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Abstract
The north-western part of the Black Sea Ukrainian coast is characterized by the presence of 12 marine lagoons which do not 

presently have permanent natural connections with the sea. Because of regional climate change, these lagoons have experienced a 
significant deficit of annual freshwater balance during the last decades and, consequently, an increase in salinity and eutrophication 
of their waters. One way to stabilize the hydroecological regime of lagoons is to maintain their regular connection with the sea via 
artificial connecting channels. The deepest and most prolonged Tyligulskyi Liman lagoon is used as an example to determine the 
morphometric characteristics (width, depth) of the artificial connecting channel which ensures bidirectional water exchange of the 
lagoon with the sea, i. e. its partial flushing. A numerical hydrodynamic model is used to estimate how the morphometric charac-
teristics of the connecting channel influence the intensity of water exchange between the lagoon and the sea and of water renewal 
by seawater for the various parts of the lagoon. The dynamics of sea water volume concentration in reference points in the lagoon 
is used as an indicator of seawater intrusion into the lagoon and their degree of water renewal in its various zones. The proposed 
methodology could be used for other lagoons of the same type in the north-western part of the Black Sea.
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1. Introduction
Coastal marine lagoons have significant socioeconomic importance because they provide 

various ecosystem services to satisfy several public needs (tourism, recreation, high fish productiv-
ity, possibilities for aquaculture development, etc.) [1, 2]. The north-western part of the Black Sea 
Ukrainian coast is characterized by the presence of 16 marine basins of lagoon and estuarine type 
whose local name is «the limans». At present, twelve of them are separated from the sea by barriers 
(isthmus or sand-shell spit) with a width from a few hundred meters up to 4 km [3]. These lagoons 
are formally called «closed» and are occasionally connected with the sea by artificially created 
open channels or other water-conveying hydrotechnical constructions. Previously, natural breaks 
could periodically form in their isthmuses. However, with few exceptions, this process has now 
practically stopped because of the anthropogenic transformation of the majority of the isthmuses.

Some lagoons were formed as a result of flooding of small and medium rivers estuaries by 
the sea and are presently separated from it by isthmuses. According to Kjerfve [4] they belong to 
the «choked» type; that is they are elongated perpendicularly to the seacoast and can be connected 
with the sea only along a relatively small coastal area in the zone of the marine bay-bar. This is the 
case of the Sasyk, Khadzhybeiskyi, Kuialnytskyi, Dofinovskyi and Tyligulskyi limans.
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In Ukraine, significant changes in climate and water resources have been observed since the 
end of the 1980s [5, 6]. On the coastal zone of the north-western part of the Black Sea, these chang-
es include an increase in climate aridity and a corresponding decrease in the influx of freshwaters 
into the coastal lagoons from their catchment basins. Furthermore, the increase in air temperature 
and, consequently, evaporation along with the decrease in atmospheric precipitations and freshwa-
ter inputs from river runoff cause a significant deficit of the annual freshwater balance in lagoons. 
In case of prolonged absence of connection with the sea, lagoons show a long-term tendency toward 
reduction in their water volume accompanied by an increase in water salinity and concentration 
of nutrients and pollutants. It is therefore necessary to either increase the inflow of freshwater 
(e. g. via efficient land and water use at the catchment scale) or to ensure the regular connection of 
lagoons with the sea. This can compensate the water balance deficit of «choked» lagoons and to 
stabilize their hydroecological regime.

The first option generally requires significant financial expenditures and managing of nu-
merous socioeconomic problems. Moreover, its effectiveness could be lowered by the reduction of 
natural river discharge as a result of climate change, especially for lagoons with a water volume 
exceeding by many times the annual runoff of freshwater from the catchment area. Compared with 
the 60–80s of the twentieth century, regional climate changes will reduce the water resources of 
the Ukrainian southern rivers by 50 % toward the middle of the twenty first century [6]. Main-
taining the current level of economic activity in rivers catchment along with predicted climate 
changes would destroy their water resources. Considering the modern socio-economic conditions 
in Ukraine, it is therefore more cost effective and practically feasible to stabilize the hydroecolog-
ical regime of «choked» lagoons by regulating their water exchange with the sea via man-made 
connecting channels. The optimal morphometric characteristics of such connecting channels must 
then be determined to ensure maximal influx of seawater and water renewal for each lagoon. A 
methodological approach similar to that described [7, 8] was used to solve this problem.

