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AIR TEMPERATURE CHANGES IN THE PERIOD 1991 -2020

OLIVER BOCHNICEK, PETER KAJABA

Slovak Hydrometeorological Institute, Jeséniova, 17, 833 15, Bratislava, Slovak Republic,
oliver.bochnicek@shmu.sk, peter.kajaba@shmu.sk

In the article, we provide a detailed description of the preparation and execution, evaluation of air temperature norms for
the period 1991 -2020. WMO international procedures were taken into account during the selection and completion of
individual meteorological elements and their characteristics. In the work there were used mathematical and statistical
procedures that take into account breaks and inhomogeneity (MASH) in the time series so that it was possible to create
the largest possible number of places (points on the map) representing the territorial units of Slovakia with the values of
the relevant characteristics. In the end, 88 points were created for the average air temperature, for the average maximum
and minimum air temperature, for the number of summer, tropical, frost and ice days, as well as for the number of days
with a tropical night, 56 points for the absolute maximum and minimum air temperature. Base on obtaining homogeneous
data, normal of the average start and end of days with 5, 10 and 15 °C were subsequently prepared. All the values calcu-
lated in this way will serve for at least 10 years (WMO) as a benchmark for comparison with current (self-corresponding)
values (characteristics). However, the results (trend) expected, are worrying for the further development of humanity.

This paper further investigates the relationships between elevation and warming across Slovakia to understand the spatial
and temporal behavior of annual and seasonal air temperatures and to test the hypothesis of increased warming with
elevation. Over the 60 years of the data set (1961—1990 and 1991 -2020), temperature trend and elevation warming
analyzes were performed. Slovakia is under visible annual and seasonal warming (stronger in summer and winter), both
during the day and at night. These results could serve as a reference for further investigation of the effects of climate
warming not only in Slovakia, but also in the wider region (e. g. The Carpathians) especially in relation to increased
summer heat stress (e.g. more frequent and intense heat waves and milder winters), which we also documented by
analyzing changes in the number of summer, tropical days and frost and ice days.

V élanku poddvame podrobny popis pripravy a vyhotovenia, zhodnotenia normalov teploty vzduchu za obdobie
1991-2020. Pri vybere a kompletizacii jednotlivych meteorologickych prvkov aich charakteristik boli zohladnené
medzinarodné postupy WMO. V praci boli vyuZité matematické a Statistické postupy rieSiace prerusenia a nehomogenity
(MASH) v éasovom rade tak, aby bolo moiné vytvorit’ o najvicési pocet miest (bodov na mape), reprezentujiice iizemné
celky Slovenska s hodnotami prislusnych charakteristik. V kone¢nom désledku tak bolo vytvorenych 88 bodov pre
priemerny teplotu vzduchu, pre priemerné maximum a minimum teploty vzduchu, pre poéty letnych, tropickych, mra-
zovych a Padovych dni, ako aj pre pocty dni s tropickou nocou, 56 bodov pre absolitne maximum a minimum teploty
vzduch. Na zdaklade ziskania homogénnych vidajov boli ndsledne pripravené normdly priemerného ndstupu a ukoncenia
dni s 5,10 a 15 °C. V3etky takto vypocitané hodnoty budi slizit’ minimdlne 10 rokov (WMO) ako etalon pre porovndvanie
s aktualnymi (sebe odpovedajucimi) hodnotami (charakteristikami). Vysledky, (trend) akokol’vek ocakdvané, sii pre d’alsi
vyvoj Pudstva znepokojujice.

Tato praca d’alej skiima vzt'ahy medzi nadmorskou vyskou a oteplovanim na Slovensku, aby sme pochopili priestorové
a Casové spravanie rocnych a sezénnych teplot viduchu a otestovali hypotézu zvySeného otepl’ovania s nadmorskou
vi§kou. Pocas 60 rokov siboru vdajov (1961—1990 a 1991 -2020) sa vykonali analyzy trendu teplot a vyskového oteplo-
vania. Na Slovensku je viditel'né roéné a sezonne otepl’ovanie (silnejSie v lete aj v zime), cez deii aj v noci. Tieto vysledky by
mohli slufit’ ako referencia pre d’al§ie skiimanie désledkov otepl’ovania klimy nielen na Slovensku, ale aj v SirSom regione
(napr. Karpaty), najmd v suvislosti so zvySenym letnym tepelnym stresom (napr. CastejSie a intenzivnejsie viny horucav
a miernejsie zimy), éo sme zdokumentovali aj analyzou zmien v pocte letnych, tropickych, mrazovych a Padovych dni.

Key words: normal air temperature, climate change, MASH, summer, tropical, frost and ice days, 1991 - 2020

INTRODUCTION

Leaving aside the very early records that mankind has
observed for millennia, but not always with accurate or
continuous records, often mixed with other subsequent
events (this does not detract from their importance in the
historical context, even for historical climatology), often
kept in national libraries and archives, here we focused
on regular measurements. Early records in manuscript form
were kept in daily, weekly or monthly journals. Since
the 1940s, and especially following the establishment of
WMO, standardized forms and procedures have gradually
become prevalent, and national meteorological archives
have been designated as the storage site for these records.

Chronological record, constantly updated, in sequential
order, methodical and careful tracking and record keeping
enabled easier collection, archiving and subsequent use of
records. Since the late twentieth century, most weather
information has been transmitted digitally to centralized
national collection centers. As the messages have been
intended primarily for operational weather forecasting, it
has been common practice to rely on the original observing
documents for the creation of the climate record in climate
centers around the world. The collection, transmission,
processing and storage of operational meteorological data
however, being dramatically improved by rapid advances in
computer technology, and meteorological archives are
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increasingly being populated with data that have never been
recorded on paper. The power and ease of use of computers,
the ability to record and transfer information electronically,
and the development of international exchange mechanisms
such as the Internet have given climatologists new tools to
rapidly improve the understanding of climate. Absorbing all
the knowledge mentioned above and using archival digitized
records, we performed analyzes of meteorological data and
calculations based on the recommendations of the WMO
Guidelines on the Calculation of Climate Normals (2017)
and WMO Guide to Climatological Practices (2018).

Figure 1. Location of analyzed stations for period 1991 —2020.
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The observed daily maximum (t_max), minimum (t_min) and
average (t_avg) air temperatures were analyzed at 88 me-
teorological stations of the Slovak Republic for the period
1991-2020 (Fig. 1-Fig. 3). The selection of stations was
prepared according to the following WMO criteria (2017):

“Complete” - All climatological stations have a com-
pleted daily and monthly series measurements.

“WMO Guide” — Climatological stations that meet re-

quirements of the WMO Guide.
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Stations in alphabetical order

Figure 3. Data availability by meteorological station name in the period 1991 -2020.

- -
-
—
—
——
-
—
—
-
—
—
—
-—
J——
J—p——
—
—
— —
—
—
- ———
-
- — c——
L R R T T T e e R R R R R
P S = S L Y e
& =2 & % § 83 & 5 & % 8 z 3 28 &2 8§ & 5 & g g - o o o4 &8 o® g g
%9 8@ 892 288 2R S8 S 8 588 B&F 8 8RE S R85 E 8
Period

Meteorologicky ¢asopis, 26, 2023

1_BANSKA_RYSTRICA_BAKOSOW)
2_BANSKA_BYSTRICA_MAJER_E61
3_BANSKA_BYSTRICA-RAKYTOVCE_11896
4_BANSKA_BYSTRICA-ZELENA_ 11838
5_BANSKA_STIAVNICA_G53
6_BANSKA_STIAVNICA 11889
7_BANSKA_STIAVNICA 11501
8_BARDEIOV_11961

5_BELUSA_11862

10_BOLKOVCE 11927

11_3RATISLAVA KOLIZA_11813
12_BRATISLAVA LETISKO_
13 BRATISLAVA MLYNSKA DOLINA 11810
14 RATISLAVAPETREALKA 11808
15_AREZNO_ 11917

16_BRIESTIC_601

17_BYSTRICKA_11864

18_370VIK_11502

19_CADCA_11856
20_CAKLOV_11966
21_CHOVD_11825
22_CERVENY_KLASTOR_11951
23_DOLNE_PLACHTINGE_11905
24_DOLNY_HRICOW 11841

25 DONOVALY
26_DUBAKOVO_665
27_DUBNIK_11960
28_DUDINCE_11880

29 GRBCIKOWO 11818

30 GANOVCE 11852
31L_HABDVEA_11912
32_HOLIC_11800
33_HURBANOVO_11858

34_CHOPOK 11916

35 JAKUBOVANY 11963
36_JASLOVSKE _BOHUNICE_11819
7_KAMANDVA_11838
38_KAMENICA_NAD_CIROCHOL 11993

43_XDSICE,PODHRADOVA_ 11869
44_KDSICELETISKD 11968

A5 KDSICE-MESTO 11950
46_CDSICKA_NDVA_VES 11981
47_KRALOWA_PRISLNCI_11817
48_KREMNICKE BANE_11879
}_KRIZNA_11907
50_KUCHYNANOVY_BVOR_11801
51_UESEK_1101

52 UPTOVSKA_OSADA 11908
53_UPTOVSKY_HRADOK_11874
54_UPTOVSKY_MIKULAS-ONDRASOY
55_LOM_NAD_RIMAYICOU_11910
56_LDMNICKY_STIT_11830
57_MAKOV_KOPANICE 602

58 MALA_LEHOTA_L1877
59_MALACKY_11802
FO_MALINEC_E64

61_WMALINEC 11926
E2_MALY_CEPCIN 11863

63 MALY_JAVORNIK 11812
E1_MIARTIN_11893

65 MEDTILABORCE 11977

56 MICHALOVCE 11882
67_MILHOSTON 11978
68_MODRAFIESOK 11833
69_MOCHOVCE 11856
70_MOLDAVA_NAD_BQDVOU_11947
71_MORAVSKY_SVATY JAN_L1835
72_MOST_PRLBRATISLAVE_11830
73_MURANSKA_HUTA, PREDNA_HORA_1151
74_Muzla_L1888

Fo_Mviava 11805

F6_MITRAVELKE _IANIKOWCE 11855
F7_MOVY_SMOKOVEC 11832
75_ORAVSKA_LESNA_L1868
73_ORAVSKE_VESELE_11850
80_ORAVSKY_PODZAMOK_11892

81 ORECHOVA 11984

82_0SADNE_1159

83 PEZINDKMAYSLENICE 11815
BA_PILSTANY_11825
85_PLAVLC_NAD_POPRADOM 11961
86_PODBANSKE_L1876
#7_PODHAISKA_L1850
85_PODOLINEC_11950
89_POLANA_11920

90 POPRAD 11934

91_pOVAZSKA _RYSTRICA_MS_11832
52_POVAZSKA _BYSTRICAKUNOVLE 11840
\_PRESOM_PLANETARIUM_11954
4_PRESOVVOISKO_L1955
PRIBEN I 11985

96_FRIEVIDZA 11367

97_RABC

118

100_RIMAVSKA_SOROTA_L1942
101_ROZNAVA_11844
102_Rertaky_L1974
103_RUZOMBEROK 11872
104_SENICA_11805
105_SILICA_11870

106 SKALNATE_PLESD. 11931
107_SLADKOWICONO 11838
108_SLIAC_11903
109_SUIAC-RUPELE_11913
110_SOMOTOR_11979
1_SPISSKE_VLACHY_11849
112_Stars Lesna_11957
113_5T05_KUPFLE_11946

116_STUPAVA 11811
_SWEDLAR_11545

118 TATRANSKA_JAVORINA L1936
119 TATRANSKA_LOMNICA 11935
120_TATRANSKA_POLIANKA_11553
121 TELGART 11338
122_TESARSKL_MIYNANY_ 11862
123 _TISINEC_ 11870
124_TOPOLCANY_11847
125_TRENCIANSKE_TEPLICE_11828
126_TRENCIN_L 1802
127_TRENCIN_BISKUPICE_11803
128_TRSTENA-USTIE_NAD_PRIEHRADOU_11
129_TURCIANSKF_TEPLICE_11897
130_TURZOVKA_L1857
131_UHROVEC_11839
132_VAHOVCE 603

123 Velke Lovce 11883
134_VELKE_LEVARE_11808

125 _RIPNANY_1 1846

136 VIGLAS_PSTRUSA_11901
137 WWSOKA_NAD_UHOM 11895

138 ZELIEZOVCE 11881
139 _Z1AR_NAD_ HRONOM 1
140_ZIHAREC 11820

75



“WMO Guide + partially” — Climatological stations
meeting the conditions of the WMO GUIDE only in a certain
part of the series (understood the months for 1991 —2020).

“According to the position extreme” — Climatological
stations, meeting the conditions of the WMO GUIDE only
in number of years its inclusion is possible under the assump-
tion of the same year of occurrence of the extreme (for a given
month in the period 1991 -2020) as at the surrounding stations.

“Note to daily data” — at climatological stations, their
daily records, there are incomplete time series (the month has
an incomplete number of daily measurements).

Timelines of station measurement history

Because some territorially important stations dropped out of
the list, we also built a graph of the occurrence of data in the
timeline arranged by:
a) Alphabetically order
(station name, Fig. 3);
b) Meteorological station indicator.

This helped us to construct some other time series that
fulfil the gap in station map

METHODS
MASH methods

Possible break points and shifts detect and adjust through
mutual comparisons of series within the same climatic area.
The candidate series chose from the available time series
and the remaining series consider as reference series. The
role of series changes “step by step” in the course of the
procedure. Depending on the climatic elements, additive or
multiplicative models are applied. The second case trans-
form into the first one by logarithmization.

Several difference series construct from the candi-
date and weighted reference series. The optimal weighting
is determined by minimizing the variance of the difference
series, in order to increase the efficiency of the statistical
tests. Assuming that the candidate series is the only
common series of all the difference series, we assign the
boundary points found in all the difference series to the
candidate series. A new multiple break points detection
procedure has been developed which takes the problem of
significance and efficiency into account. We formulate
significance and effectiveness according to conventional
statistics regarding errors of the first and second type. This
test obtains not only estimated break points and shift values,
but the corresponding confidence intervals as well. We
adjust the series using point and interval estimates. This
version is evolving towards automation. Some develop-
ments connect with special problems of the homogenization
of climatic time series. One of them is the relation of
monthly, seasonal and annual series. The problem arises
from the fact, that the signal to noise ratio is probably less
in case of monthly series than in case of derived seasonal or
annual ones. Thanks to this, we can more easily detect
inhomogeneity in the derived series, even if we plan to
adjust the monthly series. Another issue concerns the use
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of metadata during the homogenization process. The deve-
loped version of MASH system makes possible to use the
metadata information — in particular the probable dates of
break points - automatically. This new version also includes
a new transformation procedure that the author developed
for the multiplicative model in order to solve the problem
arising from values approaching zero. A new part of MASH
system is a verification procedure (MASHVERI.BAT)
which makes possible to evaluate the actual or the final stage
of the homogenization. We think the verification is an
important part of the topic of homogenization since all over
the world there are a many so-called homogenized series
however their reliability sometimes is doubtful. The basic
concept of the verification procedure is that we can increase
the reliability in homogenized series by joint comparative
mathematical examination of the original and homogenized
set of series.

The author of MASH connects the latest development
with a certain automation of procedures.

Basic principles of MASH procedure:

« Relative homogeneity test procedure.

« Step by step procedure: the role of series (candidate or

reference series) changes “step by step” in the course

of the procedure.

Depending on the climatic elements, we will use an

additive or cumulative model.

It is possible to homogenize monthly, seasonal or

annual time series.

In case you have monthly series for all 12 months, we

can choose to homogenize the monthly, seasonal and

annual series together.

Derive daily inhomogeneities from monthly ones.

Meta data (probable dates of break points) can be used

automatically.

« There is a possibility to verify the actual or final stage
of homogenization.

The mathematical basis of ‘MASH’ procedure

Statistical modelling:

Additive Model (for example temperature)
Examined series:

X(t) = Cj(t) + IH;(t) +&(t) (=1,2..N;t=1,2....n)
C: climate change; IH: inhomogeneity, &: noise

Multiplicative Model
(for example monthly or seasonal precipitation)
Examined series:

X (t) = (). IH;*(t). &™() (i=1,2..N;t=1,2....n)
C*: climate change; IH*: inhomogeneity, ¢*: noise

Logarithmization for Additive Model
Xj(t) = Cj(t) + IH;(t) + (1) (=1,2..N;t=1,2....n)
where:  Xj(t) =In Xj*(t) Ci()=InCy*(t)

IH;(t) = In1H;*(t) &) =Ing*(t)



Basic characteristics
of normal values 1991 -2020 and statistics

Processing was carried out using standard procedures
for calculating monthly, seasonal and annual values
in tabular form for 88 meteorological stations and for
meteorological characteristics (mean air temperature,
mean maximum and mean minimum air temperature,
absolute minimum and maximum air temperature.
Later on number of days with characteristic tempera-
tures for a summer day (t_max>25 °C), tropical day
(t_max>30°C), day with tropical night (t_min>20 °C),
frost (t_min<0°C), ice (t_max <0 °C) and arctic day
(t_max <-10°C) were processed as well. The result
is tabular outputs for individual stations as well as an
overview table of normal values. Other statistics such
as standard deviation, skewness, kurtosis, minimum
and year of occurrence of minimum, maximum and
year of occurrence of maximum and climatic certainty
of occurrence as well as previous normal values for
the periods 1981-2010, respectively, 1961 -1990
were processed relied on WMO recommendations
(WMO 2017, 2018).
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Research on decadal air temperature averages
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We converted the homogenized data and their cha-
racteristics into a standard form comparable to the
outputs for previous periods (1981-2010, respec-
tively 1961 — 1990).

For a better idea of the trend of air temperature
in the historical series, we constructed the values of
decade averages of air temperature at professional
meteorological stations, which represent Slovakia
horizontally and vertically (Fig. 4a, 4b and 4c).
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Selected characteristics:
o Average decade air temperature
o Average decade maximum air temperature
o Average decade minimum air temperature

232m

Comparison of decades of air temperature especially
the normal period 1991-2020

Common facts are that:
o Selected professional station represent Slovakia in
latitude, longitude and altitude manner.
o The last 3 decades are the warmest.
e Never in the history of measurement has the last
temperature decade been higher.

e The course of air temperature by altitude is expo-
nential.

o The slope of the curve depends on period (season).

Decade air temperature (t_AVG)

The largest decade differences in average air tem-
perature are clearly between the 3 and the 2" decade of the
period 1991 -2020, reaching up to 1°C.
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Figure 4a. Average decade air temperature.

t_AVG_Bratislava, airport t_AVG_Hurbanovo
12
11

10

2020
2020 I

1960 NN
1970 N
1980 N
1990 M
2000 NN
2010
1880 NN
1890 NN
1900 W

1910 EEE
1920 W
1930 EEEE
1940 NN
1950
1960 NN
1970 HENE
SCEN |
1990
2000 I
2010

1880
1890
1900
1910
1920
1930
1940

1950

1872
1881
1891
1901.
1911
1921
1931
1941.
1951
1961
1971
1981
1991
2001
2011
1872.
1881
1891
1901
1911
1921
1931
1541
1951
1961
1971-
1981.
1991
2001-
2011

=)
@
o
o
a
o
=}
@
2
o
=%
5

a.s.l. 117ma.s.

t_AVG_Oravska Lesna t_AVG_Liptovsky Hradok

e
n e~ oo

2020 .

1970 W
1980 R
1990 NN
2000 N
2010

1960 W
1970 Wl

1930 N
1990 N
2000 N
2010 .
2020 I

1950 1IN

1940 N

1991
2001
2011
1991
2001
2011

E Decade 642ma.s.

a.s.

t_AVG_Sliag t_AVG_Lomnicky $tit

e

1960 I
1970 .

1980 N
1990 N
2000 .
2010
2020

1890
1900
1910
1920
1930
1940
1950
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1990
2000
2010
2020

1881-
1891
1901-
1911
1921
1931-
1941-
1951
1961
1971
1981
1991-
2001
2011
1881-
1891
1901
1911-
1921.
1931-
5 1941
1951
1961-
1971
1981-
1991
2001
2011

o)
®
1]
o
a
@
=]
@
i
Y]
=%
@

a.s.l. 2636ma.s.l.

t_AVG_Poprad t_AVG_Telgart

e
Ao oN®

2000 NN
2010 NN
2020 .

1880
1890
1900
1910
1920
1930
1940
1960 W
1970
1980 M
1990

1950

1951-1960 NN
1961-1970 .
1971-1980 NN
1981-1990 NN

1991-2000 NN
2001-2010 I
2011-2020

1872-1880
1881-1890
1891-1900
1911-1920
1921-1930
1931-1940
1941-1950

1901-1910
1872
1881
1891
1901
1911
1921-
1931
1941
1951
1961-
1971
1981
1991
2001
2011

=]
®
o
4
=%
@
=]
&
@
B
=%
®

908ma.s.

a
L

t_AVG_Kosice, airport t_AVG_Kamenica nad Cirochou
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Decade maximum air temperature (t_max_AVG)

The most significant decade changes in the maximum
air temperature occurred between the 2™ and 3™ decade,
reaching up to 1.1 °C.

