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ABSTRACT

This article presents an aerial delineation of small headwater catchments up
to 5 km? in the Czech Republic. The aim was not only to present the delinea-
tion of these catchments, but also their categorization in terms of the charac-
teristics affecting the formation of direct runoff. Direct runoff caused by tor-
rential rainfall is a very dynamic process of episodic nature and has a major
impact specifically in small catchments. The delineation of small headwater
catchments, where the aforementioned processes take place, can complement
the standard hierarchical classification of basins in the Czech Republic. These
basins make up 80 % of the Czech Republic.

The delimited catchments were further classified according to a num-
ber of characteristics related to the risk of direct runoff. A cluster analysis was
performed in order to classify these catchments. The catchment character-
istics that influence the hydrological response were included in the analysis.
These are mainly rainfall data, hydro-morphological characteristics of the rele-
vant basin, land use, and soil hydrological characteristics. One negative impact
of direct runoff is erosion. Erosion monitoring can be indirectly used as an indi-
cator of the state of a specific area in terms of the occurrence of direct runoff
(https://me.vumop.cz). As part of this initiative, which completed ten years of oper-
ation in 2022, erosion events are recorded. The database contains more than two
thousand records. However, the records within the Czech Republic are inconsist-
ent, which is due to the involvement of branches of the State Land Office (Statni
pozemkovy Ufad, SPU). However, it is a relatively extensive evidence of erosion.

INTRODUCTION

River catchments in the Czech Republic are divided into four levels by default.
However, the smallest of them, the 4th order basins, are quite different in terms
of size — from basins with a size exceeding 20 km? to additional basins with
an area of less than 1km? Fourth order basins were categorized in terms of their
potential hydrological response according to the method described in [1].
Categorization of the 4th order basins in terms of hydrological response is influ-
enced specifically by the different size of the area. Another factor is the combi-
nation of headwater (upstream) and flow catchments.

Upper — non-flow catchments form a specific group of catchments, some-
times they are called "first order catchments" [2], other times these catchments
are referred to as headwater catchments. These catchments form the basis
of the hydrographic network and are the primary areas for capturing or reducing
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flood damage. Simultaneously, these upper basins provide often diverse ecosys-
tem services to the areas below them [3]. They tend to be very sensitive to changes
and are the fastest developing parts of the landscape. For these reasons, planning
and management within these areas is a complex task [4]. In the past, a number
of authors dealt with the similarities, characteristics and response of basins from
different points of view. For example, [5] are motivated to classify basins rather
with regard to long-term processes in basins. on a similar principle, basin attrib-
utes are defined, classified and shared within CAMELS [6] and others. Data sets are
created for basins that describe six main groups of attributes — topography, cli-
mate, hydrological characteristics, land cover, and soil and geological data.

There are relatively few verification data of the hydrological response in the Czech
Republic. CHMI operates less than twenty observation profiles on small catchments
of up to 10 km? In addition, the creation of most of these basins was motivated
by the monitoring of water in the basins of water supply reservoirs, and thus they
are mainly forest basins. Geochemical monitoring of 14 small forest basins is dealt
with by the GEOMON project [/]. It is focused primarily on the material composi-
tion of precipitation, soil and runoff, but it also records precipitation totals and flow
values in the closing profiles. The monitored basins of GEOMON overlap in some
places with the basins operated by CHMI. on agricultural land, the number of mon-
itored basins operated by a professionally oriented organization is incomparably
smaller, and the time series of data are also significantly shorter.

Practically the only tool for designing objects on small watercourses and
modifications in the catchment area are hydrological models. They are most
often based on the empirically derived SCS-CN method [8], which is constantly
being developed and tested; from recent works, for example [9, 10]. The sensi-
tivity of the method to available data for the Czech Republic was dealt with by
Strouhal [11,12]. By default, design data is provided according to CSN 751400.2014.
Hydrological data of surface waters. In the lowest class, which includes small
catchments, data are also derived using a model based on the SCS-CN method.
In addition to this regulation, TNV 75 2102 — Modification of streams from 2010
states that modelling can be used for proposals for modification of small water-
courses in catchments of up to 5 km2. A boundary of 5 km? was adopted for
the derivation of the upper basins that this article is presenting. For a more
detailed description of the runoff response, it is also possible to use physically
based models such as SMODERP [13] and EROSION 3D [14].

