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Abstract: The study evaluated the effect of environmental conditions and morphometric parameters
on lake water temperature changes. The analysis was carried out on the basis of 14 lakes located
in northern Poland. The assessment was based on the daily water and air temperatures from 1972
to 2016. It took into account the location of lakes (latitude, longitude, altitude) morphometric
parameters (surface area, maximum and mean depth, volume), hydrological processes (rate of
water exchange, course of ice phenomena), and trophic status (water transparency) as factors that can
modify lake water temperature changes. Direction and rate of air and water temperature changes were
analysed by means of Mann—Kendall’s and Sen’s tests. Cluster analysis (CA) was applied to group
lakes characterised by similar water temperature changes. The effect of climatic and non-climatic
parameters on a lake’s water temperature was assessed on the basis of principal component analysis
(PCA). Water temperatures in the lakes in the years 1972-2016 were characterised by a higher rate of
increase of 0.43 °C-dec ™! than the air temperature decrease of 0.34 °C-dec™!. The analysis showed
a faster rate of heating of waters in western Poland. This can be explained by shorter duration of
ice cover. Moreover, the changes of water temperature were affected by other factors, including the
location of the lakes, their morphometric parameters, wind speed, water transparency and water
exchange time.

Keywords: climate change; global warming; water temperature; lakes; ice cover; wind; morphometry;
Central Europe

1. Introduction

The effects of global warming are generally visible in all processes occurring on Earth [1-5].
Due to this, it currently constitutes one of the most serious problems of humanity. The issue should be
analysed in two ways: on the one hand employing measures aimed at the reduction of greenhouse
gases, and on the other hand searching for possibilities to minimise the environmental transformation
caused by climatic changes. The former requires international arrangements (where achieving a
consensus is difficult due to the complex geopolitical situation). The latter refers to particular local or
individual components of the environment.

In the case of lakes and the observed changes in the thermal regime, the scale of the process
should be determined as accurately as possible, as well as the primary factors modifying the effect of
climate. Such an approach not only provides an accurate image of transformations, but also provides
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information that will support appropriate measures. The issue of water temperature fluctuations
in lakes is frequently discussed, among other reasons, due to the key importance of the parameter
in the course of all processes and phenomena occurring in those ecosystems. Numerous studies
concern the physical-chemical [6,7], biological [8,9], and hydrological aspects [10,11]. Considering the
elementary importance of temperature for the functioning of lakes, issues related to the consequences
of global warming are of high importance. Due to the close dependency between air and water
temperature [12], the process of heating of surface waters is treated as an indicator of climatic
transformations [13]. The rate of increase in water temperature in particular cases can be higher than
that of air temperature [14]. This situation reflects the complexity of processes determining the thermal
regime of lakes.

The response of water temperature in lakes to observed climatic changes is variable, and it can be
non-uniform even over a relatively small area. Magee and Wu [15] analysed changes in temperature in
the epilimnion layer of three lakes in the vicinity of Madison. In spite of the climatic uniformity of the
region, the tendency of water temperature increase was variable as a result of morphometric parameters
of the analysed lakes. Winslow et al. [16], analysing 142 lakes in the United States, determined that
the response of small and large lakes to the effect of climate is different. Another issue is the effect of
local conditions of the location of lakes. Their effect on water temperature and the closely related ice
cover on lakes is particularly evident in mountainous areas [17,18]. An increase in water temperature
in lakes is a commonly observed situation [19-22]. Sometimes, however, the effect of local conditions
can cause a different response. Tanentzap et al. [23] described such a situation in the case of thermal
conditions of Clearwater Lake in the suburbs of the city of Sudbury (Canada), resulting from a forest
growing back after local reductions in SO, emissions. Luoto and Nevalainen [24] evidenced divergent
trends of water temperature changes in the case of three lakes located in the Alps, suggesting among
other factors that the characteristics of the catchment and stratification play an important role in the
determination of the thermal regime of the lake.

In the case of northern Poland, where more than 7000 natural lakes are located [25], the process
of changes in their water temperature is particularly important, not only due to the course of
environmental processes, but also in economic terms, among others in reference to the possibilities of
deterioration of water quality or changes in resources. Pursuant to current findings [26], surface water
temperature in Polish lakes is increasing at a high rate. Higher water temperature and, consequently,
an increase in evaporation [27], will contribute to an existing deficit in Poland which in terms of water
resources per inhabitant is comparable with countries of the dry zone [28].

Current studies concerning lake water temperature in Poland [29-31] have not considered the
effect of many factors (climatic, morphometric, hydrological) on its course and changes in a complex
way. In order to fill this gap and investigate the most current conditions concerning the thermal regime
of lakes in Poland, the objectives of this study were as follows:

(i) to determine the directions and value of changes in surface water temperature in Polish lakes;

(ii) to assess similarities and differences in thermal conditions of lakes;

(iii) to identify climatic and non-climatic factors determining water temperature in lakes as well as
the rate and direction of their changes.

