

  water-13-01328




water-13-01328







Water 2021, 13(10), 1328; doi:10.3390/w13101328




Article



Analysis of the Water Level Variation in the Polish Part of the Vistula Lagoon (Baltic Sea) and Estimation of Water Inflow and Outflow Transport through the Strait of Baltiysk in the Years 2008–2017



Michał Szydłowski *[image: Orcid], Wojciech Artichowicz[image: Orcid] and Piotr Zima[image: Orcid]





Faculty of Civil and Environmental Engineering, Gdańsk University of Technology, Narutowicza 11/12, 80-233 Gdańsk, Poland









*



Correspondence: mszyd@pg.edu.pl; Tel.: +48-58-347-1809







Academic Editor: Majid Mohammadian



Received: 17 March 2021 / Accepted: 8 May 2021 / Published: 11 May 2021



Abstract

:

The Vistula Lagoon is located in both Poland and Russia along the southern coast of the Baltic Sea. It is connected to the Baltic Sea in the Russian part by the Strait of Baltiysk. The purpose of the paper is to identify the dominant factors underlying the water level variation mechanism at Tolkmicko in the Vistula Lagoon, revealed by a statistical analysis of the measured data and a discussion on the inflow and outflow transport variation through the strait, estimated by numerical modeling. Seawater transport is exceptionally valuable in terms of the hydrological water balance in the lagoon. Historical research on the hydrology of the lagoon shows that the water exchange in the lagoon is quite complex due to the presence of several different sources of water balance, such as seawater inflow, river inflow, groundwater inflow, precipitation, and evaporation. Unfortunately, there are no current data on seawater inflow and outflow through the Strait of Baltiysk due to the lack of continuous flow measurements in the strait. A novelty of the current work is an in-depth statistical analysis of the water level variation in the Polish part of the lagoon over a long time period and an estimation of water transport through the Strait of Baltiysk by use of a numerical model. The model reproduces well the water level variation responding to variations in the sea level outside the lagoon and the wind action over the lagoon. The years 2008–2017 were chosen as the analysis period. A two-dimensional free surface shallow water numerical model of the lagoon was adapted to simulate the water level variation in view of the wind over the lagoon and the sea level variation at one open boundary. Finally, it was concluded that the water level variation on the Polish side of the Vistula Lagoon is dominated by two factors: the water level in the Gulf of Gdańsk and the wind over the lagoon. The average annual marine water inflow into the Vistula Lagoon was estimated to be equal to 15.87 km3.
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1. Introduction


Coastal lagoons are defined in [1] as inland and shallow water bodies with depths not exceeding a few meters and separated from the sea by a barrier (usually sand). They are connected to the sea by at least one restricted inlet. The orientation of a lagoon may vary, but being parallel to the shore is the dominant feature. According to [2], coastal lagoons occur on about 12% of the length of the world’s coastline. The formation of lagoons can be caused by alluvial progradation, the transgression of barriers in response to a sea level rise or they can be formed behind storm-surge barriers. Some examples of this last type of formation can be found on the southern shores of the Baltic Sea. One of them is the Vistula Lagoon (Figure 1) as well as the neighboring Curonian Lagoon [3].



The water movement in the Vistula Lagoon is related to variations in the sea level in the Gulf of Gdańsk and to the wind action on the water surface of the lagoon [5]. When the water stage of the Gulf of Gdańsk rises over the water level in the lagoon, a water current occurs directed into the lagoon. A reduction in the sea level in the Baltic Sea to below the lagoon water level causes the lagoon water to flow into the sea creating a current in the strait in the opposite direction. The long-term damming of water in the southern part of the lagoon can be a cause of flood risk for the lowland areas of Żuławy Elbląskie (Figure 1) [4]. The mechanism underlying the water level variation in the Polish part of the Vistula Lagoon is considered in this paper. It was estimated in the past that the mean total volume of seawater flowing into the lagoon reaches 15–18 km3 per year [6,7]. Unfortunately, there are no full, continuous, and current data (measurements) on the seawater transport between the Gulf of Gdańsk and the Vistula Lagoon. Recently, Russian researchers started to measure the flow through the strait, but so far only two series of measurements of approximately one month are available [8]. The annual volume of marine water inflow is usually cited and estimated by researchers like [4,5,9,10,11,12] using only data from historical sources such as [6,13]. This identified knowledge gap in the water balance of the Vistula Lagoon is also investigated in this paper.