Decade minimum air temperature (t_min_AVG)

Although the decade difference t_min_AVG between
the 2" and 3™ decades at selected stations was larger, it was
not as significant as it was witht_ AVG or t_max_AVG.

Comparison of stations of different latitude and
longitude and according to altitude and different
periods 1991 -2020 compared to 1981-2010
and 1991 -2020 compared to 1961 - 1990

If it considers the differences in area (longitude, latitude) and
vertically (altitude), then the dependencies show the following
results (Fig. 5).
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Figure 4c. Average decade minimum air temperature.
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Figure 4b. Average decade maximum air temperature.
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Decade
half-year - a faster drop in temperature with altitude.

In order to document at least some of the processes
here in graphic form, we present the average air temperature
in the coldest month of the year (January, Fig. 6) and in the

wer drop in temperature with altitude.
« In the summer months, in the spring and in the warm

« In the winter months and in the cold half-year - a slo-
To homogenize the number of summer (Fig.8) days
(tropical, days with tropical night) or of frost (Fig. 9) days
(ice, arctic) we used the multiplicative model of the MASH
program and all this for the period 1991 —2020.

warmest month of the year (July, Fig. 7). We used the
additive model of the MASH program for homogenization.

Large (+) differences in temperature occur in:

Comparison of 1991-2020 and 1961 - 1990
“JUN”, “JUL”, “AUG”, “NOV”, “DEC”.

232mas.l

Decade

Decade 107m a.s.k.
Comparing the periods 1991 -2020, 1981 -2010 and
re significantly in 1991-2020 compared to 1961 —1990.
« Changing air temperature is important for various sec-
tors (transport, tourism, agriculture, etc.). Therefore, we
prepared the course of air temperature with height for
comparison with the periods 1961 —-1990, 1981 -2010.
In both comparisons (1991 —2020 versus 1961 — 1990 and
1981-2010), a positive difference in temperature can
be seen in the corresponding altitudes. The dependence
of air temperature with altitude indicates an exponential
dependence in months, seasons and in the year.

1961-1990, we state:
curves within the month are important.

« The difference in temperatures increases with time. Mo-
Important facts:

« Slope of the curve and the distance between the two
78 | Meteorologicky ¢asopis, 26, 2023
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Figure 5. Monthly (seasonal, yearly) average of air temperature comparison.
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Figure 6.
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Figure 9.
Map processing
of frost days
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Evaluation of the change in average air temperature
in the period 1991-2020

From a statistical (Tab.1 and Tab. 2) point of view, the
January trend of air temperature change turned out to be
statistically insignificant (correlation coefficient (r) reached
lower values of p=0.1 (r=0.2573) see Nosek (1972), where
p is a level of significance. In January, we did not observe
temperature changes during 1991 —2020. In February, only
at meteorological stations (from a selected number of sta-
tions) in PieStany, Prievidza, RuZomberok, Liptovsky Hra-
dok, Dudince, Slia¢, Bol’kovce and in the east of the country
in KoSice, airport, Medzilaborce, Milhostov, Somotor and in
Kamenica nad Cirochou the changes (increase in air
temperature) were statistically significant. In February, we
recorded an average increase in air temperature of +2.3 °C,
with maximums of 1.5 °C to 2.8 °C, especially in the east of
Slovakia. In March, the number of statistically significant
changes (increase in air temperature) expressed in the
number of locations increased even more, while in some
locations they were more significant (p=0.05 (r=0.3044)),
e.g. in Bratislava at the airport, in Liptovsky Hradok, Bol-
kovce, Poprad, KoSice at the airport, Medzilaborce, or in
Kamenica nad Cirochou. In March, we observed an average
increase in air temperature of +1.7 °C with a maximum in
Borlkovce and Kosice, airport of +2.2 °C. In April, with the
exception of Bratislava, airport the increase in air tempe-
rature was statistically very significant (p=0.01 (0.3932)).
In April, we recorded an average increase in air temperature
of +2.5 °C with a maximum in Liptovsky Hradok of +3.2 °C.
On the contrary, in May we observed statistically insig-
nificant changes (no trend). There was no change in air
temperature behavior in May. June was statistically the
most significant (at all locations the dependence was higher
than p=0.01 (0.3932). We recorded the closest dependence
for Koasice, airport (r=0.642) and for Kamenica nad Ciro-
chou (r=0.627). In June, we noted an increase in air
temperature on average by +2.3 °C with a maximum in Prie-
vidza of +2.8 °C. July (similar to March, but with a relatively
closer dependence), showed a statistically significant increase
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in air temperature in most places, but not as significant as in
June. In July, we observed an average increase in air
temperature of +1.2°C with a maximum in Bratislava,
airport of +2°C. August as well as September showed a
statistically significant trend (dependency) of an increase in
air temperature. In August, we recorded an average increase
in air temperature by +1.5 °C, with a maximum of +2.4 °C at
Lomnicky §tit, and +1.9°C at Chopok. In September, we
observed an average increase in air temperature of +1.8°C
with a maximum in KoSice, airport of +2.5 °C.

At most meteorological stations, October showed a sig-
nificant or strongly significant dependence on the increase in
air temperature from 1991 to 2020. In October, we recorded
an increase in air temperature on average by +1.5°C
(maximum at Lomnicky §tit up to +2.0°C, +1.9 °C in Cho-
pok and Bratislava, airport). In November and December,
we observed a very close to extremely close dependence
(except mountain stations in December) when the air tempe-
rature increased above p =0.02 (0.3578), respectively above
p=0.01 (0.3932). In November, we recorded an increase in
air temperature by +2.7 °C on average, with a maximum of
+3.6 °C at Chopok and +3.5 °C at Lomnicky Stit. In Decem-
ber, we observed an average increase in air temperature of
up to +3.1°C with a maximum in Kamenica nad Cirochou
up to +4.5°C (+3.5 °C in Somotor and Milhostov). Seasonal
values (except in winter) showed a statistically extremely
significant trend of air temperature increase above p=0.01
(0.3932) with an average of the correlation coefficient in
spring of 0.467 and a maximum of 0.588, in summer with
an average of 0.537 and a maximum of 0.653, and in autumn
with an average of 0.581 and a maximum of 0.705. In winter
(Fig. 10), depending on the course of the air temperature
from 1991 to 2020, we observed a statistically less significant
closeness of the relationship than in other seasons, neverthe-
less more pronounced in the east of the country. In spring
(Fig. 11), we recorded an average increase in air temperature
by +1.5 °C with a maximum of +1.9 °C in Poprad. In the sum-
mer (Fig.12), we observed an average increase in air tem-
perature by +1.7 °C with a maximum in Prievidza of +2.1 °C.
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Table 1. Change in average air temperature in the period 1991 —2020.

=5 = P £ %8 £ 353 2 § &8¢ 83 5 2 |2 s E
805 Senica 03 19 15| 21 03 23] 14 16 15| 17 28 30| 13 17 20 14| 15 19 17
816 Bratislava, airport 01 22 20| 26 02 25| 20 12 18| 19 24 30| 16 19 21 15| 17 19 19
826 Piestany 02 24 16| 23 00 25| 16 13 13| 15 30 32| 13 18 19 16| 15 20 17
835  Moravsky sv. Jan 05 19 15| 23 01 23| 13 15 16| 13 27 30| 13 17 19 15| 15 18 16
858  Hurbanovo 02 21 14| 23 00 21| 16 12 15| 13 26 29| 12 17 18 14| 14 17 16
862 Belusa 01 22 17| 26 00 23| 13 15 15| 15 27 33| 14 17 19 15| 15 19 17
866 Cadca 02 18 18| 19 02 21| 08 10 10| 12 27 31| 12 13 17 13| 11 18 14
867 Prievidza 00 24 18| 29 08 28| 17 19 19| 17 27 30| 18 21 21 15| 20 19 19
868  Oravska Lesna 01 20 15| 28 03 24| 11 16 18| 14 30 32| 15 17 20 15| 17 19 18
872  Ruzomberok 03 25 16| 26 -02 22| 08 13 16| 10 25 28| 13 14 17 14| 13 17 15
874  Liptovsky Hradok 01 27 20| 32 02 26| 14 17 20| 14 25 34| 18 19 20 18| 18 21 19
880 Dudince 03 27 16| 21 01 23| 13 13 16| 14 27 31| 12 17 19 16| 15 19 17
903  Sliaé 02 26 17| 25 00 24| 12 17 20| 18 26 30| 14 18 22 13| 16 18 18
916  Chopok 12 12 15| 30 06 26| 09 19 24| 19 36 20| 17 19 26 04| 19 15 17
927  Bolkovce 02 25 22| 25 04 21| 12 16 20| 15 27 30| 17 17 20 14| 16 19 18
930  Lomnicky &tit 11 16 15| 30 06 24| 07 24 23| 20 35 16| 17 18 26 04| 19 15 17
934  Poprad 04 19 21| 30 05 25| 13 16 20| 15 27 34| 19 18 21 14| 18 19 19
938  Telgart 05 18 17| 28 05 21| 12 15 19| 15 28 24| 16 16 21 09| 17 16 16
962 Bardejov 00 21 15| 19 03 17| 05 11 19| 11 26 34| 10 10 11 19| 16 11 17
968  Kosice, airport 04 28 22| 28 07 26| 13 22 25| 17 29 36| 19 20 24 20| 20 23 21
977  Medzilaborce 05 28 21| 23 05 23| 09 11 19| 18 27 38| 16 17 23 22| 17 23 20
978 Milhostov 03 26 17| 20 01 20| 1.0 18 24| 11 24 35| 13 16 20 19| 16 19 18
979  Somotor 05 28 16| 16 -04 14| 00 08 17| 07 24 35| 09 07 16 20| 09 19 14
993 Kamenica n/C 08 28 20| 25 07 25| 11 18 19| 13 26 45| 17 18 19 25| 18 23 21

Legend: JAN -January, FEB - February, MAR - March, JUN - June, JUL - July, AUG - August, SEP - September, OCT - October,

NOV - November, DEC - December, spring - March to May, summer - June to August, Autumn - September to November,
Winter - December to February, Wp - April to September, Cp - October to March, year - January to December.

Table 2. Correlation coefficient of change in average air temperature in the period 1991 —2020.

g Name = m 24 o > = 1 [} a = > (8} g é % é =
% T ¥ 2z £ 2/ 2 =2 ¥/8 ¢ &|ls 3z 3z £|£& 8 ¢
805 Senica 0.045 0.203 0.250| 0.398 0.054 0.489 | 0.296 0.287 0.288 | 0.313 0.422 0.458 | 0.410 0.483 0.567 0.253 | 0.539 0.431 0.615
816 Bratislava, airport | 0.014 0.238 0.324 | 0.014 0.051 0.524 | 0.401 0.221 0.352 | 0.374 0.392 0.480 | 0.488 0.516 0.623 0.269 | 0.604 0.458 0.664
826 Piestany 0.024 0.271 0.263 | 0.403 0.006 0.554 | 0.350 0.254 0.257 | 0.267 0.433 0.466 | 0.405 0.537 0.530 0.282 | 0.550 0.451 0.651
835  Moravsky sv. Jan 0.059 0.212 0.256 | 0.401 0.017 0.481 | 0.280 0.287 0.349 | 0.256 0.415 0.422 | 0.395 0.500 0.554 0.249 | 0.550 0.419 0.651
858  Hurbanovo 0.026 0.223 0.245| 0.428 0.004 0.469 | 0.356 0.238 0.299 | 0.256 0.380 0.439 | 0.387 0.498 0.556 0.247 | 0.543 0.424 0.631
862 Belusa 0.014 0.255 0.270 | 0.458 0.008 0.541|0.297 0.300 0.301|0.281 0.401 0.450| 0.438 0.531 0.553 0.262 | 0.590 0.429 0.674
866 Cadca 0.028 0.200 0.266 | 0.358 0.046 0.509 | 0.187 0.230 0.233 | 0.228 0.398 0.386 | 0.369 0.453 0.525 0.213|0.480 0.399 0.573
867 Prievidza 0.003 0.277 0.282|0.483 0.145 0.595| 0.347 0.366 0.360 | 0.316 0.384 0.423 | 0.521 0.626 0.579 0.252 | 0.697 0.429 0.706
868 Oravska Lesna 0.008 0.218 0.242 | 0.496 0.057 0.534 | 0.265 0.382 0.371 | 0.254 0.415 0.417 | 0.469 0.587 0.589 0.257 | 0.680 0.429 0.674
872 Ruzomberok 0.037 0.273 0.265 | 0.458 0.050 0.494 | 0.187 0.284 0.326 | 0.185 0.364 0.373 | 0.410 0.485 0.491 0.230| 0.519 0.399 0.607
874  Liptovsky Hradok 0.010 0.288 0.309 | 0.551 0.039 0.605 | 0.324 0.399 0.406 | 0.285 0.348 0.439 | 0.543 0.611 0.562 0.292 | 0.690 0.452 0.706
880 Dudince 0.033 0.289 0.296 | 0.386 0.026 0.527 | 0.306 0.271 0.341 | 0.293 0.412 0.414 | 0.430 0.537 0.588 0.261 | 0.570 0.437 0.674
903  Slia¢ 0.028 0.276 0.293 | 0.472 0.004 0.589 | 0.290 0.365 0.401|0.361 0.392 0.373| 0.476 0.589 0.629 0.214| 0.641 0.397 0.670
916  Chopok 0.156 0.172 0.242 | 0.501 0.108 0.566 | 0.195 0.394 0.388 | 0.261 0.294 0.282 | 0.521 0.586 0.609 0.094 | 0.701 0.407 0.702
927  Bolkovce 0.020 0.274 0.369 | 0.494 0.074 0.530| 0.307 0.340 0.391 | 0.315 0.413 0.365| 0.555 0.561 0.637 0.233 | 0.628 0.432 0.700
930  Lomnicky Stit 0.156 0.213 0.240 | 0.485 0.117 0.497 | 0.163 0.530 0.360 | 0.267 0.504 0.229 | 0.513 0.591 0.566 0.081| 0.708 0.394 0.731
934  Poprad 0.046 0.192 0.323 | 0.551 0.107 0.639 | 0.339 0.398 0.399 | 0.286 0.375 0.435| 0.588 0.653 0.614 0.234 | 0.724 0.420 0.720
938 Telgart 0.087 0.219 0.269 | 0.513 0.110 0.545| 0.291 0.355 0.358 | 0.266 0.422 0.386 | 0.521 0.578 0.597 0.196 | 0.656 0.401 0.711
962 Bardejov 0.003 0.243 0.238 | 0.369 0.065 0.473 | 0.114 0.316 0.392 | 0.239 0.379 0.450 | 0.336 0.336 0.429 0.622 | 0.273 0.487 0.394
968  Kosice, airport 0.065 0.342 0.343 | 0.519 0.132 0.642 | 0.284 0.457 0.456 | 0.343 0.455 0.473 | 0.560 0.624 0.705 0.352 | 0.673 0.519 0.779
977  Medzilaborce 0.066 0.329 0.308 | 0.455 0.107 0.578 | 0.206 0.316 0.471|0.338 0.378 0.488 | 0.565 0.624 0.664 0.376 | 0.706 0.499 0.794
978  Milhostov 0.041 0.319 0.278|0.394 0.022 0.558 | 0.230 0.405 0.459 | 0.251 0.390 0.473 | 0.452 0.527 0.647 0.336 | 0.610 0.452 0.716
979  Somotor 0.071 0.325 0.250|0.327 0.069 0.412|0.005 0.179 0.322 | 0.151 0.397 0.475| 0.306 0.252 0.557 0.353 | 0.335 0.443 0.595
993  Kamenica n/C 0.105 0.294 0.306 | 0.473 0.141 0.627 | 0.266 0.435 0.389 | 0.249 0.333 0.533 | 0.551 0.610 0.582 0.379| 0.677 0.479 0.595

Legend: Correlation coefficient values for the significance limit p=0.1;

p=0.1 (0.2960);

p=0.05 (0.3494);
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p=0.02 (0.4093);

0.05; 0.02 and 0.01.

p=0.01 (0.4487)
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Figure 13.

Map processing
of average air
temperature
change (autumn)
in the period
1991 -2020.

Figure 14.

Map processing
of average air
temperature
change (annual)
in the period
1991 -2020.
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In autumn (Fig. 13), we recorded an increase in the air
temperature by +2 °C on average, with a maximum of
+2.6 °C at both Chopok and Lomnicky Stit. In winter, we
observed an average increase in air temperature of +1.5°C
with a maximum in Kamenica nad Cirochou of +2.5°C. In
the warm half-year (April to September), we observed
a very close to extremely close dependence expressed by the
increase in air temperature in the period from 1991 to 2020
(correlation coefficient on average 0.598 and maximum
0.724). In the warm half-year, we recorded an average
increase in air temperature of +1.6 °C with a maximum of
+2°C in Prievidza and KoSice. In the cold half-year
(October to March), we observed an extremely close depen-
dence in the period from 1991 to 2020 (correlation coef-
ficient on average 0.437 and maximum 0.519). The de-
pendence is smaller than in the warm half-year, nevertheless
extremely significant. In the cold half of the year, we
observed an average increase in air temperature by +1.9 °C
with a maximum in the east of Slovakia in KoSice, airport,
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Medzilaborce and Kamenica nad Cirochou by +2.3°C. In
the annual values of the average air temperature, there was
a significant dependence on the growth of the air
temperature in the period 1991 to 2020, with an average
value of the correlation coefficient of 0.664 and a maximum
of 0.794 in the entire territory of Slovakia. In the annual
values of the average air temperature (Fig. 14), we recorded
an increase in air temperature on average by +1.8 °C with
a maximum of +2.1 °C in Kamenica nad Cirochou.

Evaluation of the change in the number of frost days
in the period 1991-2020

Changes in the number of frost days are observed especially
when there are more days with (minimum) temperatures
above 0°C, thus the number of frost days decreases (ne-
gative trend). This happens (from a selected number of
meteorological stations sufficiently covering the territory of
Slovakia) mainly in February, March and April. Also in the
highest mountain locations in June and September respec-



tively (Tab. 3 and Tab. 4). With the increasing decrease in
temperature, the most pronounced (understand at a signi-
ficant number of stations) in October (on average a decrease
of —4.9 frost days compared to the value from the period
1991 -2020), in November (—6.6) and in December (-6.5).

During the annual seasons, we observed significant
changes in spring with an average decrease of 9.2 days
(calculated only from statistically significant decreases,
see Tab. 4), respectively at mountain stations and in summer
(Chopok -5.8 days and Lomnicky &tit —13.2 days). We
observed a clear decrease (statistically significant) at all
stations in autumn with an average decrease of —11.1 days.
In the winter period (December to February), we recorded

a (statistically) significant decrease in Prievidza (-10.2 days),
Oravska Lesna (-6.2 days), Liptovsky Hradok (-7.4 days),
Slia¢ (-11.3 days), in Poprad (-5.5 days) and in the east of
the country with an average decrease of up to —14.6 days. In
the warm part of the year (April to September), we observed
changes in the number of frost days on Chopok —19.1 days,
in Bolkovece —4 days, on Lomnicky Stit up to —24.7 days and
in Medzilaborce —11 days.

In the cold half-year (October to March), the average
decrease was —24.6 days. In the annual frequency, we re-
corded an average decrease from all (selected) meteo-
rological stations —28.2 days for the period 1991 —2020.

Table 3. Statistically significant change in the number of frost days in the period 1991 —2020.