2. Materials and Methods

2.1. Study Site Description

Lakes in Poland constitute 0.9% of its total surface area, although their distribution is uneven.
More than 95% of them are located in the northern part of the country as a result of the range of the
last Scandinavian glaciation (Figure 1). The genesis of the majority of them refers to the processes of
erosion and accumulation accompanying the presence of the ice sheet. The lakes of different origins
analysed in the paper include those located in the direct vicinity of the Baltic Sea and constituting its
former bays [32]. The morphometric parameters of the lakes are presented in Table 1.
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Table 1. Parameters of the analysed lakes (numbering in accordance with Figure 1).
. . Average o .
Meteorological Latitude  Longitude Depth Depth Area Altitude  Transparency Duration of 7 Water Exchan.ge n Volume Average Wind
No. Lake . North East Mean . a Year (Retention 3 1
Station Max [m] [ha] [ma.s.l] Secchi [m] Ice Cover . [thou. m°] Speed [m-s']
(Lake) (Lake) [m] Time)
[days]
1 Stawskie Zielona Gora (A) 51.89 16.02 12.3 52 822.5 56.9 1.1 55 1.6 42,664.8 32
2 Lubie Pita (B) 53.45 1591 46.2 11.6 1487.5 95.5 2.7 55 1.0 169,880.5 2.8
3 Gardno Leba (C) 54.71 17.39 2.6 1.3 2337.5 0.3 0.7 55 0.2 30,950.5 49
4 Lebsko Leba (C) 54.65 17.10 6.3 1.6 7020 0.3 0.6 55 0.4 117,521.0 49
5 Sepoleriskie Chojnice (D) 53.46 17.51 10.9 4.8 157.5 112.8 1.2 65 0.6 7501.6 3.7
6 Charzykowskie Chojnice (D) 53.77 17.50 30.5 9.8 1336 120 2.1 65 0.6 134,533.2 3.7
7 Wdzydze Chojnice (D) 53.98 1791 69.5 15.5 1417 134 29 75 13 220,800 3.7
8 Raggf;:le Chojnice (D) 54.24 17.98 43 155 362.5 161.6 41 75 2.6 60,158.7 3.7
9 Bachotek Torun (E) 53.30 19.47 24.3 7.2 215 70.8 3.6 75 0.5 15,394.2 2.7
10 Jeziorak Olsztyn (F) 53.72 19.62 12.9 41 3152.5 99.2 0.8 85 32 141,594.2 29
11 Mikotajskie Mikotajki (G) 53.77 21.60 259 11.2 424 115.7 1.3 85 0.2 55,739.7 3.0
12 Selmet Wielki Mikotajki (G) 53.83 22.48 21.9 7.8 1207.5 120.7 15 85 0.3 9963.9 3.0
13 Haricza Suwatki (H) 54.27 22.81 106.1 38.7 291.5 227.3 52 85 12.0 120,364.1 3.8
14 Studzieniczne Suwatki (H) 53.87 23.12 30.5 8.7 244 123.4 2.7 95 3.6 22,073.6 3.8
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Figure 1. Location of study objects. 1—lakes, 2—meteorological station, 3—range of the
Scandinavian glaciation.

2.2. Materials

The study evaluated daily water temperatures in 14 lakes in Poland (Figure 1). The measurements
were taken by the Institute of Meteorology and Water Management-National Research Institute
(IMGW-PIB) in the years 1972-2016, pointwise at a depth of 0.4 m under the water surface at 6.00 UTC.
The data were compiled for the hydrological year beginning on 1 November and ending on 31 October
of the following year. Moreover, data of IMGW-PIB provided the applied daily air temperatures and
average wind speed values for eight meteorological stations (Figure 1).

Based on a literature review, a group of factors potentially modifying the effect of climatic
factors was designated. As shown by analyses performed to date [13,33,34], the spectrum of factors
determining thermal conditions occurring in lakes is broad. In reference to the aforementioned studies
and according to the availability of data, the following parameters were used in the study: those related
to the location of lakes (latitude and longitude, altitude), their morphometric parameters (surface area,
maximum and average depth, volume), hydrological processes (rate of water exchange, course of ice
phenomena), and trophic status (water transparency [35]) (Table 1).

2.3. Statistical Analysis

Based on daily water temperatures, average monthly and annual temperatures were calculated.
This provided the basis for the calculation of average values (AWT) and medians (MWT) of water
temperature for the analysed period 1972-2016. Based on average annual water temperatures, the
amplitude of temperature fluctuations (AWTA) and variability coefficient (AWTV) were determined.
The values of AWT, MWT, AWTA and AWTV were calculated in order to provide the general
characteristics of thermal conditions of water in the analysed lakes. At the same time, the AWT
value was the input parameter for trend analysis. In the case of air temperatures, values of
average annual temperatures and average temperature for the period 1972-2016 were calculated
(AAT). Dependencies between average annual water temperatures in lakes and average annual
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air temperatures from the nearest meteorological station were determined by means of Pearson’s
correlation coefficient.

