-70° Ls range), as Fig. 9b shows. The
strongest winds, as expected, are in the hemisphere of the polar
night, where the polar vortex is well developed. Indeed, in this

Fig. 10. Effects of the wavenumber-one planetary wave on the atmospheric temper-
ature of the polar region at an altitude of 40 km. The situation is similar down to
~15 km. Below 15 km wavenumber-two becomes significant.

region the horizontal temperature gradient between the local max-
imum and the cold polar night is steeper than in any other region.
Winds reach 110 m/s at roughly 55° S and 0.1 mbar. The interac-
tion of this flow with zonally varying topography excites stationary
waves, which take the form of planetary (Rossby) waves for forcing
at the largest horizontal scales.

Evidence of planetary-scale, wavelike disturbances in Mars’
winter atmosphere was first provided by Mariner 9 and Viking
spacecraft observations (Hollingsworth and Barnes, 1995). Possi-
ble sources of the wave activity were suggested to be dynami-
cal instabilities (e.g. barotropic and/or baroclinic instabilities), and
quasi-stationary planetary waves, i.e. waves that arise predomi-
nantly via zonally asymmetric surface properties. Banfield et al.
(2003) have characterized the global structure and seasonal evolu-
tion of these waves by analyzing nadir observations from the MGS
Thermal Emission Spectrometer, and have confirmed that these are
stationary planetary waves with significant amplitudes at zonal
wavenumbers s =1 and 2. The s =1 stationary planetary wave
is likely the dominant mechanism for eddy meridional heat trans-
port for the southern winter. Hinson et al. (2003) provided similar
results to those of Banfield et al. (2003) by combining MGS Radio
Science and TES limb data. In addition to an enhancement of the
vertical resolution and an extension of the vertical range, they ob-
tained a unique measure of the geopotential field as well as the
implied meridional winds and the poleward eddy heat flux. Ac-
cording to Hinson et al. (2003), the geopotential field of the s =2
component is “barotropic” in character, while the s =1 component
propagates vertically, as reflected by a westward tilt with increas-
ing height in the geopotential and temperature fields and a net
poleward eddy flux. These upwelling and downwelling motions in
the atmosphere cause expansions and compressions of air masses
which, in turn, effect variations of temperature. Thus, an indirect
way to detect and characterize such a complex dynamical process
is to study the effects on the atmospheric temperatures.

A general view of the planetary wave that characterizes the
south polar region of Mars during the mid-late fall season as seen
by PES is given in Fig. 10, where we show the atmospheric tem-
perature of the polar region at an altitude of 40 km. We remark
here that the data used to produce the results in Fig. 10 where
highly selected in local time, in order to avoid diurnal/tidal effects.
All the measurements in the latitude belt 50°-60° S are within
the narrow range 7:00-7:30 local time. Above 20 km altitude, the
south polar circulation is controlled by a wavenumber-one quasi-



396 M. Giuranna et al. / Icarus 197 (2008) 386-402

PFS measurements

Altitude (Km)
N
o

South Pole

~10 Hellas —
0 1000 2000 3000
Time (s)

Fig. 11. Thermal field along orbit 695 (Ls = 70°). The temperature asymmetry be-
tween the two hemispheres is clearly visible. The unit of the x-axis is seconds
elapsed from the beginning of the acquisition of the first spectrum.

stationary planetary wave that produces longitudinal variation in
the circulation and climate. The black dotted line in the figure sep-
arates the polar region into two parts. One has a strong increase of
the atmospheric temperature around the latitude belt 50°-60° S,
which is associated with adiabatic warming produced by down-
welling of air masses. The other part is where upwelling occurs,
resulting in adiabatic cooling.

The eastward phase shift with increasing distance from the
equator observed by Hinson et al. (2003) may explain the corre-
lation of the cold and warm hemispheres in Fig. 10 with respect
to those found at 85° S. In fact, the longitudinal thermal asymme-
tries between the western and eastern hemispheres observed at
southern high latitudes (Fig. 7a) are a result of this planetary wave
that is excited primarily by the middle-latitude surface topography,
namely the basins of Hellas and Argyre.

