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AssTrRACT: The paper presents the dynamics of daily water temperature fluctuations in Lake Kierskie (West Poland)
and determines the effect of air temperatures and wind speed on the variability of the parameter (water temperature).
The analysis was based on hourly water temperature values from the period from May 2012 to January 2018. The data
analysis permitted the description of the thermal regime of waters in the lake in the hourly cycle in reference to each
month, and designation of months characterised by the highest and lowest stability of water temperatures. More than
half of the analysed days was characterised by a change in water temperature not exceeding 1°C. The course of water
temperature showed strongly positive correlations with air temperature, and weak correlations with wind speed. Wa-

ter temperatures in the lake were correlated the strongest with air temperatures with a 24 h time step.
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Introduction

Research on water temperature is considered
basic in the context of the functioning of lake eco-
systems (Ptak et al. 2018a). Issues concerning the
thermal regime of lake ecosystems are discussed
in a broad spectrum in several aspects. One of
them is a variable time scale involving analyses
fluctuations based on multi-annual (Hampton
et al. 2008), daily (Coloso et al. 2011, Choirski
et al. 2015), hourly (Skowron, Piasecki 2016), or
minute-based data (Choinski, Strzelczak 2018).
In Poland, high variability occurs in the scope of
observations of temperature in the near-surface
water layer. Point measurements are dominant in
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the daily system, implemented for at least sev-
eral decades by the Institute of Meteorology and
Water Management - National Research Institute
(IMGW-PIB). The hourly system of observations
of lake water temperature was introduced by
IMGW-PIB on selected water gauge stations sev-
eral years ago. The paper is the first to present
results of such monitoring in reference to Lake
Kierskie (Fig. 1), where the test measurement
sensor is located.

One of the greatest modern threats for lake
ecosystems is the impact of climatic change, as re-
flected in long-term records of the course of water
temperature. In a large majority of papers discuss-
ing the issue, an increase in water temperature is
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Fig. 1. Study site location. On the left: measurement site (limnimetric column and water gauge).

evident (Naumenko et al. 2006, Austin, Colman
2007, Schneider, Hook 2010, Ptak et al. 2017, Ptak
et al. 2019), and the scale and rate of the process
are dependent on a number of co-occurring fac-
tors (climatic conditions, surroundings, lake mor-
phometry, etc.). The transformation of surface
waters resulting from climate changes is already
evident (Mooij et al. 2008, Jeppesen et al. 2012),
and with the maintenance of the current trend
further transformations will proceed, with large-
ly unpredictable effects (Czernecki, Ptak 2018).
Such a situation will certainly force undertaking
corrective measures reducing the effects of global
warming for the functioning of lake ecosystems.
Such measures are only performed in the case of
rivers (Ptak 2018, Ptak et al. 2019). Each expan-
sion of knowledge in the scope of the thermal re-
gime of lakes and its changes may contribute to
the determination of the directions and scope of
measures allowing for limiting the effect of cli-
mate change in the context of the functioning of
lakes. The study aims at filling the gap in refer-
ence to lakes in Poland, where research at such a
time scale have been rare.

The objective of the paper was to present the
dynamics of daily water temperature fluctua-
tions in Lake Kierskie, and to determine the effect
of selected meteorological (wind and air temper-
ature) components on its variability.

Study site description

Lake Kierskie is located in West Poland with-
in the administrative boundaries of Poznan.
It is a post-glacial channel lake with a surface

area of 283 ha, volume of 30.8 million m? max-
imum length of 4.50 km, maximum with of 1.06
km, maximum depth of 36.4 m, mean depth of
10.9 m, and shoreline of 11.960 m (Grzeskowiak,
Szymanski 2009). The lake basin includes the
main basin extending along the N-S axis, with
variable bottom relief with numerous thalwegs
and shallow areas, and a very shallow bay ex-
tending west from the main basin. Four larger
rivers flow into the lake, the largest being Samica
Kierska, flowing into the lake in its north-western
part. The same river drains the lake, and flows
out in its northern part. The shores of the lake are
of very variable character - from steep scarps ris-
ing a dozen metres above the lake to flat marshy
plains extending up to several hundred metres
from its shoreline. To the north, west, and south,
permanent and seasonal housing development is
adjacent to the lake, as well as numerous marinas
and recreational resorts.

