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INTRODUCTION

Deviations of climatic elements from average levels, like tlvasised by changes in the
atmospheric circulation, modify the conditions in which the river rumofhg. The river regime
is controlled by both, precipitation and air temperature, whose magnghdesa significant
dependence on the intensity of zonal circulation. A simple indicatoraciesising the
atmospheric circulation over the north Atlantic is the North Attar@iscillation Index
(henceforth, NAO). The North Atlantic Oscillation is considered i waportant climate-
forming factor in Poland (Marsz amtinudzka, 1999; Marsz, 2001). It has been found to be
greatly responsible for temperature rise in the cold season ofetire(Ka@zuchowski and
Degirmendzi, 2002; Marsz and Stysagka, 2001; Niedviedz, 2002; Przybylak et al., 2003),
and to have a great impact on the radiation and humidity condition$ §BdyBry, 2002),
precipitation (Styszyska, 2001; Wibig, 2001), and the persistence and thickness of snow cover
(Falarz, 2007). The issue that has not generated much interest ort tiegsearchers has been
the effect of NAO on the runoff of Polish rivers. Kaczmarek (2002, 20G3}awvn NAO to
affect the volume of meltwater floods on rivers of Central Europe: in a positivestgg@ the
spring floods are generally lower than in a negative stage. igatshs have also corroborated
the influence of NAO on the Warta discharges (Stiysksg and Tamulewicz, 2004) and the
existence of asynchronous relationships between winter NAO indidélseadischarges of some
Carpathian rivers and the Vistula, on which low-water stages dewellog later months of the
year, at the close of summer and in autumn (Limandwka et al., 200ask¢@rteczka et al.,
2002). An analysis of changes in the hydrological seasons and runoférelgaracteristics of
rivers in different NAO stages has been made by Whgkis{2004, 2005, 2007) and Danilovich
et al. (2007). On the rivers of Central Europe the sequence of hydrbkepasans usually does
not change; what changes is the starting date, duration and inaityydrological event
occurring in the given period. Spring floods in a negative NAO stegelaarly of greater
magnitude, delayed and shorter, while in a positive NAO stage obsarve an earlier start of
the low-water season and a higher low-flow runoff, with the duratiolovefflow seasons
remaining basically unchanged.

The aim of the present research was to examine the extertidb the North Atlantic
Oscillation affects the runoff of Polish rivers: its seasonal structure atidl s@aiability.



METHODS

The analysis embraced monthly, seasonal and annual runoff of 148 Polishalieg into
consideration Hurrell's winter NAO index as well as Rogeositily and seasonal NAO indices
from the years 1951-2000. The selected rivers are distributed evemhghiout Poland and
represent a diversity of environmental conditions (Fig. 1).

Fig. 1. Location of profiles on the rivers underdst.
Linear correlation analysis was employed to establish reldtietmgeen the streamflow and the
North Atlantic Oscillation. A study was made of the correlatlmetsveen the winter NAO index
and monthly, seasonal and annual runoff as well as correlations bedweeal runoff and
seasonal NAO indices. Next, differences were calculated bettheemonthly and seasonal
runoff observed in the years with exceptionally high (MA4#>2) and low (NAGQev<-2) values
of the winter NAO index and their statistical significancewatermined. Also calculated were
monthly and seasonal deviations of runoff in the years with highgyAandices from that in
the years with their low values (assuming the runoff in the yatinidow NAOp;rv indices to be
100%), and runoff deviations in the years with high and low NA®indices from average
runoff figures (assuming the mean runoff in the years 1951-2000 to be 1008}y, Fa
classification of the rivers was made in terms of the siityilaf deviations of their seasonal
runoff between the different NAGky stages. In the classification procedure use was made of
Ward's method of hierarchical grouping.

RESULTS

Correlations of monthly flows with NAOpjgm

It follows from the analysis of the coefficients of correlati@tween the winter NAO index
and monthly flows that the correlations are positive on most ofw@esiin January and February
(Fig. 2). Statistically significant positive correlations @bserved in January on mountain rivers
(p<0.5) and in January and February on the rivers in the nortre(Bioian Lakeland, p<0.05) and
north-east of Poland (p<0.001). In March positive correlations keep domioatthg rivers of
northern Poland, although they are less significant statistiéally;only on the rivers in the
extreme north-east that they reach p<0.001. In turn, in central Polaativeegprrelations,
locally statistically significant, start to predominateApril the relations change. Throughout the
country negative correlations can be observed, the strongéisichiolthe east, in the Bug, Narew
and Biebrza river basins (p<0.01), on the rivers of the middle basihe @der, Warta and



Vistula, and in the western part of the Mazurian Lakeland (p<0.05).

o
&

positive correlations

B 3
3
LT T e
= T o5 © ©o 3
2 = g g
I

]
2 R
I

negative correlations.

