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ABSTRACT. The study of the thermal behavior of permafrost and active layer
on the South Shetland Islands, in the western side of the Antarctic Peninsula
(Antarctica), has been our research topic since 1991, especially after 2006 when
we established different active layer thickness and ground thermal monitoring sites
of the CALM and GTN-P international networks of the International Permafrost
Association. Along this period, the snow cover thickness did not change at those
sites, but since 2010, we observed an elongation on the snow cover duration, with
similar snow onset, but a delay on the snow offset. Due to the important effects of
snow cover on the ground thermal behavior, we started in late 2015 a new research
project (PERMASNOW) focused on the accurate monitoring of the snow cover
(duration, density, snow water equivalent and distribution), from very different
approaches, including new instrumentation, pictures analysis and remote sensing
on optical and radar bands. Also, thisinterdisciplinary and international research
team intends to compare the snow cover and ground thermal behavior with other
monitoring sites in the Eastern Antarctic Peninsula where the snow cover is
minimum and remains approxi mately constant.

Suelos congelados y manto nival en lasislas Shetland del Sur, Antértida: ins-
trumentacién, efectos en el régimen térmico del suelo y futurasinvestigaciones

RESUMEN. El estudio del comportamiento térmico del permafrost y la capa
activa en las islas Shetland del Sur, en €l lado oeste de la Peninsula Antértica
(Antartida), ha sido el abjeto de estudio de nuestro equipo de investigacion desde
1991, y especialmente desde €l afio 2006 con la instalacion de diversas estacio-
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nes de monitorizacion incluidas en las redes internacionales CALM y GTN-P de
la Asociacion Internacional del Permafrost. Alolargo de este periodo la cubierta
nival no ha variado en su espesor aproximado de forma relevante, si bien hemos
podido observar un importante incremento en la duracion de dicha cubierta de
nieve en todos |os emplazamientos de estudio desde 2010. A pesar de que la fecha
de inicio de las nevadas no se ha modificado, st que se ha retrasado el momento
de la desaparicién de dicho manto de nieve, llegando en algunos lugares a no
desaparecer. Dado €l importante efecto que la nieve puede tener en el compor-
tamiento térmico de los suelos, este equipo de investigacién ha iniciado en 2015
un nuevo proyecto de investigacion (PERMASNOW) centrado en el estudio deta-
[lado de la cubierta de nieve, incluyendo su duracién, densidad, equivalente en
agua y distribucion. Para ello se usaran miltiples enfoques, incluyendo la insta-
lacién de nueva instrumentacion especialmente dedicada al estudio de la nieve,
el analisis de fotografias para la realizacion de cartografias de distribucion de
la nieve, y andlisis de imagenes de satélite, tanto en el rango 6ptico como radar.
Este equipo multidisciplinar e internacional también llevaré a cabo la compara-
cion de los datos de las zonas de estudio en las Shetland del Sur, con los que han
tomado otros equipos de investigacion en otros puntos de estudio térmico de los
suelosen el lado este dela peninsula ibérica, donde la cubierta de nieve es menos
importante y esta permaneciendo estable en cuanto a espesor y duracion.
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1. Introduction

Polar environments are not only characterized by extensive areas covered by ice
and glaciers. Some regions at polar latitudes can remain free of ice, although the ground
is maintained frozen year after year (permafrost). In high latitude regions, the harsh and
cold climate conditions freeze the ground in winter. Conversely, the relative warmer
weather conditions allow the permafrost to thaw partially in summer. This part of the
ground that freezes and thaws periodically across the soil surface energy exchange is
named “active layer” (Williams, 1995).

Maximum Active Layer Thickness (ALT) changes from year to year depending
on the soil surface energy balance, and plays an important role, for example, on the
formation of different periglacial landforms. Patterned ground, gelifluction lobes, stone
rivers, polygonal terrain or stone circles, are a few examples of the landforms caused
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by freeze/thaw processes in the ground near surface (French, 1996). Although changes
in the ALT result in visible effects on the surface, the underlying permafrost can also
aggregate or degrade.

Two decades ago, different monitoring sites were established to study the evolution
of the maximum ALT and the ground thermal behaviour. All of them are included in
the Circumpolar Active Layer Monitoring (CALM), and Ground Terrain Network-
Permafrost (GTN-P) international networks, which were created by the International
Permafrost Association (IPA) (e.g., Brown et al., 2000; Matsuoka, 2006; Nelson and
Shiklomanov, 2009; Vieira et al., 2010). However, in the Southern Hemisphere, the
presence of the permafrost monitoring sites is scarce.