= [} o
RS g £ 5 g &
805 Senica 44 18 14 -12.1 224 237
816 Bratislava, airport 41 66 -1.1 -10.7 -20.4 -225
826  Piestany 53 41 55 74 9.6 25 -236
835  Moravsky sv. Jan 76

858  Hurbanovo 35 71 65 -10.5 195 214
862 Belusa -45 -8.3 -8.9 -28.0
866 Cadca

867  Prievidza -6.2 -34 53 64 | -65 -9.9 -25.1

868 Oravska Lesnd 69 7.6 -49 160 6.2 246 -26.6
872  RuZzomberok -7.9 -15.5

874  Liptovsky Hradok 32 5.4 51 106 7.4 212 -25.9
880 Dudince 5.7 53 69 58 -12.2 242 217
903  Slia¢ -6.1 57 13 69 131 4113 290 -33.1
916 Chopok 08 -44 35 53 08| -88 58 -122 -19.1 -26.3
927  Bolkovce -3.8 5.1 -6.7 -12.5 40 -250 -307
930  Lomnicky &tit 94 17 -4.0 132 -143 -24.7 -31.2
934  Poprad 34 -39 55 27| 92 118 55 214 -26.7
938 Telgart 3.1 53  -6.9 7.0 -12.1 178 -22.2
962  Bardejov -4.6 75 9.6 212 213
968  Kosice, airport 67 -85 -29 52 65 -76| -93 119 131 345 -36.5
977  Medzilaborce 60 81 -77 57 -82 -94|-178 151 -169 | -11.0 -400 -49.8
978  Milhostov -6.9 -4.0 7.3 93 -138 -27.8  -29.0
979 Somotor 7.0 -35 7.6 9.6 -144 295 -305
993  Kamenica n/C 5.1 0.1 6.9 -14.6 254 -26.2
Table 4. Coefficient of correlation (significance) of frost days in the period 1991 - 2020.
'c’g 2 qé E é N
805 Senica 0.404 0.420 0.385 0.542 0.364 0.443
816 Bratislava, airport 0.438 0.365 0.387 0.496 0.346 0.389
826  Piestany 0.304 0.374 0.304 0.368 0.435 0.380 0.430
835  Moravsky sv. Jan 0.337

858  Hurbanovo 0.351 0.394 0314 0.482 0.335 0.371
862 Belusa 0.412 0.341 0.392 0.488
866 Cadca

867 Prievidza 0.332 0.335 0.444 0.350 | 0.318 0.435 0.432

868 Oravska Lesna 0.413 0.382 0.530 0.583 0.302 0.577 0.542
872  Ruzomberok 0.356 0.304

874  Liptovsky Hradok | 0.320 0.399 0.432 0.454 0.330 0.475 0.549
880 Dudince 0.344 0.417 0.370 0.304 0.515 0.442  0.500
903  Sliag 0.411 0.466 0.374 0.387 0.553 0.332 0.517 0.595
916  Chopok 0.332 0310 0.342 0.470 0.307 0.366 0.430 0.613 0.754
927  Bolkovce 0.322 0.425 0.305 0.530 0.324 0447 0539
930  Lomnicky $tit 0.524 0.357 0.500 0.494 0.458 0.563 0.615
934 Poprad 0.314 0.336 0.410 0.305 | 0.420 0.514 0.510 0.573
938 Telgért 0.336 0.352 0.357 0.303 0.514 0.455 0.507
962  Bardejov 0.369 0.413 0.396 0.391 0.449
968  Kosice, airport 0.427 0.338 0.320 0.464 0.303 0.372 | 0.396 0.470 0.354 0.564 0.635
977  Medzilaborce 0.392 0435 0.474 0.393 0.398 0.507 | 0.577 0.564 0.437 | 0.552 0.600 0.714
978  Milhostov 0.406 0.349 0.354 0.373 0.339 0.459 0.566
979  Somotor 0.421 0.351 0.380 0.416 0.364 0.511 0.645
993  Kamenica n/C 0.307 0.459 0.297 0.370 0.440 0.538
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Table 5. Change in the number of ice days in the period 1991 —2020. rological stations. In winter, the
— = frequency of statistically significant

BS Name a2 9 a 3 9 € 5 Bl . . = changes is lower (average decrease
> L < X o =2 o|® & F| = o % -10.7 days). In the warm half-year,

805 Senica -4.3 H H

816 Bratislava, airport -23 50 23 -11.3 -14.2 -144 changes Only in the mount.a|n§

826 Piestany 55 90 (Chopok —11.9 days and Lomnicky

835  Moravsky sv. Jan 16 6.2 16 -94 -104 -115 §tit —18 days). In the cold half of the

858  Hurbanovo -1.1 11 -84  -96 ‘e hi

862 Belusa 10 70 10 938 110 -115 year, the frequency is h'gh?r (g\_/era—

866 Cadca 29 71 28 135 ge decrease —12.9 days. Significant

gg; grievii{aL ) - gg - 9.5 122 iég change in annual frequency at most

ravska Lesna -3, -0. -3, -16.: -10. - .

EeegT e — EER = stations (a_verage decrease in the

874  Liptovsky Hradok 74 -14.3 number of ice days —14.3)

880 Dudince -0.8 0.8

903 Sliag

g;g ghﬁf’o" 91 109 " 123 132 119 155 Zgg Evaluation of the change in the

olkovce -0. -9 .

930  Lomnicky &it 94 10 -39 57 -35|-119 -120 180 92 -27.2 nun.1ber of summer days in the

934 Poprad 42 -83 4.7 -186 -17.7 period 1991-2020

938 Telgart 5.6 -6.4 130 -139

%2 Bardejov 20 €6 20 The occurrence of summer days we

968  Kosice, airport -8.0 -13.0 connect to the warm part of the year,

g;; mli'tabome o1 24 gg 24 Ei although their occurrence in March

079 Somurcr h o0 4o OrOctober we cannot exclude. Sta-

993 Kamenica n/C 18 17 1.8 137 149 -158 tistically significant increase (Tab. 7

Table 6. Coefficient of correlation (significance) of ice days in the period 1990 -—2020.

and Tab. 8) in the number of sum-
mer days was in June at almost all
meteorological stations meeting the

= assumption of this characteristic,
T > £ = .
ES Name a o g & 3 9| =2 £ s 5 5 by an average of +7.3 dgys, ywt_h
= L < = o =2 8|9 ® = o >~ a maximum of +9.1 days in Prievi-
W i B2 dza with a correlation coefficient of
816 Bratislava, airport 0.342 0.342 0.342 0.338 0.395 0.453 . .. .
826 Piestany 0.343 0.296 0.545. Statistically significant incre-
835 Moravsky sv. Jan 0.343 0.394 0.343 0.300 0.320 0.424 ase in the number of summer days in
858 Hurbanovo 0.277 0.277 0.280 0.368 July, especially in the colder (mostly
862 Belusa 0.272 0399 0.272 0.281 0.292 0.352 : th part) locati £ Slovaki
866 Cadca 0.313 0.336 0.312 0.299 in north part) locations o lovakia
867 Prievidza 0.367 0.323 0.330 0.405 (Cadca, Oravska Lesna, Slia¢, Po-
868 Oravska Lesna 0.275 0.425 0.340 0.287 0.337 prad), with the exception of Somo-
872 Ruzomberok 0.413 0.289 0.413 0.366 h of Slovaki ith
874 Liptovsky Hrédok 0.342 tor (sout o_eastern ovakia), witl
880 Dudince 0.336 0.336 an average increase of +5.4 to 5.7
903 Sliat days. In August, similar to July,
916 Chopok 0549 0.593 0581 0531 0597 0.345 0543 . T : ;
927 Bolkovee 0.298 0.304 statistically significant increase in
930  Lomnicky &tit 0532 0.454 0.269 0.369 0.336 |0.430 0.396 0544 0.269 0.595 the number of summer days in the
o ?"Ipr?r‘: 0275 0302 2% 0429 o o colder locations of our country
elgal h & 8 8 X I3 r : ’,
962 Bar%ejov 0.287 0.319 0.287 (Cadca, Oravska Lesna, Liptovsky
968  Kosice, airport 0.370 0.378 Hradok) and also in the east of
977 M_edzilaborce 0.371 0.310 0.371 0.334 Slovakla (Mllhostovl Somotor and
978  Milhostov 0.282 0.325 0.352 : : X
979 Somotor 0.407 0.396 Kamenica nad Cirochou) with an
993 Kamenica n/C 0415 0359 0415 0320 0.340 0.456 average increase of 6.6 days res-

Evaluation of the change in the number of ice days
in the period 1991-2020

We observed statistically significant changes (decrease)
in the number of ice days especially in November and De-
cember (Tab.5 and Tab. 6). In high mountain locations,
significant changes also occurred in April and in August or
September. Average decrease in November -3.1 days, in
December —6.6 days. In the summer months, the decrease at
the highest altitudes (Chopok —9.1 days and Lomnicky Stit —
9.4 days). In the spring, the decrease in the mountains
(Chopok -12.3 days and Lomnicky §tit —11.9 days).
Average fall in autumn —3.7 days at most selected meteo-

86 | Meteorologicky ¢asopis, 26, 2023

pectively in the east 5.6 days was

recorded. In September (similarly
to June), statistically significant increase in the number of
summer days at most weather stations, on average by +6.5
days with a maximum of +10.1 days in the east of the
country in Somotor was recoded. Changes in the frequency
of occurrence of summer days in the period 1991 -2020
during the summer were significant at practically all
meteorological stations (except Senica and Telgart) with an
average increase in the period of +15.5 summer days. In
autumn, the situation repeated, but the changes in the
number of summer days were smaller, an increase of +6.5
days on average. In the warm half-year (also considering
the length of the period), the frequency of increase was even



Table 7. Change in the number of summer days in the
period 1991 - 2020.

Table 8. Coefficient of correlation (significance) of summer days in
the period 1991 - 2020.

ST g E . g £

805  Senica 6.5 133 134 805  Senica 0.376 0.300 0.302
816  Bratislava, airport 7.8 13.2 54 19.7 203 816  Bratislava, airport | 0.459 0.425 0305 0.417 0.426
826  Piestany 8.7 54| 131 56 170 172 826  Piestany 0.523 0.321| 0435 0317 0.366 0.368
835  Moravsky sv.Jan | 8.4 145 204 205 835  Moravsky sv. Jan | 0.503 0.516 0.437 0435
858  Hurbanovo 74 70| 126 80 210 219 858  Hurbanovo 0.494 0.343| 0502 0.353 0.464 0.457
862 Belusa 8.9 6.4| 155 6.7 246 249 862 Belusa 0.512 0.371| 0485 0.368 0.479 0.477
866 Cadca 74 59 62 64] 195 6.2 263 26.1 866 Cadca 0.448 0.310 0.328 0.563| 0.532 0.554 0.551 0.548
867  Prievidza 9.1 78| 142 89 264 215 867  Prievidza 0.545 0434 0501 0455 0.530 0.533
868  Oravska Lesna 44 55 71 34| 171 33 211 211 868  Oravska Lesna 0.341 0337 0435 0541| 0543 0534 0592 0.589
872 Ruzomberok 872 Ruzomberok

874  Liptovsky Hradok 64 63 57 56| 184 59 259 263 874  Liptovsky Hradok | 0.423 0.318 0.297 0.533| 0.499 0563 0.596 0.598
880  Dudince 8.9 73| 1562 74 239 240 880  Dudince 0.593 0.347| 0546 0320 0.483 0.468
903  Slia¢ 81 48 82| 165 85 275 278 903  Slia¢ 0.519 0.296 0466/ 0531 0454 0.548 0.548
916  Chopok 916  Chopok

927  Bolkovce 8.8 80| 162 81 272 273 927  Bolkovce 0.568 0416/ 0514 0395 0.500 0.495
930  Lomnicky Stit 930  Lomnicky Stit

934 Poprad 44 60 73 33| 177 34 215 216 934  Poprad 0.361 0.386 0.392 0410/ 0529 0428 0.542 0.543
938  Telgart 12 12 84 84 938  Telgart 0.494 0.494 0308 0.308
962  Bardejov 77 63| 16.6 242 241 962  Bardejov 0.484 0.540| 0.450 0.516  0.513
968  Kosice, airport 6.5 76| 147 74 224 222 968  Kosice, airport 0.431 0459 0.444 0433 0446 0.436
977  Medzilaborce 47 64| 105 61 175 171 977  Medzilaborce 0.320 0456| 0.362 0.440 0.413 0.404
978  Milhostov 51 50 77| 138 74 205 202 978  Milhostov 0.375 0.324 0437 0458 0412 0443 0434
979  Somotor 89 41 65 101| 194 100 332 332 979  Somotor 0.582 0.273 0.412 0.490| 0.604 0468 0.604 0.592
993  Kamenica n/C 6.9 54 85| 153 79 243 237 993  Kamenica n/C 0.440 0.318 0.505| 0.486 0.484 0503 0.493

Table 9. Change in
period 1991 -2020.

the number of tropical days in the

Table 10. Coefficient of correlation (significance) of tropical days
in the period 1991 -2020.

sE g £ 5§ -

£g 53385 3 8 =g 5 3 2 B/ 5 2 = §
805  Senica 43 20/ 112 20 136 136 805  Senica 0.375 0.442| 0346 0442 0402 0.402
816  Bratislava, airport 3.7 1.9/ 107 19 126 126 816  Bratislava, airport | 0.336 0.420/ 0298 0.420 0.336 0.336
826  Piestany 42 18| 121 18 146 146 826  Piestany 0.397 0.429| 0359 0429 0.409 0.409
835  Moravsky sv. Jan 3.8 1.9 9.4 19 114 114 835  Moravsky sv. Jan | 0.341 0.325| 0296 0.325 0.344 0.344
858  Hurbanovo 41 65 32| 126 32 159 159 858  Hurbanovo 0.309 0.380 0.475| 0368 0475 0414 0414
862  Belusa 39 61 22| 149 22 175 175 862 Belusa 0.353 0.338 0.489| 0.439 0489 0.483 0.488
866 Cadca 2.1 0.6 8.8 06 96 96 866 Cadca 0.301 0.420| 0362 0.420 0.386 0.386
867  Prievidza 49 65 22| 170 22 202 20.2 867  Prievidza 0.467 0.404 0.501| 0516 0501 0.573 0.573
868  Oravska Lesna 12 4.3 44 44 868  Oravska Lesna 0.324 0312 0311 0.311
872  Ruzomberok 872  Ruzomberok

874  Liptovsky Hradok 82 9.5 96 9.6 874  Liptovsky Hradok | 0.412 0.404 0.405 0.405
880  Dudince B.E T8 31| 164 31 197 197 880  Dudince 0.381 0.398 0.475| 0436 0475 0.479 0.479
903  Slia¢ 58 61 56 18 0.2 18 203 203 903  Slia¢ 0.458 0.366 0.279 0.421| 0489 0421 0527 0.527
916  Chopok 916  Chopok

927  Bolkovce 46 65 2.0/ 165 20 188 188 927  Bolkovce 0.390 0.391 0.441| 0479 0441 0.498 0.498
930  Lomnicky Stit 930  Lomnicky Stit

934  Poprad 934  Poprad

938  Telgart 938  Telgart

962  Bardejov 31 7.8 81 81 962  Bardejov 0.372 0.333 0.335 0.335
968  KoSice, airport 35 18/ 94 18 114 114 968  Kosice, airport 0.370 0.514| 0317 0514 0354 0.354
977  Medzilaborce 977  Medzilaborce

978  Milhostov 32 53 14| 115 14 130 130 978  Milhostov 0.329 0275 0.309| 0.382 0309 0.381 0.381
979  Somotor 57 48 81 25/ 185 25 222 222 979  Somotor 0455 0.299 0.391 0439 0499 0439 0497 0.497
993  Kamenica n/C 33 12| 93 12 110 110 993  Kamenica n/C 0.375 0359 0.324 0359 0.346 0.346

higher (compared to summer or autumn) and statistically
significant at all (relevant) meteorological stations with an
average increase of +22.2 during the period 1991-2020.
Changes (increase) in the annual frequency of occurrence
of summer days, which primarily linked to the warm part of
the year, and the results are similar to the summer half-year.
However, even the rare frequency of occurrence outside the
summer half-year caused the result to be different. The ave-
rage change (increase) in the annual number of summer days
was +22.3.

Evaluation of the change in the number of tropical
days in the period 1991-2020

The occurrence of tropical days is associated with the
warmest part of the year. We recorded a statistically sig-
nificant increase in the number of tropical days in June
(Tab. 9 and Tab. 10) at almost all meteorological stations
meeting the assumption of this characteristic, by an average
of +3.9 days, with a maximum of +5.8 days at Slia¢ with
a correlation coefficient of 0.458. We observed a statistically
significant increase in the number of summer days in July
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at a smaller number of locations in Slovakia (Hurbanovo,
Belusa, Prievidza, Dudince, Slia¢, Bol'kovce and Somotor)
with an average increase of +6.2 and a maximum of +7.3
days in Dudince. In August, we recorded a statistically
significant increase in the number of tropical days at Slia¢
and in the east of Slovakia. In September (similarly to
June), we observed a statistically significant increase in the
number of tropical days at most weather stations, on average
by +2.0 days with a maximum of +3.2 days in the southwest
of the country in Hurbanovo. Changes in the frequency of
occurrence of summer days in the period 1991 —2020 during
the summer were significant at practically all meteo-
rological stations (except higher meteorological stations)
with an average increase in the period of +11.1 tropical days.
In autumn, the situation repeated, but the changes in the
number of summer days were smaller, an increase of +2.0
days on average. In the warm half-year (also considering
the length of the period), the frequency of increase was even
higher (compared to summer or autumn) and statistically
significant at all (relevant) meteorological stations with an
average increase of +14.1 days during the period 1991 -2020.
Changes (increase) in the annual frequency of occurrence
of tropical days corresponded to the warm half-year.

CONCLUSION

Decadal processing as well as processing according to alti-
tude showed us the need to restore long-term averages of
various characteristics (here air temperature) for the various
needs of the national economy, tou-
rism, etc. We pointed out the fact of
almost an increase in air temperature
in recent decades as well as significant
differences corresponding altitudes in
different normal periods.

The above results have shown
that the analyzed temperature charac-
teristics of the Slovak Republic have
changed positively during the obser-
ved period 1991-2020 compared to
the periods 1981 —-2010 or 1961 —1990.
If we take into account the average
monthly air temperatures, then the o
most significant increases in the
average monthly air temperature
we see in the summer months.

An increase in air temperature is
evident in every month of the year
except January and May in the period
1991 -2020. On average for Slovakia,
the highest air temperature increases
are observed in February (+2.3°C),
April (+2.5°C), June (+2.3°C), No-
vember (+2.7°C) and in December 40
(+3.1°C). In seasonal values, there is 20
an increase everywhere (spring +1.5°C, 0
summer +1.7 °C, autumn +2.0°C (ma-
ximum) and winter +1.5 °C). The cold
half-year warms up more significantly
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than the warm half-year. The warming of the annual air tem-
perature for Slovakia represents a value of +1.8 °C. As such,
the good news in the adverse development of air tempe-
ratures is that in the highest locations of the Tatras in the
winter months (December, January, February), the changes
are the lowest (even negative in January). At the same time,
however, the correlation coefficients in the winter months
for these locations (as well as many others especially in
January and February) are statistically below the threshold
of significance. Peculiarities in the variability as well as in
the explicitness of the trend or the differences of locations
in the south and north of Slovakia see in Fig. 15.

We observed a statistically significant change in the
number of frost days in the period 1991 -2020 in February
to April, in more remote locations also in June and July and
then in September. October to December turned out to be
the most numerous (also statistically significant). In the
seasonal evaluation, autumn occurred the most, but in some
localities also winter (more significant in the east of Slo-
vakia). In the warm half-year, especially the mountainous
and cold regions of Slovakia. In the cold half-year, there was
a (statistically significant) decrease in the number of frost
days in almost all locations in Slovakia. In the annual
frequency, we recorded a decrease in the number of frosty
days by an average of 27 days.

The most significant decrease in the number of ice
days in the period 1991-2020 is observed mainly at the end
of autumn (November, decrease of —3.1 days) and even more
significantly at the beginning of winter (December, decrease
of —6.6 days). In the highest mountain locations, we note

Figure 15. Number of summer, tropical, frost and ice days in different locations in
the period 1991 —2020.
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a decrease even earlier (in April 9.4 days, in August -1 day,
in September —3.9 days). In the annual frequency, the changes
are the biggest, namely a decrease (decrease) of ice days up to
-14.3 days on average. We recorded the highest decrease in
ice days up to —27.2 at Lomnicky Stit.

We expected that with the increase in air temperature,
the number of summer days would also increase. However,
it was not clear where the number of days statistically
significantly increase the most, i.e. how the significant
changes in the warm part of the year are distributed.
Statistical evaluation confirmed that despite the fact that we
observe an increase in the number in almost all months
(April — September in the period 1991 —2020) we observe a
statistically significant increase precisely at the beginning
and end of the warm part of the year.

Changes (increase) in the number of tropical days are
mainly concentrated in the beginning of summer (June) and
then in the beginning of spring (September) in the period
1991-2020. We also observe changes in some stations
(especially those located further south (except for stations
that may have slightly changed their position to a warmer
position) in July. In the seasons, the biggest changes are
quite logically recorded in summer (11.1 days on average)
and smaller in autumn (2 days on average). Due to the fact,
that tropical days occur mainly in the warm half of the year,
changes in frequency for the period 19912020 are iden-
tical to changes in annual frequency and reach an increase
of 14 days on average.
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NOCNA MINIMALNA TEPLOTA VZDUCHU AKO
KLIMATOLOGICKY INDIKATOR: NIEKTORE TEPLOTNE
ASPEKTY NOCi NA ZAPADNOM SLOVENSKU
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4 Ustav vied o Zemi Slovenskej akadémie vied, Dlbravska cesta 9, 840 05 Bratislava

This study serves as an overview of the basic concepts of climatological assessment, brought in with use of nighttime
minimum air temperature — a specific, rarely used characteristic with a sufficiently long tradition of evidence in Slovakia.
According to the obtained initial outcomes, several specifics of nights within our country are demonstrated. In some
calendar months, the warming of nights manifested itself differently than it is commonly documented using all-day
temperature averages. Although the majority of results speak in favour of more marked increase in daily temperature
maxima, nighttime minima may be locally increasing at a higher pace. Particularly strikingly expressed trends in the
occurrence of longer periods of very warm nights were confirmed. In addition, there is a signal that after 1990, the
overwhelming majority of the nighttime temperature stress induced since the end of the Second World War may have been
accumulated.

