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Abstract

Ice has been detected near the Mars poles, but there is signi�cant

interest in also �nding ice in the Mars equatorial regions. If ice is to be

found in these regions, it is likely buried below the surface, and slowly

sublimating away into the atmosphere.

On Earth, similar conditions exist in the Antarctic McMurdo Dry

Valleys, with Beacon Valley being a particularly good analog to the

conditions on Mars. Beacon Valley has a deep layer of ice under a sur-

face with deposits that are assumed to be approximately 8 Myr old.

If the ice is of similar age as the surface, the question is why subli-

mation has not forced it further below the surface after all this time.

Snow melt during particularly warm summers has been suggested as

a potential mechanism for periodical recharge of the ice, and we in-

vestigate that possibility based on data collected during one unusually

warm summer and one colder summer. The data suggest that snow

melt did in fact not increase during the warm summer.
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1 Introduction

Water ice has been detected near the Mars poles (Tokar et al., 2002; Kie�er
et al., 1976), but there is signi�cant interest in also �nding ice in the Mars
equatorial regions. One reason for this interest is that the equatorial regions
are more accommodating for Mars lander missions, and also for possible
future manned expeditions. The presence of water in these regions would be
interesting for the implications it has for the possibility of life having existed
on Mars, but it could also be used by future Mars missions.

The problem is that with the conditions that exist on these locations, wa-
ter ice would be out of equilibrium with the atmosphere, and would slowly
sublimate away. This means that if any ice exists, it would likely be found
below ground.

Similar conditions exist in the McMurdo Dry Valleys in Antarctica, which
makes them an interesting Mars analog. The Dry Valleys also have the
bene�t that they can be visited with relative ease, which means that in situ
measurements and observations are possible. This gives us a very valuable
resource for observing conditions similar to those expected on Mars. This
knowledge can be useful when looking for ice on Mars.

An example of this is buried glacier ice found in Beacon Valley in the Mc-
Murdo Dry Valleys. The ice is found closer to the surface than what di�usion
theory and the apparent age of the ice suggest. This would seem to indicate
that something either replenishes the ice, or somehow slows the di�usion
process. If similar conditions could exist on Mars, it would have interesting
implications on the search for Mars equatorial ice.

This report will look closer at both expected sublimation rates near the
Mars equator, and on the glacier ice found in Beacon Valley. Periodic snow
melt has been suggested (McKay et al., 1998) as one possible mechanism for
recharging the glacier, and this theory will be examined.
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1.1 Background

This section contains some background on Ames Research Center, Mars and
Beacon Valley.

1.1.1 A brief history of NASA Ames Research Center

On March 3, 1915, NACA, the National Advisory Committee for Aeronautics
was founded by an act of Congress. With World War I still raging, much of
the early focus was on war-related projects, but the overall mission statement
was to "supervise and direct the scienti�c study of the problems of �ight with
a view to their practical solution" (Dawson, 1991). After World War I had
ended, NACA began focusing on applied research that would come to aid
both military and civilian aviation. Much of this research was done with
the help of wind tunnels and �ight test facilities, and when NACA's second
laboratory, The Ames Aeronautical Laboratory, was founded in December
1939, wind tunnels became something of a specialty. In time, Ames would
become the home of the world's largest wind tunnel.

NACA had great success in the �eld of aviation, but when the Russians suc-
cessfully launched Sputnik in October 1957, it was decided that USA also
needed a strong space program. To this end, NASA, the National Aeronau-
tics and Space Administration, was established in 1958 by president Dwight
D. Eisenhower. This new agency would continue and expand on the duties
of NACA, and NACA was abolished with its four centers incorporated into
NASA. Ames, now known as the Ames Research Center, also began working
on space-related research. Some of the most famous space missions managed
by Ames Research Center are the Pioneer Spacecraft Missions from the 1960s
to the 1990s. Of these, Pioneer 10 and Pioneer 11 would eventually become
the �rst man-made objects to leave the solar system. Ames Research Cen-
ter also made important contributions to the early developments in digital
communications (West & Simard, 2008), and especially in the �eld of cod-
ing theory. The development and use of coding theory made it possible to
signi�cantly increase the data rates that could be sustained in deep space
communications, something that would become very useful in the Pioneer
missions.
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Figure 1.1 Artist's rendition of Pioneer 10 looking back towards
the Sun from Neptune's orbit. Pioneer 10 became the �rst space
craft to leave the solar system. (NASA/Ames).