Our results should be viewed in the context of the broad de-
scription of stationary waves derived from TES nadir measure-
ments by Banfield et al. (2003). Within the southern hemisphere
they report significant amplitudes at both s =1 and 2 through-
out the fall and winter seasons. There is a notable difference in
the seasonal evolution of the two modes. The s =1 amplitude has
a distinct maximum around southern winter solstice (Ls = 90°),
while the s =2 amplitude is relatively weak at the solstice and
strongest in midfall and midwinter. For a better characterization
of the planetary wave, such as amplitude and phase of the com-
ponent with zonal wavenumber one, we analyzed in detail each
of the vertical temperature profiles inside the area of interest. The
results are well summarized in Fig. 11, where we show the ver-
tical temperature profiles along a single representative PFS orbit.
The orbit is number 695 (Ls = 70°), where the PFS observations
cross the entire polar cap, being half in the warm hemisphere,
and half in the cold one. The orbit starts from latitude 40° N and
moves southward; it crosses the Hellas Basin, right over its center
(~70° E longitude), passes close to the south pole at a maximum
latitude of 86.67° S, and then moves northward up to 30° S lati-
tude. Strong differences in the atmospheric temperature in the two
hemispheres are clearly visible. Once again, these differences are
not due to differences in local times, but are a consequence of
the dynamic processes associated with the planetary wave. The in-
crease of temperatures in the whole atmospheric column observed
near the southern edge of the Hellas basin cannot be attributed (at
least not exclusively) to the descending branch of the Hadley cell.
An extra heating is due to downward motions and high pressure
zones associated with the planetary wave. Atmospheric cooling is
present in the other hemisphere, due to upward motion and low
pressure zones, and the effect of the descending branch of the
Hadley circulation is essentially canceled out. This will be also con-
firmed by the comparison with GCM model results in Section 5.3.
We note here that, if we ignore the possible effects caused by

differences in the soil albedo and thermal inertia, for a flat, per-
fectly spherical planet, the effect of the Hadley circulation should
be longitude-independent, i.e. the same for a given latitude at a
given local time.

The phase of s =1 is defined as the east longitude of the max-
imum in temperature. The wave achieves its largest amplitude of
about 10-15 K near 45 km altitude and 55° S where the phase
is about 50° E. Hence, the peak of positive temperature perturba-
tion is located above the southwest edge of Hellas. This is in good
agreement with the 7 K peak found by Hinson et al. (2003) near
10 Pa and 60° S, with a phase of ~40° E. The differences in the
peak amplitude may be due to the fact that we are considering the
absolute difference between the peak temperature and the adja-
cent regions, while Hinson et al. (2003) report the wave amplitude
after the zonal average has been subtracted.

All the elements summarized in this section allow us to suggest
an explanation for the results in Fig. 7a: a wavenumber-one plane-
tary wave establishes a high-pressure zone over much of the east-
ern hemisphere, preventing CO, condensation in the atmosphere
during the fall season. Upward motions occur in the western hemi-
sphere, establishing a cold, low-pressure zone. This makes the CO;
precipitation very likely to occur in the western hemisphere. As
explained in Section 1.1, upward motions result in an efficient adi-
abatic cooling, allowing high CO, condensation rate in the areas
where this occurs. The two climates established by the topograph-
ically forced circulation produce differences in the nature of the
surface ice deposits. Thus topography, through its influence on the
circulation, is ultimately responsible for the nature and location of
the RSPC. As discussed in Section 7, these results confirm and ex-
tend what has been recently proposed by Colaprete et al. (2005).

5.3. Comparison with an atmospheric model

Global circulation models provide a global picture of all atmo-
spheric variables. This can be essential to put the observations in
the right context, especially those which are unevenly distributed
in space and time.

We have performed a comparison of selected PFS orbits with
the results provided by the martian GCM of the Laboratoire de
Météorologie Dynamique (LMD) in Paris (Forget et al., 1999), which
is an adaptation to Mars of the Terrestrial LMDZ model in use
at LMD since the 80’s (Sadourny and Laval, 1984; Hourdin et al.,
2006).

Fig. 12 shows a profile-to-profile comparison between obser-
vations and model results at Ls = 52.21 and 86° S in the “cold”
hemisphere, where the solid profiles are PFS retrievals at differ-
ent longitudes in the coldest region (indicated by a blue arrow in
Fig. 7a) and the dot-dashed ones are the corresponding model pro-
files.

