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Abstract

The North Atlantic Oscillation (NAO) is the most important circulation phenomenon in the Northern
Atlantic which impacts climate in Europe in various ways. Precipitation is a basic climatic element
which affects the landscape significantly. Therefore in this paper, the relationship between the NAO and
winter precipitation in Slovakia is analysed. A Spearman’s correlation analysis was used, which detected
the impacts of NAO on the above-mentioned seasonal precipitation in different regions of Slovakia. The
correlation coefficients obtained positive values in the region of Orava and Kysuce and changed to negative
ones in a southward direction. The detected zonal configuration can be explained by the topographic
barrier effect of the Carpathians.

Shrnuti

Vztah Severoatlantické oscilace a zimnich tihrnti srazek na Slovensku

Severoatlantickd oscilace (NAO) je nejuyznamnéjsim cirkulacénim jevem na severni polokouli, kterd
ovlivriuje klima Evropy v riiznych smérech. Srazky jsou zdkladnim klimatickym prvkem, ktery vyznamné
ovliviiuje krajinu. Proto je v tomto prispévku analyzovdn vztah mezi NAO a zimnimi thrny srdazek na
Slovensku. Byla pouZita Spearmanova korelaéni metoda, kterd zjistila protikladné viivy NAO na jiZ
zminované sezonni srdzkové thrny. Zatimco kladné korelacni koeficienty byly dosaZené v oblasti Oravy a
Kysuc, smérem k jihu se korelace ménila na negativni. Zjisténd zondlni stratifikace miiZe byt vysvétlena
bariérovym efektem Karpat.
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1. Introduction

The North Atlantic Oscillation (NAO) is one of the
most important modes of atmospheric circulation,
which affects significantly climate variability not only
in Europe, but in the whole area from the eastern
coast of USA to Siberia in a latitudinal direction, and
from the Arctic to subtropical Atlantic in a meridional
direction (Hurrell, 1996; Hurrell et al., 2003). In
Europe, the strongest impacts of oscillation on
the air temperature and precipitation regimes are
detected in Scandinavia, in the British Isles and in the
Mediterranean region, where impacts have different
effects (Dolezalova, 2007). The assessment of the
relation between NAO and climatic elements is of
interest in Slovakia, because of its location between
the above-mentioned regions. Precipitation is one
of the basic climatological elements, which affects
the landscape significantly. Pekarova et al. (2010)
published an analysis of the relationship between the
NAO and the long-term discharge of Slovak rivers. It
was recorded that the influence of the NAO on the

discharge of lowland rivers is stronger than on the
discharge of the rivers in northern mountainous part
of Slovakia. Considering that precipitation is the main
input element into the river catchments and forms a
discharge, it is interesting to identify the relationship
between the NAO and precipitation. The impact of the
oscillation is much smaller in summer than in winter.
Therefore, the main focus here is on the assessment
of the impact of the North Atlantic Oscillation on the
winter precipitation totals in Slovakia.

2.The Concept of the North Atlantic Oscillation

The phenomenon of the North Atlantic Oscillation is
based on the existence of a pressure gradient between
the Azores high and Icelandic low, which are stable
semi-permanent pressure systems (as the Azores high
moves northwards during summer). They are located
almost in one line in a meridional direction in the
northern Atlantic. The earlier-mentioned pressure
gradient is caused by such a pattern of pressure fields
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and determines the strength of westerlies in this
region. Westerlies are controlled by the direction of
rotation in pressure systems which is caused by the
Coriolis force, i.e. in the Azores high clockwise and
in the Icelandic low counterclockwise (Fig. 1). The
periodic variability of the strength and the position of
these semi-permanent pressure systems (Ahrens, 2007,
Oliver, 2008) is a natural source of climate variability
in the affected area (Barnston, Livezey, 1987; Hurrell
et al., 2003; Lamb, Peppler, 1987).

