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Introduction: Large-scale, extratropical weather
disturbances (i.e., high- and low-pressure systems or
“transient synoptic-period baroclinic/barotropicwaves”)
are critical components of the global (i.e., general) circu-
lation of a rapidly rotating,differentially heated, shallow
atmosphere such as on Earth and Mars. Critically, these
wave-like disturbances act as agents for the transport of
heat and momentum between low and high latitudes of
the planet, and co-incidingly, for the transport of trac-
ers within the atmosphere (e.g., aerosols such as water
vapor/ice and dust for Mars).

Measurements provided by the Mars Global Sur-
veyor (MGS) thermal emission spectrometer (TES) in-
strument and the Radio Science (RS) occultation inves-
tigation have provided, for the first time, unequivocal
evidence that the middle and high latitudes of Mars’
southern hemisphere (SH) experiences large-scale, trav-
eling weather systems [1–3]. Prior to these atmospheric
measurements and traveling-wave analyses, a variety of
atmospheric circulation model investigations [4–6] pos-
tulated that such large-scale extratropical disturbances
ought to be present in this hemisphere. In addition, over
a similar seasonal span (e.g., NH late autumn/SH late au-
tumn; NH winter/SH winter; etc), such theoretical and
atmospheric modeling studies, and the MGS/TES and
RS observations, have indicated that the vigor of the SH
transient waves is much less intense and the depth scales
shallower, compared to their northern hemisphere (NH)
counterparts. Although temperature amplitudes can be
O(2–10×) weaker, mostly similar wave mode scales
(wavenumbers 1-3) and periods (e.g., 2–4 days at low
levels; 6–20+ days at upper levels) are found for the
southern extratropical waves.

In some ways similar to the northern hemisphere,
during late autumn and winter, the southern extratrop-
ics exhibits a dominant “storm track” (or “storm zone”),
where the intensity of, and associated atmospheric vari-
ability with, the traveling weather disturbances is the
most intense and regionalized geographically. At low
atmospheric levels in the SH extratropics (e.g., below
a 1-2 scale heights), the variability is greatest in the
western hemisphere, roughly between the Tharsis high-
lands and the prime meridian [1–3]. The SH storm zone
appears more intense during SH late winter and early
spring [1–3].

Fundamental to assessing thepresent climateof Mars
is forming an understanding of its water cycle via space-
craft observations, theoretical studies and modeling. Re-
cent spacecraft missions (e.g., Mars Express (MEX),
Mars Reconnaissance Orbiter (MRO)) have provided
new measurements critical to key components of this
cycle, in particular, both seasonal and interannual vari-
ations in atmospheric water column abundance, water

Fig. 1: South polar stereographic projection (latitudes
> 55◦S) of CRISM multispectral (MSP) observations
obtained during early spring (Ls = 183.5 − 191.0◦)
of CO2 and H2O near-surface during MY 28 (February
through July 2007): pure CO2 ice (red); pure H2O ice
(dark blue); mix of CO2/H2O ice (cyan); no ice (gray).
(Courtesy Adrian Brown, SETI Institute)

ice cloud occurrence and surface ice/frost distribution
[1–6]. Global climate models of Mars have been used to
investigate key atmospheric and surface aspects of Mars’
water cycle [7] and more recently, the nature of cloud
microphysical processes [8,9]. Such modeling tools,
combined with the recent observations, serve to illumi-
nate underlying meteorological processes that give rise
to water vapor transport, water-ice cloud formation and
their spatial and temporal variabilities, and the interac-
tions of atmospheric circulation components (e.g., mean
overturning cells, small- and large-scale waves, etc) with
them. Here we make use of recent high-resolution obser-
vations of the seasonal southern polar cap, together with
a general circulation model, to assess large-scale struc-
tures in near-surface and within the atmosphere water
vapor condensation/sublimation and surface ice deposi-
tion.

