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The article synthesizes available information on isotopic composition of precipitation in Slovakia (the
Western Carpathians). Monthly 5'°0 data from eleven stations and period 1988-1997 were used to investi-
gate correlations among the stations, altitude, air temperature and precipitation amount effects. The mean
annual altitude and air temperature gradients of 8'*0 in precipitation were 0.21%0/100 m and 0.36%0/1°C,
respectively. Maps of spatial distribution of mean annual §'*0 in precipitation based on both gradients were
constructed. The two maps do not significantly differ for the majority of Slovakia. 8°H data were available
for only three stations. Local meteoric water line derived for the station with the longest data series (8°H =
= 7.865"0 + 6.99) was close to the Global Meteoric Water line. Its parameters in periods 19911993 and
1991-2008 did not change. The study indicates that a more detailed monitoring of isotopic composition of
precipitation in mountains should be carried out in the future. The highest station exhibited very small sea-
sonal variability of 5'°0 in precipitation compared to other Slovak stations. The second highest mountain
station had significantly higher deuterium excess than the neighboring stations located in the valley. In
some analyses the data from the nearest stations situated abroad (Vienna, Krakow) were used.

KEY WORDS: Isotopes of Oxygen-18 and Deuterium in Precipitation, §'*0, Altitude and Air Temperature
Gradients, Local Meteoric Water Line, Western Carpathians.

Ladislav Holko, Michal Désa, Juraj Michalko, Zdeno Kostka, Martin Sanda: IZOTOPY KYSLIKA-18 A
DEUTERIA V ZRAZKACH NA SLOVENSKU. J. Hydrol. Hydromech., 60, 2012, 4; 25 lit., 10 obr. 4 tab.

Prispevok syntetizuje dostupné udaje o izotopickom zlozeni zrdzok na uzemi Slovenska (Zapadné
Karpaty). Hodnoti korelaciu hodndt 8'*0 v kumulativnych mesagnych zrazkach z rokov 19881997 medzi
jednotlivymi stanicami, vplyv nadmorskej vysky, teploty vzduchu a uhrnu zrdzok. Priemerny ro¢ny
vyskovy gradient 8'%0 v zrazkach je 0,21%0/100 m, priemerny roény teplotny gradient 5'°0 v zrazkach je
0,36%0/1°C. Oba gradienty boli pouZité na vytvorenie mapy priestorového rozdelenia 6'*0 v zrazkach na
Gizemi Slovenska. Mapa vytvorena pomocou vyskového gradientu 80 v zrazkach sa pre vad§inu Gizemia
Slovenska vyznamne neli§i od mapy vytvorenej pomocou teplotného gradientu. Hodnoty 8°H v zrazkach
boli k dispozicii len pre tri stanice na Slovensku. Pre stanicu s najdlh§im radom tudajov (1991-2008) bola
uréena lokalna meteoricka &iara (5°H = 7.865'%0 + 6.99), ktorej priebeh je blizky globalnej meteorickej
¢iare. Parametre lokalnej meteorickej Ciary sa pocas skimaného obdobia nezmenili. Merané mesa¢né idaje
poukazuju na potrebu podrobnej$icho monitoringu izotopického zloZenia zrazok v horach. Najvyssie leziaca
stanica mala v porovnani s ostatnymi stanicami vel'mi mala sezénnu variabilitu 8'*0 v zraZkach. Druhé
najvyssie polozena stanica mala podstatne vyssi exces deutéria, ako susedné stanice leziace v kotlinove;j
polohe. Pri niektorych analyzach boli tidaje zo Slovenska porovnavané s najblizsie leziacimi zahrani¢nymi
stanicami (Vieden, Krakov).

KEUCOVE SLOVA: izotopy kyslika-18 a deutéria v zrazkach, "0, vyikovy a teplotny gradient, lokalna
meteoricka Ciara, Zapadné Karpaty.

