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Abstract. Data collected during the period of 12805 at 8 meteorological stations of the
Institute of Meteorology and Water Management (IMyVaftuated along the Polish Baltic coast
were used to provide a quantitative assessmeiiteoNbrth Atlantic Oscillation (NAO) effects on
variability of the maximum and minimum air temperas at the coast. The data were coupled with
the NAO (Jones) index values reflecting the diffiee between normalized atmospheric pressure in
Gibraltar (the Azores High) and in Reykjavik (thelendic Low). In December-March, NAO ef-
fects explain 53-68% of the variability of the maxim air temperature along the coast, the variabil-
ity of the minimum temperature being accountediio43-63%. As a rule, the positive NAO phase
(index values > 2.0) brings about an increaseérettireme daily temperature, the negative phase (<
—2.0) resulting in a significant reduction of tlemiperature. A unit increase in the NAO index re-
sults in the highest increase of the minimum tempee, by 1.4-2°C, in February and January,
and in the increase of the maximum temperature ®1®C in those months.
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INTRODUCTION

The North Atlantic Oscillation (NAO) belongs tocfars that substantially
affect the thermal conditions in western and cértaope, particularly during
the cold season (Chen and Hellstrom 1999, Girjatp\008, Hurrell 1995, Ko-
zuchowski and Marciniak 1988). At the positive vaus NAO index (positive
NAO phase) occurring at a high atmospheric presseae the Azores and a low
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pressure of Iceland, polar-marine air masses mara the Atlantic towards the
western and central Europe and shape the thermditmms and precipitation in
those areas (Jonesal. 1997, Marsz 1999, Wibig and Glowicki 2002). Advent
of the Atlantic air masses results in warming imt&f and in cooling down in
summer. On the other hand, during the negative Nbh@&se, at a small pressure
difference between the two baric centres mentiaadsul/e, the latitudinal atmos-
pheric circulation is distorted and replaced byidienal (longitudinal) circulation
(Beranova and Huth 2008, Rogers 1984, Marsz argksaiska 2001). In addition
to the North Atlantic Oscillation, the air tempena at the Baltic coast is signifi-
cantly affected also by the Baltic water tempegtihe effect being visible as
warming from September to early March and as cgaliown in the second part of
the year (Gidhagen 1987, Girjatowicz 2008).

This study was aimed at providing a quantigatssessment of relationships
between the maximum and minimum air temperaturetherone hand, and the
NAO index on the other, as well as at determinintgead in changes of those
relationships in the period of 1956-2005.

MATERIALS AND METHODS

The study involved analysis of mean monthiyigeratures as well as the abso-
lute minimum and maximum monthly temperatures amntfeorological stations,
situated at the Polish Baltic coast (Fig. 1) apdrated by the Institute of Mete-
orology and Water Management (IMWM), during theiperof 1956-2005. Re-
gression analysis was applied to calculate corogisit(r) and regression coeffi-
cients between monthly mean, maximum, and minimamperatures in each
month on the one hand, and the corresponding NAf@xiron the other. Linear
trends in those temperatures over December-Marcdusanonthly NAO index
were determined, and the probability of index vala®.0 and <-2.0, causing
a substantial increase and decrease, respectofelpe extreme air temperature,
was calculated.
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Fig. 1. Distribution of meteorological stations on thdi§toBaltic coast
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RESULTS AND DISCUSSION

In recent years (1991-2005), the highest anddivest air temperatures along
the Polish Baltic coast have been observed to asereparticularly from January
to March and from June to August. As shown by #search published hitherto
(Kozminski and Michalska 2008 a,b), the maximum air terapuge increase in
the first half-year of the period of 1956-2005 raddrom 3.8C/50 years in Janu-
ary to 4.2C/50 years in April, the minimum temperature insiag by 2.3-
6.7°C/50 years in February and January, depending erottation of a station
along the coast.

