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INTRODUCTION

From ancient times, people settled near the 
river, usually on the upper bank, or at the distance 
that provided protection during floods. Surface and 
groundwater were used for water supply, wastewa-
ter discharges, irrigation, and industrial develop-
ment. Cities grew on both sides of the river, and the 
river was turned out in the centre of the city. With 
the population growth, the new areas were need-
ed for construction and floodplains were actively 

urbanized. With the land cost increasing the flood 
control dykes were erected, which narrowed the 
floodplain and led to almost complete channeliza-
tion of the river beds in the central parts of all major 
cities in Europe, Asia and North America. Until the 
1980s, water management was mainly concerned 
with water transport, recreation, water supply, 
household and industrial needs, and flood protection 
[Wohl et al. 2015]. Such flood control management 
in order to protect the population led to changes in 
the landscape of river floodplains in urban areas.
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ABSTRACT
Over the last twenty years, the number of projects aimed at river restoration and rehabilitation increased signifi-
cantly. In the city it is impossible to provide full river restoration, but at the same time it is possible to create a 
comfortable natural environment both for flora and fauna and for the citizens. In our work it was assessed the 
possibility of the floodplain restoration by the water replenishment of the dry old riverbed during the vegetation 
season on the example of the river inside the city. The simulation of the current state allowed to verify the main 
parameters of the model with the existing observations of the water levels in the river and lake and water levels in 
the wells located in the park. The several models of the river – floodplain interaction were simulated: floodplain 
was separated from the river by the flood control dyke, the water replenishment of the lake and the old riverbed 
was due to seepage (current state); the connection of the floodplain with the river by the culvert and the replenish-
ment of the lake and the old riverbed with surface river water. The simulation showed that the lake isolated from 
the river is filled to a depth of not more than 0.5 m, the old riverbed is filled with water only during spring floods. 
The water balance calculations of the lake showed that in the conditions of isolation from the river, the lake volume 
is significantly affected by precipitation and evaporation from the lake water surface area. The connection of the 
lake with the river surface water significantly reduces the impact of the vertical components of the water balance, 
at the same time increases the seepage losses from the lake because of the water level raising. The connection of 
the river with the floodplain makes it possible to replenish the old riverbed and the lake in the mean year, but in 
the dry years the water level in the lake does not allow to replenish the old riverbed during the vegetation season. 
Calculations showed that to be able to keep the constant water level in the lake and old riverbed, it is necessary to 
increase the water level in the lake.
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The increasing pressure on the aquatic en-
vironment led to the significant deterioration of 
river water quality, the floodplain lakes drying 
and the species diversity decrease, which forced 
society to change its attitude to water manage-
ment. Thus, since 2000, and especially after the 
implementation of the Water Framework Direc-
tive, the number of projects of the river resto-
ration and rehabilitation were significantly in-
creased. The analysis of river restoration projects 
for the period from 1989 to 2016, which were 
implemented in Europe, showed that after 2005 
the number of river-floodplain restoration proj-
ects increased significantly and more than 50% of 
these projects were implemented at the expense 
of local communities, which indicates population 
support and necessity to improve the rivers eco-
logical conditions [Szałkiewicz et al. 2018]. The 
river restoration projects occupy different areas, 
most projects were local on the small sections of 
the river or on the small streams and were imple-
mented by various means: banks stabilization, 
riverbed clearing, widening the riverbed, restora-
tion of meandering and multi-channels, connec-
tion the river with floodplain, restoration of the 
natural regime of water and sediment movement 
[Habersack et al. 2007, Fuller et al. 2021, Korpak 
et al. 2019]. In Ukraine the most river restoration 
projects related only to clearing the riverbed and 
restoring fish pits. The main problems limiting 
the implementation of river restoration projects 
are the high cost, especially for large-scale river 
and floodplain restoration projects, construction 
on the river banks and water use.

