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Abstract
From a morphological and spectral study of dark albedo features in the Martian polar regions, a 
hypothesis is made that dark dune spots on Mars could indicate seepage flow of liquid water. In 
order to evaluate this hypothesis, the dark dune spots are studied both with regard for their seasonal 
time of appearance and composition. Using imagery from the HiRISE and CRISM instruments on 
the Mars Reconnaissance Orbiter, it is found that dark dune spots appear while CO2 ice still covers 
the surface. In order to account for this in the liquid water hypothesis, two theoretical models are 
constructed. One model is for the solid-state greenhouse effect in carbon dioxide ice and water-
based snow packs. The other is for the solar radiation intensity on the Martian surface as a function 
of  latitude  and  solar  longitude.  Additionally,  an  experiment  is  performed  with  the  purpose  of 
investigating  the  solid-state  greenhouse  effect  in  a  Martian  semi-analogous  environment.  From 
modeled results, it is found that sufficiently optically thin H2O snow/frost packs with low thermal 
conductance may allow salty liquid water even when the surface is encrusted with a layer of CO2 

ice. Also, the appearance of particle sprays in the experiment may indicate the origin and nature of 
the bright halos and fans that sometimes appear in conjunction with dark dune spots and geysers. 
These would be deposited CO2

 or H2O frost, that has been sprayed from the dark dune spots and 
geysers. 
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1 Introduction
The question of the existence of water on Mars has been an intensely debated issue ever since 
Giovanni Schiaparelli first pointed his telescope at Mars and thought that he saw channels. Today 
we know that his observations were wrong, but nevertheless, the question of Martian water remains 
an active topic.  In  the last  decade,  the question has largely shifted from  if,  to  where and  how 
abundant. There is an extra dimension to this issue though, namely when? Winter in the Martian 
polar regions can be described as a frozen dead landscape, where carbon dioxide ice covers most of 
the surface. In spring however, as the sun rises on the frozen plains of the planet, strange features 
appear. 

From orbit, satellites have captured images of dark spots appearing on the sides of dunes. These 
deform and appear to start  flowing down the dunes. With surface temperatures still  well  below 
freezing and the surface still  covered with carbon dioxide ice, liquid water would at  first seem 
impossible. However, another set of features that appear in a specific area during spring might hint 
at  what could be happening.  In mid-spring,  large dark plumes appear  in an area known as the 
cryptic region. Thought to be a large area of transparent carbon dioxide ice, the rays of the sun 
penetrates the clear CO2 ice and is absorbed by the dark soil below, heating it.  The soil would 
radiate this heat as infrared radiation. However, the CO2 strongly absorbs in the thermal infrared, 
thus trapping the absorbed energy below the ice cover. This heats the CO2 ice from below, causing 
sublimation  to  start  near  the  surface.  Pressures  build  up  and  once  a  weak  spot  is  found  and 
penetrated, the the gas starts flowing up to the surface, carrying fine grained regolith to the surface.

This is a classic example of the greenhouse effect,  though in ice, which is a solid. Thus is this 
specific case usually referred to as a “solid-state greenhouse effect”. So what if the ground was not 
dark below, but rather, as would be expected, bright from condensed frost, or snow. Solid water is 
expected to be found closest to the surface as it has a melting point some 130 ºC higher than CO2 

ice under Martian conditions. Thus water is expected to condensate closest to the ground before 
CO2 does. Like CO2 ice, water ice absorbs strongly in the infrared. So, if the dunes on Mars are 
covered by a layer of water frost or snow under a layer of transparent CO2 ice, could liquid water 
form near the surface of the dune and cause flow or seepage-like effects? 

By modeling the greenhouse effect for the geysers and snow or frost it is possible to determine 
whether the dark features on the dunes of Mars can be explained in this manner.

1.1 NASA Ames Research Center
The  National  Aeronautics  and  Space  Administration  (NASA),  has  ten  field  installations  in  the 
United States of America. One of these is NASA Ames Research Center (ARC), located at Moffett 
Field, Mountain View, California. Ames was founded in 1939 by the National Advisory Committee 
for  Aeronautics  (NACA),  and  in  1958  it  was  transferred  to  NASA at  the  founding  of  the 
organization. In relation to other NASA facilities, Ames' focus is ground research, a large portion of 
this  in  astrobiology and exogeology,  but  it  also covers  rover  robotics,  aeronautics  and satellite 
technology. The site hosts a series of landmarks.  Among the most prominent are,  Hangar One, 
Moffett  Airfield  and  the  largest  wind  tunnel  section  in  the  world;  the  National  Full-Scale 
Aerodynamics Complex (NFAC).
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1.2 The SETI Institute
SETI stands for Search for Extraterrestrial Intelligence. The institute was founded in 1984. It is also 
located in Mountain View, California, just across highway 101, which borders NASA Ames.

The SETI Institute’s purpose is the search for extraterrestrial intelligence and to explore the origin 
and nature of life in the universe. It is a nonprofit  organization lead by a board of trustees. In 
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Figure 1: Part of NASA Ames Research Center.

Figure 2: SETI Institute main entrance.



contrast to Ames, the institute  is completely dependent on support from sponsors. There is a long 
standing relationship with Ames. Many projects are collaborated between the  organizations and 
many of the scientists in either organization have had a history at the other. 

1.3 Mars
As the fourth planet  from the Sun,  Mars is  the outermost  of  the inner  rocky planets.  In many 
aspects, Mars is the closest analogy to Earth to be found in the solar system, but with a radius only 
half  that  of  Earth.  The  Martian  surface  features  prominent  rock  formations  and a  fine-grained 
regolith, composed of a basalt, rich with iron oxide, which gives the planet its tawny red color and 
explains why the planet is often referred to as “the red planet”. The Martian atmosphere consists 
primarily of carbon dioxide (96 percent),  with minor contents of molecular nitrogen and argon. 
Though the atmosphere is much thinner than of the Earth, with variable surface pressure in the 
range 6-10 mbar. The surface temperature is greatly varied on Mars, from -123 °C (150 K) in the 
polar winters to 20 °C (293 K), in the tropical summer.

One Martian year is almost two years on Earth. In seasonal analysis, however, it is often useful to 
denote the time of year  in  solar  longitude (LS).  This measure functions  as  a  description of the 
angular location of Mars (or any planet) in its orbit around the Sun.  LS = 0° corresponds to the 
vernal equinox in the northern atmosphere. Thus the northern spring is defined between 0° and 90°, 
the northern summer is 90°-180°, northern winter  is 180°-270° and northern fall is 270°-360°. It 
follows naturally that for the southern hemisphere, these intervals are displaced by 180° (half a 
Martian  year), so the southern spring is when the solar longitude is 180°-270°. It should be noted 
that due to the eccentricity of Mars' orbit, solar longitude does not describe actual time accurately.

While perhaps not spectacular in immediate appearance, Mars is a planet of superlatives in the solar 
system. Apart from hosting Valles Marineris (the biggest canyon) and Mount Olympus (the highest 
mountain), it also features the largest dust storms. The dust storms on Mars vary from covering 
small local areas to ones that cover the whole planet with dust. The dust storm season takes place in 
the interval LS = 180°-360°, the time of year when Mars is closest to the sun.

The polar regions

Mars  features  permanent  northern  and  southern  polar  caps,  covering  the  poles  with  ice.  The 
northern polar cap contains about 1.6 million km3 of ice. If spread evenly on the 1000 km diameter 
wide cap it would be about 2 km deep. The southern polar cap is much smaller in area, only 350 km 
in diameter, but the ice depth is 3 km. During winter at either hemisphere, about 25-30 percent of 
the atmosphere condenses and forms a seasonal layer of CO2 ice, which near the permanent caps 
can become over a meter thick.

1.4 Mars Reconnaissance Orbiter
The Mars Reconnaissance Orbiter (MRO) is a spacecraft investigating the Martian surface. MRO 
was launched in 2005 and put in orbit around Mars 2006. Its Primary Science Phase (PSP) covered 
two years. Because of the successfulness of the mission it still continues to collect data of Mars, 
now in  the  Extended Science  Phase (ESP).  MRO hosts  a  series  of  instruments.  Such as  three 
cameras:  Mars  Color  Imager (MARCI),  Context  Imager (CTX)  and  High  Resolution  Imaging 
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Science Experiment (HiRISE).  There are two spectrometers:  Mars Climate Sounder (MCS) and 
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM). And one radar:  The Shallow 
Subsurface Radar (SHARAD). This work, builds mainly on data from HiRISE and CRISM.

HiRISE
The HiRISE camera takes pictures  in the visual  spectrum. With a  mirror  diameter  of  0.5 m it 
manages a focal length of 12 m. The camera can take images of 28 Gb in 6 s intervals with a surface 
resolution that  varies  between 0.25 and 1.3 m/px.  During the PSP it  acquired images covering
1 percent of the Martian surface. The main purpose of HiRISE was to acquire about 1000 stereo 
pair pictures in order to get detailed topographic information [1]. All pictures are uploaded to the 
Internet,  fully  available  to  scientists  and  to  the  public.  These can  be  reached  at 
http://hirise.lpl.arizona.edu.

CRISM
The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) camera is a hyperspectral 
(visible  and infrared)  imager.  It  takes pictures in the 383-3960 nm range with a resolution of  
18 meters per pixel (m/px). The purpose of this camera is to map the Martian surface mineralogy. 
There are seven different kinds of images that CRISM produces for various spectral profiles. In this 
paper  the  ir_ice-images have been used to investigate when the surface is covered with CO2 ice 
and/or H2O ice. These are RGB color encoded. Red in the images indicates water ice or hydrated 
sulfates, clays, or glass. Green indicates water ice, and blue indicates CO2 ice. CRISM’s resolution 
is not high enough to observe the spots and streaks in a detailed manner, but it gives a good overall 
view of the CO2 and water ice.

1.5 Studied locations
The HiRISE images that have been studied are located at areas both on the southern and northern 
hemispheres, at the edge of the polar caps.  The studied locations in the northern hemisphere are: 
78 °N 84 °E, 77 °N 60 °E, 77 °N 30 °E, 80 °N 144 °W, 81 °N 156 °E, 80 °N 122 °E and 78 °N 
60 °W. At the southern hemisphere these areas have been studied: 66 °S 161 °E, 70 °S 153 °E 
(Jeans Crater), 72 °S 179 °E (Richardson Crater), 68 °S 168 °W (Charlier Crater) and 61 °S 27 °E, 
see Figure 3.

