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Abstract. The Limnopolar Lake site (A25), of the Circumpo- 61°1307’ W) (Fig. 1), on Byers Peninsula, Livingston Is-
lar Active Layer Monitoring -South network (CALM-S), is land (South Shetland archipelago), Antarctica (de Pablo et
located on Byers Peninsula, where the active layer thicknesal., 2010). This CALM site, named “Limnopolar Lake”, was
is monitored systematically (by mechanical probing during officially added to the international CALM network in 2012
the thawing season and by temperature devices continuouskys the A25 site in Antarctica (Appendix A). The scientific ob-
since 2009). Air, surface, snow and ground temperature dejective of this experience is to contribute to the international
vices have been installed to monitor ground thermal behavnetwork to study the effect of the global climate evolution of
ior, which is presented and characterized here. We use thactive layer thermal behavior, similarly to the CALM expe-
air and ground mean daily temperature values to define theiences located in Antarctica, like on Deception Island in the
following parameters: maximum, minimum and mean tem- South Shetland archipelago (Ramos et al., 2009a, b, 2014;
peratures, the zero annual thermal amplitude, and the deptRamos and Vieira, 2009; Vieira et al., 2010). To complete the
and position of the top of the permafrost table. The freezingactive layer thickness (ALT) monitoring at the Limnopolar
and thawing seasons (defining their starting dates as well asake CALM-S site, we installed different instruments (Ta-
their length) and the existence of zero curtain periods havédle 1) to monitor the ground thermal behavior in two shallow
also been established. We also derive apparent thermal diffusoreholes (85 and 135cm depth) as well as the air temper-
sivity and plot thermograms to study the thermal behavior ofature and snow coverage (de Pablo et al., 2010, 2013a; Ap-
the ground at different depths and seasons. After this compendix A). The results of the first two years of ALT monitor-
plete thermal characterization of the active layer, we proposéng, at the Limnopolar Lake CALM-S site (de Pablo et al.,
the potential existence of a permafrost table at approximatel\2013a), showed that the mechanical probing measurements
130 cm in depth as well as a former transitional layer abovecorrespond not to the ALT, but to the thawing depth (TD), be-
it, and discuss the role of water in connection with the ther-cause the bottom of the main borehole (130 cm depth) does
mal behavior of the ground during the study period. not reach the depth of the top of the permafrost. This con-
clusion is based on the thermal data from the sensors in-
stalled in the boreholes, showing that if permafrost existed,
it should have been located deeper than 1.35m, i.e., deeper
1 Introduction than the total depth of our boreholes and the standard steel
probe (100 cm) that we use to measure the ALT by mechani-
In early February 2009, a new monitoring site following ca| probing.
the protocols of the Circumpolar Active Layer Monitoring  after five years of monitoring, now we have four complete
South (CALM-S) program (e.g., Brown et al., 2000; Mat- years of air, surface, and ground temperature data (2009—
suoka and Humlum, 2003; Nelson et al., 2004; Matsuoka2012). We use here some of those data (air and ground
2006) was established in the Limnopolar basirf @35’ S,
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722 M. A. de Pablo et al.: Thermal characterization of the active layer

Table 1. Location and characteristics of the sensors installed at the Limnopolar Lake CALM site used here for the thermal characterization
of the active layer.

Instrument Sensor Measurement Frequency Resolution Accuracy
height/depth (h) ©) ©)
(cm)
Air temperature Tynitag 160 1 0.02 0.35
(Plus 2)
Shallow borehole #1 iButton (-)2.5,5, 10, 20, 3 0.0625 0.50

(DS1922L) 40, 70, 100, 130

temperature from the deeper borehole) to conduct the first deperiglacial land forms in the area (patterned grounds, stone
tailed analysis of the ground thermal behavior at this CALM circles, etc.), which has been related to active layer dynamics
site, extending and completing the preliminary results we ob-and permafrost (Lopez-Martinez et al., 1996; Serrano et al.,
tained after the first two years of monitoring (de Pablo et1996).
al., 2013a). The objectives of this characterization are (1) From the geological point of view, this region is charac-
to establish the annual ALT, (2) to analyze the presence oferized by Upper Jurassic—Lower Cretaceous volcanic, vol-
permafrost below the active layer, or the depth at which itcanoclastic and sedimentary materials and intrusive igneous
should be located in case of existence, (3) to determine théodies and Quaternary sediments (Lopez-Martinez et al.,
depth of zero annual thermal amplitude depth, the thermall996), the latter affected by periglacial, glacial, fluvial, and
and surface offsets, the apparent thermal diffusivity of theweathering processes that affected the bedrock after the
ground, the freezing and thawing indexes andiffi@ctor, as  deglaciation of the peninsula over 5000 years ago (Bjérck et
well as their evolution along the time for the study period, al., 1996; Toro et al., 2013). The area surrounding the CALM
and (4) to analyze the ground thermogram for each year taite is characterized by a mantle of gravels, sands, and debris,
determine possible depths with different thermal behaviorslocally forming stone circles, polygonal terrains, patterned
This thermal characterization is the basis for future researctyround, and other periglacial land forms (Lopez-Martinez et
works in this CALM-S site, as well as for the comparative al., 1996, 2012; Otero et al., 2013). The CALM-S site (Fig. 2)
analysis with other nearby CALM-S sites on Deception andis located on the unsorted sandy gravel (locally forming pat-
Livingston islands. terned grounds) east-facing flank of a small smooth ridge in-
side the Limnopolar basin, approximately 2 % in slope, with
a variable water table (locally as shallow as 5 cm at the lower
2 Study area, data and methods part of the site), and without outcrops.

2.1 Study area 2.2 Data and methods

The Limnopolar Lake CALM-S site is located on the Ground thermal characterization is based on the analysis of
smooth undulated plateau (approximately 105ma.s.l.) ofthe data acquired by temperature sensors installed in early
Byers Peninsula, Livingston Island, near the SW shore ofFebruary 2009 to measure air, surface and ground tempera-
Limnopolar Lake (Fig. 1). This peninsula is the largest non-tures. Those sensors are renewed yearly, during the Spanish
glaciated area in the South Shetland archipelago, and it liedntarctic campaigns. The Limnopolar Lake CALM-S site in-
near the climatic boundary of permafrost (Bockheim, 2006;cludes different instruments (Table 1) to measure air temper-
Vieira et al., 2010), i.e., an area where permafrost and activature, snow thickness (by air temperature at different heights
layers are strongly sensitive to small temperature changesn a thermal snowmeter following the methodology outlined
The Byers Peninsula climate is cold, humid and windy. Meanin Lewkowicz, 2008, and also applied by de Pablo et al.,
wind speed is approximately 25 knHr, although speeds 2010), surface soil temperature and ground temperature at
could be as high as 139knth (Toro et al., 2007). The different depths inside two boreholes. Additionally, we also
mean annual air temperature (MAAT) of the area-8.8°C have an automatic photographic camera that takes one pic-
(Bafion, 2001; Toro et al., 2007; Bafion et al., 2013), with ex-ture per day (at noon) to monitor the weather and snow cover
treme temperatures ef27.4 and 9.3C., although during the  evolution along the year.

