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Relict periglacial sorted nets are valuable indicators of past permafrost and climate states, but their field studies
are usually challenging due to high time requirements and poor visibility. This study therefore tests the suit-
ability of high-resolution digital elevation model and aerial photographs with a horizontal resolution of 0.5 m
and 0.2 m, respectively, to map and analyse the geometry of 2000 sorted nets from the Last Glacial Period at one
site in the Krkonose Mts., Czech Republic. Since the sorted nets occupy an area of ~1.79 ha, the density of their
network accounts for ~1117 cells per hectare. The sorted nets have a mean diameter of 3.46 + 0.83 m, a mean
height of 0.28 + 0.10 m, and a mean estimated sorting depth of 0.94 + 0.22 m. The number of sides ranges
between three and ten, but averages 5.99 + 1.13, and 83.4 % of the sorted nets are pentagonal to heptagonal,
and their sides mostly meet at three-way junctions at a mean angle of 119.9 + 25.6°. However, isometric sorted
nets are rather rare as a length-to-width ratio attains 1.47 + 0.28. The estimated sorting depth indicates that
permafrost superimposed by ~1 m thick active layer occurred at the study site at the end of the Last Glacial
Period. Generally, the remotely sensed parameters of the sorted nets are consistent with field data previously
collected at the same study site and literature reports including those on past regional environmental conditions.
This proves the utility of the high-resolution airborne data to map and analyse the geometry of large sets of
sorted patterns, which would be difficult in conventional field surveys. Consequently, remote sensing could bring
a wealth of new information on sorted patterned ground and its characteristics from past and present periglacial
landscapes, and aid in past permafrost and climate modelling. The collected dataset of the parameters of the
sorted nets could also have many other applications such as for choosing an effective sample size or the minimum
network size to be included in statistical comparisons in future patterned-ground surveys, and for validating
automated mapping and/or delineation tools and models of patterned-ground growth.

1. Introduction sloping terrains of polar, sub-polar, or alpine environments, but their

relict counterparts also occur in many temperate regions outside the

Periglacial sorted nets are regular alternations of fine and coarse
ground particles arranged in net-like patterns on the order of decimetres
to meters in size, which are produced by recurrent freeze-thaw-induced
processes that mainly operate under permafrost conditions (e.g., Bal-
lantyne, 2013, 2018; Warburton, 2013; Harris et al., 2018). Since the
patterned-ground development involves differential frost heave associ-
ated with mass displacements that may act on centennial to millennial
timescales (Hallet, 2013; Kaab et al., 2014), it also greatly affects surface
and subsurface water and energy fluxes, soil formation, vegetation
composition, and/or biogeochemical cycling (Walker et al., 2008; Ping
et al., 2015). Active sorted patterns mostly arise in level to moderately

current periglacial realm where climate was colder in the past (Wash-
burn, 1980; Ballantyne, 2013, 2018). Sorted patterned ground is
therefore a valuable indicator of present and past permafrost and
climate states (Goldthwait, 1976; Washburn, 1980; Grab, 2002; Bal-
lantyne, 2013, 2018).

Sometimes, sorted patterns are isolated, but more commonly they
occur in clusters that can have up to thousands of cells covering large
areas if the topography and sediment supply are favourable. However,
field explorations of such extensive assemblages are challenging due to
high time requirements and poor visibility of relict sorted patterns at
ground level. At most, tens to lower hundreds of cells have therefore
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been surveyed at individual sites by most studies (e.g., Ballantyne and
Matthews, 1982; Francou et al., 2001; Holness, 2003; Krizek and Uxa,
2013; Treml et al., 2010; Feuillet et al., 2012; Uxa et al., 2017). This
results in rather limited datasets, especially for relict sorted patterned
ground, which may not be fully representative and which usually consist
only of general and easily measurable parameters that are readily visible
from a ground perspective such as pattern length, width, or height.

Recent developments in the acquisition of high-resolution digital
elevation models (DEMs) and aerial photographs using unmanned aerial
vehicles, manned aircrafts, or satellites have made it possible to rapidly
collect a wealth of information on various landforms, including peri-
glacial ones, over extensive areas, which would be difficult by conven-
tional field methods (e.g., Smith and Pain, 2009; Smith et al., 2016;
Anderson et al., 2019). Notwithstanding that, remotely sensed data have
so far been used at a relatively few sites only to examine the occurrence
or dynamics of active to semi-active (Kaab et al., 2014; Dabski et al.,
2017; Berthling et al., 2020; Pereira et al., 2020) or relict (Evans et al.,
2017; Krizek et al., 2019; Mather et al., 2019; Groos et al., 2021) sorted
patterned ground. Detailed analyses of the geometry of large sets of
sorted patterns are not yet available. Most work on the geometry of
patterned ground has been made for active (Haltigin et al., 2012; Lou-
sada et al., 2018; Bernard-Grand’Maison and Pollard, 2018; Zhang et al.,
2018, 2020; Abolt et al., 2019; Bhuiyan et al., 2020; Witharana et al.,
2020, 2021; Rettelbach et al., 2021; Chiasson and Allard, 2022) and
relict (Andrieux et al., 2016; Ewertowski et al., 2017; Beerten et al.,
2021; Bertran, 2022) thermal-contraction-cracking polygons, which are
typically tens of meters in diameter and therefore easier to detect
compared to generally much smaller sorted patterns.

This study therefore tests the suitability of a region-wide high-reso-
lution DEM and aerial photographs for the manual detection and
delineation of a large number of sorted nets from the Last Glacial Period
(~115-11.7 ka) at one site in the Krkonose Mts., Czech Republic, and for
determining their surface geometry and estimating their subsurface
extent (~sorting depth). Consequently, it analyses the collected geo-
metric parameters of the sorted nets and their relationships, and eval-
uates them using field data and literature reports including those on past
regional environmental conditions.