These areas were chosen since there are multiple images taken at the same area, giving good time 
coverage,  as shown in Figure 4. Thus the evolution of these spots became possible to observe. 
Unfortunately, for most areas there are but a few images taken (except for Richardson Crater and 
Charlier Crater), and the images are not taken at the same time at all areas. So it is not possible to 
make a detailed analysis of when the spots appear and vanishes, or when the streaks appear. This, 
however, gives an idea of when and what happens on the Martian surface until the HiRISE camera 
has taken more images of the early stage of the formation of the DDSs.
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Figure 4:  The observed locations, plotted with latitude on the y-axis 
and solar longitude on the x-axis. All areas are marked with different 
shapes.

Figure 3: The observed locations, plotted as a map with latitude on 
the y-axis and longitude on the x-axis.



Time of appearance
The spots studied at the northern hemisphere are all close to a latitude of 80 °N. The first images of 
dark albedo features are at LS = 10°, which corresponds to early local spring. These vanish around 
LS = 75°, which is late local spring. At the southern hemisphere the first sign of dark albedo features 
are at LS = 150°, which is at late local winter. The last image that has Dark Dune Spots are taken at 
LS = 300°, early local summer. There are however images taken at LS = 230°, late local spring, that 
show no signs of dark albedo features. The images from the southern hemisphere show a tendency 
of earlier appearance and longer lasting dark albedo features. This may be due to the fact that the 
images at the southern hemisphere are taken at latitudes around 60-75°, and that the southern polar 
cap is smaller than the northern one  (in radius). In other words the studied areas at the northern 
hemisphere are  taken closer to the polar cap, than at the southern hemisphere, making the actual 
spring/summer longer at the southern hemisphere, and also the time with dark albedo features.

6

Figure 5: The observed areas, with latitude on the y-axis and solar  
longitude on the x-axis. The images that have spots are marked with  
circles and the images without spots by crosses.



2 Morphology of dark albedo features

2.1 Dark dune spots

Fans
In many  areas the spots have dark fan-shaped features (fans, for short).  At some areas the fans 
disappear and/or new fans appear. In Figure 6, four HiRISE images from 81 °N 156 °E, are shown. 
In the first image, at  LS = 20.4°, there are fans pointing in many directions. In the second image,  
at  LS = 63.3°,  the previous fans have disappeared and new fans are now visible,  pointing in a 
north-east direction. Slightly later, at  LS = 65.6°, the fans have become more diffuse. In the last 
picture, at LS = 70.5°, the fans are unchanged but the spots have grown.

Streaks
For spots that appear on slopes, presumably due to gravity, the growth continues downhill, creating 
a  flow-like  streak.  The  images  in  Figure  7  are  from  the  northern  hemisphere  of  Mars,  at 
81 °N 156 °E. The four images are taken at the same area, though at different solar longitudes; 
20.4°, 63.3°, 65.6° and 70.5°. In the first image there are only a few small spots at the dune ridge. 
At the time of the second picture, the spots have grown larger and streaks have flown out of them. 
The third image shows that the streaks have grown longer and also wider. At the fourth image the 
streaks are even longer and wider. 
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Figure 6: Fans appearing at 81°N 156°E. The fans change direction and shape with time.



For a better comparison, the streaks in each image of Figure 7 were contoured and placed on top of 
each other with the result displayed in Figure 8. The brightest is the earliest and the darkest is the 
latest.  It  is  clear  that  the  streaks  grow  both  longer  and  wider  with  time.  These streaks  are 
reminiscent of water running down a slope. The dark albedo spreads, takes the downward way and 
follows the dune ripples. 
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Figure 7: From a dune at 81°N 156°E, streaks flow down the slope.

Figure 8: Comparison of the streaks in Figure 7, showing the 
evolution of the streaks.
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Figure 9: Streaks flowing down a slope at 78 °N 60 °W, 
fading at the top and darkening again.



Stops, fades and continues to grow
Many of the studied areas show a fainting of the spots and streaks and then a continued growth of 
them.

The series of images in Figure 9 is from 78 °N 60 °W, showing streaks flowing down a dune slope. 
In the first picture (LS = 38.6°) the streaks have barely reached flat ground. The lower part of the 
streaks has a dark albedo, but the upper part has faded, indicating that the streaks have stopped 
flowing from the top. In the second picture (LS = 48.7°) the streaks have grown further, but now the 
upper part of the streaks has a darker albedo than the middle part, indicating that the upper part have 
begun to flow again. This continues in the third and fourth picture (LS = 53.7° and 60.9°), the upper 
part that has a darker albedo grows progressively larger. This indicates that the flow of the DDS 
material is not continuous.

Ponds
Some of the streaks become long and then a round spot appears at the end. Figure 10 shows a set of 
images from 78 °N 60 °W that display this feature.

In the first picture (LS = 38.6°) in Figure 10, a normal streak is seen. At the time of the next picture 
(LS = 48.7°) the streak has grown longer and reached flat ground. Since the streak material has no 
slope left  to  flow down on,  it  accumulates  at  the bottom and creates a  pond-like form.  At the 
following two pictures (LS = 53.7° and LS = 60.9°) the pond [2] has grown larger.
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Figure 10: Ponds at the end of streaks at  
78 °N 60 °W.



Halos
Some of the DDSs and streaks have a brighter area around them, a halo. This image is from the 
Richardson crater at 72 °S 176 °E. In the first image, with a solar longitude of 197.0°, two regular 
Dark Dune Spots are visible. In the second image, LS = 213.7°, the spots have grown and a halo is 
now surrounding the spots. In the third image, at  LS = 238.5°, the spots have shrunk, but the halo 
has grown and is clearly visible. Also, a brighter fan has been created in the westward direction.
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Figure 11: A bright halo has appeared around the spots 
and streaks in the Richardson crater, 72 °S 176 °E.



Positions of Dark Dune Spots
The DDSs usually appear at steep slopes rather than on the flat parts of the dunes. A good example 
showing this can be found in Figure 12, from the northern hemisphere at 77 °N 30 °E. The DDSs 
and streaks are apparent where the dunes are steepest and highest, and there are just a few spots on 
the flatter parts of the dunes. A reasonable explanation for this is that the melt water in the dunes is 
pulled down by gravity. At the edge of the dunes there is nothing holding up the water (and soil) on 
the side, forcing the water to follow gravity down the slope. Thus the dune edges are the places 
where most streaks appear. The streaks usually occur at the part of the dune slope that faces the 
direction of the Sun, presumably because the irradiation on these surfaces is higher.

Seasonal changes
The Richardson crater at 72 °S 179 °E, is among the most well-documented sites at Mars. The 
HiRISE camera has documented the area with over 40 images spanning more than three (Earth) 
years.  This  makes  it  possible  to  compare  the  surface  changes  over  two local  springs.  The  left 
column in Figure 13 displays the images from 2007 and in the right column, the corresponding 
images from 2009.  The two corresponding pictures on the same row are taken at a similar solar 
longitude. One can find that both the 2007 and the 2009 series change in the same way. At the time 
of the first pictures (LS = 197.0° and 197.3°) the spots have appeared and some streaks have begun 
to flow. In the second pair of images (LS = 210.6° and 207.1°) the spots have grown larger and the 
streaks longer. In the third set of pictures (LS = 220.7° and 224.1°) a bright halo have surrounded the 
spots and streaks. At a solar longitude of 248° the bright halos have grown larger and the dune 
slopes are darker. In the last pictures (LS = 252.4° and 252.0°) the whole dune is dark, apart from the 
bright halo around the spots and streaks.
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Figure 12: Streaks occur at steep dune slopes rather than at the flatter parts. This image is from 
77 °N 30 °E.
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Figure 13: Comparison of the surface change during local spring at Richardson crater,  
72°S 179°E. Images from 2007 in the left column and 2009 in the right column.



There are some interesting things worth noting in this comparison. First of all, it is seen that the 
spots and streaks that appear in the 2009 season are not at exactly the same positions as in 2007, 
although they appear in the same general area. In 2009 there is an increase of dark albedo features 
compared to  2007. The surface actually changes in  exactly the same way both seasons,  which 
indicates that this is a seasonal change and not something that accidentally happened one year.

Spot growth
For  each observed  location,  one  spot  has  been  selected.  Using  MATLAB's  image  processing 
toolbox, the proportion of dark pixels, i.e., the relative area of the dark feature in the image can be 
quantified.  The difference in dark pixels  between the two images has been calculated and then 
divided by the first of the two images, in order to calculate the increase or decrease in dark pixels 
between each image.  Further,  this is  divided by the change in solar longitude between the two 
images, to get a time related rate of change. The results are presented in Figures 14 and 15. The y-
axis in the graphs is a measure of the relative change of the area of the spots per degree of solar 
longitude and the x-axis is the solar longitude. Figure 14 covers the northern hemisphere and Figure 
15 covers the southern hemisphere. Thus the difference in solar longitude.

In both graphs the spot-growth (increase of dark pixels) generally stays near 0.16. The growth is 
going up and down randomly, and there is no specific trend that can be deduced, other than that the 
growth is mostly positive and not constant. No growth faster than 0.4 is seen, except for location 10, 
at 72 °S 179 °E. Those images, where the growth is so high are however taken rather late during the 
spring, when a large portion of the surface becomes dark. The spot itself has not grown that much 
larger, but the total albedo of the area has become darker. Thus the last 3-4 data points of that series 
indicate that the surface goes dark during late spring. 
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Figure 14: The change ratio of spot size (dark pixels) per degree of  
solar longitude, southern hemisphere.

Figure 15: The change ratio of spot size (dark pixels) per degree of  
solar longitude, northern hemisphere.



Composition
Figure 16 shows two HiRISE images. To the left  is an overview picture and in the center is a 
zoomed-in version of a set of streaks. To the right of these is a corresponding ir_ice CRISM image, 
taken at the same solar longitude. The center image is zoomed in so that a Dark Dune Spot with 
streaks can be seen n detail. The CRISM images are too badly resolved for investigating individual 
spots. However, these provide an overall picture of the composition of the ground.

The pictures in Figure 16 have been taken at a dune field in 81 °N 156 °E. In the first image,  
LS = 20.4°, there are dark albedo features present, but the dark dune spots are small. The CRISM 
image is blue, indicating that CO2 ice covers the surface. At LS = 20.4° the spots have grown larger 
and streaks have appeared. The CRISM image is yellow, which is a mixture of blue and red, and 
thus indicates a mixture of water ice or hydrated sulfates, clay or glass and water ice. In the last two 
images at  LS = 65.6° and 70.5° the streaks have grown longer and the CRISM images is green, 
indicating that water ice covers the surface.