Materials and methods

The paper presents hourly water temperature
values from May 2012 to January 2018. A total
of 49,752 records were obtained. The measure-
ments were performed on the water gauge sta-
tion of IMGW-PIB Poznan-Kiekrz, located on the
northern shore of Lake Kierskie. The tempera-
ture measurements employed an OTT Orpheus
mini recorder. The measurement sensor was lo-
cated in the pipe mounted on the shore near the
water gauge (Fig. 1). Due to the assembly pos-
sibilities, the sensor was mounted at a constant
height, which translated into variable depth of
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its immersion. Depending on the water level
and waves, it was located at a depth from 0.2
to 0.8 m below water level in the lake. The as-
sessment of meteorological conditions employed
measurement data covering air temperature and
wind speed obtained from the airport meteoro-
logical station Poznan-Lawica (approximately 6
km south of the observation point). The meas-
urements were performed every three hours. The
characteristics of the thermal regime of water in
Lake Kierskie are presented in reference to par-
ticular months. Averaged hourly courses of wa-
ter temperature were determined for each month.
They permitted the determination of the time
of occurrence of minimum and maximum val-
ues and determination of the dynamics of their
changes. The obtained results were analysed in
the context of air temperature and wind speed.
For the purpose of assessment of meteorological
parameters on the dynamics of water tempera-
ture, the correlation analysis was performed be-
tween water temperatures in particular months
and air temperatures and wind speeds. The anal-
ysis was performed on measurement data from
0:00 am, 3:00 am, 6:00 am, 9:00 am, 12:00 am, 3:00
pm, 6:00 pm, and 9:00 pm. The correlation anal-
ysis involved the application of (advance) time
shift of air temperature and wind speed respec-
tively by 3, 6, 9, 12, 15, 18, 21, and 24 h. Finally,
the development of a model was attempted for
the purpose of prediction of temperatures in
Lake Kierskie based on air temperatures and
wind speeds. For this purpose the multiple line-
ar regression (MLR) analysis were carried out of
water temperature against the air temperatures
and wind speeds measured at the same time as
water temperature, and with a time step of 3, 6,
9,12,15,18, 21, and 24 h. To setup the regression
model the data from 2012 to 2018 are considered
for the analysis out of which from period 2012 to
2016 are treated for the training the MLR and the
remaining data from 2017 to 2018 are designed
for testing the model. The statistical analyses
were performed in Statistica 13.1 software.

Results

Water temperatures in Lake Kierskie in the
period from May 2012 to January 2018 varied
from 0.6 to 28.6°C, with a mean value of 12.4°C
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Fig. 2. Hourly changes of the lake’s water
temperature in individual months.

and median of 11.9°C. The highest monthly wa-
ter temperature was recorded in July - averaging
22.3°C, and the lowest one in January - averaging
2.4°C. The highest variability of water tempera-
tures was observed in April, and the lowest in
February (Fig. 2).

The hourly course of water temperatures in
Lake Kierskie in reference to particular months is
presented in Figure 3.

Averaged daily water temperature fluctua-
tions in the monthly cycle varied from approxi-
mately 0.2°C (January, December) to 2.6°C (May).
From April to December, daily maximum tem-
perature was reached around 4:00 pm (3:00 pm
GMT), in March at 2:00 pm (1:00 pm GMT), and
in January and February at 1:00 am (0:00 GMT).
The lowest hourly temperature fluctuations in
winter months particularly result from the occur-
rence of ice cover isolating the waters from the
effect of external factors (air temperature, wind,
and insolation). The highest dynamics of water
temperature fluctuations in a day were observed
in the period from April to September. Hourly
values of temperature fluctuations in the period
reach values of more than 1.4°C. It results from
the developed thermal stratification due to which
a smaller layer of water (epilimnion) is under
the influence of atmospheric conditions. The re-
sponse of the lake to the incoming and emitted
streams of heat is then faster.

The detailed analysis of particular days points
to high water temperature stability. Throughout
the multi-annual period, in only 11 cases daily
differences were higher than 5°C, reaching the
maximum on 13 June 2015 (6.1°C). In the case
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Fig. 3. Daily course of water temperature in Lake Kierskie in the monthly cycle (mean value from the years
2012-2018).

of 26 days (1%), the changes were higher than
4°C, in 5.5% of cases they were higher than 3°C,
in 14% of cases they were higher than 2°C, and
in 26% of cases higher than 1°C. More than half
(52%) of all days was characterised by daily wa-
ter temperature fluctuations not exceeding 1°C,
and in the case of 23 days, no water temperature
fluctuations were recorded. Daily water tem-
perature fluctuations are presented in Figure 4.
The highest daily water temperature fluctuations
were observed in April, and lowest in February
(Fig. 5).