The objective of the next analysis was to assess the magnitude and direction of changes in water
temperatures in both monthly and annual periods. For this purpose, two statistical tests were used:
the Mann-Kendall test and Sen’s slope estimate. The existence of a monotonic increasing or decreasing
trend was performed by means of a non-parametric Mann-Kendall test (MK) [36]. The Mann-Kendall
test is a non-parametric test for monotonic trends. The Mann-Kendall statistics show whether a trend
exists and whether the trend is positive or negative. The analysis of significance of trends of average
monthly and average annual lake water temperatures was performed for four different levels of
significance p«: 0.1, 0.05, 0.01, and 0.001. At the second stage, the value of changes in average monthly
and average annual water temperatures in the lakes (AWTT) (trend line slope) was determined based
on the non-parametric Sen’s test [37]. Sen’s method was also applied to determine the direction
coefficient of the trend line, which shows changes in monthly and annual air temperatures (AATT).
In Mann-Kendall’s and Sen’s methods, gaps in data are acceptable, and the analysed data series
do not have to have a specific distribution. Moreover, Sen’s method is resistant to the occurrence
of outliers in the data series [38]. For the purpose of comparison of the rate of changes in average
annual water temperatures in lakes and changes in air temperatures, an analysis of significance of
differences between AWTT and AATT was performed. Trend values are given in degrees Celsius
per decade (°C-dec™1). The assessment was based on the non-parametric Kruskal-Wallis (KW) test.
One-way analysis of variance for Kruskal-Wallis ranks was employed for the verification of the
hypothesis of significance of differences between medians AWTT and AATT.

For the purpose of selecting lakes characterised by similar thermal conditions and value of changes
in water temperatures, cluster analysis (CA) was applied. The assessment of similarities and differences
between lakes in terms of AWT and AWTT employed Ward’s method. The applied similarity measure
was square Euclidean distance. The Ward method for the estimation of distance between clusters
employs the variance analysis approach, aiming at the minimisation of total square deviations within
clusters. As a result of the application of the CA method, dendrograms were obtained, presenting
the hierarchical structure of the studied lakes by decreasing similarity between AWT and AWTT.
The cluster analysis (CA) method was also applied for grouping months characterised by similar
changes in temperatures over the analysed years. The grouping was performed based on monthly
values of water temperature trends. To establish the groups in the CA method, the cut-off criterion
of 66% was used. The proposed cut-off criterion is slightly higher than the cut-off criterion of 60%
proposed by Obolewski et al. [39]. Additionally, to distinguish subgroups, the cut-off value of 25%
was proposed. Accepting the value at the proposed level enabled a relatively homogeneous subgroup
to be separated without creating a large number of small subgroups.

The determination of the effect of climatic and non-climatic factors on water temperature in lakes
described by the parameters AWT, MWT, AWTT, AWTA and AWTYV involved principal component
analysis (PCA). The climatic factors adopted in the analysis included AAT, AATT and wind speed (WS).
Non-climatic factors included the location of the lakes (latitude, longitude, altitude), morphometric
parameters (area, volume, mean depth—AD, maximum depth—MD), location in the hydrographic
system (time of water retention in lakes calculated as the ratio of lake volume and average outflow),
trophic status (water transparency—Secchi visibility), and average duration of occurrence of ice cover in
lakes. The PCA analysis permitted the exploration of the structure and general patterns in dependencies
between thermal parameters and climatic and non-climatic factors. The PCA analysis permits the
presentation of data in new (orthogonal) spaces defined by principal components (PC). The number of
significant principal components was selected based on a Kaiser criterion of eigenvalues higher than 1.
The correlation between principal components and analysed data was classified according to the values
>0.75, 0.75-0.50, and 0.50-0.30 proposed by Liu et al. [40] as strong, moderate and weak, respectively.
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3. Results

3.1. Lake Water Temperature

Average water temperatures (AWT) in the years 1972-2016 in the studied lakes varied from 8.6 °C
in Lake Hancza to 10.9 °C in Lake Stawskie at a mean value of 9.8 °C. Distribution of daily water
temperatures in the lakes is shown in Figure 2. Distributions of water temperatures in lakes showed
a right-skewed distribution. Average water temperature values (AWT) were higher than values of
median water temperatures (MWT), which varied from 6.4 °C to 10.5 °C. Average water temperature
amplitudes (AWTA) in particular years varied from 21.9 °C in Lake Gardno to 25.2 °C in Lake Jeziorak.
The highest variability of average annual water temperatures was observed in Lake Haricza (the
coefficient of skewness was 83%), and the lowest in Lake Stawskie (the coefficient of skewness was
68%). The average value of the variability coefficient of average annual water temperatures was 73%.
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Figure 2. Daily lake water temperature distribution.

