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The present study focuses on the analysis of the ground and near-rock surface air thermal conditions at the
Forcadona glacial cirque (2227m a.s.l.) located in theWesternMassif of the Picos de Europa, Spain. Temperatures
have been monitored in three distinct geomorphological and topographical sites in the Forcadona area over the
period 2006–11. The Forcadonaburied ice patch is the remnant of a Little Ice Age glacier located in the bottomof a
glacial cirque. Its location in a deep cirque determines abundant snow accumulation, with snow cover between 8
and 12 months. The presence of snow favours stable soil temperatures and geomorphic stability. Similarly to
other Cantabrian Mountains, the annual thermal regime of the soil is defined by two seasonal periods (continu-
ous thawwith daily oscillations and isothermal regime), aswell as two short transition periods. However, the re-
sults showed evidence of a significantly different annual thermal regime at the ground and near-rock surface air.
Relatively stable soil thermal regimes were observed at the moraine and talus sites, while a more dynamic pat-
tern was recorded at the rock wall site. Here, a higher interannual variability in the number of freeze–thaw
days was also detected, which showed evidence of the important role of the snow cover as a ground surface in-
sulator in the area. Seasonal frost conditions are widespread today in the high lands of themassif. No permafrost
regimewas detected in the area, thoughmean temperaturesmeasured at 0.5mdepth at the Forcadona buried ice
patch during 2006–07 (0.1 °C) suggest that permanent negative values may be reached at deeper layers.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Soil temperatures play a key control on geomorphological processes
occurring in periglacial environments. Inmid-latitudemountain regions
such is the case of Iberianmountains, periglacial processes are confined
today to the highest elevations and encompass a limited surface above
2000–2500 m (Oliva et al., 2016b). In these areas, snow cover is one of
the factors that strongly influence the soil thermal regime and associat-
ed periglacial activity (Edwards et al., 2007). The duration and thickness
of the snow cover influences both geomorphological and biological pro-
cesses, but also socio-economic activities in the mountains as well as in
neighbouring areas. During the cold season water is stored in the form
of snow in the highlands of themountains and limits geomorphic activ-
ity. Moreover, it also insulates the ground from the atmosphere
(Ishikawa, 2003; Zhang, 2005; Frauenfeld et al., 2007). When snow
melts, geomorphic activity intensifies. Such is the case of themountains
of Iberia, where periglacial dynamics is especially effective during the
snow melting period when the ground can still be frozen and high
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water availability enhances erosion and mass-wasting processes
(Oliva et al., 2009, 2014a).

Research on the ground thermal regime in Iberian mountains has
been intense during the last years in the highest mountains ranges. Per-
mafrost conditions have been only detected in the highest areas in the
Pyrenees (Serrano et al., 2001, 2006; Lugon et al., 2004; González
García et al., 2016), as well as in Sierra Nevada where permafrost is
spatially limited to the areas which hosted a glacier during the Little
Ice Age (Gómez-Ortiz et al., 2014; Oliva et al., 2016a, 2016b). In other
mountain environments seasonal frost conditions have been detected,
as it is the case of the Galician ranges (Carrera and Valcárcel, 2010), Ibe-
rian Central Range (Andrés and Palacios, 2010) or Serra da Estrela
(Vieira et al., 2003).

In the case of the CantabrianMountains, there has been a substantial
advance on the knowledge of present-day periglacial dynamics over the
last decades (e.g. Castañón and Frochoso, 1994, 1998;
González-Gutiérrez, 2002; Serrano and González-Trueba, 2004;
González-Trueba, 2007a; Rodríguez-Pérez, 1995, 2009;
Santos-González, 2010; Pellitero, 2012; Ruiz-Fernández, 2013;
Ruiz-Fernández et al., 2014). However, only a few studies have exam-
ined the relationship between the geomorphological setting and
morphoclimatic conditions in the area (Castañón and Frochoso, 1998;
Santos-González et al., 2009; González-Trueba and Serrano, 2010;
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Pellitero, 2012; Ruiz-Fernández et al., 2014; Pisabarro et al., 2015). Cur-
rently, in the summit areas of the highestmassifs periglacial dynamics is
active, since the remobilization of particles on the slopes is very intense,
through processes such as solifluction, cryoturbation, debris flows and
snow avalanches (Brosche, 1978; Castañón and Frochoso, 1994, 1998;
Serrano and González-Trueba, 2004; González-Trueba and Serrano,
2010; Ruiz-Fernández et al., 2014).

In this sense, the present study focuses on the analysis of the ground
thermal conditions and the near-rock surface air temperatures in the
Western Massif of the Picos de Europa, one of the highest massifs of
the Cantabrian Mountains. The specific purposes of this research are:

1) Characterize the interannual and intraannual variability of the
ground and near-rock surface air temperatures in the last recently
deglaciated environment in this massif.

2) Identify the role of snow cover on the ground thermal regime in dif-
ferent topographical settings, as well as its evolution during the
study period.