Research on permafrost in Antarctica is very interesting due to climate change
evolution. It is well known that the Mean Annual Air Temperature (MAAT) in Antarctica
Peninsula region increased locally at a rate of about 0.56°C/decade in the last 60 years
(Turner et al., 2005, 2009, 2013) causing, for example, the increase of the glaciers
flow velocity, or the reduction of the extension of the ice pack covering the southern
ocean, among other effects (e.g., Vaughan et al., 2003). The thermal evolution of the
permafrost is directly related to the weather and climate conditions, especially when
there is no vegetation on the soil surface, which is the case in most of the permafrost
areas in Antarctica. An intensive monitoring of the permafrost in Antarctica should be
relevant for the scientific community as the continuous record of the active layer and the
permafrost thermal evolution can be used to detect the climate variability.

The 0.3% of the territory free of ice where permafrost could be studied is
located at the edge of the continent. This includes the South Shetland Islands, in the
Western Antarctic Peninsula (AP). The South Shetland Islands Archipelago (Fig.
1) is located immediately below the Southern Polar Circle (61°55’S — 63°30°S;
57°45’W — 61°30°W), at about 1000 km from Tierra del Fuego in South America.
This archipelago is one of the Antarctic regions located at lower latitude, where the
MAAT is about -2°C (Weyant, 1966). In summer, the mean seasonal air temperature
can rise up to 2°C (Vieira et al., 2010; Bafion and Vasallo, 2015). It means that under
these weather conditions, the frozen soils can thaw in summer, and any increase in
the air temperatures due to global warming will contribute to increase the active layer
and to degrade the permafrost, what could be detected by continuous monitoring.
This sensibility makes this region adequate to monitor the permafrost and the active
layer thermal and mechanical evolution (e.g., Bockheim, 1995; Vieira et al., 2010;
Bockheim et al., 2013).

The effect of the snow layer on the soil surface is also very important since the energy
balance across the snow is a function of the snow layer thickness and its thermodynamic
characteristics (thermal diffusivity), which are both related to the snow morphological
characteristics (e.g., Goodrich, 1982; Zhang, 2005). In the South Shetland Islands
(Western Antarctic Peninsula), the annual precipitation is about 500-800 mm (Bafion
and Vasallo, 2015), higher than the precipitation in the Eastern AP, such as in the James
Ross Island, where annual snow precipitation is about 100-200 mm (King et al., 2003),
although some authors report higher values (300-500 mm; Lipzig et al., 2004).
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Figure 1. Location map of the monitoring sitesin Livingston and Deception |slands, South
Shetland Archipelago, Antarctica.

In this scenario, the active layer and permafrost monitoring in Antarctica should be
considered apriority research topic. Infact, thiswasthe research topic of our team since 1991,
particularly after 2006 with the inclusion of several gtations in Livingston and Deception
Islands belonging to the CALM and GTN-P networks. Here we show how permafrost and
snow are monitored in these stations as well as a few examples of the characteristics and
evolution of the ALT and permafrost thermal behavior in both islands. Due to the changes
observed in the snow cover thickness, we also present the instrumentation and methods that
we will gpply to improve our monitoring of the snow cover in the next years.

2. Activelayer and permafrost thermal monitoring in the South Shetland Islands

Our research team started in the late 80s with the study of meteorologica and
micrometeorological parametersin the South Shetland Islands (Ramos, 1995; 1997, 1998).
At the same time we started to work in mountain permafrost in the frame of the European
research program PACE in the Sierra Nevada mountain (Spain) (Gémez et al.,2001; Tanarro
et al., 2001). The main goal was to study the permafrost in Livingston and Deception
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Islands (Antarctica), at different sites near the Spanish Antarctic Station (SAS) “Juan
Carlos I’ and “Gabriel de Castilla”, respectively (Fig. 1). Different field experiments and
instrumentation wereinstalled to measure soil and air parameters (temperature, humidity,
solar radiation balance, among others) (Ramos, 1995, 1997, 1998). In 2001, the Alcald
University (UAH) research group started an important collaboration with a Portuguese
team from the University of Lisbon (UL) interested in the permafrost and active layer
too. This collaboration resulted in the establishment of a growing number of monitoring
stations of active layer and ground temperature, initially in Livingston and Deception
Islands (Fig. 1), but later extended to King George Island, also in South Shetland
Archipelago, Anvers Island or Cierva Cove, in the AP. Some of the monitoring stations
grew thanks to the collaboration with other teams from Argentina, Brazil, Bulgaria,
Czech Republic, Russia, Switzerland or the United States. These collaborations allowed
to expand the CALM and GTN-P network in the South Shetland Islands and other parts
of the AP (Bockheim, 1995; Vieira et al., 2010; Bockheim et al., 2013).