Today Ames Research Center conducts research on astrobiology, space and
life sciences, information technology, and also aeronautical research. Re-
cently, Ames and Google announced plans for future collaboration, some-
thing that has already shown results in the form of the Gigapan project,
dedicated to taking panorama pictures at extremely high resolutions.
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Figure 1.2 Aerial shot of NASA Ames Research Center, with
the Mo�ett Field airstrip in the background. (NASA/Ames)

1.1.2 Mars

In the eyes of an astrobiologist, Mars is an interesting planet. Not only is
it close to us and has many similarities with Earth, but water ice has also
been detected on it. Life as we know it requires liquid water, and if liquid
water once existed on Mars, it is possible that life similar to ours also could
have existed on the planet at one point. Even if the water is currently frozen,
it is possible that signs of old extinct life could be found. For this reason,
astrobiologists are eager to study ice on Mars, and search for clues of past
life on the planet. Water is also interesting for logistical reasons related to
future Mars missions. Not only can water be used as drinking water for the
crew, thus signi�cantly reducing the amount of water that has to be brought
on the mission, but it can also be converted into fuel that can be used both
to explore the planet and to return the crew back to Earth once the mission
is completed. These bene�ts make it very compelling to plan future Mars
missions based on where water can be found and easily accessed.

4



Figure 1.3Mars as seen by the Hubble telescope. (NASA/Hubble)

Water has been con�rmed to exist near the surface in the polar regions, and
since there are compelling reasons to have Mars landings near the equator,
there is also an ongoing search for ice in the equatorial regions. Near the
Mars equator, water ice is unstable with respect to the atmosphere, which
means that it will over time sublimate into the atmosphere, and thus retreat
underground or vanish entirely. There is, however, strong evidence that water
has once existed in these regions, and there are many observations of Mars
surface features that have morphological attributes that appear consistent
with formation by water.
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Figure 1.4Microscopic image of Mars �blueberries�, small spherules
with high iron-content, taken by the NASA Mars Exploration
Rover Opportunity. (NASA/JPL)

One of the indications that water has once been present in these areas is the
existence of minerals such as hematite. This iron-bearing mineral tends to
form in the presence of water, and has been found to be a major constituent of
spherules that the NASA Mars Exploration Rover Opportunity located near
its landing site. These spherules (seen in Figure 1.4), or "blueberries" as they
have come to be called because of the blue hue they had in the �rst false-color
images released by NASA, also have a shape that is consistent with accretion
under water (Ganti el al., 2005). This is, however, not conclusive evidence
that water has existed there, since meteor impacts or volcanic eruptions could
also explain their origin.
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Figure 1.5 Two high-resolution images of the same Mars crater,
showing a gully present in September 2005 (right), but no signs
of a gully in August 1999 (left). This indicates that the gully
was formed sometime between the two dates. (NASA/JPL/Malin
Space Science Systems)

Several gullies have been detected on the Mars surface (Malin et al., 2000).
On Earth, gullies are formed when hillsides are eroded by water, and it is
assumed that the Mars gullies have been formed in similar ways. The exis-
tence of the Mars gullies is seen as a strong indication that liquid water has
existed near the Mars surface, and the gullies are under ongoing investiga-
tion. Recently Mars Global Surveyor's Mars Orbiter Camera observed what
appears to be a newly formed gully on Mars (Malin et al., 2006). The gully
could clearly be seen on an image taken in September 2005, but was not
present in an image of the same area taken in August 1999 (see Figure 1.5).
This observation suggests that liquid water may have been present near the
surface as recently as within the past decade.
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Figure 1.6 Image from Mars Express' High Resolution Stereo-
scopic Camera, showing what looks like break-up of a frozen body
of water. (ESA/DLR/FU)

In 2005, European Space Agency's Mars Express spacecraft took images of
the Elysium Planitia region of Mars that show features that appear consistent
with a dust-covered frozen body of water, complete with pack-ice and signs
of break-up and rotation (Murray et al., 2005). The area measures about
800·900 km, which would make it similar in size to the North Sea. Similar
structures could potentially have been formed by lava �ows, but crater impact
counts on the plates and the surrounding areas indicate that the age di�erence
between the plates and the surroundings could be up to one million years,
which due to the cooling rate of basaltic lava would be too large of a di�erence
to allow for the possibility of a pure lava-�ow origin. Even if the structures
are indeed the results of a frozen body of water, it is uncertain if the ice is
still present beneath the dust, or if it has since sublimated away.
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Figure 1.7 Image from Mars Express' High Resolution Stereo-
scopic Camera, showing a feature shaped roughly like an hour-
glass. The feature has been interpreted as the result of ice-
rich material �owing from the smaller crater into the larger one.
(ESA/DLR/FU)

Many mountain areas in the Mars equatorial regions have features that are
morphologically similar to glaciers �owing from the mountains. Many of
these mountains are volcanoes, which gives rise to the possibility of lava
�ows as an alternative means of formation. Many of these formations are
nonetheless interpreted as being the results of glaciers rather than lava �ows.
The Hourglass feature shown in Figure 1.7 has been interpreted as ice-rich
material �owing from a smaller crater into a larger crater below (Head et
al., 2005). The Olympus Mons and Tarsis Montes volcanoes near the Mars
equator all have fan-shaped deposits on their north-west �anks (see
Figure 1.8). These deposits are all found on the northwest �anks of their
respective volcanoes, and have been interpreted as glacier deposits (Head
et al., 2003). The fact that they all have similar orientations is seen as an
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indication that they are the result of normal glacier accumulation, and not
the result of volcano eruptions.

