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a mnoha dalším, kteří mi během studia jakkoli pomohli. V neposlední řadě bych také rád poděkoval své
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1312214; Grantové agentury České republiky, projektu GA17-21612S; a Univerzity Karlovy, jednoletých
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Abstract

Late Quaternary has seen numerous major permafrost expansions and retreats associated with alternating
glacial and interglacial periods as well as stadials and interstadials, the research of which is necessary to
understand the past environmental evolution, but also provides useful analogues for its present-day and
future behaviour. However, observations of permafrost and active-layer phenomena are still limited, and
sometimes misleading, even in many present-day permafrost regions, and naturally less comprehensive
evidence is available from areas where permafrost existed in the past.

The thesis provides comprehensive information on the distribution and morphology of mostly relict pat-
terned ground and rock glaciers in the High Sudetes Mts. and in the Western and High Tatra Mts., respec-
tively, which are the most widespread permafrost features that occur in these Central European mountain
ranges situated north of the Alps. It shows that the landforms are closely related to increased severity of
climates and/or sparser vegetation at higher elevations and as such they attest to the environmental con-
ditions, which prevailed there towards the end of the Last Glacial Period to the early Holocene, but also
to their current states. Similar elevation trends in the pattern morphology are also documented for active
sorted patterned ground in the Svalbard archipelago. Nonetheless, these patterns may also have been form-
ing throughout the Holocene and as such they are not in equilibrium with present-day climate conditions,
also considering the excessively thick active layer caused by recent climate warming, which has occurred
in most permafrost regions in the Northern Hemisphere. It thus calls for a broader use of the pattern mor-
phology, established at the time of its initiation, in palaeo-environmental reconstructions. However, not all
present-day permafrost regions are currently experiencing its degradation as observations from the Antarctic
Peninsula region indicate that active layer has been cooling and thinning there in recent years.

Conclusively, the thesis provides insights into the past and present dynamics of the examined regions,
which documents that permafrost and active-layer phenomena are valuable measures of Late Quaternary
environmental changes, but it also has notable methodological and genetic implications as well as relevance
to concepts of permafrost landscape evolution.

Keywords: permafrost, active layer, patterned ground, rock glacier, High Sudetes Mts., Western and High
Tatra Mts., Svalbard archipelago, Antarctic Peninsula region, Late Quaternary
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Abstrakt

V pozdním kvartéru došlo v důsledku střídání glaciálních a interglaciálních období i stadiálů a interstadiálů
k četným rozšířením a ústupům permafrostu, jehož výzkum je nezbytný pro pochopení vývoje přírodního
prostředí v minulosti, ale poskytuje cenné informace i z hlediska jeho současné a budoucí dynamiky. Po-
zorování charakteristik a forem vázaných na permafrost a činnou vrstvu jsou však stále nedostatečná
a někdy také zavádějící i v mnoha oblastech se současným výskytem permafrostu a mnohem méně infor-
mací je k dispozici z regionů, kde se permafrost nacházel v minulosti.

Disertační práce poskytuje ucelené informace o rozšíření a morfologii převážně reliktních strukturních
půd a kamenných ledovců ve Vysokých Sudetech a Západních a Vysokých Tatrách, jež jsou nejrozšířenější-
mi formami vázanými na permafrost, které se v těchto středoevropských pohořích severně od Alp vyskytují.
Je ukázáno, že tyto tvary reliéfu mají těsnou vazbu na zvyšující se drsnost klimatických podmínek a ubývání
vegetace směrem do vyšších nadmořských výšek a jako takové svědčí o přírodních podmínkách, které zde
panovaly ke konci posledního glaciálu a na počátku holocénu, jakož i o jejich současném stavu. Obdobné
výškové trendy v morfologii strukturních půd jsou dokumentovány také pro aktivní tříděné strukturní půdy
na souostroví Špicberky. I tyto tvary se však mohly vyvíjet v průběhu celého holocénu a jako takové nejsou
v rovnováze se současnými klimatickými podmínkami, i s ohledem na neúměrně mocnou činnou vrstvu
způsobenou recentním oteplováním klimatu, k němuž došlo ve většině oblastí s výskytem permafrostu na
severní polokouli. Z toho důvodu práce nabádá k širšímu využití morfologie strukturních půd, utvořené
v období jejich vzniku, pro paleoenvironmentální rekonstrukce. Nicméně ne ve všech oblastech se součas-
ným výskytem permafrostu aktuálně dochází k jeho degradaci, jelikož pozorování z regionu Antarktického
poloostrova indikují, že v posledních letech zde docházelo ke snižování teploty a mocnosti činné vrstvy.

Závěrem lze konstatovat, že disertační práce přispěla k lepšímu pochopení minulé i současné dynamiky
zkoumaných oblastí, což ukazuje, že charakteristiky a formy vázané na permafrost a činnou vrstvu jsou
cennými indikátory pozdně kvartérních změn přírodního prostředí. Výsledky však mají také značný meto-
dický a genetický aspekt, jakož i význam pro obecné koncepty vývoje oblastí s výskytem permafrostu.

Klíčová slova: permafrost, činná vrstva, strukturní půdy, kamenný ledovec, Vysoké Sudety, Západní a Vyso-
ké Tatry, Špicberky, Antarktický poloostrov, pozdní kvartér
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1 Introduction

The term permafrost refers to a layer of ground (soil, sediment, or rock and any incorporated materials,
but excluding glacier ice, icings, or sea ice) at some depth beneath the surface, the temperature of which
remains at or below 0 ◦C for at least two consecutive years (van Everdingen, 2005). This means that it
is defined purely on the basis of temperature and as such it is essentially a physical state, which has no
explicit material expression; moisture in the form of ice or water may or may not be present (Dobiński,
2011). Mostly, however, moisture occurs in various amounts and comprises its significant component that
is responsible for its characteristic behaviour and processes related to water–ice transitions (French, 2017;
Ballantyne, 2018). Grounds hosting permafrost have a negative energy balance that is broadly governed by
climate and locally modulated by other factors, such as topography, ground physical properties, hydrology,
snow cover, vegetation, or heat flux from the Earth's interior, the complex interactions of which control the
surface and subsurface thermal regime and thus also the permafrost extent, thickness as well as temporal
dynamics (Riseborough et al., 2008; Burn, 2013).

Globally, it is estimated that permafrost underlies ca. 19.1–24.7 million km2 (14–19 %) of the exposed
land surfaces (that is, excluding regions covered by glaciers and perennial snow, or offshore areas) mainly
in polar, sub-polar, and alpine regions of the Northern Hemisphere having markedly negative mean annual
air temperature (MAAT) (Zhang et al., 2008; Gruber, 2012; Obu et al., 2019a,b,c). It extends almost con-
tinuously (>90 % areal coverage; Brown et al., 1997) and reaches a depth of up to hundreds of meters to
over one and a half kilometres in the coldest non-glacierized areas, such as in Canadian Arctic or Siberia
(Figure 1), where MAAT is less than ca. −8 to −6 ◦C (Brown, 1960; Brown & Péwé, 1973; King, 1986),
but even there it is normally absent at the ground surface as it is superimposed by up to several meters
thick zone termed as the active layer where temperature seasonally rises above 0 ◦C and the thickness of
which mainly depends on summer temperature conditions (Burn, 1998; Bonnaventure & Lamoureux, 2013).
Generally, permafrost coverage and thickness tend to decline towards lower latitudes and lower elevations
as the climate becomes milder, while the active layer tends to thicken until it eventually equals the freezing
depth at the permafrost–seasonal frost boundary. However, the latter cannot be simply delineated by a single
borderline because it is affected by a number of other regional- and local-scale variables. Instead, it is rather
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Figure 1. Present-day distribution of continuous (>90 % areal coverage), discontinuous (50–90 % areal coverage),
sporadic (10–50 % areal coverage), and isolated permafrost (<10 % areal coverage) in the (A) Northern and (B)
Southern Hemisphere based on Obu et al. (2019a,b,c). Note the contrast between the two hemispheres; even the most
extensive permafrost occurrences in the Southern Hemisphere, situated in Antarctica and the Andes, are almost invisible
in the hemispheric scale. Topography is based on the Global Multi-resolution Terrain Elevation Data 2010 dataset
(Amatulli et al., 2018) and global-scale shapefiles available at Natural Earth (https://www.naturalearthdata.com).
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a transition area that spans over extensive regions underlain by discontinuous to sporadic permafrost (50–90
to 10–50 % areal coverage, respectively; Brown et al., 1997), which is interspersed with seasonally frozen
ground (Figure 1), and where MAAT commonly attains ca. −6 to −1 ◦C (Brown, 1960; Brown & Péwé,
1973; Péwé, 1983; King, 1986). Seasonally frozen ground mostly dominates in warmer locations because
MAAT usually tends to be slightly lower than mean annual ground surface temperature due to the buffering
effects of snow and vegetation (Smith & Riseborough, 2002), although some environmental settings, such
as those of debris covers or long-lasting snow fields, may, under favourable circumstances, host isolated
permafrost patches even under MAAT well above zero (e.g. Delaloye & Lambiel, 2005; Wicky & Hauck,
2017).

Nonetheless, permafrost is not invariable and everlasting, as its name might suggest, but in reality it
is among the Earth system components that are most sensitive to climate forcings (Riseborough et al.,
2008; Burn, 2013). Indeed, the Quaternary has seen numerous major permafrost expansions and retreats
associated with alternating glacial and interglacial periods as well as stadials and interstadials. For instance,
it is estimated that the maximum permafrost extent of the Last Glacial Period (LGP) achieved up to ca. 40 %
larger area than at present in the Northern Hemisphere (Figure 2) (Lindgren et al., 2016). This so-called
Last Permafrost Maximum (LPM) occurred under cold and dry climate conditions 25–17 ka (Vandenberghe
et al., 2014) and is thus believed to be slightly asynchronous with the period of maximum ice-sheet vo-
lume (Last Glacial Maximum [LGM]) taking place 26.5–19 ka (sensu Clark et al., 2009). The last major
permafrost expansion occurred in the Younger Dryas (12.9–11.7 ka), but then it degraded rapidly and has
largely retreated to its current extent at the latest during the early Holocene (Vandenberghe, 2001). However,
it is now dramatically declining in most present-day permafrost regions due to recent climate warming
(Harris et al., 2009; Romanovsky et al., 2010; Biskaborn et al., 2019).

20
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Figure 2. Maximum Last Glacial extent of continuous (>90 % areal coverage) and discontinuous permafrost (50–90 %
areal coverage) and ice sheets in the Northern Hemisphere including the exposed sea shelves based on Lindgren et al.
(2016) and Ehlers et al. (2011). Present-day topography is based on the Global Multi-resolution Terrain Elevation Data
2010 dataset (Amatulli et al., 2018) and global-scale shapefiles available at Natural Earth (https://www.naturalearthdata.
com).

1.1 Permafrost features

Seasonal and annual temperature variations within the uppermost permafrost and especially recurrent freez-
ing and thawing of the active layer stimulate numerous thermally- and gravity-induced processes, mostly
related to water–ice volume changes, that cause frost weathering, ground deformations, and/or mass dis-
placements, which, if acting long enough, result in the development of a variety of distinctive landforms
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and subsurface structures that are collectively termed as permafrost features. Some of them typically arise
during periods of permafrost aggradation, while others develop at its steady states or during its degradation,
and all this takes place within certain ranges of climate and environmental settings. During these phases,
they also usually tend to change their morphology and/or internal structure to some extent as they respond
to newly established conditions and as such they can signal various stages of permafrost evolution, which
has important environmental and engineering implications for present-day permafrost regions. However,
as many permafrost features can survive and retain some of their attributes long after the permafrost has
disappeared, they also enable to reasonably infer its former extent and dynamics or the thickness of the
active layer as well as to estimate the MAAT thresholds at the time of their formation, which is indis-
pensable for reconstructions of climate and environmental history in past permafrost regions where other
palaeo-records may frequently be poorly preserved (Washburn, 1980; Matsuoka, 2011; Ballantyne, 2018).
Permafrost and active-layer phenomena can thus provide important insights into how the system is evolving
(Bonnaventure & Lamoureux, 2013).

Some of the most common features in present-day permafrost regions are various kinds of patterned
ground and rock glaciers, which, along with their distinctive surface morphology and frequently large di-
mensions, predetermines them to be among the best and most abundantly preserved features in former
permafrost environments as well. As such, patterned ground and rock glaciers are well suited for exploring
past and present permafrost extents and associated temperature conditions in lowlands and mountains hav-
ing smooth slopes or in rugged terrains of high-alpine areas, respectively, where they usually occur (Barsch,
1996; Ballantyne, 2018).

1.1.1 Patterned ground

Patterned ground is a collective term for level or moderately sloping surfaces exhibiting strikingly regular
patterning, typically in the form of decimetres to several meters wide circles, polygons, nets, labyrinths,
stripes, or steps (Figure 3), which develop through mass displacements driven by recurrent freezing and
thawing of the ground, and thus the patterns also extend a few centimetres to over a meter in depth,
thereby building complex three-dimensional structures (Washburn, 1979; Warburton, 2013; Ballantyne,
2013, 2018). Most classifications distinguish between sorted patterns (Figure 3A, B, D, E), which are
usually characterized by predominantly fine cells surrounded by raised or depressed stony borders, and
non-sorted patterns (Figure 3C, F), which are defined by micro-topography and/or vegetation structures
(Washburn, 1956; Ballantyne, 2013, 2018). Active sorted patterns having a diameter over 1–2 m are com-
A

E F

B C

D

Figure 3. Active (A) sorted polygons, (B) sorted stripes, and (C) earth hummocks in the Svalbard archipelago and
their (D, E) relict to (F) semi-active counterparts in the High Sudetes Mts.
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monly associated with permafrost conditions and MAAT <−6 to −4 ◦C, while smaller patterns are mostly
considered to form within seasonally frozen ground and under MAAT of ca. −2 to 5 ◦C (Goldthwait, 1976;
Washburn, 1980; Grab, 2002; Ballantyne, 2018). Similarly, active non-sorted patterns also frequently de-
velop in permafrost environments, but many of them probably do not necessarily require permafrost for their
formation. Unfortunately, their MAAT thresholds are poorly known, but generally they occur where MAAT
is less than ca. 3 to 5 ◦C (Grab, 2005; Ballantyne, 2013, 2018). Large-scale patterns, particularly those
defined by boulders, can survive long after their activity has ceased (e.g. Winkler et al., 2016, 2020), even
under vegetation cover (occasionally including trees) and well-developed soil profiles (Figure 3D, E). On the
other hand, small-scale patterns have limited preservation potential and usually perish rapidly (Ballantyne
& Harris, 1994).

1.1.2 Rock glaciers

Rock glaciers are tens of meters to kilometres long tongue- or lobate-shaped landforms (Figure 4) resulting
from downslope creeping of ice-rich debris masses that commonly form in high-alpine environments having
MAAT <−2 ◦C (e.g. Barsch, 1996; Berthling, 2011; Kääb, 2013). Source material for their formation
usually comes from above-situated talus slopes, producing so-called talus rock glaciers (Figure 4B, D) that
do not substantially extend down to the valley bottoms, or from glacigenic materials, giving rise to so-called
debris rock glaciers (Figure 4A) that form more extensive deposits on the valley floors (Barsch, 1996). Most
rock glaciers exhibit characteristic surface morphology consisting of up to tens of meters high steep frontal
and lateral slopes enclosing rugged upper surface with a sequence of longitudinal and/or transversal ridges
and furrows (Figure 4A, C) that emerge due to the compression of the debris-ice mixture associated with the
rock-glacier flow, closely resembling lava streams (Kääb, 2013). Given their mostly large dimensions and
because the debris usually predominates, rock glaciers are able to retain much of their morphology long after
A B

C D

Figure 4. Active (A) debris (photo: Martin Frauenfelder / CC BY-SA 3.0) and (B) talus rock glaciers in the Alps and
the Svalbard archipelago, respectively, and relict (C) debris–talus and (D) talus rockglaciers in the Western and High
Tatra Mts.
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the ground ice inside has completely thawed (Hughes et al., 2003), and thus they can be frequently identified
even in a relict state and under dense vegetation cover (e.g. Colucci et al., 2016; Kellerer-Pirklbauer et al.,
2016). Active and inactive (collectively referred to as intact) rock glaciers represent important components
of mountain cryosphere because they typically contain substantial volumes of ground ice and as such they
act as long-term stores of water, even in arid or semi-arid regions (e.g. Brenning, 2005; Azócar & Brenning,
2010; Millar et al., 2013). On the other hand, relict rock glaciers have no ground ice inside, but they indicate
permafrost existence and MAAT <−2 ◦C in the past (e.g. Barsch, 1996; Kääb, 2013). Some rock glaciers
may look superficially relict while containing isolated ground-ice patches, and these have been tentatively
referred to as pseudo-relict rock glaciers (Kellerer-Pirklbauer, 2008), but the term has not yet been widely
accepted (e.g. Kääb, 2013; Jones et al., 2019), and thus the standard terminology, distinguishing between
active and inactive (∼intact) and relict rock glaciers (sensu Barsch, 1996), is used hereafter.

1.2 Motivation

Most present-day permafrost regions have experienced one of the globally fastest temperature rises over
the past few decades (Harris et al., 2009; Romanovsky et al., 2010; Biskaborn et al., 2019), which has
triggered permafrost degradation and active-layer thickening over large areas, and it is expected to continue
and affect wider areas in the near future (Chadburn et al., 2017). As a result, this will also highly impact
landscape and ecosystem dynamics, hydrological and biogeochemical cycling, and/or human infrastruc-
ture throughout permafrost regions (e.g. Ping et al., 2015; Hjort et al., 2018; Lafrenière & Lamoureux,
2019). Besides, carbon emissions released due to the permafrost decay are believed to further accelerate
the warming through a positive feedback mechanism, which is likely to bring even more dramatic changes
that may have globally significant repercussions (Schuur et al., 2015). Notwithstanding the uncertainties in
the current permafrost projections, it is assumed that its future areal losses under the most extreme climate-
warming scenarios could reach the same order of magnitude as in the post-LPM period (cf. Lindgren et
al., 2016; Chadburn et al., 2017). The Late Quaternary permafrost and climate evolution can thus be seen
as an analogy to what is happening now in most present-day permafrost regions because of the climate
warming and as such it can tell us what its consequences might be. Research of permafrost and active-layer
phenomena is thus necessary to assess the Late Quaternary climate and landscape dynamics across both
past and present-day permafrost regions, to forecast their future changes as well as to improve the adapta-
tion strategies to counter the negative impacts of associated environmental adjustments. However, it is of
the utmost importance for non-permafrost regions as well because many of the changes are likely to have
global consequences.

Yet, despite considerable efforts, observations are still either lacking or limited, and sometimes mislead-
ing, even in many present-day permafrost regions, and naturally less comprehensive evidence is available
from areas where permafrost existed in the past as numerous permafrost features have completely disap-
peared or have degraded so that they are difficult to identify at present. The latter situation is also partly due
to hitherto imprecisely known controls on the development of many permafrost features (see Section 1.1),
which is why numerous scientists have considered them to be poor indicators of any specific conditions, and
it has hindered their more extensive research. Consequently, the information remains sketchy and far from
conclusive in many aspects as local or regional permafrost and active-layer dynamics may substantially
differ from those at continental or global scales.

It is true for many Central European, mostly past permafrost areas north of the Alps where the most
momentous palaeo-permafrost and active-layer research has so far been done in lowlands using various
wedge-like structures, cryoturbations, or pingo scars (e.g. Isarin, 1997; Huijzer & Vandenberghe, 1998;
Czudek, 2005; Vandenberghe et al., 2014; Lindgren et al., 2016), while the investigations have been much
less intense in uplands, such as in the High Sudetes Mts. or in the Western and High Tatra Mts. (e.g.
Traczyk & Migoń, 2000; Křížek, 2007, 2016; Rảczkowska, 2007; Krzemień & Kłapyta, 2017/2018), where
local glaciations have particularly been explored (e.g. Engel, 1997; Křížek et al., 2012; Engel et al., 2014;
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Zasadni & Kłapyta, 2014; Makos, 2015; Kłapyta & Zasadni, 2017/2018). Knowledge of the distribution and
morphology of even the most common permafrost features, patterned ground and rock glaciers, respectively,
has thus been far from exhaustive there, which is also partly because these mountain ranges stretch along
the Czech–Polish and Slovak–Polish border, respectively, and hence they have long been studied separately
on both sides, which has historical reasons as well. Besides, numerous information has been published
in local, non-English journals and as such it has remained largely hidden to the international permafrost
community. Definitely, more attention has been paid to present-day activity of seasonal-frost features in
the High Sudetes Mts. (e.g. Sekyra & Sekyra, 1995; Křížek et al., 2010; Křížek, 2016) and to potential
present-day permafrost occurrences in the Western and High Tatra Mts. (e.g. Dobiński, 2005; Kẻdzia, 2015;
Krzemień & Kłapyta, 2017/2018).

Similarly, most investigations in present-day permafrost regions, such as in the interior areas of the
Svalbard archipelago or in the eastern Antarctic Peninsula region, have addressed particularly past (e.g.
Svendsen & Mangerud, 1997; Landvik et al., 1998; Ó Cofaigh et al., 2014) and present-day (de)glaciation
(e.g. Rachlewicz et al., 2007; Małecki, 2016; Davies et al., 2012; Engel et al., 2012, 2018) and paraglacial
response to it (e.g. Ewertowski & Tomczyk, 2015; Strzelecki et al., 2017; Ruiz-Fernández et al., 2019),
while research of permafrost and active-layer phenomena has long been rather limited there, which is also
due to their remoteness resulting in high financial and logistics costs (e.g. Humlum et al., 2003; Juliussen
et al., 2010; Hrbáček et al., 2019a). No detailed observations of patterned ground have thus been avail-
able from the central Spitsbergen, and have been completely absent from higher elevations throughout the
Svalbard archipelago, while no analysis of the long-term active-layer behaviour and its drivers has been
available from the eastern Antarctic Peninsula region (Hrbáček et al., 2019a), but the information remains
very limited from around the Peninsula as most monitoring sites were set up there after the International
Polar Year 2007–2009 (Vieira et al., 2010).

1.3 Objectives

The main objective of the thesis is thus to obtain new primary data on some of the poorly investigated
permafrost and active-layer phenomena in mostly past permafrost landscapes of selected Central Euro-
pean mountain ranges situated north of the Alps as well as in present-day permafrost environments of
the Svalbard archipelago and the Antarctic Peninsula region where most of the Czech permafrost and
active-layer research has taken place in recent years. Specifically, research of mostly past permafrost land-
scapes is mainly oriented on the comprehensive cross-border mapping and analysis of the distribution and
morphology of the most widespread permafrost features that occur there, that is, patterned ground and
rock glaciers, and their interpretation in terms of past and potential present-day permafrost occurrences
and associated temperature conditions (Paper I, Paper II, Paper III, and Paper IV). Research of present-
day permafrost regions is mainly focused on the analysis of the distribution and morphology of patterned
ground, their developmental rates, chronology, and relation to present-day environmental conditions, which
have implications for reconstructions of past permafrost environments (Paper V). Also, it concentrates on
the long-term monitoring and modelling of the thermal regime and thickness of the active layer, which is
critical for assessing the regional contrasts of climate-change impacts on this important component of the
cryosphere (Paper VI and Paper VII). Beside the new or amended information about the past and present
permafrost and climate evolution in the study areas and putting it into broader research and/or regional con-
texts that complement the mosaic of existing knowledge, it also seeks to develop and/or implement novel
observation procedures and methods as well as to bring new perspectives that increase the reputation of
past and present permafrost and active-layer phenomena as indicators of Late Quaternary environmental
changes.
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2 Study areas

The research targeted past permafrost landscape of the High Sudetes Mts. (Paper I, Paper II, and Paper III)
and a currently marginal permafrost area of the Western and High Tatra Mts. (Paper IV), Central Europe,
as well as present-day permafrost environments of the northern Billefjorden, Svalbard archipelago (Pa-
per V), and James Ross Island, eastern Antarctic Peninsula region (Paper VII), the environmental settings
of which (Figure 5) are briefly described in this chapter. Despite Paper VI is localized on Amsler Island,
western Antarctic Peninsula region (Figure 5E), its environmental setting is not specifically characterized
here because it is basically a technical paper that demonstrates some common problems of active-layer and
permafrost modelling through the reanalysis of another study. Collectively, these areas cover a wide range
of climate conditions that form a transition between past and present permafrost environments.
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Figure 5. Location of the study areas in the (A) Northern and (B) Southern Hemisphere, and their positions (orange
rectangles) within the (C) Central Europe, (D) Svalbard archipelago, and (E) Antarctic Peninsula region. Global to-
pography (A, B) is based on the Global Multi-resolution Terrain Elevation Data 2010 dataset (Amatulli et al., 2018)
and global-scale shapefiles available at Natural Earth (https://www.naturalearthdata.com). Regional maps are based on
other data obtained from the (C) CGIAR Consortium for Spatial Information (http://srtm.csi.cgiar.org/srtmdata), (D)
Norwegian Polar Institute (https://geodata.npolar.no), and (E) Antarctic Digital Database (https://www.add.scar.org).

2.1 High Sudetes Mts.

The High Sudetes Mts. consist of three isolated mountain ranges, the Krkonoše Mts., Králický Sněžník
Mts., and the Hrubý Jeseník Mts., that are situated along the border of the Czech Republic and Poland
(Figure 5C). They are characterized by extensive summit plateaus of low relief at ca. 1300–1450 m asl,
with mostly gentle hills and saddles rising up to 100–150 m above, which are dissected by deep valleys.
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Their highest summits are Mt. Sněžka (1603 m asl), Mt. Králický Sněžník (1424 m asl), and Mt. Praděd
(1491 m asl), respectively. Geology mostly consists of Upper Proterozoic and Palaeozoic crystalline rocks
that are covered by various Quaternary sediments (Chlupáč et al., 2011). The mountains faced much colder
climates during the Pleistocene glaciations, which gave rise to numerous permafrost features particularly
on the summit plateaus (Traczyk & Migoń, 2000; Křížek, 2007, 2016), whereas up to several tens of valleys
exhibit a glacier remodelling (Králík & Sekyra, 1969; Šebesta & Treml, 1976; Engel, 1997; Křížek et
al., 2012; Engel et al., 2014). The last major glaciation phase took place during the LGM (Engel et al.,
2014) when the MAAT depression was estimated to be −10.3 to −6.7 ◦C as compared to the present
(Heyman et al., 2013), and glaciers receded intermittently until the Younger Dryas (Engel et al., 2014).
Most permafrost features are believed to have developed and/or been last active towards the end of the
LGP (Traczyk & Migoń, 2000; Traczyk, 2004), but some seasonal-frost features are thought to have been
active throughout the Holocene (Sekyra & Sekyra, 1995; Křížek, 2007; Křížek et al., 2010). The MAAT
was 1.2 ◦C at Mt. Sněžka in 1981–2010 (Migała et al., 2016), but it has been increasing at an average rate
of 0.023 ◦C a−1. The mean annual precipitation (MAP) there was 1186 mm in 1961–2017 (Pińskwar et al.,
2019). However, it somewhat decreases to the east as continentality increases. Snow cover is commonly
<1.5–2.0 m thick, though it can be only a few centimetres at wind-exposed sites to over 10 m at leeward
locations (Harčarik, 2002; Janásková, 2006; Hejcman et al., 2006). No present-day permafrost occurrences
have been documented, but it existed there during the colder periods of the Quaternary (Kociánová, 2002;
Czudek, 2005; Křížek, 2016). Spruce forests prevail below the tree line that is at ca. 1250–1300 m asl
(Treml & Migoń, 2015). Higher elevations host alpine meadows with dwarf shrubs and sparse vegetation-
free surfaces.

2.2 Western and High Tatra Mts.

The Western and High Tatra Mts. are ca. 42 and 26 km, respectively, long mountain ranges located in
the northernmost area of the Carpathian arc and stretching longitudinally along the border of Slovakia and
Poland (Figure 5C). They reach the maximum elevations of 2248 and 2655 m asl at the summit of Bystrá
and Gerlachovský štít, respectively. Geology of the mountain ranges is dominated by Palaeozoic crystalline
rocks that are overlaid by thrust sheets of Mesozoic sedimentary rocks on the northern sides. Valley slopes
and floors are rich in Quaternary deposits (Nemčok et al., 1994; Jurewicz, 2007). Glaciations recurrently
occurred during the cold phases of the Pleistocene and resulted in typical alpine-type topography with nu-
merous cirques, U-shaped valleys and distinct moraine ridges (e.g. Zasadni & Kłapyta, 2014; Makos, 2015;
Kłapyta & Zasadni, 2017/2018). Glaciers reached their last maximum extent during the LGM when the
MAAT reduction probably attained ca. −12 to −11 ◦C as compared to the present, then readvanced several
times until the Younger Dryas, presumably experiencing the MAAT depression of ca. −7 to −6 ◦C, and
finally disappeared at the Pleistocene–Holocene transition (Makos, 2015; Kłapyta & Zasadni, 2017/2018)
when most rock glaciers probably developed as well (Kotarba, 2007; Zasadni et al., 2020). Currently, the
climatic snowline occurs at ca. 2500–2600 and 2700–2800 m asl on northern and southern slopes, respec-
tively (Zasadni & Kłapyta, 2009), and the mountains host no glaciers; only perennial snowfields and firn-ice
patches can be found at high-elevated and well-shaded locations (Gảdek, 2014). The MAAT was −3.4 ◦C
at Lomnický štít (2635 m asl) in 1981–2010 (Slovak Hydrometeorological Institute) and it has been in-
creasing at an average rate of 0.023 ◦C a−1 since 1961 (Pribullová et al., 2013). The MAP there amounted
1653 mm (Slovak Hydrometeorological Institute), but precipitation generally tends to decrease eastwards
as air masses mainly come from the west (Niedźwiedź, 1992). Snow cover is normally <2–3 m thick at
the highest elevations (Niedźwiedź, 1992), but high spatial variability occurs because of rugged terrain,
which causes little snow on steep rock walls or wind-exposed surfaces, while much thicker, frequently
avalanche-nourished accumulations develop at the foot of the slopes or in topographic depressions. Discon-
tinuous permafrost has been estimated to occur above 1930±150–200 m asl (Dobiński, 1997, 2004, 2005),
mostly within less irradiated blocky covers promoting internal air circulation (Gảdek & Kẻdzia, 2008). The
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thickness of permafrost and active layer is estimated at ca. 0.5–25 and 0.5–6 m, respectively (Dobiński et
al., 1996, 2008; Mościcki & Kẻdzia, 2001; Gảdek & Grabiec, 2008). Vegetation mostly consists of spruce
forests below the tree line that is situated at ca. 1550–1715 m asl (Plesník, 1971; Švajda et al., 2011). The
areas above it are dominated by alpine meadows and dwarf shrubs that are increasingly being replaced by
vegetation-free surfaces towards higher elevations.

2.3 Northern Billefjorden

The northern Billefjorden is located in the central part of Spitsbergen, the largest island of the Svalbard
archipelago (Figure 5D). Geology of the area mostly consists of Precambrian crystalline rocks and Palaeo-
zoic sedimentary rocks that are extensively covered by various Quaternary deposits (Dallmann et al., 2004).
The region was largely covered by the Late Weichselian ice sheet (Landvik et al., 1998), which started to
recede 12.3 ka (Mangerud et al., 1992). Local glaciers had retreated close to their present-day extent by the
end of the Pleistocene (Baeten et al., 2010) and further declined in the early and mid-Holocene, but read-
vanced again around 3 ka and particularly during the Little Ice Age (Landvik et al., 1998), which terminated
there in the early 20th century (Svendsen & Mangerud, 1997; Isaksson et al., 2005). Since then, air tempera-
tures have increased substantially, which has led to rapid glacier retreat (Rachlewicz et al., 2007; Małecki,
2016). The MAAT was −5.1 ◦C near sea level at Svalbard Airport, 50–60 km to the south, in 1981–2010
(Nordli et al., 2014), but the northern Billefjorden exhibits somewhat larger air temperature amplitudes and
up to 1 ◦C lower MAAT based on local short-term studies (Rachlewicz & Styszyńska, 2007; Láska et al.,
2012). The MAP is estimated at ca. 200 mm (Hagen et al., 1993). Snow cover is <0.30 m thick on ice-bound
fjord and 0.6–1.2 m in valleys, but strong winds may locally produce much thicker snowdrifts (Strzelecki et
al., 2017). Continuous permafrost underlies extensive non-glacierized areas (Humlum et al., 2003) and can
be <100 m thick near coasts to >500 m in mountains (Liestøl, 1976). Active-layer thickness commonly
reaches 0.30–1.60 m, and in diamictons occasionally up to 2.5 m (Gibas et al., 2005; Rachlewicz & Szczu-
ciński, 2008; Láska et al., 2010). Active layer has been thickening at a rate of ca. 0.01–0.03 m a−1 since the
1990s in central Svalbard and it is expected to continue along with the climate warming (Etzelmüller et al.,
2011). Vegetation is limited and mostly occurs near sea level (Prach et al., 2012).

2.4 James Ross Island

James Ross Island is the largest island in the northeastern coast of the Antarctic Peninsula (Figure 5E).
Glaciers cover ca. 75 % of its ca. 2600 km2, but only a few occur on its northernmost tip, the Ulu Peninsula,
where >300 km2 of land has been exposed since 12.9±1.2 ka (Nývlt et al., 2014) that is one of the largest
glacier-free areas within the region and most research activities on the island have thus been taking place
there. Geology of the peninsula is dominated by Neogene volcanic rocks, which form flat-topped mesas,
and Cretaceous sedimentary rocks in lowlands, which are covered by Neogene and Quaternary sediments
of various origins (Mlčoch et al., 2019). The MAAT was −7.0 ◦C at sea level near the Johann Gregor
Mendel Station in 2005–2015, but it tended to decrease (Ambrožová & Láska, 2016) due to regional climate
cooling that began around 2000 and replaced the major warming of the second half of 20th century (Turner
et al., 2016; Oliva et al., 2017). The MAP is estimated at 300–500 mm of which most falls as snow that
is largely redistributed by strong winds and commonly reaches <0.30–0.50 m on flat surfaces (Hrbáček et
al., 2016) and much thicker accumulations around topographic depressions or obstacles (Kňažková et al.,
2020). Glacier-free surfaces are underlain by continuous permafrost (Bockheim et al., 2013), the thickness
of which has been estimated to be ca. 3.4 m on coastal marine terraces to >67 m in lower-lying inland areas
(Fukuda et al., 1992; Borzotta & Trombotto, 2004). Active-layer thickness usually attains ca. 0.50–1.45 m
(Borzotta & Trombotto, 2004; Hrbáček et al., 2017, 2019a,b), but its temporal dynamics has been unknown.
Vegetation is sparse and mostly concentrates in moist and nutrient-rich areas (Nývlt et al., 2016).
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3 Data and methods

Numerous methods were employed for data collection and analysis, of which most were done by the author
himself to the extents indicated for individual publications (see List of publications included in the thesis).
These included (i) terrain and/or remotely-sensed mapping of past and present sorted and non-sorted pat-
terns as well as rock glaciers; (ii) determining their topographic attributes from digital elevation models;
(iii) and measuring their surface as well as subsurface morphology and internal structure in situ or using
aerial photographs and digital elevation models; (iv) collecting ground samples and determining their phy-
sical properties, such as texture, bulk density, moisture content, thermal conductivity, or volumetric heat
capacity; (v) measuring air and ground temperatures; (vi) active-layer thickness modelling using analytical
solutions; (vii) interpreting geophysical measurements; (viii) statistical analysis; (ix) extensive literature
searching aimed at putting results into broader research and/or regional contexts; (x) and interpreting and
synthesizing of results. The GIS works were done in ArcGIS 10 (Environmental Systems Research In-
stitute), whereas the computations were mostly elaborated in STATISTICA 9 (StatSoft) and Mathcad 14
(Parametric Technology Corporation). Please note that all the data and methods used are detailed in the
publications themselves (see Supplements) and are thus not thoroughly described here.

4 Overview of publications

This chapter provides a condensed summary of the key results and findings of the seven papers included
in the thesis, which were all published in well-recognized international Web-of-Science-indexed journals,
namely Journal of Maps (Paper I and Paper IV), Permafrost and Periglacial Processes (Paper II, Paper V,
Paper VI, and Paper VII), and Geomorphology (Paper III).