Observations: Recent measurements obtained by
the Compact Reconnaissance Imaging Spectrometer for
Mars (CRISM) instrumentonboard MRO have been pro-
jected into polar stereographic maps to investigate the
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retreat of the southern seasonal polar ice cap, and the
distribution of both CO2 and H2O ice [16]. The CRISM
multispectral (MSP) strips fromMRO’s primary mission
have a nominal resolutionof 185m/pixel [17] and consist
of long channel (1.0-4.0µm) measurements. A sample
south polar mosaic during early spring (Ls ∼ 187.3◦)
compiled over fourteen days of CRISM MSP strips is
shown in Fig. 1. The coloring of the strips in the mosaic
corresponds to the following: CO2 ice (red); pure H2O
ice (dark blue); mixture of CO2/H2O ice (cyan); and,
no ice (gray). It can be seen from Fig. 1 that signifi-
cant east-west (longitudinal) asymmetries occur in the
southern extratropics and high latitudes with respect to
the type of near-surface condensate (i.e., CO2 ice, H2O
ice or a mixture of the two). From the measurements
utilized to created the polar mosaics thus far, it is not pos-
sible to discriminate between low-level water-ice clouds
or surface deposits (a work in progress).

To explore the nature of such longitudinal asym-
metries we have utilized a recent version of the NASA
Ames Mars general circulation model (MGCM) which
simulates the seasonal and spatial variations in the Mars
water cycle with reasonable fidelity.

Climate Model: We have utilized the NASA Ames
MGCM version 2.1 to simulate the present water cycle
on Mars [12]. This version runs with an updated radi-
ation code (based on a two-stream approximation with
correlatedk’s), and a cloud microphysics scheme that as-
sumes a log-normal particle size distribution whose first
two moments are carried as tracers, and which includes
the nucleation, growth and sedimentation of ice crystals
[9]. In addition, atmospheric dust is partially interactive
in this simulation. The radiation code actually responds
to a prescribed distributionbased on an opacity climatol-
ogy derived from MGS Thermal Emission Spectrometer
(TES) 9-µm opacity measurements during the first map-
ping year, and the vertical distributionvaries with season
and latitude [9]. The cloud microphysics code interacts
with a transported dust tracer whose surface source is
adjusted to maintain an atmospheric column abundance
as observed by TES. In our initial simulations, water-ice
clouds are radiatively passive. Our model configuration
is G30L24 which corresponds to a horizontal resolution
of 5 × 6◦ latitude-longitude, with 24 unequally-spaced
vertical layers that have higher vertical resolution near
the surface. The model top is placed at approximately
80 km. For initialization, the simulation is started from
an isothermal, circulation-free and dry atmosphere, with
the only source for water vapor specified in terms of a
uniform polar north residual cap (NRC) that extends
poleward from80◦N. The simulation is run to a water-
cycle equilibrium which is achieved within five Mars
years.

Results and Diagnostics:We have analyzed both
time-mean and eddy (i.e., stationary and synoptic-period
transient) structures in our Mars GCM simulations. Here,
time means centered on a given season (Ls) are con-
structed using 30 days of simulation, and transient mete-
orological fields have been band-pass filtered such that

variability only associated with synoptic-period wave
disturbances is captured.

Zonal-Mean Zonal Wind (m s-1) and Temperature (K) : Run 07.17, Ls = 190o
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Zonal-Mean Water Vapor (ppm) : Run 07.17, Ls = 190o
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Fig. 2: The time and zonally averaged (a) temperature
(K) and zonal wind (m s−1) and (b) water vapor mixing
ratio (ppm) during early southern spring (Ls = 190◦)
from the Mars GCM simulation. The contour interval is
10 K and 10 ppm in (a) and (b), respectively.

During early southern spring (Ls = 184◦), the time
and zonally-averaged field of water vapor exhibits a
pattern resembling the mean thermal structure, that is,
one nearly symmetric about the equator. This near-
equatorial symmetric structure can be clearly seen in
Fig. 2. Water-ice cloud distributions, however, are not
as equatorially symmetric: there is an enhancement of
clouds in the tropics aloft (0.5 mbar) and high southern
latitudes at low levels of the atmosphere.

