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Abstract

This paper presents an analysis of the influence of the North Atlan-
tic Oscillation on the pattern of lake ice phenology in Poland. The re-
search embraced 22 lakes in Poland over the period 1961-2010. Strong
relations were found to hold between NAO and individual characteristics
of ice phenology. In a negative NAO phase, one can observe a later ap-
pearance of ice phenomena and ice cover compared with the average
values, ice cover persisting even 30 days longer and being thicker even
by more than 10 cm. In turn, in a positive NAO phase the duration of ice
phenomena and ice cover is shorter, the cover being less thick and solid.
The observed spatial differences in the effect of NAO on the pattern of
ice phenomena in Poland show this matter to be fairly complex. The
most significant factor changes in climatic conditions, which manifest
themselves in the continentality of the climate growing eastwards.
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1. INTRODUCTION

Of key significance for the operation of lakes in the middle and high geo-
graphical latitudes is thermal seasonality connected with ice phenology. The
process of ice formation itself is well known and follows from an exchange
of heat between a water mass and the surroundings. Its rate and scale are de-
termined by many factors, among which Majewski (2007) lists air tempera-
ture, water temperature, water depth, efc. As a result of the appearance of
ice, considerable changes take place in the operation of lake ecosystems that
follow from the isolation of water from external factors (no waving, reduced
light, efc.). Those issues are discussed in many works, a survey of which has
been made by Gerten and Adrian (2000). An effect of the observed changes
in climatic conditions is a shift in thermal seasons of the year (Thomson
2009) leading, among other things, to disturbances in the ice regime of lakes.
Long-term observations show that the ice season tends to shorten and the
thickness of ice cover to diminish (Futter 2003, Korhonen 2006, Jensen et al.
2007, Leppéranta 2014). The interpretation of the observed trends should ac-
commodate the cyclicity of macro-scale factors embracing atmospheric and
oceanic circulation (Brown and Duguay 2010). What exerts a strong influ-
ence on the climatic conditions in Europe is the North Atlantic Oscillation
(NAO). Its effect is visible in the pattern of climatic and hydrological char-
acteristics, and has been documented in several works on precipitation (Bed-
norz 2011, Castro et al. 2011), air temperature (Scaife et al. 2008, Heape et
al. 2013), and river runoff (Pociask-Karteczka 2006, Wrzesinski and Palusz-
kiewicz 2011). The effect of the NAO has also been proved with reference to
lake ice phenology (Maher et al. 2005, George 2007, Weyhenmeyer 2009,
Soja et al. 2014, Sharov et al. 2014).

This paper seeks to establish spatial differences in the parameters of lake
ice phenology in Poland in average conditions and under the influence of the
variable intensity of atmospheric circulation in the North Atlantic sector. The
research conducted was designed to show that the level of intensity of the
North Atlantic Oscillation caused significant differences in the ice phenolo-
gy of lakes in Poland. The study was carried out on the lakes of northern Po-
land, i.e., a lakeland area embraced by the last Scandinavian glaciation. No
detailed analysis of this issue has so far been made for such a large set of
lakes in this part of Europe and for a 50-year-long observation period. Earli-
er studies of the effect of the North Atlantic Oscillation on the parameters of
lake ice phenology in Poland only focused on small groups of lakes
(Girjatowicz 2003, Wrzesinski et al. 2013), four and three, respectively. The
results obtained in those works reveal a strong link between this circulation
and lake ice phenology, and encourage making such an analysis for a larger
set of lakes.
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2. MATERIAL AND METHODS

Observations of ice phenomena on lakes in Poland started as early as the
19th century. They mostly focused on the thickness of ice cover, more rarely
on the start and end of its occurrence. Such measurements were performed
for the purposes of fishing trade, but this material was scattered and non-
systematic, hence of little scientific worth (Skowron 2011). Constant obser-
vations of ice phenomena are conducted by the Institute of Meteorology and
Water Management (IMGW). Records are made of the dates of appearance
of ice phenomena (the presence of ice in water in any form: shore ice, frazil
ice), the appearance of ice cover, its breakup, the disappearance of ice phe-
nomena, and the thickness of ice cover. At present, observations of the char-
acteristics of ice phenology are conducted on 22 out of the country’s 7000
lakes (of 1 ha and more in area) (Fig. 1), the morphometric parameters of
which are presented in Table 1. This paper offers an analysis of the pattern
of ice phenomena on those lakes in the period 1961-2010.