17

Figure 16: The left column shows a HiRISE overview image, the middle column a HiRISE 
image of a streak and the left column shows a CRISM image. The images were taken at 
81 °N 156 °E.
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Figure 17: Part 1, continues on the next page. Richardson Crater, 72 °S 176 °E. The left  
column shows the HiRISE image and the right column shows the corresponding CRISM 
image.
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Figure 18: Part 2, continued from the previous page. Richardson Crater, 72 °S 176 °E. The left  
column shows the HiRISE image and the right column shows the corresponding CRISM image.



The same comparison as in Figure 16 has been made in Figures 17 and 18, but of the Richardson 
Crater, 72 °S 176 °E. In the first image, at LS = 175.2°, there are no Dark Dune Spots visible, but 
some faint  dark albedo features are present.  The CRISM image is blue,  which implies that  the 
surface is covered with CO2 ice. Not the entire image is blue. There are some black spots there also, 
indicating a lack of both CO2 ice and water ice. Either this is a lack of data in the picture, or it 
indicates no CO2 ice or water ice at all at those areas. 

In the second picture, on LS = 181.6°, there are visible Dark Dune Spots and the CRISM image is 
still blue, but with a tone of green, indicating that there is some water ice at the surface. Hence some 
of the CO2 ice has sublimated and exposed the water ice underneath. At  LS = 197.0° the HiRISE 
image shows the same amount of dark albedo features as the previous, but the CRISM image is now 
about 50 percent blue and 50 percent green. This means that spectra from both CO2 ice and water 
ice are received by the spacecraft. 

In the fourth picture, on LS = 213.7°, the HiRISE image shows a surface with an apparently lower 
albedo than before.  The CRISM image is now pink and red. The Martian surface consists of a 
mixture of mostly water ice or hydrated sulfates, clay or glass and CO2 ice. The fifth picture, at  
LS = 217.5°, shows no change. At  LS = 220.7° the HiRISE image is almost unchanged, but the 
CRISM image is purple/blue, indicating that the surface is once again covered with CO2 ice. On the 
following two images, taken at  LS = 238.1° and 241.3°, the HiRISE image reveals a large bright 
halo around the dark albedo features. The CRISM image is red and pink again, indicating that water 
ice and some CO2 ice is covering the surface. In the last three images at  LS = 245.2°, 248.5° and 
251.1°, the HiRISE images progressively darken.  The CRISM images are still  red but progress 
towards black, indicating that the water ice vanishes.

One interesting point is that at solar longitude 220.7° the signal from CO2 ice has increased. It 
follows  that  the  temperatures  should  have  decreased,  thus  allowing  more  CO2 to  condensate, 
possibly due to a dust storm that blocked direct sunlight for a period of time.

2.2 Geysers
The image in Figure 19 is taken at the southern hemisphere, 85.4 °S 103.9 °E, at LS = 219.6°, i.e., 
local spring. In this picture, many dark plumes can be seen. They have sharp edges and are thought 
to be geysers. The geysers appear in an area at the southern pole, known as the cryptic region.

A theory for the formation of the geysers on Mars has been presented by Piqueux [3] and it is now 
widely accepted. During local spring the CO2 ice cap sublimes from the bottom due to a solid-state 
greenhouse effect, creating CO2 gas that carves channels in a polygonal pattern in the regolith, a 
feature generally called spiders. The CO2 ice subliming into gas builds a high pressure below the ice 
cap. Eventually the CO2 ice layer is penetrated at  a weak point and the collected gas from the 
nearby area flows to and through the exit hole. As the gas flows over the surface below, it collects 
some of the regolith and carries it out through the hole as a jet. While up in the atmosphere, any 
wind will catch this regolith dust and spread it in the wind direction on its way down to the surface, 
forming cone-like features like in Figure 19.
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Figure 19: A field of geysers spewing out dark plumes.





3 Modeling the solid-state CO2 greenhouse effect
As mentioned earlier, it has been suggested that the geysers on Mars are the result of a solid-state 
CO2 greenhouse  effect  [3].  An  interfacial  layer  of  gaseous  CO2 would  sublimate  between  the 
seasonal ice cap and the dark surface below. Similarly, the DDSs may be caused by an analogous 
process. Polar dunes on Mars consist primarily of a dark material, likely a feldspar-basaltic regolith 
[4]. These dunes are in winter covered by a layer of water ice, frost and/or snow, which in turn 
becomes covered  by an additional  layer  of  CO2 ice.  CO2 ice  is  nearly transparent  to  the solar 
spectrum [5], though highly absorbing in the thermal-IR region around 5 μm [6,7]. Water ice has 
similar optical properties and a model for investigating the ice-sheet thickness over perennial lakes 
was developed in 1985 by McKay et al. [8]. By the same methodology, a model for investigating 
the solid-state greenhouse mechanism in the polar regions of Mars can be developed. This would 
mainly  depend  on  the  optical  and  thermal  characteristics  of  CO2 ice  and  the  local  seasonal 
circumstances.  Because  of  the  high  thermal  conductance  of  water  ice  at  low  temperatures 
(3-4 Wm-1K-1), the water ice contribution to the solid-state greenhouse effect can be neglected and 
enables a simplification of the model to a purely solid-state CO2 greenhouse model. An illustration 
of this model can be found in Figure 20.

A ray of sunlight incident with intensity I0 on this layered surface would penetrate the CO2 ice layer, 
losing only a small fraction of its incident intensity. The resulting intensity incident on the soil 
surface can be derived using the absorption coefficient α of CO2 ice: 

I = I 0 e− z . (3.1)

Here the intensity I corresponds to a depth z into the CO2 ice layer. The remaining light would be 
partially absorbed by the dark underlying dune soil, the fraction depending on the albedo of the soil. 
Assuming unit area, we are left with an equation for the radiative influx of energy:

qabs = I 0 e− z 1−R1−a . (3.2)

Here  a represents  the  bolometric  albedo  of  the  soil  and  R is  the  incidence-angle  dependent 
reflection coefficient on the top of the CO2 ice layer. The sunray would, in essence, heat the ice 
layer  from below.  However,  the surface  above the  CO2  ice  would have  a  constant  temperature 
roughly  equal  to  the  local  surface  atmospheric  temperature.  In  essence,  as  the  soil  surface 
temperature rises,  a  thermal  gradient  is  established through the CO2 ice  layer,  cooling  the  soil 
surface as the temperatures rise. This thermal gradient can be described as:

qcond = k dT
dz

. (3.3)

Here  T1 is  the  temperature  above  the  CO2 ice,  i.e.,  the  local  surface  temperature  of  Mars. 
T0  corresponds to the temperature of the soil surface below the ice, where the interfacial layer of 
water ice would be located. 
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Given the low thermal conductivity  k of CO2 ice, ~0.65 Wm-1K-1 at 144 K [19], the conductive 
energy  flux  would  be  relatively  low  compared  to,  e.g.,  water  ice,  making  CO2 ice  a  potent 
greenhouse solid  and allowing a higher  increase in  soil  surface temperature.  Since the thermal 
conductivity would be lower for higher temperatures, this can be considered a conservative value.

From  these  relations  a  one-dimensional  model  can  be  constructed,  where  the  increase  in 
temperature  can be correlated with CO2  ice thickness. This is done simply by equating the influx of 
energy with the outflow and integrate over z and T :

I 0e− z1−R1−a = k dT
dz

,  (3.4)

∫
0

z1

I 0 e− z1−R1−a dz =∫
T1

T0

k dT. (3.5)

There  are  two ways  to  investigate  the  veracity  of  this  model.  First,  by using  actual  measured 
conditions of Mars, it can be determined if the model gives results coherent with observations. Then 
by performing an experiment in a controlled environment where the conditions and results can be 
actively controlled and monitored. The former is covered below and the latter in the experimental 
chapter. It should be mentioned that the influence of geothermal energy has been neglected, as it is a 
relatively small contribution of ~0.03 W/m2 [19].

With rising temperatures, the CO2 could start sublimating from below, if the heat exchange between 
the ice cover and the surface becomes low enough. The water in the soil could turn into liquid form 
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Figure 20: Idealized concept illustration of the model. A slab of CO2 ice is deposited on the 
Martian soil. When sunlight is incident on the Martian polar surface, the wet frozen soil is heated 
beneath the CO2 ice. If T0 rises above 273.15 K, an interfacial liquid water layer could form, if the 
pressure is high enough or the heat exchange between the ice sheet and the soil is sufficiently low.

z1

T 0

CO2 gas at pressure p

I 0

k dT
dz

0

CO2 ice

Wet frozen Martian soil

Incident beam of light Reflected light

T 1

Reflected light



and essentially wet the dune, thus lowering the albedo, giving rise to a dark albedo feature. This 
possibility is investigated in Chapter 4.

3.1 Model predictions
There are two ways that Equation (3.5) is used in this paper. One is to predict the temperature under 
a sheet of ice at a determined or defined condition. To do this, Equation (3.5) can simply be solved 
for T0, which yields the following expression.

T 0 = T 1
I 0 1−a 1−R

 k
1−e− z1. (3.6)

Another way of using the model would be to find an expression for the least CO2 ice thickness 
required  to  produce  liquid  water,  Equation (3.5)  is  solved  for  z1.  This  results  in  the  following 
expression: 

z1 =− 1
 ln[1−  k T 0−T 1

I 0 1−R1−a  ] , (3.7)

In order to evaluate this equation, the constants and environmental variables need to be investigated 
first. T0 will be determined by the sublimation point at the base of the CO2 slab, which will depend 
on the local pressure. This is examined further when applying the model.
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Figure 21: The phase diagram of water in the low-pressure range. 
The dark region denotes the pressure-temperature region wherein 
water could exist in liquid form when exposed to the surface of Mars 
[17].



As a sidenote, while  T0 may be variable for CO2, the melting point of water is constant for all 
realistic pressures. Though water ice will instead undergo sublimation if its pressure is lower than 
6 mbar as shown by Figure 21. From this fact we can establish a minimal temperature for T0 to be 
reached as 273.15 K for pure water, which will not hold true in the salty water of a Martian dune.