2. Study area

The Krkonose Mts. are ~40 km long WNW-ESE oriented Variscan
fault-block mountain range (Chlupac et al., 2011) on the Czech-Polish
border (Fig. 1) that is composed of crystalline rocks (Chaloupsky et al.,
1989). The range is characterized by extensive forest-free summit
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surfaces of low relief at ~1300-1450 m asl, with mostly gentle hills and
saddles rising up to ~100-150 m above, which are dissected by deep
valleys (Migon, 1999). The mountains have repeatedly faced much
colder climate conditions during the Quaternary glaciations, which have
left a distinct periglacial imprint on summit plateaus (Traczyk and
Migon, 2000; Krizek, 2007; Krizek et al., 2010, 2019), whereas several
valleys exhibit glacier remodelling (Krizek et al., 2012; Engel et al.,
2014; Krause et al., 2022). Most periglacial features such as cryopla-
nation terraces, tors, blockfields, stone-banked lobes, sorted polygons,
nets, and stripes are believed to have developed and/or been last active
towards the end of the Last Glacial Period (Traczyk and Migon, 2000;
Traczyk, 2004; Krizek et al., 2010; Engel et al., 2021) in the presence of
permafrost (Czudek, 2005), but some seasonal-frost features such as
small-scale sorted circles, peat hummocks, ploughing blocks, or small
solifluction lobes are thought to have been active throughout the Ho-
locene (Sekyra and Sekyra, 1995; Krizek et al., 2010; Kfizek and Uxa,
2013).

The study was undertaken on the Luc¢ni plan plateau (15°41'8"E,
50°43'34"N, 1530 m asl; Fig. 1) where there is an extensive network of
relict sorted nets (Krizek, 2007; Krizek et al., 2019). The site is underlain
by Neoproterozoic muscovite-chlorite schists and phyllites (Chaloupsky
et al., 1989) that are covered with a sand-gravel regolith of low to me-
dium frost susceptibility (Sekyra and Sekyra, 1995). The sorted nets
(Fig. 2) are superimposed by podzolic soils with a continuous grass cover
(Kocianova and Sekyra, 1995), which indicate their long-term inac-
tivity. However, well-preserved elevated centres surrounded by distinct
troughs (Fig. 2) suggest that the sorted nets have been continuously
forest-free, as tree-root activity would have otherwise flattened them
(Sekyra et al., 2002; Treml et al., 2008). Cosmogenic 10ge exposure
dating of sorted polygons in the Krkonose Mts. and nearby Hruby
Jesenik Mts. indicated that those patterns developed at ~30-18 ka
(~most of the Marine Isotope Stage 2) with peak activity at ~25 ka
(~Last Glacial Maximum) (Engel et al., 2021), and we assume that the
sorted nets examined in this study had an analogous formation history.
The mean annual air temperature at the highest peak of the Krkonose
Mts., Mt. Snézka (1603 m asl), located ~4 km east of the study site, was
0.4 °C in 1961-1990 (Coufal et al., 1992) and 1.2 °C in 1981-2010
(Migata et al., 2016), and the mean annual precipitation was 1186 mm
in 1961-2017 (Pinskwar et al., 2019). Snow cover at the study site
usually lasts from November-December to April-May and can reach a
maximum thickness of up to ~1.5-2 m (personal observations from
2009 to 2021). Ground temperatures are poorly known, and the only
published and discontinuous series from two locations <1 km from the
study site suggest that the mean annual ground temperature at a depth
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Fig. 1. (A) Location of the Krkonose Mts. in Central Europe and (B) topography around the study site visualized using hillshade relief.
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Fig. 2. (A) Overview of the sorted nets at the study site and (B) their close-up view captured during a geophysical survey. Note the dense grass cover on the sorted
nets that hinders their recognition from a ground perspective despite the distinctive microtopography.

of 0.1 m was around 4 °C in 1999-2001 (Harcarik, 2002).
3. Data and methods
3.1. Remotely sensed data and mapping strategy

The sorted nets were examined using a LiDAR (light detection and
ranging) DEM of the Krkonose Mts. National Park (~550 kmz) with a
horizontal resolution of 0.5 m derived from a point cloud with a mean
density of 5 points per square meter acquired by airborne laser scanning
(Puchrik and Nydrle, 2013), which has an estimated vertical accuracy of
better than 0.18 m. Additionally, true-colour orthogonal aerial photo-
graphs of the Czech Republic with a horizontal resolution of 0.2 m from
the Czech Office for Surveying, Mapping, and Cadastre as well as two
sets of aerial photographs accessible from Google Earth™ were utilized.
The DEM subset for the study site was further used to derive rasters of
topographic position index (calculated for each grid cell as its elevation
minus the mean elevation within a radius of 2 m), slope inclination, and
hillshade relief (with default azimuth and altitude angle of the light
source of 315° and 45°, respectively) using ArcGIS 10.8 software (Esri
Inc., 2019), which were normalized to values between O and 1 as
follows:

/ x — min(x)

X =" @D)

ax(x) — min(x)’

where x’ is the normalized value of a grid cell, x is the original value of a
grid cell, and min(x) and max(x) is the minimum and maximum raster
value, respectively. The normalized rasters of inverse topographic po-
sition index and slope inclination were then subtracted from each other
to obtain two additional combined rasters in which the sorted nets were
more visible. Lastly, the rasters were refined by a cubic convolution
resampling for display in ArcGIS 10.8 (Fig. 3).