T
]
S o
Sb

JANUARY

MARCH APRIL MAY
Fig. 2. Correlations of monthly flows with the wémtNAO index and level of significance of the cdation
coefficient.

The situation is similar in May, with the significance of thgate/e correlation coefficients
(p<0.01) increasing in western and central Poland and markedly degrieakie east. The rivers
of the East Carpathians even show positive correlations, but theytatatistically significant.
In the remaining months, no statistically significant relati@she observed on the majority of
the rivers under study, but negative correlations clearly predominate digjadlya statistically
significant negative correlations can appear in June in the uppsrgpdine Noté and Warta
river basins (p<0.05), in August in the Carpathian catchmentsfeas Dunajec (p<0.05), and in
September in the upper Warta and Pilica basins (p<0.05). Positiveaton® are recorded in
June on some rivers of the Pomeranian and Mazurian Lakelands, and fyam Datember
mostly in the eastern and north-eastern parts of the country.

Correéations of seasonal flowswith NAOpem

The runoff in the winter season (XII-Il) on most of the rivers shpastive correlations
with NAOp;em (Fig. 3). Statistically significant correlations can be obseorethe rivers of the
Pomeranian and Mazurian Lakelands and single streams of the Sutet®iyga Kiodzka,
Kamienica, Czarny Potok, p<0.05), with the rivers in the north-easternmost partottitey
(upper parts of the Narew, Biebrza, Gotdapa, Lyna, Guber and Krzna)luhsptaying positive
correlations at the p<0.001 significance level. Spring runoff (llivjnost Polish rivers shows
negative correlations with the winter NAO index. They are ttomgest (p<0.05) on rivers of the
upper Oder, upper and middle Warta, and middle Vistula river basins.aféelge weakest,
locally even positive, on lakeland and Carpathian rivers. In g\ VIIl) and autumn (IX-XI)



the runoff of most rivers displays negative, insignificant coniatwith NAGy;ev. IN autumn
the area of positive correlations tends to grow in the north-egstdrof the country, but they are
not statistically significant.

SUMMER AUTUMN
Fig. 3. Correlations of seasonal flows with theteirNAO index (legend as in Figure 2).

Correlations of annual flowswith seasonal NAO indices

Mean annual flows usually show negative correlations with seasdx@lihdices. The
strongest negative correlations with NA@are observed on rivers in the upper part of the Oder
basin (p<0.05). Mean annual flows of lakeland rivers are the only onespiaydpositive,
although statistically insignificant, correlations with NA® Mean annual flows of all the rivers
show negative correlations with NA§ which are statistically significant (p<0.05) in south-
western Poland (the upper Oder basin, mostly the Sudeten tribiaadeise upper Vistula basin
down to the Dunajec), and in the eastern part of the Pomeranian Latbahdpawa, Stupia,
Brda, Wda, Wierzyca).




NAOJJA NAOSOV\
Fig. 4. Correlations of annual flows with seasddAD indices (legend as in Figure 2).

Significant negative correlations (p<0.05) of annual flows with ¥A(@are only observed on the
upper Oder and Vistula, and on the Carpathian tributaries of the Vistula.

River runoff in thetwo NAO stages

The strong correlations of the runoff of Polish rivers with the wiN#®&O index makes it
interesting to examine the streamflow and its seasonalitpgelsan the yearly cycle) in the two
NAO stages.

In January and February, higher flows can be observed in most of Poéapdsitive NAO
stage (Fig. 5). Deviations of flow figures from the average obdan this NAO stage increase
markedly from south-west to north-east, where they reach 12580% of the 1951-2000 mean.
The runoff of rivers in the north-eastern region of the country in &y®BIAO stage is 150% to
300% of that observed in a negative NAO stage (Fig. 6). Thisashesarea where statistically
most significant differences (even p<0.01) appear between the rutiedfygars with a positive
(NAO+) and a negative (NAO-) NASQv index. In the analysed months big flow differences
between periods with extreme values of the NA{ index are observed also in the case of
mountain rivers and those of the Pomeranian Lakeland. In January, on shenears they are
statistically significant (p<0.05), and the runoff in a NAO+ siad% to 50% higher than that
in a NAO- stage (Fig. 5).

