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ABSTRACT

The decision to build a new waterway (strait) in the Polish part of the Vistula Spit was made in 2017. The new connection 
between the Gulf of Gdańsk and the Vistula Lagoon is planned as an artificial navigable channel with a lock and a small 
port. During storm surges and wind tides in the gulf or in the lagoon, sluicing will be required for vessels to tackle the 
Vistula Spit. This procedure does not require significant water flow through the channel in normal conditions. However, 
in the case of a lock failure or in the case of controlled opening of the gate to increase water exchange in the lagoon or 
to reduce flood risk in the Vistula Lagoon, high flow rates may occur in the navigable channel and in the neighboring 
port basin. In order to inves-tigate the hydraulic conditions in such extraordinary situations, numerical modeling of 
the hydrodynamics during water damming in the gulf or in the lagoon is performed. To analyze the hydrodynamics of 
the artificial connection between the sea and the lagoon during periods of high water stages, mathematical modeling 
is required. This paper presents the shallow water equations (SWE) model adapted to simulate the flow through the 
port basin and the navigable channel. The calcula-tions allowed the relation between the water head and the capacity 
of the navigable channel to be found, as well as to analyze circulations which may occur in the port basin.
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INTRODUCTION

The Vistula Lagoon is located in the east part of the 
Gulf of Gdańsk (Baltic Sea) (Fig. 1). The lagoon represents 
a transboundary water body divided into two parts by the 
country border between Poland and Russia. The length of the 
lagoon is 90.7 km, and its width varies from almost 6 km up 
to 13 km. The lagoon is a shallow basin with a mean depth 
of about 2.75 m. It is separated from the Gulf of Gdańsk by 
the Vistula Spit. The length of the spit is 65 km. The only 
connection between the Vistula Lagoon and the Baltic Sea is 
through the Strait of Baltiysk (located in the Russian part of 
the lagoon), 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. The shoreline is 270 km 
long [1] [2]. Fig. 1. Location of the Vistula Lagoon and the new strait
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Hydraulic conditions in the Vistula Lagoon are usually the 
result of variations in the sea level in the Gulf of Gdańsk and 
the wind action on the water surface of the lagoon [1] [3] [4]. 
When the water stage of the Gulf of Gdańsk rises, a difference 
in sea level occurs in relation to the lagoon. This results in 
a strong water current through the Strait of Baltiysk directed 
into the lagoon. A decrease in the water table in the Baltic 
Sea causes the lagoon water to flow into the sea, creating 
a strong current in the strait in the opposite direction. The 
long-lasting damming of water in the southern part of the 
lagoon can be a cause of flood risk for the lowland areas of 
Żuławy Elbląskie [5] [6].

Currently, the project [7] of a new strait connecting the 
Baltic Sea with the Vistula Lagoon is in progress. Similar 
investments are known in the world [8], but each of them 
is different and requires individual political, economic and 
technical analysis. This work focuses solely on the hydraulic 
aspects of the issue. Over the years, the idea of a Polish strait 
was often revived [9] [10], and the final decision to build this 
hydro-engineering structure was made in 2017. Nowy Świat 
was chosen as the location (Fig. 1) for the new navigable 
channel. The aim of the project is to significantly shorten 
the waterway from the Polish port of Elbląg to the Baltic 
Sea. Moreover, due to the possibility of opening the channel 
for outflowing water in case of the accumulation and rise of 
water in the southern part of the Vistula Lagoon, the flood 
risk for the polders of the lowland areas of Żuławy Elbląskie 
can potentially be limited [11]. This problem was analyzed 
in detail in [5], but in this paper only the local impact of the 
investment on water flow dynamics around the new artificial 
strait is considered. Additionally, the opening of the channel 
can be used to force the flow from the gulf to the lagoon to 
exchange the water in the basin and to improve the quality 
of water in the Polish part of the lagoon. 

The new strait project is currently being implemented. The 
basic elements of the waterway include the construction of 
a navigable channel through the Vistula Spit, the construction 
of a fairway from the mouth of the Elbląg Bay to the channel, 
an artificial island in the Vistula Lagoon, breakwaters at the 
entrances to the navigable channel, and a small port in the 
Gulf of Gdańsk. Under normal conditions, the water flow 
through the port and the navigable channel will be controlled 
and limited by the operation of a lock located in the navigable 
channel. In accordance with the project, the lock will only be 
open for navigational purposes, and thus the flow exchange 
will be limited to the amount filled in the lock chamber. 
However, in exceptional situations, such as a lock failure, 
damage to (breaking of) the gates, the emergency opening of 
the gates during flooding at Żuławy Elbląskie or controlled 
opening to exchange the water in the lagoon, high discharges 
of water flow can be expected in the navigable channel. The 
flow dynamics (flow rate, velocity, profile of the water table, 
direction of currents) will depend on the actual difference in 
water levels in the gulf and in the lagoon and on the geometry 
(shape) of the breakwaters, the navigable channel and the lock. 

