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Abstract

This thesis is focused on field monitoring and gsial of the snow cover in the upper
Sazava watershed. Snow is an important hydrologiodl geographical phenomenon due to

its effect on the energy and water flows and baanc the environment.

The presented work summarizes theoretical backgrauisnow hydrology with respect to
snow cover measuring and determination of waterustim the snow cover. The main goals
of the study were expeditionary measuring of thewsmover, processing and analysis of
obtained data, estimation of snow water equivaienthe watershed and definition of
procedures and methodology. The measurements w&aiectout in two localities during the
snow seasons 2009-2010 and 2010-2011. The snow degtsnow water equivalent were the
main monitored properties. Results were analysed aompared with data from
meteorological and hydrological monitoring of theeCh Hydro Meteorological Institute. GIS

was used in performed data analyses.

The main results are analyses of the courses ofwbewinters and the determination of
relation to the neighbouring upper Svratka watetsh€he times of maximum snow
deposition was identified and the maximums of smeater equivalent in the catchment were
estimated.

Keywords: hydrology, catchment, snow water equivalertaZnad Sazavou,darské

vrchy



Abstrakt:

Tato bakaléska prace je zaghena na terénni &eni a analyzu siové pokryvky v povodi
horni Sazavy. Snih jeitezitym hydrologickym a geografickym fenoménem,ritevliviiuje
toky energie a vody v krajéna jejich rovnovahu.

Predkladana prace shrnuje zakladrtemosti v oblasti hydrologie 8hu s dirazem na
meéteni skhové pokryvky a stanoveni mnoZstvi vody veéhsn Hlavnimi cili prace bylo
expedéni mefeni vySky sahové pokryvky, zpracovani a analyza ziskanych at#tad vodni
hodnoty sihu v povodi a vysitleni postufi a metodologie. Nfeni byla provagha na dvou
vybranych lokalitach v mbéhu dvou néasledujicich zim 2009-2010 a 2010-2011.
srehu. Ziskand data byla analyzovana a srovnana & (mapeteorologického a
hydrologického monitoringuCeského hydrometeorologického Ustavu. Pro analyzubyla

pouzit GIS software.

Mezi hlavni vysledky prace pgatanalyzy pébéha sledovanych zim a zji&bi vztahu mezi
hodnotami narrenymi a ziskanymi v sousednim povodi horni SvraByl. identifikovan

termin kulminace mnoZstvi &mu v povodi a stanovena maximalni zasoba vody &teusn

Kli¢ové slova: hydrologie, snih, vodni hodnotarsn Zar nad Sazavou,d&rské vrchy
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1 Introduction

1.1. Motivation

Snow is an important hydrological and geographighénomenon. Snow is frozen
precipitation in the form of flakes built up of regonal water crystals. After falling down, it
melts or creates the snow cover — permanent oloseksThe permanent snow cover is
important in the global scale. The seasonal snomecdas a direct impact on our lives in
many different ways. It influences the life of atanisms living in areas of certain latitude or
altitude. Snow (and ice) is an important elementhef hydrologic cycle, in which it holds a
function of a water reservoir. The hydrological iye#as set due to the phenomenon of a
delayed runoff caused by water accumulation in snidvis fact demonstrates how important
the snow within hydrological balances is.

Snow qualitative and quantitative properties aghlyi variable. Snow properties depend
on climatic conditions. They can be used as arcatdr of climatic changes and a state of the
environment. On the contrary, snow has a wide immec the climatic conditions. The
presence of snow has an effect on the energy egehand balance in the environment.
Analysis and modeling of processes connected witlwsrequire a good knowledge of snow
and snow cover properties. An example can be spilimgd predictions in the Czech
Republic. Monitoring and analysis of the snow coparameters represent the main topic of
this study.

1.2. Targets

This study is focused primarily on the goals atofes:

o Recapitulation of the theoretical background inverydrology with respect to
the focus of this work — snow cover measuring amdemnination of the
maximum amount of water in the snow pack within¢htehment.

o Definition of procedures and methodology, includingoice of appropriate
locations for monitoring of areas with differeninciitions.

o Expeditionary measuring of snow cover in the catehin
o Data processing and interpolation.

o Evaluation of data and estimation of snow watervedent in the upper Sdzava
watershed.

-10 -



2. Bibliographic Search

2.1 Snow hydrology

Hydrology can be defined as the science that dedtls the space-time-frequency
characteristics of the quantity and quality of thaters of the earth, encompassing their
occurrence, movement, distribution, circulationpragje, exploration, development and
management. Water is a dynamic natural resource camtinuously circulates between
atmosphere, hydrosphere, lithosphere and pedosphbig unending circulation is referred to
as the water cycle or hydrologic cycle. (Singhiegs 2001).

Precipitation is one of the most crucial partsh& hydrological cycle. Precipitation takes
several forms and one of them is snow (fall). Apamant part of all precipitation is in the
form of snow, which makes up a large part of therd/aMainly from 25% in lowlands to
more than 50% in mountains (where the total amainprecipitation is higher than in
lowlanda) in the Czech Republic §dec et Kopp 2009). This number depends on latitude,
altitude and ocean impact. About 42% of land i@ Morthern Hemisphere has a seasonal
snow cover with a significant duration (Dingman 20

Snow hydrology is a scientific study in the fieldl loydrology which focuses on the
composition, dispersion, and movement of snow aaq\Wikipedia 2011).

2.2 Snow formation and crystals

Snow, hoar frost and rime are solid precipitatiomfs consisting of ice. Snow usually
takes the form of hexagonal crystals or stars. Bdme for crystal formation is ice nuclei —
0.1-1um soil (often) particles taken from the earth’sface by wind. But only a fraction of
such particles is active in the process of ice eatcdn. The lower the temperature the higher
is the number of active particles. That is why memew will be expected at higher latitudes
and altitudes, because there is a lower tempergiwsent there. Details of the nucleation
process are still unknown. When foreign substaacesnvolved in the ice nucleation process,
the process is called heterogeneous. While in thraogenous process occurs only water
molecules. Homogenous nucleation is much more seldmecause it needs more spatial
atmospheric conditions, for example much more sgteration (Singh et Singh 2001).

In their initial state the crystals are small glélsan 74m) and their concentration in the
cloud depends on the concentration of active iagdemnuThe crystals go through a process of
multiplication and a process of growth. The muitiation process is based on fractures of
mechanically weak crystals. The growth could befudibnal or accretional and/or
aggregational, (Singh et Singh 2001). The predipiiadrom mixed (water and ice) clouds can
be intensified by the coagulation process, whestaty grow quickly at the expense of water
droplets, (Zarybnickad 2010). In a typical cloudram snowflake can grow to 10mm in 20
minutes (and can transform into a 1mm droplet wihes melted). The final size increases
with the increasing temperature in the cloud. Tin@ndlakes are irregular aggregates of about
10-100 crystals (usually dendrites and plates)thant size can reach into cm in length. While
the individual crystals size is ph — 5mm at the earth surface (Hobbs 2010).

-11 -



The conditions (temperature, vapour pressure, naolecentration, wind, pressure etc.)
determine the structure of snow crystals. The fogrdonditions vary along the trajectory of
falling crystal in a cloud. The classificationfafling snow structures is given by Fierz et al.
(2009), which is an updated version by (Colbeck(9®%ore on this topic is written in the
study of Librecht (2011).
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Figure 1: Morphology diagram (Librecht 2011)

2.3 Metamorphism

After snow falls down it goes through a sequencenofphological changes within the
snow pack. The character and rate of those chaisgdsetermined by ambient conditions
(temperature, pressure) and its own physical ptigsdike wetness.

2.3.1 Destructive metamorphism

Destructive (sometimes called equitemperature ailibgum) metamorphism starts just
after a deposition with losing branches of snowkdt and breaking the crystals into
fragments. (Dingman 2002) describes this phase gimaial type of metamorphism called
gravitational settling. Continue with material fllby transfer vapour through diffusion due to
the surface curvature vapour pressure gradientpewapressure is higher over convex
surfaces. Complex shapes are transformed into isphgarticles, concave to convex. The
free energy decrease by the reduction of surfage. dthe porosity decrease and the density
increase (Singh et Singh 2001, Pala et Fialova 2009

T
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Figure 2: Destructive metamorphism (Alpy4000 2009)

2.3.2 Constructive metamorphism

Constructive (sometimes called temperature graderkinetic) metamorphism begins
some time after new snow deposition, when the teatpes gradient occurs in the snow pack.
Temperature gradient is built up by heat conductbnhe lower layers of the snow pack,
which starts due to (radiative, sensible and lateaat exchange at the upper surface. (The
snow is usually warmer at the ground and couldlbsecto the surface). Due to conduction
the vapour pressure gradient occurs at the sanmes bertause vapour pressure depends on
temperature. This gradient dominates over the presgradient due to surface curvature
(Singh et Singh 2001). The temperature gradieobmsidered strong when it is greater than 1
degree/10cm (Canadian Avalanche Association 20t Dauses mass (vapour) transport from
warmer to colder parts, where re-crystallizatidketaplace. (Sometimes the vapour from soil
moisture takes part in this process.) More detailescriptions of these physical processes is
available from: (Yosida 1955, Colbeck et Jamiesodl? Bradley 1977).

o) Co-3-Cg

S

Figure 3: Constructive metamorphism (Canadian Awiie Association 2011)

F Kinetic Metamorphism
facets

High temperature

Figure 4: Process of constructive metamorphismtégptoorg 2011)
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2.3.3 Melt-freeze metamorphism

Metl-freeze metamorphism is a self describing tdtrtakes place whenever temperature
oscillates around 0°C regardless of the time of.y®aow usually melts during the day and
refreezes during the night. Smaller grains me#t fauring the melt stage. Bonds between
grains are destroyed. When the snow pack refreézes water refreezes on the remaining
bigger grains. Grains grow, bonds are rebuilt.