The sorted nets were visually identified through colour contrasts
between their centres and troughs discernible on the DEM-derived ras-
ters and the aerial photographs (Fig. 3). The mapping targeted a flat to
slightly inclined domain of ~1.79 ha where the sorted nets are most
distinct and where there are no strongly elongated patterns affected by
slope processes, which become dominant on slopes over ~4° in the
KrkonoSe Mts. (Krizek et al., 2019). There, a total of 2000 sorted nets
were manually digitized by one operator so that their outlines were
mostly drawn as single straight lines between pairs of polygon vertices
that ran through the centres of the troughs (Fig. 4), and these were
subsequently double-checked by another operator and amended by

consensus if necessary. Local deflections were not considered when
drawing the sides because they are small and the sides are short
(~several meters) so we believe that no information is lost while
increasing simplicity. Likewise, trough width was not considered
because it is at the order of the DEM resolution whose derivatives were
used as the primary basis for the identification and delineation of the
sorted nets. Also, the troughs mostly have V-shaped transverse profiles,
which means that their centres can be found easily, but the exact posi-
tion of their limits is mostly unclear.

3.2. Remotely sensed parameters of the sorted nets

Geometry of the delineated sorted nets (Fig. 5) was examined using
various tools available in ArcGIS 10.8. The horizontal geometry of each
sorted net was characterized by a length (~maximum horizontal cell
dimension), its azimuth, and a width (~largest cell extent perpendicular
to the length) using the RECTANGLE_BY WIDTH option of the Minimum
Bounding Geometry tool. Subsequently, a pattern diameter was calcu-
lated as an arithmetic mean of the length and width to describe a typical
horizontal dimension of each sorted net by a single value. A length-to-
width ratio was established to evaluate the pattern symmetry. Sorted-
net perimeter and area were determined using the Calculate Geometry
tool. Single polygonal objects representing the individual sorted nets
were then converted to polyline objects using the Polygon To Line tool
and these were further divided into single mostly straight lines using the
Split Line At Vertices tool. The number of these lines within each sorted
net was assumed to be the number of its sides. Since the sorted nets were
digitized by drawing single mostly straight lines between pairs of
polygon vertices, we believe that the number of sides is in almost all
instances equal to the number of neighbours. Side lengths and azimuths
were determined using Add Geometry Attributes tool, which also allowed
calculation of inner angles of the sides. Start vertices of the sides were
then converted to points using the Feature Vertices To Points tool and the
number of overlapping points was assumed to define the number of sides
that meet at each vertex (except for points on the outer perimeter of the
entire network of the sorted nets). The vertical geometry of each sorted
net was described by its height, and mean and maximum slope of its
surface, which characterize the elevation difference between the centre
and troughs and the steepness of the slopes in between, respectively, and
these were determined using the Zonal Statistics as Table tool on the basis
of the DEM and DEM-derived slope inclination. Lastly, a sorting depth
was estimated for each sorted net based on seventy-five published
diameter—sorting depth pairs for active sorted patterned ground, which
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Fig. 3. Normalized DEM-derived rasters of (A) topographic position index, (B) slope inclination, (C) slope minus inverse topographic position index, (D) inverse
topographic position index minus slope, (E) hillshade relief, (F) orthogonal aerial photograph from the Czech Office for Surveying, Mapping, and Cadastre, and (G, H)
Google Earth™ images used to detect and delineate the sorted nets. Note that the orientation and scale shown in (H) is the same for all panels.

have the Pearson correlation coefficient of 0.97 and yield the following
relationship (Fig. 6):

7z =0.2645d +0.02, 2)

where z [m] is the sorting depth and d [m] is the pattern diameter.

3.3. Field-based parameters of the sorted nets

Basic remotely sensed parameters of the sorted nets such as the
length, width, diameter, and height were validated using field-based
data previously collected for ninety-two sorted nets at the same study
site (Krizek et al., 2007, 2010, 2019; Treml et al., 2010). The sorting

depth was evaluated against published values from the study site
(Sekyra and Sekyra, 1995) and other locations in the KrkonoSe Mts.
(Kunsky and Zaruba, 1950; Sekyra, 1960; Kralik and Sekyra, 1969; Jahn,
1977; Sekyra et al., 2002) and also by an electrical resistivity tomog-
raphy (ERT) sounding performed at the study site. The ERT survey was
done on a 33.3 m long electrode array consisting of 112 nails with a
spacing of 0.3 m, which crossed eight complete sorted nets (Fig. 5). The
resistivity was measured using ARES II automatic resistivity system (GF
Instruments Ltd.) in the Wenner-Schlumberger and dipole-dipole elec-
trode configurations, which reached a maximum depth of ~6 m. The
raw data were then processed using the robust inversion scheme in
RES2DINV software (Geotomo Software) to produce a concatenated
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Fig. 4. Sample delineation of the sorted nets (orange polygons) in a subset of the study site based on the background raster of inverse topographic position index
minus slope inclination. Note that the orientation and scale shown in (B) is the same for both panels.

Fig. 5. Delineated network of the sorted nets (orange polygons) with the background raster of inverse topographic position index minus slope inclination. The yellow
dashed line delineates the electrical resistivity profile used to validate the estimated sorting depth of the sorted nets (see Sect. 3.3).

resistivity tomogram, which combines both electrode configurations
into a single output that better details the subsurface structures with
sharp boundaries, which occur at the study site.