The main purpose of the work is to find the hydraulic 
characteristics of the new navigable channel together with 

some hydro-engineering structures like the breakwaters and 
port basin. The basic characteristics should include elements 
such as possible flow rates and velocities in the navigable 
channel, the water surface profile along the channel and the 
structure of water circulations in the port basin. In order to 
investigate the dynamics of the water flow through the port, 
the navigable channel and at the areas near the breakwaters 
located in the Gulf of Gdańsk and in the Vistula Lagoon, 
numerical simulations are needed. This paper presents the 
mathematical modeling of the hydrodynamics of the artificial 
strait in the Vistula Spit, based on the solution of shallow 
water equations (SWE) by the finite volume method (FVM) 
[12] considering the different water levels in the Gulf of 
Gdańsk and the Vistula Lagoon.

MATERIALS AND METHODS

DATA

The new waterway design was conceived in 2017 by 
two companies – Mosty Gdańsk Ltd. and Projmors Biuro 
Projektów Budownictwa Morski Ltd. [7]. Full information 
about the project is public and can be found on https://www.
umgdy.gov.pl/. All data necessary to perform the calculations 
were taken from this project.

STUDY AREA 

Nowy Świat and its surroundings was the chosen location 
for the channel (Fig. 1 and Fig. 2). The course of the navigable 
channel is along a North–South direction. The approximate 
location of the axis of the channel, in the Poland CS92 system, 

Fig. 2. Schematic geometry of the new waterway and numerical mesh 
of the flow area (image prepared by the authors on the basis of the 

https://www.geoportal.gov.pl/ map and waterway project [7], 
area 4 km × 4 km without scale)
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is at coordinate x = 520235. The length of the channel from the 
northern shoreline to the end of the southern breakwaters is 
1,515 m. The channel has a basic width of 90 m, and it narrows 
to 25 m in the lock area (420 m long). The channel stretches 
from coordinate y = 720760 (Vistula Lagoon) to y = 722275 
(Gulf of Gdańsk). The northern breakwater of the port on 
the Gulf of Gdańsk reaches the coordinate y = 722880. The 
flat bottom of the channel and the port is located at −5.0 m 
above sea level. 

HYDRAULIC ASPECTS OF THE NEW STRAIT

The new strait (Fig. 2) in the land area is composed of 
an artificial open channel of rectangular cross-section and 
a constriction (local restriction of the channel cross-section) 
in the lock segment. The one-dimensional hydraulic theory 
of flow through such a non-prismatic channel was described 
by Chow [13]. The impact of the constriction on the water 
flow depends mainly on the channel geometry, the flow rate 
and the regime of flow, which can be sub- or supercritical. In 
channels with mild slopes, the flow is usually subcritical. If the 
narrowing is local (short), the obstruction induces a backwater 
effect that may extend over a long distance upstream, and the 
flow is subcritical along the constriction and the downstream 
channel. But if the constriction is sufficiently long, it forms 
a narrow channel. This can mean that the minimum of specific-
energy rises in the constriction section corresponds to the 
critical water stage. Such a situation results in a supercritical 
flow occurring in the narrow part of the channel, which can 
be returned to normal conditions (subcritical flow) by the 
formation of a hydraulic jump.

Different effects can be observed in steep slope channels for 
supercritical flow conditions. When a flow is supercritical, the 
constriction disturbs only the water surface that is adjacent 
to the upstream side of the constriction. If the constriction 
is local, only the water surface close to the constriction is 
disturbed and the effect does not extend farther upstream. 
If the constriction is long, it can make the depth upstream of 
the constriction greater than the critical depth due to the need 
to increase the specific energy upstream of the obstruction. 
This makes the flow subcritical in this channel section and 
requires the formation of a hydraulic jump.