A specific feature of small catchments is the speed of their hydrological
response. The speed of response to causative precipitation and the associated
risks are influenced by a number of parameters. The biggest threat in terms
of flows and associated risks in these catchments is torrential rainfall. Kaspar
[15] recently dealt with the distribution of precipitation in the Czech Republic.



The most frequently used tool for describing rainfall are IDF (Intensity-Duration-
Frequency) curves, which describe the relationship between rain intensity, its
length and recurrence time [16]. on a global scale, e.g. Courty [17] deals with
the distribution of the above mentioned statistical attributes of rain. In addition
to the intensity of the precipitation event, its shape also significantly affects
the hydrological response at the local scale of small catchments [18, 19].

Other important parameters that influence the runoff response of individual
basins include properties of soils, soil cover, and morphological characteristics.
The properties of the hydrographic network, described by the number of coef-
ficients, also play a role. The nature of the terrain — morphology - primarily
affects the shape of the runoff wave, and thus the overall response of the basin
to increased runoff, including soil erosion. There are several parameters for
describing the morphology of the basin; the most frequently reported values
are the average slope, the length of the slope, and the topographic index [20].

One of the negative impacts of the surface component of direct runoff is ero-
sion. on the scale of source areas from 0.3 km? to 10 km? the so-called critical
points are determined, which are defined as points of entry of concentrated run-
off paths into the urban areas [21]. The critical points are determined on the DMR
derived from the ZABAGED contour model and the risk rate is determined based
on the ratio of arable land, average slope and using CORINE Land Cover. A dif-
ferent approach to the threat not only to the urban areas, but also to other ele-
ments of critical infrastructure was assessed within the project VG20122015092
- "Erosion — increased risk of endangering the population and water quality in con-
nection with expected climate change" implemented in 2012 and 2015. The resulting
map of points is available at https://heis.vuv.cz. In both cases, it is a certain view
of the riskiness of the points, which is based on the characteristics of the con-
tributing small headwater catchments, however, these are still model situations.
Another perspective can be the recorded occurrence of an erosion event, which
is part of erosion monitoring [22] and the map portal (https://me.vumop.cz/).
As part of this initiative, which completed ten years of operation in 2022, ero-
sion events are recorded. The database contains over two thousand records.
Although the records within the Czech Republic are spatially uneven, which
is due to the involvement of branches of the State Land Office, it is nevertheless
a relatively extensive record of erosion manifestations.

METHODOLOGY FOR DERIVATION
OF CATCHMENT BOUNDARIES
AND THEIR CLASSIFICATION

Small headwater catchments (SHC) [23] are so-called non-flow catchments
that have no tributaries, and thus correspond to the definition of "first order
catchments" [2]. This property was used in deriving their borders in the whole
of the Czech Republic based on DMR 4G data at a resolution of 5 x 5 m [24], water
courses and water reservoirs. The parameters that influence the hydrological
response were subsequently determined for the areas of the basin defined in this
way, especially with regard to the possible risk of runoff from short-term extreme
rainfall.

Definition of catchment boundaries

SHC according to [23] are not only catchments with a size of only 5 km? but
also all smaller catchments. This means, for example, that two catchments with
a size of 3 km? after the confluence already exceed 5 km? but separately they
are two catchments that fall within the SHC. to define the SHC, six size catego-
ries listed in Tab. T were chosen. Basins have been derived for all these classes,
which allows their further mutual comparison.
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Tab. 1. SHC categories (a range of area sizes was chosen for each category)

Category From km? To km?
005 0.3 0.7
010 0.7 13
020 1.7 2.3
030 2.7 33
040 35 45
050 4.5 55

Areas smaller than category 005 can be considered elementary runoff areas
and are not evaluated as separate catchments. At the same time, the lower limit
of 0.3 km? corresponds to the lower limit of the derivation of critical points [21].

To define the SHC, three data sources were used - a digital model of the ter-
rain, watercourse axes, and water reservoir axes. The main input for determin-
ing the SHC was the DMR 4G with a resolution of 5 X 5 m. Since in some places
the watercourse axes, due to human intervention and changes in the landscape,
do not correspond to the runoff lines generated on the terrain model itself, the cur-
rent watercourse axes that are part of ZABAGED® are included in the solution.
These are based on measurements of detailed scales and reflect the current state
of the water network. When creating the SHC, these lines are taken as more accu-
rate than DMR-based runoff routing. When deriving basins, these watercourse axes
must be included in the solution. Watercourse axes were projected into the DMR.
The value of the pixels of the terrain model through which the axis of the water-
course passes has been reduced so that the resulting direction of the runoff corre-
sponds to the axes of the current watercourses. In the following step, any non-run-
off areas were removed on the terrain model modified in this way and a runoff
routing layer was created. A one-way runoff routing tool (D8) was used to route
the runoff. Accumulation in each pixel was then derived from the runoff directions.