The general agreement among the profiles is very good for most
of the atmospheric column where PFS is mostly sensitive. Even the
small inversions between 4 and 5 mbar are in good agreement,
as well as the more pronounced polar warming inversions higher
than 0.1 mbar (although, at that particular altitude, they are not
observed by PFS at all longitudes). For the purposes of this pa-
per, the good agreement in the “cold” hemisphere shows that CO,
snowfall may indeed occur in a large range of atmospheric alti-
tudes, other than by direct condensation on the ground.

Fig. 13 shows the same kind of comparison for the “warm”
hemisphere at Ls = 52.46 and 86° S. This reveals that the GCM
predicts CO, condensation in the whole atmospheric column from
the ground up to 0.1 mbar (dot-dashed profile), whereas the PFS
retrievals are much warmer (up to 10°). The altitude of the polar
warming inversion is in good agreement, but neither its tempera-
ture nor the inversion at the ground is close to the observations.
The GCM, in this configuration, is not able to show any asymme-
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Fig. 12. Profile-to-profile comparison between observations at different longitudes
(solid curves) and corresponding model results (dot-dashed curves) in the “cold”
hemisphere. Latitude is 86° S and Ls = 52.21° (see text for more details).
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Fig. 13. Profile-to-profile comparison between observations at different longitudes
(solid curves) and corresponding model results using the LMDZ-3 (new) dynamical
core (dashed curve) and the LMDZ-2 (old) one (dot-dashed curve) in the “warm”
hemisphere. Latitude is 86° S and Ls = 52.46° (see text for more details).

try between the eastern and western hemispheres, predicting CO,
snowfall at all longitudes during the southern polar night.

The effect of having different atmospheric dust loading has
been taken into account, but did not change the results signifi-
cantly. What does change the model results is the use of a different
implementation for the integration of the dynamical equations, to-
gether with the use of a different filter for the numerical stability
around the pole. The dashed curve in Fig. 13 is the GCM profile
produced by using a later version of the (finite differences) dynam-
ical core of the LMDZ model (LMDZ-3), whereas the dot-dashed
profile is produced with the version LMDZ-2 (used in Forget et
al.,, 1998, 1999). The former lies within 5° from the average of
the PFS retrievals at most altitudes, although the polar warming
starts at higher altitude than the observations. The GCM based
on the new dynamical core is able to take into account warm
temperatures in the eastern hemisphere, but fails to predict cold
atmospheric temperatures in the western one, thus preventing CO,
snowfall.

Fig. 13 shows also that the GCM based on the new dynami-
cal core predicts the strong inversion at the ground in the “warm”
hemisphere. It must be mentioned that this particular feature is
not very robust in the PFS retrievals, as the sensitivity of the in-

strument does not extend so close to the ground. Different retrieval
methods which make use of different a priori profiles show dif-
ferent results around 4 mbar for the curves in Fig. 13 (not shown
here). Nevertheless, at higher altitudes the retrievals are robust and
do not depend on the chosen a priori profile, therefore the warm
temperatures are consistently observed no matter which retrieval
method is used. This supports the evidence that, in the eastern
martian hemisphere, CO, snowfall does not occur in the bulk of
the atmosphere, and therefore most CO, condensation must occur
very close to the ground (e.g. direct surface or near-surface con-
densation).

What can explain the different results obtained with the two
versions of the model? The physical parameterizations are the
same in both versions, and the difference between the two dy-
namical cores is very subtle. Although these cores are based on
the same derivation of the primitive equations of the meteorol-
ogy and use the same grid and integration time, they differ by
the way they were implemented in the model. In particular, they
use different sets of dynamical variables, a different vertical dis-
cretization and different stability filters at the poles. In simulations
of Earth’s climate, these two versions of the dynamical core have
provided identical results, as they do for the case of Mars outside
the polar night regions. During the polar nights, the radiative forc-
ing is reduced to radiative cooling, and our simulations show that
the martian atmosphere becomes extremely sensitive to the dy-
namical forcing. This suggests that the presence of a hemispherical
asymmetry as shown by PFS observations is indeed a dynamical
effect which is not yet reproduced by the model, although each of
the two different versions is able to yield one of the two observed
regional climates.

When extending the comparison between observations and
model at several latitudes, it appears clear that it is at high lat-
itudes (corresponding to the polar night region) where the dis-
agreement is more pronounced, whereas model (both versions)
and observations agree very well at all other latitudes.

