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2" February — World Wetlands Day

Wetlands are among of the world's most significant and threatened ecosys-
tems. They take part in the water cycle in nature, retain water in the land-
scape, have a positive impact on the climate through high evaporation,
sequester excess carbon dioxide from the air, and are a source of food for
more than a third of the planet (fishing, rice cultivation). Peat bogs are an
important carbon sink. The importance of wetlands is therefore in mitigat-
ing climate change, too. At the same time, wetlands are cores of biodiversity;
they are biotopes for specific communities and endemic or very rare species
of plants, animals, fungi, and micro-organisms. Unfortunately, due to human
influence, wetlands are becoming increasingly scarce on Earth.

The Ramsar Convention is thus the first global intergovernmental con-
vention for the protection and wise use of natural resources and the only
convention that protects a specific type of biotope. The Convention on
Wetlands of International Importance Especially as Waterfowl Habitat,
known as the Ramsar Convention on Wetlands, was signed by the first States
on 2nd February 1971in Ramsar, Iran. This day was subsequently declared the
World Wetlands Day.

So far, 169 states have joined the Convention. The Czech Republic has
been a party to the Convention since 1990. The Ministry of Environment
(MoE) is responsible for the implementation of the Convention in the Czech
Republic. The Czech Ramsar Committee (established in 1993), which is com-
posed of representatives of the Ministry of Environment, nature conserva-
tion officers, scientists, researchers and NGOs, acts as an advisory body on
wetland protection. The Convention obliges member countries to designate

at least one wetland of international importance on their territory, whose
natural values meet the approved criteria, and to include it in the list of wet-
lands of international importance. It also commits the state to guarantee
increased care and protection to the listed wetlands.
Did you know that the Czech Republic has included a total of 14 sites on
the Ramsar List?
— Sumava peat bogs
— Trebon Ponds
— Novozdmecky and Biehyrisky Ponds
— Lednice Ponds
— Litovelské Pomoravi (protected landscape area)
— The Odra floodplain (Poodf)
— Krkonose peat bogs
— Trebon peat bogs
— Wetlands of the lower Dyje floodplain
— The Libéchovka and PSovka wetlands
— The underground Punkva river
— Ore Mts. peat bogs
— The upper Jizera river
— Slavkov Forest springs and peat bogs

Mgr. Zuzana Rehofova
VTEl expert editor
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Dear readers,

I am certain that you feel the same way | do. It was looking like winter was
finally going to be what we have been waiting for. The beginning was full of
hope - it was freezing and there was snow even in towns and cities. Then,
suddenly, something went wrong, and we entered the new year with tem-
perature records. Those above zero, of course. Some days saw the highest
temperatures ever recorded, with only the temperatures of the 1930° getting
closer. The thaw deprived us of valuable snow, so we have to rely on rain and
hope that it will be sufficient to create the necessary water supplies for the
summer with drought expected again. On the other hand, we are not yet
out of winter, so it is too early to draw any conclusions. With some exagger-
ation, it will be interesting to see which of the articles in the VTEI February
issue will ultimately be more relevant - the one addressing the zero isochion,
i.e. the snow line, or the article about the detection of wetlands and water-
logged areas.

VTEL/ 2022/ 1

| am sure most of you have heard of seven-year climate cycles. They
were based on ancient farmers” empirical experience, and the symbolism of
seven fat and thin cows is found even in the Old Testament. The cycles may
not have been exactly seven years long, fluctuating between six and ten
years, but they have worked for centuries. So we still may hope that we will
swing into the watery and cold season, although with energy prices rising
dramatically there probably is not much to yearn for either.

Nonetheless, | would like to end on a positive note: there is still hope
that all these weather fluctuations are part of a natural process and we have
more time to reverse climate change, which - if it is not already here - is sure
to come. Like new variants of covid, which I didn't want to mention at all
this time.

I wish everyone good health and every success.

Ing. Tomas Urban
Director of TGM Water Research Institute
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Automatic watershed delineation
in the Czech Republic using ArcGIS Pro

VIT STOVICEK

Keywords: automatic delineation — watershed — watershed divide — GIS — ArcHydro

SUMMARY

Manual watershed delineation by watershed divides has traditionally been per-
formed by means of an analysis of topographic maps and contour lines. With
the availability of digital elevation models, watershed and streams delineation is
performed automatically, which reduces the time spent on manual delineation.
In this study, we introduce the process of automatic delineation and the mod-
els available within the toolbox Arc Hydro Tool Pro, created by the company ESRI
for the ArcGIS Pro software. Automatic delineation was implemented by means
of different methods for selected watersheds in the Czech Republic, varying in
area and elevation. Digital elevation models with different resolutions, from pixel
size of 2 x 2 m to 50 x 50 m, were used as the input layer. Next, these deline-
ated watersheds were compared with the current layer of fourth-order water-
shed divides (valid in 2019). Results of automatic delineation for each watershed,
except those in lowlands, show a high overall accuracy. Automatic delineation
can be applied not only as an input to hydrological models but also in conse-
quent watershed analysis, for example, with the use of other tools in ArcGlIS Pro.

INTRODUCTION

Watershed delineation is the basis for hydrological modelling and analysis.
Traditionally, it is carried out by analysing topographic maps and contour lines,
which is often a lengthy and challenging process. By using the digital elevation
model (here-in-after DEM), which represents the relief of the Earth’s surface, the
whole process can be carried out automatically, thus reducing its time demands
significantly. Techniques for automatic watershed delineation have been availa-
ble since the mid-1980° and have been used in several geoinformation systems
(GIS) and other applications. The development of these techniques, as well as the
emergence of new higher resolution DEMs, form the basis for accurate and rapid
analysis. Another important factor is the development of computer technology,
which allows more powerful and comprehensive operations to be performed
locally and quickly enough. This gradually increases the demand for automated
systems which must provide accurate and rapidly available results [1-3].

ArcHydro is a data model, a set of tools and procedures that have been
developed over the years to support specific GIS implementations in the area
of water resources. Since 2002, it has expanded with more than 300 new tools
from the original 30 and it has been widely used in many different projects by
a range of users including government institutions, private companies, schools,
and general users interested in water resources [4].

This article serves as an introduction to the automatic delineation pro-
cess that can be performed using the tools in the Arc Hydro Tools Pro tool-
box, created by the company ESRI for the ArcGIS Pro software. The automatic

delineation itself was then implemented using different methods for selected
watersheds in the Czech Republic varying in area and elevation to verify its
accuracy and shortcomings in different types of relief.

METHODOLOGY

The basis of ArcHydro is the Hydrology toolset, which is stored in the Spatial Analyst
toolbox. The new Arc Hydro Tools toolbox has been extended with new tools and
improvements to existing ones. The newest Arc Hydro Tools Pro toolbox, which
was used for the purposes of this article, was created for the transition to ArcGIS Pro.

The basic process of delineating and creating a river network using the
Terrain Preprocessing toolset is partially illustrated in Fig. T and can be summa-
rized in a few steps [6]:

1. The Level DEM function - assigns the cells of the input DEM the same value
as the values in the polygons of the embedded water bodies layer.

2. The DEM Reconditioning — reshapes the relief by “burning” the stream (linear
feature) using the AGREE method [7], where the streams surroundings are
lowered by entered values. This creates a more distinct cross-sectional profile
that may not be completely clear in the input DEM due to the lack
of elevation data in the vicinity of the streams.

3. Fill Sinks — modifies the terrain’s unevenness by increasing or decreasing the
cell value depending on the surrounding cells so that the generated river
network is continuous.

4. Flow Direction — determines the flow direction for each cell according to
the largest difference in values (largest slope) between adjacent cells and
produces a raster (D8 method). D-Infinity or Multiple Flow Direction methods
can also be selected.

5. Flow Accumulation — based on the Flow Direction raster, it adds the number
of cells from which water flows into a given cell and assigns this resulting
value to the cell. It then creates a raster from all the values.

6. Stream Definition — based on Flow Accumulation grid and a user specified
treshlod (the number of cells or minimum watershed area), it computes a
stream grid. All cells above the threshold value are then assigned the value
of 1, all cells below the value are assigned the blank value of “Null”. The smaller
threshold value leads to a denser stream network and a higher number of
catchments.
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Stream Segmentation — divides streams into individual segments (to the
confluence of two streams or between confluences) and assigns a unique
identifier to them. All cells in a given segment can thus be distinguished
unequivocally from others by a specific “Grid Code”.

oo

Catchment Grid Delineation — assigns each cell a value that matches the
catchment to which it belongs. This value is identical to the value of each
stream’s segment. The resulting raster is then converted to a polygon layer
using the Catchment Polygon Processing function.

\©

Drainage line Processing — converts the generated river network raster from
step 6 to a line feature class.

-
Filled Sink
Fill Sinks
-
Removed Peak
N 1
i I . ML .
Numerical values for eight flow 2 B4 128 n!‘ " AR
directions and slope calculation 1‘/ I,. 1 4
15— =1 wlaiw
5 | 4 3 AR
-
i =
Flow Direction -
Ll S L ISR RN Witk b ST
53T s BEIC = e R P %il”l
Mimminia | izl A A
Waniwe| a4 e R e
LTI R T IR — s
Flow Accummulaiton
& 8 ile
L] L] LI
I RLELN TR
a a1 A a
B3 8 Moa

Fig. 1. Automatic watershed delineation process [5]

Steps 1and 2 require the input polygon (water areas) and line (streams) fea-
tures, respectively, which may make the functions described in the following
steps different, but the whole process works without them, too.

To speed up the whole process, the Terrain Preprocessing Workflows tool-
set [8] can be used, which contains several models from which the user chooses
based on the available input data and the type of river network in a given relief.
The input data is divided into four categories:

1. The user has only DEM (no stream or sink information),

2. DEMand known sinks,

3. DEM and known streams and sinks,

4.  DEM and known streams.

The river network type is then divided into three categories: dendritic,
deranged, or combined.

Six watersheds varying in area and elevation were selected to create water-
shed divides using automatic delineation and the Skofenicky potok watershed
(Fig. 2) was selected to compare automatic delineation over DEMs with different
resolutions and the actual watershed divide layer. Specifically, these were pairs
of watersheds, always smaller and larger in area, located in lowlands (Blatnice,
Cepel), uplands (Jivka, Tfebovka) and mountains (Ri¢ka, Malé Labe). Firstly, poly-
gons (a certain extent or window, identical to Fig. 2) were created around all the

VTEL/ 2022/ 1

BED WO 3 dkm ¢ 1 §

Fig. 2. Map of selected watersheds: 1 - Cepel, 2 - Blatnice, 3 - Malé Labe, 4 - Jivka,
5 — Ricka, 6 — Tiebovka, 7 — Skofenicky potok (Source: DIBAVOD, ArcCR 500 and DMR5G)

watersheds, in which the actual delineation was carried out. Only DMR 5G was
used as a base for all watersheds within this delineation. The first model was
chosen to be a dendritic river network with DEM only (no stream or sink infor-
mation), followed by the second model with the layer of streams burnt into
the relief model. The stream layer was used from the DIBAVOD digital database
[9]. Polygons were generated between these two layers to show the deviation
between the actual and generated watershed divides. Finally, the accuracy of
the whole delineation was evaluated according to the size of their areas. The
current watershed divides layer can be downloaded from: http://voda.chmi.cz/
opv/stahnout.html.

To compare the automatic delineation over DEM with different resolutions
and the actual watershed divide layer in the Skofenicky potok watershed, four
relief models were used — DMR 5G, DMR 4G, DMU 25, available from the Czech
Geodetic and Cadastral Office’s website (https://geoportal.cuzk.cz) and ArcCR
500 available from Arcdata Prague (https://www.arcdata.cz/produkty/geogra-
ficka-data/arccr-4-0) with pixel sizes of 2,10, 25 and 50 m. Again, the model for
dendritic river network with no stream or sink information was chosen.

RESULTS AND DISCUSSION

The first aspect evaluated was the effect of DEM resolution on the automatic
watershed delineation. The Skofenicky potok watershed was selected as the
testing territory, with an area of 171 km?, an average slope of 3.72% and an aver-
age elevation of 361 m above sea level. It is clear from the resulting values in
Tab. 1 that as the DEM resolution decreases, the accuracy of the delineation
itself decreases, too. While the deviation from the actual watershed divide is
higher than 4% when using DMR 4G, it is more than double for the 25 x 25 m
resolution and reaches 12.8% for the lowest resolution of 50 x 50 m.

Therefore, it is confirmed that accurate delineation of a watershed depends
largely on the quality of the initial DEM, and more precisely, on its resolution
[10-12]. A more detailed view of the difference between the generated water-
shed divides is provided in Fig. 3. It shows that when using a DEM with a lower
resolution, a kind of “teeth” due to the pixel size are created, which prevents
detailed and accurate delineation.

However, the overall deviation is quite significant for such a small watershed
for all DEM types. In this case this is caused by the small area in the western
part of the watershed with a low slope and a complicated river network. The
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Tab. 1. Results of the automatic delineation in the Skofenicky potok watershed

Area difference

DEM resolution [m] Deviation [%]*

[km?]
2x2 0.87 511
10x 10 0.95 5.55
25 % 25 1.82 10.66
50 x 50 2.19 12.79

*Ratio of area difference to total watershed area

automatic delineation did not generate a range of the stream and the water-
shed divide took a different direction. Such an error can be avoided by burning
the actual streams into the relief itself. If we used the terrain with burnt streams
in the Skofenicky potok watershed as an illustration, we would get the overall
deviation for DMR 5G slightly higher than 4%.

The delineation results for the six selected watersheds are shown in Tab. 2.
The smallest difference was achieved for the largest watershed in terms of area,
the Tfebovka, where the deviation (excluding burnt streams) was only 0.89%.
The two mountain watersheds of the Ri¢ka and Malé Labe had slightly more,
with deviations of 134 and 1.85% respectively, while another upland watershed,
the Jivka, still had a small deviation of 2.35%. The lowland watersheds were gen-
erated with the least accuracy. The Blatnice watershed had a deviation of 7.55%
and the larger Cepel watershed’s deviation was high — 9.13%.

The terrain with burnt stream features has reduced the deviation in all water-
sheds except the Cepel, where, on the contrary, has been an increase by almost
2%. The high deviations in the Cepel watershed, as in other lowland watersheds,
may be caused by the fact that the area is crossed by linear features (mainly
motorways and railway linear features) which significantly encroach on the ter-
rain that is otherwise lowland. If the elevation of the feature is then particularly
below or above the surrounding terrain, the model may evaluate it as a water-
shed divide, or as the stream itself, thereby fundamentally altering the course
of the watershed, as is the case of the Cepel watershed (Fig. 4). Literature [13]
states, inter alia, that features such as artificial streams, low dams or large lakes
can form significant sinks in the terrain that affect the accuracy of the results,
especially in lowland areas and river floodplains. This results in the generation
of an unreal river network, which is further limited by the resolution of the DEM
used. The Fill Sinks function is used to remove sinks, but the question is to what

Tab. 2. Results of automatic delineation in the individual watersheds
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Fig. 3. Delineated watersheds of Skofenicky potok using different digital elevation
models
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Fig. 4. Impact of a motorway on the automatic delineation of the Cepel watershed
and catchments (Source map: Esri World Topographic Map)

Area difference [km?] Deviation [%]*

Average . . . Model
Name of . 9 Average Area Model without Model with Model without .

altitude ) with burnt
watershed slope [%] [km?] burnt streams burnt streams burnt streams

[ma.s. L] streams
Ricka 740.35 10.76 33.52 045 045 1.34 1.34
Malé Labe 689.51 1217 73.36 1.36 1.21 1.85 1.65
Blatnice 193.32 147 33.55 2.53 1.32 7.55 3.95
Cepel 226.88 2.72 98.97 9.04 10.83 913 10.94
Jivka 555.5 11.82 2796 0.66 0.62 2.35 2.20
Trebovka 476.18 6.14 195.85 1.74 173 0.89 0.88

*Ratio of area difference to total watershed area
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extent the given relief should be smoothed. On the one hand, some smoothing
is necessary as it removes inaccuracies in the input DEM and a more real surface
can be achieved while preserving the topographic characteristics, on the other
hand, too much smoothing can change or remove the actual (natural) sinks that
are important for the correct description of the relief. Thus, in this case, a proper
smoothing of the DEM goes through a well-chosen threshold value to lower or
raise the sinks. However, a single chosen value cannot, in the end, correspond
to the whole study territory and therefore the intention and scope of the whole
study must also be taken into account [14, 15].

Although the burning of the streams into the terrain reduced the deviation
in the other basins, in all cases it was only a slight change in the order of tenths
oreven hundredths of a percent, except in the Blatnice watershed, where it was
refined by 3.6%. The results may thus suggest that the burning of streams into
the terrain is meaningless in some watersheds, but a closer examination of the
resulting watershed divides reveals that the refinement is obvious mainly in the
individual catchments, not in the whole selected watershed. In this case, the
burning of the streams does not affect the resulting accuracy but could affect
subsequent analyses of the watershed or catchment. Thus, the use of stream
layers can significantly increase the accuracy of watershed delineation, espe-
cially in flat lowland areas [16, 171.

Other refining factors may include the use of the layer of water areas, thus
providing a link between the river network and lakes, coastal lagoons or estu-
aries [18]. For example, the freely available SRTM (Shuttle Radar Topography
Mission) Water Body Dataset layer from the USGS at 30 x 30 m resolution can
be used for this purpose (https://earthexplorer.usgs.gov). Methods for auto-
matic delineation in drainage-free areas using the SRTM DEM (Digital Elevation
Model) are presented, for example, by Liu [10].

Last but not least, setting the threshold value to generate a river network
can play a role. In the models used for this study, this value is the default one
(automatically evaluated by the model on the basis of raw DEM). However,
selecting a lower value, thereby densifying the river network, may result in
a more accurate delineation [19].

Although the “accuracy” of watershed delineations is compared throughout
the article, the layer of the actual watershed divides cannot be taken as a basis
free of any errors. Itis a layer that is reqularly updated but contains a large num-
ber of areas where the course of the watershed divides is not entirely clear.
The automatic delineation, on the other hand, respects the relief exactly and
determines the flow direction precisely for each pixel. On the other hand, it
cannot correctly evaluate certain specifics, such as streams flowing under the
surface or man-made channels, which are taken into account when watershed
divides are created manually. The results should therefore be taken with a grain
of salt and seen as a possibility of using ArcHydro Pro tools in the latest view of
the Czech Republic’s relief. In the future, it would be useful to analyse a larger
number of watersheds with different areas, on differently rugged relief, and to
find out what threshold values (for filling/adjusting sinks or river network den-
sity) would best describe the given terrain and thus provide the basis for the
most efficient automatic delineation. At the same time, more attention needs
to be paid to watersheds in the lowlands, in areas with flat terrain, where stud-
ies have shown the greatest deviations from the actual watershed divides.
Consequently, more evaluation criteria based on the shape or length charac-
teristics of the watershed divides should be used to assess the accuracy of the
delineation. The lengths of watershed divides in the Skofenicky potok water-
shed (Fig. 3) can be used as an illustration. Here, the length of the actual water-
shed divide is 21.2 km, the DEM-generated length with a resolution of 25 x 25 m
is almost 27 km, and the DEM-generated length with a resolution of 2 x 2 m is
almost 31km, which at first glance does not correspond to the map or the result-
ing deviations. The high resolution of DMR 5G results in many small “teeth” on
the generated watershed divide, which increase its overall length. If we wanted
to evaluate according to this criterion, we would first have to choose the most
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appropriate level of generalization of the watershed divide. For example, if we
smoothed this watershed divide according to the Smooth Line function with
a tolerance of 100 m, the resulting length would be 221 km, just under a kilo-
metre longer than the actual length of the watershed divide.