An analysis was made of ten parameters of lake ice phenology: the start
and the end of ice phenomena (the first and the last day when any form of
ice in water, identified with shore ice, was recorded) the start and the end of
ice cover (the first and the last day when the lake surface in the observer’s
arc of visibility was completely covered with ice), the duration of ice phe-
nomena and ice cover (the dates when shore ice and ice cover were observed
for the first and the last time), ice cover thickness measured every five days,
and the date of its maximum thickness (in the case of five lakes, no informa-
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Fig. 1. Location of the studied lakes (numbering in accordance with Table 1),
marked area is that of Last Glaciation; A — Pomeranian Lakeland, B — Mazurian
Lakeland, C — Wielkopolska—Kujavia Lakeland.
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Table 1
Morphometric data of the studied lakes
Area Volume Depth average | Altitude
No. Lake mal | [thousm] | [m] | fmasi]
1 Stawskie 822.5 42664.8 5.2 56.9
2 Osiek 514.0 50065.0 9.3 514
3 Lubie 1487.5 169880.5 11.6 95.4
4 Jamno 2231.5 31528 1.4 0.1
5 Gardno 2337.5 30950.5 1.3 0.3
6 Lebsko 7080.0 117521 1.6 0.2
7 Radunskie Gérne 362.5 60158.7 15.5 161.6
8 Ostrzyckie 296.0 20785.2 6.7 160.1
9 Charzykowskie 1336.0 134533.2 9.8 120
10 | Sgpolenskie 157.5 7501.6 4.8 112.8
11 | Zninskie Duze 420.5 29492.6 6.8 77.7
12 | Biskupinskie 107.0 6397.2 5.5 78.6
13 | Gopto 2121.5 78497.0 3.6 77.0
14 | Jeziorak 3152.5 141594.2 4.1 99.2
15 | Drweckie 780.0 50140.1 5.7 94.8
16 | Nidzkie 1750.0 113872.3 6.2 117.9
17 | Mikotajskie 424.0 55739.7 11.2 115.7
18 | Orzysz 1012.5 75326.2 6.6 120.0
19 | Efckie 385.0 57420.3 15.0 119.9
20 Studzieniczne 244.0 22073.6 8.7 123.4
21 | Serwy 438.5 67181.5 14.1 126.8
22 | Hancza 291.5 120364.1 38.7 227.3

tion was obtained about appearance of maximum ice thickness). On the basis
of those observations it was possible to determine ice cover durability, un-
derstood as the proportion of the number of days with ice cover to the num-
ber of days between the first and the last day with ice cover [%], and its
duration, which means the proportion of the number of days with ice cover
in the entire period of ice phenomena, i.e., from the first to the last day when
those phenomena could be observed (e.g., shore ice, ice floe, etc.) [%].

In order to determine the dependence of changes in the ice phenology pa-
rameters on the intensity of the North Atlantic Oscillation, Pearson’s coeffi-
cient of linear correlation was calculated (), the correlation holding between
the ice phenology parameters under study and Hurrell’s winter NAOp;gy in-
dex. In the case of the start of ice phenomena and the formation of ice cover,
also calculated were coefficients of correlation with seasonal NAO indices
from the periods September-November (NAOgon), October-December
(NAOonp), and November-January (NAOnpy).
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Changes in the parameters of ice phenomena on the examined lakes in a
positive and a negative NAOp;ry phase were determined on the basis of how
those parameters differed from the average values from the years 1961-2010.
The average values of those parameters were calculated for years with high
(NAOpyry > 1.63) and low (NAOpypm <—1.09) values of the winter NAOppy
index. Those figures correspond to the first and third quartiles from the en-
tire set of NAOp;ry indices in the years 1961-2010. The statistical signifi-
cance of those differences was examined using the 7-test for stratified
samples. Each time the hypothesis tested was Hg:u = o of the equality of
the expected values against Hj:u # . The rejection of the hypothesis al-
lowed a conclusion about there being significant differences between the
mean parameters of ice phenomena observed in the different NAOp;ry phas-
es and the average values. To verify the hypothesis, use was made of a test
for a small sample based on Student’s #-distribution, with #»—1 degrees of
freedom:

=

M\/;‘ , (1)
o

where 7 is the sample size, o the standard deviation, x the mean of the sam-
ple, and yp the mean of the population.