Now we have some experience of water re-
plenishment of the floodplains outside residential 
areas, in the work by [Chen et al., 2020] presented 
the observations results of the replenishment im-
pact on the Zhalong wetland (China), the biodi-
versity increased over 19 years, the assessment 
of water balance components showed that 64% 
of biomass growth was formed in the summer 
months due to precipitation, 25% due to water 
replenishment and 11% due to river flooding, the 
frequency of the water replenishment affected 
biodiversity. In the work by [Garrett-Walker et al. 
2020] it was also emphasized that the biodiversity 
of the floodplain lake was affected by flooding in-
tensity and the waterbody size, the biodiversity 
increased if the area of the lake was more than 1.0 
ha and the lake perimeter was more than 800 me-
ters. The observations of the water quality in the 
oxbow lakes, which were connected and isolated 

from the river, during the vegetation season were 
carried out by [Wang et al. 2020], the study 
showed that isolated oxbow lakes had higher con-
centrations of dissolved oxygen and nutrients, 
which led to eutrophication of the lakes, at the 
same time water quality significantly improved in 
lakes after the floods, which indicates the positive 
impact of the water replenishment. The authors 
[Seidel et al. 2017] carried out the study of aquat-
ic biodiversity, which showed that oxbow lakes 
which permanently attached to the main river had 
significant potential for native species conserva-
tion. At the same time, during an extreme flood, 
bottom sediments were washed away and water 
turbidity, organic matter and nitrogen concentra-
tions increased, which was a significant stress for 
aquatic organisms [Obolewski et al. 2018].

The river restoration projects face significant 
challenges related to the need to combine the nat-
ural environment and comfortable living on the 
urban area. In the work by [ De Bell et al. 2020] it 
was assessed the restoration of the Medlock and 
Irk rivers (UK) in terms of biological and social 
indicators, which showed that from an ecologi-
cal point of view, the states of the restored areas 
of the rivers were improved significantly. The so-
cial assessment of the restored areas was differed: 
citizens were pleased by natural river state, but 
demanded social infrastructure near the rivers and 
the preservation of historical heritage elements. 
The authors [Wanga et al. 2020] analyzed river 
restoration measures in China and on the example 
of the two mountain rivers in the city of Chongq-
ing proposed the basic requirements for sustain-
able development of the aquatic environment in 
the city: clean water, green slopes, protection 
against flood and automated management system.

Thus, as evidenced by the authors’ research-
es, the connection of the river with floodplain 
provides the more uniform replenishment without 
sharp flushing to support the local species biolog-
ical conservation. It should be noted that the full 
river restoration in the urban area is impossible, 
but possible to create an urbanized natural envi-
ronment that simultaneously provides protection 
from the floods and droughts, and satisfy the rec-
reational and aesthetic needs of the population.

Assessment the interaction between the river 
and the floodplain lake is one of the key issues 
that need to be identified to determine the possi-
bility of the floodplain replenishment. The vari-
ous aspects of the interaction between surface 
water and groundwater were studied, in the work 
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[Kalbus et al. 2006] theoretical and empirical ap-
proaches were presented to assessing the inter-
action between surface water and groundwater. 
In the works [Salem et al. 2020, Li et al. 2019] 
the hydrological model based on the Darcy`s 
aquation was used to determine the relationship 
between the isolated lake and river water levels. 
The interaction groundwater - water levels in the 
channel was simulated based on the observations 
of the groundwater levels and water levels in the 
channel, and it was noted that seepage resistance 
increases significantly and the effect of chan-
nel level fluctuations on groundwater decreases 
in the presence of sediments in channel of 1,0 
m thick [Koczka Bara et al. 2014]. In the work 
[Ha et al. 2008] it was used the semi-analytical 
solution to determine the interaction between 
the water level in the river and the groundwa-
ter level, the analysis showed that the higher the 
aquifer diffusivity the faster groundwater level 
responded to the river level changes. The change 
in the groundwater level was less noticeable if 
the flood hydrograph was short.

In the work [Lóczy et al. 2017] it was moni-
tored the water replenishment of the oxbow lake 
and assessment of the water balance components. 
The full-scale hydrological monitoring was car-
ried out and seepage losses were calculated, 
which showed that the lake, which hydrologically 
connected with river, could not store water for 
long period on the level higher than river water 
level. In the works [Golus et al. 2017, Dawidek 
et al. 2014] to assess the hydrological function-
ing of the floodplain lakes it was used the water 
balance method and identified its main compo-
nents: precipitation, evaporation from the water 
surface, groundwater and surface water inflow 
and outflow. If the lake connected with river, the 
horizontal components of the water balance have 
much greater impact on the water storage of the 
lakes than the vertical ones, which remain almost 
constant. Therefore, the connection of a flood-
plain lake with a river will be the more effective 
method of water replenishment than irregular 
flushing during floods.

