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Introduction: The dust cycle is an important
component of Mars’ current climate system. Air-
borne dust affects the radiative balance of the at-
mosphere, thus greatly influencing the thermal and
dynamical state of the atmosphere. Dust raising
events on Mars occur at spatial scales ranging from
meters to planet-wide. Although the occurrence and
season of large regional and global dust storms are
highly variable from one year to the next, there are
many features of the dust cycle that occur year after
year. Generally, a low-level dust haze is maintained
during northern spring and summer, while elevated
levels of atmospheric dust occur during northern
autumn and winter. During years without global-
scale dust storms, two peaks in total dust loading
were observed by MGS/TES: one peak occurred
before northern winter solstice at Ls 200-240, and
one peak occurred after northern winter solstice at L
305-340 (Smith, 2004). These maxima in dust load-
ing are thought to be associated with transient eddy
activity in the northern hemisphere, which has been
observed to maximize pre- and post-solstice (Barnes,
2003; Banfield et al., 2004, Wang, 2007).

Interactive dust cycle studies with Mars General
Circulation Models (MGCMs) have included the
lifting, transport, and sedimentation of radiatively
active dust. Although the predicted global dust load-
ings from these simulations capture some aspects of
the observed dust cycle, there are marked differences
between the simulated and observed dust cycles
(Kahre et al., 2006; Basu et al., 2004; Newman et al.,
2002). Most notably, the maximum dust loading is
robustly predicted by models to occur near northern
winter solstice and is due to dust lifting associated
with down slope flows on the flanks of the Hellas
basin. Thus far, models have had difficulty simulat-
ing the observed pre- and post- solstice peaks in dust
loading.

Interactive dust cycle studies typically have not
included the formation of water ice clouds or their
radiative effects. Water ice clouds can influence the
dust cycle by scavenging dust from atmosphere and
by interacting with solar and infrared radiation,
thereby modifying the thermal structure of the at-
mosphere and its circulation. Results presented in
other papers at this workshop show that including
the radiative effects of water ice clouds greatly in-
fluence the water cycle (Haberle et al., 2011) and the
vigor of weather systems in both the northern and
southern hemispheres (Hollingsworth et al., 2011).

Our goal is to investigate the effects of fully
coupling the dust and water cycles on the dust cycle.
We show that including water ice clouds and their
radiative effects greatly affect the magnitude, spatial
extent and seasonality of dust lifting and the season
of maximum atmospheric dust loading.

Methods: We use the NASA Ames Mars GCM
(version 2.1d) for this investigation. This version of
the model runs with a horizontal resolution of 5° in
latitude by 6° in longitude. The vertical sigma-
coordinate grid contains 24 layers and extends to
approximately 80 km. This version of the model
includes a 2-stream radiative transfer scheme that
accounts for gaseous absorption and scattering aero-
sols and a tracer transport scheme based on the Van
Leer formulation. A fully interactive dust cycle is
implemented, which includes the lifting, transport
and removal of radiatively active dust (Kahre et al.,
2006, 2008). Dust is lifted from the surface when
the momentum imparted to the surface (character-
ized as the surface wind stress, t) exceeds a critical
value, t = 22,5 mN m?2. Lifted dust is partitioned
into a lognormal distribution with an effective radius
of 2.5 um and an effective variance of 0.5. Airborne
dust interacts with solar and infrared radiation, pro-
vides seed nuclei for water ice clouds, and under-
goes gravitational sedimentation as free dust and as
cores of water ice cloud particles. A complete water
cycle is included that contains sublimation from the
north residual cap and the microphysical processes
of nucleation, growth, and settling of water ice
clouds (Montmessin et al., 2002, 2004). Water ice
clouds can either be radiatively active or inert.

Simulations: Three model simulations were car-
ried out for this investigation (Table 1). These simu-
lations were designed to explore the sensitivity of
the dust cycle to the inclusion of cloud formation
and the radiative effects of clouds.

Table 1:
Run I.D. Interactive | Clouds? Radiatively
Dust? Active
Clouds?
No Clouds Yes No N/A
Clouds Yes Yes No
R. A. Clouds Yes Yes Yes




Results: Simulated results indicate that including
the couplings between the dust and water cycles
greatly affect the predicted dust cycle.

Annual Dust Cycle: The annual global dust opac-
ity for the three simulated cases are shown in Figure
1. The simulations without clouds and with radia-
tively inert clouds produce similar dust cycles; these
simulations closely resemble previous interactive
dust cycle simulations that included wind stress dust
lifting only. The global dust opacity during northern
spring and summer is low compared to observations.
The simulation that included inert clouds predicts a
lower-level dust loading during these seasons due to
the scavenging of dust by clouds. In previous stud-
ies, a parameterization for dust devil lifting has been
included to provide a background dust haze during
these seasons (Kahre et al., 2006). A peak in global
dust opacity occurs near winter solstice and is due in
large part to lifting along the north and south flanks
of Hellas (Figure 2 top and middle panels). The
inclusion of inert clouds slightly increases the vigor
of dust raising events near the north growing and
south receding seasonal CO, caps at Ly 200-240 and
reduces dust lifting in the Hellas region at Ls~270.
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Figure 1: Globally averaged dust opacity for the three simula-
tions discussed.