Tato Studia predstavuje prehlad zdkladnych konceptov klimatologického spracovania, ktoré so sebou prindsa nocénd
miniméalna teplota vzduchu - na Slovensku zriedkavo pouzivana Specificka teplotna charakteristika s dostatoéne dlhou
tradiciou evidencie. Na z&klade nadobudnutych inicidlnych analytickych vystupov sa preukazuje niekol’ko zaujimavych
zvlastnosti noci v ramci vizemia nasej krajiny. V niektorych kalendarnych mesiacoch sa otepl’ovanie noci prejavilo odlisne,
neZ je dokumentované bezne na zédklade celodennych priemerov teploty. Hoci vysledky pre véiésinu stanic hovoria
v prospech vyraznejSieho rastu dennych teplotnych maxim, lokalne sa u nas v rychlejSom tempe mézu zvySovat’ noéné
minimd. Potvrdzujui sa obzvldast’ ndapadne vyjadrené trendy vo vyskyte suvislych dlhSich obdobi vel’'mi teplych noci,
a popritom sa objavuje signdl, Ze v obdobi po roku 1990 sa mohla nahromadit’ nesmierne vel’ka cast’ noc¢ného teplotného
stresu, vyindukovaného od konca druhej svetovej vojny.

Key words: nighttime minimum temperature, nighttime warming, nighttime warm spells, climate change, Western Slo-

vakia, Hurbanovo

UvoD

V programe klimatologickych pozorovani na meteoro-
logickych staniciach na Slovensku (obdobne aj v Cesku),
ateda v rdmci prisludnej evidencie z nich, je ¢asovy usek
medzi vecernym (o 21.h stredného miestneho slne¢ného
&asu [SMC]) a rannym (o 7. h SMC) klimatologickym ter-
minom pozorovani povazovany za no¢ny (nokturnalny) cas,
t.j. »(klimatologickd) noc* (Slaba, 1976; SobiSek, 1993).
hodnota teploty vo vySke 2 m nad zemskym povrchom od
ve¢erného do ranného terminu merania vratane, je v odbor-
nej sfére popri prizemnej minimalnej teplote vzduchu asi
najcastejsie, hoci stale pomerne ojedinele vyuZivanou no¢nou
charakteristikou.

Zaznamenavanie no¢nej minimalnej teploty vzduchu
nie je medzinarodne obligatornym, no v (Cesko)slovenske;j
praxi ma dlhd tradiciu. Standardizované evidencia tejto cha-
rakteristiky sa na niektorych najvyznamnejSich staniciach
vySSieho radu (profesionalnych, synoptickych, leteckych,
vojenskych) objavuje uZz po¢as medzivojnového obdobia
1. Ceskoslovenskej republiky v stani¢nych dennych zaznam-
nikoch (tzv. velkych dennikoch). Postupne sa prislusna
dennikova evidencia rozSirila prakticky na vetky stanice

uvedeného druhu. Od roku 1971 bola no¢na minimalna tep-
lota zaclenena aj do mesacnych vykazov meteorologickych
pozorovani, sic tam vykazovana ako minimalna teplota
07.h SMC, a takto evidovana uz celosietovo zo vietkych
klimatologickych stanic. V stucasnosti v pripade stanic, na
ktorych je zabezpeované uz iba automatické meranie tep-
loty, sa no¢na minimalna teplota v klimatologickej evidencii
uz Specificky nenachadza, avSak mozno ju nalezite urcit’
z dostupnych podrobnych (minatovych) Gdajov z tychto
stanic. Dodajme, Ze no¢nt minimalnu teplotu nachadzame
aj medzi operativnymi Gdajmi v narodnom spravodajstve
INTER (denné spravodajstvo z klimatologickych pozo-
rovani) existujucom asi od polovice 20. storo¢ia. Poget tzv.
interovych stanic sa v priebehu ¢asu postupne zvysoval, a to
aj 0 dobrovolnicke klimatologické stanice, avsak po kom-
plexnej automatizacii dobrovolnickych stanic sa znovu
zredukoval na stanice, na ktorych je nad’alej zachované aj
analogové meranie, ¢o sit momentalne takmer vylucne len
profesionalne (synoptické) stanice.

V jednotlivych primarnych (dajovych zdrojoch sa
no¢na minimalna teplota vzduchu vyskytuje pod réznymi
skratkami, napr. Tmin7, Tmin_noc, alebo Tnn. Definitivne
hodnoty charakteristiky st obsiahnuté v meteorologickych
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vykazoch, resp. dennikoch. V digitalnej forme sa Udaje
0 noc¢nej minimalnej teplote dlhodobo a systematicky neevi-
dujt ako riadna, revizii podliehajica sucast Gstrednej klima-
tologickej databazy Slovenského hydrometeorologického
tstavu (SHMU; vid’ aj Krska a Racko, 1993). Dohladatelné
Udaje v elektronickej podobe v doplnkovej evidencii zo
spravodajstva INTER (od roku 1998) maju, ako sme uz
spomenuli, len charakter operativnych Gdajov.

Vyznam nocnej teploty spociva predovsetkym v umoc-
Hovani tepelnej zataze na organizmus ¢loveka pri vyskyte
noci s vel'mi vysokymi, u nas typicky tropickymi minima-
mi, teda v najteplejsej Casti roka. Takouto nocou zapri¢inené
obmedzenie regeneracnej schopnosti 'udského tela bezne
vedie k preruSovaniu a skracovaniu spanku, az nespavosti
a Vv najzavaznejsich pripadoch vyustuje az v letalne désled-
ky, priCom v sucasnej rychlo sa otepl'ujucej klime sa tieto
rizika amplifikuju (napr. Obradovich akol., 2017; Royé
akol., 2021; Minor a kol., 2022; Altena a kol., 2023;
Rippstein a kol., 2023). V biometeorologickom kontexte
navyse nové dolezité skuto¢nosti nedavno publikovali Hass
a kol. (2022), podr'a zisteni ktorych najvyssie hodnoty teplot
a komplexnych tepelnych charakteristik (indexov), ktoré
l'udia realne zaZivaju (zohl'adiiujuc ich aktivitu v priebehu
dna), su vo vSeobecnosti Casto pozorované neskdr vecer,
zatial’ ¢o najniZSie sa bezne vyskytuju nie v noci, ale v prie-
behu dennej doby. Vaghefi a kol. (2022) vo svojich vystu-
poch dokumentuji, Ze s ohl'adom na buduci vyvoj podmienok
by mali byt prioritizované adaptacné mechanizmy za-
merané na zvySenu toleranciu prave voc¢i no¢nym teplotdm.

Napriek kI"a¢ovému potencialnemu uplat-
neniu v oblasti humannej biometeoroldgie ma
no¢na minimalna teplota vzduchu svoje opod-
statnené miesto v odbornej sfére aj v tradiéne;j
klimatoldgii. Na Slovensku bola tato teplotna
charakteristika zatial vyuzitda v hodnoteniach
tzv. letnych a tropickych noci (Lapin a kol.,
2016; Babin akol., 2021). No¢na minimalna
teplota ale tiez poskytuje vhodnii moznost’ na
analyzu efektu nocného otepl'ovania, optimalne
aj s jeho naslednym porovnanim s otepl'ovanim
dennej doby, a teda stanoveni ich ¢iastkového
podielu na celkovom otepleni klimy (koncept
diurnalnej asymetrie oteplovania; napr. Davy
a kol., 2017). Sdvisiacim ndmetom moze byt
hodnotenie no¢nych, resp. zdruzenych no¢no-
dennych teplych vin, ked’Ze v dosial’ publi-
kovanej literatire nesporne prevlada, ba az
dominuje denny typ teplych vin, resp. vin
horacav, analyzovanych na zéklade teplotnych
maxim. Napriklad Wu akol. (2023) vSak
najnovsie upozoriujl na vyraznejsi nérast frek-
vencie a zastUpenia v priebehu roka prave pri
no¢nych a kombinovanych teplych vinach v po-
rovnani s dennymi. Tomu by mohlo zodpove-
dat’ aj obzvlast’ napadné pribudanie savislych
peridd tropickych noci, ktoré sme konstatovali
v nadej prvej Stadii s vyuzitim no¢nej minimal-
nej teploty (Babin a kol., 2021).
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V tomto prispevku sa z perspektivy tradi¢nej klimatoldgie
zameriavame na spomenuté teplotné aspekty noci podla
noc¢nej minimalnej teploty vzduchu vo vyberovom subore
piatich poprednych klimatologickych stanic v oblasti z4-
padného Slovenska. Jednotlivé sledované aspekty postupne
uvadzame a vyhodnocujeme v metodickej, resp. vysled-
kovej asti prace. Stidia je zarovei akymsi predstavenim
prilezitosti, ktoré charakteristika ,,no¢na minimalna teplota
vzduchu“ ponika; tento pristup a konkrétne spracované
témy na Slovensku doposial’ v odbornych publikaciach
absentovali.

POUZITY MATERIAL
A METODIKA SPRACOVANIA

Pre analyticku Cast’ prace boli spracované udaje o teplote
vzduchu z klimatologickych merani na piatich profesional-
nych meteorologickych staniciach SHMU (Obr. 1): z Hur-
banova za obdobie rokov 1946 —marec 2023, z Bratislavy-
Koliby, Bratislavy-letiska a Piestan (letisko) za obdobie
1971-2020 a z Nitry-Janikoviec za obdobie 1982 - 2020.
Na vSetkych tychto staniciach je dlhodobo az do sui¢asnosti
klimatologické meranie realizované tradi¢nym/konven-
¢nym spdsobom na analdgovych teplomeroch v meteoro-
logickej budke, ktoré tak aj po automatizacii ma v kontexte
prislusnej evidencie prednost’ pred automatickym meranim.
Casové rady zo vietkych uvedenych stanic spifiaju prisnej-
Sie kritéria homogenity a kompletnosti prisluSnych Gdajov.

Obrazok 1. Poloha zaujmovych klimatologickych stanic v rdmci oblasti
zdpadného Slovenska. Cislo predstavuje stani¢ny indikativ WMO.

Figure 1. Location of used climatological stations within the territory of
Western Slovakia. WMO stations identificators are indicated.
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Primarnu analyzovanu meteorologicku charakteristiku
predstavovala no¢nd minimdalna teplota vzduchu (jej blizsi
popis je v Gvodnej kapitole). Formalne poznamenavame, ze
no¢na minimalna teplota priradena diu d v oficilnej evi-
dencii ozna¢uje minimum dosiahnuté v noci medzi veder-
nym terminom predchadzajuceho kalendarneho diia d-1
adaného dna d, teda napr. noénd minimalna teplota pre
15. jal je namerand v noci zo 14. na 15. jula. Zo zasady vzdy
plati, Ze hodnota no¢nej minimalnej teploty nemdze byt’
vySSia ako okamzitd sucha teplota v prilichajucom vecer-
nom klimatologickom termine merania (0 21. h SMC;
zaliatok noci), nemodze byt vysSia ako okamzitd sucha
teplota v priliehajicom rannom klimatologickom termine
(0 7. h SMC; koniec noci), a su¢asne nemdze byt nizsia ako
minimalna celodenna teplota vzduchu.

Udaje o no¢nej minimalnej teplote vzduchu boli pre-
vzaté/zdigitalizované zo Standardnych mesa¢nych meteoro-
logickych vykazov (k dispozicii od roku 1971), pripadne aj
z meteorologickych dennikov (spred roku 1971) v archive
SHMU v Bratislave-Kolibe a v stani¢nom archive meteo-
rologického observatéria SHMU v Hurbanove. Vsetky
hodnoty boli skontrolované a pripadné sporné hodnoty boli
expertne posudzované a ustélené; cely tento proces bol rea-
lizovany s vyuZitim, resp. za pomoci terminovych hodnét
teploty vzduchu vo vecernom arannom klimatologickom
termine, minimalnej celodennej teploty vzduchu, prizemnej
minimalnej teploty vzduchu, operativnych tdajov o nocnej
minimalnej teplote zo spravodajstva INTER, vycisleni
termografickych pasok, paralelnych (dajov z automatic-
kého merania, dennikovych Gdajov, a/alebo operativnych
Udajov o minimalnej teplote z medzinarodného spravodaj-
stva SYNOP.

Analytické spracovanie inych udajov okrem nocnej
minimalnej teploty vzduchu bolo uskuto¢nené so zretelom
na konkrétny hodnoteny aspekt, vid’ nasledujlici metodicky
popis jednotlivych ¢iastkovych analyz.

Trendova analyza no¢nej minimalnej teploty vzduchu
a analyza efektu no¢ného otepl'ovania

Z dennych hodnot no¢nej minimalnej teploty vzduchu boli
Standardizovanym postupom vypocitané mesaéné, a nasled-
ne z nich sezénne a ro¢né priemery. Rovnakym spésobom
boli pre potreby komparativneho hodnotenia spracované
priemery d’alSich teplotnych meteorologickych charakteris-
tik: veCernej terminovej teploty vzduchu, rannej terminovej
teploty vzduchu, maximalnej (celo)dennej teploty vzduchu
a minimalnej (celo)dennej teploty vzduchu.

V pripade vecernej terminovej teploty vzduchu, ktora
je Udajom na rozhrani dvoch klimatologickych dni ako cel-
kov (SpecifickejSie dennej doby ,,starého* diia a noci nového
dna), bol Gdaj vzhl'adom k zameraniu prace hodnoteny v
kontexte noci; preto Udaj z vecerného klimatologického
terminu posledného kalendarneho dna v mesiaci bol analy-
zovany ako uz naleziaci prvému ditu nového mesiaca.

Dlhodoby vyvoj roénych priemerov noénej minimal-
nej teploty vzduchu a uvedenych porovndvanych charak-
teristik bol vyhodnoteny pre vSetkych pat’ zaujmovych sta-
nic, v pripade jednotlivych sezon a mesiacov bola analyza

uskuto¢nena pre najdlhsi pripraveny casovy rad z meteoro-
logického observatéria Hurbanovo.

Analyza no¢nych teplych vin

Nocné teplé viny boli identifikované ako sled silne nad-
normalnych hodnét no¢nej minimalnej teploty vzduchu.
Analogicky k naSej skorSej subornej praci s pribuznou
tématikou (Vyber¢i a kol., 2018b) bola za no¢nti tepla vinu
povazovana séria aspoil 5 za sebou iducich dni s kladnou
odchylkou no¢nej minimalnej teploty od hodnoty 90. per-
centilu jej empirickej distribtcie pre dany defi v roku z ob-
dobia 1961-1990, pri¢om hodnoty dennych percentilov
boli zhladené 5-ditovymi centrovanymi kizavymi priemer-
mi. Referen¢né norméalové obdobie 1961-1990 bolo zvolené
v stlade s prisluSnou smernicou Svetovej meteorologickej
organizacie (WMO, 2017), nakol’ko predmetom hodnotenia
bol dlhodoby vyvoj klimatickych podmienok s poukazanim
na potencialne prejavy klimatickej zmeny.

Noc¢né teplé viny boli identifikované v ramci celého
roka (januér aZ december). Hodnotené bolo a) trvanie vin;
b) intenzita vin — uréena velkostou dennych odchylok nad
prahovou hodnotou, dosiahnutie ktorej je potrebné na klasi-
fikaciu viny podla uvedenej definicie; c) (meteorologicka)
zdvaznost vin — kombinovany ukazovatel trvania a priemer-
nej intenzity kazdej viny, t.j. jej sumarna intenzita.

Této analyza bola uskutocnend pre najdlhsi pripraveny
Casovy rad z meteorologického observatoria Hurbanovo,
zahrnujuci celé uvedené normalové obdobie.

VYSLEDKY

Trendy no¢nej minimalnej teploty vzduchu
a noc¢né oteplovanie

Spomedzi pitice analyzovanych lokalit bolo najvicsie
tempo zvySovania rocnych priemerov noc¢nej minimalnej
teploty vzduchu zaznamenané na bratislavskom letisku
(0,44 °C/10 rokov) a len nepatrne niZSie v Bratislave-Kolibe
a Nitre-Janikovciach. V Piestanoch bola zistena rychlost’
narastu o osi mensia, stale vSak Statisticky vel'mi vyznam-
na az na hladine vyznamnosti 99,9 % (Tab. 1).

Vecerna terminova teplota vzduchu na zaciatku noci
dlhodobo vzrastla v zdsade v podobnej miere nez ranna na
konci noci na vSetkych sledovanych staniciach s vynimkou
Nitry-Janikoviec, kde bolo zaregistrované napadnejSie tem-
po rastu teploty v rannom termine v porovnani s vecernym.

Ak porovname dlhodoby vyvoj hodndt noénej minimal-
nej teploty vzduchu s celodennymi teplotnymi minimami, na
kazdej zo stanic bol rozdiel v tempéach prislusnych rasttcich
trendov v podstate zanedbatelny.

Zaujimavej$ia je komparacia tendencie rastu nocnych
teplotnych minim a maximalnej dennej teploty vzduchu. Na
Styroch z piatich stanic sa maxima v priebehu ¢asu zvysili
vo vys$Som az vyrazne vySSom tempe; najmarkantnejSie
v Piestanoch a Nitre-Janikovciach. Na poslednej hodnotenej
stanici Bratislava-letisko v8ak bola situacia celkom opacna
a vyraznejsie tam vzrastli no¢né minima, pri¢om v napadne
vécsej miere v porovnani s dennymi maximami.
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Tabul’ka 1. Hodnoty vybranych Statistickych ukazovatel’ov linedrnej regresnej analyzy roénych priemerov vybranych charak-

teristik teploty vzduchu.

Table 1. Values of selected statistical parameters from the linear regression analysis of selected air temperature characteristics'
yearly averages. The characteristics in columns from left: nighttime minimum temperature, evening temperature at the climatolo-
gical measurement at 21 hrs local mean solar time [LMT], morning temperature at the climatological measurement at 7 hrs LMT,
all-day minimum temperature, daily (all-day) maximum temperature.

tani bdobi no¢na minimalna vecerna teplota rannéteplota miniméalna maximéalna dennéa
stanica obdobie teplota 021.hsM¢C 07.hSMC (celo)denna teplota teplota
0,0263 °C/rok 0,0260 °C/rok 0,0232 °C/rok 0,0265 °C/rok 0,0297 °C/rok
intercept: 4,93 °C intercept: 8,50 °C intercept: 7,23 °C intercept: 4,64 °C intercept: 14,69 °C
AU Heslp—alr R2 = 0,4681 R2=0,4192 Rz =0,3951 R2=0,4769 R2 = 0,4000
p < 0,001 p < 0,001 p < 0,001 p < 0,001 p < 0,001
0,0376 °C/rok 0,0438 °C/rok 0,0414 °C/rok 0,0371 °C/rok 0,0528 °C/rok
intercept: 5,28 °C intercept: 8,62 °C intercept: 7,27 °C intercept: 5,02°C intercept: 14,71°C
Hurbanovo 1971-2020 R? = 0,4643 R? = 0,5009 R?=0,516 R? = 0,4658 R? = 0,5202
p < 0,001 p < 0,001 p < 0,001 p < 0,001 p < 0,001
0,0405 °C/rok 0,0429 °C/rok 0,0419 °C/rok 0,0407 °C/rok 0,0510 °C/rok
. o _ intercept: 5,72°C intercept: 8,58 °C intercept: 7,00 °C intercept: 5,46 °C intercept: 13,40 °C
EEISEE e =AU R2=0,5315 R2 = 0,4996 R2 = 0,5090 R2 = 0,5458 R2=0,4798
p < 0,001 p < 0,001 p < 0,001 p < 0,001 p < 0,001
0,0445 °C/rok 0,0565 °C/rok 0,0555 °C/rok 0,0445 °C/rok 0,0377 °C/rok
) et _ intercept: 5,30 °C intercept: 8,41 °C intercept: 7,06 °C intercept: 5,04 °C intercept: 14,59 °C
Bratislava-letisko  1971-2020 R2=0,6073 Rz =0,6670 R2=0,6588 R2=0,5896 R2=0,3269
p < 0,001 p < 0,001 p < 0,001 p < 0,001 p < 0,001
0,0277 °Cl/rok 0,0404 °C/rok 0,0445 °C/rok 0,0268 °C/rok 0,0469 °C/rok
I intercept: 4,69 °C intercept: 8,03 °C intercept: 6,33 °C intercept: 4,36 °C intercept: 13,84 °C
HES IOy R? = 0,3056 R? = 0,4504 R? = 0,5136 R? = 0,2808 R? = 0,4597
p < 0,001 p < 0,001 p < 0,001 p < 0,001 p < 0,001
0,0404 °C/rok 0,0524 °C/rok 0,0628 °C/rok 0,0425 °Clrok 0,0605 °C/rok
N _ intercept: 4,94 °C intercept: 8,46 °C intercept: 7,04 °C intercept: 4,59 °C intercept: 14,41 °C
Nitra-Janikovce  1982-2020 R2 = 0,4061 R2=0,4982 R2=0,6158 R2=0,4173 R2=0,4631
p < 0,001 p < 0,001 p < 0,001 p < 0,001 p < 0,001

Tabulka2. Hodnoty vybranych Statistickych ukazovatel’ov linedrnej regresnej analyzy mesacnych priemerov nocnej minimalnej
teploty vzduchu v Hurbanove za obdobie 1946 —2022.

