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The LORD does whatever pleases him,
in the heavens and on the earth,
in the seas and all their depths.
He makes clouds rise from the ends of the earth;
he sends lightning with the rain
and brings out the wind from his storehouses.

(Psalm 135:6,7)

He giveth snow like wool,
He scattereth the hoarfrost like ashes.
He casteth forth His ice like motsels,
who can stand before His cold?
He sendeth out his word, and melteth them,
He causeth his wind to blow, and the waters flow.

(Psalm 147:16-18)

But ask now the beasts,
and they shall teach thee,
and the birds of the air,
and they shall tell thee.
Speak to the earth,
and it shall answer thee,
and the fishes of the sea shall tell.
Who is ignorant that the hand of the Lord hath made all these things?

(Job 12:7-9)






ABSTRACT

The dynamics of snow climate influence several hunativities, such as tourism,
agriculture, drinking water sources, traffic, atebture, etc. This thesis concerns with two
main objectives: 1. to broaden our horizons in atenchange, focusing on the climate trends
in mountainous regions with emphasis on snow cleriatics, and 2. to develop a numerical
model for avalanche forecasting in the High Tatrauktains. Remarkable part and a lot of
effort was dedicated to the quality control of ppéation and avalanche data. The SLPDB
database created by the author was improved ded Wilith historical avalanche records from
the paper archives. Nowadays it is used in the @ale Prevention Centre in Jasna. Air
temperature, precipitation totals, snow depth asd snow height daily time series from 21
mountainous stations were tested for homogeneitgguanClim [99], and adjusted if
necessary by g-q method in ProClim [101].

Authors of snow climate studies have dedicated mak@ttention to the precipitation types
and their changes. Therefore, the trends of sbtjdid and mixed forms were investigated
and an interesting relationship with altitude wasnd. Other snow characteristics prove the
general decrease of snow. Delayed beginning, délay@mual maximum, earlier and more
intensive melting at the end of winter characterifee new snow regime at majority of
stations below some 2000 m. Similarly as in thesAldso in the Western Carpathians exists a
"crossover level”, where negative snow trends tarslightly positive. Increasing trends of
both precipitation amounts and temperature arekte factors that drive snow trends.
Increase in mixed forms of precipitation along wstiow water equivalent plays in favour of
denser snowpack, which has an impact on avalamecheation, and leads into conclusion that
in future the wet avalanches will probably occurenfvequently and earlier.

Various methods of avalanche forecasting basedhdy data are studied in this work and the
most suitable methods for the conditions in Slozadde selected. The High Tatra Mountains
region was selected as an area of interest, dueldbvely numerous avalanche records as
well as long and reliable meteorological data. Aiety of regression models used for the
forecasting of avalanche danger levels were deeelopnd the best one achieved overall
accuracy of 74% on testing dataset (2003-2008) Tdiatively successful performance was
achieved, inter alia, by introduction of some ar@jielaborate variables that represent non-
linear effects. The overall accuracy ranges betvé&8h in May to 93 % in November, if the
best model is selected for each month. On the dede, all models have problem with
underforecasting of the avalanche danger level r8.akernative is the method of nearest
neighbours, which is designed to predict avalarmh@& non-avalanche days. This method
needs further improvements, because the unweighterhge accuracy is about 63% for the
best NNB model using 26 neighbours. Anyway, compassisted models help the avalanche
forecaster to gain confidence and reduce the ridkilure caused by the human factor. The
same methods with slight variations could be appieother avalanche regions in Slovakia.

Keywords: homogenization, snow climatology, avalanche fosgng






ABSTRAKT

Dynamika snehovej pokryvky vplyva na mnobhaedskych aktivit, ako napriklad turizmus,
polnohospodarstvo, hydrolégia, doprava, architekt@a, Predkladana dizettaa praca
sleduje dva hlavné ciele: 1. klimaticki zmenu vshgch oblastiach, s dérazom na trendy
charakteristik snehovej pokryvky, 2. vyvoj numeébk modelu na predpovedanie lavin vo
Vysokych Tatrach. Zraé Usilie autor venoval kontrole kvality zrdZzkomaim a lavinovych
Gdajov. Databaza SLPDB, vytvorena autorom adasdosti pouzivana v Stredisku lavinovej
prevencie v Jasnej, bola vylepSena a rozSirenatoritké lavinové zdznamy zdigitalizované
Z papierovych zaznamov. Denggsoveé rady teploty vzduchu, uhrnov zrazok, vyslghswej
pokryvky a vysky nového snehu z 21 horskych staoictestované programom AnClim [99]
av pripade najdenych nehomogenit boli tieto ,@Gsné” metddou percentilov (g-q)
v programe ProClim [101].

Doposid venovali autori klimatickych Studii len okrajoviozpornog zmenam druhu
padajucich zrdZzok. Preto sme sa zamerali na tréndawalyzy tuhych, zmieSanych
a kvapalnych zrazok a vysledkom bolo objavenieir@ayej zavislosti od nadmorskej vysky.
Dalsie klimatologické charakteristiky snehu naapa vseobecny pokles. Novy rezim
snehovej pokryvky na staniciach pod 2000 m charakitg oneskorené zatky zimy a
vyskyty rainého maxima, a naopak skorsSie a intenzivnejSientepgnehu na konci sezony.
V Zapadnych Karpatoch existuje podobne ako v Alp&th kriticka nadmorska vyska,
v ktorej sa negativne trendy menia na mierne powmti Narast zrazkovych ahrnov a teploty
su rozhodujuce faktory vplyvajuce na trendy snehpe&ryvky. Narast zmieSanych foriem
zrazok spolu s narastom vodnej hodnoty vedie kejyB8stote snehovej pokryvkyp mé
vplyv na vznik lavin. V budidcnosti teda méZzem&l@ava castejSi a skorSi vyskyt lavin
z vihkého snehu.

Po preStudovani réznych metéd predpovedania lavienmych uUdajov boli vybrané
vzhladom na miestne pomery 2 najvhodnejSie metody. ©DMgsokych Tatier sme zvolili
vzhadom na pomerne petné a spkahlivé lavinové a meteorologické udaje. Vzniklo
mnoZstvo regresnych modelov na predpovedaniaiatigvinového nebezpenstva, pidom
najlepSi dosahuje na testovacej vzorke (2003-2@88&ovu UspesSnds74%. K vylepSeniu
prispelo okrem iného aj zavedenie odvodenych preywm ktoré vyjadruji nelinearne
efekty. Ak vyberieme pre kazdy mesiac najuspeSnedel, tak celkova presnbgoliSe
medzi 66% vmaji a 93 % vnovembri. Slabou strankagresnych modelov je
podhodnocovanie predpovedi siaB. Druha metdda predpoveda lavinové a nelavidowé
Optimalny model pouziva 26 najblizSich susedovakyiresnos dosahuje v priemere 63%,
takZze su potrebné&alSie vylepSenia. Numerické metddy s vyuzitintifata kazdopadne
poméahaju prognostikovi uistsa v predpovedi a zniZuju riziko zlyhania v dégletudského
faktora. Podobna metodika s miernymi obmenami saengouzi aj vdalSich lavinovych
oblastiach Slovenska.

Kracové slovd:homogenizacia, klimatologia snehovych pomerovipogedanie lavin






Foreword

Climate change is becoming a bigger concern not ol scientists. One of the tasks of this
thesis is to explain how the climate changes inmteinous regions of Slovakia. Provided results
may serve as a contribution to climate change dsous, either scientific or public. Snow has
always been a fascinating phenomena for me sincehghood, and avalanches became the
subject of my interest during my studies at theversity, when a friend of mine suggested me an
attractive topic for my diploma thesis. Even todlayan recall my first visit to the APC in spring
of the year 2000, when | was impressed by snowaaathnche research. Step by step, | fell in
love with mountains. After finishing the diplomaesis, a lot of unanswered questions and
stimulating ideas emerged. A need to improve thalasmche forecasting methods was
challenging for me. Therefore, | did not hesitateaontinue with snow and avalanche research as
a PhD student. The submitted thesis is a result-ygar effort, more or less intense and with
some interruptions, and along with climate trenaialysis it is a contribution to computer-aided
avalanche forecasting in Slovakia.

Martin Vojtek
April 2010
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AINEVA
AWS
BF
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BT
CHMI
DEM
DJF
DSDx
E
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ESDx
GIS
GR
GS
GT
HT
IMGW
K
KMIS
LT
MRS
MST
N
NNB
NNSx
NS,
NSDx
PD

P

PT
R1

RH
SD
SD100D
SDx
SD,

SF
SHMI
Sl

List of Abbreviations

Avalanche Prevention Centre, located in Jasna (b288L), Slovakia (northern
side of Chopok); founded in 1972. Its fundamerdaktis observation of snow
conditions and evolution of avalanche processestdar to determine
avalanche prognosis and to design suitable defgneetures and measures in
avalanche-prone areas in Western Carpathians.

Italian Interregional Association Snow and Avalagsh

Automatic weather station

the Big (V&'ka) Fatra Mountains

Thefirst datewith snow cover of x cm and more

the Belianske Tatra Mountains

Czech Hydrometeorological Institute

Digital elevation model

Winter months: December, January, February

The longest continuowturation of snow cover of x cm and more

Water vapour tension [hPa]

European Avalanche Warning Services

Thelast datewith snow cover of x cm and more

Geographic Information System

Global radiation

Grain size

Grain type (shape)

the High (Vysokeé) Tatra Mountains

Instytut Meteorologii i Gospodarki Wodnej (Polisletaorological service)
Ram hardness

Climatological and Meteorological Information Systédatabase of SHMI)
the Low (Nizke) Tatra Mountains

Mountain Rescue Service

Mean solar time

Cloudiness

Nearest neighbour (method)
Thenumber of snowfall day®f x cm and more

New snow height [cm], measured at 07 MST (today)

Thenumber of dayswith snow cover of x cm and more

Penetration depth (of ram penetrometer)

Precipitation intensity [mm/h]

Precipitation type (sekab. 3

Precipitation total [mm] for 24 hours, measure@aMST (today)

Air relative humidity

Total snow depth [cm], measured at 07 MST (today)

Snow depth reached in the minimum during 100 days
Maximum snow depth in cm

Average maximum snow depth in cm

the Small (Mala) Fatra Mts.
Slovak Hydrometeorological Institute
Snowfall intensity [cm/h]



SLF Swiss Federal Institute for Snow and Avalanche Reée
SLPDB Avalanche database developed for APC

SMA Swiss meteorological agency (institute)

SS Snow surface

SunD Sunshine duration

SWE Snow water equivalent [mm] , measured at 07 MSMondays
T Air temperature measured in screened box at 7:00 MS
TANAP The (High) Tatra National Park

TP Temperature profile

Wy Wind direction

Wq Wind speed

WG Maximum wind gust speed

WT the Western (Zapadné) Tatra Mountains

Y 4 Avalanche danger tendency toward the next day

Q Avalanche danger level computed by model

p Snow cover density

2SD The sum of snow depths over specified period in cm

The winter season is defined here as a period ftf8ruly to 3¢ June of the next year. For
example, the winter season of 1968/69 (1.7.1968-:8B969) may be abbreviated as ‘winter
1969'.

Subscript after the name of variable denotes vabfiese given variable shifted in time relative
to the date of database record, e.g. snow deptburehon yesterde§D.;, or tomorrowSDs;.

Mean daily temperaturés defined in this work as following:
T= To+T, #2000,
4

Mean term temperaturés defined in this work as following:
T= T7 +T14+2DT21+ ( T7)+1

' 5
‘Minmax’ temperatureis defined in this work as following:
T +T,
Tnx:
2

References are listed in Bibliography and markeigxt as numbers in [square brackets]
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Introduction

The snow slab started sliding slowly at first. Afteaching the rocky edge
of the first terrace, the slab began splitting, andhile rapidly accelerating,

it broke on the second edge. At the bottom of lthygest ran on the frozen
lake level, which collapsed soon after the avalanatopped, and the
deposit partly sank 1,5 m into water. The accompangloud rose up to 50
meters above the lake so that the sun was tempporiawvisible due to

falling of snow particles. After all, the sun appegagain.

(V. Suchy from Prague, an eyewitness of avalanawident under the
Mengusovské sedlo, 1985-02-10)

Roaring avalanche often freezes blood in veinseuukes a respect to the power of nature.
Snow mass rolling down the slope is captivatingemwlobserved from a safe place. On the
other hand, it might be very devastating and damgerSurvival chances of a victim buried
completely in an avalanche rapidly decreases witle:tafter 15 minutes it is 93%, after 30
minutes only 26%, and after 45 minutes nearly nf2ig. In the High Tatra Mountains, only
about 10 % of all buried persons survived [108]e Tinost of accidents happen during
avalanche danger degree 2 and 3 (see AppendixsQGheatravel on steeper terrain is very
limited when degrees 4 and 5 are issued.

This fascinating phenomena would not be possibkaout snow, which is just one of the
form of water. And water is life! But will the snobe in our mountains forever? Will the
“White Christmas” be something unusual for our gicdnldren? What has really happened to
the snow climate?

This thesis consists of two main topics: the firatt deals with snow climatology and climate
changes, preceded by quality checking of essedétd. The aim of the second part is to
develop an avalanche forecasting method suitabte ofzerational use by Avalanche
Prevention Centre, located in Jasna.

The first chapter offers a brief literature revidgaking in hand snow and avalanche research
in Slovakia and abroad. All the data sources necgs®r this work are described in the
second chapter. Methods in chapter 3 are dividedthree topics: homogeneity testing, snow
climatology characteristics and avalanche forengsti

The core results of the work can be found in chraptewhich also includes discussions.
Principal results and achieved objectives, whidgh stated in chapter 4, are summarized in
closing chapter 6.

Appendix contains supplementary information sucksssary, station list and map, etc.
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1. Literature review

Snow and avalanche research nowadays covers miamyifsc disciplines. Hence, this review
focuses on snow climatology, as well as on avalarfohecasting techniques and methods
suitable for operational use in Slovakia. The revie written rather chronologically, and
distinguishes between national and foreign sourths. first objective of the thesis was to
perform an overview of the current research. Sohtbeostudies were partly implemented in
Chapter 3.

1.1 Snow climatology

Domestic sources

The oldest snow observations in Western Carpathasasrecorded mainly in diaries and
chronicles made by some enthusiasts — mostly @utieldls, administrators or monks. These
are usually descriptive and sporadic data. Zigmilindda, governor of the Royal Court
Chamber in Bratislava and Pre3ov, recorded shoathee notes while travelling in the 16
century. Similar occasional observations were eoin Bratislava (1512-1528) by Magister
Christoforus Huftenus. Juraj Dobronoki, the firgedior of the University of Trnava, wrote
into his diary:“3™ February 1637, strong wind, falling snow, windydaminy...”. A lot of
snow has fallen in Kezmarok on ®&\ugust 1716, according to Réthly’s notes. Another
records can be found in Jesuit chronicles in kavd673 - 1679, 1686 - 1706) and in KoSice
(1677 - 1681), in diaries of Mauksch (1794), Jamésich from KeZzmarok (1789 - 1800),
Jan Adam Reimann from PreSov (1717 -1720), Jeszéoakbos from Bratislava (1770 -
1773). There are recorded usually somewhat extrewether episodes, such as cold and
snowy winters, floods, etc.

Widespread implementation of measuring instrumemetsables systematic weather
observations in 18th century. Regular snow obsemstbegin in 1851, when day with
snowfall was marked and water equivalent of newsrin Bratislava and Banskéa Stiavnica.
Measurement of new snow height (still without tosalow depth) has been performed at
weather stations since 1871 [34]. The number diosta was still on increase, however, the
total snow depth was added into regular observationl921, after the foundation of met-
service in Czechoslovakia.

The first influential monograph taking in hand snegcords was published in 1964 by
Koncek and Briedd [46], where 208 stations for the period 1921/2®50/51, and two high-
elevation stations for short period are proces€emmon terms, characteristics and methods
used in climatology were introduced here.

Various climate and phenology elements (includingvg) were processed into tables, graphs
and maps in 60’s and 70’s [89], [90], [91].

Tatra mountains climate is summarized in a study fleaded by Prof. Kaek. Changes in
snow climate are outlined here by Ladislaxiagovicky — a founding father in avalanche
research in Slovakia.

Snow conditions from 149 stations for the perio@@21 - 1979/80 with some new statistical
characteristics were brought out by Samaj and &l®7].

Composite authors in [93] devote to variability show characteristics, time-series
processing, winter patterns, and long-range chaagegeriodicity during the period 1920/21
- 1984/85.
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Rapid progress in digitizing and wider availabily personal computers in 1990’s makes
data processing more effective. Further charatiesi®f snow cover for the normal period
1960/61-1989/90 can be found in diploma thesis:

Sandor [98] in 1995 elaborated snow conditions &trd mountains in the view of winter
sports. DuSan Kiicky [45] compares the latest snow characteristith the normal period
1930/31-1959/60.

More extensive diploma thesis by Handzak [34] coistdong-range characteristics for the
Low Tatras. Similarly, Matejkova [57] selected &ias from north and north-west Slovakia,
and Kostolany [47] chose low elevation stationsrfraest Slovakia and upper Nitra region.
Some long-range snow cover characteristics wereegsed in the form of maps by Vivoda
[103].

Climate change scenarios outputs are for the tims¢ published in the Final Report of the
Slovak Republic’'s Country Study [52]. Assuming 1@%&cipitation increase in mountainous
regions, the sum of daily snow cover heights fontesi months (DJF) increases by 9%, and
the number of days with snow cover by 1%. On theeiohand, air temperature increase by
1°C induces decrease by 7% for the sum of dailyvsoover heights, and by 2% for the
number of days with snow cover.

Atmospheric precipitation, sums and maxima of sgower depth, and numbers of days with
snow cover in the Low Tatras (1921-1995) were erathiby Fasko, Handzak and Lapin
[28]. Comparing the climatological normals 1930//359/60 and 1960/61-1989/90, the sums
increased, but the numbers of days with snow cdeereased at the most of stations. Due to
weaker influence of Mediterranean cyclones in B@és and early 90’s, low precipitation
totals caused deep depression in the sums, predottyiron southern slopes, which are in
Slovakia usually more abundant in snow than théeon ones.

Fasko and &astny [29] evaluated precipitation amounts measbsetbtalizers and gauges.
Clear increase of annual totals in the northern plaratra mountains was confirmed during
the second half of the $@entury.

Dissertation by Bochték [11] investigates snow conditions in the Highd an the Low
Tatras in the view of winter sports suitability. 3® problems with measurements of snow
cover temperatures are analyzed here.

Foreign sources

Since the termination of the “Little Ice Age” inghmid-nineteenth century, the glaciers in
Europe have lost 50% of their volume and 35% oiir therface area. General loss of snow is
observed during recent decades due to global wgtnviean air temperature rise by 1°C in
alpine regions corresponds to snowline shift by &b@ higher elevations [35].

Brown [14] explored snow cover variability and cben for 1915-1997 utilizing
meteorological stations lying in USA, Canada, temfer Soviet Union and China. The
reconstruction of snow cover data provided evidesfcan increase in North America snow
cover extent, with significant increases in win(xJF) SWE, consistently with increasing
winter snow depth over Russia. North American gprsmow cover was characterized by
rapid decreases during the 1980s and early 199 avsignificant long-term decrease in
April SWE. Brown estimated Northern hemisphere sicower extent loss of 3.1x38@m? per
100 yr associated with significant warming of 1 263ver mid-latitudinal land areas. March
was also observed to have experienced the largasting during the November-April snow
season with significant post-1950 warming trendsaging 4.1°C per 100 yr.

Laternser [53] processed Swiss snow and avalanatee end published unique long-term
trends (1931-1999) in his thesis. Increases weregbkent in snow characteristics until 1980s,
followed by significant decreases till 1999. Besidéaternser suggests station network
optimization, based on frequency and spatial distion of heavy snowfall events. Triangular
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network with distances of 15 km should captureeatst 80% of all spatially continuous
snowfall areas, while 20-km spacing results in 0By % capture probability. Laternser
further used cluster analysis to suggest new srimaatological regions.

Recent regional studies from the Swiss Alps leadgdBeniston [10] revealed moderate
increase in snow characteristics above 1700-2008ImAince mild winters are accompanied
with more abundant precipitation, falling as sndwigher altitudes. On the contrary, lower
altitudes are exposed to more frequent liquid edisf Similar trends are observed also in
Slovakia [109].

Scherrer a Appenzeller [84] used new homogeneoussSMpine new snow data set to
explore the role of large scale flow patterns iplaiing the observed snow variability. The
third snow principal component (dependent on a#juis significantly correlated with the
North Atlantic Oscillation (NAO) index, and shows acreasing correlation in time (since
the late 1950’s).

Stancalie et al. [96] presented the influence calon, relief, land cover, air temperature,
precipitation, wind speed and direction on snowtldepnow cover extent, snow density and
water equivalent in Romanian mountainous basins.

Recent winters 2004/05, 2005/06 were relativelly ncsnow, when also mass media reported
more tragic events of collapsed roofs on publiddags due to heavy snowfalls in Central
Europe. An estimation method of the SWE from offoeir meteorological elements (R, NS,
SD, e) was developed in CHMI byehec et al. [71]. This algorithm, slightly modifiedas
also used for completing of daily SWE values, beedBWE is measured only once a week in
Slovakia. Moreover, the method can be useful alssthtions where SWE measurements are
not available.

1.1.1 Homogenization of time series

Easterling and Peterson (and later Karl) deals watthous homogeneity techniques and their
comparison in [23] [24] [25]. There can be foundtinoels for detecting and adjusting
discontinuities in climatological time series — BMéwe have no metadata. The creation of
the so-called reference series described in [7&iig important.

In a review of techniques [23], the best resultsengchieved by Alexandersson’s test [1],
Potter’'s test [78] and t-test [112]. Other techeisju- such as Regression, Double-mass
analysis, CUSUM, Craddock test, Two-Phase regresaiad others were not so successful.
Easterling a Peterson method [24], a combinatioregfession analysis and non-parametric
statistics, is more suitable than Alexanderssoa#, twhen two discontinuities lies very
close each other [36].

AnClim software [99], which has been developed hip&nek since 1995, allows performing
various homogeneity tests, time-series analysig, monch more. This tool was used for
homogenization.

11
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1.2 Snow avalanches

Domestic sources

The greatest avalanche fatality in 1924 (18 inlzaitst of Rybd settlement died) was the first
impulse to introduce defence measures in Czechalsia\by forest rangers. However, more
complex research on snow and avalanches started afbther fatality in 1956 with 16
victims. Some preliminary results were published Ygba and Urbanek [110]. Their
contribution helped to better understand the snatamorphosis and avalanche formation
processes.

Introducing the regular avalanche reporting seruic&960 by the TANAP research station
and Hydrometeorological institute contributed tgreat extent in avalanche prevention. [2]
Further avalanche research continued in 1960sa#iedthe foundation of APC (1972), when
a plenty of science popularization handbooks wsseeéd by several authors. On the other
hand, the developing cooperation with countriesobeythe Iron Curtain was frozen due to
political reasons during the Husakism period (12689).

However, systematic research in Jasna led by ladishazovicky included cold chamber
laboratory for ice crystals microphotography. SaVeworld authors dedicated to
categorization of ice crystals at that time in palaThe principal meteorological and
topographical factors for avalanche formation anemarized in [44]. Rather practical book
by Milan [66] analyses significant avalanche inait$ein Slovakia, focuses on prevention and
puts together some rescue instructions.

Avalanche path atlas put out in 1980 byiakovicky [43] contains detailed topographic
parameters of avalanche paths and terrain in Siavake cadastre of avalanche terrains was
extended over some new paths and parameters by il (see section 2.1).