4.1 Paper I
Křížek, M., Krause, D., Uxa, T., Engel, Z., Treml, T., Traczyk, A. (2019). Patterned ground above the alpine timberline in the High
Sudetes, Central Europe. Journal of Maps, 15(2), 563–569. https://doi.org/10.1080/17445647.2019.1636890

This paper presents the very first comprehensive cross-border map of mostly relict patterned ground in the
sub-alpine belt of the Krkonoše Mts., Králický Sněžník Mts., and the Hrubý Jeseník Mts., Czech Republic
and Poland (50◦01′–50◦47′ N, 15◦30′–17◦16′ E, 1260–1555 m asl), based on detailed field mapping aided
by aerial-photography surveying mostly aimed at refining the delineated patterned-ground areas. The map
depicts sorted polygons, sorted nets, sorted circles, sorted stripes, earth hummocks, peat hummocks, and
non-sorted stripes, which are situated at elevations of ca. 1260–1555 m asl and cover a total area of 5.23 km2

that accounts for 11.4 % of the entire mapped region.
Sorted patterns represent 94.6 % of the total patterned-ground area and, except for sorted circles, they

occur in all the three mountain ranges. Most sorted polygons reside summit locations of the Krkonoše
Mts. (90.4%), and thus they attain the highest elevations, of 1475–1550 m asl, of all the sorted patterns,
but rest in rather level terrains commonly having 2–4◦ and comprise as low as 2.6 % of the total area of
the sorted patterns. Sorted nets arise at somewhat lower elevations, of 1382–1462 m asl, and slightly less
inclined surfaces, of 1–3◦, but embody 37.6 % of the sorted patterns and tend to form large networks. Sorted
stripes are the most common of the sorted patterns (59.8 %) and cover extensive areas that commonly border
with those of the sorted polygons or nets, but they are situated at the same or lower elevations, of 1385–
1457 m asl, and on steeper slopes, of 4–8◦. Sorted circles show up only at two tiny patches at the Modré
sedlo Saddle (1510 m asl) and Mt. Luční hora (1555 m asl), the Krkonoše Mts., and miniature patterns also
arise occasionally at one spot at Mt. Keprník (1423 m asl), the Hrubý Jeseník Mts., but the latter features
are constantly being damaged by tourists.

Non-sorted patterns constitute as little as 5.4 % of the total patterned-ground area and are unevenly
distributed as well. Earth hummocks occur exclusively in the Hrubý Jeseník Mts., whereas peat hummocks
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exist only in the Krkonoše Mts. They reside small sites characterised by gentle slopes and flats, of 4–7 and
0–2◦, respectively, located at elevations of 1417–1461 and 1422–1433 m asl. Non-sorted stripes are the
most widespread of the non-sorted patterns (69.2 %) and occur in both the Krkonoše Mts. and the Hrubý
Jeseník Mts., but arise on steeper slopes, of 4–11◦, and at slightly lower elevations, of 1376–1425 m asl,
than the hummocks. No non-sorted patterns have been observed in the Králický Sněžník Mts.

Obviously, the most symmetrical sorted and non-sorted patterns, such as sorted polygons and circles or
peat and earth hummocks, tend to be situated at higher elevations, whereas the least symmetrical features,
such as sorted and non-sorted stripes, usually occupy lower elevations. It largely mirrors the distribution of
slope inclinations within the region, but at the same time it indicates former existence of a typical mountain
patterned-ground zonation there (cf. Harris, 1982; Niessen et al., 1992; Hjort & Luoto, 2006; Feuillet et al.,
2012) as most of the patterns currently exhibit no or little activity (Křížek, 2007, 2016; Křížek et al., 2010).
The transitional gradient, at which the symmetrical patterns decline, whereas the elongated ones become
dominant, is ca. 4–7◦.

The map itself is a helpful requisite for successive detailed patterned-ground surveys and related re-
search as well as other investigations taking place in the region. Besides, it may also serve as a training
and/or validation dataset for statistical- or machine-learning-based landform distribution models. Finally,
the map is an important basis for environmental planning and nature protection management inside the vul-
nerable ecosystems of the highest parts of the Krkonoše/Karkonosze Mts. National Parks and the Jeseníky
Protected Landscape Area.

4.2 Paper II
Křížek, M., Uxa, T. (2013). Morphology, Sorting and Microclimates of Relict Sorted Polygons, Krkonoše Mountains, Czech Republic.
Permafrost and Periglacial Processes, 24(4), 313–321. https://doi.org/10.1002/ppp.1789

This study details 62 relict large-scale sorted polygons located at Mt. Luční hora in the Krkonoše Mts.,
Czech Republic (50◦43′40′′ N, 15◦40′57′′ E, 1455–1555 m asl), using in situ observations, and investigates
the influence of past microclimates on their morphology and degree of frost sorting.

The sorted polygons have an average length, width, and height of 1.94, 1.51, and 0.22 m, respectively,
and are dominated by tabular clasts having an average a-axis size of 0.11 m at the borders and 0.05 m in
the interiors. However, the patterns located at higher elevations have significantly smaller diameters and
higher height-to-width ratios and are better sorted than the lower-elevated ones. Generally, larger sorted
polygons tend to be formed by larger clasts, which probably controls the intra-site variations in the pattern
diameters associated with natural heterogeneity in debris size, but it cannot explain their inter-site contrasts
because the mean clast size is similar throughout the study area. Smaller diameters of the higher-elevated
sorted polygons can be rather attributed to shallower freeze-thaw depth (∼active layer) at the time of their
formation caused by lower air temperatures there. Snow cover was also thinner there due to windier condi-
tions, which promoted more numerous freeze-thaw cycles of higher intensity that enhanced frost heaving
and resulted in the higher height-to-width ratios of the sorted polygons at higher elevations. However, the
latter was also likely related to lower moisture contents due to less snow and intense wind action (sensu Van
Vliet-Lanoë, 1991).

Smaller sorted polygons and those having higher height-to-width ratios also tend to be better sorted.
Besides the contrasting microclimates that still exist today, this is because the distances for clasts to move
to the pattern borders are shorter within smaller polygons, and thus the clast movements in them can also
be smaller to achieve the same degree of sorting as larger polygons. Likewise, patterns with higher height-
to-width ratios have steeper surfaces where the gravity-induced processes, such as frost or needle-ice creep,
can accelerate the clast displacements towards the pattern borders (Ballantyne, 1996; Kling, 1997; Mat-
suoka et al., 2003). Also, it is hypothesized that sorting steadily increases the frost susceptibility of the
polygon centres, which in turn intensifies the freeze-thaw processes there and hence further enhances the
sorting. Consequently, the pattern development probably involves a positive feedback mechanism between
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morphology and frost susceptibility that is driven by microclimates.

The study showed that large-scale sorted polygons are highly sensitive to fine-scale variations in envi-
ronmental conditions and that these contrasts can be deduced even from the Last Glacial features, which
indicates a high palaeo-environmental potential of relict sorted patterns located in flat or convex terrains.
Also, it designed a scheme for evaluating their sorting that allows clast measurements using traditional
or modern methods (such as terrestrial photogrammetry), modifications of the sampling strategy as well as
repetitive surveys within individual sorted patterns and as such it can be easily adapted to be used elsewhere.

4.3 Paper III
Uxa, T., Křížek, M., Krause, D., Hartvich, F., Tábořík, P., Kasprzak, M. (2019). Comment on ‘Geophysical approach to the study of
a periglacial blockfield in a mountain area (Ztracené kameny, Eastern Sudetes, Czech Republic)’ by Stan et al. (2017). Geomorpho-
logy, 328(1 March 2019), 231–237. https://doi.org/10.1016/j.geomorph.2018.10.010

This paper rebuts present-day permafrost existence in the Hrubý Jeseník Mts., Czech Republic, which was
suggested by Stan et al. (2017) who investigated the internal structure of two blockfields at the Ztracené
kameny site (50◦00′58′′ N, 17◦10′29′′ E, 1250 m asl) using electrical resistivity tomography and seismic
refraction tomography, and interpreted two isolated high-resistivity (>80–100 kΩ m) and high-P-wave-
velocity (<2000–3000 m s−1) zones situated in lower-lying sections of the blockfields as permafrost patches
that were moreover thought to be of the Pleistocene age. However, this interpretation is of doubtful validity
because it mainly relies on ambiguous geophysical data alone that are poorly supported by other and mostly
dubious evidence.

The maximum resistivity of the alleged permafrost spots attains or even exceeds the highest values
documented for mid-latitude, low-elevation permafrost sites that usually ranged between 5–50 kΩ m and
<100 kΩ m (e.g. Kneisel et al., 2000; Delaloye et al., 2003; Stiegler et al., 2014; Popescu et al., 2017);
and as such resembles rather massive ice (sensu Hauck & Vonder Mühll, 2003). Nonetheless, the latter
can hardly occur there because the amount of ground ice tends to be limited in these permafrost-hostile
environments situated well below the lower regional permafrost limits. Consistent with that, the maximum
P-wave velocity is lower or at the bottom of the range of ca. 2000–3500 m s−1 commonly associated
with mid-latitude, low-elevation permafrost patches (e.g. Kneisel et al., 2000; Gude et al., 2003), and most
velocity values rather comply with air-filled layers that usually achieved ca. 350–1500 m s−1 elsewhere (e.g.
Kneisel et al., 2000; Gude et al., 2003; Draebing, 2016). Since the blockfields are dominated by quartz-rich
quartzites, which can show resistivity values of up to 109 Ω m (Kneisel & Hauck, 2008) and pure quartz
even well above 1010 Ω m (e.g. Parkhomenko, 1967; Telford et al., 1990), our alternate hypothesis is that
the maximum resistivity and P-wave velocity likely relates to the occurrences of solid quartzite bedrock,
larger quartzite boulders, quartz veins traversing the blockfields, or locally increased quartz content, which,
in combination with air-filled voids, produces geophysical images mimicking permafrost conditions.

Numerous evidence suggests that the latter interpretation should be favoured. So above all, the MAAT
there is estimated to be ca. 2.9–4.9 ◦C and the mean near-subsurface temperatures recorded directly at
the alleged permafrost spots between 25 May 2017 and 18 May 2018 were as high as 5.3 and 4.8 ◦C.
Besides, the ground temperatures had reached their minima of −7.1 and −7.5 ◦C before snow cover estab-
lished at the turn of November–December and then mostly remained above −2 ◦C throughout the winter.
Notwithstanding that, the blockfields have a limited insulation because snow tends to be not thick enough
to cover them continuously and usually completely disappears as early as in March–April and then the
ground temperatures rise sharply. Symptomatic of rather warm and dry conditions is also the absence of
mosses and cryophilic plants, which frequently colonize most mid-latitude, low-elevation permafrost sites
(e.g. Delaloye et al., 2003; Gude et al., 2003; Zacharda et al., 2007; Stiegler et al., 2014; Popescu et al.,
2017). Lastly, the blockfields have rather low elevation extent of ca. 20–65 m, are relatively shallow, of
ca. <8–12 m, and have straight slopes with no distinct concavities around the alleged permafrost spots,
which reduces the potential for internal air circulation and the formation of cold reservoirs in their lower
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sections (sensu Delaloye et al., 2003; Delaloye & Lambiel, 2005; Morard et al., 2008, 2010; Popescu et
al., 2017). Consequently, it is highly improbable that the blockfields contain permafrost under their cur-
rent environmental settings. Also, the alleged ground-ice patches could hardly be termed as remnants of
the Pleistocene permafrost even if actually present because such shallow and tiny permafrost bodies would
be impacted by seasonal and interannual air temperature variations, and thus they would have to exist in
equilibrium with contemporary climate conditions otherwise they would disappear. True relict permafrost
reflects a colder climate in the past and is usually situated tens to hundreds of meters beneath the ground
surface where it persists until positive temperatures propagate into its depth level.

Finally, it should be added that geophysics only estimates the subsurface distribution of ground physical
properties, and other non-geophysical inputs are thus necessary to support its interpretation. Otherwise, it
is almost impossible (Schrott & Sass, 2008).

4.4 Paper IV
Uxa, T., Mida, P. (2017). Rock Glaciers in the Western and High Tatra Mountains, Western Carpathians. Journal of Maps, 13(2),
844–857. https://doi.org/10.1080/17445647.2017.1378136

This paper introduces the very first detailed cross-border map of rock glaciers in the Western and High
Tatra Mts., Slovakia and Poland (49◦06′–49◦17′ N, 19◦39′–20◦15′ E, 1375–2250 m asl), produced through
a remotely sensed mapping mostly based on aerial photographs, validated by field checks and previously
published reports. The map contains a total of 383 rock glaciers covering a total area of 13.84 km2, which
are supplied by rock material from 51.81 km2 of their contributing areas. A total rock-glacier-related area
thus constitutes 65.65 km2, which comprises ca. 16 % of the area above 1375 m asl where the rock glaciers
have their lower limit.

The Western Tatra Mts. host fewer rock glaciers, 183 (ca. 48 %), than the High Tatra Mts. where 200
rock glaciers (ca. 52 %) were mapped. However, the total rock-glacier area is 0.45 km2 larger in the Western
Tatra Mts., while the total contributing area is 2.60 km2 more extensive in the High Tatra Mts. Talus rock
glaciers predominate in both mountain ranges, with ca. 63 and 74 % in the Western Tatra and High Tatra
Mts., respectively, but their total area represents only ca. 25 and 42 % of all the rock glaciers because
debris rock glaciers are substantially larger. The latter also have more extensive contributing areas, which
are necessary to supply their voluminous bodies with a sufficient amount of material.

Since both mountain ranges are dominated by granitic rocks, ca. 65 and 96 % of the rock glaciers,
having a total area of 4.84 and 6.46 km2, are formed within these substrates in the Western and High Tatra
Mts., respectively. More diverse geology of the Western Tatra Mts. gives rise to ca. 27 % of rock glaciers
(2.00 km2) consisting of Palaeozoic metamorphic rocks (particularly gneisses and migmatites) and ca. 8 %
(0.31 km2) developed within Mesozoic limestones, dolomites, sandstones, shales and quartzites. On the
other hand, only 1 and 3 % of the rock glaciers (0.07 and 0.17 km2) are formed by these materials in the
High Tatra Mts. Notably, the Mesozoic limestones, dolomites, sandstones, shales and quartzites host the
smallest rock glaciers having the lowest density and specific area in both mountain ranges, which suggests
that these substrates are the least favourable for the rock-glacier formation there.

Most rock glaciers are considered as relict; only ca. 4 and 25 % are classified as intact in the Western and
High Tatra Mts., respectively, comprising a total area of 1.34 km2. Relict rock glaciers have their average
front elevation at 1644±119 and 1731±143 m asl in the Western and High Tatra Mts., respectively, whereas
it is at 1812±30 and 2011±92 m asl for the intact ones. However, their lower limits are higher in southern
aspects than in northerly exposed places. Intact rock glaciers are mostly smaller landforms of talus type,
with ca. 86 and 78 % in the Western and High Tatra Mts., respectively, that tend to concentrate in well-
shaded cirque locations. Collectively for both mountain ranges, their front elevation is at 1986±109 m asl,
which is on average 56 m above the previously proposed average lower discontinuous permafrost boundary
of 1930±150–200 m asl based on air temperature data (Dobiński, 1997, 2004, 2005). Given the lower-
most relict rock glaciers descend to ca. 1400 m asl, the lower boundary of discontinuous permafrost at the
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time of their development, presumably taking place at the Pleistocene–Holocene transition (Kotarba, 2007;
Zasadni et al., 2020), probably extended to this level, provided that the rock glaciers could have fully devel-
oped. Since rock glaciers typically form under the MAAT of <−2 ◦C (Barsch, 1996), while its present-day
value is estimated to be 3.4 ◦C at this elevation, it suggests that the MAAT decline was at least −5.4 ◦C. The
rock-glacier fronts occur on average ca. 400–600 and 100–250 m lower than in the Alps and the Southern
Carpathians, respectively, which can be attributed to less precipitation towards the east (sensu Onaca et
al., 2017), causing thinner snow cover during winter and thus lower ground temperatures (sensu Gruber &
Haeberli, 2009), as well as to latitudinal temperature decrease (sensu Dobiński, 2005).

The map is the most comprehensive rock-glacier inventory for the whole area of the Western and High
Tatra Mts. published so far and as such it complements surveys from other European high-alpine regions,
such as the Alps, the Pyrenees, the Scandinavian Mts., or the Southern Carpathians, where rock glaciers
have been extensively mapped much earlier. However, it must be stressed that the deduced permafrost
limits should be understood as tentative because rock glaciers provide a first-order evaluation of potential
permafrost distribution, which generally tends to overestimate permafrost extent at places without debris
cover. The study is thus rather a starting point for more thorough analyses of rock-glacier distribution,
morphology, or chronology as well as modelling of permafrost extents, which can substantially improve the
understanding of past and present environmental conditions in the Western and High Tatra Mts. Lastly, the
map can be utilized as a basis for environmental planning and nature protection management in the Tatra
National Parks.

4.5 Paper V
Uxa, T., Mida, P., Křížek, M. (2017). Effect of Climate on Morphology and Development of Sorted Circles and Polygons. Permafrost
and Periglacial Processes, 28(4), 663–674. https://doi.org/10.1002/ppp.1949

This paper explores 290 large-scale active sorted circles and polygons located at 16 sites around the Petu-
niabukta and Adolfbukta bays in the northernmost Billefjorden, central Spitsbergen, Svalbard archipelago
(78◦40′–78◦44′ N, 16◦16′–16◦56′ E, 28–773 m asl), using in situ observations, and investigates their re-
lation to elevation and hypothesizes about their developmental rates, chronology as well as relation to
present-day environmental conditions.

Overall, the sorted circles and polygons have a median length, width, and height of 1.80, 1.40, and
0.15 m, respectively, but they occur in two distinct elevation zones, on raised marine and kame terraces
below ca. 200–250 m asl and on adjacent flat mountain tops and ridges above ca. 600 m asl, which are
separated by steep pebbly-bouldery talus slopes that are highly unfavourable for any sorted patterns. The
higher-elevated patterns have smaller diameters and shallower sorting depths due to thinner freeze-thaw
depth (∼active layer) there. On the other hand, their heights and height-to-width ratios are larger probably
because of more intense freeze-thaw cycling and better drainage there, which promotes more pronounced
up-heaving of the pattern centres than at lower elevations (sensu Van Vliet-Lanoë, 1991). Besides, the
diameter-to-sorting depth ratios have a median value of 3.57, which is consistent with theoretical models of
patterned-ground formation involving circulation mechanisms that suggested values of ca. 3.1–3.8 (Ray et
al., 1983; Gleason et al., 1986; Hallet & Prestrud, 1986; Peterson & Krantz, 2008) as well as with previous
reports for active sorted patterns from elsewhere that showed a median of 3.54. The latter suggests that
surface morphology of the patterns allows estimation of the sorting depth, which in turn can be used to
reconstruct the former freeze-thaw depths and thus also the temperature conditions associated with relict
patterns. Also, literature survey shows that elevation trends in the pattern diameters are opposite in per-
mafrost and seasonally frozen regions, which can be used to distinguish between these contrasting ground
thermal states at the time when the patterns developed.

Given the area was largely ice- or at least snow-covered during the LGM (Landvik et al., 1998), the
upper age limit of sorted patterns at most sites is probably the Pleistocene–Holocene transition. But since
the marine and kame terraces hosting the patterns formed no later than ca. 8.7 cal. ka BP (Long et al., 2012),
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the sorted circles and polygons have probably been forming throughout most of the Holocene. Notably,
large-scale sorted circles and polygons are totally absent inside the Little Ice Age glacier limit despite
having favourable conditions and over a century to develop there; only miniature and poorly developed
sorted circles rarely occur in these locations. Sorted patterns may thus develop over centennial timescales
in this high-Arctic environment that is dominated by a strong seasonal cycle with weak diurnal variations
and fewer freeze–thaw cycles, which agrees with present-day movement rates observed for several sorted
patterns elsewhere in the Svalbard archipelago (Hallet & Prestrud, 1986; Hallet, 1998; Kääb et al., 2014).
This is an order of magnitude longer than for small-scale patterns located in mid-latitude alpine climates
(cf. Ballantyne & Matthews, 1982; Haugland, 2006; Feuillet & Mercier, 2012) that themselves form faster
owing to their smaller dimensions (sensu Paper II), but their sorting is further accelerated by well-developed
seasonal and diurnal temperature variations and numerous freeze–thaw cycles.

Finally, the sorted circles and polygons are probably not in equilibrium with current climate conditions
because permafrost table occurs well below their sorting depth, which also favours their non-recent ori-
gin. On the other hand, it raises questions about the significance of sorted patterns located in present-day
permafrost environments under a changing climate.

4.6 Paper VI
Uxa, T. (2017). Discussion on ‘Active Layer Thickness Prediction on the Western Antarctic Peninsula’ by Wilhelm et al. (2015).
Permafrost and Periglacial Processes, 28(2), 493–498. https://doi.org/10.1002/ppp.1888

This paper responds to the study of Wilhelm et al. (2015) who modelled active-layer thickness of 4.7–
8.7 m in soils and unconsolidated materials and 11.9–18.6 m in bedrock on Amsler Island, western Antarc-
tic Peninsula region (64◦45′48′′ S, 64◦04′20′′ W, 16–67 m asl), using the Stefan (1891) and Kudryavtsev
(Kudryavtsev et al., 1977) models, and attributed it to regional climate warming that reached unprecedented
rates in the second half of the 20th century and culminated in the late 1990s (Turner et al., 2016; Oliva et
al., 2017). Nonetheless, these extremely thick active layers seem to be doubtful as they were mostly not
validated against any ground temperature records and, additionally, far exceeded the maximum values of
ca. 1–2 and 2–6 m, respectively, which have been reported elsewhere in the region (Vieira et al., 2010;
Bockheim et al., 2013; Hrbáček et al., 2019b).

Recalculations of the active-layer thickness using the same models and inputs most closely matched the
values modelled by Wilhelm et al. (2015) when the unfrozen water contents were set close to or equal to
the total water contents, that is, when little or no water in the active layer was assumed to undergo phase
changes. Under these conditions, the active layer was on average 4.6–8.9 m thick in soils and unconsoli-
dated materials and 10.1–16.5 m in bedrock, which was −0.1 to 0.2 m (−2.1 to 2.3 %) and −2.1 to −1.8 m
(−15.1 to −11.3 %), respectively, as compared to the estimates of Wilhelm et al. (2015). However, this
assumption is far from reality at the non-bedrock sites as these have non-zero water contents, sand or silty
sand textures, and winter ground temperatures well below 0 ◦C. Most of the water in the active layer thus
probably experiences phase changes there, which is documented by the presence of zero-curtain periods,
that is, isothermal conditions associated with the release or absorption of latent heat during freezing or
thawing, respectively. Scenarios that assumed all the water is involved in phase changes showed substan-
tially smaller active-layer thickness of 1.0–2.5 m in soils and unconsolidated materials, which was −6.2 to
−3.7 m (−78.7 to −71.3 %) as compared to Wilhelm et al. (2015). Definitely, this is much more realistic
estimate as it is mostly within the range of values published from other parts of the Antarctic Peninsula
region (cf. Vieira et al., 2010; Bockheim et al., 2013; Hrbáček et al., 2019b).

Conclusively, the active-layer thickness modelled by Wilhelm et al. (2015) is significantly overestimated
because it represents its upper limit that incorrectly assumes little or no latent heat is absorbed during
thawing. Hence, it should not be accepted by the scientific community until it is thoroughly revised as it
seriously misrepresents the climate state of the region that is among the most important climate change
hotspots. Unfortunately, Wilhelm & Bockheim (2017) did not clarify most of the issues in their reply.
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Besides, at the time they were undoubtedly aware of their erroneous calculations, they submitted a revised
version of an analogous paper that overestimated the active-layer thickness by up to hundreds of percent at
several other locations and that was published afterwards (Wilhelm & Bockheim, 2016).

4.7 Paper VII
Hrbáček, F., Uxa, T. (2020). The evolution of a near-surface ground thermal regime and modeled active-layer thickness on James Ross
Island, Eastern Antarctic Peninsula, in 2006–2016. Permafrost and Periglacial Processes, 31(1), 141–155. https://doi.org/10.1002/
ppp.2018

This paper examines the temporal dynamics of air temperature and ground temperature at a depth of 5 cm
and modelled active-layer thickness using the Stefan and Kudryavtsev models at the Abernethy Flats site,
James Ross Island, eastern Antarctic Peninsula region (63◦52′53′′ S, 57◦56′05′′ W, 41 m asl), between
March 2006 and February 2016, which is among the longest observations of its kind ever published in the
region as well as throughout the Antarctica.

The analysis showed that the decadal average of air and ground temperature was −7.3 and −6.1 ◦C,
respectively, and the average modelled active-layer thickness achieved 60 cm. The MAAT increased by
an average of 0.10 ◦C a−1 over the study period, whereas the mean annual ground temperature exhibited
the opposite tendency of −0.05 ◦C a−1. However, the air and ground temperature trends were positive only
in autumn (March–May), of 0.31 and 0.13 ◦C a−1, respectively, but they were negative in the other three
seasons, of −0.16 to −0.08 ◦C a−1 and −0.20 to −0.13 ◦C a−1, respectively. Likewise, the active layer
tended to thin on average by −1.6 cm a−1 because it strongly positively correlated with the summer air and
ground temperatures and also showed moderate positive correlations with annual as well as winter tempera-
tures. The active-layer thinning is in line with the analogous rates of −1.6 to −1.5 cm a−1 reported from
the South Shetland Islands, western Antarctic Peninsula region (Ramos et al., 2017; de Pablo et al., 2018),
and can be mainly attributed to declining summer (December–February) temperatures and shortening of
the thawing seasons, which started across the whole Antarctic Peninsula region around 2000 (Turner et
al., 2016; Oliva et al., 2017). However, the trends should be taken cautiously because all were statistically
non-significant at p < 0.05. Also, the time series is still too short to capture a climate signal reliably.

The Stefan and Kudryavtsev models reproduced the active-layer thickness with mean absolute errors
of 2.6 and 3.4 cm, respectively, while their mean absolute percentage errors were 5.0 and 5.9 %. Such
a high accuracy is substantially better than in most previous studies that showed average mean absolute
errors of 3.6–58.8 and 2.8–65.7 cm or 6.0–26.1 and 5.8–24.7 %, respectively, which is probably linked to
the model enhancements through correction factors (Kurylyk & Hayashi, 2016) and other modifications
improving their performance as well as rather homogeneous distribution and low temporal variations of
ground physical properties within the active layer. This study is thus the first to provide reasonable and vali-
dated active-layer thickness estimates using these analytical models in Antarctica. Given a small number of
inputs required by them, it is highly encouraging for calculating the active-layer thickness at other locations
as well as its spatial modelling throughout the continent.

5 Discussion, conclusions, and outlook

The thesis brought new insights into some of the poorly investigated permafrost and active-layer phenomena
of mostly past permafrost landscapes of selected Central European mountain ranges situated north of the
Alps as well as of present-day permafrost environments of the Svalbard archipelago and the Antarctic
Peninsula region, the most noteworthy of which are synthesized and shortly discussed below together with
potential future research perspectives.

Comprehensive cross-border mapping of mostly relict sorted and non-sorted patterns above the alpine
timberline in the High Sudetes Mts., first carried out by Paper I, resulted in one of the few such detailed
maps ever published, which depicts the actual areas of the patterned ground and not just its presence or

– 16 –

https://doi.org/10.1002/ppp.2018
https://doi.org/10.1002/ppp.2018


Permafrost and Active-Layer Indicators of Environmental Changes

absence within predefined gridcells of hundreds of meters or kilometres (cf. Niessen et al., 1992; Hjort
& Luoto, 2006; Feuillet et al., 2012). It confirmed that the patterns are the most widespread permafrost
features that occur there (cf. Křížek, 2007, 2016). Also, it indicated that the most symmetrical patterns,
such as sorted polygons and circles or peat and earth hummocks, tend to be situated on flat or gently-
inclined surfaces of higher elevations, whereas the least symmetrical ones, such as sorted and non-sorted
stripes, usually occur on steeper slopes of lower elevations. Likewise, sorted patterns tend be located at
somewhat higher elevations as compared to non-sorted patterns. Generally, it largely mirrors the distribution
of slope inclinations within the region that is characterized by extensive summit plateaus surrounded by
much steeper slopes, but at the same time it indicates the existence of a typical mountain patterned-ground
zonation associated with increased severity of climate conditions and sparser vegetation at higher elevations
(cf. Harris, 1982; Niessen et al., 1992; Hjort & Luoto, 2006; Feuillet et al., 2012) towards the end of the
LGP when most of the patterns supposedly originated (Sekyra & Sekyra, 1995; Traczyk & Migoń, 2000;
Sekyra et al., 2002). Given the patterns extend over a narrow range of elevations of ca. 1260–1555 m asl,
it implies their high sensitivity to climate and environmental variables as well. Moreover, the latter also
translates into the pattern morphology as Paper II revealed that sorted polygons tend to be better developed
at higher elevations because of more severe and longer-lasting microclimates suitable for their development
there. Specifically, these promoted shallower freeze-thaw depth (∼active layer) and more numerous freeze-
thaw cycles of higher intensity, which resulted in polygons having smaller diameters and higher height-to-
width ratios as well as better sorting at higher elevations, but were also probably responsible for their partial
reactivation and formation of secondary sorting centres during the colder periods of the Holocene. Besides,
Paper II suggested that the pattern development probably involves a positive feedback mechanism between
morphology and frost susceptibility that is driven by microclimates.

Strikingly, the smaller pattern diameters at higher elevations detected by Paper II for relict sorted poly-
gons in the High Sudetes Mts. are well consistent with those observed by Paper V for active sorted patterns
of similar morphology in the northern Billefjorden, Svalbard archipelago, as well as on James Ross Island,
eastern Antarctic Peninsula region (Marvánek, 2010), and in other permafrost areas (Kling, 1998). On the
other hand, the diameters of active sorted patterns have the opposite tendency in seasonally frozen ground
regions (Holness, 2003; Feuillet et al., 2012). Collectively, it suggests that pattern diameters closely relate
to the freeze-thaw depth and that their elevation trends within a particular geographical area can indicate
whether the patterns developed under permafrost or seasonally frozen ground conditions, or alternatively,
at what level the permafrost–seasonal frost boundary was located at that time. Besides, the summary of
available diameter-to-sorting depth ratios of circular and polygonal subaerial sorted patterns demonstrated
that the ratios tend to cluster between values of ca. 3.1–3.8, previously provided by theoretical models of
pattern-ground development (Ray et al., 1983; Gleason et al., 1986; Hallet & Prestrud, 1986; Peterson &
Krantz, 2008), which indicates that surface size of the patterns might be reasonably used to estimate their
sorting depth without the need for laborious and time-consuming excavations. Given the sorting depth is
believed to be representative of the freeze-thaw depth and thus also of the temperature conditions at the
time of the pattern formation (sensu Hallet & Prestrud, 1986; Ballantyne & Harris, 1994), efforts should
be made towards palaeo-temperature reconstructions utilizing the sorting depth (∼freeze-thaw depth) as
these could provide more reasonable temperature estimates than traditional empirical procedures that build
on modern air temperatures associated with active sorted patterns (Ballantyne & Harris, 1994; Ballantyne,
2018). Certainly, the latter can be misleading because Paper V also suggested that many of the patterns
examined are probably not in equilibrium with present-day climate conditions and, albeit manifestly active,
may have probably been forming throughout the Holocene, that is, under climate conditions that may have
substantially differed from those of today (cf. Ballantyne & Harris, 1994; Ballantyne, 2018). Also, the pat-
tern dynamics likely exhibits latitudinal variations because of contrasting insolation budgets that produce
distinct thermal regimes, including the number and intensity of freeze-thaw cycles, which is another com-
plication for the traditional reconstruction methods because these have typically utilized active high-latitude
patterns as analogues for relict patterns in mid-latitude areas (Ballantyne & Harris, 1994; Ballantyne, 2018).
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Given that some of the patterns, such as large-scale sorted polygons and nets, are commonly associated
with at least discontinuous permafrost conditions and the MAAT <−6 to −4 ◦C (Goldthwait, 1976; Wash-
burn, 1980; Grab, 2002; Ballantyne, 2018), their widespread presence in the High Sudetes Mts. attests that
permafrost having up to ca. 1.5–2 m thick active layer extensively occurred there towards the end of the
LGP and that the MAAT decline was at least −8 to −4 ◦C at that time. Since the latter denotes the minimal
MAAT reduction, it is in line with the previously suggested values of ca. −12 to −8 ◦C for the summit areas
of the High Sudetes Mts. based on other tentative permafrost evidence and glacier mass-balance modelling
(Czudek, 1986; Chmal & Traczyk, 1993; Heyman et al., 2013), but is also well consistent with the average
MAAT depressions of at least ca. −8 to −4.5 ◦C indicated by groundwater data and borehole temperature
logs in the surrounding lowlands (Šafanda & Rajver, 2001; Zuber et al., 2004; Corcho Alvarado et al.,
2011). Currently, however, the mountains most likely host no permafrost as Paper III demonstrated that it is
absent even within the high-elevated blockfields, the openwork debris of which usually provides one of the
most suitable places for potential permafrost maintenance, but the blockfields have rather low elevation ex-
tent and are relatively shallow there, which hinders the development of seasonally reversing, gravity-driven
internal air circulation that could insulate their interiors and thus produce negative thermal anomalies as
compared to the outside air (sensu Delaloye & Lambiel, 2005; Wicky & Hauck, 2017).

On the other hand, Paper IV, which introduced the very first cross-border inventory of rock glaciers
for the Western and High Tatra Mts., and as such complemented those from other European high-mountain
areas, such as the Alps, the Pyrenees, the Scandinavian Mts., or the Southern Carpathians, suggested that
present-day permafrost probably discontinuously occurs there above ca. 2000 m asl based on the front ele-
vations of intact rock glaciers, but its level varies locally mainly depending on the slope aspect and surface
cover, which is also supported by rare near-subsurface temperature measurements (e.g. Gảdek & Kẻdzia,
2008; Uxa & Mida, 2016, 2017). Obviously, it is slightly above the previously proposed average discon-
tinuous permafrost boundary of 1930 m asl based on the elevation of zero isotherm of MAAT (Dobiński,
1997, 2004, 2005). Of course, the difference can be partly due to distinctive methodologies. However, the
earlier estimates (Dobiński, 1997, 2004, 2005) were mostly based on air temperatures from 1985–1989 or
1985–1994 when climate was slightly colder as the MAAT has been increasing there at an average rate of
0.02 ◦C a−1 since the 1960s (Żmudzka, 2011; Pribullová et al., 2013). Such a warming rate would have
elevated the zero isotherm level from 1930 m asl to 2003–2039 m asl in 20–30 years, assuming the average
temperature lapse rate of 0.0055 ◦C m−1 (sensu Niedźwiedź, 1992), or even higher because the warming
accelerated in the 1980s (Żmudzka, 2011), which corresponds well to the fact that near-subsurface tem-
peratures within the rock-glacier debris tend to be slightly lower than air temperatures there (Uxa & Mida,
2016, 2017). At the same time, it suggests that the higher permafrost limit as compared to Dobiński (1997,
2004, 2005) is reasonable.