Introduction hydrological cycle since the 1960's (e.g. Zimmer-

man et al., 1967; Fontes and Gonfiantini, 1967,

Stable water isotopes are used in hydrology and  Dinger, 1968; Gat et al., 1969; Dinger et al., 1970).
hydrogeology to trace the movement of water in  In research, their main applications address the
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separation of hydrograph components and estima-
tion of mean transit time of water in a catchment or
aquifer. Such applications generally need more
sampling effort or longer data series. However,
there are also practical applications where a small
number of samples can help to identify the origin of
water, e.g. groundwater recharged from a lake,
altitude of recharge area or contribution of river
water to a production well (a number of examples
are given e.g. by Clark and Fritz, 1997). Such ap-
plications usually require certain background in-
formation on isotopic composition of precipitation
which is the basic input into the hydrological cycle
of a catchment or an aquifer. This background in-
formation is represented by the local meteoric water
line (LMWL), altitude or air temperature gradients
of isotopic composition of precipitation. Basic
knowledge on the dependence of isotopic composi-
tion of precipitation on climatic factors, altitude and
latitude was gained already in the 1950's (Gourcy et
al., 2005). A valuable source of isotopic data at the
global scale is the IAEA-WMO Global Network of
Isotopes in Precipitation GNIP (e.g. Gourcy et al.,
2005). Analyses of the global distribution of stable
water isotopes in precipitation based on the GNIP
data were published in a number of works (e.g.
Dansgaard, 1964; Yurtsever and Gat, 1981; Rozan-
ski et al., 1993, Gat et al., 2001). A comprehensive
review of the topic is given by Ingraham (1998).
Yet, the new articles on isotopic composition of
precipitation in various regions of the world based
on local data appear regularly (e.g. IAEA, 2005;
Argiriou and Lykoudis, 2006; Yamanaka et al.,
2007).

Stable water isotopes have been monitored in
Slovakia for hydrogeological and hydrological ap-
plications since the mid-1980's (e.g. Kantor et al.,
1985; Holko 1995; Malik et al., 1996, Michalko,
1999; Holko et al., 2011). With exception of a few
stations, collected precipitation samples were most-
ly analysed for 8'*0. The data were partially ana-
lysed by Holko et al. (1995) and Boskova (2004).
Nevertheless, a synthesis of the data facilitating
wider utilization of stable water isotopes in practi-
cal applications has not yet been done. The objec-
tive of this article is to fill this gap by synthesizing
the existing long-term monthly data on stable water
isotopes in precipitation in Slovakia. Specific ob-
jectives include:

— examination of the links among precipitation
stations situated at different locations in

Slovakia,

— investigation of altitude and air temperature
gradients of isotopic composition of precipitation
and correlation of isotopic composition of
precipitation and precipitation amount in
Slovakia,

— determination of the local meteoric water line, its
comparison with the lines derived for the nearby
GNIP stations at Krakow and Vienna,
dependence of the LMWL on the time period
used in its construction,

— construction of the map of spatial distribution of
mean annual 8'°0 in precipitation in Slovakia.
The article supplements similar evaluations elab-

orated in various worldwide studies for both global
and regional datasets. Since the studied territory is
situated in the Western Capathians, the results are
applicable to this part of central Europe. The map
of spatial distribution of §'*O precipitation for Slo-
vakia represents a new outcome which was not
available at finer resolution for this region until
now. Another new aspect of the article is the exam-
ination of monthly altitude gradients of isotopic
composition of precipitation.

Data

Monthly precipitation, air temperature, and iso-
topic composition of monthly precipitation at elev-
en stations in Slovakia are used in the analyses.
Data from the nearest GNIP stations situated out-
side Slovakia (Krakow, Poland and Vienna,
Austria) were used as well (Fig. 1).

Slovakia is situated in the Western Carpathians,
the north-western part of the Carpathian arch. The
landscape of the country is mostly mountainous and
the highest peaks of the Carpathians are situated in
Slovakia. Yet, lowlands defined as areas with alti-
tude below 300 m a.s.l. cover about 41% of the
country. About 8.5% of Slovakia is situated above
900 m a.s.l. Spatial and altitudinal distribution of
precipitation stations used in this study attempts to
cover all altitudinal zones. The stations are situated
at altitudes between 104-2008 m a.s.l. Most of the
data cover the period from 1988 to 1997, but some
stations had shorter or longer data series (Tab. 1).
All stations except Priemstav and Cervenec are
standard or professional meteorological stations of
Slovak Hydrometeorological Institute. Standard
stations are operated by an observer who visits a
station three times per day. Professional stations
have permanent staff. Precipitation depth at both
standard and professional meteorological stations is
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Fig. 1. Digital elevation model of Slovakia and location of precipitation stations used in this study; a more detailed information is

given in Tab. 1.

measured daily. Standard gauge of the Czechoslo-
vak meteorological service (orifice area 500 cm’,
height 1 m above surface) is used to measure pre-
cipitation and collect the samples. The gauge uses a
funnel and inner container in summer to prevent
evaporation. Precipitation at stations Priemstav and
Cervenec is measured once per week.