3.4. Data analysis

The parameters of the sorted nets were characterized with simple
descriptive statistics such as an arithmetic mean, standard deviation,
coefficient of variation, median, minimum, maximum, and quantiles.
The length axes azimuths were classified into eighteen ten-degree wide
bidirectional sectors so that, for instance, the eastern azimuths (85-95°)
were considered equivalent to the western ones (265-275°). Probability
distributions of the parameters of the sorted nets were assessed using
probability density plots and their adherence to individual distributions

was tested by means of log-likelihood, and Akaike and Bayesian infor-
mation criterions using the fitdistrplus R package (Delignette-Muller and
Dutang, 2015). Relationships between the parameters of the sorted nets
were evaluated using the Pearson correlation coefficient tested at p <
0.001. Lastly, the number of observations required for the mean values
of the parameters of the sorted nets to be constantly below certain ab-
solute percentage errors (0.1 to 20 %) were searched by repeatedly
choosing the individual parameter observations in random order and
then computing their cumulative means. A hundred thousand random
combinations were simulated for each parameter to achieve stable
outputs for descriptive statistics and to determine the minimum data
dimension to yield significant results on the given network of sorted
nets.
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Fig. 6. Relationship between the diameter (d) and sorting depth (z) based on
seventy-five previously published values for active sorted patterned ground
(Troll, 1944; Furrer, 1955; Sekyra, 1969; Bunting and Jackson, 1970; Freund,
1971; Graf, 1973; Ellenberg, 1976; Ballantyne and Matthews, 1982; Ray et al.,
1983; Gleason et al., 1986; Hallet and Prestrud, 1986; Walters, 1988; Cook,
1989; Van Vliet-Lanoé€, 1991; Wilson and Clark, 1991; Wilson, 1992; Ballantyne
and Harris, 1994; Kiick, 1996; Grab, 1997; Kling, 1997; Humlum and Chris-
tiansen, 1998; Holness, 2003; Dabski, 2005; Uxa et al., 2017), which was used
to estimate the sorting depth of the sorted nets at the study site. The diagonal
black dashed lines indicate the theoretical range of the diameter-to-sorting
depth ratio of ~3.1-3.8 (Ray et al., 1983; Gleason et al., 1986; Hallet and
Prestrud, 1986; Krantz, 1990).

4. Results

4.1. Descriptive statistics of the remotely sensed parameters of the sorted
nets

The remotely sensed sorted nets have a mean length and width of
4.08 £ 1.02 m and 2.83 £ 0.75 m, respectively, which yields a mean
diameter of 3.46 + 0.83 m, and their mean side length reaches 1.93 +
0.92 m (Table 1). The smallest cell has a diameter of 0.97 m, while the
largest one attains 6.13 m; 90 % of the total sample are, however, be-
tween 2.12 m and 4.94 m. The centres of the sorted nets stand at a mean
height of 0.28 4+ 0.10 m above the bordering troughs, but range between
flat ones, which are as low as 0.04 m, and elevated ones, which rise up to
0.86 m (Table 1). The surfaces of the sorted nets have a mean slope of 5.5
+ 1.4° and a mean maximum slope of 11.4 + 3.4°; the highest maximum
slope is 26.2° (Table 1). The mean sorting depth estimated from the
remotely sensed diameter of the sorted nets using the Eq. (2) is 0.94 +
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0.22 m. It oscillates between 0.28 m and 1.64 m, but 90 % of the total
sample are between 0.58 m and 1.33 m (Table 1). Since the 2000 sorted
nets occupy a total area of ~1.79 ha, the density of their network ac-
counts for ~1117 cells per hectare, and their mean area is 8.95 + 4.28
m2. Whereas the smallest sorted net has an area of <1 m?, the largest one
achieves 28.5 m?. The mean cell perimeter equals 11.55 + 2.65 m
(Table 1).

The number of sides of the sorted nets ranges between three and ten,
but averages 5.99 + 1.13 (Table 1), and 98.2 % of them have four to
eight sides. Most of the sorted nets are hexagonal, 34.5 % of the total
sample; pentagonal and heptagonal sorted nets also occur abundantly,
representing 26.6 % and 22.3 %, respectively, while tetragonal and
octagonal ones account for 7.9 % and 6.9 % of the total sample,
respectively (Fig. 7). The sides predominantly meet at three-way junc-
tions at a mean angle of 119.9 + 25.6° (Table 1). Despite that, isometric
cells are rather rare, as a length-to-width ratio of the sorted nets attains
1.47 £ 0.28 (Table 1) and 4.6 % of them exhibit values larger than 2.
However, the length axes of the sorted nets have no preferred orienta-
tion and are rather evenly distributed across all the eighteen bidirec-
tional sectors (Fig. 8), which account for 4.2-7.2 % of the total sample.

4.2. Probability distributions of the remotely sensed parameters of the
sorted nets

Most of the parameters of the sorted nets (Table 1) are best
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Fig. 7. Frequency distribution of the remotely sensed number of sides of the
sorted nets.

Table 1

Descriptive statistics of the remotely sensed parameters of the sorted nets (n = 2000).
Parameter " o cy Pso Min Max Ps Pio Pys Pys Pyo Pys
Length [m] 4.08 1.02 0.25 4.03 0.98 7.79 2.48 2.78 3.39 4.75 5.40 5.82
Width [m] 2.83 0.75 0.26 2.79 0.90 5.18 1.66 1.89 2.31 3.34 3.83 4.16
Length-to-width [—] 1.47 0.28 0.19 1.42 1.01 2.92 1.11 1.16 1.26 1.62 1.84 1.98
Diameter [m] 3.46 0.83 0.24 3.43 0.97 6.13 2.12 2.40 2.87 4.01 4.56 4.94
Height [m] 0.28 0.10 0.37 0.27 0.04 0.86 0.13 0.15 0.21 0.35 0.42 0.46
Sorting depth [m] 0.94 0.22 0.24 0.93 0.28 1.64 0.58 0.65 0.78 1.08 1.23 1.33
Number of sides 5.99 1.13 0.19 6.00 3.00 10.00 4.00 5.00 5.00 7.00 7.00 8.00
Side length [m] 1.93 0.92 0.48 1.88 0.07 5.63 0.48 0.72 1.27 2.56 3.17 3.54
Side inner angle [°] 119.9 25.6 0.21 120.1 39.3 180.0 77.0 86.2 102.1 137.9 153.6 162.4
Perimeter [m] 11.55 2.65 0.23 11.52 3.59 20.7 7.20 8.17 9.72 13.28 14.92 16.09
Area [m?] 8.95 4.28 0.48 8.32 0.80 28.5 3.13 3.99 5.77 11.41 14.65 17.09
Mean slope [°] 5.5 1.4 0.25 5.5 1.6 10.6 3.2 3.7 4.5 6.4 7.2 7.7
Maximum slope [°] 11.4 3.4 0.30 11.3 2.5 26.2 6 7 8.9 13.7 15.9 17.2

u = arithmetic mean; o = standard deviation; ¢, = coefficient of variation; Pso = median; Min = minimum value; Max = maximum value; Ps, P10, P2s, P75, Pog, and Pgs

