
water

Article

Changes in Potential Evaporation in the Years
1952–2018 in North-Western Poland in Terms of the
Impact of Climatic Changes on Hydrological and
Hydrochemical Conditions

Monika Okoniewska * and Danuta Szumińska
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Abstract: The paper analyses changes in potential evaporation E0 (mm) in north-western Poland
in the years 1952–2018. E0 (mm) has been calculated according to Ivanov’s formula based on the
monthly values of air temperature (t, ◦C) and relative air humidity (f, %) for six weather stations of
the Institute of Meteorology and Water Management. The data were collected using the Statistica
software ver. 13 and the QGIS software ver. 3.80. The results indicate statistically significant trends in
the increase of E0 during the period 1952–2018, and that it is particularly high during the spring and
summer months, which should be associated with a statistically significant increase in air temperature
and a decrease in relative humidity at all examined stations. The results also indicate an exceptionally
high increase in evaporation since the end of the 20th century and in the 21st century, which reflects a
potentially higher risk of permanent changes in hydrological conditions. The research results point
to the major role of climatic factors in the often-dramatic decreases in water resources observed in
the 21st century, particularly in lakes and small watercourses. The progressing reduction of water
resources may cause permanent changes in physical and chemical conditions in waterbodies.

Keywords: potential evaporation; climate changes; hydrological conditions; physical and chemical
conditions in waterbodies; north-western Poland

1. Introduction

Hydrological systems are highly sensitive to any changes in the natural environment, and in
particular to changes in climatic conditions [1–5]. Processes in catchment areas are shaped by multiple
factors that coexist and interact with one another, as well as generating feedbacks. Evaporation is
one of the key elements affecting water circulation processes in catchment areas. Considering the
increase in air temperature recorded since the mid-20th century in many areas around the globe [6,7],
the problem of the impact of climate changes on both the quantity and quality of water resources is
becoming significant, both in terms of their ecological [8–11] and economic role [12,13].

Climatic changes recorded at a global scale are also visible in Poland, where since the 1950s
there has been a statistically significant increase in the average annual air temperature; the rate of
this warming has slightly exceeded 0.2 ◦C per 10 years [14–16]. Research to date indicates that the air
temperature increase in Poland increased the frequency of negative climatic balances in the growing
season [1], as well as increasing the range of the dry zone, which is defined as areas where the climatic
balance ranges from −90 mm to −120 mm [17]. Studies of 893 lakes from the lakeland area indicate
a tendency to shrink in lakes’ surface area over the second half of the 20th century, which is linked
among other things to a lowering of the water level [18]. On the other hand, there has been no clear
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relationship observed between the increase in air temperature and the outflow of major rivers [19,20],
whose long-term variability is associated with the NAO (The North Atlantic Oscillation) [19]. However,
other authors pointed to reduced underground outflow in the second half of the 20th century [21],
changes in seasonal outflows [22,23] or a reduction of total outflow within smaller catchment areas [24]
or certain regions of Poland [25]. At the same time, the modelling of future climatic conditions and
of river outflows has indicated a high probability that the outflow structure will change in the 21st
century due to the air temperature increase and changes in the seasonal structure of atmospheric
precipitation [26,27].

The results of outflow modelling studies, as well as the predicted further increase in air temperature
in the 21st century [28–30], indicate a need to analyse the determinants of the water balance of
waterbodies and catchment areas. The main objective of the presented paper is to analyse changes
in evaporation from free water surfaces (potential evaporation) E0 (mm) in north-western Poland
in the years 1952–2018. The research was aimed at determining the temporal trends of E0 and the
nature of the temporal and spatial variability of evaporation. Taking into account the significant
share of lakes, river valleys and wetlands in the analysed region, it is apparent that the subject of
potential evaporation and its changes related to climatic fluctuations can significantly contribute to
considerations of catchments’ changes in outflow and their susceptibility to a sustained limitation
of water resources. Permanent lowering of the water table in lakes, including the shallowing of
waterbodies due to their filling with sediment, may cause lasting changes in the physical and chemical
parameters of water. These parameters depend on, among other things, the occurrence of water mixing,
while the temperature of water in particular parts of waterbodies affects the rate and directions of, e.g.,
the processes of oxidation and reduction of organic matter.

2. Materials and Statistical Methods

The studied area includes the Southern Baltic Coastlands and a fragment of the Southern Baltic
Lakelands to the west of the Vistula river [31] (Figure 1), which are characterised by post-glacial land
relief. The landscape of the former of these regions consists of the coastal strip with river mouths, and
morainic uplands cut by a network of small glacial valleys usually lying below 100 m a.s.l., as well as
a few hills exceeding this height. The Southern Pomeranian Lakelands are characterised by the
occurrence of young glacial landscapes with a high number of hollows without outflow and numerous
lakes [31], as well as outflow networks of a polygenetic nature [32]. In the studied area, and in particular
within the lakelands, lakes constitute an important component of the water network. In this case, the
significance of lakes results not just from the amount of space they occupy, but also from their relation
to the river network. Lakes with a drainage or flow-through nature often constitute groundwater
windows and serve an important function in shaping both the outflow from catchment areas [33–36]
and water quality [34]. At the same time, recent research indicates that smaller waterbodies, including
anthropogenic ones, can play a role in shaping the river outflow [37–39].

The changes in evaporation from free water surface in the regions of north-western Poland
described above were studied based on average monthly air temperatures (t, ◦C) and relative air
humidity (f, %) for the years 1952–2018. The calculations used data from national weather monitoring
shared by the Polish Institute of Meteorology and Water Management—National Research Institute [43].
The studies included six selected weather stations (Table 1), with a known continuous series of air
temperature and relative air humidity values for the whole examined period (a total of 67 years).
The monthly values of the weather parameters were studied in terms of their homogeneity by means
of von Neumann’s test, which in most cases confirmed the homogeneity of data series. Three of the
chosen weather stations (Szczecin, Koszalin, Lębork) are within the Southern Baltic Coastlands, and
the other three (Gorzów, Chojnice, Toruń) are within the Southern Baltic Lakelands.
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Figure 1. Research area shown in relief, with monitoring stations shown in relation to water network
(prepared based on [40–42]).