In this paper use was made of the winter NAO index (NAOp;ry) and sea-
sonal NAO indices worked out by Hurrell (1995).

To present spatial differences in changes in the parameters of lake ice
phenology, the Surfer 10 Program (GoldenSoftware) was employed, and
isolines were drawn using the kriging procedure.

3. RESULTS AND DISCUSSION

3.1 Average parameters of lake ice phenology in Poland in the years
1961-2010

On the lakes under study, ice phenomena begin in mid-December. The earli-
est ones start in the first half on the lakes in the Wielkopolska—Kujavia Lake-
land, the western part of the Mazurian Lakeland, and the coastal lakes
Lebsko and Gardno (Fig. 2a). On most lakes of the Pomeranian and Mazu-
rian Lakelands, ice phenomena begin in the last decade of December, and in
the case of Lake Lubie, in the first decade of January.

The spatial distribution of the dates of ice cover formation is similar, but
about 10 days later (Fig. 2b). On the lakes of the central part of the lakeland
zone and on the coast, ice cover appears on average in the last decade of De-
cember, and on most lakes of the Pomeranian and Mazurian Lakelands, in
the first decade of January, appearing the latest on Lake Lubie (11 January).
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Fig. 2. Spatial differences in the dates of the start of: (a) ice phenomena, and (b) ice
cover.
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Fig. 3. Spatial differences in the dates of the end of: (a) ice phenomena, and (b) ice
cover.

What is highly characteristic is the spatial distribution of the date of the
end of ice phenomena and ice cover. Those ice phenomenology parameters
are the earliest on lakes in the western part of the study area: in the case of
ice cover, in late February and early March (Fig. 3b), and in case of ice phe-
nomena, in the first decade of March (Fig. 3a). Those dates are ever later in
the easterly direction. In the eastern part of the Mazurian Lakeland, ice cover
usually disappears in the third decade of March, and ice phenomena in the
first decade of April.

The spatial distributions of the duration of ice phenomena and ice cover
are similar. Ice phenomena last the shortest (under 70 days) on lakes in the
western part of the area and near the sea, and the longest (over 100 days) in
the east; cf. Fig. 4a. As to the ice cover, it persists for less than 60 days on
the lakes in the west, and over 80 days in the east; ¢f. Fig. 4b.

Also the mean maximum thickness of ice cover on lakes grows east-
wards, from about 20 cm in the western part of the area to over 30 cm in the
east; ¢f. Fig. 5a. Spatial differences are wider in the case of the date when it
attains its maximum thickness. This occurs the earliest on the lakes of the
Wielkopolska—Kujavia Lakeland and on coastal lakes (late January and early
February); c¢f- Fig. 5b. For most lakes this date falls in mid-February, and for
those in the eastern part of the area, in the third decade of February.
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Fig. 5. Spatial differences in: (a) the thickness of ice cover, and (b) the date of occur-
rence of the maximum thickness of ice cover.

Fig. 6. Spatial differences in: (a) the degree of durability of ice cover, and (b) dura-
tion of ice cover divided by total period of phenomena.

The durability of ice cover is the shortest in the case of coastal lakes
(about 80%) and grows markedly eastwards to over 90%; cf. Fig. 6a. There
is no such regularity in the spatial variability of the share of ice cover in ice
phenomena. In the case of the coastal lakes, it is under 80%, and over 85%
for the lakes in the central part of the Pomeranian Lakeland and the western
part of the Mazurian Lakeland (Fig. 6b).

3.2 Relations between lake ice phenology and the NAO

The results obtained show that the intensity of the North Atlantic Oscillation
in the winter season strongly affects the pattern of ice phenomena on Polish
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lakes. This is corroborated by both, the correlation of the NAOpry index
with the parameters of ice phenomena (Table 2), and the calculated differ-
ences between those parameters in the different NAOp;ry phases and the av-
erage values (Figs. 7-14).