The direction of the westerlies coincides with the
direction of storm tracks. If the air pressure is above-
normal over the Azores and below-normal across the
Iceland area, the gradient between the Azores high
and Icelandic low is higher than normal, the westerlies
are enhanced and the meridional flow is weakened.
In this case, there is a positive phase of oscillation.
During the opposite situation, the gradient between
them is lower and conditions for enhanced meridional
flow are more favourable (Hurrell, 2003). This
situation is demonstrated in wintertime by an influx
of very cold arctic air into middle latitudes, which is
caused by ‘leaking’ Rossby waves during weakened
Arctic Oscillation.

The North Atlantic Oscillation is one of the most
prominent teleconnection patterns, because parallel
climate variability with different effects over large
geographical regions is caused by its activity. This means
that some regions appear colder and dryer, while other
regions hundreds of kilometres away appear warmer and
wetter than during normal conditions (Oliver, 2008).
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Fig. 1: Vectors of the vertically integrated moisture
transports for high NAO index winters (A) and normal
or low NAO index winters (B)

Source: Hurrell, 1995
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Thepositiveoscillation phase also causes the storm tracks
to prevail in a northward direction to Scandinavia. Over
Scandinavia, there is the strongest positive oscillation
influence, aswell asin the British Isles. During this phase,
westerlies bring more relatively warmer and wetter air
from the ocean into the European continent. It causes
milder and wetter winters, especially in the western
and northern parts of Europe, but also a plunging of
very cold air over the northwestern Atlantic. This phase
is demonstrated by lower sea level temperatures and
a larger extent of the sea ice cover near the Labrador
Peninsula (Fig. 2). The different effects of cooling and
drying are marked in the Mediterranean, Northern
Africa and Middle East. During the negative phase, the
stormtracks move towards the Mediterranean region,
where higher air temperature and precipitation totals
are recorded during this phase. On the other hand, the
precipitation totals are below-normal in Scandinavia
and in the British Isles (Hurrell, 1995; Hurrell, 2001;
Barry, Chorley, 2003; Dolezalova, 2007; Beranova,
Huth, 2008). The temperatures in Central Europe
correlate positively with the NAO phases, but there
is a more complicated relation between the NAO and
precipitation totals (see below). Within this relation, a
theoretical borderline between positive and negative
correlation coefficients could be placed in the Alpine
and Carpathian regions.

The phases of the North Atlantic Oscillation are
characterized by the NAO Indices. There are several
indices, which use different data sources. Some of
them are based on the difference of normalized sea
level pressure between two stations near the Azores
and Iceland (e.g Lisbon, Portugal and Stykkisholmur/
Reykjavik, Iceland). The sea level pressure values at
each station are normalized by removing the long-
term mean and consequently by dividing by the long-
term standard deviation (Hurrell, 1996; Hurrell, 2011,
Hurrell, 2013). The long-term means and long-term
standard deviations were extracted from data in the
period 1864-1983.

Py =D/ 0Cp [A]
py — normalized sea level pressure,
p — seasonal mean sea level pressure,

G5 — long-term mean standard deviation.

3. Previous analyses of relationships between
the NAO and precipitation in Europe

Correlation and spectral analyses are often used for
the assessment of NAO effects. Several studies have
been carried out to analyse the impact of the North
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Fig. 2: Correlation coefficients between the average winter temperature and the Hurrell Oscillation Index during the

positive NAO phase (Source: Visbeck et al., 2001)