The main objectives being also parts of the present work are:




	
a statistical analysis of the water level variation at Tolkmicko station to identify the factors of water damming in the southern part (Polish) of the Vistula Lagoon (the measurements of the water stages in the lagoon and in the Gulf of Gdańsk, as well as wind observations at Nowa Pasłęka meteorological station were used for this research),



	
a validation of the shallow water equations model [4] adopted to simulate the hydrodynamics of the lagoon over a long period of time (the water stage field measurements from Tolkmicko were used for comparison with the calculations),



	
a computational estimation of the marine water transport between the Baltic Sea and the Vistula Lagoon (a numerical simulation of the hydrodynamics of the Vistula Lagoon was carried out for the period 2008–2017).








To the best of the authors’ knowledge, such a long-term study (10-year period) on the hydrodynamics of the Vistula Lagoon has not been conducted so far. Moreover, the results of the work improve the general knowledge of the hydrological characteristics of the lagoon. It should be noted that the water flow rate in the Strait of Baltiysk reaches even 10,000 m3s−1 [6,7]. The total inflow from all the rivers entering into the lagoon is about 180 m3s−1 [6,7], yet this was not investigated in this case study due to the lack of continuous measurements. However, in order to make a full hydrological balance of the water exchange in the lagoon, each of the hydrological elements such as river inflow, ground inflow, precipitation and evaporation should be considered.




2. Materials and Methods


2.1. Study Area


The Vistula Lagoon [6,7,10,14] is a classic example of a coastal lagoon in the southern Baltic Sea (Figure 1). The length of the lagoon is 90.7 km and its width varies from almost 6 km to 13 km. The mean width is 8.9 km. The lagoon is a very shallow basin with a mean depth of only 2.75 m. It is separated from the Gulf of Gdańsk by the Vistula Spit of a length of about 65 km. The only connection between the Vistula Lagoon and the Baltic Sea is through the Strait of Baltiysk, which is 2 km long, 440 m wide and approximately 8.8 m deep. The total area of the lagoon measures 838 km2, of which 472.5 km2 belongs to Russia, and the shoreline is 270 km long [5,6,7,10].



Historically, the Vistula Lagoon was formed as part of the estuary of the Vistula River [10]. The regulation and changing of the course of the Vistula River at the beginning of the 20th century, due to frequent flooding, considerably modified the hydrological regime of the lagoon. Consequently, the annual inflow of the Vistula waters into the lagoon decreased from about 8–9 km3 to 0.7 km3. Since that time, the hydrological and sedimentation regimes of the lagoon have changed. The lagoon has evolved from a freshwater plain estuary to an estuarine lagoon significantly influenced by the Baltic Sea [10].



The largest rivers flowing into the Vistula Lagoon are the Pregoła (providing 62% of the freshwater) and other small rivers in the Russian part, and the Pasłęka, the Elbląg, the Nogat and the Szkarpawa on the Polish side. The inflow of fresh water from the Vistula to the lagoon, as a result of the functioning of locks on the Nogat and the Szkarpawa, is very limited. The average total annual river water inflow to the lagoon is about 180 m3s−1 [6,7]. Some correction of this component of the lagoon water budget was made in [11].



Nowadays [6,11], the hydrology of the Vistula Lagoon is controlled by marine water inflow (18.13 km3 per year) and freshwater gain, which consists of catchment runoff (4.97 km3 per year), precipitation (0.55 km3 per year), and evaporation (a loss of 0.53 km3 per year). The total outflow from the Vistula Lagoon to the sea is estimated to be equal to 23.69 km3 per year. The water balance is complemented by the groundwater flow.