2. Study area

The Picos de Europa (43° 7′ N - 43° 17′ N, 4° 35′ W - 5° 3′ W),
protected as National Park and Biosphere Reserve is the highest massif
of the CantabrianMountains (Torrecerredo, 2648m a.s.l.). Thesemoun-
tains located in NW Iberia are organized in three single massifs separat-
ed by deep gorges: theWesternMassif or Cornión, the Central Massif or
Urrieles and the Eastern Massif or Ándara. The study area of this re-
search is included in theWesternMassif (Fig. 1), the largest and second
highestmassif with peaks such as Peña Santa de Castilla (2596m), Torre
Santa María (2486 m), Torres del Mediu (2467 m) and Torres del Torco
(2452 m).

The Picos de Europa are basically composed of Carboniferous lime-
stones of the Griotte, Montaña and Picos de Europa formations
Fig. 1. Location of the Forcadona ar
(Marquínez, 1989). Other Palaeozoic rocks (mainly quartzites, sand-
stones, shales and conglomerates), are also present in the northern
and southernmost fringes of the three massifs. Limestone formations
are organized in successive layers overthrusting southwards. The bed-
rockhas been deeply shaped byfluvial erosion, intense karstic processes
(Miotke, 1968; Smart, 1986; Ballesteros et al., 2015), as well as Quater-
nary glaciations (Frochoso and Castañón, 1998; Ruiz-Fernández et al.,
2009; Moreno et al., 2010; Serrano et al., 2012; Jiménez et al., 2013).
Periglacial processes are currently widespread in the highest lands of
the Picos de Europa conditioned by the existence of seasonal frost and
snowmelt water (Castañón and Frochoso, 1998; Serrano and
González-Trueba, 2004; González-Trueba and Serrano, 2010).

Climate conditions in the Picos de Europa are typical of temperate
maritime mountain environments, with annual precipitation between
1700 and 1900 mm in northern slopes at 700–900 m and exceeding
2500 mm in the highest elevations. In the later, precipitation mostly
fall in the formof snow, and snow cover lasts for ca. 8months as average
per year (Ruiz-Fernández, 2013). In sheltered environments, long-
lasting snow fields persist almost throughout the year, such as in the
Forcadona area. This research is precisely focused on this area where a
buried ice patch is located. This site is placed at 2227 m, between the
Peña Santa de Castilla (east) and Torres del Torco (west) peaks (Fig.
1). It is covered by debris which protected it from solar radiation. The
Forcadona buried ice patch constitutes the contemporary remnant of a
cirque glacier that existed in the area during the Little Ice Age (LIA). Dur-
ing the LIA the Picos de Europa concentrated six glaciers, three of which
were distributed in the Western Massif (González-Trueba, 2005, 2006;
González-Trueba et al., 2008).

3. Methods

A detailed geomorphological map of the Forcadona area was pre-
pared in September 2011 to identify the main landforms and
ea within the Picos de Europa.



Table 1
General characteristics of the stations examined in this research.

Geomorphological setting Depth (cm)/height (m) Altitude Aspect Type Period

Buried ice patch −10, −50/– 2227 North Ground temperature 04/11/2006 to 04/11/2007
Talus −10/– 2235 Northwest Ground temperature 04/11/2007 to 07/08/2011
Moraine −10/– 2236 North Ground temperature 04/11/2007 to 24/10/2011
Rock wall 4/16 2215 Northwest Air-rock interface 04/11/2007 to 24/10/2011
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geomorphological processes existing in the glacial cirque. In order to ex-
amine the thermal regime of the ground and near-rock surface air in the
Forcadona area and determine its control on periglacial dynamics, be-
tween 2006 and 2011, we installed five dataloggers Hanna HI141BH
(for ground temperatures) and HI141AH (for near-rock surface air tem-
peratures). These loggers show an accuracy of ±0.4 °C and were set up
at sites with distinct elevations, aspects and geomorphological settings
(Table 1). One logger was installed 16 m above the cirque floor at a
rock wall, while three were buried at 10 cm depth across the cirque
floor and another at 50 cm depth (Fig. 2). The loggers collected data
every 2 h. The monitoring period for each site is summarized in
Table 1. No data from the talus site are available after 7 August 2011.

From these datawe calculatedmean, maximum andminimum daily
temperatures and temperature ranges. Annual parameters were calcu-
lated from November to October. Ground thermal dynamics was de-
scribed according to parameters commonly used in periglacial studies
(Vieira et al., 2003; Frauenfeld et al., 2007; French, 2007):

1) Cumulative sums of thawing and freezing degree days (1)

2) Total number of thawing days, defined as days with daily minimum
N0.1 °C and maximum N0.5 °C

3) Total number of freezing days, defined as with daily maximum
b−0.1 °C and minimum b−0.5 °C

4) Isothermal days including days with all daily values of ground tem-
peratures b−0.5 °C and b0.5 °C
Fig. 2. General view of the study area w
5) Freeze-thawing days with at least one value N0.5 °C and one value
b−0.5 °C

6) Thermally undefined days, which were not included in any category

TDD ¼
Z θs

0
TGz−T Fdt≈

Xθs
0
Ts ð1Þ

where TDD represents sum of seasons thawing degree days, TGZ is
ground temperature at depth z, TF is 0 °C, θS is duration of thawing sea-
son and TS is mean daily surface temperature. Freezing degree days are
calculated according to equivalent equation (Riseborough, 2003).