For each catchment category (see Tab. 1), the accumulation layer was reclas-
sified so that the values of the accumulation area outside the group bound-
aries have the NoData value and the values of the accumulation area corre-
sponding to the given category the value 1. In cases where the runoff lines
classified in this way end or intersect with water reservoirs, the runoff lines were
shortened to the point where the drain line crosses the water reservoir. In these
cases, therefore, basins at the entrance to water reservoirs are considered.
For modified lines in individual categories, the endpoints of these lines were
determined, which form the closing profile of the basin. on the basis of the run-
off direction derived above, the boundary of the basin was derived for these
points, taking into account the axes of the watercourses.

Characteristics of small catchments

The hydrological response from the SHC is determined by its morphologi-
cal characteristics, soil properties, land use, and causative precipitation. It can
be assumed that the hydrological response of similar basins will be similar.
Therefore, for the above SHC categories, parameters were derived for their clas-
sification in terms of possible hydrological response.

The morphological characteristics were determined based on the model
of the terrain and watercourses. In particular, these are the characteristics of alti-
tude, slopes and length of runoff paths, as well as several shape coefficients.

Average width of the basin

where A is  thearea [m]
L maximum length of the runoff path [m]
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Basin shape

a=- @)

where A is  the catchment area [m?]
L maximum length of the runoff path [m]

Shape coefficient according to Gravelius [25]

o}
gra=— - ©)
where O is  the circumference [m]
A area [m?]

All three shape coefficients describe the shape of the basin. In the case
of Gravelius coefficient, it is a comparison of the shape of the basin to a circle.
The average width and shape coefficient of the basin determines the extent
to which the shape of the basin departs from a square, or its power.

The standard description is the parameter of the water network density. This param-
eter determines the ratio of the total length of watercourses to the catchment area.

2Ly

SND = 2

(4)

where Ly is  the length of the watercourse [m]
A area [m?]

One of the parameters that are influenced by the morphology and affect
the course of the runoff is the time lag (T‘ag). The To value is used to describe
the unit hydrograph according to the SCS-CN method [26]. T, ) 1S then calcu-
lated using [27].

la

(S+1)%7
— |08 5
lag 1900/Y ©)
where T, is  the time lag [hours]
L length of the longest runoff path [foot]
Y average slope of the basin [%]
S maximum potential retention [inch]

The direct runoff volume potential of a given basin can be described by
the average value of CN. CN integrates information about surface properties and
soil infiltration properties. In the example given here, the CN values are taken
from the derivation within the Strategy of protection against the negative effects
of floods and erosion phenomena by semi-natural measures in the Czech Republic [28].

The last group of parameters is precipitation data. Since short-term precipi-
tation is the dominant source of runoff in small headwater catchments, six-hour
design precipitation derived from rain radars with a spatial resolution of 1x 1km
were selected [19, 15]. These data are available at rainfsv.cvut.cz.

Tab. 2 includes an overview of monitored parameters. These are val-
ues describing the mean value, variance, and minimum or maximum value,
depending on the type of parameter.

Tab. 2. List of parameters that enter the SHC cluster analysis. Parameters 1-16 were
derived from DMR and vector lines of water courses, catchment slope was derived
using unconditioned DMR. Parameters 2024 derived according to Eq. (1-4)

1 p Periphery
2 A Area
3 E Elevation mean — average altitude of the basin

M
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4 Eorp Elevation STD - altitude deviation, describes the flatness of the basin
5 Fa,, Mean accumulation
6 Fagp FI_acc_STD - runoff accumulation deviation
7 Fl FI_len_max — maximum length of the runoff path
8 FI FI_len_mean — mean length of the runoff path
9 Fl,,  Fl_len_STD - standard deviation of the length of the runoff path
10 Fs FI_len_noStream_max —maximum length of the runoff path
X of the surface runoff
" Fs FI_len_noStream_mean — mean length of the runoff path