Figure 1.8Geological map showing Olympus Mons and the three
volcanoes making up the Tharsis Montes; Arsia Mons, Pavonis
Mons and Ascraeus Mons. All four volcanoes show fan-shaped
deposits on their north-west �anks, something that has been in-
terpreted as glacier deposits. (Head et al., 2003)

In May 2008, the NASA Phoenix mission is scheduled to reach Mars, where
it will study the history of water on the planet. The Phoenix lander will
land near the northern polar regions, and the data it collects should provide
us with valuable information. One of the goals of the project is to search
for evidence that Mars may have sustained life in the past, and determine if
there is a possibility that dormant organisms could come back to life.
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1.1.3 Beacon Valley

Figure 1.9 Map of Antarctica, with the McMurdo Dry Valleys
marked. (USGS)

To better their understanding of the Mars environment, scientists sometimes
turn to Mars analogs, places on Earth that share some characteristics with
the Mars environment. While such analogs never provide perfect matches to
the Mars climate, they have the signi�cant bene�t of being easier to reach,
which means that in situ measurements are much easier to arrange. It is also
generally easier to maintain long-term data collection, which means that you
can get longer time-series to work with. These Mars analogs give scientists
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the opportunity to test and adjust their theories, and the results can be
extrapolated to the similar Mars environments. Mars analogs tend to be dry
places with little or no precipitation, such as deserts and certain arctic areas.
Examples are the Death Valley desert in California, and the McMurdo Dry
Valleys in Antarctica.

Figure 1.10 Landsat image of the McMurdo Dry Valleys in
Antarctica, with Beacon Valley marked.
(NASA/GSFC/Landsat 7)

The Dry Valleys get their name from their extremely low humidity and lack
of a snow or ice cover. With a combined area of approximately 4800 km2,
the McMurdo Dry Valleys is the largest ice-free area in Antarctica (Doran
et al., 2002). The arid conditions are the result of dry katabatic winds, and
a precipitation rate that is low compared to the evaporation. This low hu-
midity also means that any ice present will sublimate away, but ice-cemented
permafrost still exists at depth.

One of the Dry Valleys that holds particular interest is Beacon Valley, which
has a large amount of ice under a layer of soil and boulders. Analysis of
ash deposits on the surface indicates that these deposits are approximately
8 million years old (Sugden et al. 1995), and it has been suggested that the
ice below may be as old as these deposits. If correct, this would make it the
oldest known ice on Earth. The top of the ice layer is located approximately
half a meter below the surface, but studies (Hindmarsh et al., 1998) suggest
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that the sublimation rate of the ice would be too great to leave the ice so
close to the surface after such a long time. If that discrepancy is explained,
it could help further our understanding of similar situations on Mars.

Figure 1.11 Photo of Beacon Valley, looking towards the Taylor
Glacier in the northeast. (Bidle et al., 2007)

Recently, microbes were detected in Beacon Valley ice samples dated to be
8 million years old (Bidle et al., 2007). According to the study, all signs
suggested that the age dating was internally consistent, and that the mi-
croorganisms had been encased in the ice since sometime during the Miocene
epoch (5.33 Myr - 23.03 Myr before the present). Incubation of the samples
in nutrient-amended melt water resulted in viable cells, but the growth was
extremely slow and suggested that the viability was severely compromised.
This �nding gives some hope that the ice samples that the Mars Phoenix
lander will collect could contain similar remains of old life on Mars, if it has
existed.
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1.2 Problem and purpose

This paper will focus on two main tasks. The �rst one, covered in
Chapter 3, will start from some estimates of the conditions of the Mars equa-
torial regions, and simulate how a body of ice would react to these conditions.
To do this, the interactions between the atmosphere and a soil-mixed body
of ice will be simulated over ranges covering the expected conditions. Any
loss of ice from the body will slowly make the top layers of the ice retreat
beneath the ground as the soil it is mixed with will be left behind and layered
on top of the remaining ice. Water ice is inherently unstable with respect to
the atmosphere at these regions, so the e�ect of changing the variables will
be seen in how far below the ground the ice surface retreats in a given period
of time.

The second task, covered in Chapter 4, will be to examine data from Beacon
Valley collected by the Earth and Space Sciences & Quaternary Research
Center at the University of Washington and NASA Ames Research Center.
This meteorological and soil data have been collected for several years, and
include air temperature and relative humidity, as well as temperature data
for various depths into the ground, and electric conductivity measurements
in the soil. The data will be used to calculate the approximate rate at which
the ice retreats below ground, and then to examine one proposed explanation
for why the current location of the ice appears to be closer to the surface
than would be expected, given the age of the ice.