Besides, Paper IV also estimated that the lower boundary of discontinuous permafrost at the Pleis-
tocene–Holocene transition, that is, when the rock glaciers presumably originated there (Kotarba, 2007;
Zasadni et al., 2020), was around ca. 1400 m asl based on the lowest fronts of relict rock glaciers, and the
associated MAAT decline was at least −5.4 ◦C, which is well in line with the temperature depression of
ca. −7 to −6 ◦C based on glacier mass-balance modelling (Makos et al., 2013). Similarly, Zasadni et al.
(2020) also hypothesized that Younger Dryas rock glaciers should occur at elevations of 1320–1520 m asl
if the MAAT depression of −5 to −4 ◦C would be assumed. However, they dated numerically only small
rock glaciers at elevations of ca. 1800–2000 m asl, which formed 11.9–10.4 ka, that is, mostly in the early
Holocene (Zasadni et al., 2020) when climate was already warmer (Tóth et al., 2012), and thus yielded
the lower boundary of discontinuous permafrost of ca. 1800 m asl and the MAAT reduction as little as
−1.6 ◦C, or −5.3 ◦C if enhanced annual air temperature amplitude was considered (Zasadni et al., 2020).
Moreover, they assumed tentatively that rock glaciers situated at lower elevations have emerged prior to
the Younger Dryas because they further argued that permafrost disappeared much earlier at elevations of
ca. <1600 m asl based on the presence of a so-called massive rock-glacier front found at the foot of a rock-
avalanche fan at 1620 m asl (Zasadni et al., 2020) dated at 15.6±0.7 ka (Engel et al., 2015; Pánek et al.,
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2016). Nonetheless, the latter landform has previously been considered to be solely a rockfall accumulation
(Engel et al., 2015; Pánek et al., 2016) and is also not included in the rock-glacier inventory compiled by
Paper IV and as such it is probably of no significance for past permafrost distribution. Also, the MAAT
reduction is estimated at up to ca. −10 to −9 ◦C at the time of its origin (Makos, 2015), which would imply
that permafrost extended much lower, and certainly below ca. 1500 m asl as indicated by cryogenic cave
carbonates (Žák et al., 2012). Last but not least, it should be noted that there are rock glaciers descending to
ca. 1400 m asl in the Western Tatra Mts., which have indeed been attributed to the Younger Dryas (Engel et
al., 2017), suggesting that the past lower boundary of discontinuous permafrost and the associated MAAT
decline provided by Paper IV is plausible.

Obviously, the relict and intact rock glaciers and thus also the past and present discontinuous permafrost
limits occur on average ca. 400–600 and 100–250 m lower than in the Alps and the Southern Carpathians,
respectively, which is attributed to increasing continentality to the east as well as to latitudinal tempera-
ture decrease (sensu Dobiński, 2005; Onaca et al., 2017). However, it must be stressed that the deduced
permafrost limits should be understood as tentative because rock glaciers can provide only a first-order
evaluation of potential permafrost distribution, which generally tends to overestimate the permafrost extent
at places without debris cover. Ground temperature measurements supplemented by geophysical soundings
are thus needed to determine the controls on permafrost existence there in order to enhance the estimates
of its past and present distribution in the mountains as well as to assess its response to the current climate
warming.

Ground temperature measurements should be as long as possible, as illustrated by Paper VII, which
examined one of the longest observations (2006–2016) of thermal regime and modelled active-layer thick-
ness using the Stefan and Kudryavtsev models in the Antarctic Peninsula region as well as throughout
the Antarctica, but the decadal time series proved to be still too short to capture statistically significant
trends. Notwithstanding that, it detected active-layer thinning that is analogous to other locations around
the Antarctic Peninsula and can be mainly attributed to declining summer temperatures and shortening of
the thawing seasons, which started there around 2000 (Turner et al., 2016; Oliva et al., 2017), and as such
it highly contrasts with what is happening in most permafrost regions in the Northern Hemisphere where
air and ground temperatures as well as active-layer thickness have been steadily increasing over the past
few decades (Harris et al., 2009; Romanovsky et al., 2010; Luo et al., 2016; Biskaborn et al., 2019). The
Stefan and Kudryavtsev models reproduced the active-layer thickness with lower errors than in most pre-
vious studies and it was their very first successful application in Antarctica after they had been incorrectly
utilized by Wilhelm et al. (2015) and Wilhelm & Bockheim (2016) who modelled unrealistically thick
active layers on Amsler Island, western Antarctic Peninsula region, that exceeded their actual thickness
by up to hundreds of percent and basically excluded the existence of near-surface permafrost there, which
gave the false impression of extreme warming and as such seriously misrepresented the climate state in
the region as demonstrated by Paper VI. Both Paper VI and Paper VII also highlighted some important
issues of active-layer and permafrost modelling, including phase changes and latent heat effects or model
parameterizations and corrections, which is useful as the models become increasingly available not only for
permafrost scientists, but also for non-specialists working in permafrost environments.

Clearly, Paper I, Paper II, Paper IV, and Paper V showed that patterned ground and rock glaciers are
highly sensitive to variations in climate and environmental conditions and that these can be preserved and
subsequently deduced even from the Last Glacial to early Holocene features, which has important implica-
tions for present-day permafrost regions, but especially it indicates their high potential for reconstructions
of past permafrost environments that should definitely be further exploited in future investigations. These
should be particularly attempted to better constrain former temperature conditions associated with the pat-
terned ground as well as the rock glaciers and to thoroughly determine their absolute chronology using
numerical dating methods. So far, their age has mostly been estimated using the knowledge about the re-
gional glaciations and/or palaeo-climates, while numerical dating was virtually lacking because it is tricky
due to their complex formation history potentially spanning multiple time periods and possible reorganiza-
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tion long after they have formed. Fortunately, first numerical dates have recently started to emerge at least
for rock glaciers in the Western and High Tatra Mts. (Engel et al., 2017; Zasadni et al., 2020), but those
for patterned ground in the High Sudetes Mts. will hopefully appear soon as well (Engel et al., in revision).
Correlations with local mountain glaciations as well as permafrost dynamics in the surrounding lowlands
are also highly desirable to better comprehend the Late Quaternary landscape evolution of these regions as
mountain and lowland permafrost behaviour probably highly differed both spatially and temporally, but it
has not yet been addressed as most chronological data on past permafrost events in Central European areas
situated north of the Alps are still available almost exclusively only from lowland locations (Isarin, 1997;
Huijzer & Vandenberghe, 1998; Czudek, 2005; Marks et al., 2016). Besides, the monitoring of air and
near-subsurface temperatures and/or active-layer thickness, which has already been established on James
Ross Island (Paper VII) and in the High Tatra Mts. (Uxa & Mida, 2016, 2017), should definitely continue in
order to extend the time series so that they allow for a more thorough trend analysis that tells more about the
active-layer and permafrost dynamics in these regions and their drivers, which is critical for assessing the
regional contrasts of climate-change impacts on these important components of the cryosphere. Also, other
locations should be included in the analysis to enhance its robustness. Lastly, complex numerical models
should be employed there as they can capture the transient evolution of subsurface temperatures, including
their sub-annual variability, and are thus capable to better represent the active-layer and permafrost be-
haviour. The latter is urgently needed also because numerical models have almost never been used in these
regions.

Conclusively, the thesis contributed to a better understanding of the past and present dynamics of the
examined regions, which documents that permafrost and active-layer phenomena are valuable measures of
Late Quaternary environmental changes if observed in detail (Paper I, Paper II, Paper IV, Paper V, and
Paper VII) and/or interpreted carefully (cf. Paper III and Paper VI). Besides, newly introduced approaches,
methods, and perspectives as well as established monitoring networks enhance the breadth of details that
can be retrieved from both past and present permafrost and active-layer phenomena, and thus the thesis
outcomes also have notable methodological and genetic implications as well as relevance to concepts of
permafrost landscape evolution. Yet, they should be viewed rather as partial but important steps that pave
the way for follow-up investigations.
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Dobiński, W. (1997). Distribution of mountain permafrost in the High Tatras based on freezing and thawing indices. Biuletyn Peryglac-
jalny, 36, 29–37.
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10.7163/PrzG.2015.1.3

Kellerer-Pirklbauer, A. (2008). Aspects of glacial, paraglacial and periglacial processes and landforms of the Tauern Range, Austria.
Unpublished doctoral thesis, University of Graz, Austria.

Kellerer-Pirklbauer, A., Wagner, T., Winkler, G. (2016). Inventarisierung von blockgletscherverdächtigen Formen und deren hydrolo-
gischen Einzugsgebieten in den steirischen Niederen Tauern mit Hilfe von hochaufgelösten Geländemodellen [Inventorying rock
glacier-suspected landforms and their hydrological catchments in the Styrian part of the Niedere Tauern range using high-resolution
digital elevation models]. Joannea – Geologie und Palaontologie, 12, 53–62.

King, L. (1986). Zonation and Ecology of High Mountain Permafrost in Scandinavia. Geografiska Annaler: Series A, Physical Geog-
raphy, 68(3), 131–139. https://doi.org/10.1080/04353676.1986.11880166

Kłapyta, P., Zasadni, J. (2017/2018). Research History on the Tatra Mountains Glaciations. Studia Geomorphologica Carpatho-
Balcanica, 51/52, 43–85.

Kling, J. (1997). Observations on sorted circle development, Abisko, Northern Sweden. Permafrost and Periglacial Processes, 8(4),
447–453. https://doi.org/10.1002/(SICI)1099-1530(199710/12)8:4<447::AID-PPP266>3.0.CO;2-H

Kling, J. (1998). The difference between sorted circle and polygon morphology and their distribution in two alpine areas, northern
Sweden. Zeitschrift für Geomorphologie, N.F., 42(4), 439–452.

– 24 –

https://doi.org/10.1111/j.0435-3676.2006.00280.x
https://doi.org/10.1111/j.0435-3676.2006.00280.x
https://doi.org/10.1038/s41467-018-07557-4
https://doi.org/10.1038/s41467-018-07557-4
https://doi.org/10.1002/esp.430
https://doi.org/10.1002/ppp.1871
https://doi.org/10.1016/j.scitotenv.2017.05.266
https://doi.org/10.5817/CPR2019-1-3
https://doi.org/10.1080/1088937X.2017.1420105
https://doi.org/10.1002/jqs.764
https://doi.org/10.1002/jqs.764
https://doi.org/10.1002/(SICI)1099-1417(1998090)13:5<391::AID-JQS397>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1099-1417(1998090)13:5<391::AID-JQS397>3.0.CO;2-6
https://doi.org/10.3402/polar.v22i2.6455
https://doi.org/10.1191/0959683605hl820rp
https://doi.org/10.1002/(SICI)1099-1530(199709)8:3<313::AID-PPP255>3.0.CO;2-E
https://doi.org/10.1016/j.earscirev.2019.04.001
https://doi.org/10.5194/essd-2-235-2010
https://doi.org/10.1016/B978-0-444-53643-3.00104-7
https://doi.org/10.5194/tc-8-1041-2014
http://dx.doi.org/10.7163/PrzG.2015.1.3
http://dx.doi.org/10.7163/PrzG.2015.1.3
https://doi.org/10.1080/04353676.1986.11880166
https://doi.org/10.1002/(SICI)1099-1530(199710/12)8:4<447::AID-PPP266>3.0.CO;2-H


Permafrost and Active-Layer Indicators of Environmental Changes

Kneisel, C., Hauck, C. (2008). Electrical methods. In Hauck, C., Kneisel, C. (Eds). Applied Geophysics in Periglacial Environments.
Cambridge University Press, Cambridge, UK, 3–27. https://doi.org/10.1017/CBO9780511535628.002

Kneisel, C., Hauck, C., Vonder Mühll, D. (2000). Permafrost below the Timberline Confirmed and Characterized by Geoelectrical
Resistivity Measurements, Bever Valley, Eastern Swiss Alps. Permafrost and Periglacial Processes, 11(4), 295–304. https://doi.
org/10.1002/1099-1530(200012)11:4<295::AID-PPP353>3.0.CO;2-L
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ABSTRACT
Patterned ground in mountainous areas has a high palaeogeographic significance as it is
associated with cold environments and frequently with permafrost conditions. Most
patterned ground (i.e. sorted polygons, sorted nets, sorted stripes) in the High Sudetes is
overgrown by vegetation and is relict. However, wind-blown summit areas with low snow
cover allow for the activity of sorted circles, earth and peat hummocks, and some non-sorted
stripes. The extent of patterned ground above the alpine timberline in the High Sudetes
presented here is based on detailed field geomorphologic mapping. Patterned ground
occurs on summit planation surfaces and surrounding gently sloping terrain, and covers
5.23 km2. Sorted polygons are the highest-elevated patterned-ground type. The spatial
distribution of patterned ground is shown in the map, which could be helpful for future
research of the Quaternary geomorphologic evolution of the mountain landscape and for
nature protection planning in the High Sudetes.
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1. Introduction

The term patterned ground refers to a wide group of
periglacial landforms showing more or less regular sur-
face geometric patterning in the form of circles, poly-
gons, irregular nets or stripes (e.g. Ballantyne, 2018;
French, 2017; Warburton, 2013; Washburn, 1979).
Depending on the presence or absence of particle sort-
ing, patterned ground is genetically divided into sorted
and non-sorted varieties (Washburn, 1956). Sorted
patterned ground consists of fine-grained cells bor-
dered by mostly vertically-oriented coarser clasts.
Sorted polygons or nets occur on flat or gently sloping
ground (3‒6°), but tend to elongate downslope due to
solifluction, and on steeper slopes (more than 4‒11°)
they evolve into sorted stripes or steps (Goldthwait,
1976). Small-scale sorted patterns usually form within
the seasonally frozen ground (Haugland, 2004; Mat-
thews, Shakesby, Berrisford, & McEwen, 1998), but
large sorted polygons and nets are considered to be
associated with the permafrost environment (French,
2017). Non-sorted patterned ground is defined by
microrelief and/or vegetation cover (Ballantyne, 2018;
French, 2017; Washburn, 1979). Semi-circular, dome-
shaped (hummocky) non-sorted patterned ground
arising on flat surfaces or gentle slopes is commonly

named as earth or peat hummocks (e.g. Grab, 2005;
Treml, Křížek, & Engel, 2010; Van Vliet-Lanoë &
Seppälä, 2002). Likewise, earth hummocks turn to
non-sorted stripes as a result of solifluction on steeper
slopes (Washburn, 1979). These stripes are sometimes
termed hummock stripes or relief stripes (Ballantyne,
2018). Non-sorted patterned ground also frequently
forms within the permafrost active layer, but analo-
gously to small-scale sorted patterned ground, they
may form in the seasonally frozen ground as well
(Ballantyne, 1996; French, 2017).

Different patterned-ground types require distinct cli-
mate conditions, and this is reflected in their spatial and
altitudinal distribution (Harris, 1982; Jahn, 1979; Nies-
sen, Van Horssen, & Koster, 1992; Washburn, 1970)
and morphology (Křížek & Uxa, 2013; Uxa, Mida, &
Křížek, 2017), but they could be modified by lithology,
grain size distribution, depth of groundwater table, or
slope angle etc. Thus, the relict patterned ground can
be used to reconstruct permafrost and climate history
of the region, especially in summit areas of mountains,
where other palaeoclimate indicators do not occur.
Different morphology of patterned-ground types can
be used as a distinguishing factor for their classification.
Thus, the field mapping of different types of patterned
ground is an important issue regarding both validation
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data for an automatic classification of these periglacial
phenomena (Hjort & Luoto, 2006) and palaeoenviron-
mental reconstruction models.

The main aim of the paper is to present the first
cross-border overview map of patterned ground above
the alpine timberline in the whole High Sudetes, Central
Europe, based on field geomorphological mapping.

2. Study area and patterned ground in the
High Sudetes

The High Sudetes, along the border of the Czech
Republic and Poland, consist of three isolated moun-
tain ranges (Main map; Front page): the Krkonoše
Mts. (the Giant Mts. or the Karkonosze Mts. or Riesen-
gebirge) on the west and the Králický Sněžník Mts. (the
Masyw Śnieżnika Mts. or Glatzer Schneegebirge) and
the Hrubý Jeseník Mts. (the Wysoki Jesionik Mts. or
Altvatergebirge) on the east. Their highest peaks are
Mt. Sněžka (1603 m asl) in the Krkonoše Mts., Mt.
Praděd (1491 m asl) in the Hrubý Jeseník Mts. and
Mt. Králický Sněžník (1424 m asl). The High Sudetes
are Variscan fault-block ranges with deep valleys,
steep slopes affecting current debris flow (Gába, 1992;
Křížek, Krause, & Raschová, 2018; Pilous, 1973) and
avalanche (Kociánová, Kořízek, Spusta, & Brzeziński,
2013; Krause & Křížek, 2018) activity, and summit pla-
teaus at elevations of 1300–1555 m asl, which rise
above the alpine timberline (Treml & Migoń, 2015).
The western part of the High Sudetes is mainly built
of metamorphic (gneiss, mica schist, phyllite, and
quartzite) and plutonic rocks (granite), while the east-
ern part of the High Sudetes is dominated by meta-
morphic rocks (gneiss, mica schist, phyllite, quartzite,
and calc-silicate hornfel) (Chlupáč, Brzobohatý,
Kovanda, & Stráník, 2011). The summit planation sur-
faces, as a result of long-term denudation and remnant
of peneplain, probably started to form around 75 Ma
(Danišík et al., 2010) and differentially uplifted in the
Neogene and Quaternary. The total Cenozoic uplift is
estimated at up to 1200 m (Kopecký, 1986).

The High Sudetes were 120 km (for the Krkonoše
Mts.) to 180 km (for the Hrubý Jeseník Mts. and Krá-
lický Sněžník Mts.) south of the Scandinavian ice sheet
during the last Pleistocene glaciation, and thus most of
their area was affected by periglacial conditions (Czu-
dek, 2005). The summit planation surfaces were very
important for the formation of glacial and periglacial
landforms in the Quaternary. Snow was largely blown
from the summit planation surfaces and deposited in
the leeward parts of valleys where about 15 (i.e. some
cirque locations are still under debate) mostly cirque
glaciers and up to 5 km long valley glaciers developed
in the last glacial period (MIS 2) (Engel, Braucher,
Traczyk, & Laetitia, 2014; Králík & Sekyra, 1969; Kří-
žek, Vočadlová, & Engel, 2012). The equilibrium line
altitude occurred at 1060 m asl on the western part of

the High Sudetes (Křížek et al., 2012), while it was at
1170 m asl on the eastern part of the High Sudetes
(Křížek, 2016). On the other hand, thin snow cover
on the wind-exposed summit plateaus enabled deeper
ground freezing and more intensive freeze–thaw cycles,
frost weathering and sorting (Křížek & Uxa, 2013;
Sekyra, 1960), which led to the origin and development
of sorted polygons, nets and stripes (Klementowski,
1998; Křížek, 2016; Kunský & Záruba, 1950; Prosová,
1952; Traczyk, 1996; Treml et al., 2010) during the
last glacial period (Sekyra et al., 2002; Sekyra & Sekyra,
1995; Traczyk & Migoń, 2000) in the permafrost con-
ditions (Czudek, 2005). These above-mentioned
large-scale sorted polygons, nets and stripes have not
been active during the Holocene (Treml et al., 2010)
and most of them are currently partly or fully over-
grown by graminoids. The secondary sorting centres
of sorted polygons and nets, as an evidence of their
possible reactivation, were observed only at the top of
Mt. Luční hora, but the reactivation did not lead to
any significant changes in the overall structure of
sorted polygons and the secondary sorting centres are
an order of magnitude smaller than the respective
sorted polygons, and thus it was of marginal impor-
tance (Křížek & Uxa, 2013). However, current climatic
conditions in the summit deflation areas with low snow
cover allow the activity of sorted circles, earth hum-
mocks, peat hummocks, and some non-sorted stripes
(Kociánová, Štursová, Váňa, & Jankovská, 2005; Kří-
žek, 2016; Křížek, Treml, & Engel, 2010; Prosová,
1958; Sekyra & Sekyra, 1995; Treml et al., 2010). The
current mean annual air temperature in the highest
parts of the High Sudetes is from 0 to +2°C (Mt. Sněžka
1881–2010: +0.5°C; Migała, Urban, & Tomczyński,
2016; Mt. Praděd 1960–1990: +1.7°C; Coufal, Míková,
& Langová, 1992) and mean annual precipitation
increases with altitude about 1500 mm (Jeník & Sekyra,
1995), but there is no credible evidence of near-surface
permafrost occurrence in the patterned-ground areas
in the High Sudetes (Křížek, 2016; Uxa et al., 2019).
The study area is situated in above the alpine timber-
line defined by Treml and Migoń (2015), and its area
is 45.78 km2 (the Krkonoše Mts. 38.73 km2, the Krá-
lický Sněžník Mts. 0.78 km2, the Hrubý Jeseník Mts.
6.27 km2). The average elevation of the alpine timber-
line is located at ca 1250 m asl in the Krkonoše Mts.,
but in the Hrubý Jeseník Mts. and the Králický Sněžník
Mts. it is above 1300 m asl because of their greater con-
tinentality (Treml & Migoń, 2015). This alpine timber-
line ecotone naturally lacked dwarf pine (Pinus mugo),
which is a native species in the Krkonoše Mts. and a
non-native species in the Hrubý Jeseník Mts. (Rybníček
& Rybníčková, 2004). However, dwarf pine was planted
near the alpine timberline in the second half of the
nineteenth century, and today covers large areas
above it and has gradually covered part of patterned-
ground areas (Treml & Křížek, 2006).
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3. Methods

3.1. Data collection

The extent of patterned ground is based on detailed
field geomorphological mapping of the forest-free
area above the alpine timberline in the whole High
Sudetes. Each patterned-ground area was delineated
by hand-held GPS device (horizontal accuracy of
±3 m) and classified into one of the following pat-
terned-ground categories: (1) sorted polygons, (2)

sorted nets, (3) sorted circles, (4) sorted stripes, (5)
earth hummocks, (6) peat hummocks, and (7) non-
sorted stripes (Figure 1). Trenching was used in
selected localities to check the inner structure of the
patterned ground and to distinguish between the sorted
and non-sorted patterns. Additionally, aerial photos
from 2006, 2009−2010, 2014−2015, 2017 (GEODIS
and TopGis) and orthorectified aerial photographs
from the year 2016 (the Czech State Administration
of Land Surveying and Cadastre) supported the field

Figure 1. Examples of patterned ground in the High Sudetes. 1 – sorted polygons at Mt. Břidličná, the Hrubý Jeseník Mts.; 2 – sorted
nets at the Modré sedlo Saddle, the Krkonoše Mts.; 3 – sorted circle at the Modré sedlo Saddle, the Krkonoše Mts.; 4 – sorted stripes
on southern slope of Mt. Luční hora, the Krkonoše Mts.; 5 – profile through the earth hummock at Mt. Praděd, the Hrubý Jeseník
Mts.; 6 – peat hummocks on the Bílá louka Meadow, the Krkonoše Mts.; 7 – non-sorted stripes on the Bílá louka Meadow, the Krko-
noše Mts.
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mapping and helped refine the patterned-ground
boundaries. The default digital elevation model
(DEM) of 1 × 1 m grid and 0.1–0.2 m vertical resol-
ution was derived from the light detection and ranging
(LiDAR) point clouds provided by the Czech State
Administration of Land Surveying and Cadastre and
the Polish Head Office for Geodesy and Cartography.
The LiDAR-based DEM was used to derive the raster
images such as hillshade, aspect and slope, which also
helped to delineate the boundaries of patterned-ground
areas in detail.

Morphometric parameters of each patterned-
ground type were computed from the above-men-
tioned DEM. The basic statistics of elevation, slope
angle and aspect were based on all raster cells intersect-
ing the areas of each patterned-ground type in the three
studied parts of the High Sudetes.

3.2. Map creation

The mapping results are presented in five separate
maps on three pages of A1 landscape format. Each of
these maps covers one separated area above the alpine
timberline in the High Sudetes: the western and eastern
part of the Krkonoše Mts., the Králický Sněžník Mts.,
and the southern and northern part of the Hrubý Jese-
ník Mts. The scale of all these maps is 1:14,000 and the
projected coordinate system is S-JTSK – Krovak East-
North (EPSG 5514). The background maps contain
the DEM-derived hillshade image (standard illumina-
tion azimuth 315°, altitude 45°) and contour lines
with an interval of 50 vertical metres. The names and
elevations of main mountain peaks are printed. Basic
topographic map colour scheme was used in the back-
ground maps (sensu Kraak & Ormeling, 2013). The
patterned-ground areas, as the main content of the
maps, are visualized in colour hatch according to
each of the seven patterned-ground categories to be
easily readable and distinguishable: the sorted patterns
in the black hatch and the non-sorted patterns in the
brown hatch. Moreover, each patterned-ground cat-
egory has a unique colour to support the map legibility:
(1) light yellow for sorted polygons, (2) light blue for

sorted nets, (3) pink for sorted circles, (4) light green
for sorted stripes, (5) light salmon for earth hummocks,
(6) light beige for peat hummocks, and (7) light ocher
for non-sorted stripes.

4. Mapping results and conclusions

Patterned ground of the High Sudetes comprises sorted
(i.e. sorted polygons, sorted nets, sorted stripes, sorted
circles) and non-sorted (earth hummocks, peat hum-
mocks and non-sorted stripes) variety (Figure 1). The
total area of patterned ground is 5.23 km2, which rep-
resents ca 11.4% of the area above the alpine timberline
in the High Sudetes. The largest areas cover sorted nets
and sorted stripes, ca 2.96 km2 (57% of the total pat-
terned-ground area) and ca 1.86 km2 (36% of the
total patterned-ground area), respectively (Table 1).
On the contrary, sorted circles cover less than 450 m2

(0.009% of the total patterned-ground area).
Sorted circles (0.7‒1.4 m in diameter) occur exclu-

sively on flat to gently sloping surfaces (Figure 2) at
the Modré sedlo Saddle (1510 m asl) and Mt. Luční
hora (1555 m asl) in the Krkonoše Mts. Their initial
forms (about 0.2 m in diameter) also emerge occasion-
ally at a very limited spot at the wind-exposed top of
Mt. Keprník (1423 m asl) in the Hrubý Jeseník Mts.,
but these small-scale sorted circles are usually trampled
and damaged by tourists.

Sorted polygons (length: 1.6‒10.5 m; width: 1.4‒
6.0 m; height: 0‒0.45 m) developed mostly on gentle
slopes (2‒4°, Figure 2) and they are the highest-elevated
patterned-ground type in the High Sudetes. More than
90% of these landforms occur in the Krkonoše Mts.
(Main map; page 1, 2) between 1483 and 1551 m asl
(Figure 3). In the Králický Sněžník Mts. and the
Hrubý Jeseník Mts. (Main map; page 3), they occur at
lower altitudes (from 1355 to 1419 m asl) because of
the lower altitude of these mountain ranges in general.

Most sorted nets (length: 1.0‒6.1 m; width: 0.8‒
4.8 m; height: 0.1‒0.7 m) occur on flat surfaces to gentle
slopes (1‒3°, Figure 2) at altitudes from 1382 to 1462 m
asl, which show no substantial variations across the
High Sudetes (Figure 3). Sorted polygons and nets

Table 1. Patterned-ground types in the High Sudetes and their extents.
High Sudetes Krkonoše Mts. Králický Sněžník Mts. Hrubý Jeseník Mts.

Patterned-
ground
category

Area
(km2) Percentage

Area
(km2)

Percentage of total
patterned-ground area
in the High Sudetes

Area
(km2)

Percentage of total
patterned-ground area
in the High Sudetes

Area
(km2)

Percentage of total
patterned-ground area
in the High Sudetes

Sorted
polygons

0.12816 2.45 0.11583 90.38 0.00033 0.26 0.01200 9.36

Sorted nets 1.86198 35.57 1.29805 69.71 0.06443 3.46 0.49950 26.83
Sorted circles 0.00045 0.00009 0.00045 100 – – – –
Sorted stripes 2.96081 56.56 2.01750 68.14 0.02568 0.87 0.91763 30.99
Earth
hummocks

0.01670 0.32 – – – – 0.01670 100

Peat
hummocks

0.07093 1.35 0.07093 100 – – – –

Non-sorted
stripes

0.19608 3.75 0.00865 4.41 – – 0.18743 95.59
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elongate due to solifluction when slope angle increases,
and change to sorted stripes on slopes with prevailing
the angle from 4° to 8°. Sorted stripes (length: from a
few metres to several tens of metres; width: 1.5‒3.0 m;
height: 0.1‒0.2 m) are located at similar altitudes as
sorted nets (1385–1457 m asl, Figure 3).

Non-sorted patterned ground occupies only 5.4% of
the total patterned-ground area in the High Sudetes.
While peat hummocks occur only in the Krkonoše
Mts. (Main map; page 2), earth hummocks are devel-
oped exclusively in the Hrubý Jeseník Mts. (Main
map; page 3). Peat hummocks (0.7‒2.5 m in diameter)

occur on flat surfaces (0‒2°) between 1422 and 1433 m
asl. Earth hummocks (length: 0.65‒3.90 m; width:
0.55‒2.30 m; height: 0.19‒0.65 m) are mostly situated
between 1417 and 1461 m asl on gentle slopes (4‒7°),
while on steeper slopes (6‒11°) they are transformed
by solifluction into non-sorted stripes (length: from a
few metres to several tens of metres; width: 0.45‒
1.50 m; height: 0.15‒0.40 m), which occur between
1376 and 1425 m asl (Figures 2 and 3).

From the viewpoint of altitudinal zonation, the
sorted polygons are located at the summit parts, with
more severe microclimate (sensu Washburn, 1979),

Figure 2. Boxplots showing differences in slope angle between different types of patterned ground among locations of the High
Sudetes. The boxes show median values (thick horizontal line) and the first and third quartiles (bottom and top of boxes, respect-
ively). Whiskers represent the minimum and maximum values, excluding outliers (values lying 1.5 interquartile ranges below and
above the first and third quartiles, respectively).

Figure 3. Boxplots showing differences in altitude between different types of patterned ground among locations of the High
Sudetes. The boxes show median values (thick horizontal line) and the first and third quartiles (bottom and top of boxes, respect-
ively). Whiskers represent minimum and maximum values, excluding outliers (values lying 1.5 interquartile ranges below and above
the first and third quartiles, respectively).
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followed by sorted nets at lower altitudes. Since these
patterned-ground types are relict, they prove the exist-
ence of mountain periglacial zonation (sensu Harris,
1982; Niessen et al., 1992) in the High Sudetes during
the last glacial period when these sorted polygons
and nets were formed (Sekyra et al., 2002; Sekyra &
Sekyra, 1995; Traczyk & Migoń, 2000). In addition,
sorted polygons and nets prove the presence of perma-
frost at the time of their formation.

This paper presents the first map of the spatial distri-
bution of patterned ground above the alpine timberline
in the whole High Sudetes. Our uniform geomorpholo-
gical mapping was carried out in all sub-regions of the
High Sudetes (i.e. the Krkonoše Mts., the Králický Sněž-
ník Mts. and the Hrubý Jeseník Mts.) in both the Czech
Republic and Poland (Mainmap). The importance of the
map is for palaeogeographical and palaeoenvironmental
studies as well as for future environmental planning
and nature protection management (e.g. protected area
zoning, hiking trail managing, designing of footpaths,
removing of non-indigenous vegetation overgrowing
active patterned ground, etc.). The map can also serve
as a validation dataset for automatic distribution model-
ling of patterned ground inmountain areas using statisti-
cal models and/or machine learning techniques.

Software

Mapping of patterned ground and the DEM analyses
were carried out in ArcMap 10.3 (ESRI, 2014). The R
language (R Development Core Team, 2008) in the
interface of RStudio 1.1.453 (RStudio Team, 2016) was
used for the statistical analyses. The final layout of the
map set was produced in ArcGIS Pro (ESRI, 2017).
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Morphology, Sorting and Microclimates of Relict Sorted Polygons, Krkonoše
Mountains, Czech Republic

Marek Křížek* and Tomáš Uxa

Department of Physical Geography and Geoecology, Faculty of Science, Charles University in Prague, Prague, Czech Republic

ABSTRACT

The influence of past microclimates on the morphology and distribution of clasts is considered for relict large-scale sorted
polygons in the KrkonošeMountains (Czech Republic). Sixty-two sorted polygons with an average length of 194 cm and
an average height of 21.5 cm were measured at four sites on Mt Luční hora, at elevations of 1455 to 1555m asl. The
polygons consist of tabular clasts with a mean length of 11 cm at the borders and 5 cm in the interiors. Smaller polygons
are better sorted because of the shorter distances for the clasts to reach their borders. Polygons with greater relative height
are better sorted due to more intensive slope processes associated with differential frost heaving. Better sorted and more
domed polygons at higher altitudes suggest more severe and longer-lasting microclimates suitable for the development of
sorted polygons. The altitudinal gradient in polygon morphology and sorting suggests the dominant role of microclimate
in the periglacial environment of the summit area of the Krkonoše Mountains during the Last Glacial/Holocene period.
Polygon development probably involves positive feedback between morphology and frost susceptibility, driven by
microclimate. The proposedmethod for evaluating frost sorting allows for rapid non-invasive assessment of sorting using
modern methods including high-resolution remote sensing (especially terrestrial photogrammetry). Copyright © 2013
John Wiley & Sons, Ltd.

KEY WORDS: sorted polygons; frost sorting; morphometry; Krkonoše Mountains; central Europe

INTRODUCTION

The development of periglacial patterned ground is related
to freeze-thaw cycles, the frequency and/or intensity of
which is determined by regional climatic factors and site-
specific factors that influence the local microclimate, such
as relief, lithology, snow cover, drainage and vegetation
(Washburn, 1979; Harris, 1982; Ballantyne, 2007).
Prevailing wind flow is also important as it produces uneven
spatial distribution of snow cover, which generates different
thermal and moisture regimes (Seppälä, 2004), and
therefore influences the spatial distribution and morphology
of patterned ground (e.g. Luoto and Hjort, 2004, 2006;
Hjort and Luoto, 2006; Grab et al., 2009; Treml et al.,
2010; Feuillet et al., 2012). Thus, patterned ground provides
a geoindicator (André, 2009) that is sensitive to climate and
environmental changes (e.g. Ballantyne and Matthews,
1982, 1983; Haugland, 2004, 2006).

The occurrence, activity or morphology of sorted patterned
ground in relation to environmental conditions has been
studied more frequently than the arrangement of clasts (e.g.
Ballantyne and Matthews, 1982, 1983; Van Vliet-Lanoë,
1991; Kling, 1998; Matthews et al., 1998; Holness, 2003;
Haugland, 2004, 2006; Luoto and Hjort, 2004, 2006; Hjort
and Luoto, 2006; Treml et al., 2010; Feuillet, 2011; Feuillet
et al., 2012; Feuillet and Mercier, 2012). For sorted circles
(Harris, 1990; Grab, 1997, 2002; Kling, 1997; Holness,
2003), sorted polygons (Ballantyne and Matthews, 1983;
Grab, 1997), sorted nets (Dąbski, 2005), sorted stripes
(Nelson, 1982) or circle-stripe transitional forms (Sumner,
2004), most researchers have described the orientation or size
distribution of clasts, but neglected the variability in clast
arrangement relative to environmental conditions (Ballantyne
and Matthews, 1983) or patterned-ground morphology
(Kling, 1997), although the clast arrangement (as a manifesta-
tion of frost sorting) is closely related to the origin of sorted
patterned ground. Clast arrangement in large-scale sorted
polygons is unknown.

The aims of this paper are: (1) to determine the relations
between relict large-scale sorted polygon morphology and
clast distribution in the KrkonošeMountains; (2) to determine

* Correspondence to: M. Křížek, Department of Physical Geography
and Geoecology, Faculty of Science, Charles University in Prague,
Prague, Czech Republic. E-mail: marek.krizek@natur.cuni.cz
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the extent to which the morphology and clast distribution of
the polygons were influenced by past microclimates; and
(3) to present palaeoenvironmental evidence from the
periglacial environment of the summit area of the Krkonoše
Mountains during the Last Glacial/Holocene period.

STUDY AREA

The Krkonoše Mountains, on the border of the Czech Repub-
lic and Poland (Figure 1), are a Hercynian mountain range
with planation surfaces at elevations of 1300–1555m asl
(Kunský, 1948) built by crystalline rocks (Chaloupský
et al., 1989). The study area is located on Mt Luční hora
(1555m asl; 50°43’40"N; 15°40’57"E), close to the highest
peak of the Krkonoše Mountains, Mt Sněžka (1602m asl).
The current mean annual air temperature in the highest

parts of the Krkonoše Mountains ranges from 0 to 2 °C
(Mt Sněžka 1961–2000: 0.1 °C; Głowicki, 1997) and mean
annual precipitation is up to 1500mm (Jeník and Sekyra,
1995). Sorted patterned ground in the Krkonoše Mountains,
including the studied sorted polygons on Mt Luční hora
(Figure 2), is considered to be mostly inactive (Sekyra,
1960; Křížek et al., 2010). Only the sorted circles at the
top of Mt Luční hora and in the Modré sedlo Saddle are
active (Sekyra and Sekyra, 1995; Křížek, 2007). The sorted
polygons in the Krkonoše Mountains were most likely
formed during the Last Glacial period (Sekyra and Sekyra,
1995; Traczyk and Migoń, 2000; Sekyra et al., 2002) in
the presence of permafrost (Jahn, 1977; Czudek, 2005).
The study area is above the Holocene alpine timberline
(Treml et al., 2008).