The hydrodynamics of the Vistula Lagoon are usually influenced by changes in the sea level in the Gulf of Gdańsk and by wind action on the water surface of the lagoon [6,7]. Inflow to the lagoon takes place when the water level on the open sea side of the strait is higher than on the lagoon side, and vice versa for the outflow. The occurring difference in the water levels (the water head) between the sea and the lagoon causes a strong water current in the strait. Except for the water transport through the Strait of Baltiysk, the hydrodynamic conditions of the lagoon depend on wind action. In the region of the Vistula Lagoon, SW winds with a velocity from 4 to 6 ms−1 prevail [3,6,7]. These winds cause a rise in the water level in the Gulf of Gdańsk and in the Vistula Lagoon of even 0.8 m above the mean sea level. However, NE winds in particular cause a dangerous water level rise in the southern part of the Vistula Lagoon. For long periods of strong NE winds, a rise in the water level can be observed exceeding +1.0 m and in extreme conditions reaching +1.5 m above the mean sea level [4].




2.2. Hydro-Meteorological and Bathymetric Data


In order to analyze the mechanism of water damming on the Polish side of the Vistula Lagoon and model the hydrodynamics of the Vistula Lagoon, as well as to finally estimate the total water transport [15] between the lagoon and the Baltic Sea, hydro-meteorological data are necessary. It was assumed that the analysis and numerical simulation of the water movement in the Vistula Lagoon and the water discharges in the Strait of Baltiysk would be analyzed in one long period from 2008 to 2017.



The raw hydro-meteorological data contain the water level measurement time series at Tolkmicko and Hel stations in which the measurement frequency was equal to 10 min. Time intervals between 13% of the measurements at Tolkmicko exceed the 10 min interval due to missing observations. Such a situation does not occur in the measurements taken at Hel. The granularity of the wind speed and direction measurements is 1 h. There are no missing observations in the wind measurements data set. The statistical analysis of the data was performed for the data set integrating the raw water elevation and wind data.



As the input data for the water flow simulation, the daily (24-h) averages of the water level measurements in the Gulf of Gdańsk at Hel station were used along with the observed (one per hour) wind direction and speed over the lagoon at Nowa Pasłęka station (Figure 1). The investigation of the variability of the water levels (water stage elevations, WSE (m a.s.l.)) in the lagoon and the hydrodynamic model verification were carried out using the daily averaged water level measurements at Tolkmicko station. All these measurements are public and are published online by the Polish Institute of Meteorology and Water Management [16]. The example data for the year 2008 are presented in the Results and Discussion section. The full set of measurements is available in [17].



Archival bathymetry data [4,7] were also used to build the digital model of the lagoon bottom (Figure 2).




2.3. Statistical Method


The analysis was carried out using the exploratory data analysis approach. The mutual dependence of the considered events was tested using the χ2-independence test [18]. The equality of the empirical probability density functions of water levels was tested with the Kolmogorov–Smirnov test [19]. The time series comparison was performed using a correlation analysis [20]. The statistical analysis was performed using the Anaconda distribution of Python 3.8 [21,22].




2.4. Mathematical Model


Many types of mathematical models of the Vistula Lagoon have been developed over the years, including two-dimensional (2D) hydrodynamic models [4,13,14,23,24,25,26], two-dimensional models composed of hydrodynamics, water quality, and eutrophication modules [27,28], and the more recently developed three-dimensional (3D) models used for sediment transport and migration [9,12,29,30].



The problem of how complex a model is needed to mathematically describe the hydrodynamics of the Vistula Lagoon and calculate the water transport through the Strait of Baltiysk depends on flow characteristics and the aim of the numerical simulation. Simplified 2D barotropic models can be applied in cases of horizontal water flow with small depth and limited vertical velocity. It seems that in general this shallow lagoon meets these conditions [7], except for the Strait of Baltiysk area, where two-layer and two-stream currents occur [30]. Łazarenko and Majewski [6] reported that 74.9% of inflow or outflow are uniform currents, 11.7% two-layer currents (inflow in the bottom layer and outflow at the surface), and 13.4% two-stream currents. In such a case, if a strong variation in the flow parameters is expected, fully 3D hydrodynamic models should be used. However, the present study uses a 2D barotropic model of the entire lagoon and two-layer (baroclinic) water transport events cannot be resolved. This simplification means that the calculation of the water transport through the strait is treated as an estimation.



