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Deception Island, an active volcano on South Shetland Archipelago of Antarctica (62°43′S, 60°57′W), is a cold
region with harsh, remote and hostile environmental conditions, what could be considered in most aspects
such an analog of the Martian surface. The volcanic materials on the surface, the permafrost and active
layer existence, and the cold-climate conditions made this region of the Earth a perfect site to test instru-
ments for the future missions to Mars. This is the case of the Ground Temperature Sensor (GTS), based on
an infrared radiation (IR) sensor, included into the Rover Environmental Monitoring Station (REMS) instru-
ment on board of the Mars Science Laboratory (MSL) mission of NASA, with that it will measure the Mars sur-
face temperature.
We conducted a summer Antarctic scientific campaign in 2009 on Deception Island in order to test the GTS
instrument in the field. That device was placed near other already installed instruments and used to monitor
permafrost and active layer thermal evolutions: air, surface and ground temperatures, as well as short and
long wave radiation were registered. In brief the main objectives are (1) test in the field and improve the
GTS device prototype, and (2) develop a methodology to derive soil gradient temperature in the active layer
zone; which could be applied in the MSL mission.
With the obtained data during 2009 campaign, we (a) compared temperatures from GTS versus our Pt100
contact temperature sensors to analyze GTS response accuracy; (b) calculated the active layer thickness
using the sinusoidal heat transfer conduction model from soil surface temperature records; and (c) calcu-
lated the unfrozen active layer thermal diffusivity.
The main results show that the degree of adjustment between the temperature measurements by to Pt100
contact temperature sensors and the CGT-REMS instrument is high, with a mean error value of below ±0.6 °C
although it could reach values of ±5.0 °C due to the heating of the instrument case due to the sun. On the
other hand, the calculated active layer thicknesswas consistentwith the directmeasures from both; our temper-
ature probes placed in shallow boreholes and mechanical probing. Then, using soil surface temperature data
from GTS instrument will be able to establish indirectly the active layer thickness and its thermal structure,
what will have important applications for the MSL mission to Mars.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Compared to other components of the cryosphere, our understand-
ing of Antarctic permafrost and its active layer is poor, especially in
relation to its thermal state and evolution, its physical properties,
links to pedogenesis, hydrology, geomorphic dynamics and response
to global change (Bockheim, 1995; Vieira et al., 2010).

Permafrost, which occupies only 0.36% (49,800 km2) of the Antarctic
region, is present beneath virtually all ice-free terrain, except at the

lowest elevations of the maritime Antarctic and sub-Antarctic islands.
At these locations, a tightly coupled relationship exists between perma-
frost and climate variability.

On the volcanic Deception Island, located off the northern tip of
the Antarctic Peninsula (maritime Antarctica), the Mean Annual Air
Temperature (MAAT) is close to −2 °C, thermal amplitude is low
(10 °C monthly mean deviations) and summer mean air tempera-
tures (December toMarch) are above 0 °C. Permafrost thermal behavior
and distribution ismainly influenced by present climatic trends. In addi-
tion, this region is located at the approximate limit for the formation or
maintenance of permafrost (Ramos et al., 2007).

Changes in the soil thermal regime in response to climate variability
directly affect the thickness of the active layer and permafrost temper-
ature. Experimental control of the mechanical and thermal parameters
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that define the state of the active layer (maximum depth, temporal
evolution of the thermal gradient, snow variability at the soil sur-
face) is necessary to effectively study the impact of regional climate
change on permafrost dynamics.

On the other hand due to its present climatic characteristics, Mars
is susceptible to the extensive presence of permafrost (Carr, 2006).
The study of Martian permafrost could help us to understand the con-
nection between its climate and the soil surface energy balance, which
might house microbial life in the same way as terrestrial permafrost.

As a result of previous NASA missions, it is well-known that
the average planet surface temperature on Mars is −53 °C, but that
temperature varies widely over the course of a Martian day, from
−128 °C during the polar night to 27 °C on the equator at midday at
the closest point in its orbit around the Sun, with diurnal amplitudes
of up to (80 °C, 100 °C). These thermal cycles induce the presence of a
thin active layer (millimeters) and a very thick permafrost table (kilo-
meters deep). Much more recent measurements taken by Phoenix
mission (May 25th 2008) indicate that Martian regolith tempera-
tures (polar latitudes) range from −92 °C to 20 °C. Additionally, Mars
undergoes very extreme active layer temperature gradients above the
permafrost and between the ground surface and the atmosphere, tem-
perature gradient values of 40 °C (Smith et al., 2004).