Composite samples of monthly precipitation
measured at the stations were analysed for 5'°O.
Only three stations in Slovakia had additional data
on 8°H (Tab. 1). Thus, most analyses presented in
this article were only focused on &'°0. Isotopic
composition of precipitation was analysed by mass
spectrometers either at the International Atomic
energy Agency (IAEA) or in Slovakia (Tab. 1).
Typical analytical uncertainties for 'O and &°H
were below 0.1% V-SMOW and 1% V-SMOW,
respectively.

Methodology

The correlations of 80 in monthly precipita-
tion, monthly air temperatures and precipitation
amounts at different stations were examined by
correlation matrices. Simple linear (least squares)
regressions were used to examine the relationships
of isotopic composition of precipitation with other
variables such as altitude or air temperature. Predic-
tive power of calculated models was described by
coefficients of correlation or determination.

Regression equations determining the relation-
ships of 8'"0 in precipitation with air temperature
and precipitation amount in individual stations were
calculated for monthly and annual data.

Mean monthly values of 80 in precipitation
were calculated to investigate the seasonal variabil-
ity at different stations. Correlations of mean annu-
al values of 80 in precipitation with air tempera-
ture, and precipitation amount were examined. Alti-
tude gradients of 8'°0 in precipitation were evalu-
ated for mean annual and mean monthly data. Maps
of the mean annual values of §'*0 in precipitation
in Slovakia were constructed using two approaches.
Both approaches make use of the digital elevation
model of Slovakia with resolution of 100 m. The
first approach is based on the altitudinal gradient of
8'%0 in precipitation. The second approach is based
on the air temperature gradient of 8'%0 in precipita-
tion. The map of the mean annual temperature em-
ployed in the second approach was based on the
altitudinal gradient of mean annual air temperature.
The differences between the maps of spatial distri-
bution of mean annual §'*0 in precipitation in Slo-
vakia constructed by means of the two approaches
were also calculated.

All of the above calculations were performed
with data from the period 1988-1997. One station
(Liptovsky Mikula§) and the two nearest GNIP
stations situated outside of Slovakia (Vienna, Kra-
kow) have longer data series. The time series plot
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Table 1. Altitudes of precipitation stations [m a.s.l.], sampling periods, isotopes available for the study and the laboratory where

the isotopic analysis was performed

Station Altitude Sampling period Isotopes Lab
Milhostov 104 1988-1997 80 GUDS*
Topolniky 118 1988-1997 80 GUDS
Vienna 203 1988-2008 B0, H IAEA
Krakow 205 1988-2008 B0, H IAEA
Mochovee 206 1988-1997 80 GUDS
Bratislava 286 1988-1996 80 GUDS
Starina 345 1994-1997 80 GUDS
L. Mikulas 570 1991-2008 30, H IAEA
Liesek 692 1988-1997 80 GUDS
Stara Lesné 721 1988-1997 80 GUDS
Priemstav 750 1991-1993 180, °H GUDS
Cervenec 1500 1991-1993, 2005-2008 B0, H IAEA
Chopok 2008 1988-1997 0 GUDS

*GUDS stands for the laboratory of Geological Institute of Dionyz Stur in Bratislava.

of both 8'®0 and §°H data in stations Liptovsky
Mikulas, Vienna and Krakow from period 1991—
—2008 were used to examine the possible trend in
the isotopic composition of precipitation over the
last 20 years.