The Tyligulskyi Liman lagoon, the deepest and most prolonged «choked» lagoon of the 
north-western part of the Black Sea [9], was chosen as a representative case study. This lagoon and 
the territories adjacent to its coast are included into the natural reserve fund of Ukraine, the list of 
IBA-territories (Important Bird and Biodiversity Area). Also it is in the international list of sites 
under the Ramsar Convention on Wetlands of International Importance [10, 11]. The peculiar man-
agement problems of Tyligulskyi Liman lagoon ecosystem with respect to other European lagoons 
have been previously discussed [2, 12, 13].

The aim of the present work is evaluation of how the morphometric characteristics of the 
connecting channel influence:

– intensity of water exchange between the lagoon and the sea;
– extent of water renewal by seawater in various areas of the lagoon. 

2. Study area
Tyligulskyi Liman lagoon is located on the Ukrainian coast of the north-western part of the 

Black Sea coast (46° 39.3′–47° 05.3′N, 30° 57.3′–31 °12.7′E; Fig. 1). The lagoon was formerly a val-
ley of Tyligul River subsequently flooded by the sea. It has a basin area of 5,420 km2 and receives 
most of its freshwater inflow (more than 90 %) from the Tyligul River (16.9 mln. m3/year). The 
water surface area of the lagoon is 129 mln. m2 and the water volume 693 mln. m3. At present, the 
lagoon length is 52 km, while the width varies from 0.2 up to 5.4 km. The maximal depth is 22.2 m 
in its southern part, whereas the northern part is shallow-watered with depths less then 4 m and the 
average depth is 5.4 m [10].

The liman is separated from the sea by a natural isthmus through which an artificial channel 
(length 3.3 km, depth 3 m) connecting the liman with the sea was built for fishery purposes at the 
end of the 1950s. Over the years, the southern part of the channel, which is adjacent to the sea, has 
significantly shallowed because of the sand transport from the seaside. As a result, its depth has re-
duced to only a few tens of centimeters by the end of the 20 century. In the 21 century, the channel 
has been functioning irregularly (25–40 days in spring and autumn) after cleaning from the sand 
of the first hundred meters in its marine part.
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Starting from 2007, the water level of the lagoon has significantly lowered because of a de-
crease in the flow capacity of the channel and intensive evaporation from the water surface of the 
lagoon in summer. This decrease was temporally stopped only in 2010 when the channel was open 
from April to August.

However, cleaning of the marine part of the channel became ineffective by 2015 because of 
the significant depth reduction along most of its length. A decision to reconstruct the channel was 
therefore taken because, following the prolonged absence of connection with the sea, the lagoon 
experienced a long-term tendency of decreasing water volume. As a consequence, the lagoon is 
shallowing and its water level having lowered by 1.5 m compared with the sea level during 5 years.

Fig. 1. Geographical settings and bathymetric map (isobaths, meters) of Tyligulskyi Liman 
lagoon. Points P1–P4 are the reference points for analysis of modelling results. Horizontal 

coordinate system WGS-84 with the grid marks of 1000 m

At the same time, water salinity increased rapidly along with the concentration of nutrients 
and pollutants. Given the need to reconstruct the channel, determination of its optimal morpho-
metric characteristics to ensure the maximal water exchange between the lagoon and the sea has 
become of interest.

3. Method
The 3D numerical non-stationary hydrothermodynamical MECCA model (Model for Estua-

rine and Coastal Circulation Assessment [14, 15]) was applied. This model allows calculating water 
dynamics and distribution of an admixture in marine basins that have areas with smaller (sub-
grid) size than the step of the computational grid in one of the horizontal directions (for example 
a connecting channel). The description of the model equations, parameterizations and boundary 
conditions in the version adapted for Tyligulskyi Liman lagoon is given in [16]. The lowering of the 
water level in the liman, due to the difference of daily balance between atmospheric precipitation 
and evaporation, was taken into account. The evaporation rate E (in mm per day) from lagoon’s 
water surface is calculated using the formula GHI [17] with consideration of the adjustment factor 
Ks that accounts for the influence of salinity [18]
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                                              E=0.14(1+0.72W)(e0–ea)Ks, (1)

where W is the wind speed; eo is the saturated vapour pressure calculated according to water tem-
perature of the surface layer; ea is the actual vapour pressure calculated from observed values of 
temperature and relative air humidity; 

Ks=0.75+0.25exp(−0.065So).