The long-term monthly mean NAO index values wenenfl to range from —
0.46 in September to 0.54 in February, the extreahges ranging from —4.70 in
December 1996 to 5.26 in February 1997 (Tab. 1&. Aighest year-to-year vari-
ability of the NAO index was recorded from Decemifetiandard deviation of
1.96) to February (2.07), followed by August (1,8%)e lowest variability was
typical of May (1.43) to July (1.34). There wer@wever, continuous series of
years with positive or negative NAO indices, edyiring the winters of the 1990s
(positive NAO phase) and autumns (negative phase).

Table 1. Statistics of the NAO index by month in 1956-2005

Month Mean Minimum  Maximum gé?/ggﬁ Trend
January 0.45 -4.09 4.82 1.98 0.148
February 0.54 -4.02 5.26 2.07 0.223
March 0.47 -3.78 3.68 1.66 0.114
April -0.10 -3.34 2.59 1.56 -0.049
May -0.10 -2.59 4.54 1.43 -0.203
June -0.25 -4.05 2.99 1.47 -0.262
July 0.01 -2.99 3.70 1.34 —-0.059
August 0.06 -3.67 3.97 1.82 —-0.010
September -0.46 -4.11 2.51 1.60 -0.236
October -0.31 -4.13 2.79 1.66 -0.287
November -0.03 -2.97 4.52 1.70 0.042
December 0.05 -4.70 3.42 1.96 0.070

The analysed period of 1956-2005 showed a posisilEeit non-significant
trend of the NAO index, from November to March, thghest correlation coeffi-
cient (r) being observed in February (0.22). Ondhteer hand, a negative trend
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was visible from April to October; that trend wagngficant atog o5 only in Octo-
ber (—0.29), and was close to being significardine (—0.26).

Changes in the North Atlantic Oscillation are intpat in shaping air tem-
peratures at the southern Baltic coast (Marsz 18289 Marhallet al. 2001).
A highly significant relationship between the NA@ex and the monthly mean
air temperature was observed from October to Méghept for November), the
highest correlation coefficient (r) values beingetved in January (from 0.71 in
teba to 0.80 irswinoujscie, Tab. 2). In November, in the western parheftoast,
there was a positive and significant effect of M#O index on air temperature, the
eastern part of the coast showing a positive ngmifggant effect. In the remaining
months, NAO effects on the monthly mean air tentpeeawere very weak, par-
ticularly in June and July. Similar relationshipstveeen the air temperature and
NAO index were reported by Bukantis and Bartkeviei¢2005) for Lithuania and
by Chen and Hellstrom (1999) for Sweden.

Table 2. Coefficients of correlation between the meanesinterature and the NAO index in 1956-2005

Station Jan Feb MarchAprii May June July Aug Sep Oct Nov Dec
Swinoujscie 0.80 0.73 0.57 0.09 0.22 0.11 0.04 0.130.26 0.54 0.33 0.53
Kotobrzeg 0.780.72 055 0.09 0.20 0.05 0.01 0.220.22 0.53 0.29 0.51

Koszalin 0.770.73 054 0.09 0.10-0.01 —0.01 0.08 0.22 0.51 0.29 0.53
Dartowo* 0.77 0.73 053 0.04 0.100.11 0.03 0.240.28 0.55 0.29 0.49
Ustka 0.780.70 055 0.06 0.10 0.09 0.02 0.160.28 0.54 0.28 0.49
teba 0.710.70 053 0.07 0.12 0.04 0.04 0.150.28 0.54 0.25 0.48
Hel 0.77 0.72 0.51 0.05 0.09 0.03 0.03 0.070.25 0.59 0.23 0.47
Gdansk 0.78 0.69 0.53 0.15 0.13 0.06 -0.020.06 0.17 0.56 0.23 0.52
Swibno* 0.79 0.75 0.54 0.06 0.10-0.02 0.00 0.12 0.20 0.55 0.27 0.49
Elblag 0.76 0.73 0.49 0.05 0.06-0.02 -0.05 0.07 0.27 0.53 0.27 0.51

*1956-2000, ¢ gs= 0.280,0 0.01= 0.363.