Dissertation by Holy [39] takes in hand the inflaenof meteorological and topographical
conditions of avalanche formation on a model taercdiChopok.

The influence of meteorological conditions on amale formation is analyzed in diploma
thesis by Kuchtova [49] on some serious avalanases As a free continuation, diploma
thesis by Vojtek [104] discussed the suitabilitycofrent avalanche forecasting methods for
operational use in APC, and used available avaanetords and meteorological data for the
development of a regression method for assessimgrashe danger in the High Tatras.

The effects of terrain, snowpack and weather pam@sieon snow avalanches in the Low
Tatras are discussed in M.Sc. thesis by Seres [88].

Foreign sources

The oldest publications usually describe the effeétan avalanche. Coaz in"&entury [18]
looked through the avalanche formation in connectith weather (e.g. pressure patterns).
Further, this review focuses on several avalanohectsting methods, potentially applicable
in Slovakia, which have been developed in Alps &faith America since 1970s, when
research in Slovakia begun falling behind due tmmmainist ideology and isolation. Modern
forecasting is moving away from conventional methddward partially computerized
systems. [59]

Avalanche handbook by McClung and Schaerer [58]‘1tsible” for everyone concerned with
snow avalanches, providing a thorough introducttonavalanche theory: starting with
weather systems, snowpack analysis and terrainréesgtthrough avalanche forecasting and
prediction, search and rescue, control with expssietc.

12
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Time series analysisapplied on avalanche forecasting can be found atw&; [81]
and Moyse [82]. These papers were inspiring fordeeelopment of a regression model for
the High Tatra Mts. [104] and for the selectiorvafiables associated with avalanching.
Discriminant analysis was introduced by several authors: [13] Bovis {@97[22]
Drozdovskaya (1979), [72] Obled and Good (1980jew decades later, one-way analysis of
variance and canonical discriminant analysis aeel iy Floyer and McClung [30] to identify
the principal variables that allow discriminatioatlveen avalanche and non-avalanche time
periods. The prediction rates increased above &y the region was divided on several
homogeneous sub-regions, each with its individubket of principal variables. Improvement
of the method could be achieved by a combinatidh thie method of nearest neighbours, and
using hourly data as input.

Method of nearest neighboursvas successfully applied for avalanche forecadtnduser
[15]. There are several applications around theldvbased on this method, with some
improvements, or in combination with other methoNXD-REG developed at SLF [33],
model CORNICE in Scotland [79], and Avalanche FastcSystem based exclusively on
hourly data from AWS in British Columbia .

Classification and regression treesnd neural networksbecome popular in 1990s: Davis
[20], Jones [42], Kronholm [48], and others. Thetmoes cope well with non-monotonic
relationships (e.g. providing, hypothetically, tHaghest avalanche activity was associated
with moderate winds, and lower activity with lighhd strong winds). The best neural
network by Gregory and Philippe [32] was composéd! dayers of neurons, the last one
producing probability of an avalanche on slopesVtissfluhjoch peak. Only 7 most
important variables were used as input to the netwand in 90 cases out of 100 the network
correctly predicted an avalanche day.

Diploma thesis by Nairz [70] presents a complexiawvof modern avalanche forecasting
methods. More details are included in section 3.3.

Hageli and McClung [37] discussed scale issues urfeatly used avalanche forecasting
methods, revealing four main problems: (a) the iitglof weather monitoring networks to
capture small scale phenomena (e.g. snowdriftasarhoar formation); (b) the insufficient
spatial resolution of snow profile measurement$ wagard to their natural variability; (c) the
poor resolution of stability measurements; andlfd)contradictions between input and output
scales in avalanche forecasting models.

Verification of avalanche forecast is the main sgbpf Italian publications by Pedrazzoli et
al. [74] and Soratroi [95].

Model SNOWPACK [9], being developed for the Swissalanche warning, simulates the
evolution of the snow cover based on meteorologicplt data. It solves the mass- and
energy balance equations using a Finite Elemenenigal scheme.

Dissertation by Laternser [53] takes in hand snbaracteristics, temporal trend and spatial
distribution of avalanche activity, and suggestsrexision of the traditional snow-
climatological regions of the Swiss Alps (resultingm cluster analysis).

Hebertson and Jenkins [38] used dendroecology sisalgr the dating of the occurrence of
large avalanches in period 1928-1996. Climate et¢snesponsible for significant avalanche
winters were found bjogistic regressiorandclassification treesMean new snow height in
January turned out to be significant for the praligbof large avalanche occurrence in
transitional climate.

Mock and Birkeland [69] discussed relationship kesw climatic patterns at larger spatial
scales and snow avalanche responses. Some pronaisthgootential relationships exist
between avalanche activity and the Pacific—North eAoan teleconnection pattern, the
Pacific decadal oscillation, and ENSO (EI Nifio).

13
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Bariffi [6] illustrated how GIS can be used for lmsion of topographical factors that
influence the avalanche risk.

Maggioni and Gruber [55] performed a statisticablgsis of avalanche releases on well-
documented avalanche paths in the region of Davbsye an almost complete database of
avalanche events over the last 50 years existspiitheipal topographic parameters used for
the definition of release zones were slope, confer®, aspect and distance to the next ridge.
McCollister et al. [60] presented a probabilistiethod that allows avalanche forecasters to
better utilize historical data by incorporating #Gvith a modified meteorologicalearest
neighboursapproach. They analyzed the effect of new snowifalhd speed, and wind
direction on the spatial patterns of avalancherdgtiPatterns exist at the slide path scale, and
for groups of adjacent slide paths, but not fanegitthe entire region as a whole or when slide
paths are grouped by aspect. Specific topograpbiynara given path, and not simply aspect,
is more important when relating wind direction t@kanche activity.

14
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2. Data

There are two main information sources used foptirposes of this study: SHMI and APC.
The data from SHMI come from climatological and gypéation database. Unfortunately,
some data are still available only in paper archNevertheless, quality control is inevitable
for this study even though multiple revisions akdnly systematically performed on the
records, especially on climatological records. Phecipitation datasets, from the past contain
only values greater than zero, so that it is hardigtinguish between missing and zero values.
More details on QC can be found in sections 3d.5afh.

Avalanche related data were obtained from vari@iasgts maintained in the APC. All paper
datasets are being digitized step by step andafeplanned to be stored in a unified database
system. Primarily the digitized avalanche reconad avalanche slopes with parameters were
obtained from the APC. Avalanche records are beawsed on the fly during the winter
season and again when feeding into the database.

The APC manages meteorological stations mainly dperational avalanche forecasting.
Regrettably, only small portion of these measurdmare available digitized, since they were
sent usually via telephone in the past. Startinpéenwinter of 2001/02, the measurements and
observations are being filled into database via-b&fed forms on daily basis. The personnel
has become trained enough to perform professidisdrgations. Since the winter of 2006/07,
the APC personnel have started the processing @i grofiles by a software and since
2007/08 also the regional avalanche centres argirggithe digitized observations via the
Internet to the APC centre [4]. The number of pesfisignificantly increased, too. Some
occasional snow profiles from the past are avalalrily on papers. Nowadays, the profiles
are carried out occasionally during tours in vasi@pots, but they are to be performed
regularly on some selected slopes.

Automatic weather stations (AWS) produce large sittathat can be used as an input for
avalanche forecasting models with hourly time nesoh. The data from 5 AWSs have been
used primarily for the current weather monitorimgce the winter of 2007/08 and they have
not yet been revised.

Geographical factors are mentioned only marginélgcause it is a task beyond the scope of
the dissertation. Digitizing of avalanche slopesl amplementation of GIS would be a
challenging task for another study in cartographgeoinformatics.

Following sections describe the most important elet® suitable for avalanche forecasting
divided into 3 classes:

1. Geographic — mostly quasi-static parameters chgmaitiher slowly in time

2. Meteorological — observations and measurements $tations

3. Snowpack and stability — ramsonde, snow profiled)ikty tests

2.1 Geographical data

There are 6 significant avalanche mountain rangedavakia: the Western, High, Belianske
and Low Tatra Mountains, Small and Big Fatra. Only a few avalescoccur rather seldom
in Oravska Magura, Cliské vrchy and Strazovskeé vrchy.

Concerning the mapping of avalanche slopes anétsrac Slovakia, kazovicky [43], [44]
and Milan [67] are the main trailblazers in Slovakhs a result of their effort, the Cadastre of
avalanche terrains and their topographic charatiesiwas created. Some data about locality,

! The name Tatry comes from Slavic tetrni , i.e. reefs or snow hills
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type of avalanche, dimensions and level of dangeraomap of avalanche slopes were
comprehensively elaborated by Pacanovsky [73].

The current avalanche cadastre in APC consistsdiBsof maps with a scale of 1:10 000,
which were created by a team headed by L. Milararly 1980s. These maps have been
updated since then, and about three dozens of lopesswere added to the cadastre. At the
present time, not all avalanche slopes can be fammthese maps, for the reason that some
atypical ones have appeared just recently as aeqaesce of inappropriate forest
management. Despite the small size of these nelaralee terrains, some of them pose a
considerable danger for the people living nearether

2.1.1 Avalanche slopes classification

This subsection introduces readers to the geogrdygtukground, necessary to understand the
classification of avalanche slopes made by Milaf] gxd maintained by APC personnel.
The mapping of avalanche terrains was based on:
» Interpretation of aerial photographs with a scdil&:d4 000
» Terrain reconnaissance by on-foot patrols botlumrmer and winter
* Research of old written records in addition to rmfation taken from local inhabitants,
mountaineers and experts

The following parameters were assigned to the stope
o Avalanche occurrence frequency:
l. Yellow — at least once in 6 years
Il. Red-oncein 6 — 30 years
lll. Black —once in 30 or more years

o Geomorphology features:
o Slopes with cliff terrain or with a system of grational trenches, rock walls,
stony steps, talus cones with slope angles above 30
B Morphologically well-expressed steep avalancheigmlwith homogeneous or
more dissected concave zones with distinct avakatrelck
y Less steep homogeneous slopes (including the comves) with rougher surface,
without tree vegetation

o Threat and damage levels:
A. Threat of roads, touristic pathways and passagewdwsllings, buildings and
other human objects, including human lives
B. Damage of forest, dwarf pine and other vegetation
C. Above the zone of dwarf pine, without any damagalpine vegetation

All compact and mainly the plain slopes that weoé segmented vertically with incline 25°
or more situated above the tree-line were classifie avalanche terrains. Slope boundaries
were drawn with full line and the trigger zone waghlighted by hatching, following the fall
line. Very narrow slopes not possible to projectlmmmap as areas were drawn as arrows.
Slope inclinesof the zones of origin, transition and depositwere assessed regarding the
contour lines. These numbers are sometimes noisprand it would be better to reassess the
values using a GIS. Current DEMs allow to calculatae precisely and objectively various
parameters, such as tipeevailing slope orientation altitude, maximum track length,
maximum trigger width, etc. It is also useful to have an informationlocal vegetation
andterrain roughness(seeTab. ).

Exemplar use of GIS as a platform for the collettianalysis and displaying of various
parameters related to avalanching was done byfB&iif
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Tab. 1: Availability of significant geographic panaters and characteristics in Slovakia. GIS = patantan be
determined from a DEM; SLPDB = already availablesiactronic database; M = assigned by Milan [67] an

updated by APC.

S

p

Geographic factor (equivalent in Slovak) Source
Slope orientation (expozicia svahu) M/SLPDB/G
Morphology €lenitog’) M/SLPDB
Threat type (typ ohrozenia) M/SLPDB
Slope angle/incline (sklon svahu) M/GIS
Altitude (nadmorska vyska) M/GIS
Trigger zone width (Sirka pasma odtrhu) M/GIS
Slope maximum length [Zka svahu) GIS
Terrain roughness (drsnbpovrchu) GIS
Vegetation — forest, meadow, rock, with outcropsjlters GIS

(les, luka, skalny povrch, Y¥né kamene a skaly)

Convex or concave (konvexrtoa konkavnot) GIS

At present, the SLPDB database contains avalanidpess for each avalanche mountain
range. The slopes are grouped into so-catiadh valleydor easier processing. The valleys as
well as slopes are numbered, rising in an antikslige direction (seeig. 1). If a “new”

avalanche slope is discovered, then it is drawthéomap with the lowest free number. More
detailed segmentation within a single slope wakzeshby lowercase alphabetic indices (a-z),
which were assigned to marked channels that ddférem the prevailing character of the
slope terrain and these are usually the zoneshigtier frequency of avalanches.

Flg 1 'Sample'map from avalanche cadastre - Mengka dollna HT. Each slope in the main valley is
identified by a number. Within a slope several keaare identified by an alphabetic index. Typiaaguency

(return period) can be distinguished by colourgklaed, yellow).
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2.2 Meteorological data

The list of used meteorological stations is in Ami® A and a map in Appendix B. All
available meteorological factors that influencelanehe occurrence and are interesting for
climate change of snow conditions (Seé. 2 were selected regarding both the experiences of
APC avalanche forecasters and published foreigtiestu

Tab. 2: Selected meteorological variables withsuaitd frequency of measurements at mountainousrstah
Slovakia. MST = mean solar time.

Symbol | Meteorological element Unit Frequency

SD Snow depth cm Daily total 07-07 MST
NS New snow height cm Daily total 07-07 MST
R Precipitation amount mm Daily total 07-07 MS|T
PT Precipitation type (prevailing)] 10 typesab. 3 Daily, 07-07 MST

SWE Snow water equivalent mm weekly

Pl Precipitation intensity mm/h Continuous on AWS
Sl Snowfall intensity cm/h Continuous on AWS
SS Snow surface condition 11 typemak. 9 Daily at 07 MST

T Air temperature °C 07, 14, 21 MST

TX Maximum daily temperature °C Daily maximum

Tn Minimum daily temperature °C Daily minimum

RH Relative humidity % 07, 14, 21 MST

N Cloudiness oktas or tenths 07, 14, 21 MST
SunD | Sunshine duration h Daily total

GR Global solar radiation W/ Daily totals

wd Wind direction 8 or 16 directions 07, 14, 21 MST

Ws Wind speed m/s 07, 14, 21 MST

WG Wind gust speed m/s Daily maximum
Press | Air pressure hPa 07, 14, 21 MST

Tab. 3: Precipitation types reported by observer§lovak INTER report (see [92]) grouped into fdasic
types.

Precipitation type | Code | Description
S?)?i d 7 Only snow
1 Mixed or variation of solid and liquid
M&ed 3 From spliQ to quu?d
4 From liquid to solid
2 Freezing
Liq.uid 5 Drizzle or drizzle with rain
6 Only rain
8 Only liquid or solid showers
< Not studied > 0 Precipitation in vicinity
9 Hail or hail with rain

2 SWE measured on Mondays, if total snow cover dispghcm or more. See Snow water equivalent, p.32.
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The data of the Czechoslovak classification of gyicosituations (patterns) has been
available since 1.1.1946. The most widely usedsdiaation comprises 28 types. It was
developed by a team led by J. Bradka on the bdskess-Brezowsky and Multanovsky
classification [94].

The maximum wind gustecorded for given day was excluded at the beg@qoif stepwise
variable selection, due to low number of recordse Tongest series at Lomnicky Stit was
available only since 1993. Moreover, its statidtismucture is not suitable for regression
methods as the average wind speed.

Precipitation intensityfrom ombrograph records were not available indatbase.

The state of the groundavith snow and someneteorological phenomen@ain with snow,
freezing rain, glaze, rime, blowing or drifting smowere occasionally used during detailed
analysis, when information on snow pack structuas wnportant (e.g. for the assessment of
avalanche indices — see section 2.4.1).

Some meteorological variables important in avalangtediction are measured only shortly,
irregularly or not at all: snow surface temperatulepth of snow on storm board, density of
new snow, settlement of new snow.

In the autumn of 2003, an ultrasonic snow deptls@ewas installed for testing purposes on
the pioneer mountainowitomatic weather statio(AWS) in Jasna. Few years later, another
5 special AWS designed mainly for avalanche foritgsvere installed in the year 2007/08.
These stations are equipped with a webcam, seremods devices for measuring air
temperature and humidity, wind speed and direct®mmgw depth, precipitation, sunshine
duration, snow surface temperature and temperatarésfixed heights above ground (in
winter for snow temperature profile). Four of 5 A¥/Seeded a reconstruction after 2 years of
operation, due to the damaged masts caused bynahaldlast waves and extreme icing with
strong wind.

Also the data from SHMI AWSs were not processedabse they are available only since
1996. However, the data may enable the developofentalanche forecasts with hourly time
resolution in future. This task will need a litdd@ferent approach.

The elementary meteorological variables are intgrnraumbered (e.gV17), so that it is
easier to refer to them:

vi T, V6  Ws V12 RH, V28 NS
V2 T, V7 Wd, V13 RH, V29 SD
V3 T, V8  Ws, V14 RH, V30 SWE
V4 T, vo  Wd, Vi5 N, V3l R
Vs T, V10 Ws, V16 N,

Vil Wd, V17 N,
V35 SunD V36 WG V37  Press V38 GR

2.2.1 Elaborate variables

Beside the basic meteorological variables, alsoesgranlinear, mixed and cumulative
variables were defined in order to improve the stege regression model. These elaborate
variables were taken from or inspired mainly byvw&sl [81], Vojtek [104], and Baggi and
Schweizer [5].
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The variables are internally numbered (&48), so that it is easier to refer to them.

vig T?= (TX - ‘|'n)2 - squared temperature amplitude

— [0...T,=0°C N _ ,
vig T,= T Tsoc positive maximum air temperature
2
+ +
V20 WZ%s= ([WS7] [WZ“] [Wsﬂ]j - squared wind speed (a measure of kinetic energy

for snow transport)

+ +
V21  |ogW:= In([WS7] [WZ“] (WSl +1j- natural logarithm of average wind speed
wind directionis a significant variable, because it is a sigofalany change in synoptic
situation. The problem of numeric discontinuity @amd north directions (e.g. an abrupt
numeric change from 350° to 10°) was solved byoshiction ofwind orthogonal projections
i.e. northWNprojand westWWprojcomponents:

. 27T . (2
-4 WNproj = Wslco§ — Wd V25-7 WWoproj = Wslll -sin| — Wd| |,
\VV22-4 proj P {360 J proj SEE (360 .D

wherei = {7, 14, 21} MST
These variables are an alternativestiowdrift indexthat is already measured by a special
device in some countries.

v32 SDR=SDLR

R
Ns_ N
v33 p NS
SWE
V34 po/n: SRD
R+NS
ZO...TmaX20°C . . '
V39 colday= - number of previous consecutive days with the
Zn...TmaX<O°C

maximum temperature below freezing

0. T<0C
> n..T>0C
temperature above freezing

V40 melday:{ - number of previous consecutive days with the rmea

[SD], -([SD]-[NS])
[SD]

V41 SetRat= - settlement rate
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V43

V44

V45

V46

V47

V48

V49

V50

V51

V52

V53

V54

V55

V56

V59

V60

V61l
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Ns|ogW:[NS]Dn([Ws7]+[\NZI4]+[W521] . 1)

NSW=[N S]dWS7 +[Ws,, J+[Ws,,]
3

NSWZZ[NS][@ [VVS7 ]+[W214]+[W821]J2

Nswsz[NS]té [W37]+[Wzl41+[\’\/821]j3
éRH7]+[RH14]+[RH .1
3
éRH7]+[RH14]+[RH

3

SDRRH=[SDL]R]

SDRRHT, =[SDLR] 2 (7 ]

SDRRHT =[SDIRIF A 7

7]+[RH14]+[RH
3

RT, =[RIT,]

RT, =[R]T]

RI1T, =[R], OT,]

R1T, =[R],OT,]
NSTamp=[NS} [{ T T, 1.)

TTR=([T,1-T,) R, {T]_:T)

2
‘ . . n NS—(i+l) -E—(i+1) + -[:i
COHES= \/Z(Ns(wl) [Q-E_(Hl) + TI ) _ [@ ) ,
i i=0 n

wheren=2 andi > 1

2 3 4
NS3:Z NS, V57 NS4=Z NS, V58 NSS:Z NS,

i=0 = —
SDRRH:= \/[SD]i[R]dRH7]+[R|;14]+[RH 2

NS2W:= ( INS], + [NS]) éWS7]+[\N214]+[WSZl]

NS3W=([NS], + [NS], + [NS) dVV57]+[WZl4]+[VV821]
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Press- Press
Press

V62 APress=

In view of the fact that favourable conditions toralanche release form several days before
the event, each variable V1-V62 was shifted bactinme. Given that 7 days were chosen as
sufficient limit, as a result, more than 400 valgsbwere available for a single station if all
basic elements were measured. By convention, & \ailvariable V1 measured 3 days ago is
referred as 3V1.

2.3 Snowpack and stability

While weather variables can be characteristic fagigmificant part of a mountain range,

snowpack characteristics seems to be more localoahdrepresentative for a smaller area
[37]. Therefore, various snowpack observatiomab.( 9 are currently made and new

techniques (such as stability testsTab. § are being introduced to get tighter relationship
with avalanche activity. The type of snowpack stef@ab. 4 is one of special meteorological

observations performed at the APC stations.

Tab. 4: Snowpack surface types reported by obsefi@m the APC stations or nearby slopes.

Code Description

Powder snow (ski sink easily)

Consolidated or settled

Wind-packed slab (deep sounds during walk)

Ice crust (walk without climbing-irons possiblepfasink through crust)
Ice layer, glaze (walk on climbing-irons necessary)

Frozen firn

Surface hoar

Graupel

Moist (no water flows from snowball when pressed)

Dry

© 0N OB~ WN|F

[EEN
o
Wet

Wet (water flows)

11 Clog snow, melting firn

An example of snow profile can be found in Appendfix Ramsonde is a part of the
measurement.

Tab. 5: Significant elements from complex snow eafbservation.

Symbol Element Unit

p Snow density glcth

PD Penetration depth cm

K Ram hardness kg.m/s

TP Temperature profile °C

GS Grain size mm

GT Grain form (type) 10 basic types
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Tab. 6: Some stability tests used more or lesdduagia to assess the avalanche danger in terrain.

Stability test

Equivalent in Slovak

Test skiing

Test zlyZovanim

Test with explosives

Test odstrelom

Rutschblock test

Zosuvny blok (Blokovy test skizy)

Shovel shear test

Test sklzu lopatkou

Compression (tap) test

Poklepovy test

Stuffblock test

Test spustenim zavazia

Tilt board test

Test naklonenim d@&ty

New method for the verification of avalanche dangeel was developed in Italian Alps by
AINEVA association [95] and [74]. Avalanche dandevel is a result of four different

assessments. One approach is based on combinétiba amount of snow and the type of
snow profile (se&ab. 7).

Tab. 7: Snow profiles classification by AINEVA. Atdviations stand for snowpack stability levels: §oed
stability, M — moderate stability, W — weak statlyili VW — very weak stability. Colours represere ttvalanche

danger level.

Snow profile Snow depth
> 30cm| 60 cm| 90 cm| 120 cm| 150 cm| 180 cm

1 | Ml s | s|s| s
dF IR EENR
4 .1 w ol w | w M " ”
> J < S M M W W
© :l . M M W W W
7| Al s s m | v w i w
9 1 M W W W ” W
10 -1 W wolw W " "
1 ’ . W W M M
12 _J S M W
13 1 M W W
14 'I W
15 J M
o] 2 [
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2.4 Avalanche data

The oldest mentions of avalanches point out thalamches have always represented
significant problem for forests, buildings, infragtture and visitors of Slovakian mountains.
Fortunately, some authors searched for these rajeradic records and collected them:
Bohus [12] completed avalanche records publishefiiuirasi [2].