In terms of similarity of water temperatures in lakes, two main groups were identified, including
smaller subgroups. The first group includes four lakes identified by numbers 1, 5, 9 and 10, where the
average water temperature is 10.5 °C (Figure 3). Lakes from this group are located in different climatic
regions, and their common feature is the lowest of the analysed (apart from coastal lakes) average
depth. The remaining lakes constitute the second group with three subgroups. The first subgroup
includes lakes with numbers 2, 6,7, 8, 12, 11 and 14. Similarly as in the first group, the lakes are located
in different parts of the study area, and their characteristic feature is also depth, determining the
development of thermal stratification in the summer. Water temperature in the lakes averages 9.6 °C.
The second subgroup includes lakes located in the coastal zone. They are identified by numbers 3
and 4, and are subject to the direct effect of intrusion of marine water. The last group includes Lake
Harcza with number 13. It is the deepest lake in this part of Europe and, therefore, a considerable
part of its water is isolated from the direct impact of external factors. According to Skowron [41], the
hypolimnion layer covers 89 m, constituting more than 75% of the lake’s volume.
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Figure 3. Grouping lakes by average annual water temperatures.

3.2. Water Temperature Trends in Lakes

The analysis showed an increase in average annual surface water temperatures in the years
1972-2016. The change of average temperature in the analysed lakes was 0.43 °C-dec!. The largest
increase in water temperatures was observed in Lake Lubie (0.64 C’C~dec’1), and the lowest in Lake
Haricza (0.32 °C-dec™!). A more detailed analysis of the water temperature in individual lakes showed
that significant changes occurred in most months of the year. Significant trends in water temperature
changes for all analysed lakes were observed in April, May, June, July and August. In the case of Lakes
Gardno, Lebsko, Sepoleniskie, and Jeziorak, water temperature trends in January, February, March
and December were generally not statistically significant (Table 2). Lakes Lebsko and Gardno are
coastal lakes. In winter, intrusions of seawater are observed, which modifies the impact of atmospheric
factors on the temperature of the water in these lakes [42]. The remaining cases are Lakes Jeziorak
and Sepolenskie, adjacent to cities (Itawa and Sepolno Krajeniskie). These lakes are exposed to the
outflow of water from adjacent urban areas, which can modify the direct impact of atmospheric factors.
In the case of Lake Haricza, no significant trends were observed in water temperature changes in
January, September, October, November, and December. The observed situation can be explained by
vertical movements of water and its supply to the near-surface layer from the hypolimnion zone with
considerable thickness.
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Table 2. Results of the analysis of annual and monthly trends of water temperatures in lakes.

No. Lake Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Year
1 Stawskie sk * * * ok EE%s *% sk *kk sk Eres ok
2 Lubie ok *% *k sk *k ok k% *k % *k ke *kok ok
3 Gardno ** e ok * * ok o + .
4 Lebsko + ke 4k * 4 *% sk ok
5 Sepoler’lskie EE * EEd *3% *3% * *4% EE *H% s
6 Chal‘ZkaWSkie ** *% * ** *% *%% *A% * ** *% ** * *k%
7 WdZdee % * * * + sk EE%s ok 4 *k sk *% ok
8 Radunskle R *3% *% X% *% Kok Kok Kok * *% X% %%

Gorne
9 Bachotek ok *k * ok + % ok *ok % ok ok okt ok
10 Jeziorak x* * *k * s+ ok *k% *% .
11 M]ko{a]gkle *% * * + E*3 % * % A % * A
12 Selrnet W1e1k1 E2ad A *% * * E2ad A *% *3% X%k *% *% L2l
13 Haricza + + e . - * * .
14 Studzieniczne i * * ** * *x ok * *x okt o * ok

*** trend at « = 0.001 level of significance. ** trend at « = 0.01 level of significance. * trend at « = 0.05 level of
significance. + trend at oc = 0.1 level of significance.