Stable isotopes of oxygen and hydrogen in natu-
ral waters (e.g. precipitation, rivers, groundwaters)
are correlated. Craig (1961) described the correla-
tion by the equation 6°H = 8 5'*0 + 10. This rela-
tionship later called Global Meteoric Water Line
(GMWL) is a very useful tool to trace waters which
originated from precipitation or identify waters
which underwent evaporation. Isotopic composition
of precipitation in different areas of the world usu-
ally slightly differs from the global meteoric water
line, following the so-called local meteoric water
line. Local meteoric water lines were constructed
and compared for three stations in northern Slo-
vakia for which both 8'®0 and &°H analyses were
available. The stations were close to each other.
The distance between them is just a few kilometers.
Two of the stations have data for only three years.
One station (Liptovsky Mikula§) has data until
2008. The local meteoric water line for this station
is compared to the lines constructed for Vienna and
Krakow. Changes of parameters of the LMWLs
between periods 1991-1993 and 1993-2008 were
also investigated.

Availability of 8'*0 and 8°H data allows calcula-
tion of the deuterium excess d (d = §°H-8 §'%0)
which is useful in identification of the vapour
source regions, re-evaporation of falling rainfall
drops or moisture recycling (e.g. Yamanaka et al.,
2007; Liu et al., 2008; Froehlich et al., 2008). We

calculated the deuterium excess for three Slovak
stations, compared it with those at the stations Vi-
enna and Krakow and investigated its seasonal and
spatial variations.

Results

Correlations of isotopic composition
of precipitation at individual stations,
temperature and altitude gradients

The best correlations of monthly data (air tem-
perature, precipitation amount, & "°O) among all
stations were found for monthly air temperatures
(the correlation coefficients ranged from 0.951 to
0.998). Correlation of precipitation amounts was
worse (mean correlation coefficient 0.613). Corre-
lations of 80 in precipitation among individual
stations were relatively high (mean value 0.731).
8'80 in precipitation at Liptovsky Mikula§ which
has the longest record in Slovakia is well correlated
not only with the nearby stations (e.g. Liesek; cor-
relation coefficient 0.916) but also with the distant
stations (e.g. Mochovce; correlation coefficient
0.841). The worst correlation coefficients for sta-
tion Liptovsky Mikula§ vary around 0.74. Fig. 2
provides an idea on the scatter of values measured
at Liesek and Chopok plotted against the values
measured at Liptovsky Mikulas. It shows that alt-
hough the correlation coefficient of 5'°0O in precipi-
tation is relatively high (0.811 for Chopok), there
may be a systematic difference between the two
adjacent stations. The differences were higher for
isotopically lighter, i.e. winter precipitation.
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The correlation matrix analysis reveals that sta-
tions with shorter records (e.g. Starina) tend to be
highly correlated with all stations.

Mean monthly values of 8'°0 in precipitation at
different precipitation stations were highly correlat-
ed. The mean correlation coefficient was 0.903.
Nevertheless, comparison of seasonal distribution
of 8'%0 in precipitation at different stations reveals
several patterns (Fig. 3). Generally, the isotopically
lightest precipitation falls in February and the heav-
iest in July. However, the February minimum was
not particularly pronounced at some stations (Brati-
slava, Vienna, Starina). Smaller autumn increases
occur in some stations in September (Topol'niky) or
October (Liptovsky Mikulds, Liesek, Starina). An
unusually small seasonal variability of 8'°0 in pre-

cipitation was observed at the highest station of

Chopok (Fig. 3).

-4 L) -4
-8 ; e -8 ; L) 2
g2 o ¢ IR, &
@ 1 o, @°F & 16 'y
316 % e 516 © ¢
1 . 1
20 4 °° -20
-24 LI N R B N B B -24 1 T [ Tt 1 T 17T
-24 20 -16 12 -8 -4 -24 20 -16 12 -8 -4

Liptovsky Mikulas Liptovsky Mikulas
Fig. 2. Correlations of monthly values of 8'*0 [%o] in precipita-
tion between stations Liptovsky Mikuld$-Liesek (correlation
coefficient 0.906) and Liptovsky Mikulas-Chopok (correlation
coefficient 0.811); all three stations are relatively close to each
other (cf. Fig. 1).
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Fig. 3. Seasonal variability of 8'°0 in precipitation in Slovakia; the numbers next to the station name represent the altitude of the
station and the annual range of 8'%0 in precipitation, respectively; A — a typical variability for Slovakia with winter minimum,
summer maximum and small secondary autumn maximum; B — an unusual seasonal course with very small seasonal variability
observed at the highest station of Chopok; for comparison also data from the second highest station of Cervenec situated across the

valley from Chopok are shown.