USES

Automatic watershed delineation can be used mainly as an input to hydrolog-
ical models such as SWAT, HBV, HECG-GeoHMS or ILWIS. The studies that have
been completed focus on comparisons of different delineation methods and
procedures rather than on differences in accuracy between models, so it is not
possible to say unequivocally which model is more appropriate. However, in
general, their conclusions are in agreement with the results of this study, espe-
cially in that the largest differences in delineation are formed in lowland areas
with flat terrain (or coastal areas) and delineation accuracy is highly depend-
ent on the resolution of the input DEM [20, 16, 17]. Larger scale applications can
be found, for example, in the Pan-European River and Catchment Database
(18], which contains data on river networks, lakes and watershed boundaries
across Europe. These are based on DEMs with 100 m resolution, thus creating
the conditions for medium- and small-scale modelling. SRTM elevation data,
a derived shoreline layer and selected natural sinks served as additional input
data for the watershed delineation and the generation of the river network.
If necessary, in a very flat terrain where it was not possible to unambiguously
determine the course of the stream according to the DEM, a reference network
of streams was used. The network of streams and its related watershed were
generated according to the classical D8 method to determine the flow direc-
tion and the Soille and Gratin algorithm [21] to determine the flow accumula-
tion. Three new algorithms [22] were used to solve the problem of stream flow
in a flat terrain, and a part of the terrain in the flow direction at artificial sinks
was cut out instead of filling the sink itself, thus preventing further extension
of the flat terrain. Similar or additional methods and algorithms for optimum
sink removal have been the focus of studies [23, 24], which could also provide
guidance on how to refine delineation and could be applied to the territories
selected in this study.

The Czech Hydrometeorological Institute is currently in the process of
updating the watershed divides over DMR 5G. The editing is being done
manually in ArcGIS Pro with the ZABAGED stream layer and using automati-
cally generated contour lines and contour lines derived and provided by the
Czech Geodetic and Cadastral Office [25]. At the same time, editors can use the
HydroDEM toolbox to generate watershed divides automatically. Thus, auto-
matic delineation is mainly used as an auxiliary tool in this case, especially in flat
lowland areas where the watershed divides are not as clear as in watersheds
with a higher slope.

CONCLUSION

This paper has presented the possibility of automatic delineation of watersheds
and river networks using the tools in the Arc Hydro Tool Pro package in ArcGIS
Pro environment. The process of automatic delineation itself was described
and applied to selected watersheds in the Czech Republic within evaluation of
its functionality and accuracy. The most accurate watersheds were generated
in the mountainous and hilly areas (deviation of watershed size from the actual
watershed divides up to a maximum of 2.4%), and the least ones in the lowland
areas. The results are consistent with the results of other studies to date, where
the largest deviations also occur in lowland areas with flat terrain. Furthermore,
the decreasing accuracy of delineation with lower resolution of the input DEM
was also confirmed. Possible ways of modifying the DEM and changes in the
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watershed divide generation procedure to improve delineation accuracy were
discussed. Within further research, it was proposed to apply automatic delinea-
tion to a larger number of watersheds with a focus on lowland areas. In particu-
lar, the resulting accuracy could be influenced by modifying the DEM - both
through the input layer of water areas and through different options of sink
modification. Thus, automatic delineation using the tools in the Arc Hydro Tool
Pro package together with a DEM of a sufficiently high resolution for the pur-
pose of the given study can be recommended as a powerful and sufficiently
accurate tool.
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SUMMARY

Since December 2012, during every winter season, the altitude of the zero iso-
chion (snowline) has been determined at the Czech Hydrometeorological
Institute for the purposes of operational hydrology. The reason is the estimation
of the amount of water stored in snow cover, which is inevitable activity for Czech
hydrologists who naturally want their forecasting models to give relevant results.
In order to get a better idea about current spatial distribution of snow cover
in Czechia, the information on the zero isochion has been extracted from the
MODIS imagery coming from the Terra satellite. The obtained time series repre-
sents a relatively long period (currently until May 2021), which offers the possibility
of analyzing the spatial and temporal dynamics of the zero isochion in Czechia. In
this study, the information about the isochion was divided into 27 geomorpho-
logical regions and the winter season was divided into the accumulation period
and the melting period. The focus was on possible differences between individ-
ual regions and time periods, as well as on relationships between zero isochion
dynamics and selected factors derived from other geographical data, such as the
digital elevation model. Due to different reasons, the data on the isochion were
incomplete and did not satisfy the requirements for fitting the models which
need regularly/evenly spaced sampling. Therefore, missing daily values were esti-
mated so that the series finally covered the winter seasons from November to
May. This was accomplished by the application of a suitable modified EM algo-
rithm that respected both the temporal and the spatial structure of the multivari-
ate time series. Correlation and regression analyses followed, where the main aim
was to find out if the belonging to a geomorphological region (with its selected
attributes) has an influence, and if there are significant interannual changes.

INTRODUCTION

For more than ten years, the zero isochion has been a practical tool for calculat-
ing snow water storage as part of regular hydrological forecast analyses within
the Czech Hydrometeorological Institute. The main benefit of determining the
isochion is the definition of the areas where we can expect snow cover to be
present and where snow cover will be absent, or where we need to take into
account snow water equivalent and where it can be neglected. Defining such
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a boundary within the homogeneous regions of Czechia allows better interpo-
lation of snow cover depth values recorded in the CHMI station network. A more
detailed description of hydrological forecast analyses, including the application
of the zero isochion in the calculations, is offered by [1, 2]. The content of this
paper is related to work [3], where the basic procedures of extracting the zero iso-
chion using satellite images and information on its distribution within the geo-
morphological regions of Czechia have been summarized. It is the search for cor-
relations and other relationships that can be inferred from the observed series
that are the main topic of the following text. One of the key areas of the study is
quantifying the degree of dependence of the variability of the average altitude of
the zero isochion on the terrain characteristics of the geomorphological regions.
The long-term altitude of the zero isochion is analyzed for the entire winter sea-
son defined by the months of November to May (for nine years 2013-2021), as well
as for parts of the winter season that are typical of snow accumulation, of snow
melt and for the rest of this season (for four years 2018-2021). An attempt was
made to trace the degree of influence of the factors related to the terrain con-
figuration in different periods of the winter season. Since the length of the col-
lected time series is already quite sufficient (in the sense of an undivided winter
season), an equally important task was to see how the altitude of the zero iso-
chion changes with time, i.e,, in each year, and whether a significant trend can be
observed for some geomorphological regions. In extracting the altitude of the
zero isochion and respecting its definition according to [4], a procedure similar
to that in [3] was followed for the sake of necessary consistency. New problems
were addressed using a variety of statistical techniques, with regression analy-
sis and the selection of significant explanatory variables playing a central role, in
addition to descriptive statistics and methods for filling in missing values.

DATA AND METHODOLOGY

Satellite data

A significant portion of the data analyzed in this project comes from the National
Snow and Ice Data Center (NSIDC) portal, which supports research on the cry-
osphere, i.e, snow, ice, glaciers, and frozen ground, as well as the climatic



interactions that take place in the cryosphere. The NSIDC administers and dis-
tributes scientific data, creates tools for accessing the data, supports data users,
conducts scientific research, and educates the public about the cryosphere.
As a platform for data originating from the National Aeronautics and Space
Administration (NASA), it is also certified as a CoreTrustSeal Regular Member of
the World Data System, an interdisciplinary body of the International Science
Council (ISC; formerly ICSU). The portal has been distributing data free of charge
to the entire scientific community since 1976 in a variety of formats known in the
field of RS and in sizes ranging from small text files to terabytes of data. Further
information on products, tools and published outputs can be found at [5].

The specific dataset used for the purposes of the zero isochion analysis is
designated MODIS/Terra Snow Cover 5-Min L2 Swath 500m, Version 61, and is
available, including metadata, from [6]. The name of the dataset contains basic
descriptive information about the sensed data. The images are collected using
the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor installed
on the Terra satellite. Terra is a NASA multinational scientific research satellite
in a Sun-synchronous orbit around the Earth that makes simultaneous meas-
urements of the Earth’s atmosphere, soil, and water to contribute to the under-
standing of how the Earth is changing and to identify implications for life on
Earth [7]. The location of the MODIS sensor on the Terra satellite is shown in Fig. 1.

CERES
Fig. 1. Terra satellite, launched 18" December 1999 (orbit height: 713 km; orbital veloc-
ity: 7503 km.s™; maximum velocity: 27,010 km.h") and the position of the MODIS sensor
(source: [8])

The images tagged with the MODIO_L2 identifier provide information
about the snow cover in daily steps. Detection is done using the Normalized
Difference Snow Index (NDSI). Another product is a series of correction images
that are designed to mitigate errors and mark the detection of uncertain snow
cover. Snow-covered landscapes typically have very high reflectance in the vis-
ible bands and very low reflectance for the shortwave infrared bands. The NDSI
reveals the magnitude of this difference. Each data granule contains 5 minutes
of swath data observed at a resolution of 500 m. Data collection began on
24" February 2000 and data revision is now underway for current version 6,
which is expected to be completed in spring 2022.

Satellite data download and processing
in a GIS environment

The practical aspect of the processing of these data at the CHMI consists in pre-set-
ting the parameters of the area of interest to a rectangle covering the territory of
Czechia. If the acquired image is in intersection with this rectangle, the CHMI staff
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Tab. 1. Classes of the NDS|_Snow._Cover output

NDSI snow cover values and data flag values
(saved as 8-bit unsigned integers)

0-100: NDSI snow cover

200: missing data

201: no decision

211: night

237:inland water

239: ocean

250: cloud

254: detector saturated

255:All

is informed by e-mail as soon as possible about its availability together with a link
to download the given data file. The time of sending the notification depends
on the image’s complexity. If the image has many classes, there may be a delay.
However, most often notifications are sent within 12 hours after acquisition.

Data is provided in the HDF-EOS2 format and is stored as 8-bit unsigned
integers. The Hierarchical Data Format (HDF) allows for efficient storage of
large, yet quite diverse data and metadata [9]. For the area of interest covering
Czechia, the size of such files is approximately 5-25 MB, reflecting the area and
spatial distribution of snow in the landscape. Each HDF file is composed of sev-
eral parameters, of which the output “NDSI_Snow_Cover” is essential for snow
detection as it contains attributes divided into nine classes listed in Tab. 1.

For further work in the GIS environment, it is necessary to extract the indi-
vidual classes first into a raster form and then into polygons, from which the
essential boundary between snow and snow-free areas is exploited. In the first
stage of the extraction, it is necessary to use the HEG tool (HDF-EOS To GeoTIFF
Conversion Tool), which is freely available as supporting software from the
NASA portal [10]. It allows a sufficiently accurate conversion from the HDF for-
mat to the GeoTlIFF format so that, when projecting to UTM and specifying the
corresponding zone (for Czechia 33N or 34N in the east), there is a correct over-
lay with a Czech Digital Elevation Model (DEM; see below). The local reflections
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Fig. 2. Parameter settings for conversion in the HEG tool
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in class 237, i.e., inland water bodies that overlap with the hydrographic base in
the GIS (e.g.,, Rozkos or Nové Mlyny water reservoirs) are the best verification of
the overlay quality. An example of a HEG tool setup is shown in Fig. 2.

The processing of images in ArcGIS Desktop can be divided into several

phases, with the use of each tool adapting to the capabilities of the ArcGIS
Desktop license within the CHMI. Future adaptation to newer versions and
products can also be expected:

their minimum and maximum values, the range of values, the sum of values
and, above all, the average value, which is the item that is processed subse-
quently. The vector layer with geomorphological regions replaces the func-
tion of the zero isochion position database, as a column of values is created
for each day analyzed, where each geomorphological region is assigned an
average position value if it was recorded on that day. The Join Field tool is
used to link the statistical output to the region layer attribute table.

A.

Extraction of the data of interest from the RS image. The GeoTIFF image
is imported with the parameters set in the HEG tool (projection, range). Most
often the image is taken in the morning for Czechia, which includes the area
from approximately southern Scandinavia to the Alps. In less frequent cases,
images with only a partial overlap can also be used, based on the orbital path
of the satellite, which may record the territory of Czechia from multiple fly-bys.
Images that have an intersection with the preset rectangular mask for Czechia
are subjected to cropping to reduce the complexity of the partial calculations.
The resulting raster must be first reclassified with respect to the delineation of
snow and snow-free areas. The original data up to 2017 were classified more
generally into three basic groups: snow, no snow and cloud cover. After 2017,
the quality of reflectance from snow cover is broken down in more detail into
classes from 0 to 100 (according to the NDSI index), where 0 is a guaranteed
snow-free area and 100 is the highest possible reflectance from snow cover.
For the purposes of the CHMI hydrology, all snow reflectance values between
1and 100 are treated as snow in order to provide the largest possible data
package for evaluating the zero isochion. As a result, all values 1-100 are reclas-
sified to a value of 50 and values of 0 are treated as snow-free areas. A sig-
nificant feature based on actual weather conditions is the class value of 207,
which is the area of questionable evaluation (NDSI internal calculation), and
the class value of 250, which is cloud cover, the most common limiting factor
for a full evaluation. The other classes can be considered complementary and
can be omitted from further operations. The reclassified raster is further gen-
eralized by the Boundary Clean tool to suppress sub-regions of unit pixel sizes,
and then the classes are colour coded to make the primary visual overview

of the dataset stand out. For further operations, it is necessary to first convert
the raster layer to a polygon layer and then to a line layer using the Feature to
Line tool. This creates a dataset of lines that have a specific gridcode accord-
ing to the original raster they surrounded. Specifically, at the contact of two
polygons, where one comes with the value of 0 (no snow) and the other with
a value of 50 (snow), two lines will be created, one with gridcode 0 and the
other with gridcode 50. The element being searched for is then the layer cre-
ated by the intersection of the selections (Intersect tool) of these two lines
and contains all visible boundaries between the snow and no-snow areas.
This discontinuous line bounding the recorded snow cover can be referred to
as the zero isochion. This line already provides some spatial idea of the posi-
tion of the snow boundary within the Czech territory. For a more detailed
indication of the position, it is necessary to find the approximate value of the
altitude at which this line is located. Pixel extraction using a mask was chosen
as the simplest method where the isochion line is considered the mask. This
is how the altitude values are extracted from the raster base, which is a DEM
with a resolution of 25 m (see below).

Spatial data analysis. Geomorphological regions were chosen as the most
appropriate division of the Czech territory for the definition of the zero iso-
chion. These areas best reflect the relief features, relative and absolute rug-
gedness (mountains/lowlands) and the distribution of slope orientation to
the cardinal directions (north/south, west/east), i.e, factors that are expected
to have a major influence on snow cover accumulation and melting. Within
Czechia, there are 27 such treatment regions (see Tab. 2 and Fig. 3 for details).
For each of these regions, the extracted set of pixels belonging to the given
geomorphological region is evaluated using the Zonal Statistics as Table tool,
and the output is a statistic containing information on the number of pixels,

C. Visual interpretation of data. Visualization of the values can be done by

showing labels with these values for each region, possibly with an underlying
choropleth map. The situation where an average value is defined for each or
at least for most of the geomorphological regions is rather rare during obser-
vations, as the cloud factor is often present and in the absence of cloud cover
the snow is either limited to mountain areas or, on the contrary, covers the
whole territory of Czechia. As mentioned above, the snow boundaries are
based on different NDSI reflectance index intensities and each of the average
values needs to be critically analyzed (i.e, validated) to see if it is an objec-
tive value and can represent the conditions in the region. The evaluation is
based not only on internal snow cover data coming from the CHMI observa-
tion network (automatic stations, observers, field measurements), but also, for
example, on web camera outputs or historical correlations between regions.
The position of the zero isochion enters the snow water storage calculation as
a limiting value for the spatial interpolation of snow cover parameters, where
a fictitious network of zero points is generated for each of the regions, which
prevents the interpolation from estimating a non-zero (positive) snow cover
depth or snow water equivalent below this position. For this analysis in a GIS
environment, the ClidataGIS tool is used, which allows the import of meas-
ured data, a more detailed visual inspection, and the setting of parameters
for interpolation. The final output is a map, including a supplementary table
reflecting changes in snow occurrence over the previous weeks, which is
posted on the CHMI portal, and the public can see the predicted water vol-
ume in the sub-basins of interest (water reservoirs, major outlet sections of
watercourses). Currently, such an output, based on Monday's measured val-
ues, is generated once a week, on Tuesday. In the future, however, it will be
possible to produce similar analyses more frequently during the week thanks
to the automated network of snow gauging stations combined with satellite
imagery.

| Wrkooobe-lesesdy Sysbem  Cerral Pokah Lowiards 1 Wietsa Banin | Bumava System
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7 e Carpatian e :

Fig. 3. Geomorphological regions (for ID see Tab. 2) and their parent subprovinces
in Czechia (adapted from [11])
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Tab. 2. Geomorphological regions for which, in the winter season, the CHMI determines the average altitude of the zero isochion, and their identifiers (adapted from [11])

ID Region Subprovince Province System
IA Bohemian Forest Region Sumava System Bohemian Upland Hercynian
B Sumava Region Sumava System Bohemian Upland Hercynian
1A Central Bohemian Hilly land Bohemian-Moravian System Bohemian Upland Hercynian
1B South Bohemian Basins Bohemian-Moravian System Bohemian Upland Hercynian
[IC Bohemian-Moravian Highlands Bohemian-Moravian System Bohemian Upland Hercynian
1D Brno Highlands Bohemian-Moravian System Bohemian Upland Hercynian
A Ore Mts. Region Ore Mts. System Bohemian Upland Hercynian
1B Ore Mts. Piedmont Region Ore Mts. System Bohemian Upland Hercynian
llle Karlovy Vary Highlands Ore Mts. System Bohemian Upland Hercynian
IVA Giant Mts. Region Krkonose-Jeseniky System Bohemian Upland Hercynian
VB Orlice Region Krkonose-Jeseniky System Bohemian Upland Hercynian
IVC Jeseniky Region Krkonose-Jeseniky System Bohemian Upland Hercynian
VD Krkonose-Jesenfky Piedmont Krkonose-Jeseniky System Bohemian Upland Hercynian
IXA South Moravian Carpathians Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXB Central Moravian Carpathians Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXC Slovak-Moravian Carpathians Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXD Western Beskids Piedmont Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXE Western Beskids Outer Western Carpathians Western Carpathians Alpine-Himalayan
VA Brdy Region Berounka System Bohemian Upland Hercynian
VB Pilsen Hilly land Berounka System Bohemian Upland Hercynian
VIA North Bohemian Table Bohemian Table Bohemian Upland Hercynian
VIB Central Bohemian Table Bohemian Table Bohemian Upland Hercynian
VIC East Bohemian Table Bohemian Table Bohemian Upland Hercynian
VIIA Silesian Lowland Central Polish Lowlands Central European Lowland Hercynian
VIIIA Western Outer Carpathian Depressions — Outer Carpathian Depressions Western Carpathians Alpine-Himalayan
VIIIB Northern Outer Carpathian Depressions  Outer Carpathian Depressions Western Carpathians Alpine-Himalayan
XA South Moravian Basin Vienna Basin West Pannonian Basin Alpine-Himalayan

Basic geographical material for obtaining terrain
explanatory variables

The spatial (but also temporal) variability of the altitude of the zero isochion
is influenced by the terrain configuration. Temporal variability will certainly
be more related to the climatic conditions of the territorial units for which
the study is conducted. Since these territorial units were geomorphological
regions for the above-mentioned reasons, it was necessary to obtain a vector
layer with polygons representing these regions. This was downloaded from the
Geoportal of the Czech Office for Surveying, Mapping and Cadastre, where it is

part of the Data200 database (specifically the Description layer) [12]. This layer is
based on the geomorphological division described in publication [11], which in
fact refers to 28 regions. However, at the CHMI, only 27 regions are traditionally
considered, as the Zahorska Lowland is merged with the South Moravian Basin
(row with ID XA in Tab. 2). The layer of geomorphological regions has been
adjusted accordingly before further analyses.

The Digital Elevation Model (DEM) in the form of a raster, which was the
source of information on elevation and other terrain parameters in the geo-
morphological regions, is based on the Digital Model of Territory prepared
at a scale of 1: 25,000 (DMU 25), which the CHMI purchased from the Military
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Geographical and Hydrometeorological Office in 2001. This raster with square
cells representing an areas of 25? m was created from the original data directly
at the CHMYI, and contour lines were essential for its creation. The DEM was thus
created by suitable interpolation in the then S-42 system. However, because
the CHMI switched over time to the UTM zone 33/34N system, the raster was
reprojected and resampled into this system (more precisely only zone 33).
Similarly, the geometry of the polygon layer of the geomorphological regions
was transformed to the UTM zone 33N system.