2.4 Types of snow

There is a large scale of the different types mdws But each snow type could be
assigned to one of the following basic categoridgese categories are sources and products
of metamorphisms described above in capture 2.8wSgoes trough many phases and
transformations on its way from fresh snow formgiite or back into its liquid water form.
This journey varies according to conditions deteedi mainly by the weather.

A simplified diagram of snow types and metamorphisrshown in Figure 5. Where ET
- is equitemperature (destructive) metamorphism, TGneans temperature gradient
(destructive) metamorphism and MF - melt-freezeametrphism.

Decomposing and TG
fragmented precipitation ——— Roundedgrains ———  Depth hoar

particles
ME MF {
TG
R Melt clusters andfor N
L= eraded grains ks MF

Figure 5: Relation of snow types and metamorphisliYON 2011)

Fresh snowjust after falling down consists of original crylstand grains. It is highly
porous and it has a low density. Particles havearmgel specific surface. They are
thermodynamically unstable, because of high surfiee=eenergy.

Due to destructive metamorphism a density increasers, grains become more simple
in form and spherical shapes appear, cohesioneottiow increases and the tension in the
snow cover decreases. The shape of particles ignaslsas decomposing and fragmented —
Fragmented Snow The final product of this transformation is snauth rounded grains —
Granular Snow.

Due to low temperatures and the occurrence of naetste metamorphism netaceted
Snow crystals andDepth Hoar in the snow pack appear (&urface Hoar on the snow
surface). High temperatures start the melt metamsmp process and thenelt forms andice
occur (Cingr et Ktizek 2009, Fierz et al. 2009).
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2.5 Snow properties

2.5.1 Physical properties

Density

Density is a fundamental parameter of snow. ItaBngéd as the mass per unit volume,
the common unit is kg/m3 and the symlpoDensity. Snow density decreases with time
because of structural changes. Although the ratdheftransformation process depends on
many factors (of weather conditions) (Martinec 1P3tates an equation for the density after n
days:

(1) pn =po (N+1)0.3

Typical densities of different snow types accorditag (Singh et Singh 2001) and

(Paterson 1994) are shown in Table 1 below.

Density and other material characteristics of thewspack depend on the snow grain
shape and size.

Snow type density [kg/m3] | grain size [mm]
New snow 10-70 0.01-0.5
Damp new snow 100 - 200

Settled shnow 200 — 300 0.5-3.0
Depth hoar 200 — 300

Wind packed snow 350 — 400

Firn 400 — 650 05-5.0

Very wet snow and firn 700 — 830

Ice 830 -917 1.0-(more then 100)

Table 1: Snow density and grain size

Snow water equivalent

Snow water equivalent is a function of density @nmidkness. It is the depth of water
which would be obtained by melting of the snow.

(2) SWE =X Pi d = P D

Wherepi, di are values of density and thickness of thels andp, D are the average
density and thickness of the snow cover.

Grain shape and size

Snow crystals are hexagonal, but due to metamarghsnow grains can form many
different (and sometimes irregular) shapes. Stahdlssification of the shape and size is
described in (Fierz et al. 2009). A magnificatidasg is used to determine the shape. The
main shape categories are mentioned in ChapteB@odv Types. The description of shapes
can contain additional information about genergdesgpance (solid, hollow, broken, abraded,
partly melted, rounded, angular), grain surfacericed facets, stepped or striated, rimed) and
interconnections (un/bonded, clustered, coordinatimmber — bonds per grain, oriented
texture, arranged in columns) (Singh et Singh 2001)
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The size of the grain is its largest dimension. gkdang to the grain size can be
distinguished the following categories: extremersegd>5mm), very coarse (2-5mm), coarse
(2-2mm), medium (0.5-1mm), fine (0.2-0.5mm), veinef(<0.2mm) (Fierz et al. 2009). Size
is usually denoted by E and the shape by F.

The transformation of fresh snow into fine granidaow usually takes nearly 2 weeks.
Then the snow grains start to grow and keep grofdngnother month.

Hardness

Hardness is defined as the resistance of snowedaémetration of metal cone when
rammed with a known force. The common symbol isR the unit is N. The simplified hand
test (De Quervain 1950) is often used to deternineehardness classification. This test is
based on the different abilities of objects (witkereasing surface) to penetrate into the snow
layer — the hardness index corresponds to thedbpgct that can be gently pushed into the
snow — see Table 2 below.

Term Hand test Ram resistance Graphic

(Swiss rammsonde) symibol
(N)
Hand hardness Object Code Range Mean
index

very soft 1 fist F 0-50 20

soft 2 4 fingers 4F 50-175 100 s

medium 3 1 finger 1F 175-380 250) o

hard 4 pend 1! P 300-715 500 &

very hard 5 knife blade K 715-1200 1000 b

ce b ice | = 1200 > 1200 -

"Here ‘pencil' means the tip of a sharpened pencil.

Table 2: Hardness of snow (Fierz et al. 2009)

The half indexes (e.g. 3-4) are used fore a motaildd description (Alpy4000 2011).
More about hardness testing is provided by Hoelléirom (2010).

Liquid water content

Liquid water content, free water content or simplgtness (denoted iy or LWC) is
defined as the percentage amount of liquid waterla@we in a snow pack. Liquid water is
present there in three forms — gravitational, d¢apil and hygroscopic (held by surface
tension). The sum of hygroscopic and capillary wadecalled the free water content. It is
permanently held in the snow pack and is not ablglfor base runoff. Dislike gravitational
water, is water which percolates through the snawekp (Fierz et al. 2009) distinguish 5
categories — wetness indexes:

1. Dry snow (0%) — T<0°C, grains have little tencieto adhere to each other.
2. Moist snow (0-3%) — T = 0°C, the water is ndibie at 10x magpnification.
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3. Wet snow (3-8%) — T = 0°C, the water is visibtelOx magnification but cannot be
squeezed out by hand.

4. Very wet snow (8-15%) — T = 0°C, the water carpkessed out by hand.
5. Soaked snow, slush (>15%) — T = 0°C, the snaoaked with water.

The maximum amount of water that can be held bycavspack at a given stage against
gravitation is called the liquid water holding cajpa It is about 2-5% by temperature at 0°C,
(Singh et Singh 2001)

Other properties

Other observed physical properties can be for el@athe quality of snow (ice content)
or porosity.

2.5.2 Thermal properties

Thermal properties like temperature, specific aatert heat, thermal conductivity and
diffusivity or cold content are important for sn@kblation and for the energy balance of the
snow pack.

2.5.3 Optical properties

Optical properties like albedo, which determines tiflectivity of snow, which are
important for energy balance and evaporation. Foremnformation see (Singh et Singh
2001) or (Fierz et al. 2009).

2.5.4 Chemical and biological properties

Chemical and biological properties are studied bgeait indicates the state of the
environment. Snow always contains some additiorfantdcal substances and micro
organisms (Hanzelova et al. 2010). Common impuritiee dust, sand, soot, acids, organic
and soluble materials. Low concentration usuallgsdoot influence physical properties. But
they are interesting from environmental and hydywal points of view (Fierz et al. 2009).

2.5.5 Stratigraphy and thickness of layers

The snow pack is usually not homogenous and igifschinto layers with different
values of many properties. The thickness of a laygr be from millimeters to meters.
Stratigraphic observation gives information abohbé tvertical distribution of hardness,
temperature, grain shape and size, density, hynatdd. Stratigraphy has an impact on the
snow pack’s stability. And ablation, metamorphisma avater transport in the snow cover are
influenced by stratigraphy as well. An exampletlod vertical snow profile with a key is
shown in Figures 6 and 7 below (Mammoth Ski P&6dl1).
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Figure 7 : Graphic symbols used in the snow praitleeme
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2.6 Snow pack observation

2.6.1 Hydrological importance of observation

The understanding of all these snow propertiesigortant for hydrologic modelling and
applications (Singh et Singh 2001). Knowledge obperties connected with water
accumulation is essential for hydrologic balancEse amount of accumulated water is
important for water source and flood risk managemehccording to (Kocum et al. 2009)
most of the floods in the Czech Republic are calgeshow melting during warm and rainy
spring days. Knowledge of the amount of water aedatad in the snow cover is crucial for
hydrological modelling.

2.6.2 Natural hazards management

But the water accumulation is not the only one@ader snow pack monitoring. Another
reason is safety management and the risk of avadsnend slides or slush floods. Monitoring
and research of these phenomena is being doneuntain regions. For example in the Alps
or Carpathian Mountains. There are 2 regions in @zech Republic with the possible
occurrence of avalanches — Krkonose and JeseMkyy. few avalanches were noticed in the
Beskydy region (HORSKA SLUZBAR 2009).

Evaluation of the avalanche risk is a very compdidaprocess, which needs good
practice. It is based on the knowledge of a largeunt of information about the structure of
the snow pack and the weather history and forecBatgors of weather, snow pack structure
and topography must be involved. (laviny.sk 20There is an institution in each mountain
country, which is responsible for monitoring of kErahe risks. They publicise the
information about the current state and forecakis Tnstitution in the Czech Republic is
Mountain Rescue. One of the largest institutes umopge in this field is SLF (Institut fur
Schnee- und Lawinenforschung/ Institute for Snod Awalanche Research) in Switzerland.

But at SLF there are groups working in hydrologieslearch and flood risk management
too. In the Czech Republic work in this field isroed out by the Czech Hydrometeorological
Institute (CHMI) and at several universities. CHMlerates a network of measuring stations
over the whole area of the republicéfiec 2009). Apart from this CHMI make more detailed
observations at experimental basins in the Jizeoaitains (Vajskebr 2009). Universities
carry out research at other experimental basimsfseexample (Kocum et al. 2009).