M of the surface runoff

FI_len_noStream_STD - standard deviation of the runoff path

12 Fosio of the surface runoff

13 Sl Slope_mean — mean slope

14 S, Slope_STD - standard deviation

15 Su Slope_stream_mean — mean slope of watercourses

16 Seo Slope_stream_STD - deviation of the slope of watercourses

17 L, Total stream length — total length of watercourses

18 CN,,  Mean CN of the basin

19 CN,, CN_STD - standard deviation

20 b,, Mean basin width

21 a Shape coefficient alpha

22 gra Gravelius coefficient — shape coefficient

23 SND  Stream network density

24 T Time lag

2508 P Six-hour draft rainfall with recurrence periods of 2, 10, 20,
XX and 100 years

In total, there are 28 parameters that were subsequently tested in all size cat-
egories in terms of mutual dependence using regression analysis. The aim was
to obtain a set of independent parameters and classify the basins into groups
according to their similarity using cluster analysis.

Delineation of small catchments, assignment and calculation of character-
istics from the DMR, and CSC-CN basins was processed in the ESRI environ-
ments (ArcGIS and ArcGlIS Pro), subsequent statistical analyses were processed
in the R environment. Descriptive statistics and regression analysis tools were
used for the solution. Cluster analysis was performed using the K-mean method.
The individual clusters were subsequently aggregated in terms of the relative
riskiness of key parameters to create the direct runoff component into five risk
classes. The verification was carried out using recorded erosion events. The aim
was to monitor whether the classification of the basin in terms of risk coincides
with the location of erosion events.



RESULTS

SHC definition

Basic data on SHC derived according to the methodology described above are
shown in Tab. 3. As the SHC categories are always derived separately, the result-
ing catchments overlap between the categories — a smaller catchment may be
part of a larger one in the parent categories. Therefore, in addition to the described
categories, a group of basins was created in which only the largest basins are pre-
served. Interconnected catchments have been eliminated. In this way, catchments
smaller than 5 km? in the monitored area of the Czech Republic are preserved. This
group of catchments is referred to as "Set of Largest Catchments" — "SolLC" and
is also listed in Tab. 3. For clarity, it is added how much representation individual size
categories have in the resulting SoLC group; the table contains data on the number
of elements of the given category that are part of it. The representation of the areas
of individual catchment categories in the SoLC group is shown in Fig. 1.

Tab. 3. Number and the total area of catchments in each category. For individual
categories (Ist column) the number of elements (2nd column) and the total
area of the given class (3rd column) are given. The 4th and 5th columns show
the representation of the elements of the given class in the SolLC class and
the per-centage expression

Representation
of elements in SoLC

Number Total [%] elements
Category of area [km?] Number in the SoLC
elements class
005 72,621 37,632 16,894 23
010 31,287 33,046 10,907 35
020 11,560 24,179 3,938 34
030 6,530 20,289 2,187 33
040 5431 22,610 2,271 42
050 3,957 20479 3,957 100
SoLC 40,154 63,031
Catchment
category
020
050

Fig. 1. Summary of the area of the catchments in SoLC categories
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Selection of parameters

For individual basins in all size categories, parameters were derived accord-
ing to Tab. 2. For the needs of cluster analysis, representative and independent
parameters are sought in the first step. Dependent parameters must be dis-
carded. The search for the degree of agreement between monitored parame-
ters was carried out both for individual categories (including SoLC) and for all
basins together. From the point of view of the groups of dependent param-
eters, the individual categories do not differ from each other. It is therefore
the fact that the links between monitored parameters are similar for all size cat-
egories. A visually adjusted parameter match calculated using Pearson's corre-
lation coefficient is in Fig. 2.

Fig. 2. Visualization of the correlation between individual parameters for all catchments
regardless of size category. A negative correlation is shown in red, and a positive
correlation is shown in blue. The stronger the bond between two parameters,

the darker and larger the symbol. Similar parameters are grouped together to visualize
groups of similar parameters A to D [29]

Five parameters were chosen from groups of elements grouped according
to their mutual dependence, which can be considered independent and suffi-
ciently representative. Appropriate representative parameters were selected
using principal component analysis (PCA), namely:

— Six-hour draft rainfall with a 20-year recurrence period (P, ) — parameter
representing group D. There is a significant correlation between individual
six-hour rainfall values due to the derivation of this data.

— Mean CN of the basin (CNM) — parameter represents group C of several other
parameters. The CN value shows agreement with both inclination and altitude.