The oldest records can be found in annuals of tlvegdrian-Carpathian Association, founded
in 1873 to deal with guidance, rescue and prevenitio mountains of Austro-Hungarian
empire.

The first known avalanche record describes growmathache from 1850 in the High Tatras:

In 1850, ground avalanche released from Tupa intoniZska valley, toward
the Popradské pleso lake. It carried along wellsgnogroups of Swiss Pines
and buried a few Tatra Chamaois. [2]

The second record describes an avalanche a qoadentury later:

In 1874, an avalanche that triggered from the wsdgpes of Velicka kopa
(Granatove steny), buried the mountain cottage né&sické pleso lake. [2]

The fifth record includes the day of occurrenceal amen the track length:

1.3.1908: M. Zaruski and R. Kordys triggered an lamahe during the
descend on ski from Polish Ridge into 8wa dolina valley. Track length
was 266 m. Nobody was injured thanks to experiermeshe two
mountaineers caught. [12]

The selection of interesting avalanche records fileerhistorical records inserted into SLPDB
database by the author follows:

Peculiar avalanche records
26.7.1936 — Austrian student (13 years old) pedsiraer theCierny tit peak. He released a
massive snow table when traversing, and was buriddpth.

25.7.1942 — Firn released under the feet of I. alvhen descending from the Strbsky Stit
peak and traversing SW slope above the Okruhleopias. He was drifted down to the
lakefront.

13.4.1946 — an avalanche was released due to tuirsip of signal rockets during military
exercise. The day after, two separate avalanclmsred on the same path within one hour.

Winter 1954/55 — the Chata pod Rysmi cottage wiakyhavalanches twice.
July 1969 — avalanches occurred in High Tatra Biising summer !

6.-10.9.1971 — unusual temperature drop with snibvef@ated conditions for numerous
avalanche releases in the Western and the Higlas édome avalanches rich in snow were of
sizes that do not occur even during a whole wirfibeir lengths were 600-800 m, with debris
heights of 3-5 m.

21.-22.3.1980 — many (60-70) small avalanchesaeffi to endanger a man. Most of the full
depth avalanches released early in the morningatm22¢.
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Winter 1984/85 — a big number of avalanche accgléenting December and January. Very
low temperatures and great temperature gradiergecadevelopment of persistent weak
layers within the snowpack, despite its below-agerquantity

5.4.1985 — the flowing of avalanche in the Ziardkéina lasted for 4 minutes

1*" half of June 2005 — a rapid temperature fall vétrowfall caused moderate avalanche
danger with numerous small avalanches in WestedrHagh Tatras.

5.-11.8.2005 — very cold weather with heavy raindad above 1800 mASL with snowfall,
unusual in August. Snow depth in the HT Mts. wasuall5 cm, but due to the snow drift,
the depth was in places (north slopes mainly) uddt@m. The soil was relatively warm and
the snow was not well bonded to it. This resultedumerous sluffs and small avalanches up
to 450 m.

25.3.2009 11:00 — the largest avalanche ever reddriygered in the Ziarska dolina valley. It
was composed of 7 powder snow avalanches and éstimralume of released snow mass
could be placed on one football field to the heigh870 m (Eiffel tower is 324 m high) [63].

After the World War Il, some basic avalanche paransewere collected from questionnaires
disseminated among tourists and climbers. The syte registration of avalanche accidents
began in 1960’s by TANAP guides and Mountain ResBeevice. However, this archive
contains usually the avalanches associated widmede, injuries or casualties.

Another progress came in 1981 with the Cadastevalanche terrains and their topographic
characteristics [67] that supported significantr@ase in the number of recorded avalanches
(seeFig. 2), which were reported by occasional APC patra$tagers and volunteers.

| N ovalanches [C—3records e====11-r PL 11-r. PZ|
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1913

Fig. 2: The number of avalanches and records irHigd Tatra Mts. with 11-year running averages éased
rapidly in 1979/80. Data taken from SLPDB database.
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The registration of avalanches got easier with @mm@ntation of electronic avalanches
database in 1990s, and this enabled regular andnsgsc processing. Data flows from/to
APC and automation of their processing were andlymeVyparina [111].

The avalanche records since 1991 were loaded frox®® (under MS DOS) into SLPDB
(Microsoft Access 2000 database), which offers teebegraphical user interface and the
amount of data is sufficient for some of humericakcasting methods. The data model was
also changed a little to enable ,many-to-many*“tiefeship between avalanches and slopes. If
an avalanche stroke more slopes, the old data neodéled to assign it only to a single slope.
The new data model (se&ig. 3 comprises principally of three main tables:
aval anches(| avi ny), sl opes(svahy) andaval anche_sl ope(l avi na_svah). The latter
table assigns atime event (i.e. avalanche at fapdche or interval identified by unique

| DLavi na) with a space where the event took place (oneweral slopes,DSvah). The table

| avi ny contains date, time or time interval of avalanokbeurrence and its parameters. The
tablesvahy contains parameters of avalanche slopes groupedatieys and ranges.

lavi

DL avina oo 1 5

wyskyt od | ID5wah (B

wyshyt_do id_nld oo . i
hodina pohorie r pobworie
pinde:x hl_dalina h_dolina
wyska_odtrhu prislo nazov_hl_doliny
celo_nanosu pindexpossible

Expozicia lakalita

aspect pocetnost

sklon_odtrbu morfologia

celkowy_sklon ohrozenie

abjern sl o

oal 52

oas expozicia

0a3 j 54 j

Fig. 3: Relationships among the core tables in SBPD
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There are also another tables according to thesng®e8lPC, and obviously, various forms for
easy data entryg. 4).

B 21332
721992
7215932

1| T

r
r
r
u

Zasiahnuty chodnik v lese nanosem 90 m dibym a 1 m vysokym

<

2841332
JE. I3

i i Rl i e |
IR A Rl

Fig. 4: Form designed for avalanche parametery.entr

27



Revised edition: July 2010

2.4.1 Variables Characterizing Avalanche Activity

Some basic variables characterizing daily avalanabgvity in the High Tatras were
introduced in diploma thesis [104] (winters 1994/951999/00). Some of the definitions
required to be slightly modified here:

Forecasted avalanche danger levgl;] — a real forecast of avalanche danger level
(see Appendix C) issued by APC
Tendency - [Y..] — a tendency of avalanche danger (1l-increase¢adghation, 2-
decrease)
Boolean variable[Y 0] — is 1 if at least one avalanche was recordedalscO if no
avalanche was recorded (including surrounding nmeanmanges)
Snow avalanche water contengtY sd —
0 equals 1 if the trigger (usually of dry avalanche&)s caused primarily by large
portions of fresh snow
0 equals 3 if the trigger (of wet snow avalanche) sassed mainly by increased
temperature or solar radiation (increased snow vatetent)
0 equals 2 in case of combined effects (dry, moist, avalanches)
o0 equals 0 if no avalanche was recorded (includingosanding mountain
ranges)
Number of avalanchedY n] — count of all recorded avalanches; it is O ifavalanche
was recorded (including surrounding mountain rapges
Maximum avalanche track length[Y 4 — maximum length in meters of all recorded
avalanches.The longer dimension (width or length) was takenslab avalanches. In
some cases the value differs (by no more than 308f) really measured value,
especially if extremely long avalanches were reedrin neighbouring Western
Tatras.
Harm index [Y;] — values between 1 = no harm, and 10 = catastaplalanche.
Damage on forest, buildings or paths was considered
Verified avalanche danger level[Yq] — forecasted ¥ that was corrected if the
forecast was not successful. Assessed with preciihalf-degree, e.g. may equal to
2.5 if avalanche danger is 2 in the morning ana thé afternoon.

All the above mentioned variables introduced ie [8990s had to be estimated backward for
a given day by an expert. The aim was to gain a dample with sufficient quantity of
serious avalanche days, i.e. danger level 3 arftehigas in preference (s&eab. 2). Various
data sources were utilized during this estimatioduding even the NCEP reanalysis of 500
hPa pressure field maps, available since 1948 [5*].

% Salway [81] defines relative terminus as a rafiaaual avalanche length to maximum possible aciia path
length on a given slope.
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3. Methods

3.1 Quality checking and homogeneity

Long homogeneous time series (where variationsaused only by variations of weather and
climate) are inevitable for any climate change gtugiven though the data obtained from
SHMI databases undergo multiple revisions, somer&mnd inconsistencies were revealed,
mainly in precipitation database. Some automateditguchecking (QC) rules were applied
on datasets and, whenever possible, the missingkous data were completed/corrected
usually taking data from surrounding stations (mfiee series standardized to average and
standard deviation of candidate station). Aftergattie longest time series of precipitation,
total snow depth, new snow height and mean damperature were homogenized in order to
eliminate non-climatological biases. QC in climawy is a ,never-ending story"“...

3.1.1 Missing/erroneous records

Oldest records in SHMI precipitation database dantavalue only if it was not null.
Therefore the periods of missing measurements nighincorrectly interpreted as periods
without precipitation (drought periods). It was idalsle to eliminate these null records either
by completing the precipitation data with zero eawr by replacing the missing values, in
case of shorter breaks (i.e. a few successive dais)values from suitable reference series.
Unfortunately, longer breaks (i.e. a few monthsigeaause significant loss of information,
so that only the longer part of the time series banused for climatological purposes.
Otherwise, such interpolation would lead to digdrtinterpretation without improved
information value.

Without treating outliers, homogenization and sssoge analysis may render misleading
results [100].

Examples of common errors in data may be: misplaesinal, added digit, reversal of sign
or digits during data entry (e.g. 7 and 1), caekmmpling, reading/writing by observer, etc.
Sometimes it can be confusing, when new snow deygasured ‘this morning’ is written to
yesterday’s date. Merging databases from varioosigers may thus lead to consistency
errors, e.g. if snow depths are written to the adter/before the ‘observation day'.
Comparisons with neighbouring stations are hemwfial importance.

QC rules

Simple QC rules were applied on precipitation datae suspect records were subsequently
revised and corrected, if necessary:

SD< NS; (total snow cover less than new snow; both medsatréhe same time)

SD-SD; > NS; AND R-1 > 0 (increase of snow depth between swsieesdays higher than
new snow)

NS=0cm &PT=7 (only snow) &R >5 mm

(NS; = 0 ORR; = 0) AND SDSD; > 0 (snow cover depth increase without any
precipitation)

The null values were replaced by zeroes accordirtige following rules:

IFR1:=0ANDSDSD; <0 THEN INSERTNS; =0
IF R;> 0 AND SD-SD;<0ANDPT.; =5 or 6 (drizzle or rain) THEN INSERNIS; = 0
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Total snow cover can be estimated from other metegical elements. However, no
snowpack model was used for quality checking.

New snow height can be estimated from its densit) @ecipitation measured in gauge. The
following table can be used for rough estimationnefv snow density, using mean term
temperature I

Tt [°C] <-2 |-1 -0.5.0 | 0..+0.5 |+1 | >+2 | Average (all
records)

rhoNS [kg/m] 95 125 | 140 180 230, 210 100

1 mm of precipitation 1.1 0.8 | 0.7 0.6 04| 05 1

corresponding to NS [cm]

Some quality checking rules on SWE were adoptenh fi®7], while others were developed
for further purposes of this work. SWE values meaguweekly were compared with
estimated SWE values (two methods were used: [83]), and the outliers were especially
scrutinized.

SWE has been measured and recorded in most case®miays since 1971, however, at
some stations the frequency of measurement had éaesy 10 days mainly before the mid
1960s. Occasionally, there were also records fogradays of week.

Monday SWE record was flagged as missing/erroneaden SD > 4 cm and
SWE< 0.01]SL.

The record was flagged suspect when:

1.

2.

SWE< 0 mm orSWE> 300 mm... global limit check

SWE < 0.10SWE or SWE 2100SWE ... maximum interdiurnal change

SWE < SP or SWE >700SD ... density of total snow cover should be fromt@0
700 kg/nt

SWE, -0.350], + R < C... estimatedSWE value is 0 cm or less

0...R,>00NS, =00 SBx 10cr
, whereR', =< else
R—l
It was assumed that when liquid precipitation (aran) falls on snow cover, which is
10 cm or less deep, the rainfall completely flowsp (R, = 0) and does not contribute
to SWE. Rough melting of snow cover is obtainedntwltiplying the positive mean

daily temperatureT,, with coefficient -0.35 [cm/°C]. Refer to ‘tempeuag index
degree-day method’ in [61].

|[SWE - swg+0.3507- H
SWE, -0.3500], + R,
than 25 %.

<0.25 absolute value of relative change should be less
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0
6. SWE- SW_E.>Z R increase in SWE value during a week greater thaekly
i=—6
precipitation amount is suspect, assuming thatipitaion measurements were not
underestimated. More false alarms are generatsthi@dns where considerable amount

of solid precipitation is systematically lost frggrecipitation gauge.

7. SO > SD, 0 SWE< SWE ... increase of SD and decrease of SWE

8. SSTD)>1.1 :\\//VVE ... Increase/decrease of SD and suspicious/inateeqiecrease of
~7

SWE, respectively

9. W,>7m/s and|SWE - SWE- K >500 ... day-to-day change of SWE is 5 cm or
more than estimated variation caused by redistabudf snow by drifting/blowing

All suspect records were verified by human experfudge whether the value is valid or
erroneous. If an erroneous value occurred, theh tia preceding and the following values
were checked in detail, because unreliable obsems@metimes preferred estimating instead
of real measuring of SWE value. Whenever it wasigilde, the missing and erroneous values
on Mondays were estimated and completed, in omlebtain the best weekly SWE time
series as input for the CHMI method [71]. The eation of missing/erroneous values was
based on a combination of two independent methotisgnd [87] fit on valid measurements.

Assuming that snow water equivalent is measuretépsmnally, we can define a measure of
precipitation gauge catchment ability as a ratiavetkly precipitation total (if any occurred
within the week) to the snow water equivalent wgehtrease:

i-7
2R
! SWE- SWE

Finally, the measurement quality coefficie@t"V5"'for a given station was defined as an
average of the weekly ratios, fulfilling the follavg conditions:

i-=7
> R, =1andSWE> SWE
j=i

QSWEW —

Nevertheless, for a given station, the QSWERY7 atdg the quality of measurement, either of
the precipitation in winter or the snow water eglént.

31



Revised edition: July 2010

QC rules

Dry avalanches
An error is reported if the following conditionsediulfilled:

i-3
>R
Yswe=1AND —>35
NS
j=i
In other words, dry avalanche probably does notioidc3-day fresh snow average density is

higher than 350 kg/fNSandR are taken from a set of representative statioretéal within
altitudinal range of avalanche occurrence (e.g012800 mASL in the HT Mts.).

Yswe=1AND F,_>0°C
T is an area average of minmax temperatures comguded the stations Strbské Pleso,

nx

Skalnaté pleso and Lomnicky Stit. The averageudkit(~1900 mASL) well represents typical
starting zones for the HT Mts.

Moist avalanches
Yswe=2 AND (T, > +6°C OR T <-10°C)

Wet avalanches
Yswe=3AND F, <-4.5°C

The relationship betweeYis,. and water content in snow fallen for the previ@udays is
clearly visible inTab. 8

Tab. 8: The ratio of new snow to total precipitati(8-day sums) is a measure of snow density (1979/8
2003/04). Q1 = first quartile, Q3 = third quatrtile.

Y swc DayS Q 1 [N Ss&:ﬂn:& i/alisumSC] Q 3
1 218 9.5% 11.2 % 13.6 %
2 114 7.2 % 9.4 % 10.7 %
3 142 5.1 % 6.8 % 8.5 %

3.1.2 Homogenization

In the view of further climate trends analysis, flelowing criteria were concerned for
stations selection:

1.Stations located at high altitudes,

2.the longest series with minimum number of missimgfeeous data,

3.both precipitation and temperature data available.

Metadata

Some potential inhomogeneities can be detectedttlirfom metadata, if available. These
include station/measurement movement, device exghaor recalibration, change of
observer, measurement method or environment, etcerRly, introduction of snow guns
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might have changed micro-climate and had signifigafluence on winter measurements:
increased humidity and precipitation due to drgtiand blowing snow, higher albedo, etc.
Significance of inhomogeneity becomes apparent vdoempared with neighbouring stations.
However, metadata are often incomplete and someentalk influences causing
a discontinuity might be missing.

Whether there was metadata available or not, thewimg relative homogeneity tests were
performed on monthly and yearly data using AnCloftvgare [99]:

- various modifications of SNHT (single normal homoegity test) by Alexandersson [1]

- Easterling & Peterson [24]

- Bivariate test by Maronna & Yohai [56]

- Vincent method [102]

These tests are performed on merged time serieatect as difference/ratio between time
series from inspectedandidate station andreference series — usually a composite of
surrounding stations. The technique of creatingregfce series is very important. If metadata
files of good quality exists, the detected inhomugees can be easily verified and corrected.

Reference time series

Reference series should represent given climattabgiegion, and can be calculated as
weighted average from the nearest stations. Thghtgeare usually a function of distance or
correlations (seig. 5. Peterson and Easterling [75] suggested calagjdtie correlations
from the series of first differences, becauseimiglates the influence of eventual steps on the
correlation coefficient.
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Fig. 5: Relationship between weights obtained fatepwise regression method and inverse distand&')l&nd
Spearman rank correlations (COR) weights. All wisghere standardized so that the sum of weighta fiven
reference precipitation series was equal to 1. 8 ea poor relationship between IDW and stepwéggassion
weights.
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The neighbouring stations with observing periodeaist of the same length as candidate
station were picked from the union of up to tenraststations (by horizontal distance) and
stations with correlations (calculated from theieserof first differences) exceeding 0.65.
Mean distance among the studied stations was ar8Qrdn. If less than 3 stations passed
through the above mentioned criteria, then addidiamdependent, though shorter, reference
series was created.

The daily reference time series were created advdle linear combination of neighbouring
series obtained from stepwise regression. In cdsprexipitation and snow series, only
records with values greater than zero were includ@d correlation and regression
procedures, and only positive coefficients weralusdinear combination.

When a neighbouring station creating a referencesavas suspect of having a potential
discontinuity within the same decade as the canelisiaries, then another reference series was
used for testing. The influence of eventual inhoeraities in reference series was thus
reduced by using preferably homogeneous neighbgustations in the second (and
eventually in the third) round of homogeneity tegti The typical number of neighbouring
stations creating a reference series was 3 to 7.

Some reference series were finally standardizecaverage and standard deviation of
candidate station:

Y = EC+%(YR_ ER)

, WhereE., Er are mean values , amgd, Dy are standard deviations of candidate/reference
series. Since both series must have normal disiiiuthis standardization was applied only
on temperature data. Afterwards, these series wse for missing data completion.

Snow and precipitation reference series were aoidstrdized.
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Fig. 6: Histograms for daily precipitation amouirismm; station Sumiac and its best reference seXete the
differences on the left part - the x-axis is cubahm intentionally.
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The reference series created by a combination o stations have different distribution than
the candidate station (see histogram above). Z&sescoccur less frequently in such reference
series, because they cover greater area than staglen. These reference series must be
adjusted if we intend to use them for missing dadepletion. Otherwise, some analysis
where distribution of the lowest precipitation vaus important might be negatively affected.

Approving and adjusting inhomogeneities
Potential inhomogeneities detected by tests shoellcbnfirmed by metadata.
The inhomogeneity recorded in metadata was apprdvatleast 2 different homogeneity
tests fulfilled all the following criteria:

1. only significant steps detected in monthly [1-1R}yearly [Y] series are considered

2. step was detected at least for two different tievges (monthly or yearly)

3. maximum error of +/- 2 years in detected inhomogaswas tolerated for tests
When metadata were not available, then at leasiff8reht tests must fulfil the above
mentioned criteria.

There are several methods used for adjusting aepoe. It is necessary to realize the aim and
consequences on characteristics that we are goicgdulate from adjusted series.
Adjustments in this work were performed on dailytajausing a method of percentiles
described by $panek et al. in [100], also called “g-q method”.jégtment coefficients were
calculated using 5 years around the inhomogenaity, they were applied only for those
months where the correlation coefficient betweejusidd and reference series was changed
by -0.005 or more.

Snow depth series can be considered as partly ativeilvariable, and such series are also
called stationary in statistics. When only certanonth is adjusted and others remain
unchanged, there are artificially created stepsimw depth series in the first and the last day
of the month.

Therefore the adjustment was performed on the sefidirst differences, and snow depth
series were recreated back by an integration frese adjusted series.

After the first inhomogeneity is adjusted, the whgrocess is repeated until there is no
significant inhomogeneity detected.

35



Revised edition: July 2010

3.2 Snow climatology

The change of snow climate may positively or negdyi affect the energy and hydrological
balance, local ecosystems, tourism and other hwaogwities in future. This work focuses on
climate trends of some selected snow charactesjstiwostly for the period 1961-2008.
Regular observations of snow began in 1921 after fdundation of MET-service in
Czechoslovakia. Another increase of snow obsergiagions is connected with a boom of
winter sports in 1960s. Given that the precipitatdatabase offers data starting from 1981,
the stations can be divided into 3 groups, dependmthe length of snow depth series (see
Fig. 7).
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Fig. 7: Meteorological stations sorted by altituma be divided into 3 groups, depending on thermigg of
snhow depth observation: since 1ﬁ(lining); since 196£43 (chessboard); and the longest since j:l?@full).

There are various characteristics used in snowattitngy nowadays:
- Seasondlsum/average/maximum snow depth in CE $D,SD, SD,)
- The first (B1, ..., B50) and the last (E1, ..., E50jedwith snow cover of 1, 20, 30,

50 cm and more
- The longest continuous snow cover duration of 1,3 50 cm and more (D1, ...,

D50)

- The number of days with snow cover of 1, 10, 20,50 100 cm and more (NSD1,
..., NSD100)

- The number of snowfall days of 1, 10, 20, 30, 500 tm and more (NNS1, ...,
NNS100)

- Snow depth reached in the minimum during 100 d&B3100D), i.e. 100-th value in
list of daily snow depths sorted decreasingly
- The fractions of solid/mixed/liquid precipitation

* Seasonal in this work means mostly from July toeJu
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The time series shorter than 20 winter seasonsitbrmany missing records were excluded
from trend analyses.

The climate trends are taken as a b-coefficiembflioear regression model:

y =a+ bl , where x represents time. The trends are usuadlgaled per 10-year period for

climatological purposes. The T-test was appliedamefficients to consider the significance
of the trend on 95% level.

3.2.1 Snow water equivalent

Two methods were used to estimate daily SWE vdhloes weekly measurements:
1. The method published byehec et al. [71] uses the following input variables:
- Daily precipitation total (fallen during previoud Bours)
- New snow height (fallen during previous 24 hours)
- Total snow depth
- Water vapour tension (pressure)

2. The simpler regression method by Samelson & Wi8&] [estimates the square root of
SWE by simple regression of four predictors:
- Daily precipitation total (fallen during previoud Bours)
- New snow height (fallen during previous 24 hours)
- Square root of total snow depth
- Number of previous consecutive days with the maxmtemperature below freezing

The sum of squared differences between estimatddnaasured values for the simpler
method [83] was about twice of that for the CHMItheal [71]. That is why the CHMI
algorithm was preferred for estimation. Anyway, gimple regression method was helpful
for errors checking.

