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Introduction:  Understanding the behavior of the 

water cycle on Mars is integral to simulating the early 

Martian climate, which was warmer and wetter than 

compared to present day, as evidenced by the extensive 

valley networks [1].  Here, we present results showing 

that the greenhouse warming by water-ice clouds could 

have created a stable climate with globally averaged 

surface temperatures of up to 265 K.  

Approach:  We use a modified version of the Com-

munity Atmosphere Model (CAM) originally developed by 

the National Center for Atmospheric Research (NCAR).  We 

have adapted the original terrestrial model [2] for Martian 

conditions.  The model runs at a resolution of 4ºx5º 

(lat/lon) with 26 vertical layers up to approximately 60 

km.  Transport is done using a finite-volume dynami-

cal core.  The radiative transfer is a two-stream corre-

lated-k model [3], and accounts for absorption and 

scattering by gaseous CO2 and water, aerosols, and 

water clouds.  The radiative effects of cloud overlap 

are found using the Monte Carlo Independent Column 

Approximation method (McICA), a stochastic applica-

tion of the Independent Column Approximation [4], 

[5]. 

Model Simulations:  The model’s ability to simu-

late the Martian hydrologic cycle was validated by 

comparing model results to observations of the annual 

water vapor distribution and cloud opacities.  For these 

simulations, the sources of water are an initial atmos-

pheric water vapor content of 10 pr-m and a pre-

scribed water ice cap above 82N.  There is no perma-

nent CO2 ice cap, and dust is prescribed as non-varying 

with a globally averaged optical depth of 0.1, with a 

Conrath vertical distribution.  There is no initial sub-

surface ice; however water is allowed to permeate the 

soil if the surface is wet.  Cloud particles are assumed 

to have a constant effective size between 1-10 µm that 

varies with height.  The model was initialized with a 

previously performed 10 year simulation, then run for 

an additional 4 years to allow equilibration after para-

meter changes.  Results are reported from the last year 

of the simulation. 

Early climate simulations began with a 500 mbar 

CO2 atmosphere, and varying amounts of initial at-

mospheric water.  The solar constant was reduced to 

75% of its current value.  Initial water was prescribed 

as the saturation vapor pressure at temperatures be-

tween 180-300 K.  This corresponds to a globally av-

eraged water column of 1-10
6
 precipitable microns.  

The initial atmosphere and ground temperature was 

isothermal, equivalent to the temperature the saturation 

water vapor pressure was calculated at, in order to 

avoid significant supersaturation in the first model step.  

Simulations were run for 4 Mars years, and typically 

reached equilibrium after 2 years. 

Results: 

Current Climate Simulations.  The radiative effects 

of clouds are shown in Fig. 1.  The top plot shows the 

zonally averaged atmospheric temperature at Ls=0º.  

The middle three plots show (model – TES) compari-

sons for non-radiatively active clouds, radiatively ac-

tive clouds with cloud cover fraction and overlap, and 

radiatively active clouds with no cloud cover fraction 

(100% cloud cover).  The bottom plot is a difference 

between the temperatures calculated by the two radia-

tively active cloud cases. 

 

 
Fig. 1.  Zonally averaged model temperature at Ls=0º (top).  

(Model – TES) temperature differences for non-radiatively active 

clouds (second), radiatively active clouds with cloud cover fraction 

and overlap (third), and radiatively active clouds with no fractions 

(fourth).  (Fractional – Non-fractional) temperature difference. 

 

The inclusion of radiatively active clouds greatly 

improves model performance in terms of atmospheric 

temperature.  It tends to warm the upper troposphere in 

the tropics, and cool the lower troposphere in the polar 

regions, regions where the model previously had issues. 
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Fig. 2. Zonally averaged values vs. Ls for cloud opacity between 

800-875 cm-1 (top), and water vapor column in pr-µm (bottom). 

 

Plots of the cloud opacity and water vapor column 

are shown in Fig. 2.  To achieve the relatively high 

water vapor abundance concurrent with  optically thin 

clouds, we required the critical saturation ratio in the 

summer hemisphere to be a high value pole ward of 

40º between Ls=60-180 in the north, and Ls=240-

360 in the south.  Outside of these ranges, the critical 

saturation was derived from the local atmospheric 

temperature following Trainer et al. [6]. 

Early Climate Simulations.  Sensitivity tests of the 

early climate were done, varying the initial water con-

tent, cap albedo, cloud particle sizes, precipitation rates, 

and cloud cover fraction.  These simulations revealed 

three climate states.  A cold, dry state that formed a 

permanent CO2 cap, a mild state with a globally aver-

aged surface temperature near 235 K, and a warm state 

with a temperature near 265 K.  In the warm state, the 

tropics and Hellas had annually averaged surface tem-

peratures above the melting temperature of water (Fig. 

3). 

 

 
Fig. 3.  Annually averaged surface temperature of a warm state. 

 

The water-ice cloud forcing has the greatest impact 

on the early climate.  This forcing is affected by all of 

the parameters we varied, but is most sensitive to the 

cloud cover fraction.  The warm climate was only 

reached if grid cells were considered to be completely 

cloud covered.  We found that clouds with 10 µm par-

ticles, and lifetimes of 50-100 days could provide a net 

forcing of up to 60 W m
-2

.  However, if the particles 

were too small, or the cloud lifetimes were too short, 

the climate would dry out, resulting in net forcings of 

less than 10 W m
-2

. 

Conclusions:  While there may be some conditions 

supported by the hydrologic greenhouse that lead to a 

stable, warm climate despite the “faint young sun” 

problem, this problem is still very far from being 

solved.  The climate is extremely sensitive to cloud 

properties, and minor differences can result in wildly 

varied states.  Future studies should include more de-

tailed cloud microphysics with full nucleation and pre-

cipitation, and at least some treatment for the sub-grid 

radiative effects of clouds. 
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