Using the polygon and raster layers, several terrain features were then extracted
for each geomorphological region. These were to serve as explanatory variables
in the planned regression analysis. Their list and meaning are presented in Tab. 3.
Special attention should be paid to the SDASP indicator, which is not well known
in the Czech literature. It is the so-called directional standard deviation expressing
the variability of slope orientation in individual regions expressed in radians [13].
The R package circular [14] was used to calculate terrain characteristics related to
angles. The vector layer was manipulated during extraction using the R package sf
[15], while the raster layer was manipulated using the R package terra [16].

Statistical processing of the extracted data
on the altitude of the zero isochion

Fig. 4 reveals how many values of zero isochion altitude were available in the
original database from December 2012 to May 2021, when the CHMI staff had
already evaluated the data completely on their own. Naturally, zero isochion
altitude information was only available for the winter seasons, which are usu-
ally divided into two calendar years. However, this division is not very suitable
for further processing of the time series, so winter seasons were next assigned
to years with a larger proportion of months. As the winter season was con-
sidered to be November to May, the months of November and December
were assigned to the following calendar years. As a result, the winter seasons
could be analyzed for the period 2013-2021, i.e,, for nine years. For various rea-
sons described earlier, the original database was not complete for the individ-
ual geomorphological regions, and even the equidistant weekly step was not

followed, since, for example, due to cloud cover, one of the following cloud-
free days of the week had to be selected. Missing values and not keeping the
same time step make such data quite problematic for subsequent statistical
processing, since the vast majority of statistical models require complete-
ness and constancy of the time step (especially when time series models are
involved). Although models for this type of data are also being developed (e.g,,
[17]), it is generally recommended to get rid of their above-mentioned short-
comings so that traditional models can be applied. Finally, the database of zero
isochion altitude values was supplemented with estimated values to produce
a time series in a daily time step for each geomorphological region that repre-
sented all winter seasons of the period 2013-2021 without any missing values.
This result was achieved by means of a modified Expectation-Maximization
(EM) algorithm that treats the incomplete time series as a multivariate series,
where a vector of univariate series with relationships between them is thus
considered, while a spline method is applied to all its elements as a filter.

w=t0 N o-120 [ 15-s0
P e-o0 B -0 [ s-20
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Fig. 4. Total number of days (values) with the detected zero isochion for all winter sea-
sons 2013-2021

Tab. 3. Characteristics of geomorphological regions of Czechia obtained as explanatory variables for next regression analysis

Variable Meaning

X X coordinate of the centroid of the polygon representing the geomorphological region (for UTM zone 33N projection)

Y Y coordinate of the centroid of the polygon representing the geomorphological region (for UTM zone 33N projection)

MIN minimum elevation of the geomorphological region derived from the DEM

MAX maximum elevation of the geomorphological region derived from the DEM

RANGE range between the maximum and minimum elevation

MEDIAN median elevation of the geomorphological region as determined from the DEM

SD standard deviation of the elevations determined for each DEM cell falling into the geomorphological region

MEDSLOPE median slope gradient determined from the DEM for the geomorphological region

MEANASP mean orientation of slopes in the geomorphological region (categories North, East, South and West) as determined from the DEM

SDASP standard deviation of the radians determining orientation of slopes in the geomorphological region determined from the DEM
(according to [13])

PREVASP prevailing orientation of slopes in the geomorphological region (categories North, East, South and West) as determined from

the DEM
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Tab. 4. Values of selected explanatory variables related to terrain of the 27 geomorphological regions of Czechia

Y MIN MAX

RANGE MEDIAN SD

MEDSLOPE SDASP

. X
Region - (] [l ] (] [ MEANASP rrad] PREVASP
IA 336085.9 5501474.3 371 1039 668 532 96.2 412 East 2 East
B 424956 .4 5423466 387 1373 986 704 187.5 6.32 North 2.09 North
1A 453643.9 5489265.7 190 723 533 453 71.8 3.82 East 2.39 South
1B 470010 5433611.5 361 576 215 436 356 115 East 1.94 East
[IC 546326.6 5472446.7 193 836 643 517 99.6 3.62 East 24 East
1D 622653.7 5467326.5 186 731 545 386 1134 4.87 East 218 East
1A 367418.7 5593028.7 112 1242 1130 651 183.8 6.45 South 2.06 South
1B 394800.1 5587386.7 115 929 814 354 136.6 3.82 East 2.03 East
lnc 347914.8 5546078.6 373 980 607 642 88.7 473 East 2.38 North
VA 522349.7 5617564.5 21 1595 1384 476 211 718 South 2.24 South
VB 6004254 5562851.7 291 1 820 485 131.8 5.74 South 2.09 South
IVC 667559.9 5532656.7 200 1491 1291 510 1914 6.45 East 214 East
VD 649892 5580222.8 220 517 297 307 48.6 2.06 North 1.36 North
IXA 6219971 54098374 159 543 384 250 559 5.82 East 2.3 East
IXB 653086.3 5440624.5 162 583 421 269 66.9 517 East 2.74 East
IXC 703041 5442909.3 174 1014 840 383 141 7.75 West 2.03 West
IXD 7237014 5496110.8 206 954 748 327 72.5 3.98 North 1.95 North
IXE 736095.5 5484037.7 268 1318 1050 575 1619 13.3 West 249 West
VA 433084.5 5535094.7 169 861 692 391 1228 362 East 2.08 North
VB 379855 5516508.7 231 770 539 435 711 343 East 2.24 North
VIA 493822 5599526.8 146 656 510 305 559 346 South 2.06 South
VIB 478917.2 5567738.2 133 455 322 219 473 1.22 East 1.95 East
VIC 5702931 5545613.1 193 692 499 276 104 146 East 2.35 East
VIIA 718084.5 55397104 200 316 116 255 22 1.81 East 1.83 East
VIIA 645831.3 5461667.5 161 382 221 222 31.8 1.15 East 1.76 East
VIIIB 743139.7 55252694 192 331 139 240 28.7 1.28 East 192 East
XA 651910 5415331.2 145 300 155 177 214 0.91 East 2.04 East

The algorithm is described in much more detail in [18], and the same authors
implemented it in the R package mtsdi [19], whose mnimput function was also
used to fill in the missing daily values.

The daily values were then aggregated for each year (i.e., winter season) using
an alpha-trimmed mean to avoid sensitivity to extremes (see, e.g., [20] for more
details on its properties). 10% of extreme values were trimmed. In addition, for
those years where it was possible, the values were aggregated to represent, in
addition to the complete season (labelled as COMPLETE), the different stages of
the winter seasons (i.e, ACCUMULATION, MELT and the indistinguishable REST

between accumulation and melting). For the definition of the accumulation
and melting periods, respectively, the evolution of the snow cover in the bor-
der mountains, especially in the Giant Mountains and the Jizera Mountains,
was used as a reference. Possible overlaps of these periods caused by possible
thawing were not taken into account. However, the different durations of the
different seasons in different years were guaranteed. Then, aggregation over all
years was also carried out to obtain “long-term” values as explained variables
for the regression models to be prepared. The dates defining the periods of
snow accumulation and snowmelt were naturally not the same in all years, and
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Tab. 5. Long-term averages of the zero isochion altitude for winter seasons (November—May) for the 27 geomorphological regions of Czechia

Region ALL ALL ACCUMULATION MELT REST
(2013—-2021) [m] (2018—2021) [m] (2018—2021) [m] (2018-2021) [m]  (2018—2021) [m]
A 616 625 601 648 667
B 808 808 748 914 782
A 450 445 440 454 44)
1B 439 437 439 436 432
IC 539 537 516 572 545
1D 450 453 445 472 452
[ITA 699 697 626 842 705
1B 404 396 388 400 422
[1C 663 682 654 724 685
IVA 651 638 568 818 573
VB 612 618 555 750 606
IVC 683 678 570 873 699
VD 351 360 359 357 363
IXA 212 201 193 204 228
IXB 282 280 295 264 265
IXC 500 511 448 594 554
IXD 391 386 366 414 439
IXE 627 625 575 700 622
VA 493 495 498 503 465
VB 459 465 464 463 473
VIA 322 319 313 328 319
VIB 254 247 248 247 248
VIC 352 342 330 348 370
VIIA 251 249 248 251 240
VIIA 212 209 212 208 203
VIIB 241 236 236 235 235
XA 182 178 178 178 178

therefore the procedure was strictly based on what was observed by a combi-
nation of satellite imagery and field survey. For the MELT period, the date of its
start was not available for several geomorphological regions and was therefore
replaced by the last date of the REST period. Period overlaps were not consid-
ered, rather the longer nature of the period was targeted.

For several reasons, including the amount of data obtained, determined by
the number of geomorphological regions, a linear model (multivariate addi-
tive with parameter estimation using ordinary least squares) and a random
forest model were finally chosen for the regression analysis itself. In the for-
mer case, terrain explanatory variables were selected based on the Akaike

16

Information Criterion (using a combination of forward and backward variable
selection; see [21, 22] for details). Specifically, the selection of explanatory vari-
ables was done through the stepAlC function implemented in the R package
MASS, which is part of [23]. Before applying the linear models, the possible col-
linearity between the proposed explanatory variables was specifically investi-
gated using Pearson correlation coefficients. In the case of random forests, the
forward feature selection algorithm was applied using the ffs function imple-
mented in the R package CAST [24-26], which mainly needs the R packages
caret [27, 28] and randomForest [29] to make it work.



Tab. 6. Best linear models according to the Akaike Information Criterion
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Coefficient Estimate Std. error t P(> Itl)
ALL (2013-2021) intercept -73.65 3543 -2.08 0.05
(R?=0.99 X 0.000 0.000 1.39 0.18
F=2975 MIN 0.22 0.09 2.61 0.02
p <0.01) MAX 0.12 0.05 2.65 0.02
MEDIAN 0.75 0.07 10.16 <0.01
SD 0.81 0.27 297 0.01
MEDSLOPE -9.28 2.83 -3.28 <0.01
ACCUMULATION (2018-2021) intercept -701.23 536.17 -1.31 0.21
(R?=0.99 Y 0.000 0.000 1.3 0.21
F= 1747 MIN 0.35 0.1 3.52 <0.01
p <0.07) MEDIAN 0.73 0.08 9.72 <0.01
SD 0.88 0.18 4.74 <0.01
MEDSLOPE -4.79 3.05 -1.57 013
MELT (2018-2021) intercept -229.44 95.66 24 0.03
(R?=0.99 X 0.000 0.000 341 <0.01
F=1125 MIN 0.21 0.15 142 0.17
p <0.01) MAX 0.25 0.08 3.08 0.01
MEDIAN 094 0.12 7.76 <0.01
SD 0.96 0.45 211 0.05
MEDSLOPE -16.43 7.28 -2.26 0.04
MEANASPEast 53.18 28.32 1.88 0.08
MEANASPSouth 90.72 30.27 3 0.01
MEANASPWest 65.25 45.08 1.45 017
SDASP -63.21 3796 -1.67 012
REST (2018-2021) intercept -9.28 29.79 -0.31 0.76
(R?=097 MAX 0.25 0.04 6.14 <0.01
F=1152 MEDIAN 0.82 0.08 10.62 <0.01
p <0.01) MEDSLOPE -17.03 5.59 -3.04 0.01
MEANASPEast -9.63 21.8 -044 0.66
MEANASPSouth -29.39 26.61 -1 0.28
MEANASPWest 86.3 43.79 1.97 0.06

Student t-distribution quantile; P — probability; F — Fisher-Snedecor F-distribution quantile; p — p-value

To determine whether a significant interannual monotonic trend can be
observed in the altitude of the zero isochion, the non-parametric Mann-
Kendall test was applied to each geomorphological region. Since this test,
despite its non-parametric nature, is sensitive to autocorrelation in the time
series, its trend-free pre-whitening (TFPW) modification implemented in the R

package zyp [30] was chosen for the COMPLET series (2013-2021). The theoret-
ical foundations of this test modification can be studied in references [31-33].
Other parts of the winter periods could not be studied in this way because the

obtained time series were very short.
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Fig. 5. Pearson correlations between the selected terrain explanatory variables (only
correlations significant at the 0.05 level are shown by ellipses and colours)

RESULTS AND DISCUSSION

Fig. 4. shows the total number of zero isochion altitude values that have been
derived from MODIS imagery for each of the 27 geomorphological regions
used in the CHMI hydrology practice. A total of 3,216 such values were availa-
ble for the period December 2012 to May 2021, which amounts to about 6.24%
of the theoretically complete daily values (considering all winter seasons con-
tained in the period November 2012 to May 2021, i. e., 51,570 values). This is not
solely due to the fact that CHMI hydrologists traditionally focus on obtaining
only one value per week for each region, but also because some regions are
affected by cloud cover much more frequently than others. At the same time,
it should be noted that lowland areas are much less likely to experience snow-
fall than areas characterised by more mountainous relief. In Fig. 4, this fact is
highlighted by the method of a pseudo choropleth map, where geomorpho-
logical regions are classified into groups characterised by different intensities
of blue. The difference, which is certainly due to the typical altitude or rugged-
ness within the regions, is very visible. In addition to the above, it must be taken
into account that, in terms of spatial and temporal ocurrence of snow cover, the
winters of the previous five years can be judged to have been below average,
as can be seen from the continuous statistics [2].

Tab. 4 presents results regarding the extraction of selected terrain variables
that were hypothesized to explain the spatial variation in the altitude of the
zero isochion and, therefore, to be relevant for the construction of regression
models. The list of variables that can be derived from the DEM in this way is cer-
tainly not exhaustive, but it was assumed to represent at least the most impor-
tant factors related to latitude, longitude, and mean, minimum and maximum
elevation, terrain ruggedness and slope gradient as well as the slope orienta-
tion to the cardinal directions. Particularly important here are the characteris-
tics relating to the variability of elevation, but also the orientation of the slopes
to the cardinal directions. The indicators related to slope orientation could have
been expressed in angles, but in the end, it was decided that they would enter
the regression models as categorical variables resulting from reclassification,
since it is not easy to account for angular variables in such models and a trans-
formation is recommended here anyway, usually by applying trigonometric
functions.

Tab.5provides at least a basicidea of thelong-term (or rather longer-term) val-
ues of the zero isochion altitude in the territory of individual geomorphological

18

FRegion: 1B

M*ﬁ}%-__ﬁ-_—_q

150- F=038

400 p=3304+36x
sp- F=08

y=2T-24x
350 - R |

400-  y=35p2x
150-  R=1

Average altitude during the winter ssasan [m]
(5]
2

Region: XA

00" 100165
s0-  R=1

00 08 200 0w 02
Wear

00 WM W5 206

Fig. 6. Course of the annual series of average zero isochion altitude (2013-2021) in five
geomorphological regions in Czechia for which a statistically significant monotonic
trend was found at the 0.01 level (black line: specific altitude values; blue line: linear
trend obtained by the ordinary least squares method)

regions of Czechia. In addition, Tab. 5 shows how these long-term characteris-
tics vary according to the different stages of the winter season (i.e., accumu-
lation, melting and middle periods when accumulation or melting cannot be
distinguished), at least for the years 2018-2021. It should be noted that the full
(completed) multivariate series could also include values greater than the max-
imum and less than the minimum elevation occurring in the geomorphologi-
cal regions due to extrapolations, which occurred for 16 regions in the supple-
mented data (in other words, for 13% of the total daily values). However, this
was not an obstacle when subsequently using the models to identify which
terrain features influence the variability of zero isochion altitude. Moreover,
these values could be considered realistic if, for example, the highest parts of
the regions reached the estimated positions. It is also assumed that these situ-
ations were reduced by applying the alpha-trimmed mean.

Before applying linear models, it is recommended to pay particular attention
to the likely collinearity between the explanatory variables, i.e., the phenome-
non where two or more variables provide very similar information. Fig. 5 shows
through Pearson correlations that, despite the incomplete list of terrain varia-
bles, collinearity was very likely present in the set of explanatory variables. In



Tab. 7 Explanatory variables selected by the algorithm according to [25] for random
forest models

Explanatory variable

ALL (2013-2021) MAX
(R"=093 MEDIAN
RMSE =45.79 X
RRMSE = 10.18)

ACCUMULATION (2018-2021) MEDIAN
(R"=093 SD
RMSE = 4044 MIN
RRMSE = 9.49)

MELT (2018-2021) MAX
(RP=092 MEDIAN
RMSE =61.09 SDASP
RRMSE = 12.5)

REST (2018-2021) MAX
(R"=092 MEDIAN
RMSE =494 X

RRMSE = 10.92)

RMSE - root mean squared error
RRMSE - relative root mean squared error

particular, we note a very close correlation (and statistically significant correla-
tion at the 0.05 level) between the elevation maximum and the range between
minimum and maximum. Furthermore, a very close relationship between the
two variables related to slope orientation can be observed. For these reasons,
the range between maximum and minimum elevation and the prevailing slope
orientation were not further accounted for in the linear models. An alternative
(while retaining all available explanatory variables) could be regression mod-
els in which the explanatory variables are principal components instead of the
original variables (see, e.g. [34]). For the random forest models, all obtained ter-
rain explanatory variables were deliberately retained before selection. Let us
also note that for the random forest models, the original parameter settings
were retained as, e.g., in [35].

Tab. 6 and 7 already reveal which terrain variables were specifically selected
for the linear models (using the Akaike Information Criterion) and random for-
est models (using the forward feature selection algorithm of [25]), respectively.
It can be seen that linear models are much more complex in terms of the inclu-
sion of explanatory variables. Some variables are not significant according
to the t statistic, but still contribute to the significance of the whole models.
These are even significant at levels smaller than 0.05 according to the F sta-
tistic. Also, the values of the coefficients of determination (R?) clearly indicate
that the explanation of the variability of the long-term altitude of the zero iso-
chion is more than good here. At the cost of reducing R? values, the algorithm
selected fewer explanatory variables in the case of random forest models.
Longitude and elevation extremes stand out very often here. The constantly
occurring explanatory variable here is the characteristic related to the mean
elevation of the geomorphological regions, which confirms the situation in
Fig. 4. Characteristics associated with the variance of elevation (in the case of
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accumulation) and slope orientation (in the case of melting) also seem to be
important for the snow accumulation and snowmelt periods, which sounds
quite logical. It should be noted, however, that the random forest is a model
based on resampling techniques, so a different run of the algorithm may result
in a slightly different choice of variables. Nevertheless, we believe that even so,
these selections would be very similar. For example, for snowmelt, the variance
of slope orientation related to favourable or unfavourable conditions during
the daylight hours will be important.

The analysis of trends, and thus interannual temporal variability of zero iso-
chion altitude, was conducted only for the longest time series, designated
as ALL, because the four-year period for which a phase-by-phase distribu-
tion discriminating between snow cover gains and losses is available can-
not yet be considered representative for this type of analysis. It is clear from
Tab. 8 that the zero isochion was rather stable during the 2013-2021 winter sea-
sons. Nevertheless, it is possible to note that five regions are likely to experi-
ence a decrease (Ore Mts. Piedmont Region, Central Bohemian Table, Northern
Outer Carpathian Depressions, South Moravian Basin) or an increase in zero iso-
chion altitude (Krkonose-Jeseniky Piedmont). The reasons for such trends may
vary from actual increases or decreases in snow cover to the fact that the data
for some of these regions may not have been sufficient. For example, from
Fig. 6, where the black line shows the time series for only the regions with a sig-
nificant monotonic trend, it is clear that at least three of these results are quite
implausible. Situations where R? =1 almost never occur. Moreover, the courses
of these suspect series show almost no variability (e.g., the black lines are cov-
ered by the blue regression lines), suggesting that the EM algorithm may have
failed in filling in the missing values, working with only a few observed values
that may have been burdened with large uncertainty on top of that. Let us
add that while in Fig. 6 the regression lines are constructed using linear mod-
els, in Tab. 8 the regression coefficient and the intercept are related to so-called
Sen’s non-parametric estimator [36] to compare the results.