Table 1. Geographic position of weather stations [43,44].

Region Station Name of River/Lake Latitude Longitude Elevation (m a.s.l.)

Southern Baltic
Coastlands

Szczecin Odra River 53◦23′ 14◦37′ 1
Koszalin Jamno Lake 54◦12′ 16◦09′ 32
Lębork Łeba River 54◦33′ 17◦43′ 17

Southern Baltic
Lakelands

Gorzów Warta River 52◦44′ 15◦16′ 72
Chojnice Charzykowskie Lake 53◦ 42′ 17◦31′ 172

Toruń Wisła River 53◦02′ 18◦35′ 69

Based on the output data, monthly values of air temperature (t, ◦C), relative air humidity (f, %)
and sums of evaporation from the water surface (E0, mm) were calculated for the years 1952–2018.
Calculations were made according to Ivanov’s formula, with the following form [1,45]:

Eo = 0.0018× (25 + t)2
× (100− f ) (1)

wherein E0—sum of potential evaporation (mm); t—air temperature (°C); f —relative air humidity (%).
The average sums of evaporation, standard deviation and the minimum and maximum values were

calculated for both the individual months and the warm and cold half-years. Because the hydrological
summer half-year (May–October) and winter half-year (November–April) used for data statistics are
different than those used in meteorology (meteorological summer is June–August and meteorological
winter is December–February), calculations were made for all four periods. The minimum and
maximum values have been calculated as the lowest and highest monthly, semi-annual and annual
values from the years 1952–2018 for a given station. Plots were also prepared for long-term changes
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in annual sums of evaporation, with data from the hydrological year, which runs from November
until October. Changes in air temperature, relative humidity and evaporation in the studied period of
1952–2018 were analysed using linear regression. The linear trends of changes in analysed parameters
have been calculated by least squares method [46] to characterise changes in temperature, humidity and
evaporation. The presented rises and falls in the study parameters indicate a change in the 1952–2018
study period, which is estimated using the linear regression equation y = ax + b. The resulting linear
trend values were investigated in terms of statistical significance by means of the parametric Student’s
t-test at a significance level of 0.05. Furthermore, maps of the spatial distribution of annual and
semi-annual sums of evaporation were prepared for the years 1952–1980, 1981–2000 and 2001–2018
by means of a multi-level B-spline algorithm for spatial interpolation. These periods were selected
after a preceding analysis of changes in evaporation over time. A preliminary analysis of the annual
course of evaporation established no clear trend in evaporation conditions in 1952–1980. After 1981
the beginnings of an increase in evaporation were visible, and this accelerated from 2001 onwards.
The variability of air temperature and relative air humidity was also analysed for the study period in
order to determine the relationship between the variability of components considered in the calculations
of E0 and the calculated value of evaporation. For this purpose, the coefficient of variation (Cv) for t, f
and E0 was calculated for the periods 1952–1980, 1981–2000 and 2001–2018:

Cv =
S
x
× 100% (2)

wherein Cv—coefficient of variation, S—standard deviation, x—arithmetic average.
Linear trends were analysed for monthly and annual values of air temperature and relative air

humidity, along with the variability of said parameters in the study period of 1952–2018. Calculations
were performed in the Statistica software, ver. 13, while the maps were prepared using the Quantum
GIS software, version 3.80 Zanzibare.

3. Results

The climate of the study area is spatially diverse (Tables 2 and 3). The Southern Baltic Coastlands,
being under the influence of the Baltic Sea, are characterised by relatively mild winters and moderately
hot summers [31]. The average annual air temperature in the years 1952–2018 within the Southern
Baltic Coastlands ranged between 8.0 ◦C and 8.8 ◦C, while in the summer (VI–VIII) it did not exceed
17.5 ◦C and in the winter (XII–II) it did not drop below −0.5 ◦C (Table 2). Average annual relative air
humidity in the years 1952–2018 amounted to approximately 81%; in summer, it dropped to 75–78%,
while in winter, it rose to approximately 86% (Table 3). The climatic conditions of the Southern Baltic
Lakelands are more temporally diverse than those of the Southern Baltic Coastlands [47]. The average
annual air temperature in the Southern Baltic Lakelands in the years 1952–2018 ranged between 7.4 ◦C
and 8.7 ◦C, with the mean ranging from 16.4 ◦C to 17.7 ◦C for summer months (VI–VIII) and from
−0.2 ◦C to −1.6◦C for winter months (XII–II) (Table 2). The relative humidity in the Lakelands was
slightly more diverse compared to the Coastlands, and amounted to an average of 78.9% to 82.1% in
the year, 72–75% in the summer, but from almost 75.0% to 89.7% in the winter (Table 3).



Water 2020, 12, 877 5 of 21

Table 2. Average monthly, semi-annual and annual values of air temperatures (◦C) in the studied
stations, 1952–2018 (calculated based on data obtained from the Polish Institute of Meteorology and
Water Management—National Research Institute [43]).

Air Temperature (◦C)

Southern Baltic Coastlands Southern Baltic Lakelands

Szczecin Koszalin Lębork Gorzów Chojnice Toruń

I −0.3 −0.7 −1.0 −1.0 −2.4 −2.1
II 0.1 −0.3 −0.7 −0.3 −1.9 −1.4
III 3.4 2.5 2.0 3.3 1.5 2.3
IV 8.1 6.8 6.6 8.3 6.8 7.7
V 13.2 11.8 11.8 13.4 12.2 13.3
VI 16.4 15.1 15.3 16.7 15.4 16.7
VII 18.2 17.1 17.3 18.4 17.2 18.5
VIII 17.7 16.9 16.8 17.9 16.7 17.8
IX 13.8 13.4 12.9 13.8 12.6 13.4
X 9.3 9.1 8.8 9.0 7.9 8.5
XI 4.5 4.3 4.1 3.9 2.9 3.5
XII 1.3 1.0 0.7 0.6 −0.6 −0.2

Summer season (VI–VIII) 17.4 16.4 16.4 17.7 16.4 17.7
Winter season (XII–II) 0.4 0.0 −0.3 −0.2 −1.6 −1.2

year 8.8 8.1 7.9 8.7 7.4 8.2

I–XII—consecutive months January to December.