The CALM network intends to monitor the active layer thickness and its evolution
along the time (Brown et al., 2000). It started in the Arctic and it was later extended to
Antarctica under the CALM-S acronym, although only a few sites have been installed
until now (e.g. Vieira et al., 2010). The protocol of this network establishes different
methods to monitor the active layer. One of them proposes the use of mechanical probing
as a technique to measure the active layer thickness. This technique consists on the
sinking of a metal rod (1 cm in diameter) into the ground until the top of the permafrost
is reached; this is based on the idea that the thawed soils allow the penetration of the rod,
but not the frozen ground. This technique is not perfect, requires experience from the
operator, and it can be only applied to non-stony or rocky soils because otherwise it is not
possible to distinguish the frozen ground. Measurements are repeated to reduce errors
caused by stones or the operator, and a mean value is used at each site. Moreover, due
to the spatial variability of the permafrost, measurements should be repeated at different
sites in the same region to derive a regional value of the mean active layer thickness
in the area. The use of this technique allows, if repeatedly applied, to analyze the
evolution of the freezing/thawing process along the year and, for along term monitoring,
to determine interannual variations of the active layer thickness. To achieve this, it is
required to measure always at the same sites. For this reason, the protocol proposes
the establishment of a square grid (between 10 and 1000 m in side, with nodes each 1
to 100 m, respectively), marked with stacks to measure the active layer thickness by
mechanical probing in all the nodes of the grid. Those grids are identified as CALM
sites. Homogeneous terrains are preferred to derive mean values of the active layer that
are representative of the area. This technique can also be applied only once per year at
the end of the thaw season, allowing to derive the maximum ALT for that year. When it
is measured in any other date, it represents the thaw depth at the measuring date. When
temperature data are available, the measured thaw depth can be compared to the active
layer derived from temperature data, as we describe below.

In Deception Island we have established two CALM-S sites, one of them in 2006
near the Crater Lake (Crater Lake CALM site —A16) (Ramos et al., 2011a) and another
one in 2010 on the slope of the Mount Irizar (Irizar CALM site) (Vieira et al., 2010).
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In Livingston Island, we tried to establish three sites in Hurd Peninsula but the terrain
is stony or rocky and it was not possible to measure the active layer with this technique
(mechanical probing). Finally, we were able to establish in early 2009 a CALM-S site in
the basin of the Limnopolar Lake in Byers Peninsula of Livingston Island (Limnopolar
Lake CALM site —A25) (de Pablo et al., 2010, 2013, 2014). All these sitesare 100x100 m
grids, with nodes each 10 m, where the active layer thickness is measured in late January
and early February.

The GTN-P network is focused on the thermal monitoring of the ground to obtain the
thermal permafrost evolution by direct measurements and the thickness of the permafrost
by indirect methods. The thermal monitoring of ground is based on the installation of
an array of temperature sensors into a borehole whose depth depends on how far the
operator can drill, depending on the thickness of the permafrost. There is not a specific
sensor to be used, although the use of micro-sensors is widely extended, such as iButtons
(from Maxim), TinyTag (from Gemini) or Hobbo (from Onset). In other cases, the arrays
of sensors are connected to a datalogger at the surface, which requires batteries and
solar cells. Usually, when a datalogger is used, other meteorological parameters are also
measured at the surface, like air temperature and humidity, snow depth, wind speed, and/
or solar radiation (Ramos et al., 2009). All those data help to develop energy balance
models that can be used to understand and to model the evolution of the thermal state of
permafrost and to calculate indirectly the ground thermodynamics parameters (Correia
etal., 2012).