The sorted polygons studied on Mt Luční hora are 1455 to
1555m asl, on slopes of up to 2° (Figure 1). They occur on
westerly oriented cryoplanation terraces (Figure 1) on homoge-
neous quartzite bedrock covered by coarse sand to gravel
regolith (Treml et al., 2010) of low frost susceptibility (sensu
Beskow, 1935). These sites were influenced by strong westerly
winds in the Last Glacial period and the Holocene (Jeník and
Sekyra, 1995), as indicated by glacial cirques and snowfields
leeward of the summit plateaus (Migoń, 1999). Even today
these sites experience severe climatic conditions (Sekyra
et al., 2002). Higher altitudes of Mt Luční hora are exposed
to strong westerly winds which cause thinner snow cover and
earlier snow melting and promote deeper ground freezing and
intensive freeze-thaw cycles (Harčarik, 2002; Sekyra et al.,
2002; Table 1). Thus, the distribution and morphology of
periglacial landforms in the Krkonoše Mountains during the
Last Glacial period and the Holocene were controlled by
similar factors as today (Křížek et al., 2010), which allows us
to consider altitude as a proxy measure of past microclimate.

MATERIAL AND METHODS

Morphometric Characteristics

Sixty-two randomly selected sorted polygons in the summit
area (LH A – sites LH A1, LH A2, LH A3) and on the north-
western slope of Mt Luční hora (LH B; Figure 1) were studied.

The sorted polygons were characterised by length (L), width
(W) and height (H) (Figure 3). The length of a sorted polygon
refers to the greatest horizontal dimension. The width corre-
sponds to the direction perpendicular to the length axis and

Figure 1 Location of (a) the Krkonoše Mountains; (b) the study area; and (c) the study sites (LH A1, LH A2, LH A3, LH B) with spatial distribution of relict
sorted polygons and ground temperature measurements.
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crosses the centre of the polygon. The height of a sorted
polygon corresponds to the difference between the lowest point
on the border and the up-domed centre of the landform. The
elongation index (L/W) represents the ratio of the length to
the width of a sorted polygon. The relative height (H/W)
(Treml et al., 2010) is the ratio of the height to the width of a
sorted polygon.

Size and Shape of the Clasts

The size of ten randomly chosen clasts greater than 10mm in
the a-axis (the longest axis; Hubbard and Glasser, 2005) was
measured at the centre of the sorted polygon (C), on the
borders (B), and at one-third (1/3) and two-thirds (2/3) of
the distance from the border to the centre along the length
and width axes (Figure 3). In total, 7740 clasts from 62 sorted
polygons were analysed.
The mean clast size (ā) of a sorted polygon was determined

as the arithmetic mean of the lengths of the clasts located on
the borders and at the one-third and two-third positions. The
centres were excluded from the calculation because some
sorted polygons were partly overgrown with vegetation.
In 12 of the studied sorted polygons, the dimensions of all

three orthogonal axes of clasts weremeasured (a – the longest,
b – the middle, c – the shortest; Hubbard and Glasser, 2005).
These values were used to describe the clast shape, which was
subsequently analysed using the TRI-PLOT spreadsheet

(Graham and Midgley, 2000) and classified according to
Sneed and Folk (1958).

Sorting Degree

All evaluated sorted polygons had to have similar-sized
clasts at the corresponding (border or one-third or two-third)

Figure 2 (a) Sorted polygons on a cryoplanation terrace of Mt Luční hora; (b) detailed view of a sorted polygon at the top of Mt Luční hora.

Table 1 Maximum snow-cover thickness and ground thermal
regime at 15-cm depth within sorted polygons on the top
(LH A), and at the lowest (LH B) site, of Mt Luční hora in
the winter of 2010–11.

Site characteristics LH A LH B

Altitude (m asl) 1555 1455
Maximum snow cover thickness (cm) 21 47
Days with minimum temperature <0 °C 182 154
0 °C-crossing cycles 21 15
Minimum temperature (°C) -8.9 -7.4
Freezing degree-days (sensu Kade et al., 2006) 497.3 332.6

Figure 3 Measured characteristics of a sorted polygon: L= length; W=width;
H=height; B=measured a-axis of ten randomly chosen clasts on the border of a
polygon; 1/3=measured a-axis of ten randomly chosen clasts at one-third of the
distance from the border to the centre; 2/3=measured a-axis of ten randomly
chosen clasts at two-thirds of the distance from the border to the centre; C=
measured a-axis of ten randomly chosen clasts at the centre of the polygon.
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positions on the length and width axes, respectively, to
preclude errors in the sorting indices due to processes
unrelated to frost sorting.
The sorting index (SI) represents the degree of clast

segregation according to size. The index value is propor-
tional to the size difference between the clasts from the
border and those from the interiors. The SI for single parts
of the sorted polygons is defined as the ratio of the mean
clast size on the border (āB) and at the one-third (ā1/3) or
two-third (ā2/3) positions (i.e. for one-third (SI1/3 = āB/ā1/3)
and for two-thirds (SI2/3 = āB/ā2/3)).
A total sorting index (TSI) was formulated to characterise

the total sorting of a sorted polygon:

TSI ¼ aB
a
=
a1=3
a

=
a2=3
a

¼ aB a

a1=3 a2=3
:

The SI is more appropriate for relict sorted polygons than
comparisons of the percentage weight of single grain size
fractions (e.g. Ballantyne and Matthews, 1983; Grab, 1997)
because its calculation excludes fine-grained fractions modified
by Holocene pedogenesis (e.g. Haugland, 2004, 2006) and
wind action (e.g. Grab, 1997; Matthews et al., 1998; Sekyra
et al., 2002) after patterned-ground activity had ceased.

Statistical Analysis

The parameters above were tested for normality using the
Shapiro-Wilk test (Shapiro and Wilk, 1965), and a log
transformation was applied to the parameters H, H/W, ā,
SI1/3, SI2/3 and TSI in order to meet the criterion of norma-
lity (Meloun et al., 2005). Relationships between the para-
meters were analysed by the Pearson correlation coefficient
and a t-test. Differences between the climatically most
exposed and least exposed sites were assessed by one-way
ANOVA and F-tests. Confidence levels for the t-tests and
F-tests were p = 0.05. Statistical operations were performed
using the software STATISTICA (StatSoft, Inc., 2009).

RESULTS

Polygon Size and Morphology

The polygons are on average 194 cm long, 21.5 cm high and
slightly elongated (mean elongation index = 1.33). Their
distribution can be grouped by altitude (which reflects
climatic severity) into sorted polygons at the top of Mt
Luční hora (LH A – sites LH A1, LH A2, LH A3),
with greater microclimatic severity, and those on the lowest
cryoplanation terrace (LH B), with less severe
microclimates (Table 1).
Mean polygon width is significantly smaller atop Mt

Luční hora, whereas relative height and the elongation
index have significantly larger values than for polygons at
lower elevation (Table 2). Larger sorted polygons are higher
and formed from larger clasts (Table 3). Larger sorted T
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polygons tend to be vegetated by grass, moss or heather,
while smaller polygons have little or no grass cover. The
size difference between the two groups of sorted polygons
(with and without vegetation cover) is statistically signifi-
cant (ANOVA, L = 263 cm vs 175 cm: F (1; 60) = 45.468;
p< 0.0001; W= 221 cm vs 131 cm: F (1; 60) = 51.523;
p< 0.0001).

Clast Shape and Size

Tabular clasts dominate the sorted polygons (Figure 4).
Polygon borders consist of coarse clasts (mean a-axis
length = 11 cm), with several clasts 25 to 30 cm long,
whereas the inner parts of the polygons (positions
one-third, two-thirds and C) consist of smaller clasts
(mean length = 5 cm). The greatest differences in clast
size are commonly between clasts on the border and at
the one-third position (Figure 5). The smallest
differences in clast size are between the two-third
position and the polygon centre (Figure 5). In the inner
parts, 67 per cent of the polygons display secondary
sorting and 94 per cent of such polygons are located at
the top of Mt Luční hora. Sorting

The sorting indices correlate negatively with pattern
dimensions and mean clast size, and positively with relative
height (Table 3). Relationships between sorting and height
are not statistically significant (Table 3).

Since a strong relationship exists between sorting and
most morphometric characteristics (Table 3), only sorted
polygons of similar dimensions were used to analyse the
influence of microclimate on sorting. The contribution of
relative height to the variance of sorting was not removed
because up-doming is dominantly a function of microcli-
matic severity (e.g. Holness, 2003; Treml et al., 2010),
and is probably the main driving mechanism of frost sorting
(Kling, 1997; Matsuoka et al., 2003). The sorted polygons
at the top of Mt Luční hora (LH A) were chosen as a
reference because of their smaller size variability (Table 2).
For comparison, sorted polygons with widths in range of
mean W at LH A± standard deviation of W at LH A
(143 ± 47; Table 2) were selected. Thirty polygons in the

Figure 4 Clast shapes (sensu Sneed and Folk, 1958) in sorted polygons at
the top of Mt Luční hora.

Table 3 Correlations between selected morphometric characteristics and sorting indices of the polygons.

Variable Length Width Height Relative height Mean clast size SI1/3 SI2/3 TSI

Length 1.00 0.91 0.62 -0.14 0.66a -0.48 -0.35a -0.63a

Width 0.91 1.00 0.60 -0.25 0.58a -0.54 -0.41a -0.66a

Height 0.62 0.60 1.00 0.62 0.59a -0.04 0.15a -0.15a

Relative height -0.14 -0.25 0.62 1.00 0.15a 0.48 0.54a 0.43a

Mean clast size 0.66a 0.58a 0.59a 0.15a 1.00 -0.36a -0.33a -0.56a

SI1/3 -0.48 -0.54 -0.04 0.48 -0.36a 1.00 0.84a 0.82a

SI2/3 -0.35a -0.41a 0.15a 0.54a -0.33a 0.84a 1.00 0.85a

TSI -0.63a -0.66a -0.15a 0.43a -0.56a 0.82a 0.85a 1.00

Marked correlations (bold) are significant at p< 0.05 as determined by the t-test (N = 62).
aN = 57 (number of sorted polygons with at least 20 clast measurements from the two-third position). See text for abbreviations.

Figure 5 Mean clast size along the length axis of sorted polygon at the top
of Mt Luční hora.
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summit area (LH A) and seven at the site LH B met this cri-
terion and did not display a significant difference in width
(ANOVA, F (1;35) = 0.0085; p = 0.9272).
The sorting indices of similar-sized polygons are signifi-

cantly higher at the top of Mt Luční hora (LH A) than at site
LH B (Figure 6). Thus, the polygons located at higher alti-
tudes are better sorted than the sorted polygons at lower al-
titudes (SI1/3: r = 0.56; SI2/3: r = 0.49; TSI: r = 0.53;
significant at p< 0.05). Increased sorting with increased al-
titude is also observed within the summit sites LH A1, LH
A2, LH A3. However, this dependence is not significant at
a confidence level of p = 0.05 (SI1/3: r = 0.27; SI2/3:
r = 0.23; TSI: r = 0.14) because of the limited number of
sorted polygons from individual sites.
The relative height of similar-sized polygons is greater at

the summit area (ANOVA, F (1; 35) = 9.2460; p= 0.0044)
and has a strong relationship with sorting (Figure 7).

DISCUSSION

Relationship between Sorted Polygon Morphology and
Clast Distribution

Smaller polygons are better sorted than larger ones because
of the shorter distances for the clasts to move to the polygon

borders. Thus, smaller polygons do not need as high
frequency and/or intensity of processes to move clasts
(e.g. Goldthwait, 1976; Washburn, 1979; Grab, 2002) and
achieve the same sorting as larger polygons. This hypothe-
sis is supported by experimental results (Matsuoka et al.,
2003) and field evidence (Ballantyne and Matthews,
1983), which revealed a positive correlation between the
sorting of miniature polygons and an increasing number of
freeze-thaw cycles or time since deglaciation.

Faster sorting of smaller polygons is likely accelerated by
positive feedback. Since frost sorting affects all grain size
fractions (Ballantyne and Matthews, 1983), sorting increases
frost susceptibility in polygon centres, which in turn leads to
more intensive ice segregation and cryogenic processes and
therefore to further sorting – a self-sustaining or self-
perpetuating process (Ballantyne, 1996, 2007). These effects
lead to mass displacement and frost disturbances, likely
restricting vegetation succession (e.g. Haugland and Beatty,
2005; Haugland, 2006) over the smaller polygons at Mt Luční
hora, while the larger ones show a denser vegetation cover.

The relationship between polygon size and sorting is in
agreement with the observations of Jeong (2006), which
showed a positive correlation between sorted circle diame-
ters and 14C ages and suggested size-dependent circulatory
movements (e.g. Ray et al., 1983; Hallet and Prestrud,
1986) during circle formation and the lateral sorting of

Figure 6 Differences in sorting indices (SI1/3, SI2/3, TSI) of sorted polygons between the top of Mt Luční hora (LH A) and the lowest site (LH B). Only
similar-sized polygons were compared. See text for abbreviations.

Figure 7 Relationship between relative height (H/W) and sorting indices (SI1/3 and SI2/3) of similar-sized sorted polygons. See text for abbreviations.
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clasts. Therefore, they may also have played a role in the
formation of sorted polygons on Mt Luční hora.
The better sorting of polygons with greater relative height

(Figure 7) is associated with the steeply inclined surfaces of
these polygons, where more intensive slope processes, such
as frost creep and needle-ice creep (Ballantyne, 1996;
Matsuoka et al., 2003), take place. The magnitude of clast
movement is directly proportional to the slope of the sorted
polygon surface (Kling, 1997; Matsuoka et al., 2003). In
addition, increasing frost susceptibility due to better sorting is
likely enhancing frost heaving of polygon centres (e.g. Van
Vliet-Lanoë, 1991; Matsuoka et al., 2003; Ballantyne, 2007)
and promoting accelerated sorting.

Influence of Microclimate on Sorted Polygon Morpho-
logy and Clast Distribution

Larger sorted polygons tend to occur in more severe microcli-
mates (Washburn, 1979). However, microclimate is modified
by complex interactions of site-specific factors, therefore
considerable heterogeneity exists in the relationship of poly-
gon size and altitude (cf. Grab, 1997; Kling, 1996, 1998;
Holness, 2003; Rączkowska, 2003; Marvánek, 2010a,
2010b; Treml et al., 2010; Feuillet et al., 2012).
In the study area, polygons at the lowest site (LHB) are sig-

nificantly wider than those from the top of Mt Luční hora (LH
A; Table 2) despite higher temperatures and thicker snow
cover at lower altitudes (Table 1). Since homogeneous bed-
rock likely produces similar mean clast size throughout the
study area (Table 2), the larger sizes of these sorted polygons
could be attributed either to the higher moisture content or
higher groundwater table at the time of polygon formation
(e.g. Nicholson, 1976; Kling, 1996, 1998). This is also consis-
tent with the lower relative height of polygons at site LH B,
which is typical for poorly drained sites (Van Vliet-Lanoë,
1991). Higher moisture contents and a higher groundwater ta-
ble in the lower part of the study area (LH B) are indicated by
nearby springs and thicker snow cover (Table 1) that supply
water to the regolith. Nevertheless, the summit sites most
likely have sufficient moisture for effective freeze-thaw action
(e.g. Matsuoka and Murton, 2008), especially during spring
thaw (Lukešová et al., 2010).
The increasing relative height of similar-sized polygons

with increasing altitude is attributed to both lower moisture
content (e.g. Van Vliet-Lanoë, 1991) and more severe
microclimates (e.g. Holness, 2003; Treml et al., 2010) on
the top of Mt Luční hora. Thinner snow cover due to more
intense wind action and lower air temperatures cause
considerable ground temperature oscillations and deeper
freezing at higher altitudes of the study area (Table 1). Thus,
more frequent and intense cryogenic processes operate at
these sites (Harčarik, 2002; Sekyra et al., 2002). As wind
directions were approximately the same in the Last Glacial
period and the Holocene as at present (Jeník and Sekyra,
1995), more domed and better sorted polygons in the sum-
mit area (Figure 6) likely record greater microclimatic

severity, which enhanced differential frost heaving and frost
sorting (e.g. Washburn, 1979; Ballantyne and Matthews,
1983; Traczyk, 1995). The altitudinal gradient in polygon
morphology and sorting is consistent with climate-topography
patterns in the summit area of the Krkonoše Mountains (Jeník,
1961), suggesting the dominant role of microclimate in
polygon formation during the Last Glacial period.

Although the polygons in the study area are of the same age
(Sekyra and Sekyra, 1995; Traczyk and Migoń, 2000; Sekyra
et al., 2002), the better sorting and greater relative height of
those from higher altitudes may have been influenced by a
longer period of activity or less intensive pattern degradation.
Higher altitudes typically exhibit more severe microclimates
and delayed vegetation succession, which could weaken cryo-
genic processes (e.g. Haugland and Beatty, 2005; Haugland,
2006). This could explain the formation of the secondary
sorting centres (sensuWarburton, 1990), which are developed
almost exclusively within the summit sorted polygons and are
most likely related to the reactivation of frost sorting during
the colder periods of the Holocene (Kociánová, 2002). How-
ever, since the secondary sorting centres are an order of magni-
tude smaller than the respective sorted polygons, we believe
that the reactivation did not lead to any significant changes in
the overall structure of sorted polygons and therefore was of
marginal importance. Pattern degradational processes, such as
rillwash erosion or colluviation, were also of marginal impor-
tance, owing to the flat or convex topography of the study sites
and permanent forest-free area (Treml et al., 2008, 2010).

CONCLUSION

The following conclusions are drawn from the study of re-
lict large-scale sorted polygons in the Krkonoše Mountains:

1. Larger sorted polygons are formed by larger clasts and
tend to occur in poorly drained sites at lower altitudes.

2. Smaller polygons and polygons with greater relative
height are better sorted.

3. More up-domed and better sorted polygons are located at
the summit area of Mt Luční hora.

4. The up-doming of fine centres of sorted polygons and the
displacement of clasts towards the borders of sorted poly-
gons are a result of positive feedback between polygon mor-
phology and frost susceptibility, driven by microclimate.

5. Differences in the morphology and distribution of clasts
in sorted polygons, preserved since the Last Glacial pe-
riod, indicate the high palaeoenvironmental potential of
the relict large-scale sorted polygons located on flat or
convex parts of the terrain.

6. The proposed method for evaluating frost sorting (based
on clast size measurements) allows for rapid non-
invasive assessment of sorting using modern methods, in-
cluding high-resolution remote sensing (especially terres-
trial photogrammetry) and modifications of the sampling
strategy and repetitive measurements within individual
sorted patterned-ground features. This method is designed
for general use in periglacial landscapes.
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Stan et al. (2017) investigated the internal structure of two periglacial blockfields on the Ztracené kameny site,
Eastern High Sudetes, Czech Republic, using electrical resistivity tomography and seismic refraction tomography
and interpreted two high-resistivity and high-velocity zones as remnants of the Pleistocene permafrost.
However, we believe that in reality no permafrost occurs on the site, and we provide alternate, non-
permafrost interpretations of the geophysical measurements by Stan et al. (2017) that are well consistent with
other evidences such as climate and topographic attributes of the blockfields, permafrost-disqualifying ground
thermal regimes, and common characteristics of mid-latitude, low-altitude permafrost locations from elsewhere.
We also rectify some misconceptions about the study site that are stated by Stan et al. (2017).

© 2018 Elsevier B.V. All rights reserved.

Keywords:
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1. Introduction

Openwork debris of blockfields, talus slopes, or rock glaciers permits
the air to flow through the pore spaces and to develop a seasonally
reversing, gravity-driven internal air circulation. This convective heat
transfer induces inhomogeneous temperature distribution across the
scree slopes; with up to several degrees Celsius cooler air in their
lower parts. The latter places frequently show notable negative thermal
anomalies, which are essential for potential maintenance of subzero
mean annual ground temperature (MAGT) even ifmean annual air tem-
perature (MAAT) is well above zero (e.g., Delaloye and Lambiel 2005;
Wicky and Hauck 2017). The difference between MAGT and MAAT is
mostly a few degrees Celsius below zero (e.g., Delaloye et al. 2003;
Gorbunov et al. 2004), but it can achieve −5 °C or less (e.g., Zacharda
et al. 2007; Morard et al. 2010; Popescu et al. 2017). Consequently,
scree slopes are capable to host perennial ice patches in surprisingly
low altitudes and otherwise permafrost-free environments (Table 1).
Such locations are therefore of high interest for permafrost researchers

aswell as for biologists because these azonal permafrost spots are abun-
dantly colonized by boreo-alpine flora and fauna species characteristic
of much higher altitudes or latitudes, which can even be relics from
glacial periods (e.g., Gude et al. 2003; Stiegler et al. 2014). However,
controls on permafrost occurrence in such specific places and anoma-
lous regional environmental conditions as well as their state under a
changing climate are still little understood as these locations are very
scarce (Table 1). Each new report is therefore of high scientific impor-
tance and worthy of attention and should be properly documented as
it can alter our understanding of azonal permafrost occurrence. Such
a report is also the recently published study of Stan et al. (2017)
aimed at a shallow geophysical survey of the internal structure of two
periglacial blockfields on the Ztracené kameny (1250 m asl), Eastern
High Sudetes, Czech Republic, utilizing electrical resistivity tomography
(ERT) and seismic refraction tomography (SRT; commonly called
‘shallow seismic refraction’), in which the authors interpreted two iso-
lated high-resistivity and high-velocity zones as permafrost patches
that were, moreover, thought to be of Pleistocene age. We have serious
doubts about the validity of the purely geophysically suggested contem-
porary permafrost occurrence on the Ztracené kameny by Stan et al.
(2017) because we consider their interpretation of the ERT and SRT
measurements to be oversimplifying and unilaterally favouring the

Geomorphology 328 (2019) 231–237
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presence of permafrost although the local conditions are highly disad-
vantageous for its existence.

In this comment, we propose an alternate explanation of these
ambiguous geophysical data sets and provide other considerations,
which lead us to believe that no buried perennial ground ice actually
exists there.

2. Geophysical outputs and their reinterpretation

Shallow geophysical techniques, such as ERT and SRT, have been
widely employed in mid-latitude, low-altitude permafrost detection
(e.g., Kneisel et al. 2000; Delaloye et al. 2003; Gude et al. 2003; Hauck
and Kneisel 2008; Stiegler et al. 2014; Popescu et al. 2017) because
ice and ice-rich sediments show high electrical resistivities (ca. 103–
106Ω·m) and high P-wave velocities (ca. 1500–5300m.s−1 andmostly
ca. 2000–4000m·s−1),which commonly contrastwellwith those of the
surrounding materials (Kneisel and Hauck 2008; Schrott and Hoffmann
2008; Schrott and Sass 2008; Draebing 2016). Both methods are there-
fore extremely useful for localizing and quantifying ground-ice bodies,
especially when combined; but in no case have they been applied to
mid-latitude, low-altitude permafrost exploration independently of
other,mostly temperature-basedmethods (air and ground temperature
monitoring, mapping of the bottom temperature of snow cover, spring-
water temperature measurements, infrared imaging; e.g., Kneisel et al.
2000; Delaloye et al. 2003; Gude et al. 2003; Stiegler et al. 2014;
Popescu et al. 2017) because influences that can make their interpreta-
tion difficult are numerous (Draebing 2016). The characteristic values of
electrical resistivity and P-wave velocity usually considered for ice-
bearing materials in mid-latitude, low-altitude locations are rather
low and range between ca. 5–50 kΩ·m and b100 kΩ·m (e.g., Kneisel
et al. 2000; Delaloye et al. 2003; Stiegler et al. 2014; Popescu et al.
2017) and 2000–3500 m·s−1 respectively (e.g., Kneisel et al. 2000;
Gude et al. 2003) because permafrost atmost of these places is assumed
to bewarm,with temperatures close to 0 °C and low ice contents or high
unfrozen water contents (Kneisel et al. 2000). The resistivities around
100 kΩ·m and higher are commonly assigned to large ice-coated
boulders with air-filled voids (e.g., Kneisel et al. 2000; Stiegler et al.
2014) rather than to massive ice bodies that are typical for high-
alpine environments (Hauck and Vonder Mühll 2003). Furthermore,
P-wave velocities of 2500–3500 m·s−1 can indicate the occurrence of
ice as well as the presence of bedrock (Gude et al. 2003).

Stan et al. (2017) identified an isolated zone of high resistivities well
over 100 kΩ·m (up to ca. 200 kΩ·m) at an average depth of ca. 6 m
(depth range of ca. 4–8 m) on their ERT profile E1, located in the
lower part of the ‘eastern’ blockfield, which spatially coincides with
the zone of high P-wave velocities of up to 3000m·s−1 on the SRT pro-
file E3, perpendicularly intersecting the profile E1 (see Fig. 7 in Stan
et al. 2017, p. 384). Similarly, an isolated zone of high resistivities over
80 kΩ·m at an average depth of ca. 5.5 m (depth range of ca. 2–7 m)
was recorded on their ERT profile W6, located in the lower part of the
‘western’ blockfield, which corresponds with the zone of high P-wave
velocities of up to 2000 m·s−1 on the SRT profile W3, transversally
crossing the profile W6 (see Fig. 11 in Stan et al. 2017, p. 387). Both
these high-resistivity and high-velocity zones were interpreted by
Stan et al. (2017) as the remnants of probably Pleistocene permafrost.

Generally, some of the electrical resistivity values measured by Stan
et al. (2017) on the Ztracené kameny may suggest the presence of per-
mafrost as they largely overlap the entire interval of resistivities that are
characteristic of ice and ice-rich sediments (see above). On the contrary,
the maximum resistivities mostly attain or even exceed the highest
values documented from mid-latitude, low-altitude permafrost sites
(cf. Kneisel et al. 2000; Delaloye et al. 2003; Gude et al. 2003; Stiegler
et al. 2014; Popescu et al. 2017), rather resembling the massive ice
(sensu Hauck and Vonder Mühll 2003). However, the resistivities of
up to ca. 200 kΩ·m recordedwithin the ‘eastern’ blockfield are probably
too large to be produced by ground ice alone in this permafrost-hostile

environment (see Section 3), and thus a certain share of ice-free voids
would likely be needed to generate such extreme values (sensu
Kneisel et al. 2000; Stiegler et al. 2014). Nonetheless, the P-wave veloc-
ities of up to 3000 m·s−1 measured in the same place unambiguously
exclude a larger presence of air as it itself achieves values as low as
300–330 m.s−1 and the typical values for air-filled layers commonly
show the left-skewed range of ca. 350–1500 m·s−1 (Draebing 2016),
which, in fact, includes almost the entire velocity span of ca. 250–
1200m·s−1 observed by Stan et al. (2017) in these substrates. Likewise,
themaximum resistivities over 80 kΩ.mmeasuredwithin the ‘western’
blockfield would presumably also need the presence of air-filled voids
to attain such high values, but the P-wave velocities of this lenticular
structure are up to 2000 m·s−1, which almost certainly excludes the
presence of air and ice (cf. Kneisel et al. 2000; Gude et al. 2003;
Schrott and Hoffmann 2008; Draebing 2016). Because the existence of
large amounts of perennial ice is highly improbable in this altitude
(ca. 1100–1250 m asl) and the presence of air-ice mixture can be
declined as well (sensu Kneisel et al. 2000; Stiegler et al. 2014), the
high-resistivity and high-velocity zones can hardly be interpreted as
permafrost lenses. Notably, Stan et al. (2017) also measured compara-
bly high electrical resistivities in other parts of their ERT profiles E1
and W6 as well as P1 (see Figs. 6, 7, and 11 in Stan et al. 2017, pp. 384
and 387), which locally have even larger spatial extents than the two
‘permafrost’ patches; but surprisingly, these zones attracted substan-
tially less attention of Stan et al. (2017), and if so, they were mostly
interpreted as loosely packed blockfield with air-filled voids.

Our alternate explanation for suchwidespread occurrence of the ex-
treme resistivities on the Ztracené kameny is that both blockfields are
composed of a mixture of Palaeozoic metamorphic rocks, with a domi-
nance of quartzites. High quartz content of rocks (see the right photo-
graph on Fig. 3 and Fig. 1 in Stan et al. 2017, p. 381) is certainly able to
produce very high electrical resistivities because quartzites show a
huge range of values between 10 and 109 Ω·m (Kneisel and Hauck
2008) and pure quartz even well above 1010 Ω·m (e.g., Parkhomenko
1967; Telford et al. 1990). Consequently, the high-resistivity zones can
be associated with the occurrences of solid quartzite bedrock, larger
quartzite boulders, quartz veins traversing the blockfields, or locally
increased quartz content. The ERT profile E1 (see Fig. 7 in Stan et al.
2017, p. 384) transversally intersects the assumed quartzite insertions
or veins (Stan et al. 2017), running roughly in the NE-SW direction
(Fig. 1), the most compact sections of which probably achieve the
highest resistivities over ca. 70 kΩ·m, while their disrupted parts ex-
hibit somewhat lower values of ca. N20 kΩ·m. This layer is superposed
by packed blocks with voids filled by organics and other fine materials
(Stan et al. 2017, p. 385) as well as by air, which reach an average
depth of ca. 4 m and are characterized by resistivities and P-wave veloc-
ities less than ca. 20 kΩ·m and ca. 1200 m·s−1 respectively. The high-
resistivity zone (N80 kΩ·m) on the ERT profile W6 (see Fig. 11 in Stan
et al. 2017, p. 387) could be attributed to the presence of a large isolated
boulderwith high quartz content, which is set inside the less resistive en-
vironment composed of smaller blockswith void-filling organics and fine
materials, which also have the resistivities lower than ca. 20 kΩ·m and P-
wave velocities ca. 1200 m·s−1 as in the ‘eastern’ blockfield. The compa-
rably high resistivities in the ca. 3m thick uppermost layer, located in the
entire above-lying part of profile W6, are likely caused by a block cover
with air-filled voids. The high resistivity (ca. N20 kΩ·m) in the SWsection
of ERT profile P1 (see Fig. 6 in Stan et al. 2017, p. 384) is related to shallow
or exposed bedrock around and on the top rock formation of the Ztracené
kameny as actually stated by Stan et al. (2017) as well.

The blockfields probably tend to increase their thickness downslope
because the ERT profiles E4, E5,W7,W8, andW9 (see Figs. 8, 12, and 13
in Stan et al. 2017, pp. 385, 387, and 388), situated in the lower-lying
densely forested areas, show the uppermost layer of ca. 10–15 m with
resistivity b20 kΩ·m, which is probably composed of highly weathered
quartzite blocks and voids completely filled with fine material.
This layer likely corresponds to the second layer identified in the
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unvegetated parts of the blockfields as both have very similar resistivi-
ties. The latter, however, extends to smaller depth as most ERT and SRT
profiles in the forest-free parts of the blockfields suggest the bedrock
occurrence at ca. 8–12 m (see Figs. 6, 7, 9, 10, and 11 in Stan et al.
2017, pp. 384, 386, and 387).

3. A brief insight into permafrost history and present-day
environmental setting

Undoubtedly, permafrost existed in the Eastern High Sudetes
and their lower-elevated surroundings during the last glacial period
based on the presence of permafrost-related landforms, such as
cryoplanation terraces, blockfields and block streams, or large-scale
sorted patterned ground (e.g., Křížek 2016), and according to the subsur-
face ground temperature history (Šafanda and Rajver 2001). It surely oc-
cupied this region particularly during the Last Glacial Maximum
(26.5–19 ka BP) or the Last Permafrost Maximum (25–17 ka BP) respec-
tively (Vandenberghe et al. 2014; Lindgren et al. 2016)when itsmodelled
maximum thickness was up to 220–245 m in the summit area (Czudek
1986). Permafrost began to decay at the Pleistocene-Holocene transition
when the ground surface temperature rose above 0 °C (Šafanda and
Rajver 2001), and it is believed to completely disappear until the middle
Holocene (Czudek 1986, 1997). This probably coincides with the period
of somewhat higher regional MAAT than at present as suggested by nu-
merous evidence (e.g., Šafanda and Rajver 2001; Rybníček and
Rybníčková2004;Dudová et al. 2013).However, Stan et al. (2017) still ar-
gued that the blockfields on the Ztracené kameny have favourable
topoclimatic conditions for the permafrost preservation because they
(i) have concave topography around the high-resistivity zones, (ii) are
colder, (iii) have long-lasting insulating snow cover, (iv) are shaded,
(v) lie on the edge of a forest, and (vi) have limited thermal insulation
(Stan et al. 2017, pp. 387–388). Except for the last point, which is nonsen-
sical by nature because it in itself excludes the persistence of perennial ice

under the positive MAAT and also largely contradicts point (iii), we ad-
dress the remaining statements thoroughly in the next paragraph.

Stan et al. (2017, p. 381) stated that the MAAT in the ‘summit areas’
of the Eastern High Sudetes is as low as 1.1 °C. However, the MAAT at
Mt. Praděd (1491 m asl; the highest peak of the mountain range) and
at Mt. Šerák (1328 m asl), located ca. 8.5 km and ca. 19.7 km from
the Ztracené kameny respectively in 1985–1996 and 2004–2017 was
1.3 °C and 3.4 °C respectively (Jeseníky Protected Landscape Area
authority; National Oceanic and Atmospheric Administration Climate
Data Online). The MAAT in the study area (1100–1250 m asl) is there-
fore likely to be 2.9–4.9 °C if the standard air temperature lapse rate of
0.0065 K·m−1 is considered. This could facilitate potential permafrost
maintenance if temperature offset is sufficient. Nonetheless, the mean
ground temperature recorded directly at the suggested permafrost
spots (Fig. 1) in the ‘western’ and ‘eastern’ blockfield between 25 May
2017 and 18 May 2018 at a depth of ca. 0.40 m and ca. 0.55 m below
ground surface respectivelywas as high as 5.3 °C and 4.8 °C respectively,
which was ca. 0.8 °C and ca. 0.9 °C above the mean air temperature es-
timated based on data from the Mt. Šerák station respectively (Fig. 2).
Likewise, the ground temperatures had reached their absolute minima
of −7.1 °C and −7.5 °C respectively before the snow cover established
at the turn of November–December and, except of some cooling events
caused by rapid drops of air temperature, they remained mostly above
−2 °C throughout thewinter (Fig. 2). This evidence alone almost totally
excludes the presence of permafrost on the Ztracené kameny. More-
over, the MAGTs measured at mid-latitude, low-altitude permafrost
sites were substantially lower, and importantly, none of these locations
showed a positive temperature offset (Table 1). In fact, most mid-
latitude, low-altitude permafrost occurrences have been reported
particularly from north-, east-, or west-facing debris-covered sites
(Table 1), which are colder than south-facing slopes because of limited
sunshine duration (Kneisel et al. 2000; Gorbunov et al. 2004). Further-
more, these permafrost-prone debris accumulations commonly have
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Fig. 1. Geology, aspect, and solar radiation in the study area. ZKw – permafrost spot suggested by Stan et al. (2017) on the ‘western’ blockfield on the Ztracené kameny; ZKe – permafrost
spot suggested by Stan et al. (2017) on the ‘eastern’ blockfield on the Ztracené kameny; B1 – ground temperature measurement site on the Mt. Břidličná blockfield 1; B2 – ground
temperature measurement site on the Mt. Břidličná blockfield 2.