summer season MAAT is close t6'C. Total annual precip- In this work we analyzel)) the air temperature data ac-
itation is estimated to be 800 mm, and the snow covers thejuired hourly by a Tinytag device from Gemini Co. and
area for 7-8 months a year (de Pablo et al., 2013a). Thes@) ground temperature data acquired at different depths in
climate conditions favor the existence of seasonal frozerthe 135cm depth borehole every three hours by the use
ground, such as is revealed by the presence of extensivef DS1922L iButtons devices from Maxim Co. All the
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Figure 1. Location of the Limnopolar Lake CALM site (A25) on Byers Peninsula, Livingston Island, in the South Shetland archipelago,
Antarctica.

characteristics of temperature devices are shown in Tablevere plotted versus depth in order to fit an exponential curve
1 (and Appendix A). Raw air and ground temperature data(Fig. 4) and to derive the depth of the zero annual thermal
(Fig. 3) were used to obtain mean daily values, and to calcuamplitude by the use of the solution of the one-dimensional
late different thermal parameters as well as to produce plot¢ineal heat transfer problem with the sinusoidal temporal evo-
to help us to understand the thermal behavior of the groundlution of the surface temperature in a homogeneous medium
Most of the calculations and plots presented here are base@.g., Andersland and Ladanyi, 2003):

on the use of the preliminary version of CALM-DAT soft-

ware (de Pablo et al., 2013b) and an Excel spreadsheet (b§ *) = A0 ¢4 @)
Microsoft). We produced a thermal profile of the ground,

which is a key tool for deriving (a) active layer existence and

its depth, (b) permafrost existence, and c) the depth of thg; — M, 2)
zero annual thermal amplitude (Fig. 4). Annual maximum T

temperature values from the deeper sensors in the boreholeghereA is the thermal amplitude (i"C) andP the period (in

(40, 70, 100 and 130cm) were fit to a linear curve versuss) at the surface temperature evolutiens the position vari-
depth in order to derive the maximum depth of the activeable, depth (in m), and the thermal diffusivity (in Ms=1).

layer by extrapolation, and the depth of the top of the per- On the other hand, mean air and ground temperatures were
mafrost. Temperature amplitudes (during a selected periodyised to calculate thermal and surface offsets (Fig. 5). Surface
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Figure 2. (A) Picture of the area in which the CALM site is located on the SW flank of Limnopolar Lake, in a smooth and gently sloped
(<2%) terrain without vegetal coverage. The surface is characterized by fine to coarse m@griedsnetimes organized into patterned
grounds, with the presence of ponds and small moss paf€hes

offset has been calculated in two different ways: first as theson length in days, but they were used to define the dates of
difference between the mean annual temperatures at the suhe seasons’ limits, as well as the zero curtain periods. We
face (2.5cm depth) and the mean annual air temperaturalso defined the limits of the zero curtain periods, which are
(160 cm height). However, the thermal offset, which is de-the periods (at the end of the thawing and at the end of the
fined as the difference between the mean annual temperdreezing seasons) in which the ground temperature reflects
ture at the surface and the temperature at the top of the pethe zero curtain effect, i.e., when the phase transition be-
mafrost, could not be calculated directly since our previoustween water and ice (or vice versa) is retarded because of the
results point to us not reaching the top of the permafrost inrelease of the latent heat (Fig. 7). These periods are defined
the 130 cm deep borehole (de Pablo et al., 2013a). In spitas the date on which the mean daily ground temperatures re-
of that, we approach the thermal offset by using in its cal-main near 0C for a few days; meanwhile the air temperature
culation the mean annual temperature of the ground at thearies. The length in days of each one of those periods (zero
deeper point in our borehole (130 cm). The result should becurtain) at different depths was plotted to analyze their exis-
considered to be a better approach than a real thermal offsetence, behavior and evolution (Fig. 7).

Freezing and thawing periods were defined as the date on Mean daily temperatures of the air and the ground were
which the mean daily air and ground temperatures remairalso used to calculate and plot (Fig. 8) the freezing and thaw-
below 0°C or above it, respectively, ignoring short travels ing indexes (FDD and TDD, respectively), such as the sum-
through this temperature inside each period. The length ofmation of the negative (<@C) (FDD) and positive (>0C)
each period is shown in days (Fig. 6). We did not consider(TDD) temperatures along the freezing and thawing seasons,
the length of the 2009 thawing and 2012 freezing seasonsespectively.
due to the available data being incomplete for those peri-

ods, because instruments were installed in the middle of th _ — o

2009 thawing season, and the last data were recovered du(Tr:—DD o Z (<070 3)

. . . Freezing

ing the 2012 freezing season. Since the data do not represent _ 5

the complete season, we have not used them to calculate sehPD = Z (T >0°C) (4)
Thawing
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Figure 3. Mean daily temperature data of the @) and the ground at different depths in the 130 cm depth borgBjlef the Limnopolar
Lake CALM site, showing the freezing (F), thawing (T) and zero curtain periods (ZC)@rtthe resulting thermogram for the monitoring

period.

whereT is the mean daily temperatur&d).

In order to compare with the previously described calcula-
tion for the depth of the top of the permafrost, the thawingn
index was plotted versus depth and fit to calculate by ex- te
trapolation the depth at which the ground has no positive

_ 7DD
D

surface
D air

(6)

temperatures (Fig. 8). Freezing and thawing indexes of thelhen factor provides a parameter that could be used to an-
surface (calculated by the use of the temperature data at thalyze, among other factors, the isolation between the atmo-
shallower depth in the borehole: 2.5cm depth) and the aiisphere and the ground primarily caused by snow cover (Lu-
(160 cm height) were used to calculate and plot (Fig. 9) thenardini, 1978), since a thick enough snow layer produces a

freezing and thawing factors s andn, respectively) as

buffer effect on the transmission of the temperature from the

the ratio between them (e.g., Lunardini, 1978; Anderslandatmosphere to the ground. In this sense, to analyze the-

and Ladanyi, 2003).

FDD surface

"= T EDDair

(%)

www.solid-earth.net/5/721/2014/

tor and its evolution provides an idea of the snow cover effect
on the thermal behavior of the ground.

Plots of cumulative daily: factors have been developed to
characterize and compare the evolution of the freezing and
thawing periods in the study area, as well as to define the
mean value that characterizes the thermal behavior of the

Solid Earth, 5, 72139, 2014
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Figure 4. (A) Thermal profiles showing minimum (blue), mean Figure 5. (A) Mean annual air and ground temperatures at different

(green) and maximum (red) temperatures of the ground at differenfl€Pths used to derive the thermal and surface offset(Bhtheir

depths in 2009, 2010, 2011 and 2012, and equations of the lineaVolution along the study period.

fitting curve to the maximum temperaturéB) Exponential fitting

curves to the thermal amplitudes of the ground at different depths,

and their corresponding equations, to calculate the top of the perwhere P is the considered period (in sY, is the space vari-

mafrost depth. able, depths (in m), and the thermal amplitude (ifC).
Finally, raw ground temperature data were plotted in a ther-
mogram (temperature at depth versus time) as well as the

atmospheric boundary layer and soil surface interaction ir?°C isotherm in order to study the ground thermal behavior

the area. and its temporal evolution (Fig. 3).