In a positive NAOpjry phase, the dates of the end of ice phenomena and
ice cover on the lakes under study are usually about 15 days later than the
average, and the calculated differences in the dates are statistically signifi-
cant (p < 0.05); c¢f- Figs. 7 and 8. The date of the end of those phases of ice
phenology is even over 20 days later on lakes in the direct neighbourhood of
the Baltic (coastal lakes). In a negative NAOpry phase, the ending dates
come earlier than average, and statistically significant differences (p < 0.05)
range from under 15 days in the west and east of the lakeland belt to over 20
days in the case of the coastal lakes.

The deviations of the ending dates of ice phenomena and ice cover in the
different NAOp;ry phases from the average values cause also their duration

NAO+
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Fig. 7. Differences between the dates of the end of ice phenomena in a negative
(NAO-) and a positive (NAO+) NAO phase, and the average values from the years
1961-2010; results of the test of the significance of the differences.
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Fig. 8. Differences between the dates of the end of ice cover in a negative (NAO-)
and a positive (NAO+) NAO phase, and the average values from the years 1961-
2010; results of the test of the significance of the differences.
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in those phases to differ markedly, and statistically significantly (p < 0.05),
from the means. In a positive NAOpry phase, the duration of those charac-
teristics is clearly shorter than the average, by more than 30 days in the case
of the coastal lakes and those located in the western part of the country,
dropping to under 20 days in the east. In a negative NAOp;ry phase, the du-
ration of ice phenomena, as well as of ice cover, is markedly longer than the
average, from under 20 to over 30 days. The observed differences are statis-
tically significant (p < 0.05), but more diversified spatially, although still
greater in the case of the lakes in the west (especially the coastal ones) and
smaller in the east — under 20 days; cf. Figs. 9 and 10.

Changes in the intensity of the North Atlantic Oscillation also affect the
maximum thickness of ice cover and the date of its appearance. In a positive
NAOpjrm phase, the thickness is smaller, from under 10 cm on the lakes in
the west of the country to over 10 cm in the eastern part of the lakeland
zone; cf. Fig. 11. In a negative NAOp;ry phase, the maximum thickness fig-
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Fig. 9. Differences between the duration of ice phenomena in a negative (NAO-)
and a positive (NAO+) NAO phase, and the average values from the years 1961-
2010; results of the test of the significance of the differences.
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Fig. 10. Differences between the duration of ice cover in a negative (NAO-) and a
positive (NAO+) NAO phase, and the average values from the years 1961-2010; re-
sults of the test of the significance of the differences.
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Fig. 11. Differences between the maximum thickness of ice cover in a negative
(NAO-) and a positive (NAO+) NAO phase, and the average values from the years
1961-2010; results of the test of the significance of the differences.
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Fig. 12. Differences between the dates of occurrence of the maximum thickness of
ice cover in a negative (NAO-) and a positive (NAO+) NAO phase, and the average
values from the years 1961-2010; results of the test of the significance of the differ-
ences.

ures are greater, in the western part of the lakeland by about 5 cm, although
the observed differences from the average values are not statistically
signifcant (p > 0.01). By contrast, the maximum thickness of ice cover on
the lakes in the eastern part of the study area differs then in a statistically
significant way (p < 0.05), by more than 10 cm; ¢f. Fig. 11.

Also the date of the appearance of the maximum thickness of ice cover
changes significantly depending on the NAOp;py phase. In a positive phase
it comes from under 10 to over 15 days earlier than the average, and in a
negative phase, later; cf. Fig. 12. The smallest deviations from average val-
ues, statistically not significant, can be observed on the lakes in the western
and eastern parts of the lakeland belt, while the greatest, statistically signifi-
cant (p <0.05), differences occur on those in the central belt embracing the
coastal lakes in the north and those of the Kujavia Lakeland in the south. In a
negative NAOp;py phase, the date of the maximum thickness of ice cover on
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the coastal lakes is later than the average even by more than 20 days, and the
observed differences are statistically significant (p < 0.01).