234 T. Uxa et al. / Geomorphology 328 (2019) 231–237

Tomáš Uxa

– xxxv –



the elevation extent of higher tens or even hundreds of meters and are
at least 10–15m thick (Table 1), which allows air circulation to fully de-
velop and also isolates the ice body from warmer ambient air tempera-
tures because of the enhanced temperature offset (sensu Gorbunov
et al. 2004). Thicker screes also accumulate larger amounts of ice inwin-
ter, which are then able to persist throughout the summer (Delaloye
et al. 2003). Importantly, the blockfields surveyed by Stan et al. (2017)
are titled based on their relative position to the top rock formation,
but in reality, the ‘western’ and ‘eastern’ blockfields face to the north-
west (298°) and south (193°) respectively (Fig. 1; see also Figs. 3 and
4 in Stan et al. 2017, pp. 382 and 383). This causes a high solar radiation
input particularly to the south-oriented blockfield, which is, moreover,
only partly shaded by trees (Fig. 1; cf. Stan et al. 2017, p. 387). Symp-
tomatic of rather warm and dry conditions within both blockfields is
also the absence of a denser vegetation cover consisting of mosses and
cryophilic plants, which are frequently found in most mid-latitude,
low-altitude permafrost sites (e.g., Delaloye et al. 2003; Gude et al.
2003; Zacharda et al. 2007; Stiegler et al. 2014; Popescu et al. 2017). In-
stead, the blockfields host scattered dwarf shrubs or trees spreading
from the neighbouring forest, the dead organics of which fills the inte-
rior voids together with other fine materials (see Stan et al. 2017,
p. 385), and thus prevents the air circulation. Furthermore, the 100–
200 cm maximum thickness of up to six months lasting snow cover
stated by Stan et al. (2017, p. 381) canwell occur particularly on the lee-
ward sides of the summit plateaus (Jeník 1961). However, the Ztracené
kameny site is situated a little lower, below the alpine timberline, im-
plying that somewhat thinner snowpack is to be expected there. Indeed,
the snow is usually not thick enough to cover the blockfields continu-
ously (Fig. 3) throughout the winter and mostly completely disappears
in March–April, and then the ground temperature rises sharply (Fig. 2).
Therefore, the blockfields are insulated over a limited part of the year,
and even during this period the insulation is debatable because air can
penetrate easily around the boulders protruding from the snow. More-
over, it is unclear whether this amount of snow can accumulate suffi-
cient volumes of ice that could survive to the following winter (sensu
Delaloye et al. 2003). Finally, both blockfields have rather low elevation
extent of ca. 65m (lower, uninterrupted part of the ‘western’ blockfield)
and ca. 20 m respectively, are relatively shallow with bedrock depth in
forest-free parts commonly up to ca. 8–12 m (as can be seen on most
ERT and SRT profiles; see Figs. 6, 7, 9, 10, and 11 in Stan et al. 2017,
pp. 384, 386, and 387), and have relatively straight slopes with no

distinct concave areas around the suggested permafrost spots (Fig. 4)
described by Stan et al. (2017, p. 387). This likely considerably reduces
the potential for internal air circulation and formation of cold reservoirs
in lower parts of the blockfields (sensu Delaloye et al. 2003; Delaloye
and Lambiel 2005; Morard et al. 2008, 2010; Popescu et al. 2017). Con-
sequently, in summary, the environmental setting of the Ztracené
kameny is probably unable to host permafrost under the present-day
climate conditions. This statement is also supported by the ground ther-
mal regimes in the lower parts of two blockfields of the same geology,
located on the northwestern and northeastern slopes of Mt. Břidličná
(1358 m asl) ca. 2 km north of the Ztracené kameny (Fig. 1), which
showed permafrost-disfavouringMAGT of 4.1 °C and 5.0 °C respectively
in 2014 (Křížek, unpublished data from temperature dataloggers) when
Stan et al. (2017) performed their geophysical survey. If we consider
that the blockfields atMt. Břidličná are potentiallymore suitable for per-
mafrost occurrence because they have lower estimated MAAT (2.5–3.6
°C), receive equal or less solar radiation (daily average of 111 and
110 W·m−2 for Mt. Břidličná vs. 107 and 141 W·m−2 for the ‘western’
and ‘eastern’ blockfields on the Ztracené kameny; Fig. 1), and are larger
and thicker than those on the Ztracené kameny aswell, then the perma-
frost suggestions of Stan et al. (2017) seem even more dubious.

The above implies that permafrost could not exist on the Ztracené
kameny in the middle Holocene as well (cf. Czudek 1986, 1997) when
MAAT was up to 3 °C higher than at present (Rybníček and
Rybníčková 2004; Czudek 2005; Dudová et al. 2013) and also when
the precipitation totals were higher, and thus larger amounts of water
could enter the blockfields and supply additional heat for potential ice
melting.Moreover, the blockfields probably hadmore extensive vegeta-
tion and soil cover, which filled the interior voids, and thus further
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Fig. 2. Mean daily ground temperatures measured at the ‘western’ (ZKw) and ‘eastern’
(ZKe) permafrost spot suggested by Stan et al. (2017) within the blockfields on the
Ztracené kameny and mean daily air temperature (AT) estimated for their average
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Fig. 3. The ‘eastern’ blockfield on the Ztracené kameny on 16 February 2017 when snow
cover culminated (upper) and the same site on 30 October 2010 without snow (lower).
On the left photograph, note the boulders sticking out of the relatively thin snow cover,
with only the smallest blocks covered completely.
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reduced the potential for permafrost preservation. Consequently, even
if present, the alleged ground-ice patches could hardly be termed as
the remnants of Pleistocene permafrost as stated by Stan et al. (2017)
because it thawed in the meantime (i.e., in the middle Holocene).
Such shallow and tiny permafrost bodies are impacted by year-to-year
air temperature variations, and thus they must exist under more-or-
less equilibrium with contemporary climate otherwise they disappear.
True relict permafrost reflects a colder past climate and is usually
situated tens to hundreds of meters beneath the ground surface
(e.g., Szewczyk and Nawrocki 2011) where it persists until the positive
temperatures propagate into its depth level.

4. Conclusions

The contemporary permafrost existence in the two blockfields on
the Ztracené kameny unilaterally proposed by Stan et al. (2017) is of
doubtful validity as it relies on ambiguous geophysical data sets alone,
poorly supported by other evidence. Maximum resistivity and P-wave
velocity values should be attributed to the presence of high-resistivity
quartzites and loose debris with air-filled voids, which produce
geophysical images mimicking the permafrost conditions. The latter,
non-permafrost hypothesis is also favoured by numerous evidence,
such as the disadvantageous climate and topographic attributes of the
blockfields, permafrost-disqualifying ground thermal regimes on the

Ztracené kameny and in nearby blockfields, and common characteristics
of mid-latitude, low-altitude permafrost locations from elsewhere,
which all suggest it is highly improbable that the blockfields on the
Ztracené kameny contain permafrost under the present climate.

Finally, we emphasize that geophysics delivers only indirect infor-
mation with an artificial visualisation of the approximate subsurface
distribution of physical parameters, which includes the ambiguity of
the computed model and of the interpretation. Geophysical surveying
therefore requires other non-geophysical inputs and a good knowledge
of local conditions to support the hypothesized explanation as can beul-
timately exemplified in most earlier mid-latitude, low-altitude perma-
frost investigations (e.g., Kneisel et al. 2000; Delaloye et al. 2003;
Gude et al. 2003; Stiegler et al. 2014; Popescu et al. 2017). If no such
information is available, then the reliable interpretation is almost
impossible (Schrott and Sass 2008).
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ABSTRACT
A detailed map of rock glaciers at a scale of 1 : 40 000 is produced for the Western and High
Tatra Mts., Western Carpathians, based on remotely sensed mapping. We inventoried a total
of 383 rock glaciers, covering a total area of 13.84 km2. Most rock glaciers (85 %) are
considered relict (without permafrost). These landforms have an average lower limit of 1684 m
asl and occupy a total area of 12.50 km2. In contrast, intact rock glaciers (containing
permafrost) cover a total area of 1.34 km2 and their average lower limit is located at 1986 m
asl, which is 56 m above the previously suggested lower limit of discontinuous permafrost.
The inventory adds new information about rock-glacier occurrence in the European high-
mountain areas and improves the understanding of present and past environmental
conditions in the region.
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1. Introduction

Rock glaciers are tongue- or lobate-shaped landforms
resulting from downslope creeping of ice-rich debris
in mountain permafrost conditions (e.g. Barsch, 1996;
Berthling, 2011; Kääb, 2013). Most rock glaciers exhibit
characteristic surface morphology consisting of steep
frontal and lateral slopes (for active rock glaciers mostly
steeper than the angle of repose) enclosing rugged upper
surface with frequent longitudinal and transversal
ridges and furrows emerging due to the compression
of debris-ice mixture associated with the rock-glacier
flow, closely resembling lava streams (Kääb, 2013).
Because of high portion of non-ice component, rock gla-
ciers are usually able to retainmuch of theirmorphology
long after the permafrost body has completely thawed
(Hughes, Gibbard, & Woodward, 2003), meaning they
can be identified even in a relict state and under veg-
etation cover if high-resolution remotely sensed ima-
gery or digital elevation models are available (e.g.
Colucci, Boccali, Žebre, & Guglielmin, 2016; Kellerer-
Pirklbauer, Wagner, & Winkler, 2016).

Active and inactive rock glaciers represent impor-
tant component of mountain cryosphere because they
contain significant volumes of ground ice and act as
long-term stores of water, even in arid or semi-arid
regions (e.g. Azócar & Brenning, 2010; Brenning,
2005; Burger, Degenhardt, & Giardino, 1999; Millar,
Westfall, & Delany, 2013). Analogously, relict rock gla-
ciers indicate the existence of large amounts of ground
ice in the past (e.g. Barsch, 1996; Kääb, 2013) and

because of a high storage capacity they noticeably affect
current hydrology of mountain watersheds as well (e.g.
Wagner, Pauritsch, & Winkler, 2016; Winkler et al.,
2016). Furthermore, rock glaciers are highly sensitive
indicators of both present and past climate and perma-
frost evolution (e.g. Barsch, 1996; Frauenfelder & Kääb,
2000; Haeberli et al., 2006), which can be mapped
rapidly and at low cost to build-up extensive databases
of permafrost evidence over large spatial scales.
Consequently, there is a worldwide interest to compile
rock-glacier inventories for a number of both purely
scientific and practical reasons. In Europe, these inves-
tigations have been realized in larger scale particularly
in the Alps (e.g. Baroni, Carton, & Seppi, 2004; Colucci
et al., 2016; Kellerer-Pirklbauer, Lieb, & Kleinferchner,
2012; Krainer & Ribis, 2012; Nyenhuis, Hoelzle, &
Dikau, 2005; Scotti, Brardinoni, Alberti, Frattini, &
Crosta, 2013; Seppi et al., 2012), the Pyrenees (e.g.
Chueca, 1992; Serrano, Agudo, & Martinez de Pisón,
1999), the Scandinavian Mts. (e.g. Lilleøren & Etzel-
müller, 2011; Sollid & Sørbel, 1992) and the Southern
Carpathians (e.g. Onaca, Ardelean, Urdea, & Magori,
2017; Urdea, 1992).

Unlike the above regions, rock-glacier mapping in
the Western and High Tatra Mts., Western Car-
pathians (Slovakia and Poland), has been much less
intensive. Rock glaciers in the study area were first
noted by Partsch (1923) who reported their occurrence
in the High Tatra Mts. Later on, Klimaszewski (1948,
1988) and Jahn (1958) described rock glaciers in the
Polish territory of the region and called them ‘debris
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glaciers’ and ‘patch rock glaciers’, respectively. In the
Slovak territory, many rock glaciers were described
by Lukniš (1973) throughout the entire area of the
High Tatra Mts., but they were referred to as ‘firn mor-
aines’. A year later, Nemčok and Mahr (1974) pub-
lished the most extensive rock-glacier inventory to
date, in which they reported 13 and 18 sites with rock-
glacier occurrence in the Slovak territory of theWestern
andHighTatraMts., respectively, but a number of land-
forms have remained unmapped. After more than a 10-
year hiatus, many rock-glacier studies have emerged
since the turn of the eighties and nineties (Baumgart-
Kotarba & Kotarba, 2001; Dzierżek, Lindner, & Nity-
choruk, 1987; Dzierżek &Nitychoruk, 1986; Kaszowski,
Krzemień, & Libelt, 1988; Kociuba, 1996; Kotarba, 1986,
1988, 1991–1992, 1992; Kotarba, Kaszowski, & Krze-
mień, 1987; Libelt, 1988), but exclusively from the
Polish side of the mountains. This imbalance began to
equalize from2004whenKędzia, Kotarba, andMościcki
(2004) published their case study of a single rock glacier
located near the Veľké Hincovo pleso Lake in the Slovak
High Tatra Mts. and since then, a large amount of work
related to rock glaciers has been carried out in both Slo-
vak (Kłapyta, 2009, 2010, 2011, 2012, 2013a, 2013b;
Pánek et al., 2015; Pánek et al., 2016; Zasadni &Kłapyta,
2014) and Polish territory (Kłapyta, 2008, 2013b, 2015;
Kłapyta & Kołaczek, 2009; Kotarba, 2007, 2013; Makos,
Rinterknecht, Braucher, Żarnowski, & Aster Team,
2016; Zasadni & Kłapyta, 2016) of themountain ranges.
In a surprising contrast, no rock glaciers have been
reported in the regional overview of periglacial land-
forms occurring in the Western and High Tatra Mts.
compiled by Rączkowska (2007). Most rock glaciers in
the region are thought to be relict landforms (Kędzia,
2014) of the Late Glacial or the early Holocene age
(e.g. Kaszowski et al., 1988; Kłapyta, 2011, 2013a;
Kotarba, 1988, 2007).

Despite a considerable effort resulting in the above
extensive list of literature, there still remain large areas
both in the Western and High Tatra Mts., where rock
glaciers have not been mapped yet. Furthermore,
many previous investigations are only descriptive,
incomplete and do not enable to determine the rock-
glacier occurrence precisely or to extract their morpho-
logical attributes. Finally, none of the above rock-glacier
studies have focused on the entire area of the Western
and High Tatra Mts. Accordingly, the aim of our
study is to complete the information on rock-glacier
occurrence based on remotely sensed mapping, vali-
dated by field and literature data, and to introduce the
first detailed map of rock glaciers covering the entire
area of the Western and High Tatra Mts.

2. Study area

The Western and High Tatra Mts. are c. 42 km and
c. 26 km, respectively, long mountain ranges, located in

the northernmost part of the Carpathian arc and stretch-
ing longitudinally along the Slovak-Polish border
(Figure 1). They reach their maximum elevations of
2248 m asl and 2655 m asl at the top of Bystrá Peak
and Gerlachovský štít Peak, respectively. Geology of
the mountain ranges is dominated by Carboniferous-
Permian granitic rocks, enrichedwith Palaeozoicmetha-
morphic rocks, such as gneisses, migmatites or amplibo-
lites in the Western Tatra Mts. On northern sides of the
mountain ranges, the crystalline core is overlaid by
thrust sheets ofMesozoic sedimentary rocks, particularly
limestones and dolomites. The foothills have an exten-
sive cover of Cretaceous-Palaeogene flysch rocks, such
as claystones, siltstones, sandstones, conglomerates and
breccias (Jurewicz, 2007; Nemčok et al., 1994; Figure 2).

Extensive glaciers recurrently evolved during the
cold phases of the Pleistocene (Figure 3), which
resulted in typical alpine-type topography with numer-
ous cirques, U-shaped valleys and distinct moraine
ridges in both mountain ranges (e.g. Křížek & Mida,
2013; Makos, Nitychoruk, & Zreda, 2013a, 2013b;
Zasadni & Kłapyta, 2014), but all pronouncedly more
developed in the High Tatra Mts. Currently, the moun-
tains host no glaciers, but perennial snowfields and
firn-ice patches can be found in suitable locations
(Gądek, 2014). In the period 1981–2010, the mean
annual air temperature (MAAT) at the top of Lom-
nický štít Peak, at 2635 m asl, was –3.4 °C and mean
annual precipitation amounted 1653 mm (Slovak
Hydrometerological Institute). The present-day climatic
snowline has been calculated at c. 2500–2600 m asl and
c. 2700–2800 m asl on northern and southern slopes,
respectively (Zasadni & Kłapyta, 2009), and the lower
limit of discontinuous permafrost has been estimated
at 1930 ± 150–200 m asl based on the analysis of air
thawing and freezing indices and complementary geo-
physical soundings and measurements of bottom temp-
erature of snow (Dobiński, 1997a, 2004, 2005).

3. Methods

3.1. Areal extent and coordinate system

Themap focuses on theWestern andHigh Tatra Mts. in
a scale of 1 : 40 000 and covers the area of 838.34 km2

between c. 49°06′–49°17′ N and c. 19°39′–20°15′ E
(Figure 1). Themap is projected in the coordinate system
WGS 1984 UTM Zone 34N. Accordingly, some layers,
originally acquired in the coordinate system S-JTSK
(based on Bessel ellipsoid), had to be transformed into
the map projection. Considering the medium map
scale, we converted the data using the transformation
tools implemented in ESRI ArcMap 10.3. We employed
the most accurate transformation algorithm (c. 1 m
error) according to our own testing of the conversion
accuracy between the above two coordinate systems
(Křížek, Uxa, & Mida, 2016).
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3.2. Topography and additional map content

3.2.1. Digital elevation model
We used the existing digital elevation model (DEM)
with a horizontal resolution of 10 m produced by
stereo photogrammetry from aerial images (Tatra
National Park, 2009) as a primary topographic base
for the Main Map and as a supplementary source of
information for mapping of rock glaciers, delineation
of their contributing areas and extraction of elevation
attributes. The model represents the most detailed and
most widely utilized DEM covering the entire study
area to date. Nonetheless, it contains elevation errors
and other defects, such as straight break lines, which
are mostly located in lower elevated areas unoccupied
by rock glaciers, particularly along the alpine treeline
and adjacent forest belt located on southern slopes
(c.f. Zasadni & Kłapyta, 2014). Therefore, the model
was adjusted prior to final map compilation so that
the defective parts and their immediate surroundings
(accounting for c. 11 % of the DEM area) were
replaced by a supportive co-registrated 10 m DEM
constructed from contour data with equidistance of
10 m provided by the Geodetic and Cartographic
Institute Bratislava (GCIB). Both models were merged
together and filtered by averaging within a moving
window of 5 × 5 cells to ensure smooth transition at
the contact of the models. Subsequently, shaded relief
and contours with equidistance of 50 m were gener-
ated based on this updated and smoothed DEM and
thereafter used in the final map.

3.2.2. Other topographic features
Beside the above DEM-based elements, we also added a
set of elevation points into the map to provide comp-
lementary elevation information. In addition, other
topographic features, such as watercourses, lakes,
roads, railways, cable cars, built-up areas and state
boundary, were integrated into the map for better
orientation.

The elevation points and cable cars were obtained by
digitizing the national topographic map series in a scale
of 1 : 25 000 and 1 : 50 000 accessible on geoportals of
the GCIB (geoportal.sk) and the Head Office of Geo-
desy and Cartography (HOGC; geoportal.gov.pl). In
the Slovak territory of the study region, watercourses
and lakes were taken from the database SVM 50,
which is based on the Basemap of Slovak Republic in
a scale of 1 : 50 000. In the Polish territory, these topo-
graphic features were acquired by manual digitization
of the topographic map accessible at the geoportal of
HOGC. Roads, railways and built-up areas for the
entire area were extracted from the freely available
OpenStreetMap database (download.geofabrik.de).

The topographic layers were checked for quality and
particularly their mutual consistency and, if necessary,
they were manually adjusted, for example, watercourse
directions were slightly changed to appropriately fit the
contour lines.

3.2.3. Additional map content
We included a schematic geological map (Figure 2)
based on Nemčok et al. (1994) and Bezák et al.

Figure 1. Location map of the Western and High Tatra Mts. within Carpathians. Topography is based on 1 × 1 km resolution digital
elevation model (DEM) derived from GTOPO30 and provided by the European Environment Agency (www.eea.europa.eu).
Note: The same data source was utilized to compile the inset map in the Main Map.
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(2013) as a background layer in the Main Map in order
to infer bedrock lithology of rock glaciers, with division
into five geological units: Palaeozoic gneiss rocks, mig-
matite and amphibolite; Carboniferous-Permian grani-
tic rocks; Mesozoic limestone, dolomite, sandstone,
shale and quartzite; Cretaceous-Palaeogene claystone,
siltstone, sandstone, conglomerate and breccia; and
Palaeogene sandstone, limestone, conglomerate and
breccia. Furthermore, the above layer was complemen-
ted with both proved and assumed faults based on the
same data sources.

We also added the Last Glacial Maximum glacier
extent in the Tatra Mts. (Figure 3) after Zasadni and
Kłapyta (2014) to provide information about the
relationship between rock glaciers and former glacia-
tion limit.

Finally, as rock glaciers are widely accepted indi-
cators of the lower limit of discontinuous mountain

permafrost (Barsch, 1996), we show the level of
1930 m asl in the Main Map, which corresponds to
the average minimum elevation of discontinuous per-
mafrost occurrence in the Tatra Mts. suggested by
Dobiński (1997a, 2004, 2005).

3.3. Rock glaciers

3.3.1. Rock-glacier mapping
We mapped rock glaciers (Figure 4) throughout the
entire area of the Western and High Tatra Mts. using
aerial photographs from years 2010–2015 with a resol-
ution of 0.1, 0.25, 0.5 and 1 m accessible on geoportals
of the GCIB and HOGC and on Google Earth. Rock
glaciers were identified and double-checked by both
authors based on their typical surface morphological
features visible on aerial imagery (Figure 5), such as
steep frontal and lateral slopes and longitudinal and/

Figure 2. Schematic geological map of the Tatra Mts. based on Nemčok et al. (1994) and Bezák et al. (2013). Legend: 1 – gneiss
rocks, migmatite, amphibolite (Palaeozoic); 2 – granitic rocks (Carboniferous-Permian); 3 – limestone, dolomite, sandstone, shale,
quartzite (Mesozoic); 4 – claystone, siltstone, sandstone, conglomerate, breccia (Cretaceous-Palaeogene); 5 – sandstone, limestone,
conglomerate, breccia (Palaeogene); 6 – fault (proved); 7 – fault (assumed). Red dashed lines indicate geographic subdivision of the
Tatra Mts.

Figure 3. Last Glacial Maximum glacier extent (purple polygons) in the Tatra Mts. after Zasadni and Kłapyta (2014). Red dashed lines
indicate geographic subdivision of the Tatra Mts. (color online).
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or transverse ridges and furrows. In areas with closed
or semi-closed vegetation cover, we followed vegetation
patterns associated with the rock-glacier surface mor-
phology as well (Barsch, 1996). The mapping was
also supported by field inspections in 2014, 2015 and
2016, during which c. 22 % of the mapped landforms,
mostly located in the High Tatra Mts., were visited
and their occurrence and delineation was verified.
The survey was supported by previous literature
reports and maps as well (Dzierżek & Nitychoruk,
1986; Kłapyta, 2008, 2009, 2010, 2011, 2012, 2013a,
2013b, 2015; Kłapyta & Kołaczek, 2009; Kotarba,
1988, 1991–1992, 2007; Nemčok & Mahr, 1974;
Zasadni & Kłapyta, 2016) that enable to extract precise
information about the location of rock glaciers. How-
ever, we did not take over the literature information
completely in all cases because the above mappings
have emerged over several decades and had inconsist-
ent data sources and mapping methodologies. Conse-
quently, there is occasionally no consensus among
researchers regarding the landform identification or
classification. An excellent example of this inconsis-
tency is the debris accumulation located near the
Zadni Staw Polski Lake in the Pięciu Stawów Polskich
Valley in the Polish High Tatra Mts., which was classi-
fied as a rock glacier (Dzierżek et al., 1987), a moraine
ridge (Makos et al., 2013a) as well as a rock avalanche

(Zasadni & Kłapyta, 2016). Therefore, we carefully
considered the integration of each individual pre-
viously mapped landform into the database mainly
based on its appearance on aerial imagery in order to
ensure the consistency of the inventory in terms of
landform identification, classification and delineation
throughout the whole region.

Each rock glacier was manually delineated along the
foot of its frontal and lateral slopes towards the rooting
zone (Figure 5) based on aerial photographs (c.f. Bar-
oni et al., 2004; Colucci et al., 2016; Kellerer-Pirklbauer
et al., 2012; Krainer & Ribis, 2012; Nyenhuis et al.,
2005; Onaca et al., 2017; Scotti et al., 2013). In the
lower part, the interface between the rock glacier and
its surroundings was in most cases clearly discernible.
On the contrary, a distinction between the rock-glacier
rooting zone and the above-lying contributing area was
often much more difficult to differentiate (c.f. Colucci
et al., 2016; Krainer & Ribis, 2012). In such cases, the
boundary was identified by both visual inspection of
aerial images and searching for a sudden change in
the DEM-derived slope inclination. Places with gradi-
ent exceeding the angle of repose of c. 35° (Barsch,
1996) were implicitly considered as parts of the contri-
buting area, probably corresponding to debris-free rock
slopes or rock walls (sensu Gądek, Grabiec, Kędzia, &
Rączkowska, 2016). The layers of slope inclination

Figure 4. (A) Intact talus rock glacier near the Pusté pleso Lake in the Veľká Studená Valley, High Tatra Mts.; (B) relict talus rock
glacier in the Kobylia Valley, Western Tatra Mts.; (C) fronts of intact and relict debris rock glaciers in the Slavkovská Valley, High
Tatra Mts.; (D) densely vegetated relict talus rock glacier in the Furkotská Valley, High Tatra Mts.; note the person in the foreground
for scale.
Note: White dashed lines delineate rock-glacier fronts.
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and shaded relief were also employed to refine the deli-
neation of some large rock-glacier outlines. In cases
where more rock-glacier bodies merge to form so-
called multipart rock glacier (Barsch, 1996), we deli-
neated each of these distinguishable parts individually
(c.f. Falaschi, Castro, Masiokas, Tadono, & Ahumada,
2014; Kellerer-Pirklbauer et al., 2012).

3.3.2. Rock-glacier classification
After completion of the rock-glacier mapping, we
classified rock glaciers according to the main source
of material, permafrost presence and activity, and bed-
rock lithology.

Two rock-glacier categories, talus rock glaciers and
debris rock glaciers (Barsch, 1996; Figure 4), were
adopted to differentiate the landforms based on the

main source of material. As talus rock glaciers are
regarded those landforms, which are unambiguously
related to talus slopes situated above, delivering frost-
shattered rock fragments for rock-glacier formation,
and do not significantly extend down to the bottom
of the valley. By contrast, debris rock glaciers are
usually more extensive debris deposits, mostly covering
valley floors, which evolve particularly from moraine-
derived materials. We also include the most distinct
landforms referred to as protalus (pronival) ramparts
into the first category for two main reasons. Firstly,
these landforms are usually very difficult to differen-
tiate from talus rock glaciers not only from aerial ima-
gery, but also in the field (e.g. Hedding, 2016; Hedding
& Sumner, 2013). Secondly, these geomorphic features
are largely genetically related to talus rock glaciers and

Figure 5. Aerial photographs showing the delineation of rock glaciers and their fronts (white solid lines) as well as contributing
areas (white dashed lines); note well-defined ridge-and-furrow topography on some of the rock glaciers. (A) Relict debris rock gla-
cier in the Spálená Valley, Western Tatra Mts.; (B) relict debris rock glacier in the Świstówka Roztocka Valley, High Tatra Mts.; (C)
intact talus and debris rock glaciers forming a multipart rock glacier in the Batizovská Valley, High Tatra Mts.; (D) intact and relict
talus and debris rock glaciers forming a multipart rock glacier in the Slavkovská Valley, High Tatra Mts. All the figures have a north-
ern orientation.
Note: Parts of other rock glaciers and their contributing areas extending into the images are not highlighted.
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many researchers describe them as embryonic stage of
rock glaciers, that is, a kind of developmental conti-
nuum, closely resembling them in morphology,
internal structure, ice content and morphodynamics
(e.g. Barsch, 1996; Haeberli, 1985; Scapozza, 2015).

Intact and relict classes were set to differentiate the
rock glaciers according to the presence of permafrost
and activity (Barsch, 1996). Intact rock glaciers (includ-
ing both active and inactive landforms) host perma-
frost inside and may (active rock glaciers) or may not
(inactive rock glaciers) move due to permafrost creep.
In contrast, permafrost has completely thawed within
relict rock glaciers. Borehole drilling, ground tempera-
ture measurements, geophysical soundings and/or
monitoring of rock-glacier movements are particularly
helpful to distinguish between the intact and relict rock
glaciers (e.g. Haeberli et al., 2006). Some of the above
methods have been employed in the High Tatra Mts.,
suggesting probable permafrost presence in several
rock glaciers (Kędzia, 2014), but the data are available
for a limited number of landforms (Dobiński, 1997b;
Gądek & Kędzia, 2008, 2009; Kędzia et al., 2004; Uxa
& Mida, 2016, 2017). Consequently, the classification
is largely based on morphological attributes discernible
on aerial imagery that are widely accepted to be indica-
tive of ground ice presence or absence and were
adopted in many recent rock-glacier inventories as
well (e.g. Colucci et al., 2016; Falaschi et al., 2014;
Onaca et al., 2017; Scotti et al., 2013). Intact rock gla-
ciers are characterized by steep frontal and lateral
slopes, which often exceed the angle of repose of
c. 35°, exhibit well-defined ridge-and-furrow topogra-
phy, and completely lack or have sparse vegetation
cover. In contrast, relict rock glaciers are typical of sub-
dued topography with gentler slopes caused by perma-
frost degradation, and usually have extensive
vegetation cover.

The bedrock lithology of individual rock glaciers
was inferred from the schematic geological map (see
section 3.2.3; Figure 2) based on rock-glacier outlines.
In total, three geological units were identified for the
mapped rock glaciers: Palaeozoic gneiss rocks, migma-
tite and amphibolite; Carboniferous-Permian granitic
rocks; and Mesozoic limestone, dolomite, sandstone,
shale and quartzite.

3.3.3. Rock-glacier contributing areas
Contributing area of each rock glacier, that is, the zone
where source material for its formation is collected
(Figure 5), was computed using the Hydrology tools
(e.g. Bolch & Gorbunov, 2014) implemented in ESRI
ArcMap 10.3 based on the void-filled DEM (see section
3.2.1.). Because this debris-contributing area (sensu
Janke & Frauenfelder, 2008) may not be identical to
the hydrological catchment of a rock glacier (particu-
larly in the case of debris rock glaciers), only those
parts of the respective rock glaciers, which presumably

received material directly from the source zone (i.e. not
secondarily through the rock-glacier flow), were used
as the lower modelling limit. Several lines of evidence,
such as the orientation of ridges and furrows and the
connection between the outer edge of a rock glacier
and neighbouring slope, were considered to determine
these rock-glacier parts. The delineated contributing
areas are essentially based on calculations confined to
locations outside the rock glaciers, and therefore no
problems that could be expected on rugged rock-glacier
topography, such as flow divergence or presence of
sinks with undefined flow direction, have been encoun-
tered. The contributing areas of lower-lying rock gla-
ciers forming parts of multipart rock glaciers were set
to include both the area of all the above-lying and
genetically related rock glaciers and their contributing
areas.

4. Mapping results and interpretation

The inventory contains a total of 383 rock glaciers
occupying the area of 13.84 km2, which are supplied
by rock material from 51.81 km2 of contributing
areas (Table 1). Hence, the total rock-glacier-affected
area in both mountain ranges constitutes 65.65 km2,
which comprises c. 16 % of the area above 1375 m asl
(∼lower limit of rock-glacier occurrence). The average
rock-glacier density above this limit is 0.93 landforms
per km2 and the average specific rock-glacier area
accounts for 3.34 ha per km2. Less rock glaciers, 183
(c. 48 %), occur in the Western Tatra Mts. than in
the High Tatra Mts. where 200 rock glaciers (c. 52 %)
are located. However, this does not translate into the
difference in the total rock-glacier area, which is by
0.45 km2 larger in the Western Tatra Mts. On the
other hand, the total contributing area is by 2.60 km2

more extensive in the High Tatra Mts. (Table 1).
Talus rock glaciers predominate in both mountain

ranges, with c. 63 % and c. 74 % in the Western Tatra
and High Tatra Mts., respectively, but their total area
represents only c. 25 % and c. 42 % of all the rock gla-
ciers. Accordingly, debris rock glaciers are substantially
larger in size, which is on average around four to five
times the average size of talus rock glaciers (Table 1).
Debris rock glaciers also have substantially larger con-
tributing areas (Table 1), which are capable to supply
these voluminous landforms with a sufficient amount
of material necessary for their development. Most
rock glaciers are considered as relict; only seven land-
forms were classified as intact in the Western Tatra
Mts. (c. 4 %) and other forty nine in the High Tatra
Mts. (c. 25 %), representing c. 15 % of the total number
of rock glaciers in the entire study region and covering
the total area of 1.34 km2 (Table 1). Relict landforms
extend down to 1375 m asl and 1414 m asl in the
Western and High Tatra Mts., respectively, with the
average front elevation of 1644 ± 119 m asl and 1731
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± 143 m asl, respectively (Figure 6). Lower limit of
intact rock glaciers occurs at 1761 m asl and 1831 m
asl in the Western and High Tatra Mts., respectively,
and their front elevation averages 1812 ± 30 m asl
and 2011 ± 92 m asl, respectively. The discrepancy of
nearly 200 m between the mountain ranges between
the mountain ranges in the latter parameter results
from wider elevation range where intact rock glaciers
occur in the High Tatra Mts., and also from the limited
number of intact landforms in the Western Tatra Mts.
Consistently with the distribution patterns observed
elsewhere (see Barsch, 1996), both relict and intact
rock glaciers have their lower limits located higher in
southern aspects than in northerly exposed places. In
the Western Tatra Mts., the average front elevation of
relict and intact rock glaciers facing the NW–NE direc-
tions is at 1599 ± 107 m asl and 1823 ± 37 m asl,
respectively, while landforms oriented to the SW–SE
are at 1723 ± 103 m asl and 1819 ± 18 m asl, res-
pectively. In the High Tatra Mts., the respective
elevations are 1692 ± 159 m asl and 1943 ± 63 m asl

for the NW–NE sectors and 1768 ± 116 m asl and
2018 ± 88 m asl for the SW–SE. Intact rock glaciers
are mostly of talus type, with c. 86 % and c. 78 % in
the Western and High Tatra Mts., respectively, and
have on average around one and a half to two times
smaller size than relict landforms (Table 1).

Rock glaciers occur in three different geological units
(Table 2), which represent 100 % and c. 97 % of the area
above 1375 m asl in the Western and High Tatra Mts.,
respectively. The total numbers and areas of rock glaciers
built by different substrates well correlate with the areal
proportion of these materials in the study region. Grani-
tic rocks predominate here (Figure 2), and therefore
c. 65 % and 96 % of rock glaciers, covering the total
area of 4.84 km2 and 6.46 km2, are formed within
these substrates in the Western and High Tatra Mts.,
respectively (Table 2). More diverse geology of the Wes-
tern Tatra Mts. promotes c. 27 % of rock glaciers
(2.00 km2) consisting of Palaeozoic metamorphic rocks
(particularly gneisses and migmatites) and c. 8 % of the
landforms (0.31 km2) developed within Mesozoic

Table 1. General distribution and areal characteristics of rock glaciers and their contributing areas in the Western and High Tatra
Mts.

Rock glaciers Number

Rock-glacier area (ha) Contributing area (ha)

Mean Min Max Sum Mean Min Max Sum

Western Tatra Mts.
Talus 115 1.56 0.09 6.13 179.09 6.23 0.37 32.24 716.03
Debris 68 7.87 1.11 49.85 535.15 25.65 0.96 139.84 1744.42
Intact 7 2.18 0.33 5.29 15.24 14.77 0.92 32.55 103.40
Relict 176 3.97 0.09 49.85 698.99 13.39 0.37 139.84 2357.05
Total 183 3.90 0.09 49.85 714.23 13.45 0.37 139.84 2460.45
High Tatra Mts.
Talus 147 1.90 0.15 8.76 279.15 8.17 0.78 49.59 1201.04
Debris 53 7.36 1.76 44.42 390.34 28.67 2.46 105.34 1519.43
Intact 49 2.42 0.18 14.63 118.54 11.69 0.78 44.30 572.92
Relict 151 3.65 0.15 44.42 550.96 14.22 1.09 105.34 2147.54
Total 200 3.35 0.15 44.42 669.50 13.60 0.78 105.34 2720.46

Figure 6. Minimum elevation of rock-glacier fronts in the (A) Western and (B) High Tatra Mts. Orange bars represent relict rock
glaciers; intact rock glaciers are shown in blue. Black dashed line and contiguous grey areas indicate the lower limit of discontinuous
permafrost occurrence of 1930 ± 150–200 m asl proposed by Dobiński (1997a, 2004, 2005).
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limestones, dolomites, sandstones, shales and quartzites.
On the contrary, only 1 % and 3% of rock glaciers
(0.07 km2 and 0.17 km2) in the High Tatra Mts. are
formed by these materials (Table 2). In total, the non-
granitic rock glaciers cover the area of 2.31 km2 and
0.24 km2 in the Western and High Tatra Mts.,
respectively.