The highest rate of increase in water temperature was recorded in May (mean—0.74 °C-dec™};
median—0.71 °C-dec™!), and the lowest in January (mean—0.16 °C-dec™!; median—0.19 °C-dec™!)
and February (mean—0.16 °C-dec~!; median—0.18°C-dec™!) (Figure 4a). The highest variability of
trends of changes in water temperature between the lakes was observed in November, December, May,
June and September. The average difference was approximately 0.59 °C-dec™!. Lower variability of
temperature trends between the analysed lakes occurred in January, February, and August—averaging
0.29 °C-dec!. The performed cluster analysis permitted the division of months into two groups based
on the similarity of trends of water temperature. The first group included eight months in which
the average water temperature increase was 0.51 °C-dec™! (Figure 4b). The second group included
December, January, February and March, when lower water temperatures were recorded, at a level of
0.20 °C-dec™!. In the first group, two subgroups were identified: one comprising September, October
and November, and one comprising April, May, June, July and August. In September, October and
November, changes in temperature trends were smaller. They were not statistically significant in any
of the lakes.
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Figure 4. Monthly trends of water temperature in lakes (a) and results of grouping months based on
trends by means of the cluster analysis (CA) method (b).

Similarly as in the case of the average water temperature, the procedure of grouping lakes
by similarity of trends of water temperature was performed (Figure 5). The procedure showed
dependencies more complex than in the case of the analysis of average water temperature. The first
group included seven lakes (identified by numbers 1, 2, 6, 7, 8, 9 and 12) where the temperature increase
over the years 1972-2016 varied from 0.46 to 0.64 °C-dec ! at the average value of 0.50 °C-dec™!.
The second group included the remaining lakes where temperature increases were smaller and
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varied from 0.32 to 0.41 °C-dec™! at an average of 0.36 °C-dec~!. Lakes deviating from the defined
groups were Lake Lubie in the first group, and Lake Haricza in the second group. The analysis of
morphometric parameters of the lakes and hydrological conditions within groups A and B (excluding
Lakes Haricza and Lubie from the analysis) showed that lakes included in group A usually had a
smaller surface area, higher AD, MD, and water transparency determined by means of the Secchi disc.

1
9; S N
12
6
8 Group A
g 7
© 2
o 3
z
5
1
14
10 Group B
4
13
0 20 40 60 80 100 120

(Dtink Dink-max ') 100

Figure 5. Grouping of lakes based on temperature trends.

3.3. Conditions of Distribution of Water Temperatures and Trends

Air temperature is of key importance for the thermal conditions of lakes [43,44]. Due to this,
changes in water temperature largely depend on the distribution of the latter. The determined
characteristics of air temperature for 8 meteorological stations (Figure 1) showed that the average
annual value was 7.9 °C and was variable in geographic terms. For the Zielona Gora station (western
Poland), the average annual temperature in the analysed multiannual period was 8.9 °C, and for
the Suwatki station (eastern Poland) it was 6.6 °C. The total average rate of increase for all stations
was approximately 0.34 °C-dec™!. The analysis of monthly trends of air temperatures showed that
in December, January, February, March and October, trends of temperatures were not statistically
significant. The largest changes in air temperatures occurred in April and August (Table 3).

Table 3. Significance of trends of air temperature.

Meteorological Station Nov. Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Year

Zielona Gora * s+t *x * * *% * *k
Suwatki * otk * e ot * o
Chojnice * kot + * * 3t * ok
Olsztyn + ik * ok . * -
Pita * ook * * * * * *k
Mikotajki + ok * ot - * -
Leba * NN * * * A% 3% 3%
Torun * ek + * ot - * .

*** trend at « = 0.001 level of significance. ** trend at « = 0.01 level of significance. * trend at « = 0.05 level of
significance. + trend at o = 0.1 level of significance.

Figure 6 presents the course of the average annual water and air temperature (a) and distribution
of trends of water temperature in lakes and air (b). The course of average annual water temperature
reveals its evident warming, closely corresponding with air temperature. It should also be emphasised
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that it is higher, as mentioned earlier. The analysis of differences in annual trends of water
temperatures and air temperatures showed that they are statistically significant at a level of a = 0.05.
Water temperatures in lakes in the years 1972-2016 were characterised by a larger increase averaging
0.43 °C-dec™!, and air temperatures at a level of 0.34 °C-dec™!. Lower variability was observed in the
case of air temperatures at the analysed meteorological stations than trends of water temperatures
between particular lakes (Figure 6b).
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Figure 6. Course of the average annual water temperature (for all lakes—blue colour), and course of
the average annual air temperature (for all stations—red colour) (a), and significance of differences
in trends of average annual water temperatures (AWTT) and monthly and annual air temperatures
(AATT) (b) in the years 1972-2016.

High dependencies between water temperature in the analysed lakes and air temperature
evidenced earlier are confirmed by Table 4.

Table 4. Correlations between average air temperatures and average water temperatures (relations of
lakes and meteorological stations located at the shortest distance).

