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Abstract. The paper presents the effect of North Atlantic Oscillation of macroscale atmospheric cir-
culation (NAO) on the hydrological conditions of Lake Morskie Oko located at an altitude of 1392.8
m a.s.l. in the highest range of the Carpathians. The paper applied detailed hydrometric information
from the years 1971-2010 concerning water level fluctuations, water temperature, terms of the com-
mencement and end of ice phenomena and ice cover, as well as meteorological data concerning air

temperature and atmospheric precipitation, and monthly and seasonal NAO indices. The performed
analysis suggests that the majority of analysed hydrological characteristics of Lake Morskie Oko was
not prone to variability of NAO intensity in its various phases. The situation results from the local
conditions, particularly responsible for the course of processes and phenomena in Lake Morskie Oko,

simultaneously obscuring the effect of macroscale factors.
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Introduction

In the period of strong human impact on the nat-
ural environment, transformations of water re-
lations in protected areas and those with specific
environmental conditions, such as high mountain
regions, are becoming an interesting issue. Lakes
existing in such areas constitute a specific group.
They show no evident effects of large-scale human
activity (agriculture, industry, etc.). According to
Juskiewicz et al. (2015), the anthropopressure is
manifested in among others delivery of pollutants
to surface waters, and then their accumulation in
bottom sediments in lakes. Detailed investigations
of the specificity of high mountain lakes is under-
taken by various scientific disciplines (Choinski et

al. 2015). The research concerns both the biologi-
cal (Korbee et al. 2012; Kosolapova 2012; Degefu
and Shagerl 2015) as well as physical-chemical and
physical and chemical aspects (Tanaka and Tomi-
naga 1994; Rodriguez-Rodriguez et al. 2004; Santo-
laria et al. 2015).

The functioning of lakes is a resultant of the im-
pact of a complex group of factors showing strong
mutual interactions. In general, the course of par-
ticular processes and phenomena particularly de-
pends on factors with a global range, followed by
regional factors and individual parameters of lakes.
Among global factors, climatic conditions are in-
fluenced by among others macroscale types of at-
mospheric circulation. In Europe, North Atlantic
Oscillation has the strongest impact on the climate
(NAO). North Atlantic Oscillation is a bipolar type

Bulletin of Geography. Physical Geography Series 2016. This is an Open Access article distributed under the terms of the Creative Commons Attribution-
-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/), permitting all non-commercial use, distribution, and reproduction

in any medium, provided the original work is properly cited.

© 2016 Nicolaus Copernicus University. All rights reserved.

© 2016 De Gruyter Open (on-line).



Effect of North Atlantic Oscillation on the hydrological conditions of Lake Morskie Oko...

D. Wrzesinski et al.

of atmosphere circulation with centres over Iceland
and the Azores. Numerous studies show that de-
pending on the NAO phase, pluvial and thermal
conditions change, and changes may occur in the
course of precipitation and air temperature (Bed-
norz 2002; Przybylak et al. 2003; Kejna et al. 2009;
Tomczyk 2015; Tosi¢ et al. 2016). The effect of NAO
is reflected in the functioning of particular elements
of the hydrosphere, including lakes (Maher et al.
2005; Spears and Jones 2010; Sizova et al. 2013).
Lake Morskie Oko is an exceptional object
among all high mountain lakes in Poland in terms
of hydrological research. It has the longest coherent
sequence of observations permitting various analy-
ses — including those regarding the effect of NAO
on its functioning. The objective of the paper is the
analysis of changes in hydrological processes (in-
cluding water level fluctuations, thermal conditions,
and ice conditions) depending on changes in the in-
tensity of NAO. The assumed objective should pro-
vide the answer to whether and at what scale NAO
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Fig. 1. Location of the study object

determines the hydrological regime of the high
mountain lake in this part of Europe.

Research object and data

The object of the study is high mountain Lake Mor-
skie Oko (1,392.8 m a.s.l.) located in Poland in the
Tatra Mountains (Fig. 1) - the highest range of the
Carpathians. Its area amounts to 33.5 ha. Its volume
equals 9,935.0 thousand m’, and maximum depth
51.8 m. It is an ultraoligotrophic lake. The lake con-
stitutes one of the greatest tourist attractions of the
Tatra Mountains National Park where it is located.