This huge variation in diurnal temperature has a dramatic effect
on static stability and hence on the dynamics of the Martian planetary
boundary layer. The thermal structure and dynamics of the atmo-
sphere are strongly influenced by the exchange of moisture, heat,
mass, and momentum between the permafrost active layer and the
Mars atmosphere.

Retrieval of the in-situ surface temperature of Mars is essential
to develop environmental models of coupling between the Martian
atmosphere-surface boundary layer and ground permafrost (Kreslavsky
et al., 2008; Ramos et al., 2008a, 2008b).

From a technical point of view, there are twomainmethods for per-
forming in-situ Martian surface ground temperature measurements.
The first is the use of contact sensors placed a few millimeters below
the surface, for example, the NetLander ATMospheric Instrument
System (ATMIS) (Polkko et al., 2000) or the Thermal Electrical Con-
ductivity Probe (TECP) contained in the Phoenix Microscopy Electro-
chemistry and Conductivity Analyzer (MECA) instrument (Zent et
al., 2009). Despite their simplicity, it is not always possible to per-
form these direct soil contact measurements with temperature probes
due to mission restrictions, and this is the case for the Rover Environ-
mental Monitoring Station (REMS) instrument on the Mars Science
Laboratory (MSL-NASA) mission.

Practical problems due to use of direct soil contact temperature
probes include the thermal influence of the probe when deploying
the sensor on the ground until it reaches the thermal equilibrium, and
the existence of a thin layer of dust over the rocky surface of Mars,
which could generate temperature gradients between the surface and
the first few millimeters of subsurface, altering the measurement. One
alternative to measure soil temperature would be the use of contactless
sensors, using Infrared Radiation (IR) spectrometers and radiometers as
pyrometers (Sebastian et al., 2010).

Pyrometers are devoted for measuring temperature of bodies,
integrating the IR energy coming from them. In general, measuring
temperature using IR techniques is more complex than using con-
tact sensors due to the existence of problems associated with the
physical measurement procedure. Uncertainty in its IR emissivity (ε)
is perhaps the most important of them.

The infrared radiation emitted by Martian surface depends mainly
on two factors: (1) the real surface temperature of the focused area
and (2) the average emissivity (ε) of the ground, or, what is the same,
its capacity to emit IR energy coming from the environment.

Assuming that the Martian ground IR reflectivity is equal to
(r=1−ε), the expression of the ground radiated heat power is
obtained as the sum of the emitted and reflected powers: P radiated=

P emitted+P reflected, i.e., [P radiated=ε A E ground+(1−ε) E envi-
ronment], where A is the area of the ground, and E is the heat flux power
calculated based on Plank's law and the temperature of the ground and
the environment. Therefore, the estimation of ground temperature
depends on the environmental heat flux power exchange and ground
emissivity.

Typical emissivity values of Martian soils from 6 to 25 μm wave-
length vary between 0.9 and 0.99 (Kieffer et al., 1972), introducing
significant uncertainty in regard to the power emitted and that reflected
by the ground. Thus, in order to achieve a high degree of accuracy in
surface temperature measurements, the value of soil emissivity
must be estimated or measured. This explains the need for specific
studies of IR reflectance properties associated with different types
of Martian superficial materials (e.g. minerals and rocks) (Martín-
Redondo et al., 2009).

NASA's Mars Science Laboratory (MSL) is the first mission to
include an environmental station (REMS), placed on the rover of
the mission (Curiosity), and will have a mission duration of one
Martian year to enable a study of the completed Martian seasons
(Baerg et al., 2010; MSL, 2010). Its launch is scheduled for the fall of
2011. REMS has been developed by the Spanish Center for Astrobiology
(CAB-CSIC-INTA) in collaboration with the European Aeronautic
Defence and Space Company (EADS-Crisa), the Polytechnic University
of Catalunya, the Finnish Meteorological Institute, the NASA Ames
Research Centre, the University of Michigan, the University of Alcalá
and the California Institute of Technology. REMS has been designed
for measuring ambient pressure, humidity, wind speed and direc-
tion, UV radiation, and air and ground temperatures (Gomez-Elvira
et al., 2009). Specifically, the Ground Temperature Sensor (GTS) is
a pyrometer designed to measure the temperature of the Martian
surface (Sebastian et al., 2010).

