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Abstract

:

The Antarctic Peninsula (AP) region has been one of the regions on Earth with strongest warming since 1950. However, the northwest of the AP showed a cooling from 2000 to 2015, which had local consequences with an increase in snow accumulation and a deceleration in the loss of mass from glaciers. In this paper, we studied the effects of increased snow accumulation in the permafrost thermal regime in two boreholes (PG1 and PG2) in Livingston Island, South Shetlands Archipelago, from 2009 to 2015. The two boreholes located c. 300 m apart but at similar elevation showed different snow accumulation, with PG2 becoming completely covered with snow all year long, while the other remained mostly snow free during the summer. The analysis of the thermal regimes and of the estimated soil surface energy exchange during the study period showed the effects of snow insulation in reducing the active layer thickness. These effects were especially relevant in PG2, which transitioned from a subaerial to a subnival regime. There, permafrost aggraded from below, with the active layer completely disappearing and the efficiency of thermal insulation by the snowpack prevailing in the thermal regime. This situation may be used as an analogue for the transition from a periglacial to a subglacial environment in longer periods of cooling in the paleoenvironmental record.
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1. Introduction


The analysis of multi-annual permafrost thermal regimes allows determining the energy balance between the soil and the atmospheric boundary layer, which depends on climatic variability, the buffer interfacing between the soil and atmosphere, soil thermophysical properties, and the geothermal gradient [1]. In polar regions, where vegetation cover is scarce or absent, seasonal snow is the main factor generating ground thermal insulation, a key factor for the thermal regime of permafrost [2].



The thermal regime of permafrost in Maritime Antarctica has received increasing research attention since the Fourth International Polar Year (2007–2008), following the installation of several boreholes in the Antarctic Peninsula and nearby islands [3,4]. Those actions are based in the protocol of the programs Circumpolar Active Layer Monitoring (CALM) and Thermal State of Permafrost (TSP) of the International Permafrost Association (IPA), which were initially launched in the boreal regions but were subsequently extended to the Southern Hemisphere [5,6]. The goal of these programs was to install a network of boreholes with adequate depths to perform direct measurements of ground temperature and thus determine inter annual changes in the permafrost thermal regime, reaching in many cases the depth of zero annual temperature amplitude (ZAA). The measurements of the temperature gradients from these boreholes feed into a global dataset of permafrost temperature time series—the Global Terrestrial Network for Permafrost (GTN-P) to evaluate temperature variability across permafrost regions [4] and to analyse the behaviour of the active layer thickness (ALT). Records of the ground temperature gradient at near-surface and deep levels of a borehole can be used to extract information about the ALT and ZAA, respectively [7]. By assuming that conductive energy fluxes dominate the ground energy balance and that advection is negligible, the profiles of annual maximum and minimum temperatures above the ZAA depth, allow estimating the annual heat exchange between the ground and the lower limit of the atmospheric boundary layer [8].



Our study area is in Livingston Island (South Shetland Islands, Antarctic), in the vicinity of Juan Carlos I Spanish Antarctic Station (BAE JCI). This region has witnessed a marked rise in mean annual air temperature (MAAT) over the past 70 years and is one of the global hot spots of climate warming. MAAT increased by ~+0.56 °C/decade from 1951 to 2000, followed by a statistically significant cooling in the first decade of the 21st century [9,10], with the series showing a new warming trend after 2015 (Figure 1). With MAAT in the South Shetlands at around −2 °C (Bellingshausen station = −2.1 °C for 1981–2010, [10], the region is close to the freezing point of water, and climate change may have a profound effect on the permafrost thermal regime [11].



From 2009 to 2015, Livingston Island experienced an increase in the duration and thickness of snow cover [13,14], with also a deceleration in the surface mass balance (SMB) losses of Johnsons and Hurd glaciers, noticed when comparing 1957–2000 and 2002–2011. Navarro et al. attribute this decrease to a combination of increased winter snow accumulation and decreased summer melt [15,16]. These changes have also affected lichen communities, which have suffered decreases in cover density and even retreat due to the increased duration of snow cover [17].