The durability of ice cover in a positive NAOp;ry phase is from less than
5% to over 10% smaller than the average, and the observed differences are
usually not statistically significant; c¢f. Fig. 13. In a negative NAOp;r\y phase
the durability is greater. On the lakes in Poland’s western part, however, this
increase is not statistically significant, while in the central and eastern parts
it is significant at p < 0.001.

Also smaller in a positive NAOpjry phase is the share of the duration of
ice cover in the entire period of occurrence of ice phenomena; cf. Fig. 14.
The drop in this proportion observed then against average values varies from
under 5 to over 15%, only the greatest differences being statistically signifi-
cant (p <0.05). In turn, in a negative NAOp;py phase this proportion grows
and is 5-10% higher than the average.

)
AT [%]

Fig. 13. Differences between the level of degree of durability of ice cover in a nega-
tive (NAO-) and a positive (NAO+) NAO phase, and the average values from the
years 1961-2010; results of the test of the significance of the differences.
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Fig. 14. Differences between the proportion of ice cover duration in the duration of
ice phenomena in a negative (NAO-) and a positive (NAO+) NAO phase, and the
average values from the years 1961-2010; results of the test of the significance of
the differences.
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Table 3
Coefficients of the correlation between the starting dates
of ice phenomena and ice cover and the seasonal NAO indices
Index NAO NAOgon NAOonp NAOnp; NAOp;r
Beginning of | Beginning of | Beginning of | Beginning of
Lake ice ice ice ice ice ice ice ice
phenom-|cover |phenom-|cover phenom-| cover | phenom- | cover
ena ena ena ena

Stawskie 0.284 0.344| 0.322 |0.408| 0.355 |0.397| 0.132 | 0.145
Osiek 0.335 |0.238| 0.452 |0.369| 0.447 (10481 | 0.225 | 0.171
Lubie 0.106 |0.085| 0.418 |0.342| 0.684 |0.547| 0.546 | 0.29]
Jamno 0.231 |0.257| 0.313 0.298| 0.319 |0.367| 0.105 | 0.231
Gardno 0.256 |0.167| 0.275 0.291| 0.334 |0.421| 0.109 | 0.205
t ebsko 0.264 |0.179| 0.356 |0.239| 0.374 |0.316| 0.176 | 0.133
Radunskie Gorne| 0.181 |0.176| 0.231 |0.270| 0.371 |0.458| 0.176 | 0.303
Ostrzyckie 0.290 10.316| 0.258 [0.294| 0.225 |0.252| —0.008 | 0.022
Charzykowskie 0.323 10.305| 0.409 |0.436| 0.424 |0.545| 0.122 | 0.247
Sepolenskie 0.279 10.279| 0.376 |0.343| 0.308 |0.242| 0.023 |-0.024
Zninskie Duze 0.152 |0.214| 0.235 |0.346| 0.229 |0.420| 0.152 | 0.215
Biskupinskie 0.253 |0.285| 0.373 0.349| 0.353 [0.295| 0.112 | 0.073
Gopto 0.290 10.269| 0.385 |0.356| 0.370 | 0.409| 0.056 | 0.158
Jeziorak 0.160 |0.291| 0.166 |0.368| 0.074 |0.247| —0.053 | 0.035
Drweckie 0.016 |0.242| 0.120 |0.262| 0.154 [0.275| 0.066 | 0.046
INidzkie 0.246 (0.242| 0.377 |0.349| 0.429 |0.358| 0.230 | 0.145
Mikotajskie 0.215 |0.264| 0.294 |0.345| 0.355 [0.373| 0.129 | 0.173
Orzysz 0.318 |0.346| 0.277 |0.430| 0.197 |0.478 | —0.012 | 0.241
Elckie 0.330 10.326| 0.344 (0.375| 0.292 |0.349| 0.112 | 0.128
Studzieniczne 0.282 10.337) 0.270 |0.348| 0.255 |0.318| 0.106 | 0.111
Serwy 0.304 |0.355| 0.261 |0.304| 0.182 |0.260 | —0.007 |-0.032
Hancza 0.291 10.216| 0.362 |0.283| 0.326 |0.271| 0.122 | 0.055

Note: Significance of correlation coefficients at the levels: p <0.05, p<0.01,
p <0.001.