In our work, the part of the Uzh River 
(Ukraine) within the Bozdos Park in the center 
of Uzhgorod was studied. Over the last twenty 
years, climate change led to the average annual 
temperatures increasing in the Carpathians, the 
summer became hotter, which affected the distri-
bution of the river runoff and limited runoff of the 
Carpathian rivers [Kanarskyi 2016].

Estimation of the minimum runoff fluctua-
tions of the Uzh River, performed by [Obodovsky 
et al. 2018] is testified that despite the higher wa-
ter phase of the minimum runoff, very low water 
levels in the rivers and shallowing of floodplain 
lakes were observed. The same trends were ob-
served on the Uzh River, the figure 1 presents the 
Uzh River within the city of Uzhgorod. The flood-
plain water replenishment in the area of the park 
during the dry season would create a favourable 
environment for the flora and fauna of the park 
and the additional recreational area for citizens.

The water replenishment of the floodplain in 
combination with the recreational infrastructure 
development will lead to aesthetic and sensory im-
provement of urban space, will make the natural en-
vironment more accessible, which will have a posi-
tive impact on the social environment. In the con-
text of increasing urban tension, the development of 
natural areas in the cities is an urgent task that will 
provide double environmental and social benefits.

The purpose of the work was to simulate the ex-
isting conditions of the riverbed-floodplain interac-
tion and to assess the possibility of water replenish-
ment of the floodplain lake and old riverbed on the 
territory of the Bozdosky Park in urban environment.

MATERIALS AND METHODS

Study area and low water 

The Uzh River belongs to the basin of the 
Tisza River, the source is located in the Trans-
carpathian region at the altitude of 970 m, flows 
into the river Laborec in Slovakia. The length of 

 
Fig. 1. The Uzh River within the city 

of Uzhgorod, September 2019
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the river is 107 km on the territory of Ukraine, 
the catchment area is 1970 km2, the average slope 
in the project area is 0.00076. The study consid-
ers the lower part of the Uzh River, located in 
the Transcarpathian lowlands in the Uzhgorod 
city. In ancient times, the central part of the city 
was crossed by three distributary channels of the 
Uzh River, which meandered freely along a wide 
floodplain. In 1923, river regulating work began 
on the Uzh River within the city. The alone dis-
tributary channel was left and the floodplain area 
was isolated by flood control dykes, designed to 
protect against flooding of 10% probability (re-
turn period of 10 years). In 1954, Bozdosky Park 
was laid out inside the loop of the river, in which 
the water replenishment of the old riverbed was 
restored. Under the design conditions, the lake 
and the old riverbed were connected to the main 
river, due to which the water exchange in the lake 
and old riverbed took place (Fig. 2A). After the 
extreme flood, the riverbed changed direction 
slightly, deviating to the right, and sediments be-
gan to be deposited along the flood control dyke. 
Now, the connection between park and the Uzh 
River is lost, there is no water in the old river-
bed, two small lakes were formed, they are silted 
up, covered with woody and shrubby vegetation, 
which almost completely blocked access to the 
lakes (Fig. 2B). The area of lakes has significantly 
decreased: it is less than 1 ha during the dry sea-
son, the water depth is 0.4 m in the lakes.

The mean annual flow of the Uzh River is 29.6 
m3/s in the project area. The largest runoff occurs 
in spring or winter, the lowest runoff is formed in 
the period of August – October in the dry year. 

The winter low water period is interrupted by rain 
floods, so the runoff in winter is much higher than 
in summer and autumn [Obodovsky et al. 2018]. 
The typical years with the stable summer-autumn 
low water period were taken using the real year 
method to simulate hydrological river regime. 
In 2003 (95% probability) the winter was frosty 
with low snow, spring floods were low due to the 
lack of significant precipitation, low water peri-
od lasted from June to September. In 2002 (75% 
probability) the spring floods started in February, 
the low water period lasted from July to Septem-
ber. In 1999 (50% probability) the floods started 
in March and they were higher due to melting 
snow and heavy rains, low water period was short 
and occurred in September.

