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Abstract The aim of this study is geomorphometric
relief classification of a temperate latitude upland area in
Central Europe. The Silesian Upland represents diversified
structural relief which contains a fan-shaped configuration
of long thresholds and wide erosion depressions. A 20 m X
20 m digital elevation model (DEM) provided input data
for the analysis. The k-median method was applied to
examine morphometric variables of the relief. The aim of
these activities was to identify clusters with objects of
similar mathematical characteristics. These clusters were
the basis of landform classification. Smaller numbers of
clusters 4 transparently show hypsometric relationships.
Key elements of the morphology of the area were clearly
visible. The division into 6 clusters gives the best
results—a detailed but clear image of the morphological
diversity by distinguishing characteristic landform ele-
ments. The results for 8 clusters show significant back-
ground noise and are ambiguous, which makes them
difficult to identify. Our research has confirmed that the 4-
median method is a useful tool for landform classifications.
We determined optimal parameters of this method (filtering
window size, DEM resolution, number of clusters, aspect
influence).

Keywords /-median method, relief classifications, digital
elevation model (DEM), geomorphometry, Silesian Upland

1 Introduction

The earth’s surface is structured into landforms as a result
of the cumulative influence of many processes, mainly
geomorphic, geological, and hydrological. Landforms are,
therefore, widely recognized as natural objects that
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partition the earth’s surface into fundamental spatial
entities. Landform entities differ from one another in
terms of characteristics such as shape, size, orientation,
relief, and contextual position (MacMillan and Shary,
2009). Geomorphometry as a science of quantitative land
surface analysis proved to be helpful in recognizing
landforms. von Humboldt (1849) was probably the first
who defined geomorphometry (or rather morphometry) as
the characterization of landforms by quantitative descrip-
tions of the shape of the earth’s surface forms and by
quantitative measurements of the “physical constitution”
of the earth’s surface. This kind of analysis has become
possible with the development of precise measurement
techniques and the availability of high-resolution data like
digital elevation models (DEMs). Computer implementa-
tion and using DEMs have enabled very large areas
(sometimes difficult and not previously available for
mapping) to be classified morphometrically (see Guzetti
and Reichenbach, 1994). DEMs contain important geo-
morphological information about quantitative character-
istics of the Earth’s surface. A grid DEM stores elevation
values at regularly distributed points from which char-
acterizations of the form of the land surface can be
estimated (Pike, 1988; Moore et al., 1991; Mitasova et al.,
1996). Due to the diversity of landforms, the need for their
classification arose naturally. The concept of landform
classification as spatial taxonomy is not new and dates
back to the middle of the 20th century (Hammond, 1954,
1964; Van Lopik and Kolb, 1959; Wood and Snell, 1960),
but only the development of computers has enabled its
implementation. Computer landform classification can
give the geometric signature, “a set of measures that
describes topographic form well enough to distinguish
geomorphologically disparate landscapes” (Pike, 1988).
Landform mapping based on DEMs allows: much more
accurate and objective representation of forms, including
their boundaries, the analysis of large areas, and
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comparisons between different regions. The issues of
morphometric studies in geomorphology are still important
and research problems related to automatic landform
classifications are still valid. Many landform classification
methods have been created (e.g., Dikau et al., 1991,
Azanon et al. 2004; Dragut and Blaschke 2006; Iwahashi
and Pike, 2007; Deng, 2007; Minar and Evans 2008; Tang
and Li, 2008; Mentlik and Novotna, 2010; Dragut and
Eisank, 2011 and 2012; Dragut et al., 2013; Jasiewicz and
Stepinski, 2013). Moreover, many other geomorphometric
studies use DEMs: a new approach to crater detection (Luo
et al., 2013), automatic detection and identification of
watercourses (Broersen et al., 2017), gully boundary
extraction based on multidirectional hill-shading from
high-resolution DEMs (Yang et al., 2017), object-based
classification of global undersea topography and geomor-
phological features (Dekavalla and Argialas, 2017),
LiDAR data analysis detecting subtle landforms of slope
failure (Ortufio et al., 2017), new object-based methods for
the semi-automated extraction of drumlins footprints
(Jorge and Brennand, 2017), a new approach to the
openness index for landform characterization (Alonso-
Sarria et al., 2018), and the identification and quantitative
analysis of the remnants of planation surfaces (Liu et al.,
2019). This work follows the trend of geomorphometric
research of relief on the basis of DEMs (see also Szyputa,
2017).

The germ of the idea of our research was Tobler’s First
Law of Geography (Tobler, 1970): “Everything is related
to everything else, but near things are more related than
distant things”. We decided to analyze whether mathema-
tical similarity of morphometric parameters inside given
groups reflects morphological similarity. The authors
decided to use a method which provides an analysis
using multiple variables collectively. Such a method is
called clustering, which is defined as a process of putting
data into clusters (groups) of similar types using some
physical or quantitative measures. One of these clustering
methods is the k-median, which is a modification of the
more common k-mean method. The k-median method
belongs to the group of non-supervised methods; it is a
preliminary analysis method allowing similarities occur-
ring in the data themselves to be identified. It is an
objective tool that allows grouping results into different
numbers of groups (different values of k) in statistical
terms. This is a completely different approach than the
classic landform classifications often used in geomorpho-
metry. Usually, we first need expert knowledge to set
parameters. In the k-median method, the algorithm
exploring the data first works, the result can be evaluated
in statistical terms, and only at the end the result is
evaluated and interpreted by the expert. Thanks to this, we
introduce the element of subjectivism at the end of the
analysis, not at the beginning of the analysis. Earlier works
with this method for a mountain region with height
differences up to 1000 m (Wieczorek, 2008; Wieczorek

and Migon, 2014) and medium-altitude mountainous
region with altitudes of 1300-2500 m (Piloyan and
Konec¢ny, 2017) demonstrated the method’s effectiveness.
The obtained results showed principal features of mor-
phology well. We decided to check if the k~-median method
would also work for a temperate latitude upland area.