30 in precipitation is typically correlated with
air temperature and in some regions of the world
(e.g. tropics) it is also correlated with precipitation
amounts (e.g. Gat et al., 2001). Knowledge of these
effects for individual stations is useful in filling-in
missing isotopic data series at a particular station.
In Slovakia, monthly 80 in precipitation was
mostly well correlated with the air temperature
measured at the same station. Except for one station
(Chopok), coefficients of determination (R”) were
about 0.5 (Tab. 2, Fig. 4). 8'*0 in precipitation was
not correlated with precipitation amount (the high-
est R?is only 0.17).

Correlations of mean annual values of 3'°0 in
precipitation with air temperature (T), precipitation
amount (P) and altitude can be used to estimate the
isotopic composition of precipitation in the studied
region. Knowledge of local isotopic composition of
precipitation is useful in practical applications, e.g.
in estimation of recharge areas of springs. The cor-

relations for the Slovak stations are shown in Fig. 5.
When the data from the station of Chopok was not
considered, the correlations with mean annual air
temperature and altitude were high. Linear regres-
sions with air temperature and altitude explain
about 73% and 80% of the variability, respectively
(Fig. 5). Altitude gradient of 8O in precipitation in
Slovakia for mean annual values was 0.21%0/100 m
of altitude (standard deviations of the slope and
intercept of the regression line were 0.16 and 1.59,
respectively). The air temperature gradient of 5'°0
in precipitation was 0.36%0/1°C (standard devia-
tions of the slope and intercept of the regression
line were 0.18 and 1.84, respectively). Addition of
data from the closest GNIP stations situated outside
Slovakia (Krakow, Vienna) slightly decreased the
altitude gradient to 0.19%0/100 m and the air tem-
perature gradient to 0.31%0/1°C. The correlation of
8'"*0 with precipitation amount was not very strong.
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Fig. 4. Relationships of monthly air temperature and 5'30 in precipitation at selected stations.

Table 2. Slopes and intercepts of linear regressions between monthly air temperature and §'*0 in precipitation in Slovakia and
nearby GNIP stations in the period 1988—-1997; the regression equation has the form §'*0 = Slope * Air temperature + intercept; R?
is the coefficient of determination, N is the number of points (pairs) used in the regression analysis (maximum is 120); ST, and
ST;, are standard deviations of slope and intercept, respectively.

Station Slope STap Intercept ST R? N
Milhostov 0.28 0.06 -11.78 0.61 0.548 115
Topol'niky 0.32 0.06 -12.36 0.62 0.556 115
Mochovce 0.28 0.06 -11.85 0.61 0.553 114
Bratislava 0.31 0.07 -11.93 0.71 0.458 99
Starina 0.26 0.10 -11.45 1.02 0.530 46
L. Mikulas 0.41 0.07 -13.62 0.80 0.639 77
Liesek 0.31 0.07 -12.34 0.74 0.551 99
Stara Lesna 0.35 0.06 -11.45 0.66 0.530 108
Priemstav 0.30 0.10 -11.50 1.07 0.628 36
Cervenec 0.31 0.12 -12.89 1.50 0.493 36
Chopok 0.19 0.08 -10.36 0.87 0.261 113
Vienna 0.38 0.06 -13.70 0.63 0.580 118
Krakow 0.31 0.06 -12.40 0.63 0.553 120
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Fig. 5. Relationships of mean annual 3'*0 in precipitation with air temperature (7), precipitation amount (P) and altitude for the
Slovak stations; R” is coefficient of determination; regression equations in the left and right panels were calculated without the data

from station Chopok indicated by the cross.

Altitude gradients of 8'*0 in precipitation varied
during the year (Tab. 3). Gradients in the warm
period of the year were slightly smaller than in the
colder period. Very small altitude gradients were
calculated for January, August and December (Fig.
6). Data from the station Chopok were not used in
calculation of the gradients presented in Tab. 3.

Their consideration would improve correlations in
summer months (June to September), but it would
not change the calculated altitude gradients. In oth-
er words, unlike in winter, the isotopic composition
of precipitation at station Chopok in summer
months better corresponds to that in other Slovak
stations. Use of mean monthly data from the nearest
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GNIP stations outside Slovakia (Vienna, Krakow)
negligibly decreased the altitude gradients in indi-
vidual months (by 0.01-0.03 %0/100 m of altitude).
We can thus assume that the gradients calculated
with data from only Slovak stations are valid for the
whole territory of Slovakia (the Western Carpathi-
ans).

