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Introduction: Penitentes are features with a blade 
like structure which arise from sublimation of ice 
surfaces by sunlight. With strong and regular solar 
radiation, internal reflection within the ice troughs of 
penitentes unevenly heats and sublimates volatiles in 
the middle of the trough while the side walls remain 
unaffected. Terrestrially, penitentes are observed to 
generally form within the midlatitudes and tend to 
orient their ridges in an east-west direction [1]. 

The purpose of this study is to determine if 
penitente formation is possible on Mars and, if so, 
what spacing and orientation would be expected for 
these features. Using these modeled physical 
properties, we examine high-resolution images to 
attempt to find evidence of Martian penitentes. 

Methods: Two models are used, the first calculates 
the differential solar heating on the bottom and sides 
of the penitentes to determine whether penitente 
growth is favoured [2], and the second calculates the 
penitente deepening rate at different wavelengths [3]. 
These models will help to determine the preferred 
orientation and spacing respectively. 

The solar flux is taken from the extraterrestrial 
Solar Spectrum from 200 nm – 975 nm at zero airmass, 
scaled to the distance of Mars at a given solar 
longitude [4]. Dust scattering is then modelled using 
parameters taken from the Mars Climate Database. 

Penitentes are modelled as parabolic contours with 
a depth-width ratio of 1:1. Penitente growth is 
favoured when the bottom third depth absorbs more 
flux than the sides; the preferred orientation is the 
direction at which the most flux is absorbed at the 
bottom when compared to the sides [2]. Light 
scattering within the penitente is treated as 
Lambertian. The absorption of flux is then calculated 
for every 10o Ls and every 10o latitude. 

The preferred spacing of penitentes is determined 
by calculating the growth rate at each penitente 
spacing. This requires balancing three physical 
processes: heat absorption, heat diffusion, and vapour 
diffusion [3]. The spacing that has the fastest relative 
growth rate is then considered the preferred spacing of 
penitentes. This is done for both water-based and CO2-
based penitentes. 

Results: We introduce a differential heating factor 
which is defined as the flux absorption ratio between 
the bottom and the side walls of the penitentes. A 
factor above 1 implies penitente growth is favoured.  

For penitentes with a surface albedo of 0.5 under 
the Martian dust-scattering regime, penitentes are 
favoured to grow for a short time at the polar regions 

(Figure 1). This is significant as penitentes are most 
likely to form in the poles where ice is abundant.  

 
Fig. 1: Figure shows differential heating factor plot 
for a full year under a full dust-scattering atmosphere 
with a 0.5 surface albedo. Only a factor above 1 is 
plotted. 

 
There is an asymmetry between the hemispheres 

for penitente formation. This can be seen prominently 
when the surface absorption is summed up throughout 
the Martian year, as shown in Figure 2. Penitentes able 
to form 60o N to 40o S will preferably orientate east-
west while those able to form outside that range will 
preferably orientate north-south. 

 
Fig. 2: differential heating factor for a cumulative 
Martian year under a full dust-scattering atmosphere 
with a 0.5 surface albedo. The red lines represent the 
preferred orientations. 
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The preferred spacing of water-based penitentes 
was calculated to be 26 m shown as Figure 3. 
Extrapolating from an average surface flux absorption 
of 70 W/m2 and an initial 1 m depth, these penitentes 
will deepen at a rate of 9 × 10%& m/sol. This flux 
absorption amount is taken at 80o N, Ls = 110o which 
serves to generalize the early summer condition when 
penitente growth is favoured on the northern polar cap. 

 
Fig. 3: figure shows the relative growth rate of water-
based penitentes for each wavelength considered. 
 

The preferred spacing of CO2-based penitentes is 
5.48 m for ambient temperatures of 154 K and 0.26 m 
at 195 K. This is shown in Figure 4. From a surface 
flux absorption of 70 W/m2 and an initial 1 m depth, 
CO2-based penitentes will deepen at a rate of 3 × 10%( 
m/sol and 1 × 10%) m/sol at 154 K and 195 K 
respectively. 

 

 
Fig. 4: figure shows the relative growth rate of CO2-
based penitentes for each wavelength at ambient 
temperatures of 154 K and 195 K. 

 
Discussion: Our simulation of penitente formation 

showed that penitente growth on a flat terrain is 
possible at the north pole from Ls = 95o – 115o and at 
the south pole from Ls = 245o – 295o. For a cumulative 

Martian year, penitente growth is favoured at the south 
pole but not at the north pole. The preferred orientation 
of penitentes at both poles is north-south. 

Simulations under a scattering-free atmosphere 
showed that penitentes can only form from 60o N – 60o 
S, similar to Earth [1]. This indicates that atmospheric 
scattering will extend the latitudinal limits of penitente 
formation on Mars. 

When inducing a 30o tilt on the terrain, penitentes 
with a 0.5 surface albedo under the atmospheric dust-
scattering regime can form at any time and at any 
latitude. However, the orientation of penitentes at most 
latitudes and time of year is east-west if the tilt points 
toward the equator except at the poles, where 
penitentes are still preferred to orientate north-south. 

The preferred spacing of both water-based and 
CO2-based penitentes at low temperatures is big 
enough to be observable by the High Resolution 
Imaging Scientific Experiment (HiRISE). Water-
based metre-scale penitentes that are favoured to grow 
at the north pole of Ls = 95o – 115o are expected to 
deepen by approximately 5 × 10%( m over the time 
period. Although factors such as strong winds that 
hamper penitente growth are unaccounted for, this 
deepening rate of water-based penitentes is reasonable 
when considering the expected mm-scale water loss at 
the north polar cap in the summer [5]. While the north 
polar cap has many surface features that fit the spacing 
and orientation properties of our simulated penitentes, 
it is still difficult to distinguish these features from 
aeolian-driven features. 

With the south pole being more favoured to form 
penitentes than the north, CO2-based penitente 
formation cannot be ignored. However, CO2 on Mars 
is likely to be translucent slabs as opposed to being 
granular [6] which would require more parameters to 
be considered. And although CO2-based penitentes 
that can form are larger at low temperatures, a spacing 
of 5 m is still difficult to observe even with HiRISE. 
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