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Abstract
The study examines long-term trends in water surface temperature (WST) in the Vistula and Szczecin Lagoons within
the southern Baltic Sea from 1951 to 2020. Based on in situ data, temperature variability was assessed using both
parametric linear regression and the non-parametric Mann-Kendall test. The results reveal a statistically significant
increase in water temperatures, particularly during spring and winter. The average warming rate reached 0.23°C and
0.26°C per decade in the Vistula and Szczecin Lagoons, respectively. A strong correlation (𝑟 = 0.60−0.93) was
observed between air and surface water temperature. Extreme temperature events are becoming more frequent, with
the lowest percentile values rising markedly over time. Winter temperatures exceeding 3°C are now common, and ice
cover has diminished or disappeared. These trends highlight the regional impacts of climate change on coastal lagoon
ecosystems and their seasonal dynamics. The findings provide valuable insights for future monitoring and management
of vulnerable brackish water environments.
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1. Introduction
In recent years, significant attention has been focused on

the long-term fluctuations of seawater temperatures in the

context of global climate change (Galbraith and Larouche,

2013; Goikoetxea et al., 2009; IPCC, 2021; Ridgway and

Ling, 2023; Zalewska et al., 2023). As a result of global

warming, a gradual increase in water temperatures world-

wide has been observed, carrying diverse and sometimes

unpredictable effects for seas and oceans. Water tempera-

ture fluctuations lead to changes in the distribution, pro-

ductivity, and mortality of marine organisms (Brierley and

Kingsford, 2009; Rijnsdorp et al., 2009; Harley et al., 2006;

Calvo et al., 2011; Hoegh-Guldberg et al., 2010; Brennan

et al., 2016). Ultimately, ecological changes can impact

various economic sectors, such as fisheries and tourism

(Neumann et al., 2012; Meier et al., 2019). Therefore, fully

characterising and understanding changes in water sur-

face temperature (WST) is crucial. Documentary evidence

©2025 The Author(s). This is the Open Access article distributed

under the terms of the Creative Commons Attribution Licence.

clearly indicates that the pace of climate warming has sig-

nificantly accelerated in recent years (Hansen and Sato

2020, IPCC 2021). WST is among the hydrological ele-

ments particularly susceptible to climatic changes. WST

variability mainly depends on air temperature, cloudiness,

and sunlight exposure. The heat stored in water deter-

mines the intensity of heat and moisture transfer to the

atmosphere. The intensity of heat absorption from water

is also affected by atmospheric circulation in winter, which

regulates air temperature above the water, its humidity,

and wind speed. Changes in cloudiness, especially during

summer, affect the heating of the sea surface by solar radia-

tion. Ultimately, these changes determine the annual WST

changes, dependent on the heat resources remaining in

the waters after the winter cooling period and the increase

in heat resources during the summer heating of the sea

surface (including Mohseni and Stefan (1999), Webb and

Nobilis (2007), van Vliet et al., 2011, Hannah and Garner,

2015, O’Reilly et al., 2015, Marszelewski and Pius (2016),

Kędra and Wiejaczka (2018), Graf and Wrzesiński (2020),

Fernández-Nóvoa et al. (2021)).

https://creativecommons.org/licenses/by/4.0/deed.en
https://doi.org/10.5697//WECV1208
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The Baltic lagoons represent a unique and dynamic

coastal area of the Baltic Sea, sensitive to climate change.

The analysed areas are representative of Baltic lagoons,

characterisedby specific brackish conditions resulting from

limited water exchange with the open sea and freshwater

inflow from the land. In the southern Baltic area, lagoons

with brackish waters include, among others, the Vistula

Lagoon and the Szczecin Lagoon. Due to the poorly doc-

umented changes in WST of brackish waters, this seems

particularly important due to the uniqueness of the ecosys-

tems, often with individual features found nowhere else

in the world. This study is based on in situ coastal WST

measurement data collected over a period of 70 years

(1951–2020). Most WST studies of marine and brackish

waters are based on satellite data or data from ships, and

drifting and moored buoys (Kennedy et. al., 2019). Among

the undeniable advantages of satellite measurements are

their broad spatial coverage, regular acquisition intervals,

and the ability to monitor areas that are difficult to access

(O’Carroll et al., 2019). Global sea surface temperature

estimates based on satellite data involve certain uncertain-

ties, particularly when compared to direct in situ measure-

ments. Researchers lack full consensus on the reliability

and applicability of remotely sensed WST measurements,

especially in areas such as lagoons. Studies conducted in

lagoons of the South Pacific have demonstrated differences

between in situ and satellite data, which can exceed 0.3°C

(Van Wynsberge et al., 2017). Similarly, discrepancies in

WST values have been observed in the Baltic Sea and the

Curonian Lagoon, with authors reporting positive biases of

approximately 0.49°C (Kozlov et al., 2014) or differences

on specific days of up to about 1°C (Graf et al., 2023). Com-

parative studies of in situ measurements and satellite data

have been carried out in many other regions, such as the

Persian Gulf and the Gulf of Oman (Al-Shehhi et al., 2022),

the Mediterranean Sea (López Garcı́a, 2020), and off the

coasts of Africa (Smit et al., 2013). An analysis of the above

studies indicates that the greatest temperature discrep-

ancies occur predominantly in shallow waters up to 30

m and during periods of high air temperatures. Satellite

WST measurements capture only the top few millimeters

of the surface layer, whose temperature can fluctuate sig-

nificantly due to daytime conditions such as solar radiation

andwind. Traditional measurements cover greater depths,

providing a more accurate reflection of the actual temper-

ature of upper water layers and averaging out short-term

fluctuations. Moreover, in situmeasurements often feature

longer data series. Therefore, the usefulness of satellite

imagery for calculating long-term temperature trends in

shallow lagoon waters involves considerable uncertainty.

This uncertainty stems from both the differences between

satellite and in situ data and the shorter observation pe-

riods associated with satellite imagery. However, satellite

data have significant advantages in spatial WST analyses.