The climate framework between 2006 and 2011 was generated ex-
amining air temperatures and precipitation provided by the Spanish
Meteorological Agency (AEMET). The reference meteorological station
is Buferrera station, at 1080 m a.s.l., and 8.5 km north of the study site
(43° 16′ 38″N - 4° 59′ 09″W; Fig. 1). Daily air maximum andminimum
temperatures and precipitation were used to calculate mean monthly
temperatures and monthly sums of precipitation, respectively. Mean
monthly temperatures were extrapolated for the Forcadona area (al-
most 1000 m higher) using the regional vertical temperature gradient
of −0.56 °C/100 m (Muñoz, 1982). Based on photographs taken along
the successive field campaigns between 2007 and 2011 at the end of
ith the location of the study sites.



Fig. 3.Geomorphologicalmapof the Forcadona area. Legend: 1) Limestones ofMontaña (Carboniferous). 2) Limestones of Picos de Europa (Carboniferous). 3) Faults and fractures. 4) Nival
dolines. 5) Boches (covered dolines). 6) Karren. 7) Glacial cirque. 8) Glacial threshold. 9) Glaciokarst depression. 10) Rochesmountonnées. 11) Striae. 12)Moraine. 13) Glacial diffluence.
14) Pronival rampart. 15) Snow patch. 16) Buried ice patch. 17) Snow avalanche channel. 18) Talus slopes. 19) Debris flow. 20) Solifluction lobes. 21) Sorted stone circles.
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the melting season (early to late October), we have mapped the snow
cover duration in the Forcadona area.

4. Results

4.1. Distribution of geomorphological processes and landforms in the
Forcadona area

The Forcadona buried ice patch is located in a glaciokarst depression
covering an area of 3.5 ha. This depression is located inside a glacial
cirque of 10.6 ha carved between the peaks Peña Santa de Castilla
(east) and Torres del Torco (west) (Fig. 3). The area remained almost
snow-free at the end of the summer of 2003, being described as a strat-
ified ice body showing no movement (González-Trueba, 2005, 2006;
González-Trueba et al., 2008). The frozen body is protected from direct
solar radiation by a debris cover distributed across the bottom of the
glaciokarst depression. The buried ice patch ends in a small frontal mo-
raine at 2220m, 7 m high and ci. 60m long (Figs. 2 and 3). Themoraine
Fig. 4. Example of periglacial landforms in the Forcadona cirque: sorted stone circl
is completely devoid of vegetation. The scarce bedrock areas located
within the moraine show fresh glacial striations.

The presence of decimetric active sorted stone circles on the debris
distributed across the bottom of the glacial cirque shows evidence of
the intensity of present-day cryoturbation processes (Fig. 4A).
Periglacial landforms such as ephemeral frost mounds are also present
(González-Trueba, 2007a). The talus slope connecting the wall of the
glacial cirque with the bottom is affected by very intense slope dynam-
ics. Intense frost shattering on the cirque walls generates abundant par-
ticles that are being remobilized downslope by snow avalanches and
debris flows (Fig. 4B), rock falls and surface runoff. Solifluction gener-
ates stone-banked lobes at the foot of the talus slope.

4.2. Air temperature, precipitations and snow cover extent during the study
period

The mean annual air temperature at Buferrera station from Novem-
ber 2006 to October 2011 was 9.4 °C (Fig. 5), which extrapolates to
es (A), and debris flows generated after a storm event in September 2011 (B).



Fig. 5.Regime ofmeanmonthly air temperature and sum ofmonthly precipitation at Buferrerameteorological station, and variability ofmean daily temperatures at different study sites of
the Forcadona area (talus slope, moraine and rock wall) for the period November 2007 to October 2010.
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2.9 °C at 2250m. The warmest months at Buferrera were June 2010 and
August–September 2011 with mean monthly air temperatures of
15.3 °C (8.8 °C at 2250 m), while the lowest were observed in February
2009 and January 2010 with 4.2 °C (−2.3 °C at 2250 m). The mean an-
nual precipitation at Buferrera over thewhole period reached 1680mm,
varying between 1518 mm (2007/08) and 1975 mm (2009/10). The
seasonal regime of the precipitation showed the highest mean seasonal
sums in spring (450mm) and the lowest in summer (137 mm) (Fig. 5).

The semi-permanent snow field distributed above the area where
the buried ice patch is located showed significant interannual variations
Fig. 6. Persistence of the surface area covered by snow at the end of th
at the end of the melting season during the study period. In 2009 the
snow field was by far the most extensive in comparison with the rest
of the years (Fig. 6). This year was characterized by the highest precip-
itation between November 2008 and May 2009 of all years studied
(1091 mm) at Buferrera. Other years with large snow cover in the
Forcadona at the end of the melting season were 2008 and 2010 (Fig.
6). The year 2007/08was conditioned by the lowest precipitation values
of the study years between November 2007 and May 2008 (860 mm),
but recorded also cool temperatures between June and October
(12.1 °C). In 2009/10 precipitation was below average between
e melting season at the Forcadona area between 2007 and 2011.