Meteorological Station
No. Suwalki  Olsztyn Chojnice Mikotajki
Lake

Pila Toruri  Zielona Géra Leba

Stawskie
Lubie
Gardno

Sepoleriskie

0.89

0.87
0.75
0.93
0.89

0.85

1
2
3
4 Lebsko
5
6
7 0.88

Charzykowskie
Wdzydze
Raduriskie

8 Gorne

9 Bachotek
10 Jeziorak

0.87
0.82

11 Mikotajskie 0.83
12 Selmet Wielki 0.78
13 Haricza 0.74
14 Studzieniczne 0.82

All correlations are statistically significant at a level of o = 0.05

Correlations between water temperature and air temperature were high. At the same time,
variability of correlations is observed even in the case of lakes located near each other. This reflects
the role of the individual parameters of the lakes in the reception of climatic signals. The effect of a
variable group of climatic factors on the course of lake water temperature in Poland was explained by
means of the PCA analysis (Figure 7). The PCA analysis permitted the identification of two principal
components, PC1 and PC2, with eigenvalues higher than 1. The principal components explain in
total 84.1% of internal structure of data. The remaining percentage can be related to e.g., groundwater
alimentation of lakes, the role of which in water temperature distribution is emphasised by, among
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others, Safaie et al. [45]. Unfortunately, in the case of Poland, no relevant studies are currently available
in this scope.
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Figure 7. Results of principal component analysis (PCA) between thermal parameters of waters in the
lakes and climatic and non-climatic parameters.

4. Discussion and Conclusions

The analyses permitted the determination of the direction and value of changes in surface water
temperature in Polish lakes, similarities and differences in thermal conditions occurring in the lakes,
and the effect of climatic and non-climatic factors determining the rate and direction of changes in water
temperature. The adopted method allowed for the implementation of the predefined study objectives.

The first principal component PC1 (vertical axis in Figure 7) was positively correlated with AWTV
on an average level, negatively with AWT and MWT on a strong level, and with AWTT and AWTA on
an average level. PC2 (vertical axis in Figure 7) was positively correlated only with AWTA and AWTV
on an average level. Among explanatory variables, PC1 was positively correlated with latitude (on a
strong level) and AD, MD, retention time, and wind speed (on an average level), and negatively only
with AAT (on an average level). PC2 was positively correlated on an average level only with longitude,
ice cover and retention time.

Considering the correlations occurring between the thermal conditions of waters in lakes and the
remaining climatic and non-climatic parameters, it is worth emphasising the occurrence of a negative
correlation between AWTT and retention time, MD and longitude. This means that a higher increase
in water temperature over the analysed years occurred in lakes with shorter retention time with lower
maximum depths. Note also that higher increases in water temperature occur in the lakes of western
Poland. Lakes in which higher AWTT values were observed were characterised by lower variability
of annual temperatures over the analysed years. A detailed explanation of the results obtained is
presented below in reference to particular factors affecting water temperature.

The key element in this context is air temperature (compare Table 4) with distribution depending
on the location of a particular region. Depending on the latitude, longitude and altitude, certain
patterns should be expected in the distribution of air temperature, and consequently lake water
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temperature. In the case of the Northern Hemisphere, it will generally decrease with a shift northwards.
Analysing latitude in reference to Europe, it will decrease towards the east, where continental air
masses are prevalent. Such a situation is quite evident in the analysed area with features of transitional
climate [46] with prevalence of features of humid and warmer climate in the west of the country and
colder in the east. This is consequently confirmed by average annual water temperatures in lakes,
adopting quite a transparent pattern in terms of values with an east-west orientation.

Another element referring to environmental parameters is the height of lakes above sea level.
It is most evident in mountainous areas, where a rapid increase in height affects the course of
water temperature [47]. Although the analysed lakes are located in the lowland zone, the PCA
analysis showed negative correlations of water temperature with height above sea level. The existing
hypsometric differences reaching approximately 230 m are a result of the presence of postglacial
landforms, e.g., the highest located lake (Harcza) is located on the ridge of a terminal moraine, and
the two lowest located lakes (Lebsko and Gardno) are located in the direct vicinity of the Baltic Sea.

Among the most serious threats to lakes are climatic changes [48]. This has been particularly
evident since the second half of the 1980s, when a considerable increase in water temperature was
observed. The situation in the case of lakes in Central Europe is explained by Woolway et al. [49],
concluding that it is a response to a change in the climatic regime. In the context of air
temperatures [50,51], they will determine the transformation of their thermal conditions. The statement
is confirmed by predictive estimations of changes in water temperature in lakes [52,53]. The increase in
water temperature recorded in the analysed lakes was 0.42 °C-dec™ . The result corresponds with other
similar research. The analysis of changes in lake water temperatures in Latvia in the years 1946-2002
showed positive tendencies. Over the last 15 years, water temperature was higher by 0.4-0.8 °C
in comparison to the preceding period [54]. An increase in lake water temperatures has occured in
other parts of Europe and the world. In northern Europe, in the case of the largest lake in Europe,
Lake Ladoga, Naumenko et al. [55] determined that the average increase in surface water temperature
in the years 1956-2003 was 0.5-0.7 °C-dec™ L. In the case of Lake Albufera in southern Spain, water
temperature has increased by 0.34 °C-dec™! since 1950 [56]. Mooij et al. [57] determined an increase in
lake water temperature in The Netherlands in the years 1961-2006 of 0.4 °C-dec™!. In the case of Lake
Baikal, an increase in temperature at a level of 0.2 °C-dec™ ! has been recorded over the last 60 years.
In the summer period, surface water temperature in this deepest lake in the world rapidly increased
at an average rate of 0.38 °C-dec™! [58]. Schneider and Hook [59], analysing trends of changes in
water temperature in more than 100 lakes all over the world, determined its increase, among other
places, in the area of the Black Sea averaging 0.4-0.5 °C-dec™!, in northern China and Mongolia
0.5-0.7 °C-dec~ !, in North America, in the area of the Great American Lakes 0.5-0.6 °C-dec !, and in
the south-eastern part of the United States approximately 0.7 °C-dec™!.