Fitting calculated SWE
The SWEnw daily values obtained by iteration method weressgoiently fit to the weekly
measurements SWHising the following procedure:
1. The weekly differences (on Mondays) were calculadSWE, = SWEknum — SWE,
2. Simple linear interpolation between two succesaVE, differences was used to
obtain daily differenceASWE; for other days of the week
3. Daily differences were applied on SWE values calimd by CHMI method:
SWE = SWEyw —ASWE;y

3.3 Avalanche forecasting

Daily avalanche forecast issued by APC is basedn@armation collected from various
sources; primarily on meteorological measurememd abservations, recent avalanche
activity, snow profiles and eventually on snow difgbtests performed on selected slopes.
Meteorological stations concerned here are provie8HMI, MRS and IMGW.

The structure as well as the content of avalanahietin has been changing since the
beginning, principally due to harmonization witthet avalanche services associated within
EAWS. The daily forecast is issued in the morningilu9 AM, and it is exceptionally
corrected if necessary. Substantial informationefach of 5 mountain ranges (HT, LT, WT,
SF, BF) includes avalanche danger level, its exgaetetndency towards the following day and
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character of expected avalanche activity and p®dgoaphical specification. The description
of meteorological conditions with focus on snow eois added in a paragraph.

Avalanche forecast is issued usually from Noventbehpril, and according to the situation
at any time during the year (noteb. 22. If the danger exceeds level 3 of the Internation
avalanche danger scale (see Appendix C), then mgsr@ire issued also via public media.

Statistical methods used for avalanche forecasiregbased on sufficient amount of data,
which were digitized backward for various purposdsthis thesis. The largest dataset
containing daily weather and avalanche data is aaailable for the HT mountains.
Forecasting methods can be divided into groupsrdoup to the several points of view.
Conventional forecasting is intuitive method, whielies almost entirely on the experience of
the forecaster. Despite the progress in computkrdanumerical techniques, the conventional
forecasting seem to be still the most successit). [The disadvantage of conventional
forecasting is the lack of objectivity and the léngf time it takes people to learn techniques
that are based largely on experience. In additioere is an uneven quality and uncertainty
about results that are based largely on humanliggete, intuition, experience and local
knowledge. [59]

The methods can be divided as follows:

1. Conventional (synoptic) avalanche forecasting

2. Numerical (statistical) methods (based on sufficanount of data):
- Discriminant analysis
- Nearest neighbour method
- Time series analysis
- Regression methods
- Neural networks
- Classification trees

3. Deterministic (physically based) methods (experstays based on rules and
relations)

Each model can be modified according to the neédsd-user. As a result of diploma thesis
[104], it was proved that regression parametersilshbe calculated separately for wet and
dry avalanches. Therefore the whole dataset wadedihvinto 4 sets, depending on the type of
avalanches fallen (dry, wet and moist/combined) #ralrest consisting of non-avalanche
days.

The successfulness of the forecasting of avalaandenon-avalanche periods increases when
the whole area is divided into several homogeneswsregions. Subsequently, suitable
variables can be selected and parameters of thelnsattulated for each sub-region [30].
McClung [59] divides forecasting models to regioaall local. The regional ones correspond
to areas of 100 ki(meso-scale to synoptic scale) and heavily reliesneteorological data.
Local forecasting is usually more heavily basedsonawpack data and stability observations
than regional forecasting. This thesis focusesherHT Mts. with total area about 250 km

Numerical method provides an output, which canreaf the following (or a combination):
- the volume or track length of the largest expeetealanche,
- the number of avalanches,
- the probability of the trigger.

Avalanche danger can be assessed as a combindtitinese outputs. The forecasted

avalanche danger leved; (defined in section 2.4.1) was selected as the dogput variable
for the regression method, after consultations whth chief of the APC (J. P@). Although
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the number of avalanches interesting output, the level of danger andnifal effects are
better expressed by the above-mentioned variabdépedtally in spring the number of
avalanches culminates, but their length is not yéw& dangerous nor harmful. Tim@aximum
expected track lengthfyx is also suitable variable, but not so suitablerégression because
of its variability. It should be used in combinatiovith another variable because its
interpretation during non-avalanche days mightdigicsing.

TheBoolean variableY o is suitable primarily for the method of nearesghbours.

3.3.1 Conventional avalanche forecasting

Conventional avalanche forecasting is a synthesal available information regarding the
current avalanche activity, based on experiences t&#ast two consulting avalanche experts.
This method seem to be the most successful, sincexpert takes into consideration also
outputs from existing numerical models. Real awetanexpert will probably never be
replaced by numerical models or by even more coxgtpert systembecause he/she holds
in his/her brain all complicated relations and @&pable to select the substantial factors in
atypical situations (e.g. long-term and persistegk layer variably distributed in space since
the beginning of winter).

Some basic principles were outlined by LaChapell@970 [50] and a decade later in [51].
Also the time-scale of the forecast was descrilde@: day forecast relies primarily on
precipitation, longer forecast is based on expetdetperature, and an outlook for 2 weeks to
3 months is based on persistent instable layersnowpack (e.g. depth hoar). McClung
and Schaerer [59] noticed that the depth hoar eacrdmted at the beginning of winter, when
the first snowfall settled as thin layer on relatwwarm ground is followed by long freezing
period. Gradients greater than -10°C/m createsuiade conditions for the development of
weak layer, which can persist for long time.

On the other hand, experiences alone may not begbnespecially if they are subjective or
distorted. That is why the development of objegteeen not always so precise methods is
valuable. Several mountaineers, being carelesst abeasurements and warnings, have paid
for their belief of “having a nose for avalanchesth their lives.

Patrick Nairz [70] has collected experiences ndtgdeveral authors, which are valuable for
conventional forecasting as well as for creatioranfavalanche forecasting model. A brief
review of the knowledge follows:

Precipitation and snowfall

»The depth of new snow gives a good measure ofjtiaatity of snow likely to be released.
As the depth of new snow increases above 30 cnp,othe probability of widespread
avalanches of significant size tends to increase.”

»~An accumulation rate of 3 cm/h or more sustained $everal hours is likely to produce
major avalanches.”

(Mellor M. (1968): Avalanches. U.S. Army Cold Res#maand Engineering Laboratory, 111-
A3d.)

.First there is the depth of old snow on the sloffethere are 60 cm or more, that is

generally sufficient to cover ground obstructiomstbat it becomes easier for new snow to
slide over them; furthermore, the deeper the snbe,more ammunition it supplies to the
avalanche.”

»30 cm is regarded as the minimum generally neagsgaproduce by itself an avalanche of
dangerous proportions.*

(Atwater M.M. (1954): Snow Avalanches. Scientific&rican, January 1954.)
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»A certain minimum depth, in the order of 70 crmaeguired for the Roger Pass area, to cover
the rocks and vegetation in the slide paths bettoeeavalanche season is established.”
(Schaerer P.A. (1962): The avalanche hazard ewatuand prediction at Rogers Pass,
National Research Council of Canada, Tech. Papet429

JAccess road in the Ziarska dolina valley is sesbuendangered by avalanches (slab and
powder dry), when the sum of new snow heights B=aéb cm or more, after snowstorm."”
[77]

Similar rough rules of thumb can be used for otlieras where avalanches endanger any
buildings, roads, railways, ski-lifts, etc.

Wind

.Prolonged wind strengths of 25 km/h in the westaaand 40 km/h for the centre and east
area are critical. Rogers Pass regior{86]

Air humidity

»A value of 85% or over causes wind packing.”
(Seligman (1936): Snow structure and ski fieldsngpean account of snow and ice forms met
with in nature and study on avalanches and snotvdviaicmillan, London)

.Relative humidity of 80% and over, in combinatith wind speeds of 25 km/h causes the
formation of slab avalanches.”
[86]

Settlement

.In Nnew snow a settlement ratio less than 15% iaths that little consolidation is taking
place; above 30%, stabilization is proceeding r&pidOver a long period ordinary snow
layers shrink up to 90%, but the slab layers mayn&mo more than 60%.”

(Atwater M.M. (1954): Snow Avalanches. Scientifim&rican, January 1954.)

»In general, new snow settlement in excess of 1%-2tdicates a trend toward stabilization.
There is one situation in which settlement is nstadilizing factor. An underlying snow layer
may settle away from a stiffer layer above, evethéopoint of leaving an air gap when the
latter is strong enough to be selfsupporting.”

(USDOAFS (United States Department of Agriculturerdst Service) (1968): Snow
avalanches, a handbook of forecasting and contealsores. Agricultural Handbook No.194.)

Air temperature and water content

~remperature directly influences the snow type. Bmpw normally falls at —4°C and below.
Temperatures above —2°C promote rapid settlemedt metamorphism... A sudden drop
increases the tension, particularly in slab. Thadyal warming of the temperature in the
spring leads to cumulative deterioration of thewrand to heavy, wet avalanches.”

»--.dry snow types normally average 5-8% water, titen the proportion of water in such
snow exceeds 10%, we have a clear warning thatetght may be increasing faster than its
cohesion.”

(Atwater M. M. (1954): Snow Avalanches. Scientéimerican, January 1954.)

40



Revised edition: July 2010

Geographical factors

L. Milan in [67] wrote highly on the importance géographical factors. Holy [39] analyzed
theoretically the influence of topographical comis on avalanche formation in study area
(profile of the Chopok massif). General knowledg® be found in the avalanche handbook
[59].

Elevationinfluences the amount of snowfall and due to loteemperature it takes longer time
for the snow cover to stabilize at higher elevation

Slope orientation/aspealetermines exposure to the prevailing winds anermng solar
radiation. More intense insolation of southern skpesults in more frequent occurrence of
small-sized loose-snow avalanches and in spriflgdagth avalanches. Since the prevailing
winds in the Western Carpathians is northwest,sti@v is deposited mainly on south- and
east-oriented channels. Statistically, the greatesiber of avalanches is recorded on south-
eastern slopes in Tatra mountains [106]. Examplme$o-scale effects can be found in the
HT Mountains, where during certain synoptic sitoa$i the amounts of new snow at Zdiar-
Javorina (north-east part) are considerably diffefieom the rest of stations (mostly on
southern slopes) [104]. In general, the effect mfdnis very variable due to topography, and
there is no simple rule on wind loading on certaientations after a snowstorm. Focusing on
smaller scales, according to the study from Jackklmhe (Wyoming) [60], specific
topography around a given path, not simply aspgecinore important when relating wind
direction to avalanche activity. For example, tieats of ridges funnelling wind and groups
of trees acting as snow fences are more likelyntbst proximate reasons for selective wind
loading at the slide path scale when considerieguttimate effect of wind direction.

Anthropogenous factors

We must take into consideration also the fact, tiwatslope which skiers visit more frequently
are usually more stable than surrounding slopds wiaict snow cover (Wiesinger T., EAWS
meeting in Davos 2005).

3.3.2 Principal component analysis and discriminant analysis

PCA is an orthogonal linear transformation thanhsfarms the data to a new coordinate
system such that the greatest variance by anyqiimjeof the data comes to lie on the first
coordinate (the °1 principal component), the second greatest variansethe second
coordinate, etc. The®1principal component, in other words, is the eigamer with the
largest eigenvalue. The method can be used forlagisg of the problem in a low-
dimensional data space, as much of the varianpessble (using a linear transformation) is
moved into the first few dimensions. The remainidighensions may be dropped with
minimal loss of information. PCA was invented byrKBearson (1901) and generalized by
Hotelling (1933). More can be found e.g. in [16].

For instance, PCA can be applied to visualize thalamche and non-avalanche days in
orthogonal coordinates (first 2-3 principal compatsg so that days with similar weather are
grouped in some patterns.

Subsequently a suitable one-dimensional distrilbbufinctions can be fitted on both data
groups for each coordinate. Let's explain the poblin 2-D space: If a lower and upper
threshold is defined for the distribution, then @fipse for each group can be sketched.
Avalanche and non-avalanche days are thus “trappetiiiin avalanche or non-avalanche
ellipses. The today’s weather can be then displaged single point in data space, and some
criteria can be defined to decide whether it isetdo the avalanche or non-avalanche group.
More details on application of discriminant anadyfr avalanche forecasting can be found in
[13][22][31][72].
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3.3.3 Stepwise regression

Stepwise multiple regression is used here for sele®f the best set of variables that are
related to predicted variable (e.g. avalanche daleyel). The choice of the best predictive
variables is carried out by a sequenc&-oéstsandmultiple partial correlationsare used.
There are 3 possible approaches:

Forward selection involves starting with no variables in the mode}jng out the variables
one by one and including them if they are statdiycsignificant.

Backward eliminationstarts with model including all candidate variabl@hese are step-
wisely tested one by one for statistical significaand eliminated if they are not significant.
Both stepping directions a combination of forward and backward approdedr. further
details, see [58]. All calculations were done bRI8s software.

The dataset was divided into 2 groups:
1.Records older than®*July 2002 — for selection of the best variables fam calculation
of parameters (regression coefficients)
2.Records dating from®*1July 2002 — for testing and verification of modeispresents
circa 25% of all data

Second division into three groups was based onattaanche variable Xyc, which was
created to distinguish the basic mechanisms ofacake formation as well as resulting types
(dry, moist/mixed, wet).

In view of the fact that some variables (e.g. srmpth, SWE, temperature) are seasonally
dependent, another alternative division was sugdestnodels for each month were
developed. Because of the lack of sufficient amadiniata, also one neighbouring month was
used for the calculation of coefficients. For exéanghe name of model obtained from
January-February data can be identified by suffix’:

Variety of models were obtained for each dataset subsequently they were verified on

winters 2003-2009.

3.3.4 Nearest-neighbour method

The method of nearest neighbours (NNB) is sta#iktioethod, where user controls the
process of avalanche forecast. For example, tes m@gt similar to a given situatioare
selected from a period of 20 years. These ten dagge as a basis for decisions, as well as
enabling a control of the accuracy of past avalanobcords. [15] The forecaster can
determine not only the probability of avalanchgdgring, but also an overview of the given
meteorological situation in the frame of historica¢ords.

Essential assumption of the NNB method is that siratlar events are likely to happen under
similar conditions. Based on weather variables,mioglel identifies the most similar days in
the whole dataset and returns the records andralaaactivity parameters associated with
those days. These records help the forecaster ke the final decision. Some of the models
suggest a combination of avalanche parameterddolate the probability of avalanching.
While the principle is quite simple, the problem wsth the definition ofthe nearest
neighbour. In our case, the definition must be\aelifrom suitable set of meteorological

® The method was formulated FRIEDMAN J.H., STUETZLE W. (1981): Projection pursuit regression.
Journal of the American Statistical Association {6817-823).
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variables that are closely related to avalancheigctThese variables will be selected by
stepwise regression.

Recent applications of the NNB method were insgitior this section, for their interesting
approach of optimization and verification. This lempentations were led by Gassner and
Brabec [33] in Switzerland, by Purves [79] in Saotd, and by Cordy [19] in British
Columbia, Canada.

Once we have a set of best meteorological variablesan put them into a matrix. For every
day we have a k-tuple of independent elements, \alatvs us to use a metric such as
Euclideanor Mahalanobig[15]. The distance between individual days cameasured by the
following formula:

Ad = Ax?2.
i

, Where x; are meteorological variables standardized by aobirg the overall mean and

dividing the result by the standard deviation.

In order to compare different batches of data, @splg when dealing with unimodal (single-
humped) distributions, it is practical to use aggnmetry-producing transformation. The most
commonly used are thH&ox-Cox transformations

x' =1
]]DDD]]]DM ¢ O
T(X)=9 A

|n(X) oo = 0

Power transformations witd >1 helps produce symmetry when applied to negatively
skewed data. [112]

The Hinkley d, is used to decide among power transformationsriay and error, by

computing its value for each of a number of differehoices forA. That choice ofA
producing the smallesd, is then adopted to transform the data.

q _|mean- mediar
7 spread

Optimization

A priori probability for avalanche occurrence onean day can be defined s\, wheren is
the number of avalanche days selected frbimnearest neighbours. However, Buser
recommended to mark the forecasted day as avalateohd at least 3 out of 10 days were
connected with avalanche activity. Thus, the wagnavel is driven by critical proportion of
positive neighbours and the optimal threshold mdjfier from region to region.

The method can be improved by introduction of weighvector c; into the definition of
distance between days:

Ad =" cAx®
j

The weights should be set in a manner that the ingsbrtant variables have the greatest
weights. Pearson correlation coefficients can laelus

® Hinkley D. (1977): On quick choice of power tramshation. Appl. Stat. 26, p.67-69
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, and the weights can be normalized by

) 1 )
. or averagec, = .
\/ 2on maxix} 2N
k

k

. ) 1
their maximum C; = —.
X
]

For example, normalization by maximum is suitablesunshine duration, and average can be
used for total snow depth [15]. Purves et al. [é8gd genetic algorithms for objective
determination of weights.

Quite a few variables are seasonal, and this malu@e some suitable nearest neighbours.
For instance, certain threshold snow depth musidhéeved for avalanches to trigger. Once
this value is exceeded, there might be not necg$samake big difference between settled
stable snow of 1 m or 2 m deep. Hence, the dayssmibw depth below this threshold may be
excluded from historical dataset. The influenceedsonality can be eliminated by creation of
model for each month or for each custom season.

A comprehensive scheme including all importantsieporder follows:

Data preparation, QC & completion
(original, derived and mixed variables)
Preliminary analysis — histograms, box-plots, srptbt matrices

Selection of the best input variables into model
(step-wise regression)

Suitable transformations & normalisation
(Box-Cox, logarithmic, by maximum/average)

The definition of distance metric for the nearesghbour method.
Optionally introduce weights (genetic algorithmstrelations, expert ...).

Selection of optimum number of neighbours.
Optimum threshold for avalanche and non-avalanelys.d

In case of sufficient amount of historical recotle NNB method gives satisfying results.
Even if the probability of avalanching is not somms ascertained appropriately, the
avalanche forecaster is supplied with similar situes from the past. Concurrently, the
beginner learns to distinguish the conditions ofiotss types of avalanche formation and
acquires empirical experiences more quickly. Theghts can be adjusted at any time later
after the experienced forecaster identifies situativhen the model is less successful.
Geographical distribution of avalanche activity dam displayed together with the nearest
neighbours, if there is a digital model of avalamdopes for GIS. This is not the case in
Slovakia at present, so only the orientation are&hitude can be displayed, e.g. on radial
charts. Introduction of GIS would offer to bettelentify the influence of various synoptic
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patterns on the distribution of avalanche activiixperience shows, that there are two basic
different situations, depending on the locatioryflone bringing snowfall — from N/NW and
from the Mediterranean (south).

3.3.5 Verification

The overall performance of an avalanche model, kwhorecasts avalanche and non-
avalanche days, is usually presented in contingtalidgs (se&ab. 9.

Tab. 9: Contingency table for avalanche prediction.

Observation/Reality
Avalanche Non-avalanche
Forecast Avalanche Hits False _
Non-avalanche Missed Correct negative

Let H denote "hits", i.e. all correct yes-forecasthe event is predicted to occur and it does
occur, F false alarms, i.e. all incorrect yes-fasts, M missed forecasts (all incorrect no-
forecasts that the event would not occur) and Callect no-forecasts. Assume altogether N
forecasts of this type with H+F+M+C=N. A perfectrdoast sample is when F and M are
zero.

The following fitness metrics are used in this thes

The proportion of correctPC=(H+C)/N, gives the fraction of all the foresashat were
correct. Usually it is very misleading because rgdits correct "yes" and "no" forecasts
equally and it is strongly influenced by the mooenenon category (typically the "no" event).
The probability of detectionPOD=H/(H+M), also known agit rate (HR), measures the
fraction of observed events that were correctlgdast.

The frequency bias BIAS=(H+F)/(H+M), ratio of the yes forecast frequy to the yes
observation frequency; a measure of overforecdstnuigrforecasting.

TheTrue Skill ScoreTSS= H _
H+M F+C

, @ measure of success of categorical forecasts.

The Unweighted average accurachJAA:1 H + c gives equal weights to
2 {H+M F+C

avalanche and non-avalanche hit rates.

Regarding the avalanche danger, there are 5 |ldégele forecasted. For that reason, the
definitions were generalized as following:

The proportion of correct PC*=(H1+H2+H3+H4+H5)/N, where H1,...,H5 are cothgc
forecasted avalanche danger levels (degree 1 ie5}he difference between the forecasted
and the real value is less than 0.5.

Hit rates for individual danger levels: HR1*=F1/O1, a ratibthe number of forecasted (F1)
and observed (O1) avalanche danger level 1. Simiiar other avalanche danger levels.

The proportion of incorrect dangePNCD=FM/N, where FM is the sum of all days where
forecasted value differs from the true (really assd and verified) by 1.5 degree or more.

3.3.6 Visualization of actual avalanche danger on maps

The output of regional avalanche model is usuaillg oaumber for given day. This actual
avalanche danger can be visualized on maps, takiegaccount also some topographic
parameters. Up to now, some inspiring studies ov&ldia has been dedicated to the static
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identification of avalanche trigger areas. With somodifications, the method using basic
operations with map layers can be applied forvibealization of current avalanche activity

on daily basis.

HreSko [40] developed aformula for identificatiaf avalanche trigger areas based on
morphometric indices and terrain roughness:

P(lgeo) = (S+A+E+FF

where: P(eo = geographical probability of avalanche initiatio
S = slope incline factor
A = altitude/elevation factor
E = aspect factor
F = factor of slope shape (based on profile cumeat convex, linear, concave)
R = roughness factor

geo

Barka et al. [7], [8] proposed a modified modelking slope factor as multiplier and
suggested better parameterization of individuaibiac

P(I,,) = (A+ E+ F)(BOR

Moreover, Barka [8] tried to supplement the triggeeas by avalanche paths, derived from
simple model of maximum runout distance.

Comments, ideas and suggestions

Although the geographical factors are beyond tlopesof the thesis, some comments, ideas
and suggestions follow. Once a digital map layeavaflanche terrains and paths exists, it can
be used along with other map layers to visualieeaittual avalanche danger on a map.

A map layer of avalanche paths can be createdjdsmsy the long-term average frequency
of avalanche occurrenég which is available in avalanche cadastre {a®e10.

Tab. 10: Categories of avalanche occurrence fretyuand their percentage in the High Tatra mountaass
obtained from avalanche cadastre.

Frequency of avalanches per year Percentage of slopes (High Tatras
fa>1/6 55 %
1/6 >f, > 1/30 20 %
fa<1/30 25 %

Just for imagination, the maximum frequency of deté avalanches reached 15 in 20 years
on single slope in the Mengusovska dolina, HT Mts.

S factor. Slope incline is the primary terrain factor. Snelffs occur frequently in small
amounts on slopes with 60°-90° [59]. Dry snow anelees initiate where a portion of slope
has an incline 25°. Minimum incline for wet snow avalanches ahis flows is 10°.

A factor. The snow depth as well as avalanche danger ialwalys increasing with altitude —
especially when the strong wind drifts the snow daard to the upper forest boundary. An
altitude itself thus has no straightforward inflaenon snow avalanche hazard. The factor
could be replaced by snow depth map layer.

E factor. Dry- and wet-snow avalanches sometimes trigggraups on slopes with similar
aspect. McCollister et al. [60] proved that deper#eon aspect is not simple because of large
variability of winds within mountain range. Detalleegionalization is needed for mountain
range — sometimes it is possible to limit danges®metor of aspects in given valley. Although
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most avalanches trigger on south-east slopes iHitjte Tatra Mountains, no aspect should be
preferred in general. Implementation of resultaxfrenow stability test$I| performed on
suitably selected model slopes with various aspmmikl be more suitable.

E factor. It is hard to say whether convex or concave aagasnore avalanche-prone. This
factor might be redundant.

R factor. The roughness factor (s&eb. 1) changes as snow cover depth increases. Dwarf-
pine prevents avalanche from releasing only unid fully buried under the snow. This factor
as a function of snow depth should be used instéadnstant roughness map layer.