Fig. 7. Variability of mean daily ground temperatures between November 2006 and November 2007 at 10 and 50 cm at the buried ice patch experimental site.
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November and May (961 mm) and summer temperatures were above
average (13.5 °C).

The years in which the snow field occupied less surface area at the
end of the melting season were 2006 and 2007 (Fig. 6). Snow accumu-
lation during the cold months and summer temperatures may explain
this fact. Between November 2005 and May 2006 precipitation was
scarce (940 mm) and summer temperatures were the highest at the
Buferrera meteorological station (14.2 °C) between June and October
2006. By contrast, the precipitation between November 2006 and May
2007 were higher (1024 mm), but the summer temperatures of 2007
were the lowest of the entire period (11.9 °C).
Table 3
Thermal characteristics of the different study sites (talus, moraine and rock wall) for the
period November 2007 to October 2011.

MAGT Max Min TDD FDD

Talus
2007–08 0.4 10.3 −5.1 274 −129
2008–09 0.0 0.1 −0.4 0 −0
2009–10 0.6 9.3 −3.3 257 −40
4.3. Ground and near-surface air temperatures

4.3.1. Ground temperatures in the Forcadona ice patch between 2006 and
2007

Ground temperatures in November were characterized by daily
thermal oscillations around 0 °C. From early December to early March
2007 temperatures were slightly negative, between 0 and −1.5 °C. Be-
tween March and mid-October ground temperatures stabilized near
0 °C and daily oscillations were recorded again in mid-October.

The thermal regime at 10 and 50 cm depth showed a very stable dy-
namics in the buried ice patch experimental site from November 2006
to November 2007 (Fig. 7, Table 2). The mean annual ground tempera-
ture (MAGT) was 0.0 °C (10 cm) and 0.1 °C (50 cm). The maximum
ground temperature ranged between 2.9 °C (10 cm) and 1.2 °C
(50 cm), while the minimum oscillated between −3.3 °C (10 cm) and
−0.9 °C (50 cm). Consequently, there was a very low annual thermal
amplitude ranging between 6.2 °C (10 cm) and 2.1 °C (50 cm). The
total sum of thawing-degree days (TDD) fluctuated between 34 °C day
(10 cm) and 35 °C day (50 cm), while the total sums of freezing-
degree days (FDD) were −48 °C day (10 cm) and −10 °C day
(50 cm). Isothermal days were the most frequent regime, with
296 days at 10 cm and 347 days at 50 cm. The occurrence of other
types of thermally defined days was significantly lower (Table 2).
Table 2
Thermal characteristics of the buried ice patch site at 10 and 50 cm depth in period No-
vember 2006 to November 2007.

10 cm 50 cm 10 cm 50 cm

MAGT 0.0 0.1 Thawing days 2 2
Max 2.9 1.2 Freezing days 23 4
Min −3.3 −0.9 Freeze-thawing days 3 0
TDD 34 35 Isothermal days 296 347
FDD −48 −10 Unclassified days 42 13
4.3.2. Evolution of ground and near-rock surface air temperatures near the
Forcadona ice patch between 2007 and 2011

We have analysed the thermal characteristics (Table 3), the number
of thermally defined days (Table 4) as well as the variability of ground
temperatures at 10 cm depth at the talus and moraine sites and at the
near-rock surface air in a cirque wall for the period 2007–2011 (Fig. 5).
4.3.2.1. Talus slope. The daily oscillations of ground temperatures started
between mid July and early November and ended in late November.
Negative temperatures were recorded between mid-October and late
November. Since then until August or early November, ground temper-
atures stabilized near 0 °C. However, there were also periods in which
ground temperatures fluctuated below 0 °C, as it occurred fromNovem-
ber 2007 to March 2008 and between January and May 2010.

Thermal dynamics at this site showed also a rather stable regime
(Table 3). The MAGT in 2007/11 reached 0.6 °C, varying between
0.0 °C (2008/09) and 0.6 °C (2009/10). The higher MAGT in 2010/11
(1.3 °C) was conditioned by the lack of data from 7 August to the end
of the monitoring year. The maximum ground temperatures were ob-
served in 2010/11 (12.5 °C) while the minimum (−5.1 °C) were ob-
served in 2007/08. The total sum of TDD reached 670 °C day, varied
between 0 °C day (2008/09) and 274 °C day (2008/08). The total sum
of FDD reached −169 °C day with the minimum of −129 °C day in
2007/08, while 0 °C day were detected on 2008/09 and 2010/11
(Table 3). Most of the thermally defined days during the entire period
2007/11 were classified as isothermal (1172 days) which were the
2010–11 1.3 12.5 0.1 139 0
2007–11 0.6 12.5 −5.1 670 −169

Moraine
2007–08 0.8 15.3 −5.5 327 −48
2008–09 0.5 5.4 0.3 28 0
2009–10 0.7 12.7 −3.4 488 −252
2010–11 2.5 13.7 0.3 769 0
2007–11 1.1 15.3 −5.5 1612 −300

Rock wall
2007–08 3.5 26.6 −12 1567 −273
2008–09 2.4 21.6 −8.5 1223 −346
2009–10 2.9 23.4 −14.3 1661 −603
2010–11 3.5 22.9 −12.4 1648 −412
2007–11 3.1 26.6 −14.3 6099 −1634



Table 4
Annual occurrences of thermally defined days at the different study sites (talus, moraine
and rock wall) for the period November 2007 to October 2011.