Spatial variability and trends in WST based on satellite

data in the Baltic Sea region have been well-documented

(Dutheil et al., 2022). Nonetheless, there remains a lack

of available studies based on long-term in situ measure-

ment series. Therefore, this study based on data from

coastal in situ measurements is extremely important, as

it has been proven that even subtle changes in the way

measurements are conducted can lead to systematic er-

rors in the measured trends. Due to the continuity, com-

pleteness, and time horizon of the data used in this study,

the results obtained constitute a significant contribution

to and fill a gap in understanding the changes in coastal

water temperature of the lagoons in the southern Baltic

Sea, which may be crucial for actions aimed at protect-

ing these unique ecosystems. The study aims to under-

stand the patterns of coastal water temperature changes

in the lagoons of the Baltic Sea. The specific objectives in-

clude: analyzing the patterns and trends of air temperature

changes near the studied lagoons (1), investigating long-

term trends and changes in WST based on 70-year time

series (2), analyzing WST variability across different sub-

periods (3), identifying and analyzing extremeWST values,

including extreme anomalies (4), determining the values

and frequency distribution of WST across various ranges

(5).

2. Study area
The study area is located in the southern Baltic Sea region

and includes the Vistula Lagoon and the Szczecin Lagoon

(Figure 1). These basins share many common morpho-

metric and hydrological characteristics. The lagoons are

separated from the Baltic Sea by a spit or an island. The

main factor shaping the hydrology of the lagoons is the

process of mixing freshwater from rivers flowing from the

surrounding areas with seawater coming from the bays of

the Baltic Sea.

Due to the dominance of the terrestrial factor, the wa-

ters of the lagoons are characterised by low salinity and

can be classified as brackish waters. The shallow depths of

the basins increase their susceptibility tomixing under the

influence of wind. Changes in sea level are an important

Table 1. Basicmorphometric and hydrological parameters.

Data Units Vistula Szczecin

Lagoon Lagoon

A km2 838 687

L km 90.7 55

Width km 9.2 22

Dmean m 2.6 3.8

Volume km2 2.3 2.58

A mean m 1.6 1.0

Salinity h 0.7–4.4 0.5–2.0

Explanatory notes: A – surface area, L – length, S – width, D – average

depth, O – volume, Am – average amplitude, Z – salinity
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Figure 1. Location of the lagoons of the southern Baltic Sea. 1) Gauging station; 2) Meteorological station; 3) River;

4) City.

Table 2. Average monthly, seasonal, and annual values of

air temperature andWST changes (∘C per decade) in the

period 1951–2020 (statistically significant in bold).

Period Elbląg Szczecin Vistula Szczecin

Lagoon Lagoon

Jan 0.23 0.37 0.20 0.20

Feb 0.42 0.56 0.20 0.20

Mar 0.36 0.40 0.34 0.37

Apr 0.41 0.43 0.41 0.35

May 0.22 0.28 0.33 0.26

Jun 0.00 0.14 0.10 0.12

Jul 0.16 0.26 0.16 0.16

Aug 0.25 0.35 0.20 0.30

Sep 0.13 0.18 0.16 0.18

Oct 0.13 0.15 0.12 0.20

Nov 0.14 0.20 0.27 0.27

Dec 0.17 0.28 0.22 0.19

WIN 0.27 0.40 0.21 0.23

SPR 0.30 0.37 0.36 0.21

SUM 0.14 0.25 0.16 0.19

AUT 0.09 0.18 0.18 0.23

Year 0.20 0.30 0.23 0.26

factor shaping water levels in the basins, mainly due to the

piling effect of the wind in the Baltic Sea. An important

factor affecting water levels is the difference between river

inflows, the sum of evaporation and atmospheric precipita-

tion, as well as water exchange through the Danish Straits,

i.e., the water balance of the Baltic. Variable water levels of

the Baltic Sea, along with varied freshwater inflow, affect

the salinity of the lagoons, which ranges from 0.5‰ to

4.4‰ (Table 1).

The Vistula Lagoon is located in the eastern part of the

southern coast of the Baltic Sea. It is separated from the

Baltic Sea by the Vistula Spit and the Sambia Peninsula.

The lagoon forms a narrow and long basin. It connects to

the sea in the northwestern part, near Baltiysk, through

the Baltiysk Channel (in Russian territory). A navigational

channel is maintained in themiddle of the lagoon, allowing

the movement of ships up to the seaport in Kaliningrad.

The average depth of the Lagoon is 2.6 meters, with a vol-

ume of 2.3 km³ (Table 2). In the years 2019–2022, a navi-

gational canal was constructed on the western side of the

Vistula Spit, connecting the Vistula Lagoon from the west

with the Gdańsk Bay.

The Szczecin Lagoon is located in the southern part of

the Baltic Sea, on the territory of Poland and Germany. The

inflow and outflow of water occur through three straits:

the Świna (between the islands of Usedom andWolin) and

theDziwna (between the island ofWolin and themainland)

leading to the Pomeranian Bay, and the Peene (between

the island of Usedom and the mainland) leading to the
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Greifswalder Bodden. The average depth of the Szczecin

Lagoon is 3.8 meters, and its volume is 5.58 km³.

3. Data and methods
The study employs daily coastal WST measurements from

two water gauge stations, constituting an integral part

of the observation network of the Institute of Meteorol-

ogy and Water Management National Research Institute

(IMWM-NRI). The hydrological data were collected from

the water gauge stations Tolkmicko on the Vistula Lagoon

and Trzebież on the Szczecin Lagoon (Figure 1). It is impor-

tant to emphasize that WST values obtained from a single

point cannot be extrapolated to represent an entire lagoon.

However, there is a lack of alternative daily measurement

data covering such an extended period and multiple lo-

cations that would allow for averaging across the entire

lagoon. Remote sensing data, asmentioned in the introduc-

tion, often differ significantly from in situ measurements

and cover only a small fractionof the time spanavailable for

in situ WST measurements. Coastal WST measurements

have been conducted for several decades following the

IMGW-PIB methodology, ensuring continuity, stability, and

repeatability. This consistency makes the obtained time

series unique and representative for studying WST vari-

ability in the coastal zone. The practice of using point

measurements in hydroclimatology has been employed

for many years. Similarly, WST measurements in lagoons

allow for an assessment of the general thermal regime,

though they do not capture the full spatial variability. For

a comprehensive analysis, daily air temperature data from

two meteorological stations: from Elbląg and Szczecin,

were also used (compare Figure 1). Both stations are lo-

cated in the immediate vicinity of the analysed brackish

water bodies and are representative of this type of study.

The research period covered 70 years of measurements

from 1951–2020.