Atlantic Oscillation on precipitation totals in Europe.
Europe as a whole was assessed by Hurrell (1995),
Osborn et al. (1999), Beranovd, Huth (2008), inter
alia. The last-mentioned authors employed Pearson
correlation coefficients to evaluate the relation
between the oscillation, the mean air temperature
and the precipitation totals in winter in the period
from 1958 to 1998. Using a 15-year moving window, they
eliminated the low-frequency variability, and focused
on the fact that the relationship between the NAO and
precipitation is not stable over time. The results for
the whole period indicate that the correlation between
the NAO index and the maximum air temperature in
Europe is positive (maximum + 0.73 in Copenhagen),
except for the most northwestern (— 0.28, Iceland) and
southeastern (Greece) European stations. The spatial
distribution of the NAO impact on precipitation totals
was different. The correlation coefficients varied
from —0.62 in Lisbon (Portuguese) and Badajoz
(Spain), to + 0.69 in Eskdalemuir (Scotland). No
significant correlations were found in Eastern and
Central Europe, Greece and Valencia (Spain). A cluster
analysis of the 15-year moving correlation window
identified three clusters, which were basically oriented
in a zonal direction. The first cluster with decreasing
correlation during the whole period, consists of stations
located in the southern parts of Europe. In the second
cluster, the stations in the UK, Western, Central and
Eastern Europe are included. The correlation trend in
this cluster was decreasing until 1975. In the period
from 1975 to the end of the study period, however,

an increasing trend was observed. The third cluster
consists of stations with an increasing trend during the
whole period, which are located in Northern Europe.
Statistically significant results were identified only for
the second cluster.

Osborn et al. (1999) tested the output data of the
integrated coupled model HadCM2. Precipitation totals
and also deviations from normal values were taken into
consideration. The strongest drying effect was found
over the Iberian Peninsula, but the analysis of deviations
from normal identified more drying in Algeria. The
results showed that the data from the integrated coupled
model could reproduce quite good conditions obtained
from measured station data. Therefore, it is required to
use the output data from the model in further model-
based experiments to identify the driving mechanism of
low-frequency variability of the oscillation.

Many studies have been carried out on a regional
scale, especially in the regions which have the
highest correlation between the NAO indexes and
climatic elements in previous studies. The first such
region is Portugual, Spain and northwestern Africa.
Relations between the North Atlantic Oscillation
and precipitation, but also between the NAO and the
discharge of three international rivers (Douro, Tajo
and Guardiana) in the Iberian Peninsula were analysed
by Trigo et al. (2004). The strongest influence of the
oscillation on discharge in Europe was recorded in this
area, and the relation is strongest with a one-month
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shift (the correlation of the discharge in the January-
March period with the NAO index in the December-
February period, is higher than the correlation of the
discharge and the NAO index in the months December—
February). This finding can be used for early extreme
discharge prediction in these river basins.

This study led to further research in which the
relation between the NAO and landslides near Lisbon
was examined (Trigo et al., 2005). The results showed
that the winter precipitation during the negative NAO
phase (619 mm) is almost two times higher than the
precipitation during the positive phase (339 mm).
The negative phase is responsible for long-lasting
precipitation episodes, which caused the largest
landslides in the studied area in the past. In Spain,
regional analysis of the relationship between the
NAO and winter precipitation was made by Queralt
et al. (2009). The analysis found the highest negative
correlation in January along the northwestern Spanish
coast (Galicia; correlation coefficient = — 0.83). The
correlation decreases eastward and the lowest values
are reached on the east coast near Valencia. These
results coincide with the study by Gimeno et al. (2005),
which pointed out the value of the main precipitation
period in Galicia (8.4 years), which is very close to
value of the main NAO period (8.3 years).

Morocco also belongs to the region with negative
correlation of the NAO and precipitation, especially
the most northern coastal area of this country with
a correlation coefficient equal to — 0.64 (Lamb,
Peppler, 1987). The seasonal correlation coefficients
were also evaluated for northwestern Italy in the
period 1952-2002 (Ciccarelli et al., 2008). A negative
correlation (- 0.31) between the NAO and precipitation
was identified in winter and no significant correlation
was found in other seasons.