Thawing Freezing Fr-thaw Isothermal Undefined

Talus
2007–08 63 75 0 201 27
2008–09 0 0 0 365 0
2009–10 51 36 0 271 7
2010–11 24 0 0 335 6
2007–11 138 111 0 1172 40

Moraine
2007–08 76 26 0 256 8
2008–09 8 0 0 357 0
2009–10 95 94 0 174 2
2010–11 111 0 0 248 6
2007–11 290 120 0 1035 16

Rock wall
2007–08 175 42 105 0 44
2008–09 131 148 11 59 16
2009–10 182 98 47 0 38
2010–11 188 104 24 20 29
2007–11 676 392 187 79 127
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only type of thermally defined days observed in 2008/09 (Fig. 8). The
total number of thawing days (138 days) was higher than the freezing
days (111). Freeze-thawing days were not observed at this site
(Table 4, Fig. 8).

4.3.2.2. Moraine. Snow cover shows a shorter persistence at themoraine
site with respect to the talus slope (Fig. 5): one month less in 2010 and
ten days in 2011. The MAGT over the study period at the moraine was
1.1 °C. The warmest year was 2010–11 (2.5 °C), and the coldest in
2008/09 (0.5 °C). Both maximum (15.3 °C) and minimum (−5.5 °C)
ground temperatures were recorded in 2007/08. The total sum of TDD
reached 1612 °C day during the entire study period with a maximum
in 2010/11 (769 °C day) and minimum in 2008/09 (28 °C day). The
total sum of FDD was −300 °C day with the lowest accumulation in
2009/10 (−252 °C day), while in 2008/09 and 2010/11 no FDD were
observed (Table 3). The vast majority of the days were classified as iso-
thermal, with a total occurrence of 1035 days over the period 2007/11,
Fig. 8. Summary of thermally defined days at talus, mor
being maximum in 2008/09 (357 days) and minimum in 2009/10
(174 days). In contrast to the very high number of isothermal days,
290 days were classified as thawing and 120 days as freezing for the
whole study period. Similarly as in the talus site, freeze–thawing days
were not observed (Fig. 8). The total number of undefined days were
16 for the whole period (Table 4).

4.3.2.3. Near-rock surface air temperature. This site, located in a rockwall
(NW aspect), showed a very distinct thermal regime than the moraine
and talus sites (Table 3, Fig. 5). The thermal evolutionwas characterized
by the repetitive thermal oscillation throughout the year. From June or
July until mid-October or early November, temperatures oscillated al-
ways above 0 °C. However, between early December and mid-March,
temperatures were in general negative. Between the two periods two
phases recorded a significant number of freeze–thaw cycles occurred
(Fig. 5).

The MAGT was 3.1 °C for the period 2007/11, with a maximum of
3.5 °C in 2007/08 and 2010/11 and a minimum of 2.4 °C in 2008/09.
The annual maximum temperature exceeded 21.6 °C every year,
reaching a maximum of 26.6 °C in 2007/08. The annual minimum tem-
peratures varied between −8.5 °C (2008/09) and−14.3 °C (2009/10).
The total sumof TDD attained 6099 °C day for the entire period,with an-
nual values varying between 1223 °C day (2008/09) and 1661 °C day
(2009/10). The total sum of FDD reached −1634 °C day in 2007/11.
The minimumwas observed in 2009/10 (−603 °C day) and the highest
in 2007/08 (−273 °C day) (Table 4). In a similar way, the occurrence of
thermally defined days showed a completely different pattern than at
themoraine and talus sites. The most repeated near-rock surface air re-
gime between 2007 and 2011 was thawing days (676 days), oscillating
between 131 days (2008/09) and 188 days (2010/11). The total number
of freezing days was lower (392 days), being maximum in 2008/09
(148 days) and minimum in 2007/08 (42 days). Freeze-thawing days
showed a very irregular occurrence, with a total of 187 days for the pe-
riod 2007–11. In 2007/08 up to 105 freeze–thawing days were record-
ed, but only between 11 and 47 days in the following years (Fig. 8).
Isothermal days were only observed in 2008/09 (59 days) and 2010/
11 (20 days). Undefined thermal days were observed every year of the
study period, reaching up to 127 days for the period 2007/11 (Table 4).
aine and rock wall sites for the period 2007–2011.
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5. Discussion

5.1. Ground and near-surface air thermal regimes in the Forcadona area

We monitored ground and near-surface air temperatures in three
distinct geomorphological and topographical sites over the period
2007–11. No widespread permafrost conditions were detected in the
Forcadona area. In the bottom of the glacial cirque, the presence of the
snow field conditioned the lowest temperatures across the area, with
MAGT of 0.1 °C in 2006–2007. Even if no data exist, it is likely to think
about the existence of permanent negative temperatures at deeper
layers in a similar sedimentary and thermal model to that already de-
scribed in similar geomorphological environments such as the Veleta
cirque, in Sierra Nevada: a layer of frozen debris composed of multi-
sized blocks (permafrost) sitting in contact with a crystalline ice mass
of glacial origin (Gómez-Ortiz et al., 2014).