Calculations and simulations were performed using the numerical computing
environment Matlab.1

1
Matlab is a registered trademark of The Mathworks, Inc.
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2 Di�usion theory

For many of the glaciers we see on Earth, the mass balance is dominated by
precipitation and melting. These glaciers tend to, directly or indirectly, gain
mass from snow during colder seasons, and lose mass to melting during the
warmer seasons. For ice on places like Mars or the Dry Valleys, this is not
necessarily the case. There is no precipitation to speak of, and the conditions
are not appropriate for any signi�cant melting to take place. Instead, the ice
will sublimate, and spread into the atmosphere through di�usion. Di�usion
works along a concentration gradient, such that there will be a net movement
of molecules from high to low concentration. To determine how fast buried
ice sublimates into the atmosphere, we will use Fick's �rst law of di�usion
(Fick, 1855):

F = −Dδφ
δz
, (1)

where F is the net �ux of vapor, D is the di�usion constant, φ is the vapor
number density, and z is the depth at which the ice is located. This means
that the net �ux is proportional to the di�erence of vapor number density
between the ice and the atmosphere, with the �ux going from the higher
number density to the lower.

When the di�usion occurs through soil, we also have to take the properties of
the soil into consideration. Speci�cally, we have to consider the porosity and
tortuosity of the soil. Porosity, ε, is a measure of how much empty space the
soil contains. This is expressed as a fraction, between 0 and 1. The higher
the porosity, the faster the di�usion will occur. Tortuosity, τ , is a measure of
the relationship between the path a particle has to travel through a medium
compared to the thickness of the medium. The more dwindling the path, the
higher the tortuosity. Higher tortuosity slows down di�usion.

With the porosity (ε) and tortuosity (τ) of the soil taken into consideration,
(1) becomes:

F = −εD
τ

δφ

δz
. (2)
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Replacing the δφ/δz gradient with the depth to the ice surface and the vapor
densities at the ice and the atmosphere, (2) �nally becomes:

F = −εD
τ

φice − φatm

zice

, (3)

with the subscripts indicating the ice and the atmosphere.

The vapor density in the atmosphere depends on both the relative humidity
of the air and the air temperature, while the vapor density at the ice surface
depends only on the temperature.

There are many functions for approximating the vapor density for a given
temperature, all with di�erent bene�ts and drawbacks. Some are tuned for
speci�c temperature intervals, and can give inaccurate results outside these
ranges. Others give very good results for wide temperature ranges, but carry
with them an increased computational cost. Thus, the environment in which
the calculations are to be performed should be considered when choosing a
method to approximate the number density. Figure 2.1 shows some examples
of how the accuracy of selected methods can vary with temperature.
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Figure 2.1 Graph comparing di�erent methods to calculate va-
por pressure over ice with the very accurate Go�-Gratch equation,
covered in Chapter 3. For moderate temperatures many methods
show small deviations, but when the temperature decreases, the
divergences become clear. (University of Colorado/CIRES/Vömel,
http://cires.colorado.edu/~voemel/vp.html)
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3 Mars simulations

With the exception of a few locations, generally in areas of particularly low
elevation such as impact craters, the atmospheric pressure on Mars is below
the triple point of water, which means that liquid water will spontaneously
freeze or boil if exposed to the atmosphere (Haberle et al., 2001). In the
equatorial regions, water ice is also generally unstable with respect to the
atmosphere, and would slowly sublimate away. Because of this, a body of
ice on or near the surface in these regions would tend to retreat below the
surface. In order to determine how fast this process would occur, we use
Fick's �rst law, as described in Chapter 2, Equation (3).

There is some disagreement on what values of the various variables that are
appropriate for these regions (Cli�ord, 1993; Mellon et al., 1997; Shorghofer
& Aharonson, 2005), and the values would also vary from region to region.
For this reason, simulations will be run with a number of values for these
variables to give us an idea of what range of values we can expect from the
results. The e�ect of changing the surface temperature will also be studied.

The ice will be assumed to be partially mixed with soil, and initially be a
small distance below the surface. For each time step Fick's �rst law will be
used to calculate the �ux, given the selected variables and the temperature
at that depth. The resulting �ux will then be used to calculate how much
the ice would retreat downwards during the time step. The thermal gradient
will then be used to calculate the temperature at the new depth. Both the
new depth and the new temperature are then used in the next time step.
This is repeated until the desired total amount of time has passed.

Since results will be used in later time steps, it is desirable to maintain a high
degree of accuracy. For this reason, the Go�-Gratch equation (Smithsonian
Tables, 1984) was chosen to calculate the vapor pressures. While many ap-
proximations of vapor pressure are accurate in limited temperature ranges,
the Go�-Gratch equation maintains a very good accuracy over a wide range
of temperatures, even down to the low temperatures that can occur on Mars.
This accuracy does, however, come with increased computational demands.
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The Go�-Gratch equation is expressed as

log10 pi = −9.09718 · (273.16/T − 1) − 3.56654 · log10(273.16/T )

+0.876793 · (1 − T/273.16) + log10(6.1071), (4)

with T in °C and pi in hPa.