For the simulation, the water area of the lagoon (Fig. 1) together with the connecting chan-
nel was covered by a horizontal computational grid of 41×107 points with a step of 400 m. The ten 
computational levels were used in vertical σ-coordinate system. The time integration step of the 
model equations was 3 sec.

The model was adapted to the conditions of Tyligulskyi Liman and was tested in the frame-
work of the FP7 project «Integrated water resources and coastal zone management in European 
lagoons in the context of climate change» [19]. Fig. 2, 3 show some results of model verification, 
which confirm compliance of the model results with observations in 2010.

4. Conception and modelling scenarios
During functioning of the connecting channel, the direction and intensity of water exchange 

with the sea are determined by the morphological characteristics of the channel (width, depth) and 
by wind-induced, short-term fluctuations of the sea level.

An admixture of neutral buoyancy was used as a tracer of seawater intrusion into the 
lagoon and of the corresponding degree of water renewal in different areas of the lagoon. Its 
concentration was assumed to be equal to 100 arbitrary units in seawater and, initially, to zero 
in the lagoon. Under this assumption, the dynamics of concentration of the conservative ad-
mixture at each point in the space within the computational region of the lagoon corresponds 
to the sea water volume concentration represented as percentage. For any computational point, 
attainment of the maximum value of 100 arbitrary units will correspond to total water renewal 
as a result of seawater inflow. The theoretical aspects of this methodical approach were ex-
pounded by [8].

Modelling of seawater intrusion into the lagoon was carried out for the hydrometeorological 
conditions observed in 2010, when the «sea-lagoon» connecting channel was open from the last 
ten days of April until the middle of August. This period was the most prolonged one during the 
last decades. The data from the coastal hydrometeorological station of Port Yuzhniy (46°36.07’ N, 
31°01.25’ E) with the 6-hour time step were used to assign the variability of wind direction and 
speed, air temperature and sea level. The average decadal values from that station were used to 
assign the variability of salinity and temperature of seawater.

The initial water levels in the sea and in the lagoon were taken to be equal to minus 0.15 
and minus 0.4 meters, respectively, in the Baltic system (mBS). The initial vertical distribution of 
water temperature and salinity in the lagoon was assigned based on observational data and was 
assumed to be horizontally homogeneous. The above mentioned information was used to define the 
boundary conditions of model equations during integration in time. The formation of horizontally 
non-homogenous spatial distribution of temperature and salinity fields occurs as a result of the 
following processes: 

a) different intensity of water heating and salinization (caused by evaporation) in shallow- 
and deep-watered parts of the lagoon; 

b) vertical turbulent mixing of the warm superficial and cold near-bottom waters in the deep 
hollows in the southern and central parts of the lagoon; 

c) inflow of freshwater and seawater (with lower salinity than in the lagoon) into the lagoon 
via the Tyligul River and the connecting channel, respectively.

Scenario calculations were carried out for the following sets of morphometric characteris-
tics of the rectangular section of the channel for a sea level of −0.15 mBS:
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1) depth of the connecting channel Hk=0.5 m, minimal width d=25 m (characteristics during 
2010−2016);

2) deepening of the channel up to Hk=1.0 m, at d=20 m;
3) deepening of the channel up to Hk=2.0 m, at d=20 m;
4) deepening of the channel up to Hk=2.4 m, at d=20 m;
5) deepening of the channel up to Hk=2.0 m and widening up to d=50 m.