The paper uses data of the Institute of Meteorol-
ogy and Water Management - National Research In-
stitute IMGW-PIB) from the years 1971-2010. They
include among others water temperature, water lev-
el fluctuations, and course of ice phenomena. Water
temperature was subject to point measurements at a
depth of 0.4 m. Water stages were read from a water
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gauge located at the outflow from the lake. Informa-
tion on the ice phenomena includes: the term of ap-
pearance of ice phenomena (i.e. ice in any form, e.g.
shore ice), term of appearance of ice cover (when
the entire surface of the lake is covered with ice),
term of the end of ice phenomena and ice cover, and
ice thickness (subject to point measurements). Me-
teorological data from the same period concerned
air temperature (station Kasprowy Wierch) and at-
mospheric precipitation (station Morskie Oko). The
paper also applied values of seasonal NAO indices
(for three consecutive months), and winter NAO in-
dex according to Hurrell (https://climatedataguide.
ucar.edu/climate-data/hurrell-north-atlantic-oscilla-
tion-nao-index-station-based).

Methods

For the purpose of determination of correlations
between water stages and water temperature in the
lake, as well as air temperature and atmospheric
precipitation and intensity of North Atlantic Os-
cillation, Pearson coeflicients of linear correlation
were calculated between standardised monthly and
seasonal values of parameters of the regime of the
lakes and meteorological parameters (from three
consecutive months) and seasonal NAO indices.
The calculations of correlation coefficients con-
cerned synchronic and asynchronic series, e.g. in-
dex NAO_, was correlated with variables from
November to October, index NAOND] with monthly
variables from December to October, and variables
from November were correlated with index NA
from the preceding year, etc. The statistical assess-
ment of significance of correlation coefficients was
performed by means of statistic t. The results of
the correlation analysis were presented in a graph-
ic form as a matrix of 159 correlation coefficients.
Changes in the parameters of the lake’s regime and
meteorological elements in various phases of NAO, .,
were determined based on differences of such pa-
rameters in the positive and negative phase of
NAO,,, in relation to average values from the years
1971-2010. Similar methodology was applied in ear-
lier studies on the effect of NAO on ice phenome-
na in Poland (Wrzesinski et al. 2015a). The positive
phase was considered as years with high (NAO

DJFM

> 2.52), and negative phase with low (NAO .
< -0.41) values of winter index NAO, . The fig-
ures correspond with the first and third quartile
from the entire set of index NAO, in the years
1971-2010. The statistical significance of such dif-
ferences was analysed by means of T test for corre-
lated samples. Each time, the hypothesis H:u =
with equality of expected values was tested against
H:u # p,. The rejection of the hypothesis suggests

significant differences between mean parameters

;_,Uo \/;

N

=

where:

x— Mean from the sample,

M, — mean from the population,
n — abundance of sample,

s — standard deviation.

observed in various phases of NAO, ., and mean
values. For the purpose of verification of the hy-
pothesis, a test for a small sample was applied based

on t-Student distribution at n-1 degrees of freedom.

Results and discussion

Because water stages and thermal dynamics of the
lake are strongly affected by meteorological elements,
the effect of changes in the intensity of North
Atlantic Oscillation on meteorological elements
was analysed first, namely on air temperature and
atmospheric precipitation amount at stations in the
vicinity of the lake. The matrix of coeflicients of
correlation of seasonal NAO indices with monthly
air temperatures at station Kasprowy Wierch shows
no statistically significant correlations - Figure 2.
The situation is different in the case of atmospheric
precipitation recorded at station Morskie Oko.
Precipitation from May to August shows statistically
significant correlations with seasonal indices
NAO, , NAO,, . NAO,, ., and NAO, , , (p<0,05) -
Figure 3.

Because the strongest effect of NAO is observed
in the winter-spring season, the next stage in-
volved the analysis of deviations of mean air tem-
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NAO

Fig. 2. Matrix of coefficients of correlation of seasonal NAO indices and monthly air temperatures for
station Kasprowy Wierch (indices: OND...SON the current year, indices: NDJ'...OND"" — indices
NAO the previous year)
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Fig. 3. Matrix of coefficients of correlation of monthly atmospheric precipitation for station Morskie Oko
and water stages in Lake Morskie Oko (indices: OND...SON the current year, indices: NDJ'...
OND"' — indices NAO the previous year)
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mean = = = NAO- «--- NAO+
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Fig. 4. Changes in air temperature at station Kasprowy Wierch in the average conditions and

various phases of NAQ, ..

peratures and atmospheric precipitation values from
those observed in the positive and negative phase
of NAO, . In the positive phase of NAO, ., air
temperatures are higher than average in the winter
season (e.g. in February by 1.5°C), but the differenc-
es are not statistically significant — Figure 4.