Tab. 11: Roughness factor set by reclassificatforegetation types suggested by Barka.

Roughness factor | Vegetation type

0.5 Forest (coniferous, deciduous, miXed)

12 Open forest with dwarf-pine rough stony debris aloghe covered by
' lesser blocks

1.4 Deciduous shrubwood

1.5 Open forest

1.6 Dwarf-pine and slope with juts of parent rockler 50 cm

2 Grass areas with sporadic dwarf-pine and snmadl Sliope debris

3 Compact grass areas and rock plates

" Healthy mixed forest is more stable than conifsroudeciduous monoculture. Avalanches may gligéyean
substrate of leaves from trees.

47






Revised edition: July 2010

4. Dissertation objectives

The main objectives of the dissertation were byisthted in the year 2002 and subsequently
these objectives were discussed in details in tlogeqt of dissertation [107]. Here are
summarized the principal objectives again:

1.0Overview of the research from literature
* snow climatology in mountainous regions
* numerical avalanche forecasting

2.Selection of stations and quality control of neaegsneteorological and avalanche data
* Missing/erroneous data completion/correction
* Homogenization of daily snow depth and precipitatione series

3.Create a database for the avalanche warning service
» Digitize historical avalanche records from the pagehives
* Quality control of avalanche data

4.Snow climate characteristics and trends
* Dependence on altitude
* Changes in fractions of solid, mixed and liquidgopéation
e Changes in seasonal regime

5.Develop an avalanche forecasting model/tool
e Collect and select all possible data sources
* Relationship between serious avalanche eventsyarugpsc situations
* Improve the quasi-linear regression model
* Apply the nearest neighbour method
» Verification and comparison of models
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5. Results and discussion

This chapter contains the main results using thinoos described in Chapter 3 and following
the objectives stated in Chapter 4.

5.1 Quality & Homogeneity

This section comprises results acquired from homerg testing and adjusting, which fulfils
the second objective of this thesis. Using AnClioftware [99], some representative
temperature, precipitation, new and total snow liasgties (yearly and monthly) were tested
for homogeneity. Yearly snow depth series were wooted as seasonal sums from July to
June. Finally, 14 stations were selected for tgstwhile temperature measurements were
available only on 10 of them.

5.1.1 Missing data

Tab. 12summarizes missing months that were interpolabedater use. Stations with more
than 12 months missing were not used for the aeati reference series.

Tab. 12: The list of stations selected for homormtmon with periods available and the number of

missing/erroneous months.

Station Period Missing/erroneous

(81-08 means 1981-2008) months

T R NS SD T R NS | SD
Demanovska Dolina - Jasna N/A 81-08 81-08 51{08 N® 0 8
Chopok 55-08| 55-08 55-08 55-08 O 0 0.0 0J0
Jaraba N/A 61-05 61-04 61-0p N/ 63 |29 |29
Krizna 63-00| 63-00f 63-00 63-00 0O |109 |40 9
Liptovska Tepléka N/A 81-08 | 81-08| 21-08 N/A O 0 0
Liptovsky Hradok N/A 51-08| 51-08 51-08 N/A O 0 0
Lomnicky Stit 51-08| 51-08 51-08 51-08 O 0 0.0 0J0
Lukova N/A 81-08 | 81-08/ 81-08 N/A O 3 3
Mutne N/A 81-08 | 81-08/ 21-08 N/A 1 01 O
Oravska Lesna 61-08 51-08 51-08 21-08 O g0 04 0.6
Oravska Polhora - Hlina N/A 81-08 81-08 21-08 N 38 19 19
Partiz.Cupca - Magurka N/A 81-08| 81-08 21-08 N/ 16 4 4
Podbanské 61-08 61-08 61-08 21-08 O 2 3 1
Skalnaté pleso 61-08 61-08 61-08 61-08 O 03 3 5
Sucha Hora N/A 81-08 81-08 21-08 N/A NA O 0
Strbské Pleso 51-08 51-08 51-08 21-08 O 0 G 0.0
Sumiac N/A 61-08| 61-08 61-08 N/4 26 11.5| 115
Tatransk& Lomnica 61-08 51-08 61-08 21-D8 O 12 100 1
Telgart 51-08| 51-08/ 51-08 51-08 O 0 0 0
VySna Boca N/A 81-08 81-08 21-08 N/ 32 |26 |26
Zdiar-Javorina 61-08 61-08 61-08 21-08 O 1 0j1 0.0
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5.1.2 Temperature

Monthly and yearly series of mean temperatureafepresentative stations from 1961 were
tested. Lomnicky &tit, Strbské Pleso and Telgareltata from 1951, Chopok from 1955, and
Krizna only between 1964-2000. Monthly series waoastructed as average of mean daily
temperatures.

Tab. 13: Summary of significant inhomogeneitiesedetd by various tests and metadata in mean daily
temperature yearly [Y] and monthly [1-12] seriesdenotes homogeneous series, date in bracketssbpo
step, but not approved. Column Step flagsrease oDecrease after the date of inhomogeneity.

Station . - .
METADATA SNHT Bivariate [E&P Vincent Approved |Step
5 [Y,5,10]1978,[3]1977, [Y,4,5,6,10] [1\;'78é10]
Zdiar-Javorina  [3,8,9]1979, [8,10]1978, 1975, [9]19’79
[Y,7,10]1984 [9]1979 [9]1979 [7 10]19'84
[Y.3510] o 1011975 (8911974, 1.7.1978 D
Reference 2 1978, [Y’ 911979 ' [Y,4,6]1975, [8,10]1978,
[8,9]1979, 7 ’11]198é [10]1978, [Y,9]1979
[7,11]1982 | [11]1979
station moved in July 1978
e [1,2]1980, | [1,2]1975, |
Lomnicky Stit ry" 1512000 [Y,12]2000 H i
Reference 2 [6,8]1977 - [1,2]1975 -

homogeneous, changed thermometer in 31.7.2001
[2,10]1972, [Y,7]2001, [Y]2001, [Y]2001,
[Y,6,7]2001 [6]2002 [6]2002 [6]2002 H 0
[2,7]1999, [4,5]1996, (1.7.2001
[Y]2001 [Y,7]2001 Y 8]2001 [Y,7,8] 2001
provider changed, observation take-over by probesdimeteorologists since 1.9.1962

Skalnaté pleso

Reference 2

[9,10]1990, [Y,8]1992, [5,6]1993 [Y,8]1992,
Tatranska Lomnidga’,8]1992, [[5,6]1993, [7’9]1994’ [5,6]1993,
[5,6]1993  [[7,12]1994 [’ [7,12]1994 8.71993| |
[9,10]1990, [Y]1988, o
Reference 2 [6]1994, {g]%%i% gé]%]g 189% 4 [1,7]1989,
[8,10]2005 T [6]1994
station moved 8.7.1993
[Y,7]1961,
= . [3,10]1962, [Y]1961, [Y]1961,
Stroske Pleso 112" 0 12110746,7.10] 1968711901 677,101 1062
[10,12]1974
1.1.1961| |
[Y]1961, [Y]1961,
Reference 2 %;f(])}fgéz [10]1962, [Y,10]1961 [10]1962,
’ [6,7]1963 [6,7]1963

station moved - since 1.1.1961 near spa building Ksan-Hviezdoslav
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Station

METADATA SNHT Bivariate E&P Vincent Approved |Step
[9,12]1992, [5,10]1991, [10]1992, [9]1992
= . Y,2,4,7,8] [9]1992, [2,4,6,7,8,9] '
Strbské Pleso 2 ] [Y,2,3,4,
1993, [Y,2,3,4,6, (1993, 7.8]1993

[7,8,9]2006 [7,8]1993 [1,3,11]1994

2.12.1992 D
EaYé}i%géZ [2,3,11]1992)Y,1,5,6,7, [[2,3,11]1992,
Reference 2 [5'678' [Y,1,4,7, 9,10]1993, [Y,1,4,7,
0122006 [911998  [56,7,11]2008,9]1993

station moved - since 2.12.1992 near spa buildingehos
[Y]1970, [Y]1970, [Y]1970,
[6,8]1976, [4]1971,  [4]1971, [4]1971,

Podbanske [5,7,9]1977, [6]1976, [7]1977 [6]1976, y
[1,11]2007 [5,7]1977 5.711977 | 1 61978 O
[4]1978 [Y]1978,  [Y]1968,  |y11978 -
Reference 2 Y.5.8 9’]1979[4,8]1979, [3]1978, (4,5 8]1é79
0 [5,6]1990 [Y]1979 s
station moved 28.8.1963
[Y]1989,  [2,3]1988, [2,3]1988,
Chopok [2,4.011090 [v.5]1989 [12°11989 1y 511089 " 11989 (1)
Reference 2 | [Y,1]1989 | [3,4]1988| [1,5]1989 [agB8 o
homogeneous
Oravska Lesna | [6,9]1999 | - [9]1999 V912000
[6]2000, [6]1986, [6]1986, U
Reference 2 71501 it0s7 V312002 pges (1.9.1999

station moved 20 m north-eastward due to plannedébuild-up 15.11.1989

[Y,6]1975, [5,8]1968,
Telgart [4,12]1979, [Y,10]1976 [Y,10,12]  [Y,10]1976
[7,12]1981 1976

[Y,7]1975, [7]1974,

Reference 2 [Y]1976 [Y]1976

[10]1976  [Y]1976 1.11.1979 -
[4,10,11]1963
[7]1974, 171974, [7]1974, [7,911974,
Reference 3 (Y]1975 [Y]1975, [Y.9]1975 [Y]1975,
[10]197é [10]1976 ' [10]1976
homogeneous
Krizna %%21%%4’ [v,711979  |[Y.6,8]1979 | [Y,7]1979
[Y,5,7]1967, H
[6,7,9]1978, [6]1978, (D)
Reference 2 [Y,2,4]1987, {?ﬁg;g’ [4,6,7]1971 [7]1979, (1.9.1978
[1,4,5,10] [Y,5]1987
1998

low quality of measurements
Test results for Telgart strongly indicate an inlogeneity around season 1975/76, according
to the criteria outlined in section 3.1.2. Finallye inhomogeneity was not approved, because
it is not well-founded in metadata and does noilakkignificant adjustment factor.
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5.1.3 Precipitation

Monthly and yearly precipitation series of 14 regenetative stations starting mostly in 1961
were tested. Lomnicky Stit, Strbské Pleso and Tel@aavska Lesna, Liptovsky Hradok have
data from 1951, Chopok from 1955, and Krizna ordynf 1964-2000.

Tab. 14: Summary of significant inhomogeneitiesed&td by various tests and metadata in precipitatéarly
[Y] and monthly [1-12] seriedd denotes homogeneous series. Column Step ffteyease oDecrease after the

approved inhomogeneity.

Station . o :
METADATA SNHT Bivariate [E&P Vincent Approved |Step
Zdiar-Javorina | [Y]1965 [9]1963 | - H
[10]2005, H -
Reference 2 [12]2006 [9,10]2007([10]2005 |H
homogeneous
Lomnicky &tit [Y,4]1991, [Y,4]1991, [4]1991, [Y,4]1991,
y [3,6]1992 [3]1992  [3]1992 [3]1992
[1]1989, (Y 411991 [Y,4]1991, [5]1990, | 1.4.1991| |
Reference 2 [Y,4]1991 [3]'1992 [3]1992, [Y,4]1991,
[3]1992 [11]2005 [3]1992
possible change in evaluation method
[Y]1962,
Skalnaté pleso  [3]1963, %]11%222’ [5,7]1972 |[11]1964
[3]1964 H -
Reference 2 | [7]1967, [2]19(8L]1962 %3}1838
provider changed, observation take-over by probesdimeteorologists since 1.9.196
Tatranska Lomnidd 511990 1171000 |[v,211973 | [2.3]1992
2]1973 H 0
[Y]1985, i (8.7.1993)
Reference 2 [11]1986 [12]1983 |[3,10]1987
station moved 8.7.1993
Strbské Pleso 1 | [Y]1960 [Y]1961 | [Y]1963 [Y]1961 H 0
Reference 2 | [9]1957 [9]1957 | - - (1.1.1961)
station moved - since 1.1.1961 near spa buildinga&rHviezdoslav
Strbské Pleso 2 Pl(]{&?& 6]1967 Pl(]]llggj’ (Y]1993
V11992, [V]1992 2.12.1992 |
Reference 2 [Y]1992 [1,3]1994 [1]1994 [Y]1992
station moved - since 2.12.1992 near spa buildingekios
Podbanskeé [Y,2]1963 [2]1963 | [6]1967 H H 0
Reference 2 | [2,5]1963 [2]1963 | [6,10]1995 [HHA9 |(28.8.1963
station moved 28.8.1963
Liptovsky Hradok[Y]1994 - [Y]1995 H H 0
Reference 2 | [3]1975 [3]1974 | - [3]1974 ((19.9.1995

station moved 10 m southward 19.9.1995
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Staltl/lcng ADATA SNHT* Bivariate [E&P Vincent | Approved |Step
[11]1958,
Chopok {\5(111(]3]133:531 [1]1961, [Y,3]1987, [9,11]1958
i " [Y,3]1987 [2]1988 [3]1987
[Y]1987 H
[2]1988 (1.3.1987) )
Reference 2 [iiogs, (11988, [Lajoen. |
[2]1989 1 [Y]
Homogeneous
Deménovska [7,11]1994,
Dolina - Jasna  [Y]1995 [YI1995 - H Ho T
Reference 2 {\7(]11513]9159 94, [Y]1995 |[7]1997 - (1.3.1994)
observer changed 1.3.1994
[Y]1989,
Oravska Lesna [4]1991, - [Y,7]1988 |[12]2004
[11,12]1957 H ]
[4]1962,
Reference 2 [4,11]1963, [11]1963 |[1]1983 H
[Y]1964
station moved 20 m north-eastward due to plannegddbuild-up 15.11.1989
Telgart - E E |H | H =
homogeneous
[12]1974, [8]1974,
Sumiac [2]1975, [2]1975  |[11]1976 [Y]1979,
[2,3,11]1976 [11]1978
H -
{g]]llgggg | [11]1990,  1\11979
Reference 2 ' [2]1975 [1,8]1992, !
[2]1975, (1211091 [11]1978
[11]1977
station moved 1.11.1990, observer changed 1.12.1992
Jaraba [Y,1,2,5,12]1986[1,8]1986 [1,3,5]1986 [6]398 H )
Reference 2 | [3]1965 [11]1962] [Y,9]1966 [11]497
station moved 1.10.1990, many missing data
Krizna H,’j]]jl_-ggg ' [Y,6]1967 [1,4,11]196*»—1
H
14]1966, Ho?]lg%o (1968) | °
Reference 2 [Y,1]1967, [Y,6]1967 " H
(1111968 [11]1978,
[12]1977

low quality of measurements

The vast majority of steps result in increased ipittion totals after the inhomogeneity (note
column Step inTab. 14. Generally, increasing trends of the precipitatimight be partly
caused by the improvement of gauges and measurenshod. Moreover, the stations were
usually relocated to an environment where bettéchtaent of precipitation was expected.
These facts are very important for climate trenalyses.
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False significant step was firstly detected at Laky Stit station in 7.10.1959, when
precipitation gauges moved 3 m higher on uppeaterr This inhomogeneity proved to be
insignificant after the station Strbské pleso (withssible step on 1.1.1961) was removed
from neighbouring stations creating the referererees.

Significant increase of precipitation at Lomnickfit Smight be caused by a scientific
conference held in 1990s in Stara Lesna, where unemgnt methods at this peak station was
criticised. (P. Fasko, personal communication) Bbbp some improvement on the
precipitation gauge or its environment was made.

5.1.4 New snow height

Monthly and yearly new snow height series of 13@spntative stations starting mostly in
1961 were tested. Lomnicky &tit, Strbské Pleso @sthart, Oravska Lesna, Liptovsky
Hradok have data from 1951, Chopok from 1955, aridri& only from 1964 to 2000. Some
data available only in paper archive were not ssed, for example new snow height in
Strbské Pleso was observed since 1927.

Tab. 15: Summary of significant inhomogeneitiesedestd by various tests and metadata in new snoghhei
yearly [Y] and monthly [1-12] serie$l denotes homogeneous series. Column Step Flagease obDecrease

after the approved inhomogeneity.

St&tllzop ADATA SNHT* Bivariate |E&P Approved |Step

S . [[2]1989, [5]1991,

Zdiar-Javorina [10,12]2007 [11,12]1966 H )
Reference 2| [Y,2,3]1972 - [3]1974, [4]1976
homogeneous

Lomnicky §tit | [1,4]1989, [1]1991 g]]llggggg’ [Y,1]1989

H
1]1962, 4]1963 |
Reference 2 %4]10]1964 4] [Y,4]1994, [[1]1988, (1.4.1991) ()
[3]11991, [11]1993 [411995  [8]1991
changed evaluation method ?

Skalnaté pleso | [Y]1972,[Y]1969 | - [Y]1972, [1]1974
Reference 2 %5]31]91357 2['3]1976 [V,1]2005 |[4,5]1976 H ]
provider changed, observation take-over bygzgionals since 1.9.1962

Tatranska [12]1972, [Y]1973[1\872é12] [Y,3,12]1973,

Lomnica [3]1974, [Y,4]1994 [3]19’7 4 [3]1991, [Y]1992

[2,1211972, 1y, 5 3 11 1211073 (1é17.11997§3) E)
Reference 2 [3]1972, [Y,2]1973[Y]1973, [1(’)]’19’90’ A
[4]1992, [4]1993  [[3]1974, 111994 ’
[1]1975 4
station moved 8.7.1993

= . [3]1971, [3]1972, [[1]2005, [4,10]1976,[12]197Q,

Strbske Pleso |y 411992 [12]2008  |[Y]1993 H )
Reference 2 11:1111990, [2]1964, |[2]1967, (2-12-1992)(

[4]1993 [Y]1965 [12]1971
station relocations: 1.1.1961 and 2.12.1992
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Station

METADATA SNHT* Bivariate [E&P Approved |Step
Podbanské [Y]1965, [2]1966 | [Y]2000 [Y]1975
Y]1979, Y,1]1979, H -
Reference 2 %9]]1997, [yjio0s |[Y11998 {Y]1]995, [3]1993
station moved 28.8.1963
Liptovsky [Y,11]1981, [3,12]1977,
Hradok [Y]2007, [10]2006[5,11]1963 ([4]1979,
[4]2005 [Y]1981 H -
11]1963, 11]1962, [[10]1973, [4]1975,
Reference 2 %10}1966 %12%1963 {Y]iggs .
station moved 10 m southward 19.9.1995
Chopok [5,11]1992, [Y]1969, [2]1973,
[4]1979, [Y]1980 [10]1974, [Y]1980 H )
Reference 2 [Y]1972, [10]1970Q, [Y]1969, [11]1971,
[Y]1993, [11]1992 [Y]1980
homogeneous
Deménovska
: 1,3,11]1991,
[?‘f]'g‘:r‘lé %Y]199%, [1,3]1993 | [Y]1993 H 0
Reference 21Y11987,  [Y]1995| [Y]1987, (1.3.1994)
[11]1992, [4]1993 [11]1988
observer changed 1.3.1994
Oravska Lesna %\1((])}19329 (3]1967 [Y]1980 H )
Reference 2| [Y,2,3]1966 [Y]1966 [Y,3]1966, 1967
station moved 20 m north-eastward due to @drirouse build-up 15.11.1989
[1]1965, [12]1966[2]1965, [1]1966,
Telgart [3]1967, [3]1966, [3]1967, H
[Y]1994 [Y]1967 [Y]1997 (1.4.1966) (D)
Reference 2 [Y,3]1966, [Y,3]1966, [Y,1,3]1966 -
[Y,12]1982 [11]1981 =
homogeneous
Sumiac [Y,12]1993,[10]1965 [4,10]1966, [Y]1980

Reference 2

station moved 1.11.1990, observer changed 11992

[11]1977, [Y]1979

[3,4]1968,1Q70

Krizna

[2,3]1973,
[Y]1993, [4]1992

Reference 2

[4]1966, [2,12]1967

[11]1967

[Y]1995

about 2 % months missing

[1]1993

Vincent test showed to be not suitable for NS abDch8mogeneity testing.

The year 1972 was extremely poor in new snow — fhight cause a few-years shift in

detected inhomogeneities, e.g. see Tatransk& Lamnic
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5.1.5 Snow depth

Monthly and yearly snow depth series of 20 repried®m® stations starting in 1921 were
tested. Lomnicky Stit, Liptovsky Hradok, Demanovsidina - Jasnd and Telgart have data
from 1951, Chopok from 1955, Skalnaté pleso andiSafiom 1961 and Krizna only from
1964 to 2000. Due to its lucrative elevation (186ASL), also the snow depth series from
Lukova pod Chopkom station was added to homogeaizahough it started only in 1981.