Different impacts of the oscillation on the precipitation
totals were detected in the United Kingdom and Ireland
(Murphy, Washington, 2001). The impact is significant
from September to April, when the correlation
coefficients increase from southeast to northwest with
a maximum in the Hebrides and Shetland Islands. A
similar study was also carried out for southwestern
Norway and southern Spain/northern Morocco, as the
most influenced regions by the North Atlantic Oscillation
(Matti et al., 2009). These authors used reconstructed
data of precipitation for the period 1500-2000 to
evaluate a 30-year moving Spearman’s correlation.
The correlation in southwestern Norway is most of the
time positive and from 1780 also mostly significant.
A different situation can be found in southern Spain/
northern Morocco, where the correlation is mainly
negative and significant from 1720 (the exception is

MORAVIAN GEOGRAPHICAL REPORTS

a small interruption around 1770). During the last
decades of the 20" century, a positive NAO phase
prevailed, which can be partly explained by the negative
trend of the Mediterranean winter precipitation as
well as the positive trend of winter precipitation in
southwestern Norway.

A strong dependence of precipitation on the NAO is
presented by Cherry et al. (2000), using the example of
therelation between the NAO and electricity production
by hydropower stations in Norway. On the other hand,
the location of Iceland close to the northern action
centre of the NAO, causes the correlation of the NAO
Index and precipitation in Iceland and its significance
to vary in space. A significant positive correlation
(4 0.51) was recorded only in the northeastern part of
the territory. Higher and significant correlations were
recorded with Arctic Oscillation (AO) for all parts of
the country (Jonsdéttir, Uvo, 2009).

Several studies have been reported for Central Europe.
Precipitation data from the seven oldest climatological
stations in Central Europe from 1851 to 2007 were
analysed by Niedzwiedz et al. (2009). Relevant
correlations could only be found for the data from
Budapest. The oldest Slovak station — Hurbanovo -
was not considered in this research. Studies carried
out in the Czech Republic indicate much less influence
of the North Atlantic Oscillation on precipitation than
on air temperature. This influence also varies in space,
with no significant impact in the region of Bohemia,
but with the negative correlation in the region of
Moravia and Silesia (Dolezalova, 2007). A relatively
low influence of the NAO on the precipitation in
Bohemia was confirmed by Bodri et al. (2005). The
results of Brazdil et al. (2009) and Brazdil et al. (2012)
are in accordance with these previous studies. The
authors identified a low correlation (+ 0.32) between
precipitation in the Czech Republic and the NAO
Index. Although it is statistically significant, this
relationship can only explain 10% of the precipitation
variability in this area (Brazdil et al., 2009), such that
any reflection of the NAO in precipitation variability
is very limited. The same conclusions were made
on the basis of correlation analyses of long-term
precipitation data of 12 meteorological stations in the
Czech Republic: statistically significant results were
identified for only a few stations, while insignificant
correlations prevailed (Brazdil et al., 2012). On the
other hand, the correlation between the NAO Index
and the number of days with snow is strongly negative
(January: - 0.70, winter: — 0.64) (Brézdil et al., 2009).

Similar results were published by Bednorz (2004)

for Eastern Europe. He assessed the correlation
between the Hurrell NAO Index and days with snow
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cover. In early autumn, a negative correlation was
detected only in northwest Russia. In November, the
correlation line of - 0.5 (p = 0.99) moved westward.
The strongest correlation coefficient (-0.7) was
observed in January and February in the west of
the study area. Similar results were published by
Twardosz et al. (2011). They evaluated the correlation
coefficients between the amount of liquid and solid
(snow) precipitation and the NAQ, as well as between
the NAO and the number of days with liquid and solid
precipitation. The NAO has a significant impact on
both the number of days and the total amount of rain-
and snow-fall in winter. The increasing NAO was
reflected in the increase of the number of days with
rainfall (January: + 0.52) and the total amount of
rainfall (January: + 0.39), while the number of days
with snowfall (January: — 0.50) and the total amount
of snowfall (January: — 0.45) decreased.