The field test was designed to check Ground Thermal Sensor (GTS-
REMS) performance and validate the proposed sensor model and its
previous laboratory calibration. Several field tests were held in the
surroundings of the Spanish Antarctic Stations (Livingston and Decep-
tion Islands) (Fig. 1) during the 2008 and 2009 Antarctic campaigns
(Esteban et al., 2009). The most interesting campaign, in terms
of Martian analogies, was conducted near the Crater Lake area
on Deception Island, where instruments were installed in January
2009 (22/01/2009 to 31/01/2009), and this paper will focus on this
experiment. Therefore in January 2009, an engineering model of the
GTS was deployed in Antarctica in the surroundings of the Spanish
Antarctic Station “Gabriel de Castilla” on Deception Island an active
volcano located in the South Shetland archipelago, Maritime Antarctica
(62°43′S, 60°57′W). This sitewas chosen because it represents a remote
and hostile environment with harsh environmental conditions and
permafrost with a maximum active layer thickness of about 33±
5 cm (multiannual mean value, 2006 to 2010) (Ramos et al., 2010a).
The soil is formed from volcanic ash and pyroclastic materials, in some
sites; there is embedded snow and ice forming discontinuous lenses
at variable deeps. In some respects, this location could be considered
an analog of Mars (Esteban et al., 2009). The GTS measurements were
compared against those taken by standard and calibratedmeasurement
devices which had been installed in order to continuously measure the
active layer dynamics of the permafrost, as part of the international
program, Circumpolar Active Layer Monitoring South (CALM-South)
(Nelson and Shiklomanov, 2010).

This study had two main objectives:

• To validate the GTS infrared sensor and its response accuracy in a
harsh, remote and hostile environment by comparing the data it
obtained from ground temperature measurements on the surface
and in the permafrost active layer with those obtained by standard
contact sensors.

• To develop an indirect method that permits us to obtain information
about the temperature distribution in the unfrozen active layer zone
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based only on soil surface temperaturemeasures andwill enable us to
study sub-surface temperatures on Mars by measuring directly the
soil surface temperatures with the GTS-REMS-MSL device.

2. Study area

Due to its volcanic activity with recent volcanic events (1967, 1969
and 1970), Deception Island (South Shetland Islands,MaritimeAntarctic,
62°43′S, 60°57′W) (Fig. 1) is interesting as regards to its permafrost
distribution and related processes (Smellie et al., 2002). Interactions
between frequency of eruptions, climate, snow cover and permafrost
are complex, this produces a stratigraphy with a mix of pyroclastic
material, volcanic ashes, ice lenses and a permafrost layer. The ground
temperature in Deception Island is not only influenced by climatic con-
ditions, but also by a high geothermal heat flux caused by the volcanic
activity on this island (Ramos et al., 1989a). Then, the first meters of
the ground, influenced by the cold-maritime climate is marked by the
presence of permafrost and its active layer, however, due to the geo-
thermal flux from the volcano and its soil moisture characteristics,
the permafrost on Deception Island is shallower than on other near-
by islands (Ramos et al., 2007).

The climate at sea level is cold-maritime, with frequent summer
rainfall in low-lying areas and a moderate annual temperature range
(King and Turner, 1997). The climate reflects the strong influence of
the circum-Antarctic low-pressure system. Meteorological conditions
in summer are dominated by the continuous influence of polar frontal
systems (Styszynska, 2004). Relative humidity is very high, with aver-
age values ranging from 80 to 90%. Long term data from different sta-
tions on King George Island (South Shetland Archipelago) show the
Mean Annual Air Temperature (MAAT) to be approximately −1.6 °C
near sea level and the annual precipitation to be about 500 mm of
water equivalent. Other regional air temperature data taken at different
meteorological stations aroundDeception Island reflect aMAAT ranging
between−3.2 °C and−1.6 °C with an average MAAT value of−2.6 °C
(Hauck et al., 2007). From April to November, average daily tempera-
tures generally stay below 0 °C, whilst from December to March they
generally rise above this temperature. The annual meteorological data
describe two climate cycles corresponding to the annual cycle of soil
freezing and thawing (Ramos et al., 2010b).