2.6.3 History of the snow observation

(Singh et Singh 2001 ex. Colbeck 1987) presentpdribds of snow hydrology research
and development. The preparation period being befi800, when the basic tools and
concepts were developed. During the discovery ggil®00-1936) snow research motivated
by water resources and avalanches were extendecEumope, North America and Japan.
During the recent period (1936-1970) laboratoried scientific institutions for snow related
studies were established. Several national andnitienal societies were founded. Many
physical processes were investigated. During theentiperiod after 1970 tools became much
more sophisticated. Older models and concepts meptaced, but some problems are still not
completely solved.
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2.6.4 Other aspects of snow cover

This thesis is focused on the observation of hydyichl important properties of the
snow pack. The snow cover occurrence has many aipacts, which are out of the scope of
this thesis. Pedo and geological, biological aspéaten connected with isolation function of
the snow) or agronomical and architectural aspemtsbe mentioned for example. See more
in (Streda et al. 2010).

2.7 Methods of measurement and monitoring

The snow observations can be done by ground-bastdons (fixed stations or snow
surveys) or by remote sensing (aircraft or sagehased).

2.7.1 Fixed measuring stations

The monitoring and forecast in many European casis based on a network of fixed
measuring stations. There can be several devieesglfor measuring many properties. Many
of them are automatic and regularly send resut38M.

The depth of rainfall plus all melted solptecipitation. Precipitation is measured by
standard collecting gauges — cylindrical collectavbich melt and weigh in-falling water.
The Universal Gauge (Cox 1971) can measure snowfadw water equivalent (by weighing)
and water output (by collecting). Some gauges nreasantinuously and record values. The
measuring of solid precipitation is often disturtiydwind — that is why special snow gauges
with windshields were constructed.

Air temperature is monitored continuously or in specified inteszabensors for snow
temperature on the surface and in specified depthadded at some stations.

(Depth of) Snowfall - incremental depth of solid precipitation duritige measuring
period. Standard method for measuring snowfallasipg a ruler vertically on the board set
at the level of the previous snow surface.

Snow depthcan be simply read on a ruler or similar scaletestwhich is permanently
installed or inserted into the snow pack, a permtanae is called a “snow stake” (Dingman
2002). Automatic stations are equipped with anastinic device for snow depth measuring
(SLF 2011). Other automatic devices are opticattlasf.e. one-pole type using solar cells,
two-poles type with its own light sources in onetloé poles (Dingman 2002). The latest
optical devices work with laser. Unlike ultrasorsnow depth sensors, the laser distance
measuring technique is independent of temperatapeges.

Snow(pack) water equivalentis measured with snow pillows in stable locatiddsow
pillow is made from a flexible membrane and filledh a non-freezing liquid. The weight of
the snow on the pillow controls the pressure of liheid. Measured values from remote
installations can be transmitted by telemetry. $hape and size of pillows varies according
to the construction details and local conditiohsrger sizes are recommended for locations
with a deeper snow pack to reduce bridging effBatdging means the creation of compact
layers in the snow pack, which supports overlyaygels and causes under measurement.

Another type of SWE measuring device are radioaa@uges, which exploit attenuation
of gamma rays or neutrons by water in the snowivActauges use their own source of
radioactive ray. Passive gauges measure naturaingamadiation from soil. Passive gauges
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can be installed on low flying aircraft, but itlisiited for a snow pack with an SWE less than
0.4m.

2.7.2 Radar

Radar can be used to determine the type of pratimit and its areal extent. It collects
information about the rainfall rate. Accuracy forosvfall rate is much lower because of the
variability of the snowflakes reflectivity.

2.7.3 Remote sensing

Remote sensing is made by planes and satellitashwglban the earth surface in several
spectra (visible, IR, microwave,...). Satellite imageollects information about the areal
extent of the snow cover for large areas. But imea@ases it can be difficult to distinguish
snow and clouds.

Microwave sensing can collect quite complex infatiora about the snow including
SWE, but needs careful interpretation. Natural snmwerowave radiation depends on
temperature, density, grain size and soil condstidvicrowave remote sensing is made by
aircraft or satellites. It can be passive or actagar. These wavelengths penetrate into the
snow pack and can talk about stratigraphy.

2.7.4 Snow surveys

Most reliable values are usually obtained from itn-sneasurement — snow surveys.
Timing of the surveys can be periodical or irregwiéth respect to weather conditions. The
surveying network consists of snow courses or singbint measurement. The course
measurement collects more reliable values for #lected location. But it is more time
consuming. In some cases it can be useful to geé moint values spread over the whole
region for interpolation. Surveys are often focus¢djuantity properties — snow depth and
SWE, because the quantity assumption is importanthfdrological modelling. Detailed
surveying of the snow quality in vertical snow ples is much more difficult and time
consuming. Such surveys are made in regions wiilgraavalanche risk.

Snow courses

Snow course is a pre-selected line of samplingtpomthe observed region — basin. The
measurements of snow depth and water equivalemhade at these points. Snow course can
vary in shape and size. Examples of the possildpeshof these courses are straight line, L-
line, cross, 4-shaped line, T-line, arc and irragul'he distance between the points are longer
in flat areas than in mountainous regions. The remolb points could vary, but a number of
10, is the most common. 30 meter long straight sesiof 10 points are usually used for
surveys in the Czech Republic. The snow course ar&tflike other measuring networks)
should be designed to provide a representativeimgiadf snow cover in the area of interest
(Dingman 2002). Good knowledge of the region i®e8al for the selection of representative
locations.
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Sampling equipment and procedure

Samples are taken by the vertical insertion of @stube into the snow pack until it
reaches the soil. The snow tube is a scaled alumiwr fibreglass tube with a toothed cutting
rim at its lower end, a weighing scales and cradlke used to determine the weight of the
sample. The snow depth is determined by the sé¢dleesnow tube or by snow probe.

-22 -



3 Methodology

3.1 Area of interest

The area of interest is the upper Sazava waterahede the outlet point ind&r nad
Sazavou. The flow gauge is situated at the watdrsilet point. This gauge is part of a
measuring network operated by the Flood Forecasicgeof the Czech Hydrometeorological
Institute (CHMI). Although no snow survey has beparformed there, the area is
hydrologically important and interesting from sealgyoints of view.

The watershed lies in a hydrologically importargiom and is quite well accessible for
operative monitoring.

The region is a natural water accumulation areainded as an important water source
for municipalities located in the lower regions. Anportant part of precipitation is in its
snow form. Thanks to the snow in is this regiorréhe a famous cross country skiing resort
here. But on the other hand snow melting causesget of flooding for the lower regions.

The watershed is situated near the European dbatieeen the North Sea and the Black
Sea. The Sazava watershed is part of the Labe)(Bésin that drains into the North Sea, and
the neighbouring Svratka watershed belongs to #stbof the Dunaj (Danube), from which
its water flows into the Black Sea.

All snow experimental catchments in the Czech Repualoe situated in mountain areas.
This highland region has some characteristics amtid mountain regions. But there are
significant differences (connected with geomorpgglcand climate). Some winters are
mountain-like but often the snow accumulation peienot continuous and is interrupted by
warmer periods, when higher temperature occurscandes more dynamic changes in the
snow cover. It can cause spring-like events wighéar runoff during the winter.

There is a snow pillow installed at a professiostable meteorological measurement
station in the neighbouring watershed. The relat@tween these two localities will be
studied.

3.2 Watershed delineation

The Geographic Information System (GIS) was usedtlie precious delineation of
watershed. ArcGIS version 9.3 was used for alhef IS analysis in this study. Source data
were contour lines created by Czech Cadastral ©ffi€UZK) and published in the map
collection ZABAGEDL1. Source dgn files were transfied into shapefiles in ArcGIS. Then
all separate tiles covering the area of interesteweerged into one shape layer (function
‘Merge’ in ‘EditingTools’ within ArcGIS).

The outlet point was identified on a RETM map, whias used as a background layer
in the ArcMap project. This layer is published are€h National INSPIRE Geoportal
(geoportal.gov.cz). Watershed delineation was doaaually according to contours in THE
ZABAGED layer and water channels in the backgrommap. The basic principle for manual
delineation is to start at the outlet point anddtaw lines perpendicular to contours always
from valley or saddle to the top, where the lire@s.jFor the test in the case of uncertainty, it
is possible to imagine a trajectory of hypothetieadter stream, which cannot cross the
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watershed border. The layer of water channels cbeldlso taken into account at the trouble
spots.

Alternatively an automatic function could be used Watershed delineation in ArcGIS
program. It is necessary to create raster of tgeatlielevation model (DEM) by use of the
‘Topo to Raster’ function. And then to use hydrolotpols in Spatial Analyst: ‘Flow
Direction’ (and if there are sink areas then ‘Sitk’identify sink areas and ‘Zonal statistics’
and ‘Fill’ to remove them from the DEM and againow Direction’ on the modified DEM)
and then ‘Flow Accumulation’ and ‘Snap Pour Poihiyers of the Flow Direction and the
Snap Pour Point layer are inputs for the ‘Watershaatction, which returns a raster of the
watershed. It can be transformed into a polygond®yof the ‘Raster to Polygon’ function.

3.3 Hydrological characteristics (of watershed)

Sazava is a 3rd level river flow with the numbeO®01. It belongs to the Elbe
watershed (which is the 1st level basin). The ufp&zava watershed contains 7 smaller
catchments of the 4th level: 1-09-01-001 to -OOfer€ are several artificial water lakes,
which are used for water accumulation, fishing,rspmd recreation. One of them is Velké
Darko, which, with its area of 2.06 km2 is the large&e in the Czech-Moravia Highland and
in the whole of the Vysona district.