Apparent thermal diffusivity for the freezing and thawing

seasons was also calculated. We used the temperature of the

ground at different depths until 20 cm, by selecting periods of3 Results

a few days in length for each season in which the temperatur

evolution showed a well-defined sinusoidal wave, produce

by solar daily or non-seasonal air temperature variation, toP

calculate the soil’s apparent thermal diffusivity. We then used

the available data in this period to derive, applying Edj. ( terize this polar region: freezing and thawing. The limit dates

?;)dbgl) fi[egvx(; glfﬁtehr: natr:[:e)fijttl.r:dse()r;)éttf?()edtzﬁ;znr;a‘l:iglzfgudsz\gti/heo‘c those seasons are defined by the change in the tempera-
next equation (.g., Andersland and Ladanyi, 2003): ture from positive to negative (start of the freezing period),

or from negative to positive (start of the thawing period).
The starting dates of each period (Table 2) are approxi-

.1 Freezing and thawing seasons

lots of air and ground temperatures (Fig. 3) made it possible
to define the limits of the main thermal seasons that charac-

2

T Xo— X1 mately similar for the upper depths, but somewhat different
o= 7 Ay | (7 in the lower ones, following the slopes previously calculated
In (A—Xi) of 50 and 40dm? in difference. In general, the freezing

Solid Earth, 5, 721739, 2014 www.solid-earth.net/5/721/2014/
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Figure 6. Freezing and thawing period lengths (in days) for each Figure 7. Length (in days) of the zero curtain periods at different
year of the study period, and linear fitting used to derive the depthdepths during the early (left) and late (right) freezing periods.

at which the ground does not have thaw processes, i.e., the depth of
the top of the permafrost.

freezing length, we obtain a depth of 215 cm for the depth at
which the length of the freezing season is 365 days.

season starts between 13 March and 22 March at the sug;
face, and between 10 June and 15 July at 130cm in depth.

The thawing season starts between 13 December and 31 D¢ o years, at the end of the freezing period, we observed
cember at the.surface, and between 2 qanuary and 6 Febris 1o mean daily temperatures the existence of zero curtain
ary at 130 cm in depth. The longer freezing season OCcurre‘E}eriods (Fig. 3). They tend to start on the same day at all
in 2010, while the longer thawing season was registered irljepths, between 7 October and 19 November, or, in general,
2012. : ) with a difference smaller than 10 days (Table 4). Only the

_ The ground at different depths shows thawing and fréezyeener sectors, in selected years, show a delay, starting the
ing periods with WeII-Qefmed lengths, of approximately zero curtain periods in early December. The zero curtain pe-
73=2days for the thawing season and 292 days for the  \joq starts with an increase in the temperatures at all depths
freezing season (Table 3). Those values change with depthy ie same time to reacit G, remaining at that temperature

in the borehole, from the surface to 130cmiin de'pth, ranging,, 4 period of approximately 76 2 days (Fig. 7). However,
from 432 t0 93+ 2 days in the case of the thawing season, yere is a wide variability between the different depths, and
and from 278t 2 to 3144+ 2 days in th_e case of the freezing ¢, the different years, ranging from 352 to 135+ 2 days
season. In general, the shorter freezing period and the longey, length. The zero curtain periods are longer in depth (70 to

thawing period occur in the surface, trending to invert with 19 om), except that the deeper ground in the borehole shows
depth due to the soil thermal inertia. The different beha"'orlengths similar to, or even smaller than, the zero curtain pe-

is observed at 130cm in depth, with similar lengths of the ;4 lengths in the shallower ground.

freezing and thawing periods than at the surface (Fig. 6). In \1qreqver, of the zero curtain period at the end of the freez-
general, 'Fhe thawing season shoyvs more variable lengths thqﬂg period (spring season), we observed that, except at shal-
the freezing season. The fitted linear curve_to the meag Se3aver depths, the ground shows similar zero curtain periods
son length \{glues returns slopes of approximately S08m jring the fall season, in the early freezing season. They are
and 40dm- in the varla_mon of the thawing and_free2|_ng typically shorter, approximately 322 days in length, but
season lengths, respectively. We also used the lineal f'tt'nganging from 25t 2 to 115+ 2 days (Fig. 7). In contrast to
curve of the_thavymg pe“oc?' to deduce the dgpth at which the(he zero curtain periods during the fall, their lengths increase
thawing period is O days in length, or, which is the same, it gepth and they are not recognizable at the shallower
the depth of the top of the permafrost. The result is approx-yenihs. Moreover, of this pattern, we observe abrupt differ-
imately 180 cm in depth. However, this approach does ol ces in the period length at 20 and 70cm in depth, except

consider the data of the deeper sensor (130 cm), which havey 5012 These zero curtain periods were longer in 2010 and
a higher length of the thawing season and a shorter one of thgy 1 » (Table 4).

freezing period than expected, i.e., they do not fit the trend
of the depths above it. By the use of the fitting curve of the

.2 Zero curtain periods

www.solid-earth.net/5/721/2014/ Solid Earth, 5, 72139, 2014
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D (2011) = 0.40 (cm/day) * TDD - 106 cm Ground: TDD= 57°C*P+ 57cm  FDD= 52.6* P -402.9

D (2012) = 0.50 (cm/day) * TDD - 130 cm

Figure 8. (A) Annual accumulated FDD and TDD indexes for the ground at different def@h$:DD and TDD evolution in the study
period with linear fitting curves for the air, surface and 70 cm depth. FDD and TDD pr(@i)eslow for the deduction of a negative balance

for each year, and linear fitting to TDD allows for the deduction of the theoretical depth with null thawing, i.e., the depth of the top of the
permafrost.

A peculiar event was observed in 2012 when data refleca day. In general, higher values are reached at the surface,
two zero curtain periods, on 19 August and on 12 Novem-decreasing in depth (Fig. 8), and the air has higher (absolute)
ber 2012. The first event was approximately one month longyalues of FDD but lower values of TDD: in the first case,
finishing on 8 September due to a new freezing process. Onlyabout double the higher FDD of the ground (at the surface),
the second one was long enough to conduct possibly to thevhile the TDD values are similar to those reached between
complete thawing of the ground. However, this process wa20 and 70 cm in depth.
not completed at the date on which the data sensors were re- The evolution of those indexes along the study period
covered on 22 January 2013, clearly later than the end of thehows an abrupt decrease in FDD and TDD values in 2010,

freezing season in the previous years (Table 4). and a slight decrease in 2012 (Fig. 8). Linear fitting reveals
mean slopes of 21:82.0 and 23. A 14.0°Cdayyr ! for
3.3 Freezing and thawing indexes the TDD in the air and on the ground, respectively, and