We analyse the temperature gradient in two permafrost boreholes (Permamodel-Gulbenkian 1 and 2—PG1 and PG2) drilled in massive quartzite bedrock. The two boreholes are at high-elevation and wind-exposed localities, some 300 m apart and were selected due to the snow-free conditions of the ground during the summer. However, PG2, located close to Hurd Glacier, has become fully snow covered since 2009, with a dense snowpack with multiple ice layers, surpassing 3.5 m in 2015.



The main objectives of this paper are: (i) presenting a comparative study of the inter-annual thermal regime of both boreholes aimed at assessing the thermal effect of the insulating snow pack by analysing the energy exchange using the enthalpy method [8], (ii) expand the understanding on the ground thermal behaviour in the transition stage from a periglacial to a glacial regime in a Maritime Antarctic environment.




2. Study Area


The study area is on Mount Reina Sofia in Hurd Peninsula (Livingston Island, South Shetland Islands) (Figure 2). As part of the Thermal State of Permafrost (TSP) program, launched in the IPY [3], two neighbouring locations have been selected to drill the permafrost boreholes PG1 and PG2, which were equipped with sensors for continuous measurement of the ground temperature gradient. The area was selected, following a detailed assessment of shallow permafrost and active layer temperature [18], as well as geophysical surveys (electrical resistivity tomography and refraction seismics) to characterise permafrost distribution [19].



Livingston Island shows a polar maritime climate with frequent precipitation that frequently falls as rain in the summer (annual precipitation = 414 mm), the relative humidity throughout the year is close to saturation especially in the summer (mean annual = 83%), with a MAAT of −1.2 °C at sea-level [20,21]. From November to March, the daily temperature can rise above 0 °C with a mean summer air temperature close to 1.9 °C. The annual maximum temperature recorded at the Spanish Station Juan Carlos I (BAE JCI, 62°39′48″ S, 60°23′19″ W; 13 m a.s.l.) from 1988 to 2014 was 15.5 °C, while the annual minimum temperature was −22.6 °C [20,21].



Mount Reina Sofia is a rocky peak carved in the Myers Bluff Formation, dominated by quartzite and shales, with a surficial frost shattered diamicton showing the development of stone circles [22]. This is the setting of borehole PG1, drilled in the flat summit area, which is mostly snow free in the summer and has only a limited accumulation in winter due to the strong winds [23]. PG2 is located close in a convex rock outcrop in the vicinity to Hurd Glacier, initially snow free, but it has become snow covered all year long since 2009.



The fundamental difference between the boreholes PG1 and PG2 is their exposure to winds from the south that blow the snow from at the summit where PG1 is located, and the susceptibility to the accumulation of snow at PG2 that accumulates snow drift, close to the glacier. Figure 2 illustrates these differences and the snow accumulation from 2008 to 2015. The summit area (PG1) remained virtually snow-free in the summer, with no significant variation during the study period; whereas, PG2 witnessed the formation of an accumulation of ice and snow, which was over 3.5 m thick in 2015 (Figure 2F,H).




3. Methods


3.1. Ground Temperature, Air Temperature, and Snow Thickness


The two boreholes used for the analysis were drilled in February 2008. PG1 is at the top of Reina Sofía Mount (271 m a.s.l.) and is 25 m deep (Figure 2E,G), and PG2, which is 15 m deep, is located in a rock knob close to Hurd Glacier at 255 m a.s.l., about 300 m SSW of PG1 [24] (Figure 2F,H). PG1 has been subject previously to electrical resistivity tomography indicating an ALT of 0.5 to 1.1 m with low electrical resistivity. Down to about 16 m depth, resistivity indicated a rocky zone with low ice content [19]. Both boreholes were drilled in similar quartzite bedrock with thermal conductivity in the range of 2.6 to 3.3 W/m K and thermal diffusivity from 1.1 × 10−6 to 1.6 × 10−6 m2/s [25]. The boreholes are equipped with long thermometric chains and dataloggers and a similar sensor distance following the TSP protocol [24,26]. In the case of PG1, we used a thermometric chain with 20 measurement levels consisting of YSI 44031 thermistors with an accuracy of ± 0.1 °C (Table 1). This chain was supplemented with an air temperature sensor Vaisala HMP45D (Vaisala Company. Vantaa, Finland) with Pt100 platinum resistance with an accuracy better than ± 0.1 °C, protected with a solar radiation shield, mounted on a mast at a 1.5 m. All the sensors were connected to a CR1000 Data Acquisition System (DAS) via an AM 16/32 multiplexer (Campbell Scientific Ltd. Barcelona, España). Measurements were recorded every 5 min, and mean hourly values were stored. A failure of the PG1 DAS in April 2012 resulted in a loss ground temperature data until the end of 2013, resulting in an incomplete data series during that period.