Table 3. Average monthly, semi-annual and annual values of relative humidity (%) in the studied
stations, 1952–2018 (calculated based on data obtained from the Polish Institute of Meteorology and
Water Management—National Research Institute [43]).

Relative Humidity (%)

Southern Baltic Coastlands Southern Baltic Lakelands

Szczecin Koszalin Lębork Gorzów Chojnice Toruń

I 87.1 86.3 85.6 87.9 90.0 87.1
II 84.5 84.2 83.8 84.6 87.3 84.5
III 78.8 79.7 79.7 78.3 81.8 78.4
IV 73.5 76.0 75.2 71.5 74.5 72.1
V 72.4 74.7 73.2 69.7 71.9 69.5
VI 74.0 76.9 75.1 70.8 73.9 70.1
VII 75.5 76.9 78.2 72.0 76.4 72.1
VIII 77.2 79.1 79.2 73.3 77.4 73.4
IX 81.4 79.1 82.8 79.1 82.2 79.3
X 85.5 84.4 84.4 85.1 87.1 84.1
XI 88.1 87.3 86.8 89.4 91.5 88.6
XII 88.7 88.0 87.3 89.9 91.9 89.1

Summer season (VI–VIII) 75.5 77.7 77.5 72.0 75.9 71.9
Winter season (XII–II) 86.8 86.2 85.6 87.5 89.7 74.9

Year 80.6 81.1 80.9 79.3 82.1 78.9

3.1. Changes in the Studied Climatic Parameters in the Years 1952–2018

3.1.1. Air Temperature

In the years 1952–2018, a positive trend of air temperature was recorded at all studied stations,
in terms of both annual and monthly values (Table 4). The highest increase in average annual
temperature during the study period 1952–2018 was recorded in Koszalin and Toruń—at slightly more
than 2.0 ◦C per 67 years (0.31 ◦C per 10 years). The smallest increase in average annual temperature
occurred in Lębork, amounting to just 1.6 ◦C per 67 years (0.24 ◦C per 10 years). It should be pointed out



Water 2020, 12, 877 6 of 21

that the resulting changes in average annual air temperature at all analysed stations were statistically
significant at a level of 0.05.

Table 4. Monthly and annual values of air temperature (◦C) changes calculated from linear
regression equations, 1952–2018 (bold font indicates values that are statistically significant at a
level of 0.05) (calculated based on data obtained from the Polish Institute of Meteorology and Water
Management—National Research Institute [43]).

Southern Baltic Coastlands Southern Baltic Lakelands

Szczecin Koszalin Lębork Gorzów Chojnice Toruń

I 2.3 2.1 1.7 2.1 2.0 2.2
II 3.5 3.2 2.9 3.0 3.1 3.6
III 2.4 2.5 1.9 2.4 2.7 3.0
IV 3.0 3.3 2.6 3.0 3.0 3.1
V 2.2 2.8 2.3 2.4 2.3 2.7
VI 0.5 0.9 0.4 0.8 0.3 0.4
VII 2.0 2.3 1.9 2.5 2.2 2.1
VIII 2.3 2.7 2.1 2.7 2.5 2.6
IX 1.4 1.8 1.2 1.5 1.6 1.6
X 0.6 0.8 0.1 0.6 0.4 0.7
XI 1.3 1.7 1.1 1.4 1.5 1.6
XII 1.9 2.0 1.7 1.8 1.9 2.1

Year 1.9 2.1 1.6 2.0 1.9 2.1
Per 10 years 0.28 0.31 0.24 0.30 0.28 0.31

Over the course of a year, the highest (compared to other months of the year) statistically significant
increase in air temperature over the years 1952–2018 was observed in the period from February to May.
The highest increases in air temperature occurred in February and April, when they reached or even
exceeded 3.0 ◦C per 67 years (Table 4). The highest increase in monthly air temperature in the years
1952–2018 among all stations was recorded for February in Toruń, where the air temperature increase
reached 3.6 ◦C per 67 years. For the summer months (July–September), an upwards trend in air
temperature was observed that was slightly less than that seen for the winter–spring period, although
it was also statistically significant. In these months, the increase in air temperature ranged from 1.2 ◦C
to 2.7 ◦C during the years 1952–2018. The lowest increase in air temperature—of a magnitude not
exceeding 1.0 ◦C per 67 years—took place in October (Table 4).

Apart from exhibiting an upward trend that has been particularly intense since the 1990s, long-term
changes in annual air temperature are also characterised by the occurrence of alternating years of rising
and falling temperatures (Figure 2). Particularly low average annual air temperatures occurred in the
years 1956 (5.6 ◦C–7.3 ◦C), 1970 (5.8 ◦C–6.8 ◦C) and 1987 (5.6 ◦C–7.4 ◦C). In the last 30 years of the
study period, in spite of a general upwards trend, there were also years with low average annual air
temperatures, including in particular 1996 (5.8 ◦C–6.8 ◦C) and 2010 (6.6 ◦C–8.5 ◦C). On the other hand,
the last five years had the highest values of air temperature of the whole study period (8.2 ◦C–10.7 ◦C)
(Figure 2). Therefore, in the period 2001–2018, the coefficient of air temperature variation (CvT) was
lowest, as compared to 1952–1980 and 1981–2000. Conversely, CvT was highest in the years 1981–2000
at all researched meteorological stations.
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Figure 2. Long-term changes in average annual air temperatures (t, ◦C) and coefficient of t variation
(Cvt, %) in studied stations (1952–2018) (prepared based on data obtained from the Polish Institute of
Meteorology and Water Management—National Research Institute [43]).

3.1.2. Relative Humidity

In the study period 1952–2018, the average annual values of relative air humidity at most stations
exhibited a statistically significant negative trend (Table 5). The largest drop in relative humidity
among all stations, amounting to 4.0% per 67 years, took place in Toruń. The lowest, albeit statistically
insignificant, negative trend of relative humidity was recorded in Lębork. April and August were
the months with the highest (compared to the other months) drop in relative humidity in the years
1952–2018. During these months, air humidity dropped by 5% per 67 years at almost all stations.
The highest drop in relative air humidity was recorded in Toruń and Chojnice in April, as well as in
Gorzów in August, where in the years 1952–2018 humidity dropped by the respective values of 9.7%,
8.8% and 8.7%. In November and December, there was an increase in relative humidity of atmospheric
air, with its highest value of 4.3% per 67 years occurring in Lębork in November (Table 5).