At the outlet point, there is a measuring statiopefated by the Flood Forecasting
Service of the CHMI), that records the flow rateegvhour. The previous week’s data are
always published online. | logged this data reduyléor further analysis in this study. The
metadata card of flow measuring station is showFigure 8.
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Gauge metadata £.137a ‘Station categaory ¢ B

=

River! Sazava Station: #darnad Sazavou
Hegion! Yysofina CHEE Zd'ar nad Sazavou Locatity: Zd'ar nad Sazavou
Gauge operator £HHL Praha
Real-time dats collection!
River ke 207.45 k] Strearn nurmbering! 1-09-01-007
Area! 100,2 {km2] Lat and fong: 155600 v.d. 493343 s.5.
Aptitude: fman.m B8 EBasin fraction: 2,3
Flood warning levels: fem]i It 577 I3l for:

flood watoh 100 7.0

flood warning 130 i1,9 Critical locality:

flooding 180 22,9
Annual arerage stage! fern} Design flows: Qr Qr Qo Q5o Qoo
Annual arerage flow! L14 sl sty 17,2 29,1 34,4 47,1 32,8
Reporiern: Feporiing sequency! '

i
I,
Report reciever: Contact: Following report to:
Array Array
Array Array
Array Array
Highest stages recorded: Map 1:50 000
femf 15 - KE femd KL=l

e

Comment (cz) @

levy breh pod silni€nim mostem (ca 730 m
nad Zeleznitnim mostem)

137a [ UPDATED : bfezen 2006 ]

Figure 8: Metadata for gauge on Sazava river

3.3.1 Linear characteristics

Watershed length (L) is usually defined as the distance measuregalthe main
channel from the watershed outlet to the basinddiviSometimes it is labelled hydrologic
length. Since the channel does not reach to thie lbiagde, it is necessary to extend a line
from the end of the channel to the basin divideWing a path where the greatest volume of
water would travel (perpendicular to contours). Mtershed length is 17.3 km and the
length of the main channel (Lc) is 16.9 km. Thegthraffects the travel time of water through
a catchment.
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Watershed perimeter(P) can be defined as the length of the catchimeatder (divide).
The value of the watershed perimeter in this ca&®i6 km.

Another useful characteristic is the sum of lengtiisall channels — total length of
streams Lt. The vector layer of the water streameisessary for its determination in GIS.
This layer could not be used because it is notuinsmurce data. But it is possible to make
only an approximate estimate based on raster mdgkaowledge of the region. Thetal
length of streamsis about 10 times longer then the main channelt Boapproximately 170
km.

3.3.2 Areal properties

Drainage area(A) is the probably the single most important wsied characteristic for
hydrologic al design. The drainage area is the afewatershed. The area involves the
volume of water available for runoff. Thus the demge area is required as an input into
hydrological models (from simple linear predicticlascomplex models). The drainage area
value is 101.5 km2. This area is divided by thalwdg two parts. The left side and right side
drainage area is AL = 81.1 km2 and AR = 20.4 km2.

The average length of the channel per unit areghefdrainage basin is called the
drainage density D = Lt/A = 1.7 m-1. This indicates how frequentiireams occur in the
catchment.

3.3.3 Shape

The watershed shape is usually not used directlyydrological design methods, but it
has a significant influence on time distributionrehoff. A number of simplifying parameters
that reflects the catchment shape were defined:

Circularity ratio: Fc = P/(#A)0.5 = 1.4Where P and A is defined above.

Circularity ration: Rc = A/Ao =0.5 Where Ao is tharea of a circle having a
perimeter equal to the perimeter of the catchment.

Elongation ration: Re = (2/Lm)(A90.5 = 0.7 Where Lm is the largest dimension of the
catchment. Lm = 16 km in this case.
Index of asymmetry: a = (AL-AR)/A = 0.6

3.3.4 Relief properties

The mean value of the slope is 2.9° (0.7%) andrtagimum is 9.7° (3.8%). The average
length of the slope is Ls = A/2L = 5.9 km. Altitudaries from 242.6 to 800.9 m and the
mean value is 644.4 m. The south and south-westcagpevails in the watershed. Slopes
with north and north east aspects are often omigine hand bank site, which is smaller then
left hand site.

3.3.5 Characteristic determination procedure

Data for this description were obtained from Gl&lgsis made within ArcGIS. Creation
of the watershed divide line layer is describe€ivapter 3.2 Watershed delineation. The line
of the Sazava river channel was created as a ngw ¢twver the RETM map from the Czech
National INSPIRE Geoportal WMS. Thalweg was creaean extension of the river line to
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the watershed border. The polygon layer of watetstes prepared from these lines using the
tool ‘Create new feature’ (Editor — More Editingde - Topology) with the option ‘Create
new polygon’. The length of the line is countedthy ‘Field Calculator’ using VBA script:

Dim Output as double
Dim pCurve as ICurve
Set pCurve = [shape]
Output = pCurve.Length

This similar script is used for area counting:

Dim Output as double
Dim pArea as larea
Set pArea = [shape]
Output = pArea.area

The other possibility for the use of this functiocludes ‘Calculate geometry’ after right
clicking on the table header.

The function ‘Topo to Raster (expects active esten Spatial Analyst) was used to
convert the vector contours layer into a rasteitaligelevation model (DEM). The ‘Zonal
statistic as table’ returns a table containing ¢hg. mean value of the altitude. One of the
input parameters for zonal statistic function igsadygon determining the area of the interest.
Information about slopes and aspects are obtaireed faster layers created from DEM by
the functions ‘Slope’ or ‘Aspect’.

3.4 Geography and landuse

The watershed is situated in central region of@zech Republic (see Figure 9) in the
southern region of the highlandddrské vrchy, which belongs to th@eskomoravska
vrchovina (Czech-Moravia highland). It is quite lat fand wide central valley with several
artificial lake spreads set in a north-south dimecin the western part of the watershed. The
rest of the watershed has a hilly topography wattedts. Mainly in the northeast area there
are relatively long and closed valleys with smatidks.

e N (TR '

: AR Rt o, SR

Figure 9: Watershed localization

Agricultural fields and grasslands are locatedhi@ $outh and central area. In the outer
areas dominate forests. There are coniferous (ynsgtlice) forests and only in some places
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original mixed forests with beech and fir trees.rdiecosystems stretch in the extended
depression (called Bgka brazda) in the northwestern area. The majofityettiements are
concentrated in the central valley, predominamilyhie south, Besides the town afé& nad
Sazavou there are only smaller villages.

3.5 Climate

According to Quitt (1975) climatological classiftean of the main part of the watershed
belongs to the cold region, subregion CH 7 and @nmall part in the south belongs to
moderately warm region, subregion MT 3.

Climate Characteristic CH7 MT 3
Number of summer days 10 - 30 20-30
No. of days with a temperature 10C or more 120-140 120 -140
No. of freezing days 140 - 160 130 - 160
No. of icy days 50 - 60 40 - 50
Average temperature [C] in January -3--4 -3- -4
Average temperature [C] in July 15-16 16 -17
Average temperature [C] in April 4-6 6-7
Average temperature [C] in October 6-7 6-7
No. of days with precipitation Imm or more 120 - 130 110-120
Precipitation in growing season 500 - 600 350 - 450
Precipitation in winter season 350 - 400 250 - 300
No. of days with snow cover 100 - 120 60 - 100
No. of cloudy days 150 - 160 120 - 150
No. of bright days 40 - 50 40 - 50

Table 3: Climate characteristics (Quitt 1975)

There is no professional climatologic measurindiatain the studied watershed. The
nearest is 8km far to north in Svratouch. For nmofermation see Table 4. Another one is in
Pribyslav, 14 km to west.ibyslav lies in Sazava basin, but in warmer climagigion. That
is why data from this station are not relevant. @bons in Svratouch are similar to
conditions in area of interest. For more informatiabout the station see Table 4.
Precipitations are measured at station in Strzamdich is operated by Flood Forecast
Service of CHMI. Data from Strzanov are publishetire for the last week. The data were
regularly logged in this work.
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General information :

Location Czech-Moravia highland, Zdarské vrchy
Id 11683

Founded 1951

Non-stop measuring from 1971

Address MS Svratouch, 539 42 Svratouch 58
Basin Svratka

Nearest hill Devét skal - 836 m
Coordinates 49° 44 'N 16°02'E

Altitude 733 m

Year average values :

Air temperature 57<C

Precipitation 750.9 mm

Sun light 1571.7 h

Day extreme values :

max. temperature 33,9 °C (27.7.1983)

min. temperature -30,0°C (9.2.1956)
Precipitation 106.4 mm (13.8.2002)

max. wind velocity 45,0 m.s-1 from direction 320°(17.1.1955)

Table 4: Measuring station in Svratouch - modifiesn (CHMI 2011)

The annual average air temperature value is aB@ir6Zd’arské vrchy, and about 5°C
in the highest locations. The January average teatye is -3.3 to -3.5 °C in the lowest
altitudes, -4 °C at the altitude of about 600 m &ndC at the altitude of 800 m. The warmest
month is July with an average temperature of 16.5°@e lowest areas, 15.5 — 16°C at an
altitude of about 600 m and 14.3 °C at an altitol8B00 m. Autumn is warmer than spring at
higher altitudes because the snow cover remaing tf@ longer. The growing season,
(determined by the average daily temperature higjeem 5°C), is from 11.4. to 23.10. The
short growing season, (determined by the averagg tanperature higher than 10°C), is
from 9.5. to 24.9. Winter begins in middle of Nousn at higher altitudes and ends in the
middle of March. Summer lasts from mid-June to idgust. The Average Temperature
Gradient between peak and valley localities is Z=3 but absolute differences are much
higher.