The main goal of this study was geomorphometric relief
classification of the Silesian Upland. The direct result of
these analyses was the classification of landforms divided
into 4, 6, and 8 classes. The area of the Silesian Upland is
an interesting region with diversified topography. Unfortu-
nately, there is no current study of the entire Silesian
Upland relief and landform classification based on DEM
could fill this gap of knowledge. Existing geomorpholo-
gical studies of the Silesian Upland have two major
limitations. The first is that, although previous maps cover
the entire Silesian Upland, the scales are too small, i.e.,
1:2000000—-1:500000 (Klimaszewski, 1947; Kondracki,
1951; Starkel, 1980; Gilewska and Klimek, 1997). The
second limitation is that there are many detailed analyses
but they cover only small fragments of the Silesian Upland
(Hornig, 1955a and 1955b; Kara$ and Starkel, 1958;
Klimaszewski, 1959; Kara$-Brzozowska, 1960 and 1963;
Gilewska, 1963; Klimek, 1966; Zmuda, 1973; Chmal,
1976; Szczypek, 1977; Jania and Szczypek, 1980;
Lewandowski, 1982; Bukowska-Jania, 1983; Szczypek,
1986a and 1986b; Lewandowski, 1987; Szczypek, 1988;
Szczypek and Wach, 1991, 1992 and 1993; Dulias, 1994
and 1995; Jania et al., 2014).

This paper focuses on the methodological aspect
associated with the use of the k-median method. In
particular: 1) verification of the use of aspect as an
important DEM derivative in the k&~-median calculations, 2)
testing optimal parameter settings of the analyses (filtering
window size, DEM resolution, the number of clusters,
etc.), and 3) comparison of the reliability of the results with
a different classification method (Topographical Position
Index) by Weiss (2001) and with geomorphological and
geological maps and hypsometry.

2 Study area

The first research area was a fragment of the Silesian
Upland—known as the “test area”, in which initial
preliminary computational experiments were carried out.
The test area was 20 km x 30 km and would serve as a
well-recognized representative area, showing the relief
diversity of the Silesian Upland. Secondly, this area was
material in checking optimum parameter settings of the k-
median method to obtain satisfactory results in subsequent
steps.

The main study area of this research was the whole
Silesian Upland. This region is located in southern Poland
within the watershed of the two largest Polish rivers: the
Odra in the west and the Vistula in the east (Fig. 1). The
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Fig. 1 Location and hypsometry of the Silesian Upland and test area.

current geographical units for the whole of Poland are the
result of geomorphological (Galon, 1972; Klimaszewski,
1972; Gilewska, 1986) and regional divisions (Kondracki,
2001). The boundaries and extent of the study area were
proposed by Szaflarski (1955) and Gilewska (1986), who
identified the Silesian Upland based on morphological,
hypsometric, and geological criteria. The eastern border of
the Silesian Upland is defined as the Upper Jurassic
threshold (part of the Cracow-Czgstochowa Upland); the
southern border runs along the Krzeszowice Graben and
the Vistula River valley; in the southwest the Silesian
Upland borders the Raciborz Basin; the western boundary
coincides with a 200 m a.s.l. contour line passing through
the Silesian Lowland and the northern border is defined by
the depression along the upper Warta and Prosna rivers.
The Silesian Upland is the most westerly protruding
segment of the middle-Polish uplands (Gilewska, 1972)
which occurs in the form of asymmetric tectonic uplift.
Geologically, it is monoclinal in structure. The Silesian
Upland consists of Paleozoic and Mesozoic deposits with
variable erosional resistance, dipping toward the north-
east, which created convenient conditions for the devel-
opment of structural relief (Gilewska, 1999a). Morpho-

genetically, this area represents past glaciated areas with
transitional characteristics at the limits of the South-Polish
glaciation (Sanian= Mindel) and the Middle-Polish
glaciation (Odranian= Riss) (Gilewska, 1999b). The
study area was invaded twice by the Scandinavian
inland-ice (Mindel, Riss).

The Silesian Upland occupies an area of approximately
6500 km?. It is a region with diversified relief (elevation
range: 180 m to 440 m, mean: 288 m a.s.l.). Among its
characteristic relief features are: asymmetry in the NW-SE
cross-section; a radial arrangement of younger-age struc-
tural thresholds (Middle-Triassic, Upper-Triassic, Middle-
Jurassic, Upper-Jurassic) with the highest elevations in the
east and the lowest ones in the north and west (Fig. 1). The
analyzed area consists of a fan-shaped configuration of
long cuestas and wide erosion depressions. These often
divided cuestas are present in the central and northern parts
of the Upland. They are large-scale forms (50-90 km
long), with relative heights of about 100-150 m. They are
characteristic of undulating plateaus as well as broad ridges
and hills. These forms are mainly composed of resistant
carbonate rocks: Triassic and Jurassic limestones, dolo-
mites, marls, and sandstones. Wide depressions and basins
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between these cuestas are drained by the major rivers of the
region. They are widespread flat or slightly undulating
areas filled with clay sediments, clays, and Pleistocene
glacial tills, sands, and gravels that reach up to tens of
meters in thickness.

The Silesian Upland is an example of structural relief—
the character of the landforms reflects their internal
geological structure (mainly resistance) (Szyputa, 2009).
This area is a typical mid-latitude upland and, thus, it can
be compared with similar regions in Europe (Parisian
Basin, London Basin, Swabian-Franconian Basin, Weser
river basin) (Klimaszewski, 1991).

3 Data and methods
3.1 Source data

The quality of digital data— as the core material for later
analysis — is the key item which provides reliable results.
Even the most sophisticated geomorphometric algorithm
will not fix artifacts and errors in the input DEMs. The best
results are obtained from homogeneous material at good
resolution. A DEM of Poland (DTED-2, 2001) with an
accuracy approaching that of topographical military
1:50,000 scale maps (Czajka, 2009) was the basic data
used for this study. This DEM has a spatial resolution of 25
m X 25 m. The assumed absolute horizontal accuracy
is <23 m and vertical accuracy is<12—18 m (DMA,
2000), but our tests have shown much higher accuracy
(vertical accuracy approx < 3.5 m).