Table 5. Monthly and annual values of relative humidity (%) changes calculated from linear
regression equations, 1952–2018 (bold font indicates values that are statistically significant at a
level of 0.05) (calculated based on data obtained from the Polish Institute of Meteorology and Water
Management—National Research Institute [43]).

Southern Baltic Coastlands Southern Baltic Lakelands

Szczecin Koszalin Lębork Gorzów Chojnice Toruń

I 0.4 −0.7 1.1 2.1 2.1 −0.1
II −3.4 −2.4 −0.5 −1.1 −0.1 −4.4
III −1.5 −1.8 0.1 −2.0 −3.9 −4.6
IV −6.7 −7.3 −4.7 −8.2 −8.8 −9.7
V −4.6 −4.5 −3.6 −5.5 −5.1 −6.6
VI −2.3 −0.9 0.4 −3.4 −1.7 −2.4
VII −3.9 −0.9 −3.1 −7.5 −6.6 −4.8
VIII −5.3 −6.9 −5.0 −8.7 −7.8 −8.0
IX −1.9 −6.9 −0.6 −3.2 −4.4 −4.3
X −1.5 −3.3 −0.3 −2.9 −2.9 −3.8
XI 1.8 0.1 4.3 1.9 2.4 1.2
XII 0.0 0.1 2.8 0.3 2.3 −1.0

Year −2.4 −3.0 −0.7 −3.1 −2.9 −4.0
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With a general downward trend, the long-term changes in relative air humidity in north-western
Poland exhibit considerable fluctuations between individual years. Particular attention should be paid
to the fact that the final years of the 1952–2018 period feature the lowest values of relative humidity,
which means a noticeable recent deterioration in humidity conditions compared to those recorded in
the mid-20th century (Figure 3). The coefficient of relative humidity variation (Cvf ) calculated for the
three consecutive periods 1952–1980, 1981–2000 and 2001–2018 does not show the same changes at all
researched stations. In Szczecin, Cvf increases in successive periods (Figure 3). However, in Koszalin,
Lębork and Gorzów relative humidity variation was lowest in the years 1981–2000, compared to earlier
and later periods, whereas in Chojnice and Toruń, no significant differences in Cvf were recorded.
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3.1.3. Potential Evaporation

Average sums of evaporation in the analysed stations in the years 1952–2018 ranged from 480.5 mm
in Chojnice to 595.1 mm in Gorzów (Table 6). The low level of evaporation in Chojnice was primarily
determined by the winter half-year value, which was the lowest and amounted to only 112.4 mm
(30.0 mm during the meteorological winter season—XII–II), while 149.2 mm was recorded in the station
with the highest value of evaporation for the winter half-year, i.e., in Szczecin (46.7 mm during the
meteorological winter season). In the summer half-year (V–X), average evaporation in Chojnice was
not the lowest of the studied stations, as it amounted to approximately 368 mm. Slightly lower values
were recorded in Koszalin and Lębork, with Koszalin having the lowest evaporation, at only 345.8 mm
(201.2 mm during the meteorological summer season—VI–VIII). In the summer half-year, the highest
evaporation occurred in Gorzów and Toruń, with average sums of approximately 448.0 mm, and
278–279 mm during the meteorological summer.

The highest annual sums of evaporation in the study period of 1952–2018 ranged from 666.6 mm
to 898.3 mm, and occurred in 2018 in all stations except Lębork (Table 6, Figure 4). During the study
period, the highest annual evaporation was in Gorzów, where, at the same time, monthly evaporation
was highest compared to the other stations and amounted to 203.2 mm (in July 2000). The lowest
annual evaporation values recorded in the years 1952–2018 ranged from 339.1 (Koszalin in 1962) to
431.1 mm (Toruń in 1980).
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Table 6. Monthly, annual and semi-annual characteristics of sums of evaporation (E0, mm) (1952–2018) (calculated based on t and f and data obtained from the Polish
Institute of Meteorology and Water Management—National Research Institute [43]).

I II III IV V VI VII VIII IX X XI XII V–X XI–IV
Summer
Season
VI–VIII

Winter
Season
XII–II

Year

Southern
Baltic

Coastlands

Szczecin

M 14.4 18.0 31.0 52.9 73.0 80.9 83.5 75.3 50.8 30.7 18.7 14.3 394.2 149.2 239.7 46.7 543.4

SD 5.2 6.6 7.2 13.3 14.9 16.8 21.5 16.7 11.4 6.6 4.7 4.5 56.2 25.0 40.0 12.0 68.7

Min 5.8 6.1 17.4 24.9 43.9 48.2 39.9 44.4 23.1 19.1 6.9 4.8 298.0 107.8 175.9 25.0 417.7

Max 28.0 37.4 47.9 91.2 113.1 128.6 163.0 132.4 77.7 46.9 30.5 31.7 571.4 206.2 335.7 76.0 760.2

Koszalin

M 14.7 17.3 27.8 44.6 62.3 67.2 67.3 66.6 49.5 32.8 19.5 14.7 345.8 138.6 201.2 46.7 484.4

SD 4.3 5.2 6.9 12.8 15.5 14.7 18.7 18.2 11.6 7.4 4.5 4.1 54.6 24.2 37.0 10.4 67.9

Min 7.2 9.5 15.9 23.2 28.2 41.0 37.9 31.3 27.0 13.2 11.2 7.4 224.5 95.3 129.9 26.1 339.1

Max 24.0 33.1 47.8 82.8 100.4 99.0 124.1 136.4 79.2 53.5 29.9 28.5 510.5 193.4 298.4 69.6 680.6

Lębork

M 15.1 17.4 26.9 45.3 65.9 73.1 71.0 65.7 44.9 32.1 20.1 15.4 352.7 140.2 209.8 47.8 492.8

SD 4.2 5.4 6.5 11.4 14.6 13.9 21.9 15.5 9.2 7.2 5.1 4.2 51.8 22.3 38.2 11.0 61.9

Min 6.3 6.5 14.6 25.5 29.7 42.0 42.2 42.3 22.3 18.1 10.9 8.4 239.8 105.3 155.8 27.0 357.7