PG2 is equipped with individual iButton DS1922L (Maxim Integrated. San Jose, CA, USA) miniloggers for each of the 16 measured depths, with an accuracy of ±0.125 °C [27], which recorded simultaneous measurements every 3 h (Table 1).



Snow thickness was measured using two procedures. In PG1, we used thermo-snow-meters [13], allowing us to estimate the snow thickness by analysing the daily variability of air temperature using sensors at different heights in a mast [28]. The resolution of this method depends on the vertical separation between sensors, which in this case were iButton DS1922L miniloggers at 2, 5, 10, 20 40, 80, and 160 cm heights. Despite the low precision of the snow cover heights derived from this method, the results allow for a general overview of the annual snow cover evolution. These data allowed us to estimate the number of days with snow cover and the snow index representing the accumulated daily snow depth in meters, from the day of snow inception to snow melt [28,29]. Snow thickness in PG2 was measured at the time of the summer data collection, in January or February each year, by digging a pit and using a measuring tape with an accuracy of ±2.0 cm.




3.2. Determination of the Active Layer Thickness


The ALT was calculated from the best-fit of the annual maximum temperature profile in the ground (TM) to a logarithmic equation, allowing us to identify the depth at which the function equals 0 °C. By accounting that maximum (TM) and minimum annual temperature (Tm) distributions fit logarithmic functions, respectively:


   T M   ( x )  =  A M   Ln   x  +      B   M   



(1)






   T m   ( x )  =  A m   Ln   x  +      B   m   



(2)







Table 2a,b shows the fit parameters of the functions that represent the maximum (TM, 1) and minimum (Tm, 2) annual soil temperature. Applying the condition that shows the interception between the annual maximum temperature and the 0 °C isotherm, we can write:


   (   T M   ( x )  =  A M       Ln   X    ATL   +      B     M      = 0   ° C  )  →  X  ALT   =  e  −  (     B M     A M     )     



(3)







And finally, we obtain the ALT value XALT.




3.3. Determination of the Zero Annual Amplitude Depth


The maximum and minimum annual temperature at each depth provide information on the annual thermal amplitude. The ZAA was considered to be the depth at which the difference between the maximum and minimum annual temperature is smaller than the accuracy interval of the temperature measurement:


TM − Tm ≤ ∆ (sensor interval accuracy)








where:


   T M  −  T m  =  (   A M  −  A m   )  Ln  ( x )  +  (   B M  −  B m   )  =  A ′   Ln   ( x )  +  B ′   



(4)







Then:


   X  ZAA   =  e   (    ∆ −  B ′     A ′     )     



(5)








3.4. Calculation of the Net Energy Exchange (H)


The annual net energy exchange (H) in the permafrost system was calculated as a function of the area between the logarithmic fit representing the maximum and minimum ground temperature profiles each year as shown in equation (6). The limits of integration are the soil surface of the system (x = 0 m) and the depth of zero annual amplitude (x = XZAA).



The area between the maximum (TM(x)) and minimum (Tm(x)) annual temperature depth functions that have the value of the definite integral of (3) between the limits x = 0 m (soil surface) and x = XZAA (position of the zero annual thermal amplitude) determines the integrated annual value of the energy exchange for the soil system across the soil surface, by applying the enthalpic method [8].


  H  (   J   m 2     )  =  K α    ∫  0   X  ZAA      (   T M   ( x )  −  T m   ( x )   )  dx  



(6)







Finally:


  H  (   J   m 2     )  =  K α   [     A ′ Ln   X    ZAA   +    B ′  −  A ′   ]   X  ZAA    



(7)




where k (W/mK) is the thermal conductivity, and α (m2/s) is the thermal diffusivity. This procedure allowed us to calculate the energy exchange in both boreholes (H). The analysis of H, ALT, and ZAA allows to estimate the effect of snow insulation by comparing the PG1 and PG2.