3.2 Model coefficients

Intensity of incident solar radiation (I0)
The incident radiation intensity factor  I0 is solar radiation. The Sun's surface temperature can be 
used to approximate the solar spectrum as a 5778 K blackbody radiator. The bolometric intensity at 
the surface of the Sun can thus be expressed using Stefan-Boltzmann's radiation law:

I Sun =T Sun
4 . (3.8)

Imagining the Sun to be an isotropic radiator and thus its radiation an expanding sphere with radius 
r and surface area Ar, the distance r to Mars will thus scale the radiation intensity:

I Mars =
Lsun

Ar
= I Sun

ASun

Ar
= I Sun

4RSun
2

4 r 2 = I Sun RSun

r 
2

, (3.9)

Here RSun is the radius of the Sun, ASun the surface area of the Sun and ISun and IMars are the radiation 
intensities at the surface of the Sun and Mars respectively. However, the distance to the Sun for any 
planet is not constant, as no orbit is perfectly circular, a fact that often can be safely neglected. 
Mars' high eccentricity though makes this a significant factor in the irradiation model. At apogee, 
Mars' rotational axis points away from the Sun and at perigee toward the sun. Kepler's first law 
gives the heliocentric distance:

r LS =
a 1−e2

1−ecos LS90°
. (3.10)

Here a is the semi-major radius, e is the eccentricity of the planet's orbit and LS is the time of year in 
solar longitude. The maximum power of irradiation during a day on the surface will depend on the 
location's latitude φ and the time of year. A simple model for a horizontal surface can be constructed 
as based on Lambert's law of radiation:

I planet = I Mars cos z ≈ I Mars cos −i  = I Mars cos −sin LS . (3.11)

Here z is the incidence angle on a plane in Lambert's law. Because of the large distance to the Sun, 
the solar radiation can be approximated as incident in parallel rays. Thus, on the profile of a 
spherical planet centered in the Sun-Mars orbital plane, z would be equal to the difference of the 
latitude and Mars' axial inclination i toward the Sun. 
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This varies seasonally as ε · sin(LS) where ε would be the maximum inclination, determined by the 
planet's axial tilt as ε = 25.19º.

Before reaching the surface of Mars, any ray of light from the Sun must pass through the Martian 
atmosphere. The gaseous composition of the Martian atmosphere is 96 percent  CO2 gas, which is 
transparent for visible light. It gives about 6-10 mbar surface pressure. Considering these properties, 
it could appear surprising that the Martian atmosphere is visible at all. The optical properties of 
Mars' atmosphere though, is dominated by aerosols of suspended soil/dust particles with a mean 
cross-section of ~1.5 μm [9]. These scatter, absorb and reflect any incident light. This is what gives 
the Martian atmosphere its tawny-red tint similar to that of the ground, and any visual opacity at all. 
The atmospheric absorption can be modeled as:

I surface = I planet e−m . (3.12)

Here Iplanet is the latitudinal and seasonally dependent irradiation above the planet's atmosphere as 
described by Equation (3.11). Isurface is the actual irradiation that strikes the planet's surface, τ is the 
atmosphere's optical depth and m the airmass factor. For incidence angles close to the zenith angle 
z = 0º,  m would simply be proportional to  cos-1(z). However, as this paper focuses on near-polar 
processes, situations where and when the Sun is close to the horizon will be important. At such 
angles,  the  planetary  curvature  and  the  height-absorption  distribution  will  affect  the  angle 
dependence. Measurements have shown that the atmospheric dust distribution is proportional to the 
inverse exponential of the altitude and has a scalar height of  11.56 ± 0.62 km [9], similar to that of 
the gaseous atmosphere. Assuming these properties, the airmass factor can be determined with the 
model developed by Young [10]:
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Figure 22: Illustration of several of the variables used in the model,  
Mars is shown as it would appear in late northern spring (or early 
fall). A sunray is incident on the planet, and its intensity and angle to  
the surface can be described as a function of solar longitude (LS).



m≈ RMars

2 H
e

R Mars cos2 z
2H erfc RMars cos2 z 

2 H . (3.13)

Where  RMars is  the radius of Mars, the volumetric mean radius of 3389.5 km can be used as a 
latitude independent approximation. H is the scale height, value mentioned above, while erfc is the 
complimentary error function.

The remaining factor to be determined is  the optical  depth,  τ.  This will  depend on the particle 
density in the atmosphere, something that varies during the course of the Martian year. The optical 
depth has been measured by several missions, including the Viking landers, Mars Pathfinder and the 
Mars Exploration Rovers (MER) Spirit and Opportunity.

When analyzing the optical depth data in Figure  23, collected over ~2.25 Martian years by the 
MERs, it becomes apparent that there is a diffuse periodic pattern with the addition of spikes during 
dust  storms,  which  can  sometimes  be  global.  This  pattern  is  coherent  with  optical  depth 
measurements from the Viking landers [12] (see Appendix 1) and Mars Pathfinder [13]. A periodic 
model function can be used to approximate this seasonal behavior:

 LS  = Acos LSbB. (3.14)

A least-squares fit to the MER data yields A = 0.49, b = 89.3º, B = 0.83. The large dust storm in one 
of the years, in the interval LS = 270-330º, exaggerates the seasonal behavior of this fit. The model 
developed here assumes normal clear weather. Therefore A and  B are manually fitted to yield a 
better fit to the relevant data, A = 0.32 and B = 0.66. This is shown as the black curve in Figure 23.
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Figure 23: Optical depth as measured by the Mars Exporation 
Rovers' Pancam. Dark gray markers (higher) are from MER-B 
(Opportunity). Light gray markers (lower) are from MER-A (Spirit).  
The black line is a manually fitted cosine function (Equation (3.14)).  
Data were collected for ~2.25 Martian years [9,11].



When combining Equations (3.8) - (3.14), we are left with a function  Isurface(LS,φ). Essentially, the 
question of determining the irradiation factor is thus simplified to specify two factors, namely the 
latitudinal position and the time of year when the features occur at this location. It should be noted 
that  this  function  generates  negative  irradiation  levels  during  local  winters.  This  should  be 
considered a mathematical artifact, and such values are zero. The solar intensity on a flat surface on 
Mars is plotted as a function of solar longitude for several latitudes in Figures 24 and 25.
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Figure 24: The maximal daily solar irradiation, as a function of solar  
longitude, on a flat horizontal surface (perpendicular to the local  
zenith vector) on Mars' northern hemisphere for latitudes 0-90 ºN, as  
given by Equations (3.8)-(3.14). 

Figure 25: The maximal daily solar irradiation, as a function of solar  
longitude, on a flat horizontal surface (perpendicular to the local  
zenith vector) on Mars' southern hemisphere for latitudes 0-90º S, as  
given by Equations (3.8)-(3.14). 



However, the surface of Mars is not homogenous and horizontal. Thus large features (e.g. dunes) 
will change the incidence angle on the surface studied, in turn changing the effective irradiance. 
Here θ denotes the angle of the surface normal to the zenith vector:

I 0 = I Sun RSun

r 
2

e−mcos ∣z∣−. (3.15)

Absorption coefficient (α) of CO2 ice
As can be derived from Figure 26, the absorption coefficient α of CO2 ice can be treated as 0.02 m-1 

for a large part of the relevant spectrum, from the UV to ~1.2 μm. Taken into account that the solar 
spectrum peaks at ~550 nm, dropping off as a Planck curve and also that the value 0.02 m-1  is 
imposed from the minimum detectability of the measuring instrument, it is a fair approximation. 
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Figure 26: Absorption coefficient for CO2 ice for 0.174-1.8 μm. 
Dashed and dot-dashed lines represent minimum and maximum 
values, respectively, vs wavenumber (lower scale) and wavelength  
(upper scale). The latter having been extrapolated from fractional  
uncertainty. Except for some absorption peaks, for most of the 
spectrum 0.21-1.36 μm, the absorption value is below the sensitivity  
of the detector. In this range, which includes the visible and VNIR, the 
solid line at ~0.02 m-1, representing level 5 scattering, is used [5].



The albedo (a) of the Martian soil
The albedo of the Martian soil, represented by a in Equations (3.5-7), varies from region to region. 
The spectral characteristics of the JSC Mars-1 soil simulant is designed specifically to replicate the 
optical properties of the Martian regolith, and so can be utilized to determine this factor. Using JSC 
Mars-1 <1 mm grain size reflectance spectroscopy data from Hamilton et al. [18], the bolometric 
albedo can be determined as 0.2 by simply taking the mean reflectivity over the entire spectrum. 
This  implies  that  some  80  percent  of  the incident  radiation  would  be  absorbed.  However,  the 
incoming solar radiation is  not isochromatic with regard to intensity,  but rather has a spectrum 
resembling that of a 5778 K blackbody radiator. This makes the absorption factor near the peak 
wavelength of the blackbody radiator more important than further from it. The resulting albedo can 
be calculated as:

a =
∫0

∞
I refl d 

∫0

∞
I incd 

=
∫0

∞
a  I d 

∫0

∞
I d 

.  (3.16)

Here  I(λ) is the incident solar spectrum. However,  since  a(λ) is not a function, but a dataset  ai 

corresponding to another dataset λi with length n, Equation (3.16) is calculated numerically with a 
trapezoidal method. A dataset Ii is generated for this purpose with Planck's radiation law:

I i =
8 h c
 i

5
1

e
h c

k T i−1
. (3.17)

Here T is set to 5778 K, the surface temperature of the Sun. Now Equation (3.16) can be calculated 
numerically:

a =
∑
i=0

n i1−i

2
ai I ia i1 I i1

∑
i=0

n i1−i

2
 I i I i1

=∑
i=0

n a i I iai1 I i1

I iI i1
. (3.18)

A plot of the absorption data, the spectral profile of a 5778 K blackbody radiator and the resulting 
reflection spectrum is shown in Figure 27. As can be seen, UV reflection unfortunately cannot be 
taken into account  using this  data.  However,  using this  VIS-VNIR data  and running it  through 
Equation (3.18) results in a profile-specific albedo of  a = 0.05 for an incident 5778 K blackbody 
spectrum. However, an albedo of  0.2 will be kept in use in order to get results of a conservative 
nature.  For  the reflectivity data  of  JSC Mars-1,  see Hamilton et  al.  [18].  The lower spectrum-
specific albedo found suggests that the actual fraction of absorbed radiation could be significantly 
higher than what is suggested by the bolometric albedo.
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Thermal conductivity (k) of CO2 ice
Due to  the  low temperatures  involved and the  strong absorption  bands  of  CO2 in  the  thermal 
infrared [7], the outflow of energy through the ice will be dominated by thermal conduction, as 
described by Equation (3.3). The coefficient  k is approximated by 0.65 W m-1 K-1, determined at 
144 K [19]. Considering that this is slightly lower than the sublimation point of CO2 in a Martian 
environment and that k ~ T--1, it can be considered a conservative (high) value.

