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Introduction: Recent observations by Mars Global 

Surveyor (MGS) and Mars Odyssey (MO) suggest that 

water ice clouds have a fundamental role within the 

Mars climate system [1,2,3,4].  Martian water ice 

clouds can directly modulate the global hydrological 

cycle by limiting the inter-hemispheric transport of 

water vapor [2] and by altering the atmospheric radia-

tion field [5,6].  Absorption of solar radiation by at-

mospheric dust is the primary means of heating within 

the Martian atmosphere.  Therefore, cloud interactions 

with dust, either through scavenging or by altering the 

dust’s optical properties, may also affect Martian cli-

mate and weather. 

The critical role of clouds within the Martian cli-

mate has inspired the Mars modeling community to 

include water ice clouds in global climate studies.  

However, simulation results depend strongly on cloud 

properties such as cloud particle size and number 

[7,8,9,10,11].  Cloud opacity, t, is proportional to the 

cloud column mass over the mean cloud particle ra-

dius: t ~M/r.  Likewise, the fall velocity of a cloud 

particle, and hence the cloud residence time and dust 

scavenging efficiency, is approximately proportional to 

the cloud particle radius.  Therefore, to properly model 

both current and past Martian hydrological cycles an 

accurate assessment or prediction of cloud properties 

must be made.  Current and future observations will 

benefit from a better understanding of cloud properties.  

Martian clouds occur over a wide range of spatial and 

temporal scales and in a variety of climate regimes.  

A laboratory study has been undertaken to measure 

critical cloud microphysical parameters, including the 

supersaturation needed for nucleation and growth rate.  

These findings are applied to 1D microphysical models 

of martian clouds and to the cloud scheme in the 

NASA Ames Mars General Circulation Model.   Re-

sults from the laboratory work and the impact of these 

findings on cloud modeling will be presented. 

Observations:  Martian water ice clouds are ob-

served predominately in four regional and seasonal 

settings.  The first of these groups is the north and 

south sub-polar regions from late fall to spring with a 

maximum near early winter.  These clouds vary greatly 

from optically thin to thick and are more common in 

the North than the South [12].  Frequently they are 

associated with large-scale dynamic motions surround-

ing the cap [13].  The second group consists of tropical 

upland clouds that occur during the Northern summer 

months.  Believed to form in the rising branch of the 

Hadley cell, these aphelion clouds are visible as a belt 

that extends across the entire day-lit portion of Mars 

[2].  The third group of clouds is those associated with 

large-scale topography, such as the Tharsis volcanoes 

and impact basins.  These clouds are frequently opti-

cally thick.  During the night and in areas of low eleva-

tion, such as the Hellas and Argyre basins, optically 

thick ground fogs can form.  The fourth group consists 

of clouds that compose the water cloud portion of the 

polar hoods.  These hoods begin to appear in early 

winter near the edges of the perennial caps and grow to 

a maximum in late winter when they completely ob-

scure the poles [14].  Depending on the type, location 

and season, the altitudes of Martian water ice clouds 

tend to fall into three categories: boundary layer (0-10 

km), troposphere (12-40 km), and high altitude (45-80 

km). 

Observations by Mariner 9, Viking, Mars Path-

finder and Mars Global Surveyor (MGS) spacecraft 

have been used to constrain the size of these water ice 

particles.  Typical particle sizes reported range from 

0.5 - 5 mm, with optical depths that range from t = 0.01 

to t > 10 at visible wavelengths [3,15,16,17].   

Thermal Emission Spectrometer (TES) observa-

tions provide a great deal of new insight into the nature 

of these water ice clouds.  TES spectra of clouds show 

significant differences in absorption from one spectrum 

to another (Figure 1a).  Differences in absorption are 

likely due to differences in ice-to-dust composition, or 

differences in the phase of the ice: amorphous vs. crys-

talline.  Analysis of TES Emission Phase Functions 

(EPF) has identified at least two distinct water ice 

clouds [16].  EPF sequences are sensitive to the cloud 

particle size and shape.  Fitting these data using a vari-

ety of particle shapes and sizes, Clancy and Wolff 

(2003) determined that Type 1 clouds have radii r = 1-

2 mm, while Type 2 clouds have radii r = 3-4 mm.  