4. Results


4.1. Evolution of Air Temperature and Snow Thickness


Mean annual air temperature at Mount Reina Sofia for 2003 to 2015 are shown in Figure 3, with a mean for the period of −4.5 °C, and with −4.2 °C for 2008 to 2015. From 2005 to 2011, MAAT were lower than or close to the mean, while after 2012, MAAT were close to those recorded prior to 2005. The lowest MAAT in the series was in 2007 (−6.5 °C) and the maximum in 2014 (−2.9 °C).



Snow cover at PG1 was characterized by an increment of duration along the period, with an increase in the daily snow depth that reached 40 cm in winter 2013 and spring 2014 to 2016 (Figure 4) and an important increase in the snow index (Table 3), from the autumn of 2012 to 2015, coinciding with the increase in MAAT (Figure 3). On the other hand, PG2 showed a steady annual increase in snow thickness (Table 3), from a snow-free surface in the summer of 2008 when the borehole was drilled to a 3.5 m thick pack of permanent snow early in 2016. This increase in snow accumulation has also been recorded over the neighbour Hurd Glacier [15,30].




4.2. Active Layer Thickness


Table 4 shows the estimated active layer depth from 2009 to 2015 in both boreholes. In the beginning of the period, PG1 showed an active layer of 1.4 m, while PG2 showed 4.2 m. In the following years, the active layer thickness decreased continuously in PG2, while in PG1, it was stable until 2012, then decreasing in 2014 and 2015. The active layer thickness in 2015 was 0.5 m in PG1 and 0.2 m in PG2. Figure 5 shows the ALT in both boreholes in 2009, 2011, and 2014 and evidences the lack of active layer in PG2 in 2014, as a result of the increased thermal insulation induced by the accumulated snowpack.




4.3. Zero Annual Ground Thermal Amplitude (ZAA)


Table 5 shows the estimated ZAA following Equation (5). The ZAA calculated for PG1 varied between 8.5 and 16.4 m with most years showing values close to 12 m, which resulted in a mean value of XZAA=12 m. On the other hand, the ZAA for PG2 showed a variability conditioned by the insulating snow layer, with a decreasing trend reaching a depth close to the soil surface with a minimum value of 3.3 m (Table 5). The large error is associated to the proximity to the surface and accuracy of the sensors (i-button DS1922L with accuracy of ± 0.25 °C), but the trend towards a shallowing ZAA is clear, as also shown by the temperature data.




4.4. Soil Surface Energy Exchange


Table 6 shows the results of the application of Equation (7) for PG1 and PG2, expressed in total energy exchange (H) (MJ/m2) in the annual periods. The soil surface energy exchange shows no trend from 2009 to 2015 in PG1 with values varying from 35 to 78 MJ/m2. On the other hand, PG2 shows a continuous decreasing of H, with a trend of approximately −10 MJ/m2 per year, with values varying from 75 to 6 MJ/m2 from 2009 to 2015 (Figure 6).





5. Discussion


In Antarctica, the insulating effect of snow cover is the key buffer factor between the soil and the atmosphere, which is emphasized by the limited vegetation cover. This has led to the development of studies on the effects of snow cover on permafrost [31] and on the active layer [32,33], showing a decreasing active layer thickness with increasing duration of snow cover. Other studies have focused on the effect of snow cover on the shallow soil temperatures by comparing freezing and thawing indexes, also revealing the buffering effect of snow and its effect in reducing both indexes [13,34]. The present case study deals with the analysis of how two sites with permafrost and similar initial snow conditions developed very different thermal regimes following a series of years with extreme snow cover. We further contribute to the body of research by introducing a quantitative analysis of the total energy exchanged across the soil surface under different snow covers.



The complete disappearance of the active layer at PG2 was produced by the thermal insulation above the ground generated by an accumulation of snow, which was thick enough to reduce the thermal flux between the soil surface and the atmospheric boundary layer. At this site, the ground thermal regime moved from conditions in which the energy exchange with the atmosphere prevailed, to another in which the thermal regime depends almost exclusively on the geothermal heat flux (influence of the cooler permafrost at depth). Here, we should note that method used to determine H is based on the measurement of the difference in soil temperature between the annual maxima and minima. When the differences between the maxima and minima are small, the measurement errors increase, especially when H tends to zero due to snow accumulation (Table 6).