Rock glaciers consisting of Mesozoic limestones,
dolomites, sandstones, shales and quartzites have the
smallest average size and also show the lowest rock-gla-
cier density as well as the lowest specific rock-glacier
area in both mountain ranges (Table 2), which suggests
that these materials are less favourable for rock-glacier
formation in the study region. In contrast, rock glaciers
built by granitic rocks and Palaeozoic metamorphic
rocks are substantially larger and occur more frequently
within the hosting geological units (Table 2). Their aver-
age sizes are almost identical in the individual mountain
ranges, but in total the latter landforms are slightly lar-
ger, which is associated with both comparatively greater
abundance of Palaeozoic metamorphic rocks in the
Western Tatra Mts. and more extensive rock glaciers
occurring there. On the other hand, the average rock-
glacier density in the entire study region is distinctly
the highest for granitic rocks, 1.12 landforms per km2,
as is the average specific rock-glacier area, which in
these substrates equals 4.07 ha per km2.

Intact rock glaciers can be utilized to approximate
the contemporary lower limit of discontinuous perma-
frost on a regional scale, and relict rock glaciers can
indicate the variations in discontinuous permafrost
extent in the past (e.g. Barsch, 1996; Haeberli et al.,
2006). The average front elevation of intact rock gla-
ciers calculated collectively for both mountain ranges
is at 1986 ± 109 m asl, which on average represents
the area of 60.45 km2 above this level in the entire
study region. The average value of 1986 m asl is 56 m
above the previously proposed average discontinuous
permafrost boundary of 1930 m asl (Dobiński, 1997a,
2004, 2005). Undoubtedly, the difference is principally
affected by distinct methodologies. The former investi-
gations (Dobiński, 1997a, 2004, 2005) assessed the per-
mafrost occurrence in principle via the elevation of
zero isotherm of air temperature, while the present

study builds on the visual inspection of rock-glacier
activity based on aerial imagery. Active rock glaciers
typically exist in areas where MAAT is −2 °C or less
(Barsch, 1996). However, internal ice core may persist
inside inactive rock glaciers even under positive MAAT
because coarse blocky materials of rock glaciers tend to
be substantially colder than outside air (e.g. Gorbunov,
Marchenko, & Seversky, 2004; Harris & Pedersen,
1998). Because inactive rock glaciers dominate the
intact category in the Western and High Tatra Mts.
and the cooling effect has been extensively observed
here as well (Uxa & Mida, 2016, 2017), the average
elevation of the intact rock-glacier front and the zero
isotherm of air temperature should likely be reversed.
This issue may be attributed to climate warming
because the earlier estimates of permafrost distribution
(Dobiński, 1997a, 2004, 2005) were mostly based on air
temperature series two to three decades older (from
1985–1989 or 1985–1994) than our aerial images.
The air temperature at Kasprowy Wierch (1991 m
asl), located almost exactly in the middle of the study
region, has been increasing on average by 0.02 °C per
year (Żmudzka, 2011) during 1966–2006 and has con-
tinued to rise at least until 2010 (Gądek & Leszkiewicz,
2012). Such a warming rate would elevate the zero iso-
therm level by 73–109 m in 20–30 years, assuming the
average temperature lapse rate of 0.0055 °C per m that
is based on 1951–1970 data from the eight highest
elevated stations in the Western and High Tatra Mts.
(Niedzwiedz, 1992). In that case, the zero isotherm of
air temperature would be at 2003–2039 m asl, which
much better fits the presumed relation between air
temperature and distribution of mostly inactive rock
glaciers. In addition, the contemporary zero isotherm
level may lie even higher because the warming appar-
ently accelerated in the eighties of the last century
(see e.g. Gądek & Leszkiewicz, 2012; Żmudzka, 2011).

Because the lowest fronts of relict rock glaciers des-
cend to around 1400 m asl (Figure 6), the lower bound-
ary of discontinuous permafrost in the Western and
High Tatra Mts. in the Late Glacial or the early Holo-
cene probably occurred around this level, provided that
the rock glaciers could fully develop under the given
climate conditions. In that case, discontinuous

Table 2. Areal extent of geological units above 1375 m asl (∼lower limit of rock-glacier occurrence) and rock-glacier presence in
the Western and High Tatra Mts.

Geological unit Area (km2)

Rock glaciers

Number Total area (ha) Mean area (ha)
Mean specific area

(ha/km2)
Density
(n/km2)

Western Tatra Mts.
Gneiss rocks, migmatite, amphibolite 69.59 50 199.75 4.00 2.87 0.72
Granitic rocks 102.48 119 483.82 4.07 4.72 1.16
Limestone, dolomite, sandstone, shale, quartzite 38.34 14 30.66 2.19 0.80 0.37
High Tatra Mts.
Gneiss rocks, migmatite, amphibolite 1.06 2 6.83 3.42 6.44 1.89
Granitic rocks 175.08 192 645.53 3.36 3.69 1.10
Limestone, dolomite, sandstone, shale, quartzite 21.04 6 17.14 2.86 0.81 0.29

Note: Only the geological units hosting rock glaciers are listed.
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permafrost would occupy the area of c. 393 km2 in the
entire study region, that is, around six and a half times
more than the estimated contemporary discontinuous
permafrost extent, and the MAAT at 1400 m asl
could be −2 °C or less if we accept this value to be
valid for active rock glaciers to develop (Barsch,
1996). The contemporary MAAT at this elevation is
estimated to be +3.4 °C based on the 1981–2010 temp-
erature record from Lomnický štít Peak and the present
average lapse rate of 0.0055 °C per m. Consequently,
the temperature at the time of the rock-glacier for-
mation was probably at least 5.4 °C lower than at
present.

The spread between the average front elevation of
intact and relict rock glaciers in the Western and
High Tatra Mts. is well within the ranges observed in
most surrounding regions, but local rock glaciers
occur on average about 400–600 m lower than in the
European Alps (Table 3). The decline in the front
elevation is similar to that reported from some of the

easternmost sub-regions of the European Alps and
the Southern Carpathians (Table 3), which has been
attributed to less precipitation towards the east (e.g.
Onaca et al., 2017), causing thinner snow cover during
winter, and thus lower ground temperatures (sensu
Gruber & Haeberli, 2009). About 100 m lower average
front elevation of the intact rock glaciers in the Wes-
tern and High Tatra Mts. than in the Southern Car-
pathians is most likely due to latitudinal temperature
decrease, and is close to the previously reported differ-
ence in the contemporary lower limit of discontinuous
permafrost of 70 m between these two Carpathian
regions (Dobiński, 2005).

5. Conclusions

The map includes a total of 383 rock glaciers, making it
the most comprehensive rock-glacier inventory for the
entire area of the Western and High Tatra Mts. to date.
Relict rock glaciers account for 85 % of the database

Table 3. Overview of front elevations of intact and relict rock glaciers in the European Alps and the Carpathians.

Region Longitude Latitude

Intact Relict

Intact–
Relict SourceNumber Front elevation Number

Front
elevation

Graian Alps, Italy 6°52’ 45°50’ – 2484a – – – Guglielmin and
Smiraglia (1998)

Prealps, Vaud, Switzerland 7°08’ 46°24’ 0 – 25 1761 ± 165 – Schoeneich (1998)
Maritime Alps, Italy 7°11’ 44°14’ – 2179a – – – Guglielmin and

Smiraglia (1998)
Entremont, Valais, Switzerland 7°12’ 45°56’ 166 2626 ± 132 155 2400 ± 168 226 Delaloye and Morand

(1998)
Cottian Alps, Italy 7°15’ 44°40’ – 2458a – – – Guglielmin and

Smiraglia (1998)
Printse Valley, Valais,
Switzerland

7°19’ 46°06’ 40 2715 ± 165 31 2342 ± 166 373 Reynard, Lambiel, and
Wenker (1998)

Turtmanntal, Valais,
Switzerland

7°42’ 46°12’ 62 2621 ± 119 21 2496 ± 145 125 Nyenhuis et al. (2005)

Bernese Alps, western
Switzerland

7°47’ 46°28’ 41 2515 ± 136 41 2183 ± 330 332 Imhof (1998)

Pennine Alps, Italy 7°52’ 45°56’ – 2457a – – – Guglielmin and
Smiraglia (1998)

Fletschhorn area, Valais,
Switzerland

7°58’ 46°11’ 51 2617 ± 177 25 2508 ± 203 109 Frauenfelder (1998)

Lepontine Alps, Italy 8°08’ 46°24’ – 2168a – – – Guglielmin and
Smiraglia (1998)

Upper Engadin, Switzerland 9°49’ 46°28’ 144 2637 ± 135 26 2370 ± 205 267 Hoelzle (1998)
Central Italian Alps, Italy 9°52’ 46°10’ 639 2590b ± 129c 875 2205b ± 149c 385 Scotti et al. (2013)
Rhaetian Alps, Italy 10°00’ 46°48’ – 2319a – – – Guglielmin and

Smiraglia (1998)
Adamello-Presanella Massif,
Italian Alps, Italy

10°37’ 46°07’ 88 2485 ± 186 128 2058 ± 149 427 Baroni et al. (2004)

Tyrolean Alps, Austria 10°53’ 47°01’ 1432 2573 1713 2279 294 Krainer and Ribis (2012)
Atesine Alps, Italy 10°56’ 46°36’ – 2438a – – – Guglielmin and

Smiraglia (1998)
Eastern Italian Alps, Italy 11°12’ 46°05’ 173 2632 ± 205 532 2169 ± 211 463 Seppi et al. (2012)
Dolomites, Italy 11°51’ 46°26’ – 2236a – – – Guglielmin and

Smiraglia (1998)
Carnic Alps, Italy 12°53’ 46°36’ – 1744a – – – Guglielmin and

Smiraglia (1998)
Eastern European Alps,
Austria

14°19’ 47°20’ 347 2515 ± 106c 1300 2102 ± 171c 413 Kellerer-Pirklbauer et al.
(2012)

Southeastern Alps, Italy 14°28’ 46°09’ 4 1827b 49 1778b±69c 49 Colucci et al. (2016)
Western and High Tatra Mts.,
Slovakia and Poland

19°57’ 49°12’ 56 1986 ± 109 327 1684 ± 137 302 This study

Southern Carpathians,
Romania

23°42’ 45°25’ 48 2088 ± 49c 258 1930 ± 99c 158 Onaca et al. (2017)

Note: Averages and standard deviations are reported if not defined otherwise.
aUnweighted average of mean front elevations of active and inactive rock glaciers.
bMedian subtracted from boxplot diagram.
cHalf of the interquartile range subtracted from boxplot diagram.
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and cover the total area of 12.50 km2. These landforms
have their lowest limit around 1400 m asl, and thus the
lower boundary of discontinuous permafrost zone in
the Late Glacial or the early Holocene probably lied
at this level, and covered the total area of around c.
393 km2. Intact rock glaciers constitute 15 % of the
inventory and cover the total area of 1.34 km2. Their
average front elevation of 1986 ± 109 m asl delineates
the contemporary lower limit of discontinuous perma-
frost zone on a regional scale that occupies the total
area of 60.45 km2.

The rock-glacier inventory adds to the current
state of knowledge about the occurrence of these perma-
frost landforms in less investigated high-mountain
regions located east of the European Alps. However, it
must be emphasized that the inferred permafrost limits
and extents should be understood as rather tentative in
nature. Rock glaciers can provide a first-order evaluation
of potential permafrost distribution, which generally
tends to overestimate the permafrost extent at places
without debris cover. Consequently, the present work
is rather a starting point towards more thorough ana-
lyses of rock-glacier distribution and morphology and
modelling of discontinuous permafrost distribution,
which will substantially improve the understanding of
present and past environmental conditions in the Wes-
tern and High Tatra Mts.

Software

The mapping, digitizing, analyses of DEM and map
compilation were all carried out using ESRI ArcMap
10.3. Final merger of vector and raster map elements
was done in Adobe Acrobat Pro DC.
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areas are available on request by the authors. Data users
are requested to inform the data owners about the
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Effect of Climate on Morphology and Development of Sorted Circles and Polygons

Tomáš Uxa,1,2* Peter Mida1 and Marek Křížek1

1 Department of Physical Geography and Geoecology, Faculty of Science, Charles University, Praha, Czech Republic
2 Department of Geothermics, Institute of Geophysics, Academy of Sciences of the Czech Republic, Praha, Czech Republic

ABSTRACT

Sorted circles and polygons are widespread features of periglacial landscapes, but the controls on their development
remain poorly understood, impeding their use as palaeoenvironmental indicators. We investigate the relationship of
sorted circles and polygons to altitude in the northern Billefjorden area, central Svalbard. The patterns occur in two
distinct elevation zones, below 200–250 m asl and above 600 m asl. The higher-elevated patterns have smaller
diameters and shallower sorting depths due to a thinner active layer at higher elevations, suggesting that sorted
patterns can indicate climate conditions and ground thermal state when the patterns initiated. Geology is believed
to be of less importance for pattern morphology in the study area, causing only its fine-scale variations. The pattern
diameter-to-sorting depth ratios have a median value of 3.57, consistent with previous studies and theoretical models
of patterned-ground formation involving circulation mechanisms. Large-scale sorted patterns may develop over
centennial timescales in this high-Arctic environment. They are probably not in equilibrium with present-day climate
conditions and have probably formed throughout the Holocene. Copyright © 2017 John Wiley & Sons, Ltd.
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INTRODUCTION

Periglacial sorted circles and polygons are common on
unvegetated or sparsely vegetated surfaces composed of a
mixture of unconsolidated fine and coarse materials
(Warburton, 2013). They develop by repeated freezing and
thawing of the ground. However, less consensus exists
regarding their formation mechanism, developmental
dynamics or environmental controls (Ballantyne, 2013,
and citations therein).
Advances in determining the environmental factors and

limits of patterned ground have been made using statistical
modelling on spatially variable binary data representing
patterned-ground occurrence or activity (e.g. Luoto and
Hjort, 2005; Hjort and Luoto, 2006; Feuillet, 2011).
However, the main shortcoming of such approaches is that
they group all patterns of the same type, irrespective of their
morphology. Although individual pattern types have some
common features, which allow classification based on
morphology and/or site characteristics (e.g. Treml et al.,

2010; Feuillet et al., 2012; Watanabe et al., 2017), high
variability of shape and size results from a wide range of
environmental settings in which they develop (see
Goldthwait, 1976; Washburn, 1980; Grab, 2002). Such
variability makes it difficult to draw specific conclusions
from a purely binary-data approach. As quantitative data
about sorted patterned-ground morphology from areas of
permafrost and seasonally frozen ground on a wider scale
are scarce (e.g. Holness, 2003; Treml et al., 2010; Feuillet
et al., 2012), their environmental controls are still poorly
understood, impeding their use as indicators of present and
past environmental conditions. Hence, quantitative data
about pattern distribution and morphology are needed from
a wide range of environmental settings.

Most studies of patterned ground in Svalbard have
provided detailed observations of sorted patterns on a
local scale, particularly on coastal plains (strandflats) near
polar stations, mainly in western and southern Svalbard
(e.g. Jahn, 1963; Hallet and Prestrud, 1986; Van Vliet-
Lanoë, 1991; Kääb et al., 2014). Less work has been
conducted on a wider scale, and still less on patterns at
higher elevations. Studies from the interior regions of
Svalbard, such as the northern Billefjorden area, are
limited, with no detailed observations of sorted patterns
published.
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Here, we describe for the first time the distribution and
morphology of sorted circles and polygons in the northern
Billefjorden area, central Svalbard (79° N), and we
investigate their relationship to altitude. We hypothesise
about their developmental rates, chronology and relation
to active-layer thickness (ALT) and present-day climate
conditions.

STUDY AREA

The study area is located around the Petuniabukta and
Adolfbukta bays in the northernmost Billefjorden, central
Svalbard, between 78°400–78°440 N and 16°160–16°560 E
(Figure 1). Bedrock at patterned-ground sites consists mostly
of sandstones with areas of shales, limestones, mica-schists
and gneisses (Dallmann et al., 2004). At lower elevations,
sparse vegetation is dominated by Dryas octopetala and

Saxifraga oppositifolia communities (Prach et al., 2012),
whereas higher elevations lack vegetation (Figure 2).

The area has some of the highest summer air temperatures
(Przybylak et al., 2014) and is among the driest regions in
Svalbard (Hagen et al., 1993). The nearest meteorological
station with long-term observations is located about 50–
60 km south from the study area, at Svalbard Airport (28 m
asl), near Longyearbyen. Mean annual air temperature
(MAAT) there during 1981–2010 was 5.1 °C and mean
air temperatures of the coldest (February) and warmest (July)
month were 13.5 and +6.4 °C, respectively (Nordli et al.,
2014). The inner-fjord climate of the northern Billefjorden,
however, shows slightly higher temperature amplitudes and
up to about 1 °C lower MAAT based on local short-term
studies (Rachlewicz and Styszyńska, 2007; Láska et al.,
2012). Total annual precipitation in the area is estimated at
around 200 mm (Hagen et al., 1993).

Svalbard was largely covered by the Late Weichselian ice
sheet during the Last Glacial Maximum (LGM) (Landvik

Figure 1 Location map of Petuniabukta and Adolfbukta and the investigated patterned-ground sites. Sites 6–12 are located on marine terraces; sites 13–16
occur on kame terraces. Contour interval is 100 m. NFS/AMUPS are acronyms for the Czech Nostoc Field Station and Polish Adam Mickiewicz University

Polar Station, respectively. Inset map shows Svalbard archipelago. Topography: Norwegian Polar Institute®. [Colour figure can be viewed at
wileyonlinelibrary.com]
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et al., 1998). Deglaciation of the Billefjorden began after
about 12.3 kyr BP (Mangerud et al., 1992). Local glaciers
had retreated close to their present extent by the end of the
Pleistocene (Baeten et al., 2010) and the glacierized area
declined further during the early and mid-Holocene
(Landvik et al., 1998). Glaciers started to readvance about
3 kyr BP, attaining their maximum Holocene extent during
the Little Ice Age (LIA) (Landvik et al., 1998), implying
that the surfaces non-glaciated during this period have been
mostly ice-free throughout the Holocene. Since the LIA,
air temperatures in central Svalbard have increased
substantially, averaging 0.026 °C yr 1 (Nordli et al.,
2014). This has led to rapid glacier retreat (Rachlewicz
et al., 2007; Małecki, 2016) and paraglacial landscape
transformation (e.g. Stacke et al., 2013; Ewertowski and
Tomczyk, 2015; Strzelecki et al., 2017).
Continuous permafrost underlies the extensive non-

glacierized areas (Figure 1) (Humlum et al., 2003), with
ALT generally reaching 0.3–1.6 m, and in diamicton

occasionally up to 2.5 m (Gibas et al., 2005; Rachlewicz
and Szczuciński, 2008; Láska et al., 2010). The ALT has
increased about 0.01–0.03 m yr 1 since the 1990s in central
Svalbard and the thickening is expected to continue along
with climate warming (Etzelmüller et al., 2011), but the
response may be affected by complex interactions of forcing
meteorological variables and their interannual variations
(Christiansen and Humlum, 2008).

METHODS

Sampling Strategy, Morphometric Parameters and
Grain-Size Analysis

Sorted circles and polygons (Figure 2) were investigated at
sites with a continuous network of at least 10 patterns on flat
or gently inclined terrain (up to 5°). In total, 290 sorted

Figure 2 Photographs of (a) sorted circles on a flat mountain top at 680 m asl (site 2 in Figure 1); (b) sorted polygons on a raised marine terrace at 80 m asl
(site 7); (c) sorted polygons on a kame terrace at 234 m asl (site 15); and (d) sorted circles on the Little Ice Age moraine of Nordenskiöldbreen, approximately

0.5 km south of the site 13. [Colour figure can be viewed at wileyonlinelibrary.com]

Effect of Climate on Sorted Circles and Polygons 665

Copyright © 2017 John Wiley & Sons, Ltd. Permafrost and Periglac. Process., 28: 663–674 (2017)

Permafrost and Active-Layer Indicators of Environmental Changes

– lviii –



circles and polygons were examined at 16 locations, at
elevations of 28–773 m asl (Figure 1).
Length, width and height of 10 or 20 randomly selected

sorted patterned-ground features were measured at each
study site, depending on the number of patterns present.
The length is defined as a maximum horizontal dimension
of the pattern measured between the opposite centres of
coarse borders, while the width is the largest dimension in
a direction perpendicular to the length and intersecting it at
the pattern centre. The height is a maximum vertical distance
between the lowest point at the pattern border and the highest
point at its updomed centre (sensu Křížek and Uxa, 2013).
At three sites at elevations of 31, 598 and 773 m asl (sites

6, 5 and 3 in Figure 1), the sorting depth was determined by
excavations as a maximum depth where a distinct boundary
between the sediments beneath the fine centre and coarse
border was visible.
Grain-size analysis was carried out on eight samples

collected at five study sites (sites 2, 3, 5, 6 and 7 in
Figure 1) from depths of 0.05–0.15 m at pattern centres.
The samples were air-dried, gently crushed and
mechanically sieved through a set of sieves up to
0.125 mm, while finer fractions under 0.125 mm were
examined by timed sedimentation in a suspension.

Statistical Analysis

All morphometric parameters show a log-normal distribution,
and thus they were log-transformed to meet the criterion of
normality according to the Shapiro–Wilk test (Shapiro and
Wilk, 1965). Accordingly, their median values are reported
hereafter. Relations between the morphometric parameters
were examined using the Pearson correlation coefficient.
Between-group differences were assessed by a one-way
ANOVA and F-test. Cluster analysis was applied on
standardised site averages to search for potential geological
influences on patterned-ground morphology. All statistical
testing was at a significance level of 0.05, and analyses were
done using the software STATISTICA (StatSoft, Inc., 2009).

RESULTS

Altitudinal Distribution and Substrate Characteristics

One group of sorted circles and polygons (69 % of the
investigated patterns) is located mainly on raised marine
and kame terraces at elevations up to 200–250 m asl.
A second group (31%) occurs on adjacent flat mountain tops
and ridges above elevations of around 600 m asl (Figure 1).
These two distinct elevation zones are separated by steep
talus slopes, which are highly unfavourable for patterned-
ground formation. Glacier forelands developed since the
LIA are occupied only by rare small-scale and poorly
developed patterns (Figure 2d) that were not specifically
examined in this work.

The sorted circles and polygons at higher elevations are
formed within sediments or poorly developed soils derived
from in situ weathered sedimentary rocks, particularly
sandstones associated with shales and limestones. The
lower-lying patterns are mostly derived from secondary
deposits of weathered materials, which are dominated by
sandstones associated with limestones, mica-schists or
gneisses (Figure 1). Particles smaller than 2 mm constitute
11–61 % of the samples collected at patterned-ground sites.
This fraction contains 5–24 % clay (<0.002 mm) and clay–
silt (<0.063 mm) represents 6–49 %. The samples are frost-
susceptible (sensu Beskow, 1935), although at one site they
contain little silt (Figure 3).

Morphology

Horizontal dimensions of the sorted circles and polygons
range from several decimetres to 4.5 m, with median values
of 1.8 and 1.4 m for the length and width, respectively
(Figure 4). Because the patterns occur on flat or gently
inclined surfaces, both characteristics are highly correlated
(r = 0.90, p < 0.0001) and the length-to-width ratios show
low values (median of 1.25). The median height is 0.15 m
(Figure 4), but it reaches up to 0.5 m depending on the
pattern size (for length r = 0.50, p < 0.0001; for width
r = 0.53, p < 0.0001). The median height-to-width ratio
equals 0.1 (Figure 4).

Sorting depths of the sorted circles and polygons range
between 0.44 and 0.64 m. The diameters (averages of the
length and width) of the respective patterns range between
1.64 and 1.77 m, resulting in pattern diameter-to-sorting
depth ratios of 2.77–3.73 (median 3.57) (Figure 5).

Higher elevations generally host patterns with
significantly smaller horizontal dimensions than lower
elevations (Figure 6). Likewise, shallower sorting occurs
at higher altitudes, although the sample size is not
representative. In contrast, sorted circles and polygons with
significantly larger heights and height-to-width ratios occur
at higher elevations (Figure 6).

Figure 3 Grain-size envelope for eight sorted patterns in comparison with
the frost-susceptibility limit of Beskow (1935) (thick black line).
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DISCUSSION

Sorted Patterned-Ground Morphology in Relation to
Altitude

We recorded a relatively narrow range of pattern diameter-
to-sorting depth ratios (Figure 5) that are consistent with
other field data and theoretical models of patterned-ground
formation based on linear stability theory (e.g. Ray et al.,
1983; Gleason et al., 1986; Hallet and Prestrud, 1986;
Peterson and Krantz, 2008). According to these studies,

patterned ground shows a fixed pattern diameter-to-sorting
depth ratio (for an overview refer to Figure 5) where the
pattern size is controlled by the thickness of the active layer
in permafrost areas or by the freezing depth in seasonally
frozen ground areas, respectively.

Because climate acts as a first-order control on ALT
(Bonnaventure and Lamoureux, 2013), we assume that the
active layer thins towards higher elevations because of the
temperature lapse rate. Thus, a thinner active layer can explain
the smaller diameters of patterns at higher elevations (Figure 6
). The validity of this interpretation is further underpinned by
similar relations between pattern diameter and altitude
reported from other continuous (Marvánek, 2010) and
discontinuous (Kling, 1998) permafrost areas and also from
regions with former permafrost (e.g. Křížek and Uxa, 2013).
Consistent with theoretical considerations, the opposite
altitudinal trends have been observed in seasonally frozen
ground areas (Holness, 2003; Feuillet et al., 2012) because
of increasing freezing depth towards higher elevations. All
these observations suggest that the morphology of sorted
patterns can indicate climate conditions, while the altitudinal
trends can indicate ground thermal state (i.e. permafrost or
seasonally frozen ground conditions) when the patterns
initiated (sensu Peterson and Krantz, 2008).

Nevertheless, site-specific factors such as geology and
ground material can also influence pattern size. For instance,
pattern diameter tends to be positively correlated with the
amount of fine material (Treml et al., 2010; Feuillet et al.,
2012). Likewise, clast size, which has been stated to be
interconnected with pattern size (Goldthwait, 1976; Feuillet
et al., 2012), or differences among pattern types (e.g. Kling,
1998; Treml et al., 2010) could interfere in this relationship.
However, no clustering into morphologically homogeneous
groups corresponding to identical geological conditions
was found for both the lower- and the higher-elevated pattern
sites (Figure 7). This is probably due to the general
abundance of sandstones that more or less predominate at
most sites, while other components are less represented.
Accordingly, we believe that geology causes only fine-scale
variations in pattern morphology in the study area, and thus
is of limited importance for the investigated patterns.

The occurrence of patterns with significantly larger
height and height-to-width ratios at higher elevations

Figure 4 Histograms of the length, width, height and height-to-width ratio of sorted circles and polygons (n = 290) showing typical log-normal distributions.
x̄ – average; x ̃ – median; s – standard deviation; min – minimum; max – maximum.

Figure 5 Scatterplot of relation between pattern diameter and sorting
depth. Squares mark sorted circles and polygons investigated in the present
study. Crosses are 67 previously published values for sorted circles and
polygons found in Troll (1944), Furrer (1955), Henderson (1968), Freund
(1971), Ellenberg (1976), Ballantyne and Matthews (1982), Ray et al.
(1983), Gleason et al. (1986), Wilson and Clark (1991), Wilson (1992),
Ballantyne and Harris (1994), Love (1995), Kück (1996), Grab (1997,

2002), Humlum and Christiansen (1998), Holness (2003) and collected by
other personal observations on two small-scale patterns located on an LIA
moraine in the Petuniabukta area. The dashed lines define theoretical
limits of pattern diameter-to-sorting depth ratios (3.1–3.8), based on

model predictions (e.g. Ray et al., 1983; Gleason et al., 1986; Hallet and
Prestrud, 1986). Although the individual data points are scattered around

the theoretical limits, the general strength of the relationship is
remarkable. The median value of all 70 data points is 3.54.
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(Figure 6) is probably due to more severe climate conditions
and less moisture. Well-drained sites generally host patterns
with better developed microtopography than at poorly
drained locations (Van Vliet-Lanoë, 1991). In Svalbard,
precipitation tends to increase with altitude (Hagen et al.,
1993; Humlum, 2002), but local topographic effects can
alter this pattern. Wind redistributes snow across the entire
archipelago (Humlum, 2002), and high wind speeds clear
snow from exposed mountain summits and ridges in winter
(Jaedicke and Sandvik, 2002; Jaedicke and Gauer, 2005).
This effect can be reasonably expected in the study area as
well (sensu Małecki, 2015). Furthermore, a larger fraction
of precipitation falls as snow at higher elevations (Hagen
et al., 1993; Winther et al., 1998) and can be easily
drifted away if neither compacted nor crusted. At lower
elevations, most pattern sites are likely to be less wind-
affected, and rain occurs more frequently and can quickly
soak into the ground. Consequently, the amount of snow
and liquid water at the higher-elevated sites is believed
to be lower. Naturally, these locations may also be
temporarily saturated during the early thaw season and

fine centres can even show a thixotropic behaviour
(Figure 8a), but as the thaw front descends, they drain
progressively and desiccation cracks frequently form on
pattern surfaces (Figure 8b). In contrast, lower elevations
show higher moisture contents and fewer desiccation
fissures. The onset of thawing is also earlier here, which
enhances settling of the ground (Hallet and Prestrud,
1986; Hallet, 1998, 2013) and produces rather flat
microtopography (sensu Van Vliet-Lanoë, 1991).

Developmental Rates

Sorted patterns commonly develop in front of retreating
glaciers (Ballantyne and Matthews, 1982; Haugland, 2006)
and perennial or late-lying snow patches (Kling, 1998).
Because these settings often provide favourable ground
material properties, moisture supply, ground thermal regime
and topography for patterned-ground formation, sorted
circles and polygons can rapidly emerge and develop within
a few decades (Ballantyne and Matthews, 1982; Matthews
et al., 1998; Feuillet and Mercier, 2012). In Svalbard, the

Figure 7 Cluster tree for the (a) lower- and (b) higher-elevated pattern sites based on the single-linkage method and Euclidean distances. Standardised site
averages of uncorrelated morphometric parameters (length and heigth-to-width ratio) were used in the analysis. Site numbers and symbols are given in

Figure 1. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 6 Boxplots showing morphological differences between the lower- and higher-elevated groups of sorted circles and polygons (n = 290). The boxes
show median values (thick horizontal line) and the first and third quartiles (bottom and top of boxes, respectively). Whiskers represent minimum and maximum

values, excluding outliers (values lying 1.5 interquartile ranges below and above the first and third quartiles, respectively).
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LIA ended rapidly in the early 20th century (Hagen et al.,
1993; Svendsen and Mangerud, 1997; Isaksson et al.,
2005) and, since then, land-terminating glaciers in the
northern Billefjorden have continuously retreated at a rate
of 5–15 m yr 1 and exposed extensive areas (Rachlewicz
et al., 2007). Many of these proglacial areas are composed
of ice-cored sediments with thick active layers (Gibas
et al., 2005) and experience highly dynamic topography
changes (e.g. Ewertowski, 2014; Ewertowski and Tomczyk,
2015), potentially disturbing the patterning processes.
However, stable surfaces occur here as well. These
sediments also have favourable grain-size composition (e.g.
Stankowska, 1989; Pleskot, 2015) with high frost-
susceptibility, as it is at the investigated sites with sorted
patterns (Figure 3). Furthermore, they can provide sufficient
moisture for pattern formation, even at places more distant
from the moisture-supplying glacier and influenced by
strong katabatic winds, which accelerate desiccation of the
ground. Nevertheless, despite favourable conditions and
about a century to develop, patterns on the LIA moraines
and glacier forelands in the northern Billefjorden are rare,
small-scale and poorly developed (Figure 2d). Large-scale
(>1 m in width) patterns are common in locations
immediately adjacent to proglacial areas, but on pre-LIA
terrains (Figure 1). Although small-scale sorted circles and
polygons may occur on these surfaces as well, they are much
more typical for post-LIA glacier forelands and other fresh
surfaces. Similar distribution patterns are reported from other
regions of Svalbard (e.g. Jahn, 1963; Cannone et al., 2004;
Dąbski, 2005; Szymański et al., 2015).
We hypothesise from the above findings that large-scale

sorted patterns in Svalbard develop on centennial
timescales. This is an order of magnitude longer than
previous estimates based on sorted patterns across glacial
chronosequences (e.g. Ballantyne and Matthews, 1982;
Haugland, 2006; Feuillet and Mercier, 2012). The latter
are valid particularly for small-scale sorted patterns and
mid-latitude alpine climates, characterised by well-

developed seasonal and diurnal temperature variations and
numerous freeze–thaw cycles. However, high-Arctic
climates are dominated by a strong seasonal cycle, with
weak diurnal variations and fewer freeze–thaw cycles
(Fraser, 1959; French, 2007).

Measurements of ground motions in large-scale sorted
patterns support the hypothesis of their development over
centennial timescales. In Kvadehuksletta, western Svalbard,
radially outward movements of 10–30 mm yr 1 were
observed within the fine domains of large-scale sorted circles
as a surface imprint of cell-like circulation (Hallet and
Prestrud, 1986; Hallet, 1998; Kääb et al., 2014). The surface
travel times required to reach the centre–border interface
have been estimated to be up to 100 years (Kääb et al.,
2014), while the entire circulation may take 300–500 years
or longer, assuming decreasing velocity towards depth
(Hallet, 1998; Kääb et al., 2014). Thus, it may take up to
100 years for large-scale patterns to emerge in a poorly
developed form and hundreds more years to achieve higher
developmental stage, consistent with our observations from
northern Billefjorden. On the other hand, most sorted
patterns we have observed lack distinctly raised stone rings
(Figure 2) typical of sorted circles in Kvadehuksletta, and
therefore their dynamics may differ. In addition, the above
measurements were performed on mature patterns that are
among the best developed on Earth (Hallet, 2013). Since
frost sorting progressively alters the grain-size distribution
in pattern centres and increases their frost-susceptibility
(Ballantyne and Matthews, 1983), the displacement rates
within well-developed patterns are likely to be faster than
those within poorly developed or initial forms, consisting
of poorly sorted materials (sensu Křížek and Uxa, 2013).
Although the non-linear formation mode is likely (e.g.
Kessler et al., 2001; Peterson and Krantz, 2008), it lacks a
strong experimental support. However, if our hypothesis is
valid, then the actual transition time from initial to well-
developed patterns should be longer than the above
estimates (cf. Hallet, 1998; Kääb et al., 2014).