5. Results
Modelling results for the variability of water flow rate in the connecting channel are 

shown in Fig. 2 for the different morphometric characteristics. As can see, the water flow in the 
channel has a unidirectional character – from the sea into the lagoon – for the depth and width of 
the channel before beginning of its reconstruction (set 1). Deepening of the shallow water zones 
of the channel up to Hk=1.0 m (set 2) increases the water flow rate in the channel, and the water 
inflow from the sea into the lagoon is still dominant. For a channel’s deepening up to Hk=2.0 m 
(set 3), water exchange acquires a bidirectional character; i. e. both influx of seawater into the 
lagoon and water outflow from the lagoon into the sea take place. This bidirectional character is 
resulted from the wind-induced fluctuations of water level in the sea and the lagoon. Comparison 
of Sets 4 and 5 shows that further deepening of the channel up to Hk=2.4 m, at a constant width 
d=20 m, has far less effect than increasing the channel’s width to d=50 m for a depth Hk=2.0 m. 
This can be explained by the fact that the influence of near-bottom friction on the speed of baro-
tropic currents in the channel is no longer dominating over the lateral friction along the channel’s 
walls at depths Hk≥2.0 m.

Fig. 2. Variability of water discharge in the «sea-lagoon» connecting channel for different 
morphometric characteristics (Hk and d are the channel depth and width, respectively). Positive 

values correspond to water flows from the sea into the lagoon and negative ones to flows from the 
lagoon into the sea
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Comparing the fluctuations of water level in the sea and the lagoon for different morphomet-
ric characteristics of the «sea-lagoon» connecting channel shows that the water level in the lagoon 
does not reach the sea level for Sets 1 and 2 (Fig. 3). The initial phase of lagoon filling-up results 
from the substantial difference of initial water levels between the lagoon and the sea (Δξ=0.25 m) 
and lasts for about 40 days.

The mean water levels in the liman and the sea become almost equal over 20−25 days for 
Sets 3 and 4, but 5−10 days for Set 5. The water exchange via the channel then becomes bidirec-
tional and is controlled by wind-induced oscillations of water level (denivellation) in the sea and 
the lagoon.

Fig. 3. Water level in the sea and in the lagoon from an initial unperturbed state for different 
morphometric characteristics of the connecting channel: 1 – Hk=0.5 m, d=25 m; 2 – observed 

values in the lagoon at Hk=0.5 m, d=25 m; 3 – observed values in the sea; 4 – Hk=1.0 m, d=20 m; 
5 – Hk=2.0 m, d=20 m; 6 – Hk=2.0 m, d=50 m

The influence of different morphometric characteristics of the «sea-lagoon» connect-
ing channel on water renewal in different parts of the lagoon (Fig. 4) was analyzed at four 
selected reference points in the lagoon’s water area. Point P1 is located in the southern part of 
the lagoon and was the closest one to the channel. Point P2 is located at the southern border 
of the lagoon’s central part and point P3 in its center. The deep hollows in the southern and 
central parts of the lagoon are separated by a relatively shallow region (up to 4 m deep), which 
is the underwater prolongation of the coastal spit. Point P4 is located in the shallow-watered 
northern part of the lagoon. Previous works [16, 20] examined the features of barotropic water 
circulations in Tyligulskyi Liman lagoon and concluded that the water exchange between its 
southern, central and northern parts was hampered. This was due the particular geomorpho-
logical characteristics of the lagoon (shoreline configuration, depths pattern along the lagoon, 
presence of shallow water spits).

Using a conservative admixture of neutral buoyancy as a tracer of seawater intrusion into 
the lagoon and of water renewal in its different zones (Fig. 4) has showed:

1. For the morphometric characteristics of the channel before its reconstruction (Set 1), the 
percentage contribution of seawater to the total water volume at the end of the calculation period 
reached the following values: P1 – 23 %; P2 – 12 %; P3 – 6.5 %; P4 – 1.5 %. After channel opening, 
the lag-time of seawater to reach points P3 and P4 was ~30 days and 60 days, respectively.

2. The percentage of seawater would raise to values P1 – 30 %; P2 – 18 %; P3 – 10.5 %;  
P4 – 3.5 % in case of realization of Set 3 and to values P1 – 38 %; P2 – 23 %; P3 – 14 %; P4 – 5 % 
for Set 5. The lag-time for the transformed seawater to reach points P3 and P4 would reduce to 15 
and 40 days, respectively. 
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3. For whole lagoon, the speed of its water renewal would increase 1.4–1.5 fold in case of re-
alization of Sets 3, 4 and 1.9 for the Set 5 if the functioning period of the channel remains the same.