3.1 Methods
3.1.1 Estimation of trends
Time series trends in the study were estimated using two

methods. The long-term variability of WST and air temper-

atures was assessed using two tests: the non-parametric

Mann-Kendall test and the parametric linear regression

test. Achieving agreement on the significance of the test

allowed for confirmation of the calculated trend. Each

method of trend calculation has its drawbacks. Primarily,

linear regression has limitations related to requirements

for assumptions about normal distribution, homogeneity

of variance, and independence of error values in time se-

ries. The second of the discussed statistical tests does

not require significant assumptions and is often used in

hydrometeorological calculations. In the case of linear re-

gression, the test statistic is the Pearson coefficient. In the

second test, the statistics are the sumof Kendall’s S divided

by the square root of the variance:

𝑆 =

𝑛−1

�

𝑖=1

𝑛

�

𝑗=𝑖+1

sgn(𝑋𝑗−𝑋𝑖)

where: sgn(𝑥) = 1 for 𝑥 > 0, 0 for 𝑥 = 0,−1 for 𝑥 < 0,

where 𝑥 denotes individual data series, and 𝑛 denotes the

total number of years in a time series.

Despite certain limitations, thoroughly discussed by

Kundzewicz andRobson (2004), the use of two trend detec-

tion tests is justified, as they are among themost commonly

used tools in hydrological and climatological analyses.

3.1.2 Detecting abrupt changes in a time series
The Re-scaled Adjusted Partial Sums (RAPS) method was

used to identify sub-periods with different water temper-

atures. This allowed for the identification of the specific

moment when the trend changed direction in the time se-

ries. Small but systematic changes in time series are often

not easily visible. The RAPS method captures fluctuations

in time series. This visualisation highlights trends, shifts,

data clustering, and irregular fluctuations. It can also pro-

vide additional information about the number, size, shape,

frequency, and timing of fluctuations (Garbrecht and Fer-

nandez 1994).

The RAPS was calculated according to the formula:

RAPS 𝑌𝑘 =

𝑘

�

𝑡=1

𝑋𝑡−𝑥

𝜎𝑥
𝑘 ∈ (1,2…𝑛)

where   𝑥𝑡 – element of the studied series,   𝑥mean value of

the studied series, 𝜎𝑥 – mean deviation of the series values,

𝑛 – number of observations.

To compare the difference in temperatures between

the identified sub-periods, a t-test for the difference be-

tween means was applied. This test verified the null hy-

pothesis that the means for the sub-periods 1951–87 and

1988–2020 are equal. The t-Student test for independent

variables was used, and the homogeneity of variances was

checked using Levene’s test. A significance level of 0.05

was applied in all tests used in this study.

3.1.3 Innovative trend analysis graphical method
This method is particularly useful for the graphical

presentation of trends and is described in detail by

Sen (2017). Two obtained time series (sub-periods)

should be separately sorted in ascending order. The first

sub-series (𝑋𝑖) is plotted on the horizontal X-axis, while the

second sub-series (𝑋𝑗) is plotted on the vertical Y-axis, us-

ing a two-dimensional Cartesian coordinate system

(Figure 6).

If the data points on the scatterplot cluster along the

1:1 line (45°), it indicates no trend. If the data points

are grouped within the triangular area below the 1:1 line,

a downward trend in the time series can be inferred. Con-

versely, if the data points are located in the triangular area
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above the 1:1 line, an upward trend in the time series can

be concluded. Additionally, the significance of monthly

WST value differences was tested using the Student’s

t-test.

4. Results
4.1 Analysis of patterns and trends in air temperature

changes near the studied lagoons
The average annual air temperature for the years

1951–2020 was 7.9°C in Elbląg and 8.9°C in Szczecin. The

1°C difference between themeteorological stations reflects

the characteristics of Poland’s climate. In shaping the air

temperature around Szczecin, the influence of warmer,

oceanic air masses from the Atlantic Ocean is clearly ev-

ident. Elbląg, located approximately 200 km to the east

of Szczecin, is more influenced by continental air masses,

which more significantly shape the weather over this re-

gion. It is important to emphasise that the properties of

the air masses shaping the weather in any given month,

season, and year in this part of Europe are highly variable,

which is why the climate is described as moderate with

transitional characteristics. This is reflected in the course

of the average annual air temperature, which shows large

fluctuations from year to year (Figure 2).

Significant changes in the average annual air temper-

atures were especially noted from 1988 onwards, where

a noticeable increase was observed compared to previ-

ous years (Figure 3). Analysis of the chart allows for the

identification of several-year periods of temperature de-

crease, such as the years 1962–1966 and 1976–1981, as

well as periods of accelerated increase, such as the years

1999–2009 and 2011–2020. It is worth noting that the

deviations of air temperature from the long-term average

in Szczecin are higher than in Elbląg. This suggests that

the area of the Szczecin Lagoon is experiencing a faster

rate of temperature increase compared to the area of the

Vistula Lagoon (Figure 3).

The trends in average annual air temperature show a

clear increase, which is consistentwith the general trend of

global warming. However, the pace of these changes is not

uniform seasonally or monthly. Particularly in Szczecin, an

increase in air temperature is observed, as evidenced by

positive trends for most months, except June and October.

In Elbląg, positive trends are recorded from January toMay

and in August (Table 2).

4.2 Long-term trends and changes in WST based on
70-year time series

During the period 1951–2020, the highest annual average

WST in the Vistula Lagoonwas recorded in 2018, at 11.6°C,

while the lowest was 9.2°C in 1952. This results in a tem-

perature amplitude of 2.4°C, with an average for the entire

period being 10.3°C. In the Szczecin Lagoon, the highest

WST was observed in 2014, at 12.4°C, and the lowest in

1956, at 9.4°C. The amplitude in this case was 3°C. The

averageWST for the entire analysed period in the Szczecin

Lagoon was 10°C. According to the data, the differences in

the annual WST course between the lagoons average 0.4°C.

In individual years, these differences can be non-existent

or reach up to 1.5°C.

According to Figure 4, clear changes in the average an-

nual WST are visible after 1987. These changes consist of

a gradual increase in WST values, which have significantly

accelerated since the year 2000. In the years 2018-2020,

in the Szczecin Lagoon, the average annual WST exceeded

12°C. Such high WST levels had never been recorded be-

fore.