Data series plots of monthly data of '%0 and 8°H
in precipitation at stations Liptovsky Mikulas, Kra-
kow and Vienna did not reveal any significant
trends in isotopic composition of precipitation in
period 1991-2008.

Table 3. Monthly altitude gradients of '%0 in precipitation [%0/100 m of altitude], data from Slovak stations without Chopok
and period 1988-1997, *0 means that either gradient or R? is below 0.01.

Month I I 111 v A4 VI VII VIII IX X XI XII
Gradient 0*  -0.31 -0.33 -0.26 -032  -0.15 -0.21 0* -026 -0.27 -0.15 0*
R? 0* 0.64 0.86 0.64 0.81 0.67 0.75 0.22 0.59 0.89 0.36 0.30
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Fig. 6. Relationships of mean monthly §'*0 in precipitation with altitude in months with negligible altitude gradients; the data from
station Chopok which were not used in calculation of the gradients are marked with the cross.

Map of mean annual 6°0 in precipitation
in Slovakia

The map based on the altitude gradient given in
Fig. 5 is shown in Fig. 7. The differences between
that map and the map based on the air temperature
gradient are shown in Fig. 8. In the majority of
Slovakia the differences between the two maps did
not exceed the analytical precision of 80 anal-
yses, i.e. 0.1%o. For the highest mountains the map
based on altitudinal gradient of 8'*0 provided lower
(more negative) values of 8'°0 in precipitation than
the map based on the air temperature gradient,
while for the lowlands and hilly areas of Slovakia it
was vice versa.

Local meteoric water lines, deuterium excess

The local meteoric water line (LMWL) for the
station Liptovsky Mikulas, i.e. the only Slovak
station with the long data series, is shown in Fig. 9.
Parameters of the LMWL for this station did not
differ much from the Global Meteoric Water Line
(Tab. 4). The parameters practically did not change

in the two periods analysed (1991-1993, 1991-—
—2008). Tab. 3 also shows that the slopes of the
LMWLs in the Slovak stations which were all situ-
ated in the same catchment (Liptovsky Mikulas,
Priemstav, Cervenec) increased with altitude.
Slopes and intercepts of the LMWL for station
Cervenec in periods 1991-1993, 1991-2008 were
significantly different. It was probably caused by
the relocation of the rain gauge, which remained at
the same altitude, but moved to a different location.

Deuterium excess at the mountain station Cer-
venec (1500 m a.s.l.) was significantly higher than
at the nearby valley station Liptovsky Mikulas (570
m a.s.l., 11 km from Cervenec). Seasonal variabil-
ity of the deuterium excess at the two stations
seems to change slightly since the 1990 (Fig. 10).
Maxima in the mountains (Cervenec) in period
1991-1993 often occurred in summer (July-
September) while in the valley they mostly oc-
curred in September. Maxima in period 1991-2008
in both mountains and the valley are shifted to au-
tumn (October and November). Fig. 10 also shows
seasonal variability of deuterium excess in Vienna
and Krakow.
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Existence an altitude gradient of deuterium ex-
cess for some stations was already reported earlier
by Holko (1995).

Discussion

Climate in Slovakia is on the transition between
the oceanic and continental. Despite the occasional
influence of precipitation coming from the south,
most of the precipitation typically comes from the
west. Relatively high correlation of 8'*0 in monthly
precipitation in different parts of Slovakia confirms
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that precipitation at the monthly time scale general-
ly comes from the same source.

We do not have any explanation for the small
seasonal variability of 8'°0 in precipitation at the
highest station Chopok (Fig. 3). All nearby stations
have much higher seasonal variability. The weather
systems producing precipitation at Chopok were the
same as in the nearby stations, e.g. Liptovsky
Mikuléd$. Thus, the small seasonal variability of
880 in precipitation at Chopok should be rather
attributed to specific site conditions. Precipitation at

LIESEK
-10.29/-10.47

PRIEMSTAV
-10.88/-10.90

STARA LESNA
-10.35/-10.35
7 2\

per mil
[]-1420--1350
I 1349--13.00
B 1299 1250
I -1249--12.00
B -11.99- 1150
[ 1149 --11.00
[1-1099--1050
[ -10.49--10.00
I 999950

[]-949-9.00

CHOPOK
-13.04/-10.43

Fig. 7. Map of spatial distribution of mean annual 5'%0 in precipitation in Slovakia based on the altitude gradient (cf. the equation
in Fig. 5); the first number under the name of a station represents the value [in %o] extracted from the map, the second number is the

measured value.