Despite the significant number of applications of numerical models to the Vistula Lagoon, a multi-year water level variation analysis and a simulation of seawater transport from the Gulf of Gdańsk to the Vistula Lagoon have not been carried out so far. A one-year (1994) period was analyzed in [27].



In the present study, the 2D SWE model is used to simulate the hydrodynamics of the lagoon. The classic set of shallow water equations can be written as [31]:
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where: x,y—spatial coordinates; t—time; U,V—depth-averaged components of velocity in x- and y-direction, respectively; |W| = (U2 + V2)1/2—modulus of the velocity vector; h—water elevation above some plane of reference; H—water depth; g—acceleration due to gravity; n—Manning friction coefficient; ν0—coefficient of horizontal turbulent viscosity; Tx—wind stresses in x-direction; Ty—wind stresses in y-direction.



The splitting technique was used to decompose the 2D mathematical model described by Equations (1)–(3) [4] and then 1D equations were integrated using the finite element method proposed in [32]. The model was verified and validated by its application to simulate the Vistula Lagoon hydrodynamics during short-time surges driven by the wind [4]. Herein, the model was applied to simulate a 10-year-long unsteady flow in the Vistula Lagoon and could be validated by a comparison of the calculated water levels to the measured ones at Tolkmicko station.



In order to simulate the lagoon hydrodynamics, a structured square numerical mesh of grid dimensions Δx = Δy = 400 m was applied. The contour of the calculation area is shown in Figure 2. The initial condition was determined by the hydrostatic state with the horizontal water table corresponding to the initial water level in the Gulf of Gdańsk and the Strait of Baltiysk. The boundary conditions were chosen in relation to the type of boundary. At the open boundary, where the connection of the Vistula Lagoon with the Gulf of Gdańsk exists through the Strait of Baltiysk (composed of 3 computational cells, see Figure 1 and Figure 2, point A), the water surface elevation was forced at the boundary grid cell. Such a condition represents the variation of the sea level forming the water flow through the strait. The water discharge in a normal direction to the cross-section of the strait was always calculated based on the actual value of normal velocity and the water depth. The other lagoon boundaries are located along the shore line and they were treated as closed boundaries with free-slip conditions. The inflow of the rivers entering the lagoon was neglected due to the lack of continuous flow rate measurements, as well as the groundwater flow, precipitation, and evaporation. The roughness of the lagoon bottom was assumed uniform with the Manning coefficient n = 0.024 m–1/3 s [7].



The simulation was carried out for real (observed) data for the time period from 2008 to 2017 with a 5-min time step. The example water level variation measured in the Gulf of Gdańsk (Hel station) and the wind observed at the Nowa Pasłęka meteorological station in 2008 (January) are shown in Figure 3. A uniform wind field over the whole surface of the Vistula Lagoon was assumed. The numerical modeling of the hydrodynamics provided information about the water surface variation in the Vistula Lagoon, and the unsteady flow (discharge) through the Strait of Baltiysk. The former was used to validate the simulations and the latter allowed the water transport from the sea to the Vistula Lagoon to be calculated.





3. Results and Discussion


3.1. Variability of the Vistula Lagoon Water Levels (WSE) at Tolkmicko


In order to investigate the mechanism underlying the WSE variation in the Polish part of the Vistula Lagoon, the measurements of the water level at Tolkmicko station and at Hel station, located in the lagoon and in the Gulf of Gdańsk, respectively, were considered. Moreover, to assess the impact of the wind on the lagoon surges, the wind parameters (wind speed and direction) measured at the Nowa Pasłęka station were analyzed. The example of the collected time series data for January of 2008 is displayed in Figure 3.



The empirical probability density functions (PDFs) of the observed water levels at Tolkmicko and Hel are presented in the forms of a box plot and histogram in Figure 4. The summarized observations are given in Table 1. From the table it can be stated that on average the water level at Tolkmicko is lower than at Hel; however, the dispersion of the water levels at Tolkmicko is greater than at Hel. The minimal observed values and quartiles are of similar values; however, the maxima differ: the maximum observed water level at Tolkmicko station is significantly greater than at Hel.