The theoretical one-dimensional description of the influence 
of the channel constriction provides only information about 
averaged flow parameters along the channel. In the current 
study, a more complex analysis of the flow structure in the 
navigable channel, lock, port basin and flow area around 
the breakwaters is proposed. Therefore, multidimensional 
hydrodynamics modeling must be implemented to solve 
the problem. In the case of the designed navigable channel, 
the bottom is horizontal, so the flow is determined only 
by the hydraulic conditions (water stages) in the Gulf of 
Gdańsk and in the Vistula Lagoon. The flow parameters 
along the waterway depend on the actual difference (water 
head) between the water surface elevation in the gulf and the 
lagoon. In this study, numerical simulations were performed 
for various water heads, which cover the possible hydrological 

conditions observed in this region. In the vicinity of the new 
navigable channel, SW winds can cause a rise in the water 
level in the Gulf of Gdańsk and in the Vistula Lagoon of even 
0.8 m asl. 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 
exceeding +1.0 m and in extremes reaching +1.5 m asl can 
be observed [1] [5].

MATHEMATICAL MODEL  
AND SOLUTION METHOD

The problem of how complex a  model is needed to 
mathematically describe the hydrodynamics depends on 
the aim of the numerical simulation. Simplified models 
[14] [15] can be applied in cases of horizontal water flow 
with limited water stage changes. If a strong variation in 
flow parameters is expected, fully hydrodynamic models 
should be used [16]. Many mathematical models of the Vistula 
Lagoon have been developed over the last decades, including 
two-dimensional (2D) hydrodynamic models [5] [4] [17], 
2D models composed of hydrodynamics, water quality and 
eutrophication models [18] [19] [20], and recently developed 
three-dimensional models used for sediment transport and 
migration [21] [22]. However, the complex hydrodynamics 
inside the planned waterway through the Vistula Spit have 
not been simulated so far. 

In the current study, the water flow is investigated by 
applying the SWE two-dimensional hydrodynamic model. 
The system of shallow water equations in conservation form 
[23] can be written as:

      (1)

where

  (2A, B)

  (2C, D)

In this system of equations, h represents water depth, u and 
v are the depth-averaged components of velocity in x and 
y directions, respectively, Sox and Soy denote the bed slope 
terms, Sfx and Sfy are the bottom friction terms defined by 
the Manning formula [13], and g is the acceleration due to 
gravity. Equation (1) can be written in another form:

      (3)

where, assuming unit vector n = (nx, ny)
T, the vector F is 

defined as Fn = Enx + Gny.
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In order to integrate the SWE in space using the finite 
volume method, the calculation domain is discretized into 
set of triangular cells (Fig. 3).

After the integration and substitution of integrals by 
corresponding sums, equation (3) can be rewritten as

   (4)

where Fr is the numerical flux of mass or momentum, and 
ΔLr represents the cell-interface length. Sr and ΔAr are the 
components of source terms and the area of cell i assigned 
to the rth cell-interface. In order to calculate the fluxes Fr, the 
solution of the approximated Riemann problem was used. 
A full description of the method was presented in [12]. The 
numerical algorithm was complemented by a two-stage 
explicit scheme of time integration. The model had already 
been verified for the rapidly varied free surface flow by 
a comparison of the computed results with measurements 
carried out in an experimental channel at the hydraulic 
lab [24] [25] [26]. The model was also applied to simulate 
some unique case studies, such as water flow in artificial 
channels like slides [24] and whitewater courses [27], as 
well as to investigate some field problems like urban and 
catastrophic floods [16] [28] and river flows influenced by 
hydro-engineering structures [29]. Reliable results of the 
performed simulations confirmed the possibility of using the 
developed model for a numerical simulation of flow through 
the designed elements of the waterway, i.e. the breakwaters, 
port basin, and navigable channel and lock.

NUMERICAL SIMULATIONS AND 
DISCUSSION OF THE RESULTS

In order to simulate two-dimensional water f low in 
the area of the Gulf of Gdańsk, the Vistula Lagoon and 
the waterway through the Vistula Spit using FVM, the 
real geometry of the water area had to be transformed 

into a numerical mesh. Because only the local problem 
of f low in the waterway is considered in this study, the 
computational domain is limited to a 16 km2 square area. 
The 4 km × 4 km f low domain, containing parts of the Gulf 
of Gdańsk and the Vistula Lagoon, was covered by a mesh 
of triangles composed of 8,312 computational cells (Fig. 2). 
The lengths of the sides of the triangles were variable in 
a range from 5 m in the lock segment, 25 m in the navigable 
channel, and up to 75 m at the open boundaries of the gulf 
and the lagoon.