The next stage involved the determination of
the effect of selected meteorological parameters
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on water temperature fluctuations. Current re-
search points to the important role of air tem-
perature (Ptak, Nowak 2016, Zhu et al. 2018). An
example dependency between monthly water
temperatures and air temperatures is present-
ed in Fig. 6. Skowron and Piasecki (2016) dipict
that these relations are mainly determined by
the morphometry of lake; especially the aver-
age depth, the lake surface, and geometric depth
indicator.

Another important factor affecting the thermal
regime of lakes is wind. Magee, Wu (2017) ana-
lysed the response of temperature in three lakes
with different morphometry to climatic changes.
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Fig. 4. Daily water temperature fluctuations in Lake Kierskie (May 2012-January 2018).
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Fig. 5. Daily water temperature fluctuations in Lake
Kierskie in particular months.

The authors emphasise that wind can strengthen
or mitigate the impact of higher air temperatures
on the thermal structure of the lake, depending
on the direction of local changes in its speed. In
the case of Lake Vortsjarv (Estonia), Woolway
et al. (2017) determined that decreasing wind
speed values caused considerable changes in the
stratification dynamics. Based on research on
nine lakes in Denmark, Martinsen et al. (2019)
fund that the probability of stratification by day
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Fig. 6. Relationship between monthly average water
temperature and monthly average air temperature.

increased with higher intensity of solar radiation,
higher air temperature, and lower wind speed.
The course of both meteorological parameters on
the background of water temperature distribu-
tion in the analysed multi-annual period is pre-
sented in Figure 7.

In the first case, water temperatures as well
as air temperatures were characterised by sim-
ilar cyclical variability. Due to the properties of
water, the course of its temperature shows lower

Fig. 7. Course of water temperature (blue lines) in Lake Kierskie and a) air temperature (red line) and b) wind
speed (orange line) for station Poznan-tawica in 3-hours interval (May 2012-January 2018).
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variability (lower thermal conductivity) than the
course of air temperature observed in the same
period. The correlation of both variables is high,
and equals 0.85. In the case of wind speed, the
correlation is considerably lower, and the corre-
lation coefficient equals —0.11. Next, the effect of
air temperature and wind speed fluctuations on
water temperature fluctuations was determined,
as presented in Figure 8.

The analysis of measurements from the same
times showed that in the case of air temperature
and water temperature, the correlation was mod-
erate, and equalled 0.34. In the case of wind, the
correlation was negative, and equalled —0.12.
Further analyses involved the determination of
correlations of water temperature fluctuations
with earlier air temperature and wind speed fluc-
tuations. Such measures were performed with a
3,6,9 12, 15, 18, 21, and 24 hour tie step. The
analysis shows the strongest correlations of water
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temperature fluctuations with air temperature
with a 24 h time step. The strongest correlations
between water temperatures and air tempera-
tures 24 h in advance were observed in March
and November, and the weakest in February. In
the case of wind, its impact was less significant,
and depending on the month, the strongest cor-
relations were observed with a 3,9, 12, 15, and 24
hour time step. The multiple regression analysis
permitted the development of prediction models
for water temperatures every three hours based
on water temperatures and wind speed. The de-
velopment of the model employed water temper-
atures and air temperatures with 3, 6,9, 12, 15, 18,
21, and 24 hour time step. The developed mod-
els usually show low prediction capacity. Values
of determination coefficients vary from 0.13 to
0.57. The lowest values of determination coeffi-
cients were obtained for January and February,
averaging 0.17, and the highest in March and

Fig. 8. Water temperature fluctuations in Lake Kierskie (blue lines) and a) air temperature (red line) and b)
wind speed fluctuations (orange line) for station Poznan-tawica in 3-hours interval (May 2012-January 2018).
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September, respectively 0.57 and 0.48. The pre-
diction capacity of the model can be considerably
improved by introducing information on water
temperature from previous time steps i-3h and
i-6h to the model. This permits obtaining deter-
mination coefficients at a level from 0.96 to 0.98.