Cloud particle shapes are a little less certain.  The 

shape of Type 1 clouds that provide the best fit to ob-

served EPF are cubic (ice-1c) while the best fit for 

Type 2 clouds is spheroidal.  The two cloud types have 

seasonal dependence that suggests the differences are 

due to differences in water vapor abundance and tem-

perature (Figure 1b). 
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Figure 1a.  Representative TES thermal IR spectra corresponding to Mars dust (red line) and two ice aero-

sol types (Type 1-green line, Type 2-blue line). Type 2 ice clouds are generally of higher optical depth than 

type 1 ice clouds, and exhibit deeper long wavelength absorptions (at 18 and 40 µm).  The smallest particle 

sizes observed for type 1 ice aerosols (r = 1 µm) exhibit 12 µm absorptions which peak distinctly shortward 

of the deep 15 µm absorption band contributed by atmospheric.  Figure from Clancy and Wolff (2003).  

Figure 1b.  Shaded contour plot of Mars total aerosol extinction optical depth versus Mars season (Ls) and 

latitude (45S-45N), for the 1998-2000 period of MGS mapping operations.  The colored symbols represent 

locations of individually analyzed EPF sequences, where the symbol shape and color designate the domi-

nate aerosol type as determined from the solar band scattering phase dependence and the thermal IR absorp-

tion spectrum.  Peak dust (red diamonds) optical depths of 1.0-1.2 are present within the white shaded re-

gion at Ls = 220, corresponding to regional dust storm activity observed in 1999 (see Smith et al., 2000).  

Minimum optical depths of 0.1 occur at    Ls = 30-110 in the southern hemisphere, composed largely of 

type 1 ice clouds (green plus symbols).  Type 2 ice clouds (blue asterisk symbols) are restricted to northern 

subtropical, Ls  = 30-140 occurrence of the aphelion cloud belt.   Figure from Clancy and Wolff (2003). 
 

Cloud Microphysics: Several cloud models which 

use well developed microphysical theory [18] have 

been developed for Martian clouds [7,8,9].  With re-

spect to the Martian cloud characteristics, including 

number and size, the most important microphysical 

process is nucleation [7].   

A great deal of effort has been made to understand 

the microphysics of terrestrial clouds.  Much of this 

work is not applicable to Martian clouds.  The vast 

majority of terrestrial ice cloud nucleation involves 

liquid freezing (per. comm. K. Drdla), whereas on 

Mars the nucleation mechanism is exclusively direct 

vapor deposition.  Furthermore, most terrestrial studies 

examine warmer temperatures and higher water partial 

pressures than what is typical of Mars.   

Nucleation:  The process of nucleation describes 

the initial formation of a crystal spontaneously without 

a substrate (homogeneous nucleation) or on a dust 

grain or similar aerosol (heterogeneous nucleation). 

The homogenous nucleation of most vapors requires 

very high levels of saturation, as the energy barrier 

involved with forming clusters of molecules is high.  If 

a pre-existing surface is involved, as is the case with 

heterogeneous nucleation, the surface energy per mole-

cule is greatly reduced and the vapor saturation level 

needed to nucleate decreases by as much as two orders 

of magnitude from that of homogeneous nucleation. 

The rate at which nucleation occurs is dominated 

by the free energy associated with the initial water 

molecule cluster, or germ, formation, DF: 
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where s is the surface free energy of water ice, a is 

the critical germ radius and f is a factor that accounts 

for substrate geometry.  The critical germ radius, a, is 

given by 
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In this expression M is the molecular weight of wa-

ter, R the gas constant, r the density of water ice, and S 

the supersaturation defined as the ratio of the environ-

mental vapor pressure to the equilibrium vapor pres-

sure.  The factor f depends on the geometry of the sub-

strate and a quantity known as the contact parameter.  

For a planar surface f is given by  
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where m, is the contact parameter.  Similar expres-

sions exist for more complicated shapes such as 

spheres.  In the expressions above two parameters most 

critical to accurately model cloud particle nucleation 

are the contact parameter and the critical supersatura-

tion. 

Contact Parameter:  The contact parameter can 

be thought of in a physical sense as the amount of con-

tact between the dust grain and the water cluster.  A 

contact parameter of m = 1 represents perfect contact 

(a contact angle equal to zero) between the molecule 

and the substrate, and every vapor molecule which 

comes into contact with the dust grain will create a 

stable nucleus.  The value of m varies widely with the 

type of material nucleating.  For example, the contact 

parameter for water ice and silver iodide, a popular 

cloud seeding agent, is m = 0.956 - 0.988.  For liquid 

water nucleating onto a typical soil m = 0.36 - 0.42 

[1819].  The roughness and microscopic makeup of the 

nucleating surface can dramatically change the value of 

m. 

Cloud properties, including cloud particle size and 

optical depth, are very sensitive to the value of the con-

tact parameter.  Figure 2 shows the predicted depend-

ence of cloud effective (area weighted) radius and opti-

cal depth on the contact parameter.  Clearly if m for 

water ice on Martian dust is as low as the values for 

liquid water on terrestrial soils, the optical depth of 

clouds will be significantly reduced relative current 

expectations (m = 0.95 is assumed in most models). 