The PDFs of the observed water levels at Tolkmicko and Hel are of a similar type: unimodal bell shaped, slightly positively skewed with the same medians and slightly different means. The general populations of water levels at Hel and Tolkmicko differ significantly (Kolmogorov–Smirnov test p-value = 0.00495). Although both distributions can be considered as normal-type, they are not normal in terms of the goodness of fit test outcomes when compared with the estimated normal distributions (using the maximum likelihood method).



The main factor influencing the water level variations in the southern part of the Vistula Lagoon (illustrated by Tolkmicko) is the water level variation in the coastal waters of the South-Eastern Baltic or the Gulf of Gdańsk (illustrated by Hel) (Figure 3). The statistical dependence between those variables was confirmed by the χ2-independence test (p-value ≈ 0). The lag time between events at Hel and Tolkmicko was determined by correlation coefficient maximization and is equal to 6 h 50 min with the Pearson correlation coefficient R = 0.91.



However, some significant discrepancies between the water levels at the considered stations can be noticed. One such discrepancy can be observed, for example in Figure 3, between 25 and 29 January. The reason for such occurrences is the moderate or strong wind originating (on average) from one direction for about one or more days. A long-lasting wind originating from a westerly direction (W, WNW, WSW) causes the water levels at Tolkmicko to decrease. Such a situation is depicted in Figure 5. If the wind originates from a northerly direction (N, NNE, NE), the water level at Tolkmicko is raised with respect to the water levels at Hel (Figure 6).



To confirm the abovementioned pattern in wind duration and direction influencing the increase and decrease of water levels at Tolkmicko, an analysis of such wind events was undertaken. All noticeable events in which the central tendency of the water level in the southern part of the Vistula Lagoon (illustrated by Tolkmicko) differed significantly from the central tendency in the South-Eastern Baltic (illustrated at Hel) were chosen and analyzed. The analysis was performed with respect to the speed and the duration of the wind originating on average from one dominating direction. For each such event the difference between the mean water levels at Tolkmicko and Hel, the maximum wind speed and the dominating origin of the wind were noticed. The scatter plot displayed in Figure 7 presents the mean difference between the water levels at Tolkmicko and Hel versus the wind event duration. Additionally, the plot displays the maximum observed wind speed using point sizes and the dominating wind direction with labels.



It can be easily noticed that if the wind originates from one direction for 20 or more hours, a significant difference in water levels between Tolkmicko and Hel appears. If the dominating wind direction is a westerly one (W, WNW, WSW), the water level at Tolkmicko decreases. If the wind originates from a northerly direction (N, NNE, NE), the water level at Tolkmicko increases with respect to the water level at Hel. Moreover, it can be noticed that a long-lasting wind originating from one dominating direction influences only the lagoon water level variation at Tolkmicko (Figure 8a) but a similar pattern cannot be clearly recognized in the Gulf of Gdańsk at Hel station (Figure 8b).



The conditions caused by winds originating from a single direction for a long time are the main factors for the occurrence of events at Tolkmicko that can be considered extreme.



The wind measurements performed in Nowa Pasłęka are presented in the form of a histogram (Figure 9a) and a wind rose (Figure 9b). The maximum likelihood estimation of the parameters of the Weibull distribution,


  f  ( x )  =  k λ     (   x λ   )    k − 1    e  −    (  x / λ  )   k    ,  



(4)




was performed for the wind speed observations, resulting in   k = 1.722   and   λ = 5.802  . The probability density function of the Weibull distribution is presented in Figure 9a with a line. Based on the plot, it can be stated that the wind speed at Nowa Pasłęka is distributed according to the Weibull distribution; however, the null hypothesis of the Kolmogorov–Smirnov goodness of fit test was rejected (p-value = 1.42 × 10−6). Based on the plot of the wind rose, it can be stated that the most frequent directions from which the wind originates are SE, then SW and SSW. The most frequent wind speed intervals are 0–7.1 m s−1 and 7.1–14.1 m s−1. It can be noticed that stronger winds (14.1–21.2 m s−1) more frequently originate from westerly directions (SW, SSW, and W) than from other directions. The wind pattern resembles the wind pattern observed in Baltiysk by Chubarenko et al. [3].