Max 25.7 32.5 43.6 71.2 97.5 108.3 173.6 111.7 70.9 54.7 36.6 27.1 522.0 219.4 354.1 85.2 666.6

Southern
Baltic

Lakelands

Gorzów

M 12.7 16.9 31.5 57.7 81.2 92.3 96.6 89.5 57.5 31.1 15.9 12.1 448.2 146.9 278.4 41.7 595.1

SD 4.5 5.5 7.8 16.2 19.1 22.3 29.0 24.7 16.1 8.6 4.3 3.4 79.0 24.6 56.2 9.4 88.8

Min 5.4 8.2 18.5 28.3 39.7 57.0 50.3 49.5 27.0 15.3 6.7 4.9 312.2 101.8 169.6 21.6 426.5

Max 27.0 35.2 48.9 100.7 134.0 161.5 203.2 176.0 108.4 62.5 27.8 21.5 728.0 226.2 431.4 65.8 898.3

Chojnice

M 9.2 12.2 23.4 47.2 70.8 77.5 76.8 71.7 46.1 25.3 11.7 8.7 368.2 112.4 226.0 30.0 480.5

SD 3.2 4.0 7.0 14.0 17.8 18.6 24.1 21.4 13.4 6.9 3.5 2.5 66.7 21.3 46.5 7.4 76.5

Min 4.2 6.1 11.8 23.2 32.7 44.0 41.1 34.4 22.1 12.0 5.6 3.4 247.4 65.8 139.6 15.6 346.3

Max 18.3 25.9 41.1 86.5 119.5 119.0 159.2 165.0 80.6 42.9 20.4 15.9 552.5 158.5 364.2 50.4 696.7

Toruń

M 12.5 15.9 29.4 54.5 81.2 94.3 96.1 88.9 55.5 32.1 16.6 12.0 448.1 140.9 279.3 40.4 589.0

SD 4.3 5.6 8.2 14.5 18.8 21.3 27.2 22.6 16.1 8.4 4.1 3.0 73.5 25.8 50.7 9.9 88.2

Min 4.0 3.6 13.9 26.6 45.2 58.7 51.4 52.0 25.6 17.9 8.1 5.1 317.5 86.8 176.2 22.5 431.1

Max 24.5 30.2 50.1 94.4 133.9 143.4 190.8 179.3 102.1 54.0 29.1 20.0 663.4 188.6 414.1 62.7 850.9

Mean values (M), standard deviation (SD), minimum values (Min), maximum values (Max)
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Figure 4. Long-term changes in annual sums of evaporation (E0, mm) and coefficient of E0 variation
(CvE0, %) in the examined stations (1952–2018) (calculated based on t and f and data obtained from the
Polish Institute of Meteorology and Water Management—National Research Institute [43]).

Among the analysed months, evaporation was lowest in January and December, especially in
Chojnice, where the average values did not exceed 10.0 mm (Table 6). During that time, evaporation
in the remaining stations amounted to slightly above 12.0 mm. The highest sums of evaporation
were recorded in June (67.2–94.3 mm) and July (67.3–96.6 mm), and the highest value was recorded in
Gorzów. Evaporation was lowest in December.

The calculated standard deviation reveals the considerable variability of evaporation conditions,
particularly in Gorzów and Toruń, where the average standard deviation values slightly exceeded
88.0 mm, with higher instability in the summer period in all studied stations. By contrast, Lębork and
Koszalin had the highest stability, with the standard deviation amounting to 61.9 mm and 67.9 mm,
respectively. Among all months, December witnessed particularly stable evaporation conditions,
especially in Chojnice and Toruń, while July saw high variability, particularly in Gorzów (Table 6).

Long-term changes in annual sums of evaporation indicate variation in evaporation over time,
manifesting as fluctuations between years, with the largest fluctuation occurring in the years 1980–2000
(Figure 4). Since the 1990s, due to an increase in air temperature and a drop in relative humidity
(Figures 2 and 3), the evaporation coefficient has been clearly increasing, having reached its maximum
in the final year of the study period; that is, in 2018. The coefficient of evaporation variation (CvE0)
calculated for the three consecutive periods 1952–1980, 1981–2000 and 2001–2018 does not show the
same changes at all researched stations. In Szczecin and Gorzów, CvE0 increases in successive periods
(Figure 4). However, in Lębork, Chojnice and Toruń, evaporation variation was highest in the years
1981–2000, whereas in Koszalin, CvE0 was lowest, compared to earlier and later periods.

Both the annual and semi-annual trend of evaporation sums in the analysed stations in the years
1952–2018 are positive, and statistically significant at a level of 0.05, which means an increase in the
intensity of evaporation in the study period. The increase in evaporation is much higher in the summer
half-year (V–X). The highest annual increase in evaporation in the years 1952–2018 was recorded in
Toruń and Gorzów, where in the whole studied period evaporation increased by 180.0 mm. Meanwhile,
in the summer half-year the increase in evaporation reached values above 140.0 mm per 67 years.
The lowest variability of evaporation conditions during the studied period was recorded in Lębork,
where the annual sum of evaporation went up by 79.2 mm per 67 years, with 63.0 mm for the summer
half-year. The winter half-year was characterised by a small upward trend at all of the studied stations.
The intensity of evaporation in this part of the year increased by between 12.3 mm (Lębork) and
31.4 mm (Toruń) per 67 years (Figure 5).



Water 2020, 12, 877 11 of 21

Water 2020, 12, x FOR PEER REVIEW  12 of 23 

 

in successive periods (Figure 4). However, in Lębork, Chojnice and Toruń, evaporation variation 

was highest in the years 1981–2000, whereas in Koszalin, CvE0 was lowest, compared to earlier and 

later periods. 