In order to convert this saturated vapor pressure into saturated vapor density,
we turn to the ideal gas law:

pV = nRT, (5)

where p is the pressure in Pa, V the volume in m3, n the amount of substance
in moles, T the temperature in K, and R = 8.3145 m3·Pa ·K−1·mol−1, the
gas constant.

This can be reordered to get:

n

V
=

p

RT
, (6)

where n/V is the vapor density in moles/m3. Combining (4) with (6), we
get:

φ =
n

V
=

10(−9.09718·(273.16/T−1)−3.56654·log10(273.16/T )+0.876793·(1−T/273.16)+log10(6.1071))

RT
,

(7)

which can then be inserted into (3) for calculation.

Simulations were run for 10 million years, with a time step of 400 years. As
a baseline, the di�usion constant was assumed to be 5·10−5 m−2·s−1 , the
porosity 0.2, the tortuosity 1.5, and the surface temperature 220 K, giving
an ice depth of just under 15 m after 10 million years. One variable at the
time was varied, and the others were kept at their baseline values.
Figures 3.1 - 3.3 show the numerical results.
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Figure 3.1 Graph showing how changes in the surface tempera-
ture a�ects how far the top of an ice-layer covered by soil retreats
below the surface with time.

Changing the surface temperature clearly has a large e�ect, as is evident in
Figure 3.1. With a surface temperature of 200 K, the ice has retreated only a
few meters, but with a signi�cantly higher temperature of 240 K, the change
in depth is almost 50 meters. This means that ice is much more likely to be
found close to the surface in areas where the temperature is lower, such as
near the poles.
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Figure 3.2 Graph showing how changes in the porosity of the
soil a�ects how far the top of an ice-layer covered by soil retreats
below the surface with time.

Figure 3.2 shows that changing the porosity also has a signi�cant e�ect,
almost doubling the ice depth for the case with the highest porosity. However,
since the lowest value also is the baseline value, it seems unlikely that changes
in porosity alone could result in ice being left close to the surface in the
equatorial regions.
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Figure 3.3 Graph showing how changes in the tortuosity of the
soil a�ects how far the top of an ice-layer covered by soil retreats
below the surface with time.

As seen in Figure 3.3, changes in tortuosity give results similar to those for
the changes in porosity, but in this case the extreme case gives an ice depth
that is roughly half of the baseline value, leaving the ice at a depth of about
8 meters.

A conclusion that can be drawn from these simulations is that for the soil and
temperature properties that can be expected in the Mars equatorial regions,
pure di�usion is likely to have driven any ice layer several meters below the
ground. This means that if ice is to be found near the surface in these regions,
there is most likely some additional e�ect in play.
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4 Examination of Beacon Valley data

Beacon Valley is part of the McMurdo Dry Valleys in Antarctica, an area
known for its arid conditions. In Beacon Valley there is a large amount of ice
under a thick layer of soil and boulders. Analysis of ash deposits found on the
surface indicates that these deposits are approximately 8 million years old
(Sugden et al., 1995), and it has been suggested that the ice below may be as
old as these deposits. If correct, this would make it the oldest known ice on
Earth. Other studies (Hindmarsh et al., 1998) suggest that the sublimation
rate of the ice would be too great, and that it would have retreated much
further down after several million years. This leaves the question of how the
surface can be so old, and yet the ice be so close to the surface.

It has been theorized (McKay et al., 1998) that one potential mechanism
for recharging the glacier ice could be snow melt during especially warm
summers. During these summers, melt water from the surface would trickle
down to the ice surface where it would freeze and e�ectively bring the glacier
closer to the surface. If such events happen with some regularity, they could
to a degree counteract the e�ect of glacier sublimation, and slow the descent
of the glacier surface.

To investigate this theory, data from Beacon Valley collected by the Earth
and Space Sciences & Quaternary Research Center at the University of Wash-
ington and NASA Ames Research Center will be used. The data spans several
years, and includes air temperature and relative humidity, as well as tem-
perature data for various depths into the ground, and electric conductivity
measurements in the soil.

4.1 Frost point examination

An easy way to see if a body of ice is out of balance with the atmosphere is
to examine the frost points for both systems. Vapor will be transported from
the system with higher frost point towards the system with lower frost point.
The same relationship exists with dew points in warmer climates, resulting
in condensation. This means that if the average frost point for a body of ice
is lower than the frost point for the atmosphere during some interval, the ice
will lose mass to the atmosphere during that interval.
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Figure 4.1 shows one-year running averages of frost points for both the
atmosphere and the Beacon Valley glacier. The graph clearly shows that
the frost point for the atmosphere is consistently lower than the frost point
for the ice, meaning that the ice is sublimating into the atmosphere.