Study methods

Topographic maps of 1975, 1995 and 2019 
at the scale of 1: 2000 were used to compare the 
position of the Uzh riverbed. The water levels 
were calculated for the cross sections made each 
140 m from Uzhhorod hydrometric station to 
bridge near the park. The cross-section of the 
Uzhhorod hydrometric station, located at a dis-
tance of 2.1 km above the park, was taken as the 
base. Based on the Q-h curve constructed for the 
hydrometric post, Manning’s coefficients char-
acterizing riverbed and bank roughness were de-
termined. The roughness coefficient is 0.022 for 
dry and mean years.

The meteorological data (temperature, wind 
speed, precipitation) for certain years were ac-
cepted according to the Uzhhorod climate station. 

 
Fig. 2. Study area: A – design state of the park; В – current state of the park; 1 – 

lake, 2 – old riverbed, 3 – dyke, 4 – pipes for water replenishment
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The evaporation from the water surface in the 
ice-free period was calculated using the method 
described in the work [Velychko et al. 2021]:

E0 = 0.37n(1 + 0.14u200)∙(e0 – e200) (1)
where: E0 – evaporation from the water surface in 

the ice-free period, m; e200 – mean value of 
water vapor elasticity on the height of 200 
cm up the water surface, mbar; u200  - mean 
wind speed over the drying beds at the height 
of 200 cm, m/s; e0 – maximum elasticity of 
water vapor, mbar; n – time period, day.

The soil data were taken from 13 wells with 
the depth of 10-24 m, which were located on 
the banks of the Uzh River, near lake and along 
the old riverbed. The groundwater levels on the 
park area were located at a depth of 0.5 - 6.3 m, 
determined on the basis of water level measure-
ments in wells during dry season. The hydraulic 
conductivity in water-saturated soils were ob-
tained based on the results of field research con-
ducted in August-October 1988. From the top, 
under the fertile soil, the floodplain is covered 
with the thin layer of silty loam with pebbles 
and gravel inclusion (15 to 25%) with the depth 
of 1.5 m, the saturated hydraulic conductivity 
is 0.2-1.0 m/day. There is gravel-pebble soil 
with loamy and clay aggregate at the depth be-
low 1.5 m, the saturated hydraulic conductivity 
is 30-50 m/day. The aquitard was not detected 
at the depth of 24 m. The calculated value of 
the hydraulic conductivity was determined by 
selecting during the current state simulation of 
the lake and comparing the results with water 
levels in the river, lake and groundwater in the 
park according to survey data. 

The floodplain is isolated from the river by 
the flood control dyke, the territory of the park 
near the lake was raised to the level of the 10% 
flood flow. The water levels fluctuations in the 

river are 107.6-108.5m near the lake in the low 
water period, during the spring floods the wa-
ter level rises to 110.2 m. The bottom level of 
the lake is 107.5 m. The lake is hydraulically 
connected to the Uzh River. The lake is fed by 
the groundwater flow. The movement of the 
seepage flow is directed from the upstream of 
the river to the downstream and occurs in the 
gravel-pebble soil (Fig. 3).

The position of the water level in the lake 
(current state) in the ice-free period (March-
October) was determined by the water balance 
method, taking into account the seepage inflow 
to the lake from the river when the water level 
rises, the seepage loss from the lake and vertical 
components of the water balance: precipitation 
on the surface of the water and evaporation from 
the water surface:

ΔW = P ∙ f – E0 ∙ f + SI – SO (2)
where: ΔW – change in storage, m3; P – precipita-

tion, m; f – lake area, m2; SI – seepage in-
flow from river, m3; SO – seepage outflow 
into the downstream, m3.

When the direct connection between the lake 
and the surface river water is installed, the com-
ponents of the river runoff are added to the water 
balance according to the equation:

ΔW = P ∙ f – E0 ∙f + SI – SO + RI – RO (3)
where: RI – river inflow through the intake 

structures, m3; RO – river outflow 
through the channel, m3.

The seepage flow into the lake and seepage loss-
es to the downstream were calculated by equation:

(4)

where: K –hydraulic conductivity, m/s; d – dis-
tance between river and lake, m; L – seep-
age length, m; H1, H2 – water level in the 
river and lake, m.