Zd'arské vrchy belongs to the more humid areas irfCrech Republic. Average relative
aerial humidity is about 80%. Landscape morpholagg the presence of the windward and
leeward slopes cause imbalances in the amountoigation. A year’s precipitation amount
is higher than 800mm at altitudes of around 600thaout 1100mm at the highest locations
at around 800m. There are 54.8 days of snowingaa ¢ average and snow cover remains
for about 100 days on average per year.

The region of 2’arské vrchy is quite windy, because it is uplatdesed among regions
with lower altitude. The average wind speed readrass in the highest elevations and is
about 3.5 m/s in the rest of the area. (Stekl e2@0D4) The wind blows mostly from west.
Energetic potential expressed by power densitheftind is about 250W/m2 (Stekl at Hosek
2005).
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3.6 Geology and pedology

The area of the Jarské vrchy is located at the intersection of savgeological units at
the north eastern edge of the central section ef Bbhemian Massif, consolidated by
Variscan folding in the late Paleozoic period. Bogeithwest area belongs to the Strazenecke
Moldanubicum, it is built up of leucocratic migmas, leucocratic quartzite-felsite ortho- and
paragneisses. There are inserts of muskovite-biotthogneiss and amphibolite with stripe or
lenticular bodies of crystalline limestone (neafdZ n.S. and Studnice) and occurrences of
serpentinites (i studreé, Sklené).

In the central and north eastern section there spraad of Svratka Crystalline, built
primarily of muskovite-biotite migmatites and orgmeisses, often coarse-grained, with
narrow lanes of amphibolite and skarns.

The spur of the Czech Cretaceous Plateau runs tlhemorth-west to the lake of Velké
Déarko. There are older Cenomanian sandy sedimentsembwvéth calcareous sandstone, marl
and clay stone of the lower Turonian.

Most of the territory is covered by Cambisol, uspakcid because of the soil substrate.
With increasing altitude increases the contentood Aumus, this decreases the value of soill
saturation degree. At high altitudes with a cold &anmid climate humid podzol is created. It
covers about 10% of the area. Depressions withrangeent high ground water level are
covered with gleys, semi- and pseudo-gleys. Lodhlgy have a peated surface so they are
classified as organic gley. The depth of the pagtrs reaches 8.6m in the largest peat land
near the lake O&o. Fluvisoils are created on sediments in theidliypiains along the rivers.

3.7 Bio- and ecology

The landscape of thedArské vrchy is characterized by the changing meaggrazing
land, fields, forests and ponds. It is interlaceathvan irregular network of tracks, wooded
groves and groups or rows of trees and bushestofifly, the landscape has maintained the
character of a balanced and well-preserved cuétdvdandscape. Usually mild slopes and
curved hilltops are typical for this upland andl hédndscape as well as rock formations
created by frost weathering.

The area is half covered by forests. Mid age calation and glass and iron making deals
to replacing the original fir-beech forest by smgrunonoculture in the wide area. The area is
characterized by quite poor flora because of a cbidate and poor bedrock. Mountainous
and sub-mountainous elements are present. Peabsiseand wet peat meadows are
especially significant. Many endangered specieplahts and animals are present in the
territory.

3.8 Measuring places

Measuring localities were set down with respecttiie characteristics of the area
mentioned above. An important aspect was that oné/person must have been able to make
all measurements. This criterion limited the numbédocalities and their distance. Two
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different representative localities were selectgdich are places with different land cover.
Several snow courses at places with different ¢ were observed at each locality.

The first locality is situated close taidr n.S. (see the map on Figure 10). There ale 3
places with different land cover:

- grassland (meadow callétidkova louka), 620 m above the sea level, eastcgspe
slope 3.6°;

- young spruce forest, 630 m above the sea levaheast aspect, 5.5°;
- high spruce forest, 630 m above the sea levelhraspect, 4.7°.

The second main measurement locality is near SKisee the map on Figure 10) with
three corresponding localities:

- grassland, 770 m above the sea level, northwestgspope 2.9°;
- young spruce forest, 760 m above the sea leveh aspect, 3.7°;
- high spruce forest, 760 m above the sea levelhragpect, 3.5°.

There are other places near the mentioned locglitithere some supplementary
measurements were performed: a glade in the fame$tan agricultural field situated in a
more windy location.

Figure 10: Map of Sazava watershed

Additional information was obtained from severabpglémentary measurements and
observations at other locations throughout the rshesl area. Point depth measurements (and
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possibly also water equivalent measurements) wereasionally done to verify the
explanatory power of selected measuring coursest@arassess the spatial dependency of
snow properties. Other additional information caneen visual observation recorded in text
form during terrain reconnaissance. Location of shew line was monitored, especially on
the connecting lines betweer’dr nad Sazavou and the localities of measureméhthia
information was used to improve further data inbéspon.

A special type of supplementary measurement iseakcmeasurement — series of many
point measurements covering the whole watershed mébsurements were performed in
stable weather conditions and during a short tiingay).

3.9 Measuring

The main measurements were performed in snow cowsth the same parameters
which are used by CHMI. The straight shaped couss80m long and consists of 10
measuring points. The snow depth was measured poialts by vertical penetration with a
scaled snow probe. The snow water equivalent wasuaned by cylinder and weighing scale
at the 1st, 5th and 10th point.

Complementary stratigraphic observation was peréoimat the 5th point. Thickness,
hardness, wetness, snow type and size of grairesafdr layer were explored.

The following measuring equipment was used: Ruddéincvencls measuring set
containing measuring cylinder, scaled probe andgligig cradle and a weighting scales
KERN type HDB 10K10, digital thermometer, snow sléisation raster, knife and pencil.

3.10 Measuring frequency

Observations were performed during the winters 00922010 and 2010/2011.
Measuring was conducted over all of the snow cqgerod with higher frequency during
(and just before) the melting sub-periods.

3.11 Getting complementary data

Even though our own survey was the main data sdardais study, also other data were
used. First of all data from the official measuremef CHMI: River flow from a logger in
Zdar nad Sazavou, precipitation data from measutiagpss in Strzanov and Radostin nad
Oslavou and snow measuring from the snow pilloMénalec.

Data created by non-professional organizationsdcbalinteresting for comparison or as
complementary information. Ski clubs frond’dr nad Sézavou and Novéssio na Moray
publish some information about snow on their wedssi

3.12 Data processing and assessment

Measured data were recorded on paper sheets ifietde Then it was manually re-
written into an excel table. SWE, density and agerzalues were counted there. These local
data were used for basic evaluation - separatalyagso in comparison with the hydrological
data from CHMI. Outcomes are presented in the folngraphs in chapter 5.1.5.
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GIS software was used for the estimation of glokslues for the whole watershed.
Interpolation method was used for modeling snowrithistion over the whole watershed area.
There are several algorithms, which can be userpolating functions like krieging,
cokrieging or IDW (Inverse Distance Weight) methade available in ArcGIS under
geostatistical tools. But these methods are ndicgiye in this case, because all of them need
more input values spread over the whole area. Niggbea, another powerful GIS tool was
used.

Map algebra allows us to compute a value for eawhtpn the grid from other grids
representing different influences. Measured datiobinformation about dependency on
several factors. Raster layers expressing valusgletted influencing factors and a raster of
the SWE values at their maximum were prepared. &sgions for the dependencies in map
algebra language were formulated. It was necessafit the weights of selected factors
according to the observation. The expression wadiegpon prepared raster layers using
Raster Calculator tool in the Spatial Analyst witlhircGIS. The result is a raster of the SWE
value distribution in the watershed.

Than the function Zonal Statistic was used to obtaimean value of the SWE. (In this
step it is necessary to restrict the zone onlyh® watershed area using a corresponding
polygon layer.) The product of the mean value draihage area would be a good estimation
of the total SWE for the whole watershed.
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4 Results

4.1 Main measurement of the snow pack development

The results of the measurements within the counfdbe main measuring network is
summarized in this chapter.

4.1.1 Winter 2009/2010

The general information about the winter of 200920an be obtained from the graph in
Figure 11, where the average values of main netwoglasurements are drawn out. The
values are arithmetic mean in which the valuegfassland are counted in twice. This is due
to the balance between open and forest land. Ircésgs the measurements for one date were
not done in exactly the same day in all localitiest always in close days with the same
conditions.

It is necessary to note that the measurement takedctober 2009 was not exactly
according the methodology, because the snow tukenatasupplied and could not be used at
that time. The snow depth was measured by avalasiohe probe. The density value was
estimated according to the snow quality reconnassawhich was carried out. The snow
pack was built of moist and very soft snow, thefipgacontains fractional snow in the lower
layers and fresh powder snow in the top layer. SMW4S counted from the measured snow
depth and the density was estimated.
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Figure 11: Snow pack development 2009/2010 — aeevalyes
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It is possible to distinguish in the graph sevetases:

The 1st phase was from the 12th to the 25th of legstorhat winter began by an unusual
extreme event in October. It turned from rainingpisnowing on the 13th of October. It was
snowing for all of the following week. There wasrfr 35cm of snow in the lower parts of the
region (in Zar nad Sazavou) to 40-50cm thick snow pack in tghdst parts of the region
which fell on the 17th of October. All the snow teel during the following spring-like week
until the 25th of October. Against the expectatimnserious floods occurred. But heavy wet
snow caused damage to trees, primarily deciduous.

The 2nd phase from the 25th of October to the fisanuary was snow-less. The next
snow fall came quite late. Light snowing in the ibeghg of November and in the middle of
December was not significant. Less than 5 (in Idtiuales) or 10 cm (in higher areas) of
snow laid for only a very short time. More sign#it snow falls started on the 2nd of
January.

The 3rd phase from the 1st to the 8th of January tha first January snowfall, which
caused an initial increase in all of the measureggrty values. In the case of density it is not
a real increase, because the value for the snopéegsl is undefined, not equal to 0.