— Timelag (To)— this parameter characterizes group A. It affects the shape
of the runoff hydrograph, and thus the size of the peak flow.

— Stream network density (SND) — is a parameter that represents the proportion
of the length of all watercourses in the basin and the area of the basin.
Together with the shape coefficient alpha (), they include both
the characteristics of the length of the runoff paths and the shape
of the basin. These two parameters together represent group B.
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The stream network density (SND) and shape coefficient alpha (a) parame-
ters are jointly correlated with the surface runoff path standard deviation (FS,)
parameter. The SND is also related to the slope characteristics and the parameter a
is related to the altitude. At the same time, SND directly describes the characteris-
tics of the watercourse network. For this reason, these two parameters were used.

Distribution of parameters

To classify basins into groups in terms of potential response, it is important to com-
pare the distribution of classification parameters between individual basin catego-
ries. If the chosen classification parameters had a different distribution for individual
groups of basins, it would mean that different size categories have a different character
of the hydrological response to precipitation. The aim was to compare the differences
between individual size categories. Article [29] deals with this issue in more detail.
Since the parameter distribution differences between categories are not signif-
icant and do not differ from Sol.C, cluster analysis was performed only on the SolL.C
group, in which all size categories are represented by at least 20 %. Cluster analy-
sis using the K mean method was performed in the R environment, in the range
of clusters from two to eight with a setting of 25 initial training points. Each catch-
ment in the SoLC was assigned to a group according to five selected parameters
each time the clusters were created. The formation of individual groups of basins
is described in Fig. 3. The groups are marked with letters. If a group is formed only
by separating from a previously formed group, a numerical designation is added.

F2_Clusters

F3_Clusters F4_Clusters F5_Clusters

The groups formed during the gradual creation of clusters can be characterized
by the following description. The geographical clustering is then shown in Fig. 4.

— 2 Clusters - When creating the first two clusters, group a is formed, which
is characterized by a higher CN,, with a lower volume of precipitation P20.
Group Bis characterized by higher precipitation P, and a larger CN,, value (Fig. 4a).

— 3 Clusters — Group a is divided primarily in terms of shape characteristics
of the basin, in terms of stream network density (SND) and in terms of lag
time (T‘ag) (Fig. 4b).

— 4 Clusters — From group B, group B is separated, which is characterized by lower
precipitation P, while maintaining a lower CN,, value, and, on the contrary,
group B2 with higher precipitation totals P, and a higher CN, value (Fig. 4c).

— 5 Clusters — Group Al divides dominantly based on time lag. The resulting A2
group is characterized by a significant time lag (T, ), while the ATl group retains
the original characteristics of Al group. Groups All and A12 defined in this way
are then preserved even after dividing the basin into several clusters (Fig. 4d).

— 6 Clusters —a completely new group D is formed, which is characterized by
a relatively high SND as well as relatively low precipitation totals P20 while
maintaining a relatively high CN,, value. The group D created in this way
remains even after dividing the basin into several clusters (Fig. 4e).

— 7 Clusters - Group B2, which is characterized by relatively high precipitation P,

is widely divided. Together with part of the basin from group A2, it forms a new

group C, which is characterized by relatively higher precipitation totals and,

at the same time, higher CN,, values. Part of the catchment from the original

Factor (node)

A
A1
A1l
A12
A2

B1
B2
B3

Cc1
c2

F6_Clusters F7_Clusters F8_Clusters

Fig. 3. The Sankey diagram shows the evolution and regrouping of SoLC classes with increasing number of clusters. The number of elements in a given group corresponds to a belt.
At the same time, the diagram shows how individual watersheds are oversubscribed according to the number of clusters. The basic division is already visible in the formation

of two clusters (A, B). From the number of clusters six to the development of groups that are created by combining the basic division into A, B and subgroups. At six, group D is formed,
which is a combination of all previously formed groups. With the number of clusters 7 and 8, groups C are created, which are a combination of parts of groups A2 and B2 [29]
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group B2 and part of the catchment from group B1 form group B3, which
maintains similar parameters to the original group B2. The number of basins
from the original group B2 is so small that the group is renamed B3 (Fig. 41).
— 8 Clusters — There is a redistribution within the newly created group C
into groups C1and C2. The newly formed group Cl is also made up
of a part of the catchment area of group A2 and is characterized, like
the original group C, by higher values of P, and CN, . Itis distinguished
from group C2 by the difference in the SND and (a) parameters; this
division no longer brings new information to the basin classification.

