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Introduction:  Ice structures known as suncups and 
penitentes have been observed in cold, dry climates on 
Earth ranging from centimeters to meters in size  (Figure 
1) [1-2], and large structures were observed in Pluto’s 
Bladed Terrain on the order hundreds of meters [3]. A 
study into if Europa can harbor similar structures could 
effect the design of a lander sent to explore the surface. 

 
Fig. 1: Photos of penitentes in Chile taken by Post and LaCh-
apelle [2]. The penitentes in the first photo are ~2 m tall, while 
those in the second are ~50 cm tall [1]. 
 

While Earth and Pluto have fully continuum at-
mospheres [4], it is possible that similar structures could 
form on Europa [5], which has only a very thin atmos-
phere [6]. But, since Europa’s atmosphere is near-vac-
uum [6], the formation mechanisms may be different 
due to the free molecular transport of sublimated mole-
cules. Future images from Europa Clipper may provide 
further information on the surface of Europa. 

When sunlight impacts a flat, icy surface, the 
photons that are not absorbed are diffusely reflected, 
with the probability of reflectance being αMat, the albedo 
of the local surface. This local albedo is distinguished 
from the bond albedo aBond  of a body, which is the ratio 
of total energy reflected by the body to the total energy 
incident. For a flat plate, aBond is the same as αMat, be-
cause flat bodies are illuminated uniformly by sunlight. 
However if the surface is irregular, then there is the pos-
sibility of light being reflected to somewhere else on the 
surface, instead of out to space. Further, as the sun rises 
and sets, different parts of the surface will be in shadow 
at different times. Thus, aBond depends on both the ge-
ometry of the surface and on the time of day. From these 
effects, an uneven distribution of heating will occur. 

It has been suggested that suncups and peni-
tentes could form on the Moon, Mercury, and Mars from 
an initial shallow depression in the surface, in which 
light, reflecting off the sides of the depression, becomes 
trapped; the light is ultimately absorbed near the bottom 
of the depression, heating that area more than the upper 
walls [7]. This suggests that large structures may de-
velop from initially small divots [1,7]. The existence 
and stability of bowl-shaped craters on different solar 
bodies has previously been investigated, and it was 
found that they decrease overall surface albedo to less 

than αMat [7]. In this work we concentrate on the optical 
effects of penitente  geometry and leave the issue of 
heating and surface evolution to future work. 
 

Method: In order to determine the probable sizes of 
penitentes, we use a photon Monte Carlo (PMC) method 
to determine how the sunlight is scattered and absorbed 
by the surface. We orient our 2D penitentes E-W, such 
that they are perpendicular looking north, following ob-
servations on Earth [1,5]. The surface is modeled as a 
periodic array of isosceles triangles with the vertex an-
gle qVert as one of the main variables; reference Figure 2. 

 
Fig. 2: Penitentes with qVert = 60° (left) and qVert = 30° (right); 
and qSun = 25°; qBack is the backscattering angle of a photon 
scattered (or ejected) back to space. The black arrows are ter-
minators of sunlight and the gray shaded areas are in shadow.  
 

At a given point in time, the Sun is stationary 
as discrete photons impact the surface. As this study is 
investigating only radiative transport, we consider the 
flux from the Sun to be spectrally integrated and differ-
ent wavelengths are not considered. Upon every impact, 
a photon may be absorbed or reflected either to space or 
to a neighboring penitente, where the cycle repeats; ref-
erence Figure 3. For simplicity, the scattering is mod-
eled as diffuse and isotropic. Data from  example simu-
lations here use αMat = 0.8, but an αMat of as low as 0.3 
could be used [8]. 

 
Fig. 3: The possible outcomes of a photon impact. 
 

Moving to simulation results, Figure 4 shows 
aBond vs. time (as represented by the angle of the Sun in 
the sky, qSun) for a few qVert. aBond < aMat at all times, 
and as the sun rises, aBond steadily decreases for all qVert. 
When the sun is high enough to illuminate both sides of 
the penitente, aBond reaches a minimum and plateaus. In 
contrast, Figure 5 shows aBond vs. qVert for a few qSun. As 
the penitente becomes narrower, aBond decreases for all 
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qSun, with the effect being more pronounced the closer 
the Sun is to directly overhead (qSun = 90°). As the ge-
ometry approaches that of a flat plate (qVert = 180°), the 
limit of aBond = aMat is recovered. 