Very different ground and near-rock surface air thermal regimes
have been detected in the Forcadona area. Ground temperatures
showed two distinct seasonal periods: 1) continuous thaw with daily
thermal oscillations, frommid-summer to mid-autumn, and 2) isother-
mal regime near 0 °C from mid-autumn to mid-summer, highly con-
trolled by the presence of snow cover. During the last period some
temperature fluctuations below 0 °C were detected, due to instabilities
of the snow cover. This pattern is repeatedly observed in the Cantabrian
Mountains, where the clearance of snow inmidwinter leads to a cooling
of the ground (González-Trueba and Serrano, 2010; Pellitero, 2012).
Two short transition periods were detected in between the two long
phases. In the transition between the continuous thaw period and the
isothermal period, temperature oscillations occurred above and below
0 °C, strongly influenced by the irregularity and instability of the snow
cover during themid-autumn. However, near-rock surface air tempera-
tures showed a very different annual thermal regime characterized by
daily oscillation of temperatures with the following phases: 1) a contin-
uous thaw period from early summer to mid-autumn, 2) a period with
negative temperatures during thewinter, and 3) two periods of freeze–
thaw conditions between the two seasons.

Very similar and relatively stable soil thermal regimes were ob-
served at themoraine and talus sites, while a significantlymore dynam-
ic regime was detected at the rock wall site (Fig. 9). MAGT over the
period 2007–11 varied between 0.6 °C and 1.1 °C at the talus and mo-
raine sites, respectively, but reached 3.1 °C at the rockwall site. Similar-
ly, both annual maximum and minimum temperatures were more
extreme on the exposed rock wall site, where maximum temperature
varied between 21.6 and 26.6 °C compared to the moraine (5.4 °C to
15.3 °C) and talus sites (0.1 to 12.5 °C). On the other hand, theminimum
temperature at the rock wall site decreased from −8.5 to −14.3 °C
while significantly higher temperatures were observed at the moraine
Fig. 9. Calendar of the thawing, freezing, fr
(−5.5 to 0.3 °C) and talus sites (−5.1 to 0.1 °C). Finally, the most pro-
nounced differences between the study sites were observedwhen com-
paring the sums of TDD and FDD for the study period 2007–11. The
highest sum of TDD (6099 °C days) was observed at the rock wall,
which was almost four times higher TDD than at the moraine
(1612 °C day) and even more than nine times higher TDD than at the
talus (670 °C day). Similarly, the lowest sum of FDD (−1634 °C day)
was observed at the rock wall, while the total sums of FDD were more
than five times lower at the moraine (−300 °C day) and more than
nine times lower at the talus (−169 °C day). Moreover, 0 °C day of
FDD was observed at both the moraine and talus sites in 2008/09 and
2010/11. Very low or zero sums of FDD at the moraine and talus sites
were recorded during the wet cold semester in 2008/09 (1091 mm)
and 2010/11 (1033 mm) in comparison with the drier seasons in
2007/08 (860 mm) and 2009/10 (961 mm) (Fig. 5).

This relatively stable soil thermal dynamics at themoraine and talus
sites with regard to freezing periods suggests the very important role of
snow cover as very effective insulator of ground surface (Haeberli,
1973; Haeberli and Patzelt, 1982; Ishikawa, 2003; Frauenfeld et al.,
2007). In general, snow cover thicker than ca. 40 cm leads to isothermal
regime of ground temperature (Zhang, 2005). The total number of iso-
thermal days varied between 1035 (moraine) and 1172 (talus) repre-
sents between 70 and 80% of all the days during the study period. This
is related to a long persistence of snow in the area. By contrast, only
79 isothermal days (5%) were observed at the rock wall site, which
must be interpret as the low presence of snow at this site.

The surface occupied by the snow field distributed above the buried
ice patch and the talus slope connecting with the cirque wall recorded
significant variations at the end of themelting season during the period
of 2006 to 2011. With the exception of 2010, the surface of the snow
field was larger during the years with higher precipitation during the
snowy season in the Forcadona area (November–May) and with lower
temperatures during the warmer season (June–October). The large
area occupied by the snow field at the end of the melting season of
2009 determined a significant extent in 2010, even if precipitation dur-
ing the cold semester was scarce and summer temperatures were high.
On the other hand, the lower extent of the snow field in 2006 is due to
the scarce precipitation during the cold months and the high tempera-
tures during the warm season.

