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Introduction:  Like all extraterrestrial atmospheres 

in the Solar System, Mars‟s atmosphere shares a great 

number of physical properties, characteristics and cir-

culations with Earth.  At the same time, differences in 

atmospheric gas, aerosol composition, mass, and pla-

netary size, together with radiative processes produce 

significant differences between Mars and Earth.  De-

spite being neighbors that presumably originated with 

similar protoplanetary  material, the two planets also 

appear to have undergone very different climate evolu-

tionary paths.  We review the basic climate and circu-

lations of Mars and highlight open questions regarding 

its climate and evolution. 

 

Large-Scale Circulation: For both Earth and 

Mars, solar differential heating drives mean meridional 

circulations.  Thermally direct Hadley circulation cells 

and thermally indirect Ferrel cells are present on both 

planets.  During equinoctial periods atmospheric gen-

eral circulation models (GCMs) indicate two Hadley 

cells in each hemisphere with rising motion near the 

subsolar point [1].  Outside of the brief equinoctal pe-

riods, and unlike Earth, a single, intense cross-

equatorial Hadley circulation cell dominates with ris-

ing motion in the summer hemisphere and sinking mo-

tion in the winter.  The intensity of the southern solsti-

cial circulation vs. the northern circulation is quite 

asymmetric due to a combination of hemispheric topo-

graphy differences and seasonal insolation differences 

[2]. 

Mars's winter atmosphere exhibits traveling extra-

tropical weather systems associated with baroclinic 

instability of the winter jets [3].  Like the Hadley Cell, 

the strength of these systems in each hemisphere is 

highly asymmetric, and topography induces preferred 

regions of cyclogensis [4]. Mars's traveling waves and 

their accompanying poleward transports of heat, mo-

mentum and tracer species (e.g., dust and water) 

strongly influence the global atmospheric energy 

budget.   

Mars, as Earth, also exhibits global thermal tidal 

modes that arise from longitudinally-varying insola-

tion; in addition, there are contributions from regional 

insolation variations on east-west (zonal) topographic 

asymmetries [5].  The former components are com-

monly termed "migrating" (westward propagating) 

thermal tides whereas the latter are termed "non-

migrating" (eastward propagating) thermal tides.  For 

Mars, the global thermal tidal modes are extremely 

important in the bulk atmospheric circulation.   

 

Mesoscale Circulations:  Due to the radiative pe-

culiarities of Mars‟s atmosphere, isotherms tend to 

follow topography on Mars whereas they tend to be 

more horizontal and independent of topography on 

Earth.  This results in the generation of very strong 

mesoscale circulations driven by horizontal thermal 

gradients much stronger than those typically found on 

Earth [6].  Mesoscale circulations can dominate over 

large-scale circulations at the local and regional scale 

and play an important role in determining microcli-

mates [7].  The very strong mesoscale circulations, 

particularly those associated with the larger topograph-

ic features, also influence the overall dust and water 

cycle [8].  Finally, many dust storms begin at the local 

and regional scale as a result of lifting within mesos-

cale disturbances; positive feedbacks and instabilities 

of these mesoscale circulations may play a role in de-

terming the growth of storms to larger scales [9]. 

 

Dust Cycle: Atmospheric dust has a major effect 

on the radiative balance of the Martian atmosphere, 

affecting absorption and scattering of visible and solar 

radiation [10]. Dust thus affects atmospheric tempera-

tures, temperature gradients, and hence winds, and 

significant amounts of lofted dust can greatly streng-

then the large-scale meridional overturning circulation 

(or Hadley cell), also broadening it such that it extends 

from pole to pole at its upper levels. Throughout a 

Martian year, dust opacities are typically < 0.2 in the 

visible. During the southern spring and summer “dust 

storm season” (roughly Ls=180° to 330°), however, 

global scale dust storms occur in approximately one 

out of every three years, blanketing a large fraction of 

Mars in dust with opacities >> 1.  The dust storm sea-

son is a time of peak mean and eddy circulations that 

drive stronger near-surface winds and hence dust lift-

ing [11].  Local and large-scale positive feedbacks 

which are not fully understood can then produce the 

expansion of local storms to become regional, and on 

occasion, global events.  The decay mechanisms and 

interannual variability of global storms are are also not 

well understood.  