According to the data presented above, an increase in water temperature in lakes is common,
and the scale depends on a number of elements with regional character or particular parameters of
lakes. In the case of lakes of the moderate zone, the key role for the course of thermal conditions is
played by the presence of ice cover [41]. The negative dependency between the duration of ice cover
and water temperature (Figure 7) suggests that a decrease (reduction) in the former is accompanied by
an increase (warming) in the latter. In the case of Poland in spatial terms, ice cover is subject to faster
destruction in the western part of the country [60,61]. Considering the analysed lakes, the duration of
ice cover is very variable, and in the case of Lake Lubie (in the western part of the area) it averages
55 days, while in the case of Lake Studzieniczne (in the eastern part of the study area) it averages
96 days. Therefore, the faster the ice cover disappears, the faster thermal stratification develops,
and the longer the time of warming of only part of the (near-surface) water. The important effect of
earlier stratification on an increase in water temperature is pointed out by, among others, Piccolroaz et
al. [62]. The PCA analysis results show that lakes in the western part of the country are characterised
by a larger increase in water temperature. This corresponds with the fact of faster disappearance
of ice cover in that area. The relations between a reduction of the ice season and increase in water
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temperature are in accordance with other studies of the same type. In the case of Lake Superior, Austin
and Colman [63] determined that a reduction of the ice season contributes to earlier beginning of
the stratification season (0.5 days-year~!), which prolongs the period in which the lake is warmed
in the summer months, leading to a higher trend in the course of water temperature in comparison
to the trend of air temperature. In the case of lakes in the area of the Great Lakes (North America),
Mishra et al. [64] determined that ice cover was largely correlated with heat accumulated during
spring and summer. Therefore, earlier decomposition of ice cover can contribute to larger increases
in water temperature than air temperature in the area of their occurrence. The cases analysed in this
paper confirm the situation. It is worth remembering that the average rate of increase in lake water
temperature in Poland and average increase in air temperature (the former was higher by 15%) are
0.42 °C-dec ! and 0.35 °C-dec™!, respectively. It should also be emphasised that trends of changes
in both centres showed regional variability: in the case of Lake Lubie and the Pila meteorological
station (west of the area) it was 0.63 and 0.36 °C.dec 1, respectively, and e.g., for Lake Studzieniczne
and the Suwatki station (east of the area) it was 0.39 and 0.36 °C-dec™!. Moreover, as explained by
Kintisch [65], due to the faster disappearance of ice cover, lakes that normally freeze in winter are
warmed approximately twice as fast as lakes in which the process does not occur. Lakes in the area
of the Great American Lakes or in northern Europe were warmed considerably faster than the world
average, unlike in the case of e.g., lakes located in the south-eastern part of North America [14].

A factor important for the distribution of water temperature in a lake is wind action. The relations
have been the subject of numerous studies [66-68]. Magee and Wu [15], conducting research on
temperature conditions of lakes in the USA, evidenced that the distribution of water temperature in
lakes is equally strongly (or sometimes even more strongly) determined by the effect of wind than
air temperature. Results obtained in this study confirm the above findings (Figure 7). The correlation
between the trend of water temperature and average wind speed was —0.66 (x = 0.05). This value was
higher than the recorded correlation between the trend of average annual water temperature and trend
of air temperature, 0.51 (x = 0.05). The correlation results from the fact that in conditions of lower wind
strength, there is lower wave formation and, as a consequence, a higher amount of heat is accumulated
in the shallower water layer. In reference to this finding, Woolway et al. [69] evidenced that decreasing
wind speeds increase the number of days of stratification in the case of Lake Vortsjarv in Estonia.