Coefficient of reflection (R)
The fraction of light reflected when incident on the interface of two transparent mediums depends 
on the optical indices of the two mediums (n1 and n2) and the incidence angle θi, as described by the 
Fresnel equations.

R=
R sR p

2
=1

2 [ n1cos i−n21− n1

n2
sini

2

n1cos in21− n1

n2
sini

2 ]
2

1
2 [ n11− n1

n2
sini

2

−n2 cosi

n11− n1

n2
sini

2

n2 cosi ]
2

. (3.19)
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Figure 27: JSC Mars-1 VIS-VNIR reflectivity spectrum (middle,  
solid), solar specral profile (5778 K normalized blackbody spectrum) 
(upper, dashed), profile of solar spectrum reflected at JSC Mars-1 
interface (lower, dashed).



Since  n1 and  n2 are material specific constants, a sole relationship  R(θi) is established.  n1 is the 
refractive index of the gaseous CO2 of the atmosphere that the ray is incident from. For most gases, 
the value of this is near 1.0 and varies little with wavelength, including CO2. The variation is only 
22 ppm from 0.2 to 1.6 μm [20] and thus is assumed to be constant. The optical properties of CO2 

ice have been studied extensively by Hansen [5,7]. Comparing the spectrum of the real part of the 
complex  refraction  index  with  the  profile  of  the  incident  solar  spectrum,  see  Appendix  2,  an 
approximation of n2 ≈ 1.4 is justified. The resulting angle dependence is shown in Figure 28.
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Figure 28: The angle dependence of the reflection coefficient for a 
CO2-gas/CO2-solid interface as modeled by Equation (3.19) using 
n1 = 1, n2 = 1.4.





4 Applying the model

4.1 Geysers
The sublimation temperature of CO2 depends on the pressure below the ice as determined by the 
material's vapor pressure. The atmospheric surface pressure on Mars can vary within the interval 
6-10 mbar [17], if all latitudes and seasons are taken into account. However, a layer of solid CO2 ice 
would by mere weight result in a higher pressure at the soil surface. The pressure can be modeled as 
a function of ice depth h:

p h=CO2 gM hpatm . (4.1)

The density of  CO2 ice  is  ρCO2 = 1600 kg/m3 and Mars has an approximate surface gravity of 
gM = 3.7 m/s2. The local surface pressure is difficult to determine for each case, but the contribution 
is  relatively  small  compared  to  the  weight  of  the  ice  sheet.  As  an  approximation,  a  value  of 
patm = 8 mbar, equivalent to 800 N/m2, is set.

The geysers on Mars arise in an area known as the cryptic region, located near the south pole. The 
extent of this region varies with the time of year, but is generally characterized by observations of a 
top layer of ~1 m of virtually dust-free transparent CO2 ice that occurs around the southern polar 
cap. This area stretches as far as latitude -70º in early southern spring and successively recedes to 
have disappeared completely by early summer. Setting h = 1 m and using the parameters above will 
according to Equation (4.1) yield a pressure below the CO2 ice of about 7000 N/m2, equivalent to 
70 mbar. 
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Figure 29: Modeled maximal daily temperatures beneath a 1 m thick 
transparent CO2 ice cap as a function of solar longitude during 
southern spring-summer. Each curve is modeled for a specific latitude 
as denoted in the figure. The straight line denotes T0 = 166 K and 
serves as a condition for expected geyser activity.



The temperature-vapor pressure relation of CO2 is presented below in the experimental section of 
this paper. Nevertheless, for 70 mbar, numerically solving Equation (5.1) for  T results in a CO2 

sublimation temperature of -107 ºC or 166 K. As a condition for geyser activity, set  T0 = -107 ºC 
and the commonly measured temperature  T1 = 150 K of the top of the cap.  Then one can use 
Equation  (3.6)  for  an  arbitrary  latitude  to  find  the  critical  solar  longitude.  The  cryptic  region 
stretches from the south pole to ~70º S in early spring and regresses over time. This interval is 
modeled in Figure 29 using Equation (3.6) with latitude-solar longitude dependent coefficients.

As can be deduced from Figure 29, the model predicts that geyser activity can occur in the cryptic 
region during southern spring. Something that, in reality, for individual cases naturally will depend 
on several other environmental and seasonal variables, e.g., dust storms, locally thicker/thinner ice 
or sloping towards/away from the Sun.

4.2 Potential for liquid water
There are several suggested mechanisms for the appearance of DDSs, one of which is liquid H2O. 
There  is  evidence  that  suggests  the  positive  existence  of  subsurface  frozen  H2O ice  under  the 
regolith in the Martian polar regions.  The dunes appear to be partially cemented and a directly 
observed reflective spot was observed beneath the dust blown away by the Phoenix lander during 
landing. Also, water and CO2 ice both collect in the polar ice caps. Given that water freezes at a 
higher temperature, an H2O ice/frost layer would be expected to form first during local fall/winter 
and thus form a layer nearest to the surface.

If the DDSs form by the same mechanism as the geysers, though with melting water as the result of 
the  greenhouse  effect,  the  same model  can  be  used  to  find  what  conditions  would  need  to  be 
present.  The  normal  melting  point  of  water  is  0  ºC,  however,  since  salts  are  thought  to  be  a 
significant component of the Martian regolith, this is likely an unrealistic value for the water ice 
that makes up the cemented dune. Using the melting point of brine water as a lower condition, a 
melting temperature T0 of 251 K (-22 ºC) [17] could be considered a lowest possible value.

Using the model that has been described in this paper in a straightforward fashion for water might 
seem too simple. This is based on the fact that CO2 has a much lower temperature of sublimation 
than the melting point of water, brine or not. However, consider a situation, where according to the 
model, interfacial water might potentially melt. Three possible cases are explored below. By using 
the brine water melting temperature of 251 K and a high CO2 sublimation temperature of 166 K, 
such as above for the geysers, the possibility for each case can be evaluated.

One could imagine that as temperatures rise, the CO2 ice cap would start sublimating from below, 
forming a layer of gaseous CO2 between the bottom of the ice cap and the hypothetical liquid water 
on/in  the  soil.  The  potential  for  heat  transfer  would  be  different  from the  overlying  CO2 ice. 
However,  given the near-unity emissivity of both CO2 ice  and water  [14],  heat  exchange from 
radiation alone in such an interface would be high, this can be calculated as:

qrad = T H2O
4 −T CO2

4 . (4.2)
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Using the parameters of brine water and CO2 at 5800 Pa, this radiative heat transfer evaluates as 
182 W/m2

. From Figure 25 it can be deduced that the influx of solar radiation cannot supply enough 
energy during springtime in the south polar region to support this relation and thus cannot be used 
as a general model. Further, heat exchange via conduction and convection would provide further 
energy flow from the surface.

Another possibility is that the interfacial layer is clear H2O ice. However, given that clear H2O ice 
has a relatively high thermal conductivity of 2-4 Wm-1K-1 (depending on temperature), it serves as a 
poor greenhouse solid.

If the layer is H2O frost or snow, however, the low thermal conductivity of snow combined with the 
strong absorption bands of water in the thermal IR, could serve as a potent thermal barrier. The 
thickness of this interfacial layer is though strongly limited by the short optical extinction length of 
snow. While actual Martian snow-packs have not been studied by any mission so far, terrestrial 
analogues could be considered for model parameters. 

The solid-state greenhouse effect in snow has been studied extensively by Möhlman [15] where 
thermal  conductivities  between  0.17  Wm-1K-1 and 0.019 Wm-1K-1 are  used  as  upper  and lower 
boundaries  for  different  packings  and grain sizes  of  snow/porous  ice.  However,  if  the snow is 
presumed to be packed by a thick layer of CO2 ice (though under Martian conditions of surface 
gravity)  and the Martian  environment  is  not  strongly affecting the  properties  of  the snow/frost 
compared to their Earth analogue, then higher values should be considered more realistic. Due to 
the less homogenous crystalline structure of snow or frost, compared to ice, scattering, shortens the 
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Figure 30: Modeled depth of snow/frost layer beneath a 1 m thick 
CO2 ice cap that would sustain a base temperature T0 of -22 ºC with 
an upper temperature T1 of -123 ºC at an incident radiation of 
50 W/m2. The various curves represent separate extinction lengths 
plotted versus the thermal conduction coefficient. 5 cm (dash-dot),  
10 cm (solid) and 15 cm (dashed).



extinction length.  Möhlman defined a possible  range of 3-20 cm [15].  The extinction length is 
equivalent  to  1/α.  The  possibility  of  the  water  ice  becoming  liquid  at  the  soil  surface  can  be 
explored with Equation (3.7) and these ranges of values, see Figure 30. Figure 30 shows realistic 
depths  under  some  conditions  for  snow  optical  density  and  thermal  conductivity  under  the 
somewhat conservative radiative influx of 50 W/m2. The possibility for liquid water under a cap of 
CO2 thus  exists,  but  may  be  remote,  this  since  both  a  high  thermal  conductivity  and  a  short 
extinction length would be expected from packed snow/frost. Case-specific scenarios can be found 
in Chapter 6.
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5 Experiment
So far,  no probe has visited the Martian polar regions during  spring,  with the exception of the 
Phoenix lander, which though was not built to survive the Martian winter and thus was not able to 
take readings in spring. Comparing the predictions of the model to the actual case is thus so far not 
possible. However, if the hypothesized conditions can be replicated on Earth, such an experiment 
could  provide  some  clues.  With  this  in  mind,  an  experiment  was  designed,  constructed  and 
executed. The purpose was to find the temperature increase in correlation to values for the various 
variables in the model. Initially the intention was to test the greenhouse effect in CO2 ice and H2O 
frost. However, the low vapor pressure of H2O and technical limitations only allowed for CO2 ice.

5.1 Concept
As described in the previous chapter, the solid-state greenhouse mechanism in the model mainly 
depends on the optical and thermal characteristics of CO2 ice. Thus the goal of the experiment can 
be simplified as to investigate if a greenhouse effect exists in CO2 ice on the frozen dunes on Mars 
and the magnitude of temperature change that can be expected from this.

By imposing an isothermal temperature distribution at  time  t = 0 and an upper temperature  T1 

constant for all t, when the light is initiated at t = 0, the CO2 ice layer will be heated from below and 
a thermal gradient will be established. T0 will rise until thermal equilibrium is met at a temperature 
difference ΔT = T1 – T0, thereby quantifying the greenhouse effect.