Both the annual and semi-annual trend of evaporation sums in the analysed stations in the 

years 1952–2018 are positive, and statistically significant at a level of 0.05, which means an increase 

in the intensity of evaporation in the study period. The increase in evaporation is much higher in the 

summer half-year (V–X). The highest annual increase in evaporation in the years 1952–2018 was 

recorded in Toruń and Gorzów, where in the whole studied period evaporation increased by 180.0 

mm. Meanwhile, in the summer half-year the increase in evaporation reached values above 140.0 

mm per 67 years. The lowest variability of evaporation conditions during the studied period was 

recorded in Lębork, where the annual sum of evaporation went up by 79.2 mm per 67 years, with 

63.0 mm for the summer half-year. The winter half-year was characterised by a small upward trend 

at all of the studied stations. The intensity of evaporation in this part of the year increased by 

between 12.3 mm (Lębork) and 31.4 mm (Toruń) per 67 years (Figure 5). 

 

Figure 5. Changes in annual and semi-annual evaporation sums (E0) calculated from linear 

regression equations in the studied stations for the years 1952–2018 (calculated based on t and f and 

data obtained from the Polish Institute of Meteorology and Water Management—National Research 

Institute [43]). 

Among the individual months, the highest increase in evaporation was recorded in August, 

when the growth over the study period of 1952–2018 ranged from 22.6 mm (in Lębork) to 41.2 mm 

(in Gorzów). The trends established for summer months, as well as for the period between February 

and May, were in most cases statistically significant. By contrast, the winter month trends were 

mostly statistically insignificant, exhibiting a slight drop in evaporation in November and December 

(Table 7). 

  

Figure 5. Changes in annual and semi-annual evaporation sums (E0) calculated from linear regression
equations in the studied stations for the years 1952–2018 (calculated based on t and f and data obtained
from the Polish Institute of Meteorology and Water Management—National Research Institute [43]).

Among the individual months, the highest increase in evaporation was recorded in August,
when the growth over the study period of 1952–2018 ranged from 22.6 mm (in Lębork) to 41.2 mm
(in Gorzów). The trends established for summer months, as well as for the period between February
and May, were in most cases statistically significant. By contrast, the winter month trends were mostly
statistically insignificant, exhibiting a slight drop in evaporation in November and December (Table 7).

Table 7. Changes in monthly evaporation sums (E0, mm) calculated from linear regression equations
in the studied stations (1952–2018) (bold font indicates values that are statistically significant at a level
of 0.05) (E0 calculated based on t and f and data obtained from the Polish Institute of Meteorology and
Water Management—National Research Institute [43]).

Southern Baltic Coastlands Southern Baltic Lakelands

Szczecin Koszalin Lębork Gorzów Chojnice Toruń

I 2.4 3.3 0.9 0.2 −0.01 2.7
II 9.2 7.8 4.8 6.7 4.3 9.1
III 7.1 7.4 3.6 8.4 9.6 12.1
IV 22.5 22.4 15.4 27.0 24.7 28.9
V 21.3 21.2 17.6 25.6 22.0 29.3
VI 9.1 5.5 0.3 14.6 5.7 9.3
VII 21.8 24.7 17.1 38.0 30.2 26.7
VIII 25.7 30.8 22.6 41.2 33.7 37.7
IX 9.6 14.6 4.7 14.6 15.8 17.2
X 4.0 8.4 0.7 7.1 6.3 8.8
XI −1.3 1.8 −6.6 −2.0 −2.4 −0.9
XII 2.2 2.2 −2.0 0.8 −0.9 2.8

Year 133.6 150.2 79.2 182.2 149.1 183.9

3.2. Spatial Distribution of Potential Evaporation

The average annual potential evaporation increases southwards, with increasing distance from
the Baltic Sea shore, in all three analysed periods: 1952–1980, 1981–2000 and 2001–2018 (Figure 6).
This variability is slightly higher in the eastern and western parts of the study area, and slightly
less intense in the central part. In the first of the abovementioned periods, annual values of
evaporation increased from 440–460 mm near the Koszalin Coastland to 520–540 mm in the area of the
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Toruń-Eberswalde Glacial Valley and the Wielkopolskie Lakeland. During this time, the difference
in evaporation between the north and south of the study area was approximately 80 mm. For the
subsequent investigated periods, a general increase in evaporation can be noticed in the whole study
area. However, attention should be paid to the increase in evaporation values between the coastal
zone of the Baltic Sea and the southern part of the lakeland strip, which reached approximately 120
mm. In the years 1981–2000, sums of annual evaporation went up from 480–500 mm on the shore
to 600 mm within the Toruń-Eberswalde Glacial Valley and the Wielkopolskie Lakeland, and in the
subsequent period of 2001–2018 values in these areas amounted to 540 mm and 660 mm, respectively.
Therefore, maps of spatial distribution of potential evaporation for the individual research periods
show an increase in the amplitude of this parameter between the Baltic Sea shore and central Poland,
demarcating the southern edge of the research area.
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water network (calculated based on data obtained from the Polish Institute of Meteorology and Water
Management—National Research Institute [43], water network based on [41]).

The spatial distribution of sums of evaporation in the summer half-year (V–X) exhibits a similar
trend to annual values, meaning that there is an incremental increase moving further away from
the coast in all three analysed periods: 1952–1980, 1981–2000 and 2001–2018 (Figure 7). The highest
variability in that regard was observed in the years 2001–2018, when differences in evaporation between
stations located in the strip of Southern Baltic Coastlands and the southern part of the Southern
Baltic Lakelands reached 130 mm, while the analogous value for the 1952–1980 period amounted to
approximately 90 mm, with approximately 110 mm for the 1981–2000 window. Another peculiarity is
that, compared to the years 2001–2018, in the years 1952–1980 the area between Koszalin and Chojnice
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was characterised by a much smaller increase in evaporation with increasing distance from the Baltic
Sea shore.
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Figure 7. Spatial distribution of average summer half-year (V–X) sums of potential evaporation
in north-western Poland divided into the periods 1952–1980, 1981–2000 and 2001–2018 against the
distribution of the water network (calculated based on data obtained from the Polish Institute of
Meteorology and Water Management—National Research Institute [43], water network based on [41]).