The 4th phase from the 8th to the 16th of Janusacharacterised by a moderate decrease
of the snow depth and an increase in the dengityas caused by stable freezing weather,
cloudy but a minimum of precipitation, when slowsttactive metamorphism took place. The
mild increase in SWE can be caused by low predipitaProbably horizontal precipitation,
because freezing fog occurred in this period.

The 5th phase was from the 16th of January to tited? February. The next snow fall
phase started another increase in all of the ptiegerFresh snow reduced the density
increase, but the influence of settling of oldeels was dominating.

The 6th phase was from the 2nd to the 27th of Felrurhe increasing trend of snow
depth turned to a moderate decrease and other e@ankept increasing. Such development
of generalized characteristics cannot be explasietly, it was caused by a complex of
different factors which varied depending on logaltbee further chapters with a description
for the localities.

The 7th phase was from the 27th February to theo7t¥larch, when the first melting
period came. It meant a decrease of the depth ¥id &1d a simultaneous increase of the
density.

The 8th phase from the 7th to the 12th of Marckharacterised by stagnation in the
density parameter. The decrease of density causedhé newly fallen snow was
counterbalanced by the settling snow pack. The amafyprecipitation was quite small. SWE
increased but the snow depth increase was very naiede

The 9th phase from the 12th of March to the 15tMafch was another significant snow
fall period, when the snow depth and SWE increasetithe snow density decreased.

The 10th phase from the 15th to the 23rd of Marek the final melting phase, when the
snow depth and SWE level decreased. The densityg vatreased or stagnated.

The maximum amount of water in the snow pack washred at the beginning of 7th
phase. But also the values from the beginning efléist phase are important, because the
highest change rate of SWE was during this mefiergod.
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Sklené - grassland

The snow pack development in this locality is ghiéalthy corresponding to the graph of
average values. But melting in the 7th phase issaontensive. Stagnation of the SWE and a
very moderate decrease in the snow depth and sen@athe density was observed in the
following 8th phase. The increase from the slighgcypitation was counterbalanced by the
settling of the snow pack. Values of the depth @#&¢E were most of the time above average.
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Figure 12: Snow pack development 2009/2010 — gradshear Sklené

Sklené — high forest

There was important, quite strong melting in thie @hase. Inverse trend of the snow
depth line in is present in the 4th phase. This wassed probably by falling snow being
intercepted by trees.
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Figure 13: Snow pack development 2009/2010 — ogést near Sklené
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Sklené - young forest

Observed here were the same trends as seen iigthiorest, but with less fluctuation of
the density. Very important to note is the sigmifily longer spring melting period.
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Figure 14: Snow pack development 2009/2010 — ydorest near Sklené

Zdar n.S. — grassland

Interesting here is the greater value of differelne®veen the two local maximums in the
SWE curve. The first maximum comes earlier. It domlean that the ablation starts earlier.
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Figure 15: Snow pack development 2009/2010 — ragsiear 2’ar n.S.
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Zd’ar n.S. — high forest

~

The first local maximum also comes earlier, but §egond maximum is much more

significant and takes over the role of the globdieme.

(L] IWs ‘o] tideq

Density

Depth

— SWE

Figure 16: Snow pack development 2009/2010 — fagdst near £ar n.S

Zd’ar n.S. - young forest

~

The same characteristics as in the previous casbeabserved here. But they are even

more intensive.

[ww] IS ‘fwo] yidea

Density

Depth

—SWE

Figure 17: Snow pack development 2009/2010 — ydarest near £ar n.S
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4.1.2 Winter 2010/2011

The general information about the winter of 201Q-P08an be obtained from the graph in
Figure 18, where the average values of main nesurements are drawn out. The graph was
made the same way as was the graph for the wih939-2010 shown in Chapter 4.1.1.

90 500

80 - - 450
= 70 - - 400

- 350

i 300 g
L L
= 50 - =
n L 250 =
T 404 2
S, - 200 @

30 A o
% L 150 O
g 20 - 100

10 L 50

0 0

9
&
4
{bo
¥

= SWE —— Depth Density

Figure 18: Snow pack development 2010/2011 — aeevalyes

It is possible to distinguish in the graph sevetases:

The 1st phase was from the 23rd of November tadth@f December, this was the initial
phase, when the first snowfall occurred. It causednitial increase in all measured property
values. In the case of density it is not a realtaase, because the value for the snowless
period is undefined, not equal to O.

The 2nd phase from the 4th to the 15th of Decensbartypical snow-fall period, when
the snow depth and SWE increase and the snow dengderately decreases.

The 3rd phase from the 15th to the 27th of Decensbartypical melting period, when
the snow depth and SWE decrease and the snowyemsitases. This was caused at first by
high temperatures.

The 4th phase was from the 27th of December t&tief January. The values of all the
observed properties increased. This was causeldebghtanging weather with the temperature
oscillating around 0°C with occasional snow and stmes rain precipitation. These
conditions are good for intensive melt-frozen medgshism.

The 5th phase was from the 5th to end of March. Whele of this period can be
classified as the spring melting phase, when thewsdepth and SWE decreased in a
downward manner and the density value increasestaginated. Although it is quite a long
period and there are some sub-phases and localdlians within it.

The SWE value reached the maximum on the 15th ceEBer and the local maximum
on the 5th of January.
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Sklené - grassland

There are considerable deviations from the avevafyes in the second half of the graph
(winter). The second maximum of the SWE has shiftether in comparison to the graph of
average values. And the snow pack stayed thickeaftonger time. The decrease of the
density in the 5th phase indicates some new snawmglits occurrence during this melting
phase.
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Figure 19: Snow pack development 2010/2011 — nadsear Sklené.

Sklené — high forest

This graph is typical for a high altitude forestchase all of the trends are between the
grassland and young forest.
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Figure 20: Snow pack development 2010/2011 — fugkst near Sklené
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Sklené - young forest

Lower and much more flat maximums (longer persistgm@mnd relatively high values of
snow depth and SWE in late spring are charactefistithis graph.
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Figure 21: Snow pack development 2010/2011 — ydarest near Sklené

Zdar n.S. - grassland

The snow cover period was significantly shortenthrathe average.
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Figure 22: Snow pack development 2010/2011 — ragsiear 2’ar n.S.
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Zd’ar n.S. — high forest

All snow melted before the mid of January. New snmweurred in the beginning of
February.
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Figure 23: Snow pack development 2010/2011 — fugst near £ar n.S.
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Zdar n.S. - young forest

The snow cover kept deeper during spring melting nelted down quite soon too.
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Figure 24: Snow pack development 2010/2011 — ydorest near £ar n.S.
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4.1.3 Summarizing comparison

The summarizing comparison of all of the measureémarentioned above is shown in
the graph in Figure 25 for the snow depth and gufaé 26 for the SWE. It compares all of the

monitored sites with different local conditions.
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Figure 25: Altitude and land cover influence onwraepth
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Figure 26: Altitude and land cover influence on SWE
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4.2 Suplementary measurements

4.2.1 Check measurement

Measurement of the snow depth at more points diged over the catchment in one day
was done only once in this range, because of g liemandingness. This survey was
performed on the 15th of January 2010 at the Ibeslrepresented on the map in Figure 27.
The results of the measurement are shown in Tablecbapter 4.3.2, which is used to check
the result of interpolation.

Legend

A CheckMeasuremer
& MainhMeasurement
«  PourFoint01

o BExtendedileasurm

— watershedlline

— main_stream
watershed border

Figure 27: Map of check measurement points

4.2.2 Extended measurement

Extended measuring was performed irregularly inessv localities. Some of the
localities were similar to some localities of thaimmeasuring network. It was planed to use
the measurements in interpolations but the numbbemeasurements was too small for
interpolation. Some of them were used instead of meeasurements for grassland neda?
n.S., because it was more representative (seesshtf3t2).

Other extended measurements were situated in tiesalvith different conditions and
were used to compare them. The main results ate tha

- Fields behave similar to grassland.
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- The deepest snow pack is in the glades.
- Young deciduous forests have characteristics ¢m#eat of glades.

4.2.3 Unprocessed observations

Some other observations were done in the collectatg phase. But data processing and
analysis is over the extent of this thesis. It Wwélused in further research.

Snow depth in the town of #&’ar n.S.

The snow depth and also the irregular depth of yefallen snow in Zar n.S.
Unfortunately there is not enough space and timantedyse the collected data in this study,
but it might be useful for further research. It cfl something about the snow cover
development in the lowest places in the watershedl may give an idea about town
microclimate.

Snow line

Moving the snow line on the slopes in the catchmerainly along the connection traces
between localities with snow courses, was obserUée: altitude of the snow line was
recorded for three types of slopes: forest, south-forest and north non-forest. These
categories differ in insolation intensity. Data kbibe useful for modelling of the ablation
process in the catchment.

Stratigraphy

Stratigraphical explorations of the snow profileravearried out simultaneously with
most of the course measurements of snow depth ¥id. Shickness, hardness and snow
type were monitored for each layer. Further analysi this data could tell more about
processes taking place in the snow pack.

4.3 SWE estimation

GIS analysis was used to estimate total snow wagaivalent (SWE) for the whole of
the studied watershed.

4.3.1 Time determination

It was necessary to determine the day, when thamuax was reached with the most
probability. This determination is based on thepgraf the average value of the SWE from
the course measurements. It is shown in FigureofL1the winter of 2009-2010 and in Figure
18 for the winter of 2010-2011.

The interpolations of values for the catchment aveee computed for those days. It was
done for two main maximums for each season. Termaximum is the global maximum for
the whole season and the second one is the locahmm just before the spring ablation.
Maximums were reached in the following days: 27ttebruary 2010, 15th of March 2010,
15th of December 2010 and the 5th of January 2011.
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4.3.2 Interpolation

The interpolation was based on the measured datdah@ndependency of the SWE on
several influencing factors (see above). Two mogiartant factors were considered in my
computation — attitude and land cover.