In order to update the table of differences between altitudes of the zero iso-
chion in different geomorphological regions presented in [3], its new version
has been compiled (see Tab. 9). It is obvious that the current figures are quite
different from those published in the past. For example, there may have been
some refinement, where the applied alpha-trimmed mean took the extreme
values into account in a different way. Howerver, from the practical point of
view of the methodology for calculating snow water storage, the relationship
between the mountain border regions where snow cover is longest and most
frequent, is the most important for CHMI forecasters. Nevertheless, it is also
necessary to mention the risk of significant spring flooding from melting snow,
which is more associated with snow cover in the lowlands, i.e, in the tables
surrounding the Elbe River. In such situations, the zero isochion is either com-
pletely suppressed and snow occurs over the whole territory, or the bound-
ary is quite sharp and delimits the warmest areas and heat islands. Tab. 9 only
confirms the experience from the zero isochion analyses, especially the most
widely used relationship, namely that between the Giant Mountains Region
and the Sumava Region. This can be characterised simply by the fact that the
snow cover in the Bohemian Forest always starts 100 metres or more higher as
compared with the snowline in the Giant Mountains. The reasons for this can
be seen in the ruggedness of the local regions, with the Giant Mountains rep-
resenting steeper slopes and the Czech part of the Bohemian Forest represent-
ing a more gradual transition to lower areas.

Fig.7 demonstrates an example of the output obtained with MODIS imagery
and it also documents the conditions of snow cover loss in early April 2021. It
shows the most common situation where snow cover is present only at the
highest elevations of the mountains, where it is also partially covered by clouds.
In contrast, the lowlands no longer have snow at all, just as the uncertainly
definable areas with snow are no longer present at the end of winter, as char-
acterised by code 201 (see Tab. I).
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Tab. 8. Results of trend analysis for all 27 geomorphological regions of Czechia (’P s statistically significant increasing trend at the 0.01 level; J/ s statistically significant decreasing
trend at the 0.01 level)

Region Kendall‘s tau p-value Sen's slope Intercept Graphical trend expression
A 043 0.17 3.74 598.18 -
1B 0.14 0.71 4.06 782.19 -
A -0.36 0.27 -1.01 456.15 -
1B -0.36 0.27 -0.25 439.8 -
IC -0.14 0.71 0.34 534.1 -
1D 0 1 1.69 44765 -
A -0.14 0.71 3.3 674.8 -
B -0.79 <001 419 42701 d
l@ 0.5 0.11 733 624.57 -
VA -0.29 0.39 0.23 657.84 -
VB -0.07 09 4.32 595.99 -
IVC 0 1 0.59 670.03 -
VD 0.79 <0.01 4.29 329.09 /r
IXA -0.57 0.06 -439 236.98 -
IXB -0.21 0.54 33 30142 -
IXC 0.14 0.71 465 469.41 -
IXD -0.5 0.11 -1 40111 -
IXE -0.07 09 0.56 629.08 -
VA -0.14 0.71 0.22 489.92 -
VB 0.29 0.39 1.27 451.72 -
VIA -0.07 09 0.12 322.8 -
VIB - <001 244 265.85 d
VIC -0.5 0.11 -348 368.05 -
VIIA -043 0.17 -0.41 252.38 -
VIIA -0.29 0.39 -1.74 219.8 -
VIl . <001 2,04 251 d
XA -1 <001 16 189.88 d
CONCLUSION represents a significant component of runoff in Czechia, this activity is neces-

sary before running hydrological models used at the CHMI for both operational
This paper presents updated findings concerning the altitude of the zero iso-  purposes and balance calculations. Field surveys are costly and time-consum-
chion, i.e, the line representing the boundary between the snow and snow-free  ing, and do not provide a sufficiently detailed picture of the spatial distribution
areas, in 27 geomorphological regions of Czechia, which are used in hydrologi-  of snow in regions that are often quite rugged in Czechia. Therefore, satellite
cal practice of the CHMI for estimating the snow water equivalent. Since snow  imagery has been successfully used to refine this picture, and after appropriate
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Tab. 9. Differences between long-term averages of the zero isochion altitude for winter seasons (November—May) across all 27 geomorphological regions of Czechia (in m)
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3

Fig. 7 Analyzed situation on 9" April 2021 where the selected classes from Tab. 1 are
depicted above the digital elevation model (values determine the average position of
the zero isochion in m a. s. . and 0 determines the area without recorded zero isochion)

calibration with data collected in the field, it can be very helpful in determin-
ing the boundary between snow and snow-free regions (see, e.g., [1] and [37]).
The study thus built on previous research and, using an extended time series
of zero isochion altitudes to May 2021, sought to answer the questions out-
lined in the conclusions of [3]. In particular, the spatial variability of the zero
isochion altitude was studied and it was examined through regression models
which terrain-related factors (determined in a GIS environment from the DEM
based on the DMU 25 work) matter most for the variation of the zero isochion.
The alpha-trimmed mean calculated from daily values was taken as the repre-
sentative explained variable here, as it was assumed to reduce the influence of
uncertainty in the determination of the position of the zero isochion. Moreover,
the average zero isochion altitude in each region represents to some extent
a limiting position below which non-zero (positive) values of snow cover depth
and hence snow water equivalent can no longer be expected in interpolation
processes. Given the uncertainties associated with MODIS imagery, we believe
that if the derivation of the zero isochion is appropriately combined with the
interpolation of values obtained from ground-based measurements, some of
these uncertainties can be reduced to a great extent. Thus, the regression mod-
els constructed here to explain spatial variability can be very useful, for exam-
ple, in estimating the (average) position of the zero isochion in situations where
regions are mostly covered by clouds. It has been found that mean but also
extreme values of elevation have a large influence. Longitude also seems to
play arole. In the case of snow accumulation, the standard deviation calculated
from the elevations occurring in a given geomorphological region is added to
the explanatory variables in the regression models. In the case of snowmelt,
the standard deviation obtained from all angles determining slope orientation
appears to be significant. The study of the temporal variability of the zero iso-
chion altitude was carried out by trend analysis in order to determine whether
the presence of monotonic deterministic trends can be observed. In order to
reduce the influence of autocorrelation, the TFPW modification of the Mann—
Kendall test was applied. The results show that snow cover, and hence the zero
isochion, behaved stably during the winter seasons. A statistically significant
interannual trend was found only in five geomorphological regions. However,
the results of the analyses should be interpreted with caution. For example,
in three areas the coefficient of determination was suspiciously equal to one,
which is a very rare phenomenon. Instead of indicating reality, this fact rather
indicates that the Expectation-Maximization (EM) algorithm used to fill in the
missing values of the zero isochion altitude failed in some cases. This was due
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to lack of information, which was certainly caused by the small amount of data
obtained from MODIS images or derived products.

As indicated above, revisions to the NDSI index-based product are due to be
completed in spring 2022. This could subsequently provide some sort of veri-
fication at the CHMI whether the relationships presented in this paper are still
valid. Naturally, the deployment of (semi)automatic processing of data coming
from MODIS imagery is proposed, provided that the CHMI staff deepen their
scripting skills. It is highly recommended to extend the time series towards his-
tory, considering that products related to snow detection on the Earth's sur-
face have been available since 2000. It is also suggested to complement the
data considering that MODIS imagery has a much finer time step than one
week. This may also allow the application of more sophisticated time series
models than simple trend analysis. This will refine the notion of the temporal
dynamics of the zero isochion if the explanatory variables also include a num-
ber of climatological features along with the terrain characteristics. The expla-
nation for the differences in the position of the zero isochion can also be found
in different climatic conditions, especially in the occurrence of rainfall situa-
tions, which mainly affect the south-west part of Czechia, while they do not
reach such intensities towards the northern mountain ranges anymore. It is also
worth looking at other characteristics related to the zero isochion that may
enter the models as explanatory variables. For example, the gradient of change
of the zero isochion or the change in the duration of the zero isochion presence
a certain elevation zone can provide interesting information to hydrologists.
Similar variables have already been studied in [38], and especially the period of
snow-melt and its effect on runoff was the focus of study [39]. The method by
which the zero isochion is extracted in these publications is also worth men-
tioning. This method differs from the methodology presented here, and there-
fore a comparison of the two approaches using data for Czechia is naturally
offered here.

The spatial resolution of the analyzed grid (500 m) remains a fundamental
limitation for a more precise definition of the position of the zero isochion.
Thus, spatial refinement, in addition to process automation, is necessary for
a deeper implementation of the zero isochion in the calculation of snow water
storage. One possibility could be the differentiation of the reclassification of
products with NDSI values according to different factors, which has proven to
be successful in Austria according to [40]. However, the precondition is that the
length of the derivation of the zero isochion will satisfy the requirement of the
CHMI operational hydrology to have this result within 24 hours. More accurate
spatial data currently exist, but again with a considerable time delay between
acquisition and availability. Some promise, in this decade, can be seen in local
observing systems or in the European COPERNICUS programme with Sentinel
missions (see, e.g., [41]). It will certainly be an equally important task to study the
snow cover properties separately for the accumulation, melting and remaining
phases of the winter season, because — as the results of this study have shown -
this division makes sense.

Last but not least, the question arises whether it is more advantageous to
map the snow cover area directly using MODIS imagery. This would only be
possible under ideal cloud-free conditions, when an overview of the whole
Czech territory, or at least all regions with snow cover, is guaranteed. Such sit-
uations are in fact only minimal, on the order of units of days during the sea-
son. For this reason, MODIS imagery cannot currently be implemented in snow
cover area calculations as a regularly used tool, but only as a supplement to the
information obtained from the relatively dense snow gauging network of the
CHMI. On the contrary, some potential can be found just in the calibration of
the model based on the available zero isochion altitude series and its ability to
predict for the “invisible” locations.
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Possibilities of using spectroscopy
for the evaluation of forest soil properties

JOSEF KRATINA, VACLAVA MATASOVSKA
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SUMMARY

The aim of this study was to objectively evaluate the applicability of VNIR spec-
troscopy (spectroscopy in the visible and near-infrared region of the elec-
tromagnetic spectrum) for the prediction of forest soil properties. The most
appropriate combinations of statistical pre-processing (no pre-processing,
continuum removal, 1 and 2"¢ derivative) and processing (PLSR — partial least
squares regression, PCR — principal component regression, SVM - support vec-
tor machines) methods in specific spectral bands were sought for each soil
property. The combination of the Tt derivative and SVM methods proved to be
generally the most successful in the whole VNIR spectral band (400-2500 nm).
However, in some cases (different forms of magnesium, manganese, iron, or
aluminium) other models have proved to be successful. The best predictable
properties (R* > 0.6) include soil pH, oxidizable carbon content, and the con-
tents of aluminium, iron, silicon, or calcium (at higher concentrations). Not very
high prediction success (R? < 0.3) was found for parameters that take on low
values (the content of sodium, manganese, or divalent aluminium complexes).
The results show that VNIR spectroscopy is a useful method for the prediction
of forest soil properties. It cannot completely replace classical analysis, but it
can complement it very well, especially in practice. For example, it can help
to thicken the data network in soil mapping and refine the information better
than other spatial estimation methods. It can be used in cases where a signif-
icant amount of data is needed in a short time frame and at minimum cost. It
is suitable for monitoring trends over time or for rapid exploration of an area.

INTRODUCTION

Information on soil properties is required for a variety of purposes, such as pre-
cision agriculture or forestry, soil quality assessment, soil mapping or soil con-
servation. It is necessary to collect a large amount of analytical data within soil
examination. The collection and subsequent analysis of soil samples using tra-
ditional methods is time consuming and costly [1, 2. Therefore, indirect meas-
urements and predictions of soil properties using mathematical models are
increasingly being used. Several studies have shown that spectroscopy in
the visible (VIS) and near-infrared (NIR) region of the electromagnetic spec-
trum is a suitable method for assessing soil properties. The models published
so far are not universal and are only relevant under specific conditions and
for certain soil groups. This study aims at assessing the applicability of spec-
troscopy in the evaluation of properties of forest soils in the Czech Republic
based on the relationships between spectral features and soil properties deter-
mined by traditional laboratory methods. More than 4,500 samples taken from
whole soil profiles were used for this assessment. Appropriate combinations of

data preparation methods (It and 2" derivatives [3], continuum removal) and
statistical techniques of partial least squares regression (PLSR), support vec-
tor machines (SVM) and principal component regression (PCR) were tested to
develop predictive models.

THE METHODS

The study was carried out using 4,680 samples taken from whole soil profiles
using a soil probe or from excavated soil material. Some of the soil samples
were obtained from the Department of Soil Science and Soil Protection at the
Czech University of Life Sciences in Prague, the rest were borrowed from other
departments. The sampling sites were chosen to cover the whole territory of
the Czech Republic and to include different forest soil types. The sampling sites
were located at different altitudes and in forests with different species com-
position. The study did not deal with field measurements; only dried samples
treated to fine soil | (particle size < 2 mm) were used [4]. This eliminated the
influence of soil moisture, which is essential on the spectral curves and hinders
the field application of the method to a great extent. Selected analyses were
performed with soil samples using conventional methods (Tab. 7).

Fig. 1. FieldSpec 3 spectrometer (photo: Josef Kratina)
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Tab. 1. Used methods of conventional analysis Property Units Description of analysis
Property Units Description of analysis Fe_dit mg.kg" Iron extracted with dithionite [12]
PH_H,0 B S0il pH (H,0) 4] B Exchangeable cations (@luminium),
Al_BaCl, mg.kg leach BaCl [0
pH_CaCl, - Soil pH - CaCl, [5] eachate —BaCl, [9]
pH_KCI _ Soil pH - KCI [6] Al_AR mg.kg’ Aluminium extracted with aqua regia [8]
Oxidizable carbon content using modified Al_KCI mg.kg Aluminium extracted with KCl solution [10]
Cox % ;
Tyurin method [4] Al_ox mg.kg Aluminium extracted with oxalate [11]
KVK mmol.100 g™ Cation exchange capacity (Bower) [4] Al_dit mg.kg™ Aluminium extracted with dithionite [12]
BS mmol.100 g Sa“,”a“?” of sorption complex with Al (X) 1+ mg.kg Aluminium forms in KCl leachate [10]
basic cations [4]
] - Al (Y) 2+ mg.kg Aluminium forms in KCl leachate [10]
N mg.kg” NIR spectroscopic determination [7]
] ] Al 3+ mg.kg Aluminium forms in KCl leachate [10]
P M3 mgkg" Phosphorus extracted with Mehlich lll
- ' solution [4] VA mmol.kg Exchangeable acidity Al+H [13]
P_AR mg.kg” Phosphorus extracted with aqua regia [8] Si_ox mg.kg™ Silicon extracted with oxalate [11]
K_M3 mgkg" Potagsmm extracted with Mehlich Il Si_dit mg.kg Silicon extracted with dithionite [12]
solution [4]
K_AR mg.kg' Potassium extracted with aqua regia [8] The spectra were measured in samples treated to fine soil | in Petri dishes
. Exchangeable cations (potassium), leachate — using a E|e|d5pec3 spectrometer (ASD Inc., QSA) with a High Intensity Contact
K_Badl, mg.kg BaCl. [9] Probe (Fig. 1). The range of the spectrometer is 350-2,500 nm.
2 The program Statistica 12 (StatSoft) was used to determine basic statistical
Ca_M3 mg.kg’ Calcium extracted with Mehlich Il solution [4] descriptive characteristics. The program ViewSpec Pro 6.0 (ASD Inc.) was used
] ) ) ) to pre-process the spectral data, namely, to smooth the spectral curves (splice
1
Ca_AR mgkg Calcium extracted with aqua regia [¢] correction). The R program (R Core Team) was used to adjust the spectra using
c | g Exchangeable cations (calcium), leachate — continuum removal. The programs Unscrambler X 10.3 (CAMO Software) and
a_Badl, ma-xg BaCl, [9] R (R Core Team) were used for their calibration (partial least squares regression,
] ] ] support vector machines, principal components regression).
Mg_M3 mg.kg’ Magnesium extracted with Mehlich Il The relationship between spectral features and soil properties, which were
solution [4] obtained using traditional laboratory methods, was evaluated statistically. The
Mg_AR mg.kg" Magnesium extracted with aqua regia [8] appropriateness of using different data preparation methods such as 1 and 2™
derivative or continuum removal (unification of spectral curves obtained with
Mg_BaCl mg.kg” Exchangeable cations (magnesium), different instruments or under different light conditions) was tested. Published
B : leachate — BaCl, [9] models for predicting soil characteristics from spectral features were tested, their
Na_AR mgkg” Sodium extracted with aqua regia [8] parameters were adjusted, or new mgdels were created using statistical meth-
ods of PLSR, PCR and SVM. For the statistical evaluation, not only all the data were
, Exchangeable cations (sodium), leachate — used together, but they were also divided into subsets by sampling area and by
Na_BacCl mg.kg ) ) )
2 BaCl,[9] horizon to describe the most appropriate data entry method for successful pre-
) diction. The effect of the spectral band used on the success of the prediction was
; Exchangeable cations (manganese), lea- ; . . )
Mn_BaCl, mgkg chate — BaCl. 9] also tested. Some properties are better predicted using the entire VNIR spectrum,
2 while for others it is more appropriate to use only a selected spectral band, which
Mn_AR mg.kg’ Mangan extracted with aqua regia [8] is chosen either experimentally or based on the literature [14-17].
_1 ] ] The new models have been validated. The reported predictions, expressed in
Mn_Kcl mg-kg Mangan extracted with KCI solution [10] terms of R? (coefficient of determination) and RMSE (root mean square error) val-
Mn ox mg.kg" Mangan extracted with oxalate [11] ues, are the result of the cross validation process in which the data set is divided
- into several subsets, one (10% of the whole) is removed and the remaining ones are
Mn_dit mg.kg’' Mangan extracted with dithionite [12] used for model calibration. The model is then applied to the previously removed
) ) ' set, the values predicted by the model are compared with those measured in the
Fe_BacCl mg.kg Exchangeable cations (iron), leachate — BaCl, [9
- 2 8x9 X 9 fons iron) A laboratory. This is repeated for all subsets. The Rand RMSE parameters are then cal-
Fe_AR mg.kg’! Iron extracted with aqua regia [8] culated. The model was calibrated for the groups formed in this way. Subsequently,
71 i i the new models were subjected to external validation, in which the model was
Fe_Kdl mg-kg Iron extracted with KCI solution [10] applied to a different data set and the success of the prediction was determined.
Fe_ox mg.kg Iron extracted with oxalate [11]
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RESULTS AND DISCUSSION

Success of a method in predicting soil properties is highly dependent on the
appropriate way of entering the input data, their statistical pre-processing and
evaluation. The aim of this study was to find the most suitable combination of
data entry method, statistical pre-processing, and spectral data processing to
obtain the best results for soil property prediction.

The whole dataset and its division by horizons
and regions

The first statistically evaluated dataset was the whole dataset regardless of sam-
pling area or horizon. Spectra without pre-processing in the entire 350-2,500 nm
range were used. The statistical method used was partial least squares regres-
sion (PLSR), which is often recommended in the literature. In Fig. 2, which shows
all spectra together, we can see the large variability of their course. This may be
due to different soil properties, e.g. different amounts of soil organic matter in
the mineral and organic horizons.

1

0.9

s

Fig. 2. Spectra representation — the summary data set

Properties common to as many measured samples as possible were sought.
Specifically, it concerned the amount of oxidizable carbon - Cox, total nitrogen
content and pH_CaCl,. The results seem to be very good (Cox - R” = 0.92, nitro-
gen content — R = 0.77, pH_CaCl, - R” = 0.51), but their publication would only
be correctin the case of the pH_CaCl,. According to the frequency distribution
of the data of the individual properties, the normal distribution is only in the
case of pH_CaCl.. The results for oxidizable carbon and nitrogen content form
two clusters. These give a high value of the coefficient of determination when
fitted through the regression line. However, the results are biased and cannot

Tab. 2. Predictions according to horizons

R? RMSE
pH_CaCl, - whole set 0.51 046
N [mg.kg™l - whole set 0.77 0.31
pH_CaCl, - mineral horizons 0.32 0.44
pH_CaCl, - organic horizons 0.64 044
N [mg.kg™] — mineral horizons 044 0.11
N [mg.kg™] - organic horizons 0.37 0.25
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Fig. 3. The course of spectral curves — various pre-processing methods

be interpreted correctly. The pH_CaCl, prediction is more successful despite
the lower value of the coefficient of determination. Since normal distribution
of the data is a prerequisite for the application of PLSR, the set had to be sub-
jected to a different statistical treatment.