In Fig. 14 we plot the time-averaged zonal means of tempera-
ture for the two versions of the GCM in the range of areocentric
longitude 50°-70°, comparing with the PFS observations at two lo-
cal times (7 a.m. and 7 p.m.). The most prominent differences are
located around the polar vortex, which exhibits a profoundly dif-
ferent structure in all the panels of the figure. The observations
from PFS show that the periphery of the polar vortex is highly
barotropic, with little or no entrainment of polar warming at high
latitudes, at almost all altitudes. The model, on the contrary, pre-
dicts that the polar warming breaks the vertical extension of the
vortex, locating the position of the warming at much higher lati-
tudes than the observations. This, in turn, would imply quite dif-
ferent properties in the transport of tracers at high latitudes during
the polar night. Two remarkable differences between the two ver-
sions of the model are the stronger polar warming predicted by the
version LMDZ-2 (old dynamical core) at both local times, and the
colder temperatures shown in the polar vortex, especially at low
altitudes and near the ground (as already described for Figs. 12
and 13). At latitudes equatorward of 50° S the agreement between
the two versions of the model and the observations is excellent
for pressures higher than 0.1 mbar, whereas temperatures are un-
derestimated in the model for lower pressures, mainly in the early
morning.

Keeping in mind the disagreement between model and obser-
vations that we have highlighted in the polar night region, we
compare in Fig. 15 the temperatures observed by PFS and the cor-
responding model temperatures during orbit 695, which crosses
entirely the south pole, from the “warm” hemisphere (~70° E lon-
gitude) to the “cold” one (~250° E longitude). This orbit (already
analyzed in Section 5.2) is at Ls = 70°, thus the temperatures at
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Fig. 14. Comparison between zonal-mean temperature fields retrieved by PFS and predicted by the two versions of the LMD martian GCM, in the 50°-70° Ls range and for
two different local times: 7:30 p.m. (left panels) and 7:30 a.m. (right panels).

high latitudes in the polar vortex are colder than those shown in

Fig. 13.

The structure of the two hemispheres, as described in Fig. 11,
appears remarkably similar in the observations and in the model,
apart from the differences related to the structure of the polar
vortex. The asymmetry between the longitudes around the Hellas
basin and the western longitudes is evident also in the model, in-
dependently from the version which is used. Although the model is
not able to reproduce the asymmetry between eastern and west-
ern longitudes in the polar night (as shown in Figs. 12 and 13),
the agreement with the observations at latitudes outside the po-

lar night supports the hypothesis of a wavenumber-one plane-
tary wave induced by the presence of the underlying topography,
which the model is not able to yield inside the polar night re-
gion.

Outside the polar region one can also appreciate that the most
prominent difference is located around the equator. The underesti-
mation of temperatures at the equator and above 0.2 mbar in the
two versions of the model might be explained (at this time of the
year and at these altitudes) by the presence of water ice clouds in
the tropics, an effect which is not taken into account in the simu-
lations (see Wilson et al., 2008 for details on this topic).
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6. The late-fall and winter polar cap

At the end of the fall season, the atmosphere above the polar
region cools down and evolves toward the situation described in
Colaprete et al. (2005) for the winter season. The polar cap reaches
its maximum extension and starts to shrink. CO, condensation in
the atmosphere is now allowed at lower latitudes as well as in
the eastern hemisphere. As an example, we show in Fig. 16 the
air temperature field difference ATs(z) = T(z) — Tsat(2) for orbit
755 (Ls = 78°). The track of PFS measurements is depicted in the
top-right panel. White circles highlight the areas where the CO,

condensation is allowed, according to the vertical profiles shown
in the bottom panel.

The key observational aspects of the southern hemisphere win-
ter weather have been recently summarized by Barnes and Tyler
(2007). During the winter, the atmosphere frequently chills to be-
low the condensation temperature of CO, and becomes supersat-
urated. The largest and most persistent supersaturation occurs in
a region which extends from the areas southward of the Thar-
sis plateau as far east as the vicinity of the Argyre basin. More
broadly, the western hemisphere exhibits much stronger storm ac-
tivity than the eastern hemisphere, and is also substantially colder
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at a given altitude, on average. In other words, CO, condensation
in the atmosphere is now allowed in both hemispheres, but the
low-pressure zone established by the planetary wave over much
of the western hemisphere allows a higher CO, condensation rate
than in the eastern region.