In the case of PG1, an increase in snow accumulation is observed starting in the winter of 2012, leading to a persisting snowpack from 2013 to 2015. This increasingly thick snowpack generated a thermal insulation effect that resulted in a thinning of the active layer and in a decrease in the energy exchange (H, Table 4 and Table 6), which was more pronounced in 2012 and 2014.



PG2 presented a completely different evolution than PG1. The total annual energy exchange (H) has shown a steady reduction over time, indicating a decrease in energy exchange with the atmosphere due to the thermal insulation provided by the permanent layer of snow that accumulated on the soil surface (Figure 6). This perennial snow began to develop in 2009 and grew steadily thicker until reaching its maximum value of 3.54 m in early 2016 (Table 3). In this case, H steadily dropped from 2009 to 2014, following the reduction in soil annual temperature amplitude. Values in 2014 and 2015 were similar, reflecting the thermal isolation of the permafrost system from the atmospheric boundary layer and considering the accuracy of the method (Figure 6). This resulted in the disappearance of the active layer and on progressive permafrost aggradation towards the surface, with cooling from below. The maximum temperature of the ground in the depth profile shown in Figure 3 reflect the lower temperature at depth, that functioned as a heat sink.



Figure 7 shows a strong inverse correlation, in the PG2 borehole, between the snow thickness and the soil surface energy exchange. The results show that once the snow height (m) reaches the maximum thickness, the permafrost becomes insulated from the atmospheric boundary layer during annual cycles.



The behaviour of PG2 reflects a transition from a periglacial to a temperate glacial thermal regime, in which the active layer and freeze–thaw cycles typical of the periglacial domain completely disappeared [35]. The result was a ground thermal profile characterized by the reduction in the annual thermal amplitude at all depths, leading to a reduction in the total annual energy exchange (H), a decrease in the depth of the ZAA that approaches the interface ground-snow, and a complete disappearance of the active layer. Additionally, given the logarithmic fit between the dependence of the H versus the snow pack, which is presented in the Figure 7, the complete thermal isolation generated by the snow, H = 0 condition, correspond to a snow thickness of x~4.4 m.



Together with the known processes of glacial to periglacial transition associated with global warming, these observational data suggest that inverse processes (periglacial to glacial) may occur with increased snow accumulation over permafrost terrain. The typical permafrost thermal regime was here replaced to a subglacial thermal regime.




6. Conclusions


The analysis of the thermal regimes of two boreholes located about 300 m apart in the Reina Sofia Mount area from 2009 to 2015 in a period of increased snow has revealed remarkable differences between them. Both boreholes initially showed typical subaerial permafrost thermal regimes, with an active layer developing during the austral summer. Increased snow cover during the study period resulted in a thinning of the active layer at both sites. At PG2, located in a setting favourable for snow accumulation, the snowpack became over 3.5 m thick and permanent all year round. This resulted in the ground insulation from the atmosphere by the thick isothermal snowpack typical of the Maritime Antarctic. The presence of permafrost at depth acted as a heat sink, promoting surficial permafrost aggradation and the disappearance of the active layer. The analysis of the global energy exchange (H) in soil showed a high sensitivity to the buffering effect of the snowpack and that full insulation was reached once the snowpack surpassed ci. 4.4 m thick.



The short time-series from the Mount Reina Sofia boreholes reflects the thermal conditions of the quick transition from a subaerial to a subnival regime, which may be used as an analogue for transitions from a periglacial to a subglacial environment if longer periods of cooling in the paleoenvironmental record are to be considered.
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Abbreviations and Units








	ALT
	Active Layer Thickness (m).



	BAE JCI
	Spanish Antarctic Station.



	CALM
	Circumpolar Active Layer Monitoring.



	ERT
	Electrical Resistivity Tomography.



	GTN-P
	Global Terrestrial Network for Permafrost.



	IPY
	International Polar Year.



	MAAT
	Mean Annual Air Temperature (°C).



