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Introduction: From the earliest missions to Mars 

a clear view of the current Mars climate has per-
sisted: Mars is a cold, dry environment incapable of 
supporting liquid water at the surface for sustained 
periods of time [1,2]. But the same missions have 
also provided a related view: Mars once had suffi-
cient water to create the catastrophic outflow chan-
nels, meandering channels, and deltas clearly evident 
in the geomorphology of the surface [1,2]. This para-
dox remains a major challenge in our understanding 
of the early Martian climate. Newly developed global 
and mesoscale atmospheric models allow us to inves-
tigate not just radiative models of early Mars, as has 
been done previously [3], but also  the atmospheric 
dynamics of early Mars. We use one such model, 
Caltech's MarsWRF, to investigate the atmospheric 
dynamics of early Mars for a range of possible at-
mospheres [4].  

Previous Climate Studies: The evidence of ex-
tensive surface water in the Martian past led  scien-
tists to hypothesize that Mars once had a warm and 
wet atmosphere, which allowed the creation of the 
current surface, but somehow lost much of that at-
mosphere. Thus, early paleoclimate modeling fo-
cused on the warm, wet early Mars hypothesis. 
Planetary scientists developed one-dimensional radia-
tive models of the paleoclimate that added sufficient 
CO2 to achieve temperatures that can sustain liquid 
water. These models predicted extensive surface 
deposition of carbonates as the thick CO2 precipitated 
in oceans and lakes. None of these models, however, 
investigated the dynamics of a paleo-atmosphere nor 
the three-dimensional distribution of water [3].  

Motivation for Current Research: The past 
decade has provided the Mars scientific community 
with a wealth of new data. Spectroscopic investiga-
tions of the surface of Mars shows extensive deposi-
tion of sulfates, not carbonates [5,6]. As well, the in 
situ exploration of Meridiani Planum by the Mars 
Exploration Rover (MER) indicates a periodically 
wet, highly acidic environment [7,8]. Though this 
data places an uncertainty on exactly how warm and 
how thick the early Martian atmosphere was, the data 
also confirms that a thicker atmosphere must have 
existed in the Martian past. 

While the exact radiative mechanisms of an early 
thick atmosphere are still being debated a somewhat 
orthogonal but equally important question relates to 

the spatial variations and dynamics of a thicker Mar-
tian atmosphere. For an increasingly thicker Martian 
atmosphere, compared to today, the thermal mass of 
the atmosphere shifts the relationship between the 
dynamical and radiative time-scales from radiatively 
dominant to dynamically dominant. In a radiatively 
dominated atmosphere, the surface is essentially 
thermally coupled to the vacuum of space. Further-
more, the daily temperatures only allow stable sur-
face water ice to form at the global caps. Thus, a ra-
diatively dominated atmosphere has a pole-to-pole 
hydrological cycle driven by thermal trapping. In a 
dynamically dominant atmosphere, the thicker at-
mosphere can provide thermal insulation, expanding 
the amount of surface capable of sustaining water, in 
either liquid or solid form. As well, the atmospheric 
circulation begins to determine the location of water 
deposition such that the poles are not the only loca-
tion for water. Precipitation patterns begin to domi-
nate the interaction between the atmosphere and the 
surface. For these reasons, understanding the transi-
tion from a radiatively dominated regime to a dy-
namically dominated regime is vital to understanding 
the deposited surface geology on Mars.  

Parameters for the Current Simulation: For an 
initial investigation, we compare the standard 
MarsWRF results for the present Martian atmosphere 
[4] with an early Mars atmosphere with high concen-
trations of SO2 species at both 50 mbar and 500 mbar 
surface pressure and with a solar luminosity at 75% 
of current[9, 10]. We chose the SO2 cases in order to 
connect our results to the work of Johnson et al. [9] 
and Mischna et al. [10]. Further research will investi-
gate a wider range of scenarios. For this abstract, the 
comparisons use data from LS = 87.8 ° to LS = 92.2 °. 

Radiative vs. Dynamical Timescales: In the 
manner of Houghton [11], we can calculate the radia-
tive timescale for the three scenarios by considering a 
slab of atmosphere of thickness h and uniform den-
sity ρ . The slab radiates as a blackbody by a tempera-
ture T that differs from the radiative equilibrium 
temperature by the amount ΔT. While the slab comes 
into radiative equilibrium with the surrounding at-
mosphere, the rate of temperature change is related to 
the slab temperature by 
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Rearranging, we get a differential equation 
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is the radiative time constant. By setting h to be the 
scale height and assuming the ideal gas law, the ra-
diative time constant can be written as 
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where PS and TS are the surface pressure and surface 
temperature, respectively. Using Mars values for the 
specific heat and gravity, the following radiative time 
constants were determined for the three scenarios: 6.5 
hours (~0.3 days) for PS = 5 mbar and TS = 220K, 
50.4 hours (~2.1 days) for PS = 50 mbar and TS = 
240K, and 397 hours (~16.5 days) for PS = 500 mbar 
and TS = 260K. (The surface temperatures are mean 
values based on the MarsWRF runs.) 