Colaprete et al. (2005) have shown that for Ls = 90°-110°, at
—75° latitude, the temperature of the whole atmospheric column
(up to ~0.3 mbar) is always below or far below the Ty profile (up
to more than 20 K in the western hemisphere). With our current
dataset described in Section 1.1, for Ls > 90° we observe latitudes
poleward of —70° with only six orbits, four of which extend be-
low —85° S latitude in the western hemisphere. Although more
observations may be needed for a complete discussion, it is in-
teresting to note that our observations show a different situation
than that described in Colaprete et al. (2005). In our data, areas of
atmospheric condensation are present poleward of 70° S latitude,
but the atmosphere is far from being completely supersaturated at
75° S latitude, where large areas are even well above the conden-
sation temperature. A completely supersaturated atmosphere, from
the ground up to ~40 km altitude and at all the longitudes, is ob-
served exclusively at latitudes higher than 80° S. This is true for
each of the four cases examined.

7. Discussion and conclusion

We have analyzed the condensing CO, south polar cap of Mars
during the fall and winter seasons. In the early-fall season (Ls =
0°-25°) the CO, condensation in the atmosphere is not allowed,
the atmosphere being several degrees warmer than the saturation
temperature. The cap extends up to ~70° S latitude and consists
essentially of CO; frost deposits (direct vapor deposition). This is

likely to be the situation until the middle of the fall season, with
the exception that the deposits extend up to ~60° S latitude at
that time. During the first half of the fall season, the cap edges
advance symmetrically with a constant speed of about 10° of lati-
tude per 15° Ls, at every longitude. At Ls = 70° the cap is near to
its maximum extension of ~40° S latitude. It appears asymmetric,
due to the presence of the two major martian basins, Hellas and
Argyre, where the CO; frost can be stable at higher temperatures,
thanks to higher surface pressures inside the basins.

In the Ls = 50°-70° period, the south pole of Mars is character-
ized by two distinct regional climates: CO, snow falls are allowed
exclusively in the western hemisphere, where the atmospheric
temperatures goes below the condensation temperature of the
gaseous CO; at given altitudes. The longitudinal thermal asymme-
tries seen between the western and eastern hemispheres in south-
ern high latitudes are the result of a planetary wave that is excited
primarily by the middle-latitude surface topography, namely Hel-
las and Argyre. This wavenumber-one planetary wave establishes a
high-pressure zone over much of the eastern hemisphere, prevent-
ing CO, condensation in the atmosphere. Upward motions occur
in the western hemisphere, establishing a cold, low-pressure zone.
This makes the CO, precipitation very likely to occur in the west-
ern hemisphere. The differences in the nature of the surface ice
deposits during the mid-late fall season are the main responsible
for the residual south polar cap asymmetry. These results confirm
and extend what has been recently proposed by Colaprete et al.
(2005).

The explanation suggested by Colaprete et al. (2005) for the
RSPC asymmetry involves a different CO, condensation rate in the
atmosphere in the two hemispheres above the south polar region
during the southern winter, the higher condensation rate occurring
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in the western hemisphere. PFS observations shown in this paper
reveal that an important role is also played by the fall season, es-
pecially during the 50°-70° Ls range. In this period, in fact, CO;
precipitation occurs exclusively in the western hemisphere, and
particularly in the longitudinal corridor of the RSPC. Prettyman et
al. (2003) have shown that the measured inventory of CO; frost in
the southern seasonal cap achieves a maximum value of 8 x 10’8 g
between 160° and 170° Ls, which is slightly more than 30% of the
established value for total atmospheric mass (2.5 x 109 g). They
have also shown that, by Ls = 70° at 85° S latitude, more than a
third of such amount of CO; ice has been already deposited in the
polar cap. As a consequence of the results discussed in Section 5.1,
we can reasonably assume that most of this CO, ice is deposited
within the western hemisphere and within the longitudinal corri-
dor of the RSPC. We note here that all the CO; ice clouds and pre-
cipitations phenomena previously reported (Formisano et al., 2006;
Montmessin et al., 2006, 2007) form inside supersaturated pockets
of air created by upward propagating thermal waves. In fact, up-
ward motions in the atmosphere cause the temperature to rapidly
decrease to a supersaturation level, allowing CO, condensation in
the atmosphere. Unfortunately, due to the limitations in the re-
trieval scheme described in Section 1.2, we cannot state with the
current version of the PFS retrievals whether the atmospheric tem-
perature goes below the saturation point or not; nevertheless, the
considerations described above, the model predictions, and the
strong upward motions associated with the planetary wave in the
colder hemisphere make the condensation and precipitation sce-
nario very likely.