	PG1 and PG2
	Permamodel-Gulbenkian boreholes 1 and 2.



	TSP
	Thermal State of Permafrost.



	ZAA
	Zero annual thermal amplitude (°C).



	Symbols and units.
	



	x
	spatial variable (m)



	t
	time variable (s)



	α
	thermal diffusivity (m2/s)



	H
	Enthalpy (MJ/m2)



	k
	thermal conductivity (W/m K)



	TM
	annual maximum temperature distribution into the ground (°C)



	Tm
	annual minimum temperature distribution into the ground (°C)



	XALT
	ALT obtained from the Equation (3) (m)



	XZAA
	ZAA obtained from the Equation (5) (m)
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Figure 1. Mean annual air temperature in Bellingshausen station (King George Island) from 1968 to 2020. Data from SCAR Reference Antarctic Data for Environmental Research [12]. 
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Figure 2. General setup of the permafrost boreholes. (A–D) Geographical setting of the boreholes in Antarctica, the South Shetlands and in Hurd Peninsula. (E) Borehole PG1 in the summer of 2008, (F) Borehole PG2 in the summer of 2008, (G) Borehole PG1 in the summer of 2017, (H) Borehole PG2 in the summer of 2017. 
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Figure 3. Mean annual air temperature at Reina Sofia Mount (PG1) from 2003 to 2015. 
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Figure 4. Snow thickness in PG1 from 2009 to 2015. 
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Figure 5. Maximum and minimum ground temperature and active layer thickness in PG1 and PG2 in three selected years (2009, 2011, and 2014). 
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Figure 6. Soil surface energy exchange in PG1 and PG2 from 2009 to 2015 (note that there are no data in PG1 for 2013). 






Figure 6. Soil surface energy exchange in PG1 and PG2 from 2009 to 2015 (note that there are no data in PG1 for 2013).



[image: Atmosphere 11 01332 g006]







[image: Atmosphere 11 01332 g007 550] 





Figure 7. Correlation between the snow thickness and the soil surface energy exchange in PG2 and fit to a logarithmic function. 
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Table 1. Characteristics of the boreholes PG1 and PG2 and its thermometric chains.
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	Borehole Name
	Coordinates
	Altitude (m a.s.l.)
	Diameter

(mm) (±1 mm)
	Depth

(m) (±0.02 m)
	Sensor Position

(m) (±0.005 m)
	Sensors Description





	PERMAMODEL-GULBENKIAN-1 (PG1)
	62.8390° S, 60.8210° W
	271
	40
	25.0
	0.2; 0.4; 0.8; 1.2; 1.6; 2.0; 2.5; 3.0; 3.5; 4.0; 5.0; 6.0; 8.0; 10.0; 12.5; 15.0; 17.5; 20.0; 22.5 and 25.0
	Thermistors type YSI 44031

(accuracy 0.1 °C)

Air temperature Pt100

(accuracy 0.1 °C)

Hourly recording



	PERMAMODEL-GULBENKIAN-2 (PG2)
	62.8390° S, 60.8210° W
	255
	40
	15.0
	0.2; 0.4; 0.8; 1.2; 1.6; 2.0; 2.5; 3.0; 3.5; 4.0; 5.0; 6.0; 8.0; 10.0; 12.5 and 15.0
	i-button DS1922L

(accuracy 0.25 °C)

3 h recording
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Table 2. Logarithmic fit parameters for the annual extreme (maximum and minimum) ground temperature profiles for the borehole PG1 (a) and PG2 (b).
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(a) PG1 borehole. Sofia peak.




	
Year

	
AM (°C)

	
BM (°C)

	
r2

	
Am (°C)

	
Bm (°C)

	
r2




	
2009

	
−0.80

	
0.26

	
0.84

	
1.63

	
−6.12

	
0.91




	
2010

	
−0.81

	
0.20

	
0.81

	
1.23

	
−5.04

	
0.88




	
2011

	
−0.84

	
0.31

	
0.78

	
1.75

	
−6.62

	
0.95




	
2012

	
No data

	
No data

	
No data

	
No data

	
No data

	
No data




	
2013

	
No data

	
No data

	
No data

	
No data

	
No data

	
No data




	
2014

	
−0.44

	
−0.42

	
0.94

	
0.66

	
−3.61

	
0.97




	
2015

	
−0.43

	
−0.28

	
0.72

	
1.67

	
−6.55

	
0.92




	
(b) PG2 borehole. Glacier margin.