In the seasonal andmonthly progression, WST exhibits

changes that mimic air temperature. In the Vistula Lagoon,

the highest WST occurs in July and August, at 20.7°C and

20.2°C, respectively. Conversely, the lowest WST occurs

in the winter months, namely in January and February

(1.2–1.3°C). A similar WST distribution is recorded in the

Szczecin Lagoon, with the lowest values in January and

February (1.3–1.5°C) and the highest in July and August

(20.8–20.5°C).

In the annual course of WST, the following characteris-

tic seasons can be distinguished: Winter (from December

toMarch) with an average temperature of up to 3°C. Spring

(from April to May) with significant temperature increases

of around 5–7°C, and substantial amplitudes exceeding

10°C. Summer (from June to August), with temperature

stabilisation at amplitudes of up to 5°C. Autumn (from

September to November), marked by significant tempera-

ture drops and amplitudes exceeding 10°C.

The analysis of trends in annual WST showed

an increase of 0.23°C per decade in the Vistula Lagoon and

0.26°C in the Szczecin Lagoon. The rate of increase was

not evenly distributed, with the highest increases noted

for the spring andwintermonths. In the caseof the Szczecin

Lagoon, additionally high increases occur in autumn

(compare Table 2). The largest temperature increases

occur in April and March (from 0.41–0.34°C per decade).

No WST trends were recorded in June and July, and in

the case of the Vistula Lagoon, also in September and

October.

The average decadal WST in the Vistula Lagoon in-

creased steadily from 9.7 °C in 1951–1960 to 11.3°C in

2011–2020, with intermediate values of 9.8, 10.0, 10.1,

10.7, and11.3°C for each subsequent decade. In the Szczecin

Lagoon, decadal averages remained stable at 10.2°C for

the first three decades, then rose progressively to 10.6,

10.8, 11.3, and 11.8°C in the following periods. These data

reflect a clear long-term warming trend in both lagoon

systems.

WST in the Szczecin Lagoon and the Vistula Lagoon

closely correlates with air temperature. The correlation

analysis identified statistically significant relationships be-

tween the average monthly values of air temperature and

WST. The correlation coefficients range from r= 0.60 to
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Figure 2. Course of average annual air temperature: A – Elbląg, B – Szczecin.

Figure 3. Deviations of annual air temperature from the multiannual average in the period 1951–2020.

Figure 4. Course of average annual WST: A – Vistula Lagoon, B – Szczecin Lagoon.
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Table 3. Coefficients of correlation (𝑟) between air tem-

perature and WST.

Period Vistula Szczecin

Period Lagoon Lagoon

Jan 0.60 0.79

Feb 0.62 0.82

Mar 0.89 0.93

Apr 0.75 0.88

May 0.84 0.85

Jun 0.79 0.91

Jul 0.88 0.93

Aug 0.80 0.86

Sep 0.86 0.88

Oct 0.79 0.83

Nov 0.73 0.85

Dec 0.69 0.82

0.93 (Table 3). Differences in the correlations between

air temperature and the brackish waters of the southern

Baltic are due to geographical location. Higher correlations

in winter are recorded under oceanic climate conditions.

The correlation coefficients between air temperature and

WST in the Szczecin Lagoon throughout the year are very

high.

4.3 WST variability in different sub-periods
Changes in the average annual WST were not uniform and

were characterised by fluctuations in individual years. As

shown by the analysis of the cumulative curve (RAPS), per-

manent changes resulting from increasingly higher average

WST occurred from 1988 (Figure 5). However, in recent

years, the water temperature has been significantly higher

than in the long-term period.

The average WST difference between the periods

1951–1987 and 1988–2020 was 0.8°C in the Vistula La-

goon and 1.1°C in the Szczecin Lagoon, which indicates a

clear impact of climate parameter changes in the studied

areas. In the first decades of the analysed period

(1951–2020), the average annual water temperature re-

mainedat around10°C.However, in each subsequent decade,

there was a systematic increase, especially in recent years,

where a rapid warming to over 12°C was recorded in the

Szczecin Lagoon (compare Figure 4).

The charts (Figure 6) show differences inmonthlyWST

values between twoanalyzed sub-periods (1951–1987 and

1988–2020) for two lagoons: the Vistula Lagoon (A) and

the Szczecin Lagoon (B). Each point represents a monthly

WST value: the first sub-period (1951–1987) on the X-axis,

the second (1988–2020) on the Y-axis. The dashed 45° line

indicates no temperature change between periods. Points

above the line indicate a temperature increase; points be-

low, a decrease. Months with statistically significant dif-

ferences (𝑝 < 0.05, t-test) are marked in red. The WST

changes in the sub-periods were not evenly distributed

throughout the year, although, as shown in Figure 6, in

every month of the second sub-period (1988–2020), they

were higher than in the previous sub-period. A particularly

significant increase in WST was observed in the Vistula

Lagoon during the spring months, with April recording

an increase of 1.67°C. The smallest difference between

the sub-periods occurred in June (0.22°C), which was con-

firmed by the t-test result, which showed no significant dif-

ferences in WST trends between the analysed sub-periods

for this month. In the Szczecin Lagoon, the rate of in-

crease was similar to that of the Vistula Lagoon, peaking in

spring, especially inMarch, when an increase of 1.58°Cwas

recorded. The smallest differences, although still signifi-

cant, occurred inDecember (0.56°C). It isworth noting that

the rate of WST increase in the Vistula Lagoon was usually

lower than in the Szczecin Lagoon, which may result from

differences in local hydrological and climatic conditions in

these areas (compare Table 2).

4.4 Extreme WST values, including extreme anomalies
The values presented in Table 4 refer to the percentiles of

water temperature in different decades, showing a clear

upward trend in water temperatures over the years, par-

ticularly since 1981.

Table 3 presents changes in water temperature in dif-

ferent percentile ranges (0.05, 0.1, 0.9, 0.95). The per-

centile ranges represent changes in extreme water tem-

peratures. In the lowest range, represented by the 0.05

percentile, a significant increase is observed in the Vistula

Lagoon – from 0.27°C in the 1951–1960 period to 1.30°C

in 2011–2022, which represents nearly a fivefold increase.