mean slopes of 15#2.0 and 32.2-16.0°Cdayyr?! for
Freezing and thawing indexes (FDD and TDD, respectively)the FDD in the air and on the ground, respectively (Table 6).
were calculated by the use of EqB) &nd @) and are summa- In the case of TDD, linear fitting of the curves rises near the
rized in Table 5. The resulting FDD values for the air range 0 °C day value at around 105 and 158 cm in depth (Fig. 8).
from —730+ 73 to—1170+ 117 °C a day, while TDD val- On the other hand, the difference between FDD and
ues range from 727 to 142+ 14 °C a day. On the other TDD provides a negative balance for all depths and years
hand, the FDD for the ground ranges fron664+ 30 to (Fig. 8). In general this balance shows higher absolute values
—105+ 50 °C a day and the TDD ranges from 21 to 290
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Table 2. Starting date (day/month/year) of the freezing (F) and thawing (T) seasons at different depths (in cm).
Depth 2009 2010 2011 2012
F T F T F T F
—25 29Mar2009 24Dec2009 13Mar2010 31Dec2010 22Mar2011 13Dec?2011 18 Mar2012
-5 29 Mar 2009 15Jan2010 13 Mar2010 1Jan2011 22 Mar2011 16 Dec2011 19 Mar 2012
-10 2Apr2009 10Jan2010 18Apr2010 2Jan2011 24 Mar2011 16 Dec 2011 24 Mar 2012
-20 1 Apr 2009 No data 14 Mar 2010 4Jan 2011 25Mar2011 16 Dec 2011 24 Mar 2012
—40 1 Apr 2009 2Jan 2010 21 Mar2010 14 Jan 2011 1Apr2011 30Dec 2011 24 Mar 2012
—70 3Apr2009 15Feb2010 23 Mar2010 5Feb2011 1Apr2011 13Jan2012 30 Mar 2012
—100 5 Apr2009 1Mar2010 20Mar2010 22Feb2011 2Apr2011 21Jan2012 2 Apr2012
—130 26 Mar2009 2 Jan 2010 No data 6 Feb 2011 2Apr2011 21Jan2012 4 Apr2012

Table 3.Length in days of the freezing (F) and thawing (T) seasons at different depths (in cm), and mean value for the studied period.

Depth 2009 2010 2011 2012 Mean
T F T F T F T R T F

—25 48 270 79 293 81 266 96 310 853 2848

5 48 292 57 294 80 269 94 309 77.0 2910
~10 52 283 98 259 81 267 99 304 927 2783
—20 51 296 51 296 80 266 99 304 767 290.5
—40 51 276 78 299 77 273 85 Nodata 80.0 2827
-70 53 318 36 319 55 287 77 298 560 3055
—~100 55 330 19 339 39 294 72 295 433 3145
130 45 282 79 321 55 294 74 293 693 297.5

2 Season incomplete with the available data.

at shallow depths, decreasing quickly to reach an approxi-Later in the season, they oscillate between more constricted
mately constant value, which is different for each year. Thosevalues, trending to stabilize at the end of the season. The cal-
differences are evident in the daily cumulative plot (Fig. 8). culatedns andn; correspond to the value raised by them dur-
In detail, the FDD shows a common behavior along theing the final stable period, while the meanandn; we also

study period, with a slight increase (in absolute values) fromcalculated provide higher values that depend on the ampli-
late February to late March. The FDD increases until Octobertude of the oscillations shown along the respective season.
or November, but with evident flat periods along the freezing The evolution ofzs along the study period shows similar
season, marking a non-constant evolution in those periodspatterns. Except in 2010, where evolution is more gradual,
until the end of the freezing season. This evolution patter isthe ns increases quickly (in a few days) from late March
different for the TDD, with a more constant behavior along to middle April. Two maximum values occur in April or
the thawing season, increasing from late February to late DeMay, and in July. From middle November to early Decem-

cember, and finishing about late February or early March.
3.4 nfactors

We calculated freezing and thawingfactors ¢; and nt,
respectively) by the use of Eqs$)(and @) using the pre-

viously described freezing and thawing indexes (Table 5).

The resulting i are 0.54+0.30, 0.4G:0.25, 0.540.30

and 0.39:0.20 for 2009 to 2012, respectively. On the

other handp; values are 2.8:1.2, 1.2+0.7, 2.1+-1.2 and
2.1+ 1.2, respectively, for the same years (Table 7).

ber values are stable and similar to the calculate(irable

7). This evolution is different for the; for which the values
increase starting from early November to early December,
reaching a maximum in January, decreasing until late March,
and remaining completely stable for the entire freezing sea-
son, reaching a value similar to the calculatgdTable 7).

3.5 Thermogram

The thermograms provide a visual approach to the thermal
evolution of the ground at different depths (Fig. 3). The ther-

Daily cumulativen factors for each year (Fig. 9) change mograms of the study are for the 2009-2012 period, show-
quickly at the beginning of the freezing or thawing seasonsing how the freezing (8C isotherm) reaches the bottom of
(they are low and therefore more sensitive to added valueshe borehole, and how the thawing effect also affects all the

Karunaratner and Burn, 2003, 2004).

www.solid-earth.net/5/721/2014/
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Table 4. Dates (day/month/year) of starting and finishing of the Table 5. Thawing and freezing indexes @ day) of air and the
main zero curtain period during the early finish freezing thermal ground at different depths (in cm), and the resulting difference for
season, and their length in dayseriod still not finished at 22  each depth and year in the 2009—2012 period.

January 2013).
Experiment Depth/ 2009 2010 2011 2012
Depth Start Finish Length Start Finish Length height
2009 —
25 Z Z 0 19Nov2009 24Dec2009 35 Thawing index (TDD)
-5 - - 0 19Nov2009 15Jan2010 57 -
-10 - - 0 19Nov2009 10Jan2010 52 Air 160 72 91 142 126
—20  1Apr2009 26Apr2009 25  20Nov2009 22Jan2010 63 _
—40  1Apr2009 29Apr2009 28  20Nov2009 2 Jan 2010 43 Ground 2.5 143 109 290 264
—~70  3Apr2009 13May2009 40  20Nov2009 15Feb2010 87 -5 133 98 257 252
T130 2oMarz000 1502000 81 28Nov200s 2danz010 5 -0 148 108 238 241
-20 139 101 187 222
2.5 0 = 90ct2010 31Dec2010 83 —40 103 1 103 No data
_2. - - C ec
-5 - - 0 90ct2010  1Jan2011 84 =70 73 47 53 90
_10 - - 0 90ct2010  2Jan 2011 85 —100 63 16 17 52
—20 14Mar2010 20Apr2010 37 90ct2010 4 Jan 2011 87
—40 21 Ma: 2010 2 M;; 2010 42 9 ozt 2010 14 Jaann 2011 97 —130 30 23 21 31
—~70  23Mar2010 30Jun2010 99 90ct2010 5Feb2011 119 —
—~100 20Mar2010 9Jul2010 111  100ct2010 22Feb2011 135 Freezing index (FDD)
130 22Mar2010 15Jul2010 115  3Dec2010 6 Feb 2011 65
2011 Air 160 -1107 -725 -1167 -—-1012
—25 - - 0 70ct2011 13Dec2011 67 Ground -2.5 —598 298 664 —395
-5 - - 0 70ct2011 16 Dec2011 70 -5 —-636 —278 —635 —344
-10 - - 0 70ct2011 16 Dec2011l 70
—20 25Mar2011 4 Apr2011 10 70ct2011 16Dec2011 70 -10 —558 235 612 —342
—40  1Apr2011 13 Apr2011 12 80ct2011 30Dec2011 83 -20 —-547 —-201 -579 -312
—70  1Apr2011 11May2011 40 80ct2011 13Jan2012 97 . . . _
—100 2Apr2011 25 Ma)); 2011 53 90ct2011 21Jan2012 104 40 569 164 519 No data
—~130 2Apr2011  10Jun 2011 69  12Dec2011 21Jan2012 40 —-70 —-503 128 442 —223
2012 —100 -378 —-121 —-403 —-174
_25 - — 0 12 Nov 2012 a —130 —347 —105 —333 —152
-5 19Mar2012 23 Mar 2012 4 12Nov2012 - - -
—10 24Mar2012  1Apr2012 8  12Nov2012 - - Difference (FDD— TDD)
—20 24Mar2012 4 Apr2012 11 13 Nov 2012 - -
—40 24 Mar 2012 No data - No data No data - Air 160 ~1035 —634 —1025 886
—70 30Mar2012  8Jun 2012 70 14 Nov 2012 - -
100 2 Ap?r2012 200n2012 19 15Nov2012 - - Ground -25 —-455 -189 -—-374 -131
130 4Apr2012 29Jun2012 86 12 Nov2012 - - _5 503 -180 —378 _92
-10 -410 -127 374 —-101
-20 —-408 —-100 —392 —-90
In general, the freezing process starts from the surface and :é’g :jgg :gi :g‘ég _133
evolves gradually toward the depth, taking approximately 2 100 -315 -105 -386 —122
months to reach the maximum registered depth. However, 130 -317 -82 312 _121