Due to the fact that the DTED-2 model contains only
meter integer values, the height varies in a discrete manner.
To ensure surface continuity, its transformation to real
values was performed as proposed by Urbanski (2012).
The procedure was as follows: 1) a value of 0.5 was added
to each DTED-2 cell; 2) from the processed DEM above, 1
m interval contours were generated; 3) information about
the river system and water bodies was derived from the
Digital Map of Hydrographical Division of Poland (MPHP,
2010); and 4) an interpolation using Topo-to-Raster in
ArcGIS was performed (which is based on an ANUDEM
model —the best method for interpolating terrain eleva-
tions (Hutchinson, 1989 and 2011) using 1-m contours and
vector data of rivers and water bodies. This resulted in a
continuous hydrologically corrected new DEM with
20 m x 20 m resolution. This resultant DEM became the
basis for final calculations.

3.2 Morphometric parameters

As Dikau (1989) claimed, an accurate morphometric
classification may be performed using four basic para-
meters obtained from a DEM (slope, aspect, plan, and
profile curvatures). These four primary local attributes
(Wilson and Gallant, 2000) were derived from the DEM

using proper transformations available in ArcGIS software
(ESRI, 2017). True height as one additional data set was
calculated from the DEM. True height (elevation range)
was evaluated in 5 x 5 raster cells (e.g., 100 m x 100 m),
as this best captures the natural amplitude of topography.
The median filter was used for all variables (excluding
aspect) to remove random isolated extreme values of
morphometric variables. For aspect, regular median
function could not be applied due to its directional nature.
Instead, an average vector was calculated. This filtration
did not have any impact on the statistical distribution. The
result of these transformations was a set of layers,
subsequently subject to final clustering.

3.3 Statistics of morphometric variables

Table 1 presents descriptive statistics of values for the six
data sets for the whole Silesian Upland and the test area.
The statistics for the Silesian Upland show an asymmetry
of data values frequency distribution. Even if the mean is
equal to the median value (as for plan and profile
curvature), it is caused by a huge number of raster pixels
with a value close to the median value, which is proved by
a very high value of kurtosis. Skewness is extremely low or
high for both curvature parameters, which suggests
asymmetric distribution (although the asymmetric factor
is one of the lowest in this set of data). The most symmetric
variable in this case is the initial altitude. Wieczorek (2011)
showed that the size of input data influences the results of
k-median clustering. Therefore, descriptive statistics were
calculated also for the test area. The conclusions are similar
to the previous ones for the Silesian Upland. The mean and
median values are equal for plan and profile curvature
which have extreme values of skewness and kurtosis.
Moreover, DEM statistics of the test area are similar to the
entire Silesian Upland area, as well as for slope and
aspect—i.e., the test area is a good representative area for
the whole of the Silesian Upland.

3.4 k-median method

The authors searched for a method which provides an
analysis of variables collectively, not separately. Therefore,
a method which can be used in a multidimensional analysis
was needed. Data mining is the process of analyzing huge
sets of data from different perspectives. Clustering is
defined as a process of putting data into clusters (groups) of
similar types using some physical or quantitative measures
(Larose, 2005). One of these clustering methods is the .-
median, which is a modification of the more common k-
mean method. The goal of k-median clustering is to
separate data into distinct clusters based on data differ-
ences using medians as measures of each subset center.
The k-median method is robust to outliers and results in
compact clusters, while the k-mean is easily affected by
outliers. In sets of data describing relief and its morpho-
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Table 1 Descriptive statistics of Silesian Upland and test area

Variable Statistics of area Silesian Upland Test area
DEM Min 176.02 217.03
Max 436.26 400.31
Mean 267.94 288.68
Median 266.01 282.29
Skewness 0.27 1.19
Kurtosis -0.26 1.34
Asymmetric Factor 0.04 0.24
True height Min 0.00 0.00
Max 36.47 36.47
Mean 1.20 1.67
Median 0.85 1.25
Skewness 3.60 2.89
Kurtosis 27.43 20.73
Asymmetric Factor 0.26 0.22
Slope Min 0.00 0.00
Max 45.05 45.05
Mean 1.36 1.91
Median 0.97 1.44
Skewness 3.54 2.96
Kurtosis 26.67 23.31
Asymmetric Factor 0.26 0.21
Aspect Min 0.00 0.00
Max 360.00 360.00
Mean 183.76 177.63
Median 195.21 183.69
Skewness -0.14 —-0.06
Kurtosis -1.14 —-1.03
Asymmetric Factor -0.17 -0.12
Plan Curvature Min -10.69 —10.69
Max 7.62 7.62
Mean 0.00 0.003
Median 0.00 0.001
Skewness -8.93 —-8.65
Curtosis 3593.43 2210.70
Asymmetric Factor 0.09 0.12
Profile Curvature Min —-10.48 —-10.48
Max 8.89 8.89
Mean 0.00 0.003
Median 0.00 0.001
Skewness 8.25 6.44
Curtosis 1990.34 817.89
Asymmetric Factor 0.03 0.08

metric parameters, the data are very seldom symmetric (see
Evans, 1972; Evans and Cox, 1999; Wieczorek and
Migon, 2014). The method was expected to handle
directional variables, such as aspect, in an appropriate
way. Therefore, the k-median method with the Manhattan
metric system was chosen for multidimensional clustering
of morphometric parameters. The clustering algorithm was
described in Wieczorek and Migon (2014). All variables
have the same importance in evaluating the distance to the
cluster center, so the values are standardized by using
standard deviation. An observation is, thus, a six-
dimensional vector of six filtered morphometric variables
for each pixel. Cluster analysis was performed using
software specially prepared for this operation.

4 Experiments

As demonstrated by Wieczorek (2011), the results of
operations on digital data (terrain models) are “sensitive”
to changes in the input parameters settings. Therefore,
prior to the calculations for the entire Silesian Upland,
initial measurements were conducted in different variants
in small test areas. First, 5 test fields of 2 km x 2 km were
selected in a well-recognized topography. Each test field
represented different kind of relief (Fig. 2):

[ — an area of residual hills due to rock hardness (Lower-
Triassic dolomites and marls) on river terraces, with local
relief of <100 m.

I — flat and wide low depression after sand mining
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Fig. 2 Test area with the test fields.

(Pleistocene and Holocene sands and gravels), nowadays
filled with water, consisting in part of an artificial river
channel.

II — a plateau cut by floodplain terraces and a small
fragment of a planation surface in watershed setting, hills
with numerous pits and quarries (local relief <50 m); low-
and mid-Triassic sandstones, marls, and dolomites.