Table 2. Values of selected statistical parameters from the linear regression analysis of nighttime minimum temperature monthly
averages in Hurbanovo, 1946 — 2022.

ukazovatel | Il I v \ \ Vi Vil IX X Xl Xl
°Clrok 0,0397 0,0383 0,0206 0,0121 0,0206 0,0305 0,0324 0,0398 0,0192 0,0323 0,0135 0,0167
intercept [°C] -4,99 -3,67 0,27 5,01 9,26 12,22 13,52 12,76 9,90 4,86 2,05 -2,00
R? 0,0999 0,0721 0,0611 0,0327 0,1138 0,2614 0,3110 0,4375 0,1021 0,1508 0,0235 0,0296
p <0,01 <0,05 <0,05 0,1155 <0,01 <0,001 <0,001 <0,001 <0,01 < 0,001 0,1829 0,1346

Tabul’ka 3. Hodnoty vybranych Statistickych ukazovatel’ov linedrnej regresnej analyzy sezonnych priemerov noc¢nej minimdlnej
teploty vzduchu v Hurbanove za obdobie 1946 — 2022 (pre zimu a chladny polrok 1946/1947 —2022/2023).

Table 3. Values of selected statistical parameters from the linear regression analysis of nighttime minimum temperature seasonal
averages in Hurbanovo, 1946 — 2022 (for winter and cold halfyear: 1946/1947 —2022/2023).

ukazovatef ||j Erv vllit\zn 1?(5—(33 >Z<i|r|rlﬁ tele/—p&erK Chlad;glﬁomk
°Clrok 0,0179 0,0344 0,0219 0,0332 0,0257 0,0282
intercept [°C] 4,84 12,83 5,59 -3,58 10,45 -0,61

R2 0,1619 0,5380 0,1718 0,1431 0,4805 0,2384

P <0,001 < 0,001 < 0,001 <0,001 <0,001 <0,001

Na zaklade mesa¢nych priemerov zo 77 rokov dlhého
Sasového radu z Hurbanova dochadza k najmarkantnej-

§iemu zvySovaniu no¢nej minimalnej teploty v januari

a februari, v letnych mesiacoch a oktébri (Tab. 2). V januéri
a auguste bolo tempo oteplovania spomedzi individudlnych
kalendarnych mesiacov najvyssie: 0,40 °C/10 rokov. Menej
vyrazne, ale Statisticky vyznamne na hladine aspon 95 %, sa
z pohl'adu no¢nych minim oteplili marec, méj a september.

94 | Meteorologicky ¢asopis, 26, 2023

Naopak, v aprili, novembri a decembri je rastlci trend naj-
menej vyrazny a Statisticky nevyznamny.

Sezoénne priemery noc¢nej minimalnej teploty vzduchu
sa v pripade analyzovaného hurbanovského radu zvysili vo
vSetkych hodnotenych castiach roka so Statistickou vy-
znamnost'ou na hladine 99,9 % (Tab. 3). Najrychlejsi trend
bol pritom zaznamenany v pripade leta a zimy (0,34 resp.
0,33°C/10 rokav).



Nocné teplé viny v Hurbanove

Podla pouzitej metodiky bolo v Hurbanove v rokoch
1946-2022 identifikovanych spolu 127 no¢nych teplych
vin so sumarnym trvanim 811 dni. V Tab. 4 su prezen-
tované vybrané zakladné ukazovatele vyskytu, rozdelené/
agregované do dvoch kontextudlnych obdobi za Ucelom
charakterizacie prejavov klimatickej zmeny.

Tabul’ka 4. Hodnoty vybranych ukazovatelov vyskytu noénych
teplych vin v Hurbanove v dvoch vybranych periddach rokov v ramci

obdobia 1946 —2022.

Table 4. Values of selected indicators of nighttime warm spells occu-
rrence in Hurbanovo in two selected time periods within 1946 —2022.
Indicators in rows from top: number of spells, average duration in days,
total duration, duration of the longest spell, average intensity (sum of
daily temperature deviations above 19611990 normal), severity i.e.
total intensity, most severe spell. In the lower part of the table, the
values for spells with onset in the summer months are only shown.

AZ do roku 1990 vratane sa v Hurbanove vyskytovali
len no¢né teplé viny strvanim nanajvys 7 dni, avSak
nasledne az do konca roku 2022 holo zaregistrovanych az
21 pripadov dlhsich, teda aspon 8-ditovych vin, ztoho
dokonca 10 vin s dizkou najmenej 10 dni. Absolitne naj-
dlhsie zaznamenané trvanie noc¢nej teplej viny 16 dni bolo
dosiahnuté v pripade dvoch vin, ktoré sa obe vyskytli
v rovnakom roku — 2006. Vzhl'adom k uvedenému
tak sumarne ro&né trvanie vin (Obr. 2) neprekva-
pivo vykazuje jednoznaCny vyznamny Statisticky
trend. V tomto kontexte je pritom tiez pozoruhod-
né, Ze az do priblizne polovice 90. rokov 20. sto-
ro¢ia boli len zriedkavé pripady viac nez jednej
viny v priebehu roka. Odvtedy sa to vSak stalo
celkom normalnym javom, a v najexponovanej-
Sich rokoch sa vyskytlo az 6 individualnych nog-
nych teplych vin.

Konformne k zvySeniu pocetnosti a predlZo-
vaniu no&nych teplych vin doslo aj k ich intenzifi-

sez6- ukazovatel ' (4512""(?); :1%%04% 1991 — 2022 kécii, ergo nérastu ich meteorologickej zavaznosti
na  nocnych teplych vin celého obdobia) (32 "okov =41,6%) (Tab. 4). Uplne najzavaznejSia nocna tepla vlna sa
oy 31 % v Hurbanove vyskytla v priebehu leta 2012.
pocetvin (24,4%) (75,6 %) Dosiahnuté vysledky sa ukazali ako obzvlast
<  priemerné trvanie viny 5,6 difa 6,6 dita pozoruhodné v letnom obdobi — vo vSeobecnosti
g sumérmne trvanie vin 174 dni 637 dni najdolezitejsej éa§ti roka zpohladu dosledkov
2 (21,5%) (78,5 %) nocnych teplych vin. Rozdiel medzi uvazovanymi
< tvanie najdihej viny 7.dni 16 dni obdobiami pred, resp. od nastupu vyraznejSich
—E iemernd intenzita vin 121°C 150°C prejavov klimatickej zmeny, bol pre letni sezénu
= p’ smost ( ) Y 373' o 143’8 5oc pri vSetkych parametroch vin eSte markantnejsi
0 zavaznost (= sumarna 9° ,5° : : % :
2 tenita) vin (206 %) (79.4%) (Tiab. 4?. Zrejme r'1ajpvodstatnerjsou Zistenou sll<u-
najzévaznejgia vina I 471°C to¢nost'ou pritom je, Ze bezmala 90 % celkového
’6 ;11 trvania a sumarnej intenzity/zavaznosti letnych
£ pocet vin (12,8%) (87.2%) no¢nych teplych vin v Hurbanove sa vyskytlo od
< 9 ! ) : " . roku 1991.
®© &  priemerné trvanie viny 5,5 driia 7,0 dia
0 %
N £ sumarne trvanie vin 33 dni 286 dni
? < (10,3 %) (89,7 %) B
>
§ g priemernd intenzita viny 11,0°C 14,2°C DISKUSIA A ZAVERY
o — - v’ - v 7 .
£ > zavaznost (=sumarna 66,3°C 580,6 °C V tejto Studii nebolo nadim zamerom opétovne
intenzita) vin (10,2 %) (89,8 %)

Obrizok 2. Rocné trvanie, t.j. pocet dni v ramci nocnych teplych vin
v Hurbanove v obdobi 1946 —2022. Ciarou je naznaéeny odhad

linearneho trendu.

Figure 2. Annual duration, i.e. count of days within the nighhtime warm
spells in Hurbanovo, 1946-2022. The line indicates the respective

linear trend.
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poukazovat’ na oteplujuci sa trend ako-taky, ktory
bol na Slovensku v ére rychlo postupujicej klima-
tickej zmeny dostato¢ne ¢asto a komplexne doku-
mentovany (napr. Labudova akol., 2015; FaSko
akol., 2022). V ramci trendovej analyzy sme sa
ststredili hlavne na identifikaciu pripadnych na-
padnych odliSnosti a Specifik noci v nastipenom
procese oteplovania. Rozdiely sa ukézali napr.
v pripade analyzy mesaénych priemerov noénej
minimalnej teploty vzduchu, uskutoénenej na pri-
klade Hurbanova, a to pre mesiace april — otepl'u-
juci sa trend vyjadreny menej vyrazne nez pri prie-
mernej teplote, september a oktéber — vyraznejSie
vyjadreny trend.

Vysledky komparativnej analyzy dokladaju,
Ze denné maxima teploty vzduchu s otepl'ujucou sa
klimou (vz)rastli na vécsine sledovanych lokalit
zapadného Slovenska vyraznejSie Vv porovnani
s noénymi minimami. Lokalne sa vSak mdZu obja-
vit’ miesta s obratenym charakterom oteplovania,
% ako sa ukazalo v pripade stanice Bratislava-letisko.
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Vyvstava otazka, ¢i a do akej miery mohol k tomuto stavu
prispiet’ proces bratislavskej suburbanizécie a s fiou spojené
zmeny, suOvisiace sfenoménom tamojSieho mestského
ostrovu tepla (Sveda a Suska, 2019; Holec a kol., 2020),
alebo ide o ¢isty dosledok vplyvu prirodzenych faktorov,
akym je napr. vy$Sia veternost’ lokality, ¢i poloha v zavetri
Alp pri $tandardne prevladajucom pradeni zo zapadnych
smerov. V kazdom pripade vSak tento zisteny detail nuti
poukézat’ na Specificky vyznam podmienok velkych miest
a aglomerécii v sucasnej dobe rychleho oteplovania.

Z pohladu praktickych zisteni pre buduce Standardné
klimatologické spracovania sa preukazalo, Ze pri prieme-
rovanych ro¢nych hodnotach minimélna celodenna teplota
vzduchu dosahuje vel'mi podobné vysledky ako nocna
minimalna teplota, a v dlhodobych hodnoteniach tohto druhu
teda je mozné pouzivat’ ju ako zastupnu teplotnti charakte-
ristiku v kontexte noci.

V hodnoteni no¢nych teplych vin v Hurbanove sa ade-
kvatne potvrdili skorSie poznatky o osobitne vyraznom
pribadani dlhych obdabi so silne nadnormalnymi hodnotami
minim teploty vzduchu (Vyber¢i a kol., 2018b). Iné naSe
predoslé zistenie, 0 obzvlast napadne narastajicom vyskyte
vel'mi teplych noci v sériach v letnom obdobi (Babin a kol.,
2021), sa pre zmenu ukazuje byt platnym aj v celorocnom
kontexte.

Na severnej pologuli bol na konci 90. rokov 20. sto-
ro€ia zisteny prudky nérast vo vyskyte noc¢nych teplotnych
extrémov v obdobi leta, majuci charakter rezimového
»Skoku“ (Yeh akol., 2021). Prave v letnej sezéne pred-
stavuju velmi teplé noci v exponovanych najteplejSich
rizikami pre zasiahnutll populdciu. Na tato Cast’ roka sme
preto pri hodnoteni upriamili pozornost’ osobitne a zistené
vysledky preukazuji vynimocnost' pozorovaného stavu.
Nase vysledky signalizuju, Ze od konca 2. svetovej vojny sa
az zhruba 90% celkového trvania a intenzity letnych vin
teplych noci, ¢o mozno v prenesenom zmysle interpretovat’
ako tymito periddami vyvolany potencidlny no¢ny teplotny
stres, naakumulovalo v obdobi po roku 1990. Humanno-
biometeorologické analyzy sa v problematike nocnych
teplot d’alej ponukaji ako celkom evidentny krok smerom
do aplikovanej sféry a oblasti hodnoteni a ich désledkov na
spolo¢nost. Pre pripadné buduce spracovania tohto druhu
vSak znovu upozoritujeme na potrebu uvazovat’ v nich aj
nad kratSie trvajucimi periddami, kedZze z nedavnej mi-
nulosti st zndme negativne zdravotné dosledky teplotného
stresu na Slovensku uz pri dvojdiiovom trvani letnych
peridd horaceho pocasia (Vyberéi a kol., 2015 a 2018a).

Teplotné pomery noci sU v ur¢itych ohladoch ne-
pochybne zaujimavou problematikou a dostatoéne dlha tra-
dicia klimatologickej evidencie no¢nej minimalnej teploty
vzduchu, hoci tato nepredstavuje Standardn( charakteristiku
primarneho zdujmu, nam na Slovensku umoziuje vhodne
skiimat’ ich r6znorodé aspekty. V praci sme uviedli a vyhod-
notili niektoré z perspektivy klimatolégie najzakladnejSie
moznosti vyuzitia predmetnej teplotnej charakteristiky.
Okrem toho méze byt no¢na minimalna teplota zuZitkovana
aj na d’alSie zaujimavé Specifické ucely, napr. v kombinacii
s celodennou minimalnou teplotou na analyzu ochladeni
Vv priebehu dennej doby. Zisadni potencidlnu prileZitost’

96 | Meteorologicky ¢asopis, 26, 2023

vSak predstavuje predovsetkym spominané nasledné apli-
kovanie charakteristiky v oblasti humannej biometeoroldgie
(bioklimatoldgie), ktorému by sme sa radi venovali v rAmci
naSich nasledujucich aktivit.

Pod'akovanie

Za pomoc pri zhromazd'ovani udajov pre analytickll Cast’
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UvoD

Rastlina je otvorenym termodynamickym systémom a vy-
mena Castic medzi nou a prostredim sa uskuto¢iiuje viacerymi
cestami. Jednou z nich je vymena plynnych latok prostred-
nictvom prieduchov, ktord umoZiuje ziskavanie oxidu
uhli¢itého potrebného na fotosyntézu z okolitého vzduchu,
a obdobne vylucovanie kyslika pri dychani. Intenzitu vyme-
ny plynov popisuje stomatalna, ¢ize prieduchova vodivost’,
ktora je urCenad stupiiom otvorenia prieduchovej Strbiny
danym turgorom a osmotickym potencialom. Prieduchovu
vodivost’ meriame porometrami a udadvame ju v jednotkéch
mmol m2s, Oby¢ajne sa meria pre oxid uhli¢ity, dant
hodnotu je mozné prepocitat’ na iné plyny (napriklad 0zon).

Vyskumy ohl'adom toxického vplyvu vysokych kon-
centracii 0zénu na vegetaciu sa vykonavaju vydymovanim
v sklenikoch, v komorach s otvorenou vrchnou ¢astou, tzv.
open-top chambers (OTC) ataktiez priamo v externych
podmienkach. Komory OTC sa podobaji na féliovniky
s rozdielom, Ze im chyba vrchna Cast’. Pritomné steny zabra-
fiuju horizontalnej vymene vzduchu medzi komorou a oko-
lim, vertikdlna vymena vzduchu vplyvom pouZitej geo-
metrie vyrazne obmedzena nie je. V komore sa nachadza
vyUstenie trubice, ktorou vzduch svopred pripravenym
chemickym zloZenim, uréeny na vydymovanie, vstupuje do
komory. Experimenty s vydymovanim viedli k popisu po3ko-
deni vegetécie zapri¢inenych pésobenim ozénu (Jaiger a kol.,
1993; Bergmann a kol., 1999; Manning a kol., 2002; Juran
a kol., 2021). Boli popisané zmeny v Struktdre pletiv, ktoré
v niektorych podmienkach viedli k poskodeniu viditelnému
vol'nym okom, ¢i k poklesu produkcie rastliny. Viditelné
poSkodenia na rastline sa liSia v zavislosti od druhu a patria
medzi ne napr. skvrny na listoch, strakatost’ a bronzovatenie.
Né&zorné ukazky s zobrazené v mobilnej aplikacii na zhro-
mazd'ovanie viditeI'nych poskodeni vyvinutej organizaciou
Medzinarodného kooperativneho programu o vplyve zne-
¢istenia vzduchu na rastlinné spolo¢enstva ICP Vegetation

ANNA BUCHHOLCEROVA', PETER FLEISCHER JR.%?

STRUCNE POROVNANIE DVOCH MODELOV STOMATALNE]
VODIVOSTI OZONU PRE BOROVICU LIMBOVU

1 Slovenska akadémia vied, Ustav vied 0 Zemi, Dumbierska I, Banskd Bystrica, Oddelenie fyziky atmosféry
2 Technicka Univerzita Zvolen, Lesnicka fakulta, T. G. Masaryka 24, Zvolen
3 Statne lesy TANAPu, Tatranska Lomnica, Vysoké Tatry

Chamber studies have proven the adverse effect of 0zone to vegetation. With regard to tropospheric ozone distribution in
the atmosphere (its concentration increases along with increasing altitude), we conclude that the most endangered
vegetation might be located in mountain areas enriched in ozone. In this article, two models of stomatal conductance are
evaluated according stomatal conductance gained by experiment.

Komorové Stadie poukazujd na nepriaznivy vplyv koncentracii ozénu na vegetaciu. S ohl’adom na rozloZenie tropo-
sférického ozonu v atmosfére (jeho koncentracii narastaju so zvySujucou sa nadmorskou vyskou) usudzujeme, Ze vegetacia
nachédzajlca sa v horskych oblastiach bohatych na 0zén méze byt’ vyraznejsie ohrozend. V éldnku vyhodnotime dva
modely prieduchovej vodivosti borovice limbovej s experimentalne ziskanymi hodnotami.

Key words: stomatal conductance, ozone, vegetation, Swiss pine

(Ozone app — Ozone Injury Recording App; https://icpvegeta
tion.ceh.ac.uk/get-involved/ozone-injury/record). Problém
pri uréovani poskodenia vegetacie ozonom na rozdiel napr.
od tazkych kovov spociva v tom, Ze v pletivdch 0zén ne-
zanechava Specifické rezidua, ale meni sa na reaktivne oxidy
kyslika ROS. Tieto formy kyslika reaguju s d’al§imi zlo-
¢eninami, az sa chemickou reakciou premenia do podoby,
Vv ktorej stracaju svoje oxidaéné vlastnosti. Posiidenim vidi-
tel’ného poskodenia 0z6nu na lesné druhy sa zaobera lite-
ratdra (Schaub a kol., 2020).

Toxicky vplyv ozoénu na vegetdciu je zapriCineny
chemickou Struktirou ozénu, ktora spdsobuje vysokl re-
aktivitu zluceniny, ¢im naruSuje rastlinné pletiva. Vyskum
sa Vv tejto oblasti zaobera najma hospodarskymi plodinami
(experimenty na pSenici, s6ji a pod.) a dominantnymi druh-
mi vyuZivanymi v drevospracujicom priemysle. Nerov-
nomerné vertikalne rozloZenie ozénu v atmosfére vsak
naznaGuje mMozné vyznamnejSie ohrozenie vegetacie vo
vys8Sich nadmorskych vySkach, a preto sa v tejto préaci
venujeme zastupcovi horskej vegetacie, borovici limbovej.
Borovica limbova, limba (Pinus cembra L.), je mohutnym
ihlicnatym stromom dosahujucim vysku priemerne
10-12 m a doZivajlcim sa aj 1000 rokov. Ihlice na limbe
vyrastajl vo zvézkoch po 5 ihlic v brachyblaste a vytrvavaju
nastrome 3-5 rokov. Na nepriaznivé podmienky druh
reaguje citlivo prostrednictvom zmen3enia vySkového pri-
rastku. Borovica limbova je mrazuvzdornym druhom
odolnym voci chladu, ¢o dosahuje prostrednictvom znizenia
obsahu vody v ihliciach v zime anie je preto odkazana
na pritomnost” snehovej pokryvky. Na rozdiel od borovice
horskej (Pinus mugo Turra), je limba menej citlivd na
vysu$né mrazivé vetry (Pagan a kol., 1999; Caudullo a kol.,
2016). Limbe vyhovuje nadmorska vySka od 1100 do
2500 m n.m. Na Uzemi Slovenska sa prirodzene vyskytuje
na hornej hranici lesa v Zapadnych, Vysokych a Belianskych
Tatrach, priom preferuje juzné svahy (Pagan a kol. 1999).
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Tabul’ka 1. Charakteristika merani
stomatalnej vodivosti 0zonu

pre borovicu limbovi v roku 2016.

Table 1. Characteristic of ozone
stomatal conductance measurements
for Swiss pine in 2016.

Poget Zaéiatqk Koniep Priemernd  Priemerna Priemve‘rné intenzita
, P merania merania teplota vihkost’ Ziarenia
Dawm | merani SEC SEC °C kPa pmol m=2 s
16.7.2016 19 08:43 11:29 20,9 0,4 1395
9.8.2016 37 08:27 12:41 29,4 2,3 1500
13.8.2016 55 09:36 15:54 25,6 15 1099
14.8.2016 37 09:34 14:44 27,5 1,7 1529
1.9.2016 15 11:04 12:55 29,5 15 1500
3.9.2016 28 10:11 12:48 27,1 1,3 1000

Jeden zo sposobov uréovania depozicie 0zonu do vegeta-
cie je prostrednictvom modelovania toku 0zénu do vegetacie,
pri¢om kl'ai€ovou hodnotou pre jeho vypocet je prieduchova
vodivost, ktori je mozné merat’ napriklad prostrednictvom
systému LiCOR priamo na vegetacii. V tomto ¢lanku porov-
name dva modely (Mills a kol., 2017; Bi¢arova a kol., 2019)
na urCenie stomatalnej vodivosti na meraniach, ktoré boli
vykonané na borovici limbovej v roku 2016.