= 5th, 10th, 25th, 75th, 90th, and 95th percentile, respectively.
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Fig. 8. Frequency distribution of the remotely sensed azimuths of the length
axes of the sorted nets.

characterized by normal distribution (diameter, sorting depth,
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perimeter, side length, side inner angle, and mean and maximum slope
of the surface of the sorted nets) that may show a subtle skew to the right
(Fig. 9). Other parameters are somewhat more skewed and best fit
gamma (length, width, height, number of sides, and area) or lognormal
(length-to-width ratio) distributions (Fig. 9). The only exception is the
length axis azimuth, which is distributed uniformly (Fig. 8).

4.3. Relationships between the remotely sensed parameters of the sorted
nets

The parameters of the sorted nets are mostly significantly moderately
to highly correlated (Table 2). The highest correlation coefficients
mostly above ~0.90 exhibit such parameters as the length, width,
diameter, sorting depth, perimeter, and area (Table 2; Fig. 10). Corre-
lation coefficients of the other parameters mostly achieve ~0.30-0.70.
The only exception is the length-to-width ratio, which largely shows
much weaker and statistically non-significant correlations with the
other parameters of the sorted nets (Table 2), and we suspect this is
because the study site is generally flat and the length axes azimuths of
the sorted nets therefore have no preferential orientation, which causes
the length-to-width ratio to be more or less randomly related to most of
the other parameters. Most of the parameter associations are positive
linear (Table 2), but positive power function most closely fits the
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Fig. 9. Probability density of the remotely sensed parameters of the sorted nets along with their best-fit distribution functions.
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Table 2
Pearson correlation coefficients between the remotely sensed parameters of the sorted nets. Statistically significant correlations (p < 0.001) are shown in bold.
Parameter Length  Width Length- Diameter  Height  Sorting Numberof  Mean Mean side Perimeter  Area Mean Maximum
to-width depth sides side inner slope slope
length angle
Length 0.76 0.26 0.96 0.64 0.96 0.61 0.55 0.60 0.94 0.89 0.35 0.52
Width 0.76 —0.40 0.92 0.64 0.92 0.62 0.49 0.61 0.91 0.93 0.41 0.55
Length-to- 0.26 —0.40 - —0.02 —0.07 —0.02 -0.07 0.05 —0.08 —0.03 —0.12 —0.12 —0.10
width
Diameter 0.96 0.92 —0.02 - 0.68 1.00 0.66 0.56 0.64 0.99 0.97 0.40 0.57
Height 0.64 0.64 -0.07 0.68 - 0.68 0.40 0.46 0.40 0.70 0.67 0.79 0.84
Sorting depth 0.96 0.92 —0.02 1.00 0.68 - 0.66 0.56 0.64 0.99 0.97 0.40 0.57
Number of 0.61 0.62 —-0.07 0.66 0.40 0.66 - —0.22 0.97 0.64 0.67 0.20 0.32
sides
Mean side 0.55 0.49 0.05 0.56 0.46 0.56 —0.22 - —0.22 0.59 0.51 0.32 0.41
length
Mean side 0.60 0.61 —0.08 0.64 0.40 0.64 0.97 —0.22 - 0.63 0.64 0.20 0.32
inner angle
Perimeter 0.94 0.91 —0.03 0.99 0.70 0.99 0.64 0.59 0.63 - 0.97 0.42 0.58
Area 0.89 0.93 —0.12 0.97 0.67 0.97 0.67 0.51 0.64 0.97 - 0.39 0.56
Mean slope 0.35 0.41 —0.12 0.40 0.79 0.40 0.20 0.32 0.20 0.42 0.39 - 0.84
Maximum 0.52 0.55 —0.10 0.57 0.84 0.57 0.32 0.41 0.32 0.58 0.56 0.84 -
slope
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Fig. 10. Sample relationships between the remotely sensed diameter of the sorted nets and selected other parameters.

relationship of the cell area to most of the other parameters (Fig. 10).
Likewise, the number of sides positively linearly relates to most of the
other parameters; however, the mean side length tends to shorten as the
number of sides rises (Table 2, Fig. 11).

4.4. Relationships between the remotely sensed parameters of the sorted
nets and their number of observations

The absolute percentage error of the mean values of the remotely
sensed parameters of the sorted nets decrease exponentially with the
number of their observations (Fig. 12). Most of the parameters typically
require less than ~30 and ~30-100 observations for the absolute per-
centage error to be constantly below 10 % and 5 % of the mean

Number of sides

parameter value, respectively (Table 3). However, there are substantial
differences in the number of observations required among the individual
parameters of the sorted nets, and these increase as the errors decrease
(Fig. 12). The typical number of observations required for the absolute
percentage error to be constantly below 2 % therefore varies between
~100 and ~550, while for the error to be constantly below 1 % it mostly
spans as much as between ~350 and ~1200 (Table 3). The lowest
number of observations is needed for the length-to-width ratio and
number of sides, while the highest number of observations is required
for the height, side length, and area (Table 3).

(=

Mean side length [m]

o

Number of sides

Fig. 11. Sample relationships between the remotely sensed number of sides of the sorted nets and selected other parameters.
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Fig. 12. Number of observations needed for the mean values of the remotely sensed parameters of the sorted nets to be constantly below the given absolute per-

centage errors. The percentiles are reported due to highly skewed distributions.