Parameters of the interpolation/model

The most important factor is altitude. The lineandtion for the SWE dependency on
altitude was used in interpolation method. The ofidltitudes were derived from the contour
layer from the ZABAGED map product. Coefficientsr fthe dependency equation were
counted from measured values. The equation coefisiwere computed for each category of
landcover.

Land cover is the second considered factor of amfte. The polygon of the watershed
area was segmented into smaller polygons accotdinige land cover. Only two categories
were used for the segmentation: forestland and ¢dinels. Other lands are mostly grasslands
and fields, in the text this category is usuallpdied simply grasslands. The forests layer
from the map product ArcCR was used for the segatient Polygons were transformed into
raster grid.

Map algebra was used for the interpolation SWE evélased on the main factors which
are influencing the SWE. The map algebra expregdpias two parts. Each of them takes
effect for the raster cells of the correspondingllaover. All parameters are in Table 5.

(3) [forestsinwat] * (Vi + (C¢ * ([TopoToR_dgn_2] - Ay))) + ( ~ [forestsinwat]) * (Vig + (Cq *
([TopoToR_dgn_2] - Ag)))

Where C coefficientis C = (V2 -V1)/ (A2 - Al)nd

V1 — value of interpolated property for altitude Al

Al — altitude of lower locality.

V2 — value of interpolated property for altitude A2

A2 — altitude of higher locality.

[forestsinwat], [TopoToR_dgn_2] are values of inguts.
Index f refers to forestlands and g to grasslands.
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V1-ZR Al

avg. 625 | forest 630 | grass 620
date depth SWE depth SWE depth SWE
15.01.2010 17,5 25 16,8 25,33333 18,2 24,66667
27.02.2010 25,35 89,5 20,4 55,66667 30,3 123,3333
15.03.2010 31,175 96,16667 26,25 85,66667 36,1 106,6667
15.12.2010 41,075 77,66667 32,35 63,33333 49,8 92
05.01.2011 26,825 63,5 25,25 57,66667 28,4 69,33333

V2 - Sk A2

avg. 765 | forest 760 | grass 770

depth SWE depth SWE depth SWE
15.01.2010 23,9 35 23 38,66667 24,8 31,33333
27.02.2010 41,975 125,3333 41,05 128 42,9 122,6667
15.03.2010 32,3 102,5 30,1 91 34,5 114
15.12.2010 47,55 79 43,8 64 51,3 94
05.01.2011 23,375 63,66667 28,55 59,33333 18,2 68

C=(V2-V1)/(A2-Al)

avg. forest grass

depth SWE depth SWE depth SWE
15.01.2010 0,045714 0,071429 0,047692 0,102564 0,044 0,044444
27.02.2010 0,11875 0,255952 0,158846 0,55641 0,084 -0,00444
15.03.2010 0,008036 0,045238 0,029615 0,041026 -0,01067 0,048889
15.12.2010 0,04625 0,009524 0,088077 0,005128 0,01 0,013333
05.01.2011 -0,02464 0,00119 0,025385 0,012821 -0,068 -0,00889

Table 5: Parameters of the interpolation

Optimization of the interpolation

One more row for the date of the 15th of Januarj020as added into the Table 5. It is
the date of the check measurement. Interpolatioth@fsnow depth for the 15th of January
2010 (see Figure 28) was compared with the measmeifsee Table 6). It shows that
interpolated values correspond well with the mears@nt for forests but not for grasslands.

Values for grasslands are overestimated, becaesgalnes measured on tRédkova
louka grassland nearddr n.S. are greater than in the corresponding it@salof the check
measurement networRadkova louka is not the best representative ofstaad because of
its altitude. Due to this fact values from thisdbty were replaced by values from extended
measurement made on the field about 600 m to ththsast. This locality lies in the same
altitude. Row of measuring for this place is notngbete, but the measurements for the dates
of the maximum were done. These values are ndeddae interpolation — see Table 7.

Modified interpolation gives a much better setedults as can be seen in the last column
of Table 6.
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SnowDepth
FID LandCover |Meas. |interpolation difference 2linterpolation  difference

0| Forest 20 19,6 -0,4 19,6 -0,4
1| Forest 18 19 1 19 1
14 | Forest 18 16,4 -1,6 16,4 -1,6
16 | Forest 15 18,8 3,8 14,8 -0,2
21 | Forest 20 19,3 -0,7 21,5 1,5
22 | Forest 21 19,7 -1,3 19,7 -1,3
23 | Forest 21 20,8 -0,2 20,8 -0,2
2 | NonForest 15 18,8 3,8 14,8 -0,2
3| NonForest 15 18,7 3,7 14,5 -0,5
4 | NonForest 17 20,1 3,1 16,9 -0,1
5| NonForest 20 21,3 1,3 18,9 -1,1
6 | NonForest 17 20,7 3,7 17,9 0,9
7 | NonForest 16 19,5 3,5 15,9 -0,1
8 | NonForest 14 18,5 45 14,1 0,1
9 | NonForest 13 17,5 4,5 12,5 -0,5
10 | NonForest 13 17,6 4,6 12,7 -0,3
11 | NonForest 14 18,8 4.8 14,7 0,7
12 | NonForest 15 19,2 42 15,4 0,4
13 | NonForest 13 18,3 5,3 13,8 0,8
15 | NonForest 12 17 5 11,7 -0,3
17 | NonForest 10 16,7 6,7 11,1 1,1
18 | NonForest 13 16,9 3,9 11,5 -1,5
19 | NonForest 15 18,7 3,7 14,6 -0,4
20 | NonForest 18 20,8 2,8 18 0

av. 2,904166667 -0,091666667

av. F 0,085714286 -0,171428571

av. N 4,000231481 -0,060648148

Table 6: Comparison of measurement and interpaiatio

Figure 28: First interpolation

Figure 29: Modified interpolation
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V1-Z7ZR Al

avg. 625 | forest 630 | grass 620
Date Depth SWE depth SWE depth SWE
15.01.2010 15,25 21,66667 16,8 25,33333 13,7 18
27.02.2010 22,25 74,83333 20,4 55,66667 24,1 94
15.03.2010 27,975 85,5 26,25 85,66667 29,7 85,33333
15.12.2010 37,725 72,33333 32,35 63,33333 43,1 81,33333
05.01.2011 24,125 57,5 25,25 57,66667 23 57,33333

V2 — Skl A2

avg. 765 | forest 760 | grass 770

Depth SWE depth SWE depth SWE
15.01.2010 23,9 35 23 38,66667 24,8 31,33333
27.02.2010 41,975 125,3333 41,05 128 42,9 122,6667
15.03.2010 32,3 102,5 30,1 91 34,5 114
15.12.2010 47,55 79 43,8 64 51,3 94
05.01.2011 23,375 63,66667 28,55 59,33333 18,2 68

C=(V2-V1)/(A2-Al)

avg. forest grass

Depth SWE depth SWE depth SWE
15.01.2010 0,061786 0,095238 0,047692 0,102564 0,074 0,088889
27.02.2010 0,140893 0,360714 0,158846 0,55641 0,125333 0,191111
15.03.2010 0,030893 0,121429 0,029615 0,041026 0,032 0,191111
15.12.2010 0,070179 0,047619 0,088077 0,005128 0,054667 0,084444
05.01.2011 -0,00536 0,044048 0,025385 0,012821 -0,032 0,071111

Table 7: Parameters of the interpolation

4.3.3 Interpolation results

Results of the interpolation describe distributioinproperty value in the watershed.
Results overview contains information about meaaximal and minimal value, standard
deviation and map of property distribution. Eaclr o corresponding maps uses the same
symbology.
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Snow depth distribution in winter 2009-2010

Snow Depth [cm]

Date

min

max

Mean

std.dev.

27.2.2010

11,73

47,54 25,64

6,40

15.3.2010

24,63

34,71 28,82

1,75

Table 8: Snow depth 2009-2010

Figure 30: Snow depth 27.2.2010

SWE distribution in winter 2009-2010

Figure 31: Snow depth 15.3.2010

SWE [mm]
Date min max mean std.dev.
27.2.2010 25,29 150,73 88,02 20,36
15.3.2010 73,52 115,28 86,61 5,66

Table 9: Snow water equivalent 2009-2010

Figure 32: SWE 27.2.2010

Figure 33:
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Snow depth distribution in winter 2010-2011

Snow Depth [cm]
Date min max mean std.dev.
15.12.2010 27,54 51,67 40,20 4,84
5.1.2011 17,99 29,59 24,35 2,10

Table 10: Snow depth 2010-2011

Figure 34: Snow depth 15.12.2010 Figure 35: Snow depth 5.1.2011

SWE distribution in winter 2010-2011

SWE [mm]
date min max mean std.dev.
15.12.2010 63,05 94,57 73,90 9,27
5.1.2011 52,94 68,48 57,86 2,10

Table 11: Snow water equivalent 2010-2011

Figure 36: SWE 15.12.2010 Figure 37: SWE 5.1.2011
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4.3.4 Total SWE estimation

Estimations of the max. SWE values are shown irleTaB. Total snow water equivalent
estimation (labeled T) is computed as a produdghefmultiplication of the watershed area

(A) and an estimation of the mean value (M) ofltdeal SWE in the watershed:
AHT=M*A

The area of the watershed is A = 101.5 km2. Thenmeéue of the SWE was found out
in the previous chapter using the GIS analysisTdble 12 the results are compared with a
very simplified estimation, where as the SWE meatue is set equal to the average

measured value.

average of measured

average of measured

GIS analysis values values after correction
Date M[mm] | T [m3] m [mm] [[m3] m [mm]  t[m3]
27.2.2010 88,02 | 8934192,36| 107,42| 10902791,67| 100,08| 10158458,33
15.3.2010 86,61 | 8791224,38 99,33| 10082333,33 94,00 9541000,00
15.12.2010 73,90 7500613,9 78,33 7950833,33 75,67 7680166,67
5.1.2011 57,86 | 5872283,75 63,58 6453708,33 60,58 6149208,33

Table 12: SWE maximum estimation
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5 Discussion

5.1 Snow cover monitoring

Field monitoring of snow cover properties and ievelopment was carried out during
two snow seasons. The results of the monitoring smow cover development in the
measured localities are described above. In thapte, a few connected facts are mentioned
and factors influencing the snow cover are disalisse

5.1.1 Comparison of the snow season courses

The courses of these seasons were totally diffebentunusual snowing events did occur
in both of them. The 2009-2010 season started aithntensive snowfall in October, but
snow cover remained for only about two weeks. Thesnowless period followed and a
further significant snow cover occurred quite laie January 2010. This remained until the
end of March (or beginning of April in higher lotas). The first half of this period had quite
stable freezing weather without the typical chaggihshort melting and freezing phases.