а                                                         b

c                                                         d

Fig. 4. Sea water volume concentration (%) at the reference points in the lagoon: 
а − P1; b − P2; c − P3; d − P4. The morphometric characteristics of connecting channel are:  

1 – Hk=0.5 m, d=25 m; 2 – Hk=1.0 m, d=20 m; 3 – Hk=2.0 m, d=20 m; 4 – Hk=2.4 m, d=20 m;  
5 – Hk=2.0 m, d=50 m

6. Discussion
The above results allow concluding that if the channel is operating permanently during the 

132 days then even in southern part of the lagoon abutted on the channel its water is only partly 
renewed by the sea water. After the channel closes owing to blocking it with sandy sediments from 
the sea side, the inflown previously sea water will continue to mix with the lagoon water. During 
the next 7–8 months, until the channel will be forcingly opened in April of the next year, the sea 
water will redistribute in the lagoon. It is obvious that during this time period, as a result of advec-
tive transfer and turbulent mixing, the concentrations of conservative admixture of neutral buoy-
ancy will equalize in all parts of the lagoon. In the other words, the sea water volume concentration 
at all points of the lagoon will be equal to some mean value, which can be estimated as follows
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established at all points of computational grid in the lagoon, before the water exchange between 
the lagoon and the sea will restore in the following year.

By using Eq. (2), the mean volume concentrations of the sea water incoming into the lagoon 
(Csr) for sets 1, 3, and 5 are 10.7, 15.63, and 20.25 %, respectively. As the full renewal of the lagoon 
water by sea water corresponds to Csr=100 %, the time during which this full renewal will be 
reached is 9.3 years for the Set 1, 6.5 years for the Set 3, and 4.94 years for the Set 5.

Therefore, the time for the full water renewal of Tyligulskyi Liman by the seawater will be 
at least 5 to 6.5 years even if the scenarios considered in Section 4 will be realized but the opera-
tional regime of the channel is maintained. This feature distinguishes the Tyligulskyi Liman lagoon 
from those considered earlier [7, 8, 21, 22]. It is obvious that for a more significant reduction of 
water renewal time in the lagoon, it is necessary to provide the permanent water exchange between 
the lagoon and the sea during the whole year. Also, it is necessary to protect the connecting channel 
from the sandy sedimentation from the sea side. This task has been considered in [23].

Concluding from the above, the numerical hydrodynamic modelling allows estimating the 
influence of morphometric characteristics of the connecting channel on the intensity of water 
exchange of Tyligulskyi Liman lagoon with the sea and on water renewal in the various zones 
of the lagoon. Prior to the beginning of its reconstruction, the «sea-lagoon» connecting channel 
ensured only the replenishment of the lagoon with seawater to compensate for the deficit in the 
annual freshwater balance. Under such circumstances, the lagoon behaved as a stagnant reser-
voir, accumulating the salts carried by the inflowing seawater and exhibiting a gradual increase 
in salinity and eutrophication. The time of full water renewal in the lagoon by the seawater has 
exceeded the 9 years.

At the width of 20 m, deepening of the connecting channel up to 2 m will ensure a bidi-
rectional water exchange between the lagoon and the sea under the influence of wind-induced 
fluctuations in water levels of both the lagoon and the sea. These conditions will partially remove 
the accumulated stocks of salts, nutrients and organic matter from the lagoon; i. e. flushing of the 
lagoon would occur. The time of full water renewal in the lagoon by the seawater will decrease to 
the 6.5 years.

Increasing the channel’s depth to more than 2 m while preserving the 20 m width will not 
be effective, because the near-bottom friction has little effect on the speed of barotropic current at 
these channel’s depths. On the other hand, increasing width up to 50 m for a depth of 2 m will inten-
sify the bidirectional water exchange via the channel. The time of full water renewal in the lagoon 
by the seawater will consequently decrease to the 5 years. However, implementation of this set is 
connected with impediments such as additional withdrawal of territories for channel construction 
from the Tyligulskyi Regional Landscape Park (protected under the Ramsar Convention). Anoth-
er significant increase in financial expenses is associated with the reconstruction of the highway 
bridge crossing over the channel in addition to deepening and widening of the channel.