Less dramatic than the large storms are the 

processes maintaining the “background” dust that 

cycles significantly and rather predictably over much 

of the year.  It is still unclear how much of this dust is 

lofted by small convective systems versus larger-scale 

systems [12].  It is also not clear that we understand 

how dust is mixed across the top of the atmospheric 
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boundary layer and into the lower “free” atmosphere. 

Recent MCS observations show a significant mass 

mixing ratio maximum at altitudes above 10-15 km 

that is inconsistent with current transport and lifting 

mechanisms [13].    

 

Water Cycle: Water vapor is essentially a passive 

tracer in the Martian atmosphere, having insufficient 

abundance to significantly effect either radiative heat-

ing or latent heating associated with cloud formation.  

Water instead influences the Martian climate through 

the radiative impact of water ice – in the form of sur-

faces ices that significantly impact the albedo and at-

mospheric cloud ice, which can significantly impact 

the heating of both the surface and atmosphere and in 

both the visible and thermal infrared.  Atmospheric 

cloud ice may be secondarily of importance for its se-

questering of dust for cloud condensation nuclei, and 

consequent additional changes in radiative heating.  

The longer, cooler northern summer makes the north-

ern pole the preferred location for annually stable sur-

face water ice in the form of the northern residual wa-

ter ice cap [14].  The exposure of extensive surface 

water ice from beneath seasonal CO2 only during 

northern summer leads to a significant increase in at-

mospheric vapor during this season.  This is then also 

the season of greatest water ice opacities (clouds) [15]. 

Major questions at the heart of the water cycle re-

main the most difficult to observe: (i) how important is 

the exchange of water with the regolith, and (ii) how 

important is the northern summer hygropause?  GCMs 

show that the water cycle can be explained to first or-

der as the consequence of annual thermal forcing of the 

northern residual water ice cap [14], but the water 

cycle on Mars is a highly transport-dependent system 

and observations of argon [16] suggest that Mars 

GCMs do a rather poor job with this transport.   

 

Climate Evolution: During the earliest periods of 

Martian history, the surface environment was dominat-

ed by a combination of both internal (volcanic) and 

external (impactor) events that dramatically shaped 

both the surface and atmosphere. The early climate 

was likely warm, wet and dramatically different than 

the presently observed environment.  Varied attempts 

to explain such warm surface conditions with enhanced 

greenhouse warming through, for example, a thicker 

CO2 atmosphere, water-saturated conditions or more 

exotic trace gases or aerosols like SO2, NH3, methane, 

organic hazes or CO2 clouds have all suffered from 

complications, especially under the 25% reduced solar 

luminosity of a young Sun [17].  This so-called „faint 

young Sun‟ paradox has yet to find a tractable solution.  

Following the conclusion of the Late Heavy Bom-

bardment period (~3.8 Ga), there was a gradual cooling 

of the surface environment, from a combination of 

decreased internal heat flux and a steady erosion of the 

atmosphere such that, by ~3.5 Ga, the character of the 

surface had changed substantially.  Whereas Noachian-

aged surfaces appear to have required abundant water 

(and, hence, presumably warmer temperatures) to 

form, there are substantially fewer terrains of Hespe-

rian age that show the clear signature of enduring wa-

ter. The presence of these younger fluvial features on 

the surface indicates at least the temporary presence of 

liquid water at the surface on either a regional or glob-

al scale through the Hesperian [18]. Episodes of large-

scale volcanism and impacts through Mars‟s history 

may have contributed to punctuated warm environ-

ments that may have produced the observed fluvial 

features.  Alternatively, such features may have been 

controlled by processes independent of the surface 

environment, and the martian climate may simply have 

undergone a secular cooling over several billion years.   

While presently at a moderate 25, the obliquity 

(axial tilt) of Mars oscillates with a period of 10
5
 years 

and, within the past 20 My, has ranged between 15 

and 45 [19]. Under periods of higher obliquity 

(>~35), polar surface ice is mobilized and transported 

to lower latitudes, where it is thermodynamically sta-

ble. At obliquities of 45 and higher, ice is stable at the 

equator.  Observable periodic layering [20] in the polar 

caps suggests the influence of orbital factors, including 

obliquity, axial precession and orbital eccentricity in 

modifying Mars‟s climate. 
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