The first snow cover of the next season (2010-2@ttyurred at the end of November —
this is quite a regular date for the start of winfehe winter was abnormally short and the
spring melting came very early. Further snow falis expected, but significant snowfall did
not occur. The last significant snow fall was a #nd of January, and even before this a
significant melting had taken place. Snow covertetkldown in many localities at the
beginning of February and only remained until Marcehaded and forested areas. There was
unusually sunny and often warm weather exceptriangeresting event in April. On the 13th
of April, after many warm days with temperatures\ab15 °C, it suddenly got rapidly colder
and the rain turned into snowfall in altitudes ab®D0 m. Three days later, there were still
about 5 cm of snow lying in the forests above 750 m

The curves of snow amount (depth or SWE) for bathsens have two significant
maximums. The global maximum represents the cliptaase of the winter. This maximum is
important for the evaluation of water reservesha snow cover. The following decrease in
values between the two peaks affects the retemagacity of the region before the spring
melting. A part of water reserves moves from thewsgover to the country (into the ground
or surface water). Further local maximum precettesmain spring melting. Values of both
these maximums and the local minimum between theminaportant for runoff modelling
and floods prediction.

5.1.2 Altitude influence

The dependency of snow depth and SWE on altitudengrally well known. Graphs of
the average measured values show the dependereyctparly — see Figure 37 and 38.

Slightly higher snow densities were measured didrigltitudes. But differences in snow
density between areas with different altitudescanige small. See Figures 40 below.
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Figure 38: Altitude influence on the snow depth

[ww] ams

—=— 7d4r n.S. (625m) —e— Sklené (765m)

Figure 39: Altitude influence on the SWE

[ew/By] Aususg

—s— 7d4r n.S. (625m) —e— Sklené (765)

Figure 40: Altitude influence on the snow density
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The graphs shown in Figures 25 and 26 (in chapfieByshow the influence of altitude
for different types of localities separately. Me@slidata for forestlands shows clearly the
influence of snow depth on altitude. The dependearidpe snow water equivalent (SWE) on
altitude is very similar to snow depth dependermyall localities. The higher the altitude the
greater becomes the SWE. But an interesting $atttat the maximum values of SWE in the
2010-2011 season were nearly the same for lowerhaiter locations. Although for other
values the influence altitude is significant.

In the case of the data measured in grasslandaltihede influence is not so clear. It is
apparently due to other differences between thage torresponding localities. The
difference in slope and aspect is not significahttgh. But the localityRadkova loukaKadek
meadow) near &ar n.S. is a more enclosed area than the grasséardSklené. Although it is
quite a large meadow it is surrounded by foresnftevo and a half other sites. The grassland
near Sklené is more open to wind, because it iseféby a forest only from one direction, in
addition wind at higher altitudes is usually streng

5.1.3 Land cover influence

Measurement results shown in the graph in Figure(i@Schapter 4.1.3) show the
influence of the land cover on the developmenthaf $now pack depth. It shows that the
snow depth is greater in open land than in foresd (especially young) for most of the snow
season. But it switches for the melting period.

The graph in Figure 26 shows a similar influencthtoland cover on the SWE.

The behaviour of the high and light forest varieghe range between young forest and
grassland. In the locality neat’dr nad Sazavou similar values were measured fesigirad
and forestland (high forest). But it is probablysed by the character of the grassland, which
is partly enclosed into forests.

Extended measurements show that the deepest sradwwyith the greatest SWE value
occurs within glades. This has obviously two reaso interception (contrary to forests) and
no wind and lower insolation (as against open langgr example about a 30 cm thick snow
cover with an average SWE of 103 mm was measuréukiglade near Sklené. This was on
the 25th of February 2011, when there was no sna¥e open grassland and only 0-10 cm in
the young forest. But the area of all of the glademn inconsiderable part of whole catchment
area.

Several extended measurements were done for esatif one more type — agicultural
field. But all measurements obtain the same resadtshe measurements in grasslands.
Differences are only in last few days of the snawer period. The melting rate increases
when the first tops of furrow begin to emerge abitneesnow surface.

5.1.4 Influence of slope and aspect

Influence of slope and aspect was observed bubutdcnot be revealed from the
measured data. It would be necessary to measunarat more points with a different aspect
and slope to prove this dependency. This is toomtine consuming for one person. But the
dependency of snow pack properties on the slope aaméct was noticed by terrain
observation mainly in spring sunny days. This ishably caused by the dependency of the
snow pack development on insolation. And the irtsmta(amount of sunlight) depends on the
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incidence angle of the sun rays. This depends @yrdination of three factors — aspect and
slope and the height of the sun above the horizbe. height above the horizon depends on
time of the year. That is why it was observed mainlspring. This factor would be probably
important for ablation modelling. While in snow aotulation models it could be ignored.

The influence of slope factor was not noticed. Rl it is very low due to quite a low
range of slope values.

5.1.5 Comparison with other measurements

The comparison of field monitoring results with @étom CHMI monitoring of several
related characteristics is presented in graphsgarés 41 and 42.

Three sorts of measurements are presented in déipbgr

- the snow monitoring data from my measurements enSézava watershed: the average
values and the values from locality Sklené — yoiomgst;

- the snow monitoring data from snow pillow in theigmdouring Svratka watershed
(Heralec);

- hydrological and meteorological data from the Sazamatershed: the flow and water
level data from the gauge on Séazava #aZn.S. and the precipitation data from the
gauge in Strzanov .
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Figure 41: Monitoring comparison for season 2002620
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Figure 42: Monitoring comparison for season 2010120

Although each monitoring is situated to a differldation, the correlation between them
is evident. The precipitation peaks corresponchihcreases of the snow depth and SWE.
The decreases of the snow depth and SWE initigenttreases of the runoff and the water
level.

Some correlations were expected in the comparidotihed values obtained from my
measurements with the measurements of the same @operties in the neighbour Svratka
watershed. The expectation, based only on genemilkedge of the region, was proved. The
correlation between the values from the neighbatchmments shows that some extrapolation
of measured values from one catchment to the wthmossible.

Values in Herélec are mostly slightly grater thhe tiverage of measured values. The
measurements from the forest near Sklené fit b&itdre correlation than the average values.
It is probably due to type of locality, where thw pillow is situated. Both localities, Sklené
and Herdalec, have similar conditions, because #reyboth situated in the central part of
Zdarské vrchy and are protected against the winddaedt sun light by forest.

5.2 Total SWE estimation

Total SWE estimation was based on GIS modellin§WE distribution in the catchment
(map algebra method). Other estimation of SWE wasedy multiplication of the average
value from measurements and the watershed areplésmethod). Comparison of the results
of both methods is in Table 12 in Chapter 4.3.4.

The simple method gives higher results. The diffeeeis about 20 %, which is grater
then the standard deviation of the map algebrdtsedthe simple method is very sensitive on
a low number of measurement points and their select

Map algebra method is more reliable because itidersthe ratio of different areas in
the catchment. It is necessary to have informatioout space distribution of different types
of areas. The layer of forests used as one ohinat$ of GIS model was not very accurate but
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for the global estimation it was good enough. Ayvenportant step in this method was
optimization of input data according to the checkasurement (see Optimization of the
interpolation in chapter 4.3.2). Map algebra toolArcGIS proved to be very powerful tool
for modelling of the influence of several factanscombination.

5.3 Further research possibilities

Firstly the time row of measurements is still quetert. The probability that results are
not characteristic values is quite big, so it cdagduseful to continue with snow monitoring in
the upper Sazava catchment.

On the other hand the obtained data allows furnatysis that were not done due to the
extent of this study. For example the evaluatiorstoditigraphic data and modelling of the
processes within the snow pack is an interestipictdModelling of the ablation processes
and runoff prediction could be very useful.
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6. Conclusions

The basic knowledge on the subject of snow hydrolas been summarized in the first
part of this thesis. The extent of this thesisingited, but many references to information
sources for potential further study are mentioned.

The methodology for field monitoring and followimigita processing and evaluation was
defined according to the theoretical backgroundnftbe bibliographic research. The area of
interest — upper Sazava watershed was specifiedlesctibed in the methodology section.
Measurement localities were selected accordingéaified criteria. The main criterion was
to cover the variability of conditions for the Iditas within the catchment.

Terrain expedition measurements of snow cover weréormed in the catchment for
two winter seasons 2009-2010 and 2010-2011. Theewimiffer to each other and probably
not even one of them had a typical course for ¥poeed catchment.

The obtained data were analysed. GIS was used dimre sanalysis including data
interpolation for the catchment. Results were caeghawith data from professional
monitoring in the neighbouring watershed. Thereqiste good correspondence for the
compared values. The times of maximum snow deposutias identified and the maximums
of snow water equivalent in the catchment wereresd.
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