The CALM-S site on Deception Islands comprised flat terrain with
volcanic and pyroclastic fragments on the surfaces and was installed
near Crater Lake at 112 m.a.s.l. during the summer of 2006 Antarctic
campaign. Although very porous, the soil has an interstitial water
content, as much as 2.7% (by weight), such as measured by desicca-
tion method (Ramos et al., 1989B). Soils (Cryosoils), due to the vol-
canic nature of the materials are slightly acidic (about pH≈5.5)
(Greenfield, 1992) andnot developed because it formed frompyroclastic

materials and ashes from the 1970 eruption. Locally, the soils are slightly
colonized by mosses and lichens. Geophysical techniques like electrical
resistivity and acoustic propagation and mechanical measurements
made by drilling deep boreholes or probing by means of a drill, estimate
the active layer thickness and indicate that the permafrost layer is thin,
varying between 3 m and 25 m thick, withmaximum active-layer thick-
ness (ALT) of around 33±5 cm (multi annual mean value measured by
probing at the end of the summer seasons, 2006 to 2010) (Ramos et al.,
2007; Ramos et al., 2010a).

3. Experimental method and instrumentation

The GTS-REMS field test site on Deception Island was located at the
CALM-S site. Following the CALM-S protocol the GTS-REMS study site is
placed in a parcel of 1 ha (100 m×100 m) in size, which was subdi-
vided into a grid of 10 m×10 m cells for measuring active layer depth.
In the nodes of this grid active layer depth was determined using the
mechanical probing method with a manual drill at the end of the
summer season (Ramos et al., 2007). Also we implemented an air
temperature sensor (Pt-100, Tinytalk, Orion) mounted on a mast at
1.60 m above the surface and protected by a solar radiation shield,
a snow layer monitoring system was based on the near soil surface
temperature evolution thatwould complement themechanical probing
and ground temperature systems which were placed in shallow bore-
holes (100 cm deep) (Table 1). All sensors in these experiences are
i-Button (by Maxim http://www.maxim-ic.com/products/ibutton/).

The GTS-REMS is a lightweight, low-power and low-cost pyrome-
ter for measuring the Martian surface temperature. The GTS works by
receiving the IR energy radiated by the ground surface, and has a
temperature range of between −123 °C and 27 °C. Designed in accor-
dance with REMS scientific requirements, the GTS aims to achieve an
accuracy of ±5 °C and a resolution of 0.1 °C (Sebastian et al., 2010).
The GTS is mounted on one of the REMS booms (Sebastian et al., 2010),
positioned on the NASA/MSL Rover mast at a height of 1.6 m (Fig. 2).

The GTS Antarctic engineering model and its amplification elec-
tronics were housed inside a protective casing placed in a horizontal
position on the left side of the mast (Fig. 3). The GTS faced the ground
at the bottom of the protective casing, at an approximate height of
1.5 m above the surface, giving a field of view of 0.86 m in diameter.
The GTS engineering model used for the field test included a thermo-
pile in the 8–14 μm band and a flight calibration plate.

Fig. 3 shows the different components of the GTS Antarctic ex-
periment. On the upper part of the mast, an air temperature sensor
(Vaisala Termo-hygrometer, HMP 45A) was housed inside a solar
radiation shield (note that on Mars, the REMS will also provide air
temperature measurements), whilst the data acquisition system, in-
cluding battery (Yuasa 12 V/24 Ah) and solar panel (TGM500 12 V