Table 3

Median number of observations needed for the mean values of the remotely
sensed parameters of the sorted nets to be constantly below the given absolute
percentage errors. The medians are reported due to highly skewed distributions.

Parameter 20 % 15 % 10 % 5% 4% 3% 2% 1%

Length 2 3 7 29 46 82 178 570
Width 2 3 8 33 52 91 198 619
Length-to-width 1 2 4 16 26 47 106 372
Diameter 2 3 6 27 43 76 166 537
Height 4 7 15 64 100 173 354 927
Sorting depth 2 3 6 26 41 72 160 523
Number of sides 1 2 4 17 26 47 103 367
Side length 6 12 27 113 177 314 695 2386
Side inner angle 1 2 5 21 34 61 141 554
Perimeter 2 3 6 25 39 69 152 502
Area 6 11 27 107 164 275 533 1185
Mean slope 2 3 7 30 48 84 183 582
Maximum slope 2 4 10 43 67 118 251 734

4.5. Comparison of the remotely sensed and field-based parameters of the
sorted nets

The remotely sensed length and width of the sorted nets of 4.08 +
1.02 m and 2.83 + 0.75 m, respectively, differ on average by 0.06 m
(1.6 %) and —0.43 m (—13.2 %) from the values obtained by the field
surveys, which are 4.02 + 0.83 m and 3.26 + 0.76 m, respectively
(Fig. 13). The length-to-width ratio of the remotely sensed sorted nets is
1.47 + 0.28 compared with its field-based value of 1.26 + 0.22. A good

match between the remotely sensed and field-based parameters is for the
diameter of the sorted nets (Fig. 13), which equals 3.46 + 0.83 m and
3.64 + 0.75 m, respectively, corresponding to a mean difference of
—0.18 m (—4.9 %). On the other hand, the height of the remotely sensed
sorted nets is 0.28 &+ 0.10 m, while the height of those measured in the
field is 0.43 + 0.11 m, which results in a mean difference of —0.15 m
(—34.9 %) (Fig. 13). The variability of the remotely sensed and field-
based parameters of the sorted nets is similar, except for the length,
the standard deviations of which differ by 0.19 m. The parameters also
show the same types of probability distributions for both datasets
(Fig. 13).

The sorting depth of 0.94 + 0.22 m (Table 1) estimated from the
remotely sensed diameter of the sorted nets is generally consistent with
the sorting depth inferred from the ERT survey, which ranged ~0.5-1.8
m (Fig. 14). The ERT-based sorting depth also tends to increase with the
diameter of the sorted nets.

5. Discussion
5.1. Mapping of the sorted nets

The DEM-derived rasters and aerial photographs with a horizontal
resolution of 0.5 m and 0.2 m, respectively, used in this study (Fig. 3)
proved to be sufficiently detailed to identify and delineate most of the
sorted nets (Fig. 5). Poorly discernible patterns, however, occurred
locally, which was probably due to their too small diameters and/or
narrow troughs compared with the resolution of the remotely sensed
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Fig. 14. Electrical resistivity tomogram from the study site intersecting eight complete sorted nets delineated by their bordering troughs. The white dashed line

indicates the presumed sorting depth.

datasets, subdued relief of those sorted nets, and/or poor colour con-
trasts between their centres and troughs. The main sources of uncer-
tainty are therefore potential errors in the identification of the troughs
bordering the sorted nets and in the determination of the positions of the
trough centrelines introduced by the manual vectorization, which is
purely interpreter-dependent and inherently subjective. Nonetheless,
this is no different from conventional field mapping. Several pilot
studies have attempted to address this issue through fully- or semi-
automatic detection and/or delineation tools using remotely sensed
DEMs and aerial photographs, which had higher resolution than in this
study and were collected specifically for that purpose (e.g., Abolt et al.,
2019; Mather et al., 2019; Pereira et al., 2020; Zhang et al., 2018, 2020).
However, these procedures are still being tested and may show errors of
up to tens of percent for well-developed active patterned ground (Abolt
etal., 2019; Pereira et al., 2020; Zhang et al., 2018, 2020) and are likely
to be even less effective for relict one with subdued relief and/or
vegetation cover (Mather et al., 2019). Consequently, we believe that,
given the available datasets, the double-checked manual vectorization is
currently more viable for accurately mapping the sorted nets examined
in this study, albeit it is considerably time consuming.

5.2. Geometry of the sorted nets

The mean remotely sensed length, width, and diameter of the sorted
nets showed the difference of 0.06 m (1.6 %), —0.43 m (—13.2 %), and
—0.18 m (—4.9 %), respectively, from their field-based values measured
at the same study site (Krizek et al., 2007, 2010, 2019; Treml et al.,
2010). Given the horizontal resolution of the DEM and aerial photo-
graphs of 0.5 m and 0.2 m, respectively, this is better than expected,
especially for the length and diameter. This is likely due to the large
number of the remotely sensed sorted nets, which compensated for
random errors and converged the parameters to their true values
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(Table 3). On the other hand, the remotely sensed length and width of
the sorted nets were longer and shorter, respectively, than the field-
based ones (Fig. 13). Likewise, the mean remotely sensed height of the
sorted nets differed by —0.15 m (—34.9 %) from the field observations
(Krizek et al., 2007, 2010, 2019; Treml et al., 2010). This relates to the
horizontal resolution of the DEM of 0.5 m that smoothed the relief of the
sorted nets and caused an undervaluation of the maximum elevation of
their centres and, in particular, an overvaluation of the minimum
elevation of their troughs, as the latter are typically no more than a few
decimetres wide. Since the mean slope and maximum slope of the sorted
nets highly depend on the pattern height (Table 2), these parameters are
likely affected by the horizontal resolution of the DEM to a similar extent
as the height. The vertical accuracy of the DEM probably has minor
effect on the overall statistics of these parameters because we suppose
that it is the same throughout the study site and that the uncertainties
are random. We also suspect that the vertical accuracy of the DEM is
actually much better than 0.18 m, as the difference between the
remotely sensed and field-based height of the sorted nets is only —0.15
m, even though the DEM has a horizontal resolution of 0.5 m and the
mean diameter of the sorted nets is <3.5 m.