 
Fig. 4: aBond vs. qSun for three qVert: 30°, 10°, and 5°, from top 
to bottom, and aMat in black. The curves are symmetric about 
qSun = 90 (noon). 
 

 
Fig. 5: aBond vs. qVert for three qSun: 5°, 30°, and 90°, from top 
to bottom.  
 

Figures 4 and 5 confirm that a row of narrow 
penitentes traps more light than a row of broad ones, but 
they do not show where in the well that trapped light 
tends to collect. Figure 6, however, shows the normal-
ized relative frequency of absorption of photons on the 
penitente for two different geometries when the sun is 
directly overhead. In red are the photons absorbed di-
rectly, without reflection, and in blue are photons ab-
sorbed indirectly, after at least one reflection. The peni-
tente is given a normalized length of 1 so that the peak 
is at x = 0.5 and the bottom is at x = 0 and x = 1 . 

Photons are absorbed without reflection at a 
uniform rate independent of position on the penitente 
since the Sun is directly overhead, as evidenced by the 
flat red lines in both figures. The rate of indirect absorp-
tion peaks close to x = 0 and x = 1, indicating a much 
higher rate of absorption of photons at the bottom of the 
wells. Since the absorption rate of photons is directly 
related to heat flux on the surface at that point, this sug-
gests a higher heating rate at the base of the penitente. 

Also of interest is the backscattering angle 
qBack of photons ejected from the domain as a function 
of time and geometry. Figure 7 shows the average qBack 

of all ejected photons (in red)  vs. qSun for two qVert; the 
blue error bars indicate the standard deviation of qBack. 
qBack  plateaus when the Sun is illuminating both sides 
of the penitente. The black line has a slope of 1 and in-
dicates when the penitente is retroreflecting. Perfect 
retroreflection (qBack  = qSun) is achieved only when 
qSun = 90°, indicating that the optimal time to observe a 
field of penitentes is noon. Note the larger width of the 
envelope when the Sun is just above the horizons. 
 

 
Fig. 6: Frequency of photon absorption vs. x-coordinate of 
penitente for two different qVert: 5° (left) and 30° (right). The 
frequency of absorption is much higher at x = 0 and x = 1, the 
valleys between the penitente, than at anywhere else, suggest-
ing a higher heating rate there. 
 

 
Fig. 7: qBack  vs. qSun for two qVert: 5° (left) and 30° (right). 
Note the plateau in backscattering angle once the Sun is di-
rectly overhead. Only at qSun = 90° do we have qBack  = qSun. 
 

Conclusions: These results demonstrate the hypothe-
sized mechanism behind penitente growth: sunlight re-
flecting within a divot tends to unevenly heat the bottom 
of the valley, leading to penitentes being carved out by 
sunlight. Further, Figure 7 makes predictions on the vis-
ibility of penitentes by an orbiting satellite. 

Future studies will determine heat conduction 
from the surface into the body of the penitente and 
blackbody emission of heat; from this, sublimation rates 
of the ice at each point on the surface will inform a 
growth or decay rate of the penitente. Since these results 
develop general criteria for the development of peni-
tentes, they can be applied to other icy planetary bodies. 
 

References: [1] Betterton, M. D., Physical Review E, 63, 5, 
Apr. 2001 [2] Post, A et al., E. R., Glacier Ice (Uni. of Wash-
ington, Seattle and London, 1971) [3] Moores, J. E. et al., Na-
ture, 541, 188-190 (2017) [4] S. A. Stern et al., Science 350, 
(2015) [5] Hobley, Daniel E. J. et al, Nature Geoscience, 11, 
901-904 (2018) [6] McGrath (2009). "Atmosphere of Eu-
ropa". In Pappalardo, R. T.; McKinnon, W. B.; Khurana, K. 
K. Europa. University of Arizona Press [7] Ingersol, A. P., 
Svitek, T., and Murray, B. C., Icarus, vol. 100., no 1, Nov. 
1992. [8] Hall, D.K. and Martinec, J. (1985), Remote sensing 
of ice and snow. Chapman and Hall, New York, 189. 

3033.pdf50th Lunar and Planetary Science Conference 2019 (LPI Contrib. No. 2132)