Snow depth is also a key parameter. Its measurement requires the use of complex
electronic devices (such asinfrared, laser, or ultrasonic sensors). Another option isto use an
array of temperature loggers at different heightsin the same mast. In thisway, air temperature
measured at different elevations is used to derivate if one of those sensors has been covered
by snow. This is based on the idea that the thermal inertia of a sensor covered by snow is
different than that of a sensor measuring at the sametime and located only afew centimeters
above the snow cover surface but without snow cover. The resolution of the snow depth
with this method is given by the distance between the different sensors in the array, and the
frequency of the temperature measurements (Molina et al., 2011). Different studies about the
isolation effect of the snow show that a thickness of 30 to 70 cm of snow is enough to isolate
the ground from the environmental temperaturesin aseasonal regimen (e.g., Goodrich, 1982;
Zhang et al., 1996; Zhang, 2005). Based on this principle, in some other cases atemperature
sensor located at just only 2-5 cm below the ground surface to avoid direct solar radiation
heating is used to derive the presence or not of a snow cover (without the possibility of
determining its thickness). Moreover, the data from surface temperature can be combined
with air temperature data to derive the n-factor (Williams, 1995; Anderdand and Ladanyi,
1994), which is a way to quantify the isolation effect of the layers on top of the ground (like
soils, vegetation, or snow), based on the calculation of freezing indices (Williams, 1995;
Anderdand and Ladanyi, 1994).

Although the combination of ground temperatures and air, surface and snow
temperatures is not enough to develop complete energy balance calculations and models,
they are sufficient, not only to thermally characterize and monitor the active layer and the
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permafrost, but also to analyze the relation between the environmental temperature and
the role of the snow cover. Moreover, this kind of instruments is relatively cheaper than
complex instruments, which also require more complex installations. For that reason,
our research team progressively installed stations of this type (Fig. 2) in Deception and
Livingston Islands. In Deception Island, there are more than four stations at the Crater
Lake CALM site, and some other stations at the Irizar CALM and other monitoring
sites. In Livingston Island, we have a station at the Limnopolar Lake CALM site in
Byers Peninsula, and six other stations in Hurd Peninsula, from the sea level close to
the Spanish Antarctic Station Juan Carlos | to the summit of the Mount Reina Sofia
(about 265 m a.s.l.), allowing the study of the variation of the active layer with elevation.
Other stations of this type are also distributed close to the Bulgarian Antarctic Station
St. Kliment Ohridski in Hurd Peninsula and are maintained by the Portuguese part of the
team. In the summit of the Mount Reina Sofia we also have two important boreholes of
15 and 25 m-deep (Ramos et al., 2009). The latter is the deepest borehole in this region
of Antarctica, and its data are quite important for the GTN-P network, so it is equipped
with an automatic logger to ensure the continuous and precise data acquisition.

Figure 2. Example of a Thermal Sate of Permafrost (TSP) monitoring station (at the Limnopolar

Lake CALM site, Byers Peninsula, Livingston Island), including (i) a borehole to monitor ground

temperature, (ii) air temperature, (iii) ground surface temperature and (iv) snow depth obtained
from air temperature at different heights.
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3. Frozen ground and snow cover
3.1. Frozen ground

The variety of instruments installed in Deception and Livingston Islands (e.g., Hauck
et al., 2007; Ramos and Vieira, 2008; Ramos €t al., 2009, 2011a, 2011b; de Pablo et al.,
2010, 2011; Molinaet al., 2011; Vieira et al., 2010, 2011a, 2011b) allowed, after nine years
of continuous monitoring, the thermal characterization of the ground at the study sites (e.g.,
Ramos, 1997, 1998 ; Ramos and Vieira, 2004; Ramos et al., 2012a, 2012b; de Pablo €t al.,
2013,2014). The data do not show a clear trend in the permafrost evolution. Some data point
to the thawing of the frozen grounds (Ramos et al., 2012a, 2012b; de Pablo et al., 2013,
2014), in agreement with the regional observations and analyses (Turner, 2005,2009,2013).
However, the active layer thickness measured at the Crater Lake CALM site (Table 1) shows
decreasing values since 2006, reducing from 35 cm in 2006 to 23 cm in 2014. This reduction
in the active layer thickness has been also observed in the Limnopolar Lake CALM site in
Livingston Island (Table 1), with a mean value of 47 cm in 2009 and 12 cm in 2013. It was
not possible to measure the active layer thickness in 2014 and 2015 because of the presence
of a thick snow cover (in spite of the fact that the measurement date was approximately the
same than in previous years).