Out of the parameters under study, only the starting dates of ice phenom-
ena and ice cover do not show any relation with the intensity of the North
Atlantic Oscillation as expressed by the NAOp;gy index. Those dates usually
fall in December; hence, the lack of a relation with the index determined for
a later period is understandable. However, an analysis showed there to be a
connection between the starting dates of ice phenomena and ice cover and
NAO indices calculated for earlier seasons, especially NAOonp and NAOp;.
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It is statistically significant (p < 0.05) for all the lakes with the exception of
Drweckie (Table 3). Twelve of the examined lakes also show statistically
significant relations between the dates of appearance of ice phenomena and
ice cover and the NAOgon index for the September-November period
(»=0.05).

In the study period, the lowest value of the NAOpjgy index was recorded
in 1969 (—4.89), and the highest in 1989 (5.08). In those years extremely dif-
ferent parameters of ice phenomena were observed on the lakes. In 1969 the
average duration of ice cover was 113 days (the longest one, 136 days, per-
sisting on Lake S¢polenskie), as against a mere 16 days in 1989, while on
Zninskie Duze, Stawskie, and Gopto it was not recorded at all that year. The
mean thickness of maximum ice cover in 1969 was 43.4 cm as against
amere 10.2 cm in 1989. It should be emphasized that in the entire multi-year
period under analysis the year 1969 was the one when the maximum thick-
ness of ice was recorded; in two cases (Lakes Studziennicze and Miko-
Tajskie) it reached 65 cm.

4. DISCUSSION

The duration of ice phenology in midland water bodies basically grows with
the geographical latitude (Livingstone et al. 2009). However, this depend-
ence can be modified by macro-scale circulation (which variously affects
climatic conditions in different parts of the world, depending on its type),
and by individual characteristics of lakes (Choinski and Ptak 2012), their
surroundings (Choinski et al. 2013), and the local circulation (Blenckner e?
al. 2004).

Ice phenology is directly connected with the thermal balance of a lake.
Over the last decades, there has been a more rapid increase in air temperature
in the spring period (Benson et al. 2012). This translates into higher tem-
peratures of lake water. In the case of Polish lakes, it is precisely in spring
that it grows the fastest, 0.2-0.5°C decade ' (Skowron 2011). A consequence
has been a quicker disappearance of ice cover, and thus its shorter duration.
As a result, the tendencies of change in the pattern of ice phenology recorded
for Polish lakes in the second half of the 20th century are mostly downward
ones (Pastawski 1982, Marszelewski and Skowron 2006, Choinski et al.
2014).

The relations between the temperatures of air and water are closely asso-
ciated regionally with the macro-scale circulation of the atmosphere (Dabro-
wski et al. 2004, Livingstone et al. 2010). The analysis of NAO-related
changes in the thermal conditions of lakes in Poland conducted by Wrzesin-
ski et al. (2015) showed considerable deviations from mean values (both 1°C
lower and higher, depending on the circulation phase), and those deviations
were readily visible in spring, i.e., in the period of ice cover destruction.
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In the case of European lakes, also their ice regime shows strong rela-
tions with the NAO circulation (Dokulil 2013). When analysing the pattern
of ice phenomena on the largest lake in England (Windermere), George
(2007) found that this circulation type had greatly influenced ice formation
on it for over 30 years, and the link between this phenomenon and the NAO
accounted for 50% of inter-year changes. In the case of Lake Erken located
in the east of Sweden, an earlier decay of its ice cover was closely related
with a high NAO index (Blenckner and Chen 2003). In turn, Maher et al.
(2005) analysed two winter seasons in the different NAO phases on Lake
Vendyurskoe in the northern part of Russia and noted that ice cover tended
to be thicker in a negative phase, while its duration did not differ significant-
ly in the two periods analysed. The relations between lake ice phenology and
the NAO have also been documented for other regions of the Northern Hem-
isphere, e.g., in Siberia (Livingstone 1999) or North America (Livingstone
2000). The ice cover of the North American Great Lakes has a linear connec-
tion with the NAO and is thicker or thinner depending on its phase (Bai et al.
2012).