Tab. 16: Summary of significant inhomogeneitiesedttd by various tests and metadata in new snoghtei
yearly [Y] and monthly [1-12] serie$] denotes homogeneous series. Column Step Fraagease obDecrease

after the approved in

homogeneity.

no metadata

Sta&oErlr ADATA SNHT* Bivariate E&P Approved (Step
5 diar-Javoring 1311974, [12]1987, [[12]1936, [Y]1937,
[Y,1,2]1988,[1]198¢2,3]1999  [1]1988 y ]
Reference 2 1011936, [12]1971Y,3]1973, [12]1936, [Y,2]1938,
[Y]1972, [3]1974 [Y]1995 [10]2004, [4]2006
homogeneous
Lomnicky §tit | [Y,2,3,4]2000 H}gggg’ [Y,2,3]2000, [1]2001
Reference 2 | [Y,2]1988,[10]2008,3]1998 |[4,5,6]1998, [10]1994 -
[Y,2,3]1988, [1,12]20086,
Reference 3 11515006, [1,3]2007Y 312007  [2-611990
changed evaluation method ?
. [Y,1,2]1963, [1,2]1963, [3]1978,

Skalnate pleso |\'5'3 1078 [v.3]1978  [v,2]1985 H1 0.1962) ()
Reference 2 | [1]1963 [1,2]1963 | [1,10]1991 Nud
provider changed, observation take-over bygzionals since 1.9.1962

Tatr. Lomnica | [Y,2]1994 [Y]1994 [4]1992, [Y]1994
Reference 2 | [Y,2]1994 [Y,2]1994 | [2]1994 8.7.1993 D

1.1.1973)(D
Reference 3 | [10]1992, [Y,2]19642%72  [v]1973 ( (D)
1973
station moved 8.7.1993

Lipt. Teplicka  |[3]1933 - [2]1968, [11]1969 |, ]
Reference 2 | [Y,3]1937 [Y,2]1925 | [11,12]1949
no metadata

< ] [11]1961,

Strbské Pleso [Y]1093, [1]1991 [4]1992 [11]1964, [Y]1993 H 5_)

[10]1963, ] (2.12.1992
Reference 2 (411992 [1]1990, [2]1993
station relocations: 1.1.1961 and 2.12.1992

Vy3na Boca - - [10]1944, [1]1946 | ]

Reference 2 | [Y,12]1934 - [Y,12]1934
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Station " .
METADATA SNHT Bivariate E&P Approved (Step
) [Y,2,3,4]1926, [2,3,12]1940,
Podbanske [12,2,3]1940 [Y’2’3'4]1926t1]1941
[10]1926,[2,3,4]1927
Reference 2 | [Y,3,4]1926 [Y,2]1924 (1,12]1941 1.2.1926 | (D)
[2,4]1925, [12]1926,
Reference 3 | [Y,1,2,3,4]1926 [Y.3]1926  [Y.2,3,4]1927
station moved 28.8.1963, no metadata befos® 19
Liptovsky Hradok[11]1962 - - . ]
Reference 2 | [3]1996 - - s
station moved 10 m southward 19.9.1995
Chopok [3,4,5]1986 [10]1986 [3]1985, [5]1986 |, ]
Reference 2 | [5]1986 - [12]1961, [1]1963]
homogeneous
Lukovéa [Y,4,5]2004 [Y,4]2004 | [2,5]2004 1.8.2003 | (D)
Reference 2 | [Y,4]2004 [Y,3,4]2004 [Y,2,3,4,6[&
relocation + changed environment on nearblsiges (snowdrift changed)
Demanovska 1y 31995 : [Y,2,3]1995
Dolina - Jasna
Reference 2 | [Y,1]1995 [1,11]1995 1.3.1994 | -
Reference 3 | [Y,3]1995 [3]1995 [Y,3]1995
new observer since 1.3.1994
PartizanskalCupcd[Y,1,2]1952, [Y.1,2]1952 |[Y,2]1952, [1]1953
- Magurka [5]1953
1,2.3] 1.2.1952 ||
Reference 2 | [2]1952, [Y,1]195 9’5é ' [2]1952, [Y,1]1953
no metadata
Oravska Lesna [1]1925, [Y,1,2]1925, [1]1928,
[Y,2,3]1943 [10]1942  [2]1944,[Y]1945 |,
[1]1925, [2]1926 [10]1926, i (D)
Reference 2 110j1041, (411943 | 121925 11071042 [1]1045 %ﬂgig (D)
Reference 3 [Y,2]1926, [Y,2,3]1925 [1,2]1927,  [¥]1928,"™
[4]1945 e [4,5]1943
professional station established since 1.13194
Muatne i [Y,1,2]1924 | [10,12]1927
[2,10]1926, [10]1926, H -
Reference 2 [Y 211969 [Y,2]1969 211969
no metadata
Oravska Polhoffa/,3]1929, [Y]1998, [3]1997,
- Hlina B(],fédé];g% Eﬁggg [1,2]1998 13.1997 .
Reference 2 [Y.4]1998 [Y.2]1998 [Y,2,3,12]1943

no metadata

Sucha Hora

[3]1953, [Y,2]195

B -

[3]1953, [Y]1955

Reference 2
no metadata

[Y]1998

[11,12]1926
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Station . o
METADATA SNHT Bivariate E&P Approved [Step
. [Y]1967, [Y,11]1967,
Telgart (1]1068 [1]1968 [Y,1]1968
[Y,2]1967, (1.2.1967)| (D)

Reference 2 | [Y,2]1967 [1]1968 [Y,2]1967

Reference 3 | [1]1989, [Y]1992| [Y,1]1968| [11]B96Y,2]1992
homogeneous

[1]1980, [2]1981

Sumiac (Y]1983 [3]1983 [Y,2,12]1980 H ]
Reference 2 | [Y]1982 - [Y,1]1979
station moved 1.11.1990, observer changed 11992

Krizna [1]1990 [11]1967 | [Y,1,2]1991 H D)
Reference 2 | [1]1991 [11]1967 [Y,1,3,10]1991 |(1.1.1991)

about 2 % months missing

Note: According to the metadata, the station inv&ka Lesna was re-established in 1st
January 1943. However, some of the tests suggestmdl1944 or 1945 as a first year with
inhomogeneity. The period before 1943 has higherage than the period after, but the
winter season of 1943/44 was extremely rich in s@aod this might brought about one- or
two-year shift. Anyway, this year was not finallypaoved as inhomogeneity.

5.1.6 Adjusting

Since the snowfall is a function of temperature pretipitation, the inhomogeneities should
be consistent. Refer ttab. 17 where the resulting summary of detected inhomeiges can
be found. There is also indicated an increase/dserao step after a possible discontinuity.
The dates in brackets are possible inhomogeneitias were not adjusted. Approved
discontinuities to be adjusted are highlighted wiit& most probable reason.

Inhomogeneities were caused by the following ressdd station relocations, 2 observer
changes, 1 change in observation method, 1 changevironment, 5 unknown occasions.
Jasna and Lukova stations are located in a skitre$ere systems for making technical snow
were installed. This additional snow causes localling so that it is easier also for natural
snow to deposit.

Strbské Pleso, as a representative mountain staitbnmetadata of good quality, is a good
example. The first relocation (1.1.1961) presertrexislope orientation but the elevation was
raised by 25 m. As we may expect, an increase @tipitation at higher altitude was
confirmed. Surprisingly, the temperature generaityreased after the relocation due to local
environment and climate effects. The new site wasenoften exposed to warm southern
winds. Consequently, the general increase in pitatipgn was a little compensated by higher
temperature (which means decrease in solid fraafoital precipitation). That is why the
tests did not marked the year as significant step.

Current location (since 2.12.1992) is nearly atghme altitude but is better sheltered from
warm southern flows. Moreover, notice that due hes tsignificant inhomogeneity the
temperature decreased and precipitation incredtadlae relocation. Again, according to the
approval procedure (refer to page 35), no sigmticgahomogeneity was detected in new
snow nor in snow depth. Despite the fact that #sst suggest only insignificant or no
inhomogeneity, this one was finally approved.
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Tab. 17: Summary of detected/possible inhomogeseithatwere (weren't) adjustedn time series of air
temperature (T), precipitation totals (R), new srfeeight (NS) and snow depth (SD). H=homogeneoussser
N/A=not available.. Arrows represent increase/dasee after the inhomogeneity. Inhomogeneity reasons:
L=relocation, O=observer, M= method, E=environmé&hktunknown reason.

Station T} R NS = SD
Zdiar-Javorina| 1.7.1978: V | L H P H H
Lomnicky Stit H | 1.4.1991 A ‘M [(1.4.1991) A H L
Skalnaté pleso| (1.7.2001 H H ¢ [(1.9.1962) v
Tatr. Lomnical H @ H | [1.1.1973 v U|[(1.1.1973) V
Tatr. Lomnica 2 8.7.1993 A | L | 8.7.1993 A /L |8.7.1993 - L | 8.7.1993 Vv L
Strbské Pleso 11.1.1961' A ' L | (1.1.1961) A H H o
Strbské Pleso £2.12.1992 V| L | 2.12.1992 A | L [2.12.1992 A ' L | 2.12.1992 - L
Podbanské (1.6.1978% = [(28.8.1963)A H 1.2.1926 |V ' U
Liptovsky L L T —
Hfa op y NA - |(29.9.1995)A Ho H
Chopok (1.1.1989)A | | (1.3.1987) H H
Lukova N/A N/A N/A | 1.8.2003 ' V LE
Jasna N/A 0 [(1.3.1994) A [1.3.1994 A O 1.3.1994 - O
Magurke N/A NA NA 1.2.1952 A ' U
1 1 1 1 1 1 H 1 1
Oravska Lesng (1.9.1999) H H | [(1.1.1926) V.
P P 0 (1.1.1943) v !
Hlina NA NA NA 1.3.1997 - U
Telgart 1.11.1975--- U H = [(1.4.1966) Vv |(1.10.1966)V '
Krizne (1.9.1978) Vv | (1968) - H | [(1.1.1991) v
Mutne N/A N/A N/A | H
Jarabé N/A H N/A 0 ](1.1.1981)
Sumiac N/A | H H | (1.1.1981)
VySna Boca N/A | H L H | H :

5.1.7 Discussion

Homogenization is not simple task. Especially isecaf snow cover data, where the spatial
variability is greater than that of precipitatio® change in snow regime due to
inhomogeneity is hardly visible also on time grapiisnonthly/annual totals, because they
are too small in comparison with natural climatiterannual variability. The approval of
detected inhomogeneities was therefore set up rraghrectly, with the accent put on
significance and metadata.

Although the test results were processed usingctieria described on page 35, the final
decision remained subjective. For example, therghtien at Skalnaté pleso station was not
professional in first two years. The change ofistaprovider might be a significant change,
even though the tests did not proved it. It is galheproblem in both detecting and adjusting
those inhomogeneities, which divide the time senés very short parts. Also the precise
date of inhomogeneity without metadata can be estimated in terms of years, even if we
use more than one reference series.

We must be careful especially on discontinuitiesecked near 1951 and 1961, when the
whole station network was reorganized, methods edsurement were unified and regular
monthly revision begun. The methods and instrum@éntgrecipitation measurement since
1921 were quite homogeneous (M. Lapin, personainconication). Another station network
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reorganization during 1990s is related to introdurctof automatic weather stations and
division of Czechoslovakia.

The reference series of high quality are cruciatyportant for homogenization. There are
only few time series available since 1921 for cardion of the first-class reference series.
Also, it is difficult to create NS and SD referersaries without having neighbours of higher
altitude. The situations when it snows at highatish, but rains on all its neighbours are
frequent usually in spring-to-autumn months. Despghis, we considered such reference
series as sufficient enough for the purpose of nmbgeneities detection. During the
homogeneity testing of NS and SD series, some rhos#ries were not considered, if they
(or their reference series) contained more than 50 values in the whole period. For
example, probability of no new snow occurrencessIthan 30% in August on the Lomnicky
Stit. However, both July and August were not cogrgd for this station, because its closest
neighbours have probability of no new snow occureemore than 50% in these months.
Unlike detecting, the adjusting of the NS and SDieseof a peak station without an
appropriate reference series would be very prodiemdhe correction coefficients for
spring-to-autumn months couldn’t be calculated extty. The only solution is to prepare a
better reference series, using also other metegicalbelements (e.g. hourly ombrograph and
temperature data) or use an output from a numesieather prediction model.

The adjustment applied on data may be affectechbynumber of years (before and after
certain inhomogeneity) used for the calculatiorc@frection coefficients. Referring ty. 14

we may notice that a decade rich in snow can bewed by a decade poor in snow.

Although this natural climatic variability is “fi#red” by the use of merged series for the
correction, somewhat similar unbalanced periodegsent in merged series, too. In general,
the more years are used for calculation of the stithg coefficients the more credible the

result is, providing these years belonged to a lgemeous subperiod.

Huge windstorm on f®November 2004 remarkably changed the environnmetits HT Mts.
The foothills were seriously struck by a violentwatslope wind. Despite this widespread
forest calamity, the homogeneity of T, P, SD and9¢8m not to be affected significantly at
the selected stations.

5.2 Climate trends

Climate change is often discussed among peopleadbus generations, but the human

perception is influenced by subjective feelingsisT$ection offers rather objective results of

recent trends of various characteristics listedention 3.2. Some of them can be compared
with a little older trends published in [109].

The results are here shown mainly on homogenizeljugieed if necessary) data, but

sometimes also results from unadjusted inhomogenelmta can be found in order to

emphasize how particular inhomogeneities may imibgeclimatological analysis.
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Temperature
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Fig. 8: Yearly averages of mean daily temperataras 11-year running averages from the Podbanskér-Zd
Javorina (adjusted), Chopok, and Lomnicky Stiticstest

There is a remarkable increase beginning in e&804, but the trends were calculated since
1951/61 up to 2008. The yearly averages of medy tanperatures tend to increase up to
0.35°C/10yr (Podbanské). This warming is significat all stations, except for Zdiar-
Javorina with increase of 0.1°C/10yr.

However, there is a weak seasonal cooling (up @6°C/10yr on average in September) or
no trend in autumn months, while the most signiftoaarming is most clearly pronounced in
January (0.5°C/10yr), May (0.4°C/10yr) and July383C/10yr), if we consider average
trends of homogeneous stations.

0 ‘ : : : ‘ : ‘ : : :
1951 1961 1971 1981 1991 2001
-2

SP-JAN

SPH-JAN
-10
°C

12 -
Fig. 9: January averages of mean daily temperatumdsl1-year running averages from Strbské PleBalAN
unadjusted and SPH-JAN adjusted.

The overall trend for January in Strbské Pleso @eed) was changed from 0.2°C/10yr to
0.4°C/10yr after homogenization.
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Precipitation
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Fig. 10: Yearly sums of daily precipitation totdfam] and 11-year running averages from the Lomnigky
(adjusted), Zdiar-Javorina, Chopok (adjusted) amahi&c stations.

Generally, precipitation totals at most of statitersd to increase significantly since 1951/61
up to 2008. The greatest increase is 59mm/10yra(Zthvorina), or even 76mm/10yr
(unadjusted Lomnicky §tit) if we considered alsdomogeneous data. The maximum
reduction of yearly totals reaches -48 mm/10yr sijd Tatranska Lomnica) and —
46 mm/10yr (Sumiac). Trends at Chopok are strordgpendent on period chosen for
calculation: 1955-2008 decrease (-24 mm/10yr),E9&1-2008 increase (19 mm/10yr).
Trends by months revealed the highest rise in datiy March (4 mm/10yr on average), while
the drop in June and November was on average -3laman/10yr. The typical distribution of
precipitation throughout the year tends to charigeeamost in June-August period.
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Fig. 11: November precipitation totals and 11-yeaming averages from Lomnicky &tit, LS-NOV unatias
and LSH-NOV adjusted.

Increasing trend of 10mm/10yr was changed to deere&-16 mm/10yr due to adjusting at
Lomnicky Stit in November (sesg. 11).

64



Revised edition: July 2010

New snow height
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Fig. 12: Yearly sums of daily new snow heights [camld 11-year running averages from the Lomnicky Sti
(adjusted), Chopok, Skalnaté pleso and Telgaruéaeql) stations.

With the exceptions of the Chopok (-31 cm/10yr) dmdigart (-14 cm/10yr) stations, which

have shown a significant decrease and the Lomnitiy (49 cm/10yr), Skalnaté pleso

(37 cm/10yr) and Tatranska Lomnica (16 cm/10yrji@ta which have shown a significant

increase, the remaining stations have recordedrigiantly increasing trends in yearly

snowfall totals, in the period 1951/61-2008.

Trends by months revealed slight rise in March ogember (3 and 2 cm/10yr on average),
at the expense of December (-1 cm/10yr).
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Fig. 13: December snowfall totals and 11-year rograverages from Tatranskd Lomnica, TL-DEC unadglist
and TL-DEC adjusted.

Snowfall reduction of -5 cm/10yr changed to inceead 3 cm/10yr due to adjusting on
Tatransk& Lomnica in December (s&g 13).

Snow depth

Seasonal average of daily snow depths was caldufateéhe period from July to June.
Considering the period 1921-2008, there is no Sgamt trend in yearly average snow depths
and the values varies from -0.35 cm/10yr (Oravsésni) to +0.43 cm/10yr (Zdiar-Javorina),
and significant increase was only at the latteiiagtan November and December.

If we take into consideration the period 1951/6D&ahen overall reduction of average snow
depth was identified (up to -1.35 cm/10yr at Skidngleso), except for Lomnicky Stit with
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significant increase of 10.55 cm/10yr. This statii@mds to lose snow insignificantly in
November and December (-6.8 cm/10yr) at the expehsgpiite significant increase from
February to June with maximum rate of +49.7 cm/li@yApril. Other stations are losing
snow a little from October to February, but in Matbe trend turns to increase at Chopok
(the second highest station) and in April at stetiabove 1100 mASL.
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Fig. 14: Seasonal averages of daily snow depth$ g 11-year running averages from the Chopolgské
Pleso (adjusted), Zdiar-Javorina, Oravska Lesrd Lgrtovsky Hradok stations.
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Fig. 15: January mean snow depths and 11-yearngrmierages from Partizanskapta — Magurka, PL-JAN
unadjusted series (with inhomogeneity in Febru®%2) and PLH-JAN adjusted.

The greatest change in trend due to adjustmentoaasected with the inhomogeneity in
1.2.1952 at PartizdnsKaupca — Magurka station, where the increasing tren@® Oc@/10yr
turned to be 0 (no trend) in January average srepthd seeig. 15).

The average annual course of snow depth is chamgimgrkably mainly at the peak stations.
The annual maximunis shifting to later dates: taking the period 1@&)-81 and 1982-2009
we can see considerable shift froff ®larch to 15 April at Lomnicky &tit and from
17" March to 3% Marchat Chopok Kig. 16).
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Fig. 16: Annual course of snow depth [cm] at theninicky tit (LS, 2635 m a.s.l.) and Chopok (CH, 200
a.s.l.) stations. Note the different shapes in $wecessive averaging periods and shifting of anmaaima.

Seeing the fact that snow cover is a function cfcymitation and temperature, we can
determine the trends in snow using a contour gfapérig. 17). In this case, the contours are
based on the current long-term averages of tempergbrecipitation and snow depth values
from selected stations. When we apply the curnemids of precipitation and temperature to
estimate the values some 10 and 20 years in futtgesxpect that the station moves through
the contours to another point, which correspondsexjmected value of average snow depth.
We can then compare these expected values witbniae calculated purely from snow depth
time series (selg. 14). The consistency of T, R and SD trends can bekgteeasily.
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Fig. 17: Contour graph presents winter (DJF) dalyerage snow depth [cm] as a function of averagé DJ
temperature [°C] and average DJF daily precipitatiotals [tenths of mm]. The greater the snow detith
brighter the contour is. Long-term average for esfetion is represented by triangles, labelled \sitkerage
snow depth. Linear trends of temperature and pitatign were applied on each station, so that egrstands for
expected values in 10-year and squares in 20-ya¥&om.
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We can see that both methods give us consistenevaf expected snow depths, except for
some stations that do not fit to the contour grapkalnaté pleso (SK) moved to slightly
higher value in contours, but using purely snowthejata we obtained significant decrease.
Another station Zdiar-Javorina (ZJ) moved nearlyhte same point as Strbské Pleso (SPH),
but only a slight increase was detected purely femow depth series. Possible explanation
might be that also another effects play a significeble in snow changes, such as solar
radiation, cloudiness or wind flows, which are dliven by different synoptic patterns.
However, the contours enable us to identify stataith peculiar “behaviour”.

Number of days with snow cover

Insignificant decrease in the number of days witbvs cover ofL0 cm and morgNSD10
prevails at the selected stations. The diminutiothe number of days is observed primarily
in the Low Tatras: Sumiac (-6.2 days/10yr), Telg&st5 days/10yr), Jasna (-2.7 days/10yr)
and Chopok (-2.6 days/10yr). However, there isaase in the High Tatras: Lomnicky Stit
(8.8 days/10yr, significant), Skalnaté pleso (1a9410yr), Zdiar-Javorina (1.2 days/10yr).
On average, the reduction is well-expressed inalgnwhile increase is mainly in April and
November.

Decrease in the number of days with snow cové&iOofm and morgdNSD50 prevails at the
selected stations, except for the highest statiomnicky Stit with significant increase
10.4 days/10yr and Zdiar-Javorina 1.8 days/10ye @minution in the number of days is
observed primarily at higher elevation stationshsas Skalnaté pleso (-7.6 days/10yr),
adjusted Strbské Pleso (-2.6 days/10yr) and Ch¢20k days/10yr).

Again, the reduction is well-expressed in Januarfjile increase is only at few stations

mainly in March or April. The highest station Lormky Stit has the greatest increase even in
May (3.7 days/10yr).
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Fig. 18: Seasonal sums of the number of days witiwscover depttz 1 cm and= 50 cm with 9-year running
average (top to bottom): Lomnicky Stit (2635 m),08bk (2008 m), Skalnaté pleso (1783 m), Zdiar-Jaaor
(1030 m) and Liptovska Tepka (900 m).

Comparison between NSD10 and NSD50 shows thatdbeedse is more radical for NSD50,
especially for the stations below 2000 m. On thieepothand, the increase in NSD50 is
stronger for the highest station.

First and last day with snow

The values for BSD and ESD are counted days sgafitoom 1st July (BSD=1) and the latest

possible date can be 30th June (ESD=365). Begiraugfinal dates are illustrated for SD
thresholds of 10 cm and 50 cm.
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Nearly all stations are inclined to postpone thst filate with SB10 cm up to 2.5 days/10yr.
Only the highest station tends to shift the begigrio earlier dates, at a rate of 4 days/10yr.
The last day with SB10 cm tends to shift to earlier dates by -2.1 dedar, except for
Lomnicky &tit, Oravska Polhora, Skalnaté pleso @déhr-Javorina with increase up to
2.2 days/10yr.

Similar trends are for higher SD thresholds, algiotewer stations were considered in order
to calculate the trends. BSD50 shifts to later slatainly at PartizanskBupca-Magurka,
Skalnaté pleso and Jasna (3.4 days/10yr), whilestitemgest opposing shift is at Lomnicky
Stit (-4.9 days/10yr) and Zdiar-Javorina (-2.8 d&fgr). ESD50 are shifting to earlier dates at
a maximum rate (-3.7 days/10yr) at Skalnaté pl€sdy two highest stations tend to shift the
ESD50 to later dates: Lomnicky Stit (4.2 days/1@yn Chopok (1 day/10yr).
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Fig. 19: The first and the last days with snow c¢oweer 10 cm and 50 cm thresholds and the depesdemc
altitude, averaging period 1951/61-2008.

100-days-rule

Snow depth reached in the minimum during 100 days useful characteristic for ski resort
developers.
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Fig. 20: The 100-days-rule characteristic and thygetidence on altitude. The full line is a polyndrfiteof the
current average (AVG). The dotted line represerisaange on the 20-year-horizon, if the trends ppdied.
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Although the decreasing trends prevail at moshefdelected stations, there is no significant
change in lower elevation stations. Taking intocaet the current trends, the shape of the
curve (seeFig. 20 is to be changed mainly at elevations above the tine. A further
noticeable fact is that the minimum snow depthrpd00 days reaches 20 cm or more only
at elevations above 1000 mASL, on average. Basembealute minima, the critical altitude
with snow depth duration at least of 100 days muali300 mASL.

Precipitation type

The ratios of solid, mixed and liquid precipitatigmefer toTab. 3 to the precipitation total are
quite sensitive characteristics. The trends wetdighued in [109] and some refreshed graphs
are presented here. Although the trends are a tifferent, no principal change since 2003
has been observed for both periods: December tou&Bb(ig. 21 and November-AprilKig.
22).

Substantial decrease in solid precipitation is wedlible at altitudes 1000-1500 mASL,
mainly on account of increase in mixed forms. Tolkddraction is decreasing slightly also at
stations below 1000 mASL due to slight increasbath mixed and liquid ratios. There is a
critical break-point altitude, above which the tlenchanges; i.e. the fraction of solid
precipitation tends to stagnate or even increasmgluhe winter. The altitude can be only
estimated due to lack of stations. This level ipproximately in 1900 mASL on northern and
in 2300 MASL on southern slopes.
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Fig. 21: Trends (1981/82-2007/08) of ratios of mlixeolid and liquid precipitation to the total ppgtation
amount in winter months (DJF) for selected meteagichl stations above 700 m.
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Fig. 22: Trends (1981/82—2007/08) of ratios of rdixeolid and liquid precipitation to the total pigtation
amount from November to April (NDJFMA) for selecterbteorological stations above 700 m.

Snow water equivalent

Using both SWE methods, the most remarkable ostligere identified and erroneous
measurements were eventually corrected.

The usefulness of quality control rules, definedsection 3.1.1, is summarized Tab. 18
Where fraction is written, the denominator is a soirecords flagged as suspect and the
numerator is number or records acknowledged aseots by expert. No record was flagged

with QC4 rule in selected sample.