The radiative effects of clouds have a profound
effect on the simulated dust cycle (Figure 1 and Fig-
ure 2 bottom panel). An increased level of dustiness
is maintained throughout northern spring and sum-
mer, caused by wind stress lifting along the receding
north seasonal cap and in the tropics. During north-
ern autumn and winter, the global dust loading ex-
hibits two distinct maxima, one centered at Ls~210
and one centered at Ls~270. Rigorous wind stress
lifting at high northern latitudes before the north
seasonal CO, cap starts to grow and along the south
receding seasonal CO, cap causes the pre-solstice
peak.
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Figure 2: Zonally averaged wind stress dust lifting rate for the
three simulations.

Atmospheric Thermal Structure at Lg 210. At-
mospheric temperatures at Ly 210 exhibit differences
between the three simulations (Figure 3). Although
radiatively inert clouds do not directly affect atmos-
pheric heating rates, they influence the thermal
structure of the atmosphere (and therefore the circu-
lation and lifting potential of the atmosphere) by
modifying the vertical distribution of dust through
scavenging. The presence of radiatively inert clouds
results in warmer temperatures throughout the at-
mosphere as compared to the no cloud case (Figure
3 top and middle panels). This might be counterin-
tuitive because one would expect clouds to confine
dust near to the surface resulting in cooler air aloft.
In this case, the atmosphere is warmed in the pres-
ence of inert clouds because dust lifting is more vig-
orous so the atmosphere is dustier at this season (see
Figure 1 blue and black curves).
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Figure 3: Zonally averaged atmospheric temperatures at L, 210
for the three simulations.

Compared to the other two cases, when the radia-
tive effects of water ice clouds are included the pre-
dicted temperatures agree better with observations.
The atmosphere is warmer in the tropics but cooler
near the surface in the polar regions. These effects
are due to a combination of the direct radiative ef-
fects of clouds and the increased dust loading that is
present in this simulation (see Figure 1 red curve).
The combined effect of warming at low latitudes and
cooling at high latitudes is to make the atmosphere
in the middle northern latitudes more isothermal and
to tighten the equator-to-pole thermal gradient (i.e.,
the baroclinicity of the atmosphere). The increased
baroclinicity supports more rigorous transient eddies
(see Hollingsworth et al. 2011, this workshop),
which most likely causes the increase in the vigor of
dust lifting at high northern latitudes that produces
the global opacity peak at this pre-solstice season.

Spatial Extent of Dust Lifting at Ls 210. The spa-
tial extent of dust source regions at this season is
also sensitive to the couplings between the dust and
water cycle (Figure 4). Compared to the no cloud
case, including radiatively inert clouds expands the
longitudinal extent of dust lifting in the northern
middle to high latitudes. When the radiative effects
of clouds are included, the dust lifting is predicted
throughout nearly all longitudes polewards of 30 N

in the northern hemisphere. This longitudinally
broad band of dust lifting is the most consistent with
the patterns of dust injection predicted by MGCM
simulations that utilize assimilation methods for the
treatment of dust lifting (Kahre et al., 2009).
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Figure 4: Column dust opacity (fill) and dust lifting rate (con-
tours) at Ls 210 for the three simulations

Discussion and Conclusions: Preliminary fully
coupled dust and water cycle simulations show im-
provements in some aspects of the simulated dust
cycle. Most interestingly, increased eddy activity at
Ls 180-240 increases the vigor and spatial extent of
dust lifting in the northern hemisphere. This in-
creased dust lifting produces a peak in global opacity
at a season that is more consistent with TES observa-
tions during non-global dust storm years than the
simulations that do not include clouds and their radi-
ative effects. Additionally, the spatial extent of dust
lifting when the radiative effects of clouds are in-
cluded is expanded, which is in better agreement to
dust assimilation simulations and MGS/MOC obser-
vations of dust events. Because of the effects of
coupling the dust and water cycles discussed here, it
is very likely that these couplings are vital to the
simulation of the dust cycle.

Although improvements to the simulated dust
cycle are seen in these coupled simulations, it is ap-
parent that there is much work that still needs to be
done to get both the dust and water cycles ‘right’.
Dust lifting in the Hellas region during northern win-



ter is over-predicted. Limiting the supply of dust in
these regions may be appropriate. More troubling is
the effect of coupling the dust and water cycles
through cloud formation on the individual water and
CO, cycles. The simulated spatial and temporal pat-
terns of atmospheric water vapor and water ice
clouds do not agree well with observations. The
presence of large quantities of radiatively active dust
at high northern latitudes during northern autumn
slows the growth of the north seasonal CO2 cap.
The resulting pressure cycle at the Viking Lander
sites are out of phase compared to observations. It is
clear that a full understanding of the interactions
between the three climate cycles will be required for
an understanding of each individually.
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