In the winter half-year (XI–IX), evaporation in the periods 1952–1980 and 1981–2000 decreased
with distance from the shore, as well as eastwards, though the change is not high, not exceeding 30 mm
(Figure 8). The last period, 2001–2018, is characterised by a different spatial pattern of evaporation
distribution. The evaporation values were highest (160 mm) in the western part of the study area and
decreased eastwards to 80 mm. Apart from the trend of increasing evaporation in the study area in the
subsequent periods, the spatial distribution of evaporation is also indicative of evaporation conditions
between the east and west of the study area being more diverse in the years 2000–2018 than in the
preceding years.
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Figure 8. Spatial distribution of average winter half-year (XII–III) sums of potential evaporation
in north-western Poland divided into the periods 1952–1980, 1981–2000 and 2001–2018 against the
distribution of the water network (calculated based on data obtained from the Polish Institute of
Meteorology and Water Management—National Research Institute [43], water network based on [41]).

4. Discussion

4.1. Increase in Evaporation in North-Western Poland in Light of Previous Studies of Climate Changes

Evaporation and transpiration represent losses to the water balance in a catchment, while
precipitation and ground water inflow represent additions to the catchment. The analysed E0 index
is determined by conditions of temperature and humidity, with an increase in temperature causing
an increase in evaporation, while an increase in air humidity causes a decrease in the intensity of
evaporation. According to Michalska [14], air temperature in Poland rose in the whole country in the
years 1951–2005 by approximately 0.4 ◦C (in Kraków) up to 1.5 ◦C (in Toruń) (0.07 ◦C and 0.27 ◦C
per 10 years, respectively). That author notices the clear spatial variability of the upward trend of
air temperature, which was highest in western Poland and decreased eastwards. Nevertheless, the
presented results show that the increased rate for air temperature in the period 1952–2018 was higher
than the rate calculated for the years 1951–2005 by Michalska [14]. The average increase in temperature
per 10 years amounted to between 0.24 ◦C in Lębork and 0.31 ◦C in Koszalin and Toruń. It is therefore
clear that the accelerated increase in air temperature in the 21st century noticed by Michalska [14]
accelerated even more sharply during the next dozen years or so (Figure 2). This is why the temperature
increases for north-western Poland for the years 1951–2018 correspond to the maximum values of the
increase observed by Michalska [14], and are also higher than the values calculated for the strips of
coastlands and lakelands for the years 1951–2010 by Marosz et al. [48] and by Wójcik and Miętus [15].
The respective values of the increase in air temperature calculated by the latter authors amounted to
0.24 ◦C and 0.22 ◦C per 10 years. A higher increase in air temperature, compared to research based
on meteorological data until 2010 is also indicated by Owczarek and Filipiak [16], who analysed the
years 1951–2015.
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Considering the spatial variability of the increase in air temperature in the years 1952–2018 in the
studied area of north-western Poland, there is no distinct visible spatial trend. However, previous
studies show that in north-western Poland the air temperature increase was higher compared to the
other regions [49]. A high increase in air temperature was recorded both at stations from the coastland
region (Koszalin) and at stations further inland (Toruń, Gorzów). Similar to the previous research
results [14,15], the increase in air temperature was greatest near the end of the winter, in the spring and
in the summer (II–V, VII–VIII). Compared to previous research, the produced results also exhibit a
considerable increase in temperature for September and November (Table 2).

The acquired data indicate that the intensification in the upward trend of air temperature near
the end of the 20th century and in the 21st century was accompanied by a drop in relative humidity
(Figures 2 and 3). The months with the greatest recorded drop in relative humidity included April,
May and August at all stations, as well as July, September and October in some of them. In earlier
modelling studies, Szwed [50] pointed to summer months (VI–VIII) as potentially at risk of considerable
atmospheric precipitation deficits in the 21st century. The abovementioned author also indicates a
possible increase in atmospheric precipitation in winter months; however, considering a probable
further increase in air temperature, she pointed to a probable increase in evaporation in all months
of the year. The modelling studies presented by Szwed [50] indicated the probability of a change
in the temporal structure of outflow in Poland in the 21st century [26,27]. The prediction includes
factors shaping climatic water balance. According to that author, the outflow changes will be greater in
north-western Poland compared with eastern and south-eastern regions.

The research results presented here confirm such essential changes in north-western Poland;
specifically, the increased difference in evaporation between the Southern Baltic Coastlands and the
south of the Southern Baltic Lakelands. The difference in evaporation between these areas increased
from 80 mm per year at the beginning of the studied period to 120 mm per year in the 21st century.
Such a directional change, which is related to a considerable increase in air temperature accompanied
by a drop in relative air humidity that was especially pronounced further from the Baltic Sea coast,
could increase water deficits within the Southern Baltic Lakeland region.

Regarding the impact on water management, considering the observed changes in climate and
outflow, as well as forecasts for the 21st century, Szwed [50] and Kasperska-Wołowicz et al. [51]
emphasised that an increase in both air temperature and evaporation (which are particularly high in
summer months), as well as an increase in atmospheric precipitation in winter months, would require
water management planning to prepare for future climatic conditions. The elements of environment that
can mitigate the effects of changes in the annual structure of outflow from a catchment area include, for
example, control of land use [52] or engineering of the outflow [27]. For the engineering-based actions,
it seems that lakeland areas, where the network of outflow is formed of polygenetic fluvial–lacustrine
systems, are particularly suited to the creation of small retention systems. However, the fact that
many outflow systems of young glacial areas are in hydraulic connection with groundwaters of deeper
circulation systems (via deep erosional valleys or deep lakes) [53] makes these systems highly sensitive
to an increase in evaporation (and in particular to high evaporation in summer months). Due to the
high inertia of groundwater circulation systems, the losses of water resources in a catchment area may
only be observed after a delay of up to several decades, and may further intensify outflow deficits.