Comparison of the correlation coefficients corgdiiin Tables 2 and 3 shows
the NAO effects on the maximum air temperaturdatdoast to have been much
weaker than the effects on the mean temperatuiiehvelould have resulted from
the fact that the calculations involved only theghast daily temperature of
a month. However, the winter months showed a pasitiighly significant rela-
tionship between the maximum temperature and NA@xnparticularly in Janu-
ary (from 0.67 in Ustka to 0.73 in Gdansk, Tab.I8)April and November, there



Table 3. Coefficients of correlation between the maximunt@mperature and the NAO index in 1956-2005

Station Jan Feb March  April May June July Aug Sep ct O Nov Dec I\/I:I)ai(z:h
Swinoujscie 0.68 0.68 0.41 -0.05 0.02 0.11 0.10 0.17 0.22 200 0.02 0.46 0.74
Kotobrzeg 0.69 0.66 048 -0.04 0.02 0.05 0.11 0.200.24 0.24 0.01 0.47 0.77
Koszalin 0.71 0.66 0.39 -0.12 0.06 0.12 0.03 0.18 .270 0.14 -0.09 0.47 0.77
Dartowo* 0.66 0.69 0.47 -0.13 0.07 0.01 -0.04 0.04 0.27 0.09 -0.10 0.32 0.75
Ustka 0.67 0.62 0.55 -0.06 0.06 0.09 -0.04 0.11 90.1 0.11 -0.11 0.46 0.76
teba 0.69 0.66 0.48 -0.10 -0.04 0.09 0.00 0.11 0.220.13 -0.12 0.45 0.73
Hel 0.71 0.71 0.49 0.02 0.12 0.16 0.17 0.13 0.17 320. -0.20 0.41 0.79
Gdaisk 0.73 0.69 0.49 -0.09 0.06 0.16 0.11 0.10 0.17 350. -0.14 0.52 0.82
Swibno* 0.75 0.76 0.49 -0.10 0.04 0.09 0.11 0.20 60.1 0.09 -0.08 0.45 0.83
Elblag 0.73 0.70 0.44  -0.20 0.06 0.03  -0.06 0.11 0.15 21 0. -0.13 0.43 0.81

*1956‘2000,(1 0.05— 0280,(1 0.01— 0.363.



Table 4. Coefficients of correlation between the minimumtamperature and the NAO index in 1956-2005

Station Jan Feb March April May June July ct O  Nov Dec lvlljaeri-h
Swinoujicie  0.64 0.64 0.29 -0.01 0.14 -0.05 -0.11 405 0.30 0.45 0.66
Kotobrzeg 0.60 0.62 0.28 —-0.05 0.10 -0.01 -0.02 0.48 0.32 0.41 0.70
Koszalin 0.57 0.63 0.25 0.10 0.30 0.05 —-0.06 0.49 0.24 0.43 0.70
Dartowo* 0.68 0.63 0.28 0.10 0.11 -0.19 -0.01 0.54 0.27 0.47 0.75
Ustka 0.65 0.65 0.30 —-0.09 0.09 -0.06 -0.15 0.55 0.31 0.41 0.74
teba 0.61 0.60 0.33 0.11 0.21 -0.10 -0.02 0.280.45 0.28 0.49 0.76
Hel 0.64 0.65 0.28 0.19 0.16 0.09 —-0.05 0.10 .250 0.30 0.34 0.67
Gdansk 0.64 0.59 0.24 0.11 0.16 0.01 -0.14 0.00 400 0.33 0.34 0.69
Swibno* 0.68 0.66 0.25 0.08 0.01 -0.20 0.00 0.39 0.32 0.49 0.79
Elblag 0.60 0.65 0.26 0.06 0.14 0.01 -0.01 0.13 420. 0.37 0.45 0.72

*1956-2000,0. g 05= 0.280,0 g 01= 0.363.
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was a negative, albeit non-significant, correlat@tween the air temperature and
NAO index (Tab. 3), which was paralleled by the N&€sus water temperature
correlation determined by Girjatowicz (2008). Thogrelation coefficients for the
period of January-March ranged, depending on st from 0.821 to 0.834.