Fig. 1. Location of the study area on Deception Island (South Shetlands Islands, Maritime Antarctic, 62°43′S, 60°57′W).
Maps taken from the SCAR (Scientific Committee of Antarctic Research) web site.
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(AS)), was mounted on the lower part of the mast (Table 1). To
compare the data products retrieved from GTS measurements (GTS
device casing, left part of the mast, Fig. 3), the surface soil temperature
was also monitored by means of two different standard instruments: a
calibrated Kipp and Zonen CNR1 net radiometer or pyrgeometer (right
part of the mast), and two contact temperature probes, based on a RTD
(Pt100), and mounted in the exact center of square aluminum with

high thermal diffusion plates (10 cm×10 cm×0.5 cm) (Table 1). The
CNR1 net radiometer, mounted approximately 1.5 m above the ground
and facing the ground, was based on a thermopile, as is the GTS, and its
measurement band ranged from 5 μm to 50 μm. The surface plate sen-
sors were buried, within the field of view of the GTS, at approximately
0.5 cm below the surface.

A Grant 4F16 data logger was used for the sampling and recording
system, which, in addition to the amplified thermopile signal, stored
the internal resistance of the thermopile and calibration plate Pt100
temperature sensors and the previously described sensors used for
the field test. The sampling rate was every 5 min.

Close to the GTS-REMS installation node (2, 2) of the CALM site
grid, ground temperature and its temporal evolution at different depths
were also measured, using iButton sensors placed in shallow boreholes
100 cm deep. Sensors were distributed as follows: 2.5; 5.0; 10.0; 20.0;
40.0; 70.0 and 100.0 cm beneath ground level, reaching the permafrost
table. This chain of temperature sensors was used to record data for two
different experimental periods. In the first period, data was recorded
every 3 h between 22/01/2009 (18:00 GMT) and 28/01/2009 (17:00
GMT), whilst in the second period it was recorded every hour between
28/01/2009 (17:00 GMT) and 31/01/2009 (12:00 GMT). The sensor
placed 40 cmdeep started to record data after 28/01/2009 (17:00 GMT).

GTS-REMS data were processed to transform the effective infrared
radiation balance to surface temperatures using the energy balance
model proposed by Sebastian et al. (2010). Taking into account the
emissivity values previously analyzed in the laboratory using soil sam-
ples collected in the study area, soil emissivity was 0.97 (Martín-

Fig. 2. Recreation of the NASA MSL Curiosity Rover on Mars.
Picture taken from the MSL (Mars Science Laboratory) web site.

Table 1
Characteristics of the instruments used in the field test experiment.

Sensor Parameter Range Accuracy

2 x Pt100 plates Soil surface temperature −80 °C to 600 °C ±0.1 °C
(CNR1) Kipp and Zonen Solar short wave incoming (DOWN) and reflecting (UP) 0 to 1000 W/m2 5%
(CNR1) Kipp and Zonnen Infrared radiation down (coming from atmosphere) and

up (coming from soil surface)
−250 to 250 W/m2 10%

Pt 100 and H(%) Air temperature −80 °C to 600 °C ±0.1 °C
Vaisala HMP45A Relative humidity 0 to 100% 5%
iButton (DS1921L) sensor chain. MAXIM Ground temperatures −40 °C to +85 °C ±0.5 °C

(0.06 °C resolution)
Battery (Yuasa 12 V/24 Ah) Power supplied 12 V output
Solar panel.
(TGM-500 12 V (AS))

Power supplied 5 V input
12 V output

Data logger.
Grant 4F16.

Fig. 3. Deployment of the REMS GTS field test at the CALM-S site, located near the Crater Lake on Deception Island at 112 m.a.s.l., on flat terrain with volcanic debris and ashes on
the surface.
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Redondo et al., 2009) and effective atmospheric emissivity was consid-
ered 0.92 (Sherwood, 1981).

In addition, local meteorological parameters (air speed and direc-
tion, air humidity and temperature, solar radiation and precipitation)
were available, having been registered by the meteorological station

sited near the “Gabriel de Castilla” Antarctic Spanish Station (15 m.a.s.l.)
on Deception Island.

4. Data processing and results

During the experimental period (22 to 31 January, 2009) on Decep-
tion Island, the weather was windy (mainly in the daytime), attaining
peak wind speed values of 18 m/s with a North West component. Air
temperature was between 0 °C and 5 °C and air humidity was quite
constant at 85%. Atmospheric pressure at sea level followed a down-
ward trend throughout this period (990 kPa to 975 kPa) (Table 2).