3.2. Validation of the Hydrodynamic Model for the 10-Year-Long Simulation Period


The validation of the model was preceded by using hydrodynamic and meteorological conditions as observed. In order to verify the results, a control point on the Polish shore of the Vistula Lagoon, located near Tolkmicko (see Figure 1 and Figure 2, point C) was chosen. The example (for 2008) observations and results of the numerical simulations of the water surface variation at this point are presented in Figure 10. It can be seen that the computation outcomes can be considered satisfactory. The full set of measurements and calculation results used for the model validation is available in [17].



However, to assess in detail the compliance of the calculations with the measurements, more detailed description is necessary. There are two state-of-the-art approaches for the estimation of the model accuracy: a correlation analysis of the predictions versus observations and the analysis of an error [33,34]. The most widely used estimator for the overall error of the model is the mean square error (MSE). However, in the case of physical sciences, the square root of MSE can be used, which provides better interpretability. Therefore, it was used in this work as a synthetic measure of the model accuracy. In the considered case of the Vistula Lagoon simulation, the estimated linear regression model is y = 0.916x – 0.0443 (Figure 11, red line). The regression line suggests that on average the water level values are slightly underestimated. The Pearson correlation coefficient is equal to R = 0.892 and is significant (p-value ≈ 0); the determination coefficient R2 = 0.796.



The root mean square error of the observations and predictions is given with the following expression:


  R M S E =    1 n    ∑   i = 1  n     (   x i  −  c i   )   2     



(5)




where xi are the observed water levels and ci are the outcomes of the computation (i = 1,...,n) with n denoting the number of values. The value of RMSE is equal to 0.104 m.



The absolute error can be defined as


   ε i  =  x i  −  c i   



(6)







For such a defined error the maximum negative value (overestimation) is    ε  m a x  −  =  −0.667 m, whereas the maximum positive error value (underestimation) is    ε  m a x  +  =  0.620 m. The mean value of the error expresses the bias of the model and is equal to    ε ¯  = 0.049   m, whereas the standard deviation of the error is equal to s = 0.0914. The histogram of the absolute error is displayed in Figure 12.



The results displayed in Figure 11 and Figure 12 show that the calculated elevations of the water table are usually slightly underestimated in relation to the measurements (Table 2). For the years 2008–2017, the average underestimation of the results of water levels in the reservoir is about 0.05 m, which is confirmed by the determined bias value. The reason for this is the fact that the external (catchment, river, ground) inflow to the lagoon is not included in the calculations. This assumption ignores the resistance of the lagoon to accept seawater when the water level in the lagoon is partly controlled by intensive river discharge (during spring and autumn maximums of river discharge). It would be necessary to examine seasonal variations of the difference between the model calculated and observed water levels in order to identify the influence of river discharge, but this is currently beyond the scope of this work.



Despite the recurring, slight understatement of the calculations relative to the observations, other statistical measures, such as the correlation coefficient, mean absolute error, or root mean square deviation, testify to the good quality of the simulation results. The comparison between the observed data and the results of the computations obtained for the control point near Tolkmicko confirms that the proposed mathematical model provides reliable simulation results of the hydrodynamics of the Vistula Lagoon.




3.3. Water Transport through the Strait of Baltiysk


The application of the verified and validated 2D hydrodynamic model of the Vistula Lagoon enabled calculations of the flow through the Strait of Baltiysk. Calculations of the time-varying water discharge were carried out on the basis of the unsteady flow velocity and the water depth in the strait (in one calculation cell near point A, Figure 2). The example results of the calculated day averaged flow rates for 2008 are presented in Figure 13. The positive and negative discharge values depend on the flow direction in the strait and represent the water outflow and inflow to the lagoon, respectively.