IV — fragments of floodplain and river terraces within a
plateau which form a high river bank near an artificial river
channel (local relief< 54 m); low- and mid-Triassic marls
and dolomites and covered by Pleistocene glaciofluvial
sands and gravels.

V — fragments of small plateaus (mid-Triassic dolo-
mites) cut by artificial river channels (filled with Holocene
and Pleistocene glaciofluvial sands and gravels) with
floodplain terraces and small fragments of planation
surfaces (local relief<63 m).

The next step was selecting the optimal computational
settings which give the best results. Based on previous
research (Wieczorek, 2008), the authors decided to use
clustering into 4, 6, and 8 clusters (Table 2). In all the
experiments we used the same morphometric variables, but
they were defined by various settings of input parameters.
Because of a high level of mosaic (background noise) in
the output maps, different types of filtering (median, focal
statistics, and block statistics) were tested. Therefore, for
each of the 7 named experiments, a dozen or so alternative
computational variants were made. Table 3 shows
exemplary settings of selected variants of these experi-
ments.

Thirdly, the results were assessed. All the results were
thoroughly examined at a large scale using shaded relief
raster (from DEM), the topographical maps, and topo-
graphy knowledge of the test fields. The experiments

Table 2 Sum of square between clusters for different number of
clusters

Number of clusters (k) 4 5 6 7 8
BSS* 20.50 26.28 31.65 37.44 44.40
BSS/k** 5.13 5.26 5.27 535 5.55

Notes: *BSS = blind source separation value; **k = number of classified groups

assessment proves that the results were frequently highly
generalized (ex 1A, 1B), with a large share of background
noise (ex 2), block statistics resulting in artificial image
divisions (ex 3), and too coarse final resolution (ex 4). The
best results were obtained from the settings of experiment
5. The determined clusters properly describe the relief of
the test fields for 4 and 6 clusters. Table 1 contains statistics
of the morphometric variables for the entire area (Silesian
Upland) and the test area according to the settings of
experiment 5. (Fig. 3). The division into 8 clusters is
dubious — in some parts it looks better than the division
into 6 clusters, and in others much worse. However, at this
stage all the three divisions into 4, 6 and 8 clusters were
kept. Moreover, it can be observed that the application of
median filtering successfully removed background noise.
Better results were achieved when the median filtering
window was the same size as the basic analysis window (in
experiment 5 we have the same size 7x7 cells). This is
probably a mathematical consequence of the applied
analysis window size.

5 Results

5.1 Landform classification

The results of landform classification of the Silesian
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Table 3 Input parameters of the selected variants of experiments

Experiment Input DEM Size of filter Number of Morphometric Additional Final raster

number resolution window (grids) clusters variables* function resolution

1A 50 mx50 m 5x5 4,6,8 h, s, a, p, pc median filtering 50 mx50 m
3 x3)

1B 50 mx50 m Tx7 4,6,8 h, s, a, p, pc median filtering 50 mx50 m
(3 x 3)

2 20 mx20 m 5%5 4,6,8 h, s, a, p, pc median filtering 20 mx20 m
(3 x 3)

3A 20 mx20 m 3x3 4,6,8 h, s, a, p, pc focal statistics-median 20 mx20 m
3 x3)

3B 20 mx20 m 3x3 4,6,8 h, s, a, p, pc block statistics-median 60 mx60 m
(3 x 3)

4 20 mx20 m 5%5 4,6,8 h, s, a, p, pc focal statistics 100 mx 100 m
(5 x5)

5 20 mx20 m Tx7 4,6,8 h, s, a, p, pc median filtering 20 mx20 m

7x7

Notes: * h—true height, s—slopes, a—aspect, p—profile curvature, pc—plan curvature

6 clusters 4 clusters

8 clusters

Fig. 3 Results of experiment no. 5 (I-V numbers of test fields).

Upland are described for each cluster and a list of all
distinguished landforms is presented in Table 4. To define
the distinguished landforms in the clusters we applied a
proposal of morphological type (topographic position)
classes of Speight (1990) and, additionally, the latest
geomorphological map (Jania et al., 2014) which included
approximately 20% of the study area.

At the beginning, one has to state that clusters with the
same name (A, B, C, etc.), but in different divisions (4, 6, 8
clusters) do not correspond to each other exactly (e.g.,
cluster B within 4 clusters does not match cluster B within
6 or 8 clusters). These clusters may be more or less similar,
but will never be exactly the same due to the differences in
the method of calculating the similarity (i.e., similarity is
defined differently for a smaller number of clusters than for
a bigger one).

Regardless of the number of clusters, the application of
the k-median method showed proper differentiation of the
Silesian Upland morphology. Landform classification
reflected the main features of the study area and the
conducted calculations allowed to draw up their quantita-
tive characteristics. Although the clusters consist of
different landforms (see Table 4), each cluster is a set of
fragments of the study area with similar mathematical
characteristics, which resulted from the calculated vari-
ables.

The whole set of data contains 6 rasters of 16.5 million
pixels each and is divided into 4, 6, and 8 clusters
respectively. Table 5 contains general statistics of each
variable in a particular cluster. Regarding aspect, we can
see that each cluster has the same range of data from 0 to
360 degrees. Differences can be observed in the mean
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Table 4 Landform classification in divisions into 4, 6, and 8 clusters
Cluster Distinguished landforms and occupied area
name 4 clusters (%) 6 clusters (%) 8 clusters (%)
A - plains 43.6 - plains 28.6 - lower-slopes 23.6
- wide depressions - plains
- big valleys
- valley bottoms

B - ridges and peaks 11.2 - upper-slopes 5.5 - steep slopes 4.1

- steep slopes - steep slopes - fragments of ridges

- deep valleys - ridge-lines

escarpments escarpments
C - incisions 22.9 - flow-lines 10.7 - lower-slopes 11.8

- flow-lines - small valley bottoms - valley bottoms

- thin valleys - lower-slopes

- lower-slopes

- lower-slopes 22.3 - slopes 27.6 - plains 25.1
E - - - mid-slopes 12.8 - mid-slopes 7.1

- - - low ridges 14.9 - hill-tops 4.8
- peaks - peaks
G - - - - - lower-slopes 13.0
H - - - - - small hills 10.5
- little ridges

Total: 100.0 100.0 100.0
value and standard deviation according to the rule that the  aspect. This cluster includes flat terrains, — plains and/or

more classes are used, the lower the standard deviations
can be observed while the differences between mean
values are more significant.