Tab. 18: Number of days flagged as missing, erroseand suspect, and precipitation measurementitygual
coefficient for selected stations (1981/82-2005/68)er to Appendix A for abbreviated station names

SWER7
Q

Suspect
QC3 | QC5 | QC6 | QC7 | QC8 | AVG | StDev
1 260 1/167 3/38 6/121 1.9 6.3
4 2/444 2/91 5/28 < 9/80 2.7 9.1
2 311 54 16 1/102 1.8 3.3
0 225 2/88 11/22 12/72 2.9 11.4
0
0

Abbr. | mis | err oC1

SP 11 | 7 | 297
PB 51 | 12] 0
YA 41 | 1 | 41
oL 22 | 12| 58
TG 5 |3 |0
TL* [32 [4 |0

243 88 2/15  2/45 2.5 155
3/198 37 1/10] 3/30 1.8 2.9

membwg
N

The rule QC6 revealed also the quality of wintezggitation measurement, in cases when
significant precipitation amounts were systemalycadlost due to the inappropriate
measurement. For example, the sum of weekly ptatiph might be only 60 % of the
weekly increase of SWE. Although the increase of ESWlight be caused by another
processes (income from melted water flow, waterovaglux, ...), however, assuming that
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SWE measurements are of good quality, the coefificigwers is @ good measure of the
quality of precipitation measurement (refer to dedinition on page 31).

Stations without any inhomogeneity in precipitatiand snow data were used for trend
analysis applied on SWE average monthly valuesdwkiere calculated from daily SWE
data). Though only about 10% of all trends weraifitant, an overall increase was observed
in period 1981/82-2005/06, ranging from LiptovsksaHok (0.8 mm/10yr) to the greatest rate
at Oravska Lesna (10 mm/10yr). Greatest increasdssrved in March, while only minor
decrease in May.

The winter season of 2005/06 was extremely richS@E. Various buildings in Central
Europe collapsed due to extreme loads.

5.2.1 Discussion

By combination of precipitation and temperaturend® we may notice that insignificant
decreasing trend in air temperature is accompdnyediecreasing precipitation in November.
As a result, the amount of snow tends to be redutadly due to decrease in precipitation in
autumn months. This leads to delayed beginningwdfite” winter, what is illustrated with
BSD characteristics iRig. 19

A further argument in favour of milder winters (esplly in lower elevations) in the near
future is the significant increase of temperatureanuary, while precipitation amounts are
without significant tendency in mid-winter months.

The most significant increase in winter precipdatiis in March and April, when the
temperature trends play a marginal role. The teatpes is low enough to snow, especially at
higher elevations, and this causes increase in smogunts as well as delayed end of winter.

The atmosphere is capable to contain more wateeculds if the air temperature continues
rising. That is why global warming is connectedhwliigher precipitation amounts. Despite
the warming, the highest locations in Slovakiafaresufficiently long time under the freezing
point, so that the amount of snow is growing. Clesngp precipitation types are a valuable
evidence of climatic change.

The credibility of precipitation and snow measuraiset the highest peak station (Lomnicky
8tit) is questionable. Nonetheless, referringrito 10 andFig. 12 we can notice the change
clearly resembles rising trend during 1990s rathan an abrupt step at a specific year. Due
to insufficient number of stations at altitudes abdhe tree line, the results might not be
credible, but similar results were achieved alsthaAlps [10], where negative trends turn at
higher altitudes to positive, because milder wmmtare associated with higher precipitation
levels than colder winters, but with more solidggpéation at elevations exceeding 1700 —
2000 mASL, and more liquid precipitation below.

Climate trends obtained from homogenized data niiégrdrom the raw ones. For example,
in case of snow cover depth, all unadjusted sshesved general decrease, but after adjusting
these trends became weaker or even positive.

General increase in average SWE values impliegatgr extremes, which are a base for the
evaluation of the loads on engineering structuRevised maps of the probability of repeating
published in [64] confirm general increase in extes, although this might be caused by
usage of shorter time series in previous maps.tfemels in time series along with the length
of the time series are important parameters toideng extreme value statistics.
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5.3 Analysis of avalanche danger

Creation of the SLPDB database has enabled toevetrseveral interesting statistics.
Conventional forecasting is partly based on thrleshgalues of some important
meteorological elements. Typical values of someenrelogical elements for 5 avalanche
danger levels can be foundTab. 19

Tab. 19: Typical values of meteorological elemenisted to avalanche danger levels, based on usaetile
ranges.

Meteorological element Station 1 2 3
Precipitation on the third day Lomnicky
before Stit 0-30/0-75|10 - 150
[mm]
Zdiar -

New snow heights total Javorina,
for the previous 3 days | Podbanskél0-30|5-40f 10 - 50

[cm] Skalnaté
pleso
Average squared wind spéed Zdiar -
on previous day Javorina [0-15/5-30( 10 - 55
[m/s]?

Note the 30 cm threshold of new snow heights, wkels mentioned by Atwater in 1954 as
the minimum generally necessary to produce spoateneavalanches of dangerous
proportions (see Section 3.3.1).

Typical expected lengths of avalanche tracks dutimegdays with certain avalanche danger
levels can be found imab. 20 It is important to emphasize that the valuestgpecal for the
HT Mts., where the tracks are limited by topographgbout 1500 m. The longest avalanches
were recorded in the WT (Ziarska and Jamnicka ysjland in the BF (Turecka and Suchéa
valleys), with length over 2800 m and 2300 m, respely.

Tab. 20: Typical maximum avalanche track lengtheeasrded during various avalanche dangers in thé/ks,
based on interquartile ranges.

Avalanche danger level Typical track length [m]
YQ de
1 50-250
2 200-350
3 250-500

5 1000 and more

8 Average squared wind speed obtained from valussrebd in 3 terms, 7, 14 and 21 MST as following:

2
W2 = (Ws7 + W, t V\énj
° 3
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The International avalanche danger scale has halgratiopted in Slovakia since the winter
of 1994/95. Frequency of verified danger levelsimnths are presentedTab. 21

Tab. 21: Frequency of verified avalanche dangegltelm months (1994/95-2008/09) from SLPDB database

Frequency
Nov | Dec | Jan | Feb | Mar | Apr | May
60% | 48% | 27% | 17% | 18% | 34% | 71%
25% | 36% | 49% | 45% | 40% | 43% | 27%
15% | 15% | 18% | 31% | 37% | 20% 2%
0% 1% 5% 6% 4% 3% 0%
0% 0% 0% 0% 0% 0% 0%

fAD

Avalanche activity was recorded already in Septeritbsome years, namely betweéhahd
10" in the year of 1971, when quite a few avalanchesioed, some of them with 600-800 m
track lengths. Some avalanches were detected mlSaly 1969, and recently in #2lune
2005 and 2006. Numbers of recorded avalanches untam ranges by months for nearly 2
decades can be found iab. 22 Small portion of avalanches occur in Septembat, o

avalanches are recorded in October as aresultrefaping dry weather caused by
anticyclone.

Tab. 22: Number of avalanches by months in moureiges (1991/92-2007/08). Based on available agha
records in SLPDB.

Number of avalanches

Month
HT | % {WT | % |LT | % | SF| % |BF | % | BT | % |[Sum| %
IX 1| 0| 19 3 8 2 0 0 0 0 0 0| 28 1
X O O 0 0 0 0 0 0 0 0 0 0 0 0
Xl 200 2| 31 5/ 36 71 11 3 6 2| 19| 18| 123 4
Xl 75| 7| 48 8/ 66| 13| 14 41 10 3| 12| 11| 225 8

I 100] 10| 157} 25| 56| 11} 87/ 25 102] 33| 16/ 15 518 18
1 246) 24| 87| 14] 95| 19| 34| 10 66/ 21| 18 17 546 19
I 289 28| 115 18| 133 26| 150 43| 104 33| 22| 21| 813 28
IV | 261 26| 163 26| 118 23| 51| 15 24 8| 17| 16| 634 22
Vv 14 1 1 0 0 0 0 0 0 0 0 0 15 1
\i 14 1 2 0 0 0 0 0 0 0 3 3 19 1
Sum |102Q0 100] 623 100] 512| 100] 347| 100] 312 100} 107| 1002921 100

The average number of recorded avalanches is ayter winter in the HT, but the
maximum of 130 was reached in 2000/01. However trile number is difficult to estimate,
as the monitoring is not perfect.

Regular avalanche occurrence in some popular p(&ednaté pleso, k& Studena dolina,
Chata pod sedlom Vahy) requires avalanche contrdl @articular engineering works, in
order to maintain the recreational value. [2]

Summary of avalanche slopes was published by M#aih in 1981. There were added 34
slopes since then, and the refreshed review isn Z3.
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Tab. 23: Avalanche terrains in mountain rangeshef\Western Carpathians in Slovakia. Updated tedMdert
from (Milan, 1981).

The WT

Mountain Range Area | Avalanche slopeg Portion of total area
[ha] [number] [%]
SF 21 365 207 6.2
BF 63 710 168 2.4
LT 164 560 670 3.5
WT 29 177 761 28.2
HT 25 367 1749 12.3
BT 6 691 160 9.0
CH 15 463 17 0.3
oM 25 832 1 0.06
Total 352 165 3733 5.8

Mts. with the greatest portion of avalandhepes is an avalanche Eldorado in
Slovakia. The avalanche slopes in the HT Mts. araarous but smaller.

Having a look at the seasonal course (@ge23, the most of avalanche accidents occurred

within the following weeks:

* 26.12. — 1.1. between Christmas Eve and New Y &aig
e 27.2.—5.3. “spring” holidays
e 14.2. - 20.2. “spring” holidays

‘ ™ 7-day avg M Accidents

0
1.11.

Ll

30.4.

Fig. 23: Seasonal course of the number of avalaacbiglents with 7-day running average.
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5.3.1 Serious avalanche events and synoptic situations

Since the climate in the Western Carpathians issiti@nal (seeTab. 29, the avalanche
formation can develop in various ways.

Tab. 24: Some yearly characteristics (obtained fi®®1-2000) indicating transitional climate in W&stern
Carpathians: mean air temperature, total precipitatsum of new snow, mean maximum snow depth, mean
density of new snow (i# 5 cm; calculated from 1981-2000), and mean dewditgtal snow cover (i& 5 cm).

St T z R Z NS max{ SD} pN&S cm pSD25cm
[°C] | [mm] | [cm] [cm] [kg/m® | [kg/m?]
Lomnicky 3tit (2635 m) -3.9 1373 801 204 113 -
Chopok (2008 m) -1.6 1030 477 179 97 -
Strbské Pleso (1354 m) 2.8 992 421 116 78 258 *
Zdiar-Javorina (1030 m) 31 1260 363 83 82 253 *
Oravska Lesna (780 m) 317 1099 338 87 83 243 *

The aim of this section is to describe the synopttterns that are present during serious
avalanche activity in the HT Mts. The period withrisus avalanche activity was simply

defined as consecutive days with avalanche damyedd 4 or 5. Avalanche danger levels
(Yq) were assessed backward by avalanche expertsreage the number of these relatively
rare situations.

The Czech-Slovak classification of synoptic sitoa$i, available on the www.shmu.sk web-
pages was used. It consists of 28 types, whichsateed yearly in cooperation with Czech

Hydrometeorological institute, in order to mainté@sihomogeneity.

Selected serious avalanche events took place betwbhe years 1955-2008, and
approximately one third of these events occurredF@bruary. The most frequent synoptic
types occurring on the days with avalanche dareyeid 4 and 5 are the following:

NWC (25%), NEC (21%), NC (13%), EC (7%), WC (7%)(B%0), C (4%).

Taking into consideration also the 3 days precedmggserious avalanche danger days, the
following results were returned:
NWC (24%), NEC (17%), NC (12%), WC (9%), B (6%)(&6), EC (4%).

Achieved results correlate with situations rich farew snowfalls,
Bochntek [11]: NWC, WC, B, NC, NEC, WCS, C, BP, VFZ, EC.

published by

The most common chain sequences are the following:
1.Starting with B/WC > NWC > NC > NEC
2.Less frequent starting from south SWC > C > NEC#A#d finalizing with EA, when
the danger slowly decreases

5.3.2 Peculiar avalanche records

This section was moved and merged into the Se&tibrvalanche data.
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5.3.3 Stepwise regression

The general dataset G consisting of rows (olden tifa July 2002) with avalanche and
meteorological variables was divided by variablg.Yhto following subsets:

D, if Yswe={0, 1}

M, if Y swe = {0, 2}

W, if Ysue={0, 3}

The best stepwise regression models calculated fr@se datasets were selected and tested
on the G dataset (records dating frotniiily 2002).

By convention, each model can be identified byhdame, which begins with letter: D=dry, M
= mixed/moist, W=wet and G=general (all types tbget and continues with number of
stations and input variables. For example, the m@&¥x19 means general model with 19
input variables selected from 7 stations.

Several statistics for the assessment of modef®rpgnce can be found mab. 25 Ideal
value for each HR* equals 1, and the models haideat problem with underforecasting of
the danger level 3.
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Tab. 25: Hit rates for individual avalanche danigeels, standard deviation between forecasts asdrehtions,
the number of tested days, the number of days fesezhlculation of model coefficients.

Model HR1* | HR2* | HR3* | HR4* | HR5* | ST.DEV | Tested Calc.
days days
G7x19 0.5 1.5 0.7 0.8 3.0 0.47 1059 1716
G6x12 0.7 1.4 0.7 0.6 1.0 0.50 1060 2776
D7x44 0.9 1.4 0.5 1.3| N/A 0.44 504 1259
M7x54 0.8 14 0.6 1.8/ N/A 0.49 496 1089
W7x39 0.9 1.4 0.5 1.5/ N/A 0.49 503 1109
W7x17 0.8 1.5 0.4 0.5| N/A 0.46 503 1109
G7x51JF 0.5 1.3 0.9 1.8/ N/A 0.98 496 608

The accuracy measures of models by months are stipeshain Tab. 26 Though the
maximum proportion of correct is 74% (D7x44), bygealection of the best model for each
month, the overall accuracy could be improved. pégormance ranges from 66% in May to
93 % in November. Model G7x51JAN was calculatedsample of January-February data.
Other monthly models are not included for the readat their performance was not better
than that of seasonal ones. Similarly, if only &ngfation was used for the selection of input
variables, the best general model reached maximuapopion of correct only about 66%

(Lomnicky Stit).

Tab. 26: Proportion of correct and incorrect avelendanger levels. Accuracy of the forecasts fdividual

months.

Model PC* | PNCD |Nov |Dec |Jan |Feb | Mar | Apr | May
G7x19 72%) 0% | 55%| 81%| 81%| 75%| 81%| 54%| 66%
G6x12 72%) 1% | 57%| 80%| 78% | 75%| 70%| 69%| 56%
D7x44 74% 0% | 81%| 82%| 78%| 76%| 68% | 64% | 60%
M7x54 69% 0% | 70%| 82%| 70%| 67%| 73%| 51%| 47%
W7x39 68% 0% | 74%| 81%| 69%| 66%| 70%| 51% | 60%
W7x17 71% 0% | 93%| 82%| 72%| 69%| 67%| 58% | 53%
G7x51JF 60% 6% | 48% | 71%| 67%| 84%| 59%| 34%| 0%
S12 59% N/A | 65% | 48%| 65% | 61%| 58%| 59%| N/A

Model S12, which was published in author’s diplothesis [104] as the most successful for
dry avalanches, is mentioned for comparison.

The Tab. 27 summarizes the most important variables for varigegression models.
Numerous are mainly the following elements: newwsrwight (V28), relative humidity
(V14, V12), total snow depth (V29), precipitatiomaunt (V31), air temperatures (V1-V5),
snow water equivalent (V30), positive air tempemt{y/19) and wind speed (V9). From the
elaborate variables defined in section 2.2.1: Sglkvéamous variable V48, V59 (the cube
root of Salway'’s variable V46 seems to be bet¥é2h (west component of wind vector), V18
(squared temperature amplitude), V32 (the prodtishow depth and rainfall, firstly used by
Salway), V42 (the product of NS and logarithm ofmavispeed), and another Salway’s
variables: V47, V49, and V50.

The variables preceding the forecasted day at mawirh days were selected by stepwise
regression, even though variables for 7 days backware available.
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PB=Podbanské, CH=Chopok, SK=Skalnaté pleso, TLafaka Lomnica.

G7x19 G6x12 D7x44 M7x54 W7x39 W7x17 G7x51JF
ZIx4V14 | ZIx4V14 | ZIx4V14 | SPx1V4 LSx1V50 ZJx4V14  TMRD
LSx3V29 | SPx2V29 | ZJxV28 LSx3Vv28 ZJxV28 LSx3V29 SP®v1
LSx3V28 | LSx1V59 | TLx2V30 | ZJxV28 LSx3V29| LSx3V28 SPx28
SPx2V28 | SKx2V28| CHx3V1 | SPxV19 SPxV19 PBx1V31l PBx1V3
PBx5V3 | LSx3V28 | LSx3Vv28 | ZJx4V14| SPx1V1i8 PBx5V48 TMR
CHx3V1 | CHx3V1l | PBx5V48 | SPx2V30| PBx5V48 CHx3V1l| CHx4¥/1
PBx1V31 | SPx1V28 | PBx1V31l| SPx1V18 ZJx4V14  ZJIxV28 Sra
SPx2V29 | SKx4V59 | PBx3V28| SPx2Vv29 LSx1V4}7 LSxV25 LOMR
SPx1V28 | CHx2V9 | LSxV25 SPx3V4 LSx3V28 SKx1V28 PBx2V3
SPxV29 ZJIxV28 LSx1V59| SPx1V28 PBx1V31 SPx2Vv28 Z7Jx4V
4.5 +
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Fig. 24: Avalanche danger levels forecasted byGi7&19 model. Bars represent track lengths (Ydx}hef
largest avalanche (Dry, Mixed, Wet) in kilometr¥$is forecast issued by the APC,¥s verified forecast.

An example of forecasted avalanche danger levelsthey G7x19 model shows quite
successful performance (seig. 24. The time period is intentionally chosen so thlatypes

of avalanches can be found there. The accuracytbf fuman and statistical forecasting of
wet avalanches is smaller (not¥ decade of March 2008 on the graph).
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5.3.4 Nearest neighbour method

Variables from the G7x19 model were used for theBNiethod. Suitable logarithmic

transformations, such as In(x+c) or In(c-x), wenagpleed on variables with skewness
coefficient > 2 or <-2, respectively. Moreover,sagjgested by Cordy [19], the variables were
standardized by subtracting the overall mean avididg the result by the standard deviation.

Simple distance metric was used at the first stdges Zijz . Then weights were applied,
j

based on correlations with avalanche danger levels: z ch>§2 .
i

Tab. 28 summarizes the fitness statistics of thetreaccessful configurations of the NNB
models, including the foreign ones for comparisbh.is number of optimum nearest
neighbours; k is threshold used for discriminati@tween avalanche and non-avalanche day,
e.g. k=4 means that the day is classified as avhtaday if at least 4 of all N neighbours are
associated with avalanche activity.

Tab. 28: Fitness statistics for various models.

Model KN | PC | UAA | TSS | BIAS | Testrows | Avalanche
rows %
AFS, Kootenay Pass, .
(Cordy et al.), [19] 6/30| 0.75| 0.76] 0.54| 2.12 1336 13%
Cornice, Scotland, )
(Purves et al.), [79] 3/10| 0.80| 0.76] 0.52| 1.12 202 25%
NNB7x19Unweighted 9/26 0.67| 0.63| 0.27| 2.44 1025 15%
NNB7x19Weighted 8/2% 0.64| 0.63| 0.27| 2.67 1025 15%

The weights based on correlations did not improtrexd model, because none of the four
fitness statistics was closer to 1, which is agqurécore.

On average, the model NNB7x19U (using 26 neighhosgieows 10 neighbours with
avalanches for avalanche day, and 7 “avalanchdbeigs” for non-avalanche day.

In 47% of the days the avalanche danger levelsulzabd as an average of all selected
neighbours (26) were in agreement with the verifiadard levels. This is in comparison with
regression models poor result, because the PCab@st 74% there.

5.3.5 Discussion

The HT Mts. with area of about 250 kman be considered as one compact region, either
geomorphologic or climatological. According to Mc@h and Schaerer [59], the regional
models correspond to areas of 100°kemd heavily relies on meteorological data. In
Slovakian part of the range, the most of main yallare south-oriented, and the only
exception is the north-east part, where also timeate is little different when compared with
the rest of the mountain range. However, this regimy be represented by Zdiar-Javorina
station only and also the number as well as réitglof avalanche records at present is not
sufficient to create the new sub-region for for¢iogs Therefore all models were designed
only for the HT Mts. as one region. More additiodata such as stability observations and
snow profiles should be used to forecast in lou@ral) scales. The regionalization remains
the challenge for the future, on condition that ensenowpack data will be available for the
particular sub-region, represented by at leaststaiéon.
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The hit rates published imab. 25indicate that theegression modeldace problems with
underforecasting of the danger level 3. Avalanatredaster should bear this drawback in
mind. From another point of view, forecasters hawendency to retain the danger level and
are rather careful when the avalanche activityelmelasing. The onset of avalanche activity is
often rapid and, to say the truth, sometimes eueprising, while the expected ending should
be proved by observations. This waiting for somditazhal information consumes some time
and delays the forecaster’'s decision to cancel&tiegthe avalanche danger. This is general
feature in forecasting of rare dangerous events.

Introducing long-term variables could improve thedals. For example, we can define a
Boolean variablehoar n=1 IF temperature gradient exceeds 10°C/m for mibien 3
consecutive days. Similarly, we can define a véeiad®e crust However, the best way is to
obtain the weak layers information from snow pesiand implement a stability index.
Another improvement is expected in future, whenadabm specialized AWS will be
included.

For operational use of the models, a complex daitsingn system that collects all the
necessary data into unified environment (e.g. alidese) is necessary at the APC. The
SLPDB database is designed rather as historical dingatological, containing quality
checked data. Since some models rely on valuesibf 8WE, a module for calculation of
daily SWE from weekly measurements is needed as wel

Insufficient detection of avalanches is a weak sgfathe NNB method Othmar Buser [15]
mentions periods with worse visibility, which himdehe monitoring of avalanche activity.
Therefore, occurrence of fog/haze is useful infdaromato select with nearest neighbours.
Another distortion might be caused by days whely btile snow remains in release zones as
a result of recent avalanche activity. On thesesdthe avalanches would occur if they had
not fallen (spontaneously or with a little helpexplosives) on previous days. However, this
problem becomes more expressed on small scalesafal@nche slopes). Sometimes it is
useful for the avalanche forecaster to retrieve s days before the neighbour days.

The overall performance of the NNB7x19U model isdhacomparable with foreign models.
Further improvements could be firstly achieved msttdr transformations of basic input
variables. Using genetic algorithms could be arecibje solution to further problem with
appropriate weights. The model should be instaitediser-friendly environment that will
make testing of different weighting schemes eagio the selection of variables should be
performed more carefully, because different vadaldre important throughout the winter.
The variables from the best regression models earsbd for particular months.

In spite of all mentioned problems, there is anaatage that model provides user with days
from the past, similar in terms of weather to cotrgtuation. Although the NNB model gives
inadequate avalanche characteristics, the forecasg unveil other important variables or
other than meteorological factors that are deci®veéhe particular case.

Several technical problems appear in operatiora| sisch as incomplete or delayed reception
of daily observations. However, the method is etgubcto improve later on, as more
experiences with its use will identify its weak pisi.
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6. Conclusion

Overview of the research

The dynamics of snow conditions influence many hunativities such as tourism,
agriculture, hydrology, traffic, architecture, et@herefore the changes in climate in
mountainous areas have been the concern of donmauidoreign authors from different
disciplines.

The most significant domestic studies on snow dinae mentioned in chronological order
in Chapter 1, which reflects" objective of the thesis. As a result of the plethof relevant
data from foreign sources, only the most recens @me mentioned. Special emphasis was put
on the state-of-the-art homogenization techniquest tare still being improved. The
homogenization is part and parcel of any climatange study, especially when a limited
number of stations are available.