The above suggests that purposively collected DEMs and/or aerial
photographs with extremely high horizontal resolution in the order of
centimetres to a few decimetres acquired using terrestrial devices or
unmanned aerial vehicles, which have frequently been employed for
sorted patterned ground (e.g., Dabski et al., 2017; Mather et al., 2019;
Pereira et al., 2020), are not necessary for reliable mapping and analysis
of the horizontal geometry of patterns as large as those examined in this
study. On the other hand, higher-resolution DEMs would be needed to
better capture the relief of sorted patterned ground and to determine its
vertical parameters, such as height and mean or maximum slope, more
accurately than is now possible using manned aircrafts or satellites.
Notwithstanding that, we believe that the relations between the
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parameters of the sorted nets (Table 2) are generally valid because they
are in line with sparse field observations on both active (e.g., Grab,
1997; Holness, 2003; Uxa et al., 2017) and relict (e.g., Grab, 2002;
Krizek and Uxa, 2013) sorted patterned ground.

The sorting depth of 0.94 + 0.22 m (Table 1) estimated from the
remotely sensed diameter of the sorted nets is also plausible because it is
consistent with the sorting depth determined by the ERT survey (Fig. 14)
and with values previously published from the same study site and other
locations in the KrkonoSe Mts. based on excavations, which were typi-
cally ~0.4-1.0 m (Kunsky and Zaruba, 1950; Sekyra, 1960; Sekyra and
Sekyra, 1995; Sekyra et al., 2002) and the deepest ones achieved up to
1.5-2.0 m (Kralik and Sekyra, 1969; Engel et al., 2021). Likewise, the
diameter-to-sorting depth ratios of the sorted nets defined by the Eq. (2)
(Fig. 6) are close to those that can be derived from cross-section sketches
for several relict sorted patterns in the Krkonose Mts. as well as for active
sorted patterned ground from other regions (Fig. 15). Although the
variability of the sorting depth may seem high (Table 1; Fig. 9), its co-
efficient of variation of 0.24 is not far from its typical value of 0.17 +
0.09 that can be inferred from other publications on sorted patterned
ground (Warburton, 1987; Warburton and Caine, 1999; Boelhouwers
et al., 2003; Holness, 2003) (Fig. 16). This indicates that the probability
distribution of the sorting depth can be reasonably estimated from the
remotely sensed sorted patterned ground while overcoming two major
shortcomings of field surveys. Firstly, numerous excavations would be
required if the probability distribution of the sorting depth was to be
determined directly, which would be extremely laborious and in reality
impossible at the study site because it is under the highest level of nature
protection and excavations are now outlawed there. Secondly, the
sorting depth may be difficult to determine accurately even in excava-
tions, and if not, it may have changed due to millennial degradation of
the sorted nets. On the other hand, we believe that their horizontal
parameters, on the basis of which the sorting depth was estimated in this
study, have been largely retained since the sorted nets were last active
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Fig. 15. Comparison of probability density of diameter-to-sorting depth ratios
based on twelve values for relict sorted patterned ground in the Krkonose Mts.
(Sekyra, 1960; Sekyra and Sekyra, 1995; Sekyra et al., 2002) and seventy-five
values for active sorted patterned ground from other regions (Troll, 1944;
Furrer, 1955; Sekyra, 1969; Bunting and Jackson, 1970; Freund, 1971; Graf,
1973; Ellenberg, 1976; Ballantyne and Matthews, 1982; Ray et al., 1983;
Gleason et al., 1986; Hallet and Prestrud, 1986; Walters, 1988; Cook, 1989; Van
Vliet-Lano€, 1991; Wilson and Clark, 1991; Wilson, 1992; Ballantyne and
Harris, 1994; Kiick, 1996; Grab, 1997; Kling, 1997; Humlum and Christiansen,
1998; Holness, 2003; Dabski, 2005; Uxa et al., 2017). The vertical black dashed
lines indicate the theoretical range of the diameter-to-sorting depth ratio of
~3.1-3.8 (Ray et al., 1983; Gleason et al., 1986; Hallet and Prestrud, 1986;
Krantz, 1990).
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Fig. 16. Probability density of coefficient of variation of the sorting depth
inferred from published values at thirty-one sites with active sorted patterned
ground (Warburton, 1987; Warburton and Caine, 1999; Boelhouwers et al.,
2003; Holness, 2003). The blue vertical line represents the coefficient of vari-
ation of the sorting depth of 0.24 determined at the study site.

(sensu Hallet and Prestrud, 1986; Kessler et al., 2001; Peterson and
Krantz, 2008).

Other parameters of the sorted nets and their relationships cannot be
evaluated properly because they are difficult to determine by field
measurements, and therefore have also hardly been investigated for any
sorted patterned ground. Yet, the number of sides and side inner angles
of the sorted nets of 5.99 + 1.13 and 119.9 + 25.6°, respectively
(Table 1), are consistent with sparse field data and theoretical pre-
dictions on polygonal sorted patterned ground, which also peaked at six
sides and side inner angles of ~120° mostly forming three-way junctions
(Ray et al., 1983; Gleason et al., 1986; Kessler and Werner, 2003).
Similar values have also been found for active (e.g., Lousada et al., 2018;
Frappier and Lacelle, 2021) and relict (e.g., Bertran, 2022) thermal-
contraction-cracking polygons. The pronounced rightward skew of the
area of the sorted nets (Fig. 9) is consistent with sparse field data and
theoretical predictions (Kessler and Werner, 2003), and is characteristic
for many tessellated systems found in nature (Pineda et al., 2004; Xu and
Li, 2009). Likewise, the skew of some of the other parameters of the
sorted nets (Fig. 9) has been observed before, but usually much larger
than in this study (e.g., Ballantyne and Matthews, 1982; Francou et al.,
2001; Uxa et al., 2017). However, the latter observations may have been
affected by the fact that they were based on samples from multiple sites
with variable environmental conditions (Francou et al., 2001; Uxa et al.,
2017) or sorted patterns of different ages (Ballantyne and Matthews,
1982).