The minimum values of the DEM in all clusters are very
similar and the maximum values exceed 400 m, excluding
cluster A in the divisions of 4 and 6 clusters. Clusters A, B,
C, and D have a similar range, mean value, and standard
deviation in all divisions. This tendency does not exist for
true height and slope.

Profile and plan curvature values that concentrate around
zero are independent of cluster and division, although the
largest dispersion of values is visible in clusters B and E,
which is indicated by the standard value in these clusters.
Considering all divisions and variables, cluster B is the
least homogeneous one.

The above relief classification (due to its specificity, i.e.,
mathematical homogeneity) indicates the elements of
landforms (i.e., lower-slope, fragments of upper ridges,
etc.) rather than entire landforms in the classic approach. In
this perspective, classification of relief can be used as a
quick and objective tool to create maps presenting spatial
relations between relief elements and quantitative char-
acteristics of individual clusters (see Table 3).

5.1.1 Results for 4 clusters

Observations from cluster A (Fig. 4(b)) have the smallest
mean height (256 m) and true height (24 m), very small
slopes (mean 0.5°), curvature nearly 0, and a north-western

very wide depressions, which are located in large valleys
and valley bottoms (Mata Panew Valley, Liswarta Basin,
Goérna Warta Basin). Cluster A appears with the highest
frequency and accounts for almost half of the area (43%).

Cluster B has the highest mean height (292 m) and true
height (35 m), very large slope values (max 44°, mean
3.7°), curvatures slightly below and above zero, and a
north-eastern aspect. Cluster B represents the highest areas
of the Silesian Upland — mainly ridges and peaks (Mid-
Triassic Escarpment, Tarnowskie Gory Ridge, Jaworzno
Hills, Mikotow Edge). There are also steep slopes in deep
valleys and escarpments. This cluster occupies 11% of the
area.

Cluster C has a mean height of 277 m and true height of
36 m. Slope values are the largest (max 45°, mean 2.0°),
curvatures are around zero, and the cluster has a north-
eastern aspect. It follows incisions, flow-lines, and narrow
valleys (or valley axes). There are also lower-slopes in
places. This cluster constitutes 23% of the area.

Cluster D includes observations with the mean height of
269 m and true height of 36 m. Mean slope values are 1.2°,
curvatures around zero, and it has a north-eastern aspect.
Cluster D represents lower-slopes, adjacent to high ridges
and hills. This cluster occupies 22% of the area.

5.1.2 Results for 6 clusters

In the classification into six clusters (Fig. 5(b)), observa-
tions from Cluster A (just like those divided into 4 clusters)
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(a)

(b)

Fig. 4 Results for 4 clusters without aspect (a) and with aspect (b).
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Fig. 5 Results for 6 clusters without aspect (a) and with aspect (b).

refer to the lowest places of the study area (max 378 m,
mean 254 m) and true height (24 m). This cluster includes
flat areas and plains, as confirmed by the lowest mean
slopes (0.4°) and both curvatures with zero values. A NNE
aspect (17°) dominates in these areas. This class again
occupies the largest area of all clusters (29%).

Cluster B comprises the highest and the steepest parts of
the study area, with absolute heights of 436 m, a mean of
290 m and local relief of 36 m. It represents mainly higher-
slopes, ridge-lines, and escarpments with a mean aspect
vector toward the NE (48°). These observations have the
highest slope values of all clusters (maximum 48° and
mean 4.4°). This cluster occupies merely 5% of the area.

Cluster C is formed by flow-lines, small valleys, and
sometimes lower parts of slopes with maximum heights of

403 m, the mean of 272 m, and true heights of only 14 m.
The dominant aspect vector is to the NE (32°), and
maximum slope values are merely 7°. This cluster occupies
around 11% of the area.

Gentle slopes (mean 1°) of a NE aspect (55°), which
highlight the greatest elevations of the area about the
direction of NW-SE (Fig. 5), occur in Cluster D. Both the
mean height (263 m) and true heights (17 m) are small. The
plan and profile curvatures are zero, and the whole cluster
occupies over one quarter of the area (27%).

The last two clusters (E and F) often appear side by side:
Cluster E mostly consists of mid-slopes, and Cluster F is
formed by low ridges and peaks. Both have the same NE
mean aspect. Both clusters are present at similar heights
(mean 273-288 m) and true heights (36 m). Mean slopes in
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Cluster E (3°) are greater than in Cluster F (1.4°). Cluster F
has a curvature of zero, while Cluster E—with slightly
positive profile curvatures, probably indicates planar
hillslopes. Both clusters cover slightly more than one
quarter of the total area (28%).

5.1.3 Results for 8 clusters

As a final option the area was divided into eight clusters
(Fig. 6). As in the divisions above — Cluster A consists of
flat areas and lower-slopes, mainly west-oriented (mean
286°). Again, these are the lowest-lying areas (mean 255
m), although they have a significant local relief (36 m). The
mean slope is 0.5° with a curvature of zero, which agrees
with the flatter lower-slopes. This cluster covers 23% of the
area.

Cluster B forms the smallest area of all clusters (only
4%), because it consists of steep slopes occurring in
narrow valleys and fragments occur from the west to
eastern large ridges (Fig. 6). This cluster reaches the
maximum height (436 m) for the study area (the average
height amounts to 289 m with a predominant NE (43°)
aspects). This cluster has the highest average true heights
(4.5 m) and the highest mean slopes (above 4°). It shows
slight positive plan curvatures and negative profile
curvatures, which confirms the nature of narrow ridges
and rock ribs.

Observations from Cluster C include lower-slopes and
narrow valley bottoms covering about 12% of the area. The
mean aspect has a direction towards the NE (48°). These
forms range from the lowest to the highest places in the
study area, and the local relief is only 16 m. These
represent flatter areas (with maximum slopes of only 12.5°)
and concave/convex areas (as indicated by slightly
negative plan curvatures and positive profile curvatures).

Cluster D is the most predominant cluster in the area
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(25%). This cluster represents plains (mean slope 0.7°)
with a NE aspect (56°). This truly emphasizes the NW-SE
course of the most significant elevations within the study
area. Average heights (258 m) within Cluster A are the
lowest in this division and zero curvatures are further
supported by the flat and balanced character of these forms.