Casty et al. (2005) used a reconstructed data series
of temperature and precipitation in the Alpine region
(since 1500) to assess the relationship between
these climatic elements and the NAO. A 31-year
moving correlation was used in their research. The
correlation coefficients indicate that the Alpine winter
precipitation correlates negatively with the North
Atlantic Oscillation. However, this relationship was
not stable in time and was not always statistically
significant during this period. According to the authors,
the instability of this relation can be caused by the
location of the Alps on the band of varying influence
of the NAO and other atmospheric circulation modes,
which controlled Alpine precipitation variability
during the recent past. Negative correlations between
the NAO Index and precipitation were identified in

Hungary. The relationship is stronger in autumn and
winter than in other seasons (Domonkos, Tar, 2003).
According to these researchers, this relation can
be caused by the fact that a large portion of winter
precipitation in Hungary falls from Mediterranean
or quasi-Mediterranean cyclones. Weather fronts of
northern-tracked cyclones contribute only a small part
of the precipitation in Hungary because of the special
orographical conditions. This effect was reflected in the
significant decrease of winter precipitation in Hungary
during the last decades of the 20" century, when
the NAO Index had an increasing tendency and the
frequency of Genoa cyclones, which have an important
effect on weather in Hungary, substantially declined.

4. Data and Methods

The monthly precipitation totals from 202 rain gauge
stations in Slovakia from 1901 to 2010 were used as the
main data base (Fig. 3). The dataset of the precipitation
sums was obtained from éamaj, Valovic (1982) till 1980,
and then continued from the DB system of the Slovak
Hydrometeorological Institute (SHMI). In the case of
missing values, the dataset was completed according
to a spatial analysis of the monthly precipitation field
in a given month, taking into account neighbouring
stations (completion of the data set by SHMI).

The data were analysed at two resolution levels: at
the level of the individual rain gauge stations, but also
at the generalised level of the precipitation regions.
More exactly, the generalised level consists of nine
precipitation regions distinguished on the base of
precipitation regime, which is characteristic for every
individual region (Fig. 3, Tab. 1).

Altitude [m a.s.l.]
0 25 50 100 km - 2655
N

94

Legend
e rain-gauge station
—— river

_1_ precipitation region

Fig. 3: The location of the rain-gauge stations within the precipitation regions
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Region Description of region
region 1 transition region between two-peak and one-peak annual precipitation regime with
&t regular occurrence of rainstorms in summer
region 2 region with one main and one secondary maximum in annual precipitation regime
st and with precipitation deficit in a part of summer
region 3 region with simple annual precipitation regime with maximum in summer
. region with one main and one secondary maximum in annual precipitation regime
region 4 . . .
and with occurrence of rainstorms in summer
region 5 region with sharp two-peak annual precipitation regime and with occurrence of
&t rainstorms in summer
region 6 transition region between two-peak and one-peak annual precipitation regime with
ch a precipitation decrease in winter under the influence of continentality
region 7 region with simple annual precipitation regime with sharp peak in summer
region 8 region with high contrast between summer and winter precipitation
region 9 region with simple annual precipitation regime with sharp peak in summer and
st possible precipitation deficit in winter under the influence of continentality

Tab. 1: Precipitation regions in Slovakia

From oscillation indexes, the Hurrell winter oscillation
index (NAOI-H), defined by Hurrell in 1995, was
selected. It is the station-based index, based on the
difference of normalised sea-level pressure at two
reference stations: Lisbon (Portugual, 39 °N, 9 °W),
and Stykkisholmur (Iceland, 65 °N, 23 °W). The time
series of NAOI-H is available for every winter period
(December-March) since 1864. Data are available at
the website of the National Center for Atmospheric
Research, Boulder, USA (Hurrell, 2012), and they are
regularly updated.

The seasonal (winter: December-March according to
the Hurrell winter NAO Index) precipitation totals
for individual stations in Slovakia were calculated
from monthly sums. These data were the basis for the
first, more exact resolution level of the assessment.
The normality of the data series was tested using the
Lilliefors (Kolmogorov-Smirnov) normality test. Not
all stations had a normal distribution of the seasonal
precipitation; therefore Spearman’s rank correlation
method was used for further analysis. Then, the
statistical significance of correlation with a significance
level o = 0.05 at both spatial resolution levels was
tested with a T-test (Sachs, Hedderich, 1972). The
critical value for the correlation is + 0.187 for the
p-value 0.05 (two-tailed), with sample size = 110.