the thawing process follows a different behavior because, al
though complete thawing of the ground occurs in approxi-
mately 1 month, it does not occur gradually, but in very quick

events affecting only a range of depths. Thermograms show In detail, the thawing of the shallowest ground does not

that the first few tens of centimeters (no more than 30 cm) areStart at the surface, but a few centimeters below it, such as

) . . . occurs in early December 2009, middle November 2010, late
the first to increase their temperature abov&€Pwhile the : ;
. o November 2011, or middle December 2012. The thickness of
rest of the ground remains frozen. This initial event occurs : .
. hese layers that thaw earlier than the surface, as well as their
in 1-2 days. Only a few weeks later does another sector o ) . .
depth, is variable from one year to the other. This process also

the ground thaw. Although thermograms are affected by the

lag of data between 70 and 100 m in depth, we could observgccUrs during the thawing events during the early freezing

how this second thawing event affects the ground betweer - 2o0M such as in early April 2009, middle March 2010, or

30 and 100cm. In a similar way to the shallower ground,even in late April and middle March 2012. In these events,

this event occurs in 1-2 days, while the lower ground still re_the ground initially frozen during the early freezing season is

. ; thawed immediately below the surface, while the surface and
mains frozen. Finally, a few weeks later, we have a complete

thaw of the 130 cm of the monitored ground. This pattern indeeper ground still remain frozen.
the thawing evolution is evident in 2010 and 2011. On the

other hand, in 2009, we observe how the process is similar,

except for the thawing of the bottom depths a few days earlier

than the 30—-70 cm sector.
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1 . ay of the year

Table 6. Slqpe of TDD an_d FDD fCdayyr+) f_or the air and A 0w o w wo am e e e e a0
groundatdlfferentdepthsmthe2009—2012per|od. o.a—llIlIIIIIIIIIHII'lHl”I”I”I”I”I—
07 ] -
Slope CCdayyr 1) v ] 2
Experiment Depth/ TDD FDD 505 -
height £ 04 Iy -
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Thermal profiles show a v-shape design due to a decreas-

ing temperature variability with the depth (Fig. 4). However, Figure 9. Freezing (top) and thawing (bottom)actors for the dif-
maximum and minimum temperature curves are asymmetierentyears.

rical with respect to the mean temperatures as well as with

respect to the @C isotherm, which remains approximatel )
conpstant along the depth of the borehole ('FI)'sze 8). T?w/isdepth was qot reaghed by the 130 cm deep borehole, gnd Its
mean temperature is lower than®© (approximately—1°C) calculation is required, such as we show below. In spite of

in 2009 and 2011, but slightly lower thar?@ in 2010 and that, this characteristic depth should be shallower in 2010
2012. ’ and 2012, when the thermal amplitude at 130 cm in depth is

The thermal profile also shows how the thermal ampli-aS small as 1C.

tude increases near the surface fronfC@7%o 26°C in the
2009-2012 period. In detail, the shape of the curves of the3'7 Top of permafrost depth

maximum and minimum daily temperatures along each yeafrhe maximum of the mean daily temperatures registered by
is also asymmetrical. On the one hand, both have differente geeper sensors installed in the borehole (i.e., 40, 70, 100
patterns for the first 40 cm with a non-linear curve, and for 5n4 130 cm) could be used to deduce by linear extrapolation
the 70-130cm depths, with a linear curve. That asymmesne gepth at which the permafrost, if it exists, should be lo-
try is recognizable in 2010 and 2011. In 2012, there are Nareq, We fit those values to a linear curve in a temperature
data for the 40 cm depth sensor, which explains the 9ap iRersys depth plot, in order to calculate the intersection with
the curves at that depth. The slope (thermal gradient) of thene oo isotherm (Fig. 4). The results are that the maximum
deeper sectors (70-130cm) of the curves is lower in 201Qemperatures should reach®, at 145, 124, 130 and 135 cm
and 2012 due to the approximately constant minimum tem-p gepth, from which we deduce that the depth of the top of
perature near the bottom of the borehole, especially in 2010e permafrost, if it exists, could be located at a mean depth

On the other hand, the curves of maximum and minimuMe¢ 1344 22 cm at the study site during the 2009-2013 study
temperatures are also different, with a more pronounced CUlperiods.

vature in the case of the positive temperatures, marking the
higher thermal amplitude of positive temperatures. 3.8 Zero annual thermal amplitude depth
In any case, the thermal profiles show that, for any year
of the study period, the maximum temperature curves do noBased on the temperature amplitude at different depths for
reach the OC isotherm in the first 130 cm in depth. How- each year (Table 8), we fit an exponential curve following
ever, in 2010 and 2012, the maximum temperature is neakq. (1) (Fig. 4) in order to derive the depth of the zero an-
that isotherm, especially considering th®.5°C of the sen-  nual thermal amplitude, i.e., the depth at which any climatic
sor accuracy. variation with periods smaller than one year is completely at-
Finally, neither maximum nor minimum temperatures con- tenuated (at the range of the inverse o\We obtained values
verge, which means that the zero annual thermal amplitudef d for the years 2009 to 2012, and assuming that the depth

www.solid-earth.net/5/721/2014/ Solid Earth, 5, 72139, 2014
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Table 7.Freezing and thawing indexes {C day) of air and surface, and the resulting freezing and thawfiagtors (dimensionless) for the
different years of the study period, based on calculated mean daily temperatures.