In order to estimate the annual seawater transport between the Gulf of Gdańsk and the Vistula Lagoon, the flow discharges were integrated in one-year time periods. Inflows and outflows through the strait were added separately, which made it possible to calculate the accumulative volume of water entering and leaving the lagoon from 1 January to 31 December each year. The water accumulation was calculated during a simulation with a 5-min time step. The calculated results are collected in Table 3.



Data regarding the water exchange between the Vistula Lagoon and the Baltic Sea are not readily available, which was described in detail in [11]. Early research has shown that the total volume of seawater inflow into the lagoon reaches 15–18 km3 per year [3,6,7]. The total outflow from the lagoon was estimated at about 24 km3 [5]. However, researchers working today on hydrological processes of the Vistula Lagoon use historical data only. The most recent source data cited by researchers may be found in [6] and [13]. No more up-to-date studies were identified that would provide scientific data for this research area.



The annual average values of seawater inflow and outflow, presented in [6], are 17 km3 and 20.5 km3, respectively. The numerical simulations presented in [13] demonstrated the dynamics of the water exchange in the Vistula Lagoon through the Strait of Baltiysk for a one-year period (1994). The calculation was done using the MIKE21 hydrodynamic model. The accumulative annual inflow of marine water into the Vistula Lagoon in 1994 amounted to about 18.1 km3; the annual outflow (including the river outflow) toward the Baltic Sea in the same year was about 22.5 km3.



In the discussion of the calculations and historical data, only the total seawater inflow volume can be compared. The calculated outflow from the lagoon to the Gulf of Gdańsk (average 15.89 km3 in the period 2008–2017, Table 3) is devoid of other hydrological balance components and cannot be compared with the source data (20.5 and 22.5 km3), where additional hydrological processes (e.g., river flow) were incorporated, forming the total outflow. The total inflow to the Vistula Lagoon, calculated for the period 2008–2017 (Table 3), is in the range of 14.31 km3 to 17.78 km3. The average accumulative marine inflow amounts to 15.87 km3.



The results obtained are in a similar range to those described in [7], and moreover, close to the annual average presented in [6] and slightly lower than those estimated for 1994 [13]. This makes it possible to assess the seawater supply to the Vistula Lagoon obtained for the period 2008–2017 as reliable. These data may constitute the necessary current information to perform a full hydrological balance of the lagoon.





4. Conclusions


The results of the statistical analysis confirmed that the main mechanism underlying the water level variation in the Vistula Lagoon is driven by the water level in the Gulf of Gdańsk. However, when it comes to events that can be considered as causing an extreme increase or decrease in the water level, the main factor is strong wind originating from one dominating direction over a long period of time. Thus, the two main factors determining the water stage variation on the Polish side of the Vistula Lagoon are the water level in the gulf and the wind. This result supports the previously formulated understanding of the Vistula Lagoon hydrodynamics [6,7,10] and, additionally, brings more detailed information about the wind parameters and duration needed to produce extremes.



The results of the two-dimensional mathematical modeling of the hydrodynamics of the Vistula Lagoon and the simulations of the seawater transport into and from the lagoon in the period 2008–2017 allow the following to be concluded:




	
The Vistula Lagoon 2D hydrodynamic model was verified and the simulation results were validated using water stage elevation measurements at Tolkmicko control point. Although the results obtained for the years 2008–2017 are slightly understated in relation to the observations, the calculations should be considered reliable, which was confirmed by statistical measures.



	
The application of the validated hydrodynamic model enabled calculations of the flow through the Strait of Baltiysk. The calculated discharges in the strait provided the data to estimate the total accumulative inflow and outflow of seawater entering and leaving the lagoon, respectively.