Mid-slopes form Cluster E most often accompany the
ridges from Cluster B. These forms are of a similar height
to Cluster B (mean 293 m) and have the same aspect NE
(40°). The mean slopes (4°) are also similar. Clearly,
positive profile curvatures and a little negative plan
curvatures suggest slightly concave slopes and their
foothills. This cluster occupies a very small area (7%).

Forms of Cluster F occupy the smallest area (less than
5%) consisting of hill-tops and peaks of a mainly eastern
aspect (77°), arranged from the lowest to highest altitudes
within the whole research area. The maximum slopes total
11°, which suggests flat summits and plateaus. Negative
profile curvatures and positive plan curvatures clearly
indicate hill tops.

Cluster G reaches the height of 277 m and is NE exposed
(54°). It contains lower-slopes that gently transform into
plains (mean slope 1.7°, and curvatures of zero). This
cluster occupies an area of 13%.

The final cluster (H) is created by small hills and little
ridges that usually accompany the valleys of Cluster C.
This is the only cluster of landforms that has a clear
northern aspect (1°). The shape of curvatures is similar to
Cluster F, but these landforms are 20m below (266 m) the
average. Maximum slopes are only 6° with the average of
1°, which proves, beyond doubt, the flat nature of the
summits. This cluster represents 10% of whole area.

5.1.4 Reduction to 4 and 6 clusters

As presented in the above figures, the division into 4

TOTmMmOOwW
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Fig. 6 Results for 8 clusters without aspect (a) and with aspect (b).
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clusters provides the clearest picture of morphology. The
most fundamental landforms are conspicuous here: wide
land depressions and river valleys (green), peaked ridges
protruding over relief (blue), and accompanying lower
slopes transforming into slightly inclined wide depressions
(yellow). The relief is also well represented in the division
into 6 clusters, as apart from the above-mentioned
elements, it includes slopes and lower-slopes of a NE
aspect, which effectively emphasize the outline of ridges.

It was therefore decided to verify whether the reduction
of 6- and 8-cluster divisions into a 4-cluster one (Fig. 7),
and an 8-cluster division into a 6-cluster one (Fig. 8) would
produce similar results. The reduction of 6 clusters to 4
ones (Fig. 7(b)) increased the share of ridges and
culminations (blue) almost threefold, while the number

of lower-slopes and slopes rose by nearly 1/4 (yellow), at
the expense of wide depressions (green). Moreover, the
share of flow-lines and incisions (black) decreased by half.
For the reduction of 8 clusters to 4 (Fig. 7(c)), the layout
and surface of ridges (blue), as well as flow-lines and
incisions (black) remained almost the same. Similarly, the
share of lower-slopes (yellow) increased at the cost of wide
depressions (green). Cutting down 8 clusters to 6 ones
(Fig. 8) gave almost identical results with an increased
number of steep slopes and fragments of ridges (blue) in
the central and north-western part of the area.

To sum up, qualitative generalization (decreasing the
number of clusters) did not alter the spatial morphological
image of the examined area. The range of occupied areas
changed but spatial relations involving general character of

i
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Fig. 7 Results for 4 clusters (a), reduction from 6 to 4 clusters (b) and reduction from 8 to 4 clusters (c).

(@)

(b)

Fig. 8 Results for 6 clusters (a) and reduction from 8 to 6 clusters (b).
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relief remained the same. It proves that all 3 divisions (into
4, 6, and 8 clusters) classified landforms correctly. An
increased number of clusters provides a more detailed
image (distinct lower-slopes and slopes), however, it
requires an analysis in a larger scale, which is inconvenient
for such a vast area (over 6000 km?).

5.2 Influence of aspect on the results

In previous studies, Wieczorek (2008) noticed that the
influence of aspect on the final results should be taken into
account. Clearly, aspect is one of the key elements that
have an effect on results. Table 6 shows how aspect affects
the area occupied by each cluster. There are no significant
differences in the division into 4 clusters, with or without
the use of aspect. There are small changes in the percentage
share of individual clusters, like their spatial location
(Fig. 4).

When divided into 6 clusters, we can notice a distinct
change in spatial distribution (Fig. 5). The results without
aspect show a strong dispersion of Cluster D and with the
use of aspect—the pattern and density of Cluster D is
concentrated in the areas with a north, north-eastern, and
north-western aspect, as well as flat areas (no aspect). In
addition, the surface area of Cluster F increased by half,
which clearly highlights the course of low ridges.

The largest quantitative changes occur in the areas
divided into 8 clusters (Table 6). In the analysis with the
use of aspect, Cluster D increased from 14% to 25%, while
Cluster E decreased its surface area almost threefold (from
20% to 7%). Again, Cluster D is concentrated very
strongly in the N, NW, and NE directions (Fig. 6).

We need to emphasize that aspect is one of the elements
of landform morphometry that should be taken into
account. It can be observed that the use of aspect in relief
analysis with the k-median method results in a more
orderly and spatially coherent picture of landforms
(especially when divided into 6 clusters). This is why an
analysis with aspect provides a more complete picture from
a geomorphological point of view.

Table 6 Aspect influence on cluster divisions
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6 Discussion

6.1 Results comparing k-median vs TPI method

To calculate the errors of a method, one needs to compare
the model values with the observed patterns, which are not
available here. We do not have a pattern here, so we cannot
compare it. Therefore, an expert assessment of the results
obtained is needed. Another way to quantify the obtained
results is to compare them with the results of the
classification made by another method. We decided to
use the TPI method — well-known and simple, in which
expert knowledge is indispensable. The TPI forms the
basis of the classification system and is simply the
difference between the cell elevation value and the average
elevation of adjacent cells. Positive values mean the cell is
higher than the surrounding ones, while negative values
mean that it is lower (Weiss, 2001). The Topographic
Position Index is used for classifying the landscape into 3,
4, or 6 broad topographic positions. We used the extension
for ArcGIS (Jenness et al., 2013) to calculate options for 4
and 6 classes.