5.3. Palaeo-environmental and methodological implications of the study

Sorted nets over 1 m in diameter are thought to form under the mean
annual air temperature below —6 °C to —4 °C and in the presence of
continuous permafrost (Goldthwait, 1976; Washburn, 1980; Grab, 2002;
Ballantyne, 2013, 2018). Hence, the mean annual air temperature at the
study site is estimated to have been reduced by at least ~5-7 °C or
~6-8 °C during the Last Glacial Maximum, when the sorted nets pre-
sumably developed (cf. Engel et al., 2021), compared to 1961-1990 or
1981-2010, respectively. However, it must be stressed that this is a
minimum estimate, and indeed a slightly more pronounced decline in
the mean annual air temperature of at least ~6-10 °C or ~7-11 °C
compared to 1961-1990 or 1981-2010, respectively, has been sug-
gested previously for the summit area of the Krkonose Mts. (Heyman
et al., 2013; Engel et al., 2021).
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Since sorting depth is believed to be constrained by the freeze-thaw
depth at the time of patterned-ground development (Hallet and Pre-
strud, 1986; Ballantyne and Harris, 1994), 0.94 4+ 0.22 m thick active
layer (Table 1) likely superimposed permafrost at the study site when
the sorted nets formed. This is in line with previous suggestion of the
Last Glacial Maximum active-layer thickness in the summit area of the
Krkonos$e Mts. of 1 m (Jahn, 1977) and similar estimates based on sorted
polygons of 0.9-1.6 m (Engel et al., 2021). The knowledge of past active-
layer thickness has a considerable palaeo-environmental importance
because it can be further exploited for reconstructing past climate con-
ditions (Uxa et al., 2021).

The collected dataset of the remotely sensed parameters of the sorted
nets is also valuable for choosing an effective sample size for individual
parameters as well as for deciding on the minimum network size to be
included in statistical comparisons of multiple polygonal networks
because we showed that most of the parameters can be typically
determined with the absolute percentage error constantly below 10 %
and 5 % of the mean parameter value (for instance ~0.35 m and ~0.17
m, respectively, for the diameter of the sorted nets) already at ~30 and
~30-100 observations, respectively (Table 3). Obviously, the number of
observations required could be affected by spatial variations of the pa-
rameters of the sorted nets, but these are not related to elevation or slope
inclination, which is due to the relatively small extent of the study site
(~1.79 ha) and its flat and homogeneous topography. Consequently, we
believe that our analysis is robust and could be a useful guide for
increasing the effectivity and credibility of future remotely sensed as
well as field surveys of polygonal networks of similar appearance and
topographic context. Likewise, the knowledge of the probability distri-
butions of the individual parameters of the sorted nets (Fig. 9) has
important implications for the proper statistical treatment of their
limited samples, which may be so small that their probability distribu-
tions cannot be reliably determined.

Lastly, the collected dataset of the remotely sensed parameters of the
sorted nets can also be used to evaluate the accuracy of automated
mapping and/or delineation tools for sorted patterned ground (e.g.,
Mather et al., 2019; Pereira et al., 2020), which should definitely be
developed further because they can considerably reduce the time
required for the digitization and supress its subjectivity. Similarly, the
dataset can be used to test the models of patterned-ground growth, as
comprehensive datasets of pattern parameters, on which the models
could be tested, are not yet available.

6. Conclusions

Sorted patterned ground is an abundant feature in past and present
periglacial landscapes, but has so far been investigated mostly by field
methods. We demonstrated that the region-wide high-resolution DEM
and aerial photographs with a horizontal resolution of 0.5 m and 0.2 m,
respectively, allow to reliably map and analyse large sets of last glacial
sorted nets and to determine many of their geometric parameters, which
would be difficult in conventional field surveys. Basic remotely sensed
parameters such as the length, width, and diameter of the sorted nets
differ by less than ~13 % from the field-based values measured at the
same study site, whereas the height is ~35 % lower. Most remotely
sensed parameters of the sorted nets typically require ~30-100 obser-
vations for the absolute percentage error to be constantly below 5 % of
the mean parameter value. It can be expected that a higher-resolution
DEM would further reduce both the deviations and the number of ob-
servations needed. Besides that, the remotely sensed diameter of the
sorted nets can also be used to estimate the thickness of the past active
layer over permafrost, which was nearly 1 m at the study site during the
Last Glacial Maximum and the mean annual air temperature likely
declined by at least ~5-8 °C compared to the modern climate. Conse-
quently, remote sensing of sorted patterned ground can aid in past
permafrost and climate modelling.

Similar manually collected parameter datasets should be further
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used to validate automated mapping and/or delineation tools for sorted
patterned ground, thereby allowing its digitization over extensive areas
with less time and less subjectivity. This could bring a wealth of new
information on sorted patterned ground and its characteristics from past
and present periglacial landscapes, which is important for refining its
environmental limits as well as for enhancing its relevance as an indi-
cator of past permafrost and climate states. The collected datasets could
also be used to test the models of patterned-ground growth, which are
essential for better understanding the long-term dynamics of sorted
patterned ground and its environmental feedbacks.
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