Figure 4.1 Graph showing the 1-year running averages of frost
points for Beacon Valley, Antarctica. Every point on the graph
represents the average frost point over a period of one year sur-
rounding the date associated to that data point.
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4.2 Flux calculations

To estimate just how fast the Beacon Valley ice sublimates into the atmo-
sphere, we once again turn to Fick's �rst law, using Equation (3) described
in Chapter 2.

The temperatures at Beacon Valley are less extreme than those on Mars,
so we can now use something less computationally intensive than the Go�-
Gratch equation to calculate the vapor densities without worrying about any
signi�cant accuracy issues.

The method that was chosen is an adaptation of the Fortran procedures used
by the authors of (McKay et al., 1998).

The saturated vapor pressure of ice at 0 °C, V 0, is 4.579 mm Hg, and at
-20 °C (V 20) it is 0.776 mm Hg (CRC Handbook of Chemistry and Physics),
or 610.5 Pa and 103.5 Pa, respectively.

These values are �tted to an exponential expression of the form A·e−B/T by
the following calculations:

B = − log(V0/V20)/(1/273.15 − 1/(273.15 − 20)), (8)

A = V0 · eB/273.15. (9)

Applying the ideal gas law (6) and inserting the result into Fick's �rst law
(3) �nally gives us the saturated vapor density as:

φ =
n

V
=
A · e−B/T

RT
, (10)

where A and B are the previously calculated constants. Since this is the
saturated vapor density, the relative humidity has to be taken into consider-
ation when the vapor density for the atmosphere is calculated. The e�ective
vapor density is simply the saturated vapor density multiplied by the relative
humidity.

The �ux was calculated for each 30 minute interval, and the results were
summed over the time periods in question. The values used were ε = 0.41 for
porosity, τ = 1.75 for tortuosity, and D = 2·10−5 m−2·s−1 for the di�usion
constant. The depth to the ice layer was taken to be approximately
0.5 m. The number densities were calculated from the temperature and
relative humidity using the Beacon Valley data. Over a three-year period
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starting in April 1999, the loss of ice to the atmosphere was found to be
1.7·1017 molecules/m2/s, which means that the ice slowly sublimates away
at a rate of approximately 0.2 mm/year. As seen in Figure 4.2, there is
some accumulation of ice during the winters, but the sublimation during the
summers represents a much larger movement of mass.

Figure 4.2 Graph showing the calculated �ux between the sub-
surface glacier and the atmosphere over a three-year period in
Beacon Valley, Antarctica. Positive values indicate an accumula-
tion of glacier ice, and negative values a loss of ice to the atmo-
sphere.
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4.3 Comparing a warm year and a cold year

Ice from the Beacon Valley glacier is lost to the atmosphere at a rate that
is on the order of half a millimeter per year. This means that over 8 million
years, the apparent age of the glacier, the ice should have retreated much
further below the surface than the current approximately 0.5 meters. Some
e�ect must be responsible for this discrepancy, and one proposed possibility
is that the glacier ice is regularly recharged from an outside source. One
theory holds that during particularly warm summers, snow melt from the
surface will trickle down through the soil and accumulate at the ice.

To examine this theory, we have studied temperature data for the Antarctic
Dry Valleys. We have chosen to focus on the Antarctic summers of 00/01 and
01/02. Temperature data show that the summer of 01/02 was warmer than
normal, and that the summer of 00/01 was colder than normal. Since we are
dealing with a threshold situation, even a small increase in temperature can
signi�cantly increase the amount of melt water if it makes the temperature
stay over the freezing point for a longer period of time. In this case, the
increase in temperature did indeed result in a signi�cant increase in the
degree days above zero, which gives a good measure of the potential for
melting. Degree days above zero is a measurement of how much and for how
long the temperature stays above freezing. For example, if the temperature
stays at 5 °C for 2 days, this would result in 10 degree days above zero.

Lake �ood frequency data for the Antarctic Dry Valleys (Doran et al., 2005)
also shows that the lake level rise for the warm summer of 01/02 was one of
the largest for the past 30 years. In contrast, the cold summer of 00/01 had
one of the lowest levels in the past 30 years. This di�erence is to be expected
since the entire lake system has access to a large reservoir of ice, consisting
of a large number of glaciers, and increasing the degree days above zero will
have a direct e�ect on how much melt water will be produced.
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We will look closer at the e�ects of the temperature di�erences between these
two summers, with the summer being de�ned as the period from November
to February.

Summer 00/01 Summer 01/02

Average temperature at ice surface (-50 cm) [°C] −11.04 −10.79
Average temperature near surface, (-2 cm) [°C] −5.73 −5.42

Frost point at the ice surface [°C] −10.52 −9.99
Frost point, air [°C] −20.38 −20.76

Degree days above zero, air [°C·day] 0 0.2919
Degree days above zero near surface, (-2 cm) [°C·day] 92.1146 137.4091

Sum of incoming radiation 1 1.05
[normalized to the summer 00/01]

Table 4.1 A brief comparison of some meteorological data for
Beacon Valley during the 00/01 and 00/02 summers (a more com-
prehensive comparison covering a number of years can be found
in the Appendix).