Boundary conditions were imposed in accordance with the 
geometry of the flow area. The vertical walls of the navigable 
channel and lock were treated as closed boundaries, and the 
free-slip condition was enforced there. In the same way (as 
the land boundaries), the breakwaters, the quays and the 
shoreline were represented in the numerical model of the 
waterway. As the model domain was extended into the Gulf of 
Gdańsk and the Vistula Lagoon, the open (water) boundaries 
were located there.

The goal of performing the numerical simulations 
was to determine the basic flow characteristics (current 
direction, flow rate and velocity, water surface profile) 
in a hypothetically open navigable channel for specified 
conditions in the Gulf of Gdańsk and the Vistula Lagoon. 
Steady conditions were assumed in both basins. They were 
forced by constant water stages at the open boundaries of the 
flow area. It was assumed that in each simulation the lower 
elevation of the water surface corresponds to the average 
sea state (0.0 m asl). The values of 0.05, 0.10, 0.25, 0.50, 0.75 
and 1.0 m were selected as examples of the difference in the 
water stages in the gulf and the lagoon.

Each flow simulation was performed starting from 
the hydrostatic state, assuming that the closed lock gate 
separates two water bodies, each with a different (assumed) 
elevation of the water surface. Then the gate was fully 
opened, which allowed water to flow through the channel 
in a direction depending on the initial position of the water 
surface. The calculations were carried out for permanent 
boundary conditions, forcing the initial elevations of the 
water surface at the open boundaries (gulf and lagoon). At 
the same time, the free flow of water across these borders was 
ensured. The constant-in-time water surface elevations at 
the gulf and the lagoon allowed a steady state to be reached, 
which was the final solution.

The two-dimensional flow modeling allowed the velocity 
field in the area of the navigable channel to be mapped. 
Figures 4 and 5 show the distribution of velocity vector 
module for the largest assumed difference in water levels 
(1.0 m), respectively for the flow from the Gulf of Gdańsk 
to the Vistula Lagoon and in the opposite direction. The 
navigable channel hydraulics, created under such flow 
conditions, resemble the flow in a Venturi channel [13]. There 
is a strong increase in the flow velocity in the narrow part of 
the channel (lock), which, regardless of the flow direction, 
reaches almost 5 m/s. 

Fig. 3. Triangular computational cells for FVM
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There is a significant decrease in the water surface level 
at the same place in the lock. Figures 6 and 7 show the 4 km 
long water surface profiles along the coordinate x = 520235 
(navigable channel axis). The drawings show the basic 
section of the channel, where the channel is 90 m wide, 
and the channel constriction (lock), which is 25 m wide. 
The water table elevation in this region reaches a level below 
the initial position of the water surface. Such a hydraulic 
phenomenon is often observed for flows through channel 
constrictions [13].

As can be seen in the charts, the elevation of the water 
surface along the narrow part of the channel, in the case of the 
largest difference of water levels in the gulf and the lagoon, is 

significantly reduced, by a maximum of about 0.75 m, when 
water flows from the gulf to the lagoon, and by over 1.0 m for 
the opposite flow direction. This is accompanied by a significant 
increase in the flow velocity, as seen in Figs. 4 and 5. If smaller 
differences in water levels exist in both basins, the water surface 
depression in the lock is also relatively smaller.

Despite the strong depression in the water surface and the 
considerable increase in velocity in the navigable channel and 
the lock, a supercritical flow was not observed there in the 
performed simulations and no hydraulic jump was formed in 
the channel. However, the flow was almost critical (with the 
Froude number [13] close to unity) when the largest difference 
in water surface levels was modeled.

Fig. 4. Velocity vector module – flow direction from the Gulf 
of Gdańsk to the Vistula Lagoon

Fig. 6. Profiles of the water surface along the axis of the navigable channel (90 m wide) and lock (25 m wide) 
during the flow from the Gulf of Gdańsk to the Vistula Lagoon

Fig. 7. Profiles of the water surface along the axis of the navigable channel (90 m wide) 
and lock (25 m wide) during the flow from the Vistula Lagoon to the Gulf of Gdańsk 

Fig. 5. Velocity vector module – flow direction from the Vistula Lagoon 
to the Gulf of Gdańsk
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Details of the spatial distribution of the velocity field and 
the current directions can be investigated using the simulation 
results. Figure 8 shows the velocity vectors in the area of the 
port in the Gulf of Gdańsk for two flow directions. In the case 
of flow from the gulf to the lagoon (Fig. 8a), the velocities 
increase between the western and northern breakwaters. In the 
area of the western breakwater and the southern quay, a single 
circulation of low velocity is formed filling the entire area, 
while the mainstream runs along the northeastern breakwater.