METODIKA

Merania prieduchovej vodivosti vodnej pary na borovici
limbovej boli uskutonené gazometrom LiCOR 6400
v §tandardizovanej nepriehladnej kuvete LiCOR 6400-22
Opaque Conifer Chamber prostrednictvom leSenia. Ziskané
hodnoty prieduchovej vodivosti boli prepocitané konstantou
0,663 na stomatalnu vodivost’ ozéonu (Massman, 1998).
Pouzita kuveta pre ihlicnaté stromy je stavana pre vetvicky
s maximalnou dizkou 7,5 cm apre dizku ihlic priblizne
3 cm. Do kuvety bola vloZena koncova vetvicka a vytvoreny
systém sa nechal priblizne 5 minit stabilizovat’ na svetelné
podmienky (s intenzitou 500 az 2000 umol m2s foto-
synteticky aktivneho ziarenia), ktoré boli urené vniitornym
zdrojom Ziarenia LICOR 6400-18 RGB Light Source. Po
stabilizacii sa odmerali hodnoty prostredia v kuvete —
teplota, sytostny doplnok?, relativna vlhkost a vlastnosti
vegetacie — prieduchova vodivost’ a intenzita fotosyntézy.
Merania sa opakovali na d’alSich vetvickach. Vetvicky pocas
merani zostali spojené so stromom, apreto boli pocas
merania vnatornymi procesmi spojené aj s podmienkami,
v ktorych sa nachadzal zvysok stromu. Ziarenie v kuvete
dosahovalo pre vacsinu merani hodnoty typické pre jasné
pocasie. Zakladny popis merani sa nachadza v Tab. 1.

Jarvisov multiplikativny model vypoctu prieduchovej
vodivosti je ¢asto pouzivany model z dévodu svojej jedno-
duchosti v porovnani s inymi mechanistickymi modelmi
(Mills akol., 2017). Model je uréeny niekol’kymi modi-
fika¢nymi faktormi f nadobuddajucimi hodnoty v rozmedzi
0 az 1 a maximalnou prieduchovou vodivost'ou urenou pre
jednotlivé dreviny nasledovne:

Isto = Ymax * fphen * flight

* max{fmin' (ftemp * fypp * fSWP)}' 1)

Z definicie plati, Ze modelové hodnoty stomatalnej vodi-
vosti nadobddaju maximalne hodnotu gmax. Tato hodnota je
obyCajne urcend z experimentdlnych merani, pricom jej

1 sytostny doplnok je charakteristika vlhkosti vzduchu, vyja-
drujdca mnozstvo vodnej pary, potrebné dodat’ do vzduchu
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vyber zavisi od pouzitej metodiky a obvykle sa ur¢i na
hodnotu 80. az 95. percentilu z nameranych hodnbt, resp.
z hodnét nameranych pri optimalnych podmienkach. Modi-
fika¢né faktory pouzité v Jarvisovom modeli st nasledovné:
fenologicky fohen, teplotny fiemp, faktor sytostného doplnku
fvep, faktor vihkosti pddy fswe, svetelny fign: @ minimalny
faktor fmin.

Fenologicky faktor fohen pre ihli¢naté stromy sa oby-
¢ajne parametrizuje hodnotou 1 pre celé trvanie vegetacného
obdobia a hodnotou 0 pre ostatné obdobie. Svetelny faktor
fiight je urCeny intenzitou fotosynteticky aktivneho Ziarenia
(PAR).

— —lighty PAR
fiigne = 1 — e™ 19t a 74K,

)

Ked tato hodnota nie je k dispozicii, ur¢i sa z glo-
balneho slnecného Ziarenia (Global) nasledovnym spdso-
bom:

flight =1l-e (3)

kde lighta je jednym z parametrov Jarvisovho modelu.
Faktor fiigre nadoblda hodnotu 0,9 s pouZitim parametra
lighta=0,0032 uz pri intenzite fotosynteticky aktivneho
Ziarenia PAR=700 umol m2s?. Minimalny faktor fmin
urcuje minimalnu prieduchovil vodivost’ pocas vegetatného
obdobia apri dostatoénej intenzite slne¢ného Ziarenia.
Teplotny faktor femp je ureny tromi parametrami, kde
parametre Tmin @ Tmax, ohraniuju teplotu vzduchu, pri ktorej
dochadza k otvoreniu, resp. uzatvoreniu prieduchov
(Emberson a kol., 2010; Op de Beeck a kol., 2010). Opti-
malna teplota Toy je 0znacenim pre teplotu vzduchu, pocas
ktorej je mozné namerat’ maximalnu hodnotu stomatalnej
vodivosti a teda popisuje optimalne podmienky pre rast
vegetacie.

bt
T—Tmin >( Tmax—T >
= max | fo; 4
ﬁ:emp I:fmm’ (Topt_Tmin Tmax_Topt ' ( )

bt = Tmax—Topt (5)

Faktor vlhkosti vzduchu fswe je vyjadreny prostred-
nictvom sytostného doplnku VPD. ZvySovanim sytostného
doplnku sa zhor3uji podmienky pre stomatalnu vodivost’.
Hodnotu VPD odvodzujeme z teploty a relativnej vihkosti
vzduchu, pomocou prepoctu z napétia nasytenia Ery.

—lightg (Global/0,486263)
il

Topt_Tmin

: (1_fmin)(VPDmin_VPD)
fvep = min [1' max [fmin' (VPDomin—VPDima) + fmin” (6)

Faktor podnej vlhkosti fsy,,p sme pre horska oblast’

urcili na hodnotu 1.

pri konStantnej teplote, aby sa stal nasytenym.
(http://slovnik.cmes.cz/vyklad/).


http://slovnik.cmes.cz/vyklad/

Tabul’ka 2. Parametre modifikacnych faktorov Parameter

pre vypocet prieduchovej vodivosti gst.

Table 2. Parameters of modification factors
for stomatal conductance gst calculation.

Hodnota

Jednotka

Omax frmin |ighta Tmin Topt Tmax | VPDmax VPDmin
113 0,1 0,0032 0 27 200 0,25 2,5
pumol Oz m~ PLA s °C °C °C kPa kPa

Parametre pre Jarvisov model sme odvodili podl’a naj-
tesnejSieho vztahu medzi nameranymi a namodelovanymi
hodnotami prieduchovej vodivosti (uréeného koeficientom
determinacie), podrobny postup je uvedeny v ¢lanku Buch-
holcerovd akol. 2019. Parametre, na ktoré nebola sto-
matalna vodivost’ v nasich meraniach citliva, sme urcili
z dostupne;j literatury. Ziskané hodnoty st uvedené v Tab. 2.

Merania sme vyhodnotili aj stochastickym modelom
ziskanym metédou symbolickej regresie prostrednictvom
programu Heuristic Lab verzia 3.13 (Wagner a kol., 2014).
Pouzity model bol ziskany z rozsiahlych merani na borovici
horskej (Pinus mugo Turra) uskutoénenych v mesiacoch
jun aZz november meraniami v lokalitach Stard Lesna
(810 mn.m.) a Skalnaté pleso (1788 mn.m.) systémom
LiCOR 6400 (Bi¢arova a kol. 2019):

TAxlog(co*TA+cq)*Cy
c3*VPD

)+ e @

kde TA oznaduje teplotu vzduchu v jednotkach °C,
VPD sytostny doplnok v kilopaskaloch aco az ¢4 zodpo-
vedaju konStantdm s hodnotami: co=1,9854, c;=-16,34,
c,=0,16571, c3=267,39 a ¢,=0,01287. Tato rovnica pou-
kazuje na vyznam teploty a sytostného doplnku pre uréenie
prieduchovej vodivosti rastlin.

Isto = (

VYSLEDKY

Hodnoty troch meteorologickych prvkov, vstupujdcich
v podobe premennych do funkcii ur¢ujacich hodnoty modi-
fikaénych faktorov Jarvisovho modelu (teplota, sytostny
doplnok a intenzita Ziarenia), si zobrazené v grafoch na
Obr. 1. Na grafoch su krizkami znazornené hodnoty me-
teorologickych prvkov. Zodpovedajice hodnoty relativnej
prieduchovej vodivosti st uréené nasledovnym predpisom:

®)

Isto

gStore

Imax

Cierne krivky zobrazuj hypoteticki maximalnu hod-
notu prieduchovej vodivosti, ktora zodpovedd danému
meteorologickému prvku. Preto dané krivky st obalovymi
funkciami a hodnoty sa nachadzaji v priestore vymedzenom
danou krivkou a osou x. To vyjadruje sucinné pdésobenie
jednotlivych modifikaénych faktorov na vysledna stomatal-
nu vodivost. Pre ostatné modifikaéné faktory predpo-
kladame v priebehu merani stabilnd hodnotu (fonen, fswe)

Dalej budeme porovnavat’ hodnoty stomatalnej vodi-
vosti 0zonu do vegetacie pre Jarvisov a stochasticky model
s meraniami ziskanymi systémom LiCOR.

Grafy na Obr. 2 a3 zobrazuji hodnoty stomatalnej
vodivosti pre bodové merania na pozadi hodnét vypo-
¢itanych z oboch modelov pre podmienky fonen =1, fowp =1,
a PAR =1500 pmol m=2s1, Danu hladinu fotosynteticky ak-
tivneho Ziarenia sme vybrali z ddvodu najvécsiecho mnozstva
merani pre tdto hodnotu (konkrétne 126 Gdajov z celkového
poctu 191). Os x zobrazuje teplotu vzduchu, os y sytostny
doplnok a farebnd Skéla zobrazuje stomatélnu vodivost'.
Biela oblast’ vIavo hore vo vSetkych grafoch zodpoveda ne-
realistickym hodnotdm sytostného doplinku, ktory je fun-
kciou teploty a vlhkosti vzduchu. Pozadie grafu zobrazuje
vypodet Jarvisovym (Obr. 2) a stochastickym modelom
(Obr. 3). Jednotlivé body oznacuju hodnoty namerané
systémom LiCOR. V oboch modeloch vidime vplyv sytos-
tného doplnku na prieduchovii vodivost. Pokles priedu-
chovej vodivosti s narastom sytostného doplnku zodpoveda
pozorovanym meraniam. Stochasticky model lepSie po-
pisuje prave merania s nizSimi nameranymi hodnotami VPD.
Na druhej strane, Jarvisov model lepSie popisuje rozsah
grafu pre vysSie VPD a tieZ pre hodnoty VPD blizke nule, kde
sa stochasticky model priblizuje k nerealistickej hodnote
400 pumol Os m™ PLASs™, &o je viak kvoli jednotnému ohra-
ni¢eniu mierky grafov (0 aZ 125 pmol Osm*PLA s™) slaho
viditelné. Z Obr. 1b vyplyva, Ze parameter VPDpax = 0,25 kPa
by mohol byt’ posunuty na nizSiu hodnotu, ¢im by sa posu-

Obrazok 1. Zndzornenie funkcii modifikaénych faktorov teploty (a), sytostného doplnku (b) ako popisnej charakteristiky vihkosti
a fotosynteticky aktivneho Ziarenia (c) spolu s hodnotami relativnej stomatalnej vodivosti pre jednotlivé merania LiCOR.

Figure 1. Displaying functions of modification factors of temperature (a), vapour pressure deficit (b) as a describing humidity charac-
teristic and photosynthesis active radiation (c) together with stomatal conductance relative values for single measurements LiCOR.
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Obrézok 2.

Jarvisov model stomatalnej
vodivosti v porovnani

s meraniami LiCOR.

Figure 2.

Jarvis model of stomatal
conductivity in comparison
with LiCOR measurements.
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nul pas modelovanej prieduchovej vodivosti v oblasti okolo
60 pmol Oz m* PLA s bliZSie k nameranym hodnotam.

Pri nizkych hladinach sytostného doplnku st hodnoty
Jsto Na Obr. 3 vel'mi vysoké. Najvicsiu odlisnost’ medzi
stochastickym modelom a meraniami vidime pre vysSie
hodnoty sytostného doplnku, kedy model priraduje pre
jednotlivé merania vysSie prieduchové vodivosti v rozmedzi
20—40 pmol OsmtPLAs™, pricom hodnoty uréené mera-
nim boli v rozpati 5 a7 28 pmol O3 M PLASs™,

V Tab. 3 sa nachadza jednoduché porovnanie mode-
lov. Pouzili sme Pearsonov korelacny koeficient, strednu
kvadratickl chybu (RMSE) arozdiel priemernych hodnét
jednotlivych stborov (BIAS).

Tabul’ka 3. Porovnanie modelov pre vypocet stomatdlnej
vodivosti.
Table 3. Comparison of models for stomatal conductivity cal-
culation.

Stochasticky model Jarvisov model
Korelaény koeficient 0,937 0,916
RMSE 24,8 12,5
BIAS -21,8 0,92
DISKUSIA

Pouzity stochasticky model vychadzal z merani v Starej
Lesnej na pribuznom druhu borovice, ¢o mohlo sposobit’
nadhodnotenie hodnét prieduchovej vodivosti. Korelacny
koeficient dosahoval vysSie hodnoty pri stochastickom
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modeli ako pri Jarvisovom modeli. Vyhodou daného mo-
delu je vysSia presnost’ pre najcastejSie trénované hodnoty
a moZnost’ vytvorenia modelu bez poznania hlbsich vizieb
medzi premennymi. Merania prieduchovej vodivosti pro-
strednictvom LiCOR sU S3pecifické svojimi mikroklima-
tickymi podmienkami v kuvete v blizkosti zdroja Ziarenia,
¢o sa pravdepodobne odzrkadlilo na malom pocte merani
s nizSimi hodnotami sytostného doplnku, ateda nerealis-
tickymi hodnotami prieduchovej vodivosti v stochastickom
modeli. Bez kontroly vSak stochasticky model méze udavat
nerealistické hodnoty najma pre rozsah a kombinacie vstup-
nych premennych, pre ktoré neboli k dispozicii trénovacie
udaje. Tieto nedostatky sa daju odstranit’ vhodnym dopl-
nenim umelych trénovacich Udajov. Bez tohto doplnenia je
potrebné model pouZzivat’ vo vopred uréenom rozsahu vstup-
nych premennych.

Jarvisov multiplikativny model popisuje Udaje vo
vSeobecnosti realistickejSie ako predchadzajdci model. Je
vSak naro¢nejsi na parametrizaciu a popis vplyvu premennej
na prieduchovi vodivost’ nemusi byt dostatocny. Napriklad,
v pouZitej konfiguracii parametrov je Tma=200°C, kde
dana hodnota nezodpoveda redlnej maximalnej teplote
vzduchu, pri ktorej ustava vymena plynov medzi vegetaciou
a prostredim, ked’ze t4 nastava ovela skor. Samotna sprava
Eurdpskej hospodarskej komisie OSN UNECE (Mills a kol.,
2017) vsak tto hodnotu schvaluje a navrhuje ju pouZzivat
pre ihli¢nany v miernom pasme. V danom pripade by vSak
stala za zvazenie zmena predpisu pre obal’ovu krivku prisla-
chajucu vplyvu teploty na stomatalnu vodivost’.



Na vypocty prieduchovej vodivosti a toku ozénu do
vegetdcie pomocou Jarvisovho modelu je moZné pouzit
DOsSE model dostupny na stranke Stokholmského envi-
romentalneho institGtu SEI https://www.sei.org/projects-
and-tools/tools/do3se-deposition-ozone-stomatal-exchange/
alebo aplikaciu vyvinuti Narodnym lesnickym centrom
http://www.nlcsk.sk/mapfod/.

Tento ¢lanok vznikol vd’aka podpore projektov Agen-
tary pre vedu a vyskum APVV 21-0412 a APVV 17-0644
a projektu Vedeckej agentiry VEGA 2/0093/21.
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CHANGES IN THE FREQUENCY OF METEOROLOGICAL
PHENOMENA IN SLOVAKIA BETWEEN CLIMATOLOGICAL
NORMAL 1961 -1990 AND 1991 -2020

MARCEL GARAJ', JURAJ HOLEC!, PAVEL STASTNY', VIERA RATTAYOVA?

! Slovak Hydrometeorological Institute, Jeséniova 17, Bratislava, Slovakia
2 Department of Land Water Resources Management, Faculty of Civil Engineering, Slovak University of Technology,
Radlinského 11, 810 05 Bratislava, Slovakia

The last three decades showed significant change in the daily, seasonal and annual course of various meteorological
variables. Global warming affects physical processes in the atmosphere and analysis of long-term data for selected
meteorological phenomena (MP) can supplement information about the response of land meteorological observation on
climate changes. This study aims to analyze changes in frequency of selected MP in comparison of climatological normals
(CLINOs) 1991 -2020 and 1961 —-1990. We used 10 professional climatological stations for the purpose of this research.
Investigated phenomena are fog, glaze, hail and thunderstorm. Results show decreasing trend in hail occurrence in 8 of
10 studied stations and also increasing trend in glaze incidence in 9 of 10 selected station. The highest increase in fog
appearance is present on the mountain stations: Chopok and Lomnicky §tit. Both mountain stations, Chopok and
Lomnicky Stit, recorded increase in thunderstorm activity as well. Detecting these changes may help to prevent the risk of
natural hazards, possible damage on socio-economical activities and also could help to adapt on changing environment.

Posledné tri dekady zaznamenavame vyznamnud zmenu v dennom, sezénnom a roénom chode réznych meteorologickych
premennych. Klimatickd zmena a globdlne oteplovanie ovplyvituji fyzikdlne procesy v atmosfére a my sme toho svedkami.
Rozdielne spravanie meteorologickych javov (MP) je toho dékazom. Tdto $tidia md za ciel’ analyzovat’ rozdiely v po-
Cetnosti vyskytu vybranych meteorologickych javov pri porovnani klimatologickych normdlov (CLINOs) 1991-2020
a 1961 —1990. Pre ucely vyskumu sme vybrali 10 profesiondlnych meteorologickych stanic. Skimanymi javmi st vyskyt hmly,
poladovice, krupobitia a burky. Vysledky ukazujii pokles vo vyskyte krupobitia na 8 7 10 Studovanych stanic a tiez narast
vyskytu poladovice na 9 7 10 sledovanych stanic. Najvyssi narast vyskytu hmly sme zo sledovanych stanic zaznamenali na
horskych staniciach — Chopku a Lomnickom Stite. Obe vysokohorské stanice, Chopok a Lomnicky §tit, zaznamenali taktiez
ndrast vyskytu burok na stanici. Detekcia tychto zmien moze poméct’ v prevencii rizika prirodnych hrozieb, moznych $kod

INTRODUCTION

Present climate change affects various meteorological va-
riables as air temperature, precipitation patterns and other.
Changes are visible especially when longer period is taken
into account. The research of meteorological phenomena
changes in time and space is less frequent than most impor-
tant basic meteorological variables like air temperature or
precipitation. However, the research of the meteorological
phenomena is important due to their potential negative
impact on the society, especially particular sectors, e.g.
impact of fogs and glaze on transport, impact of thunder-
storms and hails on agriculture etc. Among the papers
dealing with this kind of topic, the most frequent is the
climatological analysis of thunderstorms, e.g. Kunz et al.
(2009) in south-western Germany or Vose et al. (2014) in
United States coastal regions. Sometimes the research of
thunderstorm climatology is coupled with other phenomena,
like hail (Allen et al., 2011), glaze and hail (Changnon,
1968). Further, we can mention works dealing with glaze
and/or freezing rain climatology, e.g. Bezrukova et al.
(2006) in Russia, Gay and Davis (1993) in south-eastern
United States. Papers describing fog climatology or trends
in fog occurrence are described e.g. by Avotniece et al.

na socioekonomickych aktivitach a tief méZe poméct’ v adaptacii na zmenené podmienky prostredia.

Key words: meteorological phenomena, fog, glaze, hail, thunderstorm, climatological normal

(2015) on the territory of Latvia or Csépl6 et al. (2019) on
Hungarian meteorological stations. In this paper we present
the comparison of meteorological phenomena normals
between present normal period 1991-2020 and previous
normal period 1961-1990 in order to find out how the
changing climate affects frequency and spatial distribution
of meteorological phenomena.