Supersaturation:  The critical germ radius and the 

free energy associated with forming this germ are 

strongly dependent on the level of water supersatura-

tion.  In general, for a given radius and contact angle, 

as the supersaturation increases, the free energy of 

germ formation decreases and the nucleation rate in-

creases quickly.  When the nucleation rate is of order 1 

sec-1 the supersaturation is said to be at the "critical 

saturation" for nucleation.  The nucleation rate is a 

strong function of the size of the particle on which nu-

cleation is occurring.   

Ultimately the supersaturation determines the 

smallest particle that will become a cloud particle.  For 

higher values of m, nucleation will occur at lower su-

persaturation.  Once nucleation occurs, condensation 

quickly reduces the water vapor abundance bringing 

the supersaturation down.  As the supersaturation ap-

proaches zero the nucleation rate decreases rapidly, 

effectively stopping further nucleation.  Because of its 

strong dependence on the supersaturation, nucleation 

ultimately limits the number of particles and the size of 

the particles that can form within a water ice cloud. 

Growth Rate and Ice Phase:  Following nuclea-

tion, condensational growth occurs rapidly resulting in 

a population of cloud particles that have the same 

growth history.  This rapid growth results in clouds 

particles with similar sizes and hence narrow size dis-

tributions.  While this phenomenon has been observed 

for “warm” clouds (temperatures > 220 K) on Earth, it 

has long been recognized that “cold” clouds (tempera-

tures < 220 K) tend to have much broader size distribu-

tions than what are predicted from theory [19].  One 

possible explanation from the broader size distributions 

seen in “cold” clouds is differences in the cloud ice 

phase and growth rates throughout the cloud’s history 

[20].  At temperatures below 200 K, nucleation results 

in cubic ice (ice-1c) that has a higher vapor pressure, 

resulting in “wetter” clouds.  Within some terrestrial 

cold clouds, relative humidity as high as 112% has 

been observed [20].  Ice-1c is unstable, however, and 

after some time transforms into the more common, and 

stable, hexagonal ice phase (ice-1h).  The transforma-

tion from one ice phase to another results in broader 

cloud size distributions, with larger mean particle sizes, 

and lower water vapor concentrations.  The majority of 

Martian water ice clouds will classify as “cold” clouds 

and may undergo similar growth transformations. 

The Southern hemisphere of Mars is notable dryer 

than the Northern hemisphere.  The difference in water 

content between the two hemispheres is thought to be 

the result of limits emplaced on inter-hemispherical 

transport of water vapor by cloud formation.  Dehydra-

tion of ascending air parcels by cloud formation is sen-

sitive to cloud particle size, and hence growth rates.  

Nucleation Experiments:  In a typical experiment 

the chamber will first be evacuated and the substrate 

cooled to the desired temperature.  The partial pressure 

of water will then be increased in the chamber until 

nucleation occurs.  Ice nucleation will be monitored in 
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Figure 2.  Shown are the predicted effective (area 

weighted) cloud particle radius Reff (left axis), and the 

cloud visible optical depth τvis (right axis) as a function 

of the contact parameter, m.  An initial supersaturation of 

20% was assumed. 
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two ways.  First, FTIR spectroscopy will be used to 

determine when the spectral features of ice appear, as 

commonly done by the Co-I and others in studies of 

this type [21].  In addition to observing a sharp in-

crease in the integrated absorbance for ice upon nu-

cleation, a second, independent, method of determining 

the critical saturation ratio is from the decrease in 

chamber pressure that accompanies nucleation and 

subsequent ice growth.  In previous work on CO2 nu-

cleation, these two events were found to occur simulta-

neously [22].   

Once nucleation has begun, the water vapor pres-

sure will be reduced until growth stabilizes (as moni-

tored by FTIR) and the equilibrium water vapor pres-

sure is determined.  Thus, the experiments will directly 

provide S, the ratio of the nucleation pressure to the 

equilibrium pressure.  Figure 3 shows some prelimi-

mary results.  As shown in equations (1 -3), the critical 

saturation ratio will be used to determine the contact 

parameter between the ice and the Martian dust parti-

cles.  Based on the experimental uncertainties, we ex-

pect to determine the contact parameter to within 5% 

and the temperature to within 0.3 K. 
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Figure 3. Peak area of the water ice infrared feature 

from 3500-3000 cm-1 and temperature vs. time.  Nu-

cleation is observed at 23.2 minutes as indicated by the 

left diamond.  A stable ice signal is observed when ice 

is neither being deposited or sublimed at 32.6 minutes,

indicated by the right arrow. 
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