Figure 8 Photographs of (a) sorted-polygon centre at 773 m asl in a thixotropic state (site 3 in Figure 1); and (b) desiccation cracks developed on sorted-circle
surface at 598 m asl (site 5). [Colour figure can be viewed at wileyonlinelibrary.com]
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Chronology

The patterned-ground sites on marine terraces between 20
and 45 m asl may have been continuously exposed to
periglacial conditions for most of the Holocene, and those
on beaches up to 80 m asl since the Late Weichselian. The
northern Billefjorden region was glacio-isostatically uplifted
in response to local deglaciation, and associated sea level fall
was up to 90 m during the Middle to Late Weichselian and
the Holocene (Salvigsen, 1984; Kłysz et al., 1988, 1989;
Szczuciński and Rachlewicz, 2007). Dating of marine shells
and sediments showed that marine terraces above 20 m asl,
where all the investigated lower-elevated sorted circles and
polygons occur, formed before c. 8.7 cal kyr BP, the terrace
sequence up to 40–45 m asl dates from c. 10 cal kyr BP
(Long et al., 2012) to 12.8 kyr (van der Meij et al., 2016),
and terraces up to 80 m asl are attributed to the Middle
Weichselian (Kłysz et al., 1988, 1989). However, the highest
terrace sequence was probably ice-covered during the LGM
(Landvik et al., 1998). The kame-terrace sites probably post-
date the major advance of Nordenskiöldbreen (Figure 1),
which took place after 18 kyr (Landvik et al., 1998). They
may also have formed after its early Holocene readvance
about 8–9 kyr, referred to as the Thomsondalen Stage
(Kłysz et al., 1988), but this event finds no support in more
recent work (e.g. Rachlewicz, 2010). There is no
geomorphic evidence that the higher-elevated pattern sites
were glaciated during the Late Weichselian. However,
summer temperatures were probably constantly below 0 °C
during this period and therefore at least a thin perennial snow
cover was probably present at these sites. Since patterned-
ground formation was highly improbable under these
conditions, its origin is probably limited to warmer conditions
allowing summer snowmelting. Hence, the upper age limit of
sorted patterns at most sites is probably the Pleistocene–
Holocene transition.
The climate of Svalbard was up to 1–2 °C warmer than at

present during much of the early and mid-Holocene
(Svendsen and Mangerud, 1997), which would result in
MAAT values of c. 5 to 3 °C in the study area. These
values are almost at the upper limit proposed for development
of large-scale sorted circles and polygons in permafrost
regions (Goldthwait, 1976; Washburn, 1980; Grab, 2002).
Thus, the most favourable conditions for patterned-ground
initiation in northern Billefjorden probably occurred shortly
after local deglaciation or during the Holocene glacial
readvance after 3 kyr BP (Landvik et al., 1998) when
temperatures were lower than present. Initiation during the
LIA is unlikely for such well-developed patterns because of
the limited time available. Accordingly, the sorted patterns
are probably several thousands of years old, consistent with
morphostratigraphical considerations (Hallet and Prestrud,
1986) and rare 14C data from large-scale sorted circles
(Hallet et al., 1988; Cannone et al., 2004) in western
Svalbard, which suggested an age of hundreds or thousands
of years. Likewise, large-scale sorted circles and polygons
in Jotunheimen, southern Norway, are thought to have

formed soon after deglaciation in the early Holocene, based
on relative-age and Schmidt-hammer exposure-age dating
techniques (Cook-Talbot, 1991; Winkler et al., 2016),
although this environment is not a perfect analogue to that
of high-Arctic Svalbard.

Relationship to Active-Layer Thickness

In permafrost areas, sorting depth is confined by the base of
the active layer (e.g. Ray et al., 1983; Hallet and Prestrud,
1986). The frost table was observed only at one excavation
site near sea level (31 m asl; site 6 in Figure 1) and reached
1 m at the end of the thawing season (end of August 2014),
which is 0.36 m below the sorting depth. At other two
excavation sites at higher elevations (558 and 773 m asl;
sites 5 and 3 in Figure 1), the frost table was not
encountered up to 0.1 m below the sorting depth, even
though the thaw depth still might have not been at its
maximum (cf. Christiansen and Humlum, 2008; Rachlewicz
and Szczuciński, 2008). The ALT varies interannually by
up to tens of per cent (Shur et al., 2005). In 2014, summer
air temperature at Svalbard Airport (https://www.ncdc.
noaa.gov) was c. 1 °C above average for the period
1981–2010 (Nordli et al., 2014), and the positive MAAT
anomaly was even more pronounced, which probably
typifies the mode of the current Svalbard climate (cf. Kääb
et al., 2014; Przybylak et al., 2014). However, the thaw
depth at the lowest excavation site exceeded the sorting
depth by c. 56 % at the time of excavation. It is reasonable
to assume that the sorting depth of active sorted patterned
ground in steady-state conditions is slightly shallower
compared to the active layer, although evidence for this is
lacking. Nevertheless, the observed difference is probably
too large. Therefore, we believe that at least at
lower elevations, sorted circles and polygons are not in
equilibrium with present-day climate conditions, which also
favours their non-recent origin. On the other hand, it raises
further questions about the significance of sorted patterns
located in present-day periglacial environments under a
changing climate.

CONCLUSIONS

Based on the investigations of 290 sorted circles and
polygons in northern Billefjorden, central Svalbard, we
draw the following conclusions:

1. The sorted circles and polygons form two distinct
elevation zones, which significantly differ in pattern
morphology.

2. Patterns at higher elevations have smaller diameters and
shallower sorting depths because ALT decreases as
elevation increases, suggesting that sorted patterns
indicate climate conditions and ground thermal state
(i.e. permafrost or seasonally frozen ground) when the
patterns initiated. In contrast, the heights and height-to-
width ratios of higher-lying sorted circles and polygons
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are larger. Bedrock lithology is believed to cause only
fine-scale variations in pattern morphology.

3. The ratios of pattern diameter-to-sorting depth in sorted
circles and polygons have a median of 3.57, consistent
with previous studies (median of 3.54; Figure 5) and
theoretical models of patterned-ground formation
involving circulation mechanisms. This allows estimation
of the sorting depth based on patterned-ground surficial
morphology, which can be used to reconstruct former
active layers and associated temperature conditions.

4. Sorted circles and polygons in this high-Arctic
environment may develop over centennial timescales,
unlike those in lower latitudes.

5. The sorted circles and polygons are probably not in
equilibrium with present-day climate conditions.

6. The sorted circles and polygons have probably been
forming throughout the Holocene.
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Short Communication
Discussion on ‘Active Layer Thickness Prediction on the Western Antarctic
Peninsula’ by Wilhelm et al. (2015)

Tomáš Uxa*

Department of Physical Geography and Geoecology, Faculty of Science, Charles University in Prague, Praha, Czech Republic

ABSTRACT

Wilhelm et al. (2015) employed the widely used Stefan and Kudryavtsev equations to predict the maximum active-
layer thickness (ALT) on Amsler Island, Western Antarctic Peninsula. Their predictions far exceed the observations
of ALT reported from other parts of the region. Here, I demonstrate that the values of ALT are significantly
overestimated by the predictive equations because the authors incorrectly assumed that little or no latent heat of phase
change is absorbed during thawing. Although the area is the warmest in the Antarctic Peninsula region, with a rapid
increase in air temperature and permafrost temperatures close to 0 °C, the active layer is likely to be substantially thin-
ner than values predicted by Wilhelm et al. (2015). Copyright © 2016 John Wiley & Sons, Ltd.

KEY WORDS: active-layer thickness; permafrost; Stefan equation; Kudryavtsev equation; thermal modelling; Antarctic Peninsula

INTRODUCTION

Wilhelm et al. (2015) examined the ability of the Stefan and
Kudryavtsev equations and the HYDRUS thermal model to
predict maximum active-layer thickness (ALT) and active-
layer temperature dynamics at three sites located on Amsler
Island (Palmer Archipelago), in the Western Antarctic
Peninsula region. The ALT was predicted to be 4.7–8.7 m
in soils and unconsolidated materials, and 11.9–18.6 m in
bedrock. These values of ALT are exceedingly large com-
pared to others reported from the region (usually up to 1–2 m
in unconsolidated materials and up to 2–6 m in bedrock;
Vieira et al., 2010; Bockheim et al., 2013) and were attrib-
uted to regional climate warming.
I consider this explanation to be oversimplified for the

following reasons: (i) the values of ALT predicted by the
Stefan and Kudryavtsev equations represent upper limits
that assume negligible or no latent heat of phase change is
absorbed during thawing; (ii) the ALTs were not validated
against any reference ground temperature records from
depths exceeding the predicted ALTs (except at the bedrock
summit site); and (iii) the predicted ALTs far exceed the
ALT ranges reported elsewhere in the Antarctic Peninsula

region. Hence, the values of ALT predicted by Wilhelm
et al. (2015) are thought to be of doubtful validity.

Here, I address these issues by recalculating the original
values of ALT predicted by Wilhelm et al. (2015) using
the Stefan and Kudryavtsev equations and I briefly discuss
the ALT in the context of active-layer dynamics in the
Antarctic Peninsula region.

ALT PREDICTIONS

The Stefan and Kudryavtsev equations are simplified ana-
lytical solutions that have been extensively used for
predicting depths of thawing and freezing in unconsolidated
sediments/soils (e.g. Romanovsky and Osterkamp, 1997;
Klene et al., 2001; Heggem et al., 2006) and rock materials
(e.g. Matsuoka, 2008). Both equations incorporate the volu-
metric latent heat of phase change of water QL (J.m

3):

QL¼ρL ω-ωuð Þ (1)

where ρ is the dry bulk density of the ground (kg.m 3), L is
the latent heat of phase change of water (J.kg 1), ω is the
total gravimetric water content expressed as a proportion
of the mass of total water to the mass of dry ground and
ωu is the unfrozen gravimetric water content (i.e. water
not involved in the phase change) expressed as a proportion
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of the mass of unfrozen water to the mass of dry ground.
Note that Wilhelm et al. (2015) incorrectly used the ex-
pression ρL for the volumetric latent heat of phase change
in their Equations 1 and 2 (i.e. excluding the water con-
tent members). This would imply very high values of
volumetric latent heat of phase change and thus a thin
active layer.
In order to review the values of ALT predicted by

Wilhelm et al. (2015), I recalculated the ALT using the
Stefan and Kudryavtsev equations with ground temperature
data and ground material properties reported in their paper
(Table 1). Several scenarios of unfrozen water content
(which controls the amount of latent heat of phase change)
were entered into the equations in order to obtain ALT
limits at the solifluction lobe and climate station sites. Only
one scenario was considered for the bedrock summit site,
where a total water content of zero was observed. The
minimum difference between the total and unfrozen water
contents was set to 0.1 % in the Stefan equation to avoid
division by zero.
The ALT recalculations most closely match the original

ALTs predicted by Wilhelm et al. (2015) when the unfro-
zen water contents are set close to or equal to total water
contents. Under these conditions, the recalculated values
of ALT average 4.6–8.9 m at the solifluction lobe and cli-
mate station sites, and 10.1–16.5 m at the bedrock summit
site (Figure 1; Table 2). The relatively small difference be-
tween the original and recalculated ALTs likely results
from the fact that statistical characteristics (averages and

standard deviations) of ground temperature data for the
whole observation period entered the calculations instead
of real annual ground temperature data. Secondly, the fixed
0.1 % minimum difference between the total and unfrozen
water contents (to avoid division by zero in the Stefan
equation) likely results in different amounts of latent heat
of phase change entering the calculations than in the origi-
nal paper by Wilhelm et al. (2015), which may lead to sig-
nificant differences in the predicted ALTs due to the
exponential nature of the equation. In fact, changes in the
unfrozen water content in the order of tenths of a per cent
may produce decimetre- to metre-scale differences in the
predicted ALTs in cases when little water is involved in
the phase change.

Nevertheless, the above predictions represent upper ALT
limits by assuming unrealistically high unfrozen water con-
tents. The equations significantly overestimate ALTs in this
situation (particularly the Stefan equation), because negligi-
ble or no latent heat of phase change enters the calculations.
However, the Stefan equation was derived with the assump-
tion that the latent heat of phase change in the active layer is
much larger than the sensible heat. If the latent heat ap-
proaches zero, then the equation gives invalid results
(Romanovsky and Osterkamp, 1997). On the other hand,
the Kudryavtsev equation builds on Fourier temperature
wave propagation theory and therefore, substituting the la-
tent heat for zero, predicts the maximum depth of the 0 °C
isotherm without phase change (Romanovsky and
Osterkamp, 1997). Since the soils and unconsolidated

Table 1 Ground temperature data and ground material properties used as input data in the active-layer thickness predictions
(averages and standard deviations).

Site FDDs TDDs MAGST As Tz Kt Ct ρ ω

Solifluction lobe 888 ± 164 307 ± 91 1.6 ± 0.2 14.0 ± 2.1 0.7 ± 0.3 0.84 1.45 1700 5.7
Climate station 966 ± 140 175 ± 39 2.2 ± 0.3 10.4 ± 3.4 1.9 ± 0.5 1.34 1.83 1520 8.4
Bedrock summit 980 ± 110 219 ± 52 2.1 ± 0.2 14.8 ± 1.8 1.3 ± 0.6 3.57 0.78 4000 0.0

FDDs = surface freezing degree-days (°C.days); TDDs = surface thawing degree-days (°C.days); MAGST = mean annual ground sur-
face temperature (°C); As = annual ground surface temperature amplitude (°C); Tz = mean annual temperature at the top of permafrost
(°C); Kt = thermal conductivity of the ground in the thawed state (W.m 1.°C 1); Ct = volumetric heat capacity of the ground in the
thawed state (J.m 3.°C 1 × 106); ρ = dry bulk density of the ground (kg.m 3) calculated as weighted average of horizon thicknesses;
ω = total gravimetric water content (%).

Figure 1 Active-layer thicknesses (ALTs) at the solifluction lobe (a, b) and climate station (c, d) sites as a function of the unfrozen to total water content ratios
(ωu/ ω) predicted by the Stefan (a, c) and Kudryavtsev (b, d) equations. Thick black lines show the average ALTs derived on the basis of the average ground
temperature data. Grey zones outline the upper and lower ALT thresholds derived on the basis of the standard deviations of ground temperature data. Black

solid and dashed horizontal lines represent the original average ALTs and their standard deviations reported by Wilhelm et al. (2015).
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materials at the solifluction lobe and climate station sites
have a sand or silty sand texture and winter ground
temperatures are well below 0 °C (Wilhelm et al., 2015),
the unfrozen water contents are likely very low (Andersland
and Ladanyi, 2004). This means that most of the water is
involved in the phase change and absorbs the latent heat
during thawing, which decelerates active-layer thickening.
This is confirmed by Figures 3, 4 and 6 in Wilhelm et al.
(2015), which clearly show the zero-curtain periods during
freezing and thawing at the solifluction lobe and climate
station sites. Accordingly, at the bedrock summit site, where
the total water content was zero, no zero curtain was ob-
served (see Figures 5 and 8 in Wilhelm et al., 2015). I there-
fore conclude that the values of ALT at the solifluction lobe
and climate station sites should be substantially smaller than
those predicted by Wilhelm et al. (2015).
Because maximum annual ground temperatures mea-

sured at the solifluction lobe and climate station sites in
the shallow boreholes at 2 m depths did not fall below 0 °C
during the observation period and no ice was present in
the excavations (Wilhelm et al., 2015), the ALTs should
range between 2 m and the upper ALT limits shown in
the previous paragraphs (Figure 1; Table 2). There is a lit-
tle change in ALTs predicted by the Stefan equation
within a wide range of unfrozen water contents until a cer-
tain threshold is reached (Figure 1). The unfrozen water
contents necessary to exceed the ALT of 2 m are approx-
imately 3.7 % and 6.4 % at the solifluction lobe and cli-
mate station sites, respectively (i.e. 65 % and 76 % of
the total water content, respectively). However, these un-
frozen water contents are too high for sand or silty sand
materials (Andersland and Ladanyi, 2004). On the other
hand, the Kudryavtsev equation predicts an active layer
thicker than 2 m for unfrozen water contents equal to 0 %
and 0.7 % at the solifluction lobe and climate station
sites, respectively (i.e. 0 % and 8 % of the total water
content, respectively), which is much closer to the real

situation. Since part of the water always remains unfrozen
in the form of thin layers on particle surfaces (Andersland
and Ladanyi, 2004), the unfrozen water contents are likely
a little higher at these sites (up to 1–2 %). It should generate
slightly thicker active layers, on average 2.2–3 m for unfro-
zen water contents of 2 % (Figure 1; Table 2). In this con-
text, the Kudryavtsev equation seems to provide more
accurate ALT predictions than the Stefan equation.

Because the Stefan and Kudryavtsev equations, in their
simplest forms, assume homogeneous and temporally in-
variant ground material properties within the profile (e.g.
Kurylyk, 2015), special attention must be paid to the care-
ful collection of representative input data. Although the
Palmer Archipelago has one of the largest precipitation
rates in the Antarctic Peninsula region (Bockheim et al.,
2013) and winter snow cover thickness can exceed 1 m
(Wilhelm et al., 2015), the total water contents reported at
the solifluction lobe and climate station sites (Table 1) are
smaller than elsewhere in the region (e.g. Cannone et al.,
2006; Michel et al., 2012). The reason may be that the sam-
ples used for determining ground material properties were
collected only from near-surface horizons at the end of
the thawing season (in April). In summer, however, water
migrates downwards under a negative temperature gradient
and the total water content at the bottom of the active layer
and the upper part of permafrost increases, while it de-
creases near the ground surface (French, 2007). It is there-
fore possible that the total water contents reported by
Wilhelm et al. (2015) are close to their seasonal minima.
This is particularly important because the water content
and its distribution within the active layer define the
amount of latent heat and the rate of thawing, but also the
thermal properties, as these parameters are interdependent
(Shur et al., 2005). Additionally, the bulk density, also de-
termining the amount of latent heat, was estimated from
sand and organic matter contents using pedotransfer func-
tions given in Minasny and Hartemink (2011). These

Table 2 Comparison of the original (Wilhelm et al., 2015) and recalculated active-layer thickness (ALT) predictions (averages and
standard deviations).

ALTs (m)

Site Solifluction lobe Climate station Bedrock summit

Observed ALT by Wilhelm et al. (2015) — — 12.5–14.5
Stefan equation
Original ALT predicted by Wilhelm et al. (2015) 8.7 ± 1.3 7.7 ± 0.8 11.9 ± 1.4
Recalculated ALT for ωu → ω 8.9 ± 1.3 8.9 ± 1.0 10.1 ± 1.2
Recalculated ALT for ωu = 2 % 1.5 ± 0.2 1.1 ± 0.1 —
Recalculated ALT for ωu = 0 % 1.2 ± 0.2 1.0 ± 0.1 —

Kudryavtsev equation
Original ALT predicted by Wilhelm et al. (2015) 7.8 ± 1.0 4.7 ± 0.6 18.6 ± 4.9
Recalculated ALT for ωu = ω 7.2 ± 1.5 4.6 ± 1.7 16.5 ± 4.2
Recalculated ALT for ωu = 2 % 3.0 ± 0.3 2.2 ± 0.7 —
Recalculated ALT for ωu = 0 % 2.5 ± 0.3 1.9 ± 0.6 —
HYDRUS-predicted ALT by Wilhelm et al. (2015) 6–8 4–6 8–10

Note: The minimum difference between the total and unfrozen water contents was set to 0.1 % in the Stefan equation to avoid
division by zero. ωu = unfrozen gravimetric water content; ω = total gravimetric water content.
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equations can be particularly useful in cases when input
data are lacking or cannot be obtained directly, but they
generally show a considerable scatter. More importantly,
they were calibrated for predicting bulk densities in the tro-
pics and their accuracy in polar soils has not yet been
tested, which may further complicate ALT predictions.

ALT VALIDATION

Wilhelm et al. (2015) measured ground temperatures
using iButton® DS1922L loggers (Maxim Integrated
Inc.) with a resolution of ±0.0625 °C and an accuracy
of ±0.5 °C, which have also been used elsewhere in the
Antarctic Peninsula region (e.g. Ramos et al., 2009; De
Pablo et al., 2014). Although Gubler et al. (2011) stated
that the accuracy of these devices can be as good as
±0.125 °C, it should be emphasised that they can show
a significant offset (Schoeneich, 2011), occasionally even
beyond the manufacturer-specified limits (personal obser-
vations of Tomáš Uxa and Peter Mida). Hence, the log-
gers should be calibrated at 0 °C in an ice-water bath
or using the zero curtain to obtain more accurate ground
temperature data (Schoeneich, 2011). If not calibrated,
the data should be treated with caution. Because Wilhelm
et al. (2015) did not calibrate the loggers, their ground
temperature data may significantly deviate from real con-
ditions. This is important, especially with respect to
ground temperatures in the deep borehole at the bedrock
summit site, where minimum and maximum annual
ground temperatures at a depth of 8 to 14.5 m are be-
tween 0.5 and 0.5 °C (see Figure 7 in Wilhelm et al.,
2015). Given the accuracy of the loggers, the active layer
at this site may be much thinner than the values of 12.5
to 14.5 m reported by Wilhelm et al. (2015). Further, the
temperature of the deep borehole should be considered
carefully because it was drilled using a water-cooled sys-
tem that generally causes great thermal disturbance (e.g.
Ramos et al., 2009) and the time required to re-establish
thermal equilibrium can take up to several weeks or even
months (Andersland and Ladanyi, 2004; Miller, 2004).
One of the major problems of the paper by Wilhelm

et al. (2015) is the absence of any reference ground tem-
perature records below 2 m depth at the solifluction lobe
and climate station sites, which would allow the authors
to directly validate the accuracy of the predicted ALTs.
Instead, it relies on tests of accuracy carried out in previ-
ous studies (e.g. Romanovsky and Osterkamp, 1997;
Klene et al., 2001; Heggem et al., 2006) and on the
ALTs predicted by the HYDRUS thermal model. The
HYDRUS-predicted ALTs were generally smaller than
those obtained by the Stefan and Kudryavtsev equations,
which exceeded or ranged around the upper HYDRUS-
predicted ALT limits (Table 2). However, HYDRUS is
unable to accurately model isothermal conditions associ-
ated with the latent heat release and absorption during
freezing and thawing (the zero-curtain effect) in the soils

and unconsolidated materials (see Figures 4 and 6 in
Wilhelm et al., 2015). This causes, on the one hand, tem-
perature overestimation during the thawing periods and,
on the other, temperature underestimation during the
freezing periods. Although the authors state that the dif-
ference between the observed and HYDRUS-modelled
temperatures became negligible after a few weeks of thawing
or freezing, even this relatively small difference may result in
modelled active layers that are substantially thicker than the
real ones. Further, the comparison of the observed and
HYDRUS-modelled temperatures was done for relatively
shallow depths (60 and 80 cm). But temperatures at these
depths are strongly controlled by the upper boundary condi-
tions, and the model may perform much worse at greater
depths. Therefore, with respect to ALT predictions, model
validation against the deepest temperature sensors located
at 2 m depth would be more appropriate.

Another important source of error in the HYDRUS-
modelled temperature is setting the initial ground tempera-
tures at 1 °C at all the modelling depths without model
equilibration prior to the start of the modelling period. Con-
sequently, the model deviates from the actual conditions at
the beginning of the modelling period (see Figures 4 and 6
in Wilhelm et al., 2015). However, much more importantly,
the 3-year model run is too short to equilibrate temperatures,
particularly at greater depths, which may significantly affect
the HYDRUS-predicted ALTs. In order to eliminate this
problem, the initial conditions should be created (e.g. using
one season as spin-up until steady-state conditions are
reached) (e.g. Hipp et al., 2014), at least in the uppermost
part of the modelling domain, where maximum ALT is
expected.

CLIMATE WARMING EXPLANATION?

Palmer Archipelago is the warmest in the Antarctic Peninsula
region (Morris and Vaughan, 2003), with a rapid warming
trend (e.g. Turner et al., 2005) and permafrost temperatures
close to 0 °C (Bockheim et al., 2013; Wilhelm et al.,
2015). Because climate is a first-order control on ALT
(Bonnaventure and Lamoureux, 2013), thicker active layers
on Amsler Island are expected. However, their exceptional
thickness in comparison to other ALTs reported from the re-
gion is hard to explain by regional climate warming alone.
Positive temperature trends have been detected throughout
the whole Antarctic Peninsula over the past few decades,
with the lowest spatial variability during the summer months
(e.g. Turner et al., 2005). This climate signal would un-
doubtedly thicken active layers in a similar magnitude at
other locations affected by climate warming, even though
the importance of mean annual ground surface temperatures,
ground temperatures during the freezing season and/or pre-
cipitation rates for active-layer dynamics has also been
highlighted recently (Bonnaventure and Lamoureux,
2013). Nevertheless, such thick active layers as those in-
ferred by Wilhelm et al. (2015) have not been observed
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elsewhere in the region, even in a similar climate and geo-
logical setting (see Vieira et al., 2010; Bockheim et al.,
2013).
Reports prior to 1980 mention ALTs of 0.25–0.35 m be-

low moss beds in the Palmer Station area, located approx-
imately 1 km from Amsler Island (Everett, 1976, and
Smith, 1982, cited in Bockheim et al., 2013). Observations
from maritime Antarctica show that moss-covered sites
have active layers approximately two to four times thinner
than bare ground locations (Cannone et al., 2006;
Guglielmin et al., 2012). Accordingly, it can be estimated
that over 35 years ago, the approximate ALT at bare
ground sites ranged between 0.5–0.7 and 1–1.4 m in the
Palmer Station area. Unfortunately, because permafrost
temperature and ALT monitoring started no earlier than
in 2000 throughout most of the Antarctic Peninsula, with
most monitoring starting during the International Polar
Year 2007–2009 (Vieira et al., 2010), it is difficult to
quantify reliably the climate change impact on ALT at
most of the monitoring sites. The rare long-term ALT
observations on Signy Island, in the South Orkney Islands,
however, show that active-layer thickening rates are slow,
averaging 1 cm.yr 1 (Cannone et al., 2006). The same or
even slower rates were reported from Victoria Land, in
continental Antarctica (Guglielmin and Cannone, 2012;
Guglielmin et al., 2014a). In this context, the extremely
thick active layers predicted by Wilhelm et al. (2015)
appear to be unlikely.
Further, the Western Antarctic Peninsula area has smaller

ranges of temperature than other parts of the Peninsula, ow-
ing to its more maritime climate. This should generate
smaller ALTs, assuming that the mean annual ground sur-
face temperatures and ground material properties are equal.
However, the ALTs predicted by Wilhelm et al. (2015)
show the opposite tendency when compared to those of
other locations with larger temperature amplitudes and sim-
ilar mean annual ground surface temperatures (e.g.
Guglielmin et al., 2012, 2014b), which is hard to explain
by differences in ground material properties. In fact, the sur-
face thawing degree-days are substantially lower on Amsler
Island than at other sites within the Antarctic Peninsula (e.g.
Guglielmin et al., 2012, 2014b; Hrbáček et al., 2015) or the

northern hemisphere (e.g. Christiansen et al., 2010), where
thinner active layers have been reported.

CONCLUSIONS

Palmer Archipelago is the warmest area in the Antarctic
Peninsula region, with permafrost temperatures close to
0 °C. In this context, the ground temperature data presented
by Wilhelm et al. (2015) are of great interest, particularly with
respect to ongoing climate change in the region.

Nevertheless, extremely thick active layers predicted by
the Stefan and Kudryavtsev equations represent the upper
limits of ALT and assume that little or no latent heat of
phase change is absorbed during thawing. The predictive
equations overestimate ALTs in this situation and therefore,
the ALTs predicted by Wilhelm et al. (2015) are signifi-
cantly overestimated and misleading. This is all the more
serious as the region is an important climate change hotspot
and the ALT predictions presented by Wilhelm et al. (2015)
bring noise into the debate on climate change and its
quantification.

Unfortunately, the Wilhelm et al. (2015) study lacks any
reference ground temperature records from depths exceed-
ing the predicted ALTs (except at the bedrock summit site)
and so cannot validate the predicted values of ALT. As a re-
sult the study is unable to properly answer the main research
question, which was to examine the ability of the Stefan and
Kudryavtsev equations and the HYDRUS model to predict
ALTs on Amsler Island.
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full active‐layer thickness (ALT). In the latter cases, the ALT has been

mostly established as the depth of the 0°C isotherm by extrapolating

the temperature gradient determined by continuous data‐logger track-

ing of maximum annual ground temperatures (e.g. 11,14,15) or by one‐

at‐a‐time probing using portable thermometers.2,16 In particular, the

former approach has been widely used across the AP region, with only

slight modifications in the number and depth of temperature sensors

and curve‐fitting methods.17-21 However, it may deviate substantially

at places where the distance between the deepest temperature sensor

and the permafrost table is large because the temperature

gradient decreases non‐linearly with depth, and thus it can be very

small, (e.g. 18,20,21) requiring highly accurate measurements.

Valuable insights into the dynamics of the thermal regime and

thickness of the active layer can provide diverse thermal modeling

techniques (e.g. 22,23). Beside complex numerical models that account

for many of the processes involved in surface and subsurface energy

exchange and are capable of capturing the transient evolution of the

active layer and permafrost conditions, (e.g. 24-26) there also exist so‐

called equilibrium models which can define simple climate–permafrost

relationships on an annual basis and evaluate such parameters as per-

mafrost presence or absence, mean annual ground temperature or

ALT.22 Of these models, the Stefan27 and Kudryavtsev28 equations

have been most widely used to calculate the ALT.22 Simplicity and

low requirements for input parameters have made these analytical

solutions popular, particularly in modeling ALT over larger spatial

scales or in situations where insufficient data were available to drive

more sophisticated numerical models.22,29 Despite their simplicity

and several simplifying assumptions, which may be restricting in spe-

cific settings (e.g. 30,31), these models have been extensively validated

to provide thawing or freezing depth estimates with a reasonable

degree of accuracy (e.g. 1,30,32-37). Nonetheless, they have been used

inexplicably rarely in Antarctica (e.g. 38,39) compared to their long‐term

and widespread use in polar and alpine areas of the northern

hemisphere.

In this study, we describe a 10‐year period (March 2006 to Febru-

ary 2016) of air and ground surface temperature monitoring at the

Abernethy Flats site, James Ross Island (JRI), Eastern AP, and we apply

two equilibrium thermal models, the Stefan and Kudryavtsev equa-

tions, to assess the interannual variability of ALT. Our aims in bridging

the gaps in active layer and permafrost research in Antarctica are two‐

fold. First, we analyse the behavior of air and ground surface temper-

ature and ALT over one decade (including the pre‐IPY 2007–2009

period), which is unique within the region. Second, we use simple

modeling tools to predict the ALT, which have been used only sporad-

ically in this area before now. We further compare our results with

observations from other parts of Antarctica and general climate

patterns.

2 | REGIONAL SETTING

JRI is ~2,600 km2 in area and is located on the northeastern coast of

the AP (Figure 1). Glaciers cover about 75% of the island, but only a

few occur in its northern part, the Ulu Peninsula, where the study area

FIGURE 1 Regional setting (a) and location of the study site (b) [Colour figure can be viewed at wileyonlinelibrary.com]
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is located.40 Deglaciation of the Ulu Peninsula started 12.9 ± 1.2 ka41

and resulted in exposure of more than 300 km2 of land that represents

one of the largest glacier‐free areas within the AP region.42 The geol-

ogy of the Ulu Peninsula consists mostly of Neogene volcanic rocks,

which built volcanic mesas, and Cretaceous sedimentary rocks in the

lowlands, partially covered by Quaternary sediments.43

The climate of the Ulu Peninsula has a semi‐arid polar‐continental

character,44 with a mean annual air temperature (MAAT) around

−7.0°C at sea level near the Johann Gregor Mendel Station5 and esti-

mated annual precipitation as low as 300–500 mm of water equiva-

lent45 because of a rain‐shadow effect caused by the mountain

ranges of the Northern AP.44 Precipitation occurs largely as snow,

but high wind speeds cause intense snow drifting and very irregular,

topography‐controlled snow deposition.46,47

The glacier‐free surfaces are underlain by continuous permafrost,7

the thickness of which reaches from around 3.4 m on coastal marine

terraces to more than 67 m in lower‐lying inland areas.48,49 ALT

depends strongly on local lithology, and usually ranges between

approximately 50 and 145 cm.5,42,49,50 Vegetation cover is sparse

and is mostly concentrated in moist and nutrient‐rich areas.46

3 | METHODS

3.1 | Measurement setting and data processing

The study site is located in the Abernethy Flats area (63°52′53″S,

57°56′5″W; 41 m a.s.l.), which is a flat lowland of the Ulu Peninsula

with a slope of up to 5° (Figures 1 and 2). It is built of fine‐grained cal-

careous sandstones and siltstones of the Alpha Member, Santa Marta

Formation,43,51 partially covered by Holocene glacigenic sedi-

ments,40,43 and it is completely vegetation‐free (Figure 2).

Air temperature and ground temperature were monitored from

March 2006 to February 2016. Air temperature was measured using

an EMS33 sensor (EMS Brno) equipped with a Pt100/A resistance

temperature detector (accuracy of ±0.15°C at 0°C) placed in a solar

radiation shield 2 m above the ground surface. Ground temperature

was measured with A‐class Pt100/8 resistance temperature detectors

(EMS Brno; accuracy of ±0.15°C at 0°C) placed directly into the

ground at depths of 5, 10, 20, 30, 40 and 50 cm, and from February

2012 also at 75 cm. All the detectors were connected to an EdgeBox

V12 data logger (EMS Brno) set to measure and record the tempera-

ture every 30 min.

Daily, monthly, seasonal and annual means of air temperature and

ground temperature at a depth of 5 cm were calculated from the half‐

hour temperature data. A period from March 1 to February 28 or 29 of

the following year was set to calculate the annual means in order to

cover a 12‐month period from the active‐layer freezeback to the max-

imum thaw depth of the next year. Missing air and ground tempera-

ture data due to data logger malfunction in the period from

September 17, 2011 to February 6, 2012 were complemented in a

monthly or seasonal resolution using multiple regression based on

data from two equally instrumented stations located at a distance of

5 and 7 km that have similar topography and bare surface, which

ensured high accuracy of the regression models (R2 > 0.9 in all cases).

The temporal trends of selected characteristics were assessed using

the non‐parametric Mann–Kendall trend test52,53 and Sen's slope esti-

mator.54 Relations between ALT (section 3.2) and selected air and

ground temperature attributes were examined using the Pearson cor-

relation coefficient. All statistics were tested at p < 0.05.

Thawing and freezing seasons were defined based on the continu-

ous persistence of positive and negative mean daily temperatures,

respectively, at a depth of 5 cm. For air temperature, the seasons were

set to be equal to those at a depth of 5 cm. Subsequently, thawing and

freezing degree‐days for air (TDDa and FDDa) and ground at a depth of

5 cm (TDD5 and FDD5) were calculated as sums of all positive and neg-

ative mean daily temperatures (°C days) during the thawing and freez-

ing seasons, respectively. The degree‐days were further used to

calculate the dimensionless thawing (nt) and freezing (nf) n‐factors,

which summarize the energy balance between air and ground surface

at the end of the thawing and freezing seasons, respectively:55

nt ¼ TDD5

TDDa
¼ ∑Lt

i¼1T5 ið Þ T5 > 0°C½ Š
∑Lt

i¼1Ta ið Þ Ta > 0°C½ Š (1)

FIGURE 2 The Abernethy flats area (a) and a detailed photo of the
study site (b). The red triangle indicates the position of the
automatic weather station [Colour figure can be viewed at
wileyonlinelibrary.com]
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nf ¼ FDD5

FDDa
¼ ∑Lf

i¼1T5 ið Þ T5 < 0°C½ Š
∑Lf

i¼1Ta ið Þ Ta < 0°C½ Š
(2)

where Ta and T5 are the mean daily air temperature and ground tem-

perature at a depth of 5 cm, respectively, during the thawing or freez-

ing season, and Lt and Lf refer to the number of days in the thawing

and freezing seasons, respectively.

Data from deeper parts of the profile were used only to determine

the temperature‐based ALT (hereafter referred to as observed ALT),

which was used to validate the outputs of ALT modeling (section

3.2). It was defined as the maximum depth of the 0°C isotherm during

the particular thawing season calculated by linear interpolation

between the maximum temperature of the deepest sensor with at

least one measurement >0°C and the maximum temperature of the

shallowest sensor with all measurements ≤0°C. The observed ALT

was available from a very cold season 2009/10 and from the period

2012/13 to 2015/16 when the measurement profile already reached

a depth of 75 cm.

3.2 | Active‐layer thickness modeling

The ALT over the period March 2006 to February 2016 was modeled

via the Stefan27 and Kudryavtsev28 models. Both models were forced

with ground temperature data from a depth of 5 cm and two sets of

time‐invariant ground physical properties based on ground samples

from depths of 10 and 30 cm that were considered homogeneous

across the entire ground profile for each model run. The outputs of

the Stefan model are therefore hereafter called scenarios S10 and

S30, while the products of the Kudryavtsev model are termed scenar-

ios K10 and K30.