On January 22 and 23, approximately 3 cm of snow fell in the study
area, partially covering the soil surface for 24 h. Fig. 4 shows the direct
and reflected short wave radiation and the albedo measured in the
Crater Lake experiment. The characteristic albedo value (in the range
0.3 to 3 μm) was 0.43 during the period of snow cover, and 0.04 for
the pyroclastic surface (without snow cover).

Table 2
Statistical values of the meteorological parameters measured at the “Gabriel de Castil-
la” Station (15 m.a.s.l) during the experimental period (22 to 31 January, 2009).

Air
humidity

Air
temperature

Wind speed Atmospheric
pressure

(%) (°C) (m/s) (kPa)

5(%) ±0.1 °C ±0.2(m/s) ±2(kPa)

Mean 88 2.8 5.5 984
Maximum 96 6.6 18.6 991
minimum 61 0.4 0 970
SD Deviation 5 1.0 3.6 4.5

Fig. 4. Direct and reflected short wave radiation and the albedo measured during the “Crater Lake” experiment.

Fig. 5. Infrared Earth radiation UP and DOWN and net radiation values during the experimental period.

27M. Ramos et al. / Cold Regions Science and Technology 72 (2012) 23–32
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The four components of earth and solar radiation were measured
directly at Crater Lake by means of a meteorological Kipp and Zonnen
CNR1 pyrgeometer as a part of the experiment (Fig. 5). The radiation
energy balance during the experimental period was studied at the soil
surface test site. Short wave radiation was measured in the spectral
range of 0.3 to 3 μm coming to the sun and sky (DOWN short wave
radiation) and the reflected one coming to the soil surface (UP short
wave radiation) the accumulative addition in the study period is the
balance of each component (DOWN and UP). The solar balance will be
the difference between DOWN and UP components and represent the
net solar energy accumulated by the soil surface. Respects to the long
wave radiation were measured in the spectral range of 5 to 50 μm, the
radiation coming to the sky (DOWN) and emitted by the soil surface
(UP). Long wave balance will be again the difference between DOWN
and UP components. Finally the NET radiation balance in the study
period will be the accumulated energy coming to the short and long
wave components. Table 3 shows the main components of this radia-
tion balance. The period of collecting data for all radiation parameters
was 5 min.

4.1. Surface temperature

Soil surface temperature measure was analyzed using those records
obtained by the meteorological Kipp and Zonnen CNR1 net radiometer,
the data measured by Pt100 plates in direct contact with the soil, located
just below the infrared sensors (left bottom in Fig. 3) and using GTS-
REMS infrared detector. The comparison between soil surface tem-
peratures registered by different instruments (contact plates or in-
frared radiometer sensors CNR1 and GTS) constituted a technique
for identifying differences in soil surface temperatures as recorded
under working field conditions by different instruments. Some of
the little differences observed between contact and infrared measure-
ments (mean Tplate−TsoilGTS≈0.6 °C) may have been due to the ther-
mal inertia of the thermal plate that is covered by a few millimeters
of the soil, in contrast to the infrared method that measured just the

surface temperature bymeans of the indirect pyrometric color method.
In addition, indirect temperatures measured by the infrared method
depended on thermal emissivities (soil and atmosphere) and the al-
gorithm applied whilst contact plates are placed just below the soil
surface.

Main experimental parameter values for day and night periods
during the experience are shown in Figs. 6 and 7. Error values were
given as the differences between the mean soil surface temperature
values registered by the Pt100 soil contact plates and the indirect
soil surface temperature measured by the infrared sensors (GTS and
CNR1) during the study periods (Fig. 6). Short and long (infrared)
wave radiations were calculated by temporal integration of these
radiation components during 6 hour time periods starting from 21/
01/2009, 16:00 to the end of the experiment on 31/01/2009 (Fig. 7).