2009 2010 2011 2012

Air Thawing index 72.29 90.86 141.74 126.20
Freezingindex —1106.69 —725.35 —-1166.94 —-1012.44

Surface (2.5 cm) Thawing index 142.67 109.43 290.11 260.27
' Freezing index —597.74 —298.21 —663.88 —394.54
factor Freezing 0.54 0.41 0.57 0.39
" Thawing 1.97 1.20 2.05 2.06

of the zero annual thermal amplitude is approximatedy

Table 8. Maximum, mean and minimum annual temperatures (in

derived the zero annual thermal amplitude depth at approx<C) of the air and the ground at different depths (incm), and the

imately 2.2+0.2 m, 1.4 0.1 m, 2.0+0.2 mand 1.3:0.1

calculated range and amplitude.

m, respectively, for the years 2009 to 2012. Those results
agree with what is shown in the thermal profiles, with higher ,..<urement

Height/depth Max Mean Min Range Amplitude
thermal amplitudes at 130 cm in depth in 2009 and 2011 than ’ 16: 31 ’ P
in 2010 and 2012 (Fig. 4). Ground —25 122 -13 -55 176 8.8
-5 10.2 -15 -5.9 16.1 8.0
3.9 Thermal and surface offsets :;8 21 jjg :ijg 13? 23
—40 3.1 -1.4 —4.4 7.6 3.8
The mean annual temperatures at different depths in the YO D S 2
ground, as well as the mean annual temperature of the air ~130 06 -09 -24 30 15
at 1.6 m in height (Table 8), were used to derive both the 2010
thermal offset (surface—top of the permafrost) and surface Measurement Heightdepth ~ Max  Mean  Min Range Amplitude
offset (air-surface) (Table 9; Fig. 5). We obtained (in abso- é‘rroun 5 _126_2 l :;:; 64 104 o
lute values) 0.£C, 0.0°C, 0.3°C and 0.2°C for the ther- -5 114 -02 -50 164 8.2
mal offset in 2009 to 2012, respectively, with a mean value O S R o2
of 0.241.0°C. On the other hand, we also obtained (in ab- —40 23 02 -19 42 2.1
solute values) 1.8C, 1.5°C, 1.7° C, and 1.8°C for the sur- _138 83 :8; j-‘s‘ ig éé
face offset in the same years, respectively (Fig. 5), with a ~130 02 —02 -11 13 0.7
mean value of 1.6C+ 1.0°C. Both offsets show a simi- 2011
lar pattern, with lower absolute values in 2010, and a dif- Measurement Height/depth ~ Max  Mean Min Range Amplitude
ference between them of approximately 1@. The mean Alr 160 -29
(in absolute values) thermal offset is @2, while the mean Ground 73: 5’;‘ :1:1 :2:3 iéji 18;2
surface offset is 1.7C (in absolute values). -10 93 -11  -60 153 76
—20 6.1 -1.1 —-5.6 11.7 5.9
3.10 Apparent thermal diffusivity 0 16 11 50 ar o
—100 0.6 -1.1 —-34 4.0 2.0
The main parameter describing the thermal properties of 10 02 08 27 29 14
. . . .. 2012
the materials of the ground is the thermal diffusivity. We \easirement Heightidepth ~ Max ~ Mean  Min  Range Amplitude
calculated the apparent thermal diffusivity for the thawing —, 160 o4
season each year by the use of Eq. (7), and the result-Ground -25 184 06 -86 270 135
ing values (Table 10) range from (3t30.2)10" m?s 1 in PO O A A T ol e
2009 to (5.6+0.1)10 " m?s~1 in 2012. During the freez- ~20 108 -04 36 145 7.2
ing season, due to the absence of well-defined sinusoidal 90 Nodata Nodata Nodaw  ~ oo
temperature signals in the data series, it was only calcu- ~100 08 -04 -13 21 11
—130 0.3 -0.4 -11 1.4 0.7

lated in the 2010 freezing season, obtaining a lower value

of (1.86+0.7)10 ' m?s 1,

Solid Earth, 5, 721739, 2014
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Table 9. Surface and thermal offsets (i'C) for each year of the  Table 10. Thermal diffusivity calculated by exponential fitting of

study period. thermal amplitude in a selected period of time in which ground
temperatures at 2.5, 5, 10 and 20 cm depth show a well-defined si-
Measurement 2009 2010 2011 2012 nusoidal pattern.
Thermal offset -04 00 -03 -02 Thermal season Dates Thermal diffusivitylo—7  R?
Surface offset  -1.8 -15 -17 -1.8 (m2s-1y
Thawing 2009  25-28 Feb 2009 4510.2 0.997
Freezing 2009 — - —
Thawing 2010 11-14 Feb 2010 3.69.2 1.000
4 Discussion Freezing 2010 19-22 Apr 2010 1.860.8 0.995
Thawing 2011 18-21 Jan 2011 3:380.7 0.999
. . Freezing 2011 - — _
In this paragraph we present the detailed results of the ground Thawing2012  26-30 Dec 2011 5.56.1 1.000