5.2. Relationship between landforms and thermal regimes

Topography exerts a crucial role in controlling snow cover and dura-
tion, and thus soil temperatures in alpine environments (Gubler et al.,
2011; Apaloo et al., 2012). At a microtopographical scale, the variability
of thedepth andpersistencedetermines the degradation of orographically
conditioned permafrost patches (Gadek and Leszkiewicz, 2012).
eezing–thawing and isothermal days.
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The observations carried out between 2006 and 2011 in the
Forcadona area, one of the few sites in the Cantabrian Mountain
which held a glacier during the LIA (González-Trueba, 2005, 2006;
González-Trueba et al., 2008), has shown evidence that seasonal frost
conditions are widespread today in the high lands of the massif. The
presence of ground ice during several months per year together with
high moisture conditions explains the intensity of periglacial processes
in the Forcadona area and other high lands of the Picos de Europa
(Castañón and Frochoso, 1998; Serrano and González-Trueba, 2004;
González-Trueba, 2007a; Ruiz-Fernández et al., 2014).

Even in those areas still concentrating ice patches such as the
Forcadona area, MAGTs were positive during all the years in all the
study sites; although in some cases MAGTs are very close to 0 °C
(Serrano et al., 2011; Ruiz-Fernández et al., 2014). The Forcadona area
receives abundant snow accumulation thanks to its location in a deep
cirque receiving the snow swept away by the wind from the surround-
ing peaks and also by the triggering of snow avalanches. During the LIA
when temperatures in Iberian mountains were between 0.8 and 1 °C
(Chueca et al., 1998; González-Trueba et al., 2008; Oliva and Gómez
Ortiz, 2012; Serrano et al., 2012, 2013), snow accumulated and turned
to ice. The fact that the rock surfaces show clear glacial striations is in-
dicative of its recent glacial origin, since nival karst processes have not
eroded these microfeatures. Therefore, the Forcadona glacial cirque
was occupied by a small glacier during a stage of very recent glacial ad-
vance. According to González-Trueba (2005, 2006), González-Trueba
et al. (2008), and Serrano et al. (2012, 2013), the largest volume and
maximum extension of the LIA glaciers of the Picos de Europa occur be-
tween the first third and the middle of the nineteenth century.

The talus site lies within the glacierized area during the LIA. This site
is one of the areas in the cirque where the snow cover lasts longer and
this is translated in the soil thermal regime. The fact thatMAGT temper-
atures were 0.5 °C lower than in the moraine site and FDD and TDD
were also significantly lower shows evidence of the prominent role of
snow cover in this area: the longer persistence of the snow at this site
contributes to keep ground temperatures lower.

Finally, the logger installed between 2006 and 2007 which recorded
a MAGT of 0.1 °C is located in the central area where the glacier exists
during the LIA. The area is covered now by debris generated by frost
shattering from the surrounding head walls, which may have buried
the last remnants of glacial ice under the rocks (González-Trueba,
2005, 2006; González-Trueba et al., 2008; Serrano et al., 2011;
Gómez-Ortiz et al., 2014; Ruiz-Fernández et al., 2014). At 0.5 m slightly
positive temperatures were recorded during one year, which may be
interpreted as close to the uppermost level of a frozen body.

5.3. Ground thermal regime in Picos de Europa in comparison with other
Iberian mountain areas

The ground thermal regime in the Forcadona confirmed the thick
and long-lasting snow cover in the area. Loggers installed at 10 cm
depth showed evidence of the existence of snow cover in the area be-
tween 8 and 12months annually. As in othermid-latitudemountain re-
gions and polar environments, the thick snow cover in the high lands of
Picos de Europa insulates thermally the ground from the external tem-
perature oscillations (e.g. Brown, 1973; Goodrich, 1982; Zhang, 2005;
Frauenfeld et al., 2007).

The first snowfall in Iberian mountain environments is highly de-
pendent on the annual climate conditions, oscillating between late Sep-
tember and late October. During the study period, the first snow in the
Forcadona took place between late September and late October or
early November. The calendar of thefirst snow fall aswell as the climate
conditions prevailingduring the nextweekswere crucial to stabilize soil
temperatures at around 0 °C (Veit and Höfner, 1993; Luetschg et al.,
2008), which also stabilizes periglacial slope processes (Oliva et al.,
2009). In the case of the Picos de Europa, periglacial dynamics is espe-
cially intense in the area when snowmelts, because different processes
are triggered, such as solifluction, debris flows, snow avalanches and
runoff (Castañón and Frochoso, 1994, 1998; Serrano and
González-Trueba, 2004; González-Trueba, 2007a; González-Trueba
and Serrano, 2010; Ruiz-Fernández et al., 2014). The snowmelt water
favours significantly the development of the nival karst in the areas of
high altitude of the Picos de Europa (Miotke, 1968; Castañón and
Frochoso, 1998; Serrano and González-Trueba, 2004; Santos and
Marquínez, 2005; González-Trueba and Serrano, 2010;
Ruiz-Fernández and Serrano, 2011; Ruiz-Fernández, 2015).

The annual thermal regime of the soil in the Forcadona area is de-
fined by twomain seasonal periods (continuous thawwith daily oscilla-
tions and isothermal regime), as well as two short transition periods.
This timing is similar to that described previously in the Central Massif
of the Picos de Europa by González-Trueba and Serrano (2010) and
Pisabarro et al. (2015). In the Fuentes Carrionas Massif, Pellitero
(2012) also has established an annual ground thermal regime analo-
gous to that detected in the Forcadona.