Table 4.1 clearly shows that the warm summer of 01/02 had signi�cantly
more degree days above zero than the cold summer of 00/01. The air does
not see any signi�cant amount of degree days above zero in either year (but
the warm 01/02 summer got a small amount of them), but since the ground is
being warmed by the sun, melting conditions existed during both summers,
with the best potential during the warm 01/02 summer. We can also see that
the warm 01/02 summer got more incoming radiation than the cold 00/01
summer, indicating higher exposure to sunshine.

However, melting conditions can not give rise to any snow melt if there is no
snow present to melt. This means that a rare snow event has to be followed by
a period with melting conditions before the snow has had time to sublimate
away.
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To get a measure of how much snow melt occurred during the two summers,
we turn to the soil electric conductivity measurements from the Beacon Valley
data. When water percolates down through the soil, the electric conductivity
increases, giving us a reading. If water is present in the soil, it should show
up in the data.

To examine this, soil electric conductivity data for both summers were plotted
in the same graph.

Figure 4.3 Graph showing electric conductivity measurements
for the summers of 00/01 and 01/02. Spikes in the graph are the
results of moisture seeping into the soil, causing an increase in
electrical conductivity.

As we can see from Figure 4.3, we actually have many more spikes in electric
conductivity during the cold 00/01 summer than we do during the warm
01/02 summer. This would seem to indicate that the amount of snow melt
that trickled down through the soil was actually signi�cantly higher during
the cold 00/01 summer.
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When we calculate the di�usion rates for the warm summer of 01/02 and the
cold summer of 00/01, we �nd that they have similar �uxes, with both of
them experiencing a net loss of ice. The loss of ice for the cold 00/01 summer
was 6.20·10−7 moles/m2/s, while the warm 01/02 summer experienced a loss
of 6.85·10−7 moles/m2/s, as seen in Figure 4.4.

Figure 4.4 Comparison of the water vapor �ux between the Bea-
con Valley glacier ice and atmosphere for summer 00/01 and sum-
mer 01/02. Positive values indicate an accumulation of glacier
ice.

Summer 00/01 average �ux = -6.20·10−7 moles/m2/s

Summer 01/02 average �ux = -6.85·10−7 moles/m2/s
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Depth Degree days above zero [°C·day]
Summer 00/01 Summer 01/02

+8 cm 1.8260 17.0020
+3 cm 3.5317 22.3507
-2 cm 92.1146 137.4091
-4 cm 63.3933 105.9233
-6 cm 29.4153 68.5815
-10 cm 6.7831 33.8373
-14 cm 0.6554 15.4257
-18 cm 0.0000 4.1156
-20 cm 0.0000 0.1830
-22 cm 0.0000 0.2288
-30 cm 0.0000 0.0000

Table 4.2. Degree days above zero calculated based on tempera-
tures recorded at various depths by the Beacon Valley measuring
station. Depths are relative to the ground level, with positive
numbers indicating measurements in the air, and negative ones
measurements in the ground. The glacier is located at approxi-
mately 50 cm below ground level.

Table 4.2 shows degree days above zero for both summers at various depths
down to 30 cm below the surface. Positive values indicate that there has
been periods where the temperature has been above freezing at that depth,
and thus that the potential for melting has existed. This means that if there
was ice present at the time, it could have melted and trickled further down
into the ground before refreezing. We can tell that there was no potential
for melting further than 18 cm below the ground for the cold summer, but
that a melting potential existed as far down as somewhere between 22 and
30 cm below ground for the warm summer. At all depths where the cold
summer had melting potential, the melting potential for the warm summer
was signi�cantly higher.
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5 Discussion and future work

The simulations for Mars indicate, as expected, that water ice is unstable with
respect to the Mars atmosphere in the equatorial regions, and that a body of
ice would sublimate away over time if the estimates of the conditions there
are correct. This suggests that if you are to �nd ice in the Mars equatorial
regions, it is likely buried below ground.

For Beacon Valley, we see a signi�cant increase in the number of degree
days above zero near the surface during the warm summer of 01/02, but
soil electric conductivity measurements actually indicate that melt water in
the upper layers of the ground was more frequent during the cold 00/01
summer. A possible explanation for this is that there simply was more snow
present near the surface during the warm periods of the cold summer. This
also suggests that Beacon Valley did not directly contribute to the increased
in�ow of water to the lake system (as seen by Doran et al.) during the warm
summer of 01/02.

Increased temperature can, however, increase the rate of sublimation, and
our calculations show that the sublimation rate was indeed higher during the
warm summer (by about 10%).