In March the situation changes. In northern Poland and the mountainsontiné runoff
figures in a NAO+ stage are still higher, but statistycsilinificant differences are only recorded
in the north-eastern part of the country (p<0.01). There the river rr@fIAO+ stage is more
than 175% of that in a NAO- stage. The entire central, lowlandpfitue country and the upland
region show higher runoff in a negative NAO stage. It is lo@&% higher than that in a positive
stage, but the observed differences are usually statistically insignifica

In April, it is already in the whole of Poland that rivers showkadly higher runoff figures
in the years with negative values of the NA&) index. Runoff in a negative stage is 25% higher
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Fig. 5. Differences in monthly flows between a pigsiand a negative NAO stage and the resultste$tof the
statistical significance of the differences.
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Fig. 6. Deviations of monthly flows (in %) in théfdrent NAO stages (the jAo. = 100%).

than that observed in a positive stage on rivers of the upper and maktia@ middle Warta
basins, in the western part of the Mazurian Lakeland, and the epateof the Vistula basin
below the mouth of the San, where locally it can be even more than §6&.hIhe rivers of
those regions also display the most statistically signifia®.05) differences in flows in the
two NAO stages. Those observed in a negative NA@stage are also 25% to more than 50%
higher than the average flows from the years 1951-2000.

A similar situation occurs in May, with clearly higher flowsa negative NAQ;rv Stage
observed on rivers in the central and western parts of the countrg &lewhen more than 25%,
and locally even 50%, higher than in a NAO+ stage. There is alegpamsion of the area of
statistically significant flow differences (p<0.05), now coveringsinof this region with the
exception of the central part of the Pomeranian Lakeland and the river catchmeatniibe



Warta and the Vistula. Though still higher in a negative NAOestig runoff decreases in the
eastern part of the country, while in the south-east, from the Papttael $an, higher flows are
observed in a positive NAS:v stage, but the differences are not statistically significant.

In June, on most of the rivers the runoff is still higher in a negdiAO stage, but
statistically significant differences are only observedame rivers in the upper Warta and Note
basins. On lakeland rivers and those in the upper part of the Wiggt&msslightly higher flows
are recorded in a positive NAO stage. A similar situationasars in the next months (VII-IX):
flows are still higher in a negative NAO stage, but a grovairgg in the east of the country is
characterised by higher flows in a positive stage. Also, notgtatig significant differences are
noted between flows in the two NAO stages. From November, an increasingly t@ggpn in
the north and east of the country, and in December also the catclohir@sSudeten and the
Silesian Beskids, show higher runoff figures in a positive NAOest&tatistically significant
differences (p<0.05) in the flows observed in the two NAO stageséreecorded on rivers of
the Biebrza basin.

Seasonal flows

Similar regularities are observed when analysing seasonalifidtws two NAQ);rv Stages.
In winter (mean runoff of the months XIlI-1l) decidedly higher flcave observed on most of the
Polish rivers in a positive NAO stage. In the north-east they are then 2s88Higher than in a
NAO- stage, and the observed differences are highly signifitatigteally (p<0.001) (Fig. 7, 8).
Only some rivers of the upper and middle Oder basin and the uppériidsta display higher
flows in a negative NAO stage, but the differences are small and stdyistisgnificant.

SUMMER AUTUMN
Fig. 7. Differences in seasonal flows between atipesand a negative NAO stage and the resultstestof the
statistical significance of the differences (legasdn Figure 5).

On most of the Polish rivers, spring and summer flows have highersvala negative NAGv
stage. Flows observed in this stage exceed those in a posiigegestpecially in the central part



of the country, by 25% to 50%. However, statistically significantedkfices (p<0.05) are

recorded for only some of the rivers of the upper and middle parts Ofigrebasin. There are a
few lakeland rivers with a runoff greater in a positive NAQystan those seasons, but the
observed differences are not statistically significant.

In autumn (IX-XI) there is a decided increase in the area afdbetry, mostly east of the
Vistula and the central part of the Pomeranian Lakeland, in whichrHighws are observed in a
positive NAGy;rm Stage. Locally, in the north-eastern part of the country the flawshen be
even 50% higher than those in a negative stage, but the observed dieaannot statistically
significant. In the remaining area the flows in a negative stage exceedrtlzgogesitive stage,
but again the observed differences are not statistically significant.

WINTER SPRING

SUMMER AUTUMN
Fig. 8. Deviations of seasonal flows (in %) in thfferent NAO stages (the\do. =100%), legend as in Figure 6.