thermal characterization of the active layer at the Limnopolar Freezing 2012 - - -
Lake CALM site, monitored between early 2009 and early
2013. The Limnopolar Lake CALM data could be used for
comparisons with other CALM sites in the region, for exam- (Otero et al., 2013) with a sand content of approximately
ple with the Crater Lake CALM site located on Deception 46 to 80%, and as coarse sands well selected — SW in the
Island, (e.g., Ramos et al., 2009a, 2009b, 2014; Ramos andnified Soils Classification System — (Molina et al., 2013),
Vieira, 2009; Vieira et al., 2010), to establish analogies andwhich agrees with our results and supports our interpreta-
differences that could help to define the active layer charactions of the nature of the materials and the description of the
teristics (and permafrost depth) in this region. Also, we cansurface materials (de Pablo et al., 2013a; Otero et al., 2013).
compare the different CALM data with the regional weather The high water content of the soils was evident during
and climate evolution in the South Shetland archipelago areahe fieldwork since ponds were visible at located sites of the
However, those results are also necessary to allow compara-imnopolar Lake CALM site (those located at lower eleva-
tive analyses with other CALM sites all around the world tions), and the water table level during the thawing season
with similar thermal properties and environmental conditionscould be as high as a few centimeters (Fig. 3). Fieldwork at
(climate, geology, topography, vegetation), as well as the bathe end of the freezing season also revealed that the ground
sis for future frozen ground trend analyses taking into ac-remained frozen and cemented by ice until the surface be-
count the global warming scenarios. low the snow and ice layer covering the study area. Although
Moreover, this characterization and the detailed analysesve did not study here the snow thickness evolution, previous
of some of those results could help us to understand thavorks on this area revealed that the snow cover thickness
properties of the ground at this CALM site better, which is could reach more than 80 cm (de Pablo et al., 2013a), which
fundamental to the correct interpretation of the results fromprovides, during the thawing season, a significant volume of
the past and future active layer thickness monitoring at thiswater that could explain the enrichment in the water of the
CALM site (e.g., de Pablo et al., 2013a). For that reason, herenaterials forming the ground.
we study in depth some of the results shown above. The presence of water in the ground is also revealed by
The values of the apparent thermal diffusivity that we havethe long zero curtain periods we were able to define in the
calculated for the thawing season, 3.3-5.60 ' m?s~1 temperature data of the borehole (Fig. 7; Table 4). Zero cur-
(Table 10), are similar to the values obtained in previoustain periods are usually related to ice melting because the re-
calculations by iterative methods (de Pablo et al., 2013a)ceived heat (from the Sun and the atmosphere) is consumed
and are consistent with sedimentary materials and soils withn the phase change process of the water better than by in-
significant water content (e.g., Campbell and Norman, 2000)creasing the temperature of the ground materials (e.g., An-
Those values point in the same direction as the thawing dersland and Ladanyi, 2003). Therefore the long zero curtain
factor values we obtained close to 2, which are usual valueperiods that we observed at the end of the freezing season, as
for sand and gravels (see Andersland and Ladanyi, 2003 anlibng as 90 days on the surface, imply high water content in
references therein). However, both apparent thermal diffusivihe materials. Moreover, variable lengths of those zero cur-
ity in freezing season and freezimgfactors are lower than tain periods could be related to different heat exchange mech-
expected for the same materials. This reduction in the val-anisms, but also to different water content each year, proba-
ues could be related to high water content (ice) during thebly due to differences in snow cover. However, zero curtain
freezing season, because the freezinfgctor for sand and periods not only occur on the surface, but at all depths in the
gravel should be around 0.9, but we obtained values of apground (for the 130 cm we are able to monitor), with slight
proximately 0.45, which are approximately the values of sed-increasing lengths with depth (Fig. 7), which could be related
iments and soils under snow (see Andersland and Ladanyio the delay in the thermal wave penetration, but, in any case,
2003 and references therein). The soils of the area in whicldue to water content in the ground. A singular behavior could
the CALM site is located have been classified as sandy loanibe observed at 130 cm in depth, at which the length of the
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zero curtain periods at the end of the freezing period is apshould be zero (if the ground remains constantly frozen), of
proximately one third to half of the length of the same period approximately 180 cm; (4) the range of depths at which the
at 100 cm in depth. This behavior does not occur during theTDD should be zero, of approximately 105 to 168 cm; (5) the
zero curtain periods in the early freezing season, where thaull slope of the TDD along the studied period and the nega-
shallower ground does not show this thermal behavior (Tabldive slope of FDD (increasing values trend); (6) the negative
4). balance between TDD and FDD; (7) the stable negative mean
The absence of zero curtain periods in shallower groundemperature of the ground; and 8) the temperatures ng@r 0
during the early freezing period could be explained by theat 130 cm depth, as seen in the thermal profiles.
absence of water (at the borehole site). The complete melt of Although we could not confirm with our thermal data from
the snow cover in the early thawing season, the subsurfacthe 130 cm deep borehole that there is a permafrost table
water flow and the evaporation could dry the upper 15 cm ofbelow the active layer, we found its presence more reason-
the ground, while the rest of the terrain remains wet, whichable than what we had expected (de Pablo et al., 2013a); a
results in an increasing zero curtain period in the early freez-deeper borehole should be necessary to confirm and moni-
ing season (Table 4). This level is coincident with the level attor it. However, other regional studies confirm the presence
which the 0°C isotherm showed up on thermograms (Fig. 3). of permafrost on Byers Peninsula (e.g., Lépez-Martinez et
Firstly, freeze during the early freezing period, and the firstinal., 1996; Serrano et al., 1996), and, for that reason, the
thaw during the late freezing season. In fact, this level couldpermafrost existence proposed here agrees with the regional
be related to subsurface water flow during the early snowcontext. We also had direct evidence of a frozen table pres-
cover melting at the borehole location, since the date of thissnce below the surface during the borehole drilling in Febru-
shallow level thaw is coincident with the date of the snow ary 2009. The drilling engine we used (STIHL BT 121) al-
cover melting (as seen in de Pablo et al., 2013a). lows drilling of more than 2 m in sedimentary materials such
On the other hand, the lengths of zero curtain periods aas those forming the surface of both the Limnopolar Lake
the end of the freezing season are approximately similar foiCALM sites.
all depths (although slightly increasing with depth), except The increasing drilling complexity from 110 cm in depth
for the deeper ground (130 cm in depth), where the length isand the thermal behavior observed on the thermograms
clearly lower, as we described above. We propose here thgfFig. 3) could point towards the presence of a former tran-
the existence of liquid water at this level in the ground could sition layer or a zone-like relict transition in the ground (e.g.,
explain this behavior. The water coming from snow cover Bockheim and Hinkel, 2005). Many other observations and
melt could percolate in the ground until reaching this depth,calculations point in that direction. In fact, except near ponds
melting the ice quickly before the thermal wave from the sur-on the CALM site, we never obtained deeper thawing depths
face reaches that depth. Thermograms (Fig. 3) show that, ilmf 100 cm when measuring the active layer thickness by me-
general, the ground thaws from the surface to the depth athanical probing (de Pablo et al., 2013a), and this agrees with
the borehole location. The water could then not come fromthe variable depths of the top of the permafrost we obtained
the surface directly on top of the borehole, but from the sur-of 124 to 145 cm, and the variable depth of the zero annual
rounding area. thermal amplitude depth, between the 130 and 200cm we
Pictures of the basin show that the higher elevations ofcalculated above. Thermographs also show how the ground
the ridge on which the CALM site is located are the first to below 100 cm in depth remained frozen for longer during the
lose the snow cover. The resulting melt water could percothawing season, although it finally melts in early February
late, producing a subsurface flow due to the 2 % on the slopéexcept in 2013, when it still remained frozen at that date). In
of the area. Moreover, taking into account that the Limnopo-any case, this possible permafrost table should be considered
lar Lake CALM site is located at the top and a flank of a low unstable due to the mean temperatures of the ground: slightly
ridge in the middle of a basin (Otero et al., 2013; de Pablo efower than O°C in the first 130 cm of the ground (Fig. 4). It
al., 2013a), we speculate that there is no regional subsurfacie then sensitive to any change in the environmental condi-
source of the water, and all the water that could contain theions, especially air temperature and snow cover, which could
materials in the ground should remain there from one year tgoroduce a different thermal behavior in the ground, such as
the other, or infiltrate from the surface due to melting of the revealed by the thermograms (Fig. 3).
SNOW cover. Finally, four years of data are not enough to analyze ther-
The reason this possible water flow occurs at that depthmal trends of the ground, which, from different points of
could be related, from our point of view, to the existence view, do not show a clear behavior in the study period. In fact,
of permafrost (as an impermeable layer) below the activeall the values and plots described and discussed here seem
layer. We based this proposal on (1) the calculated depth ohot to reflect a clear trend, but a peculiar behavior in which
the top of the permafrost at approximately 134 cm in depth,data from 2009 and 2011 show approximately similar values,
which agrees with (2) the general reducing thawing periodbut different than those obtained by data from 2010 and 2012,
and indexes, and increasing freezing period and indexes witlsuch as seen in thermal profiles (Fig. 4), thermal amplitude
depth; (3) the ranges of depths at which the thawing seasofFig. 4), the zero annual thermal amplitude depth, surface and

Solid Earth, 5, 721739, 2014 www.solid-earth.net/5/721/2014/



M. A. de Pablo et al.: Thermal characterization of the active layer 735

thermal offsets (Fig. 5), FDD and TDD indexes (Fig. 8), or content in the ground, and their lengths increase with
thermogram (Fig. 3) plots. However, the mean air tempera- depth until 135 days, except at 130 cm in depth, showing
ture has been slightly increasing in the study period, as well similar values as in the surface during the late freezing
as the TDD indexes and the thawindgactor. Although we season.

could not conclude this from the available data, the ground

seems to increase its temperature. To extend the time series — | N€ depth of the top of the permafrost should be approx-
data and to drill a deeper borehole in the area, itis fundamen- ~ imately 135cm, and the zero annual thermal amplitude
tal to study the thermal trend and to monitor the active layer ~ Petween 140 and 220 cm in depth.

and the possible unstable permafrost layer and a possible for- _
mer transitional layer we propose to exist below it.