 
Fig. 3. Calculation schema, current state: 1 – gravel - pebble soil; 2 – silty loam with gravel - pebble inclusion; 
3 – loam with sand layers; 4 – upstream of the Uzh River; 5 – lake; 6 – downstream of the Uzh River; 7 - dyke
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The culvert was taken as the water intake struc-
ture. The discharge was calculated by equation: 

(5)
where: Q – water discharge, m3/s; φ – velocity 

coefficient; wc – flow area, m2; H1, H2  – 
water head at the entrance and outlet of 
the intake structure, m.

The water intake structure supplies water 
from the river to the lake during the low water 
period. The water intake is closed by the gate to 
prevent getting turbid water and debris from the 
river to the lake and to preserve local biodiversity 
during an extreme flood.

RESULTS AND DISCUSSION

Today the level of the lake bottom is 107.5 m, 
and the level of the old riverbed bottom is 108.0 m 
according to the topographic survey. Therefore, in 
order to replenish the park and to keep water ex-
change, the water level in the river must exceed the 
bottom of the old riverbed or the water level in the 
lake must be higher than 108.0 m to overflow water 
into the old riverbed during the low water period.

The analysis of water level fluctuations 
showed a significant irregular runoff distribu-
tion in the mean year and dry years in the Uzh 
River. The maximum water levels occur in win-
ter and spring during floods. The minimum wa-
ter levels were observed in the summer months 
and at the beginning of the autumn. The water 
levels calculation showed that the water levels 
in the summer months did not exceed the level 
of 108.0 m during the low water period, only 

rain floods briefly increased the water levels in 
the river. The rain floods could occur several 
times in summer depending on the mereologi-
cal condition of the year, but high-water levels 
did not last more than 1-2 days.

In modern conditions there is no connection of 
the lake and the old riverbed with the river surface 
waters, the water replenishment into the lake is 
due to precipitation on the water surface and seep-
age through the base of the dyke in the hyporheic 
zone. The high hydraulic conductivity in the allu-
vial deposits allows the intensive water exchange 
between the lake and the river, the lag time of wa-
ter levels in the lake does not exceed 14-20 hours. 
At the same time, the simulation showed that the 
losses for soil saturation in the unsaturated zone 
leads to decrease of the groundwater amplitude 
and seepage inflow to the lake. The maximum wa-
ter levels in the lake occur in spring, which is due 
to the melting of winter precipitation and spring 
floods in the Uzh River (Fig. 4-6).

Summer floods and rains slightly increase 
the groundwater levels and the accumulation of 
water in the lake due to high hydraulic conduc-
tivity of gravel and pebble soil in the hyporheic 
zone. But summer floods are short: the rise and 
fall of levels occurs during 30 hours, most pre-
cipitation is spent on seepage through unsatu-
rated soil, which reduces the seepage inflow into 
the lake (Fig. 4-6). The maximum water levels 
do not exceed 108.00 m in the lake during dry 
season in the mean year, the depth in the lake is 
at the level of 30 cm in dry years. The lake area 
is less than 1.0 ha in the low water period. Since 
the old riverbed is fed due to seepage flow from 
the river and the lake, the water does not enter 

 
Fig. 4. The water level fluctuations in the river, lake during the dry year of 95% probability
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the old riverbed which remains dry almost all 
year when the water level in the lake is lower the 
108.00 m, except spring floods.

The connection of the lake with the river 
by culvert provides more intensive watering of 
the park: the water levels in the lake almost al-
ways are above 108.00 m and range from 108.00 
-108.40 m in the vegetation season of the mean 
year. Thus, the water level can be maintained at 
20-30 cm above the bottom of the old riverbed. 
But for dry years with low water levels in the 
river, the connection between the lake and the 
river does not provide sufficient water levels in 
the lake and old riverbed.

As water level in the river fall and flood water 
does not inflow into the lake, the seepage losses 
in the lake increase, which does not allow to store 

water in the lake for a long time. The maximum 
seepage losses take place in the spring during the 
sharp level falling in the river and reach 1214 m3/
day. The maximum seepage losses are 411 m3/day 
in the dry period between summer floods, which 
is due to the lower seepage pressure. But even 
relatively small seepage losses allow to maintain 
higher water levels in the lake, but do not allow to 
ensure the constant water flow into the old river-
bed and water replenishment of the park.

As the water balance components diagram 
shows (Fig. 7), in the isolated lake the vertical 
components of the balance (precipitation (P) and 
evaporation (E)) significantly affect the water 
storage in the lake and are comparable with hori-
zontal components (seepage from river (SI) and 
seepage losses into the downstream (SO)).