In the Szczecin Lagoon, WST values in the 0.05 percentile

were more stable, though a warming trend was also no-

ticeable. In the 1951–1960 period, the temperature in

this range was 0.42°C, and in the 2011–2022 decade, it

increased to 1.09°C, showing a clear change compared to

earlier years.

In the lower range, represented by the 0.1 percentile,

a significant increase is also observed in the Vistula La-

goon, from 0.45°C in the 1951–1960 period to 1.67°C in

2011–2022. However, in the 1991–2000 decade, a cooling

of 0.14°C was recorded, which deviated from the overall

warming trend compared to both earlier and later years.

In the Szczecin Lagoon, values increased from 1.19°C in

the 1991–2000 period to 2.00°C in 2011–2022, with a no-

ticeable acceleration in warming after 1991.

In the upper range, represented by the 0.9 percentile,

WST values in the Vistula Lagoon were relatively stable,

oscillating around 20-21°C for most of the analyzed period.

The change became particularly evident after 1991, when

the temperature increased to 21.6°C in the

2011–2022 decade. In the Szczecin Lagoon, WST values

weremorevaried, but similar to theVistula Lagoon, awarm-

ing trend became noticeable after 1991, reaching 21.7°C

in the 2011–2022 decade.



Impact of climate change on the coastal water temperature of lagoons … 8/18

Figure 5. Cumulative deviations of average annual WST from the multiannual value.

Figure 6. Differences in WST between sub-periods 1951–1987 and 1988–2020 in the Baltic lagoons. Significant

differences between WST obtained from the t-test at a confidence level of 0.05 are marked with red colour. A – Vistula

Lagoon, B – Szczecin Lagoon

Table 4. Decadal values of extremeWST from 1951 to 2020.

Decade Percentile value

0.05 0.1 0.9 0.95

A B A B A B A B

1951–1960 0.27 0.42 0.45 0.61 20.8 20.5 22.3 21.5

1961–1970 0.35 0.31 0.59 0.50 20.5 20.3 21.6 21.4

1971–1980 0.53 0.46 0.84 0.80 20.8 20.3 22.4 21.5

1981–1990 0.93 0.46 1.29 1.03 20.0 20.5 21.2 21.6

1991–2000 0.82 0.52 1.15 1.19 20.6 21.3 21.9 22.4

2001–2010 0.96 0.57 1.17 0.99 21.3 21.8 22.7 23.0

2011–2020 1.30 1.09 1.67 2.00 21.6 21.7 23.0 22.9
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Figure 7. Monthly percent of extreme observations per decade (A – Vistula Lagoon, B – Szczecin Lagoon). Orange

columns are of an abnormally warm category exceeding the 90th percentile of 1951–2020, blue columns are of an

abnormally cold category negatively exceeding the 10th percentile.

In the highest range, represented by the 0.95 percentile,

a steady increase in WST values is observed. In the Vis-

tula Lagoon, the temperature increased from 22.3°C in the

1951–1960 period to 23.0°C in 2011–2022, suggesting an

increase in extreme temperature values. In the Szczecin

Lagoon, a similar increase was observed, reaching 22.90°C

in the last decade, with the most significant changes occur-

ring after 2001.

Figure 7 shows the monthly percentage of extreme

water temperature values in the surface layer for seven

decades. The individual columns display abnormallywarm

values (orange, above the 90th percentile) and abnormally

cold values (blue, below the 10th percentile). A sharp in-

crease in the observation of abnormally warm values in all

months of the year and a decrease with partial disappear-

ance of abnormally cold observations is evident. Summer

months of June, July, and August showed the smallest in-

crease in abnormally warm observations in both layers,

while winter and spring months (November–May) showed

the highest increase, i.e., the greatest change was observed

in the winter and spring months. Comparing the two la-

goons, it appears that the faster increase in the range of

abnormally warm values occurs in the Szczecin Lagoon.

4.5 Values and frequency distribution of WST
in different ranges

The greatest differences in WST frequencies between the

period 1951–1987 and 1988–2020 are most noticeable in

winter and spring. In winter, during the first sub-period,

WSTs in the range of 0.1–1.0°C were most frequently ob-

served. In the Vistula Lagoon, these temperatures, charac-

teristic of the winter period, occurred from 50% of days in

December to 75% of days in January. However, in the sec-

ond sub-period (1988–2020), a sharp reduction in these

values was observed, the greatest being in January and

February (Figure 8). An interesting phenomenon is also

the appearance of newWST ranges in February, covering

temperatures from 4.1–9.0°C, which were not recorded in

the first sub-period. Regarding spring changes, there is

mainly a decrease in the frequency of the lowest WSTs. In

March, temperatures in the range of 0.1–1.0°C are practi-

cally sporadic, whereas theywere characteristic in the first

sub-period (32% frequency). Significant differences also

appear in the case of the highest WST values, especially in

April, where new extremes in the range of 17–19°C were

not recorded in the first sub-period (compare Figure 8).

During the summer months, the changes in WST be-

tween the studied periods are the smallest, which results

in the most similar distributions. However, there are no-

ticeable shifts towards an increased frequency of extreme

WSTs, especially in the range of 23–24°C in July and August.

It is also worth noting that in June, temperatures above

20°C occurredmore frequently in the first sub-period than

in the second (compare Figure 8). Analysing data from

the autumn months, changes in WST frequencies can be

observed, especially in October. There has been a shift

in WST values from the range of 8.1–10°C to 12.1–14°C.

A similar distribution of WST frequencies, with minor dif-

ferences, was recorded for the Szczecin Lagoon. These

observed changes inWST distributions confirm the impact

of climate changes on the seasonal characteristics of water

temperature in the studied reservoir.

Also in other months there have been shifts in the num-

ber of days with specific WSTs, usually an increase in the

number of days with warmer water temperatures. Only

in months where no significant trend was recorded were

changes not well marked (Figure 9).
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Figure 8. Frequency of WST in the Vistula Lagoon during the periods 1951–1987 and 1988–2020.
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Figure 9. WST frequency for lagoon months in two subperiods.
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5. Discussion
Over the last hundred years, nearly all land areas have

experienced warming, with an average annual increase

in air temperature of 0.1°C. The fastest rate of warming

was noticeable in the interior areas of continents, with

lower indices in coastal areas. This trend is particularly

evident in the mid and high latitudes of North America

and the mid-latitudes of inner Asia. In the early 20th cen-

tury (1923–1950), warming was mainly limited to regions

of the Northern Hemisphere in mid and high latitudes,

while later warming (1977–2014) covered all land areas of

the world, including rapid warming of the Arctic on an un-

precedented scale (Wang et al., 2018, IPCC 2023). A similar

phenomenon is observed in the case of salt and brackish

waters (Haase et al., 2023). The increase in air tempera-

ture contributes to the greater absorption of heat by the

waters of seas and oceans. This process is dependent on

the latitude and the depth of the oceanic or marine basin.