Tab. 2 shows the results of the prediction of pH_CaCl, and nitrogen content
using the whole set and when it is divided into organic and mineral horizons. It
can be seen from the results that, in contrast to the previous results, the whole
set shows a higher R? value, but the root mean square error (RMSE) increases
along with it, although it should ideally decrease.

The preliminary results show that division of the dataset by sampling areas
does not always provably increase the success rate of soil property prediction
and, therefore, this data preparation method cannot be recommended une-
quivocally. The conclusion is more complicated when it comes to division of
the data by soil horizon. In some cases, such a division appears to be more
advantageous, while in other cases the prediction success rate, expressed by
the coefficient of determination, is significantly better in favour of the undi-
vided set. In such a situation, however, another variable describing the success
of the prediction, the root mean square error, should be observed. The RMSE,
unlike the coefficient of determination, should be decreasing, which does not
happen in the above cases.
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Tab. 3. The best predictions by method and band — summary

Property Horizon (area) Pre-processing Statistical Spectral band [nm] R? validation RM,SE .
method validation
pH_H,0 min. hor. 1t derivative SVM 400-2,500 046 040
pH_CaCl, min. hor. 1*t derivative SVM 400-2,500 045 040
pH_CaCl, org. hor. 1%t derivative, CR SVM 400-2,500 0.72 0.39
pH_KCI A horizons st derivative SVM 400-2,500 0.55 0.12
Cox min. hor. st derivative SYM 400-2,500 0.68 1.85
Cox org. hor. 1t derivative SVM 400-2,500 0.84 3.71
Cox A horizons st derivative SVM 400-2,500 048 1.63
KVK A horizons None PLSR 400-2,500 0.37 14.37
KVK min. hor. Tt derivative SVYM 400-2,500 0.64 22.52
BS min. hor. st derivative SVM 400-2,500 044 20.65
N min. hor. 1t derivative SVM 400-2,500 0.57 0.10
N org. hor. 1t derivative SVM 400-2,500 0.62 0.19
P_M3 min. hor. 1*t derivative SVM 400-2,500 0.10 26.68
P_AR org. hor. 1t derivative SVM 400-2,500 0.34 24391
K_M3 min. hor. 1t derivative SVM 400-2,500 0.31 54.00
K_AR org. hor. 1t derivative SVM 400-2,500 0.57 657.13
K_Badl, min. hor. Tt derivative SVYM 400-2,500 0.51 20.29
K_BaCl, A horizons 1t derivative SVM 750-2,500 042 0.87
Ca_M3 min. hor. CR PLSR 1,100-2,500 0.36 687.14
Ca_AR org. hor. 1t derivative SVM 400-2,500 0.76 2,198.70
Ca_BaCl, A horizons None PLSR 1,100-2,500 0.33 0.19
Ca_Badl, min. hor. Tt derivative SVYM 400-2,500 0.27 13.33
Mg_M3 min. hor. CR PLSR 1100-2,500 0.32 146.92
Mg_AR org. hor. 1t derivative SYM 400-2,500 043 1,303.50
Mg_BadCl, A horizons 1t derivative PLSR 400-2,500 043 15.18
Mg_BadCl, min. hor. 1t derivative SVM 400-2,500 0.32 3.00
Na_AR org. hor. 1t derivative SVM 400-2,500 0.23 4040
Na_BaCl, min. hor. Tt derivative SVYM 400-2,500 0.35 0.18
Na_BaCl, A horizons 1t derivative SVM 400-2,500 0.16 793
Mn_BaCl, min. hor. 1t derivative SVM 400-2,500 0.28 1.49
Mn_BacCl, A horizons st derivative SVM 400-2,500 0.51 32.22
Mn_AR org. hor. 1t derivative SVM 400-2,500 0.51 1,141.80
Mn_KCI A horizons Tt derivative SVYM 400-2,500 048 58.28
Mn_ox A horizons CR PLSR 400-2,500 0.56 107.65
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Property Horizon (area) Pre-processing Statistical Spectral band [nm] R? validation RM,SE .
method validation
Mn_dit A horizons 1°t derivative SVM 400-750 0.55 121.04
Fe_BaCl, min. hor. 1t derivative SVM 400-2,500 0.38 1.38
Fe_BaCl, A horizons None PLSR 400-2,500 0.65 44.59
Fe_AR org. hor. 1t derivative SVM 400-2,500 0.51 5,757.50
Fe_KCI A horizons None PCR 400-2,500 0.67 68.64
Fe_ox A horizons None PLSR 1,100-2,500 0.68 2,033.40
Fe_dit A horizons None PLSR 750-2,500 0.69 2,370.50
Al_BaCl, min. hor. 1t derivative SVYM 400-2,500 0.59 14.99
Al_BaCl, A horizons None PLSR 400-800 0.58 120.53
Al_AR org. hor. 1t derivative SVM 400-2,500 0.70 2,395.20
Al_KCI A horizons None PCR 400-2,500 0.62 106.41
Al_ox A horizons None PLSR 400-2,500 0.63 617.01
Al_dit A horizons 1t derivative SVM 400-2,500 045 824.18
Al (X) 1+ A horizons None PCR 600-800 0.63 15.56
Al (Y) 2+ A horizons 15t derivative SVM 1,100-2,500 044 19.21
Al 3+ A horizons None PCR 400-2,500 0.58 91.29
VA min. hor. 1t derivative SVM 400-2,500 0.58 16.58
VA A horizons None PCR 400-2,500 0.49 16.64
Si_ox A horizons 1¢t derivative SVM 400-2,500 0.35 12040
Si_dit A horizons 2" derivative SVM 400-750 0.59 979.57

Organic and mineral horizons are fundamentally different in nature and dif-
ferent properties are usually determined for them in the laboratory. If some
properties are determined together for the horizons of the whole soil profile,
the differences are clearly visible. The data do not have a normal distribution
(it is bimodal) and the results cannot be interpreted correctly. This preliminary
conclusion was further verified using the SYM method, which is not as funda-
mentally sensitive to the data distribution as regression (linear) methods.

Effect of the statistical method used on the success
of the prediction

The data were subjected to various combinations of pre-processing (no
pre-processing, 1 and 2"¢ derivatives, continuum removal) and statistical
methods (PLSR, PCR, SVM). An example of the change in the spectral curves
according to the pre-processing method used is shown in Fig. 3. The two most
effective combinations were always selected for each property and they were
refined individually.

In their paper [18], Viscarra Rossel and Behrens identified SYM and PLSR as
the two most successful methods. The results of this study confirm this, espe-
cially in favour of SVM, and provide additional information by combining these
methods with different pre-processing methods. In most cases, the highest

prediction success was found when combining the T derivative of spectral
data and SVM, followed by PLSR on data without pre-processing and SVM after
continuum removal. Another successful combination in some cases was the
use of the 2" derivative and SVM. In contrast, regression methods applied to
data pre-processed with the 2" derivative were clearly the least successful.
The regression methods of PLSR and PCR provide very similar results, mostly in
slight favour of PLSR.

Prediction of individual properties

Based on the literature [14, 15, 17] and the above findings, the best combinations
of the type of pre-processing used, the statistical method and, more recently,
the spectral band selected were sought. For each property, the most success-
ful combinations of methods were selected according to previous findings and
subjected to further testing. The modification of the spectra by clipping the
350-400 nm band, which is significantly interfered by noise at the UV-visible
interface, was common to all properties. In general, the combination of the 1
derivative spectral data pre-processing method and the support vector machine
statistical method using the entire VNIR spectral band (400-2,500 nm) appears
to be the best. However, there are cases where other combinations of methods
and other (narrower) spectral bands have proven to be most appropriate. For
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Tab. 4. The best versatile statistical models for the prediction of individual properties

Property Pre-processing Statistical Spectral
method band [nm]
pH_H,O 15t derivative SVM 400-2,500
pH_CaCl, 15t derivative SVM 400-2,500
pH_KCI 1t derivative SVM 400-2,500
Cox 1t derivative SVM 400-2,500
KVK 1t derivative SVM 400-2,500
BS 1t derivative SVM 400-2,500
N 1t derivative SVM 400-2,500
P 1t derivative SVM 400-2,500
K 1t derivative SVM 400-2,500
Ca 1t derivative SVM 400-2,500
Mg_M3 continuum removal PLSR 1,100-2,500
Mg_AR 1t derivative SVM 400-2,500
?ggE‘l’:),m 19 derivative SYM 400-2,500
Na 1t derivative SVM 400-2,500
Mn_AR, KCI 1t derivative SVM 400-2,500
Mn_ox continuum removal PLSR 400-2,500
Mn_dit 1t derivative SVM 400-750
(F;a—é'l’: )m 1% derivative SVM 400-2,500
Fe_AR 15t derivative SVM 400-2,500
Fe_KcClI 1t derivative SVM 400-2,500
Fe_ox No pre-processing PLSR 1,100-2,500
Fe_dit No pre-processing PLSR 750-2,500
Al_vym 1% derivative SVM 400-2,500
(BaCl)
Al_AR st derivative SVM 400-2,500
Al_KCl No pre-processing PLSR 400-2,500
Al_ox No pre-processing PLSR 400-2,500
Al_dit 1*t derivative SVM 400-2,500
Al (X) 1+ No pre-processing PCR 600-800
Al (Y) 2+ 2" derivative SVM 1,100-2,500
Al 3+ No pre-processing PLSR 400-2,500
VA 1t derivative SVM 400-2,500
Si 1t derivative SVM 400-2,500
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example, calcium and magnesium determined in the aqua regia leachate were
best predicted by the PLSR method applied to spectral data modified using the
continuum removal function in the near-infrared region of the 1,00-2,500 nm
spectrum. In most cases, the PLSR method (Mg, Mn, Fe, Al) instead of SVM was
best for the elements determined in oxalate. The diversity of the models was
particularly observed in the case of iron and aluminium prediction, i.e. for two
elements that are highly monitored in forest soils. The spectral detectability of
the different forms of aluminium varies considerably. The least successfully pre-
dicted divalent form, which binds to organic matter but is present in extremely
small amounts, can alternatively be predicted by subtracting the content of
the monovalent and trivalent complexes from the total content determined in
acommon leachate, in this case itis the KCl leachate. Tab. 3 shows the best mod-
els for predicting each soil property, including the validation R* and RMSE. The
set is divided by the soil horizon or group of horizons.

Testing and modification of found models

The found models were also applied to independent data sets. The prediction
success rates of each property before and after the models” application were
compared. The data used as those “before model application” were subjected
to standard statistical processing, i.e., the PLSR method across the whole VNIR
band on the non-pre-processed spectra. The models that improved the pre-
diction results were found to be appropriate and universal. In cases the pre-
diction success increased very little, remained unchanged, or even decreased,
other models were sought based on existing knowledge.

Tab. 4 shows the best models for predicting forest soil properties. In addi-
tion to the success of the prediction, emphasis was put on the versatility of the
models. In case a property was determined in various ways, but the model is
common to all these ways, only the given property is indicated in the table. If
the determination method had an impact on the spectral detectability and
therefore required the use of a different model, the properties are described
individually together with the determination method.

CONCLUSION

The aim of the study was to objectively evaluate the applicability of spectros-
copy in the visible and near-infrared region of the spectrum for predicting for-
est soil properties. These soils differ fundamentally from agricultural soils in
their appearance, development, physical and chemical processes, presence of
organic horizons, etc. They are also usually monitored for different properties. It
has been found that the division of the data set by sampling area is not a signif-
icant input criterion; the distribution of the data is more important. Due to the
large differences between organic and mineral horizons, it is recommended,
on the basis of the results, to examine these horizons separately.

As a large amount of data was available, it was possible to split the data into
a larger training set, on which the models were trained thoroughly one by one,
and a testing set, on which the models were tested and further adjusted based
on the results if necessary. In this way, the most appropriate combinations of
statistical pre-processing and processing methods in specific spectral bands
were found for each soil property. The combination of 1t derivative and sup-
port vector machine in the whole VNIR spectral band (400-2,500 nm) is gen-
erally found to be the most successful. However, in some cases, other models
have proven successful. The best predictable properties (R* > 0.6) include soil
pH, and the contents of oxidizable carbon, aluminium, iron, silicon, or calcium
(at higher concentrations). Not very high prediction success (R*< 0.3) was found
for parameters that take on low values (the content of sodium, manganese, or
divalent aluminium complexes).



The results show that VNIR spectroscopy is a useful method for the pre-
diction of forest soil properties. It cannot completely replace classical analysis,
but it can complement it. For example, in soil mapping, it can help to thicken
the data network and refine the information better than other spatial estima-
tion methods. It can be used in cases where large amounts of data are needed
in a short time frame and at minimum cost. It is suitable for monitoring trends
over time or for rapid examination of samples from an area.
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SUMMARY

GIS technologies are widely used in the Hydrology Department of the Czech
Hydrometeorological Institute (CHMI). The processing of geospatial data, which
are used in hydrology for analytical tasks, and the development of GIS technol-
ogies in the last two decades have contributed to the spread of GIS in the CHMI
practice. The use of GIS tools is shown in four examples.

The first one focuses on the creation of GIS data. One of the basic source
materials for analytical work in hydrology is the polygon layer of four-or-
der watershed divides. Since 2018, these data have been updated, or re-cre-
ated, on the basis of the Digital Relief Model 5" Generation (DMR 5G) and the
updated Polyline layer of watercourses ZABAGED (Basic Geographic Data Base),
the geometry and attributes of which are harmonised in cooperation with
the watercourse administrators, Czech Geodetic and Cadastral Office and T. G.
Masaryk Water Research Institute.

The second example concerns the preparation of input source data for
the derivation of the hydrological characteristics of M-day discharge, which,
according to Czech Standard 75 1400 Surface water hydrological data, are among
the basic hydrological data. The example describes the procedure of deriving
a raster layer of long-term annual runoff for the reference period 1981-2010. In
this case, a regression relationship between the average annual runoff depth,
average annual precipitation, and the average annual amount of potential
evapotranspiration over the period was used.

The third example describes the use of GIS in the preparation of hydrolog-
ical assessments according to the above-mentioned standard (75 1400), which
usually result in M-day or N-year-flood discharges in a specified profile of a cer-
tain watercourse. For this purpose, a special application has been developed
that allows not only to derive the basic physical-geographical characteristics of
the watershed from the digital relief model (watershed slope, length and slope
of thalweg), but also to determine other necessary characteristics, e.g. the pro-
portion of a certain type of land use in the watershed or the average values of
other watershed features (precipitation, CN — runoff curve numbers, etc.).

The fourth example focuses on the use of GIS in operational hydrological
service, specifically in the development of the Flash Flood Indicator, which
determines the level of risk of flash flood formation or occurrence based on
current land saturation and radar rainfall estimates. The scripting and develop-
ment tools that GIS offers are mentioned here.

INTRODUCTION

Since the data provided by the CHMI have its spatial component, it is impossible
to imagine the Institute’s operation without the application of GIS technology.
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For a long time, GIS has been used not “only” to produce simple static map
outputs, but mainly as a tool for data processing and analysis. The trend is to
move away from static maps on the CHMI website and in publications, which
of course remain a standard part of the use of GIS technology, to dynamic web
maps, which have added value in the form of, for example, displaying addi-
tional information on map features, searching by addresses or other attributes,
zoom tools and possibly other tools integrated into web map applications.

The use of GIS technology in the hydrology of the CHMI is demonstrated in
four specificexamples in separate chapters. The examples include sophisticated
data acquisition in a multi-user database, derivation of raster data from point
observations, preparation of data for hydrological modelling and hydrological
assessment processing, and demonstration of the use of scripting tools to cre-
ate automatically launched tasks that include the process from data retrieval,
subsequent processing and publication of results in a web environment.

That the path to the above was quite difficult and lengthy is described in the
following chapter on history.

HISTORY OF USING GIS IN HYDROLOGY
OF THE CZECH HYDROMETEOROLOGICAL
INSTITUTE

The GIS technology appeared in the CHMI in the late 1990¢, based on the inter-
national project “Monitoring and information resources management” funded by
the U.S. Environmental Protection Agency (EPA) in 1993-1997. As part of the pro-
ject, the CHMI Hydrology Department received for free an AV 400 workstation
and ArcView and ARC/INFO software licenses (UNIX platform), including sys-
tem support and training opportunities. The CHMI staff also visited the EPA
centre in the USA.

In the initial period, i.e. 1993-1995, GIS was only a peripheral issue in the
CHMI hydrology, as it was concentrated in a single workplace and an insti-
tute-wide computer network had not yet been built to make the data availa-
ble to more staff.

A significant improvement of the situation occurred in 1996 and 1997, when
the institute-wide computer network was completed and the purchase of addi-
tional ArcView licenses together with the necessary hardware improvements
led to the expansion of GIS users not only at the central Hydrology Department
in Prague, but also at selected branches. These other GIS sites, which were
gradually built up during this period, were already PG-based (ArcView, Windows
95 or Windows NT). Thus, as is clear from the above, the GIS technology used in
the CHMI hydrology from the very beginning was the ESRI technology.



Data layers, either vector or raster, are essential for working with GIS of
course. Compared to the present, there was a shortage of data usable in GIS,
especially detailed data that would allow sophisticated analysis.

In 1994, under a grant from the Ministry of Environment of the Czech
Republic, the data layers DMU200 (vector data 1:200,000: waters, roads and rail-
ways, energy infrastructure, administrative arrangement, etc.) and DMR-2 (dig-
ital relief model, 100 x 100 m raster) were acquired under a contract with the
then Military Topographic Institute in Dobruska'. The digital equivalent of top-
ographic maps (DETM) in the form of TIF files at scales of 1: 50,000, 1: 500,000,
1:1,000,000 and 1: 2,000,000 was also obtained under the contract with the
Military Topographic Institute. While the acquisition of these data was signifi-
cant, the degree of resolution did not allow for significant analysis.

Therefore, the acquisition of GIS data layers within the CHMI working
capacities started in 1997. These were mainly point layers of surface-water and
groundwater observation objects and rainfall gauge observations. The most
extensive work was carried out in the acquisition of a polygon layer of water-
shed divides of basic watersheds? (scale 1: 25,000, polygon area from 5 km?), in
which the CHMI branch offices also participated. The course of the watershed
divides had to be first drawn on paper military topographic maps 1: 25,000 and
then digitised.

Once the watershed divide layer was processed, it was possible to per-
form more detailed analyses and create the first applications using the Avenue
programming language that was part of ArcView GIS version 3.x. One of the
first applications was the interpolation of point measurements (rainfall) with
the incorporation of their regression dependence on the elevation (using the
ArcView Spatial Analyst extension), and therefore the first creation of own
derived raster data that could be further analysed, e.g. by applying zonal statis-
tics to the watershed area.

A major breakthrough was the acquisition of a digital version of the military
topographic maps called DMU25 (Digital Territory Model at a scale of 1:25,000)
in 2001. This version contained vector layers of feature positions, but also ele-
vation in the form of contour lines. Using the contour line layer, it was not only
possible to refine the watershed divide layer of the basic watersheds, but also,
based on it, to derive a raster terrain elevation layer with a resolution of 25 x
25 m. This more detailed terrain model (DMR) already allowed its analysis and,
in particular, the derivation of the watershed’s physical-geographical charac-
teristics, which include the average watershed slope, the slope and length of
the thalweg and other important inputs for hydrological calculations.