With regard to the development and duration of thermal stratification (and therefore the possible
effect of atmospheric factors on the entire water mass, or only its near-surface part), the number of
water circulation cycles in a year plays an important role, and the mictic type of the lake depends on
its depth [70]. In the case of the analysed lakes, it was determined that correlations between maximum
and average depth and water temperature are negative. This confirms the role of the amount of water
subject to the effect of external factors. In the case of shallow (polymictic) lakes, it is the entire water
mass, and in the case of stratified lakes, deeper zones (through the thermocline) are isolated from such
an impact.

Higher accumulation of heat in the shallow water layer is also related to another parameter,
namely water transparency. The negative correlation (Figure 7) suggests that lower Secchi visibility is
accompanied by an increase in water temperature. Lakes characterised by low transparency retain heat
nearer the surface [71]. Half of the cases analysed in the study show water transparency not exceeding
a depth of 1.5 m. Therefore, absorption of solar radiation occurs in this layer, and in unfavourable
conditions (too weak or lack of wind) strong heating occurs. In the case of Crystal Lake, Rose et al. [72]
found a decrease in water transparency with a simultaneous increase in surface water temperature and
cooling of near-bottom waters. Transparency in Sparkling Lake did not change, and its surface and
near-bottom waters were heated. The situation suggests the complexity of relations between water
transparency and temperature. This also results from other research referring to this issue [73-75].

In the case of lakes in Poland, the performed analysis revealed a significant correlation between
time of water retention in the lake and its temperature. It suggests that a smaller volume of water
subject to exchange in a year is accompanied by an increase in its temperature. The considerable effect
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of water exchange in the river-lake system on the temperature of lake waters has been emphasised
by, among others, Vinni et al. [76] and Ptak et al. [77]. Kainz et al. [78], analysing changes in water
temperature and ice phenomena in Lake Lunz (Austria), found that a short retention time causes a
more dynamic heat budget in comparison to lakes with longer retention times. All lakes analysed in
the study have a flow-through character, but due to their morphometric parameters and size of rivers,
the rate of water exchange is variable. In a situation when it occurs more slowly, it remains under
the influence of factors causing its heating for a longer time (air temperature, transparency). In the
conditions of relatively fast water exchange and outflow from the lake, it is not able to respond to the
above factors equally fast. Valerio et al. [79], analysing the thermal dynamics of Lake Iseo (Italy), found
that the inflow—outflow process causes removal of heat from the lake at an average level of 3.6 x 10 ]
in a year. In the case of the northern part of the study area, the variability of the thermal conditions of
stagnant and flowing waters is reflected in the analysis of thermal conditions of five rivers performed
in a similar scope (1971-2015). Ptak et al. [80] determined an increase in average water temperature for
them of 0.28 °C-dec~!, compared to 0.42 °C-dec™! recorded for the lakes analysed in this study.

In reference to the surface area of the lake, an increase in the parameter was found to contribute
to a decrease in surface water temperature. This situation refers to the findings presented above,
emphasising the role of depth of the epilimnion and wind in its shaping. A larger surface area of a
lake determines a greater possibility of an effect of wind on the lake, and consequently on the depth of
the wave base. Greater mixing in turn increases vertical flow of heat to waters in deeper zones of the
lake, which translates into a decrease of water temperature in the near-surface layer [81]. The role of
the lake surface in water mixing (and consequently heat transfer) is emphasised by Noges et al. [82].
Results similar to those obtained in the present study were also reported by, among others, Magee and
Wu [15].

The present findings are in agreement with the extensive research referring to the thermal
conditions of lake waters. As emphasised above, it constitutes an elementary factor determining
the general functioning of lake ecosystems. The determined thermal parameters of water permitted
the presentation of the complexity of relations between different components affecting their course.
The results presented in the paper reflect the variability of the distribution and changes in surface
water temperature in Polish lakes. A regional division into the east and west of the country is
generally demonstrated. Such a situation is largely determined by transitional climate features,
between continental and sea air masses, the dominant effect of which is observed with respect to the
above designations. The response of lakes to the effect of the primary climatic parameters is modified
by local conditions and their individual features. In the times of global warming, observed at least
over the last several decades, the key issue is the precise determination of responses of lake ecosystems
to the process. In all of the analysed cases, water temperature showed an increasing tendency, but the
scale of warming varied. In this context, it is important to identify factors differentiating the process.
The importance of this knowledge is evidenced by the observed effects of current transformations in
lakes [83-87]. According to numerous papers [88-91], further transformation of thermal conditions
(and the accompanying processes) will take place in the future.

The introduction of specific technical solutions potentially slowing down the heating of lake
waters seems unavoidable. The results obtained suggest that such a solution may be sought in the
hydrotechnical regulation of water exchange in lakes, or spatial management of lake catchments, etc.
These are obviously just theoretical conjectures requiring a separate detailed expert opinion for each
lake (environmental, legal conditions, etc.), but offering hope for the ability to alleviate, to some extent,
the negative effects of our own activity, observed as climate warming.
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