It is estimated that the fastest WST growth is observed in

shallow seas (Cai et al., 2017, Oliver et al., 2018, Kniebusch

et al., 2019). Worldwide, lagoons make up about 13% of

coastlines and 5.3% of the coastline of Europe. The south-

eastern coast of the Baltic Sea and the coasts of the Atlantic

andMediterranean in Southern Europe represent themain

lagoon regions in Europe. In the Mediterranean basin,

coastlines include six hundred lagoons (Gaertner-Mazouni

and DeWit 2012), but only about fifty lagoons have avail-

able hydrological and ecological data (Pérez-Ruzafa and

Marcos 2012). It should be noted that each lagoon, apart

from common features (limited water exchange with the

sea, shallow depths), is characterized by individual physic-

ochemical and ecological parameters. Lagoons often con-

tain organisms with specific environmental requirements.

Therefore, the variability of the lagoon environment is an

inherent feature, about which little is known so far (Curiel

et al., 2004, Pérez-Ruzafa et al., 2007). For this reason, gen-

eralising the results of studies from one lagoon to larger

lagoon coast regions is difficult.

5.1 Long-term warming signals in air temperature
An analysis of a 70-year air temperature series clearly in-

dicates the presence of a long-term warming trend in the

atmosphere. The rate of air temperature increase in the

studied region, represented by meteorological stations in

Szczecin, was 0.30°C per decade, while in Elbląg it was

slightly lower, at 0.20°C per decade. Although the scale

of the increase depends on the length of the analyzed pe-

riod, the slope of the air temperature trend is consistent

with previous research findings for this area (Kejna and

Rudzki, 2021). The increasing trends in annual average

air temperature observed after 1988 align with broader

patterns of climatewarming in Central and Eastern Europe

(Kundzewicz and Matczak, 2012). These results are also

consistent with IPCC reports (IPCC, 2021), which highlight

a significant acceleration of warming in the final decades

of the 20th century and the early 21st century.

5.2 Long-term WST changes in lagoons
The increase in WST in the studied lagoons is a dynamic

phenomenon, noticeable over the years. Analysing the

data, it can be seen that the pace of increase differs depend-

ing on the geographic location. In the Vistula Lagoon, an av-

erage WST increase of 0.23°C per decade was recorded. In

the Szczecin Lagoon, the rate of increase is slightly higher,

reaching 0.26°C per decade. When attempting to compare

the obtained research results to those concerning WST

in the Baltic Sea, several challenges arise. Primarily, the

analyzed periods are typically shorter, and the results are

generally based on satellite measurements (BACC 2015,

Stramska et al., 2015). It is worth noting that studies on

Baltic Sea water temperatures have paid little to no spe-

cial attention to lagoons. The focus has been primarily on

data from the open sea and bays, while coastal data has

largely been derived from information gathered at tide

gauge stations located along the marine coastline, exclud-

ing brackish waters. More extensive studies have been

conducted only for the Curonian Lagoon. In the period

1961–2008, the trend for increase in coastal water tem-

perature in the Curonian Lagoon was estimated at 0.03°C

per year (0.3°C per decade). The time series shown in

other publications were usually short, making it difficult to

compare them (Dailidienė et al., 2011). In contrast, in the

latest study concerning the Baltic Sea WST, an increase of

up to 0.6°C per decade (Zalewska et al., 2023) was found,

whereas in coastal zones the increase was lower, reaching

0.2°C in 1951-2019. In the depths of Utö, WST increased

by 0.3°C over a hundred years (Laakso et al. 2018). In

the transitional zone between the open sea and the estu-

ary near Storfjärden, the increase in WST between 1927

and 2020 was estimated at 1.8°C (Goebeler et al., 2022).

A significant turning point for both lagoons was the year

1988, from which a sustained increase in WST has been

observed. This phenomenon aligns with global warming

trends and confirms the strong impact of climate change

onwater temperatures in coastal regions. Smaller seas and

especially shallow lagoons are getting warmermuch faster

than the global ocean temperature (0.02°C year−1 over

the reference period) (Huang et al., 2015). Furthermore,

an increase in surface water temperatures in coastal wa-

ters, including lagoons, has been observed inmany regions

around the globe (IPCC, 2021). For example, in Mediter-

ranean lagoons, the Venetian Lagoon recorded a temper-

ature increase of 0.095°C per decade. After 1980, warm-

ing significantly accelerated to 0.65°C per decade (Amos,

2017). In recent years, heatwaves — defined as water

temperatures exceeding the 90th percentile and lasting for

several consecutive days—have been frequently observed,

posing a threat to the viability of ecosystems (Bertoni et

al., 2021).
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5.3 Seasonal dynamic of WST trends
It should be emphasized, however, that the seasonal pace

of increase was not evenly distributed throughout the year.

The largest WST increases were recorded in the spring

and winter months. Additionally, for the Szczecin Lagoon,

increases also occurred in the autumn months (Table 2).

For example, the largest WST increases in the Szczecin

Lagoon occur in April and March, reaching from 0.41 to

0.34°C per decade. Spring increases in water temperature

result from the earlier onset of the growing season and

the faster warming of surface water layers following the

winter period. This aligns with observations of a shorten-

ing of the cold season in temperate regions, representing

a significant indicator of climate change. It is important

to note the lack of significant WST trends in June and July,

and for the Vistula Lagoon also in September and October.

The absence of upward trends indicates a stabilization

of water temperatures during periods of maximum solar

radiation. This may result from the limited potential for

further WST increases in conditions where water temper-

atures approach the thermal tolerance thresholds for the

region. For the Vistula Lagoon, a similar lack of trends in

September and October suggests that this body of water

is less susceptible to autumnal climate changes, likely due

to its greater isolation from the Baltic Sea and the more

continental nature of the climate in this area. This seasonal

asymmetry is consistent with findings from other studies

on lake and coastal ecosystems, where spring warming has

proven to be particularly dynamic due to lower initial heat

content and greater sensitivity to changes in radiation and

circulation. (Livingstone and Adrian, 2009; Woolway and

Merchant, 2018).