The gradually formed groups of basins are characterized by the mean values
of the selected five parameters mentioned above. Parameters and cluster anal-
ysis are discussed in more detail in article [29].
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Fig. 4. Geographical representation of group evolution when forming clusters from two (a)
to seven (f)

The created basin clusters are further classified according to the possible
risk of direct runoff. From the point of view of the influence of the parame-
ters on the risk associated with the emergence of direct runoff, the following
applies for individual parameters:

— SND -The higher the value, the denser the permanent water network, any
runoff will tend to concentrate in these paths where the runoff is expected.
A larger value therefore means a lower level of risk.

— Tg —The longer the time lag, the lower peak flows can be expected.

— a-The more complex the shape of the catchment area, the more the runoff
paths are lengthened, and thus also the culmination is reduced.

— CN,, —The smaller the mean CN value, the greater the retention rate
in the basin and the lower the potential risk of threat.

— P,,—The higher the rainfall, the higher the risk of possible runoff response.

For individual parameters, a mean value was calculated in the SolLC cate-
gory, which is taken as medium risk. The degree of risk was determined for indi-
vidual parameters relative to this mean value of the given parameter. For each
value of the parameter corresponding to the centre of gravity of the individual
clusters, the proportion with this mean value was determined, thereby deter-
mining the riskiness of each parameter in the given cluster. Those combinations
of five parameters are considered at risk where a negative assessment prevails,
and vice versa. The level of overall risk is divided into five categories from low
to high risk as described below:
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— Low risk — the combination of possible runoff response parameters assumes
a low risk in terms of direct runoff affecting the basin. These areas appear
to be unproblematic from a direct response point of view and the need
for measures in these areas is not anticipated.

— Reduced risk — the combination of possible runoff response parameters
assumes a rather small risk in terms of affecting the catchment area
by direct runoff. These areas are unproblematic from the point of view
of direct response and taking measures in these areas is not needed.

— Medium risk — the combination of possible runoff response parameters
is average and a medium level of risk is assumed in terms of direct runoff
affecting the catchment.

— Increased risk — the combination of possible runoff response parameters
presupposes a greater degree of risk in terms of affecting the catchment area
by direct runoff.

— High risk — the combination of possible runoff response parameters
assumes a high risk in terms of direct runoff affecting the basin. In these
areas, a more detailed investigation and monitoring of the possible negative
impact of the risk caused by direct runoff should be carried out.

The parameter values for determining the risk level are shown in Tab. 4.

Tab. 4. Individual parameters used to express the degree of risk in relation to the mean
values of the parameters

Risk Low Reduced Medium Increased High
Rk e <085 <095 <105 <115 >115
SND 1.19 1.09 1.03 0.98 0.88
T, 3.75 3.43 3.26 3.10 277
[o§ 4.29 3.92 3.73 3.55 3.17
CNM 585 654 68.9 72.3 79.2
P 42.8 47.8 503 528 57.8

20

The classification of the groups of catchment areas of the cluster analysis
according to the level of risk is shown in Tab. 5, where groups from the number
of clusters 2-8 are included.

The geographical expression of the level of risk is then shown in Fig. 5. Groups
A2 and C together form a group with a high risk, groups A1, B1, B3 a group with
a medium risk, and A12 and D a group with a lower risk.

The classification of small catchments in terms of the risk of direct runoff
is expressed relatively between individual parameters. A certain validation
criterion of the results can be a comparison of the classification according
to the degree of risk with recorded erosion events in the Monitoring of agri-
cultural soil erosion. Monitoring has been ongoing since 2012, and by the end
of 2021, over 2,200 erosion events have already been recorded [30].

The intersection of the affected land listed in the monitoring with
the boundaries of the defined small catchments is shown in Fig. 6. to assign
the event to the relevant basin, the centre of gravity of the polygon delimiting
the recorded event was taken.