For the visualisation of the results on this resolution
level, it was necessary to select an appropriate
interpolation method considering the use of 3-D
interpolation. This method would be correct in the
case of dependence between correlation coefficients
and altitude. Such dependence was not confirmed
(Fig. 4), however, as the resulting coefficient of

determination (R?) was only 0.161. In the next step,
a 2-D interpolation method was selected and the
module v.surfrst of the program GRASS was used.
Considering the density of the station network that
was used, it was confirmed that the interpolation
results correspond well to our conception of the
geographical impacts on the precipitation distribution
in Slovakia.

For the generalized level, the seasonal precipitation
totals for every precipitation region were calculated.
In the next step, rain gauge stations were divided into
nine groups in accordance with nine precipitation
regions. Then average regional winter precipitation
totals were calculated and used as basis for the
estimation of the long-term Spearman’s rank
correlation coefficients between the Hurrell winter
oscillation index and the winter precipitation totals.
All regression analyses were carried out in the
statistical environment R (v. 2.13.1).

5. Results

Analyses of the relation between the North Atlantic
Oscillation and the precipitation totals in winter
showed the impact of the NAO on a seasonal sum of
this climatological variable. A zonal configuration of
the correlation coefficient with lower values in the
northern part and higher values in the southern part
of Slovakia, was identified at a generalized resolution
level (Fig. 5).

Figure 5 shows that more precipitation is brought

into the region of Orava and Kysuce (region 3)
during the positive oscillation phase, even though
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Fig. 4: Dependence of correlation coefficients between Hurrell winter oscillation index and winter precipitation on altitude
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Fig. 5: Correlation coefficients between winter precipitation totals and Hurrell winter oscillation index for individual
precipitation regions in Slovakia in period 1901-2010
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Fig. 6: Spatial distribution of the correlation coefficients between the Hurrell winter oscillation index and the winter
precipitation totals in Slovakia in period 1901-2010
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the correlations do not reach high values and only
less than 2% of the winter precipitation variance
in region 3 can be explained by the influence of the
NAO. This zone with low positive correlation values
is neighbour to a transition zone, characterised by low
negative correlation coefficients. This zone consists
of the region of Zahorie and a part of middle Povazie
(region 1), upper Nitra, upper and middle Hron
river basin (region 4 and 6) and the northern part of
eastern Slovakia (region 7 and 8). The closest relation
between the NAO and the winter precipitation totals
was detected in the most southern regions of Slovakia,
more exactly at Podunajska and Vjychodoslovenska
nizina (region 2 and 9) and in the southern part of
central Slovakia (region 5). In southern regions,
some 17% of the winter precipitation variance can be
explained by the NAO impact. The significant results
were only obtained in these last-mentioned regions
with the strongest correlation of winter precipitation
and the NAO. The exception is region 6, which is
located in the transition zone (correlation coefficient
is equal to — 0.26) and the correlation in this area is
also significant.

The spatial distribution generated from this
generalised method was replicated by the analysis
of the relations at the higher resolution level. The
zonal configuration of the NAO impact on the winter
precipitation totals is displayed in the final map,
with higher spatial resolution (Fig. 6). Similar to
the generalised level, the Orava and Kysuce region
is the only one which records positive correlation
coefficients, but this zone continues as a narrow
belt through the High Tatra’s ridge and along
northern country border, almost to the Slovakia-
Ukraine border. To the south, a transition zone with
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lower values of correlation coefficients is located in
a latitudinal direction. The highest, but negative
correlation is recorded in the region of Juhoslovenska
kotlina, where correlations up to — 0.5 were identified
(Tab. 2). A relatively higher negative correlation was
also recorded in the Spi§ region. This region has a
special orographical position, because it is completely
surrounded by mountains. The annual precipitation
total is relatively low here, because of a multiplied
shadow effect. A similar phenomenon of a higher
negative correlation appears in the surroundings of
Galanta. This region is located in the rain shadow of
the mountains neighbouring this area from the west
and north, which influences the prevailing flow from
the west and northwest and brings less precipitation
into this region.