Due to both the channel and the lagoon are significantly elongated in the meridional direc-
tion and the channel has a low capacity, the sea water slowly inflows into the lagoon. If the above 
scenarios for the reconstruction of the channel will be implemented, an increase of water exchange 
with the sea can significantly affect the environmental conditions during the algae vegetation pe-
riod (from March to September). However, this is a case for the southern part of the lagoon only. 
Nevertheless, in the long-term, the channel’s reconstruction could favor the relative stabilization of 
the hydroecological regime of the lagoon as a result of its partial flushing.

In order to decrease the time of water renewal in the lagoon by the seawater and to intensify 
the flushing of the lagoon, the possibility providing permanent operation of the channel during the 
whole year should be examined in addition to the considered scenarios for its reconstruction. This 
will be the subject of further research by the authors.

Coastal lagoons occupy 13 % of the coastal areas of the oceans. For example, about 400 la-
goons are located only on the Mediterranean coast [24]. Among the coastal lagoons, the choked 
lagoons [4] located in the zones of the sea coast with arid and semi-arid climate are the most envi-
ronmentally problematic. In those zones, evaporation from the water surface is comparable to or 
prevails precipitation and freshwater inflow from the catchment. These lagoons usually have low 
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flushing rate due to limited water exchange with the sea that contributes to high primary production 
rate, eutrophication, accumulation of salt and pollutants. Due to climatic changes observed in recent 
decades and expected in the future, evaporation from the water surface of these lagoons increases 
and the freshwater inflow decreases. Under these circumstances, intensifying water exchange with 
the sea is a particular solution to the problem of stabilizing environmental conditions and preserv-
ing natural resources in these lagoons. Therefore, a proper hydraulic management through human 
intervention, which helps controlling and maintaining the ecological characteristics of lagoons, is 
more important than ever [24].

The used methodological approach allows determining the extent of seawater intrusion into 
the “choked” lagoon during its connection with the sea under various conditions of water exchange 
and, consequently, assessing possible influence of the seawater on ecosystem processes in various 
parts of the lagoon. The proposed simplified method for estimating the time of full water renewal 
in large “choked” lagoons allows avoiding multi-year modelling. This method allows determining 
the relative effectiveness of different approaches for hydraulic management aimed at enhancing 
water exchange with the sea, e. g. by building new or reconstructing existing channels connecting 
the lagoon with the sea.

7. Conclusions
The conservative admixture of neutral buoyancy was used as an indicator of sea-water in-

trusion into the lagoon in the hydrodynamic modelling. This allowed estimating the time of full 
water renewal in the lagoon before and after the reconstruction of connecting channel between the 
lagoon with the sea.

The methodical approach is proposed for estimating a time of total water renewal of elongat-
ed ‘closed’ non-tidal lagoons and can be used for other similar coastal lagoons. The water exchange 
of these lagoons with the sea is forced by morphometric characteristics of channels with limited 
water inflow and last for many years. In this approach, the sea water inflow into the lagoon is sim-
ulated using the hydrodynamic model only during the period of the canal functioning within the 
year. And then, using these results, the number of years is estimated, during which the total renewal 
by sea waters will occur of the lagoon.

Before the reconstruction of the connecting sea-lagoon channel, it provided only replenish-
ment of the lagoon with sea water to compensate the deficit in the annual fresh balance. At the same 
time, the lagoon remained a stagnant water body, which led to the accumulation of salt coming 
together with the sea waters. The full water renewal time of the lagoon was more 9 years.

The reconstruction of the channel with increasing the depth to 2 m and maintaining width 
of 20 m will reduce the time of full water renewal of the lagoon by sea waters to 6.5 years. Its 
implementation will contribute to the partial removal of accumulated salts, biogenic substances, 
and organic matter from the lagoon. Increasing the channel width up to 50 m would reduce the 
time of full water renewal of the lagoon by sea waters up to 5 years. However, this option is not 
relevant presently due to the problems associated with its practical implementation indicated in 
the previous section.
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