MATERIAL AND METHODS

In this paper we present the comparison of meteorological
phenomena normals between present normal period
1991-2020 and previous normal period 1961-1990.
Meteorological normals serve as reference values of meteo-
rological variables and can be used in monitoring, process
of planning etc. Therefore the society can prepare for
weather influences, climate oscillation, climate change etc.
The Slovak Hydrometeorological Institute (SHMU) publi-
shes meteorological normals in compliance with the metho-
dology presented in the manuals of World Meteorological
Organization (WMO 2017, 2018). The normal period
1991 - 2020 represents fourth generation of normal periods
after periods 1901-1930, 1931-1960 and 1961-1990.
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The data for creation of the normal values are extracted from
meteorological database of SHMU, originally 78 stations
which met the WMO criteria of completeness were pro-
cessed for evaluation of meteorological phenomena (Narod-
ny klimaticky program SR, 2023). For the purposes of this
paper, we selected 10 stations (Fig. 1, Tab. 1) with emphasis
on the presence of professional observation, that is only on
part of the stations, distribution across the whole country
and across various altitudes, from lowland stations e.g.
Hurbanovo (115 m a.s.l.) up to mountain stations, e.g.
Lomnicky §tit 2633 ma.s.l. Finally, we selected four
meteorological phenomena for further analysis — fog, glaze,
hail and thunderstorm. The selected meteorological pheno-
mena belong to the group of dangerous meteorological
phenomena. The occurrence of fog, i.e. the presence of small
water droplets or ice crystals near the earth's surface,
causing a decrease in horizontal visibility below 1 km, is
dangerous for all types of transport. Glaze, a layer of ice on
objects and the earth's surface, which was formed by the
freezing of raindrops and drizzle, is limiting factor for
infrastructure and transport routes. Another two phenomena
are associated with storm activity. One of the destructive
phenomena is the occurrence of hail, which can destroy
harvest on fields or trees, and it is risk for people's health
and human property. The storm phenomenon in our
processing includes a storm at the station and also a remote

Figure 1.

Spatial distribution

of selected climatological
stations in Slovakia

used for the comparison
between CLINOs
1991-2020 and

storm. The storm, in addition to the already mentioned hail,
is accompanied by atmospheric discharges, potentially
strong winds and intense precipitation. It is dangerous for all
kinds of human activity. In this article, only the number of
days with the occurrence of individual phenomena was
processed, i.e. their intensity was not evaluated, or multiple
occurrences in one day. We digitised data from previous
CLINO 1961-1990 (NKP SR, 2015) and subsequently
processed the data from absolute frequency to average
annual frequency and finally computed absolute and relative
deviations between the two normal periods. We also used
digital version of the newest CLINO 1991 -2020 (NKP SR,
2023). Graphical outputs were created in ArcGIS Pro 3.1.2
software. Selected MP don’t need any equipment to mea-
sure. Their observance depends strictly on subject dedicated
to provide these observations. Slovak Hydrometeorological
Institute (SHMU) provides 78 stations with MP obser-
vations. We chose just those 10 stations with professional
staff to avoid possible gaps in observations because the
majority of stations in the SHMU network have volunteer
staff. However stations except Bratislava-letisko, KoSice-
letisko and Poprad have changed their period of obser-
vations from continuous 24 hour observations to limited
period 06:30 till 21:00 CET. This change took place in 2000,
thus this fact could affect some of the presented results for
normal 1991-2010 (NKP SR, 2023).

1961-1990.
A Q 25 50 100 Kilometers
L 1 L i | Il 1 1 |
Table 1. i i number indicative station x-sjtsk y-sjtsk EIE\[ﬁt]mn latitude longitude
Selected climatological - -
stations in Slovakia 1 11816 Bratislava-letisko -566058 -1278668 128 48.17028  17.20750
used for the comparison 2 11826 Piestany -515344 -1234074 161 48.61306  17.83167
between CLINOs and 3 11858  Hurbanovo -495941  -1318480 115 47.87250  18.19306
their coordinates 4 11903 Slia& -418827  -1238812 310 48.6425  19.14194
and altitude. 5 11916  Chopok -383440  -1207744 2005 48.94389  19.59222
6 11930 Lomnicky Stit -336375 -1182764 2634 49.19528  20.21306
7 11934 Poprad -334574 -1197046 693 49.06806 20.24944
8 11938 Telgart -340448 -1221138 900 48.84861  20.18917
9 11968 KoSice-letisko -264473 -1245053 229 48.67056  21.23861
10 11993 Kamenica nad Cirochou -207790 -1218033 176 48.93472  21.99417
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RESULTS AND DISCUSSION

Fog

Four of ten presented stations show decrease in fog occur-
rence, other six stations show increase. Decrease is present

in western and central Slovakia except Bratislava-letisko

Figure 2.

Absolute difference

in number of days with
fog in selected stations
between CLINOs
1991-2020 and
1961-1990

station and in the easternmost station used in this analysis —
Kamenica nad Cirochou. Most significant increase in terms
of absolute numbers can be observed in the mountain
stations — Chopok with increase of 28.6 days and Lomnic-
ky §tit with increase of 25.8 days (Fig. 2) followed by
Bratislava-letisko station (+18.5 days).

100 Kilometers
]

phenomenon
fog

m -124--1L0
W -110-77
W 7768
W ss-185

| TRy

Table 2. Monthly change in number of days with fog between CLINOs 1991 -2020 and 1961 —1990 for selected stations.

indicative station | 1] n v \Y \ii VI Vil IX X Xl Xl Year
11816 Bratislava-letisko -0.2 -0.1 0.6 2.1 1.9 1.5 1.8 1.9 3.2 3.7 1.3 0.7 18.5
11826  Piestany -1.8 -0.9 -1.8 0.5 0.1 -0.7 -0.3 -0.2 -1.7 -0.7 -0.9 -24 | -11.0
11858  Hurbanovo -0.9 -2.3 -1.2 -0.1 -0.7 -0.4 -0.1 -0.6 -1.7 -0.8 -1.6 -1.9 | -124
11903 Slia¢ -0.7 0.9 -1.8 0.5 0.1 -1.4 -0.4 -2.0 -2.5 -0.6 0.2 0.0 -7.7
11916 Chopok 2.7 3.4 2.9 0.2 2.2 2.3 0.9 0.2 2.4 5.1 35 2.8 28.6
11930  Lomnicky Stit 1.9 2.2 2.3 17 2.7 2.0 1.9 2.0 2.6 3.6 1.6 1.3 25.8
11934  Poprad 2.4 -0.6 -1.1 0.1 0.8 2.0 25 19 1.2 1.0 15 11 12.6
11938 Telgart 21 -0.6 0.7 -0.2 0.4 -0.4 0.2 0.1 0.0 1.0 1.4 2.1 6.8
11968  Kosice-letisko -0.9 -0.2 -1.5 0.5 1.2 0.8 1.2 0.4 1.9 2.3 0.1 0.3 6.2
11993  Kamenica nad Cirochou -0.5 -0.4 -1.5 -0.3 -0.9 -1.0 -0.2 -3.9 -2.0 -0.1 0.6 -1.2 | -11.6

Figure 3. The mean monthly number of days with fog in stations Hurbanovo and Chopok for CLINOs 1991 —2020 and 1961 —1990.
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Glaze

We can see the increase of glaze phenomenon between
normal periods on nine stations, only Chopok shows
decrease. Highest absolute increase can be seen on KoSice-
letisko and Bratislava-letisko stations with 10.5 and 6.5 days
per year respectively (Fig. 4, Tab. 3). Climate change can
play role in increase of glaze phenomenon on the majority

Figure 4.

Absolute difference

in number of days with
glaze in selected stations
between CLINOs

1991 -2020 and

1961 -1990.

of the stations, with generally warmer temperature in winter
months and suitable conditions for freezing rain and glaze
formation. Absolute values for CLINOs 1991-2010 and
1961-1990 on the stations Bratislava-letisko and KoSice-
letisko are presented on Fig. 5 showing changes of the
phenomena — in case of Bratislava-letisko, highest increase
is present in January and December, in case of KoSice-
letisko, highest increase is present in January and February.

phenomenon
glaze
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Table 3. Monthly change in number of days with glaze between CLINOs 1991 -2020 and 19611990 for selected stations.

indicative station | 1 1] v \ \Y| Vil VI IX X Xl XH Year
11816  Bratislava-letisko 24 0.8 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 2.6 6.5
11826  Piestany 14 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 -0.1 1.4
11858  Hurbanovo 2.0 1.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.1 0.0 3.4
11903  Slia¢ 1.0 0.6 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 2.4
11916  Chopok 0.9 0.0 -0.9 -2.0 -2.0 -1.1 -0.4 -0.5 -1.0 -1.7 -0.1 -0.2 -9.0
11930  Lomnicky Stit 1.0 0.2 0.0 0.0 0.2 -0.1 0.1 -0.3 0.8 0.5 2.0 0.7 5.1
11934  Poprad 1.3 0.3 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 11 3.3
11938 Telgart 0.4 0.2 -0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.1 -0.1 1.0 14
11968  KosSice-letisko 4.0 45 0.7 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 1.1 | 105
11993  Kamenica nad Cirochou 1.9 1.7 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.5 0.5 4.8

Figure 5. The mean monthly number of days with glaze in stations KoSice-letisko and Chopok for CLINOs 1991 -2020 and

1961-1990.
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Hail

The occurrence of MP hail is strictly connected with another
convective cells, supercells and thunderstorms. Overall, we
observed decreasing amount of hail incidence in 8 of 10
investigated climatological stations (Fig 6). Poprad is the
only station with increase of hail (+0.1 days) and Piestany
station remains without change. The highest increase is in
April and summer months at these stations in comparison
between CLINOs 1991-2010 and 1961-1990 (Tab. 4).
Station Poprad gained increase by 10.5% and Lomnicky Stit
7.6% per year in average. On the other hand, the highest
decrease in days with hail appeared at the station Slia¢ with

Figure 6.

Absolute difference in
number of days with hail
in selected stations
between CLINOs
1991-2020 and
1961-1990.

100 Kilometers

relative frequency value -57.1% in average. We could
assume that increasing number of days with hail in the High
Tatras Region are connected with prevailing wind direction
from north-west, increasing trend in precipitation amount,
convective situations and lower level of 0°C isotherm during
spring and early summer months (Lupikasza and Szypufa,
2019). Decreasing amount of days with hail in the rest of
selected stations could be explained by leeward effect of
Tatras Mountains during prevailing north-west situations
and different morphology conditions in lowland areas.
Absolute values for CLINOs 1991-2010 and 1961 -1990
on the stations Bratislava-letisko and KoSice-letisko are
presented on Fig. 7.
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Table 4. Monthly change in number of days with hail between CLINOs 1991 -2020 and 19611990 for selected stations

indicative station | 1] I v \Y VI Vil VIl IX X Xl Xl Year
11816 Bratislava-letisko 0.0 0.0 -0.1 0.0 0.1 -0.1 0.0 -0.1 0.0 0.0 0.0 -0.1 -0.2
11826  Piestany 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 -0.1 0.0 0.0 0.0 0.0
11858  Hurbanovo 0.0 0.0 0.2 -0.2 -0.2 -0.1 0.0 -0.1 0.0 0.0 0.0 0.0 -0.3
11903 Slia¢ 0.0 0.0 0.0 -0.1 -0.1 -0.1 0.0 -0.1 0.0 0.0 0.0 0.0 -0.4
11916 Chopok 0.0 0.0 0.0 0.2 -0.3 -0.1 -0.2 -0.1 -0.5 0.0 0.0 0.0 -1.1
11930  Lomnicky Stit 0.0 0.0 0.0 0.4 0.1 0.4 0.2 0.1 -0.5 0.0 0.0 0.0 0.7
11934  Poprad 0.0 0.0 0.0 0.0 -0.1 -0.2 0.3 0.1 -0.1 0.0 0.0 0.0 0.1
11938  Telgart 0.0 0.0 0.0 0.1 0.2 -0.3 -0.1 -0.1 -0.1 0.0 0.0 0.0 -0.3
11968 Kosice-letisko 0.0 0.0 0.0 0.2 0.0 0.0 -0.1 -0.1 -0.1 0.0 0.0 -0.1 -0.1
11993 Kamenica nad Cirochou 0.0 0.0 0.1 -0.1 0.0 -0.1 -0.1 -0.1 -0.1 0.1 -0.1 0.0 -0.4

Figure 7. The mean monthly number of days with hail in stations Slia¢ and Lomnicky §tit for CLINOs 1991 -2020 and

1961-1990.
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Thunderstorm

Various MP are strictly connected, and their incidence is
usually synchronic. That is also an example of strong re-
lationship between convective phenomenon and hail.
Throughout our study we observed rising amount of days
with thunderstorms at the same stations as it was for hail
occurrence during CLINO 1991 -2020 (Fig. 8, Tab. 5). The
stations with highest increase of thunderstorms are situated
in mountainous environment and characterized by higher
altitudes, namely Lomnicky §tit (+5.1 days annually), Telgart
(+4.5 days annually) and Chopok (+3.2 days annually)
(Fig. 9). Stations Poprad and Bratislava-letisko noticed
increase by less than one day. When we looked at the
correlation between altitude of station and rising amount of
days with thunderstorm we found linear trend with R?=0.68
and exponential trend R?2=0.76. Although it is relatively
strong correlation it is necessary to study that relationship
more precisely with higher amount of available stations. On

Figure 8.

Absolute difference
in number of days
with thunderstorm
in selected stations
between CLINOs
1991 -2020 and
1961-1990.

0 25 50 100 Kilometers
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the other hand, stations located in lowland areas noticed
decreasing amount of thunderstorms in the new CLINO.
Hurbanovo station (6.1 days) and Piestany (—7.6 days)
observed the biggest drop in this MP. This can be caused by
the change in observation regime from 24 hours to 6:30 CET
till 21:00 CET in the year 2000 on these stations (NKP SR,
2023). Seasonal and monthly changes in thunderstorm
regime are shown in Fig 9. Mountainous stations Lomnicky
Stit and Chopok observed similar increase in number of days
with thunderstorm during summer months June, July and
August. The steepest increase appeared in July on the both
stations where Lomnicky S§tit peak gained +42.2% and
Chopok 55.4% more days with thunderstorm. It is in
agreement with Lukasova et al., where they found out the
highest increase in precipitation in July (+45.5 mm) in
comparison of CLINOs 1991 -2010 and 19611990 on the
Skalnaté pleso observatory situated under Lomnicky Stit.
Lowland stations Hurbanovo and Pie$tany observed the
most significant decrease in May, June and August.

phenomenon
thundersterm
B -76--6l
W 51--40
W 4031

. -3,1-0,8
. 08-5,1

Table 5. Monthly change in number of days with thunderstorm between CLINOs 1991 -2020 and 1961 -1990 for selected

stations.

indicative station | 1] 1] v \ \Y| Vil VI IX X Xl XH Year
11816  Bratislava-letisko 0.0 -0.2 0.2 0.0 -0.2 -0.8 1.4 -0.4 0.2 0.3 0.0 -0.2 0.4
11826  Piestany 0.0 -0.1 0.0 -0.6 -1.9 -2.3 -0.8 -1.6 -0.3 0.3 -0.1 0.0 -7.6
11858 Hurbanovo 0.1 0.0 -0.1 -0.7 -1.2 -2.3 -0.4 -1.4 -0.4 0.2 0.1 0.1 -6.1
11903 Slia¢ 0.1 -0.2 -0.1 -0.3 -1.5 -15 1.1 -0.4 -0.3 0.2 -0.2 -0.1 -3.1
11916  Chopok 0.0 0.1 0.0 -0.1 -0.1 0.6 21 12 -0.5 0.0 0.0 0.0 3.2
11930  Lomnicky Stit 0.0 0.1 0.1 0.2 0.6 0.6 2.2 17 -0.6 0.2 0.0 0.0 5.1
11934 Poprad 0.0 0.0 0.1 0.1 -0.8 -1.0 1.8 0.9 -0.7 0.3 0.0 0.0 0.8
11938 Telgart 0.2 0.1 -0.1 0.2 0.2 0.4 1.9 15 0.2 0.2 -0.1 0.0 4.5
11968  KosSice-letisko 0.0 -0.1 -0.1 -0.2 -1.1 -0.9 -0.1 -1.0 -0.6 -0.2 0.1 0.0 -4.0
11993  Kamenica nad Cirochou 0.0 0.0 -0.3 -1.2 -1.4 -1.7 -0.3 -0.8 -0.6 -0.2 0.1 0.1 -6.3

110 | Meteorologicky ¢asopis, 26, 2023



Figure 9. The mean monthly number of days with thunderstorm in stations Chopok, Lomnicky §tit, Hurbanovo and Piest’any

for CLINOs 1991 - 2020 and 1961 —1990.
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CONCLUSION

In this paper we analyzed 4 meteorological phenomena and
changes in their frequency during the two last normal pe-
riods in the selected group of 10 meteorological stations.
From that point of view, the main results of our study
for CLINO 1991 - 2020 can be highlighted by following
statements:

o Hail occurrence decreased in all studied stations

exclusive of Poprad and Piestany.

e The highest increase in days with thunderstorm
appeared in mountainous stations, Lomnicky S§tit,
Chopok and Telgart especially in summer months
(June, July, August),

Lowland stations Hurbanovo and Piestany detected
decrease in days with thunderstorm mainly in May,
June, August.

Correlation between altitude of station and rising
amount of days with thunderstorm found linear trend
with coefficient of determination R?= 0.68.

The highest increase in relative frequency of fog is
on Bratislava-letisko (41.7%) and Poprad (27.8%),
the highest increase in absolute numbers is in the
mountain stations (Chopok with 28.6 days and Lom-
nicky Stit with 25.8 days).

Number of days with glaze recorded increase in all
stations despite of Chopok, the highest relative in-
crease was recorded on Slia¢, 184.6% for normal
1991 -2020, the highest absolute increase was
recorded on KoSice-letisko with 10.5 days per year.

Lomnicky stit
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All the results mentioned above needs more detailed
research with higher amount of stations to prove these
statements. Moreover, paper related to this topic are very
rare for the territory of Slovakia although meteorological
phenomena are really important if we want to look at
the changing climate relations to other variables. Therefore
we hope, that our paper will be useful for the future
investigation of changes in frequency of meteorological
phenomena.
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MEDZINARODNA KALIBRACIA
BREWEROVYCH OZONOVYCH
SPEKTROFOTOMETROV V GANOVCIACH

Na pracovisku Slovenského hydrometeorologického Ustavu,
v Aerologickom a radiaénom centre (ARC) Ganovce, sa
denne pripravuji informéacie o stave ozonovej vrstvy
a v letnom obdobi aj 0 sIne¢nom ultrafialovom (UV) Ziareni
pre Uzemie Slovenska. Stanica v Ganovciach je jedina svoj-
ho druhu na naSom Gzemi a tieto informacie sa pripravuju
na zaklade merani celkového atmosférického o0z6nu
a slne¢ného UV ziarenia, ktoré sa uskutocnuji pomocou
Brewerovho ozénového spektrofotometra uz 30 rokov.
Brewerov o0zdnovy spektrofotometer (Brewer) bol
povodne navrhnuty v Environment and Climate Change
Canada (ECCC) v sedemdesiatych rokoch minulého sto-
ro¢ia za Gcelom monitorovania celkového atmosférického
ozénu. Do globalnej ozénovej siete bol tento moderny

INFORMACIE
INFORMATION

pristroj zavedeny v roku 1982 a stal sa Standardnym néstro-
jom na monitorovanie celkového ozénu v programe Glo-
balneho sledovania atmosféry (GlobalAtmosphereWatch,
GAW) pri Svetovej meteorologickej organizacii (WMO).
Do roku 2021 bolo vyrobenych viac nez 230 Brewerovych
pristrojov. Na zabezpecenie kvality ozéonovych merani sa
udrziava tzv. kalibra¢ny retazec, t.j. najprv sa referen¢né
pristroje nezavisle absolltne kalibruji a potom sa kalibracia
prenesie z referenéného pristroja na pohyblivy - cestovny
etaldn a néasledne z tohto etal6nu do stanic s Brewerovymi
pristrojmi. ECCC udrziava svetové referenéné Brewerove
spektrofotometre od osemdesiatych rokov 20. storodia na
poskytovanie prenosnej kalibracie. Svetovym ozénomet-
rickym Standardom pre spektrofotometre s jednoduchym
monochromatorom su pristroje typu Mark 1l so sériovymi
vyrobnymi ¢islami 008, 014 a 015, ktoré tvoria svetovu
Brewerovu referen¢nt triddu (BrT) a zacali svoju ¢innost’
v kanadskom Toronte v roku 1984. V devitdesiatych ro-
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koch bol Brewerov pristroj zmodernizovany natyp Mark I1l,
ktory ma uz dva monochromatory pre znizenie vnatorného
pristrojového rozptyleného svetla. V roku 2013 bola vytvo-
rend svetova referencna tridda double-Brewer (BrT-D)
atvoria ju pristroje so sériovymi Cislami 145, 187 a 191.
Absolutna kalibracia pristrojov triady Langley metédou sa
uskuto¢iiuje na observatoriu v Mauna Loa na Havajskych
ostrovoch. Tento rok sa v3ak konala pre zvysenu sopeénu
aktivitu na Kandrskych ostrovoch. Podla doporucenia
WMO maju byt 0zonové spektrofotometre v medzinarodnej
sieti podrobené porovnavacej a kalibracnej procedure naj-
menej raz za dva roky.

Existuju aj dalSie Brewerovské triddy. Tridda Arosa
bola vytvorena a je prevadzkovana Svajéiarskym federalnym
Gradom pre meteorol6giu a klimatolégiu (Meteo Swiss).
Zalozili ju v roku 1998 a bola druhou triadou Brewerov
na svete (zloZzena z dvoch pristrojov Mark Il a jedného Mark
I11). Umiestnena je v Davose, vo Physikalisch-Meteorologi-
sches Observatorium (Svetové radiacné centrum v Davose,
PMOD). Dalsia eurépska triida RBCC-E bola vytvorena
Statnou meteorologickou agenttirou Spanielska (AEMET)
v roku 2003. Tvoria ju tri pristroje Mark I11. V Spanielsku
sa nachadza Regionalne eurépske centrum pre kalibraciu
Brewerovych spektrofotometrov (RBCC-E).