Further inspection of the spatial distribution of wa-
ter vapor and water-ice clouds in a longitudinal sense
indicate significant asymmetries in such fields between
eastern and western hemispheres of the southern extra-
tropics. These east-west asymmetries are depicted in
Fig. 3. The top panel of this figure shows the time-
mean mixing ratio of water vapor at 3.5 mbar. The
middle panel depicts the so-called “stationary” pattern
of the same field (i.e., the longitudinal means have been
removed). The east-west asymmetries are more easily
seen in this panel, where the bulk of the western hemi-
sphere appears drier than that of the eastern hemisphere.
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There is a significant enhancement of low-level water
vapor in the western hemisphere and a depleted concen-
tration in the eastern hemisphere. This distribution of
the water vapor field is likely associated with large-scale
quasi-stationary (i.e., Rossby) waves and their associ-
ated circulation components and water vapor fluxes. In
addition, water-ice clouds appear to form preferentially
in the western hemisphere at low-levels and are nearly
absent in the eastern hemisphere. At higher altitudes
(0.1 mbar) there is considerable enhancement, however,
in ice-cloud activity in longitudes bracketing the Hellas
corridor. The bottom panel of Fig. 3 shows day-to-day
variability in the water vapor field associated with tran-
sient waves (i.e., synoptic period weather disturbances).
There is a geographic preference in this variability be-
tween the southern extent of the Tharsis higlands and the
Hellas impact basin. As noted above, this is the same
location of the SH storm zone as seen in MGS/TES and
RS data.

Time Mean Water Vapor (ppm), p = 3.5 mb : Run 07.17, Ls = 190o
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Stationary Water Vapor Deviat (ppm), p = 3.5 mb : Run 07.17, Ls = 190o
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Transient Water Vapor RMS Deviat (ppm), p = 3.5 mb : Run 07.17, Ls = 190o
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Fig. 3: The (a) time mean water vapor (ppm), (b) sta-
tionary water vapor (ppm) and (c) transient water va-
por (ppm) at 3.5 mbar during early southern spring
(Ls = 190◦) from the Mars GCM simulation. The con-
tour interval is 8, 4 and 1 ppm, in panels (a)–(c), respec-
tively.

Potential wave-induced impacts from SH transient-
eddy variability on the mean atmospheric state has been
examined using a localized wave activity flux (i.e., a 3D

(transient) generalization of the Eliassen-Palm flux), as
developed byHoskins et al. [20] and Trenberth [21].
The Hoskins/Trenberth flux,Eu, is given by

Eu = (E(λ)
u , E(ϕ)

u , E(z)
u ) & ut ∝

∇ · Eu

cosϕ

where

E(λ)
u ≡ 1/2(v′2 − u′2) cos ϕ

E(ϕ)
u ≡ −u′v′ cosϕ

E(z)
u ≡ (fRH−1N−2v′T ′ − u′w′) cos ϕ

Trans v’2 (m2 s-2), Eu and div(Eu), p = 1.0 mb : Run 07.17, Ls = 190o
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Fig. 4: The transient eddy meridional wind variance
(color) and the Hoskins/Trenberth flux and its diver-
gence (solid/dashed contour) at 1.0 mbar in a spheri-
cal projection during early southern spring (Ls = 190◦)
from the Mars GCM simulation.

That the transient-eddy activity and hence the requi-
site heat and momentum fluxes are regionalized can be
seen in Fig. 4. This figure shows both the meridional
wind variance and the above Hoskings/Trenberth flux
(and its divergence) in a spherical projection for fields
at about 1.0 mbar. The dominance of the storminess in
the western hemisphere and the relatively weak eddy ac-
tivity in the eastern hemisphere are clearly illuminated.
The enhancement of cloud activity in the simulation in
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the western hemisphere (not shown) resembles the longi-
tudinal asymmetry indicated in the CRISM observations
(Fig. 1) for a mix of CO2/H2O ice.

Summary and Future Work: We plan to further
investigate the nature of such spatial asymmetries in wa-
ter vapor and ice-cloud fields during the progression of
southern spring to summer, and, to perform correlative
studies and diagnostics with large-scale circulation pat-
terns, in order to identify physical mechanisms for such
spatial variability.
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