Table 1. Summary of active layer thickness at the Crater Lake CALM site in Deception Island,
Antarctica.

CALM Site 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014
Mean (cm) | 355 | 320 | 322 | 338 | 315 | 276 | 28.7 | 232 | 23.1
Crater Max. (cm) | 44.0 | 380 | 39.0 | 39.0 | 400 | 340 | 340 | 370 | 335
Lake Min.(cm) | 29.0 | 21.5 | 260 | 28.0 | 240 | 195 | 230 | 50 | 145
STD (cm) | 2.5 3.2 2.9 23 | 30 | 28 | 25 69 | 43

Mean (cm) - - - 46.8 | 434 | 405 | 39.1 | 11.7 -

Limnopolar | Max. (cm) - - - | 105.0| 99.0 | 85.0 | 105.0 | 47.7 -
Lake Min. (cm) - - - 80 | 70 | 60 | 90 | 0.0 -
STD (cm) - - - 285 | 188 | 195 | 22.2 | 138 -

During the same period, ground surface temperatures show decreasing thermal ranges,
with lower maxima and higher minima, but without any significant trend, despite the fact
that the air temperatures have been quite similar along the study period, as we can observe
on the data from the GTN-P data in Limnopolar Lake site (Fig. 3).

The thermal profiles of the ground, based on the analyses of 2009-2014 maximum,
minimum and mean temperatures at different depths in the boreholes, allows to characterize the
ground temperature at each site, and to determine the active layer thickness (which is compared
with the thaw depth measured in the nearest CALM site where possible) and the permafrost
thickness when it is completely crossed by the borehole. This allows, for example, to establish
the presence of an active layer of about 70 cm in the Crater Lake monitoring site, on top of a
4.5 m thick permafrost, whose temperature is slightly lower than 0°C (Fig. 4). In other sites, the
active layer is very thin (lower than 20 cm), like on top of at least 15 m permafrost thickness
(our borehole does not cross it completely), with temperature lower than 2°C.
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In a similar way, boreholes in the monitoring sites close to the Juan Carlos I Antarctic
Stationin Livingston Island show areduction in the ground temperature ranges at different
depths, and a trend of the temperatures towards 0°C. This is the case of the borehole
located in the proximity of the Mount Reina Soffa, a 15 m deep borehole drilled in 2008
(Ramos et al., 2009) at about 280 m a.s.l. The mean ground temperature progressively
declines in the profile, although it remains slightly lower than -2°C, and the temperature
range also decreases (Fig. 5). An important fact is that the borehole was drilled in a snow-
free site near the mount summit, and since then the snow cover hasincreased continuously.
Although there is no devices to measure the snow cover depth, the regular visit to this
place over the years to get the data from the temperature sensors inside the borehole,
allows to confirm that the snow does not disappear. It has increasedfrom year to year until
reaching more than 3 m of ice and snow in February 2015 (Fig. 6). Nowadays, this site
could not be considered anymore a site free of ice.
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Figure 5. Example of a thermal profile of a 15 m deep borehole close to the summit of Mount
Reina Sofia, Livingston Island.
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Figure 6. Show cover duration in all the monitoring sites, showing an increasing trend. In one
case, the snow cover did not disappear during the Antarctic summer since 2010, causing an
increasing ice and snow layer that in January 2015 reached more than 3 m (the white arrow

marks the position of the borehole, and the dashed line the snow cover surface).

Usually there are important difference in the thermal behavior of the ground
depending on its nature (soil or bedrock), caused by the different grain-size, moisture,
porosity, etc. However the data from the boreholes drilled in soils (Fig. 4) and bedrock
(Fig. 5) show a similar pattern and behavior, discarding any possible lithology-related
cause on the thermal behavior evolution.

3.2. Show cover

The results obtained on the ground thermal behavior seem to be contradictory: the
active layer thickness is reducing whereas ground temperatures tend to be less variable
around 0°C. Meanwhile, air temperature did not show remarkable changes during the
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study period. During the visits to our monitoring sites for maintenance operations in
Antarctica we observed how, for the same date, snow cover was thicker each year.
Considering the isolation effect of the snow (e.g., Goodrich, 1982; Zhang et al., 1996;
Zhang, 2005, and references therein), we hypothesize that the changesin the snow cover
are responsible for the observed ground thermal behavior at our monitoring sites.