Chopok was isotopically very heavy in the autumn
and winter months. The station was located near the
summit of the Chopok mountain, thus exposed to
high winds. Precipitation measurement errors
caused by the wind are especially pronounced in
winter. Accumulation of snow blown uphill from
the lower altitudes is apparent at Chopok during the
winter months. However, we assume that this pro-
cess does not fully account for isotopically heavier

autumn and winter precipitation at Chopok. The
fact that the gauge was often situated in clouds may
be of higher importance. Isotopic exchange be-
tween the water and vapour continuously takes
place in the cloud (Jouzel and Merlivat, 1984). This
may have caused a difference in isotopic composi-
tion of precipitation between the site that was
cloudy during precipitation events and the nearby
sites that were situated under the clouds.
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Fig. 9. Isotopic composition of precipitation and LMWL for
station Liptovsky Mikulas§ based on monthly data from period
1991-2008 and the comparison with the Global Meteoric
Water Line (GMWL).

Air temperature gradient of 3'*0 in precipitation
calculated for the Slovak stations (0.36%0/1°C) was
slightly smaller than the global values 0.53%0/1°C,
0.69%0/1°C and 0.58%0/1°C calculated by Gourcy
et al. (2005), Dansgard (1964) and Rozanski et al.
(1993), respectively. It may be caused by the fact
that the average global values were calculated for a
much larger number of stations with mean annual
air temperature ranging between 0 and 20°C. The
Slovak data represent generally the same climate
and mean annual air temperature varied in a much
smaller range (approximately between 3 and 9°C).

The altitude gradient of 3'*O in precipitation cal-
culated for Slovakia (0.21%0/100 m) was similar to
that found elsewhere in Europe, e.g. 0.26—
—0.37%0/100 m in Croatia and Slovenia, 0.18—
—0.19%0/100 m in Italy or 0.25%0/100 m in Austria
(IAEA, 2005). Observed altitude gradients in differ-
ent studies from other parts of the world vary be-
tween 0.1 and 0.6 %0/100 m (Gat et al., 2001).

The altidude gradient of 8'®O in precipitation
calculated by Holko (1995) using just two stations
(Liptovsky Mikulas and Cervenec) and the period
1991-1993 was smaller (0.14%0/100 m) than the
above mentioned gradient calculated in this study
for the entire of Slovakia. It was caused by the oc-
currence of negative gradients in winter months.
However, the summer altitude gradient (July—
—September) in the same area based on data from 6
raingauges situated at altitudes 750-1900 m a.s.l.
reached the value of —0.28%0/100 m (Holko, 1995).
That value better corresponds to the altitude gradi-
ents calculated in this article for the entire Slovakia
(Tab. 3). Altitude gradient of 8O calculated by
Malik et al. (1996) for groundwaters of karst
springs in a neighboring mountain range of north-
ern Slovakia was 0.1 %0/100 m.

Negligible gradient of §'*0 in precipitation found
in this study for January (Fig. 6) was also caused by
the fact that the highest (mountain) station used in
the analysis (Cervenec) had isotopically heavier
January precipitation than most of other stations
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situated at lower altitudes. Fig. 6 indicates a small
decrease of 80 in precipitation with altitude in
August and December (0.08 and 0.09%0/100 m of
altitude, respectively). However, the coefficients of
determinations are very small.

Table 4. Slopes and intercepts of local meteoric water lines
calculated for all stations where both 3'*0 and 6°H data were
available and two different time periods.