Of the total number of 2,220 recorded events until 2021, half of them were
in high-risk catchments. Most of the recorded erosion events are recorded
in Vysocina Region and South Moravia. In other regions, where erosion events
are not recorded, it is more about the completeness of the database of erosion
events than about parts of the Czech Republic without occurrence of events.
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: Risk of direct runoff response

Tab. 5. Development of the risk classification of catchment groups produced by cluster e e
analysis 1 = reduced risk
medium risk

Number Relative risk of individual : r_”,,-l'."  increased risk

B high risk

of parameters Average Risk
clusters SND Tlag o CN, P,
A 1.68 107 092 1.09 095 1.14 increased
2
B 0.65 0.92 114 0.88 1.07 093 reduced
Al 0.90 0.67 0.68 1.05 095 085 low
3 A2 1.93 1.30 1.09 109 09 127 high
B 0.65 0.99 1.20 0.86 1.08 096 medium
Al 1.02 0.65 0.65 106 094 086 reduced
A2 2.31 129 109 110 093 135 high 0 25 50 75 100 125 150 km
4 L | | | | | |
Bl 0.79 034 119 078 I reduced Fig. 5. Distribution of the area of the Czech Republic according to the identified
B2 061 1.11 1.07 1.03 1.16  0.99 medium level of risk in the case of dividing the basin into seven clusters
Al 1.14 1.06 0.60 109 094 097 medium
A12 097 046 091 1.00 094 086 reduced
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A2 292 1.30 1.14 110 093 148 high
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B1 0.89 1.00 1.22 0.76 1.01 098 medium
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) 0 25 50 100 150 km
A1l 1.48 1.02 0.57 1.09 095 102 medium L T
A12  1.00 0.45 0.90 1.01 096 086 reduced Fig. 6. Recorded erosion events with the risk level of the respective SoLC indicated
; (high risk in red, medium risk in yellow, reduced risk in green, events outside the SoLC in white)
A2 2.59 1.23 1.10 1.1 089 138 high
7 B1 1.10 1.04 1.10 079 093 099 medium
1,400
B3 0.63 0.95 137 0.81 1.19 099 medium 1200 OU‘Side SoLC
C 1.24 1.27 1.10 1.09 .11 116 high
1,000
D 0.39 1.15 0.95 1.03 098 0.90 reduced 800 medium risk
Al 143 1.01 0.55 109 096 1.01 medium 600
A12  1.03 043 0.90 100 095 086 reduced
400
A2 211 113 0.98 1.11 086 1.24 high
200
B1 1.18 1.03 1.07 0.78 092 1.00 medium 0
8
B3 067 0.96 144 0.79 117 101 medium Fig. 7. Number of recorded erosion events in monitoring classified by SoLC risk
@ 2.83 143 1.32 1.10 1.04 154 high
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DISCUSSION

Basin classification is more commonly used in experimental hydrology. Basins
are also classified in the expanding CAMELS database. In these cases, the list
of parameters is larger. In contrast to the selection of parameters presented
here, it includes hydrological data of long-term balances and parameters that
affect long-term runoff and other components of the balance [6]. In most cases,
it monitors larger basins. Long-term series of observations in small basins are
significantly less frequent than in larger basins. The small catchments presented
here bring information about the upper non-flow basins to the standard clas-
sification. At the same time, these upper catchments are classified according
to key characteristics affecting the direct component of runoff.

Input data with different spatial resolutions were used to create basin
boundaries and their properties. The delineation of the basin boundaries was
created on the basis of a terrain model with a resolution of 5x 5 m, which is suf-
ficiently detailed even for the delineation of small catchments in the considered
size category 005. Based on the terrain model, other morphological character-
istics were then derived at the same resolution. When using the D8 method
at a lower resolution, the creation of basin boundaries could be affected, espe-
cially for the smallest category.

The parameters that enter the cluster analysis do not differ significantly
in terms of the distribution of values between the categories. Smaller basins
are also part of larger basins and together they form SolLC, where at least 20
% of the number of basins from each category is represented. The total area
of the upper basins included in the SolLC is 63,000 km?, which is about 80 %
of the area of the Czech Republic (78,000 km?).

Several of the 28 parameters considered are mutually correlated. The first
group (A, see Fig. 2) of mutually correlated parameters are the geometric
parameters of the basin (size, area, runoff path length, runoff accumulation)
with T‘ag.The shape coefficients (group B) are linked in a mutual correlation with
the SND and the length of the runoff paths outside the watercourse. From this
group, the parameters SND and a are the least interconnected. Another impor-
tant group (Q) is the intercorrelated parameters describing the slope ratios
of the basin, the slopes of the watercourses, the altitude in relation to the land
use and soil characteristics of the CN, . This connection corresponds to the use
of land in mountainous, mostly steeper sloping areas, which are mainly for-
ested. A separate group of parameters is precipitation (D), which have a mutu-
ally strong link. They do not show a significant link with the other parameters.