The rapid radiative timescales for the standard and 
50 mbar simulations indicate an atmosphere domi-
nated by radiative processes while the slow radiative 
timescale for the 500 mbar simulation indicates and 
atmosphere where dynamics dominate. Figures 1, 2, 
and 3 illustrate the impact of the different radiative 
timescales. In Figures 1 and 2 the atmospheric circu-
lation strongly correlates with the peak surface tem-
perature. The peak surface temperature maps to the 
sub-solar point and tracks this sub-solar point 
throughout the day. The atmospheric circulation is 
therefore tracking the radiative input into the atmos-
phere, demonstrating the thermal coupling of the at-
mospheric radiation and dynamics.  

In Figure 3, neither the surface temperature nor 
the atmospheric circulation track the sub-solar point. 
Instead, the atmosphere displays a consistent pattern 
of activity, over a diurnal timescale, that is a response 
to many days worth of solar input. The surface tem-
perature pattern for the 500 mbar atmosphere also 
seems to correlate with surface topography. Mars has 
a strong north-south dichotomy in topography, which 
is reflected in the surface temperature data. The di-
chotomy occurs where there is a temperature transi-
tion between the >260 K temperatures that dominated 
the northern lowlands of Mars and the <260 K tem-
peratures that exist in the southern highlands. 

Zonal Winds and Jet Structure: Figure 4 shows 
the zonally averaged wind and temperature for 
LS=87.80°. The thinner atmospheres have much 
sharper temperature gradients in the latitudinal direc-
tions. These sharp gradients result from the thermal 
coupling of the atmosphere to the solar illumination 

tightly centered on the sub-solar point and the rapid 
cooling-to-space of the polar winter atmosphere that 
is largely uncompensated for by atmospheric heat 
transport. The sharp temperature gradients lead to a 
zonal wind that rapidly increases with height and to 
the formation of strong jets at the top of the tempera-
ture gradient. The 500 mbar atmosphere, however, 
has a less steep temperature gradient with warm tem-
peratures spread across a longer latitudinal distance. 
Correspondingly, the zonal winds at all altitudes are 
slower than in the think atmosphere case. The 5 mbar 
atmosphere has a jet velocity 120 m/s, the 50 mbar 
atmosphere has a jet velocity of 40 m/s, and the 500 
mbar atmosphere has jet velocity of 30 m/s. 

CO2 Ice Caps: A preliminary look at CO2 con-
densation and CO2 ice cap formation shows that in 
the 50 mbar scenario a significant amount of the CO2 
condenses out of the atmosphere and onto the polar 
caps. The model forms permanent ice caps at both 
poles in this simulation, creating a drier environment 
even than current Mars, via polar cold trapping of 
water. The 500 mbar scenario has no CO2 caps since 
the surface temperatures are too high for CO2 con-
densation. The CO2 condensation in the 50 mbar at-
mosphere leads to a minimizing of the greenhouse 
effect and thus diminishing the impact of the increase 
surface pressure compared to the 5 mbar atmosphere. 
This suggests a similar historical trend as the “dead 
zone” for liquid water on Mars proposed  by 
Richardson and Mischna [12], although the physical 
mechanisms are different. 

Conclusion: This initial investigation of the at-
mospheric dynamics of early Mars will continue with 
further analysis of the existing simulations, including 
looking at diurnal variations, seasonal averages, wa-
ter distribution both as vapor and ice, and surface 
wind flow. Finally, these scenarios will be run for 
various obliquity conditions. 
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Figure 1. Surface temperatures and wind vectors 
for the MarsWRF standard present day atmos-
phere [4]. The plots show the end of northern 
spring and start of northern summer, with each 
plot 6 hours apart.\ 

 

 

 

Figure 2. Surface temperatures and wind vectors 
for a 50 mbar atmosphere with SO2. The plots 
show the end of northern spring and start of 
northern summer, with each plot 6 hours apart. 
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Figure 3. Surface temperatures and wind vectors 
for a 50 mbar atmosphere with SO2. The plots 
show the end of northern spring and start of 
northern summer, with each plot 6 hours apart. 
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Figure 4. The zonal averaged wind and tempera-
ture fields for the three scenarios. The thinner 
atmospheres show sharper temperature gradients 
leading to stronger zonal jets. 
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