We cal cul ated the snow depth for all our monitoring sitesnear the SpanishAntarctic
Stations in Livingston and Deception Islands, considering the daily variability of air
temperature using sensors at different heights in a mast (Lewkowicz, 2008). Despite
the low resolution in the snow cover height derived from the monitoring method, we
could use it to study the snow cover under the same or different local characteristics
(elevation, slope, aspect, wind conditions, relief, among others). Interannual variations
of the snow depth were also observable, like between 2012 and 2013 in the Livingston
Island (Fig. 7).
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Figure 7. Example of the snow cover depth at two monitoring sites at Byers Peninsula in
Livingston Island (top), and Crater Lake in Deception Island (bottom).

In general, we observed that the maximum snow depth did not change significantly
over the study period in any of the sites, although there was a clear elongation in the
snow cover duration in all the cases. We reported how the snow onset date did not
change significantly, but the snow cover offset was delayed, in some cases, more than
two months. This is the case, for example, of the snow cover period at the Limnopolar
Lake monitoring site, which increased in more than 60 days in the last three years, i.e.
from 267 to 338 days (de Pablo et al., 2016).

Considering that the air temperatures did not change significantly over the study
period (Fig. 3) and because the snow depth remained similar, the behavior observed in
ground temperatures could be related to the elongation of the snow cover. It is well known
that snow cover behaves like an effective thermal insulator from the air temperature
when it is about 30 to 60 cm-thick (Goodrich, 1982, Zhang et al., 1996). However, our
preliminary studies about the effective snow depth reported values of 20 cm from our
monitoring sites (Jiménez et al., 2013, 2014). Except in selected sites, this snow depth
was reached in almost all our monitoring sites in most of the years (Fig. 7).
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Based on these general observations, we hypothesize that snow cover evolution
is changing in the monitoring sites, not significantly in depth, but in duration by the
delay in the snow offset. Although the isolation effect of the snow cover may play an
important role (e.g., Zhang, 2005), further research about the snow cover properties (e.g.,
density or snow water equivalent) should be conducted in order to make it possible to
develop correlation models that could help to quantify the snow cover effect on the
ground thermal behavior.

4. Further research: techniques and methods
4.1. Snow cover monitoring

Due to the relevant role of the snow cover on the thermal behavior in Deception and
Livingston Islands, a more detailed study of the snow characteristics (i.e. snow onset,
snow offset, thickness, density, and snow water equivalent) is required. This requires the
use of more precise devices, and for that reason new instrumentation will be installed in
the Crater Lake CALM site in late 2016, including an ultrasound sensor to measure snow
depth and a Snow Pack Analyzer (SPA), by Sommer Company, to measure snow density
and snow water equivalent. This site will also include a mast with an array of temperature
sensors that could be compared with the data acquired by the temperature-based devices.
Multiple masts of this type will be installed in each CALM site to interpolate the data to
produce snow cover depth maps of the CALM site grid along the year, also with the help
of high resolution digital cameras that will take a daily picture of the CALM site. Those
maps will allow us to compare the snow cover properties and evolution with the active
layer thickness measured in each node of the grid.

The correlation between the SPA snow thickness data and the temperature-based
monitoring masts will allow to develop thickness models that will help us to increase the
precision of the snow cover thickness in all our monitoring sites, even if they do not have
their own SPA station. Additionally, these data acquired in the SPA station will contribute
to extend the snow and ground thermal models to other surrounding areas where we do
not have monitoring stations. In the future, they should contribute to develop permafrost
distribution maps taking into account the snow characteristics.

In the study of the snow cover, active layer thickness, and ground thermal behavior,
it will be relevant to develop comparative analyses with other regions of similar Antarctic
climate conditions, although they register lower snow precipitation. This is the case of
the CALM and GTN-P sites at the Ulu Peninsula on the James Ross Island, Eastern AP,
under the responsibility of a research team from Czech Republic (e.g., Engel et al., 2010;
Laska et al., 2012; Hrbacek et al., 2014, 2015). In thisregion of the Antarctica, although
air temperatures are somewhat colder, there is a known correlation factor and the snow
precipitation is lower than in South Shetland Archipelago (e.g., Hrbacek et al., 2016,
and references therein). Annual and interannual comparative analyses between data from
both monitoring sites will allow a better understanding, not only of the permafrost and
active layer state and evolution related the global warming but also of the role of snow
on the control of the thermal state of the ground.
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4.2. Show cover patterns

In order to monitor the snow cover onset, offset and duration, as well as to check
the data from air-temperature based snow monitoring devices, automatic digital cameras
were installed to take pictures of the whole Crater Lake and Limnopolar Lake CALM
sites in 2008 and 2009, respectively. We use a C640 (from Campbell) camera mounted
on a mast at a 1.5 m height. The camera is programmed to take a daily picture (at noon
GMT) in JPEG format in the visible spectral range, with a resolution of 0.7 Mpixels
(480x640 pixels).