Another major milestone in the acquisition of GIS data was the research pro-
jects QD1368 “Verification of methods for deriving hydrological source data for assess-
ing the safety of hydraulic structures during floods” (2001-2004) and R&D 1D/1/5/05
“Development of methods for predicting drought and flood situations based on infil-
tration and retention properties of the land cover in the Czech Republic”, which ran
from 2004 to 2007. Within the project QD1368, raster layers of N-year maximum
precipitation of 1-, 2- and 3-days duration were derived in cooperation between
hydrologists and the CHMI Climatology Department. Other very impor-
tant data for hydrological modelling were obtained in cooperation with the
Research Institute of Land Reclamation and Soil Protection in Zbraslav and in
the framework of the above-mentioned research projects, namely vector lay-
ers of infiltration capacity and water retention capacity of soils (1 x 1km resolu-
tion), which resulted in a layer of so-called hydrological soil groups. Combined
with the updated land use vector layer from the European CORINE (Corine Land
Cover) project, it was possible to derive a raster layer of CN (Curve Number) val-
ues, which is a key parameter for determining runoff depth from rainfall [1]. The
acquisition of these data enabled the full preparation of inputs to hydrologi-
cal rainfall-runoff modelling and the preparation of hydrological assessments,
which is the subject of a separate chapter. The ArcView GIS 3.x software was
gradually replaced by the more modern ArcGIS Desktop at the end of the first
decade of the 21 century.
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Since January 2013, ZABAGED data have become the primary digital GIS
foundation, from which — or rather on top of which — new layers of DMR and
watershed divides of basic watersheds have been derived or updated. In paral-
lel with the production of the updated Corine Land Cover layers, the raster lay-
ers of CN values were also updated. The watershed divides over the ZABAGED
data were used in the preparation of so-called M-Day discharge cadastre.

Currently (November 2021), the layer of watershed divides of basic water-
sheds is being refined, using the Digital Relief Model of 5" Generation (DMR 5G)
and the verified layer of waters, i.e. watercourse lines and water area polygons
from the Czech Geodetic and Cadastral Office, as a basis.

The use of GIS has not left aside the web GIS technology in the CHMI. The
ArcGIS Online product is used for publishing dynamic map outputs for the
public and ArcGIS Enterprise, Standard version, was purchased for sharing GIS
data within the CHMI.

ADMINISTRATION OF THE 4™ ORDER
WATERSHED DIVIDE DATASET

The watershed area is the basic and necessary source for the derivation of stand-
ard and non-standard hydrological data according to the Czech standard 75 1400
Surface water hydrological data. The watershed area is delimited by a watershed
divide, which is an imaginary boundary separating two adjacent watersheds, or an
orographically defined area from which water flows to the respective outlet section.

The first subdivision of watercourses according to hydrological sequence
was made as part of the preparation of the Hydrological Conditions of the
Czechoslovak Socialist Republic in 1965. Here, watercourses with their own
developed beds and a watershed area greater than 5 km? were singled out
[2]. The hydrological subdivision is presented in the tabular summary of the
publication and in the attached maps at a scale of 1:200,000 (see Fig. ). The
overview of the basic watershed areas also includes information on the name
of the watercourse, its order, its length, shape of the watershed, forest cover
and whether it is a left or right tributary. At that time, the hydrological order
number was in the format of eight digits (1-22-33-444), which determined the
watercourse’s affiliation to the European watershed divides (the Elbe, Danube,
Vistula, Oder) and to more detailed sub-watersheds. This also defined the divi-
sion of the hydrological arrangement of the watercourses into individual orders
(i. e. first- to fourth-order watersheds).
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Since then, there have been three major updates to the watershed divide
dataset. First was the digitization of the 1: 25,000 scale watershed divides from
military topographic maps. At the same time, the hydrological arrangement
number was expanded by one digit to nine positions (1-22-33-4444). The sec-
ond update was carried out in 2008-2012, when the DIBAVOD (Digital Water
Data Base) structure of watercourses was used for the 1:10,000 reference scale
and the hydrological arrangement number was simultaneously extended to
the current 14 digits (1-22-33-4444-5-66-77). This made it possible to structure
the division of watersheds to the profiles of hydrological structures” dams, out-
of-level crossings and to the profiles of water gauging stations. The update was
performed over an expanded set of fourth-order watersheds, from which the
lower-order watershed divides are subsequently generated by the primary key,
which is the hydrologic arrangement number.

The last update of the watershed divide dataset started after the comple-
tion of the DMR 5G and refinement of the watercourse layer based on aerial
laser scanning at the Czech Geodetic and Cadastral Office in early 2018. The
ESRI platform with all its components and database-desktop application-server
links was used to update the watershed divides.

The actual editing/updating of the watershed divides is done through the
ArcGIS Pro desktop application, Advanced license, at the hydrology depart-
ments of the CHMI branches and at the Surface Water Department of the CHM|
central office. All necessary source data are stored in the Oracle database with
ESRI SDE superstructure and shared via ArcGIS Enterprise. Its use through the
SDE database or ArcGlIS Enterprise ensures the up-to-dateness and consistency
of data across the different processors. There is no need to split the watershed
divide layer into individual parts based on the territorial scope of the branches
and merge them back together after updating. The editing is done over one
whole layer. Topological rules are set over the watershed divide dataset in the
SDE database to ensure homogeneity of the edited data. Aerial photographs
and the 1:10,000 base map provided as services of the Czech Geodetic and
Cadastral Office’s ArcGIS Server are used, too. Binding work instructions have
been created to ensure a uniform workflow for updating the fourth-order
watershed divide dataset across branches. All data are converted and used in
the WGS 1984 UTM 33N coordinate system.

The primary source for updating the fourth-order watershed divides is the
Digital Relief Model Generation 5 (DMR 5G) of the Czech Geodetic and Cadastral
Office with a 2 X 2 m raster resolution. Other necessary supporting sources
include information on the structural and geometric layout of the water-
courses. The geometry of the watercourses is taken from the data of ZABAGED
state mapping work. The structure of the backbone watercourses is also deter-
mined by the ZABAGED watercourse dataset. The differences between the
Central Watercourse Register dataset, which is used by watercourse administra-
tors and the state enterprise Forests of the Czech Republic, and the ZABAGED
watercourse layer are solved within harmonization of backbone watercourses
covered by the “ISVS Water” project. The agreed changes are then incorporated
into the ZABAGED watercourse dataset in approximately six-month cycles.

Other ZABAGED layers are indispensable sources, such as water areas, cul-
verts or a point layer called "River network nodal point”, where information on
crossings, confluences, springs, or pseudo-conjunctions (fictitious confluences
or crossings) of watercourses are included in the attributes. At the same time,
other data sources provided within harmonization of backbone watercourses
covered by the “ISVS Water" project are used, especially foreign watercourses
mediated by the Czech Geodetic and Cadastral Office and the Main Drainage
Facilities dataset from the State Land Office.

In the territory of the Capital City of Prague, data on the storm sewer
network and adjacent drainage areas of the Prague Water Management
Authority and detailed data on watercourses managed by the Department of
Environmental Protection of the Capital City of Prague are also used to update
the watershed divides.
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One of the main and most important bases for the creation of watershed
divides are contour lines. Since contour lines derived from the DMR 5G from
the Czech Geodetic and Cadastral Office are currently not available for the
whole territory of the Czech Repubilic, the watershed divides are updated over
contour lines generated “on the fly” with the same parameters at all branches
using the raster tool “Contour” in ArcGIS Pro. This is de facto a raster layer that
is redrawn dynamically according to the map scale. Based on the analyses, the
basic scale for updating the watershed divides was set at 1:1,000 to match the
accuracy of the digital relief model and, at the same time, to correspond to fur-
ther processing of hydrological data. Nevertheless, when updating watershed
divides in certain areas, editing at a higher resolution than the established scale
is necessary.

The second necessary basis for updating the watershed divides is the
shaded relief that is generated dynamically as well as the contour lines over the
DMR 5G using the raster analysis “Hillshade”.

The Hydrologic Raster Analysis Toolkit uses the selected digital relief model
to calculate and determine the hydrologic features of the watershed — includ-
ing the river network and watershed divides. It is difficult to determine the cor-
rect course of watershed divides in some flat areas of the Czech Republic, so an
extension in the form of a toolbox called HydroDEM was developed and incor-
porated into ArcGIS Pro by the Surface Water Depatment. This tool allows the
automatic generation of watershed divides using DMR 5G raster analyses while
defining boundary conditions (parameters and layers used). However, the auto-
matically generated watershed divide is derived purely on top of the digital
relief model and does not take into account anthropogenic interventions on
watercourses, such as artificial flumes, off-channel crossings, underground sec-
tions or culverts that divert water under elevated roads. Therefore, the auto-
matically generated watershed divide serves as an auxiliary tool in the actual
updating of the watershed divide layer.

The process of updating the watershed divide dataset using DMR 5G is
being funded under the institutional support for long-term conceptual devel-
opment and will continue in 2022. The update is expected to be completed in
late 2022. In the subsequent period, we expect to update the watershed divide
dataset on an approximately annual cycle by incorporating changes related
to changing watercourse structure impacting the watershed divide structure.

PREPARATION OF INPUT SOURCE DATA
FOR DERIVATION OF M-DAY DISCHARGES

The M-day discharges, according to Czech standard 75 1400 Surface water hydro-
logical data, are among the basic hydrological data provided for any river net-
work profile. They are always determined for a specific reference period.

The calculation of the hydrological characteristics of the M-day discharges
for the reference period 1981-2010 was preceded by the derivation of several
climatological characteristics. The primary climatic factor that has the greatest
influence on runoff patterns is precipitation. The long-term annual rainfall over
a watershed is the amount of water from precipitation falling on the surface of
a given area over a given time interval. It is expressed as the height of the water
layer (in millimetres) distributed uniformly over the area.

The long-term annual rainfall over a watershed is one of the basic climato-
logical and hydrological characteristics determining the long-term hydrologi-
cal balance of the watershed. It can be determined using GIS tools by overlay-
ing a polygon layer of watershed divides over a raster layer of rainfall derived
from observations at rainfall gauging stations.

Therefore, deriving a raster of long-term annual precipitation using the max-
imum available data was one of the main objectives of the processing. The
methodology for deriving the average annual rainfall for the reference period
at the rainfall gauging stations is described in detail in reference [3].
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Fig. 2. Aridity index for the period 1981-2010
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Fig. 3. Long-term annual runoff for the period 1981-2010 obtained from regression
relationships between long-term average annual rainfall totals and long-term annual
potential evapotranspiration

The point data of long-term annual rainfall were interpolated to a raster layer
using the orographic interpolation method developed at the CHMI [4]. A raster of
terrain elevations at a 1 x 1km step smoothed? in the vicinity of 3 x 3 km was used
as a basis. The advantages of the method used include the simplicity of use and
the identification of regression relationships on a local (regional) level, while the
disadvantage is the derivation of purely linear regression relationships where the
magnitude of precipitation depends on only one variable. However, the use of
smoothed terrain partially eliminates this disadvantage, because by smoothing
the terrain, stations of the same elevation but representing completely different
climatic conditions, e. g. MileSovka and Pec pod Snézkou, are given different “rela-
tive" elevations due to average elevation change in relation to their surroundings.

A great contribution to the derivation of the raster layer of long-term annual
rainfall was the use of data from foreign sources, which helped to refine the
data in border areas, especially in the area of the Sumava and Kru$né Mts,, as
well as in foreign territories where a significant part of Czech rivers” watersheds
lie (e. g. the Ohte, the Dyje).

By deriving the long-term annual rainfall together with the value of the
long-term annual potential evapotranspiration, the so-called aridity index
(see Fig. 2), which is the ratio of the annual potential evapotranspiration to the
annual rainfall, can be calculated. This index is the basis for estimating the long-
term runoff depth on unobserved watersheds.
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Data from 234 climatological stations with at least eight years of observa-
tion were used to derive the annual potential evapotranspiration raster for the
period 1981-2010. First, monthly potential evapotranspiration values were cal-
culated, and the annual sums were derived. The shorter series were comple-
mented by means of the linear regression method using the analogue (sta-
tions with a complete series of observations) with the highest coefficient of
determination.

Using orographic interpolation [4], a raster of annual potential evapotranspi-
ration was derived for each year from the 1981-2010 period in a GIS environment
and a raster of mean values for 1981-2010 was calculated.

The methodology for deriving the long-term annual runoff for the period
1981-2010 using regression relationships from the long-term average annual
rainfall and long-term annual potential evapotranspiration is described in [3].
The derivation used map algebra functions applied to the above-mentioned
raster layers of climatological features. The resulting map of long-term annual
runoff depth is shown in Fig. 3.

ELABORATION OF HYDROLOGICAL
ASSESSMENTS

Hydrological assessments mean the provision of standard hydrological data
according to Czech standard 75 1400 Surface water hydrological data. The stand-
ard hydrological data include, inter alia, the time series of hydrological variables
observed at the gauging stations, the previously mentioned M-day discharges,
N-year discharges and theoretical flood waves with peak flow rate of a given
recurrence interval. Unlike the time series, the M-day and N-year discharge val-
ues and theoretical flood waves are provided for any river network profile. This
fact, i. e, providing data for any river network profile, has led to the use of GIS
technology to derive physical and geographic characteristics of the watershed
and other variables that serve as the basis for determination of standard hydro-
logical data in unobserved profiles.

The third generation of the application has been used for these purposes,
successively called AVPosudek (for ArcView GIS 3x), AGPosudek (for ArcGIS
Desktop), and AGPosudek Pro (for ArcGIS Pro), with the functionality of each
version of the applications being modified and developed as needed. The fol-
lowing description will cover the latest generation of this application, namely
AGPosudek Pro.

AGPosudek Pro is an application in the form of an add-in for ArcGIS Pro
developed in VB.NET using the ArcGIS Pro SDK for Microsoft.NET. Creating
add-ins is facilitated by the integration of SDK into Microsoft Visual Studio and
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Fig. 4. ArcGIS Pro window with a map showing the watershed, contour lines and water-
courses being assessed
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Fig. 5. AGPosudek Pro application ribbon bar

templates for the individual objects that make up the application (dialog win-
dows and other controls). It is available at https:/pro.arcgis.com/en/pro-app/
latest/sdk/ (verified on November 5, 2021), including a large number of exam-
ples that are, however, written in C#. There is a C# converter for VB.NET, avail-
able at https://codeconverter.icsharpcode.net/ (verified on 5 November 2021).
Fig. 4 shows a cut-out of an ArcGIS Pro window with the AGPosudek Pro
add-in loaded. The window shows a map with the watershed divide layer of
the watershed under assessment for the profile shown by the point. It also
shows detailed watershed divides of the basic watersheds, ZABAGED contour
lines, and ZABAGED watercourses. A ribbon bar showing the various applica-
tion tools is in Fig. 5.
The creation of a full version of the ArcGlIS Pro application was only possible
in version 2.6, which enabled the incorporation of user graphics (points, lines
and polygons) into the map graphics layer.
The functionality of AGPosudek Pro can be briefly summarised as follows:
— Saving the selected watershed polygon: the user selects from the basic water-
shed divides layer a watershed polygon in which to process the assessment
and saves it in a separate shapefile.

— Determination of the watershed divide: Based on the coordinates (usually
in S-JTSK), the user plots a profile on the watercourse as a point on the map
in the graphics layer and plots the line of the watershed divide that passes
through the point in the graphics layer. Then, using the “Determine water-
shed divide” tool, the user splits the polygon in the shapefile of the selected
watershed. The user can delete the downstream part of the watershed (below
the profile) and continue working only with the polygon of the watershed to
the profile under consideration. All results of the tools below are written in the
attribute table of the selected watershed layer.

— Calculation of the watershed area: The watershed polygon area is recalcu-
lated from the map projection to the ETRS89 / LAEA Europe planar projection
(code 3035).

— Calculation of physical-geographical characteristics: The tool calculates the
average slope of the watershed based on the selected DMR layer and, if the
thalweg line is plotted, it also calculates its length and slope. The tool uses the
GIS function “Slope” inter alia.

b ."-
-!% e e

» — 3

A *

- - L

Fig. 6. Hand-drawn (black arrows) and calculation-derived (green line) thalweg
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— Deriving the thalweg line from the DMR: Based on the selected DMR layer,
aline is derived that connects the outlet section and the hydraulically furthest
point in the watershed. The tool uses the GIS hydrological functions (Flow
Direction, Flow Accumulation, Flow Length, etc.) and the CostPath function,
see Fig. 6*. The length and slope of the thalweg are also calculated. In addi-
tion to an attribute table, the results are displayed in dialogue windows from
where the user can copy them into any document.

— Calculation of the feature’s share in the area: Based on the Corine Land Cover
layer, the tool calculates the proportion of the area of the selected land cover
to the watershed total area. It is most used to calculate the proportion of the
area covered by forests. The tool uses the GIS function “Tabulate Area”.

— The application also uses the zonal statistics function based on the selected
raster layer, e.g. to calculate average values per a watershed. These are the
average long-term annual rainfall, the N-year maximum rainfall of a given
duration, the CN value, etc.

— Other functions of the application are used to derive specific hydrological
characteristics, e.g. 100-year flow values, using various methods. For this pur-
pose, the results of the previous tools are used to derive physical-geographical
characteristics, average N-year rainfall values, CN values, forest cover ratio, etc.

The AGPosudek and the new AGPosudek Pro applications are used by
hydrologists preparing assessments at the CHMI branch offices.

FLASH FLOOD INDICATOR

The operational hydrological service, called the Flood Forecasting Service,
issues important outputs for the public. They are available on the website
https://hydro.chmi.cz/hpps/ (verified on 7 November 2021).

A flood event that is both potentially dangerous and difficult to predict is flash
flooding. It is not possible to accurately predict both the time and place of occur-
rence of a flash flood because the location and time of the causative factor, which
is torrential rainfall, are difficult to predict. Despite these difficulties, it is possible to
monitor and evaluate in real time certain parameters and phenomena from which
the level of risk of flash flooding occurrence or localised flooding can be assessed.

One of these phenomena is the level of current soil saturation. If the soil is
more saturated, it can hold less water and its infiltration capacity is reduced.
Therefore, in areas with higher soil saturation, the risk of flash flooding in the
event of torrential rainfall is significantly higher. Using rainfall-runoff modelling,
it is possible to determine the approximate amount of rainfall that, if it fell over
a certain period, would potentially cause significant surface runoff.

Torrential rainfall is one of the potentially dangerous concomitants of con-
vective storms. The occurrence of convective storms in time and space is moni-
tored by weather radars. The radar does not directly measure rainfall, but reflec-
tivity. Based on the relationship between the reflectivity and the hourly rainfall
intensity, it is possible to estimate approximately how much rainfall has fallen
or will possibly fall over an area based on a short-term forecast, called nowcast-
ing [5]. Precipitation estimates can be refined significantly using a combina-
tion of rainfall observations and radar measurements. By means of rainfall-run-
off modelling, it is then possible to approximate the magnitude of the runoff
response and therefore the risk of flash flood occurrence.
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Tab. 1. Matrix for the derivation of the general risk for the municipalities with extended jurisdiction according to the flash flood risk and the local flooding risk

Flash flood risk

Risk level No risk

No risk No risk

Medium risk Medium risk

Local flooding
risk

High risk Medium risk

Very high risk

High risk

Based on the above-mentioned facts, the development of the so-called
Flash Flood Indicator (FFI), which started within the R&D project SP/1c4/16/07
"Research and implementation of new tools for flood and runoff forecasting
within providing the flood forecasting service in the Czech Republic” (2007-2011),
was inspired by the “Flash Flood Guidance” system operated by the U. S.
National Weather Service (NWS) [6].

The FFI system was in experimental operation until 2016 and was gradually
improved. The outputs for the period 2017-2019 were evaluated in detail, and
since 2020 the FFI has been part of the CHMI forecast service. The system is in
operation from approximately mid-April to mid-October, which is the period
with convective precipitation. It is described in detail in paper [7], and a trans-
lation of this paper into English has now been completed (November 2021),
together with a major update of its content [8].

Development of FFI began on the ArcView GIS 3.x platform in the Avenue
programming language and was transferred to ArcGIS Desktop system and
reprogrammed in Python during 2011. Individual tools can be run interac-
tively (from within the GIS environment) or automatically using the system task
scheduler, either in a daily step or in a defined shorter step.

Configuration files containing many parameters are available to configure
the running of the procedures. It is possible to specify input data paths, direc-
tories, or geodatabases for storing the results, time step interval of input rain-
fall data in minutes, length of time in minutes for both rainfall and nowcasting,
threshold values for determining individual risk levels, etc.