Figure 9 represents a test area divided into 4 and 6
clusters classified by the two methods. An overall picture
of the relief looks similar. The key elements of the
morphology of this area have been well highlighted: a wide
river valley with a water reservoir in the east and a cluster
of hills to the NE, N, and NW. Unfortunately, the entire
south-western section of the area looks much worse when
analyzed with the TPI method. It is not an easy terrain to
analyze statistically, but the image resulting from the £-
median method looks clearer. The situation is similar in the
division into 6 clusters. The TPI image leaves only the
most obvious relief elements and omits all the rest.

The analysis performed using the TPI method shows a
simplified picture of relief elements classification. It is
inherent in using a very simple algorithm associated with
height differences. Many nuances or details of morphology
are missed. The k-median method is based on a multi-
variate analysis, i.e., a greater number of factors affect the

4 clusters 6 clusters 8 clusters

Cluster (% of area) (% of area) (% of area)
:;i;;:?t with aspect \Zist;l:;t with aspect ‘Zis?::;t with aspect

A 453 43.6 33.7 28.6 29.5 23.6
B 10.6 11.2 4.5 5.5 4.7 4.1
C 239 229 11.5 10.7 7.9 11.8
D 20.2 223 27.8 27.6 14.4 25.1
E - - 12.9 12.8 20.2 7.1
F - - 9.6 14.9 53 4.8
G - - - - 11.6 13.0
H - - - - 6.5 10.5
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(d)

Fig. 9 Results of k-median for 4 (a) and 6 (c) clusters and TPI for 4 (b) and 6 (d) classes in the test area.

results, with the final effects being more volatile. In both
examples (4 and 6 clusters) using the k-median method,
Cluster D (yellow) shows lower and gentle slopes. This
cluster is absent using the TPI method, which significantly
simplifies the picture of relief.

Table 7 shows a quantitative comparison of distin-
guished clusters (classes) with both methods. As can be
seen from Table 7 and Fig. 9, the TPI method passes over
gentle slopes (yellow) in 4 classes and heavily under-
estimates the areas of ridges (blue) and incisions and
lower-slopes (black) in 6 classes. Both methods have
different methodological assumptions and it seems, that for
a thorough geomorphologist who is provided with a high-
resolution DEM, the k-median method proves to be better
for relief research. Landform classification is clearly better,
especially for less evident forms (gentle-slopes and lower-
slopes) or those sometimes hidden in larger forms (small
valley bottoms and flow-lines and incisions between
ridges). The TPI method loses these kinds of forms,
classifying (combining) them together with wide depres-
sions and plains. Probably in this situation of extracting
less distinct forms, the only comparison of elevation
differences (which is the basis of the TPI method) is not
enough. The k-median method deals much better with this
issue.

6.2 k-median method in relation to geology and geomor-
phology

Comparing cluster results using the A-median method with
geological 1:200000 maps (Haisig and Wilanowski, 1979;

Table 7 Comparison of areas occupied by k-median clusters and TPI

classes

TPI method
4 classes (%)

k-median method

4 clusters (%)

Clusters/classes no.

1 (black) 32.8 22.0
2 (green) 28.0 57.6
3 (blue) 20.9 20.4
4 (yellow) 18.4 0.03
6 clusters (%) 6 classes (%)
1 (green) 18.9 72.2
2 (blue) 10.8 3.0
3 (black) 12.8 0.4
4 (yellow) 19.0 0.01
5 (orange) 232 14.0
6 (red) 15.3 104

Kotlicka and Kotlicki, 1979; Biernat et al., 1980; Kaziuk
and Lewandowski, 1980) did not provide satisfactory
results. Generally, in many places there is some concur-
rence. Cluster A is found mainly in Pleistocene and
Holocene alluviums (sands, gravels, silts) but, unfortu-
nately, in other types of rocks and sediments as well.
Similarly, Clusters B and C are usually located in places of
resistant rocks (Mid-Triassic dolomites, limestones, and
marls) and Carboniferous rocks (clays, mudstones, sand-
stones), but also within less resistant Pleistocene loess
covers. Cluster D is concentrated in Pleistocene sediments
(clays and fluvioglacial sands and gravels) but also occurs
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in Mid-Triassic rocks (limestones and marls). This
inconsistency is understandable if we believe that the
Silesian Upland relief is polygenetic (double glaciation:
Mindel and Riss I and intensive human impact on the relief
over the past 200 years) (Gilewska, 1999a and 1999b) and,
thus, the shape of forms may be similar, despite their
different origins.

The results achieved with the k-medians for 4 clusters
are consistent with the hypsometric image and fairly well
describe the morphological differentiation of the Silesian
Upland area. Cluster A refers to aligned areas (plains),
Clusters B and C are associated with the most important
elevations in the relief (ridges, hills, and summits), while
Cluster D describes the lower parts of slopes. The
comparison of this data with classic geomorphological
1:50000 maps (Klimaszewski, 1959; Jania et al., 2014) and
with detailed subdivision into geomorphological regions at
a scale of 1:100000 (Karas-Brzozowska, 1960) shows
surprising compliance. Although the k-median method
refers to the shape and measurements of landforms
(defined by wvariables)—an outline of the clusters
corresponds to the above referenced geomorphological
maps. A comparison of the k-median results with a map of
a smaller scale, i.e., 1:500000 (Starkel, 1980) gives poor
results, because a map at this scale contains much less
detail than the results for the four clusters.

In general, we can say that the k-median analysis divided
into four clusters is the easiest to read. The distinguished
clusters leave no doubt as to the assignment of specific
landforms (see Table 4) and closely refer to the hypso-
metric image of the Silesian Upland (see Figs. 1 and 2). It
seems that the most valuable result from a geomorpholo-
gical point of view is the division into six clusters. The
final cartographic picture is evidently less diversified than
in geomorphological maps but shows the principal features
of morphology fairly well (see Wieczorek and Migon,
2014). In this case, the expansion of the relief image
distinguished low ridges, peaks, mid-slopes, and small
valley bottoms that are not present in the 4 clusters
division. The division into 8 clusters definitely distorts the
picture of the relief elements over such a large area and
makes the image unreadable. Certainly, everything
depends on the scale at which we consider a given area
but the Silesian Upland, with the surface area of about
6500 km?, should be considered at a scale of 1:250000 —
1:100000.