It has been hypothesized that especially warm summers could periodically
act to recharge the glacier ice by increasing melt water from the surface.
If the soil electric conductivity readings are correct, they would seem to
indicate that this is not necessarily the case. The summer 01/02 was warmer
than normal, but the soil electric conductivity readings still did not show any
indications of signi�cant melting taking place, and thus a warm summer does
not necessarily imply a high degree of melting. It is still possible that snow
melt can act as a means of recharge, but the data from the warm summer
01/02 shows that above-normal temperatures is not a su�cient condition for
this. It is also possible that a warm summer allows snow melt that has been
deposited in the ground during previous colder summers to re-melt, and �ow
deeper into the ground.

To examine the proposed theory closer, one could look closer at snow fall
frequencies for the area. By combining this with the temperature data, one
should be able to get an estimate of how much snow melt there is. It would
also be interesting to expand the comparisons to more years, even if they are
not as extreme as the ones examined here.
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Appendix - Table of meteorological data

This appendix contains information from the Beacon Valley data. Frost
points are calculated from temperature and relative humidity, while degree
days above zero can be seen as the integral of a temperature curve where all
temperatures below 0 °C is set to 0 °C.

Frostpoint [°C]

Summer 99/00 Summer 00/01 Summer 01/02 Summer 02/03
Air -21.93 -20.38 −20.76 -20.52

Ice surface -10.92 -10.52 −9.99 ��

Table A.1 Average frost points calculated based on temperatures
and relative humidity recorded in the air and at the ice surface
by the Beacon Valley measuring station. The glacier ice surface
is located approximately 50 cm below ground.

Since the air consistently has lower frost points than the ice surface, mass
will be lost from the ice to the atmosphere.
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Depth Average Temperature [°C]

Summer 99/00 Summer 00/01 Summer 01/02
+8 cm −10.03 −9.48 −8.96
+3 cm −9.88 −9.33 −8.80
-2 cm −6.39 −5.73 −5.42
-4 cm −6.81 −6.10 −5.80
-6 cm −7.27 −6.58 −6.26
-10 cm −7.90 −7.25 −6.98
-14 cm −8.43 −7.83 −7.57
-18 cm −9.04 −8.48 −8.22
-20 cm −9.87 −9.35 −9.12
-22 cm −9.80 −9.30 −9.05
-30 cm −11.41 −10.98 −10.74
-45 cm −12.26 −11.89 −11.68
-50 cm −11.47 −11.04 −10.79
-55 cm −13.37 −13.06 −12.92
-60 cm −12.76 −12.41 −12.20
-89 cm −15.62 −15.42 −15.35
-90 cm −13.47 −13.16 −12.99
-4 m −22.31 −22.04 −22.24
-9 m −24.51 −24.17 −24.19
-14 m −23.52 −23.37 −23.26

Table A.2 Average temperatures recorded at various depths by
the Beacon Valley measuring station. Depths are relative to the
ground level, with positive numbers indicating measurements in
the air, and negative values measurements in the ground. The
glacier is located at approximately 50 cm below ground level.

Temperatures drop with increased depth, which is to be expected. As depth
increases, temperature variations originating from the surface are attenuated,
and temperatures come closer to the long-term average. Since we are looking
at summer temperatures, the short term average is signi�cantly warmer than
the long term average, which leads to decreasing temperatures with depth.
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Depth Degree days above zero [°C·day]
Summer 99/00 Summer 00/01 Summer 01/02

+8 cm 0.8952 1.8260 17.0020
+3 cm 2.9880 3.5317 22.3507
-2 cm 88.3419 92.1146 137.4091
-4 cm 55.1925 63.3933 105.9233
-6 cm 24.5735 29.4153 68.5815
-10 cm 5.7504 6.7831 33.8373
-14 cm 0.2682 0.6554 15.4257
-18 cm 0.0000 0.0000 4.1156
-20 cm 0.0000 0.0000 0.1830
-22 cm 0.0000 0.0000 0.2288
-30 cm 0.0000 0.0000 0.0000
-45 cm 0.0000 0.0000 0.0000
-50 cm 0.0000 0.0000 0.0000
-55 cm 0.0000 0.0000 0.0000
-60 cm 0.0000 0.0000 0.0000
-89 cm 0.0000 0.0000 0.0000
-90 cm 0.0000 0.0000 0.0000
-4 m 0.0000 0.0000 0.0000
-9 m 0.0000 0.0000 0.0000
-14 m 0.0000 0.0000 0.0000

Table A.3 Degree days above zero calculated based on tempera-
tures recorded at various depths by the Beacon Valley measuring
station. Depths are relative to the ground level, with positive
numbers indicating measurements in the air, and negative values
measurements in the ground. The glacier is located at approxi-
mately 50 cm below ground level.

Melting potential exists whereever there is a positive value for degree days
above zero. None of these summers show any melting potential below 30 cm
beneath the surface, which means that there is a region extending at least
20 cm upwards from the glacier surface where no melting potential exists
during these years. Since the summer of 01/02 was signi�cantly warmer
than normal, it could be expected that this is usually the case.
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