The pictures need to be georeferenced using an experimental complement of QGIS
Pic2map (Produit and Tuia, 2012; Milani, 2014). This tool uses the digital elevation
model (DEM) of the study area to obtain the coordinates of the elements in the pictures.
The DEM can be complemented with the satellite image to obtain more detailed
georeferencing points. The main objective is have a time series of snow cover melting
maps in the CALM sites. This way the snow-melting patterns could be related to the
maximum ALT measured each year, as well as with the thermal regime of permafrost.
Also, the evolution of ground surface color in the CALM sites during the melting
season could be measured using different color space models as Munsell HVC, RGB,
decorrelated RGB (DRGB), CIEXYZ, CIELAB, CIELUV, CIELHC, and Helmholtz
chromaticity coordinates (Viscarra Rossell, 2006). Previously, the analysis of relative
shadow (RS) should be performed on each picture to obtain information about the pure
color (Denis et al., 2014). Ground surface properties, like texture or composition, can
be identified by differences in color (Escadafal, 1993) and can be related to the surface
radiance (Coleman et al., 1990). Consequently, transference functions between RGB
pictures and optical images obtained with a high spectral and spatial resolution satellite
image (e.g. Worldview-2) could be performed to obtain models of the ground surface
energy radiation and its variations during the snowmelt period and its relation to the
permafrost thermal profiles recorded in the CALM sites.

4.3. Remote sensing

The multispectral sensors traditionally used for studies of snow cover and albedo
are TM and ETM+ on board Landsat-5 and Landsat-7, respectively (6 optical bands, 15-
30 m spatial resolution) (Tedstone et al., 2015), and the ASTER sensor onboard Terra
spacecraft (9 optical bands, 15-30 m). ASTER also provides stereoscopic vision in one
band, from which the highest resolution digital elevation model on a global scale has
been obtained (GDEM: Global Digital Elevation Model; Abrams et al., 2015). This
model is necessary to quantify the snow cover thickness. The new OLI optical sensor
on board Landsat-8 (from 2013) ensures the continuity of these studies with the Landsat
series. The spectral resolution of these images is appropriate for a good discrimination
of snow cover and soil, while the spatial resolution of 15 m may be the most suitable for
the study of the CALM meshes, whose nodes are separated 10 m. Thus, we will be able
to conduct spatial extrapolation of the ALT and permafrost thermal behavior, comparing
the results obtained by remote sensing and field data. WorldView-2 images, with higher
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spatial and spectral resolutions (8 VNIR channels, 0.5-2.0 m) will also be used besides
the Landsat and ASTER images.

The soil temperature measured in situ (Ts) and the air temperature (Ta) will be
compared to the Land Surface Temperature (LST) obtained from the thermal bands
(10-14 um) of sensors with distinct spatial resolutions. At a larger spatial scale we
will use the LST products from MODIS with a spatial resolution of 1 km. A series of
cloud-free images will probably be obtained, given the high temporal resolution of
MODIS data (1 day). Urban et al. (2013) compared the LST of several sensors with
low spatial resolution with Ta from meteorological stations on a pan-Arctic scale
(latitude > 60° N) and concluded that MODIS LST had the highest correlation with
Ta (R=0.95). Therefore, we will use MODIS LST products in this project. Landsat
LST product with a spatial resolution of 100 m and ASTER LST product with a
spatial resolution of 90 m will also be tested. Unfortunately, given the low temporal
resolution of Landsat and ASTER (16 days), it will be more difficult to obtain a time
series of cloud-free data.

The next step in the application of remote sensing data will be the assimilation
of remote sensing albedo in an LSM (Land Surface Model). Data assimilation is the
introduction of observations of a particular physical quantity or variable into a model
to improve model predictions. This reduces the uncertainties inherent to simulations.
In our case, the aim of this process will be to obtain the snow properties from satellite
images. MODIS albedo product MOD10A1 has recently been assimilated in the Noah
LSM. As a result, the snow depth and the duration of the snow season were obtained in
a study area in Colorado, USA (Malik et al., 2012). This kind of research has not been
carried out in Antarctica yet. In the future, we also intend to investigate the use of high
spatial resolution albedo products and high spatial resolution imagery for the albedo
assimilation in an LSM.