In the case of Polish lakes, all the examined characteristics of ice phe-
nology respond to variations in the pattern of macro-scale circulation by de-
viating from the mean values. This is especially significant for the duration
of ice cover, which isolates a lake from the influence of external factors, and
this, as has been mentioned in the Introduction, completely changes the op-
eration of the given ecosystem. The inter-year variability of this characteris-
tic in Poland is considerable and amounts to over a month, depending on the
phase and intensity of the NAO.

The NAO is an essential but not the only element responsible for the pat-
tern of lake ice phenology in this part of Europe. This is indicated by the
spatial differences in conditions of lake ice phenology in Poland reported in
this paper. Karetnikov and Naumenko (2008) came to similar conclusions in
the case of Lake Ladoga; they found a connection between the NAO and ice
phenology which was absent when ice cover exhibited extreme characteris-
tics. In principle, the severity of ice phenomena on Polish lakes grows east-
wards. This has been observed by, e.g., Girjatowicz (2003) for four coastal
lakes. Thus, what should be taken as the basic feature influencing the length
of the ice season on the lakes under study is their location. Departures from
this rule are connected with morphometric characteristics of individual lakes
and local conditions. Of key significance for lakes located in the lowland
zone are the former, and the effect of the surroundings on the pattern of lake
ice phenology is especially readily visible in mountain lakes, as corroborated
by the research conducted, among others, by Novikmec ef al. (2013).

The most important morphometric feature of lakes in terms of ice phe-
nology is their depth, because it decides about the amount of accumulated
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warmth and hence about the time needed for cooling and freezing (Korhonen
2006). However, in the case of the lakes analysed here, this feature is not
readily visible. A later start of the appearance of ice cover was recorded in
both, one of the deepest lakes (e.g., Radunskie Gorne) and one of the shal-
lowest ones (e.g., Gopto). This situation illustrates the complexity of over-
lapping processes and environmental features, the resultants of which are the
formation and disappearance of ice in lakes.

The transformation occurring in the conditions of the ice phenology of
lakes affects their operation throughout the year, not only in winter. There
are many works that connect the physico-chemical conditions of lakes (Lep-
paranta et al. 2003, Witek and Jarosiewicz 2010, Mihu-Pintilie et al. 2014)
and biological ones (Pettersson 1990, Hurst 2007, Vehmaa and Salonen
2009) with their ice phenology. The effect (or its absence) of ice phenology
on living conditions is also observed with reference to lakes in Poland
(Toporowska et al. 2010, Wojciechowska and Lenard 2014, Sienkiewicz and
Gasiorowski 2014, Messyasz et al. 2015, Petechata et al. 2015). The consid-
erable differences in the duration of ice cover may change the species com-
position of both flora and fauna, which in consequence can lead to the
replacement of present species by other organisms. As has been observed by
Ptak (2013), the disappearance of the most endangered species would be es-
pecially detrimental.

5. CONCLUSIONS

The results presented in this paper concerning the pattern of lake ice phenol-
ogy in Poland against changes in the intensity of the North Atlantic Oscilla-
tion are similar to those established earlier for lakes of the Northern Hemi-
sphere. In the different NAO phases, wide, statistically significant differ-
ences can be observed between the values of ice phenology parameters (e.g.,
those concerning shore ice, ice cover, its thickness, efc.) and the mean fig-
ures. Of special importance are the considerable deviations from the duration
of ice cover — an element which, by isolating water masses from external
factors and processes, has the strongest influence on the operation of lakes.
Also established were spatial differences in the scale of the effect of the
NAO on the conditions of ice phenology of individual lakes. Like the studies
by other authors cited here, it is a proof of the complexity of this issue. The
effect of the NAO circulation can be stronger or weaker, depending on indi-
vidual morphometric characteristics of lakes.

The results obtained can be a valuable starting point for further research
on lake ice phenology. In the future it might be advisable to build models de-
scribing variations in the characteristics (both chemical-physical and biolog-
ical) of lake ecosystems by accommodating changes in their ice regimes.
With detailed multi-year information on the pattern of lake ice phenology for
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a large set of objects, it will be possible to formulate general regularities
concerning lakes in this part of Europe.
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