From the point of view of response and, possibly, from the point of view
of the risk of increased flows, mainly short-term rains are key in small headwa-
ter catchments. The occurrence of a flood and possible threat is a combination
of the current conditions of the basin and the course of the causative precipitation.
Especially short-term torrential rains are difficult to predict. However, it is a fact
that two differently classified basins, which will have the same initial state and
will be loaded with the same rainfall, will have a different response to causative
rainfall. The classification of basins according to parameters has a practical impact
on possible prioritization in terms of the implementation of measures.

The subsequent cluster analysis of the basins from the point of view of their
hydrological response shows that, according to the selected parameters, there
is a basic division of the basins into two groups, in which the categories A2
and B2 are gradually separated, which according to their parameters fall into
the group with the risk of increased runoff from torrential rains. Above all, risk
group C is then separated from these two groups. The independently created
group D is created from the previously created groups a and B, and the basins
with the lowest risk in terms of threat are separated within it. The creation of two
clusters C1 and C2 from group C and partly from group A2, with a total num-
ber of clusters of eight, no longer brings new information in terms of possible
threat. For the classification of SHCs in terms of their potential threat, it is there-
fore appropriate to classify them into seven clusters.
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Clusters of small catchments were assigned a risk level value on a five-point
scale. When divided into seven clusters, the lowest risk is in group A12. Together
with D, it falls into the "reduced risk" category, however, it is on the border-
line of values for inclusion in the "low" category. Groups All, Bl and B3 have
a medium risk. High risk A2 and C, where A2 is the highest risk of all groups and
Cis on the borderline for inclusion in the "increased risk" group.

Some validation of the resulting risk can be done by comparing the loca-
tions of the actual observed erosion events and the boundaries of the resulting
SHC.The result shows that more than half of the recorded events are in the high
risk class. Less than 15 % are in the medium and reduced risk classes, and 20 %
of the recorded events are on land outside the SoLC, i.e. in inter catchments.

CONCLUSION

The presented derivation and subsequent classification of SHC (small headwater
catchments) from the point of view of the level of threat bring insight into their
possible hydrological response. It can be said that up to the number of five clus-
ters, the primary division into two groups a and B is preserved, which are already
created during the creation of the first two clusters. In both, two groups are grad-
ually formed, which are rather risky. We can consider seven clusters a sufficiently
explanatory classification of SHC, where both group D (a very low risk), consist-
ing of elements of groups a and B, and a group C (very threatened) by deline-
ation from groups A2 and B2, will be formed. With seven clusters from the area
of the Czech Republic, this approach assesses 28.5 % of the area as at risk, 29.4 %
of the area with medium risk, 22 % with below average risk, and 20 % of the area
of the Czech Republic is not assessed - it does not fall into the SHC category.

Headwater catchments cover a significant part of the Czech Republic. With
the selected limit of up to 5 km? the SolL.C (Set of Largest Catchments) make up about
80 % of the Czech Republic. SHC are a space for the primary accumulation of rainwater.
At the same time, these basins are most affected by direct runoff, which subsequently
reduces the availability of water in their area. The classification of small headwater
catchments in terms of potential threat from torrential rains is one of the possible per-
spectives. Another use of the spatial delineation of these basins can be subsequent
classification, for example, from the point of view of water availability for irrigation,
or the application of other adaptation measures with expected climate change.

Within the Czech Republic, it is possible to consider the agriculturally used
parts of South Moravia and the western part of the Bohemian-Moravian Highlands
and north-western Bohemia to be more at risk. Alternation of high-risk and low-
er-risk basins is also typical in these areas. The region of South Moravia and Western
Bohemia is a typical agricultural landscape. Areas with medium risk are mainly
mountainous (Sumava, Krkonose, Jizerské hory, Jeseniky), which are character-
ized by increased precipitation totals, the impact of which is reduced by increased
afforestation. This group also includes the Beskydy Mountains and northern Moravia.
The Ore Mountains fall within an area with a lower risk, which is due to lower pre-
Cipitation totals. Areas with a lower risk include foothill areas, with the exception
of Orlické hory foothills and south-western Pilsen Region, which fall within areas
with an increased risk. The largest area of the basin with a reduced risk is Polabr,
partly Trebori Region, and the hilly areas of Brdy and western Bohemia.

Derived boundaries of small catchments are available as a web service
on the rain.fsv.cvut.cz portal.
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