Controlling the upper CO2 ice temperature
Controlling  the  upper  ice  temperature  T1 directly  via,  e.g.,  a  cooling/heating  element  is  not  a 
feasible option as it would interfere with the passing of light. The same problem would appear for 
simply measuring the temperature using thermocouples, as these would absorb a disproportional 
amount  of  the  incoming radiation  compared  to  the  surrounding ice.  Both  of  these  issues  were 
addressed by controlling T1 via vapor pressure.

Thermodynamics and the vapor pressure of CO2

Any gaseous substance that is simultaneously in a liquid or solid state and interfacially connected 
with any of these, will maintain a pressure corresponding to the coldest temperature of the liquid or 
solid state interface. In the case of CO2, there is no liquid phase. Thus the temperature will depend 
on the vapor pressure for a CO2 gas-solid interface. Knowing this, the pressure that will give the 
desired temperature T1 can be calculated with an extended Antoine equation:

ln  p = A⋅ln T B
T
CD⋅T 2. (5.1)

Here p is the vapor pressure in kPa, T is the corresponding temperature in Kelvins and A, B, C & D 
are empirically fitted coefficients for the substance in question. The coefficients for CO2 can be 
found in Table 1. A plot of the vapor pressure of CO2 based on this equation and the coefficients 
from Table 1 is shown in Figure 31. Pressures are shown in bar and temperatures in ºC.
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In terms of physics, if the pressure is lowered, the CO2 molecules on the ice surface will tend to 
sublimate by breaking intermolecular bonds. The energy needed to break these bonds will be taken 
from the surroundings, resulting in a temperature decrease of the CO2 ice surface until equilibrium 
is reached. This equilibrium temperature will depend on the specific pressure as described by the 
temperature-vapor  pressure  relation  of  Equation  (5.1)  and  Figure  31.  If  the  ice  surface  is  not 
isothermal, then the coldest temperature on the surface will be the determining factor for the vapor 
pressure as any higher temperature will only result in a redistribution of molecules to the colder 
spot.  In  an otherwise closed system,  if  only a  section  of  the ice  is  heated,  the  molecules  will 
sublimate where the ice is heated and condensate on the coldest spot. This spot is subsequently 
heated  when  energy  is  released  as  bonds  are  being  formed.  As  the  spot  warms,  the  rate  of 
condensation decreases, while the rate of sublimation in the heated spot is constant, resulting in an 
increase in pressure until condensation/sublimation equilibrium is met.

Consider that the system is instead controlled in such a fashion that the pressure can be seen as 
constant. Then, if only a section of the ice is heated this time as well, any sublimated molecules 
must  have  exited  the  system.  The coldest  spot  remains  unaffected  and its  temperature  will  be 
determined by the defined vapor pressure, according to Equation (5.1) and Figure 31. As long as it 
remains the coldest spot in the system, T1 can be controlled by regulating the pressure. 
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Figure 31: Vapor pressure curve of CO2, as derived from 
Equation (5.1) with coefficients from Table 1.

A -2.403761·101

B -7.062404·103 
C 1.663861·102

D 3.368548·105

Range 154.15-304.15 K
Table 1: Extended antoine 
coefficents for CO2 in the valid  
temperature range.[16]



5.2 Components & Design
A spherical bulb, with 18 cm inner diameter, made of Pyrex glass and filled to 2.5 cm with JSC 
Mars-1 soil  simulant is used as the main chamber. A quartz tube containing a Quartz Tungsten 
Halogen (QTH) lamp extrudes inwards into the bulb. The lamp, when supplied with 120 V AC uses 
100 W electric power, warming the filament to 3300 K. This is however connected to a variable 
autotransformer, allowing multiple input voltages. Since both glass walls are made of quartz glass 
losses from absorption are negligable. Two metal rods, of which one is bent 180º, are soldered to the 
lamp and directed out from the quartz tube in order for the power source to be easily connected.

The bulb has two 0.5 inch outer diameter ports and one 1 inch outer diameter port that connects to 
the various components of the system. One of the 0.5” ports connects to CO2 and H2O sources. A 
pressurized cylinder of CO2 gas with regulator acts as a CO2 source, and a bulb containing distilled 
water as H2O source. To prevent condensation on the insides of the connector walls, the water is 
pressure boiled and maintained at  20 ºC using an external  water  container  and a  stirrer-heater. 
Access to the system for each source is controlled using a system of stopcocks. Before entering the 
bulb, any incoming gas passes through a 10 cm long glass spiral. This is immersed in either an 
acetone bath at -70 ºC, or a water ice bath at 0 ºC, thus enabling precooling of the substance before 
it is allowed to enter the system.
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Figure 32: Concept design of the experimental setup. 1: Glass bulb with CO2 or H2O vapor 
atmosphere. 2: Quartz tube. 3: 1” port to gauge and thermocouple entry hole. 4: 0.5 inch port to  
CO2 and H2O sources and vent. 5: 0.5 inch port to vacuum pump. 6: JSC Mars-1 soil simulant. 
7: CO2 or H2O ice. 8: 100 W QTH lamp. 9: Three thermocouples at the center of the soil surface.  
10: Thermocouple, 2 cm under soil surface. 11: Thermocouple at the edge of the soil surface.  
12: Thermocouple suspended in bulb center. 13: Dewar. 14: Liquid nitrogen. 15: Thermocouple  
DAQ connected to computer. 16: Variable autotransformer (0-140 V). 17: AC power source.  
18: Thermocouple indicator for liquid nitrogen level. 19: Thermocouple measuring temperature of  
the liquid  for the cooling spiral (acetone or ice-water). 



The pressure is regulated using a vacuum pump (vac), capable of producing vacuums < 1 mbar and 
connected to the other 0.5 inch port. The vac features only an on/off setting, though the flow is 
adjustable using a stopcock. The pressure is subsequently monitored with a gauge connected to the 
1 inch port.

The temperature of the soil is controlled with an open dewar mounted on a jack. The dewar contains 
liquid nitrogen (LN2) and can be raised from below to cover a segment of the bulb. A layer of glass 
fiber wool is applied to cover the outside of the bulb, thus minimizing the exchange of heat with the 
surrounding air and enabling cooling to lower temperatures. This results in faster ice accumulation 
rates, thicker potential ice sheets and a lower consumption of LN2. Since the apparatus is housed in 
a chemical booth with constant drag, an outer layer of tin foil is also applied to further reduce heat 
exchange. 

The individual  components  are  connected  with glass  pipes,  flex-tubing and Cajon connections. 
Because of the latter, pressures are restricted to < 1 atm. However, Cajon connections are made to 
maintain a vacuum down to ultra-low pressure levels.

The central part of the experiment measures the soil surface temperature during irradiation. This is 
achieved with  three  thermocouples  positioned  in  a  triangle  formation  in  the  center  of  the  soil 
surface. Besides providing redundancy, their slightly different vertical positioning allows for the 
possible detection of phase shifts. One is positioned on the soil ice interface, another elevated to be 
immersed in ice and a third one sunk into the soil. The relative displacement of the thermocouples is 
on the order of 2-5 millimeters but difficult to measure accurately as the inside of the bulb can not 
be reached and the lowest one is below the soil level. 

Temperature measurement is complemented by three additional thermocouples. One is positioned 
2 cm into the soil, another is at the soil surface edge and the third one is suspended near the center 
of the bulb. Two more are used outside the system to indicate temperatures for the cooling spiral 
and the level of liquid nitrogen. All thermocouples are connected to a  NI FieldPoint FP-TC-120 
Thermocouple DAQ connected to a computer. Temperatures are subsequently measured, displayed 
in real-time and logged. A LabView program was designed and assembled for this purpose, see 
Appendix 3. For images of the experimental setup, see Appendix 4.

Quartz Tungsten Halogen (QTH) lamp characteristics
The amount of incident radiation is a critical factor and also one that can easily be varied. This is 
done simply by changing the voltage of the lamp. Using a broadband radiometer, the irradiance 
could simply have been measured at the right distance, though no such equipment was available for 
this experiment. Instead a lux-meter was used to indicate the incident light. This, however, means 
that the measured value will also depend on the luminous efficacy of the emitted spectrum, which in 
turn will depend also on the temperature of the filament and thus the input voltage. Utilizing a series 
of analytical methods, an expression for irradiance as a function of input voltage can be derived. 
The irradiance will depend on the illuminance as a function of the luminous efficacy, which, in turn, 
can be described as a function of blackbody temperature:

I rad =
I lum

K T 
. (5.2)
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For any spectral distribution I(λ), the luminous efficacy can be calculated as:

K T  = K m V T  = 685 [ lm/W ]
∫0

∞
y  I d 

∫0

∞
I d 

. (5.3)

Here y   is the luminosity function used by the measuring device. In this case it is the CIE 1931 
photopic luminosity function. Figure 33 shows this function with overlayed normalized blackbody 
spectra for 5778 K and 3300 K and spectra for how the lux-meter would interpret these.

An analytical method of calculating  K(T) for blackbody spectra has been developed by Lampret 
et al. [21]:

K T  ≡
∑k=0

5
 k T k

∑k=0

5
k T k

. (5.4)

Here T is the blackbody temperature, k denotes index, αk and βk are fitted coefficients which can be 
found in Table 2.
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Figure 33: Illustration of luminous efficiency. The CIE 1931 
luminosity function y   (black). Profiles of normalized blackbody 
irradiance spectra for 5778 K and 3300 K (solid grey).  
Corresponding relative illuminance spectra y ⋅I   (dashed 
grey). All intensities are plotted versus wavelength.



k αk (lm/W Kk) βk (K-k)
0 -5.946 0.91051
1 1.3634·10-2 -3.556·10-4

2 -1.0336·10-5 7.255·10-8

3 2.60573·10-9 5.415·10-12

4 0 -1.4195·10-15

5 0 2.7227·10-19

Table 2: Coefficients for Equation (5.4) [21].

Now the problem is shifted to determining the temperature of the filament Tf for a given voltage. A 
series of current measurements for various voltages resulted in the curve shown in Figure 34. For 
the numerical data, see Appendix 5. The measurements were made with a digital multimeter.

The  nonlinear  relationship  in  Figure  34  indicates  that  the  filament  resistance  Rf has  changed. 
Assuming that this  is  due exclusively to  a temperature induced change in the resistivity of the 
filament  material,  i.e.  tungsten,  a  relationship  for  Tf(U) can  be  derived.  The  relationship  of 
resistivity to temperature of an arbitrary material can be expressed as:

 = 0 [1T−T 0] . (5.5)

Here  ρ0 is  the  resistivity  at  room temperature  T0.  If  the  length  and cross-section  area  remains 
constant, then the relative increase in resistance will be equal to the relative increase in resistivity. 
Thus the following relation can be utilized: 


0

= R
R0

. (5.6)
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Figure 34: Measured current through the lamp at various input  
voltages. The nonlinear relationship indicates a change in resistance. 