6.3 Benefits and faults of A-median method

The k-median method, like any computer calculation
method, has its own strengths and weaknesses. The
undeniable advantages include its quantitative character,
which eliminates qualitative (subjective) judgments on
research to a great extent. Another important feature is its
repeatability and, thus, the opportunity to work on data sets
describing different research areas, which allows compara-

tive studies between them. One has to note, however, that it
is a statistical method, i.e., all objects will not always be
allocated to precisely the same clusters. Assignment to a
cluster depends on intercluster variability in the data set
and the primary division into clusters. In the case of a
morphometric data set containing hundreds of thousands
of observations (pixels) receiving exactly the same
division twice is highly unlikely. However, the differences
between the results obtained with the same method
parameters are negligible when we get a similar value of
intercluster variability. A positive feature of the k-median
method is also the application of a clearly defined
mathematical algorithm (Wieczorek and Migon, 2014)
and minimum requirements for input data. The only
needed tool is a hydrologically correct DEM (obviously,
vertical and horizontal spatial resolution determines the
accuracy of any further analysis).

In the Dragut and Blaschke (2006) and Piloyan and
Konecny (2017) articles the areas were divided in 9 classes
according to Dikau (1989) delimitation. The k-median
method provides an opportunity to obtain different
numbers of classes and the statistics indicate the best
clustering result and allows us to find the proper number of
classes in the Silesia Upland for a different application. In
both above mentioned works, the classification was made
without information about aspect. Although Piloyan and
Kone¢ny (2017) agreed that aspect is an important
derivative of elevation, aspect was not included in basic
information sources because of its nonlinear measurement
method. The study presented in this article shows how to
solve the problem with aspect and use this basic data in
clustering process.

The best result of clustering in the Silesia Upland was
obtained for 6 clusters, which corresponds with the number
of clusters in a mountain area presented in the Wieczorek
and Migon (2014) article. Both studies were made using
DEM with similar resolution (25 m in the Sudetes and
20 m in the Silesia Upland). The spatial size was similar
(125 m x 125 m in the Sudetes and 140 m x 140 m in the
Silesia Upland) although a different number of cells in a
filter window were used (5 x 5 in the Sudetes and 7 x 7 in
the Silesia Upland). It shows that the method could be
useful not only in a mountainous area. However,
morphometric classifications are prepared for the whole
counties or mountain areas, which has been proved by
many articles (Dikau et al., 1991; Dragut and Blaschke,
2006; Wieczorek and Migon, 2014; Piloyan and Konecny,
2017)

Undoubtedly, a distinguishing feature of the k-median
method should be its multidimensional character, i.e., a
simultaneous analysis of multiple variables and, conse-
quently, the ability to determine the similarity of the
elements making up the cluster on the basis of the achieved
results. In addition, the k-median method is a modification
of the k-means method — a known, used (see Niemann and
Howes, 1991; Arrell, 2001; Burrough et al., 2001; Arrell



Bartlomiej SZYPULA et al. Geomorphometric relief classification with the k&~-median method 167

et al., 2007; Khan, 2012), and tested calculation method
available in many GIS packages. As it turns out, relief
(height adjustment) or morphometric variables as a set of
mathematical data do not have a symmetric distribution",
so the value that best describes them is the median rather
than average (see Evans, 1972; Evans and Cox, 1999).

The key concern is whether to give weight to each
morphometric variable or to pay attention to the character-
istic (most important) features of distinguished landforms.

However, the k-median method also has its drawbacks
and limitations. For example, the selection of well-defined
parameters — both morphometric and mathematical (e.g.,
filtering window size) will affect the results. This situation
makes us carry out a series of tests in order to determine the
optimal settings that will significantly affect the achieved
results. Thus, a researcher's judgement of the settings is
extremely important. The experiments conducted in the
test fields have proved very helpful. According to the
authors, this is a necessary process from which one should
start such kind of research.

7 Conclusions

Our research led to the following conclusions:

The results of relief classification using the k-median
method properly show general topography diversification
of the Silesian Upland. Due to spatial DEM resolution
(20 m x 20 m) this classification corresponds to 1:50000—
1:25000 map scales. A smaller number of clusters 4 clearly
shows the key elements of the morphology of the area. The
division into 6 clusters retains a clear image and provides
more details to the image of the morphological diversity by
distinguishing characteristic elements of landforms (e.g.,
steep slopes of a NE aspect, small valley axes, incisions
and flow-lines, etc.). The results for the 8 clusters bring on
significant data noise and are ambiguous (i.e., similar
landforms correspond to different clusters), which makes
them difficult to identify. Unfortunately, the k-median
results failed to compare so well with the geological data,
because the method used quantitative, not qualitative, data.

Using aspect as one of the variables was reasonable. The
influence of aspect on quantitative results for 4 and 6
clusters is low, but it leads to a much better spatial image.
Using aspect well highlights the general slope of the
Silesian Upland area to the NE and the course of the most
important elevations (long ridges) in a NW-SE direction.

The k-median method is a multidimensional analysis.
The principle of such an analysis consists in a simulta-
neous examination of the entire data set. This information
and observations provide evidence that, for the same
settings and using the k-median method, the final results
depend heavily on the extent and amount of analyzed data.
It is important that the studies take into account the entire

geomorphological unit (herein, the Silesian Upland), not
just a selected part because the k-median method is
sensitive to input parameters and the results may not be
satisfactory and meaningful. To maximize the correctness
of the results, one should choose the size of the study area
to make it representative for the given landforms that are to
be distinguished. Such a procedure will allow us to capture
geomorphological homogeneity of the area.

Using the k-median method along with reducing the size
of the filtering window increases the degree of the
classification accuracy and vice versa. One has to bear in
mind that a too-small filtering window cannot recognize
major landforms. Following different attempts and experi-
ments, it seems that for such a large area (6500 km?) the
most optimal filtering window size is no less than 7 x 7
cells for a DEM of a resolution 20 m x 20 m.

Although the k-median method has its advantages
(quantitative character, repeatability, objectivity, and
minimal requirements for input data), it may also have
disadvantages (quality of input data, area extent, input
settings). On the basis of the conducted research it can be
argued that the k-median method is a fast mathematical
tool for allocating landforms (landform complexes) into
clusters (groups) of similar morphographic (shape) and
morphometric (measurements) properties, which describe
the relief of an area correctly and can be used in
geomorphological examinations.
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