The following data are the basic input in the daily step:

— Araster of 24-hour rainfall totals as a combination of radar measurements and

rainfall observations, called MERGE, see [9].

— Point values of the current evapotranspiration, which are interpolated by the

IDW (Inverse Distance Weighing) method into the raster.

The output of the procedures in the daily step is:

— Araster of current soil saturation values represented by CN values at 1x 1
km resolution, derived from the balance of rainfall and evapotranspiration.
The saturation indicator is defined by relating the current CN values to the
extreme (limiting) CN values.

— Polygon layer with the potentially hazardous precipitation totals of 1-, 3- and
6-hours duration for a 3 x 3 km area.

The calculations in daily step are run several times during the day, leaving
room for sometimes necessary adjustments of the input data and recalculation
of the outputs.

The main input to the procedures, which are run in a shorter time step
(every 20 minutes in 2021), are 15-minute sums of radar precipitation estimates
that are adjusted based on rain-gauge observations. Until 2021, a single value
of the adjustment coefficient was derived for the whole territory of the Czech
Republic. Since 2022 onwards, it is expected to use an area-varying adjustment

Medium risk
Medium risk
Medium risk
High risk

Very high risk

High risk Very high risk

Medium risk High risk
Medium risk High risk

High risk High risk

Very high risk Very high risk

coefficient and to use the MERGE product at time intervals when this prod-
uct is already available. The modification of the adjustment coefficient cal-
culation method was addressed within the research project VI20192021166
“"Hydrometeorological risks in the Czech Republic — changes in risks and improvement
of their prediction” (2019-2021) and is described in detail in the article [10].

The risk of flash flood occurrence is calculated in a network of hydrologi-
cally connected watershed features and river reaches, in which the basic source
layer is a polygon layer of the basic watersheds, where physical and geographic
characteristics (watershed slope, thalweg slope and length, current CN value,
etc.) are calculated for each watershed. These linked features form a hydrologi-
cal model in which the hydrological response to actual rainfall is calculated, as
well as to expected rainfall, which is predicted by nowcasting. The risk of flash
flood occurrence is calculated in the outlet section of each watershed.
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Fig. 7. Soil saturation indicator valid for June 30, 2020 at 6:00 UTC as seen on the CHMI
website, see legend in Tab. 2

Tab. 2. Legend of the soil saturation layer

Description
very low saturation

low saturation

saturation at field capacity

strong saturation
very strong saturation

e><treme|y strong satu ration
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Fig. 8. Map of potential risk rainfall amounts with the duration of 3 hours valid for
June 30, 2020 at 6:00 UTC as seen on the CHMI website

In the 3 x 3 km polygon layer, the local flooding risk is calculated based on
the two-hour sum of the precipitation that has already fallen, or the one-hour
sum of the precipitation that has fallen and the one-hour sum of the precipi-
tation from nowcasting. Physical and geographic characteristics including the
current CN value are derived for each polygon, like all watersheds.

A total of three thresholds, which are linked to the theoretical value of the
specific 100-year flow, are set for the flash flood risk calculated in the hydrolog-
ical model of the linked watersheds and river reaches, as well as for the local
flood risk determined for polygons of constant size. These threshold values can
be changed in configuration files.

The main result is the determination of the risk of flash flooding and local
flooding for the municipalities with extended jurisdiction, for which the
so-called general risk of flash flooding is also determined according to the fol-
lowing Tab. 1.

For the purposes of Flood Forecasting Service, an XML file with information
on the risk of flash flood or local flooding is generated for each municipality
with extended jurisdiction and this output is also used in the mobile applica-
tion of the Czech Hydrometeorological Institute.

All outputs are also stored in ESRI file geodatabases in the form of raster and
vector layers or tables. Selected data are transferred to cloud storage on ArcGIS
Online and displayed as web maps and interactive web applications.

The following two images show the web maps that are embedded in the
Flood Reporting and Forecast Service site. Fig. 7 shows the saturation indicator,
and Fig. 8 shows the totals of potentially hazardous rainfall lasting 3 hours. Both
maps are fully interactive.

Fig. 9 shows the window of the web mapping application where all relevant
and up-to-date outputs from the FFl system can be viewed:

— saturation indicator,

— potentially risky rainfall events with durations of 1,3 and 6 hours,

— risk of local flooding for municipality with extended powers,

— risk of flash floods for municipality with extended powers,

— the general risk of flash flooding as a combination of the risks of local flooding
and flash flood (see above),

— the sum of the adjusted radar estimates of rainfall in 3 x 3 km polygons over
the previous 2 hours, if the sum was higher than 10 mm or this sum posed

a risk of local flooding,

— the sum of the adjusted radar estimates of rainfall in 3 x 3 km polygons over
the previous 1 hour plus Thour of nowcasting if the sum was higher than

10 mm or this sum posed a risk of local flooding,
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Fig. 9. The outputs from web map application ‘Flash Flood Indicator’ running on the
ArcGlIS Online platform. It depicts the soil saturation indicator layer (upper-right), radar
rainfall estimates (QPE and QPF) > 10 mm/2 h and actual general flash flood risk (bot-
tom left) in municipalities with extended jurisdiction

— the risk of flash floods in a watershed system where a filter can be applied for
those watersheds where peak flow is yet to be reached.

The application currently runs on ArcGIS Online in two versions. The older
one is based on the Web Application Builder template, the newer one is based
on the Experience Builder template, which has more advanced options in rela-
tion to optimizing the view for different devices (PC, tablets, mobile phones).

The Flash Flood Indicator is a comprehensive system based on the ESRI
GIS technology platform. It consists of quite extensive Python scripts that
make use of many GIS functions ranging from interpolations, map algebra
and advanced geoprocessing functions (overlays or intersections of layers) to
publishing data layers in a web environment. In particular, the “arcpy” library,
which is licensed with ArcGIS Desktop or ArcGIS Pro products, and the “arcgis”
library, which is a freely available library for working with GIS layers published
on the web, are used.

CONCLUSION

Presenting specific examples, this paper demonstrates the use of GIS technol-
ogy in solving various hydrological tasks at the Czech Hydrometeorological
Institute. It is clear that GIS has long been used not only to create cartograms
or carto-diagrams, but it is a comprehensive tool that includes the creation and
administration of data in multi-user geodatabases, geospatial data processing
and analysis, the possibility of creating user-tailored applications or creating
scripts to solve complex tasks.

Although the focus of work in GIS is likely to remain on working with data
in a heavy client environment, the publication of results is shifting from static
maps to dynamic maps and online map applications that can be accessed from
a standard web browser. This will allow to extend the use of GIS technology to
users who do not normally work with GIS technology, and it is also an oppor-
tunity for organisations (in this case the CHM)) to effectively publish data and
results of their employees’ work.



Notes

1. At present it is The Military Geographic and Hydrometeorological Office
in Dobruska

2. Thisincludes fourth-order watersheds and watersheds related to other
important profiles (reservoir dams, water gauging stations, etc.)

3. The "Aggregate” function was used to calculate the average values of the
original 100 x 100 m raster at 1 x 1 km resolution, and then the “Block Statistics”
function was applied to create a raster of average values over a3 x 3 km
radius while maintaining the 1x 1 km raster resolution.

4. The differences between the automatically derived thalweg and the thalweg
determined “manually” are due both to the distinction of the basis DMR and
the choice made by the user-hydrologist, who usually respects the actual
course of the watercourse line when determining the thalweg.
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Interview with Ing. Lucie Orlikova, Ph.D.,
an assistant professor at the Department
of Geoinformatics, Technical University

of Ostrava (VSB)

Generally speaking, the field of geoinformatics is relatively new and the
GIS community is still rather small in the Czech Republic. So, the first
question will probably not be very original, but it suggests itself at the
very beginning — what brought you to this field?

Ever since | was at grammar school, | have been inclined to geography and
working with maps. At that time, however, | had no idea about the existence of
geographic information systems, so my initial idea was to begin studying phys-
ical geography after graduation. Nevertheless, | attended an open day at our
faculty where | was filled with enthusiasm by my today’s colleague, Associate
Professor Petr Rapant, and his introduction to geoinformatics. At that time, the
combination of information technology and geography was very unusual. That
day determined my future career. After completing my Ph.D., | stayed on as an
academic in our department. I have been able to combine my passion for geo-
informatics with the opportunity to pass on the knowledge | had gained to
younger students.

Since 2007, you have been working at the Department of Geoinformatics
at the Technical University of Ostrava, where you teach some of the core
specialised subjects. What is your opinion about the development of the
educational system in GIS over the past ten years? Can we say that the
conditions for teaching have changed?

The development in the field of geoinformatics has been rapid over the last
ten years. Our studies and the structure of our courses undergo changes and
updates quite often, as it is necessary to constantly reflect current develop-
ments and the employers’ requirements for our graduates. At the same time, it is
necessary for us, the academics, to keep up, so we try to educate ourselves con-
stantly. We attend courses and conferences, study foreign literature and pass on
the acquired knowledge to our students. The teaching conditions themselves
have also gone through major changes. Nowadays, it is quite common for stu-
dents to have their own, high-quality technical equipment, and there is a lot of
online support materials available, so teaching is easier in this respect.

I would like to pay attention to the topics of the final theses now. There is
also a noticeable dynamism in the development of the field, in terms of
the complexity of processing, technologies used or trends. Do you feel
that the current society’s requirements and possible application of the
results obtained are reflected sufficiently in the assignment of the theses?

We always try to focus our final theses on topical issues, and the theses are
often prepared on the basis of requirements related to practice. When working on
the theses, the students cooperate with companies closely. Currently, many the-
ses cover environmental issues such as bark beetle calamity, monitoring glacier
movement, land use, mapping of floods using satellite imagery, using unmanned
aerial vehicles to locate subsurface drainage networks, etc... We have also tried
to respond to the COVID-19 pandemic and some of the works are focused on it.
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As already mentioned, you teach several subjects ranging from basic
geoinformatics to remote sensing. Could you reveal which of the many
GIS branches is closest to your heart?

For me personally, it is remote sensing. The planet Earth itself has fascinated
people since time immemorial and today, in the age of satellites, the internet
and modern technology, it is much easier to explore.

Your past activities included, among other things, work on water man-
agement issues, specifically the projects “TRANSCAT” and “Research
and development of a modular system for the creation of applications
in integrated water management”. Could you tell us more about them?

The aim of the “TRANSCAT" project was to develop an operational and inte-
grated comprehensive Decision Support System in order to achieve optimum
water management in river catchments encompassing border regions within
the application of the Water Framework Directive 2000/60/EC of the European
Parliament and of the Council. It also aimed to prevent extensive contamination
of aquifers, to improve groundwater quality and reduce the risk of flooding.

What specifically are you working on at present?

I 'am currently training in machine learning and its use, especially in satel-
lite image processing. This year | have attended machine learning workshops
and studied with Professor Kanevsky at the University of Lausanne. | would like
to work on water management applications, such as determining water and
hydrological balance of a landscape or flood monitoring using both optical and
radar data. We have good equipment at our Department, e.g., we work with
unmanned aerial vehicles with hyperspectral cameras at present, so we are
able to obtain very detailed and high-quality data quite quickly.

Under the current conditions, i.e., with the availability of satellite and
reference data, possible automation and integration of advanced mod-
elling techniques into GIS tools and development of machine learning
algorithms, do you see a real potential in the use of satellite data in water
management?

The availability and especially the ever-increasing number of satellites pro-
vides us with an essentially continuous view of planet Earth. Machine learn-
ing, artificial intelligence and other related technologies are increasingly being
applied in science, and theirimportance is bound to grow — even in many con-
servative fields. We have a unique and immense dataset to process. We can
thus monitor phenomena on the Earth’s surface over the long term, study
water quality, search for new water sources, observe sea currents, study run-
off conditions in the landscape, plan better for flood protection, and use these
technologies to our advantage and to improve the ever-deteriorating environ-
mental situation.



This sounds like an interesting incentive for potential cooperation,
which can bring remarkable opportunities and results and is certainly
worth considering. Thank you very much for taking the time for this
interview, | wish you every success in your research and teaching activi-
ties, and | look forward to any future interview, for example on collabo-
rative projects.

Ing. Bc. Vaclava Matasovska
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|JAHS International Commission

on Remote Sensing

The International Commission on Remote Sensing (ICRS), as one of the current
ten scientific commissions under the umbrella of the International Association
of Hydrological Sciences (IAHS; [1]), has emerged as a logical response to the
availability of spatial data associated with the launch of the first satellites in the
1970° that were designed to observe the Earth’s landscape sphere from space,
providing a completely new perspective in which the spatial extent of the ter-
ritory under observation played the major role. In fact, hydrologists have seen
great potential in such data since those early days, as the data have allowed
the scientists to continue improving their understanding of the hydrological
cycle, including its components, some of which being otherwise very diffi-
cult to measure on the Earth’s surface for a variety of reasons. Moreover, this
is underlined by the fact that ground-based observations are unlikely ever to
provide such a comprehensive insight into the ongoing process for a single
point in time in terms of the large territory captured. The beginnings of the use
of remote sensing (RS) products in hydrology and water management are very
often associated with collecting information about the cryosphere. That would
not even be otherwise possible if we were dependent merely on ground-based
observation, which (if it is being done anywhere in these landscapes at all) is
inevitably burdened with a wide range of errors and uncertainties, and some-
times even periodic outages in seasons that are not conducive to such observa-
tions. Therefore, it is not surprising that the need for a predecessor of the ICRS
has been seriously discussed since the turn of the 1970° and 1980°. Especially
hydrologists who study snowy and glaciated areas have required the use of RS
data. Let us give an example of the then perspective of the related International
Commission on Snow and Ice Hydrology (ICSIH), which concerned large-scale
studies of snow and built precisely on the potential of RS products (see paper
[2], whose author was also an ICRS president). Similarly, the use of RS products
within the ICSIH is mentioned in retrospective article [3] and more generally,
concerning the needs of the whole IAHS, also in article [4].

The contribution, which was written on the occasion of the 90 anniver-
sary of the IAHS, dates the origins of the ICRS more precisely to the year 1979
when the 17" General Assembly of the International Union of Geodesy and
Geophysics (IUGG), of which the IAHS is a part, was held in Canberra, Australia.
At that time, a committee was established, which met for the first time in 19811in
Denver, Colorado [5]. The Symposium on Hydrological Applications of Remote
Sensing and Remote Data Transmission was held in Hamburg, Germany, in
April 1983, as part of the 18" IUGG General Assembly. One of the outcomes of
this Symposium was at book [6], the preface to which mentions the fact that
the Symposium was organized by the International Commission on Remote
Sensing and Data Transmission (ICRSDT), i.e. the predecessor of today’s ICRS.
However, according to the ICRS officials themselves, the firstindependent meet-
ing of the Commission took place at the International Workshop on Hydrologic
Applications of Space Technologies which was held in Cocoa Beach, Florida,
in August 1985 [7] and resulted in publication [8]. It can be deduced from the
name (ICRSDT) that data transmission was very essential and important for
hydrologists, especially for those in the filed of operational hydrology. Indeed,
the very first meetings of the ICRSDT were held in the presence of represent-
atives of the World Meteorological Organization (WMO) and other UN organ-
izations (e.g. UNESCO). This is evidence of the hydrologists” assumption that
itis the RS products (not only radars but also satellites) that will help improve
hydrological forecasts by providing a more precise picture of spatial differen-
tiation of the landscape that forms a catchment. This resulted in further devel-
opment of microcomputer software to process such data (e.g. geographical
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information systems, GIS), as well as development and adaptation of hydro-
logical models, as estimated well by Askew of the WMO [9] (see also contribu-
tion [10], whose ideas are expanded in [11]).

[t was 15 years before the second independent ICRS meeting took place. As
the preface to publication [7] says, that did not mean that ICRS members and
supporters had not been active during that period. On the contrary, several
joint symposia (i.e. with other IAHS commissions) were organized within the
IUGG assemblies and IAHS scientific assemblies, which normally take place two
years after the IUGG assemblies. It certainly does not make sense to list all these
meetings here. It is much more sensible to refer those interested in a deeper
study directly to the website from where it is possible to download the individ-
ual articles published in the IAHS “red books’, which, by the way, are very rich
in detailed information [12]. As an example, let us mention at least the book
based on the International Symposium on Integrated Methods in Catchment
Hydrology, which took place in Birmingham, UK, in June 1999, where the 22"
IUGG General Assembly was just held at that time. These joint symposia only
emphasise the importance of RS applications overlapping to various areas of
hydrology and water management. Contribution [5] also mentions that the
ICRS was transformed in 1998. At that time, the ICRS, judging at least by the
change of the name, presumably lost interest in data transmissions as these
became the focus of other expert groups.

The third ICRS meeting, again a symposium with a focus on RS in hydrol-
ogy, was held in Jackson Hole, Wyoming, in late September 2010 [13]. In the
meantime, however, a number of issues were identified that necessitated sepa-
rate international conferences or, again, symposia to be included in the agenda
of the IUGG assemblies, or IAHS scientific assemblies. The GIS applications in
hydrology for the purposes of flood forecasting, runoff simulation, (integrated)
water management, and environmental modelling thus came to the fore [14,
15]. Hand in hand with the latter, change detection through RS data also gained
importance, both in hydrological terms and in general with respect to all envi-
ronmental components and the needs of human society [14-16]. At these
meetings, hydrogeologists also demonstrated their skills, not for the first time.
They come together under the umbrella of the International Association of
Hydrogeologists (IAH), which is a separate body alongside the IAHS, although
it does not form the IUGG. Incidentally, hydrogeologists also stressed the
importance of hydroinformatics for the whole hydrology, including RS data
processing. Hydroinformatics has gradually been brought into hydrology
through hydraulics, which resulted in the formation of the Joint Committee on
Hydroinformatics in Cardiff in July 2002 [17]. The Jackson Hole ICRS symposium
itself then indicated the continuation of estimating the following hydrological
parameters using RS: soil moisture, evapotranspiration, surface temperature,
distribution and characteristics of vegetation (including crops and invasive
species), and snow pack properties. For these purposes, the combined use of
satellite- and airborne instruments was emphasized. It was also found that the
above-mentioned hydrological parameters can be well obtained if lidar images
taken from the aircraft and the ground are used additionally. Finally, advances
in understanding and modelling the hydrological cycle in relation to the start
of surface energy balance flux measurements using scintillometers and eddy
covariance systems were mentioned [13].

The current ICRS (the present incumbents are listed in [18]) has two sec-
tions, one for RS and the other for GIS [5]. Experts from both sections first com-
bined their symposia and conferences, which originally focused separately
more on RS and separately more on GIS, into one in Guangzhou, China in 2014.



The purpose of this merged event, or in other words, two events held in one
location, was to review and report on advances in GIS and RS technologies as
well as their applications in hydrology, water management and the environ-
ment, and to share experience of scientists, engineers, NGOs and policy makers
worldwide in the fields of meteorology, hydrology, water management, envi-
ronment, flood forecasting and management, GIS and RS [19].

So far, the most recent stand-alone symposium entitled “‘Remote Sensing
and Hydrology Symposium” (RSHS) has been organized in Cérdoba, Spain,
in May 2018. The potential to obtain relatively long time series using RS was
highlighted there. To achieve this goal, however, it is necessary to consider the
merging of data coming from different instruments with different accuracies,
including those located on the Earth's surface. The symposium was divided
into several thematic areas:

1. current and future missions for water cycle observation,

2. observations of water cycle components,

3. Earth Observation retrievals and data products linked to the water cycle,

4. applications of RS data in water resources management,

5. crop irrigation management by RS,

6. water quality and soil cover assessment from RS data.

Throughout the symposium, emphasis was placed on integrated water and
basin management with regard to potential environmental changes [20]. It
should be anticipated in the future that spatial resolution of RS products will
increase primarily, which can be used successfully in hydrology. However, if the
final information obtained from the data is to be relevant, it is necessary to
adapt established approaches and methods to these data, and to be aware of
the fact that longer time series derived from RS products may be burdened
with different uncertainties in different sections.