 
Fig. 5. The water level fluctuations in the river, lake during the dry year of 75% probability

 
Fig. 6. The water level fluctuations in the river, lake during the mean year of 50% probability
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If the lake is connected to the river, the impact 
of the vertical components decreases, they have 
less effect on the water storage, due to increased 
surface runoff (RI) through the culvert, which 
almost equalizes river and lake water levels dur-
ing 24 hours. The seepage losses increase slightly 
due to seepage pressure increasing into the down-
stream and seepage into the river when water 
level falls in the river. When the water level in the 
river falls, the free inflow into the lake is accepted 
zero, it is assumed that the gate on the culvert is 
closed during this period, and water flows into the 
old riverbed for its replenishment (RO).

The connection of the lake with the river al-
lows to maintain more natural mode of water lev-
el fluctuation and water quality in the lake, and 
provides spring flushing of the lake and old riv-
erbed. Maintaining the constant water level in the 
old riverbed can be achieved by gate operating at 
the culvert between the lake and old riverbed, but 
due to the low water level in the lake and the sig-
nificant seepage losses which is more than 50%, 
the water level in the old riverbed is not exceed 
20 cm in summer and autumn.

CONCLUSIONS

The realization of the full river restoration 
projects is not possible on the urban area, but it is 
possible to create an artificial environment similar 
to the natural state, by partial water replenishment 
of the floodplain in the green zones of the city.

In current conditions, when the lake is isolated 
from the river, climatic conditions (evaporation 
and precipitation) significantly affect the water ac-
cumulation in the lake. Replenishment and flush-
ing of the lake occur only in the wet years, when 
there are extreme floods take place, which often 
occur in the cold period and cannot provide water-
ing of the territory during the vegetation season. In 

addition, extreme floods bring sediments and de-
bris from the mountainous part of the Uzh River, 
which settle in the park area. To ensure the proper 
sanitation of the lake in the park, the extreme flood 
flow through the lake should be avoided by closing 
the gate and passing the flood flow directly from 
the river through the old riverbed bypassing lake.

The simulation of the current state of the 
lake allowed to determine the average hydraulic 
conductivity of the alluvial deposits, it is 19.8 m/
day. Due to the high hydraulic conductivity of the 
hyporheic zone, the depth of the water is 0.5-0.3 
m in the isolated lake. But low water levels in 
the river allow to create the volume of the lake 
of 11.0-16.0 thousand m3 in the summer-autumn 
period. It is possible to increase the water depth 
and volume of the lake to 30 thousand m3 only 
by deepening the lake, but lake clearing will still 
not allow water to flow into the old riverbed, the 
bottom of which is located at 108.0 m.

The connection of the lake with the river 
changes the ratio of horizontal and vertical compo-
nents of the water balance and the impact of evapo-
ration and precipitation on the lake is significantly 
reduced. But replenishment of the lake with surface 
water leads to a rapid increase in the water level in 
the lake during the flood and an increase in seepage 
pressure, which in turn increases seepage losses, 
and after falling the water level in the river, the 
water level in the lake also falls sharply. Therefore, 
the water accumulation for the dry period only by 
spring floods is not enough. Only in wet years with 
frequent floods in summer and autumn it is possible 
to ensure the accumulation of water in the lake and 
regular discharge it into the old riverbed.

The connection of the lake with the river and 
clearing the lake increases the volume of water 
accumulated during floods to 55.0-69.8 thousand 
m3 and allows to water flow into the old river-
bed during the mean year. In the dry years, when 
the river levels do not exceed 108.00 m, it is not 

 
Fig. 7. The water balance components: А – the lake connected with river; В – the isolated lake
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possible to provide watering the old riverbed in 
the summer-autumn period.

To maintain water in the lake with the depth of 
3.0 m and ensure the flow into the old riverbed in the 
summer-autumn period of the dry year, the existing 
water levels in the river are not enough. It is neces-
sary to rise the water levels in the lake to the level 
of 109.8–110.00 m, which will create the useful vol-
ume of 160–170 thousand m3 for water replenish-
ment of the park in low water period. It is possible 
to increase water levels in the low water period by 
creating backwater in the river, which will provide 
a significant increase in the capacity of the lake and 
permanent water level in the old riverbed.
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