Not all correlations are statistically significant at the
significance level oo = 0.05. The statistically significant
results were identified mostly in the southern half
of Slovakia, with negative values of the correlation
coefficient. In the small areas in the most northern
region (Orava and Kysuce region), the highest positive
(and statistically significant) correlation was recorded.
The relationship between the NAO and the winter
precipitation totals in the area with statistically
significant correlation of the winter precipitation
variance can explain at most 25% in the region of highest
negative correlation, and 7.3% in the region of the most
positive correlation. Without doubt, this distribution of
statistical relationships between the NAO Index and
winter precipitation refers better to the real conditions
in landscape situations than the results obtained from
the generalised way, because the precipitation regions
cover quite large areas and therefore local differences
within smaller regions are smoothed.

Rain gauge station Latitude Longitude Correlation coefficient
Cinobana 48°26'45" 19°39'20" -0.42
Dolné Plachtince 48°12'24" 19°19'12" -041
Hnasta 48°35'3" 19°56'43" -0.40
Hrachovo 48°27'46" 19°57'6" -0.40
Jelsava 48°37'50" 20°14'20" -0.42
Kralovsky Chlmec 48°25'15" 21°58'46" -0.40
Lucenec 48°19'46" 19°39'16" -0.50
Poltar 48°26'4" 19°47'59" -0.42
Ratkova 48°35'32" 20°6'0" -0.42
Rimavska Sobota 48°22'26" 20°0'38" -0.40
Slanec 48°38' 21°29' -0.44
Tornala 48°25'15" 20°19'46" -0.45

Tab. 2: The most negative correlation coefficients (at significance level o. = 0.05) between the Hurrel winter NAO

Index and the winter precipitation totals in Slovakia
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A relatively high gradient of correlation coefficients
in a north-south direction was found, considering
such a ‘narrow’ territory as that of Slovakia. This
zonal configuration can be explained mostly by
the orography of the area, where the barrier effect
of mountains (rain shadow effects) influences the
precipitation distribution. The prevailing air-flow
over the study area is from a northwestern and
western direction. The prevailing air flow and the
orography of the Carpathian belt cause multiple rain
shadows, especially in the dJuhoslovenska kotlina,
but also in the lowland regions (Vychodoslovenska
and Podunajskd niZzina) and in the region of Spis.
In these regions, in particular, the highest negative
correlations are detected. This indicates that during
the positive oscillation phase, when most storms move
into Scandinavia, then the western, northwestern and
northern cyclonic situations have a dominant role in
the spatial distribution of precipitation in Slovakia.
The precipitation connected with these situations falls
mainly on the windward northwestern and northern
parts of the Carpathians and the precipitation totals
decrease southward and southeastward.

In other words, the more often that precipitation
comes from the northwest and the north, lower
precipitation totals occur in the south of Slovakia.
Vice versa, during the negative oscillation phase,
when storms from the Atlantic move towards the
Mediterranean region, then southwestern, southern
and southeastern synoptic situations bring more
precipitation to the regions of Slovakia, which are
situated in the rain shadow during the positive phase
of oscillation. The distribution of precipitation during
these situations was described in Ballon et al. (1964),
Bradka (1972) and Samaj et al. (1985).

This hypothesis of the influence of the Carpathian
belt barrier effect on the final impact of the NAO on
the precipitation totals is supported by the fact that no
dependence of the correlation coefficients on altitude was
detected. The positive NAO - precipitation correlation
is not reached even in the high mountains located in
central part of Slovakia, but in lower mountains situated
in northern part of the Carpathians as well.

