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Abstract. The paper presents water temperature fluctuations in coastal rivers (Rega, Parseta, Stupia,
tupawa, teba) located in the southern Baltic Sea area in Poland. Based on the available detailed data
on daily values of the analysed characteristic in the years 1971-2015, tendencies of changes in the
period were determined. It includes an analysis of temperature fluctuations in reference to mean an-
nual and mean monthly values. In all of the five cases, the mean annual temperature showed an in-
creasing tendency. The value of water warming in particular rivers was approximate, and ranged from
0.26 °C-dec’ to 0.31°C-dec’. At the monthly scale, the highest increase was recorded in April, and
amounted to 0.46°C-dec’ on average. Water temperature fluctuations were particularly determined by
climatic changes, and strongly correlated with air temperature. Local factors characteristic for coast-
al rivers, i.e. presence of infrastructure of small water power plants and predominance of ground-

water alimentation, had a secondary effect on changes in the thermal regime of the analysed rivers.
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Introduction

Research concerning climatic changes (Cermak
et al. 2000; Bednorz and Kossowski 2004; Tavart-
kiladze et al. 2012; Pavlik et al. 2014; Matuszko and
Weglarczyk 2015) and closely related hydrological
conditions (Noges et al. 2010; Schmidtko et al. 2014;
Choinski et al. 2015; Wang et al. 2015) has been
particularly popular over the recent decades. Water
temperature fluctuations are considered as indica-
tors of global warming by many authors (Dabrowski
et al. 2004; Thompson et al. 2005; Arai 2009). The
observed changes in the aforementioned elements
have and will have serious consequences in the
functioning of inland water ecosystems - both riv-

ers and lakes. This can be related to many aspects,
including the biological (Balcombe et al. 2011; Pele-
chata et al. 2015) and the physical-chemical (Mila-
na et al. 2013; Zhang et al. 2015), or issues related
to human life (Phung et al. 2015; Breisinger et al.
2016).

In spite of the rich common knowledge on water
temperature fluctuations in rivers and lakes, due to
among others the aforementioned facts it is impor-
tant to expand the body of knowledge with regard
to particular objects or geographical regions. Such
an approach is not only justified in strictly scien-
tific terms, but can also find practical application.

Regions located in the vicinity of seas and
oceans are particular. In the case of Poland, as em-
phasised by Cieslinski (2006), the coastal zone of
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the southern Baltic Sea is an exceptionally valuable
place, not only in terms of economy, but also due
to the unique character of the natural environment.
This specificity attracts the interest of researchers
from various fields of science. Research conducted
there concerns geomorphological issues (Mazurek
2010; Major 2011; Kostrzewski et al. 2015) and cli-
matic issues (Swia(tek 2011; Kolendowicz and Fory-
cka-Lawniczak 2013; Tomczyk and Bednorz 2014),
among others. Papers concerning rivers and lakes
located in the southern coastal belt of the Baltic Sea
are abundant (Siwek et al. 2001; Ficek et al. 2011;
Obolewski and Glinska-Lewczuk 2013; Szpikowski
et al. 2015; Woszczyk 2016). Publications regarding
the hydrology of the area, however, evidently lack
modern information on one of the main character-
istics of waters, namely temperature.

The objective of the paper is the assessment of
changes in the thermal regime of five rivers in the
coastal zone of the southern Baltic Sea located in
Poland. It includes an analysis of temperature fluc-
tuations in reference to mean annual and mean
monthly values.

—

| POLAND

Moreover, the objective of the paper is the as-
sessment of the scale of transformations and their
correlation with climatic and local factors.

Study area, material and methods

The study area covers the southern coast of the Bal-
tic Sea with an area of 15,500 km?, constituting ap-
proximately 5% of the area of Poland. Its boundary
in terms of hydrographic division is a first-order
watershed, particularly constituting a belt of termi-
nal moraines of the Pomeranian phase of the Last
Scandinavian Glaciation. The watershed separates
catchments of coastal rivers from the catchments of
the Vistula and Odra Rivers - the two largest rivers
in Poland. The evident influence of the Baltic Sea
on climatic conditions is observed in the analysed
area. According to the Atlas... (1994) the continen-
talism index (determined based on the annual anal-
ysis of air amplitude) in Poland varies from 38% to
52%, showing the lowest values in the coastal zone.
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Fig. 1. Location of the study area and objects. 1 — rivers, 2 — water temperature measurement site, 3 — meteorological station, 4 — watershed

of the first order, 5 — lakes, 6 — boundary
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The detailed analysis of long-term water temper-
ature fluctuations concerns five rivers, namely: the
Rega, Parseta, Stupia, Lupawa, and Leba (Fig.1).

The Rega River is the longest of the rivers (172
km), and the Lupawa is the shortest (98.7 km),
also having the smallest catchment (924.5 km?).
The largest catchment is that of the Parseta River
(3,151 km?). A hydrological description of coastal
rivers was presented by Florek (2008) stating that
they are very similar to one another. The compar-
ison suggests among others that although the riv-
ers are abundant in water, they have even outflows
throughout the year, with amplitudes of water stag-
es in the upper courses amounting to approximately
0.5 m, and approximately 3 m in the lower courses.

The study was based on data concerning meas-
urements of the surface temperature of riverine
waters, performed daily at 7:00 (GMT +1) by the
Institute of Meteorology and Water Management
(IMGW) in the years 1971-2015. For each of the
rivers, 16,425 records were collected. Such informa-
tion provided the basis for the analysis of mean an-
nual and mean monthly temperatures for all of the
rivers. For the purpose of determination of chang-
es in climatic conditions, expressed in changes in
air temperatures, data were applied for the mete-
orological stations at Kotobrzeg (54°10°N, 15°34’E)
and Leba (54°47’N, 17°33’E) for the same period
1971-2015 (also collected by IMGW). Moreover,
the paper applied groundwater temperatures for the
Resko station (also observed by IMGW) with limit-
ed availability for the years 1972-1983.

The analysis of trends in measurements of mean
annual water temperature in rivers was performed
with application of the Mann-Kendall test. The cal-
culations were performed in the R package. It is
based on the determination of the non-paramet-
ric coefficient of rank correlation of tb-Kendall for
a given data series, and series of subsequent time
steps ti, i = 1, ... , n. The coefficient T, determines
the strength of the monotonic correlation between
two variables. Its value shows the amount by which
the percentage of all possible observations for which
the direction of difference between them is the same
for both variables is higher than the percentage of
observation pairs not showing such a correlation.
It is calculated based on the S statistic determining
the number of observation pairs not characterised

by similar directions of differences for both of the
analysed variables.

The procedure described above permits test-
ing the hypothesis on the occurrence of a mono-
tonic trend. The zero hypothesis assumes lack of
such a trend, and particularly random distribution
of measurement values in time. The determination
of the strength of correlation between mean annual
water and air temperatures employed Pearson’s co-
efficient of linear correlation r. The measurements
for the Rega and Parseta Rivers were correlated
with measurements from the Kolobrzeg station,
and from the Stupia, Lupawa, and Leba Rivers with
measurements from the Leba station. Based on the
calculated coefficients and their 95% confidence in-
tervals, the range of the most probable percentages
of variance common for both of the variables was
determined.

The significance of trends was verified in refer-
ence to the previously assumed level a = 0.05.

Results

The Mann-Kendall test shows significant results in
the case of all of the five rivers. This means that
an increase in mean annual water temperatures
occurred in the study period. The strength of the
effects measured by means of coefficient 1, was sim-
ilar in all of the cases, and varied from 0.42 to 0.52.
The highest increase was recorded for the Rega Riv-
er, amounting to 0.31°C-dec’’, and the lowest for the
Stupia River, amounting to 0.26°C-dec™’. Water tem-
perature fluctuations are presented in Figure 2.

In the monthly distribution (of the average for
all of the rivers), the highest increase was record-
ed in April (0.46°C-dec”). No tendency was record-
ed for, among others, December and February. No
decreasing tendency was recorded for any month.
A considerable transformation of the thermal re-
gime of coastal rivers is associated with climatic
changes. The performed analysis of air tempera-
ture for Kolobrzeg and Leba stations confirms this
assumption, evidencing its substantial increase
(Fig. 3).

Analyses of mean annual temperatures in the
Rega and Parseta Rivers showed a very strong cor-
relation with mean annual air temperatures meas-
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ured at Kolobrzeg station. Approximate results were
also obtained in reference to correlations of mean
annual temperatures in the Stupia, Lupawa, and
Leba Rivers with measurements from station Leba.
The confidence intervals of coefficients of determi-
nation r* show (from 75 to 84%) that depending
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Fig. 2. Water temperature fluctuations in coastal rivers in the years
1971-2015 (annual means); a) Rega, b) Parseta, c) Stupia, d)
tupawa, e) teba

on the river, water temperature fluctuations co-oc-
cur with changes in air temperatures. Moreover, the
analysis of cross-correlation plots, showing the level
of correlation of measurement of annual water tem-
perature in rivers with air temperature, suggests that
the strongest correlation occurs between measure-
ments for the same year. Correlation between meas-
urements from various years is considerably weaker,
and in comparison to the strength of correlation be-
tween measurements for the same year it can be
considered as omitted.

Discussion

The results presented in the paper suggest that over
the last 45 years, considerable transformations oc-
curred in the thermal regime of all the analysed riv-
ers. They show a high increase in temperature in the
period, amounting to approximately 0.28°C-dec’.
Such a situation is primarily caused by the observed
climatic changes, as evidenced by an increase in air
temperature for two stations analysed in the paper,
and strong correlations with water temperature.
Certain local conditions are also worth attention.
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Fig. 3. Air temperature fluctuations (annual means) in the years 1971—

2015; a) Kotobrzeg, b) teba
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According to Piotrowski et al. (2015), they can be
determined by natural, semi-natural, and anthro-
pogenic processes. The study area is distinguished
by the presence of small water power plants and
groundwater alimentation of rivers.

Water temperature fluctuations in rivers are
common, and have been recorded in various are-
as of the world. Zganec (2012), analysing tempera-
ture fluctuations in three rivers in Southern Europe
(Croatia), determined their increase over a period
of several decades. The highest increase was record-
ed for the Mreznica River. In the years 1953-2008,
it amounted to 0.48°C-dec’. In the case of the Unit-
ed States, Kaushal et al. (2010) studied 40 streams
and rivers (in various time periods). The authors
determined that 20 of them were characterised by
a significant increase in water temperature, ranging
from 0.09 to 0.77°C-dec’. In the territory of Aus-
tria, Webb and Nobilis (2007) analysed water tem-
perature fluctuations in three rivers: Salzach, Traun,
and Danube in the years 1901-2000. It was deter-
mined that in all of the cases, an increase in the
fluctuations occurred, amounting to approximately
1.5°C on average. In the case of the Baltic zone, a
detailed analysis of the issue was performed by Ju-
rgelénaité et al. (2012) based on 84 rivers in Lith-
uania. According to the study, the highest increase
in water temperature (0.04°C) occurred in the last
period, i.e. in the years 1991-2010.

Results referring to air temperatures are in ac-
cordance with other studies of the type performed
in the southern region of the Baltic Sea in other pe-
riods. Michalska (2011), analysing air temperatures
among others for the Ustka station, located in the
study area, determined that in the years 1951-2005
it increased by (0.28°C.-dec”). A more extensive
analysis of air temperature fluctuations on the Pol-
ish coast was presented by Tylkowski (2013). Based
on data from seven stations, the author determined
that air temperature on the Polish coast in the years
1966-2009 increased by 0.3°C-dec™ on average. The
increasing tendency of temperature has also been
recorded in other regions of the Baltic zone (Liz-
uma et al. 2007; Klavins et al. 2009; Russak 2009).
The performed analysis of correlation between air
temperature and water temperature shows that the
former depends on the latter — for all of the five
rivers it was 79.5% on average. The remaining per-
centage is associated with other factors - includ-

ing, as mentioned before, human economic activity
and alimentation conditions of rivers. Chen et al.
(2016) determined the effect of air temperature fluc-
tuations and human activity on water temperature
fluctuations in the catchment of the Yongan Riv-
er in China. According to the study, they are 75%
determined by climatic changes, and the remaining
percentage corresponds with human activity. The
percentage is approximate to that for rivers analysed
in this paper. Many papers refer to correlations of
water temperature in rivers with factors other than
climatic factors (Le Blanc et al. 1997; Kinouchi et al.
2007; Hester and Doyle 2011). Poole and Berman
(2001) consider activity related to the production of
electric energy as a factor of importance to chang-
es in water temperature. This finding is confirmed
among others in reference to rivers in NW Spain
(Alvarez-Troncoso et al. 2015), or in the case of re-
search conducted in the Rhone River in the Alps
(Fette et al. 2007). In Poland, coastal rivers (except
for mountain rivers) can be considered as belong-
ing to the most favourable locations for water power
plants, as determined by their natural characteris-
tics. In the upper courses of the sections, numerous
inclinations occur, reaching 7%o (Florek 2008). The
existing dams were particularly constructed at the
turn of the 20th century (Radtke et al. 2012). They
are distinguished by a low increase in water stages
(Babinski et al. 2015). Jarosiewicz and Obolewski
(2013) presented the effect of small water pow-
er plants on the hydrological conditions (including
water temperature) of the Stupia River - according
to the authors the river best used for energy engi-
neering purposes in Central Pomerania. Daily wa-
ter temperature fluctuations below the power plant
amounted to approximately 0.5°C. Furthermore, the
authors determine that water temperature fluctua-
tions in the Stupia River are particularly determined
by climatic conditions.

Coastal rivers are distinguished in the hydrograph-
ic network of Poland by their hydrological regime.
It was established as even with the spring flooding
and groundwater rainfall, and nival alimentation
(Dynowska 1972). As further emphasised by the
same author, the relatively permeable Pleistocene
formations can absorb considerable amounts of
water. This is of importance in periods of drought,
when rivers are abundantly fed by groundwaters.
According to Paszczyk (1975), in the case of coast-
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al rivers, groundwater alimentation is their domi-
nant form of alimentation. In addition to the effect
on water outflow parameters, the type of alimen-
tation can also determine its other parameters, in-
cluding among others thermal dynamics (Tung et
al. 2014; Higashino and Stefan 2016). Cooling of
riverine waters by the groundwaters feeding them
is observed in the case of the Rega and Parseta Riv-
ers, where the increase in water temperature in the
years 1971-2015 was 0.4°C lower than air tempera-
ture for the Kolobrzeg station. This finding is con-
firmed by monitoring of groundwater temperature
conducted for station Resko in the years 1972-1983.
Mean temperature of groundwaters in the period
amounted to 8.8°C, and temperature in the Rega
River (near which it is located) in the analogical pe-
riod equalled 9.2°C. Water temperature for rivers:
Stupia, Lupawa, and Leba increased at the same rate
as air temperature for the Leba station.

Conclusions

The analysis of water temperature fluctuations in
coastal rivers in the region of the southern Baltic
Sea performed in the paper suggests a strong trans-
formation of the thermal regime over the last 45
years. For five of the analysed cases, water temper-
ature in the period increased by between 0.8 and
1.2°C. The highest increase in temperature in the
analysed period was recorded in April. It amount-
ed to more than 2°C (on average for all of the riv-
ers). Such a situation particularly reflects climatic
changes, and is in accordance with many studies of
the type in various parts of the world. The record-
ed increase in air temperature for two stations locat-
ed in the study area strongly correlated with water
temperature. Other specific features of coastal riv-
ers, namely the application of their water resources
by small power plants, and substantial contribution
of groundwater alimentation, can be recognised as
factors of secondary importance.
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