As shown by Table 4 and Figure 2, the minimuntexinperature was signifi-
cantly and highly significantly correlated with tiINAO index from October to
February (to March in the western and central phathe coast), but the correla-
tion coefficient values were lower (out of Octolsrd November) than those
calculated for the correlations with the maximumtamperature (Tab. 3 and 4).
In the warm half-year (April-September), valuestiog correlation coefficients
were non-significant, and in June and July theyewsren negative (minimum air
temperature) at most coastal stations.
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Fig. 2. Relationship of maximum and minimum air tempemtwith NAO Index according to
months at selected stations on the Polish coakedBaltic Sea. Years 1956-2005
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As a rule, the positive and negative NAO pha&es @ and 4) bring about an
increase and a decrease, respectively, of the miaxiend minimum air tempera-
ture at the coast. At low NAO indices, the maximtemperatures may differ
widely, as may the minimum temperatures. On therdtand, a strongly positive or
a strongly negative NAO phase (NAO index >2.0 ar2lG; respectively) results,
as arule, in a large increase or a large dec#dbke extreme air temperature. For
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Fig. 3. Maximum and minimum air temperature (December-Mpie Kotobrzeg against the NAO
index values in 1956-2005; the trend lines are show
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example, in Kotobrzeg at the NAO index equal t®273in January 1997, the
minimum daily temperature was -14C3 while at the NAO index of 2.31 in Janu-
ary 2002, the maximum daily temperature was as hgti1.6C. Therefore, Ta-
ble 5 shows probabilities of NAO indices >2.0 an@.€ in individual months.
The highest probability of the NAO index being >29typical of February
(24.0%) and January (21.7%), the minimum probabiitcurring in June and
September (6.3 and 6.2%, respectively). The prdibabf the NAO index <-2.0
is much lower (6.8-11.0%) from January to Marclghleir probabilities of such
indices being typical of autumn (12.3-16.8%). Ia tharm half-year, the negative
NAO phase prevails, as confirmed by both the medunes of the index (Tab. 1)
and the higher probability of the index being <-£ather than >2.0 (Tab. 5).

Table 5. Probability (%) of NAO index > +2.0 and < -2.0 tmpnth in 1956-2005

NAO Jan Feb March Aprii May June July Aug Sep OctovN Dec

>+20 217 240 1738 8.9 7.1 63 69 143 6.2 8216 16.0

<-20 10.8 11.0 6.8 112 92 117 6.7 129 16.8.41523 148

In the cold half-year, a unit increase of the NAQex results, depending on
the month, in varying increases of the extreme tatpres (Tab. 6). The highest
increase of the maximum temperature occurs in eprand March: from 0.9 in
Swinouijscie to 1.3C in Gdaisk and Ustka, a slightly lower increase (from @3 t
1.1°C) being recorded in January and December. It vahsin November that a
unit increase in the NAO index may cause a redoaifothe maximum tempera-
ture, the reduction being, however, not substaiitigl0.1 or 0.2C). Similarly,
Girjatowicz (2008) found a unit increase in the NA@ex to cause water tem-
perature increase by 0@ in Swinoujscie, Mielno and Hel, and by 0Q at the
remaining coastal stations. The temperature effethe North Atlantic Oscilla-
tion is much more distinct in the minimum air temgdare in the cold half-year: a
unit increase in the NAO index in January rangetha minimum temperature
increase from 1.4 in Hel to 2@ in Gdask, the increase in February ranging
from 1.4 in Hel to 1.8 in Elbkg. In the remaining months of the cold half-year,
except for December, the regression coefficientaateexceed 1XC. No effect of
the North Atlantic Oscillation was found in the sphvariability of extreme tem-
perature increase along the Polish Baltic coadi.(a



EFFECT OF THE NORTH ATLANTIC OSCILLATION 89

Table 6. Regression coefficients of the relationship betwilenmaximum (a) and minimum (b) air
temperature and the NAO index by month of the tald-year in 1956-2005