Altitude | Local Meteoric Water Line

[masl] Slope Intercept
1991-1993
L. Mikula$ 570 7.88 7.906
Priemstav 570 8.03 8.196
Cervenec 1500 8.33 16.685
Vienna 203 7.54 3.139
Krakow 205 7.67 5.202
1991-2008
L. Mikula$ 570 7.86 6.985
Cervenec 1500 7.83 10.62
Vienna 203 7.64 2.640
Krakow 205 7.71 5.674

The map of mean annual §'*0 in precipitation in
Slovakia (Fig. 7) compared very well with the
measured values at stations Cervenec, Stard Lesna
and Milhostov. The differences for other four sta-
tions were within +0.2%0 (Liesek, Starina, Mo-
chovce, Topolniky). Higher differences were found
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for stations Bratislava and Priemstav that had heav-
ier precipitation than the neighboring stations locat-
ed at similar altitude. The 3'°0 value extracted from
the map for station Liptovsky Mikula§ was signifi-
cantly heavier than the measured value. It was al-
ready mentioned that Chopok had very heavy pre-
cipitation compared to other stations and consider-
ing its altitude. Therefore, the regression equation
which did not use the data from Chopok provided
a significantly different estimated value. Compari-
son of measured values with the values extracted
from the map showed that the map generally pro-
vided a good estimate of mean annual values of
880 in precipitation in Slovakia. However, the
small scale differences in isotopic composition of
precipitation were not well characterized by the
equation derived for the entire country. Since we
had data from only 10 stations situated in Slovakia,
it was not meaningful to use more sophisticated
interpolation methods such as the geostatistics.
Furthermore, the data showed that altitude and air
temperature were good descriptors of mean annual
values of 8'*0 in precipitation. We thus believe that
altitude and air temperature gradients of 80 in
precipitation were the only appropriate approaches
under given conditions. The map provides a new,
more detailed information for this part of central
Europe that was not available until now.
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Fig. 10. Seasonal variations of deuterium excess in precipitation in periods 1991-1993 and 1991-2008; the error bars indicate
standard deviations for individual months in the period 1991-2008, the mean for the period 1991-2008 is given next to the station

name.
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Local meteoric water lines for stations Liptovsky
Mikulds, Vienna and Krakow calculated for two
periods 1991-1993 and 1991-2008 did not indicate
any influence of a changed climate. Similar find-
ings were reported by Gourcy et al. (2005) who
calculated decadal changes of the Global Meteoric
Water Line on the basis of data from 31 GNIP sta-
tions and period 1961-2000.

Significantly different values of deuterium ex-
cess were found for two neighboring stations of
Liptovsky Mikulds (large river valley) and Cer-
venec (mountains). In Europe, precipitation with
higher deuterium excess (14%o) often comes from
the western part of the Mediterranean (I4EA, 2005).
Rank and Papesch (2005) report on significant dif-
ferences in seasonal variability in deuterium excess
in the Austrian Alps. They attribute the differences
rather to local conditions than to different origin of
air masses. Froehlich et al. (2008) calculated that
the long-term sub-cloud evaporation (that generally
decreases deuterium excess) represents less than
1% of precipitation in the Austrian Alps. Calculated
contribution from recycling of continental moisture
(that generally increases deuterium excess) was
2.5-3% of the local precipitation at two mountain
stations. It is not probable that precipitation at
Liptovsky Mikulas and Cervenec come from air
masses of different origin. We assume that similar-
ly to the Alps, local conditions are responsible for
a significant difference in deuterium excess at the
two stations. One of the reasons may be the influ-
ence of water vapour from two larger water reser-
voirs situated relatively close to the station
(Liptovska Mara, Oravska priehrada).

Conclusions

The paper provides a synthesis of all available
data on isotopic composition of precipitation in
Slovakia. It supplements existing international stud-
ies by the knowledge from the Western Carpathi-
ans. Presented results, e.g. altitude and temperature
gradients of 8'°0 in precipitation, seasonal variabil-
ity of the gradients and the map of mean annual
880 in precipitation promote the use of stable iso-
topes in the region, e.g. in hydrogeological surveys.
A more detailed map of spatial distribution of §'*0
in annual precipitation in the studied part of the
central Europe could be useful also in larger-scale
water balance studies (e.g. Szilagyi and Kovacs,
2011). Future monitoring of isotopic composition
of precipitation in the Western Carpathians should

provide more data on 8°"H. More attention should be
paid to monitoring of isotopic composition of pre-
cipitation in the mountains, because the existing
data from the mountain stations show some unex-
pected features such as small seasonal variability of
isotopic composition of precipitation or high deu-
terium excess.
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