We can already look forward to presentations of further activities and out-
comes given by ICRS experts. For instance, further symposia are being pre-
pared for the 11™ IAHS Scientific Assembly, which is scheduled to take place
in Montpellier, France, at the turn of May and June 2022, while celebrating the
100" IAHS anniversary (cf. e.g. [4]). The agenda to date has demonstrated that
the interest of the world's hydrologists in the RS technologies and methods is
not waning [21]. Therefore, the author of this informative paper firmly hopes
that Czech hydrologists or water managers will not be left behind and he will
also be very glad if this paper is of interest to those who have not been aware
of ICRS activities so far.
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GIS and cartography at the T. G. Masaryk
Water Research Institute
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spatial data — analyses — web map application — T. G. Masaryk Water Research Institute

FROM HISTORY TO THE PRESENT

Geographic information systems (GIS), data processing, evaluation and inter-
pretation are an essential and integral part of research at present as most infor-
mation can be related to a specific location on the Earth’s surface. The GIS and
Cartography Department at the T. G. Masaryk Water Research Institute deals
with research and commercial projects by means of the application of GIS tools.
However, it is not just a matter of using specialised software; valid data and quali-
fied staff who can apply their knowledge correctly are also essential. The GIS and
Cartography Department has been working at the Institute for many years. In the
1990s, there was a cartography and remote sensing unit, which was part of the
Water Management Department. The unit provided not only mapping source
documents and data for the state administration (these activities are being car-
ried out within the project “Support for the state administration in the field of water”
after the transformation into a public research institution), but also the updat-
ing and printing of the Base Water Management Map 1: 50 000. As part of its
research activities, the Department later participated in the projects “Evaluation
of the flood situation in July 1997" within the subtask “Geodetic documentation for
flood evaluation and the creation of a digital model of the river system in the affected
areas” and “Integration of the information on landfills, facilities and old contaminated
sites, evaluation of their environmental risks and impacts” [1]. The need for quality and
accessible data resulted in the creation of the Digital Water Management Data
Base (DIBAVOD) as a source of geodata for water management and protection [2].
Subsequently, the staff of the Department participated in the research project,
specifically in its sub-part "Development and application of procedures using geo-
graphic information systems technologies in relation to the Digital Water Management
Data Base". At present, the activities of the GIS and Cartography Department are
very diverse. It deals with national and international research projects, adminis-
ters and updates data for the government, develops online mapping applications,
analytical tools, and procedures. It also prepares cartographic outputs and coop-
erates with all the other departments within the T. G. Masaryk Water Research
Institute, for which it also administers the data warehouse and GIS devices. Last
but not least, it provides expertise in the field of geographic information systems
and cartography. And despite this wide range of activities, the Department tries
to keep up with the fast-developing trends in GIS, which it then puts into practice.

TASTING OF OUR ACTIVITIES

Base Water Management Map of the Czech Republic

This unique cartographic work, the Base Water Management Map of the Czech
Republic at the scale of 1:50 000, is the most detailed national water management

map. It was prepared as a part of the Directional Water Management Plan and
published by the Czech Geodetic and Cadastral Office as a thematic national
map for the Ministry of Environment of the Czech Republic. The T. G. Masaryk
Water Research Institute is in charge of the thematic content and its updating.
The territory of the Czech Republic is covered by 211 map sheets in the arrange-
ment of medium-scale base maps.

The first systematic subject-focused mapping in water management for
the Czech Republic’s territory was done within the State Water Management
Plan of Czechoslovakia (It edition of the Plan) in 1949-1954. The beginnings
of the development of the Base Water Management Map date back to 1961,
when the Ministry of Agriculture, Forestry and Water Management commis-
sioned the Water Management Directorates in Prague and Bratislava, in coop-
eration with other water management organisations, to draw up the “Base
Water Management Map of the Czechoslovak Socialist Republic” (1964 edition).
In1971-1976, a new set of the Base Water Management Map of the Czechoslovak
Socialist Republic was prepared again in terms of authorship, cartography,
and reproduction on the basis of the Base Map of the Czechoslovak Socialist
Republic (1:50 000). This set is referred to as the 1* edition in the history of the
creation and updating of the Base Water Management Map (1: 50 000). The sec-
ond updated edition of the Base Water Management Map of the Czechoslovak
Socialist Republic was published in 1980-1988. The last, third updated edition
of the Base Water Management Map of the Czech Republic was published in
1989-1999. Since 1999, further development of the Base Water Management
Map has been directed towards the transformation of the analogue map into
a digital map in the form of the DIBAVOD geographic reference database. The
process of digitisation of the Base Water Management Map (1: 50 000) was car-
ried out in the T. G. Masaryk Water Research Institute by vectorising objects
from scanned sheets of the Base Water Management Map (1 : 50 000). Since
1995, the base map (1: 10 000) has been digitised by the Czech Geodetic and
Cadastral Office in the same way into layers of the Basic Geographic Data Base
(ZABAGED®) [3]. The updated course of watercourses and catchment divides
was obtained on a sheet-by-sheet basis from ZABAGED®. The watercourses
and catchment divides were gradually processed topologically into the form
of a structural model of the Czech Republic’s catchments and watercourses.
The layers of watercourses and catchment divides were then incorporated into
DIBAVOD, which was subsequently the source of the thematic content of the
updated edition of the Base Water Management Map (1: 50 000) [4].

Eight test sheets were issued in 2008. The catalogue of map symbols was
revised, and the legend became part of the map sheet (Fig. 7). Due to the lack
of funding and the different responsibilities for the thematic layers, merely the
printing technology line was set up and tested in cooperation with the Czech
Geodetic and Cadastral Office in Sedl¢any.
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Fig. 1. Test sheet of the Base Water Management Map (1: 50 000)

The original printed Base Water Management Map (1:50 000) is currently dis-
tributed only in the digital raster form created by scanning the original printed
maps (TIFF format with LZW compression, 400 DPI resolution). More informa-
tion is available at https://www.dibavod.cz/63/puvodni-tistena-zakladni-vodo-
hospodarska-mapa-1:50-000.html

Digital Water Management Data Base

The need for a unified spatial data base for water management and water
protection led to the development of a major database, known as DIBAVOD,
namely as a thematic extension of ZABAGED®. It is intended, inter alia, for the
creation of thematic cartographic outputs focused on water management
and water protection on top of the Base Map of the Czech Republic 1:10 000
or 1:50 000. The first mention of DIBAVOD appeared within the R&D project
650/8/01 "Methodology for creating cartographic outputs from digital data". In pur-
suance of this project, the DIBAVOD Object Catalogue was defined, which con-
sists of a list of object types in the category of water and a set of catalogue
sheets, each of which being dedicated to one object type. A draft document
"Instructions for the creation, updating and publishing of the Water Management Map
of the Czech Republic 1:50 000" with a catalogue of the Base Water Management
Map (1:50 000) symbols and a sample sheet (15-32) were created inter alia. A sim-
ilar material has been created for the Map of Flood-Prone Areas: “Instructions for
the creation, updating and publication of the Map of Flood-Prone Areas in the Czech
Republic 1:10 000" with the catalogue of map symbols of the Map of Flood-
Prone Areas (1:10 000) and the sample sheet for the Map of Flood-Prone Areas
(1:10 000) (15-32-20). The technological solution was appropriate for its time — it
was an Intergraph MGE environment. The aim was to keep all defined objects
(datasets) up-to-date and freely available to the public if possible. This goal
could not be achieved because several ministries and some private sector enti-
ties are responsible for the data at the same time. Stable funding for updat-
ing the database in its entirety is not guaranteed at present. For these reasons,
some objects are inaccessible, and some have not been updated for a long
time. Nevertheless, it can be hoped that the situation will change, and that
all data will be up-to-date, guaranteed and available to all and that the pro-
duction of the cartographic visualisation of the Base Water Management Map
(1:50 000) will be resumed.
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Data not only for state administration

As mentioned above, quality and guaranteed data are the cornerstone of any
successful and responsible research activity. The same applies to the perfor-
mance of government and other related agendas. The GIS and Cartography
Department and the entire T. G. Masaryk Water Research Institute are proud
partners involved in the administration, updating and publication of selected
spatial data used by the state and public administration. A small taste of the
data and activities is given in the following paragraphs.

The watercourse data set is one of the core data sets in water protection and
water management. It is therefore vital that these data are kept neat and in the
best accordance with reality. As the agendas related to watercourses are divided
among several actors from different ministries, several different watercourse data
sets have been created over the years. To correct this inconsistency, a cross-minis-
terial working group has been established to address “harmonisation of the river
network in the Czech Republic” since 2019. In cooperation with the Ministry of
Environment (T. G. Masaryk Water Research Institute, Czech Hydrometeorological
Institute), Ministry of Agriculture (catchment administration enterprises (Povodi),
Forests of the Czech Repubilic, State Land Office) and the Czech Geodetic and
Cadastral Office, the springs, estuaries and possibly the course of the main water-
courses in all more than nine thousand 4" order river catchments are being
checked. The result should be a single guaranteed network of watercourses,
which will have an agreed structure, contain all relevant information and, where
appropriate, be linkable with thematic databases of stakeholders via linking iden-
tifiers. This data set should be administered by the Czech Geodetic and Cadastral
Office within ZABAGED® as a unified source of information.

Another important activity is updating the database of water resource
protection areas in the Czech Republic, which the GIS and Cartography
Department has been working on with several breaks for about 20 years.
A comprehensive revision of the database was carried out within the project
"Support for State Administration Performance” under the Ministry of Environment
in 2015-2017. The database now contains more than 17000 polygons of protec-
tion areas. AlImost 15,000 of them have been validated by the competent water
administration authority of the respective municipality and are accompanied
by the document on the establishment of the water resource protection area
in digital form. The remaining 2,000 areas are either no longer valid or have not
been verified by the relevant authority. Currently, updating work is being car-
ried out at annual intervals [5]. A user-friendly online mapping application has
been developed, available at https://www.dibavod.cz/ochranna-pasma (Fig. 2),
to make visualisation of the water resource protection area database easier. At
the turn of the year, the database is always published and available for viewing
and downloading via web services on the DIBAVOD and HEIS portals [6] and on
the National INSPIRE geoportal [7].

Fig. 2. Web map application showing the current status of the water resource protec-

tion area



INSPIRE is a European directive that simplifies the way spatial data should
look, how they should be described and how they should be shared so that
they are usable by all users [8]. Although European directives may not always
be popular, it is at least an interesting challenge to create uniform data models
across European countries so that all users understand and can share, compare,
and harmonise the data with each other. The Directive is therefore a good first
step in this endeavour. The T. G. Masaryk Water Research Institute is responsible
for several data sets that are subject to this Directive. Metadata are thus pro-
vided for these data and users can view or download them using web map-
ping services.

The T. G. Masaryk Water Research Institute is also a key player in interna-
tional cooperation concerning water protection and it puts great emphasis
on correct and harmonised data being collected, updated, and shared with
domestic and international users. The Institute is also an important partner for
foreign entities, not only in activities related to spatial data. One of the main
partners, as mentioned above, is the European Commission and its organisa-
tions to which spatial data and information are reported according to the rele-
vant European directives [9-12]. Other important partners are the International
Commissions for the Protection of the Elbe, Danube and Oder rivers [13-15]. The
Institute collaborates with these Commissions and its partners in the develop-
ment of strategic key documents and shares with them mutually relevant data
related to water management and protection.

Use of remote sensing methods to monitor bathing sites
in the Czech Republic

The project TJ02000091 “The use of remote sensing methods to monitor bathing
sites in the Czech Republic” was implemented in the period 2019-2021. It was
funded by the Czech Technology Agency, specifically from the Zeta Il pro-
gramme for the support of junior researchers in innovative activities. The pri-
mary objective of the project was to find a relevant relationship between the
values of selected indicators of bathing water status and quality which resulted
from field surveys and subsequent laboratory work on one hand, and the
values from the processed Copernicus (Sentinel-2) satellite data on the other.
Using GIS tools and modern statistical techniques, six predictive models were
constructed and applied to 40 selected bathing water sites (Fig. 3). The pro-
ject’s most important outputs include the online map application “Indicators of
the state and quality of bathing waters in the Czech Republic” and the printed publi-
cation "Atlas of bathing waters in the Czech Republic”. Information on the achieved
results and the project’s other parameters is presented on the website https://
www.dibavod.cz/201/vyuziti-metod-dalkoveho-pruzkumu-zeme-pro-moni-
toring-stavu-a-kvality-koupacich-mist-v-ceske-republice.html. The results and
findings obtained within the project confirmed the initial hypothesis that satel-
lite data can support and improve existing monitoring significantly [16].

Research using altimetry data

In the past, the GIS and Cartography Department worked on several important
projects using the then new product 5"-Generation Digital Model of the Czech
Republic’s Relief (DMR 5G) [17]. It concerned very detailed data acquired by the
Czech Geodetic and Cadastral Office in cooperation with other organisations
using the airborne laser scanning. Within the research project VZ 0002071101,
the then new detailed relief model was used to identify transverse obsta-
cles in the beds of small watercourses and to revise the data sets of catch-
ment boundaries and watercourses. The Ministry of Interior’s security research
V(G20102014010 enabled testing of the modern RS 5G technology in relation to
flood-prone areas delimitation accuracy in 2010-2014 (Fig. 4).
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Hové Miyny water reservoir — 19, 0B,

Fig. 4. Testing the use of RS 5G in the context of water management and water
protection
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Fig. 5. Online mapping application Type-based Drought Mitigation Measures

Fig. 6. Example of a bathing place

Type-based drought mitigation measures — online
mapping application

The online mapping application Type-based Drought Mitigation Measures was
developed to make information available to the public on how to address adap-
tation of an area of interest to ongoing climate change and associated increased
drought events. It is available at https://www.dibavod.cz/typova-opatreni-su-
cho (Fig. 5). Possible solutions are presented by means of selected sample sites
where some measures to mitigate the negative impacts of drought have been
implemented. The specific measures themselves can be viewed, as well as the
whole set of taken measures, including a description of the expected impact
on drought via a fact sheet. The application is based on a combination of the
R programming language (including extension packages) and HTML 5, CSS and
Javascript technologies. The application includes a clear help and a detailed
user manual.

Growth pole | and Il

A survey of potential opportunities to expand bathing and water recreation
sites in the Capital City of Prague was carried out within the project “Water
Recreation Opportunities in the Capital City of Prague (from History to the Present),
Prague — Growth Pole II" in 2018-2020. Water quality was monitored, and the con-
dition and potential were assessed in 57 sites selected out of approximately
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150 sites found. The main outputs of the project were a database, a set of maps
(https://koupanivprazevuv.cz/) and an online map application (https://www.
dibavod.cz/vodni-rekreace-praha), which present the project results in a clear
way and increase public awareness of the current opportunities for recreation
by water in the Prague area (Fig. 6) [18].

Sustainable recycling of plastics in Mongolia

The project aims at contributing to economic prosperity and poverty reduc-
tion as well as supporting the development of a green economy and the tran-
sition to a low-carbon, resource-efficient and circular economy in Mongolia.
Waste management is a key issue in Mongolia due to urbanization, industriali-
zation, and the increasing consumption of packaged products. Plastic waste is
a particularly serious problem as it causes extensive pollution and is also often
dumped illegally by both citizens and companies. The project, funded by the
European Union (SWITCH-Asia Programme), is led by The Charity of the Czech
Republic. The T. G. Masaryk Water Research Institute, together with three other
partners, is a co-operating institution. Experts from the Waste Management
Centre are the main researchers within the Institute. The GIS and Cartography
Department is mainly responsible for data analysis and publication of results
using cartographic outputs and online mapping applications [19].

WHAT (ELSE) CAN THE GIS AND
CARTOGRAPHY DEPARTMENT DO FOR YOU?

Remote Sensing

The popularity of satellite data, i.e. the results of unconventional remote sens-
ing methods, is currently on the rise. The reason for this growing interest is
caused not only by their distinctive characteristics, but especially by the fact
that recently some satellite system operators have released their data in open-
source mode, i.e, for free use. It should be noted here that, thanks to the very
high frequency and large extent of sensing of the Earth’s surface, it is easy to
create relatively dense time series and thus build up a relatively complete pic-
ture of the evolution of the object or phenomenon under observation. For
this reason, satellite data are generally considered a tool that is suitable for
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increasing efficiency but also for reducing the cost of certain activities. The rel-
evance of the results obtained from remote sensing data is ensured by the nec-
essary calibration and subsequent validation with terrestrial data (obtained in
situ). Since 2018, the GIS and Cartography Department has been testing specific
tasks with European Space Agency (ESA) optical data, both at low spatial res-
olution (Sentinel-3) and at very high spatial resolution (Sentinel-2). Attention is
also given to data acquired in the thermal band of the electromagnetic spec-
trum (Landsat 7, 8 and the TERRA satellite system). Radar data (Sentinel-1) should
not be overlooked either. Specific applications we address include e.g., mon-
itoring of some indicators of bathing water status and quality, snow cover
detection, soil moisture monitoring, determination of landscape surface tem-
perature and water levels.

Cartographic outputs

Map works or overview maps (Fig. 7) are the outputs of many research and com-
mercial projects. The GIS and Cartography Department ensures that the map
output is of a standard that meets basic cartographic rules, is easy to under-
stand and presents project results appropriately. In addition to “classic” ana-
logue maps, it also deals with online cartography.

Online map applications

The online map application is a well-arranged interactive tool for publishing

data and services with on-line access via a web browser. It is an integral part

of modern sharing of individual project outputs with the general public or

stakeholders. It can contain raster and vector datasets (lines, points, polygons)

with an attribute table supplemented by additional information (e.g., photo,

graph, animation, website). Analytical and publishing tools can also be used

within the application. Some links to online map applications developed at the

T. G. Masaryk Water Research Institute have been provided in the text of this

article. Here are a few more:

— Water Recreation Opportunities in the City of Prague (from History to the
Present) (https://www.dibavod.cz/vodni-rekreace-praha)

— Indicators of the status and quality of selected bathing waters of the Czech
Republic (https://geoportalvuv.cz/aplikace/dpz-koupaci-vody-zeta/)

— Water recreation — bathing in natural swimming pools and other surface
waters (https://www.dibavod.cz/koupaci-vody)

Fig. 8. Analysis of raster data in combination with vector data
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Data analysis, data availability and user support

The strength of geographic information systems lies primarily in the variety of
analytical tools that can be used to extract many insights from the data under
study. Although it may not seem so at first glance, GIS and its analyses can be
applied to almost any data because most of the information can be located in
place or over time. Both vector (points, lines, polygons) and raster data or com-
binations of both can be analysed (Fig. 8). The results of the analyses cannot be
of good quality unless they are based on updated and guaranteed data and
are interpreted correctly. This is also a challenge for the GIS and Cartography
Department that strives to ensure unified and up-to-date datasets and guaran-
teed data sources within and outside the Institute. Equally important is commu-
nicating with and educating project workers and researchers so that they can
make sure that GIS can make their work easier, help them extract the most infor-
mation from the data they explore, and visualize the results in an elegant way.

WHAT TO SAY IN CONCLUSION?

As can be seen from the above (brief) overview, the scope of the GIS and
Cartography Department is very broad. Through the use of GIS, geoinformatics,
cartography and other similar disciplines, it implements research and commer-
cial projects, both nationally and internationally. It is an important segment in
supporting the performance of the state administration, especially the Ministry
of Environment. It carries out these activities both independently, as the key
research entity, and in cooperation with experts from various fields of human
activity. Therefore, it has a unique opportunity to apply its knowledge and GIS
in diverse and interesting projects (Fig. 9). In addition, the Department strives
to provide other staff at the T. G. Masaryk Water Research Institute with a qual-
ity database, up-to-date and functional software and, above all, user support
in their daily work. The work of the Department thus requires not only exper-
tise in the software, but also knowledge of the specialised data and context. In
the future, the Department would like to develop and extend these activities
by using other dynamically developing analytical, visualisation and publishing
tools and applications. In fact, its staff believe that GIS is not just a misunder-
stood expense, but above all a valuable investment with a high return.

5

Fig. 9. Link to the website of the GIS and Cartography Department of the T. G. Masaryk

Water Research Institute
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