Frost grain size is determined by the style of frost deposi-
tion. Smaller grains form when there is atmospheric precipitation
to the surface and larger grains form when frost is directly de-
posited to the surface. Smaller grains result in higher albedo and
vice versa (Calvin and Martin, 1994; Warren et al., 1990). More-
over, the higher the albedo, the lower the sunlight absorbed and,
consequently, the sublimation rate (see e.g. James et al., 1992;
Thomas et al., 1992). Therefore, the different amounts of CO, ice
deposited in the two hemispheres during the fall and winter sea-
sons, together with the different sublimation rates due to different
grain sizes and, in turn, different albedo between CO, (fresh) snow
and frost, may explain the asymmetry observed at the end of the
southern summer: the dry ice sublimes entirely in the eastern
hemisphere, while in the western hemisphere it survives all year
long as the RSPC.

Albedo, deposition type and amount of ice deposited are all
related. In the polar night we always have CO, condensing di-
rectly onto the surface. This results from IR cooling; but, at a
given latitude, the onset of this process is primarily controlled by
the amount of heat stored in summer and released in fall/winter
(thus by the amount of time without frost and by the seasonal
subsurface thermal inertia). The albedo also affects the surface ac-
cumulation in the polar night, because keeping frost later in spring
reduce the amount of heat stored in the subsurface during sum-
mer. An extreme example is the south permanent polar cap where
the surface condensation is maximum since there is no subsurface
heating. In addition, as we have shown, CO, can efficiently con-
dense in the atmosphere (precipitation), especially in areas where
adiabatic cooling occurs. Precipitation impacts not only the amount
of ice deposited (higher in the longitudinal corridor of the RSPC)
but also the grain size and thereby the cap albedo, which plays a
key role outside the polar night. The ice accumulation is longitude-
dependent, and so are the albedo and the south polar cap subli-
mation. The albedo increase with time is longitude-dependent too
(Schmidt et al., 2007). In conclusion, the albedo (with the different
related processes, such as dust contamination, ice metamorphism,
deposition type) and the different amounts of CO, ice deposited

in the two hemispheres are the key factors that control the south
polar cap recession.

In this paper we have also performed a comparison of selected
PFS orbits with the results provided by the martian GCM of the
Laboratoire de Météorologie Dynamique in Paris in the range of
areocentric longitude 50°-70°. The aims of this comparison were

(1) to confirm and support the observations, putting them in the
global context of the simulated martian atmospheric dynam-
ics, and

(2) to provide a validation of the results of the GCM in the polar
night, where the model has shown to be very sensitive to the
numerical implementation of the equations of the dynamics.

The results of the comparison show that, at latitudes outside
the polar night region, model and observations agree remarkably
well. In the polar night region, the position and strength of the
polar warming, together with the temperatures at the base of the
polar vortex, are in disagreement between the two versions of the
model used in the present work, and in partial disagreement with
the observations (roughly, the model based on the LMDZ-2 dynam-
ical core disagrees with the observations in the eastern hemisphere
whereas the version based on the LMDZ-3 dynamical core dis-
agrees in the western hemisphere). The comparison included in
this paper confirms that modeling the circumpolar region during
the period of the polar night is a crucial task for the GCMs.

Work is in progress to understand the role played by different
dynamical cores (including a spectral dynamical core which is part
of the UK MGCM) and numerical stability filters in modeling the
climate of the southern polar night.

Future work will be devoted to extend this first cross-validation
of MEX/PFS and martian GCMs to other seasons and latitudes, and
to investigate in more detail the atmospheric dynamics and the
transport of tracers in the polar night regions, where PFS observa-
tions (together with future observations from NASA’s Mars Recon-
naissance Orbiter/Mars Climate Sounder) are essential.
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