Z praktického i ekonomického hladiska sa kalibracie
s cestovnym $tandardom naraz zi¢astiiuje viacero pristrojov.
Pre nés ich doteraz vykonava kanadska firma International
OzoneServices (I0S), referen¢nym pristrojom ¢. 017. Na
konci juna tohto roku sa na naSom pracovisku uskuto¢nila
v poradi uz 14. takato spolo¢na kalibracia Brewerovych
pristrojov za ucasti odbornikov a vedcov zo Spanielskeho
Tenerife, kanadského Toronta a prevadzkovatelov pristrojov

z Mad’arska, Pol'ska a z naSho pracoviska v Ganovciach. Na
nadej stanici prevadzkujeme dva pristroje — Brewer ¢. 097
s jednoduchym monochromatorom (Mark IV) a Brewer
¢. 225 sdvojnasobnym monochroméatorom (Mark I11).
Pocas kalibracie sa uskuto¢nil seminar zastupcov narodnych
radiacnych centier zo strednej Eurdpy. Alberto Redondas zo
Spanielskej meteorologickej sluzby (RBCC), ktory je zaro-
veil ¢lenom Medzinarodnej ozénovej komisie (International
OzoneCommission, 10C), informoval 0 moZnostiach kalib-
racného centra Spanielskej meteorologickej sluzby pre
Eurdpu, ktoré sidli v observatoriu Izana na ostrove Tenerife.
Zaroven Spanielski kolegovia vo svojej prednaske oboz-
ndmili Gcastnikov kalibracie s ¢innostou a moznostami
eurdpskej databazy EuBrewnet, ktord prevadzkuju.

Aj vysledky poslednej spolo¢nej kalibracie ukazali, ze
udrZiavanie kvality merani celkového atmosférického ozénu
a UV slne¢ného Ziarenia je ve'mi ndrocné. Ale vd’aka pravi-
delnej kalibracii pristrojov poskytuje naSa stanica v Ganov-
ciach spolahlivé udaje pre svetové databazy, mapové centra
i aktualne kazdodenné informacie o stave ozonovej vrstvy
a intenzite UV slne¢ného Ziarenia pre verejnost’.

Mgr. Oliver Misaga, ARC Ganovce

FAIRNESS LETNA SKOLA V BELGICKU -
ANALYZA UDAJOV MESTSKE] MIKROKLIMY

Pocas prvého julového tyzdna (2.-8.7.2023) sa na katedre
fyziky a astronémie prirodovedeckej fakulty v Gente (Bel-
gicko) konala letna Skola vyskumnej siete COST Action.
COST Action je interdisciplindrna vyskumna siet, ktord
spaja vyskumnikov a inovatorov, aby sa venovali téme

Obréazok 1. Spoloénd fotografia organizdtorov a uiéastnikov na streche budovy fakulty, kde sa nachddza aj meteorologickd zdhrada.
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podl'a vlastného vyberu. Akcie COST zvycajne tvoria vy-
skumnici z akademickej obce, verejnych institGcii a inych
relevantnych organizacii alebo zainteresovanych stran.
Europska spolupraca v oblasti vedy a techniky (COST)
je financujlca organizacia na vytvaranie vyskumnych sieti
snazvom COST Actions. Tieto siete ponlkaju otvoreny
priestor pre spolupracu medzi vedcami z celej Europy
(i mimo nej), a tym davaju impulz pre pokrok vo vyskume
a inovécii. Je otvoreny pre vSetky oblasti vedy a techniky,
vratane novych i vznikajlcich oblasti. Akcie COST ponu-
kaju inkluzivne, celoeurépske prostredie pre jednotlivcov
vSetkych Grovni seniority, aby mohli rozvijat' svoje pro-
fesionalne vyskumné siete a zvySovat’ svoju kariéru.

Hlavnou témou letnej Skoly bola ,,Analyza Udajov
mestskej mikroklimy“. Ciel'om bolo podporit’ u¢astnikov pri
spracovani a analyze vlastnych stborov Gdajov o mestskej
mikroklime. Uprednostnili teda ucastnikov, ktori priniesli
vlastny mestsky datovy subor. VSetky dobre preStudované
mestské stbory Udajov, ktoré eSte neboli skontrolované kva-
litou, vratane medzier, boli vitané. Subor Udajov, s ktorym
som pracovala, pochadzal z automatickych stanic. Spraco-
vala som hodinové udaje teploty vzduchu. Mala som
k dispozicii 2 mestské a 2 mimomestské stanice pre Uzemie
Bratislavy a jej okolie. Praca zacala pripojenim sa k vlast-
nému Disku (Google Drive) s notebookom Colab. Najprv
sme museli dat’ Gdaje do spravneho tvaru, aby nacitanie
Udajov prebiehalo bezproblémovo.

Po mensich upravach sme nacitali svoj stibor udajov
na predpripraveny skript v Google Colab. Google Colab je
nastroj na pisanie a zdiel'anie kodu Python s mozZnost'ou
zaramovat’ kod do textu (znamy ako Jupyter Notebook).
Nasledovala ¢ast’ kontroly kvality nasich udajov. Zvolili
sme jednotlivé kritérid, podl'a ktorych by sme mohli zaradit’
chybajlce Gdaje do jednotlivych skupin. Maly pocet (< 40)
chybajtcich hodnét — chybajlice pozorovania; Velky pocet
(>=40) chybajtcich hodnét — medzera.

Obrazok 2. Ukazka skriptu (nahravanie vlastnych Gdajov).

your_dataset.fairness coordinates for alaro 25 csv_creator(outputfolder = '
filename = '

#IT 1

lat min= None, # minimum latitude

lon_min
lat_max
lon_max

Vykonali sme linearnu interpolaciu, techniku ERA5
a hybridni metédu. ERA5 je piata generacia reanalyzy
ECMWF pre globalnu klimu a pocasie za poslednych
8 desatro¢i. Udaje st dostupné od roku 1940. Ziskali sme
modelové data pre jednotlivé suradnice. Potom sme
pokracovali v modelovani dat pomocou modelu ERASG.
Chybajiice udaje sme vyskusali vyplianim pomocou mo-
delu. Uplne na konci sme vyskusali vypocet §tatistiky, napr.
priemery, zlomky krajinnej pokryvky okolo stanic. Vytvorili
sme Standardné vlastnosti, napr. roény cyklus, denny cyklus,
mestsky ostrov tepla.

Letn4 Skola zahffiala prakticka pracu v nasledujicich
témach: kontrola kvality a vyplnenie medzier z mestskych
meteorologickych Gdajov; mapovanie prostredia v okoli
naSich stanic; od pozorovania po analyzu mestskych
tepelnych ostrovov; porovnavanie mestskych pozorovani
s idajmi z mestskych klimatickych modelov. Letnad Skola
sa zameriava na praktické cvifenia s vlastnym siborom
udajov. Stcastou programu boli aj prednasky, mestska
klimaticka prechadzka v meste Gent a exkurzia do Kralov-
ského meteorologického instititu Belgicka v Bruseli. Tam
nam ukazali, ako funguje predpoved pocasia na uzemi
Belgicka.

Uskutocnili sa vel'mi zaujimavé prednasky a uzitocné
praktické lekcie o spracovani a analyze (idajov mikroklima-
tickych stiborov. Bolo vel'mi inSpirativne vidiet’ a dozvediet’
sa, ako sa k mestskej klime pristupuje z réznych perspektiv,
ktoré zdiel'ali v8etci Ucastnici. V neposlednom rade patri
velka vd’aka organizatorom za 0izasnui pracu, laskavost
a trpezlivost a Gicastnikom za izasnu atmosféru. Toto podu-
jatie bolo velkym prinosom pri praci s meteorologickymi
a klimatologickymi Gdajmi, lebo my ako Klimatologické
sluzba tieZ pracujeme s obrovskym mnoZstvom Udajov a ¢as-
to sa stretavame s chybajicimi Gdajmi kvoli vypadkom.

Krist[na Szabéova
SHMU, Bratislava
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CURRENT PROBLEMS IN HYDROLOGY -
KONFERENCIA S MEDZINARODNOU
UCASTOU
Pri prileZitosti 70. vyrotia zalozenia Ustavu hydrologie
SAV, v.v.1i.a70. vyrodia zalozenia SAV zorganizoval Ustav
hydroldgie SAV, v. v. i. v spolupraci so Slovenskym vyborom
pre hydroldgiu, pod zatitou ministra ZP SR a predsedu SAV
prof. RNDr. Pavla Sajgalika, DrSc. medzinarodna konfe-
renciu Current problems in hydrology — Aktualne problémy
hydroldgie. Konferencia sa konala v priestoroch kongreso-
vého centra SAV v Smoleniciach v ditoch 27. az 29.9.2023.
Konferencie sa zG¢astnilo viac ako sedemdesiat registrova-
nych ucastnikov z dsmich institlcii z akademického a vy-
skumného prostredia, ale aj z oblasti operativnej hydroldgie.
Odborny program konferencie pozostaval z viac ako dvad-
sat’ prednasok od vyznamnych hydrolégov, aj PhD Studen-
tov. Slovensky hydrometeorologicky Gstav na podujati za-
stupoval jeho generalny riaditel RNDr. Martin Benko, PhD,
riaditel’ka Useku hydrologie Ing. Jana Pérova, PhD., vedica
Odboru hydrologické predpovede a vystrahy Ing. Danica
Leskova, PhD. aviaceri pracovnici Useku hydrologickej
sluzby a Odboru hydrologické predpovede a vystrahy.
Pocas druhého diia konferencie boli v dopoludiiajSom
bloku prezentécii prednesené témy z prostredia operativnej
a aplikovanej hydrolégie. Prva z nich sa zaoberala proble-
matikou privalovych povodni, pod nazvom ,,Metoda opera-
tivnej detekcie privalovych povodni vyuzitim meteorologic-
kych radarov ako podkladu pre vydavanie hydrologickych
vystrah* (M. Birova, P. Smrtnik, L. Méri a V. Wendova).
Vcasna predpoved’ a varovanie pred rychlou povodniou sa
v naSich podmienkach stdva Coraz prioritnejSou témou
a podlieha neustdlemu vyvoju. Druhym prezentovanym
prispevkom bol ,,Hydrologicky predpovedny systém SHMU*
(D. Leskova a H. Hlavdcikovd). Jeho obsahom bola rekapi-
tulacia tvorby nového zazemia pre ¢innost’ hydrologickych
modelov na Odbore hydrologické predpovede a vystrahy.
Dalsia prednesena prezentacia sa venovala Eurépskemu
predpovednému varovnému systému EFAS, ktorého je
SHMU sugastou, a to prostrednictvom aktivnej participacie
v jednom z operaénych centier, s ndzvom ,,Novinky v Eu-
ropskom povodiiovom varovnom systéme EFAS* (M. Halaj,
H. Hlavacikova a M. Mikulickovd). V poradi Stvrtd pre-
zentdcia v ramci dopoludiajSieho bloku mala nazov
,Problémy pri vybere nového referencného obdobia*
(L. Blaskovicova, K. Jeneiovd, K. Kotrikovd, L. Lovdsovd,
K. Melovd a S. Liova). Poukazala na zlozitost vyberu
vhodného referenéného obdobia v podmienkach meniacej
sa klimy. Posledné prezentécia v rdmci dopoludnia bola na
tému eliminécie neist6t v hydrologickych modeloch v pod-
mienkach SHMU —, Analyses of precipitation input data for
the hydrological forecasting system of SHMU* (H. Hlava-
c¢ikova). Téma bola spracovana aj formou posteru a umies-
tnend v posterovej sekcii pocas trvania konferencie. V tejto
sekcii bol vystaveny aj poster venujlci sa analyze povod-
novej situacie v maji 2021 v povodi Hrona — ,,Case study:
Assessment of radar-based and ground precipitation data
during the flood situation in may 2021 in the upper Hron
river basin in Slovakia“ (H. Hlavacikova, K. Hruskova).

Martin Halaj, SHMU, Banska Bystrica
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A BRIEF COMMENTARY OF HOW THE RECENT
2022 TONGA-HUNGA HA’APAI VOLCANO
ERUPTION, THE 1908 TUNGUSKA METEORITE
EVENT, AND 1961 TSAR BOMB TEST AFFECTED
AIR PRESSURE IN SLOVAKIA

This brief commentary aims to describe the observed subtle
air pressure anomalies triggered by three events: the 2022
eruption of the Tonga-Hunga volcano, the Tungaska (Siberia)
meteorite explosion of 1908, and the Tsar Bomb nuclear test
of 1961. Microbarometric traces of anomalous air pressure
signals observed at the geophysical observatory in Hur-
banovo, providing evidence for the Tunguska event and the
Tsar Bomb test, are presented for the first time. In addition,
a detailed analysis of the recent Toga-Hunga eruption is
presented as well. The Tonga-Hunga Ha’apai volcano is
situated in the South Pacific Tonga archipelago. Its eruption
on January 15-16, 2022, was an extraordinary event that
released an energy equivalent to the explosion of 59-63
megatons of TNT (Villalonga et al., 2023). The volcano
eruption had a global impact on atmospheric pressure,
leading to subtle pressure anomalies circulating the globe
multiple times (Liu et al., 2023; Villalonga et al., 2023;
Buric et al., 2022; Amores et al., 2022). The explosive erup-
tion released significant energy, generating Lamb waves
that efficiently transmit energy over long distances with mi-
nimal losses, exhibiting purely horizontal motion through-
out the troposphere, with minimal sensitivity to Earth's
rotation, and traveling close to the speed of sound. For an
isothermal troposphere, the phase velocity of the Lamb wa-
ves is affected by the air temperature (Amore et al., 2022).

The data we used to analyze pressure anomalies trig-
gered by the Tunga-Honga eruption were extracted from the
databases of the Slovak Hydrometeorological Institute.
Atotal of 44 automatic meteorological stations across
Slovakia were used, covering the period from January 15 to
16, 2022, with a sampling interval of 1 minute. Additionally,
historical microbarographic records displaying pressure
waves from the Tunguska and Tsar Bomb events were
obtained from the archives of the Earth Science Institute,
Slovak Academy of Sciences.

Nevertheless, the Tonga-Hunga eruption of Janua-
ry 15, 2022, is not the first occurrence of detecting atmo-
spheric pressure anomalies following a significant distant
explosion, as our archival research shows. Several other
series of pressure anomalies have been observed in the
central European region in the past (e.g. the Krakatoa
volcano eruption of 1883, the Tunguska meteorite impact on
June 30, 1908, and the detonation of the ~50 — 58-megatons
thermonuclear Tsar' Bomb over the Novaya Zemlya region
of the former Soviet Union on October 30, 1961). The Tun-
guska event, an approximately 12-megaton explosion near
the Podkamennaya Tunguska River in Yeniseysk Governo-
rate (now Krasnoyarsk Krai), Russia, occurred on the
morning of June 30, 1908 (Farkas, 1962; Wexler & Hass,
1962). Our archival research shows that on the morning of
June 30, 1908, the unique Sprung-Fuess' balance rolling-
weight mercury (micro)barograph, which was installed at
the geophysical and meteorological observatory in Hur-
banovo (formerly Ogyalla/Stara Dala; Babin et al., 2022),



reliably registered the primary pressure wave induced by the
Tunguska Event (Whipple, 1934). The air pressure ano-
malies observed at the Hurbanovo station are depicted in
Fig. 1. As indicated on the barograph chart, the wave
amplitude reached almost 0.4 Torr (~0.5 hPa). In general,
the wave parameters align with reports from other obser-
vatories using barographic measurements in the Central
European region at that time (Siiring, 1930; Skreb, 1931;
Whipple, 1934). The antipodal wave was observed at the
Potsdam observatory in Germany on the morning of July 1,
1908 (Siring, 1930). However, this second wave is not
evident on the barograms from Hurbanovo and Zagreb
(Skreb, 1931). After the massive Tsar Bomb explosion in
the end of October 1961, three marked transitions of the
pressure waves through Hurbanovo were detected thanks to
the above-mentioned Sprung-Fuess' instrument (Fig. 2),
with the primary wave-induced pressure anomaly reaching
almost 1.2 Torr (1.6 hPa). In contrast to the nearest obser-
vation in Budapest, Hungary (Schenzl, 1884), there was no
recorded signal from the colossal Krakatoa volcano eruption
in 1883 due to the absence of barographic measurements at
that time. The first barograph on the territory of present-day
Slovakia was employed in March 1891 (Babin et al., 2022).

Identification of pressure anomalies
in Hunga-Tonga eruption

We have analyzed subtle disturbances in air pressure indu-
ced by the Tonga—Hunga eruption through a comprehensive
examination of air pressure series observed at 44 automatic
weather stations in Slovakia. Spectral filtering was applied
to remove the synoptic signal obtained from pressure time
series, facilitating the isolation of local maxima
(peaks) in the traces of pressure anomalies.
Subsequently, the propagation of two pressure
pulses was tracked and analyzed. The first
impulse was associated with a positive pressure
deviation, while the pressure deviation of the
second pulse was negative. The average wave
speed of the first pulse was approximately £
304.52 m/s, below the speed of sound (331 m/s il

at 273 K). The wave speed varied from 302.6 m/s

to 306.76 m/s, a variation that can be explained

by gradients in the physical properties of the

lower troposphere and orographic effects. The
continuous wavelet transform was utilized to -t
extract the traces of the pressure signal. Power Ny
spectra and their 95% confidence levels were

computed from the original time series of atmo-

spheric pressure with the Morlet waveform

serving as the mother wavelet. The time series

of air pressure anomalies presented in Fig. 3 are

aresult of high-pass filtering of the original time

series with a cut-off frequency of 0.3 Hz. This

involved zeroing the wavelet coefficients for
frequencies above 0.3 Hz and subsequently e
reconstructing the signal from wavelet coef-
ficients using the inverse wavelet transform.
The timing of each atmospheric wavefront is
illustrated in Fig. 3.
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Figure 1. A section of the microbarographic record measured
with the Sprung-Fuess barograph in Hurbanovo on June 30,
1908. The pressure anomaly from the Tunguska meteorite
explosion is clearly noticeable at ~ 6:00 Local Mean Time
(marked with a circle), i.e. at 5:47 Central European Time.
One horizontal division corresponds to 10 minutes, one ver-
tical division corresponds to air pressure of 0.1 Torr. The
highlighted point value of 52.8 corresponds to the absolute
pressure of 752.8 Torr.

Figure 2. The Tsar Bomb pressure anomalies (marked with arrows)
detected at the Hurbanovo station, with the upper left panel showing data
for 29-30 October 1961, the lower panel for 31 October 1961 and
15t November 1961. The passages of pressure waves are highlighted by
arrows. One horizontal division corresponds to 10 minutes, one vertical
division corresponds to air pressure of 0.1 Torr.
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Figure 3. The raw signal of atmospheric pressure measured at the automatic meteorological station in Hurbanovo is shown in the
upper panel. The middle panel displays wavelet power spectra. The lower panel presents the reconstructed pressure signal after
applying a band-pass filter. Statistically significant regions of wavelet power are outlined by white contours. Notably, the 95%
confidence level, depicted as white contours in the wavelet scalogram in Fig. 3, aligns with the passage of pressure anomalies.
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Wave speed Figure 4. Traces of pressure anomalies at the investigated sites. To

The shortest orthodromic distance between each
individual meteorological station and the Hunga-
Tonga volcano was determined following the
procedure outlined in Buri¢ et al. (2022). The
antipodal point was observed by satellite
observations in Northern Africa (Amores et al.,
2022). The average wave speed of the first pulse
was calculated using the shortest distance and
the time elapsed from the eruption to the
registration at the meteorological stations in
Slovakia (v =s/t). The average orthodromic
distance calculated between the Hunga-Tonga
volcano and the 44 meteorological stations is
16.617 km.

The initial indication of a pressure pulse
was identified around 19:20 UTC, approxima-
tely 15 hours after the eruption. The average
wave speeds were computed for each of the
44 weather stations in Slovakia, resulting in
an overall average of 304.95m/s across the
stations. The initial peak in air pressure, ref-
lecting an increase of approximately 1 hPa/min,
was recorded on January 15 at around 19:19 UTC.
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enhance visual clarity, the traces are stacked into asingle plot with
a 1 hPaoffset. The green arrow indicates a station with a pressure sensor
malfunctioning during the second pulse, so the station was not able to
detect the passage of the second wave.
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This initial peak originated from the southward-propagating
segment of the wave following the stronger eruption on
January 15 at 04:15 UTC.

The first phase of the Hunga Tonga eruption was mar-
ked by a positive pressure deviation, while the second pulse
exhibited a negative pressure deviation. The average wave
speed of the first pulse was approximately 304.52 m/s,
just below the speed of sound (331 m/s at 273 K). The
wave speed fluctuated within the range of 302.6 m/s to
306.76 m/s, a variation attributable to gradients in the
physical properties of the lower troposphere (mainly air
temperature) (Amores et al., 2022). Further analysis of the
synoptic meteorological situation during and preceding the
arrival of the first pulse is needed.
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