More significant changes concern atmospheric
precipitation amounts. Atmospheric precipitation in
the negative phase of NAO in August are higher by
52 mm, and in October lower by 40 mm than the
average, and the observed differences are statistical-
ly significant (p<0.05) — Figure 5. In the positive
phase of NAO,, ., significant differences in precip-
itation amounts are recorded in March, when they
are higher by 20 mm than the average, and in May
and August, when they are lower by 40-50 mm than
the average in the entire analysed multiannual.

The analysis of the matrix of coefficients of cor-
relation of seasonal NAO indices with monthly wa-
ter stages and temperature in the lake shows that
the effect of the intensity of North Atlantic Oscil-
lation on water stages and temperatures in the lake
is inconsiderable - Figures 6 and 7. Only index

35

NAO,,, is statistically significantly correlated with
water stages in the lake in August.

Water stages in the lake in August can also be
affected by the rate of index NAO,, .. In the nega-
tive phase of NAO,, ., , water stages in the lake are
lower than average from January to March. The ob-
served differences, however, are statistically insignif-
icant. In the positive phase of NAO, . , water stages
in the lake are lower than average from June to Oc-
tober, and in August deviations of water stages from
the mean values reach 5 cm (Fig. 8) and are sta-
tistically significant (p<0.05) - Figure 9. A similar
pattern is observed in the case of atmospheric pre-
cipitation. This confirms that an increase in water
stages in August in the positive phase of NAO, ., is
determined by an increase in atmospheric precipita-
tion. In the case of temperatures of the lake’s waters
in both of the NAO phases (Fig. 10), no statistical-
ly significant differences from mean values were re-
corded - Figure 11.

In various phases of NAO, ., parameters of
ice phenomena and ice cover inconsiderably differ
from the mean values. In the negative NAO phase,
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Fig. 5. Test of significance of difference in atmospheric precipitation in the negative (NAO-) and positive (NAO+) phase of NAO
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Fig. 6. Matrix of coefficients of correlation of NAO indices and monthly water stages in Lake
Morskie Oko. (indices: OND...SON the current year, indices: NDJ'...OND"' — indices
NAO the previous year)
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Fig. 8. Changes in water stages in Lake Morskie Oko in average conditions and in vari-

ous phases of NAO
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the commencement of ice phenomena and ice cover
is usually later by 2-3 days, similarly as their ceas-
ing. Only in the positive phase, ceasing of ice phe-
nomena is earlier by one week, their duration is
one week shorter than on the average (Fig. 12), and
the observed differences are statistically significant
(p=0.05) - Figure 13.

The above data show that the majority of the an-
alysed hydrological characteristics of Lake Morskie
Oko was not prone to NAO variability in its vari-
ous phases.

Lack of considerable deviations of water stages
from mean values in the context of impact of mac-
roscale types of atmospheric circulation requires a
more detailed approach in the future. The situation
is more complex than the assessment of the effect
of NAO on water level fluctuations in lowland are-
as (Gorniak and Piekarski 2002). One of factors ob-
scuring the response of water stages to particular
NAO phases may turn out to be its surroundings.
Its southern shore is modelled by the deposition of
rock debris in the lake, transported in runoffs (Ko-

tarba 2014). Large scree fans adjacent to the lake
(Fig. 14) may prove a quite important element in
the retention of precipitation and melt waters, suc-
cessively feeding the lake.

The effect of NAO on thermal-ice conditions is
evident in the case of lakes located in the lowland
part of Poland (Girjatowicz 2011; Wrzesinski et al.
2015 a, b), where both the temperature conditions
and ice phenomena evidently respond to climatic
factors considerably more strongly determined by
the impact of changes in the intensity of North At-
lantic Oscillation. Due to this, a different response
of Lake Morskie Oko to changes in atmospheric
circulation should also be associated with the en-
vironmental conditions and individual parameters
of the lake. Livingstone and Dokulil (2001), analys-
ing eight lakes in the pre-Alpine area (perialpine)
in Austria, determined that the effect of NAO on
surface temperature of water is the highest in lakes
located the lowest. Therefore, it can be presumed
that the observations confirm a higher role of lo-
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Fig. 9. Test of the significance of difference in water stages in the negative (NAO-) and positive (NAO+) phase of NAO
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Fig. 10. Changes in water temperature in Lake Morskie Oko in average conditions and in various
phases of NAQ

DJFM

.0 3.0
30 TNao- NAO+
25 2.5
2.0 e e e e i e e e e 20 ——————————mmm

- -

=T ——-p=0.05 — p=001 =T — —-p=0.05 —— p=0.01
15 15 1
1.0 4 1.0
) H H N H H
00 |_||_||_|f—|[—1|—l 0 o IS D N |_||—| | I—I
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Year Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Year

Fig. 11. Test of significance of the difference in water temperatures in the negative (NAO-) and positive (NAO+) phase of NAO,,, from mean
values
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Fig. 14. Scree fans on Morskie Oko Lake

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0007 103



Effect of North Atlantic Oscillation on the hydrological conditions of Lake Morskie Oko...