In any case, the different behavior we observed in the data
during the study period points toward the important role that
water plays in the thermal evolution of the ground at this
CALM site, probably due to the water infiltration from the
surface due to snow cover melt. Analyzing this role in detail On the other hand, based on the data and their behavior,
should be necessary to confirm the differences observed eachke propose the existence of a permafrost table below the ac-
year, and to allow an understanding of future behaviors, wetive layer, whose top is located at a depth of approximately
could observe further data analysis in future years. 120-140 cm, which means that the temperature is néar, 0

and which therefore makes it sensitive to any environmen-
] tal change, such as an increase in the air temperatures, snow
5 Conclusions cover changes, and the existence of groundwater. A possible
former transitional layer from 100 cm in depth could exist, in

The analyses of thermal data from air and ground at dlffer'agreement with the observations in the thermal data, during

ent depths allowed us to reach the object|v¢ of the prese%e borehole drilling and the mechanical probing, to measure
research: to characterize the thermal behavior of the terral@ne active layer thickness in each thawing season

at the L|mnopolgr Lake CALM site. , No trends could be derived from the available thermal
we chgractgrlzed the gr_ound of the CALM site for the data, although a slight warming of the air and ground appears
study period with the following parameters: on the data evolution fitting. Once the thermal characteriza-
— The mean ground temperature ranges from aprroxi-_tion hgs been estaplishgd by this work, to continye monitor-
mately—1.2°C to —0.2°C, with thermal amplitudes of N9 this the CALM s_lte will co_ntrlbute to the definition of the _
approximately 14C at the surface and 0°T at 130 cm thermal trend and its evolution, and a deeper borehole will
in depth. help to confirm the presence of permafrost and to character-
ize and monitor it.
— The freezing season starts between middle March and
early April, and has a length of approximately 290 days,
resulting in an FDD index that ranges froml05 to
—664°Cd1, gradually decreasing (in absolute value)
with depth. The freezing factor ranges from 0.39 to
0.54.

Thermograms show specific behaviors of the ground at
different depths, especially the shallower 20 cm: the first
of thawing at the end of the freezing season, and the
ground below 100 cm in depth, which remains frozen

for longer during the thawing season.

— The thawing season starts between late December and
late February (depending on the depth), and has a length
of 75 days, and its TDD index of the ground ranges from
16 to 290°Cd~1. The thawingn factor ranges from
1.02 to 2.06.

— The mean thermal offset is 1°&, while the mean sur-
face offset is 0.2C.

— The apparent thermal diffusivity during the thawing sea-
son ranged from 3.8 10~/ t0 5.56x 10’ m?s~1, val-
ues that agree with sedimentary materials with signifi-
cant water content.

— Zero curtain periods exist during in both early and late
freezing seasons, marking the presence of high water
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Appendix A: Limnopolar Lake CALM site definition

Table Al. Descriptive form of the Limnopolar Lake CALM-S site on Byers Peninsula (Livingston Island, Antarctica), and the monitoring
instrumentation.

CALM SITE LIMNOPOLAR LAKE

Site code A25

Site name Limnopolar Lake

Responsible for data submission M. A. de Pablo

Email address miguelangel.depablo“-at-"uah.es
Institution/organization Universidad de Alcala (UAH)
Location description Limnopolar Lake basin, Byers Peninsula, Livingston Island, Antarctica
Location lat. 62°3859.1' S

Location lon. 61°06'16.9' W

Elevation avg. (m) 80

Methods grid 100x 100 m

Methods: other

— Air temperature (at 1.6 m height over the surface)

— Surface temperature

— Ground temperature (2 boreholes: 1.35 and 0.85 cm)

— Snow cover (1 mast with array an array of temperature sensors)

— Time-lapse camera (1 picture per day at noon)

— Distributed surface temperature (36 surface temperature sensors distributed in the CALM grid)

— Distributed snow cover (9 small masts distributed in the CALM grid with arrays of temperature sensors)

— Soils creeping (immediately outside the grid to ensure the non-disturbance of the surface during the ALT measurement)

Dry to wet, depending of the sector of the CALM
site. Saturated at selected nodes.

General description of soil moisture (dry, moist, wet, saturated)

Landscape description | Outer coastal plain, drained lake basins
Vegetation/classification | Mostly uncovered. Locally, small moss patches.
Soils (or material) | Periglacial deposit. Talus scree. Sand to gravel.
Thaw depth measurements (year started) | 2009

Air temperature measurements (year started) | 2009

Snow cover measurements (year started) | 2009

Distributed snow cover measurements (year started) | 2013

Surface temperature measurements (year started) | 2009

Distributed surface temperature measurements (year started) | 2012

Ground temperature measurements (year started) | 2009

Time-lapse camera (year started) | 2009

Soil creeping (year started) | 2012

Soil texture: if non-organic describes texture, if organic indicates thickness qf tHen-organic layer; mineral texture — variable from
organic layer (cm). sandy load to coarse gravel. Some nodes are silts

Additional information

Additional thaw depth measurements are done at (A) 3 sites with fn grids (9 nodes) at different locations inside the CALM site grid,
measured every 2 days to see the evolution of the soil thaw; (B) 1 detail sitd@@n (36 nodes) of a representative sector of the main

CALM site, to provide more detailed measurements of the active layer evolution. Those additional measurements are carried out when
there is enough available time during the Antarctic campaign in the protected region of Byers Peninsula.

During the ALT measurement by mechanical probing of the Limnopolar Lake CALM site, additional measurements of surface and soil
temperatures, and surface and subsurface (5cm depth) unconfined, unconsolidated non-drained soil resistance, are also done in each
node, when time is available during the Antarctic campaign.
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Table Al. Continued.

SOIL DESCRIPTION:

Sand to gravel
SAMPLING DESIGN AND METHOD:

100x 100 m grid surveyed and permanently staked in the edge by stakes separated by 10 m, yieldirglarafray of sampling

nodes. Thaw depth sampling was conducted twice by manual probing at each node of the grid. The two values for each sampling point
are averaged, yielding a maximum of 121 data points per grid per probing date during the thawing season (normally the last days of
January or early February, due to logistical requirements during Antarctic campaigns). The active layer was not measured at locations
where grid points are covered by a thick layer of ice and snow, since the ground remains frozen.

Other information

We have instruments measuring different parameters: air temperature (hourly measurements by the Tinytag device by Gemini), surface
temperature (3 h measurements by iButton devices from Maxim), snow thickness (based on the use of an array of temperature sensors
mounted on a wooden mast at 2.5, 5, 10, 20, 40, 80, and 160 cm height by iButton devices), and ground temperature, at 2 boreholes
of 135cm and 85 cm depth. Measurements are done at 2.5, 5, 10, 20, 40, 70, 100, and 130cm, and 2.5, 5, 10, 20, 40, 70, and 80cm,
respectively, by iButton devices. Moreover, we installed 9 small masts regularly distributed at the CALM site to derive snow thickness.
36 temperature sensors, regularly distributed at the CALM site, also measure surface temperature along the grid. A meteorological
station was installed in 2006 by another research team, who search their data with us to complete our data. A time-lapse camera
acquires 1 image per day of the CALM site and the surrounding area in order to observe the evolution of the weather, snow coverage
and watersheet of the nearby Limnopolar Lake.
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