From Equations (5.5), (5.6), an expression for filament temperature as a function of voltage can be 
found:

T = T 0
1
  R f

R f0
−1= T 0

1
  J

U R f0
−1. (5.7)

For tungsten, γ = 4.83 · 10-3 K-1 [22]. Thus the only unknown coefficient is the resistance Rf0 at room 
temperature (defined as 300 K). It is known however that at U = 120 V the temperature filament has 
a temperature of 3300 K and the current has been measured to be J = 0.86 A. Thus Rf0 can be found 
from Equation (5.7):

R f0 =
R f

1T −T 0
= U / J

1T −T 0
= 120 /0.86

14.83⋅10−33300−300
= 9 . (5.8)

This is consistent with the measured value of 10.1 Ω, from the connection points of the  metal rods. 
Individual measurements on the rods themselves from the lamp to the connection points gives 0.5 
and 0.4 Ω.  From Equations (5.3-5.7) with the measured data for  J(U), a value of  K(U) can be 
established  for  each  measured  voltage  U.  The  results  are  plotted  in  Figure  35  along  with  the 
corresponding filament temperature as found from Equation (5.7). The numerical results of  K(U) 
and Tf(U) can be found in Table 3.
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Figure 35: Luminous efficacy (solid line) and filament temperature  
(dashed line) plotted against input voltage, as derived from 
Equations (5.3-5.7).



U [V] 40 60 80 100 120 140 160
K(U) [lm/W] 1.95 6.73 13.8 21.9 30.5 39.3 47

Tf(U) [K] 2040 2430 2760 3040 3300 3550 3770

Table 3: Luminous efficacy and filament temperature 
corresponding to a range of input voltages. Data are plotted in  
Figure 35.

The soil surface irradiation can now be found from the illumination at a given distance and divided 
by the value of K(U) for the input voltage used. This is done for a range of distances and the input 
voltages 120 V and 140 V. The result is shown in Figure 36.

The light from the lamp needs to pass through three optical boundaries; into the quartz glass of the 
inner tube, out from the quartz glass and into the CO2. Plain angle incidence, a quartz refractive 
index of 1.46, and a CO2 ice refractive index of 1.4 gives an effective transmission factor of ~0.9 
from fresnel reflection.

Soil simulant thermal characteristics
All completed experiment runs were done with wet frozen JSC Mars-1 soil simulant. Since water 
ice  has  a  higher  thermal  conductivity  than  air  (and  CO2 gas),  it  follows  naturally  that  the 
concentration of water in the soil would affect the thermal conductivity when it replaces the gaseous 
contents as intergranular medium.

The  thermal  conductivity  of  the  soil  can  be  derived  from  the  temperature  profile  during  ice 
accumulation. From Figure 37 one can see that the temperatures difference is ~18 K. At this point, 
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Figure 36: Radiative intensity as measured at a distance r 
perpendicular to the filament.



there's a ~3 cm thick CO2 ice slab on the surface being accumulated at 1 bar. Thus the upper ice 
temperature is -78 ºC. If the temperature distribution is approximated with a linear gradient, with 
the temperature and depth of the soil thermocouple, the thermal conductivity is given by the law of 
serial thermal conductance:

qcond =
T 1−T 0kCO2

z1−0
=

T 0−T soilk soil

0−z soil
. (5.9)

From this follows:

k soil =
−z soilT 1−T 0k CO2

z1T 0−T soil 
. (5.10)

Using zsoil = -2 cm, z1 = 3 cm, T1 = -78 ºC, T0 = -136 ºC, Tsoil = -154 ºC and kCO2 = 0.62, Equation 
(5.10) gives ksoil = 1.3 Wm-1K-1.

5.3 Preparation
Preparation for each experiment starts with evacuation of the bulb from any air inside. Next the 
dewar with liquid nitrogen is raised to the point where the edge of the dewar is in contact with the 
bulb.  The  temperatures  then  starts  to  drop  within  a  few seconds.  First  the  drop  is  sharp  and 
subsequently  levels out. Thermal equilibrium usually occurs when the soil surface center reaches 
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Figure 37: Temperature measurements taken during in the last 45 
minutes of ice accumulation (see Figure 38). The black lines are the  
temperatures of the three soil surface thermocouples. The grey line is  
the thermocouple ~2 cm underneath, in the soil. t = 0 is when the  
cooling started, see Figure 38 for the whole time span.



-180 ºC, as shown in Figure 38 where this occurred after about 6000 seconds, i.e., a little less than 
two hours.

In Figure 38, CO2 gas is introduced at 1 bar after ~7000 s. This quickly raises the temperature at the 
center of the soil to just over -80 ºC. Note that the temperature at the surface edge spikes to a higher 
value, since it is not the coldest point in the system. After 7000 s, all soil temperatures start to drop 
with a rugged inverse exponential curve. Each 'wave' on the curve corresponds to a refill of liquid 
nitrogen in the dewar. The reason behind the general shape of the curve is the heating caused by 
CO2 being solidified at  the top of the CO2 ice slab,which grows thicker and thicker, increasing 
thermal insulation. Thus the case resembles a heat conduction problem with a moving boundary 
condition.

Next,  the  dewar  is  lowered  somewhat,  separating  the  bulb  from direct  contact  with  the  liquid 
nitrogen. Slowly the temperatures starts to raise. The level of the dewar is then adjusted along with 
the pressure inside the bulb to force a temperature distribution as isothermal as possible. In reality, 
however, the temperatures never stabilized completely with this method.

5.4 Further considerations
In the ideal case, the energy drain into the soil is proportional to the temperature change. This could 
be considered to be the case if the temperature at the bottom of the bulb stayed constant. For this 
purpose,  an allyl  alcohol  ice bath was attempted to  be used as cooling medium. This however 
proved impractical due to the strongly irritating nature of allyl alcohol vapor. Liquid nitrogen could 
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Figure 38: Internal bulb temperatures during soil cooling and CO2 

ice accumulation vs time. Soil surface center (black), soil (grey), soil  
surface edge (green), bulb center (blue). Measurement started shortly  
after soil cooling started. Thus the starting temperature is not at room 
temperature as would have been expected if measurement had started 
at the time cooling started.



have been used to fill this function. However, in order to establish an isothermal ice layer, the vapor 
pressure has to be set to such a value that  T1 =  T0. With liquid nitrogen  T0 ends up near -180  ºC 
before stabilizing. This is outside of the range of the antoine equation (see Table 1) and below the 
detection level of the gauge used.

As mentioned above, temperature was controlled by varying the level of the dewar instead. As the 
bulb is no longer in direct contact with the liquid nitrogen, the temperature will not be constant. 
Thus, the change in soil temperature will not be completely linear to the change in soil surface 
temperature. 

One should also consider the fact that the radiative intensity from the lamp drops as 1/r3, where r 
denotes  the  distance  from the  lamp  (see  Figure  36).  Since  precise  measurement  could  not  be 
achieved inside the bulb, the intensity uncertainty will be proportional to 1/r3.

5.5 Results

Soil surface temperature

The temperature progression above was created with an input  voltage of 140 V at  a pressure  
p = 182-186 mbar, corresponding to T1 = -98.25 – -98.04 ºC. The lamp distance was measured to be 
r = 6.0 ± 0.5 cm, which after transmission through the quartz glass and the CO2 surface would result 
in an effective soil surface irradiation of 1149-1520 W/m2. Tsoil could be considered to be -99 ºC to 
-98 ºC. If the influx of radiative energy is equal to the conductive outflux, T0, can then be predicted 
temperature interval can be deduced:
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Figure 39: Temperature evolution under a 3 cm thick CO2 slab vs 
time. The lamp is activated at ~125 s, with an input voltage of 140 V, 
and turned off at 360 s.



T 0 =
I rad 1−a

k CO2

z1
T 1

k soil

−z soil
T soil

k CO2

z1


k soil

−z soil

. (5.11)

The low value is T0 = -89 ºC, while the high value is T0 = -84 ºC.

From the experiment, the expected temperature for T0 would be -95.5 ºC. This discrepancy is most 
likely due to a more complex heat conduction problem than assumed in the case above.  This is 
likely due to the spherical geometry and a non-constant lower boundary condition. However, the 
range is but 6 ºC from the measured, which is in the right order and does indicate the presence of a 
solid-state greenhouse effect.

Qualitative features
After measurements were completed, the lamp was left on and the vac pumped continuously. The 
CO2 ice level decreased over time with the highest rate in the center. Eventually a hole would form 
in the center and thus the soil became visible. At this point it was noticed that there was a distance 
between the CO2  ice and the soil (see Figure 40). Presumably, the CO2 ice layer had sublimated 
from below due to the radiative heating of the soil  though the CO2 ice layer,  i.e.,  a solid-state 
greenhouse effect.  It could be considered a possibility that the soil  being heated where directly 
exposed to  the  radiation from the lamp,  and the heat  is  transferred  via  conduction in  the soil. 
However, the presence of CO2 ice on the soil next to the distance is counter-indicative of this.

Another  phenomenon  that  arose  after  the  CO2 had  sublimated  in  the  center  was  the  visual 
observation of flow lines emanating from the ice-soil distance mentioned above (see Figure 41). 
The flow lines strictly depended on the low pressure inside the bulb. If the vac was cut off, the flow 
lines sank to ground, forming a white mist which eventually disappeared. 
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Figure 40: There appeared a ~1 mm distance between soil and CO2 

ice layer, indicating that the ice may be sublimating from below.



With the appearance of the flow lines came also small bright particles that were being ejected from 
the edges of the hole. Initially they followed the flow lines, but instead landed on the surrounding 
white  CO2 ice  cap  where they could not  be discerned any more.  From visual  observation,  the 
particles appeared to vary in sizes from near-millimeter to indiscernibly small. Bigger particles were 
fewer in numbers while smaller particles often appeared as sprays. 
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Figure 42: Close-up of lower center of Figure 41. Small particles are 
being spewed out from the edges of the hole in the CO2 ice. 

Figure 41: Flow lines emanating from a hole in the CO2 ice layer.