The data in Figs. 6 and 7 correspond to sunny daytime (0, 12, 24…
hour) and night-time (6, 18, 30…hour) periods. The mean error
between the CNR1 meteorological sensor and the contact plates
(mean value over the complete measured period; 1.9 °C) was greater
than the mean error obtained using the GTS-REMS sensor and the
contact plates (mean value over the complete measured period;
0.6 °C) for all periods (day/night) (Fig. 6). In addition, dispersion of
these differences was also greater during daytime periods, mean
day dispersion error of 0.8 °C for the Tplates–TsoilGTS mean error values
in contrast with 0.3 °C for night. At night, dispersion values were
lower as seen in the differences between the contact plates and the
infrared GTS and CNR1 sensors, indicating that thermopile tempera-
ture stability was better at night than during sunny day.

These differences between the soil surface temperatures obtained
by GTS in contrast with CNR1 sensors can be explained by the fact
that the GTS-REMS sensor applies the complex algorithm of Sebastian
et al. (2010) using emissivity values measured from field samples. In
contrast, the CNR1 meteorological sensor uses Stefan's law of black
body emissivity (ε=1).

However, in most cases the mean difference between the soil
surface temperatures registered, regardless of the instrument used,

Table 3
Main components of the accumulative short and long wave radiation balance on the soil surface at Crater Lake (112 m.a.s.l.) during the experimental period (22 January; 16 h GMT
to 31 January; 12 h GMT, 2009) measured by the meteorological Kipp and Zonnen CNR1 net radiometer.

Solar short wave DOWN Solar short wave UP Solar short wave Long wave UP Long wave DOWN Long wave Net rad.

Balance (MJ/m2) 80±5 3.0±0.2 77±4 250±25 240±25 −10±1 67±5

Fig. 6. Values of the error that is considered the mean (each 6 hour periods) of the differences between soil surface temperature measurements registered by Pt100 contact plates
and these measured by the IR sensors GTS or the CRN1, during the experiment that started in 21/01/2009, 16:00. Tplates (soil surface temperature measured by the contact plates),
Tsoil GTS (estimated soil surface temperature measured by the GTS-REMS sensor), Tsoil CNR1 (estimated soil surface temperature measured by the CNR1 meteorological sensor).

28 M. Ramos et al. / Cold Regions Science and Technology 72 (2012) 23–32
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was less than ±5 °C, which is the maximum admissible deviation
for the GTS-REMS mission design (Sebastian et al., 2010). Values very
rarely exceeded the ±5 °C limit, except in a few isolated instances as
a result of the casing receiving solar radiation producing a heat from
the casing that altered the measurement registered by the GTS device
in contrast with that registered by the CNR1 solar radiometer, which
has a thermal inertial design to avoid these perturbations (Fig. 8).

4.2. Ground temperatures

Fig. 9 shows the temporal evolution of ground temperature for
all the sensors at different depths, it can be seen that thermal evolu-
tion presented periodic behavior in all positions; signals had a com-
mon daily period of approximately 24 h. Thermal amplitude also
varied with depth; greater amplitude values were recorded by the
soil surface contact plate sensors, whilst lower amplitude values were
recorded below the active layer (between 20 and 40 cm for this

experiment). In these cases, amplitude was zero due to the phase
change process that occurs at these depths. Furthermore, a signal
delay, relative to surface temperature evolution, was observed, which
increased with depth. All these effects are related to the heat transfer
process of a periodic signal by conduction and depend onmean thermal
diffusivity, since the active layer zone thaws completely in the summer
and the phase change does not occur in this period.

Temperature evolution data was analyzed applying the periodic
heat transfer conduction approach and using quasi-stationary sinusoi-
dal signal propagation (Ayra, 1988). In this case, attenuation of thermal
amplitude with depth shows the following exponential dependency:

A xð Þ ¼ A0e
−x

d= ð1Þ

d ¼
ffiffiffiffiffiffiffiffiffi
Pα
�
π

q
ð2Þ

Fig. 7. Values of the accumulative short SSW (Solar Short wave Radiation) and long wave IR (Infrared Radiation), radiation calculated each 6 h during the experiment that started in
21/01/2009, 16:00.

Fig. 8. Differences between soil surface temperatures measured by contact plates and those measured by the infrared GTS-REMS sensor are shown in the graph, together with the
evolution of short wave solar radiation during the experimental period. In a few isolated instances as a result of the casing receiving solar radiation producing a heat from the casing
that altered the measurement registered by the GTS device in contrast with that registered by the CNR1 solar radiometer, which has a thermal inertial design to avoid these per-
turbations (see the arrows in the graph).
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where A(x) is the thermal amplitude (°C) at x-depth (m). A0 is the ther-
mal amplitude (°C) on the surface. P is the signal period (s) andα is soil
thermal diffusivity (m2/s).