	
Year

	
AM (°C)

	
BM (°C)

	
r2

	
Am (°C)

	
Bm (°C)

	
r2




	
2009

	
−1.92

	
2.74

	
0.92

	
1.78

	
−6.54

	
0.95




	
2010

	
−1.86

	
1.97

	
0.86

	
1.03

	
−4.15

	
0.86




	
2011

	
−0.42

	
−0.26

	
0.92

	
1.08

	
−4.69

	
0.99




	
2012

	
−0.47

	
−0.31

	
0.73

	
0.60

	
−3.41

	
0.98




	
2013

	
−0.38

	
−0.49

	
0.93

	
0.36

	
−2.82

	
0.95




	
2014

	
−0.31

	
−0.60

	
0.86

	
0.21

	
−2.23

	
0.91




	
2015

	
−0.29

	
−0.52

	
0.86

	
0.36

	
−2.63

	
0.75
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Table 3. Characteristics of the snow cover thickness at the two borehole sites (m·day).
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PG1

	

	
PG2




	
Year

	
Days with Snow Cover

	
Snow Index (m. day)

	
Snow Thickness

(Annual Mean)

(m)

	
Measuring Date

	
Snow Thickness

(Annual Maximum)

(±0.02 m)






	
2008

	
No data

	
No data

	
No data

	
15/01/2009

	
0.00




	
2009

	
157

	
33.8

	
0.02

	
09/01/2010

	
0.40




	
2010

	
136

	
32.9

	
0.04

	
10/01/2011

	
1.40




	
2011

	
139

	
32.4

	
0.02

	
08/01/2012

	
1.84




	
2012

	
294

	
71.0

	
0.16

	
15/01/2013

	
No data




	
2013

	
365

	
87.4

	
0.10

	
29/01/2014

	
2.10




	
2014

	
266

	
63.9

	
0.09

	
29/01/2015

	
2.98




	
2015

	
365

	
93.8

	
0.08

	
13/02/2016

	
3.54
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Table 4. Active layer thickness for boreholes PG1 and PG2 from 2009 to 2015.
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Year

	
Active Layer Depth (m)




	
PG1

	
PG2






	
2009

	
1.4 ± 0.4

	
4.2 ± 0.8




	
2010

	
1.3 ± 0.4

	
2.9 ± 0.4




	
2011

	
1.4 ± 0.4

	
0.5 ± 0.2




	
2012

	
1.4 ± 0.4

	
0.5 ± 0.2




	
2013

	
No data

	
0.3 ± 0.2




	
2014

	
0.4 ± 0.2

	
0.1 ± 0.2




	
2015

	
0.5 ± 0.3

	
0.2 ± 0.3
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Table 5. Zero thermal annual amplitude depth (ZAA) at boreholes PG1 and PG2.
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	Year
	ZAA (PG1)
	ZAA (PG2)





	
	XZAA(m)
	XZAA(m)



	2009
	11.8 ± 2.5
	9.4 ± 0.7



	2010
	10.8 ± 2.8
	5.9 ± 0.5



	2011
	12.5 ± 2.5
	9.8 ± 1.8



	2012
	8.5 ± 2.5
	7.0 ± 1.8



	2013
	No Data
	6.1 ± 2.2



	2014
	12.8 ± 6.1
	3.3 ± 1.7



	2015
	16.4 ± 4.1
	5.5 ± 2.3
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Table 6. Annual integration of soil surface energy exchange (H) for PG1 and PG2 boreholes.
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	Year
	H (MJ/m2)

PG1
	H (MJ/m2)

PG2





	2009
	64 ± 7
	75 ± 6



	2010
	50 ± 7
	38 ± 4



	2011
	71 ± 7
	38 ± 9



	2012
	35 ± 5
	21 ± 7



	2013
	No data
	14 ± 7



	2014
	37 ± 10
	6 ± 5



	2015
	78 ± 10
	12 ± 7
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