6 Discussion & Conclusions

6.1 A potential model for Dark Dune Spots
As mentioned earlier, work by Möhlman [15] shows promise in describing the occurrence of DDSs 
as a solid-state greenhouse effect in H2O snow or frost that could lead to melting, and subsequently 
to these possible seepage phenomena. From studying HiRISE and CRISM images of defrosting 
dunes, however (see Figures 16-18) it is clear that the dark dune spots appear while mainly CO2 ice 
covers  the  surface.  Nevertheless,  in  Figure  30  it  was  shown  that  for  certain  combinations  of 
properties of snow and an incident irradiation of 50 W/m2, temperatures could still rise high enough 
to melt salty water on the dune. The next logical step would be to determine the maximal solar 
intensity on the surface where and when the DDSs appear. For this example, a slope of  θ = 30º 
relative to zenith towards the angle of the sun will be considered.

The first picture in Figure 16, where the DDS appears, is at LS = 20.4º. The latitude of this location 
is 81ºN. The spectrometer data from CRISM indicate a CO2 covered surface. Most of the spots are 
located on the south facing surfaces of the dunes, which might not be very surprising when the 
irradiation difference is explored. Using Equation (3.15), one finds that a flat horizontal surface at 
this  latitude  and solar  longitude  receives  28.9  W/m2,  while  a  30º  slope  facing  south  receives  
72.4 W/m2, at an incident angle of 42.2º, i.e., over twice the irradiative power. 
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Figure 43: The modeled thickness of a layer of snow vs. the thermal 
conduction coefficient k, under a 0.6 m thick pack of CO2 ice at 81ºN 
on LS = 20º, which could melt brine water. Modeled conditions are for  
a south facing dune inclined 30º. The various curves represent  
different extinction lengths in the snow. 5 cm (dash-dot), 10 cm (solid) 
and 15 cm (dashed).



Using the measured MOLA value [23] (see Appendix 6) for this latitude and solar longitude as the 
depth of the CO2 ice slab gives h = 0.6 m. On a 30º slope, this would result in about 3100 N/m2 of 
pressure. At this pressure, the sublimation temperature would become about -113 ºC, or 160 K, 
according to the antoine equation. A ray of sunlight would after reflection at the CO2 surface and 
absorption within the slab have a radiative power of ~69 W/m2. Using T1 = 160 K and T0 = 251 K 
(melting point of brine water)  in Equation (3.7), the required thickness for a range of extinction 
lengths and conduction coefficients can be found and is shown in Figure 43.

Using  the  same  methodology  to  investigate  the  Richardson  crater  (see  Figures  17-18),  the 
chronologically  first  picture  that  shows spots  corresponds  to  LS =  181.6º.  Richardson crater  is 
located at 72ºS, using these parameters, in Equation (3.15) gives an irradiation of 58 W/m2 at an 
incidence angle of 41.7º for a north facing dune side with a slope of 30º. For a horizontal surface the 
irradiation amounts to 24.6 W/m2.. There is no MOLA data for such a low latitude. However, it can 
be inferred from the data for higher latitudes that the ice cover in the Richardson crater would be 
much less than 0.5 m thick. Assuming a value of 0.2 m, the weight pressure amounts to ~1 kN/m2. 
This would give the CO2 at the bottom layer a sublimation temperature of -120 ºC. After being 
reflected  at  and  passing  through the  CO2 layer,  the  incident  light  would  have  an  intensity of  
56.2 W/m2. Under these conditions the required thickness of the snow/frost layer is calculated with 
Equation (3.7) and shown in Figure 44.

Both cases display the possibility of a layer of water snow/frost between the CO2 cap and the soil 
surface as being the determining factor behind the formation of DDSs. The high albedos measured 
for the surfaces in the regions where DDSs appear, supports this hypothesis. As does the fact that 
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Figure 44: The modeled thickness of a layer of snow v. the thermal  
conduction coefficient k, under a 0.6 m thick pack of CO2 ice at 72ºS 
on LS = 180.6º that could melt brine water. Modeled conditions are for  
a south facing dune inclined 30º. The various curves represents 
different extinction lengths in the snow. 5 cm (dash-dot), 10 cm (solid)  
and 15 cm (dashed).



the surface spectrum, measured by CRISM, indicates a shift from CO2 ice to H2O ice as the surface 
material. It could follow that the dark features of the DDSs are due to a molten soil surface layer 
that is seeping under the ice in the direction of the dune slope. Once a small part of the soil surface 
is molten and the local albedo thus lowered significantly, a positive feedback-effect would take 
place from increased light absorption. Such an effect would explain why the defrosting first appear 
in distinct dark spots and not as a more evenly distributed effect.

This model would be coherent with the observed seepage-like morphology of the DDSs and the 
spectroscopically detected composition and evolution of the surface where CO2 is still remaining 
while the DDSs appear. Eventually the CO2 layer disappears and only H2O snow remains. At this 
point the situation could be described by the work of Möhlmann (2009) [15]. 

An interesting by-feature of this model comes from the fact that the CO2 layer would be heated 
from below. It follows that sublimation would also take place from below. If the flow lines and 
particle-sprays that were observed during the experiment (see Figure 42) are valid indicators of 
what could happen in such a situation, the DDSs could be expected to be mini-geysers. The physical 
process could be explained as a pressure build-up under the CO2 ice layer as heat is supplied from 
below. Eventually a weak-spot is found, the CO2 gas collects and flows in the layer between the 
H2O snow and the CO2 ice towards the exit hole. In the process the blowing gas takes with it small 
chunks of CO2 frost and possibly some of the H2O snow/frost. This material is distributed around 
the DDS, forming essentially a ring of CO2 and H2O snow. If a wind is present at the time, then the 
material is blown away from the DDS, forming a fan-shaped area, as observed in many cases with 
DDS. The same process could explain the bright  fan-shaped areas near geysers  as well,  which 
spectroscopical measurements have already indicated to be CO2 frost.

6.2 Astrobiological speculation
Many models for the geological evolution of Mars include a wet warm early planet, not unlike  the 
Earth at the same time. This leads to the possibility that life could have formed at some time in the 
planet's early history. Supposing a gradual change of the climate to today's situation, then some life 
could still exist on the planet. A great challenge to the possibility of life existing on the Martian 
surface of today is the intense UV-radiation that not only degrades organic compounds, but also 
produces superoxide ions near the surface, making the soil surface highly oxidizing [24].

If the DDSs form from an interfacial layer of liquid water like in the model described above, then 
due to the strong UV-absorption of H2O snow and to a lesser extent, CO2 ice. An environment could 
potentially be created where there exists long-standing bodies of liquid water, protected from the 
UV-radiation  on  the  surface.  Hypothetically,  Martian  microbes  that  have  evolved the  ability  to 
survive the frigid winters, could be living in stasis inside the polar dunes in winter. When spring 
arrives, the heat on the dune from the solid state greenhouse effect activates the microbes, which 
thrive in the liquid water for the duration of the DDS. Extremely salty water was considered in the 
model, but halophilic species are known to exist on Earth in all three domains of life. On early 
Mars, the gradual evaporation of the oceans could have created a strong selection pressure that 
would have driven life to become adapted to increasingly salty environments.
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6.3 Improvements/further tests

Model
The model for the greenhouse effect that is used in this paper could be considered simplistic, as it is 
merely based on the maximal power incident on a surface during a specific time of year. An energy-
based model could be constructed that takes into account diurnal variations such as daytime influx 
and nighttime release, the thermal inertia of the soil, latent heat from resolidification etc. Such a 
model might give different results.

Experiment
The experiment suffered from the inability to set a stable constant temperature at the bottom of the 
bulb. This could be achieved by using an ice bath made of a substance with the desired melting 
temperature. This was attempted with allyl alcohol, which has a melting temperature of -128 ºC, but 
proved impractical to handle. Another candidate could be acetone, which would set a temperature of 
-93 ºC.

The test with water frost was never able to take place due to the gauge not being sensitive enough to 
read  the  vapor  pressure  of  water  ice  below  0  ºC.  A more  sensitive  gauge  could  enable  this 
experiment. Salty ice-water could be considered as a suitable cooling medium for this purpose. A 
cooling element with a thermostat would enable setting an arbitrary temperature.

Perhaps most interesting would be a large scale experiment using snow and a wide slab of CO2 ice 
on top of a dune simulant inside a large pressure chamber. On such a scale it could be possible to 
simulate conditions where liquid water and a mini-geyser could arise.
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Figure A1: The optical depth τ of Mars' atmosphere as measured by 
the Voyager landers and plotted against solar longitude [12].





Appendix 2

61

Figure A2: Refractive index of CO2 ice (black) versus wavelength. A 
normalized 5778 K blackbody spectrum (grey) (approx. solar spectral  
profile) has been superimposed and displaced vertically by 1.4 units.  
The graph shows the basis for approximating the refractive index of  
CO2 ice as 1.4 and bolometric.
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Figure A3: The LabView program made to display and 
log data from the thermocouples with an NI FieldPoint 
FP-TC-120 Thermocouple DAQ-module and connected 
to computer via a NI FP-1000 RS232 Network Interface 
+ RS232-USB adapter. An NI FP-PS-4, 24V DC was 
used as power supply.
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Figure A4: An image of the central part of the experimental setup.  
The center of the image shows the main bulb with JSC Mars-1 soil  
simulant. Directly below the bulb is the cooling spiral and the 
computer running LabView. To the right of the bulb is the Cajon T-
section where the gauge sensor is connected and the thermocouples 
enter. There are two funnels with hoses, used for refilling liquid 
nitrogen. Below these is the thermocouple DAQ and to the right of the 
computer is the gauge. The scaffolding in the background holds the 
stopcocks and connections that connect the bulb to the CO2 and H2O 
sources and also the vac. None of the dewars are mounted in this  
picture.
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Voltage U [V] Current J [A] P = U·J [W] Rf = U/J [Ω] Ilum [lux] 
@ r = 10 cm

40 0.47 18.8 85.1 1.67·102

60 0.59 35.4 101.7 1.09·103

80 0.69 55.2 115.9 3.46·103

100 0.78 78.0 128.2 7.87·103

120 0.86 103.2 139.5 1.44·104

140 0.93 130.2 150.5 2.39·104

160 1.00 160.0 160.0 4.01·104

Table A1: Measurements of the current through the QTH lamp and illuminance at a distance of  
10 cm from the lamp, perpendicular to the filament, for a range of input voltages.
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Figure A5: The thickness of the Martian polar caps, as measured by  
Mars Orbital Laser Altimeter (MOLA) [23]. The seasonal change in 
elevation (i.e., ice depth/height) is plotted against solar longitude.
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