We applied the heat transfer hypothesis to the study of four
events, selecting the most significant periodic signal behaviors from
among the soil surface and ground temperature sensors, as shown
in Fig. 9. Records of thermal amplitude (semi-differences between
maximumandminimumvalues over a complete period)were extracted
from the data for each depth and the time whenmaximum values were
attained (relative to the soil surface temperature peak). All these
parameters are given in Table 4.

Thermal amplitude A(x) versus depth x plots (Figs. 10 and 11),
show a good exponential fit for all the study events, confirming the
periodic signal hypothesis of conduction heat transfer. Table 5 shows
the exponential fit and the inverse value of the exponential coefficient,
d (cm), and the R2-parameter, which represents the adjusted correla-
tion value.

The standard value of the depth at which thermal amplitude was
zero (Ayra, 1988), for this signal (24-hour period), was considered
approximately 3d=23±3 cm. That corresponds to the measure of
the active layer depth that was verified by mechanical probing across
the CALM site during the experience (Ramos et al., 2008b).

4.3. Thermal diffusivity

In addition, value for apparent thermal diffusivity in the unfrozen
active layer was estimated using Eq. (2). Considering the mean value
found by analysis of the thermal evolution signal d (m) and P (s), we
found: α≈(2.2±0.5) 10−7 m2/s, which is consistent with the range

Fig. 9. Time evolution of the air, soil surface and ground temperatures inside the 100 cm borehole drilled close to the experience in “Crater Lake” experimental site, during the mea-
suring period. The numerated peak corresponds to the study of periodic events.

Table 4
Values for thermal amplitude and delay of periodic signal propagation at the different depths in the active layer zone during the experimental period for the selected signals
shown in Fig. 9.

Fig. 10. Thermal amplitude on 23 January, 2009 versus depth and exponential fit.
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of values obtained by direct analysis of the thermodynamic parame-
ters of soils in the Crater Lake area (Ramos et al., 1989b).

5. Conclusions

A detailed description of the Antarctic experiment based on a field
design of a contactless ground temperature sensor for Mars (GTS-
REMS) has been given. The sensor was field tested in the surround-
ings of the “Gabriel de Castilla” Spanish Antarctic Station on Decep-
tion Island, at Crater Lake, a site with presence of permafrost in
volcanic pyroclastic soil.

In conclusion:

• The performance of the GTS-REMS sensor was evaluated through
comparison with a commercial Kipp and Zonnen CNR1 net radiom-
eter and with direct contact soil surface thermal monitoring. The
degree of adjustment with the CGT-REMS, choosing suitable soil and
atmospheric emissivities and using the color pyrometry method,
was high, with a mean error value of below ±0.6 °C. In all cases,
comparisons with soil surface contact sensors fell within the range
of ±5 °C for both types of radiometer.

• The thermal gradient observed in the GTS casing was due to incom-
ing solar short wave radiation, which heated the casing and the sys-
tem, requiring a period of stabilization that could induce errors in
data recording.

• Analysis of soil gradient temperatures has provided information
about thermal daily characteristics in the soil, such as signal period
and the parameter for attenuation of temperature wave propagation.

• Active layer thickness was calculated with the aid of temperature
recording data using the sinusoidal heat transfer conduction model
in soil, and was consistent with the systematic measures performed
at this experimental station by direct mechanical probing.

• Using periodic soil surface temperature signals and knowing soil ap-
parent thermal diffusivity value in the unfrozen active layer zone, it
would be possible to calculate indirectly the mean of the periodic
heat transfer solution: the temporal evolution of the soil and its active
layer depth.

• In the future, the Mars Science Laboratory mission (NASA) will
provide soil surface temperature data obtained by the GTS-REMS

sensor. These data will be analyzed in order to obtain information
on the thickness of the soil active layer on Mars and the implica-
tions of soil thermodynamics for the possible presence of life.
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