4.4. Radar data

Another approach to study the snow cover using remote sensing includes RADAR
data (Jiménez, 2014), which is not limited by the presence of clouds, that are very
frequent in the Antarctic region. The use of radar in the study of the snow cover has
been tested mainly in the C-band (4-8 GHz or 3.75-7.50 cm), and scarcely in the X-band
(8-12 GHz or 2.50-3.75 cm) (Rees, 2006). In fact, whereas the use of data in the C-band
provides good results in the identification of snow in regional studies (e.g., Magagi and
Bernier, 2003; Valenti et al., 2008; Moraet al., 2013), data in the X-band results in better
textures determination (Venkataraman et al., 2013), due to its lower penetration capacity
and higher spatial resolution. Nevertheless, they are still under evaluation through the
use of new platforms such as TerraSAR X, among others. The application of different
waves polarization modes (horizontal, vertical or circular) of the transmitted and received
signals allows different backscattering, what could be used to distinguish different surface
ruggedness and texture, considering that the penetration depth of the radar signal depends
on the polarization mode (Carrefio, 2014).
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TerraSAR X and his twin TamDEM X satellites (TerraSAR X Ground Segment
Basic Product Specification), from the Ministry of Education and Science of the German
Government and the AirBus Defense and Space Company, are operatives since 2007
and 2010, respectively, and permits the observation of the Earth by the use of Synthetic
Aperture Radar (SAR). For the study of small areas such as the CALM sites in Deception
and Livingston Islands, the High Resolution Spotlight mode of the satellites allows to
obtain data with 1.2 m spatial resolution in the “slant range”, and 1.1 m in the “azimuth”
for scenes of 5x10 km in side. This kind of data will make possible (i) to compare (and
test) the use of the pictures taken on the surface by the automatic camera, and (ii) to
map the snow cover through time for the CALM sites and surrounding areas. In fact, the
preliminary works provided good results on the snow cover presence and characterization
(e.g. humidity, ruggedness, and/or reflectivity) (Mora €t al., 2013; Jiménez, 2014).

Besides, Sentinel 1 satellite from the European Space Agency (operative since
2014) (Sentinel 1 User Handbook) returns a wide variety of products that could be used
in the study of the snow cover, mainly the SAR L1 SLC or GRD products (band C,
4.3 -49 m azimuth x 1.7 to 3.6 m range, polarization modes: HH+HV, VH+VV, HH,
VV). These products will allow the development of multitemporal studies useful for
the analysis of the snow cover evolution (Longépé et al., 2009). Moreover, information
from snow pits at the CALM sites will allow to characterize the snow from radar data
(snow grain size, cohesion, water content, or density, among others), which can be used
for snow cover mapping.

In summary, the use of radar data in the C- and X-bands will allow the
characterization of the snow cover and its variability through time. Together with models
of snow microwave radiative transference in the ground, this information is a key factor
to understand the evolution of the permafrost (e.g., Wiessman and Mézler, 1999).

5. Conclusions

After nine years of continuous active layer thickness and ground thermal monitoring
in Deception and Livingston Islands at two CALM sites and multiple GTN-P stations, we
were able to characterize the thermal behavior of the ground, including both the active
layer and permafrost. Due to the preliminary observations of the snow cover evolution in
the different sites and known the isolation effect of the snow, the next projects will focus
on (i) the maintenance of the monitoring sites and their instruments; (ii) the incorporation
of new monitoring devices and instruments aiming to obtain the snowpack properties
(snow water equivalent, snow thickness, snow temperature, etc.); (iii) the study of the
snow cover spatial distribution through the analysis of automatic cameras to correlate the
snow cover spatial (and thickness) evolution, and the thermal behavior and active layer
thickness evolutions; and (iv) the use of remote sensing (both on optical and radar bands)
to upscale the spatial distribution. All these new approaches applied to the study of snow
on the South Shetland Islands will improve, not only our knowledge on permafrost and
the active layer in our monitoring sites, but also on both islands, contributing to our
understanding of the permafrost in Antarctica and their possible change due to the global
climate warming.
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