5.4 Correlation between air temperature and WST,
and the influence of other factors on WST

The strong alignment of seasonal patterns in air temper-

ature and WST suggests a strong coupling between the

atmosphere and the surface water layer. This relationship

has been previously described for shallow water bodies

and estuaries (Schmid et al., 2014; Kraemer et al., 2017).

Although both regions exhibit a warming trend, the scale

and distribution of changes differ. A faster rate of increase

in both air temperature and WST was recorded in the

Szczecin Lagoon area compared to the Vistula Lagoon. Dif-

ferences in the correlations between air temperature and

the brackish waters of the southern Baltic are due to geo-

graphical location. The more continental climate over the

Vistula Lagoon is reflected in the correlation coefficient

values from December to February, which are significantly

lower (from 0.60 to 0.69, Table 4) than in other months.

This is due to the negative atmospheric air temperatures

in the winter period, when the WST of the Vistula Lagoon

often reaches 0°C, causing ice cover to form. The ice cover

isolates the water from direct atmospheric influence, re-

sulting in a significantly lower correlation coefficient com-

pared to the Szczecin Lagoon, where ice is less frequent,

and heat exchange with the atmosphere occurs for most

of the year. In other months, the correlation coefficients

between WST and air temperature are strong and remain

at around 0.9. The significant impact of air temperature

on WST is due to the shallow depth of brackish water bod-

ies and the freedom of water mixing under the influence

of wind. Water temperature in shallow water bodies re-

sponds to changes in air temperature with a delay usually

ranging from several hours to a few days. This is due to

the high heat capacity of water and its slower rate of heat-

ing. Studies have shown that the daily thermal response

of water bodies often occurs with a one-day delay relative

to air temperature (Ptak et al., 2019).

In the case of the studied lagoons in this paper, the

most variable parameters are the inflows of fresh and salt

water. A particularly important factor affecting these dif-

ferences is the regulation and change of the Vistula River

course at the beginning of the 20th century, which signifi-

cantly transformed the hydrological regime of the Vistula

Lagoon. As a result of these changes, the annual inflow of

fresh water to the Vistula Lagoon reaches about 3.6 km³

(Łomniewski 1958). In the case of the Szczecin Lagoon,

the inflow of freshwater is much larger, estimated at about

16 km³. Unfortunately, there are no comprehensive, con-

tinuous, and up-to-date data (measurements) on seawater

transport between the Bays and the Lagoons (Cieśliński et

al. 2024). In the case of the Vistula Lagoon, the data in this

regard come mainly from the period from 1951 to 1965.

The amount of freshwater inflow into the lagoons has not

changed, and no large-scale trends have been observed

in long-term river runoff in Poland (Venegas-Cordero et

al. 2022). Freshwater inflow to the lagoons undergoes

long-term natural fluctuations and, if it affects the WST of

the studied lagoons, exerts a similar effect throughout the

analyzed period. The Vistula Lagoon receives freshwater

from the Vistula River, while the Szczecin Lagoon is fed

by the Oder River. Both rivers, in their estuarine sections,

have annual average water temperatures comparable to

theWST of the lagoons— differences do not exceed –0.4°C

(for the Vistula Lagoon) and 0.3°C (for the Szczecin La-

goon), respectively. This indicates that the primary factor

influencing the WST values of the studied lagoons is their

strong dependence on air temperature (high correlation).

Previous studies on the WST of the Baltic Sea lagoons fo-

cused mainly on the Curonian Lagoon and the eastern part

of the Vistula Lagoon (Dailidienė et al., 2011). The obsta-

cle to a fuller understanding of the warming of lagoons

is the lack of long-termWST measurements. In situ mea-

surements are only made in a few Baltic lagoons and have

a point distribution. These research results significantly

fill the research gap in the area of changes in WST of the

southern Baltic lagoons.

WST in lagoons canbe influencedbypersistent changes

in salinity, which affect the physical properties of water —
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such as density and thermal conductivity — and thereby

modify the heat balance of these ecosystems. A decrease in

surface water salinity in the Baltic Sea has been observed

at numerous locations (Dailidienė and Davulienė, 2008;

Stockmaye and Lehmann, 2023). Forecasts predict further

freshening of the Baltic, especially in the northern parts,

primarily due to increasing river runoff (Meier et al., 2006).

According to projections (Bamber et al., 2019; IPCC, 2023),

global sea level could rise by 0.28–1.01 m by the end of

the 21st century. In the Baltic Sea region, these effects

will be particularly pronounced in shallow and enclosed

coastal water bodies such as the Vistula Lagoon and the

Szczecin Lagoon. Sea level rise may lead to the intrusion of

more saline waters into estuarine zones, including lagoons.

Research from 1984 to 2005 showed that average annual

salinity in the Klaipėda Strait and the northern part of

the Curonian Lagoon increased, while coastal waters along

Lithuania and theBaltic Proper showed a decline in salinity.

These trends were attributed to both natural and anthro-

pogenic factors, including the intensified deepening of the

waterway since 1994, which increased the strait’s capacity

(Dailidienė and Davulienė, 2008). However, more frequent

marine inflows into lagoons and, consequently, future in-

creases in their salinity cannot be ruled out. Therefore,

detailed studies on water exchange and salinity changes

between coastal areas—such as lagoons— and the open

sea remain necessary.

5.5 Changes in the distribution and frequency of WST
occurrence

The observed changes in the frequency of WST values in

the lagoons are one of the key factors influencing changes

in lagoon ecosystems. These changes not only affect the

phenology of many species of flora and fauna but also fa-

cilitate the invasion of alien species (Occhipinti-Ambrogi,

2007; Wolf et al., 2014). Extreme changes in sea surface

temperature values are particularly dangerous for the ecol-

ogy of lagoonwaters. This increase is visible across various

percentiles of sea surface temperature. The observed rise

in extreme WST values, especially in the 90th and 95th

percentiles, reflects an intensification of thermal extremes.