MAGTs in the Forcadona area are also similar to those recorded in
the Central Massif of the Picos de Europa, where there have registered
annual average temperatures always above 0 °C (Pisabarro et al.,
2015). The FDD of the soil in this massif also are similar to the data ob-
tained in the Forcadona area (Pisabarro et al., 2015). In other Cantabrian
Mountains such as Fornela, Gristredo, Mampodre and Peña Prieta, FDD
have similar records (Santos-González et al., 2009). These authors fur-
ther suggest the importance variability of the FDD depending mainly
of the snow cover.

MAGTs in the Forcadona are comparable to those measured in sim-
ilar studies in other high altitude environments in Iberia. In Sierra Neva-
da, remnants of a LIA glacier are buried under rocks in the form of ice
and permafrost inside the Veleta cirque (Gómez-Ortiz et al., 2001).
This geomorphological setting is similar to that observed in the
Forcadona area, where clear traces of crystalline ice were observed
here in 2003 (González-Trueba, 2007b). Temperatures between 2000
and 2012 in the Veleta cirque reported −1.1 °C at 1.5 m depth
(Gómez-Ortiz et al., 2014) while 0.1 °C was measured at 0.5 m at the
Forcadona area between 2006 and 2007. Therefore, in deeper levels
temperaturesmay also reach permanent negative values along the year.

Ground temperatures at 10 cm show lower temperatures than in
other high mountain areas in Iberia. Between 2006 and 2012 MAGT in
a solifluction lobe (3005m) ranged from 2.3 and 4.8 °C with an average
of 3.7 °C (Oliva et al., 2014b), whereas aMAGT in a sorted stone circle at
3297 m oscillated between 1.2 and 2.5 with an average of 1.8 °C
(Salvador-Franch et al., 2011). In the Eastern Pyrenees, MAGTs at the
same depth between 2007 and 2013 were 2.4, 5.9 and 6.3 °C at 2730,
2230 and 2160 m (Salvador-Franch et al., 2015). In the case of the
Forcadona the talus and moraine sites showed significantly lower tem-
peratures of 0.6 and 1.1 °C (Table 3). Despite being located several hun-
dreds of metres higher in southern and north-eastern Iberia, the MAGT
difference must also be framed with the longer persistence of the snow
in the Forcadona area (ca. 2months)with respect to the othermountain
environments.

The number of freeze–thaw days also varied significantly in the
Forcadona area, oscillating between 0 in the moraine and talus slope
and 105 in the rock wall (Table 4). This high interannual variability
largely controlled by the presence or absence of snow cover has been
also observed in other Iberian areas. In the Guadarrama massif, at
2212 m, the number of freeze–thaw days ranged between 2 and 41 be-
tween2002 and 2007 at 10 cmdepth (Andrés and Palacios, 2010),while
in Sierra Nevada it fluctuated annually between 0 and 10 at the same
depth at 3005 m (Oliva et al., 2014b).

6. Conclusions

The Forcadona buried ice patch occupies a 3.5 ha glaciokarst depres-
sion located in a cirque glaciated during the LIA in theWesternMassif of
the Picos de Europa. In this paper we have presented a detailed
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geomorphological study of the Forcadona area and examined the ther-
mal regime of the ground and near-rock surface air between 2006 and
2011.

The Forcadona area receives abundant snow accumulation that can
be preserved thanks to its location in a cirque with very favourable
topoclimatic conditions. During the study period, the first snow in the
Forcadona took place between late September and late October or
early November, contributing to stabilize soil temperatures at around
0 °C and generate geomorphic stability. As in other Cantabrian Moun-
tains, the annual thermal regime of the soil is defined by two main sea-
sonal periods; continuous thaw with daily oscillations and isothermal
regime (with some ground temperature fluctuations due to instabilities
of the snow cover), as well as two short transition periods.

Relatively stable thermal regimes were observed at themoraine and
talus sites compared to those observed at the rockwall site, where tem-
peratures were more extreme and a higher sum of TDD and lowest of
FDD was observed. On the other hand, the talus site shows the highest
sum of FDD days and the lowest of TDD. This relatively stable soil freez-
ing dynamics, especially in the talus site, suggest that the thick and
long-lasting snow cover in the area insulates thermally the ground
from external temperature oscillations. This fact results in a high per-
centage of isothermal days at the moraine and talus sites (70–80%), in
comparison with that observed at the rock wall site (5%). MAGTs and
FDD are similar to those recorded in the Central Massif of the Picos de
Europa, and in other Cantabrian Mountains. In the case of the talus
and moraine sites showed significantly lower temperatures at 10 cm,
something that might be related with the longer persistence of the
snow in this area (ca. 2 months) with respect to other Iberian moun-
tains. Just like in other high altitude environments of the Peninsula, a
high interannual variability in the number of freeze–thaw days has
been observed, which is indicative of the prominent role of snow
cover in insulating the ground surface.

The temperatures measured at 0.5 m depth at the Forcadona area
during 2006–07 (0.1 °C) suggest that permanent negative values may
be reached at deeper layers. Future studies will be conducted in the
Forcadona buried ice patch area in order to monitor deeper soil and un-
veil the existence or absence of permafrost in the area.
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