The research on snow avalanches in Slovakia begkate 1950s, and even during the years
of isolation due to political ideology some fruitftesults were achieved, such as avalanche
cadastre. The scope of the APC from its beginniag tat it would primarily be put into
practice and operation rather than being purelyciangific research project. As a result,
scientific literature is available mainly from foga alpine countries, and this was the
essential source of inspiration for the methods &chniques selected for avalanche
forecasting. However, the development of the AP@etent decades has paved the way for
further applied research and cooperation with oitiitutes and universities.

Quiality control

Quality control process was probably the most teoesuming task of this study. Only about
half of all 40 stations located above 700 mASL wseécted for homogenization (refer to
Appendix A andTab. 1. The homogenization was preceded by some qualbitytrol
procedures. Time series with missing and erronelata were completed or corrected, but
those with more than 12 months data missing weteused for the creation of the reference
series or for climatological analysis. Inhomogemsitin monthly and yearly temperature,
precipitation, and new and total snow depth sgfdesected by several tests using AnClim
software) were verified by metadata. The final appl of detected inhomogeneities was
conducted by the author after consideration ofrthiginificance and metadata. Subsequently,
adjustments were applied on daily data using ProGbftware [101] (g-q method).

Despite notable progress, several problems are ecteth with homogenization, and
nowadays there is still no generally approved mithamy for homogenization, especially for
adjusting of daily data. The best way is to ignstaions with inhomogeneities because even
if they are adjusted, they are not as reliablehasstations where no inhomogeneities were
detected. Another important factor was the creatioreference series: in case of snow depth,
there are only few time series available in theigoeof 1921-1961. The lack of suitable
neighbours is typical also for the highest statiomsere snow falls quite often, whilst only
rain occurs at lower elevation stations.

The result of the QC process was a good-qualitgsgaitof daily meteorological elements and
another daily dataset with parameters describiradgache activity. By achieving this result,
2" and3"™ objectives were fulfilled.
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Climate trends

Climate trend analysis was tH& objective, once after the set of homogeneougsérad
been created. The results can be found in Sectibrit5s possible to use current variability
of climatological elements to estimate the futulienate. Stations without inhomogeneities
are preferred, but due to the insufficient numbiee, adjusted time series are used, while the
unadjusted has served for comparison and assesefmefiability.

The air temperatures definitely rising at all stations, no matteriat period is taken in the
trend analysis. Furthermore, the warming has bemgpmore intense and significant at all
stations (except for Zdiar-Javorina) since 198Icusing on seasonal changes, there is on
average a weak, insignificant cooling (up to -O@A0yr in September) or no trend in
autumn months, while the most significant warmiagriost clearly pronounced in January
(0.5°C/10yr), May (0.4°C/10yr) and July (0.35°C/t0WVith a warmer atmosphere we can
expect greater variability as well as an incredssgliency of extreme events.
Precipitationtotals at most of stations tend to increase sgantly from 1951/61. Reductions
were only detected at the adjusted Tatranska Laansanificant) and Sumiac stations.
Precipitation regime tends to change most dynatgicalsummer months. The highest rise is
present in July and March (4 mm/10yr on averag®jleanthe drop in June and November is
on average -3 and -1 mm/10yr.

With the exceptions of the Chopok and Telgart stetj which have shown a significant
decrease and the Lomnicky Stit and Skalnaté pledmss which have shown a significant
increase, the remaining stations have recordedriigiantly increasing trends in yearly
snowfall totals Trends by months revealed slight rise in Marcth Movember (3 cm/10yr on
average), at the expense of December (-1 cm/1UfBre is no straightforward dependence
on altitude.

Overall reduction of averagenow depthwas identified (up to -1.35 cm/10yr at Skalnaté
pleso), except for Lomnicky Stit (significant inaee of 10.55 cm/10yr) and Zdiar-Javorina.
The highest station is situated above a "crosskexe”, above which negative snow trends
turn to positive. Zdiar-Javorina is in relativelplder climate at the north-east part of
mountain range, unlike Skalnaté pleso station &xtan a southern slope. These stations have
opposing trends and are outliers in the snow-daptid background. Different trends are
probably caused by diverse sensitivity to changiyrgpptic patterns.

Snow regimethroughout the year has also changed. The delaggthning, later annual
maximum,earlierand more intensive melting at the end of wintarabterises the new snow
regime at the majority of stations below 2000 mASlowever, some stations covered with
snow for the most of April tend to prolong the esfdvinter up to 2 days/10yr, but only with
smaller snow depths.

Insignificant diminution in theaumber of days with snogover of 10 cm or more is observed
primarily in the Low Tatra Mts. One quite interegficontrast was unveiled, focusing on 50
cm threshold in trends between neighbouring Lomng&tk (+10.4 days/10yr, significant) and
Skalnaté pleso (-7.6 days/10yr). On average, tthecteon is well-expressed in January, while
the increase takes place mainly in April.

Developers of ski resorts are interestedl00-day-ruleparameter, which is used for the
assessment of profitability. Based on absolute mmanithe critical altitude with snow depth
duration at least of 100 days is about 1300 mASLfuAher noticeable fact is that the
minimum snow depth during 100 days reaches 20 cmare only at elevations above 1000
MASL, on average. Seemingly, there is no signiticdrange at lower elevation stations and
this characteristic decreases mainly at elevatmmtaeen 1200 and 2100 mASL (referrig.

20).

A substantial decrease $olid precipitationis evident at altitudes between 1000-1500 mASL,
mainly because of the increase in mixed forms. Sdiiel fraction is decreasing slightly also at
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stations below 1000 mASL due to slight increasbath mixed and liquid ratios. There is a
critical break-point altitude, above which the tienchanges; i.e. the fraction of solid
precipitation tends to stagnate or even increaséngluwinter. This level is estimated
approximately in 1900 mASL on northern and in 2808SL on southern slopes.

Overall increase osnow water equivalenivas observed in period 1981/82-2005/06. The
greatest increase is observed in March, while omhyor decrease in May. Due to diminishing
solid fraction of precipitation and increase in SWE can conclude that snow water content
as well as snowpack density tends to rise. Thisgiigraccounts for the prevailing increase of
new snow heights along with the decrease of tatalscover depth. The increase in mixed
forms of precipitation plays in favour of denseowpack, too. The increase of snow density
has an impact on avalanche formation, and leadiset@onclusion that in the future the wet
avalanches will occur more frequently and earligris is what has been predicted for the
Aspen ski area [54].

The results are consistent with recent studies:

A significant decrease of snow cover days has lodserved in the lowlands. The general
decrease of snow cover is well-marked in recenadies, except for the mountainous areas of
Northern Slovakia, where the trends are indiffe@rgven increasing. [65]

The results correlate with a study from Poland [2@jere an increasing trend of snow cover
in the period 1948/49-1997/98 was observed in amgidisabundant snow cover, i.e. in north-
eastern Poland (snow cover depth) and in the mmsnfanow cover duration). The year-to-
year variability of snow cover has been increaspagticularly during the second half of the
20th century.

Bulgaria [76]: Over the 1931-2000 period snow coeehibited evidence of decadal-scale
variability but no evidence of any long-term trenid&ed to climate warming. Over the more
recent 1971-2000 period, stations in the 1000-1&60ation bands have exhibited more
coherent temporal variability in maximum snow acatation and a trend toward a later start
to the snow cover season.

Laternser [53] processed Swiss snow and avalanate dnd published unique long-term
trends (1931-1999) in his thesis. Increases wezegtent in snow characteristics until 1980s,
followed by significant decreases till 1999. Othregional studies lead by Beniston [10]
revealed moderate increase in snow characteristiove 1700-2000 mASL, since mild
winters are accompanied with more abundant pretipit, falling as snow at higher altitudes.
On the contrary, lower altitudes are exposed toeni@quent liquid rainfalls. Scherrer [85]
wrote: “In the late 20th century, significant dexses in snow days have been observed for
low-altitude stations. Simple statistical modellispows that these trends can be mainly
attributed to increases in temperature. The se&sog@n precipitation influence on trends is
small.”

Avalanche forecasting

Results in Section 5.3 fulfil the final objectivé this work (Objective5). Subsection 5.3.1
describes some relations between serious avalamstemts and synoptic situations.
Forecasting methods used in the thesis can beeaptdiother mountain ranges in Slovakia.
Anyway, the quality of the technique was preferiethe quantity.

The HT Mts. with area of about 250 kman be considered as one compact region, either
geomorphologic or climatological. However, thisicegcould be divided into 2-3 sub-regions
(north, south, optionally northeast), reflectinge tetatement published by McClung and
Schaerer [59] that the regional models corresporatéas of 100 kin However, the number
as well as reliability of avalanche records, alddaat the present is not sufficient to create
the new sub-regions for forecasting. Thereforeraltiels were designed only for the HT Mts.
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as one region. More additional data such as diabitiservations and snow profiles should be
used to forecast in lower (local) scales. The negliaation remains the challenge for the
future, on condition that more snowpack data wélavailable for the particular sub-region,
represented by at least one station.
Though all possible data sources were used, vaiimpsovements could be made in the
future. It is crucially important to carry out tieeasurements of special APC stations more
professionally and regularly. These time seriesewwt processed due to their short length.
Another challenge is the new special automatic onreasents performed on hourly basis that
have recently been introduced, in particular thea dhat is obtained from these specially
designed devices, such as snow surface tempersg¢usor, ultrasound snow depth sensor,
web-camera, etc...
The best regression model achieved an overall acgwf 74%, that is an improvement by
15% when compared to the first regression modelighdd in the author’'s diploma thesis
[104]. This noticeable improvement in regressiordeis was achieved by the following facts:

- More variables from more stations were availabtettie stepwise selection,

- Longer periods were available for the calculatiboaefficients,

- Added divisions of the dataset lead to a varietgnofithly models
Moreover, some original modifications were maderdyuthe application of the technique. It
is worth mentioning some variables suggested byathlbor that proved to be successful: the
cube root of Salway’'s variable V46 seems to beebethan the sole V46, west/north
components of wind speed vector is a solution taleawind direction, squared temperature
amplitude, the product of new snow and logarithmwaiid speed, relative settlement is
sometimes better than absolute (the first time usedalway), and finally variable V34,
which is a measure of contrast between old andsmaw density.
The idea of a separate model for dry and wet achlmwas extended for mixed avalanches.
This division of data proved to be useful, becaaseriety of models were created. Each
model has some advantages and drawbacks, but byseisction of the best model for each
month, the overall accuracy would range between 66May to 93 % in November. On the
down side, all models have problem with underfostng of the avalanche danger level 3.
Variables from the most successful model desigradthie prediction of all types of
avalanches served as key variables for the NNB mdtie weights based on correlations did
not improve the model. On average, the model NNBuk{using 26 neighbours) shows 10
neighbours with avalanches for avalanche day, arnvalanche neighbours” for non-
avalanche day. In 47% of the days the avalanchgeidavels calculated as an average of all
selected neighbours (26) were in agreement wittvénigied hazard levels. The performance
of NXD-VG model used in Switzerland, which is bassdthe NNB method and estimates
avalanche hazard levels, varies between 49-61%difterent winters, and in 96% the
difference is within one hazard level [33]. The NN®dels used for calculation of avalanche
danger achieved, in comparison with regression mspg@eor results because the PC* was
about 74% there. It is hard to compare the regragsiodels with other studies, because most
of them predict avalanche and non-avalanche daygigh NNB models are quite successful
in this area, because the unweighted average agcisrabout 76%, in comparison with 63%
for the best NNB model developed in this work.
Computer-assisted models help the avalanche fdegcts gain confidence and reduce the
risk of failure caused by the human factor.
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Appendix

A. The list of meteorological stations

Tab. 29: The list of all meteorological stationgdisn the thesis.

ID |Abbr. Station name Latitude |Longitude |Altitude [m]
12100 | LS Lomnicky Stit 49°11'43" N | 20°12'54"E 2635
21080 | CH Chopok 48°56'38" N | 19°35'32"E 2008
12120 | SK Skalnaté pleso 49°11'22" N | 20°14' 04" E 1783
21100 | LU Lukova pod Chopkom 48°57' 00" N | 19°35'00"E 1661
34200 | KR Krizna 48°52'38" N | 19°04'45"E 1570
20080 | SP Strbské Pleso 49°07' 18" N | 20°03'38"E 1354
21120 | DJ Demanovska Dolina - Jasna |48°58' 00" N | 19°35' 00" E 1196
21240 | PL Partizdnska Lupca - Magurka |48°56' 35" N | 19°26' 04" E 1045
11020 | ZJ Zdiar-Javorina 49°16' 19" N | 20°08' 05" E 1030
23120 | zU Zuberec - Zverovka 49°14'58" N | 19°42'44"E 1027
54120 | LR Lom nad Rimavicou 48°38'39" N | 19°39'03"E 1018
21260 | PZ Partizanska Lup&a - Zeleznd [48°57' 00" N | 19°24' 00" E 1000
34170 | DO Donovaly 48°52'46" N | 19°13'35"E 992
12050 | TP Tatranska Polianka 49°07'19" N | 20°11'15"E 975
20220 | PB Podbanské 49°08' 24" N | 19°54'38"E 972
20160 | VB VySné Boca 48°55'51" N | 19°45'25"E 930
11040 | PS Podspady 49°15'55" N | 20°10'37"E 910
13060 | ZD Zdiar 49°16' 21" N | 20°15'30"E 905
33020 | TG Telgart 48°50'55" N | 20°11' 21" E 901
20020 | LT Liptovska Teplicka 48°57' 05" N | 20°05'30" E 900
52080 | SV Sllova 48°48' 45" N | 20°28'54" E 900
34020 | JA Jaraba 48°53'43" N | 19°42'09"E 892
12190 | KD KeZmarok-Dvorce 49°04' 36" N | 20°32'49"E 888
33040 | SU Sumiac 48°50' 32" N | 20°07' 36" E 887
57020 | DL Dobsinskéa lradova jaskyna 48°52'38" N | 20°17'38"E 875
60020 | DU Dubnik 48°55'22" N | 21°27' 46" E 875
23060 | VO Vitanova - Oravice 49°16'59" N | 19°45' 29" E 853
22080 | MU Mdtne 49°28'00" N | 19°18' 00" E 835
12020 | SB Strba 49°03' 28" N | 20°04' 20" E 829
12140 | TL Tatranska Lomnica 49°09'52" N | 20°17'17"E 827
20100 | VA Vazec 49°03' 21" N | 19°59'09" E 814
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21380 | LL Liptovska Luzna 48°56' 00" N | 19°21' 00" E 810
12090 | SL Stara Lesna 49°09' 10" N | 20°17' 28" E 808
21180 | HU Huty 49°13'00" N | 19°34'00"E 795
22160 | OP Oravské Polhora - Hlina 49°33'00" N | 19°22'00"E 794
22240 | SH Sucha Hora 49°22' 00" N | 19°47' 00" E 789
56040 | VE Vernar 48°55'04" N | 20°16' 07" E 783
22020 | OL Oravska Lesna 49°22' 06" N | 19°10'59" E 780
21040 | ZI Ziar 49°07' 03" N | 19°39'47"E 747
20260 | LH Liptovsky Hradok 49°02' 21" N | 19°43'31"E 640

B. Map of selected meteorological stations
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C. International avalanche danger scale

Tab. 30: International avalanche danger scale fézegf hazard.

:Ziglger Snowpack stability Avalanche triggering probability
The snowpack is generallyTrlg_g_erlng is generally pos&blg only with high
1. additional loads on a few locations in steep
well bonded or loose and )
Low extreme terrain. Only a few sluffs and smratura
stressless. :
avalanches are possible.
The snowpack is moderate Triggering is possible in particular with high
2 well bonded on some steejadditional loads, particularly on the steep slopes
Moderate slopes, otherwise it is indicated in the bulletin. Large natural avalanches
generally well bonded. are not likely.
Triggering is possible, sometimes even with low
3 The snowpack is moderateadditional loads, particularly on the steep slopes
Considerablito weakly bonded on manythat are indicated in the bulletin. In certain
(high) steep slopes. conditions, some medium but also few large sized

natural avalanches are possible.

The snowpack is generall
weakly bonded and largel
unstable.

Numerous large natural avalanches are likely, §
on moderately steep terrain.

Sourcewww.avalanches.ordApril 2010.

New terms suggested for danger levels in brackeisabout to use since the 2010/2011
winter, if they are approved by the EAWS.

moderately steep terrain: slopes shallower than 30°

steep slope: slope stepper than 30°

steep extreme terrain: particularly unfavourabléenms of the incline (mostly steeper than 40
degrees), terrain profile, proximity to ridge, srttowess of underlying ground surface

additional loads:

high (e.g. group of skiers without spaces, pistdrmag; avalanche blasting)
low (e.g. individual skier, snowshoer)

Xl
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D. Glossary (English-Slovak)

English

air blast

air humidity

air temperature
altitude
angular crystals

avalanche danger
avalanche hazard

avalanche risk

avalanche path
avalanche track
blowing snow
classification trees
cloud cover

sky condition
cloudiness
cluster analysis
compression test
tap test

confined

gully
channelled

cornice

critical angle

angle of repose
static friction angle
deflecting dyke
dendritic crystals
density of new snow
depth hoar

drifting snow
dry-snow avalanche
faceted crystals
flow(ing) avalanche
full depth avalanche
glide crack

graupel

gully

heavy snowfall event
hot spots

large scale flow patterns
logistic regression
loose-snow avalanche

avalanche

Slovak
tlakova vina (pred lavinou)
vihkos vzduchu

teplota vzduchu
nadmorska vyska

hranaté krystaliky

lavinové nebezgenstvo
lavinové riziko

lavinova draha

zvireny sneh
klasifikaé stromy

oblatnog’

zhlukova (klastrova) analyza

poklepovy test

Zl'abova lavina

previs, prevej
kriticky uhol statického trenia
(z&visi od vlastnosti snehu
a charakteru povrchu svahu)
ochranna hradza
rozvetvené, viaknité krystaliky
hustota noveho snehu
dutinova inova
naviaty (odneseny) sneh
lavina zo suchého snehu
zbrusené, zaoblené krystaliky
taica lavina
zékladova lavina
sklzova trhlina
krapa, krupka, zrnity sneh
UzZina, roklina
vyrazne silné snezenie
kritické body (na lavinovom svahu)
rozsiahle systémy atnniogi cirkulacie
logisticka regresia
lavina s bodovym odtrhom
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English

mean snowfall
morphology

new snow height (depth)
powder avalanche
airborne avalanche
precipitation
precipitation intensity
precipitation rate
precipitation form
precipitation type

ram hardness

rime

icing

rimed crystals

rocky outcrops

runout zone

zone of deposition
Rutschblock test
sastrugi

screened box
meteorological shelter
settling of snow cover
shovel shear test

sintering

slab avalanche

slab layer

slope angle

slope length

slope orientation

slope aspect

slope width

sluff

slough

slush flows

snow cover extent
snow depth (height)
snow surface condition
snow surface temperature
snowfall intensity
snowfall rate
snowshoe

global solar radiation
starting zone

zone of origin
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Slovak
priemerna vyska nového snehu
morfologiadlenitog’)
vySka nového snehu

prachova lavina
atmosférické zrazky
intenzita zrdZzok

forma zrazok
druh zrdzok
fazova tvrdos

namraza

zmrznuté krystaliky namrazy
skalné wpelky

pasmo nanosu

zosuvny blok (blokovy test skizu)
zéastruhy (vinky zmrznutého snehu)

meteorologicka budka (so zalGziami)

sadanie snehovej pokryvky
test sklzu lopatkou
zatavenie
vytvaranie vazieb medzi snehovymi kryStalmi
difdziou vodnej pary
doskova lavina
snehovéa doska
sklon svahu
trka svahu

expozicia svahu

Sirka pasma odtrhu
splaz, mala lavinka

rozloha (rozsah) snehovej pokryvk
vySka snehovej pokryvky

povrch snehu

teplota povrchu snehu

intenzita snezenia

sneznice
globalne Ziarenie

pasmo odtrhu
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English

step-wise regression
stiffness

striation

Stuffblock test

stump

sunshine duration
surface hoar
surface-layer avalanche

terminus
track length

terrain roughness
terrain condition

tilt board test

unconfined avalanche

vegetation

water equivalent of snow cover

snow water equivalent
water lubrication
wet-snow avalanche
whumpf

wind direction

wind gust

wind loading

wind speed, velocity
wind vane

zone of transition
track zone
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Slovak
postupna (krokova) regresia
tuhog tvrdos’
ryha, pruhovanie (napr. na krystali)
test spustenim zavazia
pa, vycnelok, pahy
trvanie stimeho svitu
povrchova inava
povrchova lavina

dosah, draha,itka laviny

drsnos povrchu

test naklonenim da&ly
ploSna lavina
(pod’a tvaru drahy v transportnom pasme)
vegetacia
(les, luka, skalny povrch, ¥né kamene a
skaly)

vodna hodnota snehovej pokryvky

mazanie (medzi snehovymi vrstvami)
spbésobené stekajucou vodou
lavina z mokrého snehu
Jhumf*; zvuk $iriaci sa pozd zlomu pri
kolapse snehovych dosiektaaenim
smer vetra
néraz vetra
zavievanie snehu vetrom
rychlésretra
veterna lopatka (ruzica)

prechodové pasmo, pasmo (draha) prechodu
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E. Weather in February 1983 (example from historical data)

Warm wave at the end of January was changed withyheooling on the ? Feb. In the
following days, relatively windy and cold weatheeyailed at higher altitudes. The situation
was rather stable, except for th& Beb, when snow drifted locally. Considerable aveite
danger was issued @1 Feb, as a result of intense snowfall that startedn the day before
and lasted until 13" Feb. However, no large avalanches were recorde&urprisingly,
during cold and windy period froh7" to 18", several large avalanches were released
(Maly Zavrat to the south, from the Lomnicky hrebei ridge into the Mala Studena
dolina, Stredohrot over the Halajov 2’ab).

Next period of avalanche danger occurfesm 21%, when numerous avalanches were
falling from steep gullies in the afternoon.The danger was issued until the next morning,
and afterward no avalanche was triggered. Locayelatasted until 24 and on 28 it was
cancelled in the morning. Much to our surpriseme avalanches released in places
especially in mid altitudege. g. z Cmitera do Lievikovej kotliny), as a conspience of
warming around noon. This was the definitive end, and no danger wssed then (it would
have been late). On the following day the danges @iminishing because the wet snow had
been frozen, and despite the next two sunny daysribwpack remained stable.

Probing was performed in the Rk& Studena dolina and in the Mengusovska dolinalaey,

but at Skalnaté pleso it was done only once, becatifrequent closure of cableway, windy
conditions and closed pathways. Generally, we catlade that the local avalanche danger
remains in certain sites even during periods whemas not issued. This is on account of
changeable weather and unevenly distributed snoxgrc@lso the results from penetration
probes made on weekly basis are considerably diifer
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F. Snow profile

Example of snow profile observed 8 days after #iease of climax avalanche in Ziarska
dolina, which is the largest avalanche ever obskemeSlovakia. The snow in deposit could
be evenly filled in a 6 m high basin of surfaceada 47 football fieldswww.laviny.sk

Ruény profil
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Horska zéachranna sluzba - Stredisko lavinove] prevencie, Jasné
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G. AWS Webcam

Pictures taken from web-cameras installed on AW&Suseful source for the detection and
precise dating of avalanches on sample slopespithges are sent in real time to the centre
currently on hourly basis. Moreover, the picturas be found omwww.laviny.sk

Fig. 26: Hruba kopa, 2008-03-30 14UTC.
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