In the case of flow from the lagoon to the gulf (Fig. 8b), just 
near the channel outlet to the port basin, two circulations are 
formed at both breakwaters, and the mainstream is located in 
the middle of the port basin. Due to local stream expansion, 
the velocity in the pool decreases slightly to increase again in 
the narrow area between the breakwater heads.

As can be seen from the results, for both flow directions, 
strong currents and large eddies may occur in the port basin. 
Such a situation may be dangerous and undesirable for all 
vessels in the waterway and ships anchoring at the quays. 

Finally, the numerical simulations allowed the values of 
the flow rates in the navigable channel to be determined for 
the adopted range of water stages. The calculated results, 
obtained for the assumed water heads (differences in water 
surface elevation in the gulf and the lagoon), were collected 
in Tables 1 and 2. Figures 9a and 9b show the flow rate curves 
(relation between the water head and flow rate) respectively 
in the case of flow from the gulf to the lagoon and in the 
opposite direction.

Regardless of the direction of flow, the flow rate curves 
are similar to each other. Some small discrepancies in the 

Fig. 8. The velocity vectors in the area of the port in the Gulf of Gdańsk forced by the flow from the Gulf of Gdańsk to the Vistula Lagoon (a) and in the opposite direction (b)

Tab. 2. Hydraulic parameters of the navigable channel for the flow from the Vistula Lagoon to the Gulf of Gdańsk (water level in the gulf 0.0 m asl)

Tab. 1. Hydraulic parameters of the navigable channel for the flow from the Gulf of Gdańsk to the Vistula Lagoon (water level in the lagoon 0.0 m asl)

Water level in the lagoon  
(m asl)

Maximum velocity  
(m/s)

Minimum depth 
(m)

Flow rate 
(m3/s)

Froude number 
Fr (-)

0.05 0.91 4.97 113.07 0.13

0.10 1.32 4.94 163.02 0.19

0.25 2.16 4.83 260.82 0.31

0.50 3.05 4.62 352.28 0.45

0.75 4.10 4.36 446.90 0.63

1.00 5.01 3.90 488.48 0.81

Water level in the gulf  
(m asl)

Maximum velocity  
(m/s)

Minimum depth 
(m)

Flow rate 
(m3/s)

Froude number 
Fr (-)

0.05 0.92 4.99 114.77 0.13

0.10 1.33 4.97 165.25 0.19

0.25 2.15 4.92 264.45 0.31

0.50 3.06 4.86 371.79 0.44

0.75 3.75 4.79 449.06 0.55

1.00 4.34 4.27 463.30 0.67
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relations are the result of differences in the channel geometry 
in the northern and southern part of the waterway. The shape 
of the breakwaters at both channel ends causes hydraulic 
losses, depending on the flow direction, so different discharges 
are observed for the same water head.

It can be found that only a 5 cm water stage difference 
between the Gulf of Gdańsk and the Vistula Lagoon can 
cause a flow with the maximum velocity reaching 1 m/s in 
the narrow part of the channel with a rate exceeding 100 m3/s. 
During extreme hydrological conditions, for the highest 
damming in the gulf or in the lagoon (1.0 m assumed in 
this study), the maximum velocity in the lock segment can 
reach 5 m/s and the rate increases up to 500 m3/s.

CONCLUSIONS

The results of the two-dimensional numerical simulations 
of the hydrodynamics of the new strait (waterway) through 
the Vistula Spit allow the following to be concluded.

•  The mathematical model based on 2D SWE can be 
successfully applied to simulate the flow through the 
complex hydraulic system of a waterway composed of 
breakwaters, a port basin, a navigable channel and a lock.

•  Assuming open lock gates, the difference in water levels 
in the Gulf of Gdańsk and the Vistula Lagoon (water 
head) will force a  significant flow in the navigable 
channel. A significant decrease in the water level in 
the channel is observed, which is accompanied by an 
increase in the flow velocity. Such a situation can prevent 
the movement of vessels during extreme and exceptional 
situations.

•  Even though a water head of 1 m between the gulf and 
the lagoon is assumed, no supercritical flow occurs in 
the lock, nor is a hydraulic jump formed in the navigable 
channel.

•  For both flow directions, strong currents and circulations 
may occur in the port basin. Such a situation, during 
significant damming and the opening of the navigable 

channel, may be dangerous and undesirable for all vessels 
in the port.

•  The calculations allowed the relation between the water 
head and the capacity of the navigable channel to be 
found. This can be helpful to estimate the total water 
exchange between the sea and the lagoon during periods 
when the new artificial strait is open.
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