The increase in the number of days with WST above 23°C

in summer, coupled with a simultaneous decrease in cold

extremes inwinter, alignswith global observations ofmore

frequent heatwaves in aquatic systems (Smol et al., 2005;

Jane et al., 2021). The appearance of new temperature

ranges, particularly in spring and autumn, indicates not

only a change in thermal conditions but also an extension

of the annual thermal window, which may lead to ecologi-

cal mismatches or habitat loss for cold-adapted species.

The temperature ranges for fish are quite well

researched, an example being the herring (Clupea haren-

gus, L.) found in the waters of the Baltic Sea. Studies,

such as those conducted by Gröger, Hinrichsen, and Polte

(2014), demonstrate that the impact of water warming

correlates with the reproductive success of fish, especially

species that spawn simultaneously in one sequence de-

fined by a specific time of year. Herring (Clupea harengus,

L.) begins spring spawning in lagoons and bays of the Baltic

Sea when the water temperature reaches 3.5–4.5°C. In con-

trast, the burbot (Lota lota, L.), a species that prefers colder

waters, exhibits reproductive activity at significantly lower

temperatures—starting at just 1.5°C (Čerkasova et al.,

2024). The discovery of phenological thresholds for these

species is particularly significant as it allows for monitor-

ing changes in the range of WST during their key breeding

periods. Unfortunately, despite the potentially beneficial

extension of the herring (Clupea harengus, L.) breeding

period through the earlier occurrence of optimal tempera-

ture, negative effects are observed. Larvae from acceler-

ated spawning encounter temporalmismatcheswith plank-

ton (Polte et al., 2014). In the case of the burbot (Lota lota,

L.), however, the period with optimal WST for this species

has clearly shortened. This trend is particularly noticeable

in the last few decades (see Figure 8).

6. Conclusions
The conclusions regarding air temperature and surface

water temperatures in the lagoons of the southern Baltic

Sea are important for understanding the impact of climate

change on WST. Water temperature is fundamental for

many aspects of the aquatic environment and affects vari-

ous biological, chemical, and physical processes. 1. Analy-

sis of air temperature data indicates clear differences be-

tween Elbląg and Szczecin. This affects the shaping of air

temperatures in both locations. The influence of oceanic

masses on the temperature around Szczecin is particu-

larly noticeable, while Elbląg is influenced by continental

masses. The recorded changes in average annual air tem-

peratures, especially the increase since 1988, are consis-

tent with the general trend of global warming. The differ-

ences in temperature trends between Elbląg and Szczecin

suggest that the Szczecin Lagoon area is subject to a faster

rate of temperature increase than the Vistula Lagoon area.

2. Analysis of WST indicates significant changes, espe-

cially since 1988. The increase in average annual WST and

changes in WST value frequencies underscore the impact

of climate change on the ecosystems of the Vistula Lagoon

and Szczecin Lagoon. The frequency of extremeWSTs, es-

pecially in the winter and spring periods, has undergone

significant changes, which may affect marine organisms

and the dynamics of ecosystems in both basins. In warmer

months, such as summer, the warming is less pronounced,

which may suggest that these changes could be related

to a reduced ability to further raise temperatures during

already warm periods.

In summary, the analysis of climate data indicates clear

changes in air temperature and surface water tempera-

tures in the Vistula Lagoon and the Szczecin Lagoon. Par-

ticularly the precise ability to analyse the shift in the num-
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ber of days with increasingly higher WST fills a research

gap in this area, enabling accurate tracking of changes and

patterns. These changes have significant consequences for

the environment, as the ability of species to adapt to fu-

ture environmental conditions remains uncertain. It is also

worth noting that further research in this area is crucial

for understanding the full scope of these changes.
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dréfouët S., 2017. Are sea surface temperature satellite

measurements reliable proxies of lagoon temperature

in the South Pacific? Estuar. Coast. Shelf Sci. 199,

117–124.

https://doi.org/10.1016/j.ecss.2017.09.033

Venegas-Cordero N., Kundzewicz Z.W., Jamro S., et. al.,

2022. Detection of trends in observed river floods in

Poland. J. Hydrol. Reg. Stud. 41, 101098. https:

//doi.org/10.1016/j.ejrh.2022.101098

Wang J., Xu C., Hu M., Li Q., Yan Z., Jones P., 2018. Global

land surface air temperature dynamics since 1880. Int.

J. Climatol. 38(S1), e466–e474.

https://doi.org/10.1002/joc.5384

Webb B.W., Nobilis F., 2007. Long-term changes in river

temperature and the influence of climatic and hydro-

logical factors. Hydrol. Sci. J. 52(1), 74–85.

https://doi.org/10.1623/hysj.52.1.74

Wolf M.A., Sfriso A., Moro I., 2014. Thermal pollution and

settlement of new tropical alien species: the case of

Grateloupia yinggehaiensis (Rhodophyta) in the Venice

Lagoon. Estuar. Coast. Shelf Sci. 147, 11–16.

https://doi.org/10.1016/j.ecss.2014.05.020

Zalewska T., Wilman B., Łapeta B., Marosz M., Biernacik D.,

Wochna A., Iwaniak M., 2023. Seawater temperature

changes in the southern Baltic Sea (1959–2019) forced

by climate change. Oceanologia 66(1), 37–55.

https://doi.org/10.1016/j.oceano.2023.08.001

https://doi.org/10.1029/2010WR009198
https://doi.org/10.1016/j.ecss.2017.09.033
https://doi.org/10.1016/j.ejrh.2022.101098
https://doi.org/10.1016/j.ejrh.2022.101098
https://doi.org/10.1002/joc.5384
https://doi.org/10.1623/hysj.52.1.74
https://doi.org/10.1016/j.ecss.2014.05.020
https://doi.org/10.1016/j.oceano.2023.08.001

	Introduction
	Study area
	Data and methods
	Methods
	Estimation of trends
	Detecting abrupt changes in a time series
	Innovative trend analysis graphical method


	Results
	Analysis of patterns and trends in air temperature changes near the studied lagoons
	Long-term trends and changes in WST based on 70-year time series
	WST variability in different sub-periods
	Extreme WST values, including extreme anomalies
	Values and frequency distribution of WSTin different ranges

	Discussion
	Long-term warming signals in air temperature 
	Long-term WST changes in lagoons
	Seasonal dynamic of WST trends
	Correlation between air temperature and WST, and the influence of other factors on WST
	Changes in the distribution and frequency of WST occurrence

	Conclusions