3.2.1 | Stefan model

The Stefan model27 was applied onTDD5 to predict the ALT (m) as fol-

lows:

ALT ¼ z5 þ λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ktTDD5SF

QL

s
(3)

where z5 (m) is the depth of the ground temperature measurement, kt

is the thawed thermal conductivity (W m−1 K−1), SF is the scaling fac-

tor of 86,400 seconds per day, and QL is the volumetric latent heat of

fusion of water‐ice (J m−3) expressed as:

QL ¼ Lρω (4)

where L is the specific latent heat of fusion of water‐ice

(334,000 J kg−1), ρ is the dry bulk density (kg m−3), and ω is the

gravimetric water content (dimensionless). Because the Stefan

model tends to overestimate the ALT due to errors arising

from disregarding sensible heat or due to low ground

temperatures at the onset of thawing,30,56 we adopted a polynomial

correction factor for ground thawing with sub‐zero initial tempera-

ture (λ) in Equation (3) in order to improve its performance:56

λ ¼ 1þ 0:147Ste κ
Tinit

MGTS5

2

þ 0:535
ffiffiffiffiffiffi
Ste

p
κ

Tinit

MGTS5

" #
× 1 − 0:16Ste þ 0:038Ste

2

(5)

with

Ste ¼ CtMGTS5
QL

(6)

κ ¼
ffiffiffiffiffiffiffiffiffi
kfCf

ktCt

s
(7)

where Ste is the dimensionless Stefan number, which is proportional

to the ratio of sensible heat to latent heat absorbed during

thawing,57,58 κ is a dimensionless parameter accounting for different

thermal properties of the thawed and frozen zones within the

ground profile,56 Tinit is the initial temperature corresponding to

the mean ground temperature across the seasonally thawing layer

at the onset of thawing (°C), MGTS5 is the mean ground temperature

of the thawing season at depth z5 (°C), kf is the frozen thermal con-

ductivity (W m−1 K−1), and Cf and Ct are the frozen and thawed vol-

umetric heat capacity, respectively (J m−3 K−1).

We calculated the sub‐zero initial temperature by logarithmic

fitting of the mean daily ground temperature profile one day before

the start of thawing and then integrating this function across the

depth range defined by z5 and initial ALT estimate (ALTinit) based on

the uncorrected Stefan model:

Tinit ¼ 1
ALTinit − z5

∫
ALTinit

z5
a lnzþ bdz (8)

where a and b are empirical constants. The initial temperature was

determined for seasons 2012/13 to 2015/16, and the resulting aver-

age value of −3°C was subsequently used in the final ALT estimates

in each thawing season.

3.2.2 | Kudryavtsev model

The Kudryavtsev model28 was applied to ground temperature data at

a depth of 5 cm to predict the ALT analogously to the Stefan model:

ALT ¼ z5 þ

2 A5 − TTOPj jð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ktCtP5

π

r
þ

2ATOPCtZc þQL ALT − z5ð Þð ÞQL

ffiffiffiffiffiffiffiffiffi
ktP5
πCt

s

2ATOPCtZc þ QL ALT − z5ð Þ þ
ffiffiffiffiffiffiffiffiffi
ktP5
πCt

r
2ATOPCt þ QLð Þ

2ATOPCt þ QL

(9)

with

ATOP ¼ A5 − TTOPj j

ln
A5 þ QL

2Ct

TTOPj jþ
QL

2Ct

−
QL

2Ct
(10)

Zc ¼
2 A5 − TTOPj jð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ktCtP5

π

r
2ATOPCt þ QL

(11)

HRBÁČEK AND UXA144

Tomáš Uxa

– lxxix –



Equation (9) can, however, be solved only numerically, and thus we

used the modified Kudryavtsev model,30 which is more convenient

as it allows an analytical solution:

ALT ¼ z5 þ ALT*

ffiffiffiffiffiffiffiffiffi
ktP5
πCt

s
(12)

with

ALT* ¼ Bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2 þ D

q
(13)

B ¼ δþ δ
2γ

−
γ
2δ

−
γ
2

(14)

D ¼ δþ δγ þ γ − δ2 −
δ2

γ
(15)

γ ¼ α − β (16)

δ ¼ ln
αþ 1
βþ 1

(17)

α ¼ 2CtA5

QL
(18)

β ¼ 2Ct TTOPj j
QL

(19)

where P5 is the period at depth z5 calculated as the sum of the lengths

of the thawing season for which the ALT is modeled and the preceding

freezing season (s), A5 is the physical amplitude (i.e. half range) of the

annual ground temperature oscillations at depth z5 (°C) and TTOP is the

mean annual ground temperature at the top of the permafrost (°C).

Previous studies have expressed the annual amplitude of ground

temperature oscillations as half the annual range in the mean daily

or mean monthly air or ground temperature (e.g. 33,37,59-62) or as the

difference between the maximum mean monthly ground surface tem-

perature and the mean annual ground surface temperature.30 How-

ever, daily or monthly temperatures might overestimate or

underestimate, respectively, the annual ground temperature ampli-

tude. Moreover, they might be unrepresentative of variously long

thawing and freezing seasons whose summary length does not match

the period of one year exactly. Accordingly, we calculated A5 as the

difference between the annual maximum of the 31‐day moving aver-

age of ground temperature at depth z5 and the mean annual ground

temperature at depth z5 (MAGT5). We believe that this design is more

representative of the ALT dynamics because it prefers the thawing

season when calculating the amplitude and, as such, it emphasizes its

utmost importance for active‐layer formation. By contrast, it sup-

presses the freezing season, and thus it eliminates the potential atten-

uation of ground temperature amplitude caused by snow cover

insulation.

The TTOP for permafrost conditions (TTOP ≤ 0°C) was calculated

using a semi‐empirical equation after Garagulya:63

TTOP ¼

MAGT5

2
kf þ ktð Þ þ A5

kt − kf
π

MAGT5

A5
arcsin

MAGT5

A5
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

MAGT5
2

A5
2

s !

kf

(20)

If a sinusoidal temperature wave is assumed, Equation (20) produces

identical results to the thermal offset equation,64 which has been

extensively employed in the TTOP model.65,66 However, for consis-

tency of the calculations, we preferably use the former approach

because it incorporates A5 as an input parameter, like both forms of

the Kudryavtsev model (Equations 9 and 12).

3.3 | Ground physical properties

Ground physical parameters (Table 1) are based on analyses of intact

ground samples collected in duplicate from depths of 10 and 30 cm

into 400‐cm3 plastic cylinders in February 2017 near the temperature

measurement site. The ground samples were weighed twice before

and after oven‐drying for 24 h at 105°C. Afterwards, the dry bulk den-

sity was calculated as the ratio of the mass of dry ground to the total

volume of the sample, the gravimetric water content was determined

as the ratio of the mass of water to the mass of dry ground, and the

volumetric water content (ϕ) was computed as the product of the

above parameters (dimensionless). Ground texture characteristics

were acquired by wet sieving of particles >63 μm and X‐ray sedimen-

tation of the finest fractions ≤63 μm (Sedigraph III Plus,

Micrometrics).

In addition, seven replicate measurements on intact thawed sam-

ples were made with an ISOMET 104 device (Applied Precision Ltd)

to determine the average thawed thermal conductivity and thawed

volumetric heat capacity. The frozen thermal conductivity and frozen

volumetric heat capacity were subsequently estimated based on the

thermal properties of the thawed samples and their volumetric water

contents, neglecting volume changes due to phase transitions. For

the frozen thermal conductivity, we assumed a geometric mean

TABLE 1 Selected ground physical properties at the Abernethy flats site

Depth ω (%) ϕ (%) ρ (kg m−3) kt (W m−1 K−1) kf (W m−1 K−1) Ct (J m
−3 K−1) Cf (J m−3 K−1) Sand (%) Silt (%) Clay (%)

10 cm 18.0 23.4 1,302 0.45 0.62 1.38 0.83 50 22 28

30 cm 18.2 26.5 1,457 0.61 0.87 1.68 1.06 53 20 27

ω (gravimetric water content); ϕ (volumetric water content); ρ (dry bulk density); kt (thawed thermal conductivity); kf (frozen thermal conductivity); Ct

(thawed volumetric heat capacity); Cf (frozen volumetric heat capacity).
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equation based on the thermal conductivity of the ground constitu-

ents and their volume fractions:67

kf ¼ kt
ki
kw

ϕ

(21)

where ki is the thermal conductivity of ice (2.22Wm−1 K−1) and kw is the

thermal conductivity of water (0.57Wm−1 K−1). Calculation of the frozen

volumetric heat capacity builds on aweighted average of volumetric heat

capacity of the ground constituents and their volume fractions:66

Cf ¼ Ct − ϕ Cw − Cið Þ (22)

where Cw is the volumetric heat capacity of water (4.21MJm−3 K−1) and

Ci is the volumetric heat capacity of ice (2.05 MJ m−3 K−1).

4 | RESULTS

4.1 | Air and ground temperature regimes

MAAT at Abernethy Flats was −7.3°C in the period March 2006 to

February 2016 and ranged from −5.1°C (2006/07) to −8.9°C (2009/10)

(Figure 3). The warmest season was summer (DJF) with a mean seasonal

air temperature (MSAT) average of 0.4°C, which varied between 2.0°C

(2007/08) and −1.0°C (2009/10). The coldest season was winter (JJA)

with MSAT average of −14.8°C. Winter MSAT varied between −9.9°C

in 2010/11 and −18.3°C in 2009/10 (Table 2). The highestmeanmonthly

air temperature wasmostly recorded in January and averaged 1.2°Cwith

a range between 2.7°C (2007 and 2009) and −0.6°C (2010). The coldest

month was usually July with an average of −15.5°C and substantially

higher temperature variability compared to the warmest month of

between −9.8°C (2006) and −21.9°C (2007). The highest mean daily

temperatures slightly exceeded 5°C and occasionally even 10°C during

the summermonths, while theminimummean daily temperatures usually

dropped below −25°C and rarely decreased even below −30°C (Figure 3).

TheMAAT tended to increase on average by +0.10°C y−1 over the entire

period of March 2006 to February 2016. The major warming of

+0.31°C y−1 was observed for the autumn months (MAM), while cooling

of −0.16°C y−1 was found for the winter months (JJA). However, in all

cases the trends were non‐significant at p < 0.05.

MAGT5 was −6.1°C in the period March 2006 to February 2016

and ranged from −3.3°C (2008/09) to −8.2°C (2007/08 and 2009/10)

(Figure 3). Mean seasonal ground temperature at 5 cm (MSGT5) in the

summer months averaged 3.3°C and varied between 5.1°C (2007/08

and 2008/09) and 0.4°C (2009/10). The coldest season was winter

when MSGT5 decreased on average to −14.7°C, with a range between

−9.6°C in 2008/09 and −18.9°C in 2007/08 (Table 2). The highest

mean monthly ground temperature at a depth of 5 cm was mostly

recorded in January and averaged 4.8°C, with variations between

7.1°C (2009) and 2.7°C (2010). The coldest months were July and

FIGURE 3 Daily and monthly air temperature (AT) and ground temperature at a depth of 5 cm (GT5) [Colour figure can be viewed at
wileyonlinelibrary.com]
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August, both having identical average of −15.2°C. The mean ground

temperature of these two months varied considerably, between

−10.0°C (2008) and −22.2°C (2007) (Figure 3). The highest mean daily

ground temperatures at a depth of 5 cm usually reached around 10°C

and occasionally even exceeded 15°C during summer months, while

the minimum daily means usually dropped below −20°C and rarely

even below −25°C (Figure 3). A negative trend of −0.05°C y−1 was

detected on an annual basis. Seasonally, ground temperature

increased by 0.13°C y−1 in autumn months (MAM), while a negative

trend of −0.20°C y−1 was found for the winter months (JJA). However,

all the trends were non‐significant at p < 0.05.

Thawing seasons started between October 18 (2011/12) and

December 20 (2010/11), while they ended between February 13

(2013/14) and March 19 (2011/12). These days also delimit the freez-

ing seasons. The thawing seasons lasted for 153 days (2010/11) to

64 days (2009/10) with an average length of 105 days (Table 3). The

thawing seasons shortened by an average of 1.5 days per year. Mean

air temperature during the thawing season averaged 0.7°C, with the

warmest thawing season in 2008/09 (2.0°C) and the coldest in

2013/14 (−0.8°C). The average TDDa was 169°C days and varied

between 242°C days (2015/16) and 37°C days (2009/10). Relatively

high FDDa values were observed during thawing seasons as well,

averaging −92°C days, with a maximum of −41°C days (2008/09)

and minimum of −162°C days (2013/14). Mean ground temperature

during the thawing season at a depth of 5 cm was on average 3.4°C

and varied between 5.3°C (2008/2009) and 1.7°C (2009/10). Similarly

to seasonal ground temperature, TDD5 reached a maximum of 520°C

days in 2008/09 and minimum of 107°C days in 2009/10. The

average TDD5 was 368°C days. Summer FDD5 was very low, with an

average of −8°C days. The FDD5 was zero in 2009/10, whereas it

reached −32°C days in 2013/14. The average nt was 2.35, with a max-

imum of 3.21 in 2013/14 and minimum of 1.59 in 2015/16 (Table 3).

TABLE 2 Annual and seasonal means of air temperature (AT) and ground temperature at a depth of 5 cm (GT5) and the temperature trends for
the period March 2006 to February 2016

Annual MAM JJA SON DJF

Period AT GT5 AT GT5 AT GT5 AT GT5 AT GT5

2006/07 −5.1 −3.8 −4.2 −1.5 −12.4 −14.0 −4.6 −3.3 0.9 3.5

2007/08 −8.8 −8.2 −10.7 −9.5 −18.0 −18.9 −8.6 −9.4 2.0 5.1

2008/09 −6.1 −3.3 −9.4 −5.8 −13.6 −9.6 −2.8 −3.1 1.4 5.1

2009/10 −8.9 −8.2 −8.6 −6.6 −18.3 −17.1 −7.8 −9.4 −1.0 0.4

2010/11 −5.8 −5.3 −10.6 −9.7 −9.9 −11.9 −2.9 −2.9 0.3 3.5

2011/12 −8.6 −6.6 −10.8 −8.0 −16.1 −15.0 −7.7 −5.6 0.5 3.0

2012/13 −8.3 −7.3 −9.1 −7.4 −14.3 −14.8 −9.3 −9.4 −0.8 2.5

2013/14 −7.2 −6.6 −5.5 −5.4 −15.5 −15.8 −7.1 −7.6 −0.8 2.4

2014/15 −7.1 −5.3 −7.6 −6.0 −13.7 −13.0 −7.3 −6.0 0.2 3.8

2015/16 −6.9 −6.5 −6.0 −5.6 −15.9 −16.5 −6.9 −7.5 1.2 3.4

2006/16 −7.3 −6.1 −8.3 −6.5 −14.8 −14.7 −6.5 −6.4 0.4 3.3

Trend 0.10 −0.05 0.31 0.13 −0.16 −0.20 −0.08 −0.13 −0.09 −0.16

TABLE 3 Characteristics of mean seasonal air temperature (MATSa) and ground temperature at a depth of 5 cm (MGTS5), thawing (TDD) and
freezing (FDD) degree‐days, thawing n‐factor (nt) and duration of thawing seasons in the period 2006/07–2015/16

Period MATSa (°C) MGTS5 (°C) TDDa (°C days) TDD5 (°C days) FDDa (°C days) FDD5 (°C days) nt (−) Duration (days)

2006/07 0.8 3.3 190 432 −84 −1 2.27 129

2007/08 1.6 4.4 236 475 −70 −1 2.01 107

2008/09 2.0 5.3 233 520 −41 −1 2.23 97

2009/10 −0.6 1.7 37 107 −77 0 2.89 64

2010/11 0.6 3.0 225 461 −131 −6 2.05 153

2011/12 − 3.0* − 347* − − − −

2012/13 0.4 2.9 145 311 −106 −13 2.14 100

2013/14 −0.8 2.3 84 270 −162 −32 3.21 103

2014/15 0.6 4.2 132 370 −81 −2 2.80 88

2015/16 1.6 3.5 242 386 −74 −13 1.59 108

2006/16 0.7 3.4 169 370 −92 −8 2.35 105

*Value calculated by regression; it is not used to compute the period average.
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Freezing seasons were substantially longer than thawing seasons,

with an average length of 262 days and range between 302 days

(2012/13) and 214 days (2006/07) (Table 4). Their duration was

prolonged by an average of 3.8 days per year during the study period.

Mean air temperature during freezing seasons dropped on average to

−10.2°C. The warmest freezing season was in 2006/07 (−8.8°C), while

the coldest was in 2007/08 (−12.5°C). Likewise, FDDa also reached its

maximum of −1,973°C days in 2006/07 and minimum of −3,448°C days

in 2007/08. The average FDDa was −2,757°C days. The positive air tem-

perature events during winter (Figure 3) resulted in the occurrence of

TDDa in the freezing season, the average of which was 60°C days and

it ranged from 87°C days in 2015/16 to 29°C days in 2007/08. Mean

ground temperature during freezing seasons at a depth of 5 cm

was −9.8°C and varied between −7.0°C in 2008/09 and −12.7°C in

2007/08. The average FDD5 was −2,586°C days and reached amaximum

of −1,745°C days in 2008/09 and minimum of −3,477°C days in

2007/08. Unlike TDDa, TDD5 was very limited during the freezing sea-

sons. The average was as low as 3°C days, and the maximum reached

12°C days in 2014/15, while only 1°C day was detected in the freezing

seasons 2008/09 and 2013/14. The average nf was 0.93, with a maxi-

mum of 1.03 in 2010/11 and minimum of 0.71 in 2008/09 (Table 4).

4.2 | Active‐layer thickness

The average ALT modeled for the S10 scenario was 58 cm and ranged

from 33 cm (2009/10) to 70 cm (2008/09). Model outputs for scenario

S30 exhibited 2–5 cm thicker ALT (Figure 4) with an average of 62 cm

and range between 35 cm (2009/10) and 75 cm (2008/09). Both

scenarios showed non‐significant ALT thinning at a rate of 1.1 cm y−1.

ALT modeled for scenario K10 achieved an average of 57 cm and

ranged from 35 cm (2009/10) to 79 cm (2008/09). The Kudryavtsev

model also tended to provide 2–6 cm thicker active layer for the K30

scenario compared to K10 (Figure 4). The average ALT modeled for

the K30 scenario was 62 cm and it varied between 37 cm (2009/10)

and 86 cm (2008/09). Likewise, scenarios K10 and K30 modeled non‐

significant ALT thinning at rates of 1.5 and 2.0 cm y−1, respectively.

The average ALT of all four scenarios reached 60 cm, ranging from

35 cm (2009/10) to 78 cm (2008/09). The average annual range of all four

model scenarios was 9 cm. The annual range also positively correlated

with the ALT, as the smallest model range of 4 cm was achieved when

the mean modeled ALT reached its minimum, while the largest model

range of 15 cm corresponded to itsmaximum (Figure 4). The thinning rate

of themeanALTwas 1.6 cm y−1, but it was also non‐significant at p < 0.05.

The mean ALTmodeled by the Stefan and Kudryavtsev models was

controlled in particular by the summer ground temperature (r = 0.95

and 0.89, respectively), but it correlated highly significantly with the

summer air temperature as well (r = 0.81 and 0.80, respectively;

Figure 5). The influence of annual as well as winter air and ground

temperatures was usually moderate (r = 0.43 to 0.61), with the only

significant relationship (r = 0.75) found between the mean ALT

modeled by the Kudryavtsev model and MAGT5 (Figure 5).

TABLE 4 Characteristics of mean seasonal air temperature (MAFSa) and ground temperature at a depth of 5 cm (MGFS5), freezing (FDD) and
thawing (TDD) degree‐days, freezing n‐factor (nf) and duration of freezing seasons in the period 2006/07–2015/16

Period MAFSa (°C) MGFS5 (°C) FDDa (°C days) FDD5 (°C days) TDDa (°C days) TDD5 (°C days) nf (−) Duration (days)

2006/07 −8.8 −8.6 −1,973 −1,836 81 3 0.93 214

2007/08 −12.5 −12.7 −3,448 −3,477 29 2 1.01 273

2008/09 −9.6 −7.0 −2,449 −1,745 44 1 0.71 251

2009/10 −10.7 −10.4 −3,291 −3,116 75 2 0.95 300

2010/11 −9.5 −10.0 −2,307 −2,384 45 2 1.03 238

2011/12 − −12.7* − −3,126* − − − −

2012/13 −10.3 −9.7 −3,146 −2,925 49 3 0.93 302

2013/14 −10.7 −10.9 −2,712 −2,706 72 1 0.99 247

2014/15 −10.0 −8.9 −2,691 −2,332 54 12 0.87 263

2015/16 −10.0 −10.2 −2,799 −2,757 87 5 0.98 271

2006/16 −10.2 −9.8 −2,757 −2,586 60 3 0.93 262

*Value calculated by regression; it is not used to compute the period average.

FIGURE 4 Interannual variability of the active‐layer thickness (ALT)
modeled by the Stefan (S10, S30) and Kudryavtsev (K10, K30) models
[Colour figure can be viewed at wileyonlinelibrary.com]
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The differences between the modeled and observed ALT reached on

average −4.2 cm (−7.9%) and −5.8 cm (−10.3%) for scenarios S10 and K10,

respectively (Figure 6), with deviations from −1 to −8 cm (−1.1 to

−15.4%) and −2 to −11 cm (−3.3 to −16.2%), respectively. Because both

scenarios underestimated the ALT in all cases, the corresponding mean

absolute errors were 4.2 cm (7.9%) and 5.8 cm (10.3%), respectively.

More accurateALTwasmodeled for scenarios S30 andK30, which devi-

ated on average by −0.2 cm (−0.8%) and −2.2 cm (−3.9%), with variations

from −4 to 4 cm (−10.3 to 6.7%) and from −7 to 3 cm (−10.3 to 5.0%),

respectively (Figure 6). Because the scenarios both underestimated and

overestimated the ALT, the corresponding mean absolute errors were

2.6 cm (5.0%) and 3.4 cm (5.9%) for S30 and K30, respectively.

5 | DISCUSSION

5.1 | Climate and active‐layer thickness

The climate on the Eastern AP, where JRI is located, has a prevailing

continental character but also some patterns of an oceanic climate (e.

g. 44,68). In contrast to theWestern APwhere an oceanic climate is dom-

inant, theMAAT at the same latitudes of the EasternAP is about 4 to 6°C

lower69 and the annual amplitude of air temperature is almost two times

larger.70 Yet, the area of JRI is among thewarmest parts of Antarctica as

MAAT in the coastal areas of Eastern Antarctica is typically between

−10 and −15°C and decreases to about −15 to −20°C in the southern-

most coastal areas in the region of the McMurdo Dry Valleys.71

Active‐layer formation is mainly controlled by summer tempera-

tures (Figure 5), as has also been reported from numerous sites in

polar and subpolar as well as mountain regions (e.g. 72-75). The mean

FIGURE 5 Correlations between mean active‐layer thickness (ALT) modeled by the Stefan and Kudryavtsev models and mean annual air
temperature (MAAT), mean annual ground temperature at a depth of 5 cm (MAGT5), and mean seasonal air temperature (AT) and ground
temperature at a depth of 5 cm (GT5) in summer (DJF) and winter (JJA). Statistical significance is expressed as ***p < 0.001, **p < 0.01, *p < 0.05
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 6 Validation of modeled active‐layer thickness (ALT) by the
Stefan (S10, S30) and Kudryavtsev (K10, K30) models with observed ALT.
A dark dashed line indicates a 1:1 relationship between the observed
and modeled ALT, and grey dashed lines indicate the error bands of
2.5 and 5.0 cm [Colour figure can be viewed at wileyonlinelibrary.com]
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DJF air temperature on JRI reached 0.4°C in the period March 2006 to

February 2016, which was 0.2–0.8°C lower than at sites along the

Western AP in the same period.10 The mean DJF ground temperature

on JRI differed from those on some sites on the South Shetlands, usu-

ally by −1 to +1°C.11,76 Higher ground temperature differences in con-

trast to that of air temperature might be attributed to the specific

conditions of each study site, such as snow cover presence, vegetation

coverage, moisture content, topography or lithological properties.77

Despite lower summer air temperature and more variable summer

ground temperature differences, the near‐surface thawing degree‐

days were usually higher on the Abernethy Flats than on the South

Shetlands (e.g. 11,20,70). This can be explained by the almost two times

higher mean daily global radiation during the summer months on JRI

(~240 W m−2)78 than on the South Shetlands (~130 W m−2)79 associ-

ated with a prevailing oceanic climate causing higher cloudiness on the

Shetlands. The eminent role of global radiation on ground temperature

can be mainly exemplified on Victoria Land where its mean summer

value can exceed 240 W m−2 and cause over 700°C days, despite

mean summer air temperature being around −2°C.80

A significant air temperature decrease started around 2000 along

most of the Western AP. The cooling triggered by natural variability

of cyclonic activity and increasing sea‐ice concentrations near coast-

lines caused MAAT trends of −0.16 to 0.05°C y−1 in the period

2006–2015.9,10 In contrast, the MAAT on JRI was increasing at a

non‐significant rate of 0.10°C y−1, which corresponds to observations

from other sites of the north‐eastern AP where positive, but non‐

significant, trends between 0.02 and 0.08°C y−1 have been reported.10

Unlike MAAT, there was a non‐significant negative trend of −0.05°C y−1

for MAGT5. Interestingly, the MSAT and MSGT5 trends were positive only

in autumn (MAM), at 0.30 and 0.13°C y−1, respectively, while they were

negative in the other three seasons. Yet, the north‐eastern AP region

exhibited a MAAT more than 1°C lower in the period 2006–2015 com-

pared to 1996–2005, and autumn (MAM) air temperature was even

about 1.5°C lower.10

Among JRI sites of similar altitude, the average modeled ALT on

Abernethy Flats of 60 cm was comparable to that at the site near

the Johann Gregor Mendel station, where about 20% higher TDD5

was observed, but ALT was reduced by lower thermal conductivity

of around 0.30 W m−1 K−1 (see 42,50), while about 20–30 cm higher

ALT was reported at two other sites, mostly because of their higher

thermal conductivity >0.7 W m−1 K−1 and slightly higher TDD5.
42,50

Despite similar summer ground surface temperatures, the ALT on

Abernethy Flats was lower than in the Western AP, where it usually

exceeds 80 cm (e.g. 5,7,13) and sub‐Antarctica with ALT > 100 cm.19

In these areas, permafrost is much warmer as the temperature at the

top of the permafrost table is about 4–5°C higher than on JRI.70

Therefore, thaw propagation during summer can be more rapid

because less heat is needed for active‐layer thawing. Moreover,

thawing can be accelerated by higher input of liquid precipitation,

which frequently occurs in the Western AP in the summer months.

Slightly higher ALT values (~65 to 100 cm) were also observed in the

coastal parts of Enderby Land and Princess Elizabeth Land in eastern

Antarctica. MAAT in these regions is about 3°C lower than on JRI,

but summer air temperature is only about 1.0°C lower.81,82 The differ-

ence might therefore be caused by contrasting ground physical prop-

erties as well as the slightly higher temperature amplitude of these

areas. Lower ALT (< 50 cm) values were typical for cold areas with

MAAT < −15°C such as northern Victoria Land,2,5,16,75 McMurdo Dry

Valleys,5,83 and the mountainous areas in Dronning Maud Land5,84 or

the Ellsworth Mountains.85 Mean monthly air temperatures during

the summer only rarely exceeded −2°C in these areas, which probably

enhanced the role of solar radiation in active‐layer formation.75,80

Although the MAAT trend on JRI was positive, MAGT5 decreased

slightly, and the mean modeled ALT thinned by 1.6 cm y−1 during

the study period. The thinning can be mainly related to the decreasing

DJF temperatures (Figure 5) and shortening of the thawing seasons,

which occurred across the whole AP region10 and caused similar

active‐layer thinning of 1.5 cm y−1 on Deception Island during the

period 2006–201412 as well as a thaw depth reduction of 1.6 cm y−1

on the South Shetlands in the period 2009–2016.86 The long‐term ALT

observations from other regions of Antarctica are sparse, but show that

ALT remained stable in the McMurdo Dry Valley region,5,83 while even

slight thickening of 0.3 cm y−1 was reported from northern Victoria Land

in the period 1997–2012.16 Generally, the summer season is the most

important part of the year for active‐layer development, while the effect

of annual temperature is of lesser significance. Besides temperature,

incoming solar radiation might become an important factor governing

active‐layer thawing in regions where no trend of summer air temperature

was detected.16,75

5.2 | Model suitability

The Stefan and Kudryavtsev models have been widely used in differ-

ent parts of the northern hemisphere for local ALT prediction based

on in situ ground surface or subsurface measurements (e.g. 30,32,60,61)

as well as for regional or global ALT modeling (e.g. 1,33,34,59,62,87-89),

but until now they have been applied only twice in Antarctica.38,39

The ALT values modeled in these two cases are, however, thought to

be overestimated by up to hundreds of percent.90 The present study

is therefore the first one which provides validated ALT estimates

based on the Stefan and Kudryavtsev models in Antarctica because

their outputs based on ground physical parameters at a depth of

30 cm differ from the observed ALT on average by 2.6 and 3.4 cm

or 5.0 and 5.9%, respectively (Table 5). Such accuracy is substantially

better than in most previous studies, which showed average mean

absolute errors of 3.6–58.8 cm and 2.8–65.7 cm for the Stefan and

Kudryavtsev models, respectively, while their average mean absolute

percentage errors were 6.0–26.1% and 5.8–24.7%, respectively

(Table 5). Only two of these investigations reached an average mean

absolute percentage error less than 10% for both the Stefan60,86 and

the Kudryavtsev models.30,88 Romanovsky and Osterkamp30 even

achieved slightly better relative accuracy than this study, 5.8%, but

on the other hand, they reached it by adapting the initially measured

ground thermal properties through numerical modeling. The majority

of studies have, however, reported average mean percentage errors
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mostly well below ±10% (Table 5). This probably relates to the fact

that equilibrium models assume stationary conditions,22 and thus they

well represent multi‐year or multi‐site averages that moderate the

energy imbalances introduced by short‐term and/or long‐term climate

variations, while they tend to fail to capture interannual transient

departures from the equilibrium state.91 Yet, this and other stud-

ies30,60 have shown that equilibrium models can perform reasonably

well even on an annual basis regardless of their limitations.

Theoretical studies have shown that the Stefan model tends to

overestimate ALT by up to tens of percent.30,56,92 This drawback is

nicely illustrated by the ALT modeled through the basic form of the

solution, which deviated on average by 13.8–26.1% from the

observed ALT and exhibited the highest mean absolute percentage

errors of up to 50% as well (Table 5). Somewhat better accuracy, with

average mean absolute percentage errors of 9.8–10.4%, but at the

same time with maximum deviations of up to 46.7%, was achieved if

the ground physical parameters were substituted by the single empir-

ically estimated edaphic parameter (Table 5). The latter approach sim-

ply overcomes the main model shortcomings and even coarse

temperature data alone are needed to force the model success-

fully,87,89 but despite the range of the edaphic parameter is relatively

low,93 it has limited transferability because it is valid only where

observed ALT is available for model calibration.94 The most accurate

ALT estimates utilizing the Stefan model have been achieved by this

study and by Yin et al60 which both employed correction factors

accommodating sensible heat and ground temperature prior to

thawing,56 resulting in average mean absolute percentage errors as

low as 5.0–6.0%. Likewise, the annual ground surface temperature

amplitude calculated from the difference between the maximum of

the 31‐day moving average ground temperature at a depth of 5 cm

and MAGT5 and usage of the actual length of the freezing and thawing

seasons instead of the standard annual period of 365 days probably

better represent the ground surface temperature behavior, which is

reflected in the lower bias of the Kudryavtsev model than in most pre-

vious studies (Table 5). However, note that these comparisons need to

be taken with caution because the validation data as well as the length

of the validation periods in Table 5 differ, which prevents precise

assessment of the modeling accuracy.

Both models also benefited greatly from adding the depth of the

driving ground temperature measurements to their outputs,95 which

reduced the mean absolute percentage error of the Stefan and

Kudryavtsev models by 5.1 and 7.3%, respectively. However, it has

not yet been used in other investigations utilizing the ground temper-

ature to run the models for ground thawing.30,32,34,60 Undoubtedly,

driving temperature data measured directly in the ground might also

significantly contribute to the high accuracy of the models compared

to the case of air temperature forcing; the earlier studies are, however,

inconclusive in this regard for both the Stefan and the Kudryavtsev

models. Nonetheless, the model adjustments proved to be highly use-

ful, but at the same time, they require more input data. Furthermore, it

is unclear to what extent the high accuracy of the models is due to

their modifications alone and what is the role of ground surface and

subsurface characteristics.

Because ground physical parameters enter the models as constants,

the accuracy of the models depends on how the parameters are repre-

sentative of the entire profile, which inherently relates to their temporal

variability. Besides meteorological conditions, the main drivers of their

changes are such factors as vegetation, snow cover or ground texture,

which significantly alter air–ground fluxes and hence the moisture con-

tent or thermal properties of the ground.22 However, the study site is

vegetation‐free and winter snow cover, which comprises most of the

total precipitation, is believed to be low and rather episodic96 as the

freezing n‐factor mostly ranged between 0.93 and 1.03 (Table 4).42,50

Likewise, ground texture and moisture are homogeneous at least in the

upper half of the active layer (Table 1).42 In contrast, bulk density tends

to increase with depth, being about 12% higher at 30 cm than at 10 cm,

which also led to about 22–40%higher values of ground thermal conduc-

tivity and volumetric heat capacity at this depth (Table 1), probably due to

enhanced particle contact caused by a reduction in porosity.67,97 TheALT

modeled based on ground physical properties at a depth of 30 cm was

more accurate, on average by about 2.9 and 4.4% for the Stefan and

Kudryavtsev models, respectively, than those based on the characteris-

tics at 10 cm. Ground physical parameters at a depth of 30 cm are there-

fore more representative of the entire profile, probably because they are

closer to half the depth between the ground surface and the base of the

active layer and, as such, they are close to their optimal values. Naturally,

this applies for uniform profiles such as in this study, but would be invalid

for multilayer systems, especially those consisting of materials in high

contrast to soil such as a surface layer of peat or shallow bedrock.

The higher accuracy of the Stefan and Kudryavtsev models on JRI

than in most other regions might therefore be attributed both to the

application of recent model enhancements56 and other modifications

improving their performance as well as to comparably lower temporal

variability of ground surface and subsurface parameters and to their rel-

atively homogeneous distribution across the profile. High model accu-

racy can also be assumed especially in other cold and dry regions of

Antarctica where ground physical properties, particularly water con-

tent, remain stable over the years. They might therefore help to better

understand the spatial variability of ALT as well as its sensitivity to cli-

mate changes there. Further testing of the models is, however, highly

desirable in more temperate and humid regions of maritime Antarctica.

6 | CONCLUSIONS

Study of the active‐layer thermal regime and thickness on Abernethy

Flats, James Ross Island, Eastern Antarctic Peninsula, in the period

March 2006 to February 2016 led to the following main conclusions:

1. Decadal MAAT and MAGT5 values were −7.3 and −6.1°C, respec-

tively, and the average modeled ALT reached 60 cm.

2. TheMAAT increased on average by 0.10°C y−1, but a negative trend

of −0.05°C y−1 was detected for MAGT5. The modeled ALT thinned

on average by 1.6 cm y−1, whichmainly related to a decrease in sum-

mer temperatures and to shortening of the thawing seasons. How-

ever, all the trends were statistically non‐significant at p < 0.05.
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3. The modeled ALT strongly and significantly correlated with summer

air and ground temperature. It also showed moderate, but mostly

non‐significant, positive correlations with annual as well as winter

air and ground temperatures.

4. ThemodeledALT based on ground physical parameters at a depth of

30 cm showed a mean absolute error of 2.6 cm (5.0%) and 3.4 cm

(5.9%) for the Stefan and Kudryavtsev models, respectively. This is

therefore the first validated outcome of these analytical models in

Antarctica. Their accuracywas, moreover, better than in most previ-

ous studies from the northern hemisphere, which is probably linked

to themodelmodifications, rather low temporal variations of ground

surface and subsurface characteristics, and homogeneous distribu-

tion of ground physical parameters within the active layer.

Our 10‐year series is one of the longest datasets of simultaneous air

temperature, ground temperature and ALT observations ever pub-

lished in the Antarctic Peninsula region as well as throughout the Ant-

arctica and it documents the short‐ to medium‐term climate variations

in the area. However, any trends should be taken carefully because

the time series remains too short to capture a reliable climate signal.

The Stefan and Kudryavtsev models have been demonstrated to

be simple tools that require a small amount of input data, while main-

taining high accuracy of ALT estimates. They have considerable poten-

tial for reliable reconstructions of ALT at a local scale as well as its

spatial modeling over Antarctica.
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