The precipitation conditions in the southern part of
Slovakia are more dependent on southern air flows, and
an explanation could be the impact of other circulation
modes. Its influence on the precipitation totals is
supposed especially in the lowland regions (Podunajska
nizina, Vychodoslovenska niZina) and in the region of
Juhoslovenska kotlina. These regions are very important
from an agricultural viewpoint, where precipitation has
a major importance. Therefore, further research should
be oriented to understanding these relations.

6. Discussion and conclusions

The impact of the North Atlantic Oscillation on climatic
elements is very complicated. It results from the
complexity of the phenomenon itself, which is caused
by internal atmospheric processes within oscillation,
which influence each other, and unpredictable (random)
changes in the NAO phases which are a product of
this co-influence (Hurrell, 2011). The assessment
of the NAO impact on the amount, time and spatial
distribution of precipitation in Slovakia is interesting
due to the location of the country within Europe,
especially since Slovakia is situated in the region where
two different oscillation influences (the North Atlantic
and the Mediterranean Oscillation) probably collide.

Our results agree with those of Casty et al. (2005), who
also inferred the possible influence of other circulation
modes on precipitation in Alpine regions. However, our
study area is not in the Alpine region, but it is very
close to it and the Carpathians produce similar barrier
effect to the Alps. Therefore similar phenomena
of the influence of circulation modes can occur in
the Carpathians region. Domonkos and Tar (2003)
depicted the fact that a large portion of precipitation
in Hungary falls from Mediterranean or quasi-
Mediterranean cyclones. This fact is most important
for the southern parts of Slovakia close to the borders
with Hungary, where similar negative correlations are
identified. This finding indicates the needs for further
research regarding the influence of other circulation
modes (especially of the Mediterranean Oscillation)
and the relationships between them.

The results presented here are not in accordance with
the results published by Beranova, Huth (2008). One
of their conclusions was that the impact of the NAO on
precipitation in Central Europe was insignificant. The
difference in these results is probably caused by the
fact that those authors selected only the climatological
station Hurbanovo as representative for the whole of
Slovakia. More detailed spatial analysis was not done,
despite the fact that the country is very heterogeneous
from an orographic viewpoint. In addition, the
results of our analyses confirm the conclusions of
Pishvaei (2003), who used relatively detailed spatial
generalisation with five precipitation regions and two
representative stations in each region, although the
time period used was shorter than that in our study.

In addition, our results can be interpreted as the impact
of orography on precipitation conditions. The regions
of Slovakia with the highest negative correlations are
situated in the multiple rain shadows of the Carpathians.
The orographic effects prevent the occurrence of higher
precipitation caused by western, northwestern and
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northern cyclonic situations, which prevail during the
positive NAO phase. The southwestern, southern and
southeastern cyclonic situations are more important
during the negative oscillation phase, when higher
precipitation totals are recorded in the southern parts
of Slovakia. Our hypothesis corresponds to Cherry et
al. (2000). They present the same explanation of the
NAO impact in Scandinavia. This hypothesis is also
confirmed by Dolezalova (2007): in her analyses, a
significant oscillation impact was only shown in the
region of Moravia and Silesia, and it was probably
caused by the orographic effect of the neighbouring
Carpathians. The hypothesis is also in accordance
with the results by Domonkos and Tar (2003), who
demonstrated that the negative correlation between
the NAO and winter precipitation in Hungary is caused
by the specific orographic conditions of the country.
The final oscillation impact on the precipitation in the
south of Slovakia is probably caused by the barrier
effect of the Carpathian Mountains.

Our results detected the impact of the North
Atlantic Oscillation on the winter precipitation
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totals in Slovakia. The zonal distribution of the final
correlation coefficients between the Hurrell winter
oscillation index NAOI-H and the winter precipitation
totals was demonstrated for the territory of Slovakia,
for both of the spatial resolution levels that were
used. A positive correlation was obtained only in the
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Mountains. It can also be expected that the impact of
other circulation modes is important for these last-
mentioned regions.
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