	
The average annual marine water inflow into the Vistula Lagoon between 2008 and 2017 was calculated to be equal to 15.87 km3. The minimum and maximum total inflows were estimated as 14.31 km3 and 17.78 km3, respectively. These values, although different, are consistent with the data given in historical sources and can be used to update the hydrological balance of the waters of the Vistula Lagoon.
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Figure 1. Location of the Vistula Lagoon [4]. 
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Figure 2. Simplified shape and bathymetry (m a.s.l.) of the Vistula Lagoon (in meters) [4]: A—Strait of Baltiysk, B—Nowakowo, C—Tolkmicko, D—Kaliningrad, E—Nowy Świat. 
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Figure 3. Water level (WSE) variation at Hel and Tolkmicko stations and wind speed and direction observed at Nowa Pasłęka in January of 2008 (raw data; measurement frequency of WSE is 10 (min), wind data 1 (h)). 
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Figure 4. WSE (raw data) comparison at Tolkmicko (blue) and Hel (red) stations. Histograms and box plots. 
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Figure 5. Water level (WSE) variation at Tolkmicko and Hel, wind speed and direction—the case (1–8 August 2008) in which wind originates from a westerly direction for a long period of time causes the water level at Tolkmicko to decrease in comparison to the water level at Hel (raw data; measurement frequency of WSE is 10 (min), wind data 1 (h)). 






Figure 5. Water level (WSE) variation at Tolkmicko and Hel, wind speed and direction—the case (1–8 August 2008) in which wind originates from a westerly direction for a long period of time causes the water level at Tolkmicko to decrease in comparison to the water level at Hel (raw data; measurement frequency of WSE is 10 (min), wind data 1 (h)).
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Figure 6. Water level (WSE) variation at Tolkmicko and Hel, wind speed and direction—the case (9–16 October 2009) in which wind originates from a northerly direction for a long period of time causes the water level at Tolkmicko to increase in comparison to the water level at Hel (raw data; measurement frequency of WSE is 10 (min), wind data 1 (h)). 






Figure 6. Water level (WSE) variation at Tolkmicko and Hel, wind speed and direction—the case (9–16 October 2009) in which wind originates from a northerly direction for a long period of time causes the water level at Tolkmicko to increase in comparison to the water level at Hel (raw data; measurement frequency of WSE is 10 (min), wind data 1 (h)).
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Figure 7. Difference between the average water levels (WSE) at Tolkmicko and Hel versus the wind event duration time. The label denotes the dominating wind direction, the size denotes the observed maximum wind speed. 
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Figure 8. Averaged water levels (WSE) at (a) Tolkmicko, (b) Hel versus wind event duration time. Label denotes the dominating wind direction, size denotes the observed maximum wind speed. 
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Figure 9. (a) Wind speed (m s−1) histogram and estimated Weibull distribution probability density function and (b) wind rose at Nowa Pasłęka meteorological station (2008–2017). 
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Figure 10. Observed (black) and calculated (blue) water level (WSE) variation at Tolkmicko in 2008. 
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Figure 11. Observed and predicted water level at Tolkmicko station. 
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Figure 12. Histogram of the simulation absolute error. 
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Figure 13. Calculated water flow discharge through the Strait of Baltiysk in 2008. 
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Table 1. Basic statistical characteristics of the WSE (m a.s.l.) at Tolkmicko and Hel stations (raw data).
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	Parameter
	Tolkmicko
	Hel





	mean
	0.088
	0.095



	std. dev.
	0.202
	0.193



	minimum
	−0.760
	−0.800



	q0.25
	−0.040
	−0.030



	median
	0.090
	0.090



	q0.75
	0.210
	0.210



	maximum
	1.460
	1.150
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Table 2. The basic statistical characteristics of the observed daily averaged WSE (m a.s.l.) at Tolkmicko and the simulation outcome.
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	Parameter
	Observations
	Computations
	Error





	mean
	0.059
	0.010
	0.049



	std. dev.
	0.198
	0.203
	0.092



	minimum
	−0.580
	−0.600
	−0.667



	q0.25
	−0.060
	−0.120
	0.000



	median
	0.060
	0.010
	0.045



	q0.75
	0.179
	0.130
	0.096



	maximum
	1.319
	1.250
	0.620
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Table 3. Calculated water transport through the Strait of Baltiysk.
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	Value/Year
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	Average





	Annual accumulative inflow (km3)
	17.78
	15.40
	15.76
	16.23
	16.35
	15.42
	14.31
	16.50
	15.18
	15.73
	15.87



	Annual accumulative outflow (km3)
	17.60
	15.66
	15.68
	15.95
	15.97
	15.57
	14.43
	16.75
	15.38
	15.94
	15.89
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