Station January February March October November ebéer
Swinouiscie a 1.0 1.2 0.9 0.3 0.0 0.6
B b 16 15 07 07 05 1.0
a 1.0 1.2 1.1 0.4 0.0 0.6
Kotobrzeg
b 1.5 1.6 0.7 0.6 0.5 0.9
. a 1.1 1.2 0.9 0.2 -0.1 0.7
Koszalin
b 1.6 1.6 0.6 0.6 0.5 1.0
Darlowo* a 0.9 1.2 1.1 0.2 -0.1 0.3
b 1.9 1.7 0.7 0.8 0.6 1.0
a 1.0 1.2 1.3 0.2 -0.1 0.6
Ustka
b 1.7 1.7 0.7 0.9 0.6 0.9
a 0.9 1.1 1.1 0.2 -0.2 0.5
teba
b 1.7 1.6 0.9 0.5 0.5 1.0
Hel a 0.9 1.0 1.1 0.4 -0.2 0.4
b 1.4 1.4 0.6 0.3 0.4 0.6
. a 1.1 1.3 1.3 0.6 -0.2 0.7
Gdaisk
b 2.1 1.7 0.8 0.5 0.8 0.9
.. a 1.1 1.5 1.3 0.3 -0.1 0.6
Swibno*
b 2.0 1.9 0.7 0.4 0.7 1.3
Elbl a 1.0 1.2 1.2 0.3 -0.2 0.6
i b 20 1.8 07 06 0.8 1.2
*1956-2000.

CONCLUSIONS

1. The strongest correlations between the air tempe and the North Atlan-
tic Oscillation at the Polish coast occur in thédchalf-year, particularly from
December to March.

2. Variability of the maximum air temperature inm@r (December-March) at
the coast is in 53-68% explained by NAO effectg é#ffects of the minimum
temperature accounting for 43-63% of the variapilit

3. The maximum and minimum temperatures vary sulisily at low values
of the NAO index (from about —1.0 to about 1.0);tba other hand, the extreme
daily temperature may significantly increase om#igantly drop at the NAO
index values exceeding 2.0 or below —2.0, respelgtiv



90 C. KOZMINSKI, B. MICHALSKA

4. The positive NAO phase (NAO index values exaegd.0) occurs most
often from December to March, with a maximum in fegloy; it is much rarer
from May to September. The negative NAO phase G+Zobability distribution
during the year is more even than that of the pesjphase, and shows a slight
increase in frequency in autumn.

5. The increase in the extreme daily temperatwesrded at the Polish coast
since the early 1980s depends mainly on a strenigitnef the positive phase of
the atmospheric circulation (NAO).

6. In the cold half-year, a unit increase in theONiddex brings about the highest
temperature increase in February and January: ithimam and maximum tempera-
tures in those months increase by 1.4-2.1 and.B°@;Irespectively.
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ODDZIALYWANIE OSCYLACJI POLNOCNOATLANTYCKIEJ NA EKS
TREMALNE TEMPERATURY POWIETRZA W STREFIE POLSKIEGO
WYBRZEZA BALTYKU
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Streszczenie. W celu Hoiowej oceny wptywu Oscylacji Poinocnoatlantyckigg zmien-
nos¢ maksymalnej i minimalnej temperatury powietrza wgystano dane z 10 stacji meteorolo-
gicznych IMGW rozmieszczonych wzdtpolskiego wybrzea Battyku za okres 1956-2005, azak
indeks NAO (Jones), ktéry odzwierciedlanice pomiedzy znormalizowanym énieniem, atmosfe-
rycznym w Gibraltarze (WyAzorski), a Reykjavikiem (Ni Islandzki). W okresie grudaiemarzec
zmiennd¢ temperatury powietrza na wybgzemazna wyjani¢ oddziatywaniem Oscylacji od 53 do
68%, a minimalnej temperatury od 43 do 63%. \Afyisnie pozytywnej fazy NAO (warfoi indek-
sy >2,0) z reguly powoduje wzrost dobowej tempesagkstremalnej, a wygbienie negatywnej
fazy (—2,0) — znaezxy spadek temperatury. Zgiiszenie wartéci indeksu NAO o jednostkskutku-
je najwicksz zwyzka temperatury minimalnej od 1,4 do Zlw lutym i styczniu, a temperatury
maksymalnej od 0,9 do PG w tych samych miegtach.

Stowa kluczowe: maksymalna, minimalna temperapowietrza, indeks NAO, polskie
wybrzeze Baltyku