D. Wrzesinski et al.

cal parameters, emphasised along with an increase
in altitude. Such parameters determining the course
of particular components of the thermal regime of
Lake Morskie Oko certainly include its surround-
ings, i.e. peaks of the Tatra Mountains. Due to the
orographic conditions, changes in climatic parame-
ters occur, including radiation conditions deserving
particular attention. This is particularly evident in
reference to ice cover thickness. Based on long-term
measurements, Choinski et al. (2013) evidenced
that it is highly variable on Lake Morskie Oko, both
at the multiannual and seasonal scale. The strong
correlation of the exposure of mountain lakes with
their thermal dynamics and course of ice conditions
is confirmed by other studies, among others from
the Alps (Luoto and Nevalainen 2013; Ohlendorf et
al. 2000). Sanchez-Loépez et al. (2015), analysing the
effect of NAO on ice phenomena on three mountain
lakes in Spain, determined its manifestation in the
process of degradation of the ice cover. A similar
pattern occurs in the scope of Lake Morskie Oko.
Evident impact of NAO concerns the term of disap-
pearance and duration of ice phenomena.

Conclusions

In spite of the unquestionable role of NAO in
the course of climatic and hydrological conditions
in Europe, situations are observed in which its im-
pact on particular elements of the hydrographic
network is weak or does not occur. Outside of areas
subject to extensive anthropopressure (hydrotechni-
cal development, heated water discharge, etc.), lack
of response in the course of hydrological character-
istics among others in lakes may result from their
individual parameters and local conditions. High
mountain lakes are specific in such terms. Based
on the example of Lake Morskie Oko, the major-
ity of the analysed hydrological parameters shows
statistically non-significant correlations with NAO.
The thermal-ice conditions of Lake Morskie Oko
are strongly determined by the orographic condi-
tions in its vicinity. The shading effect determin-
ing the level of radiation occurring over the lake
has been evidenced in earlier studies. The issue of
lack of variations of water stages from mean val-
ues in various NAO phases is still not clear. The

104

determination of the role of the lakes alimentation
with waters retained in screes will require more de-
tailed research in the future. Defining the scale of
the alimentation will permit a better understand-
ing of the cycle of water level fluctuations in Lake
Morskie Oko.

References

BEDNORZ E., 2002, Snow cover in western Poland
and macro-scale circulation conditions. Internation-
al Journal of Climatology, 22: 533-541. DOI: 10.1002/
joc.752.

CHOINSKI A., PTAK M., STRZELCZAK A., 2013, Areal
variation in ice cover thickness on lake Morskie Oko
(Tatra Mountains), Carpathian Journal of Earth and
Environmental Sciences, 8, 3: 97-102.

CHOINSKI A., PTAK M., STRZELCZAK A., 2015,
Changeability of accumulated heat content in al-
pine-type lakes. Polish Journal of Environmental
Studies, 24, 6: 2363-2369.

DEGEFU E, SHAGERL M., 2015, Zooplankton abun-
dance, species composition and ecology of tropical
high-mountain crater Lake Wonchi, Ethiopia. Jour-
nal of Limnology, 74 2: 324-334. DOI: 10.4081/jlim-
nol.2014.986.

GIRJATOWICZ J.P, 2011, Effects of the North Atlantic
Oscillation on water temperature in southern Baltic
coastal lakes. Annales de Limnologie - Internation-
al Journal of Limnology, 47, 1: 73-84, DOI: 10.1051/
limn/2010031.

GORNIAK A., PIEKARSKI K., 2002, Seasonal and
multiannual changes of water levels in lakes of North-
eastern Poland. Polish Journal of Environmental Stud-
ies, 11, 4: 349-354.

JUSKIEWICZ W., MARSZELEWSKI W., TYLMANN W,
2015, Differentiation of the concentration of heavy
metals and persistent organic pollutants in lake sed-
iments depending on the catchment management
(Lake Goplo case study). Bulletin of Geography.
Physical Geography Series, 8: 71-80. DOI: 10.1515/
bgeo-2015-0006.

KEJNA M., ARAZNY A., MASZEWSKI R., PRZYBY-
LAK R., USCKA-KOWALKOWSKA J., VIZI Z., 2009,
Daily minimum and maximum air temperature in
Poland in the years 1951-2005. Bulletin of Geography.
Physical Geography Series, 2: 35-56.

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0007



D. Wrzesinski et al.

Effect of North Atlantic Oscillation on the hydrological conditions of Lake Morskie Oko...

KORBEE N.,CARRILLO P,MATA M.T,, ROSILLO S.,-
MEDINA-SANCHEZ J.M., FIGUEROA EL., 2012,
Effects of ultraviolet radiation and nutrients on the
structure-function of phytoplankton in a high moun-
tain lake. Photochemical and Photobiological Scienc-
es, 11, 6: 1087-1098. DOI: 10.1039/C2PP05336E.

KOSOLAPOVA N.G., 2012, Patterns of the quantita-
tive distribution of plankton heterotrophic flagel-
lates in the high-mountain Lake Sevan (Armenia).
Inland Water Biology, 5, 3: 250-256. DOI: 10.1134/
$1995082912030066.

MAHER O.A., UVO C.B.,, BENGTSSON L., 2005, Com-
parison between two extreme NAO winters and conse-
quences on the thermal regime of Lake Vendyurskoe,
Karelia. Journal of Hydrometeorology, 6, 5: 775-783.

PRZYBYLAK R., WOJCIK G., MARCINIAK K., 2003,
Wplyw Oscylacji Pélnocnoatlantyckiej oraz Ark-
tycznej na warunki termiczne chtodnej pory roku w
Polsce w XVI-XX wiekach. Przeglad Geofizyczny, 1-2:
61-74.

RODRIGUEZ-RODRIGUEZ M., MORENO-OSTOS E,
DE VICENTE I., CRUZ-PIZARRO L., RODRIGUES
DA SILVA S.L., 2004, Thermal structure and energy
budget in a small high mountain lake: La Caldera, Si-
erra Nevada, Spain, New Zealand Journal of Marine
and Freshwater Research, 38, 5: 879-894. DOI:10.108
0/00288330.2004.9517287.

SANTOLARIA Z., ARRUEBO T., URIETA ].S., LA-
NAJA EJ., PARDO A. MATESANZ J., RODRI-
GUEZ-CASALS C., 2015, Hydrochemistry dynamics
in remote mountain lakes and its relation to catch-
ment and atmospheric features: the case study of
Sabocos Tarn, Pyrenees. Environmental Science
and Pollution Research, 22, 1: 231-247. DOI 10.1007/
s11356-014-3310-0.

SIZOVA L. N., KUIMOVA L. N.,, SHIMARAEV M. N,,
2013. Influence of the atmospheric circulation on

Citation: Bulletin of Geography. Physical Geography Series 2016, 10, http://dx.doi.org/10.1515/bgeo-2016-0007

ice-thermal processes on Baikal during 1950-2010.
Geography and Natural Resources, 34, 2: 158-165.
DOI: 10.1134/5187537281302008X.

SPEARS B.M., JONES LD., 2010, The long-term (1979-
2005) effects of the North Atlantic Oscillation on
wind-induced wave mixing in Loch Leven (Scot-
land). Hydrobiologia, 646, 1: 49-59. DOI: 10.1007/
s10750-010-0188-9.

TANAKA S., TOMINAGA H., 1994, Seasonal changes in
water temperature, pH, dissolved oxygen and trans-
parency in a Japanese High Mountain Lake, L. Mi-
kurigaike. Japanese Journal of Limnology, 55, 1: 61-65.

TOMCZYK A.M., 2015, Impact of macro-scale circula-
tion types on the occurrence of frosty days in Poland.
Bulletin of Geography. Physical Geography Series, 9:
55-65. DOI: 10.1515/bgeo-2015-0016.

TOSIC 1., ZORN M., ORTAR J., UNKASEVIC M.,
GAVRILOV M.B., MARKOVIC S. B., 2016. An-
nual and seasonal variability of precipitation and
temperatures in Slovenia from 1961 to 2011, Atmos-
pheric Research, 168, 1: 220-223. DOI: 10.1016/j.at-
mosres.2015.09.014.

WRZESINSKI D., CHOINSKI A., PTAK M., 2015a, Effect
of the North Atlantic Oscillation on the thermal char-
acteristics of lakes in Poland. Acta Geophysica, 63, 3:
863-883. DOI: 10.1515/acgeo-2015-0001.

WRZESINSKI D., CHOINSKI A., PTAK M., SKOW-
RON R, 2015b, Effect of the North Atlantic Oscilla-
tion on the Pattern of Lake Ice Phenology in Poland.
Acta Geophysica, 63, 6: 1664-1684. DOIL: 10.1515/
acgeo-2015-0055.

Received 1 March 2016
Accepted 26 April 2016

105