4.2. Increase in Evaporation and Changes in Hydrological and Physico-Chemical Conditions in Surface Waters

In light of the research performed to date, changes in the structure of outflow are predicted, with
the differences between surge outflows and low outflows increasing in amplitude [54]. The increase in
evaporation in the 21st century, which is particularly strong in summer months, may be causing the
intensification of low flows in rivers and considerable changes in the regime of smaller watercourses.
As indicated by the research of Feyen and Dankersa [54], Poland is at the edge of an area covering
southern and south-western Europe, which in the 21st century will suffer from an outflow deficit. Many
published research results [22,25,55] involve changes in outflow and forecasts related to larger rivers in
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national monitoring networks. These rivers are also frequently objects that people transform indirectly
or use directly, which, as pointed out by Wrzesiński and Sobkowiak [25], may constitute a factor
concealing changes in outflow resulting from climate changes. In terms of the area of north-western
Poland studied in the present paper, based on an analysis of the outflow regime in the years 1951–2010,
Wrzesiński and Sobkowiak [25] observed a decrease in outflow near the end of the 20th century and in
the first decade of the 21st century. The performed research indicates that one of the main reasons
behind the reduced outflow may involve the considerable increase in sums of potential evaporation in
the final decades of the 20th century and in the beginning of the 21st century, primarily in the central and
southern part of the Southern Baltic Lakelands. This area was also identified as being at considerable
risk of meteorological and hydrological drought in documents related to the implementation of a
country-wide project intended to counteract the effects of drought [56]. At the same time, the literature
clearly lacks research into the response of smaller watercourses to climate changes, including changes in
temperature and changes in evaporation. There is a lack of results from the lack of regular observations
of these watercourses. Studies from the southern regions of Europe indicate a dramatic limitation of
water resources in the second half of the 20th century specifically in small watercourses, and they pay
attention to the impact of limited outflow on the quality of water [57]. There are a few papers from
Poland involving smaller catchment areas and indicating that a strong relationship exists between
positive trends of air temperature and evaporation in the second half of the 20th century on the one
hand, and the lowering of the water table, the loss of flow in smaller watercourses and the lowering
of the water level in lakes on the other [58]. However, it should be emphasised that decreases in
outflow in small watercourses may significantly deteriorate ecological conditions for many species and
constitute an indirect effect of climate changes on ecosystem services [59–63].

Quantitative changes in water resources and changes in the hydrological regime can affect the
elements shaping water quality, both in bodies of standing water and within flowing waters. In the
case of rivers, surge flows threaten the maintenance of water quality, since they are associated with a
potential risk of the flow of contaminants [64] and an increase in the migration of organic carbon from
catchment areas [65]. For the studied area, due to the river basin’s low susceptibility to flood occurrence
(k index < 1 in the Southern Baltic Lakelands and between 1 and 2 in the Southern Baltic Coastlands) [22],
it seems that a higher risk will be associated with low flows. The latter can cause oxygen deficits, as
well as an increase in the concentrations of main ions and heavy metals, which is disadvantageous
for water ecosystems inter alia [66,67]. A review by Mosley [67] of studies on the impact that low
flows, mainly in the rivers of Europe and North America, have on water quality indicates that the
increase in concentrations of solutes has been attributed mainly to evapoconcentration and less dilution
of more saline groundwater inputs, and also to point sources in some cases. In turn, the flow of
nitrogen and phosphorus compounds decreases along with the reduction of outflow from a catchment
area [67,68]. The lower flow volume and higher water temperature observed during the summer period,
in particular in the studied area of north-western Poland [55], may favour the occurrence of oxygen
deficits in rivers [69]. In the case of catchment areas not subjected to anthropogenic contamination,
the reduction of outflow can in turn decrease the inflow of solutes into waters [70].

Unlike flowing waters, more unambiguous trends in changes of hydrological conditions have
been observed in Polish lakes, in which lowering of the water level has been visible since the second
half of the 20th century [18,71]. At the same time, an increase in water temperature was recorded
in lakes [72–74]. Wang et al. [75] forecasted a further global increase in evaporation from lakes and
estimate that the global annual lake evaporation will increase by 16% by the end of the century.
They pointed out that the increase in evaporation could be higher for lakes at low latitudes. Czarnecki
and Ptak [72] indicated that a further considerable increase in water temperature of the lakes in Poland
will be the primary factor determining the transformation of lake ecosystems. Studies into the impact
of climate warming on processes occurring in lakes show that the effects may include changing the
mixing type of the lake, extending the period of thermal stratification, shortening the duration of
water mixing and increasing the depth and temperature of the epilimnion [70,73,76–78]. Not only may
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changes in thermal stratification of lakes result from the increase in water temperature, they are also
determined by their total depth [79] and morphology [80], which, likewise, depend on climate changes.
Changes in water temperature and in the type of mixing affect a number of chemical processes. In the
case of the (Lower) Lake of Zurich, the possibilities of oxidation of phosphorus have been observed to
fall due to oxygen deficits within the hypolimnion caused by a change in the water mixing type [81].
The cited authors pointed at the undesirable effects of climate-induced, ecosystem-scale changes,
which may result in, for example, a decline in water quality and a reduction in coldwater fish habitats.
Bartosiewicz et al. [82] indicate the high complexity of processes that may accompany climate changes,
particularly in relation to shallow lakes. According to those authors, an increase in temperature may
cause a stronger thermal destratification of lakes and potentially change nutrient and biogenic gas
cycling. High temperatures in the epilimnion may accelerate algae blooms and increase carbon intake,
while isolation and deficits of oxygen in the hypolimnion may enhance the production of methane
from bottom sediments.

5. Conclusions

Based on the performed analysis of changes in evaporation in the years 1952–2018 for north-western
Poland, one can notice an increase in air temperature, a drop in air humidity and an increase in
evaporation across the whole study area, with particular intensification of these processes near the
end of the 20th century and in the 21st. In the case of evaporation, the increase ranged from 79.2 to
183.9 mm at the researched meteorological stations. The review of the literature indicates that these
processes may cause significant hydrological changes within the outflow network and standing waters.
The greatest changes involve smaller watercourses, in which there may be a significant reduction or
complete loss of flow. In the case of standing waters, particularly in the case of smaller and shallow
lakes, climate changes may considerably reduce depth and transform thermal stratification. The above
changes may transform physical and chemical conditions in surface waters, due to a decreased intensity
of inflow of solutes and a simultaneous increase in water temperature. In spite of a smaller supply
of chemical compounds, a decrease in the volume of water may also increase the concentrations of
solutes in surface waters, especially in areas subjected to anthropogenic pressure. A further increase in
air temperature and evaporation, as well as the hydrological changes predicted in the literature, could
considerably transform physical and chemical conditions, especially in small hydrological objects
(shallow lakes, first-order watercourses).
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