Classification of riversin termsof the magnitude of seasonal deviations of flowsbetween a
positive and a negative NAOp; ey Stage

Five groups of rivers were distinguished on the basis of the stmiédeviations of their
seasonal runoff between the different NA&) stages (Fig. 9).

Group 1 embraces rivers flowing in the north-eastern part of Polaad(iber, Gotdapa,
Biebrza, upper Narew, and Krzna). They are characterised by Wower that are decidedly
higher, 160% on average, in a positive NAO stage than in a negativAleaéiigher in a
positive NAO stage are autumn flows, 40% on average. In turn, springuenrder flows are
smaller in this stage and constitute about 80% of the runoff obseraetegative NAO stage
(Fig. 10).

Group 2 includes the rivers of the Mazurian Lakeland, middle parts of the Narew and Bug
basins, and the upper Wieprz basin. The nature of the relationshipsehsomal flows of those
rivers and the two NAO stages is similar to those observed in the rivers ofighipter and
autumn flow figures in a positive NAO stage are again higherttiase recorded in a negative



one, but not so markedly - 100% and 20%, respectively.
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Figure 9. Typological classes of rivers distingeigh Figure 10. Differences in the deviations of seaktioas
on the basis of the similarity of deviations ofithe between a positive and a negative NAG) stage in the
seasonal runoff between the different NA&) river groups.

stages.

Group 3 embraces rivers of the upper Vistula basin (the Gapatibutaries of the Vistula),
the Sudeten, rivers of the middle Vistula basin (the Wieprz, UWattula below the mouth of
the Wieprz), and those of the central part of the Pomeranian Lakklandositive NAO stage
flows on those rivers in the winter season are on average 40% litgves.in the remaining
seasons are as a rule higher in a negative stage. The siifiéeences are observed in the
spring runoff, with mountain and lakeland rivers showing then slightly hitjnes, 5% on
average, in a positive NAO stage. Flows in the summer and agtesons are about 10% higher
in a negative stage.

Group 4 embraces rivers of a large part of the country west ¥fghda, with the exception
of the upper and middle parts of the Oder basin and the rivers of therdoam Lakeland
classified in group 3. Their winter runoff is also higher in a pasMAO stage, 20% on average.
In the remaining seasons, higher flows are observed in a negaiiee-sin spring 25%, in
summer 30%, and in autumn 20%.

Group 5 includes the rivers of the upper and middle Oder basin (witlx¢bpt®n of its
mountain sections). In a negative NAO stage, higher flows arevelolserall the seasons - 10%
on average in winter, 30% in spring and autumn, and even 50% in summer.

CONCLUSIONS

The research results have confirmed a strong effect of the Adatitic Oscillation on the
runoff volume of the Polish rivers. The calculated correlation coefiis show the observed
dependences to display great temporal and spatial differences.

The winter NAO index shows the strongest correlations with flovitse winter and spring
seasons, the correlations being usually positive in winter and negaspeng. In the winter
months - January, February and March, the most statisticallfisagripositive relations can be
observed on rivers in the north-east and north of the country. The flolwssa tegions in a
positive NAO stage are then more than 25% higher than the avarege flows from the years
1951-2000) and more than 100% higher than in a negative stage. In the sprifg, mont
statistically significant negative correlations in April hadd the runoff of rivers in north-eastern



Poland and the middle parts of the Oder and Warta basins, and in\Mayofialmost the entire
country with the exception of the east and south-east. In thosestressflow in a negative
NAO stage is more than 25% higher than the average, and more thdngb@¥an a positive
NAO stage. In the remaining months, on most of the analysed iineerslations are usually not
significant statistically. Still, negative correlations predoate markedly, and only in the eastern
and north-eastern parts of the country positive correlations dominate.

The obtained results show that the North Atlantic Oscillation hagteatest effect on
streamflow in the winter-spring months, i.e. in the period when the aimstdant water
resources are being formed in Poland. Hence, in a positive NAQ stageanight expect a
considerable buildup of the water resources in the winter months, mostly in theastthnd
their marked dwindling almost throughout the entire country in spring. diversity of
environmental conditions in the catchments of the analysexd igives the observed relationships
a different character, which was confirmed by the typologicasdiaation of the rivers by
deviations of their seasonal flows in a positive and a negativepbifyStage. The results of the
grouping made it possible to distinguish five regions in Poland diffeminige magnitude of
seasonal flows observed in the years with extreme winter values of the NAO index.
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