Discussion

The presented results correspond with the
trend of limnological research concerning is-
sues related to the thermal regime of lakes. As
signalled in the introduction, studies based on
a high degree of detail (hourly, minutes) of re-
cord of the data should be still considered as
deficient. In reference to the current research of
thermal regime of surface waters in Polish lakes
with such frequency of temperature records,
the paper by Skowron and Piasecki (2016) de-
serves particular attention. The study concerns
19 lakes. The authors determined among others
that daily temperature fluctuations both in tem-
poral and spatial distribution were variable. The
highest water temperature fluctuations occurred
in the period of spring warming, and frequently
reached 4-5°C, whereas in the remaining periods
of the annual cycle, they rarely exceeded 2°C. The
study suggests that Lake Kierskie responded in
a similar way where the spring period was char-
acterised by the highest dynamics of changes. In
the case of Poland, mountain lakes are specific.
Choinski and Strzelczak (2018) analysed ampli-
tudes of water temperature fluctuations in Lake
Morskie Oko (1 m depth). The results show thatin
the near-surface layer they reach values of up to
3.5°C, and were also observed in spring. Similarly
as in the presented paper, the authors evidenced
that water temperature showed stronger correla-
tions with air temperature in comparison to cor-
relations with wind speed. Water transparency is
important for the distribution of water tempera-
ture in its surface layer. Water transparency is an
approximate indicator of penetration of solar ra-
diation into water, determined by the presence of
solid particles that either absorb or disperse solar
radiation reaching water (Osuch et al. 2016). It is
particularly important in the daily cycle, as re-
flected in the dynamic increase in water temper-
ature resulting from solar radiation. Lakes with
lower water transparency absorb solar radiation

in the shallower water layer, translating into its
faster heating (Ptak et al. 2018b).

Research conducted by Provincial Inspectorate
for Environmental Protection in Poznan in 2011
showed that the transparency of the analysed
lake was 2 m. The performed assessment of uni-
form parts of water showed bad state. High dos-
es of natural fertilisers and disorganised sewage
management is unfavourable for lakes, because it
leads to an increase in the amount of the supplied
biogenic substances (Zbierska et al. 2016). The di-
rect catchment of Lake Kierskie is strongly trans-
formed by man. Such areas constitute 63.8% of its
surface area. This type of land use in the catch-
ment is a double threat to the lake. It affects the
concentration of nutrients in the lake, on the one
hand with supplied sewage from anthropogen-
ically transformed areas, and on the other hand
that from overland flow (Brodziriska et al. 2009).
The situation of excessive supply of biogenic
substances in the catchment can be magnified by
the fact that in the major part anthropogenically
transformed areas are in direct contact with the
lake. In this context, the lake is prone to consider-
able degradation, consequently leading to among
others changes in the physical and chemical wa-
ter parameters (including transparency), which
in turn can contribute to a faster rate of increase
in water temperature.

In the case of other regions of the world, re-
search on thermal regime of lakes referring to
daily fluctuations is becoming increasingly com-
mon (Frempong 1983, Spigel et al. 1986, Wilhelm
etal. 2006, Andersen et al. 2017, Frassl et al. 2018).
Comparable research on daily water temperature
fluctuations between mutually neighbouring
lakes was conducted by among others Woolway
et al. (2015). The study shows that the size of the
temperature cycle is particularly affected by the
depth of the uppermost mixed layer. The authors
observed a significant correlation between the
range of daily fluctuations and the surface area
of the lake. The lake analysed in the paper is the
largest in the region in terms of surface area.
Therefore, its response to the effect of wind will
be manifested in later development of thermal
stratification.

As emphasised by Woolway et al. (2016),
knowledge on daily temperature fluctuations is
important for the calculation of biochemical reac-
tions and streams of gases. Research concerning
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pCO, and CO, by Yang et al. (2019) showed that
water temperature is one of the primary factors
affecting their daily dynamics. Therefore, they are
issues important for the functioning of lake eco-
systems, particularly in the context of transforma-
tions of the thermal regime of lakes (Woolway et
al. 2017, Ptak et al. 2018b) under the conditions of
climate changes. In this context, it is necessary to
have detailed knowledge on all components af-
fecting the lake ecosystem - their dynamics and
scale of changes in different time scales.

Conclusions

Multi-annual hourly measurements of water
temperature in Lake Kierskie permitted perform-
ing detailed characteristics of the parameter. Its
daily and seasonal distribution is typical of lakes
of moderate latitudes, and is comparable to that in
other papers analysing the issue. In the monthly
cycle, average temperature fluctuations were from
more than 0.2°C (January, December) to 2.6°C
(May). In reference to particular days it was deter-
mined that the maximum changes equalled 6.1°C.
Water temperature fluctuations, however, are
usually low, and do not exceed 1°C. In the case of
wind, its effect was less substantial, and depend-
ing on the month, the strongest correlations with
water temperatures were observed with an ad-
vance from 3 to 24 hours. Satisfactory prediction
of water temperatures in the lake (with a three-
hour time step) is not possible based on air tem-
peratures and wind speed. The obtained multiple
regression models were characterised by weak ad-
justment. The research on the thermal regime of
Lake Kierskie is the first study of the type for the
lake. Importantly, the currently observed situation
will provide the basis for further research, both in
the